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Abstract

The influenza epidemic in 2015-2016 in Russia is characterized by a sharp increase of
influenza cases (beginning from the second week of 2016) with increased fatalities. Influ-
enza was confirmed in 20 fatal cases registered among children (0—10 years), in 5 cases
among pregnant women, and in 173 cases among elderly people (60 years and older). Two
hundred and ninety nine people died from influenza were patients with some chronic prob-
lems. The overwhelming majority among the deceased (more than 98%) were not vacci-
nated against influenza. We isolated 109 influenza A(H1N1)pdm09 and one A(H3N2) virus
strains from 501 autopsy material samples. The antigenic features of the strains were simi-
lar to the vaccine strains. A phylogenic analysis of hemagglutinin revealed that influenza A
(H1N1)pdmO9 virus strains belonged to 6B genetic group that had two main dominant sub-
groups during the 2015—2016 season. In Russia strains of the first group predominated.
We registered an increased proportion of strains with D222G mutation in receptor-binding
site. A herd immunity analysis carried out immediately prior to the epidemic showed that
34.4% blood sera samples collected in different regions of Russia were positive to A/Cali-
fornia/07/09(H1N1)pdm09. We came to a conclusion that public awareness enhancement
is necessary to reduce unreasonable refusals of vaccination.

Introduction

According to the World Health Organization (WHO) Regional Oftfice for Europe, the influenza
epidemic season started in week 51, 2015. The beginning of the season in Eastern Europe and
Western Asia was marked by a spike of influenza cases compared to Western and South
Europe. Five countries (Armenia, Georgia, Russia, Serbia and Ukraine) reported a rising inci-
dence of severe acute respiratory infections (SARI) cases [1].

Predominance of A(HIN1)pdm09 subtype among circulating influenza viruses was
observed in all Northern hemisphere countries except China where cocirculation of A(HIN1)
pdm09, A(H3N2) and influenza B was registered. Some European countries (Italy, Slovenia,
Turkey and France) reported cases caused by influenza A(H3N2) viruses. According to FluNet,
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influenza B viruses cocirculated together with A(HIN1)pdmO09 viruses in a number of
countries.

In Russia a morbidity spate started in the week 2 of 2016; and the influenza epidemic season
finished by the 12" week. Influenza A(H1N1)pdm09 virus was predominant during the whole
period of epidemic. Laboratory monitoring confirmed more than 28,200 influenza cases
including approximately 28,000 influenza A cases, of which 93% were caused by A(HIN1)
virus [2].

We have been studying the condition of herd immunity and influenza epidemical situation
in Russia since 2009[3-5]. This paper focuses on the herd immunity to influenza immediately
before the 2015-2016 epidemics in Russia and evaluates the confirmed fatal cases of influenza
in that epidemic season.

Materials and Methods
Study of herd immunity

Blood samples were obtained on condition of anonymity upon written informed donor con-
sents. Sera were collected at the Sanitary-and-Epidemiological Centers of the Federal Service
for Supervision of Consumer Rights and Human Welfare in 34 regions of Russia, 100-200
pieces per region. The places of collection located close to flyways and breeding grounds of
wild waterfowls. Sera were collected from healthy donors. 5-ml blood samples were collected
using disposable syringes or disposable plastic systems (vacutainers). The samples were trans-
ported to Vector State Research Center of Virology and Biotechnology (SRC VB Vector),
Novosibirsk, in insulated shipping containers with cold packs. The collected samples were
stored at ~20°C before examination. The presence of antibodies to different types/ serotypes of
influenza virus in the sera was tested following a standard technique, in hemagglutination inhi-
bition (HI) test [6]. Testing of blood sera was approved by the Ethics Committee IRB 00001360
affiliated with SRC VB Vector (No.2 d.d Protocol, May 20, 2008) (S1 and S2 Files).

