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The influence of metabolic disorders on adaptive immunity
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The immune system plays a crucial role in protecting the body from invading pathogens and maintaining tissue homoeostasis.
Maintaining homoeostatic lipid metabolism is an important aspect of efficient immune cell function and when disrupted immune
cell function is impaired. There are numerous metabolic diseases whereby systemic lipid metabolism and cellular function is
impaired. In the context of metabolic disorders, chronic inflammation is suggested to be a major contributor to disease progression.
A major contributor to tissue dysfunction in metabolic disease is ectopic lipid deposition, which is generally caused by diet and
genetic factors. Thus, we propose the idea, that similar to tissue and organ damage in metabolic disorders, excessive accumulation
of lipid in immune cells promotes a dysfunctional immune system (beyond the classical foam cell) and contributes to disease
pathology. Herein, we review the evidence that lipid accumulation through diet can modulate the production and function of
immune cells by altering cellular lipid content. This can impact immune cell signalling, activation, migration, and death, ultimately
affecting key aspects of the immune system such as neutralising pathogens, antigen presentation, effector cell activation and
resolving inflammation.
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INTRODUCTION
The immune system is comprised of innate and adaptive cell
lineages which have specialised functions [1, 2]. Intimately linked
to immune cell function is their metabolism. As such we have
identified that the various immune cells have unique lipid
signatures which are linked to their functions [3]. Disruption of
lipid metabolism through ectopic lipid accumulation or a defect in
metabolism in immune cells can promote inflammatory pheno-
types [4], impair cell migration [5] and immune functions [6] as
well as increasing cell proliferation [7, 8]. Therefore, maintaining
homoeostatic lipid metabolism is crucial for efficient immune cell
function.
One of the key functions of lipids in immune cells is their role as

a fuel source for cellular maintenance, proliferation and modulat-
ing cellular signalling. For example, it is well established that
classical and alternatively activated macrophages utilise lipids
differently as sources of energy. Classical macrophages have
reduced oxidative capacity and increased rates of de novo
lipogenesis [9, 10], whereas alternatively activated macrophages
exhibit increased rates of oxidative phosphorylation (OXPHOS)
and fatty acid oxidation (FAO) along with decreased glycolysis
[9, 11]. These metabolic differences between classical and
alternatively activated macrophages are tightly linked to their
specific functions and are further highlighted by their distinct lipid
compositions [12]. Metabolic diseases have highlighted that
dysregulated systemic lipid metabolism, e.g., that caused by a
high fat or western-type diet, influences immune cell function. In

the setting of atherosclerosis, monocytes are recruited to the
cholesterol rich atherosclerotic plaque core and differentiate into
macrophages to clear the accumulated cholesterol. As macro-
phages accumulate more cholesterol than they have the capacity
to efflux, intracellular cholesterol is converted into cholesteryl
esters (CE) giving rise to macrophages with impaired lipid
metabolism and cellular function. Functionally, due to the
excessive accumulation of cholesterol, macrophages increase the
release of inflammatory cytokines [13] and exhibit impaired
migratory capabilities [14, 15].
Apart from serving as a source of energy, one of the most

crucial roles of lipids is their capacity to create bilayers, facilitating
the development of cellular membranes. Cellular membranes play
a vital role in sustaining life by enabling cells to separate their
internal components from the external surroundings [16].
Additionally, these membranes contribute to the formation of
sub-cellular organelles; mitochondria and endoplasmic reticulum
both of which are integral to fatty acid (FA) metabolism. The
diverse chemical makeup of lipids permits the creation of
membranes with unique biophysical and biochemical attributes,
such as fluidity, shape, and thickness [17, 18]. These attributes are
pivotal for essential cellular functions like migration, adhesion,
signalling, and cell death [16]. The importance of maintaining
systemic lipid homoeostasis is highlighted by the many diseases
that stem from dysregulated lipid metabolism, perhaps best
exemplified by obesity and its associated metabolic diseases, e.g.,
insulin resistance and type 2 diabetes mellitus (T2DM). A key
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feature of the dysregulated lipid metabolism that occurs in obesity
is the over accumulation of lipids in critical metabo-regulatory
tissues, notably the skeletal muscle, adipose tissue, and the liver.
This ectopic lipid accumulation disrupts normal tissue function,
most classically leading to insulin resistance, a key stage in the
development of T2DM. While obesity leads to dysregulated lipid
metabolism and lipid accumulation in many cell and tissue types,
whether the lipid metabolism of adaptive immune cells is altered
in metabolic disease states is unknown. Importantly, however, it is
known that the function of innate immune cells: monocytes and
macrophages are altered in metabolic diseases [19, 20]. Altered
immune cell function can contribute to systemic inflammation via
the release of inflammatory cytokines due to excessive accumula-
tion of intracellular lipid within the adipose tissue and liver
[21–23]. Inflammation persists due to the ongoing release of
inflammatory cytokines and infiltration of inflammatory immune
cells into metabolic tissues [24].
While we know that immune cells become dysfunctional in

metabolic diseases, the cause of this dysfunction is yet to be fully
elucidated. In this review we hypothesise that cellular defects in
immune cells may arise from altered lipid metabolism, similarly
to how dysfunction arises in the skeletal muscle, adipose tissue,
and liver. It has been well established that innate immune cells,
monocytes [25, 26] and macrophages [27, 28] undergo
significant lipid remodelling within the adipose tissue and
atherosclerotic plaques, but less is known about circulating
and tissue resident lymphoid cells; T and B cells. This review
highlights the importance of lipid metabolism in immune cells
and when disturbed how this impacts immune cell function. We
will also discuss how in the setting of metabolic disease immune
cell function is impaired and propose the hypothesis that
modulating the lipid composition of immune cells can improve
their function.

