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Background: Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection can lead to a variety of clinical
outcomes, ranging from the absence of symptoms to severe
acute respiratory disease and ultimately death. A feature of
patients with severe coronavirus disease 2019 (COVID-19) is the
abundance of inflammatory cytokines in the blood. Elevated
levels of cytokines are predictive of infection severity and
clinical outcome. In contrast, studies aimed at defining the
driving forces behind the inflammation in lungs of subjects with
severe COVID-19 remain scarce.
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Objective: Our aim was to analyze and compare the plasma and
bronchoalveolar lavage (BAL) fluids of patients with severe
COVID-19 (n = 45) for the presence of cytokines and lipid
mediators of inflammation (LMIs).

Methods: Cytokines were measured by using Luminex
multiplex assay, and LMIs were measured by using liquid
chromatography—tandem mass spectrometry.

Results: We revealed high concentrations of numerous
cytokines, chemokines, and LMIs in the BAL fluid of patients
with severe COVID-19. Of the 13 most abundant mediators in
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BAL fluid, 11 were chemokines, with CXCL1 and CXCLS8 being
200 times more abundant than IL-6 and TNF-a. Eicosanoid
levels were also elevated in the lungs of subjects with severe
COVID-19. Consistent with the presence chemotactic molecules,
BAL fluid samples were enriched for neutrophils, lymphocytes,
and eosinophils. Inflammatory cytokines and LMIs in plasma
showed limited correlations with those present in BAL fluid,
arguing that circulating inflammatory molecules may not be a
reliable proxy of the inflammation occurring in the lungs of
patients with severe COVID-19.

Conclusions: Our findings indicate that hyperinflammation of
the lungs of patients with severe COVID-19 is fueled by
excessive production of chemokines and eicosanoids.
Therapeutic strategies to dampen inflammation in patients with
COVID-19 should be tailored accordingly. (J Allergy Clin
Immunol 2021;148:368-80.)

Key words: SARS-CoV-2, COVID-19, ARDS, inflammatory cyto-
kines, lipid mediators of inflammation, chemokines, eicosanoids

Coronavirus disease 2019 (COVID-19) is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)." The
disease spectrum associated with SARS-CoV-2 infection varies
extensively from asymptomatic to severely ill, with an estimated
overall death rate of 2%. For the most part, children show limited
symptoms of infection whereas elderly individuals (>75 years)
and those with risk factors, including severe obesity, lung and
heart diseases, diabetes, and immunosuppression, develop the
severe clinical form of the disease. The mortality rate increases
dramatically to 40% to 50% in elderly individuals and subjects
with a severe form of the disease.”” SARS-CoV-2 is transmitted
via aerosols, and the alveolar type Il epithelial cells expressing the
angiotensin-converting enzyme 2 receptor are one of their
primary cell targets.” The injury to type II epithelial cells
resulting from the inflammatory immune response initiated by
SARS-CoV-2 infection induces accumulation of fluids, with the
alveolar space impairing gas exchange, which in turn results in
an acute respiratory disease syndrome (ARDS) requiring
mechanical breathing assistance and supplemental oxygen.

Soon after the initial characterization of SARS-CoV-2, it
became clear that subjects with severe forms of the disease
showed enhanced levels of circulating inflammatory cytokines.
Ever since, the expression cyfokine storm has been used to
describe the overwhelming and dysregulated immune response
triggered by the virus. The majority of studies have used blood,
plasma, and/or serum as biologic matrices to monitor the inflam-
matory response during COVID-19. In such studies, increased
circulating levels of IL-6, TNF-a, IL-2R, IL-8, monocyte chemo-
attractant protein-1, and macrophage inflammatory protein-la
were measured relative to the levels in healthy subjects or those
with mild COVID-19.>>° Although statistically significant cyto-
kine levels were measured, in most cases the cytokine concentra-
tions in patients with severe COVID-19, such as IL-6, are 10- to
200-fold lower than the IL-6 levels typically observed in patients
with ARDS-related inflammation.”” One question arising from
these observations is whether blood, plasma, or serum represent
reliable biologic matrices to evaluate the extent and nature of
lung inflammation in patients with severe COVID-19. This ques-
tion is of critical importance, as the optimal therapeutics may be
designed on the basis of the identified circulating molecules.
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Abbreviations used
ARDS: Acute respiratory disease
AST: Aspartate transaminase
BAL: Bronchoalveolar lavage
COVID-19: Coronavirus disease 2019
JAK: Janus kinase
LC-MS/MS: liquid chromatography—tandem mass spectrometry
LM: Lipid mediator
LMI: Lipid mediator of inflammation
LTB,: Leukotriene By
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2

Several types of molecules can act as chemoattractants for
leukocytes. Among the most active are chemokines and leukotri-
enes. Leukocytes typically follow a chemoattractant gradient to
reach the inflammatory site. Thus, local concentrations of cyto-
kines, chemokines, and/or lipid mediators (LMs) of inflammation
(LMIs) are particularly relevant to understanding the pathophysi-
ologic nature of the disease. This is especially relevant considering
that the leukocyte types infiltrating the lungs of patients with
COVID-19 are only partially characterized.'"” A preliminary
response was obtained by comparing the transcriptome of cells pre-
sent within bronchoalveolar lavage (BAL) fluids of patients with se-
vere COVID-19 with that in PBMCs."" Although the study was
limited to a few BAL fluid samples and the PBMCs were from un-
matched subjects, the results indicate significant differences in gene
expression between cells isolated from BAL fluid and cells isolated
from PBMC:s. This is somewhat expected, as blood cells are typi-
cally not infected with SARS-CoV-2 whereas lung cells are primary
targets. The analysis of BAL fluids indicates that in severe COVID-
19, CXCL8 (IL-8) is the most abundant cytokine detected. In
another study, which used lung tissue and a proteomic approach,
Leng et al identified several cytokines downstream of the nuclear
factor-kB signaling cascade, including IL-6, IL-8, TNF-a, and
IFN-a, that are upregulated in the lungs of patients with COVID-
19.'? Considering the nature of the analyses, the precise quantita-
tion of each mediator’s concentration was not possible.

