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Highlights

e Canagliflozin (cana) inhibits human T cell effector function

e Cana compromises T cell receptor signaling

e Cana impairs the activity of ERK, mTORC, and Myc,
preventing metabolic rewiring

e Cana impairs the effector function of T cells derived from
patients with autoimmunity
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In brief

Jenkins et al. report that the SGLT2
inhibitor, canagliflozin, compromises
human T cell effector function.
Canagliflozin prevents T cell activation
and proliferation by antagonizing TCR
signaling, impairing the activity of c-Myc,
leading to a failure to engage in metabolic
rewiring. In vitro, canagliflozin impairs

T cell function in patients with
autoimmunity.
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SUMMARY

Augmented T cell function leading to host damage in autoimmunity is supported by metabolic dysregulation,
making targeting immunometabolism an attractive therapeutic avenue. Canagliflozin, a type 2 diabetes drug,
is a sodium glucose co-transporter 2 (SGLT2) inhibitor with known off-target effects on glutamate dehydro-
genase and complex |. However, the effects of SGLT2 inhibitors on human T cell function have not been
extensively explored. Here, we show that canagliflozin-treated T cells are compromised in their ability to acti-
vate, proliferate, and initiate effector functions. Canagliflozin inhibits T cell receptor signaling, impacting on
ERK and mTORC1 activity, concomitantly associated with reduced c-Myc. Compromised c-Myc levels were
encapsulated by a failure to engage translational machinery resulting in impaired metabolic protein and so-
lute carrier production among others. Importantly, canagliflozin-treated T cells derived from patients with
autoimmune disorders impaired their effector function. Taken together, our work highlights a potential ther-
apeutic avenue for repurposing canagliflozin as an intervention for T cell-mediated autoimmunity.

INTRODUCTION

Upon activation, human T cells adopt an anabolic metabolism to
fuel the biosynthetic and energetic requirements of effector func-
tion."? This metabolic rewiring supports blastogenesis and the
production of various immune-based mediators, such as cyto-
kines, to drive the adaptive immune response.® One of the hall-
marks of autoimmune disorders is aberrant T cell activation,
which is supported by elevated metabolic demands.”® For
example, in rheumatoid arthritis (RA), patient-derived patho-
genic T cells display dysregulated cellular metabolism under-
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pinned by an enhanced requirement for energy and biosynthetic
intermediates.””® Furthermore, T cell metabolic rewiring, such
as elevated glucose metabolism, lipid synthesis and glutaminol-
ysis, and mitochondrial dysfunction, is a major driver of systemic
lupus erythematosus (SLE) pathogenesis.>'° Taken together,
these studies highlight that targeting the general immunometa-
bolic profile of T cells could be therapeutically beneficial.
Appraising and repurposing type 2 diabetes (T2D) medications
that target cellular metabolism as treatments for autoimmunity
has significant potential.”’~'® For example, the biguanide and
complex | inhibitor, metformin has been repurposed in RA,'®"”

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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SLE,"""® multiple sclerosis,'®?° and myasthenia gravis.”"' In a

recent clinical trial, metformin reduced the occurrence of severe
flare-ups in patients with SLE."" Furthermore, the inhibitor rosi-
glitazone from the thiazolidinedione class suppressed patho-
genic Th17-driven atopic dermatitis in obese mice.”” These
studies highlight the potential for targeting altered metabolic sig-
natures characteristic of pathogenic T cells, using T2D drugs for
therapeutic benefit in autoimmunity.

Sodium glucose co-transporter 2 (SGLT2) inhibitors are a
novel class of T2D drugs approved for the treatment of T2D since
2012.2° SGLT2 inhibitors, such as canagliflozin (cana) and dapa-
gliflozin (dapa), target the SGLT2 transporter and prevent
glucose reabsorption in the kidneys. Here, increased glucose
excretion in the urine and a reduction in blood glucose improves
glycemic control.>**° Interestingly, cana, as opposed to dapa,
has been shown to have off-target effects, inhibiting mitochon-
drial glutamate dehydrogenase (GDH) and complex I.%5?” Previ-
ous work has highlighted the beneficial effects of cana in renal
and cardiovascular function in patients with chronic kidney dis-
ease and heart failure, respectively.”®>° However, the effects
of the gliflozins, specifically cana, on human T cell function is
limited. As levels of SGLT2 are barely detectable in human
T cells,*° the aforementioned off-target effects of cana on mito-
chondria pose an interesting avenue to investigate in T cells.

Here, we found that cana but not dapa is a potent inhibitor of
human T cell effector function. We reveal that in addition to the
known off-target effects on GDH and complex |, cana inhibited
T cell receptor (TCR) signaling resulting in compromised ERK
and mTORC1 activity. These events were associated with a
concomitant reduction in c-Myc levels, curbing metabolic re-
programming in activated T cells. This blunted metabolic
response was associated with mitochondrial dysfunction, ulti-
mately leading to impaired T cell effector function in multiple hu-
man T cell subsets. Importantly, cana was able to suppress T cell
effector function in two autoimmune patient cohorts—SLE and
RA—highlighting the potential of repurposing cana for improved
treatment of T cell-mediated autoimmunity.

RESULTS

Canagliflozin modulates activated T cell function
We sought to better understand the effects of SGLT2 inhibitors
on human CD4+ T cells—the key drivers in autoimmunity.®’
Here, we examined the effects of two different SGLT2 inhibitors;
cana, which displays off-target effects on GDH and complex |,
and dapa, which has no known off-target effects.®” We purified
human CD4+ naive T cells (Tnv) and activated them with anti-
CD8 and anti-CD28 for 24 h in the presence or absence of phys-
iologically relevant doses of either cana or dapa and assessed
downstream effector function.®>** Cana significantly reduced
IL-2 production in a dose-dependent manner, whereas dapa
had a modest but non-significant effect (Figure 1A). This obser-
vation was not due to compromised cell viability (Figure 1B).
Cana further constrained T cell activation by reducing expres-
sion of activation markers CD25, CD44, and CD69 (Figure 1C).
To confirm our findings in a more physiological setting, we uti-
lized the recently developed human-plasma-like media (HPLM).
The formulation of HPLM more accurately reflects the nutrient
levels of human plasma and has profound effects on T cell func-
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tion in comparison with traditional, non-physiological media,
such as RPMI.*® Once again, using HPLM, cana significantly
impaired IL-2 production (Figure 1D) and activation marker
expression (Figure 1E). Importantly, cana did not alter the pheno-
type of unstimulated Tnv based on measurement of activation
markers (Figure S1A). These results demonstrate that cana treat-
ment impairs T cell activation. Closer inspection of publicly avail-
able data (ImmGen [human] and ImmPRes [mouse]) indicate that
SLC5A2 or “SGLT2” is minimally expressed in human T cells
(normalized expression value of SLC5A2 = 8, whereas SLC2A1
(GLUTT) = 145, SLC2A3 (GLUT3) = 277)°° and undetectable in
mouse T cells (www.immpres.co.uk). Taken together, this sug-
gests that it is the “off-target” effects of cana rather than the
known SGLT2 inhibitory effects that mediate inhibition of T cell
activation programs.

Canagliflozin impairs T cell blastogenesis and
proliferation

To better understand the impact of cana treatment on T cell func-
tion and phenotype, we next measured gene transcription in
HPLM cultured, activated T cells. Using a NanoString human
autoimmune panel, we revealed 3 downregulated and 39 upre-
gulated genes upon cana treatment (Figure 2A). Our previous
findings were confirmed at the gene transcript level with down-
regulation of /L2 (Figure 2B). In contrast to our flow cytometry
data, levels of the CD25 transcript, IL2RA, were significantly
elevated upon cana treatment (Figure 2B) indicating potential is-
sues at the translational level. We also observed significantly
increased expression of SELL (CD62L; Figures 2B and S1B) in
cana-treated cells compared with controls, which was also
confirmed at the protein level (Figure S1C). These data also re-
vealed that cana was associated with the downregulation of
CSF2 and CCL20 genes—commonly associated with a Th17
signature®® (Figure 2B). No significant transcript alterations
were observed of T cells treated with dapa (Figure S1D).

Given the striking effects of cana on IL-2 production, we next
assessed blastogenesis. Here, cana significantly reduced T cell
blastogenesis (Figure 2C). This observation was in line with
repressed downstream signaling targets involved in biogenesis,
mainly mammalian target of rapamycin complex 1 (mTORCH1).
Two markers of mTORC1 activity, S6 ribosomal protein (S6)
and 4E-BP1 phosphorylation, were both decreased at 4 and
24 h post-activation without changes in AMPK activity (a nega-
tive regulator of mTORC1°") and its downstream target acetyl-
CoA carboxylase (Figures 2D and S1E).

To determine whether the effects of cana on T cells were long
lived, we followed the activation of T cells out to 72 h of culture.
Again, cana significantly reduced T cell proliferation (Figure 2E),
IL-2 production, and STAT5 phosphorylation (Figures S1F and
S1G) revealing that cana inhibits both short- and long-term
T cell activation in physiological HPLM. Given the significant de-
fects in IL-2 production in both HPLM and RPMI, we sought to
identify whether the addition of exogenous IL-2 was able to
rescue the observed phenotype. Supplementation with IL-2 did
not rescue the cana-dependent effect on blastogenesis, indi-
cating a more global effect on T cell suppression (Figure 2F).

Next, we assessed whether cana could suppress previously
activated T cells and employed two strategies to determine
this. First, we activated T cells for 48 h and subsequently

Cell Metabolism 35, 1132-1146, July 11, 2023 1133
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Figure 1. Canagliflozin impairs T cell activation

(A) Extracellular IL-2 release by anti-CD3 (2 ng/mL) and anti-CD28 (20 ng/mL) activated T cells treated with either canagliflozin or dapagliflozin at indicated

concentrations for 24 h in RPMI.

(B) Activated T cell viability in the presence or absence of canagliflozin or dapagliflozin (both 10 uM). Representative contour plots, numbers indicate frequency of

DRAQ7-positive cells.

