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Iron Is Critical for Mucosal-Associated Invariant T Cell
Metabolism and Effector Functions

Eimear K. Ryan,* Christy Clutter,†,‡ Conor De Barra,* Benjamin J. Jenkins,§

Simon O’Shaughnessy,{ Odhrán K. Ryan,*,|| Chloe McKenna,* Helen M. Heneghan,||

Fiona Walsh,* David K. Finlay,{,# Linda V. Sinclair,** Nicholas Jones,§ Daniel T. Leung,†,‡

Donal O’Shea,*,|| and Andrew E. Hogan*

Mucosal-Associated Invariant T (MAIT) cells are a population of innate T cells that play a critical role in host protection against
bacterial and viral pathogens. Upon activation, MAIT cells can rapidly respond via both TCR-dependent and -independent
mechanisms, resulting in robust cytokine production. The metabolic and nutritional requirements for optimal MAIT cell effector
responses are still emerging. Iron is an important micronutrient and is essential for cellular fitness, in particular cellular
metabolism. Iron is also critical for many pathogenic microbes, including those that activate MAIT cells. However, iron has not
been investigated with respect to MAIT cell metabolic or functional responses. In this study, we show that human MAIT cells
require exogenous iron, transported via CD71 for optimal metabolic activity in MAIT cells, including their production of ATP.
We demonstrate that restricting iron availability by either chelating environmental iron or blocking CD71 on MAIT cells results
in impaired cytokine production and proliferation. These data collectively highlight the importance of a CD71-iron axis for
human MAIT cell metabolism and functionality, an axis that may have implications in conditions where iron availability is
limited. The Journal of Immunology, 2024, 212: 1�8.

Mucosal-Associated Invariant T (MAIT) cells are a popula-
tion of non�MHC-restricted T cells that are important in
the immune defense against bacterial and viral infections

(1�5). MAIT cells are rapidly responding T cells that are capable of
producing multiple cytokines upon activation, such as IFN-g, TNF,
and IL-17 (1, 6). MAIT cells are activated when their invariant
TCR recognizes bacterial riboflavin derivatives presented on the
MHC-like molecule MR1 (5, 6). In contrast, they can also be acti-
vated in a TCR-independent manner, via stimulation with cytokines
such as IL-18 (7, 8). Recently, several studies have highlighted the
importance of metabolism for MAIT cell functional responses (9).
Our group and others have demonstrated that MAIT cells are reliant
on glycolysis to support their production of IFN-g and granzyme B
(10�12), whereas IL-17 production by MAIT cells has been linked
to mitochondrial metabolism (13, 14). However, our knowledge of
the nutritional requirements of MAIT cells remains limited.
Iron is an essential trace element for all multicellular organisms

and is critical for a range of physiological processes, including

oxygen transport and energy production (15). Iron is also critical for
the majority of microorganisms, and successful iron sequestration is
required to establish infection (16). Iron availability is regulated by
the liver-derived hormone hepcidin. Increased hepcidin production
occurs in response to infection and inflammation, and results in reduced
iron availability, a mechanism of host protection (17, 18). However,
previous studies have demonstrated that conventional T cell responses
are negatively impacted by low iron levels, with reduced proliferation
and effector functions (19, 20). Whether MAIT cells require iron for
their metabolic processes and effector responses is currently unknown.
In this study, we demonstrate that MAIT cells upregulate their

expression of the transferrin receptor, CD71, upon activation, corre-
lating with a significant increase in the uptake of transferrin-bound
iron. In silico analysis of the MAIT cell proteome reveals that
MAIT cells increase their overall iron content upon activation. We
demonstrate that MAIT cell metabolism is limited, and the meta-
bolic profile altered, under iron-deplete conditions, and this is
associated with a robust reduction in ATP levels. Finally, we

*Kathleen Lonsdale Institute for Human Health Research, Maynooth University, Maynooth,
Co. Kildare, Ireland; †Division of Infectious Diseases, Department of Internal Medicine,
University of Utah School of Medicine, Salt Lake City, UT; ‡Division of Microbiology and
Immunology, Department of Pathology, University of Utah School of Medicine, Salt
Lake City, UT; xInstitute of Life Science, Swansea University Medical School, Swansea,
United Kingdom; {Trinity Biomedical Sciences Institute, School of Biochemistry and
Immunology, Trinity College Dublin, Dublin, Ireland; ||St Vincent’s University Hospital
and University College Dublin, Dublin, Ireland; #School of Pharmacy and Pharma-
ceutical Sciences, Trinity College Dublin, Dublin, Ireland; and **Division of Cell Sig-
naling and Immunology, School of Life Sciences, University of Dundee, Dundee,
United Kingdom