Most studies use peripheral blood analytes as proxies to
evaluate organ dysfunctions and/or disease. For example, mea-
surements of oxygen saturation (Spo,)/Pao, or alanine transami-
nase and/or aspartate transaminase (AST) level represent useful
markers assessing lung and liver functions, respectively. The pro-
file of circulating (plasmatic) cytokines in patients with severe
COVID-19 is relatively well defined.'””'® Such studies have indi-
cated that the levels of several cytokines, including IL-6, TNF-a,
CXCLS8, CXCL9, CXCLI10, and CCL2, are elevated in the serum
of patients with severe COVID-19, with some (such as IL-6 and
TNF-a) being independent predictors of disease severity and
mortality."*"> In contrast to studies in which measurements
were taken in blood, a much more limited number of studies
aimed at characterizing the inflammation in the lungs of patients
with severe COVID-19 are available.'"'>'”'® Furthermore, the
analysis of LMIs has been limited to serum analysis.'” In this
study, severity of COVID-19 disease was correlated with levels
of lipoxygenases™'”' and cyclooxygenase metabolites. Thus,
our study had the following objectives: (1) perform a multiplex
analysis of the cytokine and LMI levels in BAL fluid of patients
with severe COVID-19 and healthy subjects; (2) correlate the
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TABLE I. Clinical characteristics of BAL fluid donors
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Characteristic

Severe COVID-19 (n = 45) Healthy controls (n = 25)

Women/men, no./no.

Death (Y/N), no./no.

Level of SARS-CoV-2 detection in BAL fluid (no.), mean * SD
Age (y), mean = SD

Weight (kg), mean = SD

Hospital stay (d), mean = SD

Time hospitalized before BAL (d), mean * SD
Fio, (%), mean = SD

Pao,/Fio, (mm Hg)

D-Dimer level (mg/mL), mean = SD

CRP level (mg/L), mean * SD

ALT level (U/L), mean £ SD

AST level (U/L), mean = SD

LDH level (U/L), mean = SD

Hemoglobin level (g/L), mean = SD

Blood monocyte level (106/mL), mean = SD
Blood neutrophil level (10%mL), mean *= SD
Blood eosinophil level ( 10%mL), mean = SD
Blood platelet level (106/mL), mean * SD
Blood lymphocyte level (10%mL), mean + SD
Platelet-to-lymphocyte ratio, mean = SD

BAL neutrophil level (lOG/mL), mean = SD
BAL eosinophil level (10%mL), mean = SD
BAL lymphocyte level (10%/mL), mean + SD

19/26 16/9
2/43 N/A
25.62 = 4.99 N/A
57.67 £ 18.15 26.13 = 1.03
75.12 £ 15.87 N/A
19.00 = 11.32 N/A
3.24 = 3.79 N/A
73.33 £ 15.81 N/A
<150 N/A
1.16 £ 0.72 N/A
21.17 £ 13.86 N/A
33.80 * 13.29 N/A
35.81 £ 16.18 N/A
637.56 = 229.28 N/A
122.42 * 14.46 N/A
0.34 = 0.18 N/A
2.81 = 1.00 N/A
0.02 = 0.01 N/A
173.91 = 73.09 N/A
1.13 £ 0.73 N/A
215.53 = 179.95 N/A
22.66 = 12.01 0.001 = 0.0002
0.17 = 0.38 0.000 = 0.000
22.68 £ 13.48 0.004 = 0.001

ALT, Alanine transaminase; CRP, C-reactive protein; F, female; Fio,, fraction of inspired oxygen; LDH, lactate dehydrogenase; M, male; N, no; N/A, not available/applicable;

Y, yes.

cytokine and LMI levels in BAL fluid and plasma of matched pa-
tients with severe COVID-19; and (3) correlate cytokines and
LMIs in plasma and BAL fluids with biologic, hematologic, and
clinical parameters.

METHODS

Ethics

This study (project identifier CEFCZ/PR/2020- PR04) was approved by the
local ethics committee of Cheikh Zaid Hospital, Rabat, Morocco. and it
complies with the principles of the Declaration of Helsinki. All subjects signed
a consent form. The analyses of cytokines in the BAL fluid of healthy donors
and patients with severe COVID-19 was approved by the Comité d’éthique de
la recherche du CHU de Québec-Université Laval.

