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Brain Astrocytes and microglia express functional MR1
molecules that present microbial antigens to mucosal-
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Abstract

It is unknown whether brain astrocytes and microglia have the capacity to present microbial
antigens via the innate immune MR1/MAIT cell axis. We have detected MAIT cells in the normal
mouse brain and found that both astrocytes and microglia are MR1*. When we stimulated brain
astrocytes and microglia with £. coli, and then co-cultured them with MAIT cells, MR1 surface
expression was upregulated and MAIT cells were activated in an antigen-dependent manner.
Considering the association of MAIT cells with inflammatory conditions, including those in the
CNS, the MR1/MAIT cell axis could be a novel therapeutic target in neuroinflammatory disorders.
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1. Introduction

The brain constitutes a unique immune-privileged organ. It is separated from the peripheral
blood immune system by the presence of the blood brain barrier (BBB) that makes it
“invisible” to immune cells (Larochelle et al. , 2011). However, the brain contains two
unique resident cells, astrocytes and microglia, with the ability to activate immune responses
via antigen presentation and hence, they constitute antigen presenting cells (APCs) in the
brain (Aloisi et al. , 1998, Rostami et al. , 2020). These cells participate as first line
defenders against inflammation and infection. In healthy conditions, their ability to
communicate with immune cells is restricted by the presence of the BBB and low expression
of antigen presenting molecules on their cell surface. However, an infection in the brain not
only results in immune cells and microbial infiltration into the CNS by compromising the
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BBB, but it also up-regulates the expression of antigen presenting molecules on their
surface, allowing them to efficiently stimulate various classes of T cells. Mucosal-associated
invariant T (MAIT) cells are innate-like T cells that are highly enriched in the gut mucosa
and constitute up to 10% of total T cells in adult human blood (Dusseaux et al. , 2011,
Gherardin et al. , 2018). They recognize microbial vitamin B-derived metabolites (Corbett et
al., 2014) presented by MR1 (Huang et al. , 2005, Treiner et al. , 2003), a non-polymorphic
major histocompatibility complex (MHC) class Ib molecule (Kjer-Nielsen et al. , 2012).
MR1 surface expression is generally expressed at low levels on the cell surface under
healthy conditions; it is subsequently upregulated in various disease states or cell exposure
to microbial antigens (Huang, Gilfillan, 2005, Karamooz et al. , 2018, Kjer-Nielsen, Patel,
2012, Liu and Brutkiewicz, 2017, McWilliam and Villadangos, 2018, Ussher et al. , 2016).

When MAIT cells recognize the antigen/MR1 complex on APCs via their T cell receptor,
they become activated, robustly secrete proinflammatory cytokines e.g., IFN-y, TNF-a,
IL-17 and GM-CSF (Dusseaux et al., 2011) and rapidly release cytotoxic molecules e.g.,
perforin and granzymes (Kurioka et al. , 2015, Le Bourhis et al. , 2013, Leeansyah et al. ,
2015); this results in the lysis of the infected cells (Le Bourhis et al., 2013; Kurioka et al.,
2015). This MR1-dependent mode of activation is operative in the case of infections with
bacteria and fungi (Gold et al. , 2010, Le Bourhis et al. , 2010). Additionally, MAIT cells
can be activated independently of MR1 recognition, in response to cytokines produced by
infected cells, as observed previously in cases of several different virus infections (Hinks et
al. , 2019, van Wilgenburg et al. , 2018); this mode of activation is termed,“MR1-
independent activation” (Loh et al., 2016; Paquin-Proulx et al., 2018; (Suliman et al. , 2019,
van Wilgenburg, Loh, 2018). Additionally, we and others have shown that Toll-like receptor
signaling can modulate MR1 expression (Liu and Brutkiewicz, 2017, Ussher, van
Wilgenburg, 2016).

Increasing evidence has highlighted the role of MAIT cells in neurodegenerative diseases
such as multiple sclerosis (Held et al. , 2015, Willing et al. , 2014), brain tumors (Peterfalvi
et al. , 2008) and other brain dysfunctions (lllés et al. , 2004).

In neurodegenerative diseases, MAIT cells infiltrate the CNS lesions, secrete higher amounts
of pro-inflammatory cytokines, causing inflammation and thereby resulting in a poor
outcome of the disease (Held, Bhonsle-Deeng, 2015, Willing, Leach, 2014). Considering
that MAIT cells develop in the thymus (Legoux et al. , 2019a, Legoux et al. , 2019b, Salou et
al., 2019) and are highly abundant in the human gut mucosa (Giuffrida et al. , 2018, Toubal
et al. , 2020), how they accumulate into the inflammatory lesions of MS and EAE (Van Kaer
etal., 2019) or brain tumors (Peterfalvi, Gomori, 2008) remains elusive. One hypothesis
could be that activated MAIT cells acquire an effector-memory phenotype, express
chemokine receptors and the very late antigen-4 (VLA-4) protein on the cell surface that
helps their penetration into the brain, as it does in the liver (Jeffery et al. , 2016); this would
be one way for MAIT cells to interact with other immune and non-immune brain-resident
cells.

