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Abstract

Background: Notch signaling plays an important role in the development of T lymphocytes and regulates their effector 
functions. The regulatory roles of Notch signaling on T cells have been intensely investigated, but whether it involves in 
effector functions of mucosal-associated invariant T (MAIT) cells has never been reported. 

Objective: To elucidate the expression profiles of Notch receptors/ligands and to investigate their roles in human MAIT 
cell function.

Methods: Peripheral blood mononuclear cells (PBMCs) from healthy donors were stimulated with or without  
anti-CD3/CD28-coupled beads, recombinant IL-12/IL-18 cytokines, riboflavin- or non-riboflavin-synthesizing bacterial 
cultured supernatant for 24 hours. The expression profiles of Notch receptors and ligands on MAIT cells were detected  
by flow cytometry. PBMCs were treated with a Notch signaling inhibitor, gamma secretase inhibitor (GSI), before  
stimulation to investigate the impact of interference with Notch signaling on activation and function of MAIT cells. 

Results: Resting MAIT cells predominantly expressed Notch2 receptor and the ligand, Jagged 2, on their surface.  
Upon stimulation, MAIT cells further upregulated Notch2 and also Notch1 with its cleaved form, indicating active 
Notch signaling. Cytokines and cytotoxic molecules which are secreted by activated MAIT cells, were suppressed by 
treatment with GSI. Moreover, both TCR-dependent MAIT cell activation by microbial-derived riboflavin intermediates 
and TCR-independent MAIT cell activation driven by IL-18 in synergy with IL-12, were blocked by GSI treatment. 

Conclusion: Notch signaling is operating in MAIT cells and is involved in their activation both in a TCR-independent 
and -dependent manners.
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does not require Notch signaling, as opposed to conventional  
T cells.28 However, the role of Notch signaling pathway may 
play in MAIT cells has yet to be investigated. Thus, in this 
study, we reported the expression profiles of Notch receptors 
and ligands in MAIT cells and provide evidence indicating an 
essential role of Notch signaling in MAIT cells in response to 
stimuli.

Introduction
Mucosal-associated invariant T (MAIT) cells are an  

innate-like T cell population that are distributed in blood 
(~5% of T cells) and mucosal sites, such as the respiratory  
tract and intestinal tract, and are also enriched in the 
liver (~10% of T cells).1,2 These cells are defined by 
the expression of the canonical semi-invariant TCRα  
chain containing Vα7.2-Jα33,3,4 and are restricted to the  
non-classical polymorphic major histocompatibility complex  
(MHC) class Ib antigen-presenting molecule, MHC-related  
protein 1 (MR1).3,5,6 Moreover, riboflavin metabolites  
produced from bacteria and yeast can activate MAIT cells.7 
MAIT cells can be activated in an MR1-dependent manner by 
riboflavin–producing microbes and in a cytokine-dependent 
manner by interleukin-12 (IL-12) and interleukin-18 (IL-18) 
that does not require MR1.8-10 

MAIT cells recognize and respond to microbial infection 
by producing a wide range of cytokines (IFN-γ, TNF-α, IL-17) 
and cytotoxic molecules (perforin, granzymes, granulysin).11,12 
Moreover, cytokines produced from MAIT cells can aid 
in the function of effector T cells. MAIT cells respond to a 
broad range of bacteria, including Mycobacterium tuberculosis,  
Escherichia coli, Klebsiella pneumoniae, Pseudomonas  
aeruginosa, Staphylococcus aureus and yeasts.13,14 Several  
studies provided strong in vivo evidence of the role of 
MAIT cells in protection against bacterial pathogens.13,15,16  
In humans, there are observations that link MAIT cell  
frequencies and their functions in the periphery of hepatitis 
C, HIV and TB patients that demonstrated the relationship 
and interaction between the microbiota and MAIT cells.17-19 
However, the regulatory mechanisms regarding MAIT cell 
effector functions are not yet well studied and need more  
characterization. 

