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Abstract

Background and objective: The anti-inflammatory effects of the very-long-chain n-3
polyunsaturated fatty acids (n-3 LC-PUFA) eicosapentaenoic acid (EPA, 20:5 n-3) and
docosapentaenoic acid (DHA, 22:6 n-3) have been extensively studied in vitro, especially in
monocytes and macrophages, the key cells involved in the pathogenesis of atherosclerosis.
However, the results of clinical studies examining combinations of these two fatty acids in varying
doses and ratios have been mixed. The objective of this thesis was to characterize the individual
effects of EPA and DHA in modulating systemic inflammation and monocyte inflammatory
profile, and identify the mechanisms involved, in individuals with chronic inflammation.

Methods: In a randomized, double-blind, crossover study, individuals with chronic inflammation
received 3 g/day purified EPA and DHA for 10 weeks, with a 10-week washout phase in between.
Systemic inflammation and monocyte inflammatory response were determined by assessing the
pro-inflammatory cytokines tumor necrosis factor (TNF)-a, interleukin (IL)-6, and monocyte
chemoattractant protein 1 (MCP-1) and the anti-inflammatory cytokine IL-10 in serum and lipo-
polysaccharide (LPS)-stimulated monocytes, respectively, at baseline and the end of each
supplementation. The effects of EPA and DHA on the plasma PUFA-derived lipidome, including
specialized pro-resolving lipid mediators (SPM), and on the transcriptome of unstimulated blood
monocytes were examined using liquid chromatography-mass spectrometry and RNA sequencing,
respectively.

Results: Relative to baseline, serum concentrations of inflammatory markers were not
significantly affected by EPA or DHA. However, EPA and DHA significantly, but differentially,
modulated the monocyte inflammatory response: relative to baseline, DHA reduced the LPS-
stimulated expression of all pro-inflammatory and anti-inflammatory cytokines, while EPA
improved the balances between pro- and anti-inflammatory cytokines. Supplementation with EPA
and DHA significantly enhanced the lipidome derived from the respective fatty acids, with DHA
showing a more pronounced effect by increasing not only DHA-derived lipid mediators but also
lipid mediators derived from EPA and DPA and lowering those from arachidonic acid (20:4 n-6).
An exploratory mediation analysis showed that changes in distinct PUFA lipidome signatures
following EPA and DHA supplementation mediated, at least in part, the effect of each
supplementation on the LPS-stimulated monocyte cytokine expression. Monocyte transcriptomic
analysis revealed a clear sex dimorphism at baseline, and therefore, the effect of EPA and DHA
on monocyte gene expression was examined separately in men and women. Pathway analysis of
the genes differentially expressed by EPA and DHA, relative to baseline, indicated that EPA but
not DHA modulated gene expression differently in men versus women. EPA had a unique effect
in men by upregulating pathways involved in cell proliferation and differentiation and specifically
macrophage phenotype with anti-inflammatory/pro-resolving properties. However, in women,
EPA led to the downregulation of mitochondrial oxidative phosphorylation (OXPHOS),
suggesting a reduced metabolic activation. The OXPHOS downregulation was observed after
DHA supplementation as well in both men and women. DHA also modulated the biological
pathways related to cellular reactive oxygen species (ROS) control in both men and women, by
upregulating antioxidant pathways and downregulating protein translation.

Conclusions: Taken together, these findings indicate that EPA and DHA have distinct
immunomodulatory effects on monocytes. EPA is effective in balancing the pro- and anti-
inflammatory responses of monocytes, with sex-dependent modulations of genes involved in cell
differentiation and phenotype in men and energy metabolism in women. DHA has a more
pronounced effect in attenuating the pro-inflammatory status of monocytes, by reducing the
activated metabolic state and enhancing protection against ROS. Results from this thesis provide
strong evidence of fatty acid- and sex-specific effects of n-3 LC-PUFA.
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Chapter 1 Introduction



1.1 Introduction

Chronic low-grade inflammation plays a key role in some of the most challenging
diseases in our time, including diabetes, cardiovascular disease (CVD), rheumatoid
arthritis, and neurodegenerative disorders (1-3). Inflammation is a defense mechanism,
part of the innate immune response to maintain homeostasis by attacking exogenous
pathogens (4). However, unchecked inflammation that persists even after the initial threat
has been eliminated, activating immune cells in excess to attack normal tissues and
organs, leading to pathological conditions (5). For example, chronic inflammation is one
of the major mechanisms leading to atherosclerosis by activating monocyte/macrophages
to infiltrate the arterial intima (6,7) and promoting the accumulation of cholesterol (8).
Pro-inflammatory mediators that are secreted by these activated monocyte/macrophages
and other immune cells further promote the development of atherogenic lesions (6).

The very-long-chain n-3 polyunsaturated fatty acids (n-3 LC-PUFA), especially
eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3), have
long been accepted to be protective against CVD primarily through their anti-
inflammatory effects (9—11). Based on initial epidemiological evidence for the role of n-3
LC-PUFA in CVD prevention (12), remarkable progress has been made to elucidate the
underlying mechanisms using in vitro and animal models. N-3 LC-PUFA are known to
act as signaling molecules per se by activating several membrane-associated and/or
intracellular receptors, modulating the expression of target genes involved in
inflammation (13). In addition, n-3 LC-PUFA counterbalance the pro-inflammatory lipid
mediators that are derived from n-6 arachidonic acid (AA, 20:4 n-6), the major

constituent of membrane phospholipids, by replacing AA in the membrane and then



producing less inflammatory lipid mediators via enzymatic conversions (13). More
recently, the concept of active process of inflammation resolution has risen, where n-3
LC-PUFA act as precursors of a novel family of lipid mediators called specialized pro-
resolving mediators (SPM) that promote resolution (14).

However, in contrast to early large-scale randomized controlled trials (RCT) of n-3
LC-PUFA supplementation (9,15) that reported promising clinical benefits, later RCT
and meta-analyses have shown conflicting results (16—19). Considerable heterogeneity
among the trials concerning methodologies (e.g., composition, dose, and duration) may
have confounded the true effect of n-3 LC-PUFA on inflammation and CVD risk.
Particularly, fish oil supplements were usually prepared in varying ratios of EPA and
DHA based on the assumption that EPA and DHA have similar biological effects. It has
now been recognized that benefits from lower doses of 1-2 g/day of n-3 LC-PUFA are
very limited (20) and higher doses may be needed to achieve CVD risk reduction (18,21).
However, we still lack a comprehensive understanding of the common and differential
effects of EPA and DHA on inflammation in humans that may contribute to the
prevention of CVD.

In order to study the effects of n-3 LC-PUFA on inflammation and CVD risk factors,
an appropriate research model is required in humans. We addressed this gap using a
crossover design with pure EPA and DHA at the dose of 3 g/day each. Compared to a
parallel-arm design, a crossover design can minimize substantial interindividual
variations due to genetic and environmental differences among participants. We
previously completed a randomized, placebo-controlled, parallel-arm study investigating

individual effects of 1.8 g/day EPA and DHA supplementation on peripheral blood



mononuclear cells (PBMC) in healthy normolipidemic individuals, and found that each
supplementation affected different signaling pathways (22). Based on these results, we
used a crossover design to examine and compare the effects of EPA and DHA at a higher
dose (i.e., 3 g/day), relative to high-oleic sunflower oil, on systemic inflammation and
inflammatory responses of peripheral blood monocytes in individuals with chronic
inflammation. We characterized the effects of EPA and DHA supplementation on the
plasma profile of n-3 and n-6 PUFA-derived lipid mediators and gene expression of
peripheral blood monocytes. Collectively, this work provides novel insights into the
differential mechanisms of actions of EPA and DHA on inflammation in individuals with

chronic inflammation.
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1.2 Statement of Hypothesis

The overall objective of this thesis was to determine, in individuals with chronic
inflammation: a) the effects of EPA and DHA on markers of systemic inflammation and
lipopolysaccharide (LPS)-induced inflammatory responses of peripheral blood
monocytes; b) the effects of EPA and DHA on the profile of PUFA-derived lipid
mediators, including SPM, and its association with inflammation; and c) the effects of

EPA and DHA on gene expression in peripheral blood monocytes.

The objective of this study was pursued using blood samples obtained from a parent
study designed to assess the effects of EPA and DHA on systemic inflammation and
lipoprotein metabolism. Men and postmenopausal women aged 50-75 years with
chronically elevated inflammation were recruited based on the following inclusion
criteria: 1) plasma high-sensitivity C-reactive protein (hs-CRP) > 2 pg/mL, ii) fasting
plasma triglyceride (TG) between 90 and 500 mg/dL, and iii) at least of one of the
following: waist circumference > 40 inches in men and > 34 inches in women, blood
pressure > 135/80 mmHg or anti-hypertensive drug use, and fasting plasma glucose > 100
mg/dL. Individuals using anti-inflammatory medications were excluded from the study.
After completing a four-week lead-in phase with high oleic acid sunflower oil,
participants were randomized to a 2x2 crossover design with two 10-week
supplementation phases using 3 g/day pure EPA and DHA (ethyl ester form, purity >
97%) and a 10-week washout phase using high oleic acid sunflower oil. Blood samples
were collected at the end of the lead-in phase (considered as baseline hereafter) and the

two supplementation phases.



Specific Aim 1: Identify the effects of EPA and DHA supplementation on systemic

inflammation and inflammatory response of peripheral blood monocytes.

Hypothesis 1: EPA and DHA will differentially modulate systemic inflammation-related

markers and LPS-induced inflammatory response of peripheral blood monocytes.

la. Determine serum concentrations of markers of inflammation (hs-CRP, tumor necrosis
factor [TNF]-a., interleukin [IL]-6, monocyte chemoattractant protein [MCP-1], and
IL-10).

1b. Determine LPS-stimulated gene and protein expression of cytokines (TNF-a, IL-6,

MCP-1, and IL-10) in peripheral blood monocytes.

Specific Aim 2: Identify the effects of EPA and DHA on plasma profiles of n-3

PUFA downstream lipid mediators, including SPM, and the associations between

PUFA lipidome signatures and inflammation.

Hypothesis 2: EPA and DHA will differently change plasma profiles of n-3 PUFA

downstream lipid mediators, including SPM, and the resulting lipid mediator signatures

will be associated with their differential effects on inflammation.

2a. Characterize plasma concentrations of EPA-, DHA-, and AA-derived lipid mediators,
including their respective downstream SPM, using targeted lipidomic analysis.

2b. Identify plasma PUFA lipidome signatures and determine their associations with the

measures of inflammation.

Specific Aim 3: Identify the effects of EPA and DHA on gene expression and the

biological processes in peripheral blood monocytes.



Hypothesis 3: EPA and DHA will have differential immunomodulatory effects on
peripheral blood monocytes by affecting unique gene expression signatures that are

associated with immune and inflammatory signaling pathways.

3a. Characterize monocyte gene expression attributable to EPA and DHA

supplementation using transcriptome analysis.
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1.3 Literature Review
1.3.1 Inflammation

Inflammation, a component of the normal defense mechanisms, provides protection
from infection and other tissue insults. In the process of pathogen killing and tissue repair
for the restoration of homeostasis, inflammation involves multiple cell types and
chemical mediators (1). The inflammatory response consists of increased blood supply to
the infected or damaged site, increased vascular permeability, influx of leukocytes
through the vascular wall, and release of inflammatory chemical mediators by the
migrated leukocytes (1,2). The chemical mediators include lipid-derived prostaglandins
(PG), thromboxanes (TX) and leukotrienes (LT), peptide-based chemokines and
cytokines, reactive oxygen species (e.g. superoxide), and biogenic amines (e.g.
histamine). Since the inflammatory cells and mediators can be damaging not only to
pathogens but to host tissues, inflammation is normally a well-regulated and self-limiting
process with negative feedback mechanisms: the inhibition of pro-inflammatory signaling
cascades, the removal of inflammatory proteins, the production of anti-inflammatory
mediators, and the activation of regulatory immune cells (2,3). Loss of these regulatory
responses can result in inappropriate and excessive inflammation which contributes to a

range of diseases (4—0).

In contrast to acute inflammation, which is often initiated by exogenous factors and
usually resolves within hours or days, chronic inflammation can be induced by
endogenous materials from tissue damage and persist over long periods of time (7).
Excessive inflammatory mediators produced by the inflammatory cells are released into

the bloodstream, affecting blood vessels and other organs. Chronic inflammation leads to



11

prolonged destructive processes, contributing to the pathology of many conditions, such
as theumatoid arthritis (5), inflammatory bowel disease (8), and atherosclerosis (4).
These conditions are characterized by extensive infiltration of inflammatory cells at the
site of affected tissue and elevated concentrations of inflammatory mediators both at this

site and released into the systemic circulation (9) .

1.3.2 N-6 and N-3 Polyunsaturated Fatty Acids

N-6 and n-3 PUFA are two major PUFA families. Linoleic acid (18:2 n-6) and a-
linolenic acid (18:3 n-3), found in seeds, nuts, and seed oils, are synthesized in plants but
not in animals, and therefore, must be obtained from diet (10,11). Once ingested, both
may be converted into their respective downstream n-6 and n-3 PUFA via a series of
desaturation and elongation reactions (12—14) (Figure 1). These reactions occur in a
competitive manner due to competition between n-6 and n-3 PUFA, for example, a-
linolenic acid to EPA and linoleic acid to AA (14). In addition, the conversion of EPA to
DHA via docosapentaenoic acid (DPA; 22:5 n-3) involves additional steps of
translocation from the endoplasmic reticulum to peroxisomes where limited 3-oxidation
occurs (15). Studies have demonstrated that the conversion of a-linolenic acid to EPA,
DPA, and DHA is generally low in humans (12). These very-long-chain n-3 PUFA,
which are collectively referred to as marine n-3 PUFA (hereafter, n-3 LC-PUFA), are
found in fish and seafood products, especially in fatty fish like salmon, tuna, and
mackerel (11,16). A single fatty fish meal (e.g. 3.5 ounces of salmon) provides
approximately 1.0 to 2.0 g of these FA (16). However, in most adults eating Western

diets, intake of EPA and DHA is typically low (< 0.2 g/day) (16).
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1.3.3 Long-chain N-3 Polyunsaturated Fatty Acids and Inflammation

The early observations of a lower CVD rate in Greenland Inuits (17) and Japanese
(18) have generated several studies to explore the cardioprotective effects of n-3 LC-
PUFA and the mechanisms involved. With increasing recognition of inflammation as a
key player in the pathology of cardiometabolic diseases, the anti-inflammatory actions of
n-3 LC-PUFA have been widely studied and reported (2). More recent studies are further
suggesting that they may also be involved in the active processes during the resolution of

inflammation (19).

Long-chain N-3 Polyunsaturated Fatty Acids and Eicosanoid Production

N-6 and n-3 PUFA are critical constituents of membrane phospholipids, affecting cell
membrane properties such as fluidity, that can alter the activity of membrane-embedded
enzymes and receptors (20,21). Membrane phospholipids preferentially incorporate
PUFA into the sn-2 position, and AA is the most prevalent type PUFA due to its high
content in Western diets. For example, the mean relative contents of AA, EPA, and DHA
were about 20, 0.5, and 2.5% of total fatty acids in PBMC from healthy adults consuming
a Western diet (22).

The metabolism of AA, which is released from the membrane phospholipids by
phospholipase A2 (PLA>), is important regulator of inflammation. It serves as a substrate
for the enzymes cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450. The
products are eicosanoid mediators with pro-inflammatory properties (Figure 2).
Eicosanoids include PG/TX and LT and act as regulators of various immune and
inflammatory responses (23-25). Upon inflammatory stimuli, the production of

eicosanoids is elevated due to activation of the enzymes and the upregulated expression
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of the genes encoding the enzymes. Many anti-inflammatory drugs such as COX
inhibitors and non-steroidal anti-inflammatory drugs (NSAID) target the metabolism of
AA-derived eicosanoids.

Increased intake of EPA and DHA from food sources and/or supplements increases
their contents in the cell membrane phospholipids in a time- and dose-dependent manner,
at the expense of n-6 PUFA, primarily AA (26,27). This results in not only decreases the
substrate availability of AA for PLA», but also inhibits the expression of COX-1/2 genes,
thus leading to decreased production of AA-derived pro-inflammatory eicosanoids (28—
30). In addition, EPA itself acts as a substrate for the eicosanoid-producing enzymes,
resulting in the production of less potent pro-inflammatory eicosanoids (29). For
example, the EPA-derived LTBs exhibits 10- to 100-fold less chemotactic potency for
human neutrophils than AA-derived LTB4(31). In summary, increased n-3 LC-PUFA
intake, particularly EPA, results in decreased production of potent AA-derived

eicosanoids and increased production of less potent eicosanoids.

Long-chain N-3 Polyunsaturated Fatty Acids and Inflammatory Signaling

In addition to modulating the profiles of eicosanoids involved in inflammatory
processes, n-3 LC-PUFA also act as signaling molecules per se and affect the production
of inflammatory proteins such as cytokines and adhesion molecules (31). N-3 LC-PUFA
or fish oil supplementation have been shown to decrease the production of pro-
inflammatory cytokines such as TNF-a, IL-1f3, and IL-6 in endotoxin-stimulated human
endothelial cells and macrophages in vitro (32—34) and in macrophages from mice fed
fish oil (35,36). Some but not all studies in human have reported decreased expression

and secretion of these cytokines in LPS-stimulated PBMC or monocytes following n-3
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LC-PUFA supplementation only at doses greater than 1-2 g/day (37,38). N-3 LC-PUFA
have also been shown to reduce the expression of adhesion molecules such as
intercellular adhesion molecule (ICAM)-1 on endothelial cells or leukocytes in culture
(39,40) and plasma concentrations of soluble vascular cell adhesion molecule (VCAM)-1
(41). This effect could result in inhibition of leukocyte migration from blood into the site
of inflammation.

N-3 LC-PUFA affect plasma concentrations of cytokines and other inflammation-
related proteins through regulation of the expression of genes encoding these proteins. N-
3 LC-PUFA function as ligands for some membrane-associated and nuclear receptors,
thereby activating transcription factors involved in immune and inflammatory responses.
Much work has focused on nuclear factor kappa B (NF-«B) inhibition (34-36), a
transcription factor engaged in pro-inflammatory signaling pathways. Upon binding of
LPS to extracellular Toll-like receptor 4 (TLR4), phosphorylation results in dissociation
of an inhibitory subunit called inhibitory subunit of NF-kB (IxB) and translocation of the
remaining NF-kB dimer to the nucleus (42). N-3 LC-PUFA may interfere with the TLR4-
mediated NF-«xB signaling cascade, possibly by disrupting the assembly of signaling
proteins such as TLR4 and myeloid differentiation primary response gene 88 (MyD88)
into lipid rafts within the membrane of inflammatory cells exposed to LPS (43). Other
mechanisms by which n-3 LC-PUFA may influence NF-kB signaling involve peroxisome
proliferator-activated receptor (PPAR)-y (44) and G protein-coupled receptor (GPR) 120
(45), both of which function as n-3 LC-PUFA sensors and mediate anti-inflammatory

properties. PPAR-y, a transcription factor with an ability to inhibit the expression of

inflammatory cytokines (e.g. TNF-a and IL-6) and to direct immune cell differentiation
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towards anti-inflammatory phenotypes, suppresses NF-kB activation via physical
interference with the translocation of the NF-kB dimer into the nucleus (46,47). Both
EPA and DHA have been reported to activate PPAR-y, but a greater impact of EPA than
DHA was shown in human THP-1 cells (48). Upon binding of ligands including n-3 LC-
PUFA, GPR120 has been reported to repress macrophage-mediated tissue inflammation
by inhibiting mitogen-activated protein kinase kinase kinase 7 (TAK1) activation and
downstream pro-inflammatory signaling to NF-kB and activator protein 1 (AP-1) (45). Of
note, the inhibitory actions of n-3 LC-PUFA on these inflammatory signaling cascades

may vary by the type of fatty acids.

