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Fatal cytokine release syndrome by an aberrant FLIP/STAT3 axis
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Inflammatory responses rapidly detect pathogen invasion and mount a regulated reaction. However, dysregulated anti-pathogen
immune responses can provoke life-threatening inflammatory pathologies collectively known as cytokine release syndrome (CRS),
exemplified by key clinical phenotypes unearthed during the SARS-CoV-2 pandemic. The underlying pathophysiology of CRS
remains elusive. We found that FLIP, a protein that controls caspase-8 death pathways, was highly expressed in myeloid cells of
COVID-19 lungs. FLIP controlled CRS by fueling a STAT3-dependent inflammatory program. Indeed, constitutive expression of a viral
FLIP homolog in myeloid cells triggered a STAT3-linked, progressive, and fatal inflammatory syndrome in mice, characterized by
elevated cytokine output, lymphopenia, lung injury, and multiple organ dysfunctions that mimicked human CRS. As STAT3-
targeting approaches relieved inflammation, immune disorders, and organ failures in these mice, targeted intervention towards this

pathway could suppress the lethal CRS inflammatory state.
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INTRODUCTION

Host responses to pathogens are ordered, time-dependent, and
tissue-compartmentalized, coordinated by the release of soluble
factors, such as growth factors and inflammatory cytokines, which
engage, activate, and regulate innate immune cells [1]. Since the
magnitude of the immune response is generally consistent with the
pathogen load and restrained to the invasion area, cytokines with
short half-life have a limited action at sites of inflammation and favor
the local activation of immune cells. However, persistent infections or
an uncontrolled microbial burden can prompt higher output of
cytokines, which fuel emergency hematopoiesis to mobilize an
increased number of leukocytes from the bone marrow and thus
counterbalance the myeloid cell depletion in periphery [2]. Under
these circumstances, the increase in cytokines beyond the normal
thresholds can cause a catastrophic cytokine storm known as
cytokine release syndrome (CRS), which eventually leads to multiple
organ failures [3]. This systemic pathology is not only associated with
disseminated bacterial or viral infections [4, 5] but also induced by
cancer immunotherapy, i.e,, chimeric antigen receptor (CAR) T cells
infusion or antibody-based therapy [6-10], stem cell transplantation

settings [11], as well as linked to either autoimmune or genetic
disorders [12, 13]. Patients with CRS frequently display respiratory
symptoms including tachypnea that progress to acute respiratory
distress syndrome (ARDS) [14], severe kidney injury, hepatobiliary
damage, cardiomyopathy, and neurological dysfunctions [3].
Accumulating evidence suggests a close relationship between
CRS and the pandemic of coronavirus disease 2019 (COVID-19)
induced by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [15-17]. Indeed, pathophysiological features of
severe COVID-19 patients were often associated with pulmonary
involvement that can require invasive mechanical ventilation in
intensive care units (ICU) [18-21]. After virus entry, SARS-CoV-2
induces endothelial cell damage, complement activation, throm-
bin production, and fibrinolysis inhibition that result in pulmonary
intravascular coagulation, vascular microthrombi formation, and,
ultimately, severe vasculopathy, acute myocardial infarction, and
stroke [22, 23]. Moreover, several studies have reported SARS-CoV-
2 organotropism in myocardial, renal, neural, and gastrointestinal
tissues, confirming COVID-19 as a complex pathology with
multiple manifestations [24]. These multi-organ damages may
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be associated to either direct viral toxicity or virus-dependent
dysregulation of the immune system [25-30]. Thus, activation of
innate immune system can be considered the main hallmark of
SARS-CoV-2-associated CRS, as recently reviewed [31]. Indeed,
myeloid cells are actively involved in the establishment of acute
lymphopenia, microvascular dysfunctions, and organ failure, all
key features of COVID-19-associated CRS [27, 32-34]. To date,
however, a molecular understanding of the SARS-CoV-2-
dependent myeloid cell reprogramming remains elusive.

We previously identified the anti-apoptotic cellular and viral FLICE
(FADD-like IL-1B-converting enzyme)-like inhibitory proteins (here-
after c-FLIP and v-FLIP, respectively) as a factor able to reprogram
monocytes [35]. FLIP isoforms are conventionally described to
control cell survival and proliferation as caspase-8 inhibitors and/or
NF-kB activators [36-40]. However, FLIPs regulate different biological
processes based on their protein structure (e.g., the presence of
death effector domains in tandem) [41] or cellular localization (e.g.,
trafficking between the nucleus and cytoplasm) [42, 43]. The
upregulation of FLIP proteins in monocytes promoted the acquisi-
tion of unconventional phenotype characterized by the concurrent
expression of immunosuppressive (e.g., programmed death-ligand 1
(PD-L1), interleukin (IL)-10) and pro-inflammatory (e.g., IL-1B3, IL-6,
tumor necrosis factor (TNF)-a) features, which partially depended on
the nuclear translocation of the complex FLIP/nuclear factor kappa B
p50 (NF-kB p50) protein [35]. In transgenic ROSA26.vFLIP;LyzM-CRE
mice, where Kaposi's sarcoma virus VFLIP expression is enforced in
myeloid cells, a severe and lethal inflammatory pathology devel-
oped, resembling Kaposi sarcoma-associated herpesvirus inflamma-
tory cytokine syndrome [35].

We suspected FLIP- and pSTAT3-expressing myeloid cells were
linked to COVID-19-associated CRS since their accumulation was
shared by both human (h)ACE2-expressing transgenic mice and
patients infected by SARS-CoV-2. Moreover, monocytes isolated
from COVID-19 patients showed high myeloid expression of c-FLIP
and pSTAT3 that correlated with their immunosuppressive
properties. We established that vFLIP transgenic mice mirror both
the immune dysfunctions and the bronchoalveolar immune
landscape of patients affected by severe COVID-19. We used this
unique model to assess both systemic and myeloid-targeted
STATS3 interference approaches to resolve uncontrolled inflamma-
tion and acute disease manifestations.

MATERIALS/SUBJECTS AND METHODS

Mice

All genetically transgenic mice and their respective controls were
gender and age-matched (typically 3-10 weeks) and both males
and females were used in this study. Mice were assigned randomly
to experimental groups. C57BL/6 (H-2°) mice were originally
purchased from Charles River Laboratories Inc., CD45.1% congenic
mice (H-2°, B6.SJL-Ptrc°Pepc®/Boy)) and LySM-CRE mice (H-2°,
B6.129P2-Lyz2"™'ef/)) \were purchased from Jackson Labora-
tories; Rosa26.vFLIP (H-2°) mice were a gift from Dr. Ethel
Cesarman (Weill Cornell Medicine, NY, USA). All mice were
maintained under specific pathogen-free conditions in the animal
facility of the University of Verona. Food and water were provided
ad libitum. Animal experiments were performed according to
national (protocol number C46F4.26 approved by the Ministerial
Decree Number 993/2020-PR of July 24, 2020 [PI: Stefano Ugell
and protocol number C46F4.8 approved by the Ministerial Decree
Number 207/2018-PR of February 21, 2018 [PI: Vincenzo Bronte])
and European laws and regulations. All animal experiments were
approved by Verona University Ethical Committee and conducted
according to the guidelines of Federation of European Laboratory
Animal Science Association (FELASA). All animal experiments were
in accordance with the Amsterdam Protocol on animal protection
and welfare: mice were monitored daily and euthanized when
displaying excessive discomfort.
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Ethics and acquirement of human samples

All 48 patients with COVID-19 and 4 healthy donors in this study
were admitted, within the period from March 12th to April 20th
2020 to the University Hospital of Verona or Hospital of Pescara. At
sampling, the stage of disease was categorized as mild (patients
not requiring non-invasive/mechanical ventilation and/or admis-
sion to ICU) or severe (patients requiring admission to ICU and/or
non-invasive/mechanical ventilation).

For immunohistochemistry (IHC) analysis of lung autopsy, this
study includes a group of 4 non-respiratory disease (NRD) patients,
4 bacterial pneumonia (BP) patients, and 23 COVID-19 patients.
The clinical features are recapitulated in Table 1 and Table 2A, B.

For molecular data (i.e., single-cell transcriptomic analysis),
phenotypic analysis (myeloid characterization in terms of expres-
sion of immune suppression hallmarks), and functional data
(myeloid immune-suppressive assay), this study includes a group
of 14 severe COVID-19 patients admitted to ICU, 11 mild SARS-
CoV-2 patients, and 4 HDs. The clinical features of the 3 groups of
subjects are recapitulated in Supplementary information, Table 2C.

All the patients (and/or initially their families) provided written
informed consent before sampling and for the use of their clinical
and biological data. This study was approved by the local ethical
committee (protocol 17963; PI: Vincenzo Bronte; ClinicalTrials.gov
identifier NCT04438629). All clinical investigations were conducted
according to Declaration of Helsinki principles, and informed
consent was obtained from all study participants.

Detection of cytokines and serology

ProcartaPlex Mouse Cytokine & Chemokine Panel 1A (36 plex: IFN-y;
IL-12p70; IL-13; IL-1(3; IL-2; IL-4; IL-5; IL-6; TNF-a; GM-CSF; IL-18; IL-10;
IL-17A; IL-22; IL-23; IL-27; IL-9; GRO-a; IP-10; MCP-1; MCP-3; MIP-1q;
MIP-13; MIP-2; RANTES; Eotaxin; IFNa; IL-15/IL-15R; IL-28; IL-31; IL-10;
IL-3; G-CSF; LIF; ENA-78/CXCL5; M-CSF) (eBioscience, Thermo Fisher
Scientificc, Waltham, MA, USA) and Cytokine 25-Plex Human
ProcartaPlex™ Panel 1B (25 plex: GM-CSF, IFN gamma, IL-13, IL-2,
IL-4, IL-5, IL-6, IL-12p70, IL-13, IL-18, TNF q, IL-9, IL-10, IL-17A (CTLA-8),
IL-21, IL-22, IL-23, IL-27, IFN-q, IL-1 g, IL-1RA, IL-7, IL- 15, IL-31, TNF
(eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) were
performed according to manufacturer’s instructions.

