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Comparison of the Levels of Infectious Virus in Respirable Aerosols
Exhaled by Ferrets Infected with Influenza Viruses Exhibiting Diverse
Transmissibility Phenotypes
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Influenza viruses pose a major public health burden to communities around the world by causing respiratory infections that can
be highly contagious and spread rapidly through the population. Despite extensive research on influenza viruses, the modes of
transmission occurring most often among humans are not entirely clear. Contributing to this knowledge gap is the lack of an
understanding of the levels of infectious virus present in respirable aerosols exhaled from infected hosts. Here, we used the ferret
model to evaluate aerosol shedding patterns and measure the amount of infectious virus present in exhaled respirable aerosols.

By comparing these parameters among a panel of human and avian influenza viruses exhibiting diverse respiratory droplet
transmission efficiencies, we are able to report that ferrets infected by highly transmissible influenza viruses exhale a greater
number of aerosol particles and more infectious virus within respirable aerosols than ferrets infected by influenza viruses that
do not readily transmit. Our findings improve our understanding of the ferret transmission model and provide support for the

potential for influenza virus aerosol transmission.

Inﬂuenza A viruses are capable of spreading rapidly among im-
munologically vulnerable populations, causing annual epidem-
ics and global pandemics. The ability of influenza viruses to trans-
mit between hosts is dependent on multiple host, viral, and
environmental factors, and transmission does not always occur in
the same manner. Three modes of influenza virus transmission
have been described (1). Contact transmission includes direct
contact between infected individuals and indirect contact with
fomites. Droplet transmission occurs when large particles that are
typically sprayed from a cough or sneeze contact someone’s respi-
ratory mucosa or conjunctiva. Aerosol (AR) transmission (also
called airborne or droplet nucleus transmission) occurs when
small particles that have a slower settling velocity and can remain
suspended in the air for prolonged periods of time are inhaled by
susceptible hosts. Aerosol transmission may occur in a close
range, where virus-containing aerosols are more concentrated
and a higher infectious dose may be inhaled, or over a long range,
where the virus has become more dilute, resulting in a lower in-
fectious dose. Much debate surrounds the relative predominance
of each mode of transmission among people, and a universal cut-
off aerodynamic diameter to distinguish the size of droplets from
that of droplet nuclei has not been agreed upon. For the purposes
of this study, we use a cutoff of 5 pm because particles of this size
can be respired and reach alveolar tissues of the lower respiratory
tract; nevertheless, attention should also be given to particles of
larger size (up to 10 pm) that can be inhaled and deposited in the
upper airways (2).

Despite continued debate over the mode of transmission re-
sponsible for the majority of transmission events among humans,
the importance of aerosols to indoor transmission has found con-
siderable support (3, 4) although the incidence of long-range
aerosol transmission continues to be questioned (5). A recent
proof-of-concept study confirmed the potential benefits of hu-
man challenge studies in identifying secondary attack rates in con-
trolled social settings representing various levels of exposure (6).
Additionally, recent reports of the size distribution of aerosols
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exhaled by people during coughing after influenza virus infection
and the detection of infectious virus in respirable aerosols exhaled
by infected individuals highlight the need for a better understand-
ing of the potential role of aerosols in influenza virus transmission
(7, 8).

Because of the inherent limitations of human studies, mam-
malian models have been developed to study influenza virus
transmission. The ferret has become a popular model for this pur-
pose because of its natural susceptibility to influenza viruses and
because it recapitulates the general disease and transmissibility
phenotypes observed in human influenza virus infection (9). Fer-
rets are often used to characterize the ability of emerging influenza
viruses to transmit through the air to assess their pandemic po-
tential (10, 11). We recently evaluated differences in influenza
virus infections in ferrets inoculated intranasally (IN) or by aero-
sol (AR) inhalation and found that AR inoculations can result in
disease that more closely resembles naturally acquired infections
(12); however, questions remain about how these differences may
affect virus transmission. Due to the limited information that has
been reported on the aerosol shedding patterns of influenza virus-
infected ferrets (12, 13) and the need for improved techniques of
sampling infectious influenza virus in aerosols, we set out to ana-
lyze the aerosol shedding patterns of ferrets inoculated IN or by
AR and determine the level of infectious virus present in respirable
aerosols (<5 wm). By comparing these parameters among a panel
of human and avian influenza viruses exhibiting diverse transmis-
sibility efficiencies in ferrets, we found that animals infected by
highly transmissible viruses exhale more aerosol particles and
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more infectious virus within aerosol particles than those infected
by influenza viruses that do not readily transmit among ferrets.
These findings have important implications in our understanding
of the ferret transmission model and the potential for influenza
virus aerosol transmission.