Long-chain N-3 Polyunsaturated Fatty Acids and Resolution of Inflammation

A new chapter in the field of PUFA and inflammation has opened since the discovery
of specialized pro-resolving lipid mediators (SPM), novel lipid mediators mostly
produced from EPA and DHA (19). The study of these mediators with pro-resolving
capacity has provided evidence that the resolution of inflammation is an active and
programmed process, and not a passive process of diluting pro-inflammatory mediators
(Figure 3). SPM include not only resolvins derived from EPA (E-series resolvins, RVE)
and DHA (D-series resolvins, RvD), protectins (PD) and maresins (MaR) produced from
DHA but also lipoxins (LX) produced from AA by the eicosanoid-producing COX and
LOX pathways (Figure 2). In addition to their anti-inflammatory properties of competing
with AA and thus reducing pro-inflammatory eicosanoids, n-3 LC-PUFA may also serve
as substrates for the production of SPM to resolve inflammatory. The synthesis of SPM
including resolvins has been shown to increase with increased intake of n-3 LC-PUFA in

both animals models of inflammation (49) and humans (50-53). The bioactions of SPM
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and some other intermediate precursors have been demonstrated in in vitro and in animal
models of inflammation. For example, RvE1, RvD1, and PD1 have been shown to inhibit
neutrophil recruitment/infiltration into the site of inflammation; counterregulate pro-
inflammatory cytokines; and promote macrophage phagocytosis of debris and apoptotic
cells (19). DHA-derived RvD1 (54) and MaR1 (55) have been shown to stimulate
conversion of macrophage phenotype from “pathogen-killing/pro-inflammatory” M1 (or
classically activated) to “regenerating/anti-inflammatory” M2 (or alternatively activated).
More recently discovered DPA-derived SPM RvDS5,.3 ppa and PD1,.3 ppa (56), the
analogs of DHA-derived SPM, were found to reduce intestinal inflammation (57).
Moreover, there is evidence that not only SPM but their intermediate precursors have
their own unique bioactivities. 18-hydroxy-EPA (HEPE), the RvE precursor, was shown
to have cardioprotective and anti-inflammatory actions by inhibiting macrophage TNF-a
secretion (58) and maladaptive cardiac remodeling (59). 17-hydroxy-DHA (HDHA), the
precursor of RvD1 and PD1, has been shown to suppress pro-inflammatory cytokine
production from human lymphocytes in vitro (60) and to be associated with reduced pain
in osteoarthritis patients (61). The bioactivities of SPM are mediated via specific G-

protein coupled receptors like ChemR23 for RvE1 (62) and GPR32 for RvD1 (63).

1.3.4 Research Gaps and Significance of this Study

Despite the knowledge that has been accumulated regarding the potential actions of n-
3 LC-PUFA on inflammation, we still lack an understanding about the differential effects
of EPA and DHA and the mechanisms associated. This may have contributed to the

controversy over the benefits of n-3 LC-PUFA on inflammation and cardiovascular
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health. The significant reduction in CVD risk observed in two recent large clinical trials
that administered highly purified EPA, i.e. the Japan EPA Lipid Intervention Study
(JELIS) (64) and the Reduction of Cardiovascular Events with Icosapent Ethyl-
Intervention Trial (REDUCE-IT) (65), suggests the importance of characterizing the
differential effects of EPA and DHA on inflammation and cardioprotection. Evidence
from in vitro studies using macrophages and endothelial cells suggests that DHA is more
potent than EPA in downregulating the expression of pro-inflammatory cytokines TNF-a
and IL-1p and/or VCAM-1 (66,67) and that EPA is more effective than DHA in
modulating the balance between pro- and anti-inflammatory cytokines (68). In humans,
recent studies have examined the independent effects of EPA and DHA supplementation
on plasma inflammatory markers (69) and inflammatory gene expression in whole blood
(70) and PBMC (71), however, their effects on plasma lipidome of PUFA derivatives
including SPM have not been systematically compared. Moreover, a potential composite
role of SPM and their intermediates on inflammation has not been studied in humans.
Successful completion of this research will provide critical information on the
independent effects of EPA and DHA on inflammatory mechanisms of n-3 LC-PUFA
actions in humans. Furthermore, given the complexity of the n-3 LC-PUFA-mediated
actions on inflammatory signaling pathways through gene regulation and SPM
production, it will allow for the characterization of transcriptome and lipidome profiles.
Our findings add to the literature on the bioactive role of plasma PUFA SPM lipidome in

inflammation in humans.
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1.3.5 Figures

n-6 PUFA n-3 PUFA

Linoleic acid (18:2 n-6) A15—(;(Iasa:urase > a-Linolenic acid (18:3 n-3)
Vegetable oil (Plants) Flax and chia seeds
Safflower oil Canola and walnut oil

A6-desaturase
A\ 4 \ 4
y-Linolenic acid (18:3 n-6) Stearidonic acid (18:4 n-3)
Elongase

A\ 4 Y
Dihomo-y-Linolenic acid (20:3 n-6) Eicosatetraenoic acid (20:4 n-3)

A5-desaturase

\4 A\ 4

Arachidonic acid (20:4 n-6) Eicosapentaenoic acid (20:5 n-3)
Meat Fatty fish
Poultry Elongase Krill and algae oil
Eggs
A6-desaturase
B-oxidation

Y
Docosahexaenoic acid (22:6 n-3)

Fatty fish
Krill and algae oil

Figure 1.1. Desaturation and elongation of n-6 and n-3 polyunsaturated fatty acids
(PUFA) (12—14). The conversion of essential fatty acids (i.e. linoleic acid and a-linolenic
acid) to their longer, more saturated derivatives occurs in competition between the
substrate n-6 and n-3 PUFA for the same desaturases and elongases. The conversion from
eicosapentaenoic acid (EPA) to docosahexaenoic acid (DHA) involves multiple steps,
including -oxidation in peroxisomes. Dietary sources of those PUFA are also listed.
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2.1 Abstract

Background and aims: The independent effects of EPA and DHA on inflammation
through their downstream lipid mediators, including the specialized pro-resolving lipid
mediators (SPM), remain unstudied. Therefore, we compared the effects of EPA and
DHA supplementation on monocyte inflammatory response and plasma PUFA SPM

lipidome.

Methods: After a 4-week lead-in phase (baseline), 9 men and 12 postmenopausal women
(50-75 yrs) with chronic inflammation received two phases of 10-week supplementation

with 3 g/day EPA and DHA in a random order, separated by a 10-week washout.

Results: Compared with baseline, EPA and DHA supplementation differently modulated
LPS-stimulated monocyte cytokine expression. EPA lowered TNFA (p <0.001) whereas
DHA reduced TNFA (p <0.001), IL6 (p <0.02), MCPI (p <0.03), and IL10 (p <0.01).
DHA also lowered /L10 expression relative to EPA (p=0.03). Relative to baseline, EPA,
but not DHA, decreased the ratios of TNFA/IL10 and MCP1/IL10 (both p <0.01). EPA
and DHA also significantly changed plasma PUFA SPM lipidome by replacing n-6 AA
derivatives with their respective derivatives including 18-hydroxy-EPA (+5 fold by EPA)
and 17- and 14-hydroxy-DHAs (+3 folds by DHA). However, DHA showed a wider
effect than EPA by also significantly increasing EPA derivatives and DPA-derived SPM
at a greater expense of AA derivatives. Different groups of PUFA derivatives mediated

the differential effects of EPA and DHA on monocyte cytokine expression.

Conclusions: While DHA mostly inhibited pro-inflammatory cytokines, EPA was more
effective in balancing pro-and anti-inflammatory cytokines. These differential effects
were potentially mediated by different groups of PUFA derivatives, suggesting

immunomodulatory activities of SPM and their intermediates.
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2.2 Introduction

Very-long-chain n-3 polyunsaturated fatty acids (n-3 LC-PUFA) eicosapentaenoic
acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) found in fish oil have
long been considered to be protective against cardiovascular disease (CVD) and other
inflammatory disorders (1,2) in part through their anti-inflammatory effects (3,4). In vitro
studies have suggested that n-3 LC-PUFA suppress the production of inflammatory
proteins such as cytokines/chemokines and adhesion molecules by directly affecting
multiple transcription factors including nuclear factor-kappa B (NF-kB) (5,6) and
peroxisome proliferator-activated receptors (PPAR) (7,8). In addition, n-3 LC-PUFA may
counterbalance the pro-inflammatory eicosanoids produced from n-6 arachidonic acid
(AA, 20:4 n-6), the major constituent of the membrane phospholipids, by replacing AA in
the membrane and producing their downstream eicosanoids with less potency (4). Recent
studies are suggesting that n-3 LC-PUFA may also reinforce the resolution processes of
inflammation through the synthesis of specialized pro-resolving lipid mediators (SPM)
(9). These include resolvins derived from EPA (E-series resolvins, RvE) and DHA (D-
series resolvins, RvD), and protectins (PD) and maresins (MaR) derived from DHA. In
studies conducted in cell culture and in animal models of inflammation, SPM have been
shown to limit neutrophil infiltration into inflammatory sites, enhance phagocytosis of
apoptotic cells and promote tissue regeneration, however, these effects remain to be
demonstrated in humans (9).

Though the cardioprotective benefits of fish oils containing EPA and DHA have been
questioned in some clinical trials (10), significant reductions of CVD risk have been

reported in two large clinical trials that administered highly purified EPA (i.e. the Japan
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EPA Lipid Intervention Study [JELIS] (11) and the Reduction of Cardiovascular Events
with Icosapent Ethyl-Intervention Trial [REDUCE-IT] (12)). Therefore, there is a need to
better understand the independent and differential effects of EPA and DHA (13). A
greater potency of DHA than EPA in lowering the pro-inflammatory cytokines tumor
necrosis factor (TNF)-a, interleukin (IL)-1( and 6, and/or adhesion molecule vascular
cell molecule 1 has been reported in studies using macrophages and endothelial cells
(14,15). In humans, a few recent studies have compared EPA and DHA supplementation
on plasma inflammatory markers (16) and peripheral blood mononuclear cell (PBMC)
gene expression (17,18), but the role of SPM on these effects has not been systematically
investigated.

We aimed to assess, in individuals with chronic inflammation, the common and
differential effects of high-dose (3 g/day) supplementation with purified EPA and DHA
on systemic inflammation, monocyte inflammatory response after ex vivo LPS
stimulation, and plasma PUFA lipidome including SPM. We also examined whether and
how much such changes in inflammatory markers during each supplementation were

mediated by plasma PUFA SPM lipidome profiles.



32

2.3 Patients and Methods
Study design

The effects of EPA and DHA supplementation on inflammation and plasma PUFA
SPM lipidome were investigated in a 34-week randomized, double-blind, crossover trial
(ClinicalTrials.gov, NCT02670382, Supplementary Fig. 2.1). Participants met with a
registered dietician at the beginning of the study and at each study visit and were
instructed to follow a low-saturated fat (< 7% of total energy) and low-cholesterol (< 200
mg/day) diet throughout the study. We have previously shown that stabilization occurs by
4 weeks (19). After a 4-week lead-in phase during which participants were given 3 g/day
of high oleic acid sunflower oil, they were randomly assigned to two sequential 10-week
supplementation phases with 3 g/day of pure EPA or pure DHA with a 10-week washout
phase in between. The 4"-week visit at the end of the lead-in phase was considered as
baseline. The random allocation sequence was generated by REDCap. Study participants,
coordinators, and laboratory technicians were blinded to treatment codes throughout the
study. The ethyl ester forms of EPA and DHA were provided in capsules containing 750
mg/capsule with a purity > 97%. High oleic acid sunflower oil (> 80% oleic acid) was
also provided in identical capsules containing 750 mg/capsule. Participants were
instructed to take two capsules each with morning and evening meals. Compliance was
assessed by counting the returned capsules and > 80%.

The study protocol conforms to the ethical guidelines of the 1975 Declaration of

Helsinki and was approved by the Tufts Health Sciences Institutional Review Board.
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Study participants

Men and postmenopausal women aged 50-75 years were recruited through the
Metabolic Research Unit at the Jean Mayer USDA Human Nutrition Research Center of
Aging at Tufts University. Inclusion criteria were: 1) chronic inflammation, defined as
serum high-sensitivity C-reactive protein (hs-CRP) > 2 ug/mL, 2) fasting plasma
triglyceride (TG) concentrations 90-500 mg/dL, and 3) at least one of the following
criteria for the modified definition of metabolic syndrome: i) waist circumference > 102
cm in men and > 89 cm in women, ii) blood pressure > 130/80 mmHg or use of anti-
hypertensive medications, and iii) fasting plasma glucose concentrations > 100 mg/dL.
Exclusion criteria were: 1) smoking, 2) high alcohol consumption (> 7 drinks/week), 3)
consumption of a high-fish diet (> 2 fish meals/week), fish oil or EPA/DHA-containing
supplements during the previous 6 months, 4) allergy to sardines and/or sunflower oil, 5)
regular use of anti-inflammatory medications (e.g. NSAID, COX inhibitors), 6)
anticoagulant therapy, and 7) any disease that might affect metabolic status (uncontrolled
thyroid dysfunction, altered coagulation, type 2 diabetes mellitus, kidney or liver disease,
or any other major acute/chronic diseases). All participants signed written informed
consent.

Sample size was calculated based on the primary outcomes of the trial, the changes in
plasma TNF-a, IL-6, and low-density lipoprotein cholesterol (LDL-C) concentrations.
No previous data being available to predict differences between EPA and DHA on
inflammatory cytokines, we had hypothesized that DHA would have % of the effect of
EPA on TNF-a and IL-6 with post-treatment mean ratios of 0.79 and 0.52, respectively

(20,21). For LDL-C, the difference between EPA and DHA was predicted as 6 mg/dL
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(22). As aresult, 24, 21, and 20 participants were needed, respectively, to achieve 80%
power using a two-sided 0.05 significance level. From April 2016 to November 2017, 24
participants were enrolled in the study (Supplementary Fig. 2.2). Nine men and 12
postmenopausal women (N=21) completed the study with a dropout rate of < 15%. Three

participants dropped out during the lead-in phase due to health or family reasons.

Plasma/serum marker measurements

Twelve-hour fasting venous blood was collected at baseline and the end of each
supplementation (Supplementary Fig. 2.1). Plasma samples were obtained by immediate
centrifugation of EDTA tubes (Beckton Dickinson, Franklin Lakes, NJ) and stored at —80
°C until analyses. Serum samples were obtained by centrifugation after the blood was
allowed to clot at room temperature for 20 min and then stored at —80 °C until
examination.

Plasma hs-CRP concentrations were assessed by an immunoturbidometric method, and
serum concentrations of TNF-a, IL-6, monocyte chemoattractant protein 1 (MCP-1) and
IL-10 were measured using V-PLEX electrochemiluminescence (ECL) assays (Meso
Scale Diagnostics LLC, Rockville, MD). The fatty acid profile of plasma phospholipids
was measured by gas chromatography as previously described (23) and expressed as a

relative proportion (molar percentage, mol %) of the total phospholipid fatty acids.

Targeted PUFA SPM lipidome profiling
Plasma concentrations of PUFA-derived lipid mediators including SPM were assessed
by liquid chromatography-mass spectrometry (LC-MS) as previously described with

minor modifications(24). Briefly, aliquots of plasma samples (100 pl) were spiked with 5
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ng each of prostaglandin (PG) Ei-d4, RvD2-ds, leukotriene (LT) B4-ds, and 15S-hydroxy-
eicosatetraenoic acid (HETE)-ds as internal standards for analyte recovery and
quantitation. Samples were then extracted for fatty acyl lipid metabolites with C18
extraction columns and subjected to LC-MS analysis. All samples were batch-analyzed at

the end of the study.

Isolation of peripheral blood monocyte and ex vivo cytokine expression analysis

PBMC were isolated from fasting venous blood collected in sodium citrate Vacutainer
Cell Preparation Tubes (Becton Dickinson, Franklin Lakes, NJ) at baseline and the end of
each supplementation. Monocytes were further isolated by negative selection (Miltenyi
Biotec, Bergisch Gladbach, Germany). Monocytes (1x10°) were plated in culture medium
in the presence or absence of LPS 10 ng/mL. After 4 hours, monocyte cell pellets and
culture media were separately collected after centrifugation and stored at —80 °C until
examination.

Total RNA was isolated using QIAshredder and RNeasy Mini kit (Qiagen, Hilden,
Germany), and reverse transcription was performed on 0.1-0.2 pg total RNA. Real-time
PCR assays were performed using gene-specific primers (TNFA, QT00104006; IL6,
QT00098875; MCP1/CCL2, QT00212730; IL10, QT00041685; all from Qiagen, Hilden,
Germany) and QuantiFast SYBR Green PCR Master Mix (Qiagen, Hilden, Germany) on
an Applied Biosystems 7300 (Applied Biosystems, Waltham, MA). Relative gene

expression was calculated by the 2744¢t

method using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as endogenous control. Concentrations of TNF-a, IL-6, MCP-

1, and IL-10 in cell culture supernatants were quantified by the ECL assays also used for

serum cytokine assessment.



36

Data analyses

Data were assessed for normal distribution and, when skewed, a logarithmic
transformation was applied before analysis. Data are presented as means + SEM or

medians [25%, 75™]. We performed an intention-to-treat analysis, followed by sensitivity
analysis if necessary. Differences between changes in study outcomes during EPA versus
DHA supplementation were assessed using linear mixed models for repeated measures
(Ime4 package) in R 3.5.2 with RStudio IDE (www.rstudio.com) with fixed effects of
treatment, phase, and sequence of supplementation, a random subject effect, and baseline
values as a covariate. Significance of the change from baseline for each treatment was
tested by the IsmeansLT function of the /merTest package, which resembles the
LSMEANS statement in the MIXED procedure. When a significant sequence effect was
found, we analyzed only the first supplementation period using ANCOVA with a
baseline covariate for comparing EPA and DHA and paired ¢ tests for comparing each
treatment to baseline.

Five monocyte samples (one man; four women) with low purity were identified based
on the expression of other leukocytes specific markers (i.e. CD3, CDS8, CD19, and
NCAM]I) and excluded for sensitivity analysis but the exclusion of these samples did not
change the results in terms of significance levels except for a newly appeared reduced
MCP-1 secretion (p=0.04) after EPA supplementation (data not shown).

In the analysis of plasma PUFA SPM lipidome data, a total of 24 lipid mediators
detected in >80% of the samples were included. Sub-threshold values were imputed with
the quantitation limit (5 pg) or the lowest concentration detected for each mediator [1 pg

for MaR 1.3 ppa and 11-hydroxy-EPA (HEPE); 2 pg for 5S,12S-diHETE and 12S-
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hydroxy-heptadecatrienoic acid (HHTTE); 4 pg for lipoxin (LX) B4]. Principal
Component Analysis (PCA) was performed using MetaboAnalyst 4.0
(www.metaboanalyst.ca). Concentrations of the 24 mediators at baseline and the end of
supplementation phases were cube-root transformed, centered to mean, and divided by
the SD of each mediator for normalization. Principal component (PC) scores were
calculated for each participant for the top three PC explaining > 10% of the overall
variance. A lipid mediator with a loading >|0.2| was considered to have a major
contribution to the given PC. In the additional analysis examining a potential composite
role of plasma PUFA SPM lipidome in mediating the effects of EPA and DHA
supplementation on monocyte gene expression, a series of linear mixed models were used
to assess the effects of either supplementation on 1) the outcome (i.e. total effect) and 2) a
select PC, 3) the association between the PC and the outcome, and 4) the effect of
supplementation on the outcome when adjusted for the given PC (i.e. direct effect). Upon
the significance of 1)-3), the presence of a potential mediation was determined if the total
effect of supplementation was abolished or weakened after adjusting for PC in terms of
coefficient size, and the amount of mediation (i.e. indirect effect) was calculated as [(total

effect—direct effect)/total effect *100 (%)] (25,26).

2.4 Results
Characteristics of participants at screening visit

As per the screening criteria, all participants had chronic inflammation as
demonstrated by a high median hs-CRP concentration (Table 2.1). Also, they had a mean

waist circumference of the abdominal obesity (men > 102 cm; women > 88 cm) (27) and
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borderline high fasting plasma TG and glucose concentrations. Forty-three percent of the
completers (44% of men; 42% of women) had metabolic syndrome according to the

International Diabetes Federation definition (28) (data not shown).

