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REPORT

Airborne Transmission of Influenza
A/H5N1 Virus Between Ferrets

Sander Herfst," Eefje J. A. Schrauwen,* Martin Linster,* Salin Chutinimitkul,* Emmie de Wit,**
Vincent ]. Munster,™ Erin M. Sorrell,> Theo M. Bestebroer,® David F. Burke,? Derek ]. Smith,*%3
Guus F. Rimmelzwaan,* Albert D. M. E. Osterhaus,* Ron A. M. Fouchier't

Highly pathogenic avian influenza A/H5N1 virus can cause morbidity and mortality in humans but thus far
has not acquired the ability to be transmitted by aerosol or respiratory droplet (“airborne transmission”)
between humans. To address the concern that the virus could acquire this ability under natural conditions,
we genetically modified A/HSN1 virus by site-directed mutagenesis and subsequent serial passage in
ferrets. The genetically modified A/H5N1 virus acquired mutations during passage in ferrets, ultimately
becoming airborne transmissible in ferrets. None of the recipient ferrets died after airborne infection with
the mutant A/H5N1 viruses. Four amino acid substitutions in the host receptor-binding protein
hemagglutinin, and one in the polymerase complex protein basic polymerase 2, were consistently present
in airborne-transmitted viruses. The transmissible viruses were sensitive to the antiviral drug oseltamivir
and reacted well with antisera raised against H5 influenza vaccine strains. Thus, avian A/H5N1 influenza
viruses can acquire the capacity for airborne transmission between mammals without recombination in an
intermediate host and therefore constitute a risk for human pandemic influenza.

riiformes (gulls, tems, and waders) are thought to
form the virus reservoir in nature (/). Influenza A
viruses belong to the family Orthomyxoviridae;
these viruses have an RNA genome consisting of
eight gene segments (2, 3). Segments 1 to 3 en-
code the polymerase proteins: basic polymerase
2 (PB2), basic polymerase 1 (PB1), and acidic
polymerase (PA), respectively. These proteins
form the RNA-dependent RNA polymerase com-
plex responsible for transcription and replication
of the viral genome. Segment 2 also encodes a

many host species, including humans, pigs,
horses, dogs, marine mammals, and a wide
range of domestic birds, yet wild birds in the orders
Anseriformes (ducks, geese, and swans) and Charad-

Inﬂuenza A viruses have been isolated from
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second small protein, PB1-F2, which has been
implicated in the induction of cell death (4, 5).
Segments 4 and 6 encode the viral surface glyco-
proteins hemagglutinin (HA) and neuraminidase
(NA), respectively. HA is responsible for binding
to sialic acids (SAs), the viral receptors on host
cells, and for fusion of the viral and host cell
membranes upon endocytosis. NA is a sialidase,
responsible for cleaving SAs from host cells and
virus particles. Segment 5 codes for the nucleo-
capsid protein (NP) that binds to viral RNA and,
together with the polymerase proteins, forms the
ribonucleoprotein complexes (RNPs). Segment 7
codes for the viral matrix structural protein M1
and the ion-channel protein M2 that is incorpo-
rated in the viral membrane. Segment 8 encodes
the nonstructural protein NS1 and the nucleic-
export protein (NEP) previously known as NS2.
NS1 is an antagonist of host innate immune re-
sponses and interferes with host gene expression,
whereas NEP is involved in the nuclear export
of RNPs into the cytoplasm before virus assem-
bly (2, 3).

Influenza A viruses show pronounced genetic
variation of the surface glycoproteins HA and
NA (7). Consequently, the viruses are classified
based on the antigenic variation of the HA and
NA proteins. To date, 16 major antigenic variants
of HA and 9 of NA have been recognized in wild
birds and are found in numerous combinations
designated as virus subtypes (for instance, HIN1,
H5N1, H7N7, and H16N3), which are used in
influenza A virus classification and nomenclature
(1, 6). This classification system is biologically
relevant, as natural host antibodies that recognize
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Fig. 1. In experiment 1, we inoculated groups of six ferrets intranasally with
1 x 10° TCIDs; of (A) influenza AH5N1,igype Virus and the three mutants (B)
A/H5N1a naszke (€) AZH5Ny, Q2221,Gz2as, and (D) ATH5N 15 N182K,Q222L,G224S-
Three animals were euthanized at day 3 for tissue sampling and at day 7, when
this experiment was stopped. Virus titers were measured daily in nose swabs
(top) and throat swabs (middle) and also on 3 and 7 dpi in respiratory tract
tissues (bottom) of individual ferrets. Virus titers in swabs and nasal turbinates
(NT), trachea (1), and lungs (L) were determined by end-point titration in MDCK
cells. [One animal inoculated with A/H5N1HA N182K,Q222L,G224S diedat1 dp] due
to circumstances not related to the experiment (D).] (Top two rows) Virus

shedding from the URT as determined by virus titers in nasal and throat swabs
was highest in A/H5N1,gype-inoculated animals. The mutant that yielded the
highest virus titers during the 7-day period was A/H5N1ya g2221,6224s, but titers
were ~1 log lower than for the A/H5N1,4type-inoculated animals. In the first
3 days, when six animals per group were present, no significant differences
were observed between A/H5N1ya n1g2k- and A/H5SN1pa 92221, 6224s-inoculated
animals, as calculated by comparing the viral titer (Mann-Whitney test, P =
0.589 and 0.818 for nose and throat titers, respectively). (Bottom row) No
marked differences in virus titers in respiratory tissues were observed between
the four groups. Each bar color denotes a single animal.
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Fig. 2. Experiment 3, virus passaging in ferrets (P1 to P10, passages 1 to 10).
Because no airborne transmission was observed in experiment 2, AH5N1yiigtype
and A/H5N1ya g2221,62245 pB2 E627k Were serially passaged in ferrets to allow
adaptation for efficient replication in mammals. Each virus was inoculated
intranasally with 1 x 10° TCIDsg in one ferret (2 x 250 ul, divided over both
nostrils). Nose and throat swabs were collected daily. Animals were euthanized
at 4 dpi, and nasal turbinates and lungs were collected. Nasal turbinates were
homogenized in virus-transport medium, and this homogenate was used to
inoculate the next ferret, resulting in passage 2 (fig. S6). Subsequent passages