MATERIALS AND METHODS

Viruses. A panel of five human and avian influenza A viruses was evalu-
ated, including two seasonal influenza viruses, A/Panama/2007/99
(H3N2; PN99) and A/Solomon Islands/03/06 (H1N1; SI06), influenza A
HIN1 pdm09 virus A/Mexico/4482/09 (MX09), and two highly patho-
genic avian influenza (HPAI) H5N1 viruses, A/Thailand/16/04 (THO04;
clade 1) and A/Bangladesh/5487/11 (BD11; clade 2.2.2). Virus stocks of
PN99, SI06, and TH04 were propagated in the allantoic cavities of 10-day-
old embryonated hens’ eggs as previously described (14). Virus stocks for
MX09 and BD11 were grown in Madin-Darby canine kidney (MDCK)
cells as previously described, and all virus stock titers were determined
by standard plaque assay in MDCK cells. HPAI viruses were handled in
biosafety level 3 containment, including enhancements required by
the U.S. Department of Agriculture and the National Select Agent
Program (15-17).

Ferret inoculations and morbidity and transmission experiments.
Ferrets that were 6 to 9 months old (Triple F Farms) and serologically
negative against currently circulating influenza viruses and the viruses
included here were used in this study and were housed in cages within a
Duo-Flo Bioclean mobile clean room (Lab Products). For each virus, at
least four ferrets (n = 4 [SI06, MX09, and BD11], 5 [PN99], and 6
[THO4]) were sedated with a ketamine hydrochloride cocktail and inoc-
ulated, two ferrets IN with 10° or 107 PFU of virus in a 1-ml volume and
two to four ferrets by AR with a presented dose of 10*7 to 10°° PFU of
virus using the AeroMP aerosol exposure system (Biaera) as previously
described (12). Both methods of inoculation have been shown to deliver
virus to the upper and lower respiratory tracts. IN delivered inoculum
doses should be considered estimations of the amount of virus reaching
the respiratory tract because some of the inoculum is swallowed during
inoculation (12). The presented dose constitutes the amount of virus in-
haled by the animal but not necessarily the amount that is deposited
within the respiratory tract and is based on the time of exposure, minute
volume (MV) of respiration, and the aerosolized virus concentrations
achieved during inoculation. Therefore, the precise presented dose is de-
termined subsequent to the inoculation procedure and is unique to each
animal. Immediately prior to inoculation, the MV of respiration was mea-
sured for all animals while sedated using whole-body plethysmography
(Buxco Research Systems). Ferrets were monitored daily for 6 days for
morbidity as measured by weight loss and at 2, 4, and 6 days postinocu-
lation (dpi) for changes in MV of respiration. Nasal washes were collected
(18) for virus titration at 1, 3, and 5 dpi after aerosol sampling was com-
pleted for that day.

Transmissibility of BD11 virus was assessed as previously described
(14) using both the direct-contact transmission (DCT) experiment and
the respiratory droplet transmission (RDT) experiment. For each exper-
iment, three ferrets were presented with 10°° to 10> PFU of virus by AR
inhalation. One day after inoculation, a naive ferret was placed either in
the same cage as each inoculated ferret (for the DCT experiment) or in an
adjacent cage with perforated side walls (for the RDT experiment, which
allows transmission to occur through the air while preventing direct or
indirect contact between the animal pairs). Nasal washes were collected
every other day for at least 7 dpi or 7 days postcontact (dpc) for virus
titration. Convalescent-phase serum samples were tested for the presence
of BD11 virus-specific antibodies by hemagglutination inhibition assay as
described previously (14). Transmission was noted by virus detection in
nasal washes or seroconversion.

Aerosol analyses. Exhaled aerosols from sedated ferrets were analyzed
for size distribution using an aerodynamic particle sizer (APS) (TSI Inc.)
for 30 min of closed-mouth, normal breathing followed by 5 min of sneez-
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ing stimulation in uninfected animals and in infected animals at 2, 4, and
6 dpi. Sneezing was induced in ferrets by vellication of the nares using the
tip of a catheter, similar to the nasal wash collection procedure but with-
out the use of nasal wash solution (18). During the 5-min collection pe-
riod, the number of times that ferrets sneezed varied greatly but was ap-
proximately 30 to 100 times; THO4 virus-infected ferrets sneezed the least,
<50 times, due to severe illness. Size distribution data are reported as total
particle counts or volume collected for aerodynamic diameters in the
range of 0.5 to 20 wm measured during the aerosol collection period.
Count median aerodynamic diameters (CMAD) and total volumes were
calculated using the DistFit software package (Chimera Technologies,
Forest Lake, MN).

