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One sentence summary: Significance: replication and airborne transmission of respiratory viruses is influenced by many host and environmental parameters.
The complex interplay between bacterial and viral coinfections on transmission of respiratory viruses has been understudied. In our study, we examined how Spn
influences the replication and transmission of influenza virus. Our data support previous work demonstrating that infection with influenza virus benefits
bacterial growth and transmission. Unexpectedly, we observed that secondary bacterial infection negatively impacts viral replication in the nasal cavity. These
findings set the stage for further studies to understand how bacteria may negatively influence influenza viruses, and the impact of this asymmetrical relationship
on the epidemiology of influenza viruses.
†These authors contributed equally.
Editor: Sam Manna

Abstract

Secondary bacterial infection is a common complication in severe influenza virus infections. During the H1N1 pandemic of 2009,
increased mortality was observed among healthy young adults due to secondary bacterial pneumonia, one of the most frequent
bacterial species being Streptococcus pneumoniae (Spn). Previous studies in mice and ferrets have suggested a synergistic relationship
between Spn and influenza viruses. In this study, the ferret model was used to examine whether secondary Spn infection (strains
BHN97 and D39) influence replication and airborne transmission of the 2009 pandemic H1N1 virus (H1N1pdm09). Secondary infection
with Spn after H1N1pdm09 infection consistently resulted in a significant decrease in viral titers in the ferret nasal washes. While
secondary Spn infection appeared to negatively impact influenza virus replication, animals precolonized with Spn were equally sus-
ceptible to H1N1pdm09 airborne transmission. In line with previous work, ferrets with preceding H1N1pdm09 and secondary Spn
infection had increased bacterial loads and more severe clinical symptoms as compared to animals infected with H1N1pdm09 or
Spn alone. Interestingly, the donor animals that displayed the most severe clinical symptoms had reduced airborne transmission of
H1N1pdm09. Based on these data, we propose an asymmetrical relationship between these two pathogens, rather than a synergistic
one, since secondary bacterial infection enhances Spn colonization and pathogenesis but decreases viral titers.
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Introduction
Acute pneumonia occurs in 30%-40% of influenza A virus (IAV)
hospitalizations and can be caused by the virus alone or in
conjunction with secondary bacterial infection, most commonly
Staphylococcus aureus and Streptococcus pneumoniae (Spn; Kalil and
Thomas 2019). During the 2009 and 1918 H1N1 pandemics, sec-
ondary infection with Spn contributed to severity of disease, es-
pecially in young adults (Morens et al. 2008, Louie et al. 2009,
Khardori 2010, Klein et al. 2016). Animal models to study the re-
lationship between IAV and Spn have largely focused on immune
responses, disease outcome, and the influence of IAV on Spn colo-
nization (Diavatopoulos et al. 2010, Nakamura et al. 2011, Metzger
and Sun 2013, Mina and Klugman 2014, Mina et al. 2015, Duvi-
gneau et al. 2016). Given the epidemiological importance of viral–

bacterial coinfections, there is a critical need for studies that ex-
amine how bacterial pathogens influence viral fitness within the
host and its transmission to new hosts.

The prevailing model describes a synergism between IAV and
Spn with regards to morbidity and mortality. Exacerbated disease
during coinfection, compared to a single infection, is supported
by epidemiological studies as well as studies in murine and fer-
ret models of respiratory infection (Peltola et al. 2006, Morens
et al. 2008, McCullers et al. 2010, Siegel et al. 2014). Studies in
the murine model suggest that heightened disease results from
a combination of dysregulation in immune responses, extensive
epithelial damage, release of planktonic bacteria from biofilms, as
well as increased bacterial colonization and dissemination (Marks
et al. 2013, Mina and Klugman 2014, Morens et al. 2008, Rudd et
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al. 2016, Siemens et al. 2017). Mechanistic studies indicate that in-
creased bacterial colonization is a consequence of upregulation of
bacterial receptors and IAV-induced increases in sialic acid, which
serves as a nutrient source for Spn (Nita-Lazar et al. 2015, Siegel
et al. 2014, Wren et al. 2017). Further, enhanced systemic dissemi-
nation of bacteria is facilitated by virus-induced cytokine release,
oxidative stress, and pneumolysin release (Gonzalez-Juarbe et al.
2020, Nakamura et al. 2011). Many of these published studies fo-
cused primarily on the colonization, transmission, and pathogen-
esis of Spn with limited studies on the impact of viral replication
and airborne dissemination.

In addition to colonization and disease, a few studies have
also investigated the influence of coinfection on contact trans-
mission. These studies, done primarily in infant mice, have shown
that coinfection with IAV dramatically enhances Spn transmis-
sion with the efficiency of IAV being highly variable (Diavatopou-
los et al. 2010, Short et al. 2012). One study further demonstrated
that Spn infection preceding IAV inoculation can decrease IAV
contact transmission (Ortigoza et al. 2018). However, mice in gen-
eral are suboptimal models for airborne viral transmission (Bou-
vier 2015).

Ferrets are the gold standard animal model for IAV pathogen-
esis and transmission due to their susceptibility to human IAV
strains, release of infectious virus into the air in aerosols of vari-
able sizes, as well as similarity in lung physiology, infection ki-
netics, and clinical symptoms when compared to humans (Belser
et al. 2013, 2020, Lakdawala et al. 2011, 2013, 2015). In addition,
ferrets first infected with IAV have been shown to be susceptible
to secondary colonization by Spn and to promote Spn airborne
transmission (McCullers et al. 2010, Peltola et al. 2006). Recently,
Rowe et al. (2020) have demonstrated that the nasal microbiota
promotes airborne transmission of the 2009 H1N1 pandemic virus
(H1N1pdm09) in the ferret model. Together, these studies support
a model of synergism between Spn and IAV regarding host viru-
lence, Spn colonization, and Spn transmission. However, the im-
pact of Spn coinfection on IAV fitness in the host and airborne
transmission has not been fully addressed, which may have im-
portant implications for the spread of IAV.

