
High expression of CD26 accurately identifies human bacteria-

reactive MR1-restricted MAIT cells

Prabhat K. Sharma,1 Emily B.

Wong,2,3 Ruth J. Napier,1 William

R. Bishai,3,4 Thumbi Ndung’u,2,3

Victoria O. Kasprowicz,2,5,6

Deborah A. Lewinsohn,7,8 David

M. Lewinsohn1,8*,9 and Marielle C.

Gold1,8*,9

1Pulmonary & Critical Care Medicine,

Oregon Health & Science University,

Portland, OR, USA, 2KwaZulu-Natal

Research Institute for Tuberculosis and HIV,

Durban, South Africa, 3Division of Infectious

Diseases, Massachusetts General Hospital,

Boston, MA, 4Division of Infectious Diseases,

Johns Hopkins School of Medicine, Baltimore,

MD, 5Ragon Institute of MGH, MIT and

Harvard, Cambridge, MA, USA, 6HIV

Pathogenesis Programme, Nelson R. Mandela

School of Medicine, University of KwaZulu-

Natal, Durban, South Africa, 7Pediatrics,

Oregon Health & Science University,

Portland, ON, 8Molecular Microbiology and

Immunology, Oregon Health and Science

University, Portland, ON, and 9Portland VA

Medical Center, Portland, ON, USA

doi:10.1111/imm.12461

Received 30 December 2014; revised 9

February 2015; accepted 28 February 2015.

*These authors contributed equally to the

work.

Correspondence: Marielle C. Gold, Pulmo-

nary & Critical Care Medicine, Oregon

Health & Science University, 3181 SW Sam

Jackson Park Road, Mail code VA R&D 11,

Portland, OR 97239, USA.

Email: goldm@ohsu.edu

Senior authors: David M. Lewinsohn and

Marielle C. Gold

Email: lewinsod@ohsu.edu

Summary

Mucosa-associated invariant T (MAIT) cells express the semi-invariant T-

cell receptor TRAV1–2 and detect a range of bacteria and fungi through

the MHC-like molecule MR1. However, knowledge of the function and

phenotype of bacteria-reactive MR1-restricted TRAV1–2+ MAIT cells from

human blood is limited. We broadly characterized the function of MR1-

restricted MAIT cells in response to bacteria-infected targets and defined

a phenotypic panel to identify these cells in the circulation. We demon-

strated that bacteria-reactive MR1-restricted T cells shared effector func-

tions of cytolytic effector CD8+ T cells. By analysing an extensive panel of

phenotypic markers, we determined that CD26 and CD161 were most

strongly associated with these T cells. Using FACS to sort phenotypically

defined CD8+ subsets we demonstrated that high expression of CD26 on

CD8+ TRAV1–2+ cells identified with high specificity and sensitivity, bac-

teria-reactive MR1-restricted T cells from human blood. CD161hi was also

specific for but lacked sensitivity in identifying all bacteria-reactive MR1-

restricted T cells, some of which were CD161dim. Using cell surface

expression of CD8, TRAV1–2, and CD26hi in the absence of stimulation

we confirm that bacteria-reactive T cells are lacking in the blood of indi-

viduals with active tuberculosis and are restored in the blood of individu-

als undergoing treatment for tuberculosis.

Keywords: bacteria; cell surface molecules; human; MHC; MR1 and MAIT

cells; T cells.

Introduction

Human mucosa-associated invariant T (MAIT) cells are a T-

cell subset defined by the expression of the semi-invariant T-

cell receptor-a (TCR-a) chain TRAV1–2.1,2 Molecular meth-

ods were initially used to identify the human canonical MAIT

TCR-a chain (TRAV1–2/TRAJ33)1 and determine the MAIT

cell requirement for the MHC-like molecule MR1.3 Subse-

quently, monoclonal antibodies to this TCR were generated4–6

but none so far identifies the clonotypic TRAV1–2/TRAJ33
TCR. Because, TRAV1–2 is also expressed by non-MAIT T

cells, including conventional T cells1,2,7,8 and GEM (germ-

line-encoded, mycolyl lipid-reactive) T cells,9 identification

of MAIT cells by the use of a-TRAV1–2 antibody alone is

insufficient.