(C-E) (C) Expression of activation markers CD25, CD44, and CD69. Representative overlaid histogram plots, numbers indicate median fluorescence intensity.
T cells activated as (A) in HPLM media with (D) extracellular levels of IL-2 or (E) activation markers CD25, CD44, and CD69 assessed.
Data are representative of three (A), six (B, D, and E), or five-six (C) independent experiments. Data are expressed as mean + SEM.

See also Data S2.

introduced cana for the final 24 h of culture. Here, cana retained
an ability to reduce blastogenesis in activated T cells (Figures
S1H and S1l). Second, we activated purified total or “pan”
CD4+ T cells for 24 h, treating them for a further 72 h (supple-
mented with IL-2) with increasing doses of cana. Here, cana
was able to suppress total CD4+ T cell counts and a reducing
trend in IFN+y production, but at higher concentrations than those
when starting from a naive T cell population (Figures S1J and
S1K). Taken together, our data demonstrate that cana sup-
presses T cell activation in a physiological environment.

Canagliflozin suppresses c-Myc signaling

To better understand the underlying mechanisms responsible for
the impact of cana treatment on activated T cells, we assessed
immunometabolic changes at the gene transcript level. Using a
NanoString human metabolism panel we revealed that cana
treatment resulted in 24 downregulated and 14 upregulated
genes (Figure 3A). Pathway analysis of downregulated genes
identified functions linked to glycolysis, c-Myc, and cell cycle,

1134 Cell Metabolism 35, 1132-1146, July 11, 2023

which supported our earlier findings (Figures 3B and 3C). At
the transcript level, c-Myc expression was unaffected (Fig-
ure 3D), whereas it was reduced at the protein level upon cana
treatment at both an early (4 h) and late time point (24 h), indi-
cating a translational rather than transcriptional perturbation
(Figure 3E).

As c-Myc is a master transcription factor, integral to metabolic
reprogramming of T cells upon activation,***° we explored our
findings further by carrying out label-free liquid chromatog-
raphy-mass-spectrometry-based whole-cell proteomics to
investigate the impact of cana on the global activated T cell
proteome. In line with cana reducing cell size (Figure 2C),
cana-treated cells had a significantly lower protein mass in com-
parison with those treated with the vehicle control (Figure 3F). A
total of 5,655 proteins were detected and differential expression
analysis revealed that at the copy-number level, 4,421 proteins
were significantly reduced whereas one protein was upregu-
lated—the cell-cycle inhibitor, CDKN1B (Figures 3G and S2A).
Importantly, we were not able to detect SLC5A2 or SGLT2 in
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Figure 2. Canagliflozin inhibits T cell proliferation

T cells were activated with anti-CD3 (2 pg/mL) and anti-CD28 (20 pg/mL) and treated with or without canagliflozin (10 uM) for 24 h.

(A) NanoString differential expression analysis of autoimmunity-associated genes in canagliflozin-treated T cells versus vehicle control. Blue and red data points
represent downregulated and upregulated genes, respectively. Genes with an adjusted p value < 0.05 and log, fold-change <—1 and >1 were considered
differentially expressed.

(B) Normalized mRNA counts for IL2, IL2RA, CSF2, and CCL20.

(C) T cell blastogenesis levels with representative overlaid histogram plots, numbers indicate FSC-A.

(D) Immunoblot of phospho-acetyl-CoA carboxylase (pACC), phospho-AMPK, AMPK, phospho-S6 ribosomal protein, 4E-BP1 and B-actin assessment in
activated CD4+ T cells at 4 and 24 h.

(E) T cell proliferation measured by flow cytometry using CTV on cells activated with anti-CD3 (2 ng/mL) and anti-CD28 (20 ug/mL) for 72 h.

(F) Tnv activated for 24 h + IL-2 (10 ng/mL) in the presence or absence of canagliflozin (10 uM) with representative overlaid histogram plots, numbers indi-
cate FSC-A.

Data are representative of six (A-C), four-five (D), four (E), or three (F) independent experiments. Data are expressed as mean + SEM.

See also Data S1 and S2.

our proteomic dataset. We next took into consideration the con-  tion, other upregulated pathways included proteins associated
centration of the detected proteins, irrespective of cell size.  with “sirtuin signaling” and “glutathione redox reactions” (Fig-
Here, 481 proteins were downregulated in response to cana ure 3K), which was consistent with elevated early mitochondrial
treatment, while 203 proteins were upregulated (log, fold- ROS production (Figure S2E) and heightened levels of proteins
change of +0.585, p value < 0.05; Figures 3H and S2A). Ofthese  associated with the response to oxidative stress (Figures S2F-
downregulated proteins, we confirmed that c-Myc was signifi-  S2J) in cana-treated T cells.
cantly reduced at both the copy-number and concentration level Subsequent analysis allowed us to identify potential upstream
(Figure 3I). regulators (e.g., transcription factors, microRNAs, kinases, small
To better understand the biological relevance of these protein  molecule inhibitors) associated with changes in the activated
changes, ingenuity pathway analysis (IPA) was employed to T cell proteome following cana treatment. Here, the activation
consider the contribution of individual proteins toward various Z score predicts the activation state of each predicted upstream
canonical cellular pathways and their enrichment following regulator. In line with our NanoString and immunoblot data,
cana treatment. Here, “cell-cycle control of chromosomal repli-  reduced expression of 52 distinct targets predicted that c-Myc
cation” emerged as the most significantly downregulated might be an upstream regulator which is repressed following
pathway, supporting the observed effects on T cell proliferation  cana treatment (Figure 3L). Interestingly, the drug torin1 and pro-
(Figure 3J). Given the known effects of cana on mitochondrial tein RICTOR—important upstream regulators of the mTOR
proteins (GDH and complex |), it was not surprising that “oxida- axis—were identified as potential upstream regulators that
tive phosphorylation (OXPHOS)” and “mitochondrial dys- were suppressed based on proteins upregulated in cana-treated
function” were the predominant upregulated pathways in T cells (Figure 3M).
cana-treated T cells (Figure 3K). Cana treatment resulted in the Given the agreement between transcriptional and proteomic
compensatory enrichment of several ETC complex-associated analysis on c-Myc-associated pathways, we further interrogated
proteins, with concomitant increases in mitochondrial mass the proteomics dataset and observed several c-Myc-associated
and membrane potential as determined by flow cytometry metabolic targets that were significantly inhibited with cana
(Figures S2B-S2D). Concomitant with mitochondrial dysfunc- treatment including SLC2A1 (GLUT1), hexokinase 2 (HK2),

Cell Metabolism 35, 1132-1146, July 11, 2023 1135
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Figure 3. Canagliflozin remodels the T cell proteome

(A) NanoString human immunometabolism panel—differential expression analysis of metabolism-associated genes in canagliflozin-treated activated T cells
versus vehicle control. Blue and red data points represent downregulated and upregulated genes, respectively. Genes with an adjusted p value < 0.05 and log,
fold-change <—1 and >1 were considered differentially expressed.

(B and C) (B) Hierarchical clustering of pathway Z scores with (C) c-Myc target genes.

(D) Normalized mRNA counts for c-myc.

(E) c-Myc assessment in pan CD4+ T cells activated with anti-CD3 (2 pg/mL) and anti-CD28 (20 ug/mL) and treated with or without canagliflozin (10 uM) for 4 and
24 h by immunoblot.

(F) Total cellular protein content in cana-treated activated T cells versus vehicle control.

(G and H) Differential expression analysis of proteins by label-free mass spectrometry in canagliflozin-treated activated T cells versus vehicle control, based on
(G) protein copies and (H) protein concentration. Blue and red data points represent downregulated and upregulated genes, respectively. Proteins with an
adjusted p value < 0.05 and log, fold-change > 0.585 were considered differentially expressed.

(-M) (I) c-Myc protein expression as determined by number of copies and concentration. Ingenuity pathway analysis (IPA) of canonical pathways based on
significantly (J) downregulated and (K) upregulated proteins. Top 10 enriched pathways are shown. Analysis of predicted upstream regulators in IPA based on
significantly (L) downregulated or (M) upregulated proteins, Asterisk (*) denotes a chemical drug of which cana is predicted to respond in a similar fashion at the

(legend continued on next page)
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dihydrofolate reductase (DHFR), ATP citrate lyase (ACLY), and
fatty acid synthase (FASN) (Figure 3N) and solute transporters
SLC7A5, SLC38A1, SLC38A2, and SLC1A5 (Figures 30 and
S2K). In fitting with a reduction in c-Myc activity, we observed
significant decreases in translational machinery in concert with
no difference in the concentration of the translational inhibitor,
PDCD4 (Figures S2L-S2R). Collectively, these data demonstrate
that cana treatment blunts c-Myc signaling and results in
concomitant mitochondrial dysfunction, leading to impaired
T cell metabolism and function.

Canagliflozin impairs TCA cycle metabolism via GDH
inhibition

Given that cana blunts c-Myc induction, we next sought to
directly measure cellular metabolism in response to cana treat-
ment. We activated naive CD4+ T cells for 24 h in the presence
or absence of cana and monitored metabolic alterations using
a mitochondrial stress assay. Interestingly, cana perturbed the
extracellular acidification rate (ECAR; Figures 4A, S3A, and
S3B) and oxygen consumption rates (OCRs; Figures 4B and
S3C-S3F). Specifically, cana reduced adenosine triphosphate
(ATP) production from glycolysis (Figure 4C) and affected the
maximal respiration rates leading to a significant drop in ATP
production from OXPHOS (Figure 4D). Moreover, cana signifi-
cantly reduced the bioenergetic scope of activated T cells by im-
pacting on their ability to generate ATP at the maximal rate
(Figures S3G and S3H). No metabolic perturbation was observed
in activated T cells treated with dapa (Figures S3G and S3H).
Furthermore, activated T cells and effector T cells (Teff) cells in
the presence of cana released significantly lower levels of lactate
in comparison with the vehicle or dapa-treated cells (Figures S3I
and S3J). Taken together, these results indicate that it is the off-
target effects of cana that perturb T cell metabolism rather than
the “on-target” effects of SGLT2 inhibition.

