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Opsonization-Enhanced Antigen Presentation by MR1
Activates Rapid Polyfunctional MAIT Cell Responses Acting
as an Effector Arm of Humoral Antibacterial Immunity

Caroline Boulouis,* Jean-Baptiste Gorin,* Joana Dias,* Peter Bergman,“t

Edwin Leeansyah,*® and Johan K. Sandberg*

Mucosa-associated invariant T (MAIT) cells are innate-like antimicrobial T cells recognizing a breadth of important pathogens via
presentation of microbial riboflavin metabolite Ags by MHC class Ib-related (MR1) molecules. However, the interaction of human
MALIT cells with adaptive immune responses and the role they may play in settings of vaccinology remain relatively little explored.
In this study we investigated the interplay between MAIT cell-mediated antibacterial effector functions and the humoral immune
response. IgG opsonization of the model microbe Escherichia coli with pooled human sera markedly enhanced the capacity of
monocytic APC to stimulate MAIT cells. This effect included greater sensitivity of recognition and faster response Kinetics, as well
as a markedly higher polyfunctionality and magnitude of MAIT cell responses involving a range of effector functions. The boost of
MALIT cell responses was dependent on strongly enhanced MR1-mediated Ag presentation via increased FcyR-mediated uptake
and signaling primarily mediated by FcyRI. To investigate possible translation of this effect to a vaccine setting, sera from human
subjects before and after vaccination with the 13-valent—conjugated Streptococcus pneumoniae vaccine were assessed in a
MALIT cell activation assay. Interestingly, vaccine-induced Abs enhanced Ag presentation to MAIT cells, resulting in more potent
effector responses. These findings indicate that enhancement of Ag presentation by IgG opsonization allows innate-like MAIT cells
to mount a faster, stronger, and qualitatively more complex response and to function as an effector arm of vaccine-induced

humoral adaptive antibacterial immunity. The Journal of Immunology, 2020, 205: 67-77.

ucosa-associated invariant T (MAIT) cells belong to
the family of unconventional T cells that share the
ability to recognize nonprotein Ags presented by MHC
class I-like molecules (1-4). MAIT cells have a systemic presence
in humans and are particularly abundant in mucosal barrier tissues
and in the liver (5-7). MAIT cells express a semi-invariant af3
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TCR (8-10) and recognize microbial metabolite Ags derived from
the vitamin B2 biosynthesis pathway shared by many microbes,
presented by the MHC class Ib-related (MR1) molecules (11, 12).
When activated by such Ags, they respond in a rapid, innate-like
manner with release of cytokines, including IFN-y, TNF, and IL-17
(5, 13), and mediate cytolytic effector functions against bacteria-
infected cells (14-16). Their innate-like T cell response pattern
depends on a transcriptional profile characterized by the coexpression
of promyelocytic leukemia zinc finger (PLZF) and retinoid-related
orphan receptor (ROR) vyt (5, 6).

The capacity of MAIT cells to respond to conserved bacterial-
and fungal-derived riboflavin metabolites is important for
protection against microbial infections, in particular, bacterial
infections of the lung (17). This includes immunity against
mycobacteria in humans and mice (13, 18, 19) as well as clear
protective effects in murine models of Klebsiella pneumoniae
(20), Francisella tularensis (21, 22), and Legionella longbeachae
infections (23). From an immune homeostasis perspective, it
is interesting that mice deficient in MR1, thus lacking MAIT
cells, display signs of impaired intestinal integrity and in-
creased microbial translocation (24). Thus, MAIT cells are
positioned and poised to respond to microbial infection at
mucosal surfaces.

MR1 is highly evolutionarily conserved in mammals, largely
nonpolymorphic in humans, and widely expressed intracellularly
in many cell types (25-27). MR1 Ag loading occurs in the en-
doplasmic reticulum (ER), where MR1 is present in a preformed
conformation (28). The unstable antigenic metabolite 5-(2-
oxoethylideneamino)-6-D-ribitylaminouracil stabilizes MR1 through
formation of a covalent Schiff base bond (11, 12), and the stable
MR1-5-(2-oxoethylideneamino)-6-p-ribitylaminouracil complex
then translocates to the cell surface (28). Thus, in the context of
infection, MR1 can be detected at high levels on the surface of
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APCs, whereas in the absence of antigenic ligand, the surface
expression is generally very low. In addition to direct MAIT cell
triggering via recognition of MR1-presented Ags, high expres-
sion of the receptors for IL-18 and IL-12 endows MAIT cells
with the capacity to respond to these cytokines produced by
APCs in response to pattern recognition signals (13). This in-
nate cytokine pathway can enhance TCR-mediated MAIT cell
activation (29, 30) and trigger MR1-independent MAIT cell
responses (31-34).

Phagocytosis of microbes by APCs can be triggered by lectin-
and scavenger receptors (35). Notably, however, Ags from mi-
crobes covered by opsonins, such as IgG or complement, are more
efficiently endocytosed, processed, and presented to MHC-
restricted T cells (36). The activating Fcy receptors expressed
by APCs, including FcyRI (CD64), FeyRIIA/C (CD32A/C), and
FcyRIIIA (CD16A), transduce signals through the ITAM located
in the cytoplasmic domain of CD32A/C or in the associated FcRy
adaptor protein for CD64 and CD16A (37). Activating signals
from FcyRs induce a range of different functions, including mi-
crobial phagocytosis and processing for Ag presentation on MHC
class I and II (37). Much less is known about the role of FcyRs for
Ag processing and presentation by MRI1.