Flow cytometry
In total, 0.5-2 x 10° cells were washed in PBS and incubated with
FcReceptor Blocking reagent CD16/32 (Biolegend) or FcReceptor
Blocking reagent (Miltenyi Biotec) in staining buffer (2% FBS in
PBS) for 10 min at 4 °C to saturate FcR. The following mAbs were
then used for cell labeling: anti-mouse CD3 (17A2), CD45.1 (A20),
CD11b (M1/70), B220 (RA3-6B2), CD45.2 (104), Ly6G (1A8), Ly6C
(HK1.4), FOXP3 (NRRF-30), CD3¢ (145-2C11), CD25 (PC61.5), CD62L
(MEL-14), CD8a (53-6.7), CD4 (RM4-5), LAG-3 (C9B7W), TIM-3
(B8.2C12), PD1 (29F.1A12), p-STAT3 (Ser727) (D4X3C), NK1.1
(PK136) or anti-mouse/human CD44 (IM7), p-STAT3 (pTyr705)
(LUVNKLA) or human CD16 (3G8), CD3 (UCHT1), HLA-DR (L243),
CD14 (M@P9), PD-L1 (MIH1), and Aqua LIVE/DEAD dye. All
antibodies were purchased from the following companies: BD
Biosciences (San Jose, CA, USA), eBiosciences (Thermo Fisher
Scientific, Waltham, MA, USA), Biolegend (San Diego, CA, USA),
and Cell Signaling Technologies (Danvers, MA, USA). Extracellular
antigens were stained for 30 min at 4°C in staining buffer. For
cytokines and transcriptional factor analysis, cells were fixed and
permeabilized with Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) following manufacturer instructions. Intracellular
antigens were stained for 1h in the appropriate 1x Perm/Wash
buffer. Samples were acquired with a FACSCanto Il (BD, Franklin
Lakes, NJ, USA) and analyzed with FlowJo software (Treestar Inc.).
To determine the intracellular levels of p-STAT3 (Tyr705) using
clone LUVNKLA, after surface markers staining, cells were fixed
with 2% paraformaldehyde (Sigma-Aldrich) and permeabilized
with 90% cold methanol. All steps were performed in ice.

SPRINGER NATURE

421



C. Musiu et al.

422

Table 1. Main histopathological data of the study population.
Parameters Total (N =23)
Airways
Tracheobronchial inflammation, n (%)
Acute, diffuse 1 (4.3%)
Acute, focal 1 (4.3%)
Chronic, diffuse 0
Chronic, focal 1 (4.3%)

Not available 20 (87.1%)
Alveolar space

Acute inflammation, n (%)

Present, diffuse 1 (4.3%)

Present, focal 5 (21.7%)

Absent 17 (74%)
Chronic inflammation, n (%)

Present, diffuse 1 (4.3%)

Present, focal 8 (34.8%)

Absent 14 (60.9%)
Hyaline membrane, n (%)

Present, diffuse 6 (26.1%)

Present, focal 1 (4.3%)

Absent 16 (69.6%)

Pneumocyte type Il hyperplasia, n (%)

Present, diffuse 2 (8.7%)
Present, focal 1 (4.3%)
Absent 20 (87%)
Alveolar wall
Chronic inflammation, n (%)
Present, diffuse 4 (17.4%)
Present, focal 15 (62.2%)
Absent 4 (17.4%)

Fibrosis, n (%)

Present, focal 11 (47.8%)

Present, diffuse 9 (39.1%)

Absent 3 (13.1%)

Vessels, n (%)

Vessel congestion 7 (30.4%)
Blood extravasation 6 (26.1%)
Microthrombi 1 (4.3%)
Large thrombi 3 (13%)

Other lesions, n (%)

Succular emphysema 6 (26.1%)

Calcifications 2 (8.7%)

Anthracosis 3 (13%)

Myofibroblastic foci 2 (8.7%)

FLIP protein expression was evaluated by flow cytometry by
indirect amplification on intracellular signal. In details, after surface
markers staining, 1x 10® PBMCs were fixed and permeabilized with
Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Before
the intracellular staining, cells were incubated with FcReceptor
Blocking reagent (Miltenyi Biotec) for 10 min at RT in the appropriate
1x Perm/Wash buffer. Rabbit anti-FLIP antibody (D5J1E; 1:100; Cell
Signaling Technologies) was added for 2h at 4°C. Signal was
amplified with a secondary anti-rabbit IgG (H+L) (#8885, Cell
Signaling Technology) for 30min at 4°C. To normalize the
expression level between the analyzed samples we applied the
following formula: Normalized MFI= (MFI sample — MFI FMO)/
MFI FMO.

Generation of vFLIP-chimera mice

To generate the vFLIP-chimera mouse model, C57BL/6 female of
8 weeks of age received 9 Gy total body irradiation (TBI) using
137Cs-source irradiator. Six hours after pre-conditioning, irradiated
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Table 2. Main clinical data of: (A) patients for IHC analysis of lung
autopsy, (B) COVID-19 patients for IHC analysis of lung autopsy, and (C)
patients for molecular, phenotypic, and functional data.

NRD BP CoVvID-19

(A) Main clinical data of patients for IHC analysis of lung autopsy
Parameters N=4 N=4 N=23
Age (year), median 64.5 63 (44-82) 82 (54-95)
(range) (48-80)
Gender, n (%)

Males 2 (50%) 4 (100%) 11 (48%)

Females 2 (50%) 12 (52%)
Co-morbidity, n (%)

Absent 0 1 (25%) 3 (13%)

1 1 (25%) 2 (50%) 8 (34.8%)

2 0 1 (25%) 8 (34.8%)

3 3 (75%) 0 4 (17.4%)

(B) Main clinical data of COVID-19 patients for IHC analysis of lung autopsy
C-FLIP"CD68 pSTAT3~  c-FLIPCD68 pSTAT3*

Days of 25 (11-52); N=10 18 (0-32); N=13
hospitalization,

median (range)

CRP (mg/L), median
(range)

75.79 (9-271.2); N=10 80.83 (5.92-242.5);
N=12

Pro-calcitonin (ng/mL), 2.12 (0.14-9.45); N=9 0.81 (0.2-9.45); N=10

median (range)

(C) Main clinical data of patients for molecular, phenotypic, and functional data

Healthy Mild patients Severe patients
controls
Characteristics N=4 N=11 N=14
Anagraphic
Age, Yr: Median (IQR) 66 71 (63-86) 70 (60-71)
(64-73)
Male, no. (%) 3 (75) 10 (90.9) 6 (85.7)
Clinical features at sampling
APACHE score, - - 25 (13.5-28)
median (IQR)
SOFA score, - - 7 (4-8)
median (IQR)
Score on ordinal - 4 (3-4) 5 (3-7)
scale (1-8),
median (IQR)

recipient mice were intravenously injected with 5x10° bone
marrow cells obtained from CD45.1 WT and ROSAVFLIP Tg
(CD45.2) donor mice at different ratio (VFLIP/WT ratio 0/1; 1/1; 3/
1; 1/0). Bone marrow cells over-expressing FLIP protein from
Kaposi's sarcoma virus (v-FLIP) in myeloid compartment were
collected from ROSA26.VFLIP Tg knock-in mice. These mice were
obtained by crossing ROSA26.vFLIP knock-in mice with mice
expressing Cre recombinase under control of the endogenous
Lyz2 promoter. For the therapeutic studies, 50% WT-50% vFLIP
ratio was used to generate the vFLIP-chimera mice. Four weeks
post bone-marrow transplantation, peripheral blood of recipient
mice was analyzed for the presence of donor-derived cells.

Human cell isolation and functional assay

Cells were isolated from EDTA-treated tubes (BD Biosciences, NJ,
USA) and freshly separated by Ficoll-Hypaque (GE Healthcare)
gradient centrifugation. PBMCs were counted and the monocyte
fraction (CD14") was further isolated by CD14-microbeads
(Miltenyi Biotec), following manufacturer’s instructions. The purity
of the CD14" fraction was evaluated by flow cytometry analysis.
Samples with a purity >95% were assessed for their suppressive
capacity. CD14" cells were collected and cultured with 1uM
CellTrace (Thermo Fisher Scientific) labeled PBMCs, stimulated
with coated anti-CD3 (OKT-3) and soluble anti-CD28 (28.2) for
4 days in 37 °C and 8% CO, incubator. For the cells, a ratio of 3:1
(target:effector) was used. At the end of the culture, cells were
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stained with anti-CD3 (UCHT1) and CellTrace signal of lympho-
cytes. Samples were acquired with FACS-Canto Il (BD, Franklin
Lakes, NJ, USA) using TruCountTM tubes (BD, Franklin Lakes, NJ,
USA) to determine the absolute cell number of CD3" cells in the
samples. Data were analyzed by FlowJo software (Tree Star, Inc.,
Ashland, OR, USA).

Cytokines released by patients’ monocytes were quantified by
Human ProcartaPlex™ Panel 1 multiplex. Samples with a purity
>95% were assessed for their cytokine production. Briefly, 5 x 10°
CD14" cells were plated in 24-well plates for 12 h. At the end of
the incubation, viability was evaluated by flow cytometry.

