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Mucosa-Associated Invariant T Cell Hypersensitivity to
Staphylococcus aureus Leukocidin ED and Its Modulation by
Activation

Caroline Boulouis,* Edwin Leeansyah,*"* Srikanth Mairpady Shambat,*
Anna Norrby-Teglund,*' and Johan K. Sandberg*’

Mucosa-associated invariant T (MAIT) cells recognize bacterial riboflavin metabolite Ags presented by MHC class Ib—related
protein (MR1) and play important roles in immune control of microbes that synthesize riboflavin. This includes the pathobiont
Staphylococcus aureus, which can also express a range of virulence factors, including the secreted toxin leukocidin ED (LukED).
In this study, we found that human MAIT cells are hypersensitive to LukED-mediated lysis and lost on exposure to the toxin,
leaving a T cell population devoid of MAIT cells. The cytolytic effect of LukED on MAIT cells was rapid and occurred at toxin
concentrations lower than those required for toxicity against conventional T cells. Furthermore, this coincided with high MAIT
cell expression of CCRS5, and loss of these cells was efficiently inhibited by the CCRS inhibitor maraviroc. Interestingly, exposure
and preactivation of MAIT cells with IL-12 and IL-18, or activation via TCR triggering, partially protected from LukED toxicity.
Furthermore, analysis of NK cells indicated that LukED targeted the mature cytotoxic CD57" NK cell subset in a CCR5-
independent manner. Overall, these results indicate that LukED efficiently eliminates immune cells that can respond rapidly to S.
aureus in an innate fashion without the need for clonal expansion, and that MAIT cells are exceptionally vulnerable to this toxin.
Thus, the findings support a model where LukED secretion may allow S. aureus to avoid recognition by the rapid cell-mediated

responses mediated by MAIT cells and NK cells.

ucosa-associated invariant T (MAIT) cells belong to the

broad and diverse group of unconventional non—-MHC-

restricted T cells and represent on the order of 1-10% of
the total T cell population in humans (1, 2). MAIT cells recognize
nonpeptide microbial Ags presented in complex with the MHC class
Ib—related protein (MR1) (3, 4). Ags recognized by MAIT cells
include intermediates of the vitamin B, (riboflavin) synthesis path-
way expressed by many microbes, and this allows immune surveil-
lance of a broad range of microorganisms in an MRI1-restricted
fashion (5, 6). MAIT cells are numerous in many human tissues
expressing tissue-resident characteristics (7, 8) and also express a
range of chemokine receptors for homing to sites of inflammation
(9, 10). Upon recognition of Ag presented by MR1, they secrete
cytokines, including IFN-y, TNF, IL-17A, and IL-22 (9, 11), and
can participate in tissue repair and wound healing (12—15). Further-
more, MAIT cells kill bacterially infected cells via the release of
cytotoxic effector molecules, such as granzyme B (GzmB) and
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granulysin (16—19), and have direct antimicrobial properties against
both cell-associated and free-living bacteria (20). Their role in
defense against bacterial infection was demonstrated in several
mouse models of infection with pathogens such as Legionella
longbeachae, Klebsiella pneumoniae, and Francisella tularensis
(21-23). In humans, MAIT cells expand in response to Salmonella
enterica subsp. enterica serovar Paratyphi A challenge (24) and
migrate to lung tissue during tuberculosis (25, 26).

NK cells are the prototypical innate effector cells and mediate
rapid immune responses against microbes and tumor cells (27, 28).
Differentiation of CD56™" NK cells to mature cytolytic NK cells
is characterized by lowered CD56 expression and the gain of CD16,
CD57, and KIR expression (29, 30). During bacterial infection, NK
cells can be indirectly activated by cytokines or through interaction
with other cell types and can also directly recognize bacteria through
TLR sensing (31). Recently, the activating receptor KIR2DS4 was
found to recognize a bacterial HLA-C*05:01—presented epitope
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derived from a protein conserved in many bacterial species, includ-
ing Staphylococcus aureus (32).

