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ABSTRACT

The threat of future influenza pandemics and their potential for rapid spread, morbidity, and mortality has led to the develop-
ment of pandemic vaccines. We generated seven reassortant pandemic live attenuated influenza vaccines (pLAIVs) with the hem-
agglutinin (HA) and neuraminidase (NA) genes derived from animal influenza viruses on the backbone of the six internal pro-
tein gene segments of the temperature sensitive, cold-adapted (ca) A/Ann Arbor/60 (H2N2) virus (AA/60 ca) of the licensed
seasonal LAIV. The pLAIV viruses were moderately to highly restricted in replication in seronegative adults; we sought to deter-
mine the biological basis for this restriction. Avian influenza viruses generally replicate at higher temperatures than human in-
fluenza viruses and, although they shared the same backbone, the pLAIV viruses had a lower shutoff temperature than seasonal
LAIV viruses, suggesting that the HA and NA influence the degree of temperature sensitivity. The pH of HA activation of highly
pathogenic avian influenza viruses was greater than human and low-pathogenicity avian influenza viruses, as reported by others.
However, pLAIV viruses had a consistently higher pH of HA activation and reduced HA thermostability compared to the corre-

sponding wild-type parental viruses. From studies with single-gene reassortant viruses bearing one gene segment from the
AA/60 ca virus in recombinant H5N1 or pH1N1 viruses, we found that the lower HA thermal stability and increased pH of HA
activation were associated with the AA/60 M gene. Together, the impaired HA acid and thermal stability and temperature sensi-
tivity likely contributed to the restricted replication of the pLAIV viruses we observed in seronegative adults.

IMPORTANCE

There is increasing evidence that the HA stability of influenza viruses depends on the virus strain and host species and that HA
stability can influence replication, virulence, and transmission of influenza A viruses in different species. We investigated the HA
stability of pandemic live attenuated influenza vaccine (pLAIV) viruses and observed that the pLAIV viruses consistently had a
less stable HA than the corresponding wild-type influenza viruses. The reduced HA stability and temperature sensitivity of the
PLAIV viruses may account for their restricted replication in clinical trials.

Waterfowl and shorebirds are the reservoir of influenza A vi-
ruses in nature and are the pool from which pandemic in-
fluenza viruses arise (1, 2). Influenza A viruses are classified into
subtypes based on the surface glycoproteins hemagglutinin (HA;
18 subtypes) and neuraminidase (NA; 11 subtypes), and influenza
viruses with different combinations of these HA and NA proteins
have been identified in birds (1-3). Avian influenza viruses may be
transmitted to domestic birds and poultry, as well as a number of
mammalian species, including swine, horses, dogs, and humans
(1, 2, 4). Avian influenza viruses can be introduced into the hu-
man population after reassortment with circulating influenza A
viruses or by directly infecting humans (1, 2). Influenza pandem-
ics occur after transmission of animal influenza viruses to humans
and if the viruses bearing novel HAs are able to spread from per-
son to person (1, 2, 4).

It is not possible to predict when the next influenza pandemic
will occur, or which influenza virus subtype will cause it. Within
the past 2 decades, the cross-species transmission of a number of
avian influenza viruses of low (H9N2, H7N2, H7N3, and H7N7)
and high (H5N1, H7N3, and H7N7) pathogenicity into humans
has caused infections of varying severity (5-10). This list now
includes the recently emerged H7N9 influenza A virus outbreak in
China (11). Thus, it is critical that strategies are developed to pre-
vent or control future influenza pandemics caused by the intro-

12374 jviasm.org

Journal of Virology p. 12374-12384

duction of novel influenza A viruses into the human population.
Vaccines are the most effective strategy to prevent or lessen the
severity of influenza.

Seasonal live attenuated influenza vaccine (LAIV) viruses
are reassortant viruses that contain six genes from a cold-
adapted (ca), temperature-sensitive (ts), attenuated (att) mas-
ter donor virus (A/Ann Arbor/6/1960) (AA/60 ca) and the HA
and NA glycoproteins of the wild-type (wt) virus to which the
immune response is targeted (12—17). These vaccines are safe,
infectious, immunogenic, nontransmissible, genetically stable,
and efficacious (15-17).

Our laboratory in collaboration with MedImmune is exploring
the utility of LAIVs as a strategy to protect against influenza vi-
ruses of pandemic potential using the AA/60 ca backbone of the
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licensed seasonal LAIVs because these seasonal vaccines are safe
and highly effective. Thus far, we have generated and evaluated
vaccines against seven different influenza virus subtypes in pre-
clinical studies and phase I clinical trials in healthy adults (18-29).
Although they replicated and were immunogenic and efficacious
in mice and ferrets, the pandemic LAIV (pLAIV) viruses did not
replicate efficiently in seronegative healthy adults (18-22), al-
though some of the pLAIV viruses (e.g., HON2 and H7N3) in-
duced a robust immune response in vaccinees (21, 22).

