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Chapter 1

INTRODUCTION

Influenza virus history

The first documented influenza virus was isolated from swine in 1931!, and the
first human isolate was reported in 19332 However, in retrospect, the first verified
description of influenza dates back to 1878, where it was described as a contagious
disease of poultry associated with high mortality. The disease was initially confused
with fowl cholera, and it was not until 1955 that the causative agent of this disease was

shown to be an avian influenza virus3.

Influenza A virus taxonomy

Influenza viruses are members of the Orthomyxoviridae family comprising
enveloped, negative-sense, single-stranded, segmented RNA viruses*. The
family of Orthomyxoviridae is divided over seven genera® Alphainfluenzavirus,
Betainfluenzavirus, Deltainfluenzavirus, Gammainfluenzavirus, Isavirus, Quaranjavirus,
and Thogotovirus. All infect humans, except Deltainfluenzavirus and Isavirus. Infectious
salmon anaemia virus, of the Isavirus genus, is found exclusively in fish®, and influenza D
virus (IDV), of the Deltainfluenzavirus genus, was isolated from swine and their primary
natural reservoir, cattle’. The genus Thogotovirus are a group of arthropod-borne
viruses which may periodically infect humans®®. Quaranjavirus members appear to
predominantly occurin soft ticks and aquatic birds?. Influenza A virus (IAV) and influenza
B virus (IBV), the only species of the Alphainfluenzavirus and Betainfluenzavirus genera,
respectively, are responsible for epidemic influenza outbreaks in humans. Influenza
C virus (ICV), the only species of the Gammainfluenzavirus genus, is associated with
sporadic and mild common cold-like illness, also in humans®. In addition to humans, 1AV
can infect a broad range of mammalian and avian species, unlike IBV and ICV, although
an IBV has been identified in ray-finned fish!l. Moreover, 1AV is responsible for the
major influenza pandemics in humans throughout history®.

Division into subtypes of the |AV species is based on the antigenic properties of
the major glycoproteins, ‘haemagglutinin’ (H or HA) and ‘neuraminidase’ (N or NA)4; the
subtypes are labelled with an H number and an N number!2. To date, eighteen HA?3-15
and eleven NA!31617 subtypes have been found in nature, of which the bat IAV surface
glycoproteins—H17, H18, N10, and N11—are referred to as HA-like and NA-like!8. In
addition to the subtype information, IAV nomenclature includes the host of origin (with
the exception of human-origin viruses where no host of origin designation is given),

geographic location of initial isolation, strain number, and year of isolation®®. For example,
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A/duck/Alberta/35/76 (HIN1) is an IAV of duck origin of the HIN1 subtype, the 35th
strain isolated in Alberta in 1976. The main reservoir of AV is wild aquatic birds, and the
H1-H16 and N1-N9 subtypes are found within these species. Although several different
subtypes have caused zoonotic infections, such as H5N12021 H5N222, H7N22324, H7N325,
H7N72627, HON228-30 and H10N74, only subtypes HIN1, H2N2, and H3N2 have caused

pandemics and epidemics in the last century3?.

Influenza A virus in humans

Approximately, 5-15 % of the world population is infected by influenza each vyear,
resulting in an estimated three to five million hospitalizations and 290,000 to 650,000
deaths annually®2. This yearly phenomenon is referred to as ‘seasonal flu’ or ‘epidemic
influenza'. The clinical presentation of epidemic influenza is not straightforward and
depends on the nature of the virus and the condition of the patient. It may vary from
asymptomatic to a primary viral pneumonia or acute respiratory distress syndrome.
In general, the manifestations of uncomplicated influenza during an epidemic are
relatively mild. Common symptoms include sore throat, rhinorrhoea, myalgia, headache,
feverishness, loss of appetite, malaise, and/or weakness. Nonetheless, the appearance
of fever and dry cough within 48 h of symptom onset significantly distinguish 1AV
infection from other viral or bacterial pathogens causing influenza-like illness. In risk
groups on the other hand, influenza may lead to hospitalization or even death (roughly
nineteen hundred and eight hundred annual cases, respectively, in the Netherlands33:34).
People in these risk groups include children below the age of 2, adults older than 65
years of age, and adults with medical conditions such as diabetes, respiratory disease,
or cardiovascular disease.

The worldwide spread of a new influenza virus subtype, or ‘pandemic influenza’,
is declared once there is increased and sustained human-to-human transmission within
the general population®. A large portion of the population will be immunologically naive
towards the new subtype, which can lead to serious health problems and even fatal
outcomes in the general population including among healthy, young adults®6. There were
four major influenza pandemics in the past century®’ (Figure 1): the 1918 pandemic caused
by influenza A HIN1 (A(H1N1)) virus, the 1957-1958 pandemic caused by influenza
A H2N2 (A(H2N2)) virus, the 1968 pandemic caused by influenza A H3N2 (A(H3N2))
virus, and the 2009 H1N1 pandemic caused by influenza A HIN1pdm09 (A(H1N1)
pdmO09) virus. After the 1918 pandemic, the A(HLN1) virus caused annual epidemics
until the 1957-1958 pandemic where it was replaced by the A(H2N2) virus which then
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became the seasonal influenza until the 1968 pandemic. A(H2N2) and A(H3N?2) viruses
cocirculated from 1968 until 1971, after which A(H2N2) viruses became extinct in the
human population383°. A(H3N2) viruses have been a serious cause of influenza epidemics
since their introduction in 1968, with significant morbidity and mortality324°. The 1977
A(H1N1) virus outbreak, which closely resembled viruses that had circulated in the early
1950s*, did not cause a pandemic formally, because it was not a novel virus subtype,
nor did it replace A(H3N2) viruses. Instead, it cocirculated with A(H3N2) viruses until the
2009 HIN1 pandemic, when it was replaced by the A(H1N1)pdmO9 virus which, together
with A(H3N2) viruses, continues to cause epidemics®2.

A(HIN1)pdm09

@---->
A(H3N2)
' »
A(H2N2)
A(HINI) A(H1IN1)
[

I 1 T T T T T T T T T T T T T T T T T T T >

1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

Figure 1 | Recorded pandemic and epidemic influenza A viruses of the past century. Horizontal
arrows show the period of circulation of the specific influenza A virus subtype after the pandemic
onset (solid circles). The blue arrows show the 1918 pandemic caused by influenza A HIN1
(A(H1IN1)) virus and 1977 A(H1N1) virus outbreak. The latter was not a pandemic as these viruses
closely resembled viruses that had circulated in the early 1950s. The green arrow shows the 1957-
1958 pandemic caused by influenza A H2N2 (A(H2N2)) virus and the red arrow illustrates the
1968 pandemic caused by influenza A H3N2 (A(H3N2)) virus. The 2009 H1N1 pandemic caused
by influenza A HIN1 (A(H1IN1)pdmOQ9) virus is indicated by the light blue arrow. Currently, A(H3N2)

and A(H1N1)pdmO39 viruses continue to cause epidemics.

Influenza A virus genome and its encoded proteins

The IAV genome is divided into eight gene segments varying in length and consisting
of: basic polymerase 2 (PB2), basic polymerase 1 (PB1), acidic polymerase (PA), HA,
nucleocapsid protein (NP), NA, matrix (M), and nonstructural protein (NS). The gene
segment that encodes PB1 also encodes an N-truncated form of PB1 starting at codon
40 (PB1-N40)*%, and PB1-frame 2 (PB1-F2) expressed through an alternative open
reading frame (ORF)*3. The gene segment that encodes PA also encodes PA-X through
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Figure 2 | Schematic diagram of influenza A virus. The influenza A virus particle consists of a
viral envelope and a viral core containing the eight-segmented genome. Three viral proteins are
embedded in the host-derived lipid bilayer membrane: trimeric haemagglutinin (HA), tetrameric
neuraminidase (NA), and tetrameric matrix protein M2 (ion-channel). Beneath the viral envelope
resides the matrix, containing matrix protein M1, which provides rigidity and surrounds the eight
viral ribonucleoproteins (VRNPs). The vRNPs are strands of negative sense single-stranded viral
RNA (vRNA) molecules coated with nucleocapsid protein (NP) and attached to a heterotrimeric
polymerase complex at the 5" and 3’ termini. This polymerase complex consists of PB2, PB1, and
PA. Since the vRNA in the vRNPs has complementary sequences at the 5’ and 3’ termini, the vRNA

segments perform base pairing, forming a panhandle structure. Adapted from*’.

a second ORF accessed via ribosomal frame-shifting** and two N-truncated versions
of PA; PA-N155 and PA-N182%. The M and NS gene segments each encode a protein
from the collinear transcript (M1 and NS1). Additionally, they each encode a second
protein through mRNA splicing (M2 and NS2), the latter being better known as the
nuclear export protein (NEP)*6.

Within the virus particle (Figure 2), each segment of negative sense single-stranded
viral RNA (VRNA) forms a panhandle structure through complementarity of the 5’ and
3’ termini. The RNA is tightly packed as a viral ribonucleoprotein (vVRNP) by NP and
the heterotrimeric RNA-dependent RNA polymerase complex for the purposes of RNA
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transcription, replication, and packaging. This polymerase complex consists of PB2, PB1,
and PA. PB1-N40 lacks transcriptase function but does interact with the polymerase
complex in the cellular environment*?, and although PA-N155 and PA-N182 do not
show polymerase activity, mutant viruses lacking the N-truncated PAs replicate with
lower efficiency in cell culture and have reduced pathogenicity in mice compared to the
wild-type virus*®. PB1-F2, PA-X, and dimeric NS1 are undetectable in the viral particle
and are only found in infected cells where they induce apoptosis (PB1-F2), modulate
host response and viral virulence (PA-X), allow escape from antiviral mechanisms (NS1),
or regulate gene expression (NS1)*€. Besides the eight vVRNPs, NEP is found within the
viral particle and, along with M1, directs the nuclear export of the VRNPs. M1 proteins
form a layer providing rigidity to the virus particle, which underlies the host-derived lipid
bilayer membrane. Three viral proteins—HA, NA, and M2—are embedded in the lipid
bilayer membrane. HA is a homotrimeric type | integral membrane protein of which each
monomer contains a receptor binding site (RBS). The precursor HA molecule—HAO—is
proteolytically cleaved into HA1 and HA2 subunits*® to activate virus infectivity®®5. HA1
is the immunogenic section of the HA protein®2°3, and HA2 contains a fusion domain®“.
NA is a tetrameric type Il integral membrane protein possessing sialidase activity. M2—a
tetrameric type Il integral membrane protein—has ion channel activity allowing protons

from the acidified endosomes into the virus particle to separate the vVRNPs from M1.

Replication cycle

Respiratory droplets or aerosols loaded with virus are released during breathing,
coughing, and sneezing by an infected individual®*-*’. The droplets or aerosols enter
the respiratory tract of another individual where the IAV binds to terminal sialic
acid-containing receptors on the epithelial cell surface through the HA RBS®8, enabling
entrance through internalization into endosomes by receptor mediated endocytosis.
The ion channel activity of M2 is activated, by which ions flow from the acidified
endosome to the virion interior®®. The acidic environment triggers a conformational
change of the cleaved HA, exposing the fusion peptide at the N-terminus of the
HAZ2 subunit®®. This allows fusion of the viral membrane with the cellular membrane
resulting in the release of the eight VRNPs into the cytoplasm. The intact vRNPs are
actively imported into the nucleus through the nuclear pore, since all proteins of the
vRNP—PB2, PB1, PA, and, particularly, NP—contain nuclear localization signals®:. In
the nucleus, the polymerase complex transcribes the VRNAs into mRNAs. Initiation

of influenza mRNA requires capped primers generated from the host cellular mRNA
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Figure 3 | The replication cycle of influenza A virus. Upon binding to sialic acid receptors on the

epithelial cell surface via the haemagglutinin (HA) glycoprotein, the influenza A virus is internalized
into endosomes by receptor mediated endocytosis. Hereafter, the ion channel activity of matrix
protein 2 (M2) is activated, by which ions flow from the endosome to the virion interior. The low
pH in the endosome triggers fusion of the viral and endosomal membranes, releasing the viral
ribonucleoproteins (VRNPs) into the cytoplasm. The intact vVRNPs are actively imported into the
nucleus through the nuclear pore. In the nucleus, the polymerase complex transcribes the viral RNAs
(VRNAs) into mRNAs. After synthesis of the mRNAs in the nucleus, the mRNAs are translated
within the cytoplasm, yielding viral proteins. Newly formed proteins are either transported back
into the nucleus or transported to the cell membrane. The vRNA serves additionally as a template
for synthesis of complementary RNA (cRNA). This cRNA is positive stranded and needed as a
template for the synthesis of VRNA. The vRNA is exported from the nucleus, together with newly
synthesized viral proteins, as VRNP complexes. The vRNPs are then packaged, leading to the
assembly of progeny virus. This is realized by means of ‘budding’, in which the lipid membrane of the
host cell serves as the viral envelope. The sialic acids are enzymatically removed by neuraminidase

(NA), resulting in the release of the virion from the cell. Adapted from’°.
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by the cap-dependent endonuclease activity of PB262. After synthesis in the nucleus,
the mRNAs are translated within the cytoplasm, yielding viral proteins. Newly formed
proteins are either transported back into the nucleus (PB2, PB1, PA, NP, M1, and NEP)
or transported to the cell membrane (HA, NA, and M2)46, The vRNA additionally serves
as a template for synthesis of complementary RNA (cRNA)®. This cRNA is positive
stranded and needed as a template for the synthesis of vVRNA®. NEP and M1 enable
the export of VRNA from the nucleus, together with newly synthesized viral proteins,
as VRNP complexes*6€364 The vRNPs are then packaged, leading to the assembly of
progeny virus. This is realized by means of ‘budding’, in which the lipid membrane of
the host cell serves as the viral envelope®®. The terminal sialic acids are enzymatically
removed by NA, resulting in the release of the virion from the cell®¢-%° (Figure 7a). This

activity also prevents aggregation of virions®®.

Reassortment

The segmented nature of the influenza virus genome allows for the exchange of entire
genes between different influenza viruses during simultaneous co-infection of a host,
in a process called reassortment* (Figure 4). At least one copy of each gene segment
is needed for an influenza virus particle to be infectious?, and this incorporation
mechanism is selective’*’2. Electron microscopy studies show a highly organized
structure within influenza A virions, comprising one central vVRNP surrounded by seven
others of varying length’3-75, and segment-specific packaging signals located at the 5’
and 3’ end of the coding regions have been defined’!7276-83,

Intersubtypic reassortments between swine, avian, and/or human IAV have
led to several pandemics. The 1957-1958 pandemic A(H2N2) virus was the result of
reassortment between the at the time-circulating seasonal influenza A(H1N1) virus and
an avian influenza A(H2N2) virus® from which it derived the HA, NA and PB1. The 1968
pandemic A(H3N2) virus was the result of reassortment between a human A(H2N2) virus
with an avian H3 virus® of which the latter provided the HA and PB1 proteins. Between
1977 and 2009, occasional reassortants between contemporary human A(H1N1) and
A(H3N2) viruses have been detected385-93 but these have never persisted as seasonal
influenza. The 2009 H1N1 pandemic was the product of reassortment in which the NA
and M genes were derived from a Eurasian avian-like swine virus, and the remaining six
gene segments were derived from triple reassortant swine viruses that possessed genes
originating from classical A(HLIN1) swine, North American avian, and human A(H3N2)

viruses®®. Reassortment between IAV of the same subtype, intrasubtypic reassortment, is
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Figure 4 | Influenza A virus reassortment. Two virus particles are shown, each with a full
complement of eight viral genome segments. Following reassortment, hybrid progeny can be formed

that contain segments derived from both parents. Adapted from*.

most likely one of many ways for the virus to increase diversity®>-1°, including producing

variants with enhanced transmissibility’®!, and those that are resistant to antiviral drugs?2.

Genetic and antigenic evolution
A hallmark of RNA viruses is their high genome mutation frequency. The influenza virus
polymerase lacks proofreading capacity, leading to an enormous variety of progeny
viruses. The majority of these mutations contribute to the neutral sequence evolution®®,
also known as genetic drift. However, some of the progeny mutant viruses, in particular
under selective conditions, have advantageous characteristics and are thus rapidly
amplified. This process of natural selection acts on B-cell®® and T-cell epitopes!®, aids
in drug resistance, and enables propagation under altered growth conditions!©3.
Mutations that arise during antibody mediated selection, leading to alterations
in the major surface glycoproteins, can result in ‘antigenic drift''°>. Antibodies elicited
to the ‘original’ virus may lose the ability to recognize the virus or have reduced affinity,

resulting in infection of the host. Antigenic drift increases diversity but, more importantly,
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Figure 5 | Antigenic map of influenza A (H3N2) virus from 1968 to 2003. The distance between
antiserum (uncoloured open shapes) point S and virus (antigen, coloured shapes) point A corresponds
to the difference between the base 2 logarithm (log,) of the maximum titre for antiserum S against
any antigen and the log, of the titre for antiserum S against antigen A. Consequently, each titre in
an haemagglutination inhibition (HI) table can be thought of as specifying the ideal target distance
between the antiserum and antigen points in the resulting antigenic map. Modified multidimensional
scaling (MDS) methods are used to arrange the antigen and antiserum points in an antigenic map

to best satisfy the target distances specified by the HI data. Taken from?%’.,
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is a way for the virus to effectively evade the host’s immune system and is responsible
for the recurrence of influenza epidemics almost every winter.

Hirst was the first to discover the agglutination of red blood cells by the influenza
virus'®®, This agglutination is the basis of the haemagglutination inhibition (HI) assay
which can be used to detect antigenic differences in HA. In the HI assay, the presence
of HA specific antibodies in antisera prevent the binding of HA to sialic acid containing
receptors present on red blood cells, thus preventing the agglutination of red blood cells.
The amount of inhibition by antisera is converted into an HI titre. In 2004, Smith et al.
designed ‘antigenic cartography’, a tool to visualize and quantify these HI data!?’. With this
tool the antigenic evolution of the HA proteins of A(H3N2) viruses was mapped, from their
introduction into humans in 1968 until 2003 (Figure 5). The study revealed a punctuated
pattern of eleven antigenic clusters, named after the first vaccine strain in the cluster;
Hong Kong 1968, England 1972, Victoria 1975, Texas 1977, Bangkok 1979, Sichuan
1987, Beijing 1989, Beijing 1992, Wuhan 1995, Sydney 1997, and Fujian 2002. Each of
these antigenic clusters contains viruses that are antigenically similar for some time, after
which these viruses change antigenically, resulting in a “cluster transition”. These cluster
transitions warrant at least one vaccine update. Antigenic clusters remain dominant for on
average 3.3 years, and strains appeared up to 2 years before and until 2 years after the
period in which that cluster is dominant. These clusters were somewhat linearly aligned,
and it was hypothesized that new clusters tend to move away as far as possible from the

previous cluster, thereby most effectively escaping existing population-level immunity?*?’.

Neuraminidase

The receptor-destroying activity of influenza virus was first observed by Hirst!°¢
in 1941, and the product that was cleaved was identified by Gottschalk in 1956 as
N-acetylneuraminic acid, one of the sialic acids!®®. This led to the discovery of the
second major surface glycoprotein ‘NA’ in 1957 by Gottschalk, who showed that NA
split off the terminal neuraminic acid unit from inhibitory mucoproteins and inhibitory
glycolipids®. In 1964, it was shown that the NA and HA activities reside on different
proteins'®. The NA of most IAV subtypes and of IBV has been crystallized!°-118
allowing study of its three-dimensional structure. The three-dimensional structure of
NA consists of four domains: the cytoplasmic, transmembrane, stalk, and head. NA
is a mushroom-shaped tetrameric protein!®, and one viral particle has approximately
thirty to forty NA tetramers, formed into clusters, among 290-300 HA spikes on an

average-sized virion’3. Each identical subunit of the tetrameric protein carries the
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Figure 6 | The NA globular head. lllustration of the tetrameric NA structure of subtype N2 (PDB
code 2BAT!*%) generated with MacPyMOL. The viral receptor sialic acid, shown as red sticks, is
docked into the active site, represented in yellow, surrounded by the framework sites, depicted in
orange. NA monomers are shown in surface filled-space (top left), cartoon ribbons (top right and

bottom left), and smoothed cartoon loops (bottom right).

enzyme’s active site. However, the monomeric form of NA has no enzyme activity!?012L,
The NA active site is a shallow pocket lined by conserved amino acid residues, some
of which bind directly to the viral receptor sialic acid and participate in catalysis, while
others provide a structural framework*® (Figure 6).

Antigenic drift has been studied most considerably for HA, even though NA has
also been observed to undergo antigenic drift!?2124. NA-specific antibodies can reduce
viral replication and disease severity in mice'?® and chickens!?®, and have similarly been
associated with resistance against influenza in humans!?12¢. Although antibodies against
NA do not prevent infection, preclinical and clinical studies showed that NA-specific
immunity can reduce the severity of disease!?>126-132. Antibodies directed towards NA
inhibit release and spread of newly formed virus particles from infected cells'33. Early
crystallographic studies of NA have shown that antigenic regions®3* surround the
enzyme’s highly conserved active site!3>136 and are highly variable, most likely due to
immune pressure!?3124 Studies comparing the antigenic evolution of HA and NA using
a limited number of viruses have discovered that their evolution differs and is often
asynchronous!??137,

Despite the correlation of NA with immunity and the asynchrony in antigenic

evolution between HA and NA, NA is not routinely examined in seroepidemiology or
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Figure 7 | Receptor-destroying activity of neuraminidase. a | Neuraminidase cleaves sialic acid
(N-acetylneuraminic acid) from the cell receptor, resulting in the release of newly formed influenza
virus particles from the cells. b | Sialic acid linked to galactose is cleaved, exposing the galactose.

Galactose is linked to N-acetylglucosamine (GIcNAc). Adapted from!45.

vaccine studies. Antigenic characterization of NA can be performed using NA inhibition
(NI) assays which determine the extent of antibody-mediated interference with enzyme
activity!38. These assays rely on the enzymatic sialidase activity of NA, which is
determined by measuring cleavage of sialic acid from highly glycosylated proteins such
as fetuin. The NI thiobarbituric acid (TBA) assay!3%140 is based on the detection of free
sialic acid. This assay is recommended by the World Health Organization (WHQ)*!, but
the use of large volumes of hazardous chemicals and laborious procedures has impeded
antigenic characterization of NA during influenza surveillance. Alternative assays that
have been developed include an enzyme-linked lectin assay (ELLA)*?, which also relies on
the sialidase activity of NA, but instead of measuring free sialic acid, it detects the terminal
galactose that becomes exposed after sialic acid cleavage by NA (Figure 7b). Both the
NI TBA and the NI ELLA measure functional inhibition of NA activity by antibodies, and
consequently have clear relevance to immunity in vivo!30:143.144,

A complication of NI assays is the interference of HA-specific antibodies that block

NA activity non-specifically when they bind to HA®”. H6Nx viruses generated by classical
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reassortment were used in the traditional TBA method!??138 However, the generation of
recombinant viruses is time-consuming for large numbers of viruses and therefore this
method is not suitable for large-scale surveillance of antigenic evolution of circulating
influenza viruses. For analysis of the antigenic evolution of NA it would be ideal to have
the possibility of using wild type viruses as antigen in assays that are not impacted by

non-specific inhibitors, including antibodies to HA.

Vaccine

The effect of antigenic drift made it necessary to reformulate vaccines after only
2 years of use!*®, and the WHO established the WHO Global Influenza Surveillance
Network (GISN) in 1952 for the early detection of drifted strains'4’14¢ renamed to the
Global Influenza Surveillance and Response System (GISRS) in 2011*°. The 1968
pandemic led to the development of the intramuscular trivalent inactivated vaccines
(TIVs) against 1AV and IBV!®°, Influenza vaccines reduce the morbidity and mortality
associated with annual influenza epidemics but need to be updated frequently due to
antigenic drift. The current seasonal influenza vaccine is designed to protect against
circulating A(HIN1)pdmO9 viruses, A(H3N2) viruses, and IBV. Thorough surveillance
by the National Influenza Centres and WHO Collaborating Centres within the WHO'’s
GISRS is needed to identify the most suitable strains to use in vaccines for the next
epidemic!®!. Representatives of the predominant circulating viruses are sent to the
WHO Collaborating Centres, which produce vaccine seed strains that can be shared
with vaccine manufacturers. Vaccine strain selection depends on three aspects:
epidemiological information, genetic analyses of the HA and NA genes, and serological
analysis of HA. The main focus of influenza surveillance is on HA, and official influenza
vaccines are required to contain 15 pg of each HA subtype!®? while the amount of NA
is not standardized. Vaccine effectiveness (VE) is dependent on how well the vaccine
strains match the circulating influenza strains, and estimates showed a VE of 10 % in
2004-2005, 21 % in 2005-2006, and 52 % in 2006-20071%3,

Scope of this thesis

There is still much uncertainty about the underlying mechanisms that govern antigenic
drift of influenza viruses, and several theories have been proposed. These theories
consider HA to be the primary driving force, while the second key surface glycoprotein

(NA) and the other viral proteins have largely been ignored. This thesis focuses on all
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influenza proteins, with special emphasis on NA, to better understand—and ultimately
predict—the complex evolution of A(H3N2) viruses.

In chapter 2 the genetic evolution of NA is compared with HA1 using an extensive
data set containing virus isolates obtained from consecutive influenza seasons from 1968
till the 2009-2010 season. The antigenic properties as measured by the HI assay were
known, and with this information, reassortment events, rates of evolutionary change, and
selection pressures were analysed over 40 years of influenza A(H3N2) virus evolution. In
chapter 3, a similar approach is used to study the full influenza virus genomes and their
relation to antigenic change.

Chapter 4 utilizes the TBA NI assay to characterize antigenic evolution of NA
in human A(H1IN1) and A(H3N2) viruses recommended for United States of America
influenza vaccines between 1995 and 2010. The TBA NI assays are performed using
ferret antisera directed against wild-type A(H1N1) and A(H3N?2) viruses, and as antigens
virus reassortants with the targeted NA and a mismatched HA of the H6 subtype. Use of
these reassortants prevents false NI signals due to interfering HA antibodies. Antigenic
maps were constructed from the data sets using multidimensional scaling, to position
the antigens and antisera on the map, as previously described®’.

Because the conventional NI assays are cumbersome and laborious, critical steps
in the NI ELLA were modified and optimized to support the use of the NI ELLA in human
serology in chapter 5. Chapter 6 describes the steps that are important for obtaining
consistent results with the NI ELLA in a format suitable for rapid antigenic characterization
of NA, with wild type viruses as antigen. Interference by antibodies directed against HA
of wild type A(H3N?2) viruses is prevented by raising ferret sera against recombinant
influenza A H7N2 (A(H7N2)) viruses that contain the NA of various A(H3N2) viruses.
Through this approach it is possible to screen wild type viruses, thus preventing the
time-consuming generation of recombinant viruses or proteins for each epidemic virus
of interest. Finally, in chapter 7, the optimized NI ELLA is used to analyse roughly three
hundred viruses from 1968 till the 2010-2011 season. The resulting antigenic map of
NA is compared to the antigenic map of HA.

The results of all studies, and the implications they have on future research, are

discussed in chapter 8.
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Chapter 2

ABSTRACT

Each vyear, influenza viruses cause epidemics by evading pre-existing humoral
immunity through mutations in the major glycoproteins: the haemagglutinin (HA) and
the neuraminidase (NA). In 2004, the antigenic evolution of HA of human influenza
A (H3N2) viruses was mapped from its introduction in humans in 1968 until 20037,
The current study focused on the genetic evolution of NA and compared it with HA
using the data set of Smith and colleagues, updated to the epidemic of the 2009/2010
season. Phylogenetic trees and genetic maps were constructed to visualize the genetic
evolution of NA and HA. The results revealed multiple reassortment events over the
years. Overall rates of evolutionary change were lower for NA than for HALl at the
nucleotide level. Selection pressures were estimated, revealing an abundance of
negatively selected sites and sparse positively selected sites. The differences found
between the evolution of NA and HA1 warrant further analysis of the evolution of NA

at the phenotypic level, as has been done previously for HA.
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INTRODUCTION

Influenza epidemics affect approximately 5-15 % of the world population resulting
in an estimated 3-5 million hospitalizations and between 250,000 and 500,000
deaths annually*®t54. Influenza type A viruses can be divided into subtypes based on
the antigenic properties of the major surface glycoproteins haemagglutinin (HA) and
neuraminidase (NA). To date, 17 HA*5 and nine NA subtypes have been found
in nature. Subtypes A (H1N1) and A (H3N2) are currently the causative agents of
influenza A virus epidemics in humans, of which the influenza A (H3N2) viruses are the
most recurring and virulent®>156 and show the strongest antigenic drift®.

HA, a homotrimeric type | integral membrane protein, mediates viral entry into the
cell by binding to sialic acids®®. NA, a tetrameric type Il integral membrane protein with
sialidase activity, allows virus release from the cell®6-%8, Both HA and NA are located on
the surface of the viral membrane and are the main targets for antibodies. Antibodies
againstinfluenza viruses result in protective immunity, but mutations in HA and NA allow
the virus to escape host immunity. This process, known as antigenic drift'*’, is responsible
for the recurrence of influenza epidemics almost every winter.

Vaccines have proven effective, but need to be updated frequently due to antigenic
drift. Since 1999, the influenza A (H3N2) virus component has been updated six times*®,
Thorough surveillance by the National Influenza Centres and WHO Collaborating Centres
within the World Health Organization’s Global Influenza Surveillance Network is required
to identify the most suitable strains to use in vaccines for the next epidemic!®*!%5, Vaccine
strain selection depends on three aspects: epidemiological information, HA and NA gene
sequence phylogeny and serological analysis using an HA inhibition assay. The main focus
of genetic and antigenic surveillance is on HA, and official influenza vaccine formulations
prescribe the amount of HA8,

Although antibodies against NA do not prevent infection, numerous preclinical and
clinical studies indicate a role of NA immunity in reducing the severity of influenza virus
infection25128-132 Early crystallographic studies of NA have shown that antigenic regions
surround the enzyme’s highly conserved active site’3>136, Antigenic sites A, B and C*3*
were shown to be highly variable probably due to antigenic drift'23124, Studies comparing
the antigenic drift of HA and NA using limited numbers of viruses have revealed that their
evolution differs and is often asynchronous!?21371%9_Given these factors, understanding
the patterns of evolution in NA is important.

In 2004, Smith et al. mapped the antigenic evolution of HA of human influenza
A (H3N2) virus from its introduction in humans in 1968 until 2003%*%”. The study was
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based on an extensive data set, comprising influenza virus isolates obtained within each
influenza season. Here, we focused on the genetic evolution of NA and compared it with
HA1 (the immunogenic section of the HA), using the data set of Smith et al., updated
to the epidemic of the 2009/2010 season. Reassortment events, rates of evolutionary
change, and selection pressures were analysed over 40 years of influenza A (H3N?2) virus
evolution. The differences found between the evolution of NA and HA1 warrant further

analysis of the antigenic properties of NA.

MATERIALS AND METHODS

Viruses

Human influenza A (H3N2) viruses, isolated over 35 years of influenza virus surveillance
between 1968 and 2003 that were used in the study of Smith et al. in 2004'%” served
as the basis for this study. Two viruses within this data set were no longer available
(A/Victoria/7/87 and A/Netherlands/440/93) and were thus excluded from the data set.
The data set was updated with 19 influenza A (H3N2) viruses circulating between 2003
and 2009, including seven vaccine or reference strains and 12 isolates from epidemics
in the Netherlands. The latter 12 isolates were chosen based on divergent placement
in the updated A (H3N2) antigenic map®°. This led to a total of 291 human influenza A
(H3N2) viruses. Human influenza A (H3N2) viruses were propagated in Madin—Darby
canine kidney (MDCK) cells or, if unsuccessful, in 11-day-old embryonated chicken

eggs.

Sequence analysis
MDCK supernatant or allantoic fluid was used for RNA extraction, using a High
Pure RNA Isolation Kit (Roche Applied Science) and cDNA was synthesized with
SuperScript® Il reverse transcriptase (Invitrogen). The complete NA and HA1l gene
segments were amplified by PCR using AmpliTag Gold® DNA polymerase (Applied
Biosystems) and purified by gel extraction with the QIlAquick Gel Extraction Kit
(Qiagen). Sequencing was performed with NA or HA specific primers using a BigDye
Terminator version 3.1 cycle sequencing kit (Applied Biosystems) and a 3100 Genetic
Analyzer (Applied Biosystems), according to the instructions of the manufacturer.
Nucleotide sequences of the NA open reading frames (ORF) and HA1 coding
regions were aligned using the ClustalW program running within the BioEdit software
package, version 7.0.9.0*%4 Seven HA1 and 14 NA sequences contained one or more

degenerate nucleotide positions. In all HA1 and ten of the 14 NA sequences, the
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degenerate nucleotide led to degenerate amino acid positions. One NA sequence
contained an insertion of 3 nucleotides between codons 221 and 222, and one sequence
had a 3-nucleotide deletion at codon 154. Newly sequenced and previously published NA

and HA1 domain accession numbers are provided in the Supplementary data.

Phylogeny

Nucleotide sequence alignments with or without an additional outgroup
(A/Duck/Hokkaido/33/80 for HA1 and A/Japan/305/1957 for NA) were generated. With
these nucleotide sequence alignments, the best-fit models of nucleotide substitution
were determined by jModelTest!®. In all cases, the preferred maximum likelihood (ML)
optimized model of nucleotide substitution was TVM+I+74 (transversion model with the
proportion of invariant sites and the gamma distribution of among-site rate variation
with four categories estimated from the empirical data) with GTR+I+I4 (general time
reversible model) as second best based on the Akaike information criterion (AIC).

As seven HA1 and ten NA nucleotide sequences contained degenerate amino
acid positions, either a B (aspartate or asparagine) or an X (any amino acid) was applied
at these positions. The best-fit models of protein evolution were determined with
ProtTest!®%. The preferred ML optimized model was HIVw+4 (human immunodeficiency
virus within) for HA1 and HIVw+I+I4+F (equilibrium amino acid frequencies estimated

from the empirical data) for NA based on the AIC.

Phylogenetic analysis

With the nucleotide sequence alignments, initial ML trees were inferred using the PhyML
package version 3.0'®, by means of a full heuristic search and the subtree pruning and
regrafting (SPR) method. As the TVM+I+I4 model of nucleotide substitution was not
an option within the PhyML package, the GTR+I+I4 model was chosen for all data sets.
Garli version 0.951'88 was run on the best nucleotide tree from PhyML for 2 million
generations to optimize tree topology and branch lengths. Additionally, ML trees were
estimated using the TVM+I+I4 model of base substitution in combination with tree
bisection-reconnection (TBR) searches using the PAUP* (version 4.0b10) package®®°.
For each of the trees, the reliability of all phylogenetic groupings was determined
through a non-parametric bootstrap resampling analysis; either 500 replicates of ML
trees using the GTR+1+I4 model and the SPR method using PhyML, or 1,000 replicates
of neighbour-joining trees estimated under the ML substitution model using PAUP*.

All trees are available from the authors upon request. Trees were visualized with
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the FigTree program version 1.3.1. (http://www.tree.bio.ed.ac.uk/software/figtree).
Trees were rooted on the outgroup strains (A/Duck/Hokkaido/33/80 for HA1 and
A/lapan/305/1957 for NA) or on the 1968 pandemic strain (A/Hong Kong/1/1968).

Amino acid alignments were used in combination with the HIVw+r4 (HA1) or

HIVw+1+T4+F (NA) model of protein evolution to infer ML trees using the PhyML package

version 3.0, by means of a full heuristic search and the SPR method.

Genetic maps

Amino acid sequence alignments were used to calculate a distance matrix with the
number of amino acid substitutions between pairs of strains to produce 'genetic maps’,
as described previously'?’. Genetic mapping is a way to facilitate a quantitative analysis
and visualization of genetic data. In a genetic map, the distance between isolates A
and B corresponds to the number of amino acid substitutions between the amino
acid sequences of a particular protein-coding region of isolates A and B. Thus, each
difference in an amino acid alignment can be thought of as specifying a target distance
for the points in a genetic map. Modified multidimensional scaling (MDS) methods
are then used to arrange the points between two isolates in a genetic map to best
satisfy the target distances specified by the amino acid alignment distance matrix. The
result is a map in which the distance between points represents the number of amino
acid substitutions in a particular protein-coding region between isolates. To avoid
underestimating genetic distances due to sequential mutations at the same location,
a threshold needs to be applied. For example, when a threshold of 30 is applied to
the alignment, the software is free to use a distance of at least 30 aa between two
points that have a 30 aa difference in order to retrieve the lowest error function. For
HA1, the previously determined threshold of 30 was used!’. Threshold considerations
for NA were based on adequate correlation between observed distances and genetic
map distances and sufficient correlation between ML amino acid tree distances and
genetic map distances. The threshold that approached both considerations best
for NA was 20 (data not shown). The correlation between the number of amino acid
substitutions and the corresponding distances between strains in the genetic map was
0.93 (data not shown), indicating that the two-dimensional genetic map is a reasonable
representation of the target amino acid distance matrix. For software, see http://www.

antigenic-cartography.org.
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Detection of reassortment
ML trees of NA and HA1 were used in TreeMap version 1.0 (http://taxonomy.zoology.

gla.ac.uk/rod/treemap.html). TreeMap, originally designed for comparing host and

parasite trees, was applied solely to display a tanglegram between the HA and NA
phylogenies. The twines were colour coded according to the HA antigenic clusters?”’.

Reassortment events were identified by the graph-incompatibility-based
reassortment finder (GiRaF) program'®2. Nucleotide alignments of HA1 or NA were used
as input for MrBayes!®%1°! to sample 1,000 unrooted candidate trees with the GTR+I+r4
substitution model, a burn-in of 100,000 and sampling every 200 iterations. These trees
were subsequently used to model the phylogenetic uncertainty for each segment with
the GiRaF program under default settings. This procedure was repeated 100 times with
ten independent MrBayes runs for NA and ten independent MrBayes runs for HA1.

Estimation of nucleotide substitution rates and times of divergence
To identify potential errors in sequence data annotation that might affect the clock
estimation, the ML nucleotide HA1 and NA trees were exported to Path-O-Gen version

1.3 (http://tree.bio.ed.ac.uk/software/pathogen)!®? and a linear regression plot for the

years of sampling versus root-to-tip distance was generated (see Figure S3 in the
supplemental material). No anomalies were seen in the NA and HA1 data sets which
both behaved in a clock-like manner (R? = 0.977 and R? = 0.967, respectively).

Overall rates of evolutionary change (nucleotide substitutions per site per year),
most recent common ancestor (MRCA) in years and relative genetic diversity were

estimated using the BEAST program version 1.6.2 (http://beast.bio.ed.ac.uk/)'%3. For all

analyses, the uncorrelated log-normal relaxed molecular clock was used to accommodate
variation in molecular evolutionary rate among lineages in combination with the SRD06
codon position model, with a different rate of nucleotide substitution for the first plus
second versus the third codon position, and the HKY85 substitution model*®4.

Isolation dates were added to calibrate the molecular clock. This analysis was
conducted with a time-aware linear Bayesian skyride coalescent tree prior!®> over the
unknown tree space, with relatively uninformative priors on all model parameters.
Two independent Bayesian Markov chain Monte Carlo (MCMC)-analyses, performed
for HA1 and NA for 100 million states, sampling every 1,000 states, were performed.
Convergences and effective sample sizes of the estimates were checked using Tracer

version 1.5 (http://www.evolve.zoo.ox.ac.uk/software.html?id = tracer) and the first 10
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% of each chain was discarded as burn-in. Uncertainty in parameter estimates is reported
as values of the 95 % highest probability density (HPD).

Selection pressures

To determine the degree of natural selection acting on HA1 and NA, the mean number
of d,, and d, substitutions per site (d, /d. ratio or w) was estimated using the one-ratio’
model of the Codeml program implemented in the PAML package!®¢. Codeml uses the
codon substitution model of Goldman & Yang for protein coding DNA sequences!®”’
and was used in combination with the ML tree rooted on A/Hong Kong/1/68. Selection
pressures on the internal and external branches of the HA1 and NA ML tree were
estimated with the "two-ratio* model of the Codeml program.

To determine the positively and negatively selected sites along internal branches,
the internal fixed effects likelihood (IFEL) method was used®*. Sites subject to episodic
diversifying selection were identified using Mixed Effects Model of Evolution (MEME)*®®,
Both methods were accessed through the Datamonkey interface (http://www.
datamonkey.org) and the GTR (HA1) or TVM (NA) nucleotide substitution model was
used. Sites with a p-value < 0.05 were reported as positively selected sites.