ORCIDs: 0000-0001-6236-5636 (C.C.); 0000-0003-2750-4607 (O.K.R.); 0000-0002-3602-
9855 (C.M.); 0000-0002-2009-3406 (H.M.H.); 0000-0003-0789-1689 (F.W.); 0000-0003-
2716-6679 (D.K.F.); 0000-0003-1248-7189 (L.V.S.); 0000-0003-4846-5117 (N.J.);
0000-0001-8401-0801 (D.T.L.); 0000-0001-5875-230X (A.E.H.).

Received for publication September 28, 2023. Accepted for publicationMarch 13, 2024.

This work was supported by the Kathleen Lonsdale Institute for Human Health
Research and National Children's Research Centre. Financial support for Attune NxT
was provided to Maynooth University Department of Biology by Science Foundation
Ireland (16/RI/3399).

E.K.R., C.C., C.D.B., B.J.J., and C.M. performed the experiments, carried out
analysis, and approved the final manuscript as submitted. S.O. and D.K.F.
performed proteomic analysis, helped with study design and analysis, and approved
the final manuscript as submitted. O.K.R., H.M.H., and D.O. recruited study
participants, helped with study design and analysis, and approved the final
manuscript as submitted. D.O., F.W., D.T.L., N.J., L.V.S., and A.E.H.
conceptualized and designed the study, analyzed the data, drafted the manuscript,
and approved the final manuscript as submitted.

Address correspondence and reprint requests to Dr. Andrew E. Hogan, Biosciences
Building, Maynooth University, Maynooth, Kildare, Ireland. E-mail address: andrew.e.
hogan@mu.ie

The online version of this article contains supplemental material.

Abbreviations used in this article: DFO, deferoxamine; FCCP, carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone; HPLM, human plasma like media; MAIT, Mucosal-
Associated Invariant T; MFI, mean fluorescence intensity.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.

Copyright© 2024 byTheAmericanAssociation of Immunologists, Inc. 0022-1767/24/$37.50

https://doi.org/10.4049/jimmunol.2300649

The Journal of Immunology
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/doi/10.4049/jim
m

unol.2300649/1655812/ji2300649.pdf by M
aynooth U

niversity (N
atl U

niv of Ireland) user on 16 April 2024

http://orcid.org/0000-0001-6236-5636
http://orcid.org/0000-0003-2750-4607
http://orcid.org/0000-0002-3602-9855
http://orcid.org/0000-0002-2009-3406
http://orcid.org/0000-0003-0789-1689
http://orcid.org/0000-0003-0789-1689
http://orcid.org/0000-0003-2716-6679
http://orcid.org/0000-0003-1248-7189
http://orcid.org/0000-0003-4846-5117
http://orcid.org/0000-0001-8401-0801
http://orcid.org/0000-0001-5875-230X
https://orcid.org/0000-0001-6236-5636
https://orcid.org/0000-0003-2750-4607
https://orcid.org/0000-0002-3602-9855
https://orcid.org/0000-0002-3602-9855
https://orcid.org/0000-0002-2009-3406
https://orcid.org/0000-0003-0789-1689
https://orcid.org/0000-0003-2716-6679
https://orcid.org/0000-0003-2716-6679
https://orcid.org/0000-0003-1248-7189
https://orcid.org/0000-0003-4846-5117
https://orcid.org/0000-0001-8401-0801
https://orcid.org/0000-0001-5875-230X
mailto:andrew.e.hogan@mu.ie
mailto:andrew.e.hogan@mu.ie
https://journals.aai.org/jimmunol/pages/author_choice


demonstrate that extracellular iron restriction impairs MAIT cell
functional responses, lending to a reduced proliferative capacity
and diminished cytokine production. Collectively, our data pin-
point MAIT cells as another player in the iron tug-of-war between
pathogenic invaders and host immunity.

Materials and Methods
Study cohorts and ethical approval

A total cohort of 30 healthy adult donors was recruited. Inclusion criteria
included ability to give informed consent, 18�65 y of age, body mass index-
< 28, and no current or recent (<2 wk) infection. Ethical approval was
obtained from both St Vincent’s University Medical Ethics Committee and
Maynooth University Ethics Committee.

