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Neuraminidase inhibitors are the only licensed antiviral
medications available to treat avian influenza A(H7N9) virus
infections in humans. According to a neuraminidase inhibi-
tion assay, an R292K substitution reduced antiviral efficacy
of inhibitors, especially oseltamivir, and decreased viral fit-
ness in cell culture. Monitoring emergence of R292K-car-
rying viruses using a pH-modified neuraminidase inhibition
assay should be considered.

he recent emergence of an avian influenza A(H7N9)

virus causing human infections in China (/-2) is of
global concern. Most patients infected during this outbreak
have experienced severe disease and required hospitaliza-
tion; the mortality rate is 21% (3). Although epidemiologic
investigations have revealed no evidence of sustained hu-
man-to-human transmission (4), suspected limited human-
to-human transmission has been reported (3).

As with any emergent influenza virus, it is critical to
assess the susceptibility of the influenza A(H7N9) outbreak
virus to antiviral drugs, which are the first line of defense
before an effective vaccine becomes available. Two classes
of antiviral drugs are approved for management of influen-
za A infections, neuraminidase (NA) inhibitors (NAIs) and
matrix 2 protein (M2) blockers (adamantanes). The out-
break viruses carry the established adamantane resistance
marker, an S31N substitution in the M2 protein (2), leav-
ing NAIs as the only licensed treatment option. Among the
4 NAls, oseltamivir and zanamivir are approved in many
countries; peramivir has been approved in Japan, South
Korea, and China; and laninamivir is approved only in Ja-
pan. In contrast to those for adamantanes, genetic markers
of resistance to NAIs are often subtype specific and drug
specific (5). Therefore, monitoring drug susceptibility of
the influenza A(H7N9) viruses requires testing in pheno-
typic assays using all available NAlIs.
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The Study

Our aim was to assess NAI susceptibility of 2 influ-
enza A(H7N9) outbreak virus isolates provided by the
Chinese Center for Disease Control and Prevention. The
influenza A/Anhui/1/2013 isolate was recovered from an
untreated patient and contained no notable NAI-resistance
markers in the NA gene. When tested in the NA inhibi-
tion (NI) assay (6), the virus yielded subnanomolar IC,s
(concentration of neuraminidase inhibitor required to re-
duce enzyme activity by 50%) with all 4 NAls, similar to
results for the drug-sensitive seasonal influenza A viruses
used as controls (Table 1). The second isolate, influenza
A/Shanghai/1/2013, was collected from a patient who had
received 2 doses of oseltamivir; the isolate was reported to
contain an NA substitution, R292K (2). R292K is known
to alter NAI susceptibility in viruses of N2 (7) and N9 (8)
subtypes. However, A/Shanghai/1/2013 virus was reported
to be susceptible to both oseltamivir and zanamivir on the
basis of NI assay data (2). To clarify the effect of R292K
on NAI susceptibility of influenza A(H7N9) viruses, the
A/Shanghai/1/2013 egg-grown isolate (E1) was received
and tested at the US Centers for Disease Control and Pre-
vention by using the NI assay (6). Our data showed full
susceptibility of A/Shanghai/1/2013 virus to oseltamivir
(Table 1), an observation consistent with a previous report
(2). Analysis of the El isolate by pyrosequencing assay (9)
revealed a polymorphism at NA residue 292, containing ar-
ginine (23%) and lysine (77%; Table 1). Further analysis
of the E1 isolate by PacBio deep sequencing confirmed that
77% of the virus population possessed the lysine 292 vari-
ant (Table 1).

The inability to detect changes in oseltamivir IC, de-
spite the presence of R292K raised 2 questions: are con-
ventional NI assays sufficiently sensitive to detect oselta-
mivir resistance caused by R292K, and is R292K truly a
marker of oseltamivir resistance when it is present in these
A(H7N9) outbreak viruses? We hypothesized that failure
to detect the oseltamivir-resistant population by using the
NI assay may stem from substantially reduced activity of
the R292K variant NA. Previous studies have shown that
the optimal pH for R292K enzyme activity is =5.3 (7),
whereas the conventional NI assay uses a buffer at pH 6.5.
We retested A/Shanghai/1/2013 (E1) by using the NI assay
under the lower pH condition. The E1 isolate exhibited a
higher oseltamivir IC, | (643 nmol/L vs. 0.6 nmol/L; Table
2) than that determined by the conventional assay, a finding
consistent with our hypothesis. ICs of A/Anhui/1/2013
and reference viruses were either unchanged or found to
increase slightly at the lower pH (Table 2).

