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The role of metabolic reprogramming in the coordination of the immune response
has gained increasing consideration in recent years. Indeed, it has become clear that
changes in the metabolic status of immune cells can alter their functional properties.
During inflammation, T cells need to generate sufficient energy and biomolecules to
support growth, proliferation, and effector functions. Therefore, T cells need to
rearrange their metabolism to meet these demands. A similar metabolic repro-
gramming has been described in endothelial cells, which have the ability to interact
with and modulate the function of immune cells. In this overview, we will discuss
recent insights in the complex crosstalk between endothelial cells and T cells as well
as their metabolic reprogramming following activation. We highlight key components
of this metabolic switch that can lead to the development of new therapeutics

against chronic inflammatory disorders.
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1 | INTRODUCTION

Endothelial cell (EC)-T-cell interactions play a key role in the regula-
tion of the immune system. ECs are known to be of special impor-
tance for the control of T-cell recruitment and activation. The
endothelium represents an important interface between the tissues
and the blood. Increasing evidence is highlighting how interaction
between lymphocytes and ECs influences T-cell activation and differ-
entiation within the periphery, leading to ECs being considered as
semi-professional antigen-presenting cells. Thus, T-cell-EC interac-
tions play a critical role in the regulation of the immune system during
chronic inflammation. As ECs can be considered active participants in
the processes of immune-mediated inflammation, it is particularly
important to have an in depth-comparison between these two sys-
tems and to understand how they affect each other.

ECs express class | and class Il major histocompatibility complex
(MHC)-peptide complexes on their surface and come into regular
contact with circulating T cells. They can also process and present
antigens (Hirosue et al., 2014) and they express both costimulatory
and co-inhibitory molecules, such as intercellular adhesion molecule-
1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), ICOS-L
(CD275) and PD-L1 (Figure 1). However, ECs do not express the co-
stimulatory molecules CD80 or CD86, and therefore, they cannot
activate naive T cells but only the effector/memory CD4 and CD8
lymphocytes (Perez, Henault, & Lichtman, 1998). Through the release
of specific mediators, ECs can then promote the expansion of one T-
cell subtype over another. Activated T cells differentiate into three
different known effectors—T helper (Th) cells (CD4 T cells), cytotoxic
T cells (CD8 T cells), and regulatory T (Treg) cells, all of which have dif-
ferent functions in mediating immune responses and can provide both
soluble and contact-dependent signals to modulate and protect ECs.

Besides EC-T-cell interactions, the complex interplay between
their metabolic reprogramming plays a crucial role in the regulation of
the immune response. Cellular metabolism is the sum of all the bio-
chemical reactions that take place in a cell and is essential to generate
components and energy used by cellular processes, such as synthesis,
catabolism, and secretion of biomolecules. The demand for energy
and substrates varies, depending on the state of activation or specific
functions that the cell has to perform. This is particularly revealing for
immune cells whose activation, proliferation, and engagement of
effector functions are closely linked to changes in cellular metabolism.
Furthermore, immune cells with different functions use several differ-
ent metabolic pathways to generate energy and biosynthetic interme-
diates to support their specific functions, such as the production of
distinct sets of cytokines. Thus, there is growing interest in under-
standing how metabolic pathways influence immune responses and,
ultimately, disease progression. Similarly, there is evidence that ECs
alter their metabolism to shift from quiescence to an active state and
that EC metabolism is an important determinant of EC phenotype and
behaviour (Tang & Mauro, 2017).

Understanding the mechanisms that drive metabolic repro-
gramming in ECs and T cells can lead to the explanation of the patho-

genesis of numerous diseases. Hence, this review will analyse how

activated ECs and T cells can reciprocally regulate their activities and
how metabolic reprogramming of these cells during inflammation can
be targeted to achieve the development of new therapeutics in

chronic inflammatory diseases.

2 | REGULATION OF T-CELL ACTIVATION
AND DIFFERENTIATION BY ECs

The crosstalk between ECs and T cells during the recruitment of T
cells to sites of inflammation is strongly facilitated by the formation of
a peculiar immunological synapse termed a “podo-synapse.” Following
initial antigen (Ag) recognition by T cells at the site of inflammation,
the increased calcium influx induces formation of stabilized clusters of
cylindrical actin-rich invadosome-like protrusions, which exert biome-
chanical and biochemical scanning of the endothelial surface and thus
allow the lymphocytes to initiate diapedesis and to detect various
chemokines on the endothelial plasma membranes (Martinelli
et al., 2014; Figure 1). ECs express both class | and class | MHC mole-
cules and a number of co-stimulatory molecules whose receptors are
present on activated T cells (Lim, Olding, Healy, & Millar, 2018). It has
been suggested that human ECs might play a role in secondary
immune responses by presenting antigen to circulating CD4 memory
T cells (Pober & Tellides, 2012). In support of this, ECs can stimulate
CDA4 T cells in an antigen-specific manner (Savage et al., 1995). How-
ever, human ECs do not express the co-stimulatory ligands CD80 and
CD86, and this can explain why they are not able to activate naive T
cells. ECs also have a role in the recruitment of Treg cells (Tregs).
Krupnick et al. (2005) have shown that alloantigen presentation by
vascular endothelium to CD4 T lymphocytes activates and induces
CD4"25"Foxp3* Tregs, which further inhibit both in vitro and in vivo
proliferation of alloreactive T cells. Another study has reported that,
under inflammatory conditions, human ECs can induce proliferation of
memory CD4 T cells, pro-inflammatory Th17 cells, and Tregs (Taflin
et al., 2011). Therefore, human ECs enhance T-cell proliferation and
increase Treg suppressor function.

