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Examinations of Factors Influencing Environmental Stability of the 2009 HIN1 Pandemic
Influenza Virus and its Pathogenesis in the Ferret Model

Andrea J. French, PhD

University of Pittsburgh, 2023

Influenza virus is an ongoing global disease burden. It circulates annually as a seasonal
respiratory virus and has caused most major pandemics within the last century. Influenza infection
is often complicated by secondary bacterial infection with Streptococcus pneumoniae, resulting in
increased morbidity and mortality. This dissertation investigates factors influencing transmission
and severe disease of the 2009 H1N1 pandemic influenza virus (H1N1pdm09) by assessing how
co-infection with S. pneumoniae impacts HIN1pdmQ9 pathogenesis and environmental stability
and by defining the role of droplet size on HIN1pdmQ9 environmental stability. First, research
investigating co-infection’s impact on morbidity established tissue-specific trends towards
increased bacterial burden in the upper respiratory tract of co-infected ferrets compared to mono-
infection. The relationship between viral and bacterial burden varied by tissue and was associated
with altered host responses. Exploration of host responses showed that they were critical
components of increased morbidity during co-infection and the altered host responses varied by
tissue. These data establish previously unknown aspects of pathogenesis and host immune
response to influenza virus and S. pneumoniae co-infection in the ferret model. Additional work
focusing on the environmental persistence and prevalence of HIN1pdmQ9 and S. pneumoniae in
respiratory emissions revealed that both microbes were detected in aerosols from co-infected
ferrets. In addition, S. pneumoniae in respiratory fluid droplets exhibited a trend towards increased

persistence in the presence of HIN1pdm09. Co-infections with these microbes can therefore result



in spread of both pathogens and may lead to increased bacterial stability outside the host. Finally,
to evaluate virus persistence, | compared HIN1pdmQ9 decay in 50 pL, 5 pL, and 1 pL droplets at
variable relative humidity to decay of bacteriophage Phi6. Results show virus within larger
droplets is more sensitive to relative humidity-mediated decay than smaller droplets. Additionally,
Phi6 decay differed from H1N1pdmOQ9 at low relative humidity. These findings highlight the
importance of using relevant droplet sizes and appropriate surrogates to evaluate half-lives for
pathogens. Taken together, the results of this dissertation further the field of influenza virus
transmission and pathogenesis and can ultimately inform future mitigation measures to reduce

overall disease burden.
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1.0 Introduction

1.1 Influenza Viruses

Influenza virus is a significant global health burden. Influenza A virus has caused four
major pandemics since the advent of the 20" century, with the most severe of these in 1918 leading
to an estimated 25-50 million deaths worldwide®. Influenza virus also circulates annually,
contributing to increased morbidity and mortality. The most recent influenza pandemic occurred
in 2009, when a novel influenza A HIN1 virus emerged in California and Mexico?. During the
2009 pandemic, infection with the 2009 influenza A virus was typically a self-limiting infection
that included cough, sore throat, fever, and malaise?®. In severe cases, infection leads to
pneumonia, respiratory failure, multi-organ failure, or death?*. During the 2009 HIN1 pandemic,
approximately 11% of people admitted to the hospital died®. Influenza virus is also an agricultural
burden, as infection of birds in the 2014-2015 season led to the death or culling of over 50.4 million
poultry in the United States and an economic cost of $3.3 billion®. The current avian influenza
outbreak is even more severe’. As such, prevention of influenza virus infection has broad

implications for human and animal health.

1.1.1 Influenza virus lifecycle

Influenza A virus is an eight-stranded negative sense RNA virus that infects epithelial cells
in the respiratory tract through binding of the viral hemagglutinin (HA) protein to its host entry

receptor: a2,3 or 02,6 sialic acids. Upon binding the entry receptor, the virus undergoes receptor-



mediated endocytosis®. Once endocytosed, endosomal acidification leads to cleavage of the
receptor binding protein, HA, to its fusion form®. The virus then fuses with the endosome and is
released into the cell cytosol®. Influenza virus then traffics to the nucleus'!, where it undergoes
most of its lifecycle: protein production and genome replication.

Once in the nucleus, the genomic RNA generates messenger RNA that is exported to the
cytosol and translated into the viral proteins'. Some of these viral proteins then return to the
nucleus to facilitate genome replication'?. Genome replication occurs first through transcription of
complementary RNA that are complements of the genomic RNA segments. The complementary
RNA is then used as a template for production of new genomic RNA?®. Once the new genomic
RNA is transcribed and assembled into viral ribonucleoprotein complexes, they are transported
out of the nucleus in a process dependent on CRM-1 and the Nuclear Export Protein*. The eight
genomic ribonucleoprotein complexes assemble in the cytoplasm before budding to form new
virions®. Finally, the viral neuraminidase (NA) protein is essential to prevent budding virions from
sticking to the cells from which they are exiting*6’.

To date, 18 HA proteins and 11 NA proteins have been identified for influenza A viruses®®.
These proteins are then used to name influenza A virus strains (HxNXx), as these proteins are major
determinants of virus tropism*®?° and pathogenesis?’. These proteins are the major viral proteins
detected by antibodies and therefore are major determinants of susceptibility to pre-existing

immunity?2,

1.1.2 Influenza Virus Pathogenesis

Human challenge studies have given us valuable insight into the pathogenesis of influenza
virus in humans. While there is some variation by virus subtype, infection with HIN1, H3N2, or

2



H2N2 viruses typically led to a peak in virus shedding into nasal wash on day 2 post-infection and
an average shedding duration of 4.80 days?. Clinical symptoms follow virus shedding by 24-48
hours and can sometimes last much longer than virus shedding®*?*. Experimental infections have
shown that infection can initiate in the upper or lower respiratory tract, as both small volume
intranasal inoculations that don’t drain into the lungs and aerosol inoculation can initiate
infection?. However, it seems that the dose required for infection of the lungs via aerosol is lower
than the dose required for intranasal infection by up to 100-fold?®%’, suggesting that the lungs
might be more sensitive to infection.

Upon entering the body, influenza infection first begins in epithelial cells of the respiratory
tract?®. This leads to high levels of infectious virus present in the nasal passages, soft palate,
trachea, and lungs that typically resolves around day seven post-infection?”?3, Histological
analysis of lung tissues has shown that epithelial cells in the bronchioli are the most likely to be
infected in the lungs, with only rare detections of infected cells in the lung parenchyma®L. In cases
of influenza leading to hospitalization, the most common symptoms are fever, cough, and
shortness of breath®®2. Nausea/vomiting, muscle aches, sore throat, chills, diarrhea, and rhinorrhea

are also common®.

1.1.3 Animal Models of Influenza

Human challenge experiments provide extremely valuable insight into influenza
pathogenesis, but due to the high cost, ethical considerations, and challenging logistics, these are
often not possible. Much of what is known about influenza virus pathogenesis and host response

comes from animal models of infection. The most commonly studied animal models for studying



influenza virus pathogenesis include the mouse (Mus musculus) and the ferret (Mustela putorius
furo).

Use of the ferret model offers many advantages over the other models®. Unlike mice,
which require adaptation of influenza virus for infection, ferrets are naturally susceptible to
influenza virus infection®. Ferrets have a sneeze reflex?!, a symptom also observed during
infection in humans. Pathogenesis of influenza virus in ferrets is also more similar to humans than
the pathogenesis in guinea pigs, as highly pathogenic influenza viruses are not fatal in guinea
pigs*3.

Given that ferrets are not as widely used in biomedical research as mice, there is more
limited availability for ferret-specific reagents, and the ferret genome has not been as well
annotated as those of mice and humans. Subsequently, the murine model is commonly used to
study the immune response to influenza virus due to their genetic tractability, ease of use, and their
well characterized genome. However, a comparison of mouse, ferret, and human genomes found
that for 75% of genes, the ferret sequences are closer to the human sequences than are the mouse
sequences®, suggesting the study of ferret responses to infection is valuable to understanding

respiratory viruses.

1.1.4 Pathogenesis of Influenza Virus in the Ferret

Ferrets are naturally susceptible to seasonal influenza viruses and avian influenza
viruses®*2®, Most experiments use animals naive to influenza virus infection to assess
pathogenesis. Infection of ferrets has been performed using small volume intranasal inoculation to
initiate infection only in the nose®’, large volume intranasal inoculation to flush the respiratory
tract system®’, or aerosol infection?. Interestingly, studies in ferrets showed that the dose of

4



influenza required to initiate infection when infecting with an intranasal liquid suspension was
similar to the dose required when infecting with inhaled aerosols?. However, increased inoculum
volume correlates with more severe clinical signs®’.

Once infection is initiated, ferrets display clinical symptoms similar to humans: fever,
anorexia, weight loss, sneezing, nasal discharge, and lethargy®. Infection is typically tracked by
nasal washing anesthetized animals (passing PBS through the nostrils and collecting flow-
through). While there is some variability, experimentally infected animals typically display peak
virus shedding into nasal wash on day two post-infection of seasonal influenza viruses, and
infection resolves around day seven post-infection®®. Assessment of seasonal influenza virus
replication in tissues shows a similar trend of virus replication, although there is variation by
virus®’. Virus titers in tissues peak between day one and day three post-infection, leading to
resolution in the lower respiratory tract around day seven?®, although RNA remains detectable
through day 11. Viral RNA in the upper respiratory tract peaks sooner than the lower respiratory
tract?>*°, Resolution of infection, as measured by no longer detecting infectious virus, in the upper
respiratory tract (nasal turbinates and soft palate) does not necessarily occur at the same time as
the lower respiratory tract?®®’. Whether differences in resolution of infection are due to slower
clearance or sustained replication in the tissue is unclear.

Histological analysis of tissues from ferrets infected with seasonal HIN1 and H3N2 viruses
showed that inflammatory changes in the nasal turbinates begins on day three and is most evident
on day six®’. The nasal turbinates display cellular hyperplasia and loss of cilia. There is also
significant infiltration of inflammatory cells (primarily neutrophils and necrotic cellular debris)
and edema into the nasal turbinate lumen®’. The lungs display inflammation at timing similar to

the nasal turbinates, with little to no inflammation noticeable on day one, and most severe



pathology on day six post-infection®’. Lung inflammation primarily presented as neutrophils

present around the small airways, edema, and epithelial hyperplasia®"4*,

1.1.5 Host Response to Influenza Virus

Host defenses again influenza virus are both physical and cellular. To initiate infection,
influenza must bypass physical barriers in the respiratory tract, such as the mucus layer atop the
epithelial cells*. It has been demonstrated that overexpression of a specific mucin, MUC1, leads
to reduced influenza infection of human lung epithelial cells, and mice deficient in MUCL1 have
enhanced disease severity during influenza infection*. Once the virus traverses the mucus, it can

infect epithelial cells of the respiratory tract and spread to alveolar macrophages?.

1.1.5.1 Innate Response to Influenza Virus

Upon initiating infection, the host innate immune response will kick in. At least three
different classes of pattern recognition receptors recognize influenza virus infection: toll-like
receptors (TLR3, TLR7, and TLR8; sensing single-stranded RNA and double-stranded RNA),
retinoic acid-inducible gene | (RIG-I; sensing 5’-triphosphate RNA), and the NOD-like receptor
family member, NOD-, LRR- and pyrin domain-containing 3 (NLRP3; multiple stimuli)**,
TLR3, TLR7, and TLR8 all detect virus within endosomes of innate immune cells like dendritic
cells and macrophages. RIG-I and NLRP3 detect virus within the cytoplasm of cells*. These
pattern recognition receptors then signal through NF«B, interferon-regulatory factor 3 and 7 (IRF3,
IRF7) to initiate transcription of type 1 interferons (such as interferon-a and p: IFNa, IFNB), which
then lead to transcription of interferon-stimulated genes (1SGs)**. Some of the 1ISGs with important

antiviral effects against influenza virus include MX1 (suppresses viral mRNA transcription), OAS



(degrades viral RNA), and PKR (suppresses protein translation), although there are many
more**4®-48 Transcription of pro-IL-1p and pro-IL-18 occurs through NFkB and then together
with the NLRP3 inflammasome cleaves them to their active forms which are then secreted. This
has been observed in human bronchial epithelial cells and in ferrets during influenza infection®.
The NLRP3 inflammasome then contributes to initiation of adaptive immunity by establishing T-

helper type 1 (Th1) cell, cytotoxic T lymphocyte, and IgA responses®.

1.1.5.2 Adaptive Response to Influenza Virus

Detection of virus by alveolar macrophages leads to release of cytokines and chemokines*.
These cytokines, such as tumor necrosis factor alpha (TNFa), are pro-inflammatory*®. Upon
induction of inflammation, neutrophils will be some of the first white blood cells to reach the site
of infection, followed by monocytes®®. IL-1%%, IL-6° and IL-18% promote the host adaptive
immune response by attracting and activating CD8" T lymphocytes at the site of infection. IL-1
promotes adaptive responses by inducing an antibody response from B cells and cytotoxic activity
from T cells*.

Antigen presenting cells such as tissue-resident dendritic cells and macrophages traffic to
the lymph nodes where they provide stimulation for CD4* T cells and CD8* T cells. The CD4* T
cells both produce IL-2, which drives CD8" T cell proliferation, and help activate the CD8" T
cells*®®, T-follicular helper cells (Ten), a subset of CD4* T cells, assist B cells in generating
certain immunoglobulins®®. So, CD4* T cells are a critical component that coordinates the adaptive
immune response to infection. Once activated, B cells differentiate into plasma cells that produce
antibody and memory B cells*®. Antibodies both assist in viral clearance and contribute to future
protection against influenza virus®. The type of antibody present in the upper respiratory tract,

IgA, differs from the type dominating the lower respiratory tract, IgG?2. Together, the antiviral
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effects of innate effector molecules combined with the adaptive killing response helps the host

clear influenza virus.

1.1.6 Ferret Host Responses to Infection

Investigation of ferret immune responses to influenza infection has been hampered by a
limited availability of ferret specific reagents. In 2014, a panel of gPCR primers from previous
publications®® were further validated to address a subset of cytokines, chemokines, and
housekeeping genes in ferrets®’. Subsequently, these primers were used to look at the ferret
response to influenza A and influenza B infection®®. They found that inflammatory cytokines
peaked at similar times as peaks in viral RNA: around day two in the upper respiratory tract and
day five in the lower respiratory tract*®. Granzyme A, one of the enzymes released by CD8* T cells
to kill infected cells, peaks slightly after the peak in viral RNA, which likely corresponds to the
immune system working to clear the virus*. Then IL-10 peaks at day nine to ten, corresponding
to the start of the anti-inflammatory response and tissue repair®®#. A comparison of seasonal
H3N2, 2009 pandemic HIN1, and two avian H5N1 viruses in ferrets also found that TNFo and
IL-6 mRNA in the upper respiratory tract correlated with virus shedding, sneezing, rhinorrhea, and
virus transmission?!. Influenza virus strains that induced the greatest clinical signs and peak virus
shedding in the upper respiratory tract induced much higher levels of IFNa and IFNf than less
severe infections?!. They also found that the chemokines CXCL9, CXCL10, and CXCL11 peaked
for all four virus infections at day two?.

When looking at cellular responses, lymphopenia in the peripheral blood of animals
infected with an H3N2 or HIN1 virus suggests that these CD8" and CD4™ T cells are trafficking
to the respiratory track or lymph nodes to fight infection®®. There also appeared to be

8



granulocytosis/neutrophilia in infected ferrets. The presence of B cells in the peripheral blood were
more scattered and trends were not interpretable®. Another study found that, following H3N2
influenza infection, B cells were trafficking to the spleen and lymph nodes of the infected
regions®®. Together, studies of immune responses in ferrets suggest that infection causes a type
one interferon response that then leads to leukocyte chemotaxis to the respiratory tract.
Neutrophils, alveolar macrophages, T cells, and antibody-producing B cells contribute to viral
clearance. The antibody response then provides protection against future infection®. Further study
of the cellular immune responses in ferrets will require improved tools to determine T cell subsets,

B cell subsets, and more accurately characterize innate immune cells.

1.1.7 Immunopathology

While an immune response is critical to prevent a pathogen from overtaking and killing an
infected host, this response needs to be balanced. An overly strong immune response can hurt the
host and lead to tissue damage or death, as was observed by the “cytokine storm” that contributes
to influenza deaths®®®*. While influenza infection kills epithelial cells, the host is also harmed by
the strength of the immune response. For example, detection of virus by TLR3 helps control viral
replication. However, mice deficient in TLR3 have demonstrated improved survival following
influenza infection, suggesting that while TLR3 helps control replication, it also leads to a
detrimental immune response®2. The TLR3 deficient mice had reduced levels of IL-6, a cytokine
that’s been shown to correlate with increased symptom scores and temperature in experimental
human infection®?3, Some of the signaling components during influenza infection have been

identified as modulating lung pathology, demonstrating the fine balance between protection and



damage®®. So, extreme immune responses can be harmful even if they’re meant to control

infection.

1.1.8 Factors influencing Pathogenesis and Immune Responses

A number of risk factors have been identified to influence the pathogenesis of influenza
virus®: age, obesity, sex, pregnancy, microbiome, and co-infection. Influenza infection is typically
most severe in elderly adults, corresponding to immunosenescence®®. However, the age group most
impacted can vary, as the 1918 H1N1 pandemic was particularly severe amongst young adults®’.
Obesity also contributed to worsened outcomes during the 2009 HIN1 pandemic®. Sex differences
during influenza infection can be difficult to assess, as these differences likely vary by age, as sex
hormones fluctuate. An assessment of pediatric mortality found that female sex was a significant
predictor of mortality®®. Studies in mice have shown that female mice have greater antibody
responses than male mice in response to vaccination’®. Reports from the 1918 and 2009 H1N1
pandemics demonstrate the increased risk of mortality due to pregnancy’*"2. More recently, there
has been a growing interest in the role the microbiome plays in health and disease. Research has
suggested that the commensal microbiome can alter susceptibility to influenza infection”™* and it
can modulate the immune response to influenza’. One of the greatest risk factors for severe disease

during influenza infection is bacterial co-infection”®"’.
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1.2 Influenza and Streptococcus pneumoniae Co-infection

1.2.1 Morbidity and Mortality of Influenza and S. pneumoniae Co-infection

S. pneumoniae significantly increases the morbidity and mortality of influenza virus, both
historically and more recently. Between 23.2% and 50.1% of fatalities during the 1918 HIN1
influenza pandemic involved S. pneumoniae’®. More recently, S. pneumoniae has been implicated
in increased morbidity during the 2009 HIN1 influenza pandemic®>’, and increased morbidity
during seasonal influenza virus infection’®. Approximately 10% of pediatric deaths from seasonal
influenza infection during 2016-2020 involved S. pneumoniae’.

Animal studies of influenza and S. pneumoniae co-infection have also demonstrated that
influenza and S. pneumoniae co-infection greatly increases morbidity®°-®2. Ferrets infected with
only influenza virus or only S. pneumoniae showed only minimal clinical signs (decreased
playfulness and sneezing), whereas co-infected ferrets showed discoordination, severe lethargy,
and death®!#2, Co-infected mice demonstrated a similar increase in morbidity during co-infection,
although sequence of infection had significant impact on survival following co-infection®.
However, the exact mechanism of this increased morbidity is unclear and addressing this gap in

knowledge could generate therapeutic targets to reduce severe disease.

1.2.2 S. pneumoniae, the Primary Source of Community-acquired Pneumonia

In 2019, the leading cause of death, accounting for 14% of fatalities, for children less than
five years of age was community-acquired pneumonia®. Streptococcus pneumoniae (S.

pneumoniae), a gram-positive, capsular, spherical bacterium, is a major causative agent of
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community-acquired pneumonia®. In addition to causing pneumonia, S. pneumoniae contributes
greatly to otitis media in children®. Even with an available vaccine, the World Health Organization
listed S. pneumoniae as one of twelve priority pathogens of concern in a 2017 assessment, due to
development of penicillin resistance®,

Research has suggested that acquisition or colonization with S. pneumoniae greatly
increases the probability of otitis media® or respiratory illness®®®’. Colonization is much more
common in children than adults® 88, with 21-52% of children carrying S. pneumoniae and only 8%
of adults®®. Fortunately, the first pneumococcal vaccine was licensed in the United States in 2000
(called “Prevnar”) and vaccinated against 7 of the most common serotypes of S. pneumoniae, of
which there are now over 90 identified serotypes®. The bacterial capsule determines the serotype
and is a source of antigenic variation that allows it to evade antibody recognition®®. Vaccination
against S. pneumoniae has since evolved to include 23 different serotypes and reduced the health
burden of pneumococcal disease®. Interestingly, vaccination of children against S. pneumoniae
also reduced pneumonia due to influenza A virus, respiratory syncytial virus, and parainfluenza
virus, suggesting a role for S. pneumoniae in the development of viral pneumonia®.

The capsule serotype of S. pneumoniae is a major determinant of clinical outcomes and
virulence®®®3% The capsule influences pathogenesis by altering biofilm formation®,
susceptibility to neutrophil traps®®, and bacterial interaction with the epithelium®’. The capsule also
prevents complement deposition on the bacterial surface, thereby avoiding clearance by the
complement arm of the immune system*. The genome of S. pneumoniae is also highly variable,
with more than 20% of genes in a given clone part of the accessory genome, leading to diverse
gene expression across a bacterial community®®. The transfer of genomic material has been shown

to create virulence in a previously avirulent strain®. Given the importance of the capsule and the
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pangenome in pathogenesis, it’s often important to study multiple serotypes to understand if the
observed effect varies by capsule type. A few particular strains of S. pneumoniae are studied most
often, allowing for in-depth characterization: D39 (serotype 2) and TIGR4 (serotype 4) being the
most common. Use of these strains in research facilitates reproducibility and depth of

understanding S. pneumoniae.

1.2.3 Timing of Influenza and S. pneumoniae Co-infection

The order and timing between infection with influenza and S. pneumoniae is extremely
important to the outcome of co-infection. The timing also determines whether the infections are
concurrent and therefore co-infections or whether it’s a secondary bacterial infection. Animal
studies of influenza and S. pneumoniae secondary bacterial infection have tested a range of
durations between infections: anywhere from S. pneumoniae infection 9 days before influenza
infection®® to S. pneumoniae 10 days after influenza infection'®. Studies have been done in such
a wide range because it has been commonly thought that co-infection occurs either when
colonizing S. pneumoniae in the nasopharynx replicate to cause severe disease upon infection with
influenza®®® or S. pneumoniae can be newly acquired after influenza infection. It has been
documented that acquisition rather than prolonged carriage has been more strongly associated with
bacterial infection in children!®2. A prospective cohort study of infants found that acquisition of S.
pneumoniae in the nasopharynx was more strongly correlated with general practitioner
consultations for infection than was carriage of S. pneumoniae (odds ratio of 2.1 and 1.4,
respectively)®’, suggesting that new introductions of S. pneumoniae may be more likely to

contribute to disease.
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Mouse models of S. pneumoniae and influenza infection suggest that S. pneumoniae
infection prior to influenza infection can lead to expansion of bacterial burden and severe disease®,
but the data of severe disease in mice when S. pneumoniae infection occurs before influenza are
conflicting, as other groups did not detect severe disease or mortality when S. pneumoniae
infection occurred first®. Experiments infecting ferrets first with S. pneumoniae then influenza did
not observe expansion of S. pneumoniae burden nor severe disease®.

