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ABSTRACT

Immunosenescence, a process that describes age-related declines in
immune responses, renders the elderly more susceptible to infections and
malignancies. Many changes that accumulate during aging contribute to
immunosenescence and one of them is a decline in metabolic fitness. Here
we discuss how aging affects functions and metabolism of cells of the
adaptive immune system. Both T and B cells once they become activated
have to rapidly adjust their metabolism to allow for cell proliferation and
effector functions. In younger adults most T cell subsets switch to
glycolysis upon activation, while B cells, in addition, increase
mitochondrial energy production. Once lymphocytes transition towards
memory, they again must adjust their metabolism. These metabolic
switches, which are prompted by a number of signaling pathways that
concomitantly regulate mitochondrial biogenesis, protein translation, and
glycosylation pathways, as well as protein transport and autophagy,
become impaired in the aged. As a result, invasion of a pathogen
commonly triggers low quality effector T and B cell responses that,
compared to those in younger individuals, are less potent, less functional,
and less broad. Formation of memory also becomes impaired, reducing
the benefits of vaccines in the elderly.
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ABBREVIATIONS

acetyl-CoA carboxylase 1, ACC1; activated protein kinase, AMPK; central
memory T, Tcn; dual-specific phosphatase 4, DUSP4; effector memory RA,
Temra; CMV, cytomegalovirus; cytotoxic T lymphocytes, CTLs; cytotoxic T-
lymphocyte-associated protein, CTLA; dendritic cells, DCs; Epstein-Barr
virus, EBV; estrogen-related receptor, ERR; extracellular signal-regulated
kinase, ERK; follicular T helper, Tfth; forkhead box protein 01, FOXO1;
glucose receptor, Glut; immunoglobulin transcription factor 1, E2A;
interferon regulatory factor, IRF; interleukin, IL; interferon, IFN; liver X
receptors, LXRs; mammalian target of rapamycin, mTOR; mitochondrial
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respiratory chain complex, MRC; nicotinamide adenine dinucleotide, NAD;
nuclear factors of activated T cells, NFATSs; nuclear respiratory factor 1,
NRF1; oxidative phosphorylation, OXPHOS; programmed cell death, PD;
protein kinase B, Akt; phosphatidylinositol 3-kinase, PI3K; reactive oxygen
species, ROS; recombination activating proteins, RAG; regulatory T cells,
Tregs; sirtuins, SIRT; solute carrier family 13 member 5, SLC13A5; S6
kinase, S6K; sterol regulatory element binding transcription factor 2,
SREBP2; TCR beta chain, TRB; T cell receptor, TCR; T helper cells type 1,
Th1 cells; tricarboxylic acid, TCA; toll-like receptors, TLR; tumor necrosis
factor, TNF

INTRODUCTION

In Western cultures, older adults comprise humans of or above 65 years
of age. In other parts of the world like New Guinea, anyone above 50 is
viewed as old. The United Nations makes a compromise and draws the line
at 60. Older adults are not a homogeneous population. Some are
remarkably fit while others are frail and suffer from multiple chronic
diseases. Aging is defined as a gradual and irreversible decline in intrinsic
physiological functions over time due to internal biological degeneration,
which ultimately results in damages to molecules, cells, tissues and the
organism as a whole [1]. Longevity, a parameter that can easily be
measured, and aging, which is difficult to quantitate, have multiple
underlaying causes. A number of theories have been formulated to explain
the causes of aging. Burnett argued that cumulative genetic damage results
in mammalian aging [2]. Orgel blamed aging on faulty protein
synthesis [3], while Harman proposed damages caused by free-radicals [4].
Cerami hypothesized that aging is linked to aberrant post-translational
glycosylation due to faults in glucose metabolism [5]. In 1957, William
proposed the antagonistic pleiotropy hypothesis, which postulates that
some genes encode traits that are beneficial during the reproductive stage
of an individual but become detrimental upon aging [6]. The disposable
soma theory of aging was formulated by Kirkwood, who hypothesized that
somatic declines during aging is a trade-off for reproductive success in
one’s youth [7]. All of these theories are supported by some but not all data,
stressing the complexity of aging. In the end, aging is caused by intrinsic
and extrinsic factors that produce an imbalance of stress and stress-coping
mechanisms, which gradually leads to irreversible damages.

Intrinsic factors include the genetic make-up and gene expression
profiles of an individual [8]. Sirtuins (SIRT) are one set of genes that are
being linked to aging. SIRTs control various aspects of metabolism and
their activities increase under starvation, which may in part explain the
link between caloric restriction and an extension of life span [9]. Other
genes and gene products that affect aging include the mammalian target
of rapamycin (mTOR) [10], autophagy-related genes (ATG), which are
negatively regulated by mTOR complex 1 (mTORC1) [11], or the “I am not
dead yet” (INDY) gene that encodes the citrate receptor solute carrier
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family 13 member 5 (SLC13A5) [12]. All of these longevity genes program
proteins that affect metabolism, which points to metabolic imbalances as
a hallmark of aging. Changes in metabolism such as declining
mitochondrial functions increase the production of reactive oxygen
species (ROS). Together with telomere shortening, they contribute to
cellular senescence, a process that causes irreversible growth arrest of
diploid cells [13] and deprives an aging body of the ability to repair
damaged tissues [14]. Interestingly, cell senescence is linked to chronic
inflammation [15], a common condition called inflammaging in older
adults that contributes to increased morbidity and mortality. In addition,
aging is affected by external forces such as life-styles, e.g., diet, exercise,
smoking, oxidative stress and pollutants. Other factors, such as the
socioeconomic status and level of education, influence the overall physical
and mental fitness of individuals and therefore also have critical impacts
on the biological aging process [16]. These factors induce epigenetic
modifications and thereby changes in gene expression profiles in aged
cells [17].

Aging affects key metabolic functions. In older adults, regulation of the
energy balance between nutrient intake and expenditure bhecomes
impaired, resulting in obesity or malnourishment [18]. The circadian
rhythm is one of the basic forces that controls energy metabolism. The 24-h
light-dark cycle dictates when we sleep or are active and when we eat or
fast. Periods of anabolic metabolism during the active/feeding phase
alternate with periods of catabolism during the sleep/fasting period. The
circadian rhythm changes with age and circadian amplitude
diminishes [19]. Furthermore, aging leads to alterations in glucose
metabolism combined with reduced secretion and functions of insulin [20].
Lipid metabolism becomes unhinged with excess release of fatty acids
from adipose tissues and a reduced rate of lipid catabolism [21]. Amino
acid metabolism is relatively unaffected by age, although amino acid
signaling through the mTOR pathway declines [22].

Aging has profound effects on the immune system’s ability to mount
adequate adaptive responses that protect against pathogens or eliminate
transformed cells while preventing damaging autoimmune responses [23-26].
Lymphocytes in many ways are unique cells. They are replenished
throughout life from bone marrow progenitors. They have to undergo
selection to eliminate those that are self-reactive. They can migrate
throughout the body, which exposes them to environments that vary in
nutrients and oxygen. For example, peripheral blood is high in glucose
while adipose tissue is high in fatty acids. Liver, particularly, has very high
levels of glucose. Oxygen tension is high in blood and relatively low in
bone marrow and some parts of lymph nodes. Once lymphocytes
encounter a threat, they have to very rapidly transition from a quiescent
stage that consumes minimal energy to an activated stage. This requires
quick metabolic changes to allow for extensive cell proliferation and
increased anabolic reactions to support cell divisions and effector
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functions. Aging is associated with a loss of metabolic flexibility, which
ultimately leads to reductions in protective T and B cell responses and
increases in pathological responses.