Immunofluorescence (IF) and immunohistochemistry (IHC)

To determinate the presence of pSTAT3 Tyr705 and c-FLIP in
human samples, CD14" cells were plated on coverslips (ibidi
GmbH; Cat#80826), fixed in 4% formaldehyde for 10 min at RT,
and blocked with 0.1% Triton X-100 in PBS 1x for 10 min at RT. To
detect the intracellular signal, permeabilization was performed in
0.1% Triton X-100 in PBS 1x and 20% of normal goat serum (Vector
Laboratories) for 2 h at RT. Primary mAbs rabbit anti-FLIP antibody
(D5J1E; 1:100; Cell Signaling Technologies) and mouse anti-
pSTAT3 (Try705) (LUVNKLA; 1:50; Invitrogen) were diluted in PBS
1x supplemented with 0.05% Tween-20 (Biorad, Cat#1706531)
solution over-night at 4 °C. Signal was amplified with secondary
antibodies goat anti-rabbit 1gG Alexa Fluor 488 (1:1000;
CAT#A11034; Invitrogen) and donkey anti-mouse IgG Alexa Fluor
647 (1:1000; Cat#A-31571 Invitrogen) in 0.1% Triton X-100 in PBS
1x and 20% of normal goat serum for 1 h at RT followed by nuclei
staining with Hoechst 33342 (H1399; 1:500; Invitrogen) in PBS 1x
for 10 min at RT.

Tissues were fixed in 10% neutral buffered formalin and
embedded in paraffin; after embedding, 5-um-thick sections were
cut and stained with Hematoxylin and Eosin (Bio-Optica, Italy) for
histological examination. For immunohistochemical and immuno-
fluorescence analysis of samples, slides were deparaffinized,
serially rehydrated and, after the appropriate antigen retrieval
procedure, incubated with the following primary antibodies:
rabbit anti-mouse pSTAT3 antibody (#9145, Cell Signaling), rat
anti-mouse B220 antibody (550286, BD Pharmigen), mouse anti-
human CD68 antibody (M0814, Dako), mouse anti-Human/Mouse/
Rat FLIP antibody (MAB8430, R&D), rabbit anti-mouse CD3
antibody (ab16669, Abcam), rabbit anti-mouse F4/80 antibody
(#70076, Cell Signaling), rabbit anti-mouse CD62P antibody
(ab255822, Abcam), rabbit anti-mouse Neutrophil Elastase anti-
body (ab68672, Abcam), rabbit anti-mouse CD4 antibody (#25229,
Cell Signaling), and rat anti-mouse Foxp3 antibody (14-5773-82,
eBioscience), followed by the appropriate secondary antibodies.
Immunostainings were developed with streptavidin peroxidase
methods and the DAB Chromogen system (Dako). After chromo-
gen incubation, slides were counterstained in Hematoxylin (Bio-
Optica) and images were acquired by Leica DMRD optical
microscope (Leica). For immunofluorescence, immunostainings
were developed using TSA Plus Cyanine 3, TSA Plus Cyanine 5, or
TSA Plus Fluorescein Systems (NEL744001KT, NEL745001KT, or
NEL741001KT, respectively, Akoya Biosciences), goat anti-rabbit
Alexa Fluor 488 (A11008, ThermoFisher), goat anti-rat Alexa Fluor
546 (A11081, ThermoFisher), goat anti-mouse Alexa Fluor Plus 647
(A32728, ThermoFisher), and nuclei were stained with Dapi
(Sigma). Images were acquired by Zeiss LSM800 confocal
microscope.

For histological assessment of collagen deposition, trichrome
staining was performed using the Masson Trichrome with Aniline
Blue Staining Kit (04-010802, Bio-Optica). Pathological score was
independently evaluated by two pathologists in double-blind
using the standard guideline previously published [44].

The percentage of CD3, B220, or F4-80 positive cells was
evaluated on digital images of total reconstructed spleen section
(5-10 x50 microscopic fields per sample); clear brown positive
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cells were selected with the Magic Wand Tool of Adobe
Photoshop. For each spleen, the number of positive cell pixels
indicated in the histogram window was reported as % on the
number of total spleen area (expressed in pixel). The number of
Foxp3 positive cells was evaluated on digital images of immuno-
fluorescence section as percentage on CD4 positive cells.

Western blotting (WB)

Cell lysates of purified circulating CD14" cells were made in RIPA
buffer with the addition of protease inhibitor cocktail tablets
(Roche, Monza, Italy) and sodium vanadate. Insoluble material was
removed by centrifugation. Samples were subjected to SDS-
polyacrylamide 10% Bis-Tris gel electrophoresis and blotted onto
PVDF-membrane (Immobilon P membranes, Millipore, Billerica,
MA, USA). Tris-buffered saline plus 0.05% Tween-20 and 5% non-
fat milk were used to block unspecific sites. Membranes were
blocked in Tris-buffered saline plus 0.05% Tween-20 and 5% non-
fat milk. Membranes were incubated with anti-FLIP (D5J1E)
purchased from Cell Signaling Technologies (Danvers, MA, USA),
followed by incubation with the secondary goat anti-rabbit 1gG
antibody, horseradish peroxidase (HRP)-conjugated (Millipore,
Billerica, MA, USA). HRP-conjugated anti-B actin (Cell Signaling
Technologies, Danvers, MA, USA) was used as reference. Proteins
were revealed by GE ImageQuant LAS400 with Pico substrate
(ThermoFisher Scientific, Waltham, MA, USA).

In vivo STAT3 targeting

The in vivo effect of drugs treatment was investigated in the vFLIP-
chimera mouse model, 4 weeks after the bone marrow cells
transplantation. Chimera mice that displayed at least 20% of donor-
derived cells were randomized before beginning treatment. Chimera
mice were treated using 8 intraperitoneal administrations of
Baricitinib (10 mg/kg; Cayman chemicals) or Silibinin (100 mg/kg;
Sigma-Aldrich) every 2 days, for a total of 9 treatments. shRNA
treatments were performed three times a week by injecting shRNA
(anti-STAT3 or scramble) loaded onto 4PD intravenously as
previously described [45], for a total of 9 treatments. shRNA
STAT3 sequence: 5-UAAUACGACUCACUAUAAGGAGGGUGUCA
GAUCACAUGGGCUUUCAAGAGAUCUCAACGGACCAUGCUACUGCC
UU-3/; shRNA scramble STAT3 sequence: 5-UAAUACGACUCA
CUAUAAGGGCAGUAGCAUGGUCCGUUGAGAUUCAAGAGAUCUCA
ACGGACCAUGCUACUGCCUU-3' (Boston Open Labs). IHC and flow
cytometry analysis were performed at the end of the experiment
(2 weeks after the first treatment). Chimera mice were euthanized
when the weight loss reached 20% of body-weight as an animal
protocol-defined endpoint.

Preparation of cell suspensions from organs

Mice were euthanized by CO, inhalation. For lung flow cytometry
analysis, mice were immediately perfused with 20 mL ice-cold PBS.
Organs were harvested and processed as follows. Spleens were
mechanically disaggregated and filtered (Corning Inc). Lungs were
cut in small pieces with scissors, enzymatically digested at 37 °C
for 45 min with a solution containing collagenase IV (1 mg/ml),
hyaluronidase (0.1 mg/ml), and DNase (4.5 mg/ml) (Sigma-Aldrich).
For bone marrow, tibias and femurs were flushed in RPMI 1640
(Euroclone) supplemented with 10% heat-inactivated FBS (Super-
ior, Merck), 2mM L-glutamine, 10 mM HEPES, 1T mM sodium
pyruvate, 150 U/mL streptomycin, 200 U/mL penicillin/streptomy-
cin (all from Euroclone). Cells were then collected, filtered and red
blood cells were lysed at RT for 5min with ACK Lysing Buffer
(Lonza). Peripheral blood was washed with PBS and red blood cells
were lysed twice at RT for 10 min. Single-cell suspensions were
then analyzed by flow cytometry.

Single-cell RNA sequencing (scRNA-seq)

Lung pooled from 3 untreated-chimera, 3 silibinin-treated, 3
baricitinib-treated, and 3 vFLIP-tg mice were digested as described
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in “Preparation of cell suspensions from organs” section. Single-
cell suspension (10* cells) was loaded on a GemCode Single Cell
Instrument (10x Chromium System) to generate single-cell GEMs.

Single-cell RNA-seq data preprocessing

Raw bcl files were demultiplexed using bcl2fastg v2.20 from
lllumina and processed using 10x Cell Ranger v3.1.0. In particular,
‘cellranger count’ command with parameter "--expect-cells=4000’
was used to quantify reads mapped to mouse (mm10) and human
(GRCh38) genomes and to obtain the unique molecular identifier
(UMI) count tables.

Single-cell RNA-seq data quality control

The quality control steps before data integration were performed
individually for each sample using the R package ‘Seurat’ [46-48]
and Scrublet [49] for removing putative doublets. In particular, to
retain high-quality transcriptomes, the cells were filtered accord-
ing to the following parameters: percentage of mitochondrial
counts, minimum number of expressed genes, min/max number
of UMIs, and doublet score. For both mouse and human only cells
with <20% of total counts explained by mitochondrial genes were
maintained. Scrublet thresholds were chosen seeing at the
histograms of observed transcriptomes and simulated doublets
as recommended by the author guidelines (https://github.com/
AllonKleinLab/scrublet/blob/master/examples/scrublet_basics.
ipynb). The other filtering thresholds were chosen looking at the
distribution of the data in order to remove cells with a potential
outlier behavior. The complete list of filtering thresholds is
summarized in Dataset 2.

Single-cell RNA-seq data integration

Both for mouse and human cells all the samples were integrated
using the standard Seurat v3 integration procedure [48]. Before
data integration, the original count matrices were normalized
using log-normalization from the Seurat package with default
parameters. Next, both for mouse and human, the scRNA-seq data
were integrated using the first 30 dimensions of canonical
correlation analysis (CCA). After integration, count matrices were
scaled regressing for the total number of genes, UMIs, and
percentage of mitochondrial gene expression. Next, principal
component analysis (PCA) was performed on the top 2000 most
variable features obtained using the ‘vst’ procedure of Seurat. The
top 20 principal components were used to execute t-distributed
stochastic neighbor embedding (tSNE) algorithm and to project
the cells into a two-dimensional space.

