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ABSTRACT

The only licensed live attenuated influenza A virus vaccines (LAIVs) in the United States (FluMist) are created using internal
protein-coding gene segments from the cold-adapted temperature-sensitive master donor virus A/Ann Arbor/6/1960 and
HA/NA gene segments from circulating viruses. During serial passage of A/Ann Arbor/6/1960 at low temperatures to select the
desired attenuating phenotypes, multiple cold-adaptive mutations and temperature-sensitive mutations arose. A substantial
amount of scientific and clinical evidence has proven that FluMist is safe and effective. Nevertheless, no study has been con-
ducted specifically to determine if the attenuating temperature-sensitive phenotype can revert and, if so, the types of substitu-
tions that will emerge (i.e., compensatory substitutions versus reversion of existing attenuating mutations). Serial passage of the
monovalent FluMist 2009 H1N1 pandemic vaccine at increasing temperatures in vitro generated a variant that replicated effi-
ciently at higher temperatures. Sequencing of the variant identified seven nonsynonymous mutations, PB1-E51K, PB1-I171V,
PA-N350K, PA-L366I, NP-N125Y, NP-V186I, and NS2-G63E. None occurred at positions previously reported to affect the tem-
perature sensitivity of influenza A viruses. Synthetic genomics technology was used to synthesize the whole genome of the virus,
and the roles of individual mutations were characterized by assessing their effects on RNA polymerase activity and virus replica-
tion kinetics at various temperatures. The revertant also regained virulence and caused significant disease in mice, with severity
comparable to that caused by a wild-type 2009 H1N1 pandemic virus.

IMPORTANCE

The live attenuated influenza vaccine FluMist has been proven safe and effective and is widely used in the United States. The phe-
notype and genotype of the vaccine virus are believed to be very stable, and mutants that cause disease in animals or humans
have never been reported. By propagating the virus under well-controlled laboratory conditions, we found that the FluMist vac-
cine backbone could regain virulence to cause severe disease in mice. The identification of the responsible substitutions and elu-
cidation of the underlying mechanisms provide unique insights into the attenuation of influenza virus, which is important to
basic research on vaccines, attenuation reversion, and replication. In addition, this study suggests that the safety of LAIVs
should be closely monitored after mass vaccination and that novel strategies to continue to improve LAIV vaccine safety should
be investigated.

Annual influenza epidemics are caused by influenza A (H1N1
and H3N2) and influenza B viruses that infect 5% to 10% of

adults and 20% to 30% of children (1). Disease outcomes range
from subclinical infections to severe infections that result in very
high mortality. The estimated 3 to 5 million cases of severe illness
and 250,000 to 500,000 deaths each year, as well as significant
socioeconomic losses, warrant continuous improvements in in-
fluenza prevention, diagnosis, and treatment.

Vaccination is the most effective way to prevent influenza virus
infections and alleviate disease severity. During the 2012-2013 in-
fluenza season in the United States, in spite of a less than 45%
vaccination rate in people older than 6 months, vaccination still
prevented an estimated 6.6 million influenza virus-associated ill-
nesses, 3.2 million medically attended illnesses, and 79,000 hospi-
talizations (2). Both inactivated and live attenuated vaccines
are available for influenza immunization, with the former more
widely used than the latter. Inactivated influenza vaccines have
been used for more than 70 years with proven safety and moderate
effectiveness (3). Live attenuated influenza vaccines (LAIVs) have
been used in the former Soviet Union and Russia for several de-
cades, but they were not used in other countries until the licensure
of FluMist in the United States in 2003. Comparative studies in

humans have demonstrated that LAIVs have the potential to pro-
vide better protection than the split inactivated vaccines in chil-
dren and adolescents 2 to 17 years of age (4–12), which may have
resulted partly from the disputable superiority of LAIVs in elicit-
ing IgA mucosal immunity and cellular immunity (13–19).
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Influenza A viruses are encoded by eight segments of negative-
sense RNA (viral RNA [vRNA]), and FluMist LAIVs are reas-
sortant viruses that contain the HA and NA surface glycoprotein
vRNAs from contemporary strains and the remaining six back-
bone vRNA segments (PB2, PB1, PA, NP, M, and NS) from a
cold-adapted master donor virus (20, 21). HA and NA are the
major antigenic determinants of FluMist and are from strains bi-
annually predicted by a WHO vaccine strain recommendation
committee to provide the best antigenic match to the strains cir-
culating in humans. The master donor backbone (i.e., ca A/Ann
Arbor/6/1960 [caAA60]) imparts the cold-adapted (ca), temper-
ature-sensitive (ts), and attenuated (att) phenotypes to the
FluMist vaccines. The caAA60 virus was originally generated by
H. F. Maassab in the 1960s through serial passage of the wild-type
AA60 virus at successively lower temperatures (22). At tempera-
tures close to or a few degrees lower than the human core body
temperature (33°C to 37°C), the caAA60 virus still replicates as
efficiently as the wild-type virus does. However, at higher temper-
atures (e.g., 39°C) that are still permissive to the wild-type virus,
the caAA60 virus has lost the ability to replicate and has thus
become temperature sensitive (ts); in contrast, at lower tempera-
tures (e.g., 25°C) that are too low for the wild-type virus to repli-
cate, the caAA60 virus replicates efficiently and thus is cold
adapted. Largely due to their temperature-sensitive feature, the
caAA60 virus and vaccine reassortants are attenuated in the hosts,
with their replication severely restricted in the warmer lower re-
spiratory tract of animals and absence of symptoms of lower re-
spiratory tract disease in humans administered the vaccine. A sub-
stantial amount of scientific and clinical evidence has proven the
caAA60-based LAIVs (e.g., FluMist) safe and protective in animals
and humans (reviewed in reference 21).

