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Mucosal-associated invariant T cells are associated
with insulin resistance in childhood obesity, and disrupt insulin
signalling via IL-17
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Abstract
Aims/hypothesis Mucosal-associated invariant T cells (MAIT cells) are an abundant population of innate T cells. When acti-
vated, MAIT cells rapidly produce a range of cytokines, including IFNγ, TNF-α and IL-17. Several studies have implicated
MAIT cells in the development of metabolic dysfunction, but the mechanisms through which this occurs are not fully understood.
We hypothesised that MAIT cells are associated with insulin resistance in children with obesity, and affect insulin signalling
through their production of IL-17.
Methods In a cross-sectional observational study, we investigated MAIT cell cytokine profiles in a cohort of 30 children with
obesity and 30 healthy control participants, of similar age, using flow cytometry. We then used a cell-based model to determine
the direct effect of MAIT cells and IL-17 on insulin signalling and glucose uptake.
Results Children with obesity display increased MAIT cell frequencies (2.2% vs 2.8%, p=0.047), and, once activated, these
produced elevated levels of both TNF-α (39% vs 28%, p=0.03) and IL-17 (1.25% vs 0.5%, p=0.008). The IL-17-producing
MAIT cells were associated with an elevated HOMA-IR (r=0.65, p=0.001). The MAIT cell secretome from adults with obesity
resulted in reduced glucose uptake when compared with the secretome from healthy adult control (1.31 vs 0.96, p=0.0002), a
defect that could be blocked by neutralising IL-17. Finally, we demonstrated that recombinant IL-17 blocked insulin-mediated
glucose uptake via inhibition of phosphorylated Akt and extracellular signal-regulated kinase.
Conclusions/interpretations Collectively, these studies provide further support for the role of MAIT cells in the development of
metabolic dysfunction, and suggest that an IL-17-mediated effect on intracellular insulin signalling is responsible.
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Abbreviations
CWO Children with obesity (cohort)
ERK Extracellular signal-regulated kinase

HAC Healthy adult control (cohort)
HC Healthy control (cohort)
HSMC Human skeletal muscle cell
MAIT cells Mucosal-associated invariant T cells
PWO People with obesity (cohort)

Introduction

Mucosal-associated invariant T cells (MAIT cells) are a popu-
lation of non-MHC restricted T cells that are important in the
immune defence against bacterial and viral infections [1].
MAIT cells are early-responding T cells that are capable of
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rapidly producing multiple cytokines upon activation, such as
IFNγ, TNF-α and IL-17 [2]. Dysregulated MAIT cell cyto-
kine profiles have been reported in several diseases, including
arthritis, cancer and inflammatory bowel disease [3]. MAIT
cells have also been strongly implicated in the development
and pathogenesis of obesity and its comorbid metabolic
diseases. In both children and adults with obesity, MAIT cell
frequencies and cytokine profiles are altered, with elevated IL-
17 among the most prominent changes [4–6]. This phenotype
was also observed in human obese adipose tissue [4, 5]. More
recently Toubal et al provided more robust evidence that
MAIT cells drive metabolic dysfunction by using MAIT
cell-deficient murine models of obesity [7]. In these studies,
mice deficient in MAIT cells were protected against weight
gain and the development of metabolic dysfunction when fed
a high-fat diet, and elevated IL-17 production by MAIT cells
was noted across several sites [7]. However, there remains a
relative paucity of data directly linking MAIT cells to meta-
bolic dysfunction. We therefore investigated IL-17-producing
MAIT cells in a cohort of children with obesity (CWO) and
varying degrees of insulin resistance. We also assessed the
direct impact of the MAIT cell secretome from adults with
obesity (PWO) and IL-17 on insulin signalling.

Methods

Ethics statement and participants Children’s Health Ireland
Crumlin and Maynooth University Ethics Committee
approved this study. Written informed consent/assent was

obtained prior to partaking in the study. We enrolled a total
of 80 children (50 children with obesity [CWO cohort] and 30
healthy control participants of similar age [HC cohort]; elec-
tronic supplementary material [ESM] Table 1) between 2016
and 2019. A fasting venous blood sample was obtained and
used to assess fasting glucose/insulin levels together with
MAIT cell frequencies and cytokine production. Inclusion
criteria for the CWO cohort were classification as obese
(>95th centile on the International Obesity Taskforce BMI
centile charts [8]) and age between 7 and 17 years. Children
with an underlying hormone deficiency, genetic disorder,
inflammatory conditions or occurrence of recent acute infec-
tion were excluded. Fifty percent of the CWO cohort and 30%
of the HC cohort were female. For studies investigating the
impact of the MAIT cell secretome on glucose uptake, we
investigated a previously reported cohort of 11 adults with
obesity (PWO cohort) and 10 healthy adult controls [9].