Cell type identification

After data integration, cell type identification, both for mouse
and human, was performed using multiple reference-based cell
annotation and manual inspection. For mouse, SingleR [50] with
gene expression profiles from Immunological Genome Project
[51] and Mouse RNA-seq [52] was used in combination with
scMCA [53]. For human data, SingleR was executed using
reference gene signatures from Blueprint/ENCODE [54, 55],
Human primary cell atlas [56], and Monaco immune data [57].
Prior to final cell classification, cell labels were simplified in order
to discard ultra-rare (<20 cells) cell annotations and harmonized
to match corresponding main population labels across the
different reference datasets. Final cell identity was obtained
taking the classification determined by 2 out of 3 reference
datasets and annotating as “Unclassified” the cells labeled
differently with all the 3 datasets. Finally, manual inspection
was performed to check the final annotations and to solve part of
the unclassified cells looking at the expression of known marker
genes through appropriate dot plots (Figure S4B and S4D).
Overall, about 2% of mouse and human cells were labeled as
Unclassified.
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Cluster analysis of neutrophils and monocytes/macrophages
To have a better resolution in subset cluster analysis, neutrophils
and monocytes/macrophages populations of both mouse and
human were extracted from the dataset, re-integrated using a
similar approach to above (see the “Single-cell RNA-seq data
integration” section), and finally clustered. For neutrophils, cells were
integrated using Seurat with 30 CCA dimensions and clustered using
10 principal components for mouse and 12 for human, respectively,
to construct a shared nearest neighbor graph (SNN). A resolution of
0.12 for mouse and 0.15 for human, respectively, was used to find
significant clusters (=2% of cells) through the SNN. Monocytes/
macrophages were similarly integrated and clustered using 11 and
10 principal components for mouse and human, respectively, with a
resolution of 0.15. For human samples, the parameter ‘kfilter=80'
was set to find the Seurat integration anchors. After integration and
clustering, cells were projected into a two-dimensional space using
the tSNE algorithm.

Mapping between human and mouse genes

To map mouse to human gene symbols the ortholog table from
the Mouse Genome Informatics (MGI, http://www.informatics.jax.
org/downloads/reports/HMD_HumanPhenotype.rpt) was used
keeping only the genes with a one-to-one mapping between
the two species (Dataset 1).

Gene set analysis

Gene set analysis for scRNA-seq and bulk RNA-seq data was
performed using ‘fgsea’ [58] that performs pre-ranked gene set
enrichment analysis (GSEA, [59]) or with the ‘gsva’ R package that
performs gene set variation analysis (GSVA, [60]). Gene-level
statistics for scRNA-seq data used as input for GSEA were
calculated using the Seurat function ‘FindMarkers’ with the
Wilcoxon rank-sum test with average log-fold change threshold
of 0 for bulk-like analyses and 0.1 for cluster-level analyses. For the
analysis of bulk RNA-seq of previous published Sars-CoV-2 ACE2-
transgenic mice dataset (GSE154104), gene-level statistics were
obtained through DESeq2 package [61]. In particular, after
removing duplicated gene symbols, differential expression analy-
sis was performed to compare Sars-CoV-2 ACE2-transgenic mice
7 days post infection (dpi) and mock-infected mice (0 dpi) with
log2-fold change different from 0. The 50 hallmark gene sets from
MSigDB [62] were used as input both for GSEA and GSVA. For
GSEA, only up- or downregulated gene sets with adjusted p-value
<0.05 were considered statistically significant.

Reference-based classification of human BAL neutrophils
SingleR was used to label the cells of the neutrophil clusters in the
human BALs using as reference the gene expression of vFLIP mice
neutrophil clusters. In particular, a bulk-like mouse reference was
created, taking the log-normalized average expression of each
gene in each cluster, and giving it to SingleR for reference-based
classification after mapping mouse genes to human gene symbols
via orthology (see the “Mapping between human and mouse
genes” section). SingleR was executed taking the top 100
differential expressed genes between cluster comparisons specify-
ing the parameter ‘de.n’ (Dataset 1).

Data visualization
In general, the bioinformatics figures were obtained using
functions of the R packages Seurat and ggplot2 [63].

Statistical analysis

All data are reported as mean * standard error (SE) of the mean.
Statistical analyses were performed using Graph Pad Prism (version
8.0.2). Student t test and Wilcoxon-Mann-Whitney test were used to
determine statistical significance of differences between two
treatment groups. Values were considered significant at P < 0.05.
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SARS-CoV-2 infection-induced c-FLIP overexpression in both
COVID-19 patients and virus-infected, HFH4-hACE2 transgenic
mice

Viruses have evolved a myriad of ways to escape host apoptotic
process and thereby preserve infected cells from early death,
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which eliminates the replicative niche [64]. Several viruses
including hepatitis C virus [65], hepatitis B virus [66], human
T-cell leukemia virus-1 [67], human immunodeficiency virus 1 [68],
Epstein Barr Virus [69], and influenza A virus [70] induce the anti-
apoptotic protein c-FLIP, which blocks caspase-mediated cell
death [40]. Poxviruses and herpesviruses encode proteins with
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Fig. 1 c-FLIP and pSTAT3 expression in SARS-CoV-2-infected hosts. A Representative H&E-stained microscopy images of lung tissue of non-
respiratory disease (NRD), bacterial pneumonia (BP), and COVID-19 patients (upper panel). Scale bar, 200 pm. Representative
immunofluorescence (IF) staining of alveolar macrophages (second, third, and fourth lines) and histiocytic cells (fiftth and sixth lines). Cells
were stained for CD68 (green), c-FLIP (red), pSTAT3 (white), and DAPI (blue). Scale bar, 20 pm. B Quantification and representative IF staining of
c-FLIP in circulating monocytes (CD14 ™" cells) purified from healthy donors (HD, n = 4) or COVID-19 patients (n = 5). Cells were stained for DAPI
(blue) and c-FLIP (red). Scale bar, 10 pm. C Correlation between percentage of suppression and percentage of circulating c-FLIP-expressing
monocytes isolated from COVID-19 patients (n=16). D Correlation between pSTAT3 and c-FLIP normalized expression in circulating
monocytes (CD14" cells) isolated from COVID-19 patients (n = 10). E Correlation between the release of IL-6 or TNF-a cytokines and pSTAT3
expression in monocytes (CD14" cells) from HD (red, n = 4) and COVID-19 patients (black, n = 13). F Representative hematoxylin and eosin
(H&E)-stained microscopy images of lung tissue of HFH4-hACE2 transgenic mice SARS-CoV-2-infected or mock-infected mice. Scale bar, 200
pm. pSTAT3, c-FLIP, and CD11b expression levels were detected by indirect immunofluorescence (IFA) staining. Scale bar, 100 pm. Correlation

analysis was performed by Spearman’s rank correlation (C-E).

high homology to c-FLIP, such as the Kaposi's herpesvirus K13/
VFLIP and the herpesvirus saimiri orf71, which harbor DED
domains responsible for blocking procaspase cleavage, preventing
apoptosis, and favoring viral latency [36]. Thus, FLIP expression is
linked to viral replication by suppressing host cell death.

To examine c-FLIP alterations in COVID-19, we analyzed lung
autopsy samples from patients infected by SARS-CoV-2 (COVID-19;
n=23) or affected by bacterial pneumonia (BP; n=4) or other
diseases (NRD; n = 4) (Supplementary information, Table 2A). In the
latter group, the respiratory tract was not altered by severe
inflammation and showed a tissue structure almost devoid of
pathological aspects (Fig. 1A, first line). By contrast, the histopatho-
logical features of the lungs from COVID-19 patients were showed
heterogeneous inflammation and tissue damage (Supplementary
information, Table 1) [22, 71]. When we evaluated the number of
CD68" myeloid cells, which encompass alveolar macrophages,
monocytes/interstitial macrophages, and histiocytes [72, 73], for the
expression of FLIP, COVID-19 samples displayed a variable number
of FLIP-expressing CD68" cells (Fig. 1A, second line) suggesting an
accumulation of FLIP™ myeloid cells during COVID-19 progression.
Conversely, COVID-19 samples displayed also a moderate and
heterogeneous infiltration of neutrophils, identified as neutrophil-
elastase (NE) positive cells, which were not positive also for FLIP
(Supplementary information, Fig. S1A). Previously, we found
enforced FLIP expression reprogramming myeloid cells into immune
regulatory elements through the aberrant activation of several
molecular pathways, including STAT3-dependent signaling [35].
Since STAT3 hyperactivation was advanced as the orchestrator of
most commonly COVID-19-associated features, such as rapid
coagulopathy, thrombosis, tissue fibrosis, production of inflamma-
tory cytokines and chemokines, as well as T-cell lymphopenia [74],
we next evaluated the expression of pSTAT3 in the selected
pathological lung fields. We detected a weak pSTAT3 expression in
NRD samples, while a limited pSTAT3 pattern was restricted to
stromal cells in bacterial pneumonia sections. However, consistent
and diffuse expression of pSTAT3 was shared in COVID-19 samples
by numerous cell types; among them, several CD68*FLIP* alveolar
macrophages (Fig. 1A, third and fourth lines), histiocytic cells (Fig. 1A,
fifth and sixth lines), and monocytes/interstitial macrophages
(Supplementary information, Fig. S1B). Interestingly, CD68 FLIP*p-
STAT3" cells were present in 56.5% (13/23) of analyzed cases and
their presence significantly correlated with a shorter time to fatal
evolution, expressed as the number of hospitalization days (i.e.,
absence of CD68"FLIP"pSTAT3" cells (n=10) 25+ 14.4 days vs.
presence of CD68'FLIPTpSTAT3" cells (n=13) 18+9.3 days; p=
0.0223) (Supplementary information, Table 2B). On the contrary,
CD68" expression alone is not predictive of disease progression
since it did not discriminate between patients with a shorter or a
longer hospitalization time (Supplementary information, Fig. S1C).

