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Abstract

Background: Tuberculosis (TB) is caused by Mycobacterium tuberculosis (M.tb), resulting in significant increase in mor-
tality rate worldwide. Immunity against M.tb consists of both innate and adaptive immunity, with emerging evidence of 
the role of the unconventional mucosal-associated invariant T (MAIT) cells. MAIT cells are MR1-restricted T cells that 
possess anti-bacterial activity, including activity in response to M.tb. To date, human studies regarding peripheral blood 
MAIT cell frequency and MAIT cell activity in TB patients are still controversial and most studies are cross-sectional. 

Objective: To evaluate MAIT cell function and TCR repertoire over the course of anti-TB drug treatment of active pul-
monary TB patients. 

Methods: MAIT cells isolated from blood of active pulmonary TB patients at various anti-TB drug treatment time 
points were stimulated with anti-CD3/CD28 or PMA/Ionomycin and evaluated for their cytokine and cytotoxic mole-
cule profile. In parallel, Notch signaling was determined. Clonal analysis of MAIT cells at various anti-TB drug treat-
ment time points was also performed in one individual.

Results: We found that there was reduced perforin and granzyme B production on MAIT cells upon stimulation with 
PMA/Ionomycin along with decreased cell surface expression of Notch 2 receptor. Notch 2 regulates granzyme B ex-
pression in T cells, and this reduction may indicate a similar role of Notch 2 in regulating MAIT cell function. Lastly, 
MAIT cell diversity with increased non-canonical TRBV usage was highest and observed at 2 months into treatment. 

Conclusions: Our study provides preliminary data in understanding MAIT cell function, Notch signaling and TCR 
repertoire expression in active pulmonary TB patients.

Key words: MAIT cell phenotype, Notch signaling pathway, MAIT TCR repertoire, Active pulmonary TB patients, An-
ti-TB drug treatment 
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GNLY Granulysin
GrzB Granzyme B
IFNγ Interferon gamma
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MR1 Major histocompatibility complex class I-related gene
PBMC Peripheral blood mononuclear cell
PMA Phobal-12-myristate-13-acetate
TCR T cell receptor
TNFα Tumor necrosis factor
TRAC T cell receptor alpha constant region
TRAV T cell receptor alpha variable region
TRBC T cell receptor beta constant region
TRBV T cell receptor beta variable region
TSTs Tuberculosis skin tests
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Introduction
Pulmonary tuberculosis (TB) is an infectious disease 

caused by the microorganism Mycobacterium tuberculosis 
(M.tb).1 TB is the second leading cause of death worldwide 
and is responsible for 1.3 million deaths among HIV-negative 
individuals in 2016.2 An untreated TB individual is capable of 
transferring a latent infection to up to 10-15 individuals in the 
community.1 Subsequently, those 10-15 latently-infected TB 
individuals have a further possibility of developing active TB. 
Thus, the epidemiological burden of TB infection is high. In 
addition, there is also the burden of treatment where multiple 
drugs and a period of six months are required to treat these 
active TB individuals.1 

Immunity to tuberculosis involves both the innate and 
adaptive immune system.3 M.tb enters the lower respirato-
ry tract and is internalized by alveolar macrophages, where 
it causes infected macrophages to disrupt due to cell death.3 
Then, M.tb is delivered to pulmonary lymph nodes by 
M.tb-infected dendritic cells or monocytes for antigen pre-
sentation to T cells. There is much evidence that T cells play 
a role in protective immunity against TB. In HIV-infected 
individuals, where CD4+ T cells are dysfunctional, there is 
an increased incidence in M.tb infection.4 M.tb also carries 
non-peptidic antigens that can stimulate unconventional T 
cells. More recently, emerging evidence of the unconventional 
MHC I-related molecule (MR1)-Mucosal-associated invariant 
T (MAIT) cell axis have been shown to have protective an-
ti-TB response,5,6 but their role is still unclear. 

MAIT cells are innate-like MR1-restricted T cells7,8 that 
respond to bacteria and yeasts that possess the vitamin B2 
synthesizing pathway, including M.tb.9-11 Many studies inves-
tigating MAIT cells and TB show controversial results regard-
ing MAIT cell frequency in peripheral blood and MAIT cell 
activity.12-18 Some studies also proposed migration of MAIT 
cells to local sites of infection in TB,19 further suggesting a 
role for MAIT cells in M.tb infection. 

Treatment of drug-sensitive M.tb infection requires an in-
duction phase of treatment for two months followed by a con-
solidation phase of four months.20 Over the course of treat-
ment, the medication plays a role in killing the bacteria in a 
biphasic manner.21 Thus, the period covering the treatment 
course duration provides an opportunity to observe the dy-
namics of MAIT cells in M.tb infection. Therefore, we recruit-
ed active pulmonary TB patients infected with M.tb and in-
vestigated MAIT cell characteristics at initial diagnosis (prior 
to treatment), at 2 months and 6 months into anti-TB drug 
treatment. 

