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Abstract Cellular metabolism represents a newly identified
checkpoint of effector functions in the immune system. A
solid body of work has characterized the metabolic require-
ments of normal T cells during activation and differentiation
into polarized effector subsets. Similar studies have been ini-
tiated to characterize the metabolic requirements for B cells
and myeloid cells. Only a few studies though have character-
ized the metabolism of immune cells in the context of auto-
immune diseases. Here, we review what is known on the
altered metabolic patterns of CD4" T cells, B cells, and mye-
loid cells in lupus patients and lupus-prone mice and how they
contribute to lupus pathogenesis. We also discuss how defects
in immune metabolism in lupus can be targeted
therapeutically.

Keywords Lupus - Autoimmunity - Tcells - B cells - Myeloid
cells - Immunometabolism - Therapeutic targets
Introduction

The field of immunometabolism arguably started in 2002

when C. Thompson and colleagues showed that CD28 activa-
tion triggered glycolysis in T cells [1]. A few years later, J.
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Powell showed that mammalian target of rapamycin (mTOR),
a kinase that senses the cellular metabolic status, controls the
differentiation of effector T cells [2]. Following these seminal
findings, a growing number of studies have revealed that cells
in the immune system, T cells in particular, are functionally
regulated by their metabolic substrate utilization [3-5, 6¢].
The simplest model is that resting T cells rely on mitochon-
drial oxidative respiration (OXPHOS), favoring fatty acid
(FA), and glutamine oxidation. Antigen-mediated activation,
co-stimulation, and cytokine signaling lead to T cell differen-
tiation into effector subsets and trigger a drastic metabolic
reprogramming, with upregulation of glucose utilization, and
activation of mitochondria-independent glycolysis, as a
source of ATP as well as a major source of building blocks
necessary to cope with massive proliferation as well as syn-
thesis of effector molecules. The metabolism of activated T
cells has been compared to that of tumor cells, in which the
reliance on non-oxidative glycolysis is referred to as the
Warburg effect [6°]. In contrast, regulatory Foxp3* T (Treg)
cells and memory T cells, which share an anergic/quiescent
phenotype with resting T cells, mostly depend on FA oxida-
tion as a source of energy. Based on these drastic differences
in metabolic requirements and the critical role of effector T
cells in autoimmune diseases and cancer, T cell metabolism
has been proposed as a target for immunotherapy [4]. Here,
we review recent studies in this field that are relevant to sys-
temic lupus erythematosus (SLE), first showing cellular met-
abolic imbalances in the immune cells of lupus patients or
mouse models of systemic autoimmunity (Fig. 1), then the
attempts that have been made to correct these imbalances for
therapeutic purposes. In addition to substrate utilization, the
metabolic status of immune cells has also been shown to con-
tribute to SLE. Insufficient energy or metabolite levels, as well
as REDOX imbalance, trigger cell death, leading lymphope-
nia [7], and a large pool of cellular debris providing a rich
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Fig. 1 Metabolic pathways that have been involved in SLE. Simplified
representation of metabolic pathways affected in lupus, their cellular
location, and relationships. Mitochondrial dysfunctions are central to
lupus immune cells, including increased oxidative stress, mitochondria
membrane potential (Alm) and electron transport chain (ETC) activity,
OXPHOS by the TCA cycle, and regulation by the estrogen receptor-
related genes. Glucose metabolism is also increased in T cells and most
likely in B cells, with a strong contribution of pyruvate to the TCA cycle,
at least in T cells. mTOR activation in T cells has multiple consequences,
including the upregulation of glucose transporters and the activation of
TCR signaling. Autophagy (which is classically inhibited by mTOR) has
been associated with either protecting or enhancing lupus depending on
the cell type. Finally, the CD3b receptor CD46 enhances the metabolic
output of T cells by upregulating nutrient uptake and activating mTOR.
Enhanced pathways in SLE are shown in red, and the protective effect of
autophagy is shown in blue

source of autoantigens and innate immune activators [8].
Finally, the substrates for epigenetic modifications of DNA
and histones are derivatives from mitochondrial metabolism,
linking cellular metabolism to a well-documented but poorly
understood layer of regulation of the immune system, includ-
ing in SLE [9°].