Notch signaling is an evolutionarily conserved pathway  
across species that was first discovered in Drosophila  
melanogaster as a neurogenic gene.20 In mammals, there 
are four Notch receptors: Notch1, Notch2, Notch3 and 
Notch4 that are activated by five canonical Notch ligands:  
Jagged1, Jagged2, Delta-like1 (DLL1), Delta-like3 (DLL3) 
and Delta-like4 (DLL4). Notch receptor-ligand interaction  
activates sequential proteolytic cleavage by gamma-secretase  
on the Notch receptor itself, in order to release the Notch 
intracellular domain (NICD) for translocation to the  
nucleus. The NICD engages the nuclear binding protein  
CSL and upregulates transcription of specific target genes.21 
Gamma secretase inhibitors (GSIs) are often used to  
interrogate the involvement of Notch signaling in cellular  
process. Notch signaling contributes to many steps of  
embryonic development and tissue homeostasis in organ  
systems as well as cell fate decisions of hematopoietic  
stem cells in organisms.22 Abrogation of Notch1 or 
Notch2 signaling leads to death at the stage of embryonic  
development.23 In T cells, Notch signaling is required for 
T lineage commitment in the thymus and T cell effector  
functions in the periphery. Notch1 or Notch3 overexpression  
in the thymocytes results in T-cell leukemia.24,25 Notch  
signaling pathway is well characterized in controlling  
activation, differentiation and function of peripheral blood 
T cells.26,27 Development of MAIT cells at least in vitro

Materials and Methods
Subject recruitment 

This study was approved by the Institutional Review Board 
of the Faculty of Medicine, Chulalongkorn University (COA 
No.515/2018). Eleven healthy donors were recruited and they 
gave written informed consent. All healthy donors contained 
normal physical examination results and no HIV infection. 

Peripheral blood mononuclear cell isolation
PBMCs from whole blood were isolated. Diluted whole 

blood was layered on Ficoll-Hypaque reagent (Robbins  
Scientific Corporation, Sunnyvale, CA). PBMCs were  
isolated by density-gradient centrifugation at 1,500 rpm for  
30 minutes at room temperature. The separated PBMCs 
were collected and washed twice with RPMI1640 (Life  
Technologies). PBMCs were cryopreserved in 10% DMSO in 
fetal bovine serum (FBS) and stored in liquid nitrogen for 
further experiments.

Results
Expression profiles of Notch receptors and ligands in human 
MAIT cells

To investigate whether Notch signaling is involved in  
regulating activation and/or effector functions of MAIT 
cells, we firstly characterized the expression profiles of Notch 
receptors/ligands in MAIT cells. The representative flow  
cytometry plots and the gating strategy to distinguish MAIT 
cells and conventional T cells are shown in Figure 1A. MAIT 
cells were identified using double positive marker of the Vα7.2 
and CD161 (Figure 1A). 

