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Coronavirus disease 19 (COVID-19) is the clinical manifestation of severe acute respiratory
syndrome Coronavirus 2 (SARS-CoV-2) infection. A hallmark of COVID-19 is a lung
inflammation characterized by an abundant leukocyte infiltrate, elevated levels of
cytokines/chemokines, lipid mediators of inflammation (LMI) and microthrombotic
events. Animal models are useful for understanding the pathophysiological events
leading to COVID-19. One such animal model is the K18-ACE2 transgenic mice.
Despite their importance in inflammation, the study of LMI in lung of SARS-CoV-2
infected K18-ACE2 mice has yet to be studied to our knowledge. Using tandem mass
spectrometry, the lung lipidome at different time points of infection was analyzed.
Significantly increased LMI included N-oleoyl-serine, N-linoleoyl-glycine, N-oleoyl-
alanine, 1/2-linoleoyl-glycerol, 1/2-docosahexaenoyl-glycerol and 12-hydroxy-
eicosapenatenoic acid. The levels of prostaglandin (PG) E1, PGF2a, stearoyl-
ethanolamide and linoleoyl-ethanolamide were found to be significantly reduced relative
to mock-infected mice. Other LMI were present at similar levels (or undetected) in both
uninfected and infected mouse lungs. In parallel to LMI measures, transcriptomic and
cytokine/chemokine profiling were performed. Viral replication was robust with maximal
lung viral loads detected on days 2-3 post-infection. Lung histology revealed leukocyte
infiltration starting on day 3 post-infection, which correlated with the presence of high
concentrations of several chemokines/cytokines. At early times post-infection, the plasma
of infected mice contained highly elevated concentration of D-dimers suggestive of blood
clot formation/dissolution. In support, the presence of blood clots in the lung vasculature
was observed during infection. RNA-Seq analysis of lung tissues indicate that SARS-CoV-
2 infection results in the progressive modulation of several hundred genes, including
several inflammatory mediators and genes related to the interferons. Analysis of the lung
lipidome indicated modest, yet significant modulation of a minority of lipids. In summary,
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our study suggests that SARS-CoV-2 infection in humans and mice share common
features, such as elevated levels of chemokines in lungs, leukocyte infiltration and
increased levels of circulating D-dimers. However, the K18-ACE2 mouse model
highlight major differences in terms of LMI being produced in response to SARS-CoV-2
infection. The potential reasons and impact of these differences on the pathology and
therapeutic strategies to be employed to treat severe COVID-19 are discussed.
Keywords: lipid mediators of inflammation, cytokines, chemokines, SARS-CoV-2, COVID-19, pathogenesis
INTRODUCTION

As of May 2022, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has infected more than 520
million people worldwide and caused more than 6 million
deaths. In addition, the SARS-CoV-2 pandemic led to billions
of dollars in economic losses. Fortunately, the rapid development
of safe and effective vaccines has limited the spread of the virus,
hospitalizations and deaths.

Aswith allRNAviruses,whengiven theopportunity to replicate,
mutants of SARS-CoV-2 will emerge. This has been observed
during the current pandemic with detection of SARS-CoV-2
variants, such as the Delta and Omicron variants that rapidly
became the dominant strains as a result of mutations providing
increased transmissibility. On occasion, mutations improve viral
fitness and/or transmissibility, pathogenicity and reduced
neutralization by antibodies generated during previous infection
or vaccination are referred to as variants of concern (VOC).
According to the Centers for Disease Control and Prevention, the
following lineages of SARS-CoV-2 are considered VOC: B.1.1.7,
B.1.351, B.1.427, B.1.429, P.1 and B.1.617.2, B.1.1.529.

The study of SARS-CoV-2 pathogenesis, the development of
safe and efficacious vaccines and antivirals rely heavily on the use
of animal models. Soon after the initial report of SARS-CoV-2 as
the causative agent of Coronavirus disease 2019 (COVID-19) (1),
several animal models were tested for their susceptibility to
infection by this new virus. Unlike humans, hamsters, ferrets
and non-human primates do not develop severe disease and
these animals generally recover spontaneously. Following the
identification of the human Angiotensin Converting Enzyme 2
(hACE2) as a key cellular receptor allowing infectivity of cells by
SARS-CoV-2, several animal models initially developed for
SARS-CoV that also utilizes ACE2 as receptor were tested.
Models ranged from mouse models expressing hACE2 either
transiently (through adenoviral vector delivery) (2), from the
mouse ACE2 promoter (3, 4) or heterologous promoter such as
the lung epithelial cell HFH4 (5) or cytokeratin 18 (K18)
promoters (6, 7). Of these models, the HFH4-ACE2 and K18-
ACE2 develop severe disease and recapitulate several
pathological features observed during severe COVID-19 (8, 9).
A recombinant mouse adapted SARS CoV-2 capable of infecting
mice through the murine ACE2 receptor was also generated (10).
This virus caused more severe damage in older mice.

Work by Winkler et al. (9) and Jiang et al. (8) indicate that
ACE2 transgenic mice are highly susceptible to SARS-CoV-2
with detection of virus in several organs with the lungs being the
org 2
most affected organ. Mice develop pneumonia associated with a
decline in pulmonary functions, leukocyte infiltration and
presence of several inflammatory cytokines (9). Pre-exposure
to SARS-CoV-2 provided protection against a lethal viral
challenge (8). Such models should prove useful to the testing
of antivirals and vaccines.

Cytokines and chemokines definitely play a crucial role in
inflammatory processes. Equally important in the development
and resolution of inflammation are Lipid Mediators of
Inflammation (LMI), a family of small molecules rapidly
generated in response to a variety of stimuli. Some of the most
active LMI include leukotrienes, prostaglandins, resolvins,
lipoxins and maresins. In recent studies, we analyzed the lung
lipidome of human subjects affected by severe COVID-19 and
compared it to that of control subjects (11, 12). Bronchoalveolar
lavages from severe COVID-19 patients were characterized by
increased fatty acids and inflammatory lipid mediators, with a
predominance of thromboxane and prostaglandins. Leukotrienes
were also increased, notably LTB4, LTE4, and eoxin E4.

In the current study, we aimed at providing a detailed analysis
of the LMI produced in response to SARS-CoV-2 infection in
K18-ACE2 mice. In parallel to LMI, a detailed analysis of the
transcriptome and cytokines/chemokines present in lungs of
infected mice was performed. Lastly, similarities and
differences in the inflammatory responses observed in SARS-
CoV-2 infected human and mice are discussed.
MATERIALS AND METHODS

Cells and Virus
Vero cells were obtained from the American Type Culture
Collection (Manassas, Virginia, USA) and cultured in MEM
medium supplemented with antibiotics and 10% fetal bovine
serum. The SARS-CoV-2 (strain LSPQ, B1 lineage) is similar to
the Wuhan strain and contains the following mutations: Spike
D614G, NS3 Q57H, NSP2 T85I and NSP12 P323L. The virus was
isolated from a 51-year-old female individual from the province
of Quebec, Canada by the Laboratoire de Santé Publique du
Québec (LSPQ). The virus was propagated on Vero cells. The
infectious titer of the viral preparation was 1,8x106 Tissue
Culture Infectious Dose 50/mL (TCID50/mL).

Mice
All animal experiments were conducted under biosafety level 3
confinement and approved by the Université Laval animal
June 2022 | Volume 13 | Article 893792
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committee. Nine-week old female B6.Cg-Tg (K18-ACE2)
2Prlmn/J (stock# 3034860) (K18-ACE2 mice) were purchased
from the Jackson Laboratories (Bar Harbor, ME). Mice were
anesthetized using isoflurane and infected by intranasal delivery
of 25 ul of saline containing 4.5x104 TCID50 of SARS-CoV-2.
Mock-treated mice received 25 ul of saline. Mouse body
temperature and weight were recorded every day for 7 days.
On day 1, 2, 3, 4, 5 and 7, mice (n=5/group) were euthanized, and
lungs collected for assessment of viral loads, RNA extraction,
tissue homogenization for cytokine lipid mediators of
inflammation analysis and histological studies.