Clinical criteria for subject selection

Nonsmoking healthy subjects taking no medication (including steroids or
antivirals) other than anovulants, without any documented acute or chronic
inflammatory disease, and without recent (within the past 8 weeks) airway
infection were recruited for collection of BAL fluid. Patients were categorized
as having severe COVID-19 on the basis of clinical criteria developed by the
American Thoracic Society guidelines for community-acquired pneumonia.”’
Patients with severe COVID-19 were consecutively enrolled on the basis of
inclusion criteria for intubation and the need for mechanical ventilation sup-
port. Following intubation and initiation of mechanical ventilation, blood sam-
pling was performed to assess the clinical variables shown in Table I.
Additional clinical characteristics of the volunteers are also summarized in
Table I. Comorbidities and medication taken by the subjects with severe
COVID-19 are provided in Tables E1 and E2 (available in this article’s
from the Online Repository at www.jacionline.org).

Clinical data and blood work
All laboratory blood work was performed in the COVID-19 laboratory
dedicated solely to the pandemic at Cheikh Zaid Hospital. Patients’ demographic

data, clinical reports, 2 sets of laboratory blood work results, and treatment proto-
cols were collected, analyzed, and compared for clinical outcomes.

BAL

BAL fluids from healthy volunteers (n = 25) were obtained as follows:
A single 50-mL bolus of sterile 0.9% saline was injected into a subsegmental
bronchus of the right middle lobe. The recovered fluid was centrifuged (at
350 g for 10 minutes) to pellet cells, and the supernatants were immediately
frozen (-80C) until further processing. A 5-mL aliquot of the samples was
thawed and then reduced to approximately 500 L by using a stream of nitro-
gen. BAL fluid from patients with severe COVID-19 (n = 45) was obtained less
than 2 hours following intubation. It was obtained as follows: a total of 100 mL
of sterile 0.9% saline (in 2 boli of 50 mL each) was injected into a subsegmental
bronchus of the right middle lobe. The obtained lavage fluids were pooled and
centrifuged (at 320 g for 15 minutes) to pellet cells. The supernatants were next
concentrated as for the BAL fluid of healthy donors by using a stream of nitro-
gen and immediately frozen (-80C) until further processing. All of the evapo-
rated samples were processed for liquid chromatography—tandem mass
spectrometry (LC-MS/MS) analysis as described in the following sections.

Plasma samples

Venous blood was drawn from healthy subjects (n = 10 [subjects different
from those who provided BAL fluid samples]) and patients with COVID-19
(n = 45 [the same patients used for providing BAL]) in accordance with guide-
lines of the Ethics Committee of Cheikh Zaid Hospital of Rabat. Blood sam-
ples were anticoagulated in one-sixth volume of acid citrate dextrose (2.5 g of
sodium citrate, 2 g of glucose, and 1.5 g of citric acid in 100 mL of deionized
water). Platelet-rich plasma was obtained by centrifugation of anticoagulated
blood at 200 g for 15 minutes. Platelets were then removed from plasma by
centrifugation (1000 g for 10 minutes). Platelet-free plasma were aliquoted
and stored frozen until being assayed for cytokine content.

Cytokine assay
Cytokine levels in plasma were assessed by Eve Technologies Corp
(Calgary, Alberta, Canada) by using the Human Cytokine Array/Chemokine
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Array 71-Plex (HD71). BAL fluid samples were diluted 1:5 with saline before
analysis. Cytokine levels are reported as pg/mL of plasma and pg/mL of BAL
fluid from individuals who had recuperated.

LC-MS/MS analyses

Samples (500 pL) were denatured by adding 500 pL of LC-MS/MS—-grade
MeOH (Fisher Scientific, Ottawa, Ontario, Canada) containing the internal
standards (Cayman Chemical, Ann Arbor, Mich) and then warmed at 60C for
30 minutes to inactivate (or not) SARS CoV-2. Samples were then denatured
overnight (at —20°C). Samples were analyzed a Shimadzu 8050 triple
quadrupole mass spectrometer as previously described.”'

Statistical analyses

Statistical analyses were done by using GraphPad Prism 9 software
(GraphPad Software Inc, San Diego, Calif). Data were tested for normal
distribution by the Shapiro-Wilk test. Data that fit the assumption of normal
distribution were compared by using parametric analysis, as indicated in the
respective figure legends: Student unpaired or paired ¢ tests were used for
comparing data from 2 groups. Data that did not fit the assumption of normal
distribution were compared by using nonparametric analysis indicated in the
respective figure legends. A nonparametric correlation matrix was calculated
by comparing BAL fluid and plasma analytes as well as biochemical variables
in a pairwise fashion by using the corr.test function from the pshych CRAN
package: the corrplot package was subsequently used to graphically display
the correlation matrix. Spearman correlation coefficients were indicated by
a heat scale according to which blue indicates a positive linear correlation
and red indicates a negative linear correlation. P values less than .05 were
considered significant.

RESULTS

Plasma samples from 45 patients with severe COVID-19 were
analyzed for their content of 71 cytokines and chemokines. As
reported by others,””*° many of the analytes measured were pre-
sent at significantly higher concentrations in the blood of patients
with COVID-19 than in the blood of healthy controls (Fig 1). The
levels of cytokines such as IL-1a, IL-3, TNF-3, and IFN-y were
all elevated (Fig 1, A), whereas no significant differences in IL-6
levels were noted. Chemokines of the CC family (notably, CCL2,
CCL3, CCL4, CCLS, and CCL11) were present at significantly
higher concentrations in the blood of patients with COVID-19
(Fig 1, B). The levels of chemokines of the CXC family (notably,
CXCL1 and CXCLS) were also significantly upregulated (Fig 1,
(). No difference in the levels of CX3CL1 was observed. Exam-
ples of positive (IL-18 and CXCL8) and negative (CXCLS5 and
CCL3) correlations are presented under Fig 1, D and E, respec-
tively. Correlation analyses between plasmatic cytokines indi-
cated a variety of patterns ranging from positive to negative to
an absence of correlation (Fig 1, F). CXCLS5 level was negatively
correlated with multiple cytokines.