In the brain, astrocytes and microglia are known to maintain tissue homeostasis (Jha et al. ,
2019). While the primary role of microglia is to protect the CNS from any infection (Chen et
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al. , 2019), astrocytes support the function of neurons by providing growth factors (Juaristi et
al., 2019). They also express several antigen presenting molecules (e.g., MHC-I, MHC-II
and CD1d) on their surface (Bauer et al. , 2007, Busshoff et al. , 2001, Hoftberger et al. ,
2004, Muir et al. , 2020, Rostami, Fotaki, 2020, Sheffield and Berman, 1998) and can
therefore communicate with the immune cells that infiltrate the brain from the periphery
during various environmental insults.

In terms of MR1, its mMRNA expression in the brain has been reported in humans (Peterfalvi,
Gomori, 2008), mice (Riegert et al. , 1998) and rats (Walter and Glinther, 1998). However,
these studies do not provide information at the protein level, which is critical for
understanding the function of MR1-expressing cells. Also, which brain cell types express
MR1 and how they interact with MAIT cells are equally important to know, in order to fully
understand their function in neuropathogenesis. Chronic MAIT cell activation seems to be a
common pathogenic mechanism in neurodegenerative and other inflammatory disorders
(Giuffrida, Corazza, 2018, Hinks, 2016). Therefore, studies on the regulation of MAIT cell
activation are important to better understand the mechanisms involved in neuroinflammatory
disorders. Despite the information (albeit limited) implicating MAIT cells in neurological
diseases, we decided to ask a fundamental question to help us begin to understand the role of
the MR1/MAIT cell axis in the brain: is the MR1 present in the brain functional? That is,
can it stimulate MAIT cells in an antigen-dependent manner? Here, we have assessed the
functional expression of MR1 in brain astrocytes and microglia under normal conditions.

2. Materials and methods

2.1. Mice

Wildtype C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
MR1-deficient (MR1 KO) mice (Treiner, Duban, 2003), were kindly provided by Dr. Daniel
Hoft (St. Louis University, St. Louis, MO) and bred onsite. All procedures were approved by
the Indiana University, School of Medicine’s Institutional Animal Care and Use Committee.
Both male and female mice were used. In some experiments, they were used at an age of P3
(primary cultures of brain astrocytes and microglia) or 5 months (for isolation of brain
resident MAIT cells).

2.2. Celllines

The mouse brain cell line 8D1A (astrocyte-derived) was obtained from the American Type
Culture collection (ATCC; Manassas, VA). The murine microglia-derived BV-2 cell line
(Blasi et al. , 1990) was originally developed by Dr. Elisabetta Blasi (University of Perugia)
and kindly provided by Dr. Linda Van Eldik (University of Kentucky, Lexington, KY).These
cells were grown in DMEM (Lonza, Walkersville, MD) and DME:F12 medium (GE
Healthcare Life Sciences, Logan UT), containing 10% FBS, 1% penicillin/streptomycin and
2 mM L-glutamine, respectively. The MAIT hybridoma cell 8D12 (Tilloy et al. , 1999,
Treiner, Duban, 2003), was a kind gift from Dr. Shouxiong Huang (Cincinnati Children’s
Hospital, Cincinnati, OH) and maintained in DMEM supplemented with 10% FBS.
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a preparation

E. coli (DH5-a strain) was grown in LB media overnight and the colony forming units
(CFU) as CFU/ml were determined. An E£. colibacterial pellet was washed in PBS and fixed
in 1% paraformaldehyde (PFA) for 10 min at room temperature. After washing twice in
PBS, the cell number was adjusted to 1x1010 CFU/ml in sterile PBS, aliquoted and stored at
—80°C until further use.

2.4. Primary astrocytes and microglia culture generation

2.5. Immun

Primary brain astrocytes and microglia cultures were prepared as described previously with
some modifications (McCarthy and de Vellis, 1980). Briefly, 3-day old C57BL/6 (P3) mice
were euthanized by rapid decapitation with sharpened scissors. After euthanasia, the cortex
was harvested and chopped finely with a razor blade. The cells were resuspended in 0.25%
trypsin (HyClone, Logan, UT) and incubated for 20 min at 37°C in a water bath. The cells
were triturated gently and centrifuged at 2,000 rpm for 5 min at 4°C.The supernatant was
discarded and the cells were resuspended in fresh DMEM10 (DMEM containing 10 % FBS)
media and seeded in poly-D lysine (PDL, 50ug/ml; Millipore Sigma, St. Louis, MO)-coated
75cm? flasks. After 2 days, the medium was replaced with fresh DMEM10. After 7 days,
when the astrocytes layer became confluent, the flasks were kept on an orbital shaker at 180
rpm for 30 min. The supernatants containing the microglia were harvested, centrifuged and
transferred to a new PDL-coated flask containing DME:F12 complete media. The original
astrocytes flask was replenished with 20 ml of fresh DMEM10 media and returned back to
the orbital shaker for 6 h at 220 rpm to remove the oligodendrocytes. The supernatants
containing oligodendrocytes were discarded and the remaining layer constituting astrocytes
was trypsinized and incubated for an additional 14 days in DMEM10.

