iSCience ¢? CellP’ress

OPEN ACCESS

Airway epithelial cells and macrophages trigger IL-
6-CD95/CD95L axis and mediate initial
immunopathology of COVID-19

Thais F.C. Fraga-
Silva, Ualter G.
Cipriano, Marcilio
J. Fumagalli, ...,
Maria Auxiliadora-
Martins, Rita C.
Tostes, Vania L.D.
Bonato

HLA_DR ? vlbonato@fmrp.usp.br
L CD163 Highlights
e CD95 SARS-CoV-2-infected
airway epithelial cells (AEC)
SARS-CoV-2 L Fas/FasL secrete |L-6 and express
~ o 7 <P IL-S-R FaslL
s ¢~ , antagonists

()

4 Infected apoptotic AEC or

IL-6 increases Fas and

CD163 expression on
macrophages

Fas/FasL or IL-6 receptor
antagonists prevent
macrophage dysfunction

Non-canonical CD95L-
CD95 pathway drives
macrophage activation and
dysfunction

Fraga-Silva et al., iScience 26,
108366

December 15, 2023 © 2023 The
Authors.
https://doi.org/10.1016/
j.isci.2023.108366




iIScience ¢? CellP’ress

OPEN ACCESS

Airway epithelial cells and macrophages trigger
IL-6-CD95/CD95L axis and mediate
initial immunopathology of COVID-19

Thais F.C. Fraga-Silva," Ualter G. Cipriano,” Marcilio J. Fumagalli,” Giseli F. Correa,” Carlos A. Fuzo,?
Douglas dos-Santos,* Fabiola L.A.C. Mestriner,> Christiane Becari,> Andrea Teixeira-Carvalho,®
Jordana Coelho-dos-Reis,” Mayra G. Menegueti,® Luiz T.M. Figueiredo,?? Larissa Dias Cunha,*
Olindo A. Martins-Filho,® Marcelo Dias-Baruffi,> Maria Auxiliadora-Martins,® Rita C. Tostes,°

and Vania L.D. Bonato!-211.*

SUMMARY

Airway epithelial cells (AEC) infected with SARS-CoV-2 may drive the dysfunction of macrophages during
COVID-19. We hypothesized that the direct interaction of AEC with macrophages mediated by CD95/
CD95L or indirect interaction mediated by IL-6 signaling are key steps for the COVID-19 severe acute
inflammation. The interaction of macrophages with apoptotic and infected AEC increased CD95 and
CD163 expression, and induced macrophage death. Macrophages exposed to tracheal aspirate with
high IL-6 levels from intubated patients with COVID-19 or to recombinant human IL-6 exhibited decreased
HLA-DR expression, increased CD95 and CD163 expression and IL-18 production. IL-6 effects on macro-
phages were prevented by both CD95/CD95L antagonist and by IL-6 receptor antagonist and IL-6 or
CD95 deficient mice showed significant reduction of acute pulmonary inflammation post-infection. Our
findings show a non-canonical CD95L-CD95 pathway that simultaneously drives both macrophage activa-
tion and dysfunction and point to CD95/CD95L axis as therapeutic target.

INTRODUCTION

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), the causative agent of coronavirus disease 2019 (COVID-19), primarily infects
epithelial cells in the respiratory tract. The Spike protein on the virus surface is recognized by the angiotensin-converting enzyme 2 (ACE2),
which is highly expressed by epithelial cells of the higher airways, as nasopharynx, and lower airways, as alveolar epithelial cells, particularly by
type Il pneumocytes.'™ Viral particles were identified within bronchial epithelial cells, alveolar type | and Il cells.” The infection of airway
epithelial cells (AEC) disrupts intercellular junctions and the contact of AEC with the basement membrane.>® SARS-CoV-2 infection of human
AEC in vitro induces a cytopathic effect,” stimulating caspase-8-dependent IL-1B production,” activating gene expression of inflammatory
factors, and inhibiting type-I IFN production.®

Patients with severe and critical forms of COVID-19 exhibit increased serum concentrations of IL-6 and IL-10, lower expression of HLA-DR
on monocytes, and increased neutrophil to lymphocyte ratio in the peripheral blood.” ' Moreover, severe patients with COVID-19 are group-
ed in 2 immunotypes: 1- deceased patients that remained a short time at the hospital, exhibited high viral load and low diffuse alveolar
damage (DAD); 2- deceased patients that remained a long time at the hospital, had lower viral load and significant DAD and immunopa-
thology compared to the group 1."""'? These findings show that the dysregulation of the immune response and immunopathology are
hallmarks of severe COVID-19 and that the severe pulmonary disease is heterogeneous and have distinct immunotypes.
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Figure 1. SARS-CoV-2 induces death and IL-6 secretion in airway epithelial cells

(A and B) Calu-3 cells were infected with SARS-CoV-2 at the multiplicity of infection (MOI) 0.2 and 2.0. Cytopathic effect was evaluated using (A) Panotic staining
and (B) flow cytometric analysis of live cells (annexin V"FVS).

(C) Viral load was measured by plaque-forming units (PFU/mL) using the supernatants of Calu-3-infected cells at 24, 72 and 120 h post-infection (p.i.).

(D) IL-6 concentration was measured in the supernatants derived from non-infected (NI) and SARS2-infected cells at 6 to 144 h p.i.

(E) Normalized expression (Z score) of differentially expressed genes related to apoptosis pathways in infected and non-infected (mock) cells. Data represent the
mean + SD of at least two independent experiments performed in triplicate. (D) *p < 0.05, MOI 2.0 vs. NI; #p < 0.05, MOI 2.0 vs. MOI 0.2, and & p < 0.05, MOI 0.2
vs. NI. Bars depict the exact p values.

Postmortem examination revealed a predominance of myeloid cells, mostly macrophages, along with CD4* and CD8" T cells infiltration in
the pulmonary parenchyma of patients with COVID-19,"* indicating a critical role for macrophages in the immunopathology and in the dys-
regulation of the immune response in the lungs.'* Although it has been shown that SARS-CoV-2 infects AEC, induces cell death, DAD, cyto-
kine secretion, acute inflammation, neutrophil influx, and neutrophil extracellular traps (NET)," the initial mechanisms that drive the interac-
tions of lung epithelial cells and macrophages and how these early events contribute to the dysregulated immune response induced by
macrophages in the lungs are unknown.

CD95L-CD95 signaling induces canonical lymphocyte death in COVID-19."*"” However, whether the CD95L-CD95 axis leads to macro-
phage activation and dysfunction in COVID-19 remains to be investigated. Severe patients with COVID-19 exhibit higher CD163 expression
in lungs macrophages'®“° and lower HLA-DR in monocytes.””""* In addition, lung monocytes and macrophages from patients with severe
COVID-19 show compromised efferocytosis, i.e., the engulfment of apoptotic cells.”* We hypothesized that CD95L-CD95 signaling and
IL-6 secretion drive AEC death and activation of inflammatory responses by macrophages. To investigate the activation of very early events
of the innate response leading to hyperinflammation, we described a non-canonical CD95L-CD95 pathway that simultaneously drives
macrophage activation, marked by high levels of IL-1B, and macrophage dysfunction, marked by the augment of CD163 in macrophages.
The data showing that CD95L-CD95 signaling and IL-6 contribute to the early pulmonary inflammation point to CD95/CD%5L as a thera-
peutic target.

