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Introduction

The emergence of several SARS-CoV-2 variants during the COVID pandemic has revealed the impact of variant diversity on viral infectivity and host immune responses. While antibodies and CD8 T cells are essential to clear viral infection, the protective role of innate immunity including macrophages has been recognized. The aims of our study were to compare the infectivity of different SARS-CoV-2 variants in monocyte-derived macrophages (MDM) and to assess their activation profiles and the role of ACE2 (Angiotensin-converting enzyme 2), the main SARS-CoV-2 receptor. We also studied the ability of macrophages infected to affect other immune cells such as γδ2 T cells, another partner of innate immune response to viral infections.



Results

We showed that the SARS-CoV-2 variants α-B.1.1.7 (United Kingdom), β-B.1.351 (South Africa), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron), infected MDM without replication, the γ-Brazil variant exhibiting increased infectivity for MDM. No clear polarization profile of SARS-CoV-2 variants-infected MDM was observed. The β-B.1.351 (South Africa) variant induced macrophage activation while B.1.1.529 (Omicron) was rather inhibitory. We observed that SARS-CoV-2 variants modulated ACE2 expression in MDM. In particular, the β-B.1.351 (South Africa) variant induced a higher expression of ACE2, related to MDM activation. Finally, all variants were able to activate γδ2 cells among which γ-P.1 (Brazil) and β-B.1.351 (South Africa) variants were the most efficient.



Conclusion

Our data show that SARS-CoV-2 variants can infect MDM and modulate their activation, which was correlated with the ACE2 expression. They also affect γδ2 T cell activation. The macrophage response to SARS-CoV-2 variants was stereotypical.
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Introduction

Since its emergence in Wuhan (China) in December 2019, severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) caused COVID-19, a pandemic associated with a global health crisis and more than 6.3 million deaths to date (COVID Live - Coronavirus Statistics - Worldometer). SARS-CoV-2 infection may be asymptomatic or can exhibit mild to moderate respiratory disease associating respiratory and digestive symptoms and neurological abnormalities (1, 2). The patients with comorbidities at risk to develop severe illness expressing as acute respiratory distress syndrome characterized by lung injury, inflammation and pulmonary vascular leakage (3, 4). SARS-CoV-2 infection may be also responsible of long-term invalidating symptoms named post-COVID-19 syndrome (5).

The pathogenesis of SARS-CoV-2 infection has been largely imprinted by host immune response (6). Severe COVID-19 patients exhibit a lymphopenia and an impairment of T-cell mediated anti-viral immunity (7). In contrast, few severe patients experience a macrophage activation syndrome (MAS) (8), followed by respiratory and even multi-organ failure (9, 10); and a cytokine release syndrome (CRS) characterized by large amounts of pro-inflammatory cytokines like interleukin (IL)-1, IL-6, IL-8 and tumor necrosis factor (TNF).

Macrophages play a role in the physiopathology of COVID-19 as shown by histological examination of tissue sample from patients with severe symptoms (11, 12). The accumulation of macrophages in the alveolar lumen has been shown in a humanized mice model of SARS-CoV-2 expressing human angiotensin-converting enzyme 2 (ACE2) (13). In addition, post-mortem COVID-19 lung tissue showed an increased proportion of ACE2-positive cells, including a majority of inflammatory macrophages (14, 15). We previously reported that SARS-CoV-2 infects monocyte-derived macrophages (MDM) with abortive infection, similar to SARS-CoV-1 infection (16). According to their function in pathological conditions, macrophages are considered as activated or alternatively activated also referred to as M1 and M2 polarization phenotype, respectively. We showed that SARS-CoV-2 elicited a transcriptional program associating inflammatory and anti-inflammatory genes in macrophages, which shifted to an anti-inflammatory program of M2 type (16). However, there is not a consensus regarding the activation status of macrophages during SARS-CoV-2 infection. Some studies reported a pro-inflammatory response to viruses (17, 18), while others a lack of macrophage activation (19, 20). We still ignore if the activation status of macrophages in vivo results from a cytokine-mediated bystander effect or a direct effect of SARS-CoV-2 including its variants.

During the course of COVID-19, the action of the immune system favors SARS-CoV-2 acquiring mutations notably in the virus Spike (S) protein (21). The World Health organization has classified variants into classes: Variants Being Monitored (VBM), Variants of Interest (VOI) and Variants of Concern (VOC). The least hazardous strains are classified as VBM, while VOI are variants that present a possible risk to public health. Finally, VOC are mutated strains of the Wuhan strain that have increased transmissibility, higher disease progression, severity and mortality. In addition, VOC show a decreased susceptibility to vaccine/infection-induced immune responses but they have the ability to reinfect previously infected and recovered individuals. Five SARS-CoV-2 lineages are designated as the VOC: α-B.1.1.7 (United Kingdom), β-B.1.351 (South Africa), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) (22, 23).

Here, we investigated the infection and the inflammatory response of MDM in response to Wuhan strain and 5 variants of concern, compared to Vero E6 cell line as the reference model in the study of SARS-CoV-2 infection (24). We also studied the interaction of macrophages infected with other immune cells such as γδ2 T cells, partners of the innate immune response to viral infections. Indeed, previous studies have highlighted the role of γδ2 T cells during SARS-CoV-2 infection (25, 26). We recently demonstrated that activation of γδ2 T cells leads to inhibition of SARS-CoV-2 replication in co-cultures of MDM infected with γδ2 T cells (27). Our data showed that SARS-CoV-2 variants infected MDM and modulated their activation program, which is correlated with ACE2 expression. γδ2 T cell were also found activated. Our study reveals that the macrophages respond to the infection but this one remains stereotypical without specific response against SARS-CoV-2 variants.



Materials and methods


Cell culture and infection

Vero E6 (African green monkey kidney, American Type Culture Collection (ATCC® CRL-1586™) cell line was cultured using Minimum Essential Media (MEM, Life Technologies, Carlsbad, CA, USA) supplemented with 10% or 4% fetal bovine serum (FBS, Gibco, Life technologies) and 100 U/mL penicillin and 50 μg/mL streptomycin (Life Technologies).

Blood samples (leucopacks) come from the French Blood Establishment (Etablissement français du sang, EFS) that carries out donor inclusions, informed consent and sample collection. Through a convention established between our laboratory and the EFS (N°7828), buffy coats were obtained and peripheral blood mononuclear cells (PBMC) were isolated as previously described (28). Monocytes were purified from PBMC using anti-CD14-conjugated magnetic beads (Miltenyi Biotec, Bergisch Glabach, Germany) and cultured in Roswell Park Memorial Institute-1640 medium (RPMI, Life Technologies) containing 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 50 µg/mL streptomycin. Macrophages derived from monocytes (MDM) were cultured in RPMI-1640 containing 10% inactivated human AB-serum (MP Biomedicals, Solon, OH, USA), 2 mM glutamine, 100 U/mL penicillin and 50 μg/mL streptomycin for 3 days. Then, the medium was replaced by RPMI-1640 containing 10% FBS and 2 mM glutamine, and cells were differentiated into macrophages for 4 additional days.

γδ2 T cells were expanded from fresh PBMCs as previously described (29, 30). Briefly, PBMCs were cultured in RPMI-1640 medium supplemented with 10% FBS, interleukin-2 (IL-2, 200 UI/ml) and Zoledronic acid monohydrate (to a final concentration of 1 µM). IL-2 was added every 2 days beginning on day 5 for 12 days and the purity of the γδ2 T cells was assessed by flow cytometry analysis (>85%) and then frozen at -80°C in 10% dimethyl sulfoxide (Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 90% FBS.

