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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is the etiologic agent responsible for the ongoing outbreak of 
COVID-19. Cellular targets of SARS-CoV-2 are primarily 

upper and lower respiratory tract cells, as well as pulmonary cells1,2. 
The SARS-CoV-2 infection results in a wide range of clinical signs, 
from asymptomatic to life-threatening acute respiratory distress 
syndrome, caused by a deleterious antiviral immune response in 
lungs3–5. In serious cases, the overbalanced local immune response 
damages the airways and may lead to noncardiogenic pulmo-
nary edema, hypoxia and the need for artificial ventilation and/or 
oxygenation6,7.

Innate-like T cells, including MAIT, invariant natural killer T 
(iNKT) and γδ T cells, are known to be key actors of pulmonary 
mucosal immunity, of mucosal tissue repair and are involved in 
the immune response against numerous respiratory pathogens8–12. 
Innate lymphoid cells (ILCs) have also emerged as important medi-
ators in tissue protection and repair during lung viral infection13. 

Among them, MAIT cells recognize bacterial metabolites derived 
from the riboflavin synthesis pathway and presented by the major 
histocompatibility complex class I-related protein (MR1)14,15. It has 
been established that MAIT cells are activated during viral infec-
tions, especially in blood and lungs16–18. MAIT cell activation by 
viruses is T cell antigen receptor (TCR) independent and cytokine 
dependent16,18. During acute and chronic viral infections, MAIT cell 
blood frequency is reduced while expression of HLA-DR, pro-
grammed cell death protein 1, CD38 and CD69 is upregulated16–21. 
Upon acute viral infection, MAIT cells produce high levels of gran-
zyme B (GzB)18.

In patients with COVID-19, alteration of peripheral lymphocyte 
and myeloid subsets is associated with clinical characteristics and 
treatment efficiency22–24. MAIT cell frequency is decreased in the 
blood of patients with COVID-19 (refs. 25,26); however, their func-
tional contribution to disease remains poorly understood. Here, we 
analyzed blood and lung MAIT cells of patients with COVID-19  
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who had differences in disease severity status. These patients were 
compared with uninfected controls matched for age, sex and comor-
bidities. Mechanisms of action were studied using in vitro experi-
ments with cultured macrophages from healthy donors, infected 
with SARS-CoV-2 and cocultured with blood MAIT cells from 
the same donors. Our study provides new insights on the cytotoxic 
function of MAIT cells in SARS-CoV-2 infection and the critical 
role of the IFN-α–IL-18 shift in monocytes and macrophages.

Results
Adaptive and innate T cell frequency in the blood of patients 
with COVID-19. We first began our study of immune cells in 
SARS-CoV-2 infection by analyzing the frequency and phenotype 
of lymphocytes in blood samples from patients with COVID-19, 
as well as (age-matched and body mass index (BMI)-matched) 
uninfected donors (Extended Data Fig. 1). Fifty-one patients with 
COVID-19 had been admitted to an infectious disease unit (IDU; 

moderate cases) and 51 patients to an intensive care unit (ICU; 
severe cases, with a 41% death rate). As controls, we included 80 
healthy uninfected donors, including donors with various patholo-
gies (for example, diabetes and obesity) to match those affect-
ing hospitalized patients with COVID-19 (Extended Data Fig. 1). 
Characteristics and health data of recruited patients and controls 
are listed in Supplementary Table 1. Whole blood was collected 
and stained for flow cytometry to analyze frequencies of innate and 
adaptive T lymphocytes following the gating strategies presented in 
Supplementary Fig. 1. A majority of patients with COVID-19 pre-
sented a significant reduction of T cells in the IDU, more pronounced 
in ICU patients (Fig. 1a), confirming earlier reports27,28. Among 
CD3+ T cells, there was a slight increase in blood αβ T cell frequency 
in ICU patients, mirrored by a decrease of γδ T cells (Fig. 1b).  
CD4+ and CD8+ T cell frequencies among CD3+ T cells were not 
significantly impacted by SARS-CoV-2 infection, whereas regula-
tory T cell frequency was significantly reduced in IDU and ICU 
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Fig. 1 | Immune cell frequencies and status in the blood of patients with COVID-19. a,b, Whole blood or PBMCs were collected from patients and 
analyzed through flow cytometry. Flow cytometry analysis of CD3+ cell (a), αβ T cell and γδ T cell frequencies (b) from uninfected controls (n = 80), 
patients with COVID-19 hospitalized in an IDU (n = 62) or ICU (n = 66). c, Flow cytometry analysis of CD4+ T cell, regulatory T cell (Treg) and CD8+ T cell 
frequencies in the blood of patients as described in a and b. d,e, Representative quantile contour plots of Vα7.2 and CD161 staining to identify MAIT cells 
in the blood of uninfected controls and patients with COVID-19 from IDU and ICU, and MAIT cell (d) and CD8+ MAIT cell (e) frequencies in the blood of 
patients as described in a and b. SSC, side scatter. Small horizontal lines indicate the median and quartiles. Each symbol represents one biological sample. 
*P < 0.05, **P < 0.01 and ****P < 0.0001 (two-sided Mann–Whitney non-parametric test).
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patients compared to uninfected controls (Fig. 1c). We observed a 
collapse of Vα7.2+CD161+ MAIT cell frequency among CD3+ cells 
in patients with COVID-19, down to a tenth of those observed in 
uninfected controls (Fig. 1d). We confirmed that MAIT cell mark-
ers CD161 and Vα7.2 allowed MAIT cell identification similar 
to that found with MR1 tetramers loaded with the active ligand 
5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-RU) 
in all three groups of patients (Extended Data Fig. 2a–c). Among 
MAIT cells, the CD8+ subset was further reduced in patients 
with COVID-19, but to a lesser extent in ICU compared to IDU 
patients (Fig. 1e). We therefore observed a decrease of blood MAIT  
cells in patients with COVID-19, with an alteration of MAIT cell 
subset repartition.

MAIT cells are activated and cytotoxic in patients with COVID-
19. As MAIT cell frequency is reduced in the blood of patients with 
COVID-19, we analyzed their surface marker expression and their 
cytokine production. An activated phenotype with an increase of 
CD69 expression was observed in patients with COVID-19, with 
a median of 41% CD69+ MAIT cells in IDU patients and 67% in 
ICU patients, with some reaching 100% (Fig. 2a). Blood MAIT cells 
also displayed a significant increase of NK cell-associated activa-
tion CD56+ marker compared to controls, which was highest in 
ICU patients (Fig. 2a). Accordingly, double-positive CD56+CD69+ 
MAIT cell frequency was increased in IDU patients and even more 
in ICU patients (Fig. 2a). The frequency of MAIT cells coexpressing 
CCR6, the receptor for the CCL20 chemokine (a tissue-migrating 
marker) and survival CD127 marker was decreased, suggesting 
that low circulating MAIT cell frequency might reflect migration 
into inflamed infected tissues and/or activation-induced cell death 
(Extended Data Fig. 3a). MAIT cell activation in some patients 
might be associated with secondary infections and presence of bac-
teria in the blood (Extended Data Fig. 3b).

In contrast to MAIT cells, CD69+ expression on CD8+ T cells 
remained moderate (median of 10%) in IDU and ICU patients 
although increased compared to uninfected controls (Extended 
Data Fig. 3c). The frequency of CD56+CD8+ T cells was similar  
in all three groups of patients. Consequently, the frequency of  
effector CD56+CD69+CD8+ T cells was modestly increased 
in patients with COVID-19 compared to uninfected controls 
(Extended Data Fig. 3c).

We next investigated the phenotype of MAIT cells, with unsuper-
vised methods, on nine flow cytometry parameters. We first com-
pared MAIT cells of patients with COVID-19 to those of uninfected 
controls by multidimensional scaling (MDS) plots, which revealed 
a progression of severity from uninfected controls to IDU and 
ICU patients (Fig. 2b). We next performed graphical dimensional 
reduction by t-distributed stochastic neighbor embedding (t-SNE) 
and uniform manifold approximation and projection (UMAP), 
which also returned a progressive distribution of MAIT cells from  
controls to IDU and ICU patients (Fig. 2c and Extended Data  
Fig. 4a,b). Both CD69 and CD56 expression distributions were the 

most closely matched with the distribution of MAIT cells accord-
ing to COVID-19 severity (highest expression at highest severity;  
Fig. 2d and Extended Data Fig. 4c).

