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A B S T R A C T   

SARS-CoV-2 viral-derived particles have been proposed to have a causal role in tissue inflam
mation. Macrophage is the culprit cell in the pathogenesis of destructive inflammatory response 
to the SARS-CoV-2 virus. We investigated whether the spike protein might play a role in per
turbing the physiological process of resolution of inflammation. Using an in vitro model of M2 
polarized macrophages, we found that recombinant spike protein produced typical M1 
morphological features in these alternative differentiated cells. In the presence of spike, M2- 
macrophages lose their elongated morphology, become rounded and acquire a strong capa
bility to stimulate lymphocyte activation and proliferation. Moreover, in M2 macrophages, spike 
activated the signal transducer and activator-1 (STAT1) the pivotal mediator of pro-inflammatory 
macrophages. We observed STAT1 activation also in endothelial cells cultured with recombinant 
spike, accompanied by Bax upregulation and cell death. Blockade of beta3 integrin with the RGD 
mimetic tirofiban reverted the spike-induced costimulatory effects on M2 macrophages. Also, 
tirofiban counteracted STAT1 and Bax activation in endothelial cells cultured with spike and 
reduced endothelial cell death. In conclusion, we found that some proinflammatory effects of the 
spike protein can involve the integrin pathway and provide elements supporting use of RGD 
mimetics against SARS-Cov-2.   

1. Introduction 

SARS-CoV-2 is a viral strain belonging to the coronavirus subfamily, responsible for severe acute respiratory syndrome (SARS). The 
infection causes inflammation of the endothelium, leading to vascular pathologies, particularly thrombosis, and is complicated by 
interstitial pneumonia and severe respiratory failure. The entry of the virus into the host cell occurs through the interaction of the viral 
structural protein spike and its receptor angiotensin-converting enzyme 2 (ACE2) [1]. ACE2 provides an endogenous 
counter-regulation mechanism within the renin-angiotensin system balancing the vasoconstrictor and hypertensive effects of angio
tensin II [2]. Integrin β3 is another recognition structure for SARS-CoV-2 [3,4] due to the presence of an RGD (Arg-Gly-Asp) 
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integrin-binding motif in the receptor binding domain of spike protein [5]. 
Although SARS-CoV-2 infection may be asymptomatic or cause only mild symptoms in most cases, excessive inflammatory response 

to the virus, resulting in significant destructive consequences for the host, occurs in nearly 10–20 % of the patients [6]. Macrophage is 
the culprit cell in the pathogenesis of such an unfavorable condition, producing the so-called “cytokine storm” that represents the 
leading cause of death [7]. 

Macrophages are innate immune cells that first encounter pathogens [8]. Following tissue injury induced by an infectious agent, 
they differentiate into an M1 pro-inflammatory phenotype that triggers an adaptive immune response promoting the 
lymphocyte-mediated killing of both pathogen and infected cells [8–10]. Thanks to their plasticity, once the pathogen is eliminated, 
the macrophages progressively develop a functional anti-inflammatory or M2 phenotype, initiating repair and recovery and driving the 
resolution of tissue damage [11–14]. When this physiological mechanism of M1 to M2 switching that restores tissue homeostasis is 
disrupted, persistent inflammation prolongs and amplifies disease, and macrophages become major contributors to tissue destruction 
[15]. 

As SARS-CoV-2 viral-derived particles have been proposed to have a causal role in tissue inflammation [16], we hypothesized that 
the spike protein might contrast the physiological process of resolution of inflammation. Using an in vitro model of M2 polarization, we 
investigated whether recombinant protein could reprogram the M2-to-M1 phenotype. 

2. Materials and methods 

2.1. Peripheral blood mononuclear cells (PBMCs) isolation 

PBMCs were isolated by differential centrifugation through a Ficoll–Hypaque density gradient (Histopaque-1077, Sigma-Aldrich, 
St. Louis, MO, USA). Cells were washed and resuspended in 10 % heat-inactivated fetal bovine serum (FBS)/Roswell Park Memorial 
Institute (RPMI) 1640 medium (Biowest, Nuaillè, France). After the count, PBMCs were processed for further analysis. 

