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T helper 1 cells

(T,,1 cells). A subtype of CD4*
T cell characterized by the
expression of the transcription
factor T-bet and the production
of pro-inflammatory cytokines,
such as IFNy, IL-2 and TNF.

T,1 cells have been shown

to be pro-atherogenic.

T,2 cells

A subtype of CD4* T cell
characterized by the expression
of the transcription factor
GATA3 and the production of
anti-inflammatory cytokines,
such as IL-4, IL-5 and IL-13.
The role of T, 2 cells in
atherosclerosis is not
completely clear, although
anti-atherogenic properties
have been described.
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in atherosclerotic plaques.

Atherosclerosis is the primary underlying cause of
cardiovascular disease (CVD) and is characterized by
interactions among lipids, the immune system and the
vascular wall'. The hallmark of atherosclerosis is lipid
accumulation in the arterial intima'. Both LDL, laden
with cholesterol, and innate immune cells, specifically
monocytes and macrophages, have crucial roles in the
development of atherosclerosis**. However, it is increas-
ingly clear that these factors cannot account for the full
pathological mechanisms of atherosclerosis.
Atherosclerotic plaques have long been known to
contain an adaptive immune component. T cells are an
important part of the adaptive immune response and
were originally thought to comprise 10% of all cells in
the atherosclerotic plaque®’. The functions of T cells and
their major subsets, CD4* T cells and CD8* cytotoxic
T cell, have been extensively studied in this context.
CD4" T cells are the most prominent T cell subtype in
atherosclerosis and generally contribute to the devel-
opment of disease, as observed in studies showing that
adoptive transfer of CD4" T cells aggravates the ather-
osclerosis in immunodeficient Apoe™” mice®"?. CD4*
T cells can be further subdivided into T helper 1 cells
(Ty1 cells), T,2 cells, T,17 cells and regulatory T cells
(T, cells) (BOX 1). Tyl cells seem to be the predomi-
nant T cell subset in atherosclerotic plaques and the
most pro-atherogenic subset, whereas T, cells have
anti-atherogenic functions'"'">. The exact roles of T ;2
cells, T;17 cells and CD8* T cells remain unclear because
both pro-atherogenic and anti-atherogenic effects have
been reported'®-'. Although the total number of CD8*
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Abstract| T cells are among the most common cell types present in atherosclerotic plaques

and are increasingly being recognized as a central mediator in atherosclerosis development and
progression. At the same time, triglycerides and fatty acids have re-emerged as crucial risk

factors for atherosclerosis. Triglycerides and fatty acids are important components of the milieu

to which the T cellis exposed from the circulation to the plaque, and increasing evidence shows
that fatty acids influence T cell function. In this Review, we discuss the effects of fatty acids on

four components of the T cell response — metabolism, activation, proliferation and polarization —
and the influence of these changes on the pathogenesis of atherosclerosis. We also discuss how
quiescent T cells can undergo a type of metabolic reprogramming induced by exposure to fatty
acids in the circulation that influences the subsequent functions of T cells after activation, such as

T cells is low in early atherosclerotic lesions, the number
increases as the disease progresses'®"".

As techniques to study atherosclerosis have pro-
gressed, the importance of T cells in atherosclerosis
development and progression has become increasingly
clear. A study using optical coherence tomography with
simultaneous immunophenotyping by flow cytometry
analysis of the culprit atherosclerotic lesion in patients
with an acute coronary syndrome showed enrichment
of both CD4* T cells and CD8" T cells in plaques with
intact fibrous caps compared with ruptured plaques'”.
Studies using single-cell RNA sequencing showed that
T cells make up about half of the CD45* leukocytes
present in atherosclerotic plaques in both humans and
mice'®?". Furthermore, analyses with other techniques,
such as mass cytometry, have also shown that 30-65%
of the leukocytes in atherosclerotic plaques are T cells
in both humans and mice'®"*?'. Although these tech-
niques are fairly destructive during the cell isolation step,
favouring the survival of T cells over macrophages and
vascular smooth muscle cells, these findings should not
be underestimated’"*. T cells might have a substantially
greater role in the pathogenesis of atherosclerosis than
previously conceived.

T cells are designed to sense, interact with and
respond to their environment. In the circulation, this
environment comprises many factors, including but
not limited to other immune cells, the vascular wall,
chemokines, cytokines and lipids™. In this Review, we
focus on the interactions that occur between T cells
and circulating lipids that might modulate the immune

NATURE REVIEWS | CARDIOLOGY


http://orcid.org/0000-0001-5219-4001
http://orcid.org/0000-0001-5834-690X
http://orcid.org/0000-0001-5918-0534
http://orcid.org/0000-0002-3246-8359
mailto:j.w.jukema@lumc.nl
https://doi.org/10.1038/s41569-021-00582-9
https://doi.org/10.1038/s41569-021-00582-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41569-021-00582-9&domain=pdf

REVIEWS

Key points

e Fatty acids in the circulation can affect T cell function.

e Saturated fatty acids generally induce pro-inflammatory responses in T cells, whereas
unsaturated fatty acids generally induce anti-inflammatory responses.

* Changes in T cell metabolism underlie the fatty acid-induced alterations in T cell
activation, proliferation and polarization.

¢ Fatty acid-induced alterations in T cell function can in turn influence the development
and progression of atherosclerosis.

* Exposure to fatty acids in the circulation leads to metabolic reprogramming of the
T cells that might predetermine the subsequent role of the T cell in disease processes.

Ty17 cells

A subtype of CD4* T cell
characterized by the expression
of the transcription factor
RORyt and the production of
pro-inflammatory cytokines,
such as IL-17A. The role of
T, 17 cells in atherosclerosis
is undefined because they
have been found to have
both pro-atherogenic and
anti-atherogenic properties.

Regulatory T cells

(T cells). A subtype of CD4*

T cell characterized by the
expression of the transcription
factor FOXP3 and the secretion
of anti-inflammatory cytokines,
such as IL-10 and TGFp.

T, cells have been shown

to have anti-atherogenic
functions.

T cell tolerance

The process of eliminating

T cells that are reactive to
self-antigens. Tolerance can be
induced by exposure to high
doses of an antigen, which
results in deletion or anergy
of the T cells that are specific
for that antigen.

Triglycerides

Esters formed by a glycerol
and three fatty acid groups.
High circulating levels of
triglycerides have been
associated with an increased
risk of cardiovascular disease.

responses underlying atherosclerosis development and
progression'’. For example, antigens derived from LDL
particles, which are widely associated with atheroscle-
rosis development, are recognized by T cells in athero-
sclerotic plaques™*”*. Moreover, T cell tolerance to LDL
can be induced in a T, , cell-mediated manner by con-
tinuously exposing Ldlr”~ mice to the primary apolipo-
protein of LDL, ApoB-100, which leads to a reduction in
atherosclerosis*~*’. However, the precise consequences
in atherosclerosis of the T cell interactions with lipids
have not yet been elucidated.