S. aureus is a bacterial pathobiont that colonizes a third of the
human population through nasal and skin carriage (33). The shift
from commensal microbe to pathogen requires the expression of vir-
ulence factors, as well as barrier breach (34, 35). S. aureus affects
local tissue and can spread systemically to cause life-threatening dis-
eases, such as pneumonia, endocarditis, and sepsis. Virulence factors
that are critical for pathogenesis include superantigens, cytolytic
peptides, and pore-forming toxins (36). One of the pore-forming
toxins is the leukocidin ED (LukED), which is expressed by a
majority of S. aureus isolates (37). This bicomponent toxin is com-
posed of two water-soluble monomers and acts in two steps: LukE
first binds to target proteins on the cell membrane and recruits the
LukD subunit. The complex then oligomerizes and inserts in the
cell membrane as a 3-barrel pore, leading to disruption of the cellu-
lar osmotic balance and cell death (37). LukED binds to the chemo-
kine receptor CCRS5, expressed on macrophages, dendritic cells, and
T cells (38). It also binds to CXCR1 and CXCR2, which can be
expressed on NK cells and neutrophils (39), as well as to DARC
expressed on erythrocytes and endothelial cells (40, 41). LukED
contributes to S. aureus pathogenesis in vivo (38-40, 42), and the
binding to DARC expressed on epithelial and endothelial cells leads
to vascular leakage and organ failure (41). S. aureus ALukED
mutants are less invasive with reduced bacterial burden and mortal-
ity (39, 40, 42).

The role of MAIT cells in S. aureus immunopathogenesis
remains relatively little studied. MAIT cells are activated by S.
aureus stimulation in vitro to produce IFN-y (25, 26), and their fre-
quencies are increased in tonsils and blood of individuals with S.
aureus tonsillitis (43). MAIT cells are also significant contributors
to the massive cytokine release (“cytokine storm™) in response to
Staphylococcal enterotoxin B (44, 45). In this study, we investigate
the effect of LukED on MAIT cells in comparison with other sub-
sets in the peripheral blood T cell pool, including invariant NK T
(iNKT) cells and y8T cells, and dissect the effect of LukED on
MAIT cell recognition of S. aureus. Furthermore, we investigate
how LukED affects the NK cell compartment. Altogether, the find-
ings suggest that LukED secretion by S. aureus constitutes an
immune evasion mechanism to interfere with responses mediated by
human innate effector cells.

Materials and Methods

Blood donors and cell lines

Peripheral blood was collected from healthy adults recruited at the Blood
Transfusion Clinic at the Karolinska University Hospital Huddinge. All
blood donors gave written informed consent in accordance with study proto-
cols conforming to the provisions of the Declaration of Helsinki and
approved by the Regional Ethics Review Board in Stockholm. The THP-1
cell line (ATCC, Manassas, VA, USA) was cultured in RPMI 1640 complete
medium supplemented with 25 mM HEPES, 2 mM L-glutamine (GE Health-
care), 10% FBS (Sigma-Aldrich), 50 wg/ml gentamicin (Thermo Fisher Sci-
entific), and 100 pg/ml Normocin (Invivogen) and routinely tested negative
for mycoplasma.

Microbes

S. aureus strains 134 and 289 were cultured overnight at 37°C in CCY
Broth. Bacterial counts were determined by the standard plate counting
method on appropriate culture media, and counts were expressed as CFUs
per milliliter (CFU/ml). The microbes were then stored at —80°C in 50%
glycerol/50% PBS.

Cell isolation

PBMCs were isolated from peripheral blood by Ficoll-Hypaque density gra-
dient centrifugation (Lymphoprep, Axis-Shield). After isolation, PBMCs
were rested overnight in RPMI 1640 medium supplemented with 25 mM
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HEPES, 2 mM L-glutamine (all from Thermo Fisher Scientific), 10% FBS
(Sigma-Aldrich), 50 wg/ml gentamicin (Life Technologies), and 100 pg/ml
normocin (InvivoGen) (complete medium). From PBMCs, we isolated
Va7.2" cells using anti-Va7.2 PE-conjugated mAb (BioLegend), followed
by positive selection with MACS and anti-PE microbeads (Miltenyi Biotec),
as previously described and per the manufacturer’s instructions (19, 46).