RESULTS
Severe acute respiratory syndrome coronavirus 2 induces CD95/CD95L expression in airway epithelial cells
SARS-CoV-2 causes a cytopathic effect in AEC, with cytokine and chemokine secretion and caspase-8-dependent IL-1B production.®” How-
ever, the mechanisms by which AEC trigger the innate response and inflammation still require a better understanding. First, we analyzed cell
viability in SARS-CoV-2 (SARS2)-infected cultured Calu-3 cells, a cell line of bronchial epithelial cell, using different viral loads (MOI 0.2 and
MOI 2.0). Massive cell death was detected 72 h post-infection (Figures 1A and 1B) while a significant viral load (PFU/mL) was recovered from
the supernatant of infected cells at 24 and 72 h (Figure 1C). Since IL-6 is a critical mediator of immune dysregulation and severe respiratory
failure,' we analyzed IL-6 kinetics in SARS2-infected Calu-3 cells. SARS2 at MOI 2.0 significantly induced IL-6 secretion é h post-infection
compared to the MOI 0.2 and mock conditions. The peak of IL-6 secretion occurred 72 h post-infection (Figure 1D). Infected Calu-3 cells
secreted low levels of TNF, IL-18 and IL-10 in all conditions.

Using transcriptome external databases (GSE147507),% we performed differential expression analysis to define differentially expressed
genes (DEGs) in SARS2-infected and non-infected Calu-3 cells. The over-representation analysis (ORA) using the DEGs revealed two
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Figure 2. SARS-CoV-2 infection induces apoptosis and CD95/CD95L expression in airway epithelial cells

(A-G) Calu-3 cells were infected with SARS-CoV-2 at MOI 0.2 and evaluated by (A) flow cytometry to assess the percentage of (B) apoptotic (annexin VIFVS™),
(C) late apoptotic (annexin V'FVS™) and (D) necrotic (annexin V-FVS™) cells after 24, 72 and 120 h p.i. The median fluorescence intensity (MFI) of (E) CD95L and (F)
CD95 was determined in infected and non-infected (NI) cells and (G) represented in the histogram.

(H) Representative immunoblot image of cleaved capase-3, cleaved caspase-8 and B-actin proteins in NI cells and Calu-3 cells infected with SARS-CoV-2 and
H1N1 at MOI 0.2 and 2.0 for 72 h (SARS2) or Calu-3 apoptotic cells induced by UV radiation (UV-AC, 50 mJ).

(I) HMGB1 concentration determined in the supernatants derived from NI and infected cells (SARS2) at 24, 72 and 120 h p.i. Data represent the mean + SD of at
least two independent experiments performed in triplicate. (E,F) *p < 0.05, infected vs. NI; #p < 0.05, infected vs. 24 h p.i. Bars depict the exact p values.

significantly enriched apoptotic-related pathways (Apoptotic cleavage of cellular proteins and Apoptosis) in Calu-3 cells infected with SARS2
(Figure S1). Compared to Mock, SARS2-infected Calu-3 cells showed increased expression of pro-apoptotic genes (CASP7, CASP8, BCL2L11,
and CD95 - Fas receptor) and decreased expression of anti-apoptotic genes (BIRC2), and genes related to the proteasome complex (PSM
family) or to tissue damage (HMGB1) (Figure 1E).

Most of Calu-3 cells infected with SARS2 were in late apoptotic stage (annexin V'FVS™), as confirmed by flow cytometry analysis
(Figures 2A-2D). A low frequency of non-infected cells was also in late apoptotic stage, as those are cultured in a medium with low fetal bovine
serum (Figure 2A). At the late infection (120 h), Calu-3 cells infected with SARS2 were in necrosis compared to 24 and 72 h of infection (Fig-
ure 2D). In addition, the expression of CD95L (Fas-ligand) and CD95, determined by CD95L or CD95 median fluorescence intensity (MFI), was
significantly higher only on late apoptotic cells (Figures 2E-2G). Increased expression of cleaved caspase-3 and cleaved caspase-8 were also
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Table 1. Characteristics of patients with COVID-19 from whose AEC isolated from fresh tracheal aspirate were used in the analysis of CD95L expression

Demographics All patients
Number 11

Age (yr) 58.91
Female, n (%) 6 (54.55)
Body mass index 31.33
Hospital day 30.64
Intensive care unit day 18.82
Comorbidities

Hypertension, n (%) 9 (81.82)
Diabetes, n (%) 7 (63.64)
Obesity, n (%) 6 (54.55)
Lung disease, n (%) 0 (0.00)
History of smoking, n (%) 0 (0.00)
Laboratorial findings

Glycemia (mg/dL) 232.00
C-reactive protein (mg/dL) 4.00
D-Dimers (ng/mL) 4.51
Ferritin (ng/mL) 2,644.80
Creatinine (mg/dL) 1.97
Urea (mg/dL) 110.14
Hemoglobin (g/dL) 11.19
Neutrophils (cell/mm?) 15.68
Lymphocytes (cell/mm?) 1.16
Neutrophil:Lymphocyte Ratio 23.16
Platelets (count/mm?) 303,909
Medications

Corticosteroid 10 (90.91)
Antibiotics 7 (63.64)
Heparin 11 (100.00)
Outcome

PaO,/FiO, Ratio 172.09
Simplified Acute Physiology Score Il 58.55
Deaths 4 (36.36)

All patients had mechanical ventilation.

found in SARS2-infected Calu-3 cells (Figure 2H). The lower levels of HMGB1 in the supernatant of infected cells (Figure 2I) further support
predominant cell death by apoptosis in AEC infected with SARS2.

Similar results were observed in Calu-3 cells infected with influenza A (H1N1) virus (Figure S2). HIN1 infection increased the cellular expres-
sion of cleaved caspase-3 and cleaved caspase-8, and increased IL-6 levels in the culture supernatants. In addition, most of Calu-3 cells
infected with HIN1 were in late apoptotic stage (annexin V'FVS") and expressed CD95L and CD95.

Apoptotic severe acute respiratory syndrome coronavirus 2-infected airway epithelial cells induces CD95 on macrophages
To investigate if AEC from patients with COVID-19 exhibit a phenotype similar to observed in Calu-3 cells, cell viability in 11 fresh tracheal
aspirate samples collected from intubated patients with COVID-19 was analyzed. Clinical and laboratory characteristics of these patients
are shown in Table 1. The patients, mean age was 58.9 years and 81.2% had hypertension, spent an average of 18 days in the intensive
care unit (ICU), confirming severe COVID-19. Similar to observations in Calu-3 cells, most AEC from patients with COVID-19 (gated as
CD45 EpCam™ cells) (Figure S3A) were dying cells (Figure 3A), exhibiting significant expression of CD95L (MFI), but not CD95, compared
to live epithelial cells from the same sample (Figures 3B and 3C).
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Figure 3. SARS-CoV-2-infected bronchial epithelial cells induces aberrant activation in macrophages

(A-D) Epithelial cells (CD45 EpCAM™) from tracheal aspirate of intubated patients with COVID-19 were evaluated for total (A) live or dying cells, and the median
fluorescence intensity (MFI) of (B) CD95L and (C) CD95. Normal human bronchial epithelial (NHBE) cells were infected with SARS-CoV-2 at MOI 2.0 and evaluated
by (D) flow cytometry to assess the percentage of live (annexin V™FVS’), apoptotic (annexin V'FVS™), late apoptotic (annexin V*FVS™) and necrotic (annexin
V7 FVS*) cells after 72 h p.i.