A/California/07/09(HIN1)pdm09, A/Switzerland/9715293/13(H3N2), B/Brisbane/60/2008
(Victoria lineage), B/Phuket/3073/2013 (Yamagata lineage) influenza viruses were kindly pro-
vided by the WHO Collaborating Center in Atlanta, the United States. The WHO Collaborat-
ing Center in Beijing, China, kindly furnished A/Anhui/01/2013(H7N9) virus. A/rook/Chany/
32/2015(HPAI H5N1) virus (clade 2.3.2.1c.) was isolated by the authors in 2015 in Western
Siberia [7].

Influenza virus isolation from autopsy material

Samples were collected at the local Sanitary-and-Epidemiological Centers of the Federal Service
for Supervision of Consumer Rights and Human Welfare after getting written informed con-
sents from close relatives in accordance with the regulations of the Russian Federation. PCR-
based diagnostics of raw material for influenza virus RNA was conducted in local laboratories,
and then all the positive samples were sent to SRC VB Vector. Work with autopsy materials
was approved by the Ethics Committee IRB 00001360 affiliated with SRC VB Vector (No.2 d.d.
Protocol, May 20, 2008) (S1 and S2 Files).

After delivery to SRC VB Vector we tested all samples in PCR again and isolated strains in
MDCK-London by infecting a monolayer of cells. For the purpose, the autopsy material was
homogenized, a 10% suspension was prepared by adding the MEM culture medium (by Invi-
trogen), the suspension was filtered through a bacterial filter (0.22 pm pore diameter), and
200 pl were added to the culture flasks with a one-daymonolayer of MDCK cells, then we
added medium MEM (Invitrogen), TPCK treatedtrypsin 2 pg/ml (Sigma), BCA0.2% and an
antibiotic (Anti-Anti, Gibco). The infected cells were incubated at 37°C. The viral replication
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was monitored visually for cytopathic effect in HI test with chicken, goose and guinea pig
erythrocytes and with human erythrocytes of 0(I)Rh group as well as in real-time PCR. If nec-
essary, each sample was passaged at least three times.

Typing / subtyping of influenza viruses

Typing / subtyping of isolated influenza virus strains and studying their antigenic features were
carried out in HI test by the technique recommended by WHO [6] using postinfectious ferret
reference sera kindly furnished by the WHO Collaborating Center on Influenza in Atlanta, the
United States. HI test results were confirmed by real-time PCR. For the purpose, we relied on a
kit of reagents for detecting RNA of influenza A virus (Influenzavirus A) and influenza B virus
(Influenzavirus B) using PCR with hybridization-fluorescence detection, AmpliSenseInfluenza
virus A/B-FL manufactured by the Central Research Institute of Epidemiology, the Federal Ser-
vice for Supervision of Consumer Rights and Human Welfare (Moscow, Russia).

Sequence analysis of hemagglutinin, neuraminidase and NS genes

Sequencing was carried out at the Genomics Core Facility, the Institute of Chemical Biology
and Fundamental Medicine, the Siberian Branch of the Russian Academy of Sciences, Novosi-
birsk. To determine a nucleotide sequence of viral genome, viral RNA was isolated using the
SV Total RNA Isolation System (Promega Corporation, Madison) according to the manufac-
turer’s instruction. Reverse transcription reaction was carried out with Unil2 primers using
AMYV reverse transcriptase. The products of amplification were isolated using QIAquick gel
extraction kit (QIAGEN, Valencia). DNA sequencing was performed at the Genomics Core
Facility, Novosibirsk. An automatic sequenator 3130xl Genetic Analyzer (Applied Biosystems,
Foster City) was employed to analyze the products. The nucleotide sequences were studied
using Vector NTT Advance 10 program package (Invitrogen, Carlsbad) and entered into the
GISAID database. The phylogenetic trees were constructed applying the neighbor-joining
method with the Kimura 2-parameter model and 5.2 MEGA version (www.megasoftware.net)
with 1,000 bootstrap replicates.

Sensitivity to antineuraminidase drugs

Sensitivity to antineuraminidase drugs was tested with the fluorescent method according to the
WHO-recommended protocol [8].

