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Abstract: Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system
(CNS) characterised by acute inflammation and subsequent neuro-axonal degeneration resulting
in progressive neurological impairment. Aberrant immune system activation in the periphery and
subsequent lymphocyte migration to the CNS contribute to the pathophysiology. Recent research
has identified metabolic dysfunction as an additional feature of MS. It is already well known that
energy deficiency in neurons caused by impaired mitochondrial oxidative phosphorylation results in
ionic imbalances that trigger degenerative pathways contributing to white and grey matter atrophy.
However, metabolic dysfunction in MS appears to be more widespread than the CNS. This review
focuses on recent research assessing the metabolism and mitochondrial function in peripheral immune
cells of MS patients and lymphocytes isolated from murine models of MS. Emerging evidence
suggests that pharmacological modulation of lymphocytic metabolism may regulate their subtype
differentiation and rebalance pro- and anti-inflammatory functions. As such, further understanding
of MS immunometabolism may aid the identification of novel treatments to specifically target
proinflammatory immune responses.

Keywords: autoimmunity; glycolysis; lymphocytes; metabolism; mitochondria; multiple sclerosis;
oxidative stress; peripheral blood mononuclear cells

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system
(CNS) characterised by acute inflammatory demyelination and neuroaxonal degeneration in
the white and grey matter of the brain and spinal cord [1]. The prevalence of MS is steadily
increasing with around three million people affected worldwide in 2020, predominantly
women [2,3]. First symptoms manifest in early adulthood, and the majority of patients
(around 85%) are diagnosed with the relapsing–remitting form of the disease (RRMS), in
which recurrent episodes of acute neuroinflammation that trigger neurological symptoms
alternate with periods of complete or partial recovery [4]. Most RRMS patients eventually
transition to a secondary progressive stage (SPMS) where disability increases steadily as
a result of ongoing neurodegeneration [4]. A minority of patients are diagnosed with
primary progressive MS (PPMS), which is characterised by steady disease progression
without recovery from disease onset [4]. The rate of disease progression, and the type and
severity of symptoms vary considerably between patients. Depending on the CNS lesion
site, these symptoms include impaired motor, sensory and cognitive functions, as well as
fatigue, pain and depression [5].

Although its aetiology remains incompletely understood, MS is thought to be triggered
by an interplay of genetic susceptibility and environmental factors. Thus, a large number of
gene variants, mostly linked to immune system function, as well as smoking, low vitamin D
levels and Epstein–Barr virus infection have all repeatedly been associated with increased
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disease vulnerability [6–8]. These genetic and environmental risk factors are thought
to contribute to aberrant immune system activation in the periphery and subsequent
migration of autoreactive, proinflammatory lymphocytes to the CNS where they contribute
to inflammatory and neurodegenerative processes [9]. This migration is facilitated by
a disturbance in the blood–brain barrier allowing their extravasation and accumulation
within the CNS. However, while repeated mass infiltration of T and B lymphocytes into the
CNS across this compromised barrier is typical for RRMS, progressive forms of the disease
are characterised by a slow accumulation of lymphocytes in the absence of detectable
blood–brain barrier permeability. It has been proposed that the presence of these cells
in progressive disease may have originated from earlier subclinical disease activity prior
to the reestablishment of the barrier [1]. During the acute inflammation characteristic of
RRMS, activated T and B cells contribute to axon demyelination both directly and indirectly
through the release of proinflammatory cytokines, deposition of autoantibodies, and the
recruitment/activation of additional immune cells, including microglia and macrophages.
However, in progressive forms of the disease, both immune-dependent and independent
pathological processes have been described, although with potential interplay. These
include the formation of ectopic B cell follicles, the activation of innate immune cells,
mitochondrial dysfunction, oxidative stress and glutamatergic excitotoxicity resulting in
ionic imbalances in areas of chronic demyelination that ultimately drive axonal loss and
neurodegeneration [1,10]. Furthermore, the variation in immune responses within the CNS
between relapsing and progressive disease forms may reflect differences observed between
their immune cell compositions and activation profiles in the periphery [11–13].

To date, a range of immunosuppressive and immunomodulatory drugs have been
approved for the treatment of MS. These significantly reduce relapse rates in RRMS by
counteracting acute inflammation, but do not slow neurodegeneration-induced disease
progression in SPMS and PPMS and often have considerable side effects [14,15]. Gaining a
better understanding of the underlying pathophysiological processes in MS is, therefore,
crucial for the development of more effective treatments.

In addition to inflammation, both metabolic and mitochondrial dysfunctions have
recently emerged as important features of MS pathophysiology and restoring normal mito-
chondrial functioning as well as addressing the balance between glycolysis and oxidative
phosphorylation (OxPhos) could represent a viable novel treatment target [16]. To date,
most research has focused on the role of mitochondrial impairment in CNS degenerative
processes (see Section 2 below) but a small number of studies suggest that alterations
in mitochondrial activity are also present in immune cells of MS patients and in murine
models of the disease (see Section 4). Considering the central role of these cells in MS
pathophysiology and the crucial importance of lymphocyte metabolic processes in their
activation and function (see Section 3), this is an intriguing avenue of research. Following a
brief summary of cellular energy production and the role of mitochondrial dysfunction in
CNS pathology, this review provides a comprehensive overview of recent research assess-
ing metabolic changes in MS lymphocytes and the targeting of these processes in animal
models of MS.

1.1. Production of Cellular Energy

Energy metabolism involves a complex interplay of metabolic pathways, which are
highly regulated in order to meet the varying cellular energy requirements arising from
rapid changes in the cell’s environment or functions. Neurons have a particularly high
energy demand since they require ATP to drive many homeostatic processes such as restor-
ing ionic gradients following axonal action potentials or calcium influx at synapses [17].
Similarly, activated T and B lymphocytes require high amounts of energy to drive the
production of the many macromolecules needed during active proliferation as well as the
production of cytokines. The metabolic pathways employed by different cells are, however,
very similar and typically involve glycolysis, the tricarboxylic acid (TCA) cycle, the pentose
phosphate pathway and finally, OxPhos in the mitochondria (see Figure 1).
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Figure 1. Cellular metabolism. Energy production principally involves glucose metabolism via gly-
colysis, which is closely coupled to the mitochondrial respiratory chain, which is located at the inner
mitochondrial membrane and consists of electron transport chain (ETC) complexes I (CI), II (CII),
III (CIII) and IV (CIV), as well as ATP synthase (complex V, CV). Energy released during electron (e−)
transport along the ETC (pink arrow) allows protons (H+) to be moved to the intermembrane space
(blue arrows), generating an electrochemical gradient that is used by complex V to synthesise ATP.
ADP: adenosine diphosphate; ATP: adenosine triphosphate; e−: electron; FAD+: flavin adenine dinu-
cleotide; FADH2: dihydroflavin adenine dinucleotide; H+: proton; H2O: water; NAD+: nicotinamide
adenine dinucleotide; NADH: dihydronicotinamide adenine dinucleotide; O2: oxygen; OxPhos,
oxidative phosphorylation; Pi: inorganic phosphate; TCA, tricarboxylic acid.

