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COVID-19 acute respiratory distress syndrome promotes a specific alternative
macrophage polarization

ARTICLE INFO ABSTRACT

Keywords Acute respiratory distress syndrome (ARDS) alveolar environment induced a pro-repair anti-inflammatory
Acute respiratory distress syndrome macrophage polarization. However, patients with coronavirus disease 2019 (COVID-19) ARDS frequently exhibit
COVID-19

a huge lung inflammation and present pulmonary scars and fibrosis more frequently than patients with non-

Is\glzf;;:; COVID-19 ARDS, suggesting that the COVID-19 ARDS alveolar environment may drive a more inflammatory
Polarization or pro-fibrotic macrophage polarization. This study aimed to determine the effect of the COVID-19 ARDS
alveolar environment on macrophage polarization. The main finding was that broncho-alveolar lavage fluids
(BALF) from patients with early COVID-19 ARDS drove an alternative anti-inflammatory polarization in normal
monocyte-derived macrophages; characterized by increased expressions of CD163 and CD16 mRNA (3.4
[2.7-7.2] and 4.7 [2.6-5.8] fold saline control, respectively — p = 0.02), and a secretory pattern close to that of
macrophages stimulated with IL-10, with the specificity of an increased production of IL-6. This particular
alternative pattern was specific to early ARDS (compared with late ARDS) and of COVID-19 ARDS (compared
with moderate COVID-19). The early COVID-19 ARDS alveolar environment drives an alternative anti-
inflammatory macrophage polarization with the specificity of inducing macrophage production of IL-6.
mechanism, in which an inappropriate and exacerbated immune
response has certainly occurred. Most critically ill patients develop a
Abbreviations hyperinflammatory phenotype [2,3], sometime called “cytokine storm”,
ARDS  acute respiratory distress syndrome and the survival of these patients has improved with anti-inflammatory
BALF broncho-alveolar lavage fluid treatments such as dexamethasone or tocilizumab (an anti-interleukin
CD cluster of differentiation [IL]—6 receptor) [4]. Monocytes and macrophages are particularly
COVID-19 coronavirusdisease 2019 abundant in lungs with COVID-19 ARDS [5] and are key players in in-
HGF hepatocyte growth factor flammatory syndrome. Macrophages are plastic cells that can modify
ICU intensive care unit their activation profile depending on their micro-environment during
IFN-y interferon y the so-called “polarization” process. Along these lines, macrophages
IL-4 interleukin 4 may play a pivotal role both in promoting early inflammation through a
IL-6 interleukin 6 classical M1 inflammatory polarization, and in subsequent tissue repair
IL-10 interleukin 10 and inflammation resolution through an alternative M2 polarization. M2
MerTK  myeloid-epithelial-reproductive tyrosine kinase pro-fibrotic macrophages may also be involved in excessive and pro-
MMP matrix metallo-proteinase longed fibroproliferation, whose clinical expressions, such as organizing
mRNA  messenger RiboNucleic Acid pneumonia, scarring, and pulmonary fibrosis, are observed in a higher
PPAR-y peroxisome proliferator-activated receptor-y proportion in COVID-19 than in non-COVID ARDS [6].
SARS-CoV-2 severe acute respiratory syndrome CoronaVirus 2 We aimed to determine the modulation of normal human macro-
TGF-p  transforming growth factor-f phage polarization by the alveolar environment of human COVID-19
ARDS.

1. Introduction

2. Material and methods
Severe forms of coronavirus disease 2019 (COVID-19) are mainly

marked by an acute respiratory distress syndrome (ARDS), which pre- 2.1. Ethics
sents several particularities compared with ARDS caused by other fac-
tors. Among them is the delayed onset of COVID-19 ARDS beyond the This study was approved by the French Anesthesiology and Critical

usual 7-day period [1], which suggests a double-hit lung injury
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Care Medicine ethics committee (CERAR, approval number:
00010254-2022-019) on February 18, 2022. All procedures followed
the ethical standards on human experimentation of the ethical com-
mittee and the Helsinki Declaration of 1975. According to French law
and due to the non-interventional design of the study, the patient’s
consent was waived [7].