In this study, we examined the impact of secondary infec-
tions with Spn serotype 19F (strain BHN97) and serotype 2 (strain
D39) on viral titers and airborne transmission of H1N1pdm09 in
ferrets. We observed that secondary infection with Spn reduced
viral titers in nasal washes of coinfected animals compared to
H1N1pdm09 only infected ferrets. Moreover, the disease severity
was negatively associated with airborne transmission in animals
with secondary Spn infections. Finally, the negative impact of Spn
on viral replication in the nasal cavity led us to test whether pre-
colonization with Spn was protective against acquisition of air-
borne virus. While precolonization with bacteria was not protec-
tive against viral infections it surprisingly did not result in severe
disease previously observed with Spn–IAV infections. In conclu-
sion, we propose an asymmetrical model where IAV enhances col-
onization and pathogenesis of bacteria, while Spn negatively im-
pacts viral titers and may also decrease airborne transmission.

Materials and methods
Cells, viruses, and bacteria
MDCK (Madin-Darby canine kidney, obtained from ATCC) were
grown at 37◦C in 5% CO2 in MEM medium (Sigma) containing 5%
Fetal Bovine Serum (FBS, HyClone), penicillin/streptomycin, and
L-glutamine. Reverse genetics plasmids of A/California/07/2009

were a generous gift from Dr Jesse Bloom (Fred Hutch Cancer Re-
search Center, Seattle) and were rescued as previously described
(Lakdawala et al. 2011). The viral titers were determined by tis-
sue culture infectious dose 50 (TCID50) using the endpoint titra-
tion method on MDCK cells for H1N1pdm09. The bacterial strains
used in this study were graciously provided by Dr Hasan Yesilkaya
(wild type Spn serotype 2 strain D39; Andrew et al. 2018) and Dr
Jason Rosch (wild type Spn serotype 19F strain BHN97; Rowe et
al. 2019). Bacteria were grown from frozen stocks by streaking on
TSA-II agar plates supplemented with 5% sheep blood (BD). Cul-
tures were generated in fresh Columbia broth (Thermo Fisher) and
incubated at 37◦C and 5% CO2 without shaking. Pneumococci in
nasal washes and tissues were determined by plating serial dilu-
tions onto blood agar plates incubated at 37◦C overnight.

Animal ethics statement
Ferret transmission experiments were conducted at the Univer-
sity of Pittsburgh in compliance with the guidelines of the In-
stitutional Animal Care and Use Committee (approved proto-
col #19075697). Humane endpoints for this study included body
weight loss exceeding 20% (relative to weight at challenge) and
a prolonged clinical activity score of 3 based on the system de-
signed by Reuman (Reuman et al. 1989). Animals were sedated
with approved methods for all procedures. Isoflurane was used
for all nasal wash and survival blood draw, ketamine and xylazine
were used for sedation for all terminal procedures followed by car-
diac administration of euthanasia solution. Approved University
of Pittsburgh DLAR staff administered euthanasia at time of sac-
rifice. After the first ferret rapidly succumbed to the H1N1pdm09-
BHN97 coinfection and was found to have bacteria disseminated
to all body sites, the remaining coinfected ferrets were subcuta-
neously administered 5 mg/kg Baytril, twice a day for 7 days.

Animals
Male ferrets, 5–6-months-old, were purchased from Triple F Farms
(Sayre, PA). All ferrets were screened for antibodies against circu-
lating influenza A and B viruses, as determined by hemagglutinin
inhibition assay using the following antigens obtained through
the International Reagent Resource, Influenza Division, WHO Col-
laborating Center for Surveillance, Epidemiology, and Control of
Influenza, Centers for Disease Control and Prevention, Atlanta,
GA: 2018–2019 WHO Antigen, Influenza A (H3) Control Antigen
(A/Singapore/INFIMH-16- 0019/2016), BPL-Inactivated, FR-1606;
2014–2015 WHO Antigen, Influenza A(H1N1)pdm09 Control Anti-
gen (A/California/07/2009 NYMC X-179A), BPL-Inactivated, FR-
1184; 2018–2019 WHO Antigen, Influenza B Control Antigen, Victo-
ria Lineage (B/Colorado/06/2017), BPL-Inactivated, FR-1607; 2015–
2016 WHO Antigen, Influenza B Control Antigen, Yamagata Lin-
eage (B/Phuket/3073/2013), BPL-Inactivated, and FR-1403.

Clinical symptoms such as weight loss, temperature, and ac-
tivity score (Reuman et al. 1989) were recorded during each nasal
wash procedure and other symptoms such as sneezing, cough-
ing, lethargy, or nasal discharge were noted during any handling
events. Animals were given A/D diet twice a day to entice eating
once they reached 10% weight loss. A summary of clinical symp-
toms for each study are provided in Table S1 (Supporting Informa-
tion).

Tissues and blood were collected to assess viral and bacterial
loads. Tissues were weighed and homogenized in sterile PBS at 5%
(nasal turbinate, spleen, and trachea) or 10% (lung) weight per vol-
ume. The soft palate was homogenized in 1 ml PBS. Bacterial loads
were assessed by plating serial dilutions on blood agar plates.