Given the clear metabolic effects of cana on activated T cells,
we next employed liquid chromatography-mass spectrometry
(LC-MS/MS) to track cellular metabolites. The total abundance
of individual tricarboxylic acid (TCA) cycle intermediates was
reduced in the presence of cana (Figure 4E), while levels of the
amino acids, glutamate, and aspartate were unchanged (Fig-
ure 4F). To determine whether cana inhibits GDH in activated
T cells, we performed stable isotope labeling using a uniformly
labeled '3Cs-glutamine (Gln) probe to measure the incorporation
of GIn-derived carbon through GDH and into the TCA cycle (Fig-
ure 4G). Total intracellular levels of ™*C-Gln and '3C-aKG were
reduced in cana-treated T cells, while there was no impact on
13C-glutamate abundance, indicating impaired GIn uptake and
inhibition at GDH (Figure 4H). When we analyzed the total pro-
portion of '3C incorporation into metabolite pools irrespective
of mass isotopolog distribution, levels of '3C into «KG and citrate
were significantly reduced with cana (Figure 4l). Furthermore,
levels of incorporation of '3C into the m + 5 mass isotopolog of
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aKG were significantly reduced with cana treatment (Figure 4J).
This trend was apparent in other TCA cycle metabolites,
including amino acids, glutamate, aspartate, and proline
(Figures SSK-S3M). In an attempt to rescue the effect of cana-
mediated GDH inhibition, we cultured cells with membrane-
permeable aKG; however, this did not restore IL-2 production
in cana-treated T cells (Figure 4K).

As metabolic perturbation is associated with plasticity in hu-
man T cells," we next wanted to determine the impact of the
impaired glutamine utilization on "Cs-glucose metabolism (Fig-
ure S3N). Cana treatment impaired lactate production from
glucose, as illustrated by a reduction in the lactate m + 3 isoto-
polog (Figure S30), consistent with the reduced ECAR we
observed (Figure 4A). Analysis of the total '*C incorporation
into metabolite pools revealed significant increases in malate,
glutamate and aspartate (Figure S3P). Consistent with this,
cana promoted the entry of glucose-derived carbon into the
TCA cycle (Figure S3Q) and amino acid (glutamate and aspar-
tate) metabolite pools (Figure S3R). These data suggest that
T cells metabolically adapt to cana-induced GDH inhibition
by becoming more reliant on glucose-derived TCA cycle
intermediates.

To determine whether the effects observed can be explained
by inhibition of complex |, another known off-target effect of
cana, we activated T cells in the presence or absence of cana,
alongside other known complex | inhibitors—rotenone and
high-dose metformin (to bypass any transporter-specific up-
take). Cana was the superior T cell inhibitor when assessing
IFNy release, CD69 expression, and blastogenesis (Figures
S3S-S3U) in comparison with rotenone or metformin. Given
this, we next considered whether the combined effect of com-
plex | and GDH inhibition might underpin the impaired effector
function of T cells. Therefore, we activated T cells in the presence
or absence of cana, piericidin A (an alternative complex | inhibi-
tor), R162 (GDH inhibitor) or in combination. Cana was again, the
most effective T cell inhibitor when assessing IFNy release (Fig-
ure 4L), CD69 expression (Figure 4M), and blastogenesis (Fig-
ure 4N) in comparison with piericidin A, R162, or the combination
treatment. These data suggest that inhibition of complex | and
GDH are not the sole drivers in T cell dysregulation downstream
of cana treatment.

Canagliflozin impairs T cell receptor signaling

We have demonstrated that cana significantly impacts on key
intracellular metabolic nodes—mTOR and c-Myc. As both
signaling molecules are sensitive to downstream signals from
the TCR,“® we sought to investigate the role of cana on T cell
signaling. Here, we cultured T cells in the presence or absence
of cana and assessed the early signaling events downstream
of the TCR in ZAP70, LAT, and PLCy. Cana impaired phosphor-
ylation of all TCR targets assessed (Figure 5A) and subsequently
blunted ERK phosphorylation in line with a MAPK inhibitor

protein level. The Z score predicts the likely activation states of upstream regulators; a positive Z score suggests activation, while a negative Z score suggest

inhibition.
(N) c-Myc targets assessed via upstream analysis of the proteomics dataset.

(O) Concentration of c-Myc-associated amino acid transporters SLC7A5, SLC38A1, SLC38A2, and SLC1A5.
Data are representative of six (A-D), three-four (E), and four (F-O) independent experiments. Data are expressed as mean + SEM.

See also Data S1 and S2.
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Figure 4. Canagliflozin inhibits glutamine anaplerosis toward the TCA cycle

(A-D) Seahorse extracellular flux analysis of (A) extracellular acidification rate (ECAR) or (B) oxygen consumption rate (OCR) in 24 h activated T cells following pre-
optimized injections of oligomycin, FCCP, antimycin A/rotenone (all 1 pM), and monensin (20 pM). Basal or maximal ATP production (Jate) from (C) glycolysis or
(D) OXPHOS.

(E-G) (E) Total ion count of TCA cycle metabolites: citrate, a-ketoglutarate, fumarate, malate, and (F) amino acids: glutamate and aspartate of 8 h activated (anti-
CD3 [2 pg/mL] and anti-CD28 [20 ug/mL]) T cells treated with or without canagliflozin (10 uM) (G) Schematic of stable isotope tracing of uniformly labeled *C-
glutamine into the TCA cycle.

(H) Total "*C incorporation (peak area) of metabolites glutamine, glutamate, and a-ketoglutarate.

(l) Relative abundance of 13C-glutamine to derived metabolites: citrate, a-ketoglutarate, fumarate, malate, glutamate, and aspartate.

(legend continued on next page)
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(Figure 5B). In addition, cana-treated cells showed delayed
CD69 expression (downstream ERK target; Figure 5C). Given
the impact of cana on TCR signaling, we sought to determine
whether cana would affect human CD8+ T cells in the same
manner. Here, cana significantly suppressed blastogenesis,
activation marker expression and IL-2, IFNy and granzyme B
production in CD8+ T cells (Figures S4A-S4D).

Next, we tested whether the impaired TCR signaling caused
by cana was responsible for the observed defects in cytokine
production. In an attempt to rescue cytokine production, we
stimulated T cells with the diacylglycerol (DAG) mimetic—PMA
and ionomycin—in order to bypass the TCR, and thus any down-
stream effects of cana on the TCR. T cells treated with PMA/ion-
omycin in the presence of cana did not have any defect in cyto-
kine production in comparison with the vehicle control
(Figure 5D).

Given the dysregulation of critical signaling nodes (ERK and
mTORC1) by cana, we hypothesized that cana treatment would
phenocopy inhibition of these nodes. Here, we treated T cells
with cana, rapamycin (mMTORC1 inhibitor) and a MAPK inhibitor
(ERK inhibition) and measured early (4 h) c-Myc expression
and early (4 h) and late (24 h) puromycin incorporation (a measure
of translation). Here, cana phenocopied both mTORC1 and
MAPK inhibition by reducing c-Myc expression (Figure 5E) and
puromycin incorporation at both 4 and 24 h (Figures 5F and
5@G). Functionally, cana phenocopied both mTORC1 and ERK in-
hibition by significantly reducing blastogenesis (Figure 5H) and
IFNy production (Figure 51). Taken together, these data suggest
that, mechanistically, cana impairs TCR signaling leading to sup-
pressed signaling to metabolic nodes. Additionally, the data indi-
cate that c-Myc protein expression is downstream of ERK and
mTORC1 signaling in TCR activated human T cells.

Canagliflozin inhibits the diverse cytokine profile of T
effector cells

Thus far, we have shown that cana inhibits the function of acti-
vated T cells that display a restricted cytokine profile. To deter-
mine if cana suppressed the diverse cytokine response seen in
antigen-experienced Teff, Teff were isolated from human blood
and activated in HPLM in the presence or absence of cana.
Cana potently inhibited the secretion of key effector cytokines
(IFNy, IL-2, IL-4, IL-10, IL-17 and IL-21) at 24 h (Figure 6A), fol-
lowed by a sustained suppression of most of these cytokines
at 72 h (Figure 6B). Consistent with a critical role for cana in
shaping activated Teff responses, we also saw a decrease in
the master transcriptional regulators Tbet, GATAS3, and RORyt
(Figure 6C) concurrent with a striking reduction in blastogenesis
that did not compromise viability (Figures 6D and S5A). Similar to
our previous observations, activated Teff cultured with cana had
reduced expression of activation markers CD25, CD44, and
CD69 (Figure GE).
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One important effector CD4+ T cell population are Tregs. To
determine the impact of cana on Treg biology we employed
two approaches. Firstly, we sorted naive T cells and cultured
them under Treg polarizing conditions for 6 days in the contin-
uous presence of cana and determined FoxP3 expression.
Here, treatment with cana did not significantly impact on
FoxP3 expression (Figure S5B). Secondly, we polarized naive
T cells toward the Treg compartment for 6 days and then re-
stimulated differentiated Tregs for up to 72 h in the presence
or absence of cana. Cana treatment did not significantly impact
on FoxP3 expression at either time point (Figure S5C). We then
assessed supernatant IL-10 levels of polarized Tregs cultured
with cana for 24 h. In line with cana being a global T cell inhibitor,
the presence of cana significantly impaired IL-10 production
from Tregs (Figure S5D).

As cana significantly impacted on activated and effector T cell
metabolism and function, we next questioned whether cana
treatment possibly promoted T cell exhaustion by measuring
expression of the co-inhibitory receptors LAGS3, PD-1 and
Tim-3 (Figure 6F). A negligible reduction in the expression of
LAG3 and Tim-3 was seen, and a modest decrease in PD-1
expression. Here, our data indicate that cana is a global T cell in-
hibitor and its effects are mediated independently of T cell
exhaustion.