2.2. Cell culture and reagents 

Isolated PBMCs and human monocytic THP-1 cells were cultured in RPMI 1640 supplemented with 10 % heat-inactivated FBS, 200 
mM glutamine (Lonza; Basel, Switzerland), and 100 U/ml penicillin-streptomycin (Lonza) at 37 ◦C in a 5 % CO2 humidified atmo
sphere. ECV-304 were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning, Glendale, Arizona, USA) supplemented 
with 10 % heat-inactivated FBS, 200 mM glutamine, and 100 U/ml penicillin-streptomycin. HUVEC were purchased from Lonza and 
cultured in an endothelial cell growth medium supplemented with growth factors and serum (Lonza). 

Six-well plates were precoated with 100 ng/ml in 1X Phosphate buffered saline (PBS) spike recombinant proteins (full-length wt 
and Δ SARS-CoV-2 spike proteins) by an overnight incubation at 4 ◦C. Bovine serum albumin (BSA) (Sigma-Aldrich) was used at the 
same coating dose of 100 ng/ml as negative control. Full-length spike wt and Δ SARS-CoV-2 were purchased by Bio-Techne Corpo
ration, Minneapolis, MN, USA. After incubation, wells were washed with 1X PBS, and PBMCs- or THP1- derived macrophages (7 × 105 

cells) were seeded onto each well. Tirofiban hydrochloride monohydrate (Aggrastat) was from Correvio (London, UK). The monoclonal 
antibody abciximab (Reopro) was from Eli Lilly and Company Limited (Basingstoke, NL). Tirofiban and abcximab were added to 
macrophage cell suspension before seeding on spike-coated plates. The doses used for tirofiban (1 μg/ml) and abciximab (10 μg/ml) 
were in accordance with a previous paper [17]. 

2.3. Macrophage polarization and counts 

Polarization of primary macrophages was performed according to Yu et al. [18]. Polarization of the THP-1 monocytic cell line was 
performed according to Baxter et al. [19]. Briefly, PBMCs were stimulated for 6 days with M-CSF (Immunotools, Friesoythe, Germany) 
used at a final concentration of 50 ng/ml and then polarized into M1 macrophages with 100 ng/ml IFNγ (Immunotools) and 100 ng/ml 
LPS (Sigma-Aldrich) or M2 macrophages with 50 ng/ml IL-4 (Immunotools) for 48 h. THP-1 monocytes are differentiated into 
macrophages by a 72 h incubation with 100 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) followed by a 24 h incu
bation in RPMI medium. THP-1-derived macrophages were then polarized in M1 macrophages through stimulation with 20 ng/ml 
IFNγ (Immunotools) and 100 ng/ml LPS (Sigma-Aldrich) or M2 macrophages with 20 ng/ml IL-4 (Immunotools), for further 48 h. 
Macrophages on the monolayer were counted, at least, in three different areas, and classified in M1 (roundly/elongated) or M2 
(stretched/dendritic) based on the mere observation of their morphologic aspects using an inverted microscope (DMI4000; Leica 
Microsystems, Heidelberg, Germany) at 20× magnification with Leica Application Suite Advanced Fluorescence (LASAF) software 
(Leica Microsystems). The number of rounded (or slightly elongated cells) (M1-like) and the number of stretched/dendritic cells 
(M2-like) were counted and the cell count was represented as rounded/dendritic ratio. Dendritic cell morphology was defined ac
cording to the number of protrusions of each cell: numbers of protrusions greater than 2 were associated with dendritic forms 
(M2-like). Measurements were performed in 3–6 different fields (>50 cells) per experimental point using ImageJ 1.52p software. Dead 
cells were assessed by propidium iodide (PI, Sigma-Aldrich) staining (5 μg/ml in PBS) of the macrophage monolayer. The number of PI 
positive cells was counted on the number of total cells and represented as percentage %. Images were acquired at 10× magnification on 
a confocal microscope (Thunder Imager 3D cell culture microscope) with a Leica Thunder Imaging System (Leica Microsystems 
Wetzlar, Germany) and at least 100 cells per field were counted. 
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2.4. T cell activation and coculture 

PBMCs activation was performed by stimulating the cells for 12 h in the presence 10 μg/ml anti-CD3 monoclonal antibody 
(Functional Grade, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) (0.2 beads per cell). Cells were washed three times with 
a 10 % FBS-culture medium, and then cocultured with autologous M1 or M2 macrophages in a spike precoated well. PBMCs were 
harvested after 72 h of coculture. 

