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Type | interferons affect the metabolic fitness
of CD8™ T cells from patients with systemic
lupus erythematosus
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The majority of patients with systemic lupus erythematosus (SLE) have high expression of
type | IFN-stimulated genes. Mitochondrial abnormalities have also been reported, but the
contribution of type | IFN exposure to these changes is unknown. Here, we show down-
regulation of mitochondria-derived genes and mitochondria-associated metabolic pathways
in IFN-High patients from transcriptomic analysis of CD4* and CD8* T cells. CD8% T cells
from these patients have enlarged mitochondria and lower spare respiratory capacity asso-
ciated with increased cell death upon rechallenge with TCR stimulation. These mitochondrial
abnormalities can be phenocopied by exposing CD8* T cells from healthy volunteers to
type | IFN and TCR stimulation. Mechanistically these ‘SLE-like' conditions increase CD8™*
T cell NAD+ consumption resulting in impaired mitochondrial respiration and reduced cell
viability, both of which can be rectified by NAD+ supplementation. Our data suggest that
type | IFN exposure contributes to SLE pathogenesis by promoting CD81 T cell death via
metabolic rewiring.
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ARTICLE

ystemic lupus erythematosus (SLE) is a relapsing-remitting

autoimmune disease for which we lack biological para-

meters to monitor and predict disease flares. A large body of
research has demonstrated that the majority of SLE patients have
an increased expression of type I IFN-stimulated genes (ISGs),
known as “IFN signature”!. Type I IFNs, which consist of IFN-q,
IFN-B, IFN-¢, IFN-k, and IFN-w, are potent pleiotropic cytokines
with multiple and diverse immune functions. Increased expres-
sion of ISGs has been reported to correlate with SLE disease
activity in cross-sectional studies®.. However, studies focussing
on ISG expression in cells from active and inactive SLE patients
and longitudinal studies have reported contradictory results
with a robust correlation between ISG levels and flare rates in
paediatric3, but not in adult patients®. Several gene products
encoded by ISGs are linked to antiviral defence mechanisms and
cellular function regulation®®. Nonetheless, the biological role(s)
of these genes in SLE remains poorly understood. The triggers of
the IFN signature in SLE are also not well-defined. There are at
least three possible causes. Firstly, immune complexes, as well as
the DNA and RNA-containing materials, can act as endogenous
IFN inducers by activating plasmacytoid dendritic cells (pDCs)
via the TLR7/TLR8 or TLRY signaling pathway’. Secondly,
genetic variants within the type I IFN signaling pathway can
enhance IFN-a productiond. Finally, defects in the regulation of
pDC activation can result in continuous activation of these cells
by endogenous nucleic acids®.

Some studies suggest that in addition to nutrient, oxygen, and
growth factor availability, cytokines can also affect the mito-
chondrial metabolism and dynamics®. Type I IFNs have been
shown to affect mitochondrial functions in many cell types!©.
Type I IFNs activate mitochondrial apoptotic pathways in
hematopoietic cells by increasing mitochondrial reactive oxygen
species (ROS) accumulation!!. Furthermore, IFNa-treated
monocytes display defective mitophagy and cytoplasmic accu-
mulation of mitochondrial DNA (mtDNA), leading to an
increased inflammatory phenotype!2. Paradoxically, some stu-
dies have shown that type I IFNs downregulate mtDNA-encoded
gene expression, reduce electron transport chain (ETC) activity
and exert an antiproliferative effect in human B cell lines!3.
Furthermore, type I IFNs promote mitochondrial functions in
pDCs through upregulation of fatty acid oxidation (FAO) and
oxidative phosphorylation (OXPHOS)!4. The same study also
demonstrates the type I IFNs promote OXPHOS in other
immune cells, including murine memory CD8™ T cells, but not
effector CD8™ T cells. Collectively, these studies suggest that the
downstream effects of type I IFNs on mitochondrial metabolism
vary and are cell-specific.

Several studies have described mitochondrial and metabolic
alterations in cells from SLE patients. Common variants in mtDNA-
encoded genes are reported to be associated with SLE!> and SLE
leukocytes have increased mtDNA damage and decreased mtDNA-
encoded gene expression!®. Metabolic changes have been primarily
reported in CD4™ T cells and include mitochondrial hyperpolariza-
tion, ATP reduction, increased ROS production, intracellular deple-
tion of the anti-oxidant glutathione!”, and enhanced glycolysis!8-20,
These metabolic changes lead to abnormal T cell activation and
impaired cell-death pathways, which can contribute to the immune
dysregulation and autoantibody production?!. In keeping with these,
we found that complement Clq, a key susceptibility gene in SLE,
limits the autoimmune response by acting as a metabolic regulator of
CD8™ T cells?2. Despite the accumulating evidence of a role of type I
IFNs in immune cell metabolism, most of the data so far are derived
from in vitro experiments with short-term exposure or murine
models. At present, the effects of chronic type I IEN signaling on
human T cell metabolism remain unclear.

In this study, using high-throughput RNA sequencing in T cells
from SLE patients, we show a link between type I IFN signature
and mitochondrial changes in CD8 T cells. We demonstrate that
the metabolic abnormalities seen in the CD8T T cells are the result
of the combined prolonged type I IFN exposure and TCR sti-
mulation. Together these two stimuli increase the consumption of
nicotinamide adenine dinucleotide (NAD+-), alter the morphology
and function of the mitochondria in CD8% T cells, making them
metabolically unfit and more prone to die, especially under stress
conditions or in response to an antigen rechallenge.

Results

Downregulation of OXPHOS genes in patients with high
expression of ISGs. To investigate if T cell transcriptomic sig-
natures could help determining disease activity in SLE patients,
we sequenced mRNA in CD4" and CD8* T cells isolated from
active and inactive female patients (see “Methods” section and
Supplementary Table 1). The T cell signatures were compared to
a cohort of age-matched and sex-matched healthy controls (HC,
n = 11). Differential gene expression analysis revealed minimal or
few differentially expressed genes (DEGs) between active and
inactive SLE patients, whilst the comparison between all SLE
patients and HC showed more DEGs in CD8% than in CD4*
T cells (358 and 237 genes respectively; Supplementary Table 2).
As expected, pathway analyses uncovered highly enriched IFN
signaling pathways in both SLE CD4% and CD8*" T cell tran-
scriptomes. We also found pathways that had been previously
described to be over-expressed in SLE transcriptome?324, such as
JAK-STAT signaling, cell cycle, DNA repair, and apoptosis
(Supplementary Fig. 1).

We next performed hierarchical clustering of all CD4* and
CD8T T cell DEGs between healthy controls and SLE patients,
irrespective of the patient clinical features. This analysis
segregated SLE patients into two groups: SLE-1 and SLE-2
(Fig. 1a, b). In both T cell lineages, the patients in the SLE-2
group expressed a stronger type I IFN signature. In CD47 T cells,
this was accompanied by genes involved in JAK-STAT signaling
and T cell co-stimulation, whilst in CD8" T cells the increased
ISG expression was associated with genes involved in cell cycle,
response to DNA damage and apoptosis (Fig. 1a, b). Gene set
variation analysis (GSVA) and weighted gene co-expression
analysis (WGCNA)2>26 revealed that, in CD81 T cells, genes
belonging to mitochondria-induced apoptosis and DNA damage
response pathways correlated with disease activity and they were
co-expressed with the IFN signature that, on its own, did not
associate with disease activity or other clinical criteria (Supple-
mentary Fig. 2a). Intriguingly, the co-expression modules that
showed the most significant correlation with disease activity
included mtDNA-encoded genes involved in OXPHOS in both
CD4™" and CD8" T cells (Supplementary Fig. 2b, c), indicating a
possible regulation of mitochondrial genes by type I IFNs.

Comparison of the transcriptomic profiles between SLE-1 and
SLE-2 groups revealed that besides the ISGs the mtDNA-encoded
OXPHOS genes were the most differentially expressed (Fig. 1c, d).
Among the ~80 proteins constituting the ETC, 13 are encoded by
genes located in the mitochondrial DNA, and the remaining are
encoded by nuclear DNA (nDNA). Heatmap of all OXPHOS genes
showed that SLE-2 patients downregulated predominantly mtDNA-
encoded OXPHOS genes, but not nDNA-encoded genes (Supple-
mentary Fig. 3a). This observation was validated by quantitative
real-time (QPCR) (Supplementary Fig. 3b, c). The suppression of
mitochondria-derived genes in SLE-2 group was more pronounced
in CD8" T cells than in CD4*" T cells (Supplementary Fig. 3b).
Pathway analysis of genes involved in metabolic functions showed
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Fig. 1 Transcriptomic analyses of CD8* T and CD4+ T cells from healthy volunteers and patients with SLE. a, b Unsupervised hierarchical clustering of
all differentially expressed genes in CD4+ and CD8% T cells between HC and SLE patients. a In CD4+ T cells, SLE-1 (active SLE n= 2, inactive SLE n=8)
and SLE-2 (active SLE n=7, inactive SLE n=7). b In CD8* T cells, SLE-1 (active SLE n = 4, inactive SLE n=9) and SLE-2 (active SLE n= 8, inactive SLE
n=7). HC healthy control. ¢, d Volcano plots from RNA-seq analysis showing ISGs and mtDNA-encoded oxidative phosphorylation (OXPHOS) genes as
the most differentially expressed genes in CD4+ (¢) and CD8* T (d) cells between SLE-1 and SLE-2 groups. Blue dots indicate type | IFN-inducible genes

and red dots indicate mitochondria-encoded OXPHOS genes.

significant downregulation of pathways involved in tricarboxylic
acid (TCA) cycle, ETC, and ATP synthesis in SLE-2 compared to
SLE-1 patients (Supplementary Fig. 3d).

Taken together, the transcriptomic analysis of purified T cells
from SLE patients segregated them into two groups based on the
level of ISG expression, and patients expressing a high type I IFN
signature displayed reduced expression of mitochondria-encoded
genes and mitochondria-associated metabolic pathways, which was

more pronounced in CD87T T cells. This suggests a dysregulation of
mitochondrial functions linked to type I IFNs in SLE, a hypothesis
that we sought to test next.

