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Abstract

Severe acute respiratory syndrome coronavirus 2 is responsible for coronavirus dis-
ease 2019 (COVID-19). While COVID-19 is often benign, a subset of patients de-
velops severe multilobar pneumonia that can progress to an acute respiratory distress
syndrome. There is no cure for severe COVID-19 and few treatments significantly
improved clinical outcome. Dexamethasone and possibly aspirin, which directly/in-
directly target the biosynthesis/effects of numerous lipid mediators are among those
options. Our objective was to define if severe COVID-19 patients were characterized
by increased bioactive lipids modulating lung inflammation. A targeted lipidomic
analysis of bronchoalveolar lavages (BALs) by tandem mass spectrometry was done

on 25 healthy controls and 33 COVID-19 patients requiring mechanical ventilation.

Abbreviations: AA, arachidonic acid; ALA, linolenic acid; BAL, bronchoalveolar lavage; DGLA, dihomo-y-linolenic acid; DHA, docosahexaenoic acid;
DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; EX, eoxin; HDHA, hydroxy-docosahexaenoic acid; HETE, hydroxyeicosatetraenoic acid; HEPE,

hydroxyeicosapentaenoic acid; 12-HHTTE, 12-hydroxy-heptadecatrienoic acid; HODE, hydroxyoctadecadienoic acid; KETE, oxo-eicosatetraenoic acid;
KODE, oxo-octadecadienoic acid; LA, linoleic acid; LO, lipoxygenase; LT, leukotriene; LX, lipoxin; PDX, protectin D1; PG, prostaglandin; Rv, resolvin;
SPM, specialized pro-resolving mediators; TX, thromboxane.
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BALs from severe COVID-19 patients were characterized by increased fatty acids
and inflammatory lipid mediators. There was a predominance of thromboxane and
prostaglandins. Leukotrienes were also increased, notably LTB,, LTE,, and eoxin
E,. Monohydroxylated 15-lipoxygenase metabolites derived from linoleate, arachi-
donate, eicosapentaenoate, and docosahexaenoate were also increased. Finally yet
importantly, specialized pro-resolving mediators, notably lipoxin A, and the D-series
resolvins, were also increased, underscoring that the lipid mediator storm occurring
in severe COVID-19 involves pro- and anti-inflammatory lipids. Our data unmask
the lipid mediator storm occurring in the lungs of patients afflicted with severe
COVID-19. We discuss which clinically available drugs could be helpful at modu-
lating the lipidome we observed in the hope of minimizing the deleterious effects of

pro-inflammatory lipids and enhancing the effects of anti-inflammatory and/or pro-

KEYWORDS

1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19) is the infectious
disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2).! SARS-CoV-2 spreads pre-
dominantly from respiratory droplets of infected individu-
als to epithelial cells in the upper airways and oral cavity.2
COVID-19 manifestations are broad, from asymptomatic
carriers to severe viral pneumonia leading to respiratory
failure and ultimately acute respiratory distress syndrome
(ARDS) requiring mechanical ventilation.>* In some pa-
tients, there is a yet to be explained hyperinflammatory
response.

Autopsies from severe COVID-19 patients unmasked a
heterogeneous disease that can be characterized by diffuse
alveolar and/or epithelial damage, thrombosis, pulmonary
embolism, and lymphocytic and/or granulocytic inflamma-
tory cell infiltration.*® An uncontrolled systemic inflam-
matory response known as the cytokine storm is suggested
as an important contributor of SARS-CoV-2 lethality and is
the consequence of an important release of cytokines such as
tumor necrosis factor-a, interleukin (IL)-1p, and IL-6,*" al-
though this remains unclear.® The disease heterogeneity sug-
gests that, aside cytokines/chemokines, other immunological
effectors contribute to the sustained inflammatory responses
observed in severe COVID-19 cases.

Bioactive lipids, notably eicosanoids, likely promote their
fair share of deleterious effects by enhancing leukocyte re-
cruitment/activation, promoting the exudate formation and
by stimulating platelet aggregation and thrombus formation.
In contrast, specialized pro-resolving mediators (SPMs),

resolving lipid mediators.

