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Chapter 1

, and the 

.

Orthomyxoviridae 
. The 

Orthomyxoviridae is divided over seven genera

natural reservoir, cattle

.

; the 
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Introduction

, 

.

or cardiovascular disease.

the general population

. There were 

1



12

Chapter 1

human population

.

A(H1N1)

A(H2N2)

A(H3N2)

A(H1N1)pdm09

A(H1N1)

1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

 Horizontal 

(A(H1N1)) 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-

and A(H1N1)pdm09 viruses continue to cause epidemics.
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. The M and NS gene segments each encode a protein 

.

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 from47.

1
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. Besides the eight vRNPs, NEP is found within the 

. 

. The droplets or aerosols enter 

, enabling 

endosome to the virion interior . The acidic environment triggers a conformational 

. This allows fusion of the viral membrane with the cellular membrane 
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 Upon binding to sialic acid receptors on the 

into endosomes by receptor mediated endocytosis. Hereafter, the ion channel activity of matrix 

pH in the endosome triggers fusion of the viral and endosomal membranes, releasing the viral 

ribonucleoproteins (vRNPs) into the cytoplasm. The intact vRNPs 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 from70.

1
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the host cell serves as the viral envelope

.

in a process called reassortment
, and this incorporation 

mechanism is selective

.

, but these have never persisted as seasonal 

gene segments were derived from triple reassortant swine viruses that possessed genes 

viruses
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, including producing 
, and those that are resistant to antiviral drugs .

Genetic and antigenic evoluti on

, 

, aids 
in drug resistance, and enables propagation under altered growth conditions .

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 from4.

1
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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 (log2) of the maximum titre for antiserum S against 

any antigen and the log2 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 

scaling (MDS) methods are used to arrange the antigen and antiserum points in an antigenic map 
107.
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virus

receptors present on red blood cells, thus preventing the agglutination of red blood cells. 

. With this 

.

 

proteins , 

. Each identical subunit of the tetrameric protein carries the 

1
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. 

others provide a structural framework

also been observed to undergo antigenic drift
 and chickens

 surround the 

immune pressure
a limited number of viruses have discovered that their evolution differs and is often 

.

. Illustration of the tetrameric NA structure of subtype N2 (PDB 

code 2BAT115) 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 

bottom left), and smoothed cartoon loops (bottom right).
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 is based on the detection of free 
, but 

, which also relies on 

in vivo .

 a | Neuraminidase cleaves sialic acid 

virus particles from the cells.  | Sialic acid linked to galactose is cleaved, exposing the galactose. 

Galactose is linked to N-acetylglucosamine (GlcNAc). Adapted from145.

1
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 renamed to the 

pandemic led to the development of the intramuscular trivalent inactivated vaccines 

epidemic . Representatives of the predominant circulating viruses are sent to the 

.
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relation to antigenic change.
 

maps were constructed from the data sets using multidimensional scaling, to position 
.

.  describes the steps that are important for obtaining 

discussed in .

1
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Genetic Evolution of Neuraminidase 

1968 to 2009 and its Correspondence 
to Haemagglutinin

CHAPTER 2
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. 

nucleotide level. Selection pressures were estimated, revealing an abundance of 
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most recurring and virulent  and show the strongest antigenic drift .

, is responsible 

. 

. Vaccine 

.

infection
 

. Studies comparing 

. Given these factors, understanding 

2
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., updated 

 served 

eggs.

SuperScript®

®

regions were aligned using the ClustalW program running within the BioEdit software 
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ProtTest

. 

2
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and B corresponds to the number of amino acid substitutions between the amino 

are then used to arrange the points between two isolates in a genetic map to best 

result is a map in which the distance between points represents the number of amino 

. Threshold considerations 

genetic map distances. The threshold that approached both considerations best 

substitutions and the corresponding distances between strains in the genetic map was 
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gla.ac.

.

 and a linear regression plot for the 

. For all 

.

 over the 

.html?id = tracer

2
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of dN and dS dN dS ratio or 
. Codeml uses the 

 

. 

