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Background.  Clinical outcomes of the interaction between the co-circulating pandemic severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) and seasonal influenza viruses are unknown.

Methods.  We established a golden Syrian hamster model coinfected by SARS-CoV-2 and mouse-adapted A(H1N1)pdm09 si-
multaneously or sequentially. The weight loss, clinical scores, histopathological changes, viral load and titer, and serum neutralizing 
antibody titer were compared with hamsters challenged by either virus.

Results.  Coinfected hamsters had more weight loss, more severe lung inflammatory damage, and tissue cytokine/chemokine 
expression. Lung viral load, infectious virus titers, and virus antigen expression suggested that hamsters were generally more suscep-
tible to SARS-CoV-2 than to A(H1N1)pdm09. Sequential coinfection with A(H1N1)pdm09 one day prior to SARS-CoV-2 exposure 
resulted in a lower lung SARS-CoV-2 titer and viral load than with SARS-CoV-2 monoinfection, but a higher lung A(H1N1)pdm09 
viral load. Coinfection also increased intestinal inflammation with more SARS-CoV-2 nucleoprotein expression in enterocytes. 
Simultaneous coinfection was associated with delay in resolution of lung damage, lower serum SARS-CoV-2 neutralizing antibody, 
and longer SARS-CoV-2 shedding in oral swabs compared to that of SARS-CoV-2 monoinfection.

Conclusions.  Simultaneous or sequential coinfection by SARS-CoV-2 and A(H1N1)pdm09 caused more severe disease than 
monoinfection by either virus in hamsters. Prior A(H1N1)pdm09 infection lowered SARS-CoV-2 pulmonary viral loads but en-
hanced lung damage. Whole-population influenza vaccination for prevention of coinfection, and multiplex molecular diagnostics 
for both viruses to achieve early initiation of antiviral treatment for improvement of clinical outcome should be considered.
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The pandemic of coronavirus disease 2019 (COVID-19), caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has affected >50 million people with >1.2 million deaths 
in the last 10 months [1]. SARS-CoV-2 emerged in December 
2019 as a cluster of cases of pneumonia related to a food market 
in the city of Wuhan, China. High person-to-person transmis-
sibility has been demonstrated in intrafamilial settings [2] and 

other indoor settings with suboptimal ventilation where people 
gather together without mask protection such as in eateries, 
bars, cruise ships, fitness clubs, conference halls, workplace 
pantries, religious premises, and elderly homes [3–5]. Though 
>60% of COVID-19 patients develop symptoms at some point 
in time, 4.2%–44% of transmissions can occur during the 
presymptomatic stage of infection [6]. Moreover, the SARS-
CoV-2 viral load often peaks around symptom onset or at pre-
sentation of COVID-19 instead of around day 10 after symptom 
onset as in the case of 2003 SARS, which hampers the efficacy 
of isolation and contact tracing [7, 8]. Clinical manifestations of 
COVID-19 vary from mild upper respiratory symptoms to pro-
gressive lower respiratory involvement, which can terminate in 
respiratory failure and multiorgan involvement. The COVID-19 
syndrome is not clinically or pathologically distinct from influ-
enza. While seasonal influenza has a crude case fatality rate of 
0.1%–0.2%, the estimated crude mortality rate of COVID-19 
is around 1%–2% [9, 10]. Both cause severe disease in elderly, 
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comorbid, and obese patients [11]. As the winter influenza 
season of 2020 is approaching, we are anticipating an increasing 
number of coinfections with COVID-19. In a meta-analysis, 3% 
of hospitalized COVID-19 patients had coinfections with other 
respiratory viruses of which respiratory syncytial virus and in-
fluenza A virus were the most common [12]. Analysis of cases 
of influenza and COVID-19 coinfections in United Kingdom 
national surveillance showed that coinfected patients had a 5.9 
times greater risk of death [13]. Moreover, mathematical mod-
eling suggested that the decrease of COVID-19 cases in the 
spring of 2020 was not only related to epidemiological control 
measures but also to the end of the influenza season, and that 
influenza may have increased transmission of SARS-CoV-2 by 
2- to 2.5-fold [14]. Furthermore, coinfection of guinea pigs by 
the 2003 SARS coronavirus and a human reovirus isolated from 
a SARS patient has resulted in more rapid animal death from 
diffuse alveolar damage [15]. Previously, we set up the golden 
Syrian hamster model of COVID-19 by intranasal inoculation 
with SARS-CoV-2, which reproduces the clinical signs, patho-
logical changes, serological response, and transmissibility of this 
viral pneumonia [16, 17]. Coincidentally, hamsters were found 
susceptible to infection by the 2009 pandemic H1N1 virus 
[A(H1N1)pdm09] and other seasonal influenza viruses with 
weight loss, infectious viral shedding, and viral antigen expres-
sion in the respiratory tract [18]. In this study, we titrated for 
the lower dose of virus inoculum of A(H1N1)pdm09 or SARS-
CoV-2 that can cause significant histopathological changes of 
viral pneumonia in hamsters. The clinical scores, weight loss, 
histopathological changes, immunohistochemical antigen ex-
pression pattern, degree of individual virus replication, and se-
rological responses in hamsters coinfected by both viruses either 
simultaneously or sequentially are described and analyzed.