Supernatant assay

Clinical S. aureus strains were cultured overnight in CCY medium at 37°C.
Supernatant of the culture was harvested by centrifugation and sterilized
through 0.2-pm pore size filters to obtain the bacterial-free culture superna-
tant. PBMCs were incubated with the supernatant at 1:20 dilution for 4 h.

LukED assays

PBMCs were incubated with recombinant LukED (IBT Bioservices) at the
indicated concentration between 45 min and 6 h, as indicated in the text. In
selected experiments, maraviroc (MVC; Sigma) at 1 pg/ml was added just
before the recombinant LukED.

MAIT cell activation assays

THP-1 cells were seeded in complete medium for 2 h prior to pulsing with
bacteria. S. aureus 134 and 289 were washed once in PBS before fixation in
1% formaldehyde for 3 min and extensive PBS washes. The bacteria were
then resuspended in complete medium and fed to THP-1 monocytic cells at
the microbial dose of 30. In some experiments, Va7.2" cells were preincu-
bated for 1 h and 30 min with LukED at 0.312 p.g/ml before addition to the
bacteria-pulsed THP-1 and coculture at 2:1 ratio for 24 h in the presence of
1.25 pg/ml anti-CD28 mAb (L293; BD Biosciences). Monensin and brefel-
din A (both from BD Biosciences) were added at the last 6 h of culture. In
selected experiments, the THP-1/Va7.2" cell coculture was incubated with
LukED at 5 pg/ml for the last 6 h of culture. For TCR-independent activa-
tion, PBMCs were incubated for 20 h with IL-12 (PeproTech) and IL-18
(MBL) at 10 and 100 ng/ml, respectively. LukED at 1.25 pg/ml was added
for the last 2 h of culture in some conditions.

Flow cytometry

Tetramer staining with 5-OP-RU-loaded h-MR1-PE (NIH Tetramer Core
Facility) was performed at 20 min at room temperature before staining with
mAbs for other markers. Abs used included anti-CD3 Bv650 (OKT3; Bio-
Legend), anti-CD3 AF700 (UCHT1; BD Biosciences), anti-CD3 FITC
(SK7; BD Biosciences), anti-Va7.2 PE (3C10; BioLegend), anti-Va7.2 PE-
Cy7 (3C10; BioLegend), anti-CD161 Pe-Cy5 (DX12; BD Biosciences), anti-
CD4 Bv711 (OKT4; BioLegend), anti-CD8 Bv570 (RPA-T8; BioLegend),
anti-CD56 BUV737 (NCAM16.2; BD Biosciences), anti-CCR7 Bv421
(150503; BD Biosciences), anti-CD45RA AF700 (HI100; BD Biosciences),
anti-CCR5 BUV395 (2D7/CCRS; BD Biosciences), anti-CXCR1 AF488
(8F1/CXCR1; BD Biosciences), anti-CXCR2 Bv785 (6C6; BD Biosciences),
anti-CD158b Bv510 (CH-L; BD Biosciences), anti-CD16 Bv711 (3G8; BD
Biosciences), anti-CD57 PE-Cy5 (NK-1; BD Biosciences), anti-CD27 PE-
Cy7 (M-T271; BioLegend), anti-NKG2A allophycocyanin (REA110; Milte-
nyi), anti-CD14 allophycocyanin-Cy7 (MoP9; BD Biosciences), anti-CD19
allophycocyanin-Cy7 (SJ27C1; BD Biosciences), anti-Va24 PE (C15; Beck-
man Coulter), anti-VB11 FITC (C21; Beckman Coulter), anti-yd TCR PE-
Dazzle 594 (B1; BioLegend), anti-CD69 BUV737 (FN50; BD Biosciences),
anti-GzmB FITC (GBI11; BioLegend), anti-IFN-vy allophycocyanin
(25723.11; BD Biosciences), anti-TNF PE-Cy7 (Mabl1; BD Biosciences),
anti-IL-17A Bv421 (BL168; BioLegend), anti-Perforin Bv421 (B-DA48;
BioLegend), and anti-Granulysin (DH2; BD Biosciences) LIVE/DEAD Fix-
able Near-IR dye (Invitrogen). Flow cytometry data were acquired on BD
LSRFortessa or BD Symphony A5 instruments (both BD Biosciences) and
analyzed using FlowJo software v.10.5.3 and v.10.8.0 (Tree Star).