A type of circulating lipid with which T cells
can interact is triglycerides, which in the past dec-
ade have re-emerged as an important risk factor for
atherosclerosis®~*’. The role of triglycerides in CVD is
still debated because clinical trials aimed at improv-
ing CVD by lowering triglyceride levels in the plasma
have had opposing results. The findings of these clin-
ical trials have been summarized previously*. Some
triglyceride-lowering drugs have been shown to reduce
the risk of CVD development*-**. The REDUCE-IT
trial’”** showed a significant reduction in the risk of
adverse cardiovascular events with treatment with the
polyunsaturated fatty acid (PUFA) icosapent ethyl, which
lowers plasma triglyceride levels, compared with pla-
cebo. Triglycerides are composed of fatty acids (FAs)
and polar lipids, which are hydrolysed into their FA
components and used as a source of energy produc-
tion in cells**. Triglycerides are incorporated into
chylomicrons after intestinal uptake and transported
via the mesenteric lymph to the circulation. FAs are
essentially the functional components of triglycerides
and as such, the development and progression of
atherosclerosis is tied to the various FAs present in the
circulation. The effect of different FAs on the risk of
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atherosclerotic CVD ranges from pro-atherosclerotic
to anti-atherosclerotic depending on the FA*'*”. In this
Review, we do not provide evidence to close the debate
about the role of triglycerides in CVD but instead aim
to uncover and clarify the role of FAs in CVD, which
might help in the development of future approaches for
the treatment and prevention of atherosclerotic CVD.

FAs are ubiquitously present throughout the body
and interact with T cells, particularly in T cell-rich lym-
phatic vessels and the blood circulation®®*. FAs are com-
posed of a carboxyl group with a carbon chain of various
lengths. FAs are classified according to the number of
double bonds in the carbon chain: saturated fatty acids
(SFAs) have no double bonds, monounsaturated fatty acids
(MUFAs) have one double bond, and PUFAs have more
than one double bond. Of note, the double bonds of
naturally occurring FAs are almost always in cis®. In
the context of atherosclerosis, SFAs are generally con-
sidered to be pro-atherogenic, whereas MUFAs and
PUFAs are considered to be anti-atherogenic. However,
some exceptions have been described®'. For example,
higher plasma levels of the MUFA oleic acid have been
associated with a higher risk of CVD in humans®. The
different findings might be explained by the structural
and biological differences between FAs in each group,
such as in chain length and branching of methyl groups,
which are not taken into account in the conventional
classification according to the number of double bonds.

In this Review, we describe the role of FAs that are
present in the circulation in determining the metabolic
and functional responses of T cells and the link to the
development and progression of atherosclerosis. FAs are
known to affect the pathogenesis of atherosclerosis and
the risk of CVD; however, these effects were traditionally
assumed to be mediated via differential effects of FAs on
LDL cholesterol that thus also affect the LDL to HDL
ratio®. We now know that FAs also affect other aspects
of physiology and CVD risk factors, such as high blood
triglyceride levels, inflammation and vascular reactiv-
ity. Most research on FAs and inflammation has so far
focused on monocytes, macrophages and endothelial
cells. However, accumulating evidence shows that FAs
also modulate T cell functions and processes. Therefore,
understanding the effects of FAs on T cells might be
inherent to a better comprehension of the pathogenesis
of atherosclerosis.

Fatty acids and T cell responses

T cells are a major cellular component of the athero-
sclerotic plaque, but before they migrate into the
lesion, T cells circulate in the bloodstream and the lymph.
T cells spend much of their lifespan in the circulation,
therefore, in this Review, we focus on the FA-induced
changes that T cells undergo in the blood (although sim-
ilar processes might occur in other tissues) and the role
that these changes have in atherosclerosis development
and progression.

In the circulation, T cells are usually in a quiescent
or resting state until a strong enough stimulus induces
an immune response®~°. The response of T cells can
be broadly divided into cell activation, proliferation and
polarization, coinciding with a change in metabolism®*.

www.nature.com/nrcardio



Box 1 | Polarization of CD4"* T cells

Polarization is a process that determines the different subsets of the CD4* T cells and
occurs during T cell activation and proliferation. This Review focuses on how fatty acids
in the circulation influence the polarization into four CD4* T cell subsets, T helper 1 (T,,1)
cells, T2 cells, T,;17 cells and regulatory T (T _ ) cells, which are the most extensively

reg

studied. T cell subsets are identified by the expression levels of specific surface markers
and transcription factors and by the cytokines the cells secrete'”*"*". T,,1,T,,2, T,,17 and
T, cells are defined by the expression of the transcription factors T-bet (also known as
TBX21), GATA3, RORyt and FOXP3, respectively'*”'*’. The signature cytokines of T,,1
cells include interferon-y (IFNy), IL-2 and tumour necrosis factor (TNF). Those of T2 cells
are IL-4,IL-5 and IL-13.T,,17 cells secrete IL-17A, and T_, cells produce transforming
growth factor-B (TGFf) and IL-10. Given that I[FNy, IL-2, TNF and IL-17A are considered
to be pro-inflammatory cytokines, T,1 cells and T,,17 cells are generally considered to
be pro-inflammatory T cell subsets'****. |L-4, IL-5, IL-10, IL-13 and TGF are generally
deemed to be anti-inflammatory and, therefore, T, cells and T2 cells are classified

as anti-inflammatory, but in the context of atherosclerosis, the effect of T2 cells is
unclear'>****_|n addition, T2 cells cannot be considered to have only anti-inflammatory
functions, because these cells have a role in the pathogenesis of inflammatory diseases

such as asthma'*,

The proper balance of different T cell subsets is very important for an appropriate
and effective immune response. Alterations to this balance can lead to a variety of
inflammatory and autoimmune diseases, such as rheumatoid arthritis and type 1
diabetes mellitus''*'**'*°, Atherosclerosis is primarily a lipid-driven immunological
disease but with a large inflammatory component'®. Therefore, maintaining a
proper balance of T cell subsets is crucial in atherosclerosis as well. Alterations
to the balance of T cell subsets occur for several reasons, such as changes in the
cytokine milieu or the gut microenvironments**’. In addition, the effects of circulating
fatty acids on T cell activation and proliferation might be linked to the outcome
of atherosclerosis. T cell exposure to fatty acids in the circulation might induce
changes in T cell polarization, disrupting the T cell subset balance and providing
another mechanism for atherosclerosis attenuation or worsening.

Polyunsaturated fatty acid
(PUFA). A fatty acid with a
carbon chain that contains two
or more double bonds. These
fatty acids have a primarily
anti-atherogenic effect.

Saturated fatty acids
(SFAs). Fatty acids with a
carbon chain that contains
no double bonds. These fatty
acids have a primarily
pro-atherogenic effect.

Monounsaturated fatty
acids

(MUFAs). Fatty acids with

a carbon chain that contains a
single double bond. These fatty
acids have both pro-atherogenic
and anti-atherogenic effects.

Oxidative phosphorylation
The main form of energy
production in quiescent T cells.
High amounts of ATP are
generated through the uptake
of glucose and exogenous fatty
acids to ensure cell survival.

Aerobic glycolysis

The main form of energy
production in activated T helper
cells, in which glucose is actively
consumed to produce ATP and
the necessary metabolites for
cell growth and proliferation.

The T cell response is usually initiated by antigen pres-
entation by an antigen-presenting cell, although envi-
ronmental factors, including but not limited to oxygen
tension, glucose availability and FAs, can also influence
the T cell response™. The blood and lymph provide
a setting rich in these environmental factors. In this
Review, we focus solely on exogenous FAs; that is, FAs
that are not being produced by the T cell itself. These
FAs are abundant in the circulation and therefore can
interact with T cells and influence each part of their
response, and the outcomes differ depending on the type
of FA to which the cell is exposed (FIG. 1). We discuss the
effects of circulating FAs on the main outcomes of each
component of the T cell response and the link with ath-
erosclerosis. A comprehensive discussion of the mecha-
nisms by which FAs influence these responses, which can
include the formation of lipid rafts, G protein-coupled
receptors and epigenetic reprogramming, is beyond the
scope of this Review. The sections on each aspect of
the T cell response are organized into the effects of spe-
cific FAs, from pro-inflammatory to anti-inflammatory
effects. Within each inflammatory response, FAs are
discussed from SFA to MUFA and PUFA, grouping FAs
with similar effects on T cell responses. The potential
effects of short-chain FAs, which are derived from the
gut microbiota, are not discussed. The effects of the FAs
on T cells are then related to the known role in athero-
sclerosis of each FA or T cell. Only the FAs that have
been studied in the context of T cell responses are dis-
cussed. TABLE | provides an overview of the discussed
FAs, their abundance in the circulation, their proposed

REVIEWS

effect on atherosclerosis (not including T cell effects)
and the proposed effect on atherosclerosis on the basis
of the effect of the FA on T cell function.