Directional positive selection was detected with the Directional Evolution in
Protein Sequences (DEPS) test implemented in the HyPhy package!®. For this procedure,
the ML trees with the A/Hong Kong/1/68 pandemic strain as outgroup were used in
combination with the amino acid alignment and the HIVw model of protein evolution.

Positively selected sites were shown on the monomeric and tetrameric NA
structure constructed using MacPyMOL (PyMOL Molecular Graphics System, version
13) on subtype N2 (pdb code 2BAT!!®).

RESULTS

Dataset background

Virus isolates obtained between 1968 and 2003 and used in the study of Smith et al.t%”
were combined with 19 influenza A (H3N2) viruses isolated between 2003 and 2009
into a single updated data set consisting of 291 virus isolates. The new isolates included
seven vaccine or reference strains and 12 isolates from epidemics in the Netherlands, of
which the latter were chosen based on divergent placement in the updated influenza A
(H3N2) antigenic map°. All NA gene segments of these 291 viruses were sequenced.
For the study by Smith et al. only the HA1 coding regions were sequenced, as this is the

immunogenic section of the HA protein®2°3. To obtain a similar data set for HA and NA,
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the HA1 coding regions of the 19 recent influenza viruses were sequenced. Deduced
amino acid sequence alignments showing only positions with at least one mutation are
available in Figure S1 and S2 for NA and HAL, respectively (available in JGV Online).

Both alignments were colour coded according to the antigenic clusters of HA?,

Genetic evolution of NA and HA1

ML phylogenetic trees were constructed to observe the genetic evolution of NA and
HA1, updated from 2004, at the nucleotide level (Figure 1a). The general topology
of the NA tree was similar to that of the HA1 tree, showing the typical ‘ladder-like’
gradual evolution with rapid replacement of old strains by newer ones. NA had fewer
nucleotide substitutions over 40 years of evolution compared with HAL; overall, the
genetic distance from the root of the tree to the most recent cluster of CAO4 strains
was roughly 1.5-fold greater for HA1 than for NA. Although we did see that variants
on the trunk were the ancestors of all variants in future years!®, the HA1 phylogeny
did have some variants that clustered away from the trunk in an evolutionary terminal
or dead-end clade, most notably for the VI75- and the BE89-like viruses. Compared
with HA1, such dead-end clades were less obvious in the NA tree. For NA, the most
obvious—yet relatively small—evolutionary dead-end clades included a number of
the SY97- and BE92-like viruses. Whilst the HA genes of the VI75-like and BE92-like
viruses clustered continuously in the ML tree, the NA genes appeared as two separate
lineages for both groups of viruses. Notably, the NA genes of HK68-like viruses were
more genetically divergent than HA1 (0.044403 vs 0.03556 nucleotide substitutions
per site, respectively). Larger genetic distances were found between BK79- and
S187-like viruses and within the SY97-like viruses for NA compared with HAL. In
contrast, the distances between EN72- and VI75-, between TX77- and BK79-, and
between SY97- and FUO2-like viruses were greater for HA1.

Genetic maps were generated to visualize the genetic evolution of NA at the amino
acid level (Figure 2a). The HA1 genetic map was updated with the newly added isolates
(Figure 2b). In Figure 2c, the two maps are compared with arrows that point from the
position of a virus in the HA1 map to the position of the corresponding virus in the
NA map. Overall, the genetic map of the NA appeared less clustered and more gradual
compared with the HA1 genetic map. Although the genetic clustering of strains based
on HA1 amino acid sequences was in good agreement with the antigenic properties of
the HA proteins as described previously!?’, the NA amino acid sequences did not strictly

follow the same pattern of clustering. Other features of the NA genetic map, including the
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Figure 1 | Phylogenetic ML trees of the major glycoproteins of human influenza A (H3N2) viruses.
The phylogenetic ML trees of NA (a) and HA1 (b) were generated with 292 nucleotide sequences.
The bar represents ~10 % of nucleotide substitutions between close relatives. The colour coding of

viruses is based on the antigenic clusters of HA'” and is consistent between both trees.

less pronounced evolutionary dead ends (yellow and red clusters in Figure 2b compared
with 2a) and differences in genetic distance within and between clusters as compared

with HA1, were in agreement with the ML trees.

Reassortment events
In 2005, Holmes et al. demonstrated for a limited number of influenza seasons that
multiple lineages of influenza A (H3N2) viruses cocirculate, persist, and reassort in

epidemiologically significant ways®6. By applying the antigenic cluster colours of HA”
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Figure 2 | Genetic maps of the major glycoproteins of human influenza A (H3N2) viruses. Ge-
netic maps were generated with 291 aa sequences and MDS algorithms for NA (a) and HA1 (b).
The vertical and horizontal axes correspond to the number of amino acid substitutions; one square
represents five amino acid substitutions. The orientation of the HA1 and NA maps was chosen to
match the orientation of the antigenic map of human influenza A (H3N2) viruses'?”. The colour coding
of viruses is based on the antigenic clusters of HA and is consistent among all maps (see legend to
Figure 1). The right map (c) depicts the HA genetic map with superimposed arrows pointing towards
the corresponding data points in the NA genetic map.

to both the HA1 and NA trees, it was noted that the clusters of NA sequences did not
strictly coincide with those of HA (Figure 1). The HA1 and NA trees shown in Figure 1
were used in TreeMap to generate a tanglegram. A tanglegram enables visualization of
the location of particular isolates within both ML trees. In the absence of reassortment,
the twines should connect both trees, in theory, in a seamlessly horizontal way. This
was not the case for the isolates used in this study, suggesting frequent reassortment
between the NA and HA gene segments. However, this was based on only one
phylogeny per gene segment, with clades and branches ordered by branch length in
a fixed fashion. To improve on this, the computational software package GiRaF was
used to identify reassortments in multiple trees per gene segment!®2. This method

compares large collections of MCMC-sampled trees for groups of incompatible splits
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to identify sets of taxa with differential phylogenetic placement, whilst accounting
for uncertainties in the inferred phylogenies. We performed 100 independent GiRaF
analyses on ten independent MrBayes HA runs compared with ten independent
MrBayes NA runs. Each run consisted of two independent tree files each with 1,000
MCMC-sampled trees. GiRaF removed the first 500 of these trees as burn-in, and the
remaining 500 were used for the actual analysis. All reassortment events are reported
in Table S1 in the supplemental material and those with a support value of > 50 % of
the GiRaF runs are depicted on the tanglegram made from the ML trees as bold twines
(Figure 3). A 50 % cut-off was chosen arbitrarily.

For the HKG8-like viruses, two possible reassortment events were reported with
a 58 and 52 % support of the GiRaF runs (Figure 3 and Table S1 in the supplemental
material; events 1 and 2, respectively). There was no evidence for reassortment during
the circulation of the EN72-like viruses with support from GiRaF of = 50 %. The VI75-like
viruses in the HA1 tree formed one clade, which descended from EN72-like viruses,
and this clade formed the common ancestor to TX77-like viruses. In the NA tree, the
VI175-like viruses were divided into two clades. The two different clades represented
two different influenza seasons. The first clade, comprising viruses isolated in 1975 and
early 1976, was directly descended from EN72-like viruses, similar to the HA tree. In
contrast, the second clade, consisting of strains isolated in early 1977, originated, together
with the TX77-like viruses, from late EN72-like viruses. The viruses containing the NA
of the second clade were reassortants, with a reported support of 71 % of the GiRaF
runs (event 3). GiRaF provided no support for reassortment between HA and NA during
circulation of the TX77-like viruses. The BK79-like strain A/Philippines/2/1982 was a
reported reassortment event with 93 % support (event 4). Two strains with very different
HAs, one BK79- and the other SI78-like, both contained a closely related NA and were
identified as reassortants in 80 % of the runs (event 5). A/Hong Kong/1/1989, with an
intermediate SI187-like HA and an NA that clustered with early SI87-like viruses, was
also reported as a reassortant (event 6, 90 %). Multiple reassortment events included
BE92-like viruses and five out of 14 were supported by = 50 % of the GiRaF reports
(events 8 and 10-13). The most notable observation was that the BE92-like viruses were
divided into two clades in the NA tree, one descending from SI87-like viruses and the
second one from BE89-like viruses. The upper clade included viruses circulating from
late 1991 until mid-1993, whilst the second clade contained viruses circulating from late
1992 until early 1996.
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Figure 3 | Reassortment events between NA and HA1 during 42 years of influenza A (H3N2)
evolution. TreeMap version 1.0 was used to generate a tanglegram with the phylogenetic ML trees
shown in Figure 1. Twines between both trees were colour coded according to the antigenic clusters
of HA%7 (see legend to Figure 1). GiRaF version 1.01'%? was used to detect reassortment events
between HA and NA. Reassortment events (see Table S1 in the supplemental material) reported
in = 50 % of the cases, are indicated in bold, with percentages shown in parentheses. The arrows

indicate the introduction of an NA that represents the common ancestor of all more recent NAs.

37



Chapter 2

The firstisolate of the second BE92 clade and everything descending from it were
all reported as a single reassortment event supported by 98 % of the GiRaF runs (event
7). A similar event was reported for a more recent BE92-like virus and all its descendants,
although with weaker support (event 9, 80 %). Both reports suggest that, at some point
during the influenza season of 1992/1993, an NA was introduced by reassortment that
represents the common ancestor of the more recent NAs.

Multiple reassortment events were reported by GiRaF within and between
the BE92 and WU95 clusters. Clustering of BE92- and WU95- like viruses appeared
scattered in both trees, but when comparing these scattered clades between the NA
and HA tree, a number of clades positioned differently. Three reassortment events that
were supported by > 50 % of the runs included a mixture of BE92- and WU95-like
viruses (events 14-16). During circulation of the more recent WU95-like viruses, four
reassortment events were supported by > 50 % of the GiRaF runs (events 17-20). One
reassortment event involving SY97-like viruses was supported by GiRaF = 50 % (event
21, 89 %). For FUO2-like viruses, only one reassortant was reported (event 22, 81 %).
Reassortment of HA and NA of CAO4-like viruses was not supported at = 50 % by GiRaF.

Thus, visual inspection of a single NA tree and a single HA1 tree within the
tanglegram suggested numerous reassortment events. Inference from multiple
MCMC-sampled trees provided support for a portion of these events, using an arbitrary
cut-off of 50 %. Overall, these data indicated that, although mostly singular, reassortment
events have occurred throughout the evolution of human influenza A (H3N2) viruses,
especially during the periods of circulation of BE92-, and WU95-like viruses. Most
reassortment events were within antigenic clusters, rather than between antigenic
clusters. There were 13 reassortment events within the same HA antigenic group (events
1,2,4,6,8,10-13 and 17-20). There were six reassortment events involving strains from
different HA groups (events 5, 7, 9 and 14-16). Event 3 included only VI75-like strains,
but the NAs originated from late EN72-like viruses instead of descending from VI75-like
viruses. Event 21 contained an NA derived from WU95-like viruses and an HA descending
from SY97-like viruses. Reassortment event 22 was a FUO2-like strain, although the NA
of this virus originated from SY97-like viruses. Whereas most reassortants were not
detected during prolonged periods, possibly suggesting that the reassortment events
were neutral or detrimental, two reassortment events (events 7 and 9) persisted in the

population.
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Table 1 | Mean rate of nucleotide substitutions and time of MRCA of NA and HA1.

Segment Mean rate of nucleotide substitution Time of MRCA
(x10-2 substitutions/site/year)
Mean 95 % HPD Mean 95 % HPD
Lower Upper Lower Upper
NA 315 281 3.49 1965.10 1962.82 1967.10
HA1 515 4.62 5.70 1967.00 1966.18 1967.73

HPD, highest probability density
MRCA, most recent common ancestor

Evolutionary rates

Rates of nucleotide substitution and time of the MRCA for NA and HA1 were estimated
using BEAST version 1.6.2 with the relaxed log-normal clock and the Bayesian skyride
time-aware model (Table 1). The mean rates of nucleotide substitution for NA and HA1
were 3.15x10°3 (HPD 2.81x103-3.49x103) and 5.15x10-3 (HPD 4.62x103-5.70x103)
nucleotide substitutions per site per year, respectively. The time of MRCA was 1965.10
(HPD, 1962.82-1967.10) for NA and 1967.00 (HPD, 1966.18-1967.73) for HA1.

Selection pressures
The degree of natural selection acting on NA and HA1 was estimated by looking at the
mean number of amino acid-changing (non-synonymous or d, ) and silent (synonymous
or d.) substitutions per site (d,/d. ratio) using Codeml. The overall d,/d. and the mean
d,/d, ratios for the internal and external branches were estimated (Table 2). Both genes
were under strong selection (NA d,/d. = 0.249 and HA1 d,/d_ = 0.362) however, HA1
was less constrained. The d,/d. values for the internal and external branches were
similar for NA (0.250 and 0.248) and HA1 (0.350 and 0.371), suggesting no difference
between selection pressures on NA and HAL. In theory, a higher d /d. value for the
external relative to the internal branches indicates an excess of non-synonymous
mutations that are eventually removed from the virus population by purifying selection,
suggesting that these mutations are deleterious!®. This was not the case for NA and
HAL.

To determine the positively and negatively selected sites along internal branches

only, where advantageous mutations are more likely to fall, the internal fixed effects
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Table 2 | Global, inner and outer d, /d, values for NA and HA1.

Segment  Sequence length d./d,

(codons) Overall Internal External
NA 470 0.249 0.250 0.248
HA1 329 0.362 0.350 0.371

likelihood (IFEL) method was used®®“. IFEL detected three positively selected sites in
NA: codons 43, 267 and 370 (see Table S2 in the supplemental material). In HAL, nine
positively selected sites were reported, all located in antigenic sites (see Table S3 in the
supplemental material).

Sites subject to episodic diversifying selection were identified using mixed effects
model of evolution (MEME)?!°. MEME detected five sites (codons 43, 148, 199, 338 and
465) in NA (see Table S2 in the supplemental material) and 14 in HA1 (see Table S3
in the supplemental material) of which all but two (codons 31 and 185) were found in
antigenic sites.

Directional positive selection was detected with the directional evolution in
protein sequences (DEPS) test implemented in the HyPhy package!®®. The DEPS test
identifies directional evolution towards residues at sites within an amino acid alignmentin
combination with a nucleotide tree and is particularly useful for the detection of selective
sweeps!®. For NA, 11 sites (see Tables S2 and S4 in the supplemental material) were
identified to be involved in this directional evolution (see Figure S4 in the supplemental
material for the inferred amino acid substitution patterns). For HA1, nine sites were
involved (see Tables S3 and S5 in the supplemental material). In contrast, this method
detected more sites under directional selection in NA compared with HA1 (11 and nine
sites, respectively).

The positively selected sites within HA1 (see Table S3 in the supplemental
material) were found mainly in the antigenic sites of HA1 (with two exceptions). One site,
namely 145, was detected by all three methods. Residues 31, 133, 135, 137, 159, 186,
193, 226, and 262 were found by two of the methods. For the positively selected sites
found by the IFEL, MEME and DEPS analyses it was noted that only a few were within
antigenic sites of NA (see Table S2 in the supplemental material; residues 199, 328, 334,
338, 367, and 370). All positively selected sites are indicated in the NA monomeric and

tetrameric protein diagrams shown in Figures 4a and 4b, respectively. Figure S4 in the
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bl

Figure 4 | Sites identified as being positively selected, depicted on the NA globular head.
Positively selected sites are shown on wire and filled space models of the monomeric (a) and
tetrameric (b) NA structure constructed using MacPyMOL on subtype N2 (pdb code 2BAT?).
The viral receptor sialic acid, represented as red sticks, is docked into the active site, depicted as
yellow sticks. All sites located in the globular head found to be positively selected are illustrated
as spheres of which the residues visible on the tetrameric structure were given a colour: orange,
199; green, 328; blue, 334; magenta, 338; cyan, 367; brown, 370; lime, 372; purple, 437; olive,
465. Residues 127, 148, 267 and 308 (grey) were also found to be positively selected but were
not surface exposed. Residues 43, 46 and 52 are not shown, as they are in the NA stalk domain.
Numbers correlate to codon positions identified as under positive selection found within this study

(see Table S2 in the supplemental material).

supplemental material depicts ML trees coloured by each positively selected site found
by at least two methods.

The transition of codon 43 from an aspartic acid to a serine occurred around the
time of the cluster transition from TX77 to BK79. The change of serine to an asparagine
at position 43 corresponded with the emergence of the BE89 cluster and all descending
viruses. The change of arginine to leucine at position 338 correlated roughly with the
transition from BE92 to WU95. The changes at position 370 from leucine to serine and
from serine back to leucine did not correspond with antigenic cluster transitions for HA,
as they occurred during the continued circulation of the HKE68-like and BK79-like strains,
respectively. The late leucine to serine substitution correlated roughly with the FUO2 to
CAO04 transition.
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DISCUSSION

In this study, we compared the genetic evolution of NA of 291 human influenza
A (H3N2) viruses sampled between 1968 and 2009 with that of HA1l. Although
similarities were apparent, the main observation was that HA and NA exhibited clear
differences in evolutionary genetics.

The general topology of the NA and HA1 trees were similar, showing the typical
‘ladder-like’ gradual evolution with rapid replacement of old strains by newer ones as
described previously for HA1%1. NA evolved more slowly at the nucleotide level and more
gradually, with overall shorter branches and fewer and smaller evolutionary dead-end
clades. The genetic distances between clades in the ML trees and in the genetic maps
for NA and HA1 were often discordant, suggesting an asynchronous genetic evolution
of the two genes. This observation is in agreement with the reported asynchronous
evolution at the phenotypic level, with discordant patterns of antigenic drift of HA and
NA as measured by serological assays!?2137.159,

Reassortment is a common feature in influenza viruses!®®. The Asian, Hong
Kong, and 2009 swine flu pandemics of 1957, 1968 and 2009, respectively, all emerged
following reassortment of swine, avian and/or human influenza viruses®*%°, In addition
to the emergence of pandemic strains, it has been suggested that the emergence of new
virus lineages during seasonal epidemics of the past decade may have been associated
with reassortment events®, perhaps resulting from to improved matching of the activity
of HA and NA in relation to HA antigenic change!’°'2, However, when amino acid
substitutions in the active sites of HA and NA were analysed, no evidence for a ‘matched’
evolution of HA and NA was found, as there were only isolated cases of substitutions in
the catalytic site of NA (specifically at position 151) that seemed to provide no increased
fitness as their occurrences were transient.

For our influenza A virus data set spanning 40 years of influenza A (H3N2) virus
epidemics, differences in clustering of HA and NA gene segments within phylogenetic
trees indeed suggested that reassortment events had occurred relatively frequently over
time. data set. The large genetic distances between NA sequences of the HK68-like
viruses, shown in both the phylogenetic ML tree (Figure 1a) and the genetic map (Figure
2a), could be explained by a reassortment event involving an early influenza A (H3N2)
virus, in which a heterologous N2 gene of H2N2 virus origin was reintroduced?é. Indeed, in
an ML tree generated with NA genes of all early influenza A (H3N2) viruses and additional
H2N?2 strains, the NA of the late H2N2 viruses clustered together with HK68-like
viruses of 1969 and 1970 (data not shown). GiRaF analyses provided further support
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that several HK68-like strains (A/Bilthoven/17938/1969, A/Bilthoven/2668/1970, and
A/Bilthoven/93/1970) were reassortants. Apart from these late HK68-like strains, GiRaF
provided evidence for reassortment events between 1971 and 1977. Co-circulation
of antigenically distinct viruses has been reported in this period!’3-'’5, providing
opportunities for such reassortment events. In agreement with a previous study'’é, there
was also support for reassortment events between BE89- and BE92-like viruses. GiRaF
analyses further suggested that reassortment events between HA and NA of influenza
A (H3N2) viruses occurred particularly frequently during the circulation of BE92- and
WU95-like viruses. It remains unclear whether the frequency of reassortment events over
time is significant and whether these reassortment events have been of epidemiological
significance. Analyses with all genomic sequences would provide us with a better insight
into reassortment patterns.

Some concerns arise from the use of GiRaF in the intra-H3N2-evolution context.
The evolutionary distances sampled in the present data set are not the same as those
GiRaF was originally benchmarked against, and the performance of GiRaF was shown to
depend on the distance distribution. Moreover, GiRaF seemed to perform slightly better
for single-taxa reassortments compared with larger events. It should further be noted that
the low false-positive rate of GiRaF was only estimated on synthetic data sets assuming
neutral evolution models?®?. Here, we used a tanglegram based on robust HA and NA
ML trees to visually inspect the results reported by GiRaF as an independent test. The
reassortment events reported by GiRaF with > 50 % support could all be confirmed by
visual inspection of the tanglegram. To test whether the small genetic distances between
the sets of HA and NA sequences were problematic for GiRaF, we also ran GiRaF on
HA trees only (comparing one set of HA trees with another set of HA trees) and on NA
trees only, and using alignments in which the HA and NA sequences were split in half.
One would not expect to detect any reassortment events in these runs. GiRaF analysis
reported only three events for the 5’HA-3’"HA analysis, and no reassortment events for
the analysis of 5’NA-3'NA, HA-HA, and NA-NA trees. Thus, we concluded from this
that the 22 HA-NA reassortment events reported in the present work are supported by
GiRaF and visual inspection.

The evolutionary rates of NA and HA1 were high'’7*78 and of the expected level
for influenza viruses'’®. The evolutionary rate of NA of 3.15x10-3 nucleotide substitutions
per site per year was slightly higher than previously reported rate (2.3x10-3176). Although
the rate of nucleotide substitution of NA was lower than that of HA (5.15x10-3 nucleotide

substitutions per site per year), it is important to note that only HA1 was analysed here.
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As HA1 is the most variable part of the HA gene, this part would probably yield higher
evolutionary rates than the full HA gene®’®.

The coalescent analyses revealed that the time of circulation of the MRCA of both
HA1 and NA of influenza A (H3N2) viruses was around 1965 and 1967, respectively
(Table 1). As the 95 % HPDs for the MRCAs of both NA and HA1 overlapped, it is likely
that there was a single seeding event for the 1968 pandemic, possibly prior to the first
recognition in 1968.

The overall mean d, /d. values of 0.249 (NA) and 0.362 (HA1) estimated by the
PAML program (Table 2) were in agreement with previously reported values®®. There
was an abundance of negatively selected sites and a limited number of positively selected
sites in both HA1 and NA (Table 3; see Tables S2 and S3 in the supplemental material).
Generally, the number of positively selected sites was lower in NA compared with HAL.
In contrast, DEPS detected more sites under directional selection in NA compared with
HA1, which suggests that positive selection in HA1 is more random or it could reflect
toggling of antigenic sites due to antibody pressure.

The positively selected codons 43, 46, and 52, are all located in the highly variable
stalk region®®!, Residue 199, detected by MEME, was reported previously as an antigenic
site’®, Residue 267, detected by IFEL, is not an antigenic site but has been reported
previously as being positively selected'®”. Two documented antigenic sites, 32834 and
334123134 were detected by DEPS. Residue 370, a reported antigenic residue!?3134.183,
was found by IFEL and DEPS as being positively selected. By IFEL, MEME and DEPS, the
number of positively selected sites found to be within antigenic sites in NA was lower
than in HA1.

In summary, we have analysed the evolutionary genetics of NA of influenza A
(H3N2) viruses isolated from 1968 to 2009 and compared them with those of HA.
High-level similarities were observed between the evolution of HA and NA, although
notable differences were apparent. Future research on the evolution of NA should focus
at the phenotypic level, using serological tests and antigenic cartography methods, as
described recently!?2137159 on extensive virus data sets. Such analysis would allow not
only the side-by-side comparison of HA and NA evolution at the genetic level as carried
out here, but also its relationship with immune escape, the major driver of evolution of the
surface glycoproteins of influenza A virus. Such analyses, along with full virus genome
data, ultimately may lead to a better understanding and increased predictability of the

evolution of influenza A (H3N2) virus.
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ABSTRACT

Influenza A(H3N2) viruses became widespread in humans during the 1968 H3N2
virus pandemic and have been a major cause of influenza epidemics ever since. These
viruses evolve continuously by reassortment and genomic evolution. Antigenic drift is
the cause for the need to update influenza vaccines frequently. Using two data sets
that span the entire period of circulation of human influenza A(H3N2) viruses, it was
shown that influenza A(H3N2) virus evolution can be mapped to 13 antigenic clusters.
Here we analysed the full genomes of 286 influenza A(H3N2) viruses from these two
data sets to investigate the genomic evolution and reassortment patterns. Numerous
reassortment events were found, scattered over the entire period of virus circulation,
but most prominently in viruses circulating between 1991 and 1998. Some of these
reassortment events persisted over time, and one of these coincided with an antigenic
cluster transition. Furthermore, selection pressures and nucleotide and amino acid
substitution rates of all proteins were studied, including those of the recently discovered
PB1-N40, PA-X, PA-N155, and PA-N182 proteins. Rates of nucleotide and amino
acid substitutions were most pronounced for the haemagglutinin, neuraminidase, and
PB1-F2 proteins. Selection pressures were highest in haemagglutinin, neuraminidase,
matrix 1, and nonstructural protein 1. This study of genotype in relation to antigenic
phenotype throughout the period of circulation of human influenza A(H3N2) viruses

leads to a better understanding of the evolution of these viruses.
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INTRODUCTION

Influenza A viruses are members of the Orthomyxoviridae family, which comprises
enveloped, negative-sense, single-stranded RNA viruses containing a genome divided
over eight segments. The eight segments include: basic polymerase 2 (PB2), basic
polymerase 1 (PB1), acidic polymerase (PA), haemagglutinin (HA), nucleoprotein (NP),
neuraminidase (NA), matrix (M), and nonstructural protein (NS).

The segmented nature of the genome allows for the exchange of entire genes
between different influenza viruses during simultaneous infection of a host, a process
called reassortment. Intersubtypic reassortments between swine, avian, and/or human
influenza A viruses have led to several pandemics. These pandemic viruses later became
established as seasonal influenza viruses causing annual epidemics. Influenza virus type
Ais subdivided based on the antigenic properties of the major surface glycoproteins: HA
and NA. To date, 17 HA'*1®> and 10 NAY” subtypes have been found in nature.

The 1957 H2N2 influenza pandemic emerged as a consequence of reassortment
between the then circulating seasonal influenza A(H1N1) virus and an avian influenza
A(H2N?2) virus®. The A(H2N2) virus caused annual epidemics until the 1968 H3N2
influenza pandemic emerged. This pandemic was the result of reassortment of a human
A(H2N2) virus with an avian influenza A(H3N2) virus®. A(H3N2) viruses have been a
major cause of influenza epidemics ever since with significant morbidity and mortality*©154,
A(H2N2) and A(H3N2) viruses cocirculated until 197138 after which A(H2N2) viruses
became extinct in the human population.

Reassortment between influenza viruses of the same subtype (intrasubtypic
reassortment) together with genomic evolution, is presumably one of many ways for the
virus to increase diversity®>%7%%, shaping the short-term evolution of influenza A viruses®.
Mutations in the major surface glycoproteins HA and NA resulting from antibody pressure,
a process known as antigenic drift'®’, increase diversity but, more importantly, are a way
for the virus to effectively evade the host's immune system.

In 2004, Smith et al. mapped the antigenic evolution of the HA proteins of
A(H3N2) viruses from their introduction in 1968 until 2003%7. Their study was based
on an extensive data set of A(H3N2) virus isolates obtained from each consecutive
influenza season. The study revealed 11 antigenic clusters named after the first
vaccine strain of each cluster: A/Hong Kong/1/1968 (HK68), A/England/42/1972
(EN72), A/Victoria/3/1975 (VI75), A/Texas/1/1977 (TX77), A/Bangkok/1/1979 (BK79),
A/Sichuan/2/1987 (S187), A/Beijing/353/1989 (BE89), A/Beijing/32/1992 (BE92),
A/Wuhan/359/1995 (WU95), A/Sydney/5/1997 (SY97), and A/Fujian/411/2002 (FU02).
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Each of these antigenic clusters contains viruses that are antigenically similar for some
time, after which a “cluster transition” warrants a vaccine update. Recently two additional
major antigenic clusters were described by de Jong et al.: A/California/7/2004 (CA04)
and A/Perth/16/2009 (PE09)*e°.

Genetic analysis of the NA and HA1 proteins of A(H3N2) viruses from these
two studies revealed a large number of reassortment events and an asynchronous and
slightly slower evolution of NA than that of HA1%%8, Here, we extended this analysis to
the full genome. In total 284 full A(H3NZ2) virus genomes comprising viruses described
by Smith et al.'*” and de Jong et al'®® were submitted to GenBank. In addition, two
vaccine/reference strains from GenBank were included IN our data set, resulting in 286 full
genomes spanning more than 40 years of A(H3N?2) virus evolution. These full genomes
were analysed with a focus on reassortment, rates of evolutionary change, and selection
pressures of the eight segments and 15 proteins. The results presented in this study

contribute to a better understanding of the complex evolution of A(H3N?2) viruses.

MATERIALS AND METHODS
Viruses
A total of 284 A(H3N?2) viruses isolated between 1968 and 2011107160198 ywere subjected
to full genome sequencing. Viruses were propagated as described previously!®® and full
genome sequencing was performed as described previously!®® or by the J. Craig Venter
Institute (JCVI). Sequences of two of the vaccine strains that were included in this study
were retrieved from GenBank, as well as a number of sequences from segments that
were not fully sequenced.

Of the 284 A(H3N2) viruses, 281 viruses were sequenced at JCVI. Viral
RNA was purified using a Zymo Research Corporation 96 Viral RNA kit, and the
complete genome was simultaneously amplified from 3 pl of purified RNA by using
a multisegment reverse transcription-PCR (M-RTPCR) strategy*®%2%. The majority
of the samples were sequenced using a PCR/Sanger high-throughput sequencing
pipeline?®!. Primer sequences are available upon request. Thirteen samples
[A/Bangkok/1/1979, A/Auckland/4382/1982(mixed), A/Netherlands/233/1982,
A/Leningrad/360/1986, A/Victoria/1/1988, A/Oklahoma/5/1988, A/Beijing/353/1989,
A/United Kingdom/261/1991, A/Brisbane/8/1996, A/Netherlands/5/1998,
A/Netherlands/301/1999, A/Netherlands/009/2010, and A/Netherlands/034/2010]

were sequenced by M-RTPCR!®®20° followed by sequence-independent single-primer
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amplification (SISPA)?°2 and then combined next-generation sequencing using a

454/Roche GS-FLX instrument and an lllumina Genome Analyzer Il instrument.

Sequence preparation

Nucleotide sequences of 286 complete A(H3N2) virus genomes (details on the
segments can be found in Table S1 in the supplemental material, available in JVI Online)
were aligned using the ClustalW program running within the BioEdit software package,
version 7.0.9.0'84, Nucleotides before the first start codon and after the last stop codon
of each segment were removed. The sequences were manually edited and translated
into amino acids by using BioEdit. Ambiguous amino acids were assigned either a “B”
(indicating aspartate or asparagine) or an “X" (indicating any amino acid). The stop
codons of the amino acid alignments of PB1-F2 and PA-X were replaced by “X.” Both
the nucleotide and amino acid NS1 alignments were C-terminally truncated to a length
of 220 codons/amino acids (aa) due to stop codons at codons/aa 221 and 231 in some

of the NS1 sequences.

Phylogeny

We inferred maximum likelihood (ML) phylogenetic trees by using the GTR+I'4+| (the
general time reversible model with the proportion of invariant sites and the gamma
distribution of among-site rate variation with four categories estimated from the
empirical data) model of nucleotide substitution and the PhyML package, version 3.0’
performing a full heuristic search and subtree pruning and regrafting (SPR) searches.
Garli version 0.951'8 was used to perform 1 million generations of the best nucleotide
tree from PhyML to optimize tree topology and branch lengths. The reliability of
all phylogenetic groupings of each tree was determined through a nonparametric
bootstrap resampling analysis with Garli: 1,000 replicates of ML trees were analysed
by applying the GTR+I'4+l model of nucleotide substitution. Detailed trees, including
bootstrap values, are shown in Figure S1 in the supplemental material. Trees were

visualized through the FigTree program version 1.3.1. (http://www.tree.bio.ed.ac.

uk/software/figtree).

Rates of amino acid evolution
To determine the ML-optimized best-fit models of protein evolution, amino acid
sequence alignments were subjected to analysis by ProtTest!®¢ (see Table S2 in the

supplemental material). ML trees were inferred by applying the PhyML package, version
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3.0 in combination with the best-fit model of protein evolution based on the Akaike

information criterion (AIC), and performing a full heuristic search and SPR searches.
For all A(H3N?2) viruses, the genetic distance of each open reading frame (ORF),

HA1, or HA2 to A/Hong Kong/1/68 was calculated from the phylogenetic tree and plotted

as a function of time.

Detection of reassortment
TreeMap version 1.0 (http://taxonomy.zoology.gla.ac.uk/rod/treemap.html) was used to
generate tanglegrams with the phylogenetic ML trees.

Reassortment events were identified by the graph-incompatibility-based
reassortment finder (GiRaF) program?62, as described previously*®®. Nucleotide alignments
of the full segments were used as input for MrBayes!®®1°!, The best-fit models of
nucleotide substitution were determined using jModelTest!®. As input for the GiRaF
program, 1,000 unrooted candidate trees were inferred by using the GTR+I'4+| (PB1,
HA, and NP) or GTR+T'4 (PB2, PA, NA, M, and NS) substitution model, a burn-in of 50 %
(100,000 iterations), and sampling every 200 iterations. These trees were subsequently
used to model the phylogenetic uncertainty for each segment, using the GiRaF program
with default settings. The default confidence threshold was 0.7; for our data set, all
events reported by GiRaF had confidence levels of > 0.83, with almost all falling above
0.9. This procedure was repeated 50 times with 50 independent MrBayes tree files per
segment. Rather than looking at only one pair of segments, GiRaF was applied to all 28
combinations of segments. This was done to more comprehensively catalog reassortment

events, making the analysis even more stringent!¢2.

Estimation of nucleotide substitution rates and times of divergence

Overall rates of evolutionary change (number of nucleotide [nt] substitutions per site
per year) and times of circulation of the most recent common ancestor (MRCA) (in
years) were estimated using the BEAST program, version 1.7.0 (http://beast.bio.ed.ac.
uk/)'3. For all analyses, the uncorrelated log-normal relaxed molecular clock was
used to accommodate variation in the molecular evolutionary rate among lineages,
in combination with the GTR+I'4+| (PB1, HA, HAL, and NP), GTR+I'4 (PB2, PB1-F2,
PB1-N40, PA, PA-N155, PA-N182, HA2, NA, M, M2, NS, NS1, and NEP), or GTR+I
(PA-X and M1) substitution model. Isolation dates were used to calibrate the molecular
clock. This analysis was conducted using a time-aware linear Bayesian skyride

coalescent tree prior'®> over the unknown tree space, relatively uninformative priors on

52



Genome-wide Analysis of Reassortment and Genomic Evolution of Human Influenza A(H3N2) Viruses
Circulating between 1968 and 2011

all model parameters, and a normal prior on the mean skyride size (log units) of 11.0
(standard deviation [SD], 1.8)2%.

Sequences were grouped into the following 13 taxon sets based on the antigenic
clusters of HA07160: HKG8, EN72, VI75, TX77, BK79, SI187, BE89, BE92, WU95, SY97,
FUO2, CA04, and PEO9. Three independent Bayesian Markov chain Monte Carlo (MCMC)
analyses were performed on all segments, coding regions, HA1, and HA2 for 50 million
states, with sampling every 2,000 states. Convergences and effective sample sizes of
the estimates were checked with Tracer, version 1.5 (http://tree.bio.ed.ac.uk/software/
tracer/). These analyses were combined with LogCombiner, version 1.7.0, with a burn-in of
10 to 20 % to reach full convergence. Uncertainty in parameter estimates was reported as
the 95 % highest posterior density (HPD). A Bayes factor test was employed to evaluate
if the times of circulation of the MRCAs of the gene segments of a given antigenic cluster

were significantly different39:95204 (see Table S3 in the supplemental material).

Selection pressures

Selection pressures were measured for all codon alignments in combination with the
ML trees of each segment. To determine the degree of natural selection acting on all
protein coding regions, the average numbers of nonsynonymous (d,) and synonymous
(d,) substitutions per codon (d, /d, ratio) were estimated for the entire tree, the internal
branches, and the external branches by using single-likelihood ancestor counting
(SLAC)?%5,

Positively selected codons along internal branches were detected with the internal
fixed-effects likelihood (IFEL) method'®4. Codons subject to episodic diversifying selection
were identified with the mixed-effects model of evolution (MEME) method?®®®. Codons
with P values of < 0.05 were reported as positively selected codons.

Fast unconstrained Bayesian approximation (FUBAR) was used to rapidly detect
negative and positive selection by Bayesian MCMC analyses to robustly account for
parameter estimation errors2°6. Codons with posterior probabilities of > 0.9 were reported
as being either negatively or positively selected.

Directional positive selection was detected using the directional evolution in
protein sequences (DEPS) test'®’. For this procedure, the ML trees were combined
with the amino acid alignment. Residues with a Bayes factor of > 20 were reported as
positively selected.

All methods were implemented in the HyPhy package!®®, combined with the
best-fit model of nucleotide substitution or, in the case of the DEPS test, the best-fit
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model of protein evolution (see Table S2 in the supplemental material) based on the AIC.
The FUBAR analyses were accessed through the Datamonkey webserver?07.298,

Because of overlapping ORFs in the PB1, PA, M, and NS segments, these analyses
were restricted to the nonoverlapping ORFs of PB1, PA, M1, M2, NS1, and NEP. The
d,/d, ratios for PB1-F2 and PA-X were biased by the +1 ORF from PB1 or PA and were
therefore excluded in the SLAC, IFEL, MEME, and FUBAR analyses.

Nucleotide sequence accession numbers.

Nucleotide sequences presented in this study are available from GenBank under
the following accession numbers: CY012104 to CY012111, CY031812, CY033638,
CY033639, CY033641 to CY033645, CY034108, CY034109, CY034111 to CY034115,
CY035025, CY035027, CY039093, CY039094, CY077825, CY112233 to CY112318,
CY112320 to CY112368, CY112396 to CY112411, CY112420 to CY112564,
CY112566 to CY112630, CY112632 to CY112972, CY112981 to CY113004,
CY113013 to CY113028, CY113037 to CY113109, CY113111 to CY113476,
CY113485 to CY113820, CY113829 to (CY114348, CY114357 to CY114516,
CY116573 to CY116575, CY116587 to CY116591, CY116594, CY116596, CY116600,
CY121181, DQ508846 to DQ508850, DQ508852, DQ508853, GQ293081,
GQ293082, EU283414, EU597800 to EU597805, GQ293081, GQ293082, HQ166049
to HQ166056, and KC296462 to KC296481. Sequences for PB2, PB1, PA, NP, M,
and NS of A/Perth/16/2009 are available from the Global Initiative on Sharing Avian
Influenza Data (GiSAID) database under accession numbers EPI272741 to EPI1272746.

RESULTS

Dataset background

To study the genotype in relation to the antigenic phenotype throughout the period of
circulation of human A(H3N2) influenza viruses, we used a data set comprising 286
full genomes of viruses sampled between 1968 and 2011. The antigenic phenotype
of each of these viruses was previously determined, and this data set represents all 13
antigenic clusters of viruses'®'%°, Thus far, only the HA1 and NA sequences of these
viruses have been studied'®”1%8, To extend these studies to the full genome, 284 isolates
were sequenced. Sequences of two vaccine/reference strains were obtained from
GenBank. Deduced amino acid sequences were aligned, together with the sequences of

the two vaccine/reference strains (see Figure S2 in the supplemental material).
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Genomic evolution
ML trees were inferred to study the nucleotide evolution of all segments (Figure 1).
The ML trees of each segment were colour coded based on antigenic clusters!07:16,
All trees displayed a similar topological structure with a typical ladder-like gradual
evolution, with rapid replacement of old viruses by newer ones. For the PB2, PA, NP,
and NA segments, the early (1968 to 1970) HK68-like viruses were separated from
the late (1970 to 1972) HKGE8-like viruses by a long branch. This was most likely due to
cocirculation and reassortment with A(H2N2) viruses in 1969 to 1971 cocirculation®.

For all segments, the viruses on the trunk were the ancestors of all variants in
future years. However, in some cases, viruses belonging to an antigenic cluster were
not seeded by the viruses from the antigenic cluster preceding it. For example, the two
TX77-like viruses (1976 to 1977) were seeded by the previously circulating EN72-like
(1972 to 1975) viruses rather than by the VI75-like viruses. This was more prominent for
the BE89-like, BE92-like, and WU95-like viruses circulating between 1992 and 1998.
There were, however, differences in the origins of the different segments. In the PB2,
PA, HA, NP, M, and NS trees, the SI87-like viruses were the progenitors of the BE92-like
viruses instead of the BE89-like viruses. As a result, the BE89-like viruses clustered away
from the trunk in an evolutionarily terminal clade. In contrast, in the PB1 and NA trees,
the BE89-like viruses were the progenitors of the BE92-like viruses.