RNA Extraction and RNA-Seq Analysis
RNA from lungs of mice was extracted using the Bead Mill Tissue
RNA Purification Kit and the Omni Bead Ruptor Bead Mill
homogenizer (Kennesaw, GA). RNA librairies were generated
using the NEBNext Ultra II directional RNA library and
NEBNext rRNA Depletion kits (New Englang Biolab, Ipswich,
MA) and analyzed using the Novoseq 6000 sequencer from
Illumina (Vancouver, BC, Canada). This sequencing procedure
yielded a total of 703×106 reads, each presenting a length of 100bp.
Sequencing qualitywas assessed for all reads using fastqc0.11.7, and
low-quality sequencing as well as remaining adaptor nucleotides
were discarded using trimmomatic 0.36 which resulted in a total of
623.2×106 reads of 100bp on average.

The gene expression levels were assessed using the pseudo-
alignment approach implemented in Kallisto0.46.1 (13).
We applied this method using cleaned reads and a composite
reference transcriptome including both murine and SARScov2
coding sequences. Normalizations and statistical tests for
differential expressions between time points were performed
using the ‘DESeq2’ R-package (14). The principal component
analysis and the heatmap were obtained using normalized gene
expression levels and the R statistical software. To consider a
differential gene expression statistically significant, thresholds of
0.01 and |log2 (3)| were applied for the adjusted p-value and the
minimum fold-change, respectively (as shown in theVolcano plot).

Lipid Mediators of Inflammation Analysis
Lung homogenates corresponding to 10 mg of tissues were
heated at 60°C for 30 minutes in presence of 1 volume of
methanol containing deuterated internal standards. Samples
then were processed as in (11) to extract the lipid mediators.
The extracts were next analyzed by LC-MS/MS using a
previously described analytical method (15).

Multiplex Cytokine Measurements
The mouse lung cytokine/chemokine contents were assessed
using the mouse cytokine/chemokine 31-plex array (Eve
technologies, Calgary, Alberta, Canada).

D-Dimer Measurements
Plasma samples from mock-infected and infected mice were
analyzed for the presence of D-Dimers by ELISA according to
the manufacturer’s guidelines (Biomatik Corporation, Kitchener,
Ontario, Canada).
Frontiers in Immunology | www.frontiersin.org 3
Histological and Immunofluorescence
Studies
For each mouse analyzed, the right lung was extracted and fixed
with formalin. Lungs were paraffin embedded and tissue
processed for hematoxylin-eosin staining as described (16).

Immunofluorescence assay for detection of the SARS-CoV-2
N antigen and leukocyte infiltration were performed using rabbit
anti-N (Rockland chemicals, Limerick, PA, USA)/anti-rabbit IgG
Alexa 488 (Jackson Immuno Research lab, West Grove, PA,
USA) and biotinylated anti-CD45 antibodies (BD Bioscience,
Franklin Lakes, NJ, USA)/CY3 streptavidin (Thermo Fisher
Scientific, Waltham, MA, USA) was as described (17).
RESULTS

Infection of K18-ACE2 Mice With
SARS-CoV-2
Nine-week-old female mice were inoculated intranasally with
4,5x104 TCID50 of SARS-CoV-2 (strain LSPQ1). Body
temperature and weight were taken daily. The weight of
infected mice remained stable over the first 4 days
(Figure 1A). On day 5 post-infection, SARS-CoV-2-infected
mice started to lose weight and by day 7, mice experienced a
15% mean body weight reduction. Body temperature of infected
mice remained comparable to that of control mice (36,4 + 0,1˚C)
up to day 6. However, a sharp decline in body temperature of
infected mice (32,6 + 1,4˚C) was recorded on day 7 post infection
(Figure 1B), and all infected mice showed lethargy and
experienced breathing difficulties and were thus euthanized.

Measurements of lung viral loads (by TCID50) indicated very
efficient viral replication at early time points sampled
(Figure 1C). Indeed, maximal viral loads were recorded on
days 2 and 3 post-infection. By day 7, viral loads had dropped
≈100-fold and were significantly lower than the maximal viral
load observed.

Lung Histopathology Following SARS-
CoV-2 Infection
In contrast to lungs of mock-infected mice that have well defined
alveoli and alveolar spaces, lungs of SARS-CoV-2 infected mice
displayed pronounced leukocyte infiltration accompanied with
thickened alveolar walls and much reduced alveolar spaces
(Figure 2A). Even though viral replication was robust on day 1
post infection, signs of lung inflammation were scarce. Leukocyte
infiltrates were observed starting on day 2 post infection. Such
cell infiltrate increased overtime and was maximal at day 7
post infection.

Lung tissues were analyzed by immunofluorescence to detect
SARS-CoV-2 infected cells as well as leukocyte infiltration. As
shown in Figure 2B, a progressive accumulation of SARS-CoV-2
infected cells was detected (Figure 2B). Starting on day 3 post-
infection we could detect leukocycyte infiltration within several
areas of the lungs. Maximal leukocyte infiltrations were recorded
at day 5 and 7 post-infection (Figure 2B).
June 2022 | Volume 13 | Article 893792
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Pro-Coagulation and Thrombotic Events
During SARS CoV-2 Infection
One of the main medical complications occurring during severe
COVID-19 are micro thrombotic events. Histological analysis of
the lungs of infected mice revealed the presence of blood clots at
Frontiers in Immunology | www.frontiersin.org 4
late infection times (day 5 and 7) (Figure 3A). To prevent blood
clots from growing and becoming problematic, a process called
fibrinolysis is engaged. Through the action of plasmin, the clot
made of fibrin mesh is cut into small fragments. Some of these
fibrin degradation products are D-dimers. D-Dimers are
generally absent from the circulation unless coagulation
processes have been activated. When the plasma levels of
SARS-CoV-2 infected mice were analyzed for the presence of
D-Dimers, a very significant increase in D-dimer levels were
observed at early times (Day 1-4) of infection (Figure 3B). These
results indicate that soon after infection, SARS-CoV-2 induces
the formation of blood clots. In contrast, at late time post
infection (day 5 and 7), D-dimer levels were like those of
mock-infected mice, suggesting that blot clot formation has
ceased or that fibrinolysis of existing blood clots is no
longer ongoing.

Analysis of RNA from lungs of mice indicates that several
genes encoding factors associated with coagulation are
modulated during infection. As presented in Table 1,
coagulation factor III (tissue factor), factor IX and factor X are
significantly upregulated starting on day 3 post-infection. Other
genes upregulated include Plat (plasminogen activator, tissue)
and Plau (plasminogen activator, urkinase) whose actions result
in the cleavage of plasminogen in plasmin thereby favorizing
fibrinolysis. Of interest, expression of genes encoding other
plasminogen activators such as Kallikrein and factor XII
were downregulated although this difference did not reach
statistical significance.

Lastly, out of the coagulation genes analyzed, Serpin1, coding
for a potent plasminogen activator inhibitor, was the gene
most upregulated. These results suggest a pro-coagulation
transcriptional activation pattern.

Transcriptomic Profiling of Genes
Expressed in Lungs of SARS-CoV-2
Infected Mice
To obtain an overall view of genemodulation during SARS-CoV-2
infection, RNA was extracted from control mice and SARS-CoV-2
infected mice at different time points after infection. Principal
component analysis revealed similar signatures between control
and infectedmice at day 1. In contrast, day 3, 5 and 7 infectedmice
showed unique transcriptional signatures (Figure 4A). Heat map
representation of SARS-CoV-2 gene expression indicates that
maximal viral transcript expression is detected on day 3 post
infection (Figure 4B), followed by a gradual decrease at day 5 and
7, which is in accordance with our TCID50 data (Figure 1C).

