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ABSTRACT The 1918 influenza virus, subtype H1N1, was the causative agent of the
most devastating pandemic in the history of infectious diseases. In vitro studies have
confirmed that extreme virulence is an inherent property of this virus. Here, we uti-
lized the macaque model for evaluating the efficacy of oseltamivir phosphate
against the fully reconstructed 1918 influenza virus in a highly susceptible and rele-
vant disease model. Our findings demonstrate that oseltamivir phosphate is effective
in preventing severe disease in macaques but vulnerable to virus escape through
emergence of resistant mutants, especially if given in a treatment regimen. Never-
theless, we conclude that oseltamivir would be highly beneficial to reduce the mor-
bidity and mortality rates caused by a highly pathogenic influenza virus although it
would be predicted that resistance would likely emerge with sustained use of the
drug.

IMPORTANCE Oseltamivir phosphate is used as a first line of defense in the event
of an influenza pandemic prior to vaccine administration. Treatment failure through
selection and replication of drug-resistant viruses is a known complication in the
field and was also demonstrated in our study with spread of resistant 1918 influenza
virus in multiple respiratory tissues. This emphasizes the importance of early treat-
ment and the possibility that noncompliance may exacerbate treatment effective-
ness. It also demonstrates the importance of implementing combination therapy and
vaccination strategies as soon as possible in a pandemic situation.
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The influenza pandemic in 1918, caused by an influenza A virus of subtype H1N1,
remains the deadliest infectious disease outbreak recorded in human history, with

an estimated 50 million deaths worldwide (1–4). The reconstructed 1918 influenza virus
(5, 6) is highly pathogenic in mice, ferrets, and cynomolgus macaques (Macaca fascicu-
laris), and the virulent phenotype is multigenic in origin (5–9). Infection with the 1918
virus in mice and nonhuman primates is characterized by a dysregulated antiviral
response that is insufficient for protection, indicating that atypical host innate immune
responses may contribute to lethality (6, 10). The observed virulence of the 1918 virus,
the rapid global spread of the 2009 H1N1 influenza virus (11, 12), and the continued
pandemic potential posed by circulation of the highly virulent H5N1 virus substantiated
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the need for evaluating antiviral options against infections with virulent influenza
viruses.

Here, we demonstrate that oseltamivir phosphate, which has never been evaluated
in macaques against infection with the fully reconstructed 1918 influenza virus (5, 6), is
effective in preventing severe disease in cynomolgus macaques if given prophylacti-
cally. Efficacy was reduced in a treatment regimen through emergence of oseltamivir-
resistant mutants that led to the death of one of four animals. Our demonstration of the
presence of oseltamivir-resistant virus in upper respiratory tract secretions suggests
that spread of drug-resistant virus, even from successfully treated individuals, is likely
to be a problem where sustained transmission of virus occurs. This emphasizes the
importance of implementing combination therapy and vaccination strategies early in
an epidemic or pandemic.

RESULTS

Cynomolgus macaques (Macaca fascicularis) (n � 10), confirmed to be seronegative
against current H1N1 and H3N2 influenza reference viruses by hemagglutination (HA)
inhibition assay, were randomly divided into prophylaxis (n � 4), treatment (n � 4), and
control (n � 2) groups. All animals were infected with 7 � 106 PFU of the 1918 influenza
virus through a combination of routes optimized for infection of the upper and lower
respiratory tract tissues (6). The prophylaxis group (animals PRE1 to PRE4) was given
oseltamivir phosphate starting 24 h prior to infection, while animals in the treatment
group (animals POST1 to POST4) were treated starting 24 h postinfection (hpi) (Fig. 1).
All animals were given a single dose of 150 mg oseltamivir phosphate daily, to provide
the daily dose given for human treatment (2 � 75 mg), and administration was con-
tinued in both groups for a total of 5 days, the course recommended for uncomplicated
seasonal influenza (13). The drug was given as a supplement in food for the first 3 days

