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Abstract Infections by H3N2-type influenza A viruses

(IAV) resulted in significant numbers of hospitalization in

several countries in 2014-2015, causing disease also in

vaccinated individuals and, in some cases, fatal outcomes. In

this study, sequence analysis of H3N2 viruses isolated in

Germany from 1998 to 2015, including eleven H3N2 iso-

lates collected early in 2015, was performed. Compared to

the vaccine strain A/Texas/50/2012 (H3N2), the 2015 strains

from Germany showed up to 4.5 % sequence diversity in

their HA1 protein, indicating substantial genetic drift. The

data further suggest that two distinct phylogroups, 3C.2 and

3C.3, with 1.6-2.3 % and 0.3-2.4 % HA1 nucleotide and

amino acid sequence diversity, respectively, co-circulated in

Germany in the 2014/2015 season. Distinct glycosylation

patterns and amino acid substitutions in the hemagglutinin

and neuraminidase proteins were identified, possibly con-

tributing to the unusually high number of H3N2 infections in

this season and providing important information for devel-

oping vaccines that are effective against both genotypes.

Introduction

Annual influenza epidemics are mainly caused by influenza

A (subtype H1N1 and H3N2) and influenza B viruses

(IAV/IBV). Since their emergence in 1968, which resulted

in the third pandemic of the 20th century, H3N2 IAVs have

been circulating in the human population. Occasionally,

H3N2 strains were even more prevalent than the co-cir-

culating H1N1 IAV and IBV strains [13] and caused high

morbidity and mortality rates [2].

The well-established rapid evolution of influenza viruses

(IV) is mainly achieved by antigenic shift and antigenic

drift [26]. About seven H3N2 clades (designated clades 1

to 7) and many subclades have evolved over the past few

years, providing a significant challenge for the annual

design of effective influenza vaccines [24]. At present,

viruses in clade 3 are the dominant group, which has

diversified further into three major subclades designated

3A, 3B, and 3C, with subclade 3C containing several dis-

tinguishable genetic groups [9, 24].

The majority of the circulating H3N2 IAVs in late 2014

and early 2015 appear to be genetically and antigenically

distinct from influenza virus A/Texas/50/2012 (H3N2,

TX12), i.e., the 2014/2015 vaccine strain recommended for

the northern hemisphere [4]. In line with this, there is

increasing evidence (reported from different countries) for

limited protection afforded by the TX12-based vaccine

against H3N2 IAVs during the 2014/2015 season, partic-

ularly among the elderly [1, 7, 9]. Similar data have also

been reported for strains collected in Germany in 2013

[21], but there is limited information on the genetic char-

acteristics and evolution of these German H3N2 IAVs. In

the present study, we determined the complete genome

sequences of two viruses (H3N22176 and H3N23444) and

determined the sequences of the HA, NA and M genes of
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another nine viruses obtained from hospitalized patients at

the university hospital of Giessen, Germany, between

January and April 2015. Our study provides insight into

specific genetic markers, phylogenetic relationships and

evolution of these H3N2 viruses from Giessen compared to

other H3N2 IAV isolates collected in Germany, other

European countries, and other continents.

Materials and methods

Sample preparation and typing

Nasopharyngeal swabs were collected from patients with

respiratory infections and further processed by the Virus

Diagnostics Laboratory at the Institute of Medical Virology

(Justus Liebig University Giessen, Germany). Swabs were

washed with 800 ll of 0.9 % NaCl solution. Three hundred

microliters of each sample was subjected to analysis using

a Gene Xpert IV system (Cepheid, USA), using the Xpert

Flu/RSV XC test according to the manufacturer’s instruc-

tions. In parallel, viral RNA was extracted from 400 ll of
each sample using an EZ1 Advanced XL system (QIA-

GEN, Germany). Ten microliters of the resulting 60-ll
eluate fraction was used in the xTAG Respiratory Viral

Panel Fast v2 (Luminex 200 platform; Luminex, The

Netherlands) to determine influenza virus types/subtypes as

well as possible coinfections with other respiratory viruses.

