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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and influenza
A virus (IAV) represent two highly transmissible airborne pathogens with pandemic capa-
bilities. Although these viruses belong to separate virus families—SARS-CoV-2 is a member
of the family Coronaviridae, while IAV is a member of the family Orthomyxoviridae—both
have shown zoonotic potential, with significant animal reservoirs in species in close contact
with humans. The two viruses are similar in their capacity to infect human airways, and
coinfections resulting in significant morbidity and mortality have been documented. Here,
we investigate the interaction between SARS-CoV-2 USA-WA1/2020 and influenza H1N1
A/California/04/2009 virus during coinfection. Competition assays in vitro were performed
in susceptible cells that were either interferon type I/III (IFN-I/-III) nonresponsive or IFN-I/-III
responsive, in addition to an in vivo golden hamster model. We find that SARS-CoV-2
infection does not interfere with IAV biology in vivo, regardless of timing between the
infections. In contrast, we observe a significant loss of SARS-CoV-2 replication following
IAV infection. The latter phenotype correlates with increased levels of IFN-I/-III and immune
priming that interferes with the kinetics of SARS-CoV-2 replication. Together, these data
suggest that cocirculation of SARS-CoV-2 and IAV is unlikely to result in increased severity
of disease.

IMPORTANCE The human population now has two circulating respiratory RNA viruses
with high pandemic potential, namely, SARS-CoV-2 and influenza A virus. As both viruses
infect the airways and can result in significant morbidity and mortality, it is imperative that
we also understand the consequences of getting coinfected. Here, we demonstrate that
the host response to influenza A virus uniquely interferes with SARS-CoV-2 biology although
the inverse relationship is not evident. Overall, we find that the host response to both
viruses is comparable to that to SARS-CoV-2 infection alone.

KEYWORDS anosmia, endemic, H1N1, host response, interference, interferon, long
COVID, PASC, pandemic, RNA sequencing

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has resulted in a global health crisis (1, 2). Despite

the development of safe and effective vaccines and antiviral drugs, SARS-CoV-2 continues to
spread worldwide, with frequent emergence of new viral variants (3–5). SARS-CoV-2 replicates
robustly in the upper respiratory tract, inducing inflammation and provoking a range of symp-
toms including fever, cough, and general malaise (6–8). More severe cases of COVID-19 involve
the development of acute respiratory distress syndrome and lung injury, often leading to
death. Several risk factors for disease severity have been identified, including sex, age, immu-
nodeficiency, diabetes, and obesity (9–11). In addition, SARS-CoV-2 infection suppresses key
components of the innate immune response. More than half of the 30 proteins encoded in
the SARS-CoV-2 genome have been reported to counteract interferon (IFN) induction and
signaling (12), raising concern about the risk for coinfection with other pathogens.

Several clinical studies have reported coinfection of SARS-CoV-2 with other viruses, including
human immunodeficiency virus (HIV), hepatitis B and C viruses (HBV and HCV, respectively),
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influenza A and B viruses (IAV and IBV, respectively), and dengue virus (DENV) (13–19). In
particular, coinfection with SARS-CoV-2 and IAV was common early in the COVID-19 pan-
demic, prior to the enforcement of masks and social distancing (17, 20). A meta-analysis
of published studies from the first 4 months of the pandemic showed viral coinfection
with SARS-CoV-2 in 3% of hospitalized COVID-19 patients, with IAV being among the most
common coinfecting viruses (21). Both SARS-CoV-2 and IAV are airborne-transmitted respi-
ratory viruses that can induce acute respiratory distress syndrome. Although these viruses
utilize different host receptors for cell entry—SARS-CoV-2 binds to angiotensin-converting
enzyme 2 (ACE2) via its spike protein, while human IAV recognizes receptors with saccha-
rides terminating in sialic acid-a2,6-galactose via its hemagglutinin protein (22, 23)—both
viruses appear to preferentially infect alveolar type II cells (6, 24).

Here, we investigate the interaction between SARS-CoV-2 and IAV during coinfection
in vitro and in vivo using the golden hamster animal model. Replication kinetics and host
responses for animals either simultaneously or sequentially infected with both viruses are
described.