FIG 1 Oseltamivir treatment. (a) Experimental design. Four animals (PRE1 to PRE4) were treated with a
single dose of oseltamivir phosphate (150 mg) starting 24 h before infection, 4 animals (POST1 to POST4)
were treated with oseltamivir starting 24 h postinfection, and 2 animals (CTRL1 and CTRL2) served as
controls and were treated with PBS. Treatment was continued for a total of 5 consecutive days. All
animals were challenged with the 1918 influenza virus (total, 7 � 106 PFU) by four different routes. (b)
Survival curve. Both controls (CTRL1 and CTRL2) and one posttreated animal (POST1) had to be
euthanized on 8 and 9 dpi. All other treated animals developed mild to moderate/severe clinical
symptoms but survived. Four untreated controls were added from a separate experiment (historical
controls [hCTRL]) (6).
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in the PRE group and first 2 days in the POST group, and animals were observed to
ensure that the drug was consumed. Following refusal of animal POST1 to voluntarily
consume all of the drug/food 2 days postinfection (dpi), all animals were subsequently
treated using an intragastric tube. The control group (animals CTRL1 and CTRL2) was
treated with phosphate-buffered saline (PBS) using the same protocol.

Animals were monitored twice daily for clinical signs using an approved scoring
sheet. At indicated time points prior and after infection (Fig. 1a) as well as at euthanasia,
blood and swabs (oral, nasal, throat, and rectal) were collected from anaesthetized
animals and vital signs (pulse rate, blood pressure, temperature, respiration rate, and
oxygen saturation) were recorded. All infected animals became symptomatic within
48 h postinfection, showing reduced or no food intake, elevated respiration rates, and
decreased oxygen saturation, with the POST treatment animals being more highly
affected (see Table S1 in the supplemental material). The two PBS-treated control
animals (CTRL1 and CTRL2) and the POST1 animal became progressively moribund and
developed an acute respiratory distress syndrome, reaching the predetermined eutha-
nasia score on days 8 and 9 (Fig. 1; see also Table S1). All other treated animals
recovered after mild/moderate (PRE1 to PRE4) or moderate/severe (POST2 to POST4)
clinical signs (Fig. 1b; see also Table S1). The recovered animals were euthanized on
day(s) post infection (dpi) 20 or 21 for pathological and virological examination of
tissues in the upper and lower respiratory tract tissues, the primary sites of viral
replication as previously identified (6).

The lungs of animals CTRL1, CTRL2, and POST1 exhibited macroscopic pathological
changes, with 60% to 90% of tissue found to be affected at necropsy. As previously
described (6), microscopic changes, including bronchiolitis and bronchitis, were prom-
inent, with widespread alveolar damage, extensive edema, and hemorrhagic exudates.
Flattened alveolar cells and desquamation of plumb alveolar cells into the alveolar
space were observed (see Kobasa et al. [6]). Viral antigen was found predominantly in
peribronchiolar alveoli and the bronchiolar epithelium (Fig. 2c and d). At 20/21 dpi,
lungs of surviving animals from the PRE and POST groups showed a chronic healing
stage following pneumonia, with remaining areas of consolidation and thickening of
alveolar walls due to infiltration of mononuclear cells and deposition of fibrous tissue
(Fig. 2a and b). Viral antigen was not found in respiratory tissues of these animals at
these later time points.

Infectious virus was found by 50% tissue culture infective dose (TCID50) assay in
respiratory tissues and the heart of POST1 and the control animals. All other treated
animals were found at euthanasia to have cleared infectious virus (Table S2). Quanti-
tative real-time reverse transcription-PCR (qRT-PCR), performed using primers targeting
the hemagglutinin (HA) and matrix protein (M) genes, confirmed the results of the
infectivity assay, but lung and tonsil tissues of animal POST2 and lung and bronchial
tissue of animal PRE1 remained weakly positive by RT-PCR. Virus titers in both the upper
and lower respiratory tract tissues of POST1 were substantially lower than those
measured for the controls (Table S2). As previously reported (6), virus was also isolated
from the heart, the only tissue outside the respiratory tract that seemed infected. Virus
replication and shedding from mucosal surfaces were quantified by TCID50 assay and
qRT-PCR in oral, throat, nasal and rectal swab samples. Virus isolation was successful
only from throat and nasal swabs (Table 1). Viral replication and shedding occurred
mainly in the controls and in animal POST1, although virus was sporadically detected
in some successfully treated animals (PRE2 to PRE4 and POST2) (Table 1). qRT-PCR
confirmed the infectivity data, but the results remained weakly positive in qRT-PCR for
a longer period than infectious virus could be detected (data not shown).

