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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and sea-
sonal influenza viruses are cocirculating in the human population. However, only a few
cases of viral coinfection with these two viruses have been documented in humans with
some people having severe disease and others mild disease. To examine this phenom-
enon, ferrets were coinfected with SARS-CoV-2 and human seasonal influenza A viruses
(IAVs; H1N1 or H3N2) and were compared to animals that received each virus alone.
Ferrets were either immunologically naive to both viruses or vaccinated with the 2019
to 2020 split-inactivated influenza virus vaccine. Coinfected naive ferrets lost significantly
more body weight than ferrets infected with each virus alone and had more severe
inflammation in both the nose and lungs compared to that of ferrets that were single
infected with each virus. Coinfected, naive animals had predominantly higher IAV titers
than SARS-CoV-2 titers, and IAVs were efficiently transmitted by direct contact to the
cohoused ferrets. Comparatively, SARS-CoV-2 failed to transmit to the ferrets that
cohoused with coinfected ferrets by direct contact. Moreover, vaccination significantly
reduced IAV titers and shortened the viral shedding but did not completely block direct
contact transmission of the influenza virus. Notably, vaccination significantly ameliorated
influenza-associated disease by protecting vaccinated animals from severe morbidity af-
ter IAV single infection or IAV and SARS-CoV-2 coinfection, suggesting that seasonal
influenza virus vaccination is pivotal to prevent severe disease induced by IAV and
SARS-CoV-2 coinfection during the COVID-19 pandemic.

IMPORTANCE Influenza A viruses cause severe morbidity and mortality during each
influenza virus season. The emergence of SARS-CoV-2 infection in the human popu-
lation offers the opportunity to potential coinfections of both viruses. The develop-
ment of useful animal models to assess the pathogenesis, transmission, and viral
evolution of these viruses as they coinfect a host is of critical importance for the de-
velopment of vaccines and therapeutics. The ability to prevent the most severe
effects of viral coinfections can be studied using effect coinfection ferret models
described in this report.
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The coronavirus disease 2019 (COVID-19) pandemic has resulted in over 233 million
infections and ;4.77 million deaths worldwide (http://covid19.who.int/). This dis-

ease is caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) vi-
rus that emerged in China in 2019 (1). Infected people have a range of clinical out-
comes from asymptomatic to severe disease and death (2). Currently, SARS-CoV-2
cases are still surging in the United States, and the continuously mutating virus is
spreading easily among the population (3–8). Although the USA government has
implemented COVID-19 vaccine programs since December 2020, only 56% of the
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population had been fully vaccinated as of October 2021 (http://ourworldindata.org/).
This level is still far below the percentage for herd immunity. Moreover, SARS-CoV-2
antibody levels started to decline 6 months postvaccination (9). Thus, people who
have not been vaccinated or have been vaccinated longer than 6 months remain in
danger of potential infection or reinfection (10, 11).

As SARS-CoV-2 infections continue, the Northern hemisphere is approaching the
2021 to 2022 influenza season. In general, it is difficult to predict the severity of an
influenza season and which subtypes of influenza virus will dominate at various points
during the season. Social distancing and mask-wearing may affect the transmission
and spread of influenza viruses because influenza cases were severely reduced during
the 2020 influenza season in the Southern hemisphere (12). These countermeasures
also have some effect on influenza virus transmission for people living in the Northern
hemisphere, but there will be regional differences based upon the implementation of
these practices and local lockdown restrictions.

Since the outbreak of COVID-19 at the end of 2019, the WHO had launched a global
campaign to test therapeutic agents and vaccines on an unprecedented scale (13–15).
During this progress, several animal models, including angiotensin-converting enzyme
2 (ACE2) transgenic mice, Syrian hamsters, ferrets, and nonhuman primates, were
established to investigate the virus pathogenicity and facilitate preclinical analysis for
vaccines and therapeutics (16, 17). Due to the accessibility and cost efficiency, mice,
hamsters, and ferrets were more commonly used for preclinical screening. However,
no ideal animal model could mimic SARS-CoV-2 infection in humans, and each animal
model has its advantages and limitations. The transgenic mouse model expresses the
human ACE2 gene, enabling the SARS-CoV-2 virus to bind and enter cells and initiate
viral infection. Those mice express human ACE2 under different promoters, which
results in a range of mild to lethal diseases, and mice can develop encephalitis after
infection with SARS-CoV-2 (18–20). The limitation of ACE2 transgenic mice is that the
human ACE2 gene is expressed ectopically, which may change the tissue or cellular
tropism of the virus (21). The Syrian hamster is a promising animal model to investigate
virus pathogenicity and access vaccines and therapeutics (17, 22). Although SARS-CoV-
2 infection was not lethal in hamsters, infected animals showed mild-to-moderate dis-
ease with progressive body weight loss that began 1 to 2 d postinfection (pi) along
with clinical morbidity, including lethargy, ruffled fur, a hunched posture, and labored
breathing (23). The virus was detectable in both upper and lower respiratory tracts
(24). However, ferrets are a gold-standard model for accessing the pathogenicity and
transmission of human respiratory viruses (25), including influenza virus and respira-
tory syncytial virus. When experimentally infected with SARS-CoV-2, there are no
observed clinical symptoms, and body weight alternation was observed postinfection,
but virus shedding was observed in nasal swabs (26–28).

