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Influenza virus entry is mediated by the acidic-pH-induced activation of hemagglutinin (HA) protein. Here, we investigated how
a decrease in the HA activation pH (an increase in acid stability) influences the properties of highly pathogenic H5N1 influenza
virus in mammalian hosts. We generated isogenic A/Vietnam/1203/2004 (H5N1) (VN1203) viruses containing either wild-type
HA protein (activation pH 6.0) or an HA2-K58I point mutation (K to I at position 58) (activation pH 5.5). The VN1203-HA2-
K58I virus had replication kinetics similar to those of wild-type VN1203 in MDCK and normal human bronchial epithelial cells
and yet had reduced growth in human alveolar A549 cells, which were found to have a higher endosomal pH than MDCK cells.
Wild-type and HA2-K58I viruses promoted similar levels of morbidity and mortality in C57BL/6J mice and ferrets, and neither
virus transmitted efficiently to naive contact cage-mate ferrets. The acid-stabilizing HA2-K58I mutation, which diminishes
H5N1 replication and transmission in ducks, increased the virus load in the ferret nasal cavity early during infection while si-
multaneously reducing the virus load in the lungs. Overall, a single, acid-stabilizing mutation was found to enhance the growth
of an H5N1 influenza virus in the mammalian upper respiratory tract, and yet it was insufficient to enable contact transmission
in ferrets in the absence of additional mutations that confer �(2,6) receptor binding specificity and remove a critical N-linked
glycosylation site. The information provided here on the contribution of HA acid stability to H5N1 influenza virus fitness and
transmissibility in mammals in the background of a non-laboratory-adapted virus provides essential information for the sur-
veillance and assessment of the pandemic potential of currently circulating H5N1 viruses.

Influenza A virus is a negative-sense, single-stranded RNA virus
of the family Orthomyxoviridae. Its genome consists of eight

segments encoding at least 16 proteins (1–6). Being an RNA virus
with a segmented genome, influenza virus is characterized by a
high mutation rate and the ability to reassort its genome segments
with other viruses (3, 7). These two properties allow the virus to
constantly evolve and sustain in its original host and to adapt to
new hosts (5, 8). These two properties also contribute to the large
diversity among influenza A viruses and their propensity to infect
a broad range of hosts, including members of avian (e.g., shore-
birds, ducks, chickens, etc.) and mammalian (e.g., horses, pigs,
dolphins, seals, humans, etc.) species (5).

Annual outbreaks in humans are currently caused by influenza
A viruses of the H1N1 and H3N2 subtypes. Periodically, a new
influenza virus subtype crosses the species barrier and causes a
pandemic; the 2009 H1N1 pandemic is the most recent example
(8, 9). Viruses that occasionally cross the host barrier and cause
infections in humans are of concern due to their potential to adapt
to humans and become pandemic. H5, H7, and H9 influenza vi-
ruses have recently been reported in humans (10–14). Of great
concern is avian H5N1 influenza virus.

Since 2003, H5N1 influenza viruses have been actively evolving
and diversifying, causing outbreaks in wild and domestic birds in
Asia, Africa, and Europe and becoming endemic in poultry in
Egypt and Indonesia (15–17). As of 26 April 2013, 628 human
infections of H5N1 have been documented, of which approxi-
mately 60% have resulted in death (http://www.who.int/influenza
/human_animal_interface/). While most of the human cases were
due to contact with poultry or consumption of undercooked

poultry meat or blood (18), a few cases of human-to-human
transmission have been reported (18–20). Despite a limited num-
ber of cases of human-to-human transmission, H5N1 influenza
virus remains a pandemic threat, and determining the molecular
properties that contribute to its ability to adapt to humans is crit-
ical for monitoring the virus and implementing effective control
measures (e.g., culling birds and selecting vaccine seed stocks).
Mutations influencing the interspecies adaptation of H5N1 influ-
enza viruses have been identified in the HA (hemagglutinin), NA
(neuraminidase), and PB2 (basic polymerase) proteins (8, 21, 22).
Of these, the HA protein is reportedly the most important deter-
minant of host adaptation and transmission of H5N1 influenza
virus (21, 23–25) and is an essential component in the emergence
of pandemic influenza.

The HA protein is a metastable class I membrane fusion pro-
tein. It is posttranslationally cleaved into two subunits: the HA1
subunit, which harbors the receptor binding globular head do-
main, and the HA2 subunit, which comprises the majority of the
fusogenic stalk domain (26–28). During viral entry, the HA pro-
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tein binds to sialic acid-containing cell-surface receptors, and
the virus is internalized into the endosomes (26, 29). Low pH in
the endosomes triggers irreversible conformational changes in the
HA protein that mediate fusion of the viral and endosomal mem-
branes, enabling delivery of viral RNA into the host cell (26).

For various influenza virus subtypes, mutations altering the
pH at which the HA protein is activated for membrane fusion have
been associated with altered virulence in mice (30–35) and inter-
species adaptation (35–40). Our previous work has shown that
efficient growth and transmission of H5N1 influenza viruses in
avian species is associated with a relatively high HA activation pH,
ranging from pH 5.6 to 6.0 (39, 41, 42). Moreover, we found that
an HA2-K58I mutation (K to I at position 58) that decreases the
HA activation pH of A/chicken/Vietnam/C58/2004 (H5N1) from
5.9 to 5.4 supports enhanced and prolonged replication in the
murine upper respiratory tract (URT) while simultaneously re-
ducing replication and eliminating transmission in mallards (35,
43). Similarly, a decrease in the HA activation pH also coincided
with enhanced replication of NS1 deletion mutant H5 and H3
influenza viruses in the URT of mice (44, 45).

Avian influenza viruses such as H5N1 tend to bind preferen-
tially to �(2,3)-linked sialic acid receptors, while human viruses
favor sialic acid receptors in an �(2,6) orientation (46–49). None-
theless, some recent H5N1 viruses have acquired the ability to
bind �(2,6)-linked sialic acid receptors while still maintaining
high binding affinity to the �(2,3) form (48). A gain of �(2,6)
receptor binding specificity alone has not been sufficient to pro-
mote H5N1 transmission in ferrets, the standard model for hu-
man transmission of influenza viruses (21, 50, 51). A few studies
investigated whether a complete switch to �(2,6) binding is suffi-
cient to support efficient airborne transmission of H5N1 influ-
enza virus. Chen et al. showed that, with the proper HA-NA bal-
ance, a mutated H5 virus with �(2,6) receptor binding specificity
supported only partial transmission via respiratory droplets (21).