Streptococcus pneumoniae is a human pathogen that can cause
severe diseases, such as meningitis, bacteremia, and pneumonia
(38), with the young and the elderly as the most susceptible
populations (39). Naturally acquired immunity to S. prneumoniae
is dependent on Ab responses to bacterial surface proteins (40).
Vaccines that target polysaccharides of S. pneumoniae generate
IgG-mediated humoral immunity protecting against the sero-
types included in the vaccine (41). Interestingly, recent find-
ings indicate that MAIT cells can recognize and mount robust
responses to pneumococci via both MR1-dependent and MR1-
independent routes (42, 43). Little is known regarding the
interplay between the adaptive humoral immune response and
the MAIT cell compartment, which is capable of mediating
innate-like rapid effector functions. In this study, we investi-
gated this interaction by first dissecting the impact of IgG
opsonization on MR1-mediated Ag presentation, the subsequent
detection of MR1-restricted Ag by MAIT cells, and the quality
of the ensuing MAIT cell response. We next investigated how
potentiating effects on all these levels translate into enhanced
MAIT cell detection of S. pneumoniae in response to vaccina-
tion. Altogether, our findings indicate that IgG opsonization of
bacteria enhances MR1-mediated Ag presentation, allowing
MAIT cells to mount a more efficient and qualitatively different
response and to act as an effector arm of humoral vaccine-induced
immunity in humans.

Materials and Methods

Human blood samples and tonsil tissue

Peripheral blood was collected from healthy adults recruited at the Blood
Transfusion Clinic at the Karolinska University Hospital, Huddinge.
Tonsils were collected from patients undergoing tonsillectomy because of
sleep disorders in breathing or obstructive sleep apnea syndrome. To iso-
late cells, the tonsils were cut in small pieces and then smashed
mechanically through a 100-wm cell strainer. Mononuclear cells were
isolated as described in the Cell isolation paragraph. Tonsillectomies were
performed at the Department of Otorhinolaryngology at the Karolinska
University Hospital, Huddinge or at Cityakuten, Stockholm, Sweden.
Written informed consent was obtained from all donors in accordance with
study protocols conforming to the provisions of the Declaration of Helsinki
and approved by the Regional Ethics Review Board in Stockholm.

Serum samples

Nine healthy donors were recruited by the Immunodeficiency Unit at
Karolinska University Hospital, Huddinge (44). Serum was collected from

these donors before vaccination and at week 2 or 4 after vaccination
with Prevnarl3 (pneumococcal 13-valent conjugate vaccine; Pfizer),
and data on specific serum IgG titers and opsonophagocytic activity
(OPA) collected as described (44). The study was performed in ac-
cordance with the Declaration of Helsinki and approved by the Re-
gional Ethics Review Board in Stockholm and by the Swedish Medical
Product Agency. The study was registered at www.clinicaltrials.gov as
NCT01847781. Written consent was obtained from all subjects prior to
inclusion.

Microbes

The Escherichia coli strains D21, 1100-2, and the ribA-deficient BSV-18
were cultured overnight at 37°C in lysogeny (Luria-Bertani) broth with
3 pg/ml riboflavin supplementation for BSV-18 (45). S. pneumoniae 1344
19A was cultured overnight at 37°C and 5% CO, in Todd Hewitt Broth.
Live microbes were counted by the standard plate counting method on
appropriate culture media, and counts were expressed as CFU/ml. The mi-
crobes were then stored at —80°C in 50% glycerol/50% FCS for E. coli D21
and 50% glycerol/50% PBS for E. coli 1100-2, BSV-18, and S. pneumoniae
1344 19A. 1100-2 is the congenic strain of BSV-18.

Cell isolation

PBMC:s and tonsillar mononuclear cells were prepared by Ficoll-Hypaque
density gradient centrifugation (Lymphoprep; Axis-Shield Diagnostics).
After isolation, PBMCs and tonsillar mononuclear cells were incubated
overnight in RPMI 1640 medium supplemented with 2 mM L-glutamine
and 25 mM HEPES (both from Thermo Fisher Scientific) as well as
10% FBS (Sigma-Aldrich), 50 wg/ml gentamicin (Life Technologies), and
100 pg/ml Normocin (InvivoGen). The Va7.2* cells were purified from
PBMCs and tonsillar mononuclear cells using anti-Va7.2-PE (BioLegend),
followed by positive-selection MACS using anti-PE Microbeads (Miltenyi
Biotec).

MAIT cell activation assay

Bacteria were first washed once in PBS, then fixed for 3 min in 1%
formaldehyde while being vortexed during the first minutes, and extensively
washed in PBS. The bacteria were then resuspended in RPMI 1640 sup-
plemented with 2 mM L-glutamine and 25 mM HEPES (Thermo Fisher
Scientific), 50 pg/ml gentamicin (Life Technologies), and 100 pg/ml
Normocin (InvivoGen) (no FCS), or incubated with 1, 5, or 10 mg/ml
IVIg (GAMUNEX) or 100 pl of pooled serum for 30 min at 37°C. Af-
ter extensive washes, the microbes were resuspended in medium without
FCS and fed to THP-1 monocytic cells at the microbial dose of 1 for
E. coli and 3 for S. pneumoniae. The activation assay was performed as
previously described, with slight modification (46). THP-1 cells were
seeded in medium without FCS for 2 h prior to adding the bacteria. Va7.2*
cells and THP-1 were cultured at 2:1 ratio for 24 h in the presence of fixed
microbes and 1.25 pg/ml anti-CD28 mAb (L293; BD Biosciences). In all
functional assays, MAIT cells were gated and identified by flow cytometry
as Va7.2*CD161* T cells (46). The THP-1 cell line was maintained in
complete medium and routinely tested negative for mycoplasma.

