Immunology

The Journal of cells, molecules, systems and technologies

« British Society for
immunologq}

13260

REVIEW ARTICLE

REVIEW SERIES: THE IMMUNOMETABOLISM OF INFECTION
Series Editors: Eyal Amiel and Georgia Perona-Wright

Implications of cellular metabolism for immune cell migration

OTHER ARTICLES PUBLISHED IN THIS REVIEW SERIES

Metabolic mediators: how immunometabolism directs the immune response to infection. Immunology 2020, 161: 163-164.
Circles of Life: linking metabolic and epigenetic cycles to immunity. Inmunology 2020, 161: 165-174.

The role of O-GlcNAcylation in immunity against infections. Inmunology 2020, 161: 175-185.

The battle for iron in enteric infections. Immunology 2020, 161: 186-199.

Hannah Guak™* () and

Connie.M. Krawczyk®

' Department of Physiology, McGill University,
Montreal, QC, Canada and *Metabolic and

Nutritional Programming Group, Van Andel
Institute, Grand Rapids, MI, USA

doi:10.1111/imm.13260

Received 13 July 20205 revised 25 August
2020; accepted 2 September 2020.
Correspondence

Connie M. Krawczyk, Metabolic and Nutri-
tional Programming Group, Van Andel
Institute, 333 Bostwick Ave. NE Grand
Rapids, MI 49503, USA.

Email: connie krawczyk@vai.org

Summary

Cell migration is an essential, energetically demanding process in immu-
nity. Immune cells navigate the body via chemokines and other immune
mediators, which are altered under inflammatory conditions of injury or
infection. Several factors determine the migratory abilities of different
types of immune cells in diverse contexts, including the precise co-ordina-
tion of cytoskeletal remodelling, the expression of specific chemokine
receptors and integrins, and environmental conditions. In this review, we
present an overview of recent advances in our understanding of the rela-
tionship of each of these factors with cellular metabolism, with a focus on
the spatial organization of glycolysis and mitochondria, reciprocal regula-
tion of chemokine receptors and the influence of environmental changes.
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INTRODUCTION

Migration of immune cells is a fundamental process
during both homeostasis and response to infection,
governing the recruitment of these cells to where they
are needed to carry out their functions. Immune cells
are trafficked via the circulatory and lymphatic systems,
and some become resident to various tissues through-
out the body. Certain cell types, such as neutrophils
and monocytes, patrol and circulate in the blood, ready
to be rapidly recruited to sites of inflammation. Naive
T cells also recirculate and repeatedly home to sec-
ondary lymphoid organs to search for their cognate
antigen. Injury, inflammation and infection stimulate
the recruitment of immune cells into tissues. As well,
activated dendritic cells (DCs) migrate from the inflam-
matory site to the tissue-draining lymph node to
instruct T-cell differentiation and proliferation. Spatial
positioning of cells within the lymph node also

facilitates interactions between specific immune cell sub-
sets, promoting the development of a context-specific
adaptive immune response.

In each of these situations, the migratory capacity of
the immune cell depends on the combination of chemo-
kine receptors and integrins expressed, the ability to
dynamically remodel the cytoskeleton and sufficient meta-
bolic activity to meet the bioenergetic demands of cell
motility. The interplay between cellular metabolism, sig-
nalling and cell motility is highly integrated and co-ordi-
nated to enable rapid migration of immune cells in
diverse contexts. In this review, we present an overview
of recent advances in our understanding of the spatial
relationship between the cytoskeletal and metabolic path-
ways, how chemotaxis depends on glycolytic metabolism
and the impact of environmental conditions on cellular
metabolism. The potential implications for immune cell
migratory capacity and function during infection and in
certain disease contexts are discussed.

