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Understanding the dynamics of the selection of influenza A immune escape variants by serum antibody is critical
for designing effective vaccination programs for animals, especially poultry where large populations have a short
generation time and may be vaccinated with high frequency. In this report, immune-escape mutants of A/turkey/
New York/4450/1994 H7N2 low pathogenic avian influenza virus, were selected by serially passaging the virus
in the presence of continuously increasing concentrations of homologous chicken polyclonal sera. Amino acid
mutations were identified by sequencing the parental hemagglutinin (HA) gene and every 10 passages by both
Sanger and deep sequencing, and the antigenic distance of the mutants to the parent strain was determined.
Progressively, a total of five amino acid mutations were observed over the course of 30 passages. Based on their
absence from the parental virus with deep sequencing, the mutations appear to have developed de novo. The
antigenic distance between the selected mutants and the parent strain increased as the number of amino acid
mutations accumulated and the concentration of antibodies had to be periodically increased to maintain the
same reduction in virus titer during selection. This selection system demonstrates how H7 avian influenza viruses
behave under selection with homologous sera, and provides a glimpse of their evolutionary dynamics, which can
be applied to developing vaccination programs that maximize the effectiveness of a vaccine over time.

1. Introduction subtypes are particularly monitored and are notifiable to the world

animal health organization (OIE). In much of the world, H5 and H7

Avian influenza viruses (AIV) are an important threat to animal
health and food security. It is estimated that every year millions of birds
die either as a direct result of avian influenza virus infections, or a result
of biosecurity measures (such as culling of infected animals, pre-emptive
culling, etc.) aiming to contain avian influenza outbreaks (Otte et al.,
2008). Avian influenza viruses are classified by the OIE as either low
pathogenic (LP) or highly pathogenic (HP) viruses based on their viru-
lence in chickens. Of all the AlIVs, those of the H5 and H7 subtypes are
particularly important because they can mutate to the HP form (Bosch
et al., 1981; Alexander, 2000; Suarez et al., 2004; Webster et al., 1986;
Pappas et al., 2007), causing systemic infections and up to 100 %
mortality in gallinaceous poultry. As such, LPAIVs of the H5 and H7

LPAIVs are controlled by vaccination (Suarez et al., 2003). Most vac-
cines used in poultry worldwide (i.e. 95 %) are inactivated, adjuvanted
whole virus vaccines (Swayne et al., 2011) which only induce serum
polyclonal antibodies.

The surface proteins of influenza viruses are the targets of neutral-
izing antibodies. The hemagglutinin (HA), which outnumbers the
neuraminidase by a ratio of 4:1 (Bouvier and Palese, 2008; Webster
et al., 1992), experiences the most intense selection pressure from an-
tibodies, and consequently is the most prone to mutations, which can
alter its antigenicity sufficiently to avoid recognition by either natural
infection-induced or vaccination-induced antibodies. Apart from reports
of AIV mutants from the field, little is known on how immune pressure

Abbreviations: AV, avian influenza virus; EIDs,, 50% egg infectious dose; ECE, embryonating chicken egg; HA, hemagglutinin; HAU, hemagglutination units; HIU,
hemagglutination inhibition units; HP, highly pathogenic; LP, low pathogenic; PBS, phosphate buffered saline; SPF, specific pathogen free.
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selects for immune escape mutants. Laboratory attempts to select for
mutants of influenza viruses are frequently based on monoclonal anti-
bodies, which are highly specific. Even when mixtures of monoclonal
antibodies are used, this type of selection is not representative of what
happens inside an animal, where the immune response against viruses is
based on polyclonal antibodies, which have a much broader activity. A
limited number of studies utilizing polyclonal serum have been pub-
lished (Archetti and Horsfall, 1950; Cleveland et al., 1997), but have
used static antibody levels. More importantly, polyclonal antibodies
from the target host of vaccination, in this case chickens, are the most
relevant to mimic selection pressure in the field.