RESULTS
Viral replication of SARS-CoV-2 and IAV in vitro demonstrates unique patterns

of interference. To examine the impact of SARS-CoV-2 and IAV (H1N1 A/California/04/2009)
coinfection on viral replication, cells were infected with each virus individually or both at the
same time. In Vero-E6 cells that are commonly used for both SARS-CoV-2 and IAV replication
studies (25, 26), SARS-CoV-2 exhibited a modest delay in replication in the presence of IAV
(Fig. 1A). At 24 h postinfection (hpi), SARS-CoV-2 replicated to lower viral titers in coinfected

FIG 1 IAV interferes with SARS-CoV-2 replication in cells while SARS-CoV-2 interferes with IAV replication in
A549 cells but not Vero-E6 cells. (A and B) Virus titers of SARS-CoV-2 (A) and IAV (B) in individually infected
or coinfected Vero-E6 cells. (C and D) Virus titers of SARS-CoV-2 (C) and IAV (D) in individually infected or
coinfected A549-ACE2 cells. Cells were infected with SARS-CoV-2 and/or IAV at an MOI of 0.01, and
supernatants were collected for plaque assay at 24, 48, and 72 h postinfection (hpi). Virus titers of SARS-CoV-2
and IAV were determined by plaque assay using Vero-E6 cells and MDCK cells, respectively. The dotted line
indicates the limit of detection of the plaque assay analysis. *, P , 0.05; **, P , 0.01.
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cells than it did on its own. However, viral titers were comparable between coinfected and
individually infected cells at 48 and 72 hpi (Fig. 1A). In contrast, IAV titers in Vero-E6 cells were
unchanged at all time points, regardless of coinfection with SARS-CoV-2 (Fig. 1B).

Given that Vero-E6 cells lack genes encoding type I and III interferons (IFNs), which signifi-
cantly contribute to viral fitness (27), viral replication was also evaluated in an IFN-competent
human lung alveolar cell line. A549 cells are a human alveolar basal epithelial line, commonly
used in the study of respiratory infections, including IAV. To allow the evaluation of both IAV
and SARS-CoV-2 infection, single-cloned A549-ACE2 cells that express the SARS-CoV-2 entry
receptor, human angiotensin-converting enzyme 2, were chosen (28). Cells were infected at
a low multiplicity of infection (MOI) with SARS-CoV-2 or IAV alone or with the two viruses
together. For SARS-CoV-2, a similar trend was observed in A549-ACE2 as in Vero-E6 cells.
SARS-CoV-2 replication was lower in the presence of IAV at 24 hpi but comparable at 48
hpi (Fig. 1C). In contrast to the viral kinetics observed in Vero-E6 cells, IAV viral titers were
substantially lower in the presence of SARS-CoV-2 in A549-ACE2 cells at all time points
(Fig. 1D). Taken together, these results suggest that IAV coinfection may contribute to a delay
in SARS-CoV-2 replication in both Vero-E6 and A549-ACE2 cells. In contrast, SARS-CoV-2 coin-
fection appears to significantly interfere with IAV replication in interferon-competent A549-
ACE2 cells but not in interferon-defective Vero-E6 cells.

IAV interferes with SARS-CoV-2 replication in coinfected hamsters. The golden
hamster model represents a robust system for studying both SARS-CoV-2 and IAV, due to its
ability to recapitulate the pathological and immunological characteristics of disease in humans
(26, 29–32). Inoculation of hamsters with either IAV or SARS-CoV-2 results in robust replication
in the respiratory tract and induces both innate and adaptive immune responses (8, 26, 30,
32). To assess the host response to individual infection and coinfection with both viruses, ham-
sters were intranasally infected with SARS-CoV-2, IAV, or both viruses simultaneously (Fig. 2A).
Virus titers of SARS-CoV-2 and IAV in the lungs at 1, 3, 5, 7, and 14 days postinfection (dpi)
were determined by plaque assay. Each virus replicated robustly in the respiratory tracts of the
hamsters, exhibiting peak titers at 3 dpi in individually infected animals (Fig. 2B and C). In coin-
fected hamsters, SARS-CoV-2 lung titers were comparable to those of individually infected
hamsters at 1 dpi; however, these animals exhibited lower SARS-CoV-2 titers at 3 dpi and rapid
SARS-CoV-2 clearance in the lung by 5 dpi. In contrast, infectious virus particles were detected
in 100% of the SARS-CoV-2 individually infected hamsters at 5 dpi and 25% at 7 dpi (Fig. 2B).
IAV titers in the lungs were not impacted by SARS-CoV-2 coinfection at any time point tested
(Fig. 2C). These data suggest that IAV and SARS-CoV-2 coinfection in hamsters is associated
with lower levels of SARS-CoV-2 replication but no change in IAV replication. Coinfected
animals, or those challenged with SARS-CoV-2 alone, showed a delayed lack of weight gain
compared to phosphate-buffered saline (PBS)-treated or IAV-infected hamsters (Fig. 2D).
These differences in morbidity could also be observed in lung histology, as coinfection
or animals infected with SARS-CoV-2 each showed extensive infiltration of mononuclear
cells by hematoxylin and eosin (H&E) stain, indicative of immune cell infiltration (Fig. 2E).

