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Abstract

Current influenza vaccination strategy is based on limited analyses of circulating strains and
has some drawbacks, as illustrated during the 2014-2015 season with the circulation of A
(H3N2) viruses belonging to divergent genetic subgroups. We reasoned that these strains,
poorly neutralized in vitro, may have been associated with vaccination failure and more
severe diseases. We conducted a study on a continuous series of 249 confirmed influenza
infections. Incidence was three fold greater than in the previous three years. Most isolates
were A(H3N2) viruses (78%) and clustered in subgroups 3C.2a (57%) and 3C.3b (43%).
We identified 23 non-synonymous mutations that had already been identified during previ-
ous seasons at low frequencies, except mutation Q197H, present in 26% of 3C.3b isolates.
We identified lung disorder, tobacco smoking and A(H1N1)pdmO9 infection as risk factor of
severe influenza disease. In contrast, young age (< 5 years), A(H3N2) infection and initial
admission to an emergency department were associated with a better outcome of influenza
infection.

Introduction

Influenza viruses are characterized by high genetic diversity resulting from mutations or
genetic re-assortment with other influenza viruses. Influenza viruses mutate frequently, result-
ing in continuous antigenic drift. This permanent evolution necessitates annual updates of
vaccine composition, relying on the selection of strains that antigenically match currently cir-
culating influenza viruses (i.e. strains that induce neutralizing antibodies against circulating
strains). This strategy has some drawbacks, as demonstrated during the recent 2014-2015
influenza season. The northern hemisphere influenza vaccine composition for that season was
decided upon in February 2014 by the WHO (World Health Organization), based on currently
circulating strains. It included the A/California/07/2009 (H1N1)pdmO09, A/Texas/50/2012
(H3N2, 3C.1), and B/Massachusetts/2/2012 (Yamagata) strains. However, the circulating
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strains of influenza A(H3N2) evolved rapidly in 2014, with the emergence of the divergent
genetic subgroups 3C.3a (reference strain A/Switzerland/9715293/2013) and 3C.2a (reference
strain A/Hong Kong/5738/2014) [1]. These viruses reacted poorly in haemagglutination inhi-
bition (HI) assays with post-infection ferret antiserum raised against the 3C.1 vaccine strain
A/Texas/50/2012 and as such, were considered as antigenic drift variants [1]. At the beginning
of the 2014-2015 influenza season, most circulating viruses belonged to these divergent sub-
groups [2]. Genetic diversity increased during this season with the emergence of a new sub-
group, 3C.3b, corresponding to antigenically stable viruses (i.e. correctly neutralized in HI
assays) [3].

In France, the 2014-2015 influenza season lasted nine weeks and was associated with 2.9
million consultations, 1,558 cases of severe influenza necessitating intensive care, and 18,300
excess deaths [4]. Vaccination coverage was low (53%) for patients at risk of severe influenza
(i.e. patients > 65 years, patients with comorbidities (lung, heart, renal, immune or endocrine),
and pregnant women). Although, they all should have been vaccinated, according to French
recommendations [4]. Most people were infected with influenza A viruses (75%), correspond-
ing to 53% A(H3N2) and 19% A(HIN1)pdm09 [5]. Limited genetic and antigenic analysis was
performed on circulating viruses during that flu season by the national influenza reference
center to identify variant strains. Genetic analysis revealed that variant subgroups 3C.2a and
3C.3a co-circulated in equal proportions [5]. Antigenic analysis showed that 43% of A(H3N2)
isolates were antigenic drift variants, similar to the variant strain A/Switzerland/9715293/2013
(3C.3a) [5]. In the present study, we reasoned that the divergent A(H3N2) 3C.2a and 3C.3a
subgroups, which poorly matched the vaccine strain in vitro, may have been associated with
vaccination failure and more cases of severe disease. We addressed this issue by conducting a
large retrospective study on a continuous series of laboratory-confirmed influenza infections.
The aim was to obtain a representative overview of influenza infections in the Centre-Val de
Loire region (2.6 million inhabitants, 4% of the French population). We determined the clini-
cal profiles of patients and the genetic diversity of circulating influenza viruses and then identi-
fied the clinical and viral factors associated with severe influenza disease and factors associated
with vaccination among patients with influenza A infection.