. For this procedure, 
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0.1

HK68
EN72
VI75
TE77
BK79
SI87
BE89
BE92
WU95
SY97
FU02
CA04

The phylogenetic ML trees of NA (a) and HA1 ( ) 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 HA107 and is consistent between both trees.

a
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. This method 

Ge-
netic maps were generated with 291 aa sequences and MDS algorithms for NA (a) and HA1 ( ). 
The vertical and horizontal axes correspond to the number of amino acid substitutions; one square 

107. 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.

a c

2
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the GiRaF runs are depicted on the tanglegram made from the ML trees as bold twines 



37

VI75

EN72

HK68

14 (60)

HA1
1 (58)
2 (52)

NA

TX77

BK79

SI87

BE89

BE92

WU95

SY97

FU02

CA04

8 (89)

16 (59)

19 (68)

3 (71)
4 (93)

5 (80)
6 (90)

7 (98)

15 (53)
9 (80)

10 (99)
11 (65)
12 (53)

17 (69)
18 (72)

13 (55)
20 (88)
21 (89)

22 (81)

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 HA107 (see legend to Figure 1). GiRaF version 1.01162 was used to detect reassortment events 

between HA and NA. Reassortment events (see Table S1 in the supplemental material) reported 

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

2
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reassortment events were within antigenic clusters, rather than between antigenic 

population.
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dN

or dS dN dS dN dS and the mean 
dN dS

dN dS dN dS

was less constrained. The dN dS

dN dS value for the 

suggesting that these mutations are deleterious

Mean Mean

HPD, highest probability density
MRCA, most recent common ancestor

2
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antigenic sites.

sweeps

d d

d d
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ba

127

372

367
370

199

437

148

267

308
328

334

338

465

a) and 

tetrameric ( ) NA structure constructed using MacPyMOL on subtype N2 (pdb code 2BAT115). 

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. 

(see Table S2 in the supplemental material).

2
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clades. The genetic distances between clades in the ML trees and in the genetic maps 

.

to the emergence of pandemic strains, it has been suggested that the emergence of new 

with reassortment events
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, providing 
, there 

into reassortment patterns.

neutral evolution models

visual inspection of the tanglegram. To test whether the small genetic distances between 

GiRaF and visual inspection.

nucleotide substitutions 

nucleotide 

2



44

Chapter 2

.

The overall mean dN dS

. There 

stalk region
site

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

CHAPTER 3
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ABSTRACT

data sets to investigate the genomic evolution and reassortment patterns. Numerous 
reassortment events were found, scattered over the entire period of virus circulation, 

reassortment events persisted over time, and one of these coincided with an antigenic 
cluster transition. Furthermore, selection pressures and nucleotide and amino acid 

acid substitutions were most pronounced for the haemagglutinin, neuraminidase, and 

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

. 

. 

a process known as antigenic drift

3
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. 

MATERIALS AND METHODS

 and full 

pipeline
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were aligned using the ClustalW program running within the BioEdit software package, 

general time reversible model with the proportion of invariant sites and the gamma 

 

3
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as a function of time. 

. Nucleotide alignments 

.

coalescent tree prior
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. 

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 

dN

dS  dN dS

. 

. Codons 

parameter estimation errors

. For this procedure, the ML trees were combined 

, combined with the 

3
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. 

dN dS

RESULTS

antigenic clusters of viruses
viruses have been studied
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The ML trees of each segment were colour coded based on antigenic clusters . 

. 
For all segments, the viruses on the trunk were the ancestors of all variants in 

 to all trees of the individual 
segments, it became clear that the topologies, although similar, were not identical to the 

between segments. 

To investigate reassortment over the entire genome, a combined approach of 
tanglegrams and GiRaF

3
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HK68
EN72
VI75
TX77
BK79
SI87
BE89
BE92
WU95
SY97
FU02
CA04
PE09

PB2 PB1 PA HA NANP M NS

0.05

 

 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 HA107,160 and is consistent 

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

Eventc d
e

NS
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Eventc d
e

NP

NP

M

NP
NP

NP

NP

3
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Eventc d
e

M

PA

NP

aPersistent 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).
cEvent numbering corresponds to that in Figure 2.
dPercentage of reassortment events observed in 50 independent GiRaF analyses of 50 independent MrBayes 
runs per segment.
e
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nonpersistent reassortment events, several persistent reassortment events were 

We investigated whether the timing of persistent reassortment coincided with 

cluster. 

3
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circulated at that time. 

the onset of the antigenic cluster. This was indicative of a genomewide selective sweep 

, there was evidence for reassortment 
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a b c

e

5

14

14

15

54

20

29

30

33

34

54

40

42

55
57 58

21 22

47

55

d
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14

21

32
33

HK68
EN72
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BE89

BE92

WU95

SY97
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42

33
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54

47
51
46

42
4746

55

44

46
44

f g

43

18

37

54

 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. 