In an effort to better understand the immune response to individual infection and coinfec-
tion in hamsters, we performed mRNA sequencing (mRNA-seq) to evaluate differential gene
expression (DGE) in the respiratory tract at 5 dpi (Fig. 2F and G). Our group previously found
that SARS-CoV-2 infection induces a more pronounced inflammatory signature in hamsters
than IAV, which is consistent with what has been observed in COVID-19 patients and in the
ferret model (8, 26, 31). Coinfection with SARS-CoV-2 and IAV also produced a more robust
inflammatory response than did infection with IAV alone (Fig. 2F). These data indicate that the
host response to SARS-CoV-2 or coinfection includes the same genes induced by IAV in addi-
tion to others as indicated in the volcano plots (Fig. 2F and G). SARS-CoV-2-specific genes
showed an enrichment in NF-kB-dependent chemokines such as CCL2, CCL5, CCL7, and
CXCL10, in agreement with other published work (Table 1) (33). These results suggest that
the host response to SARS-CoV-2 would induce much greater immune infiltration given the
chemokine expression which is corroborated by the H&E stains (Fig. 2E).

Preinfection of hamsters with IAV suppresses SARS-CoV-2 replication, but preinfec-
tion with SARS-CoV-2 does not impact the growth of IAV. To further examine the dynam-
ics between SARS-CoV-2 and IAV biology, hamsters were mock treated or preinfected with

The Biology of SARS-CoV-2 and IAV Coinfection Journal of Virology

August 2022 Volume 96 Issue 15 10.1128/jvi.00765-22 3

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00765-22


FIG 2 IAV interferes with SARS-CoV-2 replication in coinfected hamsters. (A) Experimental protocol of hamster infection.
Six- to 8-week-old golden hamsters were intranasally inoculated with either 103 PFU of SARS-CoV-2, 105 PFU of IAV, or
both viruses simultaneously (n = 4, at each time point). Lungs were collected at 1, 3, 5, 7, and 14 days postinfection
(dpi) for virus titer and gene expression analysis. (B and C) Virus titers of SARS-CoV-2 (B) and IAV (C) in the lungs of
hamsters individually infected or coinfected with each virus. Lungs were harvested for plaque assay at 1, 3, 5, 7, and
14 dpi. *, P , 0.05; **, P , 0.01. The dotted line indicates the limit of detection of the plaque assay analysis. (D) Body
weight change in hamsters after infection. Hamsters were intranasally inoculated with either PBS, 103 PFU of SARS-
CoV-2, 105 PFU of IAV, or both viruses simultaneously. Data are presented as a mean percentage of the starting
weight. Eight hamsters per condition are shown. (E) Representative histopathology images of the lungs of hamsters
inoculated with either PBS, 103 PFU of SARS-CoV-2, 105 PFU of IAV, or both viruses simultaneously. Lungs were fixed
and stained with hematoxylin and eosin (H&E) at 3 dpi. (F and G) Volcano plot comparing DEGs in the lungs of
hamsters individually infected or coinfected with IAV and/or SARS-CoV-2 at 5 dpi (gray, not significant [NS]; blue,
significant; red, significant and log2 fold change of .2).
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either SARS-CoV-2 or IAV and then challenged with the other virus (Fig. 3A to F). To measure
the effect of IAV preinfection on SARS-CoV-2 replication, hamsters were inoculated with PBS
or IAV, and after 3 days, they were treated again with PBS or infected with SARS-CoV-2 (Fig.
3A). Hamsters that were preinfected with IAV generated lower SARS-CoV-2 virus titers than
did their SARS-CoV-2 individually infected counterparts at each time point, indicating IAV
preinfection is associated with reduced SARS-CoV-2 replication, corroborating the direct
coinfection (Fig. 2B and Fig. 3B). In contrast, IAV titers were not changed by SARS-CoV-2
infection during active IAV replication in hamsters (Fig. 3C).