NT
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3 to 6 were performed in the same way. From passage six onward, nasal
washes (NW) were collected at 3 dpi in addition to the nasal swabs. To this end,
1 ml of PBS was delivered drop wise into the nostrils of the ferrets, thereby
inducing sneezing. Approximately 200 pl of the sneeze was collected in a Petri
dish, and PBS was added to a final volume of 2 ml. For passages 7 through 10,
the nasal-wash sample was used for the passages in ferrets. The passage-10
nasal washes were subsequently used for sequence analyses and transmission
experiments to be described in experiment 4. For details, see the supple-
mentary materials.

one HA or NA subtype will generally not cross-
react with other HA and NA subtypes.

On the basis of their virulence in chickens,
influenza A viruses of the HS and H7 subtypes
can be further classified into highly pathogenic
avian influenza (HPAI) and low-pathogenic avian
influenza (LPAI) viruses. Viruses of subtypes
H1 to H4, H6, and H8 to H16 are LPAI viruses.
The vast majority of H5 and H7 influenza A vi-
ruses are also of the LPAI phenotype. HPAI vi-
ruses are generally thought to arise in poultry
after domestic birds become infected by LPAI HS
and H7 viruses from the wild-bird reservoir (7, 8).
The HA protein of influenza A viruses is initial-
ly synthesized as a single polypeptide precursor
(HAO), which is cleaved into HA1 and HA2 sub-
units by trypsin-like proteases in the host cell.
The switch from LPAI to HPAI virus phenotype
occurs upon the introduction of basic amino acid
residues into the HAO cleavage site, also known
as the multibasic cleavage site (MBCS). The
MBCS in HA can be cleaved by ubiquitously ex-
pressed host proteases; this cleavage facilitates
systemic virus replication and results in mortality
of up to 100% in poultry (9, 10).

Since the late 1990s, HPAI A/H5N1 viruses
have devastated the poultry industry of numerous
countries in the Eastern Hemisphere. To date,
A/H5NI1 has spread from Asia to Europe, Africa,
and the Middle East, resulting in the death of
hundreds of millions of domestic birds. In Hong
Kong in 1997, the first human deaths directly
attributable to avian A/H5N1 virus were recorded
(11). Since 2003, more than 600 laboratory-
confirmed cases of HPAI A/H5NI1 virus infections
in humans have been reported from 15 countries

A

Fig. 3. Virus titers in Nasal turbinates

(A) the nasal turbinates
collected at day 4 and
(B) nose swabs collected
daily until day 4, from
ferrets inoculated with
AH5N1igtype (blue) and
AH5NL 1 222162245 Pe2 627K
(red) throughout the 10
serial passages described
in Fig. 2. Virus titers were determined by end-point titration in
MDCK cells. After inoculation with A/HSN1,jgtype, Virus titers
in the nasal turbinates were variable but high, ranging from
1.6 x 10° to 7.9 x 10° TCIDso/gram tissue (A), with no further
increase observed with repeated passage. After inoculation
with A/HSN].HA Q222L,G224S PB2 E627Ks virus titers in nasal tur-
binates averaged 1.6 x 10" in the first three passages, 2.5 x
10° in passages four to seven, and 6.3 x 10° TCIDs/gram tissue
in the last three passages, suggestive of improved replication and
virus adaptation. A similar pattern of adaptation was observed
in the virus titers in the nose swabs of animals inoculated with
AH5N1yp 2221,62245 pB2 E627K (B). These titers also increased
during the successive passages, with peak virus shedding of 1 x
10° TCIDs, at 2 dpi after 10 passages. Altogether, these data
indicate that A/H5N1a Q222L,G224S PB2 E627K adapted to more
efficient replication in the ferret URT upon repeated passage,
with evidence for such adaptation by passage number 4. In contrast,
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analyses of the virus titers in the nose swabs of the ferrets collected at 1 to 4 dpi throughout the 10 serial
passages with A/H5N 1,4y revealed no changes in patterns of virus shedding. Asterisks indicate that a nose
wash was collected before the nose swab was taken, which may influence the virus titer that was detected.

(12). Although limited A/HS5N1 virus transmission
between persons in close contact has been re-
ported, sustained human-to-human transmission
of HPAI A/H5N1 virus has not been detected
(13-15). Whether this virus may acquire the abil-
ity to be transmitted via aerosols or respiratory

droplets among mammals, including humans, to
trigger a future pandemic is a key question for
pandemic preparedness. Although our knowledge
of viral traits necessary for host switching and
virulence has increased substantially in recent
years (16, 17), the factors that determine airborne
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virus passage

transmissions are shown in green.

transmission of influenza viruses among mam-
mals, a trait necessary for a virus to become pan-
demic, have remained largely unknown (18-21).
Therefore, investigations of routes of influenza
virus transmission between animals and on the
determinants of airborne transmission are high
on the influenza research agenda.

The viruses that caused the major pandemics
of the past century emerged upon reassortment
(that is, genetic mixing) of animal and human in-
fluenza viruses (22). However, given that viruses
from only four pandemics are available for analy-
ses, we cannot exclude the possibility that a future
pandemic may be triggered by a wholly avian
virus without the requirement of reassortment.
Several studies have shown that reassortment

transmission 1

transmission 2

transmission 3

Fig. 4. Summary of the substitutions detected upon serial passage and airborne
transmission of A/HSN1ya q2221,62245 pB2 E627K Virus in ferrets. The eight influenza
virus gene segments and substitutions are drawn approximately to scale (top to
bottom: PB2, PB1, PA, HA, NP, NA, M, NS). Viruses shown in blue, orange, and red
represent the initial recombinant A/H5N1ua g2221,G2245 B2 E627K Virus (P0), ferret
passage-10 virus (P10), and P10 virus after airborne transmission to recipient
ferrets, respectively. Viruses shown in gray indicate that virus was not transmitted to
the recipient ferret. First, we tested whether airborne-transmissible viruses were