PBMCs from 11 healthy donors were pretreated with GSI 
or DMSO (vehicle control) for 1 hour before stimulating with 
anti-CD3/CD28 beads for 24 hours. Notch receptors (Notch 
1, 2, 3 and 4) were evaluated for their cell surface expression. 
Under resting condition, Notch2 was predominantly detected 
in MAIT cells (9.4%) at higher percentages than other Notch 
receptors (Notch1 = 3.6%, Notch3 = 1.9%, Notch4 = 2.7%), 
while conventional CD4+ T cells and CD8+ T cells rarely  
expressed any Notch receptors (Figure 1B). Interestingly, 
the frequency of Notch1- and Notch2-expressing MAIT cells  
significantly increased upon stimulation to 16.2% and 
15.3%, respectively. However, the frequency of Notch3- and 
Notch4-expressing MAIT cells did not significantly change 
with the stimulation (Figure 1B). As expected, the levels of 
Notch1 and Notch2 were also upregulated on conventional 
CD4+ T cells and CD8+ T cells, as previously reported.29 Upon 
activation, the frequency of Notch2-expressing T cells was  
significantly higher in MAIT cells than in CD8+ T cells, while 
the frequency of Notch1-expressing cells was significantly 
higher in CD8+ T cells than in MAIT cells and CD4+ T cells 
(Figure 1C). 
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Figure 1. Activated MAIT cells are capable of expressing Notch receptors. (A) Representative dot plots and gating strategy of 
MAIT cells, CD4+ T cells and CD8+ T cells in peripheral blood mononuclear cells of healthy donors were shown. (B) Healthy 
PBMCs (n = 11) were stimulated with anti-CD3/CD28-coupled beads for 24 h and assessed Notch receptor (Notch1, 2, 3 and 
4) expression on MAIT cells comparing to conventional T cells by flow cytometry. Gamma secretase inhibitor (GSI) as a notch  
inhibitor was added for 1 h prior to stimulation. (C) The frequency of Notch1- and Notch2-expressing MAIT cells and others 
were showed upon stimulated condition. (D) Expression of cleaved Notch1 (mN1A) in MAIT cells, CD4+ T cell and CD8+ T cells 
were presented in representative histograms of one donor. (E) The frequency of mN1A-producing MAIT cells and others was 
shown. Statistic comparisons were tested using Tukey’s multiple comparisons test and Man-Whitney test. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001.
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In the presence of GSI, the expression of Notch1 and 
Notch2 on MAIT cells and conventional T cells were  
diminished under stimulating condition (Figure 1B),  
suggesting that Notch signaling may regulate its own  
expression and that Notch signaling may have an important 
role in conventional T cells and MAIT cells during effector 
response. Vehicle control DMSO treatment did not affect the 
expression profiles of Notch receptors. 

Next, we detected the cleaved form of Notch1 in MAIT 
cells and conventional T cells by determining the level of 
intracellular domain of Notch1, using antibody specific  
for the active form of Notch1 (mN1A), upon stimulation  
in the presence or absence of GSI. The representative  
histograms of mN1A+ MAIT cells and CD4+ and CD8+ 
T cells were shown in Figure 1D. The frequency of  
mN1A-expressing MAIT cells was significantly increased 
upon stimulation, compared with unstimulated conditions 
and this increased mN1A was attenuated in the presence of 
GSI (Figure 1E). 

To investigate the potential ligand(s) responsible for  
activation of Notch signaling in activated MAIT cells, we  
detected four Notch ligands (Jagged1, Jagged2, DLL1 and 
DLL4) in resting or stimulated MAIT cells. MAIT cells  
dominantly express Jagged2 and to a lesser level, DLL4, 

Figure 2. MAIT cells express Notch ligands. (A) Healthy PBMCs (n = 11) were stimulated with anti-CD3/CD28-coupled beads 
for 24 hours and the frequency of MAIT cells and CD4+ T cells and CD8+ T cells expressing Notch ligands (Jagged1, Jagged2, 
Delta-like1 and Delta-like4) was determined. Statistic comparisons were tested using Tukey’s multiple comparisons test and 
Man-Whitney test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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in unstimulated conditions. In activated MAIT cells, there 
were no changes in the level of any ligands, except that  
Jagged2 was downregulated (Figure 2). Taken together, these 
results indicated that Notch1 and Notch2 receptors; and 
Notch ligands, Jagged2 and DLL4; are expressed in MAIT 
cells and the Notch signaling in MAIT cells is activated upon  
stimulation via anti-CD3/CD28 stimulation. 