Mueller Brown et al. | 3

Transmission studies
Our transmission caging setup is a modified Allentown ferret and
rabbit bioisolator cage similar to those used in (Lakdawala et
al. 2011, 2015). For each study, three or four donor ferrets were
anesthetized by isofluorane and inoculated intranasally with 106

TCID50/ 500 ul of A/California/07/2009. For coinfection experi-
ments, the IAV-infected donors were inoculated with 105, 106, or
107 CFUs/500 ul of Spn D39 or BHN97 at 48 h postinfection. At 6 h
postbacterial infection, a recipient ferret was placed into the ad-
jacent cage, which is separated by two staggered perforated metal
plates welded together one inch apart. Nasal washes were col-
lected from each donor and recipient every day for 13 days. To
prevent accidental contact or fomite transmission by investiga-
tors, the recipient ferret was handled first and extensive cleaning
of all chambers, biosafety cabinet, and temperature monitoring
wands was performed between each recipient and donor and be-
tween each pair of animals. Sera was collected from donors and
recipients upon completion of experiments to confirm seroconver-
sion. Environmental conditions were monitored every hour using
a HOBO UX100-011 data logger (Onset) and ranged between 20
and 22◦C with 44%–50% relative humidity (Figure S3, Supporting
Information). To ensure no accidental exposure during husbandry
procedures, recipient animal sections of the cage were cleaned
first then then infected side, three people participated in each hus-
bandry event to ensure that a clean pair of hands handled bedding
and food changes. One cage was done at a time and a 10-min wait
time to remove contaminated air was observed before moving to
the next cage. New scrappers, gloves, and sleeve covers were used
on subsequent cage cleaning.

Serology assay
Analysis of neutralizing antibodies from ferret sera was per-
formed as previously described in (Lakdawala et al. 2011). Briefly,
the microneutralization assay was performed using 103.3 TCID50

of A/California/07/2009 virus incubated with 2-fold serial dilu-
tions of heat-inactivated ferret sera. The neutralizing titer was de-
fined as the reciprocal of the highest dilution of serum required to
completely neutralize infectivity of 103.3 TCID50 of virus on MDCK
cells. The concentration of antibody required to neutralize 100
TCID50 of virus was calculated based on the neutralizing titer di-
lution divided by the initial dilution factor, multiplied by the anti-
body concentration.

Spn ELISA
96-well ELISA plates (Immulon) were coated with 50 μl of 5
× 107 CFUs/ml of Spn in coating buffer (KPL) and incubated
overnight at 4ºC. Plates were blocked for 1 h at room tempera-
ture with 150 μl PBS with 0.01% Tween-20, 3% normal goat serum,
and 0.5% milk powder. Ferret sera was heat inactivated at 56◦C
for 30 min. A series of 2-fold serial dilutions were performed in
blocking buffer and incubated on the ELISA plate for 2 h at room
temperature. After washing with PBS-0.01% Tween-20, plates were
incubated with peroxidase-conjugated goat antiferret IgG (Jack-
son). SureBlue TMB peroxidase substrate (KPL) was added to each
well and the reaction stopped with 250 mM HCl. Absorbance was
read at 450 nm.

Aerosol particle sampling
Aerosol sampling of three H1N1pdm09 alone and coinfected
donors from both Spn D39 transmission studies was performed,
as previously described (Lakdawala et al. 2011). Briefly, air samples
were collected using cyclone-based air samplers (BC251) devel-

oped by the National Institute for Occupational Safety and Health
(Blachere et al. 2009), which were placed on the outside of the
donor side of the transmission cage. Samples were collected be-
tween 3 and 7 dpi as well as a day prior to infection to act as a
baseline with a designated air sampler assigned to each ferret to
reduce cross-contamination. Air was sampled for 1 h at a flow rate
of 3.5 l/min, which was calibrated before each use using a flow me-
ter (TSI 4100 series). The NIOSH BC251 samplers separate particles
based upon size. Each sampler contained an empty 15 ml conical
that collected particles greater than 4 μm, a 1.5-ml tube that col-
lected particles between 1 and 4 μm and a 3 μm pore Fluoropore
membrane filter (Millipore) to collect submicron particles.

RNA was collected with 500 μl of MagMAX Lysis/Binding So-
lution Concentrate (Applied Biosystems) in each collection tube
with vigorous vortexing. For transmission study one, RNA was ex-
tracted using the MagMAX Total Nucleic Acid Isolation Kit, per
manufacturer’s recommendations. MagMAX Total RNA isolation
Kit was used to collect RNA from transmission study two, per
manufacturer’s recommendations. The total amount of influenza
RNA was quantified using Applied Biosystems Taqman one-step
RT-PCR kit with primers (F-5′AGA TGA GTC TTC TAA CCG AGG T
CG3′ and R – 5′GCA AAG ACA TCT TCA AGT CTC TG3′) and a
probe (FAM-TCA GGC CCC CTC AAA GCC GA-[NFQ]) specific for
the IAV M gene segment. RNA was extracted from known titers of
H1N1pdm09 to act as a standard curve.

The limit of detection of the NIOSH BC251 samplers is un-
known. After each use, the BC251 samplers were decontaminated
with distilled water followed by two isopropanol washes through
the air inlet and the other holes.

