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Abstract

The ongoing coronavirus disease 2019 pandemic and its overlap with the influenza

season lead to concerns over severe disease caused by the influenza virus and severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) co-infections. Using a Syr-

ian hamster co-infection model with SARS-CoV-2 and the pandemic influenza virus

A/California/04/2009 (H1N1), we found (a) more severe disease in co-infected ani-

mals, compared to those infected with influenza virus alone but not SARS-CoV-2

infection alone; (b) altered haematological changes in only co-infected animals and (c)

altered influenza virus tropism in the respiratory tracts of co-infected animals. Overall,

our study revealed that co-infectionwith SARS-CoV-2 and influenza virus is associated

with altered disease severity and tissue tropism, as well as haematological changes,

compared to infection with either virus alone.
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1 INTRODUCTION

Coronavirus disease 2019 (COVID-19) was first detected in late

November 2019 and has since been declared a pandemic. Overall, the

reported case fatality rate (CFR) of COVID-19 is 1.38%. However, this

rate is typically substantially higher (6.4%) in those ≥ 60 years than in

those < 60 years (0.32%; Verity et al., 2020). Moreover, these CFRs

are considerably higher than those seen in the last influenza pandemic

in 2009 (0.048%; Nishiura, 2010), indicating that COVID-19 is a more

serious disease. The global significance of COVID-19 outbreaks and

the frequent overlap thereof with the influenza season raises con-

cerns about the possibility of co-infection with the causative agent of

COVID-19-severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) and other respiratory pathogens, particularly influenza viruses

(Pinky & Dobrovolny, 2020). A prior meta-analysis reveals that 3% of

hospitalized COVID-19 patients had been co-infected with other res-

piratory viruses, of which influenza and respiratory syncytial viruses

were most common (Cuadrado-Payán et al., 2020; Lansbury et al.,

2020). Co-infections are also associated with poorer outcomes, and

the related risk of death is 5.9 times that of patients with COVID-19

or influenza alone (Stowe et al., 2020). Co-infection with SARS-CoV

and a human reovirus in guinea pigs has resulted in increased dif-

fuse alveolar damage and rapid mortality (Liang et al., 2005). To study

the disease caused by co-infection with influenza and SARS-CoV-2

viruses, we used a Syrian hamster model of SARS-CoV-2 and influenza

virus infection (Imai et al., 2020; Iwatsuki-Horimoto et al., 2018). We

experimentally co-infected Syrian hamsters with SARS-CoV-2 and the

pandemic influenza A virus A/California/04/2009 (H1N1) and stud-

ied the pathological and haematological outcomes of co-infection,

compared to those in animals infected with either virus alone.

2 MATERIALS AND METHODS

2.1 Viruses

SARS-CoV-2, BetaCoV/South Korea/KUMC01/2020 (Accession num-

ber EPI_ISL_413017, S clade; Park et al., 2020) and the pandemic

influenza A virus (Koo et al., 2018)—A/California/04/2009 (H1N1),

which was produced using reverse genetics (CA04)—were used in this

study. SARS-CoV-2waspurchased from theNational BiobankofKorea,

passaged three times in VERO-E6 cells (ATCC CRL-1586, American

Type Cell Collection), and confirmed by full genome sequencing; then,

this stock of virus was used for infection. It was titrated in VERO-

E6 cells and cultured in Dulbecco’s Modified Eagle’s Medium (Thermo

Fisher Scientific) supplemented with 2% fetal bovine serum (Thermo

Fisher Scientific), penicillin (100 U/ml) and streptomycin (100 μg/ml;

Thermo Fisher Scientific).

2.2 Hamster experiments

All animal experimentswere approved by the Institutional Animal Care

and Use Committee (IACUC) of the Korea Zoonosis Research Institute

at Chonbuk National University (approval number CNUB2020-027).

Experiments were conducted in the Biosafety Level 3 facility at the

institution, according to standard operating protocols approved by

the local Institutional Biosafety Committee. Male Syrian hamsters

(7–8 weeks old) were purchased from Central Laboratory Animal Inc.