Recent studies suggest that avian and human HAs differ in the
pH of HA activation and thermal stability (30). The pH of HA
activation can regulate the replication and virulence of influenza
viruses in the environment and in different species (31-39), and it
has been suggested that the pH of HA activation of H5 influenza
viruses may play a role in the reduced infectivity of a highly patho-
genic avian influenza (HPAI) vaccine virus in humans (40). The
impact of HA stability and the pH of HA activation on replication
of the reassortant AA/60 ca-based pLAIV viruses is currently un-
known.

The purpose of this study was to explore explanations for the
restricted replication observed with the pLAIV viruses in the phase
I clinical trials. We evaluated 12 pairs of wt and ca influenza vi-
ruses representing seven subtypes derived from human-, avian-,
and swine-origin influenza viruses to compare their temperature
shutoff, pH of HA activation, and thermal stability. We found that
the pLAIV viruses consistently exhibited lower HA thermal stabil-
ity and increased pH of HA activation that was associated with the
AA/60 M gene.

MATERIALS AND METHODS

Viruses. The pairs of wt and ca influenza A viruses used in the present
study included the following strains: A/California/7/09 (CA/09)
(pHIN1), A/California/10/78 (CA/78) (HIN1), A/Ann Arbor/6/60 (AA/
60) (H2N2), A/swine/Missouri/4296424/06 (sw/MO/06) (H2N3), A/Pan-
ama/99 (PA/99) (H3N2), A/Washington/897/80 (WA/80) (H3N2),
A/Hong Kong/213/03 (HK/03) (H5N1), A/Vietnam/1203/04 (VN/04)
(H5N1), A/teal/Hong Kong/W312/97 (teal/HK/97) (H6N1), A/chicken/
British Columbia/CN-6/04 (BC/04) ca and A/chicken/British Columbia/
CN-7/04 (wt) (H7N3), A/Netherlands/219/03 (NL/03) (H7N7), and
A/chicken/Hong Kong/G9/97 (ck/HK/G9/97) (HIN2).

Teal/HK/97 was obtained from the influenza virus repository at St.
Jude Children’s Research Hospital, Memphis, TN. BC/CN-7/04 was pro-
vided by John Pasick, Canadian Food Inspection Agency, Winnipeg, Can-
ada. HK/03, VN/04, NL/03, and CA/09 were provided by Nancy Cox and
Alexander Klimov, Influenza Division, Centers for Disease Control and
Prevention. Sw/MO/06 was provided by Juergen Richt (formerly Agricul-
tural Research Service, USDA, Ames, IA). AA/60 was provided by MedIm-
mune (Mountain View, CA). The ca viruses were derived as previously
described and were manufactured and provided by MedImmune (23-29).
The HA sequences of the reverse genetics derived ca viruses were identical
to the wt virus sequences.

All viruses were propagated in the allantoic cavity of 9- to 11-day-old
embryonated specific-pathogen-free hen’s eggs. The wt and ca viruses
used in the present study were passaged fewer than four times. Eggs inoc-
ulated with wt or ca viruses were incubated at 35 or 33°C, respectively.
Allantoic fluid was harvested at 48 to 72 h postinoculation for all seasonal
and low-pathogenicity avian and swine wt and ca viruses and 24 h after
inoculation for highly pathogenic avian influenza viruses. The viruses
were tested for hemagglutinating activity and stored at —80°C until use.
The titer of each virus was determined with serial dilutions of virus in
MDCK cells, and the 50% tissue culture infectious dose (TCIDs,) was
calculated by the method developed by Reed and Muench (41).
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SGR viruses. Reassortant viruses were generated by using the eight-
plasmid reverse genetics system (29, 42). The single-gene reassortant
(SGR) viruses were generated by reverse genetics, by cotransfecting seven
plasmids derived from either the VN/04 or CA/09 wt viruses and one of
the six AA/60 ca internal gene plasmids or the AA/60 wt M gene plasmid
into cocultured 293T and MDCK cells. The HA and NA sequences of the
SGR viruses were confirmed by sequencing viral RNA.