When examining only S. pneumoniae infections after influenza, assessment of infection
intervals with 2009 pandemic H1N1 or seasonal H3N2 showed that ferrets were most susceptible
to severe disease when secondary bacterial infection was performed on day five or day ten post-
influenza, but bacterial infection on day 16 post-influenza did not cause severe disease in animals
infected with HIN1'%, Additionally, development of fatal outcomes following co-infection is

serotype dependent, as not all S. pneumoniae serotypes lead to death following co-infection®,

1.2.4 Impact of Co-infection on S. pneumoniae

The relationship between influenza virus and S. pneumoniae is complex. Epidemiological
studies indicate that influenza infection is correlated with increased odds of acquiring a new
serotype of S. pneumoniae in the nasopharynx'®. A small study examining oropharyngeal bacteria
in humans experimentally infected with influenza found that experimental infection led to a heavy
density of S. pneumoniae on day six post-influenza, however the sample size was small, and the
effect was non-significant!. Animal studies of influenza and S. pneumoniae co-infection have
allowed for a much more thorough investigation of this complex relationship.

Investigation of co-infection in mouse models has demonstrated that when influenza
infection precedes bacterial infection, influenza infection increases the bacterial burden of S.
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pneumoniae in the nasopharynx, lungs®, and blood®. Some groups have also seen increased
bacterial burden in the nasopharynx®1%71% and lungs'®’ of mice when S. pneumoniae infection
precedes influenza infection.

Experiments in ferrets have shown similar results. When influenza infection occurs prior
to S. pneumoniae, there is an increase in bacterial burden in nasal washes18210410° | imited work
has been done looking at S. pneumoniae infection followed by influenza infection, but the available
study demonstrated that when S. pneumoniae infection occurred first, there was no expansion of
bacterial burden in nasal washes®2. However, there appear to be no studies on S. pneumoniae
replication in the tissues during co-infection in ferrets. Addressing this gap in knowledge could
inform best treatment practices for patients with severe bacterial pneumonia following influenza

infection.

1.2.5 Impact of Co-infection on Influenza Virus

Studies of co-infection often use the term “synergistic” to discuss co-infection, but they
have mostly focused on how co-infection increases the pathogenicity and transmission of S.
pneumoniae. Very few studies have addressed whether co-infection impacts influenza virus, either
by altering viral replication or transmission.

While co-infection promotes S. pneumoniae replication and transmission, it appears to be
more complex for influenza. Infection of mice with S. pneumoniae first then influenza led to
protection from severe disease®®. When mice were infected with S. pneumoniae nine days before
influenza infection, there was a significant decrease in influenza virus detected in the nasal
homogenates*'®. However, when influenza infection occurs before S. pneumoniae infection, severe
disease develops, often leading to fatal outcomes®. When S. pneumoniae infection occurred seven
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days after influenza infection in mice, there appeared to be a rebound of virus titers in the lungs,
although this effect was modest**?.

Protection from severe disease when influenza infection occurs after S. pneumoniae has
also been observed in ferrets®?, but work studying co-infection in ferrets has primarily focused on
outcomes when influenza infection occurs before S. pneumoniag®:82104.109.112113 \work in ferrets
confirmed enhanced disease severity when S. pneumoniae infection occurs after influenza
infection®821%4 Interestingly, there seemed to be reduced virus in nasal washes of co-infected
ferrets compared to influenza-only infection when S. pneumoniae infection occurred two days after
influenza®. So, there appears to be a complex relationship in which sometimes S. pneumoniae
increases virus burden during co-infection and sometimes it decreases virus burden. However, this
relationship needs further examination to understand the mechanisms behind the effect of S.

pneumoniae.

1.2.6 Immune Response to Co-infection

1.2.6.1 Immune Response to S. pneumoniae

S. pneumoniae carriage during colonization can last for weeks to months'4. The time to
clearance is more dependent on bacterial factors than host factors!'®. Colonization leads to
increased levels of neutrophils and macrophages in upper respiratory tract lavages of S.
pneumoniae-infected mice!!®. Sensing of S. pneumoniae occurs through TLR2 sensing and Nod2,
which senses peptidoglycan®!’. One of the bacterial virulence factors, pneumolysin, acts by
forming pores in macrophages that take up the bacteria, thereby killing them!8, Conversely, it also
contributes to clearance by inducing inflammation!!*. Bacterial mutants that don’t express the
pneumolysin toxin display prolonged colonization, due to the decreased activation of the monocyte
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attractant CCL2°. Colonization by S. pneumoniae leads to increased IFNa and IFNB®, It also
is cleared by opsonophagocytosis from the complement system*?°. The bacterial capsule shields
some of the bacterial components and decreases the binding of antibodies and components of the
complement system?2°,

Colonization by S. pneumoniae leads to antibody production against both the capsule and
other bacterial components!?!. Antibodies against S. pneumoniae can be detected in the nose and
blood of previously colonized humans, and these antibodies prevent future colonization®12,
Colonization also leads to the development of S. pneumoniae-specific CD4 T cells!?2. A subset of
CD4 T cells, T helper 17 cells, are reduced in mice without Nod2 sensing of the bacteria'!’ and
are required for clearance of the colonizing bacteria?®. These cells are less common in children
when colonization by S. pneumoniae is more common, and T helper 17 cells become more
common in adults, when colonization becomes less frequent'?*. So, for non-invasive S.
pneumoniae colonization, the bacteria induce a mild immune response that leads to eventual
clearance through elimination by monocytes and the development of an adaptive immune

response.

1.2.6.2 Bacterial Modulation of the Antiviral Immune Response

As the importance of the microbiome has become more evident, research has expanded to
include studies on the respiratory tract microbiome. Given that S. pneumoniae commonly
colonizes the nasopharynx of children®®, understanding how the microbiome regulates the immune
system is important to understanding how primary infection/colonization with S. pneumoniae
might protect against influenza infection. Broad-spectrum oral antibiotic treatment of mice for four
weeks prior to influenza infection led to decreased production of influenza-specific antibody

development and influenza-specific T cells’®, indicating that the microbiome is important for
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respiratory tract immune responses. Application of lipopolysaccharide (TLR4 agonist), CpG
(TLR9 agonist), Polyl:C (TLR3 agonist), and peptidoglycan (TLR2 agonist) either locally
(intranasal) or distally (intrarectal) restored immune responses to influenza infection”. Given that
the distal application of the TLR agonists restored immune responses, the systemic oral antibiotics
were likely altering systemic immune responses instead of just local immune responses. So, further
examination of the specific role of the respiratory tract microbiome was necessary. When mice
were given intranasal antibiotics to deplete nasal bacteria and subsequently infected with influenza
virus, mice had elevated nasal IgA and serum IgG levels compared to no-antibiotics controls!Z,
This increased antibody production appeared to be due to the lysis of the commensal bacteria,
thereby activating more innate immune sensors and sensitizing the immune response!?®. So, while
the role of the nasal microbiome in modulating infection is still unclear, primary infection with S.
pneumoniae may be sensitizing the immune response by activating innate immune sensors prior
to influenza infection, similar to the intranasal administration of antibiotics*?°.

Instead of administering antibiotics to measure respiratory tract microbiome impact on the
antiviral response, one group colonized human volunteers with S. pneumoniae prior to vaccinating
with live-attenuated influenza virus, which is a replication-competent, non-pathogenic virus, or
they vaccinated with a tetravalent-inactivated influenza vaccine!?. They found that S. pneumoniae
colonization did not alter immune responses to the inactivated vaccine, but there were decreased
antibody responses in the colonized individuals that received the live-attenuated influenza virus.
They also found that colonized individuals that had detectable S. pneumoniae in nasal wash had
increased expression of TLR2, TLR4, TLR9, IFNa, IFNB, IFNy, and RIG-I/MDA5 pathways'%.
The authors examined influenza virus RNA levels on day three-post vaccination with live-

attenuated influenza virus, they saw no differences. Quantification of RNA may have not
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accurately assessed replication of the live-attenuated influenza virus between the groups, since
RNA levels are not indicative of infectious virus. So, the difference between primary S.
pneumoniae infection being protective from influenza or expanding and causing full bacterial co-

infection may be a complex interplay of dose and serotype, as some serotypes are more invasive®,

1.2.6.3 Immune Responses to Influenza Facilitate S. pneumoniae Secondary Infection

Studies of immune responses to co-infection have primarily focused on how influenza
infection weakens host defenses to facilitate infection by S. pneumoniae. They often fail to address
how the host response to co-infection differs from the response to individual pathogens, which
would improve our ability to mediate immunopathology due to co-infection. Studies examining
the relative contribution of influenza and S. pneumoniae to co-infection are complicated by the
many different timing intervals and doses used between the two infections. One group attempted
to model the outcomes of secondary infection with S. pneumoniae based on the dose and time
between influenza infection, but this model is based primarily on murine data and is not necessarily
reflective of what happens in humans#’.

However, murine models have provided valuable insight into how co-infection alters the
immune system. When mice were infected with influenza, then seven days later infected with S.
pneumoniae, there was significantly more TNFa and IL-1 in the co-infection group 48 hours after
the S. pneumoniae infection compared to S. pneumoniae (48 hours after infection) or influenza
(nine days after infection) alone’?, indicating that co-infection synergistically upregulated TNFa
and IL-1. IL-1 induces strong inflammation in the lung and aids in attracting T cells to help clear
infection, but it can also contribute to pathology?°. While IL-1 is not necessary for clearance of S.
pneumoniae in the absence of influenza, mice lacking the IL-1 receptor 1 have significantly

increased burdens of S. pneumoniae in the lungs compared to mice with 1L-1 receptor 113, So, IL-
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1 helps to clear infection while simultaneously causing tissue damage. Other work has
demonstrated that influenza infection leads to depletion of alveolar macrophages and
dysfunction®*!, which allows S. pneumoniae to replicate to high levels!*t. When mice were treated
with GM-CSF to replenish alveolar macrophages following influenza infection, there was reduced
incidence of pneumonia during secondary bacterial infection'®. The IL-1 signaling upon
secondary infection with S. pneumoniae prevented further depletion of alveolar macrophages
following influenza infection'*. So, loss of alveolar macrophages contributes to susceptibility to
secondary infection, and IL-1 signaling to sustain the remaining alveolar macrophages then causes
tissue damage.

One study infected humans with the live-attenuated influenza virus or inactivated vaccine
(the control) three days before S. pneumoniae infection and subdivided groups based on those that
became S. pneumoniae carriage-positive or remained carriage-negative. They found that there is
decreased neutrophil degranulation in individuals who received live-attenuated influenza virus
then became carriage-positive compared to controls that became carriage-positive'®?, indicating
that neutrophils function is impaired following influenza infection, which may contribute to S.
pneumoniae susceptibility. This group also demonstrated that individuals infected with the live-
attenuated influenza virus and shed detectable S. pneumoniae had significantly higher levels of
CXCL10, and significantly lower levels of IL-10 compared to those that did not shed detectable
S. pneumoniae®?. CXCL10 levels had a positive correlation with increased bacterial burden**? and
were, separately, associated with increased death of monocyte-derived macrophages'3. Together,
published work seems to show that influenza facilitates S. pneumoniae infection by impairing

innate immune cell function, especially alveolar macrophages and neutrophils. Then, the host
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responds by increasing interleukins and chemokines in an attempt to counteract this impairment,

which may lead to immunopathology.

1.2.7 Reducing Burden of Disease

Laboratory-confirmed viral and bacterial co-infection contributes to increased rates of
intensive care unit admission and 30-day mortality***. Medical care for co-infection offers several
treatment options when a patient presents with influenza and S. pneumoniae. Oseltamivir can be
administered to reduce influenza burden, but this is most effective if administered within two days
of symptom onset*. Antibiotics can also be administered to reduce bacterial burden during co-
infection which leads to mortality outcomes being similar to viral infection alone'®*. Prevention of
co-infection is another method of reducing the health burden of influenza and S. pneumoniae. To

do this, we must understand how these pathogens transmit.

1.3 Transmission of Respiratory Pathogens

Transmission is the process by which a pathogen is transferred to an uninfected host from
an infected host, and efficient transmission is required for the epidemiological success of a
pathogen®*®. Multiple factors influence transmissibility of a pathogen: susceptibility of an exposed
individual, infectious dose required to initiate infection, microbial burden of the infected host, and
transmission mode®*’. A combination of epidemiological analysis and laboratory experiments can
be used to determine the transmission mode of a pathogen, which has important implications for

infection prevention and control when a new pathogen emerges into a population.
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1.3.1 Modes of Transmission

Transmission of pathogens can be broadly broken down into 5 categories: direct contact
transmission, indirect contact transmission (fomite transmission), vector transmission, droplet
transmission, and aerosol/airborne transmission'®. A pathogen can use one or more of these
transmission modes to spread to a new host. Direct contact transmission involves an infected host
transferring a pathogen to an uninfected host through touch. For indirect contact transmission, an
infected host would touch an inanimate object, thereby transferring the pathogen to the surface,
and an uninfected host becomes infected by then touching that inanimate object. Vector
transmission involves transfer of an infection through an animal such as mosquitoes, ticks, or fleas
that primarily carries the pathogen without necessarily allowing pathogen replication. Droplet
spread and aerosol/airborne transmission commonly refer to transmission for respiratory
pathogens. Droplet transmission involves transmission through large droplets that quickly fall out
of the air, while aerosol/airborne transmission requires transmission through aerosols that stay
suspended in the air for longer periods of time. Frequently, multiple modes of transmission are at
play simultaneously. So, confirmation of an individual transmission mode through
experimentation is extremely challenging.

Given the difference in droplet sizes required for droplet transmission and airborne
transmission, a cut-off is required to differentiate the two modes. The classical cut-off for droplet
sizes belonging to these transmission modes was that droplets >5 pm in diameter were droplet
transmission, and droplets <5 um in diameter were considered aerosols!®®. However, studies
examining the length of time droplets of different sizes stay suspended in the air have shown that
this cut-off is likely arbitrary and have suggested that the cut-off be moved to 100 um droplet

diameter, as droplets larger than this fall out of the air within 5 seconds (given a height of 1.5
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m)139140 The longer a droplet or aerosol stays in the air, the more likely it is that an uninfected

host will inhale that contaminated air and become infected3”:149,

1.3.2 Spread of Influenza Viruses

Once an influenza virus circulating in animals becomes capable of human infection,
human-to-human transmission is required for the virus’ epidemiological success. It’s commonly
accepted that direct contact, indirect contact, droplet, and aerosol transmission contribute to
influenza transmission among humans!*-42, However, the relative contributions of the different
modes of microbial transmission to influenza virus transmission are not well understood.

Evidence exists to support several of these transmission modes. Direct contact experiments,
in which an uninfected animal is placed in the same cage as an infected animal provide evidence
of direct contact transmission®>143, However, these experiments do not exclude other modes of
transmission. Studies have been done measuring influenza virus persistence on skin!* and
surfaces'*>1%, supporting the idea of indirect contact transmission. Indirect contact transmission
has also been suggested by studies placing uninfected animals in the cages of infected ferrets after
the infected animal has been removed®*’.

Several research groups have studied influenza virus airborne transmission in humans
through direct inoculation of human donors and subsequent exposure of these donors to uninfected
recipients. Infection of donors with a seasonal H3N2 influenza virus led to transmission rates
between 3%® and 25%**° to naive recipients, with discrepancies in the air ventilation rate given
as a possible source of the observed variation'“8, Experimental aerosol infection of humans has
also resulted in seroconversion and clinical symptoms?’, supporting aerosol transmission as a mode
of transmission for influenza. Droplet transmission is difficult to assess, as instances of droplet
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transmission also include aerosol transmission. However, pharmaceutical studies of zanamivir
showed that intranasal administration prevented intra-nasal droplet infection by influenza virus,
demonstrating that droplet infection is possible*.

Since influenza virus has been shown to replicate in both the upper and lower respiratory
tract, groups have tried to determine which anatomical site is responsible for the infectious droplets
or aerosols. This information would be valuable to better engineer public spaces to reduce
influenza virus transmission. Studies utilizing recombinant viruses have shown that the upper
respiratory tract, especially the soft palate?® and the nasal epithelium*®!, are responsible for aerosol
transmission of influenza virus in ferrets.

There are many factors known to influence transmission of influenza virus, even if we
don’t know exactly which modes of transmission are being altered. Other than some of the
environmental factors described above, there are many host factors influencing transmission of
influenza virus. For example, previous influenza infection®®%? or some types of vaccination®®?
have been shown to reduce recipient animals’ susceptibility to new infection from donor animals.
Similarly, previous influenza infection of donor animals reduces transmission to recipient
animals®, possibly through decreased virus in saliva'®. The respiratory tract microbiome also
appears to play a role in influenza susceptibility, as human cohort studies found that
nasal/oropharyngeal microbiome abundance and diversity altered susceptibility to influenza
infection”, the length of time for household contacts to become infected with influenza’, and
virus shedding duration’®. More specifically, some clinical symptoms such as fever, runny nose,
and sore throat were even associated with specific bacterial taxa’. The effects of pre-existing
immunity, through prior infection or vaccination, and the effect of the microbiome are likely

caused by alterations in the host immune responses >,
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1.3.3 Transmission Experiments with Ferrets

Ferrets are uniquely suited for use studying transmission of respiratory viruses due to their
ability to sneeze. There exist a number of different caging set-ups to study different modes of
transmission. To study transmission of all modes (direct contact, indirect contact, droplet, and
aerosol transmission), an infected animal may be placed in the same cage as an uninfected animal.
To study only droplet and aerosol transmission, an infected animal is typically placed in a cage
alone, with perforations in one wall. The perforated side is connected to another adjacent cage with
perforations and contains an uninfected animal. This set-up allows droplets and aerosols to pass
from the infected animal to the uninfected animal without allowing the animals to touch each other
(to prevent direct contact transmission) or to touch any of the same items (to prevent indirect
contact transmission). Droplet transmission can be prevented by reducing the perforations in the
cage to exclude large droplets. To sample animals and prevent indirect contact transmission during
transmission experiments, thorough cleaning between infected and uninfected animals must also
be performed?.

There is a lot of variation in the exact caging set-up used by different laboratories®®. The
distance between cages used during airborne transmission experiments varies, and some
laboratories use directional airflow during these experiments. Directional airflow typically carries
air from infected donors towards uninfected recipients and then out of the system through a HEPA
filter. Directional airflow might increase probability of infection by carrying contaminated air from
the donor animal to the recipient animal, while simultaneously decreasing the probability of
infection by removing contaminated air from the space!®®. Exhaust rates for airborne transmission

experiments using ferrets have ranged from 12 to 180 air changes per hour, but air exchange rate
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has not been demonstrated as having a significant impact on variation within ferret transmission
experiments®®,

The length of time that an uninfected animal is exposed to an infected animal is another
important parameter of transmission experiments. Historically, groups used very long exposure
periods of 14 days'®*, which does not align with common human exposure to infectious pathogens.
Further, groups typically use naive animals as the uninfected recipients, when humans have more
complex immune histories that involve prior infection and vaccination against influenza 38136153,
Work examining exposure duration and pre-existing immunity has shown that shorter exposure
durations of 2 days or 5x8 hours (to simulate workplace exposure) is sufficient for the 2009 HIN1
pandemic virus to transmit3. Pre-existing immunity in uninfected recipient animals to the 2009
pandemic H1N1 virus also reduced transmission of a seasonal H3N2 virus, but pre-existing
immunity to H3N2 did not fully block transmission of the HIN1 virus®. So, transmission
experiments involve many factors that reflect the complexity of studying transmission in humans:
exposure type, air flow, exposure duration, natural immunity, vaccination, and duration since prior
exposure. Studying the impact of each component on transmission helps us understand the

complex transmission dynamics of influenza virus in humans.

1.3.4 Transmission during Co-infection

1.3.4.1 Impact of Co-infection on S. pneumoniae Transmission

While ferrets are the preferred model for influenza virus transmission, infant mouse models
have also been developed to study transmission during co-infection®®1971%7 Experiments of S.
pneumoniae mono-infection in infant mice have shown that contact transmission does not occur
when there is only one donor pup in a cage, but the addition of another infected animal to the cage
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allows some instances of transmission. These studies are limited to direct contact transmission
with a limited subset of mouse-adapted viruses. However, they found that when recipient mice
were experimentally infected or naturally infected with influenza, they were more susceptible to
direct contact transmission of S. pneumoniae®1%’.

Transmission experiments using ferrets have allowed investigation of airborne
transmission in addition to contact transmission. Transmission of S. pneumoniae in the absence of
influenza infection has not been observed in ferrets®21%, It was demonstrated that influenza
infection in recipients made ferrets more susceptible to direct contact transmission of S.
pneumoniae and airborne transmission up to 10 meters away'®. Influenza infection of donor
animals three days before S. pneumoniae infection also increased transmission of S. pneumoniae,
but to a lesser extent than recipient animals being infected with influenza®*. This effect was also
serotype dependent, as S. pneumoniae BHN97 (serotype 19F) transmitted but BHN54 (serotype
7F) did not transmit in any cases, regardless of influenza infection'®*. Together, these data
demonstrate that influenza infection facilitates transmission of S. pneumoniae through multiple
mechanisms. When recipients are healthy, co-infection in donor animals is likely aiding
transmission through increased bacterial burden. When recipient animals are infected with
influenza, the virus primes the host for S. pneumoniae infection, possibly through immune-

mediated pathways.

1.3.4.2 Impact of Co-infection on Influenza Virus Transmission

Ferrets are the preferred model organism for studying influenza virus transmission, but
some experiments have utilized mice to examine direct contact transmission. Mice that were
experimentally infected with S. pneumoniae before acting as recipients for influenza infection were

less likely to acquire influenza infection®’, which was dependent on the bacterial neuraminidase
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activity. This suggests a microbial cause of the protection rather than host immune-mediated
protection.