To determine what vRNA segments are responsible for the ca,
ts, and att phenotypes of caAA60, early studies relied heavily on
using classic gene reassortment between caAA60 and other vi-
ruses. Although the different gene constellations of the reassor-
tants often confounded the results, the studies suggested that the
PB2 and PB1 segments contributed to the ts phenotype; the PA
segment contributed to the ca phenotype; and the PB2, PB1, PA,
NP, and M segments contributed to the att phenotype (23–25).
Sequence comparison between the complete genomes of caAA60
and wild-type AA60 identified multiple synonymous and nonsyn-
onymous changes in each of the six backbone vRNAs (26), further
supporting the notion that there is a network of mutations that
confer the ca, ts, and att phenotypes independently and interde-
pendently. More recently, reverse genetics irrefutably confirmed
that PB1-K391E/E581G/A661T, PB2-N265S, and NP-D34G are
the major loci responsible for the ts phenotype of caAA60 and that
they are sufficient to confer the ts phenotype on the A/PR/8/34
strain (27, 28).

Although the ts phenotype of many experimental ts influenza
viruses is unstable in vitro or in vivo (29–39), the ts phenotype of
the caAA60-based vaccines has been very stable following replica-
tion in animals and humans (21). Nevertheless, recent studies on
the genetic stability of FluMist reported that mutations can occur
in the manufacturing process and in the replication of the virus in
vaccinated children (40, 41). As FluMist is shed from children and
adults postvaccination (42–44), the potential of the mutations for
enhanced transmission and increased virulence should not be ne-
glected. Consequently, we sought to evaluate the phenotypic and
genetic stability of FluMist by investigating the following ques-

tions. (i) Is it possible for the caAA60 backbone to lose its ts phe-
notype? (ii) What substitutions will emerge, and are they compen-
satory changes or reversion of existing mutations to the original
wild-type residues? (iii) Will the reversion of the ts phenotype in
vitro result in the reversion of the att phenotype in vivo?

MATERIALS AND METHODS
Biosafety and ethics statement. All experiments with infectious virus
were performed in a biosafety level 2 laboratory using procedures and
facilities that met the requirements set forth by the U.S. Department of
Health and Human Services for propagation of influenza A viruses. In vivo
experiments were carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. Mouse studies were conducted under ani-
mal care and use protocols approved by St. Jude Children’s Research
Hospital’s Institutional Animal Care and Use Committee (IACUC proto-
col 512). No survival surgery was performed, and all efforts were made to
minimize suffering.

Cells. Human embryonic kidney 293T (HEK-293T) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Madin-Darby canine kidney
(MDCK) cells were maintained in minimum essential medium (MEM)
supplemented with 5% FBS.

Virus and serial passage. An aliquot of surplus 2009 pandemic H1N1
live attenuated vaccine (FluMist; monovalent) was provided by the New
York State Department of Health and used as a control in our previous
vaccine study (45). Residual virus (5 �l) left over from that aliquot was
inoculated into an MDCK monolayer in a 35-mm petri dish and cultured
at 30°C for 3 days. Since cytopathic effect (CPE) was not evident, all the
supernatant from the petri dish (passage 1 [P1]) was transferred to a fresh
MDCK monolayer in a T-75 flask; 3 days later, CPE became evident, and
all the supernatant (P2) was collected and aliquoted. The P2 virus stock
(FluMist/pH1N1-P2) was further passaged in MDCK cells at gradually
elevated temperatures, as illustrated in Fig. 1A. The last passage (P20) was
done at 37°C under the assumption that the adapted virus might still
replicate to higher titers at 37°C than at 39°C, so we could obtain a high
titer of P20 stock.

Sequencing and analysis. Since the FluMist/pH1N1-P0 and -P1 vi-
ruses were exhausted in passage, we chose FluMist/pH1N1-P2, -P5, -P10,
-P15, and -P20 for deep sequencing to determine the presence of nucleo-
tide substitutions. The genomes of the viruses were amplified using the
multisegment reverse transcription-PCR method (46) and sequenced
using the Illumina MiSeq platform, as described previously (47). The
sequence reads were sorted by sample index, trimmed, and mapped to the
caAA60 reference genome retrieved from GenBank (PB2, M23970; PB1,
M23972; PA, M23974; NP, M23976; M, M23978; NS, M23968) using the
CLC Genomics Workbench program. The average sequencing depth for
each viral segment varied from a few hundred to 2,000 times coverage. At
each nucleotide position, if a variant represented more than 10% of the
population, it was described as a substitution or single nucleotide variant.

