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ABSTRACT

Immunotherapy for cancer treatment requires the activation of cytotoxic effector lymphocytes. Mucosal-associated invariant T (MAIT)

cells are innate T cells that recognize the MHC class I–like molecule MR1. MAIT cells play an important role in the immune response

against microbial infections and can directly kill tumor cells. Although MAIT cells can be expanded ex vivo, this method is time-

consuming, expensive, and requires allogenic feeder layers. To overcome the limitations of conventional dendritic cell–based

vaccines and ex vivo expansion of human T cells, an artificial APC (aAPC) approach to expand antitumor effector cells has several

advantages. In this study, we explored an efficient in vitro method to amplify MR1-specific MAIT cells from human peripheral blood

using aAPCs made by coating cell-sized latex beads with an Ag-loaded MR1 tetramer complex and anti-CD28 Ab. We further

elucidated the cytotoxic potential of such expanded MAIT cells against three human glioblastoma multiforme (GBM) cell lines to

explore their potential use as a novel immunotherapeutic tool, as the mostly lethal GBM poorly responds to conventional

chemotherapy. When aAPCs were compared with the standard allogenic feeder layer–based approach for MAIT cell expansion, they

were significantly more effective. Our results indicate that the aAPC-expanded MAIT cells remained functional, retained their original

phenotype, secreted proinflammatory cytokines, and showed cytotoxicity against the GBM cell lines. Hence, MAIT cells have the

potential to be a novel tool in immunotherapy approaches for the treatment of human GBM. ImmunoHorizons, 2021, 5: 500–511.

INTRODUCTION

Glioblastoma multiforme (GBM) is a devastating disease, the
most common primary brain tumor and highly aggressive.
Despite recent advances in modern surgery, chemotherapy, and
radiotherapy for cancer in general, the survival time for GBM
patients remains at 15�16 months and, therefore, urgently
requires the development of new, alternative therapeutic
approaches (1). Because of the brain being an immune-privi-
leged site and the presence of the blood�brain barrier, even the
most current advanced treatments are ineffective in the case of
glioma. Earlier studies showing immune activation by brain

tumor cells using dendritic cell�based vaccines (2�4) and the
migration of tumor-specific activated cytotoxic T cells into the
brain (5, 6) suggest that immunotherapy could potentially be a
promising treatment option. Another type of T cell, a subpopu-
lation of innate T cells called mucosal-associated invariant T
(MAIT) cells also have the capacity to kill tumor cells. In
humans, MAIT cells constitute 1�10% of blood T cells (7),
10�50% of liver T cells (8), and 2�4% of lung T cells (9). MAIT
cells were originally shown to play a protective role in host
defense against infectious diseases, including bacterial and viral
infections (10�12). They recognize processed microbial vitamin
B metabolites presented by the nonpolymorphic MHC class
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I�like molecule MR1 (13�15). Apart from their role in infectious
diseases, MAIT cells are proinflammatory innate T cells, able
to secrete cytotoxic proteins that can directly kill tumor cells;
hence, they are also potentially attractive anticancer effector
cells (10, 16). MAIT cells have been shown to play both passive
and active roles in antitumor immune responses or under con-
ditions that actually promote tumor growth (16�22). Moreover,
MAIT cells indirectly promote cytotoxicity by activating other
antitumor effector cells (23). The potential use of MAIT cells
as anticancer effector cells has several advantages: they recog-
nize MR1 molecules, which are nonpolymorphic and highly
conserved in humans and other mammalian species; they
secrete proinflammatory cytokines that rapidly activate immune
responses, possess an effector-memory phenotype, and secrete
cytotoxic mediators such as perforin (12, 22, 24�26).

Despite the previously described role for MAIT cells in
infectious diseases and certain cancers, the contribution of the
MR1/MAIT cell axis in cancers of the CNS is less well known.
Recently, we found MAIT cells in the normal mouse brain, as
well as surface expression of MR1 on brain astrocytes and
microglia (27). In the context of the MR1/MAIT cell axis in
GBM, only one report described the detection of MR1 expres-
sion and MAIT cell TCR mRNA transcripts in a brain tumor
(28). To the best of our knowledge, no follow-up studies have
been pursued.

In the current study, we used the artificial APC (aAPC)
approach to expand human peripheral blood MAIT cells and
assess their functional capacity and ability to kill human GBM
cell lines.

