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Abstract

The epidemiology of H5N1 and H7N9 avian viruses of humans infected in China differs despite
both viruses being avian reassortants that have inherited six internal genes from a common
ancestor, HIN2. The median age of infected populations is substantially younger for H5N1
virus (26 years) compared with H7N9 virus (63 years). Population susceptibility to infection
with seasonal influenza is understood to be influenced by cross-reactive CD8+ T cells directed
towards immunogenic peptides derived from internal viral proteins which may provide some
level of protection against further influenza infection. Prior exposure to seasonal influenza pep-
tides may influence the age-related infection patterns observed for H5N1 and H7N9 viruses. A
comparison of relatedness of immunogenic peptides between historical human strains and the
two avian emerged viruses was undertaken for a possible explanation in the differences in age
incidence observed. There appeared to be some relationship between past exposure to related
peptides and the lower number of H5N1 virus cases in older populations, however the relation-
ship between prior exposure and older populations among H7N9 virus patients was less clear.

Introduction

The influenza viruses cause significant respiratory tract infections and economic burden glo-
bally, due to yearly epidemics and intermittent pandemics [1, 2]. Influenza A pandemics have
arisen as a result of zoonotic viruses gaining the ability to transmit in humans usually by reas-
sortment. Wild bird aquatic species such as ducks, geese and swans are the prime reservoirs for
influenza A viruses (IAVs), shedding the virus through their droppings. Domestic poultry can
become infected either directly or via incidental contact with contaminated feed or water and if
introduced into poultry the virus spreads rapidly throughout flocks [3]. Transmission of influ-
enza viruses from wild aquatic birds to humans is relatively rare due to low exposure. However,
once the virus has infected domestic poultry, the risks of human exposure and transmission
increase [4].

The first case of direct transmission of the avian H5N1 virus from domestic poultry to
humans was documented in Hong Kong in 1997. The virus later re-emerged in humans in main-
land China in 2003 [5, 6]. Avian H7N9 influenza virus was first detected in humans from Anhui
province, China in 2013 [7]. The emergence of the H5N1 viruses in humans was generally pre-
ceded by highly pathogenic outbreaks in farmed poultry, whereas for the H7N9 virus it appears
that there was a silent introduction of the wild bird avian influenza into domestic poultry before
the virus was transmitted to humans [8, 9]. The 1997 and 2003 H5NI1 as well as the 2013 H7N9
influenza viruses were avian reassortants that had inherited all six internal genes from an avian
HON2 virus common ancestor [10]. Although both H5N1 and H7N9 viruses cause severe
disease in humans, the epidemiology in humans differs for each virus [9].
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Epidemiology of H5N1 virus in different populations

Since re-emergence of the H5N1 virus in China in 2003, genetic
variants have been isolated from humans throughout South East
Asia, the Middle East, Africa and Europe [8]. Comparisons of
the epidemiological characteristics of different populations how-
ever, have shown some differences amongst countries [9]. The
case fatality risk of those admitted to hospitals varied amongst
countries with considerably lower fatality risk in Vietnam (39%),
and higher risk in China (70%) [9]. A comparison of H5N1
virus patients in China and Vietnam identified differences in clin-
ical symptoms on admission, despite similarities in demographic
characteristics, underlying medical conditions and behavioural
risks suggesting viral factors may impact severity of disease [11].
Differences observed in H5N1 virus case fatality risks may further
have been influenced by health sector variables including access
(time to admission) and the level of available in-hospital care
[12, 13]. Inconsistent gender biases in those infected have
also been observed amongst countries [14] and in some settings
differences in preponderance of male or female cases have been
attributed to local cultural habits [15].

Avian influenza H5N1 and H7N9 virus infections in humans
in China

Given the variety of factors that may affect observed epidemiology
between countries, we focus here on a comparison of human cases
of avian H5N1 and H7N9 influenza viruses restricted to those
occurring in China. A total of 53 laboratory confirmed human
cases of H5N1 avian influenza virus were reported from 2003 to
2016 and 779 confirmed human H7N9 virus cases from 2013
to 2016. The H5N1 virus cases were found throughout mainland
China whereas H7N9 virus was initially more concentrated in the
Yangtze river delta [9]. The incidence of H7N9 virus in the year of
emergence, 2013, was almost 10-fold greater than that of H5N1
virus in 2003, the year of its emergence [9]. The viruses also
had differing age specific epidemiology with individuals with
H5N1 virus infection presenting at a median age of 26 years
and H7N9 virus, 63 years (Table 1) [11, 16]. For H7N9 virus
there was a clear predominance of males in China but there was
no evidence of gender differences in human H5NI1 virus cases
[9, 14]. As Table 1 further shows case fatality rates for H5N1
virus were also substantially higher than for H7N9 virus cases
[14, 17]. There are some similarities in probable routes of infec-
tion with the majority of cases reporting some contact with
poultry prior to onset of illness [16, 18]. Similar types of
influenza-like illness are associated with both subtypes as is the
suspicion of non-sustained human-to-human transmission
having occurred in a limited number of instances [8, 18].

