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Abstract

Mitochondria are principal metabolic organelles that are increasingly unveiled as immune
regulators. However, it is currently not known whether mitochondrial-encoded peptides modulate
T cells to induce changes in phenotype and function. Here, we found that MOTS-c prevented
autoimmune B-cell destruction via phenotypical and functional changes of T cells in NOD mice,
a type 1 diabetes (T1D) animal model. MOTS-c ameliorated the development of hyperglycemia
and reduced islet-infiltrating immune cells. Furthermore, adoptive transfer of T cells from MOTS-
c-treated NOD mice significantly decreased the incidence of diabetes in NOD-SCID mice.
Metabolic and genomic analysis revealed that MOTS-c modulated T cell phenotype and function
by regulating TCR/mTORC1 pathway. We observed that T1D patients had a lower serum MOTS-c
level than healthy controls. Furthermore, MOTS-c reduced T cell activation by alleviating T

cells from the glycolytic stress in T1D patients suggesting a potential therapeutic implication.

Our findings indicate that the MOTS-c acts as a regulator of T cell phenotype and function in
autoimmune diabetes.

Introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by the destruction
of insulin-secreting p-cells(Katsarou et al., 2017). Although the etiology of T1D is not
fully understood, autoreactive T cells predominantly occupy the insulitis lesions and are
considered key culprits of p-cell destruction(Magnuson et al., 2015; Pugliese, 2017). It is
also becoming clearer that elevated glycolysis of autoreactive T cells is an important target
in preventing autoimmune disorders. Several evidences suggest that alleviating glycolytic
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stress in autoimmune disorders have shown therapeutic effects in autoimmune diseases
like multiple sclerosis (Kornberg et al., 2018). CD4*IFNy* T helper type 1 (Ty1) cells

are major effector cells exhibiting high glycolytic property and associated with T1D
pathogenesis (Walker and von Herrath, 2016). Increased levels of IFN+y correlate with
progression to diabetes in non-obese diabetic (NOD) mice and T1D patients (Walker

and von Herrath, 2016). On the contrary, CD4*CD25"FOXP3™ regulatory T cells (Tyeg)
exhibit low glycolytic character and are critical for regulating immune tolerance with
demonstrated therapeutic potential in various experimental models of T1D and other
autoimmune disorders (Bluestone et al., 2015; Dirice et al., 2019; Marek-Trzonkowska et
al., 2014). In humans, adoptive immunotherapy with autologous Tyeq cells in T1D patients
has shown to be safe and indicated some therapeutic potential(Bluestone et al., 2015;
Marek-Trzonkowska et al., 2014). The differentiation of naive CD4* T cells into Tyl or
Treg cells requires substantial metabolic rewiring in response to a shift in biosynthetic and
bioenergetic needs(Pearce et al., 2013). Mitochondria, being chief metabolic organelles,
have been strongly implicated in the regulation of T cell activation and differentiation(Bailis
etal., 2019; Weinberg et al., 2015). Notably, mitochondrial signaling, in part, mediated by
reactive oxygen species (ROS), has recently emerged as a key element of T cell activation
and differentiation(Akkaya et al., 2018; Devadas et al., 2002; Jackson et al., 2004; Jones et
al., 2007; Marcin et al., 2012; Michael and Richard, 2013; Sena et al., 2013).

Mitochondria communicate to other cellular compartments to coordinate a multitude of
cellular functions (Antico Arciuch et al., 2012; Chandel, 2014; Chandel, 2015; da Cunha

et al., 2015; Galluzzi et al., 2012; Lee et al., 2013; Quiros et al., 2016; Topf et al.,

2016; Woo and Shadel, 2011; Xu et al., 2013; Yin and Cadenas, 2015; Zarse and Ristow,
2015). Traditionally, all gene-encoded mitochondrial signals have been thought to be
encoded in the nuclear genome, but recently identified peptides that are encoded in the
mitochondrial genome have been shown to mediate mitochondrial communication. MOTS-c
(mitochondrial open reading frame of the twelve S rRNA type-c) is a mitochondrial-derived
peptide (MDP) that promotes metabolic homeostasis in an AMPK-dependent manner(Lee
et al., 2015). Upon metabolic stress, MOTS-c can dynamically translocate to the nucleus
where it directly regulates adaptive nuclear gene expression(Kim et al., 2018b). Notably,

the discovery of MOTS-c was, in part, influenced by previous work that reported strong
interferon-related expression of transcripts from the mitochondrial rRNA loci(Tsuzuki et
al., 1983), providing potential immunological implications of MOTS-c function. In fact,
MOTS-c has been shown to have an anti-inflammatory effect in multiple systems and
conditions(Hu and Chen, 2018; Lee et al., 2015; Li et al., 2018; Lu et al., 2019c; Ming et al.,
2016; Qin et al., 2018; Raijmakers et al., 2019; Ramanjaneya et al., 2019; Xingiang et al.,
2020; Yin et al., 2020; Zhai et al., 2017).

Here, using the well-established NOD (non-obese diabetic) mouse model of T1D(Pearson et
al., 2016), we show that MOTS-c treatment remarkably delays disease onset and prevents
leukocyte infiltration of pancreatic islets. MOTS-c changes CD4* T cell subset frequency of
Th1 and/or Ty cells in the spleen, pancreas, and lymph nodes of NOD mice. Further, by
layering microarray data, protein-protein docking simulation, and co-immunoprecipitation
approaches, we find that MOTS-c can regulate IFNy and FOXP3 expression, in part, by
directly inhibiting mTORC1 signaling in T cells. The hydrophobic domain of MOTS-c
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allows binding to Raptor, a major component of mTORCL1, and likely acts as an allosteric
inhibitor of its substrates, including 4EBP1 and S6K. Using CD4* T cells from mice

(NOD) and humans (T1D subjects), we show that MOTS-c regulates glycolysis, cellular
differentiation, and prevents autoimmune diabetes. Our study makes an unprecedented
connection between inherent mitochondrial regulation of T cells and its therapeutic potential
in T1D.

MOTS-c prevents autoimmune diabetes in NOD mice

NOD mice exhibit T cell-mediated pancreatic p-cell destruction and consequent loss of
insulin production(Delovitch and Singh, 1997). By 18.5 weeks of age, all NOD mice
became diabetic (Figure 1A) with blood glucose levels > 500 mg/dL; the onset was as early
as 8 weeks (Figure 1A). However, systemic MOTS-c treatment (0.5 mg/kg/day; IP), initiated
at 7 weeks of age, significantly (i) delayed the onset of diabetes, whereby the first incidence
occurred at 23 weeks of age (Figure 1A), (ii) delayed disease progression with 100% vs.