In addition, T cell subset differentiation is governed by cy-
tokine signals and cell surface molecules, such as the Notch 
signaling pathway.22 Notch receptors and Notch ligands of 
the signaling pathway interact with one another, causing 
proteolytic cleavage of the transmembrane portion of Notch 
receptors.22 Subsequently, assembly of a transcription fac-
tor complex occurs and this complex binds to gene promot-
ers within the cell nucleus,22 inducing lineage-specific genes 
in T cells. Studies of Notch signaling in MAIT cells have not 
been reported yet. Therefore, in this study we have inves-
tigated Notch signaling pathways in an attempt to explain

Materials and Methods
Patient recruitment and sample collection

Twenty-two active pulmonary tuberculosis patients were 
recruited into the study. Seventeen patients were included in 
the MAIT cell functional analysis and T cell receptor studies. 
The remaining five patients were included in the MAIT cell 
Notch signaling studies. A diagnosis of TB was given based 
on diagnostic microbiological assays, of which include PCR 
for M.tb in sputum, sputum examination for acid-fast bacilli 
and/or M.tb culture for confirmation.23-25 Tuberculin skin tests 
(TSTs) and IFNγ-release assays (IGRAs) were not included 
in the criteria due the endemic widespread of TB in Thailand 
and BCG vaccination during childhood excludes the reliabili-
ty of TSTs to be used in the diagnosis of M.tb infection.23 All 
patients were given initial regimen treatment for drug-sensi-
tive TB infection. This included Isoniazid (H), Rifampicin (R), 
Ethambutol (E) and Pyrazinamide (Z) or Streptomycin (S).21,26 
Blood samples were collected from patients at the time of di-
agnosis (prior to treatment initiation) and at 2 months and 6 
months (including 2 weeks and 4 months for MAIT TCR rep-
ertoire analysis study) into anti-TB drug treatment. Informed 
consent was obtained from all patients prior to obtaining 
clinical samples. Our procedures were approved by the Insti-
tutional Review Board (IRB) of the Faculty of Medicine, Ch-
ulalongkorn University, Bangkok, Thailand (IRB No. 445/57 
and IRB No. 207/58) in accordance with the Declaration of 
Helsinki. Eight healthy controls were randomly collected from 
individuals undergoing blood donation at The Thai Red Cross 
Society and another eleven healthy controls were recruited 
into the study as volunteers from King Chulalongkorn Me-
morial Hospital. All individuals had no clinical symptoms of 
active pulmonary TB and have not been tested for TSTs or 
IGRAs.

Peripheral blood mononuclear cell (PBMC) isolation
Collected whole blood was layered on Ficoll-Paque PLUS 

(GE Healthcare, Uppsala, Sweden) and peripheral blood 
mononuclear cells (PBMCs) were isolated by density gradient 
centrifugation at 1500 rpm for 20 minutes at room tempera-
ture (no deceleration force). Cells were washed twice with 
RPMI 1640 supplemented with 10% fetal bovine serum (FBS) 
(Gibco, Life Technologies Corporation, NY, USA). Isolated 
cells were cryopreserved in 10% DMSO (PanReac AppliChem, 
Darmstadt, Germany) in FBS for further experiments. 

T cell functional analysis 
105 cells of PBMCs were cultured in the presence or ab-

sence of 5 ng/ml PMA (Sigma-Aldrich, MO, USA) and 1 
µg/ml ionomycin (Thermo Fisher Scientific, OR, USA), or 
anti-CD3/anti-CD28 beads (Invitrogen, CA, USA), with 
20 µg/ml brefeldin A (BFA, (Invitrogen, CA, USA)) at 37°C 
for 5 hours. Cells were labeled with anti-CD3-PE/Cy7, an-
ti-CD4-PE/Cy5, anti-CD8-APC, anti-CD161-APC/Cy7 and 
anti-Vα7.2-FITC at 4°C for 30 minutes, fixed with 1% form-
aldehyde for 30 minutes and permeabilized with 0.3% (w/v)

the functional profile of MAIT cells observed in active pulmo-
nary TB patients. 
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expressed as frequency and percentage (n (%)). Comparison 
of MAIT cell population and production of cytokines and cy-
totoxic molecules from stimulated MAIT cells or conventional 
T cells at various treatment time points were compared using 
one-way ANOVA with post-hoc Tukey HSD (Honestly Signif-
icant Difference) test. Two-way ANOVA was used to analyze 
significant expression levels of Notch receptors and Notch li-
gands among three cell populations at various treatment time 
points. Data was shown as mean ± SEM and statistical signif-
icance was defined as p ≤ 0.0001 (****), p ≤ 0.001 (***), p ≤ 
0.01 (**) and p ≤ 0.05 (*). 

saponin (Sigma-Aldrich, MO, USA). Intracellular cytokines 
were labelled with anti-IL2-PerCp/Cy5.5, anti-IFNγ-AF700, 
anti-TNFα-AF700, and anti-IL17-PE for 1 hour at 4°C in the 
dark. For cytotoxic molecule determination, intracellular cy-
totoxic molecules were labeled with anti-CD107a-PE/Cy7, 
anti-granulysin-PE, anti-granzyme B-FITC and anti-perfo-
rin-PerCP/Cy5.5. All antibodies were purchased from Bioleg-
end (CA, USA). After washing twice with PBS containing 2% 
FBS, cells were then acquired on the BD LSRII flow cytometer 
(BD Biosciences, CA, USA) and data was analyzed using the 
Flowjo software (Tree star, Inc., OR, USA).

Determination of cell surface Notch expression
105 cells of PBMCs were stimulated for 24 hours with or 

without anti-CD3/CD28 beads (1:1 bead-to-cell ratio). Then 
cells were labelled with anti-CD3-PE/Cy7, anti-CD4-PE/Cy5, 
anti-CD8-PerCP/Cy5.5, anti-CD161-APC/Cy7, anti-Vα7.2-
FITC, anti-Notch1-APC and anti-Notch2-PE, at 4°C for 30 
minutes. Antibodies were purchased from Biolegend (CA, 
USA) and BD Biosciences (Franklin Lakes, NJ, USA). Cells 
were washed 3 times with PBS containing 2% FBS and ac-
quired on the BD LSRII flow cytometer. Data was analyzed 
using the Flowjo software (Tree star, Inc., Ashland, OR, USA).