In order to better understand the dynamics of how polyclonal anti-
bodies select for escape mutants of LPAIVs, a well-characterized H7
lineage was utilized (Senne et al., 2003; Spackman et al., 2010; Spack-
man et al., 2003; Suarez et al, 1999). In addition to being
well-characterized, this lineage was selected for its biological stability
and safety because it has never become HP despite over a decade of
circulation in live bird markets and occasional incursions into com-
mercial poultry. An in ovo selection method first utilized with H5 HPAIV
(Sitaras et al., 2014) was applied to A/turkey/New York/4450—4,/1994
H7N2 LPAIV, by applying immune pressure in the form of
continuously-increasing concentrations of homologous, chicken poly-
clonal sera. This method achieves selection through continuous rounds
of refinement and changes were monitored by sequencing the HA gene
and evaluating the antigenic distances of every fifth passage by antigenic
cartography (Sitaras et al., 2014; Sitaras et al., 2019).

2. Materials and methods
2.1. Preparation of virus stock

A/turkey/New York/4450/1994 H7N2 LPAIV served as the parent
strain (pass 0). The initial stock had been passaged in embryonating
chicken eggs (ECEs) 3 times, which allowed for adaptation to ECE. A
virus stock was prepared by passaging the virus once in specific path-
ogen free (SPF) 9 day-old ECEs using standard methods (Spackman and
Stephens, 2016). Hemagglutination (HA) assays were performed to
determine the HA titer from each egg. Allantoic fluids from all eggs that
had HA titers within one logy were pooled. The HA titer of the pooled
virus stock was then determined and was found to be 128 (or logs7)
hemagglutination units (HAU). The virus was titrated in ECEs using
standard methods (Spackman and Stephens, 2016) and was determined
to be 10825 50 % egg infectious doses (EIDs) per mL.

2.2. Polyclonal chicken serum

Homologous polyclonal sera were produced in 5 week-old SPF
chickens. Procedures for all animal work were reviewed and approved
by the US National Poultry Research Center Institutional Animal Care
and Use Committee. Pass 0 virus was inactivated with 0.1 % f-propio-
lactone for 6—8 hours at room temperature and 4 °C overnight, after
which the pH was adjusted to 7.0 using sodium bicarbonate. The HA
titer of the inactivated virus was standardized to128 HAU per 0.025 mL.
The inactivation was verified by failure to detect virus after two passages
of 1% of the inactivated virus volume in ECEs by standard virus prop-
agation methods (Spackman and Stephens, 2016).

Five SPF chickens were vaccinated intramuscularly with 0.5 mL of
128 HAU inactivated vaccine prepared with a mineral oil based adju-
vant, Montanide™ ISA 70 V G, (SEPPIC Inc., Fairfield, NJ) at a 30 %:70
% inactivated virus:adjuvant ratio. Therefore, each 0.5 mL dose was
comprised of 150 pL of inactivated virus and 350 pL of adjuvant. Three
weeks post-vaccination, blood was collected, serum was separated and
then inactivated at 56 °C for 50 min. Hemagglutination inhibition (HI)
assays using the homologous inactivated virus as antigen (standardized
to 4 HAU per 0.025 mL) were performed to evaluate the HI titer of the
serum from each individual bird. All five sera were found to have HI
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titers within one log, and were pooled. The HI titer of the pooled sera
was confirmed by a HI assay and was found to be 512 (or log,9) hem-
agglutination inhibition units (HIU) per 0.025 mL.

2.3. Determination of initial serum concentration for selection

Pass 0 virus was diluted in sterile phosphate buffered saline (PBS) to
16 HAU/0.025 mL, and the titer of the diluted virus was calculated to be
10%°EIDso/mL. An optimum starting serum dilution for the selection
experiments was defined as a dilution that results in a 1000-fold
decrease in the EIDs titer. To determine the appropriate starting dilu-
tion for the serum, the parent strain (i.e. pass 0) was standardized to 16
HAU/0.025 mL and was incubated for 2 h at 37 °C with an equal volume
of numerous concentrations of homologous sera. At the end of incuba-
tion the serum treated virus was titrated in 9 day-old ECEs to determine
the reduction in titer. A 1:50 serum dilution (approximately 10.24 HIU)
in sterile PBS produced an EIDsgq titer of 10%%/mL and was thus
considered as optimum for the start of the selection experiments.