Inflammation-related markers

Relative to baseline, EPA and DHA supplementation did not affect serum
concentrations of hs-CRP and cytokines (Table 2.2A). There was no significant
difference between the EPA- and DHA-driven changes. The LPS-stimulated
inflammatory response of monocytes was significantly affected by both EPA and DHA
but in a distinct manner (Fig. 2.1A, C, E, and G). Compared with baseline, EPA lowered
only TNFA expression (median % change: -20%, p <0.001), whereas DHA lowered the
expression of pro-inflammatory TNFA (-45%, p <0.001), IL6 (-51%, p <0.02) and MCP1
(-28%, p <0.03) as well as anti-inflammatory /L10 (-33%, p <0.01). Relative to EPA,
DHA significantly lowered /L 10 expression (p=0.03). When examining the pro- to anti-
inflammatory cytokine ratios, indicative of overall inflammatory profile, EPA, but not
DHA, was effective in reducing the ratios of TNFA/IL10 (p=0.005) and MCP1/IL10
(p=0.006) compared with baseline (Fig. 2.1B, D, and F). Regarding the LPS-induced
monocyte cytokine secretion, DHA lowered the monocyte secretion of TNF-a (-41%,

p=0.007), IL-6 (-35%, p <0.04) and MCP-1 (-29%, p=0.005) (Supplementary Fig. 2.3).

Plasma PUFA SPM lipidome profile

The main PUFA lipidomes along the biosynthetic pathways of eicosanoids and SPM
are displayed in Supplementary Fig. 2.4. It includes docosapentaenoic acid (DPA, 22:5 n-
3)-derived SPM that were more recently discovered as analogs of DHA-derived SPM

(29).
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The profiles of plasma PUFA SPM lipidomes at baseline and after supplementations
are presented in Table 2.2B. Relative to baseline, EPA supplementation significantly
increased plasma EPA derivatives including 18-HEPE (+4.9 fold) and 5-HEPE (+3.5
fold), consistent with the increased proportion of EPA in plasma phospholipids
(Supplementary Table 2.1). Despite the marked increase in 18-HEPE, RvEs remained
undetected with our methodology. Concomitantly, EPA supplementation significantly
reduced the AA derivatives 15-HETE and 5-HETE, but not DPA or DHA derivatives.

In contrast, DHA supplementation affected a wider range of plasma PUFA-derived
mediators. Relative to baseline, DHA significantly increased DHA-derived hydroxy-
DHAs (HDHA) including 17-HDHA (+3.3 fold), a precursor of RvD and PD1, and 14-
HDHA (+3.2 fold), a MaR1 pathway marker, and also EPA derivatives (Table 2.2B). In
addition, relative to baseline, DHA significantly lowered more AA derivatives, including
PGD;, PGE», and thromboxane (TX) B>, than EPA. This is in agreement with the greater
reduction in plasma phospholipid AA during DHA than EPA supplementation
(Supplementary Table 2.1). Notably, plasma DPA-derived RvD5,.3 ppa and MaR 1,3 ppa
were significantly increased during DHA supplementation, in contrast with the reduced
plasma phospholipid DPA.

PCA confirmed the differential effects of supplementation with EPA versus DHA on
plasma PUFA SPM lipidome showing clustering by phase (Fig. 2.2A). The top three PC
displayed distinct signatures, representing the lipidomes from DHA/DPA, AA, and EPA,
respectively (Fig. 2.2B). PC1 was mostly and positively associated with DHA/DPA
derivatives, including DPA-derived SPM but not RvD1, and significantly increased after

both EPA and DHA supplementations (Table 2.3, Supplementary Table 2.2), as indicated
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by their elevated concentrations in plasma. PC2 and PC3 were mostly and negatively
associated with AA- and EPA-derived mediators, respectively. Of note, the AA-derived
SPM LXB4, unlike the other AA derivatives, did have little contribution to the PC2 with
a loading of 0.08. The PC2 score was significantly increased only by DHA
supplementation, confirming the stronger lowering effects of DHA on AA derivatives
than EPA. As indicated by the enhanced profile of plasma EPA derivatives during both
EPA and DHA supplementation, the PC3 score was significantly decreased by 3.69 and

0.64, respectively (Table 2.3, Supplementary Table 2.2).

Composite role of plasma PUFA SPM lipidome in inflammation

To gain insight into potential pro-resolving or anti-inflammatory actions of SPM and
other PUFA derivatives, we examined whether the plasma PUFA SPM lipidome
signatures mediated the effects of each EPA or DHA supplementation on ex vivo
monocyte cytokine expression. Potential mediation was identified as present if the total
effect of supplementation on the outcome was abolished or partially reduced in the
magnitude of coefficient after adjusting for the specific signature of plasma PUFA SPM
lipidome (Table 2.3). We found that the TNFA-lowering by EPA supplementation was
weakened by 44% with adjustment for PC3, but not other PC, which suggests a strong
indirect effect of EPA supplementation via multiple EPA derivatives. In contrast, the
TNFA-lowering effect of DHA supplementation was attenuated by adjusting for PC2
(19%) and PC3 (8%), indicating a stronger influence of the reduction in AA derivatives
than the increase in EPA derivatives. Notable is the lack of potential mediation via PC1
(i.e. DHA/DPA derivatives) despite the great increase in the PC1 score (+4.13, p <0.001)

during DHA supplementation. Regarding the anti-inflammatory effects of DHA on /L6



41

and MCP] expression, partial mediations through PC1 (39%) and PC2 (67%),
respectively, were suggested. Finally, the suppressing effect of DHA supplementation on
the anti-inflammatory /L0 expression seemed to be partially through PC2 (28%) and

PC1 (7%).

2.5 Discussion

To the best of our knowledge, this is the first study to compare the independent effects
of high-dose (3 g/day) EPA and DHA supplementation on plasma n-3 LC-PUFA-derived
pro-resolving SPM and other downstream lipid mediators as well as the inflammatory
response of peripheral blood monocytes. Our results indicate that differential effects of
EPA and DHA in attenuating ex vivo LPS-stimulated monocyte expression of
inflammation-related genes may be partly due to their differential modulations of plasma
PUFA SPM lipidome profiles.

The cardioprotective effect of n-3 LC-PUFA has been partly explained by their anti-
inflammatory actions through the inhibition of NF-kB signaling via PPARy and/or G-
protein coupled receptor 120 activation (3,4,6). However, clinical studies have not
consistently demonstrated anti-inflammatory effects of n-3 LC-PUFA, possibly due to
large variations in the supplement composition of EPA and DHA and diverse participant
populations ranging from healthy individuals to CVD patients (30,31). To address some
of these issues, in the present study we administered high-dose purified EPA and DHA
with a crossover design in participants with chronic inflammation. As for serum
inflammatory markers, we found no effect of EPA and DHA supplementation, as also

reported by some other clinical studies (30,31). However, we did find a distinct effect of



42

EPA and DHA supplementation in regulating ex vivo cytokine expression in LPS-
stimulated peripheral monocytes, with DHA lowering the expression of a wider range of
genes than EPA. While both EPA and DHA lowered TNFA expression, DHA also
attenuated the expression of /L6 and MCP]. This is consistent with the previous findings
of a greater anti-inflammatory potency of DHA compared to EPA from studies using
stimulated THP-1 macrophages (15) and PBMC from Alzheimer’s disease patients (32).
Notably, DHA did not enhance but rather suppressed the expression of the anti-
inflammatory cytokine /L0, unlike EPA. Previous studies have reported that both EPA
and DHA increase /L 10 in vitro, possibly via PPARy (33,34), however, DHA was found
to be less efficient than EPA in balancing the production of pro-inflammatory cytokines
and anti-inflammatory IL-10 in human PBMC (32). This is consistent with our results
showing a significant reduction in TNFA/IL10 and MCPI/IL10 with EPA, but not DHA.
One of the purported mechanisms of n-3 LC-PUFA action against inflammation is
through their downstream lipid mediators, including the novel families of pro-resolving
SPM generated by enzymatic reactions (9,35). SPM play an important role in the
resolution of inflammation, an active process that is crucial in repairing tissue and
regaining homeostasis, thereby preventing the deleterious consequences of unresolved
inflammation (9). Compared to the growing evidence of the bioactions of SPM and other
intermediates obtained from in vitro and animal studies, little is known of their role in
humans. In addition, it is important to characterize the impact of the overall alterations in
plasma PUFA SPM lipidome, and not just the individual lipid mediators. As indicated by
the PCA plot, EPA and DHA supplementation significantly altered the lipidome profiles

from baseline, but differently. Some of these changes consisted in the replacement of n-6
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AA derivatives with n-3 LC-PUFA derivatives. In addition, supplementation with EPA
and DHA enhanced their respective downstream pathways of SPM biosynthesis,
substantially increasing the intermediates 18-HEPE versus 17-HDHA and 14-HDHA,
respectively. SPM, i.e. resolvins, remained unchanged or undetected, possibly due to
concentrations below the detection limits of our assays. Low SPM detection in our
participants with chronic inflammation may also be due to depressed SPM biosynthesis,
the so-called “resolution deficit”, as documented in animal models of atherosclerosis and
several chronic inflammatory diseases (9,36,37). In that respect, the increases in DPA-
derived SPMs RvD5,.3 ppa and MaR 143 ppa during DHA supplementation were
unexpected given the lower DPA content in plasma phospholipids. The lower DPA
content may be explained by enhanced retro-conversion from DPA to EPA and/or sparing
of EPA from further conversion to DPA and DHA (38-40). Since EPA supplementation
had no impact on DPA-derived SPM despite the higher plasma phospholipid DPA
content, it is likely that DPA metabolism is less dependent on DPA availability and
accelerated by other factors; we speculate that the activation of enzymatic metabolic
pathways for DHA, shared with DPA, by DHA supplementation would drive DPA
metabolism concomitantly.

As the plasma PUFA SPM lipidome was altered in a complex way by EPA and DHA
supplementation, it was of great interest to take into consideration the combined effects
of all lipid mediators. Moreover, even though several n-3 LC-PUFA studies have
repetitively reported improvements in plasma concentrations of SPM intermediates
(36,41,42), their bioactivities have been less investigated compared with SPM. Therefore,

we have extracted key signatures of plasma PUFA SPM lipidome and examined how
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they may have contributed to the differential impacts of EPA and DHA supplementation
on monocyte-associated inflammation. Our results suggest that the anti-inflammatory
effects of EPA and DHA supplementation on circulating monocytes may be partly due to
the combined effect of different groups of plasma PUFA SPM lipid mediators.
Specifically, the reduction in TNFA expression by EPA and DHA was mostly explained
by EPA and/or AA derivatives, but not DHA/DPA derivatives. In animals, 18-HEPE, one
of the most prominent EPA-derived mediators in PC3, has been shown to reduce
macrophage TNF-a secretion (43), neutrophil infiltration (44), and macrophage-mediated
maladaptive cardiac remodeling (45). In contrast, the /L6 and MCP[-lowering effects of
DHA appeared to be mediated by DHA/DPA and AA derivatives that were represented
by PC1 and PC2, respectively. Anti-inflammatory actions of 17-HDHA (46) and DPA-
derived RvD5,.3 ppa and MaR 1,3 pra (29) have been reported in vitro and in animal
models. Particularly in human B cells in vitro, 17-HDHA lowered the production of IL-6
and IL-10 but not TNF-a (47), which is in agreement with our results where PCl1,
representing mostly DHA-derived lipid mediators, partly explained the reductions in /L-6
and /L-10 not TNFA. The PC2-mediated monocyte MCP1 suppression is also in
accordance with the key role of AA products such as 12-HETE (48) and PGE» (49) in
monocyte/macrophage migration via MCP-1.

Taken together, our results show that supplementation with EPA and DHA have
distinct effects on ex vivo monocyte inflammatory response to LPS by differently
regulating cytokine expression. DHA appeared more potent in inhibiting individual pro-
inflammatory cytokines whereas EPA was more effective in balancing pro- and anti-

inflammatory cytokines. The potential mediating effects of plasma PUFA SPM lipidome
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signatures on these differential effects support the immunomodulatory actions of SPM
and their intermediates in humans. More studies are needed to confirm the mediating
effects of different subgroups of lipid mediators on different target genes. Our sample
size was small and our assays had limited ability to detect some SPM. However, our
findings add to the literature on the comparison between EPA and DHA actions on
inflammation, which will further provide the mechanistic foundation for explaining the
cardioprotective benefits of EPA from the recent JELIS and REDUCE-IT trials amid the

n-3 LC-PUFA controversy.
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Table 2.1 Characteristics of study participants at screening visit.

Men Women

(n=9) (n=12)
Age, years 59+2 64 +2
Body mass index, kg/m* 322+1.9 322422
Waist circumference, cm 111+4 100+ 4
Systolic blood pressure, mmHg 132+£3 128+ 6
Diastolic blood pressure, mmHg 87+3 73+3
Hs-CRPY, pg/mL 4.714.2,7.4] 4.513.7,7.0]
Fasting TG, mg/dL 129+ 10 155+ 15
Fasting blood glucose, mg/dL 101 £4 99+3

Data are presented as means + SEM or tmedians [25™, 75"]. Hs-CRP, high-sensitivity C-reactive

protein; TG, triglycerides.
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Figure 2.1. Differential regulation of cytokines by EPA and DHA in monocytes.

(A, C, E, G) Monocyte gene expression of pro- and anti-inflammatory cytokines and (B,
D, F) the ratios of each pro-inflammatory cytokine expression to anti-inflammatory /L10
expression at baseline (BL) and after supplementation. Data are presented as means
[SEM]. # p <0.06, * p <0.05, ** p <0.01, *** p <0.001. /L, interleukin; MCPI, monocyte
chemoattractant protein 1; TNFA, tumor necrosis factor alpha
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Supplementary Figure 2.1. Study design.

The black arrow represents the time point of subject randomization while the black
triangles represent time points of blood collection. HOSF, high oleic acid sunflower oil.
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Supplementary Figure 2.2. The Consolidated Standards of Reporting Trials
(CONSORT) chart of study participants.
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Supplementary Figure 2.4. Overview of the biosynthetic pathways of eicosanoids and
SPMs derived from four different PUFAs — AA, EPA, DHA, and DPA.

Figure generated from our interpretation of multiple reviews and research articles
(4,29,50). As for the DPA-derived resolvins, only RvD1,.3 ppa, RvD2,.3 ppa and RvD5,.3
ppra have been described. Colors indicate known biologic characteristics: red, pro-
inflammatory; orange, less-inflammatory; blue, anti-inflammatory and pro-resolving.
AA, arachidonic acid; DPA, docosapentaenoic acid; HDHA, hydroxy-docosahexaenoic
acid; HEPE, hydroxy-eicosapentaenoic acid; HETE, hydroxy-eicosatetraenoic acid; LT,
leukotriene; LX, lipoxin; MaR1, maresin 1; PG, prostaglandin; PD1, protectin 1; RvD, D-
series resolvin; RVE, E-series resolvin; SPM, specialized pro-resolving lipid mediators;
TX, thromboxane.
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3.1 Abstract

Sexual dimorphism in the immune system is evidenced by a higher prevalence of
autoimmune diseases in women and higher susceptibility to infectious diseases in men.
However, the molecular basis of these sex-based differences is not fully understood. We
have characterized the transcriptome profiles of peripheral blood monocytes from males
and postmenopausal females with chronic low-grade inflammation. We identified 41
sexually differentially expressed genes [adjusted p value (FDR) <0.1], including genes
involved in immune cell activation (e.g., CEACAM1, FCGR2B, and SLAMF7) and
antigen presentation (e.g., AIM2, CDIE, and UBAI), with a higher expression in females
than males. Moreover, signaling pathways of immune or inflammatory responses,
including interferon (IFN) signaling [z-score=2.45, -log(p)=3.88], were found to be more
upregulated in female versus male monocytes, based on a set of genes exhibiting sex-
biased expression (p <0.03). The contribution of IFN signaling to the sexual
transcriptional differences was further confirmed by direct comparisons of the monocyte
sex-biased genes with IFN signature genes (ISGs) that were previously curated in mouse
macrophages. ISGs showed a greater overlap with female-biased genes than male-biased
genes and a higher overall expression in female than male monocytes, particularly for the
genes of antiviral and inflammatory responses to IFN. Given the role of IFN in immune
defense and autoimmunity, our results suggest that sexual dimorphism in immune
functions may be associated with better priming of steady-state innate immune pathways
in female than male monocytes. These findings highlight the role of sex on the human

immune transcriptome.



69

3.2 Introduction

Sex dimorphism is one of the critical factors contributing to immunological variability
among individuals and has been under-appreciated in the majority of immunology studies
(1,2). Phenotypic differences in immune-related diseases between the sexes provide
evidence of this dimorphism: while men have a higher susceptibility to a variety of
pathogens leading to an increased frequency of infectious diseases (3), women have a
higher rate of autoimmune diseases (4). Females, compared to males, show a stronger
humoral and cell-mediated immunity (5,6), as demonstrated by higher levels of
immunoglobulins (7) as well as stronger antibody responses to viral vaccines (8).
Systemic lupus erythematosus (SLE), the autoimmune disease with the most striking
female-biased prevalence (9), is characterized by overproduction of autoantibodies,
resulting in inflammation and organ damage (10).

There are several hypotheses explaining the sex differences in immune function.
Differences in sex steroid hormone concentrations (11) and sex chromosomes (12) play a
prevailing role in genomic regulation of the immune system. Upon receptor binding, sex
steroid hormones exert biological effects on immune cells by influencing signaling
pathways such as nuclear factor kappa B (NF-kB), c-Jun, and interferon regulatory
factors (IRF) in various lymphoid tissues as well as circulating immune cells (13). Genes
unique to the Y chromosome or additional copies of X chromosome genes that escape X-
inactivation result in differential gene expression between males and females (12). For
example, some immune-related genes located on the X chromosome such as 7LR7 and
CD40LG are expressed at higher levels in females than males (14,15), possibly as a result

of imperfect X-silencing. Particularly, duplication of 7LR7 has been suggested as an
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underlying mechanism for the higher susceptibility to SLE in mice (14). Also, sex-
specific genetic polymorphisms on autosomal genes and epigenetic controls may
contribute to sexual differential gene expression (2).

Transcriptome analyses have provided a foundation for a better understanding of the
molecular basis of the phenotypic immunological differences between the sexes (16—19).
Sexually differential gene expression has been documented in whole blood and peripheral
blood mononuclear cells (PBMC) (20-23). However, due to limitations in the ability to
control for different proportions of immune cell subsets between the sexes (21-23), there
is an incomplete understanding of the transcriptional sex dimorphism manifested by
different bloodborne cell types. Data from mouse microglial cells indicate only a limited
number of sex chromosome genes differentially expressed between the sexes (24). In
contrast, mouse bone marrow-derived macrophages (BMDM) displayed a moderate sex-
dependent effect in a large number of genes (25). Using samples from the Immunological
Genome Project (ImmGen, www.immgen.org), immune transcriptome profiling of 11
different murine immune cell types at baseline and after immune challenge demonstrated
that only macrophages exhibited sex dimorphism (19). In particular, unstimulated
macrophages showed a female-biased expression of interferon (IFN)-responsive genes
that was further increased upon IFN stimulation, accompanied by stronger antiviral and
inflammatory responses (19). The greater activation of I[FN pathways upon stimulation in
these cells suggests that females may be equipped with a more vigilant immune defense
system that exerts a more vigorous immune response against external or internal
challenges. However, considering the strong correlation between IFN overexpression and

autoimmune diseases such as SLE (26), elevated expression of genes in these pathways in
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females in the absence of a clear threat signal is suggested to be one of the major factors
contributing to a higher prevalence of autoimmunity in females compared to males.

In light of the transcriptional sex dimorphism observed in mice, it is of interest to
explore cell-type-specific sex effects on basal immune transcriptomes in humans. While
conducting a study on the effects of omega-3 fatty acid supplementation on inflammation
in individuals with chronic low-grade inflammation, we observed evidence of sex
dimorphism in monocyte transcriptome. Therefore, the aim of this study, as a secondary
analysis of the parent study, was to identify differentially expressed genes on the basis of
sex in unstimulated human monocytes obtained from peripheral blood at baseline and to
characterize the biological pathways, particularly immune-related pathways, associated

with the transcriptional sex dimorphism.