Notch signaling regulates activation and function of MAIT 
cells

We next tested whether the activation and function  
of MAIT cells are regulated through Notch signaling.  
PBMCs stimulated with anti-CD3/CD28 beads for 24 hours  
in the presence or absence of GSI were evaluated for 
their CD25 expression on MAIT cells. The frequency of  
CD25-expressing MAIT cells in the stimulated conditions 
were significantly higher compared to unstimulated cells 
(Figure 3A). The frequency of CD25-expressing MAIT cells 
decreased when cells were stimulated with anti-CD3/CD28 
beads in the presence of GSI (Figure 3A). The effect of GSI 
observed in MAIT cells in this experiment was similar to 
that in conventional T cells (Figure 3A). Thus, activation of 
MAIT cells was compromised when Notch signaling was  
abrogated. 
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Figure 3. Regulation of MAIT cell activation and function by Notch signaling. Healthy PBMCs (n = 11) were incubated with 
GSI for 1 hour before stimulating with anti-CD3/CD28-coupled beads for 24 hours and assessed activation, cytokine production 
and cytotoxicity of MAIT cells, CD4+ T cell and CD8+ T cells. (A) The frequency of activated cells was determined by CD25 ex-
pression in the presence and absence of GSI. (B) The production of cytokines; TNF-α, IFN-γ, IL-17 and IL-2, and (D) cytotoxic 
molecules; granzyme B, perforin and CD107a were shown upon stimulation with the presence and absence of GSI. The polyfunc-
tionality of (C) cytokine and (E) cytotoxic profile was assessed upon stimulation with the presence and absence of GSI. Statistic 
comparisons were tested using Tukey’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

A.

0%
 o

f C
D

25
-e

xp
re

ss
in

g 
ce

lls

40

80

20

60

100

MAIT Conventional T cell

***
***

***
***

***
***

***
***

B.

0

%
 o

f T
N

Fa
-p

ro
du

ci
ng

 c
el

ls

20

TNFa

60

40

10

30

50

MAIT CD4+ T cell CD8+ T cell

**

***
***

**
***

***
***

***

*
**

**
*

0

%
 o

f I
FN

g-
pr

od
uc

in
g 

ce
lls

6

IFNg

12

3

9

15

MAIT CD4+ T cell CD8+ T cell

***
***

***
***

*
**

**
*

*
*

*
*

0

%
 o

f I
L-

17
-p

ro
du

ci
ng

 c
el

ls

4

IL-17

8

2

6

10

MAIT CD4+ T cell CD8+ T cell

**
*

*
**

**
*

**
**

0

%
 o

f I
L-

2-
pr

od
uc

in
g 

ce
lls

6

IL-2

12

3

9

15

MAIT CD4+ T cell CD8+ T cell

**
**

**
**

unstimulated stimulated stimulated + DMSO stimulated + GSI

C.

0.001

%
 o

f I
FN

-γ
+ IL

-1
7+ -p

ro
du

ci
ng

 c
el

ls

IFN-γ+IL-17+

MAIT CD4+ T cell CD8+ T cell

***
***

***
***

0.01

0.1

1

10

0.001

%
 o

f T
N

F-
α+ IL

-2
+ -p

ro
du

ci
ng

 c
el

ls

TNF-α+IL-2+

MAIT CD4+ T cell CD8+ T cell

**
*** **

**

0.01

0.1

1

10



Notch signaling in MAIT cells 

91

of MAIT cells was measured by the expression of granzyme 
B, perforin and CD107a, a degranulation marker. Upon  
stimulation, the expressions of granzyme B and perforin  
in MAIT cells were significantly increased compared to  
unstimulated MAIT cells. Blocking Notch signaling by GSI 
showed a negative impact on MAIT cell cytotoxicity by  
reducing the expression of granzyme B and perforin upon 
stimulation (Figure 3D). On the other hand, the frequency 
of CD107a-expressing cells did not differ in MAIT cells with 
or without stimulation. This is in contrast with significantly  
increased CD107a in CD8+ T cells upon activation.  
Interestingly, CD107a significantly upregulated in the 
presence of GSI, both in MAIT cells and CD8+ T cells  
(Figure 3D). To examine Notch regulation of polyfunctional  
cytotoxicity in MAIT cells, we found that the frequency of 
granzyme B+/perforin+/CD107a+ expressing MAIT cells did 
not alter significantly upon activation while conventional  
CD8+ T cells showed an increase trend (Figure 3E).  
In contrast, granzyme B+/perforin+/CD107a- expressing MAIT 
cells were significantly induced after stimulation. Moreover, 
polyfunctional cytotoxicity in MAIT cells was blocked by 
GSI treatment. Both granzyme B+/perforin+/CD107a+- and 
granzyme B+/perforin+/CD107a-- expressing MAIT cells were 
significantly reduced in GSI-treated conditions (Figure 3E).  
Taken together, these data suggested that MAIT cell  
activation, cytokine production and cytotoxicity are  
potentially modulated by Notch signaling.