In MRI1 blocking experiments, THP-1 cells were preincubated 30 min
before adding Va7.2* cells with 100 wM acetyl-6-formylpterin (Schircks
Laboratories), or anti-MR1 mAb (26.5; BioLegend), or isotype control
(MOPC-173; BioLegend) at the final concentration of 20 pg/ml. In IL-12/
IL-18 neutralization experiments, THP-1 cells were preincubated 30 min
before adding Va7.2* cells with anti-IL-12 p40/70 mAb (C8.6; Miltenyi
Biotec), anti—IL-18 mAb (125-2H; MBL International) or isotype control
(MOPC-21; BioLegend) at the final concentration of 5 pg/ml. In the Fc
receptor blocking experiments, THP-1 cells were preincubated 30 min
before adding E. coli with 20 pg/ml purified Fc fragment from human
IgG (Millipore), 10 pwg/ml anti-CD64 (10.1; BioLegend), 20 pg/ml anti-
CD32A (IV.3; STEMCELL Technologies), 20 pg/ml isotype control
(MPC-11; BioLegend), or 10 pg/ml isotype control (MOPC-21; Bio-
Legend). Stimulation of Va7.2" cells for 6 h with PMA/ionomycin
(Leukocyte Activation Cocktail, with BD Golgi Plug; BD Biosci-
ences) and in the presence of monensin was included in all experiments
as a positive control. The different percentages were calculated as fol-
lows: cytokine expression boost (percentage) = [(cytokine® in the
opsonized conditions — cytokine® in the nonopsonized conditions)/
(cytokine® in the nonopsonized conditions)] X 100; response depen-
dency (percentage) = [(cytokine® in presence of isotype control or
without blocking — cytokine™ in presence of the inhibitor)/(cytokine™ in
presence of isotype control or without blocking)] X 100; inhibition of
cytokine expression boost with Fc fragment (percentage) = [(percentage boost
without Fc fragment — percentage boost with Fc fragment)/(percentage boost
without Fc fragment)] X 100.
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Deglycosylation of IVIg

IVIg (GAMUNEX) were deglycosylated using Immobilized GlycINATOR
(Genovis) as per the manufacturer’s instructions. Deglycosylated IVIg was
then used to opsonize E. coli as described above.

Soluble cytokine analysis

Supernatant from the MAIT cell activation assay was harvested after 24 h
of stimulation and stored at —80°C before LEGENDplex (BioLegend)
analysis following the manufacturer’s instructions.

Phagocytosis assay

The monocytic cell line THP-1 was cultured in medium without FCS for 2 h
prior to addition of E. coli. Bacteria were washed once in PBS, fixed in 1%
formaldehyde for 3 min, vortexed during the first minute, and extensively
washed in PBS. The bacteria were incubated in pHrodo Red dye at
0.05 mM (Thermo Fisher Scientific) and NaHCOj3; buffer at 100 mM for
30 min at 37°C. After washing in NaHCO; buffer, bacteria were opsonized
with 5 mg/ml IVIg (GAMUNEX) for 30 min at 37°C or resuspended in
medium without FCS. After extensive washes, the microbes were resus-
pended in medium without FCS and fed to THP-1 cells at the microbial
dose of 1 for 3 h. THP-1 cells were then stained with LIVE/DEAD Fixable
Near-IR dye (Invitrogen), fixed in 1% formaldehyde, and analyzed by flow
cytometry.

Analysis of the MR1 Ag presentation pathway

The monocytic cell line THP-1 was cultured in RPMI 1640 without folic
acid (Life Technologies) for 2 h prior to incubation with E. coli D21, ribA-
deficient BSV-18 or 1100-2 nonopsonized or IVIg opsonized as described
above with slight modification. After fixation and opsonization, the bac-
teria were resuspended in RPMI 1640 without folic acid and added to the
THP-1 culture at the microbial dose of 100. After up to 4 h incubation, the
cells were stained and fixed. In some experiments, THP-1 cells were
preincubated 30 min with 5 wg/ml brefeldin A (Abcam), 20 wg/ml cyto-
chalasin D (Sigma-Aldrich), 50 nM bafilomycin A (Sigma-Aldrich),
6.25 nM wortmannin (Sigma-Aldrich), 2.5 uM R406 (BioVision), 10 pg/ml
anti-CD64 (10.1; BioLegend), 20 pg/ml anti-CD32A (IV.3; STEMCELL
Technologies), 20 wg/ml isotype control (MPC-11; BioLegend), or 10 pg/ml
isotype control (MOPC-21; BioLegend). In the wash conditions, THP-1 cells
were preincubated 30 min before adding E. coli with the chemical inhibitors,
then washed and supplemented with fresh RPMI 1640 without folic acid or
with complete medium before continuing with the experiment.

Flow cytometry

Cell surface and intracellular staining was performed as previously de-
scribed (15, 47). The Abs used were as follows: anti-CD3 Bv650 (OKT3;
BioLegend), anti-CD3 FITC (SK7; BD Biosciences), anti-Va7.2 PE
(3C10; BioLegend), anti-CD161 Pe-Cy5 (DX12; BD Biosciences), anti-
CD4 Bv711 (OKT4; BioLegend), anti-CD8 Bv570 (RPA-TS; BioLegend),
anti-CD69 BUV737 (FN50; BD Biosciences), anti-CD107a BUV395
(H4A3; BD Biosciences), anti-GzB FITC (GB11; BioLegend), anti—IFN-y
allophycocyanin (25723.11; BD Biosciences), anti-TNF PE-Cy7 (Mabl1;
BD Biosciences), anti-IL-17A Bv421 (BL168; BioLegend), anti-ROR+yt
allophycocyanin (R&D Systems), anti-ROR+yt Bv650 (Q21-559; BD Bio-
sciences), anti-PLZF PECF594 (R17-809; BD Biosciences), anti—T-bet
Bv711 or Bv605 (4B10; BioLegend), anti-MR1 (26.5; BioLegend), anti—
HLA-DR (L243; BioLegend), anti-HLA-A2 (BB7.2; Bio-Rad Laborato-
ries), LIVE/DEAD Fixable Aqua and Near-IR dye (Invitrogen). Flow
cytometry data were acquired on BD LSRFortessa or BD FACSymphony
A5 instruments (both BD Biosciences) and analyzed using FlowJo soft-
ware v. 10.5.3 (Tree Star). Analyses of MAIT cell polyfunctionality were
performed using the SPICE software v. 6.0 (48).