MDM and Vero E6 cells were infected with 20 μl virus suspension at a multiplicity of infection (MOI) of 0.1 for 6, 24, 48 and 72 hours at 37°C in the presence of 5% CO2 and 95% air in a humidified incubator.



SARS-CoV-2 variant production

SARS-CoV-2 strains, including Wuhan-SARS-CoV-2 (from initial outbreak), α-B.1.1.7 (United Kingdom), β-B.1.351 (South Africa), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) was obtained after Vero E6 cells (ATCC® CRL-1586™) infection in MEM supplemented with 4% FBS (31) and virus titration using the median tissue culture infectious dose (TCID50) method. All virus strains were stored at -80°C.



Viral RNA extraction and q-RTPCR

Viral RNA was extracted using NucleoSpin® Viral RNA Isolation kit (Macherey-Nagel, Hoerdt, France). Virus detection was performed using One-Step RT-PCR SuperScript™ III Platinum™ (Life Technologies). Thermal cycling was achieved at 55°C for 10 minutes for reverse transcription, pursued by 95°C for 3 minutes and then 45 cycles at 95°C for 15 seconds and 58°C for 30 seconds using a LightCycler 480 Real-Time PCR system (Roche, Rotkreuz, Switzerland). We investigated the N gene for the detection of SARS-CoV-2 as previously described (Table 1) (32).


Table 1 | SARS-CoV-2 Nucleocapsid primers and probe.





RNA isolation and q-RTPCR

Total RNA was extracted from MDM (1.106 cells/well) using the RNA extraction Kit (ZYMO Research) with DNase I treatment to eliminate DNA contaminants as previously described (33). The extracted RNAs were evaluated using a NanoDrop spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Reverse transcription of isolated RNA was performed using a Moloney murine leukemia virus-reverse transcriptase kit (Life Technologies) and oligo(dT) primers. Real time q-PCR was performed using Smart SYBR Green fast Master kit (Roche Diagnostics, Meylan, France) and specific primers (Table 2). Results were normalized using the housekeeping endogenous control ACTB gene and were expressed in fold change: 2-ΔΔCt with ΔΔCt = ΔCtInfected-ΔCtUninfected.


Table 2 | List of primers used for q-RTPCR.





Cell viability

Cell viability was evaluated using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. After a 24, 48 and 72 hours of SARS-CoV-2 stimulation, 10 μl of MTT (5 mg/ml, Sigma-Aldrich) were added to the cell cultures and incubated at 37°C for 4 hours. The formed formazan crystals were solubilized with 50 μl of dimethylsulphoxide (DMSO) for 30 minutes at 37°C and quantified using a Synergy MxF plate reader at 540 nm (Biotek Instruments, Winooski, VT, USA).



Immunofluorescence

MDM and Vero E6 cells (5.105 cells/well) cultured into a 24-well plate containing a glass coverslip were fixed with 4% paraformaldehyde at 4°C for 20 minutes and then permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 3 minutes. Permeabilized cells were incubated with blocking buffer (3% bovine serum albumin diluted in PBS) for 30 minutes and then with primary SARS/SARS-CoV-2 Coronavirus Spike Protein (subunit 1) (1:250, Life Technologies) and ACE2 (1:250, R&D systems, Minneapolis, MN, USA) antibodies for 1 hour. Coverslips were then washed three times with PBS and incubated for 30 minutes at room temperature with secondary antibodies: anti-rabbit Alexa Fluor 633 and anti-mouse Alexa Fluor 488 (1:1000, Invitrogen). Phalloïdin-647 (1:250) and 4’,6-diamidino-2-phenylindole (DAPI, 1:250) were also added to reveal F-actin and nuclei, respectively. An LSM800 Airyscan confocal microscope (Zeiss, Germany) with a 63x oil objective was used. Relative ACE2 expression was quantified by fluorescence with ImageJ software (National Institutes of Health, Bethesda, MD, USA). Relative percentage of ACE2 fluorescence was reported to DAPI fluorescence.



Immunoassays

Cytokine release was evaluated from supernatants of infected MDMs at 24 and 48 hours post-infection. Tumor necrosis factor TNF-α, interleukin IL-10, IL-1β (R&D Systems), and IL-6 (CliniSciences, Montrouge, France) were quantified according to the manufacturer’s recommendations. The sensitivity was (pg/ml): 5.5 for TNF-α, 3.9 for IL-10, 0.125 for IL-1β, and 15.4 for IL-6.



Flow cytometry

Cells (1.106 cells/well) were suspended in PBS containing 5% FBS and 2mM EDTA (Sigma-Aldrich). Suspended cells were incubated with viability dye (Live/Dead Near IR, Invitrogen), CD14-FITC, anti-ACE-2-PE or appropriate isotype control (Miltenyi) for 30 minutes at 4°C. Labelled cells were then permeabilized using BD Cytofix/Cytoperm kit and stained with CD68-PE-Cy7 (Miltenyi). Data were collected on a Navios instrument (Beckman Coulter) and analyzed with FlowJo software (FlowJo v10.6.2, Ashland, OR).



γδ2 T cells activity

MDM were infected for 24 hours with the different SARS-CoV-2 variants studied at an MOI of 0.1. The MDMs were then co-cultured with γδ2 T cells at effector-to-target (E:T) ratio of 1:1 in presence of GolgiStop (BD Biosciences) and CD107(a+b)-FITC (BD Biosciences). Phorbol 12-myristate 13-acetate (PMA, 20 ng/mL) with ionomycine (1 µg/mL) was used as positive control for γδ2 T cell activation. After 4 hours, cells were harvested and stained with a viability marker (Live/Dead Near IR), CD3-PE-Cy7 and TCRγ/δ-PE (Miltenyi Biotec). Fixation/permeabilization kit (BD Biosciences) was used for intracellular staining with TNFα-eFluor 450 and IFNγ-APC (eBioscience). Data were collected on a Navios instrument (Beckman Coulter) and analyzed with FlowJo software (FlowJo v10.6.2).



Statistical analysis

Statistical analysis was performed with GraphPad Prism (7.0, La Jolla, CA), using the two-way ANOVA test. Transcriptional data were analyzed using the ClustVis webtool. Significance was set at p<0.05.




Results


Macrophage infection with SARS-CoV-2 variants

We previously showed infection properties of MDM using the Wuhan (china) strain (34). We then wondered if SARS-CoV-2 variants exhibited a similar response in MDM. We infected MDM with viruses at 0.1 MOI for 6, 24, 48 and 72 hours and we measured their infection rate with qRT-PCT. We showed that MDM were infected with all variants (Figure 1). Furthermore, the γ-P.1 (Brazil) variant was more efficient at infecting MDM than the other variants (Figure 1A), something that was not detected in infected Vero E6 cells (Supplementary Figure 1A), the reference cell model for the study of SARS-CoV-2 (35). In addition, we reported a significant increase in viral load at 24, 48 and 72 hours post-infection compared to the Wuhan (china), δ-B.1.617 (India) and β-B.1.351 South African variants at 6 hours post-infection (Figure 1A). In contrast, all SARS-CoV-2 variants led to a strong increase in viral load in Vero E6 cells (Supplementary Figure 1A). Thus, despite small variations, SARS-CoV-2 variants did not efficiently replicate in MDM.