T CELL METABOLISM

T lymphocytes, the mediators of cellular immunity, arise in the bone
marrow and migrate to and mature in the thymus. T cell maturation from
committed progenitors involves the sequential rearrangement and
expression of T cell receptor (TCR) genes, cell proliferation, peptide-major
histocompatibility complex (MHC)-mediated positive and negative
selection, and the acquisition of functional properties [27]. The two major
subsets of matured T cells that leave the thymus and circulate in the
periphery are CD4" helper T lymphocytes and CD8" T lymphocytes. Two
major signals are provided by antigen presenting cells (APCs), especially
dendpritic cells (DCs), for T cell activation. The interaction of the TCR with
peptide-MHC complex on antigen-presenting cells (APCs) provides “signal
1”7, while binding of costimulatory molecules such as CD28 on T cells to
their ligands such as CD80 or CD86 on DCs provide “signal 2” [28].
Furthermore, pro-inflammatory cytokines provide “signal 3” and promote
the differentiation of both CD4" and CD8" T cells [29]. Depending on the
cytokine milieu of the microenvironment, CD4" T cells can differentiate
into different helper T cell lineages with unique functions, including T
helper cells type 1 (Th1 cells), Th2 cells, Th9 cells, Th17 cells, follicular T
helper (Tth) cells, and CD4" regulatory T cells (Tregs) [30]. In response to
antigenic stimulation, helper T cells secrete cytokines, which promote
their own proliferation and differentiation, and support activation of
other immune cells such as B cells and DCs. With the help of cytokines such
as IL-12 and type 1 interferon (IFN) [31], CD8" T cells differentiate into
functional cytotoxic T lymphocytes (CTLs), which are specialized to
directly Kkill infected and transformed cells by granzyme and perforin-
mediated cell lysis [32]. In addition, CTLs secrete cytokines, mostly IFN-y
and tumor necrosis factor (TNF), in order to induce inflammation and
carry out their cytotoxic functions [33]. Following the clearance of foreign
antigen and the collapse of the primary response, the majority of effector
T cells undergoes apoptosis, while a small subset of them survives to
become long-lived memory T cells [34]. However, with chronic antigen
stimulation in the case of persistent infection and cancer, effector T cells
become anergic or exhausted with progressive loss of proliferative
capacity, impaired effector functions, and an altered transcriptional
program [35]. Finally, a unique population of CD3" T cells, named mucosal-
associated invariant T (MAIT) cells, constitute a sizable proportion of T
cells in human peripheral blood and different tissues [36]. MAIT cells are
innate T cells that express semi-variant TCRs, called TRAV1-TRAJ33 in mice
and TRAV1-2-TRAJ33/12/20 in humans [37]. They recognize metabolites of
the riboflavin metabolism pathway, found in certain bacteria, that are
presented by MHC-related molecule 1 (MR)1. MAIT cells exhibit an effector
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memory T (TEM) cell phenotype [38]. Upon stimulation through TCR
ligation or by cytokines in the absence of exogenous antigens, MAIT cells
respond rapidly by producing cytokines such as IFN-y, TNF, and
interleukin (IL)-17, and cytotoxic molecules granzyme B and perforin,
therefore providing efficient protection against bacterial and viral
infections [39].

Each of the T cell lineages show distinct metabolic profiles that play
critical roles in their maintenance and in support of their specific
functions [40]. Naive T cells circulate through secondary lymphoid tissues
to perform immune surveillance. These resting T cells require a minimum
amount of energy production and basal replacement biosynthesis to
support their activities. They rely primarily on mitochondrial oxidative
phosphorylation (OXPHOS) fueled by glucose-derived pyruvate,
exogenous fatty acids and glutamine for triphosphate (ATP) production
[41,42]. Upon antigen stimulation, T cells rapidly proliferate and
commence effector functions. Activated T cells are characterized by their
enhanced metabolic flexibility. They can use multiple nutrient sources to
promote both their energy production and biomolecule synthesis
activities [43]. However, compared to resting T cells, activated T cells
prioritize anabolism with enhanced synthesis of lipid membranes, nucleic
acids, and proteins over catabolism for ATP generation [44]. Activated T
cells greatly increase their glucose uptake via glucose receptor (Glut)1 and
potentially Glut4, which supports their upregulated glycolytic activity
even in the presence of oxygen, a metabolic program named aerobic
glycolysis [45-47]. Enhanced aerobic glycolysis of T lymphocytes is
essential for their biosynthesis to support cell proliferation and functions.
In addition, a portion of glucose enters the tricarboxylic acid (TCA) cycle
to support ATP production. Glucose-derived acetyl-CoA is also converted
into citrate for lipid synthesis [48]. Besides the contribution from glucose,
catabolism of amino acids, such as glutamine, leucine and serine, are
increased in activated T cells [43,49]. Glutamine is the most abundant
amino acid in the circulation. In activated T cells, glutaminolysis is greatly
enhanced. In this process glutamine is converted to a-ketoglutarate, which
can be used either as an anaplerosis source to fuel the TCA cycle or as a
metabolic intermediate for acetyl-CoA production and lipid
synthesis [50,51]. Concomitantly, lipid oxidation is greatly reduced in
activated T cells [52].

A number of transcriptional and posttranscriptional regulators as well
as nuclear hormone receptors, i.e., cellular master regulator of cell cycle
entry and proliferative metabolism (c-Myc), the phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt)/mTOR pathways, the estrogen-related
receptor (ERR)a, and the liver X receptors (LXRs), have been shown to
regulate T cell metabolism to support T cell activation and effector
functions via distinct mechanisms [40]. c-Myc broadly promotes various
facets of the metabolism in effector T cells including glucose and
glutamine metabolism as well as mitochondrial biogenesis [53]. c-Myc
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drives expression of all of the glycolytic genes. It is also crucial for T cells
to enhance glutaminolysis for ATP production and lipid and DNA synthesis
[54]. The PI3K/Akt/mTOR pathway is activated in T cells during CD28-
mediated costimulation. The activity of this pathway is crucial for the
differentiation, proliferation and metabolic reprograming of different
subsets of CD4" T cells and CTLs [55-59]. Akt promotes surface expression
of both glucose transporter Glutl and amino acid transporters [60,61]. It
also enhances glycolysis by directly activating glycolytic enzymes [62]. In
addition, Akt/mTORC1 via sterol regulatory element binding transcription
factor 2 (SREBP2) activation enhances lipid synthesis while decreasing
carnitine palmitoyltransferase (Cpt)la-mediated lipid catabolism [63,64].
ERRa also plays a critical role in promoting glycolysis and glucose-fueled
mitochondrial OXPHOS and ATP production, while LXR is a key regulator
in T cells for lipid and cholesterol synthesis [65,66].

