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Phenotypical and functional alteration of
unconventional T cells in severe COVID-19 patients

Youenn Jouan'?34@®, Antoine Guillon¥>**@®, Loic Gonzalez**®, Yonatan Perez'>3@®, Chloé Boisseau?®, Stephan Ehrmannt?3@®,
Marion Ferreira>*@®, Thomas Daix®”2@®, Robin Jeannet®”#@®, Bruno Frangois®” 2@, Pierre-Francois Dequin®>*®, Mustapha Si-Tahar?@,
Thomas Baranek®>**@®, and Christophe Paget***®

COVID-19 includes lung infection ranging from mild pneumonia to life-threatening acute respiratory distress syndrome
(ARDS). Dysregulated host immune response in the lung is a key feature in ARDS pathophysiology. However, cellular actors
involved in COVID-19-driven ARDS are poorly understood. Here, in blood and airways of severe COVID-19 patients, we
serially analyzed unconventional T cells, a heterogeneous class of T lymphocytes (MAIT, y8T, and iNKT cells) with potent
antimicrobial and regulatory functions. Circulating unconventional T cells of COVID-19 patients presented with a profound and
persistent phenotypic alteration. In the airways, highly activated unconventional T cells were detected, suggesting a
potential contribution in the regulation of local inflammation. Finally, expression of the CD69 activation marker on blood iNKT
and MAIT cells of COVID-19 patients on admission was predictive of clinical course and disease severity. Thus, COVID-19
patients present with an altered unconventional T cell biology, and further investigations will be required to precisely assess

their functions during SARS-CoV-2-driven ARDS.

Introduction
In December 2019, in Wuhan, China, came the first reports of
pneumonia cases due to a coronavirus, the severe acute respi-
ratory syndrome-coronavirus 2 (SARS-CoV-2), a novel strain
related to SARS-CoV and Middle East respiratory syndrome-
CoV, responsible for previous outbreaks. Disease related to
SARS-CoV-2 (i.e., coronavirus disease 2019 [COVID-19]) can
vary from mild disease to life-threatening acute respiratory
distress syndrome (ARDS). ARDS is caused by a sustained and
dysregulated immune response triggered in the lung after an
initial insult, resulting in alteration of alveolar-capillary mem-
brane permeability and tissue repair (Thompson et al., 2017).
This pathological process leads to interstitial and alveolar edema
that strongly impairs gas exchange. The cellular and molecular
factors that are responsible for this aberrant and persistent in-
flammatory response are poorly understood (Matthay et al.,
2019).

During severe SARS-CoV-2 infection, elevated proin-
flammatory cytokine levels (e.g., IL-6 and TNF-a)) were associ-
ated with more severe cases, supporting an inflammatory

hypothesis (Chen et al., 2020; Mehta et al., 2020; Qin et al.,
2020). In addition, T cell lymphopenia has been correlated
with disease severity, suggesting a role for these cells in the
pathophysiology of severe COVID-19 (Chen et al., 2020; Qin
et al., 2020). Besides classic adaptive CD4* and CD8* T cells,
the T cell compartment comprises several lineages of cells en-
dowed with both innate and adaptive properties that are re-
ferred to as unconventional T (uT) cells (Godfrey et al., 2015).
This heterogeneous class of T cells comprises three main line-
ages, including mucosa-associated invariant T (MAIT), y8T, and
invariant natural killer T (iNKT) cells. These cells recognize
nonpeptide antigens, are not restricted to classic MHC, and have
emerged as key players in mucosal immunity and inflammatory
response (Crosby and Kronenberg, 2018; McCarthy and Eberl,
2018; Trottein and Paget, 2018; Toubal et al., 2019). Given their
versatile functions, uT cells could be important actors in the
context of SARS-CoV-2-driven ARDS. First, uT cells mainly
populate mucosal tissues, including the lung, and have
the ability to promptly produce substantial amounts of
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inflammatory cytokines such as IFN-y and IL-17A, two key
cytokines in the antimicrobial response at barrier sites.
Moreover, uT cells can fine-tune the intensity and quality of
the host immune response, shaping the magnitude of the
adaptive response. Hence, they have been shown to contribute
in anti-infective responses to viruses (Déchanet et al., 1999;
Paget et al., 2011; Loh et al., 2016; van Wilgenburg et al., 2016)
and bacteria (Bonneville, O'Brien and Born, 2010; Le Bourhis
et al., 2010; Crosby and Kronenberg, 2016), especially during
pneumonia (Trottein and Paget, 2018). They can also partici-
pate in the process of the resolution of inflammation, including
tissue repair and regeneration (Nielsen, Witherden and
Havran, 2017; Hinks et al., 2019; Lamichhane et al., 2019;
Leng et al., 2019; Paget and Trottein, 2019), a critical step that is
impaired during ARDS. Despite that, the contribution of
uT cells in the pathophysiological process of SARS-CoV-2-
driven ARDS has never been explored.