As part of further investigation of the role of R292K
in altering NAI susceptibility, recombinant NA proteins
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Table 1. Susceptibility of influenza viruses to neuraminidase inhibitors, according to NI assay*

AA at % ICs0 nmol/L (-fold)
Sample type Subtype Virus name (passage) 292t K292 Oseltamivir Zanamivir  Peramivir  Laninamivir
Virus isolate H7N9 A/Anhui/1/2013 (E2/S1) R 0.17 (1) 0.33 (1) 0.06 (1) 0.46 (1)
A/Shanghai/1/2013 (E1) Rand K 77 0.59 (3) NT NT NT
Recombinant H7N9 A/Anhui1/2013 R 0.25 (1) 0.52 (2) 0.07 (1) 0.60 (1)
NA K 100 5153 (>1,000) 28.05 (54) 127.60 17.53 (29)
(>1,000)
A/Shanghai/1/2013 R 0.25 (1) 0.46 (1) 0.06 (1) 0.44 (1)
K 100 4987 (>1,000) 23.46 (51) 101.89 15.35 (35)
(>1,000)
Reference H3N2 Oseltamivir-sensitive - 0.07 (1) 0.23 (1) 0.08 (1) 0.29 (1)
virus A/Washington/01/2007
Oseltamivir-resistant K 100 3974 (>1,000) 6.83(30) 16.27 (203) 2.51(9)
A/Bethesda/956/2006
HIN1% Oseltamivir-sensitive - 0.19 (1) 0.16 (1) 0.06 (1) 0.17 (1)
A/California/12/2012
Oseltamivir-resistant - 157.25 (828) 0.20 (1)  15.81 (264) 0.26 (2)

AlTexas/23/2012

*NI, neuraminidase inhibition; AA, amino acid; ICs, concentration of neuraminidase inhibitor required to reduce enzyme activity by 50%; E, passage in
eggs; S, passage in MDCK-SIAT1 cells (/ separates passage before and after arrival to CDC); NA, neuraminidase; NT, not tested; RT-PCR, reverse
transcription PCR.

1TAA position: R292K (N2 numbering); R294K (straight full-length N9 numbering). Single-nucleotide polymorphism analysis was performed by using the
pyrosequencing assay (RT-PCR primers: N9-F731-Bio, 5-CT GGA CCT GCA GAC ACA AGA ATA-3, N9-R926, 5-TGT GTC ATT GCT ACT GGG TCT
ATC-3’; sequencing primer: N9-292/294-R889-seq, 5-TAT TTG AGC CCT GCC-3’) and confirmed by deep sequencing. Pac bio RS sequencing library
was constructed by using a 701-bp RT-PCR amplicon generated by RT-PCR (N9NA-F204,5- CAACATCCAAATGGAAGAGAGAA-3’; NONA-R903 5'-
TGTGTCATTGCTACTGGGTCTATC-3'). A single v3 SMRT cell was used for each library, and data were collected on 2 x 55 min movies. Only circular
consensus sequencing reads were used in the analysis. Subpopulation detection was analyzed by using CLC Genomics Workbench version 6.01 (CLC
Bio, Aarhus, Denmark). Isolates were tested in the NI assay by using the NA-Fluor kit (6). Fold change in ICso- compared with drug-sensitive subtype-
specific control. ICs values represent the average taken from at least 4 replicates, with the exception of A/Shanghai/1/2013 (E1), because of insufficient
sample volume. Oseltamivir-susceptible and oseltamivir-resistant reference viruses were used as controls in NI assays. Oseltamivir refers to oseltamivir

carboxylate. Reference virus A/Texas/23/2012 contains H275Y oseltamivir-resistance conferring neuraminidase substitution.

FPandemic influenza A(H1N1) 2009 virus.