Temperature shutoff plaque assay. MDCK cells cultured to 100%
confluence in six-well plates were inoculated with 100 .l of the wt and ca
influenza viruses that were 10-fold serially diluted in L-15 medium from
10~" to 10~ % The inoculum was incubated with the cells for 1 h at room
temperature on a rocker. After 1 h, 3 ml of 2X L-15 media (supplemented
with 1 M HEPES buffer, 7.5% NaHCO3, 200 mM L-glutamine, antibiotic/
antimycotic, 0.5% phenol red) in an equal volume of 1.6% agarose
(SeaKem) was added to each well, and the samples were left for 5 to 10 min
until the agarose had hardened. The cell culture plates were then placed in
weighted, water-tight metal containers and submerged in large water
baths for 4 days at various temperatures (32, 35, 36, 37, 37.5, 38, 38.5, and
39°C). The temperature accuracy of the water baths is =0.01°C. The plates
were removed, the monolayers were stained with 0.8% crystal violet
(Sigma), the plaques were counted, and the titers were expressed in PFU.
The temperature shutoff was defined as the temperature at which at least
a 100-fold reduction in PFU titer was observed compared to the titer at the
permissive temperature of 32°C.

Activation pH syncytium assay. The syncytium assay was performed
as previously described (35-37). Briefly, Vero cells grown in six-well plates
at 37°C were inoculated with the wt and ca viruses at a multiplicity of
infection of 3. After 3 h, the monolayer was treated with trypsin and
overlaid for 5 min with 100 pl of 0.1 M MES (2-(N-morpholino)ethane-
sulfonic acid) pH buffers from pH 4.9 to 6.0 (Hampton Research) with a
0.1 pH unit resolution. The buffer was neutralized using Dulbecco mod-
ified Eagle medium supplemented with 10% fetal bovine serum and 1%
glutamine, and cells were incubated at 37°C for an additional 2 h. The cells
were fixed and stained with a Hema 3 stat pack staining kit according to
the manufacturer’s protocol. The presence or absence of syncytium for-
mation (three or more nuclei within a multinucleated cell) was observed
under the microscope, and the highest pH at which syncytium formation
was seen was recorded.

Hemolysis assay. The hemolysis assay was performed as previously
described (43). Briefly, viruses that were standardized to 128 HA units/50
wl were diluted 1:4 in a 1% human red blood cell (hRBC) suspension
(Siemens) and then incubated on ice for 1 h. The erythrocytes were pel-
leted by centrifugation (72 X g for 10 min), and the supernatant was
removed. Next, 200 pl of 0.1 M MES pH buffers from pH 4.9 to 6.0
(Hampton Research) in 0.1-U increments were added and incubated for 1
hat37°C. The suspension was centrifuged again to pellet the hRBCs, 50 pl
of the supernatant was transferred to 96-well plates (three replicates for
each pH value), and the optical density was measured at 405 nm to mea-
sure the amount of hemoglobin released by hemolysis induced by virus-
cell fusion. The reported results are means * the standard deviations (SD)
of three replicates at the indicated pH value.

Thermostability assay. A previously described protocol was followed
(44). Briefly, the wt and ca viruses were standardized to 128 HA units by
diluting stock viruses in phosphate-buffered saline (PBS). The viruses
were then incubated at 50°C in a water bath for various time intervals (0,
15, 30, 60, 120, 180, and 240 min). Next, 100 pl of heat treated virus was
transferred to 96-well plates in quadruplicate and 2-fold serially diluted in
50 wl of PBS. The hemagglutination activity was tested by adding 50 pl of
0.5% turkey RBCs to each well, followed by incubation for 45 min to 1 hat
room temperature. In separate experiments, the residual viral infectivity
after heat treatment at 50°C was determined by titration on MDCK cells.

Statistical analysis. The significance of difference between any two
groups was assessed by a nonparametric Mann-Whitney test using Prism
(GraphPad Software). P values of <0.05 are considered significant.
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TABLE 1 pH of HA activation of wild-type and cold-adapted viruses

o
=

Species of pH of HA
Virus origin Subtype wt or ca 5.0 5.1 5.2 5.4 5.6 5.8 6.0 activation
CA/09 Swine pHINI wt + + + - - - - 52
ca + + + + - - - 5.4
CA/78 Human HINI1 wt + + - - - - - 5.1
ca + + + + - - - 5.4
AA/60 Human H2N2 wt + + + - - - - 5.2
ca + + + + - - - 5.4
sw/MO/06 Swine H2N3 wt + + - - - - - 5.1
ca + + + + - - - 5.4
WA/80 Human H3N2 wt + - - - - - - 5.0
ca + + + + - - - 5.4
PA/99 Human H3N2 wt + + - - - - - 5.1
ca + + + + - - - 5.4
HK/03 Avian HPAI H5N1 wt + + + + + - . 5.6
ca + + + + + + - 5.8
VN/04 Avian HPAT” H5N1 wt + + + + + - - 5.6
ca + + + + + + - 5.8
teal/HK/97 Avian LPAI H6N1 wt + + + - - - - 5.2
ca + + + + + - - 5.6
NL/03 Avian HPAI” H7N7 wt + + + + + + - 5.8
ca + + + + + + + 6.0
ck/CN-7/BC/04 Avian HPAT” H7N3 wt + + + + + - - 5.6
ca + + + + + + - 5.8
ck/HK/G9/97 Avian LPAI HON2 wt + + + + - - 5.4
ca + + + + + - - 5.6

“ + or — indicates the presence or absence of syncytia, respectively.