Functionally, MAIT cells have been recently dem-

onstrated to have the ability to detect a range of bac-

teria and fungi in an MR1-dependent fashion.8,10 To
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quantify and characterize MR1-dependent bacteria-

reactive cytokine-producing T cells ex vivo, we devel-

oped an assay that uses ex vivo T-cell stimulation by

HLA-Ia mismatched, pathogen-infected antigen pre-

senting cells (APC), in the presence or absence of

a-MR1 blockade.5,8 Using this assay we determined that on

average 5% of CD8+ TRAV1–2+ T cells from human

peripheral blood5,8 were MR1-restricted bacteria-reactive

MAIT cells as assessed by production of tumour necrosis

factor (TNF). Using this assay we previously found that

MR1-restricted MAIT cells were absent from the blood of

individuals with active tuberculosis (TB). Nonetheless, the

breadth of cytokines produced by MAIT cells in response to

infected APC remained to be evaluated. Although a number

of studies characterized MAIT cells as TRAV1–2+ CD161hi

T cells, with T helper type 1 (Th1) and Th17 functions, eval-

uation of MR1 restriction or microbial reactivity remained

to be confirmed.4,11 Here, we found that bacteria-reactive

MAIT cells failed to produce interleukin-10 (IL-10), IL-17

and Th2-associated cytokines but instead shared a Th1-like

cytokine profile similar to conventional cytolytic CD8+

T-cell effectors.

The ex vivo analysis8 described above provides defini-

tive characterization of functional bacteria-reactive

MR1-restricted cells and can be used to further define

the functions of MAIT cells. However, the assay has lim-

itations because T-cell stimulation can alter the expres-

sion of phenotypic markers. Notably, down-regulation

of the T-cell receptor12,13 and additional receptors after

T-cell stimulation can result in incomplete evaluation of

the population of interest. Specifically, CD161, a marker

frequently used to identify MAIT cells, has been shown

to be down-regulated on activated MAIT cells.14,15

Therefore, to ultimately define a simple phenotypic

panel to identify MR1-restricted T cells with the capacity

to detect and produce cytokines in response to infected

cells in the absence of stimulation we screened for phe-

notypic markers expressed by functional MAIT cells. We

found that bacteria-reactive MAIT cells preferentially

expressed greater levels of cell surface markers CD26,

CD150 and CD161. Using FACS-sorted subsets we

demonstrated that high expression of CD26 on

CD8+ TRAV1–2+ cells was highly sensitive and specific

in identifying those MR1-restricted MAIT cells with the

capacity to detect mycobacteria-infected cells. Using this

panel in the absence of stimulation we confirm that

humans with active TB lack peripheral blood MR1-

restricted MAIT cells8,10 and show that these cells are

restored to the blood of patients with TB who are

undergoing a-TB treatment. Identification and quantifi-

cation of MR1-restricted MAIT cells in the absence of

stimulation will provide the basis for a better under-

standing of the relationship of MAIT cells in health and

disease.

Methods

Human subjects

Portland, Oregon, USA. Peripheral blood mononuclear

cells (PBMC) from unexposed donors, donors with latent

TB (LTBI) or active TB were isolated from whole blood

obtained by apheresis with informed consent under pro-

tocols approved by the Institutional Review Board at Ore-

gon Health & Science University and as previously

described.8,16

Durban, South Africa. Ethical approval was obtained

from the University of KwaZulu-Natal Biomedical

Research Ethics Committee and written informed consent

was obtained from all patients who were enrolled at King

Edward Hospital in Durban. PBMC were obtained from

HIV-negative adult subjects with culture-confirmed pul-

monary TB before and after 6 months of successful treat-

ment, defined by clinical and microbiological resolution

of disease.

Mycobacteria

Mycobacterium smegmatis (strain mc2122) was used at a

multiplicity of infection of three for all live infections.

Cells

A549 cells (ATCC CCL-185) were used as stimulators for

direct ex vivo determination of MR1-restricted pathogen

reactive MAIT cells as previously described.8

Antibodies to the following were used in this study

TRAV1–2 (OF-5A12),5 CD28, CD49d, CD8 (SK1), CD3

(OKT-3), CD4 (OKT-4), CD26 (BA5b), CD161, (HP-

3G10), CD279 (EH12.2H7), CCR6 (G034E3), CCR5

(HEK/1/85a), IL-10 (JES-19F1), IL-17A (BL168), IL-2

(MQ-17H12) (BioLegend, San Diego, CA), CD150 (A12),

IL-4 (8D4-8), CD107a (H4A3), granulysin (RB1), gran-

zyme B (GB1) (BD Biosciences, San Jose, CA), TNF

(IPM-2), interferon-c (IFN-c; 45�15), CD8b (2ST8.5H7)

(Beckman Coulter, Brea, CA), IL-22 (22URT1) (eBio-

science, San Diego, CA) were used.