present in the heterogeneous virus population of ferret P10. We inoculated four
donor ferrets intranasally, which were then housed in transmission cages and paired with four recipient ferrets. Transmissible viruses were isolated from three out
of four recipient ferrets (F1 to F3). Next, we took a throat-swab sample from F2 (this sample contained the highest virus titer among the positive recipient ferrets),
and this sample was used to inoculate two more donor ferrets intranasally. In a transmission experiment, these donors infected two recipient ferrets via airborne
transmission (F5 and F6). Virus isolated from F5 was passaged once in MDCK cells and was subsequently used in a third transmission experiment in which two
intranasally inoculated donor ferrets transmitted the virus to one of two recipient ferrets (F7). The genetic composition of the viral quasi-species present in the
nasal wash of ferret P10 was determined by sequence analysis using the 454/Roche GS-FLX sequencing platform. Conventional Sanger sequencing was used to
determine the consensus sequence in one high-titer nasal- or throat-swab sample for each ferret. Thick and thin black vertical bars indicate amino acid and
nucleotide substitutions, respectively; substitutions introduced by reverse genetics are shown in yellow; substitutions detected in passage 10 and all subsequent

events between A/HS5NI1 and seasonal human
influenza viruses do not yield viruses that are
readily transmitted between ferrets (/8-20, 23).
In our work, we investigated whether A/H5N1
virus could change its transmissibility charac-
teristics without any requirement for reassort-
ment.

We chose influenza virus A/Indonesia/5/2005
for our study because the incidence of human
A/H5NT1 virus infections and fatalities in Indo-
nesia remains fairly high (/2), and there are
concerns that this virus could acquire molecular
characteristics that would allow it to become
more readily transmissible between humans and
initiate a pandemic. Because no reassortants be-
tween A/H5N1 viruses and seasonal or pandemic

human influenza viruses have been detected in
nature and because our goal was to understand
the biological properties needed for an influ-
enza virus to become airborne transmissible
in mammals, we decided to use the complete
A/Indonesia/5/2005 virus that was isolated from
a human case of HPAI A/H5N1 infection.

We chose the ferret (Mustela putorius firro) as
the animal model for our studies. Ferrets have
been used in influenza research since 1933 be-
cause they are susceptible to infection with human
and avian influenza viruses (24). After infection
with human influenza A virus, ferrets develop
respiratory disease and lung pathology similar to
that observed in humans. Ferrets can also trans-
mit human influenza viruses to other ferrets that
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serve as sentinels with or without direct contact
(fig. S1) (25-27).

Host restriction of replication and trans-
mission of influenza A viruses is partly determined
by specific SA receptors on the surface of sus-
ceptible cells. The affinity of influenza viruses
for these receptors varies according to the
species from which they are isolated. Influenza
viruses of avian origin preferentially bind to
0-2,3-linked SA receptors, whereas human
influenza viruses recognize a-2,6—linked SA re-
ceptors. The receptor distribution in ferrets re-
sembles that of humans in that the a-2,6-linked
SA receptors are predominantly present in the
upper respiratory tract (URT), and the 0-2,3—
linked SA receptors are mainly present in the
lower respiratory tract. In chickens and other
birds, 0-2,3-linked SAs predominate, but both
0-2,3-linked and a-2,6-linked SA are present
throughout the respiratory and enteric tracts
(fig. S2) (28). The differences in receptor distri-
bution between humans and avian species are
thought to determine the host restriction of in-
fluenza A viruses. A switch in receptor spec-
ificity from avian 0-2,3—SA to human 0-2,6-SA
receptors, which can be acquired by specific mu-
tations in the receptor binding site (RBS) of the
HA, is expected to be necessary for an avian vi-
rus to become transmissible and, thus, gain the
potential to become pandemic in humans.

Besides a switch in receptor specificity to
facilitate infection of cells in the URT, increased
virus production in the URT and efficient release
of virus particles from the respiratory tract to
yield airborne virus may also be required (22).
Such traits are likely to be determined by the
viral surface glycoproteins and the proteins that
form the viral polymerase complex. Amino acid
substitutions in the polymerase proteins have al-
ready been shown to be major determinants of
host range and transmission, including for pan-
demic influenza viruses (29-37). Whereas avian
viruses, in principle, replicate at temperatures
around 41°C (the temperature in the intestinal
tract of birds), for replication in humans the vi-
ruses need to adapt to 33°C (the temperature of
the human URT). The amino acid substitution
Glu®*’—Lys*" (E627K) in the polymerase com-
plex protein PB2 has been associated with in-
creased virus replication in mammalian cells at
such lower temperatures (16, 17, 32).

In addition, when newly formed virus par-
ticles bud from the host cell membrane after
virus replication, the NA present on the virus
membrane facilitates the release of particles.
For A/HS5N1, this process is rather inefficient,
and released particles tend to form virus ag-
gregates (22). Therefore, a balance between the
properties endowed by HA and NA may be
required to generate single particles. These estab-
lished effects were thus used as the basis for
the initial substitutions chosen in the current
study.