3.3 Materials and Methods
Study participants

This study is part of a randomized, double-blind, crossover clinical trial (registered at
ClinicalTrials.gov as NCT02670382) assessing the individual effects of eicosapentaenoic
acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:5 n-3) on inflammation in
individuals with chronic low-grade inflammation (manuscript in revision). Briefly, in this
crossover study, after a 4-week lead-in control phase during which participants received 3
g/day of high oleic acid sunflower oil, they were randomly assigned to receive 3 g/day
EPA or DHA supplementation for 10 weeks, followed by a 10-week washout phase
before switching to the other supplementation for another 10 weeks. Data for the current

study was obtained at the end of the lead-in control phase. Participant inclusion criteria
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were: age 50-75 years, if women, postmenopausal, serum high-sensitivity C-reactive
protein (hs-CRP) concentration > 2 ng/mL, fasting plasma triglyceride concentration
between 90 and 500 mg/dL, and in addition, having at least one of the following
characteristics: abdominal obesity (waist circumference > 102 cm in men and > 89 cm in
women), hypertension (blood pressure > 130/80 mmHg or use of anti-hypertensive
medications), or fasting plasma glucose concentrations > 100 mg/dL, but otherwise
healthy. Twenty-one participants completed the study, and 19 (9 men and 10 women)
who had monocyte samples with high purity were included in the current study for

determining the transcriptional sexual dimorphism in peripheral blood monocytes.

Blood collection, monocyte isolation, and RNA extraction

Venous blood was drawn after a 12-hour overnight fast in sodium citrate Vacutainer
Cell Preparation Tubes (Beckton Dickinson, Franklin Lakes, NJ) for PBMC isolation. All
subtypes of monocytes including classical (CD14""/CD16), non-classical
(CD16™/CD14"), and intermediate (CD16"/CD14"") were further isolated from the
PBMC fraction by a negative selection method using antibody-coupled magnetic beads
(Miltenyi Biotec, Bergisch Gladbach, Germany). The flow-through cells were centrifuged
at 300 x g for 10 min at 22 °C and stored at -80 °C until further analyses. Total RNA was
isolated using QIAshredder and RNeasy Mini kit (both from Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Isolated RNA was treated on-column with
RNase-free DNase (Qiagen, Hilden, Germany) to eliminate genomic DNA
contamination. RNA quality was assessed using a Fragment Analyzer (Agilent, Santa

Clara, CA).
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RNA sequencing data generation, processing, and analysis

The extracted RNA samples that passed quality checks were used as input to prepare
RNA-Seq library using Illumina TruSeq stranded mRNA kit (Illumina, San Diego, CA)
per manufacturer instruction. Briefly, mRNA was enriched via polyA selection from
input total RNA. Enriched mRNA was then fragmented, followed by first cDNA
synthesis with random priming, and second-strand cDNA synthesis with dUTP. The 3’
adenylates were added to the double-stranded cDNA, followed by adaptor ligation and
second strand removal and amplification. The molar concentration and size distribution
of resultant libraries were assessed on a Fragment Analyzer (Agilent, Santa Clara, CA).
Libraries were sequenced on an [llumina HiSeq 2500 sequencer (Illumina, San Diego,
CA) with High Output V4 chemist and 50 base-pair single-end reads format. Raw data in
FASTQ format were processed for quality control using FastQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc/) and then mapped to the human
genome (USC hg38) using HISAT v2.1 (www.ccb.jhu.edu/software/hisat/index.shtml).
The mapped reads to genes were quantified by featureCounts (subread.sourceforge.net),
and raw count data were normalized by the median of ratios method using DESeq2
package from Bioconductor (27). For principal component analysis (PCA) and heatmap
presentation, the normalized counts were variance stabilized using a regularized log
transformation.

Monocyte purity was assessed by cell-type-specific gene expression, which concluded
the exclusion of two female participants who displayed abnormally high counts of CD3

and CDS& (markers for T cells), CD19 (a marker for B cells), and NCAM1 (a marker for
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natural killer, or NK cells). The count data were re-normalized based on the remaining 19
samples.

Differential gene expression between the sexes was compared using Wald tests of the
DEseq?2 package followed by the Benjamini-Hochberg false discovery rate (FDR)
correction for multiple comparisons (28). The difference in fold change was calculated as
a ratio of expression values in females versus males and then log> transformed. Genes
with FDR of 0.1 or less were termed as differentially expressed genes. The analysis was

performed using R 3.6.2.

Pathway analysis

To determine canonical signaling pathways that contained the differentially expressed
genes, we performed a pathway analysis using Ingenuity Pathway Analysis (IPA; v 9.0,
Mountain View, CA). The z-score, which is to infer the activation state of implicated
biological pathway/function, was determined by the observed gene regulation (“up” or
down”) and a literature-derived direction of effect of the gene to the pathway
(“activating” or “inhibiting”). Pathways with absolute |z-score| >1 and p <0.05

(calculated by a right-tailed Fisher’s Exact Test) were considered significant.

Interferon signature genes (ISGs)

Mostafavi et al. (29) charted the transcriptional responses induced by IFNa across a
range of mouse immune cell lineages from the ImmGen and identified 975 ISGs that
were upregulated in at least one cell type with > 2-fold increase and FDR <0.1. Of those,
the genes that were significantly upregulated in macrophages were named MF-ISGs (19).

To compare human monocyte sex-biased genes identified in the present study with the
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mouse MF-ISGs, all mouse gene symbols of the MF-ISGs were translated to their human
orthologs using ENSEMBL BioMart data mining tool (30). The fold change distribution
of the human MF-ISG orthologs was compared to that of all other mapped genes by two-
sided Welch’s ¢ test.

We also compared our monocyte sex-biased genes to the expanded list of 628 ISGs
constituting an IFN transcriptional regulatory network that was computationally built
based on 1,398 human and mouse datasets by Mostafavi et al. (29). The direction of fold
changes of the ISGs from our monocytes was tested by a one-sample two-sided ¢ test with

the Bonferroni correction (31).

3.4 Results
Participant characteristics

Consistent with the eligibility criteria, study participants had chronic low-grade
inflammation as indicated by a median hs-CRP concentration greater than 3 pg/mL
(Table 3.1). Participant characteristics and measures of inflammation were similar
between females and males, with the exception of diastolic blood pressure which was
lower in females than in males (two-sided ¢ test p <0.02). Similarly, monocytes, as a

percent of total leukocytes in peripheral blood, were similar between the sexes.

Monocyte-specific sex signature genes

Monocyte transcriptional sex dimorphism was clearly observed, as shown in the
separation of the samples based on sex in the PCA plot (Fig. 3.1A). Of the 41 sexually
differentially expressed genes identified, the expression of approximately half (22 genes,

54%) was higher in females than males. Of the 22 genes, 7 were autosomal and 15 genes
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were X-linked. These genes are involved in immune cell activation (CEACAM1,
FCGR2B, and SLAMF'7) and antigen-recognition or presentation (4/M2, CDIE, and
UBAI), suggesting enhanced activation of innate and adaptive immune responses in
monocytes from females compared to males. Expression of 19 genes (46%) was higher in
males than females. These included 3 autosomal genes (SERPINB2, BNIP3, and EBPL)
and 16 Y-linked genes. The overall median absolute log> fold difference in females

versus males was 1.38 (Fig. 3.1B, Supplementary Table 3.1).

Increased activation of immune responses in monocytes

To gain further insight into the biological pathways that are associated with the
transcriptional sexual dimorphism in monocytes, we selected genes that were significant
at p < 0.03 for the sexual difference (360 female-biased and 205 male-biased genes; Fig.
3.1C, Online Appendix 1) and mapped them to the canonical pathways of the IPA
database. Out of the 11 canonical pathways that were significantly upregulated in females
(z-score >1, -log(p) >1.30 by Fisher’s exact test), most pathways (8/11, 73%) were
involved in immune or inflammatory responses (Table 3.2). IFN signaling was the top (z-
score=2.45, -log(p)=3.88) among the 11 female-biased pathways, consistent with its
documented association with female-biased autoimmunity (23,32). Genes involved in
IFN signaling (IFN-induced protein with tetratricopeptide repeats [/FIT] 1-3, IFN-
induced transmembrane protein 1 [/FITM1], Janus kinase 2 [JAK?2], signal transducer and
activator of transcription 1 [STATT]), antigen-presentation (CD1 molecules [CDIB,
CD1C], major histocompatibility complex, class II, DO alpha [HLA-DOA], major
histocompatibility complex class II, DR beta 5 [HLA-DRBS5]), and immune cell activation

(C-C motif chemokine receptor 5 [CCR5], CD274 molecule [CD274], CD40 molecule
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[CD40], Fc fragment of IgG receptor IIb [FCGR2B]) were principally implicated in the
other significant pathways (i.e., T helper type 1 (Thl) pathway, dendritic cell maturation,
crosstalk between dendritic cells and NK cells, and SLE in B cell signaling pathway) as
well. In addition to the 11 significant female-biased pathways, we identified two male-
biased pathways with borderline significance: pathways related to programmed cell death
protein 1 (PD-1), programmed cell death-ligand1 (PD-L1) cancer immunotherapy (z-

score=-0.82, -log(p)=2.01) and p53 signaling (z-score=-0.45, -log(p)=1.64).

Comparison of IFN signature and regulatory pathways

Immune transcriptional sex dimorphism has been documented in unstimulated mouse
macrophages, showing higher IFN responsiveness in females (19). Based on this
evidence and our pathway analysis results, we sought to further examine how the IFN
pathways differ between males and females in human monocyte transcriptome. To this
end, we first compared the monocyte sex-biased genes with p <0.03 to a set of genes that
were recently demonstrated to be upregulated by IFN in mouse macrophages (i.e., MF-
ISGs, 601 genes). Of the 498 out of 601 MF-ISGs that have human orthologs, 485 genes
were expressed in our monocyte samples (Online Appendix 2). Out of the 360 female-
biased genes in monocytes, 48 were also MF-ISGs (13.3%). In contrast, only 6 of the 205
(2.9%) male-biased genes were MF-ISGs (Fig. 3.2, Supplementary Table 3.2). Next, we
assessed the expression of the entire set of MF-ISG human orthologs in our monocytes.
The logs fold change distribution of MF-ISGs was skewed toward females (mean = 0.09)
and was significantly different from the symmetrical distribution of all other genes

(20,602 genes, mean = 0.003) (two-sided 7 test p = 2.9 x 10%; Fig. 3.3). Consistent with
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the pathway analysis, these results suggest that upregulation of IFN-response genes is
more frequently observed in female than male monocytes under unstimulated conditions.
Despite conserved transcriptomic signatures of immune cell lineages between human
and mouse, specific differences exist due to divergent evolutionary paths (33). Moreover,
monocytes have limited contribution to tissue-resident macrophages (34). Thus, we
applied a larger set of genes (623 genes), instead of MF-ISGs, that had been validated in
various immune cells both from mouse and human and that cover more complicated IFN
responses (29). These genes are from an IFN transcriptional network consisting of 92
predicted regulators and 628 ISGs that was built based on co-expression in human and
mouse responses (29). Similar to the comparison with MF-ISGs, we assessed the
expression of target ISGs in our monocytes. We identified expression of 623 genes out of
the 628 ISGs in unstimulated monocytes and their log> fold change distribution was
significantly skewed to the female side (mean = 0.11), compared to that of all other genes
(20,464 genes, mean = 0.002) (two-sided 7 test p = 2.2 x 107'%; Supplemental Fig. 3.1).
We further examined sexual bias in expression of those ISGs based on the five clusters
(C1-C5) that were parsed within the network and characterized by distinct
functionalities; C1 and C2 enriched for RNA processing, C3 for antiviral effectors, C4
for metabolic regulation, and C5 for inflammation mediators or regulators (29). While
most of the clusters, except for C1, displayed significantly higher expression in females,
the antiviral cluster C3 showed the strongest positive log> fold change (median = 0.28,
one sample two-sided 7 test Bonferroni-adjusted p < 2.2 x 1072%; Fig. 4), followed by the
C5 cluster of inflammation (median = 0.13, Bonferroni-adjusted p = 7.6 x 10°%; Fig. 3.4)

(Online Appendix 3). These results further confirm the higher baseline expression of
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IFN-responsive genes observed in female monocytes, particularly for the genes involved
in antiviral and inflammatory responses, which may contribute to the phenotypic sex

differences in autoimmunity.

3.5 Discussion

Sex dimorphism in immune system is evidenced by differences in the prevalence and
intensity of infectious diseases between the sexes (3) and the strong female-biased
incidence of autoimmune diseases (4). Compared to the marked phenotypic differences,
sex differences at DNA sequence level are limited to the sex chromosomes and not
apparent in autosomes (35). This observation suggests an important role of higher-level
molecular regulations such as transcriptional and epigenetic processes. In humans, a
difference in transcriptome between males and females has been reported in the liver (17)
and skeletal muscle (18) but also in whole blood (21,23) or PBMC (20). However, as
peripheral blood contains several immune cell types, it is not clear whether the sex
difference in the peripheral blood transcriptome results from differential immune cell
type frequencies or different patterns of transcriptome in specific cell populations present
between the sexes. Here, we compared transcriptional profiles of unstimulated peripheral
blood monocytes between male and postmenopausal female participants with chronic
low-grade inflammation. To the best of our knowledge, this is the first study to identify
monocyte-specific transcriptional sex differences in humans. Consistent with the
observations in mouse macrophages (19), sex-biased differential gene expression was

detected in our untreated monocytes.
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Among the 22 female-biased differentially expressed genes, the majority were
involved in essential features of innate immunity, immune cell activation and antigen-
processing/presentation. These included FCGR2B, a member of Fc gamma (Fcy)
receptors. Those receptors are expressed on the surface of antigen-presenting cells (APC)
such as monocytes, and mediate immune cell activation, phagocytosis, and production of
inflammatory cytokines upon binding to immunoglobulin G (36). Their functions are
determined by the balance between activating and inhibitory Fcy receptors (36). Of note,
not only the inhibitory FCGR2B, but also activating Fcy receptors such as FCGRI1A4 and
FCGRIC tended to be expressed at higher levels in female monocytes, suggesting overall
higher activation levels of female monocytes in the steady state prior to pathogen
invasion. This is consistent with the immune sexual dimorphism observed in murine
macrophages (19). The higher expression levels of UBA1 and CDIE, which processes
antigens for the ubiquitin-proteasome system (37,38) and presents lipid molecules as a
major histocompatibility complex (MHC)-like protein (39), respectively, suggest a
greater ability of female monocytes to present antigens, once infected by viruses, actively
linking innate and adaptive immune systems. Higher antigen-presenting capability of
APC has been reported in mouse splenocytes, possibly due to differential control of sex
hormones (40).

The pathway analysis using IPA revealed that several immune-related pathways were
upregulated in females in the unstimulated state, including IFN signaling as the top
pathway for the sex differences. This may be indicative of a more vigilant innate immune
defense in females under unstimulated condition. Interestingly, though the pathways

identified by IPA need to be carefully interpreted in the context of cell type, most of the



81

female-biased pathways include components involved in IFN signaling, suggesting an
important role of IFN signaling in immune sexual dimorphism. For example, the female-
biased Thl pathway was characterized by upregulation of the genes related to MHC-II
and IFN-STATT1 signaling, implying a propensity of female monocytes to foster Thl
differentiation (41). This sex-based difference may account for the more robust Thl
immune responses observed in females than males in line with suppressive effects of
androgens on key nodes of Th1 differentiation pathway including IL-12 and IFNy
production (42). In contrast, the genes in the PD-1, PD-L1 pathway, which halts the
development of T cells to minimize inappropriate autoimmune inflammation as an
immune checkpoint (43), tended to be expressed higher in male than female monocytes
(z-score=-0.82). Taken together, monocytes from males and females may be in a
differential state under resting conditions with regard to the balance between immune
defense and its negative feedback system.

IFN, which plays a central role in initiating immune responses especially with antiviral
effects (44), is also a key player implicated in the pathogenesis of a variety of
autoimmune disorders such as SLE (26), the most female-biased disease with a 9:1 ratio
of females to males (45). In contrast to early SLE studies centered on the adaptive
immune system, the paradigm has shifted with recent advances in the field of innate
immunity, suggesting a crucial role of monocyte/macrophage abnormalities in the
development of autoimmune responses (46). To better understand how immune sex
dimorphism in monocytes potentially contributes to the sex-biased susceptibility to
autoimmunity, we further looked into IFN signaling. Using the gene set responding to

IFN stimulation in mouse macrophages (i.e., MF-ISGs), which was recently published as
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part of the ImmGen project (29), we assessed sex-biased expression of human
homologous genes in our unstimulated monocytes. The overall expression of MF-ISGs
was higher in females than males, as shown by the appreciable overlap with the female-
biased genes and skewed fold changes toward females. In terms of functionality of ISGs
(29), the most significant difference between the sexes was in genes of antiviral effectors,
followed by genes of inflammatory mediators or regulators. These observations are
largely consistent with the prior work that assessed the sexually differential expression of
the same MF-ISG profiles in murine macrophages, where the ISGs for antiviral responses
showed significant upregulation in female macrophages in both baseline and IFN-induced
states while expression of the inflammation-regulating ISGs became significantly higher
in females only upon IFN stimulation (19). Our results suggest a better-primed steady-
state innate immunity in females, especially in antiviral responses. In addition, our results
of female-biased upregulation of Th1 pathway and male-biased PD-1, PD-L1 pathway
suggest a greater transcriptional alertness of female monocytes to foster adaptive immune
response. This may be a signature characteristic of human peripheral blood monocytes
that is partially shared by murine macrophages from peritoneal cavity but not by those
from the spleen, and microglia from the central nervous system (19).

The sex dimorphism in immune system, displaying a stronger IFN response of female
monocyte/macrophages, appears to be conserved across a variety of species, including
birds (19,47). Confirmation of human-mouse conservation of transcriptional sex
dimorphism has previously been obtained through the significant overlap between the
sex-biased genes of human CD14" monocytes and murine macrophages (19). Our results

further confirm that human monocytes also exhibit the conserved sex dimorphic
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expression of IFN-responsive genes. Despite the small sample size, we observed an
upregulation of the IFN signaling pathway in female monocytes using two different
approaches. Due to the recruitment criteria of the study participants, it is unlikely that the
immune sex dimorphism observed is confounded by other characteristics such as age (21)
and menopausal status (20). The frequencies of monocytes and other immune cell types
were similar between males and females; therefore, our results may better reflect in vivo
sex dimorphism of monocyte transcriptome. Further studies are needed to better
characterize sex-based differences in other monocyte immune pathways. We observed
higher expression of 7IFAB and CEACAM1 in females than males. TIFAB is an inhibitor
of tumor necrosis factor (TNF) receptor-associated factor (TRAF) mediated signal
transduction down to NF-kB (48), and CEACAM] is a negative regulator of IL-6
signaling in response to LPS (49). Reported in the parent study of our clinical trial, we
found no differential expression between male and female monocytes of TNFA, IL6, and
MCPI, the genes coding for cytokines and chemokines that are regulated by the TNF
receptor pathways in both baseline and LPS-stimulated conditions (Supplementary Table
3). These data suggest that other immune-related pathways may not have the
transcriptional sex dimorphism as demonstrated in IFN signaling.

In summary, sexual transcriptional differences in the steady-state immune system are
present in unstimulated human monocytes and are primarily associated with IFN-related
signaling pathways. Our results support monocyte/macrophage IFN signaling being an

important molecular effector of sex dimorphism in immune pathology.
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Table 3.1 Characteristics of study participants.
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Men Women
(n=9) (n=10) P
Age, years 59+6 6316 0.20
Body mass index, kg/m* 31.6+53 33.6+75 0.52
Waist circumference, cm 111+13 101 £17 0.17
Systolic blood pressure, mmHg 129+ 7 127 +24 0.76
Diastolic blood pressure, mmHg 85+6 73+£12 0.02
Total leukocyte count, 1000/ul. 6.5+1.3 57+1.7 0.28
Lymphocyte proportion, % of leukocytes 28%5 318 0.24
Monocyte proportion, % of leukocytes 79+1.8 79+1.9 0.99
Serum inflammatory markers®
Hs-CRP, pug/mL 3.39+£243 3.18+1.93 0.55
TNF-a, pg/mL 2.04 £0.68 2.54£0.75 0.12
IL-6, pg/mL 0.83 £0.68 0.75+£0.49 0.72
MCP-1, pg/mL 288 + 136 302 + 74 0.59

Data are presented as means = SD or tmedians =+ interquartile ranges. Hs-CRP, high-sensitivity

C-reactive protein.

