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A B S T R A C T   

Amino acid substitutions in influenza virus neuraminidase (NA) that cause resistance to neuraminidase inhibitors 
(NAI) generally result in virus attenuation. However, influenza viruses may acquire secondary substitutions in 
the NA and hemagglutinin (HA) proteins that can restore viral fitness. To assess to which extent this happens, the 
emergence of NAI resistance substitutions and secondary – potentially compensatory – substitutions was quan-
tified in influenza viruses of immunocompetent individuals included in the Influenza Resistance Information 
Study (IRIS; NCT00884117). Known resistance substitutions were detected by mutation specific RT-PCR in vi-
ruses of 57 of 1803 (3.2%) oseltamivir-treated individuals, including 39 individuals infected with A/ 
H1N1pdm09 [H275Y] virus and 18 with A/H3N2 [R292K] virus. A total of fifteen and ten other amino acid 
substitutions were acquired in HA and NA respectively, of A/H1N1pdm09, A/H3N2 and influenza B viruses upon 
treatment with oseltamivir but none of these was associated with resistance to oseltamivir. All cultured viruses 
with the known resistance substitutions H275Y or R292K showed reduced susceptibility to oseltamivir in the NA- 
star assay. Upon next-generation sequencing, the vast majority of NAI resistant A/H1N1pdm09 and A/H3N2 
viruses had no resistance-associated secondary substitutions at high frequency. Only in two A/H1N1pdm09 
[H275Y] viruses, the potentially compensatory secondary substitutions HA-D52N and NA-R152K were detected. 
We conclude that the emergence of secondary substitutions that may restore viral fitness upon the emergence of 
known influenza virus NAI resistance substitutions was a rare event in this immunocompetent population.   

1. Introduction 

The neuraminidase inhibitors (NAIs) oseltamivir (OS), zanamivir 
(ZA), peramivir, laninamivir and the cap-dependent endonuclease in-
hibitor Baloxavir marboxil are currently the antiviral drugs used for the 
treatment of influenza virus infections (Fiore et al., 2011; Heo, 2018; 
Ikematsu and Kawai, 2011; Ishiguro et al., 2018; McLaughlin et al., 
2015; Sugaya and Ohashi, 2010; Uyeki et al., 2018). Influenza viruses 
are prone to antiviral resistance development due to their high mutation 
rates (Ison, 2011). Resistant influenza viruses can emerge spontaneously 
or due to selective pressure upon use of antivirals (Fiore et al., 2011). 

The emergence of resistance substitutions in NA has been reported in 
various studies, most notably in young children infected with influenza 
A viruses (Gubareva et al., 2001; Kiso et al., 2004; Roosenhoff et al., 
2019; Stephenson et al., 2009). Initially these resistance substitutions 
were found to attenuate the viruses and were therefore considered to 
have limited clinical relevance (Bloom et al., 2010; Herlocher et al., 
2002; Ives et al., 2002; Moscona, 2009; Pizzorno et al., 2011). This 
changed during the 2007–2008 influenza season, when OS resistant 
seasonal influenza A viruses (A/sH1N1) emerged spontaneously, 
without evidence for attenuation or reduced transmission (Dharan et al., 
2009; Hauge et al., 2009; Kramarz et al., 2009). Using computational 
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methods to compare NA sequences of OS sensitive and resistant 
A/sH1N1 viruses, several research groups identified “permissive” sub-
stitutions in the NAI resistant viruses that may have facilitated their 
emergence without impairing viral fitness (Bloom et al., 2010). These 
viruses did not have a long-term global clinical impact as they were 
replaced quickly by the 2009 pandemic virus (A/H1N1pdm09), which 
was sensitive to OS (Garten et al., 2009). Since then, resistant 
A/H1N1pdm09 and A/H3N2 viruses containing substitutions H275Y 
and R292K in NA continue to be reported sporadically upon treatment 
with OS (Inoue et al., 2010; Nguyen et al., 2010). Even though most of 
these viruses appeared to have impaired fitness compared to wildtype 
influenza viruses (Carr et al., 2002a; Duan et al., 2010; Herlocher et al., 
2002), it is essential to continuously monitor the emergence of sec-
ondary substitutions that can mitigate the fitness defects caused by NAI 
resistance substitutions for the development of new antiviral therapy. 