We assessed c-FLIP and pSTAT3 expression in fresh circulating
monocytes (CD14™ cells) isolated from SARS-CoV-2-infected indivi-
duals (Supplementary information, Table 2C). Immunofluorescence
analysis revealed an increased expression of c-FLIP in circulating
CD14" cells isolated from COVID-19 patients compared to heathy
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donors (HDs) (Fig. 1B), together with a linear correlation between c-
FLIP-expression in monocytes and their immunosuppressive
properties (Fig. 1C, Supplementary information, Fig. S1D-E). PD-L1
was enhanced in c-FLIP-expressing CD14" cells (Supplementary
information, Fig. S1F), in agreement with our previous findings in
pancreatic ductal adenocarcinoma (PDAC) patients [35], hinting to
common mechanisms of innate immunity modulation in COVID-19
and cancer.

We next sought to determine whether c-FLIP-expressing
circulating monocytes exhibited concomitant activation of STAT3.
We identified a significant direct correlation between pSTAT3 and
c-FLIP expression in circulating CD14" cells isolated from COVID-
19 patients (Fig. 1D), hinting to the aberrant activation of FLIP/
STAT3 axis in myeloid cells not only at pulmonary site but also in
periphery. The STAT3 pathway in myeloid cells is relevant for
acquiring immunosuppressive functions [75-77] and for driving
the production of cytokines during immune disorders [78], two
conditions jointly cooperating to establish a severe lymphopenia,
one of the signs of clinical severity in COVID-19 patients.
Monocytes isolated from COVID-19 patients secreted a greater
amount of cytokines, on a per-cell basis, which correlated with the
pSTAT3 expression (Fig. 1E and Supplementary information,
Fig. S1G), consistent with published data about the monocyte
contribution to the cytokine storm [79, 80].

To establish a direct link between FLIP and pSTAT3 dysregula-
tion following SARS-Cov-2 infection, we analyzed the lung of mice
transgenic for hACE2 (HFH4-hACE2 mice) that were intranasally
infected with either SARS-CoV-2 or mock virus, as previously
described [81]. Examination of lung tissues 7 days after virus
challenge demonstrated that SARS-CoV-2 infection induced severe
pneumonia characterized by increased CD11b* myeloid cell
accumulation in perivascular and alveolar locations (Fig. 1F). Of
note, lung-infiltrating myeloid cells in SARS-CoV-2-infected mice
expressed higher p-STAT3 levels than the control group (Fig. 1F).
Moreover, we found an increased expression of p-STAT3 in c-FLIP*
cells, which morphologically resemble myeloid cells, in the lung of
SARS-CoV-2-infected mice (Fig. 1F) as exemplified by the presence
of p-STAT3"c-FLIP"CD68" lung-infiltrating cells exclusively in
SARS-CoV-2-infected mice (Supplementary information, Fig. STH).
Collectively, these data establish that myeloid subsets are
converted into FLIP- and pSTAT3-expressing elements character-
ized by pro-inflammatory and immunosuppressive features in
COVID-19.

VFLIP overexpression in myeloid cell lineage induced
pulmonary and systemic pathological features of CRS,
including the fatal outcome

Since transgenic mice expressing Vv-FLIP in myeloid cells die
prematurely within 4 weeks of life due to systemic immune
disorders [35], we engrafted sub-lethally ablated, immunocompe-
tent mouse recipients with bone marrow (BM) isolated from either
ROSA26.vFLIP,LyzM-CRE (CD45.2) or wild type mice (CD45.1)
mixed together at different ratios. All engrafted mice developed
weight loss (Supplementary information, Fig. S2A-B), systemic
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lymphopenia, and extensive accumulation of myeloid cells in the
spleen, where a subversion of splenic architecture was marked
(Supplementary information, Fig. S2C), as well as in several organs
leading to the development of multi-organ injuries and areas of
fibrosis (Supplementary information, Fig. S2D), including the lung.
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For subsequent analyses in this study, we employed BM chimeras
(hereafter defined vFLIP mice), generated by transplantation of a
1:1 ratio of VFLIP" and WT BM cells.

Since lung inflammation is the principal cause of life-
threatening respiratory syndrome in CRS, including severe forms
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Fig.2 Local and systemic pSTAT3-dependent inflammation in vFLIP mice. A Representative H&E-stained microscopy images of lung of WT
(upper panel) or VFLIP chimera mice. Scale bar, 200 um. B Representative IF staining of lung-infiltrating neutrophils (NE* cells) and
mononuclear phagocytes (CD68" cells) in WT or vFLIP mice. Cells were stained for DAPI (blue), neutrophil elastase (NE) (red, middle panel),
and CD68 (green, bottom panel). Scale bar, 200 pm. C Representative IF staining of lung-infiltrating neutrophils and mononuclear phagocytes
in WT or VFLIP mice. Scale bar, 20 pm. Cells were stained for DAPI (blue), NE (red, middle panel) or CD68 (green, bottom panel), and pSTAT3
Tyr705 (gray). D P-selectin (CD62P) presence in lung of WT (upper panel) or vFLIP mice by H&E staining. Scale bar, 100 pm. E Representative
confocal analysis of NET in the lung of WT (left panel; 50 pm) or VFLIP mice (200 pm). Cells were stained for DAPI (blue), NE (red), and H3cit
(green). F Dot plots of IL-6 and TNF-a in lung-infiltrating mononuclear phagocytes (CD45.2"Ly6C™" cells) and neutrophils (CD45.2"Ly6G™" cells)
isolated from vFLIP mice (n = 17). G Representative IF staining of spleen-infiltrating neutrophils (NE™ cells) and mononuclear phagocytes (F4/
807" cells) in WT or vFLIP mice. Cells were stained for DAPI (blue), NE (red, middle panel), and F4/80 (green, bottom panel). Scale bar, 200 pm. H
Representative IF staining of spleen-infiltrating neutrophils and mononuclear phagocytes in WT or vFLIP mice. Cells were stained for DAPI
(blue), NE (red, middle panel), or F4/80 (green, bottom panel), and pSTAT3 Tyr705 (gray). I Dot plots of IL-6 and TNF-a in mononuclear (Ly6C*
cells) and polymorphonuclear (Ly6G™ cells) myeloid cells in spleen of WT (n = 8) or vFLIP mice (n = 9). Data are reported as mean = S.E.M. *p <

2.05, **p <0.01, and ***p <0.001 by Mann-Whitney test.

of COVID-19 [20], we assessed the lung histopathology in vFLIP
mice. Lungs of VFLIP mice showed diffuse interstitial myeloid
infiltrate and alveolar damage, characterized by areas of fibrosis,
lung consolidation, multinucleated cell clusters and tissue regions
with peribronchial and perivascular infiltrate with associated
intravascular thrombi. Severe cases also showed infarctions and
extensive fibrosis (Fig. 2A, B, Supplementary information, Fig. S3A-
D). Consistent with COVID-19 CRS, we detected pSTAT3 in both
mononuclear phagocytes (hereafter identified as either CD68™,
F4/80" or Ly6C* cells) and neutrophils (hereafter identified as
either NE* cells or Ly6G" cells) localized in VFLIP lung tissues
compared to normal mice (Fig. 2C, Supplementary information,
Fig. S3C). Considering the role of an aberrant immune response in
the pathogenesis of COVID-19 by promoting alveolar inflamma-
tion and hyper-coagulation state in lung vessels [26, 82], we
evaluated the presence of the endothelial dysfunction marker
p-selectin (CD62P) in the pulmonary environment of vFLIP mice.
P-selectin is normally stored in Weibel-Palade bodies of endothe-
lial cells. After tissue injury, it is exposed in the vascular lumen
where it mediates the adhesion and activation of platelets and
leukocytes [83]. In VFLIP mice, p-selectin was strongly expressed
on the luminal surface of inflamed vessels of large and small
caliber, whereas it was not detectable in the lungs of WT mice
(Fig. 2D).

Among effector mechanisms of neutrophils during inflamma-
tory processes, neutrophil-derived extracellular traps (NETs) have
been linked with the pathology of lung damage in COVID-19 [82].
In line with this evidence, NETSs, identified as extracellular DNA
staining colocalizing with NE and citrullinated histone H3 (H3Cit)
by confocal microscopy [84], were not found in lung of WT mice
but present in parenchima and alveoli of v-FLIP mice (Fig. 2E).
Since several stimuli trigger neutrophil activation and NETosis,
including inflammatory cytokines and chemokines [85, 86], we
evaluated whether myeloid cells could be a source of these
soluble factors. By intracellular staining, we enumerated TNF-o-
and IL-6-producing mononuclear phagocytes (CD45.2"Ly6C"
cells) and neutrophils (CD45.27Ly6G™ cells) isolated from the
lung of VFLIP mice. We could not isolate sufficient number of
myeloid cells from WT mouse lungs. Inflammatory cytokine
production was higher in monocytes than in neutrophils (Fig. 2F).
Notably, a marked accumulation of myeloid cells was identified
also in the spleen of vFLIP mice (Fig. 2G), in which high
percentages of pSTAT3" and inflammatory cytokine-producing
monocytes were detected (Fig. 2H, ). We speculated that these
cells might establish an unfavorable environment for T cells and,
indeed, effector and helper T cells were heavily contracted while T
regulatory lymphocytes (Tregs, identified as CD4"FoXP3™ cells)
significantly expanded in the spleen of VFLIP mice (Supplementary
information, Fig. S3E-F), unveiling a pronounced systemic
lymphopenia that mirrors COVID-19-associated CRS.