Both influenza and COVID-19 are contagious respiratory illnesses caused by the
infection of two different pathogens: influenza virus (IAV) and SARS-CoV-2 virus.
Influenza and COVID-19 present many similar symptoms, such as fever, cough, head-
ache, sore throat, and pneumonia, and acute respiratory distress syndrome (29, 30),
which makes it difficult for medical professionals to diagnose and provide a course of
action. Moreover, IAV and SARS-CoV-2 are both airborne transmitted viruses that
infected the upper and lower respiratory tracts (31–33). In addition, alveolar type II
pneumocytes are the same target cells for both IAV and SARS-CoV-2 even though they
have different entry cellular receptors (32, 34, 35). Thus, coinfection is highly possible
especially when these two viruses are circulating at the same time. A respective study
showed that the coinfection rate of SARS-CoV-2 and IAVs was as high as 49.8% in a sin-
gle-centered study of 307 COVID-19 patients during the outbreak period in Wuhan
(36). Meanwhile, another study based on surveillance in the United Kingdom also
showed that 19% of COVID-19 patients were tested positive for both IAV and SARS-
CoV-2 when COVID-19 was first emerged in the U.K. from January to April 2020 (37).
Given the high coinfection rate of those two viruses, the impact of COVID-19 alongside
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influenza on morbidity and mortality is a major concern in the 2021 to 2022 flu season
in the Northern hemisphere.

In this study, we examined the disease outcomes in ferrets coinfected with SARS-
CoV-2 and IAVs and the ability of the seasonal influenza virus vaccine to protect
against disease and transmission.

RESULTS
IAV and SARS-CoV-2 coinfection enhanced the disease severity in ferrets. To

determine the effect of SARS-CoV-2 and IAV coinfections, ferrets were infected with ei-
ther IAV or SARS-CoV-2 alone or together and served as naive transmitter ferrets (Fig.
1A). At 1 d postinfection (pi), nasal washes were performed on each naive transmitter
ferret before cohousing with a receiver ferret. The naive transmitter ferrets were moni-
tored for bodyweight loss and the ability to transmit the viruses to receiver ferrets over
14 days (Fig. 1A). As shown in Fig. 1B, SARS-CoV-2 single-infected ferrets did not lose
any body weight during the 14 days of observation, H1N1 CA/09 single-infected ferrets
lost an average ;10% of their body weight (range was 5 to 15% of original body
weight) by 7 d pi and then began to recover, which is consistent with a previous obser-
vation (38), while SARS-CoV-2 and CA/09 coinfected ferrets lost an average of 18% their
body weight by 7 d pi (14 to 21%), which was significantly lower than either CA/09 or
SARS-CoV-2 single-infected ferrets (Fig. 1B). The coinfected ferrets also recovered
slowly and did not return to their full body weight during the observation period (Fig.
1B). The same disease enhancement was observed in ferrets coinfected with SARS-
CoV-2 and KS/17 (H3N2) viruses. Ferrets infected with the KS/17 virus lost little weight
over the 14 days while ferrets coinfected with SARS-CoV-2 and KS/17 lost between 3%
and 10% of their body weight, which was statistically lower than KS/17 single-infected
ferrets at 14 d pi (Fig. 1B).

Receiver ferrets began to lose weight by 3 to 5 d postexposure (pe) except for re-
ceiver ferrets cohoused with SARS-CoV-2 single-infected transmitter ferrets (Fig. 1C).
Receiver ferrets cohoused with CA/09 single-infected or CA/09 and SARS-CoV-2 coin-
fected transmitter ferrets lost a statistically similar percentage of weight postexposure
(Fig. 1C). In comparison, receiver ferrets cohoused with KS/17 and SARS-CoV-2 coin-
fected transmitter ferrets lost significantly more body weight than KS/17 or SARS-CoV-
2 single-infected ferrets (Fig. 1C).

IAV transmitted more efficiently than SARS-CoV-2 by direct contact in ferrets.
To evaluate virus shedding and transmission by direct contact for both IAVs and SARS-
CoV-2, virus titers in nasal washes collected from both transmitter ferrets and receiver
ferrets were assessed. IAVs were detectable from all transmitter ferrets from nasal
washes collected at 1, 3, and 5 d pi, the viruses were completely cleared from nasal
washes by 7 d pi (Fig. 2A to D). The IAV mean virus titers in the coinfected ferrets were
lower than those in IAV single-infected ferrets. However, the SARS-CoV-2 virus was
only detectable at 1 d pi in the coinfected transmitter ferrets (Fig. 2E and F) while the
virus was detectable for up to 5 d pi in SARS-CoV-2 virus single-infected transmitter fer-
rets (Fig. 2G).

IAV is transmitted efficiently by direct contact in ferrets. Receiver ferrets cohoused
with CA/09 single-infected or CA/09 and SARS-CoV-2 coinfected transmitter ferrets had
similar viral titers compared to their transmitter ferrets (Fig. 2H and I). However, there
was a delay in the detection of the KS/17 virus in the receiver ferrets compared to the
transmitter ferrets (Fig. 2J and K). Receiver ferrets cohoused with KS/17 single-infected
transmitter ferrets had no detectable virus titers at 2 d pe but had high detectable vi-
rus titer at 4, 6, or 8 d pe (Fig. 2J), while the receiver ferrets cohoused with KS/17 and
SARS-CoV-2 coinfected transmitter ferrets initially had high detectable virus titer from
4 d pe, and the virus was cleared from nasal washes by 8 d pe (Fig. 2K).

