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Significance

 Recent reports indicate that 
T cells can recognize self-
metabolites that accumulate in 
tumor cells and are presented by 
MHC-related protein 1 (MR1). 
This study identifies 
mitochondria as a source of 
MR1-presented antigens, which 
are key for promoting MR1 
protein expression, generating 
immunogenic metabolites 
presented by MR1, and 
stimulating T cells. The 
mitochondrial activities involved 
include complex III, oxidative 
phosphorylation, the 
dihydroorotate dehydrogenase 
enzyme, and de novo pyrimidine 
synthesis. A nucleobase antigen 
was identified, specific T cells 
were isolated, and the MR1-Ag 
structure was resolved. 
Therefore, the immunological 
role of mitochondria extends 
beyond energy production, 
highlighting the connection 
between nucleobase metabolism 
and immune recognition. This 
study suggests that tumor cells 
with unique metabolic alterations 
are targets for MR1-self-
metabolite-specific T cells.
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Mitochondria coordinate several metabolic pathways, producing metabolites that influence 
the immune response in various ways. It remains unclear whether mitochondria impact 
antigen presentation by the MHC-class-I-related antigen-presenting molecule, MR1, 
which presents small molecules to MR1-restricted T-lymphocytes. Here, we demonstrate 
that mitochondrial complex III and the enzyme dihydroorotate dehydrogenase are essential 
for the cell-surface expression of MR1 and for generating uridine- and thymidine-related 
compounds that bind to MR1 and are produced upon oxidation by reactive oxygen 
species. One mitochondria-derived immunogenic formylated metabolite we identified 
is 5-formyl-deoxyuridine (5-FdU). Structural studies indicate that 5-FdU binds in the 
A’-antigen-binding pocket of MR1, positioning the deoxyribose toward the surface of MR1 
for TCR interaction. 5-FdU stimulates specific T cells and detects circulating T cells when 
loaded onto MR1-tetramers. 5-FdU-reactive cells resemble adaptive T cells and express 
the phenotypes of naïve, memory, and effector cells, indicating prior in vivo stimulation. 
These findings suggest that mitochondria may play a role in MR1-mediated immune 
surveillance.

antigen presentation | MR1 | mitochondria | T cells | formylated metabolite

 Mitochondria play several essential roles in cellular functions, including energy production, 
the supply of crucial metabolites, and involvement in processes like cell differentiation, 
apoptosis, and the cell cycle ( 1 ). These activities are carried out through tightly regulated 
chemical reactions, most notably, oxidative phosphorylation (OXPHOS). The OXPHOS 
reactions require the operation of four respiratory complexes (CI to CIV), which are 
crucial for adenosine triphosphate (ATP) production, the synthesis of cellular building 
blocks, and the generation of reactive oxygen species (ROS) ( 2 ). These functions establish 
mitochondria as central hubs for cellular biochemistry ( 3 ).

 Mitochondria may also influence the behavior of immune cells. This role has been 
widely studied, particularly regarding how the tricarboxylic acid (TCA) cycle and energy 
production affect the differentiation, activation, and proliferation of both innate and 
adaptive immune cells ( 4 ).

 Moreover, significant research has highlighted the pivotal role of mitochondrial DNA 
(mtDNA) in activating innate immune responses ( 5 ). Recently, additional functions of 
OXPHOS in T cell recognition have been suggested. Specifically, decreased OXPHOS 
activity has been associated with enhanced recognition of cancer cells by T cell receptor 
(TCR)γδ cells ( 6 ), and reduced activity of complex II (CII) in tumor cells has been linked 
to increased Major Histocompatibility molecule (MHC) class I antigen presentation ( 7 ).

 The extent to which antigens (Ags) produced by mitochondria can stimulate T cells 
remains an open question. HLA and CD1 molecules can present peptides or lipids of 
either mitochondrial origin or those that have been delivered to mitochondria ( 8               – 16 ). 
These findings suggest that molecules generated within or trafficked through mitochondria 
can reach cellular compartments where antigen-presenting molecules bind antigens. 
Mitochondria are a crucial source of metabolites, and changes in mitochondrial activity 
can significantly alter the cell’s metabolome ( 17 ,  18 ). This metabolic role raises the pos-
sibility that mitochondria also serve as reservoirs of metabolites that act as antigens capable 
of stimulating T cells.

 The recognition of small molecule metabolites by αβ T cells has been highlighted by 
discovering the role of the MHC class I-related molecule MR1. MR1 presents a variety 
of bacterial metabolites to mucosal-associated invariant T (MAIT) cells ( 19 ,  20 ), including 
6-formyl pterin (6-FP), a photodegradation product of exogenous folic acid ( 21 ), as well 
as several drugs, drug-like molecules, and dietary antigens ( 22 ,  23 ). MR1 also presents 
self-antigens to MR1-restricted T (MR1T) cells ( 24   – 26 ) and a population of self-reactive 
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MAIT cells ( 27 ). Given these findings, we hypothesized that MR1 
is an ideal candidate for presenting metabolites influenced by 
mitochondrial activities to various MR1-restricted T cells.

 Using pharmacological and genetic approaches to manipulate 
mitochondrial functions, we found that mitochondria regulate 
MR1 cell surface expression, contribute to presenting MR1 anti-
gens to T cells, and generate MR1-restricted antigens. These stud-
ies establish a mechanistic link between mitochondrial function 
and MR1-restricted T cell immunity. 

Results

Mitochondrial OXPHOS Participates in MR1 Cell Surface 
Expression. The electron transport chain (ETC) comprises four 
multisubunit complexes: complexes I to IV (CI to CIV). Complexes 
I and II initiate the electron flow, transferring electrons from the 
TCA cycle and glycolysis to ubiquinone, which then delivers them 
to complex III (CIII) and finally to oxygen via complex IV (CIV) 
(Fig. 1A). We investigated whether the ETC process influences 
the surface expression of antigen-presenting molecules, including 
CD1a, CD1b, CD1c, CD1d, MHC class I, MHC class II, and 
MR1. To do this, cells were exposed to oligomycin, which inhibits 

several mitochondrial functions such as ATP synthesis, proton 
translocation, and oxygen consumption (28). The expression of 
these antigen-presenting molecules on the cell surface was then 
measured.