2.2. Population

The remaining fluids from broncho-alveolar lavage (BAL) performed
by the attending physician as routine care to confirm a clinical suspicion
of pneumonia were used in this study. BAL fluids (BALF) from six pa-
tients with early COVID-19 ARDS (i.e., sampled in the first week
following intensive care unit [ICU] admission and tracheal intubation),
six patients with late COVID-19 ARDS (i.e., sampled after the first week
following ICU admission and tracheal intubation), and six patients with
early moderate COVID-19 (i.e., sampled within the first week following
admission into the medical ward and oxygen delivery onset), in which
all patients had no confirmed pneumonia, were used. All the patients
with ARDS were hospitalized in the medical or surgical ICU of Saint-
Antoine University Hospital (Paris, France) and all patients with mod-
erate COVID-19 were hospitalized in the medical wards of Tenon Uni-
versity Hospital (Paris, France). Demographic data, results of arterial
blood gases, and patient’s outcomes were anonymously collected
(Supplementary Table 1).

Peripheral blood monocytes were isolated from residual cell pellets
that were available after blood cytapheresis was performed in healthy
platelet donors (n = 6). Apheresis residual cell pellets were obtained
from the local site of the National Blood Service.

2.3. Broncho-alveolar lavage collection and treatment

BAL were performed with 5 x 20 mL of 0.9% saline solution, under
fiberoptic control. The remaining BALF, which were not used for viro-
logical and/or bacteriological diagnosis, were centrifuged at 1500 rpm
at 4 °C for 10 min immediately after their arrival in the microbiological
laboratory. Cell-free supernatants were collected and stored at —80 °C
until further use within the next 3 months.

2.4. Monocyte isolation, macrophage differentiation and polarization

Normal blood monocytes were isolated from residual cell pellets,
which were available after blood cytapheresis was performed in healthy
platelet donors, by gradient centrifugation with 15 mL of lymphocyte
separation gradient (CMSMSLO1, Eurobio). After recovery, peripheral
blood mononuclear cells were washed three times to remove the plate-
lets, and sorted using the negative magnetic Pan-Monocyte Isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) as recommended by the
manufacturer. The sorted cells were then seeded in non-coated 24-well
plates (Costar, Corning Inc, New York, NY, USA) at 5 x 10° cells/well in
1 mL of RPMI 1640 GlutaMAX medium (GIBCO, Life Technologies,
Carlsbad, CA, USA) for 90 min, before soft washing with 1x phosphate-
buffered saline. Cells, which had more than 95% monocytes, were then
cultured in RPMI 1640 GlutaMAX containing 2 mM of fresh glutamine,
supplemented with non-essential amino-acids, 10% fetal calf serum
(FCS), and 100 U/mL penicillin + 100 pg/mL streptomycin.

Monocytes were first differentiated in macrophages for 2 days with
50 ng/mL GM-CSF and 25 ng/mL M-CSF (R&D, Minneapolis, MN, USA)
and subsequently polarized in RPMI 1640 GlutaMAX/5% FCS with 50
ng/mL recombinant human (rh) Interferon (IFN)-y, 40 ng/mL rhIL-4 or
50 ng/mL rhIL-10 (R&D) for another 3 days. Non-polarized macro-
phages left in the culture medium alone were used as basal controls. To
study the effect of the alveolar environment, we stimulated monocyte-
derived macrophages for 3 days with either 25% of BALF vol/vol or
0.9% saline solution as the BALF control (saline basal control).
Monocyte-derived macrophages from each healthy donor (n = 6) was
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stimulated by two early COVID-19 ARDS BALF, two late COVID-19
ARDS BALF and two early moderate COVID-19 BALF, which were
randomly selected among the six available samples. Consequently, the
six BALF from the three groups were used twice on monocyte-derived
macrophages from two distinct healthy donors. After 5 days of cul-
ture, the macrophages were lysed with TRIzol® and their supernatants
were aliquoted in sterile tubes and stored at —80 °C until further
utilization.