MAIT T cell receptor repertoire analysis 
Lymphocytes isolated from blood of patients were labeled 

with anti-CD3-PE/Cy7, anti-CD161-APC and anti-Vα7.2-
FITC (Biolegend, CA, USA). Live cells were screened by la-
belling with propidium iodide (Biolegend, CA, USA). Sin-
gle cells of CD3+Vα7.2+CD161+ population were sorted into 
a 96-V well PCR plate using a BD FACS Aria II-cell sorter. 
RNA extraction and cDNA synthesis were performed using 
SuperScript VILO cDNA Synthesis Kit (Invitrogen, CA, USA) 
according to the manufacturer’s instructions. Transcripts of T 
cell receptor (TCR) were then amplified by multiplex nested 
PCR using specific primers. The first-round PCR, the cDNA 
template was added to PCR reaction mixes (1x PCR buffer, 
1.5 mM MgCl2, 0.2 mM deoxynucleotide triphosphate, 0.75 U 
of Taq DNA polymerase) containing 2.5 pmol each of the ex-
ternal sense (TRBV and TRAV) and external antisense (TRBC 
and TRAC) primers.27 In the second-round, PCR products 
were used as templates to amplify TCR transcripts using in-
ternal sense TRAV primers and internal antisense TRAC 
primer27 for alpha chain and using internal sense TRBV prim-
ers and internal antisense TRBC primer27 for beta chain. The 
PCR reaction mixes were incubated at 95°C for 2 min, follow-
ing 35 cycles of 95°C for 20 sec, 52°C for 20 sec, 72°C for 45 
sec, and 1 cycle of 72°C for 7 min. After cleaning with Illus-
tra ExoProStar 1-Step Kit (GE Healthcare, Uppsala, Sweden), 
PCR products were detected by 2% agarose gel electrophoresis 
and sequenced. TCR was analyzed using the ImMunoGene 
Tics database.28 

Statistical analysis
All data were analyzed using GraphPad Instat version 

5.0 software (San Diego, CA, USA) and the SPSS software 
package (SPSS Inc, Chicago, IL, USA). Descriptive statistical 
analysis was used to analyze the continuous data and were 

Results
Demographic characteristics of recruited active TB patient 
population 

Twenty-two active pulmonary TB patients were recruit-
ed from King Chulalongkorn Memorial Hospital. Due to the 
limited number of cells obtained from patients, we catego-
rized our patient population in this study into two groups. 
Seventeen patients were used to test for MAIT cell function. 
Five patients were used in the Notch signaling studies. Patient 
demographic characteristics were shown in Table 1. Due to 
Thailand being in an endemic area of tuberculosis infection, 
we defined “healthy individuals” in this study as individuals 
that did not have clinical symptoms of active or subclinical 
pulmonary TB regardless of their M.tb infection status.3,29 

Table 1. Demographic characteristics of TB patient popula-
tion

Number of TB patient
(N = 17)

Number of TB patient
(for Notch expression 

study) (N = 5)

Age (years)

< 35 8 (47.08%) 5 (100%)

35-60 5 (29.40%) -

> 60 4 (23.52%) -

Gender

Male 12 (70.59%) 2 (40%)

Female 5 (29.41%) 3 (66.67%)

Laboratory investigation

PCR (+) 7 (41.12%) 3 (66.67%)

M.tb culture (+) 16 (94.12%) 5 (100%)

Sputum 
examination (+) 14 (82.35%) 2 (40%)

Susceptibility testing

Drugs (H, R, S, E)* 
response 12 (70.59%) 5 (100%)

Multidrug 
resistance 2 (11.76%) -

Mono-drug 
resistance 3 (17.65%) -
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Perforin and granzyme B production from MAIT cells in ac-
tive pulmonary TB patients was decreased upon stimulation 

We firstly identified MAIT cell population in peripheral 
blood of TB patients. MAIT cells were defined as Vα7.2+C-
D161hi T cells, which is equivalent to MR1-5-OP-RU tetram-
er purified cells, and conventional T cells were defined as 
CD3+Vα7.2- T cells (Figure 1). We evaluated MAIT cell ac-
tivity by stimulating MAIT cells from active pulmonary TB 
patients and healthy individuals with anti-CD3/anti-CD28 
beads or PMA/Ionomycin and evaluated for their cytokine 
(TNFα, IFNγ, IL-2 and IL-17) and cytotoxic molecule pro-
duction (granulysin, granzyme B and perforin). Our results 
showed that there were not significant differences in cytokine 
production upon stimulation in MAIT cells between healthy 
individuals and active pulmonary TB patients regardless of 
stimulating with anti-CD3/anti-CD28 beads or PMA/Ionomy-
cin (Figure 2A). No significant changes were observed with 
CD107a nor granulysin expression in both stimuli conditions 
(Figure 2B). However, in active pulmonary TB patients, there 
was a significant reduction in granzyme B and perforin ex-
pression in MAIT cells when activated with PMA/Ionomycin, 
but not anti-CD3/anti-CD28 bead stimulation, from active 
pulmonary TB patients at 2 and 6 months into treatment; and 
prior to treatment, respectively (Figure 2B). From these re-
sults, only granzyme B and perforin expression upon stimula-
tion were affected in active pulmonary TB patients.