2.5. Flow cytometry analysis 

BD-Pharmigen Fc block (2.5 μg/106 cells) was used to minimize the non-specific binding of immunoglobulins to Fc receptors, 
before immuno-staining [20]. Cells were resuspended at the concentration of 2 × 106/ml. Five–10 μl of antibody recognizing the 
typical cluster differentiation (CD) were added to 50 μl of cell suspension, and incubated for 30 min in the dark at 4 ◦C. The following 
antibodies were used: anti-CD80-APC (MEM-233 clone; Immunotools, Friesoythe, Germany), or anti-Hu CD80-BV650 (L307.4 clone, 
BD Horizon™, East Rutherford, New Jersey), Anti-Hu HLA-DR-PE (L243 clone; Invitrogen-Thermo Fisher Scientific), anti-Hu CD206- 
BV480 (19.2 clone, BD OptiBuild™), anti-CD4-PerCP (VIT4 clone, Miltenyi Biotec, Biotec, Bergisch Gladbach, Germany) or 
anti-CD4-FITC (VIT4 clone, Miltenyi Biotec). Anti-Hu ACE-2 PE (AC18F clone, Novus Biological, Abingdon, UK). The expression of β3 
was measured using the monoclonal antibody abciximab (7E3) conjugated with 5-carboxyfluorescein (FAM). 7E3 conjugation was 
performed using an AnaTagTM 5-FAM Protein Labeling Kit (AnaSpec, Fremont, CA, USA) [17]. For intracellular staining, 200 μl of a 
fixation/permeabilization buffer (BD-Pharmingen Cytofix/Cytoperm Kit, San Jose, CA, USA) was added to each tube and incubated for 
20 min in the dark at 4 ◦C. Then, the cells were incubated with the following antibodies: Anti-Hu Ki67 APC (SolA15 clone; eBioscience, 
Thermo Fisher Scientific), anti-IL10-PE (JES3-9D7 clone, eBioscience), anti-Hu IFNγ -PE (B27 clone, Immunotools). For intranuclear 
staining, 200 μl of Transcription Factor Staining Buffer Set (eBioscience, Thermo Fisher Scientific) was added to each tube and 
incubated for 20 min in the dark at 4 ◦C. After nuclear permeabilization, the cells were incubated with anti-Foxp3-PE (PCH101 clone, 
eBioscience, Thermo Fisher Scientific). For each staining, a relative Ig isotype-conjugated antibody was used as a control of 
non-specific binding. Gating strategy and subset counts were performed as previously described [20]. Analysis of cell death was 
performed by propidium iodide and annexin V staining. Briefly, 1x10 cells were harvested after a 24 h culture and resuspended in 100 
μl of binding buffer (10 mM Hepes/NaOH pH 7.5, 140 mM NaCl, 2.5 mM CaCl2) containing 5 μl of annexin V-FITC (Pharmigen/Becton 
Dickinson, San Diego, CA) and 10 μl of a 50 μg/ml PI stock (Sigma-Aldrich) for 15 min at room temperature, in the dark. Then 400 μl of 
the same buffer was added to each sample and cells were analyzed with the flow cytometer. Samples were analyzed using a BD 
AccuriTM C6 Cytometer (Becton, Dickinson and Company BD; Bergen County, NJ, USA). The flow cytometry data were analyzed by 
using the FlowJo software or the C6 Accurì software. 

2.6. qPCR 

Total RNA was isolated from cells using Trizol reagent (Invitrogen-Thermo Fisher Scientific) according to the manufacturer pro
tocol. cDNA was synthesized by random hexamers with iScript cDNA synthesis kits (Bio-Rad, Hercules, CA, USA), according to the 
protocols supplied by Bio-Rad. After digestion with DNAse RNAse-free, 2 μg of total RNA in 20 μl was used in each reaction. qRT-PCR 
was performed using the iQSYBR Green Supermix (Bio-Rad) and Bio-Rad CFX96 real-time PCR detection system, according to the 
protocols supplied by Bio-Rad. The primers were designed with Primer 3 program; sequences are reported below. All RTqPCRs were 
performed in duplicate, with 50–100 ng ss-cDNA used in each 15-μl reaction. SDHA, RPS18 or HPRT mRNA were used to normalize the 
mRNA concentrations. Gene expression was quantified as previously described [21]. 