SPECIALSECTION

Fig. 5. Airborne transmission of
A/H5N1 viruses in ferrets. Trans-
mission experiments are shown
for A/H5N1yidtype (A and B) and
A/H5N1ya 222162245 PB2 E627K
(C and D) after 10 passages (P10)
in ferrets. Two or four ferrets were
inoculated intranasally with nasal-
wash samples collected from
P10 virus of A/H5N1iigtype and
A/HSN:I-HA Q2221,G224S PB2 E627K:
respectively, and housed individu-
ally in transmission cages (A and
Q). A naive recipient ferret was added
to each transmission cage adjacent
to a donor ferret at 1dpi (B and D).
Virus titers in throat (black bars)
and nose swabs (white bars) were
determined by end-point titration
in MDCK cells. Geometric mean titers
and SDs (error bars) of positive samples are shown. The number of animals infected via airborne transmission
is indicated in (D) for each time point after exposure; the drop from three animals infected at day 7 to one
animal at day 9 and no animals at day 11 is explained by the fact that the animals that became infected via
airborne transmission had cleared the virus by the end of the experiment and, therefore, detectable amounts
of virus were no longer present. The dotted lines indicate the lower limit of virus detection.
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Fig. 6. Comparison of airborne transmission of experimental passaged A/H5N1 and 2009 pandemic
A/HIN1 viruses in individual ferrets. A throat-swab sample from ferret F2 at 7 days postexposure (dpe)
(Fig. 5D) was used for the transmission experiments shown in (A) and (B), and a virus isolate obtained
from a nose swab collected from ferret F5 at 7 dpi (Fig. 6A) was used for the experiments in (C) and (D).
For comparison, published data on transmission of 2009 pandemic A/H1N1 virus between ferrets is shown
in (E) to (H) (27). Data for individual transmission experiments is shown in each panel, with virus shedding
in inoculated and airborne virus—exposed animals shown as lines and bars, respectively. For the trans-
mission experiments with airborne-transmissible AHSN1 (A to D), nose or throat swabs were not collected at 2 dpi
and 2 dpe. White circles and bars represent shedding from the nose; black circles and bars represent shedding
from the throat. The asterisk indicates the inoculated animal that died 6 days after intranasal inoculation.

Human-to-human transmission of influenza
viruses can occur through direct contact, indirect
contact via fomites (contaminated environmental
surfaces), and/or airborne transmission via small
aerosols or large respiratory droplets. The pan-
demic and epidemic influenza viruses that have
circulated in humans throughout the past century
were all transmitted via the airborne route, in
contrast to many other respiratory viruses that are
exclusively transmitted via contact. There is no
exact particle size cut-off at which transmission
changes from exclusively large droplets to aero-

sols. However, it is generally accepted that for
infectious particles with a diameter of 5 um or
less, transmission occurs via aerosols. Because
we did not measure particle size during our ex-
periments, we will use the term “airborne trans-
mission” throughout this Report.

Biosafety and biosecurity concerns have re-
mained foremost in our planning for this research
program. The details are explained in the supple-
mentary materials and are summarized here: The
enhanced Animal Biosafety Laboratory level 3
(ABSL3+) facility at Erasmus Medical Center
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Table 1. Lethality of WT and airborne-transmissible A/H5N1 virus in ferrets upon inoculation via
different routes. n, number of animals; N.A., not applicable.

Inoculation route Virus

Dead or moribund Day of death
(no. dead/no. tested) postinoculation (no.)

Intratracheal AH5N 1 yiigeype 6/6* 2(n=2),3M=4)
A/H5N1/F5 6/6 3(n=6)
Intranasal A/H5N1igtype/P10 212t 6(n=2)
A/H5N14a q2221,62245 pB2 E627K/P10 0/4 N.A.
A/H5N1/F2 0/2 N.A.
A/H5N1/F5 12 6(n=1
Airborne A/H5Nigtype N.A. N.A.
A/H5N1yp q2221,G2245 B2 E627k/P10 073 N.A.
A/H5N1/F2 0/2 N.A.
A/H5N1/F5 0/1 N.A.

*These data refer to a published study (45).

tThese ferrets were inoculated with P10 H5N1,qeype Virus, but data are

consistent with previous studies that used larger groups of animals inoculated with the original strain (39, 40).

Table 2. Receptor specificity of the different mutant A/H5N1 viruses, as determined by a modified TRBC
hemagglutination assay. Introduction of Q222L and G224S in the A/H5N1 HA resulted in a receptor binding
preference switch from the avian c.-2,3—to the human o-2,6—linked SA receptor. Subsequent substitution of
H103Y and T156A resulted in an increased affinity for a-2,3— and a-2,6—linked SA, in agreement with
glycan array studies (51). For details, see supplementary experiment 9. HAU, hemagglutination units.

HA titer (HAU/50 pl)

Virus Subtype
TRBC @-2,3-linked TRBC @-2,6-linked TRBC

A/Netherlands/213/03 H3N2 64 0 64
A/Vietnam/1194/04 H5N1 64 64 0
A/H5N1pg5 £e27K H5N1 64 16 0
A/H5N1HA H103Y,T156A PB2 E627K H5N1 64 48 0
A/HSNlHA Q2221,G224S PB2 E627K H5N1 64 0 24
AIHSN:I-HA H103Y,T156A,Q222L,G224S PB2 E627K H5N1 64 4 32

(MC) Rotterdam, the Netherlands, was constructed
for the specific purpose of containing pathogenic
and transmissible influenza viruses and other
pathogens of concern. The facility consists of a
negatively pressurized laboratory with an inter-
lock room. All in vivo and in vitro experimen-
tal work is carried out in negatively pressurized
class 3 isolators or class 3 biosafety cabinets, re-
spectively. The facility is secured by procedures
recognized as appropriate by the institutional
biosafety officers and facility management at
Erasmus MC, as well as Dutch and U.S. gov-
ernment inspectors.

Before and during the research, biosafety
officers of Erasmus MC and inspectors from
the Dutch government, as well as from the U.S.
Centers for Disease Control and Prevention,
approved the facilities and procedures. Explicit
permits for research on genetically modified
airborne-transmissible A/HSN1 virus were ob-
tained from the Dutch government. The research
was performed strictly in accordance with the
Dutch Code of Conduct for Biosecurity (33). All
personnel were instructed and trained extensive-
ly for working in the ABSL3+ facility, handling
(highly pathogenic) influenza virus, and control-
ling incidents (such as spills). To further prevent
occupational risks, research personnel used pro-
tective equipment and were offered seasonal

and A/H5N1 influenza vaccines (25). For emer-
gency purposes, Erasmus MC holds supplies of
oseltamivir and has quarantine hospital rooms.