Here, we focused on the identification of amino acid substitution that 
emerged in HA and NA of influenza viruses upon OS treatment of in-
dividuals included in the large observational Influenza Resistance In-
formation Study (IRIS; NCT00884117). Sanger sequencing and next 
generation sequencing (NGS) were used to detect potentially novel NAI 
resistance substitutions as well as secondary substitutions that could 
compensate for potential viral fitness losses caused by known NAI 
resistance substitutions. Novel NAI resistance substitutions were not 
detected in this cohort and emergence of secondary – potentially 
compensatory – substitutions was rare. 

2. Methods 

2.1. Study design 

The IRIS (NCT00884117) was a prospective, multicenter, observa-
tional study (Roosenhoff et al., 2019; van der Vries et al., 2016; Whitley 
et al., 2013). Individuals were enrolled from December 2008 until 
September 2015 from centers located in Germany, France, Norway, 
Poland, the United States of America, Hong Kong Special Administrative 
Region of the People’s Republic of China, Australia and South Africa. 
The 7 study years included 5 northern and 4 southern hemisphere 
influenza seasons including the 2009–2010 pandemic. All recruited in-
dividuals signed informed consent. The study was performed in 
compliance with the principles of the Declaration of Helsinki and its 
amendments, and in accordance with Good Clinical Practice (GCP). In-
dependent ethics committees and institutional review boards at each 
center approved the study protocol and amendments. 

2.2. Patient inclusion criteria and clinical assessment 

Individuals were selected as described previously (Roosenhoff et al., 
2019; Whitley et al., 2013). In summary, adults and children aged ≥1 
year were enrolled in the study if they tested positive for influenza virus 
by rapid test and/or displayed clinical signs or symptoms of influenza. 
There was a time limit of 96 h post symptom onset for hospitalized 
adults, 48 h for non-hospitalized individuals and no time limit for 
children. Clinical management including prescription of antiviral 
treatment were at the discretion of the local physician. 

2.3. Virological analysis 

Virus load, mutation detection and phenotypic susceptibility analysis 
of the nasal and throat swabs collected on day 1, 3, 6 and 10 were 
performed as described by Whitley et al. and Van der Vries et al. (van der 
Vries et al., 2013a; Whitley et al., 2013)(Fig. 1). In short, viral nucleic 
acid was extracted from the original specimens by the automated QIA-
symphony SP/AS instrument (Qiagen, Hilden, Germany) to determine 
influenza virus (sub)type by qualitative real-time polymerase chain re-
action (qRT-PCR) for the matrix genes of influenza A and B viruses. 
Afterwards, mutation specific RT-PCR (msRT-PCR) was conducted on 
original specimens positive for influenza virus to identify the known 
resistance mutations H275Y, R292K and E119V in influenza A viruses 
and R150K, D197N and N294S in influenza B viruses (van der Vries et al, 
2010, 2013a). The lower limit of detection of the msRT-PCR assay was 
approximately 2.4 log10 viral particle (vp)/ml. The msRT-PCR could 
detect minority resistant mutants present down to a frequency of 5% in a 
mixed virus population of wildtype and resistant virus (van der Vries 
et al., 2013a). Both the qRT-PCR and the msRT-PCR assays were per-
formed on the LightCycler480 (Roche, Almere, The Netherlands). 

Clinical specimens with a qRT-PCR cycle threshold (Ct) below 32 
were cultured in the absence of antivirals on Madine-Darby Canine 
Kidney (MDCK) cells. Cells were incubated for two weeks or until full 
cytopathic effect was observed. The phenotypic susceptibility to OS of 
cultured virus isolates was assessed using a chemiluminescence assay 
(NA-star, Applied Biosystems, foster City, California) and the mean IC50 
(required concentration of OS and ZA that inhibits 50% of the neur-
aminidase activity) was calculated. 

The HA and NA genes of cultured virus isolates were sequenced by 
Sanger sequencing and post-baseline sequences were compared with 
those from baseline of the same individual, whereby (un-)known sub-
stitutions associated with NAI resistance were identified in OS-treated 
individuals. The FluSurver tool of the Global Initiative on Sharing All 
Influenza Data (GISAID) Epiflu database was used to investigate the 
prevalence of treatment associated substitutions in the public influenza 

Fig. 1. Schematic overview of the study design.  
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sequence database (Maurer-Stroh et al., 2009). 