IMPORTANCE OF LIPID METABOLISM TO IMMUNE CELL
FUNCTION
T cells
The intrinsic metabolic preference of immune cells is precisely
controlled and is broadly coupled to immune activity, function,
differentiation, and activation status [29]. Naïve CD4+ and CD8+

T cells are quiescent and can be activated by cytokine,
costimulatory signals and antigen-T cell receptor signalling to
undergo a process of effector T cell differentiation and prolifera-
tion. Effector CD8+ T cells upregulate cytolytic (granzymes,
perforin) and effector cytokine expression [type I interferon
(IFN)-γ, tumour necrosis factor (TNF)], involved in direct killing of
pathogen infected or malignant cells, while effector CD4+ T cells
differentiate into diverse helper subsets (TH1, TH2, TH17, Tfh and
Treg) which mediate diverse immune responses and have roles in
maintaining self-tolerance [30].
Naïve T cells deriving their energy from lipids generally do so

via their catabolism in the mitochondria. Through FAO, the
breakdown of FAs fuels the electron transport chain to generate
adenosine triphosphate (ATP). The other major metabolite is
glucose, which can be metabolised through the citric acid cycle to
generate several intermediates important for cellular processes
such as gene regulation and ATP production through the electron
transport chain [31]. Additionally, glucose metabolised through
the TCA can provide citrate for de novo lipogenesis, providing FAs
for other cellular functions. It is well documented that disruption
to this finely tuned immune cell metabolism can impair their
ability to function correctly [32, 33]. While this will not be a focus
in this review, aerobic glycolysis is an important metabolic
pathway for immune cells. In actively proliferating effector cells
pyruvate generated from glucose metabolism is converted to
lactate via lactate dehydrogenase (Ldh) under limiting oxygen

conditions, instead of being utilized in the TCA cycle. This
phenomenon of Warburg metabolism is a well-defined post-
transcriptional and epigenetic modulator of effector genes and is
reviewed in several articles [34, 35].
Lipid metabolism is essential for immune cell effector functions,

but also plays wider roles in regulating immune cell development,
maturation, survival, and longevity. Under homoeostatic condi-
tions, FA synthesis (FAS) driven by ACC1 (acetyl coenzyme A
carboxylase 1) is required for both CD4+ and CD8+ effector
memory (CD44+CD62L+) T cell maintenance in peripheral tissues,
homoeostatic proliferation and survival, without influencing
normal thymic T cell development [36]. Following infection with
Listeria monocytogenes expressing OVA (LmOVA), mice lacking
ACC1 specifically with CD4+ T cells had a significantly reduced
number of OVA+ specific and IFN-γ producing CD8+ T cells
compared with WT controls. FAS also regulates CD4+ T helper cell
differentiation. By inhibiting the activity of ACC1 and 2 in naïve
CD4+, T cells differentiated under TH17-polarising conditions
skewed towards a Treg phenotype [37]. This was evidenced by
reduced expression of TH17 associated genes, Il7f, Stat3 and Hif1a,
along with a downregulation of interleukin (IL)-23 receptor
expression which is essential for TH17 differentiation. During
induced experimental autoimmune encephalomyelitis, a TH17 cell
mediate autoimmune disease, inhibition of ACC1 reduced the
number of IL-17 producing cells in central nervous system, and
resulted in milder disease severity compared to controls, further
demonstrating the essential role of FAS during TH17 differentia-
tion. Collectively, these studies highlight the importance of lipid
metabolism in directing T cell differentiation, survival and cell fate
decisions (TH17/Treg balance), which can differentially influence
outcomes during pathogen infection and autoimmune diseases.
For example, in the setting of metabolic disorders AMP-activated
protein kinase (AMPK) is inactivated and can no longer
phosphorylate and restrain ACC1 which would, as detailed above,
favour TH17 cell maturation over Tregs, propagating an inflam-
matory environment [38–40].
Subsets of CD4+ and CD8+ effector T cells are poised to be

long-lived and remain after the resolution of infection, and after
contraction and apoptosis of short-lived effector T cells. Memory T
cell differentiation has also been shown to rely upon FAO. CD8+

memory T cells employ lysosomal acid lipase to mobilise FA from
internal stores fuelling FAO as they develop [41] (Fig. 1). IL-7, a
memory promoting cytokine, induces Aquaporin 9 expression in
memory T cells allowing glycerol transport fuelling triglyceride
synthesis that is subsequently utilized for FAO [42], thus CD8+