Cross-protection due to conserved CD8+ T cell epitopes

Cowling et al. speculated that the different age distribution of HSN1
and H7N9 virus cases was associated with immunity from different
seasonal influenza exposure histories [9]. Studies have provided evi-
dence that haemagglutinin (HA) stalk-specific immunity is gained
from an individual’s first contact with IAVs providing lifelong
protection against severe illness by novel, yet related HA subtypes
and this HA imprinting is thought to be the driver behind the age-
specific differences noted between H5N1 and H7N9 infections [25].
Gostic et al. have further suggested that CD8+ T cell responses may
also play a role in age-specific differences.
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Table 1. Comparative epidemiology of laboratory confirmed cases [9, 43]

Epidemiology H5N1 H7N9
Median age, years 26 63
Number of cases in first year of outbreak 50 373
Gender differences None Male: 67%
Case fatality rate 60% 22%
Presence of underlying medical conditions 12% 45%
Urban residents 44% 72%
Exposure to poultry 1% 7%

Following influenza infection, CD8+ T cells responses directed
towards immunogenic peptides derived from the NP, M1 and PB1
proteins can provide a level of cross-protection against influenza
disease [22, 23], with implications for population immunity
against seasonal influenza [19]. Pre-existing CD8+ T cell protec-
tion has been reported against the pandemic HIN1pdm09 influ-
enza strain [20]. Experimental studies have identified a number of
conserved CD8+ T cell immunogenic peptides between seasonal,
pandemic and avian influenza viruses including H7N9 [21]. It has
been hypothesised that previous exposure to these peptides may
have an influence on age-related mortality patterns seen for
H5N1 and H7N9 viruses [24]. Thus, despite the absence of
prior circulation of H5N1, H7N9 or HIN2 viruses in the
human population, conserved CD8+ T-cell peptides may afford
influenza cross-strain protection.

This study compares CD8+ T cell immunogenic peptide
sequences in the NP, PB1 and M1 proteins of the Chinese
H5N1 and H7N9 avian influenza viruses with matched sequences
from HIN1, H2N2, H3N2 and pandemic HINT1 influenza viruses
that circulated from 1918 to 2013. We hypothesise that differences
in relatedness of peptides between the historical human strains
and the two avian-emerged strains could in part explain the dif-
ferences in age-incidence of disease observed due to H5N1 and
H7N9 viruses.

Methods
Selection of reference peptides

Sequences of H5N1 and H7N9 influenza viruses that infected
humans in China were sourced from the Global Initiative on
Sharing all Influenza Data (GISAID EpiFlu™ database, www.
gisaid.org) [26].

Consensus sequence was determined for each protein of inter-
est for both subtypes using Geneious V10.0.9 (www.geneious.
com). A total of 73 NP, 33 PB1 and 37 M1 peptides were selected
from the IEDB (www.iedb.org). Our search filtered only for
experimentally defined epitopes that were identified using T-cell
assays. Diversity amongst the peptides found in the NP, PB1
and M1 proteins of the H5N1 and H7N9 viruses was calculated
as the proportion of viruses per peptide that matched the refer-
ence peptide consensus. These were then plotted using R v3.4
(www.cran-r-project.org) [27].

Data preparation

Data were prepared using the alignment tool in Geneious V10.0.9
(www.geneious.com). Protein sequences were excluded if they
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Fig. 1. Selected date of birth cohorts defined in rela-
tion to the emergence of novel influenza viruses in
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were: derived from laboratory adapted or generated viruses; dupli-
cates; did not span the full range of peptides and were incomplete.
Sequences derived from clinical specimens, lowest passage history
or passaging in cell rather than eggs was selected preferentially
from available duplicate sequences to minimise the occurrence
of mutations due to adaptation in the regions of interest. Data
were trimmed to begin with the first methionine of the NP, M1
and PB1 genes. A unique sequential number was inserted into
the fasta header to maintain a consistent, sequential order when
tabulating the peptides of the test data.