 Because these molecules typically have low physiological expres-
sion levels, THP-1 cells transfected individually with genes for 
CD1a, CD1b, CD1c, CD1d, or MR1 were used. The results 
showed that exposure to nontoxic doses of oligomycin significantly 
reduced the cell surface expression levels of CD1b, CD1d, and 
MR1. In contrast, the expression levels of other molecules 
remained unaffected ( Fig. 1B   and SI Appendix, Fig. S1 A  and B ). 
The experiment was repeated using primary cells to provide more 
natural relevance to our observations. Monocytes were treated 
overnight with a nontoxic dose of oligomycin, and we then meas-
ured the expression of MR1, CD1b, and MHC class I and II 
molecules. A reduction in MR1 and CD1b molecules was 
observed, while MHC class I and II molecules remained 
unchanged, thus confirming the observations made with tumor 
cell lines that overexpress different antigen-presenting molecules 
( Fig. 1C   and SI Appendix, Fig. S1 C  and D ). Focusing on MR1, 
we investigated whether the inhibitory effect of oligomycin on 
MR1 surface expression also occurs in other tumor cell lines. The 

Fig. 1.   Blocking of mitochondrial activity reduces 
MR1 levels on the tumor’s cell surface. (A) Illustration 
of mitochondrial ETC composed of four complexes 
(I-IV). The electron flow is indicated by minus in dark 
circles and protons by H+. CoQ, Cytochrome C (Cyt 
c), and ATP synthase are involved in the process 
of ATP generation. (B) Cell surface expression of 
antigen-presenting molecules following oligomycin 
exposure of THP-1 cells (MHC class I and MHC class 
II) and THP-1 cells individually transfected with 
CD1a, CD1b, CD1c, CD1d, or MR1. Values represent 
the percentage of control of n = 7 samples in three 
independent experiments, and bars represent 
the mean values. Statistical significance was 
determined by comparing the control’s median 
fluorescence intensity (MFI) with the MFI of the 
respective treated group (see below for details). (C) 
Cell surface expression of CD1b, MR1, MHC class 
I, and MHC class II after oligomycin exposure of 
freshly isolated monocytes. Values represent the 
percentage of control from n = 3 samples collected 
from three healthy donors, and bars indicate the 
mean values. Statistical significance was assessed 
by comparing the control’s MFI with the MFI of 
the corresponding treated group (see below for 
details). (D–F) Surface expression of MR1, MHC 
class I, and MHC class II on (D) Mel JuSo (n = 6), (E) 
RPMI 7932 (n = 6), and (F) A375-MR1 cells (n = 6) 
treated with oligomycin (closed circles) or vehicle 
(open circles). (G) MR1 and GFP expression levels of 
A375-MR1-GFP cells after exposure to oligomycin 
(closed circles) or vehicle (open circles) (n = 6). (H) 
MR1 surface levels of A375-MR1 cells exposed 
or not to oligomycin or Ac-6-FP or both (n = 6). 
(I) MR1 surface levels of A375-MR1 (open circles) 
and A375-MR1 ρ0 cells (closed circles) following or 
not exposure to Ac-6-FP (20 µM) (n = 6). Statistical 
evaluation was performed using the Student’s t 
test, ****P ≤ 0.001, ***P ≤ 0.005, **P ≤ 0.01, *P ≤ 
0.05. The data show results from two independent 
experiments out of three performed. See also 
SI Appendix, Figs. S1 and S2.D
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effect was consistent in Mel JuSo and RPMI 7932 melanoma cell 
lines, which naturally express detectable levels of MR1, and in 
A375 melanoma cells transfected with the MR1 gene. In all these 
cell lines, oligomycin reduced MR1 surface expression without 
affecting the surface levels of MHC class I and II molecules ( Fig. 1 
﻿D –F   and SI Appendix, Fig. S2A﻿ ).

 We used a cell line overexpressing MR1 fused to an enhanced 
green fluorescent protein (A375-MR1-GFP) to determine whether 
blocking mitochondrial activity leads to reduced expression of 
MR1 protein. Although oligomycin reduced MR1 surface expres-
sion, it did not affect the overall GFP signal detected by flow 
cytometry ( Fig. 1G  ), and Western blot analysis confirmed that 
total MR1 protein levels remained similar in both exposed and 
not exposed cells (SI Appendix, Fig. S2B﻿ ).

 To explore whether oligomycin exposure results in the accumula-
tion of intracellular, ligand-receptive MR1, we incubated cells with 
acetyl-6-formyl pterin (Ac-6-FP), a potent MR1 ligand known to 
stabilize and enhance MR1 surface expression ( 29 ). Ac-6-FP induced 
similar levels of MR1 on the surface of both oligomycin-exposed and 
unexposed cells, indicating that ligand-receptive MR1 accumulates 
intracellularly in cells exposed to oligomycin ( Fig. 1H  ). These findings 
suggest that functional mitochondria are crucial for the proper mat-
uration and surface expression of MR1 protein.

 We generated A375 cell variants lacking mitochondrial DNA 
(A375-MR1 ρ0 ) to explore mitochondria’s role further using estab-
lished methods ( 30 ). These ρ0  cells are deficient in all 
mitochondrial-encoded genes and thus cannot assemble func-
tional mitochondrial complexes. Consequently, they lack the cen-
tral enzymes required for aerobic energy metabolism and rely 
solely on anaerobic glycolysis for ATP production. Additionally, 
ρ0  cells cannot generate mitochondrial ROS and cannot synthesize 
pyrimidines ( 31 ).

 Multiple lines of evidence confirmed the deficiency in mito-
chondrial DNA, including the absence of mitochondrial genes 
ND-1 and ND-5, significantly reduced mitochondrial membrane 
potential (MMP), decreased intracellular ROS levels, and reduced 
mitochondrial mass (SI Appendix, Fig. S2 C  and G ).

 A375-MR1 ρ0  cells exhibited a reduction in MR1 surface 
expression. However, incubation with the MR1 ligand Ac-6-FP 
restored MR1 levels to those observed in wild-type cells ( Fig. 1I  ). 
These findings indicate that mitochondrial OXPHOS is crucial 
for the maturation of MR1. However, in the presence of ligands 
like exogenous Ac-6-FP, MR1 can egress from the endoplasmic 
reticulum (ER) to the cell surface, even in the absence of func-
tional mitochondria.  

CIII Activity Is Essential to Maintain Basal Levels of MR1 on 
the Cell Surface. To investigate the role of electron flow in the 
maturation of MR1, we analyzed the expression levels of antigen-
presenting molecules following the selective inhibition of each 
mitochondrial complex. This inhibition was achieved using specific 
inhibitors: rotenone for complex I (CI), 3-nitro propionic acid 
(3-NPA) for complex II (CII), antimycin A for complex (CIII), 
and sodium azide (NaN3) for complex IV (CIV) (7, 32, 33).

 The results showed a significant decrease in MR1 surface expres-
sion when CIII activity was inhibited by antimycin A. In contrast, 
inhibition of CI, CII, and CIV did not affect MR1 surface levels 
( Fig. 2A   and SI Appendix, Fig. S3A﻿ ). Conversely, inhibition of CII, 
CIII, and CIV led to an increase in the cell surface expression of 
HLA-I and HLA-DR ( Fig. 2 B  and C   and SI Appendix, Fig. S3A﻿ ). 
These observations support recent findings in mice that emphasize 
the role of CII in MHC class I protein expression ( 7 ) and extend 
this knowledge to include CIII and CIV. Additionally, the upreg-
ulation of HLA-DR on the cell surface further underscores the 

impact of these complexes on antigen presentation ( Fig. 2C   and 
﻿SI Appendix, Fig. S3A﻿ ).        