Figure 1 | MDM infection with SARS-CoV-2 variants. MDM were infected with SARS-CoV-2 variants including Wuhan (China), α-B.1.1.7 (United Kingdom, UK), β-B.1.351 (South Africa, SA), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI) for 6, 24, 48 and 72 hours. (A) SARS-CoV-2 was quantified in cells as Ct values by RT-PCR. (B) Cell viability was tested at 24, 48 and 72 hours post-infection. (C) SARS-CoV-2 replication was quantified by RT-PCR in cell supernatants and expressed as Ct values. Data values represent the mean ± SD from 4 healthy donors whose experiments were carried out in triplicate. Statistical analysis was performed with two-way ANOVA and Tukey’s multiple comparison test. *p ≤ 0.05, **p ≤0.01 and ***p ≤ 0.001.



Then, we studied how can SARS-CoV-2 variants induce a cytopathic effect as assessed by cell viability assay. No cytopathic effect was observed in MDM infected by any of the SARS-CoV-2 variants (Figure 1B). In contrast, all SARS-CoV-2 variants induced a cytopathic effect in Vero E6 cells, with a 70% mortality at 72 hours post-infection (Supplementary Figure 1B).

Finally, we quantified SARS-CoV-2 viral load in MDM supernatants to study viral replication. In contrast to Vero E6 cells (Supplementary Figure 1C), the viral load of all SARS-CoV-2 variants did not change over time (Figure 1C). Taken together, despite the higher infectivity of the γ-Brazil variant, SARS-CoV-2 variants shared the ability to infect MDM without replication.



Macrophage inflammatory response to SARS-CoV-2 variants

Macrophages activation is usually classified in M1 category (pro-inflammatory) and M2 category (anti-inflammatory). We have previously shown that SARS-CoV-2 induces a specific reprogramming of MDM towards an atypical M2 polarization (34). Therefore, we wondered if infection with different SARS-CoV-2 variants could affect the MDM polarization program. We measured the expression of 6 M1-related genes (IL6, TNF, IL1B, NOS2, IFNB, IL1R2) and 3 M2-related genes (IL10, TGFB, MR) by q-RTPCR in MDM infected with SARS-CoV-2 variants. First, the hierarchical clustering showed two clusters of infected MDM (36): Wuhan, α-B.1.1.7 (United Kingdom) and δ-B.1.617 (India) (1) γ-P.1 (Brazil), β-B.1.351 South Africa, and B.1.1.529 (Omicron) variants (Figure 2A). Interestingly, the principal component analysis of gene expression showed that MDM infected with the β-B.1.351 (South Africa) variant formed a distinct group from the other SARS-CoV-2 variants (Figure 2B). The hierarchical clustering revealed a tendency of increased expression of M1-related genes i.e. TNF, IL1B and IL6 in MDM infected with the β-B.1.351 (South Africa) variant compared to the other SARS-CoV-2 variants (Figure 2A). However, only the expression of IL1B gene was significantly increased in MDM infected with the β-B.1.351 (South Africa) variant compared to the other variants (p<0.0001) (Figure 2C). On the other hand, for M2-related gene expression, a significant increase in TGFB expression was found for the Wuhan SARS-CoV-2 compared to the γ-P.1 (Brazil) and B.1.1.529 Omicron variants (p<0.05). The expression of IL10 and MR was not modulated upon infection with all variants (Figure 2D).




Figure 2 | Polarization profile of MDM infected with SARS-CoV-2 variants. MDMs were infected with SARS-CoV-2 variants including Wuhan (China), α-B.1.1.7 (United Kingdom, UK), β-B.1.351 (South Africa, SA), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI). (A–D) The polarization status was investigated by measuring the expression of M1 genes (IL6, TNF, IL1B, NOS2, IFNB, IL1R2) and M2 genes (IL10, TGFB, MR) at 6 hours post-infection. Data are illustrated as (A) hierarchical clustering and (B) principal component analysis obtained using ClustVis webtool. (C, D) Fold change (FC) of (C) M1 genes and (D) M2 genes (Log 10). Data values represent the mean ± SEM from 4 healthy donors whose experiments were carried out in triplicate. Statistical analysis was performed with one-way ANOVA and Tukey’s multiple comparison test. *p ≤ 0.05 and ****p ≤ 0.0001.



We then investigated the cytokine secretion induced by SARS-CoV-2 variants at 24 hours (Figure 3A) and 48 hours (Figure 3B) post-infection. The TNF production was significantly increased at 24 hours post-infection in β-B.1.351 (South Africa) infected-MDM compared to uninfected MDM and Wuhan-infected MDM (p=0.0279) (Figure 3A). IL-1β over production was also observed in β-B.1.351 (South Africa) infected-MDM at 24h post-infection in comparison to the other SARS-CoV-2 variants and uninfected MDM (all p<0.0001) (Figure 3B), respectively. We noticed a significant increase in IL-10 secretion in B.1.1.529 (Omicron) infected MDM compared to infections with the δ-B.1.617 (India) variants (p=0.0244). Overall, these results do not illustrate a polarization of MDM. Nevertheless, unlike the other variants, the β-B.1.351 (South Africa) variant induced macrophage activation while the B.1.1.529 (Omicron) was rather inhibitory.




Figure 3 | Cytokine release of MDM infected with SARS-CoV-2 variants. (A, B) Levels of TNF, IL-6, IL-10 and IL1-β were evaluated in the culture supernatants by ELISA at (A) 24 and (B) 48 hours post-infection. Data values represent the mean ± SEM from 4 healthy donors whose experiments were carried out in triplicate. Statistical analysis was performed with one-way ANOVA and Tukey’s multiple comparison test. *p ≤ 0.05 and ****p ≤ 0.0001.





Modulation of ACE2 expression by macrophages infected with SARS-CoV-2 variants

It has been shown that ACE2 expression was higher on the LPS-activated M1 macrophages compared to IL-4-treated M2 macrophages (37). Thus, we tested the activation profile in stimulated MDM infected with SARS-CoV-2 variants in relationship to ACE2 expression. We showed that ACE2 gene expression was lower in uninfected or stimulated MDM compared to unstimulated Vero E6 cells (p<0.0001). ACE2 gene expression was higher in MDM infected with the β-B.1.351 (South Africa) variant and lower in MDM infected with the α-B.1.1.7 (United Kingdom) and B.1.1.529 (Omicron) variants (Figure 4A). The ACE2 protein expression was quantified by flow cytometry and immunofluorescence in infected MDM. We reported that the ACE2 protein expression was higher in MDM infected with the β-B.1.351 (South Africa) variant compared to the other variants (B.1.1.529 (Omicron), p=0.0002) and uninfected cells (p=0.0002). In contrast, MDM infected with the B.1.1.529 (Omicron) presented the lowest levels of ACE2 expression (α-B.1.1.7 (United Kingdom), P=0.0472 and γ-P.1 (Brazil) variants, p=0.0355) (Figure 4B). This high ACE2 expression for the South Africa variant was also found by immunofluorescence analysis. Indeed, an increase of ACE2 expression was observed in MDM infected with the β-B.1.351 (South Africa) variant compared to the other variants (γ-P.1 (Brazil), p<0.05) and uninfected cells (p<0.05) (Figure 4C).