MATERIALS AND METHODS

Viruses, Cell Lines, and Biosafety

The SARS-CoV-2 HKU-13 strain (GenBank accession number 
MT835140) was isolated from a COVID-19 patient [19]. The 
influenza virus was a mouse-adapted strain of A(H1N1)pdm09 
named A/HK/415742/2009 [20]. Virus stocks were prepared 
and titrated for plaque-forming units (PFUs) in Vero E6 cells for 
SARS-CoV-2 or Madin-Darby canine kidney (MDCK) cells for 
A(H1N1)pdm09. All experiments involving live SARS-CoV-2 
were performed in a Biosafety Level 3 facility at the University 
of Hong Kong (HKU) following approved standard operating 
procedures.

Animals

Male and female Syrian hamsters, aged 6–8 weeks, were obtained 
from the Chinese University of Hong Kong Laboratory Animal 
Service Centre through the HKU Centre for Comparative 
Medicine Research. All the animal experimental procedures 

were approved by the Committee on the Use of Live Animals in 
Teaching and Research of HKU.

Intranasal Inoculation of Hamsters With SARS-CoV-2 and/or A(H1N1)
pdm09

The virus stock was diluted in phosphate-buffered saline (PBS) 
to a total volume of 50  μL inoculum and intranasally inocu-
lated into hamsters under ketamine (200 mg/kg) and xylazine 
(10 mg/kg) anesthesia [16]. Mock-infected animals were given 
the same volume of PBS. For monoinfection experiments, in-
ocula of 102, 104, or 106 PFUs of A(H1N1)pdm09, or 10 or 103 
PFUs of SARS-CoV-2, were used. In the coinfection study, 103 
PFUs of SARS-CoV-2 and 105 PFUs of A(H1N1)pdm09 were 
used for the high inoculum group; 10 PFUs of SARS-CoV-2 
and 104 PFUs of A(H1N1)pdm09 were used for the low inoc-
ulum group. For simultaneous coinfection, the 2 viruses were 
mixed together into 50 μL of inoculum for each animal. For se-
quential low inoculum coinfection, the second virus inoculum 
was given 24 hours after the first virus challenge (Figure 1A). 
Animals were monitored for clinical signs and body weight. At 
4, 7, and 14 days postinfection (dpi), 3 animals in each group 
were euthanized by intraperitoneal injection of pentobarbital 
sodium (200 mg/kg). Blood and organ tissues were sampled for 
virological and histopathological analyses.

Determination of Viral Load by Real-Time Reverse-Transcription 
Polymerase Chain Reaction and Plaque Assay

Lung and nasal turbinate tissues were homogenized and viral 
load was determined by real-time reverse-transcription poly-
merase chain reaction (RT-qPCR) as described previously [21, 
22]. Infectious viral titer was determined by plaque assay in 
Vero E6 and MDCK cells, respectively [23, 24].

Histopathology, Immunohistochemistry, and Immunofluorescence Staining

Formalin-fixed and paraffin-embedded lung, nasal turbinate, 
and small intestine tissues were cut into 4-µm tissue sections 
and stained with hematoxylin and eosin for histopatholog-
ical examination. To differentiate the severity of lung tissue 
damage, each category of the histopathology changes for alveol-
itis including pulmonary edema, alveolar infiltration, and blood 
vessel inflammation were assessed and scored 0–4 as described 
previously (Supplementary Table 1) [25, 26]. Viral antigens 
were stained by immunohistochemistry or immunofluores-
cence with specific antibodies: rabbit anti-SARS-CoV-2 nucle-
ocapsid (N) antibody or mouse anti-influenza A nucleoprotein 
(NP) antibody [27–29].

Cytokine/Chemokine Profiling

Total RNA extracted from lung and nasal turbinate tissues 
was reverse transcribed into cDNA with MiniBEST Universal 
RNA Extraction Kit (Takara) and PrimeScriptTM RT reagent 
kit (Takara). RT-qPCR was performed with gene-specific pri-
mers (Supplementary Table 2) using SYBR Premix Ex Taq II Kit 

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/article/72/12/e978/5995847 by Pokfulam

 U
niv user on 30 Septem

ber 2021

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1747#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1747#supplementary-data


e980  •  cid  2021:72  (15 June)  •  Zhang et al

Figure 1.  Schema for all hamster experiments and titration of A(H1N1)pdm09 virus inoculum for hamster infection. A, Schematic diagram for experimental layout. Six- to 
8-week-old Syrian hamsters were grouped randomly; severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and A(H1N1)pdm09 mouse-adapted A/Hong Kong 
415742/2009 strain (pH1N1) were inoculated via the intranasal route. The animals were observed daily for disease signs and body weight change, and killed at 4 days 
postinfection (dpi) for virologic, cytokine/chemokine expression, and histopathological studies. B, Body weight changes during the 5-day experimental period for groups of 
animals inoculated with 102, 104, or 106 plaque-forming units (PFUs) of pH1N1 alone. Weight on day 0 before virus inoculation was taken as 100%. C, Viral load determined 
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(Takara). The expression of cytokine/chemokine genes was ana-
lyzed by ΔΔCt method. Mock-infected tissue samples were used 
as baseline.