However, SARS-CoV-2 did not transmit as efficiently as IAVs in ferrets. SARS-CoV-2
was undetectable in receiver ferrets cohoused with coinfected transmitter ferrets (Fig.
2L and M), SARS-CoV-2 was only detected in receiver ferrets cohoused with SARS-CoV-
2 single-infected transmitter ferrets within the first 6 d pe (Fig. 2N).

Coinfection with SARS-CoV-2 and IAV Journal of Virology

March 2022 Volume 96 Issue 5 e01791-21 jvi.asm.org 3

https://jvi.asm.org


FIG 1 Schematic of IAV and SARS-CoV-2 coinfection in naive transmitter ferrets and transmission by direct contact. (A). Schematic coinfection and
transmission experiment layout. Ferrets (n = 16) were coinfected with IAV (H1N1 or H3N2) and SARS-CoV-2 simultaneously or singly infected with IAV or
SARS-CoV-2 (naive transmitters). At 1 d pi, nasal washes were performed and another set of naive ferrets (n = 16) (receivers) were cohoused with infected
transmitter ferrets. Nasal washes were performed at 3, 5, 7, and 9 d pi from transmitter ferrets, and 2, 4, 6, 8, 10 d pe from receiver ferrets for viral titration.

(Continued on next page)
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To access the lung viral titers in the naive transmitter ferrets after a single infection
or coinfection, ferrets were euthanized, and the lung tissue was collected at 4 d pi.
Approximately 104 to 106 plaque forming unit (PFU)/mL of IAVs was detected in ferrets
single-infected with CA/09 or coinfected with CA/09 and SARS-CoV-2, and the viral
titers were statistically similar between those two groups (Fig. 3A). No IAVs were
detected in ferrets single-infected with KS/17 or SARS-CoV-2 alone or coinfected with
KS/17 and SARS-CoV-2 (Fig. 3A). Moreover, no infectious SARS-CoV-2 was detected in
the ferret regardless of whether they were singly infected with SARS-CoV-2 or coin-
fected with IAV (Fig. 3B), indicating that KS/17 and SARS-CoV-2 infected or replicated
efficiently in the upper but not the lower respiratory tract in ferrets.

IAV and SARS-Cov-2 coinfection induced more severe inflammation in nasal
cavities and lungs. To further access the histopathological changes in experimentally
infected ferrets, naive ferrets that were directly infected with either IAV alone or coin-
fected with SARS-CoV-2, ferrets (n = 3/group) were euthanized on 4 d pi, and the nasal
cavity and lung tissue were collected and fixed in formalin for hematoxylin and eosin
(H&E) staining. It was a single point of time in an infection, and the kinetics of histo-
logic changes could be different for different viruses and the viral combination. In the
nasal cavity, a single infection with SARS-CoV-2, CA/09, or KS/17 induced minimal to
mild inflammation (Fig. 4A, C, D to F). However, CA/09 and SARS-CoV-2 coinfection
induced significantly more severe inflammation than CA/09 or SARS-CoV-2 infection
alone (Fig. 4A, C, F to G), and KS/17 and SARS-CoV-2 coinfection also resulted in statisti-
cally higher inflammation than KS/17 or SARS-CoV-2 infection alone (Fig. 4A, C to E). In
the lungs, the same phenomenon was observed. CA/09 and SARS-CoV-2 coinfection
induced more severe inflammation than CA/09 or SARS-CoV-2 infection alone (Fig. 4B,
H, K to L), but the inflammation scores were not statistically different between KS/17
and SARS-CoV-2 coinfection and KS/17 infection alone (Fig. 4B, H to J).

FIG 1 Legend (Continued)
All the ferrets were monitored for body weight and mortality for 14 days postinfection/postexposure. (B) Bodyweight curve of infected transmitter ferrets.
(C). Bodyweight curve of receiver ferrets. The dotted line indicated 80% of original body weights. Statistical differences in body weight between different
groups were analyzed using two-way ANOVA. (D). Statistical analysis of body weight loss between naive transmitter ferrets postinfection. (E). Statistical
analysis of body weight loss between naive receiver ferrets postexposure. Statistical differences were indicated as asterisks: *, P , 0.05; **, P , 0.01; ***,
P , 0.001; ****, P , 0.0001.