Using a combination of targeted mutagenesis
followed by serial virus passage in ferrets, we
investigated whether A/HSN1 virus can acquire
mutations that would increase the risk of mam-
malian transmission (34). We have previous-
ly shown that several amino acid substitutions
in the RBS of the HA surface glycoprotein of
A/Indonesia/5/2005 change the binding pref-
erence from the avian 0-2,3-linked SA recep-
tors to the human 0-2,6-linked SA receptors
(35). A/Indonesia/5/2005 virus with amino
acid substitutions N182K, Q222L/G224S, or
N182K/Q222L/G224S (numbers refer to amino
acid positions in the mature H5S HA protein;
N, Asn; Q, Gln; L, Leu; G, Gly; S, Ser) in HA
display attachment patterns similar to those of
human viruses to cells of the respiratory tract of
ferrets and humans (35). Of these changes, we
know that together, Q2221 and G224S switch the
receptor binding specificity of H2 and H3 sub-
type influenza viruses, as this switch contributed
to the emergence of the 1957 and 1968 pan-
demics (36). N182K has been found in a human
case of A/H5N1 virus infection (37).

Our experimental rationale to obtain trans-
missible A/HSN1 viruses was to select a mu-

tant A/H5N1 virus with receptor specificity for
0-2,6-linked SA shed at high titers from the URT
of ferrets. Therefore, we used the QuickChange
multisite-directed mutagenesis kit (Agilent Tech-
nologies, Amstelveen, the Netherlands) to intro-
duce amino acid substitutions N182K, Q222L/
(2248, or N182K/Q2221./G224S in the HA of
wild-type (WT) A/Indonesia/5/2005, resulting
in A/H5SN1pa nisoxs A/HSN1pa 2201, G224s, and
A/HSN 1 HA NI182K,Q222L,G224S- Experimental
details for experiments 1 to 9 are provided in
the supplementary materials (25). For experi-
ment 1, we inoculated these mutant viruses and
the A/H5N1iigeype Virus intranasally into groups
of six ferrets for each virus (fig. S3). Throat and
nasal swabs were collected daily, and virus titers
were determined by end-point dilution in Madin
Darby canine kidney (MDCK) cells to quantify
virus shedding from the ferret URT. Three an-
imals were euthanized after day 3 to enable tissue
sample collection. All remaining animals were
euthanized by day 7 when the same tissue samples
were taken. Virus titers were determined in the
nasal turbinates, trachea, and lungs collected post-
mortem from the euthanized ferrets. Throughout
the duration of experiment 1, ferrets inoculated in-
tranasally with A/H5N1jgype Virus produced
high titers in nose and throat swabs—up to 10 times
more than A/H5N lHA Q222L,G224S> which ylelded
the highest virus titers of all three mutants during
the 7-day period (Fig. 1). However, no significant
difference was observed between the virus shed-
ding of ferrets inoculated with A/H5N1ya o201,
G224S Or A/HSN]HA N182K during the first 3 days
when six animals per group were present. Thus,
of the viruses with specificity for a-2,6-linked SA,
A/I‘ISNIHA Q2221,G224S ylelded the hjghest virus
titers in the ferret URT (Fig. 1).

As described above, amino acid substitution
E627K in PB2 is one of the most consistent host-
range determinants of influenza viruses (29-31).
For experiment 2 (fig. S4), we introduced E627K
into the PB2 gene of A/Indonesia/5/2005 by
site-directed mutagenesis and produced the re-
combinant virus A/HSN1ya q221,G224s PB2 E627K-
The introduction of E627K in PB2 did not sig-
nificantly affect virus shedding in ferrets, because
virus titers in the URT were similar to those seen
in A/HSNIHA Q222L’C,224s-inoculated animals
[up to 1 x 10* 50% tissue culture infectious
doses (TCIDsg)] (Mann-Whitney U rank-sum test,
P =0476) (Fig. 1 and fig. S5). When four naive
ferrets were housed in cages adjacent to those
with four inoculated animals to test for air-
borne transmission as described previously (27),
AH5N1yA Q2221,G224s PB2 Ec27K Was not trans-
mitted (fig. S5).

Because the mutant virus harboring the
E627K mutation in PB2 and Q222L and G224S
in HA did not transmit in experiment 2, we de-
signed an experiment to force the virus to adapt
to replication in the mammalian respiratory
tract and to select virus variants by repeated
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passage (10 passages in total) of the constructed
A/HS5N1xA Q2221,G224s PB2 Ee27k Virus and
A/H5N1jigeype Virus in the ferret URT (Fig. 2
and fig. S6). In experiment 3, one ferret was in-
oculated intranasally with A/H5N1ygiype and
one ferret with A/HSN1ya q2221,G224s PB2 E627K-
Throat and nose swabs were collected daily
from live animals until 4 days postinoculation
(dpi), at which time the animals were euthanized
to collect samples from nasal turbinates and lungs.
The nasal turbinates were homogenized in 3 ml
of virus-transport medium, tissue debris was pel-
leted by centrifugation, and 0.5 ml of the super-
natant was subsequently used to inoculate the
next ferret intranasally (passage 2). This proce-
dure was repeated until passage 6.

From passage 6 onward, in addition to the
samples described above, a nasal wash was also
collected at 3 dpi. To this end, 1 ml of phosphate-
buffered saline (PBS) was delivered dropwise to
the nostrils of the ferrets to induce sneezing. Ap-
proximately 200 pl of the “sneeze” was collected
in a Petri dish, and PBS was added to a final vol-
ume of 2 ml. The nasal-wash samples were used
for intranasal inoculation of the ferrets for the
subsequent passages 7 through 10. We changed
the source of inoculum during the course of the
experiment, because passaging nasal washes
may facilitate the selection of viruses that were
secreted from the URT. Because influenza viruses
mutate rapidly, we anticipated that 10 passages
would be sufficient for the virus to adapt to efficient
replication in mammals.