Preparation of PBMCs and flow cytometric analysis

PBMC samples were isolated, using SepMate isolation tubes, by density
centrifugation over Lymphoprep (both STEMCELL Technologies), from
fresh human peripheral blood samples. Cell viability was determined using
eBioscience Fixable Viability Dye (eFluor506), and MAIT cells were phe-
notyped using specific extracellular mAbs (Miltenyi Biotec and BioLegend),
namely, CD3, CD161, TCRVa7.2, and CD71. Where appropriate, cells
were fixed and permeabilized according to manufacturer guidelines, using
the True-Nuclear Transcription Factor Buffer set (BioLegend). Cell popula-
tions were identified using an Attune NXT flow cytometer and analyzed
using FlowJo version 10.8.2 (TreeStar). Results are expressed either as a
percentage of the parent population as indicated and determined using flow
minus one and unstained controls, or as the mean fluorescence intensity
(MFI) of the relevant population.

MAIT cell transferrin uptake assay

PBMCs (2× 106/ml) were activated using CD3/CD28 TCR Dynabeads (Life
Technologies) and IL-18 (50 ng/ml) or cytokine alone (IL-12/IL-18, both
50 ng/ml) for 18 h as indicated. Cells were rested in serum-free human
plasma like media (HPLM) with 5% BSA for 2 h. Cells were then washed in
serum-free HPLM with 0.5% BSA and incubated with 5 mg/ml Transferrin-
AlexaFluor647 (Invitrogen) for 10 min at 37◦C. Holo-transferrin (500 mg/ml;
Sigma-Aldrich) was used to competitively control for transferrin uptake. Cells
were washed in ice-cold HPLM with 0.5% BSA to stop membrane trafficking.
Cells were then stained for viability, and MAIT cells or conventional T cells
were labeled for extracellular markers, to be analyzed by flow cytometry.

In silico proteomic analysis

A publicly available proteomic dataset of MAIT cells was downloaded from
PRIDE accession number PXD041544 (https://www.ebi.ac.uk/pride/archive/
projects/PXD041544). A list of human iron-interacting proteins was provided
by Andreini et al. (21). Using the protocol from Teh et al. (22), the list of
human iron-interacting proteins was compared and aligned against the com-
plete list of proteins detected in the human MAIT cell proteomic dataset.
Matches were extracted and listed in Supplemental Table I. To estimate the
iron atom counts per protein species, we multiplied the copy number value
of each iron-interacting protein by the iron atom counts per protein. If avail-
able, iron atom counts per protein were obtained using the UniProt database
cofactor information for each protein. Where iron counts were not available,
estimates of iron usage per protein species were assumed to be 1 atom for
heme and iron-interacting proteins and 2 atoms for FE-S cluster-interacting
proteins. The total number of iron atoms required per cell was calculated as
the sum of iron atoms required by each protein species.

MAIT cell SCENITH assay

Fresh PBMCs (2× 106/ml) were activated using CD3/CD28 TCR Dynabeads
and IL-18 (50 ng/ml) for 18 h. Cells were seeded into a 96-well plate, and
treated as a control, or with 2-deoxy-D-glucose (100 mM), oligomycin
(1 mM), or both. After incubation at 37◦C for 15 min, cells were treated with
puromycin (11 mM) and incubated for a further 25 min. Cells were washed
with ice-cold PBS to stop puromycin incorporation. Cells were then stained
for viability. MAIT cells were stained for extracellular markers and fixed, as
outlined earlier. Staining of puromycin was achieved using anti-puromycin
mAb (AlexaFluor488; Sigma) in permeabilization buffer (BioLegend).

MAIT cell Seahorse assay

Purified MAIT cells (IL-2 expanded) were activated using CD3/CD28 TCR
Dynabeads and IL-18 (50 ng/ml) for 18 h in the absence or presence of
deferoxamine (DFO; 200 mM; Sigma), and metabolic analysis was carried

out using the Seahorse Extracellular Flux Analyzer XFe96 (Agilent). MAIT
cells were resuspended in phenol red�free RPMI media containing 10 mM
glucose, 2 mM glutamine, and 1 mM pyruvate (Agilent) and plated onto a
Cell-Tak (Corning)-coated microplate for adhesion. Respiratory parameters
(mitochondrial and glycolytic) were measured using oxygen consumption rate
(pmol/min) and extracellular acidification rate (mpH/min), respectively, using
injections of oligomycin (1 mM), carbonyl cyanide-4 (trifluoromethoxy) phe-
nylhydrazone (FCCP) (1 mM), rotenone and antimycin A (both 1 mM), and
monensin (20 mM) (all Sigma). Metabolic parameters were calculated as per
well-established protocols (23, 24).