Results
Investigation of the herd immunity

We studied herd immunity to influenza prior to the epidemic season. In October-November
2015 we collected 3,969 blood sera samples. None of the samples produced positive results
with A(H5N1) and A(H7N9) antigens even at 1:10 dilution.

Table 1 shows the HI test results with antigens of A/California/07/09(HIN1)pdm09, A/
Switzerland/9715293/13(H3N2), B/Brisbane/60/2008 (Victoria lineage), B/Phuket/3073/2013
(Yamagata lineage) influenza viruses.

Table 1 demonstrates that before the 2015-2016 epidemic season herd immunity to influ-
enza varied slightly across Russian regions. For instance, a number of sera positive to A/Cali-
fornia/07/09(H1N1pdm09) was a little higher in the European part of Russia (43.6%) than in
the Urals and Western Siberia (29.7%) or in Eastern Siberia and Russian Far East (29.4%).
Highly alarming data were detected on herd immunity to H3N2 virus: only 8% sera from all
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Table 1. Seropositivity among study groups.

Region of
sample
collection

Age group

Total sera,
including sera
positive to
virus:

A(H1N1)pdm09
A(H3N2)

B (Victoria)

B (Yamagata)

0-17

0.2%

2
0.2%

00%

00%

1
0.1%

Region 1 European Russia

18-45

717
52.7%

328
24.1%

59
4.3%
155
11.4%

410
30.2%

46-64

545
40.1%

240
17.6%

44
3.2%
111
8.2%

244
17.9%

doi:10.1371/journal.pone.0165332.t001

65>

96
7.1%

23
1.7%

11
0.8%
18
1.3%

52
3.8%

Region 2 Ural and Western Siberia Region 3 Eastern Siberia and Russian Far Across all
East regions

Amount/% | 0-17 | 18-45 | 46-64 | 65> | Amount/% | 0-17 | 18-45 | 46-64 | 65> | Amount/% | Amount | %

1360 44 809 481 25 1359 22 696 421 111 1250 3969 | 100
3.2% | 59.5% | 35.4% | 1.8% 1.8% | 55.7% | 33.7% | 8.9%

593/43.6% | 21 260 115 8 404/29.7% | 10 224 116 18 | 368/29.4% | 1365 | 34.4

1.6% | 19.1% | 8.5% | 0.6% 0.8% | 17.9% | 9.3% | 1.4%
114/8.4% 14 79 46 00% | 139/10.2% | 00% 46 17 2 65/5.2% 318 8.0
1% | 5.8% | 3.4% 3.7% | 1.4% | 0.2%
284/20.9% 9 287 120 4 420/30.9% 5 210 130 33 | 378/30.2% | 1093 |27.5
0.7% | 21.1% | 8.8% | 0.3% 0.4% | 16.8% | 10.4% | 2.6%
707/52.0% | 38 398 209 12 | 657/48.3% | 17 313 188 76 | 594/47.5% | 1958 |49.3
2.8% | 29.3% | 15.4% | 0.9% 1.4% | 25% 15% | 6.1%

regions were positive to A/Switzerland/9715293/13. The figure for the samples from Eastern
Siberia and Russian Far East was much lower—5.2%.

Isolation and characterization of influenza viruses isolated from the
autopsy material

From December 2015 to April 2016 SRC VB Vector received 501 autopsy material samples
from patients presumably died from influenza. Seventy-one per cent of all sera were collected
in the European part of Russia, 22 per cent in the Urals and Western Siberia, and 7 per cent in
Eastern Siberia and Russian Far East. Since the share of population in these regions is 74.2, 21.6
and 4.2 per cent respectively, it is obvious that the mortality rate caused by influenza was simi-
lar in all Russian regions. The majority of deaths fell within the 31-59 age group. This situation
can be attributed to the fact that children under the age of 3 stay home. Preschoolers and school
students are vaccinated at schools and day-care centers. University and college students, as well
as the elderly have an opportunity to get a free vaccination. In autumn 2015 13.3 million chil-
dren and adolescents and 25.9 million adults (generally senior citizens) were immunized under
the free vaccination program. In total 45.3 million people (31.3% of the population) were vacci-
nated [2]. Moreover, the over-31 population on the average suffers from more chronic prob-
lems compared to the young. That seems to explain why the 31-59 age group is the most
vulnerable segment of the population. The relevant patient characteristics are given in Table 2.