0% total incidence by 19 weeks of age, which was kept to 33.3% even at 30 weeks of age
(Figure 1A), and (iii) considerably improved blood glucose levels compared to controls (251
+ 140 mg/dL vs547 + 90 mg/dL, respectively) (Figure 1B). These effects of MOTS-c were
not attributable to altered body weight (Figure 1C). An intraperitoneal glucose tolerance test
(IPGTT) in 18-week-old NOD mice revealed that MOTS-c treatment significantly improved
glucose clearance (Figure 1D), concomitant with higher glucose-stimulated insulin levels in
circulation (Figure 1E).

T1D is driven by destructive autoimmune insulitis, an inflammatory islet pathology that is
described by pancreatic infiltration of leukocytes with predominant presence of T and B
lymphocytes(Magnuson et al., 2015), that leads to B-cell loss and insulin depletion(Katsarou
et al., 2017). Histological analyses revealed that MOTS-c treatment significantly reduced (i)
the presence of islet-infiltrating cells (Figure 1F) and (ii) the degree of insulitis (Figure 1F)
in 18-week-old NOD mice. Insulin production in p-cells was preserved in MOTS-c-treated
NOD mice (Figure 1G), whereas glucagon production in a-cells were unaffected (Figure
S1A). Immunofluorescence (IF) staining showed that MOTS-c treatment significantly
reduced the levels of pancreatic infiltration by CD4* and CD8" T cells in NOD mice (Figure
S1B, S1C).

MOTS-c exhibits immunoregulatory effects in splenic CD4* T cells

To test whether MOTS-c acted on T cells in a tissue-specific manner (Figure 2A), we
measured T cell frequency in T1D-relevant tissues, including the spleen, pancreatic lymph
nodes, and thymus(D’Alise et al., 2008; Yeh et al., 2013). Only the spleen exhibited an
altered T cell profile upon MOTS-c treatment with increased CD4*, but decreased CD8™,
populations (Figure 2B; Figure S2A); no significant changes were observed in pancreatic
lymph nodes (LN) nor the thymus (Figure 2C, 2D; Figure S2B, S2C). We then tested

if MOTS-c affected specific subsets of CD4* T cells. In the spleen, the frequency of

Th1 (CD4TIFNYT) declined whereas Treq (CD4*CD25"FOXP3*) population increased in
MOTS-c-treated NOD mice (Figure 2E, Figure S2D, S2K). Notably, in the LN, although
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the total CD4* T cell frequency was largely unchanged, Treg Subset was enriched (Figure
2F, Figure S2M). The thymus did not show any changes (Figure 2G). To test if the organ-
specific actions of systemically injected MOTS-c is related to targeted tissue distribution,
we intravenously injected FLAG-tagged MOTS-c (MOTS-c-FLAG) in C57BL/6J mice.
MOTS-c-FLAG was detected in the spleen and the pancreas within an hour of injection,
but not in the thymus or pancreatic LN, consistent with splenic and pancreatic effects of
MOTS-c (Figure S3A).

To better visualize the effects of MOTS-c on splenic T cells, we performed t-SNE

analysis and found that MOTS-c treatment targeted Tyl (CD4*IFNy™) and Tyeg
(CD4*CD25*FOXP3*) cells (Figure 2H). This is consistent with the fact that Tq1 cells
accelerate T1D, whereas Tygq cells maintain immunological tolerance to islet antigens in
NOD mice(Chaudhry et al., 2009; Dirice et al., 2019; Feuerer et al., 2009; Koch et al., 2009;
Zheng et al., 2009). We then examined if the MOTS-c-dependent T cell subset modulation
in the spleen was reflected in the pancreas of 18-week old NOD mice. Indeed, using
fluorescence imaging, we observed a decrease in IFNy* and IL-17A* cells, but an increase
in FOXP3* cells in the pancreas (Figure 21, Figure S1E). GATA3* cells did not show any
changes (Figure S1D). Notably, the serum levels of IFN-y was 8-fold lower and IL-10 was
5-fold higher in MOTS-c-treated NOD mice compared to the vehicle group (Figure S3B).
To find whether the change of cytokine production is associated with T cell proliferation,
we stained 6-week-old non-diabetic NOD T cells with CFSE. MOTS-c did not alter the
proliferation of both CD4* and CD8* T cells (Figure S3C). Overall, MOTS-c treatment
significantly reduced Ty1 cells and enriched Teq cells in the spleen and pancreas of NOD
mice.

MOTS-c binds to Raptor and regulates mTORC1 signaling in T cells

To obtain an overall molecular perspective on the cellular context of MOTS-c-treated T
cells, we performed gene microarray analyses on splenocytes from 18-week-old NOD
mice treated with or without MOTS-c. Principal component analysis (PCA) revealed

a clear shift in gene expression between vehicle and MOTS-c-treated groups derived

from multiple components (Figure 3A). Hierarchical clustering and enrichment analyses
further accentuated the shift in gene expression pattern by MOTS-c treatment (Figure

3B). Using the KEGG database, we found that many MOTS-c-dependent genes that were
differentially down-regulated were strongly associated with suspected cellular functions
such as diabetes, T cell, and metabolism related pathways (Figure 3C, Figure S4A).
Furthermore, mTOR, EIF4EBPI, and genes associated with T cell differentiation (Dnmt1,
Cdk2, Smaad4, BelZ, FoxoI)(Chen and Konkel, 2010; Corn et al., 2003; Gabriel et al.,
2016; Jones and Pearce, 2017; Long et al., 2009; Ouyang et al., 2010; Yu et al., 2006)
were significantly differentially up- and down-regulated with MOTS-c treatment (Figure
S4B). mTOR and E/IF4EBP1 are major components of mTOR complex 1 (nTORC1)
signaling pathway, which is a prominent sensor and regulator of nutrient and differentiation
in T cells, especially regarding FOXP3* Treg differentiation(Kim and Guan, 2019). High
mTOR signaling or mMTORC1 activation promotes Tyl differentiation, whereas low mTOR
signaling or mTORCL inhibition is favored by Tyeg(Angelin et al., 2017; Buck et al.,

2016; Chornoguz et al., 2017; Shi et al., 2011). Raptor is a key component of mMTORC1

Cell Rep. Author manuscript; available in PMC 2023 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

Page 5

that binds to 4EBP-1 and S6K via their TOR signaling (TOS) motifs and supports their
phosphorylation(Kim et al., 2002; Yang et al., 2017). Notably mTORC1 can be directly
inhibited by another master metabolic regulator AMPK (Gwinn et al., 2008; Inoki et al.,
2006), which is a key mediator of MOTS-c function (Kim et al., 20183, b; Lee et al., 2015;
Luetal., 2019a; Lu et al., 2019b; Ming et al., 2016; Wei et al., 2020; Xingiang et al.,