Knowing the RNA viruses are subject to mutations, we
analyzed the sequence of the viral S gene at day 7 post-
infection and compared it to the sequence of the viral
inoculum. No mutations were detected (data not shown).

Differential genes expression was gradual, with limited
differences on day 1 post infection (Figure 4C). In fact,
differentially expressed genes were for the most part of viral
origin (Figure 4C). Starting on day 3 post infection, hundreds
of differentially expressed cellular genes were detected with the
number of differentially expressed cellular genes continuing to
A

B

C

FIGURE 1 | Intranasal infection of K18-ACE2 mice with SARS-CoV-2. Nine-
week old female K18-ACE2 mice (n=5-10/group) were inoculated intranasally
with 4.5x104 TCID50/25ul. Every day for 7 days, weight (A), body temperature
(B) and lung viral loads (C) were monitored. For A and B, two-way ANOVA
with Sidak’s multiple comparisons: **p<0.005; ****p<0.0001. For C, ANOVA
followed by Kruskal Wallis tests: **p<0.005; ***p<0.001.
June 2022 | Volume 13 | Article 893792

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Dubuc et al. Cytokines, LMI and SARS-CoV-2
increase up to day 7 post-infection (Figures 4D–F). Volcano plots
also indicate that the vast majority of differentially expressed genes
in infected mice were upregulated rather than downregulated.

Heat map representation of the entire cellular transcriptome
indicates minimal variations of gene expression on day 1 post
infection. As infection progresses, the number of cellular genes
modulated increased with the greatest variations observed at day
7 post infection (Figure 4G).

Gene ontology (GO) analysis of top regulated genes in SARS-
CoV-2 infected mice indicate enrichment of genes with pathways
related to immune response, response to interferons and
cytokines and inflammation (Figure 4H). On day 7,
enrichment of genes associated with granulocyte and
neutrophil chemotaxis/migration were also observed. Lastly,
genes associated with the sensory perception of smell were
downregulated on day 7 post-infection.

The top 20 upregulated and downregulated genes at various
times post infection are listed under Supplementary Tables 1, 2.
Type I, type II or type III interferons (IFNs) as well as CC or CXC
chemokines are among the top 20 upregulated genes by SARS-
CoV-2 infection (Supplementary Table 1). The Cyp1a1 gene
Frontiers in Immunology | www.frontiersin.org 5
was consistently the most downregulated gene during SARS-
CoV-2 infection (Supplementary Table 2). Considering that
severe COVID-19 is associated with significant pulmonary
inflammation, genes associated with host defense and
inflammation were analyzed in greater details. As shown in
Figures 5A–C, several CC/CXC chemokines genes as well as
antiviral genes, such as IRF7 and ISG15, were among the most
upregulated genes throughout infection.

RNA-seq data were also analyzed for modulation in genes
encoding enzymes associated with LMI synthesis. As shown in
Table 2, several genes were significantly upregulated (Pla2g4a,
Pla2g4c, Pla2g7, Ptgs1, Ptgs2, Pla1, Tbxas1) or downregulated
(Alox5, Pla2g2d, Pla2g1b, Pla2g4b, Pla2g4f) during infection.
Our list is however incomplete considering that not all enzymes
catalyzing the production of LMI are fully characterized.

Cytokines and Lipid Mediators of
Inflammation in Lungs of SARS-CoV-2
Infected Mice
The lungs of SARS-CoV-2 infected subjects that develop severe
COVID-19 are filled with several cytokines and lipid mediators
A

B

FIGURE 2 | Histological analysis of lungs of mice infected with SARS-CoV-2. Lungs of mock or SARS-CoV-2-infected mice were collected on day 1, 3, 5 and 7 post-infection.
Following fixation, lungs were paraffin embedded, sliced and stained with H & E (A) or analyzed by immunofluorescence using anti-N (green) and anti-CD45 antibodies
(red) to detect SASR CoV-2-infected cells and leukocytes, respectively. (B) Nuclei were stained with DAPI. Slides were observed using an Evos M500 microscope.
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of inflammation (LMI) (11, 12, 18, 19). To determine whether a
similar inflammatory signature was observed in lungs of SARS-
CoV-2 infected mice, the cytokine and LMI contents of lung
homogenates were analyzed. The concentration of certain
cytokines, including CCL11, IL-1b, IL-5 and CXCL2 were
similar between infected and control mice throughout the
course of infection (not shown). Others, such as G-CSF, GM-
CSF, IFNg, IL-6, IL-15, IL-17, CXCL1, CXCL9, CXCL10, LIF,
CCL2, CCL3, CCL4, CCL5 and TNFa were significantly
increased in SARS-CoV-2 infected mice relative to control
mice (Figures 6A, B). Others, such as IL-1a, IL-2, IL-7, IL-9,
IL-10, IL-12p40, IL-13, and VEGF were present at equivalent
concentrations in lungs of infected and control mice during the
first 5 days, but at significantly reduced concentrations in lungs
of infected mice at day 7 post-infection (Figure 6B). When the
maximal absolute concentration at any given point was
examined, the three most abundant cytokines produced in
response to SARS-CoV-2 infection in the lungs were CXCL9,
CCL2 and CXCL10, respectively (Figure 6C).

LMI represent another important class of inflammatory
mediators. Recent studies indicate that eicosanoids and
docosanoids are present at significantly higher concentrations
in bronchoalveolar fluids of severe COVID-19 patients than
control subjects (11, 12). Lung homogenates were therefore
analyzed for LMI content. Significantly increase LMI included
N-oleoyl-serine, N-linoleoyl-glycine, N-oleoyl-alanine, 1/2-
linoleoyl-glycerol (LG), 1/2-docosahexaenoyl-glycerol (DHG)
and 12-hydroxy-eicosapenatenoic acid (12-HEPE) (Figure 7).
The levels of prostaglandin (PG) E1, PGF2a, stearoyl-
ethanolamide (SEA) and linoleoyl-ethanolamide (LEA) were
found to be significantly reduced relative to mock-infected
mice (Figure 8). The levels of all other detected LMI were not
different than those observed in lungs of control non-infected
mice (Supplementary Figure 1). The fact that Alox5 gene was
downregulated during infection may account for the lack of
detection of leukotrienes. Considering the increased expression
in phospholipase A2 genes (Pla2g4a, Pla2g4c and Pla2g7) and
TABLE 1 | Relative expression of genes associated with coagulation during SARS-CoV-2 infection.

SARS-CoV-2 infection

Day 1 Day 3 Day 5 Day 7

Gene ID Gene name Fold log2 adj p value Fold log2 adj p value Fold log2 adj p value Fold log2 adj p value

ENSMUSG00000037411 Serpine1 0,17 8,46E-01 2,75 8,93E-17 1,85 1,12E-07 1,48 1,99E-05
ENSMUSG00000031138 9 F 1,65 N/A 2,39 1,52E-02 1,84 9,39E-02 1,42 1,94E-01
ENSMUSG00000021822 Plau -0,32 6,90E-01 1,85 9,51E-08 0,99 1,11E-02 0,66 8,79E-02
ENSMUSG00000028128 3 F (TF) 0,24 5,74E-01 1,71 2,20E-17 1,70 8,31E-17 1,85 5,13E-20
ENSMUSG00000031444 10 F -0,26 6,62E-01 1,25 3,34E-06 0,85 3,63E-03 0,52 8,23E-02
ENSMUSG00000031538 Plat (tPA) 0,26 5,95E-01 0,51 5,20E-02 1,05 1,12E-05 1,96 1,17E-18
ENSMUSG00000031443 7 F -0,27 5,11E-01 0,28 2,90E-01 0,53 2,56E-02 -0,06 8,34E-01
ENSMUSG00000031196 8 F 0,17 N/A 0,09 9,35E-01 0,45 6,16E-01 -0,56 4,87E-01
ENSMUSG00000109764 Klkb1 0,08 NA -0,04 9,62E-01 -0,21 7,51E-01 -0,62 2,43E-01
ENSMUSG00000027249 2 F (Thrombin) -0,21 N/A -0,61 5,89E-01 0,21 8,58E-01 0,76 3,74E-01
ENSMUSG00000031645 11 F -0,15 N/A -0,72 6,32E-01 -1,64 2,51E-01 0,13 9,30E-01
ENSMUSG00000021492 12 F -0,93 N/A -1,67 NA -1,36 NA 0,62 7,47E-01
ENSMUSG00000059481 Plg (Plasminogen) -0,30 N/A -2,42 NA -0,35 NA -0,51 NA
June 2022 | V
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NA, Not Applicable.
A