The data collection and publication were performed in

accordance with the data protection law of the state of

Hesse (HDSG, §33). All experiments were performed in a

biosafety level 2 (BSL2) containment laboratory approved

for such use by the local authorities (RP, Giessen,

Germany).

Viral genome sequencing and sequence data

collection

Full-gene amplification of the viral segments was done

using appropriate oligonucleotide primers as described

previously [10]. Amplicons were cloned into the vector

pMPccdB as described previously [17] and sequenced. The

sequences determined for the HA, NA and M segments of

nine isolates and full genome sequences of two isolates

were submitted to the Global Initiative on Sharing All

Influenza Data (GISAID) (Table 1). Sequences of viruses

isolated in Germany from 1998 to April 2015 and viruses

from Africa, Asia, Europe, South America and North

America were retrieved from the GenBank and GISAID

databases and used for the construction of phylogenetic

trees.

Phylogenetic analysis and evolution rate

Nucleotide and deduced amino acid (aa) sequences were

aligned using MAFFT [11] and further edited using

BioEdit [8]. A total of 813 gene sequences were processed

for genetic analysis (Table 2). Numbering of aa residues of

the HA (H3 numbering after removal of the signal peptide)

and other proteins (open reading frame) was based on that

of the TX12 strain. The HA and NA sequences were also

compared with those of influenza A/Switzerland/9715293/

2013 (designated hereafter as CH13), which was recently

recommended for use as vaccine for the 2015/2016 season

[1].

Table 1 H3N2-IAV isolates analyzed in this study

Isolatea Gender of patient Age of patientb Collection date Abbreviation GISAID isolate_Idc

1 A/Giessen/2108/2015(H3N2) Female 30 2015-02-04 H3N22108 192099

2 A/Giessen/2276/2015(H3N2) Male 68 2015-02-06 H3N22276 192100

3 A/Giessen/2389/2015(H3N2) Male 86 2015-02-11 H3N22389 192101

4 A/Giessen/2390/2015(H3N2) Male 50 2015-02-11 H3N22390 192102

5 A/Giessen/2749/2015(H3N2) Female 77 2015-02-13 H3N22749 192103

6 A/Giessen/3232/2015(H3N2) Female 78 2015-02-20 H3N23232 192104

7 A/Giessen/3448/2015(H3N2) Male 71 2015-02-25 H3N23448 192105

8 A/Giessen/3940/2015(H3N2) Male 71 2015-03-10 H3N23940 192106

9 A/Giessen/4015/2015(H3N2) Male 23 2015-03-10 H3N24015 192107

10 A/Giessen/2176/2015(H3N2) Female 17 2015-02-06 H3N22176 192108

11 A/Giessen/3444/2015(H3N2) Female 12 2015-02-25 H3N23444 192109

a For H3N22176 and H3N23444, the eight viral segments were sequenced, while for the other isolates, the HA, NA and M segments were

sequenced
b In years
c Sequence information has been deposited with GISAID, accession numbers EPI625882 through EPI625920
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Phylogenetic analysis was performed using Topali v2.5

[16] after selection of the best-fit model of nucleotide

substitution. Estimated origin dates of H3N2 viruses were

determined using the Bayesian Markov chain Monte Carlo

(MCMC) method implemented in BEAST v1.6.1 [3]. The

evolution rate and time from the most recent common

ancestor (tMRCA) were estimated using a Bayesian Sky-

line coalescent tree [3] prior to selecting a relaxed uncor-

related lognormal model with gamma-distributed rate

heterogeneity. tMRCA was estimated only for the HA1 and

NA genes using 145 sequences of human origin with the

collection date adjusted to year-month-day format. MCMC

chains were run for 5-10 9 107 generations for each

dataset, with 10 % burn-in and 95 % highest probability

density (HPD) values. TRACER v1.6 was used for the

analysis of MCMC output [3]. TreeAnnotator v1.8 (http://

beast.bio.ed.ac.uk/TreeAnnotator) and FigTree v1.4 (http://

beast.bio.ed.ac.uk/figtree) were used to generate and visu-

alize trees, which were further edited using Inkscape.