¥ The wt viruses were HPAI viruses; their ca counterparts were genetically modified by removing the multibasic cleavage site or were derived from highly related LPAI viruses.

RESULTS

Cold-adapted viruses exhibit lower HA acid stability and ther-
mostability than those of wt viruses. The pH of HA activation is
the pH at which the HA protein undergoes an irreversible confor-
mational change that facilitates fusion of the viral envelope with
the endosomal membrane (45, 46). The pH of HA activation dif-
fers between influenza virus subtypes and strains, ranging from
approximately pH 4.6 to pH 6.0 (30, 47). The pH of HA activation
was determined for all of the wt and ca virus pairs to evaluate
whether differences existed in the activation pH of the HA pro-
teins of the wt viruses and their ca counterparts and among the
pLAIVsrepresenting different influenza virus subtypes. The pH of
HA activation was calculated by identifying the highest pH at
which syncytium formation was observed in influenza virus-in-
fected cells.

Human and low-pathogenicity avian influenza (LPAI) wt vi-
ruses had a pH of HA activation that ranged from 5.0 to 5.4, while
the H5 and H7 HPAI viruses had a pH of HA activation ranging
from 5.6 to 5.8 (Table 1). These results are consistent with previ-
ous reports (35-37). For each pair of viruses, the pH of HA acti-
vation of the ca virus exceeded that of its wt counterpart by at least
0.2 pH units (Table 1). The overall difference between the 12 wt
and ca viruses was statistically significant (P < 0.05), as was the
difference between each wt and ca virus pair. Thus, ca viruses were
less acid stable than wt viruses.

The pH of HA activation was also determined for each virus by
a hemolysis assay in which release of hemoglobin is measured
when the virus fuses with red blood cells at the pH of HA activa-
tion. Hemolysis occurred at a higher pH in the ca viruses com-
pared to their wt counterparts, confirming the results of the syn-
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cytium assay (Fig. 1) that ca viruses are less acid stable than wt
viruses.

Heat treatment of influenza viruses at a neutral pH can induce
the fusogenic form of the HA protein, allowing the use of a ther-
mostability assay as a measure of HA stability (40, 48, 49). wt and
ca viruses were incubated at 50°C for various durations, after
which the loss of hemagglutination activity was determined. The
HA titer of the ca viruses decreased more rapidly than that of the
wt viruses, suggesting that the HA protein of the ca viruses has
lower thermal stability than corresponding wt viruses (Fig. 2). The
effect of incubation at 50°C for various durations on viral infec-
tivity was also evaluated for selected viruses to determine whether
the loss in hemagglutinating activity was associated with a func-
tion of the HA. The CA/09, PA/99, VN/04, teal/HK/97, BC/04,
NL/03, and ck/HK/G9/97 wt and ca viruses were incubated at
50°C as described above, and residual virus titers were deter-
mined. The kinetics of the loss of infectivity and loss of HA activity
of these viruses were similar (Fig. 3). Overall, these assays demon-
strate that the HAs of ca viruses are less acid and heat stable than
the HA of the corresponding wt viruses.

The AA/60 M gene confers decreased HA stability. With the
exception of the ca H5N1, H7N3, and H7N7 pLAIV viruses, in
which the multibasic amino acid motif in the connecting peptide
of the HA of the highly pathogenic wt viruses was deleted, the HA
proteins for each pair of wt and ca viruses were identical. Thus, the
decreased stability of the HA protein is not likely to be due to
changes in the HA. Instead, it is likely that a functional relation-
ship between the HA and one or more of the AA/60 ca internal
protein genes determines the decreased HA stability. Therefore,
we sought to identify which AA/60 ca internal protein gene(s) was
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FIG 1 pH of HA activation of wt and ca viruses as determined by hemolysis. The amount of hemoglobin released by hemolysis induced by virus-cell fusion was
measured to calculate the pH of HA activation for pairs of wt and ca viruses. For each graph, the solid lines represent the wt viruses, and the dotted lines represent
the ca viruses. The results shown indicate means * the SD of three replicates at the indicated pH value. OD, optical density.

responsible for the decreased HA stability of these viruses. SGR
viruses were constructed that were comprised of seven genes from
the CA/09 wt or VN/04 wt virus and a single internal protein gene
from the AA/60 ca virus. A VN/04 SGR virus expressing the AA/60
ca PB2 gene alone could not be rescued, so a virus expressing both
PB1 and PB2 genes of AA/60 ca was generated, and this was com-
pared to the VN/04 wt-AA/60 ca PB1 virus to identify potential
effects of the AA/60 ca PB2 gene.