(E) IL-6 concentration was measured in the supernatants derived from non-infected (NI) and SARS2-infected NHBE cells cultures.

(F and G) The median fluorescence intensity (MFI) of (F) CD95L and (G) CD95 was determined in total cell population.
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Figure 3. Continued

(H) Monocyte-derived macrophages (MDM, 5x10°/mL) were co-cultured for 24 h with total NHBE cells non-infected (NI) or infected with SARS-CoV-2 (MOI 2.0, 72
h) and compared to MDM cultured alone as control (Ct).

(I) The percentage of dying cells (FVS™).

(J) IL-1B concentration was measured in the supernatants of co-culture.

(K and L) The percentage of (K) HLA-DR™ and (L) CD163" in live MDM (FVS™).

(M-0) (M) MFI of (N) CD95 and (O) CD95L was determined in live MDM (FVS™).

Data represent the mean + SD of two independent experiments. Bars depict the exact p values.

In addition to the findings in Calu-3 cells and AEC from patients with COVID-19, normal human bronchial epithelial (NHBE) cells were also
dying cells (Figure 3D) and produced IL-6 in response to SARS2 infection (Figure 3E). Infected cells exhibited significant expression of CD95L
(MFI), but not CD95, compared to non-infected cells (Figures 3F and 3G).

To gain insight on how dying epithelial cells directly activate macrophages during the acute phase of COVID-19, NHBE cells were infected
with SARS2 (MOI 0.2 for 72 h) and co-cultured with monocyte-derived macrophages (MDM) (Figure 3H). The direct contact of MDM with
SARS2-infected NHBE cells, but not with non-infected NHBE cells, significantly induced macrophage death (Figure 3l) and increased the
production of IL-1B (Figure 3J). Macrophages co-cultured with SARS2-infected NHBE cells that remained alive showed reduced HLA-DR
expression (Figure 3K) and increased CD163 expression (Figure 3L) compared to control macrophage cultures. Increased expression of
CD95 and CD95L was observed in live macrophages (Figures 3M-30).

These results were confirmed using sorted apoptotic Calu-3 cells 72 h post-SARS2 infection co-cultured with THP-1-derived macrophages
(TDM) (Figure S4). The direct contact of macrophages with SARS2-infected apoptotic Calu-3 cells, but not with non-infected apoptotic Calu-3 cells,
significantly induced macrophage death (Figures S4B and S4C). Macrophages co-cultured with apoptotic Calu-3, SARS2-infected or non-infected,
that remained alive showed no alterations in HLA-DR expression compared to control macrophage culture (Figure S4D). Contact with both
apoptotic cells increased CD163 expression on macrophages that remained alive (Figure S4E). Increased expression of CD95 was observed in
live and dying macrophages (Figures S4F and S4G), and increased expression of CD95L was observed only in dying cells (Figures S4H and S4l).

Therefore, the direct interaction of SARS2-infected AEC with macrophages resulted in death of these innate leukocytes and positive regu-
lation of CD95 and CD95L, mainly in dying macrophages.

IL-6 induces macrophage activation and dysfunction

Considering that SARS2-infected Calu-3 cells secrete IL-6 (Figure 1D), and IL-6 is associated with progression, severity and mortality in COVID-
19,47 the indirect (IL-6-mediated) effect of epithelial cells on macrophages was also investigated. The secretion of chemokines and cyto-
kines was first determined in 28 samples of frozen tracheal aspirates collected from intubated patients with COVID-19. Clinical and laboratory
characteristics of patients are shown in Table 2. The mean age was 65.29 years and 81.8% of those patients had hypertension, spent an
average of 21.6 days in the ICU. IL-1B, IL-6 and TNF were the cytokines with the highest concentrations in the tracheal aspirate from these
patients with COVID-19. Among those, IL-6 was detected in higher concentrations. Samples from the 28 intubated patients were divided
in low (17 patients) and high (11 patients) IL-6-producers (Figure 4A). High producers showed increased levels of HMGB1 and ATP in tracheal
aspirate samples compared with the low IL-6-producers (Figures 4B and 4C). Despite the increased levels of some mediators, no differences
were observed in the outcome of the disease (Table 2) between low and high IL-6-producers. However, CD95L was associated with a higher
incidence of death, and high IL-6-producers exhibited a significant correlation with TNF and HMGB1 (Figure 4D).

Pools of cell-free supernatants of frozen tracheal aspirate derived from low and high IL-6-producers were sorted to evaluate the effect of
the inflammatory milieu on steady-state macrophages. TDM were cultured with supernatants of low or high producers of IL-6 for 24 h (Fig-
ure 4E). TDM cultured with supernatants of high IL-6-producers showed higher expression of CD95 (Figures 4F and 4G). As the median values
from lower and higher IL-6-producers were 225.06 and 1,605.30 pg/mL, respectively, cultures of TDM were stimulated with recombinant hu-
man IL-6 (rIL-6) at 200 and 2,000 pg/mL to mimic low and high concentrations of IL-6. CD95 expression was greater in macrophages exposed
to the higher rlL-6 concentrations (Figures 4H and 4l), similar to the observations with supernatants derived from tracheal aspirate samples.

Both supernatants, high and low IL-6-producers induced IL-1B by macrophages. High IL-6-producers induced a significant augmentation
in the concentrations of IL-1p compared to stimulation in the presence of low IL-6-producers (Figure 4J). Of note, the concentrations of IL-18 in
the supernatants of TDM cultures were determined subtracting the concentrations previously detected in supernatants of the tracheal aspi-
rate. Both supernatants (high and low producers) induced decreased percentage of HLA-DR" (Figures 4K and 4M) and increased percentage
of CD163" TDM (Figures 4L and 4M).

Blockade of the IL-6-CD95/CD95L axis augments HLA-DR and reduces CD163 on macrophages
To confirm that the IL-6-CD95/CD95L axis leads to the death of AEC and to both macrophage activation and dysfunction, the effects of Kp7-6
(CD95/CD95L antagonist) and tocilizumab (IL-6 receptor antagonist) were determined. Calu-3 cells treated with Kp7-6 for 2 h and then in-
fected with SARS2 (MOI 0.2) for 24 h showed significant death reduction compared with vehicle-treated infected cells (Figure 5A).