The cytokine and chemokine contents in BAL fluids of the
same 45 patients with severe COVID-19 were analyzed (Table I
and Fig 2). High concentrations of several cytokines (Fig 2, A),
CC chemokines (Fig 2, B), and CXC chemokines (Fig 2, C)
were detected. The most abundant analytes measured were
CXCL1, CXCL8, CCL2, and CCL15. For purposes of compari-
son, BAL fluids from healthy subjects were analyzed for the
same analytes. Acknowledging potential biases due to differences
in age and medication taken, all of the analytes measured (with
the exception of IL-28A) were detected at significantly higher
concentrations in BAL fluids of subjects with severe COVID-19
than in the BAL fluids of healthy subjects. Correlations between

ZAID ET AL 371

analytes were subsequently analyzed. An example of positive cor-
relation between CXCL1 and CXCLS8 (r = 0.097; P <.0001) is
presented in Fig 2, D. The correlation matrix of BAL fluid analy-
tes is presented under Fig 2, E. As shown, very significant positive
correlations were observed between most of the BAL fluid cyto-
kines analyzed.

LMs represent another important class of molecules that play
very important roles in inflammation and whose contributions to
COVID-19 disease remain understudied. LMs of the eicosanoid
class originate from the processing of arachidonic acid generated
by the cleavage of membrane phospholipids by phospholipase A,
(Fig 2, F). Arachidonic acid can be processed by cyclooxygenases
and lipoxygenases to produce prostaglandins, thromboxanes, and
leukotrienes. BAL fluids of healthy and subjects with severe
COVID-19 were analyzed for the presence of selected eicosa-
noids. Relative to the concentrations in healthy controls, the con-
centrations of PGE,, TXB,, 12-HHTTE, and leukotriene B,
(LTB,) detected in the BAL of subjects with COVID-19 were
significantly higher. Such LMs showed significant positive corre-
lations with most of the BAL fluid cytokines analyzed (Fig 2, G).

Whether the portrait of inflammatory molecules measured in
the blood mirrors that in the lungs in COVID-19 is unknown. We
thus determined whether individual analyte levels were correlated
between plasma and BAL fluids. Of relevance, plasma and BAL
fluid samples were obtained from same donor a few hours apart on
the same day. A total of 10 analytes (IL-1a, IL-6, TNF-a, IL-
12p70, IL-22, IFN-a2, CCL2, CCL11, CXCL9, and CXCL10)
showed positive and significant correlations in BAL fluid and
plasma (Fig 3, A and B). CXCL5 showed a negative correlation
between plasma and BAL fluid samples. A summary of other sig-
nificant correlations detected between BAL fluid and plasma an-
alytes is presented in Fig E1 (available in the Online Repository at
www.jacionline.org).

We next evaluated whether the blood represents a reliable
matrix reflecting the lung pathophysiology observed during
severe COVID-19. By plotting the absolute concentrations of
analytes measured in plasma and BAL fluids we observed that
most analytes were detected at much higher levels in plasma than
in BAL fluids (Fig 4, A). Notable exceptions included CXCL1 and
CXCLS. Relative to plasma, CXCL1 and CXCL8 concentrations
were 30 times higher in the BAL fluids. As cells respond to
chemotactic stimuli in a gradient-dependent manner, CXCL1
and CXLC8 in lungs are likely the main driving force behind
neutrophil and lymphocytic pulmonary influxes (Fig 4, B and
F-G). Other cytokines such as CX3CL1, CCL2, and CCL3
were detected at similar concentrations, whereas yet others such
as CCL15 and CXCLS5 were much more abundant in plasma rela-
tive to BAL fluids. Of all the cytokines, chemokines, and growth
factors measured in BAL fluids of patients with severe COVID-
19, the most abundant were CXCL8 (mean and median 1115
and 843 pg/mL, respectively) and CXCL1 (mean and median
values of 1353 and 666 pg/mL, respectively) (Fig 4, C). In fact,
of the 13 most abundant analytes detected in BAL fluids of pa-
tients with severe COVID-19, 11 (85%) belong to the chemokine
class of mediators, the other 2 being EGF and VEGF-A. With
mean averages greater than 1000 pg/mL in BAL fluids, CXCL1
and CXCLS8 exceeded the concentration of inflammatory cyto-
kines such as IL-1B, IL-6, and TNF-a by more than 200-fold
(Fig 4, C). Male and female individuals with severe COVID-19
produced CXCL1 and CXCLS to similar levels (Fig 4, D and
E). Of potential pathophysiologic importance, the increased
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FIG 1. Analysis of cytokines, chemokines, and growth factors in plasma of patients with severe COVID-19
(n = 45) and healthy subjects (n = 10). A-C, Plasmatic concentrations of various cytokines (A), CC chemo-
kines (B), and CXC chemokines (C) in controls and subjects with severe COVID-19. D, Example of positive
correlation between IL-18 and CXCL8. E, Example of negative correlation between CXCL5 and CCL3. F, Sum-
mary of Spearman correlations between plasma analytes of subjects with severe COVID-19. Results are pre-
sented as scattered plots with median concentrations shown by horizontal bars. In this figure, COVID-19
refers to patients with severe COVID-19. **P < .005 and ****P < .0001, as determined by using the Mann-
Whitney nonparametric test. HS, Healthy subject.

cytokine and chemokine levels in the BAL fluids of patients with ~ lymphocytic and neutrophilic contents of BAL fluids of healthy
severe COVID-19 were accompanied by a robust influx of both  controls were marginal, those of patients with severe COVID-
neutrophils and lymphocytes (Fig 4, F and G). Although the 19 contained several million leukocytes per milliliter.