COVID-19, docosanoids, eicosanoids, eoxins, specialized pro-resolving mediators, thromboxane

mainly consisting of docosanoids, could dampen inflamma-
tion and promote its resolution.’ Of note, some of these lipids
are elevated in the blood of COVID-19 patients.'™!" While
therapeutic approaches targeting the biosynthesis/effects of
inflammatory lipids are readily available, the levels of those
lipids in the lungs during severe COVID-19 were unknown.

Herein, we performed a targeted lipidomic analysis of
bronchoalveolar lavages fluids (BALs) from healthy vol-
unteers and severe COVID-19 patients. Numerous eicosa-
noids, notably thromboxane, and SPMs were found in severe
COVID-19 patients” BALs. Our study further highlights that
few associations exist between clinical parameters and the
bioactive lipids present in the primary site of disease, the
lungs.

2 | METHODS

2.1 | Materials

All lipids were obtained from Cayman Chemical (Ann Arbor,
MI, USA) and all LC-MS grade solvents were purchased
from Fisher Scientific (Ottawa, Canada).

2.2 | Ethics

This study was approved by the local ethics committee
(Cheikh Zaid Hospital in Rabat Morocco (Project: CEFCZ/
PR/2020- PR04); Québec City Heart & Lung Institute; CHU
de Québec-Université Laval). The study complies with the
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Declaration of Helsinki and all subjects signed a consent
form.

2.3 | Subject selection

Non-smoking healthy subjects taking no other medication
than anovulants, without any documented acute or chronic
inflammatory disease and without recent (8 weeks) airway
infection were recruited for bronchoalveolar lavages at
the Québec City Heart & Lung Institute (Canada). Severe
COVID-19 patients were enrolled based on the inclusion cri-
teria for intubation and the need of mechanical ventilation at
Cheikh Zaid Hospital (Rabat, Morocco) between May and
June 2020, before COVID-19 therapies such as remdesevir
and dexamethasone were greenlit for treating COVID-19.
Within 2 hours after intubation and the initiation of mechani-
cal ventilation, blood sampling was done to assess the clini-
cal variables (Table 1, Table S1 for each individual subjects).
Patients were ventilated in the prone decubitus position with
a tidal volume of 6 mL/kg and a PEEP varying between 8 and
14 cm H,0. The FiO, was adjusted between 0.6 and 1.0 to
obtain a SpO, > 92%.

2.4 | Bronchoalveolar lavages

BAL fluids from healthy volunteers were obtained as fol-
lows: One 50 mL bolus of sterile 0.9% saline was injected
in a sub-segmental bronchi of the right middle lobe. The
obtained lavages were centrifuged (350 g, 10 minutes) to
pellet cells and the supernatants were immediately fro-
zen (—80° Celsius) until further processing. A 5 mL aliquot
of the samples was thawed then reduced to ~500 pL using
a stream of nitrogen. BAL fluids from severe COVID-19
patients were obtained less than 2 hours following intuba-
tion as follows: a total of 100 mL of sterile 0.9% saline
(2 boli of 50 mL) was injected in a sub-segmental bron-
chi of the right middle lobe. The obtained lavages were
pooled and centrifuged (320 g, 15 minutes) to pellet cells.
Supernatants were next concentrated as for the BALs of
healthy donors and immediately frozen (—80° Celsius)
until further processing.

2.5 | LC-MS/MS analyses

Concentrated samples (500 puL) were denatured with 500 puL
of LC-MS—grade MeOH containing the internal standards
then warmed at 60° Celsius for 30 minutes to inactivate
SARS-CoV-2, denatured overnight (—20° Celsius), and
then centrifuged (10,000 g) to remove the denaturated pro-
teins. Under these conditions, no significant degradation of

TABLE 1 Clinical characteristics of BAL donors
COVID-19 Healthy controls
N 33 25
Women/Men 16/17 16/9
Smoker (Y/N) 5/28 0/25
Death (Y/N) 2/31 N/A
SARS-CoV-2 detection in 25+ 1 N/A
BAL (Ct)
Age 58+3 26 + 1
Weight (kg) 73+3 N/A
Hospital stay (days) 21+2 N/A
Days before BAL 3+1 N/A
D-Dimers (mg/mL) 1.21 £0.13 N/A
CRP (mg/l) 20.65 +2.53 N/A
ALT (U/) 32.6 +2.1 N/A
AST (U/) 35.1+3.0 N/A
LDH (U/) 616 + 41 N/A
Hemoglobin (g/1) 123 +2 N/A
Blood Monocytes (million/ 0.3 +0.03 N/A
mL)
Blood Neutrophils (million/ 2.9 +0.19 N/A
mL)
Blood Eosinophils (million/  0.03 + 0.003 N/A
mL)
Blood Platelets (million/mL) 182 + 13 N/A
Blood 1.13 +£0.13 N/A
Lymphocytes (million/mL)
Platelet to Lymphocyte ratio  223.89 +34.93  N/A