Materials and methods
Clinical samples

A continuous series of patients (N = 1323) were hospitalized at the Bretonneau hospital
(Tours, Centre-Val de Loire region, France) between December 24, 2014 (week 52) and April
1, 2015 (week 14) with symptoms of respiratory infection (fever, cough, dyspnea), with or
without headache, myalgia, or arthralgia. They had diagnostic procedures for viral respiratory
tract infections. All patients with at least one respiratory sample (nasopharyngeal aspirate or
bronchoalveolar lavage) positive for influenza virus were included in our study. Laboratory
diagnoses were performed using multiplex Anyplex™ Il RV16 & RB5 PCR assays (Seegene) or
the Filmarray™ respiratory panel (Biomerieux) for emergency cases [6,7].

Patient clinical history was analyzed by reviewing the clinical chart of their medical records.
Young children (< 5 years) and elderly patients (> 65 years) are known to be at high risk of
complications [8] and were studied separately from the other patients [9]. Patient comorbidi-
ties were divided into pulmonary (asthma, chronic obstructive bronchopneumopathy and
respiratory failure), cardiac (coronaropathy and cardiac failure), renal (renal failure), endo-
crine (obesity and diabetes), cancers and immune disorders (immunosuppressive treatment,
HIV infection and hereditary immune deficit). Nosocomial infections were defined as those
with symptom onset after 48 h of hospitalization or admission in a nursing home. The clinical
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presentation was considered to be atypical when initial symptoms were different from those
listed above. Vaccinated patients had received the 2014-2015 influenza vaccine prior to infec-
tion. A poor outcome of influenza infection was defined as either complication, admission to
an intensive care unit (ICU), or death. Complications included severe acute respiratory failure,
exacerbation of chronic pneumopathy, pneumonia, sepsis, and heart, liver, or kidney failure.
Antiviral treatment was defined as the prescription of oseltamivir, zanamivir, or amantadine.
Data were anonymized prior to analysis in accordance with the latest version of the Helsinki
Declaration of human research ethics. This study was approved by the ethic committee
“Espace de Réflexion Ethique Région Centre” (approval number 2017 066).

Molecular and phylogenetic analysis

Influenza A virus subtyping was performed by qPCR as recommended by the WHO [10].
Sanger sequencing of the hemagglutinin (HA) gene was performed to identify subgroup-spe-
cific mutations. All sequences were validated using the Influenza Research Database (IRD)
annotation tool and deposited in the Genbank database (Accession numbers KY615063—
KY615236), using the WHO nomenclature system [11]. Using A/Texas/50/2012 as the refer-
ence strain, mutations were analyzed with the tools available at the Influenza Research Data-
base (https://www.fludb.org). Genetic subgroups were determined according to available CDC
recommendations [3]. Potential glycosylation sites were predicted using the NetNGlyc 1.0
server (http://www.cbs.dtu.dk/services/NetNGlyc/), setting 0.5 as the threshold value of the
average potential to predict glycosylation sites. Phylogenetic analyses were performed to con-
firm identification of genetic subgroups. Multiple alignments of HA gene nucleotide sequences
were performed using the Bioedit program and MUSCLE algorithm. A neighbor-joining tree
was constructed with Mega 7 software, using the Kimura 2-parameter model [12]. The influ-
enza A(H3N2) reference strains A/Texas/50/2012 (genetic subgroup 3C.1), A/Hong Kong/
146/2013 (3C.2), A/Hong Kong/5738/2014 (3C.2a), A/Samara/73/2013 (3C.3), and A/Newcas-
tle/22/2014 (3C.3b) were included in the tree, which was rooted with A/Texas/50/2012 (vac-
cine strain).

Statistical analysis

Results are expressed as the mean and standard deviation (SD) or median and interquartile
range (IQR) for continuous variables, and percentage for categorical variables. Statistical anal-
yses were performed using Epi Info 7 (CDC). The Chi squared test or Fisher’s exact test were
performed for categorical variables. Student ¢-test or Mann-Whitney test were performed for
continuous variables. All tests were two-sided at the 0.05 significance level. Factors associated
with severe influenza infection or vaccination were identified using multivariate logistic
regression adjusted for age as a potential confounding factor. Results are expressed as the
odds-ratio (OR) with their 95% confidence interval (95% CI).