Briefly, glycolysis involves the metabolic conversion of glucose through several inter-
mediates to pyruvate resulting in a net production of two ATP molecules for each glucose
molecule, as well as reducing two NAD+ to NADH. Pyruvate then undergoes oxidation
before feeding into the TCA cycle, generating in total four NADH, one FADH2 and one GTP
per pyruvate molecule. The TCA cycle occurs in the mitochondrial matrix, with pyruvate
being carried across the inner mitochondrial membrane from the cytosol under aerobic
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conditions. Reduced NADH and FADH2 are then used as substrates to drive OxPhos in
the mitochondria generating more of the main energy substrate, ATP [18].

Under anaerobic conditions, as well as aerobic conditions when a high energy burden
exists, rather than directing pyruvate towards the TCA cycle, it is instead metabolised to
lactate by the enzyme lactate dehydrogenase. During this conversion, NADH is consumed
generating NAD+, which can be reused to drive further glycolysis allowing more glucose
to be metabolised and ATP to be generated. This allows energy to be produced quickly
through glycolysis and is used to supply energy during short-term but intense periods of
activity, such as rapid cell proliferation. Lactate is subsequently secreted, and eventually
converted back to pyruvate in the liver by a process known as the Cori cycle [19].

1.2. Role of Mitochondria in Energy Production

Mitochondria are complex organelles found in all eukaryotic cells. They consist
of an outer and highly folded inner membrane and contain their own DNA (mtDNA)
that encodes several RNAs and proteins. Although they are involved in a number of
essential cellular processes, including calcium homeostasis and apoptosis, one of their most
important functions is the production of energy in the form of ATP via OxPhos [16].

Under normal physiological conditions, electrons donated by the reducing agents
NADH or FADH2 (generated during glycolysis and the TCA cycle) are transferred to
oxygen via a series of oxidation–reduction reactions taking place in the electron transport
chain (ETC). This is located at the inner mitochondrial membrane and consists of a set of
multisubunit complexes [20] acting as electron carriers (Figure 1). Complex IV, the last
enzyme in the ETC, then reduces oxygen to water, thereby consuming around 90% of
cellular oxygen. The energy that is released during electron transport along the ETC is used
by complexes I, III and IV to move protons across the inner mitochondrial membrane to the
intermembrane space against their concentration gradient [21]. Together, these processes
give rise to the proton motive force, an electrochemical gradient across the inner mitochon-
drial membrane that consists of an unequal distribution of protons and an electric potential
(the mitochondrial membrane potential) [22]. This proton motive force subsequently drives
protons back into the matrix through complex V, and the energy that is released is used
to synthesise ATP from ADP and inorganic phosphate (Pi) [22]. In this way, OxPhos
couples electron transfer along the ETC and ATP production at complex V thus forming
the mitochondrial respiratory chain. In addition to ATP, the respiratory chain produces
reactive oxygen species (ROS) as by-products of normal mitochondrial metabolism [23].
While ROS serve important signalling functions under normal physiological conditions,
excessive ROS production due to mitochondrial dysfunction or impairments in endogenous
antioxidant defences may result in oxidative damage to the mitochondria or to the cell as a
whole [23,24].

A number of experimental approaches can be used to evaluate mitochondrial function,
including the assessment of the oxygen consumption rate (OCR), ETC complex activity, mi-
tochondrial membrane potential or mitochondrial ROS production (for a review see [21,22]).
Changes in the glycolytic activity, on the other hand, can be indirectly assessed by, for
example, measuring the extracellular acidification rate (ECAR), which reflects, at least in
part, the glycolytic production of lactate, the expression of rate-limiting glycolytic enzymes
such as hexokinase or the expression of glucose transporters such as GLUT1 [25]. Used in
combination, these approaches have provided a detailed understanding of mitochondrial
and glycolytic activity in neurons and in peripheral lymphocytes of MS patients and murine
MS models.

2. Mitochondrial Dysfunction Is Involved in CNS Degenerative Processes in
Multiple Sclerosis

Neurons, and especially axons, require large amounts of ATP to maintain key functions,
such as action potential transduction, which is dependent on the activity of sodium/potassium
(Na+/K+) ATPases that restore ionic gradients and thus the resting membrane potential [26].
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This dependency on OxPhos renders neurons particularly vulnerable to mitochondrial
dysfunction. Accumulating evidence indicates that mitochondrial alterations, including
mtDNA mutations and ETC dysfunction, are an important feature of CNS pathophysiology
across all stages of MS [27,28] and contribute to white and grey matter degeneration
(recently reviewed in [29]; Figure 2).
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Figure 2. Mitochondrial dysfunction contributes to CNS pathology in all stages of MS. (A) In
active white matter lesions of acute MS, inflammatory mediators released by activated immune cells
induce mitochondrial dysfunction and contributes to axonal demyelination. (B) The redistribution of
sodium channels in demyelinated axons in chronic inactive lesions of progressive MS patients results
in an increased energy demand due to an upregulation of sodium/potassium (Na+/K+) ATPase
activity. A subsequent increase in mitochondrial number and activity protects the demyelinated
axon against energy deficiency-induced degeneration. (C) Over time, mitochondrial damage in the
axon accumulates, both due to increased ROS production by damaged mitochondria and residual
inflammation in the vicinity of the axon and due to the supply of dysfunctional mitochondria from
the soma (pink arrow) that is caused by reductions in nuclear DNA transcripts of mitochondrial
proteins and clonal expansion of mtDNA mutations. This results in axonal energy deficiency, Na+/K+

ATPase failure, and subsequent intra-axonal ionic imbalances that trigger degenerative pathways.
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In active white matter lesions, which are a hallmark of RRMS and acute progressive
MS and are characterised by severe inflammation and ongoing axonal demyelination,
the expression of mtDNA, as well as nuclear DNA-encoded OxPhos genes, particularly
ETC complexes I and IV, are markedly downregulated [30]. Decreased complex I and IV
expression and activity has also been observed in axons in chronically active lesions and in
pattern III lesions, a subtype of acute white matter lesions associated with hypoxia [31–33].
Inflammatory mediators, such as proinflammatory cytokines (for example, tumour necrosis
factor α) and ROS released by immune cells, are thought to contribute to this dysfunctional
mitochondrial OxPhos activity, which in turn exacerbates inflammation-induced tissue
damage by inducing a state of neuronal energy deficiency [26,30,31] (Figure 2A).