? Wilcoxon test was used due to the skewness of data.
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Figure 3.2. Heatmap of relative expression of 54 macrophage-specific IFN signature
genes (MF-ISGs) that are also identified as sex-biased genes in peripheral blood
monocytes. A horizontal gap separates female- from male-biased genes, and a vertical
gap separates male and female participants. Expression values are trimmed to range [-1.5,
1.5].
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Supplementary Table 3.1 Sexually-based differentially expressed genes (SDEGs) in
peripheral blood monocytes (n=41, FDR <0.1).

Gene Symbol Gene Name log,FC* p FDR
Female-biased genes (n=22)
XIST X inactive specific transcript 12.09 5.06E-46 1.33E-42
TSIX TSIX transcript, XIST antisense RNA 4.53 3.85E-07  3.53E-04
MAP7D2 MAP7 domain containing 2 3.34 2.60E-09  2.74E-06
ERCC6L ERCC excision repair 6 like, spindle 3.12 9.68E-10 1.07E-06
assembly checkpoint helicase
LOCI102723824  uncharacterized 2.08 3.37E-05  2.29E-02
TIFAB® TIFA inhibitor 1.38 7.23E-05  4.12E-02
CEACAMI® CEA cell adhesion molecule 1 1.37 7.15E-05  4.12E-02
GPA33" glycoprotein A33 1.27 2.80E-05 1.97E-02
FCGR2B® Fc fragment of IgG receptor lib 1.25 2.36E-05 1.72E-02
CDIE CDle molecule 1.13 1.24E-04 6.70E-02
AIM2° absent in melanoma 2 0.99 6.10E-05 3.68E-02
SLAMF?7" SLAM family member 7 0.78 1.77E-04  9.13E-02
KDMo6A4 lysine demethylase 6A 0.71 1.99E-08  2.00E-05
PRKX protein kinase X-linked 0.70 2.16E-14  2.85E-11
ARSD arylsulfatase D 0.70 1.45E-18  2.04E-15
EIFIAX eukaryotic translation initiation factor 0.62 6.23E-10  7.29E-07
1A X-linked
KDM5C lysine demethylase 5C 0.60 7.23E-11 8.97E-08
ZFX zinc finger protein X-linked 0.58 4.99E-08  4.78E-05
SMCIA4 structural maintenance of 0.52 6.05E-05  3.68E-02
chromosomes 1A
HDHDI pseudouridine 5'-phosphatase 0.51 7.15E-06  6.03E-03
RPS4X ribosomal protein S4 X-linked 0.30 1.58E-04  8.34E-02
UBAI ubiquitin like modifier activating 0.28 4.54E-05 2.99E-02
enzyme 1
Male-biased genes (n=19)
RPS4Y1 ribosomal protein S4 Y-linked 1 -14.02 1.67E-102  3.51E-98
KDM5D lysine demethylase 5D -12.51 1.17E-81 6.16E-78
EIFIAY eukaryotic translation initiation factor ~ -11.21 2.71E-65 1.14E-61
1A Y-linked
ury ubiquitously transcribed -11.02 6.28E-63  2.21E-59

tetratricopeptide repeat containing,



TXLNGY
DDX3Y
USP9Y

ZFY
PRKY
TTTY15
LINC00278

TTTY14
RPS4Y2
TTTY10
TMSB4Y
SERPINB2®
BNIP3"
EBPL®
P2RYS

Y-linked
taxilin gamma pseudogene, Y-linked
DEAD-box helicase 3 Y-linked

ubiquitin specific peptidase 9
Y-linked

zinc finger protein Y-linked
protein kinase Y-linked (pseudogene)
testis-specific transcript, Y-linked 15

long intergenic non-protein coding
RNA 278

testis-specific transcript, Y-linked 14
ribosomal protein S4 Y-linked 2
testis-specific transcript, Y-linked 10
thymosin beta 4 Y-linked

serpin family B member 2

BCL2 interacting protein 3

EBP like

P2Y receptor family member 8

-10.83
-9.94
-9.14

-8.99
-8.63
-8.29
-6.78

-6.53
-4.78
-4.24
-4.03
-1.01
-0.67
-0.50
-0.34

2.62E-60
7.46E-89
6.45E-42

1.17E-41
4.35E-97
1.16E-35
8.70E-21

4.10E-19
8.30E-07
1.90E-05
3.75E-29
1.28E-05
2.30E-05
5.12E-05
9.79E-05

96

7.91E-57
5.25E-85
1.51E-38

2.46E-38
4.58E-93
2.23E-32
1.41E-17

6.18E-16
7.29E-04
1.49E-02
6.59E-26
1.04E-02
1.72E-02
3.27E-02
5.43E-02

*Fold change (FC) is calculated as a ratio of expression values in females relative to males.

® Autosomal genes.
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Supplementary Table 3.2 The overlap of monocyte sex-biased genes with IFN
signature genes that were previously identified in mouse macrophages (MF-ISGs)".

Gene Symbol Gene Name logoFC" p FDR
Female-biased (n=48)

CD274 CD274 molecule 1.22 2.11E-02  0.999740

CD200R1 CD200 receptor 1 1.07 3.68E-04  1.55E-01

GBP>5 Guanylate binding protein 5 1.06 1.16E-03  3.58E-01

CXCLI10 C-X-C motif chemokine ligand 10 1.00 1.07E-02  9.60E-01

SIGLECI Sialic acid binding Ig like lectin 1 0.94 2.25E-02  0.999740

IFIT3 Interferon induced protein with 0.88 1.37E-03  3.86E-01
tetratricopeptide repeats 3

BATF?2 Basic leucine zipper ATF-like 0.86 6.54E-03  8.31E-01
transcription factor 2

RSAD?2 Radical S-adenosyl methionine 0.76 3.59E-04  1.54E-01
domain containing 2

IFITM1 Interferon induced transmembrane 0.73 3.56E-04  1.54E-01
protein 1

SAMD9IL Sterile alpha motif domain containing 0.73 1.04E-03  3.44E-01
9 like

MX1 MX dynamin like GTPase 1 0.72 4.17E-03  7.16E-01

CFB Complement factor B 0.71 1.45E-02  0.999740

PRKX Protein kinase X-linked 0.70 2.16E-14  2.85E-11

P2RY14 Purinergic receptor P2Y 14 0.67 3.00E-02  0.999740

EPSTII Epithelial stromal interaction 1 0.65 2.58E-03  5.83E-01

APIS3 Adaptor related protein complex 1 0.64 9.46E-03  9.41E-01
subunit sigma 3

EIFIAX Eukaryotic translation initiation factor 0.62 6.23E-10  7.29E-07
1A X-linked

CMPK?2 Cytidine/uridine monophosphate 0.60 1.95E-02  0.999740
kinase 2

RTP4 Receptor transporter protein 4 0.59 3.04E-04  1.49E-01

DDX60 DExD/H-box helicase 60 0.58 7.24E-03  8.57E-01

CD40 CD40 molecule 0.56 1.85E-02  0.999740

STATI Signal transducer and activator of 0.56 5.79E-03  8.30E-01
transcription 1

IF144 Interferon induced protein 44 0.56 2.59E-02  0.999740

GBP2 Guanylate binding protein 2 0.54 1.16E-03  3.58E-01

ATP10A ATPase phospholipid transporting 10A 0.54 1.08E-02  9.60E-01
(putative)

IFIT?2 Interferon induced protein with 0.54 1.53E-02  0.999740
tetratricopeptide repeats 2

MOSPD?2 Motile sperm domain containing 2 0.53 1.42E-02  0.999740
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0OASL 2'-5'-oligoadenylate synthetase like 0.51 5.65E-03  8.17E-01
MS4A44A Membrane spanning 4-domains A4A 0.50 3.83E-03  6.91E-01
PARP9 Poly(ADP-ribose) polymerase family 0.46 1.25E-02  0.999740
member 9
0AS?2 2'-5'-oligoadenylate synthetase 2 0.43 1.64E-02  0.999740
MOoVvio Mov10 RISC complex RNA helicase 0.43 3.54E-04  1.54E-01
TNFSF10 TNF superfamily member 10 0.41 2.79E-02  0.999740
RNF213 Ring finger protein 213 0.39 1.67E-02  0.999740
JAK2 Janus kinase 2 0.36 6.93E-03  8.47E-01
PARPI2 Poly(ADP-ribose) polymerase family 0.34 1.43E-03  3.97E-01
member 12
STOMLI Stomatin like 1 0.32 6.10E-03  8.31E-01
GCHI GTP cyclohydrolase 1 0.31 1.62E-02  0.999740
DHX58 DExH-box helicase 58 0.31 2.52E-03  5.83E-01
SLFNI11 Schlafen family member 11 0.30 2.90E-02  0.999740
DTX3L Deltex E3 ubiquitin ligase 3L 0.29 2.67E-02  0.999740
SP110 SP110 nuclear body protein 0.29 1.32E-02  0.999740
GPR6S5 G protein-coupled receptor 65 0.28 9.69E-03  9.47E-01
CXorf21 Chromosome X open reading frame 21 0.22 2.78E-02  0.999740
PML Promyelocytic leukemia 0.22 1.38E-02  0.999740
RNF31 Ring finger protein 31 0.19 1.19E-02  9.87E-01
GNB4 G protein subunit beta 4 0.19 1.75E-02  0.999740
UBA7 Ubiquitin like modifier activating 0.17 2.92E-02  0.999740
enzyme 7
Male-biased (n=6)
PRKY Protein kinase Y-linked (pseudogene) -8.63 4.35E-97  4.58E-93
RASA4 RAS p21 protein activator 4 -1.47 4.37E-03  7.18E-01
PMEPAI Prostate transmembrane protein, -0.93 1.82E-02  0.999740
androgen induced 1
SAP30 Sin3A associated protein 30 -0.57 2.32E-03  5.45E-01
PHYH Phytanoyl-CoA 2-hydroxylase -0.39 6.83E-03  8.42E-01
CCDC25 Coiled-coil domain containing 25 -0.21 1.11E-02  9.60E-01

* Human orthologs of the 601 MF-ISGs were compared to the sex-biased genes.
®Fold change is calculated as a ratio of expression values in females relative to males.



Supplementary Table 3.3 mRNA expression and secretion of inflammatory

cytokine/chemokine in LPS-stimulated peripheral blood monocytes.

Men Women
(n=9) (n=10) P
mRNA expression
Unstimulated monocytes (relative expression compared to males)
TNF-a 1+£0.47 1.33+0.45 0.42
IL-6 1+0.93 1.75£2.53 0.17
MCP-1 1+0.95 1.20£0.99 0.29
Stimulated monocytes (relative expression compared to males)
TNF-a 1£0.59 1.35+0.86 0.47
IL-6 1+0.46 1.17+0.71 0.35
MCP-1 1+£0.79 1.34£1.06 0.52
Ratio of stimulated/unstimulated
TNF-a 33£19 36 + 18 0.82
IL-6 1385 + 2062 1259 + 1246 0.26
MCP-1 57 £55 5070 0.62
Secretion
Unstimulated monocytes (pg/mL)
TNF-a 13+15 15+9 0.87
IL-6 13+8 13+8 0.43
MCP-1 13+12 11+29 >0.99
Stimulated monocytes (pg/mL)
TNF-a 3773 £ 558 4021 + 2820 0.39
IL-6 9885 + 5744 9103 + 7665 0.59
MCP-1 2334 + 1460 3246 + 2541 0.68
Ratio of stimulated/unstimulated
TNF-a 223 +380 326 + 167 0.90
IL-6 892 + 506 1126 + 942 0.47
MCP-1 247 +274 200 £ 209 0.78

Data are presented as medians * interquartile ranges. Log-transformed data were used due to

skewed distributions of values.
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Chapter 4 Effects of EPA and DHA on Gene
Expression in Peripheral Blood Monocytes
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4.1 Abstract

Background and aims: Though the anti-inflammatory effect of n-3 eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) has been well documented in vitro, their
individual in vivo effects have not been fully characterized in human monocytes, an
important therapeutic target for inflammation-related diseases. We determined the whole
transcriptome profile of peripheral blood monocytes isolated from individuals with

chronic inflammation at baseline and after supplementation with EPA and DHA.

Methods: In a randomized, double-blind, crossover study, 8 men and 8 postmenopausal
women aged (50-75 years) with chronic inflammation received control capsules (3 g/day
high oleic acid sunflower oil) during a 4-week lead-in phase followed by two sequential
10-week supplementation phases with 3 g/day EPA and DHA in random order, separated
by a 10-week washout phase. Monocyte transcriptomics and pathway analyses were
performed after the lead-in (baseline) and both supplementation phases in men and

women separately.

Results: EPA supplementation upregulated the pathways involved in cell
proliferation/survival as well as differentiation in men but not in women. The
differentially expressed genes shared by these pathways suggest the promotion of protein
kinase B and/or cyclic AMP pathways. In contrast, in women, EPA downregulated the
gene involved in mitochondrial oxidative phosphorylation (OXPHOS). The
downregulation of OXPHOS was also observed after DHA supplementation in both men
and women. DHA also upregulated the biological pathways with antioxidant function in
both men and women, including the nuclear factor erythroid 2-related factor 2 and aryl

hydrocarbon receptor signaling.

Conclusions: Our results indicate different immunomodulatory effects of EPA in
monocytes from men and women by promoting pathways involved in cell proliferation
and differentiation in men and lowering OXPHOS in women. In contrast, DHA promoted
metabolic reprogramming in both men and women by lowering OXPHOS as well as

enhancing pathways with antioxidant functions.
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4.2 Introduction

Very-long-chain n-3 polyunsaturated fatty acids (hereafter, n-3 LC-PUFA) such as
eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are
well documented for their immunomodulating effects on monocytes and macrophages.
Extensive in vitro work has demonstrated the ability of n-3 LC-PUFA to alter
monocyte/macrophage gene expression and inflammatory function, with some evidence
of differential effects of EPA and DHA (1,2). N-3 LC-PUFA can interfere with the
nuclear factor kappa B-mediated inflammatory signaling pathway (3) via toll-like
receptors (4), peroxisomal proliferator-activated receptors (PPAR) (5) and/or G protein-
coupled receptor GPR120 (6), leading to decreased production of pro-inflammatory
cytokines.

Monocytes and monocyte-derived macrophages are essential components of the innate
immune system, protecting against pathogens and maintaining tissue homeostasis. They
exhibit remarkable phenotype plasticity in response to environmental stimuli to execute a
diverse range of immune functions. M1 macrophages, classically activated by
lipopolysaccharides (LPS) or interferon (IFN) v, have enhanced microbicidal capacity by
producing reactive oxygen species (ROS) and pro-inflammatory cytokines, whereas M2
macrophages, alternatively activated by interleukin (IL)-4, display anti-inflammatory
properties and promote tissue remodeling for resolution of inflammation (7). Metabolic
transitions in monocytes and macrophages can dictate their inflammatory responses by
producing energy and substrates to fulfill their functional requirements in response to the
environment (8,9). Altered or dysregulated monocyte/macrophage metabolism and

function are associated with chronic inflammation, elevated oxidative stress, and a
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variety of metabolic diseases such as atherosclerosis and obesity (10—12). In vitro and
animal studies have demonstrated the effect of n-3 LC-PUFA in reversing macrophage
defects in inflammation-associated pathological conditions by improving oxidative stress
status (13) and phagocytosis of apoptotic cells (14,15).

However, clinical studies examining the effect of n-3 LC-PUFA supplementation on
targeted serum inflammatory markers and their gene expression in peripheral blood have
generated inconsistent results, and the underlying mechanisms of the in vivo effects have
yet to be fully characterized (16,17). Several studies have assessed the effect of
combinations of n-3 LC-PUFA (i.e. EPA + DHA) in peripheral blood mononuclear cells
(PBMC) using transcriptomic approaches and suggested their immunomodulatory role in
oxidative stress, cell cycle, and inflammation (18-21). We have previously shown in
individuals with chronic inflammation that 3 g/day supplementation with EPA and DHA
differentially modulated inflammatory response of monocytes that were isolated from
peripheral blood and stimulated with LPS in vitro (manuscript in revision; chapter 2). To
gain a more comprehensive insight of the monocyte cellular processes modulated by EPA
and DHA, we performed transcriptomic analysis on freshly isolated monocytes sampled
at baseline and after 10 weeks of supplementation with EPA and DHA. Based on the
monocyte sex dimorphism previously described on the baseline samples (manuscript

submitted; chapter 3), sex-specific gene alterations by EPA and DHA were assessed.

4.3 Patients and Methods

Study design and participants
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This study is part of a randomized, double-blind, crossover clinical trial (registered at
ClinicalTrials.gov as NCT02670382) designed to assess the individual effects of EPA
and DHA on inflammation in individuals with chronic low-grade inflammation (Chapter
2, manuscript submitted). Briefly, after a 4-week lead-in phase during which participants
were given 3 g/day high oleic acid sunflower oil, they were randomly assigned to receive
either 3 g/day pure EPA (> 97%) or pure DHA (> 97%) for 10 weeks and then switched
to the other supplementation for another 10 weeks, with a 10-week washout phase in
between. The high oleic acid sunflower oil was given during the lead-in phase with the
dual purpose of assessing the compliance of participants and excluding a potential bias
resulting from taking 3 g/day of fatty acids in addition to their usual diet. The 4"-week at
the end of the lead-in phase was considered as baseline. Participants were men and
postmenopausal women aged 50-75 years with chronic inflammation, defined as serum
high-sensitivity C-reactive protein (hs-CRP) > 2 pug/mL, fasting plasma triglyceride (TG)
concentrations 90-500 mg/dL, and at least one of the following characteristics: 1)
abdominal obesity (waist circumference > 102 ¢cm in men and > 89 cm in women), ii)
hypertension (blood pressure > 130/80 mmHg or use of anti-hypertensive drugs), and iii)
fasting plasma glucose concentrations > 100 mg/dL. Participants 1) taking fish oil- or
EPA/DHA-containing supplements or consuming a high-fish diet, ii) taking anti-
inflammatory or anticoagulant medications, or iii) having any major metabolic disease
(e.g. type 2 diabetes, kidney or liver disease, cardiovascular disease [CVD], etc.) were
excluded. Nine men and 12 postmenopausal women completed the study with a dropout
rate of < 15%. All participants signed written informed consent, and the study protocol

was approved by the Tufts Health Sciences Institutional Review Board.
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Blood collection, monocyte isolation, and RNA extraction

Twelve-hour fasting venous blood was collected in sodium citrate Vacutainer Cell
Preparation Tubes (Becton Dickinson, Franklin Lakes, NJ) for PBMC isolation at
baseline and the end of each supplementation. Monocytes were further isolated by a
negative selection method using antibody-coupled magnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany). Total RNA was extracted from monocytes using
QIAshredder and RNeasy Mini kits, followed by on-column DNA digestion using
RNase-free DNase (all from Qiagen, Hilden, Germany). The quality of RNA was

assessed using a Fragment Analyzer (Agilent, Santa Clara, CA).

RNA sequencing data generation, processing, and analysis

The RNA samples were used for RNA-Seq library using [llumina TruSeq stranded
mRNA kit (Illumina, San Diego, CA). Briefly, mRNA was enriched by polyA selection,
fragmented, and subjected to cDNA synthesis. The 3’ adenylates were added to the
double-stranded cDNA, followed by adaptor ligation, second strand removal, and
amplification. The size and molar concentration of resultant libraries were assessed using
a Fragment Analyzer (Agilent, Santa Clara, CA). Then, libraries were sequenced on an
Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA) with High Output V4 chemist
and 50 base-pair single-end reads format. Raw FASTQ data were processed for quality
control using FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc) and mapped
to the human genome (USC hg38) using HISAT v2.1 (www.ccb.jhu.edu/software/hisat/
index.shtml). The mapped reads were counted by featureCounts (subread.sourceforge.net).

