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Abstract

Post viral bacterial infections are a major healthcare challenge in coronavirus infections including 

COVID-19, however, the coronavirus-specific mechanisms of increased host susceptibility to 

secondary infections remain unknown. In humans, coronaviruses including SARS-CoV-2 infect 

lung immune cells including alveolar macrophages, a phenotype poorly replicated in mouse 

models of SARS-CoV-2. To overcome this, we used a mouse model of native murine β-
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coronavirus which infects both immune and structural cells to investigate coronavirus-enhanced 

susceptibility to bacterial infections. Our data show that coronavirus infection impairs the 

host ability to clear invading bacterial pathogen and potentiate lung tissue damage in mice. 

Mechanistically, coronavirus limits the bacterial killing ability of macrophages by impairing 

lysosomal acidification and fusion with engulfed bacteria. In addition, coronavirus-induced 

lysosomal dysfunction promotes pyroptotic cell death and the release of IL-1β. Inhibition of 

cathepsin B decreased cell death, IL-1β release, and promoted bacterial clearance in mice with 

post coronavirus bacterial infection.

Introduction:

The current COVID-19 pandemic is the third major disease outbreak caused by 

coronaviruses in the last 20 years, emphasizing the clinical relevance of coronaviruses 

(1–3). Mechanisms of coronavirus-mediated disease severity remain multifactorial and 

include old age, along with co-morbidities (1, 4). Post viral bacterial infections (bacterial 

superinfections) play a detrimental role in promoting the disease severity of COVID-19, 

and are a stronger predictor of death in COVID-19, compared to influenza infection (5). 

The presence of bacterial infections in COVID-19 is reported in approximately 14% of 

ICU patients in a meta-analysis (6), while a more recent study has shown its presence 

in approximately 50% of hospitalized patients (7), and as high as 100% in patients who 

succumb to COVID-19 (8). The presence of bacterial infections in such high numbers of 

patients despite extensive use of antibiotics indicates an impairment in host defense. Various 

mechanisms of host susceptibility to post viral bacterial infection have been proposed 

including impaired neutrophilic recruitment, impaired type 17 response, and decreased host 

tolerance (9–11), however, these studies are largely performed in animal models of influenza 

infections. Coronavirus-specific mechanisms that render the host susceptible to secondary 

bacterial infections are poorly understood.

β-coronaviruses including mouse hepatitis virus (MHV) and SARS-CoV-2, utilize a novel 

egress pathway that involves lysosomes to egress from infected cells (12). Given the central 

role of lysosomes in bacterial killing through phagocytic mechanisms (13, 14), we sought 

to determine how this unique aspect of the coronavirus life cycle affects the host’s ability 

to clear secondary bacterial infections. We used a mouse model of MHV lung infection, 

which shows acute lung pathology and systemic disease similar to the COVID-19 (15–18). 

Genetically modified mouse models of COVID-19, such as human ACE2 overexpressing 

mouse under K18 promoter (epithelium) (19), does not allow SARS-CoV-2 infection in 

macrophages, which is well described in COVID-19 patients (20, 21). The MHV model 

allowed us to investigate the post-coronaviral bacterial infection susceptibility in a natural 

host (mouse) and thus circumventing these limitations of mouse models of SARS-CoV-2 

including infections to macrophages. Using this mouse model of post-coronaviral bacterial 

infection, we show that coronavirus impairs lysosomal acidification and fusion with bacteria 

in macrophages, leading to impaired bacterial killing. At the same time, coronavirus-

mediated lysosomal swelling leads to lysosomal rupture and release of lysosomal enzymes, 

such as cathepsin B, rendering the immune cells susceptible to pyroptotic cell death and 

release of IL-1β during secondary bacterial infections.
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Material and Methods:

Mice:

All experiments were performed as per approved protocols from Yale Animal Resource 

Center (2021–20044). Wild-type mice (C57/B6) were obtained from Jackson Laboratory 

and bred at Yale where they were maintained at a 12-hour dark/light cycle and ad libitum 
food and water supplies. Caspase1/11−/− mice were a kind gift from Dr. Jack Elias (Brown 

University).

Pathogens:

MHV was provided by Dr. Susan Compton (co-author) while PA-GFP was provided by 

Dr. Jonathan Audia (co-author). Influenza strain H3N2 was a kind gift of Dr. Adolfo 

García-Sastre. PA01 strain was provided by Dr. Barbara Kazmierczak at Yale University and 

Streptococcus strain was obtained from ATCC.