Aberrant mitochondria in CD8T T cells from patients with
high expression of ISGs. Prior to studying the potential link
between type I IFN signaling and mitochondrial abnormalities,
we applied a combination of in silico and in vitro methods to
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stratify the SLE patients according to the degree of the type I IFN
signaling: high level of ISGs (IFN-High), low level of ISGs (IFN-
Low), and no ISGs (IFN-Neg). By applying the method used by
Kennedy et al.2” with three type I IFN-induced genes (HERCS5,
EPSTI1, and CMPK2), we established a cut-off interferon score
matrix (ISM) (IFN-High: ISM > 1.5; IFN-Low: ISM 0.5-1.5; IFN-
Neg: ISM < 0.5) that highly correlated with our RNAseq-derived

score (Supplementary Fig. 4).
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3D modelling

Next, we investigated the mitochondrial phenotype in T cells
from IFN-High and IFN-Neg SLE patients and included rheuma-
toid arthritis (RA) patients as disease controls (Supplementary
Table 3). We found that CD8* T cells from IFN-High SLE patients,
compared to those from the other groups (HC, IFN-Neg SLE and
RA patients), displayed increased mitochondrial size (Fig. 2a, b) and
membrane hyperpolarization (Fig. 2c). The most pronounced
mitochondrial changes were present in the effector memory
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Fig. 2 Mitochondrial changes in total CD8+ T cells from patients with SLE. Gated CD8* T cells were stained with a MitoTracker green (MTG) (HC n=
20; IFN-Neg n=8; IFN-High n=13; RA n=7); b membrane potential dependent-Mitotracker Deep Read (MTDR) (HC n=20; IFN-Neg n = 8; IFN-High
n=13; RA n=7), ¢ Tetramethylrhodamine (TMRM). (HC n = 22; IFN-Neg n =12; IFN-High n =13; RA n =5); Mean fluorescence intensity (MFI) data are
shown. d Proportions of CD8% T cells positive for cROS (cellROX Deep Red) and mROS (MitoSOX Red) are shown. (HC n = 22; IFN-Neg n =12; IFN-High
n=13; RA n=5); a-d Data presented as mean = S.E.M. Each symbol represents an individual. e, f Isolated CD8* T cells from IFN-Neg and IFN-High SLE
patients were mounted on poly-L-lysine-coated coverslips, fixed and stained for TOM20 (green), CD8 (red) and DAPI (blue) as described in “Methods"”
section. Representative SIM images derived from maximal projection analysis (e) and total mitochondrial volume (f) of three independent samples per
condition, each with at least 14 cells analysed (range 14-43 cells per sample). Scale bars, 2 mm. Data presented as mean + S.E.M. a-d One-way ANOVA,
f Two-tailed Mann-Whitney test; only significant differences are indicated. HC healthy controls, RA rheumatoid arthritis patients. Source data are for this

figure provided as a Source Data file.

CD8T T cells, whilst central memory CD8' T cells showed no
abnormalities (Supplementary Figs. 5a and 6a—c). The proportion of
CDS8T T cell subsets between IFN-High and IFN-Neg SLE patients
was similar (Supplementary Fig. 6d). In the IFN-High SLE patients
we also observed an increased fraction of CD8™ T cells positive for
cellular ROS (cROS), but only a trend in the proportion of
mitochondrial ROS (mROS) stained cells (Fig. 2d and Supplemen-
tary Figs. 5b, ¢, and 6e). A higher percentage of cROS positive cells
was also detected in the IFN-Neg SLE patients, suggesting a disease-
specific effect (Fig. 2d). To visualise the morphological changes, we
used super-resolution structured illumination microscopy (SR-SIM)
with a combination of fluorescently labelled antibodies specific for a
mitochondrial protein subunit of TOM20 (green) and CD8 (red)
with DAPI (blue) for nucleus staining. The microscopic images
complemented our flow cytometry data showing that in the CD8*
T cells from IFN-High SLE patients the mitochondria were
morphologically different compared to the ones in IFN-Neg SLE
patients (Fig. 2e). Additionally, image analysis showed that the
average total mitochondrial volume per cell was higher in IFN-High
CD8T T cells (Fig. 2f). By scoring the images blindly we found that
IFN-High SLE patients had a higher percentage of CD8% T cells
with elongated mitochondria (21.7 + 7.4) compared to the IFN-Neg
SLE (9 £ 3.4). Of note, the analysis of CD4T T cells failed to detect
any significant change in any of the mitochondrial parameters
assessed (Supplementary Fig. 7). Despite the increased mitochon-
drial size and activity in CD8F T cells we found no differences in
the mtDNA copy number (Supplementary Fig. 8a). Similarly, we
did not detect any difference in the protein expression of mtDNA-
encoded and nDNA-encoded OXPHOS genes (Supplementary
Fig. 8b, ¢) in both T cells.

Taken together, the data indicate that in SLE patients the
prolonged IFNa exposure may trigger mitochondrial changes in
CD8T, but not in CD4t, T cells and this may lead to
metabolically dysregulated cells with potential implications for
their function.

CD8T T cells from patients with high IFN signature have
reduced SCR. The mitochondrial changes detected in the CD8*
T cells from IFN-High SLE patients prompted us to evaluate their
metabolic functions. We next compared mitochondrial respira-
tion and aerobic glycolysis in ex vivo CD4" and CD8% T cells
sorted from peripheral blood of SLE patients and HC. Using the
Seahorse extracellular flux analyzer we found that CD8% T cells
from IFN-Neg patients had similar basal and maximal oxygen
consumption rate (OCR) to the HC, whilst CD8' T cells from
IFN-High patients showed less basal and maximal OCR (Fig. 3a).
Importantly, in IFN-High CD8T T cells the spare respiratory
capacity (SRC), that reflects the cell ability to adapt to increased
energy demand, was significantly reduced (Fig. 3a). The decrease
in SRC was accompanied by some reduction of intracellular ATP
level (Supplementary Fig. 9a). On the other hand, no marked
abnormalities in OCR or SRC were detected in the CD4™" T cells
isolated at the same time from the same patients (Fig. 3a). In

addition, glycolysis, measured by extracellular acidification rate
(ECAR), was similar in all groups in both CD4t and CD8*
T cells (Supplementary Fig. 9b).

We next explored whether the metabolic abnormalities
observed ex vivo in the CD8™ T cells from the IFN-High patients
could result in T cell defects. We observed an increased
spontaneous cell death in the CD8% T cells from IFN-High SLE
patients compared to HC and IFN-Neg SLE patients (Fig. 3b).
However, when the IFN-High CD8" T cells were cultured in vitro
they lost their IFN signature very quickly and by day 3 the ISM
was equivalent to the one observed in IFN-Neg cells (Supple-
mentary Fig. 9c), a change that prevented us from pursuing
further in vitro functional assays with the cells from the SLE
patients.

In summary, the metabolic analysis revealed that the larger and
hyperpolarized mitochondria in CD8T T cells from IFN-High
SLE patients were bioenergetically impaired. Collectively, the data
also suggest that the persistent activation of type I IFN pathways
may reduce the metabolic fitness of CD8* T cells and thus their
ability to survive.

TCR and IFN signalling together induce CD8' T cell meta-
bolic rewiring. In order to investigate the sequential events
leading to the mitochondrial and metabolic changes seen in IFN-
High CD8% T cells, we next used cells from HC and a combi-
nation of prolonged IFN treatment and TCR activation, two
essential cellular signals present in SLE patients. We initially
cultured peripheral blood mononuclear cell (PBMCs) from HC
with varying concentrations of IFNa (10, 100, and 1000 U/ml).
The 1000U/ml dose of IFNa increased ISG expression to the same
degree seen in IFN-High SLE patients (Supplementary Fig. 10a)
and thus this dose was used in all subsequent experiments.
Importantly, while exposure of CD8" T cells to IFNa for 2 days
did not trigger any significant mitochondrial or metabolic changes
(Supplementary Fig. 10b-f), 7-day IFNa exposure, especially
combined with T cell activation, induced downregulation of the
mtDNA-encoded gene expression (Fig. 4a) and changes in the
mitochondria (Fig. 4b), that were similar to the ones observed in
the CD8T T cells from IFN-High SLE patients (Fig. 2a, b). We
then analysed the oxidative capacities of the CD8% T cells and
found that 7-day IFNa stimulation with or without CD3/CD28
activation significantly enhanced the basal OCR, but not the
maximal OCR, resulting in a decreased SRC when the value was
normalized to basal level of each sample, especially when the IFNa
exposure was combined with T cell activation (Fig. 4c). Consistent
with the ex vivo patient data (Supplementary Fig. 9b), we found
that the IFNa priming did not alter the basal ECAR (Supple-
mentary Fig. 11a).

The reduced SRC capacity in the CD8' T cells after
prolonged stimulation with IFNa and anti-CD3/CD28 beads
suggests impaired bioenergetic fitness. To corroborate this, we
analysed their glycolytic and oxidative response upon resti-
mulation with anti-CD3/CD28 beads injected during the
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Fig. 3 Metabolic analysis and apoptotic rate in CD8' T cells from patients with SLE. a Representative oxygen consumption rate (OCR) (left panels) and
summary graphs (right panels) of sorted CD4+ and CD87 T cells from controls, IFN-Neg and IFN-High SLE patients during a mitochondrial stress test.
Spare respiratory capacity (SRC) was normalized to basal level of each individual. Oligomycin, carbonylcyanide p-trifluoromethoxyphenylhydrazone

(FCCP), and rotenone/antimycin A (R/A) were added to the cells as indicated. Each symbol represents an individual (HC n =12; IFN-Neg n = 7; IFN-High
n=8). b PBMCs from IFN-Neg and IFN-High SLE patients and HC were rested in culture for 48 h followed by staining with Annexin V and propidium iodide
(PD). Representative flow cytometry plots of CD3+ CD8% gated cells and summary graphs. Each symbol represents an individual (HC n=11; IFN-Neg n =
11; IFN-High n =12) a, b Data presented as mean + S.E.M. One-way ANOVA, only significant differences are indicated, HC healthy controls. Source data for
this figure are provided as a Source Data file.

extracellular flux assay. Under these experimental conditions
the IFNa-stimulated CD8% T cells showed, after the initial
burst, a more rapid decline in their oxidative and glycolytic
capacities compared to the CD8% T cells stimulated with CD3/

CD28 only. Similar

6

results were

also observed upon

restimulation with PMA/ionomycin used as non-specific
stimuli (Fig. 4d and Supplementary Fig 11b).