Virus titers in the nasal turbinates of ferrets
inoculated with A/H5N 1 jigqype ranged from ~1 x
10° to 1 x 107 TCIDsy/gram tissue throughout 10
serial passages (Fig. 3A and fig. S7). In ferrets
inoculated with A/HSN1pa q2221,G224s PB2 E627K
virus, a moderate increase in virus titers in the
nasal turbinates was observed as the passage
number increased. These titers ranged from 1 x
10* TCIDsy/gram tissue at the start of the exper-
iment to 3.2 x 10° to 1 x 10° TCIDso/gram tissue
in the final passages (Fig. 3A and fig. S7). No-
tably, virus titers in the nose swabs of animals
inoculated with A/HSN 14 g2221,G224s PB2 E627K
also increased during the successive passages,
with peak virus shedding of 1 x 10° TCIDs, at
2 dpi after 10 passages (Fig. 3B).These data in-
dicate that A/HSN1ga q2221.G224s PB2 E627K Was
developing greater capacity to replicate in the
ferret URT after repeated passage, with evidence
for such adaptation becoming apparent by pas-
sage number 4. In contrast, virus titers in the nose
swabs of the ferrets collected at 1 to 4 dpi through-
out 10 serial passages with A/HS5N1,iigiype Te-
vealed no changes in patterns of virus shedding.

Passaging of influenza viruses in ferrets
should result in the natural selection of hetero-
geneous mixtures of viruses in each animal with
a variety of mutations: so-called viral quasi-
species (38). The genetic composition of the
viral quasi-species present in the nasal washes

of ferrets after 10 passages of A/H5Niigype
and A/HSN1pa q2201,G224s PB2 E627k Was deter-
mined by sequence analysis using the 454/Roche
GS-FLX sequencing platform (Roche, Woerden,
the Netherlands) (tables S1 and S2). The
mutations introduced in A/H5N1ys g2201,G2248
PB2 E627K DY Teverse genetics remained present
in the virus population after 10 consecutive
passages at a frequency >99.5% (Fig. 4 and
table S1). Numerous additional nucleotide sub-
stitutions were detected in all viral gene segments
of A/H5N1 yigype and A/HSNIgA qooor Gooas PR2 B27K
after passaging, except in segment 7 (tables S1
and S2). Of the 30 nucleotide substitutions selec-
ted during serial passage, 53% resulted in amino
acid substitutions. The only amino acid substi-
tution detected upon repeated passage of both
AH5Nyigype and AHSNIga qoooras P2 Be27c
was T156A (T, Thr; A, Ala) in HA. This sub-
stitution removes a potential N-linked glycosyl-
ation site (Asn-X-Thr/Ser; X, any amino acid) in
HA and was detected in 99.6% of the A/HSNiqype
sequences after 10 passages. T156A was detected
in 89% of the A/HSNIya q2221,G2245 PB2 E627K
sequences after 10 passages, and the other 11%
of sequences possessed the substitution N154K,
which removes the same potential N-linked gly-
cosylation site in HA.

In experiment 4 (see supplementary materials),
we investigated whether airborne-transmissible
viruses were present in the heterogeneous virus
population generated during virus passaging in
ferrets (fig. S4). Nasal-wash samples, collected
at 3 dpi from ferrets at passage 10, were used
in transmission experiments to test whether
airborne-transmissible virus was present in the
virus quasi-species. For this purpose, nasal-wash
samples were diluted 1:2 in PBS and subsequent-
ly used to inoculate six naive ferrets intranasally:
two for passage 10 A/H5Nljq4ype and four for
passage 10 A/H5N1ya quoor,Go2ds pB2 E627K VITUS.

The following day, a naive recipient ferret
was placed in a cage adjacent to each inoculated
donor ferret. These cages are designed to prevent
direct contact between animals but allow airflow
from a donor ferret to a neighboring recipient
ferret (fig. S1) (27). Although mutations had ac-
cumulated in the viral genome after passaging
of A/H5N1iiqiype in ferrets, we did not detect
replicating virus upon inoculation of MDCK
cells with swabs collected from naive recipient
ferrets after they were paired with donor ferrets
inoculated with passage 10 A/HS5N1yjqiype Virus
(Fig. 5, A and B). In contrast, we did detect virus
in recipient ferrets paired with those inoculated
with passage 10 A/HSN 1pa q2201,G224s PB2 E627K
virus. Three (F1 to F3) out of four (F1 to F4)
naive recipient ferrets became infected as con-
firmed by the presence of replicating virus in
the collected nasal and throat swabs (Fig. 5, C
and D). A throat-swab sample obtained from
recipient ferret F2, which contained the highest
virus titer among the ferrets in the first transmis-
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sion experiment, was subsequently used for intra-
nasal inoculation of two additional donor ferrets.
Both of these animals, when placed in the trans-
mission cage setup (fig. S1), again transmitted
the virus to the recipient ferrets (F5 and F6)
(Fig. 6, A and B). A virus isolate was obtained
after inoculation of MDCK cells with a nose swab
collected from ferret F5 at 7 dpi. The virus from
F5 was inoculated intranasally into two more
donor ferrets. One day later, these animals were
paired with two recipient ferrets (F7 and F8) in
transmission cages, one of which (F7) subsequent-
ly became infected (Fig. 6, C and D).

We used conventional Sanger sequencing to
determine the consensus genome sequences of
viruses recovered from the six ferrets (F1 to F3
and F5 to F7) that acquired virus via airborne
transmission (Fig. 4 and table S3). All six sam-
ples still harbored substitutions Q222L, G224S,
and E627K that had been introduced by reverse
genetics. Surprisingly, only two additional amino
acid substitutions, both in HA, were consistently
detected in all six airborne-transmissible viruses:
(1) H103Y (H, His; Y, Tyr), which forms part of
the HA trimer interface, and (ii) T156A, which is
proximal but not immediately adjacent to the
RBS (fig. S8). Although we observed several
other mutations, their occurrence was not con-
sistent among the airborne viruses, indicating
that of the heterogeneous virus populations gen-
erated by passaging in ferrets, viruses with dif-
ferent genotypes were transmissible. In addition,
a single transmission experiment is not sufficient
to select for clonal airborne-transmissible viruses
because, for example, the consensus sequence
of virus isolated from F6 differed from the se-
quence of parental virus isolated from F2.