Experiments examining transmission of influenza virus during co-infection in ferrets have
been limited®!'2, One study administered topical mupirocin, which primarily targets
Staphylococcus and Streptococcus speciest®, to influenza-infected donor ferrets and saw an
ablation of influenza virus transmission to uninfected recipient animals''2. When mupirocin-
resistant S. pneumoniae was then used to infect the influenza-infected, mupirocin-treated ferrets
two days after influenza infection, influenza virus transmission returned!*2, Therefore, these
authors said that respiratory tract bacteria therefore promote influenza A virus transmission.
However, it has previously been shown that antibiotic treatment can lead to modulation of the host
immune response through depletion of the commensal microbiota™!°. So, these results are more
informative about the impact of nasal microbiota depletion on influenza transmission rather than
S. pneumoniae co-infection on influenza virus transmission. One other study examined influenza
transmission during S. pneumoniae co-infection and found that co-infection with S. pneumoniae
two days after influenza potentially diminished influenza transmission, but this effect was non-
significant®2. When S. pneumoniae infection occurred two days prior to influenza infection, there

was no change in influenza transmission®.

1.3.5 Environmental Stability of Microbes

Once a contaminated droplet or aerosol enters the environment, the pathogen within the
droplets must maintain infectivity in order to initiate infection in a new host (Figure 1).
Environmental stability of a pathogen is also key for fomite transmission, as the microbe must
maintain infectivity on surfaces until coming into contact with an uninfected host and initiating
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infection. Environmental factors such as temperature!3” %161 hymidity37.159.161-164 * 4jy
exchange!®, and ultraviolet radiation impact microbial stability in droplets®13,  When
examining virus stability, increased temperature and greater exposure to ultraviolet radiation leads
to greater decay (loss of virus infectivity)®>°1%%165 The association between humidity and
environmental stability of viruses is more complex, showing a U-shaped relationship with the
greatest decay occurring at low and high humidities and decreased decay occurring at intermediate
humidity4¢161, However, this U-shaped relationship is not observed for bacterial®? or in all droplet
solutions#®,

In addition to the environmental determinants, host factors such as droplet
composition46163166  nathogen type!#®, and host origin alter the dynamics of pathogen decay?.
Different locations in the respiratory tract are lined with different fluids: lung airway cells secrete
airway surface liquid*®”1®8 while saliva is secreted from salivary glands into the oral cavity'©16°,
When airway surface liquid from human bronchial epithelial cells was added to virus-laden
droplets, it negated the impact of humidity'*®, indicating that droplet composition is a major
determinant of microbial stability in the environment. Studies have identified salt content, protein
content, pH, and surfactant concentration as mediators of environmental decay®® (Figure 1). As
such, determining an absolute time that a microbe maintains stability in the environment is
difficult, as droplet composition may change between individuals and environmental conditions
will vary.

Pathogen type is also a major determinant of microbial stability because viruses and
bacteria do not undergo decay from the same pressurest®217°, Specifically, bacterial stability can
be altered by a specific bacterium’s respiration; for example, some anaerobic bacteria are highly

sensitive to oxygen and will decay rapidly when exposed to it!®®1/°, There is also some limited
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evidence that bacteria and viruses may interact to stabilize each other from desiccation!!? or heat-
inactivation!’172, Given the presence of commensal microbes in the respiratory tract'”® and the
frequency of viral-bacterial co-infection'®*, especially influenza virus and S. pneumoniae, it is
possible that respiratory viruses and respiratory tract bacteria are present within the same droplets.
However, the abundance of influenza and S. pneumoniae in respiratory emissions has never been
determined from co-infected hosts. Further, it is not known whether these two pathogens might
influence each other’s environmental stability. Characterizing these environmental factors is
crucial for determining best practices for disinfection and engineering safer conditions indoors to

reduce occurrence of influenza and S. pneumoniae co-infection.

pH

protein content
salt content
surfactants

Infected host Environmental Uninfected Recipient
Stability
Figure 1. Characterizing abundance and environmental stability of respiratory emissions during co-infection
could help reduce incidence. For transmission of respiratory microbes to occur, a pathogen starts by infecting a host
and must be released into the environment. Then, the pathogen(s) must maintain stability and infectivity in the
environment. Finally, an uninfected host must come into contact with the respiratory emissions to allow the microbe(s)

to initiate a new infection.
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1.3.6 Respiratory tract droplet sizes and composition

Droplet size is another determinant of airborne transmission. The respiratory tract
generates a large range of droplet sizes, from aerosols <1 um in diameter up to droplets of 1 mm
in diameter. However, these droplet sizes are not present in equal amounts. Previous work has
shown the droplet sizes expelled from the respiratory tract are multimodal and change depending
on whether an individual is breathing, talking, sneezing, or coughing®*®174, Aerosols are generated
during all these activities, while larger droplets are generated more during sneezing and
coughing®*®. Upon exiting the respiratory tract, droplets do not maintain their original size. Instead,
droplets are part of a dynamic respiratory cloud that undergo fragmentation due to strong forces
present during exhalation*®. As a result, droplets measured immediately exiting the oral and nasal
cavities might differ in size from those measured further away.

Viral copy number within droplets also varies'’’®. For example, past work has shown
there is a greater amount of influenza virus RNA in fine aerosol fractions (i.e., <5 pm) than in
coarse air fractions (i.e., >5 pm) from infected humans!#817>, Droplet size is therefore an important
factor in defining how much virus may be inhaled by an uninfected individual.

When comparing the quantity of infectious virus necessary to initiate infection, intranasal
infection required approximately 100 times more virus than aerosol infection’”. This difference is
likely due to aerosols being able to penetrate deeper into the respiratory tract and deposit in the
lungs unlike large droplets, which are more likely to deposit in the upper respiratory tract'3178,
So, increased generation of smaller aerosols may contribute to greater transmission. Given that
droplet size can impact movement of contaminated air, virus load in droplets, and deposition site,

the size of expelled droplets is a major determinant of transmission.
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Droplet size is correlated with droplet composition, as different locations in the respiratory
tract are lined with different fluids and generate different size particles. For example, particles
generated in the lower respiratory tract contain airway surface liquid and develop when airways
containing mucus films come together and then separate, creating fine aerosols less than 10 um in
diameter!’®. Larger droplets generated during coughing and sneezing are more commonly
generated in the upper respiratory tract and therefore likely contain more saliva'’®. Airway surface
liquid in the lungs and saliva differ in their composition in both organic and inorganic
components®®®. These components can alter microbial stability in a relative humidity-dependent
manner'®3, While droplet size may correlate with droplet composition, it is not known whether
droplet size alters viral stability in the environment given the same composition. Characterizing
the role droplet size plays in environmental persistence of influenza virus would allow for

improved public health measures to reduce transmission.

1.4 Statement of the Problem

Understanding factors influencing pathogenesis and microbial transmission is required to
decrease the public health burden of infection. Despite the availability of vaccines for both
influenza virus and S. pneumoniae, an estimated 389,000*8%8 and 294,000'82 people around the
world die annually from infections with each pathogen, respectively. Further characterizing the
factors influencing their transmission and disease burden will allow the design of improved public
policy and engineering controls to reduce the relative burden of both pathogens.

First, I examine how co-infection with S. pneumoniae alters influenza virus pathogenesis

and host responses in the ferret model to better understand what drives the increased morbidity
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and mortality observed during co-infection. Next, | assess the presence of influenza virus and S.
pneumoniae in air collected from co-infected ferrets and perform stability studies to determine
transmission risks during co-infection. Finally, 1 compare influenza virus decay in droplets of
variable sizes to both increase our knowledge of influenza fomite transmission and to propose
improved methodologies for future characterization of pathogen decay in the environment.
Together, this work adds valuable insight into host and environmental factors influencing severe

disease and transmission of influenza virus.
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2.0 Tissue-specific responses and microbial relationships during influenza virus and

Streptococcus pneumoniae co-infection in the ferret model

2.1 Abstract

Secondary bacterial infection following influenza virus infection has contributed to
significant increases in morbidity and mortality during seasonal and pandemic influenza seasons,
though the mechanisms behind this are not well understood. To improve our understanding of the
increased morbidity, we undertook an analysis of ferrets either mono-infected or co-infected with
the 2009 H1IN1 pandemic influenza virus and Streptococcus pneumoniae, analyzing pathology,
microbial replication, and gene expression. As expected, co-infected animals displayed more
severe clinical signs compared to animals infected with only one pathogen, and increased
pathological changes in the nasal turbinate tissues. Co-infection did not alter virus burden in the
upper and lower respiratory tract tissues tested, indicating that morbidity is not driven by changes
in virus replication. However, a tissue-specific trend towards greater bacterial burden in the upper
respiratory tract was found. Tissue-specific gene expression profiles revealed that while host
responses to co-infection were primarily driven by influenza virus, there was a unique enrichment
of immune response pathways during co-infection. This study demonstrates that host responses to
co-infection are associated with increased pathology and gene expression changes in a tissue-

specific manner, providing a molecular basis for the increased morbidity seen during co-infection.
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2.2 Introduction

Influenza A viruses have caused four pandemics since the start of the 20" century. The
1918 H1N1 influenza pandemic, the most severe, led to 25-50 million deaths worldwide®. Almost
half of the deaths attributed to the 1918 HIN1 influenza pandemic included secondary bacterial
infection with Streptococcus pneumoniae or mixed pneumopathogens, indicating that secondary
bacterial infection was a primary contributor to mortality’®. Secondary bacterial infection includes
bacterial infection that occurs concurrently with viral infection (co-infection) and bacterial
infection that begins after the resolution of viral infection. S. pneumoniae has also been implicated
in increased mortality during seasonal influenza infection as well”®. During the 2009 HIN1
pandemic, S. pneumoniae was one of the most commonly identified bacteria in patients with co-
infection and contributed to severe disease®>’"183, Co-infected patients were more likely to present
with shock, require mechanical ventilation, and have longer stays in the ICU than patients without
bacterial co-infection®?”’. Epidemiological studies of the 2009 HIN1 pandemic showed that
bacterial co-infection occurred within 1.2-11.1 days after influenza infection®2183, These data
indicate that bacterial co-infection with S. pneumoniae greatly increases the health burden of both
seasonal and pandemic influenza A viruses.

Despite the disease severity observed during influenza virus and S. pneumoniae co-
infection, our understanding of the mechanisms underlying the increased morbidity and mortality
is still limited. Work examining immune responses to co-infection in mice have primarily focused
on changes in the lungs and how prior influenza infection facilitates S. pneumoniae infection by
increasing susceptibility to infection'®18418¢ Influenza virus has been shown to increase S.
pneumoniae burden in influenza-infected mice through increased IFN production, leading to a

decrease in macrophage recruitment and subsequent increased bacterial burden!®®’ It has also
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been observed that neutrophils limit susceptibility to S. pneumoniae following influenza virus
infection, and that neutrophil production of reactive oxygen species is impaired by influenza virus,
likely creating a more favorable environment for S. pneumoniae to infect, grow, and colonize®®®,
Increases in IL-10 production following influenza infection dampen the host immune response,
impairing the ability to clear bacteria!®®18818 Taken together, many host responses may be
responsible for the increased disease burden associated with secondary bacterial infection.

While immune responses are important for clearing virus and bacteria, an excessive
immune response can negatively affect the host too. Compared to influenza alone, co-infection has
been shown to increase tumor necrosis factor-o. (TNFa)'?8187 interferon-y'%, IL-6'%, and MIP-
10/CCL38, which promote inflammation. Knock-out of the MCP-1/CCL2 receptor CCR2 also
improved survival following co-infection®®® highlighting the importance of monocytes on the
immunopathology responsible for mortality of mice during a bacterial secondary infection.

While mouse models have been helpful in identifying these host factors due to their genetic
tractability, they are limited in their ability to recapitulate disease symptoms associated with
influenza virus infection and focus on a single tissue site. Specifically mice are not susceptible to
many human influenza viruses, so host responses and pathological changes associated with
secondary bacterial infections must be studied in other systems. Another concern is the focus on
one tissue site, which may not represent the response present in other regions of the respiratory
tract; thus, a comprehensive evaluation of host responses within distinct tissue sites is warranted.

Ferrets are a valuable model for studying influenza virus and S. pneumoniae co-infection
due to their natural susceptibility to human influenza virus strains, their similar respiratory tract
physiology to humans, and their clinical signs exhibited during infection®3. Additionally, cross-

species comparison of protein sequences has shown that for 75% of proteins, ferret sequences are

36



closer than mouse to human sequences®. Previous work with the ferret model has primarily
focused on pathogen replication, shedding, and transmission, as well as the impact of co-infection
timing. Animals pre-infected with influenza virus shed more bacteria in nasal washes after
secondary infection, and transmitted S. pneumoniae more often than animals infected with only
the bacterial®1941%° Another study found that ferrets co-infected with influenza virus and S.
pneumoniae have decreased levels of virus in the nasal wash compared to animals infected with
only influenza®. Studies done in both mice and ferrets have suggested that secondary infection
with S. pneumoniae is most severe when concurrent with influenza infection'®16, Despite this
work, we have a limited view of how co-infection alters pathogenesis throughout the respiratory
tract and which host responses drive increased morbidity and mortality in this animal model.
Whether the same host factors identified in mice also impact co-infection pathogenesis in ferrets
remains to be determined. Investigations addressing these issues are critical to understanding the
disease progression of co-infection in humans.

To gain a more comprehensive view of the factors underlying morbidity during co-
infection, we utilized ferrets that were infected with the 2009 pandemic HIN1 virus (HIN1pdmO09)
and subsequently infected with S. pneumoniae D39 two days later. We investigated viral and
bacterial replication, tissue damage throughout the respiratory tract, and tissue-specific host
responses. We found that co-infection with S. pneumoniae caused increased morbidity but did not
alter virus replication in tissues. S. pneumoniae replication was limited to the upper respiratory
tract, and co-infection with HIN1pdmO09 led to greater bacterial burden in the soft palate and
trachea compared to D39-only. Furthermore, the pathogenesis and host response to co-infection
was tissue-specific and correlated with increased immune cell infiltration and enrichment of

inflammatory pathways. Overall, our results show that multiple tissue-specific changes contribute
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to the increased morbidity observed during co-infection, and they demonstrate that more global
analysis of infection and host-pathogen interactions would help elucidate the mechanisms involved

in disease progression.

2.3 Results

2.3.1 Co-infected ferrets display greater morbidity and more severe pathology than ferrets

infected with only influenza virus or S. pneumoniae

To investigate the mechanisms underlying increased morbidity and mortality observed
during co-infection, we used the ferret model because of its natural susceptibility to influenza virus
infection and its display of clinical signs observed in humans: weight loss, mucus accumulation,
coughing, and sneezing®®. Ferrets were first infected with HIN1 A/CA/07/2009 (H1N1pdm09)
intranasally or mock infected. Two days later, these animals were either mock infected or infected
intranasally with 10’ CFU S. pneumoniae D39 (D39) (Figure 2A). Animals were assessed for
clinical signs each day, and then sacrificed on day 3 or day 5 to measure tissue-specific titers and
pathology changes over time.

We quantified total clinical scores of each animal, using previously published metrics that
include willingness to initiate play, coughing, sneezing, nasal discharge, diarrhea, and weight loss
(Figure 2B-F)®2. D39-infected ferrets displayed limited clinical signs: only sneezing was observed
on day 5 (Figure 2D). HIN1pdmQ9-infected ferrets only displayed a slight increase in clinical
score (Figure 2B) due to a mild decrease in willingness to initiate play, sneezing, diarrhea, and

weight loss greater than 10% but less than 15% (Figure 2C-D, F-H). Co-infected ferrets displayed
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the greatest morbidity, with cumulative clinical scores significantly greater than HIN1pdmO09-
infected ferrets on days 3, 4, and 5 and significantly greater than D39-infected ferrets on days 3,
and 4 (Figure 2B). Ferrets co-infected with both pathogens displayed increased inactivity, nasal
discharge, sneezing, and weight loss compared to animals infected with a single pathogen (Figure
2C-H). Overall, these results complemented previous work 8112 and confirmed that co-infected
ferrets experience significantly greater morbidity than animals infected with only HIN1pdmQ9 or

D39.
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Figure 2. Morbidity of co-infected ferrets compared to HIN1pdmQ9 or D39 only. (A) Ferrets were intranasally
infected on day 0 with 108 TCIDs, of A/CA/07/2009 (H1N1pdm09) or mock infected. Two days later, animals were
either intranasally infected with 107 CFU S. pneumoniae D39 (D39) or mock infected. Animals were then sacrificed
on day 3 (HIN1pdm09: N=3; co-infection: N=3) or day 5 post-influenza virus infection (HIN1pdm09: N=6; co-
infection: N=6; D39: N=3) (blue arrows). (B) Clinical signs were assessed for all animals each day and a total score
was calculated as described in materials and methods. The mean is shown with standard error. Significance was
determined using multiple unpaired Welch’s t-tests. *p<0.05; **p<0.01. Animals were evaluated for (C) inactivity

score, (D) sneezing, (E) nasal discharge, (F) diarrhea, and (G-H) weight loss. Mean and standard error are shown.
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Multiple Mann-Whitney t-tests were used to assess statistical significance of C-G. Two-way ANOVAs were used to

assess differences in H.
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To correlate the increased clinical signs to pathological changes within the respiratory of
infected ferrets, hematoxylin and eosin staining was performed on tissue sections from day 5
(except in limited cases of D39-only tissues), and the results were read by a pathologist blinded to
the conditions (Figure 3). Pathological changes in the nasal turbinates appeared distinct between
each infection condition (Figure 3A). Nasal turbinates from animals infected with D39-only
displayed mild lymphoplasmacytic infiltrates in the submucosa with some fibrin present in the
lumen. Ferrets infected with HIN1pdm09-only displayed squamous metaplasia and attenuation of
the epithelium with edema in the submucosa and bone remodeling in their nasal turbinate tissue.
In contrast to each single infection condition, co-infection with both pathogens resulted in severe
changes within the nasal turbinate tissue, with similar attenuation and loss of epithelium as in
H1N1pdm09-only infected animals, but with greater necrosis, fluid accumulation, and immune
cell infiltrate in the luminal space (Figure 3A). To quantify these observed differences between
animals infected with HIN1pdmO09 or co-infection, we scored inflammation in the submucosa,
inflammatory cells in the lumen, and fluid in the lumen from day 3 and day 5 tissue. Scores from
day 3 and day 5 were combined since results were similar (Figure 3E). Inflammation in the
submucosa was similar between H1IN1pdm09-only and co-infected nasal turbinate sections
(Figure 3E). In co-infected animals, there was a trend towards greater fluid accumulation, which
periodic acid-schiff staining indicated was mucous (data not shown), and more inflammatory cells
(Figure 3AE), primarily consisting of neutrophils and macrophages (per pathologist assessment).

Histology of the soft palate did not observed differences in pathological changes in animals
infected with HIN1pdm09, D39, or co-infected (Figure 3B). There were mild lymphoplasmacytic
infiltrates in all sections examined. Soft palate tissue from H1IN1pdmO09 infected animals also

displayed mild multifocal erosion on the nasal surfaces (Figure 3B). When lung sections were
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examined, animals infected with D39-only appeared to be unaffected, with limited sections
displaying rare perivascular lymphocytic infiltrates and interstitial pneumonia (Figure 3C-D). In
contrast, the pathology of lung tissue from co-infected and HIN1pdm09-only animals was similar:
bronchi and bronchioles were filled with neutrophils, macrophages, lymphocytes, and debris
(Figure 3C). Large airways exhibited loss of epithelium, and alveolar walls were filled with edema
(Figure 3D). Together, these data demonstrate that animals co-infected with these HIN1pdmOQ9
followed by D39 display increased morbidity and unique pathological changes in the nasal

turbinates compared to mono-infection with either pathogen.
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Figure 3. Pathology of co-infected ferrets compared to HIN1pdm09 or D39 only. Hematoxylin and eosin staining

was performed on uninfected, D39, HIN

1pdmO09, and co-infected tissues. All tissues are from day 5 post-influenza

virus infection, except the D39 nasal turbinate and lung (from 2 days post-D39 infection). (A) In nasal turbinates, stars

indicate the lumen of the tissue, and scale bars indicate 200 um. (B) Soft palates are oriented such that the nasal surface

faces up with scale bars representing 100 um. (C) Small airways of the lung are circled, and scale bars indicate 100

pm. (D) Large airways of the lungs are marked by a star and have scale bars indicating 200 um. All scale bars represent
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100 um. (E) Scoring of nasal turbinates (day 3 and day 5 scored combined) was performed by a blinded pathologist
with 0 = “none present”, 1 = “mild”, 2 = “moderate”, and 3 = “severe.” Significance was determined with multiple

unpaired t-tests. N=6. *p<0.05; **p<0.01; ***p<0.001
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2.3.2 Co-infection leads to tissue-specific increased bacterial burden in the upper

respiratory tract

While greater morbidity and pathology during co-infection might suggest increased virus
replication during co-infection, previous work in ferrets and mice found a reduction in viral titers
in nasal washes of co-infected animals 8211° Conversely, previous work in mice suggested that
bacterial co-infection leads to a rebound in viral burden in the lungs °%. To better understand how
co-infection impacts both influenza virus and D39 replication, we measured bacterial and viral
titers in nasal wash (Figure 4) or homogenized tissues of infected animals on day 3 or day 5 post-
infection (Figure 5 and Table 1). Not all samples were quantifiable due to the presence of
contaminating bacteria (Table 1). Additionally, we measured bacterial titers from the spleen, heart,
and blood to assess D39 dissemination or sepsis, although no bacteria were detected in any animals
in these sites (data not shown).

Co-infected animals had similar or lower virus titers in the nasal wash compared to
H1N1pdmO09-infected animals (Figure 4A-B). When examining bacterial load, there was a trend
towards greater bacterial burden in the nasal washes of co-infected animals (Figure 4C-D). In both
H1N1pdmO09-infected and co-infected ferrets, substantial virus titers were observed on days 3 and
5 in all tissues, and there were no significant differences between HIN1pdmO09-infected and co-
infected ferrets (Figure 5A-E), suggesting that increased morbidity during co-infection does not
correspond to increased viral burden. In contrast to virus replication, we found that bacterial burden
in co-infected animals varied by tissue over time. On day 3, most samples from co-infected animals
exhibited detectable bacteria (Figure 5F-J). By day 5, however, only co-infected samples from the
nasal turbinates, soft palate, and trachea contained detectable bacterial titers, while the left cranial

lung and right middle lung had none (Figure 5F-J). This was distinct from D39-only controls where
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only the nasal turbinates displayed a high bacterial burden (Figure 5B). The high bacterial burden
in the D39-only group was a surprise given the trend towards decreased bacterial burden in the
nasal wash of these animals. Interestingly, while the soft palate trended towards increased bacterial
burden, there did not appear to be differences in pathology between co-infection and D39-infection
(Figure 3B).