In summary, the in vitro studies using CD8* T cells from HC
demonstrated that whilst a prolonged IFNa treatment alone was
able to trigger detectable metabolic rewiring, only the combined
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Fig. 4 Metabolic changes triggered by 7-day IFNa exposure and T cell activation. a, b Purified CD8% T cells from healthy donors treated with or without
aCD3/CD28 beads in the presence or absence of 1000U/ml IFNa for 7 days. Mitochondria-encoded gene expression (n=5-7) (a) and changes in
mitotracker stainings (n = 6-7) (b) are shown. ¢, d PBMCs from healthy donors treated with or without aCD3/CD28 beads in the presence or absence of
1000U/ml IFNa for 7 days. CD8% T cells were FACs-sorted and analysed using the extracellular flux assay. € Graphs showing the basal and maximal OCR
levels under the different experimental conditions as indicated. Spare respiratory capacity (SRC) was normalized to basal level of each individual (n = 7-8).
d Oxidative response of FACs-sorted CD8* T cells upon re-stimulation with anti-CD3/CD28 beads or PMA/| injected during the extracellular flux assay. A
representative graph (left panel) and levels (right panels) at different time points normalised to basal level of each individual are shown (n = 6). a-d Data
presented as mean £ S.E.M. Each symbol represents one donor. a-c Two-tailed Wilcoxon matched-pairs signed rank test was utilized, d two-way ANOVA,
only significant differences are indicated; MFI mean fluorescence intensity, MTG MitoTracker green, MTDR membrane potential dependent-Mitotracker
Deep Read, MT-ND3 mitochondrially encoded NADH:Ubiquinone oxidoreductase core subunit 3, MT-CYTB mitochondrially encoded cytochrome B, PMA/
| phorbol12-myristate13-acetate/lonomycin. Source data for this figure are provided as a Source Data file.

exposure of IFNa and T cell activation could phenocopy the
mitochondrial and metabolic abnormalities observed in CD8*
T cells from the IFN-High SLE patients.

IFNa exposure induces cell death in chronically activated
CD8' T cells. Having established experimental conditions that
recreated the metabolic changes seen in SLE CD8* T cells, we next
investigated the downstream effects. Consistent with the ex vivo
data from the SLE patients, we found that prolonged IFNa exposure
combined with T cell activation promoted spontaneous death of

CD8T T cells (Fig. 5a). In agreement with the spontaneous cell
death data, we found that, upon rechallenge, the percentage of
proliferating CD8T T cells expressing Annexin V was significantly
increased in the cells exposed to IFNa (Fig. 5b). In addition,
we detected fewer degranulated (CD107a positive) and activated
(CD69 and CD25 positive) CD8™ T cells among the IFN-stimulated
cells (Fig. 5¢). These changes were detected only at 4 h after resti-
mulation (Supplementary Fig. 12a), and were accompanied by a
decrease in the secretion of TNFa and a trend of reducing secretion
of granzyme B and IENy (Supplementary Fig. 12b).
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Fig. 5 Changes induced by 7-day exposure to IFNx and T cell activation. PBMCs from HC were stimulated with aCD3/CD28 beads in the presence or
absence of 1000U/ml of IFNa for 7 days. a «CD3/CD28 beads were removed from the culture and cells were left in culture for additional 48 h. Annexin V
and propidium iodide (P1) staining of gated CD3+CD8 cells was used to detect spontaneous cell death. Data shown are mean + S.E.M of fold-change of
each individual sample exposed to aCD3/CD28 beads only. Each dot represents one donor (n=7). b, ¢ aCD3/CD28 beads were removed from the culture
and cells were rested overnight before labelling with CFSE and restimulation with aCD3/CD28 beads. b Representative flow plots of Annexin V staining
and CFSE dilution (CD3+CD8*gated cells) at day 3 after re-stimulation (beads to cell ratio indicated). Percentages of Annexin V+CFSEIOWCD8 T cells (n
=5-7). ¢ Percentages of CD8T T cells positive for CD69, CD25, and CD107a at 4 h of post restimulation (beads to cell ratio = 1:2). Each symbol
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Source data for this figure are provided as a Source Data file.

Together the data suggest that the type I IFN signature altered
the metabolism of CD8" T cells in SLE patients resulting in
reduced cell survival upon TCR rechallenge.

IFNa exposure increases NAD+ consumption in CD8T T cells.
To understand the mechanistic link between chronic type I IFNs
and downstream mitochondrial and metabolic changes observed
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in the CD8* T cells, we first explored which pathways correlated
with type I IFN signaling in the transcriptomic data from the
CD8T T cells of the SLE patients. We found that the nicotinate/
nicotinamide metabolic pathway showed the highest correlation
(r*=0.6562; P<0.0001, Pearson’s correlation coefficient)
(Fig. 6a) and NAD-consuming enzymes, such as the poly(ADP-
ribose) polymerases (PARP9, PARPI0, and PARP12) and CD383,
were markedly upregulated in CD8" T cells from IFN-High SLE
patients (Fig. 6b). Furthermore, TCR-stimulated CD8" T cells
from healthy controls showed increased surface expression of

CD38 (Fig. 6¢) and induced gene expression of PARP9 and
PARPIO after IFNa treatment (Supplementary Fig. 13a), sug-
gesting a direct effect of IFNa on the nicotinate/nicotinamide
metabolic pathway. Based on these data, we reasoned that the
upregulation of the expression of NAD-consuming enzymes eli-
cited by type I IEN signaling in activated CD8" T cells could lead
to NAD+ depletion and subsequent mitochondrial dysfunction.
Consistent with this hypothesis, we observed a significantly
decreased NAD+/NADH ratio in CD8™ T cells after prolonged
IFNa and TCR stimulation (Fig. 6d), the experimental conditions
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Fig. 6 IFN« increases NAD-+ consumption leading to reduced SCR and cell viability. a Correlation between enrichment score for KEGG's NAD metabolic
pathway and Type | IFN signalling using GSVA package. Data obtained from the transcriptomic analysis of the SLE cohort. Pearson correlation coefficient
(r?) and P-value are shown (n = 34). b Gene expression of NAD-consuming enzymes (CD38; PARP9, PARP10, and PARP12) in CD8" T cells from IFN-Neg
(n=6), IFN-High (n=15) SLE patients, and HC (n=11). Normalized read counts are shown. ¢, d Purified CD8T T cells from HC were treated with IL-2
(10U/ml) and «CD3/CD28 with or without 1000U/ml IFNa for 7 days. € CD38 expression was measured using flow cytometry. MFl is shown (n=7).
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consumption ratio, Pl propidium iodide. Source data for this figure are provided as a Source Data file.
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mimicking the mitochondrial and metabolic abnormalities
observed in CD8T T cells from IFN-High SLE patients.

To test whether a NAD+ supplementation could rectify the
downstream effects of IFNa stimulation, we cultured the CD8*
T cells with 1mM p-Nicotinamide mononucleotide (NMN) to
restore the NAD+/NADH ratio (Fig. 6e). We then assessed the
oxidative response and cell viability upon restimulation with anti-
CD3/CD28 beads. The NAD+ supplementation with NMN
increased the OCR (Fig. 6f), but not the ECAR (Supplementary
Fig. 13¢), indicating increased mitochondrial capacity. Similar results
were also observed upon restimulation with PMA/ionomycin used as
a positive control (Supplementary Fig. 13d). Importantly, restoring
NAD+ availability with the NMN treatment improved cell viability
following prolonged IFNa and TCR stimulation (Fig. 6g) upon
rechallenges, indicating that the NAD pathway modulated mito-
chondrial fitness and cell survival in these activated human CD8*
T cells. Given that NAD+ supplementation has been reported to
sustain mitochondrial fitness by reducing mROS levels in CD8*
T cells?, we explored this in our in vitro model. We found that IFNa
exposure increased the percentage of activated CD8T T cells
expressing mROS upon restimulation, and the NMN treatment
was capable of attenuating this effect (Supplementary Fig. 13e).

In summary, our data indicate that prolonged IFNa exposure
increased the consumption of NAD+ and reduced the
NAD+/NADH ratio in human TCR-stimulated CD8" T cells.
This led to defective mitochondrial respiration upon restimulation
and reduced cell viability. The NAD+ precursor NMN rectified
these metabolic changes and improved CD8% T cell viability.

Discussion
It is recognized that most SLE patients have an increased
expression of ISGs, but the biological and clinical implications of

this remains unclear. Our T cell transcriptomic and metabolic
studies in a clinically well-defined group of SLE patients with
biopsy-proven nephritis showed that, high IFN signaling can
drive changes in the mitochondrial metabolic pathways of CD8%
T cells making them bioenergetically unfit and more prone to die.
Using a combination of in silico and in vitro methods, here, we
demonstrated that the metabolic rewiring observed in CD8T
T cells from SLE patients was the result of prolonged IFNa
exposure and TCR stimulation. Under the persistent combination
of these two stimuli, a condition probably unique to SLE patients,
the CD8' T cells displayed increased PARP gene expression
associated with enhanced NAD+ consumption, reduced mito-
chondrial oxidative capacity and decreased survival (Fig. 7).
Collectively, our findings demonstrated a link between high ISG
signature and the metabolic fitness of SLE CD8™ T cells, and their
ability to survive under stress or in response to antigen
rechallenges.