ofluorescence analyses

Astrocyte and microglia cell lines and primary purified cultures were seeded on PDL-coated
cover glasses in 24-well plates at a density of 1x10°cells/well. After overnight adherence,
the cells were blocked with 5% goat serum for 30 min on ice. After washing with PBS, the
cells were incubated either with an anti-MR1 mouse mAb hybridoma supernatant (26.5;
(Huang, Gilfillan, 2005) or TW2.3 hybridoma supernatant (Yuwen et al. , 1993) followed by
a 1h incubation with a Texas Red-conjugated goat anti-mouse antibody (Thermo Fisher
Scientific, Eugene, OR). The cells were washed three times with cold PBS, fixed in cold 4 %
PFA for 10 min at room temperature and permeabilized with 0.1% Triton X-100. The cells
were blocked with mouse serum for 30 min on ice. The cells were then incubated with either
a mouse Alexa-Fluor-488-conjugated anti-GFAP (Clone GA5; eBioscience) or FITC-labeled
mouse anti-CD11b (Clone M1/70; BD Biosciences) for 1 h at room temperature in the dark.
After washing three times with PBS, the cells were mounted on microscope slides using
Vectashield antifade mounting medium (Vector Laboratories, Burlingame, CA) with 4'-
diamidino-2-phenylindole (DAPI; Vector laboratories) and left to air dry. Images were
captured on a Zeiss Axio Imager M2 microscope using a 20x objective.
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2.6. Mouse brain single-cell homogenates

To prepare single-cell suspensions of whole brain cells, mice were sacrificed at 5 months of
age. For MAIT cell detection in the brain, before perfusion, the mice were injected i.v. with
2 ug of CD45.2 mAb (PerCP/Cy5.5 labeled; Clone104; BioLegend) dissolved in 200 pl
PBS, using a 1 ml insulin syringe as described previously (Anderson et al., 2014). After 3
min, the animals were perfused with 15 ml of PBS to wash out the peripheral blood. The
brains were dissected out, the meninges layer was removed and both of the cerebral cortices
were extracted. The cortices were cut into small pieces using a razor blade and homogenized
thoroughly, yet gently, using a 15 ml dounce homogenizer. The homogenized cells were
passed through a 40 pm filter and centrifuged at 2,000 rpm for 5 min at 4°C. The supernatant
was discarded and the pellets were resuspended in 12 ml of 40% Percoll (GE Healthcare,
Uppsala, Sweden). The cells were centrifuged at 2,200 rpm for 20 min at room temperature
with the brake off. Cells were collected from the pellet and washed with ice cold FACS
buffer (PBS containing 2% FBS). The cells were counted in a hemocytometer and the
concentration was adjusted to 1x106 cells/ml. For MAIT cell detection, two or more mouse
brains were pooled in order to obtain a sufficient number of cells for flow cytometric
analysis.

2.7. Flow cytometry

In order to detect MR1 expression in brain cell suspensions and cell lines, isolated cells
(1x10° cells/ml) were first incubated with anti-mouse CD16/32 mAb supernatant (the
hybridoma was a kind gift from Dr. J. Yewdell, NIH) for 20 min on ice to block Fc receptors
followed by staining with an APC-conjugated anti-MR1 mAb (Clone 26.5; BioLegend, San
Diego, CA) for 30 min on ice in FACS buffer. An APC-labeled mouse 1gG2a mAb
(BioLegend) was used as an isotype control. After washing three times with PBS, the
microglia cell line and primary microglia were stained with a FITC-conjugated anti-CD11b
mAb (Clone M1/70; BD Biosciences) for 30 minutes on ice. After washing with PBS, the
cells were fixed in 1% PFA for 10 min at room temperature, followed by permeabilization
using 0.01% Triton X-100 for 5 min. Next, the cells were stained with an Alexa 488-labeled
anti-GFAP mAb or a FITC-conjugated anti-IBA1 mAb (Abcam) for 30 min on ice and
washed twice with FACS buffer.