Exhaled aerosols were also evaluated for the presence of infectious
virus using a viable two-stage cascade impactor (Tisch Environmental) as
described previously (12) at 1, 3, and 5 dpi. Multiple time points were
selected so that the peak time of shedding would be captured for all ani-
mals. Aerosols were collected for 30 min of normal, closed-mouth breath-
ing and 5 min of sneezing stimulation, followed by collection of nasal
wash samples. The cascade impactor was operated so that aerosols were
separated onto two stages containing a thin sheet of gelatin; the top stage
collected particles >4.7 wm and the bottom stage collected particles 0.65
to4.7 pmin size. Immediately following sample collection, the gelatin was
melted at 37°C and subjected to plaque assay without dilution and to RNA
extraction for real-time reverse transcription-PCR (RT-PCR) as de-
scribed previously (12). Viral RNA copy numbers were extrapolated using
a standard curve based on samples of known virus titers (PFU/ml).

To determine the effect of the aerosol collection procedure on the
viability of virus, rates of recovery of infectious virus were assessed by
spiking the collection medium on impactor plates with known concentra-
tions of virus (10" to 10° PFU) and then passing sterile air through the
impactor for 30 or 5 min to represent the normal breathing or sneezing
collection times, respectively. The gelatin medium on each plate was im-
mediately melted at 37°C and subjected to plaque assay without dilution.
All aerosol samples were collected under ambient laboratory conditions
that were monitored daily (21 = 1°C and 30% = 10% relative humidity).

Statistics. Areas under the curve (AUCs) were determined whenever
serial measurements were collected; exceptions include data from unin-
fected animals. Significance of differences in morbidity, exhaled aerosol
counts, volumes, and infectious virus between influenza virus groups
(n = 4 to 6 each group) were determined using the Kruskal-Wallis test.
The same parameters were evaluated for significant differences between
human and avian influenza virus groups (n = 13 or 10, respectively) using
the Mann-Whitney test. A P value of <0.05 was considered significant.

RESULTS
Comparison of disease in ferrets caused by influenza viruses af-
ter i.n. or AR inoculation. Five influenza A viruses were selected
for this study based on their diverse virulence and transmissibility
phenotypes following i.n. inoculation in ferrets as reported else-
where or here (Table 1). Two seasonal influenza viruses (H3N2
and H1N1) that transmit readily through the air and cause mild,
transient disease in ferrets, with frequent sneezing observed (14,
19), were included. A 2009 pandemic HIN1 virus that was previ-
ously shown to cause more substantial disease and slightly re-
duced transmission in our RDT experiment (10) was included,
plus two HPAI viruses exhibiting distinct virulence phenotypes,
with less frequent sneezing observed and both lacking the ability
to transmit among ferrets in our RDT experiment (20). BD11
virus transmissibility was evaluated in both DCT and RDT exper-
iments. When ferrets were housed in the same cage, 2 of 3 contact
ferrets seroconverted but none shed detectable virus in nasal
washes, and during the RDT experiment, no transmission was
observed (Table 1).

Once a panel of viruses was selected, four or more ferrets were
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TABLE 1 Virulence and transmissibility phenotypes of influenza viruses

Transmission”

Virus Subtype Wt loss® (%) Lethality (%) Sneezing DC RD Reference
A/Panama/2007/99 H3N2 7.9 0 3/3 NT¢ 3/3 14
A/Solomon Islands/03/06 HIN1 7.8 0 3/3 NT 3/3 19
A/Mexico/4482/09 HIN1 17.5 50 3/6 3/3 2/3 10
A/Thailand/16/04 HS5N1 14.4 100 1/6 0/3 0/3 20,21
A/Bangladesh/5487/11 H5N1 14.2 17 0/6 2/3 0/3 This study

% Mean maximum weight loss for inoculated ferrets as described in the indicated reference.

¥ DC, direct-contact transmission experiment; RD, respiratory droplet transmission experiment.