MAIT cell mitochondrial analysis

Fresh PBMCs (2× 106/mL) were activated using CD3/CD28 TCR Dyna-
beads and IL-18 (50 ng/ml) for 18 h in the absence or presence of DFO
(200 mM; Sigma). Cells were seeded into a 96-well plate and washed in
serum-free buffer. Cells were then stained for viability as outlined earlier,
and MAIT cells were stained for extracellular markers. Cells were then
washed and stained with MitoTracker Deep Red FM (50 mM; ThermoFisher
Scientific) and MitoTracker Green (50 mM; ThermoFisher Scientific) in PBS
and incubated for 1 h at 37◦C. Cells were subsequently analyzed by flow
cytometric analysis.

MAIT cell ATP assay

IL-2 expanded MAIT cells (1× 106/ml) were stimulated using CD3/CD28
TCR Dynabeads and IL-18 (50 ng/ml) for 18 h. ATP levels were measured
using a luminescence ATP assay kit (Abcam). Reagents in the kit were
reconstituted as per manufacturer’s instructions. A standard curve was also
prepared as per the kit’s instructions. MAIT cells were harvested and washed
with PBS. A total of 100 ml of resuspended MAIT cells was added to a
black-walled, clear-bottomed plate. A total of 50 ml of detergent was added
to each well, and the plate was placed on an orbital shaker for 5 min at
600�700 rpm. A total of 50 ml of substrate solution was added, and the plate
was returned to the orbital shaker for 5 min at 600�700 rpm. The plate was
then covered and placed in the dark for 10 min before luminescence was
measured on a multimode plate reader (CLARIOstar).

MAIT cell functional analysis

IL-2 expanded MAIT cells were activated using CD3/CD28 TCR Dynabeads
and IL-18 (50 ng/ml) for 18 h in the absence or presence of DFO (100 mM)
or anti-CD71 mAb (20 mg/ml). An appropriate IgG isotype control was used
in blocking experiments. After 18 h, culture supernatants were assessed for
IFN-g, IL-17, or IL-26 levels using ELISA.

MAIT cell Escherichia coli stimulation assay

Freshly isolated MAIT cells were incubated with 20 mg/ml anti-CD71 mAb
(Invitrogen) for 1 h. Meanwhile, THP-1 cells (ATCC TIB-202) were pre-
pulsed for 1 h with fixed E. coli (DH5a) at a multiplicity of infection of
100. At the end of an hour, representative THP-1 cells with and without
E. coli were counted and titrated to match the number of MAIT cells at a
1:1 ratio, and MAIT cells were cocultured with THP-1 overnight. Four hours
before staining for flow cytometry, cells were centrifuged and resuspended
in media containing brefeldin A (Invitrogen). Intracellular cytokine (IFN-g
and granzyme B) levels were assessed using flow cytometry (Cytex Aurora).

MAIT cell proliferation analysis

Fresh PBMCs (1× 106/ml) were stimulated for 24 h with 5 mg/ml 5-Amino-
6-(D-ribitylamino)uracil and 100 mM methylglyoxal, in the absence or pres-
ence of DFO (200 mM) and FeSO4• 7H2O (200 mM; Sigma). After 24 h, cul-
ture media were replaced with fresh culture media containing IL-2 (6.8 ng/ml).
After 48 h, culture media were replaced with fresh culture media containing
IL-2 (34 ng/ml). On day 5, absolute cell numbers were determined using flow
cytometric analysis of MAIT cell frequencies and total cell counts.

Statistics

Statistical analysis was completed using GraphPad Prism 6 Software. Data
are expressed as SEM. Distribution was assessed using Shapiro�Wilk test.
We determined differences between two groups using Student t test (paired
or unpaired) or Wilcoxon signed-rank test where appropriate. Analysis across
three or more groups was performed using ANOVA with multiple measures.
Correlations were determined using linear regression models and expressed
using Pearson or Spearman rank correlation coefficient, as appropriate. The
p values were expressed with significance set at <0.05.
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Results
MAIT cells increase their expression of the transferrin transporter
CD71 upon activation