2.5. Quantitative PCR

mRNA was extracted from in-vitro polarized macrophages using the
NucleoSpin RNA Mini kit (Macherey-Nagel, Dueren, Germany), and
reverse transcribed using the M-MLV Reverse Transcriptase kit (Prom-
ega, Madison, WI, USA) after the determination of mRNA concentrations
with the Nanodrop (Nanodrop Technologies, Wilmington, DE, USA).
Finally, quantitative PCR was performed using 25 ng of cDNA, 10 pl of
SYBR green master Mix (Applied Biosystems, Foster City, CA, USA) and
500 nmol/L of each primer per reaction in a real-time PCR system
(Model 7300, Applied BioSystems). The primer sequences are shown in
Supplementary Table 2. A probe set for hUBC was used as the normali-
zation standard.

2.6. ELISA

Protein concentrations were measured with a commercial bead-
based multiplex immunoassay (ProcartaPlex immunoassay kit, Life
Technologies, ThermoFischer Scientific,c Waltham, USA) using the
Luminex xMAP technology (Magpix®, Luminex Corp., Austin, USA).
Supernatants and BALF were assayed undiluted. BALF mediator content
was removed from the corresponding culture supernatant.

2.7. Statistical analysis

Results were expressed as median [25th-75th percentile]. Results
obtained on monocyte-derived macrophages from two healthy donors
with the same BALF were considered duplicates, and the mean of these
two results was considered as the final value in the analyses. Differences
between groups were assessed by non-parametric tests using GraphPad
Prism 9.3 (GraphPad Software).

3. Results

3.1. Early COVID-19 ARDS alveolar environment produced an
alternative anti-inflammatory macrophage polarization in-vitro

Considering the mRNA expression patterns, BALF from patients with
early COVID-19 ARDS induced an alternative polarization in normal
monocyte-derived macrophages, which was close to the polarization
induced with rhIL-10 [M(IL-10)]. Indeed, CD163 and CD16 expressions
were increased 3.4-fold [2.7-7.2] and 4.7-fold [2.6-5.8], respectively (p
= 0.02 vs. saline control) (Fig. 1A). In contrast, the expression of
CD200R and CCL22, which were two characteristic markers of the
alternative polarization induced with rhIL-4, were respectively only
moderately increased (3.3 [1.4-3.6]) and strongly decreased (0.3
[0.1-0.6]) (p = 0.02) (Fig. 1A). This expression pattern was similar to
that induced by non-COVID ARDS BALF [8]. When observing other
characteristic markers of macrophage polarization (i.e., matrix
metallo-proteinase [MMP]—1, MMP-9, transforming growth factor-p
[TGF-B], peroxisome proliferator-activated receptor-y [PPAR-y],
myeloid-epithelial-reproductive tyrosine kinase [MerTK]), macrophages
stimulated with early COVID-19 ARDS BALF also showed an alternative
mRNA pattern; this pattern being closer to that induced by IL-10 than by
IL-4 (Fig. 1B).

Macrophages stimulated with early COVID-19 ARDS-BALF showed a
secretory pattern close to that of macrophages stimulated with IL-10,



M. Garnier et al. Immunology Letters 251-252 (2022) 107-112

A

100+ Bl CDS0
80+ = CD64
60+ BN CD200R
40- E CCL22
< 204 T BN CD163
E < 15 MJ CD16
T [}
ET  1a o T
23 13 "
[¢] c ]
X o 124 n
- O .l sk
® 0=> 11 .I T 1
€35 101 o —_—
co "
o35 9 m
-y 84 | mg . Aok
g ‘(@ 7 - :. " ' * '
= 3 |. ll 1
1 % 6- a |l
oL 54 MM o :
n- . I. L
' I. L
I. L
. LI
. LI

Early COVID-19  Late COVID-19 Moderate
IFN-y IL-4 IL-10 ARDS BALF ARDS BALF COVID-19 BALF

10- = MMP1
_ I MMP9
91 Em TGFp
3 PPARy
81 - T 3 MerTK
7-
6-

Polarization markers mRNA
(fold basal or saline control mRNA)