Canagliflozin inhibits T cell function in systemic lupus
erythematosus and rheumatoid arthritis

Thus far, we have demonstrated that cana is a global human
T cell inhibitor, mechanistically disrupting both Myc- and
mTORC1-driven programs leading to suppressed T cell meta-
bolism and function. Therefore, cana may have significant
potential as a repurposed drug for the treatment of T cell-medi-
ated diseases. To this end, we isolated CD4+ T cells from two
autoimmune patient cohorts (SLE and RA) and activated them
for 24 h in the presence or absence of cana (Figure 7A). Strik-
ingly, cana impaired cytokine production (IL-2 and IFNy, Figures
7B and 7C, IL-17 and TNF; Figure S6A) and CD25, CD44, and
CD69 expression (Figures 7D and 7E) but did not result in a
decrease in T cell size (Figure S6B).

To account for the functional differences observed, we as-
sessed whether the metabolic perturbations first observed in
T cells from healthy donors upon cana treatment were recapitu-
lated in T cells from patients with autoimmunity (Figures 5A-5D).
Here, using extracellular flux analysis cana suppressed ECAR
and both basal and maximal glycolytic rate (Figures S6C and
S6E), in addition to decreasing ATP levels derived from glycol-
ysis at both the basal and maximal rates (Figure S6F). In contrast,
OXPHOS levels were impaired only at the maximal level, with
basal levels unaffected (Figures S6G and S6G-S6l). We
observed a significant decrease in the spare respiratory capacity
of autoimmune T cells exposed to cana (Figure S6J), in addition

(J) Mass isotopolog distribution (MID) represented as a % pool of TCA cycle metabolites: a-ketoglutarate, citrate, fumarate, and malate of 8 h activated T cells.

Numbers on the x axis represent the number of '*carbons incorporated.

(K=N) (K) IL-2 production of CD4+ T cells activated with anti-CD3 (2 ng/mL) and anti-CD28 (20 pg/mL) for 24 h in the presence or absence of dimethyl
2-oxoglutarate (0.3 mM). Activated CD4+ T cells treated in the presence or absence of cana (10 uM), piericidin A (500 nM), R162 (10 uM), or combination of
piericidin A and R162 with (L) extracellular IFNy release, (M) CD69 expression, and (N) blastogenesis measured. Cl, complex I.

Data are representative of nine (A-D), five (E, F, H, and L-N), four-five (I and J), or three (K) independent experiments. Data are expressed as mean + SEM.

See also Data S2.
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Figure 5. Canagliflozin impairs T cell receptor signaling

(A) CD4+ T cells activated with anti-CD3 (2 ug/mL) and anti-CD28 (20 pg/mL) for the indicated time points and downstream T cell receptor targets assessed by
immunoblotting in the presence or absence of cana (10 uM).

(B) Relative expression of phosphorylated-ERK 20277204 jn anti-CD3 (2 pg/mL) and anti-CD28 (20 ng/mL) activated CD4+ T cells in the presence and absence of
canagliflozin (10 pM), determined by flow cytometry for 15 and 30 min post-activation. MAP kinase inhibitor PD-98,059 (25 puM) used as a positive control.
Representative overlaid histogram plots, numbers indicate median fluorescence intensity.

(C) Early expression of activation marker CD69 CD4+ T cells activated as (B) in the presence and absence of cana (10 uM), determined by flow cytometry.
(D) Intracellular cytokine staining of IFNy in CD4+ T cells activated with PMA (10 ng/mL) and ionomycin (500 ng/mL) for 4 h.

(legend continued on next page)
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to a decrease in ATP levels derived from the maximal rate of
OXPHOS (Figure S6K). Finally, to determine whether cana has
an effect at the site of inflammation, we isolated and treated sy-
novial fluid mononuclear cells (SFMNCs) from RA patients un-
dergoing arthroscopy for 24 h (Figure 7F). Cana reduced TNF
levels in 3 of the 4 patient samples and had a more profound ef-
fect decreasing IFNy and IL-17 levels, with the latter reaching
statistical significance (Figures 7G and 71). Cana had a largely
inhibitory effect on reducing activation markers CD25, CD44
and CD69 and cell size in both CD4+ and CD8+ T cells analyzed
with one patient outlier in the CD4+ T cell subsets analyzed
(Figures S7TA-S7D). Interestingly, this patient had a lower CD4+
T cell compartment (17.5% of CD3 gated) compared with the
other patients (average: 47.4%).

Importantly, these data reveal that cana retains its ability to
potently suppress T cell responses in patients with autoimmu-
nity, underlining cana as a critical modulator of T cell metabolism
and effector function with significant potential for the treatment
of T cell-mediated autoimmunity.

DISCUSSION

In this manuscript, we investigate repurposing two types of
SGLT2 inhibitors as potential therapeutic options for T cell-medi-
ated autoimmunity. Importantly, we demonstrate that using
physiologically relevant doses, cana, but not dapa, significantly
impairs human CD4+ T cell-mediated inflammation. Our data
indicate that this is not due to inhibition of SLC5A2 or SGLT2,
which is not expressed by T cells, rather by cana-specific effects
impairing T cell signaling, metabolic perturbation, and down-
stream T cell-activation-induced remodeling.

We reveal that cana impacts on T cell activation by specifically
blunting TCR signaling. This impaired TCR response led to
compromised metabolic reprogramming and effector function; in
part via inhibition of key metabolic nodes downstream of the
TCR (MTORC1 and Myc) and in part via off-target effects of
cana on GDH and complex I. Inhibition of GDH by cana led to
impaired glutamine anaplerosis within the TCA cycle, demon-
strated by decreased incorporation of glutamine-derived carbon
into TCA cycle metabolites. T cells were, however, able to
compensate by enhancing incorporation of glucose-derived car-
bon, notably within aspartate and glutamate pools. This is in line
with the study by Wu et al., which showed that impaired aspartate
pools led to the biogenesis of TNF in RA.*' Second, antagonism of
mitochondrial complex | by cana led to increased early mitochon-
drial ROS production concomitant with mitochondrial dysfunction.

Mechanistically, cana impaired early TCR signaling events ul-
timately compromising cytokine production. Interestingly, this
observation could be rescued when stimulating T cells with
PMA/ionomycin, thus bypassing the TCR. Reduced TCR trans-
duction, mediated by cana, led to decreased ERK and mTOR, ul-
timately blunting c-Myc expression and activity. The observed
decrease in mMTORCH1 signaling and reduced c-Myc expression
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at the protein level correlates with the compromised metabolic
profile of T cells. Specifically, downstream metabolic targets of
c-Myc that were suppressed in the presence of cana were of sig-
nificant interest because of their association with glucose uptake
(SLC2A1), glycolysis (HK2), one carbon metabolism (DHFR—
also a specific target of the autoimmune drug, methotrexate)
and fatty acid synthesis (ACLY and FASN). These data are in
line with previous studies demonstrating the catastrophic effect
on the T cell proteome of impaired c-Myc signaling.®®

It is well known that aberrant T cell metabolism contributes to
dysregulated function and breakdown of self-tolerance in auto-
immunity.*” Given the relative ineffectiveness alongside the crip-
pling side-effects of certain autoimmune drugs, investigation
into novel therapeutics is warranted. Multiple pre-clinical studies
have demonstrated therapeutic benefit from targeting T cell
metabolism in autoimmunity such as tetramization of the glyco-
lytic enzyme pyruvate kinase,*® inhibition of OXPHOS using oli-
gomycin,** use of the glycolytic inhibitor 2-deoxy-D-glucose,*®
and glutaminase suppression.*® However, while promising, the
clinical translation of these studies remains a challenge due to
the toxic nature of impairing metabolism at the whole-body level.

Interestingly, targeting immunometabolic processes using re-
purposed T2D drugs has previously demonstrated promise in
multiple inflammatory disorders.'®*” One of the most notable
drug candidates is the complex | inhibitor metformin. In
numerous studies, metformin has exhibited protective effects
in a range of autoimmune disorders such as multiple sclerosis,
SLE, and RA."®>"847 Aside from metformin, other T2D candidates
have been investigated such as the PPAR-y agonist, pioglita-
zone, again with promising results in reducing autoimmune-
associated symptoms. 4’

The novel class of recently approved T2D medication, SGLT2
inhibitors, have extensive roles beyond improved glycemic con-
trol. Additional benefits include the ability of cana to elicit protec-
tive clinical outcomes in cardiovascular disease (CVD) and
chronic kidney disease.’®?° Furthermore, cana has been
demonstrated to promote PD-L1 degradation by endocytic recy-
cling in SGLT2 positive non-small cell lung cells.*® Given these
encouraging precedents, we sought to investigate the effects
of SGLT2 inhibitors on human T cell function.

Critically, our results show that cana retained its ability to sup-
press T cell-mediated inflammation in two human ex vivo autoim-
mune cohorts—SLE and RA. Here, cana treatment led to the
suppression of effector function in peripheral blood T cells
(potentially preventing the repopulation of inflammatory T cells)
and ex vivo synovial fluid mononuclear cells—further advocating
the repositioning of cana to treat autoimmunity. A further benefit
of prescribing patients with autoimmunity cana is the protective
effects against CVD—a comorbidity causing significant
morbidity and mortality in multiple autoimmune disorders.*®
Together, the impaired effector function of T cells accompanied
by systemic protective effects against CVD highlights the
exciting potential in repurposing cana for autoimmunity.

(E-1) (E) Immunoblot of c-Myc in CD4+ T cells activated for 4 h in the presence or absence of cana (10 uM), rapamycin (500 nM), or PD-98,059 (25 uM). Relative
puromycin (10 uM) incorporation of T cells activated as (E) for (F) 4- and (G) 24 h. CD4+ T cells activated as (E) for 24 h with downstream (H) blastogenesis and (1)

IFNy measured.

Data are representative of four (A, B, and E), three (C), and five (D and F-I) independent experiments. Data are expressed as mean + SEM.

