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Abstract
Determining the Infectious Dose of Influenza Aerosols in a Mouse Model
2012
Rashelle McDonald
Charles Morgan, PhD.
An animal model system was developed for measuring the infectivity of aerosol challenges
delivered to mice via a nose-only bioaerosol device. The measured dimensions of the first
organism evaluated, Francisella tularensis LVS, was found in initial experiments to be
considerably larger than its reported proportions, which eliminated it as a candidate for animal
aerosol filtration and respiratory exposure studies. Influenza A/PR/8/34 (H1N1) was selected as
a replacement and its aerosol characteristics were found to be satisfactory for filtration studies.
After a direct inoculation experiment demonstrated susceptibility to three strains of mice, the
Controlled Aerosol Test System was used to deliver a series of graduated doses of this virus by
inhalation to groups of five 25-g female CD-1 mice, from which a median infective dose (MID50)
of less than 40 TCID50 was inferred from weight loss, and a lower-limit value of ~ 12 TCID50
was calculated from cytopathic effect and qRT-PCR data. The method demonstrated in this study
can be used to further the development of rodent models for evaluating aerosol delivery of
pharmaceuticals and technologies for infectious disease control, and to create and validate
computational models for aerosol delivery. In addition, the original work of evaluating the
efficiency of respiratory protection equipment from infective particles of penetrating particle
sizes can now be completed.
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Development of a Mouse Model for Evaluation of Respiratory Protective Equipment

Introduction
Respiratory Protection
The baseline defense against infection by airborne pathogens and particulate air toxic materials is
a respirator. For such respiratory protection equipment (RPE) to be useful, it has to capture or
neutralize particles, both inert and biologically active, before they enter the wearer’s respiratory
tract while still allowing the wearer to breathe well enough to perform regular work tasks. A
study of the benefit from the antimicrobial agent is beyond the scope of this project, but it
remains a goal for the future of respiratory protection.
The risk of viral or bacterial penetration through a filter has implications in a variety of realms,
including medical professionals, emergency response teams and the military. The ideal
protection device against biological organisms would be an impenetrable surface that no
organisms can break through. When working with air filtration, however, this is not feasible. Air
filters with tight weaves, such as HEPA (high efficiency particulate air), are efficient but impose
large pressure drops that are exhausting to the user because of the effort required to get air
through. This makes them less desirable to use and leads to user non-compliance.
Most fielded military RPE utilizes HEPA filters because they are 99.97% efficient at removing
0.3-μm particles, and are pretested with sodium chloride (NaCl) or dioctyl phthalate (DOP) to
validate performance (Moyer and Stevens, 1989). While 99.97% is very good, a challenge of 106
particles could yield a penetration of 300 particles. This is especially significant when dealing
with biological particles that have a minimum infectious dose (MID) of well below 300 particles.
While most bacteria are larger particles (0.50 to 5.0 μm) ranging widely with most falling in a
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range of 103 to 107 colony-forming units (CFU) to reach levels that are considered infective there
are some bacteria, such as F. tularensis that can cause infection with single numbers of
bacterium. It is thought that for many of the bioweapons, viruses (0.05 to 0.3 microns in size)
with an MID of <100 plaque-forming units (PFU) (Franz, 1997) are more likely to penetrate
protective filters thus causing infections. Therefore the HEPA filter alone may not be adequate to
protect the user from infection when challenged with high loads of specific bacteria or even
small loads of most viruses.
There are numerous problems associated with evaluation of RPE filters. In vitro experiments and
modeling are helpful but do not describe what happens to biologically active particles that enter a
host or the effect on the RPE itself. There are many interactive surfaces in the mammalian
respiratory tract that can change the way a microbiological particle will react once in contact
with it. Impinger capture is incomplete (Hogan, 2005) and assay methods may not be sensitive
enough to tell the whole story or can even provide misleading information (Ali, 2011). The most
challenging RPE articles to evaluate are those that claim to act as antimicrobials against
penetrating bioaerosols. The use of an animal model has been proposed (Stone et al., 2012), and
this project sought to identify a suitable pathogen–animal pair to support a demonstration of this
concept.

DISTRIBUTION STATEMENT A: Approved for public release; distribution unlimited.
88ABW-2013-0292; 23 January 2013

3

Section I—Aerosol Device Design and Francisella tularensis
Background
Experimental inhalation exposure systems are an established investigational tool and the subject
of several reviews (Cheng and Moss, 1995; Drew and Laskin, 1973; Jaeger et al. 2006;
MacFarland, 1983; Wong, 2007). The purpose of this study was to identify and evaluate a mouse
model as a complement to a measured-dose bioaerosol delivery apparatus termed CATS
(Controlled Aerosol Test System) for measuring the clinical significance of media used in
respiratory protective equipment (RPE). The mice serve as a detector to evaluate the clinical
effect of articles of RPE by directly observing the change in infectivity the protective article
evaluated causes by data measured post exposure and post mortem.
A nose-only inhalation exposure system (NOIES) was chosen primarily to prevent transmission
of ophthalmic and enteric infections to the mice. The aerosol enters the CATS, then goes through
the 12-port, directed-flow, NOIES before exiting the test system through the high-efficiency
particle arresting (HEPA)-filtered exhaust. The capacity of the nose-only rodent exposure system
to deliver infectious aerosols to mice was validated and verified by Jaeger et al. (2006). Total
flow rate through the system was regulated at the Collison to deliver 2.0 ± 0.1 liters per min
(LPM) measured on exit by a mass flow meter (TSI Model 4043E). A rotating joint inserted at
the inlet to the mouse tree allows it full range of rotation and makes all the sockets accessible
inside the tight spaces of a biological safety cabinet (Baker Company, Sanford, ME; SG603ATS) to confine generated aerosols.
The primary goal of the combined project was to design an aerosol device that could be
employed using a diverse array of organisms and have those organisms remain viable throughout
the aerosolization process so the end host animal model can serve as an effective indicator of
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penetrating infectivity/clinical benefit of the RPE tested. Some problems encountered in similar
research include irreproducible results and wide variation between labs so that data cannot be
compared among researchers. It was important to evaluate the system with several different
aerosols—each exhibiting different characteristics—and to note particle size distribution (PSD).
PSDs of inert (salt and polystyrene latex) and biological aerosols were shown to be consistent
within runs and reproducible from run to run (Stone, 2010).
The proposed animal exposure study was both enabled and made necessary by coupling an
aerosol delivery device to an animal exposure system through an intermediate vessel to support
an air treatment technology—CATS (Stone, 2010 and Stone et al., 2012). CATS provides a tool
to measure protection against infection by aerosolized pathogens delivered through the system
and filter to be tested. To achieve this measurement, we must deliver an accurate, known dose of
infective agent to each animal at a consistent concentration C and PSD for a series of selected
time periods t; we chose to run the system for up to two hours to account for both impinger
collection parameters and animal exposure time points. Varying C for each run (which includes
several values of t) fills out the dose/survival curve. As the aerosol device was being configured,
my task was to select an organism to aerosolize for the study.
Francisella tularensis is a Gram-negative, facultative intracellular bacterium and the causative
agent of tularemia (Chen et al., 2005). Tularemia is an infection that humans and other mammals
can contract; clinical manifestations vary with contraction method. F. tularensis is grouped
among the most harmful bacterial agents and have potential to be used as Category A biological
warfare agents, a designation that includes the causative agents for anthrax, plague, and viral
hemorrhagic fevers. F. tularensis is an endemic bacterium in many geographic locales, including
North America, Europe, China and Russia; a variety of subspecies occur throughout these
DISTRIBUTION STATEMENT A: Approved for public release; distribution unlimited.
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regions. F. tularensis can withstand a variety of temperatures, including moist heat (121 °C for at
least 15 min) and dry heat (160–170 °C for at least 1 hour); this bacterium also remains viable at
freezing temperatures (as low as -15 °C) for months to years (CFSPH, 2007). A small number
(approximately ten; Conlan et al., 2003) of F. tularensis organisms can infect a person, often
fatally, which is one of the qualities this bacterium possesses that make it an interesting organism
to study. Couple its ability to remain infective in the environment for several weeks, its
transmission by ingestion or exposure to aerosolized body fluids from arthropod hosts to animals
or humans and from animals to humans, its ability to be easily aerosolized, and its tendency to
cause a variety of clinical manifestations in humans and F. tularensis appears to be an ideal
organism for studying aerosol transmission through respiratory protection devices. Even though
this organism is considered highly infective and dangerous, person-to-person transmission is
undocumented, suggesting that the bacteria are not aerosolized from the respiratory tract.
Because of this limited risk of secondary infection, it was considered acceptable to economize by
co-housing mice in their exposure groups.
Bergey’s manual (1984) reports the growth of F. tularensis to be relatively slow; incubated at
37 °C it reportedly takes up to 14 days to grow on chocolate agar or cysteine heart agar plates.
Bergey’s manual (1984) describes F. tularensis as a semi rod-shaped bacterium, sometimes
coccoid, at a size of 250 nm x 700 nm (0.25 μm x 0.7 μm), which is near the most-penetrating
particle size for a HEPA filter (designed to capture 99.97% of 0.3-μm particles)—a dimension
that suggests significant potential for delivery as an aerosol weapon. Our scope of interest
includes evaluation of RPE and clinical significance of chemically treated filters against such
particles. The reported size and characteristics of F. tularensis describe an organism ideal for a
study of bioaerosol RPE penetration and infectivity post penetration using a live animal model.
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The broad clinical manifestations include predominately three forms: cutaneous, respiratory and
enteric infection. The good news about a typical F. tularensis infection is that, if recognized in
time, it is treatable with common antibiotics, including streptomycin, tetracycline and
chloramphenicol. The bad news is that its being treatable makes it a more effective threat
because the time and resources to treat an infected patient are much greater than the effort to
simply bury his remains. Prevention would be more practical than treating large numbers of
infected patients and much more desirable than a high death toll. Receiving newfound publicity,
NIAID (National Institute of Allergy and Infectious Diseases) deems the aerosolized version of
F. tularensis dangerous enough to merit a drastic increase in the budget for tularemia vaccines
and NIH (National Institutes of Health) also increased the number of funded projects on F.
tularensis (Relman, 2006). Some aerosol work has been performed utilizing mice receiving
aerosolized doses of F. tularensis (Conlan et al., 2003; Chen et al., 2004; Twine et al., 2006); all
show that various mice are susceptible to aerosolized F. tularensis in relatively low doses.
A vaccine is available for F. tularensis, derived from an attenuated strain of the bacterium
termed the live vaccine strain (LVS). LVS is less harmful to humans, but lethal to several strains
of mice (Conlan et al., 2003), so this strain is suitable for use in the laboratory with mouse
models that exhibit a clinical response to it. LVS is listed as a BSL-2 organism, but when an
organism is aerosolized, the ASHRAE (American Society of Heating, Refrigeration, and Airconditioning Engineers, Inc.) guideline is to use the next-higher containment level, so a BSL-3
facility was necessary. Because laboratory animals were involved, an ABSL-3 facility was
required (BMBL, 2009). All standard safety protocols were followed in the course of our work
with LVS. It proved fortunate that an initial characterization study was undertaken to familiarize
ourselves with LVS and LVS aerosols prior to starting expensive animal exposure studies.
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Methods and Materials
Exposure System Description and Operation
An apparatus was designed, constructed and validated (Stone, 2010; Stone et al., 2012) to deliver
a precisely measured aerosol concentration, either directly or after passage through a filter
medium, through a Nose-Only Directed-Flow Inhalation Exposure System (NOIES, CH
Technologies, Westwood, NJ; Jaeger et al., 2006) to individual mice (Figure 1). This low-flow,
single-pass design consists of an aerosol generator, diffusion drier, charge neutralizer, filter
holder, sampling ports and NOIES unit (Stone, 2010; Stone et al., 2012). The entire system is
termed the CATS. The CATS generates a biological aerosol over a range of constant
concentrations and, after conditioning and treatment—if any treatment is applied—delivers the