PCR analysis showed that samples from 497 deceased were positive to influenza A(HIN1)
pdmO09 RNA; 4 samples were positive to influenza A(H3N2) RNA.

We isolated 109 influenza A(HIN1)pdm09 and one influenza A(N3N2) virus strains from
autopsy material from 501 died patients.

All 109influenza A(HIN1)pdmO09 virus strains were characterized in HI test with ferret sera
anti-A/California/07/2009. Only the HI titer of A/Kaluga/13/2016 isolated from patient immu-
nized with influenza vaccine on October 30, 2015 was 4-fold lower than the vaccine strain. Fif-
teen strains were additionally studied in HI test with serum of 38-year-old woman immunized
on October 28, 2015 with Grippol trivalent vaccine (ser. 300815). The titer was below 20 before
vaccination and reached 640 one month after immunization with A/California/07/2009 virus.
According to the antigenic characteristics, all studied strains were similar to A/California/07/
2009, which was recommended by WHO for developing the vaccine for the current epidemic
season. Table 3 shows the results for fifteen A(HIN1)pdmO09 virus strains.
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Table 2. Characteristics of the patients presumably died from influenza in 2015-2016.

Parameters Numbers | Percent
Sex
M 260 52
F 233 46
n/a 8 2
Region
1 —European Russia 353 71
2 —Ural and Western Siberia 111 22
3 —Eastern Siberia and Russian Far East 37 7
Age group
0-2 11 2
3-10 9 2
11-18 0
19-30 23 5
31-45 136 27
46-59 147 29
60 and older 173 35
n/a 2 0
Pregnant women 5 1
Chronic problems
Chronic obstructive pulmonary disease 16 3
Other respiratory diseases (asthma, chronic bronchitis, etc.) 9 2
Cardiovascular system diseases 27 6
Diabetes 39 8
Oncological diseases 11 2
Obesity 65 13
Infectious diseases (acquired immune deficiency syndrome, hepatitis, tuberculosis) 9 2
Other 1
Vaccinated against influenza in 2014-2015 8 2
n/a 222 45
Hospitalized 467 93
Total 501 100

doi:10.1371/journal.pone.0165332.t1002

The antigenic properties of A/Saratov/5/2016 (H3N2) isolated strain are similar to those of
A/HongKong/4801/2014 (H3N2) strain with a 16-fold reduction of HI titer compared to A/
Switzerland/9715293/13 strain (Table 3). 107 investigated viruses were sensitive to antineura-
minidase drugs—oseltamivir and zanamivir, 2 of the strains had 50-100-fold reduced sensitiv-
ity to oseltamivir. We intend to publish the study results on the strains with reduced sensitivity
to antineuraminidase in our next paper.

Genetic analysis

We sequenced hemagglutinin (HA), neuraminidase (NA) and NS genes of 15 isolated A
(HIN1)pdmO09 viruses and 1 A(H3N2) virus (Table 3) and built up a phylogenetic tree of A
(HIN1)pdmo09 (Fig 1) and A(H3N2) HA (Fig 2).