Together, these data suggest that the increased morbidity in co-infected animals is not
simply related to viral burden, since virus replication was similar to HLN1pdm09-infected animals,
but rather correlated with tissue-specific trends towards increased bacterial burden in the upper

respiratory tissues.
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Figure 4. Viral and bacterial burden in nasal washes of infected animals. Nasal washes were collected from

infected animals on days 1, 3, 4, and 5 of the study. (A-B) Viral burden was assessed in nasal washes of

H1N1pdm09-infected and co-infected ferrets. LOD for all samples is shown with a black dotted line. (C-D)

Bacterial load was quantified in nasal washes of D39-infected and co-infected ferrets. LOD for co-infected samples

is shown with a blue dotted line and a green dotted line for D39-infected samples. Mean and standard error are

shown for all samples. Open symbols indicate samples that were below the LOD.
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Figure 5. HIN1pdmQ9 and D39 titers in infected ferret tissues. Influenza titers were measured by TCIDs, assay

from tissue extracts of the (A) nasal turbinates, (B) soft palate, (C) trachea, (D) left cranial lung, and (E) right

middle lung of HIN1pdm09-only and co-infected animals. The limit of detection (LOD) is indicated by the black

dotted line and varied by sample. S. pneumoniae titers were measured by colony formation on blood agar plates

from tissue extracts of the (F) nasal turbinates, (G) soft palate, (H) trachea, () left cranial lung, and (J) right middle

lung of D39-only (day 5 only) and co-infected animals. The blue dotted line indicates the LOD for co-infected

animals and the green dotted line indicates the LOD for D39-only animals. The LOD varied by sample and plots

show the lowest LOD for each group. Samples with no detectable bacteria were graphed as open symbols just below

the LOD. Samples that were not quantifiable were not graphed. Individual bacterial titers and LODs can be found in

Table 1 and Table 2. A two-way ANOVA with multiple comparisons was used to determine significance for

influenza burden and a t-test was used to determine significance for bacterial burden.
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Table 1 LOD:s for all bacterial samples (CFU/g). LODs were calculated using organ weight, tissue dilution and

volume plated to count CFU.

. Nasal Soft Right Middle | Left Cranial
Animal Turbinates | Palate Trachea g Lung Lung Spleen | Heart
F69-22 | 6.667 25 3.636 20 20 20 20
D39 F70-22 11.765 14.286 | 4 20 20 20 20
F85-22 6.25 13.333 | NQ 20 20 20 20
F86-22 151.515 357.143 | NQ 500 500 500 500
F87-22 | 208.333 333.333 | 250 500 500 500 500
F88-22 227.273 NQ NQ 500 500 500 500
F143-21 | 46.512 26.667 | 19.231 | 200 200 200 200
Hl'}'rlgggnog F144-21 | 24.096 | 27.397 | 19.048 | 200 200 200 | 200
F145-21 | 27.778 27.027 | 18.868 | 200 200 200 200
F146-21 | 33.333 28.986 | 18.519 | 200 200 200 200
F147-21 | 25.316 28.169 | 18.349 | 200 200 200 200
F148-21 | 58.824 29.851 | 21.505 | 200 200 200 200

NQ- Sample not quantified due to presence of contamination
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Table 2 LODs for all virus samples (Logio TCIDso/g). LODs were calculated using organ weight, tissue dilution,

and assay limit of detection.

Animal Tul\rISisr?;te Soft Palate Trachea R'gr:_tu'\r/]léddle LeftLSrr;nlal
F149-21 | 0.784 0.72185 0.487 15 15
F150-21 | 0.8279 | 0.66115 0.432 15 15
F151-21 | 0.9202 | 0.6549 0.351 15 15
F152-21 | 0.9202 | 0.62494 0.536 15 15
H1N1pdm09 |F153-21 |0.7596 | 0.68046 0.504 15 15
F154-21 | 0.8665 | 0.6549 0.541 15 15
F89-22 |1.0086 | 1.11979 1.199 15 15
F90-22 | 1.085 1.17778 1.199 15 15
F91-22 |0.9437 | 1.26955 1.199 15 15
F143-21 | 0.8665 | 0.62494 0.483 15 15
F144-21 | 05809 | 0.63668 0.479 15 15
F145-21 | 0.6427 | 0.63077 0.475 15 15
F146-21 | 0.7218 | 0.66115 0.467 15 15
Ttl\éépdmOQ F147-21 | 0.6024 | 0.64874 0.463 15 15
F148-21 | 0.9685 | 0.67393 0.532 15 15
F86-22 | 09815 | 1.35387 1.199 15 15
F87-22 | 1.1198 | 1.32391 1.199 15 15
F88-22 | 1.1576 | 1.19897 1.199 15 15
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2.3.3 Tissue site is an important determinant of viral/bacterial titer relationship and host

response to infection.

Previous work has suggested that influenza virus and S. pneumoniae interact!*21%2, So, we
next investigated the relationship between virus titer and bacterial titer in the nasal turbinates,
where co-infection and D39-only had high bacterial burden on day 5, the soft palate, where co-
infection had a high bacterial burden and D39-only had a low burden, and the lungs, where co-
infection and D39-only had no detectable bacteria. We plotted viral titer as a function of bacterial
titer in each tissue. Linear regressions were then performed for each tissue (Figure 6A-C).

Analysis of viral titer as a function of bacterial titer indicated a tissue-specific relationship.
Linear regression of titers in the nasal turbinates suggested there may be a negative correlation
between viral and bacterial titers (Figure 6A), although the p-value for the co-efficient showed
there was insufficient evidence to conclude that these variables were negatively associated
(p=0.1275). In the soft palate, there was a weak positive relationship between viral and bacterial
titers (p=0.4408, Figure 6B), while the combined data from the right middle lung and left cranial
lung demonstrated a trend towards positive correlation (p=0.0651, Figure 6C). This trend was
primarily driven by the two samples with detectable bacteria, which were determined to be outliers.
Further sampling would be needed to determine if this positive trend has biological significance.
The importance of tissue site was unexpected, as studies of co-infection in animals have largely

focused on analysis of the lungs and extrapolated the results to the rest of the respiratory tract.
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Figure 6. Determination of tissue-specific relationships between viral and bacterial burden. Virus titer plotted
against bacterial titer with linear regressions fit for (A) the nasal turbinates, (B) the soft palate, and (C) the lungs using
data from Figure 5%. Samples with no detectable bacteria were set to just below the limit of detection (shown as the

black dotted line) and are shown with an open symbol.

2.3.4 Host response to co-infection varies by tissue

Given the tissue-specific differences in bacterial burden and pathology, we investigated
whether host responses to co-infection also varied by tissue. To examine this, mMRNA was extracted
and sequenced from the nasal turbinates, the soft palate, and the lungs of uninfected, HIN1pdm09-
only, and co-infected ferrets. Since nasal turbinates were the only tissue site with a high bacterial
burden during D39-only infection, mRNA from this group was also included. Differential
expression was assessed using a cut-off of Log. Fold Change > |1 and FDR p-value <0.05.

A principal component analysis of all samples indicated that tissue site was a primary
driver of variation, as the soft palate clustered separately from other samples (Figure 7A, Table 3).
To assess the role of tissue site on host response to co-infection, differentially expressed genes
were assessed by comparing co-infected tissues to mock tissues within the nasal turbinates, the
soft palate, or the lungs (Figure 7B-C). The nasal turbinates had the greatest number of

differentially expressed genes during co-infection with 58.7% of the total number of upregulated
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genes in all tissues being exclusive to the nasal turbinates (Figure 7B) and 87.3% of downregulated
genes being exclusive to the nasal turbinates (Figure 7C). When examining genes exclusively
upregulated in a single tissue, 68.7% of the genes were exclusive to the nasal turbinates, 35.1%
were exclusive to the lungs, and 16.4% were exclusive to the soft palate (Figure 7B). Conversely,
when examining downregulated genes unique to each tissue, 93.1% of genes downregulated in the
nasal turbinates were not altered in the soft palate or lungs, 52.6% of genes were exclusive to the
lungs, and 28.0% were exclusive to the soft palate (Figure 7C). These data demonstrate that host
responses to pathogens is distinct in different tissues which could explain the pathological changes

observed.
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Figure 7. RNA sequencing of infected tissues reveals tissue-specificity. RNA was isolated from nasal turbinate,

soft palate, and lung tissue of infected or mock animals on day 5 of the study and mRNA was sequenced. (A) A
principal component analysis of all samples was performed using the top 2000 genes. In Venn diagrams,
upregulated (B) and downregulated (C) gene counts when comparing co-infection to mock infection are shown with
percentage of the total number of genes shown and (percent differentially expressed within the tissue). Differentially

expressed genes were determined by FDR p-value < 0.05 and Log, Fold Change > |1].
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2.3.5 Host response to co-infection is synergistic compared to mono-infection

We next investigated how the host response to co-infection differed from H1IN1pdm09-
only or D39-only infection within each tissue. Principal component analysis was performed for
each tissue to visualize variation of the samples (Figure 8A-C, Table 3). In all three tissues, co-
infection samples clustered with HLIN1pdm09-only samples, which suggested that influenza virus
infection might be a primary driver of the differential gene expression observed during co-
infection.

To begin understanding how the host response to co-infection differed from HIN1pdm09-
only, we first assessed differential expression by comparing each infection to mock-infected
samples and then generated Venn diagrams for upregulated genes (Figure 8D) and downregulated
genes (Figure 8E). When looking at all the genes upregulated by any infection, there was a large
overlap between genes upregulated during HIN1pdm09-only and co-infection in all three tissues,
ranging from 42.5% to 63.1% (Figure 8D). Suggesting that a significant portion of the host
response during a viral bacterial co-infection is driven by the virus.

However, of the genes upregulated during co-infection, between 13.8% and 50.0% were
not upregulated during HIN1pdm09-only (Figure 8D). In the nasal turbinates, 21.6% of the genes
upregulated during co-infection were not present during HIN1pdm09-only or D39-only infection,
suggesting that there is a distinct host response in the nasal turbinates when both pathogens are
present albeit though the majority of the response is shared with tissue from H1N1pdmQ9 infected
animals. Given the lack of clinical signs and limited pathology in D39-only animals, it was not
surprising that there were relatively few differentially expressed genes (Figure 8D-E). A different
pattern of shared downregulated genes was seen between animals infected with HLN1pdmQ9-only

or co-infected. While there was still substantial overlap between H1N1pdmQ9-only and co-
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infection in the genes downregulated in the nasal turbinates, overlap in the soft palate and lungs
was only 13.9% and 34.8%, respectively (Figure 8E). In fact, in the soft palate and lungs, there

were more genes significantly downregulated during HIN1pdm09-only than during co-infection

(Figure 8E).
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Figure 8. RNAseq in nasal turbinates, soft palate, and lungs shows that many genes differentially expressed

during co-infection overlap with genes altered during HIN1pdmO09-only infection. Principal component
analysis of mMRNA sequencing data was performed separately for samples within (A) the nasal turbinates, (B) the
soft palate, or (C) the lungs. Each infection was compared to mock, and differentially expressed genes were

determined by FDR p-value < 0.05 and Log. Fold Change > [1|. (D) Upregulated and (E) downregulated gene counts
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are shown in Venn diagrams with percentage of the total number of genes shown and (percent differentially

expressed within the tissue).

Table 3 The top 15 genes driving the principal components analysis results are shown for each PCA plot.

All Tissues Nasal Turbinates Soft Palate Lungs

PC1 Genes PC2 Genes PC1 Genes PC2 Genes PC1 Genes PC2 Genes PC1 Genes PC2 Genes
KRT1 BPIFAL BPIFAL BPIFB3 CXCL13 CXCL10 BPIFB1 APOBEC3G
BPIFA2 SFTPAL SCGB1AL BPIFB4 FCRL1 CXCL11 SCGB3A1 CXCL10
IVL SFTPC 13334 17860 09806 BATF2 13334 RSAD2
KRT3 VMO1 SEC14L3 LCNL1 MS4A1 ACOD1 BPIFAL CYP2F1
04938 02820 00381 GPX6 IGHG1 DNAH9 CLCA1 ccL8
CRNN SFTPB DNAH9 LCN15 08521 14983 MUC5B CXCL11
MYH1 13334 10071 UGT2A3 CD22 GBP1 17715 1SG15
RPTN DNAH9 APOBEC3G STOML3 ADAMDEC1 | 12060 CYP1Al 13233
BPIFB2 CYP2F1 BPIFB1 12012 PAX5 CXCL9 TFF3 IF16
18838 17659 10927 CHGA CD79B 1DO1 GABRP 12060
ACTAl SLC27A2 00423 GFY FCRL5 DYNAP LPO 1SG20
SPINK5 00381 08923 MMP1 CD79A RSAD2 AGR2 CCL2
KRT6C 08923 MUC5B 16662 BANK1 CCL2 CAPN13 ANKRD1
KRTDAP 09563 RSPH1 10071 BTLA CCL8 02887 GZMA
TGM3 CLDN18 SPAG6 CYP1A2 02610 OASL APOBEC3G IFIT3
S;rr;%segenoted by a five-digit number are not annotated. The corresponding Ensembl 1D is "ENSMPUG000000" + the five-digit
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2.3.6 Co-infection broadly heightens immune response pathways in the nasal turbinates but

not the soft palate or lungs

To better appreciate the large-scale host immune responses to each infection, gene set
variation analysis (GSVA) was performed using gene sets published by the Molecular Signatures
Database (MSigDB) and previously used to examine ferret responses'®® (Figure 9). This analysis
revealed that co-infection in the nasal turbinates leads to overall heightened immune responses.
Compared to the nasal turbinates from H1N1pdmQ9-only infected ferrets, there was enrichment in
the majority of T cell pathways assessed, including T cell activation, T cell mediated cytotoxicity,
and positive regulation of T helper type 1 (Th1) and Th17 responses. Co-infection also contributed
to heightened acute inflammatory responses, such as interferon production and response (Figure
9A).

More heterogeneity within host responses was observed in the soft palate and lungs (Figure
9B-C). In the soft palate, the response to co-infection and H1IN1pdmQ9-only was similar, with
substantial ferret-to-ferret variation within both groups (Figure 9B). Interestingly, responses to co-
infection in ferret lungs appeared to be similar or slightly decreased compared to animals with
H1N1pdm09-only (Figure 9C). Genes involved in cytokine production, type 1 interferon signaling,
macrophage differentiation, and macrophage migration were decreased in animals infected with
both HIN1pdmO09 and D39 compared to HIN1pdmO9 alone (Figure 9C). Together, these data
demonstrate heightened immune responses in the nasal turbinates, comparable responses in the
soft palate, and decreased responses in the lungs, although the altered pathways vary by tissue.
These findings, in combination with the analysis of viral and bacterial titers based on tissue site
(Figure 6), suggest that host responses are associated with the different tissue-specific relationships

observed between viral and bacterial burden.
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Figure 9. Gene set variation analysis of sequenced RNA samples. Gene set variation analysis was performed
using normalized count data from RNA sequenced (A) nasal turbinates, (B) soft palate, and (C) lung samples. Each
column represents a different sample and rows correspond to different immune response gene sets selected from

MSigDB. Samples are scaled based on row and colored such that pink represents greater enrichment and green

represents decreased enrichment of genes within the selected gene set.
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2.3.7 Immune cell migration and chemotaxis pathways are highly enriched in the nasal

turbinates of co-infected animals

To more fully understand how the host response to co-infection differs from HIN1pdmO09,
we identified genes that are differentially expressed during co-infection compared to HIN1pdm09
only. There were 218, 35, and 8 genes differentially expressed between co-infection and
H1N1pdmO09 in the nasal turbinates, the soft palate, and lungs, respectively (Figure 10A-C and
Table 4). Some genes lack annotation, as noted by their Ensembl IDs (ENSMPUG) in place of a
gene name. When performing gene set enrichment analysis using publicly available gene sets in
the nasal turbinates, four of the top nine enriched pathways were for immune cell migration or
chemotaxis pathways (Figure 10D), suggesting that there is a significant influx of immune cells to
the nasal turbinates during co-infection that is not observed during HIN1pdmO09-only. This aligns
with the pathology results indicating a large influx of proteinaceous fluid and immune cell infiltrate
in the nasal turbinates of co-infected animals. There was also enrichment in Tumor Necrosis Factor
(TNF) superfamily cytokine production, inflammatory response, interleukin-6 production, and cell
activation pathways (Figure 10D), indicating that there is an overall increase in the magnitude of
the host immune response during co-infection which may be contributing to the increased

morbidity observed in co-infected animals.
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Figure 10. Comparison of co-infection to HIN1pdm09-only in the nasal turbinates shows enrichment of genes
involved in immune cell migration. In the (A) nasal turbinates, (B) soft palate, and (C) lungs, co-infection was

compared to HIN1pdmO9 and differentially expressed genes were assessed by Log, Fold Change > |1| and FDR p-
value <0.05. Differentially expressed genes are either displayed in Table 4 (nasal turbinates) or alongside the

heatmap (soft palate and lungs). (D) Gene set enrichment analysis comparing co-infection to HLIN1pdm09 was
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performed and the 9 categories with the greatest normalized enrichment scores are shown. The size of the dot plot

corresponds to the number of genes corresponding contained within the gene set shown on the x-axis.
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Table 4 Genes differentially expressed in the nasal turbinates during co-infection as compared to HIN1pdmQ9

infection.
BPIFB4 TBXAS1 PEAK3 EEPD1
FGB STBD1 ENSMPUG00000002430 | CBS
ENSMPUG00000024261 | ENSMPUG00000001362 | NFIL3 LPAR2
S100A12 ASAH2B SLC22A15 GMIP
ENSMPUG00000013359 | CPN1 ADORA2A ENSMPUG00000008900
CLEC4G ADGRE3 SELP IL17RA
PROK2 SOAT?2 MXD1 CPNE2
SLC26A4 ENSMPUG00000027125 | CD101 MBOATY7
ENSMPUG00000001476 | PLAT PTAFR CACNAI1D
ENSMPUG00000006864 | IL18RAP CD14 ANGPT4
PPBP CACNA2D4 ENSMPUG00000016737 | KITLG
ENSMPUG00000030536 | G0S2 SOD2 ENSMPUG00000017326
S100A8 CSTA RNASEG6 SYT12
LCN2 CCNJL PSTPIP2 BHLHEA41
S100A9 ENSMPUG00000028121 | PRKAG2 ENSMPUG00000019888
SLC26A8 DHDH LIPG FABP3
ENSMPUG00000013724 | ENSMPUG00000030831 | ALOX5AP MAPT
MCEMP1 ENSMPUG00000016511 | RAP1GAP2 HEYL
ENSMPUG00000026381 | RAB39A LRRC75B ASIP
ENSMPUG00000025155 | IL1B ADGRF3 FAT4
ENSMPUG00000028739 | PIGR VSIR GPC1
MMP8 NOXO1 KBTBD12 WNT7B
MGAM ARG2 JAML SCN2A
MARCO ENSMPUG00000032004 | TMEM171 ENSMPUG00000013837
IL1IR2 ENSMPUG00000031958 | ACSS1 INSC
CD177 PLINS RGS14 RCOR?2
ENSMPUG00000000102 | CSF3R ZBTB16 NEBL
PADI4 NFE2 CRISPLD2 MEI4
KIF1A ENSMPUG00000024660 | TMEM154 PALM3
LTF ENSMPUG00000027560 | SSH2 PPFIA4
ENSMPUG00000027308 | ENSMPUG00000030461 | EHD1 ENSMPUG00000018503
ENSMPUG00000003859 | ENSMPUG00000028257 | ENSMPUG00000001347 | ENSMPUG00000011844
ENSMPUG00000030474 | ENSMPUG00000028605 | CYTIP RBM20
PRSS57 ENSMPUG00000018165 | IRS2 ENSMPUG00000012100
P2RY13 TREM1 ZC3H12A CLDN11
PGLYRP1 SLIT1 MAPK13 GLI1
ENSMPUG00000002165 | ENSMPUG00000009169 | DDX50 PRRT2
HK3 VSTM1 SH2B2 SOST
CD300E ENSMPUG00000001232 | EDNRB NPY4R
IL17F CASS4 ATP6V0AL ENSMPUG00000026616
ENSMPUG00000003281 | 1L18 KLF15 ACADL
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ENSMPUG00000024697 | ENSMPUG00000032068 | ACSS3 ST8SIAS

DGAT?2 NLRP12 LPCAT2 SLC26A7

GFI1B ABCC11 PRDM11 ENSMPUG00000014147
ENSMPUG00000026133 | PLAUR MMP19 EPHA7Y
ENSMPUG00000031622 | FOLR2 IRAK3 SMCO1
ENSMPUG00000023976 | IGFBP3 SLC16A7 MUC21

CTCFL ENSMPUG00000027382 | ABTB1 PLPPR4

SFTPA1 RGS2 ENSMPUG00000010930 | RP1L1
ENSMPUG00000017590 | CD24 TTLL3 ENSMPUG00000012694
MEFV ENSMPUG00000028729 | ENSMPUG00000002570 | ENSMPUG00000028261
ENSMPUG00000006623 | GMFG LPIN2 ENSMPUG00000018741
MOGAT1 ENSMPUG00000014201 | KDM6B LRRTM1
ENSMPUG00000010662 | ENSMPUG00000019581 | SGK1

IL18R1 TNFAIP2 PBX2

Bolded genes indicate genes downregulated during co-infection compared to HIN1pdmO09

infection.
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2.4 Discussion

An increase in morbidity has long been observed during influenza virus and S. pneumoniae
co-infection, but the underlying causes have remained elusive. To examine this, we undertook a
tissue-specific analysis of co-infected ferrets, analyzing pathology, microbial replication, and gene
expression changes. Pathological analysis showed that co-infection caused greater changes in the
nasal turbinates than HIN1pdmO09 or D39 mono-infection, but pathology of the soft palate and
lungs was similar during co-infection and HLIN1pdm09. Our results indicated that viral burden is
insufficient to explain clinical severity, and co-infection resulted in tissue-specific increases in
bacterial load. Gene expression profiles indicate a distinct effect of influenza and S. pneumoniae
co-infection on the host immune responses, with unique sets of genes up- and downregulated in a
tissue-specific manner, which help explain the observed pathology and increased morbidity in
ferrets.

