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Mixed infections with seasonal influenza A virus strains are a common occurrence and an important source of
genetic diversity. Prolonged viral shedding, as observed in immunocompromised individuals, can lead to
mutational accumulation over extended periods. Recently, drug resistance was reported in immunosuppressed
patients infected with the 2009 pandemic influenza A (HIN1) virus within a few days after oseltamivir
treatment was initiated. To better understand the evolution and emergence of drug resistance in these
circumstances, we used a deep sequencing approach to survey the viral population from an immunosup-
pressed patient infected with HIN1/2009 influenza and treated with neuraminidase inhibitors. This patient
harbored 3 genetic variants from 2 phylogenetically distinct viral clades of pandemic HIN1/2009, strongly
suggestive of mixed infection. Strikingly, one of these variants also developed drug resistance de novo in
response to oseltamivir treatment. Immunocompromised individuals may, therefore, constitute an important
source of genetic and phenotypic diversity, both through mixed infection and de novo mutation.

Although an influenza infection is typically self-limiting
and usually lasts <1 week, prolonged viral shedding is
commonplace in immunosuppressed patients [1-6],
such that de novo mutations can develop and accu-
mulate over longer periods. In the case of a mixed in-
fection, in which an individual host is infected with
multiple viral variants either simultaneously or se-
quentially, the extended duration of influenza infection
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may lead to changes in the frequencies of any of the
infecting variants [7] and can facilitate reassortment
among them. As a consequence, immunosuppressed
individuals, particularly those experiencing mixed in-
fection, may constitute an important source of genetic
and phenotypic diversity, generating variants that differ
in such properties as antiviral susceptibility, virulence,
and transmissibility.

In March 2009, Mexico experienced outbreaks of
respiratory illness caused by a novel influenza A (HIN1)
virus of swine origin [8]. Subsequently, cases of in-
fection with this virus were found both in the United
States and globally, and a pandemic was officially de-
clared by the World Health Organization on 11 June
2009. Because the pandemic virus was demonstrated to
already be resistant to the M2-ion channel blockers
(amantadine and rimantadine) [9], neuraminidase in-
hibitors were used as first-line drugs in both prophylaxis
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and treatment of patients infected with HIN1/2009. Although
the pandemic virus remains largely susceptible to oseltamivir
and zanamivir, sporadic cases of oseltamivir resistance have been
reported worldwide [10-13]. The resistance mutation in all of
these cases is a histidine-to-tyrosine amino acid substitution at
residue 275 of the neuraminidase (NA) protein (H274Y in N2
numbering; H275Y in N1 numbering).

Because of the rapid spread of H275Y-based oseltamivir re-
sistance in seasonal HIN1 virus strains [14], even sporadic re-
ports of this mutation in the pandemic HIN1/2009 virus are of
significance. Oseltamivir resistance in virus strains infecting
immunosuppressed patients was reported to emerge within
a few days after treatment, rather than after prolonged therapy
[15-17]. Clearly, this rapid selection for drug resistance is of
major concern.

From the early stages of its emergence in the human pop-
ulation, genomic sequence data on the pandemic HIN1/2009
virus have been made rapidly available on public databases. In
most cases, the sequences generated for these analyses represent
consensus sequences taken from single time points during in-
fection, thereby providing a snapshot of the dominant virus
variant infecting each patient. We have previously shown that
mixed infections are a common occurrence in the case of sea-
sonal influenza virus and, thus, an important source of genetic
diversity, but are not normally apparent from consensus se-
quencing [7]. To determine whether this is also true of the
pandemic HIN1/2009 virus and what the consequences of this
process might be for viral evolution, we investigated the increase
of oseltamivir resistance in a longitudinal collection from an
immunosuppressed patient infected with pandemic HIN1/2009
virus with use of massively parallel (deep) sequencing.

