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Chapter 1

Atherosclerosis

Atherosclerosis is considered to be a lipid-driven immune disease and is the dominant cause of
cardiovascular disease (CVD), which is the leading cause of death worldwide®2. The initiation of
atherosclerosis is generally attributed to excess low-density lipoprotein (LDL). This cholesterol
laden lipoprotein is able to cross to the inner most layer of the arterial wall, the intima, and
can accumulate there?. Here, the LDL particles can undergo oxidation which induces a pro-
inflammatory response in the endothelial cells that make up part of the arterial intima*. The
activated endothelial cells release chemokines, chemoattractant cytokines, that attract monocytes
to the site. These monocytes mature into macrophages which can take up the accumulated LDL.
However, the pro-inflammatory landscape of the intima causes macrophages to upregulate the
expression of scavenger receptors and downregulate the expression of cholesterol transporters
and in turn, generates foam cell formation®. Foam cells are unable to leave the intima and
aggregate, contributing to atherosclerotic plaque formation®. Plaque formation progresses by
the continued accumulation of lipids and cells to the site and the formation of a fibrous cap'.
As atherosclerosis advances, a necrotic core may develop as clearance of cells that underwent
programmed cell death in the plaque fails’. Furthermore, advanced plaques may undergo
calcification, in which calcium minerals accumulate, hardening the plaque and increasing
the risk of rupture®. Complications of atherosclerosis arise as the plaque builds up, narrowing
the arterial lumen and limiting blood flow'. Further complications include plaque rupture
and erosion® °. Both plaque rupture and erosion form thrombi which can be released into the
circulation and are the main cause of myocardial infarction and stroke'.
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Fig. 1| Initiation of atherosclerosis pathogenesis. Yellow circles are LDL, green circles are TGRLs, monocytes
are in pink, macrophages and foam cells are purple, T cells are blue, endothelial cells are light pink, and
smooth muscle cells are light red. Adapted from “Atherosclerosis” by Libby, P. et. al..

While much of the pathogenesis of atherosclerosis is classically attributed to macrophages and
LDL, it has become increasingly clear that other factors play a crucial role its development.
Most notably, triglycerides and T cells have re-emerged as pivotal factors in the pathogenesis of
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atherosclerosis®**. Triglycerides are also contained in various lipoproteins such as triglyceride
rich lipoproteins (TGRLs), which can cross the arterial intima and aggravate the disease®. T
cells are attracted into the plaque by the inflammatory response induced by macrophages™
(Fig. 1). However, the potentially important role of the interaction between these re-emerging
risk factors in atherosclerosis remains largely unknown.

T cells

T cells are a component of the adaptive immune system generally found in the lymphatic and
circulatory systems in humans. These cells can broadly be split into two categories, CD4* T cells
and CD8' T cells. T cell function is driven in part by strict metabolic processes that also drive cell
fate®. Generally speaking, non-activated T cells favor the utilization of -fatty acid oxidation,
whereas activated T cells switch towards utilizing aerobic glycolysis™*®. The main function
of T cells is to sense and respond to their environment which, in the circulation, consists of
numerous factors including lipids such as triglycerides. However, whether these interactions
with lipids in the circulation can have lasting effects on T cells that could impact their function
in atherosclerosis remains unknown.

Itis known that throughout atherosclerotic development significant numbers of T cells are found
in plaques. Specifically, through the use of single cell RNA sequencing and mass spectrometry, it
was found that over half of all immune cells present in the atherosclerotic plaque were T cells*?,
Furthermore, these studies found that of the T cells present, half were CD4" and the other half
were CD8' T cells” (Fig. 2). Although this technique may selectively favor the survival of T cells
over that of other cell types such as macrophages and smooth muscle cells due to the inherent
destructiveness of this technique, particularly during the cell isolation phase, the significance of
these findings should not be overlooked. Both CD4"and CD8" T cells exhibit distinctive characteristics
and functions in atherosclerosis™ 2. While the role of T cells in atherosclerosis has been studied
to some extent, there remains a substantial knowledge gap regarding the mechanisms that
govern T cell responses in the plaque and the factors that influence the preferential expression
of certain subsets over others.

CD4' T cells

CD4' T cells are generally known as helper T cells and are characterized by the expression of
both CD3* and CD4* on the cell surface. In atherosclerosis, CD4* T cells generally play a pro-
inflammatory role as deficiency of CD4* T cell was atheroprotective® and adoptive transfer of
CD4' T cells was pro-atherogenic®» % in Apoe”” mouse models. CD4* T cells have multiple functions
including activating other immune cells such as B cells and cytotoxic T cells, releasing cytokines,
and suppressing immune reactions®. Furthermore, upon activation CD4" T cells can differentiate
into subsets, the most well-studied being T helper 1 (T 1), T helper 2 (T,2), T helper 17 (T ,17),
and T regulatory (T, ) cells”. Each subset has a distinguished phenotype, metabolic profile, and

eg
plays a different role in disease development and pathogenesis®® 22 (Fig. 3).
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Fig. 2 | Immune cell populations in the blood and atherosclerotic plaque. Adapted from “Single-cell
immune landscape of human atherosclerotic plaques” by Fernandez, D. M. et. al. showing the proportion of
different immune cells in atherosclerotic plaques®. Figures are viSNE plots of CD45" immune cells (n =9,490)
derived from blood and plaque tissue of 15 patients. Clustering is based on the MetaLouvain method. (a)
Immune cell populations in the blood (red) and in the plaque (blue). (b) Immune cell populations as defined
by mass cytometry (CyTOF).

T 1 cells are characterized by the expression of the key transcription factor T-bet, as well as
signal transducer and activator of transcription (STAT)1 and STAT4, and generally produce
interferon gamma (IFNy) and tumor necrosis factor alpha (TNFa)*:3. These cells are known
to play a strong pro-inflammatory role in atherosclerosis and are the largest CD4" subset in the
plaque®. T, 2 cells are characterized by the expression of the key transcription factor GATA3,
as well as STAT5 and STAT6, and generally produce interleukin (IL)-4, IL-5, and IL-13%*%. The
exact role of T, 2 cells in atherosclerosis has not yet been determined as contradicting results
show both pro- and anti-inflammatory effects®. However, a subset of T 2 cells, T 9 cells®, have
shown to be highly pro-inflammatory in atherosclerotic disease®*%. T, 9 cells are characterized
by the expression of the transcription factor PU.1 and interferon regulatory factor (IRF)4 and
generally produce IL-9%. T 17 cells are characterized by the expression of the key transcription
factor RAR related orphan receptor (ROR)yt as well as STAT3, and generally produce IL-17, IL-21,
and IL-222%3%, The role of T,17 cells in atherosclerosis has not yet been defined as both pro- and
anti-inflammatory effects have been found*. T, cells are characterized by the expression of the
key transcription factor forkhead box P3 (FoxP3) as well as STAT5, and cells generally produce
IL-10%%. T, are notably anti-inflammatory and atheroprotective*’. Multiple factors play a role in
subset differentiation, such as the surrounding cytokine environment and cellular metabolism,
specifically lipid metabolism?3*%. Defining how extracellular lipids may influence CD4* T cell
differentiation can aid in understanding T cell responses in atherosclerotic plaques.

CDS8' T cells

CD8' T cells are generally known as cytotoxic T cells and are characterized by the expression
of both CD3* and CD8" on the cell surface. While CD8"* T cells don’t have defined subsets as
CD4" T cells, they can be broadly divided into cytotoxic and regulatory CD8' T cells®. While the
frequency of CD8' T cells is increased in plaques® and in the blood of patients with coronary

10
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artery disease®, both a pro- as well as an anti-inflammatory role has been found for CD8* T cells
in atherosclerosis development and progression® 44, Cytotoxic CD8" T cells have been shown to
produce IFNy, perforin and granzyme B, which may aggravate atherosclerosis* 4. On the other
hand, regulatory CD8' T cells may play an atheroprotective role by limiting the accumulation
of T,1 cells and macrophages and stabilizing plaques*. Furthermore, immunization with an
ApoB- related peptide (p210) has shown an atheroprotective role mediated through CD8' T
cells* 4, Overall, CD8' T cells may play an interesting role in atherosclerosis although the exact
mechanisms through which these cells induce a pro- or anti-inflammatory effect and whether
lipids influence these effects have not yet been studied.
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Fig. 3 | Defining transcription factors, cytokines, and role in atherosclerosis pathogenesis of different
T cell subsets. T cell subsets are labelled in bold above the cell, main transcription factors are labelled
inside of the cells, main cytokines produced are labelled below and to the right of the cell, and the function
in atherosclerosis pathogenesis can be found below the main cytokines excreted and is either pro- or anti-
inflammatory, or both.
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Triglycerides and fatty acids

Triglycerides have re-emerged as a potential risk factor for cardiovascular disease. Population
studies showed that increased circulating levels of triglycerides are associated with an increased
risk of CVD*s3 (Fig. 4). Furthermore, this lipid group remains a risk factor for CVD also after
accounting for the effect of total cholesterol and high-density lipoprotein (HDL) cholesterol*>
4, This can, in part, explain why a residual risk of CVD is still present even in individuals with
substantially reduced LDL cholesterol levelss. Elevated triglycerides are the characteristic
attribute of a lipid disorder called hypertriglyceridemia®. This disorder may occur due to primary
factors such as one or more mutations in the LPL, APOA5, or APOE2 genes, or due to secondary
factors such as diabetes, obesity, or excessive alcohol use. As such, hypertriglyceridemia has been
linked to a higher risk of CVD, specifically in individuals with moderately elevated triglyceride
concentrations (between 2-10 mmol/L)5> 5. Hypertriglyceridemia patients with extremely
elevated triglyceride concentrations (>13.0mmol/L) often are no longer at risk for CVD because
their excessive triglyceride levels get stored in large chylomicron lipoprotein particles that cannot
cross the arterial wall®*. Reduced triglyceride concentrations may protect from atherosclerosis,
a characteristic of individuals with hypotriglyceridemia with triglyceride concentrations below
0.3 mmol/L%. Individuals with these disorders may offer interesting insights into the effects of
elevated or depressed triglycerides on circulating T cells.

The exact contribution of triglycerides in CVD is still widely debated. This is, in part, due to the
fact that triglyceride lowering therapies, such as fibrates and niacin, have not demonstrated a
convincing benefit for CVD risk®®. Yet, there has been one drug that has shown triglyceride
lowering and substantial CVD risk reduction in patients with hypertriglyceridemia, namely
icosapent ethyl (IPE)®*". IPE is a highly purified and esterified form of the fatty acid eicosapentaenoic
acid (EPA). IPE contains an ethyl group which is cleaved off as the drug is metabolized after
ingestion in the human body, exposing cells directly to EPA®. The REDUCE-IT trial showed a
25% decrease in primary composite end points and a 26% decrease in secondary composite end
points, even when correcting for factors such as the use of mineral oil in the control group®
7, The mechanism of action for this risk reduction remain largely unknown as the beneficial
effects observed occurred independently of triglyceride lowering in REDUCE-IT®, and studies
into this research question are thus far limited to model membranes or in whole blood”73.

EPA is a polyunsaturated fatty acid, one that has more than one double bond in its carbon chain.
Specifically, EPA has 5 double bonds in its 20-carbon chain denoting it as C20:5. Fatty acids may
also be saturated, with no double bonds such as palmitic acid (C16:0), or monounsaturated, with
one double bond such as oleic acid (C18:1). Palmitic and oleic acid are some of the most common
fatty acid in the human circulation™ and have both been shown to have pro-atherogenic effects’”.
Interestingly, triglycerides, which are partially comprised of fatty acids, are hydrolyzed into
the fatty acid components inside cells which can be further metabolized and used by the cell**
81, As such, fatty acids may also have a noteworthy influence on T cell function, potentially
through changes in cellular metabolism, that could determine T cell effects in atherosclerosis.

12
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However, the exact relationship between different fatty acids, atherosclerosis and T cells has

yet to be explored.
Copenhagen City Heart Study and Copenhagen General Population Study ging Risk Factors Collak
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Fig. 4| Increased hazard ratio with increased non-fasting triglycerides. Adapted from “Triglycerides
and cardiovascular disease” by Nordestgaard, B. G. and Varbo, A. showing that increasing triglyceride
levels increase the hazard ratio for myocardial infarction, ischemic heart disease, all-cause mortality,
and ischemic stroke®.

Outline of this thesis

This thesis aims to uncover how non-activated T cells can be influenced by triglycerides and
fatty acids found in the circulation and whether this interaction can have a lasting effecton T
cell function that may influence the role T cells play in atherosclerosis. Particularly, we focus on
CD4' T cells as their role in atherosclerosis has been more well defined and explore the effects
of fatty acids and triglycerides from in vitro to in vivo.

In Chapter 2 we delve deeper into the role various fatty acids play in atherosclerosis development,
how those fatty acids can influence T cell function, and whether the interactions between fatty acids

and T cells in the circulation may influence the role T cells play in atherosclerosis. We review the
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effects of 14 different fatty acids on four different T cell processes namely, metabolism, activation,
proliferation, and differentiation. Indeed, it has been found that fatty acids can influence T cell
function post activation and that the effect fatty acids have on T cells, pro- or anti-inflammatory,
match the effect that fatty acid is known to have on atherosclerosis. However, interactions between
fatty acids and T cells occur prior to atherosclerosis development, in the circulation, where T cells
are in a non-activated state. Thus, this chapter concludes by hypothesizing that the interactions
that take place between T cells and fatty acids in the circulation may have effects that influence
the effect T cells have upon entering the high lipid environment of the atherosclerotic plaque.

In order to test the hypothesis provided in the previous chapter, that is, whether fatty acids
can influence non-activated T cells, Chapter 3 presents a new in vitro model to test the effect of
fatty acids on non-activated CD4" T cells and apply it to evaluate the effects of oleic acid. This
monounsaturated fatty acid is one of the most abundant fatty acids in the circulation and has
been associated with an increased risk of CVD?. However, the role of oleic acid on T cells has
shown opposing results. To elucidate the effects of oleic acid on CD4* T cells, we determined
changes in gene expression in non-activated cells after exposure and measured phenotypic
markers post-activation. Additionally, we test the role cellular metabolism plays in determining
functional outcome by exposing the cells to metabolic inhibitors during oleic acid exposure.

Building on this work, in Chapter 4, we determine the effects of EPA, palmitic and oleic acid on
non-activated CD4" T cells. In it purified form IPA, EPA was shown to be highly atheroprotective in
the influential REDUCE-IT trial. However, the mechanism by which EPA induces anti-inflammatory
effects remains unclear. Here, we aim to uncover whether EPA induces an anti-inflammatory
transcriptomic profile in non-activated CD4" T cells, which could aid in explaining the beneficial
effects measured in REDUCE-IT. To distinguish the unique effect of EPA on CD4* T cells, this
chapter also compares the results of EPA exposure to two other fatty acids of different saturation,
palmitic acid, a saturated fatty acid, and oleic acid, a monounsaturated fatty acid.

The previous chapters use an in vitro model to evaluate the effects of fatty acids on non-activated
T cells. In Chapter 5 we move to an in vivo, human setting to test whether prolonged exposure to
elevated triglycerides, the form in which fatty acids are transported in the circulation, affects CD4*
and CD8' T cells in vivo. Gene expression changes were measured in CD4* and CD8' T cells derived
from patients with moderate hypertriglyceridemia, in the range that is a risk for CVD. We divide
the patient groups into primary moderate, due to genetic mutations, and secondary moderate,
due to lifestyle. Additionally, we tested individuals with primary severe hypertriglyceridemia,
above the range at risk of CVD, and individuals with primary hypotriglyceridemia, severely
depleted triglyceride levels. This was done to test whether the effects on T cells would dissipate
when triglycerides are more likely stored in chylomicrons, as is the case in primary severe
hypertriglyceridemia, or whether the effects on T cells would be anti-inflammatory in the
absence of triglycerides, as is the case in hypotriglyceridemia.

14
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Lastly, all results of this thesis are summarized, connected, and put into context in Chapter 6.
Here, we discuss the findings and deliberate the implications thereof as well as comment on the
future research directions. In sum, the investigations conducted within this thesis have enriched
our understanding of the intricate interplay between fatty acids, triglycerides, and their impact
on circulating T cells, shedding insights into the pivotal roles these components play in driving
the development and advancement of atherosclerosis.
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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 cell is 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
atype of metabolic reprogramming induced by exposure to fatty acids in the circulation that
influences the subsequent functions of T cells after activation, such as in atherosclerotic plaques.

Key points

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

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

+ Changesin 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.

Glossary

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 helper 2 cells (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 T2 cells in atherosclerosis is not completely clear, although anti-
atherogenic properties have been described.

T helper 17 cells (T 17 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.
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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

TGFB. 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.

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.
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Introduction

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?s. However, it is increasingly 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
development of disease, as observed in studies showing that adoptive transfer of CD4* T cells
aggravates the atherosclerosis in immunodeficient Apoe”” mice®*2. CD4" T cells can be further
subdivided into T helper 1 cells (T, 1 cells), T 2 cells, T 17 cells and regulatory T cells (Treg cells)
(Box 1). T, 1 cells seem to be the predominant T cell subset in atherosclerotic plaques and the
most pro-atherogenic subset, whereas T, cells have anti-atherogenic functions™ 2. 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' T cells is low
in early atherosclerotic lesions, the number increases as the disease progresses'®.

Astechniques to study atherosclerosis have progressed, 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™® 2. Although these
techniques are fairly destructive during the cell isolation step, favoring the survival of T cells over
macrophages and vascular smooth muscle cells, these findings should not be underestimated
22, 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 responses
underlying atherosclerosis development and progression®. For example, antigens derived from
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LDL particles, which are widely associated with atherosclerosis development, are recognized by
T cells in atherosclerotic plaques®*+?%. Moreover, T cell tolerance to LDL can be induced inaT,
cell-mediated manner by continuously exposing Ldlr”" mice to the primary apolipoprotein 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 decade
have re-emerged as an important risk factor for atherosclerosis:*#. The role of triglycerides in
CVD is still debated because clinical trials aimed at improving CVD by lowering triglyceride
levels in the plasma have had opposing results. The findings of these clinical trials have been
summarized previously*. Some triglyceride-lowering drugs have been shown to reduce the risk of
CVD development®*3. 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 placebo. Triglycerides are composed of
fatty acids (FAs) and polar lipids, which are hydrolyzed into their FA components and used as a
source of energy production 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 atherosclerotic CVD ranges from pro-atherosclerotic to anti-atherosclerotic
depending on the FA*-%7, 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 lymphatic vessels and the blood circulation®® . FAs are composed of a carboxyl group with
acarbon 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 considered 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.
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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 reactivity. 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 atherosclerotic 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 similar 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® %. The T cell response is
usually initiated by antigen presentation by an antigen-presenting cell, although environmental
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 atherosclerosis. A comprehensive
discussion of the mechanisms 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 specific 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 atherosclerosis of each FA or T cell. Only the FAs that have been studied in the
context of T cell responses are discussed. Table 1 provides an overview of the discussed FAs, their
abundance in the circulation, their proposed 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.
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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, T, 2
cells, T,;17 cells and regulatory T (T, ) cells, which are the most extensively 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 tumor necrosis factor (TNF). Those of T, 2 cells are IL-4, IL-5 and IL-13. T, 17
cells secrete IL-17A, and T cells produce transforming growth factor-$ (TGFf) and IL-10.
Given that IFNy, 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®*
135, [L-4, IL-5, IL-10, IL-13 and TGFp are generally deemed to be anti-inflammatory and,
therefore, T, cells and T, 2 cells are classified as anti-inflammatory, but in the context of
atherosclerosis, the effect of T, 2 cells is unclear'» %%, In addition, T, 2 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?s.

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*®
139,140 Atherosclerosis is primarily a lipid-driven immunological disease but with a large
inflammatory component's. 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'2.
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.

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 overview of T cell metabolism
can be found in Box 2. The role of FA metabolism changes substantially throughout these stages,
and inappropriate metabolism reprogramming leads to severe skewing of the T cell populations™
(Fig. 1a; Supp. Table 1). A change in metabolism is the driving force of the T cell immune response
and underlies the other three components: activation, proliferation and polarization. Therefore,
understanding T cell metabolism and how it can be influenced by circulating FAs is an integral
part of understanding the subsequent T cell functional outcomes.
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Specific inhibitors of FA metabolism, such as rapamycin, 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, deletion of Acaca, which encodes acetyl-CoA carboxylase 1 (ACC1),
results in a decrease in T,;17 cell numbers, but administration of the pro-atherogenic* MUFA
oleic acid at high concentrations (100 umol/l) restores the T, 17 polarization of naive Acaca” T
cells in vitro™. Lower concentrations of the SFAs myristic acid (30 pmol/l) and lauric acid (10
pmol/l) or the PUFA docosahexaenoic acid (DHA) (1 umol/l) did not rescue the T,17 polarization
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™ 7.

Oleic acid can also rescue T cell metabolism reprogramming by restoring the rates of oxidative
phosphorylation and aerobic glycolysis in mouse CD4" T cells treated with the ACC1 inhibitor
TOFA in vitro”. Rates of oxidative phosphorylation and glycolysis were measured by the levels of
oxygen and protons, respectively, in the culture medium”. Under FA-free conditions, the addition
of 100 pmol/1 oleic acid restored both oxidative phosphorylation and glycolysis”. If CD4' T cells
can use extrinsic FAs as oxidative 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 dysregulation of the
electron transport chain. Indeed, exposure of CD4' T cells isolated from transgenic mice with
an inducible liver-specific MYC oncogene (which overexpress MYC and are used as a model of
non-alcoholic fatty liver disease) to 50 pmol/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
anegative effect on T cell function because FAs are actively B-oxidized in the mitochondria, which
favors more NADH entering the electron transport chain to produce ATP. However, because the
electron transport chain is disrupted, premature leakage of electrons to oxygen can generate
the accumulation of reactive 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
vitroto 50 pmol/l of eicosapentaenoic acid (EPA) or DHA for 48 h led to increased proton 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.
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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 concentrations of these PUFAs
in atherosclerotic plaques are lower than in the serum®. By contrast, the concentrations of pro-
atherogenic SFAs and MUFAs such as oleic acid are similar or higher in human atherosclerotic
plaques than in the serum?®. This observation provides a partial explanation for the skewed
polarization towards pro-inflammatory T cell subsets observed in atherosclerotic plaques in
humans and animal models™*.

Taken together, these studies provide evidence that external FAs are involved in the metabolic
reprogramming 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 signaling 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 activation of T cells®. A summary of the effects of FAs
on T cell activation is shown in Fig. 1b and Supp. 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 normal glucose tolerance were exposed to palmitic acid in vitro. Activation was then
determined across five time points by measuring oxidative stress and the expression 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 (50 pmol/l 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 lymphocytes expressing CD25
(a T cell activation marker) was significantly higher in male Wistar rats fed a diet in which 12%
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of the total energy came from a lipid emulsion rich in oleic acid (53%) than in rats fed a diet in
which 12% of the total energy came from a lipid emulsion 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 1 g 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 phagocytosis 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 dietary 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
alower risk of developing carotid atherosclerotic plaques, all of which are associated with a
reduced risk of atherosclerosis developments+ . 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.

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 B-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 4.

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'#2. Therefore, activated T cells undergo a metabolic switch
to the anabolic processes of aerobic glycolysis and fatty acid biosynthesis, known as
the Warburg effect'3. 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® 42, The mechanistic target of rapamycin (mTOR) 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 CPT1A77. Without
CPT1A to actively pump lipids into the mitochondria for oxidation and ATP production,
the lipids can be conserved for cell growth.
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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* #4145, However, under conditions of high lipid concentrations, the
AMPK pathway is downregulated, gradually impairing T cell function and numbers*®14.
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'® 719, A dyslipidemic environment, as found in atherosclerosis, might promote

the polarization into effector T cells and reduce T, cell polarization'+*,

Effector T cells

The polarization of effector T cells (T helper 1 (T 1) cells, T 2 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’ 52 The mTOR pathway comprises two complexes, mTOR
complex 1 (mTORC1) and mTORC2. T 1and T 17 cells are dependent on mTORC1, whereas
T, 2 cells are dependent on mTORC2'%*. 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 T 2
polarization's?. 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, ,
cells7. Therefore, subtle changes in T cell metabolism can greatly alter subset polarization.

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

Fatty acids and T cell proliferation

A brief growth phase occurs after T cell activation, followed by a rapid expansion of the T cell
population, referred to as proliferation®. Like activation, this proliferation phase can also be
influenced by the interaction with FAs (Fig. 1c; Supp. 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 activation 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 considering 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
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17% increase in proliferation after exposure to 25 umol/l oleic acid for 30 h compared with control
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®. An in vivo study showed
increased proliferation of lymphocytes in male Wistar rats after intraduodenal administration 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® (Supp. 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 subsets proliferate with either a more pro-inflammatory or
anti-inflammatory phenotype, thereby leading to atherosclerosis 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 proliferation. In the described studies, T cell proliferation was
increased after exposure to 4 pg/ml of the SFAs palmitic acid or stearic acid® (Supp. Table 3).
However, a decrease in proliferation was found in human lymphocytes in vitro after the addition
of 50 umol/1 palmitic acid or stearic acid®, which is equivalent to about 12 pg/ml and 14 pg/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 pg/ml
palmitoleic acid®, as discussed above (Supp. Table 3). However, addition of 25 umol/l or 50 umol/l
of this MUFA (equivalent to 6 pg/ml and 13 pug/ml, respectively) for 30 h to T lymphocytes in vitro
induced a 50% decrease in proliferation®. These concentrations were not cytotoxic, as evaluated
by membrane integrity and phosphatidylserine 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 possible explanation for the observed decrease
in proliferation®. Palmitoleic acid has been suggested to have anti-atherogenic effects*. This
effect could be mediated 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 5 h, 24 h and 48 h after
a single oral administration of 2.4 g%. Furthermore, the addition of 5-25 pg/ml of y-linolenic
acid in vitro before, but not during, T cell activation also inhibited proliferation®. By contrast,
proliferation increased when y-linolenic acid was added to 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
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anti-atherogenic effects of y-linolenic acid on T cells is warranted. The results discussed here
underline 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,
concentrations 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™ 971, 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’ -1, Both EPA and DHA have been shown in numerous
studies to decrease atherosclerosis development in both human and animal modelss® 54 8¢ 105110,
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 atherosclerosis
development indicate that these FAs, T cells and atherosclerosis reduction might be linked.

FAs are an integral component of T cell proliferation regardless of whether they increase or decrease
it. Without FAs, T cell proliferation is inhibited, meaning the T cells cannot replicate owing to
alack of available 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 umol/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
conditions 48 h after activation”. By contrast, the addition of 100 umol/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 proliferation 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 in more detail below (Box 1). Different FAs skew the proportions of
these populations in distinct directions (Fig. 1d; Supp. Table 4). SFAs generally induce polarization
into pro-inflammatory CD4" T cell subsets. An example is the medium-chain SFA lauric acid.
In activated mouse CD4" T cells in vitro under conditions inducing T 1 or T,17 polarization,
the addition of 250-500 pmol/l of lauric acid increased the populations of pro-inflammatory
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T, 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 conditions inducing T, 1 or T 17 polarization, the
addition of 250 pmol/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 lamina propria lymphocytes in
the small intestine, increased T, 17 cell numbers in the central nervous system, and increased
T, 1 celland T 17 cell numbers in the spleen compared with mice fed a control diet*,

Palmitic acid is another SFA that can induce polarization 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 proportion of T 1 and
T,17 populations but decreased the proportion of T,2and 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/] oleic acid plus palmitic
acid for 48 h'. These results together with the findings discussed in the previous paragraphs
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 1and T 17 populations and increased levels of IFNy, tumor necrosis factor (TNF) and IL-17A in
the plasma compared with NOD mice fed a control diet"2. The same study also found a drastically
disrupted T,;1to T2 cell balance. Furthermore, this study found that in vitro exposure of activated
CD4' T cells from humans or mice to 100 pmol/l or 50 pmol/l arachidonic acid, respectively, for 24
hresulted 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"2. 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 proportions of T, 1 and T ;17 populations®. Cytokine
profiling using flow cytometry showed that in vitro addition of 25 pmol/1 or 50 umol/l palmitoleic
acid to human activated T cells was not cytotoxic but reduced the production of IL-17A, IL-2, IFNy
and TNF*°. However, these same concentrations of palmitoleic acid also reduced the proportion
ofthe T, cells from 3.5% to 0.2%%. T, cells have a pivotal role in reducing the inflammatory
response and preventing autoimmunity?; therefore, a decrease in their population caused by
exposure to a specific FA can be interpreted as that FA substantiating pro-inflammatory responses.
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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 (ng) 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 (GLUT4) and
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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 T, 2 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; HIF1a, 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, tumor necrosis factor.

Oleic acid also has partial pro-inflammatory effects, because 50 pmol/1 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/1
oleic acid reduced IFNy and IL-17A production and increased IL-2, IL-4 and IL-10 production,
indicating a partial decrease in T,;1and T,17 cells and an increase in T 2 cells*.

The above data generally support the classification of palmitoleic acid as being mostly anti-
atherogenic, but creates some uncertainty about the findings indicating that oleic acid potentially
has pro-atherogenic effects. A study investigating the link between MUFAs and cardiovascular
mortality showed a U-shaped association between oleic acid concentrations in erythrocyte
membranes and cardiovascular mortality®. This observation suggests that oleic acid is associated
with cardiovascular mortality only at low and high concentrations 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 umol/1 to 1,000 pmol/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 humanss. 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 control diet (0% vaccenic acid)™. In the
same study, splenocytes 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 mitogen concanavalin
A than splenocytes from lean rats fed the control diet, implying decreased T1 celland T, cell
numbers. By contrast, splenocytes from obese 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™.

37



Chapter 2

Table 2 | Overview of effects of fatty acids on T cell processes. 1 and | indicate that the fatty acid had a
directed effect on that process. NR, not reported; T, cell, T helper cell; T, cell, regulatory T cell.

T cell process
Fatty acid Metabolism Activation Proliferation Polarization
Lauric acid Did not rescue de novo fatty ~ NR 88 AT 1 cells®
acid synthesis’ Did not rescue” 1T, 17 cells®
VT, cells®®
Myristic acid Did not rescue de novo fatty ~ NR Rescued” NR
acid synthesis’
Palmitic acid NR 83 N Ty cells®™™
N3 AT a7 cells®™
Rescued” v T2 cells™
VT, cells™
Palmitoleicacid NR NR N VT 1cells™
N3 ¥ T,17 cells™
Did not rescue” T cells®
Stearic acid NR NR NS NR
A9
Oleic acid Rescued de novo fatty acid 84 N90,92,93 v and 1% T, 1 cells
synthesis™ No effect®™ Rescued” v and M T, 17 cells
Rescued oxidative Vitand M0 T, 2 cells
phosphorylation and VT, cellsom
glycolysis”

Vaccenic acid NR NR NR ¥ T cells™
VT, 1cells™
2T, cells™

Linoleic acid 1 B-Oxidation™ No effect®s 19 NR

V Electron transport chain Did not rescue”
respiration’

y-Linolenic acid NR No effect®s %% NR

/]\93
Did not rescue”
Arachidicacid  NR NR Rescued” NR

Arachidonicacid NR

No effect®® NR

AT, cells™
AT, 17 cells™
¥ T2 cells™
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Table 2 [continued]
T cell process
Fatty acid Metabolism Activation Proliferation Polarization
Eicosapentaenoic 1™ Mitochondrial respiration-  NR 79,91, 98104 ¥ T 1 cellg 810
acid associated proton leakage™ ¥ T,17 cells™> ™7
/N00, 112, 118 or no effectlzu
on T 2 cells
M2 or no effect'” on
T, cells
8
Docosahexaenoic Did not rescue de novo fatty % 79,91, 977104 ¥ T, 1 cellg 810
acid acid synthesis™ ¥ T,17 cells™ ™7
A Mitochondrial respiration- oo, 12,18 o o effect’®
associated proton leakage™ on T 2 cells
M2 or no effect'” on
T, cells
8
Lignocericacid NR NR Did notrescue” NR

Another study showed that this effect on cytokine levels was mediated by vaccenic acid and
not through its conversion to conjugated linoleic acid*s, which has known anti-inflammatory
properties. Human PBMCs exposed in vitro to 11 pmol/l, 33 pmol/l or 100 pmol/1 of vaccenic
acid for 24 h had a >30% reduction in IL-2 and TNF secretion compared with control cells"S. Gas
chromatography analysis showed that vaccenic acid increased in a dose-dependent manner in
the lipid fractions 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
effectsin T cells"®.

PUFAs such as EPA and DHA have distinct anti-inflammatory properties, increasing the proportion
and cytokine levels of anti-inflammatory T2 cells and T, cells and decreasing those of pro-
inflammatory T ;1 cells and T 17 cells, both in vitro and in vivo in humans and mice’**"”*°, In one
study, NOD mice fed a diet 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 umol/1
or 100 umol/l of EPA or DHA for 24 h*2, DHA and EPA induced an increase in the number of T 2
cellsand T, cells and a decrease in the pro-inflammatory subsets T, 1 and T17. 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 simultaneous 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
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and anti-atherogenic effects in in vitro and in vivo studies in both human and mouse T cells"2.
The PUFA arachidonic and the SFA lauric acid both stimulate polarization of pro-inflammatory
T cell subsets and induce proliferation® 2. However, not all FAs are as easily classified. Different
MUFAs often show contradictory results across different studies that use different concentration or
models. For example, the MUFAs palmitoleic 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 characteristics 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.

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 atherosclerosis development and
progression but their mechanisms 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 atherosclerosis. The metabolism,
activation, proliferation and polarization of T cells can each be altered by interactions with
specific FAs, as summarized in Fig. 1 and Table 2.

Nonetheless, many unknowns remain about the complex interactions among FAs, T cells and
atherosclerosis. 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'?-122, 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 trial3” #. 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® 3. 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 normalizing triglyceride
levels in patients, indicating that other mechanisms also affected the outcomes? . We propose
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that T cells might also be a source of the pleiotropic beneficial effects of EPA observed in the
REDUCE-IT trial. EPA has been shown to have an anti-inflammatory and suppressive effecton T
cells9n 98104 12,1120 g though this aspect has not yet been studied in relation to the trial outcomes.
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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 dyslipidemic 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, tumor necrosis factor (TNF) and IL-17A, thereby
contributing to worsening of atherosclerosis. (a) Monounsaturated fatty acids (MUFAs), such as palmitoleic
acid, and polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid, skew the polarization to anti-
inflammatory T, 2 cells and regulatory T (T, ) cells. The T 2 cellsand T___cells proliferate and secrete anti-
inflammatory cytokmes including IL-4, IL-5, IL-13 and transformmg growth factor-$ (TGFp), that attenuate
atherosclerosis. (b) Of note, the MUFA oleic acid and the PUFA arachidonic acid induce polarization into
pro-inflammatory T cell subsets. FOXP3, forkhead box protein P3; GATA3, GATA-binding factor 3; OXPHOS,
oxidative phosphorylation; RORyt, nuclear receptor RORyt; T-bet, T-box transcription factor TBX21.