Fatty acids and T cell metabolism

T cell metabolism has a crucial role in all stages of
the T cell lifespan, from quiescence to polarization, and
has been extensively reviewed previously””. An over-
view of T cell metabolism can be found in BOX 2. The
role of FA metabolism changes substantially throughout
these stages, and inappropriate metabolism reprogram-
ming leads to severe skewing of the T cell populations™
(FIG. 1a; Supplementary Table 1). A change in metabo-
lism is the driving force of the T cell immune response
and underlies the other three components: activation,
proliferation and polarization. Therefore, understand-
ing T cell metabolism and how it can be influenced by
circulating FAs is an integral part of understanding the
subsequent T cell functional outcomes.

Specific inhibitors of FA metabolism, such as rapa-
mycin, C75 and soraphen A, can modulate T cell
polarization’"*, although T cell metabolism can also be
directly influenced by surrounding FAs. For example,
external FAs can influence the development of T};17
cells by modifying T cell metabolism’. In mice, dele-
tion of Acaca, which encodes acetyl-CoA carboxylase 1
(ACC1), results in a decrease in Ty;17 cell numbers, but
administration of the pro-atherogenic*> MUFA oleic acid
at high concentrations (100 pmol/l) restores the T;,17
polarization of naive Acaca™™ T cells in vitro’®. Lower
concentrations of the SFAs myristic acid (30 umol/l) and
lauric acid (10 pmol/1) or the PUFA docosahexaenoic
acid (DHA) (1 umol/1) did not rescue the T,;17 polari-
zation in vitro”. Whether the type of FA or the difference
in concentrations accounts for the observed differences
is unclear. A similar study suggested that the inhibition
of T,17 polarization induced by the ACC1 inhibitor
soraphen A might be rescued by exposure to sufficient
levels of the SFA palmitate, although this hypothesis was
not formally tested””.

Oleicacid can also rescue T cell metabolism reprogram-
ming by restoring the rates of oxidative phosphorylation and
aerobic glycolysis in mouse CD4" T cells treated with the
ACCI1 inhibitor TOFA in vitro”’. Rates of oxidative phos-
phorylation and glycolysis were measured by the levels of
oxygen and protons, respectively, in the culture medium””.
Under FA-free conditions, the addition of 100 umol/I
oleic acid restored both oxidative phosphorylation and
glycolysis”. If CD4" T cells can use extrinsic FAs as oxi-
dative substrates for energy production to compensate for
blocked metabolic pathways, this compensatory process
might also occur in atherosclerotic plaques, which could
promote the development of pro-inflammatory effector
T cell subsets.

Not all supplemented FAs have been shown to rescue
T cell metabolism, some alter T cell metabolism and lead
to cell death. For example, in C57BL/6 mice, a diet with
12% weight for weight (w/w) of the PUFA linoleic acid
resulted in CD4"* T cell death but did not affect CD8*
T cell viability”®. The CD4* T cell death might occur
through upregulation of FA oxidation and dysregula-
tion of the electron transport chain. Indeed, exposure

NATURE REVIEWS | CARDIOLOGY
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a Metabolism

Fatty acids
T,lcel T 2 cell
mTOR pathway mTOR pathway
TmTORC1 | mTORC2 I mTORC1 | T mTORC2
T Aerobic glycolysis T Aerobic glycolysis
Fatty acids
T, 17 cell Teeo cell
mTOR ;:athway AMPK pathway
TmTORC1 | | mTORC2 1
tﬁ TCPT1A
HIF1o Fatty acid OXPHOS
pathway | | synthesis 'FASN [ACC1
ACC1 ' }— inhibitor
1 I<— Oleic acid
T Aerobic glycolysis
c Proliferation —
_ SFAs:
SFAs: e Palmitic acid
e Palmitic acid e Stearic acid
e Lauric acid MUFAs:
* Stearic acid e Palmitoleic acid
MUFAs: PUFAs:
D Paln_”ntol?lc acid e Eicosapentaenoic
¢ Oleic acid acid
PUFAs: ¢ Docosahexaenoic
e y-Linolenic acid acid
e Linoleic acid Teell | e 7-Linolenic acid
Mz Lie2 TcD9s
TcD28 LCD2s
Altered cell
membrane

T Proliferation { Proliferation

Fig. 1| Fatty acids alter T cell function by influencing their metabolism,
activation, proliferation and polarization. Generally, monounsaturated fatty
acids (MUFAs) and polyunsaturated fatty acids (PUFAs) induce
anti-inflammatory responses in T cells whereas saturated fatty acid (SFAs)
induce pro-inflammatory responses, although some discrepancies have been
observed, such as with oleic acid. The yellow background indicates increased
activity, such as increased activation and proliferation or a pro-inflammatory
response. The grey background indicates decreased activity, such as decreased
activation and proliferation or an anti-inflammatory response. a | The
metabolism of activated T cells is different depending on the T cell subset.
The panel shows the four main subsets of CD4* T cells. During polarization, the
effector T cells T helper 1 (T;1) cells, T,,2 cells and T,,17 cells switch to aerobic
glycolysis, whereas regulatory T (T,_ ) cells maintain oxidative phosphorylation
(OXPHOS). The blockade in T,,17 cell polarization caused by inhibition of
the enzyme acetyl-CoA carboxylase 1 (ACC1) can be rescued in vitro by the
addition of oleic acid. b | Exposure to SFAs or MUFAs induces T cell activation,
as measured by increased levels of cell-surface receptors, including insulin
receptor (IR), insulin-like growth factor 1 (IGF1), glucose transporter type 4

b Activation

SFAs: ] ‘& PUFAs:
e Palmitic acid t ¢ Docosahexaenoic
MUFAs: acid
e Oleic acid
Tcell
TCD25 X
TIR
TIGF1 ¥
TGLUT4
TIRS1 ’/(
T CD69 J { 1 CD69
d Polarization
SFAs: 7 | oo MUFAS:
e Palmitic acid e Palmitoleic acid
e Lauric acid ¢ Oleic acid
MUFAs: ® Vaccenic acid
e Palmitoleic acid PUFAs:
¢ Oleic acid * Eicosapentaenoic
PUFAs: acid
¢ Arachidonic * Docosahexaenoic
acid acid
- CD4* =
T cell
T T-bet T GATA3
TRORyt| | TFOXP3
THl cell THZ cell
TNF IL-4
|FNY 7 T-bet* 17 GATA3* IL-5
IL-2 CF,‘EEI,I Treg cell IL-13
17 3
IL-17A ‘ FOXES™T™ 2 TGFB