MATERIALS AND METHODS

The Study

A 15-year-old male patient received a diagnosis of T cell leu-
kemia in December 2008 and was treated with chemotherapy.
On 12 June 2009, he was hospitalized for fever (temperature,
39.7°C), chills, cough, nasal congestion, sore throat, and gen-
eralized body aches. He had no sick contacts at home, but he
attended high school. His chest radiograph showed normally
expanded lungs and no evidence of pneumonia, and he did not
require oxygen support. A nasopharyngeal (NP) swab sample
collected on 12 June tested positive for HIN1/2009 by real-time
reverse-transcriptase polymerase chain reaction (RT-PCR).
During 13-17 June, he received oral doses of amantadine (100
mg) and oseltamivir (75 mg) twice daily. Intravenous levo-
floxacin (500 mg) was also initiated and provided daily for 3
days. He became asymptomatic on 15 June and resumed his
scheduled chemotherapy the following day, consisting of in-
trathecal methotrexate, intravenous methotrexate, leucovorin,
vincristine, and a single dose of granulocyte colony-stimulating

factor. He remained afebrile and was subsequently discharged
on 20 June. On 23 June, the patient was hospitalized because of
fever (39°C), mouth sores, decreased appetite, dehydration, and
body aches. His cell counts were very low: his absolute neutro-
phil count was 286 cells/uL, and his absolute lymphocytic count
was 923 cells/uL cefepime (2 g intravenously every 8 h) and
vancomycin (1 g intravenously every 8 h) treatments were given.
Another NP swab specimen collected on 25 June tested positive
again for HIN1/2009 by RT-PCR. Oseltamivir treatment (75 mg
twice daily) was initiated because of the progression of symp-
toms and a 5-day regimen was completed. The patient improved
and became afebrile on day 3 of hospital admission; his absolute
neutrophil count slowly improved, and results of all blood
cultures performed on 23-25 June were negative. He completed
10 days of the antimicrobial regimen and was discharged on 3
July. Additional NP swab samples collected on 6 July and 5
August tested negative for HIN1/2009 by RT-PCR.

Informed Consent

The Committee on Research Involving Human Subjects at
Albany Medical Center has approved the above research pro-
tocol (2636, Exemption 4 by Expedited Review under 21 CFR
56.110 and 45 CFR 46.110) on 10 September 2009. Informed
consent was obtained from the patient’s mother and assent from
the patient through the primary provider (JCP). Approval was
also obtained from the New York State Department of Health
Institutional Review Board to characterize agents in specimens
received from patients for diagnostic purposes (study number
02-054).

Resistance Testing

The 2 NP specimens, collected on 12 June and 25 June, were
identified as positive for pandemic HIN1/2009 by real-time
RT-PCR and were tested with a H275Y-mutation specific
pyrosequencing assay (Centers for Disease Control and
Prevention) and by partial neuraminidase (NA) gene dideox-
ysequencing (ie, the Sanger method). Cultured isolates of in-
fluenza virus were also grown from both specimens when
inoculated onto primary Rhesus monkey kidney cells (pRhMK).
Isolates were tested genotypically for neuraminidase inhibitor
resistance mutations by both NA pyrosequencing and dideox-
ysequencing and phenotypically by the NA Star neuraminidase
assay (Invitrogen). Control virus strains for the NA Star assay
were kindly provided by Dr. Larisa Gubareva at the Centers for
Disease Control and Prevention.

Sequencing and Assembly

Viral RNA was extracted from both specimens and amplified by
multisegment RT-PCR [18]. This method enables the charac-
terization of whole viral genomes directly from specimens rather
than cultured isolates. The cDNA was randomly primed using
a sequence independent single primer amplification protocol
[19], amplified, and sequenced on the 454/Roche GS-FLX
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Table 1. Phenotypic resistance of isolates

Residues 199, 275

Oseltamivir IC50 (nmol/L) Zanamivir IC50 (nmol/L)

A/New York/4095/2009-RhMK N, H
A/New York/4438/2009-RhMK N, Y
A/California/04/2009 D, H
A/Washington/29/2009 D, Y

1.1 1.6

297.6 15
0.4 0.8
52.8 1.1

NOTE. IC50, 50% inhibitory concentration; RhMK, rhesus monkey kidney cells.

sequencing platform [20] using Titanium chemistry. The sam-
ples were also sequenced using the capillary (Sanger) method
with the Influenza Genome Sequencing Project pipeline at the J.
Craig Venter Institute in Rockville, Maryland [21]. All Influenza
Genome Sequencing Project genome data are freely available on
GenBank (accession numbers CY050158-CY050165 and
CY050182-CY050189). The sequence reads from the GS-FLX
data were sorted by bar code to separate both sequenced
specimens, aligned to a reference influenza A HIN1/2009
genome, and conservatively trimmed to ensure that bar code
sequence and random hexamer primer were removed.