Analysis of historical peptide sequences

These reference peptide sequences were compared with the corre-
sponding peptide sequences of historical subtypes; i.e. HINI
(pre-1957 and post-1977), H2N2, H3N2 and HIN1pdmo09
viruses. The proportion of sequences identical to the reference
peptide for each peptide, each subtype and each year was calcu-
lated. For example, reference peptide NP,,_»5 is compared with
peptide NP}, ,5 in each of the subtypes (Figs S2-S4). The propor-
tion of identical sequences was generally aggregated into 5 year
blocks from 1933 to 2013. Prior to 1933, only one historical
HINI sequence was available for comparison. Analyses were per-
formed using Stata V12.1 (www.stata.com) [28]. Peptide diversity
per protein per peptide per year per subtype was calculated and
plotted using R. v3.4, Figure S1 (www.cran.r-project.org) [27].

Patient data

Patient meta-data were available for some of the human H5NI
and H7N9 viral sequences on the GISIAD database [26]. Where
age at infection was available in the patient meta-data, mean
and median ages of infection with either virus were calculated.
In addition the year of birth was estimated, allowing reporting
of the proportion of patients infected with each virus who were
born within specific birth cohorts. These cohorts were defined
according to the emergence of novel influenza viruses to which
individuals may have been exposed: 1918-1956 (HIN1), 1957-
1968 (H2N2), 1968-1977 (H3N2), 1977-2009 (re-emergence of
HINI, co-circulation with H3N2) and 2009-2013 (emergence
of HIN1pdm09, co-circulation with H3N2), Figure 1.

Results

Sequence data

A total of 2792 HINI1, 224 H2N2, 14972 H3N2 and 10472
HIN1pdmo09 sequences were identified in GISAID. The number
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the human population over the time-period of interest,

20092013 1918-2013.

Table 2. Proportion of peptides identical to the corresponding reference
peptides

Minimum Maximum Mean
Subtype Gene (%) (%) (%)
H5N1 NP 50 100 96
PB1 87 100 98
M1 81 100 98
H7N9 NP 7 100 96
PB1 76 100 98
M1 96 100 99

of available sequences for each of the NP, PB1 and M1 immuno-
genic peptides per subtype is shown in the Supplementary data,
Table S1.

H5N1 and H7N9 reference data

For the H7N9 viruses the following protein sequences were iden-
tified: 342 NP, 348 PBI1 and 353 MP. Available H5N1 viral
sequences identified were fewer, resulting in the identification of
41 NP, 40 PB1 and 42 MP sequences. Peptide diversity within
the H5N1 and H7N9 peptides was calculated and a comparison
of means show that for the H5N1 peptides the mean for the
three genes ranged from 96% to 98% and for the H7N9 96% to
99%. The results of the minimum, maximum and the mean per
gene are given in Table 2.

Patient data

For meta-data associated with the 46 H5NI1 viral sequences
sourced from GISAID [26] used in this study, patient age was
recorded for 57%. The mean and median ages at infection were
29 and 28 years, respectively. Of these individuals, 7% were
born before 1957, 11% between 1957 and 1968, 21% between
1968 and 1977 and 61% between 1977 and 2009, with none
after 2009 (Fig. 2). Gender was provided for 53% of the sequenced
isolates and 58% were reported as male. Patient outcome was also
reported for 27% of the isolate sequences, with 69% of these
reported as deceased.

For meta-data available with all 478 H7N9 viral sequences
sourced from GISAID [26], age was available for 90% of
sequenced isolates with a mean age of 53 years and a median
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Table 4. Sequence variation of one or more amino acids between H5N1 and
H7N9 immunogenic peptides of interest in the PB1 protein

Position H5N1 (n=40) H7N9 (n=348)
41-49 DTVNRTHQY DTVNRTHKY

166-174 FLKDVMESM FLKDVMDSM

254-262 FVETLARSI FVEALARSI

257-265 TLARSICEK ALARSICEK

406-422 GMMMGMFNMLSTVLGVS GMMMGMFNMLSTVLGVSI
566-574 TQIQTRRSF TQIQTRRAF

Differences in amino acids are shown as bold.

