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Abstract: Identifying metabolic signatures induced by the immune response to vaccines
allows one to discriminate vaccinated from non-vaccinated subjects and decipher the
molecular mechanisms associated with the host immune response. This review illustrates
and discusses the results of metabolomics-based studies on the innate and adaptive im-
mune response to vaccines, long-term functional reprogramming (immune memory), and
adverse reactions. Glycolysis is not overexpressed by vaccines, suggesting that the im-
mune cell response to vaccinations does not require rapid energy availability as neces-
sary during an infection. Vaccines strongly impact lipids metabolism, including saturated
or unsaturated fatty acids, inositol phosphate, and cholesterol.'Cholesterol is strategic for
synthesizing 25-hydroxycholesterol in activated macrophages and dendritic cells and sti-
mulates the conversion of macrophages and, T cells in M2 macrophage and Treg, respec-
tively. In conclusion, the large-scale application of. metabolomics enables the identifica-
tion of candidate predictive biomartkers of vaccine €fficacy/tolerability.

Keywords : Metabolomics, vaccines, metabolic reprogrammingitrained immunity, system vaccinology, immune

cells.

1. INTRODUCTION

Over the past decades, the rapid evolution of cutt-
ing-edge techniques, e.g., genomics, proteomics, and
metabolomics, has considerably expanded our @inders-
tanding of the immune-mediated protection triggered
by vaccines. The activity of the immune cells'is orches-
trated by two hallmarks, namely epigenetic remodeling
and metabolic reprogramming, which'are closely relat-
ed to each other; they are the mainstays for developing
effective and safe vaccines [1]. Both innate and adap-
tive immunity equally contribute to the effectiveness
of vaccines. On the one hand, the immune adaptative
memory is activated by permanent genetic changes due
to gene rearrangement. Activated B cells promptly dif-
ferentiate into antibody-producing plasma cells or
long-lasting memory B cells; similarly, activated CD8"
T lymphocytes differentiate into memory T cells [2].
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On the other hand, innate immune cells, including
monocytes, macrophages, dendritic cells (DCs), yoT
cells, and natural killers (NKs), are mediators of a non-
specific immune memory in response to vaccines or
pathogens [3]. This innate immune memory, also
termed trained immunity, depends on transcription fac-
tors, epigenetic reprogramming, and metabolic rewir-
ing but not on permanent genetic changes [4]. Trained
immunity mediates the nonspecific protective effects
of various live vaccines against infections other than
the target diseases; examples include the bacillus Cal-
mette-Guérin (BCG) vaccine, the oral polio vaccine,
the smallpox vaccine, and the measles vaccine [5, 6].
In immunocompromised or elderly subjects with im-
paired antibody production, trained immunity induced
by vaccination is crucial. In these subjects, adaptive im-
munity declined with advancing age, and thus the re-
sponse to vaccination may be inadequate; conversely,
trained immunity can guarantee effective protection in
fragile subjects, being less deteriorated [7].

Identifying metabolic and molecular signatures mir-
roring the immune response to vaccines and infections
has raised the interest of researchers, not only to dis-
criminate between vaccinated from non-vaccinated sub-
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jects but even to provide new insights into the molecu-
lar mechanisms associated with the host immune re-
sponse [8]. Recent in vitro studies based on cell culture
and conducted through innovative methods, including
extracellular flux analysis (EFA), stable isotope label-
ing metabolomics, and fluxomic elucidated the mech-
anistic basis of the immunometabolism [9]; in particu-
lar, metabolomics contributes to deciphering the im-
munometabolism enabling the identification and quanti-
fication of hundred metabolites by high-throughput se-
parative techniques, including liquid or gas chromatog-
raphy-mass spectrometry (LC-MS or GC-MS) and pro-
ton nuclear magnetic resonance (' H NMR) spectros-
copy, in conjunction with sophisticated software tools
for multivariate and univariate statistical analysis [10].
Thus, metabolomics may play a crucial role in deci-
phering molecular mechanisms of vaccine-induced im-
munity and identifying the individual metabotype.
Metabolomics may open new perspectives for develop-
ing tailored vaccines in specific categories of individu-
als, such as patients with autoimmune disorders, chil-
dren, pregnant women, and aged or very old subjects
[11].

This narrative review is focused on currently avail-
able literature reporting the use of metabolomics aloné
or in combination with other omics. Although the body
of literature is still limited, as reported in Table 1, we
aimed to identify the most relevant metabolites ‘and
metabolic pathways associated with the host response
to vaccines and involved in the activation<f'the innate
and adaptive immune response in the leng-term functio-
nal reprogramming (immune memory)‘and advetse,re-
actions.

1.1. Immune Cell Metabolic Reprogramming

The immune response is a complex, dynamic pro-
cess, including cellular activation,, immune memory
formation, inflammation, and return to the resting
state. Each phase requires specific metabolic demands
reflected by metabolic phenotypes resulting from the
activation of specific metabolic pathways. In innate
and adaptative immune cells, the transition from the
resting/quiescent stage to the activated stage, as well as
the long-term induction of immune memory, implies
the rearrangement

of metabolic pathways, termed metabolic repro-
gramming. Changes in cellular metabolism primarily
aim to provide increased energy demand for the im-
mune response to pathogens, vaccines, or environmen-
tal challenges. Further key tasks of metabolic repro-
gramming include the biosynthesis of metabolites act-
ing as signal molecules affecting pro- and anti-inflam-

Mussap et al.

matory mechanisms, immune cell differentiation, and
post-translational modifications, leading to changes in
gene expression and the modulation of cell apoptosis
and autophagy [12]. Metabolic pathways mainly in-
volved in the immune cells reprogramming are glycoly-
sis, pentose phosphate pathway (PPP), the tricar-
boxylic acid (TCA) cycle, oxidative phosphorylation
(OXPHOS), fatty acid oxidation (FAO), fatty acid syn-
thesis, and amino acid metabolism. Metabolic repro-
gramming activates different pathways depending on
the type of the immune cell response; during the proin-
flammatory immune response, metabolism switches to-
ward aerobic glycolysis and PPP, whereas anti-inflam-
matory immune cell subsets favour oxidative
metabolism (OXPHOS and FAO). The former allows
prompt ATP availability, increased NADPH produc-
tion, and nucleotide synthesis, generating, on the other
hand, high levels of cytosolic and mitochondrial reac-
tive oxygen species (ROS). The latter allows the pro-
longed survival of immume cells [13]. Metabolic repro-
gramming strongly affects‘epigenetic modifications by
at least three mechanisms (Figure 1): (a) enhanced gly-
colysis, with thesincreased availability of acetyl-CoA
(am ‘acetyl group donor) leading to histone acetylation;
(b) perturbation of the homocysteine-methionine cycle
withetheidecrease in S-adenosylmethionine (a methyl
group donor) leading to histone hypomethylation; (c)
alteration of the TCA cycle with the accumulation of
TCA intermediates modulating the activity of epigenet-
ic enzymes [14, 15].

Metabolic reprogramming has been extensively in-
vestigated in cells of the innate immune system, espe-
cially in macrophages and DCs. Metabolic rewiring
manages cell functions, such as cytokine synthesis and
phagocytosis. The rapid pro-inflammatory response to
lipopolysaccharides (LPS) in combination with inter-
feron-y (IFN-y) depicts the so-called macrophage
phenotype M1 (LPS- or IFN-y macrophages), marked
by the upregulation of aerobic glycolysis and PPP in
conjunction with the downregulation of FAO and OX-
PHOS and the activation of two breakpoints in the
TCA cycle. The resolution of inflammation and the re-
pair of tissue injuries leads to the anti-inflammatory
phenotype M2 (interleukin-4 macrophages), marked
by the TCA cycle and OXPHOS upregulation.

1.2. Glycolysis, Tricarboxylic Acid (TCA) Cycle,
and Oxidative Phosphorylation (OXPHO)

The activation of immune cells requires a rapid
bioavailability of energy; therefore, activated cells util-
ize glycolysis as the main metabolic pathway instead
of OXPHOS; the latter is conversely employed mainly
in the quiescent phase [12]. Glycolysis supports the
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response of the innate immune cells, memory forma-
tion, and recall response. Despite the considerable dif-
ference in energy production between glycolysis and
OXPHOS (36 and 2 ATP molecule r spectively), the
former is preferred during intense cell proliferation and
activation because of the instant availability of ATP,
even though in a small amount. Upon activation, gly-
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colysis predominates even in the presence of oxygen
availability (Warburg effect), providing biosynthetic in-
termediates for the synthesis of nucleotides, amino
acids, and fatty acids, which facilitate rapid cell
growth. Finally, glycolysis reduces NAD" to NADH,
an essential cofactor for many enzymes.

Table 1. Characteristics of the metabolomics-based studies included in this review.