HA phylogenic analysis revealed that influenza A(HIN1)pdm09 virus strains belonged to
the 6B genetic group that had two main dominant subgroups during 2015-2016. In Russia
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Fig 1. The phylogenetic tree of hemagglutinin protein of influenza A(H1N1)pdmO089 virus. Bold italics—
reference strains; red—strains obtained from confirmed fatal cases; boxed—genetic subgroups. On the tree topology
the main characteristic mutations and individual mutations are highlighted. Black diamond (¢)—strains isolated by

the authors.
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Fig 2. The phylogenetic tree of hemagglutinin protein of influenza A(H3N2) virus. Bold italics—vaccine strains;
red—strain obtained from confirmed fatal cases in 2016; boxed—genetic subgroups. On the tree topology the main
characteristic mutations and individual mutations are highlighted. Black diamond (¢)-strains obtained from confirmed
fatal cases isolated by the authors.

doi:10.1371/journal.pone.0165332.9002

strains of the first subgroup dominated. Among fatal cases we registered an increase in propor-
tion of strains with D222G mutation in the receptor-binding site.

In all strains with a detected nucleotide sequence of NS gene we registered the following
mutations: NS1 -N205S and NS2(NEP)-T48A which increase virulence [9] due to inhibition
of IFN-0/B-dependent mechanism of the antiviral response in the infected cells (INF inhibition
in culture).

Furthermore, we detected an NA gene mutation in one of the analyzed strains (A/Saint-
Petersburg/41/2016) —S247N reducing sensitivity of this strain to NA inhibitor oseltamivir
[10]. Nevertheless, our records indicate that this strain has standard sensitivity to oseltamivir.

We found no changes in A/Saratov/5/2016 (H3N2) NA resulting in resistance to antineura-
minidase drugs, and in NS that might enhance pathogenicity. HA of this strain belongs to the
same 3c.2a genetic group as A/HongKong/4801/2014 (H3N2) vaccine strain (Fig 2).

Discussion

A(HIN1)pdm09 viruses have been circulating in the human community since 2009 and nine
clades have been designated on HA phylogenetic tree. According to the European Centre for
Disease Prevention and Control, “viruses in clade6, represented by A/St Petersburg/27/2011
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and carrying amino acid substitutions of D97N, S185T and S203T in HA1 and E47K and
S124N in HA2 compared with A/California/7/2009, have predominated worldwide with a
number of subclades emerging. All viruses having characterized since September 2014 carry
HA genes in 6B subclade, which is marked by additional amino acid substitutions of K163Q,
A256T and K283E in HA1 and E172K in HA2 compared with A/California/7/2009, e.g. A/
South Africa/3626/2013. A number of virus clusters have emerged within 6B clade and two of
these have been designated as subclades: viruses in 6B.1 subclade are defined by HA1 amino
acid substitutions S84N, S162N (which results in the formation of a new potential glycosylation
motif at residues 162-164 of HA1) and 1216T, while those in 6B.2 subclade are defined by
HAlamino acid substitutions V152T and V1731” [11].

The European Centre for Disease Prevention and Control also states that “influenza A
(H3N2) viruses circulated in 2015-2016 were poorly detected by reference-antisera to A/Swit-
zerland/9715293/2013, i.e. vaccine strain recommended for usage in the Northern hemisphere
in the 2015-2016 influenza season, although some viruses belonged to the same 3C.3a subclade
as vaccine virus. Antisera to A/Hong Kong/4801/2014 virus recommended for developing
influenza vaccines in the Southern hemisphere in 2016 and in the Northern hemisphere in
2016-2017 resulted in better detection of the analyzed viruses” [11].

In 2015-2016 in Russia fatal influenza cases were primarily caused by A(HIN1)pdm09
virus, and in 99% of confirmed fatal influenza cases we detected RNA of that virus subtype.
Interestingly, the antigenic features of the strains were similar to A/California/7/2009 being
recommended by WHO for vaccines since 2009, i.e. in the last seven epidemic seasons. A num-
ber of researchers believe that the increased mortality rate from influenza A(HIN1)pdm09 is
caused by D222G mutation in HA protein [12-14]. Hemagglutinin D239F is also referred to as
D222G or D225G in the literature with alternative (e.g. seasonal H1/H3) numberings. Emer-
gence of the mutation leads to the alteration of virus binding to cell receptors: from human
alpha-2,6 to avian-like alpha-2,3. The latter are more common in ciliated human cells of the
lower respiratory airways [15, 16].