FIG 2 IAV and SARS-CoV-2 viral titers from nasal washes. IAV and SARS-CoV-2 nasal wash viral titers were assessed in both naive transmitter ferrets and
their receiver ferrets at different time points postinfection/exposure. (A to D). IAV viral titers or SARS-CoV-2 viral titers (E to G) in naive transmitter ferrets
postinfection. (H to K). IAV viral titers or SARS-CoV-2 viral titers (L to N) in naive receiver ferrets postexposure. IAV viral titers were determined by plaque
forming assay and presented as PFU per milliliter (PFU/mL), and SARS-CoV-2 viral titers were determined by median tissue culture infectious dose (TCID50)
and presented as TCID50/mL. The dotted line indicated the limit of detection. Statistical differences of viral titers on different time points postinfection were
analyzed using a one-way ANOVA and indicated as asterisks: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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Seasonal influenza vaccine ameliorated the disease severity caused by IAV and
SARS-CoV-2 coinfection in ferrets. To determine if seasonal influenza vaccine will
reduce the disease severity induced by the coinfection of IAVs and SARS-CoV-2, a sub-
set of ferrets was intramuscularly vaccinated with the 2019 to 2020 split-inactivated
Fluzone seasonal influenza vaccine (Sanofi Pasteur, Swiftwater, PA, USA) twice and
then infection and direct contact transmission were performed (Fig. 5A). All the vacci-
nated ferrets seroconverted to each of the vaccine components by 42 d after initial
vaccination (Fig. 6), and the hemagglutinin antibody inhibition (HAI) titers against CA/
09 (not a vaccine component) and Bris/18 were statistically identical (Fig. 6A and B).
Vaccinated transmitter ferrets that were single infected with CA/09 lost ;10% of their
body weight by 6 d pi (Fig. 5B, solid circle), which was significantly lower than the CA/
09 infected naive transmitter ferrets without any vaccination (Fig. 5B, open circle).
While vaccinated transmitter ferrets that coinfected with CA/09 and SARS-CoV-2 (Fig.
5C, red solid circle) also lost significantly lower body weight (;5%) than the naive
transmitter ferrets (Fig. 5C, open circle). Those vaccinated transmitter ferrets were rap-
idly recovered to their original body weight while the naive transmitter ferrets did not
recover their body weight by 14 d pi (Fig. 5C, solid circle). In contrast, the KS/17 or
SARS-CoV-2 infection was mild in ferrets, and single-infected or coinfected vaccinated
transmitter ferrets either maintained their body weight or gained 5% of their body
weight for the entire 2 weeks (Fig. 5D to F). However, there was still a trend that the
vaccinated transmitters had a higher mean body weight (color solid circle) than the na-
ive transmitter ferrets (open circle) at all time points after infection.

The receiver ferrets cohoused with CA/09 single-infected vaccinated transmitter fer-
rets (Fig. 5G, solid circle) lost;10% of their body weight during the exposure, and stat-
istically similar body weight loss was also observed in the receiver ferrets cohoused
with CA/09 and SARS-CoV-2 coinfected vaccinated transmitter ferrets (Fig. 5H, solid
circle). As we observed, no statistically different body weight loss was observed
between receiver ferrets cohoused with vaccinated transmitter ferrets (Fig. 5G and H,
solid circle) and naive transmitter ferrets (Fig. 5G and H, open circle) after infection.
However, receiver ferrets cohoused with either KS/17 infected vaccinated transmitter
ferrets (Fig. 5I, solid circle) or KS/17 and SARS-CoV-2 coinfected vaccinated transmitter
ferrets (Fig. 5J, solid circle) did not lose any body weight during the whole time of ex-
posure. The receiver ferrets were cohoused with naive transmitter ferrets that were ei-
ther infected with KS/17 or coinfected with KS/17 and SARS-CoV-2 lost (Fig. 5I and J,
open circle) significantly more body weight than those cohoused with the

FIG 3 IAV and SARS-CoV-2 viral titers in lung tissues. Naïve ferrets were either single-infected with
IAV or SARS-CoV-2 or coinfected with those two viruses simultaneously. On 4 d pi, lung tissues were
collected for viral titration. (A) IAV viral titers were determined by plaque forming assay and
presented as PFU per milliliter (PFU/mL). (B). SARS-CoV-2 viral titers were determined by median
tissue culture infectious dose (TCID50) and presented as TCID50/mL. The dotted line indicated the limit
of detection. Statistical differences of lung viral titers between groups were analyzed using a two-way
ANOVA and indicated as asterisks: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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corresponding vaccinated transmitter ferrets after infection (Fig. 5I and J, solid circle).
In contrast, receiver ferrets exposed to SARS-CoV-2 infected naive/vaccinated transmit-
ter ferrets did not lose any body weight during the observation period (Fig. 5K).

Influenza virus vaccine did not completely block IAV direct contact transmission
but shortened the shedding period with lower virus titer in ferrets. To determine
whether the seasonal influenza vaccine affected IAVs and SARS-CoV-2 infection and
direct contact transmission, both IAVs and SARS-CoV-2 viral nasal wash titers were
assessed from vaccinated transmitter ferrets and their receiver ferrets at different time
points postinfection/exposure.

In the vaccinated transmitter ferrets, CA/09 was detectable in nasal washes at 1 and
3 d pi (Fig. 7A and B) after single-infection with CA/09 and coinfection with SARS-CoV-
2 simultaneously, and the virus titers were significantly lower in those vaccinated trans-
mitter ferrets compared to that in naive transmitter ferrets. While KS/17 virus was only
detectable at 1 d pi in vaccinated transmitter ferrets after single-infection with KS/17,
and KS/17 was retrieved at 1 and 3 d pi in vaccinated transmitter ferrets after coinfec-
tion with KS/17 and SARS-CoV-2 (Fig. 7C), suggesting IAV (CA/09 and KS/17) shedding
was shortened by at least 2 days in vaccinated transmitter ferrets compared to the na-
ive simultaneously (Fig. 7A to D). However, SARS-CoV-2 was barely detectable at any
time point in the vaccinated transmitter ferrets after coinfection (Fig. 7E and F), the vi-
rus was only detectable in 1 ferret at 1 d pi and in 2 ferrets at 5 d pi in the vaccinated

FIG 4 Inflammation in nasal cavity and lungs of single-infected or coinfected ferrets. Ferrets were either single-infected with IAV or SARS-CoV-2 or
coinfected with those two viruses simultaneously. On 4 d pi, the nasal cavity and lungs from three ferrets in each group were collected for
histopathological analysis. (A and B) Inflammation score in the nasal cavity (A) and lungs (B) after single infection or coinfection. (C to L) Representative
images of noses and lungs histopathological changes at 4 d pi after single infection or coinfection. The boxed area is magnified showing inflammatory
cells infiltration. Lesion severity and distribution were evaluated and scored: 0 = no histological change; lesion severity: 1 = minimal, 2= mild,
3 = moderate, 4 = severe; lesion distribution: 1= focal, 2 = multifocal, 3 = diffuse. Statistical differences of inflammation scores between groups were
analyzed using a one-way ANOVA and indicated as asterisks: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.