Prediction of glycosylation

Potential asparagine-linked glycosylation sites (PNGs) in

the HA and NA were predicted using the NetNGlyc 1.0

Server to examine the sequence context of N–X–S/T

motifs, where X can be any amino acid except proline

(http://www.cbs.dtu.dk/services/NetNGlyc/).

Estimation of positive selection

To assess whether Giessen isolates underwent

episodic/positive diversifying selection, the calculated non-

synonymous/synonymous (dN/dS) ratio at each codon in

the alignment was assessed using Datamonkey, a web-

server of the HyPhy package, using the best-fit substitution

model as recommended [6, 20]. Four different codon-based

maximum-likelihood methods at posterior probabilities

‘pp’ of 0.05 were used: the mixed-effects model of evo-

lution (MEME), the most conservative ‘‘single-likelihood

ancestor counting’’ algorithm (SLAC), ‘‘fixed effects like-

lihood’’ (FEL) and internal FEL (IFEL) [20].

3D structural modeling

Three-dimensional structures (3D) of the HA and NA

monomers of the Giessen isolates were compared with

those obtained for the TX12 strain. Distinct mutations in

Table 2 Sequence comparison of German H3N2-IAV isolates with the vaccine strain TX12

Segment No.a Protein Positive selection Genetic markers Identity matrix

(range %)c

Gene

(dN/dS)

Codon (P\ 0.05)b Nucleotides Amino

acids

PB2d 28 PB2 0.0455955 – V63I, I588T 98.7–98.8 99.2–99.6

PB1 16 PB1 0.0376921 – – 98.7 99.2–99.4

16 PB1-

F2

12.2128 11, 25, 48, 60, 70, 73, 79 I18T 98.8–99.2 96.6–97.7

PAd 28 PA 0.0917423 – N272S, V668I, N675K 98.9 99.1

HA 210 HA1 0.326929 53, 144, 160, 193, 261 N128A/T, N145S,

V186G, F219S

97.7–98.6 95.5–97.3

NP 31 NP 0.0874317 – R384G 98.9–99.1 99.5–99.7

NA 202 NA 0.217012 6, 30, 40, 71, 210, 220, 223, 267, 292, 354,

370, 464
H150R, E221D 98.6–99.4 98.0–99.1

M 109 M1 0.29473 18, 43, 128, 219, 223, 231, 244 – 98.6–99.4 99.2–100

109 M2 0.326859 – – 98.6–99.6 98.9–100

NS 32 NS1 0.269457 – E26K, Q193R 99.2 99.1

32 NEP 0.244031 – K35E 98.8 99.1

Total 813 11 31 16

a Total number of aa sequences available in the GenBank and GISAID databases for each of the viral segments used for sequence analysis in this

study
b Bold numbers refer to positive selection inferred by more than one tool (MEME, SLAC, FEL and/or IFEL)
c Range of the identity matrix of the 2015 H3N2-IAV isolates from Germany (including those characterized in this study) compared to the

vaccine strain
d The PB2 gene sequence encompassed nucleotides 1 to 867, corresponding to amino acids 1 to 289. The PA sequence encompassed nucleotides

76 to 912, corresponding to amino acids 26 to 304
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the HA and NA of the Giessen isolates were superimposed

on the predicted 3D structure of TX12 using Geneious

version 8.1.5 [12] and edited further manually.

