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dysfunction of ME/CFS.

The case for neuroimmune
dysregulation in disease

Myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS) is a common but
underdiagnosed multisystem and dis-
abling disease. Diagnoses are established
clinically by the presence of unexplained
severe fatigue, postexertional malaise, and
unrefreshing sleep with orthostatic intol-
erance or cognitive impairment. At illness
onset, infection-like signs and symptoms
(fever, lymphadenopathy, sore throat,
myalgia, general malaise) often make an
acute and occasionally dramatic entrance
and sometimes persist or recur, support-
ing the concept that some portion of dis-
ease risk represents an infectious process
or host immune vulnerability. Immune,
inflammatory, infectious, and allergic pro-
cesses are frequent themes connecting
the diverse clinical features additionally
present in ME/CFS (gastrointestinal, pain,
skin/mast cell abnormalities) (1).
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Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a highly
debilitating disease with heterogeneous constitutional and neurological
complaints. Infection-like symptoms often herald disease onset, but no
pathogen or immune defect has been conclusively linked. In this issue of
the JCI, Mandarano et al. illuminate bioenergetic derangements of ME/
CFS T cell subsets. CD4* and CD8* T cells had impaired resting glycolysis.
CD8" cells additionally showed activation-related metabolic remodeling
deficits and decreased mitochondrial membrane potential; a subset had
increased resting mitochondrial mass. Immune senescence and exhaustion
paradigms offer only partial explanations. Hence, unique mechanisms of
disrupted immunometabolism may underlie the complex neuroimmune

An immune or infectious diathesis is
also supported by spatiotemporal cluster-
ing of outbreaks as well as alteration of
immune cell numbers and function (e.g.,
NK cells), immune profiles, and autoim-
mune parameters (2, 3). Serologic and
molecular studies have as yet failed to
confirm a specific infectious trigger. Cer-
tain infectious agents (e.g., Epstein-Barr
virus) are nonetheless commonly report-
ed as disease precursors (3, 4). The pres-
ence of infection-like features in some
patients with ME/CFS remains suggestive
of enhanced vulnerability for dysregulated
immune cell responses to infectious expo-
sures. Alternatively, immune molecules
secreted by infection-exposed immune
cells may accentuate or prolong host CNS
responses. The latter model of neuroim-
mune disruption as a potential contributor
to ME/CFS pathogenesis resonates with
animal model and human investigations
seeking to understand “acute sickness
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responses” — a coordinated set of auto-
nomic, physiologic, metabolic, inflamma-
tory, neurocognitive, and neurovegeta-
tive responses to immune and infectious
stimuli — and their role in disease and
resiliency (5). Consistent with this model,
“brain fog,” a component of neurocog-
nitive impairment commonly occurring
with infection that clouds mentation and
limits attentional capacity, is one of the
most frequently reported symptoms (up
to 85% of subjects) and a major driver
of ME/CFS disability (6). The exertion-
sensitive neurocognitive impairment of
ME/CFS may relate to deficits in cellular
energy metabolism, as increased cere-
brospinal fluid (CSF) lactate is reported
(4). Additional metabolic defects poten-
tially related to ME/CFS clinical features
(postexertional malaise, irritable bowel
syndrome) have also been identified
through plasma metabolomics (4, 7-10).