Genome synthesis and mutagenesis. cDNAs encoding the six back-
bone vRNAs (PB2, PB1, PA, NP, M, and NS) of caAA/60 were synthesized
by enzymatic assembly of oligonucleotides approximately 60 bases in
length using protocols described previously in the syntheses of H7N9 and
bat influenza virus genomes (48, 49). The synthetic genes were cloned into
the modified bidirectional influenza virus reverse-genetics vectors
pBZ61A18 (PB2, PB1, and PA) and pBZ61A15 (NP, M, and NS) using a
recombination-based method (50) and transformed into Stella compe-
tent Escherichia coli cells (Clontech). Colonies were selected and se-
quenced. The appropriate clones for each segment were propagated for
plasmid preparation and verified by sequencing. The resultant plasmids
were pKMS1A1 (PB2), pBZ170A7 (PB1), pWW58A1 (PA), pKMS2A2
(NP), pKMS3A1 (M), and pBZ172A1 (NS). The plasmids containing
mutations were generated by site-directed mutagenesis, and the resul-
tant plasmids were pWW43A1 (PB1-E51K), pWW44A1 (PB1-I171V),
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pWW39A1 (PB1-E51K/I171V, or PB1P20), pWW46A1 (PA-N350K),
pWW59A1 (PA-L366I), pWW40A2 (PA-N350K/L366I, or PAP20),
pWW61A8 (NP-N125Y), pWW62A6 (NP-V186I), pWW41A2 (NP-
N125Y/V186I, or NPP20), and pWW42A1 (NS2-G63E, or NSP20).

Minigenome replication assay. The luciferase-mediated minigenome
replication assay was performed as previously described, using a PolI-
driven firefly luciferase reporter plasmid and pDZ-based PB2, PB1, PA,
and NP bidirectional expression plasmids (51). Briefly, HEK-293T cells in
24-well plates were cotransfected with 0.2 �g each of pPolI-NS-Luc plas-
mid (pBZ81A36) and caAA60 PB2, PB1, PA, and NP plasmids or mutant
plasmids. As a control of transfection efficiency, 0.02 �g of the Renilla
luciferase plasmid pRL-TK (Promega, Madison, WI) was also cotrans-
fected. Cells were incubated at 33°C, 37°C, and 39°C for 12 h, and then
luciferase production was assayed using the dual-luciferase reporter assay
system (Promega) according to the manufacturer’s instructions. Firefly
luciferase expression was normalized to Renilla luciferase expression (rel-
ative activity). At each temperature, the relative activity of caAA60 poly-

merase was set at 100%, and the activities of the various mutants were
determined relative to that. All the results shown are the averages from
triplicate transfections with standard deviations (SD).

Recombinant virus rescue. Recombinant caAA60 and various mutant
viruses were generated by cotransfection of eight reverse-genetics plas-
mids carrying the cDNA of each gene segment into a 293T-MDCK cocul-
ture monolayer as previously described (52). Briefly, 0.6 �g of each plas-
mid was mixed and incubated with 15 �l of TransIt-LT1 transfection
reagent (Mirus Bio, Madison, WI) at 20°C for 20 min and then added to
80% confluent 293T-MDCK cocultures in 6-well plates. The transfection
plates were incubated at 33°C with 5% CO2 for 12 to 24 h before the
culture supernatant was replaced with 3 ml of Opti-MEM I medium (Life
Technologies) supplemented with 0.3% bovine serum albumin (BSA)
fraction V (Life Technologies), 3 �g/ml tosylsulfonyl phenylalanyl chlo-
romethyl ketone (TPCK)-trypsin (Worthington, Lakewood, NJ), and 1%
antibiotic-antimycotic (Life Technologies). Three days posttransfection,
the supernatant was collected and virus was propagated in MDCK cells at
33°C. All the virus stocks used for in vitro and in vivo studies were se-
quenced to confirm the absence of any unintended mutations.