Different subsets of CD4" and CD8" T cells are metabolically distinct.
Differentiation of Thl and Th17 cells relies on mTORC1 activation and
glycolysis [40,67]. Furthermore, hypoxia inducible factor-la (HIF-1a) is
selectively required for metabolic regulation in Th17 cells [68]. Activated
Th2 cells also display high glycolytic activity and mTORC2 is essential for
their differentiation and metabolic reprogramming [55]. Tfh cell
differentiation requires increased activity of inducible T cell co-stimulator
(ICOS)-dependent glucose metabolism, which relies on both mTORC1 and
mTOCR2 activation [58]. In contrast, CD4" Tregs show the lowest rate of
glycolysis among all CD4" T cell subsets. Instead, Tregs display high
mitochondrial membrane potential and mainly rely on enhanced lipid
oxidation for energy production [67]. The liver kinase B1 (LKB1) as a
metabolic sensor has been implicated as a major factor for the cellular
metabolism and energy homeostasis of Tregs [69]. Similar to Th1 and Th17
cells, mTORC1 activation and HIF-1a-dependent glucose metabolism are
crucial for CD8" T cell differentiation and their ability to produce IFN-y
[70]. Specifically, resting MAIT cells, although possessing a distinct TEM
cell profile, are metabolically quiescent and contain lower numbers of
mitochondria compared to central memory T (Tcewm) cells [38]. These cells
show lower maximal respiratory potential and decreased expression of
the OXPHOS genes. Resting MAIT cells exhibit similar levels of glycolytic
rates compared naive or Tcum cells, which are significantly lower compared
to those of TEM cells. However, upon activation MAIT cells rapidly
enhance their glucose uptake and glycolysis rate in a PI3K/Akt/mTORC1-
dependent manner, which is essential for their effector functions and
production of IFN-y and granzyme B [38,71]. Furthermore, amino acid
transport through Solute Carrier Family 7 Member 5 (SLC7A5) also
contributes to mTOC1 activation in MAIT cells [39,72].

The presence of memory T cells is key in protecting the host against
secondary infections. Memory T cells do not need high levels of
biosynthesis but require efficient ATP production, primarily through lipid
oxidation, to support their functions [73]. 5'-Adenosine monophosphate-
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activated protein kinase (AMPK) and TNF receptor-associated factor 6
(TRAF6) signaling are essential for the metabolic switch of memory T cells
from a glycolytic state to an oxidative state, which is also important for
memory T cell survival [74,75]. AMPK also inhibits the activity of acetyl-
CoA carboxylase 1 (ACC1), a key enzyme for fatty acid synthesis [76].

Compared to naive T cells, which also rely on mitochondrial OXPHOS
for energy generation, memory T cells contain elongated and fused
mitochondria that have higher mass and spare respiratory capacity (SRC)
[44,77]. SRC in memory T cells but not naive T cells mainly depends on
fatty acid oxidation. Two of the major circulating memory T cell subsets
are Tem and Tem cells [78]. CD4" Tem and Tem cells show comparable
frequencies in human blood, lymph nodes, and various peripheral tissues,
while CD8" Teum cells represent a much smaller population of CD8* T cells
in various compartments compared to CD8" Tem cells [79]. However, with
their superb proliferation capacity, Tcum cells can replenish other memory
T cell subsets, including Tem cells, and therefore play an essential role in
providing effective long-term memory responses and
immunosurveillance in human peripheral tissues [80]. Sustained HIFla
activity and high glycolytic rates promote the differentiation of Tewm cells,
while Teum cells show greater stem cell-like and self-renewal capacity with
higher mitochondrial respiratory capacity [81,82]. In tissues, there is
another type of memory T cell named tissue-resident memory T (Trm) cell
[83]. Trum cells exhibit long-term persistence in tissues and provide rapid
host protection. Recent studies show that TRM cells can actually re-join the
circulation pool, and exhibit the potential to differentiate into Tem, Tem, and
Trum cells upon recall [84]. While circulating memory T cells preferentially
use glucose for de novo fatty acid synthesis to fuel fatty acid oxidation, Trm
cells mainly oxidize exogenous fatty acids taken up by fatty acid-binding
protein (FABP)4 and FABP5 for energy production to maintain their
functions [85]. Upon recognizing their cognate antigen, memory T cells
have the unique ability to rapidly proliferate and exert effector functions.
This rapid recall response of memory T cells is mainly supported by
mTORC2-Akt mediated increases in glycolytic activity [86]. In addition, it
has been shown that serum acetate serves as an important regulator of
memory T cell glycolysis [87]. Serum acetate levels rapidly increase
following an acute infection and the concomitant shift towards systemic
catabolism. Acetate is converted to acetyl-CoA by the acetyl-CoA
synthetases (ACSS) in memory T cells, which is used for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) acetylation. Acetylation of GAPDH
increases its activity and glycolytic rates in memory T cells and promotes
their secretion of IFN-y [87].

In the case of chronic stimulation with self-antigens, tumor antigens or
during chronic infections, T cells may become anergic or exhausted. Either
state is characterized by T cell hyporesponsiveness with loss of
proliferative potential, cytokine production, and cytotoxic functions
[88,89]. Metabolism is a key factor in modulating T cell anergy and

Immunometabolism. 2020;2(3):e200021. https://doi.org/10.20900/immunometab20200021



https://doi.org/10.20900/immunometab20200021

Immunometabolism

8 of 40

exhaustion. Limiting glucose metabolism during T cell activation will
make the T cells unable to fully engage mTOCR1 activation and directly
drives T cell anergy [88]. Our study, together with other works,
demonstrates that exhausted T cells reduce glycolytic rates and prefer to
use mitochondrial OXPHOS for energy production [90,91]. Ligation of co-
inhibitory ligands, i.e., programmed cell death (PD)-1 and cytotoxic T-
lymphocyte-associated protein (CTLA)-4, inhibits PI3K/Akt/mTOR-
mediated glucose metabolism [92,93]. PD-1 ligation further facilitates the
metabolic switch of T cells towards fatty acid oxidation [94]. As T cell
exhaustion usually occurs in an environment depleted of glucose due to
infection or tumor growth [95,96], these metabolic shifts are essential for
T cells to at least partially preserve their effector functions.

IMPACT OF AGING ON T CELL METABOLISM

The T cell system faces numerous antigen challenges and adapts to
various microenvironment throughout life, leading to a completely
reformed immune system in older adults (Figure 1). T cell-mediated
immune responses are increasingly compromised in aged individuals,
which worsens complications from infections and dampens responses to
vaccination [97,98]. Many factors, including genomic instability, loss of
proteostasis, and metabolic dysfunction all contribute to age-related
cellular dysfunctions [99,100]. This is especially the case for T cells, which
need to constantly respond to new or chronic infections and malignancies,
maintain a diverse T cell repertoire and a pool of memory T cells.