2.4. Selection of mutants

Selection of immune escape mutants took place as originally
described in (Sitaras et al., 2014). Briefly, for each round of selection, 16
HAU of virus from the previous passage (starting with pass 0) were
incubated with an equal volume of homologous pooled sera, starting
with ~10.24 HIU (1:50 dilution) determined as described above, for 2 h
at 37 °C (Fig. 1).

As a control, during each round of selection 16 HAU of virus from the
same selection round were incubated with an equal volume of the same
dilution of non-immune sera (i.e. sera derived from SPF hens, free of
antibody to AIV) as the dilution used for the selection with homologous
immune sera. After the 2 h incubation, the control isolates were diluted
1000-fold in sterile PBS, in order to simulate the reduction in HA titer
that has taken place in the antibody selected isolates.

After incubation, three 9- to 11-day-old ECEs were each inoculated
with 200 pL of the antibody selected virus or the control virus. Inocu-
lated ECEs were incubated at 37 °C for 48 h and were checked daily for
embryo deaths. Dead embryos were removed from the incubator, time of
death was recorded and placed at 4 °C pending harvesting of the
allantoic fluid. At the end of the 48 h incubation period, allantoic fluid
was harvested from all ECEs and HA assays were performed to deter-
mine the HA titer of the allantoic fluid from each individual egg.
Allantoic fluid with titers within one logs were pooled. The HA titer of
the pooled allantoic fluids was then confirmed and diluted to 16 HAU/
0.025 mL to be utilized in the next round of selection.

In total, 30 rounds of selection took place. The antibody concentra-
tion had to be periodically increased to maintain the same reduction in
titer (Table 1). In the last rounds of selection, a 1:2 serum dilution was
used, 25-fold higher than the starting serum dilution (Fig. 1).

2.5. Identification of mutations in the HA gene and variant analysis via
deep sequencing

RNA from every fifth passage was isolated using the MagMAX™-96
AI/ND Viral RNA Isolation kit (ThermoFisher Scientific, Waltham, MA).
For Sanger seqeuncing the HA gene was amplified using the OneStep RT-
PCR kit (Qiagen, Germantown, MD), and primers specific for the HA of
the parental strain that would allow amplification of the entire HA gene
coding region. The product was run on a 1% agarose gel, the HA gene
band was excised and the DNA was extracted using the QIAquick® Gel
Extraction kit (Qiagen). The HA gene was sequenced with the BigDye
dideoxy terminator kit (Life Technologies, Carlsbad, CA) using primers
that spanned the entire coding region and overlapped, thus ensuring a
minimum coverage of 3 reads. Sequencing results were analyzed using
Lasergene (Version 15) (DNASTAR Madison, WI). The HA gene was
translated into the HA protein and nucleotide substitutions resulting in
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Fig. 1. Schematic representation of the protocol for selection of immune escape mutants. Increases in antibody concentration used throughout the passages are
shown. Hemagglutination inhibition unit equivalents for serum concentrations are shown in Table 1.

Table 1

Concentrations of polyclonal chicken sera used during passaging. Control serum
(influenza antibody-free serum) was used at the same dilution at the equivalent
passages. HI titer of undiluted sera was 512 HIU.

Passage Serum dilution HIU?
1-3 1:50 10.24
4-10 1:30 17.07
11 1:10 51.2
12—-14 1:5 102.4
15-19 1:4 128
20-24 1:3 170.67
25-30 1:2 256

a. HIU = hemagglutination inhibition unit.

amino acid changes were noted.

To determine if mutations in the HA gene were already present at low
frequency in the quasispecies pool and arose progressively, serum
treated material from passages 0, 10, 20, and 30 were selected for Next-
Generation Sequencing (NGS). Briefly, isolated RNA was amplified via
sequence independent, single primer amplification (SISPA), (Chrzastek
et al., 2017). Sequencing libraries were prepared using the Nextera Flex
kit (Illumina) and paired-end sequencing (2 x 250 bp) of the pooled
libraries was performed on an Illumina MiSeq platform using the 300
cycle MiSeq Reagent Kit v 2 (Illumina, USA) according to manufac-
turer’s instructions. Raw sequence reads were analyzed and assembled
with MIRA v 3.4.1 (Chevreux et al., 2004) and read mapping from
BWA-MEM (Li, 2013) was used to generate a consensus sequence for the
HA gene within customized workflows on a Galaxy platform (Dimitrov
et al., 2017). Variant analysis was performed in Geneious v 11.1.133
using alignment files and consensus sequences from Galaxy. Only vari-
ants with a p-value less than 0.05 occurring at a frequency greater than 1
% were considered.