All animals were acclimatized at the BSL-3 facility for at least 5 days

prior to the experiments and were randomly allocated into five dif-

ferent experimental groups. Access to food and water was provided

ad libitum, and environmental enrichment was provided. Rooms were

maintained within set parameters: 20 to 24◦C, 45% to 65% humidity

and a 12/12 light cycle. Hamsters were anaesthetized with xylazine

(10 mg/kg) via intraperitoneal injection prior to intranasal inoculation

with 100 μl of 1 × 105 50% tissue culture infective dose (TCID50) of

virus and monitored, at least daily, for clinical signs of disease, includ-

ing survival andweight change. No animals lost more than 30% of their

original weight and reached the humane endpoint as defined in the

methods during the study. For the co-infection, 1 × 105 TCID50/100 μl
of SARS-CoV-2 and CA04 viruses were used for intranasal inocula-

tion, and then the second virus inoculum was given 24 h after the first

virus inoculation. To confirm the transmissibility, 24-h post inocula-

tion, naive hamsters were co-housed with the inoculated hamsters for

direct contract transmission. To assess viral infectivity and pathogenic-

ity, three hamsters were euthanized by intraperitoneal injection with

pentobarbital at a concentration of 200 mg/kg at 2, 4 and 7 days post

inoculation (DPI; Figure 1a). The lungs, trachea, nasal turbinates and

a kidney were collected from each hamster and homogenized in 1-ml

phosphatebuffered saline (PBS)with antibiotics tomeasure viral titers.

Lung tissues collected for histopathological analysiswere fixedwith4%

paraformaldehyde.

2.3 Viral load determination and immunological
profiling

Samples were homogenized in 1 ml of TRIzol Reagent (Invitro-

gen) before 150 μl of chloroform was added prior to centrifugation

at 14,000 rpm for 15 min at 4◦C. RNA was extracted using the

RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-

tions. Next, 5 μl of extracted RNA was subjected to quantitative

real-time reverse transcription polymerase chain reaction (qRT–PCR)

to quantify the nucleoprotein gene of SARS-CoV-2 and the matrix

gene of influenza A virus using the SensiFAST Probe No-ROX One-

Step Kit (Bioline). Viral titers (log10TCID50/ml) were determined

using a standard curve of the threshold cycle values generated using

serially diluted virus (Dovas et al., 2010; Supplementary Figure 1).

Immunological profiling of the cytokine response in lung tissue sam-

ples was performed using qRT-PCR assays with β-actin mRNA as

an internal control and a Syrian hamster-specific primer set (Espi-

tia et al., 2010). For qRT-PCR assays, 2 μl of cDNA was used in a

final reaction volume of 20 μl with SYBR Green 2X PCR Master Mix

(Enzynomics) and 10 pmol of forward and reverse primers. Cycling

conditions were 95◦C for 10 min, followed by 40 cycles at 94◦C

for 10 s and 56◦C for 20 s, using a LightCycler 96 System (Roche
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F IGURE 1 Disease severity and tissue tropism in hamsters inoculated or co-inoculated with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and/or CA04. (a) Timeline of experiments showing groups and viruses used to inoculate animals. (b)Mean bodyweight changes in
the experimental groups. Titers of SARS-CoV-2 and CA04measured in the nasal turbinates (c and f), tracheas (d and g) and lungs (e and h) are
shown. The bars and error bars in Panels (c–h) represent themean± standard error of themean for each group at each time point. The results are
shown as themean± s.d. *p< .05 and ** p< .01

Diagnostics GmbH) according to the manufacturer’s instructions. To

check primer specificity, melting curves were generated after 40

cycles (Supplementary Table 1 and Supplementary Figure 2). Hamster

γ-actin was used as an internal control to normalize and calculate dif-

ferences in fold change expression, compared to that in uninfected

hamsters.

2.4 Flow cytometry

A single-cell suspension of splenocytes from the spleen and

lymphocytes from lung tissue were labelled using the following

fluorochrome-conjugated primary antibodies: mouse anti-rat CD8β
(341), rat anti-mouse CD4 (GK1.5) and mouse anti-mouse/rat

major histocompatibility complex class II (MHC II I-E k; 14-4-

4S; Themo Fisher Scientific; Hammerbeck & Hooper, 2011). Live

cells were stained for 20 min at room temperature and then fixed

with 2.5% (w/v) paraformaldehyde. Cells were analysed using a

BD Asperse flow cytometer (BD Biosciences) with FACSuite soft-

ware (BD Biosciences). Data were analysed using FlowJo software

(Treestar).