MATERIALS AND METHODS

Cells
The human glioma cell lines A172 and T98G were purchased
from the American Type Culture Collection (Manassas, VA).
The U251 human GBM line was kindly provided by Dr. P. Toli-
fon, National Institutes of Health (Bethesda, MD). All three
GBM lines were cultured in DMEM (Lonza, Walkersville, MD)
supplemented with 10% FBS, antibiotics, and 2 mM L-gluta-
mine. THP-1 cells (a human monocytic leukemia cell line) were
a kind gift from Dr. L. Pelus, Indiana University School of Med-
icine (Indianapolis, IN) and maintained in RPMI 1640 medium
supplemented with 10% FBS.

Preparation of fixed Escherichia coli
Paraformaldehyde (PFA)�fixed E. coli were prepared as previ-
ously described (27, 29). For all experiments, the fixed E. coli
were used at a multiplicity of infection (MOI) of 300 for 6 h to
stimulate MR11 cells.

Abs and tetramers
Fluorochrome-conjugated anti-MR1 (clone 26.5), Va7.2 (clone
3C10), CD161 (clone HP-3G10), CD4 (clone OKT4), CD8 (clone
SK1), CD44 (clone IM7), Ki67 (clone 11F6), and PD-1 (clone

EH12.2H7) were purchased from BioLegend. Allophycocyanin-
conjugated, 5-(2-oxopropylideneamino)-6-d-ribitylaminouracil
(5-OP-RU)�loaded human MR1 tetramers, and unconjugated 5-
OP-RU�loaded MR1 tetramers were obtained from the National
Institutes of Health Tetramer Facility. Fluorochrome-conju-
gated anti-CD3 (clone UCHT1) and CD152 (clone BNI3) were
purchased from BD Biosciences. FITC-conjugated anti-CD107a
(clone H4A3) was purchased from BD Pharmingen. Dead cells
were excluded using the fixable LIVE/DEAD dye (Invitrogen).

PBMC isolation
PBMCs were isolated from deidentified buffy coats of healthy
blood donors (Indiana Blood Center, Indianapolis, IN) by cen-
trifugation on a Ficoll-Hypaque (GE Healthcare) density gradi-
ent. Aliquots of the isolated PBMCs were frozen and stored in
liquid nitrogen until used. Before starting the experiments, fro-
zen PBMC stocks were thawed and incubated overnight at
37�C in RPMI medium supplemented with 10% FBS.

Feeder layer�based expansion of MAIT cells from
human PBMC
MAIT cells were expanded from human PBMCs and FACS
sorted as described by us previously (29). Briefly, the cells were
first stained with a PE-conjugated anti-Va7.2 mAb and MACS
sorted using anti-PE MicroBeads (Miltenyi Biotech, Bergisch-
Gladbach, Germany). Next, the sorted cells were stained with
an FITC-labeled mAb against human anti-CD161, and then
Va7.21CD16111 cells were FACS sorted on FACSAria cell
sorter (BD Biosciences). The sorted cells were cocultured with
a gamma-irradiated feeder layer consisting of allogeneic PBMCs
in the presence of PFA-fixed E. coli and human rIL-2 (Pepro-
Tech, Rocky Hill, NJ) for up to 21 d.

Preparation of aAPCs and control beads
The beads were prepared as previously reported (30) with
some modifications. To prepare the aAPCs, 3.5-mm polystyrene
beads (Invitrogen, Waltham, MA) were first coated with an
anti-human CD28 mAb (CD28.2; 2 mg/5 � 107 beads; Sigma-
Aldrich) for 12 h at 4�C on a rocker, followed by washing twice
with PBS. Next, the beads were coated with 5-OP-RU�loaded
MR1 tetramers for an additional 12 h at 4�C (2 mg/5 � 107

beads), also on a rocker. Excess unbound protein was removed
by two 10-min washes in PBS. The prepared 5-OP-RU�MR1
tetramer/anti-CD28�conjugated aAPCs were stored in PBS at
4�C. The control beads were prepared in an identical fashion,
but without the MR1 tetramers.

To confirm the conjugation of the MR1 tetramers and anti-
CD28 to the latex bead, the beads were stained with mAbs
against MR1 and anti-mouse IgG, respectively; flow cytometry
analysis was then performed. To validate the functionality of
the aAPCs, they were cocultured with PBMC-derived human
primary MAIT cells (expanded using the feeder layer
approach) for 48 h, and IFN-g secretion into the supernatant
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was measured by ELISA. CD69 surface expression on the
aAPC-activated MAIT cells was analyzed by flow cytometry.