Statistics

Statistical analyses were performed using Prism software v.7 (GraphPad).
Datasets were first assessed for normality of the data distribution. Statistically
significant differences between experimental conditions were determined as
appropriate using the unpaired ¢ test or Kruskal-Wallis test and Mann—Whit-
ney test for unpaired samples, and the paired ¢ test or Friedman test and Wil-
coxon signed-rank test for paired samples. Correlations were assessed using
the Spearman rank correlation. Two-sided p values <0.05 were considered
significant.
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Results
Human MAIT cells respond to S. aureus with robust production of
cytokines and GzmB

MAIT cells have been previously reported to respond to S. aureus
stimulation in vitro with production of IFN-y (25, 26). To confirm
MAIT cell responsiveness to this microbe in our laboratory, we
pulsed THP-1 cells with mildly fixed S. aureus for 2 h and used
these to stimulate Va7.2" cells isolated from PBMCs. After a 24-h
coincubation, MAIT cells showed robust activation with expression
of CD69 and expression of high levels of IFN-y, TNF, and
GzmB, with detectable but relatively low production of IL-17A
(Fig. 1A, 1B).

To investigate possible effects of soluble factors produced by S.
aureus on MAIT cells, we incubated PBMCs with culture superna-
tants of three S. aureus clinical isolates previously characterized
regarding their toxin gene profile (47). The three strains studied var-
ied regarding the presence of the ukED toxin genes. Interestingly,
PBMC cultures exposed to the supernatants of /ukED-positive
strains lost a significant fraction of their MAIT cells, as compared
with cultures exposed to the /ukED-negative strain (Fig. 1C, 1D).
Together, these results confirm that MAIT cells respond strongly to
S. aureus and suggest that they may be sensitive to the LukED
toxin.

MAIT cells are hypersensitive to LukED cytotoxicity

To specifically investigate the effect of the LukED toxin on human
peripheral blood T cells in more detail, we incubated PBMCs in the
presence of recombinant LukE and LukD proteins and assessed pop-
ulation changes using flow cytometry. The total lymphocyte popula-
tion was first analyzed using Uniform Manifold Approximation and
Projection (UMAP) analysis (48) of healthy donor PBMCs exposed
to LukED. Cell populations were identified by the projection of
defining markers on the UMAP topography (Fig. 2A). Projection of
LukED-treated versus untreated conditions revealed differences
between the two settings and the loss of some cell populations
(Fig. 2B). Strikingly, the UMAP area defined by the 5-OP-RU-hMR1
tetramer was almost completely absent after exposure to LukED,
suggesting that exposure to the toxin depletes MAIT cells. The
profound reduction of MAIT cells, defined as CD3™, CD161"eh,
5-OP-RU-hMR1*, was confirmed both as percentage and absolute
count (Fig. 2C). In contrast, non-MAIT T cell populations were
only slightly affected by the toxin with a decline of 25% (Fig. 2D)
versus 97% for MAIT cells (Fig. 2E). The single components of
the toxin alone, LukE and LukD, did not affect the T cell compart-
ment in a detectable manner (Supplemental Fig. 1A, 1B). Because
LukED was previously shown to lyse T cells in a CCR5-dependent
fashion (30), we next specifically analyzed the CCR5" non-MAIT
T cell subset. We noticed a decrease of this population (Fig. 2F),
which was 80% depleted on LukED exposure (Fig. 2G) compared
with 97% for MAIT cells. Notably, MAIT cells have homogenous
expression of CCR5 (Supplemental Fig. 1C) and display a higher
level of expression compared with CCR5" non-MAIT T cells
(Fig. 2H, Supplemental Fig. 1D).