Cytokine staining assays

For the detection of non-classical pathogen reactive CD8+

T cells including MR1-restricted pathogen reactive MAIT

cells, we used an assay termed the A549 TAPI-O assay

that was described previously.5,8,17 Briefly, enriched CD8+

T cells were added to M. smegmatis-infected or unin-

fected A549 cells at a ratio of 3 : 1 and incubated for
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16 hr in the presence of TNF-a monoclonal antibody and

the TNF-Processing Inhibitor 0 (TAPI-0, 10 lM) (Calbio-
chem, San Diego, CA).18 For the detection of CD107a,

antibody was added during the culture as previously

described.19 For TCR-independent stimulation, PBMC

were activated with PMA (20 ng/ml, Sigma, St Louis,

MO) and ionomycin (1 lM; Sigma) for 6 hr in the pres-

ence of GolgiStop (BD Pharmingen, San Diego, CA) after

which cells were harvested, and stained with LIVE⁄
DEAD� Fixable Dead Cell Stain Kit (Invitrogen, Carlsbad,

CA) before being surface stained for expression of

TRAV1–2, CD4, CD8, CD26, CD161, CD279, CCR6,

CCR5, and CD150. For intracellular staining, cells were

subsequently fixed and permeabilized with Cytofix/Cyto-

Perm (BD Pharmingen) then stained in the presence of

Perm/Wash (BD Pharmingen), with antibodies to IFN-c,
IL-2, IL-4, IL-10, IL-17A, IL-22, Granulysin, and Gran-

zyme B. Detection of IL-10 was performed in the absence

of a protein transport inhibitor as previously described.20

Acquisition was performed on a Fortessa flow cytometer

with FACS DIVA software (BD). Analyses were performed

using CYTOBANK
21 and FLOWJO software (Tree Star, Ash-

land, OR).

Isolation and evaluation of FACS-sorted CD8+ T-cell
subsets

CD8+ T cells were enriched from PBMC and stained with

antibodies to CD26, or CD161, or CD150. Live cells lacking

propidium iodide (BD Biosciences) were sorted based on

defined expression levels of each cell surface marker using a

BD influx cell sorter (BD Biosciences). Sorted subsets were

rested overnight (37°, 5% CO2) in RPMI-1640 media (Lon-

za, Basel, Switzerland) supplemented with human serum

(10%) and IL-2 (0�5 ng/ml; BD Biosciences) before being

added to the A549 TAPI-O assay.8 Purity of sorted cell sub-

sets was > 95% as verified by flow cytometry.

Tetramer staining

CD8+ T cells were enriched from PBMC, washed, and

incubated with CFP-10 peptide/MHC tetramers (kindly

provided by John Altman at the NIH Tetramer Core

Facility; CFP-102–9/HLA-B*4501, CFP-1075–83/HLA-

B*1502, CFP-103–11/HLA-B*0801) for 2 hr at (37°, 5%

CO2) then stained with LIVE⁄DEAD� Fixable Dead Cell

Stain Kit (Invitrogen) and subsequently stained with anti-

bodies to TRAV1–2, CD8, CD3, CD26, CD150 and

CD161.

Statistical analysis

Statistical analyses were performed using GRAPHPAD PRISM

6 software (GraphPad Software Inc., San Diego, CA). The

non-parametric Mann–Whitney two-tailed t-test was used

to assess statistically significant differences between

groups and considered significant for P values < 0�05.

TCR sequence analysis TRAV1–2+ CD26+ and TRAV1–
2+ CD26� cells

The PBMC from D433 and D462 were stained with LIVE⁄
DEAD� Fixable Dead Cell Stain (Invitrogen) and anti-

bodies to CD8, TRAV1–2 and CD26. Live CD8+ TRAV1–
2+ cells (200 000) were FACS sorted as CD26hi versus

CD26�; DNA isolation (DNeasy; Qiagen, Hilden, Ger-

many) and amplification and sequencing of TCRAD

CDR3 regions was performed using the immunoSEQ

Platform (Adaptive BiotechnologiesTM, Seattle, WA). The

IMGT (ImMunoGeneTics, www.imgt.org) nomenclature

was used throughout the study.22

Results

Although we previously determined that peripheral

blood-derived, human MR1-restricted MAIT cells, can

produce both IFN-c and TNF in response to APC

infected with a variety of bacteria and fungi,5,8,17 here we

wanted to evaluate the full repertoire of cytokines pro-

duced by these CD8+ TRAV1–2+ cells. Using M. smegma-

tis-infected APC to stimulate MAIT cells17 we confirmed

that both IFN-c and TNF were frequently produced in

response to infected APC. In contrast, CD8+ TRAV1–2+

cells did not release IL-2, IL-4, IL-10, IL-17 or IL-22, in

response to infected APC, as represented in Fig. 1(a)

(n ≥ 3) although these cytokines were detected by CD4+

T cells after TCR-independent PMA/ionomycin stimula-

tion. As previously shown,11,23,24 a small population of

CD8+ TRAV1–2+ cells produced IL-17 but only response

to TCR-independent stimulation. Hence, in response to

infected APC, CD8+ TRAV1–2+ MAIT cells produced

Th1 but not Th2 or Th17-associated cytokines.