(PLR)
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BAL Neutrophils (million/ 247 +2.2 0.001 + 0.0002
mL)

BAL Eosinophils (million/ 0.2 +0.08 0.000 + 0.000
mL)

BAL Lymphocytes (million/ 21.8 +2.4 0.004 + 0.001
mL)

BAL macrophages (million/  N/A 0.073 + 0.007

mL)

Note: Data are presented as the mean +SEM.

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; CRP,
C-reactive protein; LDH, Lactate dehydrogenase; N/A, not available.

internal standards and selected lipids and lipid mediators was
observed (Figure S1). Supernatants were diluted with water
containing 0.01% acetic acid and lipids were extracted by
solid phase extraction using Strata-X cartridges (Polymeric
Reversed Phase, Phenomenex, USA) as described before.'?
Lipids were separated using the same column and LC pro-
gram as in,"? quantification was done using a Shimadzu
8050 triple quadrupole mass spectrometer and analyses were
performed using multiple reaction monitoring for the spe-
cific mass transitions of each lipid as well as the deuterated
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internal standard used (Table S2). Due to the large number
of analytes being quantitated and/or commercial availability,
some lipid mediators were analyzed with a surrogate, deuter-
ated internal standard.

2.6 | Statistical analysis

Statistical analysis was made using the GraphPad Prism 9
software. The normality assumption was verified using the
Shapiro-Wilk test and p-values were calculated using the
Mann-Whitney test. Spearman correlations were calculated
using corr.test function from pshych CRAN package and the
correlation matrices were generated using the corrplot pack-
age. Values of P < .05 were considered significant.

3 | RESULTS

While the cytokine profile observed in severe COVID-19 pa-
tients is relatively well-defined,*!*1 no study investigated
the lipid content of BALs. We thus performed a targeted li-
pidomic analysis to define whether lipid mediators were pre-
sent/increased in the lungs of severe COVID-19 patients.

In contrast to the BALSs of healthy controls, numerous eico-
sanoids were detected in those of severe COVID-19 patients.
As such, BALs from COVID-19 patients had increased AA
levels as well as all measured COX metabolites (Figure 1B-
D). The most increased COX metabolites were TXB, >>
PGE, ~ 12-HHTrE > PGD,. Leukotrienes also regulate the
inflammatory response in the airway/lung, notably during
ARDS,”’18 and their involvement in COVID-19 has been

AA
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FIGURE 1 Levels of eicosanoids in the BAL fluids of healthy and COVID-19 patients. BALs were obtained and processed as described

in Methods. Lipids then were extracted and quantitated by LC-MS/MS. A, Metabolism of arachidonic acid (AA) by the cyclooxygenase (COX)
pathway. B, AA levels. C,D, Levels of COX-derived metabolites. E, Leukotriene (LT) biosynthetic pathways. F,G, Levels of LTs and eoxins (EX).
H, Metabolism of AA and eicosapentaenoic acid (EPA) by 5-, 12-, and 15-lipoxygenase (LO). LJ, Levels of LO-derived metabolites of AA. K,
EPA levels. L, Levels of LO-derived EPA metabolites. L, Proportions of eicosanoids from panel C, D, F, G, I, and K. Results are from the BALs of
25 healthy subjects and 33 COVID-19 patients. P values were obtained by performing a Mann-Whitney test using the GraphPad Prism 9 software:

k= P <001, ¥¥** = P < .0001
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postulated.19 Leukotrienes were not detected in the BALs of
healthy volunteers, with the exception of LTB, (4/25 subjects).
In contrast, COVID-19 patients had increased levels of LTB,
and its CYP4F3A metabolite 20-COOH-LTB, (Figure 1F) as
well as minor metabolites (20-OH-LTB, and 12-oxo-LTB,).
Noteworthy, LTB, levels in the BALs of COVID-19 pa-
tients are comparable to those found in BALs of ARDS pa-
tients.?° Moreover, the ratio between the sum of 20-OH- and
20-COOH-LTB, to LTB, ((20-OH- + 20-COOH-LTB,)/
LTB,) was 2.843 + 0.532 (mean + SEM), reflecting an in-
creased omega oxidation of LTB,. The cysteinyl-leukotrienes
LTE, and the 15-LO-derived eoxin E, (EXE,) were also
found in most COVID-19 patients (Figure 1G). Surprisingly,
EXE, levels trended to be higher than those of LTE,. In line
with the increase in both 5-LO- and 15-LO-derived leukot-
rienes, other 5-, 12-, and 15-LO metabolites, were increased
in the BALs of COVID-19 patients, notably 5-HETE, 12-
HETE, 15-HETE, and 15-KETE (Figure 11,J). Dual LO me-
tabolites from AA were also significantly increased. Of note,
12- and 15-HEPE derived from EPA metabolism, were also
increased in the BAL of COVID-19 patients despite compa-
rable levels of EPA between healthy controls and COVID-19
patients (Figure 1K,L), while the EPA-derived SPM RVE,
was not detected. Overall, the eicosanoid profile of intubated

(A)

RvD 5-L0

PDX 12/15-LO |- 17-HDHA

17-HpDHA

DPA (n-3)

%ASEBJOURNALJ—

COVID-19 patients mainly consisted of TXB, and prosta-
glandins (62%), followed by the different HETEs and LTs
(Figure 1L).

Many SPMs arise from the metabolism of docosanoids’
and given their documented pro-resolving actions and anti-
microbial activities, SPMs were recently postulated as being
a potential approach for diminishing the inflammatory bur-
den of COVID-19.2! Both DPA(n-3) and DHA levels were
increased in the BALs of COVID-19 patients (Figure 2B).
We also observed significant increases in 17-HDPA(n-3),
14-HDHA and 17-HDHA (Figure 2C). In line with these
findings, D-serie resolvins (aside from RvD3) and Protectin
D1 (PDX) were also increased in the BALs of COVID-19
patients (Figure 2D). Despite our good sensitivity (Table S1),
Maresin-1 and —2 were not detected.

Lastly, we quantitated the levels of 15-LO metabolites
derived from linoleic acid (LA), linolenic acid (ALA) and
dihomo-y-linolenic acid (DGLA). LA levels were increased
in the BAL of COVID-19 patients (Figure 3B), as well as
its 15-LO-derived metabolites 13-HODE and 13-KODE
(Figure 3C,D). Furthermore, 13-HOTYE (derived from ALA)
and 15-HETYE (derived from DGLA) were both increased
in COVID-19 patients (Figure 3D3C). We also observed an
increase in the non-enzymatic metabolite 9-HODE (derived

DHA
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FIGURE 2 Levels of docosanoids in the BAL fluids of healthy and COVID-19 patients. BALs were obtained and processed as described in
Methods. Lipids then were extracted and quantitated by LC-MS/MS. A, Docosanoid biosynthetic pathways. B, Levels of docosapentaenoic acid

n-3 (DPAn-3) and docosahexaenoic acid (DHA). C,D, Docosanoid levels. E, Proportions of the different docosanoids from panel C and D. Results

are from the BALSs from 25 healthy subjects and 33 COVID-19 patients. P values were obtained by performing a Mann-Whitney test using the
GraphPad Prism 9 software: * = P < .05, ** = P < .01, *¥* = P < .001, **** = P < .0001
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FIGURE 3 Levels of lipid mediators derived from linoleic acid (LA), a-linolenic acid or dihomo-y-linolenic acid (DGLA) in the BAL fluids
of healthy and COVID-19 patients. BALs were obtained and processed as described in Methods. Lipids then were extracted and quantitated by LC-
MS/MS. A, Metabolism of LA, ALA, and DGLA by the 12/15-lipoxygenase (LO) pathways. B, Levels of LA. C,D, Levels of oxidized mediators
from LA, ALA, and DGLA. Results are from the BALs from 25 healthy subjects and 33 COVID-19 patients. P values were obtained by performing
a Mann-Whitney test using the GraphPad Prism 9 software: **** = P < .0001

from LA) (Figure 3C). We also found that other auto-oxidative
(or minor enzymatic) products were increased in the BAL
of COVID-19 patients, namely 8-HETE and 11-HETE (both
from AA) as well as 18-HEPE (from EPA), suggesting to an
increased oxidative burst in the lungs of intubated COVID-19
patients (not shown).