Figure 4 | ACE2 expression by MDM infected with SARS-CoV-2 variants. MDMs were infected with SARS-CoV-2 variants including Wuhan (China), α-B.1.1.7 (United Kingdom, UK), β-B.1.351 (South Africa, SA), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI). (A) Relative quantity of ACE2 gene was evaluated by q-RTPCR at 6 hours post-infection after normalization with housekeeping ACTB gene as endogenous control. Data values represent the mean ± SD from 4 healthy donors, and the experiments on unstimulated Vero E6 cells were performed in triplicate. (B) ACE2 protein expression was quantified by flow cytometry in MDMs at 24 hours post-infection and expressed as mean fluorescence intensity (MFI) values. (C) ACE2 was evaluated by immunofluorescence in MDMs at 24 hours post-infection. ACE2 was identified in red, SARS-CoV-2 in green, F-actin in purple and DAPI. Relative ACE2 expression was quantified by fluorescence with ImageJ software. Statistical analysis was performed with two-way ANOVA and Tukey’s multiple comparison test. *p ≤ 0.05, ***p ≤ 0.001 and ****p ≤ 0.0001.



Taken together, the results showed that SARS-CoV-2 variants modulate ACE2 expression in MDM. In particular, the β-B.1.351 (South Africa) variant induced a higher expression of ACE2, in relationship to MDM activation.



Macrophages infected with SARS-CoV-2 variants induce a different activation of γδ2 T cells

We then tested if MDM infected with SARS-CoV-2 variants affected differently the activation of other immune cells playing an important role in COVID-19. For this purpose, we co-cultured SARS-CoV-2 variants infected-MDM with autologous γδ2 T lymphocytes, which play a role during SARS-CoV-2 infection (25, 27). γδ2 T lymphocytes kill infected cells by direct cytotoxicity through the secretion of cytolytic molecules (perforin and granzymes) and by a cell-mediated non-cytolytic activity based on cytokine production (IFN-γ and TNF-α secretion) (38). Therefore, we assessed γδ2 T cell degranulation (% CD107ab+ cells) by flow cytometry (Figure 5). We showed that MDM infected with the γ-P.1 (Brazil) and β-B.1.351 (South Africa) variants induced a higher degranulation of γδ2 T cells than unstimulated MDM (p=0.0108 and p=0.0071, respectively) (Figure 5).




Figure 5 | γδ2 T cell activation. MDM previously infected 24 hours with SARS-CoV-2 variants including Wuhan (China), α-B.1.1.7 (United Kingdom, UK), β-B.1.351 (South Africa, SA), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI) were co-cultured with autologous γδ2 T cells (E:T ratio of 1:1). γδ2 T cell degranulation (% CD107ab+ cells) and intracellular TNFα and IFNγ, respectively, were assessed after 4 hours of co-culture in the presence of GolgiStop and analyzed by flow cytometry. Manual gating to identify γδ2 T cell population (CD3+ TCRVδ2+). The percentage of CD107+, IFNγ+ and TNFα+ cells, were then gated in the γδ2 cell population (CD3+ TCRVδ2+). Data values represent the mean ± SD from 3 healthy donors. Statistical analysis was performed with one-way ANOVA and Tukey’s multiple comparison test. *p ≤ 0.05 and **p ≤0.01.



Since γδ2 T cells exert their antiviral activity in a cytokine-dependent manner, we analyzed their TNF-α and IFN-γ production by flow cytometry. Infection of MDM with the γ-P.1 (Brazil) and β-B.1.351 (South Africa) variants resulted in highest TNF-α secretion by γδ2 T cells (p=0.0324 and p=0.0101, respectively).

In summary, all variants were able to activate γδ2 cells. γ-P.1 (Brazil) and β-B.1.351 (South Africa) variants were the most efficient.




Discussion

In this study, we analyzed how SARS-CoV-2 variants differently infect human macrophages and modulate their function. We compared SARS-CoV-2 variant infection using two cell models, Vero E6, African green monkey kidney cell line, which is widely used for SARS-CoV-2 isolation and virus production, as a positive control (39, 40) and MDM, a model of tissue macrophage of hematopoietic origin (41). Firstly, we showed that Vero E6 were more infectable than macrophages, likely related to abundant expression of ACE2 by Vero E6 cells. This was in accordance with previous study in which Vero E6 are more permissive for SARS-CoV-2 infection than primary cells (42). Secondly, we reported that all SARS-CoV-2 variants were able to infect macrophages, the γ-P.1 (Brazil) variant being most efficient as compared to the other variants. In contrast, we did not find any difference in infectibility among the SARS-CoV-2 variants in Vero E6 cells. This may indicate that internalization of viruses cannot be a means to predict the severity of the disease.

The interaction of viruses like SARS-CoV-2 with macrophages induces their activation, which may lead to tissue damage and severe disease via the production of inflammatory and toxic mediators (9). As we previously demonstrated, macrophage activation can be stratified into M1 and M2 states using a combination of markers (11, 43, 44). It was recently reported that polarized M1 and M2 macrophages presented an inhibitory effects on SARS-CoV-2 infection (45). More interestingly the authors showed that, in contrast to M2 macrophages, M1 and un-activated M0 macrophages up-regulated inflammatory factors. Here, we wondered whether infection with the different variants could lead to a distinct immune response in macrophages and contribute to the observed clinical differences. Our results show that infection led to the expression of genes associated with either M1 or M2 profile, suggesting that SARS-CoV-2 does not induce a clear macrophage polarization. This is consistent with a previous study, where we showed that the α-SARS-CoV-2 (Wuhan) variant induced an early M1/M2 followed by a late M2 program in macrophages (16). More specifically, macrophages infected with the β-B.1.351 (South Africa) variant showed a transcriptional program characterized by the up-regulation of M1-type genes validated by an increased secretion of TNF and IL-1β. Although the number of modulated macrophage markers was small, it seems that the β-B.1.351 (South Africa) variant was more efficient than the other variants to reprogram macrophages toward an M1 profile. In contrast, the Omicron variant seems to be less able to polarize macrophages toward an M1 profile via its ability to induce IL-10 secretion. These finding highlight the concept of targeting macrophage in COVID-19 as a current and future therapeutic strategy as it was reported that blocking macrophage pro-inflammatory molecules such as the treatment by IL-1α/β inhibitor anakinra provided encouraging perspectives (46).

The viral load in SARS-CoV-2 infected macrophages remained unchanged during the time of the culture. This was emphasized by the lack of cytopathic effects in response to all variants. This shows that infection with all SARS-CoV-2 variants in macrophages presents no replication although a discrete increased viral load was observed with α-SARS-CoV-2 (Wuhan), δ-B.1.617 (India) and β-B.1.351 (South Africa) variants. This is reminiscent of previous studies showing that SARS-CoV-2 efficiently infects human macrophages without replication (17, 47, 48), similar to SARS-CoV-1 (16, 49–51) suggesting a protective role for macrophage during SARS-CoV infection at it was recently reported in humanized mice model (52). It is likely that variations in macrophage response to SARS-CoV-2 variants may be a consequence of changes in ACE2 expression. Several recent studies reported a link between macrophage polarization and ACE2 expression (37, 45, 53). Indeed, ACE2 expression has been shown to be higher in LPS-activated M1 macrophages than in IL-4-treated M2 macrophages (37). The inhibition of viral entry using ACE2 blocking antibody enhances the activity of M2 iPSC-derived macrophages (45). Therefore, we investigated the ACE2 expression in macrophages infected with the different variants. It is noteworthy that the expression of ACE2 by macrophages was markedly lower than that of Vero E6 cells. Interestingly, among the response to different variants of concern, β-B.1.351 (South Africa) infected macrophages expressed higher levels of ACE2 at the cell surface than uninfected macrophages or B.1.1.529 (Omicron) infected macrophages. These results suggest that elevated levels of pro-inflammatory cytokines increase ACE2 expression in an autocrine manner, facilitating cell infectivity. In the case of the β-B.1.351 (South Africa) variant, the M1 profile may induce a higher ACE2 expression, and explains the increased infectivity of macrophages during the infection kinetics. In contrast, IL-10 overproduced in response to B.1.1.529 (Omicron) may decrease ACE2 expression and limit virus-mediated inflammatory response.