Results

Epidemiology

From December 2014 to May 2015, 85 patients were

treated for (laboratory-confirmed) influenza in the Giessen

and Marburg University Hospital (Campus Giessen),

Hesse, Germany. Among these patients, 75 (88 %; 41

males and 34 females) tested positive for IAV, and 10

(12 %; 6 males and 4 females) tested positive for IBV. To

further characterize these viruses, a total of 38 (out of 75)

IAV isolates were subjected to subtype analysis. In 27

cases (14 male and 13 female patients; median age = 42.6)

subtype H3N2 was identified, while in 11 cases (8 male and

3 female patients; median age = 51.3), the 2009 pandemic

H1N1 (H1N1pdm2009) IAV was identified. Infections with

H1N1pdm2009 IAVs were significantly more frequent in

elderly patients (aged 51-70 years), while H3N2 infections

were detected with similar frequencies in all age groups. In

the time period between December 2014 and March 2015,

H3N2 infections were significantly more frequent than

H1N1pdm2009 and IBV infections, with a peak of H3N2

infections occurring in February 2015 (data not shown). To

further characterize the H3N2 IAVs involved in these

infections, we selected 11 H3N2 isolates (five isolates from

females [aged 12-78 years] and six from males [aged

23-86 years]) that we collected between February and

March 2015 (Table 1).

Sequence analysis

HA and NA gene sequences determined in this study

(Table 1) were compared to those of the vaccine strains

TX12 and CH13 (influenza A/Switzerland/9715293/2013,

which is to be used for the 2015/2016 vaccine [1]). In the

11 protein sequences determined for the Giessen isolates, a

total of 16 amino acid sequence variations were identified

(Table 2).

Genome segments that encode viral surface proteins

Hemagglutinin (H3 HA)

The HA of the 11 viruses analyzed in this study shared

97.4-99.7 % and 97.4-100 % nucleotide and aa sequence

identity, respectively. Compared to TX12, they had 98.1-

98.4 % and 98-99.1 % nucleotide and aa sequence identity,

respectively. The HA1 domain of the 2015 Giessen strains

analyzed in this study (n = 63) had up to 2.3 % nucleotide

and 5.7 % aa sequence diversity, whereas HA1 of the

German strains from 2014 (n = 35) had up to 2 %

nucleotide and 4.7 % aa sequence diversity. The HA1 of

the 2015 Giessen isolates showed 97.7 % nucleotide and

95.5 % aa sequence identity compared to TX12, while the

HA1 of the 2014 isolates showed 98 % nucleotide and

96.2 % aa sequence identity. Compared to TX12, all

Giessen strains (as well as CH13) contained three unique

replacements in their HA proteins: N128A/T, V186G, and

F219S. Furthermore, all strains except H3N23232 were

found to carry a P198S substitution. In addition, 71 % of

the 2015 isolates (including 9 out of the 11 Giessen isolates

characterized in this study) and\50 % of the 2013/2014

isolates had another six specific replacements (L3I, N144S,

F159Y, N225D, Q311H and D489N). With just one

exception (see below), the latter six substitutions were not

observed in any of the German H3N2 isolates collected in

2012 (n = 24) and 2013 (n = 6) (data not shown). In one

(out of 24) of the 2012 isolates, the L3I and D489N

replacements were identified in the HA sequence. Com-

pared to CH13, all 2014/2015 viruses but one from 2014

gained S138A, S159F/Y and R326K.

Neuraminidase (NA)

The N2-NA sequences of the isolated strains revealed

sequence identities of 98.0-98.4 % at nucleotide level and

98.0-99.1 % at aa level compared with TX12. Furthermore,

except for one isolate, all NA sequences from German

viruses collected between 2013 and 2015 (including the

Giessen isolates of the present study), contained an H150R

replacement compared to TX12. Moreover, E221D was

observed only in viruses from 2015 (84 %; n = 27/32) and

2014 (62 %; n = 21/34). Likewise, T267K and I380V

were detected in 21 (66 %) and 20 (63 %) of the 2015

H3N2-IAVs, respectively, whereas, both T267K and I380V

were less abundant and evenly distributed (26 %) in the

NA of 2014 H3N2-IAVs (n = 9/34). Interestingly, none of

H3N2 IAV isolates collected in 2012 and 2013 carry these

changes. Compared to CH13, all 2015 viruses and only five

of the 2014 viruses display T392I/M.