Two recent studies showed that efficient airborne transmission
of H5-containing influenza viruses occurred following a series of
mutations that first switched receptor binding specificity to
�(2,6), then deleted a glycosylation site, and last decreased the pH
of activation of the HA protein (determined either by direct mea-
surement or by structural considerations) (24, 25). While a decrease
in the activation pH of the HA protein was found to be necessary for
airborne transmissibility of H5 viruses in ferrets, it is unknown
whether this adaptation alone is sufficient to increase the transmissi-
bility of circulating H5N1 influenza viruses in mammals. The goal of
the current study was to determine how a single acid-stabilizing HA
protein mutation influences in vivo infection in mice and ferrets
when introduced into the background of an unmodified H5N1 in-
fluenza virus that has not been laboratory adapted, reassorted, or
mutated to have �(2,6) receptor binding specificity.

The rationale for this work was to enhance our ability to assess
the likelihood that currently circulating avianlike H5N1 influenza
viruses may acquire the ability to jump species to humans and
potentially cause a pandemic. This is important in conducting
surveillance, performing risk assessment of currently circulating
viruses, making decisions to quarantine humans, and selecting
prepandemic vaccine seed stocks. Furthermore, knowledge of the
molecular properties that govern the efficient growth of H5N1
influenza virus in one cell type, tissue, or host species versus an-
other is expected to help optimize vaccine yield and efficacy and
may suggest novel ways to treat infection.

MATERIALS AND METHODS
Ethics statement. All animal studies were approved by the Animal Care
and Use Committee of St. Jude Children’s Research Hospital (protocol
464) and were performed in compliance with relevant institutional poli-
cies, Association for the Accreditation of Laboratory Animal Care guide-
lines, National Institutes of Health regulations, and local, state, and fed-
eral laws.

Plasmids. pHW2000 plasmids containing individual genome seg-
ments of the wild-type (WT) A/Vietnam/1203/04 (H5N1) (VN1203) in-
fluenza virus have been described previously (52). The HA2-K58I point
mutation was introduced using a QuikChange site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s instructions. To perform
in vitro expression of the surface glycoproteins, the HA and NA genes were
subcloned into the pCAGGS expression vector using gene-specific prim-
ers, with ClaI and XhoI site overhangs at the 5= and 3= end, respectively
(43).

Viruses. rg-VN1203-HA-WT and rg-VN1203-HA2-K58I viruses
were generated by using reverse genetics (rg) as previously described (53).
Briefly, eight pHW2000 plasmids, each containing an individual gene of
the eight influenza A virus genes, were transfected into cocultured MDCK
(Madin-Darby canine kidney) and 293T cells. Virus was then harvested,
plaque purified on MDCK cells, and propagated in 10-day-old embryo-
nated chicken eggs. Virus identity was confirmed by performing full-ge-
nome sequencing at the Hartwell Center for Bio-informatics and Biotech-
nology at St. Jude Children’s Research Hospital.

Transient expression of HA and NA proteins. Vero cells at 70 to 80%
confluence were transfected with pCAGGS HA (1.0 �g) and pCAGGS NA
(0.1 �g) plasmids by using a Lipofectamine plus expression system (In-
vitrogen) (54). The cells were then incubated at 37°C for 4 h before the
transfection medium was replaced with Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal bovine serum. The cells were incu-
bated for 16 h at 37°C to allow the expression of the HA and NA proteins.

HA protein activation pH. Monolayers of Vero cells expressing the
HA protein on their surface were washed with phosphate-buffered saline
plus calcium and magnesium (PBS�) and treated for 5 min with 500 �l
PBS� that was adjusted to the desired pH using 0.1 M citric acid. The cells
were then neutralized with DMEM and incubated for another 2 h at 37°C.
The cells were then fixed and stained by using a Hema 3 stat pack staining
kit (Fisher) according to the manufacturer’s instructions. The pH of con-
formational change was determined by using Vn04-16 conformation-
specific monoclonal antibody as previously described (41, 43).

Total and surface expression. HA-expressing Vero cells were lysed
using radioimmunoprecipitation (RIPA) buffer containing 10 mg/ml io-
doacetamide and protease inhibitors (43). Clarified lysates were resolved
on 4 to 12% NuPAGE Bis-Tris polyacrylamide-SDS gels (Invitrogen) and
transferred onto polyvinylidene difluoride (PVDF) membranes. The
membranes were blotted using polyclonal HA antibody A0110 (43), and
bands were visualized using horseradish peroxidase (HRP)-conjugated
anti-rabbit antibody on X-ray films. Flow cytometric analysis of the sur-
face expression of the HA protein was performed by using VN04-02
monoclonal antibody as described previously (43).

Hemadsorption. Vero cells expressing the HA protein on their surface
were washed two times with PBS�, overlaid with 1% chicken or turkey
erythrocytes, and incubated at 37°C for 30 min. Monolayers were washed
3 times with DMEM (phenol red free) to remove unbound red blood cells
(RBS) and lysed with RBC lysis buffer. The amount of bound erythrocytes
was determined by measuring the absorbance of clarified lysate at 415 nm
by using a Synergy-2 multimode microplate reader (BioTek).

Receptor binding specificity assay. We used a solid-phase binding
assay to measure the receptor binding specificity of the HA protein for
�(2,3)- or �(2,6)-linked sialic acid. Briefly, plates were coated with 10
mg/ml fetuin (Sigma) overnight at 4°C and then washed with PBS (with-
out calcium and magnesium) and blocked with 0.1 ml of PBS containing
2% bovine serum albumin (Sigma) at room temperature for 1 h. Plates
were washed 3 times with PBS and incubated with 100 �l virus (64 HA
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units) overnight at 4°C to allow binding of the virus to the plates. Un-
bound virus was aspirated, and the plates were washed three times with
PBS before the addition of a biotinylated sialylglycopolymer containing
either an �(2,3) (Neu5Ac�2,3Gal�1,4GlcNAc�1-pAP) or an �(2,6)
(Neu5Ac�2,6Gal�1,4GlcNAc�1-pAP) sialic acid for 3 h at 4°C. After
washing three times with PBS, plates were incubated with horseradish
peroxidase (HRP)-conjugated streptavidin (diluted 1:1,000; Invitrogen)
for 1 h at room temperature. After washing with PBS 5 times, the plates
were incubated with 50 �l of tetramethylbenzidine (TMB) substrate for
10 min at room temperature. The reaction was stopped with 50 �l of 50
mM HCl, and the optical density was measured at 450 nm.