To evaluate the cytolytic potential of bacteria-reactive

MAIT cells, we assessed the expression of granzyme B,

granulysin and degranulation capacity using CD107a pro-

duction (Fig. 1b). A proportion of CD8+ TRAV1–2+ cells

expressed granzyme and granulysin before stimulation. In

response to infected cells on average, 28% and 26% of

CD8+ TRAV1–2+ that produced TNF contained granzyme

and granulysin, respectively. Furthermore, CD107a was

coordinately co-expressed with TNF but not detected in

response to uninfected APC. Consistent with this cytolytic

potential, Fig. 1(c) shows that the MR1-restricted MAIT

cell clone D426B18 efficiently lysed M. smegmatis-infected

epithelial cells using the FATAL assay.25 In sum, the

majority of bacteria-reactive MAIT cells from human

blood release Th1-like cytokines and a proportion also

share cytolytic capacity.

We then performed a broad analysis of phenotypic

markers to identify those preferentially expressed on MR1-
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restricted MAIT cell clones (not shown)8 and MAIT cells

evaluated directly ex vivo in response to infected APC. Spe-

cifically, we stimulated CD8+ T cells with M. smegmatis-

infected APC using the A549 TAPI-O assay.17 We com-

pared the expression of phenotypic markers on total CD8+

cells (grey histogram), CD8+ TRAV1–2+ cells (dotted line),
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Figure 1. Mycobacteria reactive CD8+ TRAV1–2+ cells produce interferon-c (IFN-c), tumour necrosis factor (TNF), and are cytotoxic. (a) Repre-

sentative dot plots of T-cell responses from the cytokine-staining assay are shown. CD8+ T cells enriched from peripheral blood mononuclear

cells (PBMC) were incubated overnight with A549 stimulator cells left uninfected or infected with Mycobacterium smegmatis (rows 1 and 2).

Alternatively, PBMC were stimulated for 6 hr with PMA/ionomycin (PMA/io). A protein transport inhibitor was added for the last 6 hr of the

assay to prevent cytokine release except for the detection of interleukin-10 (IL-10) and TNF. Cells were surface stained for the expression of

TRAV1–2, CD8, CD4, and then fixed and permeabilized before staining for cytokines. Cytokines are listed on the x-axis and TRAV1–2 on the y-

axis. The numbers represent the frequency of events from the CD8+ gate (rows 1, 2, 5 and 6) or CD4+ gate (rows 3 and 4). Similar responses

were detected from a minimum of three individuals. (b) Representative dot plots of CD8-enriched T cells from PBMC in response to uninfected

or M. smegmatis infected A549 are shown. The numbers represent the frequency of events from CD8+ TRAV1–2+ gate. The y-axis represents

expression of TNF and the x-axis expression of granzyme B, granulysin, or CD107a. Data are representative of a minimum of three individuals.

(c) The graph depicts the per cent specific lysis of M. smegmatis-infected A549 cells by MHC-like molecule-1 (MR1) -restricted mucosa-associ-

ated invariant T (MAIT) cell clone D426B1 at different target to effector ratios (1 : 50, 1 : 25 and 1 : 10). No target cell lysis was observed in

the absence of infection.
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and CD8+ TRAV1–2+ TNF+ cells (bold line) (Fig. 2a). We

found that in general, immunomodulatory markers, such

as CD39, CD200, CD200R, Tim-3, CD160, 2B4 and FoxP3,

were not detected on CD8+ TRAV1–2+ TNF+ cells (not

shown). Likewise, we found that PD-1 expression did not

appreciably differ between total CD8+ T cells,

CD8+ TRAV1–2+ cells, and CD8+ TRAV1–2+ TNF+ cells

(Fig. 2a). The chemokine receptors CCR5 and CCR6 were

expressed on average by only 30% and 15%, respectively,

of CD8+ TRAV1–2+ TNF+ cells but were frequently

expressed by total CD8+ cells and CD8+ TRAV1–2+ cells.

By contrast, we found preferential expression of CD26,

CD150 and CD161 by CD8+ TRAV1–2+ TNF+ cells com-

pared with total CD8+ and CD8+ TRAV1–2+ T cells

(Fig. 2a,b). To determine if these markers were unique to

MAIT cells we used a (CFP102-11::HLA-B44) tetramer to

define a population of conventional Mycobacterium tuber-

culosis-specific CD8+ T cells. Here, we found that on aver-

age 50% and 75% of these cells expressed CD26hi and

CD150, respectively but none had CD161hi expression

(Fig. 2b).