mTORC Activation in Lupus CD4" T Cells

In normal immune responses, Thl and Th17 cells require
mTORCI activation while mTORC2 activation favors Th2
differentiation [10+]. Murine mTORC1 —/— T cells fail to ac-
tivate STAT3 and STAT4 and do not differentiate into Thl,
Th2, or Th17 cells under polarizing conditions [2]. There is
also data to suggest that mTORCI directly phosphorylates
STAT3 on Ser727 [11, 12], but this result has not been vali-
dated for T cells. mTORCI1 inhibition by rapamycin promotes
Treg expansion; mTORCI signaling is however required for
Treg suppressive function, possibly by inhibiting the
mTORC2 pathway [13]. Follicular B helper CD4* T (Tth)
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cells have been recently reported to be relatively independent
of mTORCI activation [14¢]. However, ROQIN, which con-
trols the expression of a number of genes involved in Tth
differentiation [15], inhibits AMP-activated protein kinase
(AMPK), leading to mTORCI activation [16¢]. In addition,
mTORC?2 activation has been indirectly linked to Tth cell
differentiation [13]. Finally, the assignment of effector func-
tions during asymmetric cell division in CD8" T cells is de-
termined by the retention of activated mTORCI in the
synapse-proximal daughter cell, while the synapse-distal
mTORC1'Y daughter cell acquires a memory phenotype
[17, 18]. It is likely that a similar asymmetric distribution of
mTORC] exists between effector and memory CD4" T cells.

mTORCI1 activation has been extensively documented in
the CD4" T cells of SLE patients [19] and has been proposed
to serve as a biomarker of autoimmune inflammation, as well
as cancer, obesity, and aging [10¢]. Specifically, mTORCI
activation has been linked to T cell necrosis, the expansion
of Th17 and IL-4 producing double negative (DN) T cells, as
well as a reduction on the Treg cell pool [20ee, 21e°].
mTORCI activation has also been observed in the CD4* T
cells from several strains of lupus-prone mice, including the
NZM2410-derived triple congenic (TC) B6.Slel.Sle2.Sle3
strain [22ee, 23¢]. Accordingly, treatments with rapamycin or
with N-acetylcysteine (a precursor of glutathione that inhibits
mTORC1) reduced disease severity in SLE patients [24, 25],
as well as in BWF1 mice [26]. mTORCI activation is not
limited to T cells in lupus and may reflect a systemic mito-
chondrial dysregulation and elevated cellular metabolism.
Antiphospholipid antibodies (aPL) have been linked to oxida-
tive stress in the liver, and a recent study found mTORC1
activation in the liver of MRL, MRL/lpr, and B6.lpr lupus-
prone mice [27]. Rapamycin treatment reduced oxidative
stress in the liver of these mice in correlation with a reduction
of aPL levels.