While thymic involution greatly contributes to loss of T cell immunity
in aged mice, in human adults the thymus has limited contribution to T
cell generation [101,102]. It accounts for about 16% of total T cell numbers
in young adults and less than 1% in older adults [102,103]. Instead, naive
CD4" and CD8" T cells in humans are largely maintained through
homeostatic proliferation in the periphery with daily turnover rates of
about 0.03-0.04% [103]. Both the size and composition of the naive T cells,
ie., the diversity of their TCR, enable immune responses to diverse
antigens and are critical to preserve T cell immunity. In healthy older
individuals, naive CD4" T cell numbers in the periphery stay stable. In
contrast, circulating naive CD8" T cells are more susceptible to aging and
their numbers decline with age [104,105]. The low-affinity TCR
engagement with self-peptide/MHC complex and the higher sensitivity of
naive CD4" T to IL-2 in older adults account for their better maintenance
in peripheral tissues [106,107]. In contrast, naive CD8" T cells do not rely
on IL-2 for their peripheral maintenance. Instead, IL-2 drives the
differentiation of naive CD8" T cells into memory cells, which could
partially explain the more pronounced decline of the naive CD8" T cell
compartment [108]. Indeed, aging is associated with a shift of naive CD8"
T cells towards CD8" TEM and TCM cell subsets [109]. Both naive CD4" and
CD8" T cells have an estimated 50 to 100 million unique TCR beta chain
(TRB) gene sequences [110]. It decreases around 2-5 folds during aging in
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healthy older people, still leaving a large T cell repertoire that can respond
to various antigenic challenges [110]. The modest loss in TCR sequence
diversity with age is unlikely to affect T cell functions. However, chronic
inflammation develops with age due to chronic infection and increased
adiposity, increasing levels of interleukin (IL)-6, TNF, IFN, and IL-1p in the
T cells’ environment [111-113]. TNF is known to reduce costimulatory
molecule CD28 expression on naive T cells [114]. In addition, the pro-
inflammatory cytokine milieu leads to chronic PI3K/Akt/mTOR pathway
activation and increases basal Glutl expression and glycolytic rates in
naive T cells [115,116]. The enhanced basal activation of signaling
pathways and metabolism in naive T cells, together with their cumulative
replicative history due to homeostatic proliferation drive the partial
differentiation and dysfunction of naive T cells in older adults [108]. As a
consequence, activation of T cells as well as their proliferative potential
and cytotoxic functions are impaired in the aged adults, especially for
naive CD8 T cells [115,117,118]. The increased concentrations of
inflammatory cytokines in the frail older individuals could also lower the
responsiveness of T cells to cytokines and reduce T cell compartment size
and repertoire diversity [119,120]. Although the basal metabolic rates of
MAIT cells are similar as those of naive T cells, MAIT cell numbers decline
significantly in older adults [121,122]. Paired TCRaf analysis of MAIT cells
revealed their striking TCR repertoire diversity, which is higher than the
TCR repertoire diversity of viral antigen-specific CD8" T cells. Similar to
naive T cells, MAIT cells in older adults show large clonal expansion and
narrower TCR repertories compared to their young adult
compartments [71]. Studies by Loh et al. show that the upregulated basal
inflammation in older adults contributes to the hyporesponsiveness of
aged MAIT cells to inflammation-driven stimulation [71]. However, the
magnitude of antimicrobial MR1-dependent response remains as high as
those of younger adults, suggesting the potential of MAIT cells in older
adults to provide immune protection.

Furthermore, age-related alterations in metabolism directly affects
naive CD4" T cell differentiation. Both obese patients and older adults
show an increase in the deposition of fat around visceral organs, which
contributes to insulin resistance and enhances the level of circulating
insulin [123]. Insulin signaling plays an important role for T cell
differentiation, which could work through the insulin receptor and
insulin-like growth factor-1 receptor (IGF-1R) expressed on CD4" T cells to
modulate the PI3K/Akt/mTOR pathway activity in these cells [124]. It has
been shown that the high amounts of insulin in obese patients and older
adults promotes the PI3K/Akt activity in CD4" T cells, which reduces the
number of natural Tregs and also dampens IL-10 production and
immunosuppression by Tregs [125]. Instead, numbers of adaptive Tregs in
visceral adipose tissues increase in these patients and older adults [126].
The enhanced PI3K/Akt activity together with elevated proinflammatory
cytokine levels in older adults also promote the formation of both Th1 and
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Th2 cells [127,128]. They may also contribute to the increased levels of
activated CD4" T cells and cytotoxic CD4" T cells that have been observed
in both older adults and old mice [124,129]. An enhanced ratio of Th1l to
Th2 cells is also associated with aging [128], which could be due to
preferential activation of mTORC1 over mTORC2 by insulin signaling in
CD4" T cells that facilitates Th1 cell polarization [130]. Besides the elevated
insulin signaling, another hormone associates with both obesity and aging,
leptin, could promote the survival of Th1/Th17 cells while inhibiting the
proliferation of Tregs, therefore enhancing the susceptibility of older
adults to autoimmune diseases [131]. Moreover, T cells in older adults
show increased accumulation of free radicals and experience higher
oxidative stress [132]. The free radical oxidation of tryptophan generates
kynurenine [133], which increases during aging and could drive CD4" T
cell differentiation towards Th17 cells and promotes autoimmunity [134].
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Figure 1. Impact of aging on T cell differentiation, function and metabolism. The differentiation of both

CD8" and CD4'T cells as well as their metabolism

in the young (upper panel) and older adults (lower panel).

The changes of Tru cells, MAIT cells, as well as adaptive Tregs in adipose tissue in the aged environment are
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Compared to naive T cells, memory T cells exhibit more dynamic
homeostatic turnover rates of about 0.6% per day [135]. The overall TCR
sequence diversity of memory T cells remains stable during aging [110].
However, latent viral infections with herpes viruses such as
cytomegalovirus (CMV) or Epstein-Barr virus (EBV) are common in
humans and have major impacts on the peripheral blood memory T cell
composition in older adults [136,137]. Each episode of virus infection
and/or reactivation could lead to significant disturbances due to clonal
expansion of antigen-specific T cells. Memory T cell inflation, i.e., the
formation and maintenance of effector memory T cell clones specific
towards a number of CMV antigens, is common in older adults and has
been viewed as beneficial for controlling viral latency without obvious
adverse effects on general T cell immunity [138-140]. CMV infection in
older adults also contributes to the expansion of terminally differentiated
effector memory T cells that re-expresses CD45RA (TEMRA), especially in
the CD8" T cell compartment [109,141]. CD8" TEMRA cells are highly
oligoclonal, with single clone frequencies up to 1% in the peripheral blood
and therefore promote contraction in TCR repertoire breadth [142].
TEMRA cells show features of cell senescence and metabolic dysfunctions,
with reduced proliferative potential and impaired capacity to control viral
infection [143,144]. In addition, in older individuals, repeated antigen
stimulation by virus infections and/or reactivations could result in
narrowing of the antigen-specific memory T cell repertoire and even loss
of memory T cells; both dampen the capacity of T cell-mediated virus
control and cross-protection in older adults [145,146].