MAIT cell function was then assessed after phorbol myristate 
acetate (PMA)–ionomycin stimulation by analyzing IFN-γ and 
GzB production in all three groups of patients and IL-2, IL-4, IL-10, 
IL-17 and TNF in IDU and ICU patients (Fig. 2e,f and Extended 
Data Fig. 5a). Production of IFN-γ was decreased in COVID-19 
IDU patients compared to uninfected controls. However, IFN-γ and 
IL-2 increased in ICU patients compared to IDU patients (Fig. 2e 
and Extended Data Fig. 5a). In contrast, GzB production progres-
sively increased in stimulated MAIT cells in IDU and ICU patients 
as compared to controls. Elevated GzB production was also detected 
in unstimulated MAIT cells from infected patients (Fig. 2f,g and 
Extended Data Fig. 5a,b). Such enhanced cytokine and GzB pro-
duction in ICU patients was not observed in conventional αβ T, 
γδ T and CD3– cells (including NK cells; Extended Data Fig. 5a,b). 
While we observed a slight increase in IL-17 and IFN-γ produc-
tion by MAIT cells in ICU patients when compared to IDU patients, 
we did not observe any increase of IL-17+IFN-γ+ double-positive 
MAIT cells in patients with COVID-19 (Extended Data Fig. 5c). 
Finally, we analyzed GzB production by lung MAIT cells from 
endotracheal aspirates (ETAs) and bronchoalveolar lavages (BALs) 
of ICU patients. MAIT cells from both fluids produced more GzB 
than their counterparts from blood in the same patients (Fig. 2h, 
Extended Data Figs. 2c and 5d). Altogether, these results show that 
blood MAIT cells from patients with COVID-19 display an acti-
vated/effector phenotype and cytotoxic function associated with 
disease severity. This cytotoxic phenotype is even more pronounced 
in lungs of patients infected with SARS-CoV-2.

Links between MAIT cell activation and other innate immune 
cell alterations. Following MAIT cell analyses, we further inves-
tigated other innate-like immune cell frequencies, phenotypes and 
activation in the blood of patients infected with SARS-CoV-2. A sig-
nificant reduction in the frequency of NK cells, ILC2 and ILC3 in 
IDU and ICU patients was observed, which was more pronounced 
for NK cells and ILC2 in patients with COVID-19 from an ICU  
(Fig. 3a). CD69 expression was higher in all infected patients on NK 
cells, ILC3 and γδ T cells, whereas it was reduced on ILC2 (Fig. 3b).

We sought to identify correlations between MAIT cells and 
other innate cells in patients with COVID-19. A multiparamet-
ric matrix correlation plot showed strong positive correlations 
between frequencies of activated MAIT cells (CD56+ and/or CD69+ 
MAIT cells) with CD69+ ILC3, NK cell and γδ T cell frequencies, as 
well as CD69+CD56+ γδ T cells (Fig. 3c,d). Several negative correla-
tions were also observed between activation of these populations 
and their frequencies. CD69 expression on MAIT cells was nega-
tively correlated with ILC3, ILC2 and NK cell frequencies (Fig. 3c). 
Cytokine production by MAIT cells was also negatively correlated 
with ILC3 frequencies and to a lesser extent with ILC2 and NK cell 
frequencies. Taken together, these data suggest that inflammatory 

Fig. 2 | Blood MAIT cells are activated and secrete proinflammatory cytokines in patients with COVID-19. a, Representative quantile contour plots 
of CD69, CD56 and double-positive surface marker expression on blood MAIT cells from one uninfected control and two patients with COVID-19 who 
were admitted to an IDU and an ICU, respectively. CD69+, CD56+ and CD56+CD69+ MAIT cell frequencies in the blood of uninfected controls (n = 80) 
and infected patients from the IDU (n = 62) and ICU (n = 66). b,c, MDS plot (b) and UMAP (c). c, Analysis of MAIT cells for each uninfected (n = 23) 
and infected patient from the IDU (n = 50) or ICU (n = 66) from Bichat hospital analyzed with the same flow cytometer. d, UMAP divided by groups and 
colored by the scaled expression of CD69 and CD56. e,f, Representative quantile contour plots and frequencies of IFN-γ (e) and GzB (f) in MAIT cells after 
stimulation from uninfected controls (n = 25–27) and patients with COVID-19 hospitalized in an IDU (n = 14–15) or ICU (n = 15). g, Representative quantile 
contour plots and frequencies of GzB+ MAIT cells without stimulation in uninfected controls (n = 19) and patients in an IDU (n = 11) or ICU (n = 14) with 
COVID-19. h, Comparative analysis of frequencies of GzB+ MAIT cells without stimulation in blood and ETAs of patients in an ICU with COVID-19 (n = 7). 
Representative quantile contour plots are shown on the left, and individuals are shown on the right. Small horizontal lines indicate the median and quartiles 
(a) or the median (e–g). Each symbol represents one biological sample. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (two-sided Mann–Whitney 
non-parametric test (a and e–g) and Wilcoxon signed-rank test (h)).
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processes in patients infected with SARS-CoV-2 involve concomi-
tant activation of MAIT cells with other innate immune cells associ-
ated with loss of these population frequencies in blood.

Fatal SARS-CoV-2 infection is linked with activation and func-
tion of MAIT cells. To investigate the impact of immune cell 
populations on disease outcome, blood samples were analyzed by 
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comparing two groups: surviving versus fatal outcomes of patients 
with COVID-19. CD69 expression significantly increased on MAIT, 
CD8 T, γδ T and NK cells in fatal patients with COVID-19 compared 

to surviving IDU or ICU patients (Fig. 4a). MAIT cells displayed 
the highest activation level in all patients, particularly those with 
fatal outcomes. We next examined immune cell function relative to  
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disease outcome by measuring intracellular cytokines and GzB 
in stimulated and unstimulated immune cells (Fig. 4b, Extended 
Data Fig. 6a,b and data not shown). IFN-γ, tumor necrosis factor 
(TNF) and GzB in stimulated MAIT cells and GzB in unstimulated 
MAIT cells were significantly enhanced in deceased patients com-
pared to surviving patients (Fig. 4b and Extended Data Fig. 6a,b). 
IL-10 production by stimulated γδ T cells in deceased patients was 
greater compared to surviving patients (Fig. 4b and Extended Data 
Fig. 6a). Thus, MAIT cell function was more associated with mor-
tality than functions of other T cell populations. No modification 
of IL-2, IL-4 and IL-17 production in CD4+, CD8+, CD3–, γδ T and 
MAIT cells was observed in fatal cases (Fig. 4b and Extended Data 
Fig. 6a). Moreover, statistical regression analyses identified four 
MAIT cell markers (IFN-γ production, stimulated GzB production, 
unstimulated GzB production and CD69) that defined predictive 
models for COVID-19 outcome, as tested on a receiver operating 
characteristic (ROC) curve (Fig. 4c). To allow a more global view 
of individual patients, we generated a heat map based on multiple 
immune cell and blood parameters from single uninfected, infected 
and fatal patients with COVID-19. This analysis highlights differ-
ent activation signatures of nonsurviving patients compared to sur-
viving patients with COVID-19 and controls, confirming that high 
MAIT and innate cell activation is a signature of fatal outcomes 
(Fig. 4d). Therefore, high MAIT cell activation and effector activ-
ity is associated with and potentially predictive of fatal outcomes  
in COVID-19.

Increased proinflammatory cytokine levels correlate with blood 
MAIT cell alterations. We next analyzed plasma levels of several 
cytokines by cytometric bead array (CBA) and electrochemilu-
minescence immunoassay in surviving IDU and ICU patients, 
as well as in nonsurviving patients (Fig. 5a,b). IL-6, IL-8, IL-10, 
IL-15 and IL-18 levels were significantly increased in the plasma 
of nonsurviving patients compared to surviving patients, confirm-
ing a state of widespread, pronounced inflammation in severe cases 
of COVID-19 (ref. 27; Fig. 5a,b). IFN-α2 levels were significantly 
decreased in ICU compared to IDU patients, although no signifi-
cant difference between surviving ICU and deceased patients was 
detected (Fig. 5b). IL-1β levels were similar between all three groups  
(Fig. 5b). Multiparametric matrix correlation plots showed strong 
positive correlation of IL-6, IL-8, IL-10, IL-15 and IL-18 levels with 
frequencies of CD69+ and CD69+CD56+ MAIT cells in the blood 
of all patients (Extended Data Fig. 7a,b). IFN-α2 blood levels cor-
related positively with the production of IFN-γ, TNF and IL-2 by 
MAIT cells (Extended Data Fig. 7a).