Insertions and deletions (indels) are common in GS-FLX
sequencing data and are found in proximity to homopolymer
stretches. These cause misalignments and introduce errors in the
reporting of single nucleotide polymorphisms. To overcome the
errors from the homopolymer regions and obtain robust
alignments for downstream analyses, we generated final align-
ments using (1) the nucmer program [22], to map each se-
quence read onto the consensus sequence for each segment as
determined by Sanger sequencing; (2) CD-HIT-EST (23], to
cluster the reads into a nonredundant set of representative reads;
(3) MUSCLE [24], to align the clusters and reads; and (4) the
hmmalign program from the HMMER?2 suite of programs [25]
(http://hmmer.wustl.edu), to build in an iterative fashion
a profile hidden markov model for the final alignment of all
sequence reads.

To identify the positions later used to sort the sequences into
clusters for variant reconstruction, the reading frame for
translation was established by including the Sanger consensus
sequences in the hidden markov model alignments. For a variant
nucleotide to be reported in Table 1, it had to be covered by at
least 10% of the sequence reads. This conservatively high per-
centage ensured that variants were not determined by sub-
stitution errors; the substitution error rate on the GS-FLX
platform [26] is, at best, still higher than the RNA-dependent
RNA polymerase error rate associated with influenza A virus
(~.03% per nucleotide for the former vs ~.01% for the latter).
Sequence reads were sorted and clustered on the basis of
the variant codons reported and assembled into variant assem-
blies. Reads were assembled into variants if at least 10% of the
overall reads covered the position site in each grouping, with

a minimum of 20X coverage at each site. Variants were re-
constructed for the NA, hemagglutinin (HA), nucleoprotein
(NP), and nonstructural protein 1 (NSI) genes. The other
genes had insufficient sequence read coverage: the random
priming methodology used did not provide homogeneous am-
plification across all genomic segments; thus, the redundancy of
the reads was not sufficient for deep sequence analysis of certain
genes.

Phylogenetic Analysis

Only the HA and NA variants were used in the downstream
phylogenetic analyses; the NP and NS1 variants did not provide
sufficient phylogenetic resolution. Sequences of the re-
constructed variants for HA and NA were combined with all
pandemic HIN1/2009 sequences available on GenBank sampled
up to the end of July 2009, representing the period of the case in
question. This resulted in data sets of 1241 sequences for HA
(1698 nt) and 1137 sequences for NA (1407 nt). Phylogenetic
trees for both the HA and NA were inferred using the maximum
likelihood (ML) method available in the PHYML package [27]
and using SPR branch-swapping. In all cases, the simple HKY85
model of nucleotide substitution was used, because the se-
quences in question are so similar that multiple substitutions
can effectively be ignored. Support for major groupings on the
phylogeny was provided by the approximate likelihood ratio test
available in PHYML. As an additional check on phylogenetic
accuracy, the phylogenetic analysis was repeated using the
maximum likelihood method available in the GARLI program
[28], again using the HKY85 substitution model. No relevant
topological differences were observed. All relevant parameter
values for the analyses described above are available from the
authors on request.