MHV Infection:

Mice were infected with 1 X 104 PFUs of MHV-A59 by intranasal route in 40 μl of PBS or 

received similar amounts of the vehicle as described previously (16).

Bacterial infection:

Mice were infected with either Pseudomonas aeruginosa (PA01 strain) or Streptococcus 
pneumoniae (TIGR4 strain) by intratracheal route as described previously (22, 23).

Alveolar macrophage isolation and infection:

Alveolar macrophages were obtained by lavaging naïve or MHV infected mice using 

antibiotic (Penicillin/Streptomycin) containing PBS to avoid any bacterial contamination. 

The cells were seeded in 96 well plates at 1 × 105 cells/well and allowed to adhere before 

either infecting with MHV (for naïve macrophages) and/or with bacteria.

Peritoneal macrophage isolation and infection:

Peritoneal macrophages were obtained from mice that were injected with 3% thioglycolate 

broth for 3 to 5 days. Macrophages were obtained by peritoneal lavage and then seeded into 

culture plates at desired concentrations.

In vitro post-viral bacterial infection:

Macrophages were cultured and infected with 0.01 MOI of MHV for 20 hours and followed 

by infection with either Pseudomonas or Streptococcus at MOI of 10 or 1 for various time 

points.

Lysotracker staining:

Lysotracker dye was diluted in phenol red free DMEM media and was incubated with the 

cells seeded either in a 12 -well plate for 15 mins before imaging or immediately before 

starting the kinetics of lysosomal acidification in a 96-well plate.
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Immunofluorescence imaging:

Cells seeded into chamber slides were fixed using 2% normal buffered paraformaldehyde, 

permeabilized with 1% TritonX-100 and blocked with 1% BSA followed by incubation with 

anti-LAMP1 (10ug/ml) or anti-cathepsin B (1:800 dilution) antibodies overnight at 4-degree 

C. Cells were then incubated with fluorescence-labeled secondary antibody (1:1000 dilution) 

for 1 hour. The imaging was performed.

Reagents:

CA-074Me was purchased from ApexBio (Cat# A8239). Caspase-1 inhibitor Ac-YVAD-

CMK was purchased from Cayman (Cat# 10014). Latex beads were purchased from 

Polysciences.com (Cat#17458–10). LysoTracker™ Red DND-99 was purchased from 

Thermo Scientific (Cat# L7528). Cathepsin B substrate Z-Arg-Arg-pNA was obtained from 

Sigma (Cat# SCP0108).

Cathepsin B inhibition:

For inhibition of cathepsin B, cells were treated with CA-074Me at 100 μM concentration 

30 mins before PA or SP infection. For in vivo inhibition of cathepsin B, mice were injected 

with CA-074Me at 7-day post-MHV infection at 4 hours prior to and at the time of PA 

infection.

Western Blot and Enzyme-linked immunosorbent assay (ELISA):

Western blot and ELISA analysis were performed as described previously (22).

Phagocytosis assay:

Phagocytosis assay was performed using fluorescently labeled latex beads (1μm diameter) 

Fluoresbrite. Macrophages that were either infected with MHV or mock infection for 20 

hours were incubated with these beads for an additional 1 hour at the MOI of 200. The 

numbers of beads per 100 cells were counted.

Bacterial Count:

Bacterial counts were performed as previously described by plating serially diluted BAL or 

lung homogenates (22, 23).

Broncho-alveolar lavage and tissue histology:

Mice were lavaged by injecting two aliquots of 750 ul of sterile PBS under anesthesia. Post 

lavaging, the left lung was either collected for bacterial counts in the lung tissue or was 

inflated with 0.5% low melting point agar and then fixed in 4% paraformaldehyde. The 

tissue was embedded, sectioned, and stained by hematoxylin and eosin by Yale Histology 

Core.

LDH Measurement and TUNEL staining:

LDH was measured in the phenol red free cell culture supernatants using the LDH detection 

kit and TUNEL staining was performed on lung tissue using In-situ Cell Death Detection kit 

(Roche) as per the instructions.
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Propidium iodide staining:

20X dilution of propidium iodide and Hoechst stain were mixed and cells were imaged using 

fluorescence microscopy.

Electron Microscopy:

Cells were fixed in glutaraldehyde and sent to Yale Electron Microscopy Core.