2.4. Next-generation sequencing sample preparation and analysis 

From the influenza virus positive original clinical specimens with a 
Ct-value ≤ 32, viral RNA was extracted and CDNA was synthesized using 
a primer (CAGGAAACAGCTATGACCAGCAAAAGCAGG) (Eurogentec, 
Luik, Belgium) with Superscript III reverse transcriptase (Invitrogen, 
California, USA) according to the manufacturer’s protocol. HA and NA 
genes were amplified by HotstartTaq-based PCR (Roche Molecular 
Systems, Penzberg, Germany) using the primer set described in sup-
plementary Table 1 in a mix containing HotstartTaq DNA polymerase, 
MgCl2, deoxynucleotides (dNTPs) and nuclease-free water. The PCR mix 
was incubated for 15 minutes (min) at 95 ◦C, followed by 40 cycles of 
95 ◦C for 1 min, 50 ◦C for 1 min, 72 ◦C for 1.5 min, followed by a final 
step at 72 ◦C for 10 min. The PCR products were used as input in a 
second HotstartTaq-based PCR (Roche Molecular Systems) reaction 
using HA and NA amplicon primer sets (Supplementary Table 2) in the 
same PCR mix as described above. The mix was incubated for 15 min at 
95 ◦C, followed by 30 cycles of 95 ◦C for 15 seconds (s), 50 ◦C for 30 s, 
72 ◦C for 45 s, followed by a final step at 72 ◦C for 7 min. The HA and NA 
amplicons were purified using the QIAquick PCR purification kit (Qia-
gen) according to the manufacturer’s instructions. Purified HA and NA 
amplicons were quantified using the Qubit dsDNA BR Assay kit (Thermo 
Fisher Scientific, Massachusetts, USA) and subjected to Illumina MiSeq 
300bp paired-end sequencing at the sequencing facility of BaseClear 

(Leiden, The Netherlands) (BASECLEAR, 2020; Pennings et al., 2020). 
Sequence reads were imported into CLC genomic Workbench version 

8 (Qiagen) and trimmed using a quality score cut-off of Q30. Reads of 
every individual sample were mapped against their own Sanger 
sequence. Single nucleotide polymorphisms that resulted in an amino 
acid substitution of each post-baseline sample (day 3, 6 and 10) relative 
to the baseline sequence, with a minimum coverage of 100, a frequency 
above 1.0%, a forward and reverse balance of >0.4 and a quality score 
cut-off of Q30, were called using CLC genomic Workbench version 8. 

2.5. Statistical analyses 

The correspondence between the frequency of the resistance sub-
stitutions detected by msRT-PCR and NGS was analyzed using logistic 
regression. This analysis was also performed to assess the correlation 
between the IC50 and the frequency of the resistance mutation as 
determined by NGS. 

3. Results 

3.1. Description of samples included from the IRIS study 

The cohort included in the IRIS study has previously been described 
in detail (Lina et al., 2018; Roosenhoff et al., 2019; van der Vries et al., 
2016; Whitley et al., 2013). In short, a total of 4553 adults and children 
were enrolled, of which 2244 individuals were laboratory-confirmed 

Fig. 2. Overview of selection of influenza virus infected individuals treated with oseltamivir for analysis.  
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positive for a single influenza virus (sub-)type and received OS antiviral 
monotherapy. As determined by msRT-PCR, 1803 of the 2244 
OS-treated individuals were infected with a wildtype influenza virus at 
baseline, of whom 687 were infected with A/H1N1pdm09 virus, 994 
with A/H3N2 virus and 122 with influenza B virus (Fig. 2). Resistance 
mutations were detected at baseline for 14 patients, including 11 pa-
tients infected with A/sH1N1 virus, 1 with A/H1N1pdm09 virus and 2 
with influenza B virus. Individuals infected with influenza B virus (N =
366) during the first four years of the study could not be tested by 
msRT-PCR, because there was no defined resistance mutations for 
influenza B virus at that time. The baseline resistance status of the 
remaining 61 patients could not be determined due to very low viral 
loads. 

3.2. Genotypic NAI resistance 

Known resistance mutations were detected in the NA gene of influ-
enza viruses in post-baseline samples of 57 (3.2%) of the 1803 in-
dividuals treated with OS as determined by msRT-PCR on the original 
patient material (Fig. 2). Of these 57 individuals, 49 were younger than 
13 years old. Thirty-nine of 687 (5.7%) individuals infected with A/ 
H1N1pdm09 virus acquired the H275Y substitution and 18 of 994 
(1.8%) individuals infected with A/H3N2 virus acquired the R292K 
substitution (Fig. 2). No other known resistance substitutions than 
R292K and H275Y were detected in influenza A virus samples and no 
known resistance substitutions were detected in influenza B virus 
infected individuals (Fig. 2). 