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 cholesterol
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 coconut oil), increases the risk of CVD®. These studies provide overlapping
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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 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 atherosclerotic plaques than in the circulation and,
therefore, the plaque environment might influence effector T cell functions more strongly*s.
However, if the T cells have already been exposed to high concentrations of FAs, or 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 hypertriglyceridemia or obesity and provides a potential link
between these conditions 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
progression 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 metabolic 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 atherosclerosis 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 (Fig. 2).
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Chapter 2

Supplemental information

Supplementary Table 1| Overview of fatty acid effects on T cell metabolism. The table shows the findings per
fatty acid, listed from shortest to longest chain length and secondly from saturated fatty acid to monounsaturated
fatty acid to polyunsaturated fatty acid. Fatty acids used in more than one study are listed in alphabetical
order of the first author.
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Lauric acid Endo, et al.! Mouse Invitro 10 Did not rescue de novo fatty
acid synthesis
Myristic acid Endo, et al.! Mouse Invitro 30 Did not rescue de novo fatty
acid synthesis
Oleic acid Angela, et al.? Human/ Invitro 100 Rescues oxidative
mouse phosphorylation and glycolysis
Endo, et al.! Mouse Invitro 100  Rescues de novo fatty acid
synthesis
Linoleic acid Ma, et al.? Mouse Invitro 50 1 B-Oxidation
V Electron transport chain
Eicosapentaenoic Fan, etal. (2018)* Human  Invitro 50 A Mitochondrial respiration-
acid associated proton leakage
Docosahexaenoic Endo, et al.! Mouse Invitro 1 Did not rescue de novo fatty
acid acid synthesis
Fan, etal. (2018)* Human Invitro 50 A Mitochondrial respiration-

associated proton leakage
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Supplementary Table 2 | Overview of fatty acid effects on T cell activation. + and \ indicate the fatty acid
had a directed effect on that process. The table shows the findings per fatty acid, listed from shortest to longest
chain length and secondly from saturated fatty acid to monounsaturated fatty acid to polyunsaturated fatty

acid. Fatty acids used in more than one study are listed in alphabetical order of the first author.
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Palmitic acid Stentz and Human In vitro 50, 500 »
Kitabchis

Oleic acid Moussa, et al.® Rat Invivo 12% of diet 0
Stentz and Human Invitro 1, 50, 500 No effect
Kitabchis

Linoleic acid Stentz and Human Invitro 1, 50, 500 No effect
Kitabchis

y-Linolenic acid  Stentz and Human Invitro 1, 50, 500 No effect
Kitabchis

Arachidonic acid Stentz and Human Invitro 1, 50, 500 No effect
Kitabchis

Docosahexaenoic Kew, etal’ Human Invivo  1gcapsulesnine
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times daily
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Chapter 2

Supplementary Table 3 | Overview of fatty acid effects on T cell proliferation. © and | indicate the fatty
acid had a directed effect on that process. “Rescued” or “Did not rescue” means the fatty acid could or
could not recover that process under fatty-acid-free conditions. The table shows the findings per fatty acid,
listed from shortest to longest chain length and secondly from saturated fatty acid to monounsaturated
fatty acid to polyunsaturated fatty acid. Fatty acids used in more than one study are listed in alphabetical

order of the first author.
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Lauricacid  Angela, etal.? Mouse  Invitro 100 Did not rescue
Haghikia, et al.® Mouse Invivo 13.5% of diet P~
Myristicacid Angela, et al.? Mouse  Invitro 100 Rescued
Palmitic acid Angela, et al.? Mouse  Invitro 100 Rescued
Gorjao, et al.’ Human Invitro 50 N
Ioan-Facsinay, etal’® Human Invitro 4pg/ml N
Palmitoleic ~ Angela, et al.? Mouse  Invitro 100 Did not rescue
acid
Ioan-Facsinay, etal® Human Invitro 2.1ug/ml A
Passos, et al. Human Invitro 25,50 v
Stearicacid  Gorjao, et al.? Human Invitro 50 v
Ioan-Facsinay, etal® Human Invitro 4.2ug/ml »
Oleic acid Angela, etal.? Human/ Invitro 100 Rescued
mouse
Ioan-Facsinay, etal’® Human Invitro 17.7ug/ml 2~
Miura, et al.’? Rat Invivo 20 0
Passos, et al. Human Invitro 25,50 A
Linoleic acid Angela, et al.? Mouse  Invitro 100 Did not rescue
Ioan-Facsinay, etal’® Human Invitro 18ug/ml 4\
y-Linolenic ~ Angela, et al.? Mouse  Invitro 100 Did not rescue
acid
Ioan-Facsinay, etal® Human Invitro 0.9ug/ml T
Rossetti, et al.’3 Human Invivo 2.4goral administration N
Zurier, et al.* Human Invitro 5-25ug/ml N
Arachidic acid Angela, et al.? Mouse  Invitro 100 Rescued
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Supplementary Table 3 [continued]

Effects of fatty acids on T cell function: role in atherosclerosis
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Eicosapentae- Collison, et al.’s Rat Invivo 3% safflower oil plus 7% N
noic acid fish oil enriched with EPA/
DHA diet
Fan, et al. (2018)* Human Invitro 50 N
Gorjao, et al.® Human Invitro 25,50 N
Jolly, et al.® Mouse  Invivo 1% of diet v
Ly, etal.” Mouse  Invivo 1% of diet N
McMurray, et al.’® Mouse  Invivo 2% of diet N
Merzouk, et al.® Human Invitro 15 N
Pompos and Mouse  Invivo 15.9g per 100g total fatty N
Fritsche® acids
Thies et al.” Human Invivo 1gcapsulesninetimesdaily
Docosahexae- Collison, et al.’s Rat Invivo 3% safflower oil plus 7% N
noic acid fish oil enriched with EPA/
DHA diet
Fan, et al. (2004)* Mouse  Invivo 4gperioogfishoilplusig
per 100g DHA ethyl ester
Fan, et al. (2018)* Human Invitro 50 N
Gorjao, et al.® Human Invitro 25,50 N
Jolly, et al.1® Mouse  Invivo 1% of diet N
Ly, etal.” Mouse  Invivo 1% of diet N
McMurray, et al.’® Mouse  Invivo 2% of diet N
Merzouk, et al.® Human Invitro 15 N
Pompos and Mouse  Invivo 12g per 100g total fatty acids
Fritsche®
Thies et al.” Human Invivo 720mgcapsulesninetimes
daily
Lignoceric ~ Angela, et al.? Mouse  Invitro 100 Did not rescue
acid
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Supplementary Table 4 | Overview of fatty acid effects on T cell polarization. 1 and \ indicate the fatty
acid had a directed effect on that process. The table shows the findings per fatty acid, listed from shortest to
longest chain length and secondly from saturated fatty acid to monounsaturated fatty acid to polyunsaturated
fatty acid. Fatty acids used in more than one study are listed in alphabetical order of the first author. T, cell,
T helper cell; T, cell, regulatory T cell.
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Lauricacid Haghikia, et al.® Mouse Invivo 13.5%ofdiet T1/1T,17
Haghikia, et al.® Mouse Invitro  250-500 AT /AT a7/ v Treg
Haghikia, et al.® Human Invitro 250 N
Palmitic Haghikia, et al.? Mouse Invivo 150 mmol/l AT /AT 17
acid
Hossein zade, etal.®> Human Invitro 1mmol/l AT/ ATa7 /T2 VT
Palmitoleic Passos, et al." Human Invitro 25,50 VT 1/ VT a7/v Treg
acid
Oleicacid Hossein zade, etal.®* Human Invitro 1mmol/l AT /AT a7 /v T2/ ¥ Treg
Passos, et al." Human Invitro 25,50 Mand VT, 1/3 T17 /1 T2
% T
Vaccenic  Blewett, et al.** Rat Invivo 1.5w/w VT helper /1 T
acid
Jaudszus, et al.?s Human Invitro 100 VT 1
Arachidon- Bi, et al.? Mouse Invivo 10% of diet AT /AT 17
icacid
Bi, et al.?® Mouse Invitro 50 AT /AT 27 /v T2
Bi, et al.®® Human Invitro 100 M/ T 27 /3 T2
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Supplementary Table 4 [continued]

Study
performed Concentration
invitroor of fatty acid

Fattyacid Author Model invivo used (umol/l) EffectonT cell proliferation
Ficosapen- Bi, etal.® Mouse Invivo  10% of diet VT 1/VTa7/2T2/1 ng
taenoic
acid Bi, et al.?® Mouse Invitro 50 VT a/vTa7/2T2/n ng
Bi, et al.®® Human Invitro 100 VT /v Ta7/2T2/1 T
Merzouk, et al.® Human Invitro 15 T2
Monk, et al.? Mouse Exvivo 1% of diet ¥ T,17 / no effect ng
Switzer, et al.” Mouse Invitro  20g/kg VT 1/no effect T 2
menhaden
fish oil
Zhang, et al. (2005  Mouse Invitro  1%cornoil+ VT, 1/1T,2
4% fish oil diet
Zhang, et al. (2006)**  Mouse Invitro 1% cornoil+ VT, 1
4% fish oil diet
Docosahex- Bi, etal. Mouse Invivo  10% of diet VT 1/VTa7/2T2/1 Treg
aenoic acid
Bi, et al.?® Mouse Invitro 50 VT /T a7/ rT2/4 ng
Bi, et al.?® Human Invitro 100 VT A/ Ta7/2T2/1 T
Merzouk, et al.® Human Invitro 15 M2
Monk, et al. Mouse Exvivo 1% of diet VT,17 / no effect Treg
Switzer, et al.?® Mouse Invitro 20g/kg VT, 1/no effect T 2
menhaden
fish oil
Zhang, et al. (2005  Mouse Invitro  1%cornoil+ VT, 1/1T,2
4% fish oil diet
Zhang, et al. (2006)**  Mouse Invitro  1%cornoil+ ¢ T,1

4% fish oil diet
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Abstract

T cells are the most common immune cells in atherosclerotic plaques, and the function of T
cells can be altered by fatty acids. Here, we show that pre-exposure of CD4" T cells to oleic acid,
an abundant fatty acid linked to cardiovascular events, upregulates core metabolic pathways
and promotes differentiation into interleukin-9 (IL-9)-producing cells upon activation. RNA
sequencing of non-activated T cells reveals that oleic acid upregulates genes encoding key enzymes
responsible for cholesterol and fatty acid biosynthesis. Transcription footprint analysis links these
expression changes to the differentiation toward T,9 cells, a pro-atherogenic subset. Spectral
flow cytometry shows that pre-exposure to oleic acid results in a skew toward IL-9*-producing
T cells upon activation. Importantly, pharmacological inhibition of either cholesterol or fatty
acid biosynthesis abolishes this effect, suggesting a beneficial role for statins beyond cholesterol
lowering. Taken together, oleic acid may affect inflammatory diseases like atherosclerosis by
rewiring T cell metabolism.

Highlights

+ Non-activated T cells upregulate metabolism-related genes in response to oleic acid.
+  The expression changes link to PU.1, a key transcription factor of T helper 9 cells.

+  Upon activation, preexposure leads to a skew toward interleukin-9-producing cells.
+ Inhibition of cholesterol or fatty acid biosynthesis abolishes this effect.
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Introduction

Atherosclerosis is the primary underlying cause of cardiovascular disease and is driven by the
interactions between the immune system, lipids, and the vascular wall>2 Recent single-cell RNA
sequencing (RNA-seq) and mass cytometry studies showed that T cells make up the majority of
immune cells in atherosclerotic plaques, half of which are CD4" T cells**. This indicates that the
role of CD4* T cells in atherosclerosis is much greater than previously recognized™. Lipids and
in particular fatty acids are known to have a major influence on the function of CD4* T cells®.
While previous research evaluated the effect of fatty acids on CD4' T cell function during or after
activation® 13, interactions between fatty acids and CD4* T cells relevant for atherosclerosis can
already occur in the circulation, when the cells are in a non-activated state*. While the impact
of these interactions has not been studied, they may skew the differentiation toward pro- or
anti-inflammatory subsets®* once the CD4' T cells infiltrate atherosclerotic plaques or other
disease sites such as rheumatoid arthritis and become activated?'s.

Fatty acids affect CD4* T cells in multiple ways ranging from activation and proliferation to
differentiation?. It is thought that these effects are largely mediated by changes in metabolism.
In a non-activated state, like in the circulation, CD4" T cells rely on oxidative phosphorylation
and B-oxidation of fatty acids for energy production™*. However, upon activation, CD4" T cells
switch their metabolism to fatty acid biosynthesis and aerobic glycolysis to support cell growth
and proliferation, reminiscent of the Warburg effect'®*. Importantly, the generation of specific
T cell subset populations is associated with this metabolic reprogramming'® %, The generally
pro-inflammatory*>2 T helper 1 (T,;1) and T helper 17 (T,,17) cells, but also T helper 2 (T 2)
cells that can be both pro- and anti-inflammatory, rely on pathways of aerobic glycolysis upon
activation®?. In contrast, the generally anti-inflammatory regulatory T (T, ) cells mainly remain
reliant on oxidative phosphorylation even after activation, indicating that the metabolic state of
the cell may influence T cell effects in disease'® 22243+, Therefore, fatty acid-mediated metabolic
reprogramming of CD4* T cells may affect the initiation and progression of atherosclerosis by
skewing CD4* T cells toward a pro- or anti-inflammatory phenotype.

In this study, we characterized the effects of oleic acid on non-activated CD4" T cell function.
Oleic acid is a monounsaturated fatty acid that is of particular interest since it is one of the most
abundant fatty acids in the circulation®, is independently associated with an increased risk
of cardiovascular events®” 3, and has been reported to elicit both pro- and anti-inflammatory
effects on CD4* T cells*1»343, To do so, we performed RNA-sequencing on non-activated CD4*
T cells exposed to oleic acid at 5 different time points. Furthermore, we performed spectral
cytometry post-activation for various CD4' T cell markers. We find that oleic acid exposure leads
to a metabolic reprogramming and generates a profile that becomes skewed toward T, 2, T 17,
and, notably, T,9 CD4" T cells after activation. This skewed profile post-activation is blocked by
the addition of metabolic inhibitors during the initial oleic acid exposure.
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STAR Methods

Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CD4 MicroBeads - lyophilized ~ Miltenyi Biotec ~ Cat#130-097-048; RRID:AB_2889919

Anti-human CD3; PE; Isotype Mouse; Clone
SK7

Anti-human CD4; APC; Isotype Mouse;
Clone SK3

Anti-human CD8; FITC; Isotype Mouse;
Clone HIT8a

Anti-human CD14; PEcy7; Isotype Mouse;
Clone M5E2

Dynabeads™ Human T-Activator CD3/CD28
for T Cell Expansion and Activation

Anti-human CD38; APC/Fire™ 810; Isotype
Mouse; Clone HB-7

Anti-human CD8; Pacific Orange™; Isotype
Mouse; Clone 3B5

Anti-human CD25; BUV563; Isotype Mouse;
Clone 2A3

Anti-human CD45RA; BUV496; Isotype
Mouse; Clone 5H9

Anti-human CD45R0; BUV80s5; Isotype
Mouse; Clone UCHL1

Anti-human CD4; cFluor® YG584; Isotype
Mouse; Clone SK3

Anti-human CD3; BUV395; Isotype Mouse;
Clone UCHT1

Anti-human CD27; APC-H7; Isotype Mouse;
Clone M-T271

Anti-human CD279 (PD-1); BV750; Isotype
Mouse; Clone EH12.1

Anti-human CD127; R718; Isotype Mouse;
Clone HIL-7R-M21

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher
Scientific
BioLegend
Thermo Fisher
Scientific

BD Biosciences

BD Biosciences

BD Biosciences

Cytek Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Cat#345765; RRID:AB_2868796

Cat#345771; RRID:AB_2868799

Cat#555634; RRID:AB_395996

Cat#557742; RRID:AB_396848

Cat#11161D; RRID:AB_2916088

Cat#356643; RRID:AB_2860936

Cat#MHCD0830; RRID:AB_10372066

Cat#612918; RRID:AB_2870203

Cat#741182; RRID:AB_2870749

Cat#748367; RRID:AB_2872786

Cat#R7-20042

Cat#563546; RRID:AB_2744387

Cat#560222; RRID:AB_1645474

Cat#747446; RRID:AB_2872125

Cat#566967; RRID:AB_2869977

[continued on next page]
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Key resources table [continued]

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Anti-human CD197 (CCR7); Brilliant Violet
785™; Isotype Mouse; Clone Go43H7

Anti-human TNF; PE-Cy™7; Isotype Mouse;
Clone MAb11

Anti-human IL-17A; Pacific Blue™; Isotype
Mouse; Clone BL168

Anti-human IL-5; APC; Isotype Rat; Clone
TRFK5

Anti-human IL-4; BUV737; Isotype Rat;
Clone MP4-25D2

Anti-human IFN-y; BV650; Isotype Mouse;
Clone 4S.B3

Anti-human IL-13; BV711; Isotype Rat;
Clone JES10-5A2

Anti-human IL-9; PE; Isotype Mouse; Clone
MH9A4

Anti-human IL-10; PerCP-eFluor™ 710;
Isotype Rat; Clone JES3-9D7

Anti-human CD152; PE-Cy™s; Isotype
Mouse; Clone BNI3

Anti-human IL-21; Alexa Fluor® 647; Isotype
Mouse; Clone 3A3-N2.1

Anti-human T-bet; KIRAVIA Blue 520™;
Isotype Mouse; Clone 4B10

Anti-human FOXP3; PE/Dazzle™ 594;
Isotype Mouse; Clone 206D

Anti-human IL-22; Vio® B515; Isotype
Human; Clone REA466

Anti-human GATA3; BV421; Isotype Mouse;
Clone L50-823

CompBeads Anti-Mouse Ig, k/Negative
Control Compensation Particles Set

CompBeads Anti-Rat Ig, k/Negative Control
Compensation Particles Set

MACS® Comp Bead Kit, anti-REA

BioLegend

BD Biosciences

BioLegend

BioLegend

BD Biosciences

BD Biosciences

BD Biosciences

BioLegend

Thermo Fisher

Scientific

BD Biosciences

BD Biosciences

BioLegend

BioLegend

Miltenyi Biotec

BD Biosciences

BD Biosciences

BD Biosciences

Miltenyi Biotec

Cat#353230; RRID:AB_2561371

Cat#557647; RRID:AB_396764

Cat#512312; RRID:AB_961392

Cat#504306; RRID:AB_315329

Cat#612835; RRID:AB_2870157

Cat#563416; RRID:AB_2738193

Cat#564288; RRID:AB_2738731

Cat#507605; RRID:AB_315487

Cat#46-7108-42; RRID:AB_2573833

Cat#555854; RRID:AB_396177

Cat#560493; RRID:AB_1645421

Cat#644838; RRID:AB_2888710

Cat#320126; RRID:AB_2564024

Cat#130-108-096; RRID:AB_2652431

Cat#563349; RRID:AB_2738152

Cat#552843; RRID:AB_10051478

Cat#552844; RRID:AB_10055784

Cat#130-104-693
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Key resources table [continued]

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples
Primary Human CD4' T cells isolated from  Sanquin, N/A

buffy coats

Amsterdam, The

Netherlands

Chemicals, Peptides, and Recombinant Proteins

1% paraformaldehyde

Fetal Calf Serum

Dulbecco’s Modified Eagle’s Medium - high

glucose
Penicillin-Streptomycin

GlutaMAX™ Supplement

Recombinant Human IL-2

CryoSure-Dimethyl Sulfoxide

Oleic Acid

HPLC Grade Ethanol

Bovine Serum Albumin

TagMan™ Fast Advanced Master Mix

Atorvastatin
CP 640,186

RPMI 1640, HEPES, no glutamine

Fetal Calf Serum
Phorbol 12-myristate 13-acetate
Ionomycin

Brefeldin A

LIVE/DEAD™ Fixable Blue Dead Cell Stain

Apotheek LUMC
Bodinco BDC

Sigma-Aldrich

Lonza

Thermo Fisher
Scientific

PeproTech

WAK-Chemie
Medical GmbH

Sigma-Aldrich

Thermo Fisher
Scientific

Sigma-Aldrich

Thermo Fisher
Scientific

Sigma-Aldrich
Sanbio

Thermo Fisher
Scientific

Serana

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher
Scientific

Cat#120810-001
Cat#16941

Cat#D5796

Cat#DE17-602E

Cat#35050038

Cat#200-02

Cat#WAK-DMSO-10

Cat#01383

Cat#64-17-5

Cat#A7030

Cat#4444557

Cat#PHR1422
Cat#17691-5

Cat#42401

Cat#S-FBS-SA-015
Cat#P8139
Cat#10634
Cat#B7651

Cat#L34962

[continued on next page]
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Key resources table [continued]

REAGENT or RESOURCE SOURCE IDENTIFIER

Bovine Serum Albumin Fraction V Merck Cat#10735086001

UltraPure™ 0.5M EDTA, pH 8.0 Thermo Fisher Cat#15575020
Scientific

Brilliant Stain Buffer BD Biosciences  Cat#563794

Critical Commercial Assays

Quick-DNA/RNA Microprep Plus Kit Zymo Research  Cat#D7005

Qubit™ RNA, Broad Range (BR), Assay Kits ~ Thermo Fisher  Cat#Q10210

Agilent RNA 6000 Nano Kit

Transcriptor First Strand cDNA Synthesis
Kit

Truseq Stranded mRNA Library Prep
Ribo Zero Gold rRNA Depletion Kit

eBioscience™ Foxp3 / Transcription Factor

Scientific
Agilent

Roche

[lumina
[llumina

Thermo Fisher

Cat#5067-1511

Cat#04897030001

Cat#20020595
Cat#20037135

Cat#00-5523-00

Staining Buffer Set Scientific

Deposited Data

Count data of RNA-sequencing Gene Expression GSE231458
Omnibus
repository, GEO

Oligonucleotides

CPT1A Thermo Fisher  Cat#4331182; Assay ID Hs00912671_m1
Scientific

RPL13A Thermo Fisher Cat#4448892; Assay ID Hs03043887_gH
Scientific

SDHA Thermo Fisher ~ Cat#4453320; Assay ID Hs00188166_m1
Scientific

Software and Algorithms

RStudio RStudio, Inc. v4.2.2

BD FACSDiva™ Software BD Biosciences  v8.0.2

SpectroFlo® Software Cytek Biosciences v2.2.0.3

OMIQ Dotmatics N/A

BioRender BioRender N/A

66



Oleic acid rewires T cell metabolism, poising for T 9 differentiation

Resource availability

Materials availability
This study did not generate new unique reagents.

Data and code availability

+  RNAsequencing data generated in this study have been deposited at Gene Expression Omnibus
repository, accession, GEO, and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table.

+  This paper does not report original code.

+  Anyadditional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

Experimental model and study participant details

CD4' T cell isolation and culture conditions

To obtain non-activated CD4' T cells, peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats of anonymous blood bank donors (Sanquin, Amsterdam, The Netherlands) by
Ficoll paque (Apotheek LUMC, 97902861) gradient centrifugation. The sex of the cells could not
be determined due to the anonymity of the donors. However, RNA sequencing showed that, of 9
donors sequenced, 8 were female and 1 was male, which was accounted for during the statistical
analysis by correcting for donor effect. Next, CD4* T cells were purified from the PBMCs using
lyophilized human anti-CD4" magnetically labeled microbeads (Miltenyi Biotec, 130-097-048) scaling
the manufacturer’s instructions to 1/5 of the recommended volumes. CD4' T cell authentication
and purity was assessed on an LSR-II instrument at the Leiden University Medical Center Flow
Cytometry Core Facility (https://www.lumc.nl/research/facilities/fcf/) with the BD FACSDiva™
v8.0.2 software (BD Biosciences). Cells were stained with anti-CD3-PE (BD Biosciences, 345765;
RRID:AB_2868796), anti-CD4-APC (BD Biosciences, 345771; RRID: AB_2868799), anti-CD8-FITC
(BD Biosciences, 555634; RRID:AB_395996), and anti-CD14-PEcy7 (BD Biosciences, 557742;
RRID:AB_396848) and resuspended in 1% paraformaldehyde (Apotheek LUMC, 120810-001) to
fix the cells prior to acquisition. Purity was >98% for all donors.

Prior to oleic acid exposure,~8*107 isolated cells were cultured overnight to allow the cells to return
to a resting state after the stress of the isolation procedure. This was done in T75 flasks (Greiner
Bio-One, 658-175) at a density of ~2.5*10° cells/mL in 5% fetal calf serum (FCS) (Bodinco BDC,
16941) DMEM (Dulbecco’s Modified Eagle’s Serum (Sigma-Aldrich, D5796), 1% Pen-Strep (Lonza,
DE17-602E), 1% GlutaMAX-1 (100x) (Thermo Fisher Scientific, 35050-038)) medium supplemented
with 50 IU/mL IL-2 (PeproTech, 200-02) and incubated at 37°C under 5% CO,. To keep the cells in
anon-activated state, no additional stimulus was added. Any CD4" T cells not used directly after
the isolation were kept in DMEM supplemented with 30% FCS, 1% Pen-Strep, 1% GlutaMAX-1,
and 20% Dimethyl Sulfoxide (DMSO) (WAK-Chemie Medical GmbH, WAK-DMS0-10) medium,
and stored in liquid nitrogen.
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Next, non-activated CD4" T cells were cultured with or without oleic acid for 0.5, 3, 24, 48, or
72 hours at 37°C under 5% CO,. To this end, CD4" T cells from each donor were plated in a 24
wells plate (density of ~4*10° cells/well) in 2mL 5% FCS DMEM for each time point, one exposed
to oleic acid, one to the solvent control, and one to the negative control. Cells were cultured in
medium containing FCS to ensure cell viability during culture and to be more comparable to
physiological conditions of the circulation where other lipids are also present. Oleic acid (Sigma-
Aldrich, 01383) was dissolved in HPLC grade ethanol (Thermo Fisher Scientific, 64-17-5) to a final
concentration of 30,000pug/mL and complexed to fatty acid-free (FAF) bovine serum albumin
(BSA) (Sigma-Aldrich, A7030) in a 2% FAF BSA DMEM mixture (Dulbecco’s Modified Eagle’s
Serum, 2% FAF BSA, 1% Pen-Strep, 1% GlutaMAX-1 (100x)) to a final concentration of 150ug/mL.
Complexing oleic acid mimics physiological conditions as fatty acids are also bound to albumin
in the human circulation®. Oleic acid was further diluted to the final concentrations of 10, 20,
30, and 50pg/mL. The concentrations tested were determined based on a literature search*
+246_ For the solvent control samples, HPLC grade ethanol was diluted in 2% FAF BSA DMEM
in the same volume as to dilute oleic acid to 150ug/mL and added to the wells. For the negative
control samples, 29 FAF BSA DMEM was added directly to the wells with no additional solvent.
The amount of 2% FAF BSA DMEM added to the wells was equal for each condition to keep the
volumes equivalent. To assess the additional oleic acid stimulus to the non-activated CD4" T cells
due to FCS in the culture medium, an FCS sample was measured via the Shotgun Lipidomics
Assistant (SLA) method® to estimate the fraction of oleic acid in the sample. The sample was
prepped as previously described” but with two modifications, a starting volume of 25uL FCS
and 600uL. MTBE was added instead of 575uL during the first extraction. After exposure, the
cells were flash frozen in liquid nitrogen and stored at -80°C until further use. Cell viability was
measured via trypan blue staining (Sigma-Aldrich, T8154).

Spectral cytometry cell prep and activation

To study the effect of oleic acid pre-exposure on CD4' T cell subset development, cells from 8
out of 9 donors that were previously analyzed using RNA-seq were thawed from liquid nitrogen;
1 donor could not be studied further because too few cells were available. Cells were cultured
overnight to allow the cells to return to a resting state after the stress of the thawing, in T75 flasks
at a density of ~2.5*10° cells/mL in 5% FCS DMEM medium supplemented with 50 [U/mL IL-2 at
37°Cunder 5% CO,. To keep the cells in a non-activated state, no additional stimulus was added.
Following overnight incubation, the cells were divided into 2 conditions, oleic acid and solvent
exposed, and plated in a 24 wells plate (density of ~4*10° cells/well) in 2mL 5% FCS DMEM. The
oleic acid and solvent solution were prepared as stated previously, with one modification. To
ensure that there was no effect of the solvent on T cell differentiation, the HPLC grade EtOH
was evaporated before dissolving the oleic acid in 2% FAF BSA DMEM medium. The HPLC grade
EtOH was also evaporated before adding the 296 FAF BSA DMEM medium in the solvent exposed
condition, rendering it essentially the same as the negative control. These solutions were each
added to the respective wells, where the final concentration of the oleic acid exposed conditions
equaled 3oug/mL. The CD4" T cells were cultured for 48h at 37°C under 5% CO,.
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To ensure that the effect on CD4' T cell differentiation was due to oleic acid pre-exposure, all
medium of each condition was replaced by 5% FCS medium after 48h of exposure, before initiating
the activation. Cell viability and diameter were first measured by Viai-Cassette™ (Chemometec,
941-0012) on a NucleoCounter® NC-200™ (Chemometec, 900-0200) and found to be > 90% for each
condition. Then, 2 million cells were harvested by flash freezing in liquid nitrogen for in vitro
model confirmation by RT-qPCR. The remaining cells were plated in a round bottom 96 wells
plate (Corning Incorporated, 3799), at a density of 100,000 cells/well, and were activated for 72h
using Dynabeads™ Human T-Activator CD3/CD28 for T Cell Expansion and Activation (Thermo
Fisher Scientific, 11161D; RRID:AB_2916088) according to the manufacturer’s instructions at
37°Cunder 5% CO,. Half the cells from each exposure were activated and the other half was left
in the non-activated state. Subsequently, the cells from each pre-exposure and activation state
were pooled in Eppendorf tubes and the beads were magnetically removed from the activated
cells. Cell viability and diameter were measured by Viai-Cassette™ after 72h. Cells were then
used for T cell subset identification described in more detail below. All centrifugation steps were
performed at 1500 rpm at room temperature.

Inhibitor culture conditions and activation

To study whether the effect of oleic acid pre-exposure on CD4" T cell subset development could
be prevented by metabolic inhibitors, cells from 3 out of 8 donors that were previously analyzed
for subset development were thawed from liquid nitrogen; 5 donors could not be studied further
because too few cells were available. Cells were cultured overnight to allow the cells to return to
aresting state after the stress of the thawing, in T75 flasks at a density of ~2.5*10° cells/mL in 5%
FCS DMEM medium supplemented with 50 IU/mL IL-2 at 37°C under 5% CO,. To keep the cells
in a non-activated state, no additional stimulus was added. Following overnight incubation, the
cells were divided into 5 conditions, solvent, oleic acid, oleic acid + atorvastatin (Sigma-Aldrich,
PHR1422), oleic acid + CP-640186 (Sanbio, 17691-5), and oleic acid + atorvastatin + CP-640186 exposed,
and plated in a 24 wells plate (density of ~4*10° cells/well) in 2mL 5% FCS DMEM. The oleic acid
and solvent solution were prepared as stated previously, with HPLC grade EtOH evaporation.
These solutions were each added to the respective wells, where the final concentration of the
oleic acid exposed conditions equaled 30pg/mL. Atorvastatin and CP-640186 were added to
the respective wells at a concentration of 10uM and 20uM, respectively. The CD4" T cells were
cultured for 48h at 37°C under 5% CO,.

To ensure that the effect on CD4* T cell differentiation was due to oleic acid and inhibitor pre-
exposure, all medium of each condition was replaced by 5% FCS medium after 48h of exposure,
before initiating the activation. Cell viability and diameter were first measured by Via1- Cassette™
on a NucleoCounter® NC-200™ and found to be > 90% for each condition. Then, ~0.5-1.5 million
cells were harvested by flash freezing in liquid nitrogen for in vitro model confirmation by RT-
gPCR. The remaining cells were plated in a round bottom 96 wells plate, at a density of 100,000
cells/well, and were activated for 72h using Dynabeads™ Human T-Activator CD3/CD28 for T Cell
Expansion and Activation according to the manufacturer’s instructions at 37°C under 5% CO,.
Subsequently, the cells from each pre-exposure were pooled in Eppendorf tubes and the beads
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were magnetically removed. Cell viability and diameter were measured by Via1-Cassette™ after
72h. Cells were then used for T cell subset identification described in more detail below. All
centrifugation steps were performed at 1500 rpm at room temperature.

Method details

RNA isolation

To isolate total RNA for RNA sequencing and RT-qPCR, RNA was extracted from the cell samples
using the Zymo Quick-DNA/RNA Microprep Plus Kit (Zymo Research, D7005) according to
manufacturer’s instructions. The RNA was quantified using a Qubit® 2.0 Fluorometer (Q32866)
with the Qubit® RNA BR Assay Kit (Thermo Fisher Scientific, Q10211) according to manufacturer’s
instructions. RNA integrity (RIN) values of the samples were on average 8.40 SE 0.14 as determined
using an Agilent 2100 Bioanalyzer Instrument (G2939BA) with the Agilent RNA 6000 Nano Reagents
(5067-1511). RNA was divided into two samples and stored at -80°C, 1pg for RNA sequencing and
the rest for cDNA synthesis and RT-qPCR measurements.

Real time-quantitative PCR

To measure the expression of CPT1A in all the cell samples, cDNA was synthesized with 200ng
of the stored RNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, 04897030001)
according to the manufacturer’s instructions. Quantitative real time PCR’s for CPT1A (Thermo
Fisher Scientific, 4331182; Assay ID: Hs00912671_m1) were performed using the TagMan™ Fast
Advanced Master Mix (Thermo Fisher Scientific, 4444557) with 10ng cDNA per reaction on a
QuantStudio 6 Real-Time PCR system (Applied Biosystems). All RT-qPCR reactions were performed
in triplicate and outliers were removed if the Ct value measured differed more than 0.5% from
the mean. Relative gene expression levels (-ACt) were calculated using the average of Ct values
of RPL13A (Thermo Fisher Scientific, 4448892; Assay ID: Hs03043887_gH) and SDHA (Thermo
Fisher Scientific, 4453320; Assay ID: Hs00188166_m1) as internal controls™. The fold change was
determined using the 2%t method, using the negative control as the reference. All statistical
analyses were performed in R. Data are expressed as mean of the relative fold change and standard
error. The reported P values were determined by applying a paired two-tailed student’s T test. P
values < 0.05 were considered to be statistically significant.

RNA sequencing

RNA sequencing (RNA-seq) was performed to determine the differences in the transcriptome of
oleic acid versus solvent exposed non-activated CD4* T cells across time. 11g of total RNA from each
of the samples was sent for sequencing (Macrogen, Amsterdam, NL), each with a concentration
above 20ng/uL in 50pL solution. RNA-seq libraries were prepared from 200ng RNA using the
[lumina Truseq stranded mRNA library prep (Illumina, 20020595) after depletion of ribosomal
RNA with Ribo Zero Gold (Illumina, 20037135). Both whole-transcriptome amplification and
sequencing library preparations were performed in two 96-well plates with half the samples
each, to reduce assay-to-assay variability. Quality control steps were included to determine total
RNA quality and quantity, the optimal number of PCR preamplification cycles, and fragment size
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selection. No samples were eliminated from further downstream steps. Barcoded libraries were
pooled and equally divided across two lanes to ensure an equal distribution of all the samples
across the two lanes. Barcoded libraries were sequenced to a read depth of 30 million reads using
the Novaseq 6000 (Illumina) to generate 100 base pair paired-end reads.

Spectral cytometry

Prior to FACS analysis, cells were washed in RPMI 1640 medium (Thermo Fisher Scientific, 42401),
supplemented with 100U/mL penicillin, 100pg/mL streptomycin, 1mM pyruvate, 2mM glutamate,
and 10% FCS (Serana, S-FBS-SA-015), and adjusted to a concentration of 1x10° cells/mL. Cells were
then resuspended in 100uL RPMI + 10% FCS and stimulated for 4h with Phorbol 12-myristate
13-acetate (PMA; 100ng/mL, Sigma-Aldrich, P8139) and ionomycin (1ug/mL, Sigma-Aldrich, 10634)
at 37°C under 5% CO, to promote cytokine production™. After 2h of stimulation, 10ug/mL of the
protein transport inhibitor Brefeldin A (Sigma-Aldrich, B7651) was added.

After stimulation, the cells were washed twice in phosphate-buffered saline (PBS), stained for
viable cells with LIVE/DEAD™ Fixable Blue (Thermo Fisher Scientific, L34962) for 30min at
room temperature, then washed twice in fluorescence-activated cell sorting (FACS) buffer (PBS
supplemented with 0.5% BSA (Merck, 10735086001) and 2mM EDTA (Thermo Fisher Scientific,
15575020)). The antibody surface cocktail consisted of 11 markers, anti-CD38-APC-Fire810
(BioLegend, 356643; RRID:AB_2860936), anti-CD8-Pacific Orange (Thermo Fisher Scientific,
MHCDo0830; RRID:AB_10372066), anti-CD25-BUV563 (BD Biosciences, 612918; RRID:AB_2870203),
anti-CD45RA-BUV496 (BD Biosciences, 741182; RRID:AB_2870749), anti-CD45R0-BUV805 (BD
Biosciences, 748367; RRID:AB_2872786), anti-CD4-cFluor® YG584 (Cytek Biosciences, SKU R7-
20041), anti-CD3-BUV395 (BD Biosciences, 563546; RRID:AB_2744387), anti-CD27-APC-H7 (BD
Biosciences, 560222; RRID: AB_1645474), anti-PD1-BV750 (BD Biosciences, 747446; RRID:AB_2872125),
anti-CD127-R718 (BD Biosciences, 566967; RRID:AB_2869977), and anti-CCR7-BV785 (BioLegend,
353230; RRID:AB_2561371). For the spectral cytometry of the inhibitor experiment, the same
surface cocktail was used except for the CD8 marker. The antibody surface cocktail was prepared
in FACS buffer containing 20% Brilliant Stain Buffer Plus (BD Biosciences, 563794) was added to
the cells and incubated for 30min at room temperature. Cells were then washed twice in FACS
buffer and afterwards fixed and permeabilized with the Fixation/Permeabilization solution from
the eBioscience™ FoxP3 / Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, 0o-
5523-00) according to the manufacturer’s instructions for 3omin at 4°C. Subsequently, cells were
washed twice with the Permeabilization buffer from the eBioscience™ FoxP3 / Transcription
Factor Staining Buffer Set before being stained with the intracellular/intranuclear antibody
cocktail for 30min at 4°C. The intracellular/intranuclear antibody cocktail consisted of 14
markers, anti-TNF-PE-Cy7 (BD Biosciences, 557647; RRID:AB_396764), anti-IL-17A-Pacific Blue
(BioLegend, 512312; RRID:AB_961392), anti-IL-5-APC (BioLegend, 504306; RRID:AB_315329), anti-
IL-4-BUV737 (BD Biosciences, 612835; RRID:AB_2870157), anti-IFN-y-BV650 (BD Biosciences, 563416;
RRID:AB_2738193), anti-IL-13-BV711 (BD Biosciences, 564288; RRID:AB_2738731), anti-IL-9-PE
(BioLegend, 507605; RRID: AB_315487), anti-IL-10-PerCP-eFluor™ 710 (Thermo Fisher Scientific,
46-7108-42; RRID:AB_2573833), anti-CD152-PE-Cy5 (BD Biosciences, 555854; RRID:AB_396177),

71



Chapter 3

anti-IL-21-Alexa Fluor® 647 (BD Biosciences, 560493; RRID:AB_1645421), anti-T-bet-KIRAVIA Blue
520™ (BioLegend, 644838; RRID:AB_2888710), anti-FOXP3-PE/Dazzle™ 594 (BioLegend, 320126;
RRID:AB_2564024), anti-IL-22-Vio® B515 (Miltenyi Biotec, 130-108-096; RRID:AB_2652431), and
anti-GATA3-BV421 (BD Biosciences, 563349; RRID:AB_2738152). For the spectral cytometry of the
inhibitor experiment, the same intracellular/intranuclear antibody cocktail was used except for
the IL-5 marker. Lastly, cells were washed with eBioscience™ Permeabilization buffer followed
by another wash in FACS buffer. All centrifugation steps before fixation were performed at 300x
g at room temperature and after fixation at 800x g at 4°C. Single-stain reference controls were
either cells or UltraComp eBeads™ (CompBeads Anti-Mouse Ig, k/Negative Control Compensation
Particles Set (BD Biosciences; 552843; RRID:AB_10051478); CompBeads Anti-Rat Ig, x/Negative
Control Compensation Particles Set (BD Biosciences; 552844; RRID:AB_10055784), or MACS®
Comp Bead Kit, anti-REA (Miltenyi Biotec; 130-104-693)). Cells were used as unstained reference
control. All reference controls underwent the same protocol as the fully stained samples, including
washes, buffers used, and fixation and permeabilization steps.

For acquisition, cells were resuspended in FACS buffer and acquired on a 5L-Cytek Aurora instrument
at the Leiden University Medical Center Flow Cytometry Core Facility with the SpectroFlo®v2.2.0.3
software (Cytek Biosciences). Data was manually gated in OMIQ (Dotmatics, 2023). All statistical
analyses were performed in R. Data are expressed as mean of the relative fold change and standard
error. The reported P values were determined by applying a paired two-tailed student’s T test.
Differences with P, < 0.05 (Benjamini-Hochberg) were considered to be significant.

Quantification and statistical analysis

Statistical analyses

All statistical analyses were performed in R (v4.2.2). Statistical details per experiment can be found
in the “Method details” section of the “STAR Methods” as well as in the (supplemental) figure
and table legends. A detailed description of the methods used to analyze the RNA sequencing
data can be found below in the section “RNA Sequencing Analysis”. For the analysis of all other
experiments, the results are presented as mean + SEM values. The reported P values were
determined by applying a paired two-tailed student’s T test between control and oleic acid exposed
samples. Differences with P <0.05 (Benjamini-Hochberg) were considered to be significant.

RNA sequencing analysis

RNA-seq reads were processed using the BioWDL RNAseq pipeline (v3.0.0) developed at LUMC
(http://zenodo.org/record/3713261#.ZF98Hd]JBwsk). Quality controls were performed using
FastQC (v0.11.7) and MultiQC (v1.7). Cleaned reads were aligned to the human reference genome
GRCh38 using STAR aligner (v2.7.3a). Gene count table was generated using Htseq-count (v0.11.2)
with Ensembl gene annotation version 99. Based on Ensembl gene biotype annotation, we
included only protein coding genes for further downstream analysis (19,916 genes in total).
We used the Bioconductor package DESeq27 (v1.40.1) to test whether oleic acid had an effect on
gene expression at any time point. DESeq2 fits a generalized linear model (GLM) assuming the
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negative binomial distribution for the counts. The model expresses the logarithm of the average
of the counts in terms of one of more predictors. In this case, we compared two models: The first
“null” model has only timepoint (as a categorical variable with 5 levels) and subject identifier
as predictors. By including the subject identifier in the model, we account for the dependence
between measurements within the same subject. The second “alternative” model also includes
the interaction between phenotype (oleic acid as a numerical measurement) and timepoint.
We compare the fit of the two models with a likelihood ratio test. As part of the DESeq2 process
lowly expressed genes were automatically removed, resulting in 12,932 analyzed genes™. The
Benjamini-Hochberg procedure was used to correct for multiple testing and a false discovery
rate (FDR) < 0.05 was considered statistically significant.