Figure 1. Schematic of the controlled aerosol test system (CATS). The CATS allows data for
both concentration and viability to be collected within the same data collection series.
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concentrations and, after conditioning and treatment—if any treatment is applied—delivers the
particles to the nose of a mouse constrained in a polycarbonate tube (CHT-247, CH
Technologies) as a pure respiratory exposure.
The main system components were connected using 0.5-inch (12.7-mm) stainless steel tubing
with a minimum number of gradual bends. In operation, a single-jet Collison nebulizer (BGI
Inc., Waltham, MA), regulated to 25–30 psi was used to atomize the inert and viral suspensions.
The aerosol passed through a 9.5-inch (23-cm) diffusion drier and then through a 2-mCi 85Kr
charge neutralizer (TSI Inc., Shoreview, MN) to restore a Boltzmann equilibrium charge
distribution. After passage through the filter holder the aerosol enters the 12-port NOIES before
exiting the test system through the HEPA-filtered exhaust. Total flow rate through the system
was regulated at the nebulizer to deliver 2.0 ± 0.1 LPM measured on exit by a mass flow meter
(TSI Model 4043E). The entire system was designed to fit inside a biological safety cabinet
(Baker Company, Sanford, ME; SG603-ATS) for additional protection from generated aerosols.
The unique feature of the system is an optional filter holder (Triosyn Corp, Williston, VT),
which is capable of holding filter media samples 47 mm in diameter. Smaller discs of filter
media can be accommodated with the use of reducers. To validate the CATS, Stone (2010) and
Stone et al. (2012) demonstrated uniform distribution of salt and PSL aerosols across the ports of
the NOIES.

Uniformity of Bioaerosol Distribution to Test System Ports
Collections of 250-nm and 1-µm PSL beads were accomplished by inserting the sampling tube
of the SMPS or APS in separate exercises into the tip of a mouse restraint device and installing
the tube into a socket of the NOIES at each of the 12 ports; the mean particle count from each
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port was read via the particle sizer then calculated at each aerodynamic size and compared. We
then relocated CATS to UNMC. After installation in the ABSL-3 cabinet at UNMC, the CATS
was challenged with a water aerosol and then with sodium chloride solution to verify that its
performance had not been compromised during disassembly, transportation and reassembly. The
APS was used to read the PSD of water aerosols from each of the 12 ports in triplicate.
As F. tularensis is listed as a select biological warfare agent and its use requires certification, a
surrogate was needed to proceed with initial data collection. F. philomiragia (a nonpathogenic
surrogate for F. tularensis) purchased from ATCC (American Type Culture Collection, Manassas,
VA) #25015 was thawed and suspended in trypticase soy broth (TSB) (BD BBL, Becton
Dickinson and Company, Franklin Lakes, NJ), then plated in triplicate on BBL chocolate II agar
plates (Lot# S100077/2112/20080806) and grown overnight at 37 °C. Plates were transferred to
get three ages of bacterial growth on plates—6-, 9-, and 17-day-old colonies. All were examined
under a regular light microscope and the average size and general shape were recorded.
To determine if the F. philomiragia subspecies was an atypically large subspecies of the
bacterium, a gamma-irradiated F. tularensis LVS (CRP–Critical Reagents Program, Frederick,
MD) was obtained for further size characterization. The strain was observed under oil using a
100X immersion microscope lens (Figure 2). The particle size was also evaluated as an aerosol,
using the APS (TSI, Shorview, MN). The aerosolization medium was sterile water as we were
not concerned with viability of the bacterium and wanted a true size measurement.
We were not able to perform viable penetration experiments with Francisella sp. due to the BSL
limits of our lab. A collaboration was instituted to work with LVS at the University of Nebraska
Medical Center (UNMC) to show viability of aerosolized F. tularensis over time (0, 60, 90 and
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Figure 2. Left—Image of γ-irradiated F. tularensis LVS (from CRP) shown at100x. The average
size is 0.62 μm. Right—Image of Gram-stained F. tularensis LVS, average size 0.52 μm.

120 mins) as well as the effect on viability of various aerosolization media (0.1% peptone, 0.5%
raffinose, both in water, and an unbuffered aqueous medium), to learn growth characteristics, and
to measure penetration of LVS through filter media. Aerosol samples were collected downstream
into 1X PBS (Fisher, Pittsburgh, PA) in all-glass impingers (AGI-30, Ace Glass, Vineland, NJ).
To identify a suitable buffer, plates of F. tularensis LVS were grown up to confluent lawns for
48 hrs at 37 °C and 5% CO2, then scraped and rinsed in 6 mL 1X PBS. Serial 1:10 dilutions were
made in each of three buffer solutions: 0.1% peptone, 0.5% raffinose, and an unbuffered aqueous
medium and held in the respective media for 0, 60, 90 or 120 mins to evaluate stability of the
organism in the buffer. The optical density (OD) was read (SmartSpec Plus, Bio-Rad
Laboratories, Philadelphia, PA) and recorded at 580, 600 and 625 nm, and differences before and
after aerosolization were noted. Chocolate agar plates were made from collections at these same
time points and the plates incubated 48–72 hrs under standard growth conditions (Figure 3).
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Figure 3. F. tularensis LVS growing on chocolate agar plates. Left is t0 in each of three buffers;
Right t120 mins). No difference in the viability of F. tularensis is visible among these three media.
In preparation for the aerosol run all three aqueous media above were prepared and 6 mL of
each was placed separately in a single-jet Collison nebulizer first without a F. tularensis culture,
then with the growth recovered from plates of F. tularensis LVS incubated overnight. A
simplified version of the CATS was assembled, comprising a Collison nebulizer, 85Kr charge
neutralizer, upstream sampling port, filter holder, downstream sampling port and HEPA-filtered
exhaust.

Results
Sampling Validation
The particle counts at each port were averaged and again seen to be uniform within 10% (data
not shown). A subsequent delivery of 100 mg/L sodium chloride (NaCl) in water showed PSD to
vary ≤ 7% between all port replicates. Figure 4 plots the coefficient of variation (CV) as a
function of particle size at the 12 ports for the NaCl aerosol measurements. The consistency was
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calculated based on the combined concentration at the aerodynamic diameter at which the peak
occurred and at the two surrounding data points (Stone 2010).

Figure 4. Port validation of the CATS using sodium chloride aerosol.

Once port correlation was verified, the particle size distribution could be verified, also using the
sodium chloride solution. Samples were taken in triplicate from the sampling port located
downstream of the NOIES. Results indicated that the aerosol was polydisperse with a number
mean diameter of 74 nm and the mass mean diameter of 208 nm over the range of particle
diameters from 10–407 nm (Figure 5).
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Figure 5. Particle size distribution of sodium chloride aerosol.

F. philomiragia was observed under the microscope at three ages (6, 9 and 17 days) to have a
coccoid shape and an average diameter of 0.83 μm—three times the value reported (Bergey’s,
1984) for F. tularensis. Aerosolization of F. philomiragia in 1X PBS produced particles that the
APS measured to be larger than 0.50 μm. When both analytical methods revealed an average size
larger than Bergey’s (1984) reported, a modified Mueller–Hinton broth growth medium was
recommended (personal communication, Peter Iwen, PhD. Public Health Laboratory, UNMC,
Omaha, NE) to decrease the bacterial size. However, the dimensions of the culture grown in the
Mueller–Hinton medium were only slightly smaller.
Optical density (OD) was read and recorded at 580, 600 and 625 nm before and after
aerosolization in both the unbuffered aqueous medium and 0.1% peptone using a UV–visible
spectrophotometer. Although it is understood that neither the particle sizer nor the UV–visible
spectrometer is able to detect viability of bacteria, both are simple detection methods that can be
used to determine trends or differences in the samples. For the OD data, the differences before
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and after aerosolization remained small in the 0.1% peptone medium. Differences in OD pre and
post aerosolization in the unbuffered medium were larger (12–35% decrease), leading us to
believe that a negative effect, possibly cell death, caused the lower OD following aerosolization
in the unbuffered medium.

Discussion
Both aerosol concentration and viability pre and post filtration are of importance when
evaluating bioaerosol penetration through filter materials. Variation in aerosol delivery between
ports and particle size distribution were important factors in the validation of the CATS.
Experiments were conducted to look for variation among the NOIES ports in the concentration
of particles delivered over a unit of time. Stone et al. (2012; Stone, 2010) demonstrated uniform
distribution of an aerosol to several ports of the CATS using various sized particles. Following
installation of the CATS the exposure system was retested to verify consistency of particle
counts among all 12 ports, using tap water and sodium chloride solution to generate test aerosol
particles. Stone et al. (2010) was able to determine the loss of particles within the system, and to
ensure that samples from different ports can be compared with one another.
The ability of three buffer solutions to sustain LVS over the course of an aerosol run was
evaluated. The particle size of each medium alone was evaluated before F. tularensis LVS was
added to the Collison nebulizer. Particles from the raffinose medium were ~1.5 times as large as
those from the peptone medium (Figure 6), so the larger raffinose particles were eliminated from
further study—the efficiency of exclusion of particles by a filter medium increases rapidly as
their size grows above the MPPS (most penetrating particle size).
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Figure 6. APS counts of the particle size distribution from three media, from which one was to
be selected for aerosolizing F. tularensis LVS.

Contrary to the 250-nm diameter reported in Bergey’s manual (1984), we found F. tularensis
LVS to exist in liquid culture (modified Mueller–Hinton broth) and on chocolate agar plates as
600~800-nm (0.6~0.8-μm) spheres. This is much larger than the reported size and delivery from
a sugar or protein buffer (raffinose and peptone, respectively) will create huge particles that
should be expected to occlude the filter medium in minutes. An unbuffered aqueous medium was
also evaluated for aerosol transport of F. tularensis LVS; Figure 7 shows that the mean
aerodynamic diameter measured by the APS from aerosolization of the bacterium in peptone was
~50 nm larger than from the unbuffered medium. The OD was also measured to determine if any
changes occurred during the aerosolization process. There was a larger reduction in the OD from
samples in the unbuffered medium. Although this cannot directly relate to viability, it must be
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considered highly probable that F. tularensis will not withstand aerosolization without some
buffer added.