Monocyte purity was assessed by cell-type-specific gene expression, leading to the

exclusion of 1 male and 4 female participants who displayed abnormally high counts of
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CD3 and CDS8 (markers for T cells), CD19 (a marker for B cells), and NCAM1 (a marker
for natural killer, or NK cells) in at least one of their samples. Therefore, samples from 8
men and 8 women were included in the analysis.

Differential expression analysis was performed in DESeq?2, a Bioconductor package
based on a negative binomial distribution (22). Raw count data were filtered based on a
minimum of 10 counts at least in 16 samples in each sex group and normalized using the
median of ratios method. At baseline and the end of each supplementation, sexually
differentially expressed genes were identified using Wald tests comparing the expression
of genes in women versus men with adjustment for phase, followed by the Benjamini-
Hochberg false discovery rate (FDR) method for multiple testing corrections (23). Within
each sex, differential expression attributable to EPA or DHA supplementation was
determined by the Wald tests with FDR correction comparing the expression of genes at
the end of each supplementation with baseline with adjustment for subject effect. Fold
change was calculated as a ratio of expression values i) in women versus men or ii) after
each supplementation versus baseline and then log2 transformed. Genes with FDR <0.1
were considered as significantly differentially expressed genes. The analysis was

performed using R 3.6.2.

Pathway analysis

To determine the biological pathways effected by 1) sex difference and ii) EPA or
DHA supplementation, we performed pathway analysis using Ingenuity Pathway
Analysis (IPA; v 9.0, Mountain View, CA). The z-score was calculated for each pathway
by matching the observed gene expression (up or down) and the literature-derived

direction of effect of the genes to the pathway (activating or inhibiting). Pathways with
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absolute z-score >2 and p <0.05, calculated by a right-tailed Fisher’s Exact Test, were
considered significant. Pathways with p <0.05 but with absolute z-score between 1 and 2

were also investigated.

Comparison with interferon signature genes

To examine how the IFN signaling pathways differed between male and female
monocytes at baseline and after EPA and DHA supplementation, we compared the
monocyte sex-biased genes (p <0.05) to a set of genes that were recently demonstrated to
be upregulated by IFN in mouse macrophages (MF-ISGs, n=601) (24,25). Briefly, among
the genes induced by IFNa with >2-fold increase and FDR <0.1 in at least one cell type
of mouse immune cell lineages obtained from the InmGen project (24), the genes that
were upregulated (>1-fold, FDR <0.1) in macrophages, in particular, were defined as
macrophage-specific ISGs (25). Before comparisons, these genes were translated to the
human orthologs using ENSEMBL BioMart data mining tool (26). Among 489 MF-ISGs

that had human orthologs, 437 genes were expressed in our monocyte samples.

4.4 Results
Characteristics of study participants at baseline

As per the inclusion criteria, all participants had chronic low-grade inflammation as
demonstrated by a median hs-CRP concentration of 3 pg/mL (Table 4.1). Based on their
mean BMI and waist circumference, participants were also at high risk for diabetes and
cardiovascular disease (CVD) (27). Baseline characteristics, including inflammatory
markers and immune cell indices, were similar between men and women, except for

diastolic blood pressure which was lower in women than men (p <0.02).
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Modulation of monocyte transcriptional sex dimorphism by EPA and DHA

We have previously shown a significant sex dimorphism of the monocyte
transcriptome at baseline, including the upregulation of genes involved in IFN signaling,
in monocytes isolated from women relative to men (N=19, chapter 3). After excluding 3
additional participants due to the inclusion of other blood-borne cell types into their
monocyte samples, the transcriptional sex dimorphism was still present at baseline and
was maintained after supplementation with EPA and DHA (Fig. 4.1). At baseline and
after EPA and DHA supplementation, the number of genes differentially expressed by
sex at FDR <0.1 was 30, 27, and 23, respectively (Supplementary Table 4.1). When
genes were selected based on p <0.05, 726, 815, and 684 genes were differentially
expressed at baseline and after EPA and DHA supplementation, respectively (sex-biased
genes; Fig. 4.2A, Online Appendix 4). While most of the sexually differentially
expressed genes (FDR <0.1) found across the phases were X- or Y-linked except for Fc
fragment of IgG receptor IIb [FCGR2B], more than 90% of the sex-biased genes (p
<0.05) were autosomal (93.4%, 93.3%, and 93.4% at baseline and the end of EPA and
DHA supplementation, respectively). This suggests that the sex difference in monocyte
transcriptome may be broader than that resulting from sex chromosome-linked genes.

IPA pathway analysis of the sex-biased genes showed that the female bias in monocyte
IFN signaling previously observed at baseline remained after EPA, but not DHA
supplementation (Chapter 3, Supplementary Table 4.2). Moreover, when the sex-biased
genes were compared with the previously identified macrophage-specific IFN signature
genes (i.e. MF-ISGs, n=601) (25), the MF-ISG genes that were sex-biased were 61

(61/726=8.4%) at baseline and 62 (62/815=7.6%) after EPA supplementation, but a
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smaller number of MF-ISGs overlapped with the sex-biased genes after DHA

supplementation (32/684=4.7%).

Sex-specific alteration in monocyte gene expression profile caused by EPA and DHA

Given the significant influence of sex on monocyte transcriptome, we performed
DESeq?2 differential expression analysis (FDR <0.1) in men and women separately,
comparing the expression of genes after each supplementation with baseline. One gene
was significantly downregulated after DHA supplementation in women (CD300A4, log>
fold change= -0.24, FDR=0.048), while no genes were differentially expressed after EPA
supplementation in either sex.

To better understand the biological pathways and/or functions affected by overall
changes in the whole monocyte transcriptome during each supplementation phase, we
used IPA analysis on the sets of genes that were differentially expressed at p <0.05 post
EPA and DHA supplementation, relative to baseline (Online Appendix 5). As shown in
the Venn diagrams comparing the numbers of differentially expressed genes (p <0.05) by
fatty acid and sex (i.e., EPA in men, n=602; EPA in women, n=422; DHA in men,
n=439; and DHA in women, n=615), both EPA and DHA supplementation had
substantially differential effects in men and women with only a small number of genes
shared by both sexes (Fig. 4.2B). In addition, EPA and DHA had both common and
distinct effects in men and women (Fig. 4.2C).

IPA analysis showed that EPA supplementation, in men but not women, significantly
altered the expression of genes involved in cell survival and proliferation, relative to the
chronic inflammatory status at baseline, by upregulating P2Y purinergic receptor

signaling, relaxin signaling, G beta gamma signaling, ephrin receptor signaling, and
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AMP-activated protein kinase (AMPK) signaling as well as downregulating ceramide
signaling. The affected pathways share a core set of differentially expressed genes that
comprise G protein signaling pathways mediated by protein kinase B (PKB, or Akt) and
protein kinase A (PKA): AKT serine/threonine kinase 3 [A4K73], cyclic AMP (cAMP)
responsive element binding protein 1 [CREB!], Fos proto-oncogene [FOS], G protein
subunit beta 5 [GNBJ5], G protein subunit gamma 11 [GNG1 1], protein kinase cAMP-
dependent type 1 and 2 regulatory subunit beta [PRKARIB; PRKAR2B], and protein
kinase C theta [PRKCQ] (Table 4.2). In contrast, in women, EPA significantly
downregulated the expression of genes associated with mitochondrial oxidative
phosphorylation (OXPHOS), relative to baseline (Table 4.2).

The downregulation of monocyte OXPHOS was also observed after DHA
supplementation in both men and women (Table 4.3, Fig. 4.3), with a lowered expression
of genes encoding respiratory complexes of the OXPHOS system. DHA also upregulated,
albeit with 1< z-score <2, the expression of genes involved in xenobiotic metabolism aryl
hydrocarbon receptor (AHR) signaling in men, and the nuclear factor erythroid 2-related
factor 2 (NFE2L2, also called NRF2)-mediated oxidative stress response and sirtuin
signaling in women, both of which are related to antioxidant mechanisms against
oxidative stress (Table 4.3). In addition, there was a trend for DHA downregulating genes
related to protein translation: eukaryotic initiation factor 2 (elF2) signaling in men and
tRNA charging in women (Table 4.3). In women only, DHA downregulated the
expression of genes related to the liver X receptor/retinoid X receptor (LXR/RXR)

pathway that regulates cholesterol metabolism (Table 4.3).
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4.5 Discussion

We have investigated the changes in transcriptome profile of peripheral blood
monocytes effected by EPA and DHA supplementation in a randomized, double-blind,
crossover trial in individuals with chronic inflammation. While there have been several
investigations on the combined effect of n-3 LC-PUFA (i.e. EPA + DHA) on the PBMC
transcriptome (18-21), this is the first study comparing the effects of EPA and DHA on
the gene expression in monocytes, the key cells involved in systemic inflammation and
CVD pathogenesis. Our findings indicate that 3 g/day supplementation with EPA or
DHA for 10 weeks differentially affects monocyte gene expression, and some of these
changes are sex-specific.

The sex dimorphism of monocyte transcriptome previously reported at baseline
remained after supplementation with both EPA and DHA. However, while the female
bias in IFN signaling observed at baseline was conserved after EPA supplementation, it
was no longer present after DHA supplementation. This was mostly explained by a
reduced expression of the female-biased IFN signature genes in women after DHA
supplementation (data not shown). N-3 LC-PUFA have been reported to impair IFNy
receptor signaling in vivo in mouse peritoneal macrophages and splenocytes (28). In
particular, DHA has been shown to suppress lupus flares in mice by impeding IFN- and
chemokine-related gene expression (29).

Changes in the monocyte transcriptome profile indicated that EPA supplementation
induces differential effects in men versus women. EPA, in men but not women, affected a
variety of pathways that are involved in cell proliferation, survival, and apoptosis as well

as differentiation, specifically in monocytes and macrophages. In monocytes and
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macrophages, some of these pathways (e.g. P2Y purinergic receptor-, relaxin-, and
ephrin-mediated signaling) have been demonstrated, mostly in vitro, to improve
chemotactic activity during differentiation and thus, the clearance of apoptotic cells (30—
33). In terms of inflammation, the EPA-induced modulations appear to have conflicting
implications: both the pathways generally known pro-inflammatory (i.e. thrombin and G
beta gamma signaling) and those with anti-inflammatory function (i.e. relaxin and AMPK
signaling) were upregulated while pro-inflammatory ceramide signaling was
downregulated. However, the common set of differentially expressed genes shared
among these affected pathways characterizes G protein signaling mediated by Akt and
cAMP/PKA that has been shown to regulate macrophage functional phenotype with anti-
inflammatory and/or pro-resolution properties (34—37). Taken together, the in vivo impact
of these EPA-induced changes in monocytes in the context of chronic inflammation in
men needs further investigation.

Significant changes in the expression of genes encoding mitochondrial OXPHOS,
characterized by lower expression of the respiratory complex subunits of the electron
transfer chain (ETC), were observed after supplementation with EPA in women only and
after DHA in both men and women (Table 4.2 and 4.3, Fig. 4.3). OXPHOS is the
mitochondrial metabolic process that produces adenosine triphosphate (ATP) through a
transfer of electrons from nicotinamide and flavin adenine dinucleotide (NADH and
FADH>) to oxygen (38). Increases in OXPHOS and subsequent excess ROS production
have been documented in in vivo immune cells under pro-inflammatory conditions such
as bone marrow cells from the atherosclerosis-susceptible ApoE” mice (39) and

monocytes isolated from CVD patients (40), relative to their respective controls. Based
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on these observations and the fact that our participants had chronic inflammation with a
high risk of diabetes and CVD, it is likely that their monocyte OXPHOS was over-
activated at baseline. Therefore, the downregulation of OXPHOS after EPA and DHA
supplementation may suggest normalization of monocyte metabolism, suggestive of
reduced inflammatory status.

We also showed a trend towards upregulation in the genes related to antioxidant
defense systems, including NRF2, sirtuin, or AHR signaling, by DHA, but not EPA, in
both men and women. These results are in agreement with the recent findings of
enhanced NRF2- or PPARa-mediated oxidative stress response (19,20) and antioxidant
gene expression (41) in PBMC from individuals at high CVD risk following n-3 LC-
PUFA supplementation. Also, the N-formylmethionine-leucyl-phenylalanine (fMLP)
signaling that is involved in pro-inflammatory chemokine signaling and ROS production
(42) was downregulated by DHA in men. The upregulation of the pathways with
antioxidant functions, synergistically with the downregulation of OXPHOS, suggests an
ability of DHA to control monocyte ROS levels, and thus potentially regulate
inflammatory signaling. Moreover, DHA reduced the expression of genes related to
protein translation: elF2 signaling in men and tRNA charging in women. The
downregulation of protein synthesis, especially via elF2 signaling suppression, could be
another mechanism of regulating oxidative stress as part of the unfolded protein response
(43) by alleviating endoplasmic reticulum (ER) stress through reduction of protein load
and prevention of protein misfolding in the ER (44—46). However, we cannot exclude the

possibility that the downregulation of protein synthesis was the consequence of lowered
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energy metabolism, as shown by the OXPHOS downregulation, in response to the
reduced energy demands for pro-inflammatory monocyte activities (47,48).

In addition, the downregulation of the LXR/RXR pathway by DHA in women, with a
reduction in the expression of acetyl-CoA carboxylase [ACACA], phospholipid transfer
protein [PLTP], and stearoyl-CoA desaturase [SCD], is possibly due to direct binding of
DHA to LXR (49-51) or activation of PPAR by DHA that competes with LXR for
heterodimer formation with RXR (52—54), both leading to LXR inhibition.

Overall, our findings indicate that supplementation with EPA, but not DHA, induced
differential effects on monocyte gene expression in men and women: EPA showed a
unique effect in men by modulating a distinct set of pathways compared with the EPA
effect in women of downregulating mitochondrial OXPHOS. Sex differences in the effect
of EPA have also been reported in two large clinical trials using EPA alone, the Japan
EPA Lipid Intervention Study (JELIS) (55) and the Reduction of Cardiovascular Events
with Icosapent Ethyl-Intervention Trial (REDUCE-IT) (56). Both trials have reported a
significant CVD risk reduction following EPA supplementation but indicated greater
effectiveness of the supplementation in men than women.

In summary, monocytes are an essential component of innate immunity and precursors
of macrophages that are involved in a variety of pathological inflammatory diseases,
hence, are an important therapeutic target. Despite the exploratory approach and small
sample size, a strength of the present study is the analysis of monocyte- and sex-specific
transcriptomic changes resulting from EPA and DHA supplementation. Our data suggest
that EPA may have different immunomodulatory effects in monocytes in men and

women by promoting cell proliferation and differentiation/polarization in men but



117

reducing OXPHOS in women. In contrast, DHA has a relatively similar pattern of
monocyte gene modulation in men and women, implying an improvement of ROS
control through downregulating OXPHOS and increasing antioxidant capacity. Future
studies are needed to further examine the sex-dependent effect of EPA and DHA in
monocytes and macrophages with a focus on metabolic reprogramming and

characterization of monocyte phenotype and function.
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Table 4.1 Baseline characteristics of study participants.
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Men Women
(n=8) (n=8) P
Age, years 59+6 64+5.5 0.12
Body mass index, kg/m? 30.2+3.1 329+7.7 0.36
Waist circumference, cm 108 =10 96+ 16 0.08
Systolic blood pressure, mmHg 129+ 7 126 + 28 0.79
Diastolic blood pressure, mmHg 86+4 73+ 14 0.02
Fasting TG, mg/dL 134 + 50 144 + 54 0.72
Fasting blood glucose, mg/dL 99+9 101 £38 0.57
Total leukocyte count, 1000/uL. 6.1 £0.8 56+1.8 0.48
Lymphocyte proportion, % of leukocytes 28+ 6 31+£8 0.41
Monocyte proportion, % of leukocytes 80£1.9 7.5+19 0.70
Serum inflammatory markers
Hs-CRP7*, pg/mL 3.0+£23 3.1+£25 0.14
TNF-a, pg/mL 2.10+0.44 2.53+0.61 0.13
IL-617, pg/mL 0.83+0.51 0.73+£0.61 0.79
MCP-1, pg/mL 288 + 98 264 + 82 0.60

Data are presented as means = SD or tmedians + interquartile ranges. Hs-CRP, high-sensitivity

C-reactive protein; TG, triglycerides.

* Log-transformed data were used due to the skewed distribution of the values.
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Figure 4.1. Sex dimorphism in monocyte transcriptome. Principal component analysis
(PCA) of male and female peripheral blood monocytes of (n=24 each; green and pink)

obtained at baseline and after supplementation phases.
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Supplementary Figure 4.1. Sex-specific effects of EPA and DHA supplementation on
monocyte transcriptome. Heatmaps of (A) male-specific differentially expressed genes (p
<0.05) by EPA (left; n=602) and DHA (right; n=415) and (B) female-specific
differentially expressed genes (p <0.05) by EPA (left; n=422) and DHA (right; n=615).
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5.1 Research Summary

The very-long-chain n-3 polyunsaturated fatty acids (n-3 LC-PUFA) eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), have long been believed to have anti-
inflammatory and cardioprotective properties based on evidence from some
epidemiological and mechanistic studies (1-3). The purported mechanisms include the
ability of n-3 LC-PUFA to function as signaling molecules per se, altering gene
expression via membrane-associated and/or intracellular receptors like peroxisome
proliferator-activated receptors (PPAR) (4) and G protein-coupled receptor (GPR) 120
(5). In addition, n-3 LC-PUFA-derived lipid mediators can counterbalance the activities
of pro-inflammatory mediators derived from n-6 FA (6), with particular subsets of these
mediators, called specialized pro-resolving lipid mediators (SPM), promoting the
resolutive process of inflammation (7). However, the anti-inflammatory and
cardioprotective effects of n-3 LC-PUFA have been challenged in some studies that have
predominantly used a mixture of EPA and DHA in varying doses and ratios (8,9). The
significantly reduced CVD risks shown in recent two large clinical trials evaluating EPA-
only therapies (i.e. the Japan EPA Lipid Intervention Study [JELIS] (10) and the
Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention Trial [REDUCE-
IT] (11)) underscores the need to investigate the unique effects of EPA and DHA and
their respective mechanisms of action. Some in vitro studies have shown higher efficacy
of DHA than EPA in suppressing pro-inflammatory cytokines (12) and differential
regulation of transcriptome by EPA and DHA in THP-1 monocytes (13). We have also
previously reported that, in peripheral blood mononuclear cells (PBMC), distinct

biological pathways are regulated after supplementation with EPA and DHA (14).
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The overall objective of this thesis was to determine the common and distinct effects
of EPA and DHA supplementation in modulating both systemic and cellular
inflammation, specifically in blood monocytes, the key cell type involved in the
pathogenesis of atherosclerosis, and identify the mechanisms involved. This objective
was addressed in a randomized, double-blind, crossover study where participants with
chronic inflammation received 3 g/day purified EPA and DHA for 10 weeks, separated
by a washout phase. Systemic markers of inflammation and monocyte inflammatory
response to lipopolysaccharides (LPS) were assessed at baseline and the end of each
supplementation phase (Aim 1, Chapter 2). To better understand the underlying
mechanisms, the effects of EPA and DHA on plasma PUFA-derived lipidome profile,
including specialized pro-resolving lipid mediators (SPM) (Aim 2, Chapter 2), and

monocyte transcriptome (Aim 3, Chapter 4) were examined.