TDM were also treated with tocilizumab 1 h before rlL-6 stimulation (Figure 5B). Considering that the severity of COVID-19is directly corre-
lated with high levels of IL-6”"*® and that two patients in our cohort exhibited 3,989.82 and 3,458.98 pg/mL of IL-6 in the tracheal aspirate
samples, we also tested the direct effects of rIL-6 (4,000 pg/mL) on isolated macrophages. rlL-6 increased CD95 and CD95L expression
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Table 2. Characteristics of patients with COVID-19 whose tracheal aspirate supernatants were used in cultured macrophages assays

Demographics All patients Low IL-6 High IL-6
Number 28 17 11

Age (yr) 65.29 65.35 65.18
Female, n (%) 12 (42.85) 9 (52.94) 3(27.27)
Body mass index 30.87 30.85 30.90
Hospital day 30.29 25.82 37.18
Intensive care unit day 21.61 19.35 25.09
Comorbidities

Hypertension, n (%) 20 (71.43) 11 (64.71) 9(81.82)
Diabetes, n (%) 13 (46.43) 7 (41.18) 6 (54.55)
Obesity, n (%) 15 (53.57) 9 (52.94) 6 (54.55)
Lung disease, n (%) 3(10.71) 1(5.88) 2(18.18)
History of smoking, n (%) 5(17.86) 3(17.65) 2(18.18)
Laboratorial findings

Glycemia (mg/dL) 193.48 202.81 179,91
C-reactive protein (mg/dL) 11.23 7.66 16.75°
D-Dimers (ng/mL) 3.54 3.61 3.43
Ferritin (ng/mL) 980.67 1,096.33 826.47
Creatinine (mg/dL) 2.27 2.12 2.49
Urea (mg/dL) 122.38 133.42 105.31
Hemoglobin (g/dL) 10.79 10.92 10.58
Neutrophils (cell/mm?) 12.09 12.86 10.88
Lymphocytes (cell/mm?) 0.90 0.95 0.83
Neutrophil:Lymphocyte Ratio 19.85 20.83 18.33
Platelets (count/mm?) 270,392 238,000 320,454
Medications

Corticosteroid 19 (67.86) 12 (70.59) 7 (63.64)
Antibiotics 22 (78.57) 13 (76.47) 9(81.82)
Heparin 27 (96.46) 16 (94.12) 11 (100.00)
Outcome

PaO,/FiO, Ratio 222.31 214.0 236.9
Simplified Acute Physiology Score Il 67.41 70.82 63.55
Deaths 16 (57.15) 9 (52.94) 7 (63.64)

All patients had mechanical ventilation.
®p < 0.05 Low IL-6 vs. High IL-6, t test.

(Figures 5C-5E), induced the production of IL-1B (Figure 5F), decreased the expression of HLA-DR (Figure 5G) and increased the expression of
CD163 on macrophages (Figure 5H). The pre-treatment with tocilizumab inhibited rlL-6 effects on TDM (Figures 5C-5H).

Next, monocyte derived macrophages (MDM) were pre-treated with tocilizumab or Kp7-6 and stimulated with rlL-6 (Figure 5I). No changes
were found in CD95 expression and IL-1B was not detected in the supernatants of MDM cultures. However, MDM stimulated with rIL-6
exhibited results similar to those described for TDM: low HLA-DR expression (Figure 5J) and high CD163 expression (Figure 5K). Tocilizumab
alone partially reverted the effect of rIL-6 and reduced CD163 expression, while Kp7-6 showed a more pronounced effect, with increased HLA-
DR expression and decreased CD163 expression. The combined treatment, tocilizumab plus Kp7-6, produced an additional effect on the
increased expression of HLA-DR and on the decreased expression of CD163 (Figures 5J and 5K).

Up regulation of MHCII on alveolar macrophages in infected CD95 deficient mice

To investigate the role of IL-6-CD95/CD95L axis in vivo, we used a mouse model to evaluate acute pulmonary inflammation. Although the
SARS-CoV-2 infection of C57BL/6 Wild Type (WT) mice is not progressive compared to humanized ACE2 mouse, WT mouse infected with
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Figure 4. High IL-6 levels induce CD95 expression and IL-1B production in macrophages

(A) Inflammatory mediators were determined in tracheal aspirate samples obtained from intubated patients with COVID-19, who were sorted in pools of low and
high IL-6-producers.

(B and C) Concentration of (B) HMGB1 and (C) ATP were measured in the cell-free supernatants derived from tracheal aspirate samples.

(D) Correlogram of inflammatory mediators and clinical outcomes in high IL-6-producers.

(E) THP-1-derived macrophages (TDM, 5 x 10%/mL) were cultured for 24 h with low and high IL-6 cell-free supernatants.

(F-I) The median fluorescence intensity (MFI) of CD95 was assessed in (F and G) dying TDM (FVS™) cultured with tracheal aspirate supernatants and in (H and I)
total TDM cultured with low (200 pg/mL) and high (2000 pg/mL) concentrations of recombinant human IL-6.

(J) IL-1B detection in the supernatants and (K and M) percentage of HLA-DR and (L and M) CD163 evaluated in total live TDM (FVS™) cultured with tracheal aspirate
supernatants.

Data represent the mean + SD of two independent experiments performed in quadruplicate for tracheal aspirate cultures and one experiment for recombinant
human IL-6 cultures. (A) *p < 0.05, low vs. high; (D) *p < 0.05, Spearman'’s correlation. Bars depict the exact p values.

SARS-CoV-2 exhibited mild congestion and a moderate mixed inflammatory infiltrate (mononuclear cells and scarce neutrophils) associated
to increased IL-6 levels in the lungs.”” In a similar way, we observed an intense inflammatory infiltration 3 days post-infection (Figures 6A-6C) in
the lungs of WT mice infected with SARS-CoV-2. CD95 (lpr) and il-6 (il-6~'7) deficient mice showed moderate pulmonary inflammation in the
lungs compared to infected WT mice (Figures 6A-6C).

SARS2 infection increased the percentage of epithelial cells (AEC - CD45~CD31 EpCAM™) (Figure S3B) in the lungs of WT and iI-6~/~ mice
compared to non-infected mice (Ct group), while infected lpr group showed no difference compared to Ct group (Figure éD). Lpr infected
mice showed a significant lower percentage of lung dying AEC, which was significantly higher in the infected WT group (Figures 4E and 6F).
SARS2 infection decreased the percentage of alveolar macrophages (CD11b~CD11c"SiglecF" cells) that expressed MHCII in the lungs of WT
mice, while an increase of both percentage and expression of MHCII (MFI) was observed in the lungs of lpr ™/~ mice (Figures 6G—6l). These
findings show that CD95/CD95L signaling induces AEC death and decreases MHCII expression in alveolar macrophages.

DISCUSSION

The initial steps that orchestrate the activation of macrophages, the most abundant leukocyte in the lungs of deceased patients with COVID-
19,"® are still unknown. Using various experimental approaches, we tested the hypothesis that the death of epithelial cells triggers the inflam-
matory response of macrophages and generates immunopathology. In the present study we showed that the apoptosis of AEC mediated by
CD95/CD95L signaling after SARS-CoV-2 infection induces both macrophage activation (production of IL-1B and expression of CD95) and
macrophage dysfunction (reduction of HLA-DR and increase of CD163). In addition, macrophage dysfunction is more dependent on
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Figure 5. Blockade of IL-6 and CD95 prevents macrophage dysfunction induced by IL-6

Calu-3 cells were infected with SARS-CoV-2 at MOI 0.2 and evaluated by flow cytometry.

(A) Percentage of total dying cells (FVS®) 24 h p.i.

(B) THP-1-derived macrophages (TDM, 5 x 10%/mL) were cultured for 24 h with recombinant human IL-6 (4000 pg/mL) after pre-treatment with tocilizumab
(100 pg/mL) for 1 h and evaluated by flow cytometry.

(C-E) The median fluorescence intensity (MFI) of (C and D) CD95 and (E) CD95L in total dying TDM (FVS™).

(F-H) (F) IL-1B detection in the supernatants and percentage of (G) HLA-DR™ and (H) CD163" cells evaluated in total live TDM (FVS™).