Next, to identify distinct gene expression patterns in the data, unsupervised K means clustering
was performed on the differentially expressed genes using the factoextra™ package (v1.0.7).
The number of clusters, k, was chosen using the elbow, silhouette, and gap-statistic method.
Heatmaps were constructed using ComplexHeatmap’ (v2.14.0) by plotting the log2FoldChange
of the DEGs at each time point.

The identified clusters were then mapped for pathway enrichment. 10 human pathway databases
(BioPlanet 2019, WikiPathways 2019 Human, KEGG 2019 Human, Elsevier Pathway Collection,
BioCarta 2015, Reactome 2016, HumanCyc 2016, NCI-Nature 2016, Panther 2016 and MSigDB
Hallmark 2020) were queried using gene symbols, with 430 of 544 queried genes present in at least
1database. The identified clusters were then mapped for pathway enrichment using clusterProfiler™
(v4.6.2) with the background set to 12,932 expressed genes in the CD4" T cells based on DESeq2
filtering. Multiple testing using the Benjamini-Hochberg method at 5% FDR was performed over
the combined results from the 10 databases. Pathways that included highly similar gene sets were
grouped (Jaccard index > 0.7) and only the most significantly enriched pathway per group was
retained. Furthermore, using the UniProt IDs of the enriched genes, the Path-MAP function of
the PathBank database” was used to visualize the list of matching components within specific
canonical pathways. De novo motif analysis on promotors of differentially regulated genes was
performed using HOMER?.

Results

Establishing amodel to study the effect of oleic acid on non-activated CD4' T cells
Prior to studying the effect of oleic acid on non-activated CD4" T cells, we evaluated various
experimental conditions in order to establish an in vitro exposure model. Cells were cultured
in medium containing fetal calf serum (FCS) to ensure cell viability during culture, and oleic
acid was complexed to BSA to model physiological conditions of the circulation. The cellular
response to oleic acid was assessed by measuring cell viability and the expression of CPT1A. The
CPT1A gene encodes the long-chain fatty acid transporter carnitine palmitoyl transferase 1a,
a rate-limiting enzyme in the metabolic process of B-fatty acid oxidation. First, three different
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types of culturing conditions for non-activated CD4" T cells were compared: 5% FCS medium
with oleic acid bound to fatty acid-free (FAF) BSA, 5% FCS medium with oleic acid diluted in
5% FCS medium, and FAF medium with oleic acid bound to FAF BSA. However, the latter two
conditions led to either undissolved oleic acid or a low cell viability (Supp. Fig. 1a). The first
condition produced the largest CPT1A response while maintaining a high cell viability (Supp.
Fig. 1), presumably because oleic acid bound to BSA and the presence of FCS may be a better
approximation of physiological conditions. In addition, various oleic acid concentrations used in
previous studies were evaluated'®'>+*4, A concentration of 30 ug/mL was observed to result in the
highest CPT1A upregulation (9.83-fold, SE 5.60) while maintaining cell viability (84.36%, SE 0.49%;
Supp. Fig. 1). Importantly, this concentration is lower than the typical oleic acid concentration
in the human circulation (85-904 ug/mL)*. The solvent control, ethanol, did not influence the
results and was thus used as the control condition for the following analyses (Supp. Fig. 2).
Finally, we measured the oleic acid concentration in the medium due to the addition of 5% FCS.
This concentration was 0.26 pg/mL of free oleic acid and 4.39 pg/mL oleic acid as components
of larger molecules including cholesterol esters and sphingolipids.

Transcriptomic analysis of oleic acid-exposed non-activated CD4' T cells
In order to identify the molecular features that define the effect of oleic acid exposure on non-
activated CD4' T cells in vitro, we exposed nonactivated CD4' T cells to 30 ug/mL oleic acid for
0.5, 3, 24, 48, or 72 h (n = 9; Fig. 1a). First, we measured CPT1A expression and found that its
expression consistently increased over time indicating a robust response to oleic acid exposure
across donors, while CPT1A expression did not change under control conditions (Fig. 1b and
Supp. Fig. 2b). Next, we analyzed the transcriptome of non-activated CD4* T cells after oleic acid
exposure using RNA-seq. Oleic acid induced differential expression of 544 genes (P, < 0.05)
that clustered into 310 upregulated genes and 234 downregulated genes (Fig. 1c and Supp. Fig.
3, and Supp. Tables 1a and b). There was no statistical evidence for further subdivisions of the
two clusters, for example, in fast- and slow-responding genes.
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Fig. 1| Oleic acid exposure in non-activated CD4' T cells induces changes in transcriptomics. (a) Experimental
setup for RNA sequencing of oleic acid-exposed non-activated CD4* T cells, n =9. (b) Line plot showing the
relative expression of CPT1A per donor across time as a confirmation of the in vitro model by RT-qPCR. Values
are colored by donor across time. On average CPT1A was upregulated 1.03 SE 0.10-fold at 0.5 h, 5.73 SE 0.40-
fold at 3h, 8.08 SE 0.53-fold at 24 h, 8.39 SE 0.62-fold at 48 h, and 11.09 SE 1.16-fold at 72 h as compared to the
solvent control, n = 9. (c) Differentially expressed genes (DEGs) in oleic acid-exposed non-activated CD4" T
cells across time as compared to the solvent control. Heatmap obtained from the DESeq2 analysis resulting
in 544 DEGs (P, , < 0.05). DEGs were plotted across time to show the genes expression as log2FoldChange at
each time point. Unsupervised K-means clustering indicated 2 clusters. Cluster 1 contains 310 of the DEGs,
which are generally upregulated and are represented in red, and cluster 2 contains 234 of the DEGs, which
are generally downregulated and are represented in blue. Genes of interest are labeled, n =9.
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We first examined the functions of the 310 genes that were upregulated in non-activated CD4' T
cells by oleic acid exposure. We inspected the top differentially expressed genes (Supp. Fig. 3a and
Supp. Table 1a). The top differentially expressed gene was CPT1A highlighting the involvement
of B-fatty acid oxidation. In addition, we found an increased expression of HMGCR (3-hydroxy-3-
methyl-glutaryl-coenzyme A [CoA] reductase), encoding the rate-limiting enzyme for cholesterol
biosynthesis, and ACACA (acetyl-coenzyme A carboxylase 1), encoding the rate-limiting enzyme
of fatty acid biosynthesis. Furthermore, transcripts of several aerobic glycolysis-related genes,
such as TKT and PGD, were upregulated (Supp. Fig. 3a and Supp. Table 1a). A formal analysis of
enriched biological processes among all 310 upregulated genes confirmed the involvement of
metabolism. In particular, cholesterol biosynthesis (P, <0.001), homeostasis (P, <0.001), and
signaling of mTORC1 (P, < 0.001), a key complex of mechanistic target of rapamycin (mTOR)
which aids in the switch toward aerobic glycolysis and fatty acid biosynthesis, were enriched
(Fig. 2a). Mapping the upregulated genes to canonical metabolic pathways further supported a
specific metabolic rewiring of oleic acid-exposed non-activated CD4* T cells (Fig. 2b). First, oleic
acid can first be catabolized through beta oxidation to produce acetyl-CoA, which can then be
used as a starting point for cholesterol and fatty acid biosynthesis. In addition to CPT1A, we found
4 out of 15 enzymes in b-fatty acid oxidation (including SLC25420, ACADVL, and ACAA2) and 2
out of 15 enzymes in the aerobic glycolysis pathway to be upregulated (TKT and PGD; Fig. 2b,
Supp. Fig. 4 and 5). Remarkably, on top of HMGCR, 15 out of 20 enzymes involved in cholesterol
biosynthesis were upregulated in our gene set, including several key rate-limiting genes (such
as HMGCS1, SQLE, MVD, and MVK). More specifically, 9/11 components of the mevalonate, 6/9
of the Bloch, and 6/9 of the Kandutsch-Russell pathway, together responsible for cholesterol
biosynthesis, were upregulated (Fig. 2b and Supp. Fig. 6). The upregulated gene set also included
ACACA and FASN that encode the two enzymes that together are responsible for the 37 reactions
making up fatty acid biosynthesis (Fig. 2b and Supp. Fig. 7). Of note, the genes ACACA and FASN
have been implicated in the differentiation toward T, 17 cells, a highly pro-inflammatory subset
of CD4' T cells*. Furthermore, aerobic glycolysis and cholesterol and fatty acid biosynthesis
are the hallmark metabolic processes of activated T cells and suggest that non-activated CD4* T
cells undergo a metabolic reprogramming upon oleic acid exposure that may poise the cells for
a different response to activation.

We then examined the functions of the 234 genes that were downregulated in non-activated
CD4' T cells by oleic acid exposure. We first inspected the top differentially expressed genes
(Supp. Fig. 3b and Supp. Table 1b). Among the top downregulated genes, decreased expression of
CXCR6 and CCR5, important chemokine receptors in the T cell immune response, was measured.
Moreover, expression of TPM4, encoding actin-binding proteins involved in the cytoskeleton, and
DMTN, encoding an actin-binding and bundling protein that stabilizes the actin cytoskeleton,
was also downregulated. A formal analysis of the enriched biological processes among all
234 downregulated genes revealed a wide variety of different pathways. In line with the genes
observed among the top downregulated genes, this included processes involved in immune
response (CCR2, CCR8, HLA-DRA, SLC2A1) (P, < 0.001) and actin cytoskeleton organization
(ACTB, RAC2, ARPC2, IQGAPI) (P, . < 0.001) (Fig. 2c). In addition, processes involved in chemotaxis

FDR
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(P, < 0.001), chemokine and cytokine signaling (P, . <0.001), and Rho GTPase regulation (P,
< 0.001) were also downregulated (Fig. 2c). Overall, these data point to a broad yet aspecific
downregulation of genes in oleic acid-exposed non-activated CD4" T cells, perhaps to cope with
the influx of the fatty acid.

Next, we investigated whether specific transcription factors may underlie the differential expression
observed by testing the enrichment of transcription factor binding motifs in upregulated vs.
downregulated genes. The top motifs enriched among upregulated genes included key transcription
factors PU.1, EGR1, BHLHE40, and SREBP1 (Fig. 2d). Notably, PU.1 is the key transcription
factor for the development of T, 9 cells. BHLHE40 has been linked to T,;17 development and
pathogenicity in autoimmune encephalomyelitis suggesting an additional possible preference
toward T, 17 differentiation post-activation*®#. Furthermore, EGR1 and SREBP1 are involved in
either the activation of Thet or fatty acid and cholesterol biosynthesis, respectively 5. These
data further support the notion that oleic acid-exposed non-activated CD4' T cells may be poised
to differentiate toward T,,9 and T,;17 T cell subsets after activation.

a Cholesterol biosynthesis -
SREBF1, HMGCR, SREBF2, HMGCS1, DHCR24, MSMO1, DHCR?, SQLE, IDI1, MVD, FDFT1, LSS, MVK, SC5D.
CYP51A1, HSD17B7, FDPS
Lipid and lipoprotein metabolism

CPT1A, SLC25A20, ACADVL, PLIN2, SREBF1, LPCAT3, HMGCR, PGS1, ACACA, LPCAT1, STARD4, SREBF2, LDLR,
HMGCS1, DHCR24, MSMO1, DHCR?, SQLE, ABCA1, IDI1, MVD, FASN, SPTLC2, FDFT1, LSS, ESRRA, HEXA, ABCG1
ACSL3, MVK, SC5D, KDSR, SLC25A1, MBOAT7, NEU1, CYP51A1, NR1D1, CERS4, FADS2, HSD1787, IDH1, UGCG
FADS1, FDPS, VAC14, ASAH1, PI4K2A, CD36

Cholesterol Homeostasis
HMGCR, SCD, STARD4, ECH1, SREBF2, LDLR, HMGCS1, DHCR?, SQLE, IDI1, MVD, FASN, FDFT1, LSS,
MUVK, SC5D, CYP51A1, FADS2, HSD17B7, FDPS, TMEM97, ACAT2

Activation of gene expression by SREBF (SREBP) -
SREBF1, HMGCR, SCD, ACACA, SREBF2, HMGCS1, DHCR7, SQLE, IDI1, MVD, FASN, FDFT1, LSS, MVK,
SC5D, CYP51A1, FDPS

mTORC1 Signaling A
HMGCR, SCD, ACACA, STARD4, INSIG1, LDLR, HMGCS1, DHCR24, DHCRY, SQLE, IDI1, CXCR4, ACSL3, DDIT4
SC5D, DDIT3, IFRD1, M6PR, CYP51A1, SQSTM1, CCNG1, FADS2, MCM2, IDH1, TFRC, FADS1, TMEM97, NAMPT

cholesterol biosynthesis | 4
DHCR24, MSMO1, DHCR?, SQLE, FDFT1, LSS, SC5D, CYP51A1, HSD1787

Metabolism

CPT1A, ACADVL, ACAA2, ETFDH, PDK4, LPCAT3, HMGCR, PGS1, ACACA, LPCAT1, LDLR, HMGCS1, DHCR24
MSMO?1, DHCR?, SQLE, ABCA1, IDI1, MVD, FASN, SPTLC2, FDFT1, LSS, ESRRA, HEXA, ABCG1, ACSL3, DHRS3, ]

MVK, SC5D, PDP2, PFKFB2, MMAB, KDSR, ETFA, GNPDA1, MBOAT7, NEU1, CD38, CYP51A1, NR1D1, CERS4,

B4GALTS, PGD, FADS2, HSD1787, TKTL1, IDH1, TKT, NANP, UGCG, FADS1, PANK3, FDPS, GNS, HYI, ABCB1

ETFB, ASAH1, CAT, PI4K2A, ISYNA1, ALDH3A2, ACAT2, CD36, GALNT11, NAMPT

Cholesterol biosynthesis

HMGCR, HMGCS1, SQLE, MVD, FDFT1, LSS, MVK, FDPS
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Cc

Antigen processing and presentation -
HSPAS, PDIA3, HLA-DRA, HSPA1L, HLA-DRB1, CD74, HSPAS, HSP90AAT, HLA-DQA1, PSME3, CALR, CD4, CIITA

Regulation of actin dynamics for phagocytic cup formation 4
ACTR3, CDC42, ACTB, ACTR2, ARPC2, CFL1, ACTG1, HSPI0AAT, NCKAP1L, MYH9, MAPK1, GRB2

Regulation of actin cytoskeleton
C€DC42, ACTB, RAC2, ARPC2, IQGAP1, DIAPH1, CFL1, ACTG1, ARHGEF1, MSN, ITGB7, NCKAPIL
ARHGEF6, PPP1CA, MYH9, MAPK1, FGD3, PFN1

Cytoskeletal regulation by Rho GTPase -
CDC42, ACTB, RAC2, ARPC2, DIAPH1, CFL1, ACTG1, ARHGEF1, MYH9, PFN1

Neutrophil Chemotaxis 4
CDC42, CCR5, RAC2, CCR2, CXCRS, IQGAP1, CFL1, SHC1, MAPK1, GRB2

Immune System

YWHAB, ACTR3, CDC42, PRKACB, ACTB, HSPA5, ACTR2, PRKAR1A, PDIA3, CCR2, HLA-DRA, SEC24C, HLA-DRBY,
ADCY7, CD74, ARPC2, UBE2N, PTPNG, IQGAP1, SEC61G, GBP1, MYLIP, UBA7, CD96, CFL1, ANAPCS, ACTG1
SHC1, YWHAZ, ITGBY, IFITM1, HSPI0AA1, NCKAP1L, HLA-DQAT, PTPRA, IKBKE, PSME3, MYH, CALR, MAPK1
ATP6VOE?2, CD4, PRKAR2A, LCP2, CIITA, SEC61B, CALM1, XRCC6, GRB2, HCST, TRIM21, IL16, AGER, RBX1, UBB

NFAT involvement in hypertrophy of the heart T
ATP2A3, PRKACB, PRKAR1A, SHC1, CALR, MAPK1, PRKAR2A, CALM1, GRB2, ATP2A2

Inflammation mediated by chemokine and cytokine signaling pathway
CXCRS, CDC42, PRKACB, CCRS5, ACTB, CCR2, CXCR3, ARPC2, ACTG1, SHC1, ITGB7, CCR8, MYH9, MAPK1, GNG2 |
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Fig. 2| Up- and downregulated pathways and transcription factors in oleic acid-exposed non-activated
CD4' T cells. (a) Pathway enrichment analysis of cluster 1 DEGs generated using clusterProfiler using 10 human
pathway databases. Top 8 enrichments are shown. (b) Illustration of canonical pathway map of oleic acid
metabolism by non-activated CD4" T cells exposed to oleic acid. Blue boxes indicate metabolic pathways with
the number of genes present in that particular pathway from cluster 1 of the RNA sequencing. Cholesterol
biosynthesis can be divided into 3 separate pathways indicated by the surrounding gray rectangle. (c) Pathway
enrichment analysis of cluster 2 DEGs generated using clusterProfiler using 10 human pathway databases.
Top 8 enrichments are shown. (d) De novo motif analysis on promoters of up- versus down-regulated genes.
Enrichment of transcription factor binding motifs was performed using HOMER. 6 motifs are shown with
supplementing information on p value, percentage of genes in upregulated gene set and percentage of genes
in downregulated gene set, transcription factor name, -log(p value), and percentage in sequence.

Oleic acid induced CD4' T cell phenotypes after activation

To determine the functional impact of the transcriptomic changes identified, we characterized
the phenotypes of CD4* T cells that were pre-exposed to oleic acid or control conditions and
subsequently activated in the absence of oleic acid. To this end, non-activated CD4" T cells of 8
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out of 9 donors, for whom sufficient cells were available, were again exposed to 30 pg/mL oleic
acid (Fig. 3a). The effect of exposure was confirmed by an upregulation of CPT1A (Supp. Fig. 8a);
cell viability was high (>90%), and there was no difference in diameter between cells exposed
to oleic acid and control (Supp. Fig. 8b-e).

First, we examined phenotypes after oleic acid exposure without activation (Supp. Fig. 9 and
Supp. Table 1c). We observed decreased frequencies of CD127°*CD25"FoxP3* and CD27' CD4*
T cells in response to oleic acid pre-exposure (P, < 0.05; Fig. 3b). In non-activated cells, the
CD127°"CD25"FoxP3* population is representative of T cells, and thus the decreased frequencies
in the non-activated cells are in line with the lower FOXP3 expression observed in the RNA-seq
analysis. Increased frequencies of interleukin (IL)-5 cells were also observed (P, < 0.05; Fig.
3¢) These data suggest that the oleic acid-induced changes in gene expression are reflected in
consistent functional characteristics of the CD4" T cells without activation.

Activation of the CD4" T cells led to an increased cell size irrespective of pre-exposure to oleic
acid (Fig. 3d). In contrast, the expression of surface and intracellular markers was influenced by
exposure to oleic acid prior to activation (Supp. Fig. 10 and Supp. Table 1d). Pre-exposure to oleic
acid resulted in a higher proportion of IL-9* cells (P, , < 0.01) as compared to the control (Fig. 3e).
Additional analysis showed that IL-9 was not co-expressed with other T 2-associated cytokines
(Supp. Table 1e). This aligns with our finding that a large percentage of upregulated genes mapped
to a PU.1 motif (Fig. 2d), the key transcription factor controlling T, 9 differentiation. Furthermore,
increased frequencies of IL-17A" cells were observed after pre-exposure to oleic acid as compared
with control conditions (P, <0.05). As IL-17A is mainly produced by T, 17 cells, it was hypothesized
that other T ;17-associated cytokines, such as IL-21, may also have been upregulated. Indeed,
IL-21* cells were increased in frequency (p < 0.05), but this effect was no longer significant after
correction for multiple testing (P, . <0.08). This aligns with our finding that a large percentage
of upregulated genes mapped to the BHLHE40 motif (Fig. 2d) involved in T 17 differentiation*®
%, Activated CD4" T cells showed increased frequencies of CD127°"CD25"FoxP3* and GATA3*
and decreased frequencies of CD27" and CD38" cells in response to oleic acid pre-exposure (P,
< 0.05; Fig. 3f). However, FoxP3 can be expressed on activated conventional T cells without a
suppressor functions; therefore, we are unable to differentiate whether the increased proportion
of CD127°"CD25"FoxP3* cells post-activation is due to increased differentiation toward Treg oran
artifact of T cell activation. GATA3 is the key transcription factor involved in T, 2 differentiation,
FDR <0.05;
Fig. 3e). Finally, we observed that the effect of oleic acid on differentiation is not secondary to a
differential proliferative capacity (p > 0.92; Supp. Fig. 11). Together, these data indicate that the
metabolic changes in non-activated CD4" cells upon oleic acid exposure skew the cells toward
producing more cytokines characteristic of T 9, T,,17, and T ;2 subsets upon activation.

and, as such, frequencies of T, 2-related cytokines IL-5' and IL-13" were increased (P

In order to reinforce our findings, we repeated the spectral cytometry analysis with 8 independent
donors. The effect of oleic acid exposure was confirmed by an upregulation of CPT1A (Supp.
Fig. 12a). Cell viability was high (>78%), and there was no difference in diameter between cells
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exposed to oleic acid and control (Supp. Fig. 12b-e). Without activation, the phenotypes of oleic
acid-exposed CD4' T cells showed increased frequencies of both IL-17A* (P, . < 0.05) and TNFa*
cells (P, <0.05; Supp. Fig. 13a, b, and 14; Supp. Table 1f). After activation, the phenotypes of
oleic acid-exposed CD4" T cells showed an increased frequency of IL-9* (P, . < 0.05) and GATA3*
(P, < 0.05) cells as well as decreased frequencies of CD38" cells (P, < 0.05; Supp. Fig. 13c, d,
and 15, and Supp. Table 1g). These findings in non-activated and activated cells confirm results
of our experiment and substantiate that oleic acid exposure in non-activated CD4* cells poised

the cells toward producing more cytokines representative of T, 9 cells post-activation.
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Fig. 3| Oleic acid pre-exposure leads to changes in expression of extracellular markers, transcription
factors, and intracellular cytokines. (*) P, - <0.05, n=8. (a) Experimental setup for spectral cytometry
measurements of oleic acid-exposed non-activated CD4' T cells for 48 h with and without activation for 72 h
post-exposure. (b) Radar plot of various CD4' T cell external markers and transcription factors expressed in
CD4" T cells after 48 h of oleic acid exposure or control followed by 72 h of rest and 4 h stimulus with PMA/
ionomycin. Values are expressed as fold change and standard error relative to control. (¢) Radar plot of
various CD4' T cell internal cytokines expressed in CD4" T cells after 48 h of oleic acid exposure or control
followed by 72 h of rest and 4 h stimulus with PMA/ionomycin. Values are expressed as fold change and
standard error relative to control. (d) Forward and side scatter of activated vs. non-activated and control vs.
oleic acid pre-exposed CD4' T cells. Large differences in cell shape between the non-activated and activated
state were observed, but little difference in cell shape between pre-exposure to control or oleic acid was
found. Non-activated control exposed cells are on the far left, non-activated oleic acid-exposed cells are
on the center left, activated control-exposed cells are on the center right, and activated oleic acid-exposed
cells are on the far right. () Radar plot of various CD4" T cell internal cytokines expressed in CD4* T cells
after 48 h of oleic acid exposure or control followed by 72 h of activation with CD3/CD28 activation beads
and 4 h additional stimulus with PMA/ionomycin. Values are expressed as fold change and standard error
relative to control. (f) Radar plot of various CD4 T cell external markers and transcription factors expressed
in CD4" T cells after 48 h of oleic acid exposure or control followed by 72 h of activation with CD3/CD28
activation beads and 4 h additional stimulus with PMA/ionomycin. Values are expressed as fold change
and standard error relative to control.

Oleic acid induced CD4' T cell phenotypes blocked by metabolic inhibitors
We next determined whether induction of this profile, reminiscent of an increase differentiation
toward T,9, T, 17, and T,,2 subsets, was dependent on an upregulation of cholesterol and fatty acid
biosynthesis in line with our RNA-seq data. We inhibited cholesterol synthesis with atorvastatin,
targeting 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase (HMGCR), and fatty acid synthesis
with CP-640186, targeting both ACC1 and ACC2 (ACACA and ACACB). To this end, non-activated
CD4' T cells of 3 out of 8 donors, for whom sufficient cells were available, were again exposed to
control conditions, oleic acid only, oleic acid +10 uM atorvastatin, oleic acid +20 uM CP-640186,
or oleic acid and both atorvastatin and CP-640186 for 48 h. The effect of oleic acid exposure
was confirmed by an upregulation of CPT14 (Supp. Fig. 16a). Cell viability was high (>88%), and
there was no difference in diameter between cells exposed to control, oleic acid, or oleic acid +
inhibitors (Supp. Fig. 16b-e).

81



Chapter 3

‘ 30 pg/mL Oleic Acid ‘
Activate with
ivate wi Extracellular and
Activate with
e CDACD8 bonds PMAA onomycin and intracellular staining
30 pg/mL Oleic Acid + | °® °® 0

) 10 M Atorvastatin ° o % 2o
Non-activated ¢ Cultured for 48h Wash away the L .° ° ." 0%
CD4" T cells @ Y ultur d exposure ° Spectral cytometry

3 donors \ \ / — \ ( — \ / . with a
Culture for 720 Culture for 4h 5 laser Aurora

(30 pg/mL Oleic Acid +
20 uM CP-640186

get

30 ugimL Oleic Acid +
10 M Atorvastatin +
20 uM CP-640186

1.50 -

1.25+

1.00+

0.75+

0.50 4

0.25+

0.00 -+

1.50 -

N}
a
1

1.00+

0.75+

0.50 4

Relative Expression

0.25+

0.00+

1.50 -

1.25+

1.00+
0.75+
0.50 4
0.25+
0.00+ ! !

v v v
Control Oleic Acid  Oleic Acid +  Oleic Acid + Oleic Acid +
Atorvastatin  CP-640186  Atorvastatin +
CP-640186

Fig. 4| Metabolic inhibitors prevent oleic acid pre-exposure-induced changes in expression of IL-9, IL-
17A, and IL13. (*) p <0.05, n = 3. (a) Experimental setup for spectral cytometry measurements of oleic acid
+inhibitor exposed non-activated CD4' T cells for 48 h with activation for 72 h postexposure. (b) Bar plot
of IL-9, IL-17A, and IL-13 expression in CD4* T cell after 48 h of control, oleic acid, oleic acid + atorvastatin,
oleic acid + CP-640186, or oleic acid + atorvastatin + CP-640186 exposure followed by 72 h of activation with
CD3/CD28 activation beads and 4 h additional stimulus with PMA/ionomycin. Values are expressed as fold
change and standard error relative to control.
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Subsequently, both oleic acid and the inhibitors were washed away and the pre-exposed CD4*
T cells were activated. We evaluated the expression of one key marker for each subset: IL-9 for
T,9, IL-17A for T ;17, and IL-13 for T, 2 cells (Fig. 4a and Supp. Fig. 17). Remarkably, the ability of
oleic acid to increase frequencies of IL-9* cells was inhibited by both atorvastatin and CP-640186
(Fig. 4b and Supp. Table 1h). Although similar trends were observed for frequencies of IL-17A*
and IL-13" cells, these effects were not statistically significant (Fig. 4b). These data indicate that
oleic acid promotes the differentiation to in particular IL-9*-producing T cells via upregulation
of cholesterol and fatty acid biosynthesis.

Discussion

T cells are known to respond to fatty acids?. Using an in vitro model, we show that sub-physiological
concentrations of oleic acid can already influence CD4' T cells when in a non-activated state by
upregulating the expression of genes that encode enzymes involved in core metabolic pathways
responsible for cholesterol biosynthesis, fatty acid biosynthesis, and aerobic glycolysis. These
metabolic processes are hallmarks of activated T cells®. Indeed, upon activation, CD4* T cells
pre-exposed to oleic acid are characterized by increased production of cytokines, including IL-9,
IL-17A, IL-5, and IL-13, indicative of a preferential differentiation toward the pro-inflammatory
T helper subsets T, 9 as well as T;17 and T2, which can have both pro- and anti-inflammatory
effects. Interestingly, this effect is abolished in particular for IL-9*-producing cells by blocking
the cholesterol or the fatty acid biosynthesis pathways during the initial exposure to oleic acid.
Our findings imply that increased fatty acid levels in the circulation can rewire the metabolism
of non-activated T cells and poise them to particularly differentiate toward T, 9 cells, for example,
when the cells infiltrate diseased tissues, including atherosclerotic plaques, and become activated.

Our results showed that cholesterol biosynthesis was the primary transcriptionally upregulated
pathway in oleic acid-exposed non-activated CD4" T cells (15 out of 20 genes). This upregulation
is of particular interest because of this pathway’s role in producing the necessary metabolites
required for T cell activation®*. Cholesterol biosynthesis is upregulated in activated T cells to
support membrane production, cell signaling through the formation of lipid rafts, and prenylation
of signaling proteins®. Additionally, intracellular cholesterol sensing has also been found to
playarole in T cell differentiation, particularly toward pro-inflammatory subsets. For example,
sterols were found to bind the T, 17 transcription factor RORyt and could promote its activity®.
Thus, the upregulation of gene expression in the cholesterol biosynthesis pathway due to oleic
acid exposure may be indicative of a metabolic reprogramming of the non-activated CD4' T
cells toward an activated state and may lead to the differentiation toward pro-inflammatory
subsets post-activation.

Additionally, expression of the two genes comprising the de novo fatty acid biosynthesis pathway
was upregulated (ACACA and FASN). Together, cholesterol and fatty acid biosynthesis comprise

part of the process known as lipogenesis, the synthesis of novel lipids in a cell. Lipogenesis is
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induced by the activation of the transcription factor SREBP1, which was associated with the
upregulated transcripts in our RNA-seq data. Enrichment analysis of our transcripts also revealed
upregulated genes in mTORC1 signaling, which is known to induce the activation of SREBP1%.
Although this effect is usually insulin dependent, obesity and overfeeding have been shown to
hyperactivate mTORC1%. Thus, it is possible that oleic acid alone could induce the activation of
mTORC1, which in turn activates SREBP1, leading to lipogenesis and expression of cholesterol
and fatty acid biosynthesis-related genes.

Fatty acid biosynthesis has also been related to the development of T, 17 cells™ ., Specifically,
the mRNA expression of genes ACACA, encoding for acetyl-CoA carboxylase 1 (ACC1), and FASN,
encoding fatty acid synthase, was increased in our dataset. These genes are key determinants in the
development of the pro-inflammatory subset T, 17 cells over the anti-inflammatory subset T, cells®
33469, Correspondingly, FOXP3, the key transcription factor of T, _ cells, was downregulated in
oleic acid-exposed non-activated CD4* T cells. Upregulated transcripts were found to be associated
with the transcription factor PU.1. PU.1is the key transcription factor in the development of T,,9
cells. This subset is a highly pro-inflammatory subset related to T,2 cells®. This further supports
the idea that oleic acid exposure leads to a cellular metabolic reprogramming that could promote
the development of pro-inflammatory T cell subsets, specifically T 9, and possibly also T, 17
and T ;2 cells. These results indicate that oleic acid-exposed non-activated CD4" T cells were
upregulating genes involved in metabolism to initiate/prepare for the selective differentiation
into T,9/T,17/T 2 cells post-activation. Moreover, the metabolic processes being enhanced due
to oleic acid exposure hint that the cells may preferentially differentiate toward T 9, T 17, and
T 2 cells upon activation.

Importantly, we provide evidence that the oleic acid-induced metabolic rewiring underpins the
observed enhanced T, 9, T,;17, and T, 2 differentiation as exposing non-activated CD4" T cells to oleic
acid in combination with cholesterol or fatty acid synthesis inhibitors decreased the frequencies
of IL-9*, IL-17A%, and IL-13* cells. While the role of T,;17 and T, 2 cells in atherosclerosis has not
been resolved, these cell types have been identified as pro-inflammatory in other diseases such
as autoimmune encephalomyelitis and allergy, respectively®> . In contrast, T, 9 cells have been
implicated in atherosclerosis pathogenesis®®®. Additionally, statins have been hypothesized
to have protective effects independent of cholesterol reduction®; our study hints that effect of
statins on T cell responses could contribute to this protective role.

Immune-lipid interactions occur in the circulation, which is a complex environment comprising
many factors that can affect T cell function prior to their recruitment to disease site like the
atherosclerotic plaque®. Fatty acids are a significant component of this environment and have
been found to exert their effect not only on atherosclerosis but also on T cell function® Our model
was designed to determine the effect of oleic acid exposure on non-activated CD4' T cells. Here,
we focus solely on the interaction between oleic acid and CD4' T cells and thus make no claim
to what effects this fatty acid might have in relation to atherosclerotic cardiovascular disease
as a component of more complex lipids, like olive oil. Our study only focuses on oleic acid as
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it was shown to have both pro- and anti-inflammatory effects on T cells in previous studies**>
343, Circulating levels of oleic acid have been found to be related to pro-atherogenic effects®
3 and oleic acid is one of the most abundant fatty acids in the human circulation?. However,
this does not preclude any effects in vivo or of other types of fatty acids on non-activated T cells.

Taken together, our results suggest that oleic acid can rewire the metabolism of non-activated
CD4' T cells, as they exist in the circulation. This metabolic rewiring induces a preferential
differentiation in particular toward T 9 cell types following activation. Since T, 9 cell have
proatherogenic effects®*** and we show that the oleic acid-induced differentiation into T 9 cells
can be inhibited by statins, our study indicates a new route by which fatty acids can contribute
to atherosclerosis through modifiable effects on the immune system.

Limitations of the study

Although our experiments show that non-activated CD4" T cells exposed to oleic acid undergo
distinct changes in the expression of genes encoding key enzymes constituting core metabolic
pathways, and that subsequent activation of pre-exposed cells results in a differentiation that
is skewed toward IL-9*- producing T cells, our study used an in vitro model to establish these
relationships and lacked an in-depth functional and mechanistic characterization of the metabolic
changes involved. First, studies in vivo will be required to determine the relevance of our findings
to the etiology of inflammatory diseases including atherosclerosis. Second, additional functional
support for the occurrence of metabolic rewiring by oleic acid as implied by our results will be
important. However, it will be challenging to assay functional effects. The T cells exposed to
oleic acid were in a non-activated state and hence are unlikely to display functional differences
in cell metabolism. Metabolic pathways are involved in the differentiation of CD4' T cells into
specific subsets, and functional metabolic differences in T cells generally emerge only post-
activation. Cell-subtype-specific and single-cell approaches can be informative to overcome
the limitations of the bulk sequencing and spectrometry experiments as we performed in this
study®, including flow cytometry-based methods to functionally profile energy metabolism?,
mass spectrometry, and proteomics. Nevertheless, pharmacological inhibition of fatty acid and
cholesterol metabolism in non-activated T cells abolished the oleic acid-induced skew toward
IL-9*-producing T cells upon activation, supporting our overall interpretation that metabolism
is mechanistically involved in the effects we observed.
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Supplemental Fig. 1| Determination of culture medium type and concentration of oleic acid to use in
the in vitro model by viability and CPT1A expression. Three different medium types were tested. First,
cells cultured in and oleic acid dissolved in FAF BSA only. Second, cells cultured in and oleic acid dissolved
in 5% FCS only. Third, cells cultured in 5% FCS and oleic acid dissolved in FAF BSA. Non-activated CD4' T
cells were exposed to 10, 20, 30, or 50pg/mL oleic acid for 48 h. Conditions are labelled by color. The greatest
upregulation while maintaining cell viability occurred at 3opg/mL oleic acid in the 5% FCS / 2% FAF BSA
medium combination, n = 2. (a) Bar plot showing the average cell viability and standard error in percent,
as determined by trypan blue staining, for 2 donors for each medium and concentration tested after 48 h
exposure. For FAF BSA medium only, the average viability was 80.79 SE 4.93% at negative control, 82.00

90



Oleic acid rewires T cell metabolism, poising for T 9 differentiation

SE 4.22% at solvent control, 81.64 SE 4.37% at 10pg/mL, 76.07 SE 6.07% at 20pg/mL, 73.84 SE 5.66% at 30ug/
mL, and 62.45 SE 1.84% at 50ug/mL. For 5% FCS medium only, the average viability was 80.49 SE 2.44% at
negative control, 87.82 SE 0.06% at solvent control, 81.14 SE 2.19% at 10ug/mL, 81.35 SE 0.79% at 20pg/mL,
80.83 SE 2.04% at 30ug/mL, and 55.36 SE 1.79% at 50ug/mL. For the combination of 5% FCS and FAF BSA,
the average cell viability was 80.84 SE 9.41% at negative control, 82.20 SE 9.23% at solvent control, 81.82 SE
43.68% at 10ug/mL, 83.54 SE 0.68% at 20ug/mL, 84.36 SE 0.49% at 30pg/mL, and 70.90 SE 0.90% at 50ug/mL.
The solvent control had no effect on CD4* T cell viability as expected. Oleic acid had no effect on CD4" T cell
viability until sopg/mL. (b) Line plot showing the relative expression of CPT14, as determined by RT-qPCR,
per donor for each medium and concentration tested after 48 h exposure. Data is shown relative to the
negative control condition. As expected, the solvent was not found to have any effect on CPT1A expression,
in any of the medium types tested (3.81 fold for FAF BSA only, 1.02 SE 0.11 fold for 5% FCS only, and 0.76 SE
0.23 fold for the combination of 5% FCS and FAF BSA). No RNA was extracted from the second donor in the
solvent control condition making the mean only the mean of the first donor and therefore also no SE could
be calculated. For FAF BSA medium only, on average, oleic acid exposure caused CPT1A to be upregulated
1.80 SE 0.57 fold at 10pug/mL, 2.92 SE 0.69 fold at 20ug/mL, and 2.52 SE 0.74 fold at 30pg/mL, and 3.53 SE 0.32
fold at 50ug/mL. CPT1A expression increased inconsistently, most likely due to insufficient nutrients (often
supplied by FCS) for the cells to survive and behave as they normally would. For 5% FCS medium only, on
average, oleic acid exposure caused CPT1A to be upregulated 3.42 SE 0.29 fold at 10ug/mL, 4.01 SE 1.19 fold at
20ug/mL, and 5.92 SE 0.04 fold at 30ug/mL. Oleic acid exposure increased the expression of CPT1A gradually
with increasing concentrations until 5oug/mL where the lack of albumin bound oleic acid became toxic
and the cells died, making it impossible to extract sufficient quality RNA for RT-qPCR analysis. For the
combination of 5% FCS and FAF BSA, on average, oleic acid exposure caused CPT1A to be upregulated 4.45
SE 2.92 fold at 10pg/mL, 7.39 SE 3.22 fold at 20ug/mL, 9.83 SE 5.60 fold at 30pg/mL, and 13.91 SE 8.58 fold at
s0pg/mL. Oleic acid exposure increased the expression of CPT14 gradually with increasing concentrations.
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Supplemental Fig. 2 | Verification of in vitro model prior to RNA sequencing by viability and CPT14
expression. (a) Bar plot showing the average cell viability and standard error in percent, as determined by
trypan blue exclusion. On average the cell viability of the negative control exposed cells was 97.4 SE 0.4%
at 0.5h, 97.1 SE 0.4% at 3h, 96.8 SE 0.3% at 24h, 93.7 SE 0.7% at 48h, and 91.4 SE 1.1% at 72h. On average the
cell viability of the solvent control exposed cells was 95.4 SE 0.5% at 0.5h, 95.9 SE 0.7% at 3h, 95.6 SE 0.9% at
24h,94.9 SE 0.6% at 48h, and 91.9 SE 1.2% at 72h. On average the cell viability of the oleic acid exposed cells
was 95.5 SE 0.8% at 0.5h, 96.1 SE 0.9% at 3h, 94.4 SE 0.5% at 24h, 91.8 SE 0.8% at 48h, and 89.4 SE 0.8% at 72h.
Thus, neither the controls nor the exposure had an effect on CD4' T cell viability, as expected, n =9. (b) Line
plot showing the relative expression of CPT1A per donor across time by RT-qgPCR confirming the effect of
oleic acid on CD4" T cells in the in vitro model and the absence of an effect of solvent. Values are colored by
exposure across time. In solvent control exposed samples, there was no effect on CPT1A expression with a
relative expression of 1.0 SE 0.07 fold at 0.5h, 1.0 SE 0.08 fold at 3h, 1.1 SE 0.05 fold at 24h, 1.1 SE 0.08 fold at
48h, and 1.0 SE 0.04 fold at 72h as compared to the negative control. In oleic acid exposed samples, on average
CPT1A was upregulated 0.9 SE 0.07 fold at 0.5h, 5.9 SE 0.61 fold at 3h, 9.1 SE 0.68 fold at 24h, 9.3 SE 0.90 fold at
48h, and 11.0 SE 1.30 fold at 72h as compared to the negative control. The solvent control has no effect gene
expression and can therefore be used as a comparison for the differential gene expression analysis, n=9.
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Supplemental Fig. 3 | Top differentially expressed genes from cluster 1and 2. (a) Cluster 1 differentially
expressed genes. Line plots showing mean expression values (read counts) of indicated genes from cluster
1across time analyzed by RNA-Seq. (b) Cluster 2 differentially expressed genes. Line plots showing mean
expression values (read counts) of indicated genes from cluster 2 across time analyzed by RNA-Seq.
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Supplemental Fig. 4 | Visualization of the Path-MAP identified overlap of differentially expressed genes
within the f fatty acid oxidation pathway. Overall, a total of 4 out of 16 enzymes involved in the {3 fatty acid
oxidation were upregulated in our oleic acid exposed non-activated CD4* T cells. Compounds are in blue
boxes, enzymes not differentially expressed in the RNA sequencing data are in light pink ovals, enzymes
present in the RNA sequencing data are in red ovals, the arrows indicate the direction of movement of the
process. Visualization created in BioRender.com.
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Supplemental Fig. 5| Visualization of the Path-MAP identified overlap of differentially expressed genes
within the aerobic glycolysis pathway. Overall, a total of 2 out of 15 enzymes involved in aerobic glycolysis
were upregulated in our oleic acid exposed non-activated CD4' T cells. Compounds are in blue boxes,
enzymes not differentially expressed in the RNA sequencing data are in light pink ovals, enzymes present
in the RNA sequencing data are in red ovals, the arrows indicate the direction of movement of the process.