 To further validate the role of CIII in maintaining MR1 levels 
on the cell surface, we restored Coenzyme Q (CoQ) oxidase activ-
ity in A375-MR1 ρ0  cells by transducing them with the Alternative 
Oxidase (AOX) gene from the yeast Emericella nidulans . AOX 
serves as an alternative electron transport pathway in lower eukar-
yotes and plants. It is well tolerated in cultured higher eukaryotic 
cells, bypassing CIII, thus restoring electron transport in ρ0  cells 
( Fig. 2D  ) ( 34 ,  35 ).

 AOX also confers resistance to complexes III (CIII) and IV 
(CIV) inhibitors, such as cyanide and antimycin A ( 34 ,  36 ). ρ0  
cells, lacking functional mitochondria, are uridine auxotrophs due 
to the inactivation of dihydroorotate dehydrogenase (DHODH), 
an enzyme located on the outer surface of the inner mitochondrial 
membrane and essential for de novo pyrimidine synthesis ( 37 ). 
Expression of AOX in A375-MR1 ρ0  cells enabled these cells to 
survive without supplemental uridine ( Fig. 2E  ), confirming the 
functional activity of AOX in these transfected cells.

 Restoring electron flow with AOX in A375-MR1 ρ0  cells led 
to a significant increase in MR1 surface expression ( Fig. 2F  ). 
When the potent MR1 ligand Ac-6-FP was present, MR1 levels 
were comparable in both ρ0  and ρ0  AOX cells ( Fig. 2F  ), indicating 
that both cell types express functional MR1 proteins capable of 
binding suitable ligands and being transported to the cell surface. 
These findings establish a strong link between mitochondrial CIII 
activity and the regulation of MR1 surface expression.  

CIII Inhibition Alters the Stimulation of Some MR1T Cells. The 
availability of ligands influences the levels of MR1 on the plasma 
membrane (38). Therefore, the observed low surface expression of 
MR1 might result from a reduced presence of endogenous ligands 
of mitochondrial origin or related to mitochondrial activity. Thus, 
we measured the effects of APCs exposure to drugs inhibiting the 
activity of different mitochondrial complexes on the stimulation of 
self-reactive MR1-restricted T cell clones to explore whether CIII 
activity affects the generation of stimulatory antigens. These assays 
utilized four MR1-restricted T cell clones: three self-reactive clones 
(DGB129, TC5A87, and MCA3C3) and one classical MAIT 
cell clone (MRC25), which responds to the microbial metabolite 
5-OP-RU (24, 26, 27). A375-MR1 cells were used as APC after 
exposure to the CIII inhibitors antimycin A and atovaquone 
(32, 39). Both treatments impaired the stimulation of the clones 
DGB129 and TC5A87, while the activation of MCA3C3 and 
the MAIT clone MRC25 was unaffected (Fig. 3 A and B). When 
we stimulated DGB129, TC5A87, and MCA3C3 cells with APC 
treated with drugs that inhibit each mitochondrial complex, a 
decreased stimulation was observed only when APCs were exposed 
to the CIII inhibitor antimycin A (SI Appendix, Fig. S3B).

 To further investigate the effects of CIII inhibition, the 
responses from a library of eleven MR1T clones were examined 
(SI Appendix, Fig. S3 C  and D ). The results identified two distinct 
groups: seven CIII inhibition-sensitive clones and four CIII 
inhibition-insensitive clones. The fact that some MR1T clones 
responded similarly to treated and untreated APCs suggested that 
CIII inhibition did not universally compromise the antigen pres-
entation capacity of A375-MR1 cells. This was further supported 
by the observation that APCs exposed to CIII inhibitors could 
present the 5-OP-RU antigen to the MAIT cell clone MRC25 as 
effectively as untreated APCs ( Fig. 3B  ). These findings indicate 
that CIII activity is crucial for generating or presenting a group 
of endogenous antigens.

 A functional CIII maintains the CoenzymeQ (CoQ) pool, nec-
essary for DHODH activity. This enzyme is critical for the de D
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novo synthesis of pyrimidines ( Fig. 4A  ) ( 40 ), previously shown to 
form MR1 ligands ( 20 ,  23 ,  41 ). We explored whether mitochon-
drial regulation of MR1T cell stimulation relies on CIII regulation 
of DHODH generation of uridine-based antigens. To test this, 
APCs were sequentially inhibited in their CIII activity, supple-
mented with uridine (that feeds the de novo synthesis of pyrimi-
dines overcoming DHODH inactivity), and assessed for their 
ability to stimulate MR1T cells. The results showed that APCs 
exposed to CIII inhibitors lost their ability to stimulate the 
CIII-dependent MR1T cell clones DGB129 and TC5A87. 
However, adding uridine fully reverses this inhibition ( Fig. 3C  ). 
In contrast, APCs continued to stimulate the CIII-independent 
MCA3C3 clone regardless of uridine addition ( Fig. 3C  ).        

 These findings suggest that uridine supplementation can over-
come the effects of CIII inhibition, indicating that APCs generate 
uridine-dependent compounds recognized by specific self-reactive 
MR1T cells. However, these uridine-dependent antigens do not 
appear to be involved in stimulating microbial-reactive MAIT 
cells. This supports the hypothesis that CIII-dependent pathways 
contribute specifically to generating endogenous ligands that acti-
vate a population of MR1-restricted T cells.  

Uridine-Dependent Compounds Rescue MR1T Cell Stimulation 
in DHODH-Deficient APCs. To further investigate the nature of 
the uridine-dependent MR1T cell antigens, we exposed APCs to 
brequinar, a well-characterized DHODH inhibitor (42). The doses 
of brequinar were nontoxic and did not affect antigen presentation 
to MAIT cells (SI Appendix, Fig. S4A). Subsequently, we assessed 
the stimulation of MR1T cells in the presence or absence of 
exogenous uridine. Brequinar-treated cells had a significantly 
reduced capacity to stimulate the MR1T cell clones DGB129 
and TC5A87. We also included two additional CIII-dependent 
MR1T clones, GP2A36 and GP2A20, which similarly exhibited 

reduced responses when exposed to brequinar-treated cells, except 
in the presence of uridine (Fig. 4B). In contrast, the response of the 
CIII-independent MR1T clone MCA3C3 remained unaffected 
(Fig. 4B).

 These findings mirrored the results obtained with CIII inhibi-
tors, suggesting that the inhibition of DHODH impairs the gen-
eration of uridine-dependent antigens necessary for activating 
specific MR1T cells. To confirm these observations, we generated 
DHODH-deficient (DHODH-KO) cells (SI Appendix, Fig. S4B﻿ ). 
The absence of DHODH was verified through Western blot anal-
ysis (SI Appendix, Fig. S4B﻿ ). The DHODH-KO cells failed to 
stimulate the DGB129 and TC5A87 clones efficiently, and uridine 
supplementation significantly enhanced their response 
(SI Appendix, Fig. S4 C  and D ). Consistent with previous findings, 
the DHODH-KO cells effectively stimulated the CIII-independent 
MCA3C3 clone, and uridine addition did not alter this response 
(SI Appendix, Fig. S4 C  and D ).

 These experiments confirmed that DHODH activity is crucial 
for the generation of specific uridine-dependent antigens that 
activate certain MR1T cells, further underscoring the role of mito-
chondrial function, particularly CIII and DHODH, in shaping 
the repertoire of MR1-restricted antigens.