Statistics

Statistical analysis was performed using the Prism software v.7 (GraphPad).
Data sets were first subjected to a data normality distribution test. Dif-
ferences between groups of samples were analyzed for statistical signi-
ficance using an unpaired ¢ test or Mann—Whitney U test for unpaired data
and a paired ¢ test or Wilcoxon signed-rank test for paired data. Possible
correlations in data sets were determined using Spearman rank correlation.
Two-sided p values <0.05 were called significant.

Data availability

The data reported in this paper will be available upon request from the
corresponding author.
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Results
IgG opsonization enhances the magnitude of MR1-dependent
MAIT cell responses to E. coli

To investigate whether MAIT cell responses to bacteria are
modulated by opsonization, we incubated magnetic bead—purified
Va7.2" cells with THP-1 cells fed mildly fixed, nonopsonized, or
IgG-opsonized E. coli and analyzed MAIT cell expression of cyto-
kines and cytotoxic molecules by intracellular flow cytometry. In all
functional assays, MAIT cells were identified as Va7.2"CD161*
T cells (46). E. coli serves in this study as a model micro-organism
with potent production of riboflavin metabolite Ags for presentation
by MR1 (46). As a source of IgG against a commonly occurring
antigenic microbe, such as E. coli, we used the pooled human serum
1gG preparation IVIg. After 24 h of coculture, IVIg-opsonized E. coli
stimulation induced a higher magnitude of IFN-y, TNF, and IL-17A
production in MAIT cells, as well as increased expression of the cy-
tolytic effector molecule granzyme B (GzB) with concomitant de-
granulation (CD107a), as compared with nonopsonized E. coli
(Fig. 1A, 1B). Interestingly, Banki et al. (49) recently observed a
similar increase in IFN-y and TNF production in response to E. coli
preincubated with IVIg. The increase in IFN-y, TNF, and IL-17A
production was confirmed by measuring their concentrations in the
supernatant of the MAIT cell-THP-1 coculture (Fig. 1C).

MAIT cells are found in many barrier tissues, in which they are
well positioned to respond to microbial infections. To investigate
whether responses from MAIT cells in tissue can be similarly en-
hanced by IgG opsonization, we magnetic bead—purified Va7.2* cells
from tonsil tissue and stimulated these cells with THP-1 cells fed
mildly fixed, nonopsonized, or IgG-opsonized E. coli (Supplemental
Fig. 1A, 1B). Tonsil MAIT cells mounted only weak responses to
nonopsonized E. coli, whereas IVIg-opsonized E. coli stimulation
induced a higher magnitude of IFN-y and IL-17A production in
MAIT cells as well as increased degranulation and expression of GzB.

Ag-dependent activation of MAIT cells occurs when MR 1-loaded
Ags are recognized by the MAIT cell TCR, and such triggering is
associated with TCR downregulation (45). IVIg-opsonized E. coli
stimulation provoked enhanced downregulation of the Va7.2 TCR
in MAIT cells from blood compared with the nonopsonized stimu-
lation (Supplemental Fig. 1C, 1D), with a similar pattern for tonsillar
MAIT cells (Supplemental Fig. 1E). To assess to what extent the
MAIT cell response was dependent on TCR triggering, we blocked
the interaction between MR1 and the TCR by adding anti-MR1 Ab
during the coculture. MAIT cell activation was highly dependent on
MR1 recognition for both nonopsonized and IVIg-opsonized E. coli
conditions (Fig. 1D, Supplemental Fig. 1F). However, the level of
MRI1 dependency was higher in the IVIg-opsonized conditions,
suggesting a role for enhanced Ag presentation in the increased
MAIT cell activation by opsonized bacteria.

Some MAIT cell functions can be activated by cytokines pro-
duced by APCs, including IL-12 and IL-18. Neutralization of
IL-12p70 and IL-18 with mAbs during the MAIT cell assay
inhibited MAIT cell cytokine production at a rate that differed
between the functions tested (Fig. 1D). Interestingly, responses to
opsonized E. coli displayed a lower dependency on IL-12 and
IL-18 for IFN-y and GzB secretion, as well as CD107a degranulation,
compared with the nonopsonized stimulation (Fig. 1D). Unex-
pectedly, neutralization of IL-12p70 led to increased production of
TNF, suggesting a possible inhibitory role of IL-12 on TNF pro-
duction (Fig. 1D). GzB production in response to opsonized
E. coli was nearly completely independent of IL-12 and IL-18
(Fig. 1D). Triple blocking of MRI, IL-12p70, and IL-18 po-
tently inhibited MAIT cell expression of IFN-y and TNF as well
as CD107a degranulation (Fig. 1E). The GzB response was only
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FIGURE 1.