Oligo sequences are reported: 

h- IL10 -Fw: 5′-GGCACCCAGTCTGAGAACAG-3′; 
h- IL10-Rev: 5′-TGGCAACCCAGGTAACCCTTA-3′; 
h-IL4 - Fw: 5′-TTGCTGCCTCCAAGAACACA-3’; 
h-IL4-Rev: 5′-TCCAACGTACTCTGGTTGGC -3′ 
h-SDHA-Fw 5′-TGGGAACAAGAGGGCATCTG-3’; 
h-SDHA-Rev 5′-CCACCACTGCATCAAATTCATG-3′; 
h-RPS18-Fw 5′- CGATGCGGCGGCGTTATTC-3′; 
h-RPS18-Rev-5′- TCTGTCAATCCTGTCCGTGTCC-3′. 
hIL17-Fw: 5′-CCAAAAGCCTGAGAGTTGCC-3’; 
hIL17-Rev: 5′-TTGATGCAGCCCAAGTTCCT-3’; 
h-HPRT- Fw-5′-TGACACTGGCAAAACAATGCA-3’; 
h-HPRT -Rev-5′-GGTCCTTTTCACCAGCAAGCT-3’; 
h-IL-6-Fw: 5′-GGTACATCCTCGACGGCATCT-3’; 
h-IL-6-Rev:5′-GTGCCTCTTTGCTGCTTTCAC-3; 
h-ARG1-Fw: 5′-GGCTGGTCTGCTTGAGAAAC-3′; 
h-ARG1-Rev: 5′-CTTTTCCCACAGACCTTGGA-3′; 
h-iNOS-Fw: 5′-CAGCGGGATGACTTTCCAA-3′; 
h-iNOS-Rev: 5′-AGGCAAGATTTGGACCTGCA-3′; 
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2.7. Western blot 

Whole-cell lysates were prepared from the cells as previously described [22] and assayed by immunoblot. Protein concentration 
was determined using the Bradford protein assay (Bio-Rad), measuring absorbance at 595 nm. Cell lysates were equalized for total 
proteins, and the final volume was leveled with water and Laemmli sample buffer (LB). Samples were denatured for 5 min at 95 ◦C, 
then loaded in 8/10 % T SDS-PAGE and transferred into a methanol-activated PVDF membrane (Immobilon-P; Millipore, 
Sigma-Aldrich). The membranes were incubated with the corresponding primary antibody at 4 ◦C overnight. Primary antibodies 
against the following proteins were diluted as follows: anti-phospho-STAT1 (Tyr 701) (GTX50118, Genetex; Irvine, CA, USA) (1:1000), 
anti-STAT1 (sc464, Santa Cruz Biotechnology; Santa Cruz, CA, USA) (1:500), anti-Bax (B9, sc-7480, Santa Cruz Biotechnology) 
(1:500), Anti-β-Actin, (15G5A11/E2, Invitrogen-Thermo Fisher Scientific) (1:5000), γ-tubulin (T9026, Sigma-Aldrich) (1:5000). After 
washes, membranes were incubated with secondary antibodies for 1 h, at room temperature. Anti-mouse and anti-rabbit secondary 
antibodies HRP-conjugated were purchased from ImmunoReagents (Raleigh, NC, USA) and were diluted at 1:5000. The protein bands 
were visualized with a chemiluminescence detection system (Western Blotting Luminol Reagent, Santa Cruz Biotechnology). Quan
tification of bands was obtained by densitometry analysis using ImageJ 1.42q for Macintosh; integrated optical densities of each 
analyzed protein were normalized to a relative housekeeping gene, and values were expressed as fold change of protein levels in the 
different samples in comparison with a control sample whose expression was arbitrarily indicated equal to 1. 

2.8. Statistical analysis 

Mann-Whitney and Student’s t-test assessed differences in means of values between two groups, using Prism GraphPad 7.0a for 

Fig. 1. Spike induces M2 to M1 morphologic switch (a, b) RT-qPCR analysis of mRNA levels of ARG1 and iNOS in PBMCs-derived M1 (a) and M2 
(b) macrophages. Values are expressed as mRNA relative normalized expression. (c, d) Representative images acquired under an inverted micro
scope (Leica DMI4000) at 20 × magnification showing morphological characteristics of PBMCs-derived macrophages M1 (c) and M2 (d) in presence 
or not of recombinant spike. (e) Graphical representations of cell count. Values are expressed as rounded/stretched-dendritic ratio. The mean and 
standard deviation values were obtained from 6 independent experiments. 
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Macintosh. A p-value ≤0.05 was considered statistically significant. *P ≤ 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