T cell metabolism plays a tremendous role in regulating T cell growth,
differentiation, and functions. Aging affects T cell metabolism via
multitudes of mechanisms, which directly or indirectly contribute to T cell
dysfunctions in older adults [99]. For example, genome instability caused
by DNA point mutations, insertions and deletion, and chromosomal
rearrangements is a hallmark of aging [100]. It could affect T cell
metabolism through (1) damage to mitochondria DNA or mutations in
metabolic genes [147,148], (2) impaired epigenetic regulations that lead to
altered metabolic gene expression [149], (3) telomere erosion-induced
repression of peroxisome proliferation-activated receptor gamma,
coactivator 1 alpha and beta (PGCla and PGC1p), which leads to impaired
mitochondrial biogenesis and functions, reduced gluconeogenesis and
oxidative defense [150]. Additionally, various external and endogenous
stresses accumulate in T cells with aging, which lead to the dysregulation
of protein homeostasis and proteome integrity [151]. Proteome
deterioration also contributes to impaired T cell metabolism via different
mechanisms [152-154], such as (1) accumulated damage and defects in
post-translational modification leading to dysfunctions of metabolic
enzymes in T cells, (2) deficiency in recycled biomolecules that could be
used for catabolism to produce energy or as building blocks for other
macromolecules, (3) a loss of mitophagy, i.e., the degradation of defective
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mitochondria by autophagy. All these challenges could result in impaired
mitochondria functions and enhanced ROS production, as well as defects
in metabolic activities. Indeed, it has been reported that T cells in older
individuals show a series of mitochondrial and metabolic deficits [155].
Aging can either directly affect the metabolism of different T cell
subsets, or indirectly dampen T cell metabolism through modulating a
number of signaling pathways. For example, a recent study showed that
circulating naive and central memory CD8" T cells in older adults lost
expression of mitochondrial respiratory chain complex (MRC) genes,
which results in an increase in mitochondrial mass but a reduction in
mitochondrial OXPHOS capacity in aged T cells [155]. Transcription factor
nuclear respiratory factor 1 (NRF1) has been shown to be essential for
regulating mitochondrial gene expression [156]. It turns out that the
defects in MRC gene expression in aged T cells are due to a failure of NRF1
to keep MRC gene promoters open. Along the same lines, studies with
young and aged mice show that aged naive CD4" T cells develop smaller
mitochondria with reduced respiratory capacity upon activation. This is
largely due to a deficiency in the induction of enzymes in the
mitochondrial one-carbon metabolism pathway, which is important for
redox homeostasis and mitochondrial protein synthesis to support
OXPHOS [157]. IL-7, a cytokine essential for the homeostatic proliferation
of naive T cells, declines with aging [158]. IL-7 reduction, together with
dysregulated lymph nodes in older adults [159], are likely to impair the
metabolic fitness of naive T cells. Upon naive T cell activation, TCR
engagement and costimulatory signaling drive calcium (Ca%*) influx by
inducing its release from the endoplasmic reticulum (ER) and extracellular
spaces [160,161]. The rise in intracellular Ca®" serves as a critical signal to
mediate activation of nuclear factors of activated T cells (NFATSs) and their
translocation to the nucleus, where they regulate expression of various
genes associated with T cell activation, metabolism and differentiation
[162]. However, in older adults the ion homeostasis is often dysregulated,
leading to impaired Ca* flux [163]. The age-related damage to
mitochondria may also reduce their ability to buffer local Ca*
concentrations, leading to impaired NFAT signaling. As NFATs directly
regulate the expression of “metabolic master regulators”, ie., IFN
regulatory factor (IRF)4, HIF-1a, and c-Myc, reduced activity of NFATSs in
aged T cells is expected to dampen the rates of T cell glycolysis and
mitochondrial respiration, impair T cell activation and effector T cell
functions [164]. How aging affects the metabolism of MAIT cells has not
yet been studied. However, obesity that similar to aging leads to
hyperinflammation and altered metabolism has been shown to dampen
the glycolytic metabolism, mTORC1 signaling, and amino acid transport in
MAIT cells [39]. It is tempting to speculate that age-associated defects
negatively affect MAIT cell metabolism at both their resting and activated
states in older adults, which contribute to the reduced frequencies of MAIT
cells at baseline and their impaired functions upon antigen stimulation.

Immunometabolism. 2020;2(3):e200021. https://doi.org/10.20900/immunometab20200021



https://doi.org/10.20900/immunometab20200021

Immunometabolism

13 of 40

The formation and functions of memory T cells are impaired in older
adults, which can be attributed to many age-related metabolic defects.
Autophagy, as a crucial process to remove toxic products and damaged
cells, begins to fail with aging [165], which has been suggested to
negatively affect metabolic switches during T cell activation and prevent
memory T cell formation [166]. Puleston et al. showed that autophagy-
deficient antigen-specific CD8" T cells display enhanced Glut1 expression,
mitochondria mass and oxidative stress as well as increased apoptotic
rates. These cells fail to downregulate Glut1 and are unable to switch from
glycolysis to mitochondrial OXPHOS, which is important for the survival
of memory T cells. The defects in autophagy in memory T cells also
dramatically impairs their recall responses. After activation, aged CD8" T
cells are also twice more likely than their younger counterparts to express
CD39 [167]. CD39 works as a rate-liming ATPase by cleaving secreted ATP
to generate adenosine [168]. Adenosine signals via the adenosine A2AR
receptor to induce immune suppression and promote effector T cell
apoptosis after antigen encounter, which impairs the memory T cell
formation [169]. In addition, the metabolic master regulator AMPK is
hyperactivated in aged T cells, potentially as a response to energy stress or
nutrient sensing restrictions, which leads to increased basal
mitochondrial biogenesis [170]. AMPK also induces expression of the
nuclear dual-specific phosphatase 4 (DUSP4) in aged CD4" memory T cells,
which by terminating nuclear extracellular signal-regulated kinase (ERK)
activity impairs their proliferation and helper functions to support B cell
differentiation [171]. Furthermore, cellular stress in aged memory T cells
leads to hyperactivation of the sestrin-MAPK signaling cascade, which
increases the basal glycolytic rates in memory T cells and impairs their
proliferation and production of cytokines [144,170].

The metabolic profiles of several memory T cell subsets in older adults
have been studied. In general, aging leads to moderately increased Glut1
expression and PI3K/Akt/mTOR/ ribosomal protein S6 kinase (S6K)
pathway activation in resting memory T cells, promoting their glycolysis
rate [172]. In activated memory T cells, aging actually slightly increases
their mitochondrial OXPHOS rates although mitochondria ROS production
is much higher [173]. Terminally differentiated CD8"CD28™ memory T cells
and TEMRA cells accumulate in older adults [174,175]. Human CD8°'CD28"
T cells show markedly reduced expression of SIRT1, which as a
nicotinamide adenine dinucleotide (NAD)"-dependent protein deacetylase
regulates many cellular processes linked to metabolism and longevity
[176]. The transcriptional factor forkhead box protein 01 (FOXO01) as a
SIRT1 target is proteasomally degraded in SIRT1-deficient CD8"CD28™ T
cells, which promotes their glycolytic rates and increased their granzyme
B production. Finally, human TEMRA cells enriched in older adults show
age-associated increases in glycolysis. These cells contain low numbers of
mitochondria, and therefore exhibit impaired metabolic rates upon T cell

Immunometabolism. 2020;2(3):e200021. https://doi.org/10.20900/immunometab20200021



https://doi.org/10.20900/immunometab20200021

Immunometabolism

14 of 40

activation but instead produce disproportionally higher levels of ROS and
encounter increased oxidative stress [144,177].

Currently, it remains unclear how these aging-induced metabolic
changesin T cells affect their survival and functions in older adults, which
is a critical question to be investigated. It is tempting to speculate that
some of the metabolic alterations observed in aged T cells allow them to
adapt to the changing microenvironment in older adults, which would
serve to either prolong their survival under resting conditions, or partially
preserve their effector functions upon activation. It is also important to
point out that how much does aging affect T cell metabolism and effector
functions depend on an individual’s metabolic rates. A number of studies
suggest that reducing metabolic rates by caloric restriction or mTOR
inhibition could alleviate age-related T cell dysfunction and increase
lifespan [178-180].