First, we demonstrate that MAIT cells from PBMCs increase trans-
ferrin receptor (CD71) surface expression in response to TCR/IL-18
stimulation, but not cytokine alone (Fig. 1A�D, Supplemental Fig. 1).
We then compared CD71 expression on activated MAIT cells and
activated conventional T cells and noted higher CD71 expression on
conventional T cells (Fig. 1E). Next, we investigated whether MAIT
cells altered their CD71 expression under restricted iron conditions.
To do this, we limited iron availability in our culture system using
the iron chelator DFO, which did not impact MAIT cell viability at
18 h (Supplemental Fig. 2). Resting MAIT cells do not have high
levels of CD71 expression; however, upon iron depletion, both the
proportion of MAIT cells that express CD71 and the amount of
CD71 expressed were increased, and this was also evident in TCR/
IL-18 activated MAIT cells (Fig. 1F�H, Supplemental Fig. 2), sug-
gesting a compensatory mechanism to support iron uptake. Next, we
investigated the functionality of CD71, using a transferrin uptake
assay; showed increased transferrin uptake (both % of MAIT cells
and MFI) by activated MAIT cells; and again noted higher uptake
by activated conventional T cells (Fig. 1I�M). Finally, we demon-
strated a linear relationship between CD71 expression and transfer-
rin uptake in activated MAIT cells (Fig. 1N).

In silico analysis of the MAIT cell proteome reveals increased iron
content upon activation

To assess the iron requirements of MAIT cells, we performed in
silico pathway analysis of a previously published proteomics dataset
(12). We found that IL-2 expanded MAIT cells express high basal
expression of ferritin, the protein responsible for iron storage, which
is reduced upon activation (Fig. 2A, 2B). Next, we determined the
number of iron-interacting proteins in MAIT cells and identified
135 proteins in total, representative of 2.3% of the total proteome
(Fig. 2C, Supplemental Table I). Pathway analysis revealed these
proteins were intrinsic to many processes, including a major
involvement in cellular metabolism (Fig. 2D). Using a recently pub-
lished algorithm (22) that determines cellular iron content, based on
number of iron-containing proteins multiplied by the number of iron
atoms per protein, we determined the predicted iron content from
the MAIT cell dataset and showed ∼1× 107 iron atoms in MAIT
cells, increasing significantly upon activation (Fig. 2E). Finally, we
found that the iron content of MAIT cells is associated with heme
and iron-sulfur clusters (Fig. 2F, 2G).

Iron is a critical cofactor for MAIT cell metabolism

We next investigated whether limiting iron availability in our culture
system using the iron chelator DFO impacted MAIT cell metabo-
lism. Using protein translation as functional readout of metabolism,
we demonstrate that activated MAIT cells significantly increase
protein translation after stimulation (Fig. 3A, 3B), and protein trans-
lation is limited when MAIT cells are activated in the presence of
DFO (Fig. 3C, 3D, Supplemental Fig. 2). A recently published
method, SCENITH (25), demonstrated that the measurement of pro-
tein translation, paired with the use of metabolic inhibitors such as
2-deoxyglucose (2DG) and oligomycin, allows for metabolic ana-
lysis of cells at a single-cell level. Using the SCENITH approach
(Supplemental Fig. 2), we demonstrate that iron-restricted MAIT cells
increase their dependency on glucose metabolism (Fig. 3E), and this
was paired with a decreased capacity to undergo oxidative-linked
metabolic processes (Fig. 3F). With this reduction in oxidative
metabolism, we next examined the impact of limiting iron on the
mitochondrial phenotype, and we observed modest increases in

both mitochondrial mass (MitoTracker Green) and membrane
potential (MitoTracker Deep Red) (Fig. 3G, 3H). To confirm these
observations, we next investigated the impact of iron restriction via
DFO treatment on MAIT cell metabolism using extracellular flux
analysis, and we noted strong inhibition in the rates of oxidative
phosphorylation (Fig. 3I, 3J). We also noted reduced rates of gly-
colysis (Supplemental Fig. 3). Furthermore, when we tested the
mitochondrial capacity of MAIT cells using the FCCP treatment,
we observed a striking reduction with DFO treatment (Fig. 3K).
Finally, we examined the impact of low iron availability, using
an mAb to block CD71, on ATP levels in MAIT cells, and we
demonstrated that iron restriction limits ATP production (Fig. 3L),
a finding supported by our Seahorse analysis (Supplemental Fig. 3).