Coinfection with SARS-CoV-2 and IAV Journal of Virology

March 2022 Volume 96 Issue 5 e01791-21 jvi.asm.org 7

https://jvi.asm.org


transmitter ferrets after coinfection with KS/17 and SARS-CoV-2 (Fig. 7F), but the virus
was detectable in SARS-CoV-2 single-infected ferrets up to 5 d pi and was detectable in
all ferrets at 3 d pi (Fig. 7G).

Receiver ferrets cohoused with CA/09 single-infected or CA/09 and SARS-CoV-2

FIG 5 Schematic of IAV and SARS-CoV-2 coinfection in Fluzone vaccinated transmitter ferrets and transmission by direct contact (A). Ferrets (n = 15) were
intramuscularly vaccinated with the 2019 to 2020 Fluzone quadrivalent influenza vaccine at days 0 and 28 (250 mL/dose). At day 56, vaccinated ferrets
were coinfected with IAV (H1N1 or H3N2) and SARS-CoV-2 simultaneously or single-infected with either IAV or SARS-CoV-2 (vaccinated transmitters). On
1 d pi, nasal washes were performed on those vaccinated transmitter ferrets and another set of naive ferrets (n = 15) (receivers) were cohoused with
vaccinated transmitter ferrets. Nasal washes were collected at 1, 3, 5, 7, and 9 d pi from vaccinated transmitter ferrets, and at 2, 4, 6, 8, 10 d pe from
receivers for viral titration. All ferrets are monitored for body weight loss for 14 days postinfection. (B-F). Bodyweight curves of the vaccinated transmitter
ferrets were compared to the naive transmitter ferrets that were: single-infected with CA/09 (B); coinfected with CA/09 and SARS-CoV-2 (C); single-infected
with KS/17 (D); coinfected with KS/17 and SARS-CoV-2 (E); single-infected with SARS-CoV-2 (F). (G to K) Bodyweight curves of receiver ferrets that were
cohoused with vaccinated transmitter ferrets were compared to the naive transmitter ferrets that were: single-infected with CA/09 (G); coinfected with CA/
09 and SARS-CoV-2 (H); single-infected with KS/17 (I); coinfected with KS/17 and SARS-CoV-2 (J); single-infected with SARS-CoV-2 (K). The dotted line
indicated 80% of original body weights. Statistical differences of body weight between groups were analyzed using a two-way ANOVA and indicated as
asterisks: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.

FIG 6 Hemagglutination inhibition serum antibody titers induced by Fluzone quadrivalent vaccine in vaccinated ferrets. HAI titers were determined for
ferrets (n = 15) that were intramuscularly vaccinated twice (days 0 and 28) with 250 mL of the 2019 to 2020 Fluzone quadrivalent seasonal influenza
vaccine. Antisera were collected at day 42 post-initial vaccination for HAI assay against vaccine virus components as well as A/California/07/2009 virus.
Values are the individual animal HAI titers: (A) A/California/07/2009 (H1N1); (B) A/Brisbane/02/2018 (H1N1); (C) A/Kansas/14/2017 (H3N2); (D) B/Phuket/
3073/2013 (B-Vic); (E) B/Colorado/06/2017 (B-Yam). The dotted line indicated the 1:40 HAI titer.
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coinfected vaccinated transmitter ferrets had similar virus titers as the directly infected
vaccinated transmitter ferrets (Fig. 7H and I). In contrast, there was a delay in detecting
KS/17 with virus titers peaking at 6 d pe, and the virus was still detectable in receiver
ferrets until 8 d pe (Fig. 7J and K). Importantly, lower mean viral titers were observed in
receiver ferrets that were cohoused with vaccinated transmitter ferrets than those
cohoused with naive transmitter ferrets. However, no receiver ferrets had detectable
SARS-CoV-2 virus titer at any time point postexposure with vaccinated transmitter fer-
rets (Fig. 7L to N). Despite no live SARS-CoV-2 virus detected in the nasal washes of the
receiver ferrets, the viral RNA (vRNA) could be detected in the receiver ferrets that
cohoused with SARS-CoV-2 single-infected vaccinated transmitter ferrets at day 3 d pi,
but not those cohoused with IAVs and SARS-CoV-2 coinfected vaccinated transmitter
ferrets (Fig. 8).

DISCUSSION

Influenza viruses cause ;5 million cases of severe illness and 290,000 to 650,000
deaths worldwide per year (39). In the U.S., there are ;36,000 deaths and more than
200,000 hospitalizations annually (40) with an average annual economic cost greater
than $11 billion (41). Infection with influenza virus does not preclude coinfection with
a second pathogen. Both influenza A viruses and SARS-CoV-2 have been cocirculated
since the 2019 to 2020 influenza seasons, and there have been documented cases of
coinfections with these two viruses (36, 42–47). Along with the SARS-CoV-2 virus con-
tinuously circulating, it will be more challenging in this 2021 to 2022 influenza season
in the Northern Hemisphere. Coinfection cases have ranged from mild to severe in clin-
ical outcome with some cases not significantly worse than infection with SARS-CoV-2
or influenza virus alone (48), whereas other coinfection cases had more severe disease
(46, 49). In this study, we used the well-established ferret model for influenza virus
infection to examine coinfection with the SARS-CoV-2 virus.