L
N4

(GLUT4) and insulin receptor substrate 1 (IRS1), compared with untreated cells.
By contrast, PUFAs inhibit activation, as measured by decreased levels of
cell-surface receptors compared with untreated cells. ¢ | Different SFAs,
MUFAs and PUFAs differentially increase or decrease T cell proliferation. The
effects of fatty acids on proliferation influence the numbers of specific T cell
subsets in atherosclerotic plaques, as shown in experimental studies.d | PUFAs
generally promote T cell polarization into the anti-inflammatory T cell subsets
T, cellsand T2 cells. Conversely, SFAs and MUFAs generally promote T cell
polarization into pro-inflammatory subsets, such as T,,1 cells and T,,17 cells.
The different T cell subsets then produce their signature cytokines, which can
be measured for subset identification in experimental studies. See the main
text for more information. AMPK, AMP-activated protein kinase; CPT1A,
carnitine O-palmitoyltransferase 1; FASN, fatty acid synthase; FOXP3,
forkhead box protein P3; GATA3, GATA-binding factor 3; HIFla,
hypoxia-inducible factor 1a; IFNy, interferon-y; mTOR, mechanistic target of
rapamycin; mTORC, mechanistic target of rapamycin complex; RORyt, nuclear
receptor RORyt; T-bet, T-box transcription factor TBX21; TGFp, transforming
growth factor-f; TNF, tumour necrosis factor.
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Table 1| Effects of circulating fatty acids on atherosclerosis

Fatty acid Common name  Saturation Carbon  Relative Pro-atherogenic or Pro-inflammatory or
chain abundance  anti-atherogenic association anti-inflammatory
length in blood (%) response in T cells

Dodecanoic acid Lauric acid SFA C12:0 0.04 Pro-atherogenic®>* Pro-inflammatory

Tetradecanoic acid Myristic acid SFA C14:0 0.38 Pro-atherogenic*’* Pro-inflammatory

Hexadecanoic acid Palmitic acid SFA C16:0 16.28 Pro-atherogenic**%%* Pro-inflammatory

Hexadec-9-enoicacid Palmitoleicacid ~ MUFA C16:1 0.72 Pro-atherogenic***? and Pro-inflammatory and

anti-atherogenic* anti-inflammatory

Octadecanoic acid Stearic acid SFA C18:0 9.41 Pro-atherogenic**>*** Pro-inflammatory

Octadec-9-enoicacid  Oleic acid MUFA C18:109 1334 Pro-atherogenic**%%* Pro-inflammatory and

anti-inflammatory
11-Octadecenoic acid  Vaccenic acid MUFA C18:1Q7 1.06 Anti-atherogenic®*** Anti-inflammatory

Octadecadienoic acid Linoleic acid PUFA C18:2 15.95 Anti-atherogenic*** Anti-inflammatory

Octadecatrienoicacid y-Linolenicacid ~ PUFA C18:3 0.18 Pro-atherogenic***** and Pro-inflammatory and

anti-atherogenic* anti-inflammatory

Eicosanoic acid Arachidic acid SFA C20:0 0.32 Pro-atherogenic*® Pro-inflammatory

Eicosatetraenoicacid  Arachidonicacid PUFA C20:4 8.16 Pro-atherogenic®’'*” and Pro-inflammatory

anti-atherogenic**%%*

Eicosapentaenoic acid EPA PUFA C20:5 0.63 Anti-atherogenic?/#451480.105,108-110.123 Antj-inflammatory

Docosahexaenoicacid DHA PUFA C22:6 2.25 Anti-atherogenic!#451:2486.105-110.123 Anti-inflammatory

Tetracosanoic acid Lignoceric acid SFA C24:0 2.21 Anti-atherogenic®’ Pro-inflammatory

Common fatty acids found in the circulation, as measured from a fingertip blood drop from healthy men with the use of an optimized method of capillary gas

chromatography separation and mass spectrometry detection

128

. The table includes only the fatty acids discussed in this Review and is not a complete list of all the

fatty acids present in the circulation; a full list of fatty acids measured in the blood is provided in REF.'*. MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid; SFA, saturated fatty acid. °As provided in REF."%.

of CD4" T cells isolated from transgenic mice with an
inducible liver-specific MYC oncogene (which overex-
press MYC and are used as a model of non-alcoholic
fatty liver disease) to 50 umol/l of linoleic acid in vitro
increased the expression of genes encoding proteins
involved in FA oxidation, whereas the expression of
genes encoding components of the electron transport
chain was decreased’. These transcriptional changes
have a negative effect on T cell function because FAs
are actively p-oxidized in the mitochondria, which
favours more NADH entering the electron transport
chain to produce ATP. However, because the electron
transport chain is disrupted, premature leakage of elec-
trons to oxygen can generate the accumulation of reac-
tive oxygen species and lead to cell death or apoptosis’.
Therefore, linoleic acid might have anti-inflammatory
effects by inducing a pro-apoptotic phenotype in CD4*
T cells and reducing this T cell population. Other PUFAs
also might induce a pro-apoptotic phenotype in T cells
through alterations in T cell metabolism. Exposure of
human CD4* T cells in vitro to 50 pumol/l of eicosapen-
taenoic acid (EPA) or DHA for 48h led to increased pro-
ton leakage associated with mitochondrial respiration”,
a pro-apoptotic signature. Furthermore, the ratio of
oxidative phosphorylation to glycolysis was reduced
in these cells, which has been linked to suppressed
proliferation.

Of note, linoleic acid, EPA and DHA have all been
shown to have anti-atherogenic effects in humans, mice
and in vitro models****". However, in humans, the con-
centrations of these PUFAs in atherosclerotic plaques
are lower than in the serum®'. By contrast, the concen-
trations of pro-atherogenic SFAs and MUFAs such as

oleic acid are similar or higher in human atheroscle-
rotic plaques than in the serum®. This observation pro-
vides a partial explanation for the skewed polarization
towards pro-inflammatory T cell subsets observed in
atherosclerotic plaques in humans and animal models'*2.
Taken together, these studies provide evidence that
external FAs are involved in the metabolic reprogram-
ming of T cells. This metabolic reprogramming underlies
the activation, proliferation and polarization of T cells,
leading to changes in T cell function that can influence
their eventual role in diseases such as atherosclerosis.

Fatty acids and T cell activation
T cell activation is a multifaceted response that follows
a complex signalling cascade in the T cell. A detailed
description of T cell activation has been provided
previously®. Briefly, the T cell receptor (TCR) binds
to an antigen presented by an antigen-presenting cell to
induce a cellular response®. Binding of the TCR to an
antigen, together with simultaneous stimulation of the
CD3 and co-stimulatory molecules leads to the activa-
tion of T cells®. A summary of the effects of FAson T cell
activation is shown in FIG. 1b and Supplementary Table 2.
Remarkably, the SFA palmitic acid can induce
T cell activation in vitro in the absence of activating
antibodies”’. CD4" T cells or CD8" T cells isolated from
five individuals without diabetes mellitus and with nor-
mal glucose tolerance were exposed to palmitic acid
in vitro. Activation was then determined across five time
points by measuring oxidative stress and the expres-
sion of the activation markers CD69, insulin receptor,
insulin-like growth factor 1, IL-2, glucose transporter
type 4 and insulin receptor substrate 1. Palmitic acid
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Box 2 | T cell metabolism

Quiescent T cells

Quiescent T cells have high energetic demands and, therefore, focus their metabolism
on ATP generation through oxidative phosphorylation and -oxidation of fatty acids®.
These catabolic processes are driven by the uptake of glucose and exogenous fatty
acids for mitochondrial metabolism, which is regulated by the AMP-activated protein
kinase (AMPK) pathway and the rate-limiting factor carnitine O-palmitoyltransferase 1
(CPT1A), which regulates lipid uptake into the mitochondria®***.