Acute inflammation eventually subsides but a proportion of axons fail to remyelinate,
thus forming chronic inactive lesions [16]. In progressive MS patients, a large proportion
of these demyelinated but otherwise intact axons are characterised by an increase in
axonal mitochondrial mass and an upregulation of mitochondrial proteins and complex
IV activity [33–35]. This results from the redistribution of sodium channels along the
demyelinated axon segments and upregulation of Na+/K+ ATPase activity in order to
maintain physiological intra-axonal ion concentrations along this greater axonal surface
area in the absence of myelin. In turn, this homeostatic upregulation of Na+/K+ ATPase
activity results in an increased energy demand in the demyelinated axon [27,36]. It has,
therefore, been suggested that the observed increase in axonal mitochondrial content and
OxPhos activity in demyelinated axons may be compensatory mechanisms that ensure
efficient activity of the Na+/K+ ATPase required to maintain ionic homeostasis, thereby
protecting the axon against degeneration [37] (Figure 2B).

In the long term, however, the increase in OxPhos activity and production of damaging
ROS by dysfunctional mitochondria in demyelinated axons, together with any residual
inflammation, cause damage to the ETC resulting in inadequate ATP supply [37]. The
subsequent Na+/K+ ATPase failure, in turn, leads to intra-axonal ionic imbalances that
trigger degenerative pathways that result in slowly advancing axonal degeneration in
chronically inactive lesions. Contrary to active lesions, degeneration in these lesions is
largely independent of inflammation, but contributes to neurological decline in progressive
MS patients [27].

In addition to mitochondrial alterations in white matter lesions, mitochondrial dysfunc-
tion has also been observed in the grey matter of progressive MS patients. Thus, neurons in
the motor and frontal cortices and in the cingulate gyrus showed a decreased expression of
nuclear DNA-encoded ETC transcripts and markedly reduced activity of complexes I, III
and IV [38–41]. The reduced cortical expression of nuclear-encoded OxPhos genes may be
due to alterations in their transcriptional control as it was accompanied by a decrease in
the transcriptional co-factor peroxisome proliferator-activated receptor-gamma coactivator
(PGC)-1α, an important regulator of OxPhos gene-related transcription factors, and a re-
duced expression of the transcription factor complex containing nuclear respiratory factor
(NRF)-2 [16,41,42]. Additionally, neurons deficient in complex IV activity were found to
carry high levels of clonally expanded mtDNA mutations [39]. These mutations may result
from oxidative and inflammation-induced damage and contribute to mitochondrial dys-
function once their expression levels exceed the expression of wild-type transcripts [16,39].
In addition to changes in gene expression, mitochondrial respiratory chain complexes in the
grey matter may also be directly impaired by inflammatory mediators, such as cytokines
and ROS secreted by activated immune cells [26].

Overall, the resulting accumulation of dysfunctional mitochondria in the grey matter
of progressive MS patients has been shown to correlate with neuronal loss [41]. In addition,
this exacerbates the energy deficiency of demyelinated axons in the white matter since the
grey matter soma can no longer supply these with healthy mitochondria that they would
need to meet the increased energy demands associated with demyelination [37] (Figure 2C).

In sum, there is now considerable evidence suggesting that mitochondrial dysfunction
in the white and grey matter contributes to neurodegeneration and clinical disease progres-
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sion in all stages of MS but particularly in progressive patients. However, recent research
has also uncovered alterations in mitochondrial metabolism in immune cells, which play
an important role in MS pathophysiology.

3. Lymphocyte Activation and Their Role in MS and EAE
3.1. Lymphocytic Metabolism under Non-Autoimmune Conditions

As part of their natural function, lymphocytes are activated in response to infections
or cancers resulting in a range of responses including proliferation and the production
of pro- or anti-inflammatory cytokines, amongst others, which in turn allow the direct
killing of pathogens, as well as infected or mutant cells. Maintaining these responses
requires a continuous supply of energy and, as has been well-studied in the case of T cells,
their activation is, therefore, critically dependent upon the reprogramming of their cellular
energy metabolism (for a recent review see for example [43]). Resting T cells differentiate
upon stimulation into distinct T cell subpopulations including, amongst others, effector
T cells (Teffs), which primarily consist of CD4+ helper T cells (Th1, Th2 and Th17 cells),
CD8+ cytotoxic T cells and CD4+ regulatory T cells (Tregs) (for review, see [44]). Whereas
Teffs perform proinflammatory immune functions, such as the killing of virus-infected and
cancer cells by cytotoxic T cells or the activation of cytotoxic T cells and memory B cells by
helper T cells, Tregs function to suppress the immune response [45]. In addition, Tregs play
a pivotal role in enforcing the elimination of self-reactive T cells [46], and also B cells [47],
that have escaped central tolerance. This occurs in the periphery and is considered an
important part of the peripheral tolerance checkpoint. As a result, Tregs are essential
for efficient enforcement of self-tolerance, thereby avoiding autoimmunity, as well as to
prevent immune responses against foreign antigens from becoming harmful [48].

T cell metabolism is tightly regulated to support the differentiation and specialised
functions of these distinct T cell subpopulations [49]. Naïve T cells, which primarily depend
on OxPhos for energy production, upon differentiating into effector T cells, for example,
typically show a metabolic shift to increased dependency upon glucose uptake and aerobic
glycolysis, during which glucose is converted to lactate in the cytosol [49,50]. Although
energetically less efficient than OxPhos, aerobic glycolysis is crucial for the maintenance of
effector function such as rapid proliferation and especially the release of proinflammatory
cytokines [50–52]. Indeed, genetic reduction of mitochondrial respiration in mice has been
shown to further enhance aerobic glycolysis in activated Teffs and biased their differentia-
tion towards proinflammatory subtypes [53]. The accumulation of lactate, the end product
resulting from increases in both aerobic and anaerobic glycolysis, is considered a marker of
T cell activation since high levels accumulate in areas of chronic inflammation, which in
turn may influence the direction of the inflammatory process [54,55].

Stimulated Tregs, on the other hand, have been shown to require fatty acid oxida-
tion in addition to glycolysis for their proliferation and migration [56–59]. However, the
stability of the lineage-specific transcription factor Forkhead box P3 (FoxP3), which is
vital for the suppressive capacity of Tregs, is critically dependent on OxPhos [56,60,61].
FoxP3 expression suppresses glycolysis and upregulates OxPhos, whereas an increase in
glycolytic activity or ablation of mitochondrial respiration has been shown to reduce the
Treg suppressive capacity [60,62,63].