J ALLERGY CLIN IMMUNOL
VOLUME 148, NUMBER 2

ZAID ET AL 373

A B
Sbiom o HS e COVID-19
10000 ° Hs e COVID-19
1000~ s,
= __ 1000 e
E 100 »o .. P £ o
E - VT R !
§1_. '.'_‘ ° l'nﬂqlE! %10-’ ’ "_"_‘»Lc;
5 .g '.:. ---...l & § ¢ a0 $
o2}
0.1 ° é e " ’ ’ ‘
o ® )
(e} ° @ °
0.01=— T T T T T T T T 0. T T T T T T
ILla ILB L6 IL12p70 IL-22 IL-27 TNFa TNFB IFNa2 IFNy IL-28A CCL2  CCL3  CCL4 CCLS  CCL7  CGL8  CCLM  CCL15
C D
o Hs e COVID-19
30004 Y =0.2865*X +727.5 )
100009 F4 ey r=0.9097 p<0.0001 -~
1000~ ' R =)
ey ‘ e £ 2000+
E ey il Py <)) ()
® 100-’ ' =
= [
> (-]
£ 10d° 6‘ ; ’ ‘ ’ S 1000
< u
G - 8
1 ° ° o
o
0.1 T T T T T T “‘l_ 0 T T T 1
CXCL1  CXCL5 CXCL8  CXCL9 CXCL10 CXCL12  CX3CL1 0 2000 4000 6000 8000
CXCL1 (pg/mL)
E
n =
NN 00—
A
00000000
OOOOOOOO
CCL2 @000
o £ 341
CCL4 |
CCL5
G
PGD2
PGE2 |(
PGF2a
TXB2

12(S)-HHTrE

[ ]
LTB4 o0 e

FIG 2. Analysis of cytokines, chemokines, and growth factors in BAL fluid of patients with severe COVID-19
(n = 45) and healthy subjects (n = 25). A, BAL fluid concentrations of various cytokines and interferons. B, BAL
fluid concentrations of various CC chemokines. C, BAL fluid concentrations of various CXC chemokines.
D, Example of positive correlation between CXCL8 and CXCL1. E, Summary of Spearman correlations be-
tween cytokines in BAL fluid of subjects with severe COVID-19. F, Diagram showing generation of arachidonic
acid following membrane phospholipid hydrolysis by cPLA2 and subsequent processing into various LMs.
G, Summary of Spearman correlations between LMs and cytokines in BAL fluid of subjects with severe
COVID-19. In this figure, COVID-19 refers to patients with severe COVID-19. Results are presented as scattered
plots with median concentrations shown by horizontal bars. ****P < .0001, as determined using the Mann-
Whitney nonparametric test. HS, Healthy subject.
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FIG 3. Spearman correlations between cytokines in BAL fluid and plasma of subjects with severe COVID-
19. A, CC and CXC chemokines correlations. B, Cytokines correlations. Blue indicates positive correlations,
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Eosinophils, which were absent from BAL fluids of control sub-
jects, were detected in most of the BAL fluid samples from pa-
tients with severe COVID-19 (Fig 4, H).

By far, the most abundant analyte measured in plasma of subjects
with severe COVID-19 was PDGF-AB/BB. Relative to the levels in
healthy controls, PDGF-AB/BB levels were highly significantly
elevated (Fig 5, A). PDGF-AB/BB levels were also significantly
elevated in the BAL fluids of patients with severe COVID-19 rela-
tive to those in BAL fluids of healthy subjects (Fig 5, B). PDGF-AB/
BB is a potent inducer of CCL2 gene expression. Of interest, both
CCL2 and PDGF-AB/BB levels in BAL fluid were correlated posi-
tively (Fig 5, C). Of additional interest, plasmatic PDGF-AB/BB
levels were also correlated with the CCL2 levels in BAL fluid
(Fig 5, D). CCL2 is one of the few cytokines detected at similar
levels in both plasma and BAL fluids. Plasmatic CCL2 levels
were positively correlated with D-dimer levels and negatively corre-
lated with duration of hospitalization (Fig 5, E and F).

Lastly, correlation analyses between the mediators detected in
the plasma and BAL fluids of patients with severe COVID-19 and
the various biologic and biochemical parameters associated with
disease were performed (Fig 6). A limited number of correlations
between the levels of cytokines in BAL fluids and peripheral
markers were found. Levels of selected cytokines were negatively
correlated with neutrophil numbers and positively correlated with
AST and lactate dehydrogenase values (Fig 6, A). Regarding
plasma, CCL2, CCL4, CCLS5, and CCL11 were negatively corre-
lated with duration of hospitalization and positively correlated
with D-dimer levels (Fig 6, B). CCL4 and CCLS levels were
also correlated with AST and alanine transaminase levels.
The levels of PDGF-AA were negatively correlated with levels
of C-reactive protein and platelet-to-lymphocyte ratio.