Finally, macrophages infected with the variants displayed a different effect on γδ2 T cells whose antiviral properties are promoted by macrophages (54, 55). We recently reported that activated γδ2 T cells elicit in vitro strong cytotoxic and non-cytolytic anti-SARS-CoV-2 activities in response to the Wuhan strain (27). Using an in vitro co-culture model, we studied SARS-CoV-2 variant-infected macrophage impact on the activation of γδ2 T cells in response to each variant of concern. We revealed that infection of MDM with the γ-P.1 (Brazil) and β-B.1.351 (South Africa) variants resulted in higher γδ2 T cell activation.

Our results suggest that the β-B.1.351 (South Africa) variant possesses molecular characteristics that account for its specific impact on macrophages. β-B.1.351 (South Africa) variant is known to be less sensitive to neutralizing antibodies (56) and to exhibit increased affinity for ACE2 compared with Wuhan receptor binding domain (RBD). This latter is the result of the triple mutation K417N, E484R, and N501Y that is characteristic of the β-B.1.351 (South Africa) RBD. Therefore, antibodies of lower affinity will struggle to compete with ACE2 receptor (57). These facts may explain why we observed an upregulation in ACE2 expression in macrophages infected with the β-B.1.351 (South Africa) variant, suggesting that escaping from neutralizing antibodies may enhance the activation of macrophages and innate immunity in an ACE2 receptor-dependent manner.

We have previously reported the importance of several models to investigate SARS-CoV-2 infection in vitro and in vivo (24). Vero E6 cell line constitutes a reference model in the study of SARS-CoV-2 infection due to an abundant expression of ACE2 receptor on their membrane (58, 59). Nevertheless, Vero E6 presents several disadvantages, such as low expression of IFN genes (60, 61) and the absence of TMPRSS2, an essential protein for SARS-CoV-2 viral entry (58). In the absence of TMPRSS2, SARS-CoV-2 may be proteolytically activated following receptor-mediated endocytosis by cathepsin B/L (58, 62). To investigate the role of macrophage in SARS-CoV-2 infection we used the MDM model that it was previously reported to express both ACE2 and TMPRSS2 proteins (37, 63) constituting a more relevant model to the actual disease in humans.

In conclusion, SARS-CoV-2 variants modulate both macrophage activation program including γδ2 T cells and ACE2 expression. Among the variants of concern, the β-B.1.351 (South Africa) variant is highlighted thanks to its efficacy to induce an M1-related program, γδ2 T cell activation and ACE2 overexpression. The characteristics of β-B.1.351 (South Africa) mutations may explain this specific effect on macrophages although the molecular impact of these mutations has still to be clearly deciphered. On the other hand, the Omicron variant is the only one able to stimulate IL-10, known for its immunoregulatory properties, which may account for its decreased pathogenicity. This study demonstrates that the diversity of SARS-CoV-2 has an impact on macrophages and this must be taken into account to understand the immunopathology of COVID-19 and the treatment of patients with new therapies such as cytokine antagonists or antibody targeting virus receptors.
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Supplementary Figure 1 | Vero E6 cell line infection with SARS-CoV-2 variants Vero E6 cells were infected with SARS-CoV-2 variants including Wuhan (China), α-B.1.1.7 (United Kingdom, UK), β-B.1.351 (South Africa, SA), γ-P.1 (Brazil), δ-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI) for 6, 24, 48 or 72 hours. (A) Cell viability was tested at 24, 48 and 72 hours post-infection. (B) The presence of SARS-CoV-2 was evaluated and quantified by immunofluorescence (left panel, virus in green, nucleus in blue and F-actin in purple) and RT-PCR expressed as Ct values (right panel), respectively. (C) SARS-CoV-2 replication was quantified by RT-PCR in cell supernatant and expressed as Ct values. Data values represent the mean ± SD from three independent experiments in triplicate. Statistical analysis was performed with two-way ANOVA and Tukey’s multiple comparison test. *p ≤ 0.05, **p ≤0.01, ***p ≤ 0.001 and ****p ≤ 0.0001.



References

1. Guan, W, Ni, Z, Hu, Y, Liang, W, Ou, C, He, J, et al. Clinical characteristics of coronavirus disease 2019 in China. New Engl J Med (2020) 382:1708–20. doi: 10.1056/NEJMoa2002032

2. Chen, N, Zhou, M, Dong, X, Qu, J, Gong, F, Han, Y, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in wuhan, China: a descriptive study. Lancet (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

3. Zhou, F, Yu, T, Du, R, Fan, G, Liu, Y, Liu, Z, et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in wuhan, China: A retrospective cohort study. Lancet (2020) 395:1054–62. doi: 10.1016/S0140-6736(20)30566-3

4. Wang, D, Hu, B, Hu, C, Zhu, F, Liu, X, Zhang, J, et al. Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus–infected pneumonia in wuhan, China. JAMA (2020) 323:1061–9. doi: 10.1001/jama.2020.1585

5. Sudre, CH, Murray, B, Varsavsky, T, Graham, MS, Penfold, RS, Bowyer, RC, et al. Attributes and predictors of long COVID. Nat Med (2021) 27:626–31. doi: 10.1038/s41591-021-01292-y

6. Moore, JB, and June, CH. Cytokine release syndrome in severe COVID-19. Science (2020) 368:473–4. doi: 10.1126/science.abb8925

7. Moss, P. The T cell immune response against SARS-CoV-2. Nat Immunol (2022) 23:186–93. doi: 10.1038/s41590-021-01122-w

8. Merad, M, and Martin, JC. Pathological inflammation in patients with COVID-19: a key role for monocytes and macrophages. Nat Rev Immunol (2020) 20:355–62. doi: 10.1038/s41577-020-0331-4

9. Xu, Z, Shi, L, Wang, Y, Zhang, J, Huang, L, Zhang, C, et al. Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med (2020) 8:420–2. doi: 10.1016/S2213-2600(20)30076-X

10. Del Valle, DM, Kim-Schulze, S, Huang, H-H, Beckmann, ND, Nirenberg, S, Wang, B, et al. An inflammatory cytokine signature predicts COVID-19 severity and survival. Nat Med (2020) 26:1636–43. doi: 10.1038/s41591-020-1051-9

11. Abou Atmeh, P, Mezouar, S, and Mège, J-L. Macrophage polarization in viral infectious diseases: Confrontation with the reality. In: Macrophages -140 years of their discovery. (IntechOpen) (2022). doi: 10.5772/intechopen.106083

12. Bain, CC, Lucas, CD, and Rossi, AG. Pulmonary macrophages and SARS-Cov2 infection. Int Rev Cell Mol Biol (2022) 367:1–28. doi: 10.1016/bs.ircmb.2022.01.001