This is similarly seen in other immune cells including B cells, where upon stimulation
rather than increasing glycolysis, both OxPhos and TCA cycle activity, as well as nucleotide
biosynthesis, are increased [64]. Likewise, macrophages can adopt either proinflammatory
activated phenotypes that are dependent upon glycolysis [65,66], or anti-inflammatory
phenotypes where OxPhos is the main metabolic source of energy along with fatty acid
oxidation [67].

3.2. The Role of Lymphocytes in MS and EAE

Although the processes involved in the development of autoimmune diseases are
not fully understood, they clearly involve an impairment in lymphocytic activity, with an
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imbalance in the effector and regulatory arms of the adaptive immune response. According
to the ‘outside-in’ hypothesis of MS, acute CNS lesions in early relapsing–remitting disease
are populated by peripherally activated autoreactive lymphocytes, including T cells of
the CD4+ and CD8+ lineages, as well as B cells that invade the brain via a compromised
blood–brain barrier [10]. These cells contribute to inflammation and tissue degeneration
through the release of proinflammatory cytokines, the production of auto-antibodies and
the recruitment and activation of additional immune cells, including macrophages and mi-
croglia [10]. The importance of T and B lymphocytes in MS pathophysiology is highlighted
by the success of immunosuppressive and immunomodulatory therapies that target these
cells in the treatment of RRMS [1]. Although these treatments cannot successfully slow
disease progression in SPMS or PPMS, peripheral immune cells may still contribute to
inflammation in progressive disease stages, albeit behind a closed blood–brain barrier [1].

That effector T and B cells are inefficiently suppressed by Tregs during autoimmune
diseases is primarily supported by the role of Tregs in experimental models of autoim-
munity. These include their ability to suppress autoimmune responses in murine models
of autoimmune diabetes [68] and collagen-induced arthritis [69], as well as the animal
model of MS, experimental autoimmune encephalomyelitis (EAE) [70,71]. Although it is
currently unclear whether Treg numbers are altered in MS, with mixed reports available,
there appears to be a clearer consensus that the suppressive capacity of MS patient-derived
Tregs is impaired [72–75].

Due to the metabolic alterations involved in the differentiation of lymphocytes ac-
cording to their functions and the importance of balancing both effector and regulatory
lymphocytic immune pathways, it has been suggested that an impairment in lympho-
cytic metabolism may be responsible for this imbalance. Indeed, altered mitochondrial
metabolism in lymphocytes has been observed in several autoimmune and neurodegenera-
tive disorders, including rheumatoid arthritis, systemic lupus erythematosus, Alzheimer’s
and Parkinson’s diseases [76–79] and may also contribute to MS and EAE as outlined below.

4. Metabolic Alterations in Lymphocytes of MS Patients and in EAE Mice

While mitochondrial dysfunction in the CNS of MS patients is now well established
(see Section 2), recent research has also found metabolic and mitochondrial alterations in
peripheral blood mononuclear cells (PBMCs) of MS patients, especially in CD4+ T cells
and in T cells derived from the spleen and CNS of EAE mice. Given the prominent role
of lymphocytes in MS pathophysiology and the influence of metabolism on immune cell
function, gaining a detailed understanding of MS/EAE immunometabolism is of great
interest, not least because it may provide clues for specific novel targets for treatment.
Recent evidence for metabolic alterations in PBMCs of MS patients (see Table 1) and in T
cells derived from EAE mice is summarised below.

Table 1. Research providing evidence for altered immunometabolism in MS patients.

Reference

Sample
Size

(MS Phenotype
Where Known)

Medication Cell Type
Main Findings

(MS Patients Compared
to Controls)

Immunometabolism in RRMS

Alissafi et al.,
2020 [73]

11 MS (RRMS,
all active) N/A Tregs

- Decreased Treg numbers.
- RNAseq revealed

increased expression of
genes involved in
pathways associated with
mitochondrial dysfunction,
oxidative stress and
DNA damage.
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Table 1. Cont.

Reference

Sample
Size

(MS Phenotype
Where Known)

Medication Cell Type
Main Findings

(MS Patients Compared
to Controls)

De Riccardis et al.,
2015 [80]

25 MS
(RRMS)

8 HC
25 without treatment CD4+ T cells

- Decreased OCR and
complex I and IV activity.

- Increased hexokinase and
phosphofructokinase
activity and
GLUT1 expression.

- Increased oxidative
damage and reduced
antioxidant capacity
(GPX, SOD).

De Riccardis et al.,
2016 [81]

20 MS
(RRMS)
20 HC

20 without treatment,
20 GA * CD4+ T cells

- Decreased OCR and
complex I and IV activity.

- Reduced antioxidant
capacity (CAT, GPX
and SOD).

- Increased hexokinase and
phosphofructokinase
activity, GLUT1 expression
and extracellular
lactate release.

- Alterations could be
reversed after 12 months of
GA treatment.

De Rosa et al.,
2015 [82]

MS (RRMS)
HC (unclear

participant numbers)
Without treatment CD4+ conventional

T cells

- RRMS Tcons
showed impaired
glycolytic activity.

- Induced Tregs derived
from Tcons of RRMS
patients had reduced
suppressive capacity and
FoxP3 expression.

Gonzalo et al.,
2019 [83]

34 MS
(RRMS)
24 HC

26 various IM,
8 without treatment PBMCs

- Reduced complex I, III and
V expression.

- Increased plasma
lactate concentration.

- Increased ROS production
and decreased plasma
antioxidant capacity.

Klotz et al.,
2019 [84]

49 MS
(RRMS; 25 in remission,

24 with relapse)
24 HC

49 without treatment,
49 TF ** CD4+ T cells

- Enhanced OCR and ECAR
in MS patients during
relapse, but not in those
in remission.

- TF reduced OCR and
ECAR in MS patients.

La Rocca et al.,
2017 [85]

71 MS
(RRMS)
57 HC

32 without treatment,
39 IFN-β

PBMCs
CD4+ T cells

- Reduced OCR and ECAR
in treatment-naïve
MS patients.

- Reduced expression of
glycolytic enzymes and
GLUT1 in treatment-naïve
MS patients.

- No differences in
IFN-β-treated MS patients.
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Table 1. Cont.

Reference

Sample
Size

(MS Phenotype
Where Known)

Medication Cell Type
Main Findings

(MS Patients Compared
to Controls)

Liebmann et al.,
2021 [86]

42 MS (RRMS)
15 HC DMF CD4+ T cells

CD8+ T cells

- DMF reduces T cell
antioxidant capacities,
increases mtROS, MMP
and apoptosis in CD4+ and
CD8+ T cells.

- These effects are more
pronounced in memory
T cells.