Microneutralization Antibody Assay

Neutralizing antibody titers against SARS-CoV-2 and A(H1N1)
pdm09 in serum taken at 7 dpi and 14 dpi were determined by 
microneutralization assay in Vero E6 and MDCK cells as previ-
ously described [26, 30].

Statistical Analysis

All data were analyzed with GraphPad Prism 8.0 software. 
Student t test and one-way analysis of variance were used to de-
termine significant differences among different groups. P < .05 
was considered statistically significant.

RESULTS

A(H1N1)pdm09 Pneumonia in Golden Syrian Hamsters

To find the optimal virus inoculum to induce pneumonia, we 
challenged hamsters by intranasal inoculation with 102, 104, or 
106 PFUs of mouse-adapted A(H1N1)pdm09. Only animals re-
ceiving 106 PFUs inoculum lost 6.3% of body weight at 2 dpi 
(Figure 1B). Though their lung viral load at 4 dpi correlated with 
the dose of inocula (Figure 1C), there were no significant differ-
ences. Higher inoculum with 104 or 106 PFUs upregulated innate 
immune gene expression in the lungs which included interferon-α, 
interferon-γ, interleukin 1β (IL-1β), interleukin 6    (IL-6), tumor 
necrosis factor–α    (TNF-α), macrophage inflammatory protein 
1α  (MIP-1α), regulated upon activation normal T-cell expressed 
protein (RANTES), and interferon-γ induced protein 10  (IP-
10) (Figure 1D). Histologically, the lung tissue showed localized 
peribronchiolar and perivascular infiltration. The size and se-
verity of affected lung area correlated with the dose of virus inoc-
ulum. But even the highest inoculum of 106 PFUs did not cause 
conspicuous alveolar space infiltration or exudation (Figure 1E). 
Immunohistochemical staining for influenza virus nucleoprotein 
demonstrated extensive antigen expression in the nasal turbinate, 
trachea, bronchi, and bronchioles which were found, but much less 
frequently, in the pulmonary alveolar epithelium (Figure 1E).

Coinfection by High-Dose SARS-CoV-2 and A(H1N1)pdm09 Caused Severe 
Disease in Hamsters

To understand the impact of coinfection, we challenged 
hamsters intranasally with an inoculum of SARS-CoV-2 (103 

PFUs) and A(H1N1)pdm09 (105 PFUs) mixed together, with 
SARS-CoV-2 (103 PFUs) alone, or with A(H1N1)pdm09 
(105 PFUs) alone, respectively, as controls. Coinfected ham-
sters showed a maximum weight loss of 12.5% at 4 dpi com-
pared with 8.4% in SARS-CoV-2 monoinfection and 7% in 
A(H1N1)pdm09 monoinfection, but the differences were not 
significant (Figure 2A). Coinfected animals showed signs of 
disease at 3 dpi with a significantly higher clinical score at 4 
dpi (Figure 2B). Except for the lung infectious virus titer of 
SARS-CoV-2, which was significantly higher in SARS-CoV-2 
monoinfection than coinfection, no significant difference in 
viral load or infectious virus titer for either A(H1N1)pdm09 
or SARS-CoV-2 was found in other groups (Figure  2C and 
2D). Similar degree of severe pulmonary alveolitis was ob-
served in high-dose coinfected or 103 PFUs SARS-CoV-2 
monoinfected animals (Figure 2E).

Coinfection by Lower Doses of SARS-CoV-2 and A(H1N1)pdm09 Enhanced 
Lung Damage

To allow better differentiation of the effects of virus coinfection, 
the inoculum dose was reduced to SARS-CoV-2 (10 PFUs) and 
A(H1N1)pdm09 (104 PFUs) given by simultaneous or sequen-
tial challenge and compared with controls of monoinfection 
using the same dose of inoculum (Figure  1A). While animal 
challenged by A(H1N1)pdm09 monoinfection did not cause 
weight loss, SARS-CoV-2 monoinfection caused 5.8%, and the 
coinfection caused 9.6% of weight loss at 4 dpi (Figure  3A), 
with no significant differences in clinical scores among dif-
ferent groups (Figure  3B). Histopathological examination of 
coinfected animals at 4 dpi showed extensive and conspicuous 
pulmonary alveolar exudation (Figure 3C). The histology score 
in terms of pulmonary edema, inflammatory cell infiltration, 
and vasculitis were higher in coinfected animals than the single 
virus–infected animals (Figure 3D). Sequential inoculation of 
SARS-CoV-2 and A(H1N1)pdm09, 24 hours apart, also caused 
severe pulmonary alveolitis (Figure 3H, left and middle), which 
was comparable to 103 PFU (high dose) SARS-CoV-2 infection 
(Figure 3H, right).