Separated matrix correlation plot between surviving and non-
surviving ICU patients showed different relationships between 
blood cytokine concentration and GzB production by MAIT cells. 
In surviving patients, there was a strong negative correlation 
between blood IL-15 concentration and spontaneous GzB produc-
tion by MAIT cells, whereas in nonsurviving patients, there was a 

strong positive correlation between blood IL-18 concentration and 
GzB MAIT production. The link between IL-18 and MAIT cell acti-
vation is further supported by high IL-18Rα expression on all blood 
MAIT cells in controls and patients infected with SARS-CoV-2 
compared to other immune populations (Extended Data Fig. 8a–c).  
In nonsurviving ICU patients, blood IL-18 concentration was 
negatively correlated with IFN-α2 blood concentration (Fig. 5c). 
Accordingly, IL-18 blood concentration was increased in long-term 
ICU patients with COVID-19, whereas IFN-α2 blood concentration 
was decreased in these patients (Fig. 5d). Further, CD69+ MAIT cell 
frequency increased with time and was highest one month after 
symptom onset, when death rate was highest among ICU patients. 
Our data therefore reveal that proinflammatory cytokines and IL-10 
concentration are associated with MAIT cell activation and high-
light a unique relationship between plasma IL-18 levels and circu-
lating cytotoxic MAIT cells in fatal cases.

MAIT cell phenotype and functions are associated with 
SARS-CoV-2 severity and clinical parameters. As previously 
reported in our cohort, COVID-19 severity was associated with 
extended pulmonary damage, as evaluated using a chest computed 
tomography severity score from 1 (mild) to 5 (critical; Fig. 6a). 
The ratio of partial pressure of arterial oxygen (PaO2) to fraction 
of inspired oxygen (FiO2) was significantly reduced and C-reactive 
protein (CRP) concentrations were significantly increased  
in ICU patients. Both parameters were more affected in fatal  
cases (Fig. 6b,c).

A correlation matrix of MAIT cell activation, function and 
clinical parameters was established for all patients with COVID-19  
(Fig. 6d). It included age, BMI, CRP, simplified acute physiology 
score II (SAPS II; an estimator of patient mortality risk at ICU 
admission), PaO2/FiO2 ratio, polymorphonuclear neutrophil (PMN) 
count, disease duration and pulmonary lesions. Analysis of these 
clinical indicators considering MAIT cells revealed that PaO2/FiO2 
ratio strongly negatively correlated with CD69+ expression, and 
IFN-γ and TNF production by MAIT cells, whereas SAPS II score 
positively correlated with CD69+ MAIT cell frequency (Fig. 6d,e).  
CRP level correlated with MAIT cell activation phenotype and 
cytokine secretion (IL-2, IFN-γ and TNF), while PMN frequency  
positively correlated with CD69+ MAIT cell frequency (Fig. 6d,e).

Principal-component analysis (PCA) of all patients with COVID-
19 showed an unsupervised overview of all clinical data, cytokine 
concentrations, and immune cell frequencies, activation and func-
tions for each patient with COVID-19 (Fig. 6f). The PCA showed 
segregation of deceased patients compared to surviving patients, 
with CD69+ MAIT cells being the most important contributing 
variable (Fig. 6g and Supplementary Fig. 2). Of note, several param-
eters also contributed to the surviving versus fatal case discrimina-
tion vector such as blood levels of IL-8, IL-15, IL-18, CRP, PMN, 
activated ILC3 and NK cells, previously found to be correlated to 
MAIT cell activation (Fig. 3c,d and Fig. 6d,e). Therefore, altered 

Fig. 5 | Proinflammatory cytokines are elevated in patients with COVID-19 and correlate with MAIT cell activation and cytokine secretion. a, CBA 
cytokine quantification of IL-6, IL-8 and IL-10 in the blood of surviving patients with COVID-19 hospitalized in an IDU (IL-6, n = 22; IL-8, n = 19; IL-10, n = 19) 
or ICU (IL-6, n = 28; IL-8, n = 28; IL-10, n = 27) and of patients with fatal COVID-19 (n = 25). b, Cytokine quantification by electrochemiluminescence 
immunoassay of IFN-α2, IL-15, IL-18 and IL-1β in the blood of surviving patients with COVID-19 hospitalized in an IDU (IFN-α2, n = 18; IL-15, n = 18; IL-18, 
n = 18; IL-1β, n = 14) or ICU (IFN-α2, n = 24; IL-15, n = 27; IL-18, n = 27; IL-1β, n = 16) and of deceased patients (IFN-α2, n = 21; IL-15, n = 24; IL-18, n = 24; 
IL-1β, n = 20). Values under the limit of detection were not statistically computed and are not displayed. c, Multiparametric matrix correlation plot of 
IL-6, IL-8, IL-15, IL-18 and IFN-α2 cytokine levels in blood; frequencies of CD69+, CD56+, CD69+CD56+ and GzB+ MAIT cells; frequencies of IFN-γ+, IL-2+, 
TNF+ and GzB+ stimulated MAIT cells; in patients with nonfatal COVID-19 (upper right; n = 30) versus patients with fatal COVID-19 in ICU (lower left; 
n = 21). Spearman’s correlation coefficients are visualized by square size and color intensity. Variables are ordered alphabetically. d, CD69+ MAIT cells 
(IDU, n = 51; ICU, n = 50), IL-18 (IDU, n = 22; ICU, n = 47) and IFN-α2 (IDU, n = 22; ICU, n = 41) blood levels according to symptom duration (days) in 
patients with COVID-19, starting at the first clinical signs. Small horizontal lines (a and b) or columns (d) indicate the median. Each symbol represents one 
patient. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.001 (two-sided Mann–Whitney non-parametric test (a,b and d) and Spearman’s non-parametric 
correlation test corrected for multiple inferences using Holm’s method (c)).

Nature Immunology | VOL 22 | March 2021 | 322–335 | www.nature.com/natureimmunology328

http://www.nature.com/natureimmunology


ArticlesNATuRE IMMunOLOgy

activation markers and cytokine production by blood MAIT cells 
correlate with clinical parameters and are associated with severity 
and disease outcome.

MAIT cell alterations in patients with COVID-19 are associ-
ated with a monocyte phenotype switch. Several reports have 
shown that the myeloid compartment was dysregulated in patients 

with COVID-19 in association with an inflammatory storm23,24,29. 
MAIT cells exert antiviral properties that are promoted especially by 
macrophages16,18. Using a small, second cohort of patients infected 
with SARS-CoV-2 (n = 9 in IDU and n = 13 in ICU), we studied 
the link between blood MAIT cells and monocytes (Extended Data  
Fig. 9). As previously observed in our first cohort, MAIT cell fre-
quency was decreased in ICU patients compared to IDU patients. 
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This was associated with a higher expression of CD69 by MAIT cells 
and an increased production of GzB (Fig. 7a,b). IFN-α2 plasma lev-
els were decreased, whereas IL-15 and IL-18 plasma concentrations 
were increased in ICU patients compared to IDU patients (Fig. 7c). 
Blood monocytes were identified (Supplementary Fig. 3) and phe-
notype analysis showed a nonsignificant decrease in the frequency 
of CD14+CD16– (classical) monocytes and a significant increase in 
the frequency of CD14+CD16+ (intermediate) monocytes in ICU 
patients, as previously described30 (Fig. 7d). Correlation studies 
revealed a strong negative correlation between blood intermediate 
monocyte frequency and blood MAIT cell frequency in IDU and 
ICU patients. Conversely, intermediate monocyte frequency corre-
lated positively with GzB-producing MAIT cells (Fig. 7e).

In the first cohort, we observed a progressive decrease in plasma 
concentrations of IFN-α2 and a progressive increase of plasma 
IL-18 in ICU patients with COVID-19 during their hospitalization 
(Fig. 5d). Therefore, we analyzed mRNA levels of IFNA and IL18 in 
blood monocytes isolated from the second cohort. Monocytes from 
IDU patients that expressed high levels of IFNA expressed low levels 
of IL18. Conversely, those expressing low levels of IFNA expressed 
high levels of IL18. However, all ICU patients expressed higher levels 
of IL18 than IFNA (Fig. 7f). mRNA levels of STAT1, IRF1 and IRF9, 
transcription factors involved in IFN-α2 response pathway, were 
decreased in monocytes from ICU patients. Conversely, mRNA 
levels of NLRP3 and TXNIP, genes involved in the inflammasome 
pathway that drives IL18 expression, were increased in monocytes 
from ICU patients when compared to IDU patients (Fig. 7g,h).