2.6. Antigenic characterization of mutants

Sera against pass 0 and passages with amino acid changes (pass 10,
15, 20, 25, and 30) were raised in eight, 3 week-old chickens per pas-
sage. Each passage was inactivated using 0.02 % formalin. Inactivation
was confirmed as described above. At this stage formalin was used for
inactivation as opposed to B-propiolactone, to minimize potential
chemical modifications to the HA that may affect virus binding (Bon-
nafous et al., 2014). Alterations of the HA protein could affect eryth-
rocyte binding during the subsequent HI assays. The HA titers were
standardized to 128 HAU/0.025 mL after inactivation. Vaccines were
prepared with each passage and sera were produced in chickens as
described above.

The HI dataset consisted of six antigens (virus passages 0, 10, 15, 20,

25 and 30) and eight homologous sera per each of the six antigens, for a
total of 48 sera (each antigen was tested against 48 sera, out of which 8
sera were homologous to that antigen). All HI assays were performed in
duplicate, and all antigens were cross-checked against all sera, resulting
in 576 measurements in total. The procedure followed for distance
calculations is the same as originally described in (Sitaras et al., 2014;
Sitaras et al., 2019). All duplicate HI measurements were first averaged
and then converted into log, titers (e.g. 512 HIU converted into 1og29).
This resulted in a 6 x 48 matrix. The difference between homologous
and heterologous HI titers was calculated and standardized to be >0.
The resulting 6 x 48 matrix shows the differences in HI titers between
each one of the 6 passages against each of the 48 sera. The matrix was
then standardized so that the average for each antigen against each
serum would be 0 and the standard deviation would be 1. From this
matrix, distances between strains were calculated using Mathematica®
(Version 12, Wolfram Research Inc., Champaign, IL) by applying the
distance formula:

distance;; =

where m is a matrix element of matrix M.

The result was a 6 x 6 symmetrical master distance matrix, con-
taining the distances between each possible pairwise comparison among
the 6 strains. Note that such a matrix contains only 15 unique distances,
i.e. the triangular matrix below the diagonal (Table 4). To construct an
antigenic map showing the distances between different strains, any
three sets of strains were compared by extracting the corresponding 3 x
3 sub-matrices from the master distance matrix, and solving the distance
equation to obtain x and y coordinates. These strains are then plotted as
triangles. By extracting sub-matrices the geometry between different
strains is conserved since there is no distortion from reducing the
dimensionality of the space in which the strains are plotted (Sitaras
et al., 2014; Sitaras et al., 2019).

3. Results
3.1. Genetic characterization of mutants

The HA gene of every fifth passage of the selected and control viruses
starting with the pass 0 was sequenced. In total, 7 nucleotide sub-
stitutions were selected by pass 30, resulting in 5 amino acid mutations
(Table 2). Mutations were selected progressively and persisted in sub-
sequent passages (Fig. 2). Only one nucleotide substitution was identi-
fied in pass 30 of the control isolates that were passaged identically with
influenza antibody-free sera. It was the same A1062 G silent substitution
observed from pass 15 onwards of the selected passages (H7 numbering



1. Sitaras et al.

Table 2

Nucleotide and amino acid mutations selected in the presence of homologous
polyclonal sera, compared to pass 0 (A/turkey/NY/4450-4/1994 H7N2 LPAI
virus) by passage number.

Passage Nucleotide substitutions Amino acid mutations
5 _ a
10 A1555G S519G
15 T259C F87L
G641A G214E
A1062G -
A1555G S519G
T259C F87L
20 G641A G214E
A1062G -
A1555G S519G
T259C F87L
G410A G137E
G641A G214E
25 A1062G -
C1071T -
G1379A R460H
A1555G S519G
T259C F87L
G410A G137E
G641A G214E
30 A1062G -
C1071T -
G1379A R460H
A1555G S519G
a. A dash indicates a silent mutation.
F87L F87L F87L F87L
G137E G137E
G214E G214E G214E G214E
R460H R460H
S519G S519G S519G S519G S519G
Pass0 Pass5 Pass10 Pass15 Pass20 Pass25 Pass30

Fig. 2. Overview of amino acid mutations and the passage isolates in which
they were selected. The height of the blue bars corresponds to the number of
amino acid mutations.

is used throughout this report).