13. Bao, L, Deng, W, Huang, B, Gao, H, Liu, J, Ren, L, et al. The pathogenicity of SARS-CoV-2 in hACE2 transgenic mice. Nature (2020) 583:830–3. doi: 10.1038/s41586-020-2312-y

14. Delorey, TM, Ziegler, CGK, Heimberg, G, Normand, R, Yang, Y, Segerstolpe, Å, et al. COVID-19 tissue atlases reveal SARS-CoV-2 pathology and cellular targets. Nature (2021) 595:107–13. doi: 10.1038/s41586-021-03570-8

15. Melms, JC, Biermann, J, Huang, H, Wang, Y, Nair, A, Tagore, S, et al. A molecular single-cell lung atlas of lethal COVID-19. Nature (2021) 595:114–9. doi: 10.1038/s41586-021-03569-1

16. Boumaza, A, Gay, L, Mezouar, S, Diallo, AB, Michel, M, Desnues, B, et al. Monocytes and macrophages, targets of SARS-CoV-2: the clue for covid-19 immunoparalysis. bioRxiv (2020) 224(3):395–406. doi: 10.1101/2020.09.17.300996

17. Yang, D, Chu, H, Hou, Y, Chai, Y, Shuai, H, Lee, AC-Y, et al. Attenuated interferon and proinflammatory response in SARS-CoV-2–infected human dendritic cells is associated with viral antagonism of STAT1 phosphorylation. J Infect Dis (2020) 222:734–45. doi: 10.1093/infdis/jiaa356

18. Lu, Q, Liu, J, Zhao, S, Castro, MFG, Laurent-Rolle, M, Dong, J, et al. SARS-CoV-2 exacerbates proinflammatory responses in myeloid cells through c-type lectin receptors and tweety family member 2. Immunity (2021) 54:1304–1319.e9. doi: 10.1016/j.immuni.2021.05.006

19. Niles, MA, Gogesch, P, Kronhart, S, Ortega Iannazzo, S, Kochs, G, Waibler, Z, et al. Macrophages and dendritic cells are not the major source of pro-inflammatory cytokines upon SARS-CoV-2 infection. Front Immunol (2021) 12:647824. doi: 10.3389/fimmu.2021.647824

20. Thorne, LG, Reuschl, A, Zuliani-Alvarez, L, Whelan, MVX, Turner, J, Noursadeghi, M, et al. SARS-CoV-2 sensing by RIG-I and MDA5 links epithelial infection to macrophage inflammation. EMBO J (2021) 40:e107826. doi: 10.15252/embj.2021107826

21. Li, J, Lai, S, Gao, GF, and Shi, W. The emergence, genomic diversity and global spread of SARS-CoV-2. Nature (2021) 600:408–18. doi: 10.1038/s41586-021-04188-6

22. Choi, JY, and Smith, DM. SARS-CoV-2 variants of concern. Yonsei Med J (2021) 62:961–8. doi: 10.3349/ymj.2021.62.11.961

23. Winger, A, and Caspari, T. The spike of concern–the novel variants of SARS-CoV-2. Viruses (2021) 13:1002. doi: 10.3390/v13061002

24. Bestion, E, Zandi, K, Belouzard, S, Andreani, J, Lepidi, H, Novello, M, et al. GNS561 exhibits potent antiviral activity against SARS-CoV-2 through autophagy inhibition. Viruses (2022) 14:132. doi: 10.3390/v14010132

25. Rijkers, G, Vervenne, T, and van der Pol, P. More bricks in the wall against SARS-CoV-2 infection: involvement of γ9δ2 T cells. Cell Mol Immunol (2020) 17:771–2. doi: 10.1038/s41423-020-0473-0

26. Odak, I, Barros-Martins, J, Bošnjak, B, Stahl, K, David, S, Wiesner, O, et al. Reappearance of effector T cells is associated with recovery from COVID-19. EBioMedicine (2020) 57:102885. doi: 10.1016/j.ebiom.2020.102885

27. Gay, L, Rouviere, M-S, Mezouar, S, Richaud, M, Gorvel, L, Foucher, E, et al. Vγ9Vδ2 T cells are potent inhibitors of SARS-CoV-2 replication and exert effector phenotypes in COVID-19 patients. Immunology (2022) 2020:1–10. doi: 10.1101/2022.04.15.487518

28. Gay, L, Mezouar, S, Cano, C, Foucher, E, Gabriac, M, Fullana, M, et al. BTN3A targeting Vγ9Vδ2 T cells antimicrobial activity against coxiella burnetii-infected cells. Front Immunol (2022) 13:915244. doi: 10.3389/fimmu.2022.915244

29. Gertner, J, Wiedemann, A, Poupot, M, and Fournié, J-J. Human γδ T lymphocytes strip and kill tumor cells simultaneously. Immunol Lett (2007) 110:42–53. doi: 10.1016/j.imlet.2007.03.002

30. Benyamine, A, Loncle, C, Foucher, E, Blazquez, J-L, Castanier, C, Chrétien, A-S, et al. BTN3A is a prognosis marker and a promising target for Vγ9Vδ2 T cells based-immunotherapy in pancreatic ductal adenocarcinoma (PDAC). OncoImmunology (2018) 7:e1372080. doi: 10.1080/2162402X.2017.1372080

31. Andreani, J, Le Bideau, M, Duflot, I, Jardot, P, Rolland, C, Boxberger, M, et al. In vitro testing of combined hydroxychloroquine and azithromycin on SARS-CoV-2 shows synergistic effect. Microbial Pathogenesis (2020) 145:104228. doi: 10.1016/j.micpath.2020.104228

32. Otmani Idrissi, M, Baudoin, J-P, Chateau, A-L, Aherfi, S, Bedotto-Buffet, M, Latil, A, et al. Presence of SARS-CoV-2 in a cornea transplant. Pathogens (2021) 10:934. doi: 10.3390/pathogens10080934

33. Mezouar, S, Vitte, J, Gorvel, L, Ben Amara, A, Desnues, B, and Mege, J-L. Mast cell cytonemes as a defense mechanism against. Coxiella burnetii. mBio (2019) 10:e02669–18. doi: 10.1128/mBio.02669-18

34. Boumaza, A, Gay, L, Mezouar, S, Bestion, E, Diallo, AB, Michel, M, et al. Monocytes and macrophages, targets of severe acute respiratory syndrome coronavirus 2: The clue for coronavirus disease 2019 immunoparalysis. J Infect Dis (2021) 224:395–406. doi: 10.1093/infdis/jiab044

35. Bestion, E, Halfon, P, Mezouar, S, and Mège, J-L. Cell and animal models for SARS-CoV-2 research. Viruses (2022) 14:1507. doi: 10.3390/v14071507

36.COVID live - coronavirus statistics - worldometer . Available at: https://www.worldometers.info/coronavirus/ (Accessed June 6, 2022).