Within the MAIT cell compartment, CD8" and CD8~CD4~ dou-
ble-negative (DN) MAIT cells appeared to be slightly more sensi-
tive to LukED than the minor CD4* MAIT cell subpopulation
(Fig. 2I), probably because of their relatively higher expression of
CCRS (Supplemental Fig. 1E). No significant difference was noted
in CD8", CD4", and DN non-MAIT T cells on LukED exposure
(Supplemental Fig. 1F). Next, we explored the composition of the
non-MAIT T cell population based on the expression of differentia-
tion markers CCR7 and CD45RA. Terminally differentiated effector
memory RA™ (TEMRA) and effector memory T (TEM) cell

MAIT CELL HYPERSENSITIVITY TO LukED

populations decreased in frequency on LukED exposure (Fig. 2J,
2K) contrary to central memory and naive T cells (Supplemental
Fig. 1G). This coincided with higher levels of CXCR1 and CCRS
expression by TEMRA and TEM cells, respectively (Supplemental
Fig. 1H). Projection of the LukED-treated condition on the UMAP
also revealed a dramatic loss of cells double-expressing CD8 and
CD356 (Fig. 2B). The decrease of CD8*CD56" non-MAIT T cells
was confirmed by manual gating (Fig. 2L) and coincided with coex-
pression of CCRS and CXCRI1 on this subset (Supplemental Fig.
1J). Overall, the loss of TEMRA, TEM, and CD8"CD56" non-
MAIT T cells was not as severe as the depletion of MAIT cells
(Supplemental Fig. 11, 1K). In a separate dataset, we investigated
the effect of LukED on two other unconventional T cell populations,
v T cells and iNKT cells. The effect of LukED on 3 T cells was
modest, in line with their low level of CCRS and CXCR1 expres-
sion. In contrast, iNKT cells were more severely depleted by
LukED, but still less so than were MAIT cells (Supplemental Fig.
1L-N). Taken together, these findings indicate that LukED depletes
T cell subsets with effector and effector memory characteristics,
with MAIT cells being the major targeted population.

MVC rescues MAIT cells from LukED toxicity

To investigate whether LukED toxicity against MAIT cells is CCR5
dependent, we evaluated the ability of MVC, a CCRS antagonist
used in HIV therapy, to protect MAIT cells from the recombinant
toxin. Addition of MVC to the assay largely rescued the MAIT cell
population from LukED toxicity (Fig. 3A). Although this protective
effect was incomplete, it was observed for all the main CDS8, CD4,
and DN MAIT cell subsets (Supplemental Fig. 2A). MVC did not
have a detectable effect on the overall non-MAIT T cells bulk popu-
lation (Fig. 3B) but seemed to partially rescue the CCR5™ subset of
non-MAIT T cells (Fig. 3C). Similarly, there was a trend toward
partial MVC rescue of TEMRA, TEM, and CD8"CD56" non-
MAIT T cells, but this effect did not reach statistical significance
(Supplemental Fig. 2B, 2C). Because some of those subsets express
CXCRI1, LukED binding to this receptor would not be expected to
be inhibited by MVC. Altogether, these results indicate that MVC
inhibits the toxicity of LukED against MAIT cells in vitro.

LukED depletes MAIT cells with rapid kinetics and at low doses

We next evaluated the dose sensitivity and kinetics of action of
LukED on MAIT cells and CCR5* non-MAIT T cells. Titration
curves revealed dose-dependent depletion of MAIT cells, as well
as of CCR5" non-MAIT T cells (Fig. 3D). Interestingly, at the
dose range from 1.25 to 10 pg/ml, MAIT cells were more sensi-
tive than CCR5" non-MAIT T cells. Furthermore, the amount of
LukED needed to kill half of the population (ICsy) was lower for
MAIT cells (1.09 pg/ml) than for CCR5™ non-MAIT T cells
(2.17 pg/ml) (Fig. 3A, magenta reference line). Thus, MAIT cells
are more vulnerable to LukED at intermediate doses. Depletion
occurred rapidly, within 30 min of incubation, and longer dura-
tion of LukED exposure did not substantially increase MAIT cell
and CCR5" non-MAIT T cell depletion (Fig. 3E). Altogether,
these findings showed that the lethal effect of LukED on MAIT
cells is rapid, dose dependent, and occurs at lower doses com-
pared with conventional T cells.