2020; Yan et al., 2019; Yin et al., 2020). Thus, we asked if MOTS-c may regulate mTORC1
signaling, either directly or indirectly. Prior to the protein homology modeling of MOTS-c
using the full Raptor structure (PDB:5WBI), we assessed the reliability of the predicted
protein structure of MOTS-c and Raptor using Ramachandran plot. It revealed a distribution
of 89.8% of Raptor residues and 92.9% of MOTS-c residues in the favored region (Figure
S4C, 4D), which suggests that the predicted structures of MOTS-c and Raptor are reliable
for subsequent docking studies. The alpha helical MOTS-c likely docks to a groove between
the caspase homology domain of Raptor and the a.-solenoid through side chain-side chain
interaction (Figure 3D), specifically between the hydrophobic gYIFY 4 residues of MOTS-c
and Q333-D518 residues of Raptor (Figure 3E), also known to bind to the TOS motifs of
4EBP-1, S6K, and PRAS(Yang et al., 2017). Indeed, superimposing MOTS-c on the Raptor-
TOS motif of 4EBP-1 (PDB:5WBJ) and S6K (PDB:5WBK) revealed remarkable overlap
and interaction with identical Raptor residues (i.e., Y475, L341, L441) (Figure 3F). We
confirmed direct binding of MOTS-c and Raptor by co-immunoprecipitation studies using
MOTS-c-EGFP and Myc-Raptor (Figure 3G). The overexpression of Raptor (mMTORC1), but
not Rictor (IMTORC?2), increased the phosphorylation of its downstream proteins 4EBP-1
and p70S6K, concomitantly decreasing MOTS-c detection (Figure 3H). Conversely, MOTS-
c treatment inhibited the expression of mMTORC1-related genes (Figure S4B). Conversely,
knocking down Raptor, but not Rictor, using sShRNA increased MOTS-c expression (Figure
31). Together, these data support direct interaction between MOTS-c and Raptor (NTORC1)
and an inverse functional relation between MOTS-c and mMTORC1 signaling in T cells.

mTOR (mammalian target of rapamycin) signaling in T cells is central to the pathogenesis
of autoimmune diseases and rapamycin was thought to cause immunosuppression by
inhibiting T cell activation(Perl, 2015). We stimulated mTOR signaling by TCR ligation,
IGF-1, or glutamine to phenocopy activated T cells in autoimmune disorders(Chi, 2012;
Haxhinasto et al., 2008; Powell and Delgoffe, 2010; Sauer et al., 2008) using primary T
cells from C57BL/6J mice. Consistent with our previous results, MOTS-c expression and
mTORCI1 signaling showed a strong negative correlation in CD3* T cells (Figure S5A).
Similar results were observed in CD4* and CD8" T cells and Jurkat cells activated with TCR
ligation (Figure S5B, S5C). Conversely, mTORCL1 inhibition using rapamycin(Battaglia

et al., 2006a; Choi et al., 1996; Monti et al., 2008), increased MOTS-c levels in Jurkat
cells (Figure S5D). To visualize the expression pattern of MOTS-c in T cells, we
overexpressed MOTS-c-EGFP in Jurkat cells. In time lapse experiment, we used a marker-
free holotomographic and confocal microscopy to observe MOTS-c-EGFP expression
during Jurkat cell activation. We found that MOTS-c-EGFP levels diminished upon T cell
activation (Figure S5E, S5F; Movie S1). These results confirm the opposing functional
relationship between MOTS-c and mTORC1 signaling.
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MOTS-c regulates TCR/mTORC1 signaling to differentiate CD4* T cells

T cell receptor signaling plays a crucial role in immune responses (Sprent and Surh, 2011).
The interaction between a peptide-MHC complex on antigen presenting cells and T cell
receptors is a critical process during the pathogenesis of autoimmune disorders including
T1D (Bhattacharyya and Feng, 2020; Katsarou et al., 2017). TCR signaling is known

to activate mTORCL signaling in T cells for survival, proliferation, and differentiation
(Chapman and Chi, 2014). MOTS-c has shown a high association with both TCR and
mTORC1 signaling pathway (Figure 3A-I). To assess whether MOTS-c could regulate
TCR/MTORC1 signaling-mediated differentiation, we treated cells with aCD3 and aCD28
in MOTS-cWT or MOTS-cMut gverexpressed Jurkat cells. Because the tyrosine residues

in the hydrophobic domain of MOTS-c are critical for its interaction with Raptor, we
generated a mutant in which the hydrophobic core of MOTS-c (gYIFY 11 to gAAAA 1,
MOTS-cMUty substituted with alanine residues (Figure 4A). Using 3D protein docking
simulations, MOTS-cMut was predicted to have fewer interaction (red-dotted lines) with
Raptor (Figure 4B, 4C), which diminished its ability to inhibit MTORC1 signaling activated
by aCD3 and a.CD28 (Figure 4D). Furthermore, the loss-of-expression of MOTS-c using
actinonin, which specifically degrades mitochondrial RNA (Kim et al., 2018b; Lee et al.,
2015; Richter et al., 2013), increased mTORC1 signaling in MOTS-cWT-overexpressed
Jurkat cells under resting condition. Notably, the TCR activation further strengthened this
negative correlation of mMTORCL1 signaling and MOTS-c expression (Figure 4E). mTORC1
regulates T cell fate, in part, by differentially regulating the expression of FOXP3 and

IFNy (Chi, 2012). Thus, we assessed whether the regulation of TCR/mTORC1 signaling

by MOTS-c could change the fate of T cell and differentiation. TCR activation increased
both /FNy and FOXP3 expression in empty-vector transfected Jurkat cells. However,
MOTS-cMUt showed diminished effects on regulating T cell differentiation compared to
MOTS-cWT, Indeed, MOTS-cWT, but not MOTS-cMUt, exhibited lowered /FNy expression
level and increased FOXP3expression level compared to empty vector transfected Jurkat
cells (Figure 4F). Next, we assessed whether the synthetic MOTS-c peptide treatment to

T cells exhibit similar results as the genetic modification of MOTS-c. Before testing this,
we firstly assessed whether MOTS-c peptide could be directly delivered into T cells using
flagged-MOTS-c peptide. Data showed that MOTS-c peptide enters both CD4* and CD8*
T cells only under activated condition. Also, MOTS-c peptide favors CD4* T cells than
CDS8™ T cells. (Figure 4G). Finally, we assessed whether MOTS-c treatment could regulate T
cell differentiation. MOTS-c alone did not increase the frequency of CD4*1IFNy™ (Tw1) and
CD4*CD25"FOXP3™ (Treg) cells (Figure 4H). However, when MOTS-c was given under T
cell polarizing conditions, it lowers the differentiation into CD4*IFN+y™ cells and strengthens
CD4*CD25*FOXP3* cell frequency in comparison to TCR alone condition (Figure 4G;
Figure S6A, S6B). Overall, these data correlate with the NOD spleen data (Figure 2-4) and
confirm that MOTS-c can inhibit TCR/mTORCL1 signaling and regulate T cell differentiation
to favor Tyeq cells.