3. Results 

3.1. Spike induces morphological and functional M2 to M1 macrophage switch 

We polarized peripheral blood monocytes into M1 or M2 macrophages. Successful polarization was assessed by qPCR according to 
the ARG/INOS ratio that, in the case of M1, was in favor of INOS (Fig. 1a) and vice versa for M2 (Fig. 1b). Then, macrophages were 
seeded onto plates precoated or not with recombinant spike (Fig. 1c and d). Typically, M1 macrophages appear rounded, flat, and 
amoeboid shaped (Fig. 1c, left); no significant changes in morphology were registered in the presence of spike (Fig. 1c, right). M2 
macrophages are stretched with thin protrusions (Fig. 1d, left) [23] and tend to become round/slightly elongated in the presence of the 
spike (Fig. 1d, right). The counts of round/slightly elongated vs. stretched/dendritic forms showed that spike induced morphologic 
switch of M2 macrophages into M1 (Fig. 1e). Morphology of macrophages was unaffected in BSA-precoated monolayers (Fig. S1). PI 
positive cells (dead cells) were <5 %/field (range 0,6%-4,7 %) (Supplementary Fig. S2). To address whether the M1-like morphologic 
changes corresponded to an M1-gain of function, we investigated, in autologous coculture (CC) assay, whether the spike promoted the 
ability of M2 to stimulate an adaptive immune response. To this end, we performed cocultures of differentiated M1 and M2 macro
phages with CD3-activated autologous PBMCs. Primary monocytes were polarized into M1 or M2 according to Yu et al. [18] and then 
incubated in the absence or the presence of recombinant spike. Differentiated macrophages were assessed by flow cytometry using the 
M1 marker CD80 and the M2 marker CD206. After placing a gate on live cells (Figs. S3a and b), expressions of CD80 and CD206 were 
measured (Fig. 2a and b; representative histograms in Fig. S3c). CD80 stained 62,1 % ± 1,5 of M1 and 13,6 % ± 2,3 of M2 (p < 0,0001) 

Fig. 2. Spike increases the M2 capability of inducing the adaptive immune response (a) Graphical representation of the values (%) of CD80 
(a), CD206 (b), IFNγ (c), IL-10 (d) expression in M1 or M2 macrophages exposed or not to recombinant spike. (e) Measure of proliferation of 
activated CD3-T cells cocultured with autologous M1 or M2 macrophages in presence or not of recombinant spike. Ki67 was used as proliferation 
marker. Left, representative flow cytometry histograms of Ki67 expression in gated CD3 lymphocytes. Right, graphical representation of the values 
(%). (f) Measure of lymphocyte HLA-DR expression in CC lymphocytes. Representative flow cytometry histograms (left) and graphic representation 
(right) of values (%) of HLA-DR in activated CD4 lymphocytes in M1 or M2 macrophages CC, with or without spike. (g) Measure of lymphocyte IFNγ 
expression in CC lymphocytes. (h) Representative flow cytometry histograms (left) and graphic representation (right) of Treg count in CC with M2 
macrophages, exposed or not to spike. The mean and standard deviation values were obtained from independent experiments (each point corre
sponds to a single experiment). 
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in the absence of spike, and 62,6 % ± 2,8 of M1 and 38,8 ± 2,2 of M2 in the presence of spike (n = 4) (Fig. 2a). CD80 expression on 
spike-treated M2 macrophages was significantly higher (p = 0,002) than expression on untreated M2 macrophages (Fig. 2a). CD206 
stained 8,3 % ± 0,7 of M1 and 56,4 % ± 1,9 of M2 (p < 0,0001) in the absence of spike, and 8,6 % ± 0,1 of M1 and 40,9 ± 2,3 of M2 in 
the presence of spike (n = 4) (Fig. 2b). CD206 expression on spike-treated M2 macrophages was significantly lower (p = 0,02) than 
expression on untreated M2 macrophages (Fig. 2b). Intracellular levels of IFNγ and IL-10 (respectively M1 and M2 related cytokines) 
were in line with polarization (Fig. 2c and d, representative histograms in Fig. S3d). In CC, lymphocytes were gated according to 
CD4/SSC parameters (Fig. S4a). We assayed the proliferation of lymphocytes by flow cytometry after 72 h of CC, using the proliferation 
marker Ki67 (Fig. 2e). As expected, lymphocyte proliferation in M1 CC (Ki67 = 30,7 % ± 2,1; n = 3) was higher (p = 0,007) than that 
of M2 CC (Ki67 = 18,67 % ± 0,9; n = 3) (Fig. 2e). While the spike did not affect the costimulatory ability of M1 macrophages (Fig. 2e), 
a significant increase of lymphocyte proliferation (p = 0,02) was registered in CC with spike-stimulated M2 macrophages, compared to 
untreated M2 CC (Fig. 2e). To confirm the increased activation of lymphocytes, we measured HLA-DR expression on CD4 T lym
phocytes (Fig. 2f) that was 4,4 % ± 0,12 and 20,9 % ± 0,5 in CC with untreated- or spike treated-M2 (p < 0,0001, n = 3). Measure of 
intracellular IFNγ in activated lymphocytes showed that 20.2 % ± 1.6 and 7.0 % ± 0.6 of lymphocytes expressed IFNγ (p = 0,002, n =
3) in CC with M1 and M2, respectively, while the values were 20,9 % ± 1,0 and 11,3 ± 1,4 in CC with spike-treated M1 or M2 
macrophages, respectively (Fig. 2f, n = 3; representative histograms in Fig. S4b). IFNγ expression in lymphocytes from CC with 
spike-treated M2 macrophages was significantly lower (p = 0,049, n = 3) than that of lymphocytes from CC with untreated M2 
macrophages (Fig. 2e). Moreover, a decrease in regulatory T cells (Tregs) was registered in spike-treated M2 CC (Fig. 2f). Treg counts 
were 4,1 % ± 0,3 and 2,2 % ± 0,1 in CC with untreated- or spike treated- M2 macrophages (p = 0,01; n = 3) (Fig. 2e). 