Resistance to acid inactivation. The acid stabilities of the viruses were
measured by determining the susceptibility of each virus to acid inactiva-
tion. Virus was diluted in PBS� adjusted to the desired pH (4.5 to 6.0 pH)
by using 0.1 M citric acid. Then, samples were incubated at 37°C for 1 h.
The titer of remaining infectious virus was determined in MDCK cells by
using the 50% tissue culture infectious dose (TCID50) assay. The method
of Reed and Muench was used to estimate the TCID50/ml of virus (55).

In vitro virus growth kinetics. MDCK (ATCC CRL-2936), A549 (hu-
man lung carcinoma; ATCC CCL-185), and NHBE (normal human bron-
chial epithelium; Lonza CC-2540) cells were infected with WT and HA2-
K58I viruses at a multiplicity of infection (MOI) of 0.01 PFU/cell. One
hour postincubation, cells were washed twice with PBS� to remove non-
bound virus particles and incubated at 37°C. To compare the growth
kinetics of the two viruses, 100-�l samples of culture supernatant were
collected at 10, 24, 48, and 72 h postinfection and titrated in MDCK cells
by using the TCID50 assay.

Endosomal pH. The endosomal pHs of MDCK and A549 cell lines
were compared by using a pH-sensitive endosomal dye, pHrodo red dex-
tran (Invitrogen), according to the manufacturer’s recommendations.
Briefly, MDCK or A549 cells were washed and suspended in warm PBS�
buffer. The cells (106) were then incubated at 37°C in the presence of 40
�g/ml of the dye for 15 min. The cells were washed and suspended in
warm PBS� buffer, and the intensity of fluorescence was measured by
using flow cytometry. Quantitative measurement of the endosomal pH
was performed as previously described (56), with some modifications.
Briefly, cells were washed twice with PBS and incubated with 5 mg/ml
fluorescein-TMR (tetramethylrhodamine)-tagged dextran (Invitrogen)
for 20 min at 37°C, and then cells were washed 5 times with PBS and
imaged in phenol red-free DMEM medium. For endosomal pH calibra-
tion, after the dye uptake, the cells were incubated in freshly prepared
calibration buffer (120 mM KCl, 20 mM NaCl, 1 mM CaCl2, 1 mM Mg2Cl,
and 10 mM HEPES for pH values 6.5 to 7.0 or 10 mM MES [morpho-
lineethanesulfonic acid] for pH values 4.0 to 6.0) containing 10 �M nige-
ricin and 10 �M monensin ionophores for 20 min. The cells were imaged
on a Nikon TE2000 E2 microscope equipped with a Nikon C2 confocal
scan head. Excitation was with 488-nm and 561-nm diode-pumped solid-
state (DPSS) lasers, and emission was collected through 515/30 and
605/75 band pass filters. Images were acquired with a Nikon 40� 1.3
numerical aperture Plan Fluor objective and using Nikon NIS Elements
software. Cells were maintained at 37°C, 5% CO2 during imaging. The pH
was estimated as the intensity ratio of TMR (red) and fluorescein (green)
fluorescence. Curve fitting was performed as previously described (56).

Animal experiments. To determine the 50% mouse lethal dose
(MLD50), groups of 7-week-old female C57BL/6J mice (Jackson Labora-
tory) were intranasally inoculated with 50 �l of 10-fold serial dilutions of
WT VN1203 virus. To compare the virulence and replication of the WT
and HA2-K58I viruses, mice were infected with 50 �l or 5 �l of PBS�
containing �1 MLD50 (�150 50% egg infectious doses [EID50/ml]). The
mice were then weighed and observed daily. Mice showing severe weight
loss (�25%) or illness (e.g., hind limb paralysis) were euthanized for
humane reasons. To determine virus dissemination, mice were eutha-
nized and tissues, including nasal cavities, trachea, lungs, brain, and kid-
neys, were collected. Tissues were homogenized in PBS and titrated in
10-day-old embryonated chicken eggs. Viral loads were expressed as

EID50/ml, calculated by the method of Reed and Muench (55). For con-
tact transmission experiments, 3-month-old male ferrets (Triple F farms)
that were seronegative to influenza A viruses circulating in humans were
used. The ferrets were anesthetized with isoflurane and inoculated intra-
nasally with 1,000 TCID50 in 0.5 ml PBS. Twenty-four hours postinfec-
tion, two naive ferrets were introduced into a cage containing one inocu-
lated donor ferret. Ketamine was used to induce sneezing in the ferrets to
collect nasal washes. The ferrets were observed daily. Ferrets that lost
�25% of their starting weight and/or were severely ill (e.g., paralysis) were
humanely euthanized. On day 5 postinfection, three directly inoculated
ferrets from each virus group were sacrificed and tissues were collected to
determine viral loads. All animal experiments were carried out under
applicable laws and guidelines and were approved by St. Jude Children’s
Research Hospital Animal Care and Use Committee.

Serologic testing. To test for potential seroconversion, serum was
collected from contact ferrets on day 20 postcontact. Serum samples were
treated with receptor-destroying enzyme (Seiken) overnight at 37°C to
destroy nonspecific receptors, heat inactivated at 56°C for 30 min, and
tested using the hemagglutination inhibition (HI) assay as described in
the WHO animal influenza training manual (57). The HI assay was per-
formed using VN1203 virus and 0.5% chicken red blood cells.

Biosafety and biosecurity. All work with highly pathogenic H5N1
influenza was performed in an enhanced animal biosafety level 3
(ABSL3�) laboratory that is select agent approved and routinely in-
spected by both institutional biosafety and USDA officials. The ABSL3�
facility has entry and exit access control with both a card scanner and
biometric fingerprint reader. Personnel enter through a shower area and
then take off all items and wear a scrub suit, Tyvek suit, disposable outer
gown, gloves, and powered air-purifying respirators with HEPA filters for
the breathing air. All rooms are under negative air pressure, and there is a
double-door autoclave, double-HEPA-filtered air exhaust, and security
cameras placed throughout the laboratory. All in vitro work is performed
in class II biosafety cabinets, and animal work is performed in negative-
pressurized flexible-film isolators. All personnel are required to shower
upon exit and comply with a quarantine policy to prevent outside contact
with birds or immunocompromised hosts. Only personnel who receive
training with highly pathogenic avian H5N1 influenza virus and who
receive select agent security clearance can access the facility. ABSL3�
personnel also receive annual refresher training to ensure adherence to
regulations. Emergency plans are in place, and annual drills are performed
to minimize biological risks and ensure personnel safety. The virus inven-
tory is secured in locked freezers and is under constant security monitor-
ing. The laboratory manager controls access to the virus inventory, and a
logbook and database of the inventory are kept up-to-date. The ABSL3�
laboratory is inspected biannually by the USDA, is in compliance with all
USDA regulations, and meets or exceeds all standards outlined in Bio-
safety in Microbiological and Biomedical Laboratories (58).