Results
Secondary infection with Spn BHN97 impacts
H1N1pdm09 viral titers and overall pathogenesis
In the ferret model, H1N1pdm09 virus has consistently been re-
ported to efficiently replicate in the nasal cavity and transmit
through the air (Koster et al. 2012, Lakdawala et al. 2011, 2015,
Maines et al. 2009, Paules et al. 2017, Pulit-Penaloza et al. 2018).
Only a limited number of studies have investigated IAV repli-
cation and airborne transmission in the ferret model with sec-
ondary Spn infection (McCullers et al. 2010, Rowe et al. 2020).
Thus, in this study, we utilized the ferret model to study how
Spn impacts IAV replication and airborne transmission. We first
selected Spn clinical strain BHN97 (19F serotype) for our analy-
sis, as this serotype has increased its distribution in the human
population after implementation of the pneumococcal vaccine
and is closely related to the vaccine escape serotype 19A (Hsieh
et al. 2013).

To directly compare the impact of secondary bacterial infec-
tion on IAV replication and transmission, we setup two parallel
groups. In the first group, we intranasally infected ferrets with
H1N1pdm09, then 2 days later, near the peak of viral shedding,
intranasally administered 107 colony forming units (CFUs) of Spn
BHN97 (Fig. 1A). A total of 6 h following Spn infection, naïve recip-
ients were placed into the adjacent cage, which is separated from
the donors by perforated metal plates. This cage setup prevents
physical contact but allows for air flow from the donor to the re-
cipient (Lakdawala et al. 2011, 2015, Le Sage et al. 2021) and serves
to measure airborne, but not contact-dependent, transmission. In
the second group, we followed the same design and timeline, but
instead of secondary Spn infection we mock infected ferrets with
PBS (Fig. 1B).
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Figure 1. Spn BHN97 is highly pathogenic during secondary bacterial infection and impacts H1N1pdm09 viral titers. (A) and (B) Experimental setup:
donors (N = 6) were infected with 106 TCID50 H1N1pdm09 (A/CA/07/2009). A total of 2 days later, donors were either inoculated with 107 CFUs of Spn
(BHN97; N = 3) (A) or mock infected with PBS (N = 3) (B). Recipients were placed in the adjacent cage 6 h after bacterial infection and exposed for 5
days (gray bar). (C) and (D) H1N1pdm09 titers and transmission in daily nasal washes. Titers in ferrets with secondary bacterial infection (C) and IAV
alone (D), where each bar represents an individual animal. Limits of detection for bacteria and IAV are denoted by a dashed line. (E) Bacterial loads and
transmission in daily nasal washes: bacterial loads from donors and recipients in panel (A) are indicated by each dot, which represents an individual
animal. Skull symbol represents sudden death of a ferret; #, the beginning of antibiotic treatment. Red: donor animals and orange: recipient animals.
(F) Daily viral titers for animals with secondary bacterial infection and single viral infections. Comparison of mean virus titer of donors during the first
week of infection between concurrent H1N1pdm09 alone vs. secondary infection with Spn BHN97. Solid lines represent the mean ± SEM for each
group per day. Two-way ANOVA analysis was used to determine statistically significant differences (∗P < .05). (G) Tissue-specific bacterial loads and
viral titers postmortality: density of Spn BHN97 (log10 CFU/ml) and titers of H1N1pdm09 (log10 TCID50/ml) from infected donors that succumbed to
infection on day 5 (#1) and 6 (#2) postinfection.

To establish transmission efficiency and morbidity, we mea-
sured viral and bacterial titers from nasal secretions and as-
sessed clinical symptoms on all surviving animals every day for
14 days post-H1N1pdm09 infection (12 days post-Spn infection).
Transmission efficiency was based on the presence of bacteria or
virus in the recipient nasal secretions or seroconversion for either
pathogen on day 14 postinfection. We defined Spn colonization as

detectable bacterial shedding in nasal secretions for more than 3
days.

Ferrets infected with both H1N1pdm09 and Spn BHN97 became
colonized with Spn and shed bacteria starting 24 h after Spn in-
oculation, or 3 days post-H1N1pdm09 infection (dpi; Fig. 1E, red
lines). H1N1pdm09 and Spn BHN97 coinfected donor animals ex-
perienced severe clinical symptoms including dehydration and la-
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bored breathing (Table S1, Supporting Information) and two fer-
rets succumbed to the infection and were found deceased on days
5 and 6 postinfection (Fig. 1E, skull symbol). Analysis of tissues and
blood at time of necropsy revealed high titers of both H1N1pdm09
and Spn BHN97 in all respiratory organs assessed as well as bac-
teria in the spleen, lymph nodes, and blood (not shown) indicat-
ing that these animals were septic (Fig. 1G). Based on the observed
clinical symptoms we developed a comprehensive rubric to assess
clinical symptomology on ferrets including weight loss, dehydra-
tion, breathing, activity, and other symptoms (Table S2, Support-
ing Information). The intended recipient exposure time was 11
consecutive days, but due to the severe disease and death of these
donors, the recipients for all pairs in both groups were separated
after 5 days. In this study, we did not observe any detectable bac-
terial shedding (Fig. 1E, orange lines) or seroconversion (Table S1,
Supporting Information) in the recipient animals, suggesting that
Spn BHN97 was not transmitted through the air (Fig. 1E, orange
lines).

Donors with secondary bacterial infections shed H1N1pdm09
in nasal secretions until 5 dpi (Fig. 1C, red bars), and H1N1pdm09
transmitted to one of three recipient animals (Fig. 1C, orange bars).
The concurrent H1N1pdm09 only transmission experiment was
performed with the same 5-day exposure time (Fig. 1B), which re-
sulted in donors shedding virus until 6 dpi (Fig. 1D, blue bars) and
two of three recipients shedding virus from 4 to 9 days postex-
posure (dpe; Fig. 1D, green bars). Seroconversion for H1N1pdm09
was observed only in animals that also shed virus (Table S1, Sup-
porting Information).