MOTS-c lowers CD4* T cells glycolysis

Treg responses require FOXP3-mediated metabolic reprogramming that engages
mitochondria and favors oxidative phosphorylation (OXPHQOS) over glycolysis, which can
be turned off by mTORC1 activation(Chapman et al., 2020). Because MOTS-c promoted the
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expansion of Tyeq cells in 18-week-old NOD spleen (Figure 2B-G; Figure S2A-F), we first
measured metabolic flux in splenocytes collected from MOTS-c-treated NOD mice (Figure
5A) and observed relatively higher oxidative and reduced glycolytic capacity (Figure 5B,
5C). To confirm this effect was driven by T cells, we isolated CD4* T cells by negative
selection. Indeed, purified splenic CD4* T cells from MOTS-c-treated NOD mice showed
significantly higher respiratory capacity (Figure 5E) and decreased glycolysis (Figure 5D),
which was proportionally reflected in their contribution to total ATP production (Figure
S7A). Similar results were seen in CD8" T cells (Figure S7B). Alternatively, we also
directly tested the effect of MOTS-c on T cells. We measured metabolic flux in Jurkat

cells that overexpressed Empty Vector, MOTS-cWT, or MOTS-cMUt (Figure 5F). We found
that MOTS-cWT, but not MOTS-cMut, effectively reduced glycolytic capacity and increased
respiratory capacity in Jurkat cells (Figure 5G, 5H). These data add metabolic support to the
MOTS-c-dependent enrichment of Tyeq cells in the NOD spleen.

MOTS-c prevents diabetes in NOD-SCID adoptive transfer model

Adoptive transfer of splenocytes from NOD to the immunocompromised NOD-SCID (T
and B cell deficient) mice can transmit T1D pathology, including B-cell destruction, in

the otherwise non-diabetogenic strain owing to CD4* T cells, but not CD8* T cells or B
lymphocytes(Bendelac et al., 1988; Christianson et al., 1993; Prochazka et al., 19923, b;
Thivolet et al., 1991; Wang et al., 1991b). MOTS-c increased splenic Teg population, which
confers immunotolerance against islet antigens. Thus, we hypothesized that adoptive transfer
of splenocytes from MOTS-c-treated NOD mice would not elicit T1D in the NOD-SCID
background. To test this, we transferred splenocytes from NOD mice that were treated/
untreated with MOTS-c (18-week-old) to NOD-SCID (6-week-old) mice. We transferred
total splenocytes, which are predominantly T and B lymphocytes(Magnuson et al., 2015),

as it transfers the disease much more efficiently than using isolated diabetic CD4* or CD8*
cells alone(Christianson et al., 1993), likely because islet antigen exposed CD4* T cells are
required for self-recognizing CD8* T cells to target the pancreas(Christianson et al., 1993;
Fuchtenbusch et al., 2005; Thivolet et al., 1991; Wang et al., 1991a). B cells are not required
for disease transfer to NOD-SCID mice(Bendelac et al., 1988). Other leukocytes, such as
macrophages and NK cells, are associated with autoimmune diabetes, but they are already
present in NOD-SCID mice(Prochazka et al., 1992a). Splenocyte transfer from control NOD
mice induced diabetes in NOD-SCID mice within 10~14 weeks (Figure 6A—-C), whereas
those from MOTS-c-treated NOD mice showed significantly (i) delayed disease onset and
(ii) reduced hyperglycemia compared to controls (Figure 6A—C). Notably, splenic T cell
frequency in recipient NOD-SCID mice at termination showed that those that received
splenocytes from MOTS-c-treated NOD mice had much lower CD4*1IFNy* and higher
CD4*FOXP3* cell frequency (Figure 6D; Figure S8A). Furthermore, CD4* T cells isolated
from pancreas islets showed reduced /FNy and increased FOXP3 gene expression (Figure
6E). Overall, these results confirmed that MOTS-c modulates CD4* T cell and prevents
diabetes in NOD mice.

MOTS-c restricts glycolysis in CD4* T cells from T1D patients

T1D patients showed significantly lower levels of circulating MOTS-c than healthy controls
(HC) (Figure 7B), consistently reflecting the function of MOTS-c in promoting Tieq cells
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and suppressing Tl cells. Indeed, CD4™ T cells from T1D patients showed significantly
reduced OXPHQS and relied more on glycolysis to produce cellular ATP than those

from healthy individuals (Figure 7C, 7D; Figure S9A). Further analyses between serum
MOTS-c level and CD4* glycoATP showed negative correlation, whereas serum MOTS-c
level and mitoATP showed positive correlation. These data suggest that MOTS-c is highly
associated with CD4* T cell metabolism (Figure 7E, 7F). Interestingly, aerobic glycolysis
is a key mTOR-dependent metabolic pathway that enables CD4* T cells to exhibit effector
functions(Buck et al., 2016; Chang et al., 2013; Cheng et al., 2014). We tested whether
MOTS-c could suppress glycolysis in CD4* T cell activation. We firstly treated cells with
either vehicle or MOTS-c and then, activated CD4* T cells in real-time by stimulating them
with human antibodies against CD3 and CD28. MOTS-c significantly blunted activation-
induced glycolytic increase in CD4™ T cells from both HC and T1D, yet the effect was less
pronounced in cells from T1D patients (Figure 7G); basal glycolytic rate was higher in T
cells from T1D patients. Similar results were observed in CD8" T cells in T1D patients
(Figure S9B, S9C). These results suggest that MOTS-c can inhibit T cell activation in T1D
patients and may provide a novel therapeutic target.

Discussion

In this study, we have evaluated the role of MOTS-c in regulating splenic T cells to

prevent autoimmune diabetes. MOTS-c altered CD4+ T cell subsets by enriching FOXP3*
Treg While suppressing IFNy* Tl cells. Notably, the discovery of MOTS-c was strongly
influenced by prior work that demonstrated considerably expression of transcripts from the
mitochondrial rRNA loci under interferon-inducing conditions(Tsuzuki et al., 1983). MOTS-
¢ broadly inhibited the expression of /FA-related genes, including interferon regulatory
factors (IRFs) and interferon-stimulated response element (ISRE)(Kim et al., 2018a),
indicating a feedback regulation between IFN and MOTS-c. The effect of MOTS-c on
autoimmune tolerance may not be limited to T1D as Tyeq cells are highly involved in
multiple autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis, and Graves’
disease, which needs further investigation.