DUR. All experiments with ferrets were conducted in 2011 before the
moratorium on H5N1 influenza virus research. Before initiation, the In-
stitutional Biosafety Committee of St. Jude Children’s Research Hospital
reviewed and approved the experiments and recommended mitigation
strategies, which were subsequently implemented by the investigators.
Upon completion of the studies and also after preparation of the manu-
script, an internal Dual-Use Research of Concern (DURC) Committee at
St. Jude Children’s Research Hospital reviewed this work and concluded
that the agents and results described herein are DUR but not DURC. The
manuscript was also reviewed by the NIH/NIAID, the funding agency,
which likewise judged this work to be DUR but not DURC.

Statistical analysis. All statistical analyses were performed by using
GraphPad Prism5 software. The t test, one-way analysis of variance
(ANOVA), two-way ANOVA, or log-rank chi-square test was used to test
differences between different groups. P values of �0.05 were considered
statistically significant.
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RESULTS
An HA2-K58I mutation decreases the HA activation pH without
altering other properties. For these studies, we selected the pro-
totypic influenza virus A/Vietnam/1203/2004 (H5N1). VN1203
has avianlike �(2,3) receptor binding specificity and a human-like
PB2 K627 polymorphism (52). In ferrets, these two properties of
VN1203 contribute to robust virus growth in the lungs and high
virulence but no contact or airborne transmission (51, 52). We
introduced into the VN1203 HA protein an HA2-K58I mutation,
which we previously found to decrease by 0.5 pH units the HA
activation pH of the related isolate A/chicken/Vietnam/C58/2004
(H5N1) (39, 43). Wild-type and K58I HA proteins, transiently
coexpressed in Vero cells along with the NA protein, had similar
levels of total and cell surface HA protein expression as deter-
mined by Western blotting and flow cytometry, respectively (Fig.
1A and B). Western blot analysis also showed no significant dif-
ference in HA protein cleavage (Fig. 1A). Both HA proteins had
similar binding avidities to chicken and turkey red blood cells (Fig.
1C), suggesting similar receptor binding affinities. We compared
the receptor binding specificities of the wild-type and K58I HA
proteins using a solid-phase binding assay and found that both
HA proteins bound exclusively to �(2,3)-linked sialic acid recep-
tors and not to �(2,6)-linked sialic acid (Fig. 1D). Overall, the
K58I mutation did not result in substantial differences in HA pro-
tein expression, cleavage, or receptor binding.

We next compared the activation pH values of the wild-type
and K58I HA proteins. Vero cells expressing either the wild-type
or K58I HA protein, along with the VN1203 NA protein, were
pulsed with pH-adjusted buffers and either allowed to fuse for
microscopic examination of syncytia (cell-to-cell fusion) or de-
tached from tissue culture plates for flow cytometric analyses us-
ing the HA protein conformation-specific monoclonal antibody
Vn04-16 (43, 59). The syncytium assay showed that wild-type HA

protein was activated for membrane fusion after buffer pulses of
pH 6.0 or lower, while the K58I mutant was not triggered for
membrane fusion unless the pH pulse was reduced to pH 5.5 or
lower (Fig. 2A). Flow cytometry showed that the midpoint of acid-
induced conformational changes for wild-type HA protein was
pH 5.9, while the midpoint for the K58I HA protein was reduced
to pH 5.4 (Fig. 2B and C). Therefore, the average HA activation
pH values for wild-type and K58I HA proteins were 5.95 and 5.45,
respectively (Fig. 2D). To probe whether differences in the activa-
tion pH values of the HA proteins affected their susceptibilities to
acid inactivation, prestandardized reverse genetic-engineered vi-
ruses rg-VN1203-WT and rg-VN1203-HA2-K58I were exposed
to buffers ranging in pH from 4.5 to 7.0 for 1 h at 37°C. The titers
of the remaining infectious virus that survived the pH treatment
were quantified using TCID50 (Fig. 2E). The HA2-K58I virus re-
tained its infectivity upon exposure to buffers with pH values as
low as 5.5, while the WT virus lost �90% (�1 log10) of its infec-
tious titer at pH 5.5. The infectious titers of both WT and HA2-
K58I viruses declined nearly 100-fold after exposure to pH 5.0
buffer and were completely lost after exposure to pH 4.5 buffer.
Overall, the results show that the K58I mutation decreases the HA
activation pH of the VN1203 HA protein by 0.5 units without
altering other biochemical properties, just as was observed when
K58I was introduced into the background of the C58 virus isolate
(39, 43).

In vitro growth of HA2-K58I virus is reduced in A549 cells
due to a relatively high endosomal pH. In the background of the
C58 strain, we have previously shown that the HA2-K58I muta-
tion attenuates the growth of H5N1 virus in A549 cells (human
lung carcinoma cells) but does not alter the virus replication ki-
netics in MDCK (canine kidney epithelial cell line), NHBE (nor-
mal human bronchial epithelial), DF1 (chicken embryo fibro-
blast), and CCL-141 (duck embryo fibroblast) cells (35, 39).
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Similarly, we found here that the rg-VN1203-HA2-K58I virus had
wild-type-like growth kinetics in MDCK (Fig. 3A) and NHBE
(Fig. 3C) cells and yet grew to significantly lower virus titers (P
values of �0.01, two-way ANOVA) than the wild-type after 24 h
of infection in A549 cells (Fig. 3B). The decreased growth of rg-
VN1203-HA2-K58I virus in A549 cells but not in MDCK cells
suggested that the two cell lines may differ in their endosomal
pHs. To test this hypothesis, we probed MDCK and A549 cell lines
using pHrodo red, a pH-sensitive fluorescent dextran conjugate.
Upon uptake into the endosomes, the fluorescence intensity of
pHrodo increases as endosomal pH decreases. The mean fluores-
cence intensity of the pHrodo probe was 2-fold higher (P � 0.05,
t test) in MDCK cells than in A549 cells (Fig. 4A), suggesting that
A549 cells have a higher endosomal pH than MDCK cells. We then