Abbreviations: AMPK, 5 adenosine monophosphate-activated protein kinase; CXCL, C-X-C motif ligand; CCL, C-C motif
ligand; CCR, C-C motif receptor; DRP1, dynamin-related protein 1; ECM, extracellular matrix; ETC, electron transport chain;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HIF-1a, hypoxia inducible factor-1a; LDHA, lactate dehydrogenase; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; MIRO-1, mitochondrial Rho GTPase 1; MLC, myosin light chain;
mTOR, mammalian target of rapamycin; OXPHOS, oxidative phosphorylation; PDK1, pyruvate dehydrogenase kinase 1;
PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; PFK, phosphofructokinase; PI3K, phosphoinositide 3-kinase;
PKM2, pyruvate kinase M2; ROS, reactive oxygen species; TCA, tricarboxylic; Treg cells, regulatory T cells
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the cell and is generated by glycolysis and oxidative phos-

OVERVIEW OF IMMUNOMETABOLISM phorylation (OXPHOS). Glycolysis occurs in the cyto-

Cellular metabolism is a central determinant of immune plasm of the cell, breaking down glucose into pyruvate,
cell function, activation and differentiation. Immune cells which can be converted into lactic acid, or shuttled into
have diverse fates and functions that require specific the mitochondria to enter the tricarboxylic acid (TCA)
metabolic activity to support their bioenergetic and cycle (Figure 1). The TCA cycle produces reducing agents
biosynthetic needs. ATP is the main energetic currency of that donate electrons to the electron transport chain
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Figure 1. Several glycolytic enzymes localize at the cytoskeleton. During glycolysis, glucose is broken down to pyruvate in a series of enzymatic
reactions that take place in the cytosol, resulting in a net output of 2 molecules each of ATP and NADH. Pyruvate can be converted to lactic
acid, or transported into the mitochondria and converted into acetyl-coA. Several enzymes involved in the glycolysis pathway have been shown
to be intimately linked with local energy generation and cytoskeletal rearrangements in both immune and non-immune cells. Scaffolding to
cytoskeletal components also increases the efficiency of enzymatic reactions.
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(ETC) during OXPHOS. The transfer of electrons creates
a proton gradient across the inner mitochondrial mem-
brane, with the final electron acceptor being oxygen. The
proton gradient powers ATP synthesis via proton flow
through ATP synthase, coupling energy generation with
oxygen consumption. The cell also consumes oxygen out-
side of energy production, such as for making reactive
oxygen species (ROS), which are by-products of oxidative
metabolism, but are also produced by some innate cells
as an antimicrobial defence mechanism. In addition to
energy production, both glycolysis and OXPHOS involve
metabolic intermediates that can be points of entry into
these pathways or generated to fuel other pathways in a
complex metabolic network for building nucleotides,
lipids and proteins. Nutrients in the environment affect
immune cell function by shaping metabolic program-
ming. Proteins such as mTOR, AMPK and HIF-la are
involved in sensing the signals immune cells receive and
coordinating the metabolic network to respond accord-
ingly. Several reviews highlight details of the rapidly
expanding field of immunometabolism.'

COMPARTMENTALIZED METABOLISM IN CELL
ADHESION AND MOTILITY

Immune cells largely engage in amoeboid movements, with
leading edge protrusion and contraction of the cell body.*
This mode of migration differs from modes that are used
by other cell types during development and tissue remod-
elling. The weaker adhesive interactions of immune cells
allow for more rapid movement and probing of their extra-
cellular environment.* Two-dimensional migration, such
as crawling along or crossing endothelial or epithelial lin-
ings, is integrin-dependent for immune cells.” During
three-dimensional migration, such as movement within tis-
sues, immune cells are capable of integrin-dependent and
integrin-independent movement.>® Once the immune cell
is within the tissue, the cell moves by protrusive flow of
actin. When the environment is especially dense, contrac-
tion of the trailing edge is mediated by myosin II in order
to push along the relatively inflexible nuclei. These observa-
tions were established in DCs, T cells, B cells and granulo-
cytes, suggesting these are common migratory mechanisms
among migrating immune cells.>’