Table 1. (Continued)

The demographic data are presented as number of TB patients (% of total pa-
tients). 
*H = Isoniazid, R = Rifampicin, S = Streptomycin, E = Ethambutol, Z = Pyr-
azinamide, CS = Cycloserine, MXF = Moxifloxacin, Km = Kanamycin, IV= 
Levofloxacin, Eto = Ethionamide

Figure 1. Gating strategies of MAIT cells and conventional T cells. 
Isolated PBMCs from peripheral blood of active pulmonary TB patients and healthy individuals were labeled with anti-CD3-PE/
Cy7, anti-CD161-APC/Cy7 and anti-Vα7.2-FITC and were detected by flow cytometry. MAIT cell population was gated on CD3+ 
T cells which expressed both TCR-Vα7.2 and CD161 high, and conventional T cell population was defined as CD3+Vα7.2– T 
cells.
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Number of TB patient
(N = 17)

Number of TB patient
(for Notch expression 

study) (N = 5)

Treatment drug

Start first line drug regimen

2HRZE/4HR* 16 (94.12%) 5 (100%)

2HRSE/4HR* 1 (5.88) -

Change to MDR regimen

Km, Eto, CS, 
MXF* 1 (5.88%) -

Km, Eto, Cs, IV* 1 (5.88%) -

RZE* (for 
H-resistance) 3 (17.65%) -

For active pulmonary TB patient data, analysis was performed 
with samples collected at the time of diagnosis (prior to treat-
ment), at 2 months and 6 months into treatment.
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Figure 2. Cytokine and cytotoxic mediator production from MAIT cells of active pulmonary TB patients and healthy indi-
viduals. 
PBMCs of active pulmonary TB patients prior to, at 2 months and at 6 months into treatment; and healthy individuals were stim-
ulated with anti-CD3/anti-CD28 beads and PMA/Ionomycin. Cytokine and cytotoxic mediator production for each time point 
was determined and calculated from % of cytokine/cytotoxic mediator-producing cells in stimulated conditions subtracted by % 
of cytokine/cytotoxic mediator-producing cells in unstimulated conditions. (A) Percentage of increase in IL-17-, IL-2-, TNFα- 
and IFNγ-producing MAIT cells after stimulation with anti-CD3/anti-CD28 beads (upper panel) and PMA/Ionomycin (low-
er panel). (B) Percentage of increase in the degranulation marker (CD107A), granulysin, granzyme B- and perforin-producing 
MAIT cells after stimulation with anti-CD3/anti-CD28 beads (upper panel) and PMA/Ionomycin (lower panel). Y-axis represents 
the percentage increase of cytokine/cytotoxic mediator-producing cells. Each dot represents each patient. Mean values are shown 
with error bars.
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Figure 3. Cell surface expression of Notch on peripheral blood MAIT cells of active pulmonary TB patients and healthy in-
dividuals. 
PBMCs of active pulmonary TB patients (N = 5) prior to, at 2 months and at 6 months into treatment; and healthy controls (N 
= 11) were stimulated with anti-CD3/anti-CD28 beads. Cell surface expression of Notch receptors (Notch 1 and Notch 2) were 
determined via flow cytometry. (A) FACS plots and histograms showing gating strategies of Notch-1 (upper panel) and Notch-2 
(lower panel) expressing MAIT cells both in unstimulated (white histogram) and anti-CD3/CD28 bead stimulation (gray his-
togram) conditions. (B) Bar graphs showing frequency of Notch 1- and Notch 2-expressing ex vivo (unstimulated) MAIT cells, 
conventional CD4+ T cells and conventional CD8+ T cells. (C) Bar graphs showing frequency of Notch 1- and Notch 2-expressing 
MAIT cells, conventional CD4+ T cells and conventional CD8+ T cells; when stimulated (S) or not stimulated (U) with anti-CD3/
anti-CD28 beads. (D) Bar graphs showing frequency of upregulated Notch 1- and Notch 2-expressing MAIT cells, conventional 
CD4+ T cells and conventional CD8+ T cells upon stimulation with anti-CD3/anti-CD28 bead stimulation. The percentage of 
upregulated Notch receptor-expressing cells was calculated by subtracting Notch receptor-expressing cells in unstimulated condi-
tions from that of anti-CD3/anti-CD28 bead stimulation conditions. SEM values are shown with error bars. 

Decreased cell surface expression of Notch 2 receptors on 
MAIT cells in active pulmonary TB patients

Regulation of granzyme B and perforin expression in T 
cells is governed by transcriptional and post-transcription-
al regulators.30-32 Among these regulators are the highly con-
served membrane-bound cell surface Notch 1 and Notch 2 
that mediate the Notch signaling pathway.30,31 To investigate 
the potential role of Notch 1 and Notch 2 signaling pathways 
in MAIT cell activity in M.tb infection, especially perforin and 
granzyme B expression; cell surface expression of Notch 1 and 
Notch 2 on MAIT cells of active pulmonary TB patients and 
healthy individuals were determined. First, we determined cell 
surface expression of Notch 1 and Notch 2 ex vivo from ac-
tive pulmonary TB patients and healthy individuals on MAIT 
cells, conventional CD4+ T cells and conventional CD8+ T 
cells (Figure 3A). Our data shows that Notch 2 expression on 
MAIT cells was significantly reduced in active pulmonary TB 
patients at all time points (Figure 3B), suggesting a consistent 
suppression of Notch 2 expression on MAIT cells over the 
course of anti-TB drug treatment. This was in contrast with 
conventional T cells, where a reduction of Notch 2 expression 
was significantly reduced in active pulmonary TB patients 
only at the initial time of diagnosis and no changes in Notch 
2 expression were observed for conventional CD4+ T cells and 
conventional CD8+ T cells, respectively (Figure 3B). 