Interestingly, the tissue-specific response to co-infection was dominated by gene
expression changes in the nasal turbinates, primarily in innate immune response pathways. The
increased immune cell infiltration and inflammation observed in co-infected nasal turbinates is
consistent with these gene expression profiles and provides a molecular basis for increased
morbidity. The soft palate had the least number of differentially expressed genes, and the response
to co-infection was variable in the pathways analyzed. Previous work has shown that the soft palate
is an important site of influenza virus adaptation®®, and this analysis suggests that increased viral
evolution could be due to a smaller magnitude immune response influenza infection at this site
compared to the lungs or nasal turbinates.

Recent work examining host responses of primary lung epithelial cells during co-infection

complements the work presented here!®*. The authors detected large host expression changes
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during influenza infection. Our results similarly found that influenza is a major driver of host
response to co-infection. However, unlike our results in the nasal turbinates, the authors observed
that the co-infection group clustered with their influenza mono-infection group and the S.
pneumoniae mono-infection group clustered with the host only®*. The difference in clustering of
the response to each infection condition is likely driven by host responses within immune cells
captured in our analysis, that are not present in an ex vivo model of respiratory epithelial cells.
This is strengthened by the role of neutrophil influx genes differentially expressed in co-infected
tissue compared to H1N1pdmO9 mono-infected tissue.

Bacterial gene expression may also contribute to disease severity. Previous studies have
examined these changes in S. pneumoniae. S. pneumoniae undergoes metabolic changes pertaining
to ascorbate uptake during pneumonia caused by mono-infection in mice'®® or increased utilization
of nitrogen sources (glutamate and threonine) during co-infection of respiratory epithelial cells'®.
Gene knockout indicated that these metabolic alterations facilitated bacterial survival. Altered
bacterial protein expression may also play a part in some of the changes in host responses and
disease severity we observed here, as co-incubation of S. pneumoniae and influenza resulted in
increased secretion of six S. pneumoniae proteins involved in bacterial virulence and evasion of
host responses!®. These results indicate that S. pneumoniae is changed in the presence of a viral
infection, which could contribute to the increased morbidity observed in coinfected animals.

Given that there was a trend towards decreased D39 in the nasal wash of D39-infected
ferrets compared to co-infected ferrets, it was unexpected that the bacterial burden in the nasal
turbinates was similar between the two groups. Previous work suggests that bacterial protein
expression shifts from a biofilm phenotype to a planktonic phenotype upon exposure to influenza

A virus'®®, which may contribute to the increased nasal wash detection of S. pneumoniae during
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co-infection. Homogenization of tissues for titration is a harsher collection method than nasal
washing and will detect bacteria in biofilms while nasal washing may be insufficient to collect
these colonies.

In total, these results indicate that characterizing pathogenesis of respiratory microbes by
examining only one tissue is insufficient to fully understand the scope of the infection. In fact,
tissue-specific differences between virus and bacteria titers may explain some previously
published, conflicting results about whether bacterial co-infection leads to increased or decreased
viral burden. When sampling the nasopharynx, our group previously found that co-infection led to
decreased virus in the nasal wash®, and another group saw that nasopharyngeal/oral swab with
higher bacterial titers correlated with decreased susceptibility to H3N2 virus’. Conversely, others
examining lung tissue have found that S. pneumoniae co-infection contributes to a rebound in
influenza virus titer'®. Future studies may benefit from sampling multiple tissue sites to more
clearly delineate influenza virus and S. pneumoniae replication differences.

While we are the first to explore the relationship between influenza virus and D39 in
multiple regions of the ferret respiratory tract, several limitations exist that should be noted. One
limitation of our host response analysis is the weak annotation of the ferret genome. Improved
annotation is needed to draw conclusions about many of the differentially expressed genes that
currently lack gene names. Additionally, our study only examined a single interval between
influenza virus infection and S. pneumoniae infection. Studies on S. pneumoniae co-infection have
tested a large range of intervals, with bacterial co-infection occurring 9 days before influenza out
to 16 days after influenza infection882103110_ Clinical data supports a large range of co-infection
timing as well, and reports during the 2009 HIN1 pandemic suggested that bacterial co-infection

occurred anywhere from 1.2 to 11.1 days after influenza infection®218, The primary goal of this
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study was to compare co-infection to HIN1pdmO09 mono-infection. Thus, we chose to assess
viral/bacterial burden and pathology early after co-infection, while infected animals were still
shedding virus. Future studies could assess how different timing and infection sequences alter host
responses.

In total, this study expands our understanding of influenza and S. pneumoniae co-infection
by investigating microbial relationships and host responses in multiple tissues of a natural host for
influenza and S. pneumoniae co-infection. We found that the relationship between virus and host
may depend on tissue, and that host responses are tissue specific. In the nasal turbinates, we
observed a distinct host response during co-infection that was not observed during either mono-
infection. This host response corresponded to increased immune cell infiltration, particularly a
neutrophil response. Together, these observations indicate a dynamic relationship between host

and microbes during co-infection.

2.5 Materials and Methods

2.5.1 Viruses and bacteria

H1IN1 A/CA/07/2009 was grown in Madin-Darby Canine Kidney cells. Quantification of
virus was performed using 50% tissue culture infectious dose (TCIDsg) assay on MDCK cells in
96 well or 24 well plates. End point titers were determined using the Spearman-Karber method %',
S. pneumoniae D39 (serotype 2) was provided by Dr. Hasan Yesilkaya and was grown from frozen
glycerol stocks %8, Fresh cultures were generated by streaking on TSA with 5% sheep’s blood

plates and growing in Columbia Broth incubated at 37°C without shaking. Bacterial quantification
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was performed by plating serial dilutions of samples on blood agar plates and incubating overnight

at 37°C. Colonies were then manually counted to determine colony-forming units/mL.

2.5.2 Ferrets

Experiments involving ferrets were performed at the University of Pittsburgh under BSL2
safety conditions (IACUC protocol 19075697). Four to six-month, outbred ferrets were obtained
from Triple F Farms and were confirmed to be seronegative for prior influenza infection by
hemagglutination inhibition assay before purchase. Ferrets were housed individually throughout
the experiment and provided ad libitum food and water. Animals were anesthetized prior to
intranasal infection with 10° TCIDsp HIN1 A/CA/07/2009 (H1N1pdm09) in 0.5mL or mock
infection with 0.5mL cell culture media. Two days after influenza or mock infection, ferrets were
intranasally infected with 10’ CFU S. pneumoniae D39 (serotype 2) in 0.5mL PBS or mock
infected with 0.5mL PBS. Animals were monitored daily for clinical signs (activity score, weight
loss, fever, dehydration, diarrhea, labored breathing, nasal discharge, and sneezing) as shown in

Table 5. Animals were provided with additional soft food when weight loss was >10%.
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Table 5 Clinical sign scoring criteria

Category Score Criteria
Inactivity . N
score 0 Actively initiates play
1 Initiates play after prompting
2 Doesn't initiate play even with prompting
Weight loss 0 <10% weight loss
1 10-15% weight loss
2 >15% weight loss
Fever 0 Temperature <40C
1 Temperature >40C
Dehydration 0 Drinking water, no fluid administration needed

1 Requires administration of subcutaneous fluid

Di?c?nsaarlge 0 No mucus observed
1 Animal has visible runny nose
2 Mucus has accumulated and crusted on the nose
3 Mucus has crusted on the nose and built up on the whiskers

Sneezing 0 No sneezing observed
1 Sneezing observed

Diarrhea 0 No diarrhea present in cage
1 Diarrhea observed in cage

2.5.3 Histology and immunohistochemistry

Tissues taken for histology were fixed in 10% neutral buffered formalin. Nasal turbinates
were decalcified. Tissues were embedded in paraffin and sectioned. Hemoxylin and eosin staining
was performed for pathological analysis and assessed by a blinded veterinary pathologist. Scoring
of nasal turbinates was performed by a blinded pathologist with 0 = “none present”, 1 = “mild”, 2

= “moderate”, and 3 = “severe.”
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2.5.4 RNA Sequencing

RNA was isolated from ferret tissues using Qiagen Fibrous Tissue kit. RNA quality was
assessed using a Bioanalyzer (Agilent) to measure RNA integrity number, and RNA quality ranged
from 7.7-9.1. RNA sequencing was performed by the Genomics Research Core at the University
of Pittsburgh. Sequencing was performed on a NextSeq2000 (Illumina) with 100bp paired-end
reads and >2x10’ reads/sample. Quality checking and read mapping was performed using CLC
Genomics Workbench using the ferret genome from Ensembl (GCA_000215625). Analysis of

differentially expressed genes was performed in R using DESeq22%.
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3.0 Detection of Influenza virus and Streptococcus pneumoniae in air sampled from co-

infected ferrets and analysis of their influence on pathogen stability

3.1 Abstract

Secondary infection with Streptococcus pneumoniae has contributed significantly to
morbidity and mortality during multiple influenza virus pandemics and remains a common threat
today. During a concurrent infection, both pathogens can influence the transmission of each other,
but the mechanisms behind this are unclear. In this study, condensation air sampling and cyclone
bioaerosol sampling were performed using ferrets first infected with the 2009 H1IN1 pandemic
influenza virus (H1N1pdmQ9) and secondarily infected with S. pneumoniae strain D39 (Spn). We
detected viable pathogens and microbial nucleic acid in expelled aerosols from co-infected ferrets,
suggesting that these microbes could be present in the same respiratory expulsions. To assess
whether microbial communities impact pathogen stability within an expelled droplet, we
performed experiments measuring viral and bacterial persistence in 1 pL droplets. We observed
that HIN1pdmO09 stability was unchanged in the presence of Spn. Further, Spn stability was
moderately increased in the presence of HIN1pdmO09, although the degree of stabilization differed
between airways surface liquid collected from individual patient cultures. These findings are the
first to collect both pathogens from the air and in doing so, they provide insight into the interplay

between these pathogens and their hosts.
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3.2 Importance

The impact of microbial communities on transmission fitness and environmental
persistence is under-studied. Environmental stability of microbes is crucial to identifying
transmission risks and mitigation strategies, such as removal of contaminated aerosols and
decontamination of surfaces. Co-infection with S. pneumoniae is very common during influenza
virus infection, but little work has been done to understand whether S. pneumoniae alters stability
of influenza virus, or vice versa, in a relevant system. Here, we demonstrate that influenza virus
and S. pneumoniae are expelled by co-infected hosts. Our stability assays did not reveal any impact
of S. pneumoniae on influenza virus stability, and a trend towards increased stability of S.
pneumoniae in the presence of influenza viruses. Future work characterizing environmental
persistence of viruses and bacteria should include microbially-complex solutions to better mimic

physiologically relevant conditions.

3.3 Observation and Discussion

Environmental stability of respiratory pathogens expelled from an infected host is a key
factor impacting transmission!®’. Previous work has shown that several factors (eg. humidity,
temperature, and solute concentration) influence microbial stability in dropletst3146:163201 “qyr
understanding of how microbes within the same droplets affect persistence is insufficient, as
studies often only examine one microbe at a time. The limited work investigating how bacteria
alter viral stability have primarily focused on enteric pathogen stability in feces and found that

binding of poliovirus to bacteria increased virus stability!’1172202203 'However, these studies did
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not examine how viruses alter bacterial stability. So, it remains unclear whether multiple microbes
exist within the same aerosols, and if so, whether they influence each other to impact
environmental persistence.

Bacterial co-infection is a common occurrence for viral respiratory pathogens: bacterial
co-infection rates during influenza virus infection in humans range from 4.2-32.7% and cause
significant illness in critically ill patients>® '8, Studies of influenza virus and S. pneumoniae
secondary infection in animals have shown that influenza virus facilitates transmission of S.
pneumoniae®1941%7 ‘while S. pneumoniae may decrease viral transmission®21%7, Other groups have
found that S. pneumoniae can increase influenza transmission after antibiotic administration!'?, A
study on the interaction of nasopharyngeal bacteria on influenza virus observed that influenza virus
binds S. pneumoniae!®?, suggesting that these pathogens may travel in the same aerosols. These
observations indicate a complex interplay between these pathogens that requires further
investigation to understand how their interactions affect environmental persistence and

transmission.

3.3.1 Co-infected ferrets shed HIN1pdmQ09 and Spn into expelled aerosols.

Co-infections can lead to high titers of virus and bacteria in infected hosts 82103107
suggesting that multiple microbes could be present within expelled respiratory droplets. To
characterize environmental shedding of HIN1pdmO09 and Spn, ferrets were first infected with
H1N1pdmO09 and then infected with Spn 2 days later. Nasal washes were collected, and air
sampling was performed for 3 days after co-infection.

Nasal wash titers from co-infected ferrets showed that all three animals shed HIN1pdmO09
on days 3 and 4 post-H1N1pdmO09 infection, but only two animals shed virus on day 5, while all
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animals shed Spn throughout the time course (Figure 11A). We next assessed whether infectious
microbes were released from co-infected ferrets by air sampling with a condensation sampler
(Figure 12). Aerosolized infectious HIN1pdmO09 was detected from all ferrets on day 3, but from
fewer animals on days 4 and 5 (Figure 11B). Despite measurable levels of Spn in nasal washes,
only one animal had viable Spn collected from the condensation sampler (Figure 11B). This may
be underrepresenting expelled bacteria in the air, as previous work has shown that not all viable
bacteria form colonies after aerosolization?®. Cyclone bioaerosol sampling, used to collect
microbial genomic material, detected HIN1pdmOQ9 in air samples from all co-infected ferrets for
both the >4 pm and 1-4 um fractions on all days (Figure 11C-D). The small <1 pum fraction had
measurable HIN1pdmO09 from one or two of three co-infected ferrets on any day (Figure 11E).
Spn was only detectable in the >4 um fraction in two animals (Figure 11C), which is unsurprising
given that S. pneumoniae ranges from 5-10x greater in diameter than influenza and is, therefore,
less likely to be found in smaller aerosols. This result may also underrepresent the amount of
aerosolized Spn, since sample processing was not optimized for encapsulated bacterial DNA. Our
results are the first to detect infectious HIN1pdmO9 and viable Spn in expelled aerosols from co-

infected animals.
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Figure 11. Co-infected ferrets shed HIN1pdm09 and Spn. Ferrets were infected with 108 TCIDso of HIN1pdm09
and subsequently infected 2 days later with 107 CFU S. pneumoniae D39. (A) Nasal wash loads of HIN1pdmO09 and
Spn are shown for the days following initial HIN1pdmO9 infection. (B) Condensation sampling with a Liquid Spot
Sampler was used to collect infectious virus and bacteria shed by co-infected animals. Viral and bacterial loads were
measured by TCIDso and CFU assays, respectively. (C-E) Cyclone based air samplers were used to fractionate and
collect microbial genomic material shed from co-infected ferrets in (C) >4 um droplets, (D) 1-4 um droplets, and (E)
<1 pum droplets. Quantitative PCR was used to measure genome copies for each microbe. For all graphs, orange
symbols represent HIN1pdm09 (N=3) and green symbols represent Spn (N=3), with each animal indicated by a unique
shape and the mean indicated by short, solid lines. Dotted lines denote the limit of detection for HIN1pdm09 (orange)
and Spn (green). Samples without infectious virus were placed at the LOD, and viable bacteria samples below the
LOD were placed at %2 LOD. Samples without detectable genome copies were placed at %2 LOD (see materials and

methods).
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Figure 12. Condensation air sampling. The Liquid Spot condensation sampler was used to collect infectious material
from co-infected animals. Co-infected animals were placed in a sampling box for 15 minutes while sampling was

performed. Anti-static tubing connected the sampling box to the inlet of the sampler.
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3.3.2 Environmental stability of HIN1pdmQ9 is not impacted by the presence of Spn.

Given the observation that HIN1pdmO09 and Spn are shed from co-infected ferrets, we
questioned whether these microbes might influence each other’s environmental stability in
respiratory droplets. Spn has been shown to potentially alter influenza A transmission8197,
suggesting that Spn might decrease HIN1pdm09 environmental stability. HIN1pdmQ9, on the
other hand, has been shown to increase transmission of Spn®194197 'which might indicate enhanced
Spn stability with HIN1pdmO09. To test this, we measured microbial persistence in droplets
containing HIN1pdmO09, Spn, or a 1:1 ratio of both pathogens in the presence of airway surface
liquid (ASL) collected from four different human bronchial epithelial (HBE) cell donors (Figure
13). ASL is an important component of the respiratory tract and has been shown to increase
stability of influenza viruses in the environment*®. After aging 1 pL droplets of each solution in
a humidified chamber for 2 hours, infectious HIN1pdmO09 or Spn was measured and compared to
bulk solution controls (Figure 13A-B). Experiments were performed at 43% relative humidity
(Figure 13E), as viruses and Gram-positive bacteria are more susceptible to decay at intermediate
relative humidity®2. After 2 hours, there was no significant difference (p=0.721) in HIN1pdm09
stability with or without Spn (average decay of 1.19 logio TCIDso/mL versus 1.34 logio
TCIDso/mL, respectively) (Figure 13C). In contrast, there was a trend of increased stability for Spn
in the presence of HIN1pdm09. Improved Spn stability was clearly observed in ASL from one
patient culture (284), as Spn alone decayed an average of 3.71 logio CFU/mL and
H1N1pdmO09/Spn decayed an average of 2.81 logio CFU/mL (p=0.078, Figure 13D, Table 6). More
modest stabilization for Spn was observed in one other culture (223) and no difference was
observed in ASL from two patients (259 and 305) (Table 6). Together, these results suggest that

H1N1pdmO09 infectivity is not impacted by Spn at the environmental conditions tested. There may
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be a modest impact of Spn stability in the presence of HIN1pdmO09, although this may be more
sensitive to variations in the ASL (or mucus composition) per individual. Further research should
explore the impact of mucus and lung disease states on the relationship between influenza viruses
and S. pneumoniae.

Co-infection with pathogens can impact the transmissibility to subsequent hosts.
Concurrent infections of influenza virus and S. pneumoniae result in increased morbidity and a
greater risk of bacterial transmission®21%4, The work here shows that co-infected animals expel
both influenza virus and S. pneumoniae into air and can be collected using a condensation air-
sampler or cyclone bioaerosol sampler. In this study we employed two distinct air sampling
methods: a cyclone air sampler (the NIOSH BC251) and a condensation air sampler (Aerosol
Devices Liquid Spot). The limitations of these samplers include only a short sampling period from
15 minutes to 1 hour, which captures only a snapshot of what is in the air, and a lack of detection
does not mean that these pathogens are not expelled into the air. In addition to the sampling time,
the amount of virus detected in the air will be limited by the flow rate of the specific sampling
strategy, the amount of virus expelled by an infected ferret, and the distance of the infected source
to the sampling device. These factors contribute to the observed heterogeneity in microbial
detection observed in our study and necessitate the need for thoughtful use of specific air sampling
devices or incorporation of multiple air sampling devices at varying flow rate and times.

No impact was observed for influenza virus in the presence of S. pneumoniae, but a trend
towards increased S. pneumoniae stability in the presence of influenza virus may help explain
augmented S. pneumoniae transmission in addition to the increased bacterial shedding observed
during co-infection®21%, Investigation of microbial stability using polymicrobial populations is not

widely performed and could help elucidate the complexity of pathogen transmission seen in the
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human population. In addition, identifying host specific factors underlying microbial stability in
the environment could increase our understanding of individual transmission risks and strategies
mitigating the spread of pathogens in the population. At this point, the association between
pathogen detection in air samples, transmission frequency, and virulence remains to be
investigated. In the long term, it may be possible to perform air-sampling patients with identified
co-infection to characterize microbes present in respiratory expulsions, and these may provide

insight into complex transmission events and improve infection prevention measures.
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Table 6 Average loio decay for HIN1pdmO09 or Spn in droplets

Logio Decay HIN1pdm09 £ SEM Logio Decay Spn + SEM
[')A(‘)Snlar HBE Donor Condition HIN1pdm09 | H1IN1pdmO09/Spn Spn H1N1pdmO09/Spn
223 COPD 2.333+£0.068* | 1.667 +0.068* | 3.187 £0.067* | 2.565 + 0.002*
259 COPD 1.083 +0.136 1.125+0.118 3.071 £0.101 2.577 £ 0.033
284 IPF 0.958 £ 0.180 1.292 +0.180 4544 +0.248* | 2.848 +0.148*
305 COPD 1.00 +0.118 0.708 £ 0.272 4.034 £0.167 3.256+0

An asterisk indicates FDR p-value <0.05 when comparing droplets of individual microbes to droplets with both microbes using

Welch’s unpaired t-tests with Benjamini-Hochberg correction for multiple comparisons.
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Figure 13. Stability of S. pneumoniae and influenza viruses in droplets. (A-D) Viral and bacterial loads of
H1N1pdmO09 and Spn were assessed after exposure of 10x1 L droplets to 43% relative humidity (RH) at room
temperature for 2 hours. Microbes were suspended in ASL from four different HBE cell donors as indicated in A and
B. Control titers were determined using 10 pL of bulk solutions in closed tubes at room temperature. (A) The stability
of HIN1pdmO09 in droplets containing HIN1pdm09 or HIN1pdm09/Spn measured by TCIDs, assay, and (C) logio
decay for each individual ASL culture were determined. (B) The stability of Spn in droplets containing Spn or
H1N1pdmO09/Spn measured by CFU assay, and (D) logio decay for each individual ASL culture were determined.
Differences were assessed using Welch’s unpaired t-test. (E) The RH and temperature were recorded every 15 minutes

during stability experiments. Temperature (light green) and RH (light blue) for each ASL replicate are shown. The
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average temperature (dark green) and RH (dark blue) for all experiments are also included. Bacterial samples with no

detection were placed at %2 the LOD.
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3.4 Materials and Methods

3.4.1 Virus and Bacteria

A/California/07/2009 (H1IN1pdm09) was grown in minimum essential media in Madin-
Darby Canine Kidney (MDCK) cells at 37°C for 48 hours and collected by centrifuging
supernatant to remove cell debris. Quantification of virus was performed using the 50% tissue
culture infectious dose assay (TCIDso) of 10-fold serial dilution on MDCK cells in 96-well and/or
24-well plates with subsequent assessment for cytopathic effects 4 days after plating. Samples with
no detectable virus were placed at 1.2 logio(TCIDso/mL) if titered on 96-well plates or 0.5
log10(TCIDso/mL) if titered on 24-well plates, in accordance with the Spearman Karber method
for TCIDso determination®’,

S. pneumoniae D39 (Spn) was grown in Columbia broth at 37°C. Quantification of
bacterial burden was performed by plating 10-fold serial dilutions on blood agar plates and
counting colony-forming units after incubation at 37°C overnight. Samples with no detectable
bacteria were placed at ¥ the LOD to differentiate between samples at the LOD and those with no

detection.