Statistics:

All the experiments were performed at least twice to ensure reproducibility. Data were 

analyzed using Graph-pad prism software. The numbers of mice per group were determined 

based on our previous experience with coronavirus infections and bacterial infections where 

5–6 mice per group were used. Data are either pooled from two or more experiments or 

presented as one of two or three experiments with similar outcomes. For comparing two 

groups, Student’s t-test was performed. For comparing multiple groups, one-way ANOVA 

was performed followed by Dunnett’s multiple comparisons. A p-value of <0.05 was 

considered statistically significant.

Results:

MHV infects and replicates within pulmonary immune cells:

As SARS-CoV-2 can infect and replicate within human lung immune cells, we sought to 

determine whether murine hepatitis virus (MHV) can infect lung immune cells. To confirm 

whether MHV infects the lung immune cells, we infected naïve alveolar macrophages 

with MHV (MOI of ~ 1) for 2 hours ex-vivo. The unbound MHV was washed off to 

remove the unbound virus and 300ul of fresh media was obtained. A 50 μl aliquot of this 

media was obtained at 0, 24, 48, and 72 hours to quantify MHV using a qPCR assay. 

Our data show that MHV levels significantly increased over time during the course of 

infection (Fig. 1A). To confirm the MHV infection of immune cells in vivo, we harvested 

lung immune cells by lavaging mock or MHV-infected mice at 3-day post-infection and 

performed immunostaining for MHV N-protein. Our data show the presence of MHV N 

protein in immune cells obtained from infected mice (Fig. 1A, Right panel), confirming the 

ability of MHV to infect the lung immune cells., further confirming the replication of MHV 

in lung immune cells.

MHV infection impairs bacterial clearance in mice:

To determine the impact of coronavirus infection on host immunity against secondary 

bacterial infections, mice were infected with a sublethal dose of MHVA59 (104 PFUs/mouse 

by intranasal route) or vehicle and then infected with Pseudomonas aeruginosa (PA, 2.5 

× 106 CFUs/mouse) or Streptococcus Pneumoniae (SP, 1 × 104 CFUs/mouse), at either 

3- or 7-days post-MHV infection (Fig. 2A). Our data reveal that MHV-infected mice 

had significantly elevated bacterial load in broncho-alveolar lavage (BAL) and lung tissue 

compared to mice with mock viral infection (Fig. 2B). The SP infected mouse BAL on 

day 7 post-MHV had larger variation due to extensive lung consolidation that did not 

allow us to properly lavage, especially in the superinfection group. This impaired ability 
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of mice to clear bacterial pathogen after coronavirus was not associated with impaired 

inflammatory cell recruitment. At most of the time points, we observed an increase in the 

inflammatory cell recruitment in the BAL (Supplemental Fig. 1A & B). These immune 

cells were largely composed of neutrophils and no significant differences were observed 

in macrophage numbers (Supplemental Fig. C &D). Additionally, we found that levels of 

neutrophil chemoattractants including KC and MIP-2 were not decreased during bacterial 

infection post-coronaviral infection (Supplemental Fig.1E & F). These data suggest that 

coronavirus impairs the host ability to clear a secondary bacterial infection independent of 

the inflammatory response.

Increased lung damage in mice with superinfection:

Next, we sought to determine whether the increased bacterial burden in MHV-infected 

mice leads to an elevated lung injury. Total protein content in the BAL, a marker of 

capillary permeability, and lactate dehydrogenase (LDH) release, a marker of cell death, was 

measured in the BAL samples of mice that were infected with a bacterial pathogen in the 

presence or absence of MHV pre-infection. Our data show that mice infected with either 

PA or SP post-viral infection had significantly elevated protein and lactate dehydrogenase 

(LDH) in their BAL compared to only bacteria or virus-infected mice (Fig. 2A). These data 

were corroborated by histological analysis of lung tissue (Fig. 2B). To further confirm the 

cell death data as indicated by elevated LHD levels, we performed the TUNEL staining 

of the lung tissue, which showed a dramatic increase in the TUNEL-positive cells in the 

post-coronaviral bacterial infection group compared to either viral or bacterial infections 

(Supplemental Fig. 1G & H). To assess the consequences of elevated injury in mice, 

we measured the host survival post bacterial infection in the presence or absence of a 

prior MHV infection. Our data show that MHV infection significantly impaired the host 

survival in PA infection (Fig. 2C). To determine whether this increased lung injury is due 

to the enhanced bacterial burden, we investigated the inflammatory response and tissue 

injury in a post-coronaviral lipopolysaccharide (LPS) model to eliminate any effects of 

differential pathogen burden. Our data show that MHV infection exacerbated LPS-induced 

inflammation and tissue injury as evident by an increased inflammatory response, increased 

BAL total protein content, and LDH levels (Supplemental Fig. 1I–K). These data show that 

coronavirus exacerbates tissue injury during secondary bacterial infections independent of 

impaired bacterial clearance.