- - B Early covib-19
IFN-y IL-4 IL-10 ARDS BALF

Fig. 1. Phenotypic characteristics of macrophages polarized with recombinant human cytokines and COVID-19 broncho-alveolar lavage fluids (BALF). (A) Relative
expression of CD80, CD64, CD200R, CD163 and CD16 mRNAs in monocyte-derived macrophages polarized in-vitro with rhIFN-y, rhIL-4, rhIL-10, early COVID-19
ARDS BALF, late COVID-19 ARDS BALF and moderate COVID-19 BALF (n = 6 monocyte-derived macrophages from healthy donors; each of them was stimulated with
cytokines; two BALF sampled from six different patients with early COVID-19 ARDS, six patients with late COVID-19 ARDS, and six patients with early moderate COVID-19; all
patients had no concomitant bacterial pneumonia). * p<0.05; ** p<0.01; (B) Relative expression of MMP-1, MMP-9, TGF-f, PPAR-y, and MerTK in monocyte-derived
macrophages polarized in vitro with rhIFN-y, rhIL-4, rhIL-10, and early COVID-19 ARDS BALF.
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characterized by increased productions of IL-10 and HGF both at the
mRNA and protein levels, and distinct from that of macrophages stim-
ulated with IFN-y or IL-4 (Fig. 2, and Supplementary Figs. 1 and 2). This
secretory pattern was similar to that previously observed after stimu-
lation with non-COVID ARDS-BALF [8]. However, macrophages stimu-
lated with early COVID-19 ARDS-BALF particularly showed increased
expression and production of IL-6 (Fig. 2, and Supplementary Figs. 1 and
2).

3.2. Macrophage polarization induced by COVID-19 ARDS alveolar
environment is specific to early COVID-19-related lung injury

In comparison to the early COVID-19 ARDS BALF, BALF from pa-
tients with late COVID-19 ARDS had not induced any significant po-
larization (1.5 [0.7-2.2] and 2.2 [0.8-3.1] for CD163 and CD16 relative
mRNA expressions, respectively — Fig. 1A). The characteristic HGF, IL-
10, and IL-6 up-regulations, which were induced by early COVID-19
ARDS BALF at the mRNA and protein levels, were significantly
reduced in normal monocyte-derived macrophages stimulated with late
COVID-19 ARDS BALF (Fig. 2).

3.3. Macrophage polarization induced by COVID-19 ARDS alveolar
environment is dependent on the level of lung injury

In comparison to the early COVID-19 ARDS BALF, early BALF from
patients with moderate COVID-19 who were hospitalized in the wards
had not induced any significant polarization (0.9 [0.8-2.4] and 1.3
[0.7-2.2] for CD163 and CD16 relative mRNA expressions, respectively
—Fig. 1A). The characteristic HGF, IL-10, and IL-6 up-regulations, which
were induced by early COVID-19 ARDS BALF at the mRNA and protein
levels, were significantly reduced in normal monocyte-derived macro-
phages stimulated with early moderate COVID-19 BALF (Fig. 2).