Activated T cells

Activation and proliferation are characterized by rapid expansion of the T cell population
for which T cells must produce energy rapidly and simultaneously create the necessary
metabolites to sustain growth'*. Therefore, activated T cells undergo a metabolic switch
to the anabolic processes of aerobic glycolysis and fatty acid biosynthesis, known as

the Warburg effect'*. Aerobic glycolysis yields only two ATPs per molecule of glucose
instead of the 36 ATPs that are achieved with oxidative phosphorylation. Nevertheless,
this metabolic switch is required to produce the necessary metabolites for sustained cell
growth and proliferation®*"'*2. The mechanistic target of rapamycin (nTOR) pathway
has a crucial role in the metabolic reprogramming of T cells by inducing the expression
of genes related to lipid biosynthesis and decreasing the expression of CPT1A”". Without
CPT1A to actively pump lipids into the mitochondria for oxidation and ATP production,
the lipids can be conserved for cell growth.

Regulatory T cells

Regulatory T (T,_,) cells are almost completely reliant on oxidative phosphorylation and
B-oxidation of fatty acids through maintaining the activation of the AMPK pathway

and expression of CPT1A*!***1*> However, under conditions of high lipid concentrations,
the AMPK pathway is downregulated, gradually impairing T, cell function and
numbers***’. This observation potentially explains why advanced atherosclerotic plaques
do not contain high numbers of T_, cells and are instead dominated by effector T cells,

in both humans and mice'***"**’. A dyslipidaemic environment, as found in atherosclerosis,

might promote the polarization into effector T cells and reduce T__ cell polarization'***".

reg
Effector T cells

The polarization of effector T cells (T helper 1 (T,;1) cells, T2 cells and T,,17 cells) is
highly dependent on anabolic metabolism and the mTOR pathway'*’. Inhibition of this
pathway eliminates effector T cells in mice’”*2. The mTOR pathway comprises two
complexes, mTOR complex 1 (mTORC1) and mTORC2.T,1 and T,,17 cells are dependent
on mTORC1, whereas T,2 cells are dependent on mTORC2 (REF.**’). In mice, deletion of
Rheb (which encodes a protein required for mTORC1 activation) results in the inhibition
of T,1 and T, 17 polarization, whereas deletion of Rictor (which encodes a component of
mTORC2) results in the inhibition of T2 polarization'*®. T,17 cells are dependent on

the hypoxia-inducible factor 1a pathway and de novo fatty acid synthesis***. Fatty acid
synthesis is controlled by the enzymes fatty acid synthase (FASN) and acetyl-CoA
carboxylase 1 (ACC1). In mice, knockout of Fasn skews T cell polarization towards T 1
cells, whereas ACC1 inhibition skews polarization towards T__cells”*"*. Therefore,

reg

subtle changes in T cell metabolism can greatly alter subset polarization.

A detailed overview of T cell metabolism is provided in REF.°.

(50 umol/I and 500 pmol/l) induced time-dependent
and concentration-dependent activation of the T cells.
This effect was not observed with exposure to the MUFA
oleic acid or the PUFAs linoleic acid, linolenic acid and
arachidonic acid®. Palmitic acid can be categorized as
pro-atherogenic*. Weaning male Ldlr”~ mice fed a diet
enriched in an interesterified palmitic acid had greater
atherosclerosis burden and lesion area than mice fed
high-fat diets enriched in PUFAs, palmitic acid, stearic
acid or interesterified stearic acid®. The researchers
attributed this effect to higher cholesterol accumulation
in LDL particles and macrophages, but did not consider
the effect that this diet might have had on other immune
cells, such as T cells, and how these cells could have
affected disease progression®.

Oleic acid is also generally considered to be pro-
atherogenic because elevated levels of oleic acid in the

plasma are an independent risk factor for CVD*. The
effect of oleic acid on T cell activation might contribute
to this observation. The proportion of splenic T lym-
phocytes expressing CD25 (a T cell activation marker)
was significantly higher in male Wistar rats fed a diet in
which 12% of the total energy came from a lipid emul-
sion rich in oleic acid (53%) than in rats fed a diet in
which 12% of the total energy came from a lipid emul-
sion rich in linoleic acid (51%)*. The number of CD25*
cells was measured by fluorescence-activated cell sorting
and correlated with the oleic acid content in the lipid
emulsion, indicating a potential role of this FA in T cell
activation®’.

FAs can also decrease T cell activation. In a study in
healthy human volunteers, supplementation with the
PUFA DHA (nine capsules of 1g of fish oil enriched in
DHA per day over 4 weeks) specifically reduced T cell
activation compared with placebo, as measured by a
decrease in CD69 expression in T cells. No reduction
in the percentage of cells participating in phagocyto-
sis or expressing adhesion molecules was observed in
the monocyte or neutrophil fractions of the samples,
as measured by fluorescence flow cytometry®”. DHA
is generally classified as anti-atherogenic because die-
tary intake of DHA has been shown to decrease heart
rate, blood pressure and the plasma levels of LDL
particles in humans, and high plasma levels of DHA
are associated with a lower risk of developing carotid
atherosclerotic plaques, all of which are associated
with a reduced risk of atherosclerosis development®**°.
Understanding the transformative effects of a specific FA
on the T cell response and how the FA is related to CVD
allows us to begin to link the effects of FAs on T cells to
atherosclerosis.

Fatty acids and T cell proliferation

A brief growth phase occurs after T cell activation, fol-
lowed by a rapid expansion of the T cell population,
referred to as proliferation”. Like activation, this pro-
liferation phase can also be influenced by the interac-
tion with FAs (FIC. 1¢; Supplementary Table 3). Male
C57BL/6 mice fed a chow diet containing 31% crude fat,
of which 13.5% was the SFA lauric acid, had increased
T cell proliferation without any additional T cell activa-
tion compared with mice fed a control chow diet (4.2%
crude fat)*. In healthy individuals, lauric acid generally
comprises only about 0.04% of circulating FAs (TABLE 1)
but, as the previously described study in mice showed, a
high intake of this SFA can lead to an increase in T cell
proliferation, which might be important when consid-
ering that lauric acid makes up approximately 50% of
widely consumed products such as coconut oil*.

T cell proliferation can also be increased by other
FAs that are present at higher levels in the circulation.
Oleic acid, which comprises about 13% of circulating
FAs (TABLE 1), can also increase the proliferation of T cells
in vitro. In an in vitro study, T cells isolated from healthy
men showed a 17% increase in proliferation after expo-
sure to 25 umol/l oleic acid for 30 h compared with con-
trol cells”. The addition of 25 pmol/l oleic or linoleic acid
to human lymphocytes in the presence of the activator
concanavalin A also increased proliferation in vitro®.
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An in vivo study showed increased proliferation of lym-
phocytes in male Wistar rats after intraduodenal admin-
istration of 5ml of an oleic acid solution®. Similarly,
exposure to palmitic acid, palmitoleic acid, stearic acid,
oleic acid, linoleic acid or y-linolenic acid increased the
proliferation of activated human CD4* T cells in vitro”
(Supplementary Table 3). Palmitic acid, stearic acid
and oleic acid can be considered to be pro-atherogenic,
whereas palmitoleic acid, linoleic acid and y-linolenic
acid can be considered to be anti-atherogenic**~***.
However, all these FAs increase T cell proliferation.
These findings might indicate that different T cell sub-
sets proliferate with either a more pro-inflammatory or
anti-inflammatory phenotype, thereby leading to ath-
erosclerosis aggravation or amelioration, highlighting
the importance of understanding not only the effects of
FAs on T cells, but also how they affect atherosclerosis.
In addition, the FA concentrations to which T cells are
exposed might influence the observed effects on prolif-
eration. In the described studies, T cell proliferation was
increased after exposure to 4 pug/ml of the SFAs palmitic
acid or stearic acid” (Supplementary Table 3). However,
a decrease in proliferation was found in human lympho-
cytes in vitro after the addition of 50 pmol/l palmitic acid
or stearic acid”’, which is equivalent to about 12 pg/ml
and 14 ug/ml, respectively. At these concentrations,
T cell proliferation was reduced via an IL-2-mediated
pathway®'. Palmitic acid and stearic acid have both been
suggested to have pro-atherogenic effects, although
this effect might be mediated in a T cell-independent
manner*>*,