¢NT, not tested.

each inoculated with influenza virus, two of them IN and two to
four via AR, and were observed for 6 days for signs of disease and
virus shedding. i.n. inoculated ferrets received a dose of 10° to 10’
PFU, while AR-inoculated ferrets received a presented dose of
10*” to 10°° PFU (Fig. 1C). Morbidity was most severe in ferrets
infected by the HPAI THO04 virus, with mean maximum weight
loss of 21% and 100% lethality by 4 dpi (Fig. 1A). The least severe
disease was observed in ferrets infected by seasonal influenza vi-
ruses (PN99 or SI106), which resulted in 0 to 9% mean maximum
weight loss regardless of the method of inoculation. No significant
differences in weight loss were observed between the two methods
of inoculation for any of the viruses tested. When the MV of res-
piration was measured, values derived from AR-inoculated ferrets
were generally higher (with the exception of MX09 virus) than
those from i.n. inoculated ferrets (Fig. 1B). THO04 virus-infected
ferrets’ mean MV values peaked at 156 and 255% of baseline (IN
and AR, respectively) before all ferrets succumbed to infection. No
significant differences were observed among ferrets IN inoculated,
but when human and avian influenza virus groups were compared
among those inoculated by AR, ferrets infected by H5N1 avian
influenza viruses exhibited significantly higher MV values (P =
0.0040). These findings demonstrate that assessment of respira-
tion changes in infected animals may be a useful clinical parameter
to include when comparing the disease characteristics caused by
influenza viruses.

Nasal wash samples were collected from infected ferrets at 1, 3,
and 5 dpi, and virus titers were measured by standard plaque assay
(Fig. 1C). For the human influenza viruses, the virus titers mea-
sured at 1 dpi were very similar to inoculum doses for both IN and
AR-inoculated groups. For avian influenza viruses, the virus titers
measured at 1 dpi were reduced by 1 to 2 logs for TH04 and 1 to 5
logs for BD11 virus compared to inoculum doses. Therefore, re-
gardless of the method of inoculation, inoculum titers were main-
tained within the first 24 h following infection only in animals
inoculated with human influenza viruses, but by 3 dpi virus titers
were similar for the different methods of inoculation for all virus
groups, despite the diverse transmission efficiencies. Overall, virus
shedding in nasal washes of animals IN inoculated peaked at 1 dpi,
while AR-inoculated virus titers peaked on 3 dpi, establishing dif-
ferences in virus shedding kinetics measured in nasal washes be-
tween these two methods of inoculation.

Size distribution of aerosols exhaled by ferrets. Little is
known about the aerosols shed from infected hosts that may con-
tribute to transmission events and how this may differ among
infections caused by viruses exhibiting diverse transmissibility
phenotypes. Therefore, we analyzed the size distribution of ex-
haled aerosols from individual uninfected and infected ferrets at 2,
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4, and 6 dpi during 30 min of normal breathing followed by 5 min
of sneezing stimulation. An APS spectrometer was used for this
analysis, and the aerodynamic diameters of aerosol particles rang-
ing in size from 0.5 to 20 wm were measured. Despite substantial
variability among samples, ferrets infected by the human influ-
enza viruses combined exhaled a greater number of aerosol parti-
cles during normal breathing (16 to 64% more) than uninfected
animals (P = 0.0279) or those infected by avian influenza viruses
(P = 0.0341), and no consistent difference was observed between
the two methods of inoculation or among the time points of col-
lection (Fig. 2A; Table 2). The majority of the aerosols were in the
respirable size range (>93% for naive animals, >75% for avian
virus-infected animals, and > 85% for human influenza virus-
infected animals). Sneezing samples showed greater variability,
but again, those collected from human influenza virus-infected
ferrets contained 53 to 85% more particles of 0.5 to 20 pm in size
than those collected from ferrets infected by TH04 or BD11 vi-
ruses (P = 0.0075), while comparisons to naive animals was not
significant (P = 0.5055) (Fig. 2B; Table 2). The majority of parti-
cles generated during sneezing were <5 pm (>80% for naive
animals, >66% for avian virus-infected animals, and >77% for
human influenza virus-infected animals), which are capable of
prolonged suspension in the air and are more readily inhaled. To
have an idea of the total amount of respiratory secretions being
exhaled, the total volume of aerosol particles (not the volume of
air) was calculated within various size ranges for each animal
(Fig. 3). No significant difference was observed when the human
and avian influenza virus groups were compared in the 0.5- to
20-pm or 0.5-to 5-pum size range, but in the <1-pm, submicrom-
eter size range, ferrets infected by human influenza viruses ex-
haled significantly greater volumes of aerosols during normal
breathing (P = 0.0184) and sneezing (P = 0.0002) than those
infected by avian influenza viruses (Fig. 3C). When the virus
groups were compared individually, PN99 virus-infected ferrets
shed the greatest volumes of aerosol particles in the submicrom-
eter size range during both normal breathing and sneezing, 46 to
75% more than all other virus groups. Although certain virus
groups showed significant differences between i.n. and AR inocu-
lation (MX09 and BD11 viruses), no consistent differences in ex-
haled volumes were observed between the two methods of inocu-
lation (Fig. 3). In addition to size distribution analysis, exhaled
aerosols from infected ferrets were also evaluated for the presence
of infectious virus.