Next, we stimulated MAIT cells and conventional T cells 
with anti-CD3/anti-CD28 beads to evaluate whether the ex-
pression of Notch 1 and Notch 2 were altered. We observed 
that in healthy individuals, Notch 1 and 2 expressions were 
significantly increased on both MAIT cells and conventional 
T cells upon anti-CD3/anti-CD28 bead stimulation (Figure 
3C). In addition, conventional CD4+ T cells of active pulmo-
nary TB patients had significant increased Notch 1 expression 
upon anti-CD3/anti-CD28 bead stimulation (Figure 3C). In 
contrast, the ability of Notch 2 receptor to increase its ex-
pression upon stimulation was significantly reduced in both 
conventional CD4+ T cells and conventional CD8+ T cells in 
active pulmonary TB patients when compared to healthy in-
dividuals (Figure 3D). In MAIT cells, there was no significant 
reduction in both Notch 1 and Notch 2 expression in active 
pulmonary TB patients when compared with healthy indi-
viduals (Figure 3D). However, there was an observed trend 
where MAIT cells seem to have increased ability to upregulate 
Notch 1 and Notch 2 expression upon stimulation in active 
pulmonary TB patients as treatment progressed (Figure 3D). 
We also observed that the ability to upregulate Notch 1 recep-
tor upon stimulation was lowest in both conventional CD4+ 
and conventional CD8+ T cells at 2 months after treatment 
initiation (Figure 3D). 
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Figure 3. (Continued)
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Figure 4. MAIT TCR repertoire of an individual with active pulmonary TB infection at the time of diagnosis (prior to treat-
ment), at 2 weeks, at 2 months, at 4 months and at 6 months into treatment. 
(A) Pie charts showing TRBV usage of MAIT cells of an active pulmonary TB patient prior to, at 2 weeks, at 2 months, at 4 
months and at 6 months into treatment. N represents the number of clones. (B) Bar graphs comparing TRBV usage of MAIT 
cells of an active pulmonary TB patient prior to, at 2 weeks, at 2 months, at 4 months and at 6 months into treatment. (C) Line 
graphs showing the dynamic changes of each TRBV usage by MAIT cells prior to, at 2 weeks, at 2 months, at 4 months and at 6 
months into treatment. Black arrows depicted represent TRBV chains that peak at the 2-month mark into treatment. 
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Figure 4. (Continued)

MAIT TCR repertoire of an active pulmonary TB patient re-
veals highest diversity and expansion of non-canonical TRBV 
usages at 2 months after anti-TB drug treatment initiation

T cell receptors have been shown to govern its functional-
ity.33,34 Therefore, we selected one active pulmonary TB patient 
and characterized the patient’s MAIT T cell receptor (TCR) 
usage. We characterized the TRBV usage of MAIT cells, as de-
fined by CD3+Vα7.2+CD161hi cells at the time of diagnosis; at 
2 weeks, 2 months, 4 months and 6 months of anti-TB drug 
treatment. Our data shows that the MAIT TRBV usage was 
most diverse at 2 months of anti-TB drug treatment (Figure 
4A). There were predominant TRBV chains that persisted 
throughout the duration of anti-TB drug treatment (Figure 
4B). These included the TRBV20-1, TRBV15, TRBV6-4 and 
TRBV4-2 (Figure 4B). When we tracked each TRBV chain in-
dividually, we observed 8 out of 17 TRBV chains that peaked 
at 2 months into anti-TB drug treatment (Figure 4C). These 
included TRBV2, 4-2, 10-3, 12-3, 19, 24-1, 25-1, 27 and 28. 
There were also TRBV chains that increased during the treat-
ment course (TRBV6-4) and those that decreased during the 
treatment course (TRBV11-1, 15, 20-1 and 30) (Figure 4C). 
These results reflect preservation of dominant TRBV usages in 
MAIT cells as well as demonstration of dynamic changes in 
non-canonical TRBV chains. 

Discussion
Immunity to tuberculosis requires the orchestration of in-

nate and adaptive immune compartments for the containment 
of M.tb in immunocompetent hosts.1,35 MAIT cells are in-
nate-like T cells capable of killing M.tb-infected cells in vitro, 
thus, supporting a role for MAIT cells in immunity against 
M.tb infection.10 Many studies regarding MAIT cells and TB 
have been published.6,12-19,36,37 Treatment of M.tb infection in 
active pulmonary TB patients requires 2 phases: (i) an induc-
tion intensive phase to kill actively replicating bacteria and (ii) 
a consolidation phase to ensure persistent bacilli are targeted 
for a duration of 2 months and 4 months, respectively; re-
sulting in a total of 6 months for treatment.20 At the 2-month 
mark of anti-TB drug treatment, patients undergo evaluation 
of sputum conversion with most patients not having bacilli 
in their sputum to culture.3,29 Therefore, in our study, we in-
vestigated MAIT cell characteristics at the initial diagnosis, at 
2 months and at 6 months into treatment. It is worth noting 
that our study defined “healthy individuals” as including those 
without active pulmonary M.tb infection status, which may 
include uninfected and latently-infected individuals, altogeth-
er; due to the highly endemic area of TB in Thailand. 
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Our functional analyses revealed that there were no 
changes in the ability of MAIT cells to secrete IL-17, IL-2, 
TNFα, IFNγ and granulysin in active pulmonary TB patients. 
We only found detected lower ability for granzyme B and per-
forin production in active pulmonary TB patients upon PMA/
Ionomycin stimulation, but not anti-CD3/anti-CD28 bead 
stimulation; at certain time points during treatment. The de-
crease in granzyme B production corroborated with findings 
from transcriptomic studies showing downregulation of the 
GZMB gene in MAIT cells of active TB patients.37 Howev-
er, our findings and findings of some groups have come with 
controversial results; some studies demonstrating increased 
MAIT cell activity in active TB patients38 and others demon-
strating decreased IFNγ production.17,37 Granzyme B kills My-
cobacteria-infected cells by disrupting protein synthesis of the 
bacteria.39 The reduction of perforin and granzyme B produc-
tion in MAIT cells may indicate an inability for the human 
host to eradicate M.tb infection.