MAIT cell activation partly prevents LukED-mediated loss

MAIT cells can be activated in response to innate cytokines pro-
duced in the setting of myeloid cell activation, such as IL-12 and
IL-18. Surprisingly, MAIT cells activated by IL-12 and IL-18 for 20
h, and then exposed to LukED for the last 2 h of incubation, were
largely preserved as compared with the nonactivated control MAIT
cells (Fig. 4A, 4B). This effect coincided with a decrease in CCRS
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expression on IL-12 and IL-18 stimulation (Fig. 4C). Similarly,
MAIT cells activated by recognition of S. aureus 134 in a stimula-
tion assay over 24 h and exposed to LukED for the last 6 h of incu-
bation were largely protected from LukED toxicity (Fig. 4D, 4E).
This effect was paired with the downregulation of CCRS on stimu-
lation with S. aureus 134 (Fig. 4F). It is thus possible that activation
by innate cytokines in the inflammatory milieu, or direct recognition

of bacteria in a TCR-dependent manner, may render MAIT cells
partly resistant to LukED.

Sublethal doses of LukED have no major impact on MAIT cell
responsiveness

Because LukED is a pore-forming toxin, it may potentially affect
signaling in MAIT cells exposed to concentrations insufficient for
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FIGURE 2. MAIT cells are the main LukED targets within the T cell pool. (A) UMAP plots of total live blood lymphocytes showing expression of the
indicated markers. (B) UMARP plots of total lymphocytes exposed to LukED or not (n = 6). Bottom: overlay of immune subset identified by manual gating
on the UMAP of total lymphocytes. (C) Representative flow cytometry plots, mean percentage, and absolute counts of MAIT cells on LukED treatment or
not (n = 6-7). (D) Absolute counts of non-MAIT T cells on LukED exposure or not (n = 6). (E) Percentage depletion on LukED exposure between MAIT
and non-MAIT T cells (n = 6). (F) Representative flow cytometry histograms and mean percentages of expression of CCR5™ (Figure legend continues)
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hoc test was used to detect significant differences in (A) and (C). The Wilcoxon signed-rank test was performed to detect significance between the two popu-
lations in (D). The lines and error bars represent mean and SE. *p < 0.05, **p < 0.005.

direct killing of the cells. We therefore next sought to determine cells expressed it (Fig. 5C, 5D). In line with the limited expression
whether exposure to sublethal doses of LukED affects TCR-depen- of CCR5, MVC had limited impact on the LukED-mediated deple-
dent activation of MAIT cells. To test this, we pretreated MAIT tion (Supplemental Fig. 3B).

cells with sublethal doses of LukED before stimulation with the Dissection of the NK cell compartment revealed that LukED tar-
mildly fixed LukED-positive S. aureus strain 134 or the LukED- geted the most mature NK cells known to have cytolytic effector
negative strain 289. No detectable difference was observed in MAIT ~ Properties. In particular, the toxin diminished CD56"™ NK cells
cell IFN-y, TNF, IL-17A, and GzmB production between the suble- expressing CD16, CD57, KIRD2L1, and perforin, or coexpressing
thal dose LukED-treated and -untreated conditions (Fig. 4G, 4H). ~ CD57 and KIRD2LI (Fig. SE, SF). LukED exposure did not change

These results indicate that sublethal levels of LukED have no detect- the representation of NI.<‘ cell populations expressing gra nulysir} or
able impact on MAIT cell function and ability to respond to CD27 (Supplemental Fig. 3C). Taken together, these observations
bacteria indicate that LukED preferentially targets mature cytolytic NK cells.