Respiratory tissues of POST1 contained virus at lower levels than those of the
untreated controls (Table S2). To characterize whether the virus, which had continued
to replicate after antiviral treatment was withdrawn, was wild type or was drug-
resistant virus that had become established during treatment, we used a two-step
approach. First, we isolated individual virus plaques from the nasal mucosa and the
right caudal lung tissues. The HA and neuraminidase (NA) genes of 20 individual
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plaques isolated from the lung were PCR amplified and completely sequenced. All
plaques (20/20) showed a His275Tyr mutation in NA (N2 numbering position 274)
(Table 2). Most plaques (17/20) showed an additional mutation, Asp187Val (H3 num-
bering position 190), in the HA, which has not previously been reported in association
with oseltamivir resistance (Table 2), while the remaining three plaques had mutation
Asp187Asn. Similar analysis of plaques from the nasal mucosa showed that all (20/20)
contained the His275Tyr mutation in NA but that none contained mutations in HA.
Neither the NA nor HA mutations occurred in virus isolated from the lung or nasal
mucosa of the untreated controls.

Further analysis for the presence of drug-resistant virus in other tissues that con-

FIG 2 Histopathology of oseltamivir-treated animals. (a and b) Hematoxylin and eosin (HE) staining of the lungs of
oseltamivir-pretreated (a) and -posttreated (b) surviving animals at day 20 postinfection, showing a chronic healing stage
of pneumonia with areas of consolidation and thickening of alveolar walls due to infiltration of mononuclear cells and
deposition of fibrous tissue. (c and d) The presence of viral antigen was demonstrated using an antibody directed to the
viral nucleoprotein and was detectable only at the time of euthanasia in the controls (not shown) and animal POST1, which
was euthanized on 9 dpi. Viral nucleoprotein was found in alveolar cells (c) and bronchiolar epithelium (d).

TABLE 1 Virus titers in nasal and throat swabsa

Animal ID

Nasal swab/throat swab titers (TCID50)

Day 2 Day 4 Day 6 Day 8 Day 10 Day 14

CTRL1 1.5 � 103/neg 1.5 � 101/neg 7.0 � 103/8.8 � 103 1 � 104/neg NA NA
CTRL2 1.5 � 103/neg 1.5 � 102/neg 1.5 � 101/neg 1.5 � 101/neg NA NA
PRE1 neg/neg neg/neg neg/neg neg/neg neg/neg neg/neg
PRE2 neg/neg 1.5 � 102/neg neg/1.5 � 101 neg/neg neg/neg neg/neg
PRE3 neg/neg 1.5 � 101/neg 1.5 � 101/neg neg/neg neg/neg neg/neg
PRE4 8 � 101/neg 1.5 � 102/5 � 100 neg/3 � 102 neg/neg neg/neg neg/neg
POST1 neg/neg 7.0 � 102/neg 1.5 � 102/6.6 � 101 1.5 � 101/6.6 � 101 NA NA
POST2 1.5 � 101/neg neg/neg neg/neg neg/neg neg/neg neg/neg
POST3 neg/neg neg/neg neg/neg neg/neg neg/neg neg/neg
POST4 neg/neg neg/neg neg/neg neg/neg neg/neg neg/neg
aVirus titers were determined using a TCID50 assay as described in Materials and Methods; CTRL, control animal; ID, identifier; neg, negative; PRE, pretreated animal;
POST, posttreated animal; NA, not applicable (animal already euthanized).
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tained virus (Table S2) was done by RT-PCR amplification and sequencing. No tissues
from the controls contained mutant virus. In animal POST1, analysis of virus populations
in the nasal mucosa by this method showed a mixed population of NA genes with both
wild-type sequences and mutant sequences (His275Tyr). However, the NA sequences in
viruses from other tissues consisted exclusively of either wild-type sequence (other
lobes of the right and the entire left lung) or mutant sequence (trachea and bronchi)
(Table 2). The only other tissue containing the Asp187Val mutation in HA was the right
bronchus (75% of clones). However, several other HA mutations were identified:
Asp222Asn (H3 numbering position 225) (25%, right bronchus; 75%, trachea); Asp222Gly
(25%, trachea); Asp222Asn or Asp187Asn (50%, left bronchus); and Asp187Asn (15%, right
caudal lung). Mutations at position 222 have been reported in viruses isolated from
individuals treated with oseltamivir (14). Asp222 is associated with preferential binding
to NeuAc-�2,6-Gal, the dominant species of sialic acid found in the human upper
respiratory tract, while Gly or Asn at this position shifts the preferential binding
specificity to NeuAc-�2,3-Gal, the primary species of sialic acid found at sites of viral
replication in avian species (15, 16). It was suggested that the appearance of Asn or Gly
at position 225 occurred in response to the requirement to reduce dependence on NA
activity. Similarly, Asp190Asn and Asp190Val in a H1 HA have been shown to result in
lower binding affinity for NeuAc-�2,6-Gal and higher affinity for NeuAc-�2,3-Gal (17,
18). Mutations in NA that confer resistance to oseltamivir generally reduce NA enzy-
matic activity; therefore, concomitant mutations in HA that reduce its affinity for its
cellular receptor may be needed to maintain the critical balance between the activities
of HA and NA to permit virus to spread efficiently (16, 19).