Coronavirus impairs the bacterial killing ability of macrophages by causing lysosomal 
dysfunction:

To decipher the mechanism of coronavirus-impaired pathogen clearance, we investigated 

the bacterial killing ability of macrophages, a key immune cell type that is both resident to 

the lung tissue and recruited during infection. Peritoneal macrophages infected with MHV 

for 24 hours followed by a PA or SP infection show that MHV infection significantly 

impaired the bacterial killing ability of these cells (Fig. 3A). Similar findings were observed 

in a macrophage cell line RAW264.7 cells (Supplemental Fig. 2A). To further investigate 

the mechanism of coronavirus-impaired bacterial killing in macrophages, we measured the 

phagocytic ability and found no decrease in the overall phagocytic ability of macrophages 

post MHV infection (Supplemental Fig. 2B). These data suggest an impairment in the 
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bacterial killing ability of macrophages independent of phagocytic mechanisms. Next, we 

evaluated macrophage lysosomal acidification and fusion with bacterial pathogens. Our data 

show that mock-infected cells upregulated lysosomal acidification in response to PA or SP 

as detected by the lysotracker which gives red fluorescence in the acidic compartment 

(Fig. 3B & C). MHV caused lysosomal deacidification and lowered bacteria-induced 

lysosomal acidification. We also observed impaired fusion of acidified lysosomes with a 

bacterial pathogen using confocal microscopy and green fluorescence-expressing PA (Fig. 

3D). As lysotracker can only visualize acidified lysosomes, we performed immunostaining 

using LAMP1 antibody to visualize the total lysosomal compartment in the cells to show 

that MHV infection led to significantly increased visibility of LAMP1-coated enlarged 

vesicles that did not contain lysosomal enzyme cathepsin B (Fig. 3E), potentially indicating 

lysosomal swelling and rupture; releasing the lysosomal enzymes.

To confirm if lysosomes were indeed ruptured by MHV infection, we performed 

transmission electron microscopy to visualize lysosomal ultrastructure. Our data show that 

lysosomes appeared as dark, small vesicles in uninfected macrophages where the dark color 

is due to dense lysosomal enzymes. In contrast, MHV-infected cells had large lysosome-

like vesicles that show signs of membrane rupture, and their faint color indicated the 

escape of lysosomal enzymes. Of significance, we found the presence of viral particles 

in these lysosome-like vesicles (Fig. 3F), which is in agreement with recent findings 

demonstrating that coronaviruses utilize lysosomes to egress from infected cells (12). The 

normal lysosomal structure was absent in the infected cells. Together, these data indicate 

that coronavirus impairs lysosomal function at multiple levels to cause lysosomal swelling, 

rupture, and release of lysosomal enzymes.

Lysosomal damage promotes inflammasome activation and pyroptotic cell death to impair 
host immunity and exacerbate tissue damage:

Next, we sought to determine the mechanisms of enhanced tissue injury in post-coronaviral 

bacterial infections. First, we determined the mode of cell death in the lung tissue that 

was exacerbated in post-coronaviral bacterial infection. We observed activation of various 

types of cell death pathways in the lungs of mice that were infected either by MHV or 

bacterial pathogen including markers of apoptosis (Caspase-3), pyroptosis (Caspase-1), and 

necroptosis (RIP-3 and MLKL). However, only cleaved caspase-1 levels show a further 

increase in superinfection compared to single infections (Fig. 4A), indicating exacerbation 

of the inflammasome/pyroptotic pathway in mediating cell death. We confirmed exacerbated 

inflammasome activation during post-coronaviral bacterial infections by measuring IL-1β 
levels in the BAL of mice infected with either PA or SP post-MHV infection at both day 

3 and day 7-time points (Fig. 4B). We also show that MHV exacerbated cell death caused 

by both PA and SP infections in macrophages in vitro (Fig. 4C). Similar observations were 

made using LPS stimulation, where increased cell death and IL-1β release was observed 

after MHV infection, indicating the independence of these effects from bacterial burden 