B

FIGURE 3 | Pulmonary thrombus and D-dimers in plasma of SARS-CoV-2
infected mice. (A) Lung tissue section from day 7 SARS-CoV-2-infected
showing blood clots (asterisk). (B) The concentration of D-dimers in plasma of
mock and SARS-CoV-2 infected mice were determined at several time points
pos-infection by ELISA. ***p<0.01; ****p<0.0001 as determine by ANOVA
followed by Holm-Sidak’s multiple comparisons test.
ticle 893792
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A CB

D

G

H

FE

FIGURE 4 | Lung transcriptome analysis of SARS-CoV-2 infected mice. RNA from the lungs of mock and SARS-CoV-2-infected mice (n=4/group) were isolated on
days 1, 3, 5 and 7 and subjected to RNA seq. (A) Principal component analysis on 20 samples with the normalized gene expression levels. (B) Heat maps showing
the relative expression of SARS-CoV-2 genes at various times post-infection. The darker the color, the greater the expression. (C-F) Volcano plots comparing
differentially expressed genes from samples taken at 1, 3, 5 and 7 days post-infection relative to mock-infected mice. Red dots indicate SARS-CoV-2 genes. The
numbers in the left and right sections of the volcano plots represent the sum of downregulated and upregulated genes, respectively. (G) Heat map representation of
cellular genes expression in mock and SARS-CoV-2 infected mice at different times post-infection. The darker the color, the greater the expression. (H) Gene
Ontology enrichment analysis of biological process enriched from comparisons of mice at day 3, 5 and 7 post infection versus mock-infected mice.
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prostaglandin synthase genes (Ptgs1 and Ptgs2), increased
synthesis of mediators such as prostaglandins was expected.
On the contrary, PGE1 and PGF2a levels were below those on
control mice (Figure 8) while those of PGE2 were similar to
controls (Supplementary Figure 1). As a result, no correlations
between gene expression and LMI synthesis were noted.

Measure of LMI in lung homogenates of SARS-CoV-2
infected K18 ACE2 mice differ considerably that results we
obtained in broncho alveolar lavages (BAL) of subjects affected
Frontiers in Immunology | www.frontiersin.org 8
by severe COVID-19 (11, 12). For comparison purpose, a heat
map representing the detection of certain lipids relative to mock-
infected mice or human control subjects (Figure 9). As observed,
the LMI content in lungs of infected mice differs minimally from
those of control mice. In sharp contrast, BAL of subjects affected
with severe COVID-19 contain significantly higher levels of LMI
relative to controls (11, 12). These results highlight a major and
possibly important difference in the pathophysiology of COVID-
19 between humans and mice.
A B C

FIGURE 5 | Cytokine and IFN-related gene expression profiles in lungs of SARS-CoV-2 infected mice. RNA from lungs of mock-infected and SARS-CoV-2-infected
mice was analyzed by RNA seq. (A-C) Heat map representation of genes encoding cytokines/chemokines, IFN or IFN-stimulated genes at day 3 (A), day 5 (B) or
day (7) post-infection or mock-infected mice.
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DISCUSSION

Animal models that recapitulate human diseases are essential to
study pathogenesis and useful for the development of effective
antiviral strategies and vaccines. The current study provides
valuable information by detailing the course of infection of
K18-ACE2 mice by SARS-CoV-2. During the first 4 days,
clinical signs of infection were non-apparent with no weight
loss or temperature fluctuations observed. It is during this period
however that viral loads and inflammatory cytokine productions
in the lungs were maximal. Starting on day 5, gradual and
significant weight losses were recorded in infected mice. By
day 7, mice had lost 15% of their initial body weight and
experienced a sudden drop in body temperature accompanied
with breathing difficulties and lethargy. At this point, mice were
euthanized. These results indicate that SARS-CoV-2 readily
infects K18-ACE2 mice through the nasal cavity without prior
adaptation and causes severe disease. Our results are therefore in
agreement with the work of several laboratories (20–23). Our
work also argues that in response to early vigorous viral
replication in the lungs, a robust inflammatory response is
initiated. Such a response, characterized by the release of
several chemotactic and inflammatory cytokines/chemokines
results in leukocyte migration into the lung parenchyma
resulting in oedema and congestion of the alveoli that
culminates in acute respiratory disease syndrome (ARDS). We
and other have recently reported that human lungs of severe
COVID-19 patients contain high levels of chemokines (12, 19,
Frontiers in Immunology | www.frontiersin.org 9
24–26). In fact, of the 13 most abundant mediators in BAL fluid
of severe COVID-19 subjects, 11 were chemokines, with CXCL1
and CXCL8 being 200 times more abundant than IL-6 and TNF-
a (12). Similarly, the three most abundant inflammatory
mediators in lungs of SARS-CoV-2 infected mice were CXCL9,
CCL2 and CXCL10, all three belonging to the chemokine
superfamily. These results suggest that SARS-CoV-2 infection
of humans and mice triggers lung inflammation through the
induction of chemokines. Of interest and potential importance,
we reported that subjects with severe COVID-19 also had
elevated levels of several LMI, including eicosanoids, with a
predominance for thromboxane and prostaglandins arguing
that these mediators are also likely contributors of
inflammation (11). Using the same sample processing and
analytical method as well as the same analytical instrument,
very little modulation of LMI was observed in the lungs of mice
after SARS-CoV-2 infection (Figures 7, 8 and Supplementary
Figure 1). Importantly, the extraction of our internal standards
was similar for both human and mouse matrices arguing that the
observed differences are not the consequence of a differential
extraction of LMI. Among the LMI that were elevated, the most
interesting trends were noticed with monoacylgycerols and N-
Acyl-ethanolamines. While monoacylglycerols had a tendency to
increase at day 7 (reaching significance for 1/2-LG and 1/2-
DHG) N-Acyl-ethanolamines tended to decrease (reaching
significance for LEA and SEA). Monoacylglycerols and N-Acyl-
ethanolamines are part of the endocannabinoidome and can thus
affect multiple receptors (27). Consequently, the opposite effect
TABLE 2 | Expression of genes in lungs of SARS CoV-2 infected mice relative to mock infected mice (n=5 mice/group).