3
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described and coincided with reassortment

to one nonpersistent reassortment event, GiRaF found a persistent reassortment event 

. 

. 

via ribosomal frameshifting

. The 
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, and 

 and 

difference between the NS proteins was even larger, with a much higher rate of amino 
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a

acidMean

Full
Full

Full

NP Full
Full

M Full

NS Full

NEP

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).

3
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overall dN dS and the mean dN dS

dN dS 

dN dS

dN dS values that 

dN dS values provides a ratio 
dN dS dN dS

dN dS 

selection.
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0.2 PB2 PB1

0
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0.2 NP M1

0

0.1

0.2 NS1 NEP/NS2

0.1

0.2 PB1-N40 PA-N155

HA0

NA

HA1

PB1-F2

PA

M2

PA-X

PA-N182

HA2

1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

1970 1980 1990 2000 2010
0

0.2

0.4

0.6

0.8

0

0

0.2

0.4

0.6

0.8

y = 0.0014x - 2.7944 
R2 = 0.90618

y = 0.0008x - 1.5381 
R2 = 0.8554 

y = 0.0018x - 3.4596 
R2 = 0.92616 

y = 0.0029x - 5.6585 
R2 = 0.82984

y = 0.0013x - 2.5027
R2 = 0.48976

y = 0.0014x - 2.7778 
R2 = 0.44722

y = 0.0022x - 4.2201 
R2 = 0.7294 

y = 0.0009x - 1.6757
R2 = 0.43004

y = 0.0016x - 3.1989 
R2 = 0.50555

y = 0.0008x - 1.6651 
R2 = 0.86062

y = 0.0011x - 2.1518
R2 = 0.92163

y = 0.0012x - 2.2721 
R2 = 0.92282
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R2 = 0.96501
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R2 = 0.85634R2 = 0.97058

y = 0.0091x - 17.855 y = 0.0095x - 18.739
R2 = 0.95378R2 = 0.95407

 

Phylogenetic trees were generated with 286 amino acid sequences for PB2, PB1, PB1-N40, 

PB1-F2, PA, PA-N155, PA-N182, PA-X, HA0, 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).

3
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. Two codons 

codon in antigenic site C

codons

. 

binding

 

detecting selective sweeps

, and 
 and located in the importin binding domain , 

. The 
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within antigenic site C

branches . 

DISCUSSION 

for these viruses . 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.

studies
were seen in the rate of nucleotide evolution.

, 
cocirculation  and persistence  of clades, virus migration , and selective sweeps . 

, but no full genome studies 
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to that of Rambaut et al.  was used, but now investigating the time of circulation of the 
. The tanglegrams showed abundant 

more stringent because GiRaF was applied to all combinations of segments rather than to 

, 

3
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. Similar 

importance . 

 and can still interact with one of the essential 
. 

dN dS

dN dS values than 

nonimmunogenic

, 
dN dS value. The overall dN dS results were in 

agreement with those of previous studies . 

sites
sites , and at least 
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the antigenic properties of the virus

substitutions at seven positions around the receptor binding site . No clear correlation 

. Future 
functional studies that investigate whether these mutations result in antigenic change 

balance , will be interesting. 

increase in reassortment events, an increase or decrease in accumulation of amino acid 

3
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data sets should also focus on the functional and antigenic properties of proteins other 
.
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Discordant antigenic drift of 
neuraminidase and haemagglutinin in 

CHAPTER 4
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drift
mice  and chickens

.

match between seasonal vaccine antigens and predominant circulating viruses

and human serologic data

circulating viruses

4
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sets, using multidimensional scaling to position the antigens and antisera on the map, 
.

. Single amino acid mutations were introduced to the 

Methods.

Materials and Methods.
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distances between antigens on the map, R
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BR/07

BM/18

TX/91
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c ea

d fb

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

A/Japan/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

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 antigenic drift of 

illness.

, but it was not known 
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. From the small cohort in that 

campaigns.
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of human vaccinees, showing that it is reasonable to correlate ferret serologic responses 
with human responses.