See also Data S1 and S2.
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(A and B) Extracellular cytokine release of IFNy (p = 0.0005), IL-2 (p = 0.0045), IL-4 (p =0.0164), IL-10 (p = 0.0092), IL-17 (p = 0.0004), and IL-21 (p = 0.0037) by anti-
CD3 (2 pg/mL), and anti-CD28 (20 ng/mL) activated Teff at (A) 24 h and (B) 72 h activation IFNvy (p = 0.0410), IL-2 (p = 0.0056), IL-4 (p = 0.0277), IL-10 (p = 0.0044),

IL-17 (p = 0.0005), and IL-21 (p = 0.0029).
(C) Relative expression of Th transcription factors Thet, GATA3, and RORyt.

(D and E) (D) Teff blastogenesis and (E) expression of activation markers CD25, CD44, and CD69.
(F) Expression of exhaustion markers LAG3, PD-1, and TIM-3. Representative overlaid histogram plots, numbers indicate median fluorescence intensity or

forward scatter-area.

Data are representative of four (A-C), five (D), four-five (E), or three (F) independent experiments. Data are expressed as mean + SEM.

See also Data S2.

To conclude, a wealth of prior studies have reported that tar-
geting T cell metabolism in autoimmunity can lead to therapeu-
tic benefit. In our manuscript, we have demonstrated this by re-
purposing a clinically available T2D medication that modulates
metabolism. Collectively, our manuscript demonstrates the
inhibitory effects of cana on human CD4+ T cell function and
provides a foundation for the clinical development of cana for
the treatment of T cell-mediated autoimmune disease in
humans.

1142 Cell Metabolism 35, 1132-1146, July 11, 2023

Limitations of the study

Our study provides evidence in the repurposing of cana as a
therapeutic intervention for T cell-mediated autoimmunity. RA
is a complex and heterogeneous disease and further work is
required to determine whether certain patient subgroups would
preferentially benefit from cana therapy. It was beyond the scope
of this study to investigate the impact of cana on other non-im-
mune cell populations within the joint such as synovial fibro-
blasts and future work should determine whether inhibition of
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Figure 7. Canagliflozin inhibits T cell metabolism and effector function in patients with SLE or RA ex vivo

(A-E) (A) Schematic outlining the short-term experimental design of SLE (green) and RA-derived (red) T cells cultured in HPLM —anti-CD3 (2 ng/mL) and anti-
CD28 (20 pg/mL) activated pan CD4+ T cells treated with or without canagliflozin (10 uM). Extracellular (B) IL-2 and (C) IFNy release by SLE or RA pan CD4+
T cells. Expression of activation markers CD25, CD44, and CD69 in patients with (D) SLE or (E) RA. Representative overlaid histogram plots, numbers indicate

median fluorescence intensity.

(F) Schematic of synovial fluid mononuclear cells (SFMNCs) isolated from an RA patient and treated with cana.

(G-I) (G) SFMNCs activated in HPLM with anti-CD3 (2 ng/mL) and anti-CD28 (20 pg/mL) for 24 h with TNF, (H) IFNvy or (I) IL-17 measured in the cell culture
supernatant. Individual shapes correspond to an individual patient sample analyzed.

Data are representative of five-nine (B and C), four (D and G-I), or seven (E) independent experiments. Data are expressed as the mean + SEM.

See also Data S2.

T cell inflammation by cana can reduce the inflammatory envi-
ronment of the joint. Whether biologically relevant concentra-
tions of cana would reach the inflamed joint is also a pertinent
question and one that warrants further investigation. As cana is
often prescribed in combination with metformin, it will therefore
be poignant to determine whether there is a synergistic effect be-
tween the two drugs, potentially enhancing immunosuppressive
capabilities in autoimmunity. Taken together, given that cana is
an FDA-approved medication, a future clinical trial is warranted

to determine whether cana has protective, clinical effects in pa-
tients with autoimmunity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

B-actin antibody abcam ab8226; RRID: AB_306371

4E-BP1 (53H11) antibody

AMPKa antibody

c-Myc (D84C12) antibody

CD3 human antibody (clone UCHT1)
CD83 human antibody (clone OKT3)

CD4 human antibody (clone OKT4)
CD25 human antibody (clone BC96)
CD28 human antibody (clone CD28.2)
CD44 human antibody (clone BJ18)
CD45RA human antibody (clone HI100)
CD45R0 human antibody (clone UCHL1)
CD62L human antibody (clone DREG56)
CD69 human antibody (clone FN50)
CD69 human antibody (clone FN50)
CD197 human antibody (clone G043H7)
ERK1/2 Phospho (Thr202/Tyr204) (clone 6B8B69)
FoxP3 human antibody (clone 206D)
FoxP3 human antibody (clone 259D)
GATA3 human antibody (clone

IFNy human antibody (clone 4S.B3)
LAG3 human antibody (clone REA351)
Mouse secondary antibody

PD1 human antibody (clone EH12.2H7)

Phospho-Acetyl-CoA Carboxylase
(Ser79) antibody

Phospho-AMPKa (Thr172) antibody
Phospho-LAT (Tyr220) antibody
Phospho-PLCvy1 (Tyr783) (D6M9S) antibody

Phospho-S6 Ribosomal Proteins
(Ser235/236) antibody

Phospho-Stat5 (Tyr694) antibody
Phospho-Zap-70 (Tyr493)/Syk (Tyr526) antibody
Puromycin human antibody

Rabbit secondary antibody

RORYT mouse antibody (clone Q21-559)

S6 Ribosomal Protein (5G10) antibody

Stat5 antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Miltenyi

Cell Signaling Technology
Biolegend

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Merck

Cell Signaling Technology
BD Biosciences

Cell Signaling Technology
Cell Signaling Technology

Cat#9644; RRID: AB_2097841
Cat#2532; RRID: AB_330331
Cat#5605; RRID: AB_1903938

Cat#300436; RRID:
Cat#317326; RRID:
Cat#317422; RRID:
Cat#302631; RRID:
Cat#302943; RRID:
Cat#338823; RRID:
Cat#304134; RRID:
Cat#304204; RRID:
Cat#304806; RRID:
Cat#310906; RRID:
Cat#310904; RRID:
Cat#353210; RRID:
Cat#369506; RRID:
Cat#320108; RRID:
Cat#320216; RRID:
Cat#653804; RRID:
Cat#502509; RRID:

AB_2562124
AB_11150592
AB_571941
AB_11123913
AB_2166667
AB_2721612
AB_2563814
AB_314420
AB_314466
AB_314841
AB_314839
AB_10915695
AB_2629705
AB_492986
AB_2104902
AB_2562722
AB_315234

Cat#130-120-470; RRID: AB_2784078
Cat#7076S; RRID: AB_330924

Cat#329914; RRID:

AB_1595461

Cat#3661; RRID: AB_330337

Cat#2535; RRID: AB_331250
Cat#3584; RRID: AB_2157728
Cat#14008; RRID: AB_2728690
Cat#2211; RRID: AB_331679

Cat#9351; RRID: AB_2315225
Cat#2704; RRID: AB_2217457
MABES343-AF488; RRID: AB_2736875
Cat#7074S; RRID: AB_2099233

Cat#563424; RRID:

AB_2738197

Cat#2217; RRID: AB_331355
Cat#9363; RRID: AB_2196923

Tbet mouse antibody (clone O4-46) BD Biosciences Cat#564141; RRID: AB_2738615
TIM3 human antibody (clone F38-2E2) Biolegend Cat#345028; RRID: AB_2565829
Biological samples

Blood obtained from healthy adult donors N/A N/A

Blood obtained from rheumatoid arthritis patients N/A N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Blood obtained from systemic N/A N/A

lupus erythematosus patients

Synovial fluid obtained from N/A N/A
rheumatoid arthritis patients

Chemicals, peptides, and recombinant proteins

3Cs-glutamine Cambridge Isotopes CLM-1396-PK
3Ce-glucose Cambridge Isotopes CLM-1822-H-PK
Acetonitrile >99.9%, HiPerSolv VWR 83640.290
CHROMANORM® for LC-MS,

suitable for UPLC/UHPLC instruments

Antimycin A Merck A8674
Canagliflozin Cambridge Bioscience CAY11575
Cell-Tak™ Cell and Tissue Adhesive Corning Cat#354240
Cleland’s Reagent, ULTROL® Grade Merck 233153
Dapagliflozin Combi-Blocks QE-4375
Dimethyl 2-oxoglutarate Merck 349631
eBioscience™ Protein Transport Invitrogen 00-4980-93
Inhibitor Cocktail (500X)

Carbonyl cyanide-p- Merck C2920
trifluoromethoxyphenylhydrazone (FCCP)

Formic Acid, 99.0+ %, Optima™ Fisher Scientific 10596814
LC/MS Grade, Fisher Chemical™

Human IL-2 cytokine for stimulation Miltenyi 130-097-745
lodoacetamide Merck 16125
lonomycin Calcium Salt Merck 13909
Lymphoprep™ StemCell Technologies Cat#7861
Metformin hydrochloride MedChemExpress HY-17471A
Methanol >99.9% (by GC), HiPerSolv VWR 83638.290
CHROMANORM® for LC-MS, suitable

for UPLC/UHPLC instruments

Monensin Merck M5273
Oligomycin Merck 75351
Orthophosphoric acid >85%, VWR 20624.262
AnalaR NORMAPUR® ACS, Reag.