The dynamic remodelling of the cytoskeleton that
occurs during cell motility is energetically demanding,
most notably for the use of ATP in actin polymerization
and GTP by the Rho family of GTPases and micro-
tubules. Although OXPHOS is more efficient at generat-
ing ATP, the requirement of glycolysis for cell motility
has been observed in multiple systems for over
40 years.* ' Unlike the enzymes involved in OXPHOS,
glycolytic enzymes are not partitioned by membrane-
bound organelles. However, co-ordination of cell move-
ment demands local energy production furnished through
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compartmentalization of glycolysis. Indeed, it has long
been observed that many glycolytic enzymes are associ-
ated with the cytoskeleton.">'* The anchoring of gly-
colytic enzymes at the cytoskeleton also promotes the
efficiency of glycolysis by bringing the enzymes in close
proximity.'?

More recently, specific compartmentalization of gly-
colytic enzymes has been shown to be important for
cytoskeletal remodelling required for cell motility (Fig-
ure 1). The phosphoinositide 3-kinase (PI3 K)-AKT path-
way links several types of cell surface receptors—
including growth factor receptors, T-cell receptors, B-cell
receptors, Toll-like receptors and integrins—to metabolic
changes, primarily promoting glycolysis.'®!” PI3 K sig-
nalling substantially colocalizes with F-actin bundles at
membrane protrusions and participates in a positive feed-
back loop of actin polymerization.'® Aldolase, a glycolytic
enzyme that converts fructose-1,6-bisphosphate to glycer-
aldehyde 3-phosphate and dihydroxyacetone phosphate, is
associated with F-actin.'” Upon actin remodelling co-or-
dinated by PI3 K and RACI, aldolase is released, activat-
ing its activity in the glycolytic pathway.'” These studies
suggest that PI3 K signalling is a mechanism that spatially
regulates glycolysis at areas of active cytoskeletal remod-
elling. Another enzyme that localizes at the cytoskeleton
is 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3), which converts fructose-6-phosphate to fruc-
tose-2,6-bisP and increases glycolytic activity.” PFKFB3
compartmentalizes at cell protrusions through actin inter-
actions in endothelial cells to promote their migration
during vessel formation.”* In T regulatory (Treg) cells,
glucokinase, a hexokinase isozyme, inducibly associates
with the cytoskeleton following PI3 K-mTORC2 sig-
nalling to generate energy to fuel Treg cell migration.”

Compartmentalized metabolism may also help direct
the flux of metabolites to specific pathways. For example,
pyruvate kinase M2 (PKM2) was found to be co-localized
with F-actin at cell protrusions in macrophages.”’ Under
hypoxic conditions, macrophages have enhanced migra-
tory capacity, attributed in part to HIF-1a-pyruvate dehy-
drogenase kinase 1 (PDKI1) signalling that redirects flux
of pyruvate away from the TCA cycle and instead into
lactate production, leading to localized energy genera-
tion.”! In DCs, NAD" produced by lactate dehydrogenase
(LDHA) has been shown to support actin polymerization
and thus migration.”* Generation of NAD" can help sus-
tain glycolytic flux, as glycolytic enzyme glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) requires NAD" for
its enzymatic reaction. Inflammatory macrophages in the
encephalomyelitis mouse model of multiple sclerosis
likely rely on a similar mechanism, as they also require
LDHA as well as lactate transporter MCT-4 for infiltra-
tion into the brain.”> In addition, nucleoside diphosphate
kinases, which can generate GTP from local ATP, can
bind the membrane remodeler dynamin and microtubule
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filament tubulin, channelling GTP to these proteins
locally and further supporting cytoskeletal rearrange-
ments."”