Results

Influenza virus epidemiology in a French region in 2014-2015

The 2014-2015 influenza season started on week 52 of 2014 and ended on week 14 of 2015,
with a peak incidence at weeks 7 and 8 (Fig 1A). Rate of influenza detection was three-fold
higher than in previous years (N = 296, 16%), with similar influenza detection procedures
(Fig 1B). Most of the 296 patients were infected with influenza A viruses (N = 249; 84%).
Subtyping of the 249 influenza A positive samples identified 250 influenza A viruses
(because one patient was co-infected with HIN1 and H3N2 viruses). These 250 influenza A
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Fig 1. Influenza virus epidemiology in the Tours university hospital (Centre-Val de Loire region, France). (A)
Weekly reports of influenza infections from week 52 of 2014 to week 14 of 2015 (N = 1323 patients). (B) Prevalence of
influenza infections for the last four years between week 40 of year Y-1 and week 18 of year Y, among all patients
screened for respiratory tract infections in our center.

https://doi.org/10.1371/journal.pone.0195611.9001

viruses were mostly A(H3N2) viruses (n = 194/249; 78%), including three viruses with
H3N2-like subtyping results. The latter were H3 positive but N2 negative, probably because of
poor performance of the N2-specific RT-qPCR. Other subtypes were A(HIN1)pdmO09 (n = 40;
16%) and two atypical profiles (1%): one H1-/N1+ and one H3-/N2+, that we attributed to
probable HA mutations at primer binding sites. Fourteen viruses were not typed, either due to
an insufficient amount of biological material (n = 11; 4%) or because all subtyping RT-PCRs
were negative (n = 3; 1%).

Clinical profiles of patients with influenza virus infections

The medical records of all patients tested positive for influenza A (N = 249) were retrospec-
tively analyzed. Demographic data, comorbidities, and details on influenza infections were
extracted (Table 1). Young children were at lower risk of comorbidities (OR = 0.16, 95%
CI =0.08-0.35), admission in ICU (OR = 0.14, 95% CI = 0.04-0.51) and severe disease
(OR =10.29,95% CI = 0.14-0.61) in comparison to patients aged 5-65 years.

In contrast, elderly patients were at higher risk of comorbidities (OR = 2.00, 95%
CI = 1.05-3.79) but at lower risk of atypical infections (OR = 0.23, 95% CI = 0.09-0.61) and
they were more frequently vaccinated (OR = 3.30, 95% CI = 1.18-9.24) in comparison to
patients aged 5-65 years. Also, elderly patients were at higher risk of infection with A(H3N2)
(OR =2.39,95% CI = 1.16-4.94) and at lower risk of infection with A(HIN1)pdmO09
(OR =0.33,95% CI = 0.14-0.82) in comparison to patients aged 5-65 years.

The clinical presentation was atypical for 36 patients (14%), which had no symptoms of
respiratory infection, but presented with asthma (n = 5), asthenia (n = 4) or seizures (n = 4).

Genetic diversity of influenza A(H3N2) viruses

We sequenced the HA gene of 174 (90%) out of 194 A(H3N2) isolates to construct a phyloge-
netic tree (Fig 2). We observed an outbreak of influenza infection in a nursing home for the
elderly, suggesting nosocomial transmission. The viruses from four of these patients shared an
identical HA sequence (isolates 106, 121, 124 and 131 in Fig 2), which support the hypothesis
of nosocomial transmission. Among these four patients, one was vaccinated and one died of
flu-related complications. We observed a genetic drift between the A/Texas/50/2012 vaccine
strain (3C.1) and the 2014-2015 isolates, with a mean genetic distance of 2.09% (1.60-2.80%).
Such a genetic drift contributed to the diversity of the A(H3N2) strains which clustered in two
genetic subgroups, 3C.2a (n = 99; 57%) and 3C.3b (n = 74; 43%), whereas only one 3C.3 strain
was identified (isolate 56 in Fig 2). Analysis of the HA mutations revealed that five of the 74
3C.3b isolates lacked the K83R subgroup-specific mutation, with no predicted impact on
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Table 1. Clinical profiles of patients positive for influenza viruses.