By applying the antigenic cluster colours of HA07160 to all trees of the individual
segments, it became clear that the topologies, although similar, were not identical to the
clustering observed for HA. These observations strongly suggest frequent reassortment

between segments.

Reassortment of A(H3N2) viruses

To investigate reassortment over the entire genome, a combined approach of
tanglegrams and GiRaF%? analyses'®® was applied (Table 1 and Figure 2; see Table S4
in the supplemental material). In short, tanglegrams were made to enable visualization
of the locations of particular isolates within the HA tree and each of the trees of the
other segments. In the absence of reassortment, the twines should connect both trees,
in theory, in a seamlessly horizontal way. This was the case for some of the isolates
used in this study, but not for all, thus suggesting reassortment between the segments.
To explore whether these were indeed reassortment events, multiple trees per segment
were analysed for incompatible splits in each tree pair by using the GiRaF program.

We performed 50 independent GiRaF analyses on 50 independent MrBayes runs per
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segment. Reassortment events found in = 50 % of the 50 independent GiRaF runs are
indicated in Table 1. The 50 % cut-off was chosen arbitrarily. The events found in 100
% of the 50 independent GiRaF runs and that included the HA segment are indicated
with asterisks in Table 1 and depicted on the tanglegrams as bold twines in Figure 2.

Numbers in Figure 2 correspond to the numbers in Table 1.

0.05

Figure 1 | ML trees of all ssgments of A(H3N2) viruses circulating between 1968 and 2011. The
ML trees of PB2, PB1, PA, HA, NP, NA, M, and NS were generated with 286 nucleotide sequences
per segment. Scale bars roughly represent 5 % of nucleotide substitutions between close relatives.
The colour coding of viruses is based on the antigenic clusters of HA HA716% and is consistent

between all trees. Trees were rooted on A/Hong Kong/1/1968.

Table 1 | Reassortment events between segments of A(H3N2) viruses circulating be-
tween 1968 and 2011 analysed with GiRaF?®.

Segments involved®

Eventc %9 Year of isolation Cluster

Virus 1 Virus 2
2 68 1970 HK68 HA PB2 PA
3 56 1977 VI75 HA (PA) M (NA)
4 74 1982 BK79 NA NS
5* 100  1992-1993 BE92 HA M NP PA PB2
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Table 1 | Reassortment events between segments of A(H3N2) viruses circulating be-
tween 1968 and 2011 analysed with GiRaF*b,

Segments involved®

Eventc %°  Year of isolation Cluster
Virus 1 Virus 2
6 90 1993 BE92 NA (NS) PB1 NP
7 88 1993 BE92 HA NS PB2 PA
8 78 1993 BE92 HA PA
9 78 1993 BE92 HA PA PB2 NA
10 56 1994-1996 BE92 HA M PA
11* 100 1994, 1996 BE92 HA PA PB2 NP
12 98 1995 BE92 (M) NS PB2
13 68 1995 BE92 HA NA M (NP)
14* 100 1996 BE92 HA M NP PB1 PB2
15* 100 1992-2011 BE92-end HA M NP NA PB1
16* 100 1992-2011 BE92-end HA NP NS NA
17 84 1993-2011 BE92-end HA M NP PB1
18* 100 1994-2011 BE92-end HA M
19 20 1992-1997 BE92/WU95  HA NP PA PB1
20* 100 1993 BE92/WU95 HA M NP NS (PB2)
21* 100 1993 BE92/WU95 HA (PB2) (NA) NP (PA)
22% 100  1993-1994 BE92/WU95  HAMNP PA
23* 100  1993-1994 BE92/WU95 HANS PB2 NA
24 100  1993-1994 BE92/WU95 HA NS PB2 NA
25 54 1993-1994 BE92/WU95 HA NS PB2 PB1
26 86 1993-1996 BE92/WU95 NA PA PB1 NP
27 84 1993-1996 BE92/WU95 NP (NS) (PB1) PB2
28 72 1993-1996 BE92/WU95 HA NS PB2 NP
29* 100  1993-1997 BE92/WU95 HA M NP PB2
30* 100  1993-1997 BE92/WU95 HA MNP PB2
31 92 1994-1997 BE92/WU95 M NS PA PB2
HA) M NA PA
32* 100  1995-1996 BE92/WU95 (PBl)PBZ NP
33* 100  1995-1996 BE92/WU95 HANS PB1 M NP PB2
34* 100  1995-1997 BE92/WU95 HA M NS PA PB2
35 100 1993 WU95 - -
36 96 1995 WU95 HAM NP PB1 PB2
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Table 1 | Reassortment events between segments of A(H3N2) viruses circulating be-
tween 1968 and 2011 analysed with GiRaF=*.

Segments involved®

Eventc %¢°  Year of isolation Cluster

Virus 1 Virus 2
37*% 100  1995-1996 WU95 M NP (PA) NA NS
38 98 1996 WUu95 HA (NA) M NP PA
39 50 1996 WU95 HA (M) NP PA
40* 100  1996-1997 WU95 M PB1
41 100  1996-1997 WU95 NA PB1 (NP) M (PA)
42* 100 1997 WU95 (HA) PAPB2 M NANP PB1

HA) M (NA
43* 100 1997 WU95 :\IP F)>BZ( ) PA
44* 100 1997 WU95 HA (M) NP (PB1)
45 100 1997-1998 WU95 M NP PA PB2
46* 100  1997-1998 WU95 HA PB2 NA NP PB1
47* 100 1998 WU95 HA (M) (NA) NP PA
48 100 1995-2011 WU95-end M NA PB1
49 72 1996-2011 WU95-end (HA) (PA) (PB1)
50 68 1996-2011 WU95-end NAPB1PB2 PA
51* 100 1999 SY97 HA NA
52 54 2001 SY97 (M) NP PB2
53 76 2000-2001 SY97 - -

M NA NP NS

54 100 2003 FUO2 HA PA PB1 PB2
55* 100 2002-2011 FUO2-end HA M NP PA PB1
56 920 2005 CA04 HA NP
57* 100 2006 CA04 HA PA M PB1
58* 100 2005-2011 CAO04-end HA PB2 M PB1
59 100 2007-2011 CAO04-end M PB1 (NA) (NP) PB2

2Persistent reassortment events are shown in bold. Details on isolates involved in the reassortment events can
be found in Table S4 in the supplemental material.
bevents with a support level of 100 % and involving HA are depicted as bold twines in the tanglegrams (Figure 2).
°Event numbering corresponds to that in Figure 2.
dPercentage of reassortment events observed in 50 independent GiRaF analyses of 50 independent MrBayes

runs per segment.

¢Involved segments with a support level of = 75 % of the runs are indicated in parentheses.
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Reassortment events during circulation of the HK68-like, VI75-like, BK79-like,
BE92-like, WU95-like, SY97-like, FUO2-like, CAO4-like, and PEQ9-like viruses were
identified by GiRaF analysis, although most did not persist over time. Reassortment was
found for all eight segments, although the frequency of reassortment of the individual
segments varied. The majority of these reassortment events occurred between viruses
from one antigenic cluster (Table 1, events 1 to 14, 35 to 47, 51 to 54, 56, and 57),
whereas between 1992 and 1997, reassortment events comprised viruses from multiple
antigenic clusters, i.e., BE92-like and WU95-like viruses (events 19 to 34). Apart from
nonpersistent reassortment events, several persistent reassortment events were
established during the circulation of BE92-like (events 15 to 18), WU95-like (events 48
to 50), FUO2-like (event 55), and CA04-like (events 58 and 59) viruses. No support for
reassortment was found during circulation of the EN72-like, SI87-like, and BE89-like
viruses. It should be noted that reassortment between highly similar sequences is likely to
be missed. Similarly, discordance in phylogenies due to high similarity of some sequences
can result in an under- or overestimation of reassortment events.

We investigated whether the timing of persistent reassortment coincided with
antigenic cluster transitions. From our GiRaF analysis, the only cluster transition that
was linked to a persistent reassortment event was the SY97-to-FUOQ2 antigenic cluster
transition (event 55) (Figure 2 and Table 1). Persistent reassortment events during
circulation of BE92-like viruses were detected in late 1992, while the first BE92-like
viruses were isolated in the beginning of 1992. The first WU95-like viruses were isolated
in 1993, while the persistent reassortment events were not detected until late 1995.
Similarly, persistent reassortment events for CAO4-like viruses were only detected in
2005. In agreement with the GiRaF results, visual inspection of the tanglegrams revealed
that the early viruses (and their ancestors) of each antigenic cluster were similarly
positioned in each of the ML trees, with an exception for the reported reassortment
event of SY95-FUO2.

Time of circulation of the MRCA of each antigenic cluster

We further studied reassortment in correlation with antigenic change in HA by
estimating the time of circulation of the MRCA of each segment for viruses from each
antigenic cluster (Figure 3). For the HA segment, the time of circulation of the MRCA
roughly corresponds to the sample date of the first isolated virus of each antigenic

cluster.
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At the onset of the 1968 H3N2 influenza pandemic, the PB1 and HA segments
were newly acquired through reassortment®4209-211 Similarly, our BEAST analyses
showed that the MRCA of the HA and PB1 segments circulated at the onset of the
1968 H3N2 influenza pandemic. The MRCA of the PA segment circulated 2 years before
this time, most likely because PA was introduced from the A(H2N?2) virus lineage that
circulated at that time.

The MRCA of each segment of the EN72-like viruses originated in 1972, with
the onset of the antigenic cluster. This was indicative of a genomewide selective sweep
(Figure 3). GiRaF found no support for reassortment during circulation of EN72-like
viruses (Figure 2 and Table 1).

During circulation of the VI75-like viruses, the MRCA of the HA and M segments
originated in 1975, while the other segments had MRCAs that circulated in 1973 and
1974 (Figure 3). This signifies a selective sweep for the HA and M segments, while the
genetic diversity of the other segments was likely maintained by reassortment.

Strikingly, the EN72-like viruses, not the VI75-like viruses, seeded the TX77-like
viruses (Figure 1). Neither GiRaF nor the time of circulation of the MRCAs gave an
indication of reassortment for TX77-like viruses; however, the data set used comprised
only two TX77-like viruses. The transition to BK79-like viruses coincided with a
genomewide selective sweep (Figure 3).

Little information was available on the A(H3N?2) viruses circulating between 1987
and 1992 (S187-like viruses). The MRCA of the HA segment of SI87-like viruses circulated
around 1986 to 1987, while the NA, M, and NS segments had MRCAs that circulated
before that time (1984), indicative of reassorted NA, M, and NS segments.

In agreement with previous studies!’®?2, there was evidence for reassortment
between BE89- and BE92-like viruses. The PB2, PB1, PA, NA, M, and NS segments
of the BE92-like viruses shared roughly the same times of their MRCAs as those of
the BE89-like viruses, indicating that these segments originated from BE89-like viruses
through reassortment. This is in contrast to the HA segment, which underwent a selective
sweep (Figure 3).

For the WU95-like viruses the times of MRCAs of the PB2, PA, M, and NS segments
remained the same as those of the BE89-like viruses, also indicative of reassortment,
while the PB1, HA, and NA segments underwent a selective sweep (Figure 3). Three
persistent reassortment events were reported by GiRaF, all involving the HA segment.
GiRaF analyses further suggested that reassortment events of A(H3N2) viruses occurred

particularly frequently during the circulation of BE92- and WU95-like viruses (Figure 2
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Figure 2 | Reassortment events between segments of A(H3N2) viruses circulating between 1968
and 2011. Tanglegrams are displayed with the ML HA tree on the left side and the mirrored trees
of PB2 (A), PB1 (B), PA (C), NP (D), NA (E), M (F), and NS (G) on the right side. Twines between
both trees are colour coded according to the antigenic clusters of HA (see the legend to Figure 1).
GiRaF was used to detect reassortment events between all segments. Reassortment events with
a support of 100 % between HA and any other segment are depicted as bold twines, and numbers
correspond to reassortment events in Table 1. The arrows indicate the introduction of new segments

by reassortment into the population that persisted until the last sampled isolate.
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and Table 1). The increase in reassortment rates during the circulation of the BE89-like,
BE92-like, and WU95-like viruses could be explained partially by cocirculation: BE89-like
viruses circulated from mid-1989 until early-1993, BE92-like viruses circulated from late
1991 until late 1996, and WU95-like viruses circulated from early 1993 until early 1998.

The SY97-like-to-FUO2-like virus antigenic cluster transition has been well
described and coincided with reassortment®>°6. Our BEAST analyses showed an MRCA of
the HA segment that circulated around 2002, while the other segments had MRCAs that
circulated before that time (1998 to 1999) (Figure 3). This is indicative of a selective sweep
for the HA segment, while the genetic diversity of the other segments was retained. Next
to one nonpersistent reassortment event, GiRaF found a persistent reassortment event
involving the HA segment of a different virus lineage compared to that of the PB1, PA,
NP, and M segments. Moreover, a large genetic distance was seen between SY97-like and
FUO2-like viruses, which was represented by a long branch separating the two clades in
the HA ML tree, and this is in line with a previous study?*3.

The transition of FUO2-like to CAO4-like viruses coincided with a selective sweep
for the PB2, HA, NA, and NS segments according to the BEAST analyses. GiRaF provided
evidence of two persistent reassortment events, in which the PB1 and M segments
were derived from a virus lineage different from that of the PB2 segment. The PB2 and
NS segments have an MRCA that circulated before the MRCA of HA for the PE0Q9-like
viruses, suggesting reassortment of the PB2 and NS segments and a selective sweep

of the HA segment.

Nucleotide substitution rates of all A(H3N2) open reading frames

Rates of nucleotide substitution (number of nt substitutions/site/year) for all segments,
and the proteins they encode, were estimated using BEAST (Table 2). The PB2, HA, NP,
and NA segments each encode single proteins: PB2, HA, NP, and NA. The PB1 segment
encodes three proteins: PB1; an N-terminally truncated version of PB1 starting at codon
40 (PB1-N40) “2 and PB1-frame 2 (PB1-F2), expressed through an alternative ORF*3,
The PA segment encodes four proteins: PA; PA-X, through a second ORF accessed
via ribosomal frameshifting*4; and two N-terminally truncated versions of PA, i.e.,
PA-N155 and PA-N182%. The M and NS segments each individually encode proteins
from the colinear transcript: M1 and NS1. Additionally, they encode a second protein
through mRNA splicing: M2 and NS2, known as the nuclear export protein (NEP)*¢. The

HA protein is composed of two subunits that are cleaved by host proteases from their
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precursor, HAO*®: HA1, which is the immunogenic section of the HA protein®253, and
HA2.

The mean rates of nucleotide substitution of the individual segments varied from 2.07
x 1073 to 3.99 x 1072 nt substitutions/site/year, with the highest rates of nucleotide
substitution for the major glycoproteins HA and NA and the lowest rate for the M
segment. Multiple ORFs carried by the same segment showed different rates of
nucleotide substitution. The PB1 segment and the PB1-N40 ORF shared the same rate
(2.54 x 1073 nt substitutions/site/year), in contrast to PB1-F2, which showed a rate
comparable to those of the HA and NA segments (3.67 x 1073 nt substitutions/site/
year). PA-X displayed a much lower rate (1.58 x 103 nt substitutions/site/year) than
that of the PA segment (2.28 x 1073 nt substitutions/site/year). Both PA-N155 and
PA-N182 had a rate comparable to that of the PA segment. Upon comparing the two
HA subunits, we noted that HA1 displayed a higher rate than HA2 (4.84 x 103 and
3.12 x 1073 nt substitutions/site/year).

Amino acid substitution rates of all A(H3N2) proteins
Linear regression plots for the year of sampling versus amino acid distance to A/Hong
Kong/1/1968 in the ML tree were generated (Figure 4), and the rates of amino acid
substitution were estimated based on the slopes (number of aa substitutions/site/
year) (Table 2). The HA1 subunit showed the highest rate of amino acid substitution,
whereas the rate for the HA2 subunit was much lower (14.9 x 10-3 compared to 1.4
x 10-3 aa substitutions/site/year). This was likely due to the fact that HA1 is the major
immunogenic region of HA5253, PB1-F2 and NA also displayed high rates of amino
acid substitution: 9.5 x 10-3 and 9.1 x 10-3 aa substitutions/site/year. For all other
proteins, rates of amino acid substitution were at least three times lower. Although the
differences were minimal, PA had the highest rate of amino acid substitutions of the
polymerase complex proteins. Of the M proteins, M2 displayed a higher rate of amino
acid substitution than M1 (1.4 x 10-3 and 0.9 x 10-3 aa substitutions/site/year). The
difference between the NS proteins was even larger, with a much higher rate of amino
acid substitution for NS1 than for NEP (2.2 x 10-3 and 0.5 x 10-3 aa substitutions/site/
year, respectively). The recently discovered PB1-N40, PA-X, PA-N155, and PA-N182
proteins all showed low rates of amino acid substitution (0.8 x 10-3 to 1.2 x 10-3 aa
substitutions/site/year).

Most plots illustrated a linear trend, reflecting a constant rate of amino acid

substitutions over time. For the HK68-like viruses, a sudden increase in genetic distance
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Table 2 | Mean rates of substitution for all segments and coding regions of A(H3N2)

viruses circulating between 1968 and 2011.

Segment Region Mean rate of substitution
(x10°3 substitutions/site/year)

Nucleotide® Amino
Mean 95 % HPD acid®
Lower Upper
PB2 Full 2.41 2.17 2.67 1.4
PB1 Full 2.54 2.31 2.78 0.8
PB1-N40 2.54 2.30 2.78 0.8
PB1-F2 3.67 2.81 4.58 9.5
PA Full 2.28 2.05 2.52 1.8
PA-N155 2.39 2.12 2.68 1.1
PA-N182 2.41 2.12 2.71 1.2
PA-X 1.58 0.98 2.20 1.6
HA HAO 3.99 3.63 4.38 10.8
HA1 4.84 4.32 5.38 14.9
HA2 3.12 2.63 3.64 1.4
NP Full 2.51 2.21 2.82 2.9
NA Full 3.27 2.93 3.63 9.1
M Full 2.07 1.75 2.40 -
M1 1.88 1.55 2.22 0.9
M2 2.63 1.94 3.33 1.4
NS Full 2.49 2.13 2.85 -
NS1 2.48 2.10 2.88 2.2
NEP 2.32 1.79 2.86 0.5

aThe mean rate of nucleotide substitution per site per year was estimated using BEAST.
bGenetic distance to A/Hong Kong/1/1968 was calculated from the phylogenetic tree and was plotted as a func-
tion of time. The mean rate of amino acid substitution per site per year was inferred from the linear slope (Figure 4).

to A/Hong Kong/1/1968 for PB2, PA, NP, and, NA was seen, reflecting the long branches
also observed in the nucleotide ML trees. Such an increase was also observed for PA
at the transition of the BK79-like to SI87-like viruses. For NP, some of the BE89-like,
BE92-like, and WU95-like viruses showed a linear trend; however, there was also a large
group of BE89-like, BE92-like, and WU95-like viruses that did not accumulate amino
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acid mutations and shared the same amino acid distance to A/Hong Kong/1/1968. In the
NP nucleotide ML tree, these groups reflect two clades, and the viruses that accumulate
amino acid mutations are the ancestors of the SY97-like viruses. The M1, M2, NEP, and
PA-X proteins did not accumulate amino acid mutations in a constant manner. For NS1,
the rate of amino acid substitution decelerated after 1991. This was roughly around
the same time that the NS1 gene acquired a stop codon at position 231, resulting in a
C-terminally truncated NS1 protein. This premature stop codon, observed in 218 (76 %)
NS1 sequences, first appeared at the end of 1971 and became fully fixed in late 1991
(see Table S1 in the supplemental material). In addition, two Dutch viruses circulating
in 1970 harboured a stop codon at position 221 of NS1, but this stop codon did not
become fixed. Premature stop codons were also observed in the PB1-F2 amino acid
alignments. Twenty-four (8 %) of the PB1-F2 sequences contained an additional stop
codon, at position 9, 12, 26, 35, 58, 64, 80, or 88. Of the C-terminally truncated proteins,
19 (7 %) were more than 78 codons long and still functional?*42!5, However, none of
these stop codons became fixed over time. One PA-X sequence contained a stop codon

at position 42.

Selection pressures

The degree of natural selection acting on all ORFs was estimated by calculating the
overall d /d. and the mean d,/d. for the internal and external branches, as estimated
using SLAC?%® (Table 3).

The membrane proteins; HA, NA, M2, and NS1 showed relatively high overall d, /d.
values (0.341, 0.292, 0.391, and 0.352, respectively) compared to those of the other
proteins which ranged from 0.058 to 0.098. As expected, the HA1 subunit revealed a
relatively higher overall d, /d. than that of HA2 (0.466 for HA1 and 0.123 for HA2). The
PB1-N40, PA-N155, and PA-N182 proteins had relatively low overall d,/d, values that
were comparable to those of the full PB1 and PA ORFs.

Comparing the mean internal and mean external d /d. values provides a ratio
(internal d,/d. to external d, /d.) that gives an indication of whether there is an excess
of nonsynonymous mutations that are eventually removed from the virus population by
purifying selection (ratio of < 1) or kept in the population by positive selection (ratio of
> 1). The full and N-terminally truncated polymerases, HA, M2, and NEP, showed ratios
of < 1, indicative of purifying selection. NS1 had comparable external and internal d,/d
values. The NP, NA, and M1 proteins showed ratios that were > 1, suggestive of positive

selection.
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Figure 4 | Rates of amino acid evolution of all segments and ORFs of A(H3N2) viruses.

Phylogenetic trees were generated with 286 amino acid sequences for PB2, PB1, PB1-N40,
PB1-F2, PA, PA-N155, PA-N182, PA-X, HAO, HA1, HA2, NP, NA, M1, M2, NS1, and NEP. For all
A(H3N2) viruses, the amino acid distance of each ORF to A/Hong Kong/1/68 was calculated from

the phylogenetic tree and was plotted as a function of time. The colour coding of viruses is based

on the antigenic clusters of HA and is consistent between all plots (see the legend to Figure 1). Note

that the vertical axes differ between proteins with lower rates of amino acid substitution (four upper

rows) and proteins with higher rates of amino acid substitution (two bottom rows).
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Detection of positive and negative selection by FUBAR

Negatively and positively selected codons were estimated by the FUBAR method,
which detects pervasive diversifying or purifying selection by Bayesian MCMC
analyses!®* (Table 3; see Table S5 in the supplemental material). All ORFs contained
an abundance of negatively selected codons. For PB1, PA, and NP, 63 to 69 % of the
codons were negatively selected. This percentage was higher for PB2 (83 %) and
slightly lower for HA, NA, and M1 (48 %, 50 %, and 58 %, respectively). M2, NS1, and
NEP contained the lowest percentages of negatively selected codons (10 %, 21 %, and
28 %, respectively). Positive selection was found only for PB2, HA, and NA. All eight
positively selected codons of HA were located within antigenic sites®?°3. Two codons
within NA were positively selected: codon 267, which is not surface exposed, and a

codon in antigenic site C'3* (codon 370).

Detection of positive and negative selection by MEME

MEME was used to identify not only fixed but also more sporadic positively selected
codons?®® (Table 3; see Table S5 in the supplemental material). MEME found positively
selected codons in PB1, PA, HA, NP, NA, M1, and NS1. Four codons were selected
in PA, among which one (codon 87) is located in the endonuclease activity region?®.
The other three (codons 278, 487, and 550) are located in the region involved in PB1
binding?!*¢. Of the 13 codons that were selected in HA, 12 were selected in HA1 and
almost solely located within antigenic sites®>°3. One codon was selected in NP (codon
54).In NA, six codons were selected, among which three are located in antigenic sites!3*
(codons 199, 338, and 401). MEME identified codon 166 of M1, which is located in the

C-terminal domain?!¢, and codon 65 of NS1.

Directional positive selection

Directional positive selection was detected with the DEPS program, which helps in
detecting selective sweeps!®’ (Table 3; see Table S5 in the supplemental material).
DEPS identified codons in PB2, PB1-F2, PA, HA, NA, and NS1. In the PB2 segment,
codon 553, involved in cap binding?!”2® and located in the RNA binding domain?¢, and
codon 679, interacting with PB1%'7218 and located in the importin binding domain??®,
were positively selected. Both codons interact with NP27218 |n PB1-F2, codons 23 and
90 were positively selected. Codon 311, associated with PB1 binding?'¢, was positively
selected in PA. There were 17 positively selected codons in HA, of which 15 were

located in HA1. Twelve of the codons in HA1 are located in antigenic sites®?%3. The
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positively selected codon in HA2 (codon 538) is located in the transmembrane anchor
domain. Eleven positively selected codons were found in NA: three in the stalk region
(codons 46, 52, and 56) and eight in the globular head, of which three are located
within antigenic site C'34 (codons 328, 334, and 370). NS1 had three codons that were
positively selected (codons 56, 84, and 129). In addition to FUBAR, MEME, and DEPS
analyses, the data sets were analysed with IFEL (see Table S5 in the supplemental
material). IFEL detects negatively and positively selected codons along internal

branches'®,

DISCUSSION

In this study, the relationship of genetic evolution to antigenic change spanning the
entire period of A(H3N2) virus circulation was studied for the first time. We analysed
286 full genomes scattered over 43 years of A(H3N2) virus evolution. The antigenic
evolution based on haemagglutination inhibition data has been studied extensively
for these viruses!?”1%°, These antigenic properties were used as a basis for looking at
genomic evolution and reassortment patterns of the whole genome between viruses
belonging to the same antigenic cluster as well as between viruses belonging to
different antigenic clusters.

The general topologies of the ML trees were similar for each segment, displaying
the typical ladder-like gradual evolution previously described for HA1%, However,
differences could be seen in reassortment patterns, clustering of viruses, evolutionary
rates, and MRCAs upon comparison of their phylogenies. An asynchronous and slightly
slower evolution of NA than of HA was observed, which is consistent with previous
studies!®®, In comparing HA with PB2, PB1, PA, NP, M, and NS, even larger differences
were seen in the rate of nucleotide evolution.

Intrasubtypic reassortment of the eight segments of human A(H3N?2) viruses has
been studied for New York State viruses circulating between 1999 and 2004°%, 1992
and 2005, and 1997 and 2005°” and for German isolates sampled between 1998 and
2005%. The studies showed that the evolution of the A(H3N2) virus was not so much
determined by adaptive processes®” but was shaped by frequent reassortment®-8,
cocirculation®°” and persistence®%¢ of clades, virus migration®’, and selective sweeps®.
The data sets of these studies contain data mostly for recent A(H3N2) viruses, and
studies that included earlier isolates are sparse. Reassortment of early A(H3N2) viruses
and A(H2N2) viruses circulating between 1957 and 1972 was investigated, providing
evidence of cocirculation of A(H2N2) and A(H3N?2) viruses®®, but no full genome studies
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on A(H3N?2) viruses circulating between 1972 and 1992 have been published. The data
set used in the present study contains isolates, mostly of European origin, sampled from
each consecutive season between 1968 and 2011 whose antigenic properties were
determined previously!©”1¢° Although North America and Europe are both in the Northern
Hemisphere and therefore use the same vaccine composition, the viruses between these
regions could still potentially evolve independently. Consequently, this data set may
not be comparable to the American data sets, nor does it represent the A(H3N2) virus
worldwide. However, this data set does offer the opportunity to study reassortment
in relation to antigenic change spanning the entire period of A(H3N2) virus circulation.

A combined approach of tanglegrams colour coded by antigenic cluster and GiRaF
analysis!®? was applied to map reassortment events. In addition, a methodology similar
to that of Rambaut et al.°® was used, but now investigating the time of circulation of the
MRCA of each segment per antigenic cluster'®1¢0. The tanglegrams showed abundant
clustering differences suggestive of frequent reassortment over time. This was confirmed
by GiRaF analyses, which revealed reassortment events particularly during the circulation
of BE92-like and WU95-like viruses, in agreement with our previous study!®. A lower
incidence of reassortment than that in our previous study was detected. This analysis was
more stringent because GiRaF was applied to all combinations of segments rather than to
HA and NA alone’®?. Several reassortment events persisted, mostly in more recent years,
suggesting that these reassortment events aided in increasing genetic diversity of the
virus to improve fitness or to evade population immunity. However, most reassortment
events were nonpersistent, indicating that reassortment is rarely beneficial enough to
reach fixation.

Rates of nucleotide substitution estimated for A(H3N2) viruses were lower overall
than rates previously reported by others®>%”. However, the previous data sets spanned
shorter time frames (1997 to 2005 and 1992 to 2005, respectively) and contained viruses
sampled from North America, whereas our data set contained mostly European samples.
Compared to a study of the polymerases of A(H3N2) viruses isolated between 1968
and 19972 or the HA proteins of A(H3N2) viruses isolated between 1968 and 198622,
rates of amino acid substitution reported here were substantially higher. Estimated
rates of amino acid substitution for PB1 and PB1-F2 were comparable to those in a
different study, in which the authors describe a substantially elevated rate of amino acid
substitution for PB1-F2 compared to PB1?%L. However, in contrast to our results, they
found only a slightly elevated rate of nucleotide substitution for PB1-F2 compared to

PB1?21. The authors explained the increase in rate of amino acid substitution in PB1-F2
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via the frameshift relative to PB1??1. A study that investigated different influenza
virus strains [including human A(H3N2) viruses] showed that genetic and functional
diversity of PB1-F2 is needed to support replication efficiency and virulence??2. Similar
to PB1-F2, PA-Xis located in the frame +1 relative to PA, but no increase of amino acid
substitutions was detected. The rate of nucleotide substitution of PA-X was the lowest
of all segments/ORFs. It was described for human influenza viruses that there is an
increase in nonsynonymous substitutions in the PA ORF spanning the +1 PA-X ORF.
This is indicative of selective constraints in the PA-X protein and hence of functional
importance??.

The PB1-F2 alignment revealed that 8 % of all sequences exhibited a stop codon,
although none of these stop codons were fixed over time. In NS1, 76 % of all sequences
acquired a stop codon at position 231, which is a lower percentage than that found
in other studies (91 %)??*. This stop codon started to appear at the end of 1971 and
became fully fixed by late 1991, leaving the NS1 protein functional, since its N-terminal
nuclear localization signal was retained?!® and can still interact with one of the essential
components of the machinery for the 3’-end processing of cellular pre-mRNAs?%4,

M2,NS1, HA and NA had the highest d, /d. values (0.391, 0.352,0.341, and 0.292,
respectively). M2, HA, and NA are the surface glycoproteins and are thus accessible to
antibodies, which could partially explain the relatively higher overall d,/d, values than
those of the other proteins. Although it is surface exposed, M2 was shown to be almost
nonimmunogenic??®. Five amino acid residues in the M2 ion channel have been linked
to adamantane resistance in A(H3N2) viruses!?2226_ Although not detected as being
positively selected for, there was a serine-to-asparagine change in one of these amino
acid residues (codon 31) that was starting to appear in 2005 and became fixed in the
population. NS1 plays a role in evading the innate and adaptive immune responses??’-22,
which may explain its relatively high d /d. value. The overall d,/d. results were in
agreement with those of previous studies!®®230,

HA contained the largest number of positively selected codons (29 codons), most
prominently located in the HA1 subunit (26 codons), 22 of which are located in antigenic
sites®23, For NA, 19 sites were positively selected, 7 of which are located within antigenic
sites34. Both HA and NA are under antibody-mediated selection®3:123.124231 ' gnd at least
some of the positively selected sites were likely due to immune evasion. It is likewise
probable that some of the mutations, while not directly needed for evasion of the immune
system, restore possible loss of viral fitness due to mutations that cause antigenic change.

Although it is not surface exposed, PA has a large number of positively selected sites.
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While little is known for most mutations in the polymerases, these mutations in PA may
possibly be responsible for fine-tuning replication. In contrast to the predominant humoral
immune response-related drift of HA and NA, drift in internal proteins such as NP is linked
to escape from cytotoxic T-lymphocyte immunity!°4232233, Codon 146 of NP was found to
be positively selected and has changed the T-cell epitope NP146-154 (TTYQRTRAL)?34
with the T146A substitution, which was fully fixed in the population in 2001.

There are several hypotheses to explain the mechanism that governs antigenic
cluster transitions. One theory involves neutral networks in which phenotypically neutral
mutations occur in the HA. Although these mutations do not have a direct impact on
the antigenic phenotype, they might allow for subsequent mutations that do influence
the antigenic properties of the virus?3®. Other studies showed that a new HA lineage
was acquired at the time of the SY97 to FUO2 antigenic change®°%. Also, according to
our GiRaF analysis, this cluster transition was linked to a persistent reassortment event
(event 55) (Figure 2 and Table 1). Based on our data set, there was no support for other
persistent reassortment events linked to any of the other antigenic cluster transitions.
Just recently, the molecular basis of antigenic drift was determined for human A(H3N2)
viruses. From 1968 to 2003, antigenic change was caused mainly by single amino acid
substitutions at seven positions around the receptor binding site?3¢. No clear correlation
between antigenic cluster transition and positively selected codons in proteins other than
the HA was found. Some positively selected codons in PB2 (codon 697), PB1-F2 (codon
90), PA (codons 277,311, and 437), NP (codon 146), and NA (codons 43, 46,52, 56, 127,
199, 253, 267, 308, 328, 334, 338, 339, 370, 372, 401, and 437) were fixed (for a certain
time) in the population. Codon 146 in NP is located in a T-cell epitope?** and codon 199,
328, 334, 338, 339, 370, and 401 in NA are all located within antigenic sites'3*. Future
functional studies that investigate whether these mutations result in antigenic change
due to immune pressure or change functional compatibility with HA, such as the HA-NA
balance!’!, will be interesting.

In summary, we have analysed the evolutionary genetics of the full genomes of
A(H3NZ2) viruses isolated between 1968 and 2011 and compared it to the antigenic
evolution of HA. Reassortment of all eight segments occurred throughout almost the
entire period of influenza A(H3N2) virus circulation, although persistent reassortment
events were mostly found in recent years. Between 1987 and 1998 there was an
increase in reassortment events, an increase or decrease in accumulation of amino acid
substitutions of certain genes, and the acquisition of a stop codon in NS1. In addition,

different antigenic lineages cocirculated during this time. These findings imply that the
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viruses used multiple mechanisms to increase virus diversity, presumably to improve
fitness and/or to evade the host immune responses. This collection of viruses, together
with the genetic and antigenic data, can now be used to carefully study genotypic and
phenotypic relationships throughout the period of circulation of A(H3N2) viruses. To fully
understand the dynamics of A(H3N2) virus evolution, future research of such extensive
data sets should also focus on the functional and antigenic properties of proteins other

than HA, using serological assays and antigenic cartography methods*®°.
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ABSTRACT

Seasonal epidemics caused by influenza virus are driven by antigenic changes
(drift) in viral surface glycoproteins that allow evasion from pre-existing humoral
immunity. Antigenic drift is a feature of not only the haemagglutinin (HA), but also
of neuraminidase (NA). We have evaluated the antigenic evolution of each protein in
H1IN1 and H3N2 viruses used in vaccine formulations during the last 15 y by analysis
of HA and NA inhibition titres and antigenic cartography. As previously shown for HA,
genetic changes in NA did not always lead to an antigenic change. The noncontinuous
pattern of NA drift did not correspond closely with HA drift in either subtype. Although
NA drift was demonstrated using ferret sera, we show that these changes also impact
recognition by NA-inhibiting antibodies in human sera. Remarkably, a single point
mutation in the NA of A/Brisbane/59/2007 was primarily responsible for the lack of
inhibition by polyclonal antibodies specific for earlier strains. These data underscore the
importance of NA inhibition testing to define antigenic drift when there are sequence

changes in NA.
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INTRODUCTION

Susceptibility to infection with circulating influenza viruses is determined to a large
degree by the presence or absence of strain-specific functional antibodies elicited by
prior infection or vaccination. Influenza viruses constantly evade antibody-mediated
inhibition of replication by antigenic drift, an accumulation of mutations in epitopes of
major surface proteins, HA and neuraminidase (NA)?%. Antigenic drift has been studied
most extensively for HA, although NA has also been observed to undergo antigenic
drift'??-124. NA-specific antibodies can reduce viral replication and disease severity in
mice!?®> and chickens??®, and have similarly been associated with resistance against
influenza in humans'?”128, Despite this correlation with immunity, antigenic drift of NA is
not routinely examined. Early studies with a few virus strains demonstrated discordant
antigenic drift of HA and NA!?2, suggesting the virus can overcome host antibody
resistance by modifying either antigen. Although it is likely that NA’s drift is most often
the result of antibody selection, antigenic change may on occasion be a consequence of
a functional change in HA?38,

Vigilant surveillance by public health agencies is required to maximize the
match between seasonal vaccine antigens and predominant circulating viruses!®'155, At
present, vaccine strain selection decisions are based on antigenic characterization of
HA coupled with HA and NA genetic data, also taking into consideration epidemiologic
and human serologic data'®®. Antigenic cartography using data from HA inhibition (HI)
assays provides a tool to visualize and quantitate antigenic relatedness of the HAs of
circulating viruses!®” in relation to vaccine viruses. Antigenic characterization of NA can be
performed using NA inhibition (NI) assays to determine the extent of antibody-mediated
interference with enzyme activity3, but the cumbersome nature of the standard Nl assay
using large volumes of hazardous chemicals has precluded routine analysis of NA. We
recently developed a miniaturized format of this assay and confirmed its accuracy and
sensitivity for analysis of NI antibody titres in human and animal sera?3°. In the present
study, we use this assay to characterize the antigenic drift of NA in human H1N1 and
H3N2 viruses recommended for United States influenza vaccines over the past ~15y
(Table S1 in the supporting information (SI), available in PNAS Online). In the NI assay,
we used panels of ferret antisera against each wild-type HIN1 and H3N2 virus and
virus reassortants generated by reverse genetics to combine the targeted NA and a
mismatched HA of the H6 subtype. Use of these reassortants prevented false NI signals

because of interfering HA antibodies. We then constructed antigenic maps from the data
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sets, using multidimensional scaling to position the antigens and antisera on the map,

as previously described??”.

MATERIALS AND METHODS

Viruses

The sources of viruses and plasmids are provided in S| Materials and Methods. NA
genes were cloned from HIN1 and H3N2 vaccine seed strains listed in Table S1
(SI) and reassortant viruses generated by eight-plasmid reverse genetics for the NI
assays, as described previously?*°. Single amino acid mutations were introduced to the
plasmid-encoded BR/07 NA gene using the QuikChange Il site-directed mutagenesis
kit (Agilent Technologies). Virus stocks were amplified in 10-d embryonated chicken
eggs for use in NI and HI assays. Viruses grown in Madin-Darby canine kidney cells
obtained from the National Influenza Centre, Erasmus MC, Rotterdam, The Netherlands,

were also used in HI testing.

Genetic analyses

Phylogenetic trees and genetic maps based on the coding region of NA or HA1 were
constructed to analyse the genetic evolution of human HIN1 and H3N2 viruses, as
described in S| Materials and Methods.

Sera and serological assays

The sources of ferret and human antisera used in NI and HI analyses are provided in Sl
Materials and Methods. Titration of serum NI antibodies was performed by analysing
NA activity of the HA mismatched reassortant viruses in a 96-well plate format of the
conventional thiobarbituric acid assay?®°, as described in S| Materials and Methods. A
conventional assay was used to determine HI titres?®?, as described in SI Materials and
Methods.

Antigenic cartography
The antigenic properties of human influenza A (H1N1) and human influenza A (H3N2)
viruses were characterized using NI and HI data and antigenic cartography methods
as described previously for HI data of human influenza A (H3N2) viruses!®” and in S
Materials and Methods.
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RESULTS AND DISCUSSION

Antigenic characterization of the HA and NA of HIN1 and H3N2 viruses.

H6 reassortant viruses containing NA of historical as well as recent HIN1 and H3N2
vaccine viruses (see Table S1 in the Sl) were used to measure NI titres of strain-specific
ferret antisera. There was minimal NI cross-reactivity between the phylogenetically
distant early NAs and antisera raised against recent seasonal strains of the classical
HIN1 (see Table S2 in the Sl) and H3N2 (see Table S3 in the Sl) human lineages,
demonstrating extensive antigenic drift since introduction of these subtypes. Ferret
serum raised against A/California/7/2009 (CA/09), a representative 2009 H1N1
pandemic (H1IN1pdm) virus, demonstrated a robust homologous NI antibody titre with
very low cross-reactive titres against NAs of the long-established human seasonal
H1N1 lineage (see Table S2 in the Sl).