Following identification of oseltamivir-resistant virus in upper and lower respiratory
tract tissues of animal POST1, we examined virus in throat and nasal swabs to
determine whether the animal was shedding the oseltamivir-resistant virus (Table 1)
and, if so, when resistance had first appeared. Drug-resistant viruses were first detected
in the throat swab at 6 dpi and in both throat and nasal swabs at 8 dpi. There were
equal proportions of wild-type and His275Tyr mutant viruses in the two swab types. No
viruses contained mutations in HA, indicating that HA mutations are not required for
shedding of drug-resistant virus. It was also of interest to determine whether any of the
successfully treated animals were shedding or contained drug-resistant viruses (Ta-
ble 1). POST2 had viruses (25% of clones) containing NA His275Tyr in lung tissue samples
but not in tonsil samples, representing the only two tissues containing virus detectable
by RT-PCR at the time of euthanasia. Interestingly, HA from the same animal showed
the Asp187Val mutation (33% of the clones) in the lung. PRE1 had virus with only
wild-type sequences in the tissues that still contained virus detectable by RT-PCR
(bronchi, lung). Examination of virus shed from the successfully treated animals showed

TABLE 2 Mutations occurring in animal POST1 under oseltamivir treatmenta

Tissue Analysis

% of sequence showing mutations (no. of plaques
showing mutations/total no. of plaques analyzed)

NA
His275Tyr

HA
Asp187Val

HA
Asp187Asn

HA
Asp222Asn

HA
Asp222Gly

Nasal mucosa Plaque 100 (20/20) 0 (0/20) NT NT NT
Trachea PCR 100 (5/5) 0 (wt) 0 (wt) 75 (3/4) 25 (1/4)
Right bronchus PCR 100 (2/2) 75 (3/4) 0 (wt) 25 (1/4) 0 (wt)
Left bronchus PCR 100 (3/3) 75 (wt) (3/4) 25 (1/4) 25 (1/4) 75 (wt) (3/4)
Right lung upper PCR 0 (wt) 0 (wt) 0 (wt) 0 (wt) 0 (wt)
Right lung middle PCR 0 (wt) 0 (wt) 0 (wt) 0 (wt) 0 (wt)
Right lung caudal Plaque 100 (20/20) 85 (17/20) 15 (3/20) 0 (wt) 0 (wt)
Left lung upper PCR 0 (wt) 0 (wt) 0 (wt) 0 (wt) 0 (wt)
Left lung middle PCR 0 (wt) 0 (wt) 0 (wt) 0 (wt) 0 (wt)
Left lung caudal PCR 0 (wt) 0 (wt) 0 (wt) 0 (wt) 0 (wt)
aPlaque, virus isolation by plaque assay and subsequent direct sequence determination; PCR, RT-PCR of total
RNA isolated from the specimen followed by molecular cloning and sequence determination (2 to 6
individual clones each); NT, not tested; wt, wild-type sequence.
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that animal PRE2 had detectable levels of drug-resistant virus, containing NA mutation
His275Tyr at 8 dpi in both nasal and oral swabs. All described RT-PCR-positive samples
likely represented very low titers of virus, since virus was not isolated on Madin-Darby
canine kidney (MDCK) cells in any of these cases (Table S2). Although shed virus was
detected by RT-PCR for most of the other animals at 6 to 8 dpi, none of the other
successfully treated animals shed drug-resistant virus. These findings show that devel-
opment of resistance to oseltamivir occurred even in successfully treated animals.