Subcellular localization of mitochondria also plays an
important role in immune cell migration (Figure 2).
Mitochondria have been shown to accumulate at the rear
(uropod) of migrating T cells in response to C-X-C motif
ligand 12 (CXCL12) or C-C motif ligand 21 (CCL21).%
Mitochondrial Rho GTPase 1 (MIRO-1) contributes to
mitochondrial redistribution by coupling mitochondria to
microtubule dynein motors, thereby facilitating their
positioning to the cell uropod.”” This redistribution of
mitochondria requires mitochondrial fission, which is
regulated by the GTPase dynamin-related protein 1
(DRP1), and DRP1 deficiency results in impaired T-cell
transmigration across endothelial cells as well as infiltra-
tion into tumours.”® Localized mitochondrial ATP is nec-
essary for the ATP-dependent phosphorylation of myosin
light chain (MLC), which activates the ATPase activity of
myosin II that is required for contraction of the actin
cytoskeleton at the cell rear.”**® While most mitochon-
dria localize to the cell rear, a smaller portion of mito-
chondria accumulate near the front of the migrating T
cell?’” These mitochondria provide ATP that is released

Uropod

and acts on the cell’s purinergic P2X4 receptor, which
promotes the formation of actin protrusions.”” Neu-
trophils, despite generating energy primarily through gly-
colysis,28 have also been shown to exhibit this differential
activation of mitochondria in response to a chemoattrac-
tant.”” The minor portion of mitochondria that localizes
to the front of the cell displays higher membrane poten-
tial and is enhanced by local mTOR signalling.*” In addi-
tion, disruption of components of the ETC and
antioxidant proteins in neutrophils of zebrafish hampers
their migratory abilities, demonstrating the importance of
the ETC and redox status, respectively, for neutrophil
motility.” Together, these studies provide evidence that
mitochondria with contrasting metabolic properties local-
ize to either ends of a polarized immune cell, and that
both groups significantly support migration.

Cellular metabolism can also be affected by interactions
with the extracellular matrix (ECM). Integrins couple the
cytoskeleton and the ECM to generate traction along a
surface during cell migration. Integrins are also chief
mediators of mechanotransduction, a process by which
mechanical stimuli such as stiffness are translated to bio-
chemical signals, which impact cellular functions.®*">
Integrin signalling engages signalling cascades that

Leading edge

@» Mitochondrion =an F-actin
Y Myosin
® Phosphate group

Microtubule

% Dynein

Figure 2. Mitochondrial redistribution in a migrating immune cell. At the leading edge, a small proportion of mitochondria with relatively high

membrane potential accumulates. ATP derived from these mitochondria is released extracellularly and acts on the cell’s purinergic P2 receptors

(P2X4 and P2Y2 receptors in T cells and neutrophils, respectively), promoting the formation of actin protrusions. At the cell rear (uropod), there

is localization of a larger fraction of mitochondria with lower membrane potential that are regulated by DRP1. These mitochondria are redis-

tributed by coupling to dynein motor proteins on microtubules by

MIRO-1. They facilitate contraction of the uropod by providing ATP for

myosin light chain kinase (MLCK) phosphorylation, and thus, MLC activation in T cells.

© 2020 John Wiley & Sons Ltd, Immunology, 161, 200-208
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promote cell spreading and survival, and stimulates path-
ways such as PI3 K/AKT known to affect cellular metabo-
lism.>> Although there is a well-established link between
cytoskeletal rearrangements, integrin signalling and
mechanotransduction in immune cells,”>** how these
processes directly affect cellular metabolism and migra-
tory capacity of immune cells is currently not well under-
stood. However, a number of studies in other cell types
suggest that integrin engagement and signalling result in
changes in metabolism.”® For example, a recent study
establishes a link between integrins, mechanotransduction
and glycolysis.’® Cells can sense the stiffness of their envi-
ronment through engagement of integrins. Under low
adhesion and reduced integrin signalling (low stiffness),
E3 ubiquitin ligase TRIM21 can be released from the
actin cytoskeleton to target rate-limiting enzyme phos-
phofructokinase (PFK) for degradation, resulting in
downregulation of glycolysis.”® Another study shows the
integrin coreceptor SLC3A2 (CD98hc) regulates integrin
mechanosensing via sphingolipid metabolism, potentially
by altering membrane composition.”” As integrin engage-
ment is often localized to establish cell polarity in migrat-
ing cells, it is likely a mechanism that triggers localized
glycolysis at areas of active cytoskeletal rearrangements.’®
While integrins are undoubtedly crucial for an effective
immune  system,”*°  determining the impact of
mechanosensing through integrin signalling on metabolic
activity in immune cells requires further investigation.