 To identify which compounds downstream of DHODH could 
restore the stimulation of CIII-dependent MR1-restricted T 
(MR1T) cell clones, we focused on intermediates in the de novo 
pyrimidine synthesis pathway. DHODH is the fourth enzyme in 
this pathway, and its immediate downstream products include 
uridine monophosphate (UMP), uridine diphosphate (UDP), and 
uridine triphosphate (UTP) ( 40 ) ( Fig. 4A  ).

 Supplementing DHODH-deficient (DHODH-KO) cells with 
UTP fully restored their ability to stimulate MR1T cell clones, 
indicating that UTP can compensate for the loss of DHODH 
activity (SI Appendix, Fig. S4D﻿ ). In contrast, cytidine triphosphate 

Fig. 2.   CIII activity is essential to maintain basal levels of MR1 on the cell surface. (A–C) Cell surface expression of (A) MR1, (B) MHC class I, and (C) MHC class II 
molecules following exposure of A375-MR1 cells to rotenone, 3-NPA, antimycin A, or NaN3. Values represent the MFI of n = 6 samples, and bars represent the 
mean values. (D) Illustration showing the reactivation of de novo synthesis of pyrimidines in ρ0 cells expressing AOX. In ρ0 cells, CIII cannot accept electrons (minus 
in circles) from CoQ because it is not functional. After the AOX gene transfer, CoQ donates electrons to AOX, thus becoming substrate available for DHODH, 
which becomes functional. (E) Survival of A375-MR1 ρ0 cells (open columns) or AOX-expressing A375-MR1 ρ0 cells (filled columns) after incubation in a medium 
containing dialyzed fetal bovine serum with or without uridine. The percentage of viable cells is shown (n = 5). (F) MR1 levels of A375-MR1 ρ0, or A375-MR1 ρ0 
AOX assessed by flow cytometry after overnight incubation with Ac-6-FP (20 µM) or vehicle. MFI is shown (n = 6). Statistical evaluation was performed using the 
one-way ANOVA with Tukey’s test, ****P ≤ 0.001, ***P ≤ 0.005, (A–C), or the Student’s t test, ****P ≤ 0.001 (E and F). The data shown are from two independent 
experiments out of three performed. See also SI Appendix, Fig. S3.
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(CTP) did not restore MR1T cell stimulation (SI Appendix, 
Fig. S4D﻿ ), suggesting that uridine-dependent compounds, rather 
than cytidine-dependent ones, are crucial for this activity.

 To further validate these results, we repeated the rescue exper-
iments using APCs treated with brequinar and supplemented with 
UMP, UDP, UTP, and CTP. Similar to the findings with 
DHODH-KO cells, UMP, UDP, and UTP effectively restored 
the stimulation of MR1T cell clones, while CTP did not ( Fig. 4C  ), 
thus reinforcing the possibility that uridine-dependent com-
pounds are critical for activating MR1T cells.

 Additionally, we tested thymidine, a product of deoxy-UMP 
conversion, to see whether it could also restore MR1T cell stim-
ulation. Thymidine fully recovered the activation of MR1T cell 
clones GP2A36 and GP2A20 while only partially restoring the 
activation of DGB129 and TC5A87 cells ( Fig. 4C  ). These results 
indicate that while uridine is essential for stimulating all tested 
CIII-sensitive MR1T cells, thymidine only partially rescues the 
activation of specific MR1T clones. In summary, these experi-
ments highlight that among the CIII-sensitive MR1T cells, uri-
dine and its downstream products are critical for their activation. 
In contrast, thymidine only partially rescues some MR1T cell 
clones’ reactivity.

 We also checked whether uridine, UMP, UDP, UTP, and thy-
midine act as MR1T cell antigens. None of these compounds 
increased MR1 surface expression on APCs (SI Appendix, 
Fig. S5A﻿ ), nor did they stimulate MR1T cells when added directly 
to fixed APCs (SI Appendix, Fig. S5B﻿ ). These findings suggested 
that the compounds’ rescue effects are related to their intracellular 
modification rather than their direct binding to MR1.

 Given that mitochondria are key producers of ROS, which can 
cause DNA damage, nucleoside, and nucleotide oxidation ( 43 ,  44 ), 
we explored whether ROS play a role in the antigenicity of the 
compounds. Physiological levels of ROS can oxidize methyl 
groups in pyrimidines ( 45 ). Since the MR1T cell clones GP2A36 
and GP2A20 responded to thymidine, we hypothesized that 

scavenging intracellular ROS might affect their responsiveness. 
We tested this hypothesis by testing the ROS scavenger 
N-acetylcysteine (NAC) ( 46 ).

 Exposure to NAC reduced the reactivity of all tested MR1T 
cells to varying degrees ( Fig. 4D  ), indicating ROS are involved in 
generating stimulatory antigens. Significantly, NAC completely 
inhibited the rescue effect of thymidine on GP2A36 and GP2A20 
clones, demonstrating that ROS are essential for this response 
( Fig. 4D  ). In contrast, NAC minimally impacted DGB129 and 
TC5A87 reactivities, which were less affected by thymidine, rein-
forcing that ROS and thymidine are crucial for activating a subset 
of MR1T cells that recognize thymidine nucleobase adducts.

 These results suggest that MR1T cells exhibit different sensi-
tivities to uridine, thymidine, and ROS, highlighting the role of 
the nonenzymatic ROS-mediated oxidation of nucleobases and 
the interplay between these compounds in antigen generation.  

5-Formyl-Deoxyuridine Is an MR1T Cell Antigen. The involvement 
of ROS and thymidine in stimulating specific MR1T cell clones 
led us to investigate their potential connection. We focused on 
5-formyl-deoxyuridine (5-FdU), a modified nucleoside formed 
by oxidative damage to thymidine, which is generated in a ROS-
dependent but enzyme-independent manner (45, 47, 48). Our 
findings that thymidine and ROS are required to restore MR1T 
cell stimulation suggested that 5-FdU might play a role as a 
stimulating metabolite. To explore this, we tested whether 5-FdU 
and 5-formyl uracil (5-FU)—a derivative of 5-FdU without the 
ribose moiety (Fig. 5A)—could bind MR1. Both 5-FdU and 5-
FU efficiently competed with 5-OP-RU and inhibited MAIT cell 
stimulation, indicating that these compounds bind MR1 but do 
not stimulate MAIT cells (Fig. 5B).