Preparation of peripheral blood mononuclear cells and flow
cytometric analysis Peripheral blood mononuclear cells were
isolated by density centrifugation over Ficoll (Stemcell
Technologies, Canada) from fresh peripheral blood samples.
MAIT cell staining was performed using specific surface
monoclonal antibodies namely CD3, CD161, CD8, Ki67
and TCRVα7.2 (all Miltenyi Biotec, Germany). Cell popula-
tions were acquired using anAttune NxT flow cytometer (Life
Technologies, USA), and analysed using FlowJo software
(Tree Star, USA). Results are expressed as a percentage of
the parent population as indicated (Fig. 1a–e), and determined
using unstained controls and flow minus-1 (FMO) controls.
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Analysis of cytokine production by MAIT cells Peripheral
blood mononuclear cells (1 x 106) were stimulated using
TCR activation beads (anti-CD3/CD28 Dynabeads) (Thermo
Fisher Scientific, USA) in complete RPMI medium contain-
ing charcoal-stripped FBS (Gibco, USA) for 18 h in the pres-
ence of a protein transport inhibitor (BioLegend, USA). After
18 h, intracellular cytokine staining (IFNγ, TNF-α and IL-17;
all Miltenyi Biotech) was performed using a True-Nuclear
staining kit (BioLegend). For investigations into the impact
of the MAIT cell secretome, purified MAIT cells (1 x 106)
from either healthy adult controls (HAC cohort) or adults with
obesity (PWO cohort) were stimulated as above (no protein
transport inhibitor), and supernatants were harvested for
ELISA (R&D Systems, USA) and glucose uptake assay.

Analysis of plasma IL-17 levels Plasma levels of IL-17 was
measured using a high-sensitivity Quantikine ELISA kit from
R&D Systems.

Glucose uptake assay Human skeletal muscle cells (HSMCs;
2.5 x 106) (Sigma Aldrich, Germany) were switched to insulin-
free medium for 24 h before treatment with insulin (100 μmol/l)
(Sigma Aldrich) for 40 min in the absence or presence of MAIT
cell culture supernatant (with the addition of 1 μg/ml IL-17
neutralising antibody [InvivoGen, USA] for 30 min for the
blockingexperiments) or recombinant cytokine (IL-17 [50ng/ml]
or TNF-α [10 ng/ml], both from BioLegend). Glucose uptake

was measured using the Glucose Uptake-Glo assay (Promega,
USA) according to the manufacturer’s protocol.

Analysis of insulin signalling HSMCs (2.5 × 106) were
cultured in six-well plates and treated with recombinant IL-
17 (50/ng) for 2 h, followed by insulin (100 μmol/l) for the
indicated times before harvesting for western blotting. Cells
were lysed in NP-40 lysis buffer (50 mmol/l Tris-HCI, pH 7.4,
containing 150 mmol/l NaCl, 1% w/v IGEPAL (Sigma
Aldrich), and complete protease inhibitor mixture [Roche,
Switzerland]). Samples were resolved using SDS-PAGE,
and transferred to nitrocellulose membranes before analysis
with anti-p-Akt, anti-p-ERK (extracellular signal-regulated
kinase) (both Cell Signaling Technology, USA) or anti-β-
actin (Sigma) antibodies. Protein bands were visualised using
enhanced chemiluminescence. Quantitative analysis of west-
ern blot analysis was performed using ImageJ software
(https://imagej.nih.gov/ij/download.html).