memory T cells synthesise substrates for FAO from internal and
external sources. In mice with a T-cell specific deletion of tumour
necrosis factor receptor associated factor 6 (TRAF6), preventing
negative regulation of antigen-specific T-cell activation, LmOVA
induced a robust CD8+ T cell effector response, but failed to
produce antigen specific memory CD8+ T cells [43]. This was not
due to the loss of a negative regulator of antigen-specific T-cell
activation as mice lacking Cbl-b5, still developed a robust CD8+ T
memory response following LmOVA immunisation [43]. TRAF6
deficient T cells displayed reduced expression of genes involved in
FA metabolism which was consistent with reduced FAO [43]. The
reduced FAO was explained by reduced phosphorylated-AMPKα, a
key regulator of FAO. However, what drives reduced AMPK in
these cells is unclear, but could be linked to an inability to
dampen glucose utilization when growth signals (i.e., IL-2) are
removed. Importantly, when AMPK activity was promoted
indirectly by Metformin, this too restored FAO in TRAF6 deficient
T cells, which was accompanied by an increase in CD8+ T memory
cell production [43], likely via the uptake of fatty acyl-CoA through
carnitine palmitoyltransferase (CPT)-1a. As such, AMPK is a key
regulator of CD8+ T cell contraction as they switch to FAO,
allowing them to persist as long-lived memory T cells.
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B cells
Lipid metabolism also plays a critical role in differentiation and
maintenance of B cells. Following activation, naïve B cells
undergo differentiation, proliferation and form long-lasting
antibody secreting plasma cells [44]. During germinal centre
formation, follicular B cells are recruited to germinal centres by
T-dependent antigens and become highly proliferative, as they
undergo somatic hypermutation and clonal expansion on their
way to providing long-term humoral immunity. Interestingly,
unlike many lymphocyte classes that employ glycolysis to
proliferate at high rates, germinal centre B cells (GCBCs) oxidise
FAs to meet their demands. This was elegantly shown through a
series of experiments employing genetic and pharmacological
inhibition of CPT-2, a key enzyme involved in FA transport into
the mitochondria [45] (Fig. 1). Furthermore, GCBC can be
categorised into light zone (LZ) and dark zone (DZ) B cells
[46]. LZ and DZ B cells express their own unique set of
machinery to meet their metabolic requirements [46]. LZ B cells
are enriched in genes that support glycolysis whereas DZ B cells
are enriched in genes that facilitate FAO [47]. The genetic
differences between these B cell subsets highlights how

localisation of cells contributes to their metabolism, ensuring
metabolic demands are met to function correctly. This poses the
question whether the same genetic differences would be
observed between other immune cell subsets such as follicular
DCs or Tfh cells that interact with GCBCs or T cell subsets in the
thymus during T cell development. Palmitic acid labelling
studies revealed that these cells derive their FAs extracellularly
as opposed to intrinsic lipolysis [45], a point of difference to
CD8+ memory T cell development. Interestingly, the uptake of
FAs, particularly mono-unsaturated fatty acids (MUFAs), can
activate mammalian/mechanistic target of rapamycin complex 1
(mTORC1) [48], which is required to stimulate activation-induced
cytidine deaminase for GCBCs to undergo somatic hypermuta-
tion, class switching and form antibody secreting plasma cells
[49]. Why these cells favour FAO, particularly from extrinsic
sources has not been fully determined but may be an efficient
way to obtain FAs where surrounding cells undergo apoptosis,
providing a rich source of membrane phospholipids which
contain FAs. Whether the type of FAs used to achieve their
proliferative and survival rates matters is also an open question
(with the noted exception of MUFA oleic acid [48]), and if this

Fig. 1 Fatty acid oxidation (FAO) and fatty acid synthesis (FAS) are essential components to immune cell differentiation and survival. A CD8+

memory T cell development relies upon lysosomal adipose lipase (LAL) activity to mobilise fatty acids (FA) from internal lipid droplet stores
[41, 64]. CD8+ Memory T cells then generate ATP via FAO within mitochondria. B Germinal centre B cells (GCBC) proliferation is fuelled by the
uptake of exogenous FAs whereby ATP is generated via FAO [45]. C The inhibition of acetyl coenzyme A carboxylase 1 (ACC1) via AMPK
activation in naïve CD4+ T cells promotes regulatory T cell differentiation [37]. D When ACC1 is activated naïve CD4+ T cells differentiate
towards a TH17 cell phenotype highlighted by the upregulation of TH17 cell associated genes [40]. E CD8+ T cell survival is dependent on FAS
[36]. ATP citrate lyase (ACLY), carnitine palmitoyltransferase (CPT), electron transport chain (ETC), fatty acid synthase (FASN) and tricarboxylic
acid (TCA). Schematic created with BioRender.com
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process is perturbed (or enhanced) with different FAs would be
interesting to explore.

IMPACT OF AMPK SIGNALLING ON IMMUNE CELL FUNCTION
The AMPK signalling pathway plays a pivotal role in coordinating
lipid metabolism in metabolic tissues and its dysregulation is
tightly associated with metabolic disease [50]. Reduced AMPK
activity is associated with increased inflammation in adipose tissue
and systemic insulin resistance in obese individuals [51]. Aside
from coordinating lipid metabolism in metabolic tissues, AMPK
signalling is also integral to B and T cell function [52, 53]. Genetic
ablation and pharmacological inhibition have revealed the
importance of AMPK-dependent signalling in maintaining
OXPHOS capacity, mitochondrial quality and in reducing ROS
production (Fig. 2). AMPK controls antibody synthesis in plasma
cells as well as promoting the long-term survival and function of
memory B cells by maintaining mitochondrial function and
preventing lipid peroxidation [32], which may safeguard these
cells from ferroptosis. We have reported that T cells are highly
susceptible to ferroptosis due to their increased abundance of
poly-unsaturated fatty acid (PUFA) phospholipids [3]. Accordingly,
protecting Tfh cells from ferroptosis via the dietary supplementa-
tion of selenium (cofactor of GPX4) has been shown to promote
their interactions with GCBCs and enhance humoral immunity
following influenza vaccination [54]. Thus, we ponder how
metabolic perturbations resulting in defective AMPK signalling
would alter the formation of germinal centres. The clinical
relevance of AMPK activation in B cell responses has been noted
in individuals with T2DM, where those on metformin had
significantly more memory B cells and more robust antibody
responses to influenza vaccination [55]. Ablation of AMPK1α in
T cells led to reduced homoeostatic proliferation of CD4+ and
CD8+ T cells and impaired long-term maintenance of peripheral