Given that the increased in most lipids mediators we
quantitated, we next addressed if correlations between lip-
ids existed in the BAL of intubated COVID-19 patients.
Most lipids consistently correlated with each other with
few exceptions (Figure 4). Indeed, fatty acids levels were
not a key determinant for the levels of their metabolites,
indicating that downstream enzymes (cyclooxygenases,
lipoxygenases) are likely more important in that respect.
Interestingly, all fatty acids correlated with each other.
As expected, lipids within the same metabolic path-
way correlated with each other. Moreover, all 12- and
15-LO-derived mediators (HETEs, diHETEs, RvDs, and
PDX) correlated with each other, regardless of their fatty
acid of origin. Unsurprisingly, the levels of LXA, cor-
related with those of 5-HETE and 15-HETE, given that
LXA, requires both the 5- and the 15-LO. Interestingly,
LTE, and EXE, had a trend toward a negative correlation
(r=-0.322, P = .0676) and they correlated with different
bioactive lipid subsets, LTE, positively correlating with

fatty acid and 15-HETIE levels while EXE, mostly cor-
relating with other 15-lipoxygenase metabolites and LTB,.
This suggests that some COVID-19 patients are more
prone to biosynthesize LTC, while others are more prone
to biosynthesize EXC,.

We also investigated whether lipids from the BAL of
COVID-19 patients correlated with the clinical parameters
shown in Table 1 and found a very limited number of cor-
relations (Figure 5). Fatty acids negatively correlated with
AST, ALT and body weight (not significant for DPAn-3 and
DHA), and positively correlated with the circulating platelet-
to-lymphocyte ratio. LTE, negatively correlated with blood
eosinophil counts and ALT, while positively correlating with
hemoglobin. In contrast, EXE, positively correlated with
blood eosinophils and we found a trend toward a positive cor-
relation with ALT and toward an almost significant negative
correlation with hemoglobin (r = —0.339, P-value = 0.054).
Interestingly, LXA,, PDX and, RvD4 positively correlated
with blood eosinophil counts.

4 | DISCUSSION

Bioactive lipids are recognized pharmaceutical targets in
numerous inflammatory diseases and lipid modulators have
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FIGURE 4 Correlation between bioactive lipid mediators in the BALs of COVID-19 patients. A Spearman correlation matrix between

the different lipid mediators is shown. Positive correlations are shown using shades of blue. P < .05 was the threshold of significance and non-

significant correlations (P > .05) are marked by an X

been utilized over the last fifty years with great success.
Defining whether bioactive lipid levels were increased in se-
vere COVID-19 patients was thus imperative. The lipidome
arising from the metabolism of polyunsaturated fatty acids
containing 20 carbons (eicosanoids) or 22 carbons (docosa-
noids) is continually expanding. While we performed a tar-
geted lipidomic analysis on a significant fraction of them, we
could not quantitate all of them, notably SPMs, due to our
inability to secure appropriate internal standards. Thus, we
cannot speculate on the levels and/or the potential roles of ei-
cosanoids and docosanoids that we did not analyze in SARS-
CoV-2-infected people.

Herein, we provide evidence that BALs of intubated
COVID-19 patients contain extensive levels of bioactive lip-
ids, which likely participate in the deleterious inflammatory
response. More specifically, we highlight (1) an increase in
COX metabolites, notably thromboxane; (2) an increase in
leukotrienes, notably LTB, LTE, and EXE,; (3) an increase
in 15-LO metabolites from LA, AA, EPA, DPA, and DHA;

(4) an increase in SPMs; (5) correlations between most lipid
mediators, (6) a limited number of correlations between BAL
lipids vs blood markers and/or clinical parameters.