For the detection of MAIT cells in the brain, the single cell suspensions generated above
were first blocked with the anti-CD16/32 mAb followed by staining with anti-CD44 (Pacific
Blue- labeled; Clone IM7, BioLegend), anti-F4/80 (FITC-labeled; Clone BM8, BioLegend),
anti-CD45R/B220 (FITC-labeled; Clone RA3-6B2, BioLegend), anti-TCR-f (PE-labeled;
Clone H57-597, BioLegend) mAbs, and a 5-OP-RU-loaded APC-conjugated MR1 tetramer
(NIH Tetramer Core) for 30 min on ice. After washing three times with PBS, the cells were
fixed and used for flow cytometry analysis. All samples were acquired on an
LSRFortessa™cell analyzer (BD Biosciences). Cells that were stained with an isotype
control mAb were used as negative controls. The gating strategy for the experiment shown in
Fig. 1D was as follows: 1. Single cells (identified in the FSC-H vs. FSC-A profile) were then
analyzed by a FSC vs SSC profile. 2. GFAP+ (astrocytes) and Ibal+ (microglia) cells were
identified and gated. 3. These gated populations were then analyzed for their expression of
MRL1. The data were analyzed using FlowJo software (BD Biosciences).
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2.8. Quantitative real-time PCR analysis

RNA was isolated from the brain-derived cell lines, purified primary cultures and mouse
brain tissue using the RNeasy Mini Kit (Qiagen, Valencia, CA). As a calibrator, RNA from
purified splenic B cells and intact spleen tissue was used as described previously (Livak and
Schmittgen, 2001). The quality of RNA was assessed by spectrophotometry before analysis.
A total of 1 ug of RNA was converted into cDNA using the Transcriptor First Strand cDNA
synthesis kit (Roche Diagnostics, Mannheim, Germany) and random hexamer primers,
according to the manufacturer’s instructions. Quantitative PCR was carried out in 10 pl
reaction volumes containing 5 ul of 2X TagMan Fast Advanced Master Mix (Applied
Biosystems, Thermo Fisher Scientific), 1.0 ul cDNAs, 0.5 pl of each each primer (MR1 and
GAPDH) and 3 pl of PCR grade water using the QuantStudio 6 Flex Real-Time PCR system
(Applied Biosystems). The PCR conditions used were an initial hold stage at 95°C for 20
sec, followed by denaturing at 95°C for 1 sec, and annealing/extension stages at 60°C for 20
sec for 40 cycles. The probe for MR1 was labeled with the reporter dye FAM
(Mm00468487_m1 Mr1) and the probe for GADPH was labeled with the reporter dye VIC
(house-keeping gene, Mm 99999915 g1). Because of the different reporter dyes,
amplification of MR1 and GAPDH was performed in the same well in three replicates. RNA
from the spleen-derived B cells and spleen tissue was used as calibrators to determine the
expression of MR1 in brain cell lines and whole brain tissue, respectively. The amount of
MR1, normalized to GAPDH and relative to splenic B cells, was calculated by the 2722 CT
method as previously described (Livak and Schmittgen, 2001).

2.9. MR1 upregulation assay

2.10. MAIT

Cell lines, as well as brain primary astrocytes and microglia, were cultured for 6 h in the
presence or absence of PFA-fixed E. coliat a multiplicity of infection (MOI) of 300 in
triplicate wells of 96-well U-bottom microtiter plates (1x10° cells/well). Then, both the £,
colf-stimulated and control cells were stained with the anti-MR1 mAb and analyzed by flow
cytometry as described above.

cell activation assay

To measure the ability to present £. coli-derived antigens to MAIT cells, primary brain
astrocyte and microglia cultures, as well as the 8D1A and BV2 cell lines were mock-treated
or treated with £. coli at an MOI of 300 for 6 h. To confirm our findings, we also included
brain cells from MR1-deficient (MR1 KO) mice that are known to lack MAIT cells (Treiner,
Duban, 2003), as a negative control. Next, the cells were washed three times with PBS and
incubated with either a purified anti-MR1 blocking antibody (Clone 26.5; BioLegend, San
Diego, CA) or purified mouse IgG2a isotype control (Clone MOPC-173; BioLegend) in
100ul of DMEM for 1 h at 37°C. These cells were co-cultured with the 8D12 mouse MAIT
cell hybridoma in triplicate wells of 96-well U-bottom microtiter plates ata 1:1
MAIT:Target cell ratio (1 x 10° cells each / well / 200pl media). As controls, MAIT and
target cells were cultured alone either in the presence of £. co/i (MOl = 300) or PBS. After
48 hours of culture, cell supernatants were harvested, and IL-2 production was measured by
ELISA.
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2.11. Statistical analysis

The results were analyzed by an unpaired two-tailed Student’s #test using Prism software
(version 6.05 for Windows; GraphPad, San Diego, CA). The displayed error bars in the
graphs indicate mean = SD. A Pvalue less than 0.05 was considered significant.