Together, these results suggest that as few as
five amino acid substitutions (four in HA and one
in PB2) may be sufficient to confer airborne trans-
mission of HPAI A/H5NI1 virus between mam-
mals. The airborne-transmissible virus isolate
with the least number of amino acid substitutions,
compared with the A/H5N1igeype, Was recov-
ered from ferret F5. This virus isolate had a total
of nine amino acid substitutions; in addition to
the three mutations that we introduced (Q222L
and G224S in HA and E627K in PB2), this virus
harbored H103Y and T156A in HA, H99Y and
1368V (1, Ile; V, Val) in PB1, and R99K (R, Arg)
and S345N in NP (table S3). Reverse genetics
will be needed to identify which of the five to nine
amino acid substitutions in this virus are essential
to confer airborne transmission.

During the course of the transmission exper-
iments with the airborne-transmissible viruses,
ferrets displayed lethargy, loss of appetite, and
ruffled fur after intranasal inoculation. One of
eight inoculated animals died upon intranasal
inoculation (Table 1). In previously published
experiments, ferrets inoculated intranasally with
WT A/Indonesia/5/2005 virus at a dose of 1 x 10°
TCIDso showed neurological disease and/or
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death (39, 40). It should be noted that inoculation
of immunologically naive ferrets with a dose
of 1 x 10° TCIDs, of A/H5N1 virus and the
subsequent course of disease is not representative
of the natural situation in humans. Importantly,
although the six ferrets that became infected via
respiratory droplets or aerosol also displayed leth-
argy, loss of appetite, and ruffled fur, none of
these animals died within the course of the ex-
periment. Moreover, previous infections of hu-
mans with seasonal influenza viruses are likely to
induce heterosubtypic immunity that would offer
some protection against the development of se-
vere disease (41, 42). It has been shown that mice
and ferrets previously infected with an A/H3N2
virus are clinically protected against intranasal
challenge infection with an A/HSN1 virus (43, 44).

After intratracheal inoculation (experiment 5;
fig. S9), six ferrets inoculated with 1 x 10° TCIDs,
of airborne-transmissible virus F5 in a 3-ml vol-
ume of PBS died or were moribund at day 3.
Intratracheal inoculations at such high doses do
not represent the natural route of infection and are
generally used only to test the ability of viruses to
cause pneumonia (45), as is done for vaccination-
challenge studies. At necropsy, the six ferrets
revealed macroscopic lesions affecting 80 to
100% of the lung parenchyma with average virus
titers of 7.9 x 10° TCIDsg/gram lung (fig. S10).
These data are similar to those described previously
for A/H5N1geype in ferrets (Table 1). Thus, al-
though the airborne-transmissible virus is lethal to
ferrets upon intratracheal inoculation at high doses,
the virus was not lethal after airtborne transmission.

To test the effect of the mutations in HA in the
airborne-transmissible virus on its sensitivity to
antiviral drugs, we used virus isolated from F5
(experiment 6). This airborne-transmissible virus
with nine amino acid substitutions displayed a
sensitivity to the antiviral drug oseltamivir similar
to that of A/H5N1j4eype (table S4).

In experiment 7, we evaluated the recognition
of the airborne-transmissible virus by antisera
raised against potential A/HSN1 vaccine strains.
Because only HA recognition by antibodies is
evaluated in this assay, chimeric viruses were
generated based on six gene segments of the
mouse-adapted A/Puerto Rico/8/34 (PRS8) virus
with the HA and PB2 genes of the transmissible
virus harboring amino acid substitutions H103Y,
T156A, Q222L, and G224S in HA and E627K
in PB2. We replaced the MBCS of the HA by a
monobasic cleavage site, allowing us to do these
experiments under BSL2 conditions. The chimeric
PR8/HS virus reacted well with ferret antisera
raised against A/Indonesia/5/2005 and several oth-
er prepandemic vaccine strains (table S5). In fact,
the presence of the four HA mutations increased
the reactivity with HS antisera by twofold or more.

We subsequently used the same PR8/HS5
chimeric virus in experiment 8 to evaluate the
presence of existing immunity against the airbome-
transmissible virus in sera obtained from human

volunteers more than 70 years of age. The in-
troduction of receptor-binding site mutations
Q2221./G224S and the mutations H103Y and
T156A in HA, acquired during ferret passage,
did not result in increased cross-reactivity with
human antisera (table S6), indicating that hu-
mans do not have antibodies against the HA of
the airborne-transmissible A/HSN1 virus that was
selected in our experiments.

Substitutions Q2221 and G224S have pre-
viously been shown to be sufficient to switch
receptor-binding specificity of avian influenza
strains (i.e., 0-2,3—-linked SA) to that of human
strains (i.e., 0-2,6-linked SA) (20, 35, 46, 47).
Amino acid position 103 is distal from the RBS,
forms part of the trimer interface, and is unlikely
to affect receptor specificity (fig. S8). T156 is
part of a N-glycosylation sequon, and T156A (as
well as N154K) would delete this potential gly-
cosylation site (fig. S8); amino acid T156 is prox-
imal but not immediately adjacent to the RBS.
Loss of N-glycosylation sites at the tip of HA has
been shown to affect receptor binding of A/H1
(48, 49) and the virulence of A/HS virus (50). We
evaluated the impact of the HA mutations that
emerged during passaging in ferrets in a modified
turkey red blood cell (TRBC) assay (Table 2). In
this assay, the binding of influenza viruses, with
a mutated HA, to normal TRBCs (expressing
both a-2,3-linked SA and 0-2,6-linked SA) and
modified TRBCs with either a-2,3-linked SA
or a-2,6-linked SA on the cell surface was eval-
uated and compared to two reference viruses
with known receptor binding preference: avian
A/H5N1 and human A/H3N2 viruses. As expected
and shown before, introduction of the Q222L and
(G224S mutations in the HA of A/H5N1 changed
the receptor binding preference from a-2,3—
linked SA to 0-2,6-linked SA (35). Furthermore,
in our hands, the introduction of substitutions
H103Y and T156A not only enhanced binding of
A/H5N 1y Q222L.G224S PB2 E627K 1O a-2,6-linked
SA, as expected from glycan array studies (57),
but also increased the affinity for a-2,3-linked
SA. When these two mutations were introduced
in the A/H5N1yiiqype HA, the affinity for a-2,3—
linked SA also increased.