Other gene segments

Other segments shared 97.7-99.6 % nucleotide and 95.5-

100 % aa sequence identity with TX12 and 98.4-100 % aa

sequence identity with each other. The PB2 proteins of

H3N22176 and H3N23444 differed from TX12 by two aa

replacements (V63I and I588T). With regard to the PB1

protein, H3N22176 was 100 % identical to the vaccine

strain, while H3N23444 carried two aa replacements

(M111K and F251L). The PB1-F2 of H3N23444 (90 aa)
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carried a unique I18T substitution. Concerning PA, both

H3N22176 and H3N23444 differed from TX12 at three

positions (N274S, V670I, and N677K). The NP of

H3N22176 and H3N23444 carried an R384G replacement,

while H3N22176 had an M331I substitution. The M1 pro-

tein was highly conserved among the Giessen isolates.

Seven out of 11 were found to be 100 % identical to TX12,

while the other four strains had one or two aa substitutions,

resulting in aa sequence identities of C99.2 %. Moreover,

three of these four strains (H3N22390, H3N23448 and

H3N22276) had an S120A substitution in their M1 protein.

The M2 protein of all 11 Giessen isolates and TX12 con-

tained the amantadine resistance marker S31N. The NS1

proteins of H3N22176 and H3N23444 (230 aa) had a human-

IAV like PDZ domain (226RSEV230) and two unique

replacements (E26K and Q193R). NEP of H3N22176 and

H3N23444 were found to share a K35E replacement com-

pared to TX12 (Table 2).

Variation in the potential N-glycosylation sites

(PNGs)

With respect to HA, 10-11 PNGs were predicted to be

present in the 11 Giessen isolates, while CH13 has 12

PNGs. Nine PNGs (8NST10, 22NGT24, 38NAT40, 45NSS47,
133NGT135, 165NVT167, 246NST248, 285NGS287, 483NGT485)

were conserved in all isolates. Furthermore, all isolates

except H3N23940 contained 63NCT65, and all except

H3N23448 and H3N22276 contained the 122NES124 site. The

latter two viruses as well as CH13 also contained
144NNS146. Regarding NA, 7-9 PNGs were predicted for

the Giessen isolates. Of these, five PNGs were conserved

across all isolates (70NTT72, 146NNT148, 200NAT202,
234NGT236, 367NET369), while the remaining two sites,
61NIT63 and 86NWS88, were conserved in all but one

(H3N22108) isolate. Furthermore, except for H3N24015, the
329NDS331 site was strictly conserved, while only three

isolates (H3N23444, H3N22749 and H3N22108) contained the
245NAS247 site.

Phylogenetic analysis

Hemagglutinin

The H3-HA of the Giessen isolates and a selection of

viruses from Europe, Asia, Africa and the Americas (the

latter isolated in 2014/2015) could be assigned to two

distinct groups in clade 3C, called 3C.2 and 3C.3 (Fig. 1),

that likely emerged in the first trimester of 2011 as indi-

cated by tMRCA. Group 3C.3 contains the majority of the

2015 German isolates (70 %; n = 44/63) and 43 % of the

available 2014 viruses (n = 15), while group 3C.2 contains

30 % of the 2015 German isolates (n = 19/63) and the

majority of the 2014 isolates (57 %; n = 20/35). Nine out

of 11 sequences determined in this study were assigned to

3C.2, while only H3N22276 and H3N23448 belonged to

group 3C.3. Both groups are distinct from TX12, which

belongs to group 3C.1 (Fig. 1). Moreover, clade 3C.3 (in-

cluding the CH13 strain) is distinct from TX12, as shown

in Fig. 1. Importantly, clade 3C.3 includes two genetically

distinct subgroups (designated 3C.3a and 3C.3b), which are

distinguishable from TX12 and also differ substantially

from CH13. The H3N2 IAVs of clade 3C.3 differ from

TX12 by 6 aa (N128A, R142G, N145S, V186G, P198S and

F219S). Unlike TX12 and CH13, the H3N2 IAVs in 3C.3a

possess three unique aa substitutions (L157S, I214, and

V347K), those in 3C.3b have six unique aa substitutions

(E62K, K83R, N122D, L157S, R261Q, V347K), and those

in subclade 3C.3b2 harbor an additional unique substitu-

tion, Q197H. The 3C.3b viruses also differed from CH13

by S138A, S159F, D225N, and R326K (Fig. 1).