Ph. Eur. analytical reagent

PD-98,059 Merck 513000
PhosphoSafe Extraction Buffer Merck 71296
Pierce™ Formic Acid, LC-MS Grade ThermoFisher 85178
Pierce™ Trypsin Protease, MS Grade ThermoFisher 90057
Piericidin A Enzo Life Sciences ALX380235M002
PMA Merck 79346
Puromycin Merck P7255
R162 Merck 5.38098
Rapamycin Merck 553210
Rotenone Merck R8875
Sodium dodecyl sulfate Merck L4509
TGF-B PeproTech Cat#100-21
TMB Substrate Reagent Set BD Biosciences Cat#555214
Triethylammonium bicarbonate buffer Merck T7408
Water, HiPerSolv CHROMANORM® for VWR 83645.290

LC-MS, suitable for UPLC/UHPLC instruments
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Acclaim PepMap 100 A, 100 pm ThermoFisher 11312263
i.d. x 2cm NanoViper (2pk) - 164564

Acclaim PepMap C18 2um 75um x 500mm ThermoFisher 15567530
NVFS 1200bar - 164942

Ach?im PepMap RSLC C18, 2 um, ThermoFisher 11342013
100 A, 75 pm i.d. x 15 cm - 164534

Amersham™ ECL Select™ Western Cytiva RPN2235
Blotting detection reagent

CD4+ Effector Memory T cell isolation kit, human Miltenyi 130-094-125
CD4+ T cell isolation kit, human Miltenyi 130-096-533
CD8+ T cell isolation kit, human Miltenyi 130-096-495
CellTrace™ Violet Cell Proliferation ThermoFisher C34557

Kit, for flow cytometry

DC Protein Assay Il Bio-Rad 5000112
DRAQ7™ Biostatus DR71000
ES791 - EASY-Spray 50cm x 20um Dual ThermoFisher 15176864
ES800\A - EASY-Spray 15 cm x 75 um ThermoFisher 12886016 / 15988997
Human Granzyme B DuoSet ELISA R&D Systems DY2906
Human IFNy DuoSet ELISA R&D Systems DY285B
Human IL-2 DuoSet ELISA R&D Systems DY202
Human IL-4 DuoSet ELISA R&D Systems DY204
Human IL-10 DuoSet ELISA R&D Systems DY217B
Human IL-17 DuoSet ELISA R&D Systems DY317
Human IL-21 DuoSet ELISA R&D Systems DY8879
Human TNFa DuoSet ELISA R&D Systems DY210
Immunocult T cell activator StemCell Technologies Cat#10971
Inside Stain Kit Miltenyi 130-090-477
L-Lactate Assay Kit | Eton Bioscience Cat#120001200P
Micro BCA™ Protein Assay Kit ThermoFisher 23235
MitoSOX™ Red ThermoFisher M36008
MitoTracker™ Green FM ThermoFisher M7514

Naive CD4+ T cell isolation kit, human Miltenyi 130-094-131
nCounter® Autoimmune Profiling Panel Nanostring XT-CSO-HAIP1-12
nCounter® Metabolic Pathways Panel Nanostring XT-CSO-HMP1-12
PepSwift Monolithic Capillary ThermoFisher 11382263
LC Columns - 164584

Pierce™ Quantitative Fluorometric Peptide Assay ThermoFisher 23290
Restore™ PLUS Western Blot Stripping buffer ThermoFisher 21063
RNeasy® Mini Kit columns Qiagen Cat#74014
SimplyBlue™ SafeStain ThermoFisher LC6060
TMRE-Mitochondrial Membrane abcam Ab113852
Potential Assay Kit

Trifluoroacetic Acid, Optima™ Fisher Scientific 10266617
LC/MS Grade, Fisher Chemical™

Trypsin Sequencing Grade, modified Merck 11418025001

Deposited data

Raw data for Nanostring nCounter®
Autoimmune Profiling Panel

Raw data for Nanostring nCounter®
Metabolic Pathways Panel

NCBI Gene Expression
Omnibus (GEO)
NCBI Gene Expression
Omnibus (GEO)

GSE228911; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE228911

GSE228911; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE228911

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Raw data for Proteomics analysis

EMBL-EBI Proteomics

Identification Database (PRIDE)

Identifier: PXD041523

Experimental models: Cell lines

Human: PBMCs from healthy controls (primary) N/A N/A

Human: PBMCs from rheumatoid N/A N/A

arthritis patients (primary)

Human: PBMCs from systemic lupus N/A N/A

erythematosus patients (primary)

Human: SFMCs from rheumatoid N/A N/A

arthritis patients (primary)

Software and algorithms

ChemStation E.02.02.1431 Agilent https://www.agilent.com/en/product/software-
informatics/analytical-software-suite/
chromatography-data-systems/openlab-
chemstation

FlowJo 10.8.0 Tree Star www.flowjo.com

GraphPad Prism 9 GraphPad Software, Inc. www.graphpad.com

ImagedJ ImageJ www.imagej.nih.gov/ij/

Morpheus Broad Institute https://software.broadinstitute.org/morpheus

NovoExpress 1.4.1 Agilent https://www.agilent.com/en/product/research-
flow-cytometry/flow-cytometry-software/
novocyte-novoexpress-software-1320805

nSolver 4.0 Nanostring www.nanostring.com/ncounterpro

Seahorse Wave Software 2.6 Agilent https://www.agilent.com/en/product/cell-
analysis/real-time-cell-metabolic-analysis/
xf-software/seahorse-wave-desktop-
software-740897

TraceFinder 4.1 ThermoFisher https://www.thermofisher.com/uk/en/home/
industrial/mass-spectrometry/liquid-
chromatography-mass-spectrometry-lc-ms/
lc-ms-software/Ic-ms-data-acquisition-
software/tracefinder-software.html

Other

HBSS, no calcium, no magnesium, no phenol red Gibco 14175053

Human plasma-like medium Gibco A4899101

RPMI 1640 Medium, GlutaMAX™ Supplement Gibco 61870036

RPMI 1640 Medium, no glucose Gibco 11879020

RPMI 1640 Medium, no glutamine Gibco 31870025

Seahorse XF RPMI medium, pH 7.4 Agilent 103576-100

S-Trap™ mini columns (100 - 300 png) Protifi CO2-mini-80

SeQuant ZIC-pHILIC, 5 micron, 150x4.6 mm Merck 1.50461.0001

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nicholas

Jones (n.jones@swansea.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability
Nanostring nCounter® analysis data have been deposited at NCBI Gene Expression Omnibus (GEO: GSE228911) and are publicly
available as of the date of publication. Proteomics analysis data have been deposited at EMBL-EBI Proteomics Identification
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Database (ProteomeXchange: PXD041523) and are publicly available as of the date of publication. Accession numbers are listed in
the key resources table. Original immunoblot images and raw data have been deposited in the Data S1. This paper does not report
original code. Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human participants

Blood was obtained from healthy, non-fasted individuals. Individuals with infection or inflammatory conditions were excluded. Writ-
ten informed contest was obtained by all participants according to ethical approval from Wales Research Ethics Committee (13/
WA/0190).

Patient samples
Peripheral blood mononuclear cells (PBMCs) and synovial fluid mononuclear cells (SFMCs) were obtained from the cohort of
rheumatoid arthritis (RA) patients. Written informed contest was obtained by all participants according to ethical approval from
St. Vincent’s University Hospital Ethics Committee (RS18-055).

PBMCs were obtained from the cohort of systemic lupus erythematosus (SLE) patients. Written consent was obtained by all par-
ticipants according to ethical approval from London-Harrow Research Ethics Committee (11/LO/0330).

Demographic and clinical characteristics data of the study cohorts are presented in Tables S1 and S2.

Cell isolation and culture

PBMCs were isolated by density gradient centrifugation using Lymphoprep™ (StemCell Technologies). CD4+ and CD8+ T-cells were
purified from human PBMCs by negative selection using automated magnetic cell separation (Miltenyi). Cells were cultured in human
plasma like medium (HPLM; Gibco), unless otherwise stated, and activated in the presence of plate-bound anti-CD3 (2 pg/ml; Bio-
legend) and soluble anti-CD28 (20 ug/ml; Biolegend) or left unstimulated. Cultures were supplemented by 10% FBS following 3 h
incubation to avoid impaired T cell activation. T-cells were treated with canagliflozin (Cambridge Bioscience) or dapagliflozin
(Combi-Blocks) at a concentration of 10 uM, unless otherwise stated.

METHOD DETAILS

Alternative culture conditions

For certain experiments, IL-2 (10 ng/ml; Miltenyi) was added after 24 h. To bypass initial T cell receptor-dependent signalling, T-cells
were activated using PMA (10 ng/ml; Merck) and ionomycin (500 ng/ml; Merck) for 4 h. For partial rescue, T-cells were activated in the
presence and absence of canagliflozin, supplemented with dimethyl «-ketoglutarate (0.3 mM; Merck).

For complex | inhibition experiments, T-cells were activated in the presence or absence of rotenone (1 uM; Merck) or metformin
hydrochloride (10 mM; MedChemExpress). High-dose metformin hydrochloride was used to bypass any transporter-specific uptake.
For combined inhibition of complex | and glutamate dehydrogenase, T-cells were activated in the presence and absence of piericidin
A (500 nM; Enzo Life Sciences) and R162 (10 uM; Merck).

To determine whether ERK inhibition or mTORCH1 inhibition phenocopies canagliflozin treatment, T-cells were cultured in the pres-
ence of PD-98,059 (25 uM; Merck) and rapamycin (100 nM; Merck), respectively.

Human CD4+ regulatory T-cell differentiation

For regulatory T-cell (Treg) differentiation, naive CD4+ T-cells were activated using Immunocult T cell activator (12 pl/ml; StemCell
Technologies) and cultured with TGF-B (5 ng/mL; PeproTech) for 6 d in the presence and absence of canagliflozin (10 uM). Half of
the medium was replaced at d3. At d6, cells were stained for FoxP3 (PE, migG1k, 206D, 320108, Biolegend) and supernatants har-
vested. Additionally, Tregs induced in the absence of canagliflozin were restimulated (12 pl/ml; StemCell Technologies) at d6 in the
presence and absence of canagliflozin before staining for FoxP3 at 24 h, 48 h and 72 h.