Figure 7. Plot from the APS of particle size distributions of F. tularensis aerosolized in an
unbuffered aqueous medium and in water containing peptone.
The larger size of the Francisella spp. plus the requirement to increase the particle size by
delivery from a supportive medium functionally eliminated this genus as candidate test
organisms. The mismatch of sizes was not further evaluated at this time, but may be due to
staining and preservation techniques used. A positive finding was that F. tularensis LVS grows
quicker than originally expected; it took only two days to get countable colonies to work with
after incubation at 37 °C instead of the originally reported 14 days (Bergey 1984).
As the Francisella spp. were too large to penetrate the HEPA medium in reliably countable
quantities to support the target filter penetration measurements, it became necessary to select a
different pathogen with sufficient intrinsic visibility to be of general interest.
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Section II- Influenza and Mice
Background
Influenza illness is often associated with occurrences of annual or near-annual epidemics in
temperate climate zones. Exposure to influenza virus often leads to a disease presenting as an
acute and temporarily incapacitating infection of the upper respiratory tract. The range of illness
resulting from influenza virus spans from asymptomatic infection to mild symptoms to often
fatal pneumonia. Those most often affected are the young, elderly or immunocompromised
(Hayden, 1997). Factors such as the strain of influenza virus that caused the illness, immune
status of the host, and/or age of the affected individual play an important role in recovery or
progression of disease. This was evident in the 2009 outbreak of influenza with the Influenza A
virus H1N1 pandemic (pdm) strain, during which a disproportionately higher percentage of
morbidity occurred in children and young adults as well as in individuals with such underlying
conditions as obesity or diabetes (Jhung et al., 2011). The influenza A (H1N1) virus selected for
this study was chosen based on reports of its infectivity in mice (Smee et al., 2008)—even
though it had not been mouse adapted—and its known hardiness in culture systems as a starting
point for development of a mouse model for aerosolized influenza. The size (80~120 nm) of this
entity is also compatible with the experimental design and aims.
Influenza is considered a communicable disease, although the leading methods of transmission
are still being evaluated (Brankston et al., 2007; Lee, 2007; Lemieux and Brankston, 2007; Tang
and Li, 2007; Tellier, 2006; 2007a; 2007b). Coughs and sneezes that create droplet nuclei are
expected routes of infection in addition to the virus coming in contact with mucus membranes.
The emergence of avian influenza has brought the disease to the attention of the mainstream
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population and has researchers more engrossed in finding methods of transmission, protection,
prevention and cures.
Travel is prevalent and far-reaching and is often a necessity of current society. Along with the
increase of travel has come the rise and spread of disease-causing microorganisms—even those
previously considered nearly eradicated—and the spread is occurring faster and further, resulting
in secondary infections to those populations previously considered not at risk (Gautret 2012).
Because of influenza’s ability to reassort based on surface proteins (antigenic drift), the risk is
that the recombination of genetic material from these diverse circulating viral subtypes will
cause a more serious antigenic shift. Pandemics are infrequent but often severe events due to the
creation of novel, unpredictable strains of influenza A virus (Treanor, 2004) caused by antigenic
drift, which can lead to a new viral subtype. Once a new viral subtype is created, the host’s
immune response can no longer recognize and mount a response to the new virus. When the new
viral subtype introduced to the human population and is infective antigenic drift can occur. This
ability to jump from one species into another, potentially naive species (e.g., avian influenza) and
cause a large proportion of influenza-related deaths across multiple species is the potential for a
new pandemic. Influenza is considered a fastidious virus (because of its viral envelope) and it
has a unique ability to mix or reassort, even within a host, which can lead to a wide variety of
subtypes, making influenza difficult to contain or control. Within the last 100 years influenza
pandemics have occurred four times (1918 (H1N1), 1957 (H2N2), 1968 (H3N2) and 2009
(H1N1)) (Oxford, 2000).
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Animal models
A number of animal models have been studied to evaluate new vaccines and other approaches
for preventing influenza-related disease (Gubareva et al., 1998; Ng et al., 2010), but vaccines are
only one form of protection. Once the virus circulates among a population, other preventative
measures are necessary to shield people; here the focus is on RPE. The CDC has collaborated
with OSHA, NIOSH and USDA to determine the level of protection appropriate during such
pandemics (CDC, 2012-A). NIOSH is the leading authority for regulations regarding the use of
RPE. One main public health concern is that, when the next pandemic strikes, there will be a
shortage of vaccines and protective masks and an overload on healthcare clinic resources.
Although the CDC reported that the 2011–2012 flu season experienced fewer than the
anticipated number of influenza-related illnesses, there is no reason to expect that trend to
continue for upcoming seasons (CDC, 2012); the public health community is already making
plans for another pandemic (Bailar et al., 2006).
Although numerous mathematical models have been developed to calculate particle deposition
within the respiratory tract, predicted results are unable to account for all scenarios possible in in
vivo measurements, especially when characterizing the effects of disease. Carefully chosen
animal models allow closer approximation to a human response and therefore it is important to
continue to further develop these models.
We sought to establish an animal aerosol exposure model in which air filtration media can be
evaluated using live animals rather than impinger capture as indicators for attenuation of
infectivity. For more than 75 years laboratory mice have served as models for susceptibility to
and pathogenesis of influenza disease (Andrewes et al., 1934). Their comparatively low cost,
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small size and relative susceptibility to the virus make mice an ideal candidate for studying
influenza virus infections. The mouse is currently considered the primary model for the
evaluation of influenza antiviral agents because it is a predictive indicator that mimics the
complexity of the human system and response to disease (Sidwell and Smee, 2004), and the
emergence of new pandemic subtypes of inﬂuenza A has elicited calls for more-intensive study
of influenza (Beigel and Bray, 2008).
Materials and Methods
Propagation of Virus
Influenza A/PR/8/34 (H1N1) virus was obtained from American Type Culture Collection
(Rockville, MD) as frozen stock (ATCC VR-1469). Virus was propagated in chicken eggs using
CDC Unit 15G.1 protocol (Szretter et al., 2005). Titers were performed and calculated using the
Spearman–Kärber method (Armitage and Allen, 1950; Bross, 1950; Finney, 1964).
Prior to growing the H1N1 virus, transmission electron microscopic images of H5N1 (due to its
lab availability) were taken to confirm the generic size of the influenza virus (Figure 8). No size
difference was expected between H5N1 and H1N1, as only the hemagglutinin and neuraminidase
surface proteins differ between the two subtypes. Influenza is visible to the DoD community as a
potential biowarfare agent, but has higher current (and recurring) relevance to the public health
community, witness the avian influenza scare of 2009. The availability of a human vaccine
attenuates the slight risk of working with a moderate human pathogen, so it was decided to
conduct a test of the viability of H1N1-PR8 dispersions in DI water in the nebulizer reservoir and
in aerosols caught in AGI-30 impingers. Loss of viability measured at UNMC was minimal so
we revised the test plan to substitute H1N1 for F. tularensis and undertook the training needed to
secure approval for animal use.
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Figure 8. Transmission electron microscope images of H5N1. Courtesy of Michael Lore,
UNMC. Note the size of the virion between 67.44 nm and 107.99 nm.

Particle Size Distribution of Influenza Aerosols
To assess the particle size distribution (PSD) of aerosols containing influenza virus, samples
were taken in triplicate from the sampling port located downstream from the CATS and read
using the SMPS.
Animal husbandry/groupings
Prior to starting experiments a power analysis was calculated using the PASS software to
determine the number of mice necessary to detect a statistical difference between a control group
of mice and group of mice exposed to aerosols.
Three strains of female mice (C57BL, BALB/c and CD-1) were purchased from Charles River
Laboratories (Portage Facility, MI). The mice were 6–8 weeks old and ranged in weight from
18–30 g. Mice were randomly divided into groups assigned to specific exposure time points, and

DISTRIBUTION STATEMENT A: Approved for public release; distribution unlimited.
88ABW-2013-0292; 23 January 2013

22

no more than five (all in a given exposure group) were housed per cage. Animals were provided
rodent chow (Harlan Teklad, U.S.) and water ad libitum and maintained on a 12-hr light/dark
cycle. All animal work was carried out in an ABSL-3 facility following institutional and
regulatory procedures. To minimize artifacts caused by stress during respiratory exposure
sessions, mice were preconditioned daily during the week preceding their exposure sessions by
insertion into a mouse restraint device (CHT-247, CH Technologies) for a period that did not
exceed the maximum exposure time for that experiment.
Infection Exposure Protocols
Intranasal Inoculation
To select a mouse strain susceptible to an influenza virus that had not been mouse adapted, we
exposed three strains of mice via intranasal inoculation with influenza virus A/PR/8/34 (H1N1).
The inoculum, consisting of 30 µL of virus at a concentration of 4.74 x 107 median tissue culture
infectious doses (TCID50)/mL, was placed intranasally into each mouse. The dose was divided
equally and placed droplet-by-droplet by pipette into each naris of the anesthetized
(ketamine/xylazine) mouse. Following the same procedure, a 1:10 dilution of virus stock in 1X
PBS was used to inoculate a second set of mice of the same three strains. In all, five mice of each
strain per dilution were used to determine susceptibility to the virus. Three mice per strain were
used as controls. Each control mouse was intranasally inoculated with 30 µL total Dulbecco’s 1X
PBS as previously described (Jerrells et al., 2007). Mice were weighed daily, their weights were
recorded and changes in weight were calculated.
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Aerosol Exposure
Aliquots of the influenza working stock (4.74 x 107 TCID50/mL concentration) were diluted to
1:30, 1:300, and 1:1000 (volume: volume ratios) in endotoxin-free water (Sigma, St. Louis, MO)
to prepare concentrations aerosolized during three successive mouse exposure series described
below. The single-jet Collison nebulizer was charged and allowed to run for 5 min to stabilize
the system. The bypass valve directly upstream of the CATS directed the aerosol through two
HEPA filters connected in series until exposure was initiated. Non-anesthetized mice were
carefully immobilized in the polycarbonate tubes so that the tip of the nose projected out of an
opening in the front of the holder. The tubes were then inserted securely into a port on the CATS.
Once the animals were emplaced the test aerosol was directed through the system. Vents inside
the cavity of the CATS directed an airstream containing the filtered aerosol at the nares of the
mouse as her only source of breathing air. Excess aerosol flow and exhaled air were continuously
swept away so no mouse rebreathed air from herself or another mouse.
A spread of delivered doses (proportional to concentration, C, × time, t) around each dilution was
achieved by varying the time of exposure. Mice were exposed in groups for each preselected
time (Tables 3–5). At the end of the exposure period the polycarbonate tubes holding the mice
were removed and the next group was inserted, until all mice for that series of experiments were
exposed. When time points allowed, the mice were inserted in overlapping groups. Unused ports
were sealed with the supplier’s standard plugs. All exposures were carried out within a biological
safety cabinet. Control mice for 1:30 (1.58x106 TCID50/mL) and 1:300 (1.58x105 TCID50/mL)
exposure groups were placed in polycarbonate tubes during the testing for a period equal to the
maximum exposure time and exposed to aerosols generated from endotoxin-free water (Sigma)
containing no virus. For the 1:1000 (4.74 x 104 TCID50) exposure group, two sets of controls
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were used. One mouse group was exposed as above, while a second group was exposed to
uninfected allantoic fluid processed in the same manner as from influenza-infected eggs.
Mice were observed and weighed each of the seven days post exposure. Severely distressed
mice were euthanized after the day’s weighing and, following the final weighing, all surviving
mice were euthanized by administration of an overdose of ketamine/xylazine by intraperitoneal
injection. A necropsy was conducted and portions of the lungs were selected for molecular,
histologic or viral culture assessment. Lung tissues aseptically placed into 2.7 mL of cold BD
Universal Virus Transport Medium (Becton, Dickinson and Co.) were homogenized by hand
using a closed ultra tissue grinder system (Fisher Scientific, Pittsburgh, PA) and then stored at
-80 °C.
Cell Culture and Molecular Assays
TCID50/CPE and DFA Assays
Starting viral titers were quantified by cell culture endpoint–dilution assays performed using
Madin–Darby canine kidney (MDCK) cells and calculated using the Spearman–Kärber method
(Armitage and Allen 1950) in units of log10 TCID50/mL. Cell culture plates containing MDCK
cells were grown and maintained using standard cell culture techniques.
Presence of viable virus in homogenates of murine lung tissue was qualitatively assessed by two
concentration-dependent cell culture endpoint assays performed using MDCK cells. Cell culture
plates containing MDCK cells were grown and maintained using standard cell culture
techniques. Aliquots (1.0 mL) of lung homogenates were plated in serial 1:10 dilutions (in
serum-free EMEM) from 10-1 to 10-4 in quadruplicate on confluent cell monolayers. The samples
remained in contact with the monolayer for an hour’s incubation before 1% BSA (bovine serum
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albumin)–serum-free EMEM with trypsin was added. The plates were incubated for 5–6 days
under 5% CO2 at 37 ºC prior to visualization under the microscope for cytopathic effect (CPE) or
fluorescent-labeled antibody evaluation. Test plates were read using a +/- system, in which +
indicates that disruption of the monolayer was observed (virus present) and – shows that the
monolayer remained confluent (no viable virus present).
Direct fluorescent antibody assay (DFA) was used to qualitatively determine influenza infection
of the MDCK cell line using the D3 Ultra DFA Respiratory Virus Screening and ID Kit
(Diagnostic Hybrids Inc., Athens, OH) per manufacturer’s instructions.