Table 5. Sequence variation of one or more amino acids between the H5N1 and
H7N9 immunogenic peptides of interest in M1 protein

of emergence of pandemic influenza strains. Individuals experiencing H7N9 infection Position H5N1 (n=42) H7N9 (n=353)

(green) were substantially older than those infected with H5N1, the majority of whom

were born in the period 1977-2009. 17-31 SGPLKAEIAQKLEDV SGPLKAEIAQRLEDV

27-35 KLEDVFAGK RLEDVFAGK

Table 3. Sequence variation of one or more amino acids between the H5N1 and 29-37 EDVFAGKNT EDVFAGKNA

HTN9 immunogenic peptides of interest in the NP 33-49 AGKNTDLEALMEWLKTR AGKNADLEALMEWIKTR
Position H5N1 (n=—41) H7N9 (n=342) 34-53 GKNTDLEALMEWLKTRPILS GKNADLEALMEWIKTRPILS
37-54 GRFYIQMCTELKLSDYEG GRFYIQMCTELKLSDNEG 40-57 EALMEWLKTRPILSPLTK EALMEWIKTRPILSPLTK
20-57 YIQMCTELKLSDYEGRLI YIQMCTELKLSDNEGRLI 95-112 RAVKLYKKLKREITFHGA KAVKLYKKLKREMTFHGA
44-52° CTELKLSDY CTELKLSDN 99-109 LYKKLKREITF LYKKLKREMTF
48-56 KLSDYEGRL KLSDNEGRL 239-248 AYQKRMGVQM AYQNRMGVQL
169-186 GSTLPRRSGAAGAAVKGV GSTLPRRSGAAGAAVKGI 241-252 QKRMGVQMQRFK QNRMGVQLQRFK
170-186 STLPRRSGAAGAAVKGV STLPRRSGAAGAAVKGI Differences in amino acids are shown as bold.
337-353 AFEDLRVSSFIRGTRWV AFEDLRVSSFIRGTRMV
373-381 TMDSNTLEL AMESNTLEL responses in humans, NP,y s, restricted by HLA-A*0101 and

NP4 413 restricted by HLA-B*1501 [30, 31]. These peptides

373-3%0 TMDSNTLELRSRYWAIRT AMESNTLELRSRYWAIRT alsc? Oéi;flgred between t}llle H5N1 and H[7N9 vir]uses in ei}t)hle)r the
397-414 NQQRASAGQISVQPTFSV NQQRASAGQVSVQPTFSV amino acids in the anchor residue, T52N change in NP,y s, or
404-413° GQISVQPTFS GQUSVQPTFS in the position adjacent to the anchor residue, 1406V change in
204-414 GQISVQPTFSV GQVSVOPTFSY NP4 413 However, it is not known whether these single amino

Differences are shown as bold with known anchor points underlined [30].
?Peptides previously identified as prominent.

age of 56 years. Of these individuals, 47% were born before 1957,
25% between 1957 and 1968, 11% between 1968 and 1977, 12%
between 1977 and 2009 and 5% after 2009 (Fig. 2). Gender was
provided for 98% of sequences and 67% were male. Patient out-
come was provided for 12% of cases, of whom 3% were reported
as deceased.

Comparison of sequence differences in H5N1 and H7N9 viral
NP, PB1 and M1 immunogenic peptides

NP immunogenic peptides

Of the 73 NP peptides, only 12 were found to differ by one or two
amino acids between H5N1 and H7N9 viruses (Table 3). These 12
peptides did not include any of the peptides previously described
as highly conserved in human influenza viruses [21, 29]. Two of
the 12 peptides have been associated with prominent CD8+ T-cell
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acid differences, or the novelty of peptides, are associated
with any functional significance that might influence cross-
protection.

PB1 and M1 immunogenic peptides

Of the 33 PB1 peptides, six peptides were found to differ in
sequence between the H5N1 and H7N9 viruses (Table 4). Of
the 37 M1 peptides, 10 different sequences were identified
between the H5N1 and H7N9 viruses (Table 5).

Comparison of H5N1 and H7N9 reference peptides with
historical peptides circulating between 1918 and 2013 in
human influenza viruses

Peptide sequence diversity analysis

The diversity amongst all the immunogenic peptides found in the
NP, PB1 and M1 proteins of the HIN1, H2N2, H3N2 and
H1N1pdmo09 isolates used in the study was calculated and plotted
per year, Supplementary Material, Figure S1. The level of diver-
gence amongst the peptides was similar across all subtypes. In


https://doi.org/10.1017/S095026881900102X

Epidemiology and Infection

H5N1 peptides
|

H7N9 peptides
I

g NP [ hin H2N2 H3N2 H1N1 I:‘f,:"l H1N1 H2N2 H3N2 H1N1 :::‘1
g 1413:1‘3‘:'—’ 195?;1963 1958-]2013 1977-2009 one2its 1918;1‘35? 1957-1968 196812013 1977-2009 2009.2108
& position ' V o L. V ——" Vo 1 r Y W— L, T