Glycolytic and Oxidative Metabolism in Lupus CD4"
T Cells

The major glucose transporter expressed by T cells is Glutl,
which is highly upregulated upon T cell receptor and CD28
signaling [28+]. A direct link between glucose metabolism and
systemic autoimmunity was shown by the over-expression of
Glut] in mice that led to the accumulation of activated CD4* T
cells, the production of autoantibodies (autoAbs), and a mod-
est immune complex deposition in the glomeruli of aged mice
[29]. Conversely, Glutl deficiency in CD4" T cells induced
less severe inflammatory diseases such as graft-versus-host
disease (GVHD) and IBD [28¢], but the effect of Glut! defi-
ciency was not directly tested in lupus models. In addition,
Glutl expression is decreased in Notch signaling-deficient
memory CD4" T cells due to impaired AKT phosphorylation,
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which suggests that memory CD4™ T cell survival relies on
glucose metabolism [30]. So far, Glut! expression has not
been found to be affected in CD4* T cells of lupus-prone mice
or SLE patients. Other genes involved in the glycolytic path-
way were however found to be over-expressed in TC CD4" T
cells [22¢, 23¢]. Among them, Hifla, a transcription factor
that controls the cellular response to hypoxia, has recently
received considerable attention in the context of T cell differ-
entiation and effector functions [31]. The regulation of Hifla
expression is complex, but it is downstream of mTORCI1 ac-
tivation [32]. It is therefore likely that HIF /A is upregulated in
T cells from SLE patients. Hifla activates the expression of a
large number of key glycolytic genes such as Glut/ and, ac-
cordingly, is required for Th17 cell differentiation [33]. The
role of Hifla in Treg cell differentiation and function is more
complex, and both positive and negative regulations have
been reported [31]. A hypoxic signature and high levels of
Hifla expression have also been reported in nephritic kidneys
[34], but the role of hypoxia and Hifla in SLE T cells has not
yet been specifically addressed. Complement has been shown
to regulate Glutl expression in T cells through the activation
of the CD46 (MCP) complement receptor, which also acti-
vates amino acid flux, as well as mMTORCI1 activation in a
manner that is necessary for Thl polarization [35¢]. High
levels of CD46 activation have been reported in the T cells
of SLE patients in association with Treg dysfunctions [36]. It
is therefore possible that CD46 signaling also contributes to
dysfunctions in cellular metabolism of lupus T cells.

Oxygen consumption is elevated in the splenocytes of
BWEF1 lupus-prone mice, and a similar high oxygen consump-
tion was found in chronically activated human CD4* T cells,
as opposed to acutely activated T cells that were more glyco-
lytic [37]. This was interpreted as the chronic activation from
autoantigen in lupus leading to an oxidative metabolism as
opposed to the acute activation induced by foreign antigens
(or in vitro supraphysiological activation) leading to a glyco-
lytic metabolism. In support of this hypothesis, oxidative me-
tabolism dominated in CD4" T cells in a chronic model of
GVHD [38], while highly glycolytic T cells drove tissue inju-
ry in a hyper-acute model of GVHD [39]. Increased O, con-
sumption was found in CD4" T cells from SLE patients [22¢°,
40] and several lupus-prone mice [22¢, 23+]. CD4" T cells
from SLE patients and lupus-prone mice also present an ele-
vated glycolysis [22e¢, 23¢]. Effector memory (EM) CD4" T
cells from healthy donors require high levels of glucose me-
tabolism as well as mitochondrial respiration for survival, pro-
liferation, and IFNy production [41]. Interestingly, glucose
required by EM CD4" T cells supplies pyruvate for oxidation,
increasing mitochondrial membrane potential and ROS pro-
duction. These results are very similar to what has been re-
ported with SLE CD4* T cells. Glucose is oxidized in CD4* T
cells from BWF1 [37] and TC mice [23+], and high [FNy
production by these T cells depends on both glucose and

mitochondrial metabolism [22¢¢]. These results are consistent
with the facts that mitochondrial membrane production and
ROS production are elevated in SLE CD4™ T cells [42], and
EM CD4" T cells are expanded in SLE patients [43] and lupus
mice [44]. However, a high glycolysis and OXPHOS was also
found in naive CD4" T cells from lupus mice [22¢¢], suggest-
ing an intrinsic skewing of SLE T cells metabolism that may
be a primary effector of autoimmune pathogenesis rather than
a mere consequence of immune activation.