Vaccine Vaccine |Subjects| Administration | Dose In-| Dose Sample Tim- | Analytical Plat- [Matrix|References
Type (n) Route jection | Timing [ing (Basal and form
After Injec-
tion)
Zostavax” (Herpes |Live attenu- 10 subcutaneous == |TO (basal), T1, LC-MS Plasma [30]
Zoster Virus) ated T3, T7, Tl4
days after
Hantavax (Yellow [Live attenu- 19 intramuscular 0-1-2-14 [TO (basal), 72h LC-MS Serum [29]
fever Virus) ated months |both from the
1" andsthe 2
dose
DVC-LVS® (Fran- |Live strain 10 scarification == |TO(basal), TI, LC-MS Plasma| [28, 49]
cisella tularensis) T2, T7, T14] LC-MS/MS
days after
CoronaVac (Sino- |Live attenu- 50 intramuscular 0-21,days|TO (basal), LC-MS Plasma [31]
vac") (SARS-- ated T21, T35 days
COv2) after
CoronaVac (Sino- |Live attenu- 30 intramuscular 0-30 days|44 days after LC-MS/MS  [Plasma [32]
vac”) (SARS-- ated
COv2)
BTN162b2" Viral 58 intramuscular 0-21 days|TO (basal), LC-MS Plasma [55]
(SARS-COvV2) mRNA T22, T90 days 'HNMR
after
BTN162b2° Viral 20 intramuscular 0-21 days|TO (basal), T7, 'H NMR Serum [56]
(SARS-COV2) mRNA T14, T21, T28,
T51 days after
Fluzone” (Seasonal |Live attenu- 11 intramuscular == [TO (basal), T1, LC-MS Plasma [27]
trivalent flu ated tri- T3, T7 days
2014-2015) valent after
Seasonal trivalent [Live attenu- 33 intramuscular == TO (basal), T2, LC-MS Plasma [48]
flu (2011-2012 ated tri- T7, T28 days
valent after
BCG-SSI” (Statens |Live strain 60 intradermal 1 4 weeks after | UPLC-MS/MS, [Plasma [50]
Serum Inst. Copen- GC-MS
hagen)
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Fig. (1). Relationships between the metabolic reprogramming 0f immune cells and epigenetic modifications. (4 higher resolu-
tion / colour version of this figure is available in‘the electronic copy of the article).

Several signaling pathway molecules promote, gly-
colysis, including the hypoxia-inducible /factor-1a
(HIF-1a), a key transcriptional factorginducing the
gene expression of interleukin 1 (IL-1)+16; 17] and the
expression of the induced nitri¢” oxide synthase (i-
NOS). The latter is an enzyme;generating nitric oxide
(NO) from arginine metabolism. The induction of
trained immunity by Candida albicans, the cell wall
component B-glucan, and the BCG activates glycoly-
sis, glutaminolysis, and oxidative phosphorylation in
trained and LPS-activated macrophages (M1
macrophages) with the accumulation of fumarate [18];
interestingly, some intermediate metabolites act as co-
factors by the epigenetic reprogramming of the
macrophages. The overexpression of glycolytic en-
zymes is mediated by histone modifications to unfold
the chromatin and facilitate the transcription of proin-
flammatory factors [19, 20].

Together with glycolysis, the PPP is a major path-
way for glucose catabolism. By the oxidative branch,
PPP generates NADPH, necessary for producing ROS

and anti-oxidant metabolites, such as glutathione; by
the non-oxidative branch, PPP generates the five-car-
bon sugar ribose-5 phosphate, which can be reversibly
converted into glycolytic intermediates. PPP is in-
volved in the synthesis of fatty acids (FAs) through the
production of NADPH and the formation of glycerol
3-phosphate from fructose 6-phosphate. PPP is con-
trolled by the enzyme carbohydrate kinase-like protein
(CARKL), which is highly expressed in M2
macrophages; the suppression of CARKL is linked to
the M1 macrophage phenotype [21].

The TCA cycle is a highly efficient metabolic path-
way generating ATP from pyruvate and FAs; in CD8"
T memory cells, this metabolic pathway is strategic
[22]. In activated immune cells, such as Ml
macrophages, the TCA cycle fragmentation is fol-
lowed by the accumulation of citrate and succinate. In
addition, the TCA cycle provides intermediary metabo-
lites for other metabolic pathways generating glucose
via glycolysis, amino acids, and lipids. However, inter-
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mediates must be replaced to ensure a seamless TCA
cycle; this activity is termed anaplerosis [23]. The ma-
jor anaplerotic enzyme is pyruvate carboxylase which
generates oxalacetate. Glutamine provides a-ketoglu-
tarate (0-KG) via glutaminolysis, and FAs provide
acetyl-CoA via -oxidation [24]. Glutaminolysis ana-
plerosis is crucial in trained immunity induction by his-
tone modification, as demonstrated by studies on
macrophages treated with -glucan [18] and by the fact
that inhibition of glutaminolysis or 0-KG generation
blocks trained immunity. Anaplerosis is associated
with the removal of intermediates from the cycle,
termed cataplerosis; in this way, the TCA cycle is bal-
anced between the inflow and output of intermediates.

1.3. Lipids and Lipid Metabolism

Lipid metabolism results from the balance between
lipogenesis (synthesis of lipid species, such as choles-
terol, fatty acids, and phospholipids) and lipolysis (the
breakdown of lipid species via FAO). Lipids play a
key role in the life cycle of immune cells as structural
components of biological membranes, sources of ener-
gy, and bioactive signaling molecules, also known as
lipid mediators. Thus, perturbations in lipid metabolic
pathways may induce detrimental effects on innate and
adaptative immune response, immune memory, cell
proliferation and differentiation, and survival. Lipid
mediators can be categorized into three main_classes,
namely class 1 eicosanoids, class 2 phospholipids and
sphingolipids, and class 3 omega-3 and omega-6 po-*
lyunsaturated fatty acids (PUFAs). Recentistudies have
elucidated and named a new class of molecules that,in-
hibit and resolve inflammation, the specialized pro-re-
solving mediators (SPMs) [25]. SPMs include lipoxins
and resolvins; during the acute inflammatory response,
they are enzymatically generated from essential FAs,
namely arachidonic acid, eicosapentaenoic acid, and
docosahexaenoic acid. After the activation of the im-
mune cell, lipid mediators are generated within lipid
droplets by either oxidative fragmentation of PUFAs
or enzymatic phosphorylation/dephosphorylation of
glycerophospholipids. Lipid droplets may be consid-
ered the first-line intracellular defense against patho-
gens, such as SARS-CoV-2, being critical components
of the metabolic reprogramming in innate immune
cells [26]. In particular, lipogenesis is an essential arm
of the metabolic reprogramming in M1 macrophages
and activated DCs, with the up-regulation of lipogenic
transcriptional factors, such as peroxisome prolifera-
tor-activated receptor y (PPARy), CD36, diacylg-
lycerol o-acyltransferase-1 (DGAT-1), and sterol regu-
latory element-binding protein-1 (SREBP-1).
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2. EXPLORING THE METABOLIC RESPONSE
TO VACCINES BY METABOLOMICS

Vaccines induce metabolic changes due to the inter-
play between the vaccine, the associated immune re-
sponse, and the gut microbiota. The latter is a powerful
driver of the immune response to vaccines by direct in-
teraction with immune cells and indirect effects mediat-
ed by critical metabolites generated by the overgrowth
of such gut bacterial strains [27]. When the gut micro-
bial ecosystem is imbalanced, e.g., following antibiotic
therapy, the metabolic response to vaccination is signif-
icantly altered. This effect was demonstrated in adults
vaccinated with the trivalent inactivated influenza
vaccine (Fluzone”) by comparing the serum
metabolome between adults treated with antibiotics
from 3 days before vaccination to one day after vacci-
nation with the serum metabolome of untreated individ-
uals [27]. Perturbations ifyserum metabolome induced
by vaccination peaked after one day, returning closely
comparable to that before vaccination within a very
shorte time. In_antibiotic-treated adults, metabolic
changes ‘Stayedlonger and were also recognized seven
days_(and more) after vaccination. To date, a limited
number of metabolomics-based studies on vaccinated
individuals ‘have been published; their main results,
consisting of the over- or under-expression of metabo-
lites and differentially abundant pathways at different
time points before and after vaccination, are sum-
marized in Tables 2-5.

2.1. Pyruvate and Lactate

Pyruvate is generated from extracellular glucose
through glycolysis. In M1 macrophages, pyruvate de-
riving from glycolysis does not enter the mitochondria
to undergo oxidation; instead, it is metabolized to lac-
tate. Data from the literature point out that various
vaccines induce the predominance of the TCA over gly-
colysis in conjunction with the depletion of pyruvate
and to a lesser extent, lactate (Table 2).

A reduction in pyruvate and lactate was observed in
subjects vaccinated against Francisella tularensis with
the DVC-LVS" vaccine [28]. Using an LC-MS tech-
nique and a targeted metabolomic approach, the au-
thors compared the metabolome of samples collected
before vaccination (baseline) with that of samples col-
lected 1, 2, 7, and 14 days post-vaccination. Pyruvate
decreased in samples collected after vaccination; how-
ever, the depletion was statistically significant (p <
0.05) only on the day after vaccination. The
metabolism of 2-oxocarboxylic acid is associated with
the most differentially abundant pathways; several
metabolites are involved in this pathway, such as pyru-
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vate, 2-oxobutanoate, oxaloacetate, and 2-oxoglu-
tarate. Since 2-oxocarboxylic acid metabolism repre-
sents a link between glycolysis and the TCA cycle, this
result confirms the TCA predominance at the expense
of glycolysis. Notably, several metabolites were found
to be linked to genes of innate and adaptive immunity
[28]. The assumption that TCA prevails over glycoly-
sis after vaccination is supported by results obtained in
a study on 20 healthy subjects vaccinated with four dos-
es of inactivated hantaviruses (Hantavax") against hem-
orrhagic fever with renal syndrome during 13 months
[29]. Hence, the 2-oxocarboxylic acid pathway was the
third-best-ranked pathway among the top twenty en-
riched Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways.

A study investigated the metabolic phenotype of
healthy adults vaccinated with the live attenuated virus
vaccine against Herpes Zosters (Zostavax') using an
untargeted high-resolution metabolomic approach [30].
After one day from the subcutaneous injection of the
vaccine, among the top 14 enriched KEGG pathways,
glycolysis was ranked 10", whereas TCA was the first.
This finding supports the conclusion that even in this
study, TCA was found to prevail over glycolysis.