Notch signaling plays a role in T cell development and dif-
ferentiation into different T cell lineages eg. Th1, Th17 cells 
and Treg.22,40 A regulator of perforin and granzyme B that was 
interrogated in this study was the Notch signaling pathways, 
especially Notch 1 and Notch 2 receptors.30,31 Notch signaling 
aids in the differentiation of T cells.22 Studies of Notch sig-
naling in MAIT cells have not been described before. In our 
study, we detected a decrease in cell surface expression of 
Notch 1 and Notch 2 receptors on ex vivo MAIT cells in ac-
tive pulmonary TB patients. Notch 1 was previously reported 
to regulate cytotoxic T lymphocyte (CTL) differentiation and 
function, supporting perforin and granzyme B expression.30 
Notch 2 regulates granzyme B expression via interaction with 
the transcription factor CREB1 and binding of the complex to 
the granzyme B gene promoter.31 These observed findings sug-
gest that MAIT cells may have reduced cytotoxicity in active 
pulmonary TB patients due to decreased expression of Notch 
1 and Notch 2. However, due to our data being collected from 
different patient populations; we were not able to correlate 
these findings. Nonetheless, our findings provides a glimpse 
of a potential role of Notch signaling in defining MAIT cell 
function. Reduced cytotoxic function in CD8+ T cells and 
CD8+ T cell dysfunction in active TB patients have been re-
ported.41-43 An understanding in the regulation of Notch re-
ceptors on MAIT cells and its results in active pulmonary TB 
patients may offer these patients a novel approach in using 
synthetic Notch (SynNotch) receptors, a chimera between 
the core regulatory domain of the cell-cell signaling recep-
tor Notch, an extracellular domain of a single-chain antibody 
structure to the cognate antigen and synthetic intracellular 
transcriptional domain; to target M.tb antigens for the treat-
ment of M.tb infection.44 MAIT cells make up the highest pro-
portion of T cells in humans based on their antigen specificity 
compared to other peptide-specific T cells.45 Thus, MAIT cells 
may be a potential target cell in using immunotherapy ap-
proaches. In addition, this may explain the underappreciated 
findings of cytotoxicity in M.tb infection control.

Despite MAIT cell frequency not differing between active 
pulmonary TB patients and healthy individuals, we further 
investigated qualitative changes that may occur within the 
MAIT TCR repertoire. An analysis of one patient with active 
pulmonary TB revealed at 2 months into anti-TB drug treat-
ment had the highest MAIT TCR diversity when compared 
to MAIT cell diversity at other time points during the course 
of anti-TB treatment. The profile of TRBV usages had similar 
predominant to one another throughout the course of anti-TB 
drug treatment. Over half of all detected TRBV families peak-
ed in their frequency at 2 months into anti-TB drug treatment 
and mostly were non-canonical TRBV chains. Non-canon-
ical TRBV usages have also been described in TB patients 
as well.46 MAIT cells are also able to discriminate between 
ligands generated from different bacterial species at a clono-
typic level.47 Anti-TB drug treatment targets M.tb with rapid-
ly-killed properties (subpopulation #1) in the first 2 months of 
treatment and requires an extended period for the “persistent” 
phenotypic variant (subpopulation #2) for another 4 months.21 
The diversity of MAIT cells observed in this active pulmonary 
TB patient in our study may suggest expansion of MAIT cell 
clones that are specific to M.tb with unique killing properties. 
However, our study interrogated only one active TB patient, 
which is a limitation in interpretation for this dataset. Further 
studies that include a larger population needs to be performed 
to address this. 

Collectively, our study provides data suggesting a potential 
role of Notch in MAIT cells and MAIT cell clone dynamic in 
active pulmonary TB patients during drug treatment in one 
patientt. Our data revealed MAIT cell changes in perforin and 
granzyme B expression, Notch 1 and Notch 2 receptors and 
increased MAIT TCR diversity at 2 months after initiation of 
anti-TB drug treatment. In-depth investigation of both Notch 
signaling and MAIT TCR diversity during treatment course 
needs to be performed for further conclusions.

Conclusion
Here, we report MAIT cell characteristics in active pulmo-

nary TB patients and compared with those of healthy individ-
uals. Our findings show differences in some characteristics in 
active TB patient in an endemic setting. The findings in this 
study serve as a basis for understanding the changes that oc-
cur in MAIT cells during the course of M.tb infection.

Acknowledgements
This work was supported by the Government Research 

Budget (via Chulalongkorn University) for academic years 
2559-2560 (Grant no. GRB_BSS_76_59_30_17 and GB-B_60_ 
069_30_13), TRG grant (TRG6080010), Research Grant for 
New Scholar Ratchadaphiseksomphot Endowment Fund Ch-
ulalongkorn University and Grants for Development of New 
Faculty Staff, Ratchadaphiseksomphot Endowment Fund. 

We would like to thank the patients involved in this study 
and the nurse staffs at King Chulalongkorn Memorial Hospi-
tal’s TB Clinic. 

We would like to thank Norasate Boonpattanaporn for 
help in obtaining the clinical samples for the study.



Notch signaling and MAIT TCR repertoire in active pulmonary TB patients 

Declaration of interest
None

References
1. O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MP. 

The immune response in tuberculosis. Annu Rev Immunol. 2013;31: 
475-527.