To date, interventions that inhibit CD8* T cells, such as anti-CD3 monoclonal antibodies,
have shown varying degrees of efficacy in delaying the onset of T1D or decline in p-cell
function with no long-term success(Herold et al., 2019; Kolb and von Herrath, 2017). T cell
metabolism is an emerging therapeutic target for autoimmune diseases(Pearce et al., 2013).
Several drugs including 2-deoxy-D-glucose, metformin, and rapamycin, which regulate
metabolic pathways in immune cells are actively investigated as potential therapeutic
agents for the treatment of autoimmune diseases(Bjornstad et al., 2018; Sukumar et al.,
2013). Notably, rapamycin, mTOR inhibitor, may have therapeutic potential to prevent
T1D by promoting the expansion of FOXP3* Treg cells in NOD mice and in T1D
patients(Battaglia et al., 2006b; Monti et al., 2008). Rapamycin showed therapeutic efficacy
in other autoimmune disease models such as experimental autoimmune encephalomyelitis
(EAE)(Donia et al., 2009), autoimmune hepatitis(Montano Loza and Czaja, 2007), and
Crohn’s disease(Massey et al., 2008). These studies are compatible with our data and
supports MOTS-c as an attractive therapeutic target to modulate T cell metabolism and
suppress its activation in T1D and likely other autoimmune conditions. Taken together,
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a mitochondrial-encoded peptide MOTS-c may be leveraged to unveil an unprecedented
relationship between T cell function and mitochondria in T1D and shed new light on the
development of novel mitochondrial-based therapeutic strategies.

Jurkat (source: male) and HEK293FT (source: female) were grown in RPMI supplemented
with 10% fetal bovine serum (FBS), respectively. All cells were incubated in a humidity-
controlled environment at 37°C, 5% CO, (Thermo Fisher Scientific Forma 371), were
utilized up to 10 passages, and were purchased from ATCC.

Jurkat cell was transfected in 1.5 x 10° cells in 12 well-plate using Neon transfection
system (Thermo Fisher Scientific). MOTS-c wild type (MOTS-cWt), MOTS-c Mutant
(MOTS-cMut) MOTS-c-EGFP, EGFP-vectors, and empty-vectors were acquired as previous
reports (Kim et al., 2018b; Lee et al., 2015). After transfection, cells were sorted, selected,
and maintained in G418 (Gibco) in RPMI with 10% FBS. Raptor and Rictor ShRNA were
purchased from Addgene (#1857, 1853)(Sarbassov et al., 2005), which were transfected
into HEK293FT using Lipofectamine 3000 (Thermo). Virus-containing supernatants were
collected 24 and 48 hours after transfection. Jurkat cells were infected in the presence of

10 ug/ml of polybrene, selected for puromycin resistance and analyzed on the 7t day after
transfection.

6-week-old NOD (female, n=56) and 5-week-old NOD-SCID mice (female, n=8) were
purchased from the Jackson laboratory (Bar Harbor, USA), Animal Resource Centre
(Canning Vale, Australia), respectively. 6-week-old C57BL/6 (female, n=30) were purchased
from Koatech (Seoul, Korea). C57BL/6J, NOD, and NOD-SCID mice had a week of
stabilization before any experimental procedure. Mice were bred and housed in a specific
pathogen-free environment in the animal facility at the Seoul National University Hospital
(IACUC no. 17-0095-C1A1, 18-0144-S1A1).

MOTS-c treatment in mice.

MOTS-c peptides were synthesized as previously(Lee et al., 2015) and flagged-MOTS-c
peptides were synthesized from Cosmogentech (Seoul, Korea). NOD mice were treated with
either vehicle (non-specific scrambled MOTS-c peptide) or MOTS-c (0.5 mg/kg/day; IP)
daily in the morning up to 18 or 30 weeks of age. Random blood glucose (RBG) level

and body weights were measured in the morning twice every week for all types of mice
(Accu-Chek). Blood glucose levels>300 mg/dL for two consecutive times in RBG level were
consider as diabetes. Intraperitoneal glucose tolerance test was performed a week before
euthanasia. For euthanasia, NOD mice aged 18 weeks were fasted overnight (16-18 hrs),
weighed and random blood glucose were measured. Blood was collected with heparinized
capillary tubes from the retro-orbital sinus before the glucose injection and 15 minutes after
the glucose injection, as previously reported (Chong et al., 2006). The collected blood was
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centrifuged for plasma separation, stored at —8°C, and analyzed insulin and cytokine content
within 2 weeks (Alpco). For adoptive transfer, 6-week-old NOD/SCID mice were used as
recipients and received i.v. injection of 1.0 x 107 cells/ml splenocytes from 18-week-old
NOD mice donors. For flagged MOTS-c injection, 7-week-old C57BL/6J were i.v. injected
with 10 mg/kg of flagged-MOTS-c in time dependent manner. After sacrifice, tissues were
collected from C57BL/6J, NOD, and NOD-SCID mice to be stored in RNAlater (Thermo),
fixed in paraformaldehyde, or homogenized for further analysis. All animal experiments
were repeated by 3 times.

T1D patients and healthy controls

10 patients with Type 1 diabetes (T1D) fulfilling diagnostic criteria for T1D were

enrolled from the Division of Endocrinology and Metabolism, Department of Internal
Medicine, Seoul National University Hospital (IRB no. 1808-151-967). Ten age- and
sex-matched healthy controls were also recruited for blood donation. Demographic and
clinical characteristics of two groups and basic information of each patient are summarized
in Supplemental Table 2. Peripheral blood was obtained by venipuncture and processed
immediately for T cell purification as described below.

T cell proliferation

To assess proliferation, CD4* and CD8* T cells were isolated from NOD mice (6-week-old)
fluorescein-labed with 1 uM CFSE for 5 min at 37°C. Then, they were treated with soluble
aCD3 and aCD28 (2 pg/ml each) for 3 days with or without IL-2 (10 ng/ml) in RPMI
media supplemented with 10% fetal bovine serum (FBS).

Real-time PCR

Total RNA was purified using the RNeasy Mini Kit (Qiagen) as per manufacturer’s protocol.
cDNA was synthesized by reverse transcription of 1 pg of total RNA using AMV Reverse
Transcriptase (Promega) following manufacturer’s instructions. Quantitative real-time PCR
was performed in 20 pl of reaction mixture containing 1 pl of cDNA, 10 pM of each primer,
and 10 pl of SYBR Select Master Mix (Thermo Fisher Scientific) using Applied Biosystems
7500 Real-Time PCR System (Thermo Fisher Scientific). Products were amplified with
primers listed in Supplemental Table 1 and 18S ribosomal RNA was used as a reference
control for each reaction.