(rNAs) of A/Shanghai/1/2013 isolate and A/Anhui/1/2013
isolate were expressed in insect cells by using a transient
expression system. The rNAs were tested with 4 NAIs in
conventional and pH-modified NI assays (Tables 1, 2). Ir-
respective of the assay and N9 backbone used, oseltamivir
showed an inhibitory effect on the R292K rNAs activity
only at concentrations >1,000 nmol/L. The R292K rNAs
also showed increased IC,s for peramivir, zanamivir, and
laninamivir (Tables 1, 2), consistent with previous findings
(9). IC, s of the NAls for the rNAs lacking R292K were
comparable with those for the A/Anhui/1/2013 virus.

The NA activity of the rNAs was tested at multiple pH
points in MES buffer supplemented with 4 mmol/L CaCl,.
Activity of the R292K rNA peaked at pH 5.1 and increased
by 5-fold compared with that measured under conventional
assay conditions (pH 6.5). Conversely, the NA activity of
rNA lacking this change was almost unchanged across the
pH range tested (pH 4.9-6.9). These findings indicate that
the R292K virus population could be concealed because
of its reduced enzymatic activity under conventional assay
conditions. NI assays with rNA proteins can clarify the ex-
tent of NAI sensitivity for each virus mutant and should
be considered when analyzing heterogeneous virus popula-
tions with suspected NAI resistance.

To interpret NI assay results, criteria from the World
Health Organization Antiviral Working Group were ap-
plied (10), and comparative differences in IC, s (which
defines inhibition as normal [<10], reduced [10-100] or
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highly reduced [>100]) were determined by using a sub-
type-specific reference. The A/Shanghai/1/2013 (E1) iso-
late exhibited highly reduced inhibition by oseltamivir at
pH 5.1. On the basis of data obtained by using rNAs, the
R292K conferred highly reduced inhibition by peramivir,
in addition to oseltamivir, and reduced inhibition by zana-
mivir and laninamivir (Tables 1,2).

Conclusions

R292 is a highly conserved amino acid across all NA
subtypes, and together with 2 other highly conserved resi-
dues (R118 and R371), it forms an arginine triad in the
enzyme active site (5). R292K is a rare substitution and
to date has only been reported in viruses collected from
patients treated with oseltamivir (2,5). In addition to A/
Shanghai/1/2013 isolate, there is evidence of additional
influenza A(H7N9) isolates with the R292K substitution
(11). In this study, propagation of A/Shanghai/1/2013
(E1) isolate in eggs and in MDCK-SIAT]1 cells resulted in
reversion to wild-type (23% Arg in E1 to 100% in E1/S3),
confirming results of previous studies with N2 subtype
viruses (12). Therefore, fitness of the A/Shanghai/1/2013
R292K virus is probably compromised when replication
occurs in the absence of an NAI. However, propagation of
the E1 isolate in the presence of oseltamivir (100 nmol/L)
resulted in enrichment of the R292K population (from
77% to 100%), demonstrating a growth advantage over
the wild-type.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 19, No. 9, September 2013



R292K Substitution and Drug Susceptibility

Table 2. Susceptibility to neuraminidase inhibitors according to modified NI assay with pH 5.1*

% 1Cs0 nmol/L (fold)
Sample type  Subtype Virus name (passage) AAat292t K292 Oseltamivir Zanamivir Peramivir Laninamivir
Virus Isolate H7N9 A/Anhui/1/2013 (E2/S1) R 0.90 (1) 1.00 (1) 0.12 (1) 1.29 (1)
A/Shanghai/1/2013 (E1) Rand K 77 642.78 NT NT NT
(714)
Recombinant ~ H7N9 A/Anhui1/2013 R 0.53 (1) 0.85 (1) 0.09 (1) 0.92 (1)
NA K 100 9,078 54.18 (56)  89.70 (814)  30.50 (25)
(>1,000)
A/Shanghai/1/2013 R 1.08 (1) 1.45 (1) 0.19 (1) 1.90 (1)
K 100 8,351 53.36 (53)  77.01(642) 29.72 (23)
(>1,000)
Reference H3N2 Oseltamivir-sensitive - 0.68 (1) 0.45 (1) 0.10 (1) 0.86 (1)
virus A/Washington/01/2007
Oseltamivir-resistant K 100 6,083 14.57 (32) 8.58 (86) 5.65 (7)
A/Bethesda/956/2006 (>1,000)
HIN1% Oseltamivir-sensitive - 0.74 (1) 0.23 (1) 0.07 (1) 0.21 (1)
A/California/12/2012
Oseltamivir-resistant - 364.74 (493) 0.31 (1) 30.17 (431) 0.42 (2)