Visualization created in BioRender.com.
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Cholesterol Biosynthesis Pathway
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Supplemental Fig. 6 | Visualization of the Path-MAP identified overlap of differentially expressed genes
within the cholesterol biosynthesis pathway. Path-MAP showed an overlap between 9 of 11 enzymes
within the mevalonate pathway, 6 out of 9 enzymes within the Bloch Pathway, and 6 of 9 enzymes within
the Kandutch-Russel Pathway. Overall, a total of 15 out of 20 enzymes involved in cholesterol biosynthesis
were upregulated in our oleic acid exposed non-activated CD4" T cells. Compounds are in blue boxes,
enzymes not differentially expressed in the RNA sequencing data are in light pink ovals, enzymes present
in the RNA sequencing data are in red ovals, the arrows indicate the direction of movement for cholesterol
production, the orange background indicates enzymes and compounds involved in the mevalonate pathway,
the grey background indicates enzymes and compounds involved in the Kandutch-Russell pathway, and the
light green background indicates enzymes and compounds involved in the Bloch pathway. Visualization
created in BioRender.com.
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Supplemental Fig. 7| Visualization of the Path-MAP identified overlap of differentially expressed genes
within the fatty acid biosynthesis pathway. Overall, a total of 2 out of 2 enzymes involved in fatty acid
biosynthesis were upregulated in our oleic acid exposed non-activated CD4' T cells. Compounds are in blue
boxes, enzymes not differentially expressed in the RNA sequencing data are in light pink ovals, enzymes
present in the RNA sequencing data are in red ovals, the arrows indicate the direction of movement for
fatty acid production. Visualization created in BioRender.com.
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Supplemental Fig. 8 | Verification of viability, cell diameter and CPT1A expression post-exposure and
post-activation for spectral cytometry. (a) Dot plot showing the relative expression of CPT1A per donor after
48h of oleic acid exposure as a confirmation of the in vitro model by RT-qPCR. Values are colored by donor
and shown relative to the control condition. On average CPT1A expression of 30ug/mL oleic acid exposed
cells was upregulated by 11.68 SE 0.98 fold after 48h (p < 0.0001), n =8. (b) Bar plot showing the average cell
viability and standard error in percent, as determined by Viai-Cassette™ on a NucleoCounter® NC-200™.
On average the cell viability of control exposed cells was 93.21 SE 0.43% and of oleic acid exposed cells was
92.89 SE 0.64%. Thus, The solvent control had no effect on CD4* T cell viability, as expected, at 48h. Thus,
there was no effect on CD4' T cell viahility after 48h exposure, n =8. (¢) Dot plot showing the average cell
diameter and standard error in pm, as determined by Viai-Cassette™ on a NucleoCounter® NC-200™. On
average the cell diameter of control exposed cells was 8.99 SE 0.04um and of oleic acid exposed was 8.98 SE
0.03um. Thus, there was no effect on CD4' T cell diameter after 48h exposure, n =8. (d) Bar plot showing the
average cell viability and standard error in percent, as determined by Via1-Cassette™ on a NucleoCounter®
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NC-200™. Left plot shows the cell viability for non-activated cells and right plot shows the cell viability for
activated cells. On average, the cell viability of control pre-exposed non-activated cells was 95.45 SE 2.19%
and for 30ug/mL oleic acid pre-exposed non-activated cells was 95.91 SE 1.95% after 72h. The cell viability
of control pre-exposed activated cells was 79.13 SE 2.19% and for 30ug/mL oleic acid pre-exposed activated
cells was 81.51 SE 1.95% after 72h activation with CD3-CD28 beads. Thus, there was no effect on CD4' T cell
viability between the different pre-exposures. However, activation did affect CD4" T cell viability, where
the activated cells were less viable than the not activated cells, n =8. (e) Dot plot showing the average cell
diameter and standard error in pm, as determined by Via1-Cassette™ on a NucleoCounter® NC-200™. Left
plot shows the cell diameter for non-activated cells and right plot shows the cell diameter for activated cells.
On average, the cell diameter of control pre-exposed non-activated cells was 8.86 SE 0.03 um and for 30ug/
mL oleic acid pre-exposed non-activated cells was 8.86 SE 0.03pum after 72h. The cell diameter of control
pre-exposed activated cells was 11.04 SE 0.09um and for 30ug/mL oleic acid pre-exposed activated cells was
11.10 SE 0.10um after 72h activation with CD3-CD28 beads. Thus, there was no effect on CD4* T cell diameter
between the different pre-exposures. However, activation did affect CD4' T cell diameter, where the activated
cells were larger than the not activated cells, n =8.
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Relative Proliferation
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Supplemental Fig. 11 | Relative proliferation post-activation of oleic acid pre-exposed CD4* T cells. Dot
plot showing the relative proliferation, as determined by *H incorporation, per donor after 48h exposure to
control or 30pug/mL oleic acid, where the solvent was completely evaporated prior to addition to the cells,
and subsequent activation by CD3/CD28 activation beads for 72h. *H was added post 72h activation and cells
were left to proliferate for 18h. Data is shown relative to the Control condition. Points are colored by donor
with mean and standard error. No difference in proliferative capacity was observed between the oleic acid
and control pre-exposed conditions. On average the relative proliferation of oleic acid exposed cells was
0.99 SE0.06 (p >0.92), n=9.
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Supplemental Fig. 12 | Verification of viability, cell diameter and CPT1A expression post-exposure and
post-activation for spectral cytometry. (a) Dot plot showing the relative expression of CPT1A per donor after
48h of oleic acid exposure as a confirmation of the in vitro model by RT-qPCR. Values are colored by donor
and shown relative to the control condition. On average CPT1A expression of 28uug/mL oleic acid exposed
cells was upregulated by 19.5 SE 3.00 fold after 48h (p < 0.0001), n = 8. (b) Bar plot showing the average cell
viability and standard error in percent, as determined by Via1-Cassette™ on a NucleoCounter® NC-200™.
On average the cell viability of control exposed cells was 93.21 SE 0.43% and of oleic acid exposed cells was
92.89 SE 0.64%. Thus, The solvent control had no effect on CD4* T cell viahility, as expected, at 48h. Thus,
there was no effect on CD4" T cell viability after 48h exposure, n = 8. (¢) Dot plot showing the average cell
diameter and standard error in pm, as determined by Viai-Cassette™ on a NucleoCounter® NC-200™. On
average the cell diameter of control exposed cells was 8.99 SE 0.04um and of oleic acid exposed was 8.98 SE
0.03um. Thus, there was no effect on CD4’ T cell diameter after 48h exposure, n = 8. (d) Bar plot showing the
average cell viability and standard error in percent, as determined by Via1-Cassette™ on a NucleoCounter®
NC-200™. Left plot shows the cell viability for non-activated cells and right plot shows the cell viability for
activated cells. On average, the cell viability of control pre-exposed non-activated cells was 95.45 SE 2.19%
and for 28ug/mL oleic acid pre-exposed non-activated cells was 95.91 SE 1.95% after 72h. The cell viability
of control pre-exposed activated cells was 79.13 SE 2.19% and for 28ug/mL oleic acid pre-exposed activated
cells was 81.51 SE 1.95% after 72h activation with CD3-CD28 beads. Thus, there was no effect on CD4" T cell
viability between the different pre-exposures. However, activation did affect CD4" T cell viability, where
the activated cells were less viable than the not activated cells, n = 8. (e) Dot plot showing the average cell
diameter and standard error in pm, as determined by Via1-Cassette™ on a NucleoCounter® NC-200™. Left
plot shows the cell diameter for non-activated cells and right plot shows the cell diameter for activated cells.
On average, the cell diameter of control pre-exposed non-activated cells was 8.86 SE 0.03 pm and for 28ug/
mL oleic acid pre-exposed non-activated cells was 8.86 SE 0.03um after 72h. The cell diameter of control
pre-exposed activated cells was 11.04 SE 0.09um and for 28ug/mL oleic acid pre-exposed activated cells was
11.10 SE 0.10um after 72h activation with CD3-CD28 beads. Thus, there was no effect on CD4* T cell diameter
between the different pre-exposures. However, activation did affect CD4" T cell diameter, where the activated
cells were larger than the not activated cells, n=8.
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Supplemental Fig. 16 | Verification of viability, cell diameter and CPT1A expression post-exposure and post-
activation for spectral cytometry with metabolic inhibitors. (a) Dot plot showing the relative expression of
CPT1A per donor after 48h of oleic acid exposure, with or without inhibitors added as a confirmation of the in
vitro model by RT-qPCR. Values are colored by donor and shown relative to the control condition. On average
CPT1A was upregulated 15.86 SE 3.24 fold when exposed to oleic acid, 18.48 SE 3.21 fold when exposed to oleic
acid + atorvastatin, 16.93 SE 2.74 fold when exposed to oleic acid + CP-640186, and 15.97 SE 4.65 fold when
exposed to oleic acid + atorvastatin + CP-640186. Atorvastatin is an HMGCR inhibitor, blocking cholesterol
biosynthesis, and CP-640186 is an ACC inhibitor, blocking fatty acid biosynthesis. As CPT1A is a part of the
fatty acid oxidation pathway there was no influence of the inhibitors on CPT1A expression, n = 3. (b) Bar
plot showing the average cell viability and standard error in percent, as determined by Viai-Cassette™ on
a NucleoCounter® NC-200™. On average the cell viability of control exposed cells was 90.30 SE 2.27%, oleic
acid exposed cells was 91.93 SE 1.48%, oleic acid + atorvastatin exposed cells was 90.83 SE 1.37%, oleic acid
+ CP-640186 exposed cells was 88.80 SE 1.50%, and oleic acid + atorvastatin + CP-640186 exposed cells was
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89.70 SE 2.86% at 48h. Thus, there was no effect on CD4' T cell viability after 48h exposure, n = 3. (¢) Dot
plot showing the average cell diameter and standard error in um, as determined by Viai-Cassette™ on a
NucleoCounter® NC-200™. On average the cell diameter of control exposed cells was 8.93 SE 0.03um, oleic
acid exposed cells was 8.90 SE 0.0um, oleic acid + atorvastatin exposed cells was 8.87 SE 0.07um, oleic acid
+ CP-640186 exposed cells was 8.90 SE 0.0um, and oleic acid + atorvastatin + CP-640186 exposed cells was
8.97 SE 0.07um after 48h exposure. Thus, there was no effect on CD4* T cell diameter after 48h exposure,
n = 3. (d) Bar plot showing the average cell viability and standard error in percent, as determined by Via1-
Cassette™ on a NucleoCounter® NC-200™ after 72h activation with CD3-CD28 activation beads. On average
the cell viability of control exposed cells was 82.23 SE 1.62%, oleic acid exposed cells was 76.67 SE 7.61%, oleic
acid + atorvastatin exposed cells was 78.60 SE 3.33%, oleic acid + CP-640186 exposed cells was 76.73 SE 2.20%,
and oleic acid + atorvastatin + CP-640186 exposed cells was 75.53 SE 4.88% after 72h activation. Thus, there
was no effect on CD4' T cell viability after 72h activation between the different conditions. However, the
cells were slightly less viable after activation than before activation, n = 3. (e) Dot plot showing the average
cell diameter and standard error in um, as determined by Via1-Cassette™ on a NucleoCounter® NC-200™.
On average the cell diameter of control exposed cells was 10.57 SE 0.15um, oleic acid exposed cells was 10.17
SE 0.26um, oleic acid + atorvastatin exposed cells was 10.10 SE 0.31pum, oleic acid + CP-640186 exposed cells
was 10.17 SE 0.22um, and oleic acid + atorvastatin + CP-640186 exposed cells was 9.87 SE 0.61um after 72h
activation. Thus, there was no effect on CD4" T cell diameter after 48h exposure. However, the cells were
larger after activation than before activation as was expected, n = 3.
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Supplemental Table 1| (h) Intracellular markers measured in activated CD4* T cell after pre-exposure
either oleic acid, oleic acid + atorvastatin, oleic acid + CP-640186, or oleic acid + atorvastatin + CP-640186.
The concentration of oleic acid was 30ug/mL, atorvastatin was 10uM, and CP-640186 was 20puM. The donor
numbers are labeled respectively of the donors used in the previous experiments. Values are shown as a
percent of the parent, n=3.

Donor Exposure Inhibitor IL-9* IL-17A* IL13*
2 Control None 2.000 0.555 0.222
2 Oleic Acid None 2.280 0.588 0.127
2 Oleic Acid Atorvastatin 2.030 0.585 0.138
2 Oleic Acid CP-640186 2.170 0.615 0.126
2 Oleic Acid Atorvastatin + CP-640186 1.480 0.486 0.115
5 Control None 2.630 0.526 0.103
5 Oleic Acid None 3.870 0.683 0.136
5 Oleic Acid Atorvastatin 2.560 0.528 0.080
5 Oleic Acid CP-640186 2.250 0.659 0.106
5 Oleic Acid Atorvastatin + CP-640186 1.840 0.580 0.106
6 Control None 4.630 1.950 0.287
6 Oleic Acid None 5.520 2.480 0.365
6 Oleic Acid Atorvastatin 4.020 1.970 0.271
6 Oleic Acid CP-640186 3.350 1.800 0.283
6 Oleic Acid Atorvastatin + CP-640186 2.750 1.470 0.317
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Chapter 4

Abstract

Background: A twice-daily dose of highly purified eicosapentaenoic acid (EPA) reduces the risk
of atherosclerotic cardiovascular disease among patients with high triglycerides and either
known cardiovascular disease or those at high risk for developing it. However, the process by
which EPA exerts its beneficial effects remains poorly understood.

Objectives: We show that EPA can induce an anti-inflammatory transcriptional profile in non-
activated CD4' T cells.

Methods: Non-activated CD4* T cells from 8 different donors were exposed to 100uM EPA, oleic
acid, palmitic acid, or control. RNA and ATAC-sequencing were performed after 48h of exposure
to determine changes in the transcriptomic and epigenetic landscape of the exposed cells as
compared to control.

Results: We find that EPA-exposed CD4* T cells downregulate immune response-related genes, such
as HLA-DRA, CD69, and IL2RA, while upregulating genes involved in oxidative stress prevention,
such as NQO1. Furthermore, transcription footprint analysis based on ATAC-sequencing reveals
downregulation of GATA3 and PU.1, key transcription factors in T2 and T, 9 differentiation,
and upregulation of REV-ERB, an antagonist of T 17 differentiation. By in parallel examining T
cell responses to oleic acid, a monounsaturated fatty acid, and palmitic acid, a saturated fatty
acid, we find that both the intensity of the transcriptomic response and the involvement of anti-
inflammatory pathways is highly specific for EPA.

Conclusions: Thus, EPA can induce an anti-inflammatory transcriptomic landscape in CD4* T
cells, a process that may contribute to the unexpectedly strong beneficial effects of EPA on the
risk of atherosclerotic cardiovascular disease in clinical trials.

Highlights

+  The mechanism by which EPA reduces the risk of ASCVD in clinical trials remains unclear.

+  EPA caninduce an anti-inflammatory transcriptomic landscape in non-activated CD4' T cells
in vitro.

+  Tcell reactions to palmitic and oleic acid reveal EPA’'s unique anti-inflammatory transcriptomic
response

+  Examining T-cells during IPE interventions may reveal insights into EPA’s benefits independent
of triglyceride reduction.
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Introduction

The risk of atherosclerotic cardiovascular disease (ASCVD) persists despite therapies that effectively
control blood cholesterol levels including statins and PCSK9 inhibitors'3. This residual risk has
been attributed, in part, to elevated triglyceride levels in blood*. Nevertheless, most triglyceride
influencing therapies, such as fibrates or niacin, have little cardiovascular benefit>. However, there
is one triglyceride lowering drug that was found to strongly reduce ASCVD risk, namely, icosapent
ethyl (IPE), which in the body is metabolized to eicosapentaenoic acid (EPA), a polyunsaturated
fatty acid. The REDUCE-IT trial showed that patients who received 4g of IPE administered as
2g twice daily was superior to placebo in reducing triglycerides, cardiovascular events, and
cardiovascular death among patients with high triglycerides and either known cardiovascular
disease or those at high risk for developing it, and who were already on statin therapy with
relatively well-controlled low density lipoprotein (LDL) levels®. The results of the trial and its
interpretation has been much debated in literature™ ™. In particular, it remains largely unknown
how EPA exerts its beneficial effects, and only limited studies have been carried out in model
membranes or by examining whole blood**s.

Atherosclerosis is regarded as a lipid-driven immune disease®. As such, the majority of immune
cells in the atherosclerotic plaque are T cells, of which half are CD4" . Furthermore, CD4* T
cells aggravate atherosclerosis in established mouse models® 2. Therefore, the study of CD4"
T cells is a promising route to further understanding ASCVD and investigating how EPA can
influence these cells can indicate a potential mechanism underlying the beneficial effects of
EPA on atherosclerosis. Interestingly, EPA was suggested to have anti-inflammatory properties
as indicated by a reduction in CD4" T cell proliferation, decreased differentiation towards T
helper 1 (T, 1) and T helper 17 (T ;17), and increased or no effect on differentiation towards T
helper 2 (T,;2) and T regulatory (T, ) cells*. However, these studies were largely carried out in
mouse models, or investigated in vitro during T cell activation, under polarizing conditions, or
by measuring general T cell markers®?. Thus, the effects of EPA on T cells remain incompletely
understood and, in particular, it is unknown whether EPA can affect human CD4' T cellsin a
non-activated state, as they occur in the circulation and where the primary interaction with
EPA takes place.

We aimed to further elucidate the effects of EPA on CD4" T cells by performing transcriptomic
analysis on non-activated exposed cells. Furthermore, we assessed the specificity of the
effects of EPA by exposing cells to two other fatty acids of different saturation, oleic acid
(0A), a monounsaturated fatty acid, and palmitic acid (PA), a saturated fatty acid. To do so, we
performed RNA and ATAC-sequencing on non-activated CD4" T cells exposed to EPA, OA, PA,
or control after 48h exposure. We show that EPA leads to a marked downregulation of many
anti-inflammatory genes in non-activated CD4* T cells as compared to control. The pronounced
and specific effects on the transcriptomics landscape contrasted with the relatively modest
effects of OA and PA.
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Methods

Peripheral blood CD4' T cell isolation and culture conditions

CD4' T cell isolation and fatty acid exposure model were based on our previously described
in vitro model with minor changes®. To obtain non-activated CD4* T cells, peripheral blood
mononuclear cells (PBMCs) were isolated from 8 different buffy coats of anonymous blood bank
donors (Sanquin, Amsterdam, The Netherlands) by Ficoll paque (Apotheek LUMC, 97902861)
gradient centrifugation. All donors provided written informed consent in accordance with
the protocol of the local institutional review board, the Medical Ethics committee of Sanquin
blood supply in accordance with the Declaration of Helsinki. The sex of the cells could not be
determined due to the anonymity of the donors. However, RNA sequencing showed that, of 8
donors sequenced, 6 were female and 2 were male, which was accounted for during the statistical
analysis by correcting for donor effect. Next, CD4" T cells were purified from the PBMCs using
lyophilized human anti-CD4" magnetically labeled microbeads (Miltenyi, 130-097-048) scaling
the manufacturer’s instructions to % of the recommended volumes. CD4* T cell purity was
assessed on an LSR-IT instrument at the Leiden University Medical Center Flow Cytometry Core
Facility (https://www.lumc.nl/research/facilities/fcf/) with the BD FACSDiva™ v9.0 software
(BD Biosciences). Cells were stained with anti-CD3-PE (BD Biosciences, 345765), anti-CD4-APC
(BD Biosciences, 345771), anti-CD8-FITC (BD Biosciences, 555634), and anti-CD14-PEcy7 (BD
Biosciences, 560919) and resuspended in 1% paraformaldehyde (Apotheek LUMC, 120810-001)
to fix the cells prior to acquisition. Purity was >98% for all donors.

Prior to fatty acid exposure, ~1*10° isolated cells were cultured overnight to allow the cells to
return to a resting state after the stress of the isolation procedure. This was done in T75 flasks
(Greiner Bio-One, 658-175) at a density of ~2.5*10° cells/mL in 5% fetal calf serum (FCS) (Bodinco
BDC, 16941) DMEM (Dulbecco’s Modified Eagle’s Serum (Sigma, 05796), 1% Pen-Strep (Lonza,
DE17-602E), 1% GlutaMAX-1 (100x) (Gibco, 35050-038)) medium supplemented with 50 IU/mL IL-2
(Peprotech, 200-02) and incubated at 37°C under 5% CO,. To keep the cells in a non-activated
state, no additional stimulus was added. Any CD4" T cells not used directly after the isolation were
kept in DMEM supplemented with 30% FCS, 1% Pen-Strep, 1% GlutaMAX-1, and 20% Dimethyl
Sulfoxide (DMSO) (WAK-Chemie Medical GmbH, WAK-DMSO0-10) medium at a density of ~25*10°
cells/mL, and stored in liquid nitrogen.

Next, non-activated CD4" T cells were cultured with either EPA (Cayman, 90110), OA (Sigma,
01383), PA (Cayman, 10006627), or control for 48 hours at 37°C under 5% CO,. The cells were
exposed for 48h based off previous findings when establishing our previously described in
vitro model®. To this end, CD4' T cells from each donor were plated in a 24 wells plate (density
of ~3.5*10° cells/well) in 2mL 5% FCS DMEM for each condition (Fig. 1a). Cells were cultured
in medium containing FCS to ensure cell viability during culture and to be more comparable
to physiological conditions of the circulation where other lipids are also present. To assess the
additional EPA, OA, or PA stimulus to the non-activated CD4" T cells due to FCS in the culture
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medium, an FCS sample was measured via the Shotgun Lipidomics Assistant (SLA) method?® to
estimate the fraction of fatty acids in the sample. The sample was prepped as previously described*'
but with two modifications, a starting volume of 25uL FCS and 600opL. MTBE was added instead
of 575uL during the first extraction. Free EPA was 0.02pg/mL and EPA as components of larger
molecules including cholesterol esters and sphingolipids was 0.13 ug/mL. Free OA was 0.29ug/
mL and OA as components of larger molecules including cholesterol esters and sphingolipids
was 4.93pg/mL. Free PA was 0.23ug/mL and PA as components of larger molecules including
cholesterol esters and sphingolipids was 3.45ug/mL.

PA was dissolved in HPLC grade ethanol (Fisher Scientific, 64-17-5) to a final concentration of 5mg/
mL to create a stock solution. The stock solution was vortexed briefly, sonicated in a sonicator
(Branson, 2800) for 15 min, and heated for 15 min at 45°C. A small portion of the stock was extracted
into a glass HPLC vial (Agilent Technologies, 5182-0714) to a final concentration of 5,000ug/mL.
EPA and OA were dissolved from their stock in HPLC grade ethanol to a final concentration of
25,000 and 30,000pg/mL, respectively. The HPLC grade EtOH was then evaporated before the fatty
acids were complexed to fatty acid-free (FAF) bovine serum albumin (BSA) (Sigma, A7030) in a
2% FAF BSA DMEM mixture (Dulbecco’s Modified Eagle’s Serum, 2% FAF BSA, 1% Pen-Strep, 1%
GlutaMAX-1 (100x)) to a concentration of 151.25ug/mL for EPA; 141.25ug/mL for OA, and 128.2ug/
mL for PA. Complexing fatty acids to BSA mimics physiological conditions as fatty acids are also
bound to albumin in the human circulations®. Each fatty acid was further diluted to the final
concentrations of 100uM (30.25ug/mL for EPA, 28.25pg/mL for OA, and 25.64ug/mL for PA) upon
addition to the cells. The concentration tested was kept equal to ensure the cells were exposed
the same amount of fatty acid particles and not influenced by concentration differences. Fatty
acid stocks were stored under argon gas at -20°C to avoid oxidation.

As a control, HPLC grade EtOH was evaporated in a glass HPLC vial before adding 2% FAF BSA
DMEM medium and added to the cells. The amount of 2% FAF BSA DMEM added to the wells was
equal for each condition to keep the volumes equivalent. The CD4' T cells were cultured for 48h
at 37°C under 5% CO,. After exposure, the cells were washed and 1*10° cells were used directly
for ATAC sequencing preparation. Cells from the same donors for which ATAC sequencing was
performed were later thawed from liquid nitrogen and exposed to the fatty acids as described
previously. After 48h exposure, the cells were washed and 3*10° cells were flash frozen in liquid
nitrogen and stored at -80°C for RNA isolations. Cell viability and diameter were measured by
Viai-Cassette™ (Chemometec, 941-0012) on a NucleoCounter® NC-200™ (Chemometec, 900-0200)
and found to be > 95% and on average 9um for each condition.

RNA isolation

To isolate total RNA for RNA sequencing and RT-qPCR, RNA was extracted from the cell samples
using the Quick-RNA Microprep Kit (Zymo, R1050) according to manufacturer’s instructions.
The RNA was quantified using a Qubit® 2.0 Fluorometer (Q32866) with the Qubit® RNA BR Assay
Kit (Thermofisher, Q10211) according to manufacturer’s instructions. The RNA was placed
over a second Zymo-Spin IC Column, washed, and a second DNase treatment performed to
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remove any residual DNA contamination from the samples. RNA integrity (RIN) values of the
samples were on average 7.8 SE 0.1 as determined using an Agilent 2100 Bioanalyzer Instrument
(G2939BA) with the Agilent RNA 6000 Nano Reagents (Agilent, 5067-1511). RNA was divided into
two samples and stored at -80°C, 1ug for RNA sequencing and the rest for cDNA synthesis and
RT-qPCR measurements.

Real time-quantitative PCR

To measure the expression of CPT1A in all the cell samples, cDNA was synthesized with 200ng
of the stored RNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, 04897030001)
according to the manufacturer’s instructions. Quantitative real time PCR’s for CPT1A (Thermofisher,
Hs00912671_m1, 4331182) were performed using the TagMan™ Fast Advanced Master Mix
(Thermofisher, 4444557) with 10ng cDNA per reaction on a QuantStudio 6 Real-Time PCR system
(Applied Biosystems). All RT-qPCR reactions were performed in triplicate and outliers were removed
if the Ct value measured differed more than 0.5% from the mean. Relative gene expression levels
(-ACt) were calculated using the average of Ct values of RPL13A (Thermofisher, Hs03043887_gH,
4448892) and SDHA (Thermofisher, Hs00188166_m1, 4453320) as internal controls®. The fold
change was determined using the 2% method, using the control as the reference. All statistical
analyses were performed in R. Data are expressed as mean of the relative fold change and standard
error. The reported P values were determined by applying a paired two-tailed student’s T test.
P values < 0.05 were considered to be statistically significant.

RNA sequencing analysis

RNA sequencing (RNA-seq) was performed to determine the differences in the transcriptome of
control versus fatty acid exposed non-activated CD4* T cells across time. The RNA from each of
the samples was sent for sequencing (Macrogen, Amsterdam, NL). RNA-sequencing libraries were
prepared from 200ng RNA using the Illumina Truseq stranded mRNA library prep (Illumina,
20020594) with a poly A selection. Both whole-transcriptome amplification and sequencing
library preparations were performed in two 96-well plates with 26 samples in one plate and 6 in
another. Quality control steps were included to determine total RNA quality and quantity, the
optimal number of PCR preamplification cycles, and fragment size selection. No samples were
eliminated from further downstream steps. Barcoded libraries were divided across two plates
with 26 samples in one and 6 in the other and sequenced separately. Barcoded libraries were
sequenced to a read depth of 20 million reads using the Novaseq 6000 (Illumina) to generate
100 base pair paired-end reads.

FastQ files are analyzed using the RNAseq pipeline (v5.0.0) from BioWDL (https://zenodo.org/
record/5109461), developed by SASC (LUMC). The pipeline performed preprocessing on the
FastQ files (including quality control, quality trimming, and adapter clipping), read mapping,
and expression quantification. FastQC (v0.11.9) is used to check raw reads and Cutadapt (v2.10)
to perform adapter clipping. Reads are mapped to a reference genome (Ensembl v105) using
STAR aligner (v2.7.5a), and with HTSeq Count (v0.12.4) the number of assigned reads to genes per
sample is determined.
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Based on Ensembl gene biotype annotation, we included only protein coding genes for further
downstream analysis (19,991 genes in total). We used the Bioconductor package DESeq23* (v1.40.2)
to test whether EPA, OA, or PA had an effect on gene expression as compared to the control.
DESeq2 fits a generalized linear model (GLM) assuming the negative binomial distribution for the
counts. The model expresses the logarithm of the average of the counts in terms of one or more
predictors. In this case, we used three models that had one of the fatty acids, subject identifier,
and batch as predictors each. By including the subject identifier and batch in the models, we
account for the dependence between measurements within the same subject and between
different batches of sequencing*. Lowly expressed genes, i.e. that did not have at least a count
of 1in half of the samples per fatty acid and control, were removed, resulting in 12,938 genes
for EPA, 12,949 genes for OA, and 12,971 genes for PA. The Benjamini-Hochberg procedure was
used to correct for multiple testing at a false discovery rate (FDR) of 5%.

Differentially expressed genes per fatty acid were divided into upregulated or downregulated
based on the log2 fold change values. 10 human pathway databases (BioPlanet 2019, WikiPathways
2019 Human, KEGG 2019 Human, Elsevier Pathway Collection, BioCarta 2015, Reactome 2016,
HumanCyc 2016, NCI-Nature 2016, Panther 2016 and MSigDB Hallmark 2020) were queried using
gene symbols, with 904 of 1170 queried genes for EPA, 51 of 60 queried genes for OA, and 26 of 33
queried genes for PA, present in at least 1 database. The identified clusters were then mapped
for pathway enrichment using clusterProfiler’s (v4.8.3) with the background set to the 12,938
expressed genes for EPA, 12,949 expressed genes for OA, and 12,971 expressed genes for PA as
determined above. Multiple testing correction using the Benjamini-Hochberg method at 5% FDR
was performed over the combined results from the 10 databases. Pathways that included highly
similar gene sets were grouped (Jaccard index > 0.7) and only the most significantly enriched
pathway per group was retained.

ATAC sequencing analysis

Post-exposure, the 1*10° cells were taken off for ATAC sequencing and placed into DNA LoBind
1.5mL tubes (Eppendorf, 2231000945). The cells were washed 3x in ice cold buffered natrium
chloride (PBS; pH 7.4; Fresen, 15360679). The samples were then handed off to the Leiden Genome
Technology Center for library generation. The ATAC-sequencing libraries were generated
using the Omni-ATAC protocol®. Briefly, the nuclei were isolated by lysing the cells in ATAC-
Resuspension Buffer (RSB) (0.1% NP40 (Thermofisher, 85124), 0.1% Tween-20 (Thermofisher,
28320), and 0.01% digitonin (Promega, G9441)) for 3 min on ice. After washing the nuclei with 1mL
wash buffer (RSB and 0.1% Tween) the nuclei were centrifuged for 10min at 4°C. After removing
the supernatant, carefully avoiding the pelleted nuclei, the nuclei were resuspended in PBS.
The nuclei were counted and normalized to 25,000 cells using the TC20 cell counter (BioRad,
1450102). The nuclei were combined with 25uL 2x TD buffer (TrisHCl pH 7.5 (Thermofisher,
15567027), NaCl (Thermofisher, A57006) and MgCl2 (Thermofisher, AM9530G)), 2L Tn5 enzyme
(Tns enzyme ([llumina, 15027865) and TD Tagment DNA Buffer (Illumina, 15027866)), 0.5uL 1%
digitonin, 0.5uL 10% Tween-20 up to a volume of 50uL. The reaction was incubated at 37°C for
30min and then purified using AMPure Beads (Beckman Coulter, A63881) with a ratio of 1.8x and
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eluted in 10uL of EB (10mM Tris-HCI). The PCR was done using 2x Kapa HiFi Master mix (Roche,
09420398001) with the barcoded primers described in the Omni-ATAC protocol. After the PCR,
the products were dual size selected using AMpure beads, first using 0.4x, followed directly by
1.2x. The ATAC-sequencing libraries were checked on the Femto Pulse (Agilent, M5330AA) and
pooled equimolar for sequencing. No samples were eliminated from further downstream steps.

Barcoded libraries were sent for sequencing (Macrogen, Amsterdam, NL). An additional round
of quality control was performed and the samples were then pooled and divided across one lane.
Barcoded libraries were sequenced to a read depth of 30 million 150 base pair paired-end reads
using the Novaseq 6000 (Illumina).

FastQ files were analyzed using the ChIP-seq pipeline from BioWDL (https://github.com/biowdl/
ChIP-seq), developed by SASC (LUMC). The pipeline performed preprocessing on the FastQ
files (including quality control, quality trimming, and adapter clipping), read mapping, and
peak calling. FastQC (v0.11.9) is used to check raw reads and Cutadapt (v2.10) to perform adapter
clipping. Reads are mapped to a reference genome (Encode GRCh38) using BWA aligner (v0.7.17),
and MACS?2 (v2.1.2) was used to perform the peakcalling. These peak files were then processed
using R (v4.3.0). Using DiffBind (v3.10.0), reads in the BAM files were counted for each peak.
Next, the read counts per peak for each sample were merged to create one table containing all
peaks and read counts of all the samples combined. De novo motif analysis was then performed
using HOMER?.

Data availability

The data supporting the findings of this study are available within the article and its Supplementary
information files. All other data including the raw files are available at the Gene Expression
Omnibus repository, accession GEO (main combined submission: GSE254749, RNA sequencing
submission: GSE254695, and ATAC sequencing submission: GSE254468).

Results

Transcriptomic analysis of EPA exposed non-activated CD4' T cells

Non-activated CD4' T cells from 8 different donors were each exposed to 100pM EPA; OA, PA, or
control for 48h (Fig. 1a). Exposure did not affect cell viability or diameter (Supp. Fig. 12 and b).
To confirm a response by the cells due to the fatty acid exposure, the expression of CPT14, the
rate limiting enzyme in B-fatty acid oxidation, was measured. CPT1A expression increased as
compared to control (EPA: 12.4-fold, SE 1.9 (p < 0.001); OA: 19.5-fold, SE 3.0 (p < 0.001); PA: 11.3-
fold, SE 2.2 (p < 0.003); Fig. 1b). This signifies a consistent response to EPA, OA, and PA exposure.
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Fig. 1| Experimental set up and in vitro model verification. (a) Experimental set up for RNA and ATAC
sequencing of EPA, OA, and PA exposed non-activated CD4* T cells, n = 8. (b) Dot plot showing the relative
expression of CPT1A after 48h of fatty acid exposure as a confirmation of the in vitro model by RT-qPCR.
Values are colored by fatty acid. On average CPT1A was upregulated 12.4 SE 1.9 fold for EPA (p < 0.001), 19.5 SE
3.0 fold for OA (p <0.001), and 11.3 SE 2.2 fold for PA (p < 0.003), n=8. Abbreviations, EPA = eicosapentaenoic
acid, h = hours, OA = oleic acid, PA = palmitic acid.