In this study, we demonstrated that SARS-CoV-2 and IAVs (H1N1 and H3N2) coinfec-
tion enhanced the disease severity in ferrets, and the coinfection induced more severe
inflammation in the upper respiratory tract as well as in lungs than the single infection
in ferrets, which is consistent with the coinfection studies performed in ACE2

FIG 7 IAV and SARS-CoV2 virus titers from nasal washes. IAV and SARS-CoV-2 nasal wash viral titers were assessed in both vaccinated transmitter ferrets
and their naive receiver ferrets at different time points postinfection/postexposure (A to D). IAV viral titers or SARS-CoV-2 viral titers (E to G) in vaccinated
transmitter ferrets postinfection. (H to K). IAV viral titers or SARS-CoV-2 viral titers (L to N) in naive receiver ferrets postexposure. IAV viral titers were
determined by plaque forming assay and presented as PFU per milliliter (PFU/mL), and SARS-CoV-2 viral titers were determined by median tissue culture
infectious dose (TCID50) and presented as TCID50/mL. The dotted line indicated the limit of detection. Statistical differences of viral titers on different time
points postinfection were analyzed using a two-way ANOVA and indicated as asterisks: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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transgenic mice and hamsters (24, 50–52). As we noticed, SARS-CoV-2 infection was
very mild in ferrets and no clinical alterations in body weight were observed, but when
ferrets were coinfected with IAV (a subtype of H1N1 or H3N2), the disease was more
severe than either single infection by IAV or SARS-CoV-2, and coinfected ferrets lost
significantly more body weight compared to single-infected animals. Ferrets are sus-
ceptible to experimental infection of SARS-CoV-2, and the infection is dose-dependent,
virus shedding is undetectable when the infectious dose is low (53). However, ferrets
are semipermissive to natural infection by direct contact, and no infection was
detected by droplet transmission (54). In contrast, IAV single infection (CA/09 H1N1)
did not cause any body weight loss in hamsters, while IAV and SARS-CoV-2 coinfection
caused hamsters to lose 9.6% of their body weight at 4 d postinfection (24). Although
we observed the coinfection enhanced the diseases in both ferrets and hamsters, IAVs
and SARS-CoV-2 had different susceptibilities to these two animal models. In ferrets,
IAV infection is more efficient than SARS-Cov-2, IAV infection was associated with high
virus titer detected from nasal washes no matter infection alone or coinfection with
SARS-CoV-2, but SARS-CoV-2 infection had significantly lower virus titer detected after
coinfection, and virus shedding was only detectable in the first 1 to 3 d postinfection.
In contrast, hamsters are more susceptible to SARS-CoV-2 than IAV (24). The SARS-Cov-
2 virus replicated rapidly in both upper and lower respiratory and viral titer peaked at
4 d pi, while IAV infection was not as efficient as SARS-CoV-2. Even though a high dose
of IAV was used for infection, only little viruses could be detected from the upper respi-
ratory tract in hamsters (24). However, ACE2 transgenic mice are highly susceptible to
both IAV and SARS-CoV-2, high viral titers for both viruses could be detected in both
upper and lower respiratory tracts, and the coinfection with a nonlethal dose of IAV
and SARS-CoV-2 also aggravated the pathogenesis and led to 100% mortality (50–52).
Lei et al. (50) reported that coinfection with IAV enhanced SARS-CoV-2 infectivity in
ACE2 transgenic mice, but the enhanced SARS-CoV-2 infectivity facilitated by IAV was
not observed in Achdout et al. (51), which showed SARS-Cov-2 infectivity was

FIG 8 SARS-CoV-2 viral RNA level from nasal washes. SARS-CoV-2 viral N gene was detected by RT-qPCR in nasal washes collected from: (A and B)
coinfected naive transmitter ferrets; (C) SARS-CoV-2 infected naive transmitter ferrets; (D to E) receiver ferrets cohoused with coinfected naive transmitter
ferrets; (F) receiver ferrets cohoused with SARS-CoV-2 infected naive transmitter ferrets; (G-H). coinfected vaccinated transmitter ferrets; (I) SARS-CoV-2
infected vaccinated transmitter ferrets; (J and K) receiver ferrets cohoused with coinfected vaccinated transmitter ferrets; (L) receiver ferrets cohoused with
SARS-CoV-2 infected vaccinated transmitter ferrets. Statistical differences were analyzed using a one-way ANOVA and indicated as asterisks: *, P , 0.05; **,
P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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interrupted by coinfection with IAV in the ACE2 transgenic mouse model. Moreover,
similar SARS-CoV-2 infection interference caused by coinfection with IAV was also
observed in ferrets and hamsters (24).

IAV and SARS-CoV-2 may compete during coinfection in ferrets, hamsters, and ACE2
transgenic mice considering IAVs and SARS-CoV-2 infect the same target cells in the re-
spiratory tract (51, 55–59). There was evidence of pathogenic competition between
IAV and seasonal coronaviruses (60). Moreover, another study in the U.K. also revealed
that the risk of testing positive for SARS-CoV-2 was 68% lower among influenza-posi-
tive cases (37). In this study, we found that SARS-CoV-2 was only detectable on 1 d pi
in coinfected ferrets but detectable until 5 d pi in SARS-CoV-2 single-infected ferrets.
Similarly, the potential competitive infection was also observed in hamsters and trans-
genic ACE2 mice (24), lower SARS-CoV-2 virus loads were observed when coinfection
with those two viruses compared to a single infection with SARS-CoV-2 (24, 51). We
only examined simultaneous coinfection in this study, but sequential infection may
yield similar results (24, 52). Previously our group demonstrated that in influenza se-
quential coinfections, the elicitation of innate immune responses reduces the ability of
the second virus to productively infect the same ferret, and often a 60 to 90 days rest
period is necessary to achieve sequential viral infections (38).