, 

. Three of the 
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 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 0 (pre) and 

day 28 postvaccination. Pre and postvaccination NI titres of three volunteers in each vaccine group 

determined (a) against H1N1-derived NC/99 NA ( ), SI/06 NA ( ), and BR/07 NA ( ) and ( ) against 

H3N2-derived WI/05 NA ( ) and UY/07 NA ( ). The mean fold-increase in NI titre after vaccination 

against (c) the three N1 antigens, and (d

4
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noted earlier in this report and supporting the idea that other subdominant conserved 

b

c

e f

d

a

 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.  - d | Reactivity of H6 reassortant viruses with NA of BR/07 containing point 

mutations with ferret antisera raised against NC/99 ( ), 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.
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, should not 

a                                                                              b

Gly354 Thr287

Glu214

Arg222
Gly249

Asp344

Lys329

Sites of amino acid differences between the NA globular 

a) and 

tetrameric ( ) NA, constructed using Modeler253 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).
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.

 challenge studies in mice. Studies to 
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CHAPTER 5

An optimized enzyme-linked lectin 

neuraminidase inhibition antibody 
titres in human sera

Journal of Virological Methods, volume 210, 15 December 2014, pages 7-14
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. The 

. This 

.

, but 

of human seasonal viruses have not been reported. This report describes steps that are 

5
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cotton rat inoculations were performed following federal guidelines under a protocol 

acetate electrophoresis
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 and Cate et al.  were followed 

mM MgCl

bkg

pos

test

test bkg pos bkg

5
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.

 was performed using GraphPad Prism to assess 

Vibrio cholerae 

low titres at high virus concentrations and high titres when low amounts of antigen were 
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to the amount of virus within the linear region of the virus titration curve and resulted in a 

Serial dilutions of H6N1NC/99 (N1 shown in 

black symbols) and H6N2WI/05 (N2 shown in grey symbols) were incubated for 18 h in fetuin-coated 

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

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. 5
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. Control sera did not 

Serum from naïve 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.

5
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as the amount of serum decreased, indicating the presence of increasing amounts of 

 

a

B

aThe N1 and N2 antigens were in the form of H6N1 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 
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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.
5
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 or 

standard operating procedure. Comparable results were obtained for each sample, with 

background and within the linear range of the virus titration resulted in reproducible 
sample titres.

5
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 Titres are shown for ferret 

(a, ) and human (c, d) sera tested against H6N1 (a, c) and H6N2 ( , d) antigens. The number of 
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sera.

ELLA

Fold Fold 
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ELLA

Fold Fold 
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 and therefore 

 have 

number of studies. This report describes steps that are important for obtaining 

 and measured responses 
 

. 

. Since antigenic competition 
, it 

5
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improvements.

indicating the presence of thermolabile 
. Surfactant protein 

in the presence of this inhibitor

in human serum
 and 

, however, 

, 
 and 

virus like particles

al.
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CHAPTER 6

Optimization of an Enzyme-Linked 
Lectin Assay suitable for Rapid 
Antigenic Characterization of the 

A(H3N2) Viruses
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Optimization of an Enzyme-Linked Lectin Assay suitable for Rapid Antigenic Characterization of the 

known as antigenic drift

described  and are 

. Representatives of the predominant 

.

cell
from the host cell

. The antigenic drift 

. These 

 
, 
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measured
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Optimization of an Enzyme-Linked Lectin Assay suitable for Rapid Antigenic Characterization of the 

. 

.
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, and one of the following 

Vibrio cholerae279 

 and 

 and Cate et al.  were 
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Optimization of an Enzyme-Linked Lectin Assay suitable for Rapid Antigenic Characterization of the 

™ MicroWell™

. 

. 

bkg

test test bkg

 and 

6
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the absorbance of the test wells and the wells that contained antigen but not ferret serum 

pos

test bkg pos bkg

 values of 
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R R

Plate coated with fetuin

R R

virus and serially diluted 
NA

inhibition titers

R R

ELLA 
to determine NA activity

NI ELLA 
to determine inhibition 

of NA by antibodies

Add serially diluted virus

NI ELLA

R R

R R

Incubate 16-18 hrs at 37 oC 

Add PNA-HRPO

R R

R R

Incubate 2 h at RT

Add HRPO substrate
and stop reaction after

 

The virus concentration 
that is within the linear 

range of the serial dilution
curve, but with an OD490 
of >0.75, is used for the 

NI ELLA

R = Fetuin

= PNA-HRPO

= Galactose residue = Sialic acid

= WT  A virus

Add PNA-HRPO

Add HRPO substrate
and stop reaction after

 

as the reciprocal of the

resulted in at least 50%
inhibition of NA activity.

a fetuin-coated well, the NA cleaves sialic acid from the fetuin, thus unmasking a terminal galactose 

the peroxidase substrate, a detectable colour change is produced which can be measured at OD490. 

By using different dilutions of virus in the ELLA, the optimal virus dilution for the NI ELLA can be 

490 > 

the terminal galactose residue and no colour change is detected.