Next, we studied the transcriptomic response of CD4* T cells to EPA, OA, and PA as compared
to control using RNA-seq. The transcriptional response was compared to the control condition
for each fatty acid. The number of differentially expressed genes (DEGs) and effect sizes were
markedly larger for EPA, than for OA and PA (Fig. 2a) and there was limited overlap between
the DEGs of each fatty acid (Fig. 2b). EPA induced 1170 DEGs (P, < 0.05), 723 of which were
downregulated and 447 of which were upregulated (Supp. Table 1a and b). In contrast, OA induced
60 DEGs (P, < 0.05; 13 downregulated and 47 upregulated; Supp. Table ic and d). PA induced
found 33 DEGs (P, < 0.05; 15 downregulated and 18 upregulated; Supp. Table 1e and f). Despite
the high specificity of the transcriptional response of each fatty acid, 4 genes were upregulated
upon exposure of all three fatty acids. These genes were involved in -fatty acid oxidation (CPT1A,
SLC25A20, ACADVL, and ACAA?2) in line with a generic cellular response to fatty acid exposure
regardless of the fatty acid type (Supp. Table 1g).
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Fig. 2| EPA, OA, and PA exposure in non-activated CD4' T cells induces changes in transcriptomics. (a)
Volcano plot showing the gene expression of non-activated CD4" T cells exposed to either EPA, OA, or PA.
All19,991 protein coding genes are shown for each fatty acid. DEGs are colored by fatty acid and denoted
by a larger size. Non-significant genes are shown in grey and denoted by a smaller size. Log2 fold change
is used to show the direction of gene expression. (b) Venn diagram showing the unique response of non-
activated CD4' T cells to each fatty acid. Values are colored by fatty acid. There are 6 DEGs overlapping
between all three fatty acids, 18 DEGs overlapping between EPA and OA, 4 DEGs overlapping between EPA
and PA, and 7 DEGs overlapping between OA and PA. Abbreviations, EPA = eicosapentaenoic acid, OA = oleic

acid, PA = palmitic acid.
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We focused on the marked transcriptomic response of CD4' T cells to EPA. Firstly, we analyzed
the 723 downregulated genes in EPA exposed non-activated CD4* T cells. The top three DEGs were
VIM (vimentin), TMSB4X (thymosin beta 4 X-linked) and HLA-DRA (major histocompatibility
complex, class I1, DR alpha). VIM and TMSB4X both encode structures involved in the makeup of
the cytoskeleton. HLA-DRA plays a central role in the immune response by presenting peptides
to T cells. Remarkably, many other immune response genes were also downregulated, including
SOCS2 (suppressor of cytokine signaling 2), CD69 (CD69 molecule), and IL2RA (interleukin 2 receptor
subunit alpha). SOCS2 is a negative regulator of cytokine receptor signaling, particularly of IGF1R,
an Insulin-Like Growth Factor whose expression is associated with the development of T 17 over
T, subsets. CD69 plays an integral partin T cell activation, and IL2RA is an important regulator
of T cell differentiation. A strong downregulation of immune-related processes was confirmed
by a formal analysis of enriched biological processes. In particular, interleukin (IL)-2 signaling
pathway (P, . <0.001; 110 DEGs), antigen processing and presentation (P, < 0.001; 27 DEGs),
and interferon gamma response (P, . < 0.001; 47 DEGs) were enriched (Fig. 3a; Supp. Table 1h).
This indicates that EPA reduces immune related gene expression in non-activated CD4" T cells.

Secondly, we analyzed the 447 upregulated genes in EPA exposed non-activated CD4' T cells.
The top three DEGs were NQO1 (NAD(P)H quinone dehydrogenase 1), ARRDC3 (arrestin domain
containing 3) and CPT1A. NQO1 is involved in protecting cells against oxidative stress, which can
be caused by lipid peroxidation and ARRDC3 encodes a regulator of G protein-mediated signaling.
Another gene of interest that was upregulated was VEGFA (vascular endothelial growth factor A).
The enzyme encoded by this gene is a proangiogenic molecule known to be involved in creating
immunosuppressive environments. This immunosuppressive profile was further supported by a
formal analysis of enriched biological processes, which showed upregulation of the NRF2 pathway
(P, <0.001; 20 DEGs; Fig. 3b; Supp. Table 1i). This pathway is the most important pathway for
protecting cells against oxidative stress and has been shown to be involved in anti-inflammatory
responses. Overall, these results suggests that EPA exposure can alter gene expression in non-
activated T cells towards an anti-inflammatory profile by decreasing immune response related
genes and increasing protective genes such as those in the NRF2 pathway.

Next, we investigated whether specific transcription factors may underlie the differential gene
expression. To do this, we examined the enrichment of transcription factor binding motifs in
loci that were more closed (down) versus more open (up) as determined by ATAC-sequencing.
The top EPA downregulated motifs included CTCF, GATA3, RUNX1, and PU.1 (Fig. 3c; Supp.
Table 1j). CTCF is a master regulator of chromatin looping and moreover, involved in effector
cell differentiation®®*. GATA3 and PU.1 are the key transcription factors for the development
of T, 2 and T, 9 cells, respectively>+. RUNX1 is necessary for T cell maturation, knock outs
of this transcription factor results in phenotypically and functionally immature T cells*2. We
next examined the enrichment of transcription factor binding motifs in upregulated versus
downregulated genes. EPA upregulated motifs included, REV-ERB, TCF7, and FOXA1 (Fig. 3d; Supp.
Table 1k). REV-ERB is an antagonist of RORyt, the key transcription factor for the development
of T,,17 cells®®. TCF7 plays a role in the regulation of autoinflammatory T cell responses*. FOXA1
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isinvolved in giving T, cells their suppressive properties*. These results further suggest that
non-activated CD4' T cells may decrease their ability to induce an immune response or effector

T cell profile after EPA exposure.

Downregulated Pathways EPA

a

Eukaryotic Translation Elongation
44 genes including: RPS24, RPS25, RPS27A, RPL35A, RPS12, RPS15A, RPL30, RPL34, RPS6, RPL23

Interleukin-2 signaling pathway
110 genes including: VIM, SOCS2, CD69, CCR2,CD96, IL2RA, CCRS, IL4R, CCR1, CD27, CX3CR1,
IRF1, CD300A, ITGB2, CCR7, GATA3, CCL5, CXCL8, E2F3, TNFSF10, EOMES

Antigen processing and presentation
27 genes including: HLA-DRA, HLA-DPA1, HLA-DPB1, HLA-E, CD74, HLA-DRB1, HLA-DRBS5, HLA-DQA1,
CIITA, HLA-DMB, CTSS, HLA-B, HLA-F, HLA-DQB1, HLA-DOA, HLA-A, HLA-C

Allograft Rejection
47 genes including: HLA-DRA, HLA-E, CD74, CCR2, CD96, IL2RA, HLA-DQA1, GBP2, HLA-DMB, CCRS5, CD40LG,
IL2RG, CTSS, IL4R, CCR1, IL2RB, HLA-DOA, ITGAL, TAP2, LCP2, HLA-A, ETS1, CD3E, ITGB2, CCL5

Interferon Gamma Response
47 genes including: PSMBY, CD74, HLA-DRB1, CD69, GZMA, PSME1, HLA-DQA1, CIITA, OAS2, TXNIP, IL4R,
VAMPS, HLA-B, XAF1, IL2RB, NLRCS5, IRF1, IL10RA, SLAMF7, OAS3, PARP12, CCL5, TNFSF10, PIM1

Cell adhesion molecules (CAMs)
28 genes including: HLA-DRA, HLA-DPA1, HLA-DPB1, HLA-E, CD226, ITGB1, ITGA4, ITGAM, HLA-DMB,
HLA-B, HLA-F, SELL, HLA-DQB1, HLA-DOA, ITGAL, HLA-A, ITGB2, HLA-C, SPN

Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
26 genes including: HLA-E, CD226, IFITM1, CD96, ITGB1, LAIR1, HLA-B, HLA-F, SELL,
ITGAL, HLA-A, TYROBP, CD300A, HLA-C, SLAMF7, CD200R1

Cap-dependent translation initiation
25 genes including: RPL35A, RPL30, RPL34, RPL23, RPL31, RPL41, RPL37A, RPLS, RPL19, UBA52, RPL7

T cell receptor regulation of apoptosis
76 genes including: VIM, RPS24, PSMB9, LGALS1, GBP1, IFITM1, CCR2, TAP1, IL2RA, PSME1, PTMA, CASP1, HLA-B,
CCR1, TRAF1, RAC2, PSME2, HMGB1, ARHGDIB, ATM, CDC42, LTB, TUBB, VIPR1, CXCL8, SPN, PIM1

Viral myocarditis
20 genes including: HLA-DRA, HLA-DPA1, HLA-DPB1, HLA-E, CD40LG, FYN, HLA-B,
HLA-F, RAC2, HLA-DOA, ITGAL, HLA-A, ITGB2, HLA-C, PRF1
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b Upregulated Pathways EPA

NRF2 pathway
20 genes: NQO1, GCLC, MAFG, HMOX1, FTL, SLC5A3, SLC6AY, TXNRD1, SQSTM1, GSR,
PRDX1, GCLM, G6PD, PGD, KEAP1, GSTP1, SLC39A7, SLC7A11, SLC6A6, SLC39A6

Amino acid transport across the plasma membrane
9 genes: SLC7A5, SLC43A2, SLC7A1, SLC3A2, SLC38A2, SLC1AS, SLC1A4, SLC7A11, SLC6A6

Glutamine in Cancer Metabolism
9 genes: SLC7AS5, PSAT1, GCLC, SLC3A2, SLC1AS5, PYCR1, GCLM, SLC7A11, PSPH

Xenobiotic Metabolism
19 genes: NQO1, GCLC, HMOX1, GABARAPL1, SLCIAS, ETFDH, AKR1C3, ARG2, PYCR1,
GSR, PGD, EPHX1, UGDH, NPC1, SHMT2, SLC6A6, HES6, LONP1, PINK1

mTORC1 Signaling
23 genes: SLC7A5, PSAT1, GCLC, EDEM1, PHGDH, SLC1A5, TXNRD1, SQSTM1, MTHFD2, GSR, SLC1A4,
PRDX1, DDIT3, G6PD, PPP1R15A, SLC7A11, SHMT2, SLC6A6, GLA, GAPDH, NAMPT, DDX39A, PSPH

Metabolic reprogramming in colon cancer
10 genes: PSAT1, SLC1AS, TALDO1, PYCR1, G6PD, PGD, SHMT2, PKM, GAPDH, PSPH

Oxidative Stress in Amyotrophic Lateral Sclerosis
6 genes: NQO1, GCLC, HMOX1, GSR, GCLM, KEAP1

Unfolded Protein Response
16 genes: SLC7AS, PSAT1, HERPUDI1, TARS1, IARS1, CHAC1, VEGFA, EDEM1,
CEBPG, MTHFD2, SLC1A4, ATF4, CXXC1, SLC30A5, XPOT, EDC4

Trans-sulfuration and one carbon metabolism
8 genes: PSAT1, GCLC, PHGDH, MTHFD2, MTHFD1L, GCLM, SHMT2, PSPH

Serine glycine biosynthesis
4 genes: PSAT1, PHGDH, SHMT2, PSPH

L LTI T |

10 20
-10log(p)

30

139



Chapter 4

. Percentage in Sequence
Downregulated TF Footprint EPA 0% 1% 2% 3% 4% 5%

C

egerccesceercess: (N -
AcATeRzACATAS: [ -
AopoATeTeeE e
AQA AAGTG -PU.1

0 10 20 30 40 50 60 70 80 90 100
-log (p value)

. Percentage in Sequence

d Upregulated TF Footprint EPA 0% 1% 2% 3% 4% 5%

. ~*Down
. e Up

aoerteh [l
e Wl
EngATrréM Qé . FOXAL

0 10 20 30 40 50 60 70 8 90 100
-log (p value)

.

Fig. 3 | Up- and downregulated pathways and transcription factors in EPA-exposed non-activated CD4*
T cells. (a) Pathway enrichment analysis of all downregulated EPA DEGs generated using clusterProfiler
using 10 human pathway databases. Top 10 enrichments are shown. (b) Pathway enrichment analysis
of all upregulated EPA DEGs generated using clusterProfiler using 10 human pathway databases. Top 10
enrichments are shown. (¢) Known motif analysis on promotors of down versus upregulated EPA ATAC peaks.
Enrichment of transcription factor binding motifs was performed using HOMER. 4 motifs are shown with
supplementing information on p-value, percentage of genes in upregulated gene set and percentage of genes
in downregulated gene set, transcription factor name, -log(p-value), and percentage in sequence. (d) Known
motif analysis on promotors of up versus downregulated EPA ATAC peaks. Enrichment of transcription
factor binding motifs was performed using HOMER. 4 motifs are shown with supplementing information
on p-value, percentage of genes in upregulated gene set and percentage of genes in downregulated gene set,
transcription factor name, -log(p-value), and percentage in sequence. Abbreviations, EPA = eicosapentaenoic
acid, TF = transcription factor.

Transcriptomic analysis of OA and PA exposed non-activated CD4' T cells
Non-activated CD4* T cells were also exposed to either OA or PA and differential gene expression
was measured. In line with our previous experiments, we found that OA exposure lead to the
downregulation of endogenous peptide antigen presentation (HSPA5 and PDIA3; P, . < 0.001; 2
DEGs), electron transport chain and oxidative phosphorylation activity (NDUFA12, NDUFB4, and
ATP5FIC; P, . <0.001; 3 DEGs) and upregulation of cholesterol biosynthesis (HMGCR, HMGCS1 and
DHCR24; P, < 0.001; 4 DEGs; Supp. Fig. 2a and b; Supp. Table 1l and m) related genes. Exposure
to PA induced an opposite response, with the downregulation of cholesterol biosynthesis pathway
(HMGCR and SQLE; P, < 0.05; 2 DEGs), and upregulated beta fatty acid oxidation (CPT14, SLC25A20,
and ACADVL; P, <0.001; 3 DEGs; Supp. Fig. 2c and d; Supp. Table 1n and o) related genes. Thus,
the changes in the transcriptome of OA and PA exposed cells seem to have a greater effect on
genes involved in cellular metabolism, particularly cholesterol metabolism, as compared to EPA.

The transcriptional responses observed were in line with the results of ATAC-sequencing based
transcription factor footprint analysis. For OA only three motifs were downregulated including

RAR:RXR, a motif known to play a partin the development of T, _ over T ;17 cells (Supp. Fig. 3a;
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Supp. Table 1p). OA upregulated motifs included PU.1, as was found previously® as well as IRFS,
which is also involved in T 9 differentiation (Supp. Fig. 3b; Supp. Table 1q). PA downregulated
motifs included IRF8 and GATA3 (Supp. Fig. 3c; Supp. Table 1r) and upregulated motifs included
REV-ERB (Supp. Fig. 3d; Supp. Table 1s). OA and PA showed reversed effects on cholesterol
metabolism processes which were mirrored in opposite associations with transcription factor
binding motifs, indicating fatty-acid specific responses in non-activated CD4* T cells.

Discussion

IPE, the highly purified form of EPA, has been associated with reduced triglycerides, cardiovascular
events, and cardiovascular death in individuals with relatively well controlled LDL levels, even
when corrected for placebo response in the mineral oil control group, LDL, and C-reactive protein
(CRP) in the REDUCE-IT trial*® 9. The trials outcomes and interpretation have been widely
debated and the mechanisms by which EPA exerts its beneficial effects remains incompletely
understood™ 2. We show that EPA exposure can already produce distinct changes in T cells
prior to activation by decreasing the expression of immune response genes and increasing the
expression of genes involved in oxidative stress protection. This is further supported by changes
in transcription factor binding sites in our ATAC-sequencing motif analysis, indicating a change
in the epigenetic landscape of EPA exposed T cells. Furthermore, we show that EPA induces a
unique response in non-activated CD4" T cells as two other fatty acids of varying degrees of
saturation, OA and PA, generated a smaller yet distinct effect on gene expression profiles in
T cells as compared to control. Our findings imply that different fatty acids in the circulation
can induce diverse effects on T cell transcriptomics, and that specifically EPA exposure may
poise T cells to have clearer anti-inflammatory responses. These results underscore a potential
mechanism by which EPA may mitigate ASCVD risk, suggesting its anti-inflammatory impact
on T cells as a contributing factor. This is particularly noteworthy as T cells comprise over half
of the immune cell population within atherosclerotic plaques™*.

Our results show that EPA exposure, but not OA nor PA, leads to a strong downregulation of immune
response related genes. Particularly, genes involved in antigen processing and presentation were
downregulated in EPA exposed cells, denoted by, amongst others, the decreased expression of
14 different HLA genes. This gene group is crucial in inducing immune responses® and has also
been found to be associated with T cell activation and effector memory phenotype in CD4* T cellss.
In addition, genes involved in IL-2 signaling were also downregulated, which is required for T
cell activations2. Downregulation of genes in these pathways suggests that EPA exposed T cells
may have a reduced ability to initiate an immune response, a key component of inflammatory
responses in atherosclerotic plaques®. This result can support the finding that higher plasma
EPA levels are associated with lower CVD risk in humans’. Furthermore, genes involved in
pro-inflammatory pathways, such as interferon gamma response were downregulated in EPA
exposed cells. IFNy is primarily produced by pro-inflammatory T cell subset, T 1 cells, which
have also been found to decrease upon EPA exposure? 5557, Moreover, the key transcription

141



Chapter 4

factorsin T2 and T, 9 differentiation, GATA3 and PU.1, were also found to be decreased in our
motif analysis. While T, 2 cells have inconclusive effects on ASCVD, T 9 cells have been shown
to aggravate it>**°. Thus, EPA exposure decreased genes involved in immune response and
pro-inflammatory pathways as well as suggests a reduced ability for key T cell differentiation
transcription factors to bind.

In further support of EPA’s anti-inflammatory properties on non-activated CD4" T cells, we found
that genes involved in the NRF2 pathway were upregulated upon EPA exposure. This pathway
mainly functions in preventing oxidative stress in cells by activating genes involved in detoxification
and removal of reactive oxygen species®. However, the NRF2 pathway has also been shown to
aid in the anti-inflammatory responses of macrophages® and has been suggested as a beneficial
pleiotropic effect of statins®, as oxidative stress has been found to be a risk factor for ASCVD®.
We also found an increased footprint for the transcription factors REV-ERB, TCF7, and FOXA1.
These transcription factors are each involved in regulating T cell responses and generating a
more anti-inflammatory T cell profile*+. Overall, these data indicate that non-activated CD4"
T cells can already acquire an anti-inflammatory transcriptomic profile, which may play a role
in the anti-inflammatory properties observed of EPA in clinical trials.

EPA has a distinct effect on CD4* T cells. This is observed by our analysis of the effects of OA and
PA on non-activated CD4' T cells. The number of DEGs and effect sizes were smaller upon OA
and PA exposure and distinctly different. Interestingly, OA and PA each had opposed effects on
cholesterol biosynthesis related genes, with OA upregulating and PA downregulating genes in
this pathway. Upregulation of cholesterol biosynthesis has been related to the development of
T, 17 cells by controlling RORyt activity, the key transcription factor in T 17 differentiation® ‘.
This observation can be further supported by OA downregulating the RAR:RXR motif, which is
involved in generating T, cells over T, ;17 and PA upregulating REV-ERB* . The results of OA
exposure also show the robustness of our approach as our findings here match what was found
previously by our group®. These data suggest that our model is robust and each fatty acid induces
its own unique response in non-activated CD4* T cells.

Conclusion

In conclusion, our data points to the fact that EPA produces a strong and specific anti-inflammatory
transcriptional profile in non-activated CD4* T cells comprised of both the downregulation of
immune related genes and the upregulation of antioxidant genes. This profile is supported
by transcription factor motif analysis and by the analysis of two other fatty acids of varying
degrees of saturation. Our results contribute to the debate of how EPA exerts beneficial effects
in human ASCVD. Our study gives an indication that the beneficial effects observed of EPA, as
asserted in clinical trials, can already start in the circulation by inducing an anti-inflammatory
transcriptional profile in non-activated T cells with potentially anti-atherosclerotic properties.
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Limitations of the study

We show that EPA exposure has beneficial anti-inflammatory effects on non-activated CD4* T
cells. This is relevant because T cells are largely non-activated in the circulation and it is in the
circulation where T cells will encounter EPA when individuals are treated with IPE to reduce
ASCVD risk. Nevertheless, our results are in line with experiments on activated T cells, which
showed that EPA exposure decreased proliferation®**, decreased T 1 and T 17 populations®#,
and had no effect on or increased T,2and T, populations****. Therefore, the encounter with EPA
in a non-activated state may induce transcriptomic changes that influence the functional changes
post-activation. Furthermore, our use of non-activated CD4* T cells with no additional selection
towards naive, effector, memory, or specific T helper subsets, as well as in culture medium
containing other lipids more closely represents the diversity of T cells and environment of the
circulation in which EPA exposure takes place. Additionally, we utilized OA and PA, two fatty
acids of varying degrees of saturation to establish the distinct effects of EPA. Nevertheless, this
does not rule out that other fatty acids may have marked effects on non-activated CD4' T cells as
well?., A final limitation of our study is that we have employed an in vitro model and the effects of
EPA on T cells in vivo should be studied in the context of trials of IPE. However, in mouse models,
EPA supplementation has also been shown to reduce cholesterol levels®, whereas, in humans, the
effects of EPA on ASCVD risk were independent of LDL lowering*. Therefore, using a validated
in vitro model provides valuable insights to study the effects of EPA on human CD4' T cells.

Translational perspectives

We report that EPA induces an anti-inflammatory transcriptomic profile in non-activated CD4*
T cells. This observation is important to better understand the mechanism through which EPA
reduces cardiovascular disease risk in studies such as the REDUCE-IT trial. The REDUCE-IT
trial showed that intervention with IPE, which the body metabolizes to EPA, reduces the risk
of cardiovascular events and death in patients with high triglycerides. The findings of this trial
have sparked considerable debate in the literature as the results appeared to occur irrespective
of the attained triglyceride level after one year'*®2. Testing T cells from individuals undergoing
IPE interventions can provide additional insights into how EPA exerts its beneficial effects
independent of triglyceride reduction.
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Supplemental information
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Supplemental Fig. 1| Verification of viability and cell diameter post-exposure for RNA sequencing. (a)
Bar plot showing the average cell viability and standard error in percent, as determined by Via1-Cassette™
on a NucleoCounter® NC-200™. On average the cell viability of control exposed cells was 97.7 SE 0.4%, EPA
exposed cells was 97.4 SE 0.3% (p > 0.05), OA exposed cells was 97.5 SE 0.5% (p > 0.05), and PA exposed cells
was 98.0 SE 0.4% (p > 0.05) at 48h. Thus, there was no effect on CD4 T cell viability after 48h exposure, n=8.
(b) Dot plot showing the average cell diameter and standard error in pm, as determined by Via1-Cassette™
on a NucleoCounter® NC-200™. On average the cell diameter of control exposed cells was 9.1 SE 0.03um, EPA
exposed cells was 9.1 SE 0.02um (p > 0.05), OA exposed cells was 9.0 SE 0.04pum (p > 0.05), and PA exposed
cells was 9.1 SE 0.03um (p > 0.05) at 48h. Thus, there was no effect on CD4' T cell diameter after 48h exposure,
n =38. Abbreviations, EPA = eicosapentaenoic acid, h = hours, OA = oleic acid, PA = palmitic acid.

148



EPA promotes anti-inflammatory gene expression in CD4* T cells

Downregulated Pathways OA

Prion disease pathway
3 genes: HSP90B1, HSPAS, PDIA3

Co-Translational ER Protein Import
2 genes: HSP90B1, HSPAS

Endogenous Peptide Antigen Presentation
2 genes: HSPAS, PDIA3

Protein Folding
2 genes: HSP90B1, HSP90AA1

Electron Transport Chain (OXPHOS system in mitochondria)
3 genes: NDUFA12, NDUFB4, ATP5F1C
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Upregulated Pathways OA

Lipid and lipoprotein metabolism
13 genes: CPT1A, SLC25A20, ACADVL, LPCAT1, DHCR24, FASN,
SREBF2, LDLR, HMGCR, UGCG, SPTLC2, KDSR, HMGCS1

SREBF and miR-33 in cholesterol and lipid homeostasis

5 genes: FASN, SREBF2, LDLR, HMGCR, HMGCS1

Fatty acid, triacylglycerol, and ketone body metabolism
8 genes: CPT1A, SLC25A20, ACADVL, LPCAT1, FASN, SREBF2, HMGCR, HMGCS1

Fatty Acid Metabolism

7 genes: CPT1A, ACADVL, DHCR24, FASN, ACAA2, ETFDH, HMGCS1

Cholesterol biosynthesis
4 genes: DHCR24, SREBF2, HMGCR, HMGCS1
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-10log(p)

Downregulated Pathways PA

Cholesterol biosynthesis
2 genes: HMGCR, SQLE

Cholesterol Biosynthesis Pathway
2 genes: HMGCR, SQLE

Statin pathway

2 genes: HMGCR, SQLE

Statin Pathway

2 genes: HMGCR, SQLE

Cholesterol biosynthesis
2 genes: HMGCR, SQLE

o
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-10log(p)

Upregulated Pathways PA

Estrogen Deficiency in Female Obesity
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Chapter 4

Supplemental Fig. 2 | Up- and downregulated pathways in PA and OA-exposed non-activated CD4' T cells.
(a) Pathway enrichment analysis of all downregulated OA DEGs generated using clusterProfiler using 10 human
pathway databases. Top 5 enrichments are shown. (b) Pathway enrichment analysis of all upregulated OA
DEGs generated using clusterProfiler using 10 human pathway databases. Top 5 enrichments are shown. (c)
Pathway enrichment analysis of all downregulated PA DEGs generated using clusterProfiler using 10 human
pathway databases. Top 5 enrichments are shown. (d) Pathway enrichment analysis of all upregulated PA
DEGs generated using clusterProfiler using 10 human pathway databases. Top 5 enrichments are shown.
Abbreviations, OA = oleic acid, PA = palmitic acid.
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Supplemental Fig. 3 | Up- and downregulated transcription factors in PA and OA-exposed non-activated
CD4' T cells. (a) Known motif analysis on promotors of down versus upregulated OA ATAC peaks. Enrichment
of transcription factor binding motifs was performed using HOMER. 3 motifs are shown with supplementing
information on p-value, percentage of genes in upregulated gene set and percentage of genes in downregulated
gene set, transcription factor name, -log(p-value), and percentage in sequence. (b) Known motif analysis on
promotors of up versus downregulated OA ATAC peaks. Enrichment of transcription factor binding motifs
was performed using HOMER. 4 motifs are shown with supplementing information on p-value, percentage
of genes in upregulated gene set and percentage of genes in downregulated gene set, transcription factor
name, -log(p-value), and percentage in sequence. (¢) Known motif analysis on promotors of down versus
upregulated PA ATAC peaks. Enrichment of transcription factor binding motifs was performed using
HOMER. 3 motifs are shown with supplementing information on p-value, percentage of genes in upregulated
gene set and percentage of genes in downregulated gene set, transcription factor name, -log(p-value), and
percentage in sequence. (d) Known motif analysis on promotors of up versus downregulated PA ATAC
peaks. Enrichment of transcription factor binding motifs was performed using HOMER. 4 motifs are shown
with supplementing information on p-value, percentage of genes in upregulated gene set and percentage
of genes in downregulated gene set, transcription factor name, -log(p-value), and percentage in sequence.
Abbreviations, OA = oleic acid, PA = palmitic acid, TF = transcription factor.
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Supplemental Table 1| Changes in gene expression and CD4' T cell markers due to EPA, PA, or OA exposure.

Supplemental Table 1| (a) (partial) Downregulated DEGs for EPA exposed non-activated CD4' T cells in
order of significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change,
log fold change standard error, p value, and adjusted p value (FDR). Top 30 most significantly expressed
genes are shown here.

log2FC
Order Ensembl ID Gene Symbol UniProt baseMean log2FC SE Pvalue ©P_
1 ENSG00000026025 VIM P08670 10461.483 -0.686  0.075 4.44E-20 1.44E-16
2 ENSG00000205542 TMSB4X P62328 48176.611  -0.577 0.072  7.52E-16 1.08E-12

3 ENSG00000204287 HLA-DRA P01903  633.049 -1.137 0.147 1.27E-14 1.32E-11
4 ENSG00000138326 RPS24 P62847 18476.569 -0.730 0.095 1.33E-14 1.32E-11

5 ENSG00000231389 HLA-DPA1 P20036  417.419 -0.963 0.130 1.43E-13 1.16E-10

6 ENSG00000026950 BTN3A1 000481 2825734  -0.939 0.131  7.52E-13 5.12E-10
7 ENSG00000106952 TNFSF8 P32971  1146.126  -0.816 0.114  9.00E-13 5.83E-10
8 ENSG00000034510 TMSB10 P63313 16350.584 -0.622 0.092  1.37E-11 6.08E-09
9 ENSG00000118181  RPS25 P62851 30745712  -0.533 0.079  1.41E-11 6.08E-09

10 ENSG00000223865 HLA-DPB1 Po4440  318.848 -1.159 0.174 2.74E-11 1.11E-08

11 ENSG00000186470 BTN3A2 P78410 3097.909 -0.814 0.125  7.80E-11 2.65E-08
12 ENSG00000240065 PSMB9 P28065 851.254  -0.822 0.127  1.09E-10 3.44E-08
13 ENSG00000111801 BTN3A3 000478  2129.494  -0.732 0.114  1.32E-10 4.08E-08
14 ENSG00000100097 LGALS1 P09382  476.452  -0.723 0.113  1.68E-10 4.93E-08
15 ENSG00000204592 HLA-E P13747 21754.754 -0.713 0.112 1.76E-10 4.96E-08
16 ENSG00000255150 EID3 Q8N140 109.010  -1.274 0.200 1.76E-10 4.96E-08
17 ENSG00000120833  SOCS2 014508 272.816  -0.932 0.147  2.27E-10 6.12E-08
18 ENSG00000160856 FCRL3 Q96P31  201.018 -1.190 0.189  3.06E-10 7.76E-08
19 ENSG00000019582 CD74 P04233 2645.553 -0.622 0.099  3.92E-10 9.74E-08
20 ENSG00000008517  IL32 P24001 4786915  -0.671 0.107  4.11E-10 1.00E-07
21 ENSG00000185880 TRIM69 Q86WT6  867.798 -0.572 0.092  5.10E-10 1.22E-07
22 ENSG00000131981  LGALS3 P17931  568.618  -0.653 0.107  9.88E-10 2.28E-07
23 ENSG00000113088 GZMK P49863  365.982  -1.139 0.187 1.02E-09 2.31E-07

[continued on next page]
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Supplemental Table 1| (a) (partial) [continued]

Order Ensembl ID Gene Symbol UniProt baseMean log2FC logSZEFC Pvalue P _
24 ENSG00000107736 CDH23 Q9H251 268.652  -1.072 0.177  1.35E-09 3.02E-07
25 ENSG00000243335 KCTD7 Q96MP8 1002.502  -0.512 0.085 1.40E-09 3.07E-07
26 ENSGo0000114737 CISH Q9NSE2  599.263 -0.822 0.137 2.18E-09 4.55E-07

27 ENSG00000196126 ~ HLA-DRBI Po1911 300.924 -1.002 0.168  2.43E-09 5.00E-07

28 ENSG00000130755 GMFG 060234 3215.210 -0.548 0.092  2.54E-09 5.14E-07
29 ENSG00000143947 RPS27A P62979 45091.864 -0.408 0.069  3.60E-09 6.96E-07
30 ENSG00000101608 MYL12A P19105 7915.620  -0.504 0.086  3.78E-09 7.19E-07

Supplemental Table1 | (b) (partial) Upregulated DEGs for EPA exposed non-activated CD4' T cells in order
of significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log
fold change standard error, p value, and adjusted p value (FDR). Top 30 most significantly expressed genes
are shown here.

Order Ensembl ID Gene Symbol UniProt baseMean log2FC logSZEFc Pvalue P,
1 ENSG00000181019  NQO1 P15559  346.693  2.457 0.218  2.37E-29 3.07E-25
2 ENSG00000113369 ARRDC3 Q96B67  3175.559 1.305 0.118  2.59E-28 1.68E-24
3 ENSG00000110090 CPTIA P50416  603.707 2.716 0.270  8.52E-24 3.68E-20
4 ENSG00000103257 SLC7A5 Q01650 1346.098  1.219 0.133  5.98E-20 1.55E-16
5 ENSG00000115758 ODC1 P11926  1660.221 1.023 0.120 1.56E-17 3.37E-14

6 ENSG00000178537 SLC25A20 043772 267.897 1.144 0.136  3.55E-17 6.57E-14

7 ENSG00000090861 AARS1 P49588  4381.327  0.697 0.084  7.34E-17 1.19E-13
8 ENSG00000135069 PSAT1 Q9Y617 1488.575  1.086 0.136  1.18E-15 1.53E-12
9 ENSG00000001084 GCLC P48506 1258.380  0.872 0.109  1.31E-15 1.54E-12
10 ENSG00000167703  SLC43A2 Q8N370  169.252 2.053 0.273  5.60E-14 5.17E-11
11 ENSG00000125534 PPDPF Q9oH3Y8 1332.610 0.876 0.118  9.86E-14 8.50E-11
12 ENSG00000172613 RAD9A Q99638  820.146 0.823 0.113  3.95E-13 3.01E-10
13 ENSG00000139514 SLC7A1 P30825 1604.807  0.522 0.073  6.51E-13 4.68E-10

[continued on next page]
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Supplemental Table 1| (b) (partial) [continued]

log2FC
Order Ensembl ID Gene Symbol UniProt baseMean log2FC SE Pvalue P,

FDR

14 ENSG00000051108 HERPUD1 Q15011  1950.929  0.623 0.087 1.07E-12  6.59E-10

15 ENSG00000197063 MAFG 015525  646.794 1.042 0.148  1.68E-12 9.53E-10
16 ENSG00000116852  KIF21B 075037 5536.202  0.782 0.111 1.69E-12 9.53E-10
17 ENSG00000100292 HMOX1 Po960o1  118.300 4.091 0.583  2.20E-12 1.19E-09
18 ENSG00000198830 HMGN2 P05204 4201.608  0.462 0.066  2.80E-12 1.45E-09
19 ENSG00000113407 TARS1 P26639 3883.418 0.621 0.090 4.95E-12 2.46E-09
20 ENSG00000162413  KLHL21 QoUJP4 1585720  0.772 0.112  5.78E-12 2.77E-09
21 ENSG00000168003 SLC3A2 Po8195 5743.672  1.397 0.204  7.76E-12 3.58E-09
22 ENSG00000072778 ACADVL P49748  3071.367 0.541 0.081  2.37E-11 9.91E-09
23 ENSG00000196305 IARSI1 P41252  3525.848  0.446 0.067 3.64E-11 1.43E-08
24 ENSG00000128965 CHAC1 Q9BUX1 266.899 1.461 0.221  4.02E-11 1.53E-08
25 ENSG00000082898 XPO1 014980 4845.018  0.824 0.126  5.09E-11 1.88E-08

26 ENSG00000139112 GABARAPL1 Q9HOR8 821.575 1.034 0.158  6.32E-11 2.27E-08

27 ENSG00000087086 FTL Po2792 23835.068 0.800 0.123  6.97E-11 2.44E-08
28 ENSG00000134294 SLC38A2 Q96QD8  5627.146 0.676 0.104  9.33E-11 3.10E-08
29 ENSG00000166986 MARSI1 P56192  5359.986  0.444 0.069  1.00E-10 3.24E-08
30 ENSG00000198743  SLC5A3 P53794 1939.433  0.860 0.135 1.66E-10 4.93E-08

Supplemental Table 1| (c) Downregulated DEGs for OA exposed non-activated CD4* T cells in order of
significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log fold
change standard error, p value, and adjusted p value (FDR).

Order Ensembl ID Gene Symbol UniProt baseMean log2FC logSZEFC Pvalue P,

1 ENSG00000205542 TMSB4X P62328 53784.953 -0.300 0.063 1.93E-06 0.00146
2 ENSG00000166598 HSP90BI1 P14625 9262.938 -0.336 0.071  2.02E-06 0.00146
3 ENSG00000044574 HSPA5 P11021  5535.011  -0.382 0.081  2.19E-06 0.00149

4 ENSG00000184752 NDUFA12 QoUIo9 1467.880  -0.347 0.082 2.55E-05 0.01178

5 ENSG00000111348 ARHGDIB P52566 18341.064 -0.224 0.057 9.10E-05 0.03021

[continued on next page]
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Supplemental Table 1 (c) [continued]

Order Ensembl ID Gene Symbol UniProt baseMean log2FC logSZEFC Pvalue P _
6 ENSG00000065518 NDUFB4 095168  923.826  -0.345 0.090  0.000119 0.03589
7 ENSG00000167004 PDIA3 P30101 5053715 -0.275 0.072  0.000135 0.03820
8 ENSG00000034510 TMSB10 P63313 18121.778 -0.287 0.076  0.000146 0.03951
9 ENSG00000265972 TXNIP Q9H3M7 19375.847 -0.185 0.049  0.000150 0.03973
10 ENSG00000145050 MANF P55145  661.685 -0.427 0.113  0.000159 0.04114
11 ENSG00000111481  COPZ1 P61923 1920.473  -0.221 0.060 0.000207 0.04787
12 ENSG00000165629  ATP5F1C P36542 1803.183  -0.277 0.075 0.000211 0.04787
13 ENSG00000080824 HSP90AA1 P07900 12647.574 -0.264 0.072  0.000222 0.04787

Supplemental Table 1 | (d) (partial) Upregulated DEGs for OA exposed non-activated CD4" T cells in order
of significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log
fold change standard error, p value, and adjusted p value (FDR). Top 30 most significantly expressed genes
are shown here.

Order Ensembl ID

1

10

11

12

13

ENSG00000110090
ENSG00000178537
ENSG00000145860
ENSG00000072778
ENSG00000143110

ENSG00000153395
ENSG00000184602
ENSG00000116133

ENSG00000169710
ENSG00000198911

ENSG00000102032
ENSG00000130164

ENSG00000167315

Gene Symbol UniProt baseMean log2FC

CPT1A
SLC25A20
RNF145
ACADVL
Ciorf162
LPCAT1
SNN
DHCR24
FASN
SREBF2
RENBP
LDLR

ACAA2

P50416
043772
Q96MT1
P49748
Q8NEQ5
Q8NF37
075324
Q15392
P49327
Q12772
P51606
Po1130

P42765

893.439
352.353
2335.306
3128.902
1332.128
1527.598
905.754
474.003
866.664
3184.981
250.558
1013.144

483.439

3.460
1.669
0.638
0.557
0.522
0.473
0.581
0.588
0.680
0.390
0.747
0.461

0.558

log2FC
SE

0.110
0.121
0.068
0.064
0.072
0.067
0.082
0.093
0.116
0.070
0.142
0.088

0.108

Pvalue P

2.87E-218 3.71E-214
1.34E-43 8.65E-40
7.35E-21  3.17E-17
2.87E-18 9.28E-15
3.78E-13  9.78E-10
1.35E-12 2.59E-09
1.40E-12  2.59E-09
3.08E-10 4.98E-07
4.68E-09 6.74E-06
2.37E-08 3.07E-05
1.57E-07 0.000184
1.87E-07 0.000202

2.23E-07 0.000222

[continued on next page]
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Supplemental Table 1| (d) (partial) [continued]

log2FC
Order Ensembl ID Gene Symbol UniProt baseMean log2FC SE Pvalue

PFDR

14 ENSG00000166575 TMEM135 Q86UB9  161.166 0.722 0.146  7.39E-07 0.000683

15 ENSG00000167106 ~ FAM102A Q5T9C2  7915.593  0.290 0.060 1.43E-06 0.001236

16 ENSG00000103249 CLCN7y P51798  1764.038 0.411 0.086 1.88E-06 0.001456
17 ENSG00000069424 KCNAB2 Q13303 4855.716  0.308 0.065 2.30E-06 0.001489
18 ENSG00000113161  HMGCR P04035  913.374 0.369 0.081  5.52E-06 0.003402
19 ENSG00000198355 PIM3 Q86V86  716.562 0.450 0.102  1.05E-05 0.006197
20 ENSG00000171503 ETFDH Q16134  301.259 0.553 0.127  1.41E-05 0.007922
21 ENSG00000140526 ABHD2 Po8910 1283.746  0.291 0.068  1.70E-05 0.009194
22 ENSG00000174903 RABI1B Q9HoU4 2107.877 0.334 0.078 1.95E-05 0.010094
23 ENSG00000106266 SNX8 Q9Y5X2  144.357 0.710 0.168  2.40E-05 0.011780
24 ENSG00000079432 CIC Q96RK0O 2107.033  0.347 0.082  2.53E-05 0.011780
25 ENSG00000163162  RNF149 Q8NC42 1907.621  0.340 0.081  3.02E-05 0.013471
26 ENSG00000161011  SQSTM1 Q13501 3912.137  0.262 0.063  3.26E-05 0.014059
27 ENSG00000172059 KLF11 014901  161.305 0.718 0.174  3.65E-05 0.015237

28 ENSG00000158470 B4GALT5 043286  294.347 0.478 0.120  6.72E-05 0.026870
29 ENSG00000011021  CLCN6 P51797  556.903 0.388 0.098  6.85E-05 0.026870

30 ENSG00000113163  CERT1 Q9Y5P4  911.346 0.347 0.088  7.53E-05 0.028490

Supplemental Table 1| (e) Downregulated DEGs for PA exposed non-activated CD4" T cells in order of
significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log fold
change standard error, p value, and adjusted p value (FDR).