Replication kinetics in vitro. MDCK cell monolayers in 12-well plates
were washed twice with MEM, and then, 1 ml of virus growth medium
(MEM supplemented with 0.15% BSA fraction V, 2 �g/ml TPCK-trypsin,
and 1% antibiotic-antimycotic) was added to each well. The cells were
inoculated with the indicated viruses at a multiplicity of infection (MOI)
of �0.002 50% tissue culture infective dose (TCID50)/cell. The cells were
incubated at three different temperatures (33°C, 37°C, and 39°C) after
inoculation. The supernatants were collected at the indicated time points
(hours postinoculation [hpi]). For comparison of the reverse-genetics-
rescued recombinant viruses rFluMist/pH1N1-P0, -P2, -P5, -P10, -P15,
and -P20, there were 5 � 105 cells in each well (in 12-well plates), and we
diluted each of the 6 virus stocks to 104 TCID50/ml and added at 100
�l/well to 36 wells in three 12-well plates (MOI � 0.002 TCID50/ml) and
then added 900 �l infection medium/well. For each virus, we subjected 1
of the 12-well plates to 33°C, 37°C, or 39°C. On each day (24, 48, 72, and
96 hpi), we collected supernatants from 3 wells at each temperature for
virus titration. The inocula were back titrated. Comparisons of the other
recombinant viruses were done similarly, with additional sample collec-
tions at 0 and 2 hpi. For comparison of FluMist/pH1N1-P2 and FluMist/
pH1N1-P20 in 10-day-old embryonated chicken eggs, 1,000 TCID50 of
virus was used for each egg. All virus titers were determined by TCID50

assay using MDCK cells.
Mouse experiments. Six-week-old female BALB/cJ mice (Jackson

Laboratory, Bar Harbor, ME) were anesthetized with isoflurane and inoc-
ulated intranasally with 25 �l MEM diluent containing 106 TCID50 of
rFluMist/pH1N1-P0, rFluMist/pH1N1-P20, rFluMist/pH1N1-P20_PA-
I366L, rFluMist/pH1N1-P20_NS2-E63G, or a pH1N1 virus or mock in-
oculated (15 mice/virus group). The rFluMist/pH1N1-P20_PA-I366L vi-
rus is the same as the rFluMist/pH1N1-P20 virus, except that it does not
contain the PA-L366I mutation; the rFluMist/pH1N1-P20_NS2-E63G vi-
rus is the same as the rFluMist/pH1N1-P20 virus, except that it does not
contain the NS2-G63E mutation; the pH1N1 virus is a recombinant 2009
H1N1 pandemic strain, A/New York/1682/2009, whose HA and NA are
replaced with those from the FluMist vaccine used in this study (A/CA/
07/2009 with mutations [53]). For each group, the body weights of 5 mice
were measured daily for 10 days, and clinical observations were recorded.
At 2 and 4 days postinfection (dpi), 5 mice from each group were eutha-
nized, and nasal washes were collected in 1 ml medium. Lungs (n � 4)
were homogenized in 1 ml medium and clarified by centrifugation. Nasal
wash and lung viral titers were determined by TCID50 assay. Immunohis-
tochemical (IHC) staining for influenza virus NP (antibody 05G; United
States Biological, Salem, MA) was performed on 3-�m lung sections by
the St. Jude Children’s Research Hospital Veterinary Pathology Core Fa-
cility.

Structural analysis. Temperature-sensitive mutations in the caAA60
virus and temperature-permissive mutations in the FluMist revertant

FIG 1 Generation of a FluMist/pH1N1 variant capable of replication at non-
permissive temperatures. (A) The FluMist/pH1N1 virus was passaged at grad-
ually elevated temperatures. (B) Maximal viral titers of FluMist/pH1N1-P2
and FluMist/pH1N1-P20 in MDCK cells (MOI � 0.002 TCID50/cell) at 33°C,
37°C, and 39°C (maximal titers were achieved at 2 dpi at all temperatures). (C)
Plaque sizes of FluMist/pH1N1-P2 and FluMist/pH1N1-P20 in MDCK cells at
33°C, 37°C, and 39°C. (D) Maximal viral titers of FluMist/pH1N1-P2 and
FluMist/pH1N1-P20 in embryonated chicken eggs (1,000 TCID50/egg) at
33°C and 39°C (maximal titers were achieved at 2 dpi at both temperatures). *,
P � 0.05 for FluMist/pH1N1-P20 compared to FluMist/pH1N1-P2 at corre-
sponding temperatures. The error bars represent SD.
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from this study were mapped to the bat influenza virus polymerase X-ray
structure (Protein Data Bank [PDB] ID 4WSB) and the A/WSN/33 NP
structure (PDB ID 3RO5). The mapped structures were visualized and
generated in PyMOL.

Statistics. Luciferase activity, virus titers, and mouse weights were
analyzed by using Student’s t test or analysis of variance (ANOVA) in
GraphPad Prism version 5.0 (GraphPad Software Inc., La Jolla, CA). The
standard deviation (SD) for each of the procedures is shown.

Accession number(s). The GenBank accession numbers for the as-
sembled consensus genome sequences of FluMist/pH1N1-P2, -P5, -P10,
-P15, and -P20 are KT383437 to KT383466.

RESULTS
FluMist/pH1N1 overcame temperature restriction. To test if the
licensed live attenuated influenza vaccine FluMist backbone could
maintain a stable phenotype under the experimental conditions,
the monovalent FluMist vaccine for the 2009 H1N1 pandemic
(FluMist/pH1N1) was passaged at gradually elevated tempera-
tures from 30°C to 39°C for 20 passages in MDCK cells (Fig. 1A).