Expansion of primary MAIT cells from PBMC using
aAPCs
PBMCs (2.5 � 105 cells per well) were stimulated with aAPCs
(2.5 � 105 beads per well) in vitro in 96-well plates containing
RPMI medium supplemented with 10% FBS, antibiotics, 15
mM HEPES, and 55 mM b-mercaptoethanol (complete RPMI
1640). After 24 h at 37�C, human rIL-2 was added at a final
concentration of 10 ng/ml (PeproTech). Fresh medium and IL-
2 were replenished twice per week. On days 7, 14, and 21, the
expanded cells were collected, counted, and plated into fresh
wells at 2.5 � 105 cells per well, together with fresh 2.5 � 105

aAPCs per well in complete RPMI 1640 supplemented with IL-
2. A small portion of cells at each timepoint was used to deter-
mine the percentage of MAIT cells by flow cytometry. After a
total of three stimulations with aAPCs, the expanded cells were
collected and washed, and the MAIT cells were electronically
sorted.

FACS sorting and phenotypic characterization of expanded
MAIT cells
The collected aAPC-expanded cells were blocked in human AB
serum for 20 min on ice. The CD31 cells were positively
selected using magnetic beads (Miltenyi Biotech), according to
the manufacturer�s instructions, by incubating the cells with
anti-CD3, -CD161, and -Va7.2 for 30 min on ice. The cells were
then washed twice and sorted as Va7.21 CD16111 cells on an
FACSAria cell sorter (BD Biosciences). The sorted MAIT cells
were cultured in complete RPMI media containing IL-2. The
cells were checked for purity and phenotypically characterized
for effector/activation cell surface markers using flow cytome-
try. The Abs used were specific for the following: anti-CD4,
CD8, CD44, PD-1, and CD152.

Assessment of MR1 expression by flow cytometry
The three human GBM lines were incubated for 6 h with fixed
E. coli in 96-well plates at 37�C. The control cells received an
equal volume of PBS. The cells were washed and stained with
anti-MR1 mAb or isotype control for 30 min on ice, fixed, and
then analyzed by flow cytometry for the expression of surface
MR1.

Detection of MR1 expression by quantitative real-time
PCR
To detect MR1 at the transcriptional level, RNA was isolated
from the GBM cell lines (1 � 107 cells) using a commercial kit
(RNeasy Mini Kit; QIAGEN). One microgram of RNA was con-
verted into cDNA using the Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnostics) according to the man-
ufacturer�s instructions. Quantitative real-time PCR (qPCR) was
carried out in 10-ml reaction volumes containing 5 ml of 2�
TaqMan Fast Advanced Master Mix (Applied Biosystems,

Thermo Fisher Scientific), 1.0 ml of cDNAs, 0.5 ml of MR1
(Hs01042278) or GAPDH (Hs02786624) primers, and 3 ml of
PCR grade water using the QuantStudio 6 Flex Real-Time PCR
system (Applied Biosystems). As a calibrator, RNA from the
MR11 human myeloid cell line THP-1 was used (31). The
amount of MR1 mRNA, normalized to GAPDH and relative to
the THP-1 cell line, was calculated with the 2�DDCT method as
described previously (32).

MAIT cell activation assay
The GBM cell lines were incubated with either fixed E. coli or
PBS (control) in 96-well plates for 6 h at 37�C. The cells were
then washed with PBS three times and cocultured with ex viv-
o�expanded MAIT cells overnight. In some wells, the anti-MR1
mAb or a mouse IgG2a isotype control mAb (20 mg/ml; MOPC-
173; BioLegend) was added and incubated for 30 min prior to
the addition of MAIT cells. The cells were stained with a
LIVE/DEAD dye and anti-CD3, -CD69, and -Va7.2 mAbs for
30 min on ice and subjected to flow cytometry analysis. The
percentage of CD691 cells in the Live1CD31Va7.21 cell popu-
lation was calculated.

Proliferation assay
GBM cells treated as above with fixed E. coli or PBS were
cocultured with MAIT cells in complete media supplemented
with IL-2 in 96-well plates for 5 d. The MAIT cells were
washed and first stained with the LIVE/DEAD dye and anti-
CD3 and -Va7.2 mAbs for 30 min on ice, fixed/permeabilized,
washed, and then incubated with an FITC-conjugated anti-
Ki67 mAb on ice for 30 min. The data were acquired on an
LSR II flow cytometer (Becton Dickenson). Gates were defined
via isotype controls and fluorescence minus one staining. The
percentage of Ki671 cells in the LIVE1CD31Va7.21 cell popu-
lation was calculated using FlowJo software (BD Life
Sciences).

MAIT cell degranulation assay
To assess MAIT cell degranulation, anti-CD107a mAb was
added to the fixed E. coli/PBS�treated GBM/MAIT cell cocul-
tures (1:1 effector to target cell ratio) for 12 h, with brefeldin A
added for the last 3 h of culture. The cells were washed and
then stained for the identification of CD107a on the surface of
MAIT cells by flow cytometry. Unstimulated cells and an iso-
type control mAb were used to set the gates for determining
the expression level of CD107a.