To confirm that the NA mutation His275Tyr conferred resistance to oseltamivir, we
engineered recombinant influenza viruses containing either 1918 influenza virus wild-
type NA or the 1918 His275Tyr mutant, with the rest of the genes coming from
A/WSN/33 (H1N1). The concentration of oseltamivir carboxylate, the active form of the
drug, that inhibited the NA activity by 50% (IC50) was 448 times higher for the mutant
(IC50 � 1,750 nM) than for the wild-type NA (IC50 � 3.9 nM), demonstrating the effect
of the mutation on resistance to oseltamivir. However, the mutation did not confer
resistance to zanamivir, with IC50 values for wild-type and mutant NA of 0.72 nM and
0.52 nM, respectively. The observation that His275Tyr differentially confers resistance to
oseltamivir and zanamivir is consistent with previously reported findings (16, 19).
Considering the well-characterized role of NA mutations in development of resistance
to oseltamivir (19) and the presence of high tissue titers of drug-resistant virus without
HA mutations, the role of the HA mutations was not further assessed. However, it
should be recognized that the Asp187Val HA mutation was never previously found in
association with oseltamivir treatment and that HA mutations may play a supporting
role in the development of resistance of NA mutated virus or in its adaptation to
enhanced in vivo replication.

DISCUSSION

Oseltamivir phosphate is a neuraminidase inhibitor and may be used as a first line
of defense in the event of an influenza pandemic caused by a newly emerged influenza
virus, such as the pandemic H1N1 influenza virus (20), highly pathogenic avian H5
viruses (21), and other emerging influenza viruses, including H7N9 viruses (22, 23).
Oseltamivir phosphate had previously shown efficacy in mice against infection with
recombinant viruses bearing the 1918 influenza HA, NA, and M gene segments (7), but
evaluation against the fully reconstructed 1918 influenza virus has never been reported
previously in macaques. Here, we show that oseltamivir treatment of macaques in-
fected with the 1918 virus was successful in reducing disease and increasing survival
when initiated prior to infection and partially successful when administered 24 h
postinfection. However, the latter scenario represents an expected treatment regimen
following known exposure to a virus, such as accidental infection with the 1918
virus, and selection and replication of drug-resistant virus complicated treatment
and reduced the effectiveness of treatment. Treatment failure in one of four treated
animals, associated with development and spread of resistant virus in multiple
respiratory tissues, emphasizes the importance of early treatment and the possi-
bility that noncompliance may exacerbate treatment ineffectiveness. Our demon-
stration of oseltamivir-resistant virus in upper respiratory tract secretions suggests that
spread of drug-resistant virus, even from successfully treated individuals, is likely to be
a problem where sustained transmission of virus occurs, such as in a pandemic.

Two classes of drugs against influenza virus infections have been approved over the
decades, namely, the M2 ion channel inhibitors and neuraminidase inhibitors such as
amantadine and oseltamivir, respectively (24, 25). Recently, a member of a new class of
drugs has been promoted for influenza treatment, the polymerase inhibitor baloxavir (26),
which is now approved in the United States. Oseltamivir alone is active against the 1918
virus and would be highly beneficial to reduce morbidity and mortality during a pandemic,
even with a highly pathogenic virus such as the 1918 influenza virus as the causal agent.
However, combination treatment with oseltamivir and baloxavir might be more beneficial
given the fact that for each drug, viruses with reduced sensitivity have been reported.
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MATERIALS AND METHODS
Animal ethics and biosafety statement. All infectious procedures using the 1918 influenza virus