Statistical analysis Statistical analysis was performed using
GraphPad Prism 6 software (https://www.graphpad.com/
scientific-software/prism/). Data are expressed as means
± SEM. We determined differences between two groups
using unpaired Student’s t test and the Mann–Whitney U
test where appropriate. Analysis across three or more
groups was performed using ANOVA. Correlations were
determined using linear regression models and expressed
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Fig. 1 MAIT cells are altered in children with obesity and associated with
insulin resistance. (a) Frequencies of MAIT cells (as a percentage of
CD3+ T cells) in CWO and HC cohorts (n = 50 CWO; n = 30 HC).
(b) Frequencies of Ki67+ MAIT cells (as a percentage of total MAIT
cells) in HC and CWO. (c–e) Frequencies of MAIT cells producing (c)
IFNγ, (d) TNF-α or (e) IL-17 in cohorts of HC or CWO (after stimulation

with Dynabeads for 18 h). (f–h) Scatter graphs plotting frequencies of
cytokine-producing MAIT cells (either IFNγ, TNF-α or IL-17) against
HOMA-IR scores in CWO (n = 50). (i) Levels of serum IL-17 in HC and
CWO cohorts. (j) Scatter graph plotting serum IL-17 levels against
HOMA-IR scores in CWO (n = 10). Data are means ± SEM. *p<0.05;
**p<0.01

1014 Diabetologia  (2022) 65:1012–1017

https://imagej.nih.gov/ij/download.html
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/


using Pearson or Spearman’s rank correlation coefficient,
as appropriate. Differences were considered significant at
a p value <0.05.

Results

The clinical characteristics of the cohorts are presented in
ESM Table 1.

MAIT cell frequencies and cytokine profiles are altered in
children with obesity We first investigated MAIT cell
frequencies in the two cohorts, and found elevated
MAIT cells frequencies in the CWO cohort compared
with the HC cohort (Fig. 1a). We next investigated wheth-
er the increased frequencies of MAIT cells in the CWO
group were due to proliferation, but did not observe any
increase in Ki67 staining (Fig. 1b). Next we examined
MAIT cell cytokine production after stimulation with
anti-CD3/CD28 Dynabeads, and observed increased
frequencies of both TNF-α- and IL-17-producing MAIT

cells in the CWO group, but no difference in IFNγ-
producing cells (Fig. 1c–e). Finally, we determined
whether the observed cytokine profiles were associated
with insulin resistance levels (as determined by HOMA-
IR). IL-17-producing MAIT cells (but not IFNγ- or
TNF-α-producing cells) were strongly associated with
elevated HOMA-IR in CWO (Fig. 1f–h). To validate this
observation, we measured plasma IL-17 levels, and
observed elevated levels in CWO and a strong association
with HOMA-IR (Fig. 1i, j).

MAIT cells and IL-17 directly alter insulin-mediated glucose
uptake by impairing Akt/ERK signalling To determine
whether MAIT cells directly affect insulin-mediated
glucose uptake, we established a cell-based model using
HSMCs. MAIT cell supernatants from the PWO cohort
had elevated levels of IL-17 (Fig. 2a), with diminished
insulin-mediated glucose uptake compared with the HAC
cohort (Fig. 2b). Addition of a IL-17 neutralising anti-
body to supernatants from PWO increased glucose uptake
(Fig. 2c). We next investigated the effect of recombinant

N
T

1
 m

in

5
 m

in

1
5
 m

in

N
T

1
 m

in

5
 m

in

1
5
 m

in

IL-17NT

p-AKT

Insulin (100nmol/l)

β-Actin

p-ERK

a b c

e f g

d

H
A
C

P
W

O

0

50

100

150

200

250

IL
-1

7
 (

p
g
/m

l)

***

***

*** **

**

H
A
C

P
W

O

0.0

0.5

1.0

1.5

2.0

G
lu

c
o
s
e
 u

p
ta

k
e

(r
e
la

ti
v
e
 l
u
m

in
o
s
it
y
)
 

In
s
u
lin

IL
-1

7

0

50

100

150

p
-A

k
t 
-

c
h
a
n
g
e
 f
ro

m
 c

o
n
tr

o
l 
(%

) 
  

p
-E

R
K

 -

c
h
a
n
g
e
 f
ro

m
 c

o
n
tr

o
l 
(%

) 
  

In
s
u
lin

IL
-1

7

0

50

100

150

P
W

O

αIL
-1

7

0.0

0.5

1.0

1.5

G
lu

c
o
s
e
 u

p
d
a
te

(r
e
la

ti
v
e
 l
u
m

in
o
s
it
y
)

B
a
s
a
l

In
s
u
lin

IL
-1

7

0.0

0.5

1.0

1.5

2.0

2.5

G
lu

c
o
s
e
 u

p
ta

k
e

(r
e
la

ti
v
e
 l
u
m

in
o
s
it
y
)
 