The pH of HA activation was determined for all of the CA/09
wt and VN/04 SGRs with the syncytium assay (Table 2). In both
cases, the introduction of the AA/60 ca M gene into the wt virus
resulted in decreased HA acid stability to the same extent as that of
the VN/04 and CA/09 pLAIV viruses bearing all six internal pro-
tein genes of the AA/60 ca virus (Table 2). However, the other five
internal protein genes of the AA/60 ca virus appeared to have no
effect on the pH of HA activation (Table 2). These results suggest
that the introduction of the AA/60 ca M gene alone can cause an
increase in the pH of HA activation, resulting in decreased HA
acid stability.

Next, we determined whether the decreased HA acid stability
observed with the introduction of the AA/60 ca M gene was due to
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a constellation effect of a gene from the AA/60 virus in the back-
ground of the CA/09 or VN/04 viruses, the presence of the single
coding mutation within the M gene of the AA/60 ca virus, or both
by using previously constructed VN/04 reassortant viruses (50) on
AA/60 wt or ca backbones. We explored this possibility because
the phenotype associated with any influenza virus gene segment
may be altered when it occurs in the context of a different set of
associated gene segments in a reassortant influenza virus due to
interactions between gene segments. These gene constellation ef-
fects can be separate from the effect of point mutations and may
ameliorate or enhance the latter. The presence of the AA/60 wt
backbone resulted in a slight increase in the pH of HA activation
(0.1 pH units) compared to that for the VN/04 wt virus, while the
presence of the AA/60 ca backbone resulted in a larger increase in
the pH of HA activation (at least 0.2 pH units), likely due to the
presence of the AA/60 M gene (Table 3). The presence or absence
of the multibasic cleavage site had no apparent effect on the HA
acid stability of the VN/04 recombinant viruses. The results with
the VN/04 reassortants suggest that both the presence of the
AA/60 wt M gene and the mutation in the AA/60 ca M gene affect
the pH of HA activation.
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FIG 2 HA protein thermal stability of wt and ca viruses. The hemagglutination activity (HA titer) was measured for pairs of wt and ca LAIV viruses that were
incubated at 50°C for various time intervals. For each graph, the solid lines represent the wt viruses, and the dotted lines represent the ca viruses. The HA titers

shown indicate means = the SD of three replicates at the indicated time points.

These results were confirmed using the AA/60 wt M and
AA/60 ca M SGR viruses (Table 4). For the VN/04 viruses, the
presence of the AA/60 wt M gene resulted in an increase of 0.3
U in the pH of HA activation, while the introduction of the
AA/60 caM gene resulted in a larger increase of 0.4 U (Table 4).
For the CA/09 viruses, an increase of 0.1 U occurred after the
introduction of the AA/60 wt M gene and 0.2 U with the AA/60
ca M gene (Table 4). These results were confirmed by a hemo-
lysis assay (data not shown). Together, these results suggest
that the decreased HA stability observed with the ca viruses is a
result of a constellation effect with a further contribution from
the presence of the point mutation at nucleotide 969, resulting
in an Ala-to-Ser change at amino acid residue 86 of the M2
gene, in the AA/60 ca M gene.

Animal-origin ca viruses (pLAIV viruses) have a lower shut-
off temperature than human-origin ca viruses. The presence of
ca and ts mutations in the internal gene segments of the AA/60
ca-based LAIV viruses permits efficient virus replication at 32 or
33°C but shuts off viral replication at 39°C (51, 52). This restricts
replication of the LAIV virus primarily to the upper respiratory
tract, where temperatures are cooler, and this is believed to con-
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tribute to the attenuation of the vaccine virus in humans (15, 51,
53, 54). The exact shutoff temperatures for the pLAIV viruses were
not known, nor were differences in shutoff temperatures among
influenza viruses of different subtypes or different origins. Our
aim was to see whether pLAIV viruses that were restricted in rep-
lication in adults had a different shutoff temperature than sea-
sonal LAIV viruses.

To identify differences, plaque assays were performed to mea-
sure virus titers at several temperatures between 32 and 39°C. The
shutoff temperatures are summarized in Table 5. As expected, all
of the ca viruses were restricted in replication at 39°C, while the wt
viruses replicated efficiently (Table 5). However, differences were
observed among the different ca viruses. Cold-adapted pLAIV vi-
ruses bearing a swine-orgin (H2N3) or avian-origin (H5, H6, H7,
and H9 viruses) HA had a lower shutoff temperature of 37.5°C
than that for ca viruses with a human-origin HA (HIN1, H2N2,
and H3N2), which exhibited a shutoff temperature of 38 or 39°C.
Moreover, all of the human-origin ca viruses, except PA/99, had
some plaques at 39°C, suggesting that these viruses are able to
replicate to some degree at 39°C. In contrast, plaques were not
seen at temperatures above 37.5°C for swine- and avian-origin ca
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FIG 3 Comparison of the effect of heat treatment on viral infectivity and HA. The viral infectivity was measured for selected pairs of wt and ca LAIV viruses that
were incubated at 50°C for various time intervals. These data were compared to data obtained with an HA thermostability study (shown in Fig. 2). For each graph,
the solid lines represent the wt viruses, and the dotted lines represent the ca viruses.