Total
Age
< 5 years

5-65 years
> 65 years

Sex ratio (F/M)

Tobacco smoking

Alcohol abuse

Comorbidity

Lung disorders

Endocrine disorders

Heart disorders

Cancers & Immune disorders

Department of admission

Emergency
ICU
Other
Days of hospitalization®
Nosocomial influenza
Atypical presentation
Co-infection
Poor outcome
Complication
ICU hospitalization
Death

Influenza vaccine

Antiviral treatment

Influenza A no. (%)
249 (100)

55 (22)
84 (34)
110 (44)
0.97

26 (10)
14 (6)
155 (62)
53 (21)
53 (21)
40 (16)
45 (18)

30 (12)
47 (19)
172 (69)
5 (2-10)
9 (4)

36 (15)
52 (21)
141 (57)
138 (55)
59 (24)
16 (6)
26 (10)
39 (16)

A(H3N2) no. (%)
194 (100)

38 (20)
61 (31)
95 (49)
0.96

18 (9)
11 (6)
123 (63)
45 (23)
43 (22)
32(17)
35(18)

23 (12)
29 (15)
142 (73)
5(1.5-9)
7 (4)

31 (16)
39 (20)
106 (55)
103 (53)
36 (19)
11 (6)
23 (12)
26 (13)

*Results expressed as median and interquartile range (IQR) for continuous variables

https://doi.org/10.1371/journal.pone.0195611.t001

A(HIN1)pdm09 no. (%)

40 (100)

16 (40)
16 (40)
8 (20)
1.22
3(8)
2(5)
22 (55)
6 (15)
9 (23)
5(13)

6 (15)

6 (15)

14 (35)
20 (50)
4.5 (2-12)

p value

<0.001
0.248
0.009
0.558
0.746
0.888
0.273
0.164
0.863
0.466
0.681
0.005
0.204
0.002

0.604
0.605
0.466
0.146
0.413
0.321
0.002
0.710
0.090
0.257

glycosylation. In addition to the well-characterized subgroup-specific mutations, we identified
23 other non-synonymous mutations (Table 2) that were already identified during previous
seasons. All 23 mutations were detected at low frequencies, except mutation Q197H, which
was found in 19/74 (26%) of the 3C.3b isolates (Fig 2). This mutation was not associated with

poor outcome and had no predicted impact on a potential glycosylation site.

Clinical and viral factors associated with severe influenza disease

A subset of 141 (57%) patients had a poor outcome of influenza infection (Table 1). Among
them, 101 (72%) had at least one comorbidity and 75 (54%) were elderly. Univariate analysis
identified young age (< 5 years) as a variable associated with better outcome of influenza infec-
tion (OR = 0.29, 95% CI = 0.14-0.62) (Table 3). Consequently, we performed an age-stratified
multivariate analysis, which allowed us to identify several factors associated with a poor out-
come of influenza virus infection: lung disorders (OR = 2.55, 95% CI = 1.26-5.15), tobacco
smoking (OR = 4.88, 95% CI = 1.54-15.47), HINI infection (OR = 2.26, 95% CI = 1.03-4.95)
and antiviral treatment (OR = 2.59, 95% CI = 1.11-6.05) (Table 3). In contrast, two factors
were associated with better outcome: H3N2 infection (OR = 0.49, 95% CI = 0.25-0.97) and ini-
tial admission to an emergency department (OR = 0.10, 95% CI = 0.02-0.46). There was no
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Fig 2. Rooted phylogenetic tree of the HA gene for the 2014-2015 influenza A(H3N2) viruses. The evolutionary
history was inferred using the neighbor-joining method [13]. The optimal tree with the sum of branch length =
0.13659130 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura 2-parameter
method [14] and are expressed as the number of base substitutions per site. The analysis involved 180 nucleotide
sequences. All positions containing gaps and missing data were eliminated. There were a total of 395 positions in the
final dataset. Evolutionary analyses were conducted using MEGA?7 [15]. Bootstrap values greater than 70% are
displayed on branch nodes (inferred from 1000 replicates). Amino-acid substitutions delineating major branches are
shown. Sequences A/Tours/Strain number/2015 (H3N2) are identified only by their strain number on the tree. HA
sequence from reference strain A/Switzerland/9715293/2013 used in the genetic analysis was obtained from the EpiFlu
database of the Global Initiative on Sharing Avian Influenza Data (GISAID, www.gisaid.org). The authors gratefully
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Table 2. Additional HA mutations in the three genetic subgroups.