IAVs transmitted efficiently in ferrets by direct contact as we demonstrated in this
study, and IAV titers in receiver ferrets were as high as titers in their cohoused transmit-
ter ferrets, suggesting that IAV transmission was not interrupted by SARS-CoV-2.
However, SARS-CoV-2 virus transmission was influenced when IAV existed, and the
transmission efficacy was significantly low between ferrets. No infectious SARS-CoV-2
virus could be detected from the receiver ferrets that were exposed to the coinfected
transmitter ferrets, and the infectious virus was only detectable in the receiver ferrets
that were exposed to SARS-CoV-2 single-infected transmitter ferrets. Because coinfec-
tion made SARS-CoV-2 virus shedding shortened to 1 day postinfection and nasal
washes were also performed on those transmitter ferrets at 1 d pi, which resulted in lit-
tle to no virus could be transmitted to the receiver ferrets. In addition, SARS-Cov-2 virus
shedding in the upper respiratory tract is dependent on the initial infection dose (53),
a low infection dose might lead to no virus detectable in ferrets. Although SARS-CoV-2
transmission between ferrets had been documented by measuring viral RNA levels in
the receiver ferrets, no infectious virus could be isolated (26, 27, 53, 61).

Seasonal influenza virus vaccination significantly reduced the IAV titers, thus ameliorat-
ing the disease severity in ferrets no matter a single infection with IAV or coinfection with
IAV and SARS-CoV-2. Moreover, influenza virus vaccination shortened IAV shedding from
the infected ferrets. Even though the virus transmission was not completely blocked by
vaccination, lower IAV titers, shorter shedding time, and delayed virus titer peak was found
in receiver ferrets. The severity of disease induced by coinfection was predominantly con-
tributed by IAV in the ferret, getting IAV under control significantly improved the disease
outcome. Influenza immunity prevented severe manifestations in coinfected ACE2 trans-
genic mice were also reported (51, 52). Although SARS-CoV-2 infection caused very mild
disease in ferrets, coinfection with IAV showed severe exacerbation, therefore, we specu-
lated that COVID-19 vaccination might also alleviate the disease severity in coinfected fer-
rets, which will need to be further determined. Achdout et al. (51) reported that SARS-CoV-
2 immunity did not prevent increased lethality induced in ACE-2 transgenic mice, but
SARS-CoV-2 immunity may prevent the severe diseases in hamsters because the enhanced
diseases after coinfection was predominantly led by SARS-CoV-2 infection in hamsters,
which should be ameliorated once SARS-CoV-2 infection got controlled (24). In addition,
different challenge stocks of the SARS-CoV-2 virus were used in different studies, which
may have contributed to the considerable variations.

Overall, our results demonstrated the positive effect of seasonal influenza virus vac-
cination on reducing the effects of not only IAV induced disease, but also the effects of
IAV and SARS-CoV-2 coinfection. As the Northern hemisphere entered flu season,
SARS-CoV-2 variants are still circulating, more documented coinfections will continue
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to grow in the human population. Therefore, it is necessary to get seasonal influenza
vaccination for reducing the risk of severe morbidity of influenza/COVID-19 coinfection
during the COVID-19 pandemic and add benefits for overall public health by prevent-
ing viral infection, reducing viral transmissions, decreasing hospital visitations, and
reducing the complications of COVID-19 lockdowns and restrictions, particularly for
high-risk populations (23, 24).

MATERIALS ANDMETHODS
Cells and viruses. Madin-Darby canine kidney (MDCK) cells and Vero-E6 cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin solution (10,000 U/mL) at 37°C with 5% CO2. Influenza A and B viruses used in
this study were grown in eggs. The A/California/07/2009 (H1N1) was obtained from Virapur (NY, USA), A/
Kansas/14/2017 (H3N2), B/Phuket/3073/2013 (B-Vic), and B/Colorado/06/2017 (B-Yam) were obtained
from International Reagent Resource (IRR). The SARS-CoV-2 virus isolate, USA-WA1/2020, was originally
purchased from BEI resources. The SARS-CoV-2 virus was grown in Vero E6 cells and passaged three
times and this stock of virus was used for infection. All experiments involving live SARS-CoV-2 virus were
performed in the Biosafety Level-3 (BSL-3) facility at the University of Georgia (UGA) following approved
standard operating procedures.

Animals. Fitch ferrets (Mustela putorius furo, female, 6 to 15 months of age), negative for antibodies
to circulating influenza A (H1N1 and H3N2) influenza B viruses and SARS-CoV-2 virus, were descented
and purchased from Triple F Farms (Gillett, PA, USA). Ferrets were pair housed in stainless steel cages
(Shor-Line) containing Sani-Chips laboratory animal bedding and allowed free access to food and water.
They were cared for under USDA guidelines for laboratory animals. All procedures were reviewed and
approved by the University of Georgia Institutional Animal Care and Use Committee (IACUC). Ferrets
were anesthetized with a mixture of oxygen and 5% isoflurane for infection and nasal washes.