pLAIV viruses. Thus, it appears that swine- and avian-origin ca
pLAIV viruses have a more restricted temperature range of repli-
cation than that of human-origin LAIV viruses.

DISCUSSION

There is increasing evidence that HA stability of influenza viruses
depends on the virus strain and host species and that HA stability
can influence the replication, virulence, and transmission of influ-
enza A viruses in different species (31-34, 38, 39). We were inter-
ested in exploring these reports because we have generated
pLAIVs representing seven different HA subtypes derived from
viruses isolated from different animal hosts, all on the backbone of
the AA/60 ca virus, and have found that the infectivity of the
pLAIV viruses for seronegative adults was unexpectedly restricted
though seasonal LAIV viruses on the same backbone infect and
replicate in the upper respiratory tract of seronegative adults and
children. In agreement with other reports, we found that the HA
stability of wild-type HPAI viruses was lower than that of human
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and LPAI viruses. However, irrespective of the origin of the HA
and NA gene segments, we consistently observed that the pLAIV
viruses had a less stable HA than the corresponding wt viruses.
The M gene segment of the AA/60 ca virus confers this phenotype
through a combination of gene constellation effects and a point
mutation in the AA/60 ca M gene. In addition, we found a mod-
estly more restricted temperature range of replication for avian-
and swine-origin pLAIV viruses than for human-origin ca LAIV
viruses on the same backbone. Together, the reduced HA acid and
thermal stability and temperature sensitivity may account for the
observed restricted replication of the pLAIV viruses in adults.
Human influenza viruses are more resistant to physical factors,
such as low pH or elevated temperature exposure, than HPAI
viruses (40). Our findings are consistent with reported data that
human and LPAI viruses have pHs of HA activation that range
from 5.1 to 5.4 and that the pH of HA activation for most human
influenza viruses is lower than that of avian isolates of the same
subtype (32). In contrast, HPAI viruses have a pH of HA activa-
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TABLE 2 The M gene of the AA/60 ca virus confers an increase in the pH of HA activation

pH*

pH of HA
Subtype Virus 5.1 5.2 5.4 5.6 5.7 5.8 6.0 activation
pHINI1 CA/09 wt + + - - — — _ 52
CA/09 ca + + + - - - - 5.4
CA/09 (AA/60 ca PB2) + + - - - - - 52
CA/09 (AA/60 ca PB1) + + - - - - — 52
CA/09 (AA/60 ca PA) + + - - - - _ 52
CA/09 (AA/60 ca M) + + + - - - - 5.4
CA/09 (AA/60 ca NP) + + - - - - — 52
CA/09 (AA/60 ca NS) + + - - - - _ 52
H5N1 VN/04 wt + + + + — — — 5.6
VN/04 ca + + + + + + — 5.8
VN/04 (AA/60 ca PB2) + + + + - - - 5.6
VN/04 (AA/60 ca PB2+PB1) + + + + - 5.6
VN/04 (AA/60 ca PA) + + + + - - - 5.6
VN/04 (AA/60 ca M) + + + + + + - 5.8
VN/04 (AA/60 ca NP) + + + + - - - 5.6
VN/04 (AA/60 ca NS) + + + + - - - 5.6

“ + or — indicates the presence or absence of syncytia, respectively.

tion ranging from 5.6 to 6.0 and are thus less stable in an acidic
environment (40, 55). This phenotype is likely shaped by both
host and viral determinants (31, 32, 35-37, 40). Changes in the pH
of fusion and HA acid stability may allow influenza viruses to
adapt to different hosts and cells (56, 57) and to develop resistance
to antiviral agents that raise endosomal pH at high concentrations
(43,58-61).