MAIT cell functional responses require extracellular iron

We next investigated whether MAIT cells require extracellular iron
for their functional responses. We assessed the impact of DFO treat-
ment on MAIT cell in PBMC ability to produce IFN-g via flow
cytometry, and we observed a reduction with iron restriction
(Fig. 4A). Next, we investigated the impact of DFO on the cytokine
responses of isolated MAIT cells and show reductions in IFN-g,
IL-17, and IL-2 levels (Fig. 4B�D). To confirm the impact of low
iron availability on MAIT cell IFN-g production, we switched our
approach to block CD71 and again demonstrate significant reduc-
tions in IFN-g levels (Fig. 4E). We next assessed the impact of lim-
iting iron availability on MAIT cell production of the antimicrobial
cytokine IL-26, and we demonstrated significantly reduced levels
with CD71 blockade (Fig. 4F). We next assessed the impact of iron
restriction via CD71 blockade on freshly isolated MAIT cell
responses to THP-1 cells infected with E. coli, and we demonstrated
significant reductions in both IFN-g and granzyme B production
(Fig. 4G, 4H). With the noted impact of iron restriction on MAIT
cell metabolism, we sought to assess the impact of long-term iron
restriction on MAIT cell proliferative capacity and viability. We first
showed that MAIT cell proliferation is inhibited with the addition of
the ATP synthase inhibitor oligomycin (Fig. 4I) and then demon-
strated that MAIT cells fail to proliferate under low iron conditions,
and this was paired with a significant reduction in cell viability,
which was significantly improved with the addition of FeSO4, which
bypasses CD71 (Fig. 4J, 4K).

Discussion
MAIT cells are a subset of unconventional T cells capable of rapidly
responding to stimulation, producing cytokines and lytic molecules,
and proliferating (26). MAIT cells are key mediators of host pro-
tection against many bacterial and viral pathogens (2, 3, 27�29).
Immune responses are metabolically intense processes, with signifi-
cant energy demands required to support de novo generation of bio-
synthetic intermediates (30). The metabolic processes and nutrient
requirements that govern MAIT cell effector responses are rapidly
emerging but still incomplete (10�13, 31). Iron is an essential
microelement and is critical for almost all living organisms, includ-
ing humans and the majority of microbes (15). Iron plays a critical
role in cellular metabolism and energy production, and it is vital for
conventional T cell immunity (19, 20). The iron requirements of
MAIT cells are unknown. In this study, we show that MAIT cell
metabolism and functional responses, namely, cytokine production
and proliferation, are governed by extracellular iron availability. We
show that activated MAIT cells increase their expression of CD71,
the transferrin receptor, and that iron restriction significantly dimin-
ishes MAIT cell protein translation and ATP production. Conse-
quently, MAIT cells present with a reduced capacity to proliferate
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FIGURE 1. MAIT cells increase CD71 and transferrin uptake upon activation. (A�D) Flow cytometric dot plots, scatterplots, and representative flow cyto-
metric histograms showing CD71 expression in MAIT cells, basal or stimulated for 18 h with anti-CD3/CD28 TCR beads and IL-18. (E) Scatterplot compar-
ing CD71 expression on MAIT cells and conventional T cells (non-MAIT CD31 cells) after 18-h stimulation with anti-CD3/CD28 TCR beads and IL-18.
(F�H) Flow cytometric dot plots, scatterplots, and representative flow cytometric histograms showing CD71 expression in MAIT cells, basal or stimulated
for 18 h with anti-CD3/CD28 TCR beads and IL-18, in the absence or presence of the iron chelator, DFO. (I�L) Flow cytometric dot plots, scatterplots, and
representative flow cytometric histograms showing transferrin content in MAIT cells, basal or stimulated for 18 h with anti-CD3/CD28 TCR beads and IL-18.
(M) Scatterplot comparing transferrin uptake by MAIT cells and conventional T cells (non-MAIT CD31 cells) after 18-h stimulation with anti-CD3/CD28 TCR
beads and IL-18. (N) Correlation plot showing the relationship between CD71 expression and transferrin uptake in activated MAIT cells (18 h with anti-CD3/
CD28 TCR beads and IL-18). *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.
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and diminished production of several cytokines central to MAIT
cell host protective function.
The majority of bioavailable iron in the circulation is bound to

transferrin, which is taken into cells via the transferrin receptor
TfR1, also known as CD71 (32). We first examined MAIT cells for
the expression of CD71 and found low basal expression but signifi-
cant increases in expression after stimulation with TCR beads/IL-18,
but not IL-12/IL-18, suggesting a TCR dependency; this supports
our previous study that highlighted CD71 as an MYC target, which
is an important transcription factor upregulated by TCR stimulation
in MAIT cells (12). Previous studies have reported similar activation-
induced increases in CD71 expression on activated T cells and
NK cells (33, 34). Interestingly, a missense mutation in TFRC, the
gene encoding CD71, resulted in immunodeficiency underpinned by
defective T cells (35). In line with increased CD71 expression, we
observed increased uptake of transferrin by activated MAIT cells,
similar to that reported in both conventional CD41 and CD81