IgG-opsonization increases the magnitude of the MR 1-restricted MAIT cell response to E. coli. Representative flow cytometry data (A), and

mean percentage (B) of expression of IFN-y, TNF, IL-17A, CD69, CD107a, and GzB in Va7.2*CD161* MAIT cells stimulated for 24 h with THP-1 cells
fed nonopsonized or IVIg-opsonized E. coli at the microbial dose of 1 (n = 30-38). (C) Concentration of IFN-y, TNF, and IL-17A in the supernatant of the
coculture after stimulation with nonopsonized and IVIg-opsonized E. coli for 24 h (n = 4-7). (D) MR1 and IL-12/IL-18 dependency of IFN-y, TNF,
IL-17A, CD107a, and GzB production. (E) MR 1/IL-12/IL-18 dependency of IFN-y, TNF, CD107a, and GzB production (n = 30-38). (F) Concentration of
IL-12p70 and IL-18 in the supernatant of the 24-h coculture (n = 4-7). n = individual human donor cells tested in independent experiments. The lines and
error bars represent mean and SE. In (D), response dependency (percentage) = ([cytokine™ in presence of isotype control or without blocking — cytokine* in
presence of blocking)/(cytokine® in presence of isotype control or without blocking)] X 100. *p < 0.05, **p < 0.005, ***#p < 0.0001 by the paired # test
to determine significant differences between paired samples in (B) and (D) (left graph). *p < 0.05, **p < 0.01. and the Wilcoxon signed-rank test to detect

significance in (C), [(D), center and right graph], (E), and (F).

partially blocked, revealing that other factors probably play a role
in stimulation of GzB production by MAIT cells. It is interesting
to note that the supernatant of the coculture of THP-1 cells fed
IVIg-opsonized E. coli displayed a slightly higher concentration
of IL-12p70 and a three-log increase in IL-18 compared with
the nonopsonized condition (Fig. 1F). Notably, IVIg-opsonized
E. coli was taken up more readily by THP-1 cells, as determined
by intracellular detection by fluorescent pHrodo Red staining
(Supplemental Fig. 1G, 1H). Taken together, these findings indicate

that the MAIT cell response to E. coli is greatly enhanced in
magnitude by preopsonization of the bacterium with IgG, mainly
in an MR1-dependent manner, with a reduced dependency on
cytokine costimulation.

MAIT cells responding to opsonized bacteria display increased
polyfunctionality and enhanced T-bet expression

The repertoire of functions deployed by a T cell in response to
stimulation can be more important than the magnitude of the
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response. We therefore investigated the polyfunctionality of the
MAIT cell response to nonopsonized or IVIg-opsonized microbes
using SPICE software analysis (48). The MAIT cell polyfunctional
profile differed between the two conditions, with a clear in-
crease of MAIT cells responding with two, three, or four functions
after stimulation with THP-1 cells fed IVIg-opsonized bacteria
(Fig. 2A). This reflected a major increase of GzB*IFN-y*TNF"
and GzB*IFN-y* MAIT cells (Fig. 2B, 2C). We next determined
the expression of key transcription factors in MAIT cells during
these stimulatory conditions. The levels of T-bet increased in
MAIT cells stimulated with [VIg-opsonized E. coli compared with
the nonopsonized condition, whereas levels of RORyt and PLZF
remained similar (Fig. 2D, 2E). A similar pattern was evident in
MAIT cells from tonsils stimulated under the same conditions
(data not shown). Thus, the MAIT cell response to IgG-opsonized
bacteria is not only stronger but also qualitatively more complex.
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Amplification of both sensitivity and kinetics of MAIT cell
activation by IgG opsonization of E. coli

In the context of an infection, both the speed and sensitivity of Ag
detection can be very important to limit microbial spread and
provide effective protection of the host. Therefore, we next in-
vestigated the impact of IgG opsonization on sensitivity and ki-
netics of the MAIT cell response. Opsonization of E. coli increased
the dose sensitivity leading to higher IFN-y production by
MAIT cells at suboptimal doses of bacteria (Fig. 3A). This effect
was amplified along with the concentration of IVIg used for
opsonization. The Va7.2 TCR downregulation followed a similar
pattern (Fig. 3A), indicative of enhanced Ag presentation and
TCR triggering following IVIg-opsonized E. coli stimulation.
Expression of TNF and GzB, as well as CD107a degranulation,
displayed similar dose sensitivity—response curves (Supplemental
Fig. 2A).
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FIGURE 2. MAIT cell polyfunctionality and T-bet expression are increased by IVIg-opsonized E. coli stimulation. Polyfunctional profile of
Va7.2*CD161" MAIT cells responding to nonopsonized or IgG-opsonized E. coli in terms of the number of functions displayed (A), and combinations of
IFN-vy, TNF, IL-17A, and GzB production (B). (A)—(C) show the frequency of MAIT cells expressing all combinations of functions or cytokines (n = 12).
Representative flow cytometry histograms (D), and combined data and ratio (E) of ROR+yt, T-bet, and PLZF expression in MAIT cells unstimulated or in the
presence of nonopsonized or IVIg-opsonized E. coli for 24 h (n = 3-6). The fluorescence minus one (FMO) control is showed as gray dashed line in (D).
The lines and error bars represent mean and SE. *p < 0.05, **p < 0.01, ***p < 0.001 by the Wilcoxon signed-rank test to detect significance in (C).
*p < 0.05, **p < 0.005 by the Friedman test followed by Dunn post hoc test to determine significant differences between multiple, paired samples in (E).
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To assess the effect of opsonization on the kinetics of MAIT cell
responses to bacteria, we next performed a time-kinetic assay using
the optimal 5 mg/ml IVIg opsonization dose. Within 10 h, the
MAIT cell IFN-y and TNF production following the IVIg-
opsonized E. coli stimulation reached the level of cytokines
produced by MAIT cells stimulated with the nonopsonized
bacteria after 24 h of stimulation (Fig. 3B). The pattern was
similar for CD107a degranulation, whereas GzB production and
Va7.2 downregulation occurred earlier and at a greater magni-
tude in the IVIg-opsonized conditions (Supplemental Fig. 2B).
Altogether, these findings suggest that opsonization accelerates
MAIT cell recognition of microbial Ags and lowers the threshold
of activation of MAIT cell effector functions.