determined the endosomal pH quantitatively by using fluorescein-
TMR double-conjugated dextran. The intensity of the fluorescein
is quenched in a predictable manner under acidic conditions,
while that of the TMR remains stable, thus allowing one to track
endosomes and measure their pH values. We incubated MDCK
and A549 cells with the double-conjugated dextran to allow up-
take of the dye and then calibrated the in situ fluorescein emissions
as a function of clamped cytoplasmic pH. A plot of the red/green
ratio on the calibration curve revealed that MDCK cells had an
endosomal pH of 5.4 and A549 cells had an endosomal pH of 5.9
(Fig. 4B). These results are consistent with the HA2-K58I virus,
which has a lower HA activation pH than wild-type virus, being
attenuated in A549 but not MDCK cells, while the wild-type virus
is not attenuated in A549 cells.
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FIG 3 In vitro replication kinetics of rg-VN1203 wild-type (WT) and mutant viruses. MDCK (A), A549 (B), or NHBE (C) cells were infected with rg-VN1203
WT or HA2-K58I virus at an MOI of 0.01 PFU/cell. Virus titers were determined at the indicated time points in MDCK cells by using TCID50 assays. The detection
limit was 1 log10 TCID50/ml. Graphs are representative of two independent experiments. Statistical analysis was performed by using two-way ANOVA. Asterisks
indicate P values of �0.01. Error bars show standard deviations.
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The HA2-K58I mutation does not alter the virulence of
VN1203 in C57BL/6J mice. To investigate the effect of the HA2-
K58I mutation on VN1203 virulence in mice, we inoculated
C57BL/6J mice with 50 �l of PBS containing 150 EID50 of either
rg-VN1203-WT or rg-VN1203-HA2-K58I and then either moni-
tored the animals for weight loss and mortality (Fig. 5A and B) or
euthanized the mice after 4 days of infection to measure tissue
titers (Fig. 5C). Infection with HA2-K58I virus resulted in an av-
erage maximum weight loss of 8% after 11 days of infection, com-
pared to an average maximum weight loss of 15% after 10 days of
infection with WT virus; however, this difference was not statisti-
cally significant (Fig. 5A). Only 13% of mice infected with HA2-
K58I virus survived infection, compared to 20% surviving infec-
tion with WT virus, a difference that was not statistically
significant (Fig. 5B). Four days after the 50-�l inoculation in
C57BL/6J mice, the wild-type and HA2-K58I viral loads were sim-
ilar, and not robust, in the nasal cavity, trachea, and brain (Fig.
5C). Only wild-type virus was detected in the kidneys, although at
low levels. In the lungs, significantly higher viral loads were de-
tected in HA2-K58I virus-infected mice than in those infected
with wild-type virus (P � 0.01, two-way ANOVA).

Low viral loads of rg-VN1203-HA2-K58I in the murine nasal
cavity were unexpected, as we had previously found that the HA2-
K58I mutation increased the viral load of the C58 isolate in the
URT of mice (35). However, the C58 isolate is highly attenuated in
mammals compared to the infectivity of VN1203 (52), so our

previous studies on rg-C58-HA2-K58I required the inoculation of
a more-susceptible strain of mice (DBA/2J) with 50 �l of 2.8 � 104

EID50 of virus to observe �50% mortality (35). We considered
one possible explanation for the low virus load of rg-VN1203-
HA2-K58I in the nasal cavity in the present study to be the com-
bination of a relatively low virus inoculum (150 EID50) in a rather
high volume (50 �l), which would result in the retention of only a
small number of infectious particles in the nasal cavity during the
initiation of infection.

To investigate further the effect of the HA2-K58I mutation on
VN1203 virus growth in the URT of mice, we inoculated C57BL/6J
mice with 5 �l PBS containing 150 EID50 of either the WT or
HA2-K58I virus. The small volume allowed maximum delivery of
the inoculum to the nasal cavity at the expense of delivery to the
lungs (60). A 5-�l inoculation with either the WT or HA2-K58I
virus resulted in little (�10%) to no weight loss (Fig. 6A). Only
one mouse in the HA2-K58I virus-infected group succumbed to
infection, due to hind limb paralysis, compared to none in the WT
group (Fig. 6B). After the 5 �l-inoculation, systemic spread was
only observed for the HA2-K58I virus, which also had signifi-
cantly higher viral loads (P � 0.05, two-way ANOVA) in the nasal
cavity and trachea than did wild-type virus (Fig. 6D). Therefore,
when infectious virus was delivered predominantly to the nasal
cavity in a 5-�l volume, the HA2-K58I virus was found to enhance
VN1203 virus growth in the murine URT.

The HA2-K58I mutation enhances early growth of VN1203
in the ferret nasal cavity but does not promote productive con-
tact transmission. We next investigated the effect of the HA2-
K58I mutation on VN1203 virus growth, virulence, and contact
transmission in ferrets. For these studies, we inoculated groups of
5 ferrets intranasally with 0.5 ml of PBS containing 1,000 TCID50

of either rg-VN1203-WT or rg-VN1203-HA2-K58I. Nasal washes
were performed on all 5 ferrets on days 1, 2, and 4 postinoculation.
After 5 days of infection, three of the five directly inoculated ferrets
were euthanized so that tissues could be recovered and viral loads
could be measured. The other two inoculated ferrets were used as
donor animals in contact transmission experiments in which one
directly inoculated ferret was cohoused with two naive contact
animals 1 day after inoculation. Ferrets directly inoculated with
the HA2-K58I virus had slightly less weight loss, albeit not a sig-
nificant difference, than those directly inoculated with WT virus
(Fig. 7A). All ferrets directly inoculated with either virus suc-
cumbed to infection within 7 days due to severe weight loss or
were euthanized because of hind limb paralysis (Fig. 7B).