were performed in the biosafety level 4 (BSL4) facility of the National Microbiology Laboratory of the
Public Health Agency of Canada, applying standard operating protocols approved by the Institutional
Biosafety Committee. All nonhuman primate work was performed under a protocol approved by the
Institutional Animal Care Committee, according to the guidelines of the Canadian Council on Animal
Care. Animal procedures were carried out under anesthesia administered by trained personnel under the
supervision of veterinary staff, and all efforts were made to promote the welfare of and to minimize the
suffering of the animals in accordance with the recommendations provided by the “Weatherall report for
the use of nonhuman primates in reasearch.” Cynomolgus macaques were housed in adjoining individual
primate cages allowing social interactions, under controlled conditions of humidity, temperature, and
light (12-h light/12-h dark cycles). Food and water were available ad libitum. Animals were monitored at
least twice daily and fed commercial monkey chow, treats, and fruit twice daily by trained personnel.
Environmental enrichment consisted of commercial toys, videos, and music. Humane endpoint criteria,
specified and approved by the Institutional Animal Care and Use Committee, were applied to determine
when animals should be humanely euthanized.

Virus and drug. The 1918 influenza virus was reconstructed using reverse genetics and propagated
in MDCK cells as described previously (6). The neuraminidase inhibitor oseltamivir phosphate was
obtained in the commercially available capsule form provided for human use.

Treatment experiment. Ten female cynomolgus macaques (Macaca fascicularis), 13 to 19 years old,
weighing 4.3 to 8.0 kg, were confirmed to be seronegative against current H1N1 and H3N2 influenza
reference viruses by hemagglutination inhibition assay. Animals were infected with the 1918 influenza
virus through a combination of intratracheal (4 ml), intranasal (0.5 ml per nostril), intraocular (0.5 ml per
eye), and oral (1 ml) routes with 1 � 106 PFU ml�1 (total dose, 7 � 106 PFU). For treatment, animals were
randomly divided into three groups. Two groups (n � 4) were treated daily for 5 consecutive days with
150 mg oseltamivir phosphate starting either 24 h prior or 24 h postinfection. The third group (n � 2)
served as a control and was treated with PBS. Animals were monitored twice or more daily for clinical
signs using an approved scoring sheet. Before infection (day �8 and day 0) and on dpi 2, 4, 6, 8, 10, and
14 as well as prior to euthanasia, blood and swabs (oral, nasal, throat, and rectal) were collected from
anaesthetized animals and vital signs (e.g., pulse rate, blood pressure, temperature, respiration rate, and
blood oxygen saturation as measured by pulse oximetry) were recorded. Necropsies were performed on
all euthanized animals, focusing on the respiratory tract (lungs, bronchi, trachea, oropharynx, mediastinal
lymph nodes, and nasal mucosa) and selected other organs (liver, spleen, kidney, and heart).

Virus titration. Virus titration was done by plaque forming unit (PFU) assay or tissue culture
infectious dose (TCID) assay to identify the dilution required to infect 50% of replicate cultures (TCID50).
Virus stock titers were determined in 10-fold serial dilutions by standard PFU assay on Madin-Darby
canine kidney (MDCK) cells in the presence of 1 �g/ml tosyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin, in duplicate for each dilution. A TCID50 assay was used for titration of virus in clinical
specimens (tissues, blood, and swabs). Tissues were harvested during necropsies and homogenized in
tissue culture medium (minimal essential medium [MEM]– 0.1% bovine serum albumin [BSA]) (10%
[wt/vol]) using a bead mill tissue homogenizer (Tissuelyzer; Qiagen), and debris was subsequently
removed by centrifugation (2,000 � g, 5 min). Whole blood was used directly for titration. Swabs (oral,
throat, nasal, and rectal) were collected with cotton swabs and placed into DMEM, and debris was
pelleted by centrifugation (2,000 � g, 5 min) prior to titration. Virus titers were determined in 10-fold
serial dilutions of supernatant by TCID50 assay performed on MDCK cells at 48 h postinfection in
quadruple for each dilution.