Although high expression of CD161 has been used to

define unstimulated and MR1 tetramer-reactive MAIT

cells4,15 it has been shown that CD161 receptor down-reg-

ulation occurs on MAIT cells in response to stimulation

by APC loaded with fixed Escherichia coli.14 Consistent

with this, we routinely found that on average only 24%

of CD8+ TRAV1–2+ TNF+ cells, expressed high levels of

CD161 (Fig. 2a,b left panel). This finding was similar for

CD26 and to a lesser extent for CD150. Therefore to

directly determine if MAIT cells with the capacity to pro-

duce TNF in response to infected cells required expres-

sion of these phenotypic markers we FACS-sorted live,

untreated CD8+ cell subsets (n ≥ 3) based on the nega-

tive, dim or high expression of CD26, CD150 or CD161

(Fig. 3a inset; n ≥ 3). We then stimulated the sorted

subsets using infected APC and analysed TNF production

by the CD8+ TRAV1–2+ gated subset as represented in

Fig. 3(b). Regarding CD26, the top row in Fig. 3(b)

shows that none of the TRAV1–2+ CD26� or CD26dim

cells produced TNF. In contrast the entire TRAV1–
2+ CD26hi population produced TNF in an MR1-depen-

dent manner. To further confirm the identity of this sub-

set, we performed TCR-a chain repertoire analysis on

CD8+ TRAV1–2+ CD26hi and CD8+ TRAV1–2+ CD26�

cells isolated by FACS (n = 2). In the CD26hi but not the

CD26� cells, > 90% of TRAV1–2 sequences were associ-

ated with MAIT-associated TRAJ usage of TRAJ12,

TRAJ20 and TRAJ33 (Fig. 3e).3,15,17,26 In combination,

these results demonstrate that CD26hi expression on

CD8+ TRAV1–2+ cells phenotypically defines MR1-

restricted bacteria-reactive MAIT cells.

In contrast to TRAV1–2+ CD26hi cells only 70% of

TRAV1–2+ CD150+ cells produced TNF in an MR1-

dependent fashion. Nonetheless, no bacterial reactivity

was observed in the TRAV1–2+ CD150� population
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TRAV1–2+ events from each sorted cell population (CD26 neg, dim, hi) (CD150 neg, pos) (CD161 neg, dim, hi) under each condition. Sorted

cell populations were rested in medium overnight (37°, 5% CO2) before overnight incubation with uninfected or Mycobacterium smegmatis-

infected A549 cells in the presence of a-MR1 (clone 26.5) blocking or control (msIgG2a) antibodies. The following day, the cells were stained

and analysed as described in the Materials and methods. No TNF was detected by CD8+ TRAV1–2+ cells in the CD26dim subset or by cells lack-

ing CD26, CD150 or CD161 in response to stimulation. The fluorescence minus one (FMO) condition represents the background level of stain-

ing observed in the absence of TNF-a antibody under conditions with infected antigen-presenting cells. Similar results were obtained using

peripheral blood mononuclear cells from three different individuals. (c) Average (n = 3) number of CD8+ TRAV1–2+ TNF+ cells that express

CD26hi (99�2 � 0�4), CD150hi (97�5 � 1�8), CD161dim (43 � 7�3), or CD161hi (56�9 � 7�4) per 100 CD8+ TRAV1–2+ cells based on results from

(a) and (b). (d) Histograms representing CD161 (left) and CD26 (right) expression on FACS-sorted CD8+ TRAV1–2+ CD26hi in response to

uninfected and M. smegmatis-infected A549 cells. The frequency of cells lacking CD161hi expression after stimulation with infected cells is

depicted in the left histogram. This result was representative of three biological replicates where on average 77% of stimulated cells lacked

CD161hi expression. (e). TRAJ gene usage associated with mucosa-associated invariant T MAIT cells, namely TRAJ12, TRAJ20 and TRAJ33, from

TRAV1–2 sequences determined from FACS-sorted CD8+ TRAV1–2+ cells expressing CD26hi or lacking CD26 from two individuals (D433 and

D462). ‘Other’ represents all non-TRAJ12, TRAJ20 and TRAJ33 genes used.
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(Fig. 3b). Similarly to TRAV1–2+ CD26hi cells, all of the