3.3. Potentially novel treatment-associated substitutions 

To investigate whether previously unidentified resistance-associated 

substitutions emerged upon OS treatment, post-baseline HA and NA 
sequences were examined. For HA, cultured samples of 58, 76 and 80 OS 
treated individuals infected with A/H1N1pdm09, A/H3N2 and influ-
enza B virus respectively were compared with baseline HA sequences of 
OS treated individuals (A/H1N1pdm09, N = 532; H3N2, N = 898; 
influenza B, N = 505) and HA sequences of all cultured samples of un-
treated individuals (A/H1N1pdm09, N = 577; A/H3N2, N = 581; 
influenza B, N = 613) (Supplementary Figure 1). The same analysis was 
conducted with NA sequences, whereby post-baseline sequences of in-
dividuals infected with A/H1N1pdm09 (N = 69), A/H3N2 (N = 71), and 
influenza B viruses (N = 79) were compared with baseline NA sequences 
of OS treated individuals (A/H1N1pdm09, N = 624; H3N2, N = 871; 
influenza B, N = 510) and all NA sequences of untreated individuals (A/ 
H1N1pdm09, N = 615; A/H3N2, N = 468; influenza B, N = 605). Amino 
acid substitutions were defined as potentially novel OS treatment- 
associated substitutions if they were not found in baseline samples 
and in samples from individuals that were not treated with OS. More-
over, the occurrence of the identified substitutions in global influenza 
virus sequences was determined using the FluSurver tool of the GISAID 
database. In the GISAID database, the prevalence of known resistance 
substitutions in NA of influenza A viruses varied from 0 to 1.76% 
(Supplementary Table 3). Table 1 provides the amino acid list of the 
treatment-associated substitutions that were identified in the HA and NA 
of A/H1N1pdm09, A/H3N2 and influenza B viruses of the IRIS-study. 
The substitutions were located across the HA and NA proteins and 
their frequency in HA and NA of global influenza virus sequences was 
within the same range (0–0.36%) as for the known resistance sub-
stitutions (Table 1). 

The NA-star assay was performed to determine the sensitivity to OS 
of these viruses in cultured samples that contained treatment-associated 
substitutions. In general, the IC50 was low for the viruses with 

Table 1 
Amino acid substitutions detected in the consensus sequence of HA and NA of influenza viruses upon OS-treatment of laboratory-confirmed cases.  

Gene Virus subtype Individual Substitution Day IC50 value to OSa b (nM) Frequency in FluSurverc 

HA A/H1N1pdm09 703/009 K325N 6 0.52 0.01 
121/317 G360V 6 217.55d 0 
214/386 Y366N 6 171.40d 0 
121/312 A409E 6 182.10d 0 
503/083 D429N 6 0.38 0 
505/123 R450K 6 0.16 0.05 
128/268 E464K 6 0.32 0.01       

A/H3N2 602/544 K2R 6 0.19 0.06 
602/442 T144I 6 0.26 0.05 
121/412 K176I 6 0.37 0.24 
602/778 V182M 10 0.66 0.07 
121/078 I252L 6 0.34 0 
156/002 C544G 6 0.46 0       

Influenza Bb 121/127 T214I 10 6.00 0.36 
515/158 G403D 6 2.30 0.01  

NA A/H1N1pdm09 510/166 L134W 6 0.38 0 
121/158 T435I 6 0.26 0       

A/H3N2 602/541 D356Y 6 0.15 0 
214/367 G401D 6 0.85 0.20       

Influenza B 214/397 P48T 6 2.01 0.04 
602/428 L52S 10 6.48 0.05 
214/168 A290D 6 4.12 0 
147/040 E313G 6 5.26 0.02 
602/448 E313K 6 2.67 0.03 
602/461 G407C 6 1.75 0.01  

a OS, oseltamivir. 
b The IC50 value of reference strains for A/H1N1pdm09 and A/H3N2 (A/Puerto Rico/8/34, A/California/04/09, A/Missouri/5/2008) ranged between 0.3 nM and 

0.5 nM. The IC50 value of reference strains for influenza B virus (B/Lee/40 and B/Brisbane/60/2008e) ranged between 2.3 and 3.2 nM. 
c Flusurver data was last accessed on 01-04-2020. 
d H275Y substitution also present in these samples. 
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substitutions not known to be associated with OS resistance (Table 1). 
Three viruses with treatment-associated HA substitutions G360V, 
Y366N and A409E had a high IC50, but these viruses also contained the 
known H275Y resistance substitution. Additionally, influenza B viruses 
are known to have higher IC50 values ranging from 5 to 38.5 nM 
(Burnham et al., 2013). Therefore, none of the treatment associated 
mutations with an elevated IC50 than the reference strains observed 
here, were considered to be capable of conferring resistance. Hence, we 
did not obtain evidence that these additional amino acid substitutions 
identified in this study that emerged upon OS treatment conferred 
resistance to OS. 