effector memory (CD44+CD62L-) T cells due to perturbed FAO,
accelerated mitochondrial clearance, and increased ROS produc-
tion [33]. Consequently, AMPK1α-deficient T cells mounted
impaired antigen-specific CD8+ T cell responses to viral or
bacterial challenge, and reduced CD4+ TH1 and TH17 differentia-
tion during experimental transfer colitis [56]. Given that in
metabolic disease AMPK signalling is dysregulated in key
metabolic tissues, as well as in B and T memory cells, we
speculate whether an explanation for immune cell dysfunction in
metabolic disease is due to dysregulated AMPK signalling and the
sequalae of lipid related consequences, including ferroptosis.

INSIGHTS INTO THE IMPORTANCE OF INTRACELLULAR LIPID
TRAFFICKING IN IMMUNE CELLS
The above sections defined the importance of cellular metabolism
to immune cell function. However, another important aspect of
lipid metabolism is localization through intracellular trafficking as
lipids pass through cellular compartments such as peroxisomes,
endoplasmic reticulum and mitochondria. Trafficking of lipids in
not only essential to cellular organization, but also to how a cell
functions [57]. Indeed, some of the important regulators of lipid
movement within cells has been explored in the setting of
immune function. Fatty acid binding protein 5 (FABP5) is a small
cytoplasmic protein that facilitates FA uptake, transport, and
metabolism. In Tregs, inhibition of FABP5 (genetic or pharmaco-
logic) had a profound effect on the restrained suppressive
regulation of these cells, causing a massive induction of IL-10.
This was achieved through mitochondrial dysfunction highlighted
by decreased OXPHOS, impaired lipid metabolism and altered
mitochondrial structure [58]. Following the knockdown of Fabp5,
genes encoding enzymes that elongate and desaturate FAs were
decreased in Tregs. In conjunction with decreased expression of
genes controlling FA elongation and saturation, Tregs had

Fig. 2 AMPK signalling regulates lymphoid cell function via fatty acid oxidation (FAO). A Intact AMPK signalling: Effector & memory T cell
survival is maintained through regulated FAO. As T cells mature there is decreased reliance upon glycolysis for energy production and as such
AMPK signalling is activated, indirectly promoting LAL activity generating fatty acids from internal lipid stores. These fatty acids along with
some that are acquired exogenously then undergo FAO to sustain effector & memory T cell populations. B Dysfunctional AMPK signalling (i.e.,
in metabolic disorders): AMPK signalling becomes dysfunctional following sustained glycolysis/nutrient excess. Reduced AMPK signalling has
been shown to cause mitochondrial dysfunction and increases ACC1 activity and increased production of malonyl-CoA. Malonyl-CoA, inhibits
CPT-1a, preventing mitochondrial FAO, and is a key substrate for polyunsaturated fatty acid (PUFA) production and coupled with ACSL4 could
result in increased phospholipids containing PUFAs (PUFA-PL). PUFA undergo lipid peroxidation due to increased production of reactive
oxygen species (ROS) as a result of sustained glycolysis and mitochondrial dysfunction. Increased lipid peroxidation of membrane PUFA-PL
causes ferroptotic cell death which could be contributing to decreased survival of effector & memory T cells that have impaired AMPK
signalling. Schematic created with BioRender.com
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reduced cardiolipin synthesis. Consequently this resulted in
defective mitochondria, characterized by smaller structure with
increased cristate width, which promoted the release of mito-
chondrial DNA, engagement of the cGAS-STING-dependent IFN
and subsequently induction of IL-10 expression [58]. Conse-
quently, this signalling cascade resulted in CD4+ T cell suppression
[58]. The increased suppression of CD4+ T cells can lead to
reduced activation of the innate immune system, B cells and
cytotoxic T cells which would be detrimental to the host’s ability
to elicit an effective immune response against pathogens,
increasing their likelihood of developing infection and disease.
Indeed, tumour Tregs, while having dramatically increased
expression of Fabp5 compared to splenic Tregs, reside in tumour
microenvironment that lacks lipid substrate. This also results in
defective FABP5 function and thus the ensuing mitochondrial
dysfunction and induction of copious amounts of IL-10, contribut-
ing to a cold tumour microenvironment [58]. Isoforms of Fabp,
including Fabp1, 2, 4 and 6 also play essential roles in the survival
and maintenance of resident memory T cells found in skin [59],
and other non-lymphoid tissues such as the liver and small
intestine [60] following pathogen infection. Frizzell et al., also
demonstrated that expression of Fabp was dependent on the
tissue microenvironment, and that T cells could modulate their
FABP expression upon relocation to new microenvironments [60].
Trafficking of lipids in immune cells is also influenced by the
mitochondrial enzyme CPT-1a (the main isoform in leucocytes),
which together with CPT-2 transports FAs from the cytosol into
the mitochondria to facilitate FAO [61–63]. Inhibiting CPT-1a in
CD8+ T cells reduced memory T cell survival compared to CD8+