The effect of the MUFA palmitoleic acid on T cell
proliferation might also be concentration-dependent.
Human CD4" T cell proliferation in vitro was increased
after the addition of 2 ug/ml palmitoleic acid”, as
discussed above (Supplementary Table 3). However,
addition of 25 umol/l or 50 umol/l of this MUFA
(equivalent to 6 ug/ml and 13 pg/ml, respectively) for
30h to T lymphocytes in vitro induced a 50% decrease
in proliferation”. These concentrations were not cyto-
toxic, as evaluated by membrane integrity and phos-
phatidylserine externalization assays, but induced
a decrease in the expression of CD28 (an activation
marker) and an increase in the expression of CD95
(which is involved in the initial steps of apoptosis)”.
The reduction in activation markers and the increase
in suppressor markers in the T cells provides a possi-
ble explanation for the observed decrease in prolifer-
ation”. Palmitoleic acid has been suggested to have
anti-atherogenic effects*. This effect could be medi-
ated through the anti-proliferative effect of this FA on
pro-inflammatory T cell subsets and its proliferative
effect on anti-inflammatory T cell subsets, which is
discussed in more detail in the next section.

The effect of the PUFA y-linolenic acid might depend
on the timing of exposure relative to T cell activation. This
FA reduced T cell proliferation in healthy humans in vivo
5h, 24h and 48h after a single oral administration of
2.4 g (REF”). Furthermore, the addition of 5-25 ug/ml
of y-linolenic acid in vitro before, but not during, T cell
activation also inhibited proliferation®. By contrast, pro-
liferation increased when y-linolenic acid was added to
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activated CD4" T cells from healthy human donors”.
y-Linolenic acid is considered to be anti-atherogenic
through inhibition of monocyte migration and foam
cell formation*. However, further investigation of the
potential anti-atherogenic effects of y-linolenic acid on
T cells is warranted. The results discussed here under-
line the complexity of translating in vitro findings to the
in vivo situation.

Two FAs have been consistently shown to decrease
T cell proliferation across different studies, concen-
trations and time points, namely the PUFAs EPA and
DHA. This effect has been shown in several studies
involving human, mouse and rat T cells in vitro and
in vivo”?"7"1"*, How exactly these two FAs induce
this response is still unknown, although a speculative
hypothesis is that inhibition of IL-2 production, which
is necessary for proliferation, and alterations in the
structure of the cell membrane are involved”"7-1!,
Both EPA and DHA have been shown in numerous
studies to decrease atherosclerosis development in both
human and animal models®"***>!%-11°, The observation
that these FAs decrease T cell proliferation in vitro and
the capacity of DHA to reduce T cell activation in vitro
together with the finding that they protect against ath-
erosclerosis development indicate that these FAs, T cells
and atherosclerosis reduction might be linked.

FAs are an integral component of T cell prolifera-
tion regardless of whether they increase or decrease it.
Without FAs, T cell proliferation is inhibited, meaning
the T cells cannot replicate owing to a lack of availa-
ble resources to generate more cells. This inhibition
occurs in T cells cultured under FA-free conditions, but
the addition of certain FAs rescues the proliferation.
Specifically, the addition of 100 pumol/l of oleic acid,
myristic acid, palmitic acid or arachidic acid rescued
proliferation of CD4* T cells from humans, BALB/c
mice and C57BL/6 mice cultured under FA-free condi-
tions 48 h after activation””. By contrast, the addition of
100 pmol/1 of lauric acid, palmitoleic acid, linoleic acid,
y-linolenic or lignoceric acid did not rescue proliferation
under the same conditions”. These results mimic the
observed effects of these FAs on atherosclerosis, because
oleic acid, myristic acid and palmitic acid have all been
found to be pro-atherogenic, whereas palmitoleic acid,
linoleic acid and y-linolenic acid have all been found
to be anti-atherogenic in both humans and mice**.
Furthermore, most of the tested SFAs (myristic acid,
palmitic acid and arachidic acid) rescued T cell prolif-
eration in vitro, whereas most of the unsaturated FAs
(palmitoleic acid, linoleic acid and linolenic acid) did
not”. Discrepancies between the capacity of saturated
and unsaturated FAs to rescue T cell proliferation in
FA-free conditions further reveals the complexity of the
processes by which different FAs alter T cell function
and the difficulty in understanding the effects of these
interactions on atherosclerosis.

Fatty acid-mediated T cell polarization

Although T cells differentiate in the thymus, activation
and polarization of T cells occur later at the site of injury
or damage. T cell polarization generates various T cell
subsets, of which the CD4* T cell subsets are discussed
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in more detail below (BOX 1). Different FAs skew the
proportions of these populations in distinct directions
(FIG. 1d; Supplementary Table 4). SFAs generally induce
polarization into pro-inflammatory CD4" T cell sub-
sets. An example is the medium-chain SFA lauric acid.
In activated mouse CD4* T cells in vitro under condi-
tions inducing T};1 or T;17 polarization, the addition of
250-500 umol/1 of lauric acid increased the populations
of pro-inflammatory Tj,1 cells and T};17 cells by 50% and
decreased the population of anti-inflammatory T, cells
by 30%*. In human CD4" T cells in vitro under condi-
tions inducing T};1 or T;;17 polarization, the addition of
250 umol/l of lauric acid increased the populations
of T;1 and T ;17 cells by 35% and increased the relative
expression of IFNG and TNF, and IL17A and RORC,
respectively. In human CD4"* T cells in vitro under
conditions inducing T, cell polarization, the addition
of 250 pmol/1 of lauric acid decreased the population of
T, cells and decreased the expression of FOXP3 by
50%"°*. Additionally, male C57BL/6 mice fed a diet rich
in either lauric acid or palmitic acid had higher levels of
the cytokines interferon-y (IFNy) and IL-17A in lam-
ina propria lymphocytes in the small intestine, increased
T,17 cell numbers in the central nervous system, and
increased T};1 cell and T};17 cell numbers in the spleen
compared with mice fed a control diet®.

Palmitic acid is another SFA that can induce polari-
zation of pro-inflammatory T cell subsets. The addition
of 1 mmol/l palmitic acid to human peripheral blood
mononuclear cells (PBMCs) that had been activated
with anti-CD3 and anti-CD28 in vitro increased the pro-
portion of T;1 and T,;17 populations but decreased the
proportion of T;;2 and T, cell populations, as measured
by the expression of the subset-specific transcription
factors T-bet (also known as TBX21), RORyt, GATA3
and FOXP3, respectively'''. Furthermore, similar results
were found when PBMCs were exposed to 1 mmol/l of
the MUFA oleic acid or to a combination of 1 mmol/l
oleic acid plus palmitic acid for 48 h''". These results
together with the findings discussed in the previous par-
agraphs indicate that SFAs and some MUFAs promote
pro-inflammatory T cell subset polarization and T cell
proliferation.