TRAV1–2+ CD161hi cells produced TNF in an MR1-

dependent manner (Fig. 3b). Although no responses were

detected from TRAV1–2+ CD161� cells, about 10% of

TRAV1–2+ CD161dim cells produced TNF and were MR1

dependent. Based on the frequencies of CD8+ T cells that

express dim levels of CD161 (Fig. 3a) we calculated that

on average over one-third of CD8+ TRAV1–2+ TNF+ cells

would be CD161dim (Fig. 3c). Therefore, use of CD161hi

alone to quantify MAIT cells may result in the exclusion

of a proportion of MR1-restricted cells with functional

capacity. To confirm14 that CD161 expression on MAIT

cells was altered in response to TCR-induced stimulation,

CD8+ TRAV1–2+ CD26hi cells were incubated overnight

with uninfected or infected A549 cells and CD161 and

CD26 were determined by flow cytometry. Notably, in

response to infected APC, the expression of CD161 was

bi-modal. On average (n = 3), 77% of CD8+ TRAV1–
2+ CD26hi cells had reduced expression of CD161

whereas CD26 was only modestly decreased (Fig. 3d).

We next addressed if CD26hi and CD161hi delineated

the same or distinct sets of CD8+ TRAV1–2+ T cells. In

the absence of stimulation we observed that CD26hi and

CD161hi were predominantly co-expressed in healthy

individuals (Fig. 4, top row). These results suggest that

high expression of CD26 and CD161 delineates the same

set of CD8+ TRAV1–2+ cells with the capacity to produce

TNF in response to infected cells. We also note that we

consistently detect significantly higher frequencies of bac-

teria-reactive MAIT cells within the CD8+ TRAV1-2+

subset by using this phenotypic panel in the absence of

stimulation.

We next evaluated the CD8 co-receptor usage on

CD8+ TRAV1–2+ CD26hi CD161hi cells in the absence of

stimulation as a number of studies have reported various

forms of CD8 co-receptor usage by MAIT cells.4,15 Here,

we found that on average, 73% (� 6�7) (n = 4), or the

majority of circulating bacteria-reactive MAIT cells,

expressed the CD8ab co-receptor consistent with our pre-

vious findings of CD8ab co-receptor usage by MR1-

restricted bacteria-reactive MAIT cells clones 8 (Fig. 4,

bottom row).

We next sought to determine the utility of CD26hi,

CD161hi or CD150 expression on CD8+ TRAV1–2+ cells

to define MR1-restricted MAIT cells in the absence of

stimulation in subjects with active TB undergoing treat-

ment. We had previously demonstrated in a US cohort,

that functional MAIT cells were undetectable in the blood

of individuals with active TB, compared with uninfected

individuals or those with a latent TB infection (LTBI)

who demonstrated equivalent frequencies of these cells.8

Here we confirmed that CD8+ TRAV1–2+ cells that co-

expressed CD26hi and CD161hi were dramatically reduced

and represented < 1% of CD8+ TRAV1–2+ cells from the

blood of patients with previous active TB (Fig. 5a,b). This

was in sharp contrast to results obtained from the blood

of uninfected individuals and those with LTBI (Fig. 5b),

where approximately 28�4% (n = 6) and 23�4% (n = 4)

of CD8+ TRAV1–2+ cells, respectively, co-expressed high

levels of CD26 and CD161. In comparing CD26hi and

CD161hi frequencies in infected individuals we detected a

trend toward higher frequencies of MAIT cells using

CD26hi compared with CD161hi. This was consistent with

the possibility that some CD26hi cells expressed lower lev-

els of CD161 because of increased MAIT cell activa-

tion.14,15 In contrast to uninfected donors (Fig. 4), in

M. tuberculosis-infected donors, a small but detectable

CD26hi subset expressed dim levels of CD161 (Fig. 5a).

Hence, while both CD26hi and CD161hi markers are

exquisitely specific for MAIT cells, high expression of

CD26 may perform as a more sensitive and inclusive phe-

notypic marker for MAIT cells by capturing CD161dim

Gated on unstimulated CD8+ TRAV1-2+ cells
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Figure 4. In healthy individuals high expres-

sion of CD26 or CD161 defines the same sub-

set of CD8+ TRAV1–2+ cells that

predominantly express the CD8ab co-receptor.

Expression of CD26 and CD161 on

CD8a+ TRAV1–2+ cells from peripheral blood

mononuclear cells of healthy individuals is

shown (top row). The numbers represent the

frequencies of CD8a+ TRAV1–2+ cells that co-

express CD26hi and CD161hi (46 � 13; n = 4).