The reduction in various TCA intermediates was ob-
served in blood samples of 50 healthy subjects vagci-
nated with CoronaVac (Sinovac®), an inactivated
vaccine against Severe Acute Respiratory «Syndrome
CoronaVirus 2 (SARS-CoV-2) [31]. Afterithe second
dose, pyruvate, lactate, and malate blood,levels signifi-
cantly decreased. The depletion of pyruvate and lactate
was negatively correlated with IgG levels 21 days.after
the first dose and 14 days after the second‘dose (Table
2). These findings suggested the primaryroleof vacci-
nation in promoting changes in energy-metabolism. In-
terestingly, a further study involving, 30-healthy indivi-
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duals vaccinated with CoronaVac (Sinovac”) found a
significant increase in serum levels of y-aminobutyric
acid (GABA) and its precursor glutamic acid after vac-
cination [32]. In particular, the significant increase in
GABA combined with the significant decrease in in-
dole exhibited a high diagnostic accuracy for discrimi-
nating non-vaccinated individuals from those receiving
two doses of vaccine. After the second dose, serum lev-
els of GABA and indole closely correlated with IgG
serum levels; GABA was positively correlated, and in-
dole negatively.

2.2. Citrate

Citrate is generated within the TC. . _y citrate syn-
thase from the aldol condensation of oxaloacetate and
acetyl-CoA. Due to the first break of the TCA cycle in
M1 macrophages and actiyated DCs, citrate accumu-
lates by the transcriptional repression of isocitrate dehy-
drogenase. A citrate«transporter exports citrate from
the mitochondria to=the cytoplasm, cleaving it into
acetyl-CoA andsoxalacetate. Acetyl-CoA is utilized for

wonlipogenesis, including FAs and cholesterol. FAs
are key components of cell membranes and precursors
of prostaglandin E2 (PGE2); cholesterol is essential for
cell proliferation and trained immunity [33, 34]. In ad-
dition, acetyl-CoA is utilized for the acetylation of his-
tones and non-histone proteins. Oxaloacetate is a
source of NADPH for the enzymes NADPH oxidase
and NO synthase, implicated in the production of ROS
and NO, both important against pathogens. Citrate also
generates itaconic acid, a metabolite having potent an-
timicrobial and bactericidal activities, antagonizing
oxidative stress and transcriptional responses to LPS
(anti-inflammatory phenotype) [35] and inhibiting nu-
cleotide-binding oligomerization domain-like receptor
protein 3(NLRP3) inflammasome [36, 37].

Table 2. Effects of vaccinations on energy metabolism and related metabolites (TCA, Tricarboxylic Acid Cycle; TNR,

timing not reported).

Metabolites and Pathways|Zostavax” [30][Hantavax® [29]] DVC-LVS® CoronaVac (Sinovac”) [31] CoronaVac (Sinovac®)
[28] [32]

Piruvate TT1 - | T1, T2, T7,T14 | T21 -
Glycolysis TT1 - - - -

Lactate - - | T1, T2, T7,T14 1 T21 -

TCA cycle 1 T1, T3 T TNR - - -

Citrate 1Tl - 1 TIl, T2, T7, T14 1 Tl; | T21 -

Succinate - - - | Tl TTL*

Malate - - - - -

* After the second dose
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In Zostavax"-vaccinated subjects, the TCA cycle
was the most significantly enriched pathway discrimi-
nating the metabolic phenotype between pre- and post--
vaccination. TCA involvement was confirmed by tran-
scriptomics performed in peripheral blood mononu-
clear cells after three days from vaccination; TCA was
still upregulated after three days (p < 0.05) [30]. Al-
though not statistically significant, an increase in cit-
rate was found in DVC-LVS" vaccine recipients start-
ing at time point 1/0 and reaching a maximum14 days
after vaccination [28] (Table 2).

In subjects vaccinated with CoronaVac (Sinovac"),
blood citrate levels were significantly different be-
tween pre- and post-vaccination. In particular, citrate
significantly increased 14 days after the first dose (p <
0.001) and then decreased 21 days after the second
dose [31]. Regrettably, as observable in the plot report-
ed in that study, the broad data dispersion within and
outside the interquartile range after vaccination limits
the strength and the value of the result. In immunized
individuals, citrate was found to be significantly higher
than in individuals infected with SARS-CoV-2. This
finding was recently confirmed in a study on 30
healthy adults vaccinated with CoronaVac (Sinovac”)
[32] (Table 2).

2.3. Succinate

Succinate has long been known as a marker of in-
flammation and oxidative and metabolic sttess; Due to
the second breakpoint in the TCA cyele of Ml
macrophages and activated DCs, suceinate accumu-
lates within mitochondria, and then it is exported, into
the cytoplasm by the decarboxylate carrier<SL( - A10,
wherein it stimulates the production of LL-1f uuough
the stabilization of HIF1a. Furthermore, the oxidation
of succinate by the enzyme succinate dehydrogenase is
associated with the production of ROS, which further
stabilizes HIF1c¢ -} 8, 39]. However, other metabolic
pathways can promote the accumulation of succinate,
including glutaminolysis anaplerosis via the GABA
shunt. Even itaconate induces succinate accumulation
by inactivating the enzyme succinate dehydrogenase.
Succinate, 0-KG, 2-hydroxyglutarate, and fumarate are
crucial for the induction of trained immunity-regulat-
ing genes implicated in epigenetic remodeling. The ra-
tio succinate/a-KG is important for determining the
macrophage phenotype: M1 (pro-inflammatory) when
the ratio is high and M2 (anti-inflammatory) when low
[39, 40]. In DCs, succinate cooperates with Toll-Like
Receptors (TLRs) to synthesize cytokines and en-
hances the ability of DCs to present antigens to the
TLR, positively affecting adaptive immunity as well.
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The pro-inflammatory effects of succinate appear to be
associated with HIF1a in DCs as well [41].

In subjects vaccinated with CoronaVac (Sinovac®),
succinate blood level decreased after the first dose and
returned to the baseline level after the second dose
[31]. Conversely, succinate and succinate semialde-
hyde were found to increase after vaccination in the se-
cond study on CoronaVac (Sinovac®) [32]. However, it
must be emphasized that in the study by Wang et al.
[31], the presence of outliers in samples collected be-
fore and after vaccination makes questionable the con-
clusion that the CoronaVac (Sinovac”) vaccination in-
duces significant changes in succinate concentration;
rather, the elimination of outliers, clearly evident on
the graph reported in that paper, invalidate the signifi-
cant differences between time points. Similarly, in the
study of He et al. [32], data are widely spread outside
the interquartile range, as, clearly recognizable in the
plot reported in that study. It is reasonable to assume
that in the absence of rebust data, succinate cannot be
significdntly influeficed by the CoronaVac (Sinovac"®)
vaccine.“In subjects vaccinated against F. tularensis
with DVC-LVS", no difference was observed after vac-
cination both{for malate and succinate [28] (Table 2).

2.4. Fatty Acids

EAs are the primary fuel source for immune cell
gfowth and differentiation and for building the cell
membrane structure. Both effector T cells and
macrophages utilize FAs for the activation of process-
es triggering adaptive and innate immunity. In Ml
macrophages and DCs, FAs synthesis is upregulated
upon stimulation of TLRs; the up-regulation is basic
for cell proliferation, cytokine synthesis, and specific
functions of DCs, including that of sentinel cell and
antigen presentation [42]. On the other hand, FAO sup-
ports the anti-inflammatory macrophage phenotype
M2. The differentiation of naive T cells into CD8" lym-
phocytes and CD4" T helpers (Th1, Th2, and Th17) is
associated with the rapid downregulation of FAO and
the upregulation of FAs synthesis [43]; both pathways
are mediated by the mammalian target of rapamycin
(mTOR) pathway [44]. Conversely, the differentiation
of naive T cells into CD8" memory T cells and CD4™ T
regulatory (T,.,) lymphocytes is associated with the ac-
tivation of FAO and the inhibition of FA synthesis
[45]. Arachidonic acid, an essential FA, is the precur-
sor of prostaglandins (PGs), a family of mediators parti-
cipating in the modulation of multiple biological pro-
cesses in healthy and disease states. In particular,
PGE2 exerts anti-inflammatory and immunosuppres-
sive effects by inhibiting DCs, NKs, CD8" cytotoxic
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Table 3. Effects of vaccination on fatty acids metabolism at various time points.