Over the past decade several transcriptomic studies have been
conducted in SLE cohorts>?. However, most of the studies have been
conducted using whole blood and SLE patients with different clinical
manifestations, an obstacle for inferring biological pathways beyond
the shared IFN response signature. A recent integrated and multi-
cohort analysis of 40 independent studies identifies a unique SLE
MetaSignature of 93 genes in the blood and 85% of these are IFN-
related3!. Of note, in this study, the non-IFN SLE MetaSignature has
a higher correlation with SLE disease activity than the IFN SLE
MetaSignature. Consistent with this and other reports®?732, our
transcriptomic analysis of T cells from SLE patients with renal
involvement found that ISG levels did not correlate with disease
activity. Instead, we showed that a high type I IFN signature was
associated with several mitochondrial abnormalities (e.g., decreased
expression of mitochondria-encoded OXPHOS genes and larger and
hyperpolarized mitochondria) in CD8* T cells. These abnormalities

Healthy TCR

“ Signal 1 gg

@,
Q
i #
ntigen \
stimulation %%
> Robust mitochondrial respiration
@% = and clonal expansion
"
CD8*T cell
IFN-High
Mitochondrial respiration in
SLE IFNa TCR Signal 1 NMN l response to demand
Signal 2-%¢, ” Zp
" SE@ pme L. ,
4 pARPs (- Mitochondrial Antigen @t mROS L2008 Apoptosis
i o \changes stimulation T2 e ]| seif-antigen release
fCDag INADV-, 4 9&@& T
~ lSRC . .
( 3 i R { a’ s o
CD8*T cell

Fig. 7 Type | interferons modulate the metabolic fitness of CD8* T cells in patients with SLE. In HC, TCR signaling (signal 1) is essential for CD8* T cell
survival. In IFN-High SLE patients, persistent activation of the TCR (signal 1) and the type | IFNa pathways (signal 2) triggers mitochondrial changes via
increasing NAD+ consumption in CD8T T cells resulting in lower spare respiratory capacity (SRC) and thus decreased bioenergetic fitness. Upon
increased energy demand such as in response to antigen challenge or stress, IFNa-stimulated CD8% T cells are more prone to die, and this could
perpetuate autoimmunity by increasing the autoantigen load. NAD+ supplementation with NMN restored the NAD+ pool, increased the mitochondrial
respiration, decreased mROS, and improved cell viability upon TCR restimulation. Figure was created with BioRender.com.
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created functionally less capable mitochondria, resulting in increased
cell death that in itself has been linked to SLE pathogenesis. Previous
studies have reported a higher degree of apoptosis in T cells from
SLE patients and shown a correlation with disease activity, however,
no mechanistic link to the IFN signature was made33.

One of the most interesting observations from our comparative
transcriptomic analysis of purified CD4™ and CD8™ T cells was the
relatively stronger association between gene expression signature
and clinical parameters in CD8T T cells, indicating that these cells
may play an integral role in the disease pathogenesis. Consistent
with this, a previous transcriptomic study using microarrays pos-
tulated that gene signatures from CD8* but not CD4+ T cells, could
predict long-term prognosis in several autoimmune conditions
including SLE?4. However, both protective and deleterious roles of
CD8* T cells have been reported3>3°, which may reflect distinct
roles of these cells at different stages of SLE. In vitro stimulation of
antigen-experienced antiviral CD8" T cells from SLE patients shows
less degranulation and reduced cytokine production, suggesting
dysfunctional CD8T T cell responses®’. In contrast, other studies
report increased frequency of circulating cytolytic CD8™ effector
T cells in active SLE patients compared to healthy controls>. Tissue
injury in SLE can be amplified by CD8% T cells*® and proteolysis by
granzyme B, the serine protease released by cytotoxic CD8* T cells,
can generate unique autoantigen fragments contributing to
increased autoantigen load3>. Additionally, here we demonstrated
that CD8T T cells from IFN-High patients displayed increased
spontaneous apoptotic rate, and upon restimulation they were more
prone to cell death, which could exacerbate on-going autoimmunity
by increasing exposure to self-antigens (Fig. 7). Besides the auto-
antigen load, CD8' T cells may also contribute to perpetuation of
autoimmunity by regulating auto-antibody production as a distinct
subset of PD1TCXCR5" CD8T T cells is recently identified within
the B cell follicle and germinal center?®. These cells are shown to
have similar function to CD4* T follicular helper cells supporting
auto-antibody production. Together all these studies suggest
unprecedent roles in autoimmunity for CD8T T cells, which warrant
further investigations into the immunomodulatory functions of
CD8* T cells in SLE pathogenesis.

There is accumulating evidence that while acute type I IFN sig-
naling improves immune responses prolonged stimulation leads to
regulatory pathways, that limit immunity and promote chronic
disease0. During chronic viral infections, bystander CD8% T cells
exposed to IFNa are less able to proliferate upon stimulation*! and
blockade of type I IFN signaling enhances virus clearance*?. How-
ever, these regulatory pathways are not clearly defined and are cell
type and context-dependent. Our comparison between IFN-Neg and
IFN-High SLE T cells offers unique insights into the impact of
chronic type I IFN signaling in SLE. Consistent with previous
transcriptomic studies of SLE CD41 T cells, we found that ISG
signature in these cells was associated with JAK-STAT, T cell co-
stimulation pathways and tissue homing signatures?* (Fig. 1 and
Supplementary Fig. 1), indicating that chronic type I IFN signaling
may promote CD4™ T cell response. However, chronic type I IFN
signaling appears to be detrimental to CD8™ T cells as we found that
DNA damage, apoptosis signatures, and the NAD pathway corre-
lated with ISGs. Consistent with this, metabolic analyses showed that
CD8T T cells from IFN-High SLE patients or after prolonged
exposure to IFNa in vitro were metabolically impaired and less
capable to survive. Collectively, our data suggest the modulation of
metabolism as one of the regulatory mechanisms in CD8' T cells
restraining their immune response to persistent type I IFN signaling.

Metabolic adaptation is an important feature of CD4" and
CD8% T cell functions*3. Following antigen recognition, mito-
chondria oxidation and aerobic glycolysis work in concert to
promote clonal expansion, effector functions, and survival of
T cells. The imbalance between these two metabolic pathways

results in aberrant T cell responses and reduced survival.
Abnormal mitochondrial metabolism in SLE has been primarily
described in CD4T T cells. Such defects include mitochondrial
hyperpolarization, enlarged mitochondrial size, ATP depletion,
and increased ROS production®. Increased OXPHOS and gly-
colysis have also been reported in CD4" T cells from both SLE
patients and lupus prone mice?’. In our study, we could not
replicate these observations and this may be related to the dif-
ferent clinical cohorts. Furthermore, for the functional studies we
selected patients who were clinically stable and did not require
change in treatment. Of note, in all previous studies the link
between the mitochondrial defects and ISGs was not explored.
Indeed, very few studies have investigated the effects of type I
IFNs on T cell metabolism, particularly in the context of chronic
IFNa exposure. A study in mice shows that in memory-like OT-1
CD8T T cells, IFNa induces an increase in fatty acid oxidation
driven OCR!. Other studies have shown that IFNa treatment in
human B and T cell lines can cause a reduction in gene expression
of mitochondria-derived genes!3#>. However, these in vitro stu-
dies investigate relatively short-term exposure to IFNa and we
found that type I IFN exposure up to 48 h had no detectable
metabolic effects on human primary T cells. In contrast, longer
(up to 7 days) exposure reduced the SRC in CD8% T cells, but not
CD4" T cells. Our data, therefore, reinforce the notion that
immunometabolism plays an important role in SLE pathogenesis,
and highlight that immune cells use different metabolic pathways
in response to acute or chronic changes. Further studies will be
required to explore the mechanisms regulating these different
metabolic programs.

Defects in mitophagy in cells from SLE patients have been
described to be associated with TFN signature!24, In addition,
the formation of megamitochondria in PBMCs from SLE patients
is associated with increased mitochondrial fusion via defects of
mitochondrial fission initiator, Drpl protein?’. Indeed, we
observed enlarged mitochondria in the CD8% T cells from IFN-
High SLE patients (Fig. 2e) that may suggest enhanced mito-
chondrial fusion or defects in clearance through mitophagy.
However, our transcriptomic analysis did not reveal gene sig-
natures associated with mitophagy (such as PINKI, PRKN,
BNIP3L, BNIP3, FUNDCI1, ATG7 genes) to be differentially
expressed in IFN-High SLE patients. Instead, we showed that type
I IFN signaling impaired mitochondrial metabolism in TCR-
stimulated CD8T T cells via modulation of the NAD metabolic
pathway. NAD+ is known to be a metabolic cofactor with critical
roles in the maintenance of mitochondrial fitness*s. NAD+ can
affect mitochondrial function through regulation of mitochon-
drial unfolded protein response, or via providing electrons to
respiratory chain Complex I. NAD+ is also crucial to maintain
cellular redox homeostasis through the generation of NADPH.

Our study showed that the expression of CD38 and PARP genes,
well-known NAD-consuming enzymes, was associated with the
type I IFN signature in SLE patients (Fig. 6a) and was inducible by
IFNa exposure in vitro (Fig. 6b). Indeed, a recent study has linked
the increased expression of CD38 in CD8T T cells to decreased
effector functions in SLE patients with infections**. However, the
correlation with type I IFN signature was not investigated. In
cancer, a crucial role of the CD38-NAD+ axis in T cells has also
been suggested where reduced CD38 expression has been shown to
correlate with higher cellular NAD+ levels, enhanced oxidative
phosphorylation and glutaminolysis and improved T cell effector
functions®?. Activation of PARP proteins is known to be induced by
DNA damage!. Indeed, deficiency in DNA damage response has
been described in SLE and other auto-immune diseases. PBMCs
from SLE patients showed decreased PARP activity upon UV-
irradiation compared to healthy controls®>. We observed mROS
accumulation after IFN treatment, and this could have induced
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DNA damage and triggered the increased PARP expression. Of
note, while ISGs alone were not associated with disease activity,
genes belonging to mitochondria-induced apoptosis and DNA
damage response pathways significantly correlated with disease
activity (Supplementary Fig. 2a) indicating the potential contribu-
tion of these pathways to the disease pathogenesis. A recent study
reported that upon DNA damage, cells became more dependent on
OXPHOS than glycolysis as inhibition of OXPHOS, but not gly-
colysis, induce ATP deprivation and cell death®3. Thus, the
increased PARP expression associated with the increased NAD+
consumption in response to DNA damage could have triggered the
metabolic shift in the CD8' T cells from IFN-High SLE patients, a
change critical for their survival. Moreover, it has been reported that
NAD+ supplementation can restore mitochondrial function and
can reduce accumulation of mROS in CD8% T cells?. Consistent
with this, our data in human activated CD8' T cells showed that
NAD+ supplementation with NMN restored the NAD+/NADH
ratio, increased the mitochondrial respiration, decreased mROS
and, more importantly, improved cell survival in response to anti-
gen re-challenges. Thus, our study uncovered a link between IFNa
exposure and the NAD metabolic pathway and the critical role of
NAD+ pathway in the metabolic fitness of TCR-stimulated CD8*
T cells. Whether boosting NAD+- levels could have beneficial effect
in IFN-High SLE patients will require further investigation.