Virus detection in aerosols exhaled by ferrets. Detection of
influenza virus in aerosols has largely been reported as the ampli-
fication of viral genetic material via PCR. We established a method
for the collection of exhaled aerosols from infected ferrets de-
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FIG 1 Comparison of morbidity and influenza virus titers in ferret nasal washes. Ferrets were inoculated intranasally (IN) or by aerosol (AR) inhalation with
10*7 to 10”7 PFU of virus and were monitored daily for 6 days (n = 4 [SI06, MX09, and BD11], 5 [PN99], and 6 [TH04]). (A) Mean weight loss * standard
deviation (SD) is shown as the percentage of baseline for each virus group. (B) Mean minute volume of respiration * SD was measured on alternating days in
sedated animals by whole-body plethysmography and is shown as the percentage of baseline for each virus group. (C) Mean virus titers = SD in nasal wash
samples collected on alternating days are shown. No THO04-infected ferrets survived past day 4. Circles containing “IN” or “AR” represent the amount of
inoculum administered to ferrets by the respective method of inoculation.
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FIG 2 Analysis of aerosols exhaled by individual influenza virus-infected or uninfected ferrets. Particle size distributions of aerosols exhaled by ferrets inoculated
with 10*7 to 107 PFU of virus IN (green lines) or by AR inhalation (orange lines) or by naive animals (black lines) during normal breathing (A) or sneezing
stimulation (B) are shown (n = 4 [SI06, MX09, and BD11], 5 [PN99], 6 [TH04], and 11 [naive]). Collection procedures were performed at 2, 4, and 6 days after
inoculation, but these time points are not distinguished. Total particle counts in the aerodynamic diameter range of 0.5 to 20 wm are shown, but due to space

constraints, selected sizes are noted on the x axis.

signed to preserve the viability of virus in the aerosols (12). For
this study, aerosols exhaled by ferrets were segregated into two size
categories (>4.7 pm and 0.65 to 4.7 wm) and captured on collec-
tion medium at 1, 3 and 5 dpi for 30 min of normal breathing and

5 min of sneezing stimulation. To have a better idea of the impact
of the aerosol collection procedure on the viability of virus, diluted
virus stocks were used to the spike collection medium applied to
each impactor plate, and after sterile air was pulled through the

TABLE 2 Size distribution of exhaled aerosol particles from infected or naive ferrets

Total counts®

CMAD range” (um) 0.5-20 um 0.5-5 um 0.5-1 pm

Type of sample Virus® Median GSD Avg SD Avg SD Avg SD

Normal breathing (30 min) PN99 0.70-0.95 1.67-2.35 3,434 1,384 3,250 1,309 1,925 818
S106 0.68-1.74 1.58-2.59 1,750 1,589 1,602 1,466 846 790
MX09 0.74-1.85 1.70-2.84 1,689 855 1,486 824 865 557
THO04 0.71-3.20 1.69-1.85 1,425 1,051 1,144 885 599 509
BDI11 0.68-1.08 1.56-1.85 1,379 360 1,355 348 671 158
Naive 0.71-1.16 1.5-2.38 1,234 1,010 1,154 928 556 392

Sneezing (5 min) PN99 0.64-0.86 1.66-2.63 3,648 1,668 3,471 1,646 2,164 947
S106 0.66-1.28 1.69-2.59 1,996 1,292 1,860 1,292 1,119 968
MX09 0.68-0.91 1.98-2.53 1,304 1,880 2,137 1,770 1,304 1,089
THO04 0.76-2.16 2.4-2.97 537 542 1,030 415 537 256
BDI11 0.69-2.62 1.87-2.75 609 891 1,276 740 609 350
Naive 0.80-2.24 1.82-2.66 3,073 1,840 2,738 1,619 1,345 883

“ Shading indicates avian influenza viruses.