Regarding subclade 3C.2, H3N2 IAVs within this clade

are distinct from TX12 by 12 aa (L3I, A/N128T, N144S,

S/F159Y, K160T, Q311H, D489N N145S, V186G, P198S,

F219S and N225D) and from CH13 by 10 aa (L3I,

A/N128T, N144S, S/F159Y, K160T, Q311H, D489N,

S138A, G142R and R326K).

Neuraminidase

The NA phylogeny differed from that of the HA (Fig. 2).

The selected NA sequences of 2014/2015 H3N2 IAVs in

Europe, Asia, Africa and the Americas were assigned to

two distinct groups (designated here as A and B) that,

again, are thought to have emerged in the first trimester of

2011, as indicated by tMRCA. Group A is a 3B HA-like

group, while group B corresponds to the 3C group of the

HA. Group A comprises only four Giessen isolates from

2015, 12 viruses from 2014, and a few isolates from

2011-2013, whereas group B contains the majority of

viruses from 2011 to 2015 as well as the vaccine strains.

Compared to both vaccine strains, group A possesses

Y155F, D251V and S315G, with two additional variations,

D221E and T392I, from CH13. Group B, which corre-

sponds to the HA 3C group (see above), contains TX12 and

two distinct B2 and B3 subgroups that probably co-evolved

in early 2013 and are most similar to the HA 3C.2 and 3C.3

group, respectively. Four Giessen isolates (H3N22390,

H3N22276, H3N23448 and H3N23232) fall into the small B2

subgroup characterized by M51V, V143G, V263I, and

T434N substitutions, which separate them from both vac-

cine strains, and an additional aa variation (T392I) com-

pared to CH13. The majority of the Giessen isolates (7/11)

fell in subgroup B3 (subgroups B3.1 and B3.2). The

smallest group, B3.1, containing five 2014 viruses as well

as CH13, has the unique I392T replacement compared to
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TX12. Viruses in the B3.2 group, which contains the

majority of the 2014-2015 German isolates, differ from

TX12 and CH13 by the aa substitutions T267K and I380V

(except H3N22176) and by an additional aa variation

(T392I) from CH13.

Matrix protein

The M gene phylogeny was similar to the phylogenies

determined for ‘‘internal’’ viral proteins (see below). Sub-

group 1.1 contains eight out of the 11 strains characterized

in this study along with TX12. Subgroup 1.2, although not

supported by high bootstrap values, contains H3N22390,

H3N22276 and H3N23448. Group 1 also contains a third

subgroup, 1.3, which includes German viruses isolated

between 2004 and 2006. Group 2 consists mainly of Ger-

man isolates collected between 1998 and 2006 (data not

shown).

Other gene segments

Analysis of the PB2, PB1, PA, NP and NS genes revealed

two distinct phylogenetic groups (data not shown). Group 1

contained viruses circulating from the late 1990s until 2004

while group 2 mainly contained viruses from Germany

(most of which were isolated more recently) that can be

Clade 
3C.2 

Clade 
3C.1 

Clade 
3C.2 

Fig. 1 Phylogenetic relationship between the HA genes of H3N2

viruses and vaccine strains. The H3 HA sequences of recent H3N2

IAVs collected in Europe (including the Giessen isolates), Asia,

Africa, and the Americas from 2014/2015 can be assigned to two

distinct groups: 3C.2 and 3C.3. The majority of the viruses analyzed

in this study (red) belong to group 3C.2 (depicted in red), while (only)

two viruses (2276 and 3448) belong to group 3C.3 (depicted in blue).

Both groups are clearly distinct from the vaccine strains TX12

(subclade 3C.1) and CH13 (subclade 3C.3). Subgroups are indicated

at the right. Amino acid substitutions present in specific subgroups

and distinct from TX12 are shown in standard font, while substitu-

tions that differ from both vaccine strains are shown in boldface.