Next, to look at the effect of SARS-CoV-2 preinfection on IAV replication, a separate group
of hamsters was inoculated with PBS or SARS-CoV-2 followed by a second inoculation of PBS
or IAV 3 days afterward (Fig. 3D). SARS-CoV-2 preinfection did not affect IAV replication
(Fig. 3E). Despite the observation that IAV coinfection and preinfection were associated
with decreased SARS-CoV-2 replication (Fig. 2B and Fig. 3B), SARS-CoV-2 titers were not
changed by later infection with IAV (Fig. 3F). Taken together, these data suggest that IAV pre-
infection may interfere with SARS-CoV-2 growth but that SARS-CoV-2 preinfection does not
impact the replication of IAV. Furthermore, no delays in virus clearance were observed in
hamsters infected with either SARS-CoV-2 or IAV and preinfected with the other virus.

IAV infection reduces SARS-CoV-2 replication even after IAV clearance. Based on
the observation that IAV coinfection and preinfection are associated with reduced SARS-CoV-2
replication in hamsters, we examined the effect of SARS-CoV-2 infection on a cohort of
IAV-recovered hamsters (Fig. 4A and C). At 7 days after IAV infection, a time point where
no infectious material is detectable (Fig. 1B), hamsters were challenged with SARS-CoV-2
(Fig. 4A). Despite evidence that IAV was cleared at this time point, SARS-CoV-2 titers in
IAV-recovered hamsters remained lower at 1 and 3 dpi than in hamsters preinoculated
with PBS and reached comparable levels only at 5 dpi with SARS-CoV-2, and SARS-CoV-2

TABLE 1 Differentially expressed genes showing a log2 fold change of 2 or greater in
comparison of IAV-infected and coinfected hamsters at 5 dpi

Hamster gene identifier Human orthologue Log2FC P value
ENSMAUG00000000889 SCYL3 2.597016633 1.71E206
ENSMAUG00000014152 JCHAIN 2.435561429 2.00E205
ENSMAUG00000000781 ADAMTS4 2.361910532 4.65E208
ENSMAUG00000010986 IL1RN 2.345971382 5.15E207
ENSMAUG00000021684 CCL2 2.304400759 1.66E205
ENSMAUG00000021354 CCL7 2.253364797 9.71E205
ENSMAUG00000016429 UBE2L6 2.208360031 9.04E205
ENSMAUG00000012996 GDF15 2.204550607 0.00010683
ENSMAUG00000013200 ANGPTL4 2.199003285 1.54E207
ENSMAUG00000019004 TIMP1 2.188953832 1.65E207
ENSMAUG00000014450 CXCL10 2.187217601 5.93E205
ENSMAUG00000017767 TLDC2 2.18320049 1.19E205
ENSMAUG00000014385 IL18BP 2.17778203 4.35E206
ENSMAUG00000015793 SOCS1 2.167451672 1.28E206
ENSMAUG00000010396 CCL5 2.165689727 3.03E207
ENSMAUG00000002531 SLAMF9 2.141679697 1.67E205
ENSMAUG00000010793 DUSP2 2.125972291 4.47E206
ENSMAUG00000000191 GZMB 2.125334416 1.56E205
ENSMAUG00000016341 FCGR3A 2.122718258 1.84E205
ENSMAUG00000018138 APOBEC1 2.114941777 3.46E205
ENSMAUG00000013142 LAG3 2.113133581 8.31E205
ENSMAUG00000017709 UPP1 2.063067423 7.37E209
ENSMAUG00000009013 OGFR 2.061656232 6.23E205
ENSMAUG00000016807 IRF7 2.036182613 0.00015812
ENSMAUG00000001396 IL21R 2.033723293 7.01E205
ENSMAUG00000018825 TM4SF19 2.033399608 9.14E205
ENSMAUG00000012209 DUSP5 2.021127846 1.60E205
ENSMAUG00000012044 COA7 2.007215953 7.91E205
ENSMAUG00000021487 ARID5A 2.000914165 2.91E207
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was not detected at 7 dpi in both cohorts (Fig. 4B). To extend the observation to a later time
after infection with IAV, we again challenged IAV-recovered hamsters with SARS-CoV-2, this
time allowing the animals 2 weeks to fully recover from the initial treatment (Fig. 4C). Even
at this time point, SARS-CoV-2 titers were lower at 1 dpi than in PBS-treated SARS-CoV-2-
infected hamsters (Fig. 4D). These results suggest that IAV infection results in changes to
biology of the airways in a manner that influences the initial rate of SARS-CoV-2 replication.
SARS-CoV-2 infection in hamsters harboring IAV showed low peak titers and rapid clearance
of SARS-CoV-2, while SARS-CoV-2 infection in IAV-recovered hamsters demonstrated a loss
of early SARS-CoV-2 replication (Fig. 2B and Fig. 3B). These data suggest that the gene