3.2. Blockade of β3 integrin reverts the spike-induced costimulatory effects on M2 macrophages 

We measured ACE2 and β3 integrin expression levels by flow cytometry on the plasma membrane of M1 and M2 macrophages (see 
Supplementary Fig. S5a for characterization). Fig. 3a shows expression levels of the two receptors in a biparametric flow cytometry dot 
plot. ACE2 was expressed in both macrophage subtypes at similar levels (n = 4) (Fig. 3a), while β3 integrin was present on the plasma 
membrane of M2 macrophages at a higher level (p = 0,01) than M1 macrophages (Fig. 3a). This result raised the hypothesis of a role for 

Fig. 3. Tirofiban prevents spike-induced M2 to M1 switch (a) Representative flow cytometry histograms (left) and graphical representation 
(right) of values (MFI) of ACE2 and β3 integrin in PBMCs-derived macrophages M1 and M2. (b) Graphical representation of the measure of 
lymphocyte proliferation using Ki67 proliferation marker. Activated PBMCs were cocultured with autologous M2 macrophages, exposed or not to 
recombinant spike wt, spikeΔ or BSA, in the presence or absence of 1 μg/ml tirofiban. The mean and standard deviation values were obtained from 
independent experiments (each point corresponds to a single experiment. (c) RT-qPCR analysis of mRNA levels of IL-6, IL-10, IL-17, IL-4 in PBMC- 
derived M2 macrophages exposed to spikeΔ in the presence or not of 1 μg/ml tirofiban. Values are expressed as mRNA relative normalized 
expression. (d) Representative flow cytometry histograms (top) and graphical representation (bottom) of values of HLA-DR expression on PBMC- 
derived M2 macrophage exposed to spikeΔ in the presence or not of 1 μg/ml tirofiban. (e) Immunoblot of the expression levels of p-STAT1 and 
STAT1 in THP1-derived M2 macrophages exposed to spikeΔ in the presence or not of tirofiban (1 μg/ml, 100 ng/ml, 10 ng/ml). β-Actin was used as 
loading control. Densitometric analysis of immunoblot is shown (raw image in Supplementary Material Fig. S9). 
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β3 integrin in M2 response to recombinant spike. To address this issue, we used tirofiban, a small molecule that selectively binds to β3 
integrin with high affinity and investigated whether the spike effects were contrasted. Moreover, to verify the specificity of the spike 
effect, we used plates precoated with spikeΔ as positive control or BSA as negative control. M2 macrophage expression levels of CD80 
and CD206 were modulated by spike wt and spike Δ. Precisely, they were increased and decreased, respectively, by spikes (Fig. S5b). 
Addition of tirofiban prevented such a modulation (Fig. S5b). Spike did not influence M1 macrophage expression of such markers 
(Fig. S5c). Then, to address whether tirofiban reverted the costimulatory effect of spike-treated M2 on lymphocyte proliferation, we 
performed lymphocyte CC with M2 macrophages, pretreated with spike wt or spikeΔ or BSA as control, in the absence or the presence 
of tirofiban (Fig. 3b). Measurement of the proliferation of cocultured lymphocytes showed that spikeΔ produced a costimulatory effect 
on M2 macrophages (Ki67 = 18,1 ± 1,8) higher (p = 0,005; n = 3) than that of untreated M2 (Ki67 = 11,4 ± 0,9) and even higher (p =
0,05; n = 3) than that induced by treatment with spike wt (Ki67 = 15,2 ± 0,17) (Fig. 3b) while BSA effect was neutral (Fig. 3b). The 
spike-costimulation effect was contrasted by tirofiban (Fig. 3b). QPCR of RNA extracted by M2 macrophages revealed that spikeΔ 
modulated transcript levels of the proinflammatory IL-17 and IL-6 and anti-inflammatory IL-4 and IL-10 cytokines that were prevented 
by tirofiban (Fig. 3c). SpikeΔ increased HLA-DR on M2 macrophages but not in the presence of tirofiban (Fig. 3d). The signal 
transducer and activator of transcription 1 (STAT1) is a pivotal mediator of M1 macrophage polarization and function. THP-1-derived 
M2, when stimulated with spikeΔ, showed activation of STAT1 that was prevented by the addition of tirofiban at the optimal dose of 1 
μg/ml [17] but not at the lower doses of 100 and 10 ng/ml (Fig. 3e). Consistent with results with primary macrophages, Supplementary 
Fig. S6 shows that THP-1-derived-M1 and -M2 macrophages had similar ACE2 expression (Supplementary Fig. S6a) while M2 had 
higher β3 expression than M1-polarized THP-1 (Supplementary Fig. S6b). Interestingly, spike wt had a scarce effect on 
THP-1-polarized macrophages, as suggested by the finding that the costimulatory antigens HLA-DR and CD80 were upregulated on M2 
macrophages stimulated by spikeΔ and not wt (Supplementary Fig. S6c). The spikes did not affect HLA-DR and CD80 expression on 
M1-THP-1 (Fig. S6d). Moreover, expression of active STAT1, a M1 hallmark, was not affected by spike stimulation (Supplementary 
Fig. S7). We then evaluated whether tirofiban promoted recovering the original M2 morphological form lost following the spike 
contact. As shown in Fig. 4a and b, in the presence of tirofiban, we could not observe the M1-like morphologic changes induced by 
spike wt spikeΔ on primary M2 macrophages. 