Order Ensembl ID Gene Symbol UniProt baseMean log2FC logSZEFC Pvalue P,

1 ENSG00000117632  STMNI1 P16949 1324.856  -0.407 0.067 1.44E-09 2.68E-06
2 ENSG00000163659 TIPARP Q7Z3E1 2383.237 -0.329 0.058 1.57E-08 2.04E-05
3 ENSG00000153395 LPCATI Q8NF37 1166.324 -0.276 0.058  2.38E-06 0.00257
4 ENSG00000113161  HMGCR Po4035 726.112  -0.325 0.070  3.58E-06 0.00328
5 ENSG00000118816  CCNI Q14094 4732.443  -0.218 0.047 3.99E-06 0.00328

[continued on next page]
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Supplemental Table 1| (e) [continued]

Order Ensembl ID Gene Symbol UniProt baseMean log2FC logSZEFC Pvalue P,
6 ENSG00000145741  BTF3 P20290 10617.724 -0.255 0.056  4.30E-06 0.00328
7 ENSG00000006451 RALA P11233  1137.560 -0.283 0.067 2.66E-05 0.01724
8 ENSG00000145860 RNF145 Q96MT1 1666.498  -0.287 0.069 2.81E-05 0.01733
9 ENSG00000187109  NAPiL1 P55209 12784.530 -0.322 0.077 3.00E-05 0.01768
10 ENSG00000128989 ARPP19 P56211  1868.746  -0.278 0.067 3.43E-05 0.01932
11 ENSG00000104549 SQLE Q14534 334.452  -0.364  0.090 4.68E-05 0.02427
12 ENSGo0000117592 PRDX6 P30041 1454.171 -0.211  0.053  7.87E-05 0.03518
13 ENSG00000153283 CD96 P40200 6532.967 -0.210 0.054 0.000104 0.04298
14 ENSG00000130741  EIF2S3 P41091  5440.858  -0.211 0.055 0.000107 0.04298
15  ENSG00000125868 DSTN P60981  923.114 -0.270  0.070 0.000109 0.04298

Supplemental Table 1| (f) Upregulated DEGs for PA exposed non-activated CD4' T cells in order of significance
along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log fold change standard
error, p value, and adjusted p value (FDR).

log2FC
Order Ensembl ID Gene Symbol UniProt baseMean log2FC SE Pvalue P .
1 ENSG00000110090 CPT1A P50416  709.522 3.173 0.112 1.88E-177 2.44E-173

2 ENSG00000178537 SLC25A20 043772 328.362 1.552 0.099  1.28E-55 8.30E-52

3 ENSG00000072778 ACADVL P49748  3226.461  0.642 0.055 3.26E-31 1.41E-27
4 ENSG00000072310 SREBF1 P36956  748.306 1.252 0.125 1.23E-23 3.99E-20
5 ENSG00000143110  Ciorf162 Q8NEQ5 1302.359  0.464 0.058  1.83E-15 4.76E-12
6 ENSG00000111684  LPCAT3 Q6P1A2  415.027  0.690 0.109  2.26E-10 4.89E-07
7 ENSG00000160179  ABCGI P45844  158.548 1.060 0.176  1.75E-09 2.84E-06
8 ENSG00000167315 ACAA2 P42765  486.997  0.560 0.095 3.79E-09 5.47E-06

9 ENSG00000166575 TMEM135 Q86UB9  164.063 0.743 0.148  5.64E-07 0.000665
10 ENSG00000149428 HYOU1 Q9Y4L1 2099.100  0.321 0.069  3.85E-06 0.003283

11 ENSG00000099194 SCD 000767  183.550 0.595 0.129  4.11E-06 0.003283

[continued on next page]
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Supplemental Table 1| (f) [continued]

Order Ensembl ID Gene Symbol UniProt baseMean log2FC 1ogSZEFC Pvalue P

12 ENSG00000196155 PLEKHG4 Q58EX7  674.104 0.305 0.072  2.22E-05 0.015991
13 ENSG00000182871  COL18A1 P39060  687.338 0.507 0.120  2.49E-05 0.016984
14 ENSG00000278540 ACACA Q13085  410.104 0.359 0.088  4.54E-05 0.024270
15 ENSG00000141524 TMC6 Q72403 9025.505  0.274 0.068  5.20E-05 0.025954
16 ENSG00000079432 CIC Q96RKO 2111939  0.362 0.091  7.28E-05 0.034997
17 ENSG00000182095 TNRC18 015417 1055.115  0.343 0.087  7.56E-05 0.035038
18 ENSG00000155090 KLF10 Q13118  39.296 1.179 0.302  9.28E-05 0.040127
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EPA promotes anti-inflammatory gene expression in CD4* T cells

Supplemental Table 1| (n) Pathway enrichment analysis of all downregulated PA DEGs generated using
clusterProfiler using 10 human pathway databases. Enriched pathways are shown with information on which
group that term clusters into based on the Jaccard index > 0.70, pathway term, number of DEGs that overlap
with that databases gene set for that pathway, p value, adjusted p value, number of DEGs in that pathway
that were upregulated, number of DEGs in that pathway that were downregulated, and gene names of all
DEGs included in that pathway.

Adjusted Up- Down-
Group Term Overlap Pvalue Pvalue regulated regulated Genes
1 Cholesterol biosynthesis 2/10 7.41E-05 0.01047 © 2 HMGCR, SQLE
2 Cholesterol biosynthesis 2/15 0.00017 0.01047 O 2 HMGCR, SQLE
pathway
3 Statin pathway 2/16 0.00020 0.01047 O 2 HMGCR, SQLE
4 Statin pathway 2/16 0.00020 0.01047 O 2 HMGCR, SQLE
5 Cholesterol biosynthesis 2/22 0.00038 0.01255 O 2 HMGCR, SQLE
6 Cholesterol biosynthesis 2/23 0.00041 0.01255 O 2 HMGCR, SQLE
7 Superpathway of cholesterol 2/23 0.00041 0.01255 O 2 HMGCR, SQLE
biosynthesis
8 Activation of gene 2/42 0.00138 0.03683 0 2 HMGCR, SQLE
expression by SREBF
(SREBP)
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Chapter 5

Abstract

Background and aims: The role of triglycerides and T cells in atherosclerosis, the underlying cause
of cardiovascular disease (CVD), is increasingly recognized. Moderately elevated triglycerides
have emerged as a causal risk factor of CVD, while T cells are the most prominent immune cell
type in the atherosclerotic plaque. Studies in mice and in vitro indicate that triglycerides can
affect T cell function. Here, we characterize differences in T cells across control and patient
groups with distinct triglyceride levels either due to genetic or secondary causes using the
transcriptome as a functional read-out.

Methods: We enrolled patients with primary (genetically determined, n=13) and secondary (due
to a secondary cause, n=14) moderate hypertriglyceridemia and compared them to controls
(n=15). Additionally, we enrolled patients with rare genetic conditions, namely primary severe
hypertriglyceridemia (n=3) or hypotriglyceridemia (n=4). From all participants (n=49), we purified
CD4" and CD8' T cells and extracted RNA for RNA sequencing.

Results: CD4* T cells of patients with primary moderate hypertriglyceridemia displayed a pro-
inflammatory transcriptomic profile (P, <0.05), including an upregulated interleukin-6 receptor
(IL6R) expression, a subunit of the IL-6 receptor complex that is causally linked to CVD. The
profile was mirrored in CD8* T cells from these patients and also present in both T cell types
from secondary moderate hypertriglyceridemia patients, albeit less pronounced. In accordance,
the transcriptomic differences were reversed in patients with hypo- and absent in patients with
severe hypertriglyceridemia.

Conclusions: Elevated triglycerides may contribute to CVD by promoting a pro-inflammatory
response in T cells.
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Graphical abstract

Primary Moderate |Secondary Moderate Primary Severe

el Sl SRl Hypertriglyceridemia | Hypertriglyceridemia | Hypertriglyceridemia

4} VLDL +4 VLDL +4 VLDL 4+ VLDL
Wem Reference t cm t M t1t
Triglycerides
30
-
S I
E 10 I =z
ol_= -

T cell Transcriptomics
111 Pro-inflammatory

W Pro-inflammatory 1 Pro-inflammatory ~ Pro-inflammatory
@ 1 IL6R @ @
Qo “ ©o
hsCRP
6
34 I
E 2
= : I -

Key Question: What are the differences in T cells across control and patient groups with distinct
triglyceride levels either due to genetic or secondary causes using the transcriptome as a functional
read-out?

Key Finding: T cells of patients carrying mutations resulting in moderately elevated triglyceride
levels show an increased expression of pro-inflammatory genes as compared with controls.
Effects in patients with secondary, hypotriglyceridemia and severe hyperglyceridaemia were
consistent, reversed and absent, respectively.

Take-home Message: Patients with moderately elevated triglyceride levels have T cells with

pro-inflammatory characteristics, a finding that sheds new light on the role of triglycerides in
cardiovascular disease.

189



Chapter 5

Introduction

Triglyceride levels in individuals may range from lowered (hypotriglyceridemia, <0.5mmol/L)
to normal (0.8-2.0mmol/L) to elevated (hypertriglyceridemia, >2.0mmol/L). Moderate
hypertriglyceridemia, between the range of 2-10mmol/L, has been associated, through genome-wide
association studies™, with an increased risk of cardiovascular disease (CVD)>*, which Mendelian
randomization®* studies have indicated to be a causal effect. In accordance, individuals with
hypotriglyceridemia were indicated to be at a lower risk for developing CVD'> . Interestingly, the
risk of CVD is no longer increased in individuals with severe hypertriglyceridemia (>10ommol/L),
because triglycerides are then stored in chylomicrons which cannot cross the arterial wall”. The
differences in triglyceride levels can be attributed to primary genetic factors (e.g. pathogenic
mutations in MTTP or LPL) or secondary outcomes of conditions like diabetes®. However, the
precise pathophysiology of CVD in those with altered triglyceride levels remains poorly understood.

Triglycerides in the circulation are mostly contained within triglyceride-rich lipoproteins (TGRLs),
which have also been found as a causal risk factor for CVD® 2. However, CVD, and the main
underlying cause thereof, atherosclerosis, develop due to the interplay between lipids, the immune
system, and the vascular wall*. As such, emerging evidence underscores a significant role not
only of triglycerides, but also of the immune system in its pathogenesis?>%. In particular, T cells
have been found to make up over half the immune cells in atherosclerotic plaques, of which half
are CD4" and half are CD8" 2425, Moreover, the biologically functional components of triglycerides,
fatty acids, have already been found to substantially impact T cell functionality***. In patients
with hypertriglyceridemia, T cells are exposed to excess triglycerides contained in TGRLs in
the circulation. Therefore, the study of patients with primary hyper- or hypotriglyceridemia
can shed light on how moderately elevated triglyceride levels can contribute to atherosclerotic
disease through interactions with the immune system in vivo.

Here, we compare CD4" and CD8* T cells derived from patients with varying levels of triglycerides
from both primary and secondary causes as compared to a control group using the transcriptome
as a functional read-out. We show that patients of moderately elevated triglycerides levels
have T cells characterized by a pro-inflammatory transcriptomic profiles shedding light on an
unexplored pathway relevant to atherosclerosis and CVD.

Methods

Participant selection and data collection

Participants were enrolled in one of five groups, being control (defined as no known abnormal
triglyceride levels and no fibrate use and/or triglyceride levels between 0.8-2.0mmol/L), primary
moderate hypertriglyceridemia (a confirmed pathogenic mutation in the LPL, APOC2, APOA5, LMF1,
GPIHBP1, or APOE2/APOE2 gene and the most recent measured triglyceride level >3.0mmol/L),
secondary moderate hypertriglyceridemia (due to a secondary cause, such as diabetes or lifestyle
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factors including obesity and excessive alcohol use and the most recent measured triglyceride level
>3.0mmol/L), primary severe hypertriglyceridemia (two confirmed pathogenic mutations in the
LPL, APOC2, APOA5, LMF1, or GPIHBP1 gene leading to familial hyperchylomicronaemia syndrome
(FCS) and the most recent measured triglyceride level >13.0mmol/L), and hypotriglyceridemia
group (a pathogenic mutation in the MTTP or APOB gene resulting in a hypobetalipoproteinaemia or
abetalipoproteinaemia phenotype and the most recent measured triglyceride level <0.56mmol/L).

The exclusion criteria were as follows: 1) below the age of 18 years, 2) presence of an infection at the
time of blood drawing (e.g. COVID-19), 3) medical history or current treatment for any condition
that could impact the immune system at the time of participation (e.g. ongoing treatment for
malignancy or immunotherapy), and 4) unwillingness or inability to provide informed consent. For
the control group, an additional exclusion criterion was applied in cases where triglyceride levels
were unknown, with a threshold set at 2.0mmol/L for the triglyceride levels measured in the sample.

The local ethical board of Erasmus MC in Rotterdam, The Netherlands, approved and assigned
awaiver for this study (MEC-2021-0596). Patients were consecutively recruited after informed
consent was given at the lipid clinic of the Erasmus MC in Rotterdam, The Netherlands, between
March 2022 and December 2022. We included 15, 13, and 14 participants for the control, primary,
and secondary moderate hypertriglyceridemia groups respectively (Table 1). However, because
FCS and abetalipoproteinemia are very rare conditions, we included 3 and 4 participants in the
primary severe hypertriglyceridemia and hypotriglyceridemia group, respectively (Table 1). At
the time of inclusion, additional data, including sex, age, BMI, smoking, medication (particularly
lipid-lowering therapy), diet, and medical history, were collected. In total, 36mL of fasted whole
blood was collected per individual in anticoagulant citrate phosphate dextrose adenine (CPDA)
tubes (Greiner Bio-One, 455056) and transported to the Leiden University Medical Centre (LUMC)
in Leiden, The Netherlands (Fig. 1).

Plasma and peripheral blood isolation

To obtain plasma and peripheral blood mononuclear cells (PBMCs) from the patients, whole
blood samples in the CPDA tubes were transferred into a 50mL tube (Starlab Group, E1450-0200)
and spun down at 350g for 10min to isolate the plasma. 1.8mL plasma was collected into a 2mL
Sarstedt Microtube (Sarstedt, 72.730.009 and 65.716.002) and stored at -80°C for lipid profiling,
see below. Whole blood was mixed and diluted 1:1 in PBMC isolation buffer (buffered natrium
chloride (PBS; pH 7.4; Fresen, 15360679), 2% Alburex (CLS Behring GmbH, C1309/490)). To obtain
peripheral blood mononuclear cells (PBMCs), freshly collected and diluted whole blood was
filtered by Ficoll paque (Pharmacy LUMC, 97902861) gradient centrifugation using Leucosep
tubes (Greiner Bio-One, 227290). Cells were washed in PBMC isolation buffer. An additional red
blood cell lysis step was carried out using red blood cell lysis buffer (MilliQ water, 0.15M NH Cl
(Merck Millipore, 101145), 1mM KHCO, (Merck Millipore, 104854), and 0.1mM Na, EDTA (Sigma
Aldrich, E5134)). Cell viability was measured by trypan blue (Sigma Aldrich, T8154) exclusion
using a 0.0025mm? haemocytometer (Biirker-Turk Bright Line, 0640211).
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Cell sorting and harvesting

To obtain CD4* and CD8* T cells, PBMCs were resuspended in FACS buffer (PBS and 0.4% Alburex)
and labelled with live dead (Invitrogen, 1L.34964), anti-CD3-PE (BD Biosciences, 555340), anti-
CD4-APC (BD Biosciences, 555349), anti-CD8-FITC (BD Biosciences, 555634), anti-CD14-Alexa
Fluor® 700 (BD Biosciences, 557923), and anti-CD19-BV786 (BD Biosciences, 563325). PBMCs were
sorted into CD4" T cells, CD8' T cells, CD14" monocytes, and CD19* B cells using the CytoFLEX
SRT Benchtop cell sorter (Beckman Coulter, Brea, CA, USA) at the LUMC Flow Cytometry Core
Facility (https://www.lumc.nl/research/facilities/fcf/) with the CytExpert SRT v1.0.3.10011
software (Beckman Coulter). Cells were collected in 5% fetal calf serum (FCS) (Bodinco BDC,
16941) DMEM (Dulbecco’s Modified Eagle’s Serum (Sigma, 05796), 1% Pen-Strep (Lonza, DE17-
602E), 1% GlutaMAX-1 (100x) (Gibco, 35050-038)). Post-sorting cell purity was assessed on the
CytoFLEX SRT Benchtop cell sorter and shown to be on average 97.2 SE 0.3% for CD4' T cells and
97.0 SE 0.4% for CD8" T cells (Supp. Fig. 1a and b).

The cells were subsequently washed in PBS and cell viability and diameter were measured by
Via1-Cassette™ (Chemometec, 941-0012) on a NucleoCounter® NC-200™ (Chemometec, 900-0200)
and found to be on average 97.4 SE 0.2% and 9.3 SE 0.02um for CD4* T cells and 96.8 SE 0.4%
and 9.5 SE 0.04pm for CD8* T cells (Supp. Fig. 1c, d, e and f). A maximum of 2 million cells were
harvested by flash freezing in liquid nitrogen and stored at -80°C for RNA isolations. Any additional
cells were kept in DMEM supplemented with 30% FCS, 1% Pen-Strep, 1% GlutaMAX-1, and 20%
Dimethyl Sulfoxide (DMSO) (WAK-Chemie Medical GmbH, WAK-DMSO-10) medium at a density
of ~25*10° cells/mL, and stored in cryogenic tubes (Greiner Bio-One, 126263) in liquid nitrogen.

Plasma measurements

Plasma samples of the patients were used to determine lipid concentrations, measure high sensitivity
C-reactive protein (hsCRP), and profile lipoproteins. Lipid levels, including triglycerides, total
cholesterol, LDL-cholesterol, HDL-cholesterol, apolipoprotein (Apo)A-I, and ApoB were measured
using standard laboratory techniques. LDL-cholesterol, HDL-cholesterol, total cholesterol and
triglycerides were measured with an enzymatic photometric analysis. ApoB and ApoA-I were
measured by photometric measurement of antigen-antibody reaction. Lipoprotein (a) [Lp(a)] and
hsCRP concentrations were measured using a particle-enhanced immunoturbidimetric assay.
All kits were from DiaSys Diagnostic systems GmbH, Holzheim Germany (Diagnostic System
#171399910930 and #170459910930 respectively; DiaSys Diagnostic System, GmbH, Holzheim,
Germany). This method is largely independent of Apo(a) KIV repeat number. A Mann-Whitney U
test was used to determine whether the differences in hsCRP were significantly higher or lower
in the patient groups as compared to the control group. Next, chylomicron, VLDL, IDL, LDL,
and HDL were isolated using density gradient ultracentrifugation according to the Proudfoot
protocol®:3. The cholesterol and triglyceride content of these particles was determined using a
Selectra E (DDS Diagnostic system, Istanbul, Turkey), according to the manufacturer’s instructions.
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RNA isolation

To isolate total RNA for RNA sequencing, RNA was extracted from the cell samples using the
Zymo Quick-DNA/RNA Microprep Plus Kit (Zymo Research, D7005) according to manufacturer’s
instructions. The RNA was quantified using a Qubit® 2.0 Fluorometer (Q32866) with the Qubit®
RNA BR Assay Kit (Thermofisher, Q10211) according to manufacturer’s instructions. RNA integrity
(RIN) was determined using an Agilent 2100 Bioanalyzer Instrument (G2939BA) with the Agilent
RNA 6000 Nano Reagents (Agilent, 5067-1511), RIN values were on average 9.7 (SD, 0.6) for CD4*
T cell samples and 9.0 (SD, 0.8) for CD8' T cell samples. The minimum RNA yield was 160ng and
160ng to 1ug was stored at -80°C for RNA sequencing.

RNA sequencing analysis

RNA sequencing (RNA-seq) was performed to determine the differences in the transcriptome of
CD4"and CD8' T cells of individuals with primary or secondary moderate hypertriglyceridemia,
primary severe hypertriglyceridemia, hypotriglyceridemia, or none (control). The RNA from
each of the samples was sent for sequencing (Macrogen, Amsterdam, The Netherlands). RNA-
seq libraries were prepared from 200ng RNA using the Illumina Truseq stranded mRNA library
prep (Illumina, 20020594) with a poly A selection. Both whole-transcriptome amplification and
sequencing library preparations were performed in two 96-well plates with 53 samples in one
plate and 45 in another. Quality control steps were included to determine total RNA quality and
quantity, the optimal number of PCR preamplification cycles, and fragment size selection. For 48
of the 49 CD4" and 43 of 49 CD8" T cell samples, RNA-seq data passed quality control. The samples
that did not pass the quality control included 2 control samples, one from CD4* and one from
CD8* T cells, 1 primary moderate sample from CD8* T cells and 4 secondary moderate samples
from CD8' T cells. Barcoded libraries were divided across 4 lanes and sequenced separately.
Barcoded libraries were sequenced to a read depth of 30 million reads using the Novaseq 6000
(Illumina) to generate 150 base pair paired-end reads.

FastQ files are analysed using the RNAseq pipeline (v5.0.0) from BioWDL (https://zenodo.org/
record/5109461), developed by SASC (LUMC). The pipeline performed pre-processing on the
FastQ files (including quality control, quality trimming, and adapter clipping), read mapping,
and expression quantification. FastQC (v0.11.9) is used to check raw reads and Cutadapt (v2.10)
to perform adapter clipping. Reads are mapped to a reference genome (Ensembl v105) using
STAR aligner (v2.7.5a), and with HTSeq Count (v0.12.4) the number of assigned reads to genes per
sample is determined.

Based on count distribution of the sequenced sample it was opted to exclude 1 control and 1
primary severe hypertriglyceridemia sample from the CD4* T cell analysis as well as 2 control,
1secondary moderate hypertriglyceridemia, and 1 primary severe hypertriglyceridemia sample
in the CD8' T cell analysis. Based on Ensembl gene biotype annotation, we included only protein
coding genes of chromosomes 1-22 for further downstream analysis (19,111 genes in total). We
further filtered the background of each group to contain only the counts where at least half of the
raw counts per group had a count of 1. Then, for each comparison, only genes were kept that were
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expressed in both the control and experimental group, leaving 13,377 expressed genes for primary
moderate, 13,386 expressed genes for secondary moderate, 13,421 expressed genes for primary
severe, and 13,466 expressed genes for hypotriglyceridemia in the CD4' T cell analysis, as well as
12,575 expressed genes for primary moderate, 12,671 expressed genes for secondary moderate,
12,396 expressed genes for primary severe, 12,407 expressed genes for hypotriglyceridemia in the
CD8' T cell analysis. We used the Bioconductor package DESeq2* (v1.42.0) to test whether primary
moderate, secondary moderate, primary severe, or hypotriglyceridemia had an effect on gene
expression as compared to the control per cell type, CD4" and CD8". DESeqz2 fits a generalized
linear model (GLM) assuming the negative binomial distribution for the counts. The model
expresses the logarithm of the average of the counts in terms of one or more predictors. In
this case, we used four models that had one of the groups, sex, and age as predictors each. By
including sex and age in the models, we account for the dependence between measurements
within the same sex and between different ages of the participants®. The Benjamini-Hochberg
procedure was manually used to correct for multiple testing and a false discovery rate (FDR)
<0.05 was considered statistically significant.

In order to determine whether the similarities in direction of effect sizes of the DEGs in the
primary moderate CD4' T cells expressed in the other CD4* and CD8' T cells groups was significant,
a binomial test was used. This determines the probability of a particular outcome across a
certain number of trials (n=39 DEGs), where there are precisely two possible outcomes (up or
down). In order to identify distinct gene expression patterns in the data, the log2 fold change of
the DEGs of the CD4* and CD8* primary moderate and secondary moderate groups were plotted
in heatmaps using ComplexHeatmap® (v2.18.0). Differentially expressed genes per group were
divided into upregulated or downregulated based on the log2 fold change values. 10 human
pathway databases (BioPlanet 2019, WikiPathways 2023 Human, KEGG 2021 Human, Elsevier
Pathway Collection, BioCarta 2016, Reactome 2022, HumanCyc 2016, NCI-Nature 2016, Panther
2016 and MSigDB Hallmark 2020) were queried using gene symbols. 331 of 406 queried genes for
hypotriglyceridemia in CD8* T cells present in at least 1 database. The identified clusters were
then mapped for pathway enrichment using clusterProfiler®* (v4.10.0). The background was set
to the 8,799 expressed genes for hypotriglyceridemia in the CD8' T cells. This was based on at
least half of the raw counts per group and control having a count of 1, the gene being expressed
in both comparison groups, and the independent filtering of DESeq2. Multiple testing using the
Benjamini-Hochberg method at 5% FDR was performed over the combined results from the 10
databases. Pathways that included highly similar gene sets were grouped (Jaccard index > 0.7)
and only the most significantly enriched pathway per group was retained.

Results

We generated transcriptomic profiles of CD4* and CD8* cells for 47 participants (19 (40.4%)
women, median age 53 [37-60] years, BMI 26.1 [23.7-29.6] kg/m?, 10 (21.3%) current smokers)
(Table 1). Six patients in the primary moderate hypertriglyceridemia group (n=13) had an APOE2/

194



Hypertriglyceridemia associates with pro-inflammatory transcriptomics in T cells

APOE2 genotype, six an LPL mutation, and one patient had a pathogenic APOA5 mutation. The
causes of hypertriglyceridemia in the secondary moderate group (n=14) were diabetes mellitus
type 2 (8 (57.1%)) and/or lifestyle related factors (6 (42.9%)). Both patients in the primary severe
hypertriglyceridemia group had LPL/LPL mutations. In the hypotriglyceridemia group (n=4), 3
patients had a causative MTTP/MTTP mutation and 1 patient had an APOB variant. The participants
included 14 controls. Twenty-five (53.2%) participants used lipid-lowering therapy. None of the
participants in the control, primary severe, or hypotriglyceridemia group had a recorded medical
history of cardiovascular disease.

Measured triglyceride levels exhibited an increasing trend from the hypotriglyceridemia group
(range 0.1-0.3mmol/L), controls (median 1.3 [0.8-1.4] mmol/L), primary moderate group (median
5.2 [2.7-8.5] mmol/L), secondary moderate group (median 6.8 [5.9-7.6] mmol/L), to the primary
severe group (range 13.0-28.8 mmol/L; Supp. Fig. 2). A similar trend was observed for chylomicron
cholesterol and chylomicron triglycerides (Table 1). The lipoprotein profiles of each participant
per group are shown in Supp. Fig. 2.

Hypotrlglycerldemla
n=

) ©
ﬁort:osl w O O > > B
o CD4'T cells >

Primary Moderate A

Hypertriglyceridemia ___—
n=13 . Cell Sorting RNA Isolation - -
econdary Moderate -_
Hypertriglyceridemia RNA Sequencing
n=14
Primary Severe
Hypertrlglycerldemla Fasted Whole

Blood Collected CD8* T cells

Fig. 1| Experimental setup. Experimental setup for RNA sequencing of isolated CD4" and CD8" T cells
derived from participants with primary or secondary moderate hypertriglyceridemia, primary severe
hypertriglyceridemia, hypotriglyceridemia, or control.

Moderate hypertriglyceridemia induced transcriptomic effects on
CD4" and CD8" T cells

In order to discover whether moderately elevated triglycerides have an effect on T cell gene
expression, RNA sequencing was performed on CD4* and CD8' T cells isolated from individuals with
primary moderate and secondary moderate hypertriglyceridemia. Gene expression differences
in each cell type, CD4* and CD8", from both groups, primary and secondary moderate, were
compared to CD4" and CD8" T cells isolated from the control group, respectively. This allowed
us to discern between the effects of moderately elevated triglyceride exposure on CD4* and CD8*
T cells separately.

We first focused on the transcriptomic profile in T cells from patients with primary moderate
hypertriglyceridemia as compared with that in controls. The most prominent difference in
transcriptomic profile was observed in CD4* T cells, in which 39 differentially expressed genes
(DEGs) were found (P, <0.05; Supp. Table. 1a), 19 (48.7%) of which were upregulated.

FDR
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Chapter 5

Most notably, this included ILR6 which encodes a subunit of the interleukin 6 (IL-6) receptor
complex and plays an important role in the immune response* (Fig. 2a). The effects of IL-6 on
CD4' T cells include stimulating T cell survival and proliferation as well as promoting T,,2 and
T 17 differentiation®. Furthermore, a Mendelian randomization study of IL6R constituted the
first evidence for a causal role of inflammation in coronary heart disease®. A pro-inflammatory
expression profile of CD4* T cells of primary moderate patients was further indicated by the
upregulation of the genes NCOR1, DOCKS, and LPAR6. NCOR1 has been shown to aid the function
of T,1and T, 17 effector cells¥”, DOCKS is necessary for T cell migration, survival, and immune
responses®, and LPAR6 has been shown to contribute to T cell activation and effector cell function®.
On the other hand, genes that were found to be downregulated in CD4* T cells included MLF2 and
MMP14. MLF2is a negative regulator of p53, a transcription factor required for T cell homeostasis*»
“ and MMP14 expression has been related to surface MHC shedding and immune evasion*. These
findings contribute to the suggested pro-inflammatory transcriptional profile by downregulating
genes involved in T cell regulation. Many of the DEGs had a function in inflammation, however
we also identified DEGs involved in other processes. Particularly, genes involved in fatty acid
metabolism (SLC25A34 and IDH3B), the cytoskeleton (KRT10, B4GALT4, SPTAN1, and MICAL3),
as well as translation and posttranslational modifications (PARP4, EIF4B, and PABPNI) were also
found. Finally, APOE was downregulated, a finding which is likely a direct effect of the mutation
carried by a subgroup of patients rather than a downstream effect of elevated triglycerides.

In CD8' T cells, only 2 DEGs were found in the primary moderate group, which were both upregulated
(Supp. Table 1b). These two genes were NFE2L3 and MAST1. NFE2L3 encodes a transcription
factor involved in binding antioxidant response elements and increased expression of this
gene has been correlated to effector CD8* T cells®. MAST1 encodes a protein that associates
with microtubules. In the secondary moderate group, no differential expression was observed
as compared with controls except for one gene in CD8" cells, namely COLQ, which encodes a
subunit of a collagen-like molecule (Supp. Table 1c).

Although the individual DEGs observed for the two T cells and patient groups were different,
the patterns of differential expression when combining all DEGs observed across analysis were
remarkably similar (Fig. 2b; n=42). Additionally, we found that the effect sizes observed in CD4"
cells of patients with primary moderate hypertriglyceridemia (n=39) matched in direction for
<0.001), and 98% of the genes in the
<0.001), of which 19% and 24%, respectively, were also

87% of the genes in primary moderate CD8" cells (P

binomial

secondary moderate CD4" cells (P
nominally significant.

binomial

To corroborate the pro-inflammatory transcription profiles of T cells, we measured hsCRP levels.
As compared to controls (median, 0.75 [0.48-0.89] mg/L), hsCRP levels were particularly higher
among patients with primary moderate hypertriglyceridemia (median 1.55 [0.82-5.24] mg/L;
P=0.029) and to a lesser extent among patient with secondary hypertriglyceridemia (median
1.09 [0.49-2.45] mg/L; P=0.265; Table 1).
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Fig. 2| (a) Dot plot of the raw count data for the gene IL6R in CD4" T cells for the control, primary moderate,
and secondary moderate groups. Dots are coloured by cause of hypertriglyceridemia. (b) Differentially
expressed genes (DEGs) in CD4* and CD8' T cells from primary and secondary moderate groups as compared
to the control group. Heatmap obtained from the DESeq2 analysis resulting in 42 DEGs (P, , < 0.05). DEGs
are clustered based on effect sizes. Bar on the right indicates the group in which the gene is differentially
expressed (blue = CD4* primary moderate, orange = CD8' primary moderate, and green = CD8" secondary
moderate. Genes of interest are labelled, CD4" T cells primary moderate n =13, CD8" T cells primary moderate
n=12, CD4" T cells secondary moderate n =14, and CD8" T cells secondary moderate n =9.
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Primary severe hypertriglyceridemia and hypotriglyceridemia
induced transcriptomic effects on CD4* and CD8" T cells

We also enrolled a small number of participants with primary hypotriglyceridemia (n=4) and
primary severe hypertriglyceridemia (n=2). In the hypotriglyceridemia group, we would expect
opposite effects on the transcription profile in T cells. Indeed, for the 39 DEGs of the primary
moderate CD4" T cell group, 30 genes in CD4" and 32 genes in CD8" T cells showed the opposite
effect size, 77% and 82%, respectively (P,, . <0.001). Although triglycerides levels are very high
in the primary severe group, this patient population is not considered to be at increased risk of
CVD because the extreme triglyceride levels are mostly transported in chylomicrons”. This was
reflected in that little to no difference in effect sizes was observed in the 39 DEGs of the primary
moderate CD4* T cell group. Specifically, 24 genes in the primary severe CD4* group and 15 genes in
primary severe CD8' group showed the same effect size, 62% and 39%, respectively (P . >0.05).
In fact, the primary severe CD8' group was more similar to the hypotriglyceridemia CD8* group in
direction of effect sizes with 27 genes or 69% going in the same direction (P,, . <0.05). This result
was visualized by plotting the effect sizes of the DEGs of the primary moderate and secondary
moderate groups (n=42) in each of the groups and cell types tested (Fig. 3).

Primary Moderate Secondary Moderate Primary Severe Hypotriglyceridemia

cDa CcD8* cD4 CcD8* cbg cD8* cD4+ CcD8*
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—
—
Fig. 3 | Differentially expressed genes (DEGs) in CD4* and CD8* T cells from primary and secondary
moderate groups as compared to the control group. Heatmap shows the expression of the aforementioned
DEGs in the CD4* and CD8" T cells from primary severe hypertriglyceridemia and hypotriglyceridemia
groups as well. Heatmap obtained from the DESeg2 analysis resulting in 42 DEGs (P, ,,<0.05). DEGs are
clustered based on effect sizes. Genes of interest are labelled, CD4" T cells primary moderate n=13, CD8' T
cells primary moderate n=12, CD4" T cells secondary moderate n=14, CD8" T cells secondary moderate n=9,

CD4' T cells primary severe n=2, CD8' T cells primary severe n=2, CD4" T cells hypotriglyceridemia n=4,
and CD8' T cells hypotriglyceridemia n=4.

Next, we further explored the associations of severely elevated and reduced triglycerides with
CD4"and CD8' T cell gene expression as compared to the control. The primary severe group
showed no DEGs in CD4' T cells and 4 DEGs in CD8" T cells that were unique to this group and
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Fig. 4| Pathway enrichment analysis of DEGs in the CD8' T cells hypotriglyceridemia group. (a) Pathway
enrichment analysis of all upregulated CD8" T cell hypotriglyceridemia group DEGs generated using clusterProfiler
using 10 human pathway databases. Top 10 enrichments are shown. (b) Pathway enrichment analysis of all
downregulated CD8' T cell hypotriglyceridemia group DEGs generated using clusterProfiler using 10 human
pathway databases. Top 10 enrichments are shown.

downregulated (Supp. Table 1d). Strikingly, the hypotriglyceridemia group showed 66 DEGs in
CD4' T cells and 406 DEGs in CD8" T cells (Supp. Table 1e and f). DEGs of CD4" T cells showed
upregulation of fatty acid and cholesterol biosynthesis and transport genes (SCD, DHCR24,
and LDLR) as well as downregulation of pro-inflammatory T cell differentiation and immune
response genes (ETS1 and CD84). In CD8' T cells, a formal analysis of enriched biological processes
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showed 15 upregulated pathways (Fig. 4a; Supp. Table 1g) and 203 downregulated pathways (Fig.
4b; Supp. Table 1h). Upregulated pathways contained the ribosome (including RPL35, RPL26,
RPLP1, and RPL21) and oxidative phosphorylation (including ATP5ME, NDUFA3, and NDUFS6).
Downregulated pathways included B cell signalling (including ETS1, NFATC2, GSK3B, and PIK3AP1),
IL-2 signalling (including CRKL, JAK1, IL2RB, and STAT3) and IFNy pathway (including RAPGEF1,
EP300, PIK3R1, and MAPKI).

As compared to controls (median, 0.75 [0.48-0.89] mg/L), hsCRP levels were not elevated among
patients with primary severe hypertriglyceridemia (min-max 0-0.50mg/L; P=0.15) and decreased
in hypotriglyceridemia (min-max 0.15-0.51mg/L; P=0.025; Table 1).

Discussion

Triglycerides and T cells have re-emerged as risk factors for atherosclerosis and CVD** %, However,
whether triglycerides can affect T cell responses, which may contribute to atherosclerosis and
CVD development, remains unknown. We studied patients with hypertriglyceridemia as a natural
experiment of in vivo exposure to elevated triglyceride levels to determine the interaction between
triglycerides and T cells. We found that transcriptomic landscapes of T cells markedly depended on
the levels of circulating triglycerides. Specifically, we found that moderately elevated triglyceride
levels, between 2.7-8.5mmol/L associated with a pro-inflammatory transcriptomic profile, while
decreased triglyceride levels, between 0.1-0.3mmol/L associated with an anti-inflammatory
transcriptomic profile, in both CD4* and CD8" T cells. Furthermore, we observed stronger effects
among patients with primary moderate than with secondary moderate hypertriglyceridemia,
possibly reflecting the persistent exposure to elevated triglycerides in patients with a genetic
cause of the disorder. These results were reflected in high-sensitivity CRP levels, which were
elevated more strongly in primary than secondary moderate patients. Our findings imply that
moderately elevated triglycerides may induce a pro-inflammatory response in circulating T cells,
which is attenuated in severely elevated and reversed in depleted triglyceride environments.

Moderately elevated triglyceride levels between 2-10mmol/L are associated with a higher risk
of CVD¢. We found that these levels of triglycerides also associated with a pro-inflammatory
transcriptomic profile in T cells, specifically in CD4" T cells. CD4" T cells are generally thought to
be pro-atherogenic, where depletion of CD4" T cells is atheroprotective*, while addition of these
cells aggravated atherosclerosis in an Apoe”” mouse model* *, We found increased expression of
multiple pro-inflammatory and pro-atherogenic genes such as IL6R, NCOR1, DOCKS, and LPAR6,
in purified CD4' T cells from the primary moderate patients. The profile was also detectable in
CD8' T cells, although not significantly. While the role of CD8" T cells in atherosclerosis has not
yet been established**, the proportion of this cell type is enriched in atherosclerotic plaques
as compared with the circulation®. These results suggest that CD4" T cells, and to a lesser extent
CD8' T cells, are influenced by triglycerides to establish a pro-inflammatory phenotype, that
may play role in T cell-mediated effects of triglycerides on atherosclerosis and CVD.
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The pro-inflammatory transcriptomics profile discovered in the T cells of the primary moderate
group was largely reproduced in both the transcriptomic profiles of the CD4" and CD8' T cells
of secondary moderate patients. This was further reflected in the levels of high sensitivity CRP
measured in both the primary and secondary moderate groups. Both groups showed increased
levels of high sensitivity CRP above normal, but the levels were higher in the primary moderate
group than in the secondary moderate group. Thus, our findings point to the consistent upregulation
of pro-inflammatory transcriptomic profile in CD4" and CD8" T cells associated with moderately
elevated triglyceride levels.