In contrast to the parental stock virus, which underwent two pas-
sages postmanufacture at 30°C (FluMist/pH1N1-P2), the virus
that underwent 20 passages at higher temperatures (FluMist/
pH1N1-P20) overcame the replication restriction imposed by
higher temperatures (e.g., 39°C), replicated to high titers (107.5

TCID50/ml), and formed obvious plaques at the restrictive tem-
perature (39°C for FluMist/pH1N1) (Fig. 1B and C). This Flu-
Mist/pH1N1-P20 also replicated to high titers (107.3 TCID50/ml)
in 10-day-old embryonated chicken eggs at 39°C (Fig. 1D), indi-
cating that the robust replication of FluMist/pH1N1-P20 in
MDCK cells at 39°C was not due to host-specific adaptation, but
rather, it was a real reversion of the temperature-sensitive pheno-
type of FluMist/pH1N1.

Multiple compensatory mutations enhanced virus replica-
tion. To determine the genetic basis of the phenotypic reversion,
we analyzed the whole genomes of FluMist/pH1N1-P2, -P5, -P10,
-P15, and -P20 viruses using a next-generation-sequencing (NGS)
approach. Multiple mutations emerged gradually in the FluMist/
pH1N1 genome in the course of serial passages compared to the
caAA60 reference genome in GenBank (Table 1). Interestingly,
none of the new substitutions were reversions of the existing mu-
tations that are potentially responsible for the temperature-sensi-
tive phenotype of caAA60, including PB2-N265S; PB1-K391E,
-E457D, -E581G, and -A661T; PA-K613E and -L715P; NP-T23N
and -D34G; M2-A86S; and NS1-A153T (26, 27).

We then synthesized the complete genome of FluMist/
pH1N1-P2 using a rapid gene synthesis technology described pre-
viously (48, 49, 54), cloned it into the bidirectional reverse-genet-
ics vectors pBZ61A15 and pBZ61A18 (46, 50), and rescued the
recombinant virus rFluMist/pH1N1-P2. Based on the sequence
analysis (Table 1), we assumed that rFluMist/pH1N1-P0 had a
leucine at PA residue 366, as shown in the GenBank reference
sequence, so we reintroduced PA-I366L into rFluMist/pH1N1-P2
and rescued the rFluMist/pH1N1-P0 virus. PA-N350K and
NP-N125Y were introduced into rFluMist/pH1N1-P2 to rescue
rFluMist/pH1N1-P5. PB1-E51K was introduced into rFluMist/
pH1N1-P5 to rescue rFluMist/pH1N1-P10. PB1-I171V and NS2-
G63E were introduced into rFluMist/pH1N1-P10 to rescue
rFluMist/pH1N1-P15. Finally, NP-V186I was introduced into

TABLE 1 Mutations detected at different passages of FluMist

Reference
genea

Mutationb Frequencyc (%)

Nucleotide Amino acid P2 P5 P10 P15 P20

PB1 G175A E51K 98.9 98.5 99.4
PB1 A535G I171V 98.9 99.4
PA A618G Synonymous 98.1 99.0
PA T1074G N350K 49.7 98.9 98.8 98.1
PA C1120A L366I 99.7 99.4 99.5 99.3 99.5
NP A418T N125Y 93.2 99.7 99.5 99.6
NP G601A V186I 74.5
NS G686A G63E(NS2) 99.3 98.7
a The FluMist reference genome sequences used for comparison were as follows: PB2,
M23970; PB1, M23972; PA, M23974; NP, M23976; M, M23978; and NS, M23968. Only
the 6 FluMist backbone genes (PB2, PB1, PA, NP, M, and NS genes) were analyzed.
b Nonsynonymous mutations present in �10% of the viral population (frequency) are
listed; multiple synonymous mutations were also detected as early as P2, but only the
synonymous mutations absent in P2 are listed. The synonymous mutations detected in
P2 could be a result of the different caA/AA/60 master strains used by the vaccine
manufacturer and by the sequence depositor. We assumed they were irrelevant to the
reversion of the ts phenotype, since P2 was passaged only at 30°C.
c Frequency, the percentage of the viral population containing a specific mutation.

FIG 2 Generation of recombinant FluMist/pH1N1 and revertants and their replication kinetics. (A) Reverse-genetics generation of rFluMist/pH1N1-P0, -P2,
-P5, -P10, -P15, and -P20. The genome of rFluMist/pH1N1-P2 was synthesized entirely from oligonucleotides, and specific mutations were introduced into the
synthetic genome to generate the genomes for rFluMist-P0, -P5, -P10, -P15, and -P20. (B) Replication kinetics of recombinant rFluMist/pH1N1 variants at 33°C,
37°C, and 39°C. MDCK cells were infected at an MOI of 0.002 TCID50/cell, and the culture supernatants were collected at 24 h, 48 h, 72 h, and 96 h postinfection.
The 0-h titer shown is the back titer of the dilution used to inoculate all replicates for each virus. Viral titers were determined by TCID50 assay at 33°C. Significant
differences (*, P � 0.05) in viral titers compared to rFluMist-P0 are shown at select time points for select viruses. The error bars represent SD.
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rFluMist/pH1N1-P15 to rescue rFluMist/pH1N1-P20 (Fig. 2A).
The replication kinetics of the six rFluMist/pH1N1 viruses were
compared at different temperatures. At 33°C, all the viruses
showed similar replication kinetics, whereas the results from 37°C
and 39°C suggested a gradually increased ability of the viruses to
replicate at restrictive temperatures: P0 and P2 � P5 � P10 � P15
and P20 (Fig. 2B). Therefore, the ts phenotypic reversion of Flu-
Mist/pH1N1 was accomplished by sequential selection of com-
pensatory mutations at restrictive temperatures.