Phylogenetic trees, genetic maps based on amino acid sequences, and antigenic
maps were generated for HA and NA of HIN1 (Figure 1) and H3N2 (Figure 2) viruses
recommended for inclusion in 1996-2009 seasonal influenza vaccines. Since NI data
had not previously been used to generate an NA antigenic map, we first established
that end-point NI titres provided sufficient sensitivity for the analysis. This process
was done by comparative analysis of end-point titres (inverse of the serum dilution
that inhibits NA activity = 50 %) and the precise 50 % inhibition titre (IC, ), the inverse
of the serum dilution that results in exactly 50 % inhibition determined by nonlinear
regression analysis?®® of ferret antisera generated in response to H3N2 infection. The
maps generated using these data sets were very similar, with an excellent correlation of
distances between antigens on the map, R? = 0.99 (see Figure S1 in the Sl). End-point
NI titres were therefore used in subsequent analyses. We also showed that there was
good correlation between antigenic distance determined using NI data in tables and the
antigenic distance determined from map location (see Figure S2 in the Sl) (R2 = 0.95
for N1 and R? = 0.86 for N2 antigens), providing confidence that the antigenic maps are
representative of the raw data. To confirm the location of antigens on the map, NI assays
were repeated using a larger number of antisera. There was excellent correlation between
the location of antigens generated by analyses of the first and second data sets (see
Figure S3in the Sl) (R? = 0.98 for both N1 and N2 antigens).
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Figure 1 | Comparison of the antigenic and genetic evolution of NA and HA of influenza A (H1N1)

virus. a and b | Phylogenetic trees of the coding region of NA (a) and HA1 (b) nucleotide sequences.

A/Brevig Mission/1918 was chosen as outgroup for both trees. Scale bars roughly represent 10

% of nucleotide substitutions between close relatives. c and d | NA (c) and HA (d) genetic maps.

The vertical and horizontal axes represent genetic distance, in this case the number of amino acid

substitutions between strains; the spacing between grid lines is 3 amino acid substitutions. e and

f | NA (e) and HA (f) antigenic maps based on NI and HI data, in which the viruses are shown as

circles and antisera as squares. The spacing between grid lines is one unit of antigenic distance,

corresponding to a 2-fold dilution of antisera in the NI and HI assays. The orientations of all maps

were chosen to roughly match the orientation of the HI antigenic map in f, and the colour coding of

viruses is consistent among all panels.
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Figure 2 | Comparison of the antigenic and genetic evolution of NA and HA of influenza A (H3N2)
virus. a and b | Phylogenetic trees of the coding region of NA (a) and HA1 (b) nucleotide sequences.
A/lapan/305/1957 was chosen as outgroup for the NA tree and A/Duck/Hokkaido/33/80 for the
HA1 tree. Scale bars represent approximately 10 % of nucleotide substitutions between close
relatives. c and d | Genetic maps of the amino acid sequences of NA (c) and HA1 (d). The vertical
and horizontal axes represent genetic distance, in this case the number of amino acid substitutions
between strains; the spacing between grid lines is 4 amino acid substitutions. e and f | NA (e) and
HA (f) antigenic maps of influenza A (H3N2) virus based on NI and HI data, in which the viruses are
shown as circles and antisera as squares. The spacing between grid lines is one unit of antigenic
distance, corresponding to a 2-fold dilution of antisera in the NI and HI assays. The orientations of
all maps were chosen to roughly match the orientation of the H3 antigenic map in f, and the colour

coding of viruses is consistent among all panels.
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The raw NI data as well as the antigenic map show that the NA of human
H1IN1 viruses was in antigenic stasis for over a decade, as antisera to vaccine strains
A/Texas/36/1991 (TX/91), A/New Caledonia/20/1999 (NC/99), and A/Solomon
Islands/3/2006 (SI/06) each had similar Nl titres against all three corresponding NAs, even
though there had been substantial genetic diversity between them. In contrast, an abrupt
antigenic change was observed for the NA of A/Brisbane/59/2007 (BR/07), the HIN1
virus recommended for use in Northern Hemisphere trivalent vaccines during the 2008/09
and 2009/10 seasons (Figures 1a, 1c, and 1e; see Table S2 in the Sl). Antisera to the older
strains had at least 16-fold lower NI titres against BR/07 than against the homologous
antigen. Antigenic differences in the HA for these strains were quite the opposite: HAs
of TX/91, NC/99 and SI/06 were distinct from one another, but the antigenic difference
between HAs of SI/06 and BR/07 was less pronounced (Figure 1f; see Table S2 in the SI).
The antigenic distance between the NA of BR/07 and the previous vaccine strain, S1/06,
is 4.6 units (Figure 1e), which is greater than the antigenic distance between the HAs of
these viruses (2.0 units). From this observation, we speculate that the abrupt antigenic
change of N1 NA may have been a factor contributing to the dominance of HIN1 in many
parts of the Northern Hemisphere during the 2007/08 season?*°. The antigenic drift of
NA was also not proportional to number of amino acid changes for H3N2 viruses isolated
from the mid-1990s [A/Wuhan/359/95 (WU/95)] to the 2009/10 Northern hemisphere
formulation [A/Uruguay/716/2007 (UY/07), an A/ Brisbane/10/2007-like virus], even
though phylogenetic analysis of the NAs of these viruses shows a chronologic progressive
evolution at the nucleotide level (Figure 2a). The antigenic analyses (see Table S3 in the
Sl) and maps (Figure 2e and 2f) of H3N2 vaccine viruses show that the antigenic drift of
HA and NA of this subtype is also discordant. A major step in HA antigenic drift between
WU/95 and A/Sydney/5/1997 (SY/97) was well-recognized previously®:24!, However,
there is almost no genetic or antigenic difference between the NAs of WU/95 and SY/97.
Despite this antigenic similarity in the NAs, effectiveness of the 1997/98 inactivated
vaccine was poor for healthy adults?*?, suggesting that NA in the vaccine did not induce
levels of antibodies with capacity to protect against laboratory-confirmed influenza-like
illness.

The recommended H3N2 component for seasonal vaccine formulations from
2000/01-2003/04 was A/Moscow/10/1999 (MW/99). Because of difficulty in generating
a high-growth MW/99 reassortant and based on Hl data, A/Panama/2007/1999 (PM/99)
was widely used for vaccine production as a MW/99-like virus. At the time, the difference

in MW/99 and PM/99 NA sequences was of some concern?*3, but it was not known
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whether this corresponded with a difference in antigenic properties. Our results show the
NAs of MW/99 and PM/99 are antigenically distinct, with the NA of MW/99 positioned
closer to the subsequent A/Fujian/411/ 2002-like vaccine strain, A/Wyoming/3/2004
(WY/03), than to PM/ 99 (Figure 2e).

There tends to be an asymmetrical aspect to the reactivity of antisera with NA;
antisera raised against old strains reacted weakly with more recent viruses, whereas
reactivity of sera prepared against more recent viruses was often retained in NI tests
against older strains. For example, antisera to BR/07 had good inhibition of TX/91 NA,
and antisera to WY/03 had excellent inhibition of WU/95 NA (see Tables S2 and S3 in
the Sl). An exception to this trend was the antigenic profile of PM/99’s NA. This virus had

weak reactivity with all sera generated against subsequent viruses.

Sera from vaccinated individuals discriminate between viruses with drifted NAs.
Whether NA antigenic properties determined from reactivity with ferret antisera are
highly relevant predictors of human antibody titres is an important question. Ferret sera
differ from human sera in the complexity of past history with influenza virus antigens,
particularly because ferrets are screened to ensure seronegative status before
inoculation with reference viruses, making their influenza immunity monospecific. In
a previous study, we analysed human sera collected before and after immunization
with 2006-07 seasonal influenza vaccines for NI titres against the homologous NC/99
N1 and A/Wisconsin/67/2005 (WI1/05) N2 antigens?3®. From the small cohort in that
study, we identified subsets of vaccinees with increases in serum NI titre against N1
or N2 that were robust enough to be consistently measured across repeated assays.
Serum pairs that showed distinct increases in NI titre against N1 or N2 [in each case,
three volunteers vaccinated with live attenuated influenza vaccine (LAIV) and three
with trivalent inactivated vaccine (TIV)] were reassayed against homologous NA
antigens plus NA antigens of the H3N2 or HIN1 vaccine viruses of subsequent vaccine
campaigns.

There were two new H1IN1 vaccine strain recommendations after the 2006-07
clinical trial: SI/06 and BR/07. Prevaccine NI titres against NC/99 and SI/06 NAs were
similar in magnitude, and for most serum pairs, Nl titres against NA of the vaccine strain,
NC/99, and SI/06 increased to similar levels postvaccination (Figure 3a). Both observations
are consistent with the data from NI tests with use of monospecific ferret reference sera
(Figure 1c), which showed high antigenic similarity between these two NAs. In contrast,

most volunteers’ prevaccine sera showed significantly less reactivity against the more
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recent BR/07 NA. After vaccination, Nl titres against the BR/07 NA remained significantly
lower than titres against the two earlier strains. The mean fold-increase in titre against
BR/07 NA (1.2) was less than that against SI/06 NA (1.75) and homologous NC/99 NA
(2.2), although differences were not statistically significant (P = 0.16). These data from
human sera mirror the trend observed in assays with monospecific ferret sera, where
BR/07 NA marked a substantial antigenic driftin the human H1N1 influenza lineage after
great similarity among NAs of TX/91, NC/99, and SI/06.

The 2006 recommended H3N2 vaccine strain, WI/05, was updated in 2008 to
include UY/07. All of the prevaccine serum samples possessed detectable NI activity
against the NA of WI/ 05 and UY/07 (Figure 3b). After vaccination with LAIV or TIV,
there were significantly greater increases in NI titre against WI/ 05 NA than against
UY/07 NA (Figure 3d) (P < 0.05). Thus, the modest antigenic distinction between two
N2 NAs that was indicated by assaying ferret reference antisera was confirmed with sera
of human vaccinees, showing that it is reasonable to correlate ferret serologic responses
with human responses.

Single Amino Acid Change Is Largely Responsible for the Antigenic Drift of the
S1/06 NA. Studies of NA’s antigenic structure with monoclonal antibodies have been used
together with molecular analysis of escape variants to identify epitopes in N2 NA182.183
providing clues as to which sequence changes in circulating viruses signify antigenic
variation. After identifying globular head-region amino acids that differ between N1
NA proteins of BR/07 and both NC/99 and SI/06, we used site-specific mutagenesis to
generate constructs containing the NA of BR/07 in which specific amino acids from the
corresponding sequence of SI/06 and NC/99 were introduced (Figure 4a). All of the amino
acid changes are surface residues at the opposite side to the tetramer interface (Figure
5) and are thus potentially accessible to antibodies. Amino acid changes at positions
222, 329, and 344 (using amino acid numbering for the N1 sequence) correspond to
antibody-binding determinants previously identified for N2 proteins!®2244, Three of the
variant residues (222, 249, and 344) are located on the periphery of the enzyme active
site, and another (329) is located on a loop more distant from the active site. None of
these changes is predicted to add or remove a glycosylation site. The reactivity of ferret
anti-BR/07, anti-SI/06, and anti-NC/99 sera was tested against the mutated antigens
(Figure 4b—d). Antisera generated against NC/99 and SI/06 could inhibit the BR/07 NA
when amino acid 329 was changed from Glu to Lys. Some reactivity with antiserum to
NC/99 was restored when amino acid 222 (GIn) was changed to Arg, 249 (Lys) was
changed to Gly, or 287 (lle) was changed to Thr. Of note, none of the mutants lost reactivity
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Figure 3 | Human pre- and postvaccination NI titres to homologous NA antigens and NAs of

influenza virus strains in subsequent vaccine formulations. Volunteers received LAIV or TIV

vaccines, as noted in graphs. Both vaccine types contained 2006/07 seasonal vaccine strains,
including NC/99 (H1N1) and WI/05 (H3N2). Serum specimens were collected at day O (pre) and
day 28 postvaccination. Pre and postvaccination NI titres of three volunteers in each vaccine group
determined (a) against HIN1-derived NC/99 NA (e), SI/06 NA (m), and BR/07 NA (A) and (b) against
H3N2-derived WI/05 NA (e) and UY/07 NA (A). The mean fold-increase in Nl titre after vaccination
against (c) the three N1 antigens, and (d) the two NA antigens. Statistical significance, *P < 0.05.
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Figure 4 | One amino acid in BR/07 accounts for most of the NA drift variation from preceding
H1N1 strains. a | Alignment of amino acid differences in the NA globular head between the
consensus of three antigenically similar NA proteins (TX/91, NC/99, and SI/06) and the antigenically
divergent BR/07 NA. b - d | Reactivity of H6 reassortant viruses with NA of BR/07 containing point
mutations with ferret antisera raised against NC/99 (b), SI/06 (c), and BR/07 (d). Each data point
represents the mean result of two independent assays, and error bars represent SD. e and f | NI
titres of human sera against viruses containing NA of NC/99, SI/06, BR/07, and BR/07 mutants.

with antiserum against BR/07, reflecting the retention of reactivity with previous viruses
noted earlier in this report and supporting the idea that other subdominant conserved
epitopes are present. Most importantly, sera from human volunteers previously noted
as responding to the vaccine antigen NC/99 regained full or partial reactivity with BR/
07 that included the single E329K mutation (Figure 4e and 4f). Although the precise
structural determinants required for antibody binding are unclear, the impact of the
E329K substitution suggests that a charge interaction is important for this NA—antibody
interaction. Our results demonstrate the impact of a single point mutation on NA drift

and its consequence on recognition by human sera.
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Gly249
Asp344 Arg222

Figure 5 | Sites of amino acid differences between the NA globular head of Solomon
Islands/3/2006 and A/Brisbane/59/2007. Sites of amino acid differences between the NA globular
head of SI/06 and BR/07 are shown on wire and filled space models of the monomeric (a) and
tetrameric (b) NA, constructed using Modeler?>3 on subtype N1 (pdb code 2HTY). Sialic acid, docked
into the enzyme active site (grey), is represented as sticks with coloured carbon (cyan), oxygen
(red), and nitrogen (blue) atoms. Amino acids of SI/06 are highlighted: Glu214 (yellow), Arg222
(red), Gly249 (orange), Thr287 (cyan), Lys329 (magenta), Asp344 (blue), and Gly354 (pale orange).

In summary, our data provide confirmatory evidence of antigenic drift of NA
that is often discordant with the antigenic drift of HA across contemporary HIN1 and
H3N2 vaccine viruses. The finding that a single point mutation in NA is predominantly
responsible for the antigenic drift between SI/06 and BR/07 highlights the importance
of evaluating antigenic properties in addition to sequence changes when characterizing
the NAs of emerging influenza viruses. In addition, our results show that for NC/99
(HIN1) and WI/05 (H3N2) components of the 2006/07 vaccine, human NA-specific
antibodies reacted in a similar manner as monospecific ferret antisera, suggesting the
antigenic drift identified by analysis of ferret antisera is relevant to human serologic
responses. Although HA is the most abundant and important antigen for inducing
neutralizing antibody responses, the contribution of NA-specific antibodies to efficacy
of vaccines under development that contain significant amounts of immunogenic NA, such
as virus-like particles, recombinant proteins, and high-dose vaccines!??245246 should not
be overlooked. Previous studies have pointed out the importance of NA-based immunity
in curbing the severity or spread of emerging strains with novel HAs. Epidemiologic

analyses?#248 support the concept that NA antibodies contributed to protection against
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the 1968 pandemic H3N2 virus that possessed an NA antigenically similar to that of the
previously circulating H2N2 lineage!37:249,

In addition, antibodies directed to conserved regions of NA may contribute a
significant level of protection against disease: the presence of such heterologous immunity
has been demonstrated in H3N22%° and H5N 125! challenge studies in mice. Studies to
identify the NI titre that correlates with protection in man, the vaccine dose needed
to elicit a protective response, and the breadth of this protection in man, are certainly

warranted to facilitate the development of NA-containing influenza vaccines.
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ABSTRACT

Antibodies to neuraminidase (NA), the second most abundant surface protein on
influenza virus, contribute toward protection against influenza. The traditional
thiobarbituric acid (TBA) method to quantify NA inhibiting antibodies is cumbersome
and not suitable for routine serology. An enzyme-linked lectin assay (ELLA) described
by Lambre et al.'*? is a practical alternative method for measuring NA inhibition (NI)
titres. This report describes optimization of the ELLA for measuring NI titres in
human sera against influenza A viruses, using H6N1 and H6N2 viruses as antigens.
The optimized ELLA is subtype-specific and reproducible. While the titres measured
by ELLA are somewhat greater than those measured by a miniaturized TBA method,
seroconversion rates are the same, suggesting similarity in assay sensitivity under these
optimized conditions. The ELLA described in this report provides a practical format for

routine evaluation of human antibody responses to NA.
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antibody titres in human sera

INTRODUCTION

Neuraminidase (NA) inhibiting antibodies are associated with protection against
influenza'?® and correlate with reduced viral shedding and disease symptoms in a
human challenge study!?”. These antibodies contribute to immunity by inhibiting
release and spread of newly formed virus particles from infected cells!*3. Despite the
established importance of NA inhibiting (NI) antibodies, these titres are rarely measured
in seroepidemiologic or vaccine studies because the traditional thiobarbituric acid (TBA)
assay used to quantify these antibodies is impractical for large numbers of samples and
employs hazardous chemicals. Alternative assays that have been developed include a
miniaturization of the TBA method?3® and an enzyme-linked lectin assay (ELLA)2. The
read-out of each method is different — while both quantify products of enzyme activity,
the TBA method measures the amount of free sialic acid, the soluble product of NA
activity, whereas ELLA measures the amount of penultimate galactose that becomes
available after the terminal sialic acid is cleaved from substrate. Despite this difference,
the assay principals are the same, usually employing whole virus as a source of antigen
and using fetuin, a highly glycosylated protein, as substrate.

Since HA-specific antibodies in human sera can block access of substrate to NA,
itis essential to use viruses with a HA subtype that is notin circulation when performing
either of these assays for human serology. The assay described in this manuscript uses
reverse genetics-derived H6 reassortant viruses that contain the targeted NA%, This
strategy follows the original approach to measure NA inhibition antibody titres in which
H6 reassortant viruses generated by classical reassortment were used in the traditional
TBA method?!?2138,

The substrate for NA, fetuin, is coated onto the surface of 96 well plates used
in the ELLA. Virus is incubated in the wells in the presence or absence of serial serum
dilutions. NA cleaves terminal sialic acid moieties from glycoprotein complexes, and
therefore enzyme activity can be quantified by measuring the amount of galactose that
is consequently at the terminus of each carbohydrate complex. This is accomplished using
peroxidase-conjugated peanut-agglutinin (PNA), a lectin with specificity for terminal
galactose. Following incubation with PNA-peroxidase, a substrate for peroxidase
is added, leading to a colorimetric change proportional to NA activity. The ELLA has
recently been used to measure NI antibody titres in a number of studies?46:254-257 put
assay optimization and details of the assay procedure to measure titres against the NA

of human seasonal viruses have not been reported. This report describes steps that are
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important for obtaining consistent results and provide data to support the use of ELLA

in human serology.

MATERIALS AND METHODS

Viruses

Reassortant influenza viruses were generated by reverse genetics as
described previously!®®2?%8, These viruses contain the HA (H6) gene from
A/turkey/Massachusetts/3740/1965, gene segments encoding internal proteins
from A/Puerto Rico/8/1934 (PR/34), and one of the following NA gene segments:
N1 of A/Texas/36/1991 (TX/91), A/New Caledonia/20/1999 (NC/99), A/Solomon
Islands/3/2006 (SI/06), A/Brisbane/59/2007 (BR/07), A/California/07/2009 (CA/09);
and N2 of A/Wisconsin/67/2005 (WI/05) or A/Uruguay/716/2007 (UR/Q7). The
following wild type influenza B viruses were used: B/Florida/4/2006 (B/FL/06) as
representative of the B/Yamagata lineage and B/Brisbane/60/2008 (B/BR/08) as
representative of the B/Victoria lineage. Viruses were cultured in the allantoic cavity of
9-12 day old embryonated chicken eggs at 33 °C, harvested 72 h post-inoculation and
stored in aliquots at —80 °C.

Serum samples

The following animal sera were used: ferret antisera against NC/99, UR/07, B/FL/06 and
B/BR/08 generated by infecting ferrets with the respective wild-type influenza viruses,
and cotton rat sera from naive as well as PR/34 (H1N1)-immune animals. Ferret and
cotton rat inoculations were performed following federal guidelines under a protocol
approved by the institutional Animal Care and Use Committee. Pooled rabbit antisera
(Capralogics, Hardwick, MA, USA) collected before and after immunization with
purified NA were also used in this study. The NA was purified from WI/05 by cellulose
acetate electrophoresis?®®. De-identified human sera were obtained from a clinical
vaccine study in which groups of young, healthy adults were immunized with either
a live or inactivated trivalent seasonal influenza vaccine. The study was approved by
the Institutional Research Involving Human Subjects Committee. Antibody and cellular
immune responses were measured before and 4 weeks after vaccination; these results
were reported previously?%°. Unless otherwise noted, antisera were heat-inactivated at

56 °C for 45 min before conducting assays.
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antibody titres in human sera

ELLA procedure

The principles of the ELLA described by Lambre et al**2 and Cate et al.?*¢ were followed
to optimize and validate the method. The standard operating procedure (SOP) for this
method is included in this manuscript as supplementary information. Fetuin (Sigma, St.
Louis, MO, USA) was diluted to 25 pg/ml in 0.1 M phosphate buffered saline (PBS) and
100 pl added to each well to coat high-binding 96-well plates (Nalge Nunc, Rochester,
NY, USA). Plates were stored at 4 °C and used 24 h to 2 months after coating. To
determine the amount of antigen (virus) to use in ELLA, serial dilutions of the targeted
HG6 reassortant virus were prepared in Dulbecco’'s PBS (pH 7.4) — 0.9 mM CaCl, - 0.5
mM MgCl, containing 1 % bovine serum albumin (BSA) and 0.5 % Tween and then
dispensed (50 pl/well) into fetuin-coated plates containing an equal volume of PBS.
The plates were incubated for 16-18 h at 37 °C, then washed 6 times with PBS-0.05
% Tween 20 (PBST) before adding 100 pl peanut agglutinin (PNA) conjugated to
horse-radish peroxidase (HRPO, Sigma). PNA-HRPO was used at the highest dilution
that gave the maximum signal when titrated on fully digested fetuin. Plates were
incubated at room temperature for 2 h and washed 3 times with PBST before adding
o-phenylenediamine dihydrochloride (OPD, Sigma) to the plate. The colour reaction
was stopped after 10 min by the addition of 1 NH,SO,. The plates were read at 490 nm
for 0.1 s using a Victor V 96-well plate reader (PerkinElmer, Waltham, MA, USA). The
dilution of virus (antigen) that resulted in 90-95 % maximum signal was elected for use
in serology.

To measure the Nl titres, each serum sample was heat treated (56 °C for 45 min)
and then diluted serially in PBS-BSA. Fifty microliters of each dilution was added to
duplicate wells of a fetuin-coated plate. An equal volume (50 pl) of the selected virus
dilution was added to all serum-containing wells in addition to at least 4 wells containing
diluent without serum that served as a positive (virus only) control. At least 4 wells were
retained as a background control (PBS only). The plates were incubated for 16-18 h
at 37 °C. As described for the virus titration, the plates were washed and PNA-HRPO
was added to all wells. After a 2 h incubation period, the plates were washed and
peroxidase substrate (OPD) was added. The colour reaction was stopped after 10 min
and absorbance read. The mean absorbance of the background (Abkg) was subtracted from

the test wells and positive control (A_ ) wells. The percent NA activity was calculated by

pos
dividing the mean absorbance of duplicate test wells (A__) by the mean absorbance of
)/ (A~ A,) x 100. To determine

percent NA inhibition, the percent activity was subtracted from 100. The NI titres were

virus only wells and multiplied by 100, i.e. (A, — A

bkg pos
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defined as the reciprocal of the last dilution that resulted in at least 50 % inhibition. An
alternative way to report results is to calculate the titres of replicate wells independently
and then report the geometric mean of the duplicates as the 50 % end-point NI titre. In
some instances, the exact 50 % inhibition (IC, ) was determined by 4 parameter logistics
regression analysis (GraphPad Prism software). An assay was considered valid if the
background absorbance was less than 10 % of the virus only control, control sera had a
similar NI titre to the median established in previous assays (< 2-fold difference), and the

raw A490 values of the duplicates did not vary more than 20 %.

Miniaturized TBA method

The miniaturized TBA method was followed as described previously 23°.

Statistical analysis

Microsoft Office Excel was used to calculate standard deviations (SDs) of NI titres,
percent coefficient of variation (% CV) for repeat assays and Pearson’s correlation
coefficient. Bland—Altman analysis?! was performed using GraphPad Prism to assess

the agreement between ELLA and TBA results.

RESULTS

Assay optimization

The published ELLA method!*> was optimized for routine analysis of human sera. This
assay uses reassortant viruses with a mismatched HA as antigen (source of NA enzyme)
to avoid non-specific inhibition by H1 and H3-specific antibodies in human sera. The
H6 reassortant viruses containing the targeted NA were generated by reverse genetics
as described previously described!®®2%8, Fetuin was used as substrate in the assay.

The assay requires the use of a defined amount of antigen (enzyme). Titration of
different batches of HGN1 and HGN2 viruses on fetuin-coated plates resulted in expected
sigmoidal regression curves, with maximum signal at A490 nm ~3.0 and background <
0.2. Bacterial NA purified from Vibrio cholerae (Sigma) resulted in a similar titration curve.
The linear range of absorbance values corresponded to enzyme activity units of 1-15 pU
NA/ml (Figure 1). Three different human sera and normal rabbit serum were titrated at
each virus concentration, showing dependence of NI titre on the amount of antigen, with
low titres at high virus concentrations and high titres when low amounts of antigen were
added to the wells (Table 1). A minimal difference in NI titre was recorded when dilutions

of virus that resulted in 50-90 % of the maximum signal were used. This corresponded
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Figure 1 | Examples of HEN1 and H6N2 virus titrations. Serial dilutions of HEN1
black symbols) and HEN2

plates and the reactivity with PNA determined as described in Section 2. Average absorbance of 2

nejge (N1 shownin

wios (N2 shown in grey symbols) were incubated for 18 h in fetuin-coated

wells is plotted against enzyme activity of N1 and N2 antigens. The enzyme activity of each antigen

stock was determined previously using bacterial neuraminidase as the standard.

to the amount of virus within the linear region of the virus titration curve and resulted in a
signal 5-10 times greater than background. Under optimized conditions this corresponded
to absorbance signals (A490nm) of 1.5-2.5. To exploit the full range of the assay, the
dilution of virus that was at the top of the linear range (90-95 % of maximal signal) was
elected for routine serology because this amount of virus resulted in greatest signal:noise
ratio and allowed maximum assay range (16-fold increases in titre could be measured). In
the examples shown in Table 1, the amounts of virus selected for serology were dilutions
of 1:640 for CA/09 and 1:60 for UR/07.

Since human sera usually contain NA-specific antibodies, initial experiments used
sera from naive animals to establish conditions that minimize the effect of non-specific
inhibitors. Naive cotton rat serum tested in ELLA against different dilutions of PR/34
showed considerable inhibition of NA activity when the recommended amount of virus
was used (Figure 2). Freeze-thawing (F/T) of the serum sample did not reduce the
non-specific inhibition significantly. However, heat-treatment at 56 °C for 45-60 min
was sufficient to reduce non-specific inhibition so that titres of naive serum against
either HGN1 or HGN2 reassortant viruses were < 5. Non-specific inhibition of NA activity
is dependent on HA subtype and therefore needs to be considered when assays use

antigens that contain HA subtypes other than H6. In instances when heat-inactivation is
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Table 1 | NA inhibition titres of serum samples incubated with different amounts of

antigen.
Serum Dilution of H6N1_, . (percent of maximum signal)
sample 160 320 640 1,280 2,560 5,120 10,240 20,480
(100) (98) (89) (80) (46) (30) (18) (11)
1 <10 <10 <10 <10 <10 <10 10 10
2 40 40 80 160 160 160 320 320
3 320 640 1,280 2,560 2,560 5,120 5,120 5,120
4 160 320 640 640 1,280 2,560 5,120 5,120
Serum Dilution of H6N1 _ . (percent of maximum signal)
sample 5, 40 80 160 320 640 1,280 2,560
(100) (99) (82) (67) (43) (23) (15) (8)
1 10 <10 <10 <10 10 10 20 20
2 20 40 40 80 80 80 160 160
3 80 160 320 320 640 640 2,560 2,560
4 40 80 80 160 320 320 640 640

insufficient to eliminate inhibitors, serum samples can be treated with receptor destroying
enzyme (RDE) prior to heat treatment (results not shown).

Following heat-treatment, 2-fold dilutions of serum samples were added to
duplicate wells of a washed, fetuin-coated plate. An equal volume of virus (antigen)
was then added. Initial experiments included an incubation step of serum and virus in a
‘dilution’ plate. This resulted in inconsistent results, most likely reflecting adherence of
virus to the dilution plate wells. The assay was therefore simplified to add serum dilutions
and virus directly to the fetuin-coated plate.

Our initial experiments hoped to reduce assay time by optimizing conditions to
allow short virus and substrate incubation times. However, the overall signal obtained
after short incubations was low (data not shown) and therefore to preserve assay
robustness, the assay was optimized for overnight (16—18 hr) incubation of virus/serum
on the fetuin-coated plate. After this incubation, the lowest dilution of PNA-HRPO that

resulted in maximum signal was added and the plates held at room temperature for 2 h.
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Figure 2 | Heat treatment of sera is required to reduce non-specific inhibition of NA activity.
Serum from naive cotton rats was either not treated, heated at 56 °C for 60 min, frozen and thawed

3 times (F/T), or heat-treated in addition to 3 freeze—thaws.

OPD was then added as substrate to all wells. OPD was used because it is used for other
assays in our laboratory, however, it can be replaced by 3,3',5,5'-tetramethylbenzidine
(TMB).

Assay specificity

The specificity of ELLA was examined with monospecific sera. These included antisera
from ferrets previously infected with NC/99 (H1N1), UR/07 (H3N2), B/FL/06 and
B/BR/08 and antiserum from rabbits immunized with NA purified from WI/05 (H3N2).
nejger HON2, o, and HEN2, o -, B/FL/06 and
B/BR/08. Ferret anti-NC/99 inhibited enzyme activity of HGN1, ., by a 64-fold higher
titre than H6N2 viruses (Table 2). Similarly, rabbit antiserum specific for WI/05, had a
32-fold higher inhibition titre against H6N2, . than HEN1 ..
nejgg OF HBN2, . Ferret anti-B/FL/06 (B/Yamagata

lineage) and anti-B/BR/08 (B/Victoria lineage) antisera did not react with the NA of

NI titres were measured against HE6N1

Control sera did not

inhibit enzyme activity of HGN1

influenza A viruses demonstrating specificity for the B antigens. Since H6 reassortants
cannot be generated with the NA of B strains, the antibody titres measured against
B viruses may not accurately quantify NA-specific antibodies because HA-specific
antibodies may hinder access of substrate to NA's active site and thereby contribute
to the reduced signal; nevertheless, the NI titre of the B/FL/06-specific serum was

greater against the homologous virus than the heterologous B/Victoria-lineage and
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Table 2 | Specificity of ELLA.

NA antigen?® NI titre of antiserum against
None HIN1 H3N2 B
NC/99 WI/05*  UR/07 B/FL/06 B/BR/08

NC/99 (N1) <10 1,280 80 <10 <10 <10
WI/05 (N2) <10 10 2,560 80 <10 <10
UR/07 (N2) 10 20 2,560 160 <10 <10
B/FL/06 <10 <10 40 <10 640 40
B/BR/08 <10 <10 <10 <10 40 160

aThe N1 and N2 antigens were in the form of HGN1 and H6N2 reassortant viruses, respectively. Wild type B
viruses were used in this assay.

bAntisera against NC/99, UR/07, B/FL/06 and B/BR/08 were generated by infection of ferrets. The anti-WI/05
serum was from rabbits immunized with purified NA purified mixed with an equal volume of Freund’s complete
adjuvant. The purification and mixing may have resulted in denaturation of some of the antigen.

vice versa, suggesting that these NAs are indeed antigenically distinct. Overall, these
results demonstrate that virus-specific antisera show specificity for the homologous
NA, although a small degree of cross-reactivity with a different subtype is observed

when sera have very high homologous NI titres.

Assay linearity
NA inhibition titration curves were established for human serum samples having a range
of titres against N1 and N2

NC/99 wios: 1his was accomplished by adding serial dilutions

of serum samples to a fetuin-coated plate in duplicate wells, followed by addition of
standardized amounts of HGN1 and H6N2

the assay was completed as outlined in the materials and methods section (the

antigens. After incubation overnight,

NC/99 WI/05

detailed method is provided as supplementary information). Absorbance increased
as the amount of serum decreased, indicating the presence of increasing amounts of
active NA. Percent inhibition was proportional to the amount of serum and followed
a sigmoidal curve. Examples of human serum titrations are shown in Figure 3; one
serum has a relatively high titre against the N1 antigen but lower titre against the N2
antigen whereas the second serum has similar titres against N1 and N2 antigens. To
assess the linearity of the assay, NI antibody titres of different dilutions of 4 different

samples with known titres were measured. The results demonstrated that the IC
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Figure 3 | Titration of sera against H6N1 (dashed lines) viruses.

NC/99 WI/05

is shown on each graph with the dashed horizontal line indicating 50 % inhibition. The NA inhibition
titres of sera 1 and 2 against the NA of NC/99 were 320 and 20 respectively; the NA inhibition titres
of sera 1 and 2 against the NA of WI/05 were 20 and 40 respectively.

calculated for each dilution varied < 10 % from the assigned value (results not shown)
and supported relative accuracy of the method for measuring NI antibody titres over a
range of 5-2,560.

Assay precision

Repeatability of the assay was determined by measuring geometric mean NA inhibition
titres (GMT) of 5 sera. One operator performed the assays in which each sample was
tested 8 times on 3 separate 96-well plates. The results obtained for titrations within
the same plate were highly reproducible (CV < 10 %). Plate-to-plate variability was
also minimal (Table 3). In some instances (e.g. sample 2 tested against HGN1 virus), the
percent inhibition calculated for a particular dilution was close to 50 % inhibition in all
tests but because the titre is defined as the reciprocal of the last dilution that resulted
in at least 50 % inhibition, a lower titre was assigned even when percent inhibition was
49 %. As a result, there were some instances when a 2-fold difference was reported for
replicate serum titrations even though the assay variability was minimal (the average
relative standard deviation calculated at approximately 50 % inhibition for assays
against either N1 or N2 antigens was 7 %). This was the largest difference observed for

sample 2 shown in Table 3 (H6N1 antigen), even when assays were run on different

NC/99
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days (total of 24 titrations). The titres for other samples shown in Table 3 were the same
in all 24 tests, reflecting the unambiguous assignment of titre when percent inhibition
was well below 50 % (e.g. sample 1 against either the N1 or N2 antigen) and when
the percent inhibition was clearly greater than 50 % at the assigned titre (e.g. sample
2 against the N2 antigen). Therefore, these results show that when all samples are
considered for repeatability, a 4-fold difference in 50 % end point titre is statistically
significant (p < 0.05). It is likely that smaller differences in titres reported as IC, or
geometric means from repeat assays would be considered significant.

Intermediate precision of the assay was also assessed, with 2 technicians
running the same samples. Both operators were experienced and trained in the same
standard operating procedure. Comparable results were obtained for each sample, with
measurement of no more than a 2-fold difference in titre.

Changes to the source of fetuin, storage conditions of fetuin (4 °C instead of —20
°C), use of coated plates stored for different lengths of time at 4 °C and use of different
plate readers were evaluated for assay robustness. The changes were acceptable because
the modifications did not result in NI titres that differed from the titres obtained with the
written SOP by more than 2-fold. As described earlier, the amount of antigen (virus) in
the assay was critical and therefore the dilution of virus used for the purpose of serology
was defined as the dilution that results in 90-95 % of maximum signal (Table 1). Although
assay sensitivity may be increased by using less antigen (allowing elucidation of smaller
differences in antigenic structure), an amount of antigen that gives a signal = 10-fold
background and within the linear range of the virus titration resulted in reproducible

sample titres.

Comparability between ELLA and mini-TBA methods

Comparison of NI antibody titres of ferret antisera measured by the mini-TBA and
ELLA against a number of N1 (NA of TX/91, NC/99, SI/06 and BR/07) and N2 (NA of
Al/68, WU/95, SY/97, PA/99, WY/03, NY/04, UR/07) antigens demonstrated excellent
correlation between NI titres, although the absolute titre was somewhat greater when
measured by ELLA (Figures 4a and 4b; see Figures Sla and S1b in the supplemental
material, available in J. Virol. Methods Online). This study also compared absolute
titres and response rates measured by mini-TBA and ELLA methods of 32 serum pairs
reported previously for a clinical study comparing responses to live, attenuated and
inactivated split trivalent influenza vaccines?®2. As for the ferret sera and reported by
Fritz et al.?®’, the human antibody titres measured by mini-TBA and ELLA methods

105



Chapter 5

a 144 N1 b | N2
12 4  correlation 0. 4 correlation 0‘
coefficient = 0.9588 * coefficient = 0.9067 *
10 o d
- +
o
o
= g
g
£
Z 6
<
-
=l
L
2 4
0 T I T T T T 1 T T T T T T 1
€ 149 N1 d _ N2
12 4 correlation - correlation
coefficient = 0.8528 coefficient = 0.6673
=, 10 -
o
=
= - —
g °
=
g 6 B * & &+ ¢
- * ¢ *
w
4 4 i * * ¢
* & »
2 J | * @
D T T T T 1 T T T T 1
Q 2 4 6 8 10 Q 2 4 6 8 1C
Mini-TBA Nl titer (log,) Mini-TBA Nl titer (log,)

Figure 4 | Correlation between NI titres measured by TBA and ELLA. Titres are shown for ferret
(a, b) and human (c, d) sera tested against H6N1 (a, c) and H6N2 (b, d) antigens. The number of

titres compared (n) and Pearson’s correlation coefficient are indicated on each figure.

showed some correlation (Figures 4c and 4d), however NI titres generated by ELLA
were often greater than the titres measured by the mini-TBA method (see Figures
Slc and S1d in the supplemental material). Bland—Altman analysis showed better
agreement of ELLA and mini-TBA NI antibody titres for ferret sera than human sera
(see Figure S1 in the supplemental material), with the mini-TBA assay generating lower
NI antibody titres against both HEN1 and HEN2 antigens for the majority of human
sera tested. The bias (+SD) for agreement between TBA and ELLA titres against the
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H6N1 antigen was -2.2 (+15.7) for ferret sera but —45.0 (+19.3) for human sera; and
against the HGN2 antigen was —-2.8 (£30.2) for ferret sera but —22.1 (£24.2) for human
sera.

There was similar sensitivity in determining seroconversion by ELLA and mini-TBA
methods. For paired samples taken before vaccination and 4 weeks later, increases in NI
titres were evident in a similar proportion of volunteers; of 32 volunteers, the mini-TBA
method identified 12 volunteers with increased serum NA inhibition titres against the
N1 component (NC/99) and 13 volunteers with increased NA inhibition titres against
the N2 component (WI/05) after vaccination?®?. The ELLA identified a similar number of
volunteers that had increased Nl titres following vaccination: the 12 volunteers identified
by mini-TBA as well as two additional subjects had increased NI titres against the N1
component (14 seroconversions when considering a 2-fold increase as significant); 12
of the 13 volunteers who had increased NI titres identified by mini-TBA against the
N2 component were identified by ELLA in addition to 2 volunteers who did not have

increased titres measured in the mini-TBA assay (Table 4).

Table 4 | Assay sensitivity: NA inhibition titres against A/WI/05 (H3N2) following

seasonal influenza vaccination of healthy adults.

Volunteer # Mini-TBA ELLA

Pre Post Fold Pre Post Fold
increase increase

1 10 10 20 20

3 40 40 40 40

4 10 10 20 20

5 40 20 20 20

6 5 10 2 10 20 2

7 10 20 2 20 40 2

8 5 20 4 10 40 4

9 <5 <5 <10 <10

10 <5b 5 2 <10 10 2

11 10 10 10 20 2

12 20 40 2 10 40 4
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Table 4 | Assay sensitivity: NA inhibition titres against A/WI/05 (H3N2) following

seasonal influenza vaccination of healthy adults.