Consistent with a dual activation of glucose and oxidative
metabolism, IFNy production by murine lupus CD4" T cells
was normalized (i.e., brought down to levels found in non-
autoimmune mice) in vitro by inhibiting glucose metabolism
with 2-deoxy-glucose (2DG) or mitochondrial respiration
with metformin [22¢¢, 23¢]. Metformin also inhibited IFNy
production by CD4™ T cells from SLE patients and healthy
controls [22¢¢]. 2DG could not be tested on human T cells
because they are very sensitive to glucose inhibition in vitro.
A treatment combining metformin and 2DG was very effec-
tive in reversing clinical disease in TC, BWF1, as well as
B6.1pr mice [22¢e, 23¢]. This was associated with a reduction
of CD4" T cell metabolism as well as a normalization of their
activation and effector subset distribution. The significant de-
crease in the frequency and number of Tth cells, germinal
center (GC) B cells, and plasma cells corresponded to an
elimination of anti-dsDNA and anti-chromatin IgG autoAbs.
Interestingly, the treatment of these mice with 2-DG and met-
formin normalized mMTORCT activation concomitant with dis-
ease reversal [22¢¢]. Treatment with single drugs, either met-
formin or 2DG, was not effective at reversing disease in TC
mice [22¢¢]. However, treatment with 2DG, and to a lesser
extent with metformin, prevented disease development when
TC mice were treated before they produce large amounts of
autoAbs [23¢]. Surprisingly, in regard to the enhanced glycol-
ysis in lupus T cells, treatment with dichloroacetate (DCA),
either alone or combined with metformin, did not have a ther-
apeutic effect in TC mice [23¢]. DCA is a drug that inhibits
pyruvate dehydrogenase kinase (Pdk1) and thereby increases
the flux of pyruvate into the mitochondria, promoting glucose
oxidation over glycolysis. Interestingly, DCA suppressed
Th17 differentiation but increased Thl polarization in vitro
[23+]. Conversely, two inhibitors of the mitochondria pyruvate
carrier complex (MPC) [45, 46], UK5099 and troglitazone,
that have an opposite effect to DCA, inhibited both Th17
and Thl polarization, indicating that Th17 and Th1 cells uti-
lize glucose differently. The treatment results indicated that
glucose is mostly used through the oxidation of pyruvate by
CD4" T cells of TC lupus-prone mice and suggested that the
inhibition of Th17 cells was not critical to their disease rever-
sal. These results should be investigated in other mouse
models as well as in the T cells of SLE patients. Intriguingly,
troglitazone is a member of the thiazolidinedione (TZD) fam-
ily, a class of compounds that has been found recently to

@ Springer



66 Page4 of 8

Curr Rheumatol Rep (2016) 18: 66

function as acute MPC inhibitors, effectively shutting down
pyruvate oxidation [47, 48]. A treatment with pioglitazone,
another TZD, reduced activation of human SLE T cells
in vitro, as well as autoAb production and renal pathology in
lupus-prone mice [49, 50]. This was interpreted as a protective
effect of peroxisome proliferator-activated receptor gamma
(PPARY) activation. It would be interesting, however, to re-
visit these results and investigate whether the pioglitazone
treatment normalized the pyruvate metabolism of lupus T
cells. In support of this hypothesis, and in accordance to our
results showing a greater dependence of IFNvy production on
pyruvate oxidation [23¢], pioglitazone normalized IFNvy but
not IL-17 production in T cells from lupus patients [49].

Mechanisms of CD4" T Cell Metabolic
Hyper-activity in Lupus

The high glucose and oxygen consumption by lupus CD4™ T
cells is not secondary to immune activation since it was de-
tected in naive cells sorted from young pre-disease mice
[22¢¢]. The mechanism responsible for this phenotype is un-
known, but it is likely that it is, at least in part, a genetic origin.
The many lupus susceptibility genes that have been identified
through GWAS have no obvious link to metabolism [51], with
the possible exception of two genes involved in autophagy,
ATGS5 [52] and ATG16L2 [53]. ATGS controls a non-
canonical autophagy known as LC3-associated phagocytosis
(LAP), and Atg5-deficient mice present a lupus-like disease
associated with an impaired clearance of dead cells by phago-
cytes [54ee]. Little is known about ATG16L2, an isoform of
ATGI6L that forms a complex with ATGS5 [55], and has there-
fore the potential to regulate LAP. Autophagy is activated by
AMPK and inhibited by mTORc1 [56]. It would be of great
interest to investigate LAP in the context of metabolic stress in
lupus immune cells, as well as the relationship between
mTOR activation and autophagy defects in lupus. In addition,

a putative association with polymorphisms in CD46/MCP
with SLE has been reported [57].