Day 1 Day 3 Day 5 Day 7

Gene Log2 Fold adj p Value Log2 Fold2 adj p Value3 Log2 Fold4 adj p Value5 Log2 Fold6 adj p Value7

Alox12 -0,39 NA -0,38 2,68E-01 -0.72187 2,13E-02 -0,31 3,50E-01
Alox15 0,95 0,66 -0,34 8,31E-01 -2.03077 8,31E-02 -0,25 8,64E-01
Alox5 0,07 0,93 -1,03 6,48E-04 -0.55169 1,05E-01 -0,65 3,55E-02
Alox5ap -0,36 0,41 0,30 3,12E-01 0.44052 1,19E-01 1,34 6,76E-09
Lypla2 -0,20 0,15 -0,02 8,81E-01 -0.124466 2,45E-01 -0,02 8,74E-01
Pemt 0,70 NA 0,13 8,93E-01 0.74134 2,90E-01 0,28 7,08E-01
Pla1 0,32 0,72 2,45 8,79E-12 2.5652333 1,17E-12 3,84 2,30E-28
Pla2g12b -0,30 NA -0,71 6,23E-01 -1.39583 3,45E-01 0,49 6,88E-01
Pla2g15 -0,15 0,84 -0,27 5,00E-01 0.2234698 5,89E-01 -0,35 3,22E-01
Pla2g1b -0,43 NA -0,47 1,08E-01 -0.77540 5,30E-03 -1,24 1,71E-06
Pla2g2c -0,16 NA 0,77 5,68E-01 0.201274 9,02E-01 0,24 8,67E-01
Pla2g2d 0,47 NA -0,27 8,33E-01 -1.9540339 3,66E-02 -0,31 7,82E-01
Pla2g2e -0,88 NA 0,87 3,28E-01 -0.11927 9,23E-01 0,92 2,69E-01
Pla2g2f -22,40 NA -0,93 NA -2.49786 NA -22,28 NA
Pla2g4a 0,11 0,85 0,58 1,81E-02 0.4769864 6,70E-02 0,71 2,31E-03
Pla2g4b -0,82 NA -0,20 8,98E-01 -0.712779 5,66E-01 -2,26 1,81E-02
Pla2g4c 0,07 NA 3,04 6,90E-06 2.451756 6,54E-04 1,35 7,68E-02
Pla2g4e -1,88 NA -0,65 7,84E-01 -1.86583 3,42E-01 -0,67 7,48E-01
Pla2g4f -1,32 NA -0,23 7,79E-01 -0.951797 1,39E-01 -1,38 1,43E-02
Pla2g6 -0,13 0,74 -0,46 1,42E-02 -0.25338 2,33E-01 -0,11 6,20E-01
Pla2g7 0,05 0,93 1,63 1,10E-13 1.488195 3,12E-11 2,94 9,27E-44
Ptdss1 -0,16 0,40 -0,07 6,10E-01 -0.15643 2,08E-01 -0,32 1,90E-03
Ptgis NA NA 0,21 3,84E-01 0.1415473 5,82E-01 0,33 1,03E-01
Ptgs1 0,01 0,98 0,65 4,49E-05 0.8115502 2,92E-07 1,21 1,15E-15
Ptgs2 -0,22 0,77 0,73 3,65E-02 0.872162 1,25E-02 -0,67 5,20E-02
Tbxas1 -0,22 0,63 -0,04 9,07E-01 0.040398 9,07E-01 0,57 9,23E-03
June 20
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of infection on the two classes of LMI is difficult to explain at this
time as the final outcome involves too many cell receptors.
Moreover, some prostaglandins were also decreased at day 7.
Some might argue that this could be related to decreased
eicosanoid biosynthetic enzymes. To that end, expression
Frontiers in Immunology | www.frontiersin.org 10
profiling indicates that many Pla2 genes involved in the
generation of eicosanoids responsible for the generation of
arachidonic acid, the precursor of leukotrienes and
prostaglandins, Alox5 encoding 5-lipoxygenase that participates
in the generation of leukotrienes and Ptgs1 and Ptgs2, essential
A

B C

FIGURE 6 | Quantification of cytokine/chemokines in lung homogenates of mock infected and SARS-CoV-2 infected mice. (A) Bar graphs representing various
cytokine/chemokine concentrations in lung homogenates of mock infected or SARS-CoV-2 infected mice at different times post infection. Data are expressed as
mean + SD with each dot representing a mouse. (B) Heat map of cytokine/chemokine levels as measured using multiples platform in lungs of mock and SARS-CoV-
2 infected mice at various time points post-infection. Results are expressed as fold expression relative to mock infected mice. (C) Maximal absolute concentration of
selected cytokines/chemokines in lungs of SARS-CoV-2 infected mice. Bars represent the mean +SD of the highest cytokine/chemokine concentration detected at
any given time during infection. *p<0.01, **p<0.01, ***p<0.001.
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for the generation of prostaglandins, were modestly modulated
or significantly downregulated in lungs of SARS-CoV-2 infected
mice. We cannot exclude that other biosynthestic enzymes are
also modulated (e.g. PGF2a synthase). Furthermore, we cannot
eliminate the possibility that the increase of LMI that were
observed in humans occurs subsequent to the cytokine/
chemokine storm and that perhaps the course of the disease in
mice occurs too rapidly to allow the robust increase in LMI
observed in humans. Unfortunately, the health status of infected
mice prevented us to investigated longer time points to verify this
Frontiers in Immunology | www.frontiersin.org 11
hypothesis. It should be noted that for human samples, BAL
fluids were analyzed while for mice, lung homogenates were
utilized. Another possible explanation is the age of the animals.
Our experiments were conducted with 9-week old mice. It will be
relevant to repeat these studies using much older mice to
determine whether old age is related to increased LMI
production in response to SARS-CoV-2. An important
consideration is the fact that laboratory mice have much less
neutrophils relative to humans. Knowing that neutrophils are a
recognized and important source of LMI, notably eicosanoids,
FIGURE 7 | Lipid mediators that are increased in lungs of SARS-CoV-2 infected mice. Lung homogenates corresponding to 10 mg of tissues were heated at 60˚C
for 30 minutes in presence of 1 volume of methanol containing deuterated internal standards. Samples then were processed as in Archambault et al (11) to extract
the lipid mediators and were analyzed by LC-MS/MS using a previously described analytical method (15). P values were determined using the Kruskall-Wallis test,
with p values <0.05 considered statistically significant. *p<0.05, **p<0.01, ***p<0.001.
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such a difference may explain, at least in part, the observed
results. Importantly, the lack of a robust increase in LMI in mice
underscores that the investigation of LMI, their biosynthetic
enzymes and their receptors in SARS-CoV-2-infected mice
might not reflect their involvement in human infection and
should thus be interpreted with caution.

Differential gene expression analysis reveals minor differences
between control and one day old SARS-CoV-2-infected mice. In
fact, the PCA analysis cannot discriminate between these two
groups despite SARS-CoV2 genes being highly expressed. This
suggest that at early times of infection, the immune response
against SARS-CoV-2 is very limited, allowing the virus to
replicate and remain largely undetected. Only 5 cellular genes
(Cyp1a1, Ltf, Nr4a3, Per2 and Zbtb16) were significantly
modulated on day 1 post-infection. Of potential interest, the
Cyp1a1 gene was consistently among the most downregulated
gene throughout the course of SARS-CoV-2 infection. Cyp1a1 is
a member of the cytochrome P450 superfamily of proteins whose
functions are not entirely defined and whether such modulation
of Cyp1a1 is associated with disease remains to be examined. The
Frontiers in Immunology | www.frontiersin.org 12
overall gene expression profiles changed considerably at 3, 5 and
7 days post-infection with each time point clearly distinguishable
from each other using PCA analysis. Our results differ somewhat
with those of Winkler et al. (9) that observed overlapping
transcriptional patterns up to 4 days post-infection. Our results
show that mice infected for 24h have transcriptional patterns
identical to mock-infected mice while mice infected for 3, 5 or 7
days have distinct transcriptional patterns. A slightly higher viral
inoculum used in our study may account for such differences.
The number of positively modulated genes varied between 570
and 691 while the number of downmodulated genes increased
with time of infection varying from 118 at day 3 to 378 at day 7
post infection. Several cytokines/chemokines and antiviral genes
such as IFNs or IFN-stimulated genes were in the top 20
modulated genes during infection. Irf7, a key gene involved in
the regulation of IFNa was strongly upregulated (5.3 log2) at day
5 post-infection (p=2,71x10-281) but none of the IFNa genes
were. This observation can be explained by the fact that SARS-
CoV-2 Nsp1 protein inhibits translation of cellular mRNA. Thus,
despite strong Irf7 gene activation, IRF7 is made much less
FIGURE 8 | Lipid mediators that are decreased in lungs of SARS-CoV-2 infected mice. Lung homogenates corresponding to 10 mg of tissues were heated at 60˚C
for 30 minutes in presence of 1 volume of methanol containing deuterated internal standards. Samples then were processed as in Archambault et al (11) to extract
the lipid mediators and were analyzed by LC-MS/MS using a previously described analytical method (15). P values were determined using the Kruskall-Wallis test,
with p values <0.05 considered statistically significant. *p<0.05, **p<0.01.
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abundantly and therefore cannot efficiently activate IFNa genes.
IFNa are also produced by specialized cells such as plasmacytoid
dendric cells and leukocytes that may have not been present in
sufficient numbers in lungs of infected mice for detection. Other
IFNs, such as IFNb and IFNL, are regulated differently, mostly
through IRF3/NF-kB, which are constitutively expressed and
regulated by post-translational event such as phosphorylation.
IFNb and IFNa are also produced by several cell types including
target cells of infection.