MAIT cell�mediated cytotoxicity assay
GBM cell lines treated with fixed E. coli or PBS were used as
target cells. They were then cocultured with MAIT cells at dif-
ferent E:T ratios (1:1, 10:1, and 50:1) at 37�C overnight. The
supernatant was collected, and the lactate dehydrogenase
(LDH) released by lysed target cells into the supernatant was
measured by the LDH-Cytox Assay Kit (BioLegend) as per the
manufacturer�s instructions. As a positive control, GBM/MAIT
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cells treated with lysis buffer (maximum lysis) that was pro-
vided with the kit was used. The percentage of specific lysis
was calculated using the following formula: Specific lysis =
(A � C)/(B � C) � 100, where A is the average absorbance
from triplicate sets of wells in which GBM/MAIT cells
were cocultured together in the presence or absence of E.
coli, B is the average absorbance from triplicate sets of wells
in which GBM/MAIT cells were cultured in the presence of
the lysis reagent, and C is the average absorbance from trip-
licate sets of wells of the medium control.

Detection of MAIT cell cytokine release
The GBM cell lines were treated with either fixed E. coli or
PBS, followed by washing three times with PBS. The GBM cells
and primary MAIT cells were then cocultured for 48 h (at a 1:1
effector/target cell ratio). To confirm MR1 dependence in Ag-
specific cytokine secretion by MAIT cells, the anti-MR1 mAb
or isotype control were added and incubated with the cells 30
min prior to the addition of MAIT cells. The concentrations of
IFN-g, TNF-a, and IL-17 in the coculture supernatants were
determined by ELISA. As a control, the GBM cell lines and
MAIT cells were cultured alone after stimulation with fixed E.
coli or PBS.

Statistical analysis
The results were analyzed by an unpaired two-tailed Student t
test using Prism software (version 6.05 for Windows; Graph-
Pad). The displayed error bars in the graphs indicate the SD
from the mean (mean 6 SD). A p value <0.05 was considered
significant.

RESULTS

Generation of MR1 tetramer�based aAPCs
We used a recently published protocol in which latex
bead�based aAPCs allow for the rapid expansion of human
MAIT cells in an Ag-dependent manner (30). Although T cells
can be expanded using anti-CD3 and -CD28, this approach
expands all of the T cells and is not specific for just MAIT
cells. Our previously described allogenic feeder layer approach
results in the proliferation of MAIT cells, but that proliferation
is relatively slow (29). For the current study, we generated
aAPCs by immobilizing Ag-loaded human MR1 tetramers and
anti-human CD28 on cell-size latex beads (Fig. 1A). Control
aAPCs consisted of beads on which only anti-CD28 mAbs are
bound. To confirm that the MR1 tetramers and anti-CD28 were
effectively immobilized on the surface of aAPC, the prepared
aAPCs were stained with an anti-MR1 mAb and anti-mouse
IgG1, respectively, and then analyzed by flow cytometry. The
results indicated that both the MR1 tetramers and anti-CD28
mAb were efficiently bound to the surface of the latex beads
(Fig. 1B). To assess the functional efficiency of the aAPCs, we
cocultured primary MAIT cells with aAPCs or control beads
for 48 h and measured the level of IFN-g in the cell culture

supernatants by ELISA (Fig. 1C). The aAPCs were able to
induce the production of IFN-g by the MAIT cells; very
minimal IFN-g was observed with MAIT cells cocultured
with control beads. We further validated the functionality
of the aAPCs by assessing the levels of the activation
marker CD69 on the surface of the MAIT cells after a 12-h
incubation by flow cytometry (Fig. 1D). aAPC-stimulated
MAIT cells (but not those stimulated with control beads)
upregulated CD69, further confirming that the aAPCs were
functional.

Next, we asked whether the aAPCs were able to selec-
tively induce the proliferation of MAIT cells present in
whole PBMCs. In other words, can you expand MAIT cells
from whole PBMCs that have been cocultured with aAPCs?
For this, a flow cytometry analysis of PBMCs from normal
blood donors was performed before and after a 5-d cocul-
ture with aAPCs or control beads in the presence of IL-2.
Before the coculture with aAPCs, it was found that donor
1�s MAIT cells made up 2.04% of the CD31 MR1 tetramer1

PBMCs. After the 5-d coculture with the aAPCs, that level
increased to 29.6% (Fig. 1E). MAIT cells from two other
donors showed similar results (data not shown), suggesting
that the frequency of MAIT cells increased by coculturing
whole PBMCs with the aAPC.