3. Results

3.1. Astrocytes and microglia express MR1 on the cell surface

To assess MR1 expression in an astrocyte and microglia cell line, as well as in primary cells,
we first checked the purity of the primary cultures using cell-specific mAbs by flow
cytometry. The purity level was 97 and 85 % in the primary cultures of astrocytes and
microglia, respectively (data not shown). The flow cytometry analyses showed that both the
brain cell lines (Fig. 1A) as well as the primary purified cultures of astrocytes and microglia
(Fig. 1B) express MR1 on their surface. The expression level of MR1, as measured by mean
fluorescent intensity (MFI) in the cell lines or primary cultures, was significantly higher
overall in microglia compared to astrocytes (Fig. 1C). However, there were two populations
of GFAP+ cells (astrocytes)—an MR1-negative/MR1!° population and one that was MR1M
(Fig. 1A & B). The level of MR1 expression on the small population was somewhat higher
than that in the single CD11b+ cell population (microglia). This was the case in both the cell
lines and primary cultures (Fig. 1A & B). Nonetheless, in freshly-isolated brain single cell
suspensions, the level of MR1 expression was significantly higher in microglia than
astrocytes (Fig. 1D & 1E).

We also performed immunofluorescent microscopy analysis of the astrocyte and microglia
cell lines, as well as our cultures of primary astrocytes and microglia. In line with our flow
cytometry results, all of these cells expressed MR1 (Fig. 2). The expression of MrZ RNA in
astrocyte and microglia cell lines, primary cultures (Fig. 3A), and in brain tissue from
healthy mice (Fig. 3B), was detected via g°PCR using GAPDH as an internal control and
RNA from purified splenic B cells/intact spleen tissue as a calibrator. These cells were used
as a calibrator because they are known to express Mr1. Mri1 mRNA was expressed in all the
samples tested. The mRNA expression level of MR1 in both the microglia cell line (BV2)
and in primary microglia was higher than that in the astrocyte cell line (8D1A) or in primary
astrocytes (Fig. 3A). Moreover, MrI mRNA was also detected in mouse brain tissue (Fig.
3B). Therefore, these data demonstrate that populations of astrocytes and microglia in the
brain, as well as transformed cell lines and primary cultures derived from them, express
MRL1.

3.2. Treatment with E. coli increases the surface expression of MR1 on brain cell lines
and primary cells

We and others have shown that adding MR1 ligand-expressing bacteria to cells increases
their levels of cell surface MR1 (Kjer-Nielsen, Patel, 2012, Liu and Brutkiewicz, 2017,
Ussher, van Wilgenburg, 2016). To elucidate the effects of the presence of bacterial antigens
on the surface expression of MR1 in brain cell lines and primary astrocytes and microglia
cell cultures, the cells were stimulated for 6 hours with PBS or fixed £. coliat an MOI of
300 and subsequently stained for surface MR1 expression for flow cytometry analysis (Fig.
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4A). An increase in cell surface expression of MR1 from 105 + 14.7 in mock infected cells
to 176.6 £ 16.9 in E. coli-stimulated cells was observed in 8D1A (astrocyte-derived) cells,
whereas in the BV2 (microglia-derived) cell line, the increase was from 574 + 9.2 to 907 +
13. In primary cultures, MR1 expression in astrocytes increased from 135.3 + 3.6 to 244.6 £
20.4 and in microglia from 316 + 43.15 to 489 + 57.2 following stimulation with £. coli. A
composite of the replicates of the MFI in this representative experiment is shown in Fig. 4B.
Therefore, these data suggest that in these brain cells, expression of MR1 is upregulated in
the presence of its bacterially-derived ligand.

3.3. MAIT cells are detectable in the normal brain

MAIT cells have been reported to be present in the brain lesions of a variety of
neurodegenerative diseases including multiple sclerosis (Held, Bhonsle-Deeng, 2015), found
in the MS animal model, experimental allergic encephalomyelitis (Van Kaer, Postoak, 2019)
and in brain tumors (Peterfalvi, Gomori, 2008), but it is not known if they are present in a
healthy brain. To address this question, we performed flow cytometry on a single cell
suspension generated from the brains of 5-month old mice using a mouse MR1 tetramer
loaded with 5-OP-RU, that will specifically recognize MAIT cells (Corbett et al., 2014). As
a negative control, we used a mouse MR1 tetramer loaded with 6-FP, that does not stain
MAIT cells (Corbett et al., 2014). To discriminate vascular and tissue leukocytes, mice were
injected i.v. with a PerCP/Cy5.5-labeled CD45.2-specific mAb. This approach allowed
staining of all vascular leukocytes while excluding tissue resident leukocytes as described
previously (Anderson et al. , 2014). MAIT cells in tissue were detected as a CD45.2-
negative/B220-negative/F4/80-negative/TCR-B*/MR1Tetramer*/CD44* cell population (Fig.
5A & 5B). As MAIT cells are present in mouse tissues at much lower levels than in humans
(Godfrey et al. , 2019), we acquired a total of 10 million events for performing these
experiments. To confirm our findings, we also included brain cells from MR1-deficient
(MR1 KO) mice that are known to lack MAIT cells (Treiner, Duban, 2003), as a negative
control. As a positive control, we stained MAIT cells in mouse liver and spleen, as these
tissues are already known to constitute a percentage of total MAIT cells (Rahimpour et al. ,
2015). Our results demonstrated that 1.07 £ 0.31 % of the gated cells were MAIT cells,
which were clearly absent in MR1KO mice (Fig. 5C). The percentage of MAIT cells in liver
and spleen was 0.62 + .02 % and 0.11 £ .007 % respectively (Fig. 5C). Therefore, these data
indicate that a small population of resident MAIT cells can be identified in the normal brains
of wildtype mice.