To gain a broad insight into the immune landscape of CRS in
VFLIP mice, we performed a single-cell RNA sequencing
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(scRNA-seq) on lung-infiltrating cells. After preprocessing, integra-
tion, and cell annotation (see the “Materials/subjects and
methods” section), a total of 31,274 mouse cell transcriptomes
were obtained across WT and vFLIP mice. All the cells were
visualized through t-distributed stochastic neighbor embedding
(t-SNE) assessing the cell proportions across the different mouse
samples to have a global overview of the cell composition
(Supplementary information, Fig. S4A-B). When we compared the
percentage of each cell type across WT and vFLIP conditions
(Fig. 3A), VFLIP mice showed a higher proportion of neutrophils
(~65%) compared to WT mice (~23%) and a marked decrease in T
(~5% VFLIP; ~17% WT) and B lymphocytes (~3% VFLIP; ~21% WT),
confirming the aforementioned histopatological data about
pulmonary infiltration of neutrophils (Fig. 2C). Conversely, mono-
cytes (~9% VFLIP; ~12% WT) and macrophages (~13% VFLIP; ~16%
WT) were comparable between the two groups.

To picture a global overview about biological pathways
activated in VvFLIP mice, we performed gene set enrichment
analysis (GSEA) comparing VFLIP and WT cells. We noticed a
significant upregulation in inflammatory responses, TNF-a signal-
ing via NF-kB and JAK-STAT3 signaling pathway that were among
the top enriched gene sets (Fig. 3B). Notably, these processes were
related to the overexpression of several pro-inflammatory
mediators such as Il1b, Ccrl2, II1a, and Tnf (Fig. 3C). All these
data are in line with results about pSTAT3 overexpression and
TNF-a hyper-production in vFLIP mice (Fig. 2F), as well as previous
data about FLIP controlling NF-kB [35, 87]. To link our results from
VFLIP mice with Sars-Cov-2 infection, we matched GSEA results
obtained from VFLIP mice with GSEA analysis of bulk RNA-Seq
data of lung from hACE2 transgenic mouse infected with Sars-Cov-
2 [88]. Comparing VFLIP upregulated pathways with those
enriched following infection of hACE2 mice (day 7 post infection
vs day 0, Fig. 3D), we found that SARS-CoV-2-induced inflamma-
tory pathways were shared with VFLIP mice. Interestingly, these
data are in line with transcriptomic analysis using additional
animal models of SARS-CoV-2 infection [89]. Together, these
results support the concept that CRS syndrome in vFLIP mouse
model may mimic COVID-19 immunopathology.

VFLIP mice and COVID-19 patients display similar
inflammatory myeloid cell landscapes in pulmonary
environment

To compare the pulmonary immune landscape of vFLIP mice and
COVID-19 patients, we quantified the similarity between mouse
lung-infiltrating leukocytes and 19,996 immune cells isolated from
bronchoalveolar lavage fluids (BAL) of severe COVID-19 patients
(n=7; WHO ordinal score 7) who were admitted to Intensive Care
Units (ICU) of Verona Hospital [32]. A procedure similar to mouse
cell integration and annotation was performed in order to assess
cell composition in human BAL samples (Supplementary informa-
tion, Fig. S4c-D). In both mouse and human datasets, neutrophils
and monocyte/macrophage populations were separated and
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Fig.3 Lung immune landscape in vFLIP mice affected by cytokine release syndrome. A tSNE representation of scRNA-seq from 2 WT and 2
VFLIP mice samples (WT: 9174; vFLIP: 9847) colored according to cell type. Stacked bar plots representing cell-type proportions across WT and
VFLIP conditions. B Bar plot representing the upregulated (NES > 0, adjusted p-value <0.05) hallmark gene sets in the analysis of VFLIP vs
WT cells obtained through GSEA analysis. C Violin plots showing the expression of key genes that drive the upregulation of inflammatory
response, TNF-« signaling via NF-kB and JAK-STAT3 signaling pathway in the lung of VvFLIP mice. The asterisks denote statistically significant
upregulation in the comparison between vFLIP and WT conditions (*p < 0.05, **p < 0.01, ***p < 0.001). D Bar plot representing the upregulated
(NES > 0, adjusted p-value <0.05) hallmark gene sets in bulk RNA-seq data obtained through GSEA analysis of ACE2-transgenic mice infected
with Sars-CoV-2 [88] comparing day 7 post infection (dpi) with mock-infected (0 dpi). Red bars refer to the gene sets enriched in both vFLIP

and ACE2-transgenic mice.

re-integrated prior to clustering, in order to have a better
resolution in subset identification and comparison.

Following clustering, mouse neutrophils comprised 4 subsets
characterized by canonical neutrophil markers including S100-
family genes and Adam8 (cluster 0), inflammatory chemokines
Ccl3 and Ccl4 (cluster 1), high expression of Camp and Ngp genes
(cluster 2), and interferon-response genes Isg15/Isg20 (cluster 3)
(Fig. 4A and Supplementary information, Dataset 1). Similarly, in
COVID-19 BAL, we outlined 5 different clusters expressing marker
genes similar to mouse neutrophil subsets. In particular, we
observed clusters expressing canonical neutrophil markers such as
S100A8/S100A9 genes (cluster a), CCL3/CCL4 chemokines as well as
CTSB and CSTB genes (cluster b), interferon-response genes IFITI,
IFIT2, and ISG15/I1SG20 (cluster ¢) and other 2 clusters expressing
ribosomal (cluster d) and heat shock protein (HSPs) genes (cluster
e) (Fig. 4B and Supplementary information, Dataset 1).

We used reference-based classification (see the “Materials/
subjects and methods” section) to map mouse subsets into
human subsets. The results confirmed a conserved structure
among neutrophil clusters between the two species and
pathologies (Fig. 4C). In fact, about 89% of the human cluster c
was annotated as cluster 3 of mouse, about 81% of cluster d was
annotated as cluster 1 and, finally, clusters a, b, and e were mainly
annotated as cluster 1 of mouse (60-65%). Conversely, cluster 2
appeared to be a mouse-specific neutrophil subset with no
relevant correspondence in human subsets. These results

Cell Death & Differentiation (2022) 29:420 - 438

recapitulate published reports [90], in which 3 conserved modules
between mouse and human were characterized by the expression
of Ccl3/CCL3, Cstb/CSTB (cluster 1 in VvFLIP), type | interferon
response genes such as [fit1/IFIT1, Irf7/IRF7, and Rsad2/RSAD2
(cluster 3 in vFLIP), and neutrophils expressing canonical markers
5100a8-a9/5100A8-A9 (cluster 0 in VFLIP).

Even though mouse clusters 1 and 3 were not the most
abundant neutrophil subsets (Fig. 4A) in VFLIP mice, they were the
most dysregulated in terms of cell proportion compared to WT.
Indeed, Cluster 1 displayed more than twofold increase (~27%
VFLIP; ~11% WT) while cluster 3 about threefold decrease in vFLIP
compared to WT (~3% VFLIP; ~1% WT). Furthermore, GSEA
analysis at the cluster level revealed several leading genes
involved in neutrophil inflammatory response in cluster 1
(Supplementary information, Dataset 1), such as ll1b, Ifitm1,
Clec5A, and Ccrl2, which were upregulated in VFLIP compared to
WT mice (Fig. 4D and Supplementary information, Dataset 1).

We detected 7 clusters in mouse mononuclear phagocyte
compartment (monocytes/macrophages) (Fig. 4E). Among macro-
phages, we could identify alveolar macrophages expressing Mrcl,
Krt79, and Krt19 genes (cluster 0), macrophages expressing either
inflammatory cytokines such as Cxcl3, Cxcl1, and Il1a (cluster 4) or
proliferation markers Mki67 and Top2a (cluster 5), and a cluster
expressing high levels of ribosomal genes (Cluster 6). In addition, we
obtained a cluster composed by both macrophages (~64%) and
monocytes (~36%) characterized by the expression of Ciga and
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Clgb (cluster 1). Finally, among monocytes we detected classical
monocytes expressing Ccr2 and Ly6c2 (cluster 3) and non-classical
monocytes expressing Ly6c2, Ace, and Cd300e (cluster 2), reprodu-
cing the immune landscape previously described in tumor-bearing
mice [90]. In monocytes/macrophages compartment from BAL
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patients, we observed 5 clusters (Fig. 4F): a macrophage cluster
expressing proliferation markers MKI67 and TOP2A (cluster d); a
cluster characterized mainly by macrophages expressing CTQA,
C1QB, and MRCT (cluster a); a cluster expressing monocyte markers
FCNT and VCAN (cluster b); two small clusters expressing ribosomial
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Fig. 4 Unbiased comparison between lung-infiltrating cells of vFLIP mice and BAL-derived immune cells obtained from COVID-19
patients. A tSNE representation and stacked bar plot showing cluster analysis of neutrophils coming from scRNA-seq analysis of lung tissue of
mice (n =7) and B COVID-19 patients BALs (n = 7). Neutrophils of mouse (17,099) and human (15,366) are visualized through tSNE projection
and colored according to cluster analysis. C Reference-based classification of BAL neutrophil clusters using average expression of mice
neutrophil clusters (see “Materials/subjects and methods”). D Violin plots showing the expression of key inflammatory and interferon response
genes among mouse neutrophil clusters. The asterisks denote statistically significant upregulation in the comparison between vFLIP and WT
conditions (*p < 0.05, **p <0.01, ***p < 0.001). E Subset analysis of monocytes/macrophages of mouse (n=7) and F COVID-19 BALs (n =7).
Monocytes/macrophages of mouse (6115) and human (3445) are visualized through tSNE projection and colored according to cluster analysis.
G GSVA scores for inflammatory response, JAK-STAT3 signaling, and TNF-a signaling via NF-kB pathway across mouse (left) and BAL (right)
monocytes/macrophage clusters. H Violin plots showing the expression level of key inflammatory response and JAK-STAT3 signaling pathway
genes across mouse monocytes/macrophages subsets. The asterisks denote statistically significant upregulation in the comparison between