Diseases with an important inflammatory component are often
characterized by alterations of the endothelium, resulting in altered
trafficking of immune cells. Several studies have reported a dramati-
MHC-II  in
autoimmune/inflammatory diseases, such as diabetes, allograft rejec-

cally increased expression of  endothelial
tion, multiple sclerosis, myocarditis, rheumatoid arthritis (RA), lupus,
and vasculitis (Turesson, 2004). In these conditions, there is a change
in the endothelial phenotype towards a pro-inflammatory state, asso-
ciated with increased expression of leukocyte adhesion molecules and
cytokines, as well as reduced endothelium-derived NO.

In this section, we will focus on how ECs can modulate metabolic
reprogramming of T cells through the production of four immunomod-
ulatory molecules, namely, NO, lactate, indoleamine 2,3-dioxygenase
(IDO), and sphingosine-1-phosphate (S1P), due to their significant
direct involvement in the metabolic modulation of T cells. These are
just a few examples, as there are different outcomes of specific EC-T-

cell interactions, strictly dependent on the cell phenotype and micro-
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FIGURE 1 TheT-cell-endothelial cell immunological synapse. The lower part of the figure illustrates some of the membrane-bound molecules
that participate in antigen presentation and subsequent T-cell activation by the endothelium. During lateral migration, T cells generate cylindrical
structures, termed invadosome-like protrusions, that enable close cell-to-cell contacts with endothelial cells and allow T cells to detect

chemokines in the vicinity of the endothelial plasma membrane. The upper

part of the figure illustrates some examples of how endothelial cells

can modulate metabolic reprogramming of T cells through secretion of various immunomodulatory molecules, such as NO, lactate, tryptophan
metabolites, and sphingosine-1-phosphate (S1P). The signals sent by T cells to modulate endothelial cell growth and function during inflammation
are also illustrated. T cells can modulate the activity of endothelial cells through the release of specific cytokines such as the Th1 cytokines IFN-y
and TNF-a, the Th2 cytokines IL-4 and IL-13, and the Treg cytokines IL-10 and TGF-f. 3-HAA, 3-hydroxyanthranilic acid; FAS, fatty acid

synthesis; QUIN, quinolinic acid; SKs, sphingosine kinases

environment. Other important chemical mediators secreted by ECs
and that can modulate T-cell functions include different EC-derived
cytokines, such as IL-6, IL-11, IL-12, and IL-18, which are involved in
the induction of T-cell differentiation. Lymphatic ECs (LECs) can also
secrete IL-7, which is crucial for the regulation of naive and memory
T-cell homeostasis as well as for the access to secondary lymphoid
organs. ECs of high endothelial venules, lining the blood vessels of
lymph nodes (LNs), express certain chemokines, such as CCL19,
CCL21, CXCL12, and CXCL13, that control lymphocyte trafficking to

the LNs and Peyer's patches. These aspects have recently been
reviewed in more details (Al-Soudi, Kaaij, & Tas, 2017; Humbert,
Hugues, & Dubrot, 2017).