2. WHO. Global tuberculosis report 2017: World Health Organization; 2017.
3. Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al. 

Tuberculosis. Nat Rev Dis Primers. 2016;2:16076.
4. Getahun H, Gunneberg C, Granich R, Nunn P. HIV infection-associated 

tuberculosis: the epidemiology and the response. Clin Infect Dis. 2010;50 
Suppl 3:S201-7.

5. Chua WJ, Truscott SM, Eickhoff CS, Blazevic A, Hoft DF, Hansen TH.  
Polyclonal mucosa-associated invariant T cells have unique innate  
functions in bacterial infection. Infect Immun. 2012;80(9):3256-67.

6. Seshadri C, Thuong NT, Mai NT, Bang ND, Chau TT, Lewinsohn DM, et al. 
A polymorphism in human MR1 is associated with mRNA expression and 
susceptibility to tuberculosis. Genes Immun. 2017;18(1):8-14.

7. Porcelli S, Yockey CE, Brenner MB, Balk SP. Analysis of T cell antigen  
receptor (TCR) expression by human peripheral blood CD4-8- alpha/
beta T cells demonstrates preferential use of several V beta genes and an  
invariant TCR alpha chain. J Exp Med. 1993;178(1):1-16.

8. Treiner E, Duban L, Bahram S, Radosavljevic M, Wanner V, Tilloy F, et al. 
Selection of evolutionarily conserved mucosal-associated invariant T cells 
by MR1. Nature. 2003;422(6928):164-9.

9. Le Bourhis L, Martin E, Peguillet I, Guihot A, Froux N, Core M, et al.  
Antimicrobial activity of mucosal-associated invariant T cells. Nat  
Immunol. 2010;11(8):701-8.

10. Gold MC, Cerri S, Smyk-Pearson S, Cansler ME, Vogt TM, Delepine J, et 
al. Human mucosal associated invariant T cells detect bacterially infected 
cells. PLoS Biol. 2010;8(6):e1000407.

11. Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, et al. 
MR1 presents microbial vitamin B metabolites to MAIT cells. Nature. 
2012;491(7426):717-23.

12. Godfrey DI, Koay HF, McCluskey J, Gherardin NA. The biology and  
functional importance of MAIT cells. Nat Immunol. 2019;20(9):1110-28.

13. Sharma PK, Wong EB, Napier RJ, Bishai WR, Ndung’u T, Kasprowicz VO, et 
al. High expression of CD26 accurately identifies human bacteria-reactive 
MR1-restricted MAIT cells. Immunology. 2015;145(3):443-53.

14. Malka-Ruimy C, Ben Youssef G, Lambert M, Tourret M, Ghazarian L, 
Faye A, et al. Mucosal-Associated Invariant T Cell Levels Are Reduced 
in the Peripheral Blood and Lungs of Children With Active Pulmonary  
Tuberculosis. Front Immunol. 2019;10:206.

15. Vorkas CK, Wipperman MF, Li K, Bean J, Bhattarai SK, Adamow M, et 
al. Mucosal-associated invariant and gammadelta T cell subsets respond to 
initial Mycobacterium tuberculosis infection. JCI Insight. 2018;3(19).

16. Mendy J, Jarju S, Heslop R, Bojang AL, Kampmann B, Sutherland JS. 
Changes in Mycobacterium tuberculosis-Specific Immunity With  
Influenza co-infection at Time of TB Diagnosis. Front Immunol. 2018; 
9:3093.

17. Kwon YS, Cho YN, Kim MJ, Jin HM, Jung HJ, Kang JH, et al.  
Mucosal-associated invariant T cells are numerically and functionally  
deficient in patients with mycobacterial infection and reflect disease  
activity. Tuberculosis (Edinb). 2015;95(3):267-74.

18. Yang Q, Xu Q, Chen Q, Li J, Zhang M, Cai Y, et al. Discriminating  
Active Tuberculosis from Latent Tuberculosis Infection by flow cytometric  
measurement of CD161-expressing T cells. Sci Rep. 2015;5:17918.

19. Kauffman KD, Sallin MA, Hoft SG, Sakai S, Moore R, Wilder-Kofie T, et 
al. Limited Pulmonary Mucosal-Associated Invariant T Cell Accumulation 
and Activation during Mycobacterium tuberculosis Infection in Rhesus 
Macaques. Infect Immun. 2018;86(12).

20. Nahid P, Dorman SE, Alipanah N, Barry PM, Brozek JL, Cattamanchi 
A, et al. Official American Thoracic Society/Centers for Disease Control 
and Prevention/Infectious Diseases Society of America Clinical Practice 
Guidelines: Treatment of Drug-Susceptible Tuberculosis. Clin Infect Dis. 
2016;63(7):e147-e95.

21. Horsburgh CR Jr, Barry CE 3rd, Lange C. Treatment of Tuberculosis. N 
Engl J Med. 2015;373(22):2149-60.

22. Amsen D, Helbig C, Backer RA. Notch in T Cell Differentiation: All Things 
Considered. Trends Immunol. 2015;36(12):802-14.

23. Hauk L. Tuberculosis: Guidelines for Diagnosis from the ATS, IDSA, and 
CDC. Am Fam Physician. 2018;97(1):56-8.

24. Centers for Disease Control and Prevention. Updated guidelines for the use 
of nucleic acid amplification tests in the diagnosis of tuberculosis. MMWR 
Morb Mortal Wkly Rep. 2009;58(1):7-10.

25. American Thoracic Society. Diagnostic Standards and Classification 
of Tuberculosis in Adults and Children. Am J Respir Crit Care Med. 
2000;161:1376-95.