The viral loads of the HA2-K58I virus in ferret nasal washes
were 100- to 1,000-fold higher (P � 0.01) than those of the wild-
type virus on days 1 and 2 postinfection (Fig. 7C). Thus, we ob-
served a correlation between increased HA acid stability (or a
lower pH of activation) and early H5N1 growth in the ferret URT.
By day 4 postinfection, both wild-type and HA2-K58I virus-in-
fected ferrets had similar viral loads in their nasal washes (Fig. 7C),
and by day 5 postinoculation, both groups had similar viral loads
in the nasal tissues collected from euthanized animals (Fig. 7D).
Similarly, the brains and large intestines from the wild-type and
HA2-K58I virus-infected ferrets had comparable viral loads on
day 5 postinoculation. Relatively large amounts (�104 TCID50/g
of tissue) of wild-type VN1203 virus were detected in the lungs
and the livers of inoculated ferrets; however, only low levels (�10
TCID50/g of tissue on the average) of HA2-K58I virus were de-
tected in the lungs and no HA2-K58I virus was detected in the
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FIG 4 Endosomal acidification of MDCK and A549 cells. (A) pH-sensitive
pHrodo dextran was used to compare the endosomal acidity of MDCK and
A549 cells. Following uptake of the dye, cells were analyzed using flow cytom-
etry to measure the intensity of pHrodo fluorescence. Data are expressed as the
percentage of mean fluorescence intensity (MFI) relative to that of the MDCK
cells. A higher fluorescence intensity of pHrodo correlates with a lower pH
value. (B) Determination of the endosomal pH of MDCK (bowtie) and A549
(open diamond) cells. Cells were incubated with fluorescein-TMR double-
conjugated dextran to allow uptake of the dye into the endosomes and then
were washed and imaged by using confocal microscopy. Measurements of pH
were done by using in situ calibration of fluorescein emission (closed circles) as
a function of clamped endosomal pH. Clamping of endosomal pH was at-
tained by using potassium ionophores as previously described (56). The aver-
age red (TMR, 561 nm)/green (fluorescein, 488 nm) intensities were obtained
from six fields per cell line. The endosomal pH values of MDCK and A549 cells
indicated on the curve were obtained by interpolation. Error bars represent
standard deviations.
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livers of inoculated ferrets (Fig. 7D). The low viral loads of HA2-
K58I virus in the lungs of ferrets were unexpected, as the mutant virus
had greater viral loads in the lungs of C57BL/6J mice (Fig. 5C).

None of the four naive contact ferrets from either the wild-type
or the HA2-K58I virus-infected group were observed to lose
weight, die, have neurological symptoms, or shed virus (Fig. 7A to
C). The absence of weight loss and detectable virus in the nasal
washes of contact ferrets suggested that neither wild-type nor
HA2-K58I virus was able to efficiently transmit between ferrets.
To confirm that contact transmission did not occur even at min-
imal levels, serum was collected from contact ferrets 20 days after
they had first been exposed to directly inoculated animals. For the
wild-type group, none of the four contact ferrets seroconverted
(limit of detection, anti-H5 titer of 10). In contrast, one of the four
contact ferrets in the HA2-K58I group seroconverted, albeit to a
low level (anti-H5 titer of 20) that is suggestive of nonproductive
contact transmission. As productive transmission between co-
housed ferrets was not observed, airborne transmission experi-
ments between separated donor/recipient ferret pairs were not
conducted.

DISCUSSION

In this study, we investigated the effect of a single mutation (i.e.,
HA2-K58I, which decreases the pH of activation of the HA pro-
tein) on the growth, virulence, and transmissibility of an H5N1
influenza virus in mice and ferrets. The virus chosen for this work
was A/Vietnam/1203/2004 (H5N1). The VN1203 virus was cho-

sen over the previously characterized in A/chicken/Vietnam/C58/
2004 (35) due to its ability to replicate and cause disease in ferrets
(52). This human isolate from clade 1 has an avian preferred
�(2,3) receptor binding specificity but a mammalian-adapted
polymerase (i.e., PB2-E627K) (52). As the VN1203 virus was not
laboratory adapted or reassorted and contained no mutations
other than HA2-K58I, the results described here bear directly on
the potential of a single, acid-stabilizing mutation to enhance the
capability of a circulating H5N1 virus to grow, disseminate, and
transmit in mammalian hosts. Our biochemical analyses showed
that the K58I mutation in the HA2 stalk decreases the pH of acti-
vation of the VN1203 HA protein from pH 6.0 to 5.5 without
affecting HA protein expression, cleavage, or receptor binding. In
vitro, the HA2-K58I mutation did not affect VN1203 replication
kinetics in MDCK and NHBE cells but was attenuating in A549
cells, which were found to have a higher endosomal pH than
MDCK cells. In mice and ferrets, the HA2-K58I mutation did not
alter the virulence of VN1203. However, the acid-stabilizing mu-
tation altered the tropism of the virus by promoting 100- to 1,000-
fold greater growth in the ferret URT early in infection (days 1 to
2 after inoculation) while simultaneously reducing the viral load
1,000- to 100,000-fold in the lungs later in infection (day 5 after
inoculation). Robust influenza virus growth in the URT is neces-
sary for transmission between ferrets (61). Yet, the enhanced
growth of VN1203 in the URT due to the acid-stabilizing HA2-
K58I mutation was not sufficient to enable productive transmis-
sion between contact ferrets. We have found previously that an
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FIG 5 Effect of the K58I mutation on virulence and virus growth in C57BL/6J mice following inoculation with a large volume. (A and B) Mean percentages of
weight change (A) and survival (B) of C57BL/6J mice (n 
 15) following intranasal inoculation with 50 �l PBS containing 1 MLD50 of the WT or HA2-K58I
viruses. The control (PBS) group was inoculated with 50 �l PBS only. Error bars show standard deviations. (C) Replication of the rg-VN1203 WT and HA2-K58I
viruses in different mouse tissues. Tissues were harvested from mice (n 
 10) on day 4 following infection with 1 MLD50/50 �l, and the EID50/ml titers were
determined in 10-day-old embryonated chicken eggs. The detection limit was 1 log10 EID50/ml. Horizontal lines within groups show mean values. Statistical
analysis was performed by using two-way ANOVA for comparison of weight loss and virus titers and the log-rank chi-square test for survival curves. Asterisks
indicate P values of �0.01.
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HA2-K58I mutation in A/chicken/Vietnam/C58/2004 (H5N1) is
attenuating in mallards (39) but enhancing in mice (35). Here we
report that HA2-K58I enhances the early growth of the related
VN1203 virus in the ferret URT. Overall, these studies reveal that
a single acid-stabilizing mutation in the HA protein can switch the
preference of a nonadapted/nonreassorted H5N1 virus (which has
avian preferred receptor binding specificity) from an avian to a
mammalian host; however, such an adaptation appears to be in-
sufficient for transmissibility in mammals in the absence of other
molecular factors.