Substitutions Q222L and G224S have previ-
ously emerged in avian A/H2 and A/H3 viruses
in nature (36, 52), and mutations associated with
similar changes in receptor binding specificity
have been detected repeatedly in A/HS viruses—
for instance, substitution N182K has been re-
ported nine times (37, 5I), which is why we
initially selected it for our investigations. The
other three substitutions we found consistently in
airborne-transmissible viruses have all previously
been detected in HPAI A/H5N1 viruses circulat-
ing in the field (53). Only a minor fraction of the
A/H5NI1 viruses that have circulated in outbreaks
have been sequenced (estimated to be <0.001%)
(53, 54). Yet the individual substitutions we
obtained, as well as combinations of T156A and

H103Y or T156A and E627K, have already been
reported in public sequence databases (53); thus,
we conclude that these mutations do not appear
to have a detrimental effect on virus fitness.
Substitution H103Y has only been found once,
in combination with TI56A in a duck in China
(53). Substitution E627K in PB2 has been found
in ~27% of avian A/HSN1 virus sequences and in
~29% of human A/H5N1 viruses (53). Substitu-
tion T156A in HA has been reported in >50% of
the viruses sequenced and was detected in 100%
of the viruses from human cases in Egypt (53).
Investigations of viral quasi-species during a
massive avian influenza A/H7N7 virus outbreak
in the Netherlands indicated that viruses with hu-
man adaptation markers, including HA mutations
that alter receptor specificity and mutations in
polymerase proteins that increase polymerase
activity like E627K in PB2, emerged rapidly in
poultry (55-57). Given the large numbers of
HPAI A/H5N1 virus-infected hosts globally, the
high viral mutation rate, and the apparent lack of
detrimental effects on fitness of the mutations
that confer airborne transmission, it may simply
be a matter of chance and time before a human-
to-human transmissible A/H5N1 virus emerges.
The specific mutations we identified in these
experiments that are associated with airborne
transmission represent biological traits that may
be determined by a set of different amino acid
substitutions. For example, amino acid substitu-
tions D701N (D, Asp) or S590G/R591Q in PB2
yield a similar phenotype to E627K (29). N182K.
and other substitutions in the RBS of HA may
yield a similar phenotype to Q222L/G224S (35).
Such mutations should be considered for A/H5SN1
surveillance studies in outbreak areas. Imai et al.
recently identified different RBS changes (N220K,
Q222L) along with N154D (affecting the same
N-glycosylation sequon as T156A) and T3141 in
HA as determinants of airborne transmission of
an A/HS5 virus (58). This airborne virus contained
seven genes of the 2009 pandemic A/HINT vi-
rus (which has SS90G/R591Q in PB2 rather than
E627K), with the HA of A/H5N1 virus A/Vietnam/
1203/2004 (58). These data indicate that differ-
ent lineages of A/H5N1 virus and different amino
acid substitutions that affect particular biological
traits (receptor binding, glycosylation, replication)
can yield airborne-transmissible A/H5N1 viruses.
Although our experiments showed that A/H5N1
virus can acquire a capacity for airborne trans-
mission, the efficiency of this mode remains un-
clear. Previous data have indicated that the 2009
pandemic A/HINI1 virus transmits efficiently
among ferrets and that naive animals shed high
amounts of virus as early as 1 or 2 days after
exposure (27). When we compare the A/H5N1
transmission data with that of reference (27),
keeping in mind that our experimental design for
studying transmission is not quantitative, the data
shown in Figs. 5 and 6 suggest that A/HSN1
airborne transmission was less robust, with less
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and delayed virus shedding compared with pan-
demic A/HINT virus.

Airborne transmission could be tested in a
second mammalian model system such as guinea
pigs (59), but this would still not provide con-
clusive evidence that transmission among hu-
mans would occur. The mutations we identified
need to be tested for their effect on transmission
in other A/H5N1 virus lineages (60), and exper-
iments are needed to quantify how they affect
viral fitness and virulence in birds and mammals.
For pandemic preparedness, antiviral drugs and
vaccine candidates against airborne-transmissible
virus should be evaluated in depth. Mechanistic
studies on the phenotypic traits associated with
each of the identified amino acid substitutions
should provide insights into the key determinants
of airborne virus transmission. Our findings in-
dicate that HPAI A/H5N1 viruses have the po-
tential to evolve directly to transmit by aerosol or
respiratory droplets between mammals, without
reassortment in any intermediate host, and thus
pose a risk of becoming pandemic in humans.
Identification of the minimal requirements for
virus transmission between mammals may have
prognostic and diagnostic value for improving
pandemic preparedness (34).
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The Potential for Respiratory
Droplet-Transmissible A/H5N1 Influenza
Virus to Evolve in a Mammalian Host
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Avian A/H5N1 influenza viruses pose a pandemic threat. As few as five amino acid substitutions,

or four with reassortment, might be sufficient for mammal-to-mammal transmission through respiratory
droplets. From surveillance data, we found that two of these substitutions are common in A/H5N1
viruses, and thus, some viruses might require only three additional substitutions to become
transmissible via respiratory droplets between mammals. We used a mathematical model of within-host
virus evolution to study factors that could increase and decrease the probability of the remaining
substitutions evolving after the virus has infected a mammalian host. These factors, combined with the
presence of some of these substitutions in circulating strains, make a virus evolving in nature a
potentially serious threat. These results highlight critical areas in which more data are needed for

assessing, and potentially averting, this threat.

ecent studies have shown that the
A/Indonesia/5/2005 avian A/HSN1 influ-
enza virus may require as few as five

amino acid substitutions (/), and the A/Vietnam/
1203/2004 A/H5N1 influenza virus requires four
substitutions and reassortment (2), to become
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