Tänzer, 2019 [87]
31 MS (RRMS,
in remission)

31 HC

27 various IM,
4 without treatment

CD4+ T cells
CD8+ T cells

- Reduced OCR and ECAR
in CD4+ T-cells.

- No differences in
CD8+ T-cells.

Zahoor et al.,
2022 [88]

35 MS (RRMS)
14 HC N/A PBMCs

- Serum metabolomics show
increased glycolysis.

- Increased basal ECAR.

Immunometabolism in Progressive MS

De Biasi et al.,
2019 [89]

53 MS
(22 PPMS, 31 SPMS)

20 HC
53 without treatment CD4+ T cells (naïve

and memory cells)

- Decreased OCR and ECAR
in naïve and memory CD4+
T-cells of PPMS patients.

- No difference in OCR and
ECAR in SPMS patients.

Immunometabolism in unspecified MS subtypes

Armon-Omer et al.,
2020 [90]

62 MS
83 HC

49 various IM,
13 without treatment PBMCs

- Decreased MMP, which
was stronger in patients
with moderate-severe
disease compared to those
with mild disease.

Hargreaves et al.,
2018 [91]

11 MS
24 HC

4 IFN-β,
7 without treatment PBMCs

- Reduced complex IV
activity in treatment-naïve
MS patients.

- No differences in
IFN-β-treated MS patients.

CAT, catalase; DMF, dimethyl fumarate; ECAR, extracellular acidification rate; GA, glatiramer acetate; GPX,
glutathione peroxidase; HC, healthy controls; IFN-β, interferon-beta; IM, immunomodulatory treatment; iTreg,
inducible Tregs; MMP, mitochondrial membrane potential; MS, multiple sclerosis; N/A, not applicable; OCR,
oxygen consumption rate; PPMS, primary progressive MS; RRMS, relapsing–remitting MS; SOD, superoxide
dismutase; SPMS, secondary progressive MS; TF, teriflunomide. * Within-subjects design; untreated patients
subsequently received 12 months of GA treatment; ** within-subjects design; untreated patients subsequently
received 6 months of TF treatment.

4.1. Mitochondrial OxPhos Activity Is Decreased in PBMCs of MS Patients and in EAE

A number of studies provide evidence for changes in mitochondrial OxPhos activity
in peripheral lymphocytes of RRMS patients. For example, a significant decrease in the
mitochondrial respiratory control ratio in CD4+ cells of treatment-naïve RRMS patients
compared to healthy controls has been reported indicating a reduced coupling efficiency
between electron transport through the ETC and ATP production [80,81]. Mitochondrial
OCR has also been reported to be significantly lower in CD4+ T cells but not in CD8+ T cells
of RRMS patients in remission who received immunomodulatory therapy and in PBMCs of
treatment-naïve RRMS patients [80,81,85–87]. This OCR reduction was accompanied by a
significant decrease in the enzymatic activity of ETC complexes I and IV in CD4+ T cells
and in whole PBMCs of untreated RRMS patients compared to healthy controls [80,81,91].
Furthermore, a significant reduction in the expression levels of respiratory chain complexes
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I, III and V in PBMCs of RRMS patients receiving various treatments and a decreased
mitochondrial membrane potential that was particularly pronounced in patients with
severe disease has also been observed [83,90]. In addition, RNA sequencing revealed
significant changes in the transcriptome of CD4+ Tregs isolated from RRMS patients and
specifically an enrichment in pathways associated with mitochondrial depolarisation and
mitochondrial outer membrane permeabilization, indicative of dysfunctional mitochondrial
metabolism in this specific T cell subpopulation [73].

To date, only one study has assessed mitochondrial OxPhos activity in progressive
MS patients. Here, a decrease in the OCR of naïve CD4+ T cells, and to a lesser extent
in memory CD4+ T cells, was seen in PPMS patients compared to healthy controls. This
was accompanied by a lower mitochondrial mass and altered mitochondrial morphology.
However, there was no reduction in OxPhos activity in CD4+ T cells of SPMS patients [89].

Analysis of these types of data needs to be performed carefully, however, since as
outlined in Section 3.1, changes in T cell metabolism are part of the natural activation and
differentiation of T cells. Therefore, any observed differences between healthy and MS
patients may reflect the higher activation status of the T cells, as would be true during a
period of infection even in a healthy control without an autoimmune condition. Therefore,
animal models have been used to further elucidate whether altered lymphocytic metabolism
really reflects potential pathogenic dysregulations and to explore whether modulation of
these pathways could impact disease progression.

Accordingly, in one such EAE study, an increase in the mitochondrial OCR, accom-
panied by a decrease in the mitochondrial membrane potential, cytochrome c expression
and reduced ATP levels were reported in Tregs isolated from draining lymph nodes of
mice [73]. Interestingly, this was not only seen during active disease stages, but also prior
to disease onset, suggesting that these changes in mitochondrial OxPhos activity may be
involved in the subsequent development of disease. Additionally, an accumulation of
mitochondria with aberrant morphology and cristae organisation were seen suggesting
these observations are indicative of a mitochondrial pathology [73]. Since these alterations
were only observed in FoxP3+ CD4+ T cells but not in FoxP3- CD4+ T cells, it suggests that
mitochondrial dysfunctions might be restricted to the Treg subpopulation in EAE [73].

Overall, these findings suggest that mitochondrial OxPhos activity is decreased in
PBMCs, especially in CD4+ T cells of RRMS patients, possibly due to a decrease in the
expression or activity of several mitochondrial respiratory chain complexes. A similar
decrease in OxPhos activity may also be present in PPMS patients, although this requires
further investigation. Dysfunctional OxPhos has also been reported in EAE, although these
alterations were restricted to the Treg compartment [73]. Since OxPhos has been shown to
be crucial for the maintenance of Treg suppressive capacity, a more detailed analysis of this
T cell subpopulation in human MS is warranted.

4.2. Oxidative Stress Is Increased in PBMCs of MS Patients and in EAE

In addition to the above evidence that favouring T cell OxPhos over glycolysis may
promote the differentiation of T cells towards a less inflammatory phenotype, mitochondrial
metabolism is also important for protecting the cell against ROS-mediated damage. ROS,
such as superoxide, are by-products of mitochondrial metabolism and are scavenged by
antioxidant defences under normal physiological conditions [23]. However, increased
ROS production due to impairments in mitochondrial OxPhos activity or alterations in
antioxidant capacity can result in oxidative damage that may further exacerbate changes in
mitochondrial function in MS [80].