(Supplemental Fig. 3 A–C). Unlike MHV, influenza infection did not exacerbate cell death 

during secondary bacterial infection (Supplemental Fig. 3D & E). To determine whether 

pyroptosis is a key mediator of cell death during post-coronaviral bacterial infection, 

we utilized caspase-1 deficient peritoneal macrophages. We observed that Caspase1−/− 
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macrophages were significantly protected from coronavirus-exacerbated cell death during 

bacterial infections by PI staining and LDH release (Fig. 4C & D) in both PA and SP 

infections. The role of caspase-1 in mediating post-coronaviral bacterial infection-induced 

cell death was confirmed using a pharmacological inhibitor of caspase-1 (Supplemental Fig. 

4A & B). Further, we investigated whether increased inflammasome signaling is triggered 

by lysosomal damage and the release of lysosomal enzymes. We specifically focused on 

cathepsin B; a prominent lysosomal enzyme that has been shown to play a role in the 

inflammasome activation (24). Our data show that inhibition of lysosomal enzyme cathepsin 

B prevented cell death caused by a post-coronaviral bacterial infection in the peritoneal 

macrophages as indicated by decreased PI staining and reduced levels of LDH in cell 

supernatants (Fig. 4C & D). As expected, CA-074Me treatment significantly attenuated 

MHV-induced cathepsin B activity during PA infection in macrophage supernatants 

(Supplemental Fig. 4C). Further, we confirmed that decreased cell death by cathepsin B 

inhibitor was due to a decrease in the inflammasome pathway activation, as indicated by 

decreased IL-1β release (Fig. 4E). We also confirmed whether a similar phenotype was 

observed in the pulmonary immune cells. To determine this, we obtained lung immune 

cells from the BAL of either PBS or MHV-infected mice on day 3 post-infection. These 

cells were treated with either DMSO (vehicle) or CA-074Me for 1 hour before infecting 

them with PA (MOI of 10). Our data show that MHV exacerbated cell death which was 

ameliorated by CA-074Me treatment (Fig.4F).

Finally, we determined whether inhibition of lysosomal enzyme cathepsin B can provide an 

advantage in an in vivo model of post-coronaviral bacterial infection, by either promoting 

bacterial clearance or limiting pyroptotic cell death. Our data show that inhibition of 

cathepsin B using in vivo bioavailable drug CA-074Me improved bacterial clearance by the 

host in the post-MHV PA infection model. Mice treated with CA-074Me had significantly 

decreased BAL bacterial burden along with a twofold decrease in the IL-1β levels in 

the BAL (Fig. 4G), but not TNFα levels (Fig. 4G), indicating a specific impact on the 

inflammasome pathway. Taken together, these data indicate that lysosomal dysfunction 

impairs the bacterial killing ability of the host and promotes tissue damage through 

pyroptotic cell death.

Discussion:

Despite the extensive presence of secondary bacterial infections in severe COVID-19, 

mechanistic studies investigating how coronaviruses contribute to impaired host immunity 

during secondary bacterial infections remain limited. In this study, using a murine β-

coronavirus infection, which has native infectivity to mice, we shed light on coronavirus-

mediated lysosomal dysfunction as a key contributor to both impaired host defense and 

exacerbated tissue injury during secondary bacterial infection.

Our study shows that coronavirus-induced lysosomal dysfunction is multifactorial and 

includes deacidification, swelling, and rupture, leading to the release of lysosomal 

components. This dysfunction does not only impair the ability to clear invading pathogens 

but renders the cell susceptible to pyroptotic cell death. Pyroptosis is a known cell death 

pathway that is associated with exacerbated inflammation and inflammatory tissue injury 
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in multiple disease models (25, 26). In the model of post-coronaviral bacterial infection, 

we show that pyroptosis and excessive IL-1β release was associated with cell death and 

extensive tissue injury in in vitro and in vivo models of post-coronaviral bacterial infection. 

Interestingly, targeting lysosomal enzyme cathepsin B was sufficient to block IL-1β release 

and cell death in macrophages.