Expansion kinetics of MAIT cells by MR1 tetramer�based
aAPCs
To assess the kinetics of the aAPC-mediated expansion of
MAIT cells, aAPCs were cocultured with PBMC from four
healthy donors. In normal PBMCs, human MAIT cells range
from 1 to 10%, with an average of �3�4% (7, 33). The percen-
tages of total MAIT cells in the cultures were determined on
days 7, 14, and 21 by flow cytometry. As shown in Fig. 2A, the
level of MAIT cells in PBMCs from two representative donors
progressively increased from an average of 31.55 and 56.6% on
days 7 and 14, respectively, to a maximum of 83.8% on day 21.
Thus, these results suggest that aAPCs are able to efficiently
expand MAIT cells from the PBMCs of healthy human donors.
Moreover, the percentages of MAIT cells defined as
CD31Va7.21CD16111 (74.4 6 7.5%) or CD31 MR1 Tetramer1

cells (84 6 2.7%) from the aAPC/PBMC cocultures were signif-
icantly higher in all four PBMC donors as compared with
cocultures with control beads (1.1 6 0.9 and 1.4 6 0.3%,
respectively; Fig. 2B). The percentage of CD31 MR1 tetramer1

cells in the Va7.21CD16111 population and the percentage of
Va7.21CD16111 cells in the CD31 MR1 tetramer1 population
were 85.5 6 5 and 86 6 7%, respectively (data not shown).
Additionally, the mean fluorescence intensity (MFI) for Va7.2,
CD161, and the MAIT TCR (as measured by staining with the
MR1 tetramer) was higher in the aAPC-expanded MAIT cells
than in those cocultured with control beads (Fig. 2C). Further-
more, the percentage, as well as MFI, of aAPC-stimulated
CD31 cells was also more elevated at all three timepoints (Fig.
2D). Cell viability over time was stable for the first 14 d of
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culture (�57 6 2.7% on average), with a marked increase to
over 92.5 6 1.5% on day 21; this also reflected the fold increase
in MAIT cells on day 21 (Fig. 2E). We also compared the MAIT
cell fold expansion between the aAPC- and feeder layer�based
approaches. The fold expansion of MAIT cells induced by aAPCs
was significantly higher (60 6 14) versus the feeder layer
approach (26 6 4; Fig. 2F). Additionally, the MAIT cell yield was
dramatically higher by the aAPC-based method than the feeder
layer technique (4.4 � 106 6 0.7 � 106 and 4.5 � 104 6 1.2 �
104 cells, respectively (Fig. 2G). The purity of the expanded
MAIT cells following these two expansion procedures was also
different. Whereas the feeder layer approach resulted in an
MAIT cell purity of 80 6 3% after 21 d of culture, with the
aAPC-based protocol, 96.3 6 2% of the cells were MAIT cells
(Fig. 3A). The expanded MAIT cells were phenotypically charac-
terized as normal MAIT cells (i.e., CD31CD4�CD81

CD441PD11CTLA4� T cells; Fig. 3B). From this point, we elec-
tronically sorted the aAPC-expanded MAIT cells to a higher level

of purity (e.g., 96.3%; Fig. 3A) and used these in the experiments
described below.

Treatment with E. coli induces the upregulation of surface
MR1 on GBM cells
MR1 expression has been detected on the surface of many
human tumor cell lines, such as THP-1 (29). Whether gli-
oma cells express MR1 has not yet been examined. There-
fore, first, we determined the cell surface expression of
MR1 on three commonly used human GBM cell lines by
flow cytometry: A172, T98G, and U251. Steady-state surface
MR1 glycoprotein levels were low to undetectable in all
three lines (Fig. 4A). When we analyzed MR1 mRNA
expression in these GBM lines using qPCR, it was evident
that all three expressed the MR1 gene (Fig. 4C). We and
others have shown that incubating cells with E. coli or sev-
eral other microorganisms can increase cell surface expres-
sion of MR1 (29, 34, 35). Furthermore, there is evidence in
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FIGURE 1. Preparation of MR1 tetramer + anti-CD28–based aAPCs for the expansion of human MAIT cells.

