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Introduction

Summary

High expression of the ATP-binding cassette-multi-drug efflux protein 1
(MDR1) is a striking feature of mucosal-associated invariant T (MAIT)
cells, a prominent human innate-like T cell subset. We demonstrate sig-
nificantly higher MDRI expression by CD8*CD161"*Va7.2* MAIT cells
than the phenotypically and functionally related CD8*CD161**Va7.2-
subset and show MDR1 expression to be similarly high throughout MAIT
CD4*, CD8*, double-negative (DN) and double-positive (DP) cell subsets.
We demonstrate the MAIT cell-predominant CD8*CD161** subset to
uniquely and efficiently efflux the cytotoxic anthracycline daunorubicin,
retain function on daunorubicin exposure and demonstrate MDRI1-de-
pendent protection from daunorubicin-induced apoptosis. By contrast,
CD8*CD161**Va7.2* MAIT cells were not protected from the anti-pro-
liferative and cytotoxic effects of the immunosuppressive MDRI1 substrates
tacrolimus and mycophenoic acid, although function following MAIT
cell-specific T cell receptor (TCR)-dependent and -independent stimulation
was preserved on in-vitro exposure to these agents. Overall, our data fur-
ther define MDRI1 expression by CD161** T and MAIT cells and dem-
onstrate the potential for high MDRI1 expression by MAIT cells to confer
resistance to cytotoxic MDR1 substrates in vivo. As our understanding of
the importance of MAIT cells in human immunity and immunopathology
grows, this is an important observation for clinical contexts such as the
autoimmunity and  post-transplant

treatment of malignancy,

immunosuppression.

Keywords: autoimmunity, malignancy, MDR1, mucosal-associated invariant T
(MAIT) cell, transplant

products of the riboflavin synthesis pathways (derived from

Mucosal-associated invariant T (MAIT) cells are an abun-
dant human innate-like T cell subset. Representing 5-10%
of peripheral T cells, MAIT cells are enriched within a
number of tissues, most notably the liver, where they
account for up to 50% of intrahepatic T cells [1]. MAIT
cells in humans express a semi-invariant af T cell recep-
tor (TCR) and the V-alpha chain Va7.2 joins to restricted
Ja segments (Ja33/12/20) and V-beta chains (VB2 and
13.2) [2,3]. The MAIT T cell receptor (TCR) is restricted
by the highly conserved major histocompatibility complex
(MHC) class I-like molecule MRI1 presenting metabolic

bacteria and yeasts) [4-6]. MAIT cells are characterized
further by expression of the transcription factors retinoic
acid-related orphan receptor gamma T (RORyt), which
drives type 17 function and phenotype [CD161, interleukin
(IL)-23R and chemokine receptor 6 (CCR6) expression]
and promyelocytic leukaemia zinc finger (PLZF), related
to their ‘innate’ characteristics including responsiveness
to IL-18 in synergy with IL-12/IL-15 and type I interferons
(IENS) [6,7], MAIT cells are not only phenotypically dis-
tinct, but also multi-functional - primed to respond innately

to a variety of bacteria, yeast and viruses.
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MAIT cells are contained entirely within the
CD3*CD161"" population, and the majority of
CD161%*Va7.2* MAIT cells are either CD8TCD4~ (82.9%)
or double-negative (DN) CD8 CD4~ (12-1%), with a small
minority of CD8CD4" and double-positive (DP)
CD8*CD4* [8,9]. There is little functional difference
between the CD8*CD4~, CD8 CD4* and DN CD8 CD4~
CD161**Va7.2* populations (although the DN population
has a greater tendency to apoptosis); however, the CD8~
CD4*CD161"*Va7.2* subpopulation has reduced T helper
1 effector function but retained T helper 2 function [8].
Further to this, we have previously shown the origins of
CD8*CD161"*Va7.2* MAIT cells from the CD8*CD161**
subset  within cord blood and demonstrated
CD8*CD161"*Va7.2* MAIT cells to make up 87% of the
CD8*CD161*" T cell subset in adults [9].

MDR1 (or P-glycoprotein), encoded by ABCBI, is the
prototypical drug efflux pump that has been described
to mediate multi-drug resistance in various malignant cells
[10]. It is a promiscuous transporter with broad specificity
for a variety of different substrates, including those that
also inhibit transport, such as cyclosporin A and verapamil
[11,12]. While much research has been invested in deter-
mining the role of MDR1 in the resistance of malignant
cells to treatment, less is known about its physiological
role. Expression is found in various tissues, including the
gastrointestinal tract, liver, kidney, adrenal cortex, brain
and testes [13] with this distribution pattern, suggesting
a role in protection from xenobiotics or endogenous
metabolites [10]. Expression has also been described in
leucocytes [14], with a role in secretion of cytokines and
cytotoxic mediators within these cells being proposed [15].

Among CD8" T leucocytes MDR1 expression, the associ-
ated ability to efflux the fluorescent MDR1 substrate rho-
damine 123 (Rh123) and in-vitro and in-vivo resistance to
daunorubicin was shown initially to be restricted to a
CD8*CD161**IL18Ra*" memory T cell subset [16], resem-
bling but not specifically identified as MAIT cells. A sub-
sequent study then further identified high MDR1 expression
by CD4°CD161"*Va7.2* T cells compared to CD4"
CD161"Va7.2, CD4CD161"Va7.2* and CD4 CDl161"
Va7.2" subsets, and demonstrated the ability of the
CD4°CD161"*Va7.2* subset alone to efflux Rh123. The
same study also showed preferential survival of CD4"
CD161"*Va7.2* T cells in patients both during and after
anthracycline-containing chemotherapy compared to con-
ventional memory cells on ex-vivo analysis [17]. Given that
MAIT cells have been shown recently to be enriched within
solid organ malignancies, where they are associated with
poor prognosis [18-21] and identified among previously
unclassified peripheral T cell lymphomas [22], further
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assessment of the effect of exposure to cytotoxic agents
on MAIT cell survival and function is an important area
to explore.