RNA Extraction and qRT-PCR
Ribonucleic acid (RNA) was extracted from samples using the QIAamp®MinElute®Virus Spin
Kit following the manufacturer’s protocol (Qiagen, USA). RNA amplification was performed
using Invitrogen’s Superscript III Platinum One-Step quantitative real-time polymerase chain
reaction (qRT-PCR) kit (Invitrogen, USA). The qRT-PCR assay was run on the Roche
LightCycler® 480 Real-Time PCR System (Roche Diagnostics). Assay conditions and reaction
volumes were adopted from protocols previously described by the CDC (Centers for Disease
Control and Prevention) (WHO, 2009). The cycle threshold (Ct) values from replicate runs were
averaged for each time point and rounded to two decimal places. The CDC-recommended
protocol threshold Ct value of 30 was used as the criterion for infection.
Histological Assay
Following fixation and routine processing, tissue sections were stained with hematoxylin and
eosin (H&E) and reviewed under standard light microscopy.
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Results

Results using the SMPS to measure the PSD from aerosolization of influenza virus indicated a
polydisperse aerosol comprising mostly fine and ultrafine particles (results not shown). The
power analysis revealed that a sample size of 15 mice per group (30 total) provides 87% power
to detect a 45% difference between the groups when the estimated rate of infection in the control
group is 50%. With 10 mice per group (20 total) there will be 80% power to detect a 55%
difference between the groups when the estimated rate of infection in the control group is 60%
(Table 1). Having an n of five was not shown on this table, but due to costs and overall mice
needed for all exposure ranges, we were advised that five mice per group would provide
statistically significant discrimination (personal communication, Elizabeth Lyden, M.S.,
Nebraska’s Health Sciences Center, UNMC, Omaha, NE) (Hintze, 2004).

Table 1. Power analysis for the number of mice needed per treatment group to
achieve reliable detection of differences in infection rates.
Control proportion

Treated proportion

Detectable difference

n per

infected

infected

(Treated–Control)

group

Power

0.50

0.05

-0.45

15

86.97%

0.60

0.05

-0.55

10

79.58%
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The virus was stable in the Collison nebulizer for up to 2 hrs in water as the aerosolization
medium. Samples were taken up- and downstream throughout a 2-hr run and plated using the
MDCK cell method to determine loss of viability; none was found (results not shown).
Two methods of plaque assay for infection of MDCK cells were used. The first involves the use
of a stain to facilitate visualization of the viral plaques (direct fluorescent antibody assay [DFA]).
The second was the TCID50 assay followed by a crystal violet stain. Counts of plaques before
and after staining indicated that the staining procedure did not alter the result of the assay but did
make it much easier to visually assess the plaques (Appendixes C–D).

Intranasal Exposure
To select the optimal mouse strain for use with the influenza A/PR/8/34 (H1N1) (not mouseadapted) strain used in this study, two inbred (BALB/c and C57BL) and one semi-outbred strain
(CD-1) of mice were tested for susceptibility to infection by the virus.
Individual base weights were determined prior to exposure, and all mice were weighed daily at a
uniform, scheduled time throughout the study. The average weights from surviving exposed mice
at day seven were compared to the averages of control mice. All mice were euthanized by day
seven post inoculation. Percent differences in weights are indicated in Table 2.
The non-mouse-adapted influenza virus produced obvious infection in all three strains of mouse
used. PCR was completed on lung homogenates from one mouse in each exposure set; each of
the mice from the virus-containing samples was positive (< 31 Ct (cycle threshold values)). As
no difference in gross infectivity was indicated by weight loss and PCR was positive for all
specimens, the less-expensive CD-1 mice were selected for further study.
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Table 2. Percent weight loss versus controls following 30-μL intranasal
inoculation of influenza virus and seven-day incubation period.
Mouse

%Weight Loss (Avg) after Inoculation with

Strain

H1N1-A/PR-8 at a Dose of n TCID50

4.74 x 107 TCID50

4.74 x 106 TCID50 0 (Controls)

CD57BL

28.2 (SD = 0.7)

28.0 (SD = 0.8)

0.1 (SD = 0.6)

BALB/c

26.2 (SD = 0.7)

19.0 (SD = 0.4)

0.6 (SD = 0.3)

CD-1

25.8 (SD = 0.6)

23.5 (SD = 1.5)

0.2 (SD = 0.9)

n=

SD = Standard Deviation

Aerosol Exposure (1.58x106 TCID50/mL)
A preliminary study was conducted to establish a baseline dose of virus capable of causing
infection following aerosolization. The working stock of influenza virus was diluted 1:30 in
endotoxin-free water (Sigma) and delivered into the Collison nebulizer at 1.58x106 TCID50/mL.
Four sets of three CD-1 mice were emplaced in polycarbonate restraints, installed into the CATS
with the filter holder empty, and exposed to aerosolized virus at exposure times of 2, 6, 20 and
60 min. Two mice were used as unexposed controls. All of the mice survived to day 7, when
they were euthanized and necropsied, and their lung tissue was examined by three different
assays.
At all four exposure time points, mouse lung tissues gave positive results from the qRT-PCR
assay, for which a positive value was defined to be < 31 Ct. DFA and CPE assays on the lung
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tissue were also all positive (Table 3). There was a direct correlation between dose received (for
convenience reckoned as Ct values (product of concentration and exposure time)), with lower
PCR Ct values resulting from prolonged exposure. The mean Ct value for control mice was 37,
which we defined to be a negative response. Values of 37 > Ct > 30 were considered
indeterminate. Weight losses again showed proportionality to dose delivered. The results
demonstrated that the influenza virus remained viable and capable of causing infection in CD-1
mice when aerosolized under test conditions.
Table 3. Results of three assays (PCR, DFA and CPE) from the homogenates of CD-1
murine lung tissue exposed to an aerosol generated from 1.58x106 TCID50/mL (1:30
dilution) of influenza virus over four different exposure times are indicated in parentheses:
Pos = positive, Ct < 31; Ind = indeterminate, 37 ≥ Ct ≥ 31; and Neg = negative, Ct > 37.

‡

Concentration

Exposure

Presented Dose

Weight Gain

(TCID50/mL)

Time (min)

(TCID50)

(% ± SD)‡

1.58x106

2

120

1.58x106

6

1.58x106

PCR Ct

DFA CPE

-2.0 ± 0.2

Pos (23)

Pos

Pos

360

-8.4 ± 0.2*

Pos (18)

Pos

Pos

20

1200

-17.3 ± 0.9

Pos (16)

Pos

Pos

1.58x106

60

3600

-14.7 ± 1.8

Pos (17)

Pos

Pos

1.58x106

Control

0

+6.9 ± 0.2

Neg (37)

Neg

Neg

Weight change percentage is the average of all three mice on day seven post exposure.

*1/3 mice died of unrelated cause.
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Aerosol Exposure (1.58x105 TCID50/mL)
Because exposure to the 1:30 dilution of aerosolized virus resulted in massive but graduated
infection of all tested mice, a greater dilution of the working stock was delivered in an effort to
identify a threshold infective dose. The dilution was increased tenfold (to 1:300, resulting in
delivery of a 1.58x105 TCID50/mL dispersion from the nebulizer and an overlap (as Ct products)
of the two smaller doses from the 1:30 dilutions) and the initial aerosol exposure sequence was
repeated. Three mice per time point were assayed by qRT-PCR. Variation in Ct values was
observed in the 2-min exposure group, one mouse being clearly positive as reflected by Ct values
and the other two mice falling within the indeterminate range (Table 4). All mice in the 6-, 20and 60-min time points were positive (< 31 Ct) with minimal variation in Ct values. All control
mice were negative (Ct values > 37).
Table 4. PCR Ct values from the homogenates of CD-1 murine lung tissue exposed to
bioaerosol generated from a 1.58x105 TCID50/mL dilution of influenza virus over four
different exposure times are indicated in parentheses: Pos = positive, Ct < 31; Ind =
indeterminate, 37 ≥ Ct ≥ 31; and Neg = negative, Ct > 37.
Exposure Time (min)

Presented Dose (TCID50)

Group 1

Group 2

Group 3

2

12

Ind (36)

Pos (19)

Ind (36)

6

36

Pos (20)

Pos (21)

Pos (14)

20

120

Pos (18)

Pos (19)

Pos (20)

60

360

Pos (17)

Pos (15)

Pos (18)

Neg

Neg

Neg

Control

0
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TCID50 assays were performed on mice from Group 1 at each time point. One mouse lung
homogenate in Group 1 that was indeterminate by qRT-PCR (36 Ct) was negative by TCID50
assay. All other lung homogenates tested positive by both methods, except the controls, which
were all negative.