Some researchers state that this mutation is developed through selection from polymor-
phous influenza viruses. This selection is found in infected organisms, and at the stage of intro-
duction of infection D222G mutation is neither present nor predominant [17]. Regenerating
pneumocytes of the 2nd type comprise a type of sialic acids that provides predominant receptor
binding between virions and D222G mutation. However, tropism of such mutant strains to the
cells of human upper respiratory airways is reduced; thus, those strains are likely to have a
reduced transmissibility among people. A high rate of regenerating pneumocytes of the 2nd
type can be caused by chronic obstructive pulmonary disease. Climate or social-and-cultural
characteristics of a particular region such as dusty air (dust storms, coal mines, smog), smok-
ing, open-fire cooking cause formation of finely dispersed aerosols of non-soluble particles
penetrating in lower airways enhancing regeneration of human lung cells [18], which can factor
selection of influenza virus strains with an increased pathogenicity in the infected organisms. It
is likely to be one of the feasible ways of selecting D222G mutation.

E391K mutation in HA gene (known as the 47th according to HA2 numeration) with capa-
bility to enhance virus pathogenicity has become typical for A(HIN1)pdm09 current strains
[19]. This mutation is known to decrease the pH threshold value from 5.4 to 5.0 of HA confor-
mation alteration leading to increased transmissibility and infectivity of a strain [20].

In the 2015-2016 season, two new yet uncharacterized mutations D2E and E125D
(GISAID) were detected in a segment of nonstructural protein (NS) of influenza virus. E125D
mutation is located at the site of binding to cell proteins causing production of antiviral
mRNA. Such mutation seems to block antiviral cell activity.
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Current strains include two more significant mutations in the segment of nonstructural pro-
tein in influenza viruses: T48A in NS2 and N205S in NS1 involved in enhancing antagonism to
interferon alpha, which increases virulence [9]. This pair of mutations initially were globally
registered in the NS segment of influenza A(HIN1)pdm09 viruses in the 2011-2012 season in
India. Since the 2012-2013 season these mutations have been detected in the majority of influ-
enza A(HIN1)pdm09 viruses isolated worldwide including Russia (according to GISAID).

Low herd immunity to A(HIN1)pdm virus can be another important factor increasing the
number of more severe and fatal influenza cases. After emergence and prevalence of influenza
A(HIN1)pdmO09 virus variant in 2009-2011 this subtype has not predominated in the subse-
quent epidemic seasons [4] except the 2013-2014 season [3].

Consequently, new properties of influenza A(HIN1)pdmO09 virus and low herd immunity
in the recent years have resulted in an increased number of severe and fatal cases in Russia in
the 2015-2016 influenza epidemic. Thus, there were 25 fatal cases caused by influenza A
(HIN1)pdmO09 [3] in the 2013-2014 season; three fatal cases in 2014-2015, and 497 fatal influ-
enza cases in the 2015-2016 season. It is possible that the environmental conditions as well as
social-and-cultural characteristics of the studied regions promoted selection of viruses with
D222G mutation in HA involved in development of virus virulent properties in infected
organisms.

In Russia immunization against seasonal influenza is on the national vaccination schedule.
The following population categories should be vaccinated: 6-month old babies, schoolchildren
and university students; transport, healthcare and education workers, pregnant women, elderly
people at the age of 60 and older, as well as patients with chronic problems. However, in many
cases people refuse vaccination for no important reasons. Undoubtedly, awareness-raising
activities among the population should be intensified to decrease the number of unreasonable
refusals of vaccination. For instance, in the 2015-2016 season in Russia 20 children aged 0-10,
5 pregnant women, and 173 elderly people at the age of 60 and older died from influenza; and
299 deceased persons had chronic illness. The majority of those who died (> 98%) were unvac-
cinated against influenza.
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