FIG 3 Preinfection by IAV suppresses SARS-CoV-2 replication, but preinfection by SARS-CoV-2 does not impact
IAV growth. (A) Experimental protocol of hamster preinfection. Golden hamsters were intranasally inoculated with either
PBS or 105 PFU of IAV. At 3 dpi, hamsters were inoculated with PBS or 103 PFU of SARS-CoV-2 (n = 3, at each time
point). (B and C) Virus titers of SARS-CoV-2 (B) and IAV (C) in the respiratory tract at each time point. ** indicates
P , 0.01. The dotted line indicates the limit of detection of the plaque assay analysis. (D) Experimental
protocol of hamster preinfection. Golden hamsters were intranasally inoculated with either PBS or 105 PFU of
IAV on day 3 after PBS treatment or infection with 103 PFU of SARS-CoV-2 (n = 3, at each time point). (E and F) Virus
titers of IAV (E) and SARS-CoV-2 (F) in hamster lungs at each time point were determined by plaque assay. The
dotted line indicates the limit of detection of the plaque assay analysis.
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expression and environment in the respiratory tract at the different time points after IAV
infection contribute to the kinetics of SARS-CoV-2 biology.

To explore the mechanism by which IAV infection interferes with SARS-CoV-2 replication
in hamsters, we performed mRNA-seq at 7 days after PBS treatment or IAV infection to eval-
uate differential gene expression in the respiratory tract that be responsible for the delayed
replication of SARS-CoV-2. These data, which represent cohorts of hamsters treated with
only PBS or infected with IAV for 7 days, demonstrated only 25 differentially expressed genes
(DEGs), suggesting that the host response to IAV had largely returned to baseline (Table 2).

FIG 4 IAV interferes with SARS-CoV-2 replication even after IAV clearance. (A) Experimental protocol of infection in
IAV-recovered hamsters. Golden hamsters were intranasally inoculated with either PBS or 105 PFU of IAV. At 7 dpi,
hamsters were infected with 103 PFU of SARS-CoV-2. Lung tissues were collected at 1, 3, 5, and 7 days after SARS-
CoV-2 infection for virus titer (n = 4, at each time point). (B) SARS-CoV-2 titers in the respiratory tract at 1, 3, 5, and
7 days after infection with SARS-CoV-2. ** indicates P , 0.01. The dotted line indicates the limit of detection of the
plaque assay analysis. (C) Experimental protocol of infection in IAV-recovered hamsters. Golden hamsters were
intranasally infected with 103 PFU of SARS-CoV-2 on day 14 after inoculation with either PBS or 105 PFU of IAV. (D)
Virus titers of SARS-CoV-2 in hamster lungs at 1, 3, 5, and 7 days after infection with SARS-CoV-2. * indicates P , 0.05.
The dotted line indicates the limit of detection of the plaque assay analysis. (E and F) mRNA expression level of ISG15
and IRF7 represented by RT-qPCR. Total RNA isolated from the lungs of PBS-treated or IAV-infected hamsters at 7 or
14 days after inoculation was assessed for gene expression by quantitative real-time PCR using beta-actin-, ISG15-,
and IRF7-specific primers. Delta-delta cycle threshold was determined relative to PBS-treated samples. Error bars denote
standard deviation across samples (n = 3). *, P , 0.05; **, P , 0.01.
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Among the genes that were modestly enriched (log2 fold change [L2FC] between 0.8 and 1),
we did observe a low level of immune priming (GO:0050778, LAG3, PCED1B, and CCL5m IGJ)
as well as evidence for increased levels of macrophages based on the enrichment of C1QA,
C1QB, C1QC, ARPP19, and RAB7B (Table 2). To further assess specific gene expression related
to a priming of the host antiviral response, the expression of key genes involved in the type I
IFN response (ISG15 and IRF7) was evaluated by quantitative real-time PCR (RT-qPCR). Both
ISG15 and IRF7 were highly expressed in the lungs at 7 dpi, and elevated ISG15 expression
was observed until 14 dpi (Fig. 4E and F). These data suggest the possibility that the type I IFN
response induced by IAV infection may remain at a low level after viral clearance or may result
in an increase in resident immune cells in the airways—either of which would contribute to
the reduction of SARS-CoV-2 replication.