Here, we dynamically assessed the relative frequencies and
functions of uT cells in biological fluids of 30 patients with se-
vere COVID-19 who were admitted to the intensive care unit
(ICU). Our analysis indicates that uT cells from severe COVID-19
patients display a phenotype of activated cells associated with
changes in their cytokine profile. Importantly, activated uT cells
populated the airways of patients displaying strong local in-
flammation. In addition, the activation status of blood uT cells on
admission was predictive of the level of hypoxemia during the
course of infection. Thus, we show here that severe COVID-19
influences the phenotype and function of uT cells. This should
encourage further investigation to assess the precise functions
of uT cells and their associated activation mechanisms of uT cells
during SARS-CoV-2-driven ARDS.

Results and discussion

Lymphopenia and compartmentalized lung inflammation are
hallmarks of severe COVID-19 patients

30 patients admitted to the ICU for severe COVID-19 were in-
cluded. Baseline characteristics of the patients are presented in
Table 1. Median duration of symptoms before admission in ICU
was 10 d, and ultimately, 24 patients (80%) required invasive
mechanical ventilation (20 on admission). Among these me-
chanically ventilated patients, all presented with ARDS, 21 (70%)
received neuromuscular blockade, 18 (60%) were placed in
prone position, and 1 required extracorporeal membrane oxy-
genation. To better assess COVID-19 specificity in our study, two
comparison groups were studied: 20 healthy volunteers (age-
and sex-matched) and 17 critically ill patients with neither shock
nor pneumonia, requiring invasive mechanical ventilation (re-
ferred to as “non-COVID-19 group”). Patients from the
non-COVID-19 group (Table 1) were admitted to the ICU for
cardiac arrest (n = 3), stroke or intracerebral hemorrhage (n=9),
or severe neuromuscular disease (n = 5).

On admission, COVID-19 patients presented with more pro-
nounced lymphopenia (0.75 x 10%/liter + 0.06) compared with
non-COVID-19 patients (1.16 x 10%/liter + 0.13; Fig. 1 A) although
the non-COVID-19 group displayed a higher sequential organ
failure assessment (SOFA), indicating higher clinical severity
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(Fig. 1B). As reported (Zhou et al., 2020), we observed a positive
correlation between the degree of lymphopenia and SOFA score
in severe COVID-19 patients (Fig. 1 C). Among the 30 COVID-19
patients, 1 died at day 2 after inclusion, and 14 (46.7%) were still
in the ICU at day 15, including 9 still under invasive mechanical
ventilation. The remaining 15 patients improved and were dis-
charged to ward.

Although the circulating levels of the inflammatory media-
tors IL-1B and IL-6 were significantly higher in COVID-19 pa-
tients compared with control individuals (Fig. 1 D), the detected
amounts were relatively low, as previously reported (Chen et al.,
2020). The levels of plasma IL-1 receptor antagonist (IL-1RA)
were high, suggesting an active anti-inflammatory process
(Fig. 1 D). As judged by plasma levels of IFN-a2 in COVID-19
patients, the type I IFN response, a critical component of the
antiviral response (Katze et al., 2002) was higher than in con-
trols although the amount detected was fairly low (Fig. 1 D). To
monitor the local inflammation, we analyzed the same media-
tors in the supernatants of endotracheal aspirates (ETAs) of
matched COVID-19 patients. Strikingly, the amounts of IL-6, IL-
1B, IL-1RA, and to a lesser extent IFN-a2 were much higher in
the airways, suggesting intense local inflammation (Fig. 1 E).
These inflammatory mediators were also detected in ETA su-
pernatants of non-COVID-19 patients, albeit at lower levels
(Fig. 1 F). Collectively, these data indicate compartmentalized
and strong inflammation in the lungs of patients with severe
COVID-19.

Decrease in blood uT cells in COVID-19 patients parallels their
presence in airways
In line with a recent report (Chen et al., 2020), we observed
T cell lymphopenia in severe COVID-19 patients compared with
control individuals (Fig. S1 A). A detailed analysis of circulating
uT cells indicated a decrease in MAIT and iNKT but not y8T cell
relative proportions in severe COVID-19 patients (Fig. 2 A). To
address potential confounding factors, MAIT and iNKT pro-
portions were analyzed with respect to age and obesity status
(Lynch et al., 2009; Magalhaes et al., 2015). No changes or cor-
relations were noticed in relation to obesity (body mass index
[BMI] =30) or age (Fig. S1, B and C). By focusing on y8T subsets, we
observed distinct changes with a slight decrease for V62*, moderate
increase for V8182-, and no change for the V81* subset (Fig. 2 B).
The profound decrease in circulating MAIT and iNKT cells
may have multiple causes, such as increased cell death, TCR
down-modulation, or cell migration to the inflamed tissue. Mean
fluorescence intensity for TCR expression indicated no modu-
lation for MAIT and iNKT cells between COVID-19 patients and
controls (Fig. S1 D), and thus does not support the hypothesis of
an activation-induced TCR internalization. Another possibility is
their active recruitment into the airways. To assess this hy-
pothesis, uT cells were analyzed in ETA samples of intubated
COVID-19 patients (n = 20; Table 1). While CD3* cells were
present in all samples (Fig. S1 E), MAIT and y8T cells were de-
tected in ETA of only 12 patients (Fig. 2 C). In addition, airway
iNKT cells were virtually undetectable. Importantly, the fre-
quency of MAIT cells (but neither total T nor y8T cells) was
higher in the airways compared with blood of matched patients
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Table 1. Clinical and laboratory information of the study groups at admission

Characteristic

€oVID-19 (n = 30) Non-COVID-19 (n = 17)