2.5 Haematological studies

Haematological studies were performed using ethylenediaminete-

traacetic acid-treated blood and a Hemavet 950FS analyser (Drew

Scientific). Whole blood chemistries were evaluated using heparinized

blood and a portable iSTAT blood analyser (Abbott Point of Care) with

EC8+ cartridges tomeasure lactate dehydrogenase.

2.6 Histopathology and immunohistochemistry

Tissues were fixed in 10% paraformaldehyde and processed for paraf-

fin embedding. Four consecutive sections of 4 μm each were stained

using haematoxylin and eosin (H&E) or monoclonal antibodies specific

to the SARS-CoV-2 N protein (NB100-56576, Novus Biologicals) and

influenza A virus N protein (NB100-56570, Novus Biologicals), respec-

tively. Imageswere capturedusing a LeicaDFC5400digital camera and

processed using Leica Application Suite v.4.13 (Leica Microsystems).

Scoring of H&E-stained specimens was conducted according to the

following criteria (Yuan et al., 2020): haemorrhages: 1,mild focal haem-

orrhage; 2, focal haemorrhage with areas distributed throughout the
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F IGURE 2 Lung pathological changes showing early differences in the disease course of hamsters inoculated or co-inoculated with
SARS-CoV-2 and/or CA04. (a) Representative H&E staining and IHC staining with specific antibodies against the SARS-CoV-2 N and influenza A
virus N proteins in lung sections obtained from animals at 2, 4 and 7DPI (scale bar= 100 μm). (b) Representative gross pathological changes in the
lungs of inoculated animals. Lungs are representative of the gross pathological changes observed at 2, 4 and 7DPI. (c) Pathological changes scoring
of haemorrhaging, inflammation, bronchiolitis and pulmonary oedema observed in lung sections. DPI, days post inoculation; H&E, haematoxylin
and eosin; IHC, immunohistochemistry
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section; 3, confluent haemorrhage throughout the section. Bronchi-

oles: 1, mild peribronchiolar infiltration; 2, peribronchiolar infiltration

plus epithelial cell death; 3, score 2 and intra-bronchiolar wall infil-

tration and epithelium desquamation. Inflammation: 1, alveolar wall

thickening and congestion; 2, focal alveolar space infiltration or exuda-

tion; 3, diffuse alveolar space infiltration or exudation or haemorrhage.

Pulmonary oedema: 1, oedema detected in less than 33%of the lung; 2,

oedema detected in 34% to 66% of the lung; and 3, oedema detected

in more than 66% of the lung. All tissue samples were assessed by a

veterinary anatomic pathologist blinded to study group allocations.

2.7 Statistical analysis

Differences in viral infectivity, haematological analysis and

cytokine/chemokine expression were analysed using the two-tailed

Mann–Whitney U-test or two-tailed unpaired t-test and GraphPad

Prism version 5.01 (GraphPad Software Inc.).

3 RESULTS

3.1 Compared to inoculation with CA04 alone,
but not SARS-CoV-2 alone, co-inoculation resulted in
greater disease severity and altered viral tropism

For co-infection of CA04 and SARS-CoV-2, the second virus inocula-

tion sequentially was given 24 h after the first virus inoculation (Zhang

et al., 2021). Hamsters were inoculated with CA04 (Groups 2 and

4) or SARS-CoV-2 (Groups 3 and 5) on Day 0, followed by inocula-

tion with CA04 (Group 2), SARS-CoV-2 (Group 3) or mock-inoculation

with PBS (Group 1; Figure 1a). Hamsters in all virus-inoculated groups

began losing weight on Day 1 post inoculation, but those inoculated

only with SARS-CoV-2 lost significantly more weight than CA04-only

inoculated animals (Groups 2 and 3; Figure 1b). Weight loss in co-

infected animals (Groups 4 and 5) was similar to that observed in the

SARS-CoV-2-only inoculated group (Group 3; Figure 1b). Weight loss

of the SARS-CoV-2-only (89.2% ± 1.27), CA04/SARS-CoV-2 (83.04%

± 8.6) and SARS-CoV-2/CA04 (86.8% ± 7.89) inoculated group was

most severe on Day 7 pi, but the CA40-only inoculated group was

recovered to its original weight. No animals lost more than 30% of

their original weight and reached the humane endpoint as defined

in the methods during the study. These data support that SARS-

CoV-2 infection resulted in more severe disease, compared to that

caused by CA04, and co-infection did not appear to increase the

overall disease severity—measured by weight loss—of SARS-CoV-2.