The important increase in COX metabolites (Figure 1C)
was expected, notably because of the previously documented
increase in IL-IB,20 the latter being a good COX-2 inducer.”?
TXA, promotes bronchoconstriction and activate leukocytes
and platelets, which is consistent with the enhanced plate-
let activation and thrombosis in COVID-19 and the strong
link between TXB, and ARDS. 102326 PGD, acting via the
DP, receptor promotes the recruitment/activation of eosino-
phils, basophils, mastocytes, and innate lymphoid cells.?”
In contrast, PGE, is mostly anti-inflammatory via the EP,
and EP, receptors®’ and PGI, is a recognized microvascu-
lature dilator. In that respect, a retrospective observational
study showed that the administration of PGI, (epoprostenol)
was effective at improving the PaO,/FiO, ratio in 50% of
COVID-19 patients.30 Therapies targeting the prostaglandin
pathway are numerous and usually effective at controlling
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inflammation. Dexamethasone limits COX-2 expressionzz’31

and might diminish COVID-19 severity and mortality, at
least in part, by diminishing COX metabolites.>* Aspirin was
shown to significantly diminish ICU admissions and the need
of mechanical Ventilation,33 and to diminish disease duration
and mortality,34 which is in line with a possible clinical bene-
fit of early aspirin for the prevention of ARDS % Altogether,
our data support the concept that dexamethasone might im-
prove severe COVID-19 by diminishing the prostaglandins/
thromboxane storm in the lungs and that aspirin is also prob-
ably safe and beneficial for patients severely affected by
COVID-19 although this needs to be investigated. To that
end, aspirin would be a cheap and easily accessible alterna-
tive to limit the lipid storm and its putative burden during
severe COVID-19 episodes. Finally, testing whether blocking
the deleterious effects of PGD, and TXA, with the dual DP,/
TP antagonist Ramatroban might be beneficial in COVID-19
is of interest, as proposed recently.35

Leukotrienes (LTB,, LTE,, and EXE,) were also increased
in the BALs of COVID-19 patients (Figure 1F,G). This indi-
cates that LTB, and cysteinyl-leukotrienes might also par-
ticipate in the inflammatory burden of severe COVID-19
patients.19 While LTB, is known to stimulate host defense
the observed o-LTB,/LTB, ratio
of 2.84 is comparable to those found in cystic fibrosis and
severely burned patients, two conditions in which infections

during viral infections,35

are poorly controlled.*®’ Conceptually, this might dimin-
ish LTB, effectiveness at promoting its host defense-related
functions.* The trend toward an inverse correlation between
LTE, and EXE, which is supported by their distinct correla-
tion pattern with other lipids (Figure 4) and clinical parame-
ters (Figure 5), suggests that these cysteinyl-LTs are coming
from different cellular sources. To that end, EXE, levels in
the BALs positively and significantly correlated with blood
eosinophils counts while there was a strong trend between
EXE, and BAL eosinophils counts. This suggests that eoxin
presence/biosynthesis is partly linked to eosinophils although
the involvement of other 15-LO expressing cells, notably epi-
thelial cells cannot be excluded. Furthermore, the detection
of EXE, in the BAL is of importance, since this mediator
has rarely been detected in biological samples. Our data also
suggest that the use of phosphodiesterase 4 inhibitors (eg,
Roflumilast) in COVID-19 could be of interest as they might
diminish inflammation by increasing intracellular cAMP
concentrations, thereby decreasing AA release and eicosa-
noid biosynthesis.‘m'44

The metabolism of the omega-3 fatty acids EPA, DPA,
and DHA notably leads to SPM biosynthesis, which are anti-
inflammatory and pro-resolving lipids. Their high levels and
correlations with eicosanoids were unexpected as they gener-
ally appear during the resolution of inflammation, after pros-
taglandin/leukotriene biosynthesis occurred, according to the
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class-switch model.*? However, our data indicate that prosta-
glandins, leukotrienes, and SPMs co-exist and participate in
the inflammatory cascade during the acute phase of inflam-
mation/infection in which resolution has not fully been en-
gaged. Moreover, given their documented anti-inflammatory
effects and their host-defense boosting functions, they could
be viewed as potential mediators to enhance to limit the in-
fection/inflammation. To that end, it was proposed that dexa-
methasone might promote some of its beneficial effects by
upregulating SPM biosynthesis/effects in moderate to severe
COVID-19 patients.46 As of today, no resolution pharma-
cology treatment has been approved by governmental health
agencies with the exception of EPA-ethyl ester (Vascepa).
Nonetheless, EPA, DHA as well as some SPM precursors
(18-HEPE, 17-HDHA) are available as dietary supplements.
Finally, we must point out that only a fraction of docosanoids
belonging to SPMs was analyzed and that other SPMs might
also play a role during SARS-CoV-2 infections.