(I) Monocyte derived macrophages (MDM, CD14*CD16™, 5 x 10°/mL) were cultured for 24 h with recombinant human IL-6 (4000 pg/ml) after pre-treatment with
Kp7-6 (100 pg/mL) for 2 h and/or with tocilizumab (100 pg/mL) for 1 h.

(J and K) Expression of HLA-DR (J) and CD163 (K) were evaluated by flow cytometry in total live human macrophages (FVS™).

Data represent the mean + SD of two independent experiments performed in quadruplicate (TDM) or triplicate (MDM). Bars depict the exact p values.

CD95/CD95L axis than dependent on IL-6. CD95 signaling increases the production of IL-1B, up regulates the expression of CD163 and down
regulates HLA-DR (MHCII) on macrophages. Our study shows a CD95~CD95L non-canonical pathway that induces activation, dysfunction and
death of macrophages that trigger acute inflammation in COVID-19.

RNA viruses, such as influenza A and respiratory syncytial virus (RSV), activate CD95 (Fas) gene expression and induce apoptosis of infected
cells, which favors/guarantee efficient viral egress.’””" Influenza virus also induces co-expression of Fas and FasL on infected cells, triggering
apoptosis when the infected cells come into contact with each other.” These studies show that CD95/CD95L pathway might be a viral egress
pathway. Our results show a similar effect of SARS-CoV-2 on Calu-3 cells and in AEC obtained from tracheal aspirates of severe patients with
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Figure 6. Lack of CD95 and IL-6 signaling reduces SARS-CoV-2-induced lung inflammation in mice

(A-C) C57BL/6 wild type (WT) and CD95 (lpr) and IL-6 (il-6/7) deficient mice were intranasally infected with SARS-CoV-2 (SARS2, 5 x 10° PFU) and evaluated
3 days post-infection. (A) Representative histopathological analysis, (B) score of inflammatory infiltration and (C) total cells count in the lungs.

(D-F) The percentage of (D) total AEC cells (CD45/31"EpCAM™) and (E and F) dying AEC cells (CD45/31"EpCAM"Live/Dead™) were determined by flow
cytometry.

(G-) Live alveolar macrophages (Alv MO - L/D"CD11b~CD11c" SiglecF*) were evaluated to assess (G) the percentage of MHCII* and (H and I) the median
fluorescence intensity (MFI) of MHCII by flow cytometry.

Data represent the mean + SD of two - four independent experiments (n = 8-16/group). Bars depict the exact p values.

COVID-19. Treatment of Calu-3 cells with CD95/CD95L antagonist decreased the number of dead cells to levels seen in untreated, non-in-
fected cells, reinforcing that CD95/CD95L on epithelial cells is key for the process. This is an important finding considering that critical patients
with COVID-19 with higher viral load remained in the ICU for shorter periods and died before critical patients in the ICU with lower viral load."’

However, the pro-inflammatory role of CD95/CD95L (Fas/Fasl) pathway (non-canonical pathway) was described in bronchiolar epithelial
cells and resulted in CXCL8 release, lung injury and pulmonary fibrosis.* The cytokines and chemokines released by apoptotic cells, including
IL-6, CXCL8, CXCL1, CCL2, and GM-CSF, act as a “find me" signal for apoptotic cells® and IL-6 induction upon CD95 ligation has been
described in a dose- and time-dependent manner.*”

Here we show that CD95/CD95L pathway contributes for IL-1B released by apoptotic cells, augment of CD163 and decrease of HLA-DR on
macrophages. Indeed, when we infected lpr (CD95) knockout mice, we observed reduced death of AEC and increase of MHCII on alveolar mac-
rophages, confirming our hypothesis and reinforcing a role for the CD95/CD95L pathway on acute inflammation and macrophage dysfunction.
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Our results show that the peak production of IL-6 coincided with the peak of CD95 expression in macrophages. In addition to the frequency
of dying AEC, we also found increased levels of IL-6 and IL-18 in tracheal aspirates of critical patients with COVID-19.

IL-6 positively regulates the expression of CD95 on macrophages, being the expression of CD95 higher on macrophages stimulated with
supernatants from high IL-6 responders. IL-6 is associated with progression, severe forms, and high mortality of disease.*® In addition, the
apoptosis of SARS-CoV-2-infected AEC, but not apoptosis of non-infected AEC, induced CD95 expression on live macrophages. These re-
sults indicate that the activation of macrophages by AEC depends on CD95 and occurs directly and indirectly: through the contact between
AEC and macrophages via CD95L and CD95, respectively; and by IL-6, secreted by epithelial cells that up regulates CD95 on macrophages.
As mentioned previously, CD95 may mediate non-apoptotic activities that involve cell proliferation, activation and cytokine secretion.®”*
Cytokine secretion in MDM and in a macrophage cell lineage (RAW264.7) is independent of caspase, but relies on MyD88 and NF-kB
signaling, suggesting that CD95-activated macrophages initiate and perpetuate acute inflammation and tissue injury.*”*°

Our findings show that recombinant human IL-6 (or high levels of IL-6 from tracheal aspirates) positively regulates CD95 and CD163
expression, and reduces the expression of HLA-DR (MHCII) on macrophages. Aberrant macrophage activation described in the lungs
of deceased patients with COVID-19 suggests that myeloid cells are a major source of dysregulated inflammation in COVID-19.'%"?
IL-6 is an important cytokine involved in the immunopathogenesis of COVID-19 and blockade of IL-6 signaling is considered an emerging
approach.”'*? Tocilizumab has been evaluated in at least 27 current clinical trials in COVID-19,% and is linked to improved clinical signs,
reduced time and need for ventilation and, decreased mortality.”*** Here we show that CD95/CD95L antagonist played an additional ef-
fect on tocilizumab action preventing IL-6/IL6R signaling. Furthermore, using a mouse model of immunopathology, we show that CD95
exhibited a more evident role in SARS-CoV-2-induced acute lung inflammation compared to IL-6. In this way, a recent phase Il trial
(NCT05639192) was conducted to evaluate the efficacy of asunercept, a soluble CD95-Fc fusion protein that blocks the CD95L-CD95 inter-
action, for the treatment of hospitalized patients with moderate to severe COVID-19. Our findings show how CD95/CD96L contribute for
macrophage dysfunction and suggest that the combined treatment of tocilizumab with asunercept may be an option for those patients
who do not respond to tocilizumab alone.

Finally, our results with focus on epithelial cell and its interface with macrophage add pieces to the complex scene of COVID-19 disease,
especially in the initial steps that trigger the acute inflammation that progresses to immunopathology. Our results bring a non-canonical role
of CD95/CD95L signaling with the participation of IL-6, revealing CD95/CD95L as a target to be discussed as immunotherapy for the early
time of severe/critical COVID-19.