AlTexas/23/2012
*NI, neuraminidase inhibition; AA, amino acid; ICs, concentration of neuraminidase inhibitor required to reduce enzyme activity by 50%; E, passage in
eggs; S, passage in MDCK-SIAT1 cells (/ separates passage before and after arrival to CDC); NA, neuraminidase; NT, not tested; RT-PCR, reverse
transcription PCR.
TAA position: R292K (N2 numbering); R294K (straight full-length N9 numbering). Single-nucleotide polymorphism analysis was performed by using the
pyrosequencing assay (RT-PCR primers: N9-F731-Bio, 5'-CT GGA CCT GCA GAC ACA AGA ATA-3’, N9-R926, 5-TGT GTC ATT GCT ACT GGG TCT
ATC-3’; sequencing primer: N9-292/294-R889-seq, 5-TAT TTG AGC CCT GCC-3’) and confirmed by deep sequencing. Pac bio RS sequencing library
was constructed by using a 701bp RT-PCR amplicon generated by RT-PCR (N9NA-F204, 5-CAACATCCAAATGGAAGAGAGAA-3’; NONA-R903 5'-
TGTGTCATTGCTACTGGGTCTATC-3’). A single v3 SMRT cell was used for each library and data was collected on 2 x 55 min movies. Only circular
consensus sequencing reads were used in the analysis. Subpopulation detection was analyzed by using CLC Genomics Workbench version 6.01 (CLC

Bio, Aarhus, Denmark). Isolates were tested in the NI assay by using the NA-Fluor kit (6). Fold change in ICso compared with drug-sensitive subtype-
specific control. ICs values represent the average taken from at least 4 replicates, with the exception of A/Shanghai/1/2013 (E1), due to insufficient
sample volume. Oseltamivir-susceptible and oseltamivir-resistant reference viruses were used as controls in NI assays. Oseltamivir refers to oseltamivir
carboxylate. Reference virus A/Texas/23/2012 contains H275Y oseltamivir,resistance conferring neuraminidase substitution.

tPandemic influenza A(H1N1) 2009 virus.

Replication of the E1 isolate in the presence of any
NAI in cell culture might lead to enrichment with R292K,
because even a small growth advantage would reduce the
proportion of the wild type. The efficacy of NAlIs in clini-
cal management of influenza (H7N9) infection remains un-
known and may be compromised to a certain extent when
R292K is present. Animal model studies are needed to
aid in the understanding of clinical relevance of R292K.
Reduction of NA activity caused by R292K may detri-
mentally affect transmission of the virus, as indicated by
an R292K influenza A(H3N2) virus that showed reduced
infectivity in mice (/3—14) and ferrets (/2—13,15) and was
not transmitted among ferrets (/2,7/5). The data reported
here demonstrate the continued importance of monitoring
drug susceptibility in emergent influenza viruses and high-
light the challenges involved in laboratory assessment of
NAI drug susceptibility testing.

Acknowledgments

We thank the Chinese Center for Disease Control and Pre-
vention for sharing the influenza A/Anhui/1/2013 A(H7N9) virus
and members of the US Centers for Disease Control and Preven-
tion Influenza Division for their contributions.

Dr Sleeman is an associate service fellow on the Molecular
Epidemiology Team of the Influenza Division at the Centers for
Disease Control and Prevention in Atlanta, Georgia. Her research

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 19, No. 9, September 2013

interests are negative-stranded RNA viruses and antiviral drugs,
with a particular emphasis on influenza viruses and antiviral drug
resistance.

References

1. World Health Organization. Global Alert and Response (GAR):
human infection with influenza A(H7N9) virus in China. Geneva:
The Organization; 2013 [cited 2013 May 9]. http://www.who.int/csr/
don/2013_04_01/en/index.htm.