A s EEEEE N BN W

A 057 HEEEE NN NN W

B s [EEEEE NN EEEENE WM | ] 0 ]

A agse NENEEE HMEN BN BN x
¢ 1es-15c NN HEEE BN N | === b0
c 17o-13 I B BB HE - -
D 337353 I

E 373-381

E 373-390

F 397-414 | [ 1

G 404413 M [ ] || ]

G 404-414 | | —/ |

Fig. 3. Comparisons of the temporal circulation patterns of 12 NP peptides with differential sequences between the H5N1 and H7N9 virus immunogenic peptides.
Data for the H5N1 peptides are shown on the left, whilst HTN9 peptides are shown on the right. Variation of one or more amino acids between H5N1 and H7N9
peptides of interest is shown in Table 3. The plots for each of the immunogenic peptides of interest represent the percentage of the corresponding sequences found
in the human viruses that match the H5N1 or H7N9 consensus sequence. The H7N9 virus peptides display a greater degree of novelty (83%) with only two peptides
having circulated in H3N2 viruses after emerging in 1977. For the H5N1 virus peptides, only three (25%) were novel to the human population with the remainder
circulating at various levels in HIN1, H2N2 and H3N2 viruses over the study period. Circulation of the H5N1 virus peptides differed in the HIN1pdm viruses as there
was greater novelty with only 42% found circulating in these viruses. For simplicity, the H5N1 virus peptides with similar temporal patterns have been grouped

together with each pattern type assigned a letter (A-G).

general each peptide had one dominant variant with the majority
of the remaining variants being single variants. The greater the
number of sequences available the greater the within-peptide
diversity was noted. This was most noticeable with the outbreak
of the HIN1 pandemic virus in 2009 which had the highest num-
ber of sequences available for a single year of any of the subtypes
and also exhibited the greatest diversity within the peptides,
Table S1 and Figure S1.

NP immunogenic peptides

A comparison of the 12 NP peptides with sequences that differed
between H5N1 and H7N9 viruses revealed that two peptides in
NP3;3_ 390, Table 3, were unique to both viruses, not having
been seen in any human influenza subtypes over the preceding
century, Figure 3.

Of the remaining 10 H7N9 viral peptides, only NP;49_15¢ and
NP;70_186 peptides had previously circulated in humans, in H3N2
viruses isolated from the late 1970s onwards. The other eight
peptides have unique sequences, not previously circulating in
human IAVs.

In contrast, the majority of the remaining 10 H5N1 viral peptide
sequences examined had close homology with peptides identified
from human viruses circulating over the study period. Of these 10
peptides, four peptides (NP3;_s4/40_57/44-52/48-56) Were present in
early HIN1, H2N2 and H3N2 strains from 1918 until 2000 when
they were no longer found, Figure 3 (patterns A and B). These
peptides were also briefly noted in the post-1977 HINI virus.
One peptide re-emerged in the HIN1pdm09 viruses in 2009,
Figure 3 (pattern B). Two peptides (NP9 156/170-186) Were found
continuously from 1918 to 1977 in early HIN2, H2N2 and H3N2
viruses but were present only in post-1977 HINI strains from late
2000s just prior to the replacement of the seasonal HIN1 viruses
with the HINIpdmO09 viruses. These peptides were present in
the HIN1pdm09 viruses, Figure 3 (pattern C). One peptide
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(NP337_353) was present on emergence of the HIN1 viruses in
1918, reappeared briefly in the 1940s then was no longer found in
human influenza viruses, Figure 3 (pattern D). Two peptides
(NP373_381/373-300) Were novel, Figure 3 (pattern E), in the human
population. The three remaining peptides (NP3g7_414/404-413/404-414)
were present in newly emerged HIN1 (1918) and H2N2 (1957)
strains but circulated only briefly before being replaced. They
re-emerged in the 1968 H3N2 virus and on this occasion persisted
over three decades. They have only been infrequently observed in
post-1977 HIN1 viruses, Figure 3 (patterns F and G). Two of the
three peptides re-emerged in the HIN1pdm09 viruses in 2009,
Figure 3 (pattern G).

All NP peptide temporal circulation patterns are shown in
Supplementary Material, Figure S2. Briefly for peptides that had
the same sequences for both the H5N1 and H7N9 viruses, 12%
were novel and not noted in human influenza viruses. Of the
remaining peptides which had previously circulated in human
influenza viruses, 8% were found in all human viruses, 31% and
30% were not found in H2N2 and H3N2 human viruses respect-
ively with the remaining peptides found in varying levels and time
points in the human IAVs.