Our findings linking the type I IEN signature to dysregulation of
the mitochondrial metabolism in CD8" T cells go beyond the
existing knowledge about the role of type I IFNs in SLE. We show the
regulation of NAD pathway to be one of the mechanisms by which
type I IFNs affect mitochondrial functions in SLE. However, other
mechanisms are also likely to contribute to the metabolic impairment
of the CD8*" T cells from IFN-High SLE and further studies are
warranted to explore these additional potential pathways.

Although IFN signature cannot be used as a disease biomarker
for SLE4, in our SLE cohort as well in other cross-sectional studies,
IFN-High patients tend to have a more severe disease course®,
suggesting that ISGs do play a role in the disease pathogenesis. In
addition, a recent phase III clinical trial (TULIP 2, NCT02446899)
with a human monoclonal antibody (Anifrolumab) that specifi-
cally blocks IFNARI (type I interferon receptor subunit 1) meet
the primary end-points and thus this new therapeutic approach
promises to change the standard of care for SLE patients®. The
trial data also suggest a better response in IFN-High SLE patients.
Consistent with this, our study linking type I IFNs to CD8* T
metabolic fitness and survival advocates that the underlying dis-
ease mechanisms between IFN-High and IFN-Neg SLE patients
may be different and thus patient stratification based on IFN
signature should be considered for treating SLE patients. In
addition, our data support the concept of exploring metabolic
pathways as therapeutic targets in SLE.

Methods

Patients. All patients with SLE in the study met the revised American College of
Rheumatology criteria®® and the SLICC® criteria and had biopsy-proven nephritis.
Lupus nephritis (LN) subsets were categorized according to the International
Society of Nephrology/Renal Pathology Society classification. Patients who had
received cyclophosphamide and/or B-cell depletion within 6 months were exclu-
ded. For the transcriptomic study 29 patients with SLE were recruited from the
Imperial Lupus Center and the details are presented in Supplementary Table 1. The
Systemic Lupus Erythematosus Disease Activity Index (SLEDAI score) and British
Isles Lupus Assessment Group (BILAG) index were used for clinical classification;
active disease was defined as a SLEDAI > 6 and inactive SLEDAI < 4. Active renal
disease was defined as urine protein:creatinine ratio >50 mg/mmol together with
biopsy-proven class III or IV or V LN within 3 months of recruitment. Inactive
renal disease was defined as patients with a history of biopsy-proven LN, on a
prednisolone dose of <10 mg daily together with renal BILAG domain grade D,
protein:creatinine ratio <50 mg/mmol and no change in SLE-related medication
within 12 months before recruitment. Eleven healthy female volunteers (with no
family history of autoimmune disease) served as age-matched and ethnicity-
matched controls. The details of the SLE cohort and healthy volunteers involved in

the metabolic and functional studies are summarised in Supplementary Table 3.
Seven female patients with RA were recruited as disease controls for the metabolic
study. All patients gave informed consent and samples were collected as a sub-
collection registered with the Imperial College Healthcare Tissue Bank (licence:
12275; National Research Ethics Service approval 17/WA/0161). The Tissue
Management Committee of the Imperial College Healthcare Tissue Bank approved
the study (ref: R13010a).

PBMC separation and T cell isolation. PBMCs were obtained by density gradient
centrifugation using Lymphoprep (STEMCELL Technologies, Canada). In short,
approximately 50 ml of blood were diluted 1x with phosphate buffered saline (PBS)
with addition of 2% FBS and layered on top of 15 ml of Lymphoprep solution. The
sample was then centrifuged at 800 x g for 20 min at room temperature without
break. PBMCs were collected from the interface and washed twice with PBS/2%
FBS. To maximize the purity of CD4+ and CD8* T cells, T cells were first enriched
using negative magnetic selection Pan T Cell Isolation Kit (Miltenyi Biotec) per
manufacturer’s instruction. For metabolic studies, as indicated, the negatively
selected T cells were then labelled with anti-CD4 and anti-CD8 antibodies and
sorted using Aria II FACS (Becton-Dickson). For RNA sequencing experiments,
CD4% and CD87 T cells were positively isolated using Dynabeads FlowComp
Human CD4 or CD8 Kit (Invitrogen) according to the manufacturer’s protocol.
The average purity as assessed by flow cytometry was more than 95%.

For some in vitro culture experiments CD8" T cells were isolated from buffy
coat cones (NHSBT) from healthy donors. CD8™ T cells were purified using
human CD8* T Cell Isolation Kit (Myltenyi Biotec) according to the
manufacturer’s protocol. Cells were centrifuged and resuspended in complete
medium (CM) containing RPMI 1640, 10% of heat-inactivated FBS, 1% of 1-
glutamine with penicillin-streptomycin, 0.1% of 50 mM (-mercaptoethanol, 2% of
1 M HEPES buffer solution, 1% of MEM non-essential amino acids solution and
2% of 100 mM Sodium pyruvate solution. The total number of cells was counted by
trypan blue staining with hematocytometer. The average purity as assessed by flow
cytometry was more than 85%.

RNA extraction and library preparation. Total RNA was extracted from using
RNeasy Mini kits (Qiagen) per manufacturer’s instruction, with an additional
purification step by on-column DNase treatment using the RNase-free DNase Kit
(Qiagen) to ensure elimination of any genomic DNA. Total RNA quality and
concentration was analyzed using a NanoDrop 1000 spectrophotometer (Ther-
moFisher Scientific) and verified using Qubit meter (Invitrogen). All total RNA
samples were subjected to level of degradation measurement using Agilent 2100
Bioanalyzer (Agilent Tech Inc.) and RIN values for all samples were >9.0. Five
hundred nanogram of total RNA from CD8% or CD4* T cells was used to generate
RNA-seq libraries using TruSeq Stranded mRNA HT kit (Illumina, UK) per
manufacturer’s instruction. Briefly, RNA was purified and fragmented using poly-T
oligo-attached magnetic beads using two rounds of purification followed by the
first and second cDNA strand synthesis. Next, cDNA 3’ ends were adenylated and
adapters ligated followed by 11 cycles of library amplification. The libraries were
size selected using AMPure XP Beads (Beckman Coulter) purified and their quality
was checked using Agilent 2100 Bioanalyzer. Samples were randomized to avoid
batch effects and multiplexed libraries were run on 12.5 lanes of the HiSeq 2500
platform (Illumina, BRC, Imperial College) to generate 100 bp paired-end reads.

RNA-seq analysis. An average depth of 48 M reads per sample was achieved.
Sequencing adapters were removed using Trimmomatic (v.0.36) and the reads
quality was checked using FastQC (v.0.11.2) before and after trimming. Reads were
aligned to the human genome (GRCh38.primary_assembly.genome.fa; annotation:
gencode.v25.annotation.gtf) using tophat2 package (v.2.1.0: -b2-sensitive,--library-
type fr-firststrand). The average mapping percentage of 92.5% was achieved and
the average number of properly paired reads was 42.5 M (approximately 89%).
Mapping quality, read distribution, gene body coverage, GC content, and rRNA
contamination, were checked using picard (v.2.6.0) software. Gene level read
counts were computed using HT-Seq-count (v.0.6.1, annotation: gencode.v25.
annotation.gtf)®® with strict “-m intersection-strict” mode. Genes with fewer than
ten aligned reads across all samples were filtered out as lowly expressed genes,
keeping 16,874 expressed genes out of 58,037 total genes. A matrix of fragments per
kilobase of exons per million reads mapped (FPKM) counts was calculated using
Rsubread (v.1.30.5)% and edgeR (v.3.22.3)¢0 packages. Differential gene expression
analysis between groups was performed using DESeq2 (v.1.14.1) and significantly
differentially expressed genes were reported using fold-change at 1.5 times and
below 1% Benjamini-Hochberg (BH) adjusted P-value. In order to visualize the
similarities between samples, hierarchical clustering and PCA were performed
using pcaExplorer (v.2.6.0, https://github.com/federicomarini/pcaExplorer) and
pheatmap (v 1.0.10, https://CRAN.R-project.org/package=pheatmap) packages
respectively. Volcano plots of differentially expressed genes were generated using
ggplot2 (v.3.0.0, https://cran.r-project.org/web/packages/ggplot2/index.html)
package. All raw RNA-seq data processing steps were performed in Cx1 high-
performance cluster computing environment, Imperial College London. Further
analyses were conducted in R/Bioconductor environment v.3.4.4 (http://www.R-
project.org/).
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Pathway analysis. Differential expressed genes were analysed with Cytoscape
ClueGo v.2.3.3. (http://apps.cytoscape.org/apps/cluego) based of Gene Ontologies
(Biological Processes, Molecular Functions, Immune System Process), Interpro,
KEGG, Reactome and Wiki Pathways. Terms were called enriched based on
maximum P-value of 0.05 and a minimum of 3% overlap. Go Term Fusion and
grouping were performed. Enriched groups were further ranked according to the
group, Bonferroni’s step-down-adjusted P-value. Group lead terms were defined
inside each group as the term with the lowest adjusted P-value of enrichment.
Visualization of pathways within datasets was done using the Cytoscape (V3.6.0)
software. Targeted metabolic pathway enrichment analysis was performed using
Cytoscape Reactome Functional Interaction app. Pathways with a maximum false
discovery rate of 0.05 were retained as significantly enriched.

GSVA and WGCN analyses. To identify pathways correlating with disease
activity, GSVA and WGCNA were applied. T cell signatures were correlated with
84 clinical criteria including multiple clinical scoring systems (ACR, BILAG,
Physicians Global Assessment, SLEDAI, SLICC), blood parameters (e.g., anti-
nuclear, anti-dsDNA, and anti-cardiolipin antibodies, leukopenia), clinical mani-
festations (lupus nephritis classification, other organ involvement etc), and treat-
ments (azathioprine, hydroxychloroquine, and mycophenolate mofetil etc).