Limitations of the study

Here we describe the limitations of our study. First, the clinical presentation of COVID-19 changed significantly as consequence of identified
variants; here we did not focus on SARS-CoV-2 variants. Second, one of those several approaches used to validate our hypothesis was an
in vivo model with C57BL/6 mice,”” different from hACE2 transgenic mouse model commonly used. Because our aim was to measure the
hallmarks of initial inflammation, AEC death and macrophage dysfunction, but not viral progression, this mouse model was suitable for
our purpose. Third, although our results are robust, we were not able to confirm those results in lung biopsies.
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Antibodies

CD95 PerCP eFluor-710 (APO-1/Fas, DX2)
CD45 PE-Cy7 (2D1)

HLA-DR PE-Cy7 (LN3)

CD163 PE (GHI/61)

CD163 APC (GHI/61)

CD178 APC (CD95L, Fas-ligand, NOK-1)
EpCAM PE (EBA-1)

HLA-DR BB700 (G46-6)

CD45 PE-Cy7 (30-F11)

CD31 PE-Cy7 (390)

CD326 BB515 (EpCAM, G8.8)

CD11b BV711 (M1/70)

CD11c PE-Cy7 (HL3)

SiglecF BB515 (E50-2440)

MHCII BB700 (IA/IE, M5/114.15.2)

Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb
Cleaved Caspase-8 (Asp374) (18C8) Rabbit mAb
B-Actin (8H10D10) Mouse mAb (HRP Conjugate)

eBioscience, USA
eBioscience, USA
eBioscience, USA
eBioscience, USA
eBioscience, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
BD Biosciences, USA
Cell Signaling, USA
Cell Signaling, USA
Cell Signaling, USA

Cat# 46-0959-42; RRID:AB_10670078
Cat# 25-9459-42; RRID:AB_2573544
Cat# 25-9956-42; RRID:AB_1582284
Cat# 12-1639-42; RRID:AB_1963570
Cat# 17-1639-42; RRID:AB_2573168
Cat# 564262; RRID:AB_2738714
Cat# 347198; RRID:AB_400262
Cat# 566480; RRID:AB_2744477
Cat# 552848; RRID:AB_394489
Cat# 561410; RRID:AB_10612003
Cat# 565425; RRID:AB_2739232
Cat# 563168; RRID:AB_2716860
Cat# 558079; RRID:AB_647251

Cat# 564514; RRID:AB_2738833
Cat# 746197; RRID:AB_2743544
Cat# 9664; RRID:AB_2070042

Cat# 9496

Cat# 12262; RRID:AB_2566811

Bacterial and virus strains

Wild type SARS-CoV-2
Influenza A virus (H1N1)

University of Sao Paulo, SP, Brazil

University of Sao Paulo, SP, Brazil

GenBank access MT126808.1
Strain A/California/17/2009pdm(H1N1)

Biological samples

Tracheal aspirates collected from intubated
COVID-19 patients

University of Sao Paulo, SP, Brazil

N/A

Chemicals, peptides, and recombinant proteins

Trypsin/EDTA Lonza, USA Cat# CC-5012
Phorbol 12-Myristate 13-Acetate Sigma-Aldrich, USA Cat# P8139
kp7-6 (CD95/CD95L antagonist) Sigma-Aldrich, USA Cat# 341291
Recombinant Human M-CSF PeproTech, USA Cat# 300-25
Recombinant Human IL-6 PeproTech, USA Cat# 200-06
Tocilizumab Roche, Switzerland Actemra
Critical commercial assays

Human IL-6 DuoSet ELISA R&D System, USA Cat# DY206
Human IL-1 beta/IL-1F2 DuoSet ELISA R&D System, USA Cat# DY201
Human TNF-alpha DuoSet ELISA R&D System, USA Cat# DY210

Human IL-10 DuoSet ELISA

Bio-Plex Pro Human Cytokine 27-plex Assay
Human HMGB1/HMG-1 ELISA Kit
Adenosine 5'-triphosphate (ATP)

Bioluminescent Assay Kit

Fixable Violet Dead Cell Stain Kit
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R&D System, USA
Bio-Rad, USA

NOVUS Biologicals, USA

Sigma-Aldrich, USA

Invitrogen, USA

Cat# DY217B

Cat# M500KCAFOY
Cat# NBP2-62766
Cat# FLAA

Cat# 134955
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Annexin V Apoptosis Detection Kits
Fixable Viability Stain 780

Classical Monocyte Isolation kit human

BD Biosciences, USA
BD Biosciences, USA
Miltenyi Biotec, USA

Cati# 88-8103-74
Cat# 565388
Cat# 130-117-337

Experimental models: Cell lines

Vero E6
NHBE
Calu-3
THP-1

American Type Culture Collection, USA
Lonza, USA

Cell Bank of Rio de Janeiro — BCRJ, Brazil
Cell Bank of Rio de Janeiro — BCRJ, Brazil

Cat# CRL-1586, RRID:CVCL_0574
Cat# CC-2541

Cat# BCRJ 0264; RRID:CVCL_0609
Cat# BCRJ 0234; RRID:CVCL_0006

Experimental models: Organisms/strains

C57BL/6 mice
CD95 (Ipr) deficient mice
IL-6 (il-6—"7) deficient mice

University of Sao Paulo, SP, Brazil
University of Sao Paulo, SP, Brazil

University of Sao Paulo, SP, Brazil

RRID:MGI:2159769
N/A
N/A

Software and algorithms

GraphPad Prism 8.0.2

The R environment

GraphPad Prism

The R Project for Statistical Computing

https://www.graphpad.com/

https://www.R-project.org/

Other

Dulbecco’s Modified Eagle’s Medium
(DMEM, 1 g/L D-glucose)

Dulbecco’s Modified Eagle’s Medium
(DMEM, 4.5 g/L D-glucose)

Fetal Bovine Serum

Penicillin-Streptomycin (10,000 U/mL)

Sodium Pyruvate (100 mM)

MEM Non-Essential Amino Acids Solution (100X)
L-Glutamine (200 mM)

Iscove’s Modified Dulbecco’s Medium (IMDM)
Bronchial Epithelial Cell Basal Medium (BEBM)
Bronchial Epithelial Cell Growth Medium (BEGM)

Gibco, USA

Gibco, USA

Gibco, Brazil
Gibco, USA
Gibco, China
Gibco, USA
Gibco, Brazil
HyClone, USA
Lonza, USA
Lonza, USA

Cat# 11885-084

Cat# 11965-092

Cat# 12657-029
Cat# 15140122
Cat# 11360070
Cat# 11140050
Cat# 25030081
Cat# SH30228.01
Cat# CC-3171
Cat# CC-4175

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Vania Bonato

(vIbonato@fmrp.usp.br).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw data generated in this study are available after registration at https://repositorio.uspdigital.usp.br/handle/item/571. The raw sequencing
external datasets using in this study are available on the NCBI Gene Expression Omnibus (GEO) server under the accession
number GSE147507. This paper does not report original code. Any additional information required to reanalyze the data reported in this pa-

per is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants

The COVID-19 group included 39 Brazilians citizens, female and male, 35-87 years old (Tables 1 and 2), who were admitted to the Intensive
Care Unit (ICU) of the Clinics Hospital of Ribeirao Preto of the University of Sao Paulo and need mechanical ventilation. COVID-19 infection
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was confirmed by a positive RT-PCR test. This study was approved by the local Ethic Committee (CAAE: 30816620.0.0000.5440). All partici-
pants or family members have provided informed consent.

Animals

Six weeks old female C57BL/6 wild type (WT) and CD95 (Ipr) and IL-6 (il-6/7) deficient mice were used for SARS-CoV-2 infection of the Clinics
Hospital of Ribeirao Preto of the University of Sao Paulo (SP, Brazil). Animals were obtained from the breeding facility of Ribeirao Preto Med-
ical School, University of Sao Paulo (Ribeirao Preto, SP, Brazil). All animals were maintained in sterile environmental conditions in a ventilated
rack (Alesco, Monte Mor, SP, Brazil) and received sterile food and water. All experiments were performed according to the local Ethics Com-
mittee on Animal Experimentation (Protocol Number 114/2021).