To determine if secondary Spn infection affected IAV repli-
cation, the nasal secretions from donors infected only with
H1N1pdm09 were titered at the same time as those from donors
with secondary Spn infection (Fig. 1F). Comparison of the viral
titer in the nasal secretions revealed similar titers on day 1 post-
H1N1pdm09 infection, which was prior to Spn infection, as ex-
pected. Interestingly, in the animals subsequently infected with
Spn, the H1N1pdm09 viral titers were significantly reduced on day
3 postinfection (Fig. 1F, ∗P < .05) and recovered to similar levels as
the IAV only controls on day 5 postinfection. These data suggest
that secondary Spn infection may diminish H1N1pdm09 replica-
tion in the upper respiratory tract (URT) of ferrets.

We conclude that in ferrets with preceding viral infection, Spn
BHN97 can disseminate beyond the URT and cause high morbidity
and mortality. Further, even with the high mortality rate, we ob-
served reduced viral titers in ferret nasal washes with a secondary
Spn infection relative to virus alone. However, given the lethality
observed with coinfection of Spn BHN97 and H1N1pdm09, analy-
sis of airborne transmission may have been compromised. There-
fore, to investigate whether Spn influences H1N1pdm09 airborne
transmission we repeated the experiment with a different Spn
strain not expected to cause this high degree of mortality.

Secondary infection with Spn D39 reduces
H1N1pdm09 viral titers in the URT
Selection of experimental design
Pathogenesis of Spn can be strain and dose dependent in ani-
mal models (D’Mello et al. 2020, Forbes et al. 2008, Mlacha et
al. 2013), thus we performed a dose titration experiment with
105, 106, or 107 CFUs of Spn D39 to determine its pathogenesis
(Figure S1, Supporting Information). Isolated in 1916, the model
strain Spn D39 is a serotype 2 strain that has been used widely
to study pneumococcal pathogenesis in murine models (Lanie et
al. 2007). For these experiments, ferrets were intranasally infected

with H1N1pdm09, then 2 days later, Spn D39 was administered by
the same route with the three doses. While transmission of Spn
did not occur with inoculation doses of 105 and 106 CFUs, an in-
oculation dose of 107 CFUs resulted in airborne transmission of
the bacteria and seroconversion to H1N1pdm09 in the recipient
animal. Airborne transmission of H1N1pm09 was also observed
in the 106 CFUs pair. Importantly, Spn D39 was not lethal in the
ferrets at all doses(Figure S1 and Table S1, Supporting Informa-
tion). Therefore, our subsequent studies were completed in Spn
D39 with a dose of 107 CFU/ml.

Secondary bacterial infection with Spn D39 decreases
H1N1pdm09 titers in the ferret URT
The experiment with Spn BHN97 revealed that viral titers at day
3 were decreased in animals with a secondary bacterial infec-
tion (Fig. 1F). To investigate whether secondary infection with
Spn D39 influenced viral titers, we performed two independent
replicate studies. Combined, these two independent studies tested
H1N1pdm09 titers in seven pairs of ferrets in the absence of sec-
ondary infections (virus only) and seven pairs of ferrets with both
H1N1pdm09 and Spn D39. In both studies, donor ferrets were in-
fected with H1N1pdm09, and 2 days later half of these donors
were infected with 107 CFUs of Spn D39 (Fig. 2A and B). At 54 h
postinfection (6 h postbacterial inoculation), recipient ferrets were
placed into the transmission cage for an 11-day continuous ex-
posure. Nasal secretions were collected from donor and recipient
animals and assessed for Spn D39 and H1N1pdm09 titers. The vi-
ral titers and bacterial loads for each pair are shown in Figure S2
(Supporting Information).

Comparison of the viral titer in the nasal secretions of donor
animals revealed similar titers on day 1 post-H1N1pdm09 infec-
tion, which was prior to Spn infection, as expected (Fig. 2J). Inter-
estingly, the H1N1pdm09 viral titers were reduced on subsequent
days after Spn infection. Viral titers in animals with a secondary
Spn D39 infection were consistently lower than the H1N1pdm09
only infected donors on days 4 and 5 and did not recover to similar
levels (Fig. 2J; ∗∗P < .005 and ∗∗∗P < .0005, respectively). Together,
these data demonstrate that secondary Spn D39 infection after
a primary H1N1pdm09 infection can reduce H1N1pdm09 replica-
tion in the ferret nasal cavity.

A decrease in viral titers within the nasal secretions could also
lead to less virus expelled into aerosols and thus influence trans-
mission dynamics during secondary Spn infections. Environmen-
tal conditions between studies with regards to humidity and tem-
perature were similar (Figure S3A and B, Supporting Information).
We assessed the virus-laden aerosols every day after Spn coinfec-
tion using cyclone-based NIOSH samplers, as previously described
(Lakdawala et al. 2011). Air sampling of the ferrets infected with
H1N1pdm09 alone vs. those infected with both pathogens indi-
cates that all animals expelled virus-laden aerosols larger than 4
μm in size, as detected by the presence of viral RNA and not infec-
tious virus. Even those animals that failed to transmit the virus to
recipient animals expelled virus-laden aerosols (Figure S3C and D,
Supporting Information). Therefore, the decrease in viral load in
the nasal wash during Spn secondary infection does not result in
an appreciable decrease of detectable expelled aerosols contain-
ing viral RNA.