Age (yr) 64 (57; 67) 64 (56; 71)
Male/female 21 11/1

BMI (kg/m?) 31(28; 32) 30 (24; 32)
SAPS2 32 (22; 36) 47 (37; 55)
SOFA 4(2;6) 6(4;9)
Invasive mechanical ventilation at inclusion 20 (66.7) 17 (100)
Comorbidities

Hypertension 12 (46.7) 13 (76.5)
Type 2 diabetes 9 (30) 3(17.6)
Active smoking 0 5(29.4)
Chronic respiratory failure 0 0

Chronic renal failure 1(3.3) 0
Cardiovascular disease 3 (10) 2 (11.8)
Immunosuppression 1(3.3) 0
Laboratory data

Lymphocytes (x 10%/liter) 0.715 (0.510; 0.998) 1.16 (0.9; 1.3)
Neutrophils (x 10%/liter) 6.25 (4.3, 7.52) 10 (7.8; 12.9)

C-reactive protein (mg/liter)

187.7 (83.8; 258) 123 (59.8; 178)

Data are median (quartile 1; quartile 3) or n (%) unless noted otherwise.

(Fig. 2 C and Fig. S1E). As a comparison, analysis of ETA samples
from non-COVID-19 patients enabled detection of CD3* cells
(Fig. S1F) but not uT cells. Of interest, the presence of uT cells in
the airway fluids was associated with a higher level of T cell
chemoattractants CXCL10 and CXCL12 (Mackay, 1996; Fig. 2 D).
However, no change was observed for CXCL12 compared with
non-COVID-19 patients, suggesting that CXCL10 could play a
more specific role (Fig. 2 D).

Altogether, these data indicate a decrease in circulating MAIT
and iNKT cells of COVID-19 patients. This is paralleled by a high
frequency of MAIT cells in airways, which may be the result of
non-mutually exclusive causes, such as their recruitment from
the blood, the trafficking of lung-resident MAIT cells into the
airways, or local expansion.

uT cells of severe COVID-19 patients display an altered
functional profile

Phenotypic analysis of uT cells in blood of COVID-19 patients
showed increased expression of the activation marker CD69 in
all subsets compared with controls (Fig. 3 A and Fig. S2, A and B).
Of note, levels of CD69 on y8T cells from COVID-19 patients were
not significantly changed compared with non-COVID-19 criti-
cally ill controls, suggesting that this activation status could be a
general reflection of a severe condition rather than a SARS-CoV-
2 signature (Fig. 3 A). In parallel, we assessed the level of PD-10n
circulating uT cells, another activation marker routinely used to
evaluate T cell exhaustion. The frequency of PD-1-expressing
uT cells was increased in COVID-19 patients compared with
controls (Fig. 3 A and Fig. S2, A and B).
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The plasma levels of IL-18, a cytokine associated with uT cell

activation during viral infections (Tyznik et al., 2014; Tsai et al,,
2015; Loh et al., 2016; van Wilgenburg et al., 2016; Constantinides
et al., 2019), were higher in COVID-19 patients (Fig. 3 B) and posi-

tively correlated with the level of CD69 expression on MAIT and
iNKT but not y8T cells (Fig. 3 C). No correlation was observed with

type I IFN (IFN-02) and IL-1B, which are established uT cell-
activating cytokines (Sutton et al, 2009; Doisne et al, 2011;
Constantinides et al., 2019; Fig. S2 C). This may suggest a role for IL-
18 in MAIT and iNKT cell activation during SARS-CoV-2 infection.

In the meantime, no down-modulation of CD3 was observed
on uT cells of the two groups (Fig. S2 D), which does not support
the involvement of a TCR ligand. Although CD161 expression on
MAIT cells has been suggested to be modulated during certain
viral infections (Leeansyah et al., 2013; Ussher et al., 2014), this
was not observed in severe COVID-19 patients (Fig. S2 E). Levels
of CD69 and PD-1-expressing MAIT and y8T cells were signifi-
cantly higher in ETA compared with blood of matched patients
(Fig. 3 D). As previously suggested, this could mirror the mi-
gration of activated blood uT cells into the lungs, even if the local
inflammatory environment could also account for this hyper-
activated phenotype.

Regarding cytokine production, circulating MAIT and
iNKT cells and, to a lesser extent, y8T cells from COVID-19 pa-
tients produced less IFN-y compared with cells from healthy
donors (Fig. 3 E and Fig. S2 F). This decrease in IFN-y production
could be due to overinflammation-induced uT cell hypores-
ponsiveness and/or the migration of IFN-y-producing cells into
the lung tissue. Conversely, we observed an increased ability of
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Figure 1. Inflammatory status of study patients. (A) Lymphocyte count in whole blood from severe COVID-19 (n = 30) and non-COVID-19 patients (n = 16;
the lymphocyte count of one patient was not determined) on day 1 after admission. Individuals and means + SEM are depicted. Dashed line represents the
threshold for lymphopenia. Mann-Whitney U test. (B) SOFA score of COVID-19 (n = 30) and non-COVID-19 (n = 17) patients. Individuals and means + SEM are
shown. Mann-Whitney U test. (C) Spearman’s rank correlation of SOFA and lymphocyte counts in COVID-19 patients. (D) Levels of IL-1B, IL-6, IL-1RA, and IFN-

a2 in the plasma of healthy donors (n =

20) and COVID-19 (n = 30) and non-COVID-19 (n = 16) patients. Individuals and means + SEM are shown.