Viral Replication Profile in the Lung and Nasal Turbinate Tissue With 
Monoinfection, Simultaneous Coinfection, or Sequential Coinfections by 
Low-Dose Virus Inoculum

Although there was a time difference of 24 hours in the duration 
of challenge by the second virus in sequential coinfection when 
compared with simultaneous coinfection (Figure 1A), comparison 

by real-time reverse-transcription polymerase chain reaction (RT-qPCR) for influenza A matrix gene (M gene) in homogenized lung and nasal turbinate (NT) tissues taken 
at 4 dpi. Data are presented as copies of M gene/copy of β-actin in log scale. D, Relative expression levels of inflammatory cytokine/chemokine messenger RNA deter-
mined by RT-qPCR in pH1N1-infected hamster lungs. Gene expression levels in mock control hamster lung tissues were used as baseline control. E, Representative his-
tologic images of hamster NT (top panels) and lung tissues (bottom panels) at 4 dpi. NT tissue showed epithelial cell detachment in hematoxylin and eosin (H&E) image; 
the immunohistochemistry-stained pH1N1 nucleoprotein (NP) was abundantly expressed in epithelium and detached cells (brown color, arrows). The H&E images of lung 
tissue show peribronchiolar and perivascular inflammatory cell infiltration and bronchiolar epithelium cell death, and pH1N1 NP expression in the bronchiolar epithelial 
cells (arrows). Cytokine/chemokine abbreviations: IFN, interferon; IL, interleukin; IP-10, interferon-γ induced protein 10; MIP-1α, macrophage inflammatory protein 1 alpha; 
RANTES, regulated upon activation normal T-cell expressed protein; TNF-α, tumor necrosis factor alpha.
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of these findings are still relevant in understanding the virus 
interactions during coinfections at 4 dpi. In terms of SARS-
CoV-2 replication, sequential coinfection with SARS-CoV-2 

prior to A(H1N1)pdm09 had the highest lung viral load at 4 dpi. 
Simultaneous coinfection or sequential coinfection with A(H1N1)
pdm09 prior to SARS-CoV-2 had a lower SARS-CoV-2 titer or 

Figure 2.  Simultaneous coinfection of hamsters by higher doses of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and mouse-adapted A/Hongkong/415742/2009 
H1N1 (pH1N1). Groups of hamsters were intranasally inoculated with 50 µL of SARS-CoV-2 (103 plaque-forming units [PFUs]) and pH1N1 (105 PFUs) mixture; the animals were 
monitored for body weight and clinical sign scores, and killed at 4 days postinfection (dpi). Monoinfection by either viruses were included as controls. A, Body weight changes 
during the 5-day experimental period. Weight on day 0 before virus inoculation was taken as 100%. n = 3 each group. Error bars indicate mean ± standard deviation. B, Average 
clinical scores for disease signs including lethargy, ruffled fur, hunchback posture, and rapid breathing. A score of 1 was given to each of these clinical signs. P value was calculated 
by 2-way analysis of variance. C, SARS-CoV-2 viral load in homogenized lung or nasal turbinate (NT) tissues at 4 dpi after monoinfection or coinfection. Right panels are SARS-
CoV-2 RdRp gene copies determined by real-time reverse-transcription polymerase chain reaction (RT-qPCR). The left panels are infectious viral titers determined by plaque assays 
in Vero E6 cells. P value was calculated by Student t test. Horizontal dashed line indicates detection limit of the assays. D, pH1N1 viral load in lung and nasal turbinate (NT) by 
RT-qPCR (right panel), or plaque assays in Madin-Darby canine kidney cells (left panel). Horizontal dashed line indicates detection limit of the assays. E, Representative images of 
lung histopathological changes at 4 dpi after monoinfection or coinfection. Top left image shows the normal lung structure of mock control. SARS-CoV-2 (103 PFUs) monoinfection 
showed diffuse alveolitis with massive alveolar space inflammatory cell infiltration, exudation, and pulmonary vasculitis (arrows, top right image). pH1N1 (105 PFUs)–infected lung 
showed conspicuous bronchiolar luminal cell debris (arrows), mild peribronchiolar infiltration, and perivascular edema; a bronchiole section inside the boxed area filled with cell 
debris is shown in magnified image. Images in the bottom panels are SARS-CoV-2+pH1N1-coinfected lung tissue, which showed massive exudation of protein-rich fluid (pink color) 
filling alveolar space (solid arrows), and a large area of alveolar hemorrhage (open arrows). Boxed area is magnified showing endotheliitis in a blood vessel. 
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Figure 3.  Simultaneous or sequential coinfections with lower doses of mouse-adapted A/Hongkong/415742/2009 H1N1 (pH1N1) and severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) in hamsters showed increased disease severity. Groups of hamsters were inoculated with SARS-CoV-2 (10 plaque-forming units [PFUs]) and 
pH1N1(104 PFUs), singly, simultaneously, or sequentially as described in Figure 1A. A, Body weight changes during the 5-day experimental period. n = 3 each group. Error bars 
indicate mean ± standard deviation (SD). B, Average clinical scores for signs of disease including lethargy, ruffled fur, hunchback posture, and rapid breathing. A score of 1 
was given to each of these clinical signs. C, Representative hematoxylin and eosin stained images of the lungs at 4 days postinfection (dpi) after monoinfection simultaneous, 
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viral load than with SARS-CoV-2 monoinfected (Figure 4A). In 
terms of A(H1N1)pdm09 replication, A(H1N1)pdm09 inocula-
tion prior to SARS-CoV-2 had the highest lung A(H1N1)pdm09 
viral load but not the infectious titer (Figure 4B).