3.4. Next generation sequencing of resistant viruses 

Fig. 2 summarizes the selection of samples used for further analysis 
by NGS. Overall, samples obtained at baseline and during follow-up 
from 26 individuals positive for resistant A/H1N1pdm09 and 13 in-
dividuals positive for resistant A/H3N2 viruses were subjected to NGS. 
The frequency of the H275Y and R292K substitutions in the post- 
baseline samples of A/H1N1pdm09 and A/H3N2 viruses were deter-
mined by NGS and ranged from 1.2% to 98.7% (Table 2). Data from NGS 
correlated with the relative proportion of resistance substitutions as 
determined by msRT-PCR for both A/H1N1pdm09 and A/H3N2 virus (P 
< 0.001) (Fig. 3). However, in 4 cases, the H275Y resistance substitution 
was not identified by NGS, whereas it was by msRT-PCR (012/025, D6, 
17.1%; 121/210, D6, 40.6%; 505/077, D6, 9.4%; 510/157, D3, 1.5%). 
Conversely, the H275Y and R292K resistance substitution was not 
identified by msRT-PCR in two individual samples, whereas it was 
detected by NGS (012/025, D3, 1.2% H275Y; 716/035, D6, 35.1% 
R292K). 

Consensus sequences obtained with NGS on the original patient 
samples were identical to the Sanger sequences obtained from cultured 
viruses from these samples, except for three patient samples which had 
G360V, Y366N and A409E variants in the HA Sanger sequence not 
detected by NGS, suggesting that these mutations occurred upon passage 
in cell culture (data not shown). 

3.5. Within-patient variants in HA and NA 

NGS was used to identify HA and NA substitutions within patient 
samples that could function as potentially compensatory substitutions 
(Abed et al., 2004; Bloom et al., 2010; Herlocher et al., 2002; Ives et al., 
2002; Lopes e Souza et al., 2015; Retamal et al., 2014). The data were 
queried for potential compensatory substitutions in the post-baseline 
samples with a resistance mutation frequency above 10%, as an arbi-
trary cut-off to minimize detection of variants by chance. Furthermore, 
substitutions were only considered to represent some evidence to cause 
increased fitness to resistant viruses based on strong natural selection if 
they occurred at a frequency within 20% of that of the resistance mu-
tation. The day 6 sample of individual 214/386 with A/H1N1pdm09 
virus contained a D52N substitution in HA with a high frequency 
(80.2%) together with the H275Y (95.4%) substitution in NA (Table 2). 
Additionally, the day 6 sample from individual 515/004 contained a 
resistant H275Y variant at 43.9% and a variant R152K in NA at 31.7%. 
The remaining post-baseline samples contained primarily minor vari-
ants with a low frequency in HA and NA that were generally too low to 
be considered as strong evidence for natural selection in the context of 
OS-resistant viruses (Table 2). The full spectrum of minor variants 
identified in the post-baseline samples of infected individuals are shown 
in Supplementary Tables 4 and 5 

3.6. Virus sensitivity to oseltamivir 

The NA-star assay was performed to determine the virus sensitivity 
to OS in cultured post-baseline samples of 19 individuals positive for 
resistant H1N1pdm09 and 7 individuals positive for resistant H3N2 

Table 2 
Amino acid substitutions in HA and NA of influenza virus positive post-baseline 
samples with known resistance substitutions as determined by NGS.  