Gene expression analysis showed that a short-term in vitro infec-
tion of macrophages by SARS-CoV-2 (24 h) induced upregulation 
of IFNA, IFNB, IL1B and IL6 expression compared to uninfected 
controls, whereas IL10, IL15 and IL18 expression was downregu-
lated. Although IFNA, IFNB, IL1B and IL6 expression returned to 
basal levels 4 d after infection, the expression of IL10, IL15 and IL18 
was upregulated (Fig. 7i).

Taken together, our data suggest that, in severe cases, there is 
a progressive switch from a type I IFN immune profile in blood 
toward an IL-18 immune environment in blood through a tran-
scriptional switch in monocytes and macrophages. MAIT cell acti-
vation upon infection by SARS-CoV-2 correlates with intermediate 
monocytes and may be fueled in an early phase through type I IFN 
response pathways and later through IL-18 response pathways.

SARS-CoV-2-infected macrophages can activate and induce 
cytotoxicity in MAIT cells. We next assessed the transcriptional 
profile of blood MAIT cells in uninfected controls (n = 4; 13,043 
MAIT cells) and ICU patients (n = 4; 8,832 MAIT cells) by single-cell 
RNA sequencing (scRNA-seq) using a droplet-based single-cell 
platform (10x Chromium). Analysis segregated MAIT cells from 
uninfected controls and ICU patients, demonstrating a global 
alteration of their transcriptional activity (Fig. 8a,b). MAIT cells 

from ICU patients expressed higher levels of genes involved in the 
inflammatory response (NFKBIA, TXNIP and CD69) but lower lev-
els of IFITM1, a type I IFN-mediated gene associated with antiviral 
response against coronaviruses31. This supports the hypothesis that 
high MAIT cell activation in severe cases does not rely on type I 
IFN, as responsive genes are downregulated in MAIT cells (Fig. 8c). 
scRNA-seq analysis also revealed that cytotoxic response genes such 
as granulysin (GNLY), PRDM1 (encoding the transcription factor 
BLIMP-1) and perforin (PRF1) were strongly upregulated in ICU 
patients compared to uninfected controls (Fig. 8c). Gene expression 
analysis confirmed that expression of PRDM1, HOBIT and TBX21, 
three key transcription factors that induce and maintain cellular 
production of GzB32, was increased in MAIT cells of patients with 
severe COVID-19 (Fig. 8c).

We next investigated whether macrophages infected with 
SARS-CoV-2 can directly activate MAIT cells. Blood monocytes 
isolated from healthy donors were cultured for 7 d and differenti-
ated into mature granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF)-derived macrophages, which were then infected with 
SARS-CoV-2 at a different multiplicity of infection (MOI; 0.3 or 3)  
for 2 h and then cocultured with autologous peripheral blood 
mononuclear cells (PBMCs) for 24–96 h (Extended Data Fig. 10a). 
Infected macrophages from four healthy donors (MOI of 0.3 or 3) 
induced a marked increase in CD69 expression on MAIT cells, when 
compared to uninfected macrophages (mock), in a dose-dependent 
manner (Extended Data Fig. 10b). Levels of MAIT cell activation 
by infected macrophages varied, suggesting intrinsic differences 
between individuals that modulate MAIT cell response upon infec-
tion. This was not dependent of SARS-CoV-2 replication, as the 
number of viral copies per 105 cells was nearly identical in all donors 
(Extended Data Fig. 10c). Other innate immune cells (γδ T and NK 
cells) were also activated by infected macrophages, however, to a 
lesser extent than MAIT cells. CD8 and CD4 T cells or ILC3 cocul-
tures (MOI of 3) were almost unaffected (Extended Data Fig. 10d). 
Analysis of several donors showed that MAIT cells were always acti-
vated, whereas this was not the case for other innate immune cells 
(Extended Data Fig. 10e). Finally, we observed that blockade of type 
I IFN, IL-12 and IL-18 completely inhibited MAIT cell activation of 
donor 4, while it was only blocked by type I IFN inhibitor for donor 
5 (Extended Data Fig. 10f).

Finally, we examined whether a MAIT cell cytotoxic response 
could be induced in vitro. When cocultured with macrophages 
infected with SARS-CoV-2, GzB production by MAIT cells was 
increased and dampened by anti-MR1 (Fig. 8e). We next addressed 
whether CD107a, an endosomal marker of cell exocytosis that 
appears on the cell surface during degranulation and killing33, was 
induced on MAIT cells. In parallel with increased expression of 
CD69, CD107a was detected on almost all MAIT cells cocultured 
with macrophages infected with SARS-CoV-2 in an MR1-dependent 
manner (Fig. 8f–h). These data suggest that infected macrophages  

Fig. 6 | MAIT cell phenotype and blood cytokine levels are associated with SARS-CoV-2 infection severity. a–c, Pulmonary damage score level (from 
1 (mild) to 5 (critical); a), PaO2/FiO2 ratio (b) and CRP level (c) of surviving patients with COVID-19 hospitalized in an IDU (n = 38, n = 17 and n = 44, 
respectively) or ICU (n = 15, n = 30 and n = 27, respectively) and deceased patients from the IDU and ICU (n = 20, n = 27 and n = 23, respectively).  
d, Multiparametric matrix correlation plot of the following clinical data: age, BMI, CRP, SAPS II score, PaO2/FiO2, PMNs, disease duration and pulmonary 
lesions score; frequencies of CD69+, CD56+, CD69+CD56+, CCR6+CD127+ and GzB+ MAIT cells; frequencies of IFN-γ+, IL-2+, TNF+ and GzB+ stimulated 
MAIT cells; in the blood of all patients with COVID-19. Spearman’s correlation coefficients are visualized by square size and color intensity. Variables 
are sorted by hierarchical clustering. e, Correlation between the PaO2/FiO2 ratio (n = 73), SAPS II score (n = 46), CRP (n = 94) and PMN (n = 101), and 
the frequency of CD69+ MAIT cells in blood (presented as a percentage of total MAIT cells) from all patients with COVID-19. f,g, PCA of 50 variables 
(Supplementary Fig. 2), including clinical data and frequencies of immune cell phenotype in patients from the IDU (n = 46), ICU (n = 30) and in deceased 
patients from the IDU (n = 6) and ICU (n = 21). Each point represents a single patient. Mean value of each group is denoted by a larger symbol (f). Arrows 
represent the contributions of each quantitative variable in the PCA; the first 40 contributing parameters are displayed. Mean values of groups are 
represented by a symbol. Concentration ellipses with 95% confidence intervals are shown (g). Small horizontal lines indicate the median. Each symbol 
represents one patient. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (two-sided Mann–Whitney non-parametric test (a–c) and Spearman’s 
non-parametric correlation test corrected for multiple inferences using Holm’s method (d and e)).
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have the ability to induce cytotoxicity of MAIT cells in an 
MR1-dependent manner. Together, transcriptomic analysis of 
MAIT cells and in vitro experiments highlight cytotoxic abilities of 
MAIT cells in the context of SARS-CoV-2 infection.

Discussion
Our study reveals major MAIT cell alterations in patients with 
COVID-19. Collapse of blood MAIT cell frequency is associated 
with high activation and secretion of critical proinflammatory  
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Fig. 7 | MAIT cell phenotype in patients with COVID-19 is associated with a type I IFN to IL-18 monocyte phenotype switch. a, Flow cytometry analysis of 
MAIT cells and CD69+ MAIT cells from blood of uninfected controls (n = 4) and patients with COVID-19 admitted to an IDU (n = 9) or ICU (n = 9). b, Flow 
cytometry analysis of GzB+ MAIT cell frequency from blood of patients with COVID-19 admitted to an IDU (n = 9) or ICU (n = 9). c, Cytokine quantification 
by electrochemiluminescence immunoassay of IFN-α2, IL-15 and IL-18 in the plasma of uninfected patients (n = 4) and patients with COVID-19 in the IDU 
(n = 9) or ICU (n = 13). Empty symbols represent patients who had MAIT cells sequenced using Chromium 10x technology. d, Flow cytometry analysis of 
circulating CD14+CD16– (classical) monocytes and CD14+CD16+ (intermediate) monocyte frequencies from patients with COVID-19 who were admitted to 
an IDU (n = 9) or ICU (n = 9). e, Correlation between MAIT cell frequencies or GzB+ MAIT cell frequencies (presented as a percentage of total MAIT cells) 
and CD14+CD16+ intermediate monocyte frequency (n = 18) in the blood of patients with COVID-19. f, Relative mRNA levels of IFNA and IL18 in sorted 
CD14+ monocytes from blood of patients with COVID-19 admitted to an IDU (n = 9) or ICU (n = 9). g, Relative mRNA levels of STAT1, IRF1 and IRF9 in 
sorted CD14+ monocytes from blood of patients with COVID-19 admitted to an IDU (n = 9) or ICU (n = 9). h, Relative mRNA levels of NLRP3 and TXNIP in 
sorted CD14+ monocytes from blood of patients admitted to an IDU (n = 9) or ICU (n = 9). i, Kinetics of IFNA, IFNB, IL1B, IL6, IL7, IL10, IL15 and IL18 mRNA 
relative levels in SARS-CoV-2-infected macrophages from six healthy donors at 24 h, 48 h and 96 h after infection (n = 3–4 replicates per donor). $ symbol 
represents significant differences from the respective mock. Results from quantitative PCR with reverse transcription (RT–qPCR) were normalized to the 
expression of the reference housekeeping 18S gene (f–i) and normalized on mock-infected macrophages (i). Small horizontal lines indicate the median. 
Each symbol represents one patient (a–h) or one replicate (i). */$, P < 0.05; **/$$, P < 0.01; ***/$$$, P < 0.001; ****/$$$$, P < 0.0001 (two-sided Mann–
Whitney non-parametric test (a–d and g–i) and Spearman’s non-parametric correlation test (e) and Wilcoxon signed-rank test (f)). NS, not significant.
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cytokines and GzB. MAIT cell GzB production is enhanced in lung 
fluids as compared to those in blood. Moreover, all blood MAIT cell 
alterations scale with the severity of SARS-CoV-2 infection, and 
correlate with plasmatic proinflammatory cytokine levels and other 
innate cell activation. We also identified a SARS-CoV-2 monocyte/
macrophage cytokine shift and the ability of infected macrophages 
to induce cytotoxicity of MAIT cells.