T cell dysfunction: through
the immunometabolism
looking glass
The relatively recent lens of immunome-
tabolism is rapidly illuminating molecular
drivers that govern the metabolic repro-
gramming capacity of immune cells as
they adapt to environmental challenges
(microbial, traumatic, bioenergetic) (11).
CD4"and CD8" T cells reprogram metabo-
lism upon activation to increase glycolysis,
forgoing the efficiency of oxidative phos-
phorylation to prioritize short-term bio-
synthetic needs to fuel rapid proliferation
and effector function development. CD8*
cells typically undergo greater metabolic
remodeling than do CD4" cells (11-13).
Mandarano et al., in this issue of the
JCI, use immunometabolism as a lens to
focus on metabolic remodeling capacity
in CD4* and CD8"* T cell subsets in ME/
CFS (14). Their findings indicate differ-
ential involvement of metabolic defects
in CD4* and CD8" T cell subsets in ME/
CFS. Mandarano and colleagues identify
reduced mitochondrial membrane poten-
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Figure 1. A model of potential metabolic and mitochondrial derangements in CD4* and/or CD8" T cell subsets from patients with ME/CFS. Affected T
cells show (i) deficits in basal glycolysis that may interplay with (ii) abnormalities in mitochondrial metabolism, with decreased proton leak at rest and
reduced ATP production in the CD8* subset upon activation. (iii) Resting and activated CD8" cells also show decreased mitochondrial membrane potential,
and a resting CD8* subset may display increased mitochondrial mass. Alterations in factors that have been previously shown (red) suggest that deficits in
bioenergetics, metabolic reprogramming, and mitochondrial dynamics may vary across more specific CD4* and CD8* T cell subsets, including subsets with
features of immune aging, senescence, or exhaustion (3, 4, 7-10, 15, 16). FAQ, fatty acid oxidation; MAVS, mitochondrial antiviral signaling protein; mtROS,
mitochondrial reactive oxygen species; NAD*, nicotinamide adenine dinucleotide; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3 (inflam-
masome); OXPHOS, oxidative phosphorylation; RIG-I, retinoic acid-inducible gene I; SIRT3, NAD-dependent deacetylase sirtuin-3; TCA, tricarboxylic acid
cycle; TGF-B, transforming growth factor f8; Trp, tryptophan.

tial in ME/CFS CD8* T cells both at rest
and upon activation. CD8* T cell subsets
from patients with ME/CFS are more
strikingly impaired than CD4"* subsets in
their capacity to meet energy needs either
at baseline (resting state) or upon activa-
tion with anti-CD3/anti-CD28 antibodies
and IL-2. Metabolic deficiencies of CD4*
T cells in ME/CFS were instead largely
restricted to glycolysis of resting CD4* T
cells. Prior work showed hypometabolism
in different immune cell subsets (3, 4, 15);
however, another study that failed to find
changes in glycolysis used PBMCs (16).
Although no differences in mitochondrial
mass were found in either CD4* or CD8*
cell subsets as a whole, a subset of resting
CD8" cells with increased mitochondrial
mass was identified (14). The current study
also reports differences in correlations
of plasma cytokines with the assessed T
cell metabolic parameters, often show-
ing unanticipated inverse associations of
proinflammatory cytokines with CD8" gly-

colytic metabolism in patients with ME/
CFS but not in controls (14). This evidence
suggests unique patterns of impairment in
mitochondrial and glycolytic metabolism
in T cell subsets in ME/CFS.
Accumulating evidence illustrates the
insights that immune cell metabolism can
provide with respect to immune-mediated
diseases (infection, autoimmunity, dia-
betes, obesity). Recent studies on immu-
nometabolism of brain-resident immune
cells (microglia) also support a possible role
in neurodegenerative disorder pathogene-
sis (17). Although not specifically focused
on immunometabolic control mecha-
nisms, a new study of Alzheimer’s dis-
ease suggests that CD8* effector memory
CD45RA-reexpressing (EMRA) T cells are
present in increased numbers in peripher-
al blood and CSF, associate inversely with
impaired cognition, and have enhanced
T cell receptor signaling (18). This highly
differentiated T cell subset typically dis-
plays several senescence characteristics,
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including decreased proliferation and telo-
merase activity and increased DNA dam-
age (13). Far less is known about the role
of immune cell metabolism in complex
disorders affecting both peripheral sys-
tems and the brain. The current work from
the Hanson laboratory defines previously
unexplored patterns in peripheral CD4*
and CD8* T cell metabolism, while raising
fundamental questions about underlying
mechanisms. Notably, these observed dif-
ferences were not explained by changes in
activation-induced expression of the early
activation marker CD69 or GLUTI, the
surface glucose transporter.

CD8* T cell metabolic
impediments: immune
senescence, exhaustion,

or aging?