RESULTS

Emergence of Oseltamivir Resistance

The viral samples collected on 12 June (day 1) and 25 June (day
14) were cultured in pRhMK cells. The isolates were tested for
phenotypic drug susceptibility against the NA inhibitors (osel-
tamivir and zanamivir). Dideoxysequencing (Sanger) was per-
formed on the primary specimens and the isolates. When the
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Table 2. List of residues from the consensus amino acid sequence (Sanger) and the deep sequencing data of the two patient specimens
New York/4095 New York/4438
Ref. Sanger 454 # Sanger 454 #

HA 6 \Y \Y V (99%) 68 \Y% V (82%) L (17%) 84
55 N D D (99%) 138 D D (78%) N (18%) 142

125 vV Vv V (99%) 209 Vv V (79%) M (20%) 130

220 T T T (99%) 533 T T (82%) S (17%) 236

NA 106 | | | (100%) 13 | 1 (77%) V (21%) 130
199 D N N (100%) 24 N N (75%) D (22%) 236

248 D D D (100%) 16 D D (78%) N (21%) 398

275 H H H (100%) 16 H H (80%) Y (19%) 744

NP 100 | | | (98%) 132 | 1 (71%) V (29%) 142
NS1 123 | \ V (99%) 565 \ V (75%) 1 (24%) 724

NOTE. The residue numbering is from the first methionine of the full-length proteins. The residue in bold confers oseltamivir resistance. #, Number of sequence
reads that cover that position. Ref, Dominant residue found in these positions for the global set of H1N1/2009 virus strains.

12 June sample was tested, both the primary specimen and its
corresponding isolate (A/New York/4095/2009(H1N1); abbre-
viated here as NY/4095) produced a wild-type (ie, oseltamivir
susceptible) sequence for the NA gene at residue 275. In addi-
tion, in the neuraminidase assay the NY/4095 isolate exhibited
50% inhibitory concentration (IC50) values for both oseltamivir
(1.1 nmol/L) and zanamivir (1.6 nmol/L) that indicate suscep-
tibility to both drugs. However, when the second sample (25
June) was sequenced (A/New York/4438/2009(H1IN1); abbre-
viated as NY/4438), 2 peaks were observed in the dideox-
ysequencing chromatogram at nucleotide position 823 (not
shown), strongly suggesting the presence of a mixed population
with a major component of wild-type virus and a minor com-
ponent of H275Y mutant virus strains. Of interest, when
the cultured isolate from this sample was sequenced, only the
275Y mutation was observed on the chromatogram, indicating
that the oseltamivir-resistant variant had outgrown the suscep-
tible variant. Furthermore, this isolate produced an oseltamivir
IC50 value of 297.6 nmol/L in the neuraminidase assay,
indicating a high level of resistance (the expected IC50 in
a H275Y mutant HIN1/2009 virus is usually in the range 50-80
nmol/L). However, the IC50 value for zanamivir for this second
isolate was within the normal susceptibility range (1.5 nmol/L;
Table 1).

Sanger consensus sequence assemblies of both samples also
revealed a unique set of residues, compared with the pandemic
HIN1/2009 virus strains available in public databases: specifi-
cally, a D199N mutation in the NA, a N55D mutation in the HA,
and a R626K mutation in the polymerase. Of note, the NA 199N
and HA 55D mutations have not been observed in any other
virus strains sampled globally, whereas the polymerase R626K
mutation has, to date, only been observed in 1 other sequence
(A/New York/3348/2009(H1N1); GenBank accession CY041835).
NA mutation 199N was observed in both the primary specimens
and the isolates. This position is of considerable interest, because
it has previously been associated with the increase in oseltamivir

resistance in both seasonal and H5N1 virus strains [29]. That
these unique changes were seen in samples detected 14 days
apart suggests that they do not represent transient deleterious

mutations.

Sequence Analysis and Viral population Diversity

The results of the deep sequencing analysis are depicted in
Table 2 (as nonsynonymous mutations) and highlight the pro-
portion of sequence reads coding for certain residues for which
substantial differences were observed across both samples. These
deep sequencing data also reveal minor variant residues present
in >10% of the sequences. To determine how these mutations
are linked within each segment, we used the deep sequencing
data to reconstruct portions of the variant genes. The variant
codons and residues obtained from this reconstruction are
shown in Table 3 and Supplemental Table 1. From this analysis,
NY/4438 appears to possess 3 distinct variants. The re-
constructed variants were then used in phylogenetic analyses to
determine their relatedness to each other and to other pandemic
HIN1/2009 virus strains.