B CELL METABOLISM

The main job of a B cell is to produce antibodies that neutralize a
pathogen or with the help of other immune mediators, such as
complement or natural Killer cells, directly kill the pathogen or the cells it
infects [181]. B cells are derived from hematopoietic stem cells in the bone
marrow. Following rearrangement of their immunoglobulin (Ig) heavy
chain, pro-B cells differentiate first into large and then small pre-B cells,
which is promoted by recombination activating proteins (RAG)1 and 2 and
immunoglobulin transcription factor 1 (E2A) [182,183]. Ig light chain gene
rearrangements take place later during the pre-B cell stage. During these
transitions B cells proliferate in response to IL-7 and increase glucose
uptake and mitochondrial mass, a process that is regulated by the inner
mitochondrial membrane protein swiprosin [184]. Pre-B cells then leave
the bone marrow as transitional B cells that undergo negative selection to
eliminate those with potent activity to self-antigen [185]. Cells are
subsequently positively selected based on low-level B cell receptor (BCR)
interactions, which allow them to successfully compete for binding to B-
cell-activating factor (BAFF), a scarce and thereby limiting survival
factor [186]. After selection B cells home to lymphatic tissues, where they
mature either into follicular B2-B cells or marginal zone (MZ) B cells. This
choice depends on BCR signaling strength during B cell maturation [187].
A third subset, B1-B cells, develops early during fetal life [188]. B1-B cells
have distinct Ig receptors that lack the diversity of B2-BCRs and they are
able to self-renew. B1-B cells home to the pleural and peritoneal cavities,
get activated rapidly at these sites and produce IgM and IgA without T cell
help [189]. MZ B cells are found in the marginal zones of lymphatic tissue,
where they play a role in antigen transport and presentation [190]. Their
activation into IgM- or IgG3-producing antibody-secreting cells (ASCs) is
also independent of T cell help. B2-B cells, the most common type of B cells
from here on referred to just as B cells, circulate and home to B cell follicles
within lymph nodes. Once antigen binds to surface-expressed monomeric
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Ig, which serves as the BCR, B cells in the presence of T cell help become
activated. This step involves signaling through the BCR and its co-receptor
CD19, a key B cell marker [191]. PI3K becomes activated and in turn
induces AKT and the mTOR pathways [192]. As a results B cells start to
proliferate and then form germinal centers, where they continue to cycle.
Germinal centers separate into light and dark zones within a few
days [193]. Within the dark zones B cells proliferate and their Ig genes
undergo class-switching and somatic hypermutations to optimize
antibody functions and affinity to their cognate antigens. They then move
to the light zones, which contain antigen carrying-follicular dendritic cells
(FDCs) and Tfh cells [193]. B cells stop to proliferate within the light zones
where they undergo positive selection by interacting with their antigen
presented by FDCs and receiving help from surrounding Tfh cells [194]. B
cells that do not encounter their antigen and receive T cell help die.
Selected B can then either move back into the dark zones for additional
rounds of proliferation and somatic hypermutation or differentiate into
short- or long-lived antibody-producing plasma cells. Alternatively, they
can become memory B cells. B cell fate decisions are driven by a number
of factors, i.e., the availability of T cell help and cytokines [195,196], Toll-
like receptors (TLR) ligation [197], and the signaling strength of the BCR.
One key transcription factor governing B cell fate decision is B-cell
lymphoma 6 protein (BCL6), which is essential for germinal center
formation, B cell proliferation, Ig gene rearrangement, and tolerance of
DNA breaks. BCL6, induced by interferon regulatory factor (IRF)8 together
with BTB domain and CNC homolog (BACH)2 inhibits plasma cell
differentiation through repression of beta-interferon gene positive-
regulatory domain I binding factor (BLIMP1) encoded by PR/SET domain 1
(PRDM1) [198]. IRF4 downregulates BCL6 and thereby allows for
expression of BLIMP1, which in turn facilitates B cell differentiation
towards plasma cells by promoting expression of X-box binding protein
(XBP)1 [199,200]. XBP1 prompts remodeling of the ER, activates autophagy
and the unfolded protein response and initiates the mTOR pathway to
increase protein synthesis.

B cell differentiation is characterized by repeated bursts of
proliferation followed by periods of relative quiescence and each stage
poses its unique bioenergetic demands. During development in the bone
marrow pro-B cells proliferate when transitioning towards pre-B cells.
They increase energy production through glycolysis and mitochondrial
OXPHOS, which are fueled by glucose and fatty acids [201]. Small pre-B
cells, transitional B cells and naive B cells are relatively quiescent and their
modest energy demands are met by OXPHOS. Resting B cells require less
energy compared to resting T cells although they produce on a per cell
basis more proteins. This is especially pronounced for B cells that are
involved in antigen presentation and transport such as MZ B cells [202].

Upon activation B cells upregulate MHC class II molecules and co-
stimulators such as CD80 and CD86 to present antigen to CD4" T cells [203].
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B cells rapidly increase energy and biomass production through the PI3K
pathway to allow for cell cycling, which initially takes place within B cell
follicles [192,204]. B cells increase uptake of nutrients such as glucose and
glutamine. Some have reported that the consumed glucose augments
glycolytic energy production [205-207]. Others have shown using
metabolic tracing that glucose cycles through the glycolytic pathway but is
then used mainly for biosynthesis of ribonucleotides and lipids, the latter
to support synthesis of cell membranes [208]. Activated B cells also
increase oxygen consumption and energy production through the TCA
cycle and OXPHOS, which is largely fueled by glutamine and is
accompanied by mitochondrial remodeling. Increased mitochondrial ATP
generation augments ROS production. ROS plays a role in B cell fate
decisions by driving class switch reactions and thereby delaying B cell
differentiation into plasma cells [209].

Throughout germinal center reactions, the B cells’ demand for energy
and biomass constantly shift. B cells undergo bursts of energy
consumption during proliferation in the dark zone, followed by the more
passive positive selection in the light zone. This requires rapid metabolic
adjustments, which may in part be driven by FOXO1 that is highly
expressed in dark zone B cells and PI3K that shows increased activity once
B cells enter the light zone [192,210]. It is suggested that higher activity of
FOXO1 in proliferating cells is needed to modulate chemokine receptor
expression and class switch reactions. Its role in modifying metabolism of
dark zone B cells, which presumably depends on mitochondrial energy
production to support their proliferation and class-switch reactions,
remains unknown. The heightened activity of PI3K in light zone B cells
inhibits FOX01 activity through activation of AKT. The light zone is
relatively hypoxic [211]. Hypoxia increases the activity of HIF-1a forcing B
cells to rely more on glycolysis for energy production [211-213]. This
metabolic adjustment decreases mitochondrial OXPHOS and ROS
production, which in turn promotes plasma cell development. If B cells are
triggered only by BCR engagement, their mitochondria become
functionally impaired. These B cells are no longer able to maintain the
cells’ Ca®** homeostasis and ROS levels increase, which leads to enhanced
cell death. A second signal provided by T helper cells or TLR9 ligation is
required within about 9 hours after BCR signaling to restore mitochondrial
functions [214].

After germinal center maturation, B cells that differentiate into
memory cells migrate mainly to the bone marrow where they can survive
for very long periods of time without T cell help or interactions with their
cognate antigen [215]. They are quiescent at this stage and use OXPHOS for
energy production. Unlike naive B cells, memory B cells are poised for
rapid reactivation, which heightens their energy consumption. Autophagy
is dispensable for the formation of memory B cells while it is essential for
memory B cell survival [216]. Autophagy could be important to maintain
mitochondrial homeostasis by removing those that become unfit. It may
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also help B cells to degrade lipid droplets by lipophagy to release
triglycerides for fatty acid B-oxidation, generating acetyl-CoA to fuel the
TCA cycle [217].