A number of immunosuppressive agents used in trans-
plantation medicine and the treatment of autoimmunity
are also substrates of MDRI1 [13], and reports indicate
the significance of MDRI1 expressing mononuclear cells in
both transplant rejection [23,24] and treatment-resistant
autoimmunity [25-27]. MAIT cells are inherently cross-
reactive due to their restriction by the highly evolutionary
conserved MR1 allowing for alloactivation through the
presentation of bacterial-derived ligands. Bystander TCR-
independent cytokine-mediated activation of MAIT cells
may also occur in the context of inflammation and the
production of MAIT-activating cytokines such as IL-12
and IL-18. Preferential survival of MAIT cells in the con-
text of immunosuppression might have both beneficial and
deleterious effects; on one hand, allowing them to play
an important role in maintenance of immunity and on
the other hand as mediators of rejection in transplantation
or of treatment resistant disease in autoimmunity.

To date, published data on the role of MDR1 on MAIT
cells and MAIT-containing T cell subsets are limited to
in-vitro  studies of anthracyline resistance of the
CDI161"*ILISR*MDRI1"* T cell subset [16] and the specific
Rh123 efflux ability of CD4°CD161"*Va7.2* cells, along
with ex-vivo analysis demonstrating preferential survival
of CD4 CD161""Va7.2* cells following anthracycline-con-
taining chemotherapy compared to conventional memory
cells [17]. In this study we further define the expression
of MDR1 on CD161** and MAIT T cell subsets. We
demonstrate the ability of CD8*CD161"" cells to efflux
the anthracycline daunorubicin efficiently and describe the
effect of in-vitro exposure to daunorubicin on CD8*CD161**
T cell survival and function. Furthermore, we investigate
for the first time, to our knowledge, the effects of the
immunosuppressive  MDR1  substrates
mycophenolic acid (MPA) (the active metabolite of mycyo-

tacrolimus,

phenolate mofetil) and the corticosteroid prednisolone on
MAIT cell proliferation, survival and function.

Materials and methods

Cells

Peripheral blood mononuclear cells (PBMC) were obtained
from whole blood leucocyte cones (NHS Blood and
Transplant, Watford, UK), after ethical approval by the
Central Office for Research Ethics Committees (local
research ethics committee Oxford: COREC), reference
number COREC 04.0XA.010.
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Flow cytometry

Dead cells were excluded with the Near-IR Dead-Cell stain
(Invitrogen, Paisley, UK). Antibodies used were: anti-CD3
phycoerythrin-cyanin7 (PE-Cy?7) or allophycocyanin (APC),
anti-CD8 peridinin chlorophyll (PerCP)-Cy5.5 or eFluor
450 (eBioscience, Hatfield, UK); anti-CD161 PE or APC,
anti-CD8 VioGreen, anti-interferon (IFN) fluorescein iso-
thiocyanate (FITC) (Miltenyi Biotec, Surrey, UK); anti-V7.2
PE or FITC or PECy7, anti-perforin Pacific Blue, anti-
CD243/MDRI PE (Biolegend, London, UK); anti-granzyme
B AlexaFluor700, anti-perforin  FITC, anti-IFN
AlexaFluor700 (BD Biosciences, Oxford, UK) and anti-
granzyme B APC (Invitrogen). For intracellular antibody
staining cells were stained with the forehead box protein
3 (FoxP3)/transcription factor staining buffer set (eBiosci-
ence, Birmingham, UK).

Data were acquired on a MACSQuant (Miltenyi Biotec)
or LSRII (BD Bioscience) and analysed using FlowJo
software version 9 (Treestar, Inc., Ashland, OR, USA).

Daunorubicin efflux assay

Fresh PBMCs were loaded with 2-5 M daunorubicin hydro-
chloride (Sigma, Poole, UK) for 20 min at 37°C and allowed
to efflux for 1 h. Loading controls were kept on ice. After
efflux, cells were returned to ice and surface stained for analysis.
Daunorubicin fluorescence was measured at 610/20 nm on
the LSRII (BD Biosciences). Efflux was calculated as:

(GeoMFI fluorescent  substrate)ioading control  (GeoMFI
fluorescent substrate)siux
(GeoMFTI fluorescent substrate)Loading control

Cytotoxicity assay

PBMCs were cultured with various concentrations of
daunorubicin, tacrolimus, MPA and prednisolone (Sigma)
and apoptosis detected by intracellular staining for acti-
vated caspase 3 (BD Pharmingen, Wokingham, UK) or
by annexin V (Miltenyi Biotec) surface staining after 24
or 48 h, respectively. Annexin V staining was performed
for 15 min at room temperature in annexin V binding
buffer (Miltenyi Biotec); 50 M Verapamil (Sigma) was
added at the beginning of culture. Percentages expressing
annexin V at each concentration were background sub-
tracted for annexin V expression in media alone.

Proliferation assay

PBMCs were thawed and washed extensively in phosphate-
buffered saline (PBS) before being stained with 2.5 M
CellTrace™ Violet (CTV) dye (Invitrogen) for 10 min at
room temperature. Ice-cold medium was added to quench
the reaction, and cells kept on ice for 5 min. Cells were

then washed three times in medium, transferring cells into
new tubes between each wash. Finally, cells were incubated
at 37°C for 5 min, to allow excess dye to diffuse out. Cells
were then resuspended at 2 x 106/ml in RPMI-1640 medium
(GiBco, ThermoFisher Scientific, Waltham, MA, USA), 10%
normal human serum (Sigma), 2 mM L-glutamine (Gisco)
and X1 penicillin-streptomycin solution (Gisco) with anti-
CD3/2/28 activation beads (Miltenyi Biotec), as per the
manufacturer’s instructions, and cultured in 48-well flat-
bottomed plates with or without immunosuppressants
tacrolimus, prednisolone or MPA (Sigma). After 4 days,
cells were split and either surface-stained for analysis of
CTV dilution or assessed for functional activity.

Tamm-Horsfall protein (THP)-1/Esherichia coli
stimulation assay

THP-1 cells [European Collection of Authenticated Cell
Cultures (ECACC), Salisbury, UK] were incubated over-
night with paraformaldehyde-fixed E. coli (DHS5;
Invitrogen) at 25 bacteria per cell. Following culture with
immunosuppressant drugs tacrolimus, prednisolone or
MPA, PBMC were washed extensively then added to
washed THP1s for a 5-h co-culture, with 3 g/ml brefeldin
A (eBioscience) added after 1 h. IFN production was
assayed by intracellular cytokine staining.