37. Song, X, Hu, W, Yu, H, Zhao, L, Zhao, Y, Zhao, X, et al. Little to no expression of angiotensin-converting enzyme-2 on most human peripheral blood immune cells but highly expressed on tissue macrophages. Cytometry A (2020) 1–10. doi: 10.1002/cyto.a.24285

38. Gay, L, Mezouar, S, Cano, C, Frohna, P, Madakamutil, L, Mège, J-L, et al. Role of Vγ9vδ2 T lymphocytes in infectious diseases. Front Immunol (2022) 13:928441. doi: 10.3389/fimmu.2022.928441

39. Zhou, P, Yang, X-L, Wang, X-G, Hu, B, Zhang, L, Zhang, W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature (2020) 579:270–3. doi: 10.1038/s41586-020-2012-7

40. de Souza, GAP, Le Bideau, M, Boschi, C, Ferreira, L, Wurtz, N, Devaux, C, et al. Emerging SARS-CoV-2 genotypes show different replication patterns in human pulmonary and intestinal epithelial cells. Viruses (2021) 14:23. doi: 10.3390/v14010023

41. Ginhoux, F, and Guilliams, M. Tissue-resident macrophage ontogeny and homeostasis. Immunity (2016) 44:439–49. doi: 10.1016/j.immuni.2016.02.024

42. Essaidi-Laziosi, M, Perez Rodriguez, FJ, Hulo, N, Jacquerioz, F, Kaiser, L, and Eckerle, I. Estimating clinical SARS-CoV-2 infectiousness in vero E6 and primary airway epithelial cells. Lancet Microbe (2021) 2:e571. doi: 10.1016/S2666-5247(21)00216-0

43. Murray, PJ, Allen, JE, Biswas, SK, Fisher, EA, Gilroy, DW, Goerdt, S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity (2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008

44. Mezouar, S, and Mege, J-L. New tools for studying macrophage polarization: Application to bacterial infections. In:  H Prakash, editor. Macrophages. (IntechOpen) (2021). doi: 10.5772/intechopen.92666

45. Lian, Q, Zhang, K, Zhang, Z, Duan, F, Guo, L, Luo, W, et al. Differential effects of macrophage subtypes on SARS-CoV-2 infection in a human pluripotent stem cell-derived model. Nat Commun (2022) 13:2028. doi: 10.1038/s41467-022-29731-5

46. Kyriazopoulou, E, Poulakou, G, Milionis, H, Metallidis, S, Adamis, G, Tsiakos, K, et al. Early treatment of COVID-19 with anakinra guided by soluble urokinase plasminogen receptor plasma levels: a double-blind, randomized controlled phase 3 trial. Nat Med (2021) 27:1752–60. doi: 10.1038/s41591-021-01499-z

47. Zheng, J, Wang, Y, Li, K, Meyerholz, DK, Allamargot, C, and Perlman, S. Severe acute respiratory syndrome coronavirus 2–induced immune activation and death of monocyte-derived human macrophages and dendritic cells. J Infect Dis (2020) 223:785–95. doi: 10.1093/infdis/jiaa753

48. Hui, KPY, Cheung, M-C, Perera, RAPM, Ng, K-C, Bui, CHT, Ho, JCW, et al. Tropism, replication competence, and innate immune responses of the coronavirus SARS-CoV-2 in human respiratory tract and conjunctiva: an analysis in ex-vivo and in-vitro cultures. Lancet Respir Med (2020) 8:687–95. doi: 10.1016/S2213-2600(20)30193-4

49. Tseng, C-TK, Perrone, LA, Zhu, H, Makino, S, and Peters, CJ. Severe acute respiratory syndrome and the innate immune responses: Modulation of effector cell function without productive infection. J Immunol (2005) 174:7977–85. doi: 10.4049/jimmunol.174.12.7977

50. Junqueira, C, Crespo, Â, Ranjbar, S, de Lacerda, LB, Lewandrowski, M, Ingber, J, et al. FcγR-mediated SARS-CoV-2 infection of monocytes activates inflammation. Nature (2022) 606:576–84. doi: 10.1038/s41586-022-04702-4

51. Yilla, M, Harcourt, BH, Hickman, CJ, McGrew, M, Tamin, A, Goldsmith, CS, et al. SARS-coronavirus replication in human peripheral monocytes/macrophages. Virus Res (2005) 107:93–101. doi: 10.1016/j.virusres.2004.09.004

52. Kenney, DJ, O’Connell, AK, Turcinovic, J, Montanaro, P, Hekman, RM, Tamura, T, et al. Humanized mice reveal a macrophage-enriched gene signature defining human lung tissue protection during SARS-CoV-2 infection. Cell Rep (2022) 39:110714. doi: 10.1016/j.celrep.2022.110714

53. Banu, N, Panikar, SS, Leal, LR, and Leal, AR. Protective role of ACE2 and its downregulation in SARS-CoV-2 infection leading to macrophage activation syndrome: Therapeutic implications. Life Sci (2020) 256:117905. doi: 10.1016/j.lfs.2020.117905

54. Poccia, F, Agrati, C, Castilletti, C, Bordi, L, Gioia, C, Horejsh, D, et al. Anti-severe acute respiratory syndrome coronavirus immune responses: the role played by Vγ9Vδ2 T cells. J Infect Dis (2006) 193:1244–9. doi: 10.1086/502975

55. Qin, G, Liu, Y, Zheng, J, Ng, IHY, Xiang, Z, Lam, K-T, et al. Type 1 responses of human Vγ9Vδ2 T cells to influenza a viruses. J Virol (2011) 85:10109–16. doi: 10.1128/JVI.05341-11

56. Aleem, A, Akbar Samad, AB, and Slenker, AK. Emerging variants of SARS-CoV-2 and novel therapeutics against coronavirus (COVID-19), in: StatPearls (2022). Treasure Island (FL: StatPearls Publishing. Available at: http://www.ncbi.nlm.nih.gov/books/NBK570580/ (Accessed April 7, 2022).

57. Zhou, D, Dejnirattisai, W, Supasa, P, Liu, C, Mentzer, AJ, Ginn, HM, et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and vaccine-induced sera. Cell (2021) 184:2348–2361.e6. doi: 10.1016/j.cell.2021.02.037

58. Hoffmann, M, Kleine-Weber, H, Schroeder, S, Krüger, N, Herrler, T, Erichsen, S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell (2020) 181:271–280.e8. doi: 10.1016/j.cell.2020.02.052

59. Ren, X, Glende, J, Al-Falah, M, de Vries, V, Schwegmann-Wessels, C, Qu, X, et al. Analysis of ACE2 in polarized epithelial cells: surface expression and function as receptor for severe acute respiratory syndrome-associated coronavirus. J Gen Virol (2006) 87:1691–5. doi: 10.1099/vir.0.81749-0

60. Diaz, MO, Ziemin, S, Le Beau, MM, Pitha, P, Smith, SD, Chilcote, RR, et al. Homozygous deletion of the alpha- and beta 1-interferon genes in human leukemia and derived cell lines. Proc Natl Acad Sci U.S.A. (1988) 85:5259–63. doi: 10.1073/pnas.85.14.5259

61. Emeny, JM, and Morgan, MJ. Regulation of the interferon system: evidence that vero cells have a genetic defect in interferon production. J Gen Virol (1979) 43:247–52. doi: 10.1099/0022-1317-43-1-247

62. Shang, J, Ye, G, Shi, K, Wan, Y, Luo, C, Aihara, H, et al. Structural basis of receptor recognition by SARS-CoV-2. Nature (2020) 581:221–4. doi: 10.1038/s41586-020-2179-y

63. García-Nicolás, O, V’kovski, P, Zettl, F, Zimmer, G, Thiel, V, and Summerfield, A. No evidence for human monocyte-derived macrophage infection and antibody-mediated enhancement of SARS-CoV-2 infection. Front Cell Infect Microbiol (2021) 11:644574. doi: 10.3389/fcimb.2021.644574