In addition to SFAs and some MUFAs, the PUFA
arachidonic acid also elicits pro-inflammatory T cell
polarization'"?, even though this PUFA is closely related
to the anti-inflammatory PUFAs EPA and DHA.
Non-obese diabetic (NOD) mice fed a diet enriched
in arachidonic acid had increased T,;1 and T};17 popu-
lations and increased levels of IFNy, tumour necro-
sis factor (TNF) and IL-17A in the plasma compared
with NOD mice fed a control diet'>. The same study
also found a drastically disrupted T,;1 to T,;2 cell bal-
ance. Furthermore, this study found that in vitro expo-
sure of activated CD4" T cells from humans or mice to
100 umol/I or 50 pumol/l arachidonic acid, respectively,
for 24 h resulted in an increased proportion of T}1
and T;17 populations and IFNy and IL-17A secretion
together with a decrease in the secretion of IL-4 (REF'"?).
These findings indicate that arachidonic acid mediates
pro-inflammatory responses by influencing CD4* T cell
polarization.

Not all MUFAs are strictly pro-inflammatory:
palmitoleic acid and oleic acid seem to have mixed
pro-inflammatory and anti-inflammatory effects.
Palmitoleic acid has partial anti-inflammatory effects
on CD4* T cell polarization by reducing the propor-
tions of T};1 and T};17 populations®. Cytokine profiling
using flow cytometry showed that in vitro addition of
25 umol/l or 50 umol/l palmitoleic acid to human acti-
vated T cells was not cytotoxic but reduced the produc-
tion of IL-17A, IL-2, IFNy and TNF”. However, these
same concentrations of palmitoleic acid also reduced
the proportion of the T, cells from 3.5% to 0.2%.
T, cells have a pivotal role in reducing the inflamma-
tory response and preventing autoimmunity'"’; there-
fore, a decrease in their population caused by exposure
to a specific FA can be interpreted as that FA substanti-
ating pro-inflammatory responses. Oleic acid also has
partial pro-inflammatory effects, because 50 umol/l of
oleic acid reduced the proportion of T, cells in vitro in a
similar fashion to palmitoleic acid”’. However, oleic acid
has also been found to have partial anti-inflammatory
effects: the addition of 25 umol/l and 50 pmol/l oleic
acid reduced IFNy and IL-17A production and
increased IL-2, IL-4 and IL-10 production, indicating
a partial decrease in T;1 and T;17 cells and an increase
in T2 cells™.

The above data generally support the classification
of palmitoleic acid as being mostly anti-atherogenic,
but creates some uncertainty about the findings indi-
cating that oleic acid potentially has pro-atherogenic
effects. A study investigating the link between MUFAs
and cardiovascular mortality showed a U-shaped asso-
ciation between oleic acid concentrations in erythro-
cyte membranes and cardiovascular mortality™. This
observation suggests that oleic acid is associated with
cardiovascular mortality only at low and high concentra-
tions in erythrocyte membranes, but less so at medium
concentrations, which provides a possible explanation
for the occasionally anti-inflammatory effects that
oleic acid has on T cell subset polarization. However,
the concentrations of oleic acid used in the various
studies described above ranged from 25 pmol/l to
1,000 umol/l, with no clearly distinguishable differences
in pro-inflammatory and anti-inflammatory effects
based on the concentration used.

Other MUFAs, such as vaccenic acid, have been
shown to have solely anti-inflammatory and anti-
atherogenic effects. Although the precise mechanism is
not yet known, vaccenic acid levels have been inversely
correlated with the risk of coronary heart disease in
humans®™. This effect might be mediated by T cells,
because male JCR:LA-cp rats fed a diet supplemented
with 1.5% w/w vaccenic acid for 3 weeks showed a
decreased percentage of T, cells in both the spleen and
mesenteric lymph nodes compared with rats fed a con-
trol diet (0% vaccenic acid)''. In the same study, spleno-
cytes from lean rats fed the vaccenic acid-supplemented
diet produced lower concentrations of IL-2, IL-10 and
TNF after ex vivo stimulation with the T cell mito-
gen concanavalin A than splenocytes from lean rats
fed the control diet, implying decreased T;1 cell and
T, cell numbers. By contrast, splenocytes from obese
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rats produced higher IL-10 levels and lower IL-2 and
TNF levels after concanavalin A ex vivo stimulation
than splenocytes from obese rats fed the control diet.
These concentrations were similar to those produced by
splenocytes from lean control rats, implying an increase
in T, cell numbers and a normalized number of T;1
cells''. Another study showed that this effect on cytokine
levels was mediated by vaccenic acid and not through
its conversion to conjugated linoleic acid'®, which has
known anti-inflammatory properties. Human PBMCs
exposed in vitro to 11 pmol/l, 33 umol/l or 100 umol/I
of vaccenic acid for 24h had a >30% reduction in IL-2
and TNF secretion compared with control cells''. Gas
chromatography analysis showed that vaccenic acid
increased in a dose-dependent manner in the lipid frac-
tions of the cells, but conjugated linoleic acid did not.
This finding indicates that vaccenic acid, independent
of its conversion to conjugated linoleic acid, induces
anti-inflammatory effects in T cells'*.

PUFAs such as EPA and DHA have distinct
anti-inflammatory properties, increasing the propor-
tion and cytokine levels of anti-inflammatory T2 cells
and T,, cells and decreasing those of pro-inflammatory
Ty1 cells and T;17 cells, both in vitro and in vivo in
humans and mice'**'"”"*, In one study, NOD mice fed
adiet enriched in EPA and DHA for 20 weeks were used
in in vivo assays, and in in vitro experiments activated
CD4* T cells derived from NOD mice, from four patients
with type 1 diabetes mellitus and from five donors
without type 1 diabetes were exposed to 50 pumol/l or
100 umol/l of EPA or DHA for 24h'">. DHA and EPA
induced an increase in the number of T} ;2 cells and
T, cells and a decrease in the pro-inflammatory sub-
sets T;;1 and T,;17. Furthermore, the production of IFNy
and IL-17A decreased and of IL-4 and IL-10 increased'"*.
The decrease in total T cell proliferation and simulta-
neous upregulation of anti-inflammatory cytokines
and subsets and downregulation of pro-inflammatory
cytokines and subsets induced by EPA and DHA further
indicates that these FAs mediate anti-inflammatory and
anti-atherogenic immune responses in T cells.

Determining whether a FA is involved in a
pro-inflammatory or anti-inflammatory response is
straightforward for some FAs. The PUFAs EPA and
DHA show anti-inflammatory, anti-proliferative and
anti-atherogenic effects in in vitro and in vivo studies
in both human and mouse T cells'*. The PUFA ara-
chidonic and the SFA lauric acid both stimulate polar-
ization of pro-inflammatory T cell subsets and induce
proliferation®''?. However, not all FAs are as easily
classified. Different MUFAs often show contradictory
results across different studies that use different con-
centration or models. For example, the MUFAs palmi-
toleic acid and oleic acid show both pro-inflammatory
and anti-inflammatory effects on T cell polarization as
well as pro-proliferative and anti-proliferative effects™.
These differences might also be attributed to other char-
acteristics of these FAs, such as chain length and methyl
groups. Therefore, whereas the effects of PUFAs and
SFAs on T cell function and atherosclerosis might be
easily determined, the role of MUFAs requires further
investigation.

REVIEWS

Future directions

Atherosclerosis is a complex disease driven by more
than just high cholesterol levels and macrophages.
Triglycerides and FAs have an integral role in athero-
sclerosis development and progression but their mech-
anisms of action are less well understood. T cells interact
with and depend on signals from their environment, of
which FAs are particularly important. In this Review,
we summarize evidence showing that various FAs can
substantially affect T cell function, which might in turn
influence the development and progression of athero-
sclerosis. The metabolism, activation, proliferation and
polarization of T cells can each be altered by interactions
with specific FAs, as summarized in FIC. | and TABLE 2.