Maximum-likelihood trees were generated using Topali v2.5 with

1000 bootstrap replicates and further edited using FigTree and

Inkscape
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further subdivided into two subgroups (2.1 and 2.2). Sub-

group 2.1 contains the two viruses sequenced in this study,

which cluster with other contemporary viruses from dif-

ferent countries as well as TX12. Group 2.2 contains recent

viruses from Europe, America, and Asia.

Positive selection and evolution rates

As shown in Table 2, PB1-F2 was the only gene that was

shown to be under positive selection, which, however, may

be due to the small sample size for this protein (n = 16).

The highest numbers of aa residues under positive selection

were detected in the NA (12 sites), HA1 (7 sites), M1 (7

sites) and PB1-F2 (5 sites) proteins. The evolution rate of

the German H3N2 isolates was estimated to be 7.5 9 10-3

substitution/site/year for the HA1 and 4.5 9 10-3 substi-

tution/site/year for the NA gene.

Tertiary structure

In the HA of all Giessen isolates, four unique mutations

(N128A/T, N145S, V186G, and F219S) where identified.

All of these residues are part of an exposed surface of the

HA1 head domain (Fig. 3) surrounding the receptor-bind-

ing pocket. In addition, the HA proteins of 9 out of the 11

viruses analyzed in this study contain the aa substitutions

L3I, N144S, F159Y, N225D, Q311H, and D489N. N/S144,

F/Y159, N/D225 are part of the head domain, while the

Q/H311 residue is located in the HA1 stalk region. D489N

is the only replacement in HA2, where it is located close to

the C-terminal end of the protein. In the NA, V143G,

H150R, E221D, V263I, T267K and I380V are on the

surface of the head domain, while M51V is part of the stalk

domain. H150R is located close to the active site of the

sialidase (Fig. 3).

Group 
A 

Group 
B1 

Group 
B2 

Fig. 2 Phylogenetic relationship between the NA genes of H3N2

viruses and vaccine strains. The N2 NA sequences of recent H3N2

IAVs collected in Europe (including the Giessen isolates), Asia,

Africa, and the Americas from 2014/2015 can be assigned to two

distinct groups (A and B). The majority of viruses analyzed in this

study belong to group B3 (depicted in red), while only two viruses

(2276 and 3448) were found to belong to group B2 (shown in blue).

Both groups are clearly distinct from the vaccine strains TX12 and

CH13
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Discussion

Influenza A/H3N2-type viruses were first recognized as

major human pathogens in 1968 and continue to co-cir-

culate with other H1N1 IAVs and IBVs in the human

population [2]. The incidence of H3N2-associated infec-

tions reached its peak early in 2015 and also caused disease

in vaccinated individuals [4]. In this study, we analyzed 43

genome segments from eleven H3N2 isolates to obtain

insight into the evolution and of German H3N2 viruses

collected in early 2015 their phylogenetic relationship to

other H3N2 IAVs circulating in Europe, Asia, Africa and

the Americas.

The HA of the H3N2 viruses from 2014/2015 isolated in

Giessen/Germany clustered with the recent strains from

Europe, Asia, Africa and Americas in two distinct phy-

logroups that are clearly distinguishable from TX12 and, to

a lesser extent, from CH13. The phylogenetic topology of

HA did not correlate with that of the NA gene segment in

these isolates, and the evolutionary rate of HA1 was found

to be much higher than that of the NA, suggesting that

(multiple) genetic reassortment events between viruses

from the 3C.3b and 3B and/or other subgroups played a

major role in the emergence of those recently emerging

H3N2 IAVs, while co-evolution of HA and NA pairs was

probably less important for retaining viral fitness in this

case. The observed discordance between the phylogeny and

mutational patterns of the HA and NA proteins in the

German H3N2 IAVs is consistent with a study by Sand-

bulte et al. [22] reporting on discordant antigenic shifts of

NA and HA in H1N1 and H3N2 IAVs.