3.3. Endothelial cells cultured with spike undergo apoptosis 

In SARS-Cov-2 infection, activation of JAK/STAT1/IRF1 axis [24] has a detrimental effect on endothelial cell function and triggers 
inflammatory cell death. We investigated the impact of spike protein on STAT1 induction in the ECV cell line, a valuable model for 
studying cellular processes in the endothelium [25]. Western blot assay of ECV showed a marked effect of spike Δ on STAT1 activation 
(Fig. 5a) accompanied by increase in HLA-DR expression (Fig. 5b). Tirofiban reverted such spikeΔ-mediated effects (5a, b). Analysis of 
apoptosis performed on the primary endothelial cell line HUVEC showed that spikeΔ induced cell death that was contrasted when 

Fig. 4. Tirofiban counteracts spike-induced M2 to M1 morphologic switch (a) Representative images acquired under an inverted microscope 
(Leica DMI4000) at 20 × magnification showing morphological characteristics of PBMC-derived M2 macrophages exposed to spike wt or spikeΔ in 
the presence or not of 1 μg/ml tirofiban. (b) Graphical representations of cell count. Values are expressed as rounded/stretched-dendritic ratio. The 
mean and standard deviation values were obtained from 3 independent experiments. 
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tirofiban was added to the culture (Fig. 5c). A Western blot of protein extracted from spikeΔ-stimulated ECV showed that Bax 
upregulation accompanied STAT1 activation (Fig. 5d). The same blot shows that, like tirofiban, abcximab, a β3 integrin monoclonal 
antibody, contrasted the spikeΔ effects on STAT1 and Bax, (Fig. 5d). The expression level of a different STAT transcription factor, i.e., 
STAT3, did not appear to be affected by spikeΔ stimulation (Fig. 5d). Also, we could not appreciate any modulation of Bcl-2 expression 
levels following spike stimulation, alone or in the presence of β3-integrin inhibitors (Supplementary Fig. S8). 