Patients affected by severe COVID-19 have a high incidence of
thrombosis with a high burden of pulmonary and systemic
platelet-rich microthrombi (28–32). Others and we have
reported the platelets from SARS-CoV-2 infected patients
display a highly activated phenotype, show hyperresponsiveness
to thrombin and are responsible, at least in part, for the increase
concentration of inflammatory and coagulation mediators (33–
36). Thus, activated platelets may contribute to both the
overwhelming inflammation and thrombosis that prevail in
COVID-19. Thrombi in lungs of mice infected with SARS-CoV-
2 were also detected indicating coagulation issues. RNA-seq
analysis does suggest that pro coagulation conditions are
favored. This includes overexpression of Serpin1 encoding for a
plasminogen activator inhibitor, when elevated represents a rick
for thrombosis (37) as well as downregulation of kallikrein and
factor XII, two plasminogen activators. Tissue factor is another pro
coagulating agent likely to play a role in thrombosis during
COVID-19. TF is expressed by damaged endothelial cells or
exposure to inflammatory cytokines (38). Considering that
Frontiers in Immunology | www.frontiersin.org 13
endothelial cells can be infected by SARS-CoV-2 (39) and that
multiple inflammatory cytokines are produced in response to
infection, the observation that TF expression is induced during
SARS-CoV-2 infection is not without surprise. In fact, a recent
report further indicates that TF is released during SARS-CoV-2
infection, triggering platelet activation in the presence of residual
amounts of plasma (40). D-dimer concentration in blood was
maximal on day 1 post-infection suggesting that clotting issues
were occurring very soon after infection. Elevated D-dimer levels
in humans infected with SARS-CoV-2 were reported in a number
of studies (36, 41–44). Our results suggest that at early times after
infection, fibrinolysis of blot clots was occurring efficiently as
demonstrated by the presence of D-dimers in plasma. However, at
late time points D-dimer plasma concentration fell dramatically
suggesting that clots were no longer efficiently resolved, as
evidenced by the detection of blood clots in lungs of infected
mice. Low fibrinolysis is therefore likely associated with ARDS.
Thrombolytic therapy may therefore prove beneficial in severe
COVID-19. In support, a clinical phase 2 trial (NCT04357730)
testing the efficacy of Alteplase bolus followed by full
anticoagulation demonstrated significant and sustained
improvements in Pao2/Fio2 and suggests that clinically relevant
endpoints such as ventilator free days and mortality rates could
also be improved for patients with severe COVID-19 (45).

Despite its usefulness, this model has its limitations.
Expression of the ACE2 receptor is driven from a keratin
promoter, meaning that tissue distribution is not the same as
that of naturally expressed ACE2. Furthermore, the human
ACE2 gene is located on the X chromosome while several
copies of the transgene are inserted in the mouse chromosome
2. Another limitation to our study is the fact that only female
mice were studied and that certain LMI such as leukotrienes and
prostaglandins are produced differently according to the sex of
the individual (46–48). Lastly, comorbidities are known to play
significant roles in the severity of SARS-CoV-2 infection. Such
comorbidities cannot readily be reproduced in such a mouse
model. Despite these limitations, the K18-ACE2 model are useful
for the testing of antiviral and vaccine candidates as well as for
understanding the pathophysiology of SARS-CoV-2 infection
(9, 49, 50).

In summary, we provide evidence that the K18-ACE2 mouse
model recapitulates several of the pathologic features observed in
human subjects suffering with severe COVID-19, including
severe lung inflammation, thrombi formation and ARDS. Our
results indicate that intranasal delivery of SARS CoV-2 to K18-
ACE2 mice results in severe disease characterized by high viral
loads at early time points that were associated with elevated
plasmatic D-dimer concentrations suggestive of coagulation
events occurring at early times (days 1 and 2) after infection.
Pulmonary leukocyte infiltration and secretion of inflammatory
mediators starting at day 3 post infection resulted in lung
congestion and respiratory failure. Transcriptomic analysis of
infected lung tissue reveals that hundreds of cellular genes are
modulated progressively throughout infection. This model are
useful for the study of SARS-CoV-2 pathogenesis, antiviral and
vaccine development.
FIGURE 9 | Heat map representation of LMI detected in mouse lung
homogenates on day 7 of infection and in bronchoalveolar lavages of
hospitalized human patients during severe COVID-19. Results are expressed
as log2 concentration (pg/mL) relative to LMI detected in lung homogenates
of mock-infected mice of healthy human subjects.
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Québec for providing the SARS-CoV-2 isolate used in this study.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.893792/
full#supplementary-material

Supplementary Figure 1 | Main lipid mediators that are unchanged in lungs of
SARS-CoV-2 infected mice. Lung homogenates corresponding to 10 mg of tissues
were heated at 60˚C for 30 minutes in presence of 1 volume of methanol containing
deuterated internal standards. Samples then were processed as in Archambault et
al (11) to extract the lipid mediators and were analyzed by LC-MS/MS using a
previously described analytical method (15). P values were determined using the
Kruskall-Wallis test, with p values <0.05 considered statistically significant.
REFERENCES

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus
From Patients With Pneumonia in China, 2019. N Engl J Med (2020) 382
(8):727–33. doi: 10.1056/NEJMoa2001017

2. Hassan AO, Case JB, Winkler ES, Thackray LB, Kafai NM, Bailey AL, et al. A
SARS-CoV-2 Infection Model in Mice Demonstrates Protection by
Neutralizing Antibodies. Cell (2020) 182(3):744–53 e4. doi: 10.1016/
j.cell.2020.06.011

3. Bao L, Deng W, Huang B, Gao H, Liu J, Ren L, et al. The Pathogenicity of
SARS-CoV-2 in Hace2 Transgenic Mice. Nature (2020) 583(7818):830–3. doi:
10.1038/s41586-020-2312-y

4. Sun SH, Chen Q, Gu HJ, Yang G, Wang YX, Huang XY, et al. A Mouse Model
of SARS-CoV-2 Infection and Pathogenesis. Cell Host Microbe (2020) 28
(1):124–33 e4. doi: 10.1016/j.chom.2020.05.020

5. Menachery VD, Yount BLJr., Sims AC, Debbink K, Agnihothram SS, Gralinski
LE, et al. SARS-Like WIV1-CoV Poised for Human Emergence. Proc Natl Acad
Sci USA (2016) 113(11):3048–53. doi: 10.1073/pnas.1517719113

6. McCray PBJr., Pewe L, Wohlford-Lenane C, Hickey M, Manzel L, Shi L, et al.
Lethal Infection of K18-Hace2 Mice Infected With Severe Acute Respiratory
Syndrome Coronavirus. J Virol (2007) 81(2):813–21. doi: 10.1128/JVI.02012-06