¥ The count median aerodynamic diameter (CMAD) and geometric standard deviation (GSD) for each sample were determined, and the range is shown for each virus group.
¢ Total counts for each sample were determined, and the average and standard deviation (SD) are shown for each virus group.
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significant.

impactor for 30 or 5 min, the medium was harvested and sub-
jected to plaque assay. This procedure was repeated with a range of
virus titers (10" to 10° PFU) for each virus to obtain a general idea
of the virus recovery rates. Infectious virus was recovered at rates
that on average ranged from 7 to 35% of the original amount
(Fig. 4). These recovery rates were considered while interpreting
data acquired during aerosol collection from infected animals.
Infectious virus was detected in exhaled aerosols from all fer-
rets to various degrees and at different dpi during normal breath-
ing or sneezing regardless of virus group. During 30 min of normal
breathing, virus levels were highest in ferrets infected by human
influenza viruses, with peak levels ranging from 3 to 11 PFU in
particles within either size group, but ferrets infected with PN99
and SI06 viruses actually exhaled more virus in the respirable size
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range of aerosols than in the >4.7-pm range (Fig. 5A and B). In
contrast, ferrets infected by avian influenza viruses exhaled 0 to 6
and 1 PFU in the >4.7-pum and 0.65- to 4.7-pum size groups,
respectively (Fig. 5D and E). Comparison of the shedding patterns
of all the animals revealed that ferrets in the human influenza virus
group exhaled significantly higher levels of infectious virus in
aerosols than those in the avian influenza virus group (overall, P =
0.0008; 0.65 to 4.7 wm, P = 0.0318; >4.7 m, P = 0.0150). When
the recovery rates from spiked-virus experiments were incorpo-
rated into these findings, differences between the human and
avian influenza virus groups were still significant (overall, P =
0.0011; 0.65 to 4.7 wm, P = 0.0234; >4.7 pm, P = 0.0064). Over-
all, ferrets infected by a human influenza virus exhaled infectious
virus at rates of 1 to 4 PFU/min and approximately 8 to 28 PFU/
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FIG 4 Rates of recovery of influenza virus. The rates of recovery of infectious
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for each virus is shown.

liter of air exhaled. Those animals infected by avian influenza vi-
ruses exhaled infectious virus at rates of <1 PFU/min and 1 to 3
PFU/liter of air exhaled. Infectious human influenza viruses were
shed at levels 3- to 20-fold higher than those detected for avian
influenza viruses. Viral RNA detected in air exhaled during nor-
mal breathing was also greater in ferrets infected by human versus
avian influenza viruses (Fig. 5). Peak levels in either size group
after 30 min ranged from 298 to 791 copies for human influenza
viruses, up to 4 times greater than for avian influenza viruses,
which ranged from 199 to 546 copies.

Because ferrets infected by influenza viruses have a tendency to
sneeze at different rates and at different time points after infection
(21), we wanted to analyze the amount of virus being expelled into
the air during sneezing. Virus levels in the respirable size range
(<5 pm) detected by our assays during 5 min of sneezing stimu-
lation were significantly higher (P = 0.0058) in ferrets infected by
human influenza viruses combined (up to 8 PFU) than in those
infected by avian influenza viruses (up to 4 PFU) (Fig. 5). When
the recovery rates from spiked samples were considered, differ-
ences between the two virus groups were still significant (P =
0.0044). Peak viral RNA in respirable particles was less defined and
ranged from 225 to 4539 copies for human influenza viruses and
67 to 313 copies for avian influenza viruses. Particles >5 pm were
also analyzed; these include the very large particles of mucus that
settle on surfaces immediately after being expelled (2) and are
expected to exhibit the greatest variability. Significance was not
found when the virus levels directly measured were compared for
human and avian influenza virus groups (P = 0.0673), but after
the data were normalized to the virus recovery rates, the differ-
ences were found to be significant (P = 0.0143). Peak titers mea-
sured in this size range were 141 to 692 PFU for the human influ-
enza virus group and 12 to 196 PFU for the avian influenza virus
group, while viral RNA was measured at levels as high as 10*® and
10 copies, respectively. No consistent difference was measured
among any of the viruses tested in the levels of infectious virus in
exhaled aerosols between those ferrets IN inoculated and those
inoculated by AR. However, distinct differences have been shown
here between the amounts of highly transmissible, human in-
fluenza virus being exhaled into the air by infected animals and
those of less transmissible, avian influenza viruses. The find-
ings we report here provide the opportunity for a greater un-
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derstanding of the influenza virus ferret transmission model,
which will enhance our ability to assess the potential for emerg-
ing influenza viruses to transmit readily through the air and
pose a risk to public health.