RECIPROCAL RELATIONSHIP BETWEEN
METABOLISM AND CHEMOTAXIS

Migration of immune cells is often directed by chemokine
gradients and their corresponding receptors. C-C motif che-
mokine receptor 7 (CCR7), a chemokine receptor expressed
by several cell types, has been the most studied within the
context of metabolism. CCR7 detects chemokines CCL19
and CCL21, which are expressed by lymphatic endothelial
cells and high endothelial venules, resulting in migration
into the lymph node.*' Within the lymph node, these
chemokines are produced by a network of follicular reticular
cells to assist with positioning of CCR7-expressing DCs and
T cells to promote efficient interactions.** Cells residing in
peripheral tissues, such as DCs, upregulate CCR7 expression
upon pathogen encounter, enabling their migration to
lymph nodes.*> Glycolytic metabolism has been shown to be
necessary for upregulation of CCR7 expression as well as
CCR7 oligomerization that is required for optimal sig-
nalling.>*** HIF-1a, which promotes expression of gly-
colytic machinery,*® is essential for myeloid cell motility.*”
Accordingly, HIF-1a deficiency results in less CCR7 expres-
sion and decreased migration towards CCL19 in bone mar-
row-derived DCs under hypoxic conditions.*®

However, the relationship observed between glycolysis
and chemokine receptors is not universal. In HIFla-
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deficient DCs, migration towards CXCR4 ligand CXCL12
was unaffected, indicating differing metabolic regulation
between chemokine receptors.48 CD62L, like CCR7, pro-
motes trafficking to secondary lymphoid organs and is
normally expressed at lower levels in cytotoxic T lympho-
cytes (CTLs) relative to naive and memory T cells. In
contrast to HIF-1 deficiency in DCs, CTLs deficient in
HIF-1B, which dimerizes with HIF-la to form active
HIF-1, have higher expression of CCR7 and CD62L com-
pared to wild-type CTLs.** The observed increase in
CD62L expression was shown to be due to the loss of
HIF-1B-regulated maintenance of glucose uptake, rather
than direct transcriptional regulation by HIF-1B.*

There is also evidence that chemokine receptors can
modulate metabolism via intracellular signalling. In DCs,
CCR7-mediated suppression of HIF-1a expression by the
long non-coding RNA Inc-Dpf3 is an important regula-
tory mechanism in the later stages of an immune
response to decrease glycolysis and prevent aberrant
inflammation.”” In Treg cells, engagement of CCL22 with
CCR4 also increases glycolysis, but does not affect oxygen
consumption.’ Furthermore, signalling through CCR5 by
inflammatory chemokine CCL5 promotes AMPK sig-
nalling and glucose uptake by human T cells, and block-
ing glucose metabolism impairs chemotaxis.

Collectively, these studies demonstrate that there are
reciprocal and context-dependent interactions between
cellular metabolism and chemokine receptors. Targeting
these mechanisms may be a way for pathogens to evade
the immune system. Many intracellular pathogens repro-
gramme host cell metabolism to obtain nutrients and
energy for replication.”® For example, HIV-1 can use
CCRS5 as a coreceptor to enter T cells and preferentially
infects CD4" T-cell subsets that have high rates of glycol-
ysis and oxidative phosphorylation.”® Glucose metabolism
is required to support the metabolic needs of the virus;
however, infection also inhibits T-cell migration.”*>* Sev-
eral mechanisms mediating this inhibition, including
CCR7 downregulation® and inhibition of cytoskeletal
remodelling by cofilin inactivation,”® have been described.
Since infected T cells display enhanced metabolic activity
compared to non-infected cells, it has been proposed that
binding of CCR5 by HIV-1 may boost glycolysis similarly
to CCL5 engagement.”® Reliance on the host cell’s gly-
colytic machinery is common for many intracellular
pathogens,””® and whether diversion of the glycolytic
pathway to support viral functions also contributes to
migration defects should be examined.