PB1 immunogenic peptides
All six PB1 peptides whose sequence differed between H5N1 and
H7NO9 viruses, Table 4, also differed in their temporal circulation
in the human HINI, H2N2, H3N2 and HIN1pdm09 human
viruses, Figure 4. Of the six H7N9 viral peptides, only one circu-
lated in the human population prior to 2009 with (PB1ies_174)
appearing briefly in post-1977 seasonal HIN1 viruses. Two differ-
ent peptides (PBlys4 262/257-265) emerged with the HIN1pdm09
strain and were observed in <10% of HIN1pdm09 viruses circu-
lating in humans from 2009 to 2013, Figure 4.

In contrast, the six H5N1 viral peptide sequences had a high
degree of homology with the peptides identified in virus
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Fig. 4. Comparisons of the temporal circulation patterns of six PB1 peptides with differential sequences between the H5N1 and H7N9 virus immunogenic peptides.
Data for the H5N1 virus peptides are shown on the left, whilst H7N9 virus peptides are shown on the right. Variation of one or more amino acids between H5N1 and
H7N9 peptides of interest is shown in Table 4. The plots for each of the immunogenic peptides of interest represent the percentage of the corresponding sequences
found in the human viruses that match the H5N1 or H7N9 consensus sequence. All six of the H5N1 virus peptides had previously circulated in humans at high levels
in all four influenza A subtypes. However, the H7N9 virus peptides were almost entirely novel in the human population with one peptide circulating in very low
numbers between 1988 and 1991 in the post-1977 H1N1 viruses and further two peptides noted in very low numbers, <10% circulating in the HIN1pdm viruses.

sequences available over the study period (Fig. 4). All six H5N1
viral peptides had >95% sequence homology with HINI,
H3N2 and HIN1pdmO09 viruses. Three of the six peptides
(PB141_49/406-422/566-574) also had >95% sequence homology
with the H2N2 viruses. Of the remaining three peptides, one
(PBli¢6_174) Was found sporadically in H2N2 viruses. Two pep-
tides (PBlyss 262/257-265) Were found in the emergent H2N2
viruses in 1957, but by the mid-1960s had been replaced by a
new variant.

All PB1 peptide temporal circulation patterns are shown in
Supplementary Material, Figure S3. Briefly for peptides that had
the same sequences for both the H5N1 and H7N9 viruses all
peptides were found in varying levels and time points in circulat-
ing human influenza viruses, 70% of peptides were also found in
almost all human influenza viruses with 4% not found in HIN1,
H2N2 and pdmHINI1 viruses and a further 11% not found in
pdmHIN1 human viruses.

M1 immunogenic peptides

A comparison of the 10 M1 peptides with sequences that differed
between H5N1 and H7N9 viruses, Table 5, revealed that the
H7N9 viral peptides displayed greater novelty than the H5N1
viral peptides, Figure 5. Of the 10 H7N9 virus M1 peptides,
two peptides (M1;7_31/27_35) were noted circulating in the early
HIN1, H2N2, H3N2 and post-1977 HINI1 viruses but not
found in the HIN1pdmO09 viruses. Eight H7N9 virus peptides
were novel, or at least not found in any of the circulating viruses
in the past century, Figure 5.

Of the 10 H5N1 virus M1 peptides, two peptides (M1;7_31/27-
35) were noted in <30% of HIN1 viruses for a brief period in the
1940s, however they were novel in the H2N2, H3N2, post-1977
HIN1 and HIN1pdm09 viruses (pattern A), Figure 5. Four pep-
tides (M1a9_57/35-49/34-55/40-57) Were found in human HINI,
H2N2, H3N2, post-1977 HIN1 and HIN1pdm09 viruses of the
past century, Figure 5 (patterns B and C). One peptide (M1,9_
37) was also found in early HIN1, H2N2, H3N2 and post-1977
HIN1 viruses but was not noted in HIN1pdmO09 viruses,
Figure 5 (pattern C). A further two peptides (Mlgs_112/99-109)
were found in <10% of viruses only in the first year of emergence
of H2N2 and H3N2 viruses, they did however re-emerge in high
numbers of HIN1pdm09 viruses in 2009, Figure 5 (pattern D).
One peptide (Ml,39 245) Was noted (>95%) in early HINI,
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H2N2, post-1977 HIN1 and HIN1pdmO09 viruses, however this
peptide was found only in the circulating H3N2 viruses
pre-1977, Figure 5 (pattern E). Peptide Ml,4; 55, Was present
in close to 100% of viruses of all four subtypes over the last cen-
tury, however in the early HIN1 viruses the number of viruses
found with this peptide present varied between 80% and 100%
of viruses, Figure 5 (pattern F).