Phenotypic reversion was multimechanistic, with both addi-
tive and synergistic effects. Since most of the mutations were in
the PB2, PB1, PA, and NP genes, we were able to use a minige-
nome replication assay to sensitively assess the effects of specific
mutations on polymerase activity at various temperatures (45). In
transfected 293T cells, PB1-E51K, PB1-I171V, and PA-N350K
dramatically increased the polymerase activity at 39°C, whereas
the effects were less pronounced at 33°C and 37°C (Fig. 3). At all
temperatures, NP-N125Y and NP-V186I had minimal effects on
polymerase activity, and surprisingly, PA-L366I inhibited poly-
merase activity (Fig. 3).

We then rescued rFluMist/pH1N1 viruses with various amino
acid substitutions to determine the changes (Table 1) responsible
for the phenotypic reversion. Interestingly, although PB1-E51K,
PB1-I171V, and PA-N350K dramatically increased the polymer-
ase activity at restrictive temperatures (Fig. 3), none of these sub-
stitutions alone had any detectable effects on the generation of
progeny virus (Fig. 4). Even the combination of the PB1-E51K-
I171V and PA-N350K substitutions was not sufficient to substan-
tially overcome the ts phenotype at 39°C (Fig. 4). However, when
NP-N125Y and NP-V186I were also added to the PB1 and PA
substitutions, the recombinant virus was no longer ts (Fig. 4). The
NP reversion substitutions (NP-N125Y and NP-V186I) in the ab-
sence of other substitutions did not show an effect on the ts phe-
notype (Fig. 4). This result clearly indicates a synergistic effect
between the polymerase and the NP genes (e.g., Fig. 4, compare
the replication of NPP20, PB1P20/PAP20, and PB1P20/PAP20/NPP20

viruses at 39°C). Taken together, the data indicate that the ts phe-
notypic reversion substitutions are both additive and synergistic
and that viral replication at higher temperatures is accomplished
by both the increased viral RNA polymerase activity (e.g., PB1
mutations) and mechanisms unrelated to polymerase activity
(e.g., NP mutations).

Revertant viruses obtained increased virulence. To deter-
mine whether the ts phenotypic reversion in vitro results in the
reversion of the attenuation phenotype of FluMist/pH1N1 in vivo,
the pathogenicities of selected recombinant caAA60 viruses were
compared in 6-week-old BALB/cJ mice. While the two viruses had
similar replication efficiencies in mouse nasal washes, rFluMist/
pH1N1-P20 replicated to significantly higher titers than the pa-
rental rFluMist/pH1N1-P0 virus in mouse lungs, where the tem-
perature is higher (Fig. 5A and B). Additionally, rFluMist/pH1N1-
P20-infected mice had increased NP staining in their lungs
compared to mice infected with the parental virus (Fig. 5C). In
addition to increased viral replication in the lungs, rFluMist/
pH1N1-P20-infected mice also showed significant weight loss
(Fig. 5D). The disease severity (based on replication and weight
loss) caused by rFluMist/pH1N1-P20 was similar to that caused by
pH1N1 expressing the same HA and NA (Fig. 5).

The PA-L366I mutation exists in the FluMist/pH1N1-P2 pop-
ulation but does not exist in the caAA60 GenBank reference se-

quence. It inhibited polymerase activity (Fig. 3) and reduced virus
replication (Fig. 4). To examine the influence of PA-L366I on
the attenuation of FluMist/pH1N1 in vivo, we introduced the
PA-I366L substitution into the rFluMist/pH1N1-P20 virus, and
the resultant virus (rFluMist/pH1N1-P20_PA-I366L) replicated
more efficiently in mouse lungs and caused greater weight loss
than rFluMist/pH1N1-P20 (Fig. 5). In total, these results suggest
that the PA-L366I mutation may be an inhibitory mutation at
higher temperatures and is unlikely to contribute to the pheno-
typic reversion demonstrated by FluMist/pH1N1-P20.