Kruskal-Wallis test with Dunn’s multiple comparisons test. (E) Levels of IL-1B, IL-6, IL-IRA, and IFN-a2 in the plasma and ETA supernatants of matched COVID-
19 patients (n = 20). Paired individual values are shown. Wilcoxon matched-pairs signed rank test. (F) Comparison of airway levels of IL-1B, IL-6, IL-1RA, and
IFN-a2 in ETA supernatants of COVID-19 (n = 20) and non-COVID-19 (n = 7) patients. Mann-Whitney U test. *, P < 0.05; **, P < 0.03; ***, P < 0.001.

uT cells from patients to produce IL-17A (Fig. 3 E and Fig. S2 F),
although the levels detected were low. In line with the acute
inflammation in the lungs of COVID-19 patients (Hadjadj et al.,
2020), the levels of IFN-y and IL-17A were more elevated in the
supernatants of ETA compared with plasma of matched patients
(Fig. 3 F). Notably, IFN-y but not IL-17A levels were detected at
higher levels in uT cell-containing ETA samples (Fig. 3 G).

Jouan et al.
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Collectively, our data indicate a functional alteration of uT cells
in COVID-19 patients.

Alteration of uT cell behavior is persistent and correlates with
disease severity

To gain insight into the potential links between uT cell biology
and clinical evolution, we compared discharged patients
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Representative dot plots of MAIT, iNKT, and y&T cells of the three groups are
shown in the left panel as percentage of CD3* live cells. Individuals and
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(i.e., improved status) to those still in the ICU at day 15 (i.e., still
in critical condition). Analysis of circulating uT cell frequency
indicated no significant change between groups, with the ex-
ception of a slight decrease for the V81V82- y8T subset (Fig. S3
A). Interestingly, uT cell populations (except for V81V82- y8T)
from discharged patients had a higher level of CD69 on admis-
sion (Fig. 4 A and Fig. S3 B). This was paralleled by a higher level
of PD-1 on iNKT cells but not MAIT or y8T cells, from patients
still in the ICU at day 15 (Fig. S3 C). No difference was noted
regarding cytokine secretion (Fig. S3 D).

In addition, the frequency and phenotype of blood uT cells
were dynamically monitored in COVID-19 patients who were
still in critical condition after 2 wk. We observed a persistent
decrease in the frequency of uT cells at day 7 that was main-
tained to day 14 (Fig. 4 B). The levels of CD69 indicated a per-
sistent activation status of uT cells during the course of the
disease (Fig. 4 B), albeit a trend to decrease was noticed over
time (Fig. 4 B). The proportion of PD-1-expressing uT cells re-
mained largely stable (Fig. 4 B). Of note, CD69 and PD-1 ex-
pression on uT cells from rapidly discharged patients tended to
decrease faster (Fig. S3 E).

Finally, we interrogated whether alterations in uT cell biol-
ogy could be predictive of the level of hypoxemia, measured by
the PaO,/FiO, ratio, a routine clinical variable for ARDS man-
agement (Thompson et al., 2017). Thus, we compared multiple
uT cell parameters on admission to the level of hypoxemia at day
7. Although no correlation could be observed for y8T cells (Fig.
S3 F), we observed that CD69 expression on MAIT and iNKT cells
was positively correlated with the Pa0,/FiO, ratio (Fig. 4 C).
Notably, no additional correlation could be observed for MAIT
and iNKT cells based on the other uT cell-related parameters,
including PD-1 expression and cytokine production.

In summary, we show here that severe COVID-19 influences
the phenotype and function of uT cells. It will be of interest to
evaluate whether these parameters are influenced in different
presentations of SARS-CoV-2 infection (i.e., mild and/or mod-
erate). In addition, comparative analyses in pneumonia-induced
ARDS patients of other microbiological origin will be informa-
tive to better gauge the SARS-CoV-2 specificity of our findings.
In any case, our comparative analysis between the systemic
(blood) and local (airways) compartment points toward localized
inflammation and raises the possibility that activated MAIT cells

means + SEM are shown in the right panel. Of note, iNKT cells could not be
detected in four COVID-19 patients and one non-COVID-19 patient. Kruskal-
Wallis test followed by a Dunn’s multiple comparisons test. (B) Proportion of
y8T subsets in the blood of healthy donors (n = 20) and COVID-19 (n = 30)
patients. Representative dot plots of y6T subsets are shown in the left panel.
Individuals as percentage of CD3* live cells and means + SEM are shown in
the right panel. Mann-Whitney U test. (C) Comparative analysis of MAIT and
y&T cell subsets in blood and ETA of COVID-19 patients with detected uT cells
in ETA. Representative dot plots are shown in the left panel. Individuals and
means + SEM are shown in the right panel. Wilcoxon matched-pairs signed
rank test. (D) Levels of CXCL10 and CXCL12 in ETA supernatants of COVID-19
patients (n = 20), according to the presence (n = 12) or not (n = 8) of uT cells,
and non-COVID-19 (n = 7) patients. Individuals and means + SEM are shown.
Mann-Whitney U test. *, P < 0.05; **, P < 0.0]; *** P < 0.001. ns, not
significant.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20200872