 We then assessed the antigenicity of 5-FdU and 5-FU by eval-
uating the responses of the GP2A20 and GP2A36 clones, which 
previously showed sensitivity to thymidine and ROS. Both 
GP2A20 and GP2A36 clones responded to fixed APCs treated 

Fig. 3.   CIII inhibition decreases the response of some MR1T cell clones. (A) Response of the indicated MR1T cell clones to increasing numbers of A375-MR1 cells 
(APC number per well) exposed to antimycin A (filled squares) or atovaquone (filled circles) compared to unexposed cells (open circles). The released IFNγ is 
shown as the mean of triplicates ± SD after overnight incubation. Data are from one experiment representative of three independently performed experiments. 
(B) Response of the MAIT clone MRC25 to increasing doses of 5-OP-RU presented by A375-MR1 cells exposed to antimycin A (filled squares) or atovaquone 
(filled circles) or unexposed (open circles). The released IFNγ is shown as the mean of triplicates ± SD. Data are from one experiment representative of three 
independently performed experiments. (C) Response of the indicated MR1T cell clones to A375-MR1 cells exposed to antimycin A or atovaquone in the presence or 
absence of uridine. The released IFNγ is shown for each sample. Bars indicate the mean values (n = 5). The data displayed are from two independent experiments 
out of three performed. One-way ANOVA with Tukey’s test, ****P ≤ 0.001, ***P ≤ 0.005, **P ≤ 0.01. See also SI Appendix, Fig. S3.
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with 5-FdU but not to 5-FU, indicating that Ag-processing is not 
required. Neither clone reacted to Ac-6-FP or 5-OP-RU, which 
served as negative controls ( Fig. 5C  ). In contrast, the MAIT 
MRC25 clone responded exclusively to 5-OP-RU ( Fig. 5C  ). 
Additionally, the DGB129, TC5A87, and MCA3C3 clones did 
not respond to either 5-FdU or 5-FU (SI Appendix, Fig. S5C﻿ ). 
These findings together indicated that 5-FdU is an antigenic 
metabolite recognized by specific MR1T cell clones in a manner 
dependent on both ROS and thymidine, further elucidating the 
complex interaction between mitochondrial activity, metabolite 
generation, and T cell stimulation.

 To confirm the antigenicity of both uridine derivatives, we 
tested the response of GP2A20 and GP2A36 cells to plastic-bound 

MR1 previously refolded in the presence of 5-FdU or 5-FU. Both 
clones reacted only to the MR1-5-FdU complexes, and their 
response was fully inhibited by anti-MR1 mAbs ( Fig. 5D  ). Also, 
in this assay, DGB129, TC5A87, and MCA3C3 cells did not react 
to MR1-5-FdU complexes (SI Appendix, Fig. S5D﻿ ).

 To assess whether this interaction is TCR-dependent, Jurkat 
(JK) cells expressing the GP2A36 (JK-GP2A36) and the GP2A20 
(JK-GP2A20) TCRs were stained with four tetramers loaded with 
5-FdU, 5-FU, 5-OP-RU, or Ac-6-FP. Control JK cells expressing 
the MAIT MRC25 TCR were stained only by the MR1-5-OP-RU 
tetramer, and none of the MR1 tetramers stained the JK cells 
expressing the DGB129 TCR ( Fig. 5E  ). JK cells expressing the 
E8 TCR that binds MR1 independently from the bound antigen 

Fig. 4.   Uridine derivatives rescue MR1T cell recognition of DHODH-inhibited cells. (A) Schematic representation of the de novo pyrimidine synthesis pathways 
downstream of DHODH. This enzyme catalyzes the fourth enzymatic step, the ubiquinone-mediated oxidation of dihydroorotate to orotate. Interrupted gray 
arrows indicate that intermediates exist between the specified compounds. The dotted arrow shows that uridine can also serve as a precursor of UMP through 
uridine kinase, independent of DHODH. (B) Response of five MR1T cell clones to various numbers of A375-MR1 cells (APC number per well) exposed to brequinar 
(filled squares), brequinar + uridine (filled circles), or vehicle (open circles). Data are from one experiment representative of three independently performed 
experiments. (C) Response of the same MR1T cell clones as in (B) to A375-MR1 cells exposed to brequinar and the indicated nucleosides or nucleotides. The 
released IFNγ is the mean ± SD (n = 6). The statistical significance refers to comparison with the group “Brequinar only.” The data displayed is from two independent 
experiments out of three performed. (D) Response of the CIII-dependent MR1T cell clones as in (B) after exposure to brequinar only, brequinar + thymidine, with 
or without NAC. Values indicate the mean ± SD of triplicates. Data are from one experiment representative of three independently performed experiments. 
One-way ANOVA with Tukey’s test, ****P ≤ 0.001, ***P ≤ 0.005, **P ≤ 0.01, *P ≤ 0.05. See also SI Appendix, Figs. S4 and S5.
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( 27 ) were used here as a positive control of the refolded tetramers. 
As expected, they were stained with all tetramers ( Fig. 5E  ). 
JK-GP2A36 and JK-GP2A20 were stained with the 5-FdU 
tetramer only, confirming the specific binding of those TCRs 
( Fig. 5E  ). Thus, 5-FdU acts as an antigen for specific MR1T cells, 
and the ribose moiety of the molecule is critical for recognition 
by the tested MR1T cells.  

MR1-5-FdU Tetramer-Positive (tetP) T Cells Are Present in 
Healthy Donors and Are Phenotypically Diverse. Having 
identified 5-FdU as a specific antigen for MR1-restricted T cells, 
we assessed the ex vivo frequency of MR1-5-FdU-reactive T cells 
in healthy individuals using multicolor flow cytometry. To ensure 
accurate identification of binding cells, a stringent gating strategy 
was employed to select events that were only double-positive for 
MR1-5-FdU-PE and MR1-5-FdU-APC tetramers (SI Appendix, 
Fig. S6 A and B).

 The analysis revealed that MR1-5-FdU tetP T cells were present 
at very low frequencies, ranging from 0.002 to 0.008% of the total 
T cells, with a median frequency of 0.003% ( Fig. 6A   and 
﻿SI Appendix, Fig. S7A﻿ ). Notably, about 15% of these tetP cells 
also bound to the MR1-6-FP tetramer, indicating cross-reactivity 
with another MR1 ligand. However, these cells very rarely bound 
to the MR1-5-OP-RU tetramer, suggesting no unspecific binding 
of MR1 itself ( Fig. 6B   and SI Appendix, Fig. S7A﻿ ).        

 The MR1-5-FdU-reactive T cells exhibited significant interin-
dividual variability in both frequency and phenotype. Flow cyto-
metric analysis revealed that these cells were distributed across 
several subsets based on CCR7 and CD45RA expression. 

Specifically, the MR1-5-FdU-reactive T cells included naïve-like 
T cells (TN , median 56%), central memory-like (TCM , median 
4.7%), effector memory-like (TEM , median 19%), and terminally 
differentiated effector memory-like (TEMRA , median 10%) T cells 
( Fig. 6C   and SI Appendix, Fig. S7B﻿ ). These findings indicate that 
MR1-5-FdU-reactive T cells are diverse, encompassing both naïve 
and antigen-experienced T cell subsets, reflecting a broad range 
of developmental and activation states.