GSVA v1.30.0 was utilised to access whether specific biological pathways or
signatures were significantly enriched between active vs. inactive SLE patients. A priori
defined gene set was derived from MSig database (http://software.broadinstitute.org/
gsea/msigdb). In brief, a matrix of normalized, log-transformed expression data was
generated, and all genes were ranked according to the level of expression. Next,
enrichment scores (GSVA scores) were calculated non-parametrically using a
Kolmogorov Smirnoft (KS)-like random walk statistic for each gene set in a particular
sample. Significance difference in enrichment scores between clinical categories was
calculated using a chi-squared test and categories with P-values less than 0.05 were
considered significantly enriched. GSVA enrichment score for gene set involved in
type I IFN signaling (http://software.broadinstitute.org/gsea/msigdb/cards/
REACTOME_INTERFERON_ALPHA_BETA_SIGNALING) were used to validate
qPCR-based ISM score to show high correlation (12 = 0.9132 Pearson Correlation
Coefficient). To investigate the metabolic pathways that could be influenced by type I
IFN signaling, GSVA enrichment score for each gene set related to metabolism from
BIOCARTA, KEGG, and REACTOME databases (http://software.broadinstitute.org/
gsea/msigdb) was correlated to GSVA enrichment score for the gene set involved in
type I IFN signaling using Pearson’s .

WGCNA version 1.68 was used to identify highly correlated genes in each
immune cell subset. A matrix of normalized, log-transformed expression data was
generated and used as input for WGCNA analysis. A soft thresholding power was
chosen on the basis of the criterion of approximate scale-free topology (P =15 for
CD4% T cell dataset and P = 16 for CD8* T cell dataset). Gene networks were
constructed, and modules identified from the resulting topological overlap matrix
with a dissimilarity correlation threshold of 0.01 used to merge module boundaries
and a specified minimum module size of n = 30. Modules were summarized as a
network of modular eigengenes, which were then correlated with a matrix of
clinical variables and the resulting correlation matrix visualized as a heat map.
Significance of correlation between a given clinical trait and a modular eigengene
was assessed using linear regression with Bonferroni adjustment to correct for
multiple testing. The biological relevance of gene groups composing modules
identified by co-expression analysis was further investigated using STRING v.11
database (https://string-db.org/) to interrogate protein—protein interactions
together with enrichment for KEGG pathways and GO terms (Biological process).

qPCR and ISM score. RNA samples were converted to cDNA using iScript cDNA
Synthesis Kit (Bio-Rad, USA) as per manufacturer’s instructions. cDNA was then
diluted in EB buffer (Qiagen) to a final concentration of 2.5 ng/ul. Real-time qPCR
reactions were conducted using Power SYBR Green Master Mix (Applied Biosys-
tems, USA) and the probe specific primers are listed in Supplementary Table 4. For
each PCR reaction, 5ng cDNA and 0.4 uM primers were used followed by 8 pl of
master mix. Each sample was assayed in triplicate. A non-template water control
was included for each master mix on all runs. The ViiA 7 System machine (Life
Technologies) was used for measuring gene expression. The PCR procedures
included a hot start at 95 °C, 10 min and 40 cycles of 95 °C, 25s; and 60 °C, 60 s.
Melt curves were examined for each gene for a single peak. Relative gene expression
levels were calculated using 2~2ACT method and obtained by normalizing to
house-keeping genes 18S ribosomal RNA (rRNA), ACTB (B-actin), or HPRTI
(Hypoxanthine guanine phosphoribosyl transferase 1). Adapted from Kennedy

et al. the ISM score was calculated using expression values from the CMPK2,
EPSTII, and HERC5 genes and normalised using the housekeeping gene HPRT?”.
The ISM score was calculated from the mean of the CMPK2, EPSTII, and HERC5
cycle threshold (Ct)—HPRT Ct (ACt) values and multiplied by —1 to give the
correct directionality of relative log2-scaled expression. Relative frequency dis-
tribution of ISM values in HC and SLE patients was computed in order to defined
IFN-Neg SLE patient as having ISM < 0.5 and IFN-High SLE patients as ISM > 1.5.

In vitro type I IFN treatment and T cell stimulation. PBMCs or CD8" T cells
were isolated from buffy coat cones (NHSBT) from HC as described above. PBMCs

(5.0 x 10° per well) or CD8* T cells (2.0 x 10° cells per well) were plated into
U-bottom 96-well plates in CM containing 10U/ml of recombinant human IL-2
(Peprotech). Cells were treated with human universal Type I IFN (Human Inter-
feron Alpha A/D [BglII]; R&D System, USA; 1000U/ml or other doses as indicated)
or left untreated. As indicated cells were either treated with Gibco Dynabeads
Human T-Activator CD3/CD28 (beads to cell ratio 1:4) or left untreated. Cells
were then incubated at 37 °C in a humidified atmosphere containing 5% CO, for 2
or 7 days with change of CM at day 3. At the end of the culture, cells were analysed
by flow cytometry or cell-sorted and analysed using the extracellular metabolic flux
analyser (see below). For the re-stimulation experiments, CD3/CD28 beads were
removed from PBMCs culture at day 7 and cells were left to rest overnight.
Afterwards, sort-purified CD8* T cells were re-plated at 2.0 x 10° cells per well and
re-stimulated with Gibco Dynabeads Human T-Activator CD3/CD28 (beads to cell
ratio as indicated). After 4 or 24 h of treatment, cells were stained for activation
markers and analysed by flow cytometry. IFNy, TNFa, and Granzyme B cytokines
in the supernatant were measured using commercial ELISA kits as listed in Sup-
plementary Table 4 according to manufacturer’s protocol.

Flow cytometry analysis. The list of antibodies used for flow cytometry is shown
in Supplementary Table 4. To exclude dead cells from staining, Live/dead Fixable
Aqua stain kit (Molecular Probes, Life Technologies) was used according to the
manufacturer’s instructions. Staining was performed in the presence of a saturating
concentration of Fc Receptor Blocking Solution using Human TruStain FcX™
(Biolegend). For intracellular protein staining, cells were incubated in 1x of BD Fix/
Perm™ buffer (BD Biosciences) for 20 min at 4 °C. Cells were washed with 1x of BD
Perm/Wash™ buffer (BD Biosciences) and incubated with antibodies for 30 min.
After washing with BD Perm/Wash™ buffer, cells were resuspended in FACs buffer
(PBS supplemented with 0.1% BSA, 2 mM EDTA, and 0.09% Sodium azide).

Mitochondrial phenotype was assessed using mitochondrial specific fluorescent
probes (Supplementary Table 4). 5 x 10 cells were suspended in 200 pl of CM and
treated with mitochondrial probes at indicated concentrations. Cells were
incubated for 30 min at 37 °C in a humidified atmosphere containing 5% CO,
before harvesting for flow cytometry analysis. All samples were acquired on a
LSRFortessa flow cytometer (BD Biosciences, USA) and data were analysed with
Flow]o software, version 10 (Tree Star Inc. Ashland, OR, USA)

Extracellular metabolic flux analysis. CD4+ and CD8* T cells were sorted ex vivo
or from day-7 PBMCs cultures using FACs Aria II (BD Biosciences). The metabolic
profile of the sorted cells (>95% purity) was analysed using XF Cell Mito Stress kit
(Agilent Technologies, USA). Briefly, 3.0 x 10° cells were suspended in XF medium
(Seahorse XF RPMI medium, 2 mM L-Glutamine, 1 mM pyruvate, and 25 mM glu-
cose). Cells were seeded onto a XF96 plate (Agilent Technologies, USA) pre-coated
with 22.4 ug/ml of Cell-Tak Cell and Tissue Adhesive (Corning, USA). The culture
was equilibrated for 1 h at 37 °C and then OCR (pMole/min) and ECAR (mpH/min)
were measured under basal conditions and in response to 1 uM oligomycin, 2 uM
fluorocarbonylcyanide phenylhydrazone (FCCP), 1 uM rotenone and 1 uM antimycin
A using the XFe96 Extracellular Flux Analyzer. All measurements were repeated at
least three times of 3-0-3 min mix-wait-measure cycle. All samples were run in tri-
plicates or quadruplicates. Metabolic parameters were calculated following Gubster
et al. publication®!. For the restimulation experiments of 7-day PBMC cultures, CD3/
CD28 beads were removed at day 7 and the cells were left unstimulated overnight.
Afterwards, CD8% T cells were sorted and 2.0 x 10° cells were suspended in low
glucose XF medium (Seahorse XF RPMI medium, 2 mM L-Glutamine, 1 mM pyr-
uvate, and 10 mM glucose), and plated onto an XF96 plate pre-coated with 22.4 ug/ml
of Cell-Tak Cell and Tissue Adhesive. After 30 min CD3/CD28 beads (4:1 beads to
cell ratio) or phorbol12-myristatel3-acetate (PMA)/Ionomycin (final concentration of
100 ng/ml PMA and 500 ng/ml Ionomycin) were directly applied onto the plated cells
via the instrument’s multi-injection ports. ECAR and OCR were recorded for the
duration of the experiment (120 min).

ATP quantification. The ATP content of sorted CD4" and CD8" T cells was
assessed using a bioluminescent ATP assay kit (Abcam). Cells were resuspended at
1 x 10%/ml in phenol free RPMI 1640 and 50 pl cell suspension (5.0 x 10# cells) was
then added to 50 yl reaction mixture containing ATP monitoring enzyme and
nucleotide releasing buffer. Standards were prepared in 10x dilutions (range from
1000 uM to 1 x 106 uM). Luminescence was measured using a FluoStar Omega
plate reader (BMG Labtech, USA). All samples were run in triplicates and ATP
level was interpolated from the standard curve.

Copy number of mitochondria-encoded DNA. Total DNA was extracted from
cell-sorted CD4+ and CD8F T cells using the DNAzol Reagent following manu-
facturer’s instruction (Invitrogen). The mtDNA copy number was defined as total
mtDNA-encoded tRNA (mtDNA-tRNA-F: CACCCAAGAACAGGGTTTGT;
mtDNA-tDNA-R: TGGCCATGGGTATGTTGTTA) copies divided by nDNA-
encoded B2M (nDNA B2M-F: TGCTGTCTCCATGTTTGATGTATCT; nDNA
B2M-R: TCTCTGCTCCCCACCTCTAAGT) copies. For each reaction, 3 pl of
sample DNA (1 ng/ul) was amplified in a 10-pl reaction buffer containing 1 ul

(5 uM) of each primer and 5 pl of Power SYBR Green PCR Master Mix (Invitro-
gen). qQPCR were run on The ViiA 7 System machine (Life Technologies) as
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described above. Simultaneously, 3 pl of PCR grade H,O were included as negative
controls, respectively. Results were expressed as mtDNA copy number as pre-
viously reported®2.