*

*

Fig. 2 MAIT cells and IL-17 disrupt insulin-dependent glucose uptake.
(a) Levels of IL-17 in supernatants of MAIT cells (after stimulation with
Dynabeads for 18 h) from either the HAC or the PWO cohort (n = 8
HAC, n = 11 PWO). (b) Glucose uptake by HSMCs stimulated with
insulin (100 nmol/l) for 15 min in the absence or presence of culture
supernatants from (a) (n = 8 HAC, n = 11 PWO). (c) Glucose uptake
by HSMCs stimulated with insulin (100 nmol/l) for 15 min in the pres-
ence of PWO cohort MAIT cell culture supernatants with or without
treatment for 30 min of IL-17 neutralising antibody (αIL-17, 1 μg/ml)

(n = 7). (d) Levels of glucose uptake by HSMCs alone (basal), or stim-
ulated with insulin for 15 min in the absence or presence of recombinant
human IL-17 (n = 5). (e) Representative western blot showing the effect
of recombinant human IL-17 on insulin-mediated activation (as measured
by phosphorylation) of Akt and ERK in HSMCs. (f, g) Per cent change
(over insulin-treated controls) in p-Akt levels (f) or p-ERK levels (g) in
HSMCs treated with IL-17 for 15min, as measured by densitometry (n =
3). Data are means ± SEM. *p<0.05; **p<0.01; ***p<0.001. NT, no
treatment
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IL-17 on insulin-mediated glucose intake into HSMCs,
and demonstrated that IL-17 strongly inhibited glucose
uptake in our cell-based model (Fig. 2d). Finally, we
demonstrated that IL-17 inhibits the downstream signal-
ling of insulin, with reduced expression of p-Akt and p-
ERK (Fig. 2e–g).

Discussion

MAIT cells are a subset of unconventional T cells that are
capable of rapidly responding to stimulation, resulting in
production of a range of cytokines [2]. This functional feature
allows MAIT cells to play a critical role in host protection
against invading pathogens and malignant cells. Numerous
studies have reported dysregulated MAIT cell cytokine
production in a range of human diseases, including obesity
[10]. In adults with obesity, MAIT cell frequencies are mark-
edly reduced, whereas we show that in childhood obesity they
are elevated, but have previously demonstrated a rapid
decrease with age in children with obesity [5]. In obesity,
MAIT cells display elevated production of IL-17, with or
without additional stimulation, and have been associated with
the development of metabolic diseases [5–7].

In the current study, we demonstrate a strong association
between IL-17-producing MAIT cells and HOMA-IR in a
cohort of children with obesity. This mirrors a strong associ-
ation between plasma IL-17 levels and HOMA-IR. Our data
support the recent observation of improved glucose handling
in mice deficient in MAIT cells, while mice with ‘human
levels’ of MAIT cells (>10-fold increase) demonstrated poor
glucose handling compared with their wild-type littermates
[7]. A 1993 study by Hotamisligil et al demonstrated that
TNF-α directly drives insulin resistance and disrupts insulin
signalling [11]. In our analysis, IL-17 displayed a stronger
association than TNF-α with the degree of insulin resistance
in our cohort of children with obesity, and thus was the focus
of our study.

Despite the strong association, the mechanisms through
which MAIT cells affect glucose handling remain unclear.
In our cell-basedmodel, we have shown thatMAIT cell super-
natants from adults with obesity (which contained higher
levels of IL-17) limited insulin-mediated glucose uptake into
human muscle cells when compared with supernatants from
healthy control MAIT cells. Furthermore, our studies show
that IL-17 alone directly disrupts insulin-mediated glucose
uptake in HSMCs. Previous studies using murine cells have
demonstrated that IL-17 disrupts glucose uptake in hepato-
cytes and adipocytes, which have identical insulin signalling
pathways [12, 13]. Furthermore, a recent study by Teijeiro
et al demonstrated that inhibition of IL-17 suppressed diet-
induced obesity and the development of glycaemic dysregu-
lation [14]. Collectively, our data support a role for MAIT

cells in the development of metabolic dysfunction, and
suggest that an IL-17-mediated effect on intracellular insulin
signalling may be involved in driving this dysfunction, poten-
tially highlighting a novel therapeutic target for insulin
resistance.
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