Immunohistochemical staining for the intensity of SARS-
CoV-2  N antigen expression at 4 dpi appeared correlative 
with the lung SARS-CoV-2 viral loads, which was highest 
with sequential coinfection [SARS-CoV-2 prior to A(H1N1)
pdm09], followed by SARS-CoV-2 monoinfected, and then se-
quential coinfection [A(H1N1)pdm09 prior to SARS-CoV-2] 
(Figure  4C). Double immunofluorescent antigen staining 
for SARS-CoV-2  N and A(H1N1)pdm09 NP antigens rarely 
showed co-localization in cells from lungs of coinfected animals 
(Figure 4D and 4E). Overall, the amount of cells with SARS-
CoV-2 N expression was higher than the amount of cells with 
A(H1N1)pdm09 NP expression in coinfected animals. While 
inflammatory cytokine/chemokine gene expressions in lung 
tissues after sequential coinfection with SARS-CoV-2 prior to 
A(H1N1)pdm09 were higher than the other groups, they were 
generally not significantly different except for IL-1β in SARS-
CoV-2 monoinfection group (Figure 4F).

Though viral loads in the lung and nasal turbinate tissues of 
SARS-CoV-2 monoinfection or coinfection groups were similar 
at 7 dpi and 14 dpi (Figure 4G), infectious virus titer was not 
detectable by plaque assays, which may be related to mounting 
of antibody response (data not shown). SARS-CoV-2 shedding 
by virus titer assay in oral swabs after monoinfection or simulta-
neous coinfection was similar during 2 dpi to 8 dpi. Only simul-
taneous coinfection group continued to shed SARS-CoV-2 till 
10 dpi (Figure 4H, left). Oral swabs for A(H1N1)pdm09 virus 
titer were higher in coinfected hamsters at 2, 4, and 6 dpi, but not 
significantly different from monoinfection (Figure 4H, right).

As for extrapulmonary pathology, increased intestinal in-
flammatory infiltration and edema were observed in coinfected 
animals at 4 dpi (Figure 5A). In the intestinal sections, SARS-
CoV-2 N antigen–expressing enterocytes were more easily seen 
in coinfected hamsters than in SARS-CoV-2 monoinfection 
by immunofluorescence (Figure  5B). However, no A(H1N1)
pdm09 NP antigen was detected from intestinal sections.

Delayed Serum Antibody Response Associated With Delayed Resolution 
of Lung Inflammation in Coinfected Hamsters

Unlike single virus–infected animals, lung tissues of animals si-
multaneously coinfected with 10 PFUs of SARS-CoV-2 and 104 
PFUs of A(H1N1)pdm09 still showed alveolar inflammatory 

cell infiltration, bronchiolar luminal exudation, and frequently 
perivascular inflammatory cell infiltration at 7 and 14 dpi 
(Figure  6A). Notably, these coinfected hamsters had signifi-
cantly lower titer of serum neutralizing antibody against SARS-
CoV-2 at 7 dpi (mean, 33.3) compared with SARS-CoV-2 
monoinfection (mean, 160)  (Figure  6B). Serum neutralizing 
antibody titer against A(H1N1)pdm09 was slightly lower in 
coinfected animals than  A(H1N1)pdm09  monoinfected at 
7 and 14 dpi, but not significantly different (Figure  6C). The 
clinical score, maximal weight loss, histology score, virologic 
profile, antigen expression and neutralizing antibody titers in 
different groups of monoinfected or coinfected hamsters are 
summarized in Table 1.