Western blotting

Splenocytes and Jurkat cell whole lysates were extracted with lysis buffer containing a
protease/phosphatase inhibitor cocktail as previously reported to assess mMTORC1(Kim et
al., 2002) and MOTS-c(Kim et al., 2018b; Lee et al., 2015). The lysates were subjected

to electrophoresis using 4-15% precast gels (Bio-rad). The resolved gels from precast
SDS-PAGE were transferred to PVDF membranes, blocked with 5% skimmed milk in tris-
buffered saline containing 0.05% Tween-20 (TBS-T) and incubated with primary antibody at
4°C overnight. The membranes were incubated with HRP-conjugated secondary antibodies
at room temperature for 2 hrs and developed using Pico chemiluminescent substrate
(Thermo) and imaged using Amersham imager 600 (GE Healthcare).
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Co-immunoprecipitation

Cells were lysed in lysis buffer as previously reported(Kim et al., 2002). Dynabeads (per
mg) were coated with 5 ug GFP antibody at room temperature overnight. Cell lysates
were incubated with antibody-conjugated Dynabeads and rotated at 4°C for 3 hr. The
immunoprecipitation complex was washed and eluted. The eluted samples were suspended
with SDS sample buffer and subjected to western blotting.

Pancreas histology, scoring of insulitis and immunofluorescence analyses on tissue

samples

NOD mice were sacrificed and pancreas were obtained and preserved either in 4%
paraformaldehyde or in OCT compound for frozen cryotome sectioning. Pancreas embedded
in paraffin were used for hematoxylin and eosin staining to score insulitis, as previously
described(Zhang et al., 2007). Insulin-secreting islets were scored as follows: 0, no insulitis
(free of infiltration); 1, periinsulitis (a few to many inflammatory cells outside or in the
immediate vicinity of the islets); 2, insulitis a clear and often extensive islet infiltrate that
shows direct lymphocyte-B cell contact). The percentage of no insulitis, periinsulitis, and
insulitis among total islets in each mouse was calculated. Pancreas embedded in frozen
block were prepared in 5 pM cross sections for immunofluorescence staining. Sections were
blocked with 5% goat serum (Jackson ImmunoResearch) in antibody diluent (Dako) for

30 minutes and incubated overnight at 4°C with following antibodies: Insulin, Glucagon,
and lymphocyte markers (1:100 of antibody concentration). After washing with TBST,
slides were incubated for 1 hr with appropriate fluorochrome-attached secondary antibody
(Jackson ImmunoResearch). Slides were rinsed and analyzed after mounting cover-glass.
Then, images were acquired by using DMi8 (Leica).

Mouse pancreas islet CD4" T cell isolation

NOD-SCID mice islets were isolated were isolated, as previously reported(Li et al.,
2009). Then, islets were further processed to negatively isolate CD4 T cells using MACS
microbeads (Miltenyi) for real-time PCR.

Flow cytometry and intracellular cytokine staining

All antibodies were purchased BD Biosciences or Biolegend. To evaluate T cell subsets,
monocytes, and macrophages frequency, spleen, lymph nodes, and thymus were isolated and
mashed with nylon mesh (Spectrum). Red blood cells were removed using RBC lysis buffer
(eBioscience), and cells were washed, and stained with adequate antibodies and isotype
controls for FACS analysis. For intracellular cytokines staining, cells were stimulated

at 37°C for 6 hrs in the presence of Golgistop (BD Biosciences), PMA (Sigma), and
ionomycin (Sigma). CD4~CD8~, CD4*CD8~, CD4~CD8", CD4*CD8*, Tyl (CD4*IFNy™),
Th2 (CD4*IL-4%), TH17(CDATIL-17AY), Treq (CD4*CD25"FOXP3Y) cells were gated for
FACS analysis. All FACS data was acquired using FACS Canto, and were analyzed with
Flowjo software (Treestar, Ashland).
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NOD serum analysis using multiplex cytokine assay

NOD mice serum was assessed using mouse Ty1/Ty2/Ty17 cytokine CBA kit (BD
Biosciences) and were analyzed using FCAP array software (BD Biosciences). All FACS
data was acquired using FACS Canto, and were analyzed with Flowjo software (Treestar,
Ashland).

t-SNE analysis

For t-SNE analysis, data from exported FCS files were analyzed using Cytobank
(www.cytobank.org).

Th1 and Tyeg differentiation.

CD4+ T cells were negatively isolated from C57BL/6J mice (7-week-old) using MACS
microbeads (Miltenyi). Tyl polarization was performed by the addition of recombinant 1L-2
(10 ng/ml; Peprotech), anti-mouse IL-4 (10 pg/ml, R&D systems) and 1L-12 (10 ng/ml;
Peprotech). Tyeq polarization was performed by the addition of recombinant human TGF-8
(10ng/ml, Peprotech) and IL-2 (10ng/ml) in the presence of mouse aCD3 and aCD28 (2
pg/ml each).

Metabolic flux analyses

Murine splenocytes were obtained from NOD spleen after the treatment of either vehicle

or MOTS-c for 18 weeks. Human PBMCs were isolated using a Ficoll density gradient

(GE Healthcare) of buffy coats from blood of healthy donors or patients. Then, CD4" or
CD8* T cells were negatively isolated using T cell isolation kit (MACS, Miltenyi Biotec).
Isolated CD4*, CD8™ T cells, or splenocytes from each group were plated onto Seahorse

cell plates coated with Cell-Tak (Corning) to enhance T cell attachment. Cells were analyzed
with the Seahorse XFe24/96 Extracellular Flux analyzer (Agilent) to determine real-time
oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and Real-time
ATP production assay. Real-time ATP production assay measures and quantifies mitoATP
and glycoATP, simultaneously, by using oligomycin and Rotenone/Antimycin A. To monitor
CD4" and CD8™ T cell activation in real-time, aCD3 (4 ug/ml; BD Biosciences) and
aCD28 (20 pg/ml; BD Biosciences) were mixed and directly applied onto plated cells via
the instrument’s multi-injection ports. Both antibodies were injected 30 minutes after the
experiment was initiated for murine T cells, as previously reported (Gubser et al., 2013). For
human T cells, antibodies were introduced 60 minutes after the injection of MOTS-c (10uM)
or vehicle.