Volunteer # Mini-TBA ELLA
Pre Post Fold Pre Post Fold
increase increase

13 80 80 40 40

14 5 5 20 20

15 20 20 20 20

17 10 5 20 20

18 10 20 2 10 20 2
19 <5b 5 2 <10 10 2
20 10 10 40 40

21 20 20 40 80 2
22 10 10 20 20

23 10 10 40 20

24 10 10 40 40

25 10 10 20 20

26 40 40 40 40

28 10 20 2 20 40 2
29 10 20 2 20 40 2
30 10 40 4 20 80 4
31 10 10 40 40

32 20 40 2 40 80 2
33 10 20 2 20 40 2
34 40 80 2 80 80

35 80 40 40 20
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DISCUSSION

NA inhibiting antibodies correlate with reduction in influenza disease!?® and therefore
serology that routinely includes measurement of NI antibody titres is warranted. In the
past, this was difficult to accomplish with the standard TBA method, but development
of a miniaturized TBA method?3*® and use of the enzyme-linked lectin assay!*? have
resulted in more practical platforms that have allowed NI titres to be measured in a
number of studies. This report describes steps that are important for obtaining
consistent results and demonstrates reproducibility of the ELLA method. An SOP that
can be used by investigators interested in performing this assay routinely is provided as
supplementary information.

This study is not the first to use ELLA to measure human serum NI antibody titres
— others have adapted the method published by Lambre et al.}*?> and measured responses
to NA in clinical studies that demonstrate a number of important points. Couch et al.?%®
demonstrated that current influenza vaccines contain immunogenic amounts of NA and
that NI antibody seroconversion rates are greater when vaccine dose is increased?#6.
Fritz et al.?®” compared the TBA and ELLA methods in a study measuring NI titres after
vaccination with a cell grown inactivated whole virus H5N1 vaccine, demonstrating
increased sensitivity of ELLA compared to the TBA method and showing excellent
increases in NI titre following a single dose of vaccine. NI titres were not increased
following a boost with this vaccine, possibly reflecting competition between HA and NA
antigens when they are presented on the same whole virus?%3, Since antigenic competition
can be circumvented by immunizing with dissociated HA and NA antigens in mice?®4, it
would be of interest to determine whether NI titres are boosted following vaccination
with split, inactivated influenza vaccines. Nl titres measured after vaccination with VLPs
suggest the requirement for dissociated HA and NA antigens may not be applicable to all
vaccine types — responses to both HA and NA were boosted following receipt of a second
dose of adjuvanted H7N9 VLPs?%¢, Interestingly, significant increases in NI but not HAI
titres were evident after the first dose of both unadjuvanted and adjuvanted VLPs in this
clinical study, suggesting that the N9 component of the VLP vaccine is more immunogenic
than H7 or that the NI assay has greater sensitivity than the HAI assay.

Although NI titres measured by ELLA correlate with the titres measured in the
mini-TBA assay, the values measured by ELLA are often higher than measured by the
more traditional assay. This difference was more noticeable for titration of human sera
than ferret sera. It is not known whether the difference in assay bias reflects the relatively

low NI antibody titres of samples used in the human analysis or whether it is due to
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qualitative differences in antibodies or the presence of additional non-specific inhibitors
in human sera. Further studies to identify the factors that contribute to this difference
will be helpful in understanding how best to interpret results and may lead to assay
improvements.

As for other serologic assays, non-specific inhibitors present in serum samples
need to be removed to avoid inaccurate measurement of antibody titres. The non-specific
inhibition observed in the ELLA when animal (mouse and cotton rat) sera were tested
against HGN1 and HEN2 viruses was removed by heat-treatment (56 °C for 45 min),
indicating the presence of thermolabile B-inhibitors. B-inhibitors are Ca?*-dependent
(C-type) lectins that bind to mannose-rich glycans on glycoproteins?®®. Surfactant protein
D is an example of a B-inhibitor in the lung; both infectivity and NA activity are inhibited
in the presence of this inhibitor?6, indicating that SP-D has capacity to bind to glycans
on HA and NA, blocking their functional activity. Conglutinin is a B-inhibitor present
in human serum?®’ that may contribute to non-specific inhibition of NA activity in the
ELLA. Other non-specific inhibitors (a and y-class) of influenza HA have been described,
particularly in relation to H3N2 virus haemagglutination and infectivity?¢8-27%, however,
these do not appear to result in non-specific inhibition of NA activity in assays that use
H6 reassortant viruses as antigen.

Various forms of NA have been used in ELLAs — purified recombinant NA?%7,
reassortant HGN1 and H6N?2 viruses (this report), detergent split wild-type virus?#¢ and
virus like particles?°42%6, Although it is advantageous to use reassortant whole viruses
that contain NA in the “natural” form in ELLA, it has not been possible to generate
reassortant viruses expressing the NA of influenza B viruses and mismatched HAs.
Purified recombinant NA protein or VLPs are therefore needed to measure antibody
responses to the NA of influenza B viruses. Regardless of antigen source, all assays show
a correlation between TBA and ELLA titres (our data as well as that reported by Fritz et
al.?%7), with NI antibody titres measured by ELLA somewhat greater than measured by
the TBA method.

The results of assays that examine repeatability show that a 4-fold rise in NA
inhibition titre is indicative of seroconversion. However, when consecutive serum samples
are run on the same plate and the raw data examined to verify that differences in titre
are not ambiguous (as may be the case when percent inhibition is close to 50 %), assay
variability may be less, allowing a 2-fold increase in NI titre to be used as evidence of a
NA-specific antibody response. Seroconversion rates that are based on 2-fold differences

in NI titre should be verified by performing repeat assays.
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In conclusion, the steps taken to optimize and validate the ELLA for measuring
NA inhibiting antibody titres in human sera are described in this report. The data show
that this very practical assay is subtype specific, and yields reproducible results. Since
routine measurement of NI antibody titres is now possible, the immunogenicity of NA in
influenza vaccines can be examined more routinely and NI antibody titres that correlate

with protection from clinical disease can be identified.
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ABSTRACT

Antibodies to neuraminidase (NA), the second most abundant surface protein of the
influenza virus, contribute to protection against influenza virus infection. Although
traditional and miniaturized thiobarbituric acid (TBA) neuraminidase inhibition (NI)
assays have been successfully used to characterize the antigenic properties of NA, these
methods are cumbersome and not easily amendable to rapid screening. An additional
difficulty of the NI assay is the interference by haemagglutinin (HA)-specific antibodies.
To prevent interference of HA-specific antibodies, most NI assays are performed with
recombinant viruses containing a mismatched HA. However, generation of these
viruses is time consuming and unsuitable for large-scale surveillance. The feasibility
of using the recently developed enzyme-linked lectin assay (ELLA) to evaluate the
antigenic relatedness of NA of wild type A(H3N2) viruses was assessed. Rather than
using recombinant viruses, wild type A(H3N2) viruses were used as antigen with ferret
sera elicited against recombinant viruses with a mismatched HA. In this study, details
of the critical steps that are needed to modify and optimize the NI ELLA in a format that
is reproducible, highly sensitive, and useful for influenza virus surveillance to monitor

antigenic drift of NA are provided.
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INTRODUCTION

Influenza vaccines reduce the morbidity and mortality associated with annual influenza
epidemics. The seasonal influenza vaccine is designed to protect against circulating
influenza A H1IN1 viruses (A(H1N1)), influenza A H3N2 viruses (A(H3N2)), and influenza
B viruses. The influenza virus escapes host immunity through mutations in the major
surface glycoproteins haemagglutinin (HA) and neuraminidase (NA). This process is
known as antigenic drift’®”2%” and as a result of this drift, the influenza vaccine has to
be updated frequently. In the period from 1999 to 2010, the A(H3N2) virus component
was updated 6 times!®®. Recently, it has been shown that only few mutations near
the receptor-binding site of HA are responsible for antigenic drift of A(H3N2) viruses
circulating between 1968 and 2003236, For NA a number of antigenic sites have been
described!34. These antigenic regions surround the enzyme’s active site!3*13¢ and are
highly variable, most likely due to immune pressure!?*124 Influenza virus surveillance by
national influenza centres is done year-round®*1%5, Representatives of the predominant
circulating viruses are sent to the World Health Organization (WHO) Collaborating
Centres. These centres characterize the viruses by sequencing the HA and NA genes
and performing haemagglutination inhibition (HI) assays!®®. During vaccine strain
selection, the main focus is on the genetic and antigenic characterization of HA%8,

Influenza viruses attach to the host cell surface via binding of the HA to sialic
acid-containing receptors®®. The enzymatic activity of NA allows virus release from the
cell®6-¢8 by cleaving the sialic acid residues from the newly formed virus particles and
from the host cell’®. Preclinical and clinical studies showed that NA-specific immunity
can reduce the severity of disease!?>128-132, Antibodies directed toward NA inhibit release
and spread of newly formed virus particles from infected cells!33. The antigenic drift
of NA does not closely correspond to that of HA?2137159 Considering these findings,
investigating options to include routine analysis of NA during vaccine strain selection
next to HA seems to be warranted.

Antigenic characterization of NA can be performed using NA inhibition (NI) assays
to determine the extent of antibody-mediated interference with enzyme activity!38. These
assays rely on the enzymatic sialidase activity by measuring cleavage of sialic acid from
highly glycosylated proteins such as fetuin. The NI thiobarbituric acid (TBA) assay?!3914°
is based on the detection of free sialic acid. This assay is recommended by the WHO?"%,
but the use of large volumes of hazardous chemicals and laborious procedures has
impeded antigenic characterization of NA during influenza virus surveillance. A simplified

and miniaturized version of the TBA was developed?3, but this assay still remains
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cumbersome. The recently developed enzyme linked lectin assay (ELLA)?46:254.255257.272.273
also relies on the sialidase activity of NA, but instead of measuring free sialic acid, it
detects the terminal galactose that becomes exposed after sialic acid cleavage by NA.

A complication of NI assays, is the interference of HA-specific antibodies that block
NA activity non-specifically when they bind to HA¥”. Recombinant influenza viruses with
a heterologous HA are commonly used for NI assays. Antibodies directed toward the
H1 or H3 HA of A(H1IN1) and A(H3NZ2) viruses do not cross-react with a heterologous
HA (e.g. H6), and hence only the interaction between NA and NA-specific antibodies is
measured?’3. However, the generation of recombinant viruses is time-consuming for large
numbers of viruses and therefore this method is not suitable for large-scale surveillance
of antigenic drift of circulating influenza viruses. For analysis of the antigenic drift of NA,
it would be ideal to have the capability of using wild type viruses as antigen in assays that
are not impacted by non-specific inhibitors, including antibodies to HA.

In this study, optimized methods to enable rapid antigenic characterization of NA,
with wild type viruses as antigen, are described. Since the ELLA is less laborious and
shows a good correlation to the miniaturized TBA?%’, this assay was selected as a platform.
To prevent interference by antibodies directed against HA of wild type A(H3N2) viruses,
ferret sera were raised against recombinant influenza A H7N2 viruses (A(H7N2)) viruses
that contain the NA of various A(H3N?2) viruses. Through this approach it is possible to
screen wild type viruses, thus preventing the time-consuming generation of recombinant
viruses or proteins for each virus of interest. Reproducibility and sensitivity of the NI assay
were highest using virus concentrations that resulted in ~50 % of total NA activity of
that virus. Non-specific inhibition of ferret sera was observed for some wild type viruses,
especially A(H3N2) viruses, but the critical steps to overcome this non-specific inhibition

and obtain reproducible and highly sensitive results are also described.

MATERIALS AND METHODS

Cells

Madin-Darby canine kidney (MDCK) cells were cultured in Eagle’s minimal essential
medium (EMEM, Lonza, Breda, The Netherlands) supplemented with 10 % fetal bovine
serum (FBS, Sigma-Aldrich, St. Louis, MO, USA), 100U/ml penicillin (Lonza), 100U/ml
streptomycin (Lonza), 2mM glutamine (Lonza), 1.5mg/ml sodium bicarbonate (Lonza),
10mM HEPES (Lonza), and non-essential amino acids (MP Biomedicals, Europe, lllkirch,

France).
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293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza)
supplemented with 10 % FBS, 100U/ml penicillin, 100U/ml streptomycin, 2mM glutamine,
1mM sodium pyruvate (Life Technologies, Bleiswijk, The Netherlands), 500 ug/ml

geneticin (Life Technologies) and non-essential amino acids.

Plasmids
The NA gene segments of A(H3N2) viruses A/Bilthoven/21793/1972
(BI/72);  A/Bilthoven/1761/1976  (BI/76); = A/Netherlands/233/1982  (NL/82);
A/Netherlands/823/1992 (NL/92); A/Netherlands/178/1995 (NL/95);
A/Netherlands/69/2009 (NL/09) and the HA and NA gene segments of A(H2N2)
viruses A/Netherlands/M1/1957 (NL/57) and A/Netherlands/B1/1968 (NL/68) were
amplified by reverse transcription polymerase chain reaction (RT-PCR) and cloned
in a modified version of the bidirectional reverse genetics plasmid pHW200025%8274,
To reduce pathogenicity, the multibasic cleavage site (MBCS) was removed from the
bidirectional reverse genetics HA plasmid of the highly pathogenic avian A(H7N7) virus
(A/Netherlands/33/03)?’°. This was done using the QuikChange multi-site-directed
mutagenesis kit (Stratagene, Huissen, The Netherlands) according to the instructions
of the manufacturer with specific primers (available from the authors upon request).
The plasmids encoding the internal genes of A/Netherlands/219/03 (H7N7) have been
described previously?’®.

The accession numbers that were used are as follows: for NA, CY112307,
CY113199,CY114439,CY113735,CY116590, CY113023, KM402803, and KM402811;
for HA, KM402801 and KM402809.

Viruses

All human and recombinant influenza A viruses were propagated at 37 °C and influenza
B viruses at 33 °C in MDCK cells in EMEM supplemented with, 100U/ml penicillin,
100U/ml streptomycin, 2mM glutamine, 1.5 mg/ml sodium bicarbonate, 10mM HEPES,
non-essential amino acids and 1 pg/mL L-1-tosylamide-2-phenylethyl chloromethyl
ketone-treated trypsin (Sigma-Aldrich, Zwijndrecht, The Netherlands). Avian influenza
viruses were propagated in 11-day old embryonated chicken eggs. All viruses were
harvested 48 h post-inoculation and cell debris was removed by centrifugation for 15
min at 3,000 rpm. Supernatant was either immediately stored in suitable aliquots at
—80 °C or, if needed, after concentration using an Amicon Ultra-15 Centrifugal Filter

(Millipore, Amsterdam, The Netherlands).
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Recombinant A(H2N2) and A(H7N?2) viruses were generated by reverse genetics
using transient calcium phosphate-mediated transfections of 293T cells as described
previously?’4. A(H2N2) viruses were generated with plasmids carrying the HA and
NA gene segments of A(H2N2) viruses (NL/57 or NL/68) and the six remaining gene
segments of A/Puerto Rico/8/1934 (HIN1) under biosafety level 2 (BSL-2) conditions.
A(H7N2) viruses were generated under biosafety level 3 (BSL-3) conditions with plasmids
carrying the HA gene segment of A/Netherlands/33/03 (H7N7) without the MBCS, the
internal gene segments of A/Netherlands/219/03 (H7N7)%’5, and one of the following
NA gene segments of A(H3N2) viruses: A/Bilthoven/16190/1968 (BI/68)%’5; BI/72;
BI/76; NL/82; NL/92; NL/95; A/Netherlands/213/2003 (NL/03)%”7; NL/09; and A(H2N2)
viruses: NL/57 or NL/68. The supernatant of the transfected cells was harvested 48 h
post-transfection and was passaged twice on MDCK cells. MDCK passage 2 supernatant
was harvested 48 h post-inoculation and cell debris was removed by centrifugation for

15 min at 3,000 rpm and immediately stored in suitable aliquots at —80 °C.

Generation of ferret sera

Male ferrets (1-year-old, 0.8-1 kg) were inoculated intranasally with 1 ml of A(H7N2)
virus containing MDCK passage 2 supernatant under animal BSL-3 conditions. Sera
were collected two weeks post-inoculation. RNA was isolated from ferret sera and
RT-PCR was performed as described previously?”® to detect A(H7N2) virus. Once
absence of viral RNA was confirmed, sera were stored in suitable aliquots at —20 °C.
The independent animal experimentation ethical review committee “Stichting DEC
Consult” approved all animal protocols (Erasmus MC permit number EMC 2617), and
experiments were performed in compliance with Dutch and European guidelines for
animal experimentation.

Unless noted otherwise, sera for the NI ELLA were treated with Burnet's receptor
destroying enzyme (RDE) filtrated from cultures of Vibrio cholerae?”? (Burnet and Stone,
1947). Sera were incubated overnight at 37 °C in a ratio of 1:6 with a 10-fold dilution of
RDE in Dulbecco’s phosphate-buffered saline (DPBS) containing 0.133 g/L CaCl, and
0.1 g/L MgCl, with 1 % Bovine Serum Albumin (BSA) solution (Sigma-Aldrich) and 0.05
% Tween 20 (Sigma-Aldrich, DPBST,,), followed by heat inactivation at 56 °C for 8 h.
ELLA and NI ELLA

The principals of the NI ELLA described by Lambre et al.?’? and Cate et al.?*¢ were

optimized for rapid antigenic analysis of wild type viruses. Stock solutions of fetuin were
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made by dissolving fetuin from FBS (Sigma-Aldrich) in Coating Solution Concentrate
(tebu-bio, Heerhugowaard, The Netherlands) to a concentration of 25 mg/ml. Fetuin
was further diluted to a concentration of 25 ug/ml in Coating Solution Concentrate and
used to coat Nunc-Immuno™ MicroWell™ 96 well solid plates (100 pl/well; Sanbio,
Uden, The Netherlands) at 4 °C for at least 24 h. Aliquoted fetuin (25 mg/ml) could be
stored for at least 6 months at —20 °C and coated plates could be stored for at least 2
months at 4 °C without a significant decrease in reactivity.

The ELLA was used to determine the optimal amount of each virus (antigen)
for routine serology. Two-fold serial dilutions of the antigens were made in DPBST,.
Fetuin-coated plates were washed 3 times in 0.1 M phosphate buffered saline (PBS,
pH 7.4) with 0.05 % Tween 20 (PBST, Sigma—Aldrich). Fifty microlitre of the serial
dilutions was transferred to duplicate fetuin-coated plates containing 50 ul DPBST .
Plates were sealed and incubated at 37 °C for 16-18 h. The plates were subsequently
washed six times with PBST, and 100 pl/well of and optimized dilution of horseradish
peroxidase-conjugated peanut agglutinin lectin (PNA-HRPO, Sigma—Aldrich) in DPBS
containing 0.133 g/L CaCl, and 0.1 g/L MgCl, with 1 % BSA (DPBS__,) was added. The

optimal PNA-HRPO concentration, is the concentration that gives the maximal signal

BSA

in ELLA assays that allowed complete digestion of sialic acid from fetuin. PNA-HRPO
could be stored at =20 °Cin DPBS,,,, for a maximum of one month, without loss of signal
intensity. Plates were incubated at room temperature for 2 h followed by washing three
times with PBST. O-Phenylenediamine dihydrochloride (OPD, Sigma—Aldrich) substrate
was freshly prepared following the manufacturer’s instruction and added to the plate (100
pl/well). The reaction was stopped after 10 min by the addition of stop solution (0.5 M
H,SO,, 100 pl/well). The plates were read at 490 nm (OD
200 96-well plate reader (Tecan, Giessen, The Netherlands). The mean background
(A
identically to test wells, but in the absence of antigen. The NA activity was determined
Abkg). Next
the NA activity was plotted against the antigen dilutions. Unless noted otherwise, the
dilution of antigen that resulted in 50 % of total NA activity but with an OD,,, > 0.75 was

490) for 0.25 s using an Infinite

bkg) value was established for each plate using at least four wells that were treated

by subtracting the background value from the test well values (A __) i.e. (A

test

selected to subsequently perform the NI ELLA.

For the NI ELLA, serum samples were serially diluted (2-fold) in DPBST,., and
incubated in duplicate fetuin-coated plates with an equal volume (50 pl) of the selected
antigen dilution in DPBST,_,. These plates were subsequently sealed and incubated for
16-18 h at 37 °C. Incubation with PNA-HRPO, the addition of substrate, stop buffer and
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subsequent absorbance measurements were performed as described above for the ELLA.
The NI titres were calculated as follows, first the mean background was subtracted from
the absorbance of the test wells and the wells that contained antigen but not ferret serum
(positive control, Apos). Next, the percentage of NA activity was calculated by dividing
the mean absorbance of test wells by the mean absorbance of positive control wells and
multiplied by 100, i.e. (A_,— A )/(Apos— A
of NA inhibition, the percentage of activity was subtracted from 100. The NI titres were

bke bkg) x 100. Finally, to determine the percentage

defined as the reciprocal of the last dilution that resulted in at least 50 % inhibition. When
the duplicate titres were different, the geometric mean titres were calculated. An assay
was considered valid if the NI titres of control sera run in separate plates and assays using
the same conditions yielded similar titres (titre < 2-fold difference). The OD,,, values of

the duplicates did not vary more than 20 %.

Haemagglutination inhibition assay

HI titres were determined using standard procedures?®® (Hirst, 1943). In brief, antisera
were pre-treated overnight with RDE at 37 °C and heat inactivated at 56 °C for 1 h.
Twofold serial dilutions of RDE-treated antisera (in 50 pl), starting at a 1:20 dilution,
were incubated with 25 pl of four HA units of each virus, and incubated at 37 °C for 30
min. Next, 25 pl of 1 % turkey erythrocytes were added, followed by an 1 h incubation
at 4 °C. The reciprocal of the last serum dilution that was able to block the agglutination

of the turkey erythrocytes was recorded as the Hl titre.

RESULTS

Principles of the ELLA and NI ELLA

The ELLA measures the enzymatic activity of NA by detecting desialylation of the
highly glycosylated fetuin by NA. PNA-HRPO is used to detect the terminal galactoses
that become exposed after desialylation of fetuin by NA. The intensity of the signal after
addition of the substrate is dependent on the level of desialylation and thus NA activity.
In the NI ELLA, binding of NA by specific antibodies will inhibit the enzymatic function
of NA and result in a reduction of desialylation and, hence, in a reduction of the signal.
An illustration of the ELLA and NI ELLA principles is shown in Figure 1. To enable rapid
antigenic characterization of the NA of wild-type human A(H3N2) viruses, monospecific
ferret antisera raised against recombinant viruses with a mismatched HA were
generated. These recombinant A(H7N2) viruses contain the NA of A(H3N2) viruses and
the HA and internal gene segments of an A(H7N7) virus. Therefore, the HA-specific
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inhibition titers
R R
Incubate 16-18 hrs at 37°C
wash 6x
Add PNA-HRPO A Add PNA-HRPO
R R R R
Incubate 2 h at RT
wash 3x
Add HRPO substrate Add HRPO substrate
and stop reaction after X
10 mi and stop reaction after
min 10 min
The \'/irus' cqncentrlation A A The NI titers are defined
that is within the linear as the reciprocal of the
range of the serial dilution P S
rve. but with an OD last serum dilution that
Cl; >CQ)’7E§J . Zf tﬁ% resulted in at least 50%
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Figure 1 | Principles of the ELLA (left) and the NI ELLA (right). After addition of influenza virus to
a fetuin-coated well, the NA cleaves sialic acid from the fetuin, thus unmasking a terminal galactose
residue. This terminal galactose residue is specifically recognized by PNA-HRPO. Upon addition of
the peroxidase substrate, a detectable colour change is produced which can be measured at OD, .
By using different dilutions of virus in the ELLA, the optimal virus dilution for the NI ELLA can be
determined. For the NI ELLA, serially diluted serum is added to a fixed amount of virus (OD ,,, >
0.75). If the NA activity is neutralized by NA-specific antibodies, sialic acid will not be cleaved from

the terminal galactose residue and no colour change is detected.
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antibodies present in the ferret sera will not interfere with wild type A(H3N2) viruses
in the NI assay. The A(H7N7) virus was selected for its ability to replicate efficiently
in ferrets, thereby producing high levels of antibodies, but in principle other influenza

virus subtypes can be used.

Assay suitability with different influenza subtypes

A panel of avian and human influenza viruses was tested in the ELLA and NI ELLA (Table
1) to evaluate the use of wild type viruses as antigens. First, the ELLA was conducted
to determine the NA activity for each antigen at different concentrations. Next, the NI
ELLAs were conducted using the antigen concentration that gave 50 % of the maximal
NA activity. However, when these viruses were tested against naive ferret sera there
was already an inhibitory effect of the sera observed for some of these viruses. This
inhibitory effect was highest for human A(H3N2) and avian A(H4N?2) viruses (Table 1).

Treatment of serum to eliminate non-specific inhibition of NA activity

Several options were investigated to eliminate the non-specific inhibitory effect of sera
used in the NI ELLA: purification of (anti)serum, sucrose-gradient purification of viruses,
commercial Vibrio cholerae neuraminidase (VCNA, Sigma—Aldrich) or RDE treatment of
sera, and harvesting virus stocks at varying times after inoculation. VCNA and RDE
treatment eliminated most of the non-specific inhibition, whereas the other approaches
were unsuccessful (data not shown). Sera used in the HI assay are treated with RDE,
followed by heat inactivation at 56 °C to inactivate non-specific inhibitors?’t. Similar
inhibitors may explain the inhibitory effect of naive ferret sera in the NI ELLA.

Similar to NA, RDE is a neuraminidase and should therefore be inactivated before
use in the NI assay. RDE-treated sera were heat inactivated at 56 °C for 1, 2, 4 and 8 h
and tested in the ELLA for residual neuraminidase activity of the RDE (data not shown).
At least 4 h of heat inactivation at 56 °C was required to eliminate neuraminidase activity
of RDE.

Next, untreated and RDE-treated sera were compared in the NI ELLA (Figure 2).
Although the inhibitory effect of naive ferret serum was eliminated upon treatment with
RDE for 16 h and heat inactivation at 56 °C for 8 h, the specific inhibitory effect of antisera
targeted to the N2 antigen was still present. To test the effect of the duration of the
heat treatment on antibodies, a panel of anti-A(H7N2) sera were treated with RDE and
subjected to various durations of heat inactivation at 56 °C. These sera were tested in NI
ELLA and Hl assay (Table 2). Each serum was tested against the homologous recombinant

A(H7N2) virus in the HI assay. The same sera were tested against their N2-homologous
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Table 1 | Non-specific inhibition of avian and human influenza viruses by naive ferret

sera as measured in the NI ELLA*.

Type Host Subtype/ Strain NI titre
Lineage?
A Avian H4N2 A/Mallard/Netherlands/8/2007 1,810
H3N8 A/Mallard/Netherlands/37/2010 28
H3N2 A/Mallard/Netherlands/51/2008 160
H1N1 A/Eurasian Wigeon/Netherlands/6/2007 14
Human sHIN1 A/Netherlands/364/2006 20
A/Netherlands/246/2008 20
pHIN1 A/Netherlands/602/2009 160
A/California/04/2009 113
sH2N2P NL/57 10
NL/68 160
sH3N2 BI/68 640
BI/76 905
NL/82 640
NL/92 2,560
NL/09 80
B Human Victoria A/Malaysia/2506/2004 <10
Yamagata A/Florida/04/2006 <10

*All viruses were tested against two naive ferret sera. These sera were not treated with RDE or heat inactivation.
The geometric mean titre was calculated from these titres.

aSeasonal (s) and pandemic (p).

bRecombinant strains containing the internal genes of A/Puerto Rico/8/1934 (HIN1).

recombinant A(H2N2) or wild type A(H3N2) viruses in the NI ELLA. The duration of heat
inactivation after the RDE treatment did not affect the HI and NI titres.

Thus, RDE treatment followed by heat inactivation at 56 °C for 8 h was sufficient to
inactivate RDE activity without affecting the HIl and Nl titres of ferret antisera. Therefore,
ferret sera treated with RDE and heat-inactivated at 56 °C for 8 h was subsequently used
for the NI ELLAs.
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Figure 2 | Neutralizing activity of naive and post-infection sera after RDE treatment. Viruses
BI/76 (a) and NL/92 (b) were tested against serially diluted naive ferret sera (grey lines) and their
serially diluted N2-homologous A(H7N2) ferret sera (black lines). Sera were incubated with RDE
(solid lines) and without RDE (dashed lines) at 37 °C for 16 h and RDE activity was heat inactivated
by incubation at 56 °C for 8 h.

Table 2 | HI and NI titres after different durations of RDE heat inactivation.

A(H7N2)  HI titres® NI titre®

antisera 1h 2h  4h 8h 1h 2h 4h 8h
NL/57 1,280 761 1810 1,280 5120 5120 5120 5,120
NL/68 640 538 640 640 2,560 2,560 2,560 2,560
BI/68 640 453 640 640 20,480 20,480 20,480 20,480
BI/76 269 320 320 320 5120 3840 5120 5,120
NL/82 640 538 640 640 160 320 226 226
NL/92 538 453 453 538 1,280 1,280 1,280 1,280
NL/09 160 160 160 160 2,560 2,560 2,560 2,560

A(H7N2) antisera were incubated with RDE for 16 h at 37 °C and heat inactivated at 56 °C for 1, 2, 4, or 8 h. The
geometric mean titres were calculated from duplicate titres.

2Recombinant A(H7N2) viruses were tested against their homologous anti-A(H7N2) ferret sera in the HI assay.
PRecombinant A(H2N2) and wild type A(H3N2) viruses were tested in the NI ELLA against their N2-homologous
A(H7N?2) ferret sera.
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Assay sensitivity and reproducibility
The optimal amount of antigen to use in the NI ELLA was also determined. First
A(H3N2) wild type viruses were titrated and measured in the ELLA. Most of these
titration curves were sigmoidal, with a maximum signal of 3.0 and background of < 0.2
at OD,,. Two viruses, NL/92 and NL/95, were tested in the NI ELLA at concentrations
that spanned the antigen titration curve. Each 2-fold dilution of the antigen (virus) was
tested with monospecific ferret antisera directed against the homologous N2 (Figure
3a and 3b) and NL/95 was also tested against two heterologous N2 (Figure 3c and
3d). The NI titre was dependent on the amount of N2 antigen, with low NI titres upon
use of high amounts of N2 antigen, and high NI titres upon use of low amounts of N2
antigen. However, a minimal difference in NI titre was observed when the N2 antigen
concentrations were within the linear trajectory of the titration curve, which represents
approximately 21-87 % of total NA activity. This corresponded to an NA activity (OD )
between approximately 0.6-2.5. Therefore, to standardize the amount of N2 antigen in
the assay, a dilution of virus that resulted in 50 % (minimum of 25 % and maximum of
75 %) of total NA activity was selected for the NI ELLA. The virus dilutions that were
needed to reach 50 % of total NA activity ranged from 2- to 2,000-fold. It should be
noted that HA titres do not necessarily correlate with NA titre, and can therefore not be
used as an indicator for antigen dilution.

For viruses that gave low total NA activity, the amount of N2 antigen within the
linear trajectory but with a minimum NA activity of > 0.75 (OD
total NA activity was lower than 0.75 (OD

100) Was selected. If the

490)» Viruses were concentrated and retested
to ensure a robust measurement of NA activity inhibition.

The assay variability was assessed for NI ELLAs conducted on different plates
and different days (data not shown). The results obtained on different days showed high
correlation (R?= 0.88) and the largest difference observed for individual samples was
fourfold.

The titration of the viruses in the ELLA as well as the NI ELLA take 2 days to
perform. Once titrated in the ELLA, the aliquoted viruses can be used in multiple NI
ELLAs without the need for re-titration. A maximum of 20 plates (10 viruses measured
in duplicate against eight antisera) or 60 plates (30 viruses measured in duplicate against

eight antisera) can be performed by one or by two people, respectively.
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Figure 3 | Determination of the optimal amount of antigen for routine antigenic characterization.
First, the NA activity (black circles) of serially diluted NL/95 (a, c and d) and NL/92 (b) virus was
determined in the ELLA. Subsequently each of the dilutions of NL/95 and NL/92 antigens were
tested against their N2-homologous (a and b, respectively) A(H7N2) ferret sera in the NI ELLA. In
addition, NL/95 was tested against heterologous anti-NL/03 (c) and anti-NL/92 (d) A(H7N2) ferret
sera. Absolute Nl titres are shown as numbers above the log, Nl titres (bars). The dark bars represent
the dilutions that resulted in 25-75 % of the maximum NA activity. The assays were performed
on different plates and on different days, resulting in some plate-to-plate or day-to-day variation.

Specificity of the NI ELLA

To test the specificity of the NI ELLA?’2 for antigenic characterization of wild type
human A(H3N?2) viruses, representative N2 antigens of the entire period of circulation
of A(H2N2) and A(H3N2) viruses were selected. With these N2 antigens, recombinant
A(H7N2) viruses with the internal genes of A/Netherlands/219/03 (H7N7) and the HA
the A/Netherlands/33/03 (H7N7) were generated. The MBCS of the HA was removed to
decrease pathogenicity. Monospecific ferret antisera elicited against these recombinant
A(H7N2) viruses were obtained and tested against homologous and heterologous N2
antigens (Table 3). Homologous titres were highest for each antigen and ranged from
320 to > 10,240. Heterologous titres ranged from < 20 to > 10,240, and showed time
dependence. For example, ferret anti-NL/57 did not recognize NL/09 virus (NI titre = <
20), but did recognize BI/68 virus (NI titre = 5,120); ferret anti-NL/09 did not recognize
NL/57 virus (NI titre = < 20), but did recognize NL/03 virus (NI titre = 2,560). Overall,

viruses with similar isolation dates were recognized by the same antisera. Viruses with
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later isolation dates were not recognized by ferret sera specific for early viruses and vice

versa.

DISCUSSION

Monitoring functional antibody responses against NA, in tandem with HA-specific
antibody analysis, could enhance the antigenic characterization of influenza viruses
during routine surveillance for the purpose of influenza vaccine strain selection. The NI
ELLA measures functional inhibition of NA activity by antibodies, and consequently, it
has clear relevance to immunity in vivo!30143.144 |n this study, the existing NI ELLA was
optimized for rapid antigenic characterization of NA of wild type A(H3N2) viruses.

Similar to the TBA assay, the ELLA relies on the sialidase activity of NA. However,
it has been demonstrated that the ELLA has a higher sensitivity compared to the TBA
method?®”. The ELLA method, first described by Lambre et al., has been successfully
applied in recent studies. Cate et al.?*¢ showed that NI antibody seroconversion rates
are greater when vaccine dose is increased. Couch et al.?*® investigated the NA antibody
response to current influenza vaccines and proved the importance of antibodies directed
to the NA?54, Couzens et al.?’3 optimized the ELLA to measure influenza A virus Nl titres
in human sera.

NI assay results can be distorted by HA-specific antibodies interfering with
substrate cleavage by NA'”. To avoid this possible interference, various forms of NA have
been used as antigens in NI assays: purified recombinant NA?%7, recombinant A(H6N1)
and A(HG6N2) viruses?39273, detergent split wild-type viruses?*®, and virus like particles?5,
However, generation of these antigens is time consuming and consequently unsuitable
for large scale screening of viruses for vaccine strain selection. Therefore, the usage of
wild type viruses was explored in the NI ELLA in combination with sera that were raised
against HA-mismatched viruses.

Upon titration of naive ferret sera against various influenza (sub)types, a
non-specific inhibitory effect of the sera was occasionally observed. Non-specific
inhibitors that interfere with the Hl assay have been described previously, first by Hirst?®*
and later by Francis?®2. Three classes of these non-specific inhibitors present in human
and animal sera have been described: a-, B-, and y-class?65269283 |nhibitors of the a-
and y-classes express sialic acid residues that are specifically bound by the influenza
virus HA?65284 thereby blocking the receptor-binding sites of HA?%%, Inhibitors of the
B-class?55285 gre, in contrast to inhibitors of the a- and y-classes?®%287, thermolabile?®°.

Sera used in the HI assay are treated beforehand with RDE to inactivate sialylated a- and
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y-inhibitors?®4288 followed by incubation at 56 °C to inactivate the B inhibitors and the
RDE?5:289290 The inhibitory effect of the naive ferret sera seen in the NI ELLA may be
explained by similar sialic acid expressing inhibitors that interact with the HA, the NA, or
both, and thus preventing desialylation of fetuin. Since heat inactivation at 56 °C by itself
did not affect the observed non-specific inhibitory effect, it indicates that the inhibitors
were not B-class inhibitors?®® but rather a- or, most likely, y-inhibitors. RDE treatment of
serum, followed by heat inactivation, eliminated most of the non-inhibitory effect without
affecting specific virus-specific NI and HI titres.

Although the NI titres showed dependence on the amount of N2 antigen used,
the Nl titres did not differ when N2 antigen concentrations within the linear trajectory of
the titration curve were chosen. These conditions resulted in limited variability between
NI ELLAs performed on different days.

To be able to use wild type viruses as antigens, recombinant viruses with a
mismatched HA must be used to generate antisera. The A(H7N7) virus was selected
as a backbone to generate recombinant A(H7N2) viruses, as A(H7N7) replicates well
in ferrets and antibodies directed to H7 do not recognize H3. However, in principle, any
influenza A subtype (i.e. H9) can be selected as a backbone, providing that it replicates
well in ferrets and antibodies directed to the HA do not recognize H3.

Using recombinant A(H7N2) viruses, ferret antisera yielding high NI titres without
boosting or the usage of adjuvants could be generated. A panel of ferret anti-A(H7N2)
sera were utilized in the NI ELLA to screen wild type A(H3N2) viruses. The observed
intrasubtypic cross-reactivity of the ferret antisera permits screening of many viruses
during influenza virus surveillance with a limited number of sera, while the specificity
of the ferret antisera allows detection of drift variants. Although generation of the
recombinant A(H7N2) viruses and anti-A(H7N2) ferret sera has to be done in a BSL-3
laboratory, sera can be used under lower biosafety conditions upon demonstration of
the absence of virus and viral RNA. It is likely that this strategy will also be applicable for
N1 antigens to screen circulating human A(H1N1) viruses. This approach would be more
difficult for influenza B viruses given that there are no different subtypes. Perhaps an early
influenza B virus (i.e. B/Lee/40) could be a suitable backbone if antibodies directed to its
HA do not recognize the HA of currently circulating influenza B viruses. Alternatively one
could use chimeric influenza A/B viruses, with the HA and internal genes of influenza A
and a NA segment with the non-coding regions of influenza A and the ORF of influenza

B291.292 But these viruses are possibly too attenuated to replicate efficiently in ferrets.
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In conclusion, the NI ELLA described in this study provides a practical method
to evaluate the antigenic properties of NAs from different viruses, and can be used for
large-scale screening of wild type influenza A viruses. The antigenic drift of HA and NA
was shown to be discordant!®®, and NA-specific antibodies—in addition to HA-specific
antibodies—contribute to protection against disease. Therefore, information regarding
antigenic drift of NA may facilitate selection of viruses that are antigenically-matched to

circulating strains for influenza vaccine production.
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ABSTRACT

Antigenic drift plays an essential role in seasonal influenza epidemics and is a feature
of both the haemagglutinin (HA) and the neuraminidase (NA). To improve seasonal
influenza vaccines, there is increasing attention for the antigenic properties of NA
in vaccine strain selection. Using the NA Inhibition Enzyme Linked Lectin Assay, the
antigenic evolution of N2 neuraminidase was mapped from its introduction to humans
in 1957 until 2012. The NA antigenic map showed that there has been clear antigenic
evolution of NA with occasional grouping of antigens in clusters rather than forming a
continuous antigenic lineage, but clustering was not as clearly defined for NA as for HA.
Based on sequence analyses and clustering algorithms, several amino acid substitutions
were identified that likely affect the antigenic properties of NA. We further compared
the NA antigenic map with that of HA of subtype H3 over the same time period and
confirmed that the antigenic evolution of HA and NA was asynchronous. The results
presented in this study contribute to a better understanding of the complex antigenic
evolution of A(H3N?2) viruses and highlight the importance of antigenic characterization

of NA for vaccine strain selection.
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INTRODUCTION

Influenza is an acute respiratory infection caused by influenza viruses. Influenza
affects 5-15 % of the world population annually resulting in three to five million
hospitalisations and between 290,000 and 650,000 deaths®2. Vaccination is the
most effective way to prevent infection and severe outcomes of influenza virus
infection32293-295 Current human influenza vaccines contain influenza A viruses of
H1IN1 and H3N2 subtypes (A(HIN1)pdm and A(H3N?2) respectively), and one or two
influenza B viruses. Influenza viruses evade the human humoral immune response by
mutations which lead to changes in the virus surface glycoproteins, haemagglutinin
(HA) needed for viral entry®® and neuraminidase (NA) required for viral release®-8, in
a process known as antigenic drift!?>2%’_ To match the changing antigenic properties of
predominantly circulating influenza viruses, the vaccine formulation is reviewed each
year by the World Health Organization’s (WHO) Global Influenza Surveillance and
Response System (GISRS)**1%5, WHO GISRS characterizes the genetic features of HA
and NA, and the antigenic properties of HA for vaccine strain selection'®®. Currently,
an haemagglutination inhibition (HI) titre of = 40 is considered an immune correlate
of protection?®®. It is well known that HA shows immunodominance over NA?%7 and is
more abundant on the virion; forty to fifty NA spikes among 290-300 HA spikes on
an average-sized virion’?. Licensed influenza vaccines are required to contain 15 ug of
each HA subtype!®? while the amount of NA is not standardized.