The frequency of blood MAIT cells was reduced down to 
a tenth compared to controls in severe cases of COVID-19  
(refs. 25,26). The tissue migration chemokine receptor CCR6 expres-
sion is decreased on blood MAIT cells during SARS-CoV-2 infec-
tion, whereas its ligand, CCL20, is expressed by proinflammatory 
pulmonary macrophages34. Collapse of blood MAIT cell frequency 
could reflect migration of CCR6+ MAIT cells in the infected lung 
where they might participate in local immune response and tis-
sue damage. Indeed, we observed an increased frequency of total 
and cytotoxic MAIT cells in lung fluids compared to blood in 
patients with severe disease. Low blood MAIT cell frequency may 
also be due to apoptosis. Expression of CD127, the receptor for the 
prosurvival cytokine IL-7, is reduced on blood MAIT cells from 
infected patients.

MAIT cell frequency and activation alterations are character-
istic of several deleterious inflammatory pathologies, especially 
metabolic pathologies such as diabetes, liver disease or obesity9,35–38. 
MAIT cell frequency is reduced in blood from patients with those 
pathologies and they present an exhausted phenotype that may 
impair their antibacterial response36–38. This is of importance as 
metabolic pathologies are important factors increasing the risk of 
developing severe COVID-19 (refs. 39–42). Thus, we matched controls 
for comorbidities affecting patients with COVID-19. More than half 
of ICU patients in our first cohort developed secondary infections, 
from mild tissue-specific infections to life-threatening septic shock. 
High frequency of MAIT cells is associated with survival during 
septic shock43. Patients with COVID-19 who have metabolic syn-
dromes may therefore be more vulnerable to complications because 
of a diminished ability to fight primary viral and secondary bacte-
rial infections due to a depletion of blood MAIT cells.

Blood cytokine analysis showed increased amounts of type I IFN 
and proinflammatory cytokines such as IL-6, IL-8 and the immu-
nosuppressive IL-10 in patients with COVID-19, as previously 
reported27. We show that IL-15 and IL-18 levels were also increased 
in patients with COVID-19 in relation to disease severity, and 
IL-18 strongly correlated with MAIT cell activation in patients with 
fatal outcomes. In these patients, IFN-α2 level inversely correlated 
with increased IL-18. Such cytokine imbalance was also observed 
in monocytes from IDU and ICU patients. During early phases of 
in vitro infection, macrophages produced important amounts of type 
I IFN that collapsed around 4 d after infection. This is in agreement 
with the ability of SARS-CoV-2 to suppress type I IFN production 
through structural and nonstructural viral proteins44 and as high-
lighted in plasma of ICU patients with COVID-19. Transcriptional 
analysis of monocytes showed that type I IFN-responsive tran-
scription factors were downregulated in ICU patients, whereas 
the NLRP3 inflammasome pathway was upregulated, in line with 
increased expression of IL-18. Analysis of MAIT cells in the same 
patients showed a strong correlation between MAIT cell GzB pro-
duction and the CD14+CD16+ monocyte subset that is increased in 
patients with severe disease23,24,30.

Our study highlights the cytotoxic potential of MAIT cells 
in patients with COVID-19. There was an elevated frequency of 
MAIT cells producing GzB in blood and pulmonary fluids. Blood 
MAIT cell GzB expression was one of the parameters most asso-
ciated with a fatal outcome. Single-cell and bulk transcriptomic 
analysis of MAIT cells further showed elevated expression of sev-
eral cytotoxic genes and master transcriptional factors of the GzB 
pathway. In vitro data show that MAIT cells degranulated in an 

MR1-dependent manner in the presence of infected macrophages. 
GzB expression by MAIT cells is strongly linked to a fatal outcome 
in severe patients, which is not the case for conventional CD8 T cells. 
Because MR1 is ubiquitous and upregulated upon inflammation45, 
MAIT cells might induce tissue damage by broad killing in contrast 
to conventional CD8 T cells that only kill infected cells presenting 
viral epitopes. Even though in vitro experiments were performed 
without adding exogenous MAIT cell ligand, an altered microbiome 
in affected tissue46 and in the host at large may modulate MAIT cell 
activity through the production of MR1-restricted ligands. A recent 
study showed an enhanced level of bacterial DNA and lipopolysac-
charide in the plasma of patients with severe COVID-19 (ref. 47). 
Similarly, bacterial MAIT cell ligand levels could be increased and 
participate in systemic MAIT cell activation.

MAIT cells in inflammatory pathologies are double-edged 
swords. They can be protective by participating in pathogen clear-
ance, immune activation and tissue reparation9,11,12,16,18. Conversely, 
MAIT cells may participate in the deleterious inflammation affect-
ing severe, long-term hospitalized patients with COVID-19. Indeed, 
the immune response is at this stage in a second proinflammatory 
phase more detrimental than the viral infection per se. Our data 
suggest a negative role for MAIT cells in severe COVID-19 infec-
tion in which their activation and GzB production are at the highest 
levels. Against infection with dengue virus (DV), there is a tempo-
ral and quantitative association between activation of MAIT cells 
and onset of severe disease18. Our data in patients with COVID-19 
are reminiscent of this deleterious role of MAIT cells in patients 
infected with DV that differ from their suggested protective role 
in patients with influenza. Interestingly, DV and SARS-CoV-2 are 
able to infect macrophages, which then can activate MAIT cells48. 
Activation of MAIT cells by infected macrophages through  
IL-18 may switch MAIT cells toward a similar detrimental role in 
these infections.