Indeed, CD4+ T cells of untreated RRMS patients showed oxidative protein damage
that was accompanied by a significant reduction in the activity of two mitochondrial an-
tioxidants, superoxide dismutase and glutathione peroxidase [80,81]. Reduced antioxidant
capacity was also observed in the plasma of RRMS patients on immunomodulatory therapy
together with a significant increase in superoxide production [83]. Furthermore, RNA
sequencing revealed an enrichment in pathways associated with mitochondrial oxidative
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stress and DNA damage response in Tregs isolated from RRMS patients, which correlated
with a decreased overall number of Tregs isolated from these patients [73].

In EAE, an increase in mtROS and a decrease in the mitochondrial antioxidant enzymes
manganese superoxide dismutase and catalase in Tregs isolated from animals during
presymptomatic disease stages compared to naïve Tregs or predisease nonTreg T cells has
been found [73]. This was accompanied by an increase in DNA double-strand breaks and
programmed cell death rates as indicated by an increased expression of caspase 3. Genetic
ablation of Treg mitophagy in EAE mice revealed that increased mitochondrial oxidative
stress and Treg cell death might be due to diminished clearance of mitochondria due to
impaired lysosomal function [73]. On the other hand, scavenging of mitochondrial ROS
using MitoTEMPO and genetic overexpression of the antioxidant enzyme catalase in Treg
mitochondria significantly reduced mtROS production, Treg DNA damage and cell death,
and restored lysosomal function. In addition, scavenging of mtROS reduced EAE disease
severity, immune cell infiltration into the spinal cord and numbers of proinflammatory Th1
and Th17 cells [73].

Overall, it is conceivable that reduced antioxidant defences in peripheral lymphocytes
of MS patients and in EAE-derived Tregs render mitochondria susceptible to oxidative dam-
age, which may impair mitochondrial respiratory chain function subsequently contributing
to the observed immunometabolic alterations. In addition, mitochondrial dysfunction in
EAE Tregs and subsequent Treg cell death may further shift the T cell compartment towards
proinflammatory subtypes.

4.3. Glycolytic Activity Is Altered in Lymphocytes of MS Patients and in EAE

The reduction in mitochondrial OxPhos activity in PBMCs of RRMS patients outlined
above was accompanied by changes in glycolytic activity. It was shown, for example, that
the activity of two key glycolytic enzymes, hexokinase and phosphofructokinase, and the
expression of the main glucose importer GLUT1, were significantly increased in CD4+ T
cells of treatment-naïve RRMS patients compared to healthy controls [80,81]. This was
accompanied by increased lactate production in these cells and increased plasma lactate
levels were also observed in RRMS patients on immunomodulatory treatments [80,83]. Sim-
ilarly, using a metabolomics approach, a significant increase in serum glycolytic metabolites
in RRMS patients, as well as increased ECAR in isolated PBMCs, was seen compared to
healthy controls [88]. Another study found that ECAR was increased in CD4+ T cells of
treatment-naïve RRMS patients during relapse but not during remission [84]. However, the
same CD4+ T cells from relapsing RRMS patients also exhibited increased oxygen consump-
tion, suggesting a general upregulation of T cell metabolism rather than a compensatory
switch from OxPhos to aerobic glycolysis [84]. It is suggested that together, these results
could be indicative of a glycolytic upregulation in CD4+ T cells of RRMS patients, possibly
as a compensatory mechanism in response to impaired mitochondrial OxPhos or due to
alterations in the metabolic programming and thus, the activation state of these cells [80].

In contrast, other studies reported a significantly decreased ECAR in CD4+ T cells
isolated from untreated RRMS patients and from RRMS patients on immunomodula-
tory therapy during remission [82,85,87]. A decreased expression of GLUT1 and several
glycolytic enzymes, including hexokinase, in CD4+ T cells of RRMS patients were also
observed in the same sample [85]. It has additionally been shown that the defective gly-
colysis observed in CD4+ Tcons was associated with reduced induction of a specific Treg
subpopulation and reduced Treg suppressive capacity and FoxP3 expression in untreated
RRMS patients [82].

Similarly, ECAR has been found to be reduced in naïve and memory CD4+ T cells of
PPMS but not SPMS patients, although surprisingly, GLUT1 expression and plasma lactate
levels were significantly higher in PPMS samples [89]. Taken together, these results are
suggestive of a general hypometabolic state, rather than a metabolic switch, at least in a
subset of CD4+ T cells and possibly during distinct forms and phases of the disease.
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While human studies have shown evidence of both an up- or a down-regulation in
the glycolytic activity of MS-derived lymphocytes, there appears to be a clear consensus
that glycolysis is upregulated in T cells isolated from EAE mice, as well as evidence that
this might be involved in driving inflammation. This most likely reflects that most animal
studies have treated Tregs and Teffs as separate compartments for analysis, unlike in the
MS analyses.

For example, one study reported an upregulation of genes involved in glycolysis,
including HIF-1α, PKM2 and GLUT1, in splenocytes isolated from EAE mice during
active disease, compared to naïve control animals [92]. These metabolic changes were
accompanied by an increase in proinflammatory Th17 cells and a downregulation of Tregs,
suggesting that altered immunometabolism affects immune cell composition and thus
inflammation in EAE. Similarly, it was shown that pathogenic Th17 cells had a higher ECAR,
indicating an increase in aerobic glycolysis and also increased TCA cycle activity compared
to nonpathogenic T cells [93]. A further study reported that the increased glycolytic activity
associated with Th17 differentiation involved the activation of the transcription factor
HIF1α by mTORC1 activity [94].

Glycolysis has also been shown to be upregulated in T cells isolated from the CNS of
EAE mice. For example, it has been reported that proinflammatory Th17 cells isolated from
the spinal cords of MOG-immunised mice showed above all an enrichment in pathways
associated with glycolysis compared to homeostatic Th17 cells from the intestine [95].
Similarly, another study reported an upregulation of glycolytic activity in CD4+ and CD8+
T cells isolated from the spinal cord of EAE mice during peak disease [96]. This upregulation
was reported in comparison to splenic T cells during EAE but did not evaluate whether
splenic glycosylation was also altered in EAE by comparison to any non-EAE controls.
However, the authors set out to evaluate the influence of the autoinflammatory environment
of the CNS on the metabolic profile of T cells, rather than address the metabolism of active
versus inactive T cells. They thus demonstrated that glycolytic changes are further enhanced
upon T cells migrating to the CNS.

4.4. Modulation of Glycolytic Activity Ameliorates EAE

Many of the studies mentioned above reporting an increase in lymphocytic glycolysis
in EAE also demonstrated the therapeutic potential of inhibiting glycolysis through both
genetic ablation of key components of the glycolytic pathway or through pharmacolog-
ical inhibition of key enzymes. Some of the experiments discussed in this review are
summarised in Table 2.

Table 2. Amelioration of EAE through metabolic modulation of lymphocytes.