Metabolites and Zostavax” |Hantavax” |DVC-LVS®|CoronaVac|BNT162b2 [ BNT162b2| Fluzone® | Seasonal | BCG-SSI
Metabolic Pathways [30] [29] [28,49] | (Sinovac®) |COVID-19|COVID-19((Trivalent|Trivalent| (DK)
[31] [55] [56] flu) [27] | flu [48] [50]
Fatty Acids synthesis - 1 T1, T2, - 1T - - 1 T1,T7 - 1 4 weeks
T3 after
vaccine *
Fatty Acids 20:0, 22:2, - - - - - - - - 1 4 weeks
22:4,24:0 after
vaccine *
Polyunsaturated fatty - - - - 1 T0 *, - - 1 T7 i 1 _
acids (PUFAs) T28 »
Linoleic acid T T1 |1t T1, T2, - 1Tl - - T T7 - -
T3 | T21
Arachidonic Acid - T T1, T2, - - - - 1 T7 VAN -
T3 T28 "
Prostaglandins - - - - - 1 T7 - - -
Oleoylethanolamine (by oleic - - 1 T2; 1 T14 - - - - - -
acid) Y
Arachidonoyl-ethanolamine - - 1 T2; 1 T14 - - . - - -
(by arachidonic ac d) !
Dihydroxy-eicosatetraenoic - - 1717, ] T14 - - - - - -
acid (DHETS) f
5-Hydroxy-eicosatetraenoic - - 1712 T7; - - - - - -
acid (5-HETEs) 1 T147

” Unsaturated Fatty Acids; * In low responders compared with high responders;  In young low responders; » In young high responders; * In infants vaccinated

early compared with infants vaccinated later; ” Return to the baseling level.

lymphocytes, lymphocyte proliferation, and the synthe-
sis of various cytokines, such as IL-1, IL-6, IEN-y, and
Tumor Necrosis Factor (TNF). Most ‘RGE2 effects
could be mediated by T, cells by inhibiting Thl ¢ells
and CD8" T lymphocytes [46, 47]. In individtals‘vacci-
nated with Zostavax”, the linoleate pathway was
ranked 12" among the top 14 differentially abundant
metabolic pathways at 1/0 and 3/0£ime points; in addi-
tion, the linoleate pathway significantly correlated with
some modules of transcriptomics, especially with
genes encoding glycoproteins presenting viral antigens
(TLR7 and TLR8, MCH, B lymphocyte signature,
myeloid DC activation via nuclear factor «--
light-chain-enhancer of activated B cells (NF-xB) [30]
(Table 3).

In individuals vaccinated with Hantavax®, among
the top 20 discriminant pathways, the arachidonic acid
pathway is the most significantly enriched pathway dis-
criminating the metabolome before and after vaccina-
tion [29]. Arachidonic acid metabolism is associated
with genes encoding the synthesis of leukotrienes and
prostaglandin D2 (PGD?2). The upregulation of arachi-
donic acid metabolism was dose-dependent, reaching a
peak after the third dose and then stabilizing after the

fourth one. FAs metabolism was the eleventh and li-
noleate the thirteen (Table 3).

In CoronaVac (Sinovac®)-vaccinated subjects, the
FAs synthesis was ranked second among the top 35
most significantly enriched pathways. It was signifi-
cantly upregulated after the first dose and returned to
baseline after the second. The linoleate pathway was
the 22" and behaved like the previous one after the
first dose but fell below baseline after the second [31]
(Table 3). In subjects vaccinated against seasonal in-
fluenza with the trivalent inactivated influenza vaccine
Fluzone”, the FAs biosynthesis was the second among
the top 46 most significantly enriched pathways at 1/0
and 7/0 time points. The linoleate metabolism pathway
was the 32" after seven days from vaccination [27]
(Table 3).

Seven PUFAs, including arachidonic acid, a-linole-
ic acid, and y-linolenic acid, were found to be signifi-
cantly decreased in a group of “high responder” young
adults immunized with the seasonal trivalent inactivat-
ed influenza vaccine (TIV, A/California/7/09 (HIN1)--
like wvirus; A/Perth/16/2009 (H3N2); and B/Bris-
bane/60/2008) [48]; briefly, in young adults, PUFAs
were significantly decreased after seven days from vac-
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cination in low responders and after 28 days, in high re-
sponders.

In older adults, PUFAs did not vary significantly af-
ter vaccination, both in low- and high-responders. The
immune response to influenza vaccination in high-re-
sponder young adults may originate PUFA depletion af-
ter 28 days (Table 3).

A longitudinal lipidomic-based study conducted on
10 healthy adults vaccinated against F. tularensis iden-
tified 116 lipids [48]; after vaccination, two by-prod-
ucts of arachidonic acid and oleic acid, oleoylethano-
lamine and arachidonoylethanolamine, respectively,
significantly decreased after 48 hours, and then in-
creased after 7 and 14 days. These two bioactive lipid
mediators are ligands of the peroxisome proliferator-ac-
tivated receptor, isoform a; the activation of this tran-
scription factor inhibits pro-inflammatory cytokines. In
fact, their plasma levels positively correlated with an-
ti-inflammatory cytokines and activated CD8" T cells
[49] (Table 3).

The neonatal lipid metabolism is strongly influ-
enced by BCG vaccination administered either at birth
(early) or after six weeks of life (delayed), as demons-
trated in an in vivo and in vitro study conducted on
three independent infant newborn cohorts [50]. By
comparing early versus delayed BCG-vaccinated new-
borns, four free FAs (20:0, 22:2, 22:4, 24:0) were signi-
ficantly increased in the early group. The in vitro.BCG
stimulation of cord blood samples from full-term neo-
nates delivered via cesarean sectio=“nducedia signifi~
cant reduction in docosahexaeno: =< zid,"a very long-
chain PUFA, linoleic acid, and arachidonic aeid;yto-
gether with a significant increase in PGE2 (Table-3).

2.5. Glicerophospholipids (Phospholipids) and LY-
SOPHOSPHOLIPIDS

Glicerophospholipids, commonly known as phos-
pholipids (PLs), their by-product lysophospholipids
(LysoPLs), and sphingolipids are key components of
the cellular membrane-generating mediators involved
in the metabolism of cell signaling. In the innate im-
mune response, phospholipases hydrolyze membrane
PLs, initiating various fundamental activities, includ-
ing cell membrane remodeling and the synthesis of
bioactive signaling mediators [51]. In particular, the en-
zymatic activity of the isoform phospholipase A2
(PLA2) generates FAs and LysoPLs, triggering the cas-
cade of oxylipin synthesis. Oxylipins are a class of en-
zymatically oxidized PLs; they include eicosanoids
and play a unique role in innate immune cells. In leuko-
cytes, the cytosolic and calcium-independent PLA2
subclasses cPLA2 and iPLA2 generate lysophospha-
tidic acid and arachidonic acid, which serve as signal-
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ing molecules for monocyte migration toward chemoat-
tractant protein 1 (MCP-1) [52]. Lysophosphatidylcho-
lines (LPCs) are the most abundant class of LysoPLs
in human blood; they include four main types, namely
LPC16:0, LPC18:1, LPC20:4, and LPC22:6. Depend-
ing on various factors, including the biochemical struc-
ture and the type of immune cells, LPC could exert ei-
ther pro- or anti-inflammatory effects. For example, sat-
urated and monosaturated LPC species are pro-inflam-
matory mediators; conversely, polyunsaturated LPC
species are anti-inflammatory mediators [53, 54]. The
role of LPC on the adaptative immune system is to en-
hance the effect of T lymphocytes; moreover, LPC sti-
mulates the production of INF-y by CD4" and CD8" T
cells and promotes the immunosuppression of T,
through increased expression of transforming growth
factor-p (TGF-B).

In individuals vaccinated with Zostavax”, PLs and
phosphatidyl-inositolephesphate (PIP) pathways were
found within the_stop» 14 differentially abundant
metabolic pathways ‘at the 1/0 timepoint. Significant
changes in the congentration of metabolites involved in
the PIP pathway were observed after one day from vac-
cination compared to baseline (pre-vaccination, time-
point, 0):; “After three days from vaccination, PLs
metabolism was correlated with genes regulating B
lymphocyte activity (B cell signature). A further in-
vestigation carried out through the multiscale multifac-
torial response network (MMRN) was aimed at corre-
lating networks related to genes, metabolites, cy-
tokines, and peripheral blood mononuclear cells. At
3/0 timepoint, the SN3 metabolite network containing
the pathways of TCA, nucleotides, and PIP was linked
at 7/0 with genes related to CD4" signature, nucleotide
metabolism, T cell activation, enriched B cells, inosi-
tolphosphate (IP) metabolism, and phosphatidyl-inosi-
tol (PPI) signaling. IP results from the hydrolysis of
PIP by phospholipase C and acts as a second messen-
ger in several cellular processes by modulating calci-
um release from stores. After one day from vaccina-
tion, the PCR-based molecular test for SARS-CoV-2
was positive in eight subjects, demonstrating the pres-
ence of viral replication and negative in the remaining
27 vaccinated individuals. Interestingly, subjects with
positive PCR showed higher gene expression for IP
metabolism; by day 7/0, this group showed the activa-
tion of various cellular processes, e.g., G-protein-medi-
ated calcium signaling, cytoskeleton remodeling, and
cell adhesion, suggesting the activated response to vi-
ral infection. However, by day 7/0, the same group de-
monstrated the decreased expression of genes associat-
ed with plasma cell activity [30] (Table 4).
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In the lipidomic-based study on adults vaccinated
against F. tularensis, 116 lipids were identified; at
days 1, 2, 7, and 14 post-vaccination, 14 lipids were
differentially abundant, 50% PLs and 28.6% oxylipins
[49]. Among the pro-inflammatory oxylipins, signifi-
cant changes in plasma level of 5-Hydroxyeicosate-
traenoic acid (5-HETE) and dihydroxyeicosatetraenoic
acid (DHET) species (4 metabolites) were observed. In
detail, seven days after vaccination, all the DHET spe-
cies increased 2-fold over pre-vaccination; concomi-
tantly, 5-HETE, the precursor of DHETS, significantly
decreased over time, returning to the baseline level (be-
fore vaccination) at day 14. The decrease in 5-HETE
was attributed to the increased synthesis of the less ac-
tive DHET metabolite species, suggesting the resolu-
tion of the inflammatory response mediated by DHET.
LPC decreased the day after vaccination and was nega-
tively correlated with the activation of CD4" T cells
(Table 3). In CoronaVac (Sinovac"®)-vaccinated sub-
jects, the PL pathway was among the top 20 differen-
tially abundant pathways; it was downregulated after
the first dose and returned to baseline after the second
[31] (Table 4).