For influenza virus to transmit, either by contact or by aerosol,
it must efficiently infect, replicate in, and expel from the URT and
be stable in the environment and/or respiratory droplets. An
E627K mutation in the PB2 protein was found to support H5N1
influenza virus replication in the URT of mammalian species (62,
63). However, the presence of this mutation was not permissive
for transmission of VN1203 H5N1 virus among ferrets (51). The
HA protein receptor binding preference for �(2,6)-linked sialic
acid receptors is considered a requirement for efficient influenza
virus transmission between humans (64). A switch from �(2,6)-
to �(2,3)-linked sialic acid receptor specificity abolishes the ability
of the 1918 pandemic H1N1 influenza virus to transmit among
ferrets (65). Despite some recent H5N1 influenza viruses acquir-
ing the ability to bind �-(2,6) receptors (48), these viruses remain
unable to transmit among ferrets and, presumably, humans (50,
51). This suggests that a decrease in �(2,3) receptor binding affin-
ity in addition to increased �-2,6 receptor binding affinity may be
required for efficient airborne transmission of H5N1 influenza
viruses between ferrets or humans. Nonetheless, one study intro-
duced mutations known to switch the receptor binding specificity

of the H5 HA protein to �(2,6)-linked sialic acid, and yet the
engineered H5N1 virus still failed to transmit, implying that other
molecular changes are needed (50). Similarly, another study
showed that an H5 virus with �(2,6) binding preference was able
to partially transmit among ferrets via respiratory droplets only
when it was coupled with a human N2 neuraminidase (21). An-
other study using an H5 reassortant virus showed that adding an
acid-stabilizing HA mutation promoted contact transmission in
ferrets (66), although the implications of the study for circulating
H5N1 viruses are unclear, as the reassortant virus contained 6 PR8
internal genes, a 2009 H1N1 pandemic NA gene, and an H5N1 HA
gene that had �(2,6) receptor specificity and lacked both a poly-
basic cleavage site and glycosylation on residue 158.

Recently, two laboratories were able to engineer and adapt H5
HA-containing influenza viruses that transmit between ferrets by
the airborne route (24, 25). One study used A/Indonesia/5/2005
(H5N1) (24), and the other study used a reassortant virus contain-
ing the HA gene from A/Vietnam/1203/04 (H5N1) and the other
seven genes from A/California/04/09 (H1N1) (25). In both cases,
three sequential groups of mutations were needed before efficient
airborne transmissibility was achieved, as follows: (i) two muta-
tions in the HA receptor binding pocket that switched the receptor
binding specificity from �(2,3) to �(2,6), (ii) a single mutation
that removed a glycosylation site from the top of the HA receptor
binding domain, and (iii) a single HA1 mutation in or adjacent to
the metastable stalk domain that decreased the pH of activation of
the HA protein (either measured directly [25] or as judged by
structural considerations [24, 41]). Thus, a decrease in the pH of
activation of the H5 HA protein to �5.6 (25) was necessary for
airborne transmissibility in ferrets. The data from the present
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FIG 6 Effect of the HA2-K58I mutation on virulence and virus growth in C57BL/6J mice following inoculation with a small volume. (A and B) Mean percentages
of weight change (A) and survival (B) of C57BL/6J mice (n 
 5) following inoculation with a small volume (5 �l) of PBS containing 1 MLD50 of the rg-VN1203
WT or HA2-K58I virus. The control (PBS) group was inoculated with 5 �l PBS only. Error bars show standard deviations. (C) Replication of WT and HA2-K58I
viruses in different mouse tissues. Tissues were harvested from mice (n 
 10) on day 4 following infection with 1 MLD50/5 �l, and the EID50/ml titers were
determined in 10-day-old embryonated chicken eggs. The detection limit was 1 log10 EID50/ml. Horizontal lines within groups show mean values. Statistical
analysis was performed by using two-way ANOVA for comparison of weight loss and virus titers and the log-rank chi-square test for survival curves. *, P � 0.05;
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study show that a single mutation in the HA protein that lowers
the HA activation pH to 5.5 is not sufficient to promote contact
transmission in ferrets in the background of a nonreassorted/non-
laboratory-adapted H5N1 influenza virus that retains its avian-
like �(2,3) receptor binding specificity and intact glycosylation
sites.

On one hand, the results from the present study suggest a lower
risk that circulating avian-like H5N1 influenza viruses will jump
species to humans, as H5N1 viruses are now expected to require
more than one acid-stabilizing HA mutation to acquire pandemic
potential. Other required changes include the acquisition of
�(2,6) receptor binding specificity and/or the deletion of a glyco-
sylation site (24, 25). Furthermore, our previous studies show that
circulating avian H5N1 influenza viruses tend to have HA activa-
tion pH values ranging from 5.7 to 6.0 (39, 41, 54) and are unlikely
to acquire acid-stabilizing mutations that lower the HA activation
pH below pH 5.6 in species such as chickens and ducks (39, 41,
42). On the other hand, during H5N1 infection in mammals, the
likelihood of a virus acquiring an acid-stabilizing mutation may
be relatively high. The present and previous studies (35, 44, 45, 66,
67) show that acid-stabilizing mutations promote H5N1 growth
in the URT of mammals. We propose that numerous acid-stabi-
lizing mutations are functionally equivalent, thereby increasing
the likelihood of such a mutation being naturally selected. Eight
mutations in H5 viruses have already been reported to decrease
the HA activation pH: HA1-H18Q (35, 39, 43, 66), HA1-H103Y

(24), HA1-D104N/I115T, HA1-E216K, and HA1-S221P (41),
HA1-T318I (25), HA2-K58I (35, 39, 44), and HA2-E105K (43).
These residues are located throughout the prefusion HA protein
in four broad regions that undergo dramatic changes in secondary
and tertiary structure after acid-induced, irreversible activation.
The four regions include (i) the interface between the HA1 recep-
tor binding domain trimer, (ii) the HA1-HA2 interface, (iii) the
spring-loaded HA2 stalk, and (iv) the pocket surrounding the hy-
drophobic fusion peptide (Fig. 8). Dozens of other acid-stabilizing
mutations to numerous H5 HA residues could potentially arise,
just as a wide variety of activation pH-altering mutations in these
four regions of the HA molecule have been selected for in H3N2
and H7N7 viruses (69–71). As mutations that alter the acid stabil-
ity of the HA protein appear to be functionally equivalent, we
propose that future surveillance efforts to identify H5N1 viruses
with increased potential for transmissibility in mammals include
functional assays for HA acid stability, in addition to using se-
quence data to identify known acid stabilizers, such as HA1-
H103Y and HA1-T318I.