DISCUSSION

In this study, we confirmed that hamsters are susceptible to 
mouse-adapted A(H1N1)pdm09 [18] and human isolate of 
SARS-CoV-2 [16]. Moreover, hamsters appeared to be more 
susceptible to SARS-CoV-2 with a lower inoculum dose but 
had more weight loss (Table 1). Our hamster coinfection model 
with SARS-CoV-2 and A(H1N1)pdm09 suggested that si-
multaneous or sequential coinfection can induce more severe 
tissue damage than monoinfection. In sequential coinfection 
with SARS-CoV-2 prior to A(H1N1)pdm09, SARS-CoV-2 
dominated over A(H1N1)pdm09 with higher viral load, his-
tology score, and cytokine/chemokine gene expressions than 
monoinfection by SARS-CoV-2 or A(H1N1)pdm09. However, 
sequential coinfection with A(H1N1)pdm09 prior to SARS-
CoV-2 exposure resulted in lower lung SARS-CoV-2 viral load 
than the SARS-CoV-2 monoinfection  despite similar degree 
of lung inflammatory damage in coinfections. Moreover, the 
lung A(H1N1)pdm09 viral load of sequential coinfection by 
A(H1N1)pdm09 prior to SARS-CoV-2 exposure was signif-
icantly higher than in other groups. Notably, nasal turbinate 
SARS-CoV-2 titer and lung A(H1N1)pdm09 viral load were 
also higher in sequential coinfection with prior A(H1N1)
pdm09 infection. These findings suggested that while hamsters 
are generally more susceptible to SARS-CoV-2 than A(H1N1)
pdm09, even in simultaneous coinfection, both viral load 
and infectious titer of SARS-CoV-2 were lower than that of 
SARS-CoV-2 monoinfection. Thus, coinfection by A(H1N1)
pdm09 may likely interfere with SARS-CoV-2 replication in 
the lung and most prominently when there is prior A(H1N1)
pdm09 infection. However, such viral interference does not 

and sequential coinfections. Lung sections of SARS-CoV-2 (10 PFUs) monoinfection showed patchily distributed alveolar wall and alveolar space infiltration. pH1N1(104 
PFUs)–infected lung showed peribronchiolar infiltration, bronchiolar wall infiltration (arrows), and alveolar wall congestion. The images for the lung of both simultaneous and 
sequential coinfections showed diffuse alveolar infiltration, severe exudation, and alveolar hemorrhage. The severity of damage is much greater when compared to either 
virus monoinfection, but is comparable to higher dose of SARS-CoV-2 (103 PFUs) monoinfection shown in the lower right image. D, Histology scores for the lung sections at 
4 dpi after monoinfection or coinfections. Each category of the characteristic histopathology changes for alveolitis caused by virus infection, including pulmonary edema, 
alveolar infiltration, and blood vessel inflammation were examined and scored. Lung sections from higher dose SARS-CoV-2 (103 PFUs) monoinfection were included for 
comparison. n = 3 each group. Three lung lobes were examined from each hamster. P value was calculated by one-way analysis of variance. Error bars indicate mean ± SD. 
Double vertical lines indicate sequential inoculation (24 hours apart); + indicates simultaneous inoculation.
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Figure 4.  Viral replication profiles in the lung and nasal turbinate (NT) tissue of hamsters after monoinfection, simultaneous, or sequential coinfection. A, Severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) viral load in lung and NT tissues. SARS-CoV-2 RdRp gene copies determined by real-time reverse-transcription poly-
merase chain reaction (RT-qPCR) (left panel). SARS-CoV-2 infectious viral titers were determined by plaque assays in Vero E6 cells (right). n = 3 each group. P values are 
calculated by one-way analysis of variance (ANOVA). Error bars indicate mean ± standard deviation (SD). Horizontal dashed line indicates detection limit of the assays.  
B, Mouse-adapted A/Hongkong/415742/2009 H1N1 (pH1N1) viral load in lung and NT tissues by RT-qPCR (influenza A matrix gene, left panel) or plaque assays in Madin-Darby 
canine kidney cells (right). n = 3 each group. P values are calculated by one-way ANOVA. Error bars indicate mean ± SD. Horizontal dashed line indicates detection limit of 
the assays. C, Representative images of immunohistochemistry-stained SARS-CoV-2 N protein in the lung tissues after monoinfection or coinfection. SARS-CoV-2 N protein 
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Figure 4.  Continued.

was stained in brown. The images of SARS-CoV-2 monoinfection shows N protein expression in regional alveoli and bronchiolar epithelium (arrows); simultaneously coinfected 
lung has small patches of N protein expression in a large area of inflammatory consolidated lung tissue (arrows); the lung coinfected sequentially by SARS-CoV-2 prior to pH1N1 
(SARS-CoV-2 || pH1N1) shows extensive N protein expression distributed diffusely in the lung, whereas in sequential coinfection by pH1N1 prior to SARS-CoV-2 (pH1N1 || 
SARS-CoV-2), the large area of inflammatory consolidation in lung tissue shows a few N protein–positive cells. D, Immunofluorescence images illustrate pH1N1 NP antigen 
and SARS-CoV-2 N antigen in single virus–infected hamster lung tissues. pH1N1 nucleoprotein (NP) is only seen in the epithelium of bronchiolar epithelium, not in alveoli 
(NP, green). SARS-CoV-2 N antigen is seen diffusely distributed in alveoli (N, red). E, Dual immunofluorescence images illustrate the distribution of pH1N1 NP and SARS-
CoV-2 N in simultaneously coinfected hamster NT (upper panels) and lung tissues (lower panels). pH1N1 NP antigen was rarely seen in the coinfected NT tissues, whereas
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Figure 4.  Continued. 