effector T cells highlighting the importance of CPT-1a and FAO to
specifically CD8+ memory T cell survival [64]. Furthermore,
activated CPT-1a transduced OT-I T cells adoptively transferred
into congenic mice following L. monocytogenes immunisation
displayed a significant increase in CPT-1a transduced memory
T cells compared to control-transduced memory T cells, further
demonstrating the role of CPT-1a in memory T cell development
and survival. The genetic knockdown of Cpt1a in tissue-resident
memory T cells impairs their expansion and survival compared to
effector T cells [59] further demonstrating that exogenous FA
uptake and metabolism is essential for long-term survival of
memory T cells.
These studies highlight that intrinsic metabolic pathways can be

influenced by extrinsic substrates and that there is a complex
interplay between the cell and the tissue microenvironment which
could be targeted for effective immunotherapy. We suggest that
detailed lipidomic analysis of various tumour microenvironments,
along with tumour-infiltrating immune cell populations, would be
critical to improving current immunotherapy regimes by under-
standing the effects of specific lipid substrates in the regulation of
immune cell function and fate.

THE ROLE OF PHOSPHOLIPIDS ON IMMUNE CELL FUNCTION
To understand the role of phospholipids in immune cell function,
it is first important to appreciate the three key components to
phospholipids that dictate their function. These are, 1) the
biochemical composition of the head group, 2) the type of
chemical bond between the head group and acyl chain at the sn-1
position 3) the length and saturation status of the two fatty acyl
chains [65]. Active transport of phosphatidylinositol (PI) plays a
crucial role in thymic T cell development and the maintenance of
peripheral T cells as loss of phosphatidylinositol-transfer protein
Nir3 resulted in lymphopenia, loss of TCR-induced calcium flux
and peripheral T cell maintenance [66]. Another study show that
the saturation status of phosphoinositide (PIPn) FAs drives CD8+

effector T cell signalling and function [67]. Inhibiting the final step
of de novo PI synthesis resulted in a significant reduction in the
number of saturated PI species in T cells, which was accompanied

by a reduction in CD8+ T cell viability, proliferation and IFN-γ
production. Deletion of CDP-diacylglycerol-inositol 3-phosphati-
dyltransferase, an enzyme that produces saturated PIPs, revealed
that saturated PIPn synthesis is essential for effector T cell fitness
and function during infection, in tumours, and potentiates the
therapeutic effects of checkpoint blockade in mouse and human
T cells [67]. From an intracellular signalling perspective, the
researchers showed that a reduction in saturated phosphatidyli-
nositol biphosphate (PIP2) causes a decrease in DAGs, subse-
quently reducing the phosphorylation of downstream signalling
proteins; rapidly accelerated fibrosarcoma, mitogen-activated
protein kinase-1/2 and extracellular signal-regulated protein
kinase (ERK) 1/2, ultimately hindering T cell function [67]. This
finding suggests that phospholipase C (PLC)-γ1 preferentially
binds with saturated PIPn compared with polyunsaturated PIPn
and further highlights the importance of specific lipid species in
coupling cell signalling with nutrient uptake. By skewing the
composition of phospholipids this ultimately alters the intracel-
lular signalling mechanics in T cells. PIPs also play an important
role in the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)
pathway. PI3K converts PIP2 to PIP3 leading to the activation of Akt
which coordinates, immune cell metabolism, survival, proliferation
and differentiation [68, 69]. In metabolic disease, the PI3K/AKT
pathway is indispensable to the insulin signalling pathway and
dysregulation of this signalling is associated with insulin resistance
[70]. Given this and the importance of PI3K to immune cell
function, there is potential that a consequence of metabolic
disease is impaired PI3K/AKT signalling pathways in immune cells
leading to immune cell dysfunction. For example, this dysfunction
could be presented through expansion of inflammatory immune
cell subsets or reduced inability to combat pathogens during
infection as lipid metabolism regulates these functions.

THE ROLE OF CERAMIDES ON IMMUNE CELL FUNCTION
Ceramides are a class of bioactive sphingolipids that play a role in
cell signalling and regulate important functions such as cell
differentiation, proliferation and death [71]. The high-fat diet-
induced accumulation of ceramides leads to cellular dysfunction
and is suggested as a central driver of dysregulated whole-body
metabolism, insulin resistance and T2DM. While the mechanisms
that account for this are multifactorial, one of the key basis by
which increased intracellular ceramide levels leads to cellular
dysfunction is through the activation of protein phosphatase 2A
(PP2A), a highly conserved serine-threonine phosphatase or by
modulating T cell receptor signalling [72]. It was observed that
ceramides accumulate at T cell receptor synapses following T cell
activation, localizing with CD3, and influencing the phosphoryla-
tion of zeta-chain-associated protein kinase (ZAP)-70 and PLCγ.
Accordingly, T-cell specific deletion of acid sphingomyelinase,
which reduced total ceramide levels in activated T cells, or
deletion of acid ceramidase, which blocked ceramide to sphingo-
sine conversion leading to ceramide accumulation, impaired or
enhanced T cell receptor signalling, effector function and
cytotoxicity respectively, thereby influencing tumour control
[72]. Intriguingly, ceramide levels have been shown to influence
PP2A activity in Treg cells. Specifically, Apostolidis and colleagues
investigated the activity of PP2A, its relationship with ceramide
abundance, and how this impacts Treg function [73]. PP2A
controls the activity of the mTORC1 complex in Treg cells, thereby
influencing key cellular processes such as apoptosis, cell
metabolism and cell migration. PP2A activity is controlled by the
phosphorylation of subunit PP2Ac at Tyr307, which in turn is
mediated by the ceramide-SET pathway. Through mass spectro-
metry, pathway enrichment analysis and intracellular signalling
analysis, it was shown that PP2A activity in Treg is controlled by
ceramide abundance. Of note, Tregs have increased ceramide
levels compared with conventional T cells, which helps to restrain
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the mTOR pathway. This appears to be important as uncontrolled
activation of the mTOR pathway in Tregs is associated with cellular
dysfunction. The findings from this study demonstrate the
importance of regulating the abundance of ceramides in T cells
and highlights the detrimental effects that dysregulated ceramide
metabolism could potentially have on Tregs and the function of
conventional immune cells. Certainly, mTOR activity is essential to
preserving cellular metabolism of T cells to maintain long-term T
cell responses in chronic infection as dysregulated mTOR
signalling contributes to T cell exhaustion [74], suggesting this
could be impacted by ceramide levels. Efficient anti-tumour or
bacterial immune responses require Tregs to reduce the
abundance of intracellular ceramides to inhibit their immunosup-
pressive function [73]. If they are unable to control the abundance
of intracellular ceramides, for example due to ceramide accumula-
tion in response to a high fat diet, this could promote
immunosuppressive functions and be detrimental to anti-tumour
or bacterial immune responses. It is currently unknown if high fat
diets increase ceramide levels within T cells or other immune cells;
however, it is worth noting that increased ceramide levels have
been observed in many tissues (e.g. skeletal muscle, heart, adipose
tissue, liver, regions of the brain, and kidney) following a high fat
diet [75–77], suggesting that many cell types are vulnerable to
excessive ceramide accumulation.