Aerosol Exposure (4.7 x 104 TCID50/mL)
Although weight loss by the mice appeared to have reached baseline at the dose delivered in
6 min at 1:300 dilution, Ct results from the aerosol challenge at 1:300 dilution show that all the
mice exposed for 6 min or more received an infectious dose. In an effort to better define the
threshold at which viral infection occurs the stock solution was further diluted to 4.7x104
TCID50/mL (1:1000), the exposure times were reduced, the number of mice per time group was
increased to five, and two additional time points were added to increase the range and dose of
aerosol exposure. Results of this test are shown in Table 5.
Table 5. PCR Ct values from homogenates of CD-1 murine lung tissue exposed to aerosol
generated from a 4.74 x 104 TCID50/mL dilution of influenza virus over five different
exposure times are indicated in parentheses: X = mouse death; Pos = positive, Ct < 31; Ind
= indeterminate, 37 ≥ Ct ≥ 31; and Neg = negative, Ct > 37.
Exposure

Presented Dose

Time (min)

(TCID50)

3

Group 1

Group 2

Group 3

Group 4

Group 5

6

Neg

Neg

Neg

Neg

Neg

6

12

Neg

Neg

Neg

Neg

Pos (22)

9

18

Ind (33)

X

Neg

Ind (37)

Pos (20)

12

24

Ind (31)

Neg

Neg

Pos (23)

Neg

18

36

Ind (33)

Ind (33)

Pos (27)

Ind (37)

Neg
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At the 3-min exposure time, no mice were positive for influenza virus as determined by Ct value.
In all four of the longer-exposure groups a single mouse displayed a positive Ct value. A trend
may be suggested by the pattern of indeterminate values, but the quantitative Ct values show an
equally unconvincing opposite trend. All of the lung homogenates were tested by virus cell
culture assay for TCID50 and DFA. For homogenates whose Ct value is < 31, both TCID50 and
DFA were positive.

Histological Assay
Influenza-infected lungs showed lobular pneumonia with interbronchial inflammation and focal
chronic inflammatory cell infiltration with a few neutrophils and some interstitial thickening.
Figure 9 compares infiltrates in infected tissue to uninfected tissue.
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Figure 9. Top: Mouse lung image after exposure to aerosolized virus; H&E staining technique.
Bottom: Mouse lung image after exposure to sterile aerosols (no virus noted).

Discussion
Influenza A/PR/8/34 (H1N1) virus is a spherical, small (80–120 nm), enveloped RNA virus of
the family Orthomyxoviridae. It was found to be infectious to general mouse strains (BALB-c,
C57Bl and CD-1 mice) and able to withstand aerosolization for 2 hrs in water. As any additional
buffer solutions would coat the virus particles and make the droplets larger, affecting our
penetration studies, it was necessary to find a minimal medium for aerosolization.

Transmission of Influenza
It is accepted that influenza may be contracted through at least four methods: (1) contact, (2)
inhalation, (3) inspiration and (4) direct spray, but the predominant route is still uncertain (Jones
and Adida, 2011). Jones and Adida (2011) have defined the difference between inhalation and
inspiration based on size of the particle and where it deposits in the respiratory tract: inhalation is
defined as respiring particles 10 µm and smaller in diameter, which deposit throughout the upper
and lower respiratory tract. In contrast, inspiration is defined as respiring particles 10–100 µm in
diameter, which deposit in the upper respiratory tract. The only route of infection examined
during this study was inhalation of droplet nuclei through nasal passageways and we did not
examine other organs for presence of virus; that work has been done by others (Lu et al., 1999).
Results should be expected to differ if other mucosal surfaces had been dosed with the same viral
aerosols. Research by van Riel et al. (2007) has also found that, based on viral cell specificity,
the subtype of influenza virus may determine where in the respiratory tract deposition occurs,
affecting the virus’ host preference, pathogenesis and treatment methods. Our study sought only
to determine the existence and scale of a measurable threshold aerosol infective dose in this
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animal model and to set parameters—such as the mouse restraints in the experiment—that limit
other exposure.
Although this study demonstrated infectivity of the aerosol, its residence time as dispersed fine
particles was short—hundreds of milliseconds from nozzle to nose—and viruses are known to
spontaneously lose viability, so the importance of such bioaerosols as an environmental
component remains uncertain. However, the experiment accurately simulates exposure to a direct
spray such as a cough, which can accordingly be concluded to be a mechanism for immediate
transmission of this virus.
Although considerable support has been documented supporting the transmissibility of influenza
A by inhalation routes, few studies to date have utilized a mouse model to investigate
susceptibility to and pathogenicity of aerosol exposures. The lack of aerobiology studies results
from several factors including the need for specialized equipment to generate and monitor
bioaerosols, the technical difficulty involved, inconsistency in techniques and the considerable
cost and time associated with animal research. As a consequence, the most commonly described
method of infecting mice with influenza virus is by installation of fluid into the nasal passages.
The purpose of this study was to identify a susceptible small animal and to experimentally
determine its suitability to function as a quantitative detector of a consistent, inhaled, infective
dose of pathogenic aerosol—to serve as the detector for the complementary CATS.
Green and Kass (1964) conducted studies on the clearance of inhaled microbial aerosols from the
murine respiratory tract. Shulman and Kilbourne (1963) studied mouse-to-mouse transmissibility
of influenza virus. They both note that a factor complicating viral research in animal models is
that a virus may be present in a host without causing disease. This may be due to such
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restrictions as absence of appropriate receptors on certain cell types (e.g., tissue tropism) or of
intracellular processes required to generate infectious progeny viruses or induce cytolytic effects.
Differences in viral receptors have been documented for respiratory epithelial cells based on
location in either the pharynx or peripheral lung (van Riel et al., 2007; 2010). In addition, either
the organism or host cell may mount an immune response or generate intracellular molecules that
disrupt the viral effects. Differences may appear at either the cellular or tissue level or among
susceptible hosts depending upon the method of infection, especially in regard to aerosol
exposures (Phalen et al., 2008). Our current study examined these parameters related to efficient
infection versus gross infection of mice using aerosolized influenza virus.
It should be noted that an exact dose of virus needed to cause respiratory influenza infection post
filtration has not been quantified. What we have done is establish a model that now can be used
not only with influenza, but with any airborne pathogen of interest to determine respiratory dose
of infection. This has broad-reaching applications in the realm of respiratory infection control
such as respiratory protection devices and vaccine development.

Measurements of Response
We considered three different thresholds to determine infectivity: clinical response, based on
weight change; cytopathic effect (CPE/ TCID50), based on cellular response in MDCK cells and
qRT-PCR data; and immune response, measurement of which was beyond the scope of this
project. We determined two different MID50 values, one based on the clinical response and the
other based on the combined results of the CPE/ TCID50 assays. The difference in the two values
can be interpreted as revealing a higher threshold for a clinical response than for a cellular
response or a threshold for an overwhelming dose that defeats the immune response. The
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threshold for an immune response—which is not necessarily accompanied by a cellular or
clinical response—is certainly lower, by some amount we were unable to estimate.
When discussing infection or detection endpoints, it is important to determine which endpoint is
meant, as different fields of study may have a different definition of an endpoint. For example, a
healthcare provider may not be concerned with the qRT-PCR data of a patient that shows virus to
have been present in small quantities, but concern may grow if a cellular-level response is noted,
meaning the patient is either asymptomatic or pre-symptomatic and may possibly be spreading
the virus. A healthcare provider would be much more interested in data showing clinical changes
in the patient such as marked weight loss, fever or body aches. But for our work measuring filter
penetration of infectious agents, the reproducible threshold dose producing a positive Ct by qRTPCR provides the quantitative endpoint needed to evaluate the extent of protection (attenuation
of infectivity) afforded by the RPE device being tested, calculated as the ratio of challenges
applied at which the received dose equals the MID50 with and without the RPE article in place.

Infectivity/ clinical symptoms
The only clinical response evaluated was weight change. We did not monitor other common
signs/symptoms of infection such as fever, body posture and loss of appetite. This is considered
the least sensitive assay for detection of the virus, as by the time clinical effects are noticed, the
animal is probably highly infected and shedding loads of the virus and has lost cells damaged by
the viral release.
Our results showed significant variation in morbidity and mortality among the mice exposed to
aerosolized influenza virus. This appears to have been due to individual susceptibility of the
mice, because variability in the uniformity of the aerosol delivered was found not to be signif-
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icant when each of the ports was analyzed. In addition, significant differences were noted when
mice were exposed over times ranging from 6–18 min with minimal or no morbidity when a low
quantity of virus was sprayed over an extended period of time. For example, in Table 4 at the
lowest exposure time one of the three mice was positive for infection whereas in the lowest-dose
experiment (Table 5) one mouse was positive following only 6 min of exposure. In contrast, the
larger doses of virus over even short exposure times caused greater losses in the weight of those
mice. What we believe is happening is that the mice who received the smaller doses over a
longer time period were able to process and clear a significant fraction of the virus received, as
opposed to the mice who were hit with a large dose over a short time and were unable to resist
the viral challenge. Additionally, the hardiness of immune response to influenza varies among
the mice, resulting in different levels of susceptibility, displayed as random variability within the
population.
As do many viruses, influenza produces a significant number of defective particles incapable of
causing infection (Huang, 1973; Pathak and Nagy, 2009). This is further demonstrated by the
wide variation—ranging from hundreds to thousands—in reported gene copy (total virions)-todose (in TCID50) (infectious virion fraction) ratio (Yang et al., 2011). Sidorenko and Reichl
(2004) developed a mathematical model describing the complete life cycle of influenza A in
animal cells. This model, based on a multiplicity of infection (MOI) of 10 virions/cell, suggests
that influenza replicates within 5 hrs post infection and produces up to 8,000 progeny virions
before cell death occurs. Perrott et al. (2009) reported a detection level for influenza A (H1N1)
of 1 TCID50 using qRT-PCR and 0.1 TCID50 using nested qRT-PCR. If one accepts that a direct
correlation may not always exist between a method that detects viable organisms and one based
on viral genomes, our system showed excellent correlation between classical virology methods,
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morphology based on histologic examination, clinical features and molecular quantification by
qRT-PCR.
Influenza infection in mice has been monitored by several different parameters including mean
time to death, lung weight and change in body weight (Sidwell and Smee, 2000; Raut et al., 1975;
Gillim-Ross, 2008). However, these indicators are difficult to interpret when the infectivity and
challenge dose of the virus do not clinically manifest an illness (morbidity or mortality). Therefore we compared qRT-PCR data with TCID50 results to narrow the variability. Virus replication in lung tissue is considered the most informative endpoint for efficacy studies—even modest
changes in virus load can have a large impact on survivability (Haga and Horimoto, 2010).