The bottom row represents CD8b expression

(y-axis) from the CD8a+ TRAV1–

2+ CD26hi CD161hi gated cells from the top

row. The numbers in the plot represent the

frequency of CD8a+ TRAV1–2+ CD26hi

CD161hi that co-express CD8b (72�6 � 6�7;
n = 4).
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cells. With regard to CD150, no significant differences

were detected in the frequencies of TRAV1–2+ CD150+

cells in donors regardless of TB status (Fig. 5b). This fur-

ther supported the interpretation that CD150 is not a

specific marker for MAIT cells.

Finally, we wanted to evaluate the effect of successful

treatment on the frequency of MAIT cells in the blood of

patients with TB. To address this, we evaluated patients

from Durban, South Africa undergoing anti-TB treat-

ment. The diagnosis of TB was established based on a

positive culture for M. tuberculosis obtained from either a

sputum or gastric sample. Frequencies of CD8+ TRAV1–
2+ CD26hi CD161hi cells were quantified before the initia-

tion of therapy at the time of diagnosis, and following

6 months of effective therapy as defined by culture con-

version at 2 months and resolution of clinical symptoms.

Figure 6 shows that although low frequencies of

CD8+ TRAV1–2+ cells were detectable in the blood of

patients with active TB before treatment, a minority of

these co-expressed CD26hi and CD161hi. In sharp con-

trast, after 6 months of anti-TB treatment,

CD8+ TRAV1–2+ cells that co-expressed CD26hi and

CD161hi were dramatically increased (Fig. 6). We con-

clude that CD8+ TRAV1–2+ MR1-restricted cells with the

capacity to produce TNF in response to infected cells can

be accurately quantified in the blood of humans using the

phenotypic expression of CD26hi in the absence of anti-

genic stimulation.

Discussion

In this study, our goal was to broadly characterize the

function of human peripheral blood MAIT cells and iden-

tify a simple surface phenotypic panel to identify and

quantify MR1-restricted MAIT cells with functional

capacity under conditions of health and disease. Using

infected APC as stimulators we determined that MAIT

cells predominantly display the functional attributes of

conventional cytolytic effector CD8+ T cells. Specifically,

ex vivo MAIT cells produced TNF and IFN-c and a pro-

portion contained granules associated with cytolytic T

cells and the capacity to lyse infected cells as previously

reported27 In response to infected APC, MAIT cells did

not produce cytokines associated with Th2 responses, IL-

10 or IL-17. Although we did not detect any MR1-

restricted bacteria-reactive TRAV1–2+ IL-17 producing

cells,14 in our study we detected a small subset of

CD8+ TRAV1–2+ cells that produced IL-17 (< 1%) but

only in response to TCR-independent stimulation.11 In

aggregate, we find that in response to infected APC,

MAIT cells produce Th1-like cytokines and share func-

tional characteristics with cytolytic CD8+ effector T cells.

Phenotypically, MAIT cells have been associated with

high expression of CD161.4,10,11,14,28 Specifically, TRAV1–
2+ CD161hi cells express TCRs associated with the canoni-

cal MAIT semi-invariant TCR TRAV1-2/TRAJ33 4 and are

reactive to MR1 ligands,6 as shown by MR1 tetramer stain-

(a)

(b)

CD26

Gated on unstimulated CD8+ TRAV1-2+ cells

D466 D480 D481

Uninfected TB LTBI

0

20

40

60

80

100

%
 C

D
26

hi
 o

f C
D

8+
 T

R
A

V
1-

2+
 

**

*

Uninfected TB LTBI
0

20

40

60

80

100

%
 C

D
15

0+
 o

f C
D

8+
 T

R
A

V
1-

2+
 

Uninfected TB LTBI
0

20

40

60

80

100

%
 C

D
16

1hi
 o

f C
D

8+
 T

R
A

V
1-

2+
 

**

*

C
D

16
1

0·985

1·27

1·01

4·64 0·32

0·365

Figure 5. CD8+ TRAV1–2+ T cells with CD26hi expression are absent in the blood of individuals with active tuberculosis (TB). (a) Contour plots

displaying CD161 and CD26 expression show reduced frequencies of CD8+ TRAV1–2+ CD26hi CD161hi cells from three individuals with active

TB and the presence of a CD26hi CD161dim population. (b) Frequencies of CD26hi or CD150+ or CD161hi on CD8+ TRAV1–2+ cells from

the peripheral blood mononuclear cells of uninfected (n = 6), active TB (n = 3), and latent TB infection (n = 3) donors. The unpaired two-

tailed, t-test was used to determine significant differences between groups, *P < 0.05; **P < 0.01.
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ing.15 Here we confirmed that the CD8+ TRAV1–
2+ CD161hi subset was entirely comprised of bacteria-reac-

tive MR1-restricted T cells. Nonetheless, a substantial

number of these cells were present in the CD161dim com-

partment. As previously shown,14 we confirmed that stim-

ulation of MAIT cells with infected cells resulted in CD161

down-regulation. Notably, CD161 down-regulation has

been associated with chronic activation of MAIT cells in

HIV-infected individuals14 and a decrease in

CD8+ CD161hi cells in HIV-infected and HIV/TB-co-

infected individuals.29,30 Nonetheless, Fernandez et al.31

noted a decrease of MR1 tetramer-positive cells in patients

with HIV. However these were all assessed as CD161hi cells.