Enzyme-linked immunosorbent assay

Human IL-2 (DY202), IL-4 (DY204), IL-10 (DY217B), IL-17 (DY317), IL-21 (DY8879), IFNYy (DY285B), granzyme B (DY2906) and TNFa
(DY210) were measured in cell-free culture supernatants according to the manufacturer’s instructions (R&D Systems). ELISA plates
were coated with the capture antibody and incubated overnight at 4°C. Wells were incubated at room temperature (RT) with gentle
agitation with the following: appropriately-diluted cell-free supernatants and protein standards for 2 h, kit-specific detection antibody
for 2 h, and streptavidin-horse radish peroxidase for 20 min. The plate was washed with 0.05% Tween-20 in PBS between each step.
The plate was then incubated at RT with a 1:1 mixture of hydrogen peroxide and tetramethylbenzoic acid (BD Biosciences). Absor-
bance was measured at 450 nm after the addition of sulfuric acid (Merck) to each well and values were corrected to the blank.
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Flow cytometry

Flow cytometry analysis was performed on T-cells following culture. Cell death was monitored using DRAQ7™ (1 uM; Biostatus) and
dead cells were excluded from analysis. Cell doublets were excluded based on forward scatter-height versus forward scatter-area.
T-cell blastogenesis was assessed using forward scatter-area. Unless otherwise stated, surface and viability staining were per-
formed for 15 min at RT in the dark.

CD4+ T-cell purity was verified using anti-CD3 (Brilliant Violet 570™, migG1k, UCHT1, 300436) and anti-CD4 (AlexaFluor® 647,
mlgG2b, OKT4, 317422). Naive (Tnv) and effector (Teff) CD4+ T cell purity was measured using anti-CD4 (AlexaFluor® 647, migG2b,
OKT4, 317422), anti-CD45RA (Brilliant Violet 605™, migG2b, HI100, 304134), anti-CD45RO (FITC, mligG2a, UCHL1, 304204) and
anti-CD197 (Pacific Blue, migG2a, G043H7, 353210) antibodies. Percentage purity was consistently > 90%.

Cell surface markers were monitored using the following antibodies: anti-CD3 (Brillian Violet 570™, migG1k, UCHT1, 300436), anti-
CD4 (Alexa Fluor® 647, migG2b, OKT4, 317422), anti-CD8 (PE, mlgG1«k, HIT8a, 300908), anti-CD25 (Brilliant Violet 605™, mIgG1k,
BC96, 302631), anti-CD25 (PE-Vio®615, rhigG1, REA570, 130-123-035; Miltenyi), anti-CD44 (Pacific Blue™, milgGik, BJ18,
338823), anti-CD62L (PE, migG1k, DREG56, 304806), anti-CD69 (PE, migG1k, FN50, 310906), anti-CD69 (FITC, migG1k, FN50,
310904).

Intracellular markers were stained using the Inside Stain Kit (Miltenyi) as per the manufacturer’s instructions. Following surface
staining, cells were fixed for 20 min at RT before staining at RT for 10 min in the dark in permeabilisation buffer. Cells were stained
for the following intracellular markers: anti-Tbet (Brilliant Violet 786™, migG1k, O4-46, 564141; BD Biosciences), anti-GATAS3 (PE,
mlgG2b, 16E10A23, 653804), anti-RORYT (Brilliant Violet 650™, migG2b, Q21-559, 563424; BD Biosciences), anti-PD1 (PerCP/
Cy5.5, migG1k, EH12.2H7, 329914), anti-TIM3 (Brilliant Violet 650™, migGik, F38-2E2, 345028), anti-LAG3 (PE, recombinant
IgG1, REA351, 130-120-470; Miltenyi), anti-ERK1/2 Phospho (Thr202/Tyr204; PE, migG2a, 6B8B69, 369506). For intracellular
IFNy staining, eBioscience Protein Transport Inhibitor Cocktail (Invitrogen) was added at the start of 4 h activation with PMA and ion-
omycin. Cells were stained overnight with anti-IFNy (PE, migG1k, 4S.B3, 502509) at 4°C in the dark in permeabilisation buffer.

For mitochondria content and membrane potential, cells were incubated with MitoTracker™ Green FM (100 nM; ThermoFisher) or
TMRE (50 nM; abcam), respectively. For mitochondrial ROS staining, cells were incubated with MitoSOX™ Red (5 pM;
ThermoFisher). All mitochondrial dyes were incubated for 20 min at 37°C.

CellTrace™ Violet Cell Proliferation kit (5 uM; ThermoFisher) was used to monitor T-cell proliferation. Cells were stained for 20 min
in the dark prior to 72 h activation. Proliferation-associated parameters were calculated using the FlowJo Proliferation Platform
(TreeStar).

Protein translation was assessed using anti-Puromycin (AlexaFluor® 488, 12D10, MABE343-AF488; Merck). Puromycin (10 puM;
Merck) was introduced 15 min prior to the end of 4 h and 24 h T-cell activation. Cells were washed in ice-cold PBS before intracellular
staining was performed using Inside Stain Kit (Miltenyi), whereby cells were fixed for 20 min at RT before 15 min permeabilisation.
Finally, cells were stained at 4°C for 1 h in permeabilisation buffer.

Cells were acquired with Novocyte 3000 (Agilent), and analysis performed using FlowJo 10.8.0 or later (TreeStar). All antibodies
purchased from (Biolegend, USA), unless otherwise stated.

Metabolic analysis

Metabolic analysis of T-cells was carried out using the Seahorse Extracellular Flux Analyzer XFe96 (Agilent). T-cells were activated for
24 hours with anti-CD3 (2 ng/mL; OKT3, Biolegend) and soluble anti-CD28 (20 ng/mL; CD28.2, Biolegend) in the presence or absence
of the different SGLT2 inhibitors (10 pM). T-cells were resuspended in RPMI phenol red-free media containing 10 mM glucose, 2 mM
glutamine and 1 mM pyruvate (Agilent). 2x10° T-cells were seeded onto a Cell-Tak (354240; Corning) coated microplate allowing the
adhesion of T-cells. Respiratory parameters (mitochondrial and glycolytic) were measured using OCR (pmoles/min) and ECAR (mpH/
min), respectively, using injections: oligomycin (1 uM), FCCP (1 uM), rotenone and antimycin A (both 1 uM) and monensin (20 uM). All
chemicals were purchased from Merck, unless stated otherwise. Metabolic parameters were calculated as per well-established
protocols.*®

Immunoblotting

T-cells were lysed using PhosphoSafe Extraction Buffer (Merck). Equivalent amounts of cell lysates proteins, as determined using DC
Protein Assay (Bio-Rad), were denatured and separated using sodium dodecyl! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred to polyvinylidene difluoride membranes using the Trans-Blot® Turbo™ transfer system as per
the manufacturer’s instructions. Following blocking in 5% BSA in TBST for 1 h at RT, membranes were probed overnight at 4°C
with antibodies targeting the following: phospho-S6 ribosomal protein (2211), S6 ribosomal protein (2217), phospho-AMPKa
(2535), AMPKa (2532), phospho-Acetyl CoA Carboxylase (3661), 4EBP1 (9644), phospho-STAT5 (9351), STAT5 (9363), c-Myc
(5605), phospho-LAT (3584), phospho-PLCy (14008) and phospho-ZAP70 (2704). Membranes were then incubated with HRP-con-
jugated anti-mouse or anti-rabbit antibodies for 1 h at RT (both Bio-Rad), washed three times in TBST, before incubation in
Amersham™ ECL Select™ Western Blotting detection reagent (Cytiva) allowed visualisation of protein levels by enhanced chemilu-
minescence using the ChemiDoc™ XRS+ imaging system (Bio-Rad). Membranes to be re-analysed were immersed in Restore™
PLUS Western Blot stripping buffer (ThermoFisher) for 10 min to remove bound antibodies, before washing, blocking and incubated
with the desired primary antibody, with the protocol continued as normal.
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All antibodies were purchased from Cell Signaling (Danvers, MA), unless otherwise stated, and used at a 1:1000 dilution. Protein
loading was evaluated using B-actin (ab8226, Abcam).

Stable Isotope Tracer Analysis (SITA) by LC-MS

Isolated Tnv were incubated with universally heavy labelled '*Cg-glucose (11.1 mM; Cambridge Isotopes) in glucose free RPMI
(ThermoFisher) or '3Cs-glutamine (2 mM; Cambridge Isotopes) in glutamine free RPMI (ThermoFisher). T-cells were activated with
plate bound anti-CD3 (2 ng/mL; HIT3a, Biolegend) and free anti-CD28 (20 ung/mL; CD28.2, Biolegend) in the presence or absence
of canagliflozin (10 nM) for a period of 8 h. Cells were then washed twice with ice cold PBS and lysed in 80% methanol. Cell extracts
were then dried down at 4°C using a speed-vacuum concentrator. Samples were resuspended in acetylnitrate, methanol and water in
a ratio of 50:30:20. The samples were subsequently analysed by LC-MS.

Metabolite analysis was performed by LC-MS using a Q-EXACTIVE Plus (Orbitrap) mass spectrometer (ThermoFisher) coupled
with a Vanquish UHPLC system (ThermoFisher). The chromatographic separation was performed on a SeQuant® Zic®pHILIC
(Merck) column (5 um particle size, polymeric, 150 x 4.6 mm). The injection volume was 5 pL, the oven temperature was maintained
at 25°C, and the autosampler tray temperature was maintained at 4°C. Chromatographic separation was achieved using a gradient
program at a constant flow rate of 300 pl/min over a total run time of 25 min. The elution gradient was programmed as decreasing
percentage of B from 80 % to 5 % during 17 minutes, holding at 5 % of B during 3 minutes and finally re-equilibrating the column at 80
% of B during 4 minutes. Solvent A was 20 mM ammonium carbonate solution in water supplemented by 4 ml/L of a solution of
ammonium hydroxide at 35% in water and solvent B was acetonitrile. MS was performed with positive/negative polarity switching
using a Q-EXACTIVE Plus Orbitrap (ThermoFisher) with a HESI Il probe. MS parameters were as follows: spray voltage 3.5 and 3.2 kV
for positive and negative modes, respectively; probe temperature 320°C; sheath and auxiliary gases were 30 and 5 arbitrary units,
respectively; and full scan range: 70-1,050 m/z with settings of AGC target and resolution as balanced and high (3 x 106 and 70,000),
respectively. Data were recorded using Xcalibur 4.2.47 software (ThermoFisher). Mass calibration was performed for both ESI po-
larities before analysis using the standard ThermoFisher Calmix solution. To enhance calibration stability, lock-mass correction
was also applied to each analytical run using ubiquitous low-mass contaminants. Parallel reaction monitoring (PRM) acquisition pa-
rameters were the following: resolution 17,500; collision energies were set individually in HCD (high-energy collisional dissociation)
mode. Metabolites were identified and quantified by accurate mass and retention time and by comparison to the retention times,
mass spectra, and responses of known amounts of authentic standards using TraceFinder 4.1 EFS software (ThermoFisher).