Detection Level of the TCID50 Assay
We used the CPE/TCID50 as the cytopathic assay detection method. This assay shows a cellular
response to viral infection. We consider this assay more sensitive than the mouse’s exhibiting
clinical symptoms, but the assay method itself is still not as sensitive as qRT-PCR (Freeman,
1999).
The detection level of a TCID50 assay is defined as the lowest dilution tested for which at least
one positive well (displaying CPE) is observed among a given number of replicates. Many
factors can influence the detection level of the TCID50 assay, as it is a function of the number of
replicates tested at each dilution, the total volume in each well of the assay plate, the volume of
the original sample and the lowest dilution tested. The detection level is calculated using a
Kärber formula (see Appendix) and using one positive well out of a given number of replicates
(typically four replicates per dilution), and all other variables in the Kärber formula reflect the
actual parameters used in the given TCID50 assay. The titer is then translated into total TCID50
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units by taking into account the total volume of the original sample in the impinger and, if only a
portion of the effluent air is sampled, by proportionally adjusting for the flow rate—here by
multiplying by 7.08 to scale from the actual sampling flow rate of 12 LPM to the NIOSHstandard flow rate of 85 LPM passing through the air filtration product.

Animal models
It is important to note that this strain of influenza was not mouse adapted in our lab or any other.
This shows that the mice are susceptible to influenza in its original form as an aerosol.
Considering this as a mouse model for human infection, we might be able to infer that human
susceptibility would be just as easy from a novel strain of influenza not previously in contact
with human cells via the aerosol route.
Assays of post-sacrifice tissue samples from the mice were uniformly positive in the 1:30
dilution series. In contrast with the data shown in Figure 10, in the 1:300 dilution series the 2min exposure (12 TCID50 dose) group contained subjects that were not unequivocally positive
for infection, both by Ct (2 of 3) and by CPE (1 of 3). One-way ANOVA and a two-tailed t-test
did not find any statistical differences between the change in the mouse’s weight and the PCR
data; however, a more-precise threshold value and statistical significance of this difference can
be expected when the number of mice (n) in each exposure group is increased. Likewise, the two
sets of subjects that shared Ct products (2 min x 1:30 and 20 min x 1:300, and 6 min x 1:30 and
60 min x 1:300) appear to show increased sensitivity with increasing aerosol concentration,
which could be taken to imply that an acute exposure leads to greater infectivity than the same
dose experienced more gradually. Although this interpretation is intuitively reasonable, the
volume of data supporting it is too limited to justify such a conclusion.
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Figure 10. Average weight change for mouse exposure groups over three
different received aerosol doses. Plot shows overlap between doses
received and change in weight, leading to the determination of an MID50.

Estimate of infective dose
After selecting both a suitable organism (influenza virus A/PR/8/34 (H1N1), not mouse adapted)
and a susceptible animal model (CD-1 strain) we performed three sets of aerosolized-doseexposure experiments. Weight gain or loss, survival status and necropsy data were obtained for
each participating mouse. Post-mortem assays included CPE, DFA and TCID50. The first set,
comprising exposures for t = 2, 6, 20 and 60 min to an aerosol generated from a 1:30 dilution of
the viral stock, resulted in gross infection of all of the mice but revealed a trend of symptomatic
response to dose. A second series was conducted delivering 1:300 dilution of the viral stock, in
which two Ct values (6 min in the 1:30 series and the 60 min in the 1:300 series,(Ct = 6/30 =
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60/300) and 2 min in the 1:30 set and 20 min in the 1:300 set (Ct = 2/30 = 20/300) were repeated
to ensure data overlap. The bioaerosol dose received is calculated as follows:
Dp (presented dose) = viral titer*dilution factor*VSF*ra*Va*t
Where ra is the respiration rate and Va is the tidal volume, respectively, of the CD-1 mouse,
which respective values are reported (Fairchild, 1972) to be 261 respirations/min and 0.16 mLA
(mL of air). Thus, a mouse exposed for 2 min to a 300:1 dilution of a suspension containing
4.74x107 TCID50/mL inhales a dose of
Dp = 4.74x107 TCID50/mL*1/300*9x10-7 mL/mLA*261 resp/min*0.16 mLA/resp*2 min
= 12 TCID50

Owing to logistical factors in the ABSL-3 facility the PSD was not measured during exposures.
However, Stone (2010; Stone et al. 2012) measured bioaerosol particles in the range
100~500 nm for a slightly smaller virus (MS2 coli phage) in the same apparatus. The absorbed
dose was likely slightly smaller than the presented dose because deposition of inspired particles
in this size range is incomplete and size dependent (Clay and Clarke, 1987; Heyder, 2004; Stuart,
1973). A plot of weight loss vs. calculated inhaled dose (Figure 10) was fitted to a straight line,
which intersects the mean weight change of the control group at approximately 40 TCID50. A
third series of exposures was performed to a 1:1000 dilution, intended to improve definition of
the threshold dose for weight loss; however, the results were equivocal, likely because the
delivery was gradual enough that the mice developed an immune response that was able to
manage the challenge and/or the n of five was too small to average out what we presume to have
been idiosyncrasies among the subjects.
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Our results showed that qRT-PCR was more sensitive or that an excess of genome was present in
comparison with the number of infectious virions as determined by TCID50 and DFA assays. As
the gold standard (Schrauwen et al., 2011) for determining the MOI has been TCID50 and
quantification of virus in mice exposed to influenza aerosols by qRT-PCR has not been
previously reported, additional confirmatory studies were needed. We chose seven days as the
terminal point for our study based on symptomatology in humans, in whom virus production
peaks approximately 48 hours post infection and few virus particles are shed after day six
(Taubenberger and Morens, 2008). Our results showed the delivered aerosol MID50 to be at least
12 TCID50 as determined by qRT-PCR Ct value and significantly less that 40 TCID50 as
determined by obvious clinical response. However the sample size must be expanded in the
future to achieve greater resolution and statistical significance. In addition, future studies will
utilize the influenza virus A (H1N1) pdm strain to determine variation in MID50 between the two
strains.

Future Directions
Significance of project
Work presented herein validates aerosolization of one viral pathogen and delivery by a pure
respiratory pathway into one susceptible murine host as a novel technique for assaying
infectivity by a challenging bioaerosol. This project is a starting point for quantitative infectivity
studies using the CATS that may advance the state of understanding of mechanisms of
respiratory infection by viruses, bacteria or other organisms and inform efforts to combat their
spread and clinical intensity. Neumann et al. (1999) are using a new reverse-genetics system to
create influenza viruses entirely from cloned cDNAs; they have successfully proven infectivity
in cell lines, but to quantitatively characterize their new creations, an infection assay system will
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be needed, and the CATS with an appropriate animal model and baseline for MID50 would be
useful to obtain those data.
The data and methods presented herein contribute to a fundamental basis for refining studies of
aerosol delivery of particles into animal models for study of a variety of clinical subjects, such as
infectious doses and vaccine delivery. Further work will be needed to more precisely define the
median infective dose (MID50) of influenza A/PR/8/34 (H1N1) in the CD-1 mouse, and to
elucidate the effect of bioaerosol aging and dose rate on infectivity. The work of Denkers et al.
(2010), studying chronic wasting disease in a mouse model is an example of an infectivity
system that could better be examined by this technique.
In our experiments temperature and RH were kept “constant” as room temperature and humidity,
although the CATS has the capability to vary both (Stone, 2010). Variation of either or both can
be expected to produce different results for virus survivability, infectivity, and possibly even
filter penetration. It is well documented that many viruses spread best in cold, dry air; holding
some environmental conditions constant (e.g., temperature, pressure, humidity, host status,
stressing factors, coadministered agents) and varying others will pinpoint factors or combinations
of factors that influence infectivity, which might suggest measures to suppress the spread of or
ameliorate the course of infection. Vlodavets and Dmitriyeva (1966) showed that viruses lose
viability faster in humid air, particularly non-enveloped viruses such as influenza A and
adenovirus. Our procedure used a constant, short time from aerosolization to exposure.
Extending the pathlength traveled by the aerosol or detaining it in a ballast will allow systematic
variation under controlled conditions of the age of the aerosol at exposure, from which a precise
description of the rate of attenuation of infectivity can be determined.
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The intended application of the aerosol influenza animal model described here is the assessment
of the clinical effect of respiratory protection devices incorporating antimicrobial treatments.
Various approaches have been proposed to increase the effectiveness of respiratory filtering
media including the addition of bioactive media. Although materials such as silver nanoparticles
(Lala et al. 2007), copper oxide (Borkow et al. 2010), iodinated compounds (Heimbuch and
Wander 2006) and others (Cecchini et al. 2004) have shown biocidal potential, only the iodine
vector has been proposed (Lee et al. 2009) to operate by a noncontact mechanism. Additional
studies will focus on evaluating such new technologies (e.g., photogenerated singlet oxygen)
and, after replacement of the filter holder with a larger enclosure able to collect aerosols behind
RPE worn by an articulated headform (Bergman et al., 2012), on quantifying the effect on
protectivity of seal leakage and on optimizing the particle removal efficiency of respiratory
protective equipment to measure net protectivity.
McClellan (2009) has performed numerous studies with mice and mathematical modeling
examining location of deposition in the respiratory tract as a function of aerosol particle size,
using F. tularensis as a model organism, and Roy (2003) has studied deposition of ricin aerosols.
These studies could be compared more easily if they had been performed in a uniform
aerosolization device such as CATS.
In addition to being used to unify aerosol data, the CATS can be fed by a virtual classifier (right
angle jet) to deliver particles of discrete sizes, ranging from ultrafines (<100 nm) to fine (<1000
nm or less) and larger particles. Because the goal was to evaluate particles penetrating a filter, we
used predominately fine particles near the MPPS as part of our study, but the CATS allows for
particles of a range of sizes and compositions to be used and classified (Stone et al., 2012).
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Although we performed nose-only studies, the CATS can be employed to study other respiratory
routes, although different animal models may be needed to compare nose to mouth breathing.
Other mucosal surfaces, such as ocular infection may be of interest to the medical or biowarfare
mitigation communities. Although we studied only influenza A virus in this portion of the
project, other infective particles should be considered. Studies involving co-delivered materials
would be of interest especially concerning areas of public health, bioterrorism and biowarfare
zones.
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Appendix A. Power Analysis for Using Mice to Detect Difference in Infectivity
A power analysis was performed at UNMC to determine the number of mice (n) needed
per group to attain a statistically reliable discrimination of difference in infectivity
between two groups of animals in a filtration penetration study using the following
general design:
The MID50 was derived using an unexposed control group and evaluating six challenge
concentrations, nominally centered around the MID50, delivered to groups of 5 mice per
concentration. Rates of infection in pairs of groups of mice—treated and control—were
compared. The MID50 is the dose that causes a 50% rate of infection in the treated group.
The power of the experimental design to distinguish a difference in infection rate
between the two groups is calculated in Table A1 for a range of per cent differences and
group sizes. PASS software was used to calculate the sample sizes needed to detect
differences between the groups under the following conditions: Two-sided test;
Significance level (alpha) = 0.05; n = number in each group
Table A. Power to Detect Differences between Treated and Control Groups of Different ns
Proportion Infected
Difference Detected
n per
Power
Control
Treated
(Treated - Control)
group
(%)
0.40
0.05
-0.35
10
42.65
0.40
0.05
-0.35
12
54.95
0.40
0.05
-0.35
15
69.53
0.45
0.05
-0.40
10
52.98
0.45
0.05
-0.40
12
65.69
0.45
0.05
-0.40
15
79.38
0.50
0.05
-0.45
10
62.80
0.50
0.05
-0.45
12
75.18
0.50
0.05
-0.45
15
86.97
0.55
0.05
-0.50
10
71.75
0.55
0.05
-0.50
12
83.11
0.55
0.05
-0.50
15
92.35
0.60
0.05
-0.55
10
79.58
0.60
0.05
-0.55
12
89.32
0.60
0.05
-0.55
15
95.85
0.55
0.10
-0.45
10
56.60
0.55
0.10
-0.45
12
70.10
0.55
0.10
-0.45
15
81.03
0.60
0.10
-0.50
10
65.90
0.60
0.10
-0.50
12
79.07
0.60
0.10
-0.50
15
87.67
A sample size of 15 mice per group (30 total), provides 87% power to detect a 45% difference
between the groups. Ten mice per group gives 80% power to detect a 55% difference between
the groups. As cost was a factor, the statistician extrapolated that a sample size of 5 per group
would provide adequate power to discriminate a difference of 50%.
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Appendix B. Intranasal Inoculation of Three Mouse Strains
Table B. Weight change of three strains of mice before and after intranasal inoculation
with one of two dilutions of H1N1.
Mouse
Viral Dose Day 1–7
Viral Dose
Day 1–7
Viral Dose Day 1–7 Weight
(TCID50
Weight
(TCID50
Weight
(TCID50
Change (g)
Units)
Change (g)
Units)
Change (g)
Units)
CD57BLa
1
-6.0
-5.4
-0.4
2
-5.3
-5.7
+0.2
1.4 x
1.4 x
3
-5.3
-4.9
0
(control)
+0.3
106
105
4
-5.1
-5.3
5
-5.3
-5.6
Avg. Wt. Change (g)
-5.4
-5.4
0.0
Standard Deviation
0.4
0.3
0.3
Avg. % Wt. Changeb
-28.2
-28.0
-0.1
Standard Deviation
1.3
1.7
1.9
BALB/cc
1
2
1.4 x
3
106
4
5
Avg. Wt. Change (g)
Standard Deviation
Avg. % Wt. Change
Standard Deviation