VFLIP and WT conditions (*p < 0.05, **p < 0.01, ***p < 0.001).
<

(cluster c) and heat shock protein (HSPs) genes (cluster e). Probably
due to the intrinsic complexity [90] and the low number of cells in
the mononuclear phagocyte compartment [32], we were not able to
distinguish classical from non-classical monocytes as well as to
identify different macrophage subsets in BAL samples. Despite these
caveats, we observed the expression of similar top marker genes
between subset 5 and d, which identified proliferating macrophages
(Supplementary information, Dataset 1); furthermore, the expression
of several macrophage lineage genes such C1QA, C1QB, and MRC1
was shared between the two species. Conversely, inflammatory
genes such as IL1B, CXCL1, and CXCL3 were mainly expressed by
monocytes in BALs, unlike mouse dataset in which they were
expressed at high levels both in monocyte and macrophages
(Supplementary information, Dataset 1). Through gene set variation
analysis (GSVA), we confirmed that inflammatory response and
related pathways TNF-a signaling via NF-kB and JAK-STAT3 signaling
were active in several clusters of mouse monocytes and macro-
phages while in BALs were specifically localized in monocytes
(Fig. 4G). Despite several mouse subsets presented an upregulation
of inflammatory genes in vFLIP compared to WT mice (Fig. 4H, top
panels) as well as high GSVA scores on inflammatory-related
pathways (Fig. 4G), GSEA analysis at the cluster level unveiled
significant upregulation of inflammatory response, TNF-a signaling
via NF-kB and JAK-STAT3 pathways specifically in cluster 4
(Supplementary information, Dataset 1), which was also the most
dysregulated in terms of cell proportion (~19% VFLIP; ~8% WT)
(Fig. 4E). Notably, the upregulation of JAK-STAT3 signaling pathway,
in VFLIP cluster 4 compared to WT, was paralleled by the expression
of several genes in the pathway such as Jak2, Csf1, l10rb, and Cd38
(Fig. 4H, bottom panels).

In summary, a conserved landscape of myeloid cells enriched
for transcriptional signatures associated with the inflammatory
response was detailed in the lung environment of both vFLIP mice
and severe COVID-19 patients, in line with the concept that FLIP-
expressing myeloid cells drive lung pathology.

STAT3 targeting restrains immunopathology in vFLIP mice

To investigate whether targeting STAT3 could be sufficient to
dampen the uncontrolled immune dysregulation in vFLIP mice, we
evaluated therapeutic approaches involving either pharmacologi-
cal or RNA interference of STAT3. Initially, we tested in vivo the
efficacy of two STAT3 inhibitors: silibinin, a STAT3 inhibitor that
blocks the Y705 phosphorylation-related and STAT3 dimerization
[91], or baricitinib, a clinically-approved inhibitor of JAK1 and JAK2
able to interfere with STAT3 signaling activation [92]. Four weeks
after the establishment of BM chimerism in recipients (T0), mice
were treated every 2 days by intraperitoneal injection. Weight loss
was significantly decreased in mice that had received the drug
treatments (Supplementary information, Fig. S5A). Furthermore,
STAT3 targeting reduced the plasma concentration of several pro-
inflammatory cytokines (Fig. 5A), which are produced at abnormal
levels in untreated vFLIP mice and are also a feature of COVID-19
[3]. Immunohistochemistry of spleen demonstrated a reduction
in systemic lymphopenia of treated VvFLIP mice, with some
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differences, since baricitinib furthered a raise in both T and B
cells while silibinin affected only T lymphocyte frequency (Fig. 5B).
By analyzing eight different parameters (e.g., interstitial enlarge-
ment, vascular congestion, perivascular neutrophils, presence of
thrombi, presence of infarction, fibroplasia, foam cell clusters, and
perivascular infiltrate; Supplementary information, Fig. S5B), we
confirmed a reduction in the pathological score of inflammatory
pneumonia in treated mice (Fig. 5C and Supplementary informa-
tion, Fig. S5C).

To explore further the molecular underpinnings of the
inflammatory shutdown, we evaluated the lung-infiltrating leuko-
cyte profile of treated and untreated vFLIP mice by scRNA-seq.
After projecting the cells into a two-dimensional space using t-
SNE, we evaluated the effect of pharmacological treatments on
the proportions of the main cellular subsets. Both treatments
reduced the neutrophil proportion (~82% UT; ~76% silibinin;
~66% baricitinib), with a compensatory increase in other cells,
such as lymphocytes, indicating a trend towards rebalancing the
lung-infiltrating leukocyte frequency (Fig. 5D). Considering neu-
trophil subgroups, we observed a slight reduction in the major
neutrophil subset (cluster 0: ~89% UT; ~87% silibinin; ~86%
baricitinib) in treated mice and an expansion in neutrophils
expressing interferon-response genes (cluster 3: ~2% UT; ~4%
silibinin: ~5% baricitinib) (Supplementary information, Fig. S5D).
Therefore, STAT3-targeting approaches can alter neutrophil
composition favoring the accrual of elements with type |
interferon response-associated genes. As for the monocytes/
macrophages in treated mice, we observed a decrease in both
classical monocytes (clusters 3: ~32% UT; ~23% silibinin; ~25%
baricitinib) and macrophages expressing inflammatory cytokines
(cluster 4: ~12% UT; ~8% silibinin; ~8% baricitinib); at the same
time, we evinced the increase in clusters 1 (~25% UT; ~27%
silibinin; ~41% baricitinib) and cluster 2 (non-classical monocytes:
~10% UT; ~20% silibinin; ~14% baricitinib) (Supplementary
information, Fig. S5D).

Finally, GSEA analysis confirmed an upregulation of interferon
alpha/gamma pathways in both STAT3-based treatments com-
pared to controls and, simultaneously, the downregulation of
gene signatures associated to inflammatory response, JAK-STAT3-
dependent signaling pathways, and TNF-a signaling via NF-kB
(Fig. 5E). Consistent with this effect, several inflammatory genes,
such as Il1b, Clec5a, Ccrl2, and Ifitm1 were downregulated while
Ifitm3, Stat1, and Isg15 genes, which are associated to interferon
response pathways, were upregulated in baricitinib-treated vFLIP
mice (Fig. 5F). Thus, STAT3 inhibitors might mitigate the
inflammatory pathology, both locally and systemically, by affect-
ing the aberrant FLIPs-STAT3 feedforward loop while keeping the
antiviral response active.

To confirm the immunomodulatory capacity of STAT3 inhibitors,
we tested the ability of these two compounds to control the
immunosuppressive functions of c-FLIP-expressing monocytes
isolated from COVID-19 patients. T-cell proliferation was signifi-
cantly preserved after co-culture with monocytes pre-treated with
the two drugs, as compared to untreated controls (Supplementary
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information, Fig. S5E). These results indicate that STAT3-targeting
may prevent T-cell dysregulations by limiting immunosuppressive
features of SARS-CoV-2-educated myeloid cells, endorsing the
clinical results about baricitinib efficacy in altering immunoregu-
latory properties of myeloid cells in COVID-19 patients [80].
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To provide complementary evidence that a direct STAT3-
silencing in myeloid cells could control the evolution of
immunopathological disorders in vFLIP mice, we exploited the
in vivo delivery of 4PD nanoparticles loaded with STAT3-specific
short hairpin RNAs (shSTAT3) on their surface. The ability of 4PDs
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Fig. 5 STAT3 pharmacological targeting reduces lung damage and immune dysfunctions in vFLIP mice. A Analysis of cytokines levels in
serum of VFLIP mice before treatment (TO) or at the end of treatment (untreated, n = 9; silibinin, n = 9; baricitinib, n =9). B Lymphocytes (B
cells: B220" cells; T cells: CD3" cells) and macrophages (F4/80" cells) quantification in spleens of untreated (n = 14), silibinin (n =8), and
baricitinib (n = 16) vFLIP mice by H&E staining. Scale bar, 200 um. C Pathological score of lungs of untreated (n = 14), silibinin (n = 8), and
baricitinib (n = 16) vFLIP mice by H&E staining. Scale bar, 200 pm. D tSNE representation of scRNA-seq from untreated (4662) mice and treated
with silibinin (3414) and baricitinib (4177) colored according to cell type. Stacked bar plots representing cell-type proportions across
conditions. E Bar plot representing the up- and downregulated (adjusted p-value <0.05) hallmark gene sets obtained in the bulk-like analysis
of treated compared to untreated VFLIP chimera cells obtained through GSEA analysis. F Violin plots showing the expression of genes
involved in inflammatory response, JAK-STAT3 signaling pathway, and interferon response in the lung of vFLIP chimera mice (*p < 0.05, **p <

0.01, ***p < 0.001). Data are reported as mean + S.E.M. *p <0.05, **p <0.01, and ***p < 0.001 by Student’s t-test, Mann-Whitney test.
«

to recognize and target preferentially mononuclear phagocytes
and mediate an effective in vivo delivery of shSTAT3 was
previously proven in cancer mouse models [45]. Therefore, vFLIP
mice were treated by a total of nine administrations, every 2 days,
of 4PDs loaded with either a scrambled RNA sequence (shCTRL, as
negative control) or shSTAT3. Similar to STAT3 pharmacological
treatment, the genetically-based STAT3 silencing in myeloid
compartment controlled the weight loss, limiting CRS-associated
cachexia (Supplementary information, Fig. S6A). Moreover, STAT3-
silencing affected the severity of inflammatory pneumonia, as
highlighted by the decrease in lung pathological score (Fig. 6A
and Supplementary information, Fig. S6B) and allowed a strong
contraction of in both neutrophilia and inflammation within
pulmonary tissues (Fig. 6B and Supplementary information,
Fig. S6C). Notably, shSTAT3 treated mice showed also a reduction
in systemic lymphopenia, with an increased frequency of both T
and B lymphocytes and a concomitant myeloid cell reduction in
the spleen (Fig. 6C) and in peripheral blood (Fig. 6D). Finally, the
4PD-mediated, STAT3-specific shRNA delivery normalized the
plasma concentration of several pro-inflammatory cytokines
(Fig. 6E). Taken together, these data indicate that STAT3-targeting,
especially in myeloid cells, is effective in tempering CRS-associated
immunopathological disorders triggered by the accumulation of
FLIP-expressing cells.