(A) Experimental design: latex beads were incubated with 5-OP-RU–loaded human MR1 tetramers and an anti-human CD28 mAb overnight (O.N.)

at 4�C. Control beads are those on which only the anti-CD28 mAb is bound. (B) Binding of the anti-CD28 mAb and MR1 tetramers to the beads

was confirmed by flow cytometry using mAbs against mouse IgG and MR1, respectively. (C) aAPCs (or control beads) were cocultured with primary

human MAIT cells for 48 h, and the supernatant was analyzed for the presence of IFN-g by ELISA. aAPC-expanded MAIT cells treated with PMA/

ionomycin were used as a positive control. (D) Induction of CD69 expression on primary human MAIT cells by aAPCs. MAIT cells were cocultured
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mean 6 SD. ***p < 0.001, ****p < 0.0001, unpaired Student t test.
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some GBM patients that an infection postsurgery actually
increases survival (36, 37). Thus, we next asked whether
there is any change in MR1 expression on the GBM lines
upon incubation with E. coli. We incubated the GBM cell
lines with PFA-fixed E. coli at an MOI of 300 (or PBS as a
negative control) for 6 h and then stained for cell surface
expression of MR1 by flow cytometry. An increase in sur-
face MR1 expression in all three GBM cell lines was evi-
dent, with significant increases in the percentage of MR11

GBM cells (Fig. 4A, 4B). Therefore, the results suggest that
these GBM cell lines express endogenous MR1, which is
upregulated upon exposure to E. coli.

Increased MAIT cell activation and proliferation induced
by E. coli�stimulated GBM cells
We assessed the expression of the key T cell activation marker
CD69 on MAIT cells after coculturing with either E. coli� or

PBS-treated GBM cells, in the presence or absence of an anti-
MR1 mAb. As shown in Fig. 5, the surface expression of CD69
increased substantially on MAIT cells after culturing with
GBM cells preincubated with PFA-fixed E. coli. Coculturing
MAIT cells with GBM lines that were not exposed to E. coli
did not alter CD69 expression. The addition of an anti-MR1
mAb prevented the upregulation of CD69 on MAIT cells,
indicating that the increase in CD69 expression was MR1
dependent. We next determined the ability of E. coli�incu-
bated GBM lines to stimulate MAIT cell proliferation, as
measured by intracellular Ki67 staining. It has been previ-
ously reported that in the GBM microenvironment, the
tumor cells, by secreting a plethora of inhibitory factors,
can inhibit effector T cell function and thereby promote
tumor growth (38). In MAIT cells cocultured with E. col-
i�stimulated GBM cells, there was an increase in the per-
centage of those that were Ki671 (Fig. 6B�D). These data
suggest that MAIT cells can efficiently proliferate upon
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FIGURE 2. aAPCs effectively expand human MAIT cells from PBMCs.

(A) Kinetics of MAIT cell expansion by aAPCs. PBMCs from two different normal donors were cocultured with aAPCs (or control beads) at a ratio of

1:1 for 7, 14, and 21 d. MAIT cells were phenotypically identified by flow cytometry by their historical definitions as either CD31MR1 tetramer1 or

CD31Va7.21CD16111 cells. (B) The percentages of CD31Va7.21CD16111 and CD31MR1 tetramer1 cells from four different normal donor PBMCs

are shown. (C) The MFIs of anti-Va7.2, anti-CD161, and MR1 tetramer staining on CD31 cells are shown. (D) The percentage of CD31 cells and MFI

of CD3 surface expression in aAPC-expanded MAIT cells. (E) The percentage of live cells and fold expansion of aAPC-induced MAIT cells on days 7,

14, and 21 d of coculture. (F) Comparisons of fold expansion and total MAIT cell yield (G) between the feeder layer– and aAPC-based approaches.

The data are representative of three independent experiments and expressed as the mean 6 SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001, unpaired Student t test.
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recognition of GBM cells under conditions that increase
MR1 Ag presentation.

MAIT cells directly kill glioma cells pretreated
with E. coli
MAIT cells have the capacity to mediate cytotoxicity of target
cells in much the same way as another innate T cell, NKT

cells (39). One way to measure this ability is by measuring
degranulation upon target cell engagement via the expression
of CD107a on the MAIT cell surface. CD107a (LAMP-1) is an
intracellular marker for late endosomes/lysosomes but is
expressed on the surface of T cells and NK cells when their
cytotoxic machinery is triggered; this can be detected using
flow cytometry (40). Thus, we cocultured aAPC-expanded
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MAIT cells for 12 h with the three human GBM cell lines that
were pretreated with E. coli or PBS for 6 h. We then stained
for surface CD107a expression and performed a flow cytome-
try analysis. Fig. 6E and 6F shows the percentage of CD107a1

cells on MAIT cells cultured with E. coli�stimulated GBM
cells at an effector to target cell ratio of 1:1. There was a sig-
nificant increase in surface CD107a expression on these MAIT
cells relative to those cultured with PBS-treated GBM cells. In
isolation, low numbers of MAIT cells expressed CD107a.
Additionally, MAIT cells cocultured with E. coli�pretreated
GBM cells secreted higher levels of IFN-g and TNF-a com-
pared with controls (Fig. 7). MAIT cells are known to also
produce IL-17, particularly in inflammatory diseases (14). In
cocultures of MAIT cells with fixed E. coli�treated GBM cells,
there was no detectable IL-17 (Fig. 7). Therefore, MAIT cells
secrete IFN-g and TNF-a, but not IL-17, upon interaction
with GBM cells presenting microbial Ags.