Enhancement of MAIT cell responses to 1gG-opsonized E. coli
requires APC—FcyR binding

The enhanced ability of THP-1 cells incubated with opsonized
bacteria to activate MAIT cells suggests enhanced Ag uptake and
loading via FcyR engagement. To test this possibility, we blocked
FcyR by incubating THP-1 cells with human IgG Fc fragments
prior to addition of the bacteria. In the presence of soluble Fc
fragments, the MAIT cell IgG opsonization response boost was
strongly inhibited (Fig. 4A, 4B, Supplemental Fig. 3A). The
inhibition was ~80% for IFN-y, TNF, and CD107a and 50% for
GzB (Fig. 4C). Similarly, Fc fragment-mediated blocking
inhibited TCR triggering, as evidenced by the weaker Va7.2
TCR downregulation (Supplemental Fig. 3A). THP-1 cells express
FcyRI and FcyRII (50), and therefore, to assess the potential in-
volvement of these receptors in the enhanced Ag presentation to
MAIT cells, we blocked FcyRI and FcyRIIA with anti-CD64 and
anti-CD32A mAbs, respectively. Blocking the high-affinity re-
ceptor CD64 diminished TNF expression, CD107a degranulation,
and Va7.2 downregulation in the IVIg-stimulated conditions
(Supplemental Fig. 3B, 3C). On the contrary, blocking CD32A
had no detectable effect (Supplemental Fig. 3D).

2 h (n = 3). The lines and error bars represent mean and SE.

Ig glycosylation is important for binding of IgG to FcyR (51).
EndoS2 is an endoglycosidase from S. pyogenes, which hydro-
lyzes N-linked glycans on the IgG Fc part and reduces its binding
to the FcyR (52). To further investigate this aspect of FcyR in-
volvement, we used EndoS2 to deglycosylate IVIg before use in
the opsonization assay. MAIT cell responses to E. coli opsonized
using deglycosylated IVIg were similar to the nonopsonized
condition (Fig. 4D, 4E), indicating that glycan-dependent binding
of IVIg to the FcyR is required for the downstream enhancement
of MAIT cell responses. The production of IL-17A and GzB, as
well as CD107a degranulation and Va7.2 TCR downregulation,
followed a similar pattern (Supplemental Fig. 3E). Altogether,
these data demonstrate that Fc-dependent engagement of FcyRs
by the IVIg-opsonized E. coli is crucial for the enhancement of
MAIT cell responses by IgG opsonization of the stimulating
microbe.

Enhanced MRI1-mediated Ag presentation via FcyR signaling,
uptake, and ER transport

At steady state, MR1 molecules are retained in an incompletely
folded conformation inside the ER with very low or undetectable
levels at the cell surface. Once Ag is bound, the MR1-Ag complex
translocates to the cell surface, where it can be recognized
by MAIT cells (28). Thus, upregulation of MR1 surface expres-
sion can function as an indicator of MR1 ligand availability and
loading. To assess how opsonization may affect these processes,
we evaluated MR1 cell surface expression after exposure to
nonopsonized and IVIg-opsonized bacteria. After incubation with
IVIg-opsonized E. coli, MR1 cell surface expression levels were
significantly enhanced, as compared with incubation with non-
opsonized E. coli (Fig. 5A, 5B). In contrast, surface levels of
MHC class I remained stable, and levels of MHC class II were just
modestly increased, for both nonopsonized and opsonized condi-
tions. Kinetics of MR1 expression under these conditions showed
that the increase provoked by opsonized bacteria was not immediate,
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and the cells needed at least 3 h to express high levels of MR1 on
their surface (Fig. 5C).

To determine which pathways were involved in the enhancement
of MR1 expression, we targeted different key components of Ag
processing using chemical inhibitors (Fig. 5D). Cytochalasin D, an
inhibitor of actin polymerization that disrupts cytoskeleton as-
sembly and therefore phagocytosis, strongly inhibited the increase
in MR1 expression at the cell surface. Because unloaded MR1
molecules are retained as a pool in the ER, blockade of ER egress
was assessed with brefeldin A, which strongly inhibited cell sur-
face expression of MR1. Further, upregulation of MR1 expression
was partially inhibited by bafilomycin A1, suggesting that passage
in a lysosomal compartment is involved in the enhancement of
MR1 expression at the cell surface induced by IVIg-opsonized
bacteria. Next, we targeted the spleen tyrosine kinase (Syk), an
early signaling protein that transmits signals from the ITAM of the
activating FcyR CD32A or the FcR+y adaptor protein associated

with CD16A and CD64. The Syk inhibitor R406 strongly inhibited
MRI1 surface upregulation induced by IVIg-opsonized bacteria.
Similarly, wortmannin blocking of class IA PI3K, involved
downstream of Syk in FcyR signaling, repressed MR1 surface
expression (Supplemental Fig. 4A). Finally, blocking the FcyR
with IgG Fc fragment prevented the increase in MR1 cell surface
expression (Fig. 5D). Specific blocking of FcyR with anti-CD64
reduced MR1 cell surface expression, whereas anti-CD32 block-
ing slightly increased MR1 expression (Supplemental Fig. 4A).
Incubation of THP-1 cells with IVIg-opsonized BSV-18, a ribA-
deficient E. coli strain unable to synthesize riboflavin (45, 53), did
not lead to increased MR1 surface expression (Supplemental Fig.
4B). In contrast, the IVIg-opsonized congenic riboflavin synthesis-
competent 1100-2 strain induced an augmented MR1 cell surface
expression as expected. Taken together, these findings indicate
that FcyR signaling is a key event in the increased MR1 Ag
loading in response to IgG-opsonized E. coli, supporting enhanced
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FIGURE 5. Increase in MR1-mediated Ag presentation by IVIg-opsonized bacteria is dependent on bacterial uptake, MR1 ER egress, and lysosomal acid-