SARS-CoV-2 titers in nasal turbinate and lung tissues were similar

across all groups (Figure 1c,e). In tracheal tissue, SARS-CoV-2 titers

were only detected in Groups 3 and 5, that is, the groups in which

SARS-CoV-2 was inoculated alone or prior to CA04. When CA04 was

inoculated before SARS-CoV-2, SARS-CoV-2 titers were not detected

in the trachea (Figure 1d). CA04 titers were detected in the nasal

turbinate tissues of all co-infected groups (Groups 4 and 5) at 2,

F IGURE 3 Scoring of lung haematology showing early differences
in the disease course of hamsters inoculated or co-inoculated with
SARS-CoV-2 and/or CA04. Numbers of white blood cells and
percentages of the cell population comprising granulocytes and
lymphocytes in whole blood samples at 2, 4 and 7DPI. Bars and error
bars represent themean± standard error of themean for each group
at each time point. The results are shown as themean± s.d. *p< .05,
**p< .01 and **p< .001

4 and 7 DPI. However, in the CA04-only inoculated group (Group

2), CA04 titers were only detected at 2 and 4 DPI (Figure 1f). A

similar pattern was observed in the tracheal (Figure 1g) and lung

(Figure 1h) tissues. CA04 titers were detected in the lungs of co-

inoculated animals (Groups 4 and 5) at 2 and 4 DPI but only at 2

DPI in animals inoculated with CA04 only (Group 2). This suggests

that co-inoculation with SARS-CoV-2 increased the replication—and

possibly the tropism—of CA04 in co-inoculated animals, likely result-

ing in more widespread infection. To confirm transmission by direct

contact for both CA04 and SARS-CoV-2, virus titers in lung tis-

sue collected from both donor hamster and contact hamster were

assessed. Both viruses were detectable from all contacted ham-

sters from lung tissues collected at 2 and 4 DPI, but the viruses

were completely cleared from lung tissues by 7 DPI (Supplementary

Figure 3).
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F IGURE 4 Immunological profiling of hamsters inoculated with SARS-CoV-2 and/or CA04. (a) Concomitant upregulation of type 1 and 2
cytokines in the lungs of hamsters inoculated with SARS-CoV-2 and/or CA04.MeanmRNA expression of IFN-γ, TNF-α, IL-6, IL-21, IL-12p40,
CCR4, CCL17 and CCL22 at 2, 4 and 7DPI. Bars and error bars represent themean± standard error of themean for each group at each time point.
The results are shown as themean± s.d. *p< .05 and **p< .01. (b) T-cell response in the lungs of hamsters inoculated with SARS-CoV-2 and/or
CA04. Flow cytometry analysis of the T-cell response in inoculated hamsters. FACS analysis of splenocytes collected at 2, 4 and 7DPI using specific
antibodies targeting CD4+ and CD8+ T cells and B cells. Data were analysed using FlowJo software (Treestar). CCR4, CC chemokine receptor 4;
CCL17, C-Cmotif chemokine ligand 17; IFN-γ, interferon-gamma; TNF-α), tumor necrosis factor-alpha

3.2 Co-inoculation increased lung pathological
changes and was associated with reduced white
blood cell and lymphocyte counts and increased
pro-inflammatory signalling

Significant lung pathological changes were observed in all inoculated

animals at all time points (Figure 2a,b). A greater degree of alveolar

interstitial inflammation in the parenchyma, mononuclear cell infil-

tration and alveolar bronchiolisation, bronchiolitis with surrounding

inflammatory cell infiltration (mainly lymphocytes) and luminal exfo-

liated necrotic cell debris admixed with neutrophils was observed in

co-inoculated animals at 2 DPI, but the pathological changes were

similar between the inoculated groups at 4 and 7 DPI (Figure 2a,b).