The mouse model also allowed us to determine that the NS2-
G63E mutation does not contribute to the increased virulence
of rFluMist/pH1N1-P20. When we introduced NS2-E63G into
the rFluMist/pH1N1-P20 virus, the resultant rFluMist/pH1N1-

FIG 3 Effects of mutations on FluMist polymerase activity at 33°C, 37°C, and
39°C. A minigenome replication assay was performed by cotransfection of
luciferase reporter plasmids and wild-type or mutant PB2, PB1, PA, and NP
plasmids into 293T cells and incubation at the indicated temperatures. The
luciferase activities were determined after 12 h, and the activities of mutants
were expressed relative to the activity of the wild-type FluMist/pH1N1-P0
(1-fold). *, P � 0.001 compared to the polymerase activity of FluMist/pH1N1-
P0. The error bars represent SD.
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P20_NS2-E63G virus showed a level of virulence similar to that of
the rFluMist/pH1N1-P20 virus (Fig. 5).

DISCUSSION

Although many preclinical and clinical studies have proven that
the caAA60 backbone of FluMist influenza A vaccines is pheno-
typically very stable, our study demonstrated that the caAA60
vRNA backbone can still undergo phenotypic reversion to gener-
ate a virus that can replicate at high temperature and is no longer
attenuated in mice. To understand the molecular mechanisms of
the reversion, we used NGS to analyze different passages of Flu-
Mist/pH1N1, which illustrated the dynamics of the emergence of
mutations and characterized the roles specific substitutions play
in the phenotypic reversion of the caAA60 backbone of FluMist

influenza A virus vaccines. Many interesting questions arise from
this study, and more in-depth analyses of other FluMist vaccine
strains and their revertants in future studies are likely to provide
more insights into the basic mechanisms of virus attenuation and
reversion.

Multiple mutations emerged in the cold adaptation of wild-
type AA60 to caAA60 (26), and therefore, it is not surprising that
multiple mutations also emerged during the reversion of the ts
phenotype of FluMist/pH1N1 (Table 1). What is surprising is that
none of the new substitutions are genetic reversions that occur at
the preexisting caAA60 mutation loci, illustrating the large genetic
flexibility and various strategies that influenza viruses use to adapt
to a new environment.

Previous studies suggested that the ca, ts, and att phenotypes

FIG 4 Effects of mutations on the replication of recombinant rFluMist/pH1N1 variants at 33°C, 37°C, and 39°C. MDCK cells were infected at an MOI of 0.002
TCID50/cell, and the culture supernatants were collected at 0, 2, 24, 48, 72, and 96 h postinoculation. Viral titers were determined by TCID50 assay at 33°C. The
superscript P20 indicates the mutations found in P20. For instance, PB1P20 designates the virus that contains the PB1-E51K and PB1-I171V double mutation with
all the other genes the same as in rFluMist/pH1N1-P0. PB1P20/PA-N350K/NPP20/NSP20 designates the virus that is the same as rFluMist/pH1N1-P0 except that
it also contains PB1-E51K, PB1-I171V, PA-N350K, NP-N125Y, NP-V186I, and NS2-G63E mutations. All the replication kinetics assays were performed in one
experiment so that the titers could be compared to each other directly. The viruses were separated into two groups at each temperature for clarity of the graphs.
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are determined by sets of different but overlapping amino acid
substitutions. Our study shows that the mutations responsible for
the reversion of ts phenotype are also sufficient to revert the att
phenotype of FluMist/pH1N1 in mice, resulting in lung viral titers
and body weight loss similar to that caused by a pandemic H1N1
virus expressing the same HA and NA (Fig. 5). Interestingly, un-
like most of the ts mutations that increased polymerase activity at
elevated temperatures, the two residue changes in NP did not
affect the viral RNA polymerase activity at any of the temperatures
tested (Fig. 3), suggesting that multiple genes with different mech-
anisms relevant to polymerase activity (e.g., PB1 mutations) or
irrelevant to polymerase activity (e.g., NP mutations) acted addi-
tively and synergistically to revert the ts and att phenotype of
FluMist/pH1N1 to that of a wild-type virus. For example, the Flu-
Mist-P5 virus with the PA-N350K and NP-N125Y mutations rep-

licated to moderate titers at 39°C (Fig. 2), but the rFluMist/pH1N1
viruses with only one of the mutations were completely inhibited
at 39°C (Fig. 4, viruses PA-N350K and NP-N125Y). In addition,
we speculate that both the NP-N125Y and -V186I changes are
beneficial to the ts and att phenotypic reversion, because rFluMist/
pH1N1 expressing both changes replicated a little better than vi-
ruses with individual NP changes (Fig. 4, compare NP-N125Y,
NP-V186I, and NPP20).