CONSEQUENCES OF HYPOXIC
MICROENVIRONMENTS ON CELL MIGRATION

Immune cells can encounter varying levels of O, under
physiological conditions, such as in circulation or within
different tissues. O, levels can also differ in pathological

© 2020 John Wiley & Sons Ltd, Immunology, 161, 200-208
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contexts, such as at a site of infection or inflammation,
or within tumours. Hypoxia leads to HIF-1a stabilization
and increased glycolysis that can result in elevated
microenvironmental lactate levels.”® Extracellular lactate
can impair motility and IL-17 production in CD4+ T
cells.”” Synovial fluid from the joints of rheumatoid
arthritis patients contains higher levels of lactate com-
pared to those with a non-inflammatory type of arthritis,
and this is thought to drive chronic inflammation by
inhibiting migration and, therefore, entrapping Thl7
cells.®” The tumour microenvironment can also have high
lactate levels due to the strikingly glycolytic nature of
many tumour types. Deleting LDHA in melanoma cells in
combination with anti-PD1 therapy improves infiltration
and anti-tumour functions of CTLs,*" further highlighting
the inhibitory effect of lactate on T-cell motility.

The capacity of immune cells to adapt to fluctuating
levels in O, varies among different immune cell types. In
the context of glioblastoma, hypoxic regions correlate
with tumour malignancy,®” and Treg cells promote
tumour growth by aiding in immunosuppression. Treg
cells have previously been shown to predominantly
require oxidative metabolism for their suppressive func-
tions, while glycolysis promotes their migratory capacity.”
In line with these findings, Treg cells that are present in
the tumour microenvironment of brain tumours rely on
a HIF-la-mediated metabolic shift to glycolysis for
enhanced infiltration into the tumours, and lipid oxida-
tion for their suppressive functions.®> Under homeostatic
conditions, circulating T cells face regular changes in oxy-
gen availability. Circulating memory T cells possess
greater spare respiratory capacity compared to naive T
cells, ensuring sufficient ATP levels under hypoxic condi-
tions to bioenergetically support their migration.**

In certain pathological contexts, neutrophils, along with
some other myeloid cell types, can create hypoxic regions
themselves by rapidly releasing reactive oxygen species
(ROS), generated by NADPH oxidase in a process known
as respiratory burst. In a murine model of acute colitis,
neutrophils that migrate into the intestinal tissues con-
sume microenvironmental O, to support respiratory
burst.®® This depletion of O, stabilizes intestinal epithelial
cell HIF, inducing the expression of genes that are protec-
tive to the barrier, thus inhibiting further infiltration and
promoting resolution of inflammation. Neutrophils lack-
ing NADPH oxidase cannot induce hypoxia in the intesti-
nal epithelium and, as a result, display defective
inflammatory resolution.® Another setting where neu-
trophil infiltration creates a hypoxic microenvironment is
during the development of herpes stromal keratitis, a
chronic inflammatory condition of the cornea due to
recurrent herpes simplex virus-1 infection.®® However, in
this case, hypoxia partly contributes to the progression of
these lesions, with HIF-2a becoming stabilized in the
epithelial cells of these lesions, while HIF-1a is stabilized

© 2020 John Wiley & Sons Ltd, Immunology, 161, 200-208

in the infiltrating immune cells. Microenvironmental O,
depletion during disease settings that involve heavy neu-
trophil infiltration is not always as a result of neutrophil
respiratory burst, however. During intestinal infection by
Shigella flexneri, aerobic respiration by the bacteria, rather
than the recruited neutrophils, is mainly responsible for
the observed O, depletion and formation of hypoxic foci
of infection.”” Local O, depletion by pathogenic bacteria
may affect O,-dependent antimicrobial functions of neu-
trophils, such as respiratory burst, due to competition.