In conclusion, human MAIT cells are activated, displaying a 
cytotoxic profile in the blood and lung of patients with SARS-CoV-2 
infection, which is associated with other innate immune cell acti-
vation and a proinflammatory environment. Together, these data 
extend the knowledge of the immune actors involved during 
SARS-CoV-2 infection. These findings reveal MAIT cells as a valu-
able biomarker of disease progression and as a new target for inter-
ventional therapeutic approaches in severe SARS-CoV-2 infection.
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Methods
Clinical study design and ethical statements. A first cohort of 102 patients with 
COVID-19 admitted to Bichat or Cochin hospitals (Paris, France) between 23 
March 2020 and 29 May 2020 was included in this clinical study. A second, small 
cohort of 22 patients with COVID-19 admitted to Bichat or Cochin hospitals 
between 24 September 2020 and 5 October 2020 was also included in this clinical 
study. For comparisons, blood from 84 uninfected controls of the QUID-NASH 
project (n = 30), Etablissement Français du Sang (n = 12) and volunteer donors 
(n = 42) were mostly collected before the onset of the pandemic (54 of 84). Clinical 
characteristics of the 182 patients from cohort 1 and 26 patients from cohort 2 
are summarized in Extended Data Figs. 1 and 9 and Supplementary Table 1. No 
statistical methods were used to predetermine cohort size. The percentage of lung 
involvement was evaluated on chest computed tomography, with a score of 1 to 
5 representing mild to critical pulmonary lesion damage. SAPS II was used to 
estimate the probability of survival after ICU admission. The ethics committees 
(detailed below) approved clinical investigations, and informed consent was 
obtained from each enrolled patient or from their next of kin, in accordance 
with national laws. Patient’s from Bichat Hospital were included in the French 
COVID-19 cohort (NCT04262921). Ethics approval for this cohort was granted 
on 5 February 2020 by the French Ethics Committee Comité de Protection des 
Personnes (CPP)-Ile de France-VI (2020-A00256-33). This cohort is sponsored by 
Inserm and supported by the REACTing consortium and by the French Ministry 
of Health (PHRC, 20-0424). Samples from these patients were derived from 
samples collected in routine care. For lung fluid samples from Bichat hospital, 
samples were obtained under authorization from the ethics committee CPP-Ile 
de France-XI (2020-001457643, 20037-25957 and APHP 200388-COVIDICUS). 
Other lung fluid samples were obtained from the Regional University Tours 
Hospital (NCT03379207) and under authorization from the ethics committee 
CPP-Ile-de-France-VIII (2017-A01841-52). Patients from Cochin Hospital were 
recruited in the setting of the local RADIPEM biological samples collection derived 
from samples collected in routine care. Biological collection and informed consent 
were approved by the Direction de la Recherche Clinique et Innovation and the 
French Ministry of Research (2019-3677). Investigations with control patients from 
QUID-NASH were approved by CPP Sud Méditerranée V (18.021; QUID project 
registration no. 2018-A00311-54).

Whole blood, plasma isolation, peripheral blood mononuclear cells, 
endotracheal aspirates and bronchoalveolar lavage. Whole blood samples were 
collected in EDTA- or heparin-coated tubes (Vacutaine, BD Biosciences) from 
healthy, uninfected donors, and patients with COVID-19 admitted to Cochin, 
Bichat or Lariboisière Hospitals. Tubes were centrifugated at 1,260g for 10 min and 
plasma was collected and frozen at −80 °C. PBMCs were isolated by Ficoll-Paque 
(Lymphosep, Biosera), frozen in 1 ml of freezing medium comprising 90% FCS and 
10% dimethylsulfoxide and stored in liquid nitrogen.

ETA and BAL samples were collected from patients with COVID-19 who were 
intubated (n = 10) from Bichat and Tours hospitals. Patients were under invasive 
mechanical ventilation. Samples were weighted and incubated in PBS (5 ml g–1) in 
the presence of 1 μM DL-dithiothreitol (D5545, Sigma) for 30 min at 4 °C under 
gentle agitation for cellular dispersion. After centrifugation, cell pellets were 
filtered through a 100-μm cell strainer. Red blood cells were removed using a red 
blood cell lysis buffer and then cells were filtered through a 40-μm cell strainer 
before staining for flow cytometry.

Cytokine measurements. IL-6, IL-8 and IL-10 levels were measured in plasma 
using human CBA Inflammatory Cytokine Kit (BD Biosciences) according to the 
manufacturer’s instructions. Acquisitions were performed on a BD FACSLyric 
cytometer (BD Biosciences) and raw data analyzed with FCAP Array software v3.0 
(BD Biosciences). For the IFN-α2 quantification, plasma samples were analyzed 
with the MSD Quickplex using the ultra-sensitive assay S-PLEX human IFN-α2a 
(K151P3S-1, Meso Scale Diagnostic) using 25 μl of each sample. Each plasma 
sample was assayed twice with the average value taken as the final result.

For IL-18, IL-15 and IL-1β quantification, the plasma samples were analyzed 
with the MSD Quickplex using the U-plex Biomarker group 1 (human) assay 
(K-15067L-1, Meso Scale Diagnostic) using 25 μl of each (1/2 diluted) sample. Each 
plasma sample was assayed twice with the average value taken as the final result. 
The units for human IFN-α2a, IL-18, IL-15 and IL-1β measured in the present 
study were pg ml–1.

Flow cytometry. Surface and intracytoplasmic staining were performed on blood 
samples or PBMCs with the following antibodies: CD3 (OKT3), CD19 (HIB19), 
CD4 (OKT4), CD8 (SK1), Vα7.2 (3C10), TCR γδ (B1), CD161 (HP-3G10), CCR6 
(G034E3), CD25 (M-A251), CD56 (HCD56), CD69 (FN50), CD127 (R34.34), 
CD218a (H44), CD107a (eBioH4A3), CD11b (CBRM1/5), CD14 (M5E2), 
CD16 (CB16), IFN-γ (4 S.B3), TNF (Mab11), IL-2 (MQ1-17H12), IL-4 (8D4-8), 
IL-10 (JES3-19F1), IL-17 (BL168) and GzB (GB11). A full list is described in 
Supplementary Table 1. According to the amount of blood obtained from each 
patient, surface staining was always performed, and depending on the number 
of cells, intracytoplasmic staining of cytokines and GzB was analyzed after 
stimulation with PMA–ionomycin in the presence of brefeldin A. Biotinylated 

human MR1 tetramers loaded with the active ligand 5-(2-oxopropylideneamino)-
6-d-ribitylaminouracil were used to confirm MAIT cell identification. MR1 
tetramers were coupled to streptavidin–phycoerythrin (National Institutes of 
Health Tetramer Core Facility).

For surface staining, staining of a 200-μl blood sample was performed in PBS 
containing 1% BSA and 0.05% sodium azide. After surface staining, cells were 
fixated using BD FACS Lysing Solution (BD Biosciences, 349202) according to 
the manufacturer’s instructions. Data acquisition was performed using a BD 
Biosciences LSR Fortessa. Flow cytometric analyses were performed with FlowJo 
v10.6.2 (Tree Star).

For intracellular labeling, thawed PBMCs were treated with DNase  
(0.05 mg ml–1; D4263, Sigma-Aldrich) in RPMI (61870-010, Gibco) and incubated 
at 37 °C and 5% CO2 for 30 min. Depending on the number of PBMCs obtained 
from each patient, intracytoplasmic staining of cytokines and GzB was analyzed 
with stimulation with PMA (P-8139, Sigma-Aldrich), ionomycin (I-0634, 
Sigma-Aldrich) and brefeldin A (B-7651, Sigma-Aldrich) and/or only brefeldin A. 
Stimulated cells were incubated for 6 h at 37 °C in RPMI medium supplemented 
with 10% FCS, 1% HEPES, 1% penicillin–streptomycin and stimulated with PMA 
(25 ng ml–1) and ionomycin (1 μg ml–1) in the presence of brefeldin A (10 μg ml–1). 
After surface staining, cells were fixed and permeabilized with a Cytofix/Cytoperm 
kit (554714, BD Biosciences) and then were washed using Perm/Wash buffer (BD 
Biosciences, 554723) and incubated at 4 °C in the dark for 30 min with antibodies 
to cytokines and GzB (listed above).

For ETA and BAL samples, intracytoplasmic cytometry analysis was directly 
performed without PMA–ionomycin and brefeldin A stimulation.

In vitro culture. For virus culture, the Vero E6 kidney epithelial cell line was 
acquired from the American Type Culture Collection (CRL-1586; LGC standards). 
Vero E6 cells were checked for negative Mycoplasma presence, cultured in DMEM 
(Gibco) supplemented with 10% of heat-inactivated fetal bovine serum (Gibco; 
Thermo Fisher Scientific) and maintained at 37 °C in a humidified atmosphere 
containing 5% CO2. The viral strain of human SARS-CoV-2 was obtained from 
a nasopharyngeal positive PCR sample. SARS-CoV-2 PRIMO culture stock used 
in this study was produced in Vero E6 cells and titrated by lysis plaque assay49. 
SARS-CoV-2 stock titer was 2 × 107 p.f.u. ml–1. Supernatant was aliquoted for 
storage at −80 °C.

For viral titration, SARS-CoV-2 was titrated by lysis plaque assay as previously 
described50. Vero E6 cells were plated onto 12-well plate at a density of 5 × 104 cells 
per well in DMEM with 10% fetal bovine serum. At 24 h later, cells were infected 
by 10 to 10 serial viral dilutions. After virus adsorption for 1 h at 37 °C with plate 
rocking every 15 min, the viral inoculum was removed and Vero cells were washed 
with PBS-free medium. After, 500 μl of an agarose medium mix was added. After 
3 d of incubation at 37 °C with 5% CO2, supernatant was removed and cells were 
fixed with 1 ml of 6% formalin solution for 30 min. The formalin solution was 
removed, and cells were colored with a 10% crystal violet solution for 15 min.  
All wells were then washed with distilled water and dried on bench-coat paper 
before analysis.