SARS-CoV-2 N protein was abundantly detected (arrows, N stained red). In the lung tissue, the 2 viral antigens also distributed differently. These images show pH1N1 NP 
expression in a few cells in the bronchiolar epithelium, but not in alveoli (arrows, green), while SARS-CoV-2 N is seen in alveoli (red) but not in bronchiole. Co-localization of 
SARS-CoV-2 N and pH1N1 NP antigen is shown in a macrophage (magnified image, open arrow). F, Relative expression of inflammatory cytokines/chemokines in hamster lung 
tissues determined by RT-qPCR using gene-specific primers. G, RT-qPCR determined SARS-CoV-2 viral load (left) and pH1N1 viral load (right) in the lung and NT tissues taken 
at 7 days postinfection (dpi) or 14 dpi after simultaneous coinfection or monoinfection. n = 3 each group. Error bars indicate mean ± SD. Horizontal dashed line indicates de-
tection limit of the assays. H, SARS-CoV-2 (left) and pH1N1 (right) virus shedding from oral swabs determined by RT-qPCR. Oral swab samples were collected every other day 
during the 14 days after virus challenge. Error bars indicate mean ± SD. Horizontal dashed line indicates detection limit of the assays. Double vertical lines indicate sequential 
inoculation (24 hours apart); + indicates simultaneous inoculation. Abbreviations: IP-10, interferon-γ induced protein 10; M gene, influenza A matrix gene; MIP-1α, macro-
phage inflammatory protein 1 alpha; N, severe acute respiratory syndrome coronavirus 2 nucleocapsid protein; NP, influenza A nucleoprotein; NT, nasal turbinate; pH1N1, 
mouse-adapted A/Hongkong/415742/2009 H1N1; PFU, plaque-forming unit; RANTES, regulated upon activation, normal T-cell expressed protein; RdRp, RNA-dependent RNA 
polymerase; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TNF-α, tumor necrosis factor alpha.
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Figure 5.  Simultaneous severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and mouse-adapted A/Hongkong/415742/2009 H1N1 (pH1N1) coinfection induced 
intestinal tissue damage. A, Hematoxylin and eosin images of small intestine sections after monoinfection or simultaneous coinfection of hamsters at 4 days postinfection. 
Normal structure of intestinal villi is shown in mock control hamster. No obvious morphological changes are shown in pH1N1 (104 plaque-forming units [PFUs]) SARS-CoV-2 
(10 PFUs) caused some degree of intestinal villi edema (arrows), but simultaneous coinfection increased small intestine inflammatory infiltration and intestinal villi edema, 
which cause deformation of villi (arrows). B, Images of immunofluorescence-stained SARS-CoV-2 N protein in intestinal sections. N protein was stained in green (arrows), 
cell nuclei in blue (DAPI). Double vertical lines indicate sequential inoculation (24 hours apart); + indicates simultaneous inoculation.
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appear to lessen the degree of inflammatory damage to the 
lung. Simultaneous coinfection was associated with delay 
in the resolution of severe lung damage at 7 and 14 dpi, and 
these coinfected hamsters developed significantly lower titer of 
serum SARS-CoV-2 neutralizing antibody at 7 dpi than that of 
SARS-CoV-2 infection. SARS-CoV-2 shedding in oral swabs of 
coinfected hamsters was therefore longer than monoinfection.

The clinical significance of acute respiratory virus coinfections 
in terms of hospital stay, the need for intensive care, and mor-
tality rate is controversial [31]. While data for adults are lacking, 

most studies suggested that the clinical severity is not different 
between children with single respiratory virus infection and 
virus coinfection, but the mortality is higher in preschool chil-
dren [32]. The historically unprecedented co-circulation of 
SARS-CoV-2 and seasonal influenza poses a great challenge to 
our healthcare system in the 2020 winter. An epidemiological 
study showed that the risk of testing positive for SARS-CoV-2 
was 68% lower among influenza-positive cases, which sug-
gested possible interference or competition between these 2 vir-
uses [13], while coinfection with both viruses had greater risk 