The sequence variants from the NY/4095 and NY/4438
specimens were compared with those pandemic HIN1/2009
virus strains circulating globally until the end of July 2009
(Figure 1, Supplementary Figure 1). The closest relatives of
variant 1 were clearly the 2 Sanger consensus sequences—NY/
4438 and NY/4095 (Figure 1b). At a broader phylogenetic scale,
this group of virus strains clusters within the previously iden-
tified clade 7 of HIN1/2009, which dominates infections
worldwide [30]. In contrast, both variants 2 and 3 are in clade
2, which was only detected during April and May 2009 [30].
Although clades 2 and 7 cocirculated in New York during the
early part of the pandemic, by mid-June, when the 2 samples
studied here were collected, virus strains belonging to clade 2
were no longer reported. All 3 variants are found in the later
sample (NY/4438), 1 of which (variant 1) also contains a sub-
population of virus strains that possesses the H275Y NA
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Table 3. NA haplotype reconstruction from the sequencing data of sample A/New York/4438

Neuraminidase (NA)

106 199 248 254

260 275

VARIANT CODONS
NY/4438 ATA A AC GAT.AAT A AG.CAC
varl_seqs101 A T A A A C - - - - - - - - - - - -
varl_seqs208 - - - A AC G AT A AT A A G C AC
varlR_seqs53 - - - A AC G AT A AT A A A T AC
var2_seqs69 - - - G AC A AT G AT A A G C AC

var3seqs29 G T A . G A C . - - - . - - -

NOTE. Multiple variants were reconstructed from the deep sequencing data for the NA. In the “"Variant'’ column, the name of the haplotype includes the number
of reads used in generating the variant consensus sequence from the deep sequence reads. Variant “'var_1R"" refers to the drug resistant variant. Only the codon
positions that are variable are represented in the table, along with their corresponding residue.

mutation conferring oseltamivir resistance (denoted variant
1R; Figure 1b). That variants 1, 2, and 3 are so phylogenetically
distinct, being more closely related to virus strains found in
samples from other patients, is strongly suggestive of a diverse
viral population generated by mixed infection. However, be-
cause both variants 2 and 3 are in clade 2 and differ by few
mutations (Table 3), it is unclear whether they were also gen-
erated by mixed infection or represent de novo variants in this
patient.

DISCUSSION

The emergence of oseltamivir resistance in pandemic HIN1/
2009 remains rare in the immunocompetent population [1, 11—
13], and only ~1% of NA sequences available in GenBank
possess the H275Y mutation. In the case of immunosuppressed
patients who experience prolonged viral shedding, oseltamivir
treatment has apparently led to the selection of the 275Y drug
resistance mutation on multiple occasions [1, 12, 16]. Here, we
showed that a patient was infected with 3 variants of HIN1/2009
and that the major variant also contained a subpopulation of
oseltamivir-resistant virus strains (variant 1R). This sub-
population was not strongly evident on conventional Sanger
consensus sequencing, and pyrosequencing assays have been
shown to be unreliable for the detection of drug-resistant mutant
populations comprising <10% of the virus population [31, 32].
Therefore, we suggest that the resistance-determining H275Y
mutation may be more frequent than is usually supposed but is
present as a minority population in infected hosts. Indeed, in this
case, H275Y was only detected by careful scrutiny of the Sanger
sequencing chromatogram, confirmation by deep sequencing,
and the fortuitous overgrowth in culture by the mutant.
Because the H275Y-bearing virus strains identified here
were most closely related to oseltamivir-susceptible strains in
the global population and because H275Y is well known to have
a detrimental effect on viral fitness in the absence of drug [33], it
seems likely that the H275Y mutation appeared de novo in this
patient and, thus, is directly linked to the use of oseltamivir.