The first amino acid mutation was identified at pass 10 (S519 G). At
that time, the antibody concentration had already been increased from
1:50 (10.24 HIU) to 1:30 (17.07 HIU) (Table 1). At pass 15 and pass 20
two additional amino acid mutations (F87 L and G214E) were selected.
By passage 20, the antibody concentration had increased to 1:4 (128
HIU), 12.5x higher than the concentration used in the beginning of the
selection process. At pass 25 the antibody concentration had increased
to 1:2 (256 HIU, 25x higher than the starting serum concentration) and
two more amino acid mutations (G137E and R460 H) were selected. All
five amino acid changes were present at passage 30.

None of the nucleotide substitutions present at later passages were
observed in the variant pool at passage 0 (Table 3). By passage 10, the
A1555 G and G641A substitution sites showed a near equal distribution
of variants and there was disagreement between NGS and Sanger
sequencing as to which base to call in the consensus. Both of these
substitutions would go to fixation by passage 20. The G410A substitu-
tion was detectable by deep sequencing in passage 20 at a frequency of
4.9 % (Table 3) and the minor variant would become a majority
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population by passage 25. Although NGS and Sanger were in agreement
on the final consensus at passage 30, four of the seven cumulative sub-
stitutions could not be detected with deep sequencing at the given
sampling frequency. Additional variable sites including G1654A were
identified via deep sequencing but never became fixed in later passages
(Table 3).

3.2. Antigenic characterization of mutants

The antigenic differences among the selected passages were evalu-
ated by means of a series of HI assays in which all strains were cross-
checked against all sera. All measurements were performed in dupli-
cate; almost all had the same HI titer and in only a few cases a difference
of one log, was observed. The duplicate measurements taken proved to
be extremely consistent, with almost all showing the same HI titer and
only a few cases where a difference of one logy was observed. The dif-
ference between the antibody titers mounted within each group of 8
animals vaccinated with the same vaccine was mostly logs2-log,3 with
some cases being as high as loga4 or as low as one logs.

From the results of the HI assays, antigenic distances were calculated
and a master distance matrix was created (Table 4). Antigenic maps
were constructed from the master distance matrix by extracting sub-
matrices corresponding to the passages that are to be compared.
Because no amino acid mutations were found in pass 5, serum against
this strain was not raised and it was excluded from antigenic
characterization.

The distance of each passage from the pass 0 consistently increased
with passage number and accumulation of amino acid mutations
(Fig. 3). The largest antigenic distance observed was between pass 0 and
pass 30 (log23.85 or 14.42 HIU).

4. Discussion

The results show that the method used was successful in selecting for
mutants able to escape antibody pressure from homologous polyclonal
sera. The fact that continuously higher concentrations of antibody was
needed to reduce virus titer and to select for additional amino acid
mutations, implies that these mutations were selected as a direct result
of antibody pressure.