DISCUSSION
Although patients with severe COVID-19 show an over-
whelming inflammation that can ultimately affect several organs,

the lung is the primary organ in which the infection develops. It
therefore made sense to us to study in detail the organ first affected
by the virus and from which most complications ultimately
develop. To reach our goal, the cytokine, eicosanoid, and cellular
contents of BAL fluids of 45 patients with severe COVID-19 (not
currently being treated with steroids or antivirals) were analyzed.
BAL fluids of patients with severe COVID-19 contain a large
infiltrate of neutrophils and lymphocytes whose migration from
blood and entry into the lung extravascular space is fueled by
excessive production of chemoattractants and eicosanoids (Fig 7).
The BAL fluid samples of patients with severe COVID-19 contain
elevated levels of several inflammatory mediators, dominated by
CC and CXC chemokines. Our results also indicate that within
BAL fluids, the levels of most cytokines, chemokines, and eicos-
anoids were highly correlated, whereas few correlations between
BAL fluid and plasma cytokine contents were observed.

Initial reports have demonstrated increased cytokine and
chemokine levels in plasma or serum samples of patients with
COVID-19. As such, increased plasmatic levels of IL-6, CXCLS,
and TNF-« in patients with severe COVID-19 were previously re-
ported.”'*?? Our analysis of plasma from patients with severe
COVID-19 confirm the reports of elevated cytokine levels pub-
lished by several groups. The originality of our work lies in the
comparison of cytokines and chemokines in the lungs (BAL fluid)
of patients with severe COVID-19 with those in healthy controls.
Our results show that levels of several cytokines, including IL-1a/
B, IL-6, and TNF-a/f3, were elevated in the BAL fluid of patients
with severe COVID-19. However, the most abundant cytokines
detected in the BAL fluid of patients with severe COVID-19
were CXC and CCL chemokines. This is in agreement with a
report by Liao et al that identified CXCLS as a predominant cyto-
kine in the BAL fluid of patients with severe COVID-19."" In a
follow-up article, the same group provided evidence that mono-
cytes and macrophages in BAL fluid of subjects with severe
COVID-19 express higher levels of multiple chemokine genes
than their blood counterparts do.'® Such transcription profiles
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FIG 4. Comparison of cytokine levels in BAL fluid and plasma. A, The absolute median concentrations of
cytokines, chemokines, and growth factors in BAL fluid and plasma. B, Heat map representation of cytokine,
chemokine, and growth factor levels in BAL fluid and plasma of patients with severe COVID-19. Numbers in
box represent the mean levels in detected. C, The absolute concentration of various chemokines and cyto-
kines in BAL fluid of patients with severe COVID-19. D, CXCL1 levels in BAL fluid of male and female subjects
with subjects with severe COVID-19. E CXCL8 levels in BAL fluid of male and female subjects with severe
COVID-19. F-H, Neutrophil (F), lymphocyte (G), and eosinophil (H) contents of BAL fluid of healthy subjects
and patients with severe COVID-19. C-E, Results are expressed as medians = SDs. F-H, Results are ex-
pressed as mean cell counts + SDs. ****P < .0001, as determined using the Mann-Whitney nonparametric

test.

translated into increased protein expression, with CXCLS8 being
the most abundantly detected chemokine in BAL fluid."® It should
also be pointed out that our measurements made from BAL fluid
are likely to be underestimated relative to plasmatic concentra-
tions considering that to obtain BAL fluid, a 100-mL bolus of sa-
line is injected into the subsegmental bronchus, thereby diluting

the bronchoalveolar fluid present in the sampled lung area.
Thus, the reported concentrations of analytes in BAL fluid under-
estimate the actual concentrations present in the alveolar space.
Our study indicates that CXCL1 is equally as abundant as
CXCLS. Both of these chemokines are likely produced by alve-
olar macrophages or lung epithelial cells in response to
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FIG 5. PDGF-AB/BB and CCL2 in BAL fluid and plasma. A, Concentrations of PDGF-AB/BB in plasma of
healthy individuals and patients with severe COVID-19. B, Concentrations of PDGF-AB/BB in BAL fluid of
healthy individuals and patients with severe COVID-19. C, Correlation between PDBF-AB/BB and CCL2 in
BAL fluid of patients with severe COVID-19. D, Correlation between PDBF-AB/BB in plasma and CCL2 in
BAL fluid of patients with severe COVID-19. E, Correlation between CCL2 and p-dimer levels in plasma of
patients with severe COVID-19. F, Correlation between CCL2 and duration of hospitalization of patients
with severe COVID-19. Nonparametric Spearman correlation coefficients were calculated to study the asso-
ciation between cytokines. ****P < .0001, as determined by using the Mann-Whitney nonparametric test.