Cell death assay. PBMCs from SLE patients and HC were kept in culture for 48 h
in CM. Cells were washed twice with PBS and then stained for Annexin V and
propidium iodide (PI) using the FITC-Annexin V Apoptosis Detection Kit (BD
Bioscience, Heidelberg, Germany) according to the manufacturer’s protocol. In
brief, PBMCs were resuspended in annexin V binding buffer, FITC-annexin (5 pl)
was added to cell suspension containing 2.5 x 10° cells. The cell suspension was
mixed by vortexing gently and then incubated for 15 min at room temperature in
the dark. Subsequently, 250 pl of binding buffer and PI (1 ul) were added and cells
were analyzed by flow cytometry using BD LSRFortessa (BD Bioscience, Heidel-
berg, Germany). For restimulation experiments, PBMCs were rested overnight
before labelled with 1 uM of CFSE labelling. Cells were then re-plated at 2.0 x 10°
cells per well and re-stimulated with Gibco Dynabeads Human T-Activator CD3/
CD28 (1:4, 1:8, or 1:16 beads to cell ratio as indicated). After 3 days, cells were
stained for PB-annexin V (1:100 dilution) and analysed by flow cytometry.

Structured illumination microscopy imaging. Isolated CD8% T cells from IFN-
Neg (n=3) and IFN-High (n = 3) SLE patients were seeded on poly-L-lysine
coated high precision cover glasses (1.5H, Marienfeld GmbH & Co.) and subse-
quently fixed in 4% formaldehyde (w/v) plus 4% sucrose (w/v) in 50% PBS
(GIBCO) for 20 min at room temperature. Lymphocytes were then permeabilized
with 0.1% Triton X-100 in PBS (5 min). Fish skin gelatine (Sigma, 0.2% w/v) was
used throughout to reduce nonspecific antibody binding. Fixed lymphocytes were
exposed to primary antibodies against Tom20 (FL-145, sc-11415, Santa Cruz
Biotechnology, Inc) and against CD8 alpha (ab199016, Abcam) at 4 °C, overnight.
After washing, lymphocytes were labelled with goat anti-rabbit Alexa 488 (Invi-
trogen) and goat anti-mouse Alex 568 (Invitrogen), as appropriate, for 1 h at room
temperature. Nuclei were stained with DAPI. Slides were mounted with antifade
medium Vectashield H-1000 (Vector Labs). Lymphocytes were visualized by SR-
SIM performed with a Zeiss Elyra S.1 (Carl Zeiss Microimaging) using a Plan-
Apochromat 63x/1.4 oil lens and immersion oil (Zeiss Immersol, 518 °F/30 °C).
Images were acquired using five phase shifts and three grid rotations, with a z step
size of 0.1 um, and captured with a sSCMOS camera (pco.Edge 4.2). The following
laser and filter setup was employed: Alexa 568 was excited using a 561 nm laser and
emitted light collected with a BP 420-480 + BP 570-640 + LP 740 filter; Alexa 488
was excited using a 488 nm laser and emitted light collected with a BP 420-480 +
BP 495-550 + LP 650 filter; DAPI was excited using a 405 nm laser and emitted
light collected with a BP 420-480 + BP 495-550 + LP 650 filter. Images were
reconstructed using ZEN 2012 SP4 (Black) software, version 13.0.2.518 (Carl Zeiss
Microimaging). Channel alignment was achieved by imaging a multi-colored bead
slide with the same image acquisition settings. 3-D reconstructions were obtained
using Imaris 9.5.1 software (version 9.5.1, Bitplane AG). Imaris “Cells” tool was
used to identify CD87 cells and generate three-dimensional surfaces of the mito-
chondrion through thresholding of the TOM20 fluorescent channel. Surface ren-
derings less than 0.025 pm? in size were considered background and excluded. The
mitochondrial images were also scored by two blinded researchers (range of 14-43
mitochondrial images per sample; three IFN-Neg and three IFN-High SLE
patients). Percentages of CD8F T cells with fused mitochondria was calculated as
total number of cells scored as fused divided by total number of cells imaged in
each sample.

NAD-+/NADH assay and in vitro NMN treatment. CD8* T cells were isolated
from buffy coat cones (NHSBT) from HC using CD8* T Cell Isolation Kit
(Myltenyi Biotec) according to the manufacturer’s protocol. CD8* T cells (2.0 x
10° cells per well) were plated into U-bottom 96-well plates in CM containing 10U/
ml of recombinant human IL-2 (Peprotech) and Gibco Dynabeads Human T-
Activator CD3/CD28 (beads to cell ratio 1:4), with or without Type I IFN (Human
Interferon Alpha A/D; R&D System, USA; 1000U/ml). Cells were then incubated at
37°C in a humidified atmosphere containing 5% CO, for 7 days. At day 3, cells
were supplemented with or without 1 mM NMN (Sigma-Aldrich). At day 7, CD3/
CD28 beads were removed from the culture and cells were left to rest overnight.
CD8* T cells were positively selected using Dynabeads FlowComp Human CD8
Kit (Invitrogen) to achieve over 99% purity and then used for: i) mitochondrial
respiration response to TCR (beads to cell ratio 4:1) and PMA/Ionomycin (final
concentration of 100 ng/ml PMA and 500 ng/ml Ionomycin) stimulation using the
extracellular metabolic flux analyser as described above. ii) NAD+/NADH ratio:
2.0 x 109 CD8* T cells were lysed and the NAD+/NADH ratio quantified using a
specific kit (Abcam, ab65348) following the manufacturer’s instructions. All
OD450 nm values (microplate reader FluoStar Omega, BMG Labtech, USA) were
corrected to the blank controls. Using the OD450 nm values the NAD+/NADH
ratio was calculated as: (Total NAD+/NADH) - NADH/NADH. iii) cell viability:
CD8F T cells (2.0 x 10° cells per well) were re-stimulated with Gibco Dynabeads
Human T-Activator CD3/CD28 (beads to cell ratio 1:2). After 24 h, cells were
stained with MitoSOX Red, and after 3 days with Annexin V/PI as described above.

Statistical analysis. Data were analysed using GraphPad Prism software, version
v.9.0.1 (GraphPad Software, Inc. La Jolla California, USA). Unless indicated, graphs
show mean and SEM for each group. One-way ANOVA, and Wilcoxon matched-
pairs signed rank test were used to calculate significant differences between mul-
tiple or two treatments, respectively. Significance is based upon a P value less
than 0.05.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

RNAseq data have been deposited in the Gene Expression Omnibus repository under
accession code GSE97263 and GSE97264). Microscopy image datasets are available from
the corresponding author upon request. All the other data are available in the main text
or the supplementary materials. Source data are provided with this paper.

Received: 18 June 2020; Accepted: 6 March 2021;
Published online: 31 March 2021

References

1. Crow, M. K. Advances in understanding the role of type I interferons in
systemic lupus erythematosus. Curr. Opin. Rheumatol. 26, 467-474 (2014).

2. El-Sherbiny, Y. M. et al. A novel two-score system for interferon status
segregates autoimmune diseases and correlates with clinical features. Sci. Rep.
8, 5793 (2018).

3. Banchereau, R. et al. Personalized immunomonitoring uncovers molecular
networks that stratify lupus patients. Cell 165, 551-565 (2016).

4. Landolt-Marticorena, C. et al. Lack of association between the interferon-
alpha signature and longitudinal changes in disease activity in systemic lupus
erythematosus. Ann. Rheum. Dis. 68, 1440-1446 (2009).

5. Hertzog, P., Forster, S. & Samarajiwa, S. Systems biology of interferon
responses. J. Interferon Cytokine Res. 31, 5-11 (2011).

6. Ronnblom, L. & Eloranta, M. L. The interferon signature in autoimmune
diseases. Curr. Opin. Rheumatol. 25, 248-253 (2013).

7. Ronnblom, L., Alm, G. V. & Eloranta, M. L. The type I interferon system in
the development of lupus. Semin. Immunol. 23, 113-121 (2011).

8. Bronson, P. G., Chaivorapol, C., Ortmann, W., Behrens, T. W. & Graham, R.
R. The genetics of type I interferon in systemic lupus erythematosus. Curr.
Opin. Immunol. 24, 530-537 (2012).

9. ONeill, L. A. & Pearce, E. J. Inmunometabolism governs dendritic cell and
macrophage function. J. Exp. Med. 213, 15-23 (2016).

10. Fritsch, S. D. & Weichhart, T. Effects of interferons and viruses on
metabolism. Front. Immunol. 7, 630 (2016).

11. Yim, H. Y. et al. The mitochondrial pathway and reactive oxygen species are
critical contributors to interferon-alpha/beta-mediated apoptosis in Ubp43-
deficient hematopoietic cells. Biochem. Biophys. Res. Commun. 423, 436-440
(2012).

12. Gkirtzimanaki, K. et al. IFNalpha impairs autophagic degradation of mtDNA
promoting autoreactivity of SLE monocytes in a STING-dependent fashion.
Cell Rep. 25, 921-933 (2018).

13. Lewis, J. A, Hug, A. & Najarro, P. Inhibition of mitochondrial function by
interferon. J. Biol. Chem. 271, 13184-13190 (1996).

14. Wu, D. et al. Type 1 interferons induce changes in core metabolism that are
critical for immune function. Immunity 44, 1325-1336 (2016).

15. Vyshkina, T. et al. Association of common mitochondrial DNA variants with
multiple sclerosis and systemic lupus erythematosus. Clin. Immunol. 129,
31-35 (2008).

16. Lee, H. T. et al. Leukocyte mitochondrial DNA alteration in systemic lupus
erythematosus and its relevance to the susceptibility to lupus nephritis. Int. J.
Mol. Sci. 13, 8853-8868 (2012).

17. Gergely, P. Jr. et al. Mitochondrial hyperpolarization and ATP depletion in
patients with systemic lupus erythematosus. Arthritis Rheum. 46, 175-190 (2002).

18. Fernandez, D. & Perl, A. mTOR signaling: a central pathway to pathogenesis
in systemic lupus erythematosus? Discov. Med. 9, 173-178 (2010).

19. Lui, S. L. et al. Rapamycin attenuates the severity of established nephritis in lupus-
prone NZB/W F1 mice. Nephrol. Dial. Transplant. 23, 2768-2776 (2008).