Determination of virus in tissue and swabs by RT-PCR. Tissue samples from necropsies were
placed in RNAlater (Ambion) for subsequent extraction of total RNA (Qiagen RNeasy kit). Similarly, RNA
was extracted from swab suspensions (Qiagen viral RNA minikit). Viral RNA was detected by reverse
transcription-PCR (RT-PCR) (Quantitec Probe RT-PCR kit) using primers and probes (sequences available
upon request) targeting the M and HA genes.

Histopathology. Tissues taken during necropsies were fixed in 10% phosphate-buffered formalin
(�1:10 [wt/vol]) for a minimum of 30 days prior to removal from BSL4 containment. Fixed tissues were
dehydrated, embedded in paraffin, cut into 5-�m-thick sections and stained with standard hematoxylin
and eosin. For viral antigen, sections were processed for immunostaining by the two-step dextran
polymer method (Dako) with an antibody to the viral nucleoprotein (NP).

Detection of drug-resistant viral mutants. To analyze tissue for the presence of drug-resistant
viruses, the tissue lysates from the nasal mucosa and the right lung (lower lobe) was plated on MDCK
cells in a standard PFU assay as described above. Twenty individual plaques from each tissue were grown
on MDCK cells as previously described (6). Viral RNA was isolated from the supernatants of each virus
culture (Qiagen Viral RNA minikit) and cDNA generated by reverse transcription using primer uni12
(5=-AGCGAAAGCAGG-3=). The full sequences of the HA and NA genes of all viruses were determined
following PCR amplification using gene-specific universal primers as previously described (27). Analysis
for mutations in the HA and NA of other tissues and swabs was done for tissues previously shown to
contain virus by RT-PCR or virus isolation. The full open reading frame for the HA and NA genes was
amplified by RT-PCR (Qiagen OneStep RT-PCR kit) using HA-specific primers (Sp-HA-1F [5=-ACAACCAAA
ATGGAGGCAAGAC-3=] and Sp-HA-1742R [5=-ATCCTAATCTCAAATGCATATTCT-3=]) and NA-specific prim-
ers (Sp-NA-1F [5=-AAGCAGGAGTTTAAATGAATCCA-3=] and Sp-NA-1433R [5=-CAAACTACTTGTCAATG-3=]).
Each PCR product was subsequently ligated into PCR cloning vector pCR2.1 (Invitrogen TOPO TA cloning
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kit), and 2 to 6 individual clones for each gene from each tissue were sequenced to identify mutations
associated with drug resistance.

Analysis of contribution of NA mutation His275Tyr to resistance to NA inhibitors. Plasmids for
the expression of the 1918 influenza wild-type NA gene were constructed as described previously (6);
subsequently, the His275Tyr mutation was introduced into the plasmid. Recombinant influenza
viruses based on the background of A/WSN/33 (H1N1) carrying only the 1918 influenza virus
wild-type NA or the His275Tyr mutant were then generated by reverse genetics as described
previously (28), propagated in MDCK cells twice, and stored at – 80°C as stock viruses. All constructed
plasmids were sequenced to ensure the absence of unwanted mutations. The sensitivity of NA to the
NA inhibitors was evaluated by use of an NA activity inhibition assay based on the method of Gubareva
et al. (29). Methylumbelliferyl-N-acetylneuraminic acid (MUNANA; Sigma) was used as a fluorescent
substrate at a final concentration of 0.1 mM. Virus dilutions containing 800 to 1,200 fluorescence units
were mixed with test compound (0.01 nM to 1 mM) and 33 mM 2-[N-morpholino]ethanesulfonic acid (pH
6.0) containing 4 mM CaCl2 and were incubated for 30 min at 37°C. After addition of the substrate and
incubation at 37°C for 1 h, the reaction was stopped by the addition of 0.1 M NaOH– 80% ethanol (pH
10.0). Fluorescence was measured at an excitation wavelength of 360 nm and an emission wavelength
of 465 nm. The relationship between the concentration of inhibitor and the percentage of fluorescence
inhibition was determined, and 50% inhibitory concentration (IC50) values were obtained by extrapolat-
ing those findings.

Data availability. The data supporting the findings of this study are available within the paper and
the supplemental material or from the corresponding authors upon request.
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