For macrophages that were infected by SARS-CoV-2 in vitro, CD14+ 
monocytes were isolated using StraightFrom Whole Blood CD14 MicroBeads 
(130-090-879, Miltenyi Biotec). Then, 2 × 105 monocytes from each donor were 
added per culture well (96-well flat-bottom plate; 167008, Nunc). Monocytes 
were differentiated into macrophages by incubating CD14+ monocytes for 7 d in 
X-VIVO15 (BE02-060F, Lonza) with 50 ng ml–1 of GM-CSF (130-093-864, Miltenyi 
Biotec).

For infection, macrophages were washed twice in PBS and were treated with 
virus in nonsupplemented RPMI at a MOI of 0.3 and 3 as determined based 
on the viral titer and the number of cells plated, for 90 to 120 min at 37 °C. The 
macrophages were washed three times with PBS before adding the lysis buffer into 
each well. The intracellular viral load viral quantity was then determined by RT–
qPCR (see below).

PBMC preparation and coculture with macrophages. PBMCs were isolated 
from fresh blood samples using Lymphosep Lymphocyte Separation Media 
(LM-T1702/500, Biosera). B cells, monocytes and CD4+ cells were depleted 
from PBMCs of the same healthy donors using Dynabeads Untouched CD8+ 
kit (11348D, Invitrogen) with an in-house antibody mix with the following 
biotinylated monoclonal anti-human antibodies: CD4 (OKT4), CD14 (63D3) and 
CD19 (HIB19; all from BioLegend). Next, 2 × 105 PBMCs or enriched MAIT cells 
per well were cocultured for either 24 h or 96 h with autologous differentiated 
macrophages previously infected or not with SARS-CoV-2. Blocking antibodies 
were used to IL-12p70 (MAB219, R&D systems) at 5 μg ml–1, IL-18 (D044-3, 
MBL) at 5 μg ml–1 and MR1 (361102, BioLegend) at 10 μg ml–1. Then, 1 μg ml–1 
B18R (34-8185-81, Invitrogen) was used to block type I IFN51. After coculturing, 
macrophages were washed three times with PBS before adding the lysis buffer 
into each well. The intracellular viral quantity was then determined by RT–qPCR 
(see below). Control isotype antibodies used were mouse IgG1κ MB86 and mouse 
IgG2aκ C76-47 (557353, BD Biosciences).

For the cytotoxicity assay, during the last 20 h of culture, dialyzed anti-CD107a 
monoclonal antibody (0.5 μg per well) was incubated with cells, and brefeldin A 
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was added at 3 μg ml–1 in wells. Cells were then resuspended, transferred in tubes 
and washed in FACS buffer before surface staining or intracellular staining.

RNA extraction and quantitative PCR with reverse transcription. Total nucleic 
acids from cells and supernatant were extracted with the Total NA Isolation 
Kit-Large Volume assay on a MagNA Pure LC 2.0 analyzer (Roche). Nucleic 
acids were eluted in 50 μl of elution buffer and immediately tested by qPCR of the 
albumin gene for cellular DNA52 and the RealStar SARS-CoV-2 RT–PCR Kit 1.0 
(Altona Diagnostics) for SARS-CoV-2 detection. Viral RNA quantification was 
achieved using a standardized RNA transcript control acquired from the European 
Virus Archive program.

Blood MAIT cells and monocytes from patients with COVID-19 (IDU and 
ICU) were flow sorted and lysed in RLT+ buffer with 1% β-mercaptoethanol. 
mRNA was then extracted using an RNeasy Micro Kit (QIAGEN) according to the 
manufacturer’s protocol.

Cytokine RNA quantification. Production of cDNA from total extracted 
nucleic acids was performed as described above using Superscript III reverse 
transcriptase (18080044; Invitrogen). Primers sequences used are described in 
Supplementary Table 2. Analysis by qPCR was performed with SYBR Green 
(4887352001; Roche) and was analyzed with a LightCycler 480 (Roche). Relative 
expression was calculated by the 2−ΔΔCt method and was normalized to expression 
of the housekeeping gene encoding 18S and, when detailed, normalized on 
mock-infected macrophages.

Single-cell RNA-seq library preparation, sequencing and analysis. MAIT cells 
defined as CD3+CD4–γδ TCR–CD161hiVα7.2+tetramer MR1+ were flow sorted. 
Single-cell Gel Bead-In-EMulsions (GEMs) were generated using a Chromium 
Controller instrument (10x Genomics). Sequencing libraries were prepared  
using Chromium Single Cell 3′ Reagent Kits (10x Genomics), according  
to the manufacturer’s instructions. Briefly, GEM-RT was performed in a thermal 
cycler at 53 °C for 45 min and 85 °C for 5 min. Post-GEM-RT Cleanup using 
DynaBeads MyOne Silane Beads was followed by cDNA amplification (98 °C for 
3 min, cycled 12 × 98 °C for 15 s, 67 °C for 20 s, 72 °C for 1 min and 72 °C for 1 min). 
After a cleanup with SPRIselect Reagent Kit and fragment size estimation with 
High Sensitivity HS DNA kit run on a 2100 Bioanalyzer (Agilent), the libraries 
were constructed by performing the following steps: fragmentation, end  
repair, A-tailing, SPRIselect cleanup, adaptor ligation, SPRIselect cleanup, sample 
index PCR and SPRIselect size selection. The fragment size estimation of the 
resulting libraries was assessed with High Sensitivity HS DNA kit run on a  
2100 Bioanalyzer (Agilent) and quantified using the Qubit dsDNA High  
Sensitivity HS assay (Thermo Fisher Scientific). Libraries were then  
sequenced by pair with a high output flowcell using an Illumina  
NextSeq 500 with the following modes: 26 bp (10x Index + UMI), 8 bp (i7 Index) 
and 57 bp (read 2).

Sequenced data were demultiplexed with Aozan53. The manufacturer’s pipeline 
(Cell Ranger 4.0.0 (20-A)) was used to align, call cell barcodes, concatenate 
samples, eliminate debris and produce t-SNE dimension reduction plots according 
to recommended parameters. Results were visualized, statistically analyzed and 
colorized with Loupe Browser 4.2.0 (10x Genomics).

Statistics and bioinformatics analysis. All bioinformatics analyses were 
performed using RStudio (1.2.5) running on R software (4.0). We used the 
flow cytometry analysis R cytofWorkflow/CATALYST from Nowicka et al.54 to 
produce MDS plots of aggregated signal and normalized dimension reduction 
plots for UMAP and t-SNE with 500 MAIT cells per patient from Bichat hospital 
flow cytometry data. For correct script execution, this was combined with the 
packages ggcyto and CytoML. Our pipeline combined this workflow with the 
flowWorkspace R library for FlowJo workspace reading and cell population 
selection. Dplyr and tidyverse packages were used to sort and filter data. 
Multiparametric matrix correlation plots were produced with the adjusted 
rcorr function from Hmisc and RcmdrMisc packages to compute matrices of 
Spearman’s correlations along with the pairwise P values corrected for multiple 
inferences using Holm’s method and visualized with the Corrplot and ggplot2 
packages. Ggplot2 and ggpubr were used for production of R-based graphs. 
Correlation plots hierarchical clustering were produced with the hclust function 
included in the Corrplot library. Observations were filtered for missing values, 
and only complete observations were used. PCA was processed with FactoMineR 
library and graphically produced with Factoextra package. Heat maps were plotted 
using pheatmap library, with data centered to zero and scaled for each parameter. 
Clinical table values were computed with the atable R library.

Statistical analyses were performed with GraphPad Prism version 8.0.2 and 
R software version 4.0. All datasets were tested for normal distribution using the 
Shapiro–Wilk normality test. Since all normality tests returned negative, all data 
sets were compared using either non-parametric two-tailed Mann–Whitney tests 
or, if paired, using the Wilcoxon signed-rank test. Correlation calculation between 
two parameters was performed using Spearman’s correlation test corrected for 
multiple inferences using Holm’s method. Logistic regression and ROC curves 
were produced with XLSTATS 2020.4 (Addinsoft) and confirmed with a randomly 

split cohort on R with the RORC package. Prognostic validity of the model 
was evaluated by analysis of the ROC curve and was measured using the AUC. 
Differences were considered significant at P < 0.05 (*/$, P < 0.05; **/$$, P < 0.01; 
***/$$$, P < 0.001; ****/$$$$, P < 0.0001).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All datasets corresponding to Figs. 1–8, Corrplots data and extended data figures 
have been uploaded to https://doi.org/10.6084/m9.figshare.c.5243447.v1.
All scRNA-seq data have been uploaded to the Gene Expression Omnibus with the 
accession code GSE164386.