4. DIiscUssION

Stimulation of normal human monocyte-derived macrophages with
COVID-19 ARDS BALF induced an alternative macrophage polarization.
Previous studies based on single-cell analyses have shown that several
macrophage sub-populations co-exist in COVID-19-injured lungs [5,9,
10]. These studies have reported that critically ill patients suffering from
SARS-CoV-2-induced ARDS exhibit an enriched fraction of inflamma-
tory macrophages compared with patients with mild COVID-19 or
healthy controls [5]. However, transcriptomic analyses have revealed
that an inflammatory pattern has mainly been identified in recently
recruited monocytes and newly differentiated macrophages, whereas
macrophages present at the injured site have progressively shifted to-
ward an alternative polarization [9,11]. Thus, macrophages pass grad-
ually through several phenotypes, first characterized by high CD163 and
legumain expressions (i.e., the so-called CD163/LGMN macrophages by
Wendish et al.); and then acquired more mature phenotypes character-
ized by the expression of genes related to TGF-p signaling (notably
TGF-f), scavenger receptors and molecules associated with apoptotic
cell uptake (notably CD163 and MerTK) and extracellular matrix com-
ponents or molecules involved in its breakdown (such as MMP-9) [9].
Interestingly, in this study, we found that macrophages stimulated with
COVID-19 ARDS BALF expressed all these markers, such as macrophages
stimulated with IL-4 or IL-10, whereas macrophages stimulated with
IFN-y had almost no expression. However, this expression pattern was
closer to that observed after stimulation with IL-10 than with IL-4. This
finding may appear, at first glance, in contrast with the results reporting
an alternative pro-fibrotic polarization following in vitro macrophage
infection with SARS-CoV-2 [9,11]. However, in these studies, normal
monocyte-derived macrophages were only infected with SARS-CoV-2,
apart from the co-stimulation with all other components of the alve-
olar environment. In addition, the alternative polarization close to that
induced by IL-10 reported in this study could also appear in contrast
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with ex vivo results reporting an alternative polarization close to that
exhibited by lung macrophages from idiopathic pulmonary fibrosis (IPF)
[9,10]. However, in these studies, the macrophages were isolated from
autopsy samples [9,10], and BAL were performed in the most critically
ill patients requiring extra-corporeal membranous oxygenation [9].
These factors may constitute a selection bias leading to reports of
macrophage polarization in patients with defective alveolar repair, who
consequently exhibited aberrant lung fibroproliferation and IPF-like
macrophage polarization.

In addition to this alternative anti-inflammatory polarization, we
observed a specific increased production of IL-6, which has not been
formerly observed in macrophages polarized with BALF from patients
suffering from non-COVID-induced ARDS [8]. Lung compartmentaliza-
tion of inflammation, which had already been reported in
non-COVID-19 ARDS, is now also established during
SARS-CoV-2-induced ARDS. Indeed, alveolar IL-6 concentrations are
approximately 300-times higher than those in serum of patients with
critical COVID-19 [12,13]. Several lung cell types, including alveolar
macrophages, can produce IL-6 during ARDS. Our results confirmed that
the COVID-19 ARDS alveolar environment had the particularity of
increasing macrophage IL-6 production. We found that this feature was
specific to early and critically injured alveolar environment, which is
consistent with a previous report showing that IL-6 and HGF concen-
trations, two of the mediators whose macrophage production is partic-
ularly increased following COVID-19 ARDS BALF stimulation, are
increased in patients with the most severe SARS-CoV-2-induced lung
injury [14]. Given that we did not perform single-cell transcriptional
analyses, we could not exclude the possibility that several variations of
macrophage polarization may exist in different macrophages, some of
them being responsible for IL-6 production, whereas the others fully
adopted an anti-inflammatory pattern. In any case, alveolar macro-
phages may contribute to the high alveolar IL-6 concentrations observed
during critical COVID-19. This finding may be due to the direct infection
of macrophages by SARS-CoV-2 [11] and due to macrophage stimula-
tion by elevated concentrations of IFN-y [15]. Notably, IL-6, which is
classically considered a typical pro-inflammatory cytokine, may have
mild anti-inflammatory properties on macrophages [16] and may
enhance the induction of an alternative polarization when combined
with other cytokines, such as IL-4 and IL-13 [17]. This effect is partially
mediated by STAT-3 activation [17], which is also the key transcription
factor of IL-10-induced polarization. Thus, this deserves further in-
vestigations to determine whether COVID-19-induced IL-6
up-regulation in macrophages maintains an inflammatory component
within the injured alveoli or whether it contributes to increasing the
pro-repair and anti-inflammatory properties of alternatively polarized
macrophages.
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Fig. 2. Secretomes of macrophages polarized with recombinant human cytokines and COVID-19 broncho-alveolar lavage fluids (BALF). Radar charts represent the
secretory profiles of macrophages polarized in vitro with rhIFN-y, rhIL-4, rhIL-10, early COVID-19 ARDS BALF, late COVID-19 ARDS BALF, and moderate COVID-19
BALF, both at the mRNA (empty circles and dotted lines) and protein (filled circles and solid lines) levels (n = 6). Results are expressed relatively to mRNA expression and
protein concentration observed for basal or saline control macrophages. IL-10 concentration was not measured in M(IL-10) supernatants due to its interference with the rhIL-10

used for macrophage polarization.
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