These results show that co-infection results in more severe disease

at early time points, but this does not translate to greater severity at

later time points and is not collinear with the replication kinetics of

either virus. Our haematological studies revealed that the numbers of

white blood cells (2 and 4 DPI) and lymphocytes (2 and 7 DPI), but not

granulocytes, were reduced in co-inoculated animals, compared to ani-

mals inoculated with uninfected animals (Figure 3). In particular, white

blood cells were decreased in hamsters co-infected with SARS-CoV-2

and CA04 at 2 and 7 DPI, compared to animals inoculated with SARS-

CoV-2 and CA04 (Figure 3). These changes were also associated with

altered cytokine expression in the lungs, such as concomitant upregula-

tion of type 1 interferon-gamma (IFN-γ), interleukin 12p40 (IL-12p40)
and type 2 cytokines (IL-21), at 2 and 4 DPI. The expression of IFN-γ
and IL-6 was significantly higher at 4 DPI in co-inoculated animals and

significantly higher at 7 DPI in all SARS-CoV-2 animals, compared to

CA04-inoculated animals (Figure 4a). The expression of tumour necro-

sis factor alpha (TNF-α) was also higher in co-inoculated animals at

2 and 4 DPI (Figure 4a). At 7 DPI, TNF-α expression was higher in

animals inoculated with SARS-CoV-2 than in animals inoculated with

CA04 only, whose expression was similar to that in uninoculated ani-

mals (Figure 4b). The expression of IL-21, IL-12p40 and C-C motif

chemokine receptor 4 (CCR4) was higher in animals inoculated with

SARS-CoV-2 than in those inoculated with CA04 alone (Figure 4a).

The expression of C-Cmotif chemokine ligand 17 (CCL17) and CCL22,

which have been implicated in the recruitment of activated Th2 cells

and regulatory T cells via CCR4 signalling, was greater in co-inoculated

animals at 4 DPI (Figure 4b).



KIM ET AL. 7

4 DISCUSSION

The ongoing COVID-19 pandemic and its overlap with influenza sea-

sons could lead to an increased risk of co-infection with SARS-CoV-2

and influenza viruses.However,whether co-infectionwith both viruses

can occur and the possible effects of co-infection on the disease course

and severity remain unclear. We used a Syrian hamster model to study

infection with SARS-CoV-2 and CA04, as well as in combination. The

hamster represents a useful model for such a study, as it is suscep-

tible to both viruses and displays clear clinical signs and pathology

(Iwatsuki-Horimoto et al., 2018; Mok et al., 2020). Our data on weight

change indicated that there was no synergistic or additive effect of

co-infection. The amount of weight lost by co-infected animals was

equivalent to that in SARS-CoV-2-only infected animals, whereas less

weight loss was observed in the CA04-only infected animals. However,

based on lung pathological analysis, the disease severity observed in

co-inoculated with CA04 animals concerning lung inflammation. Our

model recapitulates the haematological changes observed in patients

with COVID-19 (Liao et al., 2020). Coagulopathies are associated

with fatal cases, wherein neutrophil-to-lymphocyte ratios and platelet

counts serve as exemplary haematological markers of poor progno-

sis. Here, we found that co-inoculation was associated with worsening

haematological characteristics, likely indicating greater disease sever-

ity in cases of co-infection. Therefore, haematological support in cases

of co-infectionmay be effective in reducing disease severity.

SARS-CoV-2 co-inoculation also altered the tissue-dependent repli-

cation kinetics of CA04, but the impact of CA04 on SARS-CoV-2

replicationwas less pronounced.Co-inoculationof SARS-CoV-2 (either

preceding or following CA04 infection) led to a more rapid detec-

tion of CA04 in nasal turbinates and extended the detection period

in the trachea and lungs. The factors underlying these observations

are not yet clear, but changes in the upper respiratory tract, particu-

larly in the nasal turbinates, might play a role in the transmissibility of

these viruses. Our data also showed that co-inoculation could lead to

inflammation of the lungs due to lymphopenia and inflammation in the

lungs. Interestingly, inoculation with SARS-CoV-2 followed by CA04

resulted in a greater decrease in white blood cells and lymphocytes,

compared to that in the other groups. Studies in COVID-19 patients

showed that cytokine and chemokine expression was upregulated in

the blood of non-severe patients but remained significantly lower than

that of severe patients (Huang et al., 2020; Qin et al., 2020). Our study

revealed decreased cytokine and chemokine expression at 7 DPI in co-

inoculated animals, which correlatedwith disease severity.Overall, our

study revealed that co-infection with SARS-CoV-2 and influenza virus

could pose an increased risk of greater disease severity. Early interven-

tions, likely those aimed at correcting haematological changes, may be

useful in limiting disease severity.
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