Additional HA mutations (no. samples)

3C.2a strains (99) 3C.3b strains (74) 3C.3 strains (1)
None (83) None (42) None (0)
129V (1) G5E (4) S124N° (1)

D53N (1) T12M (1) -
D53G (1) 125V (5) -
8541 (2) N31S (4) .
V166M (1) S541 (2) -
E172G (1) F79L (1) -
Q197K (1) Q197H (19) -
R208G (1) A212T (4) -
S209N (1) S219F (1) -
1214T (2) S262N (3) -
R222K (1) - -
1230V (1) i )
R261L (1) - -
S262N (3) -

“Loss of a potential glycosylation site

https://doi.org/10.1371/journal.pone.0195611.t002

significant association between severe infection and vaccination status, genetic A(H3N2) sub-
group, sex, alcohol abuse, heart disorders, immune disorders or endocrine disorders, or atypi-
cal infections and co-infections.

Factors associated with vaccination among patients with influenza A
infection

Among the 249 patient with influenza A infection, 10% (n = 26) had been vaccinated earlier in
the current season. Most of these patients were > 65 years old (n = 19; 73%), male (n = 18;
69%), had at least one comorbidity (n = 25; 96%) and were initially admitted to a clinical
department other than emergency or ICU (n = 20; 77%). Twenty-three (88%) were infected
with an A(H3N2) strain (11 with 3C.2a strains and 8 with 3.C3Db strains) and one with an A
(HIN1)pdmO09 strain (two samples were missing).

Univariate analysis performed on these 249 influenza cases identified a higher prevalence of
elderly patients (> 65 years) in the vaccinated group than in the non-vaccinated group
(OR =3.30,95% CI = 1.18-9.24) (Table 3). Therefore, we performed an age-stratified multi-
variate analysis and identified several other factors associated with the vaccinated patients
(Table 3): comorbidities (OR = 14.75, 95% CI = 1.83-118.75) and female patients (OR = 0.38,
95% CI = 0.16-0.92). Apart from these two clinical factors, no other clinical factors (co-infec-
tion, department of admission, tobacco smoking, alcohol abuse, or severe infection), neither
viral factors (viral subtype, genetic subgroup nor emerging mutations like Q197H) were asso-
ciated with vaccinated patients.

Discussion

We accurately described both clinical and virological features of the 2014-2015 influenza epi-
demic, at a regional scale, on a continuous series of 249 hospitalized patients with influenza A
infection. In comparison with previous years, rate of influenza detection was three-fold higher,
confirming the increased incidence this year [16]. Most patients (78%) were infected with A
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Table 3. Factors associated with severe disease and vaccination.

Age
< 5 years
5-65 years
> 65 years
Sex ratio (F/M)
Tobacco smoking
Alcohol abuse
Comorbidity

Lung disorders

Endocrine disorders

Heart disorders

Cancers & Immune disorders
Kidney disorders

Department of admission

Emergency
ICU
Other
Nosocomial influenza
Atypical presentation
Co-infection
Hospitalization > 5 days
Poor outcome
Complication
ICU hospitalization
Death

Influenza vaccine
Antiviral treatment

H3N2 (vs HIN1)
Subgroup 3C.3b (vs 3C.2a)
Q197H HA mutation

Poor outcome
Adjusted OR® (95% CI”

0.29 (0.14-0.61)
1.00

1.60 (0.88-2.89)
0.86 (0.51-1.46)
4.88 (1.54-15.47)
1.59 (0.47-5.35)
1.74 (0.97-3.14)
2.55 (1.26-5.15)
1.04 (0.53-2.03)
1.10 (0.51-2.35)
0.69 (0.35-1.36)
0.35 (0.15-0.82)

0.10 (0.02-0.46)

1.00
0.35 (0.09-1.37)
1.02 (0.48-2.20)
1.87 (0.94-3.74)
6.33 (3.45-11.62)