IL-12/IL-18 stimulation assay

Following culture with immunosuppressant drugs tacroli-
mus, MPA or prednisolone, PBMC were incubated with
IL-12 (Miltenyi Biotec) and IL-18 (R&D Systems,
Abingdon, UK), each at 50 ng/ml overnight; 3 ug/ml
brefeldin A (eBioscience) was added for the final 4 h of
incubation and IFN-y production assayed by intracellular
cytokine staining.

CD3/CD28 bead stimulation assay

For activation through the TCR, PBMC were cultured
with anti-biotin beads coated with anti-CD2-biotin,
anti-CD3-biotin and anti-CD28-biotin at 10 pg/ml at a
bead-to-cell ratio of 1 : 2, according to the T cell Activation/
Expansion kit (Miltenyi Biotec) instructions. IFN-y pro-
duction was assayed after 24 h by intracellular cytokine
staining.

Statistical analysis

Statistical analysis, as stated in the figure legends, was
performed using Prism version 6 software (GraphPad,
San Diego, CA, USA). Data are represented as
mean + standard error of the mean (s.e.m.); ****P < 0-0001,
P < 0-001, **P < 0-01, *P < 0-05, n.s. = not significant,
as stated in the figure legends.
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Fig. 1. Mucosal-associated invariant T (MAIT) cells express high levels of multi-drug resistance protein 1 (MDR1). (a) Cumulative data showing
geometric mean fluorescent intensity (GeoMFI) of MDR1 by each subset including naive (CCR7*CD45RA*) and memory (excluding CCR7*CD45RA")
CD161°CD8* (red), CD161*CD8" (blue) and CD161**CD8" (green) subsets (n = 15). ***P < 0-001; **P < 0018301; n.s. = not significant by one-way
analysis of variance (anova) with Tukey’s multiple comparisons test. Data are represented as mean + standard error of the mean (s.e.m.). (b)
Cumulative data showing GeoMFI of MDR1 by each CD3*CD161**Va7.2* subset including CD4" (red), CD8" (blue), double-negative (DN)/CD4~
CD8" (green) and double-positive (DP)/CD4+*CD8" subsets (orange) (n = 5). *P < 0.05; n.s. = non-significant by Kruskal-Wallis with Dunn’s multiple
comparison test. (c) Representative flow cytometry data of MDRI expression by CD161**CD8* subsets, either Va7.2* (green dotted line) or Va7.2~
(green solid line), compared to the fluorescence minus one (staining control) sample (grey). (d) Paired data for geometric mean fluorescent intensity

(GeoMFI) of MDR1 by CD161**CD8*Va7.2* and CD161**CD8*Va7.2™ T cells. *P < 0-05 by paired ¢-test.

Results

MDRI expression is similar among MAIT cell subsets
and MAIT cells express the highest levels of MDR1
among CD8" T cells

CD161"*CD8*IL-18R* T cells [16], and specifically CD4-
CD161%*Va7.2* MAIT cells [17], have been described to
express high levels of the multi-drug efflux pump MDRI.
Here we demonstrate naive CD161 " CD8* cells to express
similar levels of MDRI to CD161" memory CD8" T cells,
and both subsets to express higher levels than their
CD161*CD8" memory counterparts. Furthermore,
CD1617*CD8" T cells, the majority of which were MAIT
cells [9], expressed significantly higher levels of MDRI
than all other CD8* T cell populations, confirming previ-
ous studies (Fig. la) (gating strategies are shown in
Supporting information, Fig. Sla).

Following from our work looking at differential phe-
notypes and functions of MAIT cell subsets [8], we further

defined MDR1 expression throughout MAIT subsets based
on CD4 and CD8 co-receptor expression. CD4* MAITSs
express significantly less MDR1 compared to the DP subset,
but otherwise no statistically significant difference between
subsets was observed (Fig. 1b). (see Supporting informa-
tion, Fig. S1b for gating strategy and Supporting informa-
tion Fig. Slc for MAIT subset distribution within our
data set).

We have shown previously that the effector memory
CD8*CD161**Va7.2* MAIT cell population is derived
from a pool of naive CD8*CD161"" T cells identified in
cord blood [9], and for CD8TCD161%*Va7.2" T cells to
share many important phenotypical and functional char-
acteristics with MAIT cells, including expression of the
transcription factors PLZF, RORyt and TCR-independent
activation by IL-12/IL-18 [28]. We therefore compared
MDRI1 expression on the CD8*CD161"*Va7.2* and
CD8*CD161"*Va7.2™ subsets and demonstrated similarly
high expression of MDR1 by both CD8"CD161"*Va7.2*
MAIT cells and the CD8*CD161**Va7.2™ subset, although
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MDRI1  expression was significantly  higher on
CD8*CD161""Va7.2* MAIT cells compared to the
CD8*CD161"*Va7.2” subset (Fig. 1c).

MALIT cells are protected from cytotoxicity during
exposure to daunorubicin

We have previously proved the functional activity of MDR1
on CD8*CD161** cells using the fluorescent substrate Rh123
and demonstrated inhibition by the MDR1 inhibitors cyclo-
sporin A and verapamil [29]. While efflux was not as
marked as for Rh123, the CD8'CD161"" T cells were able
to efflux the fluorescent anthracycline daunorubicin signifi-
cantly more efficiently than other CD8" T cell subsets, both
CD8*CD161" (P < 0-01) and CD8*CD161~ (P < 0-001) (Fig.
2a,b). Further to this, we demonstrate that the CD8*CD161**
subset is able to efflux daunorubicin significantly more
efficiently than the CD8CD161** subset (Fig. 2c), which
may be accounted for by different levels of MDRI expres-
sion (see Fig. 1d) and may add to the greater apoptotic
tendency of the DN MAIT cell subset [8].