4. Discussion 

Several authors have reported a direct role for spike protein in inducing the proinflammatory aspects of macrophages. Barhoumi 
et al. showed that stimulation of THP-1 macrophages with the spike protein upregulates the expression of TNF-α and MHC-II [26]. 
Mohammad et al. found that SARS-CoV-2 proteins induced concentration-dependent alterations in the metabolic and phenotypic 
profiles of macrophages in human monocyte-derived macrophages, possibly involved in the adverse effects of the disease [27]. Khan 
et al. showed that the spike protein triggers inflammation via activation of the NF-κB pathway and IL-6, TNF-α, and IL-1β mediated by 
stimulation of toll-like receptor 2 (TLR2) [28]. Dosh et al. also reported a role for spike protein in activating the NF-κB pathway in 
human monocyte/macrophages in vitro [29]. Palestra et al. involved the spike protein in activating the secretion of inflammatory 
chemokines and cytokines from primary human lung macrophages, independent of TLR2 [30]. 

Our study confirms that spike activates pro-inflammatory macrophages but adds a novel piece of information identifying M2 
macrophages as the major spike-responsive cell subtype. We found that recombinant spike induced M1 morphological features in M2- 
polarized macrophages. Upon spike exposure, M2 macrophages lose their stretched/elongated/dendritic morphology, become almost 
rounded and their capability to stimulate lymphocyte activation and proliferation results in a significant increase. 

We found that blockade of β3 integrin with the RGD mimetic tirofiban prevented the spike effect on M2 to M1 reprogramming. 
Unlike M1 macrophages, where integrin β3 levels were negligible, M2 macrophages expressed measurable levels of this receptor, 

Fig. 5. Spike Δ induces STAT1 activation and promotes endothelial cell death (a) Immunoblot of the expression levels of p-STAT1 and STAT1 
in ECV exposed to recombinant spike wt or spike Δ, in the presence or absence of 1 μg/ml tirofiban (top). Densitometric analysis of immunoblot is 
shown (raw image in Supplementary Material Fig. S10). (b) Graphical representation (top) and representative flow cytometry histograms (bottom) 
of values (mean fluorescence intensity, MFI) of HLA-DR expression on ECV exposed to recombinant spike wt or Δ, in the presence or not of 1 μg/ml 
tirofiban. (c) Representative flow cytometry histograms (top) and graphical representation (bottom) of apoptosis (annexin V-PI staining) in HUVEC 
exposed to recombinant spike wt or Δ, in the presence or not of 1 μg/ml tirofiban (n = 4). (d) Immunoblot of the expression levels of p-STAT1, 
STAT1 and BAX in ECV exposed to recombinant spike Δ, in the presence or not of 1 μg/ml tirofiban or 10 μg/ml abcximab. γ-Tubulin was used as 
loading control (left). Densitometric analysis of immunoblot is shown (raw image in Supplementary Material Fig. S11). 
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providing a possible explanation for the different responsiveness to the spike activating effect between the two cell subtypes. An 
increase of IL-6 was registered in spike-stimulated M2 macrophages, along with IL-17A, a cytokine that represses Treg induction [31], 
consistent with reduced counts of Tregs in spike-M2 CC. Parallely, the anti-inflammatory cytokine IL-4 and IL-10 levels were 
decreased. The signal transducer and activator-1 is pivotal for M1 polarization [13]: spike induced STAT1 activation in M2 macro
phages, effectively contrasted by tirofiban. 

Caccuri et al. showed that SARS-CoV-2 gains access into primary human lung microvascular endothelial cells lacking ACE2 
expression through the conserved RGD motif [32]. Interestingly, the ECV cell line, a widely used endothelial cell model that is not 
susceptible to infection by SARS-Cov-2 [33], responded to spike Δ with STAT1 activation, prevented by β3 integrin blockade. 
Moreover, in accordance with Karki et al. [24] that in SARS-Cov-2 infection, activation of JAK/STAT1/IRF1 axis triggers inflammatory 
cell death, we found Bax upregulation accompanying STAT1 activation in ECV stimulated with spike Δ and registered endothelial cell 
apoptosis. Overall, these effects were prevented by β3 integrin blockade. 

Our study has some limitations; first, we investigated the spike effect on the M2 subset classically induced by IL-4, despite the 
existence of a range of M2 subtypes. Secondly, among the many variants of the spike protein, some of which are very virulent, only two 
have been considered. However, it should be emphasized that, with its limitations, our study identifies a new role for the spike protein, 
namely M2 to M1 macrophage reprogramming, which could be involved in the reactivation of inflammation when the disease appears 
to be resolving. Our study could have implications for the safe development of protein-based vaccines and open the door for RGD 
mimetics as new drugs against SARS-Cov-2. 
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