Plasma cells are terminally differentiated with reduced CD19
expression. Their sole purpose is to produce and secrete vast amounts of
antibodies. Plasma cells synthesize thousands of complex molecules per
second, then fold them correctly and transfer them out of the cells. These
activities require large amounts of amino acids for protein synthesis and
sugars for energy production and post-translational glycosylation [218].
Prdm1, also known as BLIMP1, drives plasma cell differentiation. This
transcription factor increases expression of transporters of amino acids.
The increased uptake of amino acids, such as leucine and arginine, in turn
activates mTORC1, which increases protein synthesis. Amino acids are not
only used for anabolic reactions but are also catabolized for energy
production. Intestinal B cells take up short fatty acids produced by
microbiota to fuel energy production [219]. The accumulation of large
amounts of antibodies in the secretory pathway causes an ER stress
response. The activity of autophagy pathways increases to remove
misfolded proteins and ER components that are no longer needed [220]. It
has also been shown that long-lived but not short-lived plasma cells rely
on energy production through the glucose-fueled TCA cycle and
OXPHOS [218].

Resting B1-B cells are metabolically more active than B2-B cells. They
show elevated levels of glucose uptake, glycolysis and OXPHOS. Upon
activation B1-B cells unlike B2-B cells depend on glucose as a nutrient.
Peritoneal cavities, where B1-B cells reside, are rich in fatty acids and
accordingly B1-B unlike B2-B cells take up substantial amounts of lipids
and store them in the form of triglycerides in lipid droplets. Autophagy,
which regulates lipid metabolism [221], is increased in B1-B cells and is
essential for lipid uptake and the cells’ ability to self-renew [222]. ROS can
damage cells for example by causing membrane lipid peroxidation, which
is prevented by increased activity of the glutathione peroxidase 4 (GPX4),
a ROS scavenger. As GPX4 increases are seen in B1- and MZ B cells but not
in B2-B cells, it suggests that the B1-B cells’ higher baseline metabolism,
which may allow them to respond more rapidly to an incoming threat,
might be shared by MZ B cells [223].

EFFECTS OF AGING ON B CELL METABOLISM

B cell responses to vaccines or pathogens decline in the aged, which
renders them highly susceptible to infectious diseases. This is best
exemplified by influenza viruses, which cause death mainly in older
adults. Annual influenza vaccines provide some protection to younger
people, but commonly fail to induce sufficiently potent neutralizing
antibody responses in older adults [224,225]. Immunosenescence affects
multiple aspects of B cell responses. Output of immature B cells from bone
marrow declines [226]. Hematopoietic stem cells become more prone to
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differentiate into myeloid cells due to epigenetic changes [227] as well as
plasma cell-derived alterations in the bone marrow’s cytokine milieu [228].
The activity of transcription factors that assist in the transition of B cell
progenitors to pro- and then pre-B cells, such as E2A and RAG, decline with
age, which together with a reduced responsiveness to IL-7 further
hampers B cell development [229,230]. Reduced output of B cells from
bone marrow may lead to a relaxation of negative and positive selection
due to lowered competition for BAFF, which in turn may allow for survival
of auto-reactive B cells. It also leads to a proportional increase of B1-B cells,
the source of so-called “natural” low affinity IgM antibodies [231],
although absolute numbers of B1-B cells in the periphery decline with age
[232]. Positioned in the inner wall of the subcapsular sinus of lymph nodes,
MZ B cells are specialized in capturing antigens and transporting them to
FDCs in B lymphoid follicles. However, their antigen transfer capacity also
becomes impaired with age [233]. Clonal diversity of naive B cells declines
with age. This may be caused by intrinsic defects of progenitors, or
reduced output of B cells from bone marrow [234]. Formation of germinal
centers becomes impaired and T helper cell functions decrease as well in
older adults [235-237]. Furthermore, in older individuals, class-switching
and affinity maturation by somatic hypermutations slow down resulting
in lower quality antibodies [238].

Changes in metabolic fitness contribute to the impaired B cell responses
in aging adults (Figure 2). Admittedly, very few studies thus far assessed
pathways of energy and biomass production during B cell activation and
differentiation in older humans or animals. However, our knowledge of
general metabolic changes in older adults, combined with the above
described metabolic adjustments that are needed for B cell development
and activities, allow us to make some assumptions that, notwithstanding,
will have to be addressed experimentally. The PI3K-mTOR pathway plays
a key role in B cell activation [239]. In B cells this pathway is induced by
signaling through the BCR-CD19 complex or, once CD19 is downregulated
in plasma cells, through increased uptake of amino acids. One of the two
mTOR complexes, mTORC1, promotes cell proliferation, survival, protein
synthesis, cell migration and autophagy. mTORC1 is inhibited by AMPK or
hypoxia [240]. In Saccharomyces cerevisiae, Drosophila melanogaster, and
Mus musculus, reduction of mTOR signaling was shown to prolong their
lifespan [185,241,242]. Benefits of caloric restrictions in delaying age-
associated impairments are also linked to suppression of the mTOR
pathway [243]. mTOR is thought to contribute to aging by promoting
protein synthesis. Expression levels of chaperons and their functions,
which are essential to ensure correct protein folding, decline with age
resulting in an accumulation of misfolded proteins [244,245]. Cells remove
damaged or misfolded proteins by autophagy, which also becomes
impaired with aging [11]. This is problematic for aged plasma cells, which
produce thousands of antibody molecules per second as accumulation of
misfolded antibodies in the ER will lead to their death. The constant region
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of the heavy chain of antibodies is glycosylated. Due to somatic
hypermutations a fraction of antibodies also carries sugar residues in their
variable region. Proteins largely undergo post-translational modifications
within the cell, but antibodies can further be modified in plasma by B4-
galactosyltransferase (B4GALT) and a2,6-sialyltransferase (ST6GAL1).
Glycosylation patterns of antibodies change with age, which affects
antibody functions and contributes to enhanced inflammation. This is in
part linked to an age-associated increase in the activity of
B4GALT [246,247].

Mitochondrial functions decline with age. B cells during activation
enhance mitochondrial OXPHOS to support their proliferation and
effector functions. However, this increase is dampened in older adults as
was shown in both mice and humans [248,249]. Instead, during activation
aged B cells rely more on glycolysis for energy production. Glycolysis has
been shown to favor plasma cell development rather than class switch
reactions and somatic hypermutations, thus resulting in lower avidity
antibody responses. This is further aggravated by the transcriptional
profile of aged B cells that are undergoing stimulation. Compared to young
B cells, those from the aged adults show declines in IRF8 and PRDM1
transcripts and increases in IRF4, BACH2 and XBP1 [208], which is a
transcriptional profile that is typical for B cells undergoing plasma cell
differentiation rather than affinity maturation. Loss of mitochondria
functions not only affect the B cells’ energy production and fate decisions
but may also contribute to inflammaging. Damage-associated molecular
patterns (DAMPs) released from broken mitochondria can trigger
activation of the nuclear factor kappa B (NF-kB), activator protein 1 (AP-1),
IRF7 and IRF3 pathways resulting in an inflammatory response [250].
Chronic inflammation with increased circulating levels of cytokines such
as TNF, type I IFN and IL-6 tends to reduce antibody responses but this has
to be investigated more thoroughly in the context of aging [251]. A subset
of B cells congregates in adipose tissues within so-called fat-associated
lymphoid clusters (FALC). The population of adipose tissue resident B cells
increases with age under the influence of DAMP- and microbiota-derived
PAMP-driven inflammasome activation. These B cells, which
phenotypically belong to the memory subset, secrete pro-inflammatory
cytokines that further contributing to inflammaging [252].
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Figure 2. Impact of aging on B cell differentiation, function and metabolism. B cell differentiation and
their metabolism in the young (upper panel) and older adults (lower panel). Tth: follicular helper T cells;
FDC: follicular dendritic cells; GC: germinal center; BM: bone marrow; Ag: antigen; RIP: “rest in peace”—
cells undergoing cell death. *Created with Biorender.com (https://biorender.com)).