 To further elucidate the characteristics of MR1-5-FdU-reactive 
T cells, we performed a cluster analysis comparing MR1-5-FdU 
tetP and tetramer-negative (tetN) populations based on the 
expression of 10 surface markers analyzed by spectral flow 
cytometry. This analysis aimed to identify distinct subpopula-
tions enriched or depleted within the MR1-5-FdU tetP cells 
( Fig. 6 D –F  ). Fourteen populations were identified (6 CD4+ , 
6 CD8+ , and 2 DN). Within the MR1-5-FdU tetP cells, cluster 
4 was significantly enriched. In contrast, clusters 9 and 12 were 
depleted ( Fig. 6F  ). Cluster 4 was the most abundant CD8+  
cluster and was composed of naïve-like cells (CCR7+  
CD45RA+ ). In contrast, both depleted clusters comprised 
CD4+  effector memory-like cells (CCR7−  CD45RA− ), one 
expressing CD39, the other KLRG1 markers. Cluster 13 rep-
resented minimal cells expressing MAIT cell markers such as 
CD161, CCR5, and KLRG1. These cells stained very weakly 
with MR1-5-OP-RU tetramers, suggesting they might be 
MAIT cells with weakly cross-reactive TCRs, consistent with 
previous findings ( 27 ). These data indicate that MR1-5-FdU 
tetP cells are present within healthy donors and phenotypically 
similar to adaptive T cells.  

Fig. 5.   5-FdU stimulates MR1T cell cells. (A) Structure of 5-formyl-deoxyuridine and 5-formyl-uracil. (B) Competition for MR1 binding of 5-FdU or 5-FU assessed by 
the response of the MRC25 MAIT cell clone to 5-OP-RU presented by fixed A375-MR1 cells pulsed with increasing concentrations of 5-FdU or 5-FU. The released 
IFNγ is shown as the mean of triplicates ± SD. (C) Response of two MR1T and control MAIT clones to A375-MR1 fixed and then pulsed with the indicated antigens. 
The released IFNγ is shown as the mean of triplicates ± SD. (D) Response of the indicated MR1T cell clones to plastic-bound sMR1 monomers refolded with 5-FdU 
in the presence or absence of anti-MR1 mAbs. The released IFNγ is shown as the mean of triplicates ± SD. (E) Staining of JK cells transduced with the indicated 
TCR genes and stained with various PE-labeled MR1-tetramers. Data are from one experiment representative of three independently performed experiments. 
One-way ANOVA with Tukey’s test, ****P ≤ 0.001, ***P ≤ 0.005, *P ≤ 0.05. See also SI Appendix, Fig. S5.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 8
6.

17
1.

16
9.

15
0 

on
 M

ay
 2

0,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

86
.1

71
.1

69
.1

50
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2418525122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418525122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418525122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418525122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418525122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418525122#supplementary-materials


8 of 12   https://doi.org/10.1073/pnas.2418525122� pnas.org

Crystal Structures of MR1-5FU and 5-FdU Complexes. Next, we 
solved the structures of MR1 presenting 5-FdU and 5-FU. We 
used the A-F7 TCR as a crystallization aid to achieve this, as 
MR1 binary complexes have generally been more challenging to 
crystallize. The crystal complexes diffracted to ~2.2 Å resolution 
(SI  Appendix, Table  S1 and Fig.  7), exhibiting unambiguous 
electron densities for the ligands within the MR1 antigen-binding 
pocket (Fig. 7 A and B). Analysis of the MR1 binding cleft from 
the solved structures revealed that the two metabolites were 
located within the A’-pocket of the MR1 antigen-binding cleft 
and formed a Schiff base bond with MR1-Lys43 (Fig. 7 C and 
D). Despite the chemical differences between these nucleobases, 
minimal conformational changes within the A’-pocket residues 
were observed, and the side chains of most MR1 ligand-binding 
residues were largely conserved (Fig.  7 E–G and SI  Appendix, 
Fig. S8).

 In both structures, the two ligands interact predominantly with 
the MR1 α1-domain ( Fig. 7 F  and G  ). The MR1-Lys43 side chain 
displacement is apparent when comparing both models with the 
MR1-5-OP-RU model ( Fig. 7 E –G  ). The pyrimidine rings of both 
nucleobases were stabilized by a network of H-bonds with Arg9 
and Ser24 of MR1, along with van der Waals interactions with 
Tyr7, Leu66, and Trp69 of MR1 ( Fig. 7 F  and G  ). These obser-
vations confirm previous findings on the essential roles of 
MR1-Lys43 and Arg9 in stabilizing the Ag binding within the 
MR1 cleft ( 49 ). Furthermore, the deoxyribose sugar of 5-FdU is 
leaning toward the narrow outer side of the A’-pocket in a different 
orientation than that of the ribityl chain of 5-OP-RU ( Fig. 7B  ). 
Here, two conformations of the deoxyribose sugar were observed 
in the pocket with the sugar moiety sandwiched between the 
MR1-Trp156 and Trp164 of the α2 helix residues and the 
MR1-Tyr62 of the α1 helix, forming a network of polar and van 

Fig. 6.   Ex vivo analysis of MR1-5-FdU tetP cells. (A) Ex vivo frequencies of MR1-5-FdU tetP T cells from the peripheral blood of 10 healthy donors. Dots represent 
individual donors; the horizontal bars represent the median values. (B) Ex vivo frequencies of MR1-5-FdU tetP T cells that costain with the MR1-6-FP tetramer 
or the MR1-5-OP-RU tetramer. Dots represent individual donors; the horizontal bars represent the median values. (C) Percentages of naïve, central memory 
(TCM), effector memory (TEM), and terminally differentiated (TEMRA) T cell populations within the MR1-5-FdU tetP T cells. Dots represent individual donors; the 
horizontal bars represent the median values. (D and E) Uniform Manifold Approximation and Projection of the cells were used for the clustering analysis, with 
cluster identity overlaid as color on tetN (D) or tetP (E) cells. The cells within clusters 4, 9, and 12 are circled. (F) Heatmap of median asinh-transformed expression 
of the markers used for clustering. Color scales indicate the enrichment of MR1-5-FdU tetP cells and tetN cells and the fraction of total cells (% of total) in each 
cluster. See also SI Appendix, Figs. S6 and S7.
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der Waals interactions ( Fig. 7G  ). Neither ligand stimulated MAIT 
cells, attributable to a lack of favorable contact with the MAIT 
TCR (SI Appendix, Fig. S8 ). However, unlike 5-FU, which is 
closely sequestered within the A’-pocket of MR1, the deoxyribose 
sugar of 5-FdU is solvent-exposed and thus represents a potential 
TCR contact point for MR1-restricted TCRs that are reactive to 
this ligand.   

Discussion

 These findings attribute two functions to mitochondria relevant 
to T cell–mediated immunity. The first is that mitochondrial activ-
ity is necessary to maintain physiological levels of the antigen-
presenting molecule MR1 on the plasma membrane. Without 
mitochondrial genes, MR1 protein accumulates in the ER and 
remains available for ligand binding, likely explained by the 
reduced MR1 antigen content since Ac-6-FP rescues surface 
expression.