It has been demonstrated previously that CD4~
CD161**Va7.2* MAIT cells have a superior ability to
survive anthracycline-containing chemotherapy in patients
undergoing treatment for breast cancer compared to other
T cell subsets [17]. We determined the ability of
CD8*CD161"* cells (which are predominantly Va7.2*
MAIT cells) to survive exposure to anthracycline prefer-
entially by culture of PBMCs with daunorubicin for 48 h,
with apoptosis evaluated by annexin V staining. When
CD8* T cells were gated based on the level of CD161
expression, CD1617"CD8" T cells were found to be sig-
nificantly more resistant to daunorubicin-induced apop-
tosis at concentrations of 0-5-10 uM/l compared to the
other CD8* T cell subsets (Fig. 2d,e). Such protection
was attributable to their expression of MDRI, as resist-
ance was abrogated by addition of the MDRI1 inhibitor
verapamil, determined by staining for activated caspase
3, an additional marker of apoptosis (Fig. 2f,g).

In addition to resisting cytotoxic effects, we next inves-
tigated whether CD8*CD161** cells remained functional
after exposure to daunorubicin by co-culture of dauno-
rubicin-exposed PBMCs with Escherichia coli-pulsed
THP1s, shown previously to specifically activate the MAIT
cell subset [6,27]. While CD8*CD161** cells retained the
ability to respond, the percentage of live cells producing
IFN-y in response to E. coli was reduced upon culture
with daunorubicin, particularly at a concentration of
10 uM, where the response was reduced significantly by
more than 40% (mean 79-65 versus 46-10%). A smaller
reduction in function was also observed at lower con-
centrations (Fig. 2h).

MALIT cells are susceptible to immunosuppressant
MDRI1 substrates but remain functional after in-vitro
exposure

The ability of CD161**CD8" T cells to survive culture
with chemotherapeutic agents through drug efflux suggests
that they may also possess the ability to efflux, and hence
be resistant to, other pharmacological MDR1 substrates.
We  therefore  investigated  the  ability  of
CD8*CD161""Va7.2* MAIT cells to withstand the effects
of the immunosuppressant MDRI1 substrates tacrolimus,
MPA and prednisolone.

We first examined the effect of tacrolimus, MPA and
prednisolone on CD8*CD161**Va7.2* MAIT cell prolifera-
tion, assayed by CTV dilution, upon anti-CD3/CD2/CD28
stimulation for 4 days (Fig. 3a) in the presence or absence
of physiological concentrations of tacrolimus (Fig. 3b), MPA
(Fig. 3¢) or prednisolone (Fig. 3d). The percentage of cells
that had proliferated was determined by identifying cells
that had lost CTV fluorescence (CVT'"), representing daugh-
ter cells. In the absence of drugs, both CD8"CD161"*Va7.2*
MAIT cells and bulk (non-MAIT) CD8* T cells proliferated
in response to TCR stimulation (Fig. 3a). However, both
subsets were inhibited similarly by tacrolimus and MPA
at all concentrations of drugs used in the assay (Fig. 3b,c).
By contrast, both CD8*CD161**Va7.2* MAIT and bulk
(non-MAIT) CD8* T cell proliferation remained uninhibited
in the presence of prednisolone at the concentrations used
(Fig. 3d). Levels of MAIT cell apoptosis, as measured by
annexin V staining, following 4 days’ culture with various
concentrations of tacrolimus, MPA and prednisolone, was
not significantly different from cells cultured in media alone
(Supporting information Fig. S2a).

We next explored the effect of co-culture with tacroli-
mus, MPA and prednisolone on CD8*CDI161"*Va7.2*
MAIT cell TCR-dependent and -independent functions.
MAIT cells retained their ability to produce IFN-y on
stimulation by both E. coli-loaded THPI1 cells at similar
levels to untreated cells (Supporting information, Fig. S3a).
Response was affected non-significantly by a combination
of all three drugs (Supporting information, Fig. S2b).

MAIT cells have also been described to respond to the
combination of IL-12 and IL-18 in a TCR-independent
manner [7]. This response was also maintained after expo-
sure to all three drugs, among all drug concentrations
tested (Supporting information, Fig. S3b). As both these
assays activate MAIT cells specifically, no direct comparison
with the effect on function of non-MAIT T cells could
be made in these experiments.

In the resting state, MAIT cells lack granzyme B and
express low levels of perforin, but have been shown to
up-regulate these molecules upon activation to enable
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Fig. 2. Mucosal-associated invariant T (MAIT) cells are protected from cytotoxicity during exposure to daunorubicin. (a) Representative flow cytometry
data of peripheral blood mononuclear cells (PBMC) loaded with daunorubicin and cultured on ice (loading control; left) or at 37°C (efflux; right) and
gated on CD8*CD3" lymphocytes. (b) Cumulative data for daunorubicin efflux by each CD8* T cell subset calculated as per materials and methods
(n=6).***P < 0-001; **P < 0-01; *P < 0-05; n.s. = not significant by one-way analysis of variance (aNova) with Tukey’s multiple comparisons test. Data
are represented as mean * standard error of the mean (s.e.m.). (c) Cumulative data for duanorubicin efflux by CD8"CD161** and CD8 CD161**
subsets calculated as per materials and methods (n = 6). *P < 0-05 by Mann-Whitney test. Data are represented as mean * s.e.m. (d) Representative flow
cytometry plots of annexin V staining of PBMC cultured for 48 h in media alone or with various concentrations of daunorubicin, and gated on
CD8*CD3" lymphocytes. (e) Cumulative data for percentage of CD161~ (red), CD161* (blue) and CD161** (green) CD8* T cells stained by annexin V
after culture for 48 h with various concentrations of daunorubicin. **P < 0.001; **P < 0.01; *P < 0.05; n.s. = not significant by one-way anova with
Tukey’s multiple comparisons test; all other comparisons were not significant. Data are represented as mean * s.e.m. (f) Representative flow cytometry
plots of caspase 3 expression in CD8*CD3* lymphocytes from PBMC after culture with media alone or 1 uM daunorubicin, with or without the MDR1
inhibitor verapamil (50 uM), for 48 h. Cells cultured with verapamil alone are also shown. (g) Cumulative data for percentage of each subset, expressing
caspase 3 after culture with daunorubicin alone (block colour) or with verapamil (hatched bars) (n = 5). Data are represented as mean + s.e.m. (h)
Cumulative data for percentage of MAIT cells expressing interferon (IFN)-y in response to Escherichia coli-loaded Tamm-Horsfall protein (THP)1
cells after 48 h culture in the presence of various concentrations of daunorubicin (# = 6). ***P < 0-001, *P < 0-05, n.s. = not significant by one-way
ANova with Dunnett’s multiple comparison test, compared to untreated cells. Data are represented as mean * standard error of the mean (s.e.m.).