Lysosomes are well-known for their highly concentrated acidic enzymes, which upon release 

have the potential to kill the cell (27–29). These enzymes are instrumental in digesting 

cellular debris, damaged organelles, as well as pathogenic bacteria that are ingested by 

phagocytic mechanisms. MHV, through its unique life cycle, which is shared with other β-

coronaviruses such as SARS-CoV-2 (12), manipulates the lysosomal compartments to render 

them ineffective in their bacterial killing ability, while causing cell death. The mechanism 

by which lysosomal enzymes lead to inflammasome activation remains unclear, however, 

a previous study has shown that cathepsin B activates inflammasome through the NLRP3 

adapter molecule (24). Inhibition of cathepsin B was sufficient to decrease IL-1β release in 
vivo and in vitro indicating a direct role of cathepsin B in promoting pyroptotic cell death 

during post-coronaviral bacterial infection.

In conclusion, we show that murine β-coronavirus causes lysosomal dysfunction and the 

release of lysosomal enzymes, which impair the host’s ability to clear secondary bacterial 

pathogens and render the host susceptible to exacerbated tissue injury during bacterial 

superinfection. Minimizing the deleterious effect of lysosomal damage by therapeutic 

targeting of lysosomal enzymes by CA-074Me can limit post-coronaviral susceptibility to 

secondary infection.

Limitations:

In this study we used a murine pathogen MHV, which does not infect humans, to investigate 

the host susceptibility to secondary bacterial infections, limiting its direct translation to the 

human coronavirus infections including COVID-19. However, MHV causes both lung and 

systemic disease, as manifested in COVID-19, and can cause lethality in a dose-dependent 

manner (16, 18, 30, 31). MHV model also recapitulated the essential role of type I 

interferons during early infection (16), which has been demonstrated in COVID-19 (21, 

32), and in a hamster model, which are naturally susceptible to SARS-CoV-2 infections (33). 

In contrast, a mouse model of ACE2 overexpression by adeno-associated virus did not show 

beneficial roles of type I interferons, indicating limitations of studying pathogens outside 

their natural host (34). A humanized mouse model containing human immune cells will be 

a more relevant model of SARS-CoV-2 to study immune function in secondary bacterial 

infections (35). In addition, our study did not investigate whether systemic infection of 

MHV, especially that of the liver (16), has any effect on the pulmonary host defense 

against secondary bacterial infections. Further, our study was performed on only one mouse 

strain (C57/Bl6) and the applicability of these findings to other mouse strains remains 

unknown. However, we observed impaired ability to kill bacteria post-coronaviral infection 

in RAW264.7 cell line generated from BALB/c mice, indicating similar mechanisms may 

exist in other mouse strains. Despite these limitations, our study shows a key mechanism by 

which a model β-coronavirus affects the host’s ability to fight off bacterial infections.
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Refer to Web version on PubMed Central for supplementary material.
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Key Points:

• Coronavirus impairs host immunity against secondary bacterial infections.

• Coronavirus-induced lysosomal dysfunction impairs bacterial killing.

• Targeting lysosomal enzyme cathepsin B limits pyroptotic cell death.
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Fig. 1. MHV infects immune cells and impairs bacterial clearance in Gram-positive and Gram-
negative bacterial lung infections.
(A) Mouse alveolar macrophages were obtained by lavaging naïve mice and cells were 

seeded at 1 × 105 cells/well in 96 well plate. Cells were then infected with MHV (MOI 

of 10) for 2 hours and washed twice to remove the residual viruses and replenished with 

300 μl of fresh media. A 50 μl aliquot was obtained at 0, 24, 48, and 72 hours and RNA 

was purified to run qPCR using primers for the MHV N gene. Data are from one of two 

independent experiments with similar outcomes and represented as Delta Ct values (A, 

left). To confirm that MHV infects lung immune cells in vivo, we stained the BAL cells 

obtained from either mock or MHV-infected mice on day 3. Representative images are 

shown (A, right) from two independent experiments. Red- MHV N protein, blue-DAPI. (B) 

Mouse model of post coronaviral bacterial infection. Mice infected with MHV (intranasal) 

for 3 or 7 days were superinfected with Pseudomonas aeruginosa (PA, 2.5 × 106 CFUs) 

or Streptococcus pneumoniae (SP, 1 × 104 CFUs) through the intratracheal route and then 
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euthanized at 18 hours (PA) or 36 hours (SP) post-bacterial infection. (C) Bacterial load 

in the BAL and lung tissue (left lobe) was measured. Data are pooled from two or three 

independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.005, ****, P < 0.0001 

using either t-test or one-way ANOVA followed by Dunnett’s multiple comparisons test, as 

appropriate.
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Fig. 2. MHV exacerbates lung injury during secondary bacterial infections.
(A) Total protein content and LDH levels in the BAL samples of mice infected with PA 

or SP at day 3 or 7 post-MHV infection and their respective histological analyses (B) 

indicated increased tissue injury in the superinfection group. Mouse survival was measured 

to compare the effect of MHV infection on host survival post-PA or SP infections (C). 