In-house MOTS-c ELISA test

MOTS-c-BSA conjugation was synthesized in Youngin Frontier (Seoul, Korea). ELISA
method was used and modified from the previous study to test MOTS-c level in human
serum (Lee et al., 2015).

Jurkat T cell imaging using Nanolive.

MOTS-c EGFP transfected Jurkat cells treated with or without human aCD3 (4 pg/ml, 3
hours) and aCD28 (10ug/ml, 3 hours). For live cell imaging of T cells, MOTS-c EGFP
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transfected Jurkat cells were seeded (1 x 10° cells) in a confocal dish and placed in a culture
chamber of Nanolive, which is a marker-free phase holotomographic microscope. Then,
cells were either untreated or treated with a«CD3 (4 pg/ml; BD Biosciences) and aCD28 (20
pg/ml; BD Biosciences) for 1 hr. Images were analyzed using STEVE software (Nanolive).

MOTS-c-Raptor molecular docking and refinement.

Microarray.

3D structure of MOTS-cWT and MOTS-cMUt peptide was acquired by using Pepfold 3.0
(https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD3) and Raptor
(PDB ID:5WBI), Raptor-TOS motifs of 4EBP-1 (PDB ID:5WBJ), and Raptor-TOS motifs
of S6K (PDB:5WBK) from previous report (Yang et al., 2017). These structures were
analyzed with Ramachandran plot to verify the protein structure is reliable for subsequent
docking studies(Lovell et al., 2003). The Ramachandran plot also helps to determine
whether the protein will form a helices (¢, —60° and V', —45°), B sheets (¢, -120° and

v, 115°), or left-handed a helices (¢, 60° and y, 45°). Majority of MOTS-c residues are a
helical, but Raptor shows more complicated structure. For the sampling method, hierarchical
optimization (number of clusters:250) was set to optimize side chains within 5.0 A of the
ligand-binding site. The sampling algorithm was set to Monte Carlo minimization (number
of steps: 500) to consider backbone flexibility and find the global minima within 10.0 A of
the ligand-binding site. Other parameters were set to default. Computational studies were
carried out using PyRX 2.0 and molecular visualization of MOTS-c-Raptor complex was
acquired by using PyMOL 2.3 (http://www.pymol.org).

RNA purity and integrity were evaluated by ND-1000 Spectrophotometer (NanoDrop),
Agilent 2100 Bioanalyzer (Agilent Technologies). RNA labeling and hybridization were
performed by using the Agilent One-Color Microarray-Based Gene Expression Analysis
protocol (Agilent Technology, V 6.5, 2010). Briefly, 100ng of total RNA from each
sample was linearly amplified and labeled with Cy3-dCTP. The labeled cRNAs were
purified by RNAeasy Mini Kit (Qiagen). The concentration and specific activity of the
labeled cRNAs (pmol Cy3/ug cRNA) were measured by NanoDrop ND-1000(NanoDrop,
Wilmington, USA). 600ng of each labeled cRNA was fragmented by adding 5 pl 10 x
blocking agent and 1 pl of 25 x fragmentation buffer, and then heated at 60°C for 30 min.
Finally, 25 ul 2 x GE hybridization buffer was added to dilute the labeled cRNA. 40ul

of hybridization solution was dispensed into the gasket slide and assembled to the Agilent
SurePrint G3 Mouse GE 8X60K, V2 Microarrays (Agilent®). The slides were incubated
for 17 h at 65°C in an Agilent hybridization oven. then washed at room temperature

by using the Agilent One-Color Microarray-Based Gene Expression Analysis protocol
(Agilent Technology, V 6.5, 2010). The hybridized array was immediately scanned with
an Agilent Microarray Scanner D (Agilent Technologies, Inc.). Microarray results were
extracted using Agilent Feature Extraction software v11.0 (Agilent Technologies). Array
probes that have Flag A in samples were filtered out. Selected gProcessedSignal value was
transformed by logarithm and normalized by quantile method. Statistical significance of
the expression data was determined using independent t-test and fold change in which the
null hypothesis was that no difference exists among groups. False discovery rate (FDR)
was controlled by adjusting p value using Benjamini-Hochberg algorithm. For a DEG
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set, Hierarchical cluster analysis was performed using complete linkage and Euclidean
distance as a measure of similarity. Gene-Enrichment and Functional Annotation analysis
for significant probe list was performed using KEGG (www.genome.jp/kegg/)(Kanehisa and
Goto, 2000) (Supplemental Table 3). All data analysis and visualization of differentially
expressed genes was conducted using R 3.1.2 (www.r-project.org).

Statistical analysis.

Data are presented as mean + standard error of mean (SEM). Graphpad Prism was used for
two-tailed #test, one-way or two-way ANOVA to assess significance between groups and
Bonferroni’s multiple comparison was performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MOT S-c prevents autoimmune diabetes in NOD mice.
NOD mice were treated with MOTS-c daily (0.5 mg/kg/day; IP) for (A-C) 30 weeks (n=6)

and (D-G) 18 weeks (n=10) of age. (A) Diabetes incidence was observed until 30 weeks
of age. (B) Random blood glucose (RBG) level and (C) body weight were measured twice
a week; two-way repeated measures ANOVA. A week before euthanasia, (D) IPGTT was
performed by injecting p-glucose (2 g/kg; IP) in time-course and AUCs for blood glucose
were calculated; two-tailed t-test (for AUC) and two-way (for time-dependent IPGTT)
ANOVA. (E) Serum obtained before and after glucose injection in IPGTT were assessed
for insulin concentration; two-tailed t-test. Paraffinized NOD pancreas were stained with
(F) H&E for assessment of insulitis score and (G) IF staining of insulin. (F, G) Pancreatic
sections were prepared as described and the representative data from ten pancreases with ten
sections for each mouse (n=10); two-tailed t-test (for insulitis score), error bars are S.E.M.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale bars: 25 um
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Figure 2. MOTS-c exhibits immunoregulatory effectsin splenic CD4™ T cells.
(A) NOD mice were treated with MOTS-c daily (0.5 mg/kg/day; IP) for 18 weeks

(n=10) of age to isolate (B, E, H) spleen, (C, F) pancreatic lymph nodes (PLN), (D,