cytotoxicity against target cells [30]. We therefore explored
the effect of 4 days’ pre-culture with tacrolimus, MPA
and prednisolone on up-regulation of perforin and gran-
zyme B by CD8*CD161"*Va7.2" MAIT cells following
stimulation with anti-CD3/CD2/CD28 beads. Untreated
cells showed substantial up-regulation of both cytotoxic
mediators after activation, which was inhibited significantly
throughout all concentrations of tacrolimus and MPA
tested, but not following exposure to prednisolone
(Fig. 4a,b), reflecting proliferative responses (Fig. 3).

Discussion

Interest in and evidence for the significance of MAIT
cells to human immunity is building — not least in terms
of their prevalence, location at key sites of pathogen entry
and conserved innate multi-functionality against bacterial,
fungal and viral infections. Many clinical studies have
indicated involvement of MAIT cells in the context of
infection, and a role in autoimmunity and malignancy is
also emerging (reviewed in [1]). Markedly high expression
of MDRI specifically by MAIT cells is demonstrated clearly
by our data, with similar expression among all MAIT
subsets. Their resistance to the effects of anthracyline
cytotoxic MDRI1 substrates is a significant observation
and important to consider in the clinical contexts of solid
organ and haematological malignancy. Furthermore, MAIT
cell susceptibility to the anti-proliferative and cytotoxic
effects of the immunosuppressive agents tacrolimus and
MPA has important implications for related research in
the fields of autoimmunity and transplantation and a role
in driving immunosuppression resistant disease/rejection,
as hypothesized, less likely.

There are few studies of the role of MAIT cells in malig-
nancy, but their accumulation has been demonstrated in

kidney and brain cancer [19], with the degree of MAIT
cell infiltration and activation correlating negatively with
life expectancy in colorectal adenocarcinoma [18,20,21]. In
addition, MAIT cells have been described to account for
a significant proportion of previously unclassified peripheral
T cell lymphomas [22]. Our data, in keeping with previous
studies [16,17], further demonstrate MAIT cells to prefer-
entially survive exposure to cytotoxic MDR1 substrates. We
show not only a significantly greater efflux of daunorubicin
from MAIT cells compared to other cell subsets, in line
with data showing efflux by effector memory CD161**CD8*
T cells [16], but also directly demonstrate MDR1-mediated
protection from apoptosis for the first time, previously cor-
related only with preferential survival in patients receiving
chemotherapy for breast cancer over other lymphocyte
subsets [17]. Furthermore, we show daunorubicin exposed
MAIT cells maintain, albeit reduced, function following
physiological MR1-mediated stimulation through the MAIT
cell TCR. All experiments, however, were conducted with
MAIT cells exposed to daunorubicin in a quiescent state.
It would be interesting to know if the same protection is
afforded to cells activated prior to drug exposure.

At this stage it is difficult to interpret the negative
correlations between MAIT cell infiltration, tumour biol-
ogy and life expectancy. Whether infiltration by high
numbers of MAIT cells is important for anti-cancer
immunity and a correlate of an aggressive tumour or
whether they contribute directly to tumour growth, for
example by IL-17-mediated recruitment of suppressive
neutrophils and myeloid-derived suppressor cells, is not
known and may differ between individual malignancies.
However, given our findings, further studies of the role
of MAIT cells in malignancy will have important implica-
tions for cancer therapy, including better understanding
of their survival and susceptibility to chemotherapeutic
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Fig. 3. Mucosal-associated invariant T (MAIT) cells are susceptible to the anti-proliferative effects of tacrolimus and mycophenolic acid (MPA). (a)
Representative flow cytometry plots showing CellTrace™ Violet (CTV) dilution upon proliferation of CD3* lymphocytes, non-MAIT bulk CD8* T
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(orange hatch) proliferated (CTVY) after 4 days’ culture with anti-CD3/CD2/CD28 beads are shown for cells cultured in the presence of either
tacrolimus (b), MPA (c) and prednisolone (d). Representative flow cytometry plots are shown for the middle concentration of each drug, namely 10 ng/
ml tacrolimus, MPA 4 mg/ml and prednisolone 50 ng/ml. Gates were set according to unstimulated controls (1 = 6).

agents and in the potential use of MAIT cell-targeting

depletive or adoptive transfer therapy.

Potential pathogenic and protective roles of MAIT cells
are described in autoimmune disease from both clinical

© 2018 The Authors. Clinical & Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society for
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and murine studies published in multiple sclerosis (MS),
rheumatoid arthritis (RA), systemic lupus (SLE), ankylos-
ing spondylitis, inflammatory bowel disease (IBD) and
coeliac disease (reviewed in [31]). Accumulation of MAIT

187



J. R. Fergusson et al.

—
&

ns

T * ,
= 61 * !
3 el
G 3 b o °
= o e o ©
S E 4 b
o =
g’: g e o 0
o o [ ] L4
s 27 “xe ||
§ 3 - Rl
52 o0
o 0
5 T — T — T T T
S UT 5 1020 2 4 8 25 50100
[

[Tacrolimus] [MPA] [Prednisolone]

(ng/ml) (mglL) (ng/ml)

—

(=)
=
*

L o0 ——
o [ ]
o} [ ]
3 .
c O
O 3 400
g E T .
S 0
25 e H
S 2 2001 *ls

[ °
% 2 ° o (oo
° 0t » T
LE Ur 5 1020 2 4 8 25 50100

[Tacrolimus] [MPA] [Prednisolone]
(ng/ml) (mg/L) (mg/L)