3.4. MR1-dependent activation of MAIT cells by brain APCs

Having demonstrated that MR1 is present in astrocytes and microglia, and that it can be
upregulated upon exposure to its bacterial ligands, our final question was whether MR1 is
actually functional on these cells. Thus, we performed an assay in which astrocytes and
microglia (Fig. 6A), both cell lines and primary cell cultures (Fig. 6B), as well as freshly-
isolated brain single cell suspensions from WT and MR1KO mice (Fig. 6C), were
cocultured with MAIT cell hybridomas in the presence or absence of fixed E. coli. Forty-
eight hours later, we harvested the supernatants and measured the levels of 1L-2 by ELISA.
E. coli-stimulated astrocytes and microglia induced a robust production of IL-2 by the MAIT
cells. The activation of MAIT cells was dependent on MR1 expression, as blocking of MR1
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with an MR1-specific mAb completely suppressed the secretion of IL-2 by the MAIT cells;
this was not observed with the isotype control (Fig. 6A — C). As expected, the lack of E. coli
in the co-culture assay resulted in no IL-2 release. Neither the MAIT cells nor the brain cells
produced IL-2 when cultured alone; the addition of £. colidid not result in significant IL-2
release by brain cells, indicating that upon co-culture with E. coli-stimulated APCs, the
MAIT cells (rather than the APCs) produced IL-2 (Fig. 6C). Therefore, these data
demonstrate that brain astrocytes and microglia express functional MR1 that is capable of
stimulating MAIT cells in the presence of bacteria-derived antigens.

4. Discussion

Major Histocompatibility Complex (MHC) class | molecules present peptide antigens to
cytotoxic T cells (van de Weijer et al. , 2015). In general, cells in the CNS express relatively
lower levels of MHC class | molecules under normal, steady state conditions (Corriveau et
al., 1998, Horwitz et al. , 1999, Johnson et al. , 2014). Upon an infection or following an
injury/CNS disease, the MHC class | molecules are upregulated, most likely due to exposure
of the cells to interferons and other pro-inflammatory cytokines (Horwitz, Evans, 1999,
Johnson, Jin, 2014). As such, the peptides they present can be recognized by cytotoxic T
cells and the cells subsequently lysed (van de Weijer, Luteijn, 2015). Type | interferons can
also serve as co-stimulatory signals for MAIT cell activation (Lamichhane et al. , 2020).
Obviously, this is especially problematic in the brain, where CNS cell death can result in
functional and cognitive deficits.

There are also molecules related to the classical MHC class | glycoproteins, termed Class Ib
or non-classical MHC class | molecules (Adams and Luoma, 2013, Brutkiewicz et al. , 2018,
D’Souza et al. , 2019); many of these are also present in the CNS (Liu et al. , 2015,
Tetruashvily et al. , 2016, Wiendl et al. , 2005, Wischhusen et al. , 2005), but they have not
been extensively studied in that context. As a result, their functional capacity in terms of
antigen presentation and their role in the CNS are poorly understood.

We study antigen presentation by the MHC class I-like molecule, MR1. Unlike classical
MHC class | molecules, MR1 does not present peptides to the immune system; rather, it
presents microbial-derived vitamin B metabolites to an innate T cell population called MAIT
cells (Karamooz, Harriff, 2018, Keller et al. , 2017, Liu and Brutkiewicz, 2017, McWilliam
and Villadangos, 2018). Many different cell types are MR1+ and can present antigen to
MAIT cells (Karamooz, Harriff, 2018, Keller, Corbett, 2017, Liu and Brutkiewicz, 2017,
McWilliam and Villadangos, 2018); these innate T cells mainly reside in human peripheral
blood, liver and mucosal tissue (Godfrey, Koay, 2019). In the current report, we have
demonstrated that MAIT cells are present in the normal brain as well.