Some work with monoclonal antibodies has been reported to char-
acterize the antigenic sites of the H7 HA (Schmeisser et al., 2015; Yao
et al., 2019). Here the location of the mutations was inferred from
previously identified dominant epitopes on the HA of H3 and H5 sub-
types (Duvvuri et al., 2009; Criado et al., 2019; Wiley et al., 1981), and
through an alignment between the sequence of our H7 influenza viruses
and the H5N1 A/goose/Guangdong/1/96 reference strain. Two of the
amino acid mutations we selected appear to be located in previously
defined dominant epitopes in the HA (F87 L and G214E located in epi-
topes E and D respectively) (Fig. 4) (Criado et al., 2019). The remaining
three amino acid mutations (G137E, R460H, S519 G) were found to be
either adjacent to, or in other areas of previously defined antigenic
significance (Duvvuri et al., 2009; Criado et al., 2019; Wiley et al.,
1981). Mutation G137E is wedged between the amino acids forming
antigenic epitope A, and mutations R460H and S519 G appear to be in
the membrane-proximal part of the HA stalk domain. Position 460 in
particular (or 468 in H1 numbering), is identified as the only positive
selection site in the HA stalk (Duvvuri et al., 2009; Kirkpatrick et al.,
2018). In addition, the mutation to glycine may confer flexibility to the
ectodomain, thus have an indirect effect in the way antibodies recognize
and bind to it (Benton et al., 2018). Antibodies to the HA stalk domain
have been shown to provide broadly reactive immunity (Wang et al.,
2017; Zhang et al., 2017) and are the focus of universal vaccines.
Although it was originally believed that the HA stalk domain is not
susceptible to immune pressure and does not evolve, recent research has
shown that the stalk domain is evolving, albeit at a much slower rate
than the HA head (Kirkpatrick et al., 2018) and that immune pressure on
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Table 3
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Variable sites in the HA gene identified from deep sequencing. Only variants occurring at a frequency greater than 2% are shown here. Sites in bold font indicate

mutations that became fixed in the consensus sequence for later passages.

Passage Position Change Amino Acid Change Coverage Variant Frequency Variant P-Value (approximate)
0 1654 G->A G->R 240 8.30 % 7.10E-48
1050 G->A 1035 24.80% 0
876 T->C 734 27.90% 0
674 T->G I->8 696 25.90% 0
584 G->T G->V 745 27.00% 0
427 A->G T->A 736 32.20% 0
336 T->C 803 28.00% 0
10 1654 G->A G->R 853 7.70 % 5.40E-152
1555 G->A G->S 2902 36.90% 0
641 A->G E->G 2345 39.50 % 0
593 G->T S->1 2251 3.40% 1.00E-146
356 T->C I->T 2234 2.60% 1.70E-103
130 G->A V->1 1506 3.50 % 7.80E-104
20 1671 T->C 1419 38.50 % 0
1654 G->A G->R 2020 4.40% 5.90E-182
410 G->A G->E 7075 4.90% 0
170 A->G K->R 6251 2.40% 1.30E-275
30 1654 G->A G->R 101 3.00% 3.30E-07
1464 G->A M->1 318 44.00% 0
1135 A->G S->G 285 2.10% 1.10E-11
266 A->T E->V 238 2.10% 5.90E-10
Table 4 that if any mutations in the HA stalk would alter the antigenic distance
able

Antigenic distance matrix used for the construction of antigenic maps. Distances
are log, values (i.e. 3.85 is 10g23.85, or 14.42 HIU). The matrix is symmetrical.

Passage Passage
0 10 15 20 25 30
0 0
10 1.19 0
15 2.17 1.18 0
20 2.24 1.18 0.37 0
25 3.10 2.15 1.59 1.37 0
30 3.85 3.16 2.36 2.34 1.51 0

15
Pass15 Pass25
0
0PassO 1 Pass10 2 3 4 5
-0.5
Pass30
-1.5

Fig. 3. Antigenic map showing the distances between and among passage
isolates. All distances between passage isolates connected with a line are the
same distances as calculated and reported in the master distance matrix. To
show distances between sets of passage isolates other than the ones shown in
this map (i.e. pass 0, pass 25 and pass 30), the relevant sub-matrices need to be
extracted. Distances are shown in log, values corresponding to hemagglutina-
tion inhibition units (i.e. log,4 = 16 HIU) on both the X and Y axis.

the stalk domain can indeed lead to the selection of mutants that are able
to escape immunity from broadly neutralizing antibodies, such as the
ones elicited by universal vaccines (Wu et al., 2020; Park et al., 2020).
Whether our selected mutations located in the HA stalk would render a
universal vaccine ineffective is a matter of speculation since we did not
carry out this particular research. However, it would be safe to assume

between the parent strain and the mutant sufficiently, or would result in
somehow altering the conformation of the HA stalk, then we would
expect that the efficiency of the broadly neutralizing antibodies of uni-
versal vaccines would be compromised also.