920z Aeniged 60 uo 3senb Aq pd'z,80020Z Wel/glL £.Z81/2/8002029/Z /L L Z/4Pd-8jonie/wal/Bio-sseidnij/:dny woy pepeojumoq

50f9


https://doi.org/10.1084/jem.20200872

A MAIT cells iNKT cells yoT cells
CD69 CD69
e i _ = _ _
< 1007 T £ € % 100 £ 100
z 2
~ 80 ° = = = 80 s 80
] T 2 o Y
g g S ] T 0
2 60 %08 = 5 5 60 5
° o = 2 ©
S 40 R o S 4o w 40
8 8 < s =
+, 20 9 % o S 20 L 20
© i © I [a)
] 2 g8 g o & o
o'
S &
Q' @rb\%\ '21%
RS RS RS
B
MAIT cells v3T cells
E 3 =
< 100 p=0.0015 Z 100 s p=0.200
< 80 1 =0.305 L 5 80 T . =006
k] k] 2
$ 60 5 60 5 * . -
2 = = s
= 40 S 40 A A .
g < = T
3 3 o
o 20 § 20 § . K . .
S ol o 0+ O 04 T - - \
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
IL-18 (pg/ml) IL-18 (pg/ml) 1L-18 (pg/ml)
D MAITcells voT cells E MATcells iNKT cells voT cells
CD69 CD69 IFN-y IFN-y
£ 100, 2r £100 1007 == 100 *
= = = . -
— 804 T 80 I X 5 80 #e% &b
5 3 * s = = o 0%
2 601 % 60 5 k5 E e0{ = %%
S < s 2 o ®oge® S
= 404 o 40 s 5 S 40 f@g
» < ° S .
s b = e @ 0528
:03 20 % 20 ) 2 < 20 . S,
8 0 (S} v . ot—
o> \s > \sd
5 é 5 é
- PD-1 PD-1 IL-17A ILA7A
E1000 T 3 = 100 8 ** 8 3
= Q. ** = o E
= 50 5 80 = ° < b
5 B <6 Z6 2 6
o - _ = ©
2 60 5 60 5 s 5
2 s S4] oo o 54 N *
= 404 w40 5 . 060 5 2
2 S S . x x 00°
= 20 20 P w? 22 o0
c ; )& 5 * & @
g ol . o ol - 0 ol
> v ¢ N
& ¢ & ¢ S
5 P
\2\?) \z@
F IFN- G IFN-y IL-17A
v 1,500 s 300 s
1,500 ok 1,500 300 + DS s ns
(<P o
S 1,000 o D200 A
_ 1,000 1,000 200 200 =) o > g
E 2 E 2 = % 3
g s 2 S = = .
500 500 < 100 o0 TR s ° w 100 w _? %
& v
o
0 0 0 0
< & ® &
Q® Q\'be

COVID-19

COVID-19

Figure 3. Functional analysis of uT cells during severe COVID-19. (A) Flow cytometry analyses of CD69 and PD-1 expression on MAIT, y§T, and iNKT cells
in the blood of healthy donors (n = 20) and COVID-19 (n = 30) and non-COVID-19 (n = 17) patients. Individuals and means + SEM are shown. Kruskal-Wallis test
followed by a Dunn’s multiple comparisons test. (B) Levels of IL-18 in the plasma of healthy donors (n = 20) and COVID-19 (n = 30) and non-COVID-19 (n = 17)
patients. Individuals and means + SEM are shown. Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. (C) Spearman’s rank correlation of
CD69 expression on blood uT cells and levels of IL-18 in COVID-19 patients. (D) Relative proportions of CD69* and PD-1* MAIT and y8T cells in the blood and
ETA of matched patients. Paired individual values are shown. Wilcoxon matched-pairs signed-rank test. (E) Intracellular staining for IFN-y and IL-17A of PMA/
ionomycin-activated PBMCs. Individuals and means + SEM are shown. Mann-Whitney U test. (F) Levels of IFN-y and IL-17A in the plasma and ETA super-
natants of matched patients. Paired individual values are shown. Wilcoxon matched-pairs signed rank test. (G) Levels of IFN-y and IL-17A in the ETA su-
pernatants of COVID-19 patients, according to the presence (n = 12) or not (n = 8) of uT cells, and non-COVID-19 patients. Kruskal-Wallis test followed by a
Dunn’s multiple comparisons test. *, P < 0.05; **, P < 0.0L; ***, P < 0.001. ns, not significant.
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Figure 4. Predictive role and kinetics analysis of uT cell parameters in
the clinical course of COVID-19. (A) Comparative analyses of CD69 ex-
pression on blood MAIT, y8T, and iNKT cells in COVID-19 patients who were
discharged (n = 14) or not discharged (n = 15) from ICU at day 14. Individuals
and means + SEM are shown. Mann-Whitney U test. (B) Kinetics plots
showing individual values of uT cell frequency and phenotype at days 1, 7, and
14 after admission for each patient still in critical condition at day 14 (n = 13).
One-way ANOVA (Friedman test) with Dunn’s multiple comparison. (C)
Spearman’s rank correlation of CD69 expression on blood uT cells on ad-
mission and hypoxemia levels at day 7 in COVID-19 patients (n = 20). *, P <
0.05; **, P < 0.03; ***, P < 0.001. ns, not significant.