Analysis of influenza transmission dynamics in single viral
infections versus secondary Spn D39 infections
Next, we used these two independently performed replicate stud-
ies to compare the transmission efficiency of H1N1pdm09 in the
presence or absence of secondary Spn D39 infection. The timing
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Figure 2. Secondary infection with Spn D39 reduces viral titers and Spn D39 pathogenesis is exacerbated with preceding H1N1pdm09 infection.
Experimental setup for airborne transmission of H1N1pdm or Spn D39 alone (A) or secondary infection with Spn D39 (B) in ferrets. A total of three or
four donors were infected with 106 TCID50 H1N1pdm09 (A/CA/07/2009) or not infected for the Spn only group. A total of 2 days later, half of the donors
were inoculated with 107 CFUs of Spn (D39; (D), (E), (G), and (H), red bars or lines and (I) purple lines). The other half did not receive Spn (C, blue bars)
or (F, blue bars, which where mock infected with PBS). Recipients were placed in the adjacent cage 6 h later and exposed for 11 days (A and B, gray
rectangle). Each bar represents viral titer for an individual animal and each dot represents the bacterial titer for an individual animal. Limit of
detection is denoted by a dashed line. (J) Comparison of mean virus titer of donors during the first week of infection between concurrent H1N1pdm09
alone vs. coinfection with or D39. Limit of detection is denoted by a dashed line. Solid lines represent the mean ± SEM for each group per day. Two-way
ANOVA analysis was used to determine statistically significant differences (∗∗P < .005, ∗∗∗P < .0005). (K) Comparison of mean bacterial load of donors
during Spn D39 infection (N = 3) and coinfection with preceding H1N1pdm09 infection (N = 7). Limit of detection is denoted by a dashed line. Data
represent the mean ± SEM for each group per day. Two-way ANOVA analysis was used to determine statistically significant differences (∗∗P < .005).

of viral shedding, days 3–8 postexposure, was similar in all recip-
ient animals infected with H1N1pdm09, demonstrating that sec-
ondary bacterial infection did not delay H1N1pdm09 transmis-
sion (Fig. 2C, D, F, and G, green and orange bars). Transmission of
H1N1pdm09 in single infections was 3/3 in the first study and 3/4
in the second study (Fig. 2C and F, respectively), for a combined
transmission efficiency of 6/7 (85%). This is consistent with the ro-
bust transmission of H1N1pdm09 to naïve ferrets reported by our
group and many others (Itoh et al. 2009, Lakdawala et al. 2015,
Le Sage et al. 2021, Munster et al. 2009). In contrast, in the first
study, we observed a lower transmission efficiency in ferrets with
a secondary Spn infection, the efficiency was 1/3 (Fig. 2D). How-
ever, in the second study the virus transmitted to 3/4 of the fer-
rets (Fig. 2G). In total, transmission of H1N1pdm09 was observed
in 4/7 (57%) pairs with secondary Spn D39 infection compared to
6/7 (85%) in H1N1pdm09 only infected pairs. This difference in
H1N1pdm09 transmission between ferret with single viral infec-
tions and Spn secondary infections was not statistically signifi-
cant, nonetheless it highlights a possible trend towards decreased
viral transmission in hosts with secondary Spn infection that mer-
its further study.

Analysis of Spn transmission dynamics and pathogenesis
with preceding H1N1pdm09 infection
To investigate whether preinfection with H1N1pdm09 influenced
Spn D39 transmission and bacterial load, ferrets were inoculated
with 107 CFUs Spn D39 in the absence of IAV in a separate ex-
periment (Fig. 2I). Bacterial colonization of donors occurred in the
absence of H1N1pdm09 infection with the donors shedding over
multiple days (Fig. 2I, purple lines). No transmission events were
detected in the Spn-only group recipients (Fig. 2I, yellow lines).
In ferrets with secondary bacterial infections, all the donors be-
came colonized with Spn D39 and shed bacteria on multiple dpi
(Fig. 2E and H, red lines). Airborne transmission of D39 was ob-
served in 2/7 (28%) of coinfected donors to naïve recipients (Fig. 2E
and H, orange lines). Comparison of the Spn D39 load in donors
from bacteria alone or coinfected group indicates that bacteria
loads in nasal washes are greater in the presence of H1N1pdm09
at later times postinfection with significant differences at 4 and 5
dpi (Fig. 2K). Intriguingly, the temporal dynamics of transmission
appear distinct for each pathogen. This is particularly clear in the
first study where shedding of H1N1pdm09 from a recipient ani-
mal waned at day 8 postexposure when bacterial shedding was
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Figure 3. Coinfection of H1N1pdm09 and Spn causes exacerbated disease. (A) Total number of symptoms between days 1 and 6 postinfection for donor
ferrets infected with Spn D39 alone (N = 3), H1N1pdm09 alone (N = 10), coinfected with H1N1pdm09/Spn D39 (N = 10) or H1N1pdm09/Spn BHN97 (N
= 3). Two-way ANOVA analysis was used to determine statistically significant differences (∗∗P < .05). (B) Percent number of H1N1pdm09/Spn D39
coinfected donors displaying each symptom that either did not or did transmit the virus. (C) Percent of coinfected donor animals that exhibited an
activity score greater than 2. Two-way ANOVA analysis was used to determine statistically significant differences (∗P < .05). (D) Percent of coinfected
donor animals that exhibited a greater than 15% weight loss. Two-way ANOVA analysis was used to determine statistically significant differences (∗P <

.05).

beginning (Figure S2B, Supporting Information). These data sug-
gest that Spn and H1N1pdm09 may not be co-transmitted, or that
Spn is only detected a few days after the transmission event. Sac-
rifice of recipients with a secondary infection (N = 2) at endpoint
(days 15 or 12 postexposure) revealed no H1N1pdm09 virus in any
organ tested, whereas high bacterial loads were found in most
tissues tested, including respiratory tissues and the spleen (Fig-
ure S4, Supporting Information). Thus, bacterial systemic dissem-
ination and severe morbidity was observed in recipients infected
with both Spn and H1N1pdm09. While the low number of trans-
mission events in general precludes a statistical analysis of these
data, the trend fits well with existing data that suggests that pre-
infection with influenza viruses promotes Spn transmission and
density (McCullers et al. 2010, Nakamura et al. 2011, Wren et al.
2014, 2017).