Data are pooled from two independent experiments for each survival curve. N = 11 each 

group for PA and 8–9 for SP. *, P <0.05, **, P < 0.01, ****, and P < 0.001 using one-way 

ANOVA followed by Dunnett’s multiple comparisons test. Survival curves were compared 

using Log-rank (Mantel-Cox) test.
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Fig. 3. MHV-induced lysosomal dysfunction impairs the bacterial killing ability of macrophages.
(A) Peritoneal macrophages were infected with MHV for 24 hours and then superinfected 

with a bacterial pathogen for 6 hours. Surviving bacteria were enumerated. (B) Lysosomal 

acidification of different groups of cells was measured using lysotracker for 3 hours post 

PA or SP infection. Cells were infected with MHV or vehicle for 20 hours before PA 

or SP infection according to different groups. (C) Representative images of acidified 

lysosomes detected by lysotracker after treatment of peritoneal macrophages with PA/SP, 

MHV, MHV+PA/SP or vehicle; red = lysotracker and blue = nucleus (Hoechst) at 2 

hours. (D) Confocal microscopic analysis of phagocytosis and acidified lysosomal fusion 

in the presence or absence of MHV in the peritoneal macrophages. PA-GFP were (MOI 

of 20) used to infect the cells and lysosomes were stained using lysotracker (red). Blue 

= Hoechst. Pictures were taken at 2 hours post bacterial infection. Arrow points to fused 

acidified lysosomes and bacteria in the PA group while only bacteria in the MHV+PA 
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group. Scale bar = 50 μm. (E) Confocal microscopic analysis of lysosomal enzyme release 

from peritoneal macrophages treated with PA, MHV, MHV+PA, or vehicle at 2 hours 

post bacterial infection. LAMP1 was stained in green as a lysosomal marker; cathepsin 

B was stained in red while blue indicates nucleus. (F) Transmission electron microscopic 

analysis of lysosomal structure in presence or absence of MHV infection at 20 hours 

post-MHV infection. Lysosomes are identified by their distinct morphology and dark color 

due to lysosomal enzymes. White arrows indicate normal lysosomal structures in the control 

cells and swollen lysosomes like vesicles in MHV infected cells. Black arrows indicate 

coronavirus in these vesicles. A.U. = arbitrary unit, Scale bar = 10 μm. *, P <0.05, **, P < 

0.01 using t-test.
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Fig. 4. Pyroptosis is a key pathological cell death mechanism potentiated by MHV in presence of 
bacterial superinfection.
(A) Western Blot analysis to detect markers of cell death pathways in the lung tissue, 

including pyroptosis (Caspase-1), apoptosis (caspase-3), and necroptosis (RIP3 and MLKL) 

activation in lung lysates during PA infection post-MHV infection. (B) Levels of IL-1β in 

BAL samples from mice with bacterial infection with or without MHV. Data are pooled 

from two experiments. (C) Representative pictures of PI staining showing cell death in 

wild-type peritoneal macrophages treated with or without CA-074Me and caspase1/11−/− 

peritoneal macrophages in response to MHV+PA. MHV-infected cells appear to be larger 

given the formation of syncytia. Experiments were repeated 3 times and data from a 

representative experiment is shown. Scale bars are 100 μm. (D & E) The quantification of 

LDH and IL1-β in cell supernatants from (C). (F) LDH and IL-1β levels were also measured 

in the alveolar macrophages obtained from either mock or MHV infected mice that were 

treated with either vehicle or CA-074Me 30 minutes prior to PA infection (MOI of 10). (G) 
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Bacterial load, IL-1β, and TNF-α in BAL from superinfected mice with the treatment of 

CA-074Me or vehicle were measured. Data are pooled from two independent experiments. 

PI = red and blue = nuclei. *, P <0.05, **, P < 0.01 ***, P <0.001 using either t-test or 

one-way ANOVA followed by Dunnett’s multiple comparisons test, as appropriate.
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