Figure 3. (Continued)
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Importantly, the expression of TNF-α, IFN-γ and IL-17  
in MAIT cells was induced with stimulation and these  
expressions were blocked by GSI treatment, similar to those 
in conventional CD4+ T cells and CD8+ T cells (Figure 3B).  
IL-2 expression was significantly upregulated in CD4+ T cells, 
but not in MAIT cells. This finding suggested that Notch 
signaling may be required for TNF-α, IFN-γ and IL-17  
production in MAIT cells. Next, the role of Notch signaling 
in polyfunctionality of MAIT cells were analyzed. The number 
of IFN-γ/IL-17 double-producing cells observed in stimulated 
MAIT cells significantly increased compared to unstimulated  
MAIT cells (Figure 3C). The frequency of TNF-α/IL-12  
double-producing MAIT cells in stimulated conditions 
showed an increasing trend, but did not have significant  
differences compared to these in unstimulated MAIT cells, 
whereas the frequency of TNF-α/IL-12 double-producing 
CD4+ T cells in stimulated condition significantly increased 
compared to unstimulated CD4+ T cells. (Figure 3C). The  
frequency of IFN-γ/IL-17 and TNF-α/IL-12 double-producing  
MAIT cells upon stimulation were reduced in GSI-treated  
condition as well as these in CD4+ and CD8+ T cells  
(Figure 3C). 

It has been reported previously that MAIT cells not only 
produce cytokines but also express cytotoxic molecules.  
In addition to Notch-mediated cytokine production in MAIT 
cells, we investigated the involvement of Notch signaling in 
the cytotoxic function of MAIT cells. The cytotoxic function
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Figure 4. Notch signaling regulated both TCR-dependent and TCR-independent MAIT cell activation and cytokine  
production. Healthy PBMCs (n = 11) were stimulated with anti-CD3/CD28-coupled beads, IL-12/IL-18 cytokines, E. coli  
supernatant or E. faecalis supernatant for 24 hours with or without GSI pretreated. (A) The frequency of activated MAIT cells 
was determined by CD25 and CD69 expression. (B) In the presence of stimuli, the frequency of MAIT cells expressing Notch 
receptor (Notch1, 2, 3 and 4) was elucidated. (C) The frequency of MAIT cells expressing mN1A was assessed. (D) IFN-γ and 
TNF-α-producing cells were shown upon stimulation in the presence and absence of GSI. (E) Pie charts depicting the proportion 
of TNF-α or IFN-γ monoproducers and TNF-α/IFN-γ double producers. Statistic comparisons were tested using Tukey’s multiple 
comparisons test and kruskal wallis test with Dunn’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Figure 4. (Continued)
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Notch signaling is involved in MAIT cell activation in both 
TCR-dependent and TCR-independent manners

Several studies reported that MAIT cells are activated  
by riboflavin-synthesizing microbes in a TCR-dependent  
manner and by non-riboflavin-synthesizing microbes  
or other inflammatory stimuli in a TCR-independent  
manner.30 We investigated whether those activations in 
MAIT cells are mediated via the Notch pathway. PBMCs 
were stimulated with IL-12/IL-18 cytokines, riboflavin- or  
non-riboflavin-synthesizing bacterial cultured supernatant 
(E. coli and E. faecalis, respectively) and the frequency of 
CD25- and CD69-expressing MAIT cells were measured.  
We observed that upon activation, MAIT cells significantly  
increased the frequency of CD25- and CD69-expressing  
MAIT cells by both E. coli supernatant and anti-CD3/CD28 
beads compared to unstimulated conditions (Figure 4A).  
IL-12/IL-18 cytokines and E. faecalis supernatant could 
also activate MAIT cells by upregulating CD25 and CD69  
expression, but these upregulations were not significantly  
different compared to the unstimulated conditions (Figure 
4A). 