DISCUSSION

Clinical reports from several regions have warned of the risk of SARS-CoV-2 and IAV
coinfection (34–37). Given the extensive global spread of SARS-CoV-2 and the relaxation
of pandemic restrictions, there is a strong potential for SARS-CoV-2 and IAV coinfection to
become common, as it was early in the COVID-19 pandemic, prior to the enforcement of
masks and social distancing (17). The data presented here help to shed light on the inter-
action between SARS-CoV-2 and IAV in coinfected hosts. Using the golden hamster model,
we find that IAV interferes with SARS-CoV-2 replication in the lung, even more than 1
week after IAV clearance. In contrast, IAV exhibited robust replication in the respiratory
tract of hamsters, regardless of the presence of SARS-CoV-2. These data suggest the pres-
ence of factors intrinsic to or induced by IAV that may restrict the growth of SARS-CoV-2,
but it remains unclear whether this effect plays a role in disease severity.

Experimental studies using hamsters and K18-hACE2 transgenic mice have examined the
influence of coinfection on virus replication and disease severity (38–41). In K18-hACE2 mice,
coinfection with SARS-CoV-2 and IAV resulted in increased disease severity, and both prein-
fection and coinfection with IAV resulted in higher SARS-CoV-2 viral loads in the lungs and
nasal turbinate and delayed viral clearance (38, 39, 42). SARS-CoV-2 and IAV coinfection also

TABLE 2 Differentially expressed genes between PBS-treated and IAV-infected hamsters at
7 dpi

Hamster gene ID Human orthologue Log2FC P value
ENSMAUG00000000889 RAB7B 0.99806831 2.15E206
ENSMAUG00000014152 JCHAIN 0.96543212 1.68E206
ENSMAUG00000000781 CCL5 0.94312191 1.44E206
ENSMAUG00000010986 C1QC 0.92851863 1.02E205
ENSMAUG00000021684 FBLN2 0.87133358 1.15E205
ENSMAUG00000021354 TRF 0.86261419 4.24E205
ENSMAUG00000016429 C1QB 0.85178249 3.44E205
ENSMAUG00000012996 C1QA 0.83651579 5.31E205
ENSMAUG00000013200 ARPP19 0.82299565 8.26E205
ENSMAUG00000019004 IGHV4 0.82293325 3.08E205
ENSMAUG00000014450 IGKV6 0.81852337 1.36E206
ENSMAUG00000017767 ELN 0.80290137 1.05E206
ENSMAUG00000014385 LY6E 0.78623131 0.0001202
ENSMAUG00000015793 SCYL3 0.77811553 5.34E205
ENSMAUG00000010396 RARRES2 0.72304586 3.05E205
ENSMAUG00000002531 SLAMF9 0.70778807 1.95E205
ENSMAUG00000010793 LAG3 0.5702712 0.0001389
ENSMAUG00000000191 PTP4A1 0.52076904 1.83E205
ENSMAUG00000016341 IGHG3 0.50248798 5.04E206
ENSMAUG00000018138 SPP1 0.23402256 2.49E205
ENSMAUG00000013142 CD177 0.23371347 5.17E205
ENSMAUG00000017709 PLVAP 20.7153702 1.39E205
ENSMAUG00000009013 HAX1 21.1209636 9.41E209
ENSMAUG00000016807 CCDC141 21.2270713 5.12E209
ENSMAUG00000001396 PED1B 21.3570871 2.64E211
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resulted in increased disease severity compared to single infection in golden hamsters; how-
ever, unlike in the mouse model, coinfected hamsters exhibited lower SARS-CoV-2 viral loads
in the lungs (41), similar to what was observed in the present study. Despite this phenotype,
SARS-CoV-2 shedding lasted longer in coinfected hamsters (41). In contrast, coinfection by
SARS-CoV-2 and H3N2 IAV of female hamsters results in robust SARS-CoV-2 virus replication
but low IAV titers (40). Although we did not observe extended viral shedding of SARS-CoV-2
or suppression of IAV replication in coinfected animals, it is possible that the impact of coinfec-
tion on the replication and pathogenicity of each virus is somewhat dependent on other
factors such as sex, age, and/or virus strain (40, 41). Further experiments using barcoded
viruses would aid in discerning more of the molecular mechanisms responsible for virus
interference by the same or different virus strains (43).

Although SARS-CoV-2 and IAV utilize unique receptors for infection, ACE2 and sialic acid-
a2,6-galactose (22, 23), respectively, respiratory epithelial cells such alveolar type II cells can
be infected with both viruses (6, 24). We observed a significant loss of SARS-CoV-2 replication
following IAV infection; however, it is still unclear if the inhibition of replication is due to direct
effects in coinfected cells or bystander events on neighboring cells. As IAV infection sup-
pressed SARS-CoV-2 early replication even after clearance (Fig. 4), the phenotype described
here is likely the product of immune priming with IFN-I/-III. Although antibodies to cell
markers are limited in the hamster model, future single-cell sequencing efforts could resolve
whether viral interference is also the product of direct coinfection.