Very little is known about the MR1/MAIT cell axis in the CNS. MAIT cells have recently
been shown to be present in some neuroinflammatory disease states, such as in MS and the
mouse model of MS, EAE (Van Kaer, Postoak, 2019). To the best of our knowledge, the
functionality of this innate immune axis has not been studied in the normal CNS.
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A number of CNS diseases or CNS injuries can result in a breaching of the BBB (Sweeney
etal., 2019). As a result, an influx of microbial pathogens can enter the CNS, inducing an
inflammatory state due to pathogen-specific activation of Toll-like receptors (Kawai and
Akira, 2011), upregulation of classical MHC molecules (Corriveau, Huh, 1998, Horwitz,
Evans, 1999, Johnson, Jin, 2014, Liu, Shen, 2015) and the introduction of pro-inflammatory
leukocytes and cytokines into the site of infection/injury (DiSabato et al. , 2016). We do not
know the potential role of the MR1/MAIT cell axis in the neuroinflammation that develops
in these disease states. In general, whether the site of inflammation is in the gut, such as with
intestinal bowel disease (IBD) (Giuffrida, Corazza, 2018, Legoux, Bellet, 2019a, Ruijing et
al. , 2012) or in the CNS with MS/EAE (Van Kaer, Postoak, 2019), MAIT cells are present.
In the current report, we asked if, under normal conditions, CNS cell-specific MR1 had the
ability to stimulate MAIT cells in a microbial antigen-specific manner.

Whether we used transformed cell lines or primary cultures of brain astrocytes and
microglia, it was apparent that they were all MR1* to various degrees. Furthermore, the
addition of bacteria, £. coliin this case, caused an upregulation of MRL1 in these cells, as we
and others have shown in other cell type systems (Kjer-Nielsen, Patel, 2012, Le Bourhis,
Dusseaux, 2013, Liu and Brutkiewicz, 2017). Each of these cell lines/primary cultured cells
and freshly-isolated brain single cell suspensions demonstrated the effective capacity for
MR1-mediated antigen presentation to MAIT cells. The presence of MAIT cells in the
normal brain also leads one to speculate about the contribution of the MR1/MAIT cell axis
in CNS diseases.

What does this mean as we think about the big picture? Is the influx of MAIT cells into sites
of inflammation during disease good or bad for the patient? In IBD, this influx is associated
with inflamed intestinal mucosa (Tominaga et al. , 2017). Moreover, it could be argued that
in MS, with the neuroinflammation causing significant damage to the brain (Bjelobaba et
al., 2017), the presence of MAIT cells is also not helpful (Van Kaer, Postoak, 2019). We
believe that the next steps ought to be investigations of MR1-deficient animal models in
which MAIT cells are also absent (Treiner, Duban, 2003). It is already known that MAIT
cells require an /in vivo microbiome for their development (Legoux, Bellet, 2019a, Treiner,
Duban, 2003); in fact, mice born into a germ-free environment do not have MAIT cells
(Treiner, Duban, 2003). Thus, knowing that following BBB damage, microbes can enter the
CNS with the ability to activate the MR1/MAIT cell axis, possibly contributing to the
neuroinflammation observed in these disorders, may in the future lead to the therapeutic
targeting of this innate immune axis in a variety of CNS diseases and injuries.

5. Conclusion

We have studied the functional expression of the MR1/MAIT cell axis using brain astrocytes
and microglia, as a means to determine if they are capable of presenting bacteria-derived
antigens to MAIT cells. Transformed cells lines, as well as primary cultures of brain
astrocytes and microglia, stimulated MAIT cells when treated with £. coli, demonstrating
that these cells can present microbial antigens via MR1. Moreover, the normal brain itself
has a population of resident MAIT cells. As such, in various CNS diseases and injuries in
which there could be a breach of the BBB, potentially allowing microbial pathogens to enter
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the brain, the MR1/MAIT cell axis could be an important underlying cause of
neuroinflammation in these disorders. Further studies are needed to explore this hypothesis
in depth.
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Highlights

. The MR1 molecule that presents microbial-derived vitamin B metabolites to
MAIT cells is expressed in astrocyte and microglia cell lines, as well as in
primary cultures of brain astrocytes and microglia

. MAIT cells are present in the normal mouse brain

. Brain astrocyte and microglia MR1 can effectively process and present
microbial antigens to MAIT cells, resulting in MAIT cell activation

. The MR1/MAIT cell axis may play an important role in the CNS under both
normal and disease conditions
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Fig. 1.

Analysis of MR1 surface expression by mouse brain astrocytes and microglia. A & B. An
astrocyte cell line (8D1A), microglia cell line (BV2) and, primary astrocytes and primary
microglia were double-stained using APC-labeled anti-MR1 and FITC-labeled anti-GFAP/

CD11b mAbs and analyzed by flow cytometry. The percent of MR1+ cells is indicated in the
upper panel of each quadrant, whereas the lower panel shows the isotype control for each
group. A representative dot plot of one of the three experiments performed is shown. C. The
MFI of MR1 in the GFAP+ and CD11b+ cells is shown and the data are presented as the

mean + SD from three independent experiments. D. Brain single cell suspensions from mice