DISCUSSION

To date, the pathology of CRS is incompletely understood and no
single definition is widely accepted by the scientific community.
Our data establish FLIP-expressing myeloid cells as a pivotal driver
of CRS. Indeed, the VvFLIP chimera mice show acute systemic
inflammatory symptoms (Fig. 2 and Supplementary information,
Figs. S2-3), elevated cytokine levels (Fig. 5A), weight loss
(Supplementary information, Fig. S5A), lymphopenia (Supplemen-
tary information, Fig. S2C), lung injury (Fig. 2A) endothelial cell
activation (Fig. 2D) and multiple organ dysfunctions (Supplemen-
tary information, Fig. S2D). The impact of VFLIP activation on
building up inflammatory diseases is confirmed also by evidence
about the role of this anti-apoptotic protein in inflammatory
bowel disease [93], multicentric Castleman disease in mice [94], as
well as on reprogramming myeloid cells into immunosuppressive
elements in cancer [35].

A significant gap remains between pre-clinical testing and
clinical trials to treat efficiently CRS, as well as to identify key
molecular mechanisms that control the pathogenic process. In
the last decades, mouse models of sepsis, such as LPS-induced
inflammation, or the development of humanized mice based on
the engraftment of human PBMCs into immunodeficient mice,
which mimic CAR T-cell therapy-induced cytokine storm, have
been primarily developed to replicate clinical stages and
outcomes of CRS, as platforms for screening potential therapies
[6, 95]. However, no suitable and appropriate experimental
in vivo models have been developed to identify alterations in
molecular and cellular processes that might highlight the
triggers of CRS. Our study based on a tissue-specific transgenic,
conditional knock-in mouse model offer a novel tool for defining
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the mechanisms that fuel inflammation and CRS-associated
immune dysfunctions.

In line with our results, recent studies underlined that c-FLIP
expression was enhanced in several SARS-CoV-2-infected cell lines,
where the expression of FLIP suppressors, such as the forkhead
transcriptional factor FoxO3A [96], was abrogated [30, 971. Since
the interaction of c-FLIP to FADD and/or caspase-8 or -10 and
TRAIL receptor 5 prevents death-inducing signaling complex
formation and subsequent activation of the caspase cascade [98],
it is plausible that SARS-CoV-2 virus exploits FLIP-mediated cell
death delay for its own replication. Our analysis of both SARS-CoV-
2-infected hACE2 transgenic mice and autopsy samples from lung
in COVID-19 patients demonstrated, for the first time, the in vivo
overexpression of FLIP in myeloid cells in severe COVID-19 (Fig. 1).
However, compared to the traditionally ascribed FLIP intervention
on cell survival, our findings rather point to the additional function
of modulating myeloid cells to determine CRS progression (Fig. 1D,
E; Fig. 2l).

Monocytes from both COVID-19 patients (Fig. 1C) and vFLIP
transgenic mice [35] display immunosuppressive properties and
are a source of pro-inflammatory cytokines (Fig. 1E and
Supplementary information, Fig. S1G). We found that immunor-
egulatory functions of monocytes isolated from COVID-19 patients
correlated with the expression of PD-L1 (Supplementary informa-
tion, Fig. S1F), suggesting a possible contribution of immune
checkpoint engagement on T cell blockade during COVID-19
evolution. These data are in line with our previous findings
showing that FLIP-expressing monocytes isolated from PDAC
patients had high levels of surface PD-L1 [35] and confirm
previous reports indicating that immunosuppressive myeloid cells
in COVID-19 patients did exhibit increased CD274 mRNA levels
[32, 34]. In agreement with Schulte-Schrepping’s report in which
STAT3 was suspected as transcriptional factor of immunosuppres-
sive monocytes in COVID-19, we demonstrated that immunosup-
pression by monocytes isolated from COVID-19 patients can be
indeed reverted by STAT3 inhibitors (Supplementary information,
Fig. S5E). Furthermore, we unveiled a concomitant expression of
FLIP and activated STAT3 signaling in myeloid cells of SARS-CoV-2-
infected hosts (Fig. 1A and F), as well as in vFLIP transgenic mouse
model (Fig. 2C). Further investigations should mechanistically
address the unconventional properties of c-FLIP as transcription
factor, either by itself or cofactor of transcriptional machinery
capable of activating STAT3 signaling pathway in myeloid cells
under pathological conditions, which to date are only partially
demonstrated in immortalized cell lines [43, 99].

Since the in vitro enforced expression of FLIP in myeloid cells
promotes the overexpression of several pro-inflammatory cyto-
kines (i.e., IL-6, IL-7, IL-10, CSF3, and TNF-a) by a “steered” NF-«kB
activation, which also results in enhanced STAT3-signaling
activation [35], we argue that a pervasive inflammatory loop is
established by FLIP through the joint action of NF-kB and STAT3
during CRS evolution. Indeed, a synergy between NF-kB and
STAT3 molecules based on pro-inflammatory cytokines (i.e., IL-6),
which act as inflammation amplifier, was reported in several
multiple inflammatory and autoimmune diseases [100] and
postulated also in COVID-19 [101]. In agreement with this
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paradigm, a recent analysis of multi-organ proteomic landscape of
COVID-19 autopsies confirmed both NF-kB and STAT3 as
transcription factors largely upregulated in multiple organs
[102], implying a widespread and pervasive activations of the
two pathways. Conversely, we did not uncover a global alteration
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in type | IFN response in VvFLIP mice compared to WT mice,
suggesting that CRS progression in vFLIP mice is independent
from IFN-l-associated pathway while IFN-I response during
Coronavirus infection plays a critical role, at least in the initial
phases of viral control. This discrepancy likely relies on the fact
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In vivo STAT3-silencing approach mitigates the evolution of immunopathological disorders in vFLIP mice. A Pathological score of

lungs of VFLIP mice (untreated, n = 6; sh-scramble, n = 5; sh-STAT3, n = 5) by H&E staining. Scale bar, 200 pm. B Flow cytometry analysis of
myeloid cells (CD11b* cells), mononuclear phagocytes (Ly6C" cells), neutrophils (Ly6G™ cells), B (B220" cells), and T (CD3" cells) lymphocytes
isolated from lungs of VFLIP mice (untreated, n = 6; sh-scramble, n = 5; sh-STAT3, n = 5) or WT mice (n = 5). C Lymphocytes (B cells: B220™ cells;
T cells: CD3™" cells) and macrophages (F4/80" cells) quantification in spleens of vFLIP mice (untreated, n = 6; sh-scramble, n = 5; sh-STAT3, n =
5) by H&E staining. Scale bar, 400 um. D Flow cytometry analysis in peripheral blood of myeloid cells (CD11b* cells), mononuclear phagocytes
(Ly6C* cells), neutrophils (Ly6G™ cells), B (B220™ cells), and T (CD3™ cells) lymphocytes in VFLIP mice (untreated, n = 6; sh-scramble, n = 5; sh-
STAT3, n=5) or WT mice (n = 5). E Analysis of cytokines levels in serum of WT (n = 5), sh-scramble (n = 5), or sh-STAT3 (n = 5) vFLIP mice. Data

are reported as mean = S.E.M. *p < 0.05, **p <0.01, and ***p <0.001 by Mann-Whitney test.
<

that vFLIP model mimics only the late phase of COVID-19-disease,
which is characterized by exacerbated inflammation.

Our in vivo findings show that STAT3-targeting provides a
significant disease control in mice with CRS, unexpectedly
highlighting how blocking a single member of the NF-kB/STAT3
loop is sufficient to halt pathological inflammation. Data
presented here are in line with recent clinical results about
baricitinib efficacy in controlling SARS-CoV-2-mediated immune
dysregulation [80, 89, 103, 104] and with the decision of U.S.
Food and Drug Administration to approve baricitinib as
monotherapy in hospitalized adults and pediatric patients 2
years of age or older [105], as well as in combination with
remdesivir for the treatment of severe COVID-19 patients. More
important, we demonstrated that Jak1/Jak2 inhibitor did not
affect negatively genes associated with type | IFN antiviral
responses but, on the contrary, pharmacological treatment was
associated with a relative increase in interferon-stimulated genes
(Fig. 5E, F), likely by reprogramming the myeloid composition in
the lung environment (Fig. 5D and Supplementary information,
Fig. S5C). This signaling switch might be due to the activity of
STAT1 occupying space on STAT3-activating receptors, as
suggested by the conversion of IL-6R signaling to a dominant
STAT1 activation in STAT3-deficient cells [106, 107]. Finally, the
striking results on the normalization of the immune landscape,
organ pathology, and cachexia following shSTAT3-based treat-
ment (Fig. 6 and Supplementary information, Fig. S6) clearly
finger at STAT3 as the main target in FLIP-expressing myeloid
cells and define it as the most deleterious cause of immune and
tissue damage during CRS.

Despite the caveats linked to species-specific profiles, our
findings revealed some conserved genetic features of lung-
infiltrating myeloid cells between vFLIP mice and COVID-19
patients. Indeed, neutrophil subsets characterized by the expres-
sion of S100-family genes, type | interferon response genes
(ISG15/1SG20), and chemokines (Cc/3/CCL3), as well as macro-
phages expressing proliferation-associated gene signatures
(Mki67, Top2a) showed similarities among species. The shared
leukocyte subsets showed a higher expression of inflammatory
response-associated genes and were more prone to STAT3
therapy.

In summary, in this study, we demonstrated the pivotal role of
FLIP-expressing myeloid cells to stimulate directly a lethal
inflammatory status, by fueling an aberrant STAT3-dependent
signaling pathway. Moreover, we substantiated the therapeutic
effectiveness of STAT3 on-target strategy to mitigate uncontrolled
inflammation and acute disease, which serve as a foundation for
the development of more accurate and evidence-based therapies
to control CRS disorders, as well as severe clinical aspects of the
ongoing COVID-19 pandemic crisis.
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