G) thymus, (1) pancreas, and (Figure S3A) serum. Cells obtained from each organ were
stained for (B, C, D) CD4~ CD8~, CD4*CD8", CD4~CD8*, CD4*CD8"; and (E, F, G)
IFNy*, CD25*FOXP3*, IL-4", and IL-17A* in CD4* cells; two-way ANOVA. (H) t-SNE

was performed for CD4*, CD8*, IFNy™*, CD25*FOXP3*, IL-4*, and IL-17A" after down-
sampling of splenocytes. The indicated positive cells were overlaid in color onto the overall
t-SNE map. Immunohistological analysis for T cell subsets were performed in the pancreas
of NOD mice. IF staining (I) shows for insulin (red) and IFNy, and FOXP3 (green). IF
staining on pancreatic sections were prepared as described and the representative data from
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ten pancreases with ten sections for each group (n=100); two-tailed t-test, error bars are
S.E.M. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 3. MOTS-c bindsto Raptor and regulatesmTORC1 signalingin T cells.
(A-D) Microarray analyses on NOD splenocytes treated with either vehicle or MOTS-c for

18 weeks of age (n=3). (A) Principal component analysis (PCA), (B) Hierarchical clustering,
and (C) KEGG analysis on insulin-related, diabetes-related, T-cell related, metabolic-related
pathways. (D) Raptor and MOTS-c (magenta) structures are superimposed. MOTS-c
interacts with a groove in between the a-solenoid and caspase homology domain of Raptor.
(E) Close-up views of the interface between Raptor (cartoon, cyan), Raptor active site
(sticks, yellow), and MOTS-c (sticks, magenta) with residue numbers and interaction (red-
dotted lines). (F) MOTS-c (sticks, magenta) and its YIFY hydrophobic core (sticks, green)
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were superimposed on Raptor (cyan)-TOS motifs of 4EBP-1 and S6K (sticks, orange).
Immunoblotting of MOTS-c and mTORC1 were assessed by (G) Co-immunoprecipitation
of EGFP-MOTS-c and Myc-tagged Raptor (Myc-Raptor) in Jurkat cells, (H) overexpression
of Myc-Raptor and Myc-Rictor in Jurkat cells, and (1) shRNA of Raptor and Rictor in Jurkat
cells. All western data are representative of at least 3 independent experiments.
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(A) 3D Structure of MOTS-cWT and MOTS-cMUt, (B) Raptor and MOTS-cMUt are
superimposed. (C) Close-up views of the interface between Raptor (cyan), active site (sticks,
yellow), and MOTS-cMUt (sticks, magenta) with residue numbers. Interaction between
MOTS-cMUt and Raptor active site is shown in red dotted line.
Empty vector plasmid, MOTS-c wild type (MOTS-cWT), and MOTS-c mutant (MOTS-cMuty
were overexpressed in Jurkat cells and then activated with soluble human aCD3 (4 pg/ml)
and aCD28 (10 pg/ml) for 3 hours to analyze (D) MOTS-c and mTORCL1 signaling proteins;
(E) For loss-of-expression of MOTS-c, mitochondrial RNA depletion was induced by

actinonin (50 M, 24h) in MOTS-cWT overexpressed Jurkat cells. (F) CD4+ and CD8+
T cells were obtained from 7-week-old C56BL/6 mice splenocytes. FLAG-MOTS-c (10 uM)
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was treated from 3 hours with or without aCD3 (4 pg/ml) and aCD28 (10 pg/ml). Cells and
medium were collected from immunoblotting on FLAG. All western data are representative
of at least 3 independent experiments.

(F) /FNy and FOXP3mRNA level (n=5); one-way ANOVA, error bars are S.E.M.
##p<0.01, ###p<0.001, #HH#p<0.0001, ***p<0.001, ****p<0.0001. #indicates difference
between MOTS-cWT vs empty vector transfected group. *indicates difference within the
group. (G) CD4* T cells were negatively isolated from C57BL/6J mice spleen (n=5).

TH1 or Treq polarization were performed, as described in the method, in the presence or
absence of MOTS-c (10 uM). Then, cells were stained with adequate antibodies (CD4,
IFNy, CD25, FOXP3) for FACS analysis; one-way ANOVA, error bars are S.E.M. p**0.01,
****<0.0001.
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Figure5. MOTS-c lowers CD4™ T cells glycolysis.
(A) NOD mice were treated with either vehicle or MOTS-c daily (0.5 mg/kg/day; IP)

for 18 weeks of age. Then, NOD splenocytes (n=5) and CD4* T cells were assessed for

(B, D) glycolysis after glucose stimulation (n=10) and (C, E) respiratory capacity (n=10);
two-tailed t-test (B, C, D, E), error bars are S.E.M. *p<0.05, **p<0.01, ****p<0.0001.

(F) Jurkat cells were overexpressed with empty vector, MOTS-cWT, and MOTS-cMUt, These
cells were assessed for (G) glycolysis after glucose stimulation (n=5) and (H) respiratory
capacity (n=5); one-way ANOVA (G, H), error bars are S.E.M. **p<0.01, ****p<0.0001.
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Figure 6. MOT S-c prevents diabetesin NOD-SCID adoptive transfer model.
18-week-old NOD splenocytes (1 x 107 cells) from each group were i.v. injected to 6-week-

old NOD/SCID mice (n=4) for measurement of (A) diabetes incidence, (B) RBG level,

and (C) body weight; two-way repeated measures ANOVA, error bars are S.E.M. *p<0.05,
**n<0.01.

(D, E) 18-weeks after adoptive transfer, NOD-SCID spleen and pancreas were isolated from
each group at termination (n=4). Then, splenocytes were stained with appropriate antibodies
to analyze (D) CD4*IFNy™* and CD4*CD25*FOXP3* cells (n=4) using FACS. Also, CD4*
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cells were negatively isolated from pancreas islets to analyze (E) mRNA expression level of
IFNy (n=4) and FOXP3 (n=4); two-tailed t-test, error bars are S.E.M. *p<0.05.
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Figure 7. MOTS-crestricts glycolysisin CD4™ T cellsfrom T1D patients
(A) Human T cells were isolated from PBMCs and serum were obtained from T1D and

healthy controls (HC). (B) Human serum MOTS-c level in T1D patients and HC (n=10)
were assessed. Negatively isolated human CD4* T cells were assessed for (C) glycoATP
production and (D) mitoATP production in percentage (n=5); two-tailed t-test, *p<0.05.
The relationship between serum MOTS-c level and CD4" glycoATP or mitoATP were
evaluated (n=5 from each group). Serum MOTS-c showed (E) negative correlation with
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CD4* glycoATP (r=-0.75, P=0.016), whereas (F) positive correlation with CD4* mitoATP
(r=0.67, P=0.041). Relationships were evaluated by Spearman correlation coefficient (r).

For the real-time human T cell activation, T1D patients and healthy controls (HC) (G) CD4"*
T cells were analyzed by XFe96 Seahorse analyzer (n=5). T cells were activated with human
aCD3 (4 pg/ml) and aCD28 (20 pg/ml) in the presence or absence of MOTS-c (10 uM);
two-way ANOVA, **p<0.01.
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