Two recent metabolomics-based studies conducted
on healthy individuals vaccinated against SARS-CoV#
-2 with the mRNA vaccine BNT162b2 reported signifi-
cant changes in lipoproteins plasma levels; changes
were associated with the intensity of the immune re-
sponse. The first study utilized both '"H NMR\spectros-
copy and LC-MS [55]; changes in plasma levels of PU+
FAs, PLs, and triacylglycerols from,lipeproteins ‘re=
flected the immune response to ‘the BNT162b2
vaccine.

A study demonstrated that the plasma metabolome
predicts the immune response in terms.of.neutralizing
antibodies level at three different’time/points, before
the first vaccine dose, before théisecond dose (day 22),
and after 90 days from the first dose. In particular, PLs
and PUFAs were found to increase in low-responders
before the first dose, discriminating low- from high-re-
sponders. Plasma metabolome deciphered by LC-MS
identified the upregulation of 2 lysophospholipide-
thanolamines (LysoPE P-16:0/0:0 and lysoPE 0:0/24:6
or 24:6/0:0) in low responder individuals (Tables 3 and
4). Using 'H NMR spectroscopy, a small-size pilot
study found that vaccination does not induce any signif-
icant change in the serum metabolic profile in health-
care workers who previously developed COVID-19
and those COVID-19 naive [56]; rather, vaccination is
associated with significant changes in lipoproteins con-
centration. In COVID-19 naive individuals, there was
an overall depletion in lipoproteins serum level with an
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increase after the second dose (at day 28), followed by
a decrease one month after the second dose. Moreover,
the number of altered lipoproteins increased as time in-
creased from vaccination. In COVID-19-recovered sub-
jects, lipoproteins variations were far milder and of the
opposite sign, excluding free cholesterol and PLs asso-
ciated with VLDL-5; these changes were negligible af-
ter the second dose (Table 4).

The impact of vaccination against the HIN1 in-
fluenza virus on lipid metabolism (and many other
metabolisms) differs significantly between individuals
treated with antibiotics and those untreated [27]. After
one day from vaccination, in the group of antibi-
otic-free vaccinated subjects, PLs and PIP metabolisms
were the eleventh and fifteenth most significantly en-
riched pathways, respectively. After three days, these
pathways were not discriminant for the untreated sub-
jects. On the other hand, in,the group of antibiotic-treat-
ed subjects, the same results were found after three
days from vaccination;iin addition, glycosphingolipids
biosynthesis was.the sixteenth most significantly en-
riched\pathway after three days. As previously men-
tioned, antibiotics reduce gut bacterial load, and dysbio-
sis)significantly impacts the metabolic response to flu
vaccination (Table 4).

In subjects vaccinated with the trivalent influenza
vaceine, phospholipids belonging to various classes,
such as phoshatidylcholines (PCs), phosphatidylethano-
lamines (PEs), and LPCs, discriminated high-respon-
der older adults from low-responder older adults, being
significantly increased in high responders at different
time points (Table 4) [48].

In the in vivo and in vitro study on BCG vaccina-
tion in three cohorts of infant newborns, results largely
converged towards alterations in lysophospholipids;
notably, changes in LPCs were closely associated with
innate and adaptative immunity [50]. In the group of
early BCG vaccination, lipid metabolite levels were
higher than that in delayed vaccination, with the in-
creased abundance in monoacylglycerol, steroid, ly-
sophospholipid metabolites, and glycophosphocholines
associated with the decrease in LPCs. In addition,
glycerolipid pathways shared common nodes with the
pathway of bile acid biosynthesis and the metabolism
of glycosphingolipids, glycophosphocholine, and li-
noleic acid. By using complex panel infusion-MS and
MRM-based lipidomics, it was found that the early
BCG immunization induces the reduction of most ly-
sophosphocholines (excluded LPCs 22:2 and 16:0),
four lysophosphatidylethanolamines, two phosphocho-
lines, three phosphoethanolamines, nine
monoglicerols, and three triacylglycerols. The in vitro
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Table 4. Effects of vaccination on the metabolism of phospholipids and cholesterol at various time points.

Zostavax”|Hantavax®|DVC-LVS®|CoronaVac| BNT162b2 [BNT162b2|Fluzone®(Trivalent| Seasonal |BCG-SSI
[30] [29] [28,49] | (Sinovac®) [COVID-19%|COVID-19 Flu) [27] Trivalent| (DK)
[55] [56] Flu [48] [50]
Phospholipids (PLs) 1Tl - | T1,T7 1TO* || T7,TI4, 1Tl 1 T2, T7,
T21, T28, T28 ~
T51
Phosphatidylcholines (PCs) - - - 1T0” - 1712, T7, Tl4 1712, T7,
T28 ~
Phosphatidyl-ethanolamines - - - - - 1712, 7T7,
(PEs) T28 "
Phosphatidyl-inositol phosphate 1Tl - - - - TTI1 1128
(PIP) and inositolphosphate (IP) 1T28"
metabolisms
Lysophosphatidyl-cholines - - 1 T1, T2, 170 - 1712, T7
(LPCs) T7 A
Lysophosphatidyl-ethanolamines - - - 1 TO” -
(LPEs)
Sphingolipids 1Tl - - 1TL; | T21| 1T0~ - 1 T1, T3 - UR
Ceramides - - 1 T7 1 TO, T22, -
T90 ~
Cholesterol synthesis and TT1 1 T1,T2, 112 110 | T75T14, 1713, T7 1 T7%,
metabolism T3, T4 T21, T28, T14%,
T51 T28 LN

* In low responders compared with high responders; ~ In high responders compared with low respondets; * In old high responders compared with young high
responders; " In young responders compared with old responders; * In old respondefs compared-with young responders; * In high responders compared with

low responders; * In young and old low responders

BCG stimulation of cord blood samples from full-term
neonates delivered via cesarean section induced 4 signi-
ficant decrease in choline phosphate, glycophesphocho-
line, and phosphoethanolamine (PE) (Table 4).

2.6. Sphingolipids

Sphingolipids are the primary lipid component of
lipid rafts, membrane domains enriched in cholesterol
and sphingolipids in contiguity with the outer leaflet of
the plasma membrane. Sphingelipids include ce-
ramides, sphingomyelins, and hundreds of glycosphin-
golipids [57, 58]. Sphingolipid metabolites, particular-
ly ceramide, ceramide 1-phosphate (C1P), and sphin-
gosine- 1-phosphate (S1P), are signaling molecules that
regulate a wide range of relevant immune cellular pro-
cesses. Infections, oxidative stress, and cytokines af-
fect sphingolipid metabolism by regulating key en-
zymes and leading to the limited production of ce-
ramide, C1P, and S1P. The latter plays several roles in
innate and adaptive immunity, including immuno-
surveillance, immune cell trafficking and differentia-
tion, immune response, and endothelial barrier integri-
ty [58]. The considerable difference in SP1 concentra-
tion between plasma (high level) and tissues (low lev-
el) promotes the migration and trafficking of most im-
mune cells from the thymus, lymph nodes, and spleen

into,circulation and vice versa [59, 60]. S1P is enzymat-
ically released from sphingosine by the sphingosine ki-
nase 1 (SPHK1); during sepsis, the SPHK 1 upregula-
tion in phagocytes and macrophages inhibits the activa-
tion of NF-kB by TLRs and consequently, the produc-
tion of pro-inflammatory cytokines [61]. Ceramides
consist of a sphingolipid linked to a fatty acid via an
amide bond. Ceramides are essential intermediates in
the biosynthesis and metabolism of all sphingolipids
and are involved in cellular inflammation and apopto-
sis; experimental studies demonstrated that ceramides
are upregulated in macrophages stimulated with LPS
[62]. CIP is engaged in eicosanoid production through
stimulation of PLSA2; furthermore, C1P inhibits metal-
loproteinase 17 (ADAM 17), the most important metal-
loprotease responsible for cleaving pro-TNF with the
release of the active form [57].

The day after vaccination, glycosphingolipid
metabolism was the fourth most enriched pathway
(comparison between day 0 and day 1) in subjects vac-
cinated with Zostavax"”. After three days, glycosphin-
golipid metabolism was associated with gene expres-
sion for B cell signatures, DC activation via NF-«B,
and MHC-TLR7-TLRS cluster [30] (Table 4).

The longitudinal lipidomic-based study conducted
on subjects vaccinated against F. tularensis showed
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that compared with pre-vaccination, ceramide 22:0
was among the top seven differentially abundant
metabolites seven days after vaccination [49]. The sig-
nificant reduction in ceramide 22:0 seven days after
vaccination may be associated with the mitigation of in-
flammation due to the vaccine dose (Table 4).

In subjects vaccinated with CoronaVac (Sinovac”),
the sphingolipid metabolism was found among the top
35 differentially abundant pathways, being over-ex-
pressed at 1/0; after the second dose, it dropped below
baseline [31] (Table 4).

Before the first dose of the mRNA vaccine BN-
T162b2 against SARS-CoV-2, the plasma level of four
ceramides (D18:0/22:0, D18:1/23:0, D18:0/20:0, and
D18:1/25:0) was found significantly lower in high-re-
sponders compared with that in low-responders [55].
Low levels persisted in high-responders 22 days after
the first dose, whereas, in low-responders, ceramides
plasma level was significantly decreased compared
with that before vaccination (Table 4). After three
months, no statistically significant difference in ce-
ramides plasma level was found between groups.