We also compared the results to T cells derived from patients with primary severe
hypertriglyceridemia (>13mmol/L) and hypotriglyceridemia (<0.3mmol/L). However, because
the mutations that lead to these disorders are very rare, only a small number of participants could
be included. Nevertheless, we observed that in the primary severe group, the pro-inflammatory
transcriptomic profile dissipates. The gene expression patterns here less closely resembled that
of the moderately elevated groups, and very few genes were differentially expressed in both
CD4"and CD8' T cells. In individuals with severe hypertriglyceridemia, excess triglycerides are
stored in chylomicrons. Unlike smaller lipoproteins such as VLDL, chylomicrons have a limited
ability to penetrate the arterial wall and typically have a relatively short lifespan in circulation,
with a half-life of approximately 5min™#. Additionally, chylomicrons follow a route through
the lymphatic system before entering circulation, while VLDL and other TGRLs are directly
synthesized and released into circulation by the livers 5. Therefore, one possible explanation
could be that chylomicrons may have fewer interactions with endothelial cells and the arterial
wall, potentially resulting in reduced inflammatory responses in T cells.

On the contrary, T cells derived from the hypotriglyceridemia group expressed an anti-inflammatory
transcriptional landscape, with pathways such as B cell signalling, IL-2 signalling, and IFNy pathway
being downregulated. Furthermore, the gene expression patterns of the hypotriglyceridemia
group were opposite that of the primary and secondary moderate groups. Hypotriglyceridemia
has been suggested to be atheroprotective's ¢, which is supported by the anti-inflammatory
transcriptional profile induced in T cells derived from these patients.

Conclusions

We report that circulating triglycerides are associated with T cell transcriptional landscapes that
match the hypothesized pro-inflammatory effects of triglyceride levels and T cells in atherosclerosis
and CVDs%5253, Where patients with elevated triglycerides within the range of 2-10mmol/L, known
to be atherogenic, associated with pro-inflammatory effects in T cells, but the effect dissipated above
this range, known to be less atherogenic, and reversed in diminished triglyceride levels, thought to
be atheroprotective. In conclusion, our findings stipulate that triglycerides may influence circulating
T cells to promote the expression of a pro- or anti-inflammatory transcriptional landscape. The
implication of this finding for atherosclerosis and CVD pathogenesis warrants further investigation.
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Limitations of the study

To our knowledge, this is the first study investigating T cell transcriptomics over the full spectrum
of triglyceride levels. Although the results of this study are based on a relatively small and
heterogenous sample size, they do provide a meaningful comparison and insight into how
different circulating levels of triglycerides might influence the immune system around it,
particularly T cells. Furthermore, our use of individuals with hyper- and hypotriglyceridemia
due to defined genetic mutations provides a natural in vivo exposure, which allowed us to study
the effects in human T cells.

Translational perspectives

We report that patients with moderately elevated triglycerides have T cells with pro-inflammatory
characteristics, including a higher interleukin-6 receptor expression, and increased levels of the
inflammatory marker high sensitivity CRP. This observation is important to better understand why
elevated triglycerides are a risk factor for CVD and helps the interpretation of the unexpectedly
high benefit of triglyceride-lowering treatment using icosapent ethyl in the REDUCE-IT trial.
Also, it suggests that this patient group at risk of CVD may benefit from anti-inflammatory
treatments like canakinumab (CANTOS trial) and colchicine (COLCOT trial), or in the future,
novel treatment like the interleukin-6 inhibitor ziltivekimab.
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Supplemental Fig. 1| Cell purity, viability, and diameter post-sorting. (a) Bar plot showing the average
cell purity and standard error in percent of CD4" T cells isolated from each group as determined by the
CytoFLEX SRT Benchtop cell sorter. On average the cell purity of CD4" T cells was 97.2 SE 0.7% for the control
group, 97.5 SE 0.6% for the primary moderate group, 97.0 SE 0.4 for the secondary moderate group, 98.7 SE
0.1% for the primary severe, and 96.7 SE 1.1% for the hypotriglyceridemia group. (b) Bar plot showing the
average cell purity and standard error in percent of CD8* T cells isolated from each group as determined by
the CytoFLEX SRT Benchtop cell sorter. On average the cell purity of CD8" T cells was 97.2 SE 0.6% for the
control group, 97.3 SE 0.6% for the primary moderate group, 96.7 SE 0.6 for the secondary moderate group,
98.5 SE 0.3% for the primary severe, and 95.5 SE 2.1% for the hypotriglyceridemia group. (¢) Bar plot showing
the average viability and standard error in percent, as determined by Via1-Cassette™ on a NucleoCounter®
NC-200™ of CD4* T cells post-sorting per group. On average the cell viability of CD4" T cells was 98.2 SE
0.1% for the control group, 97.2 SE 0.4% for the primary moderate group, 96.8 SE 0.4% for the secondary
moderate group, 97.8 SE 0.7% for the primary severe, and 96.9 SE 1.0% for the hypotriglyceridemia group.
(d) Bar plot showing the average viability and standard error in percent, as determined by Via1-Cassette™
on a NucleoCounter® NC-200™ of CD8" T cells post-sorting per group. On average the cell viability of CD8" T
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cells was 97.9 SE 0.3% for the control group, 95.9 SE 1.2% for the primary moderate group, 96.7 SE 0.6% for the
secondary moderate group, 97.6 SE 0.2% for the primary severe, and 96.4 SE 1.9% for the hypotriglyceridemia
group. (e) Dot plot showing the average cell diameter and standard error in um, as determined by Via1-
Cassette™ on a NucleoCounter® NC-200™ of CD4' T cells post-sorting per group. On average the cell diameter
of CD4" T cells was 9.3 SE 0.03pm for the control group, 9.4 SE 0.04pm for the primary moderate group, 9.3
SE 0.07pm for the secondary moderate group, 9.4 SE 0.05um for the primary severe, and 9.3 SE 0.03um for
the hypotriglyceridemia group. (f) Dot plot showing the average cell diameter and standard error in pm,
as determined by Via1-Cassette™ on a NucleoCounter® NC-200™ of CD8" T cells post-sorting per group. On
average the cell diameter of CD8' T cells was 9.5 SE 0.05um for the control group, 9.5 SE 0.08uum for the
primary moderate group, 9.5 SE 0.10um for the secondary moderate group, 9.5 SE 0.05um for the primary
severe, and 9.4 SE 0.12um for the hypotriglyceridemia group.
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Supplemental Table 1| Changes in gene expression in CD4* and CD8* T cells derived from patients with
hypertriglyceridemia or hypotriglyceridemia.

Supplemental Table 1| (a) DEGs for CD4' T cells from primary moderate hypertriglyceridemia group in
order of significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change,
log fold change standard error, p value, and adjusted p value (FDR).

Order Ensembl ID Gene Symbol  UniProt baseMean Log2FC LongC Pvalue P
1 ENSG00000069329 VPS35 Q96QK1 1310900 0.348  0.067 2.17E-07 0.002
2 ENSG00000141027 NCOR1 075376 2275.859  0.334 0.071 2.30E-06 0.011
3 ENSG00000154165 GPR15 P49685 656740  2.143 0.471 5.36E-06 0.011
4 ENSG00000089693 MLF2 Q15773 2214182 -0.251  0.054 3.10E-06 0.011
5 ENSG00000169021 UQCRFS1 P47985 1370.786 -0.345 0.076 6.05E-06 0.011
6 ENSG00000175390 EIF3F 000303 9104.610 -0.217  0.048 5.11E-06 0.011
7 ENSG00000107099 DOCK8 Q8NF50  4372.962 0.464  0.107 1.44E-05 0.016
8 ENSG00000123104 ITPR2 Q14571 1040.976  0.361  0.084 1.63E-05 0.016
9 ENSG00000131558 EXOC4 Q96A65 821.362  0.266  0.062 1.73E-05 0.016
10 ENSG00000125245 GPR18 Q14330 238.422  -0.966  0.224 1.65E-05 0.016
11 ENSG00000162910 MRPL55 Q7Z7F7 826.591 -0.290 0.066 1.22E-05 0.016
12 ENSG00000186395 KRT10 P13645 616.223  -0.324  0.074 1.12E-05 0.016
13 ENSG00000175536 LIPT2 A6NK58 161772  -0.643  0.151 1.93E-05 0.017
14 ENSG00000121578 B4GALT4 060513 891.611  -0.404 0.095 2.22E-05 0.018
15 ENSG00000110200 ANAPCi15 P60006 765.260  -0.206  0.049 2.45E-05 0.018
16 ENSG00000185591 SP1 Po8o47 2182.606 0.304  0.073 3.07E-05 0.022
17 ENSG00000205413 SAMD9 Q5K651 1599.738  0.438 0.107 4.41E-05 0.028

18 ENSG00000126005 MMP240S AoAoU1RRL7 1002.648 -0.306 0.075 4.18E-05 0.028

19 ENSG00000159377 PSMB4 P28070 4855.277 -0.226  0.056 5.22E-05 0.031
20 ENSG00000144840 RABL3 Q5HYI8 676.009  0.287  0.072 6.11E-05 0.032
21 ENSG00000160712 IL6R P08887 4629.771  0.291  0.073 6.16E-05 0.032
22 ENSG00000111786 SRSF9 Q13242 2738.199 -0.137 0.034 5.85E-05 0.032
23 ENSG00000198064 NPIPB13 A6NJU9 62.888 0.865 0.217  6.79E-05 0.033

[continued on next page]
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Supplemental Table 1 (a) [continued]

Order Ensembl ID Gene Symbol  UniProt baseMean Log2FC LOg;FC Pvalue P, _
24  ENSG00000139679 LPAR6 P43657  2493.899 0.672  0.169 7.29E-05 0.034
25 ENSG00000125835 SNRPB P14678 2318.209 -0.251  0.063 7.45E-05 0.034
26 ENSG00000162461 SLC25A34 Q6PIV7 123.128  -0.499 0.126  7.72E-05 0.034
27 ENSG00000157227 MMP14 P50281 38.752 -0.736  0.187 8.24E-05 0.035
28 ENSG00000130203 APOE P02649 31750  -0.839  0.214 9.03E-05 0.036
29 ENSG00000102699 PARP4 Q9UKK3 1744.975  0.352 0.091 0.00011 0.041
30  ENSG00000063046 EIF4B P23588  29254.798 -0.285  0.074 0.00011 0.041
31 ENSG00000100836 PABPNI1 Q86U42 1088.730 -0.271  0.070  0.00011 0.041
32 ENSG00000177311  ZBTB38 Q8NAP3 1667.448  0.405 0.106  0.00014 0.045
33 ENSG00000178440 TIMM23B- 18.591  1.063  0.279  0.00014 0.045
AGAP6
34 ENSG00000197694 SPTAN1 Q13813 7831.595 0.293  0.077 0.00014 0.045
35 ENSG00000101365 IDH3B 043837 2118.595 -0.197  0.052 0.00014 0.045
36 ENSG00000177570 SAMDi12 Q8N8Io 306.832  0.736 0.195  0.00016 0.049
37 ENSG00000182134 TDRKH QoY2W6 300.104 0.368  0.098 0.00017 0.049
38 ENSG00000092068 SLC7A8 Q9UHI5 139.980 -2.390  0.633 0.00016 0.049
39 ENSG00000243156 MICAL3 Q7RTP6 296.014  0.698  0.186 0.00017 0.049

Supplemental Table 1| (b) DEGs for CD8" T cells from primary moderate hypertriglyceridemia group in
order of significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change,

log fold change standard error, p value, and adjusted p value (FDR).

Log2FC
Order Ensembl ID Gene Symbol  UniProt baseMean Log2FC  SE Pvalue P,
1 ENSG00000050344 NFE2L3 Q9Y4A8 131.314 1551  0.300 2.28E-07 0.003
2 ENSG00000105613 MAST1 Q9Y2H9g 14.915 4.616 1.001 4.00E-06 0.025
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Supplemental Table 1| (c) DEGs for CD8' T cells from secondary moderate hypertriglyceridemia group in
order of significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change,
log fold change standard error, p value, and adjusted p value (FDR).

Log2FC
Order Ensembl ID GeneSymbol  UniProt baseMean Log2FC  SE Pvalue P _
1 ENSG00000206561 COLQ QoY215 566.855  1.374  0.294 2.96E-06 0.037

Supplemental Table1 | (d) DEGs for CD8" T cells from primary severe group in order of significance along
with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log fold change standard
error, p value, and adjusted p value (FDR).

Order Ensembl ID GeneSymbol  UniProt baseMean Log2FC LOg;FC Pvalue P
1 ENSG00000080493 SLC4A4 Q9Y6R1 246.560  -1.657  0.342 1.26E-06 0.016
2 ENSG00000109756 RAPGEF2 Q9Y4G8 722977  -1.454  0.316 4.08E-06 0.025
3 ENSG00000169554 ZEB2 060315 3472.877 -1.738  0.398 1.28E-05 0.042
4 ENSG00000189190 ZNF600 Q6ZNG1  2194.249 -1.463  0.336 1.34E-05 0.042

Supplemental Table 1 | (e) (partial) DEGs for CD4' T cells from hypotriglyceridemia group in order of
significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log fold
change standard error, p value, and adjusted p value (FDR). Top 30 most significantly expressed genes are
shown here.

Log2FC
Order Ensembl ID GeneSymbol  UniProt baseMean Log2FC SE  Pvalue P,
1 ENSG00000099194 SCD 000767 167.515  2.360  0.398 2.90E-09 3.60E-
05
2 ENSG00000136541 ERMN Q8TAM6  354.683 1.060  0.185 9.65E-09 5.99E-
05
3 ENSG00000116133 DHCR24 Q15392 220.084 1.602  0.286 2.11E-08 8.75E-
05
4 ENSG00000144152 FBLN7 Q53RD9 277.620  -0.650  0.124  1.44E-07 0.00045
5 ENSG00000198064 NPIPB13 A6NJU9 64.361 1.456  0.289  4.67E-07 0.00116
6 ENSG00000186166 CENATAC Q86UT8  1448.013  0.615 0.132  3.16E-06 0.00654
7 ENSG00000075292 ZNF638 Q14966 3579.615  0.495 0.110  7.34E-06 0.00757
8 ENSG00000104133 SPGi1 Q96]17 2772.839  0.378 0.085 8.53E-06 0.00757

[continued on next page]
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Supplemental Table 1| (e) (partial) [continued]

Order Ensembl ID Gene Symbol  UniProt baseMean Log2FC LOEEFC Pvalue P,

9 ENSG00000115239 ASB3 Q9Y575 484.747  0.547  0.122 7.75E-06 0.00757
10 ENSG00000150401 DCUN1D2 Q6PHS85 394.946  0.494 0.109 6.39E-06 0.00757
11 ENSG00000160447 PKN3 Q6P5Z2 83.384 1.032  0.227 5.76E-06 0.00757
12 ENSG00000196757 ZNF700 Q9HOM5  666.493  0.795 0.179  8.37E-06 0.00757
13 ENSG00000221914 PPP2R2A P63151 1330.896 0.406  0.089 5.28E-06 0.00757
14 ENSG00000117298 ECE1 P42892 3252.266 -0.377 0.083 6.16E-06 0.00757
15 ENSG00000100055 CYTH4 Q9UIA0  4291.201 0.381  0.088 1.47E-05 0.01139
16 ENSG00000116350 SRSF4 Qo8170 2338.237  0.499 0.115 1.42E-05 0.01139
17 ENSG00000185946 RNPC3 Q96LT9 1394.700 -0.620  0.143 1.56E-05 0.01139
18 ENSG00000108474 PIGL Q9Y2B2 1201.827 -0.340 0.079 1.67E-05 0.01152
19 ENSG00000204178 MACO1 Q8N5G2 889.374  0.334  0.079 2.08E-05 0.01292
20 ENSGoo000111276 CDKN1B P46527 7866.116  -0.559  0.131 2.00E-05 0.01292
21 ENSG00000103222 ABCC1 P33527 2898.805 -0.272  0.065 2.57E-05 0.01443
22 ENSGoo000115705 TPO Po7202 18.123 -3.135 0746  2.62E-05 0.01443
23 ENSG00000258728 ENSG 701.586  -0.627 0.149 2.67E-05 0.01443

00000258728

24 ENSG00000106077 ABHDI11 Q8NFV4 275.336  0.538 0.129 3.07E-05 0.01464
25 ENSG00000110628 SLC22A18 Q96BI1 299.581 1.153 0.277 3.06E-05 0.01464
26 ENSG00000139624 CERS5 Q8N5B7 959.383  0.499  0.120 3.18E-05 0.01464
27 ENSG00000206418 RABI12 Q6I0Q22 450.507  0.567  0.136 3.18E-05 0.01464
28 ENSG00000121542 SEC22A Q96IW7 252.048  0.448 0.108 3.58E-05 0.01588
29 ENSG00000170260 ZNF212 Q9oUDV6 324.595  0.739 0.181  4.33E-05 0.01791
30 ENSG00000240053 LY6G5B Q8NDX9 197.842  -0.464  0.113 4.30E-05 0.01791
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Supplemental Table 1| (f) (partial) DEGs for CD8* T cells from hypotriglyceridemia group in order of
significance along with their Ensembl ID, gene symbol, UniProt ID, base mean, log2 fold change, log fold
change standard error, p value, and adjusted p value (FDR). Top 30 most significantly expressed genes are
shown here.

Order Ensembl ID Gene Symbol UniProt baseMean Log2FC L°§}23FC Pvalue ©P_
1 ENSG00000084112 SSH1 Q8WYL5 1657780  -0.803 0.146  3.54E-08 0.00031
2 ENSG00000110090 CPTIA P50416 1258.597  -1.728 0.326  1.12E-07 0.00049
3 ENSG00000139514 SLC7A1 P30825 702.125  -0.709 0.136  1.74E-07 0.00051
4 ENSG00000172493 AFF1 P51825 2084.541 -0726  0.144 4.93E-07 0.00108
5 ENSG00000204472 AlF1 P55008  988.474 1.423 0.289  8.56E-07 0.00116
6 ENSG00000166446 CDYL2 Q8N8U2 292.277  -1.258 0.257 9.86E-07 0.00116
7 ENSG00000177311  ZBTB38 Q8NAP3 1843.038  -1.181 0.242  1.05E-06 0.00116
8 ENSG00000178502 KLHLI11 Q9NVRO 423.669  -1.461 0.298  9.68E-07 0.00116

9 ENSG00000160218 TRAPPCi0 P48553 2748.232  -0.805 0.167 1.34E-06 0.00131

10 ENSG00000172428 COPS9 Q8WXC6 659.556  0.642 0.134 1.59E-06 0.00140
11 ENSG00000114302 FAAH P13861 1122716  -0.785 0.167  2.73E-06 0.00210
12 ENSG00000135272 MDFIC Q9P1T7 1620.508  -0.767 0.164  2.87E-06 0.00210
13 ENSG00000060237 WNK1 Q9H4A3 5648.666 -0.605 0.130  3.41E-06 0.00231
14 ENSG00000040199 PHLPP2 Q6ZVD8 406.036  -0.903 0.199  5.53E-06 0.00257
15 ENSG00000109452 INPP4B 015327 1429.090 -0.974 0.213  4.88E-06 0.00257
16 ENSGoo0000111252 SH2B3 Q9UQQ2 1498.342  -0.561 0.124  5.84E-06 0.00257
17 ENSG00000125686 MED1 Q15648 1683.447  -0.759 0.167 5.66E-06 0.00257
18 ENSG00000133657 ATPi13A3 Q9H7F0 1044.678  -0.958 0.211  5.40E-06 0.00257
19 ENSG00000134954 ETS1 P14921 26654.754 -0.683 0.149  4.57E-06 0.00257
20 ENSG00000164307 ERAPI1 Q9NZo8 2230.601  -1.023 0.224  4.88E-06 0.00257
21 ENSG00000048707 VPS13D Q5THJ4 2677.249  -0.558 0.124  6.92E-06 0.00257
22 ENSG00000084676 NCOA1 Q15788  2543.318  -0.730 0.162  6.96E-06 0.00257
23 ENSG00000104419 NDRGI Q92597 1323.154  -0.587 0.130 6.61E-06 0.00257
24 ENSG00000173706 HEGI Q9ULI3 1004.858  -1.213 0.270  7.23E-06 0.00257

[continued on next page]
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Supplemental Table 1| (f) (partial) [continued]

Order Ensembl ID Gene Symbol UniProt baseMean Log2FC LOEEZFC Pvalue P_
25 ENSG00000224470 ATXNIL PoC7T5 2024.319  -0.828 0.185  7.31E-06 0.00257
26 ENSG00000024862 CCDC28A Q8IWP9  363.350 0.769 0.172  7.66E-06 0.00259
27 ENSG00000066294 CD84 Q9UIB8 2499.072  -0.823 0.184 8.09E-06 0.00264
28 ENSG00000186469 GNG2 P59768  3931.442  -0.851 0.192  9.67E-06 0.00304
29 ENSG00000169020 ATP5ME P56385  877.665 0.634 0.144 1.06E-05 0.00310
30 ENSG00000145734 BDP1 A6H8Y1 1555.640 -0.910 0.206  1.03E-05 0.00310
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Chapter 6

Summary

The pathophysiology of atherosclerosis has traditionally been understood by the interactions
between macrophages, excess cholesterol laden low density lipoprotein (LDL), and the vascular
wall'. Although these components have been extensively studied and medications like statins
have successfully lowered cholesterol levels and reduced cardiovascular risk, a residual risk
of cardiovascular disease (CVD) still exists?. Thus, it is important to consider what alternative
factors might be playing a role in the pathophysiology of this disease. The aim of this thesis
was to uncover how triglycerides and fatty acids interacted with and influenced T cells in the
circulation and to determine whether this pre-exposure could alter the function of T cells, which
could shape the role these cells play in atherosclerosis (Fig. 1).

T cells, triglycerides and fatty acids are each components of interest in further uncovering the
pathophysiology of atherosclerosis. To do this, studies generally explore the role of various
individual fatty acids in the context of cardiovascular outcomes, investigate how specific fatty
acids influence T cell function, or examine how T cells affect atherosclerosis. Yet, there is no
overall picture of the differences and commonalities between the influence of various fatty acids
on T cell responses. In Chapter 2, we connected the findings and results of such studies in a
Review to provide a generalized overview of how fatty acids, T cells, and their interactions may
contribute to atherosclerosis?. By comparing the known effects of specific fatty acids on T cell
function and the known effects of specific fatty acids on atherosclerosis, we were able to show
that, by and large, the effect a fatty acid had on atherosclerosis and T cell function were similar,
that the effect of fatty acids was primarily determined by the saturation level, and was similar
for CD4" and CD8' T cells. Saturated fatty acids (SFAs) generally showed pro-inflammatory and
pro-atherogenic effects while polyunsaturated fatty acids (PUFAs) had anti-inflammatory and
atheroprotective effects. The effect of monounsaturated fatty acids (MUFAs) depended on the
context of the experiment and can have both pro- and anti-inflammatory/atherogenic effects.
Our review highlighted the key role for cellular metabolism in the fatty acid-induced alterations
in T cell function, namely activation, proliferation and differentiation. A limitation of the studies
performed so far was that they were performed during or after T cell activation, which might
influence the outcomes measured as this process requires the import and use of nutrients to
support cell growth and proliferation. The evaluation of current literature led us to hypothesize
that the influences of fatty acids on T cells already occurs prior to activation, in a non-activated
state in the circulation, which would affect the impact of T cells on the pathophysiology of
atherosclerosis upon entering the plaque, where they become activated*.

To test the hypothesis resulting from Chapter 2, Chapter 3 describes the set up and use of an
in vitro model for non-activated T cell exposure to oleic acids. Oleic acid, a MUFA, is one of the
most common fatty acids in the circulation®. The high natural abundance of this fatty acid in
the circulation along with the strong effects on T cells found in previous studies make oleic acid
of particular interest for further investigation”. To this end, we employed transcriptome-wide
analysis of oleic acid exposed non-activated CD4' T cells. Not only have CD4" T cells been found
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to aggravate atherosclerotic disease in mouse models'* 5, but this cell type is known for its
ability to differentiate into several subsets that each induce a distinct pro- or anti-inflammatory
effect’. This makes CD4' T cells of particular investigative interest over CD8" T cells, whose role
in atherosclerosis remains debated™ . We discovered that oleic acid resulted in a highly specific
upregulation of cholesterol and fatty acid biosynthesis related genes and pathways. This metabolic
reprogramming pre-activation resulted in increased IL-9* producing cells post-activation.
Intriguingly, the expression of this highly pro-inflammatory cytokine was reversed when cells
were exposed to the metabolic inhibitors of cholesterol and fatty acid biosynthesis during oleic
acid exposure. Thus, this study supports our hypothesis from Chapter 2: non-activated T cells, as
they occur in the circulation, can be influenced by fatty acids to become poised for preferential
differentiation after activation.

Oleic acid was of interest because of its high abundance and strong effects on T cells. Yet, the
interest in eicosapentaenoic acid (EPA), a PUFA, has recently increased dramatically because it
was found to strongly reduce atherosclerotic CVD risk in the landmark clinical trial, REDUCE-IT*
2, However, the mechanism by which EPA exerts its beneficial effects remain largely speculative.
In Chapter 4, we test the effect of EPA on T cells to contribute understanding of the favorable
outcomes observed in the REDUCE-IT trial*. In REDUCE-IT, patients received 4g of icosapent
ethyl (IPE), a highly purified form of EPA, administered orally as 2g twice daily?:. Upon ingestion,
IPE is metabolized into EPA and absorbed into the bloodstream. Here EPA can interact with
many different components of the circulation, including T cells. We employed the same in vitro
model developed in Chapter 3 to determine whether EPA can induce favorable transcriptomic
properties in non-activated CD4' T cells. To our surprise, we observed a very strong downregulation
of immune response and upregulation of antioxidant related genes through RNA sequencing.
The putative effects of EPA were an order of magnitude greater than the effects we found for
palmitic, a SFA, or oleic acid, a MUFA. Our data suggests that fatty acids have unique effects
on non-activated T cells, as EPA, palmitic acid and oleic acid each had distinct effects on T cell
transcriptomics. Our data highlights that EPA triggers a robust anti-inflammatory transcriptional
profile in non-activated CD4* T cells, suggesting its potential therapeutic benefits through the
modulation of immune and antioxidant genes.

In Chapters 3 to 4, we showed that individual fatty acids have distinct effects on T cell function
invitro. Yet, in vivo, a mix of lipids are found in the circulation, including the composite of fatty
acids, triglycerides, which have reemerged as a risk factor for CVD, especially at moderately
increased levels® . Although the exact role of triglycerides in CVD is still debated, individuals
with moderate hypertriglyceridemia are at an increased risk for developing CVD*%. However,
it remains unknown if increased triglyceride levels can also influence T cells, and whether that
may play a role in the increased risk of CVD observed. In Chapter 5, we aimed to translate our
in vitro findings to an in vivo situation by determining the influence of increased circulating
triglycerides on CD4* and CD8' T cells. The addition of CD8" T cells is relevant because these
cells are the T cell type whose relative abundance is most increased in plaque as compared with
the circulation®.
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Chapter 2

Fatty acids influence T cell
function and as these
interactions already occur in
the circulation they could
play a role in atherosclerosis
development

Chapter 4

EPA induces an
anti-inflammatory
Chapter 3 transcriptomic
Oleic acid induces a profile in CD4* T
metabolic rewiring in cells

CD4*T cells which leads
to pro-inflammatory
reactions post-activation
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Chapter 5 RNA Sequencing
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Fig. 1| Overview of chapter progression and interrelation. This thesis starts in Chapter 2 by reviewing
existing literature on the influence of fatty acids on T cells and their potential role in atherosclerosis
development and progression. This chapter concludes by formulating a hypothesis that lays the groundwork
for all subsequent research performed in this thesis. Chapters 3 and 4 focus on investigating the effects of
aspecific fatty acid on non-activated CD4" T cell transcriptomics in vitro. Chapter 3 additionally examines
cellular function post-activation and finds that metabolic inhibitors can block the observed changes. Lastly,
Chapter 5 aims to translate the in vitro findings to an in vivo context by analyzing the transcriptomic profiles
of CD4" and CD8" T cells derived from patients with hypertriglyceridemia.
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While the role of CD8' T cells in atherosclerosis pathogenesis remains disputed, investigating
their function may offer valuable insights into how triglycerides influence T cell responses® .
We investigated patients with primary moderate and secondary moderate hypertriglyceridemia,
and discovered that T cells derived from these individuals have a more pro-inflammatory
transcriptomic landscape as compared to the control group. In addition, this effect was attenuated
in patients with primary severe hypertriglyceridemia and reversed in hypotriglyceridemia,
showing that different triglycerides levels may shape T cell transcriptomics towards a more
pro- or anti-inflammatory profile. This reveals that the circulatory landscape of an individual
may have profound effects on T cell function, which may influence the role these cells play in
atherosclerosis and CVD.

Fatty acid induced effects on T cells

In Chapter 2 we presented an overview of the effects that various studies have identified regarding
the impact of fatty acids on T cells from experimental studies and linked these outcomes to the
effects of these fatty acids on atherosclerosis as reported by epidemiological studies. In each
experimental study the effect of 1-9 different fatty acids was evaluated and maximally 2 of the
4 functional outcomes: metabolism, activation, proliferation, and differentiation. The four
categories defined each characterize a different aspect of the T cell immune response starting
from activation and ending at differentiation, with metabolism underlying each of the other
three categories® . By determining how fatty acids influence T cells during or post-activation,
we can gain an understanding of how T cells may react in the lipid rich core of the atherosclerotic
plaque, where T cells are in an activated state*. However, the method for measuring the same
functional outcome differed between studies®*»334, The diversity in the methods used to expose
T cells to fatty acids as well as to determine T cell function, suggest a need for a standardized
model of T cell fatty acid exposure. Furthermore, the lack of a consensus of what a proper control
is for these types of studies, whether it is nothing, a solvent, or another fatty acid, requires
careful consideration?3>3. Most importantly, measuring T cell outcomes post-activation gives
no indication of whether T cells can be influenced by fatty acids encountered in the circulation,
where T cells remain in a non-activated state, and whether pre-exposure to a fatty acid can
impact T cell function at a later time.

The overview created in Chapter 2 allowed us to discern which fatty acids would be of interest for
future investigation. In particular, fatty acids that have a high relative abundance in blood and
those with variable or strong effects on T cell function, such as palmitic acid, oleic acid and/or EPA,
were of interest®13 334345 Therefore, these fatty acids were chosen to continue our investigations
with in Chapter 3 and 4. We started by investigating oleic acid in Chapter 3. This was because
previous research found both pro- or anti-inflammatory effects of monounsaturated fatty acids,
including oleic acid, despite it being one of the most abundant fatty acids in circulation®*. We
found that oleic acid induced a pro-inflammatory profile CD4" T cells, likely through rewiring
cellular metabolic pathways pre-activation, as marked by distinct and specific changes in gene
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expression. By establishing a standardized model for fatty acid T cell exposure in Chapter 3,
we were able to extrapolate its use to investigate multiple fatty acids at once in Chapter 4. Here,
we focused primarily on EPA because of its strong anti-inflammatory properties particularly
as observed in the REDUCE-IT trial® . It was conceivable that non-activated T cells respond
to all fatty acids in a similar way, inducing changes in metabolic pathways. However, this was
not the case as Chapter 4 showed almost no changes in gene expression of metabolic pathways
due to EPA exposure. Instead, immune response related genes were strongly downregulated.
Oleic acid once again showed a strong upregulation of metabolic genes. Palmitic acid exposed
non-activated T cells downregulated metabolic genes, and there was little overlap between
differentially expressed genes (DEGs) between the three different fatty acid exposed T cells.
Therefore, the specific fatty acid a T cell comes into contact with in the circulation can induce
a unique response in that T cell, which may dictate the responses that T cell has upon entering
the lipid environment of the atherosclerotic plaque.

Modeling triglyceride, fatty acid, and T cell interactions

We showed in Chapter 2 that a number of different models were used to examine fatty acid effects
on T cells and thus we first aimed to devise a standardized model of fatty acid T cell exposure.
Although animal models are commonly used for disease modelling and have previously also
been used to determine fatty acid effects on T cells, in vivo models such as these come with the
disadvantages of cost, duration, ethics, and genetic differences that make human translation
difficult*» . Instead, we developed an in vitro model of fatty acid T cell exposure in Chapter
3. Developing an in vitro model allowed us to use CD4" T cells derived from human subjects as
well as tightly control the concentration and duration of fatty acid exposure in both Chapter 3
and 4. While in vitro models do simplify the environment and present limitations such as static
conditions, limited microenvironmental factors, and absence of tissue architecture, our goal
was to closely mimic the conditions of the circulations. We ensured our model mimicked the
conditions of the circulation by using bovine serum albumin (BSA) bound fatty acid and non-
activated cells cultured in the presence of fetal calf serum (FCS). Furthermore, we were also able
to establish a proper control for these types of studies. The model developed used the solvent,
ethanol, in which oleic acid was diluted as the control and compares the results to medium only,
this eliminates the possibility of the solvent having an effect on the T cells. For these reasons, we
are confident that our model reflects the most optimal conditions to study individual fatty acid
effects on T cells in the human setting. The data derived from this model are highly reliable,
translational, and can aid in reducing the need for the use of animal models.

Invitro modelling allowed for a controlled fatty acid exposure to T cells. The model was designed
to simplify the biological system of the circulation and aid in uncovering the specific mechanisms
of actions that increased fatty acid exposure had on non-activated T cells. However, the human
circulation is a complex environment that an in vitro model could never fully mimic. Furthermore,
T cells in the circulation are exposed to a myriad of lipids, including fatty acids and triglycerides, at
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the same time. Therefore, it was important to measure T cell responses to increased triglycerides
invivo. Instead of turning towards the use of animal models, we opted to use a human model in
Chapter 5. This was possible because the condition of moderately elevated triglycerides exists
naturally in humans, called hypertriglyceridemias. This condition provides a natural exposure
model to study T cell reactions to increased triglycerides. In this regard, human in vivo testing is
possible because the T cells only needed to be collected from the blood of these individuals and
no other intervention was necessary. This allowed us to investigate how circulating triglycerides
could influence T cells in a human system. While our in vivo model could not be used to verify our
in vitro findings and the complexity of this system did not allow us to draw causative conclusions
from our analysis, it did provide a starting point from which future work can build and extrapolate.

The choice between utilizing an in vitro or in vivo model depends on the specific circumstances
and the particular question being addressed. In Chapter 3 and 4 utilizing an in vitro model came
with the advantage of being able to isolate the impact of a specific fatty acid on CD4* T cell gene
expression and function. This allowed us to draw causative conclusions as we compared what
the addition of one particular substance had on T cells while the rest of the conditions remained
constant. Drawing causative conclusions in vivo is more difficult as the complexity of the system
does not allow for a direct link to be laid between exposed and not exposed individuals. However,
the use of a human in vivo model allowed us to directly study a complex biological system.
Furthermore, our in vivo model also allowed us to measure how prolonged exposure to elevated
triglycerides can influence T cells, which is not possible in vitro, due to the relatively short-lived
nature of T cells. Both models did allow for the inclusion of multiple concentrations of fatty
acids and triglyceride levels in the analysis, although the in vitro model only moved forward
with one concentration, while the in vivo model was able to compare the effects different levels
of triglycerides had on T cell gene expression. By using a mix of both in vitro and in vivo models
this thesis was able to better understand how lipid T cell interactions in the circulation may be
able to shape immune responses in diseases such as atherosclerosis.

Identifying T cell responses via RNA sequencing

Chapter 2 showed that studies investigating the effects of fatty acids on T cells often employs
functional outcomes, such as metabolism, activation, proliferation or differentiation, as the readout.
However, changes to the T cell may already occur prior to the outward result, post-activation, of
the fatty acid exposure. Instead, looking inward, towards what is occurring within the cell may
shed a new light on the processes involved in fatty acid exposure in T cells. One place to look
within the cell is towards changes in gene expression. Examining changes in gene expression
allows us to pinpoint specific biological processes and key genes involved in cellular responses.
Additionally, it enables us to predict subsequent alterations in cell function, as changes in gene
expression typically precede functional changes in cells.
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RNA sequencing has emerged as a revolutionary tool for studying changes in gene expression in
the transcriptome and is one of the most cited next generation sequencing methods availabless.
This method involves sequencing the entirety of RNA in one single assay. By mapping these
transcripts back to the human genome, it facilitates the identification of which genes come
to expression under specific circumstances®. Additionally, it allows for the detection of novel
features without the limitation of prior knowledge, as is necessary for methods such as real time
quantitative polymerase chain reaction (RT-qPCR), which can only identify the expression of
one singular chosen gene at a time. We employed this technique in Chapter 3, 4, and 5 to gain
novel insights into T cell responses to fatty acids and triglycerides.

In Chapter 3, we identified 544 DEGs in non-activated CD4* T cells exposed to oleic acid across
time using RNA sequencing. In doing so, we identified the upregulation of cholesterol biosynthesis
and de novo fatty acid biosynthesis, each a key metabolic pathway in T cell activation and the
development of pro-inflammatory CD4' T cell subsets®*. What made this observation so remarkable,
isthatthe T cells measured were not in an activated state, but rather non-activated. Thus, through
RNA sequencing of non-activated CD4" T cells, we were able to predict that oleic acid exposure
may induce a metabolic reprogramming in the cell, priming them for T cell activation and pro-
inflammatory subset development post-activation. This line of thought was proven to be accurate as
we later found increased frequencies of IL-9* producing CD4' T cells post-activation. Furthermore,
we were able to identify similar genes in the 60 DEGs of oleic acid exposed non-activated CD4" T
cells in Chapter 4, demonstrating the robustness of our approach. We also identified 1170 DEGs
in EPA exposed and 33 DEGs in palmitic acid exposed non-activated CD4' T cells. The overlap
between genes of each fatty acid exposed cell group was very small. This continues to show the
unique signature each fatty acid has on CD4' T cells based on the degree of saturation, keeping
in line with the conclusions drawn in Chapter 2. Additionally it also shows the precision of RNA
sequencing as a technique. Lastly, RNA sequencing can also provide relevant information related
to the in vivo situation as shown in Chapter 5, where the changes in gene expression could be
mapped to deduce information about T cell profiles in different patient groups. For example,
while there were no DEGs detected in patients with secondary moderate hypertriglyceridemia
group, examining the expression of the primary moderate DEGs in the secondary moderate
group revealed a highly similar profile between the two groups. Moreover, examining the same
DEGs in the primary severe and hypotriglyceridemia group showed an attenuated and reversed,
respectively, transcriptomic landscapes. Hence, RNA sequencing can provide meaningful insights
into the changed biological processes upon fatty acid and triglyceride exposure, which can aid
in predicting functional T cell outcomes.