Coinfected donors with severe pathogenesis do
not transmit H1N1pdm09
In addition to pathogen loads and transmission dynamics, we col-
lected extensive data on symptoms. Cumulative disease symp-
toms were scored for all animals using a rubric that includes
ferret activity, breathing, nasal discharge, weight loss, dehydra-
tion, and diarrhea (Table S2, Supporting Information). Consistent
with published findings (McCullers et al. 2010, Peltola et al. 2006),
we found clinical symptoms were more severe in animals with a
secondary bacterial infection as compared to those infected with
H1N1pdm09 or Spn alone. Specifically, the score for cumulative
symptoms went averages of 1.3 and 1.9 in bacterial and viral single
infections, respectively to 7.8 in animals with a secondary infec-

tion (Fig. 3A). H1N1pdm09 infected donors had significantly fewer
symptoms as compared to coinfected H1N1pdm09/D39 infected
donors (P-value .0076).

To assess whether clinical severity in donor animals impacted
H1N1pdm09 airborne transmission, we sorted the data for all
donor ferrets infected with both H1N1pdm09/Spn D39 (including
those from the dose titration experiment) into two groups (Fig.
3B). Group 1 included the animals that did transmit H1N1pdm09
to their paired recipient (N = 6), while group 2 included the an-
imals that did not (N = 4). We focused on Spn D39, because the
lethality of Spn BHN97 in 2/3 donor ferrets limits clinical scores
to the first 5 days. Interestingly, donors with secondary infections
that did not transmit H1N1pdm09 displayed more severe symp-
toms than donors that transmitted the virus (Fig. 3B, a breakdown
of each clinical category can be found in Figure S5 (Supporting In-
formation). When considering each symptom individually there
was a statistically significant association between activity score
(above 2) and transmission (Fig. 3C, ANOVA P < .05) as well as ex-
tent of weight loss (above 15%) and transmission (Fig. 3D, ANOVA
P < .05). Taken together, these data suggest that severe clinical
symptom onset in donor animals may be associated with reduced
airborne transmission of H1N1pdm09.

Spn D39 colonized recipient ferrets are
susceptible to H1N1pdm09 infection but not
severe disease.
Our data demonstrate that secondary infection with Spn signif-
icantly decreases viral replication in the nasal cavity. Thus, we
postulated that precolonization of Spn might prevent viral trans-
mission by providing an inhospitable environment in the recipi-
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Figure 4. Spn-colonized recipient ferrets are susceptible to H1N1pdm09 infection but not severe disease. (A) Schematic representation of cage setup,
where recipients were inoculated with 107 CFUs of Spn (D39) 48 h prior (N = 4) to exposure. Donors (N = 4) were infected with 106 TCID50 H1N1pdm09
(A/CA/07/2009) and 24 h later recipients were placed in the adjacent cage and exposed for 2 days. (B) H1N1pdm09 titers from donor and recipient
animals. Limit of detection is denoted by a dashed line. (C) Bacterial loads from recipients in panel (B) are indicated by each symbol, which represents
an individual animal. (D) Percent number of H1N1pdm09/Spn D39 coinfected recipients from Figure S1D (Supporting Information), and Fig. 2D/2E and
2G/2H (N = 3) and Spn-colonized recipients infected with H1N1pdm09 from panels (B) and (C) (N = 4) displaying each symptom over the course of the
experiment.

ent for infection initiation. To determine whether Spn coloniza-
tion was sufficient to prevent natural infection by H1N1pdm09,
four ferrets were precolonized with Spn D39 to serve as recipi-
ents for H1N1pdm09 transmission (Fig. 4A). Nasal secretions were
collected every other day and all recipients were shown to shed
bacteria (Fig. 4C). Donors were infected with H1N1pdm09 and
precolonized Spn recipients were placed in the adjacent cage 24
h later. Precolonized recipients were exposed to virally infected
donors for 2 days, which we have previously shown results in ef-
fective transmission of H1N1pdm09 to all recipients (Le Sage et
al. 2021, Paules et al. 2017). All recipients became infected with
H1N1pdm09 and shed virus over multiple days between 2 and
8 dpe (Fig. 4B, purple bars), indicating that Spn D39 precoloniza-
tion does not protect recipients from H1N1pdm09 natural infec-
tion. Strikingly, the precolonized Spn D39 recipients who subse-
quently became coinfected with H1N1pdm09 only displayed 10%
weight loss (Fig. 4D). This is in contrast to the more severe symp-
toms (thick nasal discharge, weight loss of > 15%, and dissemi-
nation to beyond the respiratory track) associated with recipients
infected from donors coinfected with H1N1pdm09 and then Spn
(N = 3; Figures S2B, S2E, and S1D, Supporting Information). More-
over, bacterial loads in recipient animals were much lower than in
animals with preceding H1N1pdm09 infections (Fig. 4C vs. orange
lines in Fig. 2E, H and Figure S2D, Supporting Information). Taken
together, these findings suggest that factors such as order of infec-
tion as well as anatomical sites of bacterial colonization and viral
infection could influence the outcome of dual H1N1pdm09/Spn
infections.