The FluMist/pH1N1 P0 stock was not available for sequencing,
so we compared the P2 sequence to the caAA60 sequences re-
trieved from GenBank and detected the PA-L366I mutation. We
originally assumed the PA-L366I mutation emerged in the P0 to
P2 passages. However, the PA-L366I mutation appears to be in-
hibitory to the virus at all temperatures in vitro (Fig. 3) and restric-
tive to the virus in vivo (Fig. 5B and D). Although the effect is not
significant in a comparison of P0 and P2, both of which are se-
verely ts and att, it is more obvious in viruses that have already
reverted the ts phenotype (e.g., Fig. 4, compare PB1P20/PA-
N350K/NPP20/NSP20 and PB1P20/PAP20/NPP20/NSP20 at 39°C).
Therefore, we speculated that PA-L366I may also exist in the Flu-
Mist/pH1N1 aliquot (P0) distributed for vaccination. To confirm
this, we used Illumina MiSeq to sequence an unpassaged trivalent
FluMist vaccine of the 2010-2011 influenza season, in which the
H1N1 vaccine strain is the same as the pH1N1 monovalent vac-
cine used for the current study (A/California/7/2009). Interest-
ingly, PA-L366 (44%) and PA-I366 (56%) coexisted in that stock.
The PA-L366I substitution seen in the 2009-2010 and 2010-2011
FluMist vaccines may have existed in the master donor strain plas-
mids used for generation of the reassortment seed virus or may
have occurred in the manufacturing process (40). In any case, five
amino acid substitutions (PB1-E51K, PB1-I171V, PA-N350K,
NP-N125Y, and/or NP-V186I) are sufficient to revert the ts and
att phenotypes of FluMist/pH1N1.

We mapped polymerase mutations onto the PDB ID 4WSB
crystal structure (Fig. 6) and NP substitutions onto PDB ID 3RO5
(not shown). All of the amino acid substitutions from the FluMist
revertant, except for NP-I186, are on the surfaces of the protein
subunits (PB1-K51 and -V171, PA-K350 and -I366, and NP-
Y125). Intriguingly, PB1-171V is in the interface between the PB1
and PA subunits, and this position may have a role in intermolec-
ular interaction and/or polymerase activity. The original temper-
ature-sensitive mutation PB1-A661T appears to be in a region
where PB1 and PB2 interact. While the temperature-sensitive
PB1-K391E substitution and the temperature-permissive PB1-
E51K are far apart in the linear sequence, they appear to be prox-
imal in the protein structure (Fig. 6). Furthermore, there is a basic
(K) to an acidic (E) residue change in the original ts virus, whereas
the revertant displays an acidic (E)-to-basic (K) substitution in
this region, which suggests that the region may be involved in
interactions with other viral or host proteins. The potential roles
of these reversion substitutions are elusive, and their discovery is
further complicated by the lack of high-resolution structures de-
picting the interactions between the polymerase and NP proteins.
For instance, the PA-N350K and NP-N125Y mutations are the
two earliest mutations that emerged in the adaptation (Table 1,
P5), and they may interact directly or indirectly to affect the poly-
merase activity and virus replication.

In conclusion, this study proved that the widely used live at-
tenuated influenza A virus vaccine backbone in FluMist has the
potential to become a virulent virus under specific conditions.

FIG 5 Replication and pathogenicity of rFluMist/pH1N1 and variants in
mice. Six-week-old BALB/cJ mice were intranasally inoculated with 106

TCID50 of the indicated viruses. (A and B) Nasal washes (A) and lungs (B) were
collected at 2 and 4 dpi, and viral titers were determined by TCID50 assay at
33°C. (C) IHC assays were performed on mouse lungs. (D) Mouse weights
were recorded daily through 10 dpi. The weights on each day were expressed as
percentages of the weights at 0 dpi (100%). P0, rFluMist/pH1N1-P0; P20,
rFluMist/pH1N1-P20. P20_PA-I366L is the same as P20 except that it does not
contain the PA-L366I mutation; P20_NS2-E63G is the same as P20, except that
it does not contain the NS2-G63E mutation; pH1N1 is a recombinant 2009
H1N1 pandemic strain A/New York/1682/2009 whose HA and NA are re-
placed with those from the FluMist vaccine used in this study (A/CA/07/2009
with mutations). Significant differences (*, P � 0.05) in viral titers compared
to rFluMist/pH1N1-P0 are shown in panels A and B, and the first day showing
a significant difference (*, P � 0.05) in weight loss compared to rFluMist/
pH1N1-P0 is shown in panel D. The error bars represent SD.
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Although under current recommendations infants and immuno-
compromised individuals should not take the vaccine, it may be
administered to immunocompromised individuals who have not
yet been diagnosed. In such an unusual scenario, the caAA60
backbone in FluMist could undergo prolonged replication in the
individual to accumulate substitutions leading to increased repli-
cation and shedding (55, 56), which could lead to transmission to
another person and further selection. Therefore, the phenotypic
and genetic stability of LAIVs during and after massive vaccina-
tion should be closely monitored to ensure vaccine safety. Mean-
while, there are many strategies to further improve the safety of
LAIVs, and research on this front is very important. For instance,
additional ts mutations identified in other studies can be incorpo-
rated into the LAIVs (45); non-ts but att mutations, such as NS1
truncations (actually, PA-L366I may also fall into this category),
can also be combined with the ts mutations to create additional
layers of safety.
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