To determine changes in Notch receptor expressions 
upon TCR-dependent and TCR-independent stimuli,  
activated MAIT cells were analyzed. Anti-CD3/CD28 beads 
were able to significantly induce high Notch1 expression 
on MAIT cells as described above. Interestingly, the levels 
of Notch1 on MAIT cells stimulated with IL-12/IL-18 and  
E. coli supernatant were higher than the unstimulated 
conditions (Figure 4B). Furthermore, the frequency of  
mN1A-expressing MAIT cells was significantly increased 
upon anti-CD3/CD28 bead and IL-12/IL-18 stimulation but 
not by bacterial culture supernatant (Figure 4C). Notch2  
expression significantly elevated upon only anti-CD3/CD28  
bead stimulation, whereas the level was significantly  
decreased upon IL-12/IL-18, E. coli supernatant and E. faecalis  
supernatant stimulation (Figure 4B). Notch3 and Notch4  
expression were not induced by any stimuli. 

Next, we further analyzed whether Notch signaling  
mediated cytokine production upon TCR-dependent 
and TCR-independent stimuli or not. IFN-γ and TNF-α  
production were observed by ICS upon stimulation with 
IL-12/IL-18 cytokines, E. coli supernatant and E. faecalis  
supernatant with or without GSI. The frequency of IFN-γ-  

and TNF-α-producing MAIT cells significantly increased  
upon stimulation by anti-CD3/CD28 beads and IL-12/IL-18,  
while frequencies upon E. coli supernatant and E. faecalis  
supernatant activation showed increasing but not  
significant difference compared to unstimulated condition  
(Figure 4D). IL-12/IL-18 could induce IFN-γ production 
(20.1%) more than anti-CD3/CD28 beads (9%) (Figure 4D).  
In addition, IFN-γ-producing cells and TNF-α-producing  
cells were significantly lower in GSI-treated conditions  
(Figure 4D). MAIT cells stimulated with anti-CD3/CD28 
beads showed the highest frequencies of TNF-α single  
expressing cells whereas MAIT cells stimulated with  
IL-12/IL-18, E. coli supernatant and E. faecalis supernatant 
showed the most proportion of IFN-γ single expressing cells 
(Figure 4E). 

We further analyzed whether Notch signaling  
mediates cytotoxic function upon TCR-dependent and  
TCR-independent stimulation. The expression of perforin and 
granzyme B were significantly increased by anti-CD3/CD28 
bead activation whereas those expressions had an increase 
trend upon activation by IL-12/IL-18, E. coli supernatant and 
E. faecalis supernatant, but not significantly different when 
compared to unstimulated conditions. Perforin production  
was significantly reduced in all stimuli conditions in  
the presence of GSI treatment. CD3/CD28 bead-induced  
granzyme B production was reduced in the presence of GSI 
treatment (Figure 5A). The level of CD107a-expressing  
MAIT cells did not change whether cells were activated  
or not (Figure 5A). Interestingly, the frequency of  
CD107a-expressing MAIT cells was significantly increased 
upon stimulation in the presence of GSI (Figure 5A).  
In addition, granzyme B/perforin/CD107a triple-expressing  
MAIT cells were not significantly upregulated upon any 
stimuli conditions (Figure 5B). In contrast, granzyme  
B/perforin double-expressing MAIT cells were significantly 
induced after stimulation with anti-CD3/CD28- beads and 
IL-12/IL-18. Moreover, polyfunctional cytotoxicity in MAIT 
cells activated by all stimuli conditions was blocked by GSI  
(Figure 5B). 