Discussion
Efficient replication and airborne transmission are critical for the
spread and public health burden of respiratory pathogens. How-
ever, our understanding of how microbial communities contribute
to the replication of virus within the patient and the spread of
pathogenic bacteria and viruses through the air is limited. We
demonstrate that infection with H1N1pdm09 and secondary in-
fection of Spn decreases viral replication in the URT, increases
disease severity, and possibly reduces airborne transmission of
H1N1pdm09. In contrast, bacterial load in the URT was increased,
and systemic dissemination and airborne transmission of Spn was
observed. These data suggest an asymmetrical relationship be-
tween Spn and influenza virus.

During the 2009 H1N1 pandemic, severe infections were at-
tributed to secondary bacterial pneumonia, commonly caused
by Spn (Macintyre et al. 2018, Palacios et al. 2009). The increased
disease severity upon secondary bacterial infection is strongly
supported by animal models. Studies in mice and ferrets report
increased morbidity and mortality in coinfected animals relative
to single infection (Kash et al. 2011, Marks et al. 2013, McCullers
et al. 2010, Mina et al. 2015, Peltola et al. 2006, Sharma-Chawla
et al. 2016). Consistent with these previous data, we also ob-
served enhanced disease as measured by increased weight loss,
appearance of a thick layer of nasal discharge, diarrhea, shallow
breathing, and severe dehydration that required administration
of subcutaneous fluids in coinfected animals. Changes in bacte-
rial colonization and host microbiota could impact host immune
responses within a donor leading to severe pathology. Further
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studies are needed to determine whether a direct interplay be-
tween the pathogens or host responses are driving the severe dis-
ease associated with coinfection. Surprisingly, recipient animals
colonized with Spn and then naturally infected with H1N1pdm09
through the air did not present with severe disease symptoms,
which may indicate that the anatomical site where each pathogen
initiates an infection may influence disease severity. Interestingly,
we identified an association between disease symptoms and
airborne transmission of H1N1pdm09. We found that coinfected
donors that displayed more severe pathogenesis did not transmit
H1N1pdm09 to their recipients as efficiently as donors with
milder symptoms. These data put forward an important aspect of
transmission heterogeneity that has been largely understudied,
whereby transmissibility is related to disease severity.

Our data also revealed that secondary infection with Spn de-
creased H1N1pdm09 replication in the nasal cavity. This effect
may be related to changes in the viral lifecycle induced by Spn.
For example, presence of Spn at sites of viral replication could in-
fluence attachment and entry of influenza viruses into host cells,
efficiency of viral RNA synthesis, or viral assembly and budding
(Jones et al. 2020). It is already clear that changes in glycosyla-
tion of the host incurred during influenza virus infection influ-
ence subsequent Spn colonization, and similarly changes in gly-
cosylation via Spn affect subsequent viral infection (Nita-Lazar et
al. 2015, Ortigoza et al. 2018, Siegel et al. 2014, Wren et al. 2017).
The detected reduction in viral titers is similar to recent data ob-
tained from neonatal mice colonized with Spn prior to PR8 H1N1
infection (Ortigoza et al. 2018). Thus, direct or indirect interactions
between Spn and influenza lead to decreased viral replication.
However, the relation between bacteria and H1N1pdm09 may not
be limited to streptococcus, a dysregulation in nasal microbiota
could reduce susceptibility to influenza infections, as suggested
by a recent study using topical antibiotics (Rowe et al. 2020).

The negative association between secondary Spn infection and
H1N1pdm09 titers led us to investigate whether prior coloniza-
tion of Spn could reduce the susceptibility to H1N1pdm09 infec-
tion through the air. We observed that precolonization with Spn
did not protect recipients from acquiring H1N1pdm09 through the
air and shed both pathogens in nasal washes. However, in contrast
to secondary Spn infections, these animals did not present with
exacerbated disease and bacterial loads did not increase upon IAV
infection. Additionally, viral titers were not decreased in the nasal
secretions compared to donor animals. These differences may be
related to the diverse pathology associated with each pathogen. A
primary influenza virus infection disrupts the protective epithelial
cell lining and immunity in the respiratory tract, which opens the
tissue for Spn colonization (Short et al. 2014, Siemens et al. 2017).
In contrast, colonization with Spn may not have the same effect
on immunity or integrity of airway epithelial cells that will influ-
ence viral replication. Further, given the prevalence of Spn colo-
nization in children, it is tempting to consider how these findings
relate to pediatric viral–bacterial infections. However, any paral-
lels between our finding in the ferret model and children must be
made cautiously, since our studies were conducted in adult ferret,
who displayed low levels of Spn colonization. Differences between
adult and pediatric immune systems as well as differences in the
extent of colonization of Spn in human hosts vs. the ferret model
could impact the severity of disease and pathogen transmission
efficiencies.

In conclusion, our study highlights how bacteria may influence
replication and airborne transmission of H1N1pdm09 virus. In ad-
dition, we have demonstrated that disease severity may be nega-
tively correlated with influenza transmission and that colonizing

Spn may need to change their niche or expression pattern before
they contribute to increase morbidity associated with secondary
bacterial infections. These results shift our thinking of bacterial–
viral interactions and open the doors to a new understanding of
microbial interactions, disease severity and transmission.
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