ification. Representative flow cytometry histogram (A), and combined donor data (B) on MR1, HLA-DR, and HLA-A2 expression in THP-1 cells fed with
nonopsonized or IVIg-opsonized E. coli for 3 h (n = 6-12). The MR1 isotype control staining is shown as gray dashed line in (A). (C) Kinetics of MR1 expression
on THP-1 cells in presence of nonopsonized or IVIg-opsonized E. coli. The MR1 isotype control staining is shown for both stimulations (n = 2—4). (D) MR1
expression in THP-1 cells unstimulated or in the presence of nonopsonized or IVIg-opsonized E. coli and with indicated compound for 3 h (n = 6-12). (E) The
degree of inhibition of the MAIT cell response stimulated by IVIg-opsonized E. coli for 24 h, in presence of the indicated compound. For the THP-1 wash
conditions, THP-1 cells were incubated for 30 min in presence of the compound, then washed, resuspended in fresh medium, and cocultured with MAIT cells for
24 h. The lines and error bars represent mean and SE. *p < 0.05, **p < 0.005, ****p < 0.0001 by the Friedman test followed by Dunn post hoc test to detect
significant differences between multiple, paired samples in (B). *p < 0.05, ***p < 0.001 by the Wilcoxon signed-rank test to determine significance in (D).

Ag delivery to an MR1-containing endosomal compartment or ER
or triggering signals that bring the pool of MR1 out of the ER to
encounter the Ag.

We next investigated how downstream MAIT cell cytokine re-
sponses were affected by inhibiting these pathways in THP-1 cells
(Fig. SE). Presence of cytochalasin D, brefeldin A, or R406 almost
completely inhibited MAIT cell production of IFN-y or TNF and,
to a lower extent, GzB upregulation, whereas bafilomycin Al had
a partial effect (Fig. SE). To control for direct effects of these
inhibitors on MAIT cells, we included an additional experimental
condition in which THP-1 cells were pretreated for 30 min and
washed carefully before addition of MAIT cells to the assay. The

effects of cytochalasin D and brefeldin A on MAIT cell re-
sponses in this assay were still clear, whereas the effect of R406
was less distinct but still evident. Altogether, these findings
indicate that APC bacterial uptake, FcyR triggering, and ER
transport are required for IgG-mediated enhancement of Ag
presentation and hence for increased MAIT cell responses to
IVIg-opsonized E. coli.

Sera from humans vaccinated against S. pneumoniae enhance
MAIT cell recognition of this pathogen

S. pneumoniae is a Gram-positive bacterium and opportunistic
pathogen. We analyzed serum samples of healthy adults taken
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before and after vaccination with Prevnarl3, a 13-valent—conju-
gated vaccine directed against 13 different serotypes of S. pneu-
moniae in a previously published clinical trial (44). Pooled sera
from the nine healthy vaccine recipients were used to opsonize
S. pneumoniae 19A, one of the 13 strains included in the vaccine.
MAIT cell stimulation with S. pneumoniae 19A opsonized with
sera drawn after vaccination displayed increased IFN-y and TNF
expression as well as elevated CD107a degranulation compared
with stimulation with S. pneumoniae opsonized with the serum
collected from the same donors before vaccination (Fig. 6).
Furthermore, there was a significant positive correlation be-
tween the percentage increase in OPA and the enhancement of
MAIT cell TNF expression by opsonization and also between
the 19A-specific IgG serum titer increase and the boost of
CD107a expression by serum-opsonized bacteria (Table I).
The increase in MAIT cell function against S. pneumoniae was
MR1 dependent, as blocking Ag presentation with the MR1
antagonist acetyl-6-formylpterin (54) decreased IFN-y and
TNF production (Supplemental Fig. 4C). Taken together, these
results suggest that Ag-specific Abs raised by vaccination may
enhance MAIT cell responses to S. pneumoniae.

Discussion

MAIT cells are unconventional innate-like T cells present in all
healthy humans (1—4). The frequency in circulation differs widely
between donors, and the normal healthy range is from ~0.5% up
to 15% of all T cells (5). MAIT cells recognize Ag presented by
the nonpolymorphic MR1 molecules, and this means that they can
play critical roles in human immune defense and can potentially
be therapeutically mobilized to treat infections in a donor-
unrestricted fashion, without previous Ag-specific priming. In
this study, we explored the interplay between MAIT cells and the
humoral immune response and show that Abs against the model
microbe E. coli can efficiently enhance the sensitivity, kinetics,
and quality of MAIT cell recognition of this bacterium. Con-
versely, these findings also mean that MAIT cells can act as an
effector arm of humoral immunity and deploy their full range of
effector functions much more efficiently if a microbe is targeted
and opsonized for uptake and processing by IgG. Given the size
of the MAIT cell pool and their significant tissue-resident
presence in sites, such as the liver and the lung, we speculate
that this interplay with humoral immunity can be an important
aspect of human immune defense against many microbes. Our
finding that vaccination-induced Abs against S. pneumoniae
enhance MAIT cell responses to this bacterium suggests that the

MAIT cell-IgG axis is relevant in the context of pneumococcal
disease.