Subtype Individual Dayb H275Y 
or 

AAc 
change 

AA 
change 

IC50 
value    

R292K 
(%) 

in HAc 

(%) 
in NAc 

(%) 
to OSc 

(nM) 

H1N1pdm09a 012/016 6 85.9 N81D 
(3.4) 

G404R 
(1.2) 

284.45  

012/025 3 1.2 H45Y 
(5.7) 

E398G 
(1.6) 

NDf  

121/038 3 77.9 V237M 
(7.1) 

Y66H 
(4.7) 

NDf  

121/199 3 8.2 G63E 
(9.2)  

ND  

121/312 6 65.0 K459E 
(3.0)  

182.1  

121/315 3 5.7 G195D 
(1.6)  

ND  

6 98.2 P235L 
(3.7) 

V364A 
(3.4) 

NR  

121/317 6 98.4 H155Y 
(5.0) 

A343G 
(3.2) 

217.55  

121/324 6 12.4 V47A 
(5.3) 

D384E 
(2.2) 

0.52  

154/006 6 94.6  G404R 
(2.4) 

268.6  

214/167 10 62.2 L49P 
(1.5) 

A271T 
(3.9) 

68.33  

214/199 6 14.4 R420G 
(2.6) 

G404R 
(1.1) 

74.2  

10 26.7 K465N 
(4.3) 

S82Y 
(2.5) 

78.7  

214/386d 6 95.4 D52N 
(80.2)  

171.4  

503/099 3 6.6 G70S 
(6.2)  

ND  

6 98.7 G352D 
(15.3)  

NRe  

505/158 6 97.9 D52N 
(1.2)  

101.3  

506/081 3 4.9 R62K 
(18.4) 

L415M 
(3.9) 

ND  

6 98.7 N423Y 
(5.6) 

S153G 
(3.0) 

NR  

506/134 6 44.7 P199Q 
(2.3)  

141.3  

510/166 3 3.8 I74V 
(3.8) 

V106I 
(2.4) 

ND  

6 9.7 R238G 
(2.7) 

S388P 
(2.0) 

0.38  

515/004d 6 43.9 E83G 
(4.3) 

R152K 
(31.7) 

7.64  

515/051 6 71.3 K59E 
(5.1) 

N171S 
(2.2) 

NR  

515/071 6 98.4 T409I 
(5.8) 

T383A 
(2.5) 

92.86  

601/230 6 81.6 H54Q 
(5.5)  

86.16  

602/255 6 69.9 P199Q 
(1.9) 

V166A 
(1.4) 

81.65  

602/324 3 4.6 K171E 
(2.4)  

1.58  

6 89.1 A232T 
(2.4)  

52.23 

A/H3N2 121/230 6 30.6   NR  
121/270 6 26.0 N405K 

(1.6) 
Q395R 
(2.2) 

NR  

121/407 6 21.7   >1000  
142/127 6 68.8   >1000  
142/158 6 93.1 Q423R 

(2.2) 
T69I 
(5.0) 

NR  

503/097 6 4.2 L443I 
(4.3)  

0.37  

602/216 3 98.0 N181D 
(2.8)  

ND  

602/453 6 8.3  NR 

(continued on next page) 
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virus (Fig. 2). The IC50 of post-baseline samples of 15 of H1N1pdm09 
infected patients (78.9%) containing the H275Y mutation and 3 of H3N2 
infected patients (42.9%) with the R292K mutation were 10-fold higher 
than the mean IC50 of the baseline samples, indicating a reduced sus-
ceptibility to OS. In general, the frequency of the resistance substitution 
showed positive correlation with the IC50 values for A/H1N1pdm09 and 
H3N2 samples (P = 0.0022) (Table 2 and Fig. 4). However, there were 
outliers for A/H3N2 virus samples, where three samples had low IC50 
values but relatively high frequencies of the resistance substitution 
(602/554, 78.6% R292K, IC50 0.29 nM; 602/751, 48.5% R292K, IC50 
0.1 nM; 716/039, 48.1% R292K, IC50 0.52 nM) and a fourth sample had 
a high IC50 values but a relatively low frequency of the resistance sub-
stitution (individual 121/407, 21.7% R292K, IC50 > 1000 nM) (Table 2 
and Fig. 4). Additionally, in one A/H1N1pdm09 virus sample, resistance 
was not detected by NGS, but the sample had a high IC50 value (121/ 
210, 0% H275Y, IC50 127.7 nM). As described above, resistance for this 
outlier was measured by msRT-PCR at a proportion of 40.6%. 