20. Yin, Y. et al. Normalization of CD4+ T cell metabolism reverses lupus. Sci.
Transl. Med. 7, 274ra218 (2015).

21. Perl, A. Oxidative stress in the pathology and treatment of systemic lupus
erythematosus. Nat. Rev. Rheumatol. 9, 674-686 (2013).

22. Ling, G. S. et al. Clq restrains autoimmunity and viral infection by regulating
CD8(+) T cell metabolism. Science 360, 558-563 (2018).

23. Jourde-Chiche, N. et al. Modular transcriptional repertoire analyses identify a
blood neutrophil signature as a candidate biomarker for lupus nephritis.
Rheumatology 56, 477-487 (2017).

14 | (2021)12:1980 | https://doi.org/10.1038/s41467-021-22312-y | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE97263
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE97264
www.nature.com/naturecommunications

ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lyons, P. A. et al. Novel expression signatures identified by transcriptional
analysis of separated leucocyte subsets in systemic lupus erythematosus and
vasculitis. Ann. Rheum. Dis. 69, 1208-1213 (2010).

Hanzelmann, S., Castelo, R. & Guinney, ]. GSVA: gene set variation analysis
for microarray and RNA-seq data. BMC Bioinform. 14, 7 (2013).
Langfelder, P. & Horvath, S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinform. 9, 559 (2008).

Kennedy, W. P. et al. Association of the interferon signature metric with
serological disease manifestations but not global activity scores in multiple
cohorts of patients with SLE. Lupus Sci. Med. 2, 000080 (2015).

Xie, N. et al. NAD(+) metabolism: pathophysiologic mechanisms and
therapeutic potential. Signal Transduct. Target Ther. 5, 227 (2020).

Yu, Y. R. et al. Disturbed mitochondrial dynamics in CD8(+) TILs reinforce T
cell exhaustion. Nat. Immunol. 21, 1540-1551 (2020).

Arriens, C. & Mohan, C. Systemic lupus erythematosus diagnostics in the
‘omics’ era. Int. J. Clin. Rheumtol. 8, 671-687 (2013).

Haynes, W. A. et al. Integrated, multicohort analysis reveals unified signature
of systemic lupus erythematosus. JCI Insight 5, 1-20 (2020).

Chiche, L. et al. Modular transcriptional repertoire analyses of adults with
systemic lupus erythematosus reveal distinct type I and type II interferon
signatures. Arthritis Rheumatol. 66, 1583-1595 (2014).

Dhir, V., Singh, A. P, Aggarwal, A., Naik, S. & Misra, R. Increased T-
lymphocyte apoptosis in lupus correlates with disease activity and may be
responsible for reduced T-cell frequency: a cross-sectional and longitudinal
study. Lupus 18, 785-791 (2009).

McKinney, E. F, Lee, ]. C, Jayne, D. R,, Lyons, P. A. & Smith, K. G. T-cell
exhaustion, co-stimulation and clinical outcome in autoimmunity and
infection. Nature 523, 612-616 (2015).

Blanco, P. et al. Increase in activated CD8+ T lymphocytes expressing
perforin and granzyme B correlates with disease activity in patients with
systemic lupus erythematosus. Arthritis Rheum. 52, 201-211 (2005).
Kis-Toth, K. et al. Selective loss of signaling lymphocytic activation molecule
family member 4-positive CD8+ T cells contributes to the decreased cytotoxic
cell activity in systemic lupus erythematosus. Arthritis Rheumatol. 68,
164-173 (2016).

Larsen, M. et al. Exhausted cytotoxic control of Epstein-Barr virus in human
lupus. PLoS Pathog. 7, 1002328 (2011).

Couzi, L. et al. Predominance of CD8+ T lymphocytes among periglomerular
infiltrating cells and link to the prognosis of class III and class IV lupus
nephritis. Arthritis Rheum. 56, 2362-2370 (2007).

He, R. et al. Follicular CXCRS5- expressing CD8(+) T cells curtail chronic viral
infection. Nature 537, 412-428 (2016).

Lee, A. J. & Ashkar, A. A. The dual nature of type I and type II interferons.
Front. Immunol. 9, 2061 (2018).

Marshall, H. D., Urban, S. L. & Welsh, R. M. Virus-induced transient immune
suppression and the inhibition of T cell proliferation by type I interferon. J.
Virol. 85, 5929-5939 (2011).

Teijaro, J. R. et al. Persistent LCMV infection is controlled by blockade of type
I interferon signaling. Science 340, 207-211 (2013).

Geltink, R. I. K,, Kyle, R. L. & Pearce, E. L. Unraveling the complex interplay
between T cell metabolism and function. Annu. Rev. Immunol. 36, 461-488
(2018).

Morel, L. Immunometabolism in systemic lupus erythematosus. Nat. Rev.
Rheumatol. 13, 280-290 (2017).

Hsu, Y. A. et al. The anti-proliferative effects of type I IFN involve STAT6-
mediated regulation of SP1 and BCL6. Cancer Lett. 375, 303-312 (2016).
Caielli, S. et al. Oxidized mitochondrial nucleoids released by neutrophils drive
type I interferon production in human lupus. J. Exp. Med. 213, 697-713 (2016).
Caza, T. N. et al. HRES-1/Rab4-mediated depletion of Drpl impairs
mitochondrial homeostasis and represents a target for treatment in SLE. Ann.
Rheum. Dis. 73, 1888-1897 (2014).

Verdin, E. NAD(+) in aging, metabolism, and neurodegeneration. Science
350, 1208-1213 (2015).

Katsuyama, E. et al. The CD38/NAD/SIRTUIN1/EZH2 axis mitigates
cytotoxic CD8 T cell function and identifies patients with SLE prone to
infections. Cell Rep. 30, 112-123 (2020).

Chatterjee, S. et al. CD38-NAD(+)axis regulates immunotherapeutic anti-
tumor T cell response. Cell Metab. 27, 85-100 (2018).

Ke, Y. et al. Novel insights into PARPs in gene expression: regulation of RNA
metabolism. Cell Mol. Life Sci. 76, 3283-3299 (2019).

Sibley, J. T., Haug, B. L. & Lee, J. S. Altered metabolism of poly(ADP-ribose)
in the peripheral blood lymphocytes of patients with systemic lupus
erythematosus. Arthritis Rheum. 32, 1045-1049 (1989).

Murata, M. M. et al. NAD+ consumption by PARP1 in response to DNA
damage triggers metabolic shift critical for damaged cell survival. Mol. Biol.
Cell 30, 2584-2597 (2019).

54. Baechler, E. C. et al. Interferon-inducible gene expression signature in
peripheral blood cells of patients with severe lupus. Proc. Natl Acad. Sci. USA
100, 2610-2615 (2003).

55. Morand, E. F. et al. Trial of anifrolumab in active systemic lupus
erythematosus. N. Engl. J. Med. 382, 211-221 (2020).

56. Tan, E. M. et al. The 1982 revised criteria for the classification of systemic
lupus erythematosus. Arthritis Rheum. 25, 1271-1277 (1982).

57. Petri, M. et al. Derivation and validation of the systemic lupus international
collaborating clinics classification criteria for systemic lupus erythematosus.
Arthritis Rheum. 64, 2677-2686 (2012).

58. Anders, S, Pyl, P. T. & Huber, W. HTSeg-a Python framework to work with
high-throughput sequencing data. Bioinformatics 31, 166-169 (2015).

59. Liao, Y., Smyth, G. K. & Shi, W. The Subread aligner: fast, accurate and scalable
read mapping by seed-and-vote. Nucleic Acids Res 41, €108 (2013).

60. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140 (2010).

61. Gubser, P. M. et al. Rapid effector function of memory CD8+ T cells requires an
immediate-early glycolytic switch. Nat. Immunol. 14, 1064-1072 (2013).

62. Venegas, V. & Halberg, M. C. Measurement of mitochondrial DNA copy
number. Methods Mol. Biol. 837, 327-335 (2012).

Acknowledgements

This work was supported by the Wellcome Trust (Grant reference number: 108008/Z/15/Z)
(to M.B.) and by the National Institute for Health Research (NIHR) Biomedical Research
Centre based at Imperial College Healthcare NHS Trust and Imperial College London. The
views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR
or the Department of Health. L.T. is supported by a Development and Promotion of Science
and Technology Talents Project (DPST) from Thailand. For the purpose of Open Access,
the author has applied a CC BY public copyright licence to any Author Accepted Manu-
script version arising from this submission. We thank S. Lewis, C. Shen, A.F. Doyle, L.
Stephens, and A. Gilmore for technical support, N. McKenna and R. Santiago for clinical
assistance, C. Heiss and G. Bantug for critical discussion and technical help.

Author contributions

N.B,, L.T., V.G,, and G.S.L. performed the experiments; A.S. and C.W. performed the
imaging studies; L.L. and T.D.C. helped with the collection of patient samples; M.C.P.
and J.B. assisted with data analysis and interpretation; G.S.L. and M.B. supervised and
conceived the project; N.B. and M.B. wrote the paper. All authors commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22312-y.

Correspondence and requests for materials should be addressed to G.S.L. or M.B.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:1980 | https://doi.org/10.1038/s41467-021-22312-y | www.nature.com/naturecommunications 15


https://doi.org/10.1038/s41467-021-22312-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Type I interferons affect the metabolic fitness of�CD8+ T�cells from patients with systemic lupus�erythematosus
	Results
	Downregulation of OXPHOS genes in patients with high expression of ISGs
	Aberrant mitochondria in CD8+ T�cells from patients with high expression of ISGs
	CD8+ T�cells from patients with high IFN signature have reduced SCR
	TCR and IFN signalling together induce CD8+ T cell metabolic rewiring
	IFNα exposure induces cell death in chronically activated CD8�+ T�cells
	IFNα exposure increases NAD+ consumption in CD8+ T�cells

	Discussion
	Methods
	Patients
	PBMC separation and T cell isolation
	RNA extraction and library preparation
	RNA-seq analysis
	Pathway analysis
	GSVA and WGCN analyses
	qPCR and ISM score
	In vitro type I IFN treatment and T cell stimulation
	Flow cytometry analysis
	Extracellular metabolic flux analysis
	ATP quantification
	Copy number of mitochondria-encoded DNA
	Cell death assay
	Structured illumination microscopy imaging
	NAD+/NADH assay and in�vitro NMN treatment
	Statistical analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