Some of the key mitochondrial proteins that control OXPHOS are
encoded by mitochondrial DNA (mtDNA), which during aging accumulate
point mutations and deletions [253]. These mutations are most likely not
caused by oxidative stress, as was originally thought [254]. Mutations,
which affect individual mitochondria, can cause focal dysfunctions in
OXPHOS over time. Affected cells initially compensate for defective
mitochondria by increased mitochondrial biogenesis, which declines with
aging in part due to lowered expression of SIRT1. Transcriptional
regulation of SIRT1 involves many of the pathways that control B cell fate
decision, so one would assume that this deacetylase plays a role in B cell
differentiation. We found a reduction in SIRT1 in circulating aged as
compared to young plasma cells [249]. Due to lower SIRT1 levels, the
activity of the pyruvate dehydrogenase complex (PDC), which converts
pyruvate into acetyl-CoA, is reduced in aged B cells. Reduced PDC activity
may affect the survival of long-lived plasma cells [255], which rely on
pyruvate-dependent respiration to meet their bioenergetic needs [179].
SIRT1 inhibits NF-kB activity and in most tissues decreases glycolysis and
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promotes fatty acid catabolism. Accordingly, although plasma -cells
compared to resting B cell subsets show increased uptake of fatty acids
and enhanced levels of Cpt1, which is essential to transfer fatty acids into
mitochondria, levels of fatty acid uptake and catabolism are attenuated in
the aged plasma cells. We observed defects in two other metabolic
pathways in aged B cells. One involves a reduction in the activity of AAC1,
which converts acetyl-CoA to malonyl-CoA for fatty acid biosynthesis.
Again, this pathway is essential for proliferating cells as it provides
building blocks for cell membranes. Even more striking is the reduction in
enzymes that function in one-carbon metabolism [249], an age-related
change that was also observed in T cells [256]. One carbon metabolism
supports biosynthesis of purines and thymidine, which are critical for
DNA replication and transcription. One carbon metabolism is also
essential for DNA repair, which is needed by B cells for Ig gene
rearrangement during class-switching and DNA restoration following
somatic hypermutations. Ig switching and the nonhomologous end-joining
repair of the resulting DNA breaks involve a number of enzymes such as
RAG-1 and -2, DNA ligases, X-Ray repair cross complementing (XRCC) 4 and
6, DNA-dependent protein kinases, the nuclease Artemis and terminal
deoxynucleotidyl transferase. DNA repair further elicits an ataxia-
telangiectasia mutated (ATM)-mediated DNA damage response to at least
temporarily halt cell cycling. The ATM-mediated DNA damage response
declines in older adults again depriving them of optimal antibody
responses [257].

STRATEGIES TO OVERCOME METABOLISM-RELATED DEFECTS IN
AGED T AND B CELLS

Is there a way to change age-related metabolic defects that result in
declining B and T cell functions to render older adults at least temporarily
more resistant to infections and more responsive to vaccines? One
possible avenue would be to reduce inflammaging. Glycogen synthase
kinase 3 (GSK3) regulates multiple pathways, such as NF-0OB that lead to
inflammatory cytokine production [258]. GSK3 also affects glucose
metabolism, autophagy and apoptosis and is involved in regulating the
circadian rhythm [259], which all affect immune responses. Lithium, a
drug that has been used for years to treat bipolar disorder, is a GSK3
inhibitor and could be explored to reduce inflammaging [260,261].
Rapamycin, an mTOR inhibitor was initially used as immunosuppressor.
It was subsequently shown to reduce inflammation and function as an
immunomodulator by enhancing memory T cell response [262]. Clinical
studies have shown that a cohort of aged individuals that were treated
with rapamycin reported reduced rates of infections and showed higher
responses to vaccines [263]. In addition, immune cell metabolism and
functions are in part controlled by epigenetic changes. SIRTs through
deacetylation regulate gene expression and thereby immune responses.
SIRT1 inhibits the NF-kB pathway and in doing so reduces
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inflammation [264]. It also serves a negative regulator of Th1, Th2 and
Treg cell activation but seems to improve CD8" T cell functions by
enhancing transcription of T-bet [265]. Little is known about the effect of
SIRTs on B cells but SIRT1 seems to increase B cell survival [266].
Resveratrol, an activator of Sirtl is under scrutiny as potential immune
modulator and may prove to be useful as an agent to combat autoimmune
diseases and inflammaging [265].

Beyond strategies to attenuate inflammation, caloric restriction has
been shown to increase life span in many species [231]. Expression of
SIRTs could increase upon -caloric restriction, therefore reducing
inflammation in older adults [267]. A recent study further suggested that
dietary restriction through reducing the activity of a conserved innate
immunity pathway mediated by p38 signaling, and the activating
transcription factor (ATF)-7 reduces inflammation and may preserve
immune cell functions [268]. Indeed, caloric restriction in non-human
primates increases numbers of naive T cells, TCR repertoire diversity, and
immune cell functions [179,269]. A short period of caloric restriction in
older adults may also provide beneficial effects by improving immune
functions. Finally, the immunological processes are sophisticatedly
interconnected with various metabolic checkpoints that support immune
cell functions [270]. Development of novel strategies that could directly
modulate the metabolic processes could be exploited to manipulate
immune responses and reduce age-associated immune dysfunctions.

SUMMARY

Immunosenescence, the gradual decline of the immune system upon
aging, in part relates to accumulating metabolic defects. Chronic low-grade
inflammation, which is common in the elderly, induces metabolic changes
in lymphocytes that impair their ability to become activated, and then to
proliferate and assume effector function or develop into memory cells.
Intrinsic key metabolic pathways deteriorate in aging lymphocytes. Most
notably, mitochondria become dysfunctional resulting in reduced energy
production through OXPHOS and enhanced ROS production. The decline
in mitochondrial functions drives cellular senescence and enhances
chronic inflammation. Declining energy production further affects
anabolic reaction, e.g., protein and fatty acid synthesis, impairing the
functions of immune cells. The glycosylation patterns of proteins change,
which influences their functions. The autophagy machinery becomes
impaired, which robs cells of the ability to recycle or eliminate faulty
proteins. Although nothing but premature death or being a Turritopsis
dohrnii jellyfish, the only species that is virtually immortal by being able
to transform from an adult form back to a juvenile polyp stage [271], can
prevent or reverse aging [272], its detrimental effects on T and B cell
responses can at least in part be negated by a balanced diet that includes
vitamins and trace elements and regular exercise [273].
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