Fig. 4. Up-regulation of cytotoxic mediators is inhibited in mucosal-associated invariant T (MAIT) cells exposed to tacrolimus and mycophenolic acid
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controls after stimulation with anti-CD3/CD2/CD28 beads for 24 h, following 4 days culture with various concentrations of tacrolimus, MPA or

prednisolone (n = 5). *P < 0-05; n.s. = not significant by one-way analysis of variance (aNova) with Dunnett’s multiple comparison test, compared to

untreated cells. Data are represented as mean + standard error of the mean (s.e.m.).

cells at sites of tissue inflammation, including inflamma-
tory lesions in MS [32-34], the gut in IBD [35,36] and
synovial fluid in RA [37], suggests a pathogenic role.
However, in the murine model of MS, experimental auto-
immune encephalitis (EAE), in both adoptive transfer and
transgenic studies, MAIT cells protected against central
nervous system (CNS) inflammation and demyelination
and MR17~ mice, which lack MAIT cells, suffered more
severe EAE [38]. There have been no studies of MAIT
cells in rejection of solid organ transplantation. There
have been conflicting reports on the role of CD161" and
CCR6* lymphocyte subsets, not formally defined as con-
taining MAIT cells, in graft-versus-host disease (GVHD)
following bone marrow or haematopoetic stem cell trans-
plantation preceded by myeloablative conditioning [inter-
estingly, MAIT cells do not re-emerge post-transplant
following non-myeloablative conditioning with anti-CD52
therapy [39] (L. J. Walker, unpublished data) ]. These
studies suggest both protective [40] and pathogenic roles,
along with protection of CD161"CCR6" cells from the
anti-proliferative effects of cyclosporin A within a mixed
leucocyte reaction (MLR) model [41]. Alloactivation of
MAIT cells due to their inherent cross-reactivity via a
TCR restricted to the highly evolutionarily conserved MR1
would require the presentation of bacterial antigen in the
context of infection or contamination; however, bystander
TCR-independent activation may occur in an inflamma-
tory environment and play a role in mediation and aug-
mentation of rejection or organ  dysfunction
post-transplant. For example, IL-18 is a key activator of
MAIT cells in synergy with other proinflammatory
cytokines and has been implicated in both delayed liver
graft function in a rat model [42] and episodes of liver
transplant rejection in humans [43]. A role of MAIT

cells in this setting (especially in the liver, where they
are an abundant lymphocyte subset) has not been explored
but would be an important area for further study.

Our data suggest that, as with daunorubicin, the MAIT
cell responses to TCR-dependent and -independent stimuli
are preserved following exposure to the MDRI1 substrates
tacrolimus, MPA and prednisolone. However, MAIT cell
expression of the cytotoxic molecules, granzyme B and
perforin, and proliferation upon anti-CD3/CD2/CD28 bead
stimulation was inhibited similarly as in non-MAIT cells
following exposure to tacrolimus and MPA, and therefore
no MDRI-related protective effect was demonstrated. This
suggests relative immunosuppression in the context of
such drug treatment and may have a significant effect in
terms of protective MAIT cell effector function and also
unwanted autoimmunity and rejection. Prednisolone failed
to inhibit proliferation of both MAIT and non-MAIT
cell subsets in this model, and MAIT cell cytotoxicity
was also preserved. Previous data have demonstrated the
suppressive effects of fluticasone and budesonide in vitro
on MAIT cells using monocyte derived macrophages
(MDM) co-cultured with Haemophilus influenzae (HI).
However, in these experiments the steroids were added
upon co-culture of the MDMs with the HI and they also
demonstrated down-regulation of MR1 surface expression,
indicating an immunosuppressive effect on the mac-
rophages rather than the MAIT cells specifically [44]. In
our experiments the immunosuppressive drugs were only
added after overnight co-culture of fixed E. coli with
THP-1 cells and so it is less likely that MR1 expression
would have been affected, which may account for the
differences in results. Overall, such preserved function
may allow for some preservation of MAIT function in
the context of immunosuppression, which may either be

188 © 2018 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society for

Immunology, Clinical and Experimental Immunology, 194: 180-191



High MDR-1 expression by MAIT cells

important in maintaining protective immunity or allow 3 Porcelli S, Yockey CE, Brenner MB, Balk SP. Analysis of T
for unwanted immunosuppression-resistant inflammation, cell receptor (TCR) expression by human peripheral blood
but the observation of the Hinks study is important - as CD4-8-a/b T cells demonstrates preferential use of several
the effect of drugs on the immune system must be addressed Vb genes and an invariant TCR alpha chain. J Exp Med
in the context of all players and not just one cell type. 1993; 178:1.

However, in view of these conflicting data [41,44], further 4 Kjer-Nielsen L, Patel O, Corbett AJ et al. MRI presents
analysis is needed using other immunosuppressive MDR1 microbial vitamin B metabolites to MAIT cells. Nature 2012;
substrates. If MAIT cells are shown to have a role in A91:717-23.

. . . c 5 Corbett AJ, Eckle SBG, Birkinshaw RW, et al. T-cell activation
the pathogenesis of autoimmunity or transplant rejection _ _ ed o robial
and GVHD, these varying results would suggest that tai- by transitory neo-antigens derived from distinct microbia

. . pathways. Nature 2014; 509:361-5.
lored therapeutic approaches may be required. ; i )