In summary, the activation of MAIT cells in terms of 
cytokine production and cytotoxic molecule expression  
was dependent upon Notch signaling regardless of the  
stimuli.
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Figure 5. Notch signaling regulated cytotoxic function of MAIT cells in TCR manner and cytokine manner. Healthy PBMCs 
(n = 11) were stimulated with anti-CD3/CD28-coupled beads, IL-12/IL-18, E. coli supernatant or E. faecalis supernatant for 24 h 
with or without GSI pretreated. (A) The cytotoxic molecules; granzyme B and perforin, and degranulation marker; CD107a, on 
MAIT cells were assessed. (B) The cytotoxic polyfunction of MAIT cells was illustrated. Statistic comparisons were tested using 
Tukey’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Discussion
Previous studies reported that MAIT cells  

can be activated through TCR/MR1-dependent and  
TCR/MR1-independent (cytokine-mediated) manner. These 
stimuli result in proliferation and polarization for effector  
functions.7,11,13 The signaling pathway(s) involved in MAIT 
cell activation are studied in details and the signaling 
and the transcription factors involved in their activation 
and effector functions have some similarities with that of  
conventional T cells.31 TCR-dependent activation of MAIT 
cells induces production of pro-inflammatory cytokines 
and chemokines, dominated by IL-17A under the control  
of the transcription factor, retinoic acid-related orphan  
receptor gamma (RORγt). This subset of MAIT cells shows 

Tc17-like phenotype. On the other hand, the  
TCR-independent activation mainly drives production of 
IFN-γ, perforin and granzyme B under the control of 2 
transcription factors, promyelocytic leukemia zinc finger  
(PLZF) and T-bet, resulting in a Tc1-like phenotype.32,33  
Because Notch signaling plays a key role in cell fate  
decision of hematopoietic stem cells and is required for  
T cell development, activation, proliferation, differentiation,  
function and apoptosis, we investigated the involvement of 
Notch signaling in activation and the expression of some key 
effector functions of MAIT cells.29 The results presented here 
convincingly revealed that Notch signaling plays a pivotal role 
in MAIT cell activation and effector functions. 
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We found that activation of MAIT cells was dependent 
upon Notch signaling regardless of the stimuli. Among 
the stimuli tested, anti-CD3/CD28 stimulation showed  
strongest activation of Notch signaling. Cleaved Notch1 was 
upregulated upon anti-CD3/CD28 bead and IL-12/IL-18  
stimulation, while Notch2 was increased in only  
anti-CD3/CD28 stimulated condition. IL-12/IL-18 increased 
cleaved Notch1 at higher level than riboflavin-dependent 
pathway and the use of GSI has only minimal effect on  
cytokine production. The impact of GSI is more profound  
against cytotoxic functions of MAIT cells. Whether different  
Notch receptor/ligand pairs are required for activation by 
different stimuli or not is not known. Interestingly, the  
expression of Notch4 on MAIT cells and conventional T cells 
was increased in the presence of GSI. The roles of Notch4 in 
T cells are not well documented. The signaling of Notch4 and 
its ligand interaction suppresses the expression of cell cycle 
components of lymphatic endothelial cells.41 

In this study, we used GSI as a tool to study the  
potential role of Notch signaling in activation and function 
of MAIT cells. The use of GSI has some limitations as there 
are multiple substrates for enzymatic activity of gamma  
secretase, including APP, CD44 and Notch.42 To specifically  
narrow down whether Notch signaling is responsible for all 
the observed GSI effects in MAIT cells, other approaches 
may be needed, such as antibody blocking or gene silencing.  
Because conventional T cells and MAIT cells utilize Notch 
signaling in controlling their activation and functions, the 
use of systemic tools to control Notch signaling may need 
to take into consideration the impact of such manipulation  
on both conventional T cells and MAIT cells. If MAIT 
cells and conventional T cells use different sets of Notch  
receptors/ligands, it will open up a possibility of selective  
interference of MAIT/conventional T cell effector functions. 
The functions of MAIT cells in both cytokine production 
and cytotoxic molecule secretion were suppressed by GSI can 
be intrinsic or extrinsic effect. We speculate that activation  
of Notch signaling in MAIT cells directly regulate the  
effector functions we observed because intracellular Notch1 
was evident in activated MAIT cells. However, because we did 
not purify MAIT cells for GSI treatment, we cannot rule out 
the potential indirect effect of Notch signaling in other white 
blood cells in PBMCs that may regulate MAIT cell functions. 
Whether the effect we observed with GSI treatment on MAIT 
cells is an intrinsic effect or not needs further investigation by 
using purified MAIT cells. 