In the normal healthy state, when cells are not infected or ex-
posed to bacteria producing MR1-binding riboflavin metabolite
Ags, MR1 is mostly located intracellularly in the ER and endo-
somal compartments, with very low levels on the cell surface. Our
data show that uptake of IgG-opsonized E. coli leads to significant
MR1 surface upregulation in THP-1 cells. This observation indi-
cates that the FcyR-mediated uptake supports more efficient Ag
processing and loading into MR1 molecules for transport to the
cell surface. Previous studies indicated that Ag loading into MR1
occurs primarily in the ER, and that binding of the short-lived
riboflavin metabolite Ags is needed to release MR1 from the ER
(28). Our data showing almost complete block of Ag presentation
by brefeldin A in both IgG-opsonized and nonopsonized condi-
tions is consistent with a need for ER egress of MR1 molecules in
this process. However, whether ER is the site of Ag loading is not
clear from our data. Inhibition of endosomal acidification and of
Syk signaling also partly impaired MR1 Ag presentation in THP-1
cells after exposure to IgG-opsonized E. coli, suggesting that the
Ag processing and loading process is complex and involves sev-
eral compartments.

The enhanced MR1 Ag presentation of IgG-opsonized E. coli
caused MAIT cell responses of higher magnitude, a finding sup-
ported by similar observations by Banki et al. (49). More impor-
tantly, however, we found that IgG opsonization allowed MAIT cells
to respond with much faster kinetics and with efficient detection of
lower doses of bacteria. The higher dose sensitivity and more rapid
detection is probably more important than the response magnitude,

Table I.  Correlations between titers, opsonization data, and MAIT cell
functions
OPA Increase (%) Titer Increase (%)
Cytokine r P r P
IFN-y 0.55 0.1328 0.3333 0.3853
TNF 0.7333 0.0311 0.5 0.1777
CDI107a 0.4 0.2912 0.7167 0.0369
GzB 0.4667 0.2125 0.4 0.2912

Nonparametric Spearman correlation between the percentage of cytokine expres-
sion enhancement in MAIT cells, the percentage of OPA increase, and the percentage
of 19A-IgG titer increase (n = 9). r = Spearman correlation coefficient. For each of
the nine serum donors, 4-11 MAIT cell donors were tested in the opsonization assay.
The median of the percentage cytokine expression enhancement was calculated for
each serum donor and used for the correlation calculation. Numbers in bold indicate
statistically significant differences, p < 0.05.
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per se, in the setting of the acute stages of a bacterial infection. The
ability to detect lower bacterial loads sooner may be a deciding
factor for the outcome of the host immune response, in particular,
as MAIT cells are numerous and their response is more readily
available without the several days of clonal expansion often re-
quired for an adaptive T cell response to mount. In the vaccine
setting, it is possible that T cell-independent vaccines that generate
humoral immunity could engage MAIT cells in this way. Interest-
ingly, MAIT cells have also been found to provide T cell help for
Ab production by B cells (53).

An important aspect of our results is that the IgG-opsonized E.
coli Ag presentation drives a MAIT cell response that displays a
higher level of polyfunctionality. In particular, we observed an
increased prevalence of three- and four-functional profiles, with
GzB*IFN-y*TNF*, GzB*IFN-y*, and GzB*IFN-y*TNF'IL-17*
combinations increasing, whereas monofunctional response profiles
were less common. It is possible that the higher density of an-
tigenic MR1 complexes causes stronger TCR signaling, in turn
leading to enhancement of these polyfunctional response pat-
terns. The enhanced TCR downregulation observed in response
to IgG-opsonized E. coli is consistent with this hypothesis.
Previous data from studies of adaptive antiviral CD8 T cell re-
sponses indicate that polyfunctionality is an important aspect of
the quality and protective capacity of T cell responses (55) and
that this may be linked with the level of Ag sensitivity (56).
Another interesting difference between MAIT cells responding to
nonopsonized and IgG-opsonized E. coli is that the IgG-opsonized
condition leads to stronger upregulation of T-bet in the responding
MAIT cells. It is notable that the augmentation of T-bet expression
in MAIT cells stimulated with IgG-opsonized bacteria occurs
alongside their increased expression of GzB, indicative of cyto-
lytic arming of the cells.

Several infectious and noninfectious conditions are associated
with decline or depletion of the MAIT cell compartment. These
include, for example, acquired immunodeficiency in chronic HIV-1
infection (57, 58) and patients with primary immunodeficiency in
common variable immunodeficiency (59). MAIT cells also decline
during normal human aging (60). Furthermore, partial MAIT cell
deficiency has been described in patients with STAT3 mutations
(61), and recently, a case with severe MAIT cell deficiency was
associated with extreme susceptibility to lung infections (62). The
IgG-dependent enhancement of MAIT cell responses we have
described in this study may thus be impaired in patients with
immunodeficiency and in the elderly. In fact, a lack of specific Abs
against pathogenic bacteria or decreased levels of MAIT cells may
worsen the outcome of bacterial infections. However, we show in
this study that it is possible to boost MAIT cell responses by
vaccine-induced pneumococcus-specific IgG, thus underscoring
the clinical potential of our findings. In this context, approaches to
restore and expand MAIT cells in vivo could be important. Wang
et al. (23) demonstrated enhanced protection against L. long-
beachae in mice after adoptive transfer of MAIT cells or vacci-
nation with MAIT cell-activating ligand. In humans, a pilot study
of IL-7 treatment was shown to expand MAIT cells in HIV-1-
infected patients on antiretroviral treatment (63).

In summary, we show significant enhancement of human
MAIT cell responses to clinically important bacterial species via
IgG-mediated opsonization. Ags from the opsonized bacteria are
more efficiently processed and presented on MR1 molecules at the
cell surface, leading to stronger, faster, and more sensitive trig-
gering of MAIT cell responses with more complex qualitative
characteristics. These findings show significant interplay between
humoral immunity and the innate-like MAIT cells that may be
important for immune protection of the host, both in the setting of

bacterial infection and for vaccination strategies for patient groups
at risk for pneumococcal infections.
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