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Atmeh, Gay, Levasseur, La Scola, Olive, Mezouar, Gorvel and Mege. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-1078741-g004.jpg
SARS
-CoV-2

Merged ACE2

1 Uninfected

6e-002 % 3 Wuhan (China)

4e-002 =3 a-B.1.1.7 (UK)
=3 B-B1.351 (SA)
mm y-P.1 (Brazil)

0.0004
0.0002 Qg B 0 mm 5-B.1.617 (India)
= B = mm B.1.1.529 Omicron

ACE2RQ

[ Uninfected

[ Wuhan (China) mm y-P.1 (Brazil)
— a-B.1.1.7 (UK) mm 06-B.1.617 (India)
= B-B1.351 (SA) mm B.1.1.529 Omicron

Uninfected =~ Wuhan a-B.1.1.7 B-B.1.351 y-P1 5-B.1.617 B.1.1.529
(China) (UK) (SA) (Brazil) (India) (Omicron)

3009 ——
1 Uninfected
E_}: 2004 1 Wuhan (China)
9 3 a-B.1.1.7 (UK)
L =3 B-B1.351 (SA)
< 1004 == y-P.1 (Brazil)
& I I mm 5-B.1.617 (India)
0 B B.1.1.529 Omicron






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Macrophages and γδ T cells interplay during SARS-CoV-2 variants infection

      

        		

          Introduction

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Cell culture and infection

          



          		

            SARS-CoV-2 variant production

          



          		

            Viral RNA extraction and q-RTPCR

          



          		

            RNA isolation and q-RTPCR

          



          		

            Cell viability

          



          		

            Immunofluorescence

          



          		

            Immunoassays

          



          		

            Flow cytometry

          



          		

            γδ2 T cells activity

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Macrophage infection with SARS-CoV-2 variants

          



          		

            Macrophage inflammatory response to SARS-CoV-2 variants

          



          		

            Modulation of ACE2 expression by macrophages infected with SARS-CoV-2 variants

          



          		

            Macrophages infected with SARS-CoV-2 variants induce a different activation of γδ2 T cells

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-1078741-g002.jpg
PC2 (18.6%)

IL18

NOS2

IFNB

8.1.1.529 (Omicron)
Wuran (China)
a81.17 U

os Il381351 (54
y-P1 (Brazi)

° 581617 (insa)

Grovp |2 Growp
15
'

Group
@ B.1.1.529 (Omicron)
Wuhan (China)

OZ-P.I (Brazi)
©88.1.617 (Inda)

Wuhan (China)
a-B.1.1.7 (UK)
3-B1.351 (SA)
y-P.1 (Brazil)
0-B.1.617 (India)
B.1.1.529 Omicron

i) RERIRInN

IL1R2

Wuhan (China)
a-B.1.1.7 (UK)
B-B1.351 (SA)
y-P.1 (Brazil)
§-B.1.617 (India)
B.1.1.529 Omicron

I} W RININI





OEBPS/Images/table2.jpg
ACTB

ILIB

IL6

TGFB

IL10

IFNB

NOS2

ILIR2

Forward primer (

GGAAATCGTGCGTGACATTA

AGGAGAAGAGGCTGAGGAACAAG

CAGCACCTCTCAAGCAGAAAAC

CCAGGAGAAGATTCCAAAGATG

GACATCAAAAGATAACCACTC

GGGGGTTGAGGTATCAGAGGTAA

ACAACCTCCCAGGCACAAGGGCTGTATTT

GACTTTCCAAGACACACTTCACC

CACTCAGGTCAGGGCATACTAA

CTTTCATCACCACACAATCCTC

Reverse primer (5™-3')

AGGAGGAAGGCTGGAAGAG
GAGGGAGAGAAGCAACTACAGACC

‘ GTTGGGCATTGGTGTAGACAAC
GGAAGGTTCAGGTTGTTTTCTG
TCTATGACAAGTTCAAGCAGA
GCTCCAAGAGAAAGGCATCTACA
TGATGGCAACCAGTTCCAGAAGGCTCAAG
CTATCTCCTTTGTTACCGCTTCC
AGGAGAAGAAGAGACACGGATG

ACCTCACAAGTATCCACACCATC





OEBPS/Images/fimmu-13-1078741-g003.jpg
IL-1B (pg/ml)

24 hours

200

2100
50

IL-10

1 Wuhan (China) mm
3 a-B.1.1.7 (UK) mm
=1 B-B1.351 (SA)

y-P.1
5-B.1
= B.1.1

il

(Brazil)

617 (India)
.529 (Omicron)

TEEE wRER

A wmEE

PRt T

1 Wuhan (China)
3 a-B.1.1.7 (UK)
= B-B1.351 (SA)

-P.1 (Brazil)

m y-P.1
mm 5-B.1
= B.1.1

617 (India)
.1.529 (Omicron)





OEBPS/Images/fimmu.2022.1078741_cover.jpg
’ frontiers l Frontiers in Immunology

Macrophages and y3 T cells
interplay during SARS-CoV-2
variants infection





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-1078741-g001.jpg
Ctvalues

@

Cell viability (%)

Ctvalues

150
100
50

40
30
20
10

0

OGP O D e L ()

Hours

PRA PRAV PRV QR QR QdRAY
Hours

P RAV PRV RRAT R RAV P RAV QR RAY
Hours

[ § R ERE00O

EREOC0O

Wuhan (China)
a-B.1.1.7 (UK)
B-B1.351 (SA)

y-P.1 (Brazil)
0-B.1.617 (India)
B.1.1.529 (Omicron)

Wuhan (China)
a-B.1.1.7 (UK)
B-B1.351 (SA)

y-P.1 (Brazil)
0-B.1.617 (India)
B.1.1.529 (Omicron)

Wuhan (China)
a-B.1.1.7 (UK)
3-B1.351 (SA)

y-P.1 (Brazil)
0-B.1.617 (India)
B.1.1.529 (Omicron)





OEBPS/Images/fimmu-13-1078741-g005.jpg
SLA

i 00w - .
e 4
0 - oy e 1
i 4 :
I om= £ b 3
g g 3
S
e =
it "!—'—! e ) voymy “T"—r“'—w btngn 2P-ftnce B |
- L 3 3 . L] . ?
-~ ® - L) - - - - - -
THPEA
, [
*1
1 o7
e
w3
i s ~
o w1 (@]
- < b v
a i (@)
4
O w ] O
3 o
] o
-o’]
21
» B B e e e L S
2 ) 4 t e ?
) © L) ) ) 1)
CON07 FITC-A
s T
0
]
o) ny
w 1 ws
b
< ¢
"~
©
g *1 2
8 o =
v
] 2
|
\o’]
21
b B B B e e S
3 4 3 7
w w0 0 10 W ow
FNg APC-A
,
© 1
-o“‘l
< i 3
S u’] LL
& 3 Z
8 =
bod o
| >~
-o’]
23
w0 e R LT ] ;".—‘—;u.-‘ ---.-‘"
w W %) 0 w0

TNFaPBASOA





OEBPS/Images/table1.jpg
Forward primer (5’-3') Reverse primer (5'-3')

N gene primers GACCCCAAAATCAGCGAAAT TCTGGTTACTGCCAGTTGAATCTG

N gene probe 5" FAM-ACCCCGCATTACGTTTGGTGGACC 3’