LukED additionally targets the mature CD57" NK cell subset

In the UMAP topography (Fig. 2A, 2B), apart from MAIT cells,
another area severely affected by LukED was the one dominated by
CD367CD3™ cells corresponding to the NK cell population. LukED
severely reduced both CD56"%" and CD56%™ NK cells among

PBMCs both as percentage and as absolute count (Fig. 5A), and the served part of the rapid antimicrobial immune response due to their
CD56"™ subset was particularly severely impaired (Fig. 5B). LukE specificity toward conserved bacterial Ag, their secretion of IFN-y,
and LukD alone did not affect NK cells (Supplemental Fig. 3A). In IL-17, and IL-22, as well as their presence in skin and blood, the
line with the differential activity of LukED on the two NK cell sub- main sites of S. aureus infection and pathogenesis (49). In this
sets, CD56"™ NK cells had higher expression of CXCRI and  study, we explored the effects of the LukED toxin on the human
CXCR2 than CD56"" NK cells (Fig. 5C, 5D). In general, NK immune system and found that MAIT cells are hypersensitive to
cells expressed low levels of CCRS5, although some CD56%%€" NK LukED, because of their very high surface expression of CCRS.

Discussion

The soluble virulence factors secreted by S. aureus play a major
role in the pathogenesis of this infection. However, it is still not
fully understood how these virulence factors affect the human
immune system. MAIT cells are an important evolutionarily con-

non-MAIT T cells on LukED treatment or not (n = 6). (G) Percentages of depletion on LukED exposure between MAIT cells and CCR5* non-MAIT T cells
(n = 6). (H) Representative flow cytometry plot of CCR5 expression in MAIT cells and non-MAIT T cells (n = 6). (I) Absolute counts of CD8", CD4™,
and DN MAIT cells on LukED treatment or not (n = 6). Representative flow cytometry plot of CCR7 and CD45RA expression (J) and absolute counts (K)
of non-MAIT T cells with or without LukED (n = 6). (L) Percentages of CD8 " CD56" non-MAIT T cells with or without LukED (n = 6). LukED was used
at 5 pg/ml and incubated for 4 h. The Wilcoxon signed-rank test was performed to detect significance in (C), (E), (G), (1), (K), and (L). The lines and error
bars represent mean and SE. *p < 0.05.
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FIGURE 4. MAIT cell activation with innate cytokines or recognition of bacteria renders them partly resistant to LukED. Representative flow cytometry
plots (A) and levels (B) of MAIT cells after 20-h stimulation with IL-12 and IL-18, in the presence or absence of LukED at 1.25 pg/ml during the last 2 h of
stimulation (n = 6). (C) CCRS expression on MAIT cells stimulated 18 h with IL-12 and IL-18 (n = 6). Representative flow cytometry plots (D) and percent-
age (E) of MAIT cells after 24-h stimulation with S. aureus strain 134 at MOI 30, in the presence of LukED at 5 pug/ml during the last 6 h of incubation (n =
6). (F) CCRS expression on MAIT cells stimulated for 24 h with S. aureus 134 (n = 6). Concatenated flow cytometry plots (G) and combined data (H) of the
expression of IFN-y"CD69 ", TNF"CD69™, IL-17A"CD69™, and GzmB™* MAIT cells untreated or stimulated with THP-1—fed S. aureus 134 (LukED neg-
ative) or 289 (LukED positive) for 24 h at the microbial dose of 30, after exposure to a sublethal dose of LukED (0.312 pg/ml). The Wilcoxon signed-rank
test in (B), (C), and (F) and the Mann—Whitney U test in (E) were performed to detect significance. The lines and error bars represent mean and SE. *p <

0.05.

LukED depleted MAIT cells more efficiently, with lower 1Cs, than
other T cell subsets, such as conventional TEM and TEMRA cells,
as well as the innate-like iNKT and 9T cells. The mature effector
CD56%™ NK cells were also depleted to a large extent, while
CD56° 8" NK cells were less affected.