To determine whether MAIT cells can directly kill the
GBM cells, we cocultured MAIT cells with GBM cells that
were treated with either fixed E. coli or PBS at different
effector to target cell (E:T) ratios and measured target cell
killing by an LDH release assay. Although no significant
difference in the release of LDH between the two groups
was observed at the 1:1 and 10:1 E:T ratios, at the 50:1 E:T
ratio, the level of released LDH into the supernatants was
much higher than that observed in GBM cells treated with

PBS. Therefore, these data suggest that MAIT cells can
efficiently kill GBM cells in the presence of an MR1-pre-
sented Ag (Fig. 8).

DISCUSSION

In this study, we have used an MR1 tetramer�based aAPC
approach for the induction and expansion of human MAIT
cells as a means to measure their antitumor activity against
GBM cell lines. We have previously reported that allogenic
feeder layers stimulated with E. coli can be used to expand
MAIT cells (29). Recently, the use of beads coated with MR1
tetramers has been used to expand MAIT cells (30); however,
the kinetics of MAIT cell expansion, yield, and a comparison
with the traditional approach had not been analyzed. Impor-
tantly, we showed in this study that this bead-based technique
resulted in an expansion of PBMC-derived MAIT cells of �74-
fold, as compared with the allogenic feeder layer procedure, in
which the fold expansion was only 30.

The potential role of MAIT cells in the host response
against cancers suggests the consideration of its use as a novel,
promising immunotherapeutic tool; however, it is technically
difficult to expand MAIT cells to obtain a sufficient number for
clinical studies. In humans, although MAIT cells are readily
found in the blood and have been shown to proliferate ex vivo
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FIGURE 5. MAIT cell activation by E. coli–treated GBM cells.

(A) Flow cytometry gating strategy for aAPC-expanded human MAIT cells. (B) The three human GBM cell lines were treated with either fixed E. coli or

PBS (control) and cocultured overnight with aAPC-generated MAIT cells. In some cases, an anti-MR1 or isotype control (I.C.) mAb was added and

incubated for 30 min prior to the addition of the MAIT cells. Following staining with an anti-CD69 mAb, the level of CD69 on the MAIT cells was

determined by flow cytometry and is indicated in the histograms. (C) The percentage of CD691 cells in the CD31Va7.21 cell population was calcu-

lated, and the combined results for the three individual experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001, by an unpaired Student t test.
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in presence of the riboflavin derivative 5-OP-RU (41, 42) or on
a gamma-irradiated allogenic feeder layer preincubated with
bacteria and in the presence of IL-2 (29), these approaches are
associated with several drawbacks. First, the 5-OP-RU com-
pound is very unstable and not available commercially; second,
a feeder layer risks cell culture contamination; third, expanding
MAIT cells requires a combination of cytokines; and fourth,
under each of these culture conditions, MAIT cells proliferate
slowly, resulting in a low yield. Hence, these approaches are
prohibitively expensive and unattractive. With the development
of MR1 tetramers for human MAIT cell detection via flow
cytometry (33, 41), we sought to capitalize on this tool to gener-
ate bead-based aAPCs that can easily expand human MAIT
cells in an Ag-specific manner. In fact, aAPCs have been used
to expand another innate T cell subpopulation, NKT cells (43).
The bead-based aAPC system is predicated on the principle
that a T cell requires three signals for its induction and prolif-
eration: Ag, costimulatory stimulus, and T cell�activating cyto-
kines (44, 45). The bead-based aAPC preparation includes MR1

tetramers loaded with the ligand 5-OP-RU and an Ab against
the costimulatory molecule CD28. Accordingly, in the current
report, we prepared aAPCs for expanding MAIT cells from the
peripheral blood of healthy human donors.