may migrate into the inflamed tissue. As shown in other viral
infections (Loh et al., 2016; van Wilgenburg et al., 2016), MAIT
and iNKT cell activation during SARS-CoV-2 infection is likely

Jouan et al.
Unconventional T cells in COVID-19

antigen independent and may be driven by IL-18. Of importance,
the levels of activation (as judged by CD69 expression) on MAIT
and iNKT cells appear predictive of the clinical course. This
could suggest a beneficial role for MAIT and iNKT cells during
severe COVID-19, although their precise functions and associ-
ated mechanisms warrant further investigation. It is noteworthy
that neither IFN-y nor IL-17A secretion correlates with the positive
evolution of clinical parameters, raising the possibility that uT cells
could play a protective role through other functions. For instance,
the role of MAIT and iNKT cells in tissue repair and regeneration
has recently emerged (Trottein and Paget, 2018; Hinks et al., 2019;
Lamichhane et al., 2019; Leng et al., 2019). This is particularly
relevant in the context of severe COVID-19 with ARDS. Altogether,
these findings should encourage further studies on MAIT and
iNKT cells in pneumonia-induced ARDS to assess their potential as
biomarkers and/or targets for immune intervention strategies.

Materials and methods

Clinical study design, patient population, and approval
Patients (>18 yr old) admitted to the ICU from March 18, 2020to
April 17, 2020 with positive SARS-CoV-2 RT-PCR testing were
prospectively included in this study. A control group of 17 crit-
ically ill patients admitted from March 14, 2018 to July 7, 2019,
requiring mechanical ventilation but with no shock and no in-
fectious illness, were also included. The study was conducted in
one ICU from an academic hospital (Tours, France). All patients
or their next of kin gave consent for participation in the study.
This work was part of an ongoing study exploring immune
response during community-acquired pneumonia (Clinical-
Trial.gov identifier: NCT03379207). The study was approved by
the ethics committee Comité de Protection de Personnes Ile-de-
France 8 under agreement no. 2017-A01841-52, in accordance
with national laws. Blood samples from healthy volunteers (age-
and sex-matched; median age 56.5 yr (SD 6.8); male/female ratio
1.8/1) were obtained from the Etablissement Francais du Sang.

Reagents and antibodies

Staining was performed using antibodies (Table S1) from BioL-
egend and Miltenyi Biotec. PBS-57 glycolipid-loaded and control
CD1d tetramers (BV421-conjugated) as well as 5-OP-RU-loaded
and control MRI tetramers (BV421-conjugated) were obtained
from the National Institute of Allergy and Infectious Diseases
Tetramer Facility (Emory University, Atlanta, GA). Dead cells
were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain kit
(Thermo Fisher Scientific).

Human cell isolation

Peripheral blood mononuclear cells (PBMCs)

PBMCs were enriched by density gradient centrifugation using
Histopaque-1077 solution (Sigma-Aldrich) according to the
manufacturer’s instructions. Red blood cells were removed us-

ing a red blood cell lysis buffer (Sigma-Aldrich).

ETA
ETA was collected from intubated non-COVID-19 (n = 7) or
COVID-19 (n = 20) patients who were under invasive mechanical
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ventilation. ETA samples were weighed and incubated in PBS
(5 ml/g) with 1 mM dithiothreitol for 30 min at 4°C under gentle
agitation. After centrifugation, supernatants were collected, and
cell pellets were filtered through a 100-pm cell strainer. Red
blood cells were removed using a red blood cell lysis buffer, and
cells from ETA were passed through a 40-pm cell strainer before
staining for flow cytometry.

Soluble mediator measurement

Inflammatory mediators were measured in sera and super-
natants of ETA using the Bio-Plex Pro Human cytokines
screening panel (Bio-Rad) in a multiplex fluorescent bead assay
(Luminex), according to the manufacturer’s instructions. In-
flammatory mediators in sera and ETA supernatants were re-
corded as picograms per milliliter and per gram, respectively.
The ETA density ratio (g:ml) is 1:1.

Flow cytometry

Cells were stained with antibodies to surface epitopes and via-
bility dye (LIVE/DEAD Fixable Aqua Dead Cell Stain). For cyto-
kine profile analysis, cells were stimulated for 4 h in RPMI 1640
complete medium containing PMA (100 ng/ml) and ionomycin
(1 pg/ml) in the presence of protein transport inhibitor cocktail
(eBioscience) added 1 h after stimulation. For intracellular
staining, cells were fixed and permeabilized using the Fixation/
Permeabilization Solution Kit (BD Biosciences). Cells were
stained with APC-conjugated mAb against IL-17A and PE-
conjugated mAb against IFN-y. Events were acquired on a
MACS Quant cytometer (Miltenyi Biotec). Analyses were per-
formed with VenturiOne software (Applied Cytometry).

Statistical analysis

All statistical analysis was performed with GraphPad Prism
software. Statistical significance was evaluated by comparing
biological values in each experimental group. In some cases,
matched-pairs test was used. The tests used for each panel are
indicated in the figure legends. Results with a P value of <0.05
were considered significant: *, P < 0.05; **, P < 0.01; and ***, P <
0.001. Correlation calculation between two parameters was
performed using Spearman’s rho test.