1.08 (0.44-2.64)
2.59 (1.11-6.05)
0.44 (0.20-0.98)
1.39 (0.73-2.64)
0.94 (0.31-2.87)

*Adjusted OR, odds-ratio adjusted for age. Values in bold, p-value<0.05

°CI, confidence interval

https://doi.org/10.1371/journal.pone.0195611.t003

Influenza vaccination
Adjusted OR® (95% CI”

0.60 (0.11-3.18)
1.00

3.30 (1.18-9.24)
0.38 (0.16-0.92)
0.93 (0.19-4.59)
2.88 (0.69-12.04)
14.75 (1.83-118.75)
2.30 (0.93-5.70)
1.23 (0.48-3.11
1.72 (0.66-4.48
0.71 (0.23-2.21
0.76 (0.21-2.82

— = | =

0.00 (0.00-1.0.10"?)
1.25 (0.46-3.42)

1.00
0.64 (0.08-5.41)
1.27 (0.33-4.80)
0.88 (0.28-2.78)
0.94 (0.40-2.23)
1.08 (0.44-2.64)
1.12 (0.46-2.73)
1.62 (0.64-4.12)
0.83 (0.17-3.97)
1.10 (0.38-3.20)
3.28 (0.41-26.00)
1.12 (0.42-3.02)
0.35 (0.04-3.08)

(H3N2) viruses. A(H3N2) viruses were characterized by a genetic drift from the A/Texas/50/
2012 vaccine strain (3C.1). These viruses clustered in antigenically divergent subgroup 3C.2a
and antigenically stable subgroup 3C.3b. A poor outcome was more frequent for patients with
lung disorder, those smoking tobacco, or those infected with A(HIN1)pdm09. In contrast,
young age (< 5 years), A(H3N2) infection and initial admission to an emergency department
were associated with a better outcome of influenza infection.

When A(HIN1)pdmO09 emerged in 2009, mortality caused by this strain was similar to that
of seasonal influenza with a mean hospitalization fatality rate (HFR) of 3%, but elderly patients
(> 65 years) were at a lower risk of infection than adults and children [17-20]. We confirmed
these findings for A(HIN1)pdmO09 with a HFR of 7.5%, and a lower rate of infection for elderly
patients (OR = 0.33, 95% CI = 0.14-0.82) in comparison to patients aged 5-65 years. For these
patients born before 1950, first influenza virus infection probably was H1 or H2 (circulating
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viruses until 1968), both belonging to HA phylogenetic group 1 [21]. Recent work suggests
that this first infection drives an HA antigenic imprinting which confers lifelong protection
against viruses of the same phylogenetic group and could explain our results [21].

The 174 HA sequences obtained in this study and their associated clinical features contrib-
ute to a better understanding of the genetic diversity A(H3N2) virus in France and the north-
ern hemisphere. Our regional results are in agreement with European data, with 3C.2a and
3C.3b being the most prevalent subgroups [3,5]. These 174 HA sequences will add to the 93
sequences published so far for the 2014-2015 season in Europe (32 from one French region
and 54 from Czech Republic).

The 2014-2015 influenza season in France started with a high risk of vaccination failure
because of the predominant circulation of variant strains [2]. This risk was further increased
by the low vaccination coverage (53%) of patients at risk of severe influenza disease. Vaccina-
tion failure was confirmed by the low estimated vaccine effectiveness (VE) in France, especially
for elderly patients > 65 years (VE = 5%, 95% CI = -8-16%) [22]. Our study tends to confirm
this poor VE, with a prevalence of vaccinated patients among influenza cases in our region of
10%, similar to the reported 8.7% in France [5].

Among patients with influenza disease, this study identified that elderly patients [23]

(OR =3.30,95% CI = 1.18-9.24), comorbidities (OR = 14.75, 95% CI = 1.83-118.75) and
female patients (OR = 0.38, 95% CI = 0.16-0.92) were associated with influenza vaccination.
These results are compatible with previous studies which identified age as risk factor of vacci-
nation failure [23] and female patients as better vaccine responders than male patients [24]. Of
note, the association between vaccination and elderly patients or patients with comorbidities
may be due to their over-representation in the vaccinated group, because they are targeted by
vaccination campaigns. Further studies including more patients and a control group with
influenza negative patients are needed to determine if these factors are associated with vaccina-
tion failure.