Figure 6.   Reduced antibody responses and delayed resolution of lung inflammation after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and mouse-
adapted A/Hongkong/415742/2009 H1N1 (pH1N1) coinfection in hamsters. A, Representative hematoxylin and eosin images of lung tissues at 7 days postinfection (dpi) 
(upper panel) and 14 dpi (lower panel) after monoinfection or simultaneous coinfection. At 7dpi, SARS-CoV-2 infected lung showed proliferative changes (black arrows); 
pH1N1 infected lung only showed bronchiolar luminal cell debris (black arrows); while the lung of coinfection showed alveolar infiltration (while arrows) and bronchiolar 
secretion (black arrow). At 14dpi, only the coinfected lung showed bronchiolar luminal infiltration (white arrows) and foci of alveolar infiltration (black arrows). B, Serum 
neutralizing antibodies against SARS-CoV-2 (left) and pH1N1 (right) were determined by microneutralization test (MNT) on Vero E6 cells and Madin-Darby canine kidney 
cells, respectively.
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of ventilator use, intensive care admission, and death [33]. Since 
controlling for the type of respiratory viruses, their relative 
dose, order of acquisition, route to the upper or lower airway, 
and the effect of viral interference in different age or comorbid 
patient groups was not clinically possible, we set up this hamster 
coinfection model to understand the significance of this poten-
tially ominous interaction between a new emerging pandemic 
coronavirus and the presently circulating seasonal influenza 
A(H1N1)pdm09. Our findings are consistent with the epidemi-
ological study in that the animal lung pathology was more se-
vere with simultaneous or sequential coinfections. This finding 
is consistent with the previous report of more severe lung pa-
thology in guinea pigs coinfected by 2003 SARS-CoV and 
reovirus isolated from a SARS patient [15]. Interestingly, infec-
tious SARS-CoV-2 titer was also increased in nasal turbinate of 
hamsters with preceding A(H1N1)pdm09 inoculation, which 
is compatible with an epidemiological modeling study sug-
gesting that SARS-CoV-2 transmission increased 2- to 2.5-fold 
due to coinfection with influenza [14]. Finally, the SARS-CoV-2 
viral load was lower in the lungs of hamsters with preceding 
A(H1N1)pdm09 inoculation, suggesting that A(H1N1)pdm09 
outcompeted SARS-CoV-2 in this setting.

Our previous study showed that resolution of inflammatory 
lung damage due to SARS-CoV-2 should be complete after 7 dpi 
[16]. The present study showed that the inflammatory damage 
due to A(H1N1)pdm09 was mild. Besides the severity of lung 
damage by coinfection and higher inflammatory cytokine/che-
mokine responses, we observed a delay of resolution of lung 
inflammation in coinfected hamsters even by 14 dpi. This was 
accompanied by a significantly lower neutralizing antibody titer 
against SARS-CoV-2 but not for A(H1N1)pdm09. Based on 
these findings of increased disease severity, delayed resolution 
and lung healing, and a blunted adaptive immune response, a 
high compliance to population-wide vaccination against sea-
sonal influenza is warranted to prevent severe disease resulting 
from coinfection with SARS-CoV-2 as an effective antiviral 
against SARS-CoV-2 is still lacking or not readily available. Early 
detection of coinfection by multiplex RT-PCR could be impor-
tant for early initiation of antivirals within 48 hours of symptom 
onset to improve the prognosis of patients with coinfection.

Viral interference is a phenomenon where one virus com-
petitively suppresses the replication of another coinfecting 
virus, and is generally believed to down-modulate virus vir-
ulence, cell death, disease severity, and transmissibility [34]. 
In terms of acute respiratory virus coinfection animal model, 
a mouse model of coinfection by influenza A PR8 virus and 
rhinovirus or mouse hepatitis virus was reported to show an 
attenuation of disease severity when rhinovirus or mouse 
hepatitis virus was given 2 days prior to the influenza virus 
[35]. Similarly, another ferret study showed reduction of the 
severity of influenza if prior respiratory syncytial virus was 
given [36]. In our study, though A(H1N1)pdm09 appeared to 

interfere with SARS-CoV-2 replication, it actually increased 
the disease severity. Viral interference can be mediated by the 
innate immune interferon response, defective interfering par-
ticles, viral proteases and proteins, competition for cellular 
factors, and RNA interference. However the induction of in-
terferon response by simultaneous or sequential A(H1N1)
pdm09 infection may also augment the inflammatory cytokine 
storm associated with SARS-CoV-2 infection. The time gap 
between the inoculation of coinfecting viruses, their rate of 
replication, the dose of virus inoculum, and the host adaptive 
immune response are the other major factors that affect viral 
interference. Indeed, preceding A(H1N1)pdm09 inoculation 
appeared to interfere more with SARS-CoV-2 replication in 
our hamster model, and simultaneous coinfection suppressed 
the neutralizing antibody response against SARS-CoV-2.

Besides hamsters, human ACE2 transgenic mice, ferrets, and 
primates are possible options for developing laboratory animal 
models of coinfection as they are all susceptible to SARS-CoV-2 
and influenza virus [37]. In terms of cost, availability, ease of 
manipulation, and simulation to human disease, the hamster 
model was chosen for this study. Our study has limitations 
due to the differences in the intrinsic susceptibility of hamsters 
to SARS-CoV-2 and A(H1N1)pdm09. While the laboratory 
hamsters are immunologically naive to both viruses, patients 
generally have some degree of immunity against seasonal in-
fluenza viruses. Our study only used A(H1N1)pdm09 but not 
influenza A(H3N2) or B viruses. A live attenuated mucosal sea-
sonal influenza virus vaccine which also encodes the receptor 
binding domain of the Spike protein of SARS-CoV-2 should be 
investigated if SARS-CoV-2 becomes an antigenically drifting 
common cold virus [38]. More studies on these important un-
answered questions are warranted.
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