7. Netland J, Meyerholz DK, Moore S, Cassell M, Perlman S. Severe Acute
Respiratory Syndrome Coronavirus Infection Causes Neuronal Death in the
Absence of Encephalitis in Mice Transgenic for Human ACE2. J Virol (2008)
82(15):7264–75. doi: 10.1128/JVI.00737-08

8. Jiang RD, Liu MQ, Chen Y, Shan C, Zhou YW, Shen XR, et al. Pathogenesis of
SARS-CoV-2 in Transgenic Mice Expressing Human Angiotensin-
Converting Enzyme 2. Cell (2020) 182(1):50–8.e8. doi: 10.1016/j.cell.
2020.05.027

9. Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, et al. SARS-CoV-
2 Infection of Human ACE2-Transgenic Mice Causes Severe Lung
Inflammation and Impaired Function. Nat Immunol (2020) 21(11):1327–
35. doi: 10.1038/s41590-020-0778-2
10. Dinnon KH3rd, Leist SR, Schafer A, Edwards CE, Martinez DR, Montgomery
SA, et al. A Mouse-Adapted Model of SARS-CoV-2 to Test COVID-19
Countermeasures. Nature (2020) 586(7830):560–6. doi: 10.1038/s41586-
020-2708-8

11. ArchambaultAS,ZaidY,RakotoariveloV,TurcotteC,DoreE,DubucI, et al.High
Levels of Eicosanoids and Docosanoids in the Lungs of Intubated COVID-19
Patients. FASEB J (2021) 35(6):e21666. doi: 10.1096/fj.202100540R

12. Zaid Y, Dore E, Dubuc I, Archambault AS, Flamand O, Laviolette M, et al.
Chemokines and Eicosanoids Fuel the Hyperinflammation Within the Lungs
of Patients With Severe COVID-19. J Allergy Clin Immunol (2021) 148:368–
80. doi: 10.1016/j.jaci.2021.05.032

13. Bray NL, Pimentel H, Melsted P, Pachter L. Near-Optimal Probabilistic RNA-
Seq Quantification. Nat Biotechnol (2016) 34(5):525–7. doi: 10.1038/nbt.3519

14. Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8

15. Turcotte C, Dumais E, Archambault AS, Martin C, Blanchet MR, Bissonnette
E, et al. Human Leukocytes Differentially Express Endocannabinoid-Glycerol
Lipases and Hydrolyze 2-Arachidonoyl-Glycerol and its Metabolites From the
15-Lipoxygenase and Cyclooxygenase Pathways. J Leukoc Biol (2019) 106
(6):1337–47. doi: 10.1002/JLB.3A0919-049RRR

16. Cloutier N, Allaeys I, Marcoux G, Machlus KR, Mailhot B, Zufferey A, et al.
Platelets Release Pathogenic Serotonin and Return to Circulation After
Immune Complex-Mediated Sequestration. Proc Natl Acad Sci USA (2018)
115(7):E1550–E9. doi: 10.1073/pnas.1720553115

17. Martines RB, Ritter JM, Matkovic E, Gary J, Bollweg BC, Bullock H, et al.
Pathology and Pathogenesis of SARS-CoV-2 Associated With Fatal
Coronavirus Disease, United States. Emerg Infect Dis (2020) 26(9):2005–15.
doi: 10.3201/eid2609.202095

18. Leng L, Cao R, Ma J, Mou D, Zhu Y, Li W, et al. Pathological Features of
COVID-19-Associated Lung Injury: A Preliminary Proteomics Report Based
on Clinical Samples. Signal Transduct Target Ther (2020) 5(1):240. doi:
10.1038/s41392-020-00355-9
June 2022 | Volume 13 | Article 893792

https://www.frontiersin.org/articles/10.3389/fimmu.2022.893792/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.893792/full#supplementary-material
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.cell.2020.06.011
https://doi.org/10.1016/j.cell.2020.06.011
https://doi.org/10.1038/s41586-020-2312-y
https://doi.org/10.1016/j.chom.2020.05.020
https://doi.org/10.1073/pnas.1517719113
https://doi.org/10.1128/JVI.02012-06
https://doi.org/10.1128/JVI.00737-08
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1096/fj.202100540R
https://doi.org/10.1016/j.jaci.2021.05.032
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/JLB.3A0919-049RRR
https://doi.org/10.1073/pnas.1720553115
https://doi.org/10.3201/eid2609.202095
https://doi.org/10.1038/s41392-020-00355-9
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Dubuc et al. Cytokines, LMI and SARS-CoV-2
19. Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, et al. Single-Cell Landscape of
Bronchoalveolar Immune Cells in Patients With COVID-19. Nat Med (2020)
26(6):842–4. doi: 10.1038/s41591-020-0901-9

20. Kumari P, Rothan HA, Natekar JP, Stone S, Pathak H, Strate PG, et al.
Neuroinvasion and Encephalitis Following Intranasal Inoculation of SARS-
CoV-2 in K18-Hace2 Mice. Viruses (2021) 13(1). doi: 10.3390/v13010132

21. Liu X, Zaid A, Freitas JR, McMillan NA, Mahalingam S, Taylor A. Infectious
Clones Produce SARS-CoV-2 That Causes Severe Pulmonary Disease in
Infected K18-Human ACE2 Mice. mBio (2021) 12(2):e00819-21. doi:
10.1128/mBio.00819-21

22. Silvas JA, Morales Vasquez D, Park JG, Chiem K, Allue-Guardia A, Garcia-
Vilanova A, et al. Contribution of SARS-CoV-2 Accessory Proteins to Viral
Pathogenicity in K18 Hace2 Transgenic Mice. J Virol (2021) 96:JVI0040221.
doi: 10.1101/2021.03.09.434696

23. Ye C, Chiem K, Park JG, Oladunni F, Platt RN, Anderson T, et al. Rescue of
SARS-CoV-2 From a Single Bacterial Artificial Chromosome. mBio (2020) 11
(5):e02184–21. doi: 10.1128/mBio.02168-20

24. Tang N, Li D, Wang X, Sun Z. Abnormal Coagulation Parameters are
Associated With Poor Prognosis in Patients With Novel Coronavirus
Pneumonia. J Thromb haemostasis JTH (2020) 18(4):844–7. doi: 10.1111/
jth.14768

25. Xu G, Qi F, Li H, Yang Q, Wang H, Wang X, et al. The Differential Immune
Responses to COVID-19 in Peripheral and Lung Revealed by Single-Cell RNA
Sequencing. Cell Discovery (2020) 6:73. doi: 10.1038/s41421-020-00225-2

26. Zhang H, Zhou P, Wei Y, Yue H, Wang Y, Hu M, et al. Histopathologic
Changes and SARS-CoV-2 Immunostaining in the Lung of a Patient With
COVID-19. Ann Intern Med (2020) 172(9):629–32. doi: 10.7326/M20-0533

27. Di Marzo V. New Approaches and Challenges to Targeting the
Endocannabinoid System. Nat Rev Drug Discov (2018) 17(9):623–39. doi:
10.1038/nrd.2018.115

28. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F,
et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in
Covid-19. N Engl J Med (2020) 383(2):120–8. doi: 10.1056/NEJMoa2015432

29. Klok FA, Kruip M, van der Meer NJM, Arbous MS, Gommers D, Kant KM,
et al. Incidence of Thrombotic Complications in Critically Ill ICU Patients
With COVID-19. Thromb Res (2020) 191:145–7. doi: 10.1016/j.thromres.
2020.04.013

30. Maatman TK, Jalali F, Feizpour C, Douglas A 2nd, McGuire SP, Kinnaman G,
et al. Routine Venous Thromboembolism Prophylaxis May Be Inadequate in
the Hypercoagulable State of Severe Coronavirus Disease 2019. Crit Care Med
(2020) 48(9):e783–90. doi: 10.1097/CCM.0000000000004466