Antigenic drift has been studied extensively for HA22°¢ and was shown to be
punctuated in a pattern of eleven antigenic clusters for A(H3N2) viruses circulating
between their introduction in 1968 until 2003'%”. These clusters display a mostly
linear evolutionary pathway away from the first cluster, as the viruses escape existing
population-level immunity!®’. Two clusters did not evolve further and were referred to
as evolutionary dead ends (VI75 and BE89)1972%9, Although 5 antigenic sites, comprising
131 amino acid positions in HA, have been identified by monoclonal antibodies, antigenic
change between all clusters was mainly the result of single amino acid substitutions at
seven positions near the receptor binding site of HA?3¢,

In contrast to HA, the antigenic epitopes of NA are not well-defined. The
three-dimensional structure of NA consists of four domains: the cytoplasmic,
transmembrane, stalk, and head. NA is a mushroom-shaped tetrameric proteint?,
and is present on the virus surface as clusters among the HA spikes’3. Each identical
subunit of the tetrameric protein carries the enzyme’s active site. The NA active site is a

shallow pocket lined by conserved amino acid residues, some of which bind directly to
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the viral receptor sialic acid and participate in catalysis, while others provide a structural
framework!'®. As with HA, antigenic drift has been documented for NA22-124 While
antibodies against the NA glycoprotein do not prevent infection, anti-NA immunity has
been shown to correlate with protection in humans!30:300:301 \With the increasing realization
that NA is important for vaccine effectiveness and formulation, it becomes more important
to study the antigenic properties of NA. NA inhibition (NI) titres can be determined by
the Enzyme Linked Lectin Assay (ELLA)?’2 which is suitable for measuring antibody titres
in human sera?’® and antigenic characterization of wild type viruses3°2. These data can
be further analysed using antigenic cartography, which is a method for visualizing large
amounts of serologic data. The method has been used to visualize HI data!?” thereby
aiding in candidate vaccine virus selection3%. Furthermore, antigenic cartography was
used with NI titres against a limited number of viruses revealing a discordance in antigenic
evolution between HA and NA®9, in line with previous findings?21%7,

A(H2N?2) viruses were introduced to the human population during the pandemic of
1957 and A(H3N?2) viruses during the pandemic of 1968. A(H2N2) and A(H3N?2) viruses
share the same NA® and both subtypes cocirculated until 197138, after which A(H2N2)
viruses became extinct in the human population. Here we evaluated the antigenic
evolution of N2 from its introduction in humans in 1957 until 2012 using a data set of
299 wild type viruses. For this purpose, we used the ELLA to measure Nl antibody titres
of ferret sera raised against recombinant influenza A H7N2 viruses (A(H7N2)), containing
the NA of A(H3N2) or A(H2N2) viruses. Furthermore, we updated the A(H3N2) HA
antigenic map from 2003 until 2011 in order to compare the antigenic evolution of NA
to HA. The results presented in this study contribute to a better understanding of the
complex antigenic evolution of A(H3N2) viruses and show the importance of including

antigenic screening of NA in vaccine strain selection.

MATERIALS AND METHODS
Viruses
The data set for the HA antigens comprised 273 A(H3N?2) viruses isolated between
1968 and 2003 of which the antigenic properties have previously been described'®’.
The data set was updated with 27 viruses isolated from 2003 up to and including 2011,
resulting in a total of 300 viruses.

The data set for the NA antigens included the same A(H3N2) viruses as for the
HA antigens, excluding five viruses which either could no longer be propagated or were

no longer available at Erasmus MC (data not shown). Two wild-type A(H3N2) viruses,
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Netherlands/178/1995 (NL/95) and Netherlands/622/2012 (NL/12) and two recombinant
A(H2N2) viruses, Netherlands/M1/1957 (NL/57)3°2 and A/Netherlands/B1/1968
(NL/68)3°2, were added to the NA data set, making a total of 299 viruses. The four
additional viruses were added for the generation of NA-specific ferret antisera. NL/95
is a representative for the WU95-like viruses in the antigenic map of HA, NL/12 is a
more recent A(H3N2) virus, and NL/57 and NL/68 viruses represent A(H2N2) viruses
circulating before and at the time of the A(H3N2) pandemic.

All viruses were propagated as described previously3°2. The full list of viruses and

accession numbers are available from the authors upon request.

Generation of ferret antisera
Recombinant A(H7N2) viruses were generated to raise NA-specific ferret antisera
because the H7 virus was previously shown to replicate well in mammals and the
H7 HA was confirmed to lack cross-reactivity with H3 HA. First, the NA gene
segments of A(H3N2) viruses A/Bilthoven/93/1970 (BI/70); A/Bilthoven/2271/1976
(BI/76T); A/Netherlands/620/1989 (NL/89); A/Netherlands/179/1993
(NL/93);  A/Netherlands/301/1999  (NL/99); A/Netherlands/42/2006 (NL/06);
A/Netherlands/69/2007 (NL/07); A/Netherlands/63/2011 (NL/11); and NL/12 were
amplified by reverse transcription polymerase chain reaction and cloned in a modified
version of the bidirectional reverse genetics plasmid pHW20002%%%274 Along with
these plasmids, plasmids carrying the HA gene segment of A/Netherlands/33/03
(H7N7) without the multibasic cleavage site and the internal gene segments of
A/Netherlands/219/03 (H7N7)¥°> were transfected into 293T cells to generate
recombinant A(H7N2) viruses by reverse genetics. These viruses were used for intranasal
inoculation of male ferrets to generate antisera as described previously3°2. Additionally,
the following previously described NA-specific ferret antisera3®? were included in this
study: NL/57; NL/68; A/Bilthoven/16190/1968 (BI/68); A/Bilthoven/21793/1972
(BI/72);  A/Bilthoven/1761/1976  (BI/76); = A/Netherlands/233/1982  (NL/82);
A/Netherlands/823/1992  (NL/92); NL/95; A/Netherlands/213/2003 (NL/03);
A/Netherlands/69/2009 (NL/09), resulting in a panel of 19 NA-specific ferret antisera.
For the antigenic characterization of HA by Hl assays, antisera were generated by
intranasal inoculation of ferrets with 500 pl of wild type A(H3N2) viruses. Antisera were
collected 14 days after inoculation. Details of antisera used in this study are available

from the authors upon request.
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The independent animal experimentation ethical review committee “Stichting DEC
Consult” approved all animal protocols, and experiments were performed in compliance
with Dutch and European guidelines for animal experimentation. Animal welfare was
monitored everyday animal handling was performed under light anaesthesia (ketamine)

to minimize discomfort.

ELLA and NI ELLA

Prior to testing A(H2N2) and A(H3N2) viruses in NI ELLA3?, viruses were titrated
using the ELLA to determine the dilution that resulted in NA activity within the linear
trajectory of the titration curve. Once the optimal dilution was determined, the NI ELLA
was performed as described previously3??. In short, ferret antisera were pre-treated
with Burnet’s receptor destroying enzyme (RDE) overnight at 37 °C, followed by heat
inactivation at 56 °C for 8 h. Two-fold serial dilutions of RDE-treated ferret antisera (in
50 pl), starting at a 1:20 dilution, were incubated in duplicate fetuin-coated plates with
an equal volume (50 pl) of the selected virus in the appropriate dilution, and incubated
for 16-18 h at 37 °C. Next, the plates were washed and peroxidase-conjugated peanut
agglutinin lectin (PNA-HRPO) was added (100 pl) at room temperature for 2 h. After
the final wash step, substrate was added to the plate (100 ul) and the reaction was
stopped after 10 min by the addition of 0.5M H,SO, (100 pl). The plates were then read
at 490 nm. The reciprocal of the last serum dilution able to block at least 50 % of the NA
activity was recorded as the NI titre.

HI assay

HI titres were determined using standard procedures3®. In brief, ferret antisera were
pre-treated overnight with RDE at 37 °C followed by a 1 h heat inactivation at 56 °C.
RDE-treated ferret antisera were serially diluted in round-bottom microtiter plates
(Greiner Bio-One) and incubated with 4 HA units of each virus at 37 °C for 30 min.
Hereafter, 1 % turkey red blood cells (RBC) were added for viruses isolated before
2011, and 1 % human O erythrocytes were added for more recent strains since they do
not agglutinate turkey RBC well. For the human O erythrocytes, 20nM oseltamivir was
added to prevent NA-mediated agglutination. The mixture was incubated for 1 h at 4
°C. The HI titre was recorded as the reciprocal of the last serum dilution able to block

erythrocyte agglutination.
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Antigenic and genetic map construction
The 50 % end-point NI titres were mapped using antigenic cartography, as described
previously?”15%, Modified multidimensional scaling (MDS) methods were used to
arrange points representing antigens and antisera in (typically) a two-dimensional (2D)
space to best satisfy the target distances specified by the NI data. The result is a map
in which the distance between the points represents antigenic distance as measured by
the NI assay. The distances between antigens and antisera are inversely related to the
base 2 logarithm of their NI titre. The spacing between grid lines is 1 unit of antigenic
distance, or “antigenic unit”, corresponding to a 2-fold difference in the NI assay. Two
antigenic units correspond to 4-fold dilution, three antigenic units to 8-fold dilution, and
so on. Because antisera are typically tested against multiple antigens and vice versa,
many measurements are used to determine the position of the antigen and antiserum
in an antigenic map. These multiple measurements improve the resolution of the raw
assay data. A Common Lisp implementation of Antigenic Cartography, developed at
the Centre for Pathogen Evolution at the University of Cambridge, is available at https:/
github.com/acorg/lispmds.

The 2004 antigenic map of HA was updated using 28 A(H3N2) viruses, and

23 strain-specific ferret antisera generated with wild type A(H3N2) viruses, isolated
between 2003 and 2011. The new HI tables were merged with previous Hl tables, and
analysed using antigenic cartography as described previously®’.

Amino acid sequences of all 299 NAs were aligned to calculate a distance matrix,
based on the number of amino acid substitutions between all pairs of strains, to produce
a ‘genetic map’, as described previously!?”1%. The genetic map was created using the
same method as used for the antigenic maps, except that the amount of amino acids
substitutions between the amino acid sequences of the antigen were used as target

distances.

Phylogeny

Maximum likelihood (ML) phylogenetic trees were inferred from amino acid sequences
alignments using the PhyML package, version 3.0’ performing a full heuristic
search and the best of nearest-neighbour interchange and subtree pruning and
regrafting searches!®®3%, The NA and HA ML trees were inferred under the ‘Human
Immunodeficiency Virus Within’ model of protein evolution with the proportion of

invariant sites, the gamma distribution of among-site rate variation with four categories
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and equilibrium amino acid frequencies (HIVw+I+r4+F) and HIVw+I+l4, respectively, as
determined with ProtTest!®.

The amino acid HAO sequence alignment contained 297 sequences. Of the 300
viruses used in the antigenic map, five HAO sequences were not available (data not
shown) and two additional HAO sequences were included (NL/95 and NL/12).

Clustering the antigenic map of NA

Three methods, as implemented in scikit-learn3°¢, were used to assess clustering of
antigens in the A(H3N2) virus NA antigenic map. These were a) k-means using Lloyd’s
algorithm3%” with k-means++ initial centroid seeding®®®, and k ranging from 3 to 13,
using the best of 30 initializations, b) Density-based spatial clustering of applications
with noise (DBSCAN)3%° with the minimum distance variable taking on values from 0.1
to 0.9 with a step size of 0.1, and the minimum samples variable taking values from 2
to 5, and c¢) Affinity Propagation3® with the damping factor variable set to 0.5, 0.6, 0.7,
0.8, and 0.9. The resulting clusters were evaluated using six metrics: Homogeneity3'!,
Completeness®'?, V-measure®!!, Adjusted Rand Index*'? (ARI), Adjusted Mutual
Information3*® (AMI), and Silhouette Coefficient (SC)3*4. The closer each of these metrics
is to 1, the better the clustering. The k-means algorithm with a k value of 6 scored
best on all of these metrics (data not shown), and was selected for clustering of the
antigenic map of NA. The stability of k = 6 k-means clustering with thirty initializations
was evaluated using ARI and AMI. For this purpose, results from twenty separate
clusterings were pairwise compared. ARI values for all pairs were in the range of 0.99
to 1.0 and AMI values were all in the range 0.96 to 1.0, indicating that the clustering on

this data set is stable.

Antigenic and amino acid distances

For each antigenic HA or NA cluster, the centroid (the mean position of all the points
in each cluster) was determined. Antigenic distances were measured through cluster
centroids between the strain of interest and BI/68 as described previously!?’. In brief,
using strain X as the strain of interest, inter-centroid distances (using BI/68 as the first
centroid) are summed until the cluster before the one containing strain X is reached.
Then the distance from the centroid of the preceding cluster to strain X is added,
resulting in the antigenic distance between BI/68 and strain X. Antigenic distances of
each strain to BI/68 were plotted against their designated isolation dates. The slope

of the linear trendline was used to determine the relative antigenic unit change per
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year (antigenic units/year), where antigenic unit refers to a two-fold difference in the
respective assay dilution.

The amino acid distance between the strain of interest and BI/68, in amino acid
substitutions per site, was extracted from the ML phylogenetic tree and plotted as a
function of time. The slope of the linear trendline was used to determine the number of
amino acid substitutions per site, per year (aa subs/site/yr).

Genome positions that were associated with cluster transitions were identified
using the NA amino acid alignments. For the two clusters involved in each cluster transition
and for each genome position, the frequency of each amino acid was determined across
all strains.

Amino acid positions were plotted on the tetrameric NA structure using PyMOL
(Version 2.0.3 Schrodinger, LLC) on subtype N2 (PDB code 2BAT!5).

RESULTS

Antigenic maps of HA and NA

Previously, the antigenic evolution of 273 wild-type A(H3N2) viruses from 1968 to
2003 was characterized using HI assays and antigenic cartography!?’. This antigenic
map was updated here until 2011 with HI data for 28 A(H3N2) viruses tested against
23 strain-specific ferret antisera. The antigenic map was generated upon merging the
old and new HI tables. As compared with the published antigenic map with viruses
from 1968 to 2003 that consisted of eleven antigenic clusters, the updated map
showed two additional antigenic clusters, CAO04 and PE09, named after the vaccine
strains ‘A/California/7/2004’ and ‘A/Perth/16/2009’ respectively (Figure 1b). The
CAOQ4 cluster circulated from 2004 until 2009 and included three vaccine strains,
A/California/7/2004, A/Wisconsin/67/2005 and A/Brisbane/10/2007, while the PEO9
cluster circulated from 2009 until 2011.

Using the same data set of wild-type A(H3N2) viruses, we determined the
antigenic properties of NA of A(H3N2) viruses from 1968 until 2012 and also included
two NAs from the previously circulating A(H2N2) viruses. NI assays were performed with
ferret antisera raised against recombinant A(H7N2) viruses with the NA of A(H2N2) or
A(H3N2) viruses in an H7 virus backbone. Twelve virus isolates were removed from the
data set; ten because of nonspecific reactions with naive ferret sera after pre-treatment
with RDE and two because they contained multiple viruses. The resulting data set
consisted of 287 virus isolates that were tested against at least seven of the nineteen

post-infection ferret antisera, resulting in a table with 4572 individual NI measurements.
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An excerpt of the NI table (Table 1) shows that viruses were recognised by antisera
mostly in a time-dependent manner, with high titres between homologous antigens and
low titres between early antisera and late antigens and vice versa, demonstrating clear
antigenic evolution over time.

To facilitate quantitation and visualization of the antigenic evolution of NA,
antigenic maps were generated based on the merged NI tables (Figure 1a). First, the
number of dimensions that most accurately represented the antigenic relationships in
an antigenic map was determined by generating maps in 1, 2, 3, 4, and 5 dimensions.
To compare the accuracy of these antigenic maps, 10 %, 20 %, or 30 % of the NI
measurements were left out of the table and antigenic maps were constructed with
tables excluding these measurements, after which the missing NI titres were predicted
(see Table S1 in the supplemental material). The average prediction error, the average
standard error, as well as the average correlation between predicted and measured values
improved substantially in 2D compared to 1D but only improved marginally from 2D to
higher dimensions, indicating that the data were best represented in 2D (see Table S1 and
Figure S2 in the supplemental material). Moreover, for the 2D antigenic map of NA, there
was a good correlation of “antigenic distance” as specified by NI titres in the tables and
the antigenic distance between the same antisera and antigen pairs as determined from
their map locations (see Figure S1 in the supplemental material) (R? = 0.81), providing
further confidence that the 2D antigenic map represented the NI data well.

A curve can be seen in the antigenic map of NA after the circulation of the
BK79-like viruses. To test whether the curved nature of the trajectory of antigens in the
NA map is correct, maps were generated with subsets of the NI data, including various
random and time-dependent subsets, resulting in a consistent curvature of the map.
Moreover, as noted above, individual NI titres were represented well by the corresponding
serum-to-antigen distances in the map, indicating that the curvature is reflecting the NI
data.

Comparison of antigenic HA clusters to the antigenic map of NA

To compare the antigenic map of NA to that of HA, the viruses in both maps were
colour coded based on the antigenic clusters as defined by the HA map!?’. Side-by-side
comparison (Figure 1la and 1b) revealed differences in the distribution and clustering
of antigens. Although the antigenic map of NA appears relatively small compared to
that of HA, the scales of the two maps represent antigenic distance as measured in

two different assays and hence cannot be compared directly. The trajectory of antigenic
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Figure 1 | Antigenic evolution of NA and HA of A(H3N2) viruses circulating between 1968 and
2011. a | Antigenic map made from neuraminidase inhibition (NI) titres inferred with 287 antigens,
shown as coloured circles, and 19 antisera, depicted as uncoloured open squares. The colour coding
of viruses is based on the antigenic clusters in the HA map'®” and is consistent between the two
maps (see the legend to panel b). Uncoloured open circles display antigens that are not presentin
the HA antigenic map. Both vertical and horizontal axes represent antigenic distance. The spacing
between grid lines is one antigenic unit distance, corresponding to a 2-fold difference in the NI assay.
b | Same as panel a, but using haemagglutination inhibition (HI) titres generated with 300 antigens

and 103 antisera. The arrows depict the temporal pattern of antigenic evolution for both panels.

evolution of NA curved after the circulation of the BK79-like viruses, similar to the
first curvature seen in the HA map after the consecutive emergence of HK68, EN72,
VI75, TX77, and BK79-like viruses. However, in the NA map, the antigenic evolution
subsequently followed a fairly straight trajectory, in contrast to the HA map which
shows two curves around the circulation of the BE92-like viruses and the SY97-like
viruses. Overall, clustering of viruses in the NA antigenic map was less distinct than
clustering in the HA antigenic map. In addition, spacing between NA “clusters” was
variable, with a relatively large gap between the HK68-like viruses and EN72/VI175-like
viruses but less obvious gaps for later strains. The antigenic evolution of NA and HA
was clearly asynchronous over the investigated timespan of 56 years, as evidenced
from e.g., the relatively high antigenic diversity of NA within the group of HK68-like
viruses, the similar antigenic properties of NA of EN72 and VI75-like viruses that have

antigenically distinct HAs, the relatively low antigenic diversity of NA among viruses of
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the SI187, BE89, and BE92 HA clusters, and the relatively gradual pattern of antigenic

evolution of viruses that emerged after the BE92 cluster.

Clustering in the antigenic map of NA
Visual comparison of the HA and NA antigenic maps showed that the antigens in the
antigenic map of NA formed clusters much less pronounced and clear than those in the
HA map, yet some clustering of the strains was still observed. This clustering of viruses
in the NA map was evaluated independent of the antigenic HA clusters using various
clustering algorithms, of which a k-means algorithm with a minimum of 6 clusters was
chosen as the most simple and representative clustering (Figure 2a). The 6 clusters were
named after the earliest vaccine strain of the cluster that had not already been used
to name an HA antigenic map cluster; A/Netherlands/M1/1957 (H2N2 virus, NL57),
A/Port Chalmers/1/1973 (PC73), A/Philippines/2/1982 (PH82), A/Guizhou/54/1989
(GU89), A/Nanchang/933/1995 (NA95), and A/New York/55/2004 (NY04). Figure
2D shows the time span of the circulating viruses within each antigenic NA cluster.
Circulation of viruses with an NL57-like NA spanned 15 years (1957 through 1971) and
this was the only cluster with A(H2N2) viruses; viruses with a PC73-like NA circulated
between 1970 and 1982, spanning 13 years; the PH82 NA cluster spanned 17 years
with viruses isolated between 1977 and 1993; circulation of viruses with a GU89-like
NA spanned 11 years, from 1986 to 1996; viruses with the NA95-like NA circulated
from 1988 to 2004, spanning 17 years; the final NA cluster, NYO4, contained viruses
circulating from 2004 to 2012, spanning 9 years. The smallest antigenic NA cluster is
the NL57 NA cluster that contains nine viruses and the largest is the GU89 NA cluster
with 136 viruses, but it is worth noticing that the virus data set included here was
biased, based on a representative HA data set and the cluster size here may have little
(if any) epidemiological relevance.

The antigenic distance from the first (NL57) cluster in the antigenic map of NA
to the last (NY04) cluster when measuring through consecutive cluster centroids is 24.2
antigenic units. The average antigenic distance between the cluster centroids of the six
consecutive clusters is 4.8 (SD 0.6) antigenic units (data not shown). Comparing the time
span of the circulating viruses within each cluster of NA to that of HA (Figure 2d), for
most antigenic NA clusters the year of appearance or the end of a cluster is discordant
with that of the HA clusters, and in all cases the antigenic NA clusters span multiple

antigenic HA clusters.
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Figure 2 | Antigenic and genetic maps of NA of influenza A (H2N2) and (H3N2) viruses from 1957
to 2012. a | The antigenic map from Figure 1a was colour coded based on the antigenic clusters
defined in the NA map. Clusters were identified by a k-means clustering algorithm and named
after the first vaccine strain in the cluster that has not already been used to name a HA antigenic
map cluster; two letters refer to the location of isolation (Netherlands, Port Chalmers, Philippines,
Guangdong, Nanchang, and New York) and two digits refer to year of isolation. The coloured shapes
represent the viruses, the uncoloured open shapes depict the antisera. The periphery of each shape
indicates a 0.5-unit increase in the total error; thus, size and shape represent a confidence area in
the placement of the antigen or antiserum. Shading illustrates the rate of error increase for each
virus, from black (no error) to the base colour of the antigenic NA cluster (0.5 error) at the periphery.
The spacing between grid lines is 1 antigenic unit distance, corresponding to a 2-fold difference
in the NI assay. b | Genetic map of NA amino acid sequences. Uncoloured open circles represent
viruses that were not present in the NA antigenic map. The vertical and horizontal axes represent
genetic distance, in this case the number of amino acid substitutions between antigens; the spacing
between grid lines is 5 amino acid substitutions. The orientation of the map was chosen to match
the orientation of the antigenic map in panel a. c | For each virus in panel a, an arrow points to its
corresponding position in panel b. The spacing between grid lines is 1 antigenic unit distance,
corresponding to a 2-fold difference in the NI assay. d | Timespan of circulating viruses within each
antigenic NA cluster. The area of the circles represents the number of antigens per year found in
each antigenic NA cluster. All panels are colour coded according to the antigenic clusters of panel
a. Dashed lines show the year of the first sampled isolate of each antigenic HA cluster. Arrows
show the time span from the first sampled isolate until the last sampled isolate of the data set for
each antigenic HA cluster. Colour coding of the dashed lines and arrows was done according to the

antigenic HA clusters (see the legend to Figure 1).

Comparison of the genetic and antigenic evolution of NA and HA

To compare the antigenic evolution to the genetic evolution of NA, a genetic map was
generated using a distance matrix representing the number of amino acid differences
between all pairs of NA sequences. The strains in the genetic map were colour coded
based on the antigenic map of NA (Figure 2b). To facilitate side-by-side comparison of
the antigenic and genetic maps, an antigenic map was generated in which arrows point
from all NA positions towards the relative coordinates of the viruses in the genetic map
(Figure 2c). Although there is general correspondence between the relative positions of
NA clusters in the genetic and antigenic maps, the curvature of the maps is different.
Antigens from the same cluster in the antigenic map of NA generally group together in

the genetic map. In agreement with the antigenic map of NA, antigens belonging to the
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first (NL57) and the last (NY04) NA clusters seem more separated from the other NA
clusters in the genetic map of NA.

From the antigenic maps of NA and HA, the antigenic distances between strains
were extracted to analyse the rate of antigenic evolution. First, the total antigenic distance
of each NA and HA from BI/68 was calculated from the antigenic maps of Figure 1. These
distances were measured through the prior cluster centroids, to deal with the curved
nature of the antigenic map and the antigenic distances were then plotted as a function
of time (Figure 3a). Based on data from the Hl assay and NI ELLA, HA evolved at a rate of
1.37 antigenic units/year while NA evolved at a rate of 0.56 antigenic units/year. As the
scales of the two maps represent antigenic distance as measured in two different assays
and cannot be compared directly, this comparison is primarily relevant to observe the
relative rates of change over time. To this end, the antigenic distances of HA and NA from
BI1/68 to all other strains were plotted against each other to directly compare the patterns
of antigenic evolution (Figure 3b). This comparison clearly showed the discordance of
relative change in antigenic distance for NA and HA; when NA evolved, HA frequently
did not, and vice versa. For example, this can be seen in the antigenic change for NA in
the first (NL57) cluster with no antigenic change for HA, followed by antigenic changes
in HA that are not matched by changes in NA for the PC73-like strains.

To determine the genetic rate of evolution for NA and HA, phylogenetic trees,
inferred from the amino acid sequence alignments of NA and HA using ML algorithms,
were used to extract the genetic distances calculated from BI/68 to all other strains
and plotted as a function of time (Figure 3c). HA evolved at a slightly higher rate than
NA; 11x10- aa subs/site/yr for HA and 9.3x10-® aa subs/site/yr for NA, as reported
previously3°®. The genetic distances of HA and NA were compared by plotting the
phylogenetic tree distances from the root (BI/68) for each virus (Figure 3d). Contrary to the
antigenic evolution (Figure 3b), the genetic evolution (Figure 3d) revealed a more gradual
and continuous evolution of HA and NA, with the single exception of the NL57-PC73
cluster transition where NA had a fast rate of amino acid substitution compared to HA,

that was reversed towards the end of this cluster transition.

Amino acids that differ between the antigenic NA clusters

The NA amino acid sequence alignment was used to compare sequences between
antigenic clusters of NA to detect cluster-specific amino acid substitutions and to
investigate substitutions at positions that are known to affect NA functionality and

antigenic properties.
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Figure 3 | Rates of antigenic and genetic evolution of NA and HA of A(H3N2) viruses circulating
between 1968 and 2011*. a | The antigenic distance of NA and HA calculated from the antigenic
maps (Figure 1) from BI/68 to all other strains through cluster centroids. These antigenic distances
were plotted as a function of time (years). The solid linear line is the best linear fit to the data. NA
is depicted as coloured circles and HA is shown as coloured squares. b | Comparison of antigenic
evolution of HA (y-axis) and NA (X-axis). The arrow depicts the direction and flow of antigenic
evolution. c | Same as panel a, but with genetic distances calculated from the phylogenetic maximum
likelihood (ML) tree. For all A(H3N2) viruses, the amino acid distance of NA or HA to BI/68 was
calculated from the ML tree and plotted as a function of time. d | Same as panel b, but with genetic
distances calculated from the phylogenetic ML tree. Colour coding of viruses is based on the
antigenic clusters of NA (see Figure 1a) and is consistent between all panels (see the legend to

panel b).

*Antigenic evolution was plotted for viruses isolated between 1968 and 2011, genetic distances

were plotted for viruses isolated between 1968 and 2012.
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By comparing amino acid sequence alignments between clusters, NA gene
positions, or cluster-difference substitutions, associated with significant antigenic
change across cluster transitions were identified. When the frequency of an amino acid
changed by at least 80 % across a cluster transition, the substitution and the location
were recorded in Table 2. Three residues were located in the transmembrane domain and
seven sites were found in the stalk region, but most cluster-difference substitutions were
located in the globular head of NA. Of these amino acid positions, 199, 307, 344, 369,
and 431 were associated with two or more cluster transitions. Several of the substitutions
at these positions later reverted. For example, position 199 changed from lysine (K) to
a Glutamic acid (E) during the PH82-GU89 cluster transition and reverted to a K during
the NA95-NYO04 cluster transition. Similarly, residue 431 changed from a K to an E during
the NL57-PC73 cluster transition and reverted during the PH82-GU89 cluster transition.
It is feasible that such reversions of amino acid changes in the NA protein, that could
potentially result in one or more epitopes that are shared by early and late strains but not
intermediate strains, contributed to the curvature in the antigenic map of NA.

Residues that involved cluster-difference substitutions were plotted on the
NA globular head structure (Figure 4). Two cluster-difference substitutions—153 and
370—were within 3 A of an atom in the catalytic site, while four cluster-difference
substitutions—155, 197, 199 and 221—were within 3 A of an atom of the framework site.

Table 2 | NA cluster-difference substitutions*.

Position® Location® SE¢ AGY PSe Cluster-difference substitutions
(% of strains)

NL57- PC73- PH82- GU89- NA95-
PC73 PH82 GU89 NA95 NY04

18 ™ g%%)
20 ™ :/299I5)

23 ™ I(_:8FO)
30 Stalk ?/298|0)
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Table 2 | NA cluster-difference substitutions*.

Position® Location® SE¢ AGY PSe Cluster-difference substitutions
(% of strains)

NL57- PC73- PH82- GU89- NA95-
PC73 PH82 GU89 NA95 NY04

42 Stalk E;%SFO)
43 Stalk t (D:S%)

46 Stalk ++ (A:SFC’))

47 Stalk (5:8'\(‘))

69 Stalk + ZZB)

81 Stalk ?/:8'-0)

93 Head P :3:8'8)

143 Head + (R298\6)
153 Head T I(:gs)

155 Head + '(‘;ZYO)

197 Head + o+ l(:;ZYS)

B fed o B =20 = 90)
216 Head + o+ 23298\(/))
221 Head + o+ '{:50)
248 Head + o ;3:8%)
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Table 2 | NA cluster-difference substitutions*.

Position® Location® SE¢ AGY PSe Cluster-difference substitutions
(% of strains)

NL57- PC73- PH82- GU89- NA95-
PC73 PH82 GU89 NA95 NY04

253 Head  + +  + (R:Q';)

307 Head  + ?298\(;) ?/:8' .
308 Head  + -+ (E:8KO)

313 Head  + (D:S\(/))

329 Head  + + (DZZ';‘)

331 Head  + + (?850)

336 Head  + + ;\':92)

338 Head  + +(C) ++ (R:9LO)
344 Head  + + (R:S'é) (K:8EO)
346 Head  + + (5:9%)
356 Head  + ;\':8[()))

358 Head  + + (D:S';‘)

368 Head  + + '(<:9E5)

369 Head  + + (D:SE)) (E:S'B)
370 Head () ++ (L:850)
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Table 2 | NA cluster-difference substitutions*.

Position® Location® SE¢ AGY PSe Cluster-difference substitutions
(% of strains)

NL57- PC73- PH82- GU89- NA95-
PC73 PH82 GU89 NA95 NY04

385 Head + '38'\('))
390 Head + (S:9L5)

431 Head + o+ |(<:8EO) (E:8K0)

432 Head  + + ?:8%)
435 Head (R2_>8?0)

463 Head  + ;\':8[()))

466 Head  + (F:BLO)

*Residues in italics are within 3 A of an atom in the catalytic site, residues underlined are within 3 A of an atom
in the framework site.

bLocation according to Air, 2012342, TM, Transmembrane domain.

°SE, surface exposed residue. Exposed residues at 2.5 A cutoff on PDB ID: 2BAT (note that 2BAT starts at
residue 82).

9AG, antigenic residues documented in literature in different NA subtypes. These subtypes include N1159.325326
N2123.134.136,150.182,183,316,320 N 8317 NQ114.135318.319.343.344 - Antigenic sites found by Air et al. 198534 are indicated
between parentheses. Numbering is based on amino acid sequence of N2.

¢PS, positive selected sites documented in previous studies using the same data set; +3°° or ++198:30°

*Cluster transition amino acid frequency changes of at least 80 %, restricted to sites where the number of strains
involved in the frequency change was at least 4. A question mark indicates more than one amino acid at a location,
none of which increased or decreased by at least 80 %.
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a b NL57-PC73 c PC73-PH82

Figure 4 | NA cluster-difference substitutions depicted on the NA globular head. a | The four NA
monomers are indicated in white, light grey, dark grey, and black. Sialic acid, shown in red, is docked
into the active site, shown in yellow, surrounded by the framework site, shown in orange. All sites
located in the globular head found to differ between antigenic NA clusters and are shown on the
zoomed-in images: NL57-PC73, cyan (b); PC73-PH82, dark blue (c); PH82-GU89, magenta (d);
GUB89-NA95, green (e); NA95-NY04, purple (f). PyMOL images are shown for subtype N2 (PDB
code 2BAT®).

DISCUSSION

In this study, the antigenic evolution of N2 neuraminidase was quantified and visualized
from its introduction into humans during the “Asian influenza” A(H2N2) pandemic in
1957 through the “Hong Kong influenza” A(H3N2) pandemic of 1968 until the epidemic
of 2012. We recorded the NI titres for 287 viruses, determined antigenic distances
using antigenic cartography and visualized these antigenic distances in the resulting
antigenic map. The antigenic evolution of the HA of this virus collection was previously
mapped from the introduction of A(H3N2) viruses in humans in 1968 until 2003107236,
and that antigenic map has here been updated through 2011. Since the same viruses
were used for the generation of the NA and HA antigenic maps, these two maps can

now be compared directly.
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In the updated HA antigenic map, two new antigenic HA clusters, CAO4 and
PEQ9, were observed since 2003 and the updated map thus revealed that the A(H3N2)
virus has continued to evolve in a punctuated manner after 2003. It should be noted
that after 2003, an increasing proportion of circulating human A(H3N?2) viruses lost the
ability to agglutinate turkey red blood cells via the HA protein, and that an increasing
proportion of viruses started to display NA-mediated haemagglutination, thus making
HI assays less straightforward and reliable than before3!>. Therefore, HI assays with
strains from 2003-2011 were performed with human type O erythrocytes in comparison
with turkey red blood cells, and in the presence and absence of Oseltamivir to block
NA-mediated agglutination. For the A(H3N2) strains analysed here until 2011, the impact
of Oseltamivir and the source of red blood cells was minimal, with no substantial effect
on the HA antigenic map, but the map could not be updated easily with strains from
2012 and later because most strains also showed reduced agglutination of human type
O erythrocytes3.

The Nl tables showed that there has been substantial antigenic change of the NA
protein over time, as evidenced by the time-dependent cross-reactivity between antigens
and antisera, with low cross-reactive antibody titres of antisera raised against recent NAs
tested against early viruses, and antisera raised against early NAs tested with the more
recent viruses, in line with previous studies®®3%2. Determining antigenic distances using
antigenic cartography and subsequently visualizing this data in the resulting antigenic
map, allows us to provide more detailed insights into the antigenic evolution of NA.
Similar to the antigenic map of HA!%, the antigenic map of NA was represented well in
two dimensions as judged by cross-validation and the correlation between NI titres and
map distances between the same virus-serum pairs (R?= 0.81). The antigenic map of NA
was constructed using specific antisera raised in ferrets against 19 different NA proteins,
which were selected based on the antigenic HA clusters with which they co-evolved and
which were distributed fairly equally along the NA phylogenetic tree (see Figure S3 in
the supplemental material)1983%5, Each antiserum reacted with multiple viruses in the map
and each virus with multiple antisera, resulting in robust well-distributed positioning of
the viruses and antisera in the antigenic map of NA. The removal of specific Nl titres, NA
antigens or antisera or subsets thereof resulted in highly similar NA antigenic maps, and —
importantly — did not affect the overall curvature or clustering in the map (data not shown).

Upon comparing the HA and the NA antigenic maps, it also became clear that
the clustering within the NA map was different from the HA map. A k-means clustering

analysis revealed six antigenic NA clusters compared to the thirteen antigenic clusters
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determined for HA. The NA clusters are less well separated visually but the antigenic
distances between consecutive cluster centroids were relatively similar (minimum 4.3
antigenic units, maximum 5.5 antigenic units) to those of HA'%. The k-means clustering
algorithm and n = 6 clusters performed better than other clustering algorithms and
cluster sizes, but was based initially on fairly arbitrary statistical scoring (data not
shown). However, the choice for this algorithm and cluster size was substantiated by the
observation that clustering in the genetic map was largely consistent with the clustering in
the antigenic map (Figure 2c), and correspondence of individual amino acid substitutions
in several key positions of NA with antigenic cluster transitions.

Viruses with an NL57-like NA represented the first antigenic NA cluster, comprising
the two A(H2N2) and the earliest A(H3N2) viruses. The majority of viruses within the
NL57 antigenic NA cluster were within 2 antigenic units’ proximity to the earliest (1957)
A(H2N2) virus and all viruses of this cluster were within 2 antigenic units from the latest
(1968) A(H2N2) virus. Thus, the 1957 and 1968 A(H2N2) viruses were antigenically
similar to the early A(H3N2) viruses that circulated from 1968 until 1971, in agreement
with previous studies!3”2?4%, The PC73 NA cluster had mostly viruses from EN72, VI75,
and TX77 as well as some viruses belonging to the HK68 and BK79 HA clusters. These
viruses circulated from 1969 until 1982. Some VI75-like viruses were found to have a
PHB82-like NA. The PH82 NA clusters included VI75-, BK78-, and SI87-like viruses, as
well as one BE92-like virus, that circulated from 1977 until 1993. The GU89 cluster is
large, including most SI187-, BE89-, and BE92-like strains as well as some BK79- and
WU95-like viruses that circulated from 1986 until 1996. The NA93 NA was present in
BE92-, WU95-, SY97-, and FUO2-like strains, as well as one SI87-like strain, of the HA
map that circulated from 1988 until 2004. The final NA cluster, NY04, contained most of
the CAO04- and PEQ9-like viruses circulating after 2004.

Between 1988 and 1993, there was cocirculation of viruses belonging to three
antigenic NA clusters (PH82, GU89, and NA95) and three antigenic HA clusters (SI187,
BE89, and BE92). During this time, an increase in reassortment events has been noted?°®
indicating that the A(H3N2) viruses diversified by reassortment, yielding viruses with
very diverse antigenic properties in this time period, potentially improving fitness and/or
to evade the host immune responses3°®. On average, antigenic NA clusters continued to
cocirculate longer than the average of 2 years of cocirculation of strains from different
clusters described previously for HA, leading to antigenic diversity!?’, and, presumably

increasing the opportunity for reassortment.
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Upon comparison of the antigenic map of NA to that of HA, a curve around the
time of circulation of the BK79- and PH82-like viruses was seen in both antigenic maps.
However, where the HA antigenic map continued to show changes in “direction” and
evolutionary “dead ends” (the VI75 and BE89 clusters), the NA map revealed antigenic
change in a more or less straight direction from the late PH82-like strains onwards. The
lack of evolutionary “dead ends” in the NA map was in line with the phylogenetic data.
The observed curvature around the time of circulation of the PH82-like viruses could be
due to small but reproducible cross-reactivity of antisera raised against early NAs with
late viruses and vice versa due to reversions of amino acid substitutions in important
antibody epitopes or antigenic sites of NA.