Even if some of the mutations selected were not located in known
antigenic epitopes, the fact that the polyclonal serum selected these
amino acid mutations and the antigenic distance from pass 0 increased
with additional mutations, suggests that they are antigenically-
important. The absence of amino acid mutations in the control pas-
sages treated with influenza antibody-free serum, and the fact that the
mutations appear to have become fixed in the selected passages provides
further support that these sites are important for neutralizing antibody
binding.

Because most of the nucleotide substitutions translated into amino
acid mutations, we can deduce that our selection method is very
“economical”, in that silent mutations are few. Indeed, we can assume
that our selection method is Darwinian, only mutations necessary for
virus survival under continuously increased antibody pressure are
selected and no “energy” is wasted in silent mutations. This is also
supported by the fact that no amino acid mutations were found in the
control isolates, as there was no survival reason for the virus to select for
mutants in those isolates. Additionally, deep sequencing showed these
mutations were not present in the starting population and arose de novo
as a result of selection pressure. Only 3 of the 7 substitutions observed at
passage 30 could be detected in variant analysis of the earlier passages
selected for deep sequencing suggesting mutations beneficial to virus
survival went to fixation rapidly once present in the population. Addi-
tional variants not in the final consensus arose at various stages of the
passages but never went to fixation further demonstrating only benefi-
cial substitutions persisted.

Antigenic characterization shows that the distance between the
passages increased with the accumulation of amino acid mutations. In
other words, successive passages drifted away not only from the parent
strain (pass 0), but from each other. The maximum distance observed
was between pass 0 and pass 30 and was calculated to be log23.85 (14.45
HIU). Importantly, the fact that we raised sera against each strain in
more than one animal, eliminates the effect of inter-individual variation
in vaccination-induced immune response, and makes our distance cal-
culations (and consequently our antigenic maps) more accurate, as
discussed in (Sitaras et al., 2019), thus maintaining real distances be-
tween each set of compared strains, and conserving the geometry of
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Fig. 4. Cartoon of the H7 HA monomer deduced protein structure (Van der Waals surface) of the H7 HA of A/turkey/NY/4450-4/1994 with the correlating H3
dominant antigenic sites (Criado et al., 2019) and amino acid changes observed here shown. A) side view; B) alternate side-view; and C) top view. The model was
built with SWISS-MODEL using A/Victoria/361/2011 H3N2 as a template and the cartoon was make with DeepView/Swiss-pdb viewer v4.1.0 (Bienert et al., 2017;

Waterhouse et al., 2018; Guex et al., 2009).

shape-space.

When the amino acid sequences are the same, as in the case of pass
15 and pass 20, the antigenic distance between the two strains is very
small, as would be expected, because the strains are closely related.
These small differences have to do with the way mutants are selected.
Influenza virus populations contain numerous subpopulations (quasis-
pecies) carrying different mutations, with one quasispecies being sub-
stantially more dominant than the rest. This selection method
neutralizes the dominant quasispecies and progressively increases the
abundance of another population which carries mutations that allow it
to survive against the applied antibody pressure. Every passage is a
further round of refinement. As a consequence, even when two passages
may have the exact same amino acid sequences in the dominant qua-
sispecies as determined with Sanger sequencing, the later passage rep-
resents a more refined population, therefore a small antigenic distance
may be observed. Also important for understanding the dynamics is that
because the variants appear to arise de novo, it is possible that variants
may be different among the 3 eggs. Because the material is pooled after
the virus has replicated, the variants are mixed for the subsequent round
of selection and the most fit variants will likely be selected from the
pooled population

A comparison between this work and a similar study with goose/
Guangdong/1996 lineage H5N1 HPAIV where the selection protocol
was reported for the first time (Sitaras et al., 2014), draws some inter-
esting conclusions. It is evident that the selection system works equally
well with both HPAI and LPAI influenza viruses of either H5 and H7
subtypes. Indeed, the results of the current research are very similar to
results obtained when selecting for immune escape mutants of HPAI
HS5N1 (Sitaras et al., 2014) and H7N7 viruses (unpublished data). In
particular, in both this report and in (Sitaras et al., 2014) the immune
pressure needs to be increased throughout the selection process, amino
acid mutations appear to be selected faster when the immune pressure is
increased, antigenic distance increases with the accumulation of amino
acid mutations, and no amino acid mutations are selected in the control
isolates. It is noteworthy that the distance between pass 0 and pass 30
(14.45 HIU) found in this report is larger than the distance between the
parent strain HPAI H5N1 (A/turkey/Turkey/1/2005) and the latest
passage isolate, Pass42 (4.5 HIU) found in (Sitaras et al., 2014). This can

be due to the fact that in (Sitaras et al., 2014), a more conservative
approach to selection was taken, in that the serum pressure started to be
continuously increased only after the 20th passage.