Our data provide evidence for a significant genetic drift

being involved in the emergence of the recent German

H3N2 IAVs and their increasing phylogenetic distance

from the vaccine strain TX12. Several replacements in the

HA and NA proteins appeared only very recently, starting

in 2014 and became more predominant in 2015. Our study

identifies a number of aa substitutions in the antigenic sites

A to E of the Giessen H3N2 IAVs that may help the virus

to escape from antibodies specific for TX12 and/or CH13

[5] (Table 3). Also, aa substitutions in or adjacent to the

receptor binding domain (RBD), especially at position 225

and, to a lesser extent, at positions 186, 187, 198, 214 and

219, may modulate the affinity of the 2015 H3N2-IAVs

isolates from Germany to host-cell receptors [14].

Glycosylation and deglycosylation is an important viral

mechanism to (i) mask antigenic epitopes and thus prevent

neutralization by the humoral immune response [15], (ii)

adjust receptor-binding affinity [19], or (iii) modulate vir-

ulence of IAV in mammals [23]. Although the German

H3N2 isolates shared at least nine PNGs with the vaccine

strains TX12 and CH13, their glycosylation patterns were

not identical. For example, H3N2 IAVs in group 3C.3b had

lost the glycosylation site 122NES124 (present in CH13 and

the 3C.3 viruses) and acquired another site at 144NNS146,

whereas (most of) the 3C.3 viruses had the 63NCT65 site.

Therefore, the HA glycosylation patterns predicted may

also contribute to a potential antigenic escape of H3N2

IAVs from antibodies raised against the currently used

vaccine strains and/or increase viral replication by yet-to-

be-characterized mechanisms [5].

There is a meticulously controlled functional balance

between viral entry (mediated by HA) and efficient release

of virus progeny from the cell surface, with NA playing a

major role. Therefore, mutations in the HA are often

associated with specific ‘‘compensatory’’ mutations in the

NA [28]. Possible functional implications of the substitu-

tions identified in NA in the 2015 Giessen H3N2 isolates

remain to be determined. However, it should be noted that

residue 150 is located in the 150-loop, which is part of the

catalytic site of the enzyme and has been shown previously

to affect the enzymatic activity of the NA of H3N2 viruses

[27]. Likewise, 221 and 155 are very close to the active site

of the enzyme [18]. It remains to be seen if some of these

substitutions also affect the immunogenic properties of the

mutated NA, even though this may have less-profound

effects on protein function than in HA. Giessen H3N2

Fig. 3 Predicted tertiary structure of the H3 HA and N2 NA.

a Predicted tertiary structure of the HA monomer. Most aa

substitutions affect the globular head region and are in close

proximity to the receptor-binding pocket. Only Q311H and D489N

are located in the stalk domain. b Front (left) and back (right) views

of the NA head domain of H3N2 with positions of aa substitutions in

the Giessen isolates indicated
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IAVs have aa substitutions in the dominant NA epitope B

(position 221) [18] and epitope A (position 380) [18], both

of which may be involved in virus escape from anti-NA

antibodies.

We also detected unusual aa substitutions in several

internal proteins of the Giessen H3N2 strains. To date, the

potential functional consequences of these substitutions are

not known in most cases. Interestingly, R384K in the NP is

part of a CTL epitope, and mutations at this site have been

reported to abrogate recognition of a H3N2 virus by

cytotoxic T-lymphocytes [25], suggesting a possible role of

this particular substitution in virus escape from the cellular

immune response.

Taken together, this study leads us to suggest that

specific aa substitutions in the 2015 Giessen H3N2 IAV

isolates, particularly in the immunogenic determinants and

glycosylation sites of HA and NA may have contributed to

inefficient protection after vaccination with the TX12

strain. Some of these genetic changes may also impair the

efficacy of the CH13-based vaccine for raising a protective

immune response against a diverse group of H3N2 IAV

strains circulating in Germany. In this context, the devel-

opment of modified CH13-like vaccines based on the 3C.3

clade or bivalent 3C.2/3C.3-based vaccines may be

considered.
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