Here, we show that IAV interferes with SARS-CoV-2 both in vitro and in vivo through
a mechanism involving both an IFN-I-dependent and an IFN-I-independent mechanism. In
contrast, SARS-CoV-2 infection appears to interfere only with subsequent IAV spread in IFN-
competent cells, suggesting SARS-CoV-2 may have a more difficult time controlling the host
response than IAV. This same experimental setup in hamsters, which are IFN competent, did
not show this phenotype, presumably because the lung provides an expansive cellular land-
scape for infection and includes many specialized cell types that can modulate the host
response that would not be phenocopied using in vitro cultures. While the presented in vitro
data are informative, the in vivo results illustrate the physiological manifestation of how
these dynamics truly play out in the context of a de novo infection.

We also demonstrate that IAV-recovered hamsters still maintained elevated gene expres-
sion of the IFN-stimulated genes IRF7 and ISG15 until 7 dpi and 14 dpi, respectively (Fig. 4E
and F), suggesting the innate immune response following IAV infection could partially contrib-
ute to the reduction of SARS-CoV-2 replication in these animals. On the other hand, coinfec-
tion or preinfection by SARS-CoV-2 did not change IAV titers in hamsters (Fig. 2C and Fig. 3C),
suggesting that IAV may be able to replicate well even in an IFN-I-primed environment given
a sufficient number of susceptible cells. Another contributing factor to the observed pheno-
type could be the kinetics by which the host response is induced following either SARS-CoV-2
or IAV infection. Earlier reports leveraging the hamster model in response to these same
strains of SARS-CoV-2 and IAV do provide additional support for this concept (26). For exam-
ple, in response to IAV, Horiuchi et al. demonstrated that peak interferon-stimulated gene
(ISG) and chemokine levels in the airways were evident at 3 dpi and diminished thereafter
(26). In contrast, the host response to SARS-CoV-2 lagged behind that to IAV but was more
prolonged, with peak ISGs and chemokines observed from 5 to 7 dpi (26, 31). These dynamics
would suggest that the unique host response to different viruses can contribute to the inter-
ference of one virus over another during coinfection. Elucidating the molecular mechanism(s)
underlying this biology will require additional work and is likely to be influenced by both the
virus family and/or strain. For example, others have investigated the role of IFN-stimulated
genes during SARS-CoV-2 and IAV coinfection. In the golden hamster model, Mx1 was impli-
cated in the inhibition of IAV replication during coinfection and preinfection with SARS-CoV-2,
whereas no inhibition was seen in the reverse scenario (40). In our study, SARS-CoV-2 infection
did not impact the replication of IAV in hamsters despite robust induction of Mx1, which we
have demonstrated elsewhere (31, 32). As previously noted, it is possible that different strains
used for infection could impact the expression of certain antiviral genes; however, based on
earlier work from our group, it seems that Mx1 induction in response to SARS-CoV-2 is more
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evident in tissues that are not productively infected and is delayed in the airways (31). These
disparate results may also be due to different viral strains utilized (40). However, regardless
of whether SARS-CoV-2 can also interfere with IAV biology, these studies clearly demonstrate
that coinfection dynamics can be very complex as a result of the host response and can
lead to unpredictable outcomes in relation to disease.

MATERIALS ANDMETHODS
Hamsters.Male Syrian golden hamsters were purchased from Charles River Laboratories and housed

in a temperature-controlled environment with 12 h of light per day at the Center for Comparative Medicine
and Surgery (CCMS) at the Icahn School of Medicine at Mount Sinai (New York, NY, USA). All experiments
involving viral infections were carried out in a CDC/USDA-approved biosafety level 3 (BSL-3) facility at CCMS,
and animals were transferred into the facility a minimum of 7 days prior to onset of experiments. All experi-
mental procedures and the protocol were approved by the Institutional Animal Care and Use Committee at
the Icahn School of Medicine at Mount Sinai (IACUC-2016-0438). Six- to 8-week-old hamsters were anesthe-
tized by intraperitoneal injection with 200mL of a ketamine-xylazine solution (3:1) (100 mg/kg of body weight).
Each animal was inoculated intranasally with 100mL of PBS, 103 PFU of SARS-CoV-2, 105 PFU of IAV, or 103 PFU
of SARS-CoV-2 and 105 PFU of IAV. Hamsters were euthanized by intraperitoneal injection of pentobarbital.
Lung tissues were fixed for histological analysis or homogenized in lysing matrix A homogenization tubes (MP
Biomedicals) in a FastPrep-24 5G bead-beating grinder and lysis system (MP Biomedicals). Lungs for plaque
assay were homogenized with an amount of PBS according to their weight. For RNA isolation, lung tissues
were homogenized with 1 mL of TRIzol (Invitrogen).