Genome positions that were associated with cluster transitions were identified
using the NA amino acid alignments. When the frequency of an amino acid changed by at
least 80 % across a cluster transition, the substitution and the location were recorded as a
cluster-difference substitution. For NA there were 46 cluster-difference substitutions: 30
residues were surface exposed, 21 were documented as antigenic sites in the literature,
and 7 were found to be positively selected in previous studies'®83%, Five residues (199,
307, 344, 369, and 431) were associated with two cluster transitions. All were surface
exposed and apart from residue 307 they were all documented as antigenic sites in the
literature. Of these five residues, two had substitutions that reverted to their original
amino acid over time. If amino acid substitutions at these positions affect antigenicity, it
is possible that these reversions resulted in sera raised against early NAs recognizing late
NA antigens and vice versa, thereby contributing to the curved shape of the NA antigenic
map. Six of the 46 cluster-difference substitutions—153, 155, 197, 199, 221, and 370—
were within 3 A of an atom in the active site and were all surface exposed. Two of these
six substitutions—199 and 370—were also involved in multiple cluster transitions. In
addition, most of these residues have been indicated as antigenic sites for N2 and also
for other influenza subtypes. Residue 153 and 197 (N2 numbering) were reported to be
an antigenic site in N2136; 199 in N2136.182316 N 8317 gand N914; 221 in N2123134.136.182183 ‘gnd
N9318; and 370 in N2123:134-136 gnd N94.318.319 Fyrthermore, residues 199 and 221 were
all located in a monoclonal antibody epitope3?° and residues 199 and 370 were found
to be positively selected in previous studies!®®3%, These findings indicate an important
role for the described amino acid substitutions in the antigenic evolution of N2. Future
studies using recombinant viruses to accurately assess the effect of these mutations on

the antigenic phenotype are warranted.
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Recombinant influenza viruses with a heterologous HA are commonly used for
NI assayst?2159273 |n the present study, we studied the antigenic evolution of NA in a
unique manner using ferret antisera against recombinant A(H7N2) viruses. In line with
previous findings, we see that the viruses isolated in 1982 and 1987 are quite similar
antigenically for NA in contrast to HA'?? and that the WU95-, SY97- and FUO2-like viruses
cluster together for NA, but that there is relatively more antigenic distance between the
CAO04-like viruses in the antigenic map of NA®®, This highlights that NA serology analysis
performed with wild type viruses and ferret antisera against recombinant A(H7N?2)
viruses is consistent to those that use antisera against wild type viruses and recombinant
influenza viruses with a heterologous HA.

As described in previous studies!??137159 the antigenic evolution of HA and NA
was here found to be discordant. These previous studies focused on few viruses isolated
from 1957-1968'%7, 1977-1986%22, and 1999-2007%%%, whereas the present study consists
of a data set consisting of ~300 viruses spanning 56 years of N2 evolution. We found
that when there was little antigenic change in HA, there was occasionally substantial
antigenic change in NA, and vice versa. This alternation was seen repeatedly during
the circulation of A(H3N2) viruses from 1968 up to and including 2011, and should be
considered for vaccine strain recommendations. Given that this pattern was almost absent
when comparing the genetic evolution of HA and NA, serological assays like the HI and
NI assays remain crucial for vaccine strain selection. The alteration of antigenic changes
of HA and NA and the opposing roles of HA and NA during influenza virus replication
put constraints on influenza virus evolution and the data described here may yield new
insights into the functional balance between HA and NA and how antigenic evolution
affects this balance'’*'’2, Some of the cluster-difference substitutions described above
might be related to maintaining or restoring this balance.

In summary, the antigenic evolution of N2 of A(H2N2) and A(H3NZ2) viruses was
mapped from its introduction 1957 until 2012 and compared to the antigenic evolution
of H3 of A(H3N2) viruses. The antigenic evolution of NA was often discordant with that
of HA. Although HI titres are currently considered to be the most important correlate
of protection for influenza vaccines, it has become increasingly clear that antibodies
against NA can play a substantial role in protection against influenza. The importance
of anti-NA immunity has been demonstrated in humans?!?8130.132,144,251,256,257,300,301,321,
322 micel?5129.131.251.323-335 " chickens®36, and ferrets3373%8, with various studies showing
that immunity against NA correlated with protection from influenza virus infection and

illness!30:300.301.339.340 |mportantly, an association was seen between protection and NI
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titres as measured by the NI ELLA34!, Our study provides further evidence that NA
displays antigenic evolution and should therefore be included in routine influenza strain
surveillance for vaccine recommendations. The data presented in this study can be used
to further map the amino acid substitutions responsible for antigenic changes of NA,

facilitating genetic screening as a predictor for the emergence of antigenic variants.
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SUPPLEMENTAL MATERIAL

Map distance
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Figure S1 | Correlation of antigenic distance for NAs of A(H2N2) and A(H3N2). Correlation
between the antigenic distance determined using NI titres in the NI table (Table distance) and the
antigenic distance determined from the map location (Map distance) for the 2D antigenic map of
NAs of A(H2N2) and A(H3N2) viruses shown in Figures 1a and 2a.
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Figure S2 | NA antigenic map resolution testing by titre prediction. To test the accuracy of the
antigenic map of NA, and to determine the optimum dimension (D) for the NI titres, 10 % of the NI
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measurements were randomly left out of the NI table. This was repeated 25 times and antigenic
maps were subsequently inferred in 1D, 2D, 3D, 4D, and 5D using these 25 tables. The 10 % omitted
titres were then predicted using the distances from the 25 maps. The average observed prediction
error (red line), the average standard deviation prediction error (green line), and the average correla-
tion (blue line) between predicted and measured values (Y-axis) were plotted against the number
of dimensions (X-axis). The grey vertical error bars depict the standard error.

0.01

Figure S3 | Phylogenetic ML tree of NA glycoproteins of human influenza A (H2N2) and (H3N2)
viruses. The phylogenetic ML tree of NA was generated with 299 amino acid sequences. The bar
represents ~1 % of nucleotide substitutions between close relatives. Tree was rooted on A/Neth-
erlands/M1/1957. Names shown in red depict NA proteins of viruses to which specific antisera was
raised in ferrets. The image can be zoomed to show details.
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Table S1 | Dimensionality and stability tests.

Proportion left Number of Average pre-  Average Average cor-

out for predic- dimensions diction error standard error relation (SE)

tion test (SE) (SE)

0.1 1 1.64 (0.11) 2.13 (0.16) 0.63 (0.05)
2 1.10 (0.06) 1.48 (0.10) 0.83 (0.02)
3 1.00 (0.04) 1.28 (0.05) 0.87 (0.01)
4 0.96 (0.04) 1.23(0.08) 0.88 (0.02)
5 0.98 (0.06) 1.23(0.09) 0.87 (0.02)

0.2 1 1.63 (0.08) 2.16 (0.12) 0.64 (0.05)
2 1.12 (0.04) 1.51 (0.07) 0.83 (0.01)
3 1.03 (0.04) 1.37 (0.06) 0.86 (0.01)
4 1.02 (0.03) 1.30 (0.07) 0.86 (0.02)
5 0.99 (0.04) 1.25 (0.05) 0.87 (0.01)

0.3 1 1.64 (0.08) 2.21 (0.11) 0.64 (0.04)
2 1.18 (0.03) 1.60 (0.06) 0.81 (0.01)
3 1.10 (0.03) 1.46 (0.05) 0.84 (0.01)
4 1.06 (0.04) 1.41 (0.07) 0.84 (0.02)
5 1.06 (0.05) 1.39(0.08) 0.84 (0.02)

162


Kim Westgeest
Embargo20


Mapping the Antigenic Evolution of the N2 Neuraminidase of Human Influenza A Viruses from 1957
to 2012

163


Kim Westgeest
Embargo20





CHAPTER 8

Summarizing discussion




Chapter 8

SUMMARIZING DISCUSSION

Influenza viruses are a significant cause of morbidity and mortality, with around three
to five million cases of severe illness worldwide and around 290,000 to 650,000
deaths annually32. Influenza A H3N2 (A(H3N2)) and A HIN1pdmO09 (A(H1N1)pdmO09)
viruses currently cocirculate with two lineages of influenza B virus (IBV) and cause
seasonal epidemics. Of these, A(H3N2) virus causes the most severe disease!®®:345-347
and have the highest rate of antigenic evolution348. New antigenic clusters of A(H3N2)
viruses appear on average every 3.3 years!?, enabling the virus to escape from herd
immunity. To date, vaccination is still the most effective way to prevent influenza.
Vaccine effectiveness (VE) is dependent on how well the vaccine strains match the
circulating influenza strains, and estimates between 2004 and 2015 were lowest for
A(H3N?2) viruses; 33 % for matched viruses and 23 % for variant viruses**°. A more
accurate vaccine strain selection or prediction may increase the VE, but there is still
much uncertainty about the underlying mechanisms that govern antigenic drift and
drive the evolution of seasonal influenza viruses. However, significant progress has
been made in recent years. Below, this progress will be discussed in the context of the

work presented in this thesis.

Genetic analysis of A(H3N2) viruses
Genetic changes in the neuraminidase gene of influenza A(H3N2) viruses from 1968 to
2009 and its correspondence to haemagglutinin evolution

The second major surface glycoprotein, neuraminidase (NA), uses its
receptor-destroying activity to cleave terminal sialic acid from glycans on the host cell
surface, thereby allowing the release of newly formed virus particles®®-%°. An association
between the level of NA activity and the release of viral particles into the air has been
reported3®° suggesting a link between NA activity and transmissibility3°%3%, This is likely
related to the ability of NA to prevent aggregation of virus particles, since single particles
are more easily transmitted via aerosols. It is well known that haemagglutinin (HA) is
needed for viral entry, and NA for viral exit, but some evidence shows that NA might
play a role in viral entry as well3%2, Recent studies demonstrated that NA also facilitates
virus movement through mucus to allow the virus to reach their host cells3>33%4, and that
influenza A virus (IAV) movement across the host cell surface was coordinated by both HA
and NA3%5. These new findings highlight the importance of studying the evolution of NA.

In chapter 2, we studied the evolution of N2 between 1968 and 2009. Rates of

nucleotide substitution were high and estimated to be 3.15x1073 nucleotide substitutions
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per site per year (nt subs/site/yr). Other studies found slightly higher rates which might
be attributed to the smaller timespan of the study data sets compared to ours3°¢3’. Rates
of nucleotide substitution of N2 are generally higher compared to the NA of IBV357-359,
which is expected since IBV exhibits lower rates of antigenic change?®®, possibly due
to IBV having a less error-prone viral RNA-dependent RNA polymerase (RARP)3¢°,
lower immunogenicity®¢?, lower receptor binding avidity for sialic acid3*®:362, or fewer
opportunities for the virus to evolve due to the smaller and less frequent epidemics3®. In
contrast to IBV, rates of N2 are often lower compared to the N1 of 2009 H1IN1 pandemic
(A(HIN1)pdmO09) viruses357:364365 'which might be due to the relaxed selective constraints
directly following zoonotic transmission at the time of the 2009 HIN1 pandemic
emergence3%®,

The degree of natural selection acting on NA was estimated by looking at the
mean number of amino acid-changing (non-synonymous or d, ) and silent (synonymous
or d.) substitutions per site (d,/d, ratio). The NA gene was under strong selection (d,/d
= 0.249) indicating that there was an excess of nonsynonymous mutations that are
eventually removed from the population by purifying selection. This is consistent with
what others have recently found?35¢.357.366.3¢7_ Similar d, /d, values have recently been
reported for the NA of A(HIN1)pdmO09 viruses and IBV3%7:358:365 syggesting that there
was no difference in selection pressures on NA between contemporary seasonal viruses.

Early crystallographic studies of NA showed that antigenic regions surround the
enzyme’s highly conserved active site!3>136, Antigenic sites A, B, and C*34 have been
shown to be highly variable, most likely due to antigenic evolution'??-124, To date, limited
knowledge of the antigenic sites and epitopes that might be targeted by the immune
system is availablel12134:320.325.368-370 Qne way to investigate possible mutations that
mediate escape from neutralizing antibodies is by looking at positive selection. We found
a total of sixteen codons that were positively selected, of which most were located in
the head region. Only six of these sites—199, 328, 334, 338, 367, and 370—are within
known antigenic sites of NA!3* of which two—199 and 338—were recently found
critical in an influenza A HON2 (A(H9N2)) virus NA for the binding of mouse monoclonal
antibodies (MAbs)316,

In 2004, Smith et al. studied the antigenic and genetic evolution of HA of human
A(H3N2) virus from its introduction in humans in 1968 until 2003 revealing a punctuated
pattern of eleven clusters each containing viruses that are antigenically similar?’. The
eleven antigenic clusters were named after the first vaccine strain in the cluster; Hong
Kong 1968 (HK68), England 1972 (EN72), Victoria 1975 (VI75), Texas 1977 (TX77),
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Bangkok 1979 (BK79), Sichuan 1987 (S187), Beijing 1989 (BE89), Beijing 1992 (BE92),
Wuhan 1995 (WU95), Sydney 1997 (SY97), and Fujian 2002 (FUO2). In chapter 2 we
updated this data set with sequences until 2009 and compared the genetic changes to
those of NA. The genetic distances between clades in the ML trees and in the genetic
maps for NA and HA1 were often discordant, suggesting an asynchronous evolution of
the two genes. Although variants on the trunk were the ancestors of all variants in future
years, the HA1 phylogeny did have some variants that clustered away from the trunk in
an evolutionary dead-end clade, most notably for viruses within the VI75 and the BE89
clusters. Compared to HA1, such dead-end clades were less obvious in the NA tree and
in the genetic map of NA.

Reassortment of gene segments of |AVs facilitates genetic diversification, and has
contributed to the emergence of novel seasonal and pandemic influenza strains39169371,
Using phylogenetic methods such as tanglegrams and Graph-incompatibility-based
Reassortment Finder (GiRaF), we were able to identify numerous reassortment events.
Overall, our data indicated that, although mostly singular, reassortment events have
occurred throughout the evolution of human influenza A(H3N2) viruses, especially during
the periods of cocirculation of BE92- and WU95-like viruses. Most reassortment events
were within antigenic clusters, rather than between antigenic clusters. Two reassortment
events resulted in viruses that persisted in the human population for a longer period, but
most reassortants did not persist, possibly suggesting that these reassortment events
were neutral or detrimental.

The mean rate of nucleotide substitution for HA1 was higher compared to that of
NA (5.15x1073 vs 3.15x1073 nt subs/site/yr), but lower than what others have found for
HA13°¢, most likely due to a smaller data set compared to ours.

HA1 was under strong selection (d, /d, = 0.362) which is consistent with a study
conducted in 20163%%¢. For HA there was an abundance of negatively-selected sites
and a limited number of positively-selected sites. In silico analyses showed a total of
twenty-one positively-selected residues, mainly found in the antigenic sites of HA1%3.
Koel et al. showed that for HA of A(H3N2) viruses, all mutations that result in antigenic
evolution occur at only seven positions, immediately adjacent to the receptor binding
site (RBS); position 145, 155, 156, 158, 159, 189, and 193236, Koel et al. also detected
two accessory substitutions: 133 and 135. Except for position 158, all positions were
detected through these in silico analyses. It is possible that at least some of the other
positively, or negatively, selected sites that we detected contributed to total viral fitness,

as suggested by others372373,

168



Summarizing discussion

Genomewide analysis of reassortment and evolution of human influenza A(H3N2) viruses
circulating between 1968 and 2011

In chapter 3, we extended the genetic analysis of chapter 2 to the full genome and
studied all eight gene segments and fifteen proteins. The mean rates of nucleotide
substitution of the individual segments varied from 2.07x1073 to 3.99%x103 nt subs/site/
yr, with the highest rates of nucleotide substitution for the major glycoproteins HA
and NA, and the lowest rate for the matrix (M) segment. For A(HLN1)pdmO9 viruses a
similar trend was observed with respect to the M segment evolving at the lowest rate,
and the HA and NA segments showing the highest rate, albeit with slightly higher mean
rates of nucleotide substitution compared to A(H3N2)364365, The HA1 subunit showed
the highest rate of amino acid substitution, whereas the rate for the HA2 subunit was
much lower (14.9x1072 compared to 1.4x10-3 amino acid substitutions per site per year.
This was likely due to the fact that HA1 is the major immunogenic region of HA5253,
Basic polymerase 1-frame 2 (PB1-F2) and NA also displayed high rates of amino acid
substitution. For all other proteins, rates of amino acid substitution were at least three
times lower. Others who studied the A(H3N2) virus observed high rates of amino-acid
substitutions for HA sites outside the epitope region®4, and for genomic regions other
than HA%, possibly signalling positive selective pressure by host immunity.

In order for reassortment to take place, more than one virus particle must enter a
single host cell, followed by production of genome segments from each virus particle. It
is known that influenza exhibits high levels of mixed infections in all major hosts?°%:375-
377 Experimental systems showed that double infection of appropriate cells readily
takes place®’8, that reassortment between two similar influenza viruses is efficient but
also strongly dependent on dose and timing of the infections®”°, and also that NA can
limit a second infection superimposed on an earlier one3®°. In any case, formation of
viable infectious reassortants is dependent on the incorporation of one copy of each
segment into a virus particle. As a consequence, suboptimal compatibility between vRNA
packaging signals limit reassortment®®!. Thus, investigating reassortment with respect
to all eight gene segments is a more natural approach compared to only looking at HA
and NA. Our study on reassortment using tanglegrams showed abundant phylogenetic
clustering differences suggestive of frequent reassortment over time. This was confirmed
by GiRaF analyses, which revealed reassortment events particularly during the circulation
of BE92-like and WU95-like viruses, which is in agreement with chapter 2. Several
reassortment events persisted, mostly in more recent years, suggesting that these

reassortment events aided in increasing genetic diversity of the virus to improve fitness or
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to evade population immunity. However, most reassortment events were non-persistent,
indicating that reassortment is rarely beneficial enough to reach fixation. It is important
to note that IAV reassortment may be more prevalent in nature than one might expect
based on the results of influenza surveillance studies®’°.

We further investigated positive and negative selection of all proteins using in
silico tools. The membrane proteins HA, NA, M protein 2 (M2), and nonstructural protein 1
(NS1) showed relatively high overall d, /d, values compared to those of the other proteins.
As expected, the HA1 subunit revealed a relatively higher overall d, /d. than that of HA2.
Overall d, /d, values were higher for A(HIN1)pdmO9 viruses, most likely due to adaptation
to the new host after the introduction into humans3¢°. Apart from the HA gene segment,
overall d, /d. values were similar for IBV3%%, suggesting no difference between selection
pressures on A(H3N2) virus and IBV. The higher overall d, /d for H3 compared to the HA
of IBV3%8:382 js expected since IBV exhibits lower rates of antigenic evolution?®°.

All ORFs contained an abundance of negatively-selected codons. HA contained
the largest number of positively-selected codons, most prominently located in the
HA1 subunit, of which most are located in antigenic sites®3. For NA, nineteen sites
were positively selected, of which residue 199 and 338 were recently detected in the
A(HIN?2) virus NA of escape mutants®!®, and residues 267 and 401 were found to be
part of antigenic epitopes in N1325326. Both HA and NA are under antibody-mediated
selection'?2-124.236.383.384 gnd at least some of the positively selected sites were likely due
to immune evasion. It is likewise probable that some of the mutations, while not directly
needed for evasion of the immune system, restore partial loss of viral fitness due to
mutations causing antigenic change?3®. As in a study of A(H1IN1)pdmO9 viruses, we
observed only few positively-selected sites in the polymerase genes compared to the
abundance in HA3%5, Compared to A(H3N?2), fewer positively-selected sites were detected
in IBV, especially in the Yamagata lineage3°8, which is in line with the slower antigenic
evolution?®® possibly due lower immune pressure.

In chapter 3, it became clear that viruses belonging to an antigenic cluster were
not always seeded by the viruses from the antigenic cluster preceding it. Reassortment
events during circulation of the HK68-like, VI75-like, BK79-like, BE92-like, WU95-like,
SY97-like, FUO2-like, CAO4-like, and PEO9-like viruses were identified by GiRaF analysis,
although most did not persist over time. We investigated whether the timing of persistent
reassortment events coincided with antigenic cluster transitions. From our GiRaF analysis,
the only cluster transition that was linked to a persistent reassortment event was the

SY97-to-FUO2 antigenic cluster transition. A significant increase in transient amino
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acid substitutions following reassortment primarily in the surface glycoprotein HA was
observed by others, which was thought to affect virus fitness and directly influences
antigenic variation3®. For our data set, the direct contribution of reassortment to antigenic

change seemed limited.

Antigenic analysis of NA

Antibodies to NA contribute to protection against influenza virus infection and, similar
to HA, antigenic drift has been observed for the NA. However, the NA is less studied, in
part, due to a lack of suitable assays. Antigenic evolution of HA is mostly studied using
haemagglutination inhibition (HI) titres?36:386-3%0 and similarly, NA inhibition (NI) titres
are measured to study the antigenic evolution of NA. Serology testing of NA using wild
type virus is complicated, as antibodies that bind to the HA head domain exhibit strong
NI activity due to steric hindrance?3°324. To measure NA-specific inhibition, reassortant
viruses with a non-matching HA are typically used to reduce the impact of anti-HA

antibodies on the assays?3°.

Discordant antigenic drift of neuraminidase and haemagglutinin HIN1 and H3N2
influenza viruses

Traditionally, anti-NA assays have used the thiobarbituric acid (TBA) method. To reduce
the use of highly hazardous chemicals, a mini-TBA assay has been established?®. In
chapter 4 we have used this mini-TBA assay and the HI assay in combination with
antigenic cartography to evaluate the antigenic evolution of HA and NA of the A(H1N1)
and A(H3N2) viruses that have been used in vaccine formulations between 1995 and
2010.

For this study, we used panels of ferret antisera directed to wild type A(HIN1)
and A(H3N2) virus and, as antigens, virus reassortants generated by reverse genetics to
combine the targeted NA and a mismatched HA of the H6 subtype. There was minimal NI
cross-reactivity between early NAs and antisera raised against recent seasonal strains of
the A(H1IN1) and A(H3N2) human lineages, demonstrating extensive antigenic evolution
since introduction of these subtypes. As previously shown for HA, genetic changes in NA
did not always lead to an antigenic change. The non-continuous pattern of NA evolution
did not correspond closely with HA evolution in either subtype. This observation is in
agreement with the reported independent evolution of the phenotype, with discordant
patterns of antigenic evolution of HA and NA, as measured by serological assays!?213’,
The use of human sera showed that for the A(HIN1) and A(H3N2) components of
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the 2006-2007 vaccine, human NA-specific antibodies reacted in a similar manner as
monospecific ferret antisera, suggesting the antigenic evolution identified by analysis of
ferret antisera is relevant to human serologic responses.

Using a small panel of sera from vaccinated individuals, it was noticed that current
inactivated vaccines induced variable anti-NA responses, and did not reliably induce
robust anti-NA immunity. This is in line with other studies?°5391-3%_|t is well known
that current inactivated influenza virus vaccines contain NA of variable quality and
(non-standardized) quantity, potentially with lot-to-lot variability?55:391-3%4 and this might
influence the induction of anti-NA immunity. Several methods have been suggested to
improve this, for example the addition of purified NA to, or alongside, regular inactivated
vaccines as purified N2 was shown to be safe and immunogenic in humang321:395:396,
The approach of adding recombinant NA3” could also be used for trivalent inactivated
vaccines (TIV) or to the recently approved recombinant HA vaccine ‘Flublok’3%8:3%°, Clinical
trials are needed to evaluate NA-only, NA/HA-only, NA-spiked inactivated vaccines, and
newly developed vaccine formulations and strategies to assess which of these induce a
more robust anti-NA immune response.

In this study we found that a single point mutation, E329K, in the NA of
A/Brisbane/59/2007 was primarily responsible for the lack of inhibition by polyclonal
antibodies specific for earlier strains. This residue has been put forward as an antigenic
residue in earlier studies!!4134-136.318.319 Qur results demonstrate the impact of a single
point mutation on NA antigenic evolution, and its consequence on recognition by human
sera. This is also observed for the HA; seven of the ten cluster transitions of A(H3N2)

viruses were caused by only a single amino acid substitution?36.

Enzyme-linked lectin assays to measure influenza A virus neuraminidase inhibition

The miniaturized version of the TBA is still cumbersome and not suitable for routine
serology. An enzyme-linked lectin assay (ELLA) described by Lambre et al.**? is a
practical alternative method, without hazardous chemicals, for measuring NI titres.
First the antigen—whole virus or (purified) NA—is titrated with the ELLA. The ELLA
method consists of coating plates with fetuin, a substrate for NA, and adding antigen.
Active NA cleaves the terminal sialic acid residue from the fetuin, leaving an exposed
galactose residue. Peanut agglutinin conjugated to horseradish peroxidase is then
added, whereupon the horseradish peroxidase-conjugated peanut agglutinin lectin
binds exposed terminal galactose. The intensity of the signal after addition of the

substrate is dependent on the level of desialylation and thus NA activity. In the NI ELLA,
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binding of NA by specific antibodies will inhibit the enzymatic function of NA and result
in a reduction of desialylation and, hence, in a reduction of the signal. Results can be
determined as 50 % endpoint titres. In chapter 5 and 6, we optimized the published
ELLA method'#? for routine analysis of human sera, and rapid antigenic characterization

of the NA using wild type viruses.

An optimized enzyme-linked lectin assay to measure influenza A virus neuraminidase

inhibition antibody titres in human sera

Although the ELLA dates back to 1990, it was only more recently that laboratories
began using the ELLA to measure NI antibody titres of clinical samples?46:254.256.301.400 |y
chapter 5, we optimized the ELLA for routine analysis of human sera using reassortant
viruses with a mismatched HA (H6) as antigen to avoid non-specific inhibition by H1
and H3-specific antibodies in human sera.

The optimized ELLA was subtype-specific, reproducible, had minimal plate-to-plate
variability, and had operator-to-operator repeatability. A subsequent inter-laboratory
study of ELLA variability showed that the assay had good reproducibility when performed
in different laboratories, and that inclusion of a standard can further reduce variability
in results33*. While the titres measured by ELLA were somewhat greater than those
measured by a mini-TBA method, seroconversion rates were the same, suggesting
similarity in assay sensitivity under these optimized conditions. The ELLA described in
chapter 5 provides a practical format for routine evaluation of human antibody responses
to NA. In addition, a protocol has now been published for routine evaluation of human

antibody responses following influenza infection or vaccination*®..

Optimization of an enzyme linked lectin assay suitable for rapid antigenic

characterization of the neuraminidase of human influenza A(H3N?2) viruses.

In chapter 6 we provided details of the critical steps that are needed to modify and
optimize the NI ELLA in a format that is reproducible, highly sensitive, and useful for
large-scale influenza surveillance to monitor antigenic evolution of NA.

To prevent interference of HA-specific antibodies, most NI assays are performed
with recombinant viruses containing a mismatched HA. However, generation of these
viruses is time consuming and unsuitable for large-scale influenza surveillance. The
feasibility of using the ELLA to evaluate the antigenic relatedness of NA of wild type
A(H3N2) viruses was assessed. Rather than using recombinant viruses, wild type

A(H3N2) viruses were used as antigen with ferret sera elicited against recombinant
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viruses with a mismatched HA. These recombinant influenza A H7N2 (A(H7N2)) viruses
contain the NA of A(H3N2) viruses and the HA and internal gene segments of an influenza
A H7N7 (A(H7N7)) virus. Therefore, the HA-specific antibodies present in the ferret sera
will not interfere with wild type A(H3N2) viruses in the Nl assay. The A(H7N7) virus was
selected for its ability to replicate efficiently in ferrets, thereby producing high levels of
antibodies, but in principle other influenza virus subtypes can be used.

Some non-specific inhibition was observed when sera were tested in the ELLA
even after heat inactivation. This inhibition was removed by treatment of the serum
samples with a small amount of sialidase, such as Burnet’s receptor-destroying enzyme
(RDE), followed by heat inactivation to inactivate RDE activity without affecting the HI

and NI titres of ferret antisera.

Mapping the Antigenic Evolution of the N2 Neuraminidase of Human Influenza A Viruses
from 1957 to 2012

In chapter 7 we have mapped the antigenic evolution of N2 from its introduction
in humans in 1957 until 2012 using the NI ELLA described in chapter 6. We tested
285 A(H3N2) viruses and two A(H2NZ2) viruses in NI ELLA using 19 post-infection
ferret antisera directed to A(H7N2) recombinants. The results showed clear antigenic
evolution: viruses were recognised by antisera mostly in a time-dependent manner
with high titres between homologous antigens and antisera, and low titres between
early antisera and late antigens, and vice versa. Next, antigenic cartography was used
to visualise the NI titres in an antigenic map, similar to what was done for HA. Using
extensive testing it was determined that the NI data was best represented in a 2D map,
and that this map had high resolution. The NA antigenic map showed that the antigens
tend to group in clusters rather than a continuous antigenic lineage, although much less
than for HA. Six antigenic clusters, determined by a k-means clustering algorithm, were
observed for NA, and were named after the first vaccine strain of the cluster that had
not already been used to name an HA antigenic map cluster; Netherlands 1957 (H2N2
virus), Port Chalmers 1973, Philippines 1982, Guizhou 1989, Nanchang 1995, and
New York 2004. The NA antigenic map showed that a simple (non-intersecting) curve
could be drawn through the cluster centroids in temporal order. On average, antigenic
NA clusters continued to cocirculate longer than the average of 2 years of cocirculation
of strains from different clusters described previously for HA®’. This could be due to
the fact that NA is immuno-subdominant to the HA?263.297402 gnd thus encounters lower

herd immunity.
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By comparing sequences from the six antigenic clusters several cluster-difference
substitutions were detected, but it is not yet known which of these mutations are
responsible for antigenic change or cluster-transitions. For HA of A(H3N2) viruses, all
cluster-transition substitutions occurred at only seven positions, immediately adjacent to
the RBS?%, although there were many more cluster-difference substitutions. Mutations
at these seven positions also resulted in antigenic change for influenza A H5N1
(A(H5N1))%8¢ and A(HIN1)pdmQ9 viruses*®3. For NA, six of the 46 cluster-difference
substitutions—153, 155, 197, 199, 221, and 370—were within 3 A of any atom in the
active site and were all surface exposed. Two of these six substitutions—199 and 370—
were involved in multiple cluster transitions and were found to be positively selected
(chapter 2 and 3). These findings indicate an important role for the described amino acid
substitutions in the antigenic evolution of N2, however future studies using mutant viruses
are needed to truly assess the effect of these mutations on the antigenic phenotype. The
amino acid substitutions that were involved in the major antigenic changes for HA of
A(H3N2)?3¢ and A(H5N1) viruses®®® all resulted in large changes of biophysical properties.
It would be interesting to assess whether this also holds true for NA.

Previously, the antigenic evolution of A(H3N2) viruses from their introduction into
humans in 1968 to 2003 was characterized using HI assays and antigenic cartography??”.
To be able to compare the mapped antigenic evolution of NA from 1968 to 2011, we
updated the HA antigenic map from 2003 to 2011. This updated antigenic map revealed
two additional new antigenic HA clusters, California 2004 and Perth 2009, adding to
the eleven previously described clusters. For HA, the antigenic clusters remain dominant
for on average 3.3 years'?’. This is remarkable if one considers the high mutation rate
of influenza virus'’”1’8, especially for HA%97179 'and that single amino acid substitutions
are often sufficient to cause antigenic cluster transitions in HA?3¢. There are several
hypotheses proposed to explain this paradox. Computational models demonstrate that
antigenic evolution may come with a substantial fitness cost372373:4%4 and this is supported
by the observation that some mutant viruses with substitutions near the RBS of HA could
not be rescued?3®. HA receptor binding avidity could limit the rate of antigenic evolution
since many of the amino acid substitutions needed for adjusting receptor binding avidity
for sialic acid also alter antigenicity362.

As described in previous studies using much smaller data sets'?213715% our study
showed that the timing of antigenic evolution of HA and NA is discordant. We show
that when NA is evolving antigenically, HA does not and vice versa. This alternation was

seen repeatedly during the circulation of A(H3N2) viruses from 1968 until 2011. The
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discordance was also observed upon comparison of the time span of circulating viruses
within the antigenic clusters of NA with those of HA. However, this pattern was almost
absent when comparing the genetic changes of HA and NA. The opposite roles of HA
and NA during influenza virus replication require functional balance between HA and
NA1172 The discordance in antigenic evolution between NA and HA, seen in chapter 4
and 7, might also affect the HA-NA balance“®. Functional mismatches between HA and
the NA are known to decrease viral fitness’?4%. The data presented here might aid in the

characterization and understanding of the functional balance of these two glycoproteins.

Future perspective

The use of antigenic cartography for visualizing bindings data of other pathogens

Since its initial design in 20041%7, antigenic cartography has become a core component
of the World Health Organization (WHO) Global Influenza Surveillance and Response
System (GISRS)3%. Several studies of influenza viruses using the HI assay and antigenic
cartography have been published since: swine A(H3N2) virus*®, swine H1 virus3%,
avian H7 virus®®®, equine A(H3N8) virus388, A(H3N2) virus3®’, and avian H9 virus*°8,
In chapter 4 and 7, we used antigenic cartography and NI titres to map the antigenic
properties of the NA of seasonal influenza viruses. Antigenic cartography played a
huge role in revealing the key positions involved in the antigenic evolution of A(H3N2)236
and A(H5N1)38¢ viruses. A combined approach of an antigenic map and a phylogenetic
tree was used to investigate the dynamics of seasonal influenza viruses?®®. Antigenic
cartography is not only restricted to influenza and HI or NI assays. Various other viruses
and a bacterium have been antigenically characterized using neutralization assays and
antigenic cartography°®-44. The methods behind antigenic cartography functioned as
a basis for a similar computational framework*5-4!’ which has led to an array of recent
publications358:365418-426 ' not only limited to the influenza virus*?’-42°. This shows the
potential of antigenic cartography through the visualisation of complex data, thereby

providing new insights in pathogen evolution.

Antigenic sites and epitopes of neuraminidase

In 1972, Walter Dowdle advocated for a focus on both the HA and the NA during
antigenic influenza surveillance and vaccine formulation*3°. During the last decade,
more researches acknowledged this idea3*>43-43° and an NA focus group, NAction!,
was formed to promote research that helps to understand NA-based immunity and

how it can contribute to the design of better influenza virus vaccines*#°. To date, there

176



Summarizing discussion

is still limited data on the antigenic sites and epitopes of NA that might be targeted
by the immune system?12134.:320.325.368-370 \\/e have now identified six antigenic clusters
and revealed several cluster-difference mutations that can play a role in antigenic
change of the NA. Based on these results, a similar approach as Koel et al. used to
map the cluster defining mutations for HA%3¢ could be used for NA. To do this, a
selection of representative viruses from each antigenic cluster should be made in which
cluster-difference substitutions are introduced using reverse genetics. These viruses
can then be tested in the NI ELLA to determine whether the substitution is responsible
for the cluster transition. There are 46 cluster-difference substitutions (chapter 7), but
of high interest are the residues near the active site of NA, as all key positions in HA
were immediately adjacent to the RBS?3¢. All key positions for antigenic change of HA
(with the exception of position 158) found by Koel et al.23¢ were detected through our in
silico analyses used in chapter 2 and 3. In parallel, for NA it would be preferable to start
with residues 199 and 370. These positions are within 3 A of any atom in the active

site, are surface exposed, and were found to be positively selected (chapter 2 and 3).

Characterization of neuraminidase inhibition for other influenza subtypes
For the HA of seasonal influenza viruses, H1 of pre-2009 HIN1 pandemic viruses
and the HA of IBV displayed slower rates of antigenic evolution compared to the HA
of A(H3N2) viruses®#€. It would be interesting to see whether N1 evolves more slowly
antigenically compared to N2. Recently, HGNB viruses have been rescued**!, creating
the possibility of studying the antigenic evolution of NA of IBV. Once key positions
responsible for antigenic change in N2 are determined, it will be interesting to see
whether these also play a role in the antigenic evolution of other NA subtypes.

Usage of recombinant influenza viruses with an antigenically-mismatched avian
HA is still considered the gold standard assay for measuring NI activity*4?. However,
four things need to be kept in mind: 1) HA stalk-reactive antibodies might interfere with
the assay3?4441442 2) NI activities differed slightly between wild type viruses and H6Nx
viruses using MAbs**, 3) the requirement of a permit to work with low pathogenic avian
viruses, 4) emergence of HGNx**3 or H7Nx viruses*4444% in humans. The first could be
overcome by including a negative control with a mismatched NA to determine the NI
activity background caused by the HA stalk-reactive antibodies. The second should be
investigated further to determine whether this is restricted to MAbs or that it also has
impact on polyclonal sera. The third could be solved by sharing inactivated reassortant

viruses between laboratories, and several sources of HGNx viruses are now available
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for distribution*#°. The final obstacle can be overcome by using purified recombinant
NA?257:446.447 35 antigen, which should be expressed as a tetramer with fully functional
enzymatic activity to preserve the antigenic structure391446.448.449 The downside of using
soluble NA is that the NA might behave differently from a membrane-bound NA. In
addition, HA is needed since it plays an important role in bringing NA and the substrate
into close proximity*®°. Other options are NA-expressing vectors*®1452, NA-only virus
like particles3?, and pseudotyped viruses devoid of any HA*%3. In the end, the ELLA
using recombinant viruses with a mismatched HA is still recommended as a standard
assay for measuring NI activity. Several HA subtypes have been reported to infect
humans; H1-H3, H5-H7, H9, and H1(0?20:37443.454-458 gnd this should be considered when
selecting a “mismatched” HA for studying human antisera after infection or vaccination.
Although previous studies using human sera showed similar results for NA antigenic
evolution as observed for ferret antisera, it would be interesting to test human sera of
young children after a primary influenza infection in the NI ELLA. Fonville et al. showed
that human sera of young children after a primary influenza infection could recapitulate
the antigenic evolution seen for HA while using ferret post-infection antisera*®®, while
human post-vaccination antisera of individuals that encountered multiple influenza virus

infections responded differently than ferret post-infection antisera to H3 viruses*?®.

Influenza vaccines

Influenza vaccination is still the most effective method of preventing influenza virus
infection and its potentially severe complications. However, even in years when
influenza vaccines are well matched to circulating viruses, estimates of VE range
from 40 to 60 %*%°, which is lower than with other vaccines*¢-464 Antibodies are
produced against both HA and NA in response to infection or vaccination. Although
HA antibody levels have been shown to correlate with protection, it has been shown
that NA is immunogenic and induces antibody responses in miceg?5%:323-329.332.333,335.465
guinea pigs*ts, ferrets337338467  chickens®®, and humans?46:256.257.301.322 " and may also
correlate with protection as well as reduced severity of illness!?”128:254.301.438.468
Influenza virus vaccines that are currently licensed include immunogenic quantities of
NA, but the contribution of NA to vaccine efficacy is not known*3!, the type of NA is
not matched with circulating viruses, and the amount of NA is not standardized. An
accurate mass spectrometry-based method has been developed to quantify both
NA and HA in influenza vaccines*¢®. While the assay is not necessarily reflective of

NA immunogenicity, it provides a way to measure the absolute concentration of each
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NA type/subtype in seasonal and pandemic vaccines?®. An assay to measure NA
immunogenicity—a potency assay—that can differentiate between NA subtypes
is a capture enzyme-linked immunosorbent assay to quantify the native form of NA
in monovalent or multivalent vaccines*?. Alternatively, the potency as a proxy for
immunogenicity can be evaluated with the VaxArray NA assay*’!. Employing these
methods to evaluate novel vaccine formulations and strategies are likely to improve the

effectiveness of these vaccines.

Concluding remarks

Our work clearly shows that there is antigenic evolution for NA, thus warranting the
inclusion of NAs representing emerging influenza A strains in vaccines. However, to
select these strains, current influenza surveillance strategies should be adapted.
Increasing knowledge on which mutations cause changes in the phenotype can help
to perform more targeted influenza surveillance. This has been done for mutations that
render A(H5N1) virus transmissible*’?, and for studies on antiviral resistance’3-475,
Influenza surveillance where sequence data is integrated with epidemiological,
geographical, and/or antigenic data3’347¢477 can help to gain insights into the evolution
and epidemiology of influenza viruses, and ultimately to help prediction of influenza virus
evolution. For example, real-time tracking of influenza virus evolution with NextFlu*’8,

also as a web-application https://nextstrain.org, was used to analyse seasonal influenza

circulation patterns and provided projections for the 2017-2018 flu season*’®. Once
the key residues responsible for antigenic change in NA have been revealed, it would
be advisable to integrate genetic and antigenic NA data in these influenza surveillance
applications. Including NA sequencing and measurement of NI antibody titres into
routine influenza surveillance will facilitate consideration of NA content, and improve

next generation influenza vaccines.
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NEDERLANDSE SAMENVATTING

Elke winter krijgt ongeveer vijf tot vijftien procent van de wereldbevolking te maken
met de zeer besmettelijke acute luchtweginfectie genaamd ‘influenza’. Dit jaarlijkse
verschijnsel wordt ‘seizoensgriep’, ‘wintergriep’ of ‘epidemische griep’ genoemd en
resulteert wereldwijd in circa drie tot vijf miljoen ziekenhuisopnames en 290.000 tot
650.000 doden per jaar. Epidemische griep wordt veroorzaakt door de influenza A- en
B-virussen.