31. Moll M, Zon RL, Sylvester KW, Chen EC, Cheng V, Connell NT, et al. VTE in
ICU Patients With COVID-19. Chest (2020) 158(5):2130–5. doi: 10.1016/
j.chest.2020.07.031

32. Rapkiewicz AV, Mai X, Carsons SE, Pittaluga S, Kleiner DE, Berger JS, et al.
Megakaryocytes and Platelet-Fibrin Thrombi Characterize Multi-Organ
Thrombosis at Autopsy in COVID-19: A Case Series. EClinicalMedicine
(2020) 24:100434. doi: 10.1016/j.eclinm.2020.100434

33. Hottz ED, Azevedo-Quintanilha IG, Palhinha L, Teixeira L, Barreto EA, Pao
CRR, et al. Platelet Activation and Platelet-Monocyte Aggregate Formation
Trigger Tissue Factor Expression in Patients With Severe COVID-19. Blood
(2020) 136(11):1330–41. doi: 10.1182/blood.2020007252

34. Manne BK, Denorme F, Middleton EA, Portier I, Rowley JW, Stubben C, et al.
Platelet Gene Expression and Function in Patients With COVID-19. Blood
(2020) 136(11):1317–29. doi: 10.1182/blood.2020007214

35. Zaid Y, Guessous F, Puhm F, Elhamdani W, Chentoufi L, Morris AC, et al.
Platelet Reactivity to Thrombin Differs Between Patients With COVID-19 and
Those With ARDS Unrelated to COVID-19. Blood Adv (2021) 5(3):635–9.
doi: 10.1182/bloodadvances.2020003513

36. Zaid Y, Puhm F, Allaeys I, Naya A, Oudghiri M, Khalki L, et al. Platelets Can
Associate With SARS-Cov-2 RNA and Are Hyperactivated in COVID-19.
Circ Res (2020) 127:1404–18. doi: 10.1101/2020.06.23.20137596
Frontiers in Immunology | www.frontiersin.org 15
37. Vaughan DE. PAI-1 and Atherothrombosis. J Thromb haemostasis JTH
(2005) 3(8):1879–83. doi: 10.1111/j.1538-7836.2005.01420.x

38. Parry GC, Mackman N. Transcriptional Regulation of Tissue Factor
Expression in Human Endothelial Cells. Arterioscler Thromb Vasc Biol
(1995) 15(5):612–21. doi: 10.1161/01.ATV.15.5.612

39. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS,
et al. Endothelial Cell Infection and Endotheliitis in COVID-19. Lancet (2020)
395(10234):1417–8. doi: 10.1016/S0140-6736(20)30937-5

40. Puhm F, Allaeys I, Lacasse E, Dubuc I, Galipeau Y, Zaid Y, et al. Platelet
Activation by SARS-CoV-2 Implicates the Release of Active Tissue Factor by
Infected Cells. Blood Adv (2022). doi: 10.1182/bloodadvances.2022007444

41. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and
Clinical Characteristics of 99 Cases of 2019 Novel Coronavirus Pneumonia in
Wuhan, China: A Descriptive Study. Lancet (2020) 395(10223):507–13. doi:
10.1016/S0140-6736(20)30211-7

42. Han H, Yang L, Liu R, Liu F, Wu KL, Li J, et al. Prominent Changes in Blood
Coagulation of Patients With SARS-CoV-2 Infection. Clin Chem Lab Med
(2020) 58:1116–20. doi: 10.1515/cclm-2020-0188

43. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A New Coronavirus
Associated With Human Respiratory Disease in China. Nature (2020) 579
(7798):265–9. doi: 10.1038/s41586-020-2008-3

44. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A Pneumonia
Outbreak Associated With a New Coronavirus of Probable Bat Origin. Nature
(2020) 579(7798):270–3. doi: 10.1038/s41586-020-2012-7

45. Barrett CD, Moore HB, Moore EE, Wang J, Hajizadeh N, BifflWL, et al. Study
of Alteplase for Respiratory Failure in SARS-CoV-2 COVID-19: A Vanguard
Multicenter, Rapidly Adaptive, Pragmatic, Randomized Controlled Trial.
Chest (2022) 161(3):710–27. doi: 10.1016/j.chest.2021.09.024

46. Pace S, Pergola C, Dehm F, Rossi A, Gerstmeier J, Troisi F, et al. Androgen-
Mediated Sex Bias Impairs Efficiency of Leukotriene Biosynthesis Inhibitors in
Males. J Clin Invest (2017) 127(8):3167–76. doi: 10.1172/JCI92885

47. Pace S, Rossi A, Krauth V, Dehm F, Troisi F, Bilancia R, et al. Sex Differences
in Prostaglandin Biosynthesis in Neutrophils During Acute Inflammation. Sci
Rep (2017) 7(1):3759. doi: 10.1038/s41598-017-03696-8

48. Pace S, Sautebin L, Werz O. Sex-Biased Eicosanoid Biology: Impact for Sex
Differences in Inflammation and Consequences for Pharmacotherapy.
Biochem Pharmacol (2017) 145:1–11. doi: 10.1016/j.bcp.2017.06.128

49. Hassan AO, Shrihari S, Gorman MJ, Ying B, Yaun D, Raju S, et al. An
Intranasal Vaccine Durably Protects Against SARS-CoV-2 Variants in Mice.
Cell Rep (2021) 36(4):109452

50. Shapira T, Monreal IA, Dion SP, Buchholz DW, Imbiakha B, Olmstead AD,
et al. A TMPRSS2 Inhibitor Acts as a Pan-SARS-CoV-2 Prophylactic and
Therapeutic. Nature (2022) 605(7909):340–8
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Dubuc, Prunier, Lacasse, Gravel, Puhm, Allaeys, Archambault,
Gudimard, Villano, Droit, Flamand, Boilard and Flamand. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
June 2022 | Volume 13 | Article 893792

https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.3390/v13010132
https://doi.org/10.1128/mBio.00819-21
https://doi.org/10.1101/2021.03.09.434696
https://doi.org/10.1128/mBio.02168-20
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14768
https://doi.org/10.1038/s41421-020-00225-2
https://doi.org/10.7326/M20-0533
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1097/CCM.0000000000004466
https://doi.org/10.1016/j.chest.2020.07.031
https://doi.org/10.1016/j.chest.2020.07.031
https://doi.org/10.1016/j.eclinm.2020.100434
https://doi.org/10.1182/blood.2020007252
https://doi.org/10.1182/blood.2020007214
https://doi.org/10.1182/bloodadvances.2020003513
https://doi.org/10.1101/2020.06.23.20137596
https://doi.org/10.1111/j.1538-7836.2005.01420.x
https://doi.org/10.1161/01.ATV.15.5.612
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1182/bloodadvances.2022007444
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1515/cclm-2020-0188
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.chest.2021.09.024
https://doi.org/10.1172/JCI92885
https://doi.org/10.1038/s41598-017-03696-8
https://doi.org/10.1016/j.bcp.2017.06.128
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Cytokines and Lipid Mediators of Inflammation in Lungs of SARS-CoV-2 Infected Mice
	Introduction
	Materials and Methods
	Cells and Virus
	Mice
	RNA Extraction and RNA-Seq Analysis
	Lipid Mediators of Inflammation Analysis
	Multiplex Cytokine Measurements
	D-Dimer Measurements
	Histological and Immunofluorescence Studies

	Results
	Infection of K18-ACE2 Mice With SARS-CoV-2
	Lung Histopathology Following SARS-CoV-2 Infection
	Pro-Coagulation and Thrombotic Events During SARS CoV-2 Infection
	Transcriptomic Profiling of Genes Expressed in Lungs of SARS-CoV-2 Infected Mice
	Cytokines and Lipid Mediators of Inflammation in Lungs of SARS-CoV-2 Infected Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