-4.5
-4.5
-4.6
-4.9
-5.1
-4.7
0.3
-26.3
2.2

1.4 x
105

-3.6
-3.3
-3.7
-3.7
-2.9
-3.4
0.3
-19.0
1.6

0 (control)

-0.3
-0.2
-0.2
+0.3
-0.1
0.3
-0.5
1.6

CD-1d
1
-7.6
-6.4
-0.2
2
-5.4
-5.9
0.0
1.4 x
1.4 x
3
-5.8
-5.7
0 (control)
+0.1
106
105
4
-7.8
-5.8
5
*
-5.4
Avg. Wt. Change (g)
-6.6
-5.8
0.0
Standard Deviation
1.2
0.3
0.2
Avg. % Wt. Change
-26.1
-23.6
-0.2
Standard Deviation
3.8
0.9
0.6
“-“ Indicates weight loss, “+” Indicates weight gain, “*” Indicates deceased mouse, not used
in calculations. a $19.20 each. b [(Initial-final)/ initial] x 100 c $18.74 each. d $4.80 each
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Appendix C. Initial Aerosol Exposure Experiments
Table C. Weight Changes of Mice after Inhalational Exposure to Two Challenge Levels of
Aerosolized H1N1 Virus for Different Lengths of Time at 25 °C, 54–59% Relative
Humidity
Day 1-7 Weight Change (g)
Mouse Exposure Time (mins)
1.58x106 TCID50/mL 1.58x105 TCID50/mL
1
-0.4
-0.2
2
2
+1.0
+1.1
3
-1.9
+1.5
Avg. Wt. Change (g)
-0.4
+0.8
Standard Deviation
1.5
0.9
Avg. % Wt. Change
-2.1
+2.8
Standard Deviation
6.7
3.4
1
6
2
3
Avg. Wt. Change (g)
Standard Deviation
Avg. % Wt. Change
Standard Deviation

-2.5
*
-2.2
-2.4
0.2
11.5
1.2

+0.5
+1.3
+0.3
+0.7
0.5
+2.9
2.1

1
20
2
3
Avg. Wt. Change (g)
Standard Deviation
Avg. % Wt. Change
Standard Deviation

-3.9
-3.5
-4.5
-4.0
0.5
-21.0
3.6

+2.8
-0.4
-1.0
-0.5
2.0
+1.8
7.9

1
60
2
3
Avg. Wt. Change (g)
Standard Deviation
Avg. % Wt. Change
Standard Deviation

-3.4
-5.1
-1.3
-3.2
1.9
-17.9
11.4

-2.6
-1.2
-0.8
-1.5
1.0
-6.9
4.2

1
*
+1.7
2
0
+1.9
+0.5
3
+1.3
+1.8
Avg. Wt. Change (g)
+1.6
+1.3
Standard Deviation
0.5
0.7
Avg. % Wt. Change
+6.5
+5.1
Standard Deviation
1.9
2.7
“-” Indicates weight loss, “+” Indicates weight gain, “*” Indicates deceased
mouse, not used in calculations.
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Infected mice were characterized by marked weight loss then later confirmed by PCR and virus
viability assays using CPE. Lung homogenates were harvested in BD Universal Virus Transport
media, separated into three aliquots and frozen at -80 ˚C.
Figure C. MDCK cell plates of mouse lung homogenates after crystal violet dye.
Exposure Time = 0 mins
2 mins
6 mins

20 mins

60 mins
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Appendix D. Final Aerosol Exposure Experiment
Table D. Weight Changes of Mice after Inhalational Exposure to Aerosolized H1N1 Virusa
for Different Lengths of Time at 25 °C, Relative Humidity Rising from 26–69%
Exposure Time
Day 1-7 Weight Change (g)
(mins)
3
6
9
12
18
18b
18c
Mouse 1
+0.2
+2.0
+1.1
+3.1
+1.6
+2.2
+1.2
Mouse 2
+1.6
+4.2
*
+0.4
+1.4
*
+1.1
Mouse 3
+1.7
+2.0
+1.3
+1.4
+1.0
+1.6
+1.7
Mouse 4
-0.1
+0.2
+0.9
+0.7
+1.4
+0.5
+1.6
Mouse 5
+2.0
+1.9
-0.4
+3.0
+0.3
+2.6
+2.0
Avg. Wt. Change (g) +1.1
+2.1
+0.7
+1.7
+1.2
+1.7
+1.5
Standard Deviation
1.0
1.4
0.8
1.3
0.5
0.6
0.4
Avg. % Wt. Change
+4.3
+8.6
+3.2
+6.7
+4.8
+7.2
+6.1
Standard Deviation
3.8
6.1
3.2
5.0
2.2
4.1
1.6
“-” Indicates weight loss; “+” Indicates weight gain; “*” Indicates mouse died of unrelated
causes, did not use to calculate data; a Titer in Collison 4.74x107 TCID50/mL; b sterile medium
control; c sterile allantoic fluid control
Figure D. Typical 96-well Plates of MDCK Cells Exposed to Mouse Lung Homogenates then
Crystal Violet Dye. Image Shows Group 1 Exposed for Seven Time Points: 0 mins (NV), 0
mins (CM), 3 mins, 6 mins, 9 mins, 12 mins, and 18 mins. NV = allantoic fluid with no virus
present, CM = control mouse exposed to sterile aerosols.
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Appendix E. Presented Dose of Influenza Aerosol and PCR, Fluorescent Assay and
Cytopathic Effect Results for All Three Aerosol Exposure Concentrations
Table E. Presented Dose of Influenza Aerosol and PCR, Fluorescent Assay and Cytopathic
Effect Results
Titera
Exposure Time
Dp
Weight Change
n
PCR Ct DFA CPE
(TCID50/mL)
(min)
(TCID50) (% ± SD)
2
119
-1.7 ± 6.4 Pos (23)b Posb Posb
6
356
-40.2 ± 51.8* Pos (18)b Posb Posb
1/30 *
5
20
1190
-17.3 ± 2.4 Pos (16)b Posb Posb
4.74x107=
1.58x106
60
3560
-14.6 ± 8.4 Pos (17)b Posb Posb
3
Control
0
+6.9 ± 2.1 Neg (37)b Negb Negb
2
11.9
+2.8 ± 3.4
Pos (23)b Posb Posb
1/300 *
b
Posb
6
35.6
+2.9 ± 2.1
Pos (18)b Pos
4.74x107=
b
Posb
3
20
119
+1.8 ± 7.9
Pos (16)b Pos
b
1.58x105
Posb
60
356
-6.9 ± 4.2
Pos (17)b Pos
Control
0
+5.1 ± 2.7 Neg (37)b Negb Negb
3
5.34
+4.3 ± 3.8
5 Neg 5 Neg 5 Neg
1 Pos 1 Pos 1 Pos
6
10.7
+8.6 ± 6.1
4 Neg 4 Neg 4 Neg
1 Pos
1 Neg 1 Pos 1 Pos
*
1/1000 *
9
16.0
+3.2
±
3.2
2 Ind 3 Neg 3 Neg
4.74x107 =
1 Pos
5
3 Neg 1 Pos 1 Pos
4.74x104
12
21.4
+6.7 ± 5.0
1 Ind 4 Neg 4 Neg
1 Pos
1 Neg 2 Pos 2 Pos
18
32.1
+4.8 ± 2.2
3 Ind 3 Neg 3 Neg
c
18
+7.2 ± 4.1
5 Neg 5 Neg 5 Neg
0
18d*
+6.1 ± 1.6
4 Neg 4 Neg 4 Neg
a
b
of fluid delivered into the Collison nebulizer; measured for a single mouse rom the
group of 5; c sterile allantoic fluid control; d sterile medium control. Parameters: Viral
titer = 4.74 x 107; VSF = 9.00 x 10-7; Resp Rate = 261/min; Tidal Vol = 0.16 mL; *
mouse died during observation stage due to unrelated cause; Neg = negative; Pos =
positive; Ind = indeterminate
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Appendix F. Procedure for Inoculation of Embryonated Chicken Eggs
(WHO ANIMAL INFLUENZA MANUAL, 2002)
NOTE: All working steps during this procedure were performed in a class 2 biosafety cabinet.
Materials required
• embryonated chicken
eggs, 10 days old
• egg candler
• 70% ethanol

• needle, 22 gauge, 1½ in
• syringe, 1 mL
• egg hole punch
• glue or varnish

• 15-mL tubes and rack
• 10-mL pipettes
• forceps (sterile)