3.4.2 Animals

Experiments involving ferrets were performed at the University of Pittsburgh under BSL2
safety conditions (IACUC protocol 19075697). Four to six-month male ferrets were confirmed to
be seronegative for influenza infection prior to purchase. Animals were intranasally infected with

10° TCIDso of HIN1pdmO9 in 500 L total volume and 10’ CFU of Spn in 500 pL. Ferrets were
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sedated using isoflurane prior to nasal wash collection, performed by collecting the flow-through

of PBS passed through the nostrils.

3.4.3 Air Sampling

Infectious virus and bacteria were collected using the Liquid Spot Sampler (Aerosol
Devices Inc, Series 110), which uses condensation to collect aerosols into a collection vial. Air
was collected from infected animals in a 7 liter chamber connected to the Spot sampler via anti-
static tubing for 15 minutes each day at a rate of 1.4L/minute (Figure 12). Sampling was performed
on days 3, 4, and 5 post-HIN1pdmO09 infection (days 1, 2, and 3 post-Spn infection) and prior to
nasal wash collection. Condensed aerosols were collected in 700pL 0.5% BSA in PBS. Samples
were immediately plated to quantify expelled bacteria and the remaining sample was used for virus
titration as described above.

Aerosol sampling of HLN1pdmO09/Spn-infected ferrets was performed using cyclone-based
air samplers (BC251 developed by NIOSH) on days 3, 4, and 5 post-H1N1pdmO9 infection to
collect microbial genomic material. Samplers, calibrated to collect 3.5L of air per minute, were
placed downwind of infected animals in cages with directional airflow and were run for 1 hour.
Samplers fractionated aerosols into three sizes: aerosols >4um, 1-4um, and <1um diameter. After
aerosol collection, samplers were washed with isopropanol and allowed to air-dry to avoid
contamination.

RNA was isolated using 500uL MagMAX Lysis/Binding Solution Concentrate in each
collection tube with thorough vortexing. QlAamp viral RNA mini kit was used to isolate DNA
and RNA from lysis solution. Viral and bacterial genome copies were quantified using RT-gPCR
with primers against influenza M gene (Forward 5’-AGATGAGTCTTCTAACCGAGGTCG-3’ ;
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Reverse 5’-GCAAAGACACTTTCCAGTCTCTG-3’ ; Probe 5’-
[FAM]TCAGGCCCCCTCAAAGCCGA[3BHQL1] -3) or S. pneumoniae lytA gene (Forward 5’-
ACGCAATCTAGCAGATGAAGCA-3’ ; Reverse 5’-TCGTGCGTTTTAATTCCAGCT-3’ ;
Probe 5’-[HEX]GCCGAAAACGCTTGATACAGGGAG[BHQ1]-3’). In vitro transcribed RNA
was used to make a standard curve for influenza virus, and S. pneumoniae genomic DNA was
serially diluted to generate a standard curve for Spn. Limits of detection were determined by a Ct
= 40 or a positive day 0 sample. Samples without amplification in both wells or with Ct greater
than the day 0 sample were considered as below the LOD and therefore placed at %> LOD. gPCR
was run using iTag Universal Probes One-Step kit for influenza (Bio-Rad) and SsoAdvanced
Universal Probes Supermix for S. pneumoniae. Influenza was amplified for 10 minutes at 50°C, 2
minutes at 95°C, then 40 cycles of 10 seconds at 95°C and 20 seconds at 60°C. S. pneumoniae was

amplified for 10 minutes at 95°C, and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C.

3.4.4 Stability Experiments

Inside a biosafety cabinet, a saturated salt solution of K2CO3 was used to condition a glass
chamber to 43% relative humidity, and a HOBO UX-100-011 logger was used to record
temperature and humidity conditions during each ASL replicate (Figure 13E). Experimental
solutions were generated using 107-** CFU/mL Spn, 107> TCIDso/mL H1N1pdm09, and a 1:5
dilution in PBS of airway surface liquid collected from human bronchial epithelial cells. Ten 1 pL
droplets were incubated on polystyrene tissue culture plates in the conditioned chamber for two
hours. Controls were 10 uL samples of each microbial solution in closed tubes that were incubated
for 2 hours at ambient temperature during the chamber experiments. Logio decay was calculated
as previously described and represents the loss in virus or bacterial infectivity*>. Logio decay was
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determined for each droplet replicate by subtracting the titer of the droplets from the average of
the controls for the corresponding ASL. Experiments were performed using technical triplicates
for droplets and technical duplicates for controls.

Human lung tissue collected using an approved protocol was used to differentiate human
bronchial epithelial cells as previously described®’. Airway surface liquid was collected by
washing differentiated cells with 150 pL PBS and collecting the wash*6. All HBE donors were
diagnosed with chronic obstructive pulmonary disease (COPD), except for HBE 0284, which came

from a patient diagnosed with idiopathic pulmonary fibrosis.

3.4.5 Data Availability

The data that supports the findings shown here will be made openly available in FigShare
at https://doi.org/10.6084/m9.figshare.c.6469438 upon publication. Some of the stability
experiments were previously made available on BioRxiv at

https://doi.org/10.1101/2020.11.10.376442
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4.0 Environmental stability of enveloped viruses is impacted by the initial volume and

evaporation kinetics

4.1 Abstract

Efficient spread of respiratory viruses requires the virus to maintain infectivity in the
environment. Environmental stability of viruses can be influenced by many factors, including
temperature and humidity. Our study measured the impact of initial droplet volume (50, 5, and 1
pL) and relative humidity (RH: 40%, 65%, and 85%) on the stability of influenza A virus,
bacteriophage, Phi6, acommon surrogate for enveloped viruses, and SARS-CoV-2 under a limited
set of conditions. Our data suggest that the drying time required for the droplets to reach quasi-
equilibrium (i.e. a plateau in mass) varied with RH and initial droplet volume. The macroscale
physical characteristics of the droplets at quasi-equilibrium varied with RH but not with the initial
droplet volume. Virus decay rates differed between the wet phase, while the droplets were still
evaporating, and the dry phase. For Phi6, decay was faster in the wet phase than in the dry phase
under most conditions. For HIN1pdmO09, decay rates between the two phases were distinct and
initial droplet volume had an effect on virus viability within 2 hours. Importantly, we observed
differences in virus decay characteristics by droplet size and virus. In general, influenza virus and
SARS-CoV-2 decayed similarly, whereas Phi6 decayed more rapidly under certain conditions.
Overall, this study suggests that virus decay in media is related to the extent of droplet evaporation,
which is controlled by RH. Importantly, accurate assessment of transmission risk requires the use

of physiologically relevant droplet volumes and careful consideration of the use of surrogates.
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4.2 Introduction

Respiratory viruses, such as influenza A virus and SARS-CoV-2, contribute to high
morbidity and mortality. These viruses must remain infectious in the environment for transmission
to the next host to succeed. Understanding how environmental, host, and virus factors impact the
stability of expelled virus will lead to a better assessment of virus transmission risk and ways to
reduce it.

Many factors can impact virus stability in the environment, including virion structure,
temperature, relative humidity (RH), droplet composition, solute concentration, and fomite surface
materiall6205-208 However, the relationship between droplet volume and virus stability is not well
understood, even though droplet volume plays an important role in virus transmission. Droplet
volume impacts the distance traveled by respiratory expulsions!?. Smaller droplets, or aerosols,
can travel further from the infected host, while larger droplets settle to the ground more quickly
due to their increased mass*#. Droplet volume can also be a determinant of host infection site, as
particles smaller than 10 pm in diameter are more likely to deposit deeper in the respiratory tract?®°,
Given the importance of droplet volume to initiating infection, understanding how volume affects
virus stability is critical to mitigating transmission of respiratory viruses such as influenza virus
and coronaviruses.

Studies measuring virus stability in the environment typically use one of two methods to
generate droplets: nebulizers to produce aerosols, or pipettes to create droplets with as much as 50
uL per droplet. While large droplets are commonly used to assess environmental virus stability,
they do not mimic a physiological volume of a droplet created by an expulsion. The vast majority
of expelled droplets from the respiratory tract are less than 0.5 pL in volume (approximately 1 mm

in diameter for a sphere), in contrast a droplet of 50 pL (approximately 4.6 mm in diameter for a
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sphere) is about 5 times larger and 100 times greater in volume!’. Studies measuring the stability
of SARS-CoV-2 on surfaces have examined the virus in 521° 102! 20?2 or 50 pL
droplets?0>208.213 ]| Jarger than most expelled droplets. These initial studies into SARS-CoV-2
stability were used widely for policy decisions and to assert the importance of contaminated
surfaces on transmission. However, little work has been done to understand whether virus decay
in large droplets is representative of decay in smaller, more physiologically relevant, droplet
volumes.

This study primarily used the 2009 pandemic influenza HIN1 virus (H1N1pdmO09,
A/CA/07/2009) and bacteriophage Phi6, a commonly used virus surrogate, to examine
environmental stability of enveloped viruses in three different droplet volumes at three different
RHs over time. Specifically, we measured the viability of each virus in 50, 5, and 1 pL droplets
on surfaces over time at 40%, 65%, and 85% RH. We observed that virus within smaller droplets
decays quickly regardless of RH, while virus decay occurs more slowly in larger droplets. We also
explored droplet evaporation rates and found that virus decay is closely correlated with the extent
of evaporation, which is likely a proxy for the solute concentration in the droplet. Additionally,
limited experiments with SARS-CoV-2 showed that influenza virus decayed similarly to SARS-
CoV-2 at an intermediate 55-60% RH in 50, 5, and 1 pL droplets. Overall, our results suggest that
virus stability studies should use smaller, more physiologically relevant droplet volumes and

should recognize the limitations of surrogate viruses.
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4.3 Results

4.3.1 Relative humidity alters morphology of evaporating droplets and drying kinetics

We expect the physical and chemical characteristics of droplets to influence decay of
viruses within each droplet. Some of these physical and chemical characteristics may be reflected
in the morphology of droplets after they have dried?®. Furthermore, fluid dynamics within droplets
could lead to increased aggregation of virus, which can enhance virus stability?!*215, We
investigated whether droplet morphology and drying pattern at 24 hours differed between 1x50,
5x5, or 10x1 pL droplets (i.e., one droplet of volume 50 pL, five droplets of volume 5 pL, ten
droplets of volume 1 pL). Droplets of media (DMEM) were placed on polystyrene plastic and
incubated at 40%, 65%, or 85% RH for 24 hours (Figure 14, see Movies 1-3 at
https://doi.org/10.6084/m9.figshare.21711119, https://doi.org/10.6084/m9.figshare.21711122 and
https://doi.org/10.6084/m9.figshare.21711116). These RHs were selected to match values in other
published work?®. We reported RH instead of absolute humidity because the former is more
directly related to virus inactivation'®. Droplet morphology in droplets containing virus was the
same as droplets of media alone (data not shown). The effect of RH on dried droplet morphology
was independent of initial droplet volume (Figure 14). This suggests that observed differences in
viral decay by droplet size would not be due to final physico-chemical differences. Our results
show that the droplet drying pattern at 24 hours depends on RH, but not initial droplet volume.

Evaporation leads to the concentration of solutes, which can influence virus stability in
droplets®®. To investigate the drying kinetics, we recorded the mass of 1x50 pL, 5x5 uL, or 10x1
uL droplets of DMEM containing Phi6 for 24 hours at ambient temperature and three RHs: 40%,
65%, and 85% RH (as shown in Figure 14). The droplets at all RHs lost mass linearly over time

94



before reaching a plateau, referred to as a quasi-equilibrium (Figure 15, Table 7, and Table 8)2%,
We defined this state as quasi-equilibrium because it is likely that very slow evaporation continues
over a much longer time scale until complete dryness occurs, or until a crust or shell forms that
blocks further water loss. To simplify discussion, we refer to the time period before this as the
“wet” phase and the period after this as the “dry” phase. The drying time required for the droplets
to reach quasi-equilibrium ranged from 0.5 hours for 1 uL droplets at 40% RH to 11 hours for 50
ML droplets at 85% RH. These data indicate that droplets of different volumes undergo different
drying kinetics. We have previously shown that the presence of a virus in a droplet has a negligible
effect on its evaporation rate. %2 If the kinetics of drying affect virus stability, then it could differ

by initial droplet volume.
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(@) 65% RH w 40% RH

85% RH

Figure 14. Macroscale physico-chemical characteristics of DMEM droplets vary with RH but not initial volume.
Inset images taken with 10x objective. Scale bars indicate 5 mm. A. At 40% RH, droplets become concentrated at the
border and develop interior feather-like crystals. B. At 65% RH, droplets develop distinct crystals within the interior.

C. At 85% RH, droplets maintain moisture and do not crystallize.
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Figure 15. Initial droplet volume impacts drying kinetics. A-C. Mass normalized to starting mass for all droplet
volumes at (A) 40%, (B), 65% (C), or 85% RH over time. D. Summary data showing the time (mean and standard
deviation, n = 2) for droplets to reach quasi-equilibrium at each RH. Droplet mass was measured on a micro-

balance in an environmental chamber and recorded every minute.
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Table 7 The evaporation rates for 1x50 uL, 5x5 pL, or 10x1 pL droplets at 40%, 65%, or 85% RH were determined

by fitting a line to the mass over time.

RH (%) | Initial Volume (uL) Slope £ Std. Error (mg/hour)
50 17.9482 + 0.164
40 5 29.9237 +0.376
1 30.1360 + 0.438
50 12.3290 £ 0.102
65 5 15.0284 + 0.301
1 18.6950 + 0.601
50 5.0560 + 0.009
85 5 8.8678 + 0.105
1 10.7260 £ 0.417

Table 8 1x50 uL, 5x5 pL, or 10x1 L droplets were weighed over time. The time of quasi-equilibrium was

determined and the mass at quasi-equilibrium was measured.

Mean Time at Quasi- Mean Mass at Quasi-Equilibrium. * Std. Error
RH (%) Initial Volume (pL) Equilibrium * Std. Error mg % Original
(hours)
40 50 3.0+0.30 1.392 +£0.38 2.805 +0.56
5 1.0+0.06 0.425 +0.15 1.731+0.74
1 05+0.01 0.202 +£0.07 1.994 +0.82
65 50 4.2+0.09 1.787 + 0.05 3.559 +0.33
5 1.6 +0.06 1.037 £+ 0.05 4.044 +0.32
1 0.8 £0.06 0.487 +0.06 3.699 +0.32
85 50 11 +0.30 2.813 +£0.05 5.565 + 0.09
5 3.5+0.59 1.492 +0.32 6.273+1.29
1 1.5+0.13 0.978 +£0.03 7.983 +0.415

4.3.2 Virus decay is more sensitive to relative humidity in large droplets

To directly examine how RH and droplet volume impact virus stability in the environment,

we applied virus in droplets of different volumes to a polystyrene surface and quantified recovery

of infectious virus over time?*®, We compared decay of HIN1pdm09 and Phi6 at each RH in 1x50

98



ML, 5x5 pL, or 10x1 pL droplets at 40%, 65%, and 85% RH (Figure 16, Figure 17, and Table 9).
In 50 pL droplets, Phi6 decayed fastest at 40% RH and slowest at 85% RH (Figure 16A). The
impact of RH on the decay of HIN1pdmO09 in 50 uL droplets over the first 8 hours was similar as
for Phi6 but less pronounced, with the greatest decay occurring at 40% RH (Figure 16B). Decay
of HIN1pdmO09 in the 1x50 pL droplet was first detected at 4 hours at 40% RH, 8 hours at 65%
RH, and 24 hours at 85% RH, indicating that early virus decay was inversely related to RH (i.e.,
more decay at lower RH) in large 50 pL droplets (Table 10). Decay of Phi6 in 5 pL droplets
differed by RH only at 1 hour, when decay at 40% was greater than at 85%. In 1 yL droplets, decay
differed between 40 minutes and 4 hours by RH but was not significantly different at 8 hours or
afterward (Figure 16A). H1N1pdmO09 in 1 pL and 5 pL droplets decayed at a similar rate within
each droplet volume regardless of RH (Figure 16B). Phi6 was more unstable after drying in the
intermediate RHs whereas HIN1pdmQ9 tended to be more stable. This accounts for differences in
decay at the smaller droplet sizes. These findings show that the impact of RH on virus decay in

droplets depends on the virus and the initial volume of the droplets.
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Figure 16. Virus decay varies more with relative humidity in large droplets than in small droplets. A. Titers of
Phi6 in 1x50 uL, 5x5 pL, or 10x1 uL droplets compared at 40%, 65%, and 85% RH in terms of logio decay. B.
Titers of HIN1pdmO09 in 1x50 pL, 5x5 uL, or 10x1 pL droplets compared at 40%, 65%, and 85% RH in terms of
logio decay. Error bars show standard deviation. Asterisks indicate significant differences between two or three RHs.
For all graphs N=3 except at 1 hour where HIN1pdm09 N=6. One-way ANOVA tests were conducted between the
RHs at each time point. A Tukey HSD test was conducted to determine between which RHs the significant

differences (p <0.05) occurred. Statistical details can be found in Table 9.
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Figure 17. Environmental conditions of HLIN1pdm09 and Phi6 droplets were within an average of 5% of the

target RH and maintained temperatures between 20 and 25°C. The RH and temperature of the environmental

chamber were recorded every 15 minutes during HLN1pdmO09 stability experiments at (A) 40%, (B) 65%, (C) and

85% RH. The RH and temperature of the environmental chamber were recorded every minute during Phi6 stability

experiments at (D) 40%, (E) 65%, (F) and 85% RH. The RH and temperature data for comparing decay of (G)

H1N1pdmO09 at 60% with (H) SARS-CoV-2 at 55% were recorded every 15 minutes or 1 minute, respectively. Light

green shows the temperature at each replicate, and dark green indicates the average temperature for the 3

independent replicates. Light blue shows the RH for each replicate, and dark blue indicates the average RH for the 3
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independent replicates. (I) Absolute humidities were calculated for all experiments. The legends show the
corresponding average RH for each condition instead of targeted RH. Conditions for data previously published in

van Doremalen et al are unknown?®,
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Table 9 Logio decay for each virus was compared between RH for each droplet volume and p-values were

determined.
Virus Initial Volume (uL) Time (hr) RH 1 (%) RH 2 (%) p-value
Phi6 50 0.33 40 65 0.074
0.33 40 85 0.42
0.33 65 85 0.40
0.67 40 65 0.79
0.67 40 85 0.99
0.67 65 85 0.84
1 40 65 0.033*
1 40 85 0.014*
1 65 85 0.75
4 40 65 <0.001*
4 40 85 <0.001*
4 65 85 0.014*
8 40 65 0.59
8 40 85 <0.001*
8 65 85 <0.001*
24 40 65 0.65
24 40 85 0.21
24 65 85 0.59
Phi6 5 0.33 40 65 0.51
0.33 40 85 0.88
0.33 65 85 0.78
0.67 40 65 0.18
0.67 40 85 0.59
0.67 65 85 0.60
1 40 65 0.17
1 40 85 0.037*
1 65 85 0.49
4 40 65 0.16
4 40 85 0.84
4 65 85 0.33
8 40 65 0.27
8 40 85 0.78
8 65 85 0.58
24 40 65 0.70
24 40 85 0.23
24 65 85 0.58
Phi6 1 0.33 40 65 0.66
0.33 40 85 0.94
0.33 65 85 0.47
0.67 40 65 0.015*
0.67 40 85 0.002*
0.67 65 85 0.13
1 40 65 0.036*
1 40 85 <0.001*
1 65 85 0.020*
4 40 65 0.012*
4 40 85 1.0
4 65 85 0.012*
8 40 65 0.050
8 40 85 0.72
8 65 85 0.14
24 40 65 0.78
24 40 85 0.062
24 65 85 0.15
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Table 9 Logio decay for each virus was compared between RH for each droplet volume and p-values were

determined. (continued)

Virus Initial Volume (uL) Time (hr) RH 1 (%) RH 2 (%) p-value
H1N1pdmO09 50 0.33 40 65 0.44
0.33 40 85 1
0.33 65 85 0.44
0.67 40 65 0.92
0.67 40 85 0.98
0.67 65 85 0.98
1 40 65 0.98
1 40 85 0.94
1 65 85 0.86
4 40 65 0.005*
4 40 85 0.004*
4 65 85 0.96
8 40 65 0.096
8 40 85 <0.001*
8 65 85 <0.001*
24 40 65 0.012*
24 40 85 0.015*
24 65 85 0.97
H1N1pdmO09 5 0.33 40 65 0.65
0.33 40 85 0.97
0.33 65 85 0.53
0.67 40 65 0.32
0.67 40 85 0.065
0.67 65 85 0.46
1 40 65 0.96
1 40 85 0.68
1 65 85 0.82
4 40 65 0.61
4 40 85 0.34
4 65 85 0.85
8 40 65 0.85
8 40 85 0.34
8 65 85 0.17
24 40 65 0.47
24 40 85 0.38
24 65 85 0.98
H1N1pdmO09 1 0.33 40 65 1
0.33 40 85 0.99
0.33 65 85 0.99
0.67 40 65 0.97
0.67 40 85 0.60
0.67 65 85 0.48
1 40 65 0.82
1 40 85 0.74
1 65 85 0.41
4 40 65 0.53
4 40 85 0.77
4 65 85 0.90
8 40 65 0.43
8 40 85 0.73
8 65 85 0.85
24 40 65 0.82
24 40 85 0.82
24 65 85 1

A one-way ANOVA and Tukey HSD test was used to determine significance.
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Table 10 Logso decay for each virus was compared to 0 decay at each time point in 1x50 pL droplets.

Virus RH (%) Time p-value
Phi6 40 0 NA
0.33 0.15
0.67 0.42
1 0.014*
4 <0.01*
8 <0.001*
24 <0.001*
65 0 NA
0.33 0.78
0.67 0.66
1 0.037*
4 0.018*
8 <0.01*
24 <0.01*
85 0 NA
0.33 0.040*
0.67 0.56
1 0.19
4 0.057
8 0.025*
24 <0.01*
H1N1pdmO09 40 0 NA
0.33 0.42
0.67 0.83
1 0.58
4 <0.01*
8 <0.01*
24 <0.01*
65 0 NA
0.33 0.42
0.67 0.84
1 0.73
4 0.30
8 <0.01*
24 <0.001*
85 0 NA
0.33 0.67
0.67 1
1 0.13
4 0.057
8 0.069
24 <0.01*

A t-test was used to determine statistical significance.