We have identified in the NZM2410 lupus-prone mouse a
hypomorphic allele of the estrogen receptor-related gamma
gene (Esrrg) that is associated with increased CD4™ T cells
activation, IFNy production, and defective Treg maintenance
[58]. In metabolically active tissues, ERRy transactivates
genes that control mitochondrial biogenesis and FA oxidation
[59]. Essrg-deficient mice die soon after birth due the critical
need for their myocardium to switch from glycolysis to FA
oxidation [60]. More recent studies have shown that ERRy
orchestrates the transcriptional program that activates glucose
OXPHOS and ATP production that are essential for the func-
tion of pancreatic {3 cells [61], neurons [62], and stem cells
[63]. These results strongly suggest that ERRy regulates T cell
function by controlling mitochondrial metabolism. In support
of this hypothesis, decreased in mitochondrial functions have
been found in the CD4™ T cells expressing the NZM2410
allele of Esrrg [58]. Interestingly, ERR ¢, another member of
the estrogen receptor related gene family, may be playing an
opposite role, with Esrra deficiency or inhibition reducing T
cell proliferation and effector functions [64]. The interplay
between ERR genes in T cells needs to be better understood
to evaluate their role in T cell metabolic disturbance in SLE
and other immune-related diseases.

Metabolism of Other Immune Cells Involved in Lupus

The characterization of the metabolism of immune cells other
than T cells has lagged behind, but a number of recent studies
also show metabolic checkpoints that control their activation
and effector functions. Activated B cells rely on glucose [65],
but their substrate utilization is more balanced than that of
activated T cells [66¢]. Interestingly, chronic exposure to
BAFF increased glycolysis in B cells [66¢], and the high level
of BAFF associated with SLE predicts that lupus B cells are
more glycolytic than non-autoimmune B cells. Germinal center
B cells, which are expanded in lupus, are regulated by hypoxia

Table 1 Metabolic pathways that

have been directly implicated in Pathway Cell type Organism References
SLE, either in patients or in lupus-
prone mice REDOX CD4" T cells Patients [7] 8] [42]
mTORC1/2 CD4" T cells, liver Patients, mouse [19] [21ee, 220, 230, 24-27]
AMPK CD4" T cells [16]
Hypoxia Kidneys Mouse [34]
CD46 complement receptor CD4* T cells Patients, mouse [35e, 36] [57]
OXPHOS CD4" T cells Patients, mouse [37] [22¢e, 40] [22¢, 23]
Aerobic glycolysis CD4" T cells, B cells Patients, mouse [220e, 23] [66°]
Autophagy Phagocytes (protective) Patients, mouse [52, 53, 54s]

B cells Patients, mouse [71e, 72]
(pathogenic)
Esrra, Esrrg CD4* T cells Mouse [58] [64]
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and mTORCT1 activity [67¢]. Plasma cells as terminally differ-
entiated effector B cells are likely to have specific metabolic
requirements [68]. Somewhat as expected, plasma cells require
a large amount of glucose, the majority of which is used for
immunoglobulin glycosylation. However, a small portion of
this glucose is catabolized into pyruvate, which must be
imported into the mitochondria for the survival of long-lived
plasma cells (LLPC) [69+¢]. Given that pyruvate oxidation is
also required for the survival of memory T cells [41], and py-
ruvate transport to the mitochondria may represent a biomarker
of immune cell longevity, with mitochondrial pyruvate either
oxidized for ATP production or used for anaplerotic replenish-
ment of members of the TCA cycle diverted as anabolic inter-
mediates. Given the pathogenic role of LLPC in SLE, targeting
MCP, which also modulates lupus T cell functions [23¢] may
represent a therapeutic venue to eliminate autoAb-producing
LLPCs. Autophagy is also required by LLPCs, as shown in
mice with a B cell-specific deletion of Azg5 [70].
Interestingly, B cells from lupus-prone BWF1 mice and SLE
patients showed increased levels of autophagy [71¢], and B
cell-specific deletion of Azg5 in B6.Jpr mice reduced autoim-
mune pathology [72]. Finally, mTORCI1 constitutive activation
promotes plasma cell differentiation [73]. It is unknown wheth-
er the high levels of mTORCI activation in SLE T cells [19]
extend to SLE plasma cells.