4. Discussion 

Little is known about the impact of treatment-induced resistance on 

the within-host influenza virus evolution, due to limited monitoring of 
clinical and virological parameters after initiation of antiviral treatment 
in influenza virus infected individuals in routine clinical practice. The 
IRIS study provides the largest set of resistant cases described so far 
where influenza virus infected individuals were sampled at multiple 
time-points. Here we show that emergence of resistance was relatively 
infrequent (3.2%) in immunocompetent individuals. No evidence was 
found for the emergence of compensatory substitutions in the HA and 
NA genes of the A/H1N1pdm09 and A/H3N2 viruses. 

In our NGS-based approach we identified substitutions in the HA 
(D52N) and NA (R152K) proteins of two individuals infected with 
H1N1pmd09 virus that acquired the H275Y resistance substitution. The 
D52N substitution is located in the stalk region of HA and has been 
observed in seasonal and pandemic H1N1 viruses in Taiwan (Chen et al., 
2012). Interestingly, this substitution was also present as a minor variant 
(1.2%) in another individual within the IRIS study who was infected 
with a resistant H1N1pmd09 virus, suggesting that it could be associated 
with the emergence of the H275Y resistance substitution. The R152K 
substitution occurs at one of the catalytic site residues in NA and is 
associated with OS resistance in influenza B virus but not influenza A 
virus (Gubareva et al., 1998; Jackson et al., 2005; McKimm-Breschkin, 
2000). Whether these substitutions contributed to antiviral resistance 
development or occurred to compensate for fitness losses needs to be 
evaluated with mutagenesis studies. However, in the individuals infec-
ted with resistant viruses containing the D52N or R152K substitutions, 
viral RNA became undetectable by day 10. Additionally, the R152K 
substitution did not improve viral fitness as determined by replication 
analysis (Supplementary Figure 2), suggesting that this substitution did 
not substantially contribute to enhanced replication of the resistant vi-
ruses. Further in vitro assays are required to determine the effect of these 
substitutions on viral fitness. 

Substitutions that may compensate for viral fitness losses caused by 
resistance-associated substitutions have been identified in several 
studies (Bloom et al., 2010; Butler et al., 2014; Herlocher et al., 2002; 
Lopes e Souza et al., 2015). These studies used computational analyses 
to study sequences from preexisting clinical isolates to retrospectively 
identify permissive substitutions. Besides, no evidence was found for the 
natural within-host occurrence of the identified permissive mutations of 
these studies. In contrast to these published studies, our study aimed to 
detect ‘compensatory’ secondary substitutions occurring within one 
individual after treatment that may mitigate potential fitness losses 
resulting from the emergence of treatment induced resistance sub-
stitutions. It is still uncertain whether resistance limits viral fitness, 
particularly the fitness of A/H1N1pdm09 virus. While some studies have 
demonstrated that A/H1N1pdm09 viruses with resistance substitutions 

Table 2 (continued ) 

Subtype Individual Dayb H275Y 
or 

AAc 
change 

AA 
change 

IC50 
value    

R292K 
(%) 

in HAc 

(%) 
in NAc 

(%) 
to OSc 

(nM) 

I67T 
(3.6)  

602/554 6 78.6   0.29  
602/707 6 81.4   >1000  
602/751 6 48.5 S328I 

(2.1) 
P45S 
(2.4) 

0.1  

716/035 3 31.1  R403K 
(1.1) 

ND  

6 35.1   NR  
716/039 6 48.1   0.52  

a Post-baseline samples of patients in whom resistance substitutions were not 
detected by Illumina NGS are excluded from this table. 

b Time after admission in the study when resistance substitution is detected. 
c AA; amino acid, HA; hemagglutinin, NA; neuraminidase, OS; oseltamivir. 
d Samples that contained resistance substitution with a frequency above 10% 

and variants that are within the 20% range of the resistance substitution are 
shown in bold. 

e NR, No result, either due to failed/low virus titer after virus culturing or a 
low response when conducting the NA star assay. 

f ND, Not determined; Day 3 samples were not tested in the IRIS study. 

Fig. 3. Correlation between resistance as determined by mutation-specific RT-PCR and Illumina next-generation sequencing.  
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showed impaired virus replication and transmission (Duan et al., 2010), 
others showed the opposite and argued that resistance substitutions did 
not compromise fitness of A/H1N1pdm09 viruses (Butler et al., 2014; 
Seibert et al., 2010). If resistance does not compromise viral fitness, 
there would be no need for the virus to acquire compensatory sub-
stitutions, which could explain the lack of compensatory substitutions 
detected in our analysis. However, in the IRIS study, resistant viruses 
were in general detected as mixed populations with the wild type (i.e. 
NAI sensitive) viruses, where the resistant virus population represented 
less than ten percent of the total virus population in that sample, 
implying that the resistant virus was crippled and did not outcompete 
the wild type viruses (Lina et al., 2018; Whitley et al., 2013). The con-
troversy about the impairment of resistant virus replication only ac-
counts so far for A/H1N1pdm09 viruses. In line with previous data, 
resistant A/H3N2 viruses in our study rarely out-competed wild type 
viruses, suggesting that the in vivo fitness of resistant A/H3N2 virus was 
significantly impaired (Carr et al., 2002b; Herlocher et al., 2002; Hurt 
et al., 2010). 