6
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commercial Vibrio cholerae

. Similar 
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Optimization of an Enzyme-Linked Lectin Assay suitable for Rapid Antigenic Characterization of the 

Lineagea

b

B Victoria

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 (H1N1).

6
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Viruses 
BI/76 (a) and NL/92 ( ) were tested against serially diluted naïve 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.

a

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.
aRecombinant A(H7N2) viruses were tested against their homologous anti-A(H7N2) ferret sera in the HI assay.
bRecombinant A(H2N2) and wild type A(H3N2) viruses were tested in the NI ELLA against their N2-homologous 
A(H7N2) ferret sera.
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Optimization of an Enzyme-Linked Lectin Assay suitable for Rapid Antigenic Characterization of the 

used as an indicator for antigen dilution.

fourfold.

6
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First, the NA activity (black circles) of serially diluted NL/95 (a, c and d) and NL/92 ( ) 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 , 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 NI titres are shown as numbers above the log2 NI 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.
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versa.

in vivo

method
applied in recent studies. Cate et al.
are greater when vaccine dose is increased. Couch et al.

in human sera.

, and virus like particles . 

for large scale screening of viruses for vaccine strain selection. Therefore, the usage of 

 

and 

 are, in contrast to inhibitors of the , thermolabile . 
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Optimization of an Enzyme-Linked Lectin Assay suitable for Rapid Antigenic Characterization of the 

 inhibitors and the 

were not  but rather 

B

6
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was shown to be discordant

assistance.
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. Vaccination is the 

infection

, in 
a process known as antigenic drift . To match the changing antigenic properties of 

of protection  and is 

 and was shown to be 

. Two clusters did not evolve further and were referred to 

.

, 
. Each identical 

7

Kim Westgeest
Embargo20



136

Chapter 7

framework . While 

been shown to correlate with protection in humans

in human sera . These data can 

aiding in candidate vaccine virus selection

.

. 
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. The full list of viruses and 

 were included in this 
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, viruses were titrated 
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in an antigenic map. These multiple measurements improve the resolution of the raw 

github. .

.

based on the number of amino acid substitutions between all pairs of strains, to produce 
. The genetic map was created using the 

distances.

 performing a full heuristic 

regrafting searches

7
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determined with ProtTest .

, were used to assess clustering of 
k

algorithm  with k , and k

, 
Completeness

. The closer each of these metrics 
k k

k k

this data set is stable.

of the linear trendline was used to determine the relative antigenic unit change per 
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function of time. The slope of the linear trendline was used to determine the number of 

all strains.

. This antigenic 
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antigenic evolution over time.

measurements were left out of the table and antigenic maps were constructed with 

standard error, as well as the average correlation between predicted and measured values 

the antigenic distance between the same antisera and antigen pairs as determined from 

data.
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b

2012

HK68
EN72
VI75
TX77
BK79
SI87
BE89
BE92
WU95
SY97
FU02
CA04
PE09

1968

2012

1968
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 map107 and is consistent between the two 

maps (see the legend to panel ). Uncoloured open circles display antigens that are not present in 

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. 

 | 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.
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the antigenic and genetic maps, an antigenic map was generated in which arrows point 

 | The antigenic map from Figure 1a was colour coded based on the antigenic clusters 

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 

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.  | 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 . 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

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).
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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 

that was reversed towards the end of this cluster transition.

antigenic properties.
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 | 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 

is depicted as coloured circles and HA is shown as coloured squares.  | Comparison 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 , 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 ).

were plotted for viruses isolated between 1968 and 2012.
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Positiona Locationb SEc d PSe  
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Positiona Locationb SEc d PSe  

Stalk C F

Stalk S

Stalk P

Stalk S N

Stalk N T

Stalk V L
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Positiona Locationb SEc d PSe  

R K
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N
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Positiona Locationb SEc d PSe  

K N

S L

K E E K

E

R ?