infection.”** Both CXCL1 and CXCLS8 are among the most
potent chemoattractants for neutrophils (reviewed in Metze-
maekers et al>). Neutrophil influx into the extravascular compart-
ments of the lungs is a characteristic of ARDS.”* The substantial
influx of neutrophils detected in the BAL fluid of subjects with se-
vere COVID-19 is therefore consistent with the presence of high
concentrations of CXCL1 and CXCLS8. The results of our work
are in accordance with those of previous studies demonstrating
an influx of neutrophils in alveolar spaces of patients with severe
COVID-19.7"* A lack of significant correlation between neutro-
phil numbers and clinical outcomes was also observed by Pandolfi

et al.”® Our work is also in accordance with that of Liao et al in
reporting that CC and CXC chemokines are the most abundant in-
flammatory mediators in BAL fluid of patients with severe
COVID-19.11 Lastly, the results of our work agree with those
of Grant et al, indicating that both neutrophils and lymphocytes
represent the majority of cells present in BAL fluid from subjects
with severe COVID-19.”” Increased CXCLS levels play a key role
in acute SARS infection, viral bronchiolitis pathogenesis, severe
immunopathology, and disease enhancement during human respi-
ratory syncytial virus infection.’’”” In patients infected with
measles virus, the CXCLS8 levels in BAL fluid were markedly
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FIG 6. Spearman correlation of levels of cytokines, chemokines, and LMs with biochemical and hemato-
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tion of hospitalization of patients with severe COVID-19. B, Spearman correlation of levels of cytokines and
chemokines in plasma with biochemical and hematologic parameters and duration of hospitalization of pa-
tients with patients with severe COVID-19. X denotes nonsignificant correlations.

increased and characterized by a significantly higher percentage
of neutrophils than in control subjects.3 ? Increased levels of IL-
1B and IL-1a have also been associated with acute inflammatory
responses leading to mortality and severe pathogenesis, as well as

to induction of the inflammatory loop following influenza virus
infection.”* The lung lower respiratory tract immunopathology
in Middle East respiratory syndrome CoV-infected patients was
associated with high expression of the inflammatory cytokines
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and chemokines IL-1a, IL-1f, and CXCLS8.>>" In contrast, in
the BAL fluid from patients with severe pneumonia caused by
influenza (HIN1) virus, only IL-1, and not IL-6/CXCL8 and
TNF-a, was present at detectable levels.”® These results suggest
that different viruses can cause severe lung pathologies by modu-
lating the expression of a variety of inflammatory mediators.
Additionally, the work of Williams et al teaches us that CCL2
and CCL7, the levels of both of which are significantly elevated
in the BAL fluid of patients with ARDS as well as in that of pa-
tients with severe COVID-19, enhance chemotaxis of neutrophils
to CXCLS, which is suggestive of a synergistic amplification loop
existing between these 3 chemokines.” Another potent neutro-
phil chemoattractant is LTB,.*"*' LTB,4 belongs to a class of
lipids involved in host defense and inflammation.*** Increased
levels of LTB,4, LTB,4 metabolites, and other eicosanoids were
measured in BAL fluid of subjects with COVID-19, suggesting
that LTB4 likely contributes to the observed neutrophil pulmo-
nary influx recorded. These results are concordant with those of
the study of Schwarz et al'” and a recently published study in
which the lipidome present in BAL fluid of patients with severe
COVID-19 was analyzed.”* Lymphocytes were also detected at
high numbers in the BAL fluid of patients with severe COVID-
19. Although the characterization of lymphocyte subpopulations
was not performed, many of them, such as natural killer, natural
killer T-, Ty 1, and regulatory T-cell subpopulations express 1 or
several chemokine receptors such as CCR4, CCRS, and
CXCR3, arguing that chemokines such as CCL2, CCL3, CCL4,
CCL5, CXCL9, and CXCL10 (which are all elevated in the lungs
of patients with COVID-19) are likely contributing to lymphocyte

recruitment. CCL5 (regulated upon activation, normal T-cell
expressed and secreted [RANTES]), CCL7 (monocyte chemoat-
tractant protein-3), and CCL11 (eotaxin) levels were also signif-
icantly elevated in the BAL fluid of patients with COVID-19. The
presence of such cytokines, which are potent chemoattractants for
eosinophils, is consistent with the influx of such granulocytes into
the extravascular compartment of the lungs. Although some
statistical significance was observed between the controls and
patients with COVID-19, very little IFN-a, IFN-v, and IFN-A2
(IL-28A) was detected in both the plasma and BAL fluid. This
is in agreement with the findings of previous studies showing
that SARS-CoV-2 infection was associated with a very weak,
almost inexistent, interferon response.**® Such findings can be
explained, at least in part, by studies indicating that SARS-
CoV-2 encodes numerous proteins capable of inhibiting type I
interferon synthesis and signaling.*’*®

Besides patients with ARDS, patients with severe COVID-19
are often affected by several extrapulmonary complications,
including multiple thrombotic events indicative of platelet
activation (reviewed in Gupta et al*). Platelets contain a- and
dense granules that store numerous CXC and CC chemokines,
growth factors, bioactive amines (serotonin and histamine), and
proteases.’”" Platelets are a major source of CXC chemokines,
including CXCL4 (PF4),”> CXCL11,” CXCL12 (SDF-1), and
CXCL16,”" and CCL chemokines such as CCL5/RANTES.”
Although plasma is frequently used to assess the presence of
circulating cytokines, platelets are not always depleted of plasma
preparation in all studies, thus leading to misleading observations.
In our study, we depleted platelets by centrifugation, which
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permitted evaluation of circulating inflammatory mediators
released in the extracellular milieu. In a recent article, we docu-
mented that platelets were hyperactivated during COVID-19,
that viral RNA can be found associated with platelets, and that
increased platelet contents indicative of platelet activation and
degranulation are detected in patients’ plasma.16 Furthermore,
our work also indicates that platelets from patients with
COVID-19 are hyperresponsive to thrombin relative to platelets
of subjects with ARDS unrelated to COVID-19.°° In the current
study, we have provided evidence that plasma and BAL fluid of
patients with severe COVID-19 contain significantly elevated
levels of CXCLI1, CXCL8, CXCL12, CCL2, CCL3, CCLS5,
EGF, VEGF, and PDGF-AB/BB, all of which can be found in
platelet granules, arguing that platelets are important contributors
of the hyperinflammation observed in patients with ARDS. In
fact, many of these cytokines, chemokines, and growth factors
work in synergy, fueling the inflammatory response through auto-
crine and paracrine pathways.