DNA methylation and ATAC sequencing

The changes in transcriptomics correspond to the measured changes in function post-activation
in Chapter 3, hinting that there may be a memory component to fatty acid exposure. However,
to the best of our knowledge, no studies have delved into how a fatty acid exposure is able to
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be retained by CD4* T cells. This is particularly important because the cells in Chapter 3 and
4 were exposed to the fatty acid prior to activation. As epigenetics often underlies this type of
cellular memory®, we aimed to identify whether epigenetic processes played a role in the cellular
recollection of fatty acid exposure.

First, we checked for changes in DNA methylation. This was originally performed as part of the
work related to Chapter 3. Interestingly, no differences in methylation status between the oleic
acid exposed and control conditions were found (Table 1-2) and the work was excluded upon
peer review. DNA methylation entails the transfer of a methyl group onto the C5 position of the
DNA base cytosine, which forms 5-methylcytosine. This inhibits transcription factor binding
or recruits proteins implicated in gene repression to the DNA, limiting gene expression®. Thus,
although epigenetic reprogramming is likely occurring in the cells, the mode of action is not
via DNA methylation. However, DNA methylation is just one form of epigenetic gene regulation.
Therefore, we performed Assay for Transposase-Accessible Chromatin (ATAC) sequencing on
our EPA exposed non-activated CD4' T cells in Chapter 4. ATAC sequencing assesses genome-
wide chromatin accessibility®. Again, no differences in open chromatin at individual regions
between the EPA exposed and control conditions were detected. ATAC sequencing is done by
sequencing open regions of chromatin by exposing DNA to the highly active transposase, Tns,
which preferentially inserts into open chromatin regions, which get sequenced. This method
can aid in determining how chromatin packaging affects gene expression®. In remains unclear
whether this is a true negative result or relates to limitations of the sensitivity of the method
that detected >300 thousand peaks throughout the genome of uncertain functional relevance at
varying sequencing depths. Alternative assays targeting other layers of epigenetic regulation may
be adopted in future studies to resolve the memory component of fatty acid exposure in T cells.

Metabolic transformations during T cell activation have been found to be interconnected with
epigenetics®. This makes the potential role of epigenetics in shaping cellular memory of interest
for future investigation. Although we did not find differences in DNA methylation or open
chromatin, via ATAC sequencing, there is some indication that histone acetylation may be an
intriguing epigenetic modification to study. In Chapter 3, our RNA sequencing found increased
expression of SLC25A1, a carrier that transports mitochondrial citrate to the cytosol. This carrier
is required for cytosolic metabolism of citrate to regenerate acetyl-CoA, which becomes the main
source for histone acetylation®. Histone acetylation is necessary not only for T cell activation,
but also for T cell polarization®. Decreased cytosolic Acetyl-CoA production decreased histone
acetylation at the ifng promoter and resulted in less IFNy producing T 1 cells®. Thus, it will be
particularly interesting to measure histone acetylation in fatty acid exposed cells.
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Table 1| Top 10 CpGs ordered by P adjusted value. Differentially methylated CpGs in oleic acid exposed
non-activated CD4' T cells. No evidence for differential DNA methylation after oleic acid exposure was
observed across any time-point.

CpGs Beta Standard Error T Statistic Pvalue P adjusted
cg18478105 -3E-04 0.0004 -0.6571 0.51 0.95
€g14361672 -0.003 0.0026 -1.2504 0.22 0.95
€g01763666 -0.003 0.0067 -0.3766 0.71 0.95
€g02115394 -8E-04 0.0031 -0.2614 0.8 0.95
€g13417420 0.0011 0.0031 0.3553 0.72 0.95
826724186 0.0012 0.0012 0.9982 0.32 0.95
€g24133276 -0.002 0.0024 -0.9594 0.34 0.95
€g13773083 0.0094 0.0056 1.697 0.09 0.95
€g17236668 0.0009 0.0008 1.0411 0.3 0.95
€g19607165 -0.001 0.0033 -0.436 0.66 0.95

Table 2 | Top 10 genes ordered by P adjusted value. Differentially methylated CpGs in oleic acid exposed
non-activated CD4* T cells mapped to the nearest gene. None of the top-10 differentially methylated CpGs
mapped to genes were involved in metabolism or T cell function, neither did any of the nearest genes overlap
with genes identified in the transcriptome analysis.

CpGs Ensembl ID Gene Name
cg18478105 ENSG00000149658 YTHDF1
€g14361672 ENSG00000160447 PKN3
€g01763666 ENSG00000176155 CCDCs7
€g02115394 ENSG00000130177 CDC16
€g13417420 ENSG00000111276 CDKN1B
€g26724186 ENSG00000186111 PIP5K1C
€g24133276 ENSG00000123213 NLN
€g13773083 ENSG00000182698 RESP18
€g17236668 ENSG00000239857 GET4
€g19607165 ENSG00000137203 TFAP2A
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Transcription factor footprinting

RNA and ATAC sequencing can also provide information on transcription factor binding.
Transcription factors are proteins that control transcription, or the process of converting DNA
into RNA. However, transcription factors commonly do not only bind directly to the promoter
to have an effect on gene transcription, it can also bind several thousands of base pairs up- or
downstream, to regulatory sequences such as enhancers or suppressors, through which it can
stimulate or repress transcription®. Transcription factor footprinting is a technique that predicts
which transcription factors may be active or inactive based on the known binding locations within
the genome®. RNA sequencing data can resolve transcription factor binding information based
on which sequences are present in the promotors of DEGs, as was done in Chapter 3. On the other
hand, ATAC sequencing can identify likely transcription factors, based on the open chromatin
segments that are sequenced, meaning it can also resolve information on transcription factor
binding to enhancer and suppressor regions. In Chapter 4, we used the generated ATAC sequencing
data to identify the downregulation of the key T2 and T,9 transcription factors, GATA3 and PU.1,
respectively, as well as the upregulation of the T 17 antagonist REV-ERB, supporting the anti-
inflammatory profile induced by EPA exposure. It is notable that our ATAC sequencing analysis
did not yield any differentially expressed peaks, but the transcription factor footprinting did
uncover results. Usually, ATAC sequencing generates a large number of differentially expressed
peaks, which can be refined by focusing on peaks near transcription factors or DEGs. However, the
reverse process is not feasible because changes in transcription factor binding does not necessarily
imply relevance for nearby peaks. This unexpected outcome might stem from the inactive state
of the exposed T cells or the quality of the ATAC sequencing. With more time, attention, and
relaxed thresholds on peak calling, disparities in open chromatin could still emerge. Despite the
initial negative findings from the ATAC sequencing analysis, the data could still be used to extract
meaningful insights into cell function through transcription factor footprinting.

Measuring T cell functionality

Using the results of the RNA sequencing data generated in Chapter 3, we were able to formulate a
hypothesis on the functional changes that may occur post-activation in CD4* T cells pre-exposed
to oleic acid. To show these functional changes occurred post-activation, we employed several
different methods to test T cell functionality. Chapter 2 suggested that there were four facets
to look at, metabolism, activation, proliferation, and differentiation. We initially investigated
proliferation through a radioactive labeling-based assay®. We were unable to detect any differences
in cellular proliferation using this method. This method utilizes a radioactive version of the
DNA base thymine so that the radiolabeled thymidine is used to synthesize DNA during cell
division. Thus, every cell division generates more radiolabeled thymidine, providing an overall
measure of proliferation®. However, this method does not provide more detailed insights into
proliferative capabilities such as number of cell divisions, and as such, other methods of cellular
proliferation should be considered.
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We next explored metabolism and activation utilizing a Seahorse bioanalyzer. Unfortunately, it
proved difficult to obtain consistent results using this method. This method measures changes
in oxygen consumption (OCR) and proton efflux (ECAR) in culture media as a measurement of
cellular metabolism®. Given the distinct shift in cellular metabolism during activation from beta
oxidation (oxygen consumption) to aerobic glycolysis (proton efflux), the Seahorse bioanalyzer
offers the potential to quantify the rate of T cell activation and metabolic alterations*’. However,
this method is very sensitive and requires extremely controlled conditions, small changes in
the pH of the medium, number of cells per well, and concentration of substrates added can
all influence the results observed. Thus, the need for a large number of replicates limits the
number of conditions and donors that can be measured at once, contributing to the variable
results measured.

Next, we shifted our focus to the fourth facet of T cell function, differentiation. As T cells activate,
they differentiate into various subsets marked by specific cytokine production and gene expression®.
To measure cytokine production we employed an enzyme-linked immunosorbent assay (ELISA)
and to measure changes in gene expression we used an RT-qPCR. Unfortunately, these methods
yielded variable or nonsignificant results, making it difficult to interpret changes in T cell
function. In an ELISA assay, an antigen, in this case the cytokine of interest, is anchored to a
solid surface, either directly or through a capture antibody. Then, a detection antibody linked
to a detectable molecule like an enzyme or a fluorophore binds to the antigen, which can be
measured via a spectrophotometer®. An ELISA thus provides a semi-quantitative rather than
an absolute measurements as it relies on standard curves for quantitation. An ELISA as well
as an RT-qgPCR may have difficulties measuring low abundance analytes because of its limited
sensitivity and dynamic range®. Furthermore, ELISA’s can suffer from cross reactivity with similar
analytes as cells are measured in bulk samples and RT-qPCR’s can suffer from amplification
biases especially for low abundance transcripts®”°. Both methods typically only measure one
cytokine/gene at a time, which can be time-consuming and inefficient when analyzing multiple
targets simultaneously® ™.

Finally, we adopted flow cytometry as a means of discerning T cell differentiation. This technique
allows for complex mixtures of cells to be simultaneously characterized, identified, and is
generally more sensitive than, for example, an ELISA. Cytometry, both traditional flow and
spectral, depends on lasers to catch the scattering of light and one or more fluorescent markers
that are read by detectors as single cells in solution flow passed. Thus, this technique can discern
rare cell populations and low abundance cytokines with high sensitivity because it is measured
at the single-cell level. Populations of cells can then be identified based on the light scattering
and fluorescent properties™. In traditional flow cytometry, the aim is to collect the emission of a
fluorochrome through one detector channel where it is expected to be excited. However, because
most fluorochromes have broad emission spectra, “spill over” into another detector channel
may occur, called spectral overlap, which has to be later compensated during the analysis to
obtain the pure signal™. Instead, spectral cytometry records small segments of light, between
38-64 parameters, across the full spectrum. By recording each fluorochrome across the entire
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emission spectra, a spectral fingerprint is produced. This reduces the need for compensation
as each fluorochrome can be identified by its unique fingerprint and increases the number of
markers which can be measured in one sample”. Therefore, we opted to use spectral cytometry
to measure 26 different T cell markers both extra- and intracellularly as well as intranuclearly.
The adoption of spectral cytometry enabled us to accurately characterize components of T cell
differentiation, leveraging its ability to discern a broad range of markers simultaneously. This
approach provided the stable and reproducible identification of increased IL-9* production
by oleic acid pre-exposed T cells, underscoring the value of spectral cytometry in elucidating
complex cellular responses.

Future directions

The experiments conducted in this thesis lay the groundwork for future investigations,
particularly focusing on elucidating the relationship between triglycerides/fatty acids, T cells,
and atherosclerosis. To advance our understanding, the next step involves providing mechanistic
insights into how fatty acids influence T cell responses. Cellular proliferation, a crucial aspect of
the adaptive immune response, was examined in Chapter 3 using radioactive labeling. However,
this method solely offers information on cell numbers without depicting proliferative capability,
lacking data on the frequency of cell division. To address this gap, flow cytometry may be a
valuable tool™. By labeling the cell membrane with a fluorescent dye, each cell division round
results in signal dilution, allowing for the quantification of proliferative activity’. Moreover,
alternative cytometry techniques like mass cytometry could provide deeper insights into T cell
differentiation. Unlike conventional fluorescence-based methods, mass cytometry employs
metal isotopes for cell labeling, overcoming spectral overlap issues. This approach enables the
measurement of a larger number of markers in a single sample, facilitating the identification
of cell subsets based on transcription factors and cytokines’.

Single cell RNA sequencing may also offer additional insights into T cell subset development.
Single cell RNA sequencing can not only identify subpopulations of T cells, but could also
provide information about the genes and signaling pathways that are active or differentially
expressed during subset development”. Moreover, to gain a full understanding of mechanistic
outcomes of triglyceride/fatty acid exposure on T cells, examining protein production will be
essential. Techniques that use mass spectrometry, such as shotgun proteomics may allow for
high-throughput protein identification and quantification. These techniques can assess whether
transcriptomic changes translate into altered protein expression. Integrating these methods
offers a comprehensive approach to elucidate how fatty acid exposure shapes T cell responses
and provides a higher resolution of the underlying mechanisms.

Finally, translating the findings of this thesis into practice in the clinic will be important. By
understanding how the various fatty acids of the circulation shape T cell responses, clinicians

will be able to make more informed decisions in patient care. Understanding typical ranges of

233



Chapter 6

fatty acids in the circulation allows clinicians to assess whether an individual deviates from these
norms, potentially indicating either advantageous or detrimental effects based on the specific
fatty acid. For instance, lower levels of oleic acid may suggest reduced risk of atherosclerosis
due to decreased T,9 cell development, and vice versa>”. This can be achieved through either
standard lipid profiling or lipidomic profiling to provide information about concentrations of fatty
acids in the circulation as well as in the atherosclerotic plaque®®. This will also show whether
T cells might have a secondary response to a fatty acid encountered in the circulation and also
in the plaque. This knowledge may also enable a more targeted approach to patient care, such
as using statins to mitigate the inflammatory properties of oleic acid on T cells, thereby aiding
this drugs anti-inflammatory and anti-atherogenic effects.

In order to do this, a comprehensive overview of T cells responses to fatty acids is imperative,
especially considering variations in fatty acid concentrations in the circulation. This is particularly
relevant for individuals with hypertriglyceridemia as triglycerides are the composite of three
fatty acid chains linked by a glycerol group??. Understanding which fatty acids make up the
triglycerides in an individual with hypertriglyceridemia could aid in understanding how to most
effectively treat these patients. For example, boosting EPA concentrations with medications
like IPE, to counteract the negative effects of more common fatty acids such as palmitic and
oleic acid may mitigate inflammatory processes in T cells and aid in reducing atherosclerosis.
Furthermore, analyzing T cells derived from individuals treated with IPE may offer additional
insights into the beneficial outcomes observed of studies such as REDUCE-IT™ %,

Expanding this overview of fatty acid effects to other immune cell types, notably CD8* T cells,
is crucial. CD8" T cells are the second most abundant immune cell type in circulation and their
population increases in atherosclerotic plaques®, yet their precise role in disease pathogenesis
remains undefined™ . This lack of clarity may stem from how the circulatory landscape influences
CD8' T cell responses. Furthermore, other immune cell types, such as monocytes, macrophages,
B cells, and dendritic cells should also be investigated'. In doing so, an atlas could be created
that elucidates how circulatory landscapes shape immune responses and, consequently, impact
atherosclerosis development and progression. Thus, targeting triglycerides/fatty acids may offer
beneficial effects on atherosclerosis by being able to shape anti-inflammatory responses in T cells.

Conclusion

This thesis represents a departure from previous research paradigms by delving into the intricate
interplay between fatty acids and T cells, particularly focusing on their influence at earlier non-
activated stages. By developing an innovative in vitro model, we not only unveiled the profound
impact of fatty acid exposure on the transcriptomic landscape of T cells, but also revealed
the consequential effects on responses post-activation. Moreover, this research attempted to
bridge the gap between in vitro findings and real-world implications by investigating T cells
from individuals with hypertriglyceridemia. While the exact mechanistic pathways remain to
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be elucidated, these findings serve as a solid base from which new hypotheses can be generated
and tested, suggesting that CD4' T cells are intricately molded by environmental interactions.
Thus, targeting triglycerides and fatty acids may lead to beneficial effects on atherosclerosis
by leveraging the anti-inflammatory properties of T cells. This work opens new avenues for
exploration, advancing our understanding of the complex relationship between fatty acids and
T cell dynamics, with implications for shaping our comprehension of human health and disease.
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Summary

Atherosclerosis is the primary contributor to cardiovascular disease (CVD), which remains the
leading cause of death worldwide and is fundamentally driven by the interactions between lipids,
the immune system, and the vascular wall. Atherosclerosis is characterized by the accumulation
of fats in the blood vessel walls, which attracts immune cells that then trigger an inflammatory
response. Despite the immune system’s attempts to clear these fats, the inflammation persists
leading to chronic inflammation. This ongoing inflammation leads to an increasing buildup
of fats and immune cells, resulting in the formation of atherosclerotic plaques. When these
plaques eventually rupture, it can have serious consequences such as heart attacks or strokes.

Until recently, this disease was mainly associated with cholesterol, a lipid, and macrophages,
a type of immune cell that continuously takes up cholesterol in the vessel walls until a fatty
atherosclerotic plaque is created. However, recent research has highlighted the importance of
other factors, such as triglycerides and T cells, in the development of atherosclerosis. Excessive
triglycerides in the bloodstream can cause and/or aggravate the disease when present in excess,
particularly through triglyceride-rich lipoproteins. Additionally, T cells, a key component of
the adaptive immune system, are also found in large numbers within atherosclerotic plaques.
However, these cells and lipids are already present and interacting in the human body before they
reach the site of the atherosclerotic plaque. Thus, the aim of this thesis is to better understand
how triglycerides and fatty acids can influence T cells in the context of atherosclerosis.

In the human body, each cell and lipid plays an important role. In this intricate system, triglycerides
are crucial building blocks that provide energy and structure to cells. Triglycerides are composed
of three fatty acid molecules attached to a glycerol backbone. These lipids serve as an energy
reservoir because they can be broken down by the cell, releasing the fatty components, which
can then be used by cells to fuel various cellular processes. As such, fatty acids also play a crucial
role in the human system. Fatty acids can be divided into saturated, monounsaturated, and
polyunsaturated fatty acids. This classification is based on the number of double bonds in the
chemical structure of the fatty acid: saturated fatty acids have no double bonds, monounsaturated
fatty acids have one, and polyunsaturated fatty acids have two or more. Generally, saturated fatty
acids are considered unhealthy, while unsaturated fatty acids are seen as healthy.

T cells are specialized immune cells that can identify and respond to their environment, including
triglycerides and fatty acids. T cells in the circulation are generally in an inactive, or non-activated,
state. In this state, T cells do not proliferate, do not produce cytokines, and exhibit low metabolic
activity in the form of beta-oxidation. Only when stimulated by antigen-presenting cells, such
as macrophages or dendritic cells, do they become activated and initiate immune responses.
Once activated, T cells will proliferate, produce cytokines, and shift their metabolism to aerobic
glycolysis, fatty acid biosynthesis, and cholesterol biosynthesis. However, whether the interaction
with triglycerides and various fatty acids influences T cells, and whether this can lead to adverse
reactions in high lipid environments, like the atherosclerotic plaque, remains unknown.
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To investigate this question, this thesis employs various in vitro, -omics, and in vivo techniques.
An in vitro experiment studies things outside of a living organism. As such, the term “in vitro”
literally means “in glass”, referring to experiments conducted in controlled environments such
as test tubes or Petri dishes. An -omics experiment studies large amounts of biological data,
such as all genes (transcriptomics), proteins (proteomics), or metabolites (metabolomics) in an
organism, to provide a comprehensive overview of biological processes. An in vivo experiment
is conducted within a living organism, such as an animal or a human. Instead of working with
laboratory glassware, tests are performed directly in the body. This helps scientists understand
how a treatment or substance behaves in a real biological environment. As a result, this thesis
leads to a more comprehensive understanding of the impact that fatty acids and triglyceride
levels have on T cell function.

First, we systematically mapped the known effects of fatty acids on T cell function and then
compared these with the known effects of the same fatty acids on the development and progression
of atherosclerosis. By dividing T cell function into four categories (metabolism, activation,
proliferation and differentiation) we could map out the individual effects of 14 different fatty
acids on T cell function. Interestingly, the way fatty acids were found to influence T cells aligned
with the impact these fatty acids have been found to have on the development of atherosclerosis.
However, it is important to note that these results were all found in activated T cells, and may
not necessarily reflect the interactions and influences fatty acids are having on T cells in the
circulation, prior to activation.

To investigate how fatty acids influence T cell function prior to activation we developed an
in vitro model. Here, we focused on CD4* T cells, which are generally thought to play a pro-
inflammatory role in CVD. These CD4' T cells were exposed to one of the most abundant fatty
acids in the circulation, oleic acid, which has also been shown to be associated with an increased
risk of CVD. Using our in vitro exposure model we examined the expression levels of thousands
of genes simultaneously, via RNA sequencing. After exposing non-activated CD4* T cells to oleic
acid, this transcriptomics approach revealed strong changes in T cell metabolism towards a
pro-inflammatory state, as the cells increased the expression of genes related to fatty acid and
cholesterol biosynthesis. This result was further validated by activating the CD4" T cells after
oleic acid exposure and measuring the development of T cell subsets. The results showed that
when T cells were pre-exposed to oleic acid, they were more likely to become IL-9* producing T
cells after activation compared to T cells that were not pre-exposed. IL-9 is the hallmark cytokine
of the highly pro-inflammatory T,9 subset, which has been associated with atherosclerosis
pathogenesis. Interestingly, this finding was inhibited when the cells were also exposed to
statins, powerful cholesterol biosynthesis inhibitors, along with oleic acid. These findings
suggest that fatty acids can influence atherosclerosis by affecting immune cells, potentially
through cellular metabolism.

Expanding upon these findings, we next explored the role of other fatty acid types on CD4* T cell
function. Specifically, we focused on eicosapentaenoic acid (EPA), a polyunsaturated omega-3
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fatty acid. This fatty acid was used in the REDUCE-IT study, which showed that patients with
hypertriglyceridemia who received EPA had reduced triglyceride levels, risk of cardiovascular
events, and cardiovascular mortality compared to a placebo. Despite these results, it remains
unclear how EPA provides its benefits, and there are only limited studies on these effects. We
identified a strong anti-inflammatory transcriptomic profile in CD4" T cells exposed to EPA
in vitro. We also used ATAC sequencing to identify where transcription factors, proteins that
influence gene expression, bind to DNA, helping us understand why certain genes were up
or down regulated in our transcriptomics results. This analysis showed that GATA3 and PU.1,
which are important for the development of T, 2 and T 9 cells, were reduced, while REV-ERB,
which inhibits the development of T, 17 cells, was increased. T2, T, 9, and T 17 are all subsets
of CD4* T cells that have known pro-inflammatory effects in different diseases and as such, the
lower expression of these subsets should be beneficial. We additionally tested palmitic acid, a
saturated fatty acid, and oleic acid, a monounsaturated fatty acid, to provide a more comprehensive
understanding of how fatty acid saturation might affect CD4" T cells. These results showed that
the anti-inflammatory effects were unique to EPA-exposed cells, a finding that may contribute
to the unexpectedly strong beneficial effects observed in studies like REDUCE-IT.

Lastly, we aimed to translate our in vitro findings to an in vivo model. Here, we leveraged a
“natural experiment” design, comparing the CD4" and CD8' T cells of individuals with elevated
triglyceride levels (2.7-8.5 mmol/L) due to primary, or genetic mutations to those without such
mutations. This set up mimics a controlled experimental setup where the genetic variation acts as
anatural intervention. We once again used RNA sequencing to determine global changes in gene
expression in CD4* and CD8* T cells of individuals with and without elevated triglyceride levels.
We identified a pro-inflammatory transcriptomic profile in T cells derived from individuals with
elevated triglycerides. Specifically, we observed upregulation of the IL6R gene in CD4' T cells, a
gene that encodes a cytokine causally linked to cardiovascular disease. Notably, patients with
triglyceride levels between 2.7-8.5 mmol/L have an increased risk of cardiovascular disease.
However, this risk diminishes when triglyceride levels exceed 10 mmol/L, as triglycerides are
then primarily stored in particles called chylomicrons, which are too large to easily cross the
vessel walls. Interestingly, the pro-inflammatory gene expression profile was not observed
in T cells derived from patients with these extremely high triglyceride levels. Furthermore,
transcriptomic differences were reversed in patients with low triglycerides (0.1-0.3 mmol/L),
or hypotriglyceridemia, a condition suspected to have a protective effect against cardiovascular
disease. Lastly, the pro-inflammatory gene expression profile was found in T cells from patients
with secondary hypertriglyceridemia (between 2.7-8.5 mmol/L), caused by secondary factors
such as diabetes, although to a lesser extent. This research suggests that elevated triglycerides
may contribute to cardiovascular disease, potentially by promoting inflammation in T cells.

Collectively, this thesis departs from previous research by examining the complex interaction
between fatty acids and T cells, particularly in their early, non-activated stages. The research
suggests that CD4' T cells are strongly influenced by their environment and that cellular metabolism
plays a crucial role in cell function. It appears that different fatty acids can have varying effects
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on T cells, ranging from pro- to anti-inflammatory, and that measuring global gene expression
differences can provide profound insights into the cell’s state. Finally, it is suggested that targeting
triglycerides and fatty acids may have beneficial effects on atherosclerosis by leveraging the
anti-inflammatory properties of T cells. This work opens new avenues for further research and
enhances our understanding of the intricate relationship between fatty acids and T cells, which
effects on how we understand human health and disease.
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Nederlandse samenvatting

Atherosclerose speelt een belangrijke rol in het ontstaan van hart- en vaatziekten, wat wereldwijd
de leidende doodsoorzaak is. Atherosclerose, of in de volksmond: aderverkalking, wordt in
essentie veroorzaakt door de wisselwerking tussen lipiden, het immuunsysteem en de vaatwand.
Atherosclerose is een langdurige ontsteking van de vaatwand van bloedvaten. Hierbij hopen vetten
zich op in de vaatwand, wat immuun cellen aantrekt die vervolgens een ontstekingsreactie in
gang zetten. Ondanks de pogingen van het immuunsysteem om deze vetten op te ruimen, blijft de
ontsteking aanhouden. Deze voortdurende inflammatie leidt tot een toenemende ophoping van
vetten en immuuncellen, wat resulteert in de vorming van atherosclerotische plaques. Wanneer
deze plaques uiteindelijk scheuren, kan dit ernstige gevolgen hebben zoals hartaanvallen of
beroertes.

Tot voor kort ging bijna alle aandacht uit naar cholesterol, een lipide, en macrofagen, een
type immuun cel die in de vaatwand ongeremd cholesterol blijft opnemen net zo lang totdat er
een vettige atherosclerotische plaque ontstaat. Recent onderzoek heeft het belang van andere
factoren, zoals triglyceriden en T cellen, als significante risicofactoren voor atherosclerose
geidentificeerd. Overtollige triglyceride in de bloedbaan kan atherosclerose veroorzaken en/of
verergeren, voornamelijk via triglyceride-rijke lipoproteinen. Daarnaast worden T cellen, een
belangrijk onderdeel van het adaptieve immuunsysteem, ook in grote aantallen aangetroffen
in zogenoemde atherosclerotische plaques. Echter, deze cellen en lipiden zijn al aanwezig en
actief in het menselijk lichaam voordat ze de plaats van de atherosclerotische plaque bereiken.
Het doel van dit proefschrift is daarom het beter begrijpen van hoe triglyceriden en vetzuren T
cellen kunnen beinvloeden in de context van atherosclerose.

In het menselijk lichaam speelt elke cel en lipide een belangrijke eigen rol. In dit systeem zijn
triglyceriden cruciale bouwstenen die energie en structuur aan cellen leveren. Triglyceriden zijn
opgebouwd uit drie vetzuurmoleculen die met elkaar verbonden zijn door glycerol. Triglyceriden
dienen als energiereservoir aangezien ze door de cel kunnen worden afgebroken waardoor de
verzuurcomponenten vrijkomen. Deze kunnen vervolgens gebruikt worden als voedingsstoffen voor
diverse processen in de cel. Op deze manier spelen ook vetzuren een cruciale rol in het menselijk
systeem. Vetzuren kunnen onderverdeelt worden in verzadigde, enkelvoudig onverzadigd, en
meervoudig onverzadigd. Deze benaming heeft te maken met het aantal dubbele bindingen in
de chemische structuur van het vetzuur, waarbij onverzadigde vetzuren geen dubbele bindingen
hebben, enkelvoudig onverzadigde vetzuren er één hebben, en meervoudig onverzadigde
vetzuren er twee of meer hebben. Over het algemeen worden verzadigde vetzuren als ongezond
beschouwd, terwijl onverzadigde vetzuren als gezond worden gezien.

T cellen zijn gespecialiseerde immuuncellen die hun omgeving, waaronder triglyceriden en
vetzuren, kunnen waarnemen en daar vervolgens op kunnen reageren. T cellen in de circulatie
verkeren over het algemeen in een niet-geactiveerde stand. In deze stand prolifereren T cellen
niet, produceren ze geen cytokines en vertonen ze lage metabolische activiteit in de vorm van
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beta-oxidatie. Pas wanneer ze worden gestimuleerd door antigeen-presenterende cellen, zoals
macrofagen of dendritische cellen, worden ze geactiveerd en wekken ze immuun responsen op.
Zodra een T cel geactiveerd is, zal deze prolifereren, cytokines produceren en zijn metabolisme
omzetten naar aerobe glycolyse, vetzuur- en cholesterolbiosynthese. Het is tot nu toe nog niet
bekend of T cellen beinvloed kunnen worden door de interacties met triglyceriden en verschillende
vetzuren en of dit vervolgens kan leiden tot ongewenste reacties in een omgeving met hoge
lipidengehaltes, zoals een atherosclerotische plaque.

Om deze vraag te onderzoeken hebben we in dit proefschrift verschillende in vitro, -omics en in
vivotechnieken toegepast. Een in vitro experiment is een type wetenschappelijk onderzoek waarbij
dingen worden bestudeerd buiten een levend organisme. Het woord “in vitro” betekent letterlijk
“in het glas” en verwijst naar het feit dat de experimenten vaak plaatsvinden in containers, zoals
reageerbuisjes of petrischalen. Een -omics experiment bestudeert grote hoeveelheden biologische
gegevens, zoals alle genen (transcriptomics), eiwitten (proteomics), of metabolieten (metabolomics)
in een organisme, om een uitgebreid overzicht van biologische processen te krijgen. Een in vivo
experiment is een onderzoek dat wordt uitgevoerd binnen een levend organisme, zoals een dier
of een mens. In plaats van in een laboratoriumglaswerk te werken, worden de tests direct in het
lichaam gedaan. Dit helpt wetenschappers te begrijpen hoe een behandeling of stof zich gedraagt
in een echte biologische omgeving. Als resultaat leidt dit proefschrift tot een meer omvattend
begrip van de invloed die verzuren en triglycerideniveaus hebben op de functie van T cellen.

Ten eerste hebben we systematisch de bekende effecten van vetzuren op de functie van T cellen
in kaart gebracht en hebben we dit vervolgens vergeleken met de bekende effecten van diezelfde
vetzuren op de ontwikkeling en progressie van atherosclerose. Dit hebben we gedaan door eerst
de functie van T cellen in vier categorieén (metabolisme, activatie, proliferatie en differentiatie) te
verdelen. Hierdoor konden we de individuele effecten van 14 verschillende vetzuren op de functie
van T cellen in kaart brengen. Opvallend genoeg kwam naar voren dat de manier waarop vetzuren
T cellen beinvloeden overeenkomt met de invloed die deze vetzuren hebben op de ontwikkeling
van atherosclerose. Belangrijk is wel dat dit resultaat gevonden werd in geactiveerde T cellen
en dat dit resultaat dus niet noodzakelijkerwijs reflecteert hoe vetzuren T cellen beinvloeden
voor dat deze geactiveerd zijn, zoals de T cellen normaal gesproken voorkomen in de bloedbaan.

Om te onderzoeken hoe vetzuren de functie van T cellen beinvloeden v66r dat deze geactiveerd
zijn, hebben we een in vitro model ontwikkeld. Hierbij hebben we ons gericht op CD4" T cellen, die
over het algemeen een pro-inflammatoire rol spelen in atherosclerose. Deze CD4* T cellen hebben
we blootgesteld aan één van de meest voorkomende vetzuren in de circulatie, oliezuur, dat ook
geassocieerd is met een verhoogd risico op hart- en vaatziekten. Door gebruik te maken van dit
in vitro blootstellingsmodel hebben we de expressieniveaus van duizenden genen tegelijkertijd
onderzocht via RNA-sequencing. Na het blootstellen van niet-geactiveerde CD4' T cellen aan
oliezuur, vonden we met RNA-sequencing sterke veranderingen in het T cel metabolisme richting
een pro-inflammatoire staat, doordat de cellen de expressie van genen die te maken hebben met
vetzuurbiosynthese en cholesterolbiosynthese verhoogde. Dit resultaat werd verder bevestigd

248



Appendix

door CD4' T cellen te activeren na de blootstelling aan oliezuur en de ontwikkeling van T cel
subsets te meten. De resultaten lieten zien dat wanneer T cellen vooraf zijn blootgesteld aan
oliezuur, ze vaker IL-9* producerende T cellen worden na activatie dan T cellen die niet vooraf
zijn blootgesteld. IL-9 is het kenmerkende cytokine van de sterk pro-inflammatoire T 9 subset die
is geassocieerd met de verergering van atherosclerose. Interessant genoeg werd deze bevinding
omgekeerd als de cellen tegelijkertijd aan de blootstelling met oliezuur ook blootgesteld werden
aan statines, krachtige cholesterolbiosyntheseremmers. Deze bevindingen duiden aan dat
vetzuren atherosclerose kunnen beinvloeden door immuuncellen aan te tassen, bijvoorbeeld
via cellulaire metabolisme.

Vervolgens hebben we de rol van andere vetzuurtypes op de functie van CD4* T cellen onderzocht.
Specifiek hebben we ons gericht op eicosapentaeenzuur (EPA), een meervoudig omega-3 onverzadigd
vetzuur. Dit vetzuur was gebruikt in de REDUCE-IT-studie, die aantoonde aan dat patiénten met
hypertriglyceredemie die EPA kregen, beter waren in het verlagen van triglyceriden, cardiovasculaire
gebeurtenissen en cardiovasculaire sterfte dan een placebo. Ondanks deze resultaten, is het
nog steeds onduidelijk hoe EPA precies zijn voordelen biedt, en er zijn slechts beperkte studies
gedaan naar deze effecten. Genexpressie levels lieten een sterke anti-inflammatoire profiel zien
in de CD4' T cellen die in vitro zijn blootgesteld aan EPA. Om beter te begrijpen waarom bepaalde
genexpressie levels verhoogd of verlaagd waren, hebben we ook ATAC-sequencing toegepast om
te identificeren waar transcriptiefactoren, eiwitten die de gen activiteit reguleren, binden aan
DNA. Deze analyse liet zien dat GATA3 en PU.1, die belangrijk zijn voor de ontwikkeling van
T,2- en T, 9-cellen, verminderd worden, terwijl REV-ERB, dat de ontwikkeling van T, 17-cellen
tegenwerkt, verhoogd wordt. T, 2, T,9, en T, 17 kunnen ieder een pro-inflammatoire rol spelen
in verschillende ziektes, en dus is de verlaging van expressie van deze subsets gunstig. Verder
hebben we ook T cellen blootgesteld aan palmitinezuur, een verzadigd vetzuur, of oliezuur, een
enkelvoudig onverzadigd vetzuur om een breder begrip te krijgen van de rol van de verzadiging
van vetzuren in de functie van CD4' T cellen. Deze resultaten lieten zien dat de anti-inflammatoire
effecten uniek waren voor EPA blootgestelde cellen, een bevinding dat kan bijdragen aan de
onverwacht sterke gunstige effecten in studies zoals REDUCE-IT.

Tot slot hebben we geprobeerd om onze in vitro bevindingen te vertalen naar een in vivo model.
Hiervoor hebben we gebruik gemaakt van een “natuurlijk experiment” ontwerp, waarbij we de
CD4" en CD8' T cellen van individuen met verhoogde triglycerideniveaus (2.7-8.5mmol/L) door
primaire, of genetische mutaties, vergeleken met die van personen zonder dergelijke mutaties.
Deze opzet bootst een gecontroleerde experimentele opstelling na waarbij genetische variatie
fungeert als een natuurlijke interventie. We hebben opnieuw RNA-sequencing toegepast om
globale verschillen in genexpressie te bepalen in CD4* en CD8' T cellen tussen individuen met
en zonder mutaties. In de T cellen afkomstig van personen met een verhoogd triglycerideniveau
vonden we genexpressie levels die een pro-inflammatoir profiel markeren. Specifiek zagen
wij een op-regulatie van het gen IL6R in de CD4" T cellen, een gen dat een cytokine codeert
die causaal verband houdt met hart- en vaatziekten. Opmerkelijk is dat patiénten met een
triglyceridegehalte tussen de 2.7-8.5mmol/L een verhoogd risico op hart- en vaatziekten hebben.
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Dit risico vervalt echter als het triglycerideniveau boven de 10mmol/L komt, doordat triglyceriden
dan voornamelijk worden opgeslagen in deeltjes die chylomicronen heten, die te groot zijn om
gemakkelijk door de vaatwand heen te kunnen passeren. Opmerkelijk genoeg kwam het pro-
inflammatoir gen expressie profiel niet te voren in T cellen afgeleid van patiénten met deze extreem
hoge triglyceriden. Verder werden de transcriptieverschillen omgekeerd bij patiénten met lage
triglyceriden (0.1-0.3mmol/L), of hypotriglyceredemie, een aandoening dat ook verdacht wordt
van een beschermend effect tegen hart- en vaat ziekte. Als laatste was het pro-inflammatoire gen
expressie profiel in T cellen afgeleid van patiénten met secundaire hypertriglyceredemie (tussen
de 2.7-8.5mmol/L), veroorzaakt door secundaire oorzaken zoals diabetes, wel terug gevonden,
hoewel in mindere mate. Dit onderzoek wijst erop dat verhoogde triglyceriden kunnen bijdragen
aan hart- en vaatziekten, potentieel door een inflammatie in T cellen te bevorderen.

Samenvattend breekt dit proefschrift met eerdere onderzoeken door te kijken naar de complexe
interactie tussen vetzuren en T cellen, vooral in de vroege, niet-geactiveerde stadia. Het onderzoek
suggereert dat CD4" T cellen sterk worden beinvloed door hun omgeving en dat cel metabolisme
een belangrijke rol speelt in de uiteindelijke cel functie. Het blijkt dat verschillende vetzuren
uiteenlopende effecten kunnen hebben op T cellen, variérend van pro- tot anti-inflammatoir, en
dat het meten van globale genexpressieverschillen diepgaande inzichten kan geven in de toestand
van de cel. Tot slot wordt gesuggereerd dat het aanpakken van triglyceriden en vetzuren mogelijk
gunstige effecten kan hebben op atherosclerose door de ontstekingsremmende eigenschappen van
T cellen te benutten. Dit werk opent nieuwe mogelijkheden voor verder onderzoek en bevordert
een beter begrip van de ingewikkelde relatie tussen vetzuren en T cellen, met implicaties voor
de kennis over gezondheid en ziekte.
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