Similarly, a comparison between this work and the situation in the
field, particularly in the case of H7N3 viruses in Italy and H7N9 viruses
in China where vaccination has been used as a control measure, allows
us to draw some interesting conclusions. In Italy, it has been demon-
strated that although some positive selection pressure appears to be
caused by vaccination, the viruses isolated from vaccinated animals
appeared to be more antigenically-similar than the viruses isolated from
unvaccinated animals. In addition, one of the mutations identified in the
Italian isolates after vaccination (G144E, H3 numbering) appears to be
the same as the G137E (H7 numbering) mutation we report in our iso-
lates (Beato et al., 2014). In the case of H7N9 viruses in China, there are
similar concerns that antigenic variants may emerge in unvaccinated
birds, and although some mutants were identified after vaccination was
applied, no antigenic analysis has been performed to-date to allow us to
know whether these mutants are sufficiently antigenically-different to
evade vaccination-induced immunity (Zeng et al., 2018; Yu et al., 2019).
One of the H7N9 mutants identified in China carried an amino acid
mutation at position 221 (H3 numbering), which is the same as position
214 (H7 numbering), where we selected for mutation G214E (Jiang
et al., 2019).

The dynamics of the selection process are important for developing
effective vaccination programs for poultry in the field. Specifically, the
results presented here demonstrate and confirm that with time, higher
titers of antibody from a vaccine are needed to neutralize the virus as it
continues to circulate. Higher doses and more frequent administration of
vaccine would be necessary to maintain efficacy in the field until a
replacement vaccine can be produced. This is especially true when the
reproductive ratio of the challenge (field) virus in vaccinated animals is
above 1, since if it is below 1, immune-escape mutants should not be
selected. Practically, increasing the vaccine dose and frequency in the
field can be difficult because this approach is resource intensive, espe-
cially for long term vaccination of long-lived birds (i.e. layers or
breeders). Ring vaccination of targeted populations may be more able to
maintain high levels of immunity. The goal of vaccination, for example
minimizing production losses versus halting spread, will also factor into
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the cost-benefit of this approach. Requiring minimum potency from
manufacturers will help assure adequate doses can be applied.

It is also possible that if the antibody concentration were to remain
the same, mutations may not continue to be selected, or the process may
be much slower. Practically, this suggests that vaccines which are highly
immunogenic and/or highly potent, but which are under the threshold
to completely halt transmission in a population, may select escape
mutants faster. It is also unknown whether the changes which can occur
are restricted or whether there are alternative pathways for escape. An
additional limitation is that we did not evaluate the role of the NA.
Notably, AIV vaccines for poultry are often selected because they ex-
press a different NA subtype than the field virus to aid in differentiating
infected from vaccinated animals (Suarez, 2012), so the practical im-
plications are not clear with current vaccine practices. Selection of
subpopulations and de novo mutations, are both likely to occur in the
field.

5. Conclusions

Antibody escape mutants of an H7N2 LPAIV have been selected by
using homologous chicken polyclonal sera. Although we cannot
completely exclude the possibility of any mutants that can escape in the
original virus population, they were not observed in the deep
sequencing data, therefore the escape mutants appear to have arisen de
novo. After 30 rounds of selection, five amino acid changes were
observed in the HA protein. Periodic increases in antibody concentration
was necessary during the selection process to maintain consistent levels
of reductions in virus titers as more mutations accumulated. Antigenic
characterization of the mutants has shown that the antigenic distance
increased with the number of mutations and passage number. These
dynamics suggest that designing vaccination programs with sufficiently
high efficacy to halt transmission, rather than to just reduce production
losses, could extend the life of a vaccine seed strain.
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