RNA isolation

RNA isolation was performed using an RNeasy® Mini Kit as per the manufacturers’ guidelines (all Qiagen, unless otherwise stated).
Cells were lysed in a 1:1 solution of RLT buffer and 70% high-grade ethanol (Fisher Bioreagents, USA) and RNA bound to spin col-
umns. Following several wash step, RNA was eluted in RNase-free water. The collected eluate was re-placed on the spin column
membrane and centrifuged again to further increase the final concentration of the collected RNA. Purity was assessed using a
NanoDrop™ spectrophotometer (ThermoFisher) by measuring the ratio of absorbance at 260 nm versus 280 nm or 230 nm.
Measured A260/A280 and A260/A230 ratios were typically ~2.0. Any RNA samples with A260/230 ratio below 2.0 were precipitated
using 0.3 M sodium acetate solution (ThermoFisher) and isopropanol. Subsequent measured A260/A230 ratios were typically
improved to > 2.0. Once purity was established, RNA was stored at -80°C until required for downstream analysis. Freeze-thaw cy-
cles were avoided in order to prevent RNA degradation.

Nanostring nCounter® analysis

784 genes related to pathways and processes involved in autoimmune disease were analysed using the nCounter® Autoimmune
Profiling Panel and 782 genes related to metabolic processes and signalling pathways were analysed using the nCounter® Metabolic
Pathways Panel (NanoString). Target gene panels included positive controls, negative controls and housekeeping genes for quality
control and normalisation. 50 ng of RNA was loaded per sample and hybridisation reactions were performed according to the man-
ufacturer’s instructions (Nanostring). Unique target-probe complexes were detected and scanned by the nCounter® SPRINT Profiler
analysis system.

Raw data appraisal, quality control and normalisation were all performed using nSolver™ analysis software V4.0. The following
criteria ensured sample quality control: imaging QC of >75% FOV registration, binding density QC within a range of 0.1 - 2.25, positive
control linearity QC with R2 > 0.95, and a positive control limit of detection QC set as 0.5 fM positive control above 2 standard de-
viations above the negative controls. Control and housekeeping genes were selected by the nSolver™ normalisation module and
generated normalised data was used as input for further analysis.

For differential expression analysis, a log, fold-change of <-1 or >1 and a p-value < 0.05 determined differentially expressed
genes. Pathway scores were calculated as the first principal component of the pathway genes’ normalised expression. All p-values
were adjusted using the Benjamini-Yekutieli method to control the false discovery rate (FDR).
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Proteomic analysis

Sample Processing

2x10°% isolated Tnv were activated with anti-CD3 (2 ug/ml) and anti-CD28 (20 ug/ml) for 24 h. Cell pellets were washed in Hank’s
Balanced Salt Solution (Gibco) before storing at -80°C for proteomic analysis. Samples were resuspended to 200 ul with S-Trap lysis
buffer (10% SDS, 100mM Triethylammonium bicarbonate) and sonicated for 15 min (30 s on, 30 s off, 100% Amplitude, 70% Pulse).
After centrifugation the supernatant was transferred to fresh tubes and the proteins quantified using the Micro BCA Protein Assay
(ThermoFisher). 150 pg of protein was processed using S-Trap mini columns (Protifi, #C02-mini-80). The samples were digested
overnight with 3.75 pg of trypsin (ThermoFisher, Pierce Trypsin Protease MS-Grade, #90057) with a second digest with the same
amount of trypsin for 6 h the following day. Peptides were extracted and dried under vacuum. The peptides were then resuspended
to 50 pl with 1% Formic Acid (ThermoFisher, #85178) and quantified using the Pierce Quantitative Fluorometric Peptide Assay
(ThermoFisher, #23290).

Mass Spectrometry

Peptides (equivalent of 1.5 ng) were injected onto a nanoscale C18 reverse-phase chromatography system (UltiMate 3000 RSLC
nano, ThermoFisher) and electrosprayed into an Orbitrap Exploris 480 Mass Spectrometer (ThermoFisher). For liquid chromatog-
raphy the following buffers were used: buffer A (0.1% formic acid in Milli-Q water (v/v)) and buffer B (80% acetonitrile and 0.1% formic
acid in Milli-Q water (v/v). Samples were loaded at 10 pL/min onto a trap column (100 um X 2 cm, PepMap nanoViper C18 column,
5 um, 100 A, ThermoFisher) equilibrated in 0.1% trifluoroacetic acid (TFA). The trap column was washed for 3 min at the same flow
rate with 0.1% TFA then switched in-line with a ThermoFisher, resolving C18 column (75 um x 50 cm, PepMap RSLC C18 column,
2 um, 100 A). Peptides were eluted from the column at a constant flow rate of 300 nl/min with a linear gradient from 3% buffer B to 6%
buffer B in 5 min, then from 6% buffer B to 35% buffer B in 115 min, and finally from 35% buffer B to 80% buffer B within 7 min. The
column was then washed with 80% buffer B for 4 min. Two blanks were run between each sample to reduce carry-over. The column
was kept at a constant temperature of 500C. The data was acquired using an easy spray source operated in positive mode with spray
voltage at 2.60 kV, and the ion transfer tube temperature at 2500C. The MS was operated in DIA mode. A scan cycle comprised a full
MS scan (m/z range from 350-1650), with RF lens at 40%, AGC target set to custom, normalised AGC target at 300%, maximum
injection time mode set to custom, maximum injection time at 20 ms, microscan set to 1 and source fragmentation disabled. MS sur-
vey scan was followed by MS/MS DIA scan events using the following parameters: multiplex ions set to false, collision energy mode
set to stepped, collision energy type set to normalized, HCD collision energies set to 25.5, 27 and 30%, orbitrap resolution 30000, first
mass 200, RF lens 40%, AGC target set to custom, normalized AGC target 3000%, microscan set to 1 and maximum injection time
55 ms. Data for both MS scan and MS/MS DIA scan events were acquired in profile mode.

Data Analysis

Analysis of the DIA data was carried out using Spectronaut (version 16.0.220606.53000, Biognosys, AG). Data was analysed using the
directDIA workflow, with the following settings; imputation, profiling and cross run normalisation were disabledProtein LFQ Method was
set to QUANT 2.0 (SN Standard) and Data Filtering to Qvalue; Precursor Qvalue Cutoff and Protein Qvalue Cutoff (Experimental) set to
0.01; maximum of 2 missed trypsin cleavages; PSM, Protein and Peptide FDR levels set to 0.01; cysteine carbamidomethylation set as
fixed modification and acetyl (N-term), deamidation (asparagine, glutamine), oxidation of methionine set as variable modifications. The
database used was the H.sapiens proteome downloaded from uniprot.org on 2021-05-11 (77,027 entries). Data filtering and protein
copy number and concentration quantification was performed in the Perseus software package, version 1.6.6.0. Copy numbers
were calculated using the proteomic ruler as described.®' Further filtration of the data was completed to include proteins detected
in at least > 2 biological replicates, and exclude proteins identified based on single peptides. Samples were grouped according to
the condition (activated or cana) to allow a comparison to be made between the control and treated samples. P values were calculated
viaatwo-tailed, unequal-variance t-test on log-normalized data. Elements with P values < 0.05 were considered significant, with a fold-
change cut-off > 1.5 or < 0.67. Heat maps were generated using the Morpheus tool from the Broad Institute (https://software.
broadinstitute.org/morpheus). Mitochondrial complex proteins were identified using the following Gene Ontology Cellular Component
terms: mitochondrial respiratory chain complex | (GO:0005747); mitochondrial respiratory chain complex Il (GO:0005750); mitochon-
drial respiratory chain complex Il, succinate dehydrogenase complex (ubiquinone) (GO:0005749); mitochondrial respiratory chain com-
plex IV (GO:0005751); mitochondrial proton-transporting ATP synthase complex (GO:0005753).

Lactate assay

Extracellular L-lactate concentrations were measured using L-Lactate Assay Kit | (Eton Bioscience) as per the manufacturer’s in-
structions. Cell-free supernatants were diluted to an appropriate concentration in dH,O prior to the addition of L-Lactate Assay So-
lution and incubation at 37°C for 30 min. Absorbance was measured at 490 nm after the addition of 0.5M acetic acid (Merck) to each
well and values were corrected to the blank.

e8 Cell Metabolism 35, 1132-1146.e1-€9, July 11, 2023


http://uniprot.org
https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus

Cell Metabolism ¢? CellP’ress

OPEN ACCESS

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends. All data are expressed as mean + SEM as indicated in the figure
legends. Statistical tests were selected based on appropriate assumptions with respect to data distribution and variance chara-
cteristics. For normally distributed data, statistical significance was determined using unpaired T test, one-way analysis of variance
(ANOVA,) followed by Dunnett’s multiple comparisons test, or two-way ANOVA followed by Sidak’s multiple comparisons test. For not
normally distributed data, statistical significance was determined using Mann-Whitney test, or Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. For data normalised to the vehicle control group, statistical significance was determined using one-sam-
ple T test. Any data involving a large number of multiple comparisons were adjusted for the FDR using the methods outlined. All sta-
tistical analyses were performed using GraphPad Prism 9.0. Significant differences are indicated as follows: *p < 0.05, **p < 0.01,
***p < 0.001, *** p < 0.0001.
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