2. GaoR, CaoB, HuY, Feng Z, Wang D, Hu W, et al. Human infection
with a novel avian-origin influenza A(H7N9) virus. N Engl J Med.
2013;368:1888-97. http://dx.doi.org/10.1056/NEJMoal304459

3. LiQ,ZhouL, Zhou M, Chen Z, Li F, Wu H, et al. Preliminary report:
epidemiology of the avian influenza A(H7N9) outbreak in China.
N Engl J Med. 2013; [Epub ahead of print]. [cited 2013 Jul 15].
http://dx.doi.org/10.1056/NEJMoal304617

4. Centers for Disease Control and Prevention. Emergence of avian
influenza A(H7N9) virus causing severe human illness—China,
February—April 2013. MMWR Morb Mortal Wkly Rep. 2013;62:1-5.

5. Nguyen HT, Fry AM, Gubareva LV. Neuraminidase inhibitor
resistance in influenza viruses and laboratory testing methods.
Antivir Ther. 2012;17:159-73. http://dx.doi.org/10.3851/IMP2067

6. Okomo-Adhiambo M, Sleeman K, Lysen C, Nguyen HT, Xu X,
Li Y, et al. Neuraminidase inhibitor susceptibility surveillance of
influenza viruses circulating worldwide during the 2011 Southern
Hemisphere season. Influenza Other Respi Viruses. 2013; [Epub
ahead of print]. http://dx.doi.org/10.1111/irv.12113

7. Gubareva LV, Robinson MJ, Bethell RC, Webster RG. Catalyt-
ic and framework mutations in the neuraminidase active site of
influenza viruses that are resistant to 4-guanidino-NeuSAc2en.
J Virol. 1997;71:3385-90.

1523



DISPATCHES

8.  McKimm-Breschkin JL, Sahasrabudhe A, Blick TJ, McDonald M,
Colman PM, Hart GJ, et al. Mutations in a conserved residue in the

viruses in ferrets, using a competitive-mixtures model. J Virol.
2010;84:9427-38. http://dx.doi.org/10.1128/IV1.00373-10

Perspectives. Articles should be under 3,500 words and should include refer-
ences, not to exceed 40. Use of subheadings m the main body of the text is rec-
ommended. Photographs and illustrations arc cncouraged. Provide a short
abstract (150 words) and a brief biographical sketeh of first author. Articles in
this section should provide insightful analysis and commentary about new and
reemerging infectious diseases and related issues. Perspectives may also
address factors known to influence the emergence of discases. including
microbial adaptation and change. human demographics and behavior, technol-
ogy and industry, economic development and land use. international travel and
commerce. and the breakdown of public health measures. If detailed methods
are included. a separate section on experimental procedures should immedi-
ately follow the body of the text.

Synopses. Articles should be under 3,500 words and should include refer-
ences, not to exceed 40, Use of subheadings in the main body of the text is rec-
ommended. Photographs and illustrations are encouraged. Provide a short
abstract (150 words) and a brief biographical sketch of first author—both
authors if only two. This section comprises concise reviews of infectious dis-
eases or closely related topics. Preference is given to reviews of new and
emerging diseases: however. timely updates of other diseases or topics are also
welcome. If detailed methods are meluded, a separate section on experimental
procedures should immediately follow the body of the text.

Research Studies. Articles should be under 3,500 words and should include
references, not to exceed 40. Use of subheadings in the main body of the text is
recommended. Photographs and illustrations are encouraged. Provide a short
abstract (150 words) and a brief’ biographical sketch of first author  both
authors if only two. Report laboratory and epidemiologic results within a pub-
lic health perspective. Although these reports may be written in the style of tra-
ditional research articles, they should explain the value of the research in
public health terms and place the findings in a larger perspective (i.e., "Here is
what we found. and here is what the findings mean™).

Policy and Ilistorical Reviews. Asticles should be under 3,500 words and
should include references, not to excesd 40, Use of subheadings in the main
body of the text is recommended. Photographs and illustrations are encour-
aged. Provide a short abstract (150 words) and a briel’ biographical sketch.