In the group of untreated individuals immunized
with the trivalent influenza vaccine Fluzone®, gly
cosphingolipids metabolism was the fourth most signif-
icantly enriched pathway one day after vaccination‘and
persisted after three days [27] (Table 4). However, af-
ter three days, the same result was observed\inwacci-
nated individuals treated with antibiotics.

2.7. Cholesterol and Steroids

Cholesterol originates from acetyl-CoA.thtough the
mevalonate pathway; synthesis and accumulation are
regulated by the SREBP-1 and 2. On the other hand,
cellular cholesterol efflux dependsron the liver recep-
tors LXRa (nuclear receptor 1H3)vand LXRp (nuclear
receptor 1H2), transcription factors belonging to the nu-
clear receptor superfamily. Both transcription factors
are coordinated with each other and are regulated by
two feedback mechanisms, the cholesterol- and the
oxysterol-based feedback [63]. Cholesterol excess can
cause endoplasmic reticulum stress, thereby decreasing
T lymphocyte function [64, 65]. Cholesterol synthesis
is up-regulated in T, cells and promotes proliferation
and suppressive action, likely through the mechanistic
target of mTORCI. Conversely, cholesterol accumula-
tion inhibits these cells [64]. SREBP-1 and 2 control
the growth and proliferation of CD8 lymphocytes by a
direct mechanism [66, 67]. Cholesterol and especially
oxysterols stimulate the differentiation and maturation
of DCs. The lipid raft and the MCH system enable the
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DCs in their main function of antigen presentation to T
lymphocytes and promote their activation, initiating
the specific, adaptive response and concomitantly rein-
forcing the innate response [64]. Cholesterol promotes
the macrophage pro-inflammatory phenotype by pro-
ducing antibacterial cytokines and ROS. Several
cholesterol precursor metabolites have important func-
tions in the immune response. For example, in cultured
human monocytes treated with  glucan -th2 accumula-
tion of mevalonate was one of the mechanisms underly-
ing trained immunity; moreover, the incubation of
healthy monocytes with mevalonate alone produced
trained macrophages epigenetically similar to those in-
duced by B-glucan [68]. These findings provide evi-
dence that mevalonate is an essential metabolite in the
interplay of metabolic-epigenetic mechanisms mediat-
ing trained immunity.

Beyond cholesterol, oxysterols are a large family of
bioactive signaling metabolites involved in a wide
range of biological properties; they are early intermedi-
ates in the metabelism'of cholesterol to bile acids and
can be\dérived from the diet or can be generated by en-
zyme-mediated mechanisms or by free radical oxida-
tion [69]. Oxysterols can bind nuclear receptors, cell
membrane receptors, and transport proteins [70]. The
activation of macrophages or DCs through TLR4 or
TER3 up-regulates the Ch25h gene expression; this
gene encodes cholesterol 25-hydroxylase (CH25H),
the enzyme catalyzing the conversion of cholesterol to
25-Hydroxy cholesterol (25-HC), a potent immunoreg-
ulatory oxysterol [71]. 25-HC suppresses the biosynthe-
sis of immunoglobulin A (IgA) in B lymphocytes and
curbs IL-1p and inflammasome activation [72, 73]. 25-
HC exerts an antiviral action against SARS-CoV-2
through spike protein blockade and spike protein-cata-
lyzed membrane fusion [74]; interestingly, Ch25h is
up-regulated in macrophages and lung epithelial cell
lines of bronchoalveolar lavage fluid (BAL) from pa-
tients with COVID-19 [75].

In subjects vaccinated with Zostavax”, cholesterol
metabolism was the 7" pathway included in the top
fourteen differentially abundant metabolic pathways at
1/0 timepoint [30] (Table 4). At the 1/0 time point,
MMRN highlighted the presence of an extensive
metabolite network (TN1.1) containing multiple
steroid hormone-associated metabolic pathways (squa-
lene and cholesterol, androgens and estrogens, and
C21 steroids). TN1.1 metabolic network was associat-
ed with the TN3.76 gene network at the 3/0 timepoint.
TN3.76 gene network included gene modules con-
trolling B lymphocytes, plasma cells, and Sterol Ele-
ment Binding Transcription Factor-1 (SREBF-1) modu-
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lating SREBP-1. In turn, the SREBF-1 gene module
was strongly correlated with several gene modules re-
lated to B and T lymphocytes and metabolites belong-
ing to the sterol class. MMRN analysis thus revealed a
large number of genes and metabolites that were inte-
grated through SREBF-1 activities, which may be the
cornerstone in B and T cell development.

In subjects vaccinated against F. tularensis, nine
metabolites belonging to the steroid biosynthesis path-
way were significantly increased from pre-vaccination
to two days after and correlated with transcriptomic
modules related to T cell activation and differentiation
[28]. A study performed on the samc¢ si'bjects reported
that among the 40 differentially abundant lipids, two
were cholesterol esters, namely 16:1 and 20:2 [49].
The former significantly decreased at 2/0 and 7/0 time
points (p = 0.004 and p = 0.037, respectively). The lat-
ter was decreased at 2/0 (p=0.02) (Table 4). The AB-
CA1 gene encoding the main protein responsible for
cholesterol efflux from cells was downregulated at all
post-vaccination time points unless 2/0. These data
may be related to the activation of TLR signalling, in-
ducing the reduction of cholesterol efflux. As a result,
cholesterol accumulates within immune cells, and the
inflammatory response is amplificated.

In subjects vaccinated with Hantavax”, the steroid
hormones synthesis was the second most enriched-path-
way differentiating pre-vaccination from all post-vacci-
nation time points [29] (Table 4).

By comparing high-responder with lew-responder
individuals to the mRNA vaccine BNT162b2 against
SARS-CoV-2, cholesterol (free and cholesterol esters)
was significantly increased in high-responders before
vaccination [55]. In healthcare workefs vaccinated
with the mRNA vaccine BNT162b2,free’cholesterol,
LDL-cholesterol, and apolipoprotein B100 were con-
siderably downregulated in COVID-19 naive; converse-
ly, in healthcare workers who previously developed
COVID-19, these changes were almost negligible and
limited to a few lipoproteins [56] (Table 4). It is reason-
able to assume that differences in the inflammatory re-
sponse to vaccination between recovered and naive
healthcare workers promote differences in cholesterol
biosynthesis, considering that cholesterol is a crucial
mediator of inflammation.

In the group of individuals immunized with the tri-
valent influenza vaccine Fluzone® and treated with
antibiotics, squalene and cholesterol biosynthesis were
among the most significantly enriched pathways seven
days after vaccination [27]. In untreated immunized in-
dividuals, steroid hormone biosynthesis and meta-
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bolism were significantly enriched three days after vac-
cination and persisted seven days after (Table 4).

In older high responders to the seasonal trivalent in-
activated influenza vaccine, researchers found the accu-
mulation of cholesteryl esters; on the other hand, in
younger high responders, cholesteryl esters were found
to be significantly decreased seven days after vaccina-
tion [48] (Table 3). It is reasonable to assume that dif-
ferences in fatty acids and sterols levels between
younger and older individuals immunized with the in-
fluenza vaccine may reflect a different balance be-
tween biosynthesis and catabolism of these lipids.

2.8. Amino Acids

The immune response requires a considerable util-
ization of amino acids to support the activity of im-
mune cells. When the cellular demand for amino acids
exceeds the capacity of their synthesis, the non-essen-
tial amino acids become,conditionally essential. Ami-
no acids strongly impact most immune cellular func-
tions;_ supporting=metabolic reprogramming by multi-
ple.mechanisms, [76]. On the one hand, amino acids
areninvolvedsin important signaling pathways, e.g.,
mTORC 1y-that sense their presence and drive cellular
anabolic, processes [77]. On the other hand, amino
acids modulate the differential utilization of glycolysis,
TCA cycle, OXPHOS, and complex interplay with
each other [78]. Besides the primary role of glutamine
in supporting the increased biosynthetic requirements
of activated immune cells, branched-chain amino acids
(BCAA) play a crucial role by increasing the transloca-
tion of the glucose transporters GLUT1 and GLUT4,
promoting glycolysis and providing acetyl-CoA inter-
mediates to the TCA cycle. Serine supports mitochon-
drial metabolism by activating pyruvate kinase, the
key glycolytic enzyme in macrophages; in T cells,
serine promotes the translation of mitochondrial pro-
teins, including those of the electron transport chain
[76]. Several amino acids control and maintain the re-
dox balance, especially after the increase in ROS lev-
els following cell activation; in particular, BCAA, cys-
teine, glutamine, and glycine are needed for the synthe-
sis of glutathione [76, 79]. Even histidine exerts an-
tioxidant actions by forming complexes with metal
ions. Ultimately, the accumulation and storage of ami-
no acids within lysosomes are crucial to driving au-
tophagy as a protective mechanism during cellular
stress.