Coinfection in naive ferrets and direct contact transmission. Ferrets (n = 40) were randomly divided
into 10 groups (n = 4). Five groups were directly single-infected with IAV or SARS-CoV-2 or coinfected with
SARS-CoV-2 and IAV intranasally (naive transmitter ferrets) in a 1 mL (500mL instilled in each nostril). Influenza
A/California/07/2009 H1N1 (106 PFU), influenza A/Kansas/14/2017 H3N2 (1.3 � 109 PFU), and SARS-CoV-2
(5� 105 PFU) were used for infection. Twenty-four hours postinfection, nasal washes were performed on those
transmitter ferrets, and another five groups of naive ferrets (n = 4) (receiver ferrets) were cohoused with the na-
ive transmitter ferrets for direct contract transmission. Nasal washes were further collected from naive transmit-
ter ferrets on days 3, 5, 7, and 9 d postinfection (pi) or from receiver ferrets on 2, 4, 6, 8, and 10 d postexposure
(pe) to the naive transmitters. All nasal wash samples were then stored at280°C for further use.

Coinfection in vaccinated ferrets and direct contact transmission. A separate subset of ferrets
(n = 30) was randomly divided into 10 groups (n = 3). Five groups of ferrets have intramuscularly vacci-
nated with the 2019 to 2020 Fluzone quadrivalent seasonal influenza vaccine (Sanofi Pasteur,
Swiftwater, PA, USA) on days 0 and 28 (250 mL/dose). Blood samples were collected from all ferrets on
day 0 to make sure they are all seronegative to vaccine components by the hemagglutination inhibition
assay. On day 42, blood (3 mL) was collected to assess antibody seroconversion to vaccine strains. On
day 56, vaccinated ferrets were single-infected with either IAV or SARS-CoV-2 or coinfected with those
two viruses (vaccinated transmitter ferrets) and nasal washes were collected as described above. All fer-
rets were monitored daily for up to 14 days during the infection or exposure, and body weights were
recorded daily.

Histopathology evaluation of coinfected ferrets. Fifteen ferrets (n = 3/group) were single-infected
with IAVs or SARS-CoV-2 or coinfected with IAV and SARS-CoV-2 simultaneously. At 4 d pi, all infected
ferrets were euthanized with B-euthanasia, and lungs were inflated with neutral-buffered 10% formalin.
One week later, lung tissue was removed from formalin and then immersed into 70% ethanol until being
processed. For the nasal cavity, ferret heads were removed and fixed in neutral buffered 10% formalin
and subjected to decalcification in Kristensen’s solution. Tissues were subsequently processed, embed-
ded in paraffin, sectioned at 5 mm, and stained with hematoxylin and eosin (H&E) as described before
(62). Histopathological evaluation of lungs and nasal cavities was performed by a board-certified pathol-
ogist. Lesion severity and distribution were evaluated and scored: 0 = no histological change; lesion se-
verity: 1 = minimal, 2 = mild, 3 = moderate, 4 = severe; lesion distribution: 1 = focal, 2 = multifocal,
3 = diffuse.

Influenza virus titers by plaque assay. Madine Darby canine kidney (MDCK) cells were seeded at
5� 105 cells per well of a 12-well plate the day before. The cells were inoculated with 100mL of 10-fold serial
dilutions of nasal wash samples or lung homogenates (final dilution factors ranging from 10° to 1026) for 1 h
with intermittent shaking every 15 min. The cells were washed with PBS after 1 h inoculation and cultured in
2 mL of overlay medium, containing 1� MEM supplemented with 10,000 U/mL PEN-STREP, 2 mM L-
Glu,1.5 mg/mL NaHCO3, 10 mM HEPES, 5 mg/mL Gentamycin, 1.2% Avicel RC-591 NF (MFC corporation, PA,
USA), and 1 mg/mL trypsin (N-tosyl-l-phenylalanine chloromethyl ketone [TPCK]-treated trypsin; Sigma-
Aldrich). Three days after inoculation, the overlay medium was removed. The cells were washed twice with
PBS and fixed with 10% buffered formalin, and then stained with 1% crystal violet for 10 min. The plates
were then thoroughly washed in distilled water to remove excess crystal violet before being air-dried. The
numbers of plaques were counted and the numbers of PFU per milliliter (PFU/mL) were calculated and trans-
formed by log10. The limit of detection was 10 PFU/mL nasal wash or 1 log10 (PFU/mL).
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SARS-CoV-2 viral titers by TCID50. Nasal washes or lung homogenates were titrated in quadrupli-
cates in Vero E6 cells. Briefly, confluent VeroE6 cells were inoculated with 2-fold serial dilutions of sample
in DMEM containing 2% FBS, supplemented with 1% penicillin-streptomycin (10,000 IU/mL). After 3 days
of incubation at 37°C with 5% CO2, virus positivity was assessed by reading out cytopathic effects.
Infectious virus titers (TCID50/mL) were calculated from four replicates of each nasal wash using the
Reed–Muench method (63).

Statistical analysis. All data were analyzed with Prism 9.0 (GraphPad Software Inc.). One-way analy-
sis of variance (ANOVA) was used to determine the significant differences of virus titers and viral gene
copy numbers at different time points within the same infected group. Two-way ANOVA was used to an-
alyze significant differences in body weight, virus titers, and viral gene copy numbers postinfection
among different groups. P , 0.05 was considered statistically significant: *, P , 0.05; **, P , 0.01; ***,
P, 0.001; ****, P, 0.0001.
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