Influenza A- en B-virussen behoren tot de Orthomyxoviridae-familie en hebben
een gesegmenteerd enkelstrengs negatief RNA-genoom. Dit genoom, dat de genetische
samenstelling het virus bevat, bestaat uit acht gensegmenten. Deze acht gensegmenten
coderen voor basisch polymerase 2 (PB2), basisch polymerase 1 (PB1), zuur polymerase
(PA), haemagglutinine (HA), nucleoproteine (NP), neuraminidase (NA), matrix (M) en
niet-structureel eiwit (NS). Door de opdeling van het genoom in gensegmenten is het
mogelijk dat deze gensegmenten, tijdens een gelijktijdige infectie van een gastheer
tussen verschillende influenzavirussen, kunnen worden uitgewisseld. Dit proces heet
reassortering. Reassortering tussen varkens-, vogel- en/of humane influenza A-virussen
hebben geleid tot verschillende pandemieén. Deze pandemische virussen veroorzaken
vervolgens de jaarlijkse epidemische griep bij mensen.

Influenza A-virussen worden onderverdeeld in subtypen op basis van de antigene
eigenschappen van de oppervlakte-eiwitten HA en NA. Tot op heden zijn er achttien
HA en elf NA subtypen in de natuur gevonden. Subtypen HIN1 (A(H1N1)) en H3N2
(A(H3NZ2)) zijn, tezamen met influenza B-virussen, momenteel de veroorzakers van
epidemische griep. De A(H3N2) influenzavirussen zijn de meest voorkomende en virulente
van de twee influenza A-subtypen en vertonen de sterkste antigene evolutie.

Antigene drift ontstaat doordat het virus ontsnapt aan de neutraliserende
werking van antistoffen die door eerdere infecties of vaccinaties in de bevolking zijn
opgewekt. Deze antistoffen herkennen en binden antigene regio’s op het HA of NA.
Aminozuurveranderingen in deze antigene regio’s kunnen bijdragen aan antigene variatie
en zorgen uiteindelijk voor antigene drift. Griepvaccins zijn effectief tegen epidemische
griep, maar moeten vaak worden aangepast vanwege deze antigene drift. Door middel
van influenzasurveillance, waarbij de verspreiding van influenzavirussen continu wordt
gevolgd zodat virussen die antigene drift hebben ondergaan vroegtijdig worden
gedetecteerd, kunnen de meest geschikte virusstammen worden geidentificeerd om in

griepvaccins te gebruiken.
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De antigene evolutie van de HA-eiwitten van A(H3N?2) influenzavirussen is in
kaart gebracht vanaf de introductie van het virus in de mens in 1968, tot en met 2003.
In deze antigene kaart staat de afstand tussen twee virussen gelijk aan in welke mate
de virussen antigeen overeenkomen: hoe groter de afstand, des te meer twee virussen
verschillen en hoe kleiner de afstand, des te meer twee virussen op elkaar lijken. De
antigene kaart toont aan dat de evolutie voor HA niet geleidelijk, maar sprongsgewijs
optreedt. Tevens vormt de antigene kaart zich in een patroon van elf clusters, genoemd
naar de eerste griepvaccinstam in het cluster: Hong Kong 1968 (HK68), Engeland 1972
(EN72), Victoria 1975 (VI75), Texas 1977 (TX77), Bangkok 1979 (BK79), Sichuan 1987
(SI87), Beijing 1989 (BE89), Beijing 1992 (BE92), Wuhan 1995 (WU95), Sydney 1997
(SY97) en Fujian 2002 (FUO2). Elk van deze antigene clusters bevat virussen die enige
tijd antigeen vergelijkbaar blijven, waarna virussen antigeen veranderen en een nieuw
cluster vormen. Voor iedere ‘clusterovergang’ moet ten minste één griepvaccinaanpassing
gemaakt worden. De antigene clusters bleven gemiddeld 3,3 jaar dominant en virussen
werden geobserveerd tot 2 jaar voor en tot 2 jaar na de periode waarin dat antigene
cluster dominant was.

Er bestaat nog steeds veel onzekerheid over de onderliggende mechanismen
die de antigene drift van influenzavirussen reguleren en er zijn verschillende theorieén
beschreven over deze onderliggende mechanismen. Echter beschouwen deze theorieén
het primaire oppervlakte-eiwit ‘HA’ als de belangrijkste drijvende kracht, terwijl het
secundaire oppervlakte-eiwit ‘HA’ en de andere virale eiwitten, grotendeels zijn
genegeerd.

HA verkrijgt virale toegang tot de gastheercel door zich te binden aan de
siaalzuren op het oppervlak van de gastheercel. Vervolgens wordt het HA-molecuul
‘HAQ’ proteolytisch geknipt in de subeenheden ‘HA1' en ‘HAZ2’, waardoor het virale
membraan kan fuseren met het membraan van de gastheercel. NA is een enzym dat
sialidase-activiteit, ofwel receptorvernietigende-activiteit, bezit. NA gebruikt deze
activiteit om de siaalzuren op het oppervlak van de gastheercel te knippen, waardoor
nieuw gevormde virusdeeltjes loskomen van de cel en een volgende cel kunnen infecteren.
Een virusdeeltje heeft gemiddeld dertig tot veertig NA-tetrameren en 290-300
HA-trimeren. Elke identieke subeenheid van de NA-tetrameer bevat het actief centrum
van het enzym. Antigene drift is niet alleen een kenmerk van HA, maar ook van NA.
Hoewel antistoffen tegen NA de infectie niet kunnen voorkomen, tonen preklinische

en klinische onderzoeken aan dat NA-specifieke immuniteit de ernst van de ziekte kan
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verminderen. Antistoffen gericht tegen NA remmen het loskomen en de verspreiding van
nieuw gevormde virusdeeltjes uit geinfecteerde cellen.

In hoofdstuk 2 hebben we de evolutie van NA-subtype 2 (N2) bestudeerd op basis
van 291 virussen geisoleerd tussen 1968 en 2009. De mutatiesnelheid van NA was hoog;
naar schatting 3,15x10-3 nucleotideveranderingen per nucleotidepositie per jaar. De mate
van natuurlijke selectie op het volledige NA-gensegment is geschat door te kijken naar
verhouding van nucleotideveranderingen die in een aminozuurverandering resulteren
(d,) en nucleotideveranderingen die niet in een aminozuurverandering resulteren (d)
(d,/d.-ratio). Bij een d,/d.-ratio van 1 heeft er geen selectie plaatsgevonden. Als de
d,/d.-ratio lageris dan 1, kan er worden gesproken van negatieve selectie; als de d, /d_-ratio
hoger is dan 1, wordt er gesproken van positieve selectie. Het NA-gen had een sterke
selectie (d,/d, = 0,249), wat aantoont dat er een overmaat aan nucleotideveranderingen
waren die in een aminozuurverandering resulteerde en uiteindelijk zijn verwijderd
door negatieve selectie. Kristallografische studies van NA toonden aan dat het sterk
geconserveerde actief centrum van het enzym wordt omringd door antigene regio’s. Tot
op heden is er van de antigene regio’s van NA beperkte kennis. Een methode om mogelijke
veranderingen die de ontsnapping aan de neutraliserende werking van antistoffen
veroorzaken te onderzoeken, is om positieve selectie per aminozuurpositie te bestuderen.
Op basis hiervan zijn een totaal van zestien aminozuurposities, waarvoor positief werd
geselecteerd, gevonden. Slechts zes van deze aminozuurposities — 199, 328, 334, 338,
367 en 370 — bevinden zich binnen bekende antigene regio’s.

Vervolgens hebben we de evolutie van NA met die van HA vergeleken. Daarbij
werd duidelijk dat er asynchrone evolutie tussen de twee genen is. Reassortering
van gensegmenten van humane influenza A-virussen maakt genetische diversificatie
mogelijk en heeft daarnaast bijgedragen aan nieuwe varianten van de epidemische
influenzavirussen. Met behulp van fylogenetische analyses waren we in staat om
verscheidene momenten, waarbij reassortering heeft plaatsgevonden, te identificeren.
Deze werden met name tijdens de co-circulatie van BE92- en WU95-achtige virussen
waargenomen. De meeste reassorteringen vonden plaats binnen antigene clusters, in
plaats van tussen antigene clusters. Twee reassortering-incidenten hadden virussen tot
resultaat die gedurende een langere periode in de menselijke populatie circuleerden, maar
voor de meeste reassortanten was dit niet het geval. Dit suggereert dat reassortering
vaak geen invloed heeft op, of zelfs nadelig is voor, het virus.

De gemiddelde mutatiesnelheid voor HA1, hetimmunogene gedeelte, was hoger

in vergelijking met die van NA (5.15x1073 versus 3.15x1073 nucleotideveranderingen per
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nucleotidepositie per jaar). HA1 had een sterke selectie (d,/d, = 0,362). Een totaal van
21 positief-geselecteerde aminozuurposities voor HA1 werden gevonden, voornamelijk
in de antigene regio’s van HA. Een studie uit 2013 toont aan dat voor HA van A(H3N2)
influenzavirussen alle veranderingen met antigene variatie als resultaat, plaatsvinden
op zeven aminozuurposities, onmiddellijk grenzend aan de receptor bindingsplaats:
aminozuurpositie 145, 155, 156, 158, 159, 189 en 193. Met uitzondering van
aminozuurpositie 158 werden alle aminozuurposities gedetecteerd door onze analyses.
Het is aannemelijk dat ten minste enkele van de andere positief- of negatief-geselecteerde
aminozuurposities die we hebben gedetecteerd, bijgedragen hebben aan de efficiéntie
waarmee dit virus zich door de populatie verspreid.

De dataset gebruikt in hoofdstuk 2 werd uitgebreid tot en met het griepseizoen
2010/2011 en vervolgens gebruikt om de volledige genomen van 286 A(H3N?2)
influenzavirussen te analyseren in hoofdstuk 3. Dit gaf de mogelijkheid om acht
gensegmenten en vijftien eiwitten te bestuderen. De gemiddelde mutatiesnelheden
op nucleotideniveau van de afzonderlijke gensegmenten varieerden van 2,07x103
tot en met 3,99x10-3 nucleotideveranderingen per nucleotidepositie per jaar. Hiervan
was de hoogste mutatiesnelheid voor HA en NA en de laagste mutatiesnelheid voor
het M-segment. De HA1l-subeenheid vertoonde de hoogste mutatiesnelheid op
aminozuurniveau in aminozuurveranderingen per aminozuurpositie per jaar, terwijl de
mutatiesnelheid voor de HA2-subeenheid veel lager was (14,9x103 in vergelijking met
1,4x10-3 aminozuurveranderingen per aminozuurpositie per jaar). Dit is waarschijnlijk te
wijten aan het feit dat HA1 het belangrijkste immunogene deel van HA is. PB1-frame 2
(PB1-F2) en NA vertoonden ook hoge mutatiesnelheden op aminozuurniveau, voor alle
andere eiwitten waren deze ten minste driemaal lager.

Ons onderzoek toont aan dat reassortering met name tijdens de circulatie van
BE92- en WU95-achtige virussen plaatsvond. Dit is in overeenstemming met hoofdstuk
2. Verschillende van deze gereassorteerde virussen waren blijvend in de populatie
(10/59), meestal in recentere jaren. Dit suggereert dat reassortering geholpen heeft bij
het vergroten van de genetische diversiteit van het virus, om de conditie te verbeteren
of om aan de immuniteit van de populatie te ontsnappen. Echter, in de meeste gevallen
resulteerde reassortering niet in virussen die gedurende langere tijd in de humane
populatie circuleerden.

We hebben positieve en negatieve selectie van alle eiwitten onderzocht met
behulp van data-analyse. HA, NA, M-proteine 2 (M2) en NS-eiwit 1 (NS1) vertoonden

relatief hoge d, /d.-ratio’s in vergelijking met die van de resterende eiwitten. HA bevatte
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het grootste aantal positief-geselecteerde aminozuurposities, het meest prominent
aanwezig in de antigene regio’s. Voor NA werden negentien aminozuurposities
positief-geselecteerd. Gezien het feit dat zowel HA als NA een belangrijk doelwit zijn
van antistoffen, waren ten minste enkele van de positief-geselecteerde aminozuurposities
waarschijnlijk gerelateerd aan het ontsnappen aan de neutraliserende werking van
antistoffen.

Mede door het gebrek aan geschikte serologische NA testen is er weinig onderzoek
gedaan naar antigene variatie van NA. Antigene variatie van HA wordt frequent
bestudeerd met behulp van haemagglutinatieremmingstest (HAR)-titers. Met de HAR
wordt de virus-neutraliserende werking van antistoffen in antisera op HA gemeten. Er
kan worden bepaald in welke mate de antigene eigenschappen van de huidige virussen
overeenkomen met die van eerdere virussen. Doorgaans wordt fretten-antisera gebruikt
omdat de infectie een vergelijkbaar verloop heeft in fretten als in de mens. Op vergelijkbare
wijze worden NA-remming (NAR)-titers gemeten om de antigene evolutie van NA te
bestuderen. Het testen van wild-type virussen met antisera in serologisch NA-testen is
gecompliceerd omdat in het antiserum zich zowel antistoffen bevinden die binden aan HA
als antistoffen die binden aan NA. De antistoffen die aan HA binden, vertonen sterische
hindering in de NAR waardoor het lijkt alsof er sterke NA-remming is. Om NA-specifieke
remming te meten worden doorgaans reassortante virussen met een niet-overeenkomend
HA gebruikt die de invloed van anti-HA-antistoffen op de serologische NA-testen
verminderen. Traditiegetrouw werd de thiobarbituurzuur (TBA)-test gebruikt om de NAR
te meten. Echter, om deze test uit te voeren, worden schadelijke chemicalién gebruikt. Om
het gebruik hiervan te verminderen is een miniTBA-test opgezet. In hoofdstuk 4 hebben
we de antigene evolutie van HA en NA van A(H1N1) en A(H3N2) influenzavirussen, die
in de griepvaccinsamenstelling tussen 1995 en 2010 werden gebruikt, geévalueerd door
analyse van HAR- en NAR-titers en antigene cartografie. De NAR-titers zijn verkregen
door middel van de miniTBA-test waarbij gebruik is gemaakt van fretten-antisera
in combinatie met reassortante virussen met een niet-overeenkomend HA (H6) als
antigeen. Zoals eerder aangetoond voor HA leidden aminozuurveranderingen in NA
niet altijd tot een antigene verandering. Net zoals voor HA observeerden we voor NA
verschillende antigene clusters. Voor zowel het HIN1- als het H3N2-subtype liepen de
clusterovergangen van NA niet synchroon aan die van HA. Daarnaast tonen we aan dat
antistoffen in humane antisera de virussen op een vergelijkbare wijze herkennen als
de antistoffen in fretten-antisera. Opmerkelijk is dat een enkele verandering in NA van

het A(H1IN1) influenzavirus, gebruikt in de griepvaccinsamenstelling tussen 2008 en
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2010, genoeg is om het virus antigeen te veranderen, waardoor antistoffen gericht tegen
virussen van voor 2007 dit virus niet meer herkenden. Deze gegevens onderstrepen het
belang van de NAR om antigene variatie te definiéren wanneer er sequentieveranderingen
zijn in NA.

Omdat er ook bij de miniTBA-test nog schadelijke chemicalién worden gebruikt,
is deze test niet geschikt voor routinematige serologie. Een enzym-gebonden lectine
test (ELLA) is een praktisch alternatief (zonder schadelijke chemicalién) voor het meten
van NAR-titers. Eerst wordt het antigeen, heel virus of (gezuiverd) NA, getitreerd met
de ELLA. Dit wordt bewerkstelligd door een microtiterplaat te coaten met ‘fetuine’
(een substraat voor NA) gevolgd door de toevoeging van het antigeen in een vooraf
bepaalde verdunningsreeks. Actief NA knipt het terminale siaalzuur-residu van de fetuine,
resulterend in een blootgesteld galactose-residu. Vervolgens wordt pinda-agglutinine,
gelabeld aan mierikswortelperoxidase (PNA-HRPO), toegevoegd, waarna PNA-HRPO
bindt aan de terminale galactose. De intensiteit van het signaal na toevoeging van het
substraat is afhankelijk van de hoeveelheid terminale siaalzuur-residuen die zijn geknipt
door NA en dus NA-activiteit. In de NAR-ELLA zal binding van NA door specifieke
antistoffen de enzymatische functie van NA remmen, resulterend in een vermindering van
de hoeveelheid terminale siaalzuur-residuen die zijn geknipt door NA en derhalve in een
vermindering van het signaal. In hoofdstuk 5 hebben we de ELLA geoptimaliseerd voor
routinematige analyse van humane antisera met behulp van reassortante virussen met
een niet-overeenkomend HA (H®6) als antigeen, om niet-specifieke remming door H1- en
H3-specifieke antistoffen in humane antisera te voorkomen. De geoptimaliseerde ELLA is
subtype-specifiek en reproduceerbaar. Terwijl de waardes gemeten met ELLA enigszins
groter zijn dan die gemeten door de miniTBA-test, zijn de seroconversiesnelheden gelijk,
wat suggereert dat de gevoeligheid van deze twee testen overeenkomt onder deze
geoptimaliseerde omstandigheden.

Om te voorkomen dat HA-specifieke antistoffen storing veroorzaken wordt
worden de meeste NAR-testen uitgevoerd met reassortante virussen die een
niet-overeenkomend HA bevatten. Het genereren van deze virussen is echter tijdrovend
en dit maakt het ongeschikt voor grootschalige influenzasurveillance. In hoofdstuk 6
werd de ELLA geoptimaliseerd voor snelle antigene karakterisering van de NA met behulp
van wild-type virussen. In plaats van reassortante virussen te gebruiken, zijn wild-type
A(H3N?2) influenzavirussen gebruikt als antigeen in combinatie met fretten-antisera. Deze
fretten-antisera werden opgewekt tegen reassortante virussen met niet-overeenkomend
HA. Deze reassortante A(H7N2) influenzavirussen bevatten de NA van A(H3N?2)

229



Chapter 10

influenzavirussen en de overige zeven gensegmenten van een A(H7N7) influenzavirus.
Hierdoor zullen de HA-specifieke antistoffen die aanwezig zijn in de fretten-antisera
niet kruisreageren met wild-type A(H3N2) influenzavirussen in de NAR-test. Door de
behandeling met een kleine hoeveelheid sialidase kon, zonder HAR- en NAR-titers
van fretten-antisera te beinvioeden, de niet-specifieke remming van antisera worden
verwijderd. De geoptimaliseerde NAR-ELLA is reproduceerbaar, zeer gevoelig en
bruikbaar voor influenzasurveillance om antigene veranderingen van NA te monitoren.

In hoofdstuk 7 hebben we de antigene evolutie van N2 vanaf de introductie in
mensen in 1957 tot en met 2012 in kaart gebracht. Dit is bewerkstelligd met behulp van de
NAR-ELLA in combinatie met (H2N2) en A(H3N2) influenzavirussen en fretten-antisera
gericht tegen reassortante A(H7N2) influenzavirussen zoals beschreven in hoofdstuk
6. De resultaten tonen duidelijke antigene evolutie aan, dat wil zeggen: veel herkenning
van antigenen door antisera uit hetzelfde isolatiejaar en weinig herkenning van late
antigenen door vroege antisera en vice versa. Vervolgens is antigene cartografie gebruikt
om de NAR-titers in een antigene kaart te visualiseren. De NA-antigene kaart toont aan
dat de antigenen in zes antigene clusters zijn waargenomen, genoemd naar de eerste
griepvaccinstam van het cluster dat nog niet was gebruikt om voor een HA-antigene
cluster; Netherlands 1957 (NL57, H2N2-virus), Port Chalmers 1973 (PC73), Philippines
1982 (PH82), Guizhou 1989 (GU89), Nanchang 1995 (NA95) en New York 2004 (NY04).
Gemiddeld circuleerden antigene NA-clusters langer dan HA-clusters.

Op basis van de NA-clusters en sequentieanalyse zijn de verschillende
aminozuurveranderingen geidentificeerd die mogelijk de NA-antigeniciteit
beinvlioeden. Voor HA van A(H3N2) influenzavirussen kwamen de veranderingen die
de clusterovergangen veroorzaakten voor op zeven aminozuurposities, direct grenzend
aan de receptor bindingsplaats. Voor NA zijn zes van de 46 aminozuurveranderingen
die variéren per cluster — 153, 155, 197, 199, 221 en 370 — direct grenzend aan het
actief centrum. Deze aminozuurposities bevinden zich aan de oppervilakte van het
eiwit, en zijn dus potentieel toegankelijk voor antilichamen. Tevens zijn twee van deze
aminozuurveranderingen die variéren per cluster — 199 en 370 — betrokken bij twee van
de clusterovergangen in de antigene kaart van NA. Ook werden aminozuurposities 199
en 370 positief geselecteerd in de data-analyses van hoofdstuk 2 en 3. Deze bevindingen
wijzen op een belangrijke rol voor deze aminozuurposities in de antigene evolutie van N2.

Om de in kaart gebrachte antigene evolutie van NA te kunnen vergelijken met die
van HA, hebben we naast de antigene evolutie van 1968 tot 2003, die al bekend was,

ook naar de antigene evolutie van HA vanaf 2003 tot en met 2011 gekeken. Gedurende

230



Nederlandse samenvatting

deze periode circuleerde twee nieuwe antigene HA-clusters, California 2004 (CA04) en
Perth 2009 (PEQ9), wat het totaal van antigene clusters tussen 1968 en 2011 op dertien
brengt. Voor HA blijven de antigene clusters gemiddeld 3,3 jaar dominant. Dit lijkt een
lange periode als men de hoge mutatiesnelheid van influenzavirus in beschouwing neemt,
in het bijzonder voor HA. Daarnaast zijn enkele aminozuurveranderingen vaak voldoende
om antigene clusterovergangen in HA te veroorzaken. Zoals beschreven in eerdere studies
met veel kleinere datasets, toont ons onderzoek aan dat de timing van antigene evolutie
van HA en NA ongelijk is. We laten zien dat de clusterovergangen van NA en HA niet
synchroon verlopen en elkaar zelfs afwisselen. Dit patroon is echter bijna afwezig bij het
vergelijken van de genetische veranderingen van de aminozuursequenties van HA en NA.
De tegenovergestelde rollen van HA en NA tijdens influenzavirusreplicatie vereisen een
functioneel evenwicht tussen HA en NA. Het is nog onbekend hoe dit evenwicht wordt
beinvloed door de asynchrone antigene evolutie.

Ons werk toont duidelijk aan dat er antigene variatie is van NA. Het is dus belangrijk
om te zorgen dat er, net zoals voor HA, gekeken wordt welk NA opgenomen zou moeten
worden voor het ontwikkelen van het griepvaccin. Hiernaast is het ook van belang dat de
hoeveelheid NA in het griepvaccin gestandaardiseerd wordt. Om deze NA's te selecteren,
moet de huidige influenzasurveillance strategie worden gewijzigd. Momenteel wordt
er alleen een genetische karakterisering van het NA uitgevoerd, maar het is belangrijk
om dit te combineren met serologische testen die het antigene fenotype van het NA
van deze virussen kunnen bepalen. Daarnaast is het cruciaal om te onderzoeken welke
aminozuurposities veranderingen in het antigene fenotype van NA veroorzaken. Het
ontrafelen van deze aminozuurposities kan helpen om meer gerichte influenzasurveillance
uit te voeren. Influenzasurveillance waarbij sequentiegegevens worden geintegreerd met
epidemiologische, geografische en antigene gegevens kan helpen inzicht te krijgen in de
evolutie en epidemiologie van influenzavirussen, om uiteindelijk de evolutie van griep te
kunnen helpen voorspellen. Het opnemen van gerichte NA-sequentiebepaling, het meten
van NAR-titers in routinematige influenzasurveillance en de standaardisatie van NA in

bestaande griepvaccins zullen de volgende generatie griepvaccins verbeteren.
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DANKWOORD

Bloed, zweet en tranen is de uitspraak, en hoewel cliché, klopt het heel aardig bij mijn
promotietraject; alle drie zijn veelvuldig langsgekomen gedurende de 10 jaar dat ik
over mijn proefschrift heb gedaan. Zonder sera waren geen van de artikelen tot stand
gekomen, de zweetmomentjes waren er regelmatig (met name in de zomer na het
fietsen), en met tranen in mijn ogen ben ik dit nu aan het typen, want niet veel mensen,
inclusief ikzelf, hadden verwacht dat dit boekje nog tot stand zou komen. Maar het
begint nu te dagen dat dit wel het geval lijkt te zijn. Gelukkig waren er ook ontzettend
veel leuke en gelukkige momenten! Naast dat de vele samenwerkingen met, en hulp
van, jullie hebben geleid tot dit proefschrift, hebben ze gezorgd dat ik met een goed
gevoel terugkijk op deze 10 jaar.

Promotor & copromotor

Allereerst wil ik mijn promotor Ron bedanken voor de gelegenheid om mijn promotie
binnen de Flu/hMPV groep te kunnen uitvoeren. Het onderwerp was, en is, echt
helemaal mijn interesse en ik vond het dan ook geweldig om me hierin te mogen
verdiepen. Je was altijd zeer kritisch en bomvol ideeén. Jouw professionele netwerk
is groot en ik had hier veel baat bij waardoor ik kon samenwerken met wereldwijde
influenza-experts en zelfs de ELLA kon leren in het lab van Maryna Eichelberger bij de
FDA in Bethesda. Ook de vele internationale congressen waren natuurlijk onvergetelijk
om mee te maken, bedankt! Miranda, ik was echt zo blij toen ik hoorde dat jij mij
ging helpen als begeleider, want je wist altijd veel over fylogenie en evolutie en daar
werkte ik tenslotte aan (met name bij mijn eerste twee artikelen) en, niet onbelangrijk,
we deelden een gezamenlijke liefde voor Chardonnay. Ik vond het leuk om samen met
jou, nieuwe fylogenieprogramma’s te ontdekken en aan de praat te krijgen. Ik mocht
dan jouw stenentijdperk Mac hiervoor lenen, omdat sommige van deze programma’s
alleen maar op een heel oude MacOS versie werkten. Jouw kritische blik, geduld en
positieve benadering waren heel prettig. [k was dan ook heel erg blij dat je op het
eind werd aangewezen als mijn copromotor en je was een ware engel toen je mij hielp
met de ‘summarizing discussion’, iets wat ik zonder jou misschien wel nooit af zou
hebben gekregen. Ook bedankt dat ik af en toe bij je kon klagen over werk (of over mijn

toenmalige onderburen).

234


Kim Westgeest
Embargo20


Dankwoord + About the Author

Paranimfen

Monique, jij was mijn praktische begeleider tijdens mijn MSc-stage bij de afdeling
en eigenlijk bleef je dit tijJdens mijn promotietraject. Je bent een ware virtuoos als het
aankomt op labwerk en het duurde even voordat ik mij neer kon leggen dat ik niet zoals
jij 30 experimenten, bestaande uit elk 50 monsters, uit 5 verschillende projecten op een
dag kon doen, want dat was in mijn geval gewoon onmogelijk (en voor velen met mij)! Ik
heb zo veel van je geleerd en daar ben ik je heel erg dankbaar voor. Daarnaast was je ook
een vriendin voor me en heb je mij ontzettend gesteund tijdens de zware momenten.
Die Heidi, we zochten naar virussen, maar vonden elkaar... zo begon ons verhaal. Toen
ik je vroeg als paranimf, heb je wel tig keer gevraagd of ik niet liever iemand anders
wilde vragen. Je vond niet dat jij recht had op deze plek (of je had er gewoon geen
zin in). Maar ondanks dat we nooit hebben samengewerkt in het lab, hebben we wel
degelijk samengewerkt tijdens Sinterkerst, de vele borrels (wijn zoeken en drinken was
hard werk en vereiste gestroomlijnd teamwork), sushi en cocktail dates en was jij ook
iemand waar ik altijd mijn hart bij kon luchten. Ook was onze gezamenlijke liefde voor
films (*kuch*Titanic*kuch*) iets wat niet in mijn koude kleren ging zitten. Theo, je wilde
absoluut geen paranimf zijn, maar toch zet ik je stiekem onder dit kopje. Want jij hebt
echt een flinke bijdrage geleverd aan dit boekje. Je wist altijd alles en kende iedereen,
superhandig! En onze nauwe samenwerking tijdens de twee ELLA-papers was niet

alleen zeer welkom, maar ook zeker een goede herinnering aan mijn promotie.

Afdelingshoofden

Ab, bedankt voor de kans om mijn stage en promotie uit te voeren bij de afdeling
Viroscience. De sfeer op de afdeling was echt super en dat was dankzij jouw leiding
aan de afdeling. De mogelijkheid om naar Dakar te gaan was zeker één van de
hoogtepunten van mijn tijd bij de afdeling. Marion, toen jij afdelingshoofd werd op de
afdeling Viroscience was ik al niet meer werkzaam bij jullie. Desalniettemin wil ik je

bedanken voor jouw hulp in de periode erna.

Kamergenoten

Jonneke, jij was mijn buurvrouw in het kantoor en je bent nog steeds een vriendin.
Onze sushi dates, samen met Heidi en Oanh, zijn iets waar ik nog steeds erg naar
uitkijk. Lieve Anna, ik mis je en nu ik in de afrondende fase zit, mis ik je nog meer.
Het afronden van de promotie was voor ons beiden een strijd en jij had mij dus als

geen ander begrepen. Ik had heel graag met jou een glaasje bubbels gedronken op
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mijn feest.. Arwen, Bernadette, Leo, Marina, Marine, Martin (bedankt voor het
A(H2N2) werk), Pascal B., Sacha, Stefan N., Sander B., jullie natuurlijk bedankt voor
de laagdrempelige werkdiscussies, gezelligheid, de fijne niet-werk-gerelateerde

gesprekken, dineetjes/drankjes, en natuurlijk The Wall of Shame!

Flu/hMPV groep

Oanh, je was altijd een fijne collega, maar na het aflopen van mijn contract ben je een
fijne vriendin geworden. Onze sushi dates zijn altijd gezellig en ik hoop dat we op mijn
feest nog een keer de Oanh-pose kunnen doen met z'n allen. Ramona, helaas woon je
niet meer in Nederland en zien we elkaar niet meer, maar ik vond onze samenwerking
en gezellige avondjes heel fijn. Mathilde, | was thrilled when you joined the Flu/hMPV
group, because of your NA expertise! Thanks so much for your help with NA and for
the dinner and cocktail dates! Salin, you were a great colleague and | still miss you.
Thank you for your help during my internship, PhD, and your friendship! Bjorn, jij
bedankt voor je hulp met antigenic cartography, het bedenken van de afkorting voor
de neuraminidase-remmingstest (NAR), en jouw steun. Stefan V., bedankt voor de
hulp met antigenic cartography en de ELLA en voor de gezellige etentjes, feestjes, en
borrels. Sander H., bedankt voor jouw hulp met onder andere de DEC-protocollen. Ook
natuurlijk de rest van de groep bedankt voor alle expertise en samenwerking, maar ook
voor de gezelligheid: Ben (thanks for helping out with the ELLA), Bernike (bedankt voor
de feedback op hoofdstuk 3), Chantal, Eefje & Emmie (bedankt voor het voorwerk voor

hoofdstuk 6 & 7), Erin, Josanne, Juthatip, Kirsty, Pascal L, en Vincent.

Jan de Jong

Ik vind het heel erg jammer dat u er niet bij kunt zijn, want uw interesse en kennis van
influenza evolutie en surveillance was ongekend. Uw input op het laatste manuscript
(hoofdstuk 7) was heel erg waardevol geweest en ik weet zeker dat u het ook

fascinerend had gevonden. Bedankt voor alle discussies en uw kennis!

Department of Zoology, University of Cambridge

Derek, it was a great experience, and an honour, to collaborate with you and your group.
Your expertise on evolution and computational biology has helped me tremendously
in my research. Colin, our collaboration was very pleasant and your knowledge on
evolution was something | have learned so much from. Terry, | have said this before,

but | want to say it again: you were truly a lifesaver during the final years of my PhD.
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Sometimes | think that the harder a problem gets, the more you thrive. In any case, your
support (and brain) were immensely important to me. Thanks so much! Eu, same goes
for you, during the final, and maybe most difficult, part of my PhD, you were especially
very helpful. Thank you for being critical and so fast in replying to my emails (surely
there must be several Eugenes out there!). Also, the rest of the Cambridge group: Ana,
Anna (I had a great time in Rockville), Barbara (thanks so much for your help on the
final NA manuscript), Chris, Dan, David, Gene (thanks for your help with LispMDS),
Judy (bedankt voor de gezelligheid, ook in Zuid-Afrika), Kyle and Nic. | enjoyed the

discussions, the atmosphere, and the dinners & drinks we had afterwards!

Division of Viral Products, Center for Biologics Evaluation and Research, FDA

Maryna, you have no idea how much our collaboration has meant to me. It was not
only an honour to work with such an NA expert, but it has been a highlight of my PhD
trajectory. My visit to your lab was memorable, not only because | have learned so much,
but also because of your hospitality. Matthew, our collaboration led to my first paper,
and it was not only a PNAS paper, but also the first NA cartography paper! Thanks so
much for this and thanks for giving me the chance to present this at the ESWI Influenza
Conference. Jin and Laura, | was so happy to have met you and that you have taught me
about the NA/NI assays. It was great to be working with such NA experts. You've made

me feel so welcome during my short stay. Thank you!

J. Craig Venter Institute
Xudong Lin, Rebecca Halpin, and David Wentworth, thank you for your help and

expertise with the full-genome sequencing and resulting article.

Program in Emerging Infectious Diseases, Duke-NUS Graduate Medical School
Thank you for the expertise and collaboration on evolution and computational biology

Mathieu Fourment & Gavin Smith.
Center for Infectious Diseases, The University of Texas School of Public Health

Justin Bahl, thank you for your ideas, expertise and help on evolution and computational

biology and thanks for the interesting discussions.
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Afdeling Viroscience

Guus, bedankt voor het nuttige commentaar op alle artikelen. Gerrie & Tiny, jullie zijn,
net als Theo, ware influenza virtuozen en heb met veel plezier met jullie op het Flu |
lab gewerkt. Ruud, jouw hulp bij het vinden van alle A(H3N2) influenzavirussen was
onmisbaar en jouw droge humor zorgde er altijd voor dat ik weer even met beide benen
op de grond stond. Verder nog de rest van de Flu Il groep: Carolien (trophy wife), Joost,
Joyce, Mark, Nella, Rogier, Rory, en Stella, bedankt voor de gezelligheid, werkdiscussies
en jullie hulp. Ook buiten de Flu Il groep wil ik in het bijzonder bedanken: Anita, Anna G.,
Debby, David, Gijs, Henk-Jan, Lonneke, Maarten, Monique V., Patrick, Petra, en Peter.
Geert, jij heel erg bedankt voor je hulp met de fretten! Sabine en Maria, jullie bedankt
voor het regelen van congressen, vliuchten en hotels. Maria, nog extra bedankt voor
jouw hulp bij het in orde maken van alle formulieren en het printen van het proefschrift.
Loubna, bedankt voor jouw hulp met onder andere de gastvijheidsovereenkomsten.
Simone, Anouk, Carola, Fernanda, Wim, en Sumeyra, bedankt voor al jullie hulp met
echt van alles! Robert, bedankt voor het meedenken met, en hulp bij, mijn experimenten
en natuurlijk voor de wekelijkse bestelling bij King Foeng! En natuurlijk ook de rest
van de afdeling, bedankt voor alle hulp, kritische vragen tijdens mijn presentaties, en
expertise! Zonder jullie was de sfeer, en waren de borrels/Sinterkerst feesten, lang niet

zo leuk.

RIVM
Ton Marzec, ik gok dat je het af en toe goed zat was als er weer een mailtje met moeilijk-
tot onvindbare virussen in jouw inbox terecht kwam. Maar weet dat ik jouw hulp heel

erg heb gewaardeerd!

Hogeschool Larenstein & WUR

Alle docenten van de laboratorium studies van Hogeschool Larenstein, in het bijzonder
mijn mentor Frans Wilms, bedankt voor jullie support. De mensen van de MSc studie
‘Biotechnology’ (WUR) bedankt. In het bijzonder studieadviseur Leo de Graaff voor de
begeleiding.

Hogeschool Leiden
ledereen bedankt voor de steun en interesse. Er zijn nog wat mensen die ik extra wil
noemen: Bo, jij was mijn mentor en ik heb echt zo veel van je geleerd. Dit was dan

wel niet tijJdens mijn promotie op de afdeling Viroscience, maar dit heeft mij zeker op
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professioneel gebied erg geholpen. Ook bedankt voor het nakijken van de Nederlandse
samenvatting en jouw vriendschap! Saskia, bedankt voor jouw vriendschap; ik vond het
altijd fijn om even te spuien en mijn hart te luchten wat betreft de laatste loodjes van
mijn PhD. Said, jij ook bedankt voor je steun en vriendschap! Je geloofde in mij en dat

gaf me heel veel vertrouwen in mijzelf, iets wat ik soms nog wel eens vergeet te doen.

Vrienden

Sanne & Lennard, Paulien & Michiel G., Miranda & Mathieu, Karin & Arjen, Michiel W.,
jullie bedankt voor jullie vriendschap en interesse. Sanne, Lennard & Paulien, jullie ook
nog extra bedankt voor het nakijken van mijn steenkool Nederlandse samenvatting en

voor jullie fijne en zeer gewaardeerde steun in moeilijke tijden.

Familie

Pa, jij zou verreweg het meest trots op mij zijn geweest. |k wil je bedanken dat jij
altijd zo in mij geloofde en de moeite nam om naar mijn verhalen te luisteren over mijn
promotie. Helaas kan je er niet bij zijn, en ik weet dat jij dit ontzettend graag had gewild.
Ik wou dat ik kon geloven dat jij ergens daarboven tussen alle filosofen, geleerden en
intellectuelen, onder het genot van een borrel, zit op te scheppen over je dochter... dus
dat doe ik dan ook maar. Mam, bedankt voor je steun, meeleven, dat je altijd voor me
klaar staat, en dat je mij alle mogelijkheden, die je me maar kon geven in het leven,
hebt gegeven. Bart, na onze vader ben jij denk ik het meest trots op mij. Ik weet nog
zo goed dat je mij had geholpen met mijn scheikunde practicum op de middelbare
school en dat ik een 10 had gehaald. ledereen was vol verbazing, inclusief ikzelf, maar
jij had een grote glimlach en zei dat je dat wel had verwacht. Dat vertrouwen heb je nu
nog steeds en dat was, naast jouw interesse in mijn onderzoek, heel erg fijn. Rick, als
medisch onderlegde was jij naast zeer geinteresseerd ook erg kritisch op mijn werk,
met name als het vaccin weer eens niet helemaal perfect matchtte. Ik discussieer altijd
graag met je, en zo ook over mijn promotie. Ook bedankt voor je kritische blik op mijn
Nederlandse samenvatting. Annemieke, Mirjam, Thomas, Pien, Herman, Siny, Evelien,

Gert, Dominique en Marvin, bedankt voor jullie steun.

Lieve schatten
Corné, je hebt er één uitgekozen zeg. We hebben heel wat moeilijke tijden gehad,
niet alleen door mijn promotie, maar ook daarbuiten. Je stond vaak vanaf de zijlijn toe

te kijken, althans, zo denk ik dat dat voor jou vaak gevoeld moet hebben. Maar ik wil
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je zeggen dat het zo voor mij absoluut niet voelde, want jij was en bent mijn steun,
motivator, grote drijfveer, rots, de verstandigste van ons twee, en de liefde van mijn
leven (en liefste papal). De pieken maakten wat mij betreft dat de dalen doen denken
aan kleine kuiltjes. Het was altijd wij tegen de wereld. En nu dat Ol ons team heeft
versterkt, kunnen we echt alles aan. Ik vond het ook heel bijzonder dat jij de layout van
het proefschrift hebt ontworpen, het is nu echt perfect. Lieve Ollie, jij was, en bent, mijn
grootste drijfveer. Toen jij in ons leven kwam, wilde ik geen moment meer verspillen en
moest die promotie zo snel mogelijk af. Op mijn diepste puntin 2018, kwam jij letterlijk
dansend door mijn beeld heen en trok je me zo uit het dal. lets wat echt ongelooflijk
knap is! Je bewijst dat al die zoetsappige clichés waar zijn: je bent een verrijking, een
wolk, het mooiste dat me is overkomen en je houdt me een spiegel voor. Bedankt dat je

mij over de laatste streep hebt getrokken. Je bent mijn wijfie!
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