All M1 peptide temporal circulation patterns are shown in
Supplementary Material, Figure S4. Briefly for peptides that had
the same sequences for both the H5N1 and H7N9 viruses, 7%
were novel and not found in circulating human influenza viruses,
63% were found in over 90% of all human influenza viruses with
the remaining peptides found in varying levels and time points in
the human influenza viruses.

Discussion

This study examined the temporal patterns of circulation of H5N1
and H7N9 viral immunogenic peptides that were present in the
NP, PB1 and M1 proteins found in human influenza viruses.
The peptides found in the NP protein have been studied exten-
sively with more known regarding the characteristics of the NP
peptides than those found in the PB1 and M1 proteins. The
choice of the study peptides located in the NP, PB1 and M1 pro-
teins allowed for the evaluation of our hypothesis that differences
in the observed epidemiology of H5N1 and H7N9 virus cases may
relate to prior exposure to homologous immunogenic peptides
previously circulating in human influenza strains. Of interest
were H5N1 and H7N9 virus immunogenic peptides that differed
in both their sequences and temporal patterns of circulation in
influenza viruses circulating in humans over the past century.

No clear relationship between exposure to past influenza
viruses and susceptibility to H7N9 was observed as overall
H7N9 virus peptide sequences were more novel, with the excep-
tion of two peptides (NP9 16/170-186) that emerged in H3N2
viruses in 1977, Figure 3. Individuals born between 1977 and
2013 whose primary exposure was to the H3N2 virus, Figure 1,
may have been afforded a level of cross-protection against the
H7N9 avian virus by these two peptides. The HLA type for
most of those who contracted the H7N9 virus is unknown [32];
therefore it is difficult to determine the protective role of CD8+
T cells against these epitopes.


https://doi.org/10.1017/S095026881900102X

Epidemiology and Infection

H5N1 peptides H7N9 peptides
2 | A

g M1 o l

E HIN1 H2N2 H3N2 HiN1 :fl:lr; HIN1 H2N2 H3N2 HiN1 p:l:lnl

& positions 19181957 19571968 19682013 1977;%00% 0092013  1918:1957  1957.1968 19682013 19771200% 3009013

A 1731 I N I D .

A 2735 1 5 7 BN

s 2o [N I I 5
1]

c 0 [N I I B 1 )

c ss3 [N I I BN 1 i

c <5 [N N I B 1 22

D 95112 [ | !

D 99109 [ |

e 230-223 [ HENEEEH D I i

Fig. 5. Comparisons of the temporal circulation patterns of 10 M1 peptides with differential sequences between the H5N1 and H7N9 virus immunogenic peptides.
Data for the H5N1 virus peptides are shown on the left, whilst H7N9 virus peptides are shown on the right. Variation of one or more amino acids between H5N1 and
H7N9 peptides of interest is shown in Table 5. The plots for each of the immunogenic peptides of interest represent the percentage of the corresponding sequences
found in the human viruses that match the H5N1 or H7N9 consensus sequence. For the H5N1 virus peptides, 40% were novel with the remainder having previously
circulated in the human population in a high level of viruses of all subtypes. For the H7N9 virus peptides, 80% were novel with only 20% having previously
circulated in viruses in the human population. These H7N9 virus peptides were entirely novel in the HIN1pdm09 viruses. For simplicity, the H5N1 virus peptides
with similar temporal patterns have been grouped together with each pattern type assigned a letter (A-F).

In contrast, almost all the H5N1 virus peptides of interest, in
particular those which differed in both sequence and temporal cir-
culation to the H7N9 peptides, circulated in influenza viruses iso-
lated from humans over the past century providing opportunity for
exposed individuals to retain some degree of cross-protection
against the H5N1 avian virus. As the H5N1 virus peptides of inter-
est circulated mostly between 1918 and 1990 in HIN1, H2N2 and
H3N2 viruses, older birth cohorts were more likely to have this
cross-protection, Figure 1. This hypothesis is consistent with the
observation that H5N1 virus cases were younger (median age 26
years) than H7N9 virus cases (median age 63 years), with the infec-
tions occurring in individuals from the 1977-2009 birth cohort,
with the majority (70%) born after the late 1980s when relevant
peptides were no longer present in circulating H3N2 viruses.
A similar age distribution was noted by Cowling et al. [33].