Initially, we assessed the effects of EPA and DHA on high-sensitivity C-reactive
protein (hs-CRP), pro-inflammatory cytokines tumor necrosis factor (TNF)-a, interleukin
(IL)-6, and monocyte chemoattractant protein 1 (MCP-1), and anti-inflammatory
cytokine IL-10 (Chapter 2). We found that serum concentrations of these markers,
relative to baseline, were not significantly affected by EPA and DHA (Table 2.2A).
However, EPA and DHA significantly modulated the LPS-stimulated monocyte
inflammatory response, but differently (Fig. 2.1; Supplementary Fig. 2.2): EPA lowered
only TNF-a expression whereas DHA suppressed the expression of all pro-inflammatory
cytokines but also the anti-inflammatory IL-10. This resulted in EPA lowering the gene
expression ratios of TNF-a/IL-10 and MCP-1/IL-10, compared with baseline, with no

significant effect of DHA on these ratios. To examine a potential role of lipidome
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changes in mediating the differential effects of EPA and DHA on the monocyte
inflammatory response, we measured plasma concentrations of the lipid mediators and
SPMs derived from EPA, DPA, DHA and AA at baseline and the end of the
supplementation phases (Table 2.2B). Despite overall low detection of SPM end
products, we found that EPA enhanced the EPA-derived lipidome containing the E-series
resolvin (RVE) precursor 18-hydroxy EPA (HEPE) and lowered some of the n-6 AA-
derived mediators. DHA had a wider effect by increasing not only DHA-derived lipid
mediators but also those derived from the other n-3 LC-PUFAs, EPA and DPA, and
reducing a greater number of n-6 AA-derived mediators. Signatures of plasma PUFA
SPM lipidome, each of which represents the lipidome derived from DHA/DPA, AA, and
EPA, respectively, were extracted by principal component analysis (PCA) (Fig. 2.2). An
exploratory mediation analysis showed that changes in distinct PUFA lipidome signatures
during EPA or DHA supplementation, at least in part, mediated the supplementation
effect on LPS-induced monocyte cytokine expression (Table 2.3). The TNF-o-lowering
effect of EPA was partly (44%) mediated by the significant increases in the EPA-derived
mediators, whereas the TNF-a suppression by DHA was, at least in part (19%), mediated
by the reductions in AA-derived mediators, rather than the increases in DHA/DPA or
EPA derivatives. In contrast, the IL-6 and MCP-1 suppression by DHA were partly
mediated by the changes in DHA/DPA (39%) and AA (67%), respectively. Taken
together these data suggest that EPA and DHA not only differentially mitigate monocyte
inflammatory response in subjects with chronic inflammation, but also that they exert, at

least in part, these effects on monocytes by differentially changing the plasma lipidome.
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We then sought to investigate the effects of EPA and DHA supplementation in
monocytes by determining changes in the transcriptome and identifying biological
pathways affected. During our analysis of the data, we observed clear evidence of sex
dimorphism of the monocyte transcriptome at baseline, as evidenced by PCA (Chapter
3). Forty-one genes were found to be differentially expressed (false discovery rate [FDR]
< 0.1) between men and women at baseline (Fig. 3.1). The genes with higher expression
in monocytes from women than men (n=22) include genes involved in immune cell
activation (CEACAM 1, FCGR2B, and SLAMF'7) and antigen recognition/presentation
(AIM2, CDIE, and UBAI), suggesting that the steady-state innate immune system is
more primed in women than men. Pathway analysis of the genes with sex-biased
expression (p <0.03, n=565) identified 11 pathways upregulated in women relative to
men, most of which were involved in the immune and inflammatory response (Table 3.2).
Of these, female bias in interferon (IFN) signaling was the most significant. The
contribution of IFN signaling to sex differences was further confirmed by the comparison
between the monocyte sex-biased genes and the previously-documented macrophage-
specific IFN signature genes (MF-ISG) (15,16). Most of the overlapping genes
(48/54=89%) were female-biased (Fig. 3.2), and the overall fold change distribution of
MF-ISG was skewed toward the female side compared to all other genes (Fig. 3.3). Of
particular relevance, the MF-ISG involved in antiviral effector response showed the most
significant female bias followed by those encoding inflammatory mediators (Fig. 3.4).
These results indicate a more enhanced monocyte IFN signaling in women than in men

with chronic inflammatory status at baseline. These differences in monocyte
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transcriptome possibly explain the well-characterized sex differences in rates of

autoimmune diseases (17) and viral infections (18).

Given the observed sex differences at baseline, the effects of EPA and DHA
supplementation on monocyte transcriptome were examined separately in men and
women (Chapter 4). Following identification of sex-biased genes at baseline and at the
end of each supplementation, pathway analysis indicated that the upregulation of IFN
signaling observed in women compared to men at baseline remained after
supplementation with EPA, but not DHA (Supplementary Table 3.2). When we assessed
the effect of EPA and DHA supplementation in men and women separately, differential
expression analysis comparing post-supplementation with baseline identified only 1 gene
that was downregulated (FDR <0.1) by DHA in women, but none by EPA. To better
understand the biological processes affected by the changes in the whole transcriptome,
we performed exploratory pathway analysis using the sets of genes differentially
expressed at p <0.05 by EPA or DHA supplementation, compared with baseline, in men
and women (Table 3.2 and 3.3). EPA supplementation showed differential effects in men
and women: EPA promoted pathways involved in monocyte/macrophage proliferation
and differentiation in men while downregulating mitochondrial oxidative phosphorylation
(OXPHOS) in women. The OXPHOS was also downregulated by DHA supplementation
in both men and women. DHA, in both men and women, also upregulated intracellular
signaling related to antioxidant defense, including the nuclear factor erythroid 2-related
factor 2 (or NRF2) and aryl hydrocarbon receptor (AHR) signaling, and downregulated

protein translation. These results suggest that EPA and DHA have distinct
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immunomodulating effects on monocyte transcriptome, and some of these effects are sex-

dependent, particularly for EPA.

5.2 Discussion

Collectively, results from this thesis demonstrate that 3 g/day EPA and DHA
supplementation for 10 weeks improve monocyte inflammatory status in individuals with
chronic inflammation in a distinct manner by affecting different sets of biological
pathways. Our findings indicate that some of these effects are possibly accomplished, at
least in part, through alterations in the n-3 and n-6 PUFA SPM lipidome.

The monocyte inflammatory profile is dynamically modulated by a balance between
pro- and anti-inflammatory responses. Active processes of inflammation resolution
following an acute inflammatory response, in addition to suppression of the ongoing
inflammatory response (i.e. anti-inflammation), are critical to retain homeostasis and
prevent the chronic inflammation associated with various pathological conditions (19).
Our findings suggest that EPA supplementation improves monocyte inflammatory status,
when LPS-stimulated, by effectively balancing the expression of pro-inflammatory
cytokines with that of the anti-inflammatory cytokine IL-10, despite a modest
suppression of the pro-inflammatory cytokines. According to the exploratory mediation
analysis, this effect may be at least partly mediated by the augmented profile of EPA
downstream lipid metabolites including 18-HEPE, the RvE precursor. This supports the
anti-inflammatory actions of EPA-derived lipid molecules (e.g. 18-HEPE and 5-HEPE)
observed in animal disease models (20-23), further suggesting their composite in vivo

role in inflammation. However, in freshly isolated, unstimulated monocytes, EPA
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modulated the overall gene expression profile toward upregulating proliferation and
differentiation in men and downregulating mitochondrial OXPHOS in women, which
implies distinct effects of EPA by sex. Especially, EPA induced unique changes in
monocytes from men, not shared by DHA. The pathways affected by EPA have common
functions related to cell proliferation, survival, and apoptosis and, specifically within the
context of monocytes and macrophages, determination of functional phenotypes during
differentiation. They have been shown in monocytes and macrophages in vitro to enhance
adhesive characteristics (24-26), which are essential for differentiation/maturation, and
promote phagocytosis of apoptotic cells (24,25) and tissue repair after injury (27). While
the EPA-induced changes in some of these pathways may suggest pro-inflammatory
effects, it is notable that some of these pathways, e.g., AMPK signaling and P2Y'1
purinergic receptor- and relaxin-mediated signaling, have been shown to promote
macrophage polarization toward the anti-inflammatory and pro-reparative M2-like
functional phenotype (24,25,28,29). However, the in vivo influence of these changes in
monocytes in the context of chronic inflammation needs to be further studied. The
observed sex difference in the EPA effect in modulating monocyte transcriptome is in
accordance with clinical observations from the JELIS (10) and REDUCE-IT (11) trials
that indicated greater effectiveness of EPA for CVD prevention in men than women.
Taken altogether, it can be speculated that EPA is beneficial in high-CVD-risk
individuals, especially in men, who possibly have an inflammation resolution deficit by
helping monocytes gain a phenotype with anti-inflammatory and pro-resolving activities.
In contrast, DHA supplementation was effective in modulating monocyte-associated

inflammation by attenuating LPS-induced inflammatory response through strong
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suppression of a wide range of pro-inflammatory cytokines but also resulted in the
downregulation of the anti-inflammatory cytokine IL-10. We found that the suppression
of multiple distinct cytokines by DHA was partly mediated by the DHA-induced changes
in various subgroups of PUFA derivatives. In freshly isolated monocytes, DHA showed
similar effects on the transcriptome profile in men and women. Most striking was the
downregulation of OXPHOS system in both men and women. Based on the evidence of
increased OXPHOS rates in in vivo monocyte/macrophages under pro-inflammatory
environments shown in other studies (30—32), it can be assumed that our study
participants’ monocytes had an activated OXPHOS at baseline due to their chronic
inflammation. The lowered OXPHOS by DHA in men and women, and by EPA in
women, then suggests a ramping-down of the activated monocyte energy metabolism due
to the reduction in energy demands required for inflammatory cell proliferation and
signaling. In addition, DHA affected pathways related to antioxidant mechanism by
upregulating the AHR- or NRF2-mediated signaling that regulates transcription of key
antioxidant and detoxifying enzymes that can counteract the deleterious effects of ROS
(33). Also, the inhibition of elF2-mediated protein synthesis by DHA, known as an
adaptive stress response, may prevent additional oxidative stress resulting from protein
misfolding and spare OXPHOS from energy and ROS production (34,35). The
downregulation of OXPHOS, a major source of ROS production, by DHA would work
synergistically with the other concomitant changes for a better control of monocyte ROS
production related to pro-inflammatory responses. This is to some extent in agreement
with the strong effect of DHA in suppressing pro-inflammatory cytokine expression in

monocytes when LPS-activated.
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In summary, this thesis showed that EPA and DHA exert different immunomodulatory
effects on monocytes in subjects with chronic inflammation and that there are potential
sex differences in their effectiveness. The cardioprotection by EPA-only supplementation
observed in the JELIS and REDUCE-IT trials, which is in contrast to the conflicting
findings for the combinations of EPA and DHA (10,11), supports the need for therapeutic
approaches differentiating EPA and DHA for disease prevention and more specifically

for CVD.

5.3 Considerations and Future Directions

This work is not without limitations. First, the transcriptome and lipidome analyses
provide a comprehensive but descriptive assessment of the supplementation effects.
Alterations in gene expression do not necessarily translate to changes in protein
expression and function. In regard to lipidome assessment, the inability of our assay to
detect low-level SPM products limits our understanding of the effect of supplementation
on the SPM biosynthetic pathways and the role of SPM on biological pathways. The
small sample size may have limited our ability to assess the effects of EPA and DHA.
However, the crossover design of our study allowed for a reduction in bias related to
genetic and environmental variability among participants.

By integrating the changes induced in plasma PUFA lipidome and monocyte gene
expression after each supplementation, our exploratory mediation analysis identified a
potential composite role of PUFA lipid mediators on monocyte-associated inflammation.
Further in vitro work assessing the effect of EPA, DHA and their respective downstream

lipid mediators is needed for the mechanistic understanding of our findings. Though our
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transcriptomic analysis indicated a strong sex-specific effect of EPA and DHA in
monocytes, this sub-analysis was completed on 8§ participants in each sex. Future work on
EPA or DHA treatment should attempt to consider sex dimorphism and replicate this
analysis in a larger cohort. Our work also suggested a close link between mitochondrial
energy metabolism and ROS control in determining monocyte phenotype in chronic
inflammation. To dissect the mechanisms involved in the EPA or DHA-induced
monocyte metabolic reprogramming, additional work should aim to perform a detailed
characterization of cell phenotype and function, together with an evaluation of cellular
metabolism and redox homeostasis. Qur work provides strong evidence that future
clinical studies should consider the sex- and fatty acid-dependent effect of n-3 LC-PUFA

to promote health and prevent diseases.
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Appendix



A.1 Detailed Methods

A.1.1 PBMC and Monocyte Isolation and Monocyte Culture

Materials and Equipment:

Cell Preparation Tubes (CPT) (BD, 362761)

12 well plates, (Costar #3513)

Corning Disposable 500 mL sterile filter system (Fisher, 357105)
Refrigerated centrifuge (Sorvall Legend Mach 1.6R)
Microcentrifuge

COz cell incubator

Water bath

Microscope

Automated cell counter (Moxi)

Sterile Hood (The Baker Company, SG403A)
Vacuum with pump

Carbon Dioxide (Airgas, CD USP 50)

Reagents:

1xPBS-1%BSA buffer

Cell culture media (RPMI, FBS, P/S, HEPES)
Monocyte isolation buffer (1xPBS-0.5%BSA)
Freezing buffer (90% FBS, 10% DMSO)

LPS from E. coli O111:B4

Pre-Preparation: CO» incubator

Ensure that humidity tray is filled with copper sulfate solution.
Check CO» tank to ensure gas will be adequate for the duration of the experiment.

Morning Protocol: Disinfection

Wipe Down with 70% Ethanol

Sterile hood

Drawer handles

Refrigerator/Freezer handles

Microscope

Centrifuge buttons and lid

Incubator door

Water Bath buttons and lid

Any racks, plastic containers, thermometers that will go into water bath
Any bench tops that will be used to place tubes containing the cells
Centrifuge buckets and inserts.

Put down new bench-coat by the centrifuge before each new experiment.
Clean water bath.
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Pre-Experiment:

1.

(98]

Turn off UV light. Wipe the following with 70% alcohol using kimwipe
Interior surfaces of sterile hood

(6) 15 mL conical tubes. (Label tubes with HNRC#, then #1-#6)
(4) 50 mL conical tubes (for 1X PBS)

Large bottle for waste

Pipet Aid

Microcentrifuge tube rack

Set water bath to 37°C.

Set the centrifuge to 22°C.

Place 50 mL aliquots of PBS-1% BSA at room temperature. Return tubes to
sterile hood when at room temperature.

PBMC Isolation (USE STERILE TECHNIQUE)

Retrieve 9 CPT tubes from MRU immediately after blood draw. Ensure that the CPT
tubes have been inverted §-10 times prior to centrifugation.

Note “Start Time” when blood tubes are brought into lab (see Testing Logs):

Preparation of cell layers for wash:

1.

Let tubes sit on lab bench next to centrifuge 10-15 minutes until no longer warm
to the touch. Must be ambient temperature.

Take out 1X PBS-1% BSA to reach room temperature.

3. Invert CPT tubes again 8-10 times prior to centrifugation.

Centrifuge at 1600 x g for 20 min at 22°C.

If cell layer is not completely separated, the CPT tubes may be spun up to
additional 10 minutes (DO NOT exceed a 30 minute total spin).

5. Bring CPTs into the sterile hood.

Aspirate and discard approximately 5 ml of the top layer (plasma) from all CPT
tubes using the Pipet Aid and a 10 mL serological pipet, without disturbing the
cell layer (off-white, just above the gel).

Collect the PBMC layer above the gel from 8 CPT tubes as follows: collect
PBMC layer from 2 CPT tubes using P1000 micropipette, and transfer into a
single sterile 50 ml conical tube. Repeat for the six remaining CPT tubes. Total =
4 x 50ml conical tubes for first wash. For tube 9, collect PBMC Layer into 1 15
mL tube.



153

First PBMC wash:

8.

10.

Bring volume of 50 ml tubes up to 30 mL with room temperature sterile 1X PBS-
1% BSA using Pipet Aid and 10 mL serological pipet. Bring volume of 15 ml tube
up to 15 mL with room temperature sterile 1X PBS-1% BSA.

Pipette up and down using Pipet Aid and 10 mL serological pipet to mix, cap
tubes, invert 5 times.

Centrifuge tubes at 200 x g for 10 min at 22°C.

Second PBMC wash:

11.

12.

13.

14.
15.

16.
17.

18.

19.

Using the Pipet Aid and a 10 mL serological pipette, discard as much supernatant
as possible from tube without disturbing pellet. Repeat this step with P1000 pipet
and discard any remaining supernatant.

Using a P1000 pipet add 1 mL sterile 1XPBS-1%BSA to tube and pipet up and
down to re-suspend cells in 50 mL tubes. Combine cells from 2 50 mL tubes into
1 50 mL tube . Total =2 x 50 mL tubes.

Using the P10 micropipette, remove 10 pL from each tube and dilute 1:30 (in
290 pL of cell culture media) in order to get a cell count for each of the 4 S50mL.
conical tubes.

Using the cell counter, count cells in the middle square and any four other

squares. To get the total number of cells in the 50 mL conical tube, calculate the
mean number of cells in one square, multiply by 10,000, then multiply by dilution
factor (30), and lastly multiply by the total volume that the cells are suspended in.
Alternatively, use the Moxi automated cell counter. To get the total number of
cells in the SOmL conical tube, place 75uL. of cells on cassette and measure.
The number Moxi provides will need to be multiplied by the dilution factor
(30) and the volume of cells.

Add sterile 1XPBS -1% BSA to bring volume to 30 mL. Mix 5 times.

Resuspend pellet in 15 mL tube with 1 mL sterile 1XPBS-1%BSA and bring to
15 mL final volume with sterile 1XPBS-1%BSA.

Centrifuge at 200 x g for 10 min at 22°C.

Re-suspend the pellet of 50 mL tubes in the appropriate volume of Monocyte
isolation BSA buffer. To determine the appropriate amount to re-suspend the
pellet in, calculate 30 uL of buffer for each 107 cells, and multiply that by 2. Re-
suspend the pellet in tube 1 in calculated amount, transfer its entirety into tube 2,
and mix.

Resuspend cell pellet of 15 mL tube into 100 uL of 1XPBS-1%BSA and aliquot in
to 3 1.5 ml tubes (1= 40 pL for future RNA isolation [freeze as is]), and 2 tubes of
30 pL for FACS [in 90% serum and1 10% DMSO).

Take out LPS stock solution and sterile PBS from freezer.
Prepare ice for keeping monocyte isolation BSA buffer.
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Monocyte Isolation (USE STERILE TECHNIQUE)

Follow Miltenyi'’s procedure for pan monocyte isolation (use the buffer provided by
Miltenyi (PBS-0.5% BSA). Buffers and reagents should be at 4 °C.

1.
2.
3.
4.

10.

11

12.
13.
14.

Wet the pre-separation filter with 500 uL of buffer and discard buffer.
Place cells in the filter reservoir and collect cell flow through in conical tube.

Remove filter reservoir from conical tube.

Add 10 uL FcR Blocking Reagent for each 107 cells by using 200uL pipette and
pipetting directly into cell flow though.

Add 10 uL of Biotin-Antibody Cocktail for each 107 cells by using 200uL pipette
and pipetting directly into cell flow though.

Mix well and incubate for 5 min in refrigerator.

Add 30 uL of buffer for each 107 cells by using 200uL pipette and pipetting
directly into cell flow though.

Add 20 ul of Anti-Biotin Microbeads for each 107 cells by using 200uL pipette
and pipetting directly into cell flow though.

Mix well and incubate for 10 min in refrigerator.
During this time, prepare LPS+ media and control media.

A. Obtain LPS stock solution (stock solution is 1 mg/mL in endotoxin-free sterile
water; made several aliquots of 100 pL each and stored at -20 °C). Prepare similar
aliquots of endotoxin-free sterile water without LPS to use as control. Always use
the same LPS and control for the same subject.

B. Dilute LPS stock (1 mg/mL) 1:100 to 10 ug/mL (e.g. add 10 uL of LPS stock
to 990 uL of sterile PBS, mix).

C. Make “LPS+” media (in a 15 mL conical tube):
i. 2.0 mL cell culture media
ii. 2.66 uL diluted LPS (use filtered pipette tips)

D. Make “Control” media (n a 15 mL conical tube):
iii. 2.0 mL cell culture media
iv. 2.66 uL sterile PBS (use filtered pipette tips)

. Place MS column on magnetic field of MACS separator, with wings facing the

front.

Rinse column with 500 uL buffer and discard buffer.

Apply cells suspension to column and collect the flow-through.
Wash the column 3 X with 500 uL buffer and collect flow-through.
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15. Count cells (dilution 1:5 (Cells: PBS) using Moxi. If Moxi reads “Error; High
Concentration”, re-dilute the cells 1:10.