Amino acids facilitate specific gene expression pro-
grams in immune cells by supplying methyl and acetyl
groups for DNA and histones, originating intermedi-
ates that drive metabolic rewiring upon immune cell
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Table 5. Effects of vaccination on the metabolism of amino acids at various timepoints.
Zostavax"| Hantavax” DVC-LVS® |CoronaVac (Sino-| CoronaVac BNT162b2 Seasonal
[30] [29] [28, 49] vac®) (Sinovac®) COVID-19 Trivalent
[31] [32] [55] Flu
[48]
Amino acids synthesis - - 1 T2 - - - -
Aminoacyl tRNA - T TNR 1T T2 1T T2 - - -
Arginine - 1T1,T2, T3, T4 - 1 T1, T21 - - -
Arginine-Proline metabolism - - 1T T2 1 T1, 1 T21 - - -
Phenylalanine - 1 T1,T2, T3, T4 - 1 T1, T21 - - -
Phenylalanine metabolism - T TNR - 1 T1, | T21 - 1 TO0, T1, T2, -
T22;
1 T1, T2, T22,
T90
Tyrosine - 1 T4 * - 1 T1, T21 - - 1 T28°
Tyrosine metabolism - T TNR - 1 T1, T21 - - -
Tryptophan 1+ T1 |1 TI,T2, T3, T4 - 1 TI1, T21 : - 171287
Kynurenine - - - 121 - - -
Tryptophan metabolism - 1 TNR - T T21 - - 171287
Histidine - - 1 T2 - - 1 T22; | T9O ~ -
Histidine metabolism - - 1 T2 1 T2 - - -
Glutamine - - - - - 1 T0, T1, T22; -
1 TO, | T9O
Glutamine metabolism - - - 1 T1, T21 - - -
Taurine - - - - 1 T30 - -
Asparagine - - 1 T2 - - - -

* In high responders; * In high responders comparedwith low responders; In young high responders

activation. Moreover, amino acids promotemucleotide
biosynthesis and drive cellular translation. Arginine is
a key amino acid for macrophage diffefentiation and
polyamine metabolism. In M1 macrophages, arginine
is converted into NO and citrullin€ by the enzyme NO-
synthetase, whereas in M2 magcrophages, the enzyme
arginase hydrolyzes arginine into ornithine and urea.
Ornithine may fuel the critical downstream pathways
leading to the synthesis of polyamine and proline,
which are strongly involved in cell proliferation and tis-
sue repair [80]. In immune cells, several inflammatory
mediators, such as IFN-y and LPS, activate the trypto-
phan metabolism leading to a progressive depletion in
tryptophan counterbalanced by the increase in kynure-
nine due to the activity of indoleamine 2,3-dioxyge-
nase (IDO). The latter is expressed mainly in peripher-
al lymphatic organs, including Peyer's plaques [81].
Kynurenine binds to the aryl hydrocarbon receptor
(AhR), a vital component of the immune response
[82]. During inflammation, AhR is overexpressed, be-
ing involved in both the generation of T,,, cells and a

particular type of DC with immunomodulatory pheno-
type [83, 84].

Vaccinations impact amino acid metabolism; in par-
ticular, three studies observed that amino acid biosynth-
esis or aminoacyl-tRNA biosynthesis were among the
most enriched pathways after vaccination [28, 29, 31]
(Table 5). In individuals vaccinated with Hantavax”,
arginine, histidine, valine, tryptophan, leucine,
isoleucine, homocysteine, methionine, threonine,
glycine, cystathionine, glutamine, and citrulline posi-
tively correlated with the antibody response, as demon-
strated by differences in their levels among non-respon-
ders, poor responders, and regular responders to vacci-
nation.

In individuals vaccinated with DVC-LVS®, as-
paragine blood level increased by 23% the day after
vaccination (1/0) compared to the baseline sample col-
lected before vaccination; after two days, histidine de-
creased by 9% [28]. It is well known that asparagine in-
hibits T cell activation; thus, the increase in asparagine



Metabolomics in Vaccination

the day after vaccination mirrors the vaccine efficacy
and could be used in the future to assess the optimal
dose for the best immune activation. On the other
hand, the decrease in histidine could be associated with
the conversion of histidine into histamine. Pathway en-
richment analysis showed that the arginine metabolism
was enriched in differentially abundant metabolites at
day 2/0 (Table 5).

Both studies on individuals vaccinated with Corona-
Vac (Sinovac”) found significant changes in amino
acid metabolism [31, 32]. In the study by Wang et al.
[31], valine, tryptophan, and betaine blood levels were
upregulated after vaccination, both after the first and af-
ter the second dose, whereas leucine and tyrosine were
upregulated only after the second dose. Methionine in-
creased after the first dose and decreased after the se-
cond dose; phenylalanine was significantly downregu-
lated after the first and the second dose. Vaccination
significantly impacted the metabolism of arginine, pro-
line, phenylalanine, glycine, serine, and threonine; for
example, the arginine-proline pathway was significant-
ly under-expressed after the first dose and then progres-
sively increased above the baseline level after the se-
cond dose. This response was confirmed by the upregu-
lation of arginine biosynthesis after the second dose!
Conversely, phenylalanine and tryptophan
metabolisms were upregulated after the first dose; re-
turning near and below the baseline level after the se-
cond dose, respectively. Glutamine metabolism was un-
der-expressed after the first and second dosesywhereas
histidine metabolism was under-expressed.after the(ses
cond dose only [31]. Differences were observedibe-
tween immunized subjects and subjects infected with
SARS-CoV-2. In particular, valine, tryptophan,
leucine, and betaine were significantly upregulated in
immunized individuals compared withlinfected individ-
uals. In the study by He et al. [32];deucine and taurine
were significantly upregulatedafter the second dose;
the correlation between taurine and immunized anti-
bodies unveiled the strong and positive relationship be-
tween this amino acid and the immune response. In-
deed, taurine is crucial for modulating the immune sys-
tem and attenuating oxidative stress and inflammation,
with a direct suppression of cytokine synthesis. It is
reasonable to assume that vaccination promotes a recip-
rocal control between taurine and neutralizing anti-
bodies (Table 5).

In individuals vaccinated with the mRNA vaccine
BNT162b2, phenylalanine, histidine, 3-methylhisti-
dine, and glutamine were the most significant amino
acids discriminating low-responder individuals from
high responders before vaccination [55]. Notably, their
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basal levels closely correlated with antibody levels 22
days after the first dose. Both high- and low-responder
individuals showed an increase in phenylalanine and
glutamine serum levels from pre-vaccination to 22
days after the first dose; phenylalanine was significant-
ly higher in high responders at all time points whereas
glutamine only before the first dose. After three
months from the first dose, phenylalanine serum levels
became again closely comparable to those before vacci-
nation in both groups, whereas glutamine levels de-
creased in high responders and remained almost equal
to those found after 22 days from vaccination. Histi-
dine showed a different trend between high-responders
and low-responders; compared to baseline levels be-
fore vaccination, histidine serum levels dropped 22
days after vaccination (p < 0.0001) and then increased
three months later, reaching approximately half of the
baseline level in high responders. Conversely, no signi-
ficant variation in histidine serum levels was observed
in low-responders ovérall time points. Histidine serum
levels significantly differed between high- and low-re-
sponders.only before vaccination (Table 5).

The metabolic footprint of the older adults after vac-
cination with/he seasonal trivalent inactivated influen-
za vacceine’was marked by the increase in several ami-
no acids, including arginine, serine glycine, threonine,
cysteine, alanine, aspartate, and glutamate [48]. In par-
ticular, the accumulation of serine suggests that in old-
er adults, the immune response to flu vaccination does
not depend upon T-cell proliferation; in fact, the latter
requires serine for activation, and in these individuals,
serine remains unused. An increase in tryptophan and
its intermediates 5-Hydroxy-L-Tryptophan and in-
doleacetic acid discriminated high responders from
low responders in young adults (Table 5). Finally, old-
er adults exhibited high levels of C-glycosyl trypto-
phan, an intermediate of the tryptophan pathway close-
ly correlated with age [85].

3. DISCUSSION

Vaccinology is progressing into the 21" century by
applying the systems biology approach to decipher
molecular networks driving the protective immune re-
sponses. This emerging approach, termed system vacci-
nology, integrates immunogenomics, proteomics,
metabolomics, and bioinformatics with each other,
aimed to develop safe vaccines and induce an optimal
immunological response based on genetic, epigenetic,
environmental, and lifestyle factors for each person
[86]. Since metabolites produced by immune cells are
powerful immune signaling molecules involved in in-
nate and adaptative immunity, metabolomics is strateg-
ic for the immune response readout (Fig. 2).
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Fig. (2). Metabolites involved in the response to vaccinationreported as significant in the current literature. (4 higher resolu-
tion / colour version of this figure is available in the electronic copy of the article).

Data reported in studies investigating .the./im-
munometabolic response to vaccinationsyindicate a
chain of events orchestrated by the interplay of pro-in-
flammatory mediators and inflammatjen-resolving fac-
tors. In particular, vaccines promote an'early activation
of the innate immune system by a pro-inflammatory re-
sponse; this step is followed by the activation.of T lym-
phocytes, leading to the adaptive respomse that con-
tributes to reinforcing innate immunity, (Table 6).

A system vaccinology-based study demonstrated
that vaccination with BNT162b2 induces a mild-to-
moderate innate immune response after the first dose;
however, a broader innate response is activated by the
booster immunization, consisting of the proliferation
of considerable amounts of CD14” CD16" inflammato-
ry monocytes, high IFN-y plasma levels, and a tran-
scriptional signature of innate immunity against
SARS-CoV-2 [87].