Collectively, we report here for the first time that Notch 
signaling is active in activated MAIT cells and manipulating 
Notch signaling in MAIT cells may provide the opportunity 
for controlling host immune response against infections as 
MAIT cells play essential roles in host defence against various 
pathogens. 

Development of MAIT cells in the stage 1, 2 or 3 did 
not require Notch signaling through Delta-like1 ligand, in 
contrast to that in conventional T cells, but whether Notch 
signaling plays any role in peripheral MAIT cells is largely  
unknown.28 In this study, we provided evidence suggesting  
a critical role of Notch signaling in MAIT cell functions.  
Notch2 and Jagged2 are found to be expressed higher in 
resting MAIT cells, compared to conventional T cells.  
Mature conventional naive CD4+ and CD8+ T cells express 
Notch1 and Notch2 while DLL1 and DLL4 seems to play a 
more dominant role.34 These results suggest that a different  
set of Notch receptors/ligands may be utilized in MAIT 
cells and conventional T cells. Because the cleaved form of 
Notch1 was readily detected in activated MAIT cells and GSI  
treatment reduced it to the basal level, we used GSI as a tool 
to dissect the role of Notch signaling in MAIT cells. 

MAIT cell activation results in cytokine production and 
cytotoxic activity.28,35 The expression of activation markers  
(CD25 and CD69), cytokines (TNF-α, IFN-γ, IL-17) 
and cytotoxic molecules (perforin, granzyme B) were all  
suppressed by GSI. These results strongly indicated that Notch 
signaling plays essential roles in regulating effector function  
of MAIT cells. Because the impact of GSI is profound and 
covered a wide range of effector functions of MAIT cells, 
we speculate that Notch signaling possibly controls a key 
step leading to MAIT cell activation. In conventional T 
cells, Notch signaling regulates CD4+ T cell differentiation 
by directly controlling the expression of master regulators  
such as T-bet and GATA3.36 In CD8+ T cells, Notch signaling 
controls the decision to develop into terminally-differentiated  
effector cells or memory cells and also their key cytotoxic  
function.37 Notch signaling controls T cell activation  
via the Akt and mTOR pathways, and via metabolic  
reprogramming.29 MAIT cells also utilize mTORC1/mTORC2 
pathway to regulate effector lineage differentiation, especially  
IFN-γ-producing MAIT1 cells and IL-17-producing MAIT17 
cells.38 Whether MAIT cell activation and functions are 
also regulated by Notch signaling in collaboration with  
AKT/mTOR pathways need further investigation. 

We observed an interesting result where the expression 
of CD107a, which is a degranulation marker in MAIT cells  
increased in the presence of GSI. This is in contrast to the 
reduced cytotoxic function of MAIT cells in the presence 
of GSI. There was a previous report that GSI treatment did 
not change CD107a expression in CD8+ T cells.39 In MAIT 
cells, Notch signaling or other gamma-secretase dependent  
molecules may negatively regulate degranulation process or 
other GSI substrates may be responsible for this increased 
CD107a. Our current data revealed that Notch signaling is  
involved in the activation and function of MAIT cells. 

There are two different pathways to trigger activation of 
MAIT cells, the TCR/MR1-dependent and TCR-independent  
mechanisms. TCR/MR1-dependent activation requires 
the recognition of MR1-ligands (riboflavin) by TCR.  
TCR-independent activation involves cytokines and  
engagement of TLR ligands, that can result in proliferation,  
secretion of related cytokines and cytotoxic function.9,10,30,40
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