Therefore, circulating TRAV1–2+ CD161dim cells may rep-

resent those that have undergone recent activation. While

high expression of CD161 is specific for MAIT cells, its use

alone may underestimate the absolute MAIT cell popula-

tion.

In this study we determined that high expression of

CD26 by TRAV1-2+ CD8+ T cells could identify an MR1-

restricted T cell with the capacity to produce TNF in

response to infected APC. This was supported by geno-

typic TCR analysis showing that > 95% of all TCR

sequences from sorted CD8+ TRAV1–2+ CD26hi cells

expressed MAIT-associated TCR.3,15,17,26 As no

CD8+ TRAV1–2+ cells in the CD26dim or CD26� subsets

produced TNF in response to infected cells we conclude

that the combination of CD8, TRAV1–2 and CD26hi can

be used to define with high specificity and sensitivity

MAIT cells from human blood. CD26 or dipeptidyl pepti-

dase-4 expression on T cells has been associated with acti-

vated and/or memory T cells.32,33 Indeed, a proportion of

HLA-Ia restricted M. tuberculosis-specific CD8+ T cells

were CD26hi, demonstrating that the expression of this

molecule is not specific to MAIT cells. At this point, the

role of CD26 in T-cell immunity remains controversial

and its function on MAIT cells is unknown.34

We also evaluated CD150 for its potential to define a

MAIT cell. We found that while CD150 was as sensitive

as CD161 and CD26 in the detection of CD8+ TRAV1–
2+ TNF+ cells, its poor specificity limits its utility and

would result in an inaccurate over-estimation of MAIT

cells. This was best illustrated by the inability of CD150

to reflect the decreased MAIT cell frequency in those with

active TB.

In this study, we have focused on the definition of

MR1-restricted MAIT cells from the peripheral blood

using APC infected with M. smegmatis. Although it is

possible that functionally and phenotypically distinct

MAIT cell subsets would be elicited by APC infected with

different microorganisms, at this point we have no evi-

dence to support this. Indeed we found that in response

to Salmonella typhimurium and Candida albicans, ex vivo

MAIT cells produced TNF17 consistent with the current

findings. With regard to phenotype, we find the majority

of human MAIT cells express the CD8 co-receptor.

Although TRAV1–2/TRAJ33+ cells were originally defined

in the CD4� CD8� double-negative T-cell subset,1,3,4

these cells are present at very low frequencies as shown

by MR1 tetramer reactivity.15 Potentially the low frequen-

cies of this subset have hindered further evaluation, leav-

ing open the possibility that double-negative MAIT cells

represent a unique subset in humans.

Although we demonstrate that CD26hi and CD161hi are

specific markers to define MR1-restricted MAIT cells from

human blood, it is not known if these markers will identify

MAIT cells from other tissue sites. At present, MAIT cells

defined in a number of ways have been identified in the

blood,1,3–5,8,10 the liver 11 and mucosal sites such as the

lung,8,10 small intestine3,15 and rectum.14 CD161hi expres-
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sion has routinely been used to define MAIT cells at these

different tissue sites.10,11,14,28 In our experience, we do not

reliably detect CD161 on bacteria-reactive MR1-restricted

MAIT cells from human lungs, where MAIT cells display

an activated profile (not shown).8 Additional studies will

be required to characterize the function and phenotype of

MAIT cells from different tissue sites.

Here we have validated a simple phenotypic flow cyto-

metric panel for the identification and quantification of

MR1-restricted MAIT cells with functional capacity from

human blood. In sum, our results demonstrate that human

MR1-restricted T cells share the general effector profile of

CD8+ cytolytic T cells and that CD26hi expression on

CD8+ TRAV1–2+ cells can identify MR1-restricted T cells

in the absence of antigenic stimulation. We successfully

used this phenotypic panel to demonstrate that MR1-

restricted MAIT cells were virtually absent in the blood of

patients with TB and returned to the circulation in patients

that had undergone treatment. We believe the ability to

enumerate these cells ex vivo will be useful in defining the

role of the cells in the setting of human disease.
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