THE IMPACT OF METABOLIC DISEASE ON IMMUNE CELL
FUNCTION
Research into metabolic disorders has primarily focussed on
metabolic tissues, such as the liver, adipose tissue, and skeletal
muscle [78]. An altered immune system is often observed in the
setting of metabolic diseases. A textbook example of this is the
formation of macrophage foam cells, due to excessive phagocy-
tosis of lipids, coupled with an inability to efflux cholesterol,
resulting in the progression of atherosclerotic plaques. However,
metabolic disorders can also negatively influence other immune
cells that are not professional phagocytes. Herein we have
highlighted how T and B cell function is impaired in metabolic
disease and the ensuing immune related consequences.

T cell function in obesity
T cells coordinate multiple aspects of immunity, including anti-
viral [79] and anti-tumour [80] immune responses. In lean
healthy mice, white adipose tissue depots are enriched with a
significant reservoir of CD4+ and CD8+ memory T cells with
distinct tissue-specific functional attributes [81]. During mucosal
pathogen infection, mesenteric and gonadal adipose residing
T cells were able to confer enhanced protection compared with
lymphoid tissue memory T cells, in part by their modulation of
lipid metabolism gene expression in neighbouring adipocytes
[81]. Numerous studies have examined how obesity increases
innate and adaptive immune cell trafficking and residency into
adipose and non-lymphoid tissue sites and how these aspects
influence essential T cell functions [82–84]. Chronic low-grade
inflammation impairs CD8+ T cell effector functionality and fitness,
while skewing CD4+ T helper differentiation to favour CXCR3+
TH1 and TH17 development due to increased cell intrinsic PI3K
p100d/AKT signalling and ACC1 expression, respectively [40, 85].
Consequently, obese mice exhibit impaired survival during
pathogen infection and exacerbated pathology in models of
TH17-mediated autoimmune disease [21]. Compared with healthy
controls, obese mice exhibited impaired control of influenza
infection due to reductions in IFN-γ mRNA expression, decreased
influenza specific and IFN-γ producing effector cells, and
diminished functional lung resident memory CD8+ T cells [86].
Increased pathogen susceptibility could also contribute to
impairments in antigen presentation and cytotoxic T lymphocyte
(CTL) differentiation as IFN-γ also regulates dendritic cell antigen

presentation and CTL differentiation [87, 88]. During secondary
chronic viral rechallenge, obese mice had reduced survival due to
increased CD8+ T cell mediated pancreatitis and adipose tissue
necrosis [89]. Given the worldwide prevalence of obesity it is
necessary to elucidate the mechanism(s) driving this defective T
cell phenotype to improve anti-tumour and viral immune
responses in obese individuals.
In a mouse model exploring breast cancer in lean and obese

mice, obesity increased the proportion of tumour-derived T cells
expressing programmed cell death protein (PD)-1, indicative of T
cell exhaustion, while expression of T cell effector molecules Ifng
and Gzmb is also reduced [90]. Notably, these changes were
associated with higher numbers of tumours as well as significantly
increased tumour size in obese mice compared with control mice.
Insights into the mechanism could be obtained in T cells from
cancer free obese humans, which revealed a significant increase in
PD-1 expression and decreased proliferative capacity compared
with nonobese individuals, suggesting that the increase in PD-1
expression is driven by pathways present in obesity [91] (Fig. 3).
The upregulation of PD-1 in obesity could be driven by the
underlying inflammation through TNF upregulating ERK1/2, a
known inducer of PD-1 [92]. PD-1 dependent signalling supresses
T cell glycolysis via the inhibition of Akt coupled with the
subsequent inhibition of hexokinase 2 (HK2) and in turn
upregulates adipocyte triglyceride lipase promoting lipolysis and
FAO. As such this control over T cell metabolism prevents the
switch to aerobic glycolysis required for effector T cell differentia-
tion and leading to the loss of anti-tumour activity [93]. These
mechanisms could underpin the clinical scenario where obese
individuals with elevated levels of PD-1 have a poorer cancer
prognosis compared to healthy individuals due to increased T cell
exhaustion resulting in reduced anti-tumour T cell response. As
the upregulation of PD-1 expression is linked to inhibiting effector
cell function and a switch in T cell metabolism to FAO, therapeutic
intervention should aim to reduce the rate of FAO in T cells
to reduce PD-1 expression and T cell exhaustion resulting in
improve anti-tumour responses and clinical outcomes for people
with obesity (Fig. 4A). However, it should be noted that
increased expression of markers of T cell exhaustion are not
always found in obesity, yet the tumour infiltrating CD8+ T cells
are still defective [94].
Notably, not all studies show that changes in weight are