Procedure
I. Candling of eggs [We were unable to see embryo in light, so we proceeded without this step.]
1. Examine eggs with an egg candler and place with blunt end up into egg trays.
2. Discard any eggs that are infertile, have cracks, are underdeveloped, or that appear to have a
porous shell.
II. Inoculation of eggs
1. Place eggs with blunt end up into egg trays and label each egg with a specific identification
number (3 eggs per specimen).
2. Wipe the tops of the eggs with 70% ethanol and punch a small hole in the shell over the air
sac. Three eggs per specimen are usually inoculated.
3. Aspirate 1 mL of processed clinical specimen into a tuberculin syringe with a 22-gauge, 1½-in
needle.
4. Holding the egg up to the candler, locate the embryo. Insert the needle into the hole of the egg.
Using a short stabbing motion, pierce the amniotic membrane and inoculate 100 μL into the
amniotic cavity.
Withdraw the needle about ½ in and inoculate 100 μL of the specimen into the allantoic cavity.
Remove the needle.
5. Inoculate the two other eggs in the same manner with the same syringe and needle for a total
of three eggs inoculated per specimen.
6. Discard syringe into a proper safety container.
7. Seal the holes punched in the eggs with a drop of glue.
8. Incubate the eggs at 33–34 °C for 2–3 days.
Note: Avian influenza 35 °C or 37 °C (avian viruses also grow well at 35 ºC)
III. Harvesting of inoculated chicken eggs
1. Eggs are chilled at +4 °C overnight or for 4 hrs before harvesting.
2. Label one 15-mL plastic tube for each egg with the specimen number. Clean off the top of
each egg with 70% ethanol.
3. With sterile forceps, break the shell over the air sac and push aside the allantoic membrane
with the forceps. Using a 10-mL pipette, aspirate the allantoic fluid and place in a labeled plastic
tube. Then using a syringe and needle, pierce the amniotic sac and remove as much amniotic
fluid as possible. Place harvest in a separate tube, but because of the low volume of amniotic
fluid obtained from each egg, it is usually necessary to combine the amniotic fluid from the three
eggs inoculated per specimen.
4. Centrifuge harvested fluids at 3000 rpm/5 min to remove blood and cells. [Reported procedure
uses a hemagglutination inhibition that we did not perform.]
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Appendix G. Procedure for Infection of MDCK Cells with Influenza Virus
This addendum describes the materials used and methods developed for the use of live
influenza virus in air filtration studies and subsequent assays.
Materials
• MDCK cell line (ATCC CCL-34)
• Influenza A/PR/8/34 (H1N1) virus was obtained from American Type Culture Collection
(Rockville, MD) as frozen stock (ATCC VR-1469)
Buffers and culture media
• Complete growth medium
• Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone, cat # SH30244.01) supplemented
with 10% heat inactivated (45 min at 56 °C) fetal bovine serum (FBS; HyClone,
SH30070.03HI) and 1% penicillin/streptomycin (pen-strep, Sigma, cat # P4333)
• Infection medium
• DMEM supplemented with 0.3% bovine serum albumin (BSA; Sigma, cat # A8412) and 1%
pen-strep
• Trypan blue dye (Cellgro, Mediatech, Fisher cat# MT-25-900-CI)
• Trypsin–EDTA solution
0.25% trypsin, 2.21 mM EDTA in HBSS (without Ca, Mg, NaHCO3) (Hyclone, cat #
SH30042.01)
• Gamma-irradiated trypsin (Worthington, TRLVMF)
• 2X DMEM/BSA Dulbecco’s Modified Eagle’s Medium supplemented with 0.6% BSA
and pen-strep (2%)
Consumable Stock
• 175-cm2 flasks
• 24- or 96-well plates
• Haemocytometer
• Haemocytometer cover glass
• Cryopreservation vials (2 mL)
• 50-mL conical tubes

• CO2 tank and regulator
• 37 °C incubator with 5% CO2
• Water bath
• -80 °C freezer or liquid N2 storage tank
• 12-channel multipipette

Procedure for hatching MDCK cells from freezer stock
1. Remove (4) cryogenic vials containing 1 mL stock culture of MDCK cells from -80 ˚C
freezer and thaw.
2. Spray each vial with 70% ethanol before opening.
3. Add 9 mL Complete EMEM to (4) T-25 vented tissue culture flasks.
4. Pipette 1 mL of MDCK cells into each T-25 tissue culture flask.
5. Add 1 µL plasmocin (Invivogen ANTMPP) per 10 mL.
6. Add 50 µL fungin (Invivogen ANTFN1) per 10 mL.
7. Incubate the flasks at 37ºC with 5% CO2 until 90% confluency is observed (~4 days).
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Procedure for transfer of MDCK cells from T-25 to T-75 flasks
1. Remove the T-25 flasks from the incubator. Rinse the flasks 3x with 5 mL SF EMEM.
2. Add 3mL of trypsin-EDTA, 1X, to each flask. Incubate 20 minutes.
3. If MDCK cells appear to be attached, gently tap flasks on counter to loosen cells and
increase turbidity.
4. Pipette 3 mL of complete EMEM down the side of each T-25 flask to remove any loose
cells on the flask wall.
5. Combine the cells into 1 flask. Add 300 µL of MDCK cells to a 1.5 mL microcentrifuge
tube containing 300 µL trypan blue.
6. Allow 3 minutes for the trypan blue to stain any dead cells.
7. Pipette a small amount of the mixture under the hemacytometer coverslip.
8. Place the hemacytometer under the microscope and count the number of cells in the 4 outer
corners. Average the 4 corners to get the number of cells/mm2. Multiply this number by 2 for
the 1:2 dilution in trypan blue. Multiply that number by 10 to convert units to cells/mm3.
Multiply by 1000 to convert units to cells/cm3 or cells/mL.
Procedure for seeding T-75 flasks with MDCK cells
1. Seed (3) new T-75 vented tissue culture flasks at 5 x 104 cells/mL. Each flask should
contain a total volume of 25 mL, therefore, 75 mL total volume will be needed to seed 3
flasks.
2. (Hemacytometer count in cells/mL) (x mL cells) = (0.5 x 105 cells/mL) (75 mL)
x = mL of cells needed to obtain a 5 x 104 concentration
3. Divide x by 3 to give you the amount of MDCK cells needed in each of the T-75 flasks.
Subtract that number from 25 mL (total volume per flask) to give you the amount of complete
EMEM to add to each T-75 flask.
4. Pipette the MDCK cells and the complete EMEM into the new T-75 flasks. Add 2.5 µL
plasmocin (Invivogen ANTMPP) per flask. Add 125 µL fungin (Invivogen ANTFN1) per
flask. Incubate the flasks at 37ºC with 5% CO2.
Procedure to harvest cells from T-75 flasks
For best results, harvest the MDCK cells before they reach 100% confluency
1. Remove the media from each T-75 tissue culture flask and discard into a 4 L Nalgene
“BacDown” container.
2. Wash the cells 3 times with 10 mL Serum-free EMEM. Discard each wash.
3. Add 5 mL of Trypsin-EDTA, 1X (Mediatech 25-052-Cl), to each flask. Incubate 20 mins at
37 °C.
4. If MDCK cells appear to be attached, tap flasks on counter to loosen cells and increase
turbidity.
5. Pipette 5 mL of Complete EMEM down the side of each flask to remove any loose cells on
the flask wall.
6. Repeat the hemacytometer step above and seed 3 new T-75 flasks. Incubate at 37 °C with
5% CO2.
7. Use the remaining MDCK cells to seed 24- or 96-well plates or to make a freezer stock
with 7.5% DMSO. Pipette 1 mL aliquots into 2 mL cryovials and freeze at -80 °C.
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8. Repeat every other day using 3 new T-75 flasks each time. Hatch new MDCK cells at the
beginning of every month.
Preparation of 24-well plates for H1N1 infection
1. Remove the plates from the incubator and empty the media from the plates into a Nalgene
“BacDown” tray.
2. Wash each well containing cells 3x with 500 µL Serum-free EMEM. Empty each wash into
the tray.
3. If the virus dilutions are not ready, the wells can be stored with 500 µL SF EMEM at 37 °C
with 5% CO2 until ready.
Titration of virus stocks and samples
1. Make tenfold dilutions of virus in Serum-free EMEM. An allantoic fluid virus stock will
often have a titer of about 109 TCID50/mL, and a tissue culture virus stock will typically have
a titer of 108 TCID50/mL.
2. Prepare dilutions from 10-2 to 10-10 in 15 mL flip-top tubes, i.e., add 9.90 mL SF EMEM to
the 1st tube and 9 mL of Serum-free EMEM to each of the remaining tubes. It is very
important to use a new pipette tip between each dilution because influenza will stick to the
plastic; If the pipette tips are not changed, the titer will not be accurate.
3. Add 100 µL virus to the first tube containing 9.90 mL of Serum-free EMEM. Vortex the
liquid and transfer 1 mL of this dilution to the next tube. Repeat for each dilution.
Inoculation of MDCK cells
1. After the 24-well plates have been rinsed with SF EMEM, add 1 mL of each virus dilution
or sample into quadruplicate wells. If the plates were being stored in the incubator with SF
EMEM, the SF EMEM should be discarded before inoculating the cells.
2. Set up two sets of control wells: four containing only the SF EMEM (negative controls) and
4 containing influenza virus in a 1:10 serial dilution.
3. Incubate the plates for 1 hour at 37 °C with 5% CO2. Then add 100 µL of EMEM-1%
BSA-trypsin to each well. Incubate at 37 °C with 5% CO2 for 4 days.
Determination of Titer by CPE
1. Days 2-4, observe CPE under the microscope. The cells should be rounded and many
should be lifted from the plate.
2. Discard the supernatant.
3. Stain each of the plate’s wells with 400 µL crystal violet–glutaraldehyde; stain for 3 hours
(reduced time results in less intense staining).
4. Wash the dye from the plate under running water; collect the rinse for proper disposal.
5. Allow the plates to dry before examining the CPE. The inverse of the dilution at which
50% of the wells show CPE is recorded as the tissue culture infectious dose (TCID50). Since
this result was obtained by infection of cells with 100uL of the virus dilution, multiply this by
10 to report results as TCID50/mL.
Preparation of Crystal Violet Stain
Crystal violet
0.5 g
Gluteraldehyde
75 mL

Deionized Water 675 mL
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Analysis of Data
The Spearman–Karber formula was used to determine the concentration of viable virus per
mL of extract (L, expressed in units of log10TCID50/mL). Equation 1 was used to determine
the total amount of virus recovered from the each sample. (Heimbuch et al., 2009)
Equation 1:
Log titer/mL = lowest fully cleared dilution - 0.5 + 1 + portion of partially cleared well
Titer: T = 10x-0.5+1+y (Spearman–Kärber formula)
where d = log of the dilution (log 10 = 1)
Sp = sum of the proportions
Table G. Ratio and Proportion of Cells
Displaying Infection (Clear) at Serially
Diluted Levels
Ratio
Proportion
Dilution
Infected
Infected
-1
10
4/4
1
-2
10
4/4
1
-3
10
4/4
1
10-4
0/4
0
Neg Control
0/4
0
Pos Control
2/4
0.50

Figure G. 24-well plate post-infection and
dye from 2-min mouse on aerosol exposure
1.58x105 TCID50.
Given the above data for a TCID50 assay carried out with 100 μL per well,
Lowest fully cleared dilution (x) = 3
Log titer = x - 0.5 + 1 + y = 3 - 0.5 + 1 + 0.0 = 3.50
Log titer = 103.50 = 316 TCID50 units (per 100 μL)
Titer = T = 103.50 TCID50/mL = 3.16 x 103 TCID50/mL
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