MAIT cells and NK cells are important effector cells involved in
the host response against bacterial infection. MAIT cells have cyto-
toxic properties and can directly kill bacteria (17, 18, 20). NK cells
are activated by S. aureus (50) and contribute to immune defense
against this infection in vivo (51). In the absence of Thl and Th17
immunity, the susceptibility to S. aureus infection is increased (49).
Thus, the findings of this study indicate that LukED targets cells
have the capacity to mount a rapid effector response against S.
aureus. In particular, the rapid and almost complete elimination of
MAIT cells by LukED may represent a possible immune evasion
mechanism affecting the outcome of S. aureus infection. Interest-
ingly, recent findings indicate that pathogenic Salmonella Typhimu-
rium sequence type 313 strains escape MAIT cell recognition
through overexpression of the RibB enzyme, thereby severely

limiting the production of MR1-presented Ag (52). Thus, emerging
evidence indicates that several distinct species of bacterial pathogens
have evolved mechanisms to avoid innate immune control by MAIT
cells.

The CCRS5 antagonist MVC inhibits the effect of LukED on T
cells. Because MVC is approved for use in humans, this opens the
possibility that this inhibitor could be used to block MAIT cell
depletion and restore immune control in patients with invasive S.
aureus infection. It is interesting to note that several new treatments
are in development for S. aureus infection, including mAbs aimed
to neutralize S. aureus toxins (53). In experimental animal models
of infection in mice (54) and rabbits (55), the combination of mAbs,
including one targeting LukED, shows enhanced efficacy over single
Ab administration with decreased bacterial burden (54) or increased
survival (55). In addition, new neutralizing agents called centyrins
are able to block the binding of the five bicomponent leukocidins to
their receptors and protect in vivo against S. aureus infection (56).

S. aureus is a prominent pathogen in the hospital setting, and the
treatment is complicated by the emergence of methicillin-resistant S.
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FIGURE 5. LukED targets mature CD56%™ NK cells mostly independent of CCRS5. (A) Representative flow cytometry plots and combined donor data of
the percentage and absolute count of CD56""" and CD56%™ NK cells on LukED treatment for 4 h (n = 6). LukED is used at 5 pg/ml throughout the figure.
(B) Percentage of depletion of CD56™€" and CD56%™ NK cells on LukED treatment (n = 6). Representative flow cytometry plots (C) and combined data
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aureus with acquisition of a multiresistance profile (35, 57). MAIT
cells were recently shown to recognize antibiotic-resistant bacteria,
and their effector functions can overcome certain bacterial resistance
mechanisms (20, 58). Furthermore, our findings indicate that MAIT
cell functionality was retained on exposure to sublethal doses of
LukED, supporting the notion that low concentrations of toxin in
the microenvironment do not disrupt signaling in MAIT cells. In

this context, neutralization of these S. aureus virulence factors may
rescue the effector function of MAIT cells, even if neutralization is
not complete.

Finally, we speculate that the downregulation of CCRS on MAIT
cells on activation with IL-12 and IL-18, or via direct recognition of
bacterial Ag, may allow MAIT cells to evade LukED toxicity.
MAIT cells recruited to tissue sites in the context of innate immune
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activation in response to bacteria can possibly in this way be par-
tially protected against the toxin. In the absence of such inflamma-
tory cytokine activation, MAIT cells at a site of infection may be
sensitive to LukED until they recognize that bacterial Ag and CCRS
downregulation occurs. Thus, in the early stages of infection, the
invading bacteria may have a limited window in time to evade
effector cells, and it is possible this initial period is important for the
ability of S. aureus to establish infection. In contrast, the effect of
activation on CCRS5 expression in MAIT cells may perhaps be har-
nessed to promote a more resistant MAIT cell phenotype for immu-
notherapeutic purposes. In summary, we show that the LukED toxin
is a major killer of innate cytolytic effector immune cells. Notably,
MAIT cells are hypersensitive to the toxin compared with other
types of cytolytic effector cells, such as conventional adaptive T
cells, yo T cells, iNKT cells, and NK cells. These findings support
a model where LukED targeting of CCR5 may function as an S.
aureus immune evasion mechanism to avoid rapid MAIT cell detec-
tion and elimination.
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