Reference Modulation Effects

Alissafi et al., 2020 [73]
Genetic overexpression of

mitochondria-specific superoxide scavenger
specifically in Tregs.

Protected Treg mitochondria from
oxidative stress and reduced Th1 and

Th17 activity.

Gerriets et al., 2015 [63] DCA inhibition of PDHK1. Decreased Th17 and increased Tregs;
protected against EAE.

Karmaus et al., 2019 [97] 2-DG to inhibit hexokinase; Raptor knockout. Reduced CNS inflammation.

Seki et al., 2017 [96] 3-BrPa inhibition of hexokinase and GAPDH. Blocked Th1 release of IFNγ and Th17
release of IL-17; reduced EAE severity.

Shi et al., 2011 [94] 2-DG to inhibit hexokinase. Increased Treg differentiation, and
reduced EAE severity.
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Table 2. Cont.

Reference Modulation Effects

Sun et al., 2016 [92] Metformin to inhibit AMPK.

Attenuation of EAE, Th17 proliferation,
CNS immune cells infiltration and the
release of proinflammatory cytokines;
increased Treg proliferation and the

release of anti-inflammatory cytokines.

Wagner et al., 2021 [97] Disruption of polyamine pathway. Increased frequency of Tregs and
alleviated EAE symptoms.

Wu et al., 2020 [95] Gpi1 knockout to suppress glycolysis.
Demonstrated requirement of

proinflammatory Th17 cells for
EAE induction.

Zahoor et al., 2022 [88] 2-DG to inhibit hexokinase.

Decreased disease severity, immune cell
infiltration into the CNS, demyelination

and the release of
proinflammatory cytokines.

2-DG, 2-deoxy-D-glucose; 3-BrPa, 3-bromopyruvic acid; AMPK, AMP-activated protein kinase; DCA, dichloroac-
etate; EAE, experimental autoimmune encephalomyelitis; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
Gpi1, glucose phosphate isomerase; PDHK1, pyruvate dehydrogenase kinase 1.

For example, inhibition of glucose metabolism by inhibiting the first enzyme in the
glycolytic pathway, hexokinase, was achieved through application of 2-deoxy-D-glucose (2-
DG) and was shown to reduce EAE severity, as well as to upregulate Treg differentiation [94].
Another study employing 2-DG also reported it to protect mice from EAE through reducing
CNS inflammation, as well as reporting a reduction in T cell infiltration and IFNγ release
without affecting IL-17 levels [97]. The latter study also demonstrated similar effects
through genetic ablation of Raptor, an essential component of mTORC1 signalling, which
regulates the glycolytic rate. An alternative method of inhibiting hexokinase to suppress
glycolysis was demonstrated by application of 3-bromopyruvic acid (3-BrPa), which also
targets GAPDH resulting in the blockade of IFNγ release from Th1 cells, and to a lesser
extent IL-17A produced by Th17 cells, and consequently dampened EAE severity [96].

Interestingly, genetic ablation of the glycolytic pathway enzyme, glucose phosphate
isomerase (Gpi1), significantly reduced the number of inflammatory Th17 cells in EAE but
had no significant effect on the number of homeostatic Th17 cells and Gpi1 deficient cells
were unable to induce EAE indicating that Gpi1 is selectively required for proinflammatory
Th17 cells [95]. The authors show that homeostatic Th17 cells are able to compensate for
Gpi1 deficiency through increased activity of the pentose phosphate pathway and increased
mitochondrial respiration, while proinflammatory Th17 cells cannot, possibly due to a
more hypoxic environment during inflammation. A further study demonstrated that the
common diabetic drug, metformin, could also reduce EAE severity through the reduction
of both CNS immune cell infiltration and the ratio between proinflammatory Th17 and
anti-inflammatory Tregs [92]. Although metformin is reported to function via multiple
molecular mechanisms, since it lowers glucose production by the liver, it may be exerting its
immunomodulatory effects through suppressing downstream glycolysis and subsequently
favouring T cell differentiation towards a less proinflammatory phenotype.

Collectively, these data identify glycolysis as an important metabolic switch that drives
T cell differentiation from quiescence towards a proinflammatory phenotype, thus aggra-
vating autoimmunity. Since Teffs are reported to be more dependent upon glycolysis than
Tregs [49,56], the strategy of targeting glycolysis may preferentially modulate the proinflam-
matory immune response. This hypothesis was explored by Gerriets et al. who identified
pyruvate dehydrogenase (PDH) function to be important in balancing T cell dependence
upon either glycolytic or oxidative metabolism, whereby PDH kinase 1 activity was associ-
ated with proinflammatory Th17 activity and PDH kinase 1 suppression increased Treg
numbers [63]. In keeping with this observation, they further demonstrated that pharma-
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cological inhibition of PDH kinase 1 in EAE decreased Th17 cells whilst increasing Tregs,
thus ameliorating EAE severity.

4.5. Common RRMS Treatments Can Restore Metabolic Alterations in PBMCs of MS Patients

Several studies have found that common pharmacological treatments for RRMS can
restore the observed immunometabolic alterations. Thus, 12 months of treatment with
glatiramer acetate, a common first line treatment for RRMS, restored the respiratory control
ratio, complex I and IV activity and mitochondrial membrane potential in CD4+ T-cells
of previously untreated RRMS patients to levels comparable to those observed in healthy
controls [81]. Glatiramer acetate treatment also normalised glycolytic enzyme activity,
GLUT1 expression and lactate production, suggesting a treatment-induced reduction in
glycolytic activity and recovery of mitochondrial OxPhos capacity in CD4+ T cells of RRMS
patients [81].

Additionally, PBMCs isolated from RRMS patients receiving IFN-β did not show
reduced levels of aerobic glycolysis, mitochondrial oxygen consumption and complex IV
activity in contrast to cells of untreated patients, indicating that IFN-β treatment restores
normal immunometabolic activity [85,91].

Finally, teriflunomide, an enzyme that blocks pyrimidine synthesis, was shown to
restore glycolytic activity and mitochondrial OxPhos in CD4+ T cells of RRMS patients
currently suffering a relapse to levels similar to those observed in healthy controls [84].

In contrast to restoring immunometabolic changes, another study found that in RRMS
patients, dimethyl fumarate treatment supressed the antioxidant capacity of CD4+ and
CD8+ T cells through modulation of mitochondrial metabolism resulting in an increase
in mitochondrial ROS, in turn inducing a mitochondrial stress response and ultimately
increased apoptosis, which especially affected memory T cells [86].

Taken together, these results show that several pharmacological treatments for RRMS
are able to restore metabolic changes associated with MS. The mechanisms by which these
treatments restore immunometabolism and whether this represents part of their therapeutic
benefit or is merely a secondary effect (i.e., reflecting the lower lymphocyte activation
status) should be investigated further. It is similarly unclear whether an impairment in
T cell metabolism precedes the development of MS and thus represents an additional
risk factor or whether this is a result of the heightened T cell activation occurring under
autoinflammatory conditions.