Even though the HA2-K58I mutation did not increase the vir-
ulence of highly pathogenic H5N1 influenza virus or permit con-
tact transmission in ferrets, this mutation altered the tropism of
the VN1203 virus in the ferret respiratory tract and increased the
stability of the virus in the presence of acid at pH 5.5. Therefore,
HA2-K58I is a gain-of-function mutation, and the results de-
scribed here qualify as dual-use research (DUR). We do not be-
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FIG 7 Effects of the K58I mutation on virulence, replication, and contact transmission of H5N1 influenza virus in ferrets. (A and B) Ferrets (n 
 5) were
inoculated with 0.5 ml PBS containing 103 TCID50 of the WT or HA2-K58I viruses. Two of the 5 directly inoculated ferrets and all contact ferrets (n 
 4) were
observed for (A) weight loss and (B) survival. (C) Virus replication in the nasal cavities. Nasal washes were collected from all ferrets on the indicated days until
death or termination of the experiment. On day 5, 3 of the 5 directly inoculated ferrets were euthanized to collect tissues, and on days 5 and 6, one ferret each from
the WT and the HA2-K58I group, respectively, died from illness. (D) Replication of the WT and HA2-K58I viruses in different body tissues on day 5 after
infection. The detection limit was 1 log10 TCID50/ml. Closed symbols indicate directly inoculated ferrets. Open symbols indicate contact ferrets. NC, nasal
cavities; T, trachea; LU, left lung’s upper lobe; LL, left lung’s lower lobe; RU, right lung’s upper lobe; RM, right lung’s middle lobe; RL, right lung’s lower lobe; B,
brain; L, liver; LI, large intestine. Horizontal lines within groups show mean values. Statistical analysis was performed by using two-way ANOVA for comparison
of weight loss and virus titers and the log-rank chi-square test for survival curves. The differences in the titers of WT and HA2-K58I viruses in the left lower lung
were statistically significant (P � 0.01). Statistical analyses could not be performed to compare WT and K58I groups in tissues where no K58I was detected,
including the liver and right upper, middle, and lower lung.
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lieve that the VN1203-HA2-K58I virus itself or the results de-
scribed here could be directly misapplied to pose a significant
threat with broad potential consequences to public health and
safety or to agriculture. Therefore, we contend that this work is
not dual-use research of concern (DURC) (72). The VN1203-
HA2-K58I agent itself poses no enhanced risk to public health or
agriculture compared to unmodified VN1203 or other circulating
H5N1 viruses because (i) the HA2-K58I mutation does not in-
crease virulence or transmissibility in ferrets, a model for infection
in humans, and (ii) the HA2-K58I mutation has been shown pre-
viously to reduce H5N1 virus growth, virulence, and transmission
in mallards, an avian model (39). Additionally, the VN1203-HA2-
K58I virus is susceptible to oseltamivir, and a vaccine containing
the parental VN1203 HA protein is available (44). The VN1203-
HA2-K58I virus was not actively adapted during experiments in

ferrets, which were conducted in 2011 before the moratorium on
H5N1 research (73), and tissues were destroyed after titers were
measured. Knowledge of the HA2-K58I mutation could not be
directly misapplied to threaten public health by introducing HA2-
K58I into the ferret airborne-transmissible viruses (24, 25), which
already have functionally equivalent acid-stabilizing mutations
and would most likely be attenuated by the addition of an HA2-
K58I mutation (35). These studies have been reviewed and ap-
proved before, during, and after completion both internally by the
Institutional Biosafety Committee and externally by the funding
agency. All work was conducted in a secure biocontainment ABSL3�
facility (see Materials and Methods) by highly qualified and trained
scientists who abide by a quarantine policy that prohibits contact with
immunocompromised patients, zoos, pet shops, and avian species
within 1 week of accessing the ABSL3� facility.

Highly pathogenic H5N1 influenza viruses continue to circulate
in domestic poultry and wild birds, and these viruses occasionally
infect humans and other mammals (22). If H5N1 viruses adapt to
mammals and acquire the ability for sustained human-to-human
transmission, a pandemic will be both inevitable and devastating to
public health and economic welfare. Therefore, there is an urgent
need and responsibility to assess the risk of this threat and take pre-
cautionary steps to prevent, contain, or minimize it. This work de-
scribes a mutation and a molecular property that support the adap-
tation of H5N1 influenza viruses from avian to mammalian hosts and
provides a better understanding of the requirements for H5N1 influ-
enza viruses to cross the species barrier.

Knowledge of the results described here may benefit public
health in several ways. First, this work provides a mammalian
preferred HA activation pH (�5.5) for H5N1 and specific HA
mutations that enhance its acid stability (Fig. 8). This information
will enhance the effectiveness of influenza virus surveillance activ-
ities. Second, understanding interspecies adaptation will assist in
risk assessment, prepandemic vaccine selection, and decisions to
cull animals or quarantine humans. Third, the HA2-K58I muta-
tion may be used to engineer vaccines for optimal growth in cul-
ture (egg or cell-based) and in vivo, thereby enhancing vaccine
production and efficacy, as has already been demonstrated in two
proof-of-concept studies (38). Fourth, this work bolsters novel
approaches to develop anti-influenza virus inhibitors that prevent
or induce HA conformational changes by binding to the stalk
domain. Mutations conferring resistance to several experimental
fusion inhibitors have been shown to increase the activation pH of
the HA protein (74, 75), which the present study suggests may be
counterproductive for efficient early growth in the mammalian
URT. Finally, the results described here may provide new direc-
tions for research on other important human and animal patho-
gens, such as SARS coronavirus, dengue virus, hepatitis C virus,
Epstein-Barr virus, human rhinovirus, vesicular stomatitis virus,
and avian leukemia virus, which also contain envelope glycopro-
teins that are activated by low pH (76). The host range and tro-
pism of these other viruses may also be influenced by mutations
that alter the pH of activation of their fusion glycoproteins.
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