Nonetheless, many unknowns remain about the
complex interactions among FAs, T cells and athero-
sclerosis. The mechanisms through which FAs influence
T cell functions remain to be elucidated. In this respect,
the formation of lipid rafts or metabolite-sensing
G protein-coupled receptors are intriguing areas of
research'*"'*. Moreover, whether FA-T cell interactions
are similar in the circulation and in atherosclerotic
plaques, whether T cell responses and numbers are
related to the FA content in the plaque, and whether FAs
can influence T cell responses to antigens or pathogens
have not yet been investigated.

The functional changes in T cells induced by FAs
might also have a role in ameliorating atherosclerosis.
This aspect has been widely studied in various studies
on pharmacological interventions, especially with the
PUFAs, EPA and DHA derived from fish oil, which have
been summarized in a meta-analysis and systematic
review'#. One notable study assessing the effects of EPA
supplementation on atherosclerosis is the REDUCE-IT
trial’>**. In this trial, men and women with established
CVD who received 2 g of a highly purified ethyl ester of
EPA twice daily had profound reductions in the risk
of cardiovascular death compared with participants
receiving placebo’ . The trial investigators relate the
results to the very high concentrations of purified EPA,
to the cell membrane stabilization properties of EPA and
a change in high-sensitivity C-reactive protein levels.
However, the results were independent of normaliz-
ing triglyceride levels in patients, indicating that other
mechanisms also affected the outcomes™**. We propose
that T cells might also be a source of the pleiotropic ben-
eficial effects of EPA observed in the REDUCE-IT trial.
EPA has been shown to have an anti-inflammatory and
suppressive effect on T cells”>?1%8-104112117-120 g]though
this aspect has not yet been studied in relation to the
trial outcomes.

SFAs and MUFAs have also been studied in clinical
trials on CVD outcomes. The MUFA vaccenic acid has
been shown to reduce the risk of CVD in clinical trials,
as summarized previously'**. A meta-analysis of clinical
studies investigating the effects of coconut oil, which
is rich in the SFA lauric acid, showed that coconut oil
intake increases the levels of triglycerides, LDL cho-
lesterol and HDL cholesterol in the plasma compared
with intake of other oils®. This finding indicates that
the consumption of coconut oil, and thereby lauric acid
(which makes up around 50% of the FA component of
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Table 2 | Overview of effects of fatty acids on T cell processes

Fatty acid

Lauric acid

Myristic acid
Palmitic acid

Palmitoleic acid

Stearic acid

Oleic acid

Vaccenic acid

Linoleic acid

y-Linolenic acid

Arachidic acid

Arachidonic acid

Eicosapentaenoic
acid

Docosahexaenoic
acid

Lignoceric acid

T cell process
Metabolism

Did not rescue de novo fatty acid
synthesis’®

Did not rescue de novo fatty acid synthesis’® NR

NR

NR

NR

Rescued de novo fatty acid synthesis’®

Rescued oxidative phosphorylation and
glycolysis’’

NR

1 B-Oxidation’®
| Electron transport chain respiration’®

NR

NR
NR

1 Mitochondrial respiration-associated
proton leakage’

Did not rescue de novo fatty acid
synthesis’®

1 Mitochondrial respiration-associated
proton leakage’

NR

Activation Proliferation Polarization
NR e 1Tyl cells™
Did notrescue’”” 1 T,17 cells*
I T, cells™
Rescued”’ NR
18 1 1 T,,1 cells®"!
(i T, 17 cells®™
Rescued’’ 1 T,2 cells!
I T g cells™
NR 10 1T, 1cells”
1% 1 T,,17 cells™
Did notrescue” | T, cells”
No effect  |* NR
T91
1t e 1%and 1% T, 1 cells
No effect®* Rescued’’ 1 and 1" T,17 cells
" and 1°T,2 cells
} T cells™
NR NR LT, cells™
1Tl cells™®
1T, cells™
No effect® 1 NR
Did not rescue’’
No effect®® |*>*° NR
T‘H
Did not rescue’’
NR Rescued”’ NR
No effect”” NR 11,1 cells™?
11,17 cells'?

NR

lSS

NR

l 79,91,98-104

l79,91,977104

Did not rescue’’

1 T,2 cells™”
lTHl CeuSllZJlS—lZO
1 T,17 cells*#'"7

Tmo,ﬂ/,ﬁs orno
effect’”’ onT,;2 cells

12 or no effect''’ on
T . cells

reg

‘l‘THl ceusllZ,MSleO
1 T,17 cells'#'

Tlﬂﬂ.“z.llﬁ orno
effect'’on T,;2 cells

12 or no effect''’ on
T . cells

reg
NR
T, cell, regulatory T cell.

1 and | indicate that the fatty acid had a directed effect on that process. NR, not reported; T,, cell, T helper cell;

coconut oil), increases the risk of CVD¥. These studies
provide overlapping results for the effect of dietary FAs
on atherosclerosis and what we describe in this Review
about the effect of FAs on T cell function. However,
T cells were not considered in the discussion of these
clinical trials. Therefore, establishing and defining the
interactions among atherosclerosis, FAs and T cells will

reg

be crucial to our understanding of the pathogenesis of
this disease and how it can be prevented and treated.
The concentrations of FAs are higher in atheroscle-
rotic plaques than in the circulation and, therefore, the
plaque environment might influence effector T cell
functions more strongly'”. However, if the T cells have
already been exposed to high concentrations of FAs, or
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Fig. 2 | Effects of circulating fatty acids on T cell functions in atherosclerosis. Quiescent T cells can take up fatty acids
present in the circulation, and the type of fatty acid determines the T cell metabolic switch after the T cell enters the
dyslipidaemic environment of the atherosclerotic plaque. The metabolic reprogramming in turn influences the polarization
and inflammatory response of the T cell. Saturated fatty acids (SFAs) skew the polarization to pro-inflammatory T helper 1
(T,,1) cells and T,;17 cells, which proliferate and secrete pro-inflammatory cytokines, including interferon-y (IFNy), IL-2,
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their precursor triglycerides, in the circulation before
migrating into the atherosclerotic plaque, the function
of these T cells has probably already been altered. For
example, y-linolenic acid has been shown to inhibit
T cell proliferation in vitro when added before T cell
activation®. This inhibition is also likely to occur in
individuals with hypertriglyceridaemia or obesity
and provides a potential link between these condi-
tions and the associated increased risk of developing
atherosclerosis'*>'*’. More research is needed to identify
the precise effects of secondary exposure of the T cells to
FAs in atherosclerotic plaques after the T cells have come
into contact with FAs in the circulation.

The effects of FAs in altering T cell metabolism in
relation to atherosclerosis development and progres-
sion is of particular interest for future investigation.
Immunometabolism is highly dependent on FAs, and
FAs can influence the T cell immune response. This
rapidly evolving area of research could help explain the
changes in T cell function induced by FAs by providing
substantial insight into the mechanisms that drive these
changes. The data reviewed here are in accordance with a

mechanism involving T cells undergoing a type of meta-
bolic reprogramming induced by the interactions with
FAs in the circulation that might influence the subsequent
T cell effects on diseases such as atherosclerosis.

Conclusions

We call for a shift in the focus of atherosclerosis research.
FAs and triglycerides have re-emerged as crucial media-
tors in the development of atherosclerosis. Furthermore,
atherosclerosis development and progression have also
been linked to T cells, with these cells making up >30%
of the leukocytes present in atherosclerotic plaques
in both humans and mice. T cells can be functionally
altered by FAs through changes in T cell metabolism.
This observation suggests that FAs, T cells and athero-
sclerosis are linked, and this possible association remains
to be further elucidated. We propose that the metabolic
reprogramming of T cells induced by their interactions
with FAs in the circulation influences their subsequent
functions in disease states such as atherosclerosis (FIC. 2).
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