Code availability
All R scripts are available at https://github.com/MatthieuRouland/
MAIT-COVID19/.
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Extended Data Fig. 1 | Clinical study design of the first COVID-19 patient cohort. Related to Figs. 1–6. Graphical representation and experiment design 
flowchart for the first COVID-19 cohort including 182 patients from different hospitals and described as following: age, BMI, sex (F = Female, M = Male), 
diabetes, and fatality rates. Mean (± SD) values for each medical ward are represented. Illustration with images from Servier Medical Art, licensed under 
the Creative Commons Attribution 3.0 Unported License.
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Extended Data Fig. 2 | MAIT cells co-staining with MR1-Tetramer and Vα7.2+ CD161+. a, Flow cytometry analysis of 5-(2-oxopropylideneamino)-
6-D-ribitylaminouracil (5-OP-RU)-loaded MR1 tetramer binding among Vα7.2+ CD161+ MAIT cells in uninfected patients (n = 11) and SARS-CoV-2 infected 
patients from Infectious Disease Unit (IDU) (n = 11) and Intensive Care Unit (ICU) (n = 13). b, Dot plot representative of MR1-Tetramer+ CD161+ MAIT cells 
in one uninfected control and one COVID-19 patient from IDU and one from ICU. c, Dot plot representative of CD161+ Vα7.2+ Tetramer MR1+ GzB+ in 
PBMC and (Bronchoalveolar lavage) BAL from one ICU patients.
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Extended Data Fig. 3 | MAIT and CD8 surface marker expression. a, Representative dot plot and frequency of CCR6+ CD127+ MAIT cells in uninfected 
controls (n = 80), IDU (n = 62), and ICU (n = 66) with SARS-CoV-2 infection. b, Frequency of CD69+ MAIT cells in patients with COVID-19 who did not 
contract any secondary infection (n = 49), those who develop secondary infection outside blood circulation (for example Hospital acquired pneumonia, 
urine infections) (n = 19) and inside blood circulation (for example blood bacteriemia, septic shock) (n = 10). c, Flow cytometry analysis of CD69+, CD56+, 
and CD56+ CD69+ CD8+ cells in uninfected controls (n = 80), IDU (n = 62), and ICU (n = 66) with SARS-CoV-2 infection. Each symbol represents a single 
biological sample. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (two-sided Mann-Whitney nonparametric test).
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Extended Data Fig. 4 | Details of MAIT cell unsupervised analyses in COVID-19 patients. Dimensionality reduction plots including Uniform manifold 
approximation and projection (UMAP) and T-distributed Stochastic Neighbor Embedding (t-SNE) from uninfected, and infected patients presented in  
Fig. 2b,c. a, UMAP and t-SNE representation of MAIT cells from COVID-19 patients and non-infected controls separately. b, t-SNE of MAIT cells from 
COVID-19 patients and uninfected controls. (c) UMAP and tSNE colored by the scaled expression of Vα7.2, CD3, CD161, CD8, CD4, CCR6, CD127, CD56, 
and CD69 specific markers in uninfected (n = 23), IDU (n = 50), and ICU patients (n = 66).
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Extended Data Fig. 5 | MAIT cell function alterations in blood and bronchoalveolar lavage. a, Flow cytometry analysis of IFNγ, TNF, IL-2, IL-4, IL-10, 
IL-17, and granzyme B production among stimulated MAIT cells, conventional CD8+ and CD4+ T cells, γδ T and CD3− cells from IDU (n = 15-16) or ICU 
COVID-19 patients (n = 19). b, Flow cytometry analysis of GzB without stimulation from IDU (n = 11) or ICU COVID-19 patients (n = 14). c, Flow cytometry 
analysis of IL-17+, IFNγ+, and double positive MAIT cells from Uninfected patients(n = 30), IDU (n = 11) or ICU COVID-19 patients (n = 14). d, Flow 
cytometry analysis of MAIT cells and GzB+ MAIT cells frequencies in BAL fluids (Bronchoalveolar lavage) from 3 COVID-19 patients admitted in ICU and 
compared to their respective blood counterpart. Each symbol represents a single biological sample. *P < 0.05 and **P < 0.01 (two-sided Mann-Whitney 
nonparametric test (a-c) or Wilcoxon signed-rank test (d)).
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Extended Data Fig. 6 | MAIT cell functions are impacted in fatal SARS-CoV-2 infection. a, Flow cytometry analysis of IFNγ, TNF, IL-2, IL-4, IL-10, IL-17, 
and granzyme B production among stimulated MAIT cells (n = 22), conventional CD8+ and CD4+ T cells, γδT and CD3− cells in non-fatal (n = 23) versus 
fatal COVID-19 patients (n = 6). b, Flow cytometry analysis of granzyme B among unstimulated MAIT cells, conventional CD8+ and CD4+ T cells, γδT 
and CD3− cells in non-fatal (n = 16) versus fatal COVID-19 patients (n = 5). Each symbol represents a single patient. *P < 0.05 and **P < 0.01 (two-sided 
Mann-Whitney nonparametric test).
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Extended Data Fig. 7 | Pro-inflammatory cytokine blood levels are correlated with MAIT cell activation and cytokine secretion. a, Multiparametric 
matrix correlation plot of plasmatic cytokine concentration, surface marker, and intracytoplasmic MAIT cell staining. Spearman’s correlation coefficients 
are visualized by square size and color intensity. Variables are ordered by hierarchical clustering. b, Correlation between various combinations (axes) of 
plasmatic cytokine concentrations (IL-6, IL-8, IL-10, IL-15, IL-18) and the frequency of CD69+ MAIT cells in patient’s blood (presented as a % value of total 
MAIT cells) (n = 69-93). Each symbol represents one single patient. *P < 0.05, **P < 0.01, and ***P < 0.001 (Spearman nonparametric correlation test 
corrected for multiple inferences using Holm’s method).
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Extended Data Fig. 8 | IL-18 receptor is highly expressed on MAIT cells. a, Representative dot plot of IL-18Rα MAIT cells in one uninfected control, 
and one COVID-19 patient from ICU. IgG1κ isotype is displayed as control staining. b,c, Frequencies (b) and Mean Fluorescence Intensity (MFI) (c) by 
flow cytometry, of IL-18 receptor among MAIT cells, conventional CD8+ and CD4+ T cells, γδT, and NK cells in the blood of uninfected controls (n = 7) 
compared to COVID-19 patients hospitalized in Intensive Care Unit (ICU) (n = 8). FSC, Forward scatter. Small horizontal lines indicate the median, each 
symbol represents one single patient.
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Extended Data Fig. 9 | Clinical study design of the second COVID-19 patient cohort. Related to Figs. 7 and 8. Graphical representation and experiment 
design flowchart for the second COVID-19 cohort including 26 patients from different hospitals and described as following: age, BMI, sex (F = Female, 
M = Male) and fatality rates. Mean (± SD) values for each medical ward are represented. Illustration with images from Servier Medical Art, licensed under 
the Creative Commons Attribution 3.0 Unported License.
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Extended Data Fig. 10 | Infected macrophages trigger MAIT cells activation in vitro. PBMCs of uninfected patients were challenged with infected 
macrophages by the SARS-CoV-2 virus. a, Graphical flowchart of the in-vitro co-culture experiments. b, Representative dot plot and frequency of CD69+ 
MAIT cells in healthy donors (n = 4) co-cultured with different SARS-CoV-2 Multiplicity of Infection (MOI) with mock, 0.3, and 3, with replicates. Each 
symbol represents the mean (± SEM) value of replicates. c, Viral quantification of SARS-CoV-2 in co-culture from four donors at 96 h, by RT-qPCR, with 
replicates (donor 1 and 2, n = 2, donor 3 and 4, n = 3). d,e, Frequency of CD69+ cells among MAIT cells, conventional CD8+ and CD4+ T cells, γδT, NK, and 
ILC3 cells in donor n°4 (d) and all donors (e) co-culture at 96 h, with replicates (n = 2-4). Barplots represent mean (± SD) values. f, Co-culture of infected 
macrophages (MOI 3) with PBMC (donor 4) or purified T cells (donor 5) with or without anti-IL-12, anti-IL-18, or recombinant soluble IFN receptor protein 
(B18R), with replicates (n = 2-4). Each symbol represents a single co-culture well. Illustration with images from Servier Medical Art, licensed under the 
Creative Commons Attribution 3.0 Unported License.
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