DYSLIPIDEMIA AND IMMUNE CELL MOTILITY

While cellular metabolism certainly impacts immune cell
migration, host metabolism and metabolic alterations can
significantly contribute to migration defects. One example
of this is the impact of abnormal levels of lipids in the
blood—referred to as dyslipidemia—on immune cell
migration.® Lipids are well appreciated to have many
effects on immune cells, including roles in generating
energy and membrane components, and in activation and
differentiation.®® In the extracellular environment, exces-
sive levels of saturated fatty acids promote pro-inflamma-
tory phenotypes of macrophages and T cells, while
polyunsaturated fatty acids have generally been described
to have anti-inflammatory properties.”” Lipids such as
cholesterol and triglycerides are transported in the blood
in association with lipoproteins, with low-density lipopro-
teins (LDL) delivering lipids to tissues from the liver,
while high-density lipoproteins (HDL) transport lipids
from tissues back to the liver. Abnormal levels of lipids in
the blood are strongly associated with an increased risk of
developing cardiovascular disease.”’ Dyslipidemia occurs
in obesity and diabetes, following excessive consumption
of dietary fats, and is also observed in several chronic
inflammatory disorders including rheumatoid arthritis,
psoriasis and infections like HIV.”' Obesity and diabetes
are known to increase the risk of mortality and severe
complications resulting from respiratory infection,”*”*
including the novel coronavirus SARS-CoV-2.”> Epidemi-
ological evidence suggests dyslipidemia itself—both
abnormally low or high cholesterol levels—is associated
with heightened susceptibility to acute infection as well,
although causality has not yet been proven clinically.”*””
Mouse models of spontaneous hypercholesterolaemia
have demonstrated that dyslipidemia increases susceptibil-
ity to infections by pathogens such as Mycobacterium
tuberculosis,® Listeria monocytogenes’ and Leishmania
major.®°

While dyslipidemia and associated diseases can affect
immune cell function in many ways, there are increasing
associations with a direct affect on cell migration and
motility. For example, in macrophages, cholesterol accu-
mulation can inhibit their migration.*"*> ATP-binding
cassette transporters ABCAl1 and ABCGl promote
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cholesterol efflux to apolipoproteins, and HDL, respec-
tively.*> Macrophages deficient in both Abcal and Abcgl
have increased plasma membrane cholesterol due to
reduced movement of cholesterol across the plasma mem-
brane bilayer.*® This results in excessive and dysregulated
activated RAC1 and increased actin polymerization, but a
defective migratory response. Treatment of macrophages
containing excessive cholesterol with apolipoprotein Al
(apoAl; a major component of HDL), or HDL, restores
migration of control macrophages, but not of macro-
phages deficient in Abcal and Abcgl, confirming the
involvement of these transporters in cholesterol accumu-
lation and macrophage migration.*"*> In monocytes and
macrophages that do not contain excessive cholesterol,
apoAl has inhibitory effects on chemotaxis and recruit-
ment by disrupting membrane lipid rafts, which then
attenuates PI3 K/AKT signalling involved in cytoskeletal
remodelling.** Acute exposure to apoAl is sufficient to
inhibit monocyte and macrophage migration, while
chronic exposure to apoAl in other studies leads to addi-
tional effects on the cells, including decreased expression
of chemokine receptors.®> These studies indicate that the
level of cholesterol in the cell requires precise regulation
for optimal cell motility. Furthermore, very low- and
low-density lipoproteins (VLDL and LDL, respectively)
cause neutral lipid accumulation in human monocytes
and mouse peritoneal macrophages, impairing their
migratory abilities due to blunting of RHOA activation,
and consequently of cytoskeletal rearrangements.*® Oxi-
dized LDL inhibits macrophage migration by interacting
with the scavenger receptor CD36, which triggers a path-
way that results in RACI activation and RAC-mediated
inhibition of MLC kinase. This leads to MLC dephospho-
rylation and retraction of the front end lamellipodia, thus
resulting in loss of cell polarity.’” Oxidized LDL has been
shown to impair DC trafficking as well.%® These studies
mainly describe mechanisms by which dyslipidemia can
affect immune cell migration via effects on the cytoskele-
ton; other reviews have comprehensively covered further
ways dyslipidemia can affect immune cell trafficking,
including the effects on lymphatic vessels and on immune
cell retention in atherosclerotic plaques.®*™"