When the primary samples were inoculated into culture, the
resistant mutant outgrew the wild-type (and formerly domi-
nant) variant. Similar observations have been made previously
during Madin-Darby canine kidney cell culture [12]. Although
the H275Y mutation in seasonal HIN1 influenza A spread
rapidly in vivo in the absence of drug pressure, transmission of
the equivalent mutant in pandemic HIN1/2009 virus strains has
fortunately remained limited thus far [13].

In addition to harboring a subpopulation of oseltamivir-
resistant virus strains, the patient studied here was noteworthy
for the occurrence of a mixed infection: 3 variants were detected
that were in 2 phylogenetically distinct clades of the pandemic
HIN1/2009 virus (although it is uncertain whether variants
2 and 3 evolved de novo from one another). The occurrence of
mixed infection in HIN1/2009 is clearly the precursor to in-
traserotype reassortment, which is commonplace in seasonal
influenza A virus [34], although distinguishing bona fide re-
assortment from mixed infection remains an analytical
challenge. In this context, it is particularly intriguing that both
variants 2 and 3 belong to clade 2, which had not been
previously found in samples beyond May 2009. Therefore, clade
2 either continued to circulate undetected in New York through
late June or this patient was infected earlier and remained
asymptomatic. Indeed, there are examples in the literature of
immunosuppressed individuals with prolonged virus shedding
[4, 6, 35]. In addition, it is unclear whether variants 2 and 3
were present in the initial infection along with variant 1 or
occurred sequentially. Normally, individuals would be pro-
tected from a superinfection with antigenically related virus
strains, as appears to be the case for pandemic HIN1/2009
virus strains [36]. However, in the case of immunosuppressed
patients, it is possible that an inadequately protective immune
response may be generated against the first infecting virus
strain.

Finally, of note, the dominant virus variant in this patient was
characterized by a number of unique mutations, including NA
D199N, which has not previously been identified in pandemic
HIN1/2009 influenza virus strains. Of interest, a DI199E

172 o JID 2011:203 (15 January) e Ghedin et al.



Variant 1R
NA ™ (H275Y)

(@)

Variant 1(WT)
& Sanger

consensus
sequences

Variant 2

(b)

AJ/Akita/1/2009

B Variant 3

0.1% Divergence

A/New York/3413/2009
A/Norway/2010/2009
A/Kanagawa/137/2009

0.947]

AlYokohama/1/2009

Allwate/1/2009

AlYamaguchi/21/2009

A/Shiga/3/2009

A/Chiba/C/48/2009

A/Distrito Federal/2611/2009

A/Shizuoka/759/2009

AJ/Zhejiang/1/2009

AlNew York/4438/2009 (Sanger consensus)

var1_seqs101
0.921| var1_seqs208 H275Y

AlNew York/4095/2009 (Sanger consensus)

var1R_seqs53

Figure 1.

A, Maximum likelihood tree of 1137 NA sequences of pandemic H1N1/2009 virus strains collected during April-July 2009 and the partially

reconstructed variants in this patient. The variant 1 consensus sequences assembled from the intrahost sequences-both wild-type (WT) oseltamivir
susceptible and oseltamivir resistant (H275Y; variant 1R)-are marked by red boxes, and the assemblies for variants 2 and 3 are denoted by blue boxes. B,
Magnification of the section of the maximum likelihood tree containing the variant 1 assemblies. Of note, both Sanger consensus sequences (A/New
York/4095/2009 and A/New York/4438/2009) cluster closely with the variant 1 assemblies. Approximate likelihood ratio test results are shown the
relevant nodes, and all branch lengths are drawn to a scale of nucleotide substitutions per site.

mutation in seasonal HIN1 has been associated with reduced
susceptibility to oseltamivir [29], a D198G (universal number-
ing; equivalent to site 199) mutation in H5N1 is associated with
reduced susceptibility to oseltamivir and zanamivir [37], and
a D198N mutation in influenza B virus is associated with high
oseltamivir resistance [5]. In light of newly characterized per-
missive secondary mutations that enable oseltamivir resistance
in seasonal HIN1 virus strains to spread among untreated

patients worldwide [36], we are currently assessing the func-
tional significance of the D199N mutation.
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