Cells. Human adenocarcinomic alveolar basal epithelial (A549) cells (ATCC, CCL-185), African green
monkey kidney epithelial Vero-E6 cells (ATCC, CRL-1586), and Madin-Darby canine kidney (MDCK) cells (ATCC,
CRL-2935) were maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) sup-
plemented with 10% fetal bovine serum (FBS; Corning). All cell were analyzed to ensure they were mycoplasma
free on a biweekly basis. A549-ACE2 cells were generated by transducing A549 cells with a lentivirus encoding
human ACE2. After puromycin selection, a single clone was isolated and expanded.

Viruses. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) isolate USA-WA1/2020 (NR-
52281) was deposited by the Centers for Disease Control and Prevention and obtained through BEI Resources,
NIAID, NIH. SARS-CoV-2 and influenza A virus (IAV) (pdmH1N1 A/California/04/2009) were propagated in Vero-E6
cells in DMEM supplemented with 5% FBS or in MDCK cells in Eagle’s minimum essential medium (EMEM; Gibco)
supplemented with 3% bovine serum albumin (BSA) and 1 mg/mL tosylsulfonyl phenylalanyl chloromethyl ke-
tone (TPCK)-trypsin, respectively. Virus stocks were characterized using plaque assay and RNA sequencing to
ensure genome integrity and infectivity. Infectious titers of SARS-CoV-2 or IAV were determined by plaque assay
using 100mL of supernatant or lung homogenates in Vero-E6 cells or MDCK cells, respectively. Limits of detection
of plaque assay of cell and animal experiments are log10 = 1 PFU/mL and log10 = 3 PFU/g, respectively.

Histological analysis. Lung tissues were harvested and fixed in 10% neutral buffered formalin for 24
to 48 h. Fixed tissues were then embedded in paraffin and sectioned for analysis. Each slide was deparaffinized/
rehydrated and then subjected to hematoxylin (Gill’s formula; Vector Laboratories; catalog no. H3401) and eosin
Y (Sigma-Aldrich; catalog no. E4009) (H&E) staining according to manufacturers’ instructions.

Quantitative real-time PCR analysis. Lungs from in vivo experiments were isolated and homoge-
nized in TRIzol prior to RNA extraction. DNase-treated total RNA was then reverse transcribed into cDNA
using SuperScript II reverse transcriptase (Thermo Fisher) with oligo(dT) primers. Quantitative real-time PCR
was performed using the Kapa Sybr Fast qPCR master mix kit (Kapa Biosystems) on a LightCycler 480 instru-
ment II (Roche). Primers specific for Isg15 (F, TCTATGAGGTCCGGCTGACA; R, GCACTGGGGCTTTAGGTCAT), Irf7
(F, ATTTCGGTCGCAGGGATCTG; R, TGCAAGATAAAGCGTCCCGT), and Actb (F, CCAAGGCCAACCGTGAAAAG; R,
ATGGCTACGTACATGGCTGG) were used. Delta-delta cycle threshold was determined relative to noninfected
samples. Significance was determined using an unpaired two-tailed Student t test.

Transcriptome sequencing (RNA-Seq) analysis. Total RNA as described above was enriched for
polyadenylated RNA and prepared for next-generation sequencing using the TruSeq Stranded mRNA
library prep kit (Illumina), according to the manufacturer’s instructions. Differential gene expression
(DGE) between control groups and experimental groups was tested using a negative binomial model
extended with quasilikelihood methods (QLF). All genes with a false-discovery rate (FDR) of ,0.05 were
classified as differentially expressed genes.

Statistical analysis. Significance was determined by two-way analysis of variance (ANOVA) followed by
Tukey’s test or Student’s t test using Prism Software (GraphPad). A P value of,0.05 was considered significant.

Data availability. All RNA-Seq data obtained in this paper can be found on the NCBI Gene Expression
Omnibus (GEO) under accession numbers GSE161200 and GSE203001.
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