 MR1 protein expression is subject to a unique type of regulation 
that still needs to be fully understood. Our findings indicate that 
mitochondria-dependent uridine-related compounds contribute 
to MR1 protein expression on the cell surface, probably by stabi-
lization of the nascent protein, mimicking peptides binding with 
high affinity to MHC class I molecules that promote their matu-
ration ( 50 ). MR1 can also be forced to remain in the ER, as occurs 
with a synthetic uracil derivative ( 23 ). Whether molecules with 
such inhibitory properties are naturally present in the cell is yet 
to be determined. If this were the case, mitochondria might con-
tribute to the balance between two types of molecules that either 
block or promote MR1 egression from ER. A relatively high abun-
dance of compounds that promote egression would increase cell 
surface MR1, thus facilitating the presentation of endogenous and 
microbial high-affinity ligands.

 A second main finding of this study is that pyrimidine adducts 
derived from self can form stable complexes with MR1 and stim-
ulate specific MR1T cells. These molecules represent a class of 
endogenous antigens that stimulate self-reactive MR1T cells. 
These MR1-restricted endogenous antigens add to and differ from 
the recently identified nucleobase adducts derived from the 

condensation of carbonyls with purines and pyrimidines ( 26 ,  51 ) 
and the binding of a bile acid-derived compound ( 25 ). Among 
the carbonyl adducts of nucleobases, mitochondria promote their 
formation by two independent mechanisms, i.e., by i) generating 
pyrimidine bases and ii) accumulation of ROS, which contribute 
directly to pyrimidine oxidation ( 45 ,  47 ,  48 ), activation of 
pro-tumor signaling and metabolic reprogramming ( 52 ) and car-
bonyl generation ( 53 ,  54 ). The accumulation of carbonyl adducts 
increases in tumor cells ( 55 ,  56 ), which could explain the observed 
preferential MR1T response to tumor cells ( 26 ,  51 ).

 The data also revealed the existence of different populations of 
MR1T cells according to the type of antigen specificity. The first 
is not sensitive to the inhibition of CIII. In contrast, the second 
and third populations are CIII-sensitive but differ in antigen spec-
ificity, as indicated by differential reactivity to uridine- and 
thymidine-dependent molecules. Thus, mitochondria may give 
rise to various antigens stimulating different MR1T cells.

 Among the thymidine-dependent antigens, 5-FdU stimulated 
some MR1T cells. This adduct has been described within cells as 
a consequence of oxidative stress and genomic modification of 
thymidine induced by ROS following the attachment of a formyl 
group ( 45 ,  47 ,  48 ). This chemical modification is relevant for 
stabilizing 5-FdU binding to MR1 through a Schiff base with the 
residue Lys 43 in the MR1 A’ pocket. However, it is insufficient 
to make this molecule antigenic, as 5-FU, which similarly makes 
a Schiff base but lacks the ribose moiety, is not stimulatory. The 
structural analysis of the MR1-5-FdU complex revealed that the 
ribose is orientated toward the narrow outer side of the A’-pocket 
in a position that might interact with TCR residues. Ribose pro-
trudes from the pocket in a direction opposite to that of the ribityl 
moiety of 5-OP-RU and may be a reason for the lack of MAIT 
stimulation.

 The identification of the 5-FdU antigen and the use of 
MR1-5-FdU tetramers allowed the characterization of MR1T 
cells with this Ag specificity. These cells are present in healthy 
donors with variable frequency, can be CD4+ , CD8+ , or DN phe-
notype, and express markers of naïve-, memory-, and effector- 
memory-like cells. In some donors, the naïve population predom-
inates, which may indicate the presence of cells capable of binding 

Fig. 7.   Crystal structures of MR1 complexed with 5FU and 5-FdU. (A) Top view of the antigen binding cleft of the respective MR1 molecules displaying the 
position of the 5-FU and 5F-dU within the A’ pocket of MR1. (B) Zoomed view of the A’ pocket revealing novel orientation of the deoxyribose sugar of 5-FdU 
compared to the ribityl chain of 5-OP-RU. (C and D) Electron density maps of 5-FU (C) and 5-FdU (D) after simulated-annealing refinement (using the Phenix-refine 
crystallographic structure-refinement program), presented as a 2Fobserved−Fcalculated map (green mesh) contoured at 1σ that highlight the unambiguous positions 
of the nucleobases within MR1 cleft. (E–G) Interactions between the 5-OP-RU (PDB; 6PUC) (E), 5-FU (F), and 5-FdU (G) and the residues of MR1- A’ pocket. MR1 is 
white, and the ligands are as follows: 5-FU, orange; 5-FdU, olive; and 5-OP-RU, green. The CDR3α and CDR3β loop are pink and light blue, respectively. See also 
SI Appendix, Fig. S8 and Table S1.D
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to the MR1-5FdU tetramer that are not antigen-experienced. 
Future studies will address whether MR1-5-FdU-reactive T cells 
change their phenotype and are increased in patients with different 
diseases.

 These findings indicate that MR1T cells recognizing mitochondria- 
derived antigens resemble other adaptive-like T cells. Our studies 
also showed that most MR1-5-FdU tetP T cells do not react with 
MR1 tetramers presenting the MAIT antigen 5-OP-RU, aligning 
with the structural data. Only a few cells are stained with 
MR1-Ac-6-FP tetramers, indicating the presence of a few 
cross-reactive TCRs. Thus, most of the 5-FdU-reactive TCRs 
remain specific when challenged with another antigen buried deep 
within the MR1 cleft and do not react to MR1 loaded with what-
ever antigen.

 An interesting issue is whether cancer cells, which undergo a 
metabolic switch from OXPHOS to glycolysis, still produce car-
bonyl adducts of nucleobases and stimulate MR1T cells. This is 
the case, as cells under high glycolysis conditions accumulate car-
bonyls such as methylglyoxal ( 57 ). This toxic metabolite induces 
carbonyl stress ( 58 ), promotes inflammation and oxidative stress 
( 59 ), and causes DNA damage ( 60 ). Methylglyoxal is significant 
in generating a group of self ( 26 ) and bacterial ( 20 ) carbonyl 
adducts. This evidence indicates that cells utilizing a high glyco-
lytic pathway can also produce carbonyl adducts of nucleobases.

 In conclusion, these studies identify the mechanisms involved in 
the role of mitochondria in the immune response of MR1-restricted 
T cells. Supplying endogenous metabolites, mitochondria maintain 
physiological MR1 levels on the plasma membrane and assist in 
generating T cell antigenic metabolites. These functions give the 
immune system additional mechanisms to survey metabolically 
altered cells. While protein synthesis and peptide generation enable 
classical T cell immunity to recognize immunogenic peptides pre-
sented by MHC molecules, mitochondria support the immune 
response to cells with altered pyrimidine synthesis and ROS accu-
mulation. These changes generate unique metabolites that bind to 
MR1 and stimulate specific T cells. The physiological implications 
of this antigen-specific recognition will underlie future studies con-
ducted in patients with various diseases.  

Materials and Methods

Human Samples and Study Approval. Human blood samples from healthy 
donors were obtained from the University Hospital Basel. The study was approved 
by the local ethical review board (EKNZ, Ethics Committee North-West & Central 
Switzerland, EKNZ 2017-01888), and all donors consented in writing to analyze 
their samples.