PERSPECTIVES

A vital function of immune cells is migration during
development, inflammation and homeostasis. Migration
is an energetically demanding process requiring significant
metabolic activity, which is co-ordinated through
cytoskeletal interactions to provide local, efficient energy
production. Enzymes in the TCA cycle and ETC are com-
partmentalized in the mitochondrion for optimal enzy-
matic activity, whereas the glycolytic pathway is
compartmentalized by anchoring to the cytoskeleton.
However, how this compartmentalization is important for
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local production of other metabolites or redox factors,
and their impact on cellular function, requires further
research. Integrated networks among metabolic pathways
and other signalling pathways through engagement of
chemokine receptors and integrins are evident; however,
it is important to uncover other pathways necessary for
immune function that are also intimately linked to cellu-
lar metabolism. Further, a better understanding of the
extent to which metabolic pathways beyond glycolysis
and OXPHOS are compartmentalized to support local
cellular needs will shed light on the metabolic flexibility
of cells and their ability to function in different environ-
ments.

Nutrient availability in microenvironments—whether in
primary or secondary lymphoid tissues or in inflamed
peripheral tissues—will impact the metabolic pathways
used by cells to support their bioenergetic and biosyn-
thetic needs.”> How local nutrient availability affects
immune homeostasis and response to infection adds
another dimension to our understanding of host immu-
nity. For example, the increased metabolic demands of
both tumour cells and activated immune cells lead to
competition for nutrients in the tumour microenviron-
ment. Anti-tumour immunity can be influenced by nutri-
ent depletion in the tumour microenvironment, such as
glucose restriction by tumours impairing T-cell effector
function,” and glutamine depletion promoting the differ-
entiation of T cells into Treg cells.”* Nutrient competition
in the dense lymph node environment likely also occurs,
potentially impacting both spatial organization of
immune cells and egress to the periphery. Studies exam-
ining systemic altering of nutrient availability, largely
through diet manipulations, are demonstrating profound
effects on immune function. Dietary restriction of
methionine reduces disease severity in the experimental
autoimmune encephalomyelitis model of multiple sclero-
sis by limiting the expansion of Th17 cells.”” Further-
more, mice fed a diet lacking non-essential amino acids
serine and glycine exhibit a reduced number of antigen-
specific CD8" T cells when challenged with Listeria mono-
cytogenes infection.”® A ketogenic diet is protective in
mice during an influenza A virus infection by promoting
the expansion of y8 T cells in the lung.”’

While it is clear that diet has considerable effects on
immune function and response to infection, the specific
effects on the ability of immune cells to patrol the host
and migrate into inflamed tissues is not known. Further,
whether nutrient depletion in a highly inflammatory
microenvironment serves as a feedback mechanism to
reduce inflammatory migration and resolve inflammation
needs to be examined. Unravelling the molecular basis of
the reciprocal relationship between cellular metabolism
and immune cell migration will expand our understand-
ing of host immunity. The impact of systemic nutrient
alteration through diet or disease will shed light on

© 2020 John Wiley & Sons Ltd, Immunology, 161, 200-208
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whether specific aspects of host nutrition can be targeted
to increase immunity or decrease inflammation.
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