Overall, our results indicate that BAL fluid of subjects with
severe COVID-19 contained very high concentrations of the
following cytokines: CXCL1 = CXCL8 > CCL2 = CXCL9 >
CXCL15. Cytokines such as IL-1p3, TNF-a, and IL-6 were pre-
sent at much lower concentrations. Several ongoing trials are
currently exploring the possibility of using biologics (anti—IL-1,
anti-IL-6, and anti-TNF-a) that were initially developed for
the treatment of chronic inflammatory disease such as rheumatoid
arthritis. Time will tell whether such specific treatments will pro-
vide clinical benefits to patients with severe COVID-19. Our re-
sults would argue that drugs with broader anti-inflammatory
activities, such as the blockade of cytokine signaling (eg, Janus
kinase [JAK] inhibition), would provide the greater benefits. In
support of this argument, relative to remdesivir-treated patients
with COVID-19, those receiving remdesivir plus baricitinib (a
JAK inhibitor with activity against JAK1 and JAK?2) had reduced
recovery times and improved clinical status, notably among those
receiving high-flow oxygen or noninvasive ventilation.”” Recent
data from the RECOVERY trial also indicate that administration
of dexamethasone, a glucocorticoid that inhibits neutrophil
migration (among other effects), resulted in a reduced 28-day
mortality of patients with COVID-19.>® With regard to platelets,
there are currently insufficient data to recommend either for or
against using therapeutic doses of antithrombotic or thrombolytic
agents for COVID-19 in patients who are hospitalized.

Our study has the following limitations. First, our patients with
severe COVID-19 were older than our healthy controls (both for
obtaining plasma and for obtaining BAL fluid), which could have
had an impact on the level of certain mediators measured. Second,
the procedure to obtain BAL fluid was slightly different between
healthy subjects and patients with severe COVID-19. The volume
of saline injected into healthy subjects was 50 mL, whereas that
injected into patients with severe COVID-19 was 100 mL. The
possible outcome of this discrepancy could be an underestimation
of lipid levels in 1 group versus the other. Third, the leukocyte
counts in the BAL fluid of patients with severe COVID-19 did not
include the number of alveolar macrophages or a detailed
characterization of the various lymphocyte populations. Such
data would have helped us define more precisely the inflammatory
signature in the lungs of patients with severe COVID-19. Fourth,
our patients with COVID-19 were mostly of Arabic origin
whereas the controls for BAL fluid were White. Whether ethnicity
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affected the outcome of our analysis is undetermined. Lastly, for
the control group, plasma and BAL fluid were not obtained from
the same individuals. Considering that the levels of most analytes
in plasma and BAL fluid of control subjects are typically near or
below the detection limits of the assays, we do not consider this
difference to have affected our results.

In conclusion, our work provides evidence that the content of
inflammatory mediators in the lungs differs from that detected in
the blood. CXC and CC chemokines are by far the most prevalent
inflammatory mediators, and their presence is associated with
massive influx of neutrophils and lymphocytes into the extravas-
cular compartments of the lungs. To be successful, the develop-
ment of effective anti-inflammatory strategies to help reduce
COVID-19 morbidities should take such information into
consideration.

The graphical abstract and Fig 7 were created with Biorender.com.

Clinical implications: Determination of the plasma values of in-

flammatory analytes might not be a proper proxy for study of
the actual status of the lungs during SARS-CoV-2 infection.
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FIG E1. Spearman correlation between cytokines and chemokines in plasma and in BAL fluids of subjects

with severe COVID-19.
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TABLE E1. Comorbidities of subjects with severe COVID-19
Index Total (n = 45)

N/A 4
Nothing to report

Coronary heart disease + type 2 diabetes
Arterial hypertension + heart failure

Asthma

Type 2 diabetes

Carcinoma

Chronic inflammatory rheumatism

Arterial hypertension + coronary heart disease
Chronic inflammatory arthritis

Benign prostatic hyperplasia

Obesity

Alzheimer disease

Rheumatoid arthritis

Urinary system disease

)
=

— s e e e e = = Q) N = = N

NA, Not available.
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TABLE E2. Medication (not related to COVID-19 treatment)
Index Total (n = 45)

N/A 5

Nothing to report 26

Chemotherapy + statins

Chemotherapy (Everolimus)

Methotrexate + corticotherapy

Femara

Metformin

Metformin + Gliclazide

Acetyl salicylic acid + Bisoprolol + Metformin
+ Irbesartan/Amlodipine + Lorazepam

Methotrexate + corticotherapy

Propanolol

Clopidogrel

Salbutamol

—_— N = s N e

—_— == N

NA, Not available.