As the H7N9 virus peptides of interest had greater novelty
than the H5N1 virus peptides across the three proteins, a lower
level of cross-protection would be expected by circulating seasonal
human influenza viruses. While this may explain the higher
H7N9 case load, information about the underlying zoonotic out-
breaks and subsequent human exposures is needed to confirm
this hypothesis (Table 1). It was also noted that those infected
with the H7N9 virus were more likely to have an underlying
chronic risk condition, which may indicate that the risk of pro-
gression to disease has a greater influence on observed cases
than exposure risk [34]. Furthermore, immunosenescence may
have also played a role in the dominance of an older population
in laboratory-confirmed H7N9 virus cases. Sentinel surveillance
in comparison with hospital-based surveillance in China has sug-
gested that the latter may have provided an incomplete picture of
the extent of mild infections in the population, with infections in
healthy adults more likely to be undetected [34, 35]. Mild infec-
tions of H7N9 virus were also found to be more common than
H5N1 virus infections with estimates of undetected mild H7N9
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virus infections in the population in the tens of thousands [36].
Severity of illness has been associated with an increase in age in
patients infected with H3N2 and HIN1pdmo09 seasonal viruses
and this may also be the case for those infected with the H7N9
virus [37]. However, relevant data were not available to assess
an age-specific risk for those with H7N9 virus infections in the
sentinel surveillance system [34].

It is likely that multiple immune mechanisms have influenced
the susceptibility of cohorts to influenza. For instance, HA stalk
antibodies have also been linked as having an impact on the
age differences noted between the cohorts who became infected
with either H5N1 (group 1) or H7N9 (group 2) viruses.
Primary childhood exposure to either group 1 HA or group 2
HA influenza subtype has been thought to provide lifelong pro-
tection against other hetero-subtypic group HA viruses by gener-
ation of stalk antibodies [25, 38]. However, during the 2009 HIN1
virus pandemic, caused by a group 1 HA virus, individuals with
primary childhood exposure to the H2N2 virus pandemic influ-
enza strain (also group 1 HA) experienced higher incidence of
death and disease than those whose first exposure was to the
group 2 HA H3N2 virus [39].

Previous studies have examined the immunogenic peptides of
the H5N1 and/or H7N9 viruses for evidence of conserved pep-
tides found in both subtypes and their relationship to those iden-
tified in previously circulating strains [21, 40]. This study extends
previous studies by taking a more comprehensive approach by
studying all viral sequences available for the NP, PB1 and M1 pro-
teins from 1918 until 2013, in particular the immunogenic pep-
tides found in these three proteins, for evidence of prior
circulation in the human population. However, there are some
limitations to this study, such as the low numbers of influenza
viral sequences available from the early 20th century due to the
lack of samples from that time-period, which may have underes-
timated population level diversity. Vast numbers of human
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HLA-1 restricted immunogenic peptides across diverse ethnic
groups remain to be described. Even for many CD8+ T cell pep-
tides, the precise HLA-restriction has not been determined.
Similarly, although it is well established that mutations in anti-
genic peptides can result in immune evasion, functional studies
by Rimmelzwaan et al. have demonstrated that a single mutation
in the peptides NP3g4_3g5/383_391 results in a functional loss for the
HLA types restricted by these peptides [21, 41]. The amino acid
substitutions noted between the H5N1 and H7N9 peptides of
interest have the potential to cause conformational changes that
could impact on CD8+ T cell receptor binding if located in or
close to an anchor site [41]. However, as functional studies of
influenza peptide variants are few in number, the importance of
the variation we observed between many H5N1 and H7N9 viral
immunogenic peptides remains unknown.

Studies have shown evidence of T cell cross-protection
between human influenza subtypes [19] including seasonal and
pandemic influenza strains [20, 42]. Our data describing differ-
ences in the temporal circulation patterns of the immunogenic
peptides identified in H5N1 and H7N9 viruses accord with the
observation that a lower proportion of H5N1 virus cases has
been observed in older individuals, possibly due to prior exposure
to related peptides. The reason for the greater number of H7N9
virus cases among the elderly is less clear from these data, but
may have some relationship with the circulation of two related
NP peptides in H3N2 viruses in the latter part of the 20th century.
Development of broadly cross-protective influenza vaccines cap-
able of eliciting immunity against emerging viruses remains a
challenging goal. Studies such as ours may help provide insights
into mechanisms contributing to cohort cross-protection and
aid identification of suitable candidate antigens.
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