were double-stained with APC-labeled anti-MR1 and FITC-labeled anti-GFAP/anti-Ibal
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mADbs and analyzed by flow cytometry. The GFAP+ and Ibal+ cells were first gated (the
percentage of cells in the gate is indicated) and the percent of MR1+ cells was then analyzed
in the population of GFAP+ and Ibal+ cells. The percent of MR1+ cells in GFAP+ and
Ibal+ gated cells is indicated for each individual mouse (N=4) in the top row of the upper
and lower panels, respectively, whereas the bottom row in both shows the isotype control for
each group. The results show data from a representative experiment of two performed. E.
MFI of MR1 in brain GFAP+ and Ibal+ cells are shown. The symbols represent individual
mice and the data are shown for all analyzed mice (N=7) from two independent experiments.
The data are shown as the mean + SD. *, p<0.05, ****  p<0.0001, by an unpaired Student’s
ttest.
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Fig. 2.
Immunofluorescent labelling of mouse brain astrocyte and microglia cell lines and primary

cultures. The individual groups of cells were stained with the cell type-specific marker
GFAP (astrocytes; green) or CD11b (microglia; green), as well as an anti-MR1 mAb (red) or
an isotype control mAb (red). The nuclei were stained with DAPI (blue) and last column
shows the overlay for each cell type. Magnification = 20X.
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©

Brain Spleen

gPCR analysis of MR1 gene expression in A. 8D1A and BV2 cell lines, primary purified
astrocyte and microglia cultures, and B. brain tissue. The housekeeping gene, GAPDH, was
used as an internal control. RNA isolated from spleen-derived B cells and intact spleen
tissue was used as a calibrator to determine the level of MR1 gene expression in A and B,
respectively. The data are presented as the mean + SD from two independent cDNA samples

with three replicates from each sample.
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Fig. 4.

Ugregulation of MR1 expression in brain astrocyte and microglia-derived cell lines and
primary cultures by E. coli. A. Representative histogram overlays showing the cell surface
staining of MR1 on the 8D12 and BV2 cell lines, as well as primary cultured astrocytes and
microglia after 6 h of stimulation with PBS (negative control) or PFA-fixed £. coliat an
MOI of 300. The grey shaded histogram is cells stained with the isotype control mAb,
whereas the orange and blue line histograms are cells stained with an APC-labeled anti-MR1
antibody in the presence of £. colior PBS, respectively. A representative experiment (out of
three performed) is shown. B. The MFI levels of surface MR1 on the indicated cells after 6 h
of stimulation with PBS or PFA-fixed E£. coliat an MOI of 300 is shown. The data are
representative of three independent experiments and expressed as the mean + SD. *, p<0.05;
** 0p<0.01; **** p<0.0001, by an unpaired Student’s #test.
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Fig. 5.

Dgtection of MAIT cells in the normal mouse brain. Five-month-old wildtype (WT)
C57BL/6 and MR1 KO mice were injected i.v. with PerCP/Cy5.5-labeled anti-CD45.2 mAb.
After 3 min, the animals were perfused with PBS to wash out the peripheral blood. A single
cell suspension of brain cells from perfused mice was generated and stained with mAb
against B220, F4/80, TCR-B, 5-OP-RU- or 6-FP (negative control)-loaded MR1 tetramers,
and CD44. A. The gating strategy for the identification of MAIT cells is indicated. B. The
identification of tissue-resident MAIT cells in the livers, spleens and brains of WT C57BL/6
mice and MR1 KO mice is shown. The left two-color plot in each group is the staining of
WT cells with anti-CD44 and 6-FP-loaded MR1 tetramers, the latter serving as a negative
control. The middle plot shows staining of WT cells with anti-CD44 and 5-OP-RU-loaded
MR1 tetramers. The right panel in each group shows cells from MR1KO (i.e., MAIT cell-
deficient) mice stained with anti-CD44 and 5-OP-RU-loaded MR1 tetramers. The
percentage of the MAIT cells is shown in the plot. The results are representative of two
independent experiments. (N=5 for wild type mice and N=4 for MR1 KO mice).
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Fig. 6.

Agtivation of MAIT cells by E. coli-stimulated astrocytes and microglia. A. 8D1A and BV2
cell lines, B. Primary cultures of astrocytes and microglia, and C. Single cell suspensions
from the brains of wild type (WT) and MR1 KO mice, were stimulated for 6 h with PBS or
PFA-fixed E. coliat an MOI of 300. The cells were washed three times with PBS and
incubated with either an MR1 blocking antibody or isotype control for 1 h, followed by the
addition of the murine MAIT cell hybridoma, 8D12. As a control, the £. coli-stimulated
target cells and MAIT cells were cultured alone. Following 48 h of culture, the supernatants
were harvested and IL-2 production was measured by ELISA. The IL-2 level is expressed in
ng/ml. A. & B. Each data point represents the mean of triplicate wells from one of three
independent experiments. The data are inclusive of all three independent experiments and
the error bars represent the mean + SD. C. The data shown are from two combined,
independent experiments with an N=6 for WT and N=4 for MR1KO mice. n.s, not
significant; *, p< 0.05, **, p< 0.005, ***, p<0.0005; ****, p<0.0001; unpaired Student’s &
test.
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