Online supplemental material

Fig. S1 shows the absence of correlation regarding some poten-
tial confounding effects (age and obesity) as well as the modu-
lation of TCR expression on uT cells in COVID-19 patients. Fig. S2
shows representative plots for activation markers and cytokine
production by uT cells and absence of correlation between
uT cell activation and some activating cytokines (IL-18 and IFN-
a2). Fig. S3 shows a comparative analysis of multiple uT cell
biological parameters with the clinical evolution of COVID-19
patients. Table Sl lists the monoclonal antibodies used in
this study.
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Figure S1. Frequency, confounding effects, and TCR levels of T cell subsets in COVID-19 patients. (A) Frequency of circulating conventional T cells
(within the lymphocyte gate) in healthy controls (n = 20) and COVID-19 (n = 30) and non-COVID-19 (n = 17) patients. Individuals and means + SEM are shown.
Kruskal-Wallis test with Dunn’s multiple comparisons test. (B) Spearman’s rank correlation of age of COVID-19 patients and the frequency of blood MAIT (left
panel) or iNKT (right panel) cells (n = 30). (C) Comparative analyses of MAIT and iNKT frequencies regarding the obese status (BMI > 30) of patients. Individuals
and means + SEM are shown. Mann-Whitney U test. (D) Mean intensity fluorescence (MFI) of TCR expression on MAIT and iNKT cells from controls (n = 20) or
COVID-19 patients (n = 30) based on TCR Va7.2 and PBS57-CD1d tetramer staining, respectively. Individuals and means + SEM are shown. Mann-Whitney U
test. (E and F) Comparative analysis of T cells in blood and ETA of COVID-19 (n = 20; E) or non-COVID-19 (n = 7; F) patients. Individuals and means + SEM are
shown. Wilcoxon matched-pairs signed rank test. ns, not significant; *, P < 0.05; **, P < 0.0L
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Figure S2. Phenotype and cytokine production of blood uT cells in COVID-19 patients. (A) Representative histogram plots of CD69 and PD-1 expression
on uT cell subsets in healthy controls and COVID-19 patients. (B) Flow cytometry analyses of CD69 (upper panel) and PD-1 (lower panel) expression on y§T
subsets in the blood of healthy donors (n = 20) and COVID-19 patients (n = 30). Individuals and means + SEM are shown. Mann-Whitney U test. (C) Spearman’s
rank correlation of CD69 expression on blood uT cells and levels of IL-18 or IFN-a2 in COVID-19 patients. (D) Mean intensity fluorescence (MFI) of CD3
expression on MAIT and iNKT cells from healthy controls (n = 20) and COVID-19 patients (n = 30). Individuals and means + SEM are shown. Mann-Whitney U
test. (E) Mean intensity fluorescence of CD161 expression on MAIT cells from healthy controls (n = 20) and COVID-19 patients (n = 30). Individuals and means +
SEM are shown. Mann-Whitney U test. (F) Representative dot plots of intracellular staining for IFN-y (left panel) and IL-17A (right panel) of blood iT cells from
healthy donors and COVID-19 patients following PMA/ionomycin activation. *, P < 0.05; ***, P < 0.001. ns, not significant.

Jouan et al. Journal of Experimental Medicine
Unconventional T cells in COVID-19 https://doi.org/10.1084/jem.20200872

S2

920z Aeniged 60 uo 3senb Aq pd'z,80020Z Wel/glL £.Z81/2/8002029/Z /L L Z/4Pd-8jonie/wal/Bio-sseidnij/:dny woy pepeojumoq