Human Cell Lines and T Cell Clones. The following human cell lines were 
initially obtained from the American Type Culture Collection, A375 (melanoma, 
CRL-1619), and THP-1 (myelomonocytic leukemia, TIB-202) or from the European 
Collection of Authenticated Cell Cultures, RPMI-7932 (melanoma, CVCL_2713) or 
kindly donated by Giulio Spagnoli Mel JuSo (melanoma, CVCL_1403). The HEK 
293T cell line was obtained from the Leibniz-Institute DSMZ-German Collection 
of Microorganisms and Cell Cultures. A375 β2m-KO cells overexpressing human 
MR1 (UniProt Q95460-1) linked to β2m (A375-MR1) are described in ref. 24. 
THP-1 cells overexpressing human CD1a, CD1b, CD1c, and CD1d were previously 
generated (61). J.RT3-T3.5 were engineered to lack endogenous TCRα protein 
and express an NFAT-driven luciferase reporter (27). All cells were routinely tested 
for the absence of Mycoplasma contamination by PCR analysis on DNA samples. 
None of the cell lines used in this study are in the database of commonly misi-
dentified cell lines. Cell lines were not authenticated. All cells were cultured in 
RPMI-1640 supplemented with 10% FCS, 2 mM L-glutamine, 1 mM sodium 
pyruvate, 1x MEM NEAA, and 50 µg/mL kanamycin (complete medium) (all from 
Bioconcept) unless otherwise indicated. The human MAIT clone MRC25 (ref. 62) 
and the MR1T cell clones AC1A4, AC1B76, CHO9A4, DGB70, DGB129, LMC1D1, 

MCA3C3, QY1A16, TC5A87, TRA44 were previously generated and described  
(24, 26). GP03B5, GP10B5, GP2A20, and GP2A36 clones were generated in this 
study from the blood of various healthy donors. T cell clones were cultured in RPMI-
1640 supplemented with 5% AB-positive human serum (Blutspendezentrum 
Basel), 2 mM L-glutamine, 1 mM sodium pyruvate, 1× MEM NEAA, and 50 µg/mL 
kanamycin (complete medium) (all from Bioconcept) and 100 U/mL recombinant 
human IL-2 (Peprotech).

Evaluation of Mitochondrial Activity and ROS Production. To evaluate 
mitochondrial potential, mitochondrial mass, and ROS production, cells were 
stained with MitoTracker Red (200 nM, Thermo Fisher, Cat#M7512), NAO (400 nM, 
Sigma Aldrich, Cat#A7847), and H2DCFDA (Thermo Fisher 4 mM, Cat#D399). The 
staining was performed in complete media for 20 min at 37 °C. The cells were 
then washed in PBS before analysis. Samples were analyzed on CytoFLEX with 
CytExpert software (Beckman Coulter). Doublets and dead cells were excluded 
based on forward scatter area (FSC-A) and forward scatter height (FSC-H, for dou-
blets exclusion) and on forward scatter-width (FSC-W) and staining with DAPI 
(Sigma, Cat#MBD0015) (for dead cells exclusion).

Generation and Validation of ρ0 Cells. Mitochondrial DNA was depleted from 
A375-MR1 cells, as described (63). Briefly, cells were treated with ethidium bro-
mide (1 µg/mL, Sigma-Aldrich, Cat#E1510) and 2’,3’-dideoxy-cytidine (50 µg/
mL, Sigma-Aldrich, Cat#D5782) in the presence of uridine (50 µg/mL, Sigma-
Aldrich, Cat#U3003). After 4 wk of incubation, cells were tested for the presence 
of the ND-1 and ND-5 mitochondrial genes by PCR. ND1-, ND5-, and GAPDH-
specific primer pairs were used in PCRs with GoTaq G2 DNA polymerase (Promega, 
Cat#M7845). Clones were generated by limiting dilution and expansion. PCR 
confirmed the lack of mitochondrial genes.

Refolding and Purification of MR1 and MAIT TCR. Human A-F7 (TRAV1-2/
TRBV6-1) MAIT TCR proteins were refolded from inclusion bodies at 4 °C over-
night in the refolding buffer containing 0.1 M Tris pH 8.5, 6 M urea, 2 mM EDTA, 
0.4 M L-arginine, 0.5 mM oxidized glutathione and 5 mM reduced glutathione 
as described (29). The wild-type MR1-β2m was refolded in the same refolded 
buffer, along with the 10× molar ratio of the investigated compound as described 
previously (20). Refolded MR1-ligand and TCR proteins were purified by three 
sequential purification steps: crude DEAE anion exchange, S200 15/60 size exclu-
sion chromatography, and HiTrap-Q HP anion exchange. The protein quality and 
purity were then assessed using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), concentrated, and further quantified using a NanoDrop™ 
UV-Vis spectrophotometer.

Crystallization, Data Collection, Structure Determination, and 
Refinement. Purified A-F7 (TRAV1-2/TRBV6-1) TCR was mixed with MR1-
β2m-Ag in a 1:1 molar ratio at 4 to 6 mg/mL concentration and kept on ice for 
2 h. Hanging-drop, vapor diffusion method at 20 °C was utilized to produce A-F7 
TCR-MR1-Ag crystals with a precipitant reservoir solution consisting of 100 mM 
Bis–Tris Propane (BTP; pH 6.0 to 6.7), 10 to 20% PEG3350 and 200 mM sodium 
acetate, as reported previously (20). The ternary complexes crystals were grown 
after a week and harvested, quickly soaked in reservoir solution with 10 to 14% 
glycerol for cryoprotection, and then flash-frozen in liquid nitrogen. X-ray diffrac-
tion datasets were collected at 100 K on the Australian Synchrotron at MX1 or 
MX2 beamlines. Diffraction data were processed using XDS (64) and programs 
from the CCP4 suite (65) and Phenix package (66). The previously solved A-F7 TCR 
and MR1 structures (PDB, 6PUC) (41) were used as a search model for molecular 
replacement in the PHASER program (67) to solve the ternary structure of TCR-
MR1-Ags complexes. The Grade Webserver and Phenix tools were used to build 
and generate ligand restraints. Model building in COOT (68) was followed by 
iterative rounds of refinement using Phenix.refine (66), and the models were 
validated using MolProbity (69). The final refinement statistics of the panel of 
TCR-MR1-nucleotides are summarized in SI Appendix, Table  S1. The contacts 
generated by the Contact program form the CCP4 suite (65). Molecular graphics 
representations were generated using PyMOL Molecular Graphics System, Version 
2.2 (Schrödinger, LLC, New York, NY).

Statistical Analysis. The appropriate statistical test is indicated in the Figure 
legends and performed using Prism 9 GraphPad software. A P-value < 0.05 was 
considered statistically significant.
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Data, Materials, and Software Availability. The accession number for the 
atomic coordinates of A-F7 TCR-MR1 in complex with 5-FU and 5-FdU, along 
with associated structure factors, have been deposited at the protein databank 
(www.rcsb.org) with accession codes 9EK6 (70) and 9EK7 (71), respectively. All 
other data are included in the manuscript and/or SI Appendix.
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