associated with alterations in tumour development. Thus, while on
the one hand a recent study exploring tumour infiltrating CD8+ T
cells showed that tumour development is increased in a mouse
model of diet induced obesity, this could be reversed by switching
mice back to a chow diet, where weight loss and other positive
changes in metabolic parameters were observed [94]. However,
preforming a clinically significant experiment to determine if the
blockbuster anti-obesity drug semaglutide [glucagon-like pepti-
de(GLP)-1R agonist] could also improve tumour outcome, proved
unsuccessful, even though the mice lost a significant amount of
weight. This suggests that while improvement of whole-body
metabolism and weight loss can improve tumour outcomes, this
isn’t extended to all forms of weight loss. Another important point
to note is that many studies are conducted with transplantable
tumours, and this doesn’t reflect the ability of the intrinsic
immune surveillance response to negate tumorigenesis. Interest-
ingly, in a model of de novo tumorigenesis, it was found that
obese mice had poor tumour surveillance, resulting in a
significantly higher susceptibility to tumour transformation [94].
However, tumours in obese mice were more immunogenic and
when transplanted into lean mice had a significantly delayed
growth compared with transplanted tumours from lean mice, but
ultimately grew to the same size over the experimental period
[94]. Importantly, anti-PD-1 resulted in a significant improvement
in survival in the mice that received tumours from obese mice,
suggesting that immune checkpoint therapy could be effective in
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obese individuals with tumours that are subjected to rapid weight
loss programs. While this study did not show an improvement
with GLP-1R therapy, this was in one transplantable tumour model
(B16 melanoma) and not in a de novo model. Thus, we wait with
anticipation the epidemiological evidence for tumour incidence
and outcomes from this class of weight loss drugs.

B cell function in obesity
Several studies have examined how obesity impacts B cell
function demonstrating that B cell activity is impaired in obese
mice and humans through the influence of essential FAs on
humoral immunity [95]. B cells from non-obese and obese male
subjects were stimulated via the toll like receptor-9 agonist CpG
oligodeoxynucleotide (CpG-ODN). A decrease in IL-6 secretion but
elevated levels of IgM from obese B cells, relative to lean controls,
indicate dysfunctional B cell activity in obese individuals [95]
(Fig. 4B). Furthermore, obese C57BL/6 mice had reduced
haemagglutination inhibition antibody titres following influenza
infection compared with lean mice [95]; an effect that was
reversed by docosahexaenoic acid (DHA) dietary supplementation,
an omega-3 (ω-3) essential FA with reduced levels in obese
individuals [95]. The composition and function of the B cell pool
influences an individual’s humoral immunity responses. B cells
collected from obese individuals exhibited increased production
of inflammatory cytokines IL-6 and TNF, decreased IL-10, increased
mRNA expression of senescence associated genes, and conse-
quently, reduced production of vaccine specific antibodies [96].

Profiling of B cell composition in obese individuals revealed a
reduced frequency of class-switched memory B cells and an
increase in double negative B cells which are associated with
chronic autoimmune diseases [97] and inhibition of humoral
immunity [96, 98]. Double negative B cells exhibit characteristics
of exhaustion due to increased expression of PD-1 [99] and hence
have impaired immune function. Therefore, it can be expected
that obese individuals will have impaired preservation of memory
and plasma B cells, impaired immune response to infection, as
well as deficient vaccine-induced antibody production. While it is
evident that obesity and metabolic diseases are accompanied by
impaired adaptive and humoral immune responses are due to
altered T and B cell differentiation and function, mechanisms are
incompletely understood. Further understanding of how meta-
bolic disease impacts intracellular signalling pathways that are
involved in cellular lipid metabolism are required. Furthermore,
connecting lipid metabolism to cell function and differentiation
could help reveal novel targets to modulate PD-1 expression for
example, to circumvent aspects of T cell exhaustion and improve
the development of efficient immunotherapies in the context of
chronic viral infection or cancer [100, 101].