DISCUSSION

Influenza viruses responsible for epidemics and pandemics have
the ability to spread rapidly among susceptible individuals by con-
tact (direct or indirect) or through the air via close-range or long-
range transmission (1). The relative predominances of these
modes of transmission have been debated for some time. A key
determinant of whether a particular virus can successfully trans-
mit through the air from one host to cause infection in another is
whether the virus maintains viability as it passes through the air.
Here, we selected a panel of influenza viruses that exhibit a range
of transmissibility phenotypes and, using the ferret model, evalu-
ated morbidity and the aerosol shedding profiles during normal
breathing and sneezing of animals infected IN or by AR. We found
that overall, ferrets infected by transmissible human influenza vi-
ruses exhale more aerosolized respiratory secretions and higher
levels of infectious virus in aerosols than animals with avian influ-
enza virus infections. Although there are additional determinants
of influenza virus transmission, these results show that highly
transmissible influenza viruses maintain viability in exhaled aero-
sols of the size capable of prolonged suspension in the air.

Comparison of morbidities observed in animals inoculated IN
or by AR inhalation revealed no significant differences in weight
loss in ferrets regardless of the method of inoculation; a similar
finding was previously reported for PN99 virus (12). MV of res-
piration values in AR-inoculated animals were higher (with the
exception of MX09 virus) than those in i.n. inoculated animals,
with a high degree of variability among animals. Increases in MV
of respiration due to lower airway obstruction after i.n. inocula-
tion of influenza virus have also been reported in cotton rats, but
only in young animals, which exhibit greater lung elasticity than
their older counterparts (22). Others have shown increased mor-
bidity in mice after AR inoculation of an H3N2 influenza virus
than after IN delivery of virus, but the MV of respiration was not
measured (23). We also observed differences between the virus
shedding kinetics in nasal washes of animals based on the method
of inoculation; peak virus shedding was delayed in AR-inoculated
compared to IN inoculated ferrets. Similar kinetics were previ-
ously shown in AR-inoculated ferrets and in those naturally in-
fected by exposure to other infected ferrets (12). We also observed
a =1-log drop in virus nasal wash titers at 1 day after inoculation
but only with the avian influenza viruses. Nasal wash sampling in
these animals may represent secretions primarily from the upper re-
spiratory tract, which has been shown to better support the replica-
tion of human influenza viruses than that of avian influenza viruses,
and this may account for the drop in virus titers observed on the first
day after infection (24, 25). Collectively, our findings highlight differ-
ences in morbidity and virus shedding kinetics in nasal washes be-
tween IN and AR-inoculated ferrets, but characterization of the aero-
sols exhaled from infected animals is essential to understanding the
factors affecting influenza virus transmission.

A number of studies have characterized the aerosol shedding
patterns of people during aerosol-generating activities such as
breathing, coughing, sneezing, and talking (26), but until recently,
little was known about the effect of influenza virus infection on
aerosol production in people. Lindsley et al. (7) reported increases
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FIG 5 Infectious virus present in aerosols exhaled from influenza virus-infected ferrets. Aerosols were collected from ferrets inoculated with 10*” to 107 PFU of
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in the number and volume of aerosol particles exhaled by infected
patients during coughing, with a great degree of variability among
samples and with the majority of particles in the respirable size
range. Similarly, we found that ferrets also shed more respirable
aerosols after infection with human influenza viruses, and with
substantial variability among samples. These findings are corrob-
orated by previous studies showing a greater incidence of rhinor-
rhea among ferrets during the first few days after infection by
highly transmissible influenza viruses than after infection by
poorly transmissible strains and correlations with local proin-
flammatory cytokine responses (21). The majority of the aerosols
measured in the current study during normal breathing were in
the respirable size range, but when the volumes were compared, a
greater difference between the two groups of infected animals was
revealed at the submicrometer particle size range (<1 pum), albeit
with substantial variability. Others have measured the size distri-
bution of aerosols in air exhausted from cages housing ferrets
infected by influenza virus and have reported the greatest concen-
trations of particles in the submicrometer size range (13). Submi-
crometer aerosols may remain suspended in still air for 12 hours
or more, increasing the opportunity for aerosols of this size to be
inhaled (27).