N

F L

aResidues in italics are within 3 Å of an atom in the catalytic site, residues underlined are within 3 Å of an atom 
in the framework site.
bLocation according to Air, 2012342. TM, Transmembrane domain.
cSE, surface exposed residue. Exposed residues at 2.5 Å cutoff on PDB ID: 2BAT (note that 2BAT starts at 
residue 82).
dAG, antigenic residues documented in literature in different NA subtypes. These subtypes include N1159,325,326, 
N2123,134,136,159,182,183,316,320, N8317, N9114,135,318,319,343,344. Antigenic sites found by Air et al. 1985134 are indicated 
between parentheses. Numbering is based on amino acid sequence of N2.
ePS, positive selected sites documented in previous studies using the same data set; +305 or ++198,305

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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, 

d e
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f
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143

221
PH82-GU89 GU89-NA95 NA95-NY04

435

 | 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 ( ); PC73-PH82, dark blue (c); PH82-GU89, magenta (d); 
GU89-NA95, green (e); NA95-NY04, purple (f). PyMOL images are shown for subtype N2 (PDB 
code 2BAT115).
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.

recent viruses, in line with previous studies

. Each antiserum reacted with multiple viruses in the map 
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distances between consecutive cluster centroids were relatively
. The k

with previous studies

 

to evade the host immune responses
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late viruses and vice versa due to reversions of amino acid substitutions in important 

— —

— —

, and 
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was here found to be discordant. These previous studies focused on few viruses isolated 

considered for vaccine strain recommendations. Given that this pattern was almost absent 

affects this balance
might be related to maintaining or restoring this balance.

, mice , chickens , and ferrets , with various studies showing 

illness
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facilitating genetic screening as a predictor for the emergence of antigenic variants.
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 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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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.
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 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-

raised in ferrets. The image can be zoomed to show details.
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and have the highest rate of antigenic evolution

, enabling the virus to escape from herd 

work presented in this thesis.

2009 and its correspondence to haemagglutinin evolution

reported

virus movement through mucus to allow the virus to reach their host cells , and that 

 nucleotide substitutions 
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. Rates 
, 

, 
, or fewer 

emergence .

dN

or dS dN dS dN dS 

. Similar dN dS

, suggesting that there 

 have been 
. To date, limited 

.

. The 
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 we 

. 

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 

were neutral or detrimental.

dN dS

In silico
. 

. Koel et al. also detected 

detected through these in silico

.
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circulating between 1968 and 2011
 to the full genome and 

similar trend was observed with respect to the M segment evolving at the lowest rate, 

. 

substitution. For all other proteins, rates of amino acid substitution were at least three 

, and for genomic regions other 

takes place

limit a second infection superimposed on an earlier one

packaging signals limit reassortment . Thus, investigating reassortment with respect 

. Several 

8
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.
We further investigated positive and negative selection of all proteins using in 

silico
dN dS values compared to those of the other proteins. 

dN dS

dN dS

to the new host after the introduction into humans
overall dN dS , suggesting no difference between selection 

dN dS

.

selection

mutations causing antigenic change

, which is in line with the slower antigenic 
evolution

, it became clear that viruses belonging to an antigenic cluster were 

although most did not persist over time. We investigated whether the timing of persistent 
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antigenic variation . For our data set, the direct contribution of reassortment to antigenic 
change seemed limited.

.

Discordant antigenic drift of neuraminidase and haemagglutinin H1N1 and H3N2 

. 

8
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ferret antisera is relevant to human serologic responses.
Using a small panel of sera from vaccinated individuals, it was noticed that current 

, and this might 

. 
 could also be used for trivalent inactivated 

. Clinical 

residue in earlier studies

.

 is a 
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 and 

 

in results

.
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from 1957 to 2012

. We tested 

with high titres between homologous antigens and antisera, and low titres between 

tend to group in clusters rather than a continuous antigenic lineage, although much less 
k

. This could be due to 
 and thus encounters lower 
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the RBS

substitutions— —
— —

 and 

. 

. This is remarkable if one considers the high mutation rate 
, and that single amino acid substitutions 

. There are several 

, and this is supported 

not be rescued

.

8
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discordance was also observed upon comparison of the time span of circulating viruses 

 
and 

. The data presented here might aid in the 

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

, 
. 

 and 

 

a basis for a similar computational framework
publications . This shows the 

providing new insights in pathogen evolution.

Antigenic sites and epitopes of neuraminidase

more researches acknowledged this idea

. To date, there 
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selection of representative viruses from each antigenic cluster should be made in which 

 were detected through our in 
silico  and 

 and 

, creating 

8
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for distribution

. The downside of using 

like particles

 and this should be considered when 

evolution as observed for ferret antisera, it would be interesting to test human sera of 

, while 

.

, which is lower than with other vaccines

, 
guinea pigs , ferrets , chickens , and humans

. 



179

Summarizing discussion

in monovalent or multivalent vaccines

effectiveness of these vaccines.

Concluding remarks

, and for studies on antiviral resistance . 

 can help to gain insights into the evolution 

, 

8
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