METHOD DETAILS

Sample collection

Tracheal aspirate samples (2-5 mL) were collected by aspiration into sterile tracheal secretion collectors in the early morning routine visit of
patients for airway cleansing and only productive secretion was used in this study. Tracheal aspirate samples were manipulated in a biosafety
level 3 laboratory (Department of Biochemistry and Immunology, Ribeirao Preto Medical School, University of Sao Paulo, Ribeirao Preto, Sao
Paulo, Brazil) in 2 h post collection. All sample were diluted in 1:2 in phosphate buffered saline (PBS) and filtered through cell strainers (70 um)
into polypropylene tubes to remove mucous clumps and cell aggregates. Samples were further centrifuged at 24,000 x g and filtered through
0.45 pum syringe filter to assess cell-free supernatants.

SARS-CoV-2 and H1N1

The WT SARS-CoV-2 virus (GenBank access MT126808.1) was isolated from clinical samples in Brazil.*® Viral stocks were propagated in African
green monkey kidney epithelial (Vero E6) cells cultured with Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 1%
penicillin/streptomycin and 2% Fetal Bovine Serum (FBS, Gibco) and maintained at 37°C and 5% CO2 and viral titration was performed by
plaque assay.*® For viral RNA quantification, RNA was extracted with TRIzol (Thermo, USA) reagent with 20 mg of lung homogenate, accord-
ing to manufacturer’s recommendation and gRT-PCR was performed using TagMan Fast Virus 1-Step Mix (Applied Biosystems, USA) accord-
ing to the manufacturer’s recommendations. SARS-CoV-2 primers and probe were designed to target a 100 bp region from RNA-dependent-
RNA polymerase gene (RdRp) of all three SARS-CoV-2 variants (Forward: 5' — GTGAAATGGTCATGTGTGGCGG - 3'; Reverse: 5' — CAAA
TGTTAAAAACACTATTAGCATA - 3 and Probe: '5-FAM — CAGGTGGAACCTCATCAGGAGATGC - BHQ1-3') and the reactions were per-
formed using a StepOnePlus Real-Time PCR system (Applied Biossystems), according.” Influenza A virus (H1N1), strain A/California/17/
2009pdm(HTN1), was gently provided by Professor Edison Durigon (University of Sao Paulo, SP, Brazil).

Cell lines

Human adenocarcinoma lung epithelial cell line (Calu-3, BCRJ 0264) and a human leukemia monocytic cell line (THP-1, BCRJ 0234) were main-
tained at 37°C and 5% CO2 in DMEM (1 g/L D-glucose, GIBCO) supplemented with 20% fetal bovine serum (FBS, Gibco) and 1% penicillin/
streptomycin (Gibco). Calu-3 infection with SARS-CoV-2 and HIN1 was performed at an MOI of 0.2 or 2.0 in DMEM (4.5 g/L D-glucose,
GIBCO) supplemented with 2% FBS, 1% penicillin/streptomycin, 4 mM L-glutamine, 10 mM non-essential amino acids and 1 mM sodium
pyruvate. THP-1 cells were differentiated into a macrophage-like phenotype (TDM, THP-1-derived macrophages) using phorbol-12-myris-
tate-13-acetate (PMA, 5 ng/mL, Sigma) for 24 h and 5 days for rest period in PMA-free medium, as defined by Baxter et al.’ Then, TDM
was co-cultured with apoptotic Calu-3, stimulated with 50% cell-free supernatants derived from tracheal aspirate of patients or stimulated
with recombinant human IL-6.

Human primary cells

Normal Human Bronchial Epithelial cells (NHBE, Lonza CC-2541) were cultured in Bronchial Epithelial Cell Growth Medium (BEGM, Lonza)
and infected with SARS-CoV-2 at an MOI of 2.0 for 72 h at 37°C and 5% CO,. Human monocytes were differentiated into a macrophage-
like phenotype (MDM, monocyte-derived macrophages) using M-CSF (50 ng/mL, Peprotech) for 6 days at 37°C and 5% CO, in Iscove's
Modified Dulbecco’s Medium (IMDM, HyClone) supplemented with 5% FBS and 1% penicillin/streptomycin, adapted from.*® Monocytes
(CD14"CD167) were sorted by columns with magnetic beads (Miltenyi Biotec, Germany) from total mononuclear cells isolated by Ficoll
gradient from the peripheral blood of healthy volunteers. Total SARS-CoV-2-infected NHBE cells were then co-cultured with MDM for
24 h in an equal proportion (1 NHBE cell: 1 macrophage). MDM were also used in cultures stimulated with recombinant human IL-6.

AEC kinetic and co-culture

For kinetic experiments, Calu-3 were infected with SARS-CoV-2 at an MOl of 0.2 or 2.0 for 6, 12, 24, 48,72, 96, 120 and 144 h at 37°C and 5%
COy. Viral load and inflammatory mediators were assessed in supernatants, protein was evaluated in lysate cells and the type of cell death was
evaluated in detached cells after treatment with trypsin (Gibco). For treatment experiment, approximately 5x10° Calu-3 cells were pre-treated
with kp7-6 (100 pg/mL, CD95/CD95L antagonist, Sigma-Aldrich)*? for 2 h and then infected with SARS-CoV-2 at an MOI of 0.2. For co-culture
experiments, Calu-3 were infected with SARS-CoV-2 at an MOI of 0.2 for 72 h and detached cells were stained with FVS and annexin V.
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Apoptotic cells (annexin V*) were freshly sorted in FACS Melody (BD Biosciences, San Jose, CA) allocated in a biosecurity level 3 laboratory
(Department of Biochemistry and Immunology, Ribeirao Preto Medical School, University of Sao Paulo, Ribeirao Preto, Sao Paulo, Brazil).
Sorted AEC were then co-cultured with TDM for 24 h in an equal proportion (1 apoptotic cell: 1 macrophage).

Macrophage stimulation and treatments

Approximately 2.5 x 10° TDM were stimulated with a pool of cell-free supernatants derived from TA samples of COVID-19 patients in an equal
proportion with culture medium (1:1 v/v) for 24 h at 37°C and 5% CO,. Approximately 2.5 x 10° TDM and MDM were stimulated with recom-
binant human IL-6 (200, 2,000 or 4,000 pg/mL, PeproTech) for 24 h at 37°C and 5% CO,. Approximately 2.5 X 10° TDM cells were pre-treated
with tocilizumab (100 pg/mL, Actemra) for 1 h and then stimulated with recombinant human IL-6. Approximately 5 x 10° MDM were pre-
treated with kp7-6 (100 pg/mL) for 2 h and pre-treated with tocilizumab (100 pg/mL) for 1 h and then stimulated with recombinant human
IL-6. Inflammatory mediators were assessed in supernatants and protein expression was analyzed using flow cytometry in detached cells after
treatment with EDTA (5 mM).