Studies included in this review are highly heteroge-
neous because they tested different vaccines with dif-
ferent technological approaches, patient cohorts, and
objectives. The analysis of the metabolic changes in-
duced by vaccinations is limited by the small number
of metabolomics-based studies currently available in

the literature and the small number of vaccinated indi-
viduals enrolled in these studies. Seven studies ex-
plored longitudinal changes in the metabolomic profile
[27-32] and lipidomic profile [49] pre- and post-vacci-
nation. The remaining studies investigated differences
between early and late neonatal vaccination [50], high-
and low-responders to vaccination [55], young and
old-vaccinated individuals [481 and individuals who
developed COVID-19 prior to v cination and naive in-
dividuals [56]. Nevertheless, we could extrapolate
some conclusions. Firstly, vaccination does not induce
glycolysis as the main metabolic pathway for ATP syn-
thesis; instead, the TCA cycle predominates over gly-
colysis in five studies [28-32]. It is reasonable to as-
sume that the immune cell response to vaccination
does not require a rapid energy availability as that ne-
cessary during a viral or bacterial infection. The in-
crease in citrate, observed in three studies [28, 30, 31],
may be associated with the activation of the trained im-
munity in activated macrophages, DCs, and NKs. Se-
cond, lipids play a primary role in response to vaccines
and infections. Vaccines strongly impact either saturat-
ed or unsaturated FAs metabolism; in particular, linole-
ic acid and arachidonic acid pathways are upregulated
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Table 6. Main mechanisms involved in the vaccination-induced immunometabolism.

Metabolic Pathway and/or
Metabolite

Innate Immunity

Adaptive Immunity

Prevalence of TCA vs. glycolysis and
accumulation of citrate

1. ROS production

2. Macrophages M1, DCs and NK activation

3. Acetyl-CoA production (Histone acetylation)
4. Precursor of FA, PG, cholesterol

5. M1—M2 macrophages

1. Macrophages, DCs and NK activation [
CDS8 T memory phenotype
2. Activation of T cells and adaptive response

Fatty acids synthesis

Macrophages and DCs activation

Effector T cell activation

Fatty acids oxidation

M2 macrophages phenotype

T, phenotype and CD8 T memory

Prostaglandin synthesis from arachi-
donic acid

1. Inhibition of DCs, NK, CD8
2. Synthesis of IL-1, IL-6, IFN-y, TNFa

Leukotrienes (5-HETEs, DHETS)

Pro-inflammatory effects

AEA, OEA

1. Activation of PPARY in macrophages and DCs
2. Inflammation resolution

Lysophosphatidylcholines (PCs)

1. Correlation with TLR-induced CKs

2. Pro-inflammatory action 16:0. 18:0, 18:1 by stim-
ulation of monocyte migration, chemotaxis, and
phagocytosis

3. ROS production

1. T cell activation

2. INF-y release by CD4 and CD8 T immune
cells

3. T,., promotion

. M1 phenotypespromoter
. Trained imimunity mediatox
. Regulation of TLR and MCH signalling

cells,

2. Regulation of BCR and TCR signalling
3. Control of CD8 growth

4. Th17 differentiation

4. Activation of the M1 phenotype
5. Anti-inflammatory effects
6. Inhibition of IL-6
Sphingolipids 1. NK migration from lymph nodes 1. Regulators of T cell systemic circulation and
2. Monocyte chemotaxis B cell movements
3. Pro-inflammatory cytokines 2. B cell activation
4. TNF signaling modulation
Cholesterol 1. Innate immunity eellproliferation 1. B and T cell proliferation, upregulated in T,
2
3
4

Arginine and proline

1. Innate immunity-eell'proliferation
. M1 phenotype promotion through No-synthetase
3. M2 phenotype promotion through arginase

\S)

1. B and T cell proliferation

2. TCR integrity through the arginine-NO path-
way

3. Inflammatory response of effector T cells in-
hibition through arginase

Phenylalanine M1 phenotype promotion through No-synthetase ~ |Promotion of TCR integrity through arginine-
NO pathway
Tryptophan Immunomodulatory DCs phenotype (tryptophan- “ee Phenotype promotion through the tryp-
IDO-kynurenine pathway) topha: O-kynurenine pathway
Histidine 1. M1 phenotype promotion through NO-synthetase -
2. Chemotaxis pathways
3. Neutrophil degranulation
4. NK activity
5. Histamine precursor
Glutamine M1 phenotype promotion through Arg-NO pathway |Supporting the BCR and TCR antigen response
TCA entry in activated macrophages
Trained immunity induction
Asparagine - TCR signalling and CD8 T-cell activity

after the first and the second dose [27, 29, 31]. Howev-
er, two days after the Coronavac (Sinovac") vaccina-
tion, the depletion of linoleic acid was observed [31].

A reasonable explanation might be the rapid conver-
sion of linoleic acid to arachidonic acid, a precursor of
bioactive lipid mediators. Vaccines also impact the
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metabolism of IP and cholesterol; the former is overex-
pressed in subjects with a viral infection and closely
correlated with poor IgG response. The latter, together
with its precursors, intermediates, and derivatives, was
found to be significantly involved in the immune re-
sponse to vaccines in seven studies [27-30, 48, 49, 55,
56]. Data emerging from these studies confirmed that
cholesterol is strategic for the synthesis of 25-HC in
M1 macrophages and DCs. In addition, 25-HC stimu-
lates the conversion of macrophages and T cells in the
M2 macrophage phenotype and T,,, respectively. Be-
yond PLs and sphingolipids, further lipids and their pre-
cursors may be theoretically involved in response to
vaccinations; this represents a challenge for future
studies on the role of lipids in vaccine immunity. For
example, the role of f-hydroxybutyrate, a ketone body,
in supporting mitochondrial function is well-defined in
infections but not in the immune response to vaccina-
tion.

B-hydroxybutyrate fuels OXPHOS, acting as an al-
ternative carbon source for intermediates in the TCA
cycle and promoting the synthesis of bioenergetic ami-
no acids and glutathione. Some acute viral infections
of the respiratory tract promote a metabolic switch to-
wards ketogenesis, leading to the increased bioavaila<
bility of ketone bodies, which support the energy de-
mand of T cells, strongly involved in the clearance of
viruses. Thus, ketogenesis supports T-cell immunity.
However, infection-induced ketogenesis  iSycompro-
mised in patients with acute respiratory distress syn+
drome due to moderate and severe COVID-19 and bae=
terial pneumonia [88]; as a result, the antiviral immuni-
ty of the T cells, including cytokines production, is
severely impaired in these patients. Whether or not a
similar mechanism is present after vaccifiation against
flu or COVID-19 remains to be deciphered. In particu-
lar, the next challenge may be to assess Whether ketoge-
nesis is involved in the efficacy, of vaccines, including
those against flu and SARS-CoV-2.

Given the importance of the metabolic reprogram-
ming induced by vaccines, future studies are required
to decipher the relationship between changes in the in-
dividual metabotype and vaccine effectiveness, harm-
ful side effects, safety, and duration of the immunity
following a complete immunization schedule. Indeed,
metabolomics could predict the individual predisposi-
tion to develop an adverse event following immuniza-
tion. A pilot study found that the pre- and post-vaccina-
tion metabotypes of individuals who developed an ad-
verse event (clinically verified myocarditis or asympto-
matic elevation of troponins) following immunization
with the smallpox vaccine were significantly different
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from the metabotype of individuals with no adverse
events or clinical symptoms [89]. In a mouse model,
changes in the urine metabolome were closely correlat-
ed to the vaccine-induced toxicity; if confirmed, this re-
sult may aid the development of innovative and more
effective vaccine safety test methods [90]. A further
primary need is to assess the interindividual variability
in vaccine response by identifying specific metabolom-
ic signatures and consequently, biomarkers able to pre-
dict with high sensitivity and specificity the individual
tolerability to a given vaccine, allowing a personalized
approach to the vaccination strategy. A recent study
has demonstrated that the individual metabotype pre-
dicts the innate and adaptive immune response after
BCG vaccination, especially trained immunity [91].
The study evidenced that the concentration of taurine,
an anti-inflammatory and anti-oxidant metabolite, posi-
tively correlates with trained immunity induced by
BCG vaccination. This finding confirmed the role of
specific metabolites, ‘especially those involved in the
TCA cycle (e.g., fumarate), on epigenetic remodeling,
whicheis the molecular basis for trained immunity.

CONCLUSION

In qcon€lusion, the large-scale application of
metabolomics and the close cooperation and interac-
tion between “omics” could lead to the identification
of'candidate predictive biomarkers of vaccine efficacy/-
tolerability with positive effects for patients and public
health.

LIST OF ABBREVIATIONS

DCs = Dendritic cells

NKs = Natural killers

BCG = Bacillus Calmette-Guérin

EFA = Extracellular flux analysis

LC-MS or = Liquid or gas chromatography-mass
GC-MS spectrometry

1H NMR = Proton nuclear magnetic resonance
OXPHOS = Oxidative phosphorylation

FAO = Fatty acid oxidation

TCA Pentose phosphate pathway (PPP)

tricarboxylic acid
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TCA = Tricarboxylic acid
PPP = Pentose Phosphate Pathway
TLR = Toll Like Receptor
BCG = Bascillus Calmette-Guérin
LPS = Lipopolysaccharides
PLs = Phospholipids
PLA = Phospholipase A
MCP-1 = Chemoattractant protein 1 
PIP = Phosphatidyl-Inositol Phosphate 
PPI = Phosphatidyl-Inositol 
IFN = Interferon
TNF = Tumor Necrosis Factor
IL = Interleukin
HIF-1α  = Hypoxia-Inducible Factor 1α
FA = Fatty Acid
PUFA = Polyunsaturated Fatty Acid
PGE = Prostaglandin
C1P = Ceramide 1-Phosphate
5-HETE = 5-Hydroxyeicosatetraenoic Acid 
DHET = Dihydroxyeicosatetraenoic acid 
SPM = Specialized Pro-Resolving Mediator
KEGG = Kyoto Encyclopedia of Genes and Genomes 
GABA = γ-aminobutyric acid
mTOR = mammalian target of rapamycin 
NF-kB  = nuclear factor k-light-chain-enhancer of activated B cells 
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