. . 6 van Wilgenburg B, Scherwitzl I, Hutchinson EC, et al. MAIT
In this study we have further defined MDRI1 expression _ _ o
cells are activated during human viral infections. Nat Commun
by MAIT and CD161** subsets and explored the effect 2016 7-11653
of exposur? of MAIT celtl)s to both cyto(;omcdand immu- 7 Ussher JE, Bilton M, Attwod E, et al. CDI61(*™) CD8() T
nosuppressive MDRI1 su strate's. Our data emonstra?e cells, including the MAIT cell subset, are specifically activated
not only that MAIT cells survive exposure to cytotoxic by IL-12#IL-18 in a TCR-independent manner. Eur ] Immunol
agents in an MDRI-dependent manner, but also remain 2014; 44:195-203.
functional. High MDRI expression by MAIT cells is strik- 8 Kurioka A, Jahun AS, Hannaway RF et al. Shared and distinct
ing among lymphocytes and further understanding of its phenotypes and functions of human CD161** Va7.2* T cell
physiological role and the implications of this within the subsets. Front Immunol 2017; 8:1031.
clinical settings of malignancy, autoimmunity and trans- 9 Walker LJ, Kang Y-H, Smith MO et al. Human MAIT and
plantation is clearly required. CD8aa cells develop from a pool of type-17 precommitted
CD8* T cells. Blood 2012; 119:422-33.
1 MM, Fojo T, B E. Multi i i
Acknowle dgem ents 0 Gottesman ojo ates S ultidrug resistance in
cancer: role of ATP-dependent transporters. Nat Rev Cancer
J. R F. is supported by the Wellcome Trust IITM 2002; 2:48-58.
Programme (092871/Z/10/Z). This work was also sup- 11 Slater LM, Murray SL, Wetzel MW, Wisdom RM, DuVall
ported by the Wellcome Turst (WT091663MA), the EM. Verapamil restoration of daunorubicin responsiveness in
Medical Research Council, The Biomedical Research Centre daunorubicin-resistant Ehrlich ascites carcinoma. J Clin Invest
(Oxford), the Nuffield Department of Clinical Medicine 1982; 70:1131-4.
(Oxford), the James Martin School for the 21st Century 12 Tsuruo T, lida H, Tsukagoshi S, Sakurai Y. Overcoming of
(Oxford) and the Academy of Medical Sciences. vincristine resistance in P388 leukemia in vivo and in vitro
through enhanced cytotoxicity of vincristine and vinblastine
. by verapamil. Cancer Res 1981; 41:1967-72.
Disclosure 13 Lo A, Burckart GJ. P-glycoprotein and drug therapy in organ
None transplantation. J Clin Pharmacol 1999; 39:995-1005.
' 14 Neyfakh AA, Serpinskaya AS, Chervonsky AV, Apasov SG,
Kazarov ~AR. Multidrug-resistance  phenotype of a
Author contributions subpopulation of T-lymphocytes without drug selection. Exp
. . Cell Res 1989; 185:496-505.
J. R. E. designed the study, performed the experiments, 5 G? deSC M S Trel [-M. ABC ¢ )
. . iraud C, Manceau S, Treluyer J-M. ransporters in
analysed the data and drafted the manuscript. J. U. designed e P )

. . ; human lymphocytes: expression, activity and role, modulating
the study and provided technical support. A. K. provided . . )
technical ¢t P K dL W desiened and factors and consequences for antiretroviral therapies. Expert
ec ;“C; Supgor o 'fand . esighed and super- Opin Drug Metab Toxicol 2010; 6:571-89.
vised the study and drafted the manuscript. 16 Turtle CJ, Swanson HM, Fujii N, Estey EH, Riddell SR. A

distinct subset of self-renewing human memory CD8* T cells
References . , ;
survives  cytotoxic ~ chemotherapy.  Immunity  2009;
1 Kurioka A, Walker LJ, Klenerman P, Willberg CB. MAIT 31:834-44.
cells: new guardians of the liver. Clin Transl Immunol 2016; 17 Dusseaux M, Martin E, Serriari N et al. Human MAIT cells
5:98. are xenobiotic-resistant, tissue-targeted, CD161hi IL-17-
2 Tilloy F, Treiner E, Park SH, et al. An invariant T cell receptor secreting T cells. Blood 2011; 117:1250-9.
alpha chain defines a novel TAP-independent major 18 LingL, Lin Y, Zheng W et al. Circulating and tumor-infiltrating
histocompatibility complex class Ib-restricted alpha/beta T cell mucosal associated invariant T (MAIT) cells in colorectal
subpopulation in mammals. ] Exp Med 1999; 189:1907. cancer patients. Sci Rep 2016; 6:20358.
© 2018 The Authors. Clinical & Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society for 189

Immunology, Clinical and Experimental Immunology, 194: 180-191



J. R. Fergusson et al.

19

20

21

22

23

24

25

26

27

28

29

30

31

32

190

Peterfalvi A, Gomori E, Magyarlaki T ef al. Invariant Valpha7.2-
Jalpha33 TCR is expressed in human kidney and brain tumors
indicating infiltration by mucosal-associated invariant T
(MAIT) cells. Int Immunol. 2008; 20:1517-25.

Sundstrom P, Ahlmanner F, Akéus P et al. Human mucosa-
associated invariant T cells accumulate in colon
adenocarcinomas but produce reduced amounts of IFN-y. J
Immunol 2015; 195:3472-81.

Zabijak L, Attencourt C, Guignant C, et al. Increased tumor
infiltration by mucosal-associated invariant T cells correlates
with poor survival in colorectal cancer patients. Cancer
Immunol Immunother 2015; 64:1601-8.

McGregor S, Shah A, Raca G et al. PLZF staining identifies
peripheral T-cell lymphomas derived from innate-like T-cells
with TRAV1-2-TRAJ33 TCR-a rearrangement. Blood 2014;
123:2742-3.

Kemnitz J, Uysal A, Haverich A et al. Multidrug resistance
in heart transplant patients: a preliminary communication on
a possible mechanism of therapy-resistant rejection. ] Heart
Lung Transplant 1991; 10:201-10.

Donnenberg VS, Burckart GJ, Griffith BP, Jain AB, Zeevi A,
Berg AD. P-glycoprotein (P-gp) is upregulated in peripheral
T-cell subsets from solid organ transplant recipients. J Clin
Pharmacol 2001; 41:1271-9.

Hirano T, Onda K, Toma T, Miyaoka M, Moriyasu F, Oka
K. MDRI mRNA expressions in peripheral blood mononuclear
cells of patients with ulcerative colitis in relation to glucocorticoid
administration. ] Clin Pharmacol 2004; 44:481-6.

Kansal A, Tripathi D, Rai MK, Agarwal V. Persistent expression

and function of P-glycoprotein on peripheral blood
lymphocytes identifies corticosteroid resistance in patients with
systemic lupus erythematosus. Clin Rheumatol 2016;
35:341-9.

Ramesh R, Kozhaya L, McKevitt K et al. Pro-inflammatory
human Th17 cells selectively express P-glycoprotein and are
refractory to glucocorticoids. J Exp Med 2014; 211:89-104.
Fergusson JR, Smith KE, Fleming VM et al. CD161 defines
a transcriptional and functional phenotype across distinct
human T cell lineages. Cell Rep 2014; 9:1075-88.
Fergusson JR, Hithn MH, Swadling L et al. CD161(int)CD8*
T cells: a novel population of highly functional, memory CD8*
T cells enriched within the gut. Mucosal Immunol 2016;
9:401-13.