4.3.3 Virus decay rates differ during the wet and dry phases and depend on droplet volume

and virus

The pattern of decay for Phi6 and HIN1pdmO09 appeared distinct for different droplet

volumes. This led us to investigate whether drying time impacts virus decay and whether different
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viruses behave similarly across different droplet volumes. Virus decay often follows first-order
kinetics?!’. Following a previously developed mechanistic model of virus inactivation in droplets,
we fit an exponential decay curve model (see Materials and Methods for details) to virus titers in
droplets during the wet phase (prior to quasi-equilibrium) and a separate curve during the dry phase
to create a biphasic model (Figure 18, Figure 19, and Table 11)*. The model accounts for changing
solute concentrations in the droplets as they evaporate during the wet phase?®. Because of this,
the model fit for the initial decay rate shown in the figures does not match the data points. Rather,
the model indicates what the decay rate would be if the droplets remained the same size and did
not evaporate throughout the wet phase.

Virus decay appeared to be biphasic. In most cases for Phi6, decay was faster in the wet
phase than in the dry phase. For HIN1pdmQ9, differences in decay rates between the two phases
were not consistent. Figure 18 shows viability as a function of time for two conditions: 5x5 pL
droplets at 40% RH (Figure 18A-B) and 10x1 pL droplets at 65% RH (Figure 18C-D). The insets
show the detail during the first 1.5 hours (Figure 18B, D), when the droplets transitioned from wet
to dry. Similar patterns are evident in most of the nine combinations of initial volume and RH for
both viruses (Figure 19 and Table 11).

Among the 18 total combinations of RH, initial droplet volume, and virus, there were 12
combinations for which the decay rate constant could be compared between the wet phase and dry
phase. Decay rates were greater in magnitude during the wet phase than the dry phase in 7 of 12
cases and significantly greater in 3 of 12 of these cases (Table 11): Phi6 in 5x5 pL droplets at 40%
RH (Figure 18A), HIN1pdmQ9 in 5x5 pL droplets at 40% RH (Figure 18A), and Phi6 in 5x5 uL
droplets at 65% RH (Figure 19B). Because there were only two time points during the wet phase

for the 10x1 pL droplets at 40% RH and only one or two time points during the dry phase for 1x50
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ML droplets at 65% and 85% RH, it was not possible to compare decay rates for these conditions
(Table 11). Multivariate analysis, described in greater detail in the materials and methods, revealed
a significant interaction between initial droplet volume and RH during wet phase decay for
H1N1pdmO9 but not Phi6.

The decay rate constant was significantly higher for Phi6 than HIN1pdmO09 in two cases
during the wet phase and was significantly different in two cases—higher for HIN1pdm09 in both
cases—during the dry phase (Figure 19, Table 11). Significant differences were not observed in
the 1 pL droplets. These results indicate that different enveloped RNA viruses may decay

differently.
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Figure 18. Mechanistic first-order decay modeling of viral decay in 5x5 uL droplets at 40% RH and 10x1 pL
droplets at 65% RH shows that viral decay during the wet phase is greater than decay during the dry phase.
A-D. First order exponential decay models, accounting for increasing solute concentrations over time during the wet
phase, were fit to In(PFU or TCIDso/mL) over time for (A-B) 5x5 uL at 40% RH or (C-D) 10x1 pL droplets at 65%
RH. B,D A magnification of A,C from 0 to 1.5 hours is shown. For the wet phase, the fitted line represents the initial
decay rate, what it would be if the droplets remained the same size and did not evaporate. Actual RH were 2%
from targeted RH, see Figure 17. For all graphs N=3 except at 1 hour where HLN1pdm09 N=6. The vertical blue
line indicates the time of transition from the wet phase to the dry phase. A t-test was used to compare the slopes
between the evaporation and dry phases for each virus at each droplet volume and between the phases for each virus

at each droplet volume (p <0.05). Statistical details can be found in Table 11 and Table 12.
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Figure 19. Mechanistic, first-order exponential decay modeling shows that the decay during the wet phase is
greater or similar to the rate of decay the dry phase. A-C. First-order exponential decay models, accounting for
increasing solute concentrations over time during the wet phase, were fit to In(PFU or TCIDso/mL) over time for
1x50 pL, 5x5 pL, or 10x1 pL droplets at (A) 40% RH, (B), 65% RH, (C) or 85% RH. For the wet phase, the fitted
initial decay rate is shown. For all graphs N=3 except at 1 hour where HIN1pdm09 N=6. The vertical blue line
indicates the time of transition from the wet phase to the dry phase. A t-test was used to compare the slopes between
the evaporation and dry phases for each virus at each droplet volume and between the phases for each virus at each

droplet volume (p <0.05). Statistical details can be found in Table 11 and Table 12.
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Table 11 First-order exponential decay curves were fit to virus decay data of Phi6 and HIN1pdm09 in 1x50 pL, 5x5

pL, and 10x1 pL droplets at 40%, 65%, and 85% RH.

Exponential Decay Rate Constants (ﬁ)

g/?) Initial Volume (uL) H1N1pdm09
Wet Phase Dry Phase Wet Phase Dry Phase

40 50 0.47+0.23 0.03 £ 0.04* 0.06 +0.13 0.19 £ 0.03*
40 5 0.39 + 0.02* 0.19 + 0.09* 0.52 +0.16* 0.17 £ 0.06*
40 1 0.14 £ NA 0.19+£0.03 0.92+ NA 0.16 + 0.06
65 50 0.18 +0.01" <0.01 £ NA 0.03£0.01* 0.31£NA

65 5 0.47 £0.23* <0.01 £ 0.00** 0.23+0.15 0.23+0.11*
65 1 0.23+0.21 0.13+0.14 0.80+0.43 0.17£0.08
85 50 0.09 £0.01* NA + NA 0.03+0.01* NA + NA

85 5 0.23+0.03 0.10+0.11 0.10+0.17 0.28 £0.06
85 1 0.08 £0.02 0.06 +£0.07 0.45+0.25 0.14+0.08

NA indicates that a line could not be fit due to only 1 point occurring during the dry phase or that standard error
could not be calculated due to having only 2 points to fit.

An asterisk indicates significant differences in slope between the wet and dry phase for the given volume and
virus.

A cross indicates a significant difference between Phi6 and HIN1pdmO9 for the given phase and volume.
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Table 12 Decay constants for each phase and virus were compared within each RH and droplet volume to

characterize how phase and virus impact virus decay.

Initial Volume (uL) RH (%) | Virus1l Virus 2 Phase 1 Phase 2 p-value
50 40 Phi6 Phi6 Wet Dry 0.059
5 40 Phi6 Phi6 Wet Dry 0.037*
1 40 Phi6 Phi6 Wet Dry NA

50 40 H1N1pdm09 H1N1pdm09 Wet Dry 0.37

5 40 H1N1pdm09 H1N1pdm09 Wet Dry 0.045*
1 40 H1N1pdm09 H1N1pdm09 Wet Dry NA

50 40 Phi6 H1N1pdm09 Wet Wet 0.12
50 40 Phi6 H1N1pdm09 Dry Dry <0.01*
5 40 Phi6 H1N1pdm09 Wet Wet 0.41

5 40 Phi6 H1N1pdm09 Dry Dry 0.86

1 40 Phi6 H1N1pdm09 Wet Wet NA

1 40 Phi6 H1N1pdm09 Dry Dry 0.71
50 65 Phi6 Phi6 Wet Dry NA

5 65 Phi6 Phi6 Wet Dry 0.044*
1 65 Phi6 Phi6 Wet Dry 0.69
50 65 H1N1pdm09 H1N1pdmO09 Wet Dry NA

5 65 H1N1pdm09 H1N1pdm09 Wet Dry 0.98

1 65 H1N1pdm09 H1N1pdmO09 Wet Dry 0.15
50 65 Phi6 H1N1pdm09 Wet Wet <0.001*
50 65 Phi6 H1N1pdm09 Dry Dry NA

5 65 Phi6 H1N1pdm09 Wet Wet 0.39

5 65 Phi6 H1N1pdm09 Dry Dry 0.036*
1 65 Phi6 H1N1pdm09 Wet Wet 0.22

1 65 Phi6 H1N1pdm09 Dry Dry 0.77
50 85 Phi6 Phi6 Wet Dry NA

5 85 Phi6 Phi6 Wet Dry 0.24

1 85 Phi6 Phi6 Wet Dry 0.76
50 85 H1N1pdm09 H1N1pdm09 Wet Dry NA

5 85 H1N1pdm09 H1N1pdm09 Wet Dry 0.30

1 85 H1N1pdm09 H1N1pdm09 Wet Dry 0.23
50 85 Phi6 H1N1pdm09 Wet Wet <0.001*
50 85 Phi6 H1N1pdm09 Dry Dry NA

5 85 Phi6 H1N1pdm09 Wet Wet 0.43

5 85 Phi6 H1N1pdm09 Dry Dry 0.14

1 85 Phi6 H1N1pdm09 Wet Wet 0.15

1 85 Phi6 H1N1pdm09 Dry Dry 0.48
A t-test was used to determine statistical significance.

4.3.4 HIN1pdmOQ9 decays similarly to SARS-CoV-2 at intermediate RH

Given the observed differences in the decay rate constants of HIN1pdmQ9 and Phi6 (Figure
19 and Table 11), we further investigated how the stability of these two enveloped RNA viruses
compared to the stability of SARS-CoV-2 using both original and previously published data?®. To
determine whether these viruses undergo similar patterns of decay at 40%, 65%, and 85% RH, we

compared our results for HIN1pdmO09 and Phi6 in 50 pL droplets to published results for SARS-
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CoV-2 (Figure 20A-C, Table 13)?%, Consistent droplet composition, temperature, and RH between
our study and the published results facilitated this comparison. While the published work started
with 10° TCIDso/mL for SARS-CoV-2 and our viruses were 10° PFU or TCIDso/mL, we believe
this difference to be negligiblel. There were significant differences for each pairwise comparison
of the decay of HIN1pdmO09, Phi6, and SARS-CoV-2 at 40% RH at 4 and 8 hours; SARS-CoV-2
was most stable, followed by HIN1pdmO9 and then Phi6 (Figure 20A). At 65% RH, there were
fewer differences: only Phi6 was significantly different (less stable) from H1IN1pdmQ9 and SARS-
CoV-2 again at 4 and 8 hours (Figure 20B). At 85% RH, there were no significant differences for
the decay of any pairwise comparison (Figure 20C). Significance at 24 hours was not assessed due
to virus decay reaching the limit of detection for at least one of the viruses tested. This suggests
that in large 50 pL droplets, virus specific differences are greater at lower RH. To validate the use
of the previously published data, we compared original SARS-CoV-2 experiments at a targeted
55% RH (actual 57% RH) to the previously published SARS-CoV-2 data at a targeted 65% RH?%
(actual RH not known) (Figure 20D). Comparison of the original and published SARS-CoV-2
decay show similar trends and statistical differences are likely due to the difference in RH (Figure
20D).

To understand the role of droplet volume on decay of different enveloped respiratory
viruses, we assessed titers of SARS-CoV-2 and HIN1pdmQ9 in 50 L, 5x5 pL, and 10x1 pL
droplets at 55% and 60% RH, respectively. Due to technical limitations, we were not able to test
the exact same RH, but we consider these conditions to be similar, as their actual RHs were 57%
and 60% (Figure 17G-1). SARS-CoV-2 stability in 50 pL, 5 pL, and 1 pL droplets at 55% RH was
similar to that of HIN1pdm09 at 60% RH (Figure 21A-C, Table 13). While the decay of

H1N1pdmO09 in the 50 uL droplet at 65% RH appeared greater at 8 hours compared to SARS-
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CoV-2, this difference was not significant (Figure 20B). The logio decay in 10x1 pL droplets
between HIN1pdm09 and SARS-CoV-2 was significantly different only at 8 hours, and their
decay was similar again at 24 hours. Taken together with Figure 20, these results show that SARS-
CoV-2 and H1IN1pdmO09 decay similarly at intermediate RH and that differences in virus decay

may occur in larger droplets at low RH.
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Figure 20. SARS-CoV-2 and H1IN1pdmQ9 decay similarly across RH in 1x50 pL droplets. A-C. SARS-CoV-2,
H1N1pdmQ9, and Phi6 stability were measured at (A) 40%, (B) 65%, (C) and 85% RH in 50 uL droplets using
SARS-CoV-2 data originally published in van Doremalen et al?®®. D. Original data for SARS-CoV-2 at 55% were
compared to the previously published data?® at a targeted RH of 65%. Actual environmental conditions for original
work can be found in Figure 17. Environmental conditions for van Doremalen et al SARS-CoV-2 data were not
available. The vertical blue line indicates the time of transition from the wet phase to the dry phase. A one-way
ANOVA and Tukey TSD test were used to determine statistical significance. Statistical details can be found in

Table 13.
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Table 13 Log10 decay within 1x50 pL droplets was compared between Phi6, HIN1pdmO09, and SARS-CoV-2 at
40%, 65%, and 85% RH over time. Log10 decay within 50 pL, 5 pL, or 1 pL droplets was compared between
H1N1pdmO09 and SARS-CoV-2. Log10 decay of HIN1pdm09 and SARS-CoV-2 were compared across time for

each droplet volume at 55-60% RH. Comparisons between HIN1pdmQ9 at 60% and 65% are also shown.

RH (%) Time (hours) Droplet Virus 1 Virus 2 p-value
Volume (pL)
40 0.33 50 Phi6 H1IN1pdm09 0.17
0.67 50 Phi6 H1IN1pdm09 0.52
1 50 Phi6 H1IN1pdm09 0.42
50 Phi6 SARS-CoV-2 0.67
(van Doremalen et al?%®)
50 H1IN1pdm09 SARS-CoV-2 0.15
(van Doremalen et al2%)
4 50 Phi6 H1IN1pdm09 <0.001*
50 Phi6 SARS-CoV-2 <0.001*
(van Doremalen et al?%¢)
50 H1N1pdm09 SARS-CoV-2 0.021*
(van Doremalen et al?%¢)
8 50 Phi6 H1IN1pdm09 <0.001*
50 Phi6 SARS-CoV-2 <0.001*
(van Doremalen et al?%¢)
50 H1IN1pdm09 SARS-CoV-2 <0.01*
(van Doremalen et al2%)
65 0.33 50 Phi6 H1IN1pdmO09 0.42
0.67 50 Phi6 H1N1pdm09 0.88
1 50 Phi6 H1IN1pdmO09 0.69
50 Phi6 SARS-CoV-2 0.087
(van Doremalen et al?%¢)
50 H1IN1pdm09 SARS-CoV-2 0.25
(van Doremalen et al2%)
4 50 Phi6 H1IN1pdmO09 0.024*
50 Phi6 SARS-CoV-2 <0.01*
(van Doremalen et al?%¢)
50 H1IN1pdm09 SARS-CoV-2 0.24
(van Doremalen et al?2°¢)
8 50 Phi6 H1N1pdmO09 <0.001*
50 Phi6 SARS-CoV-2 <0.001*
(van Doremalen et al?2%¢)
50 H1N1pdm09 SARS-CoV-2 0.086
(van Doremalen et al?2%¢)
85 0.33 50 Phi6 H1N1pdmO09 0.55
0.67 50 Phi6 H1N1pdm09 0.59
1 50 Phi6 H1N1pdmO09 1.0
50 Phi6 SARS-CoV-2 0.68
(van Doremalen et al?%¢)
50 H1N1pdmO09 SARS-CoV-2 0.71
(van Doremalen et al?%¢)
4 50 Phi6 H1N1pdmO09 0.80
50 Phi6 SARS-CoV-2 0.92
(van Doremalen et al2%)
50 H1N1pdmO09 SARS-CoV-2 0.58
(van Doremalen et al2%)
8 50 Phi6 H1N1pdmO09 0.51
50 Phi6 SARS-CoV-2 0.86

115




(van Doremalen et al?%®)

50 HIN1pdm09 SARS-CoV-2 0.81
(van Doremalen et al?%®)
55-60 1 50 HIN1pdm09 SARS-CoV-2 (VT) 0.847
4 50 HIN1pdm09 SARS-CoV-2 (VT) 0.095
8 50 HIN1pdm09 SARS-CoV-2 (VT) 0.571
1 5 HIN1pdm09 SARS-CoV-2 (VT) 0.729
4 5 H1N1pdmO09 SARS-CoV-2 (VT) 0.409
8 5 H1N1pdmO09 SARS-CoV-2 (VT) 0.5
1 1 HIN1pdm09 SARS-CoV-2 (VT) 0.117
4 1 H1IN1pdm09 SARS-CoV-2 (VT) 0.0712
8 1 H1IN1pdm09 SARS-CoV-2 (VT) 0.822
55-65 1 50 SARS-CoV-2 SARS-CoV-2 (VT) 0.393
(van Doremalen et al?%®)
4 50 SARS-CoV-2 SARS-CoV-2 (VT) 0.426
(van Doremalen et al?°®)
8 50 SARS-CoV-2 SARS-CoV-2 (VT) 0.0169*
(van Doremalen et al?°®)
24 50 SARS-CoV-2 SARS-CoV-2 (VT) <0.001*

(van Doremalen et al?°®)

A one-way ANOVA and Tukey TSD test were used to determine statistical significance. SARS-CoV-2 (van Doremalen et al?°¢) data was

originally published in van Doremalen et al?%. SARS-CoV-2 (VT) data is original data collected by JP and NKD.
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Figure 21. SARS-CoV-2 and H1IN1pdmQ9 decay similarly across droplet volume at intermediate RH. A-C.
SARS-CoV-2 stability was compared to HIN1pdmO09 at 55-60% RH in 1 or 2x50 pL (A), 5x5 L (B), and 10x1 pL
(C) droplets over time. The vertical blue line indicates the time of transition from the wet phase to the dry phase. A

one-way ANOVA was used to determine statistical significance. Statistical details can be found in Table 13.
Experiments were conducted in 2 or 3 independent replicates each with technical duplicates. Data from both

replicate studies is presented here.

4.4 Discussion

The studies detailed here characterize the interplay of droplet volume and RH on the
stability of three enveloped RNA viruses: Phi6, HIN1pdm09, and SARS-CoV-2. Our results
showed that RH has a greater impact on viral decay in large 50 pL droplets than in small 1 pL
droplets, that decay rates during the wet phase are greater than or similar to decay rates during the
dry phase regardless of droplet size and RH, and that differences in virus decay are more common

in 50 pL droplets than in 1 pL droplets and at low RH.
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Our results raise questions about the relevance of prior studies on stability of viruses that
employ large droplet volumes. For example, one study derived a half-life (~0.3-log decay) of 6.8
hours for SARS-CoV-2 in 50 pL droplets on polypropylene plastic 2°. Another used 5 pL droplets
to evaluate the lifetime of SARS-CoV-2 on different materials and reported 0.5-log decay in 3
hours and 1.1-log decay in 6 hours on plastic, similar to the results shown here (Figure 21B)%%.
The conclusions reached within these studies might have differed had they used smaller, more
physiologically relevant droplet volumes. In our study, after 4 hours, we observed no significant
decay in 50 pL droplets, ~1-log decay in 5 pL droplets, and ~1.5-log decay in 1 pL droplets at 55-
60% RH. Over longer time periods, results converged, as we observed at least 3-log decay in all
three droplet volumes after 24 hours. These differences are likely controlled by physical and
chemical properties of the droplets as they undergo evaporation at different rates, depending on
their initial volume and ambient humidity.

We have attempted to study viruses in a more realistic droplet volume compared to those
used in past research, but even a 1 pL droplet is at the extremely large end of the range of droplet
volumes observed in respiratory emissions. During talking, coughing, and sneezing, droplets of
this volume are emitted in much lower numbers, by many orders of magnitude, compared to those
that are 100-1000 times smaller in diameter and that behave as aerosols**°. While we observed
differences between 1x50 pL and 10x1 pL droplets in this study, previous work has shown that
virus in 10x1 pL droplets undergoes similar decay to that in aerosols at 23% to 98% RH and
22°C!®1, Other techniques, such as a droplet-on-demand dispenser, are needed to study smaller
droplet volumes on surfaces and determine whether there are fewer meaningful differences as

droplets further decrease in size from 1 pL.
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Our results also suggest caution in the use of surrogates to study the stability of pathogenic
viruses and their potential for transmission. Surrogates that require fewer biosafety precautions are
attractive for obvious reasons?'8, They can be useful for evaluating sampling and analysis methods,
studying physico-chemical processes such as mechanisms of decay and transport in complex
media, or eliciting trends in survival in complex media. For example, we have used Phi6 to study
the fate and transport of Ebola virus in wastewater systems and to examine how survival of viruses
in droplets and aerosols varies with humidity and media compositionl#6:161.163.21% However, we
should be cautious about extrapolating survival times from surrogates to other viruses. In the
present study, we found that Phi6 decayed more quickly than did influenza virus and SARS-Cov-
2 under our experimental conditions. In order to place viruses in the same droplet solution, Phi6
had to be ultracentrifuged, which may have contributed to differences in virus stability. This
further emphasizes the need to use relevant viruses that can be grown in culture conditions that
produce droplets similar to those that might be expelled from an infected host. Relying on only
Phi6 data could lead to incorrect, and potentially hazardous, conclusions about pathogenic viruses
that are more persistent. Strain selection should also be considered when using influenza virus as
a surrogate for characterization of emerging virus decay, as previous work has shown that avian
influenza viruses undergo more rapid decay compared to human influenza viruses'*®. Decay of
enveloped viruses is likely dependent upon many complex changes to the viral glycoprotein after
droplet drying or interactions between the glycoprotein and media composition. Thus, variations
in glycoprotein content and density per virus family or strain likely influence the stability within
droplets. On the other hand, HLIN1pdmOQ9 decayed more similarly to SARS-CoV-2 and could be

useful surrogate to extrapolate the latter’s persistence in more physiologically relevant conditions.
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One limitation of this study is that we investigated virus persistence in culture medium,
DMEM, that may not be representative of real respiratory fluid. We chose to use this medium for
the purpose of comparing results with prior studies of SARS-CoV-2 in DMEM?%>2% Prior studies
have shown that virus survival in droplets, including suspended aerosols, is strongly dependent on
the chemical composition of the suspending medium?46:163220 1 particular, we have previously
shown that HIN1pdmO9 in aerosols and 1 pL droplets survived better when the suspending
medium was supplemented with extracellular material from human bronchial epithelial cells.
Further studies will be required to characterize whether extracellular material from airway cells
alters the biphasic decay patterns (increased decay during the wet phase followed by slower decay
during the dry phase) observed in this study.