See our website for more information: http://wwwne.cde.gov/eid/pages/author-resource-center htm

influenza virus neuraminidase active site decreases sensitivity to 13. Carr J, Ives J, Kelly L, Lambkin R, Oxford J, Mendel D, et al.
NeuS5Ac2en-derived inhibitors. J Virol. 1998;72:2456-62. Influenza virus carrying neuraminidase with reduced sensitivity to
9. Deyde VM, Okomo-Adhiambo M, Sheu TG, Wallis TR, Fry A, oseltamivir carboxylate has altered properties in vitro and is com-
Dharan N, et al. Pyrosequencing as a tool to detect molecular mark- promised for infectivity and replicative ability in vivo. Antiviral Res.
ers of resistance to neuraminidase inhibitors in seasonal influenza 2002;54:79-88. http://dx.doi.org/10.1016/S0166-3542(01)00215-7
A viruses. Antiviral Res. 2009;81:16-24. http://dx.doi.org/10.1016/  14. McKimm-Breschkin JL. Resistance of influenza viruses to
j.antiviral.2008.08.008 neuraminidase inhibitors—a review. Antiviral Res. 2000;47:1-17.
10. World Health Organization. Meetings of the WHO working group on http://dx.doi.org/10.1016/S0166-3542(00)00103-0
surveillance of influenza antiviral susceptibility—Geneva, November  15. Herlocher ML, Carr J, Ives J, Elias S, Truscon R, Roberts N, et al.
2011 and June 2012. Wkly Epidemiol Rec. 2012;87:369-80. Influenza virus carrying an R292K mutation in the neuraminidase
11. Hu Y, Lu S, Song Z, Wang W, Hao P, Li J, et al. Association gene is not transmitted in ferrets. Antiviral Res. 2002;54:99—111.
between adverse clinical outcome in human disease caused by novel http://dx.doi.org/10.1016/S0166-3542(01)00214-5
influenza A H7N9 virus and sustained viral shedding and emergence
of antiviral resistance. Lancet. 2013;381:2273-9. http://dx.doi. - - -
org/10.1016/S0140-6736(13)61125-3 Address for corresp.ondence. La.lrlsa V. Gubarev.a, Centers for Disease
12. Hurt AC, Nor’e SS, McCaw JM, Fryer HR, Mosse J, McLean AR, Control and Prevention, 1600 Clifton Rd NE, Mailstop G16, Atlanta, GA
et al. Assessing the viral fitness of oseltamivir-resistant influenza 30333, USA; email: lgubareva@cdc.gov
A Peer-Reviewed Journal Tracking and Analyzing Disease Trends
Instructions for Emerging Infectious Diseases Authors
Types of Articles Articles in this section include public health policy or historical reports that are

hased on research and analysis of emerging disease issues.

Dispatches. Articles should be 1,000-1.500 words and need not be divided
into sections. If subheadings are used. they should be general, e.g., “The
Study™ and “Conclusions.” Provide a brief abstract (50 words), references (not
to exceed 15); figures or illustrations (not to exceed two), and a brief biograph-
ical sketch of first author—both authors if only two. Dispatches are updates on
infectious disease trends and research. The articles include descriptions of new
methods for detecting, characterizing, or sublyping new or reemerging patho-
gens. Developments in antimicrobial drugs, vaccines, or infectious discase pre-
vention or elimination programs are appropriate. Case reports are also
weleome.

Commentary. Thoughtful discussions (300-1.000 words) of current topics.
Commentaries may contain references but should not include figures or tables.

Another Dimension. Thoughtful essays, short stories, or poems on philosoph-
ical issues related to science. medical practice. and human health. Topics may
include sci and the h condition, the unanticipated side of epidemic
investigations, or how people perceive and cope with infection and illness. This
section is intended to evoke compassion for human suffering and to expand the
science reader's literary scope. Manuscripts are selected for publication as
much for their content (the experiences they describe) as for their literary
merit.

Letters. This section includes letters that present preliminary data or comment
on published articles. Letters (500 1,000 words) should not be divided into
seetions. nor should they contain figures or tables. References (not more than
100 may be included.

Book Reviews. Short reviews (230-500 words) of recently published books on
emerging disease issues are welcome. The name of the book. publisher. and
number of pages should be included.

News and Notes. We welcome brief announcements (50-150 words) of timely
events of interest to our readers. (Announcements may be posted on the journal
Web page only, depending on the event date.) In this see-tion, we also include
summaries (500-1,000 words) of emerging infectious disease conferences.
Summaries may provide references to a full report of conference activities and
should focus on the meeting's content.

1524

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 19, No. 9, September 2013