The multisite US Flu Vaccine Effectiveness Network estimated the 2014-2015 influenza
vaccine effectiveness (VE) to be 23% (95% CI = 8-36%). This is far below the 50% estimated
for the previous seasons. This suggests that, apart from clinical factors, several viral factors
could be responsible for this low VE [25,26].

The most important viral factor is probably the predominant circulation of 3C.2a viruses
[3,25], poorly neutralized in HI assay [2]. A recent study demonstrated that VE in the USA was
significantly lower for the 3C.2a subgroup (VE = 1%, 95% CI = -14-14%) than for the 3C.3b sub-
group (VE = 44%, 95% CI = 16-63%) [25]. A possible explanation for that is that recent H3N2
viruses in the 3C.2a subgroup possess a new glycosylation site in antigenic site B of HA (muta-
tion K160T), associated with poor neutralization by vaccine induced antibodies [27]. These
3C.2a viruses could have been associated with influenza vaccination failure in France [22], as
they represented 57% of all A(H3N?2) isolates, and they all possessed the K160T mutation.

Strains belonging to 3C.3a subgroup, poorly neutralized in HI assay [2], could also be
responsible for vaccination failure but they were not observed in this study and thus cannot
account for vaccination failure in France, in the Centre-Val de Loire region.

A third potential factor to explain vaccination failure is HA mutation Q197H/R, located in
epitope B and identified as a critical position for recognition by neutralizing-antibodies [28].
Mutation Q197H has been observed since 2015 only in 3C.3b viruses in Germany [29]. Muta-
tion Q197R was observed in 2015 only in 3C.2a viruses in the USA [25]. In this French study,
mutation Q917H was found in 26% (19/74) of the 3C.3b viruses and we described for the first
time a new but similar mutation (electrically charged side chain amino acid), Q197K in one
3C.2a virus. We hypothesize that these HA mutations at residue 197 could be associated with
vaccination failures and need to be monitored in future influenza seasons.
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In addition to these viral factors, impaired immune response to influenza vaccine probably
contributed to vaccination failure. Screening methods for evaluating new influenza vaccines
relies mostly on antibody responses [30]. Yet, antibody responses are considerably lower in the
elderly than in younger adults [23,31]. T-cells responses have been reported to better correlate
with protection in the elderly [30]. Thus, poor T-cells responses to seasonal influenza vaccines
could have contributed to vaccination failure, especially in the elderly.

Opverall, the circulation of antigenic drift variant 3C.2a strains remains the most likely
explanation for vaccination failure in the northern hemisphere during the 2014-2015 influ-
enza season [2,25].

With three to five million cases of severe influenza-related illness every year and low VE
(23-50%), there is an evident need to focus our efforts on more effective surveillance and pre-
vention strategies [26]. The current official strategy in France is focused on patients at risk of
severe influenza disease, but this goal was not reached, with a vaccination coverage of only
53% for these patients and a VE of only 5% (95% CI = -8-16) for patients > 65 years [22]. In
addition, the mean influenza VE since 2004 has remained too low (41%, 10-60%) [26]. Such a
low VE would not be acceptable for many vaccines and carries a cost [32]. There is a pressing
need for an increased global investment on influenza vaccine research [33]. Finally, an accept-
able VE requires an accurate and rapid selection of strains able to induce neutralizing antibod-
ies against currently circulating strains. To do so, WHO and National Influenza Centers
(NICs) must receive enough samples in time to provide an exhaustive overview of influenza
virus evolution. In this perspective, we described an emerging HA mutation at a critical posi-
tion, Q197H, which need to be monitored because its association with other mutations could
impair vaccine effectiveness. Also, we highlighted the importance of 3C.3b subgroup (43% of
circulating strains) for vaccination strategies in our region, while the French 2015 national
influenza report did not mention this subgroup. This illustrates that influenza virus evolution
may vary greatly in a given country [25]. Such viral evolution analysis is important to detect
emergent and divergent influenza strains at their very beginning. This early detection is crucial
to adapt next season influenza vaccine in time to prevent vaccination failure associated with
emergence of divergent strains. For this reason, it is crucial that NICs rely on a tight network
of local collaborating laboratories.
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