While it is largely accepted that the cytosolic phospholi-
pase A, releases most of AA in activated human leukocytes
(eg, in 47), the increased levels of LA, DPA, and DHA indi-
cate that other phospholipases are also involved in the lipi-
dome we found. The correlation between all fatty acids might
also indicate that some fatty acids are released by the same
phospholipases. Those phospholipases are likely secreted
phospholipases A,, which can release fatty acids other than
AA®Y and are contributing to lung inflammation®®>" but
our findings do not allow to pinpoint which additional phos-
pholipases are involved.

One of the striking finding of this study is the very poor
correlations between the lipid mediators from the BALs and
the blood markers available. The significant negative cor-
relations between liver enzymes and BAL fatty acids are
puzzling and difficult to interpret as it is counterintuitive.
While a liver-lung axis may promote damages in ARDS,>
it is unclear to which extent such an axis participates in
the pathogenesis and lipid mediator biosynthesis/effects in
COVID-19.%%3* Finally, even if blood TXB, levels are in-
creased in COVID-19 patients,10 those found in the plasma
of our intubated COVID-19 patients did not correlate with
those found in their BALs (data not shown), supporting the
idea that the lipid mediator profile found in the lungs is not
reflected in the circulation.

Our study has, however, some limitations. (1) BALs from
healthy controls are from younger individuals than those
from severe COVID-19 patients. This could have an impact
on some mediators, notably PGD,, which participate in the
worsening of infections mediated by SARS-CoV and are in-
creased in aged mice™; (2) The procedure to obtain BAL
fluids is slightly different between healthy controls and se-
vere COVID-19 patients. Indeed, while lipid mediator anal-
yses were done on the BAL return from one 50 mL saline
bolus in healthy people, that of severe COVID-19 patients

%ASEBJOURNALJ—

were done on two boli. Although the possible outcome of
this discrepancy could be and underestimation of lipid lev-
els in one group as opposed to the other, these comparisons
have permitted to estimate whether candidate lipids were
to be expected in BAL in normal conditions. While some
might argue that the first saline bolus contains more lipids
than the following one(s), others might argue that lipid levels
are consistent in each bolus. Given that, in our hands, the
number of BAL cells is usually greater in the first bolus than
in the subsequent ones (when multiple boli are utilized), we
are confident that the BAL fluid from the first bolus likely
contains more lipids than the second one. This would thus
lead to a slight underestimation of lipids in the COVID-19
group. (3) Unfortunately, BAL fluid leukocyte counts of se-
vere COVID-19 patients did not include the number of al-
veolar macrophages and it is thus impossible to determine
a clear differential count of leukocytes in those samples.
Furthermore, the eosinophil counts were somewhat limited
by the apparatus as it could estimate the counts to +10°/mL
cells, which likely impacts the different correlations involv-
ing eosinophils, notably with EXE,; (4) We could not com-
pare the levels of all lipids in the BALs of severe COVID-19
patients to those found in the blood. This appears important
given the limited number of correlations found between BAL
lipids and most recognized COVID-19-related biomarkers
such as CRP and D-dimers. To that end, a recent study in-
dicated differences in some of the herein investigated lipids
in the circulation."' It will thus be important to pursue our
investigations and determine whether there is a transposition
of the BAL lipidome to the circulation although our prelimi-
nary data indicate this is not the case.

In conclusion, our data indicate that lung fluids of se-
vere COVID-19 patients, in addition to the cytokine storm
previously documented, a lipid mediator storm also occurs.
The correlations of most lipid mediators with each other
regardless of their origin or biosynthetic pathways suggests
an increase production of lipid mediators in general in the
lungs of COVID-19 patients, as we observe for cytokine
production. The rich library of clinically approved and low-
cost lipid modulators might provide beneficial and important
add-ons to the current therapeutic arsenal utilized to diminish
COVID-19 severity and possibly that of other coronavirus-
mediated infections.
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