The potential of respirable aerosols to carry infectious influ-
enza virus from one host to another has remained uncertain, pri-
marily because published reports are, for the most part, limited to
the detection of influenza virus RNA and not infectious virus.
Multiple laboratories have reported the detection of the majority
of influenza virus RNA in exhaled aerosols from humans in the
respirable size range (8, 28—31) and that infected patients exhaled
up to 20 copies/min (32). Infectious virus has been detected in
aerosol particles exhaled by humans (8, 28), but, with limited
preservation of virus viability, quantitative analyses have not been
reported. Infectious virus has been detected in air samples col-
lected from guinea pigs infected by human influenza virus, and
although droplets in air samples were not segregated by size, an
average of 40 PFU/liter of air sampled was measured (33). Using
ferrets infected by human influenza viruses in the current study,
we measured not only viral RNA in exhaled aerosols during nor-
mal breathing (up to 26 copies/min) but also infectious virus (up
to 4 PFU/min). When similar experiments were performed with
poorly transmissible, avian influenza viruses, <1 PFU/min and up
to 18 copies/min were detected, with the most striking differences
observed in the respirable size range of aerosols. The 50% ferret
infectious dose (FIDs) for aerosol delivery of human influenza
virus (PN99) is 1.9 PFU, while the FID,, for avian influenza virus
(THO4) is 4 PFU (12). For comparison, the 50% human infectious
dose of influenza virus delivered in 1- to 3-pm-size aerosols is
reported as 0.6 to 3 50% tissue culture infectious doses (34). Ad-
ditional factors affecting transmission are certainly involved here,
including differences between human and avian influenza virus
receptor binding preferences and tissue tropisms (24), but the
amount of infectious virus in aerosols being exhaled by infected
hosts is also an important consideration.

Because the ferret transmission model is such a valuable tool in
the risk assessment of emerging influenza viruses, it is important
that we have a good understanding of how transmission is occur-
ring for each virus evaluated using this model. During a DCT
experiment, transmission may occur by direct or indirect contact,
large droplets, or aerosols, while during an RDT experiment,
transmission may occur by large droplets or aerosols. The detec-
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tion of infectious influenza virus in respirable aerosols highlights
the potential for a role of respirable aerosols in transmission
events occurring during RDT experiments. Others have shown
that influenza virus present in particles <15 pum is responsible for
transmission of virus between ferrets, although only viral RNA
was detected in these studies (13, 35). It is also plausible that aero-
sols play a role in transmission experiments in which animals are
housed in direct contact; the contribution of close-range aerosol
transmission cannot be ruled out in these scenarios (36). The im-
proved techniques and information derived from our current
study will enhance the utility of the ferret influenza transmission
model by providing a more comprehensive understanding of the
virus and aerosol shedding profiles of infected animals.

There are a number of limitations to this study that warrant
mention. Many of the data reported are dependent on instrumen-
tation that has certain functional restraints. Size distribution data
included only particles of 0.5 to 20 wm in size, and infectious virus
in aerosols of <0.65 wm was not collected. The rates of recovery of
infectious influenza virus were 7 to 35%, depending on the virus
and collection time. Similar recovery rates (15 to 34%) were re-
ported using a different collection device (37), but nevertheless,
improvements in recovery rates would provide a more accurate
account of the amounts of infectious virus present in exhaled
aerosols and would allow us to better represent the kinetics of
viable virus shedding in aerosols, which may not be possible with
the sensitivity of the current assay. All experiments reported here
were conducted under ambient laboratory conditions. The aero-
sol and virus shedding profiles observed under diverse environ-
mental conditions (temperature and humidity) are not known,
but such knowledge may improve our understanding of the sea-
sonality of influenza viruses. Lastly, data extrapolated from animal
model studies will never exactly represent the human situation,
but the amount of information that can be obtained from animal
studies, most of which could never be performed in human vol-
unteers, makes the ferret model an invaluable tool in influenza
research and in our mission to improve global public health. The
findings reported here using the ferret model do not unequivo-
cally prove that transmission occurs via respirable aerosols; how-
ever, they do confirm the need for a continued focus on the po-
tential for short-range and long-range aerosol transmission of
influenza viruses. Data obtained from further research using the
ferret model as well as epidemiological reports and, when possible,
human challenge studies will bring us closer to fully understand-
ing the mechanisms of influenza virus transmission.
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