26. Zumla A, Chakaya J, Centis R, D’Ambrosio L, Mwaba P, Bates M, et al.  
Tuberculosis treatment and management--an update on treatment  
regimens, trials, new drugs, and adjunct therapies. Lancet Respir Med. 
2015;3(3):220-34.

27. Wang GC, Dash P, McCullers JA, Doherty PC, Thomas PG. T cell  
receptor alphabeta diversity inversely correlates with pathogen-specific  
antibody levels in human cytomegalovirus infection. Sci Transl Med. 
2012;4(128):128ra42.

28. Giudicelli V, Brochet X, Lefranc MP. IMGT/V-QUEST: IMGT  
standardized analysis of the immunoglobulin (IG) and T cell receptor  
(TR) nucleotide sequences. Cold Spring Harb Protoc. 2011;2011(6): 
695-715.

29. Furin J, Cox H, Pai M. Tuberculosis. Lancet. 2019;393(10181):1642-56.
30. Cho OH, Shin HM, Miele L, Golde TE, Fauq A, Minter LM, et al. 

Notch regulates cytolytic effector function in CD8+ T cells. J Immunol. 
2009;182(6):3380-9.

31. Maekawa Y, Minato Y, Ishifune C, Kurihara T, Kitamura A, Kojima H, 
et al. Notch2 integrates signaling by the transcription factors RBP-J and  
CREB1 to promote T cell cytotoxicity. Nat Immunol. 2008;9(10):1140-7.

32. Voskoboinik I, Whisstock JC, Trapani JA. Perforin and granzymes:  
function, dysfunction and human pathology. Nat Rev Immunol. 2015; 
15(6):388-400.

33. Tubo NJ, Pagan AJ, Taylor JJ, Nelson RW, Linehan JL, Ertelt JM, et al.  
Single naive CD4+ T cells from a diverse repertoire produce different  
effector cell types during infection. Cell. 2013;153(4):785-96.

34. Tan MP, Gerry AB, Brewer JE, Melchiori L, Bridgeman JS, Bennett AD, 
et al. T cell receptor binding affinity governs the functional profile of  
cancer-specific CD8+ T cells. Clin Exp Immunol. 2015;180(2):255-70.

35. Cooper AM. Cell-mediated immune responses in tuberculosis. Annu Rev 
Immunol. 2009;27:393-422.

Supplemental material
References
36. Jiang J, Chen X, An H, Yang B, Zhang F, Cheng X. Enhanced immune  

response of MAIT cells in tuberculous pleural effusions depends on  
cytokine signaling. Sci Rep. 2016;6:32320.

37. Jiang J, Yang B, An H, Wang X, Liu Y, Cao Z, et al. Mucosal-associated 
invariant T cells from patients with tuberculosis exhibit impaired immune 
response. J Infect. 2016;72(3):338-52.

38. Jiang J, Wang X, An H, Yang B, Cao Z, Liu Y, et al. Mucosal-associated 
invariant T-cell function is modulated by programmed death-1 signaling  
in patients with active tuberculosis. Am J Respir Crit Care Med. 2014; 
190(3):329-39.

39. Dotiwala F, Sen Santara S, Binker-Cosen AA, Li B, Chandrasekaran S, 
Lieberman J. Granzyme B Disrupts Central Metabolism and Protein 
Synthesis in Bacteria to Promote an Immune Cell Death Program. Cell. 
2017;171(5):1125-37 e11.

40. Tindemans I, Peeters MJW, Hendriks RW. Notch Signaling in T Helper  
Cell Subsets: Instructor or Unbiased Amplifier? Front Immunol. 2017;8: 
419.

41. Smith SM, Klein MR, Malin AS, Sillah J, Huygen K, Andersen P, et al.  
Human CD8(+) T cells specific for Mycobacterium tuberculosis secreted 
antigens in tuberculosis patients and healthy BCG-vaccinated controls in 
The Gambia. Infect Immun. 2000;68(12):7144-8.

42. Andersson J, Samarina A, Fink J, Rahman S, Grundstrom S. Impaired 
expression of perforin and granulysin in CD8+ T cells at the site of  
infection in human chronic pulmonary tuberculosis. Infect Immun. 
2007;75(11):5210-22.

43. Day CL, Abrahams DA, Lerumo L, Janse van Rensburg E, Stone L, O’Rie 
T, et al. Functional capacity of Mycobacterium tuberculosis-specific T cell 
responses in humans is associated with mycobacterial load. J Immunol. 
2011;187(5):2222-32. 



Asian Pac J Allergy Immunol DOI 10.12932/AP-230621-1166

44. Roybal KT, Rupp LJ, Morsut L, Walker WJ, McNally KA, Park JS, et al.  
Precision Tumor Recognition by T Cells With Combinatorial  
Antigen-Sensing Circuits. Cell. 2016;164(4):770-9.

45. Godfrey DI, Uldrich AP, McCluskey J, Rossjohn J, Moody DB. The  
burgeoning family of unconventional T cells. Nat Immunol. 2015;16(11): 
1114-23.

46. Wong EB, Gold MC, Meermeier EW, Xulu BZ, Khuzwayo S, Sullivan ZA, et 
al. TRAV1-2(+) CD8(+) T-cells including oligoconal expansions of MAIT 
cells are enriched in the airways in human tuberculosis. Commun Biol. 
2019;2:203.

47. Gold MC, McLaren JE, Reistetter JA, Smyk-Pearson S, Ladell K, Swarbrick 
GM, et al. MR1-restricted MAIT cells display ligand discrimination and 
pathogen selectivity through distinct T cell receptor usage. J Exp Med. 
2014;211(8):1601-10.