The expanded MAIT cells were functionally active and
cytotoxic against GBM cells. GBM is a devastating disease in
which the lifespan is limited to �15 mo (1), with no effective
therapies currently available�this includes conventional immu-
notherapies. As MAIT cells have been demonstrated to show
cytotoxic activity (25), we focused our efforts on whether
aAPC-expanded human MAIT cells have the capacity to lyse
GBM lines in an Ag-specific manner. The use of MAIT cells in
GBM-targeting immunotherapy could be beneficial in a sce-
nario in which conventional T cells have been found to be less
effective, particularly in cases in which the downregulation of
MHC class I molecules on the tumor cells has occurred (46).
The cytotoxic effector function of MAIT cells requires micro-
bial vitamin B�derived Ags to be presented by tumor-associated
MR1. Although we used E. coli in this study, the use of
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FIGURE 6. Human MAIT cell proliferation and degranulation induced by GBM cells pretreated with E. coli.

(A) GBM cells treated with PFA-fixed E. coli or PBS were cocultured with MAIT cells in the presence of IL-2 for 5 d. The cells were first stained with

mAbs against CD3 and Va7.2. They were then fixed/permeabilized and incubated with an anti–Ki-67 mAb. Analysis was by flow cytometry. (B) A

representative result from the three GBM lines. (C) The percentage of Ki-671 MAIT cells. (D) The MFI of Ki-67 expression in MAIT cells. (C) and (D)

are combined data from two independent experiments. (E) aAPC-generated MAIT cells were incubated for 12 h with the different GBM lines treated

with fixed E. coli or PBS at an effector to target cell ratio of 1:1. The cells were then stained with mAbs against CD3, Va7.2, and CD107a. The per-

centages of CD31Va7.21 cells that are CD107a1 from a representative experiment are shown. (F) Combined data from three independent experi-

ments. The data are presented as the mean 6 SD. *p < 0.05, by an unpaired Student t test. ns, not significant.
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nonpathogenic bacteria to provide MR1-presented Ags in the
tumor microenvironment could be a promising approach in
MAIT cell�mediated antitumor immunotherapy. Additionally,
as MR1 is expressed by all cells at different levels, the ability of
MAIT cells to predominantly target and kill tumor cells is an
essential requirement. The generation of genetically modified
bacteria expressing the riboflavin synthase gene under the
control of a hypoxic promoter could be exploited to allow
the synthesis of MAIT cell Ags in tumor cells only. This
would help MAIT cells specifically target the tumor cells.
Interestingly, Mehta and colleagues (47) demonstrated that
actively motile bacteria expressing the tumor-suppressor
protein p53 under the control of a hypoxia promoter, could
migrate and localize to a glioblastoma tumor microenviron-
ment effectively.

In the current study, we found that MAIT cells efficiently
interacted with the GBM cells, became activated, and secreted
several proinflammatory cytokines while concomitantly killing
the cancer cells. Moreover, compared with conventionally gen-
erated MAIT cells, the aAPC-expanded MAIT cells remained
functional and stably retained their original phenotype. Thus,
we propose that aAPC-generated MAIT cells can easily be used
for adoptive antitumor immunotherapy. Considering the evi-
dence that circulating MAIT cells are reduced in patients with a
number of different cancers (22), it will be of interest to assess
whether the same approach can be used to ex vivo expand this
immune cell population isolated from these patients. In conclu-
sion, the current study provides evidence that latex bead�based
aAPCs can dramatically expand human MAIT cells from the
peripheral blood, which demonstrate cytotoxicity against GBM
cells and the production of proinflammatory cytokines in an
MR1-dependent, Ag-specific manner. Future efforts could poten-
tially couple this approach to checkpoint inhibitor or other con-
temporary modes of immunotherapy.
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FIGURE 7. aAPC-expanded human MAIT cells produce IFN-g and

TNF-a (but not IL-17) upon coculture with E. coli–treated GBM cell

lines.

The human GBM cell lines were treated with either fixed E. coli or PBS

and cocultured with aAPC-expanded MAIT cells for 48 h at an effector

to target cell ratio of 1:1. The supernatants were analyzed for the pro-

duction of IFN-g (A), TNF-a (B), and IL-17 (C) by ELISA. In some cases,

an anti-MR1 or isotype control mAb (I.C.) was added 30 min prior to

the addition of MAIT cells. The results for three independent experi-

ments are shown and expressed as the mean 6 SD. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001, by an unpaired Student t test.
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FIGURE 8. aAPC-expanded human MAIT cells directly kill E.

coli–treated GBM cells.

The GBM cell lines treated with E. coli (or PBS) were cocultured with

MAIT cells at different effector to target cell ratios (1:1, 10:1, and 50:1).

The level of GBM killing was measured using an LDH-based assay and

indicated as the percentage of specific lysis. The data are from two inde-

pendent experiments and presented as the mean 6 SD. ***p < 0.001,

****p < 0.0001, by an unpaired Student t test at an E:T ratio of 50:1.
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