ME/CFS shares features with disorders
that are accompanied by accelerated
aging. One feature of senescence, prema-
ture telomere attrition, was found in ME/
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CFS, particularly among women younger
than 45 years (19). Although different T
cell subsets (e.g., exhaustion-prone CD8*
T cell subsets, as in chronic viral infection)
might have driven this finding, the stud-
ies used DNA derived from whole blood,
not isolated immune cells. It is also pos-
sible that illness duration was greater in
this younger subset of women with ME/
CFS despite their younger chronological
age. Factors associated with long-term
illness might promote more prominent
reductions in telomere length. In a study
of plasma immune profiles, controlling for
age, patients with ME/CFS with a longer
duration of'illness (>3 years) had lower lev-
els of immune molecules relative to those
of patients with short-duration disease (<3
years) and healthy controls (20). Reduc-
tions in circulating immune molecules
among patients with long-duration ME/
CFS suggested the possibility of immune
exhaustion, potentially reflecting recur-
rent episodes of viral reactivation or other
prolonged antigenic challenge, but con-
tributions from immunosenescence are
undetermined. It is unclear whether the
CD8" T cell metabolic defects observed
here relate to immunosenescence. Vul-
nerability to immunosenescence varies for
CD4" and CD8" T cells, with CD8" T cells
acquiring an immunosenescent phenotype
more rapidly than their CD4* T cell coun-
terparts. Greater mitochondrial mass of
CD4* T cells is implicated, but senescent
CD4*EMRAT cells also take up more lipid
and glucose than do CD8* EMRA T cells,
promoting metabolic flexibility in fueling
cellular processes in CD4* T cells through
either oxidative or glycolytic metabolism
and facilitating proliferation (13). Age
effects may also occur independently of
disease duration or processes that accel-
erate the acquisition of senescence char-
acteristics. A study of naive CD8* T cells
from older individuals found reduced
mitochondrial respiration despite greater
mitochondrial mass in older individuals’
cells (12). Age, independent of factors
regulating immune senescence or exhaus-
tion, may compromise the metabolic state
of old naive CD8" T cells and diminish the
capacity for clonal expansion in the course
of immune responses.

The significance of the reduced mito-
chondrial membrane potential in CD8*
T cells that Mandarano and colleagues
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observed is unclear (14). Such reductions
are characteristic of T cell exhaustion
and can be observed with chronic viral
infection (13). A proposed role for chron-
ic antigenic stimulation in ME/CFS (via
viral reactivation, intracellular bacteria,
or pathogen- or danger-associated molec-
ular patterns) raises the alternate possi-
bility that ME/CFS immune cells may be
more likely to become exhausted. Hyper-
polarization of mitochondrial membranes
is maintained through increased local
production of reactive oxygen species
(ROS). ROS have adverse effects as well
as essential anti-infective roles. Reduced
mitochondrial membrane potential in
CD8* T cells might also reflect “reduc-
tive stress,” impairing CD8* T cell con-
trol over intracellular pathogens or repair
mechanisms. Differences in redox regula-
tion are also possible.

The interplay of metabolic regula-
tors and mediators of the innate immune
system in fine-tuning energy substrate
consumption and conservation pathways
may help illuminate how these processes
become impaired in chronic viral infec-
tions, cancer, and autoimmune diseases.
Energy-intensive dynamic adaptations to
fluctuating energy supply and demand
must strike a balance between anabolic
and catabolic processes; mitochondrial
processes require tightly controlled
structural remodeling (fission/fusion)
to maintain supplies of fuel sources in
a metabolically efficient manner that is
responsive to the micro- and macroenvi-
ronments (Figure 1).

Conclusions

Researchers from the Hanson laboratory
extend immunometabolism approaches to
CD4* and CD8" T cell subsets in ME/CFS,
providing important insights into potential
cell subset-specific defects in bioener-
getics and mitochondrial function. T cell
subset-specific assays showed both CD4*
and CD8" T cells to be hypometabolic at
rest with reduced glycolysis; CD8" T cells
were additionally impaired in activated
mitochondrial respiratory and glycolytic
responses. CD8" cells as a whole also had
reduced mitochondrial membrane poten-
tial (14). Patterns of metabolic dysfunction
in CD4* and CD8" T cells overlapped only
partially with features of immunosenes-
cence and immune exhaustion and could

March 2020

The Journal of Clinical Investigation

reflect the interaction of age with either
of these processes after an inciting event.
The contributions of intracellular signal-
ing pathways and alternatively fueled
pathways of energy metabolism merit
further examination in conjunction with
studies of additional immune cell sub-
sets and a broader continuum of disease.
Immunometabolism studies appear to
hold promise for elucidating mechanisms
that contribute to neuroimmune dysfunc-
tion in ME/CFS.
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