T cells (36). MAIT cells are primarily CD81, and recently it was

demonstrated that CD8 receptor expression was critical for optimal
TCR-driven responses in MAIT cells (37). In a recent study by Teh
and colleagues (22), they reported greater iron dynamics in CD81

T cells compared with CD41 T cells, which is supported by proteo-
mic data from Howden et al. (33), where they demonstrated that
CD81 T cells express more CD71 than CD41 T cells. To investi-
gate the iron dynamics of MAIT cells, we performed in silico analy-
sis of our publicly available proteomic dataset (12). We found that
MAIT cells decrease their levels of ferritin, suggesting mobilization
of iron stores (38). Using the approach introduced by Teh et al. (22)
for determining cellular iron content based on proteomic analysis,
we found that MAIT cells contain 135 proteins with iron binding
sites and significantly increase their predicted iron content upon acti-
vation, similar to that observed in conventional T cell subsets (22).
Pathway analysis of the 135 proteins with iron binding sites pre-

sent in MAIT cells highlighted cellular metabolism as a major pro-
cess central to these proteins. Similarly, Teh et al. (22) found that
the majority of intracellular iron in T cells was used in oxidative
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ulated for 18 h with anti-CD3/CD28 TCR
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phosphorylation. Therefore, we next assessed the impact of altered
iron availability on MAIT cell metabolism and functional responses.
We used two different approaches to limit MAIT cell access to
extracellular iron: (1) we used the iron chelator DFO, which
removes iron from ferritin (39); and (2) we used an mAb specific
for CD71 with blocking activity (40). To assess the impact of low
iron availability on MAIT cell metabolism, we used two different
approaches: Seahorse extracellular flux analysis and a recently pub-
lished method, SCENITH, which monitors rapid changes in protein
translation paired with a series of metabolic inhibitors to profile
cellular metabolism at a single-cell level (25). Using SCENITH, we
found that MAIT cells significantly increase protein translation
upon activation. This supports our recent publication where we

demonstrated significant increases in protein content in activated
MAIT cells (12). In the presence of DFO, protein translation was
reduced in activated MAIT cells, suggesting that iron supports
global MAIT cell metabolism. This was confirmed by our Seahorse
data, which showed reduced rates of glycolysis and to a greater
extent reduced rates of Oxidative Phosphorylation. Similarly, in
activated NK cells, treatment with DFO resulted in reduced cell
size, indicative of reduced protein content and metabolism (34).
Paired with reduced protein translation, limited iron availability
also reduced the oxidative capacity of activated MAIT cells, sug-
gesting altered mitochondria, similar to that reported in conven-
tional T cells by Frost et al. (20). In the same study by Frost et al.
(20), iron deficiency resulted in reduced ATP production and an

S�m
+DFO

Basal
+ S�m

✱✱

✱✱
80
60
40
20
0

Vehicle
DFO

FA
O
&
AA
O
C
ap
ac
ity
(%
)

M
TG

M
FI

Pu
ro
m
yc
in
M
FI

R
el
at
iv
e
Fo
ld
C
ha
ng
e
in
AT
P
le
ve
ls

A B

Puromycin

✱
400000

300000

200000

100000

0

C D

Puromycin

✱
400000

300000

200000

100000

0

✱
100

80

60

40

20

0

F 80

60

40

20

0

G 25000

20000

15000

10000

5000

0

H
80000

60000

40000

20000

0

I

100

J
Oligo FCCP R/A MON

30 K
✱✱✱

20

10

100

80

60

40

20

L
✱✱✱✱ 1.5

1.0

0.5

0
0 20 40 60 80 100

Time (min)

0 0.0

✱
✱✱

O
C
R
(p
m
ol
/m
in
)

Co
un

t
G
lu
co
se
D
ep
en
de
nc
e
(%
)