Mice infection and sample collection

Mice were infected with 5 x 10° PFU of WT SARS-CoV-2 variants by intranasal route. Mice were euthanized 3 days post infection and the lungs
were collected for analysis. The superior right lobe was gently perfused with 10% formaldehyde solution, embedded in paraffin, sectioned at
4 um thickness and stained with Harris's hematoxylin and eosin (H&E) for histopathological analysis. Pulmonary inflammation score was deter-
mined as degree: 0 (without inflammation) - absence or presence of rare inflammatory cells; 1 (mild inflammation) — mild perivascular or
peribronchial accumulation of inflammatory cells; 2 (moderate inflammation) - perivascular or peribronchial accumulation of inflammatory
cells, sometimes coalescing and preserving alveolar spaces; 3 (severe inflammation) - perivascular or peribronchial accumulation of inflam-
matory cells, mostly coalescing and preserving rare alveolar spaces. The left lung was collected in complete RPMI media and processed
for flow cytometry analysis. The middle and inferior right lobes were weighted and homogenized with PBS (1:5 w/v) using a 5 mm stainless
steel bead (Qiagen, USA) and a Tissuelyser LT (Qiagen, USA), (50 Hz for 5 min), centrifuged at 10,000 x g for 10 min, and the supernatant was
collected and used for viral load measurement by plaque assay and gRT-PCR and cytokines quantification.

Soluble immune mediators

IL-1B, IL-6, IL-10, and TNF levels were determined in the supernatants of Calu-3 and macrophage cultures using ELISA kits following the man-
ufacturer’s instructions (R&D Systems). HMGB-1 was determined in the cell-free TA supernatants and in the supernatants of Calu-3 cultures
using immunoassay following the manufacturer’s instructions (Novus Biologicals). Adenosine 5'-triphosphate (ATP) was assessed in the cell-
free TA supernatants using bioluminescent assay kit following the manufacturer’s instructions (Sigma-Aldrich). The levels of soluble immune
mediators were measured in TA samples using a high-throughput microbeads array (Bio-Plex Pro Human Cytokine 27-plex Assay, Bio-Rad
Laboratories, Hercules, CA, USA), following the manufacturer’s instructions. The results were expressed in pg/mL according to standard
curves for each immune mediator using a fifth parameter logistic fit analysis. Cytokine profile in the lung of infected mice was determined
using the Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 Cytokine kit (BD Biosciences) according to manufacturer instructions and sam-
ples were acquired on BD FACSCanto (BD Biosciences, USA) and analyzed using FCAP Array v3.0 (BD Biosciences, USA).

Flow cytometry

Calu-3 and NHBE were detached with trypsin (Lonza) and TDM or MDM were detached with EDTA (5 nM); all cells were washed with PBS,
incubated with Fixable Viability Stain (FVS, BD Bioscience) and washed with PBS-1% FBS. AEC cells were stained with CD95 PerCP eFluor-
710 (APO-1/Fas, clone DX2) and CD178 APC (CD95L, Fas-ligand, clone NOK-1) and washed with biding buffer for annexin V PE-Cy7 stain
(Thermo Scientific) and macrophages were stained with HLA-DR PE-Cy7 (clone LN3), CD163 PE (clone GHI/61), CD95 PerCP eFluor-710
(APO-1/Fas, clone DX2) and CD178 APC (CD95L, Fas-ligand, clone NOK-1). Freshly or frozen cells isolated from TA of COVID-19 patients
were washed with PBS, incubated with FVS (BD Bioscience) and washed with PBS-1% FBS. Cells from TA were then stained with CD45 PE-
Cy7 (clone 2D1), EpCAM PE (clone EBA-1), CD95 PerCP eFluor-710 (APO-1/Fas, clone DX2) and CD178 APC (CD95L, Fas-ligand, clone
NOK-1). Lung cells from mice were isolated by proper right lung lobules digestion using collagenase (2.2 mg/mL, Sigma-Aldrich) and DNAse
(0.055 mg/mL, Roche). Samples were incubated with Live/Dead viability stain (Thermo Scientific), purified anti-mouse CD16/CD32 (Fcy IlI/11
receptor, clone 2.4G2) and then stained with CD45 PE-Cy7 (clone 30-F11), CD31 PE-Cy7 (clone 390) and CD326 BB515 (EpCAM, clone G8.8)
for AEC or stained with CD11b BV711 (clone M1/70), CD11¢ PE-Cy7 (clone HL3), SiglecF BB515 (clone E50-2440) and MHCII BB700 (IA/IE,
clone M5/114.15.2) for macrophages, according to antibodies fabricant instructions (BD Pharmingen and eBioscience). Samples with annexin
V were freshly acquired in FACS Melody (BD Biosciences) and others were fixed using PBS containing 1% paraformaldehyde (Labsynth, Dia-
dema, SP, Brazil) and acquired in FACS Canto Il (BD Biosciences). Analyses were performed in FlowJo software (Becton Dickinson and
Company).

Western blot
Calu-3 were lysed with RIPA buffer (150 mM NaCl, 5 mM EDTA, 50 mM TRIS, 1%
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NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with a protease inhibitor cocktail (Sigma) and clarified and boiled in Laemm-
li's buffer. Samples were resolved by SDS-PAGE in a 10% polyacrylamide gel, transferred to 0.20 um nitrocellulose membrane (BIO-RAD) and
blocked with 5% nonfat dry milk for 1 h. Proteins were detected using rabbit anti-cleaved caspase 3 (1:250, Cell Signaling) or rabbit anti-
cleaved caspase 8 (1:250, Cell Signaling) and HRP-conjugated anti-rabbit anti-B actin (1:10000, Cell Signaling). Chemiluminescence was
detected with Clarity Western ECL substrate (Bio-RAD) and imaged with a ChemiDOC Imaging System (Bio-RAD).

QUANTIFICATION AND STATISTICAL ANALYSIS

Transcriptome analysis

The transcript expression data was obtained from public data deposited at Gene Expression Omnibus database.”® We selected count raw
data for the transcript reads for independent biological triplicates for SARS-CoV-2 (USA-WA1/2020 strain) infected and mock Calu-3 depos-
ited by Blanco-Melo et al.? with id GSE147507. Differential gene expression analysis of SARS-CoV-2 infected versus mock control was carried
out using with DESeqg2. The p values derived from differential expression analysis were adjusted (paq;) for multiple testing using the Benjamini
and Hochberg method.”" Differentially expressed gene (DEG) signature was defined using a threshold for absolute value of fold-change at
log, basis >0.5 and p,q; < 0.05. The DEG list was submitted to over-representation analysis using cluster Profiler over Reactome pathways
annotations within BH adjusted p value <0.05. The heatmap for normalized gene expression was constructed using pheatmap. The data
was analyzed in R environment (https://www.R-project.org/).

Statistical analysis and figures

Data were analyzed using GraphPad Prism Version 8.1 (GraphPad Software, Inc., San Diego, CA, USA). Normality of data was analyzed by
Shapiro-Wilk test. The comparison between two groups was performed using t-test or Mann-Whitney test. Comparisons among three groups
were performed using one-way ANOVA followed by Tukey's test or Kruskal-Wallis test. The histological score was calculated by the Chi-
square test. Data were shown as the mean + standard deviation (SD) in case of normality or shown as box with min-to-max in case of asym-
metric distribution. The results were considered significant with a p value less than 0.05. Graphics were made in GraphPad Prism and figures
were made using free images from Servier Medical Art (https://smart.servier.com/). Spearman'’s correlation matrix was constructed using R
base functions and ggraph was used to build the network illustration for pair correlations.

18 iScience 26, 108366, December 15, 2023