In the majority of cases described here, phenotypic resistance to 
oseltamivir was explained by acquisition of the known H275Y and 
R292K resistance substitutions. However, the correlation between the 
relative frequency of the resistance substitution and the reduced virus 
sensitivity to OS was modest, in particular for A/H3N2 viruses. In some 
cases, samples containing a resistant virus genotype were phenotypi-
cally found to be sensitive to antivirals or could not be cultured for 
phenotype assessment. This further supports the theory that replication 
of the resistant viruses was impaired. 

One limitation of the present study is that the NGS analysis was 
performed on samples of immunocompetent individuals, who in most 
cases have acute influenza virus infections and recover fast in several 
days from influenza illness. Accordingly, the time for virus evolution 
after emergence of resistance substitutions in these individuals may be 
too short to allow the emergence of compensatory substitutions as a 
consequence of the competent immune response. Immunocompromised 
individuals that acquire resistance substitutions upon OS treatment 
would possibly be a more suitable population to search for the occur-
rence of potential secondary compensatory substitutions as their dura-
tion of virus shedding is prolonged. (Roosenhoff et al., 2018; van der 
Vries et al., 2013b). This study only analyzed changes emerging in the 

HA and NA proteins. Potential secondary mutations can also arise in one 
of the other 6 gene segments of the virus and should therefore also be 
evaluated by future studies. 

Although novel treatment-associated substitutions were identified in 
the HA and NA of post-baseline samples of treated individuals and not of 
untreated individuals, apart from the R152K NA substitution none of the 
other substitutions were located in the HA receptor binding site or in the 
catalytic and framework sites of the NA protein. The identified sub-
stitutions were only found at day 6 and did not persist at the later time- 
point. Additionally, the three treatment-associated HA substitutions, 
including G360V, Y366N and A409E, were only detected by the sanger 
sequences in the cultured patient samples and not in their original 
clinical specimen, indicating that these substitutions were cell-cultured 
derived and did not arise upon the selective pressure of the antiviral 
treatment. Furthermore, none of the substitutions altered the virus 
sensitivity to OS as detected by the NA-star assay, suggesting that they 
were not causing NAI resistance. It should be noted however that virus 
susceptibility to OS was determined by the NA-star alone, which only 
examines NA enzyme activity and no other modes of resistance devel-
opment, such as variation of NA expression, NA cell surface transport, 
HA-NA balance and virus replication (Duan et al., 2014; Gen et al., 
2013). Future in vitro research including cell cultured systems, hemag-
glutination assays and binding kinetic techniques may help to further 
gain insight in the effect of permissive and compensatory mutations on 
the HA activity and the HA-NA balance (Ginting et al., 2012; Guo et al., 
2018). 

In conclusion, emergence of NA resistance substitutions in immu-
nocompetent individuals suffering from acute A/H1N1pdm09 and A/ 
H3N2 influenza virus infection was not likely followed by the emergence 
of secondary compensatory substitutions within-host that increased 
virus replication. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.antiviral.2021.105060. 

The relative proportion of the 275Y (A) and 292K (B) resistance 
substitutions detected in post-baseline samples of 26 individuals infec-
ted with A/H1N1pdm09 (N = 49 samples) and 13 individuals A/H3N2 
(N = 24 samples) determined by msRT-PCR was compared to the rela-
tive proportion as determined by NGS. Post-baseline samples of patients 
in whom resistance substitutions were not detected by Illumina NGS 
and/or msRT-PCR are also included in this graph, but not clearly visible 
due to overlap, because their X- and Y-as value is 0. 

The correlation between the relative proportion of 275Y and 292K 
resistance substitutions calculated by Illumina NGS was compared with 
the IC50 that was determined by the NA-star assay of H1N1pmd09 (grey 
circles) (N = 22) and A/H3N2 (black triangles) (N = 7) infected patients. 
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