Pu
ro
m
yc
in
M
FI

O
C
R
(p
m
ol
/m
in
)

Co
un

t

O
C
R
(p
m
ol
/m
in
)

M
TD
R
M
FI

E

FIGURE 3. Iron restriction alters MAIT cell metabolism. (A�D) Representative flow cytometric histograms and scatterplots showing puromycin incorpora-
tion in MAIT cells, basal or stimulated for 18 h with anti-CD3/CD28 TCR beads and IL-18, in the absence or presence of the iron chelator, DFO. (E) Scatter-
plot showing percentage dependency on glucose metabolism in MAIT cells stimulated for 18 h with anti-CD3/CD28 TCR beads and IL-18, in the presence
or absence of DFO. (F) Scatterplot showing percentage dependency on fatty acid oxidation and amino acid oxidation in MAIT cells stimulated for 18 h with
anti-CD3/CD28 TCR beads and IL-18, in the presence or absence of DFO. (G and H) Scatterplots showing the MFI of MitoTracker Green and MitoTracker
Deep Red, depicting mitochondrial mass and mitochondrial membrane potential, respectively, in MAIT cells stimulated with anti-CD3/CD28 TCR beads and
IL-18 for 18 h, in the presence or absence of DFO. (I and J) Representative Seahorse trace and scatterplot showing oxygen consumption rates (OCRs) in
MAIT cells stimulated with anti-CD3/CD28 TCR beads and IL-18 for 24 h, in the presence or absence of DFO. (K) Scatterplot showing the mitochondrial
capacity (after FCCP treatment) in MAIT cells stimulated with anti-CD3/CD28 TCR beads and IL-18 for 24 h, in the presence or absence of DFO. (L) Scat-
terplot showing the impact of an anti-CD71 mAb with blocking activity on ATP production in MAIT cells stimulated with anti-CD3/CD28 TCR beads and
IL-18 for 18 h. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.

6 IRON IS CRITICAL FOR MAIT CELL EFFECTOR FUNCTION
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/doi/10.4049/jim
m

unol.2300649/1655812/ji2300649.pdf by M
aynooth U

niversity (N
atl U

niv of Ireland) user on 16 April 2024



accumulation of dysregulated mitochondria in CD81 T cells. We
observed only modest changes in mitochondrial phenotype, but
note the longer time frame in the study by Frost et al. (20) com-
pared with our overnight time point. We did, however, find
reduced mitochondrial capacity and ATP levels in MAIT cells
activated in the presence of limited iron availability.
Iron is critical for the majority of commensal and pathogenic bac-

teria, and during infection, in response to inflammation, the host
restricts the accessibility of iron as a protective measure. Many path-
ogenic bacteria synthesize iron chelators called siderophores to scav-
enge host iron, resulting in an iron tug-of-war (41). One of the
major roles for MAIT cells is mediating host protection against bac-
teria (27, 42�44). Interestingly, several bacteria that elicit MAIT cell
responses in vivo, such as Salmonella typhimurium (45), Klebsiella
pneumoniae (46), and Legionella longbeachae (47), use siderophores
as a virulence factor (48�50). Therefore, we investigated whether
MAIT cells need iron for their effector functions, the primary of
which is cytokine production. Previously, we had found IFN-g to be
the most abundant cytokine produced by MAIT cells, and in this

study we demonstrate that limiting iron availability limits the levels of
IFN-g secreted in response to either TCR-stimulating beads or THP-1
cells infected with E. coli. Similarly, in a model of hepcidin-driven
hypoferremia, Ag-specific CD8 T cells produced less IFN-g than in
control mice, highlighting the importance of iron for conventional
T cell responses. IL-26 is a cytokine with direct antimicrobial activity
produced by MAIT cells and part of MAIT cell responses to infection
in the lung (28). We found that IL-26 production by MAIT cells was
also reduced under limited iron conditions. Another key effector func-
tion required for MAIT cell host defense is the ability to proliferate
(51). We found that under iron restriction, MAIT cells failed to prolif-
erate, likely linking into the reduced metabolism observed. In CD4
T cells, iron was also required for proliferation, and the authors linked
this failure to altered mitochondrial metabolism (19), supporting our
data, which demonstrated significant reduction in MAIT cell prolifera-
tion with ATP synthase inhibition. In summary, our study highlights
the importance of iron for MAIT cell metabolic and functional
responses and may have implications in conditions where iron avail-
ability is limited.
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sentative flow cytometry histogram and
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