16. Calculate the volume needed for 2.1 x 10° cells and centrifuge at 300 x g for 10
min at 22 C. Re-suspend pellet cell culture media to a final volume of 525 mL.

17. The remaining cells should be divided into 2 tubes: 1 with 2 x 10° cells and the
other with remaining cells, Both tubes should be centrifuged at 1,500 RPM and
the supernatant discarded. The tube with 2 x 10 cells should be immediately
frozen for future RNA isolation and the other resuspended in 90% FBS-10%
DMSO and immediately frozen for future analysis (make note of number of cells
on the vial).

Monocyte Culture (USE STERILE TECHNIQUE)

Cell Culture Media Preparation — keep sterile, store at 4°C; use within one week.

*Media is enough for 7-8 patient samples.
Into a sterile 50 mL conical tube, add:
e 40 mL RPMI media

e 4.456 mL heat-inactivated Fetal Bovine Serum (FBS)

e (.456 mL HEPES buffer (1M)

e (0.456 mL Pen-Strep

e Label tube “PUFA LPS Media” on cap and on tube. Initial and date the tube.

Note: RPMI has a built in color indicator. When the solution changes color to a
harsh pink, the pH has changed and the solution is bad. Only use RPMI that has a
red-orange color. Discard bad media and do not use.

Cell Culture Procedure

1. In the cell culture hood, label 1 of the wells of al2-well culture plate as
control and 1well as LPS+, and include patient/visit information, e.g.:

Control Patient ID LPS +
Visit #
(empty)
2. Add 750 puL of “Control” media to the “Control” well.
3. Add 750 pL of the “LPS+” media to the “LPS+” wells.

4. Add 250 uL of the 525 mL of cells prepared above (step 6¢) to each well for a
final volume of 1 mL per well (use filtered pipettes; change pipettes between
each well).

5. Gently move side to side and backward to forward plate to mix. Place in
incubator for 4 hours +/- 5 minutes.
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4 hour Post Test

1.

hd

Collect supernatant from cell culture plate (No longer need to keep sterile).

. Remove culture plate from incubator, gently swirl the plate to mix, place on ice.

2
3.
4

Scraper the bottom of each well with a cell scraper.

. With a transfer pipette, collect the entire sample (~1ml) from each well into a

fresh labeled 1.5 mL chilled eppendorf tube.
With additional 100 pL of 1XPBS, collect the cells remaining on the plate.

Label each tube with the patient ID number, and label the tubes containing LPS
with a “+” on the side and on the cap.

Spin tubes at 1000-1500 rpm for 5 minutes at 4 °C.

Aliquot ~500 pL of supernatant samples into four chilled (2 tubes for control and
2 for LPS, cell medium should be divided equally between the tubes), 1.5 ml twist
top storage tubes. Use pre-printed labels on tubes.

Collect cell pellet into in RNAase free microfuge tubes. Use pre-printed labels on
microcentrifuge tubes. Freeze immediately at -80°C.

10. Freeze supernatant immediately, upright in -80°C freezer.



157

A.1.2 RNA Extraction from Monocytes with DNA Digestion

Kits/Reagents:
e RNeasy Mini Kit (Qiagen 74104)
¢ QIAshredder (Qiagen 79654)
e RNase-Free DNase Set (Qiagen 79254)

Pre-Experiment:

1. Clean working area and all tools/instruments with RNase Zap or 70% ethanol.
2. Keep samples on ice.

Purification of Total RNA

1. Loosen the cell pellet thoroughly by flicking the tube. Add 350 pL. of Buffer RLT
(added 10 pL. B-ME per 1 ml Buffer RLT). Vortex or pipet to mix.

2. Homogenize the lysate by pipetting the lysate directly into a QIAshredder spin
column placed in a 2 ml collection tube, and centrifuge for 2 min at full speed.

3. Discard the QIAshredder spin column and keep the homogenized lysate. Add 350
uL of 70% ethanol to the homogenized lysate, and mix well by pipetting. Do not

centrifuge.

4. Transfer up to 700 pL of the sample, including any precipitate that may have
formed, to an RNeasy spin column placed in a 2 ml collection tube (supplied).
Close the lid gently, and centrifuge for 15 s at > 8,000 x g (10,000 rpm). Discard
the flow-through. Reuse the collection tube.

Note: After centrifugation, carefully remove the RNeasy spin column from the
collection tube so that the column does not contact the flow-through. Be sure to
empty the collection tube completely.

5. Add 700 pL Buffer RW1 to the RNeasy spin column. Close the lid gently, and
centrifuge for 15 s at > 8,000 x g (= 10,000 rpm) to wash the spin column
membrane. Discard the flow-through. Reuse the collection tube in the following
step.

6. Add 500 pL Buffer RPE to the RNeasy spin column. Close the lid gently, and
centrifuge for 15 s at > 8,000 x g (> 10,000 rpm) to wash the spin column
membrane. Discard the flow-through. Reuse the collection tube in the following
step.

7. Add 500 pL Buffer RPE to the RNeasy spin column. Close the lid gently, and
centrifuge for 2 min at > 8,000 x g (= 10,000 rpm) to wash the spin column
membrane.

Note: Ensure that no ethanol is carried over during RNA elution. Residual ethanol
may interfere with downstream reactions.

8. Place the RNeasy spin column in a new 1.5 ml collection tube (supplied). Add 35
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uL RNase-free water directly to the spin column membrane. Close the lid gently,
and centrifuge for 1 min at > 8,000 x g (> 10,000 rpm) to elute the RNA.

9. Measure RNA concentration using the Nanodrop.

On-Column DNA Digestion
Instead of the step 5 of total RNA purification:

1. Add 350 pl Buffer RW1 to RNeasy column, close lid, centrifuge for 15 s at >
8,000 x g (10,000 rpm). Discard flow-through.

2. Note: DO NOT VORTEX the reconstituted DNase 1.

3. Add 10 pl DNase I stock solution to 70 pl Buffer RDD. Mix by gently inverting
the tube. Centrifuge briefly.

4. Add DNase I incubation mix (80 pl) directly to RNeasy column membrane, and
place on benchtop (20-30°C) for 15 min.

5. Add 350 pl Buffer RW1 to RNeasy column, close lid, centrifuge for 15 s at >
8,000 x g (10,000 rpm). Discard flow-through.
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A.1.3 Reverse Transcriptase PCR

Materials and Equipment:

Sterile PCR tubes

96-well PCR plate

Optical Adhesive Film
Thermal Cycler (AB 9700)
PCR instrument (AB 7300)
1.5ml tube

Kits/Reagents:

SuperScript™ IIT First-Strand Synthesis System (Invitrogen 18080051)
o 10 mM dNTP mix

Random hexamers (50 ng/ul)

DEPC-treated water

10xRT buffer

25 mM magnesium chloride

0.1 MDTT

RNaseOUT (40 U/uL)

SuperScript III RT (200 U/uL)

E. coli RNase H (2 U/uL)

Primers

Ix Tris-EDTA

SYBR Green PCR Master Mix (Qiagen)

RNase-free water

@)
@)
@)
@)
@)
@)
@)
@)

Reverse Transcription

1.

Determine an amount of RNA to use: (total RNA amount)/(a number of samples):
0.2 or 0.3 ug RNA

Prepare RNA/Primer mixture in sterile PCR tubes as follows:
(Mix and briefly spin each component before use)

RNA (0.3 ug) 300 + X (ng/ul) = XX ul
10 mM dNTP 1ul
Random hexamer 1 ul
DEPC H,O Up to 10 ul
Total 10 ul

[cDNA-1] in AB9700: Incubate at 65 °C for 5 minutes, then place in ice for 1
minute
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4. Prepare Reaction mix as follows: for each sample * a number of samples (X)

10xRT buffer 2ul *X
25 mM MgCl, 4ul *X
0.1 MDTT 2ul * X
RNase OUT lul *X
Superscript II1 RT lul*X
Total 10ul *X

* Keep ‘Superscript IIl RT’ and ‘RNase OUT" in a freezer as long as possible.

5. Add 10 ul of the Reaction mix to each RNA/Primer mixture. Mix gently and spin
briefly.

6. [exp003] in AB9700: Incubate at 25 °C for 10 minutes and then, at 42 °C for 2
minutes.

7. Add I ul of RNase H to each tube (now, 21 ul in each tube)

8. [cDNA-3] in AB9700:

9. Proceed to PCR or freeze at — 20 °C.

Real-time PCR
1. Reconstitute a 10x QuantiTect Primer Assay:
a) Briefly centrifuge/spin the vial
b) Add 1.1 ml TE (pH 8.0) and mix by vortexing the vial

cf. TE = H,0O 10 ml
10 mM Tris (pH 8) 100 ul
1 mM 0.5 EDTA  20ul

2. Set up for a 96-well plate: for each type of primer * X (a number of wells to use)

Reaction mix 125ul * X
RNase-free H,O S5ul*X
cDNA (diluted) S5ul*X
Primers 25ul* X
Total 25ul * X

*cDNA 1:5 dilution — 21 ul cDNA + 80 ul H>O
* X = 3 (for triplicate) * [n+1] (including NTR) +1

3. Seal the plate with optical (PCR grade) adhesive film and centrifuge at 1000 x g
for 1 minute a 4°C.

4. Run the plate.
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A.2 Abstracts

A.2.1 Differential Effects of DHA and EPA Supplementation on Serum
Inflammatory Markers and Blood Monocyte Inflammatory Response in Subjects
with Chronic Inflammation

Jisun So!?2, Dayong Wu??>, Alice H. Lichtenstein'?, and Stefania Lamon-Fava!-?
yong

!Cardiovascular Nutrition Laboratory, J]M USDA HNRCA, Tufts University, Boston,
MA; *Friedman School of Nutrition Science and Policy, Tufts University; *Nutritional
Immunology Laboratory, J]M USDA HNRCA, Tufts University, Boston, MA.

Presented in Vascular Biology, Boston, MA, May 14, 2019
Published in Arteriosclerosis, Thrombosis, and Vascular Biology 2019,39:4227

Background: The anti-inflammatory effects of fish oil containing docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) have been extensively studied. However, the
distinct mechanisms by which DHA and EPA modulate inflammation are not well
characterized. The aim of this study was to compare the effects of DHA and EPA
supplementation on serum concentrations of inflammatory cytokines and on the
inflammatory response of peripheral blood monocytes in subjects with chronic
inflammation.

Methods: Twenty-one subjects (9 men and 12 women, age 50-75 y) with chronic
inflammation (hsCRP>2 pug/mL) were enrolled in a randomized, controlled crossover
trial consisting of a 4-week lead-in control phase (high oleic acid sunflower oil, 3 g/d)
followed by two sequential 10-week supplementation phases with EPA or DHA (3 g/d
each) separated by a 10-week washout phase. Serum concentrations of pro- and anti-
inflammatory cytokines were determined by electrochemiluminescence (ECL) assay.
Following blood monocyte isolation by indirect magnetic labeling and LPS stimulation,
gene expression and secretion of cytokines were assessed by qPCR and ECL,
respectively.

Results: Relative to the control phase, DHA supplementation reduced the LPS-
stimulated gene expression of pro-inflammatory 7NFA (median % change: -45%,
P<0.001), IL6 (-51%, P=0.049), MCP1 (-28%, P=0.03) as well as anti-inflammatory
IL10 (-33%, P=0.012) and secretion of TNF-a (-41%, P=0.02), MCP-1 (-29%, P=0.004),
and IL-10 (-47%, P=0.046) in monocytes. On the other hand, EPA supplementation
increased serum concentrations of IL-10 (+14%, P=0.046) and lowered only TNFA
expression (-20%, P=0.03) in monocytes. When compared to EPA supplementation,
DHA decreased serum concentrations of MCP-1 (P=0.03) and MCP-1 secretion
(P=0.047) in monocytes, while lowering /L 10 expression (P=0.03).

Conclusions: High-dose supplementation with EPA and DHA differently modulate the
balance between pro- and anti-inflammatory cytokines in serum and blood monocytes in
subjects with chronic inflammation. While DHA inhibits a broader range of pro- and anti-
inflammatory cytokines, EPA has a relatively minor role in lowering pro-inflammatory
cytokines but preserves the anti-inflammatory IL-10.
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A.2.2 Effect of EPA and DHA Supplementation on Plasma Concentrations of
Specialized Pro-resolving Lipid Mediators and their Association with Blood
Monocyte Inflammatory Response in Subjects with Chronic Inflammation

Jisun So!2, Nirupa R. Matthan'2, Krishna Rao Maddipati®, Alice H. Lichtenstein!?,
Dayong Wu?*, and Stefania Lamon-Fava'?,

!Cardiovascular Nutrition Laboratory, J]M USDA HNRCA, Tufts University, Boston,
MA; ?Friedman School of Nutrition Science and Policy, Tufts University; *Department of
Pathology, Lipidomics Core Facility, Wayne State University, Detroit, MI; “Nutritional
Immunology Laboratory, JM USDA HNRCA, Tufts University, Boston, MA.

Presented in Vascular Biology, Boston, MA, May 14, 2019
Published in Arteriosclerosis, Thrombosis, and Vascular Biology 2019,39:4607

Background: N-3 fatty acid-derived specialized pro-resolving mediators (SPMs),
including the recently discovered docosapentaenoic acid (DPA) metabolites, have been
shown to promote the resolution of inflammation in animal studies. However, their role
in inflammation in humans has not been determined. We evaluated the effect of EPA and
DHA supplementation on plasma SPMs and the resulting impact on the inflammatory
response of peripheral blood monocytes.

Methods: Twenty-one subjects (9 men and 12 women, 50-75 y) with chronic
inflammation (hsCRP>2 pg/mL) were enrolled in a randomized, controlled, crossover
trial consisting of a 4-week lead-in control phase (high oleic acid sunflower oil, 3 g/d)
followed by two sequential 10-week supplementation phases with EPA or DHA (3 g/d
each) separated by a 10-week washout phase. Plasma phospholipid (PL) fatty acid profile
and SPMs, including their precursors, were determined by gas chromatography and liquid
chromatography-tandem mass spectrometry, respectively. The LPS-induced
inflammatory response of blood monocytes was assessed by qPCR.

Results: EPA increased PL EPA (P<0.001) and plasma concentrations of 18-HEPE, the
precursor of the E-series resolvins (RvEs) (P<0.001). The increase in plasma 18-HEPE
concentration was associated with the increase in PL EPA (f=14.9 pg/ml, P=0.003).
However, RvVEs were undetectable. DHA increased PL DHA and plasma concentrations
of 17-HDHA and 14-HDHA, the precursors of DHA-derived SPMs (£<0.001). DHA also
significantly increased PL EPA and 18-HEPE (P<0.001), suggesting some DHA
retroconversion to EPA. DHA also increased the DPA-derived RvD5,.3 ppa and MaR 1,3
ppa (P<0.001) despite a reduction in PL DPA (P<0.001). In monocytes, both EPA and
DHA lowered the LPS-induced expression of TNFA (P=0.03 and P<0.001, respectively),
and TNFA expression was inversely correlated with plasma MaR 1.3 ppa (p=-0.32,
P=0.036).

Conclusions: Relative to EPA, DHA supplementation results in the increase of a broader
range of SPMs, including those derived from DPA. Higher plasma concentrations of
MaR 1.3 ppa following EPA and DHA supplementation are associated with an attenuated
inflammatory response in blood monocytes, suggesting a potential role of this SPM in
reducing inflammation.
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Objectives: Despite extensive works on the cardioprotective effects of fish oil containing
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), the distinct mechanisms
by which DHA and EPA modulate inflammation and plasma lipids are not well
characterized. We compared the effects of DHA and EPA supplementation on serum
cytokines and blood monocyte inflammatory response and on blood lipids in subjects
with chronic inflammation.

Methods: Twenty-one subjects (9 men and 12 women, 50-75 y) with chronic
inflammation (CRP>2 pg/mL) were enrolled in a randomized, controlled crossover trial
consisting of a 4-week lead-in control phase (high oleic sunflower oil, 3 g/d) followed by
two sequential 10-week supplementation phases with pure DHA or EPA (3 g/d each)
with a 10-week washout in between. Serum concentrations of cytokines were determined
by electrochemiluminescence (ECL) assay. Following lipopolysaccharides (LPS)
stimulation of blood monocytes, gene expression and secretion of cytokines were
assessed by qPCR and ECL. Plasma lipid concentrations were measured by enzymatic
assays.

Results: Relative to the control phase, DHA reduced the LPS-induced gene expression of
pro-inflammatory 7NFA (median % change: -45%, P<0.001), IL6 (-51%, P<0.05), MCP1
(-28%, P<0.04) as well as anti-inflammatory /210 (-33%, P<0.02) and the secretion of
TNF-a (-41%, P<0.02), MCP-1 (-29%, P<0.01), and IL-10 (-47%, P<0.05) in
monocytes. On the other hand, EPA increased serum concentrations of IL-10 (+14%,
P<0.05) and lowered only TNFA expression (-20%, P<0.03) in monocytes. When
compared to EPA supplementation, DHA decreased serum concentrations of MCP-1
(P<0.03), and monocyte MCP-1 secretion (P<0.05) and /L 10 expression (P<0.04).
Regarding plasma concentrations of lipids, relative to the control phase, both DHA (-
16%, P<0.001) and EPA decreased triglycerides (-22%, P<0.001) while only DHA
increased LDL-cholesterol (+7%, P<0.02).

Conclusions: DHA and EPA differently modulate the balance between pro- and anti-
inflammatory cytokines in serum and blood monocytes in subjects with chronic
inflammation. While DHA inhibits a broad range of pro- and anti-inflammatory
cytokines, EPA has a relatively minor role in lowering pro-inflammatory cytokines but
preserves the anti-inflammatory IL-10. DHA, but not EPA, increases LDL-cholesterol.
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Objectives: The role of n-3 fatty acid-derived specialized pro-resolving mediators
(SPMs), including the novel docosapentaenoic acid (DPA) products, in reducing
inflammation in humans has not been determined. We evaluated the differential effects of
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) supplementation on
plasma SPMs and the resulting impact on the inflammatory response of peripheral blood
monocytes.

Methods: In a randomized, controlled, crossover trial, 21 subjects (9 men and 12 women,
50-75 y) with chronic inflammation (C-reactive protein> 2 ng/mL) entered a 4-week
lead-in control phase (high oleic sunflower oil, 3 g/d) and then two sequential 10-week
supplementation phases with pure EPA or DHA (3 g/d each), separated by a 10-week
washout phase. Plasma phospholipid (PL) fatty acid composition and SPMs, including
their precursors, were measured at the end of each phase. Following lipopolysaccharides
(LPS) stimulation, the inflammatory response of blood monocytes was assessed by
inflammatory gene expression.

Results: EPA increased PL EPA (P<0.001) and plasma concentrations of 18-HEPE, the
precursor of the E-series resolvins (RvEs) (P<0.001). The increase in plasma 18-HEPE
concentrations, was associated with the increase in PL EPA (f=14.9 pg/ml, P<0.01).
However, RvEs were undetectable. EPA increased PL DPA but not DPA-derived SPMs.
DHA increased PL DHA and plasma concentrations of 17-HDHA and 14-HDHA, the
precursors of DHA-derived SPMs (P<0.001). DHA also significantly increased PL EPA
and 18-HEPE (P<0.001), suggesting some DHA retroconversion to EPA. Interestingly,
DHA lowered PL DPA (P<0.001) but increased the DPA-derived SPMs RvD5,.3 ppa and
MaR 1,3 ppa (P<0.001). In monocytes, while both EPA and DHA lowered the LPS-
induced expression of TNFA (P<0.03 and P<0.001, respectively), TNFA expression was
inversely correlated with plasma concentrations of MaR 1.3 ppa (p=-0.32, P<0.04).

Conclusions: Relative to EPA, DHA supplementation increases a broader range of
SPMs, with EPA and DHA differentially affecting PL DPA and DPA-derived SPMs.
Plasma concentrations of MaR 1,3 pra following EPA and DHA supplementation are
associated with an attenuated inflammatory response in blood monocytes, suggesting a
potential role of this SPM in reducing inflammation in humans.