FUTURE PERSPECTIVES: HOW CAN LIPIDS BE USED TO
ENHANCE IMMUNE CELL FUNCTION?
A hallmark of metabolic disease is the excessive accumulation of
specific lipids in key metabolically regulated tissues. While we

Fig. 3 Obesity induced metabolic reprogramming promotes T cell exhaustion via the upregulation of PD-1 and glycolysis. A Obesity driven
expression of TNF binds to TNFR-1/2 upregulating ERK1/2 which induces the expression of PD-1. B The engagement of PD-1 with PD-L1/2
results in metabolic reprogramming in T cells highlighted by the upregulated of lipolysis and ATGL, and CPT-1a promoting FAO. C The
inhibition of Akt causes reduced expression of HK2 and consequently reduces glycolysis [93]. D The lowered rate of glycolysis prevents T cells
from undergoing a’metabolic switch’ that is necessary for effector cell maturation which results in T cell exhaustion. As the T cells cannot
maturate to effector cells, they are unable to elicit anti-tumour responses resulting in increased tumour growth. Adipose triglyceride lipase
(ATGL) and programmed cell death protein (PD)-1. Schematic created with BioRender.com
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know that excessive lipid accumulation induces dysfunction in
skeletal muscle [102, 103], liver [104, 105], adipose tissue [106] and
tissue resident immune cells (such as macrophages [107]), we are
only just beginning to understand how circulating and resident
lymphoid cell function are affected by ectopic lipid accumulation
and changes in cellular lipid composition in metabolic disease.
While there is no direct evidence in the literature indicating a
direct link between excessive lipid accumulation and cellular
dysfunction of T and B cells, we propose that similarly to
metabolic tissues and resident macrophages, T and B cell
dysfunction arises because of excessive lipid accumulation and,
in particular, dysregulated lipid metabolism during metabolic
disease. Accordingly, numerous studies have assessed how FA
treatment affects immune cells, revealing that particular FAs can
enhance or supress immune activity. B cells isolated from mice fed
a diet enriched in ω-3 PUFA, which are reduced in obesity
[108–110], had increased IL-6 and IFN-γ secretion ex vivo, which
was accompanied by an upregulation of CD69 expression [111]. B
cell lymphoblasts treated with PUFAs had improved survival when
incubated with alloreactive cytotoxic CD8+ T cells due to reduced

MHC class I expression [112]. T cell lymphoblasts treated with ω-3
PUFAs in vitro increased MHC class I expression [113], while
another study showed that treating T cells with PUFAs reduces
CD69 expression reducing T cell activation [111]. Mass spectro-
metry confirmed that treatment of PUFAs elevated the abundance
of PUFAs in T and B cells, highlighting that lymphoid cells can
acquire exogenous FAs [111–113]. Given that immune cells uptake
FAs from the extracellular environment, it would be highly
beneficial for the immunometabolism field to investigate how
the lipid composition of microenvironments affects immune cell
lipid composition and function to enhance the current therapeutic
landscape. It is even foreseeable that metabolic profiling of
tumour biopsies could form part of routine screening to stratify
patients to the most efficient therapy. Individuals diagnosed with
metabolic disease face multiple health challenges, including poor
cancer prognosis and an increased risk of severe disease from
pathogen infection. It is proposed that deficient anti-tumour T cell
responses are due to solid tumour microenvironments (TME)
promoting FAO in T cells, consequently leading to the upregula-
tion of PD-1 [93, 114]. Another avenue by which PD-1 is

Fig. 4 Metabolic disease alters immune function of lymphoid immune cells. T and B cells from individuals with obesity have altered
expression of cell surface markers and cytokine secretion impairing immune responses. A T cells from individuals with obesity have increased
PD-1 expression, reduced IFNγ mRNA production reducing anti-tumour responses. B B cells have increased production of IgM antibodies and
increased proliferation of DN B cells both of which are associated with metabolic disease. Schematic created with BioRender.com
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upregulated on CD8+ T cells is through the accumulation of
cholesterol in the TME [115]. Given that excess cholesterol
accumulation is a feature of metabolic disease, it is possible that
a similar mechanism could promote PD-1 expression and T cell
exhaustion in this context. To overcome these brakes on T cell
function, the use of FA dietary supplementation or lipid
nanoparticles with cell fusion technology to deliver FAs to
immune cells could improve anti-tumour function by rewiring
lipid metabolism. The use of FAs to enhance T cell anti-tumour
responses can indeed be achieved, as preconditioning CD8+

T cells with linoleic acid prior to adoptive transfer into tumour
bearing mice dramatically slowed the growth of the tumour [116].
Perhaps these preconditioning strategies could be combined with
next generation cancer immunotherapies to improve clinical
outcomes independent of the metabolic status of the patient.
Obesity also impairs anti-viral immune responses [117] and hence
is associated with increased risk of severe influenza and
Coronavirus Disease 2019 (COVID-19) [118] infection and mortal-
ity. In a mouse model of obesity, the impaired immune response
has been shown to be related to impaired B cell maturation from
bone marrow progenitors and reduced plasma B cell antibody
production [95]. However, this was ameliorated by supplementa-
tion of the essential FA DHA [95]. Mechanistically, DHA was found
to have an indirect effect, inducing the synthesis of specialised
pro-resolving lipid mediators 14-hydroxyDHA and 17-hydroxyDHA
which promoted the production of bone marrow plasma cells.
In summary, as studies tackle the interplay between diet, whole

body, and local metabolism, it is becoming apparent that it is not
just the professional phagocytes (i.e., macrophages) that are
susceptible to adverse lipid environments. As discussed herein,
the metabolism and interaction of immune cells with the lipid
microenvironment dictates their fate and function. We have
moved into the era of rediscovering, but now at a detailed
molecular level, how changes to diet or supplementation with
lipids can have profound impact on the immune response. To
translate these emerging concepts and improve immune out-
comes, it will be important to gain a better understanding of how
the lipid composition of diets and tissue microenvironments along
with local signalling modulates the metabolism of immune cells.
This will inform how we can intervene with custom diets or
supplements to achieve the most efficient immune outcomes. The
scope could range from immune responses to infection, vaccina-
tion or improving the efficacy of immunotherapies for cancer.
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