5. Conclusions

Overall, the research summarised in this review provides evidence that metabolic alter-
ations are a feature of MS and EAE, not only in the CNS, but also in peripheral lymphocytes.
Primarily, changes in the balance between glycolysis and other metabolic processes, such
as OxPhos, reflect the activation, proliferation and differentiation processes undertaken
by T cells and other lymphocytes in order to allow the immune response to adapt to its
required functions. As a result, it is harder in autoimmune diseases to determine whether
observed metabolic changes reflect an intrinsic, aberrant response perhaps underlying an
individual’s increased risk to developing MS or instead occurs as a result of the autoim-
mune environment already present. However, the fact that immunomodulatory therapies
for MS appear to restore metabolic imbalances suggests that these changes may mainly
reflect the overactive status present under autoimmune conditions.

That said, there is evidence of mitochondrial stress and damage in MS lymphocytes,
such as reduced antioxidant capacity and increased oxidative damage, as well as upregu-
lation of genetic programmes involved in mitochondrial oxidative stress, DNA damage
and cell death, which are indicative of mitochondrial dysfunction rather than an (adaptive)
upregulation of immune cell metabolism under inflammatory conditions. However, further
work is needed to determine the influence of lymphocytic oxidative stress on subsequent
metabolic switches within autoimmune lymphocytes.
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In this light, data showing that in animal models of MS the metabolic balance of
lymphocytes can be modified pharmacologically to augment the disease progression is
interesting. Although this does not answer the question whether the metabolic ‘imbalance’
characteristic of a proinflammatory response is a cause or effect of MS development, its role
in the progression of autoimmunity is clear. Increasing the dependency of lymphocytes
on OxPhos rather than aerobic glycolysis has been shown by several groups to favour the
function of Tregs over Teffs and may prove to be an interesting concept for promoting
remission over relapses in MS patients.

It should be noted, however, that comparing animal models with MS must be done
with care. Firstly, the studies performed have taken different approaches where MS patient
studies on the whole have not differentiated between Teffs and Tregs, instead usually
analysing pooled PBMCs or total CD4+ T cells, unlike in EAE, where subpopulation distinc-
tions have been taken into account. Secondly, T cell subpopulations can differ significantly
between mice and humans [98,99] and thus direct comparisons must be accordingly ad-
justed. Thirdly, although metabolic reprogramming in human and murine Tregs shows
many similarities, there are also important differences that need to be considered since hu-
man and mice Tregs may show differences in their dependency upon glycolysis [82]. Thus,
impaired glycolysis in MS patients has been shown to result in reduced FoxP3 expression
in Tregs impeding their suppressive function [60,62,63], while inhibiting glycolysis in EAE
mice reduced disease burden and the release of proinflammatory cytokines [82]. Nonethe-
less, the discussed alterations in T cell metabolism in human MS patients may impact on T
cell subpopulation composition, specifically on the number of proinflammatory subtypes,
and it should be further researched whether this may be a driver of disease progression
or rather a secondary consequence of other pathogenic mechanisms. This is especially
relevant with view to research showing potentially reduced Treg numbers and reduced
Treg suppressive capacity in MS [72,73,100].

Furthermore, variations between MS patient studies render interpretations of results
difficult. In contrast to reports of a switch from OxPhos to glycolysis [80,81], some studies
found a decrease in both mitochondrial OxPhos and glycolytic activity, suggesting a general
hypometabolic state of peripheral lymphocytes in MS [85]. These contradictory findings
may partially be explained by the vast heterogeneity of patient samples, as well as the
differing ratios of Teffs to Tregs that may exist at different disease stages. Thus, although
some studies specifically assessed lymphocytes from RRMS patients in remission [84,87],
most did not take disease activity into account. However, as shown by Klotz and colleagues,
differences in immunometabolism in relapsing MS patients compared to patients in remis-
sion exist [84] and a potential correlation between disease activity and the lymphocyte’s
metabolic profile should be further explored. A further complication in interpreting these
results also stems from the fact that several studies assessed samples from patients on
various immunomodulatory treatments. Some of these treatments have been shown to
restore the observed metabolic alterations in peripheral lymphocytes of MS patients (see
Section 4.5) and future studies should take this effect into account, especially when the
sample size is small.

Finally, so far only one study has specifically assessed metabolic activity in PBMCs
in progressive MS and found that immunometabolism differed between SPMS and PPMS
patients [89]. Future research should further assess metabolic alterations in progressive
disease and compare these to immunometabolic profiles during the relapsing stage of MS.
Pathophysiological differences between RRMS and progressive disease are highlighted
by the varying degree of CNS infiltration by activated lymphocytes and the different
effects of immunomodulatory treatments and may also be reflected by distinct metabolic
alterations [1]. In addition, gaining a detailed understanding of immunometabolism in
PPMS and SPMS may help to further elucidate whether they represent diseases with distinct
pathogeneses and possibly provide clues for the development of treatments specifically
for progressive forms of MS [1]. Hints that this might be the case are derived from studies



Int. J. Mol. Sci. 2023, 24, 2094 17 of 21

demonstrating a strong Th1/IFNγ-driven immune response in progressive disease [11,12],
which may reflect the metabolic status of the immune cells involved.

Taken together, current research supports the emerging concept of altered mitochon-
drial function and cellular energy metabolism in peripheral immune cells as a characteristic
feature in MS and its animal model. Further research is required to assess whether these
immunometabolic alterations differ between distinct forms of the human disease, whether
they are specific to CD4+ T cells, whether they influence lymphocytic activation and
function and whether they correlate with disease activity in RRMS (see Box 1).

Box 1. Open questions regarding MS lymphocytic metabolism.

1. Do immunometabolic alterations in CD4+ T-cells contribute to disease progression or are they
secondary to other MS pathophysiological processes?

2. Are immunometabolic alterations present in all CD4+ T cells or are there differences in Teffs
and Tregs as suggested by EAE studies? Can similar changes be observed in other immune
cells implicated in MS pathophysiology, such as B-cells?

3. What is the effect of altered metabolism on lymphocytic activation state and function, specifi-
cally with regard to Treg suppressive capacity?

4. Is there a correlation between immunometabolic alterations in PBMCs and RRMS disease
activity and does it differ between RRMS and progressive forms of the disease?

5. What are the underlying molecular mechanisms responsible for altered immunometabolism
in PBMCs? What is the role of ROS?

6. What is the mechanism by which common pharmacological treatments restore altered im-
munometabolism in peripheral lymphocytes?
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