Extrapolating our results to smaller droplet sizes and combining them with the findings of
other studies may provide mechanistic insight into the dynamics of virus inactivation in droplets
and aerosols. The biphasic virus decay that is readily observed in droplets likely occurs in aerosols,
t0020>:210221.222 \While a droplet/aerosol is wet and evaporation is still occurring, the virus is subject
to a faster decay rate than after the droplet/aerosol reaches a solid or semi-solid state at quasi-
equilibrium, as we observed for all droplet sizes tested?®®. At the point of efflorescence (the
crystallization of salts as water evaporates), if it occurs, there appears to be a step-change loss in
infectivity. With aerosols, the first phase occurs quickly, within seconds, and further observations
of decay are dominated by the quasi-equilibrium phase. Thus, the first phase of decay is important
for transmission at close range, when exposure occurs within seconds, while both phases are
important for transmission at farther range. While the residence time of aerosols in indoor air will

typically not exceed a few hours before they are removed by ventilation, droplets that are deposited
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on surfaces could remain there for much longer. So, virus on surfaces could persist for longer time
scales than virus within aerosols.

Although virus stability in droplets and aerosols appears to be a complex function of
droplet size, composition, humidity, and other variables, mechanistically their role is to modulate
the microenvironment surrounding a virion?%8222223 ltimately, molecular-scale interactions are
what lead to virus inactivation. We combined results for all droplet sizes and all RHs and plotted
virus decay as a function of extent of evaporation of a droplet (Figure 22), a proxy for its
instantaneous physical and chemical characteristics. There appeared to be less separation in results
at different experimental conditions than in plots considering initial droplet size (Figure 16) and
RH (Figure 19). This observation supports our hypothesis that the critical factor controlling virus
decay is a virion’s microenvironment and that initial droplet size and RH are indicators of this
factor. The exact mechanisms of virus inactivation—the biochemical changes that occur—remain
unknown. Determination of viral gene copies in a subset of samples at 1 hour and 24 hours revealed
no appreciable genome loss (Table 14), indicating that genome instability is not contributing to
this inactivation. As such, virus inactivation mechanisms are ripe for further investigation.

Due to our findings on the sensitivity of virus persistence to both droplet volume and
composition, we urge a shift toward the use of more realistic conditions in future studies. They
should employ droplets as close in volume as possible to those released from the respiratory tract
(sub-micron up to several hundred microns in diameter), and whose chemical composition closely
mimics that of real respiratory fluid. These findings are critical for pandemic risk assessment of
emerging pathogens and useful to improve public policy on optimal transmission mitigation

strategies.
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Figure 22. Evaporation is major determinant of virus decay regardless of initial droplet volume Logio virus

decay was plotted against percent original mass for Phi6, HIN1pdm09, and SARS-CoV-2 in 1x50 pL, 5x5 pL, and
10x1 uL at 40% RH (A), 65% RH (B), and 85% RH, (C). Percent original mass was determined by determining
droplet mass at 0, 20, and 40 minutes, then 1, 4, 8, and 24 hours. RH listed in the legend show the targeted RH.
Actual RH data are available in Figure 17, except for data previously published in van Doremalen et al?%, for which

actual RH values are unavailable.
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Table 14 Genome copies for limited SARS-CoV-2 and H1IN1pdmQ9 experiments demonstrate consistent recovery

and genome stability.

Virus RH (%) Time Droplet volume Logio Genome Logio Infectious Logio Decay of
(hours) (uL) Copies (per mL)* Units (per mL)" Infectious Units”
1 50 7.61 4.64 0.06
24 50 7.89 2.03 2.67
1 5 7.23 4.22 0.27
40 24 5 7.51 1.53 2.96
1 1 6.78 3.20 1.00
24 1 7.00 1.49 2.71
1 50 7.70 4.70 0.38
24 50 7.80 2.04 3.03
60 1 5 7.41 4.03 0.61
24 5 7.43 0.82 3.88
1 1 6.82 3.20 0.88
24 1 6.86 0.46 3.58
HIN1pdmo09 1 50 771 466 0.04
24 50 7.61 1.28 3.42
65 1 5 7.36 4.28 0.21
24 5 7.39 1.24 3.25
1 1 6.92 2.97 1.23
24 1 6.94 1.20% 3.00
1 50 7.72 4.60 0.10
24 50 7.46 1.33 3.38
1 5 7.44 4.43 0.13
8 24 5 7.17 1.20% 2.59
1 1 6.77 3.47 0.73
24 1 6.93 1.20% 3.00
1 50 8.12 5.40 0.07
24 50 7.90 1.83 3.66
1 5 7.42 4.66 0.33
SARS-CoV-2 >3 24 5 711 0.70% 4.28
1 1 6.87 4.22 0.43
24 1 6.92 0.70% 3.88
H1N1pdmO9 infectious units are in TCIDso/mL while SARS-CoV-2 infectious units are in PFU/mL.
*A cross symbol indicates samples isolated from one replicate.
"The asterisk symbol indicates average data as shown in the main text.
&The ampersand symbol indicates values at the limit of detection

4.5 Materials and Methods

4.5.1 Cells and viruses

MDCK cells (obtained from ATCC) were grown at 37°C in 5% COz in Minimum Essential

Medium containing 10% FBS, penicillin/streptomycin, and L-glutamine. Influenza A virus
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AJCA/07/2009 was derived from reverse genetics and grown in MDCK cells for 48 hours in
DMEM (D6546-500ML, Sigma) containing 2% FBS, antibiotic-antimycotic, and L-glutamine.
Stocks were diluted to 10° TCIDso/mL using DMEM containing 2% FBS, penicillin/streptomycin,
and L-glutamine for use in experiments. Virus titers were measured using the 50% tissue culture
infectious dose assay on MDCK cells and calculated using the Spearman-Karber method*®”.

Phi6 was propagated in Luria-Bertani media from stock suspensions according to
established methods??*. The virus was then ultracentrifuged and resuspended in the same
Dulbecco’s Modified Eagle Medium as previously described using the Optima XPN-100
Ultracentrifuge. While ultracentrifugation of virus can cause aggregation, Phi6 can’t be grown in
DMEM, ultracentrifugation had to be done to maintain a constant droplet composition. Stocks
were diluted to 10° PFU/mL for use in experiments. Virus titers were quantified by plague assay?°.

SARS-CoV-2 strain USA-WA1/2020 (NR-52281, BEI Resources, Manassas, VA) was
passaged in Vero cells once before receipt and subsequently in Vero cells once upon receipt. Vero
cells were grown in DMEM (10-017-CV, Corning) supplemented with 5% FBS (97068-086,
VWR), 100 units/mL penicillin and 100 mg/mL streptomycin (15140122, Gibco) and maintained
at 37°C and 5% CO,. Virus titers were quantified by plaque assay as described previously®®.
Stocks were diluted to 10° PFU/mL in DMEM (D6546-500ML, Sigma) containing 2% FBS,
antibiotic-antimycotic, and L-glutamine for use in experiments. All SARS-CoV-2-related work
was conducted in BSL-3 laboratories.

Given that TCIDso and plaque assay have a linear relationship, virus decay should be

comparable between virus quantification methods??°.
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4.5.2 Evaporation experiment

We measured the evaporation kinetics of DMEM droplets containing Phi6 under the same
humidity conditions as in the virus stability experiments. We tested each droplet volume
independently by measuring the mass of the droplets every 10 minutes for up to 24 hours using a
micro-balance (Sartorius MSE3.6P-000-DM, readability 0.0010 mg) placed in the environmental

chamber.

4.5.3 Stability studies

We measured virus stability for Phi6 and HIN1pdmO09 in a temperature and humidity
controlled environmental chamber (Electro-Tech Systems) at room temperature and three (40%,
65%, and 85%) or four RHs (also 60% for HIN1pdmO09). A logger (HOBO UX100-011) placed
inside the chamber recorded temperature and relative humidity. The temperature and humidity for
all experiments is presented in Figure 17. Briefly, the temperature ranged between 21 and 25°C in
all studies and £5% of the desired RH. The average measured RH was within £2% of the targeted
RH (Figure 17). The absolute humidities (AH) corresponding to the four targeted RHs (40%, 60%,
65%, 85%) were approximately 0.008, 0.011, 0.012, and 0.017 kg/m?3, respectively (Figure 171).
Droplets (1x50 pL, 5x5 pL, or 10x1 pL) were pipetted onto 6-well polystyrene tissue culture-
coated plates (Thermo Scientific) in technical duplicates. Droplets were resuspended at seven
different time points (0 minutes, 20 minutes, 40 minutes, 1 hour, 4 hours, 8 hours, and 24 hours),
or four time points (1, 4, 8 and 24 hours) for the experiment at 60% RH, using 500 pL of DMEM

containing 2% FBS, penicillin/streptomycin, and L-glutamine.
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We measured the stability of SARS-CoV-2 in an airtight desiccator at room temperature
and 55% RH as described previously.®! The measured temperature ranged between 23 and 28°C.
In short, we filled one polyethylene Petri dish with 10 to 20 mL of saturated magnesium nitrate
solution and placed it at the bottom of the desiccator to control the humidity. A battery-powered
fan was also placed inside to enhance air mixing and thus accelerate the establishment of
equilibrium, which was usually within 5 to 10 minutes. A logger recorded temperature and relative
humidity. After RH equilibrium was reached, 2x50 pL, 5x5 pL, or 10x1 pL droplets were
deposited and suspended as described previously. Plague assay on Vero cells was used to measure
virus titers.

All HIN1pdmQ9 and Phi6 collections were performed in technical duplicates and
independent triplicates. Due to biosafety constraints and the additional resources required, the
SARS-CoV-2 work was performed in technical duplicates with two independent replicates. Data

from all replicates are presented for each virus.
4.5.4 Calculations and modeling

We measured the initial mass (m(0)) immediately after the droplets were deposited onto
the polystyrene surface. We calculated the percent original mass of the droplet over time using the

following equation:

(m(O) — m(t)) 100
m(0) Equation 1

% Original mass = 100 —
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We defined the time to quasi-equilibrium state, also referred to as the drying time, as the
time to reach a value that did not increase or decrease by more than 2%.

Virus decay was calculated as follows:

N(0)= titer at time O

N(t)= titer at time t

N(0) Equation 2

Logio Decay = logN(t)

Because virus decay was measured by comparing to titer at time O, we have already
accounted for potential loss due to resuspension.
We modeled the decay of viruses using first-order exponential decay curves separately for

the wet phase and the dry phase. The first order decay equation is as follows.

N(t) = N(0)e k¢ Equation 3

We ran a linear regression in R through the log-transformed equation to find the decay rate.
For wet decay, we adjusted for the increasing concentrations of solutes over time, as shown in the

following equation®®

k Equation 4
logyo(N(1)) = 10g10(N(0) + = logyo(1 — Bt) a

N(0) is the initial virus titer, N(t) is the titer at time t, kO is the initial first-order rate constant
during the evaporation phase, and B equals the slope of the wet change in mass divided by the

initial water mass.
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4.5.5 Quantitative RT-PCR

We performed qRT-PCR on one independent replicate each of HIN1pdm09 and SARS-
CoV-2 to address genome instability as a possible mechanism of inactivation. For SARS-CoV-2
the Qiagen QlAamp Viral RNA Mini kit was used to isolate RNA according to the manufacturer’s
protocol. The 2019-nCoV RUO primer/probe kit targeting the N1 gene (IDT) was used in
combination with iTaq Universal Probes One-Step kit. Synthetic SARS-CoV-2 RNA (BEI
Resources) was used as a standard. For HIN1pdmOQ9, the Qiagen QlAamp Viral RNA Mini Kit
was used to isolate RNA according to the manufacturer’s protocol. The influenza M gene was
targeted using the iTaq Universal Probes One-Step kit with primers (Forward 5’-
AGATGAGTCTTCTAACCGAGGTCG-3’ ; Reverse 5’-GCAAAGACACTTTCCAGTCTCTG-
3’) and probe (5’-[FAM]TCAGGCCCCCTCAAAGCCGA[3BHQ1] -3°). In vitro transcribed
RNA served as standards to determine genome copies. Each gPCR plate contained duplicates of

standards, samples, and no-template controls.

4.5.6 Multivariate analysis

We conducted a multivariate analysis (manova) to determine if there was an interaction
between initial droplet volume and RH that would account for differences in the wet phase decay
of the viruses. There was no statistically significant amount of variance (p =0.339) for Phi6 wet
phase decay, but there was statistically significant variance for HIN1pdm09 wet phase decay (p
=0.037) indicating there is an interaction between initial droplet volume and RH that affects wet

phase decay.
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4.5.7 Data Availability

All raw data associated with this study is available on figshare at the following doi

https://doi.org/10.6084/m9.figshare.c.6458767 . In addition, movies corresponding to the

droplet drying over time at 3 different relative humidities can be found within the collection

and at these individual links: https://doi.org/10.6084/m9.figshare.21711119;

https://doi.org/10.6084/m9.figshare.21711122;

https://doi.org/10.6084/m9.figshare.21711116 .
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5.0 Summary and Implications

5.1 Summary

This dissertation examined host and environmental factors influencing transmission of the
2009 HIN1 pandemic influenza A virus. Prior, it was not known how co-infection led to increased
morbidity or the effect it had on microbial release into the air. It was also not known whether co-
infection or droplet size had an impact on microbial stability in the environment. Thus, this
dissertation explored these questions to broadly improve understanding of influenza transmission.
In chapter two, we determined that host responses were a critical component of the increased
morbidity observed during co-infection (Figure 23A). In chapters three and four, we explored
environmental factors of transmission. We found that co-infected ferrets release detectable
influenza virus and S. pneumoniae into the air and that there is a trend towards increased stability
of S. pneumoniae in the presence of influenza virus (Figure 23B). We also found that droplet size
has important implications for viral stability in the environment and viral surrogates don’t always

replicate the same decay Kinetics as the virus of interest (Figure 23C).
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Host factors Environmental factors

Figure 23. Disseration summary. Exploration of factors influencing influenza transmission involved (A) how co-
infection contributes to increased morbidity, (B) examination of viral and bacterial release into the environment during

co-infection, and (C) the effect of droplet size and virus on decay in the environment.

131



5.1.1 Influenza virus and S. pneumoniae co-infection has complex impacts on pathogenesis

First, we wanted to explore how co-infection might impact transmission by assessing its
impact on the pathogenesis of influenza virus. In chapter two, | hypothesized that co-infection
would lead to severe pathology in infected tissues, possibly corresponding to high levels of viral
and bacterial burden. However, no differences in viral burden were observed in upper or lower
respiratory tissue during co-infection compared to influenza-only infection even though significant
morbidity was observed in co-infected ferrets. | observed trends towards increased bacterial burden
in the soft palate and trachea, but there were no differences in the nasal turbinates, where co-
infection and S. pneumoniae mono-infection had high burden, or the lungs, where co-infection and
S. pneumoniae mono-infection had no detectable bacteria. Interestingly, even though viral and
bacterial loads were not different in the nasal turbinate there was significant pathological changes
in co-infected animals compared to mono-infected animals. These pathological changes are likely
to be the cause of increased clinical signs in ferrets co-infected with influenza virus and bacteria.

Since detection of increased clinical signs was not dependent upon viral or bacterial load,
but pathological changes were observed we proceeded to explore host immune responses. We
observed enrichment in immune cell migration, acute inflammatory responses, and IL-6
production in the nasal turbinates when comparing tissue from co-infection animals to those
infected only with influenza. The nasal turbinates were unique, as the soft palate and lungs did not
display the same uniform upregulation of host immune responses, which corresponds with the lack

of significant pathological changes in lung and soft palate tissue.
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In total, this work improves our understanding of how co-infection drives morbidity and
mortality. We see that host responses contribute to this morbidity, suggesting that clinical care
during co-infection could consider inclusion of therapy to alleviate the burden of strong immune
responses. Therapies may want to focus on the nasal passages, as this site seemed to be a primary

location of immunopathology in our study.

5.1.2 Analysis of microbial stability in the environment requires careful consideration of

experimental conditions

One of the goals of this dissertation was to improve our understanding of transmission of
influenza A viruses using the 2009 pandemic HIN1 influenza virus. Environmental stability is an
important factor for transmission of respiratory pathogens, as a pathogen cannot initiate infection
if it has become inactivated while outside of a host. Studies measuring viral persistence in the
environment have used an array of microbes!®216322L  droplet sizes?0%206:210-213  gnq
compositions!4¢:163227 tg determine half-lives.

In chapters three and four, | focused on factors that influence environmental persistence of
influenza virus. First, in chapter three, | assessed the role of a second microbe, the common co-
infector S. pneumoniae, on influenza virus stability. My first approach to characterizing
environmental stability during co-infection was to quantify the prevalence of pathogens released
into the air. Both influenza and S. pneumoniae were detected in aerosols from co-infected animals,
indicating that they could exist within the same droplets. Subsequently, stability experiments were
performed to assess whether S. pneumoniae altered influenza virus stability or the reverse. Airway
surface liquid collected from human bronchial epithelial cells was used in these experiments to
create a more physiologically relevant droplet composition. No effect was observed on influenza
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virus stability when S. pneumoniae was added to droplets. However, there seemed to be a trend
towards increased stability of S. pneumoniae in the presence of influenza. However, this effect was
more prominent in the presence of airway surface liquid from a single donor, the only donor with
idiopathic pulmonary fibrosis. Future studies should examine whether airway surface liquid from
donors with idiopathic pulmonary fibrosis contributes to enhanced stability of S. pneumoniae in
the presence of influenza.

Next, |1 examined the role of droplet size on stability of influenza virus and compared my
results to stability of Phi6 under identical conditions. | found that larger droplets take longer to
reach quasi-equilibrium than smaller droplets. This suggested that evaporation-dependent decay
may lead to differences in virus stability based on droplet size. Consequently, I also found that
relative humidity has a greater impact on virus decay in large droplets and decay rates are greater
during the wet phase. There were also differences between the decay rates for influenza virus and
for Phi6, which led us to compare our results against SARS-CoV-2, an enveloped respiratory virus.
Decay of SARS-CoV-2 was similar to influenza virus, which indicated that surrogates may not
always accurately estimate absolute decay times of other viruses. Collectively, these findings
demonstrated that studies performed to inform policy decisions surrounding decontamination
procedures of contaminated surfaces need to use relevant droplet sizes and ideally the virus of
interest. However, when biosafety procedures limit the use of the virus of interest, a very similar
virus should be used.

Collectively my work advances our understanding of environmental persistence of
respiratory pathogens by addressing the role of droplet size and the role of additional microbes.
Characterizing microbial resistance requires the use of physiologically relevant droplet sizes and

should consider inclusion of common co-infecting pathogens when deciding the droplet
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composition. If we apply my findings to the transmission cycle, the work presented here suggests
that modulation of relative humidity as an engineering control might not reduce transmission, as
small droplets are less sensitive to relative humidity-mediated decay. Additionally, co-infection
may alter the stability of S. pneumoniae, providing further evidence for the increased transmission

observed for S. pneumoniae during influenza co-infection®:82,

5.2 Future Directions

5.2.1 Bacterial evolution during co-infection

In chapter two, there were no differences between viral burden in co-infection or influenza
mono-infection, but there were trends towards increased bacterial burden in the trachea and soft
palate of co-infected animals compared to S. pneumoniae mono-infection. We also observed
synergistic host responses in the nasal turbinates during co-infection that were not observed in
influenza or S. pneumoniae mono-infection. These observations could be the exclusive result of
tissue-specific host responses, but previous work found that S. pneumoniae has organ-specific gene
expression during mono-infection??®, So, the relative contribution of altered S. pneumoniae gene
expression to the tissue-specificity observed during influenza co-infection is unknown, and
comparison of gene expression between multiple tissues and multiple infection types may inform
drug targets to prevent high bacterial burden during influenza infection.

Therefore, future work should address this by isolating bacteria from homogenized tissue
during S. pneumoniae mono-infection and co-infection and performing RNA sequencing to assess

differential gene expression. Simultaneously, bacteria could be isolated for whole genome
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sequencing to determine whether bacteria undergo evolution during co-infection that is different
than mono-infection. This information could provide additional insight into the selective pressures

exerted by the host during co-infection and how S. pneumoniae circumvents this host response.

5.2.2 Sampling aerosols to assess for presence of commensal bacteria during influenza

infection

In chapter three, | detected both influenza and S. pneumoniae in the air using culture
methods and PCR detection of their genomes. We experimentally infected ferrets with these
microbes, but the nasal turbinates contain a complex microbiome, inhabited by many microbes
that are also present on the skin!”. Analysis of microbiome changes during influenza infection
have also shown that the nasal microbiome changes during influenza infection before returning to
a state similar to before influenza infection??. Previous studies have examined the presence of
bacteria in aerosols from hospital wards?®°, bacteria in expectorated sputum from cystic fibrosis
patients?3, or the presence of influenza in aerosols?3?, but never respiratory tract bacteria and
influenza in the same aerosols. So, it’s not clear whether commensal microbes are also emitted in
respiratory expulsions from influenza-infected hosts or if there is a correlation between commensal
abundance in nasal wash and presence in respiratory emissions.

The work presented here demonstrates a role for modulation of microbial stability by other
microbes. So, future work should address the gap in knowledge concerning whether commensal
microbes from the respiratory tract are present in aerosols with influenza virus and then whether
they modulate the stability of influenza in the environment. Experiments could be done to collect
aerosols from influenza-infected patients and perform whole genome sequencing for low
abundance species?3. Any microbes detected in the aerosols would be candidates for subsequent

136



droplet and aerosol stability experiments. Given that the Pseudomonas genus has been observed
as one of the most abundant operational taxonomic units in nasal washes of ferrets during influenza
infection??, | would hypothesize that this genus would be detected in aerosols from influenza-
infected ferrets. These experiments could help the field move microbial stability closer to

physiologically relevant conditions and unveil possible microbial interactions.

5.2.3 Impact of droplet size on microbial stability in the presence of biologically relevant

solutions

One limitation of my work examining the impact of droplet size on viral persistence was
that we used a medium not relevant to transmission. The droplet media was chosen to allow
comparison between our study and the results of a previously published study with SARS-CoV-
22%_The cell culture media in which Phi6 and HIN1pdmO09 were suspended is unlike the solutions
emitted from an infected host. Whether droplet size contributes to different virus decay in saliva
or airway surface liquid secreted from bronchial epithelial cells remains unknown. Given that
airway surface liquid protect virus from relative humidity-mediated decay*®, I would hypothesize
that droplet size would have a reduced impact on virus stability in this solution. However, further
study needs to be performed to determine the impact of droplet size with airway surface liquid and

saliva.
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5.3 Conclusion

The goal of this dissertation was to better understand factors influencing severe disease and
transmission of influenza virus. The results of my research describe how co-infection promotes
high morbidity, define a role for influenza to promote S. pneumoniae transmission through airway
surface liquid dependent means, and outline droplet size as a determinant for virus stability in the
environment (Figure 23). In the end, there is a lot of room for continued study of environmental
stability and co-infection pathogenesis. Better understanding of these fields will allow for
improved engineering controls and health interventions to reduce influenza transmission and

disease burden.
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