The impact that differences in the acid stability of the HA pro-
tein have on influenza virus replication and virulence depends on
the host species (31). In ducks, a high pH of fusion (pH 5.6 to 5.9)
was essential for infectivity, shedding, and transmission of HPAI
H5N1 viruses, and viruses with mutations that significantly in-
creased or decreased the pH of HA activation were avirulent and
nontransmissible (36). In chickens, an increase in the pH of acti-
vation of the H5 HA protein from 5.3 to 5.7 or 6.0 was associated
with greater pathogenicity (37). In contrast, efficient infection of
mammals appears to be associated with a lower optimum pH of
HA activation (31, 32, 39, 40, 44). An H5N1 mutant virus with a
decreased pH of HA activation that was attenuated in ducks, ex-
hibited greater growth and virulence in mice, while mutations that
destabilized HA acid stability attenuated viral replication in the
respiratory tract of mice (31, 36, 37). In addition, an acid-stabiliz-

TABLE 3 pH of HA activation of H5N1 reassortant viruses
lel

pH of HA
Virus 56 57 58 59 6.0 activation
VN/04 wt + — - - - 5.6
rVN/04 wt + - - - - 56
rVN/04 AMBS¢ + = - - - 5.6
rVN/04/AA wt + + - - - 5.7
rVN/04/AA wt AMBS + + - - - 5.7
rVN/04/AA ca + + + - - 5.8
rVN/04/AA ca AMBS (VN/04 ca) + + + + - 5.9

%+ or — indicates the presence or absence of syncytia, respectively.

b The rVN/04 wt virus was generated by reverse genetics using all eight wt VN/04 gene
segments.

¢ MBS, multibasic cleavage site.
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ing mutation enhanced replication of an H5N1 influenza virus in
the upper respiratory tract of ferrets (32). Recombinant viruses
containing the H5 HA from HPAI H5N1 viruses that were capable
of transmitting efficiently via respiratory droplet between ferrets
had a mutation that increased H5 HA stability (44). However,
enhancement of HA stability alone is insufficient to confer HPAI
H5N1 virus transmissibility in ferrets and requires additional mu-
tations that confer a2,6-receptor binding specificity and removal
of a glycosylation site within the head domain (32, 44). A muta-
tion in the HA?2 stalk region of the 2009 pHINI virus that has
emerged, and is now predominant worldwide, increases HA pH
and thermal stability, and viruses with this mutation showed in-
creased infectivity in ferrets (39). This supports the idea that these
factors are important for viral fitness in humans (39).

It is clear that the range of the pH of HA activation that is
optimal for infection of mammals differs from the pH that is op-
timal for avian species, and increasing HA acid stability may rep-
resent a potential for mammalian adaptation (30, 36, 39). Our
finding of a consistently increased pH of HA activation with
AA/60 ca-based LAIV representing a variety of influenza virus
subtypes suggests that the restricted replication observed with the
AA/60 ca pLAIV viruses might be partly due to the decreased HA
stability of these viruses. The higher pH of HA activation of the
avian ca pLAIV viruses may not be optimal for efficient infectivity
and may lead to restricted replication in humans. The acid insta-
bility of the ca pLAIV viruses may be more relevant in influenza
viruses that have not yet adapted to humans because seasonal
LAIV and the pHIN1 LAIV are clearly effective vaccines despite
reduced acid stability of these ca viruses compared to that of the
corresponding wt viruses. In their evaluation of a live attenuated
H5N1 virus vaccine based on a deletion in the NS1 protein, Krenn
et al. suggested that decreased HA acid stability played a critical
role in the reduced infectivity of the vaccine virus in mice (40).

The decrease in pH and heat stability of the HA in our pLAIV
viruses appears to involve the M gene segment. The M gene en-
codes two proteins, M1 and M2, and both are believed to interact
with the HA protein (62-67). Previous studies have shown that
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TABLE 4 Effect of AA/60 M wt and ca genes on the pH of HA activation

Restricted Replication of LAIV Viruses

pH*

pH of HA

Subtype Virus 5.1 5.2 5.3 5.4 5.6 5.7 5.8 5.9 6.0 activation
H5N1 VN/04 wt + + + + + - - - - 5.6
VN/04 ca + + + + + + + + + 6.0
VN/04 (AA/60 M wt) + + + + + + + +° - 5.9
VN/04 (AA/60 M ca) + + + + + + + + + 6.0
pHINI CA/09 wt + + - - - - - - - 52
CA/09 ca + + + + - - - - - 5.4
CA/09 (AA/60 M wt) + + + - - - - - - 53
CA/09 (AA/60 M ca) + + + + - - - - - 54

“ + or — indicates the presence or absence of syncytia, respectively.
b The number of syncytia was greatly reduced at pH 5.9.

the M2 protein plays a role in HA surface expression, transport,
and pH stability (62, 63, 68), and an inverse correlation has been
reported between M2 protein activity and HA pH stability (63).
Differences in M2 activity of the pLAIV viruses compared to that
of the corresponding wt virus may have a detrimental effect on the
acid stability of the pLAIV viruses. The pLAIV viruses may be
more suited to replication in cells with a higher endosomal pH
(69). It is apparent from our study and others that the compati-
bility between HA and M requires an optimal functional interac-
tion (63).