As T and B cells, dendritic cells (DCs) and macrophages
undergo metabolic reprogramming in response to stimulation,
and it has been suggested that metabolic checkpoints control
the tolerogenic vs. immunogenic effector functions of DCs
[74, 75]. Metabolic programming is also critical for the polar-
ization of macrophages, with M1 inflammatory macrophages
skewed toward glycolysis and M2 alternatively activated mac-
rophages skewed toward mitochondrial metabolism [75, 76].
Rapamycin treatment of human and mouse plasmacytoid DCs
inhibits their production of type I interferon including under
TLR7 and TLR9 stimulation [77, 78]. How this impacts the
type I interferon signature in lupus remains to be determined.
Little is known on the metabolic requirements of neutrophils,
which have very few mitochondria. A recent study has shown
that asymmetrical ATP production and mTOR signaling are
required for neutrophil chemotaxis [79]. Finally, activated NK
cells upregulate both glycolysis and respiration [80], and their
cytokine production, especially IFNvy, is glucose-dependent
[81]. Since each of these cell types has been implicated in
SLE, either in patients or in mouse models of the disease, it
will be of great interest to characterize the metabolic require-
ments relative to disease development and activity.

Conclusions

It has been proposed that targeting the unique metabolic fea-
tures of inflammatory immune cells, and T cells in particular,

would offer novel and effective therapeutic venues to treat
inflammatory and autoimmune diseases [4]. A number of met-
abolic abnormalities have now been reported in both SLE
patients and lupus-prone mice, as summarized in Table 1.
The translation of these findings into therapeutic targets is still
a nascent field, but it holds promises as shown in SLE [22e¢],
rheumatoid arthritis (RA) [82], GVHD [38, 39, 83], coronary
artery disease [84], and transplantation [85]. There has been
intense interest in understanding the molecular basis of tumor
metabolism and to apply this knowledge therapeutically [86].
Given the overlap between the metabolic pathways of tumor
cells and of rapidly expanding immune cells, there is a lot to
learn from our oncology colleagues. The emerging field of
immunometabolism is however unraveling an intricate multi-
layered system of regulation that has common threads, some
of which with tumor metabolism, but also cell-specific and
stimulus-specific characteristics. One should be cautious, in
looking for a universal approach to dampen immune inflam-
mation though metabolic targeting. Indeed two rheumatic au-
toimmune diseases, SLE and RA, share a dysregulated of
CD4" T cell metabolism, but in opposite directions with
hyper-oxidation in SLE and hyper-reduction in RA [87]. A
broader investigation of metabolic dysregulation in the many
cell types in the immune system that trigger and sustain lupus
pathogenesis should offer a panel of therapeutic targets to be
evaluated with the large arsenal of metabolic inhibitors that is
available, many of them approved for clinical use (Box 1).
Box 1. The clinician’s corner.

*  Immune cells have high metabolic demands to respond to
pathogen challenges with a rapid proliferation and the
production of effector molecules. Multiple metabolic de-
fects have been identified in the immune cells of lupus
patients and lupus-prone mice, the majority of them in
CD4" helper T cells.

¢ The elevated metabolism in lupus CD4* T cell correspond-
ing to their chronic activation by autoantigens contributes
to disease by promoting inflammatory effector functions.

* The combination of a metabolic inhibitor that limits glu-
cose metabolism and metformin, which inhibits mitochon-
drial respiration, normalized the metabolism and effector
functions of mouse and human lupus T cells in vitro, and
reversed disease in mice. This suggests that metabolic
inhibitors could be effective in treating patients with
lupus.
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