https://doi.org/10.1084/jem.20200872

iNKT cells ST cells V52* 43T cells + 5
A MAIT cells . ¥ ¥ V31" 43T cells V51V52 13T cells
10 ns 1 ns - ns ns
® 1) ®
) = 3 10 ) 2 10: L
E . 8 8 Coese 801 e o % B
+ s i, %o j_‘r . ° P .
2 1 3 a o041 a 25ds® o . o 2
8 S92 o™ O o oo K G 1 oo o 1 o
e L4 e 0>J Q LX) L0 o 2 LI1] o o
> 2 = 1 o > . 2 :
= % 35 3 % ° 5 o 5 3
5 0.1 .2 5 0.01 5 . (Y = 04 o® ° 5 01 35
2 oo 2 2 o s o s ¥ =
2 o 2 2 2 s 2 2
0.01 0.001 0.1 = P 0.01 0.01
A R N & s S S
2 2 > S N »° N > »
$ & & RS K O & O & &
R ) < o < 0 0 Q
de‘?’b g’\‘\\Q & & & & & E o S
B V82" y8Tcells V31* 8T cells V81V5s2 8T cells D MAIT cells iNKT cells v8T cells
— ~ 60 i
& o o g % ns IFN-y IFN-y IFN-y
£ & £ * g . 100 o 100 ns , 100 ns
3 3 = N 2
S 4] o b g 40 £ w0 . 5 osf e . 8 g0{ o° .
= oo = < oo ° z =
= 5 s . = oo = ' I3 . °le
S . < = ° ® = . .,
= = S . . T 60{ *e , § e . = 60 %
2 2] ‘e £ 8 2of 0 o2 [0 a2 e e § o <&
3 oo %o + i <] o = 4 ®
- WER R NEE NEIE M EA:
8 ol Sae G CEEN RO D 2 01 o0 2 201 & w20 3200 %% .
N ° N o heYS L o <
& N & N : . 0 0 -
) QO & Q
o 7 $  ° $ & $ &
$© O \& O & RN & N & >
Q A Q A &5 > & > & >
N & @ o> N > ol >
N N ) N Q N Q X
2 < o N N
> > >
C MAIT cells y8T cells IL-17A IL-17A
= 5
o 100 ns . i o 80 ns 8 B
< H P © E . ® %3 ns °
= 80 ° Z ' = ns <5 4 O
s ° ] g = z6 = 6
2 g 40 S 40 . b= = . 2
5 5 & s S 4 84 . ° g
2 2 . e ¥ 2 . = - o 54
B S s
8 8 20{ oe L s = _0:;:,‘ .,‘;E.. = ) 5
¥ by . © 3 2] g Tame o 2 == R 2
. . o0 o) < .o < . 2
g 2 ®e ° o ® 0 o 0% <
o 0 T T 0
qu o"@ g o &b 0\‘0
& A @*q Y & >
& ? G ? & ° X
@ o & D @ > &
o o > © AN N
N N N
2y 5 2
V31* y3T cells V81V82 8T cells E MAIT cells iNKT cells 46T cells
60 __ 60 i ns 06 ns
~ ns o 2 3 - o 05 h 2 kol
= ° > [ 2 5 g 04 8 s
s %= ns 2 1 by 0.3 . .
2 0] o £ 40 t 02 Y ©
° = o a 10 a 01 Q6
= . 5 . o © 010 4
» = ° 08 » e
8 p o 2 e 2 o008 2 4
= e 120 . 5 o 5 0.06 5 : 3
3 *7 2 o 24 0 < i :
g & J,-E; == = o] 5 oo 52 :
g o0&  oe%e g O . i 2 002 2 : i
o T ¥ 0.0 0.00 o
& ° 1 7 1 7 1 7
& N T —
-\e& N ays after inclusion Days after inclusion Days after inclusion
RN CD69 CD69 e
BN i 601 ** 100 4 o *
3 Eeo 3
F E 40 = 'E 201
52% ~ S+ s T ® =
Vo' ysTeells V51" T cells Vo1Ve2 yoT cells & . £ 5
5 607 _ s 607 , 607 e R 2 5201 i :
z p=0.136 : p=0.776 - p=047 b : . % 40 & ' ;
] 8 2= 0.004 2 2= 0.029 20 H ® . S . .
B B . 'z _407 = % N » 20 : : = 104 >
&z 2 i M 2 2 < ; o
) 28 . gz w® 4 : . < :
s > 20 .. . = 3201 . @ 0 v T [} 0 -
3 2 e Z N 1 7 1 7 1 7
.
3 3] Ol T § (I - Days after inclusion Days after inclusion Days after inclusion
100 200 300 400 100 200 300 400 100 200 300 400
«_PaO:IFi0; atday7 Pa0,/Fi0, atday 7 PaO,/FiO; at day 7 PD-1 PD-1
Increasing hypoxemia Increasing hypoxemia Increasing hypoxemia 80 % 60 2 PD-1
ns (7] 509 ns
= E T o
< < O 404
o0 Z 0l £
© K] = 30
Sa0{ . kel : g >
5 s 5 . £ 204 $ .
Kyl e HE 2 ;
2 P o2 | XK 2l B
. . 2 -
ol : ol— < .
1 7 1 7 1 7

Days after inclusion

Days after inclusion

Days after inclusion

EM

Figure S3. Analysis of uT cell biological parameters regarding the clinical evolution of COVID-19 patients. (A) Comparative analyses of the frequencies
of blood MAIT, iNKT, and y8T subsets in COVID-19 patients who were discharged (n = 14) or not discharged (n = 15) from ICU at day 14. Individuals and means +
SEM are shown. Mann-Whitney U test. (B) Comparative analyses of the CD69 expression of blood y8T subsets in COVID-19 patients who were discharged (n =
14) or not discharged (n = 15) from ICU at day 14. Individuals and means + SEM are shown. Mann-Whitney U test. (C) Comparative analyses of PD-1 expression
on blood MAIT, iNKT, and y8T subsets in COVID-19 patients who were discharged (n = 14) or not discharged (n = 15) from ICU at day 14. Individuals and means +
SEM are shown. Mann-Whitney U test. (D) Comparative analysis of IFN-y and IL-17A production by uT cells in COVID-19 patients who were discharged (n = 14)

or not discharged (n = 15) from ICU at day 14. Individuals and means + SEM are shown. Mann-Whitney U test. (E) Kinetics plots showing individual values of

uT cell frequency and phenotype for each rapidly discharged (before day 15) patients (n = 14) at days 1 and 7 after admission. Wilcoxon matched-pairs signed
rank test. (F) Spearman’s rank correlation of CD69 expression on blood y§T subsets on admission and hypoxemia levels at day 7 in COVID-19 patients (n = 20).

*, P < 0.05 ** P < 0.01 ns, not significant.
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Table S1 is provided online and lists the anti-human monoclonal antibodies used in this study.
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