The effect of the M gene on HA stability of pLAIV viruses
results from a combination of a gene constellation effect and the
presence of a point mutation in the AA/60 ca M gene. The alanine-
to-serine mutation at amino acid 86 of the cytoplasmic region of
the M2 protein is the only difference between the AA/60 wt and ca
M genes (70). An alignment of the M2 proteins of the viruses used
in our study shows that the human influenza viruses encode an
alanine at this position, whereas influenza viruses with an M2
protein of an animal origin encode a valine at this position. It is
possible that this amino acid difference between human- and an-
imal-origin M2 proteins significantly affects the HA stability of
these viruses. A gene constellation effect can result from an incom-
patibility between the HA gene of certain influenza viruses and the
AA/60 M gene. Grambas et al. showed that an acid-unstable HA
protein from a highly pathogenic H7 influenza virus was incom-
patible with an M2 protein bearing mutations that attenuated its

TABLE 5 Shutoff temperatures of cold-adapted influenza viruses

Temp Presence of
shutoff plaques at
Virus Subtype Origin (co)* 39°C
CA/09 pHINI Human 38 Yes
CA/78 HIN1 Human 38 Yes
AA/60 H2N2 Human 38 Yes
PA/99 H3N2 Human 38 No (38.5°C)
WA/80 H3N2 Human 39 Yes
HK/03 H5N1 Avian 37.5 No
VN/04 H5N1 Avian 37.5 No
teal/HK/97 H6N1 Avian 37.5 No
ck/BC/04 H7N3 Avian 37.5 No
NL/03 H7N7 Avian 37.5 No
ck/HK/G9/97 HI9N2 Avian 37.5 No
sw/MO/06 H2N3 Swine 37.5 No

@ All wild-type viruses showed a temperature shutoff at temperatures above 39°C.
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activity and, conversely, that certain M2 proteins were only com-
patible with an acid-stable HA (63). Perhaps the M2 protein of
AA/60, which comes from an acid-stable H2N2 influenza virus, is
less compatible with the HAs derived from acid-unstable viruses,
such as H5 and H7 HPAI viruses, resulting in restricted replica-
tion.

LAIVs are administered intranasally to deliver the vaccine
directly into the respiratory tract. Normal human airway epi-
thelium is slightly acidic (pH 5.5 to 6.9) due to submucosal
gland secretions that act as a primary innate defense mecha-
nism against pathogens (71-73). The degree of acidification
depends on submucosal gland distribution and might differ
between species (40, 74). Acid secretion into the airways in-
creases after irritation, inflammation, or influenza virus infec-
tion, decreasing the pH in the nasal passages down to a pH of
5.2 (31, 40, 75, 76). For effective viral replication, influenza
viruses require a certain level of stability toward inactivating
factors, such as acidic pH, heat, and chemical denaturants that
promote the conformational change of HA into its fusogenic
form, leading to viral inactivation (40, 48). An optimal range
for the pH of HA activation is required that is low enough to
avoid inactivation in the environment or in mildly acidic tis-
sues (35, 77) but high enough to allow membrane fusion to
occur before the virus is trafficked to the lysosome (35, 78).
Influenza virus mutations that increase the pH of HA activa-
tion increase the susceptibility of the virus to acid inactivation
(31). The higher pH of HA activation and decreased HA acid
and heat stability of the pLAIV viruses may make them more
susceptible to inactivation in the extracellular acidic environ-
ment of the respiratory tract or during transport to the cell
surface if intracellularly cleaved HA proteins become prema-
turely triggered, limiting their replication efficiency in the hu-
man respiratory tract (31, 36, 61).

It may be possible to increase the replication of pLAIV viruses
by introducing stabilizing mutations into the HA without modi-
fying the AA/60 M gene. Several investigators have introduced
mutations into the HA1 and HA2 subunits to increase the acid and
heat stability of the HA protein, resulting in enhanced replication
in mammals (31, 32, 35, 36, 39, 40). These residues have been
mapped to various regions of the HA, including the fusion peptide
pocket (35, 43, 59, 79), the coiled-coil regions of the HA2 subunit
(35,43,59), the interface between the HA1 and HA2 subunits (35,
39, 43), and the vestigial esterase subdomain of the HA1 receptor-
binding domain (37). Reassortant H5N1 viruses with an increased
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HA stability induced higher titers of neutralizing antibodies and a
more robust systemic and local antibody response in mice than
those for viruses with an unstable HA (40).

Overall, it is likely that the greater degree of temperature sen-

sitivity and the HA stability contribute to the restricted replication
of pLAIV viruses as observed in phase I clinical trials in seroneg-
ative healthy adults. The ability to generate effective pLAIVs is
important in preparing for future influenza pandemics, and it
may be worth modifying specific sites in the pLAIV viruses to
enhance their replication in humans.
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