Kurioka A, Ussher JE, Cosgrove C et al. MAIT cells are
licensed through granzyme exchange to kill bacterially
sensitized targets. Mucosal Immunol 2015; 8:429-40.

Hinks TSC. Mucosal-associated
autoimmunity, immune-mediated diseases and airways disease.
Immunology 2016; 148:1-12.

Illes Z, Shimamura M, Newcombe J, Oka N, Yamamura T.

Accumulation of Valpha7.2-Jalpha33 invariant T cells in human

invariant T cells in

33

34

35

36

37

38

39

40

41

42

43

44

autoimmune inflammatory lesions in the nervous system. Int
Immunol 2004; 16:223-30.

Annibali V, Ristori G, Angelini DF, Serafini B. CD161highCD8*
T cells bear pathogenetic potential in multiple sclerosis. Brain
2011; 134:542-554.

Willing A, Leach OA, Ufer F et al. CD8" MAIT cells infiltrate
into the CNS and alterations in their blood frequencies correlate
with IL-18 serum levels in multiple sclerosis. Eur J Immunol
2014; 44:3119-28.

Haga K, Chiba A, Shibuya T et al. MAIT cells are activated
and accumulated in the inflamed mucosa of ulcerative colitis.
] Gastroenterol Hepatol 2016; 31:965-72.

Serriari N-E, Eoche M, Lamotte L et al. Innate mucosal-
T (MAIT) cells are
inflammatory bowel diseases. Clin Exp Immunol 2014;
176:266-74.

Cho Y-N, Kee S-J, Kim T-J et al. Mucosal-associated invariant

associated invariant activated in

T cell deficiency in systemic lupus erythematosus. ] Immunol
2014; 193:3891-901.

Croxford JL, Miyake S, Huang Y-Y, Shimamura M, Yamamura
T. Invariant V(alpha)19i T cells regulate autoimmune
inflammation. Nat Immunol 2006; 7:987-94.

Abrahamsson SV, Angelini DF, Dubinsky AN et al. Non-
myeloablative  autologous  haematopoietic ~ stem  cell
transplantation expands regulatory cells and depletes IL-17
producing mucosal-associated invariant T cells in multiple
sclerosis. Brain 2013; 136:2888-903.

Lee SJ, Wolff D, Kitko C et al. Measuring therapeutic response
in chronic graft-versus-host disease. National Institutes of
Health consensus development project on criteria for clinical
trials in chronic graft-versus-host disease: IV. The 2014
Response Criteria Working Group report. Biol Blood Marrow
Transplant 2014; 2015(21):984-99.

van der Waart AB, van der Velden WJFM, van Halteren AGS
et al. Decreased levels of circulating
CD161+CCR41+ T cells are associated with graft-versus-host
disease after allogeneic stem cell transplantation. PLOS One 2012;
7:¢50896.

Ono S, Obara H, Takayanagi A et al. Suppressive effects of

IL17-producing

interleukin-18 on liver function in rat liver allografts. J Surg
Res 2012; 176:293-300.

Yagi T, Iwagaki H, Urushihara N et al. Participation of IL-18
in human cholestatic cirrhosis and acute rejection: analysis
in living donor liver transplantation. Transplant Proc 2001;
33:421-5.

Hinks TSC, Wallington JC, Williams AP, Djukanovi¢ R, Staples
KJ, Wilkinson TMA. Steroid-induced deficiency of mucosal-
associated

invariant T cells in the chronic obstructive

pulmonary disease lung. implications for nontypeable

Haemophilus influenzae infection. Am ] Respir Crit Care Med
2016; 194:1208-18.

© 2018 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society for
Immunology, Clinical and Experimental Immunology, 194: 180-191



Supporting Information

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Fig. S1. (a) Gating strategy shown for analysis of fluo-
rescence activated cell sorter (FACS) plots for Fig. la.
(b) Gating strategy shown for analysis of FACS plots for
Fig. 1b-d. (c) Collated data showing subset distribution
for the CD161"*Va7.2* population.

Fig. S2. Mucosal-associated invariant T (MAIT) cell survival
in culture is not affected by exposure to tacrolimus,
mycophenolic acid (MPA) or prednisolone, and function
is maintained after culture with a drug combination. (a)
After culture with various concentrations of tacrolimus,
MPA and prednisolone for 4 days, cells were stained with
annexin V. Cumulative data for percentage of MAIT cells
that were annexin V-positive (n = 6); n.s. = not significant
by one-way analysis of variance (anova) with Dunnett’s
multiple comparison test, compared to untreated cells. Data
are represented as mean + standard error of the mean
(s.em.). (b) After culture with a mixture of 10 ng/ml
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tacrolimus, 4 g/ml MPA and 50 ng/ml prednisolone for
4 days, cells were removed and incubated for 5 h with
Escherichia coli-loaded Tamm-Horsfall proteins (THPIs).
Cumulative data for percentage of MAIT cells expressing
interferon (IFN)-y in response (n = 3); n.s. = not signifi-
cant by paired t-test. Data are represented as mean + stand-
ard error of the mean (s.e.m.).

Fig. S3. Mucosal-associated invariant T (MAIT) cells retain
function after exposure to tacrolimus, mycophenolic acid
(MPA) and prednisolone following physiological T cell
receptor (TCR)-dependent and -independent stimulation.
Cumulative data of percentage of MAIT cells producing
interferon (IFN)-vy after (a) 5 h co-culture with Escherichia
coli-loaded Tamm-Horsfall proteins (THP1s) and (b)
overnight incubation with interleukin (IL)-12 and IL-18
following 4 days culture in the presence of media alone
or various concentrations of tacrolimus, MPA and pred-
nisolone (n = 6); n.s. = not significant by one-way analysis
of variance (anova) with Dunnett’s multiple comparison
test, compared to untreated cells. Data are represented
as mean * standard error of the mean (s.e.m.).
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