2.1 | Nitric oxide

NO is a diffusible transcellular messenger molecule, which is widely

recognized as one of the key synthetic products of ECs because of its
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significant roles in many physiological and pathological conditions,
including vasodilation and inflammation. NO generated by ECs is
believed to affect the immune cells in a paracrine fashion as it can
readily permeate cell membranes and modulate immune cell metabo-
lism (Forstermann & Sessa, 2012; Figure 1). A study by Lukacs-Kornek
et al. demonstrated a bidirectional crosstalk betweenT cells and LECs.
They reported that LECs inhibit T-cell proliferation through a tightly
regulated mechanism dependent on NOS2. In vitro production of NO
by LECs was noticed upon activation of T cells and required the inter-
play of IFN-y and TNF and direct contact with activated T cells. More-
over, in vivo experiments showed that LECs in primed mice expressed
NOS2 in the T-cell zone. This was suggested as a mechanism to regu-
late the T-cell proliferative effect and generation of NO-induced Tregs
(Lukacs-Kornek et al., 2011). NO has been shown to stimulate glycoly-
sis and to impair mitochondrial reserve capacity (Diers, Broniowska,
Darley-Usmar, & Hogg, 2011). Emerging evidence indicates that NO
production might regulate mitochondrial biogenesis as it competes
with molecular oxygen and reversibly inhibits cytochrome ¢ oxidase,
thus suggesting a possible role in the control of mitochondrial respira-
tion (Nagy, Koncz, & Perl, 2003). NO triggered T-cell apoptosis and
played a significant role in Th1l cell-mediated responses via IFN-y
(Niedbala, Cai, & Liew, 2006). Furthermore, this molecule has
nitrosylating effects on specific enzymes of glycolysis, tricarboxylic
acid (TCA) cycle, and fatty acid (FA) metabolism. For example, Doulias,
Tenopoulou, Greene, Raju, and Ischiropoulos (2013) have shown that
endothelial NOS (eNOS)-derived NO can induce S-nitrosylation of
very long acyl-CoA dehydrogenase, which catalyses the first step in
B-oxidation, resulting in enhanced activation of its enzymatic activity.
This could result in reduced expansion of Tregs, as these cells rely pri-
marily on FA oxidation (FAO); at the same time, there could be a shift
towards Th1, Th2, or Th17 subsets. NO has been shown to induce
proliferation of functional Treg cell subsets, although the precise

mechanism is currently unclear (Niedbala et al., 2006).

2.2 | Immunosuppressive IDO

ECs can directly regulate immune responses via the expression of
immunosuppressive IDO, which is the first and rate-limiting enzyme in
the catabolic pathway of the essential amino acid tryptophan. The
enzyme is responsible for extra-hepatic catabolic degradation of tryp-
tophan, and it is expressed in vascular endothelium, professional
antigen-presenting cells, epithelial cells, and tumour cells (Gerriets &
Rathmell, 2012). IDO is produced after ECs are triggered by IFN-y
and/or TNF-a (Mbongue et al., 2015) and is considered a major inhibi-
tor of the immune response, as it appears to restrict potentially exag-
gerated inflammatory reactions (Wu, Gong, & Liu, 2018). Increased
IDO expression and activity can increase the levels of bioactive
metabolites that can control immune cell apoptosis and T-cell polari-
zation, thus shifting the balance between Th17 and anti-inflammatory
Foxp3* Tregs (Terness et al., 2002; Figure 1). One mechanism by
which IDO can modify the immune response is via tryptophan deple-

tion in the local micro-environment. In a very elegant study, Fallarino

et al. (2002) showed that tryptophan metabolites in the kynurenine
pathway, such as 3-hydroxyanthranilic (3-HAA) and quinolinic acids
(QUIN), induce apoptosis of murine thymocytes and of Th1 but not
Th2 cells in vitro. T-cell apoptosis was associated with caspase-8 acti-
vation and the mitochondrial release of cytochrome c. IDO-mediated
tryptophan insufficiency results in metabolic stress sensed by the
stress-responsive enzyme, general control non-depressible (GCN2)
kinase and the mechanistic target of rapamycin (mTOR), which even-
tually mediates T-cell anergy and directs Treg transformation (Munn &
Mellor, 2013).

2.3 | Lactate

ECs rely on glycolysis as the main metabolic pathway for energy pro-
duction (De Bock, Georgiadou, & Carmeliet, 2013) and hence excrete
enormous amounts of lactate (Parra-Bonilla, Alvarez, Al-Mehdi,
Alexeyev, & Stevens, 2010). Lactate is the final product of anaerobic
glycolysis. It has been considered during most of the last century as a
waste product, but new studies have attributed to lactate diverse
metabolic and regulatory properties such as a source of metabolic
energy (Boussouar & Benahmed, 2004), a modulator of energy pro-
duction (Chari, Lam, Wang, & Lam, 2008), and a signalling molecule
(Philp, Macdonald, & Watt, 2005). Interestingly, lactate modulates T-
cell function directly via specific cell surface lactate transporters. We
have previously shown that sodium lactate is able to reduce the
migration of CD4 T cells (leading to the entrapment of these cells in
the inflamed tissue) by inhibition of glycolysis and to promote the
expression of IL-17 (Haas et al., 2015; Figure 1). Lactate is mainly pro-
duced in the cytoplasm during hypoxia or as a consequence of aerobic
glycolysis in proliferating cells, and it is then secreted through the
plasma membrane. This transport is dependent on solute carrier trans-
porters that perform proton-lactate symport (MCT1-4) or sodium-
dependent transport (SLC5A8 and SLC5A12). Lactic acid also
enhances the production of IL-23/IL-17 by CD4 T cells, acting as a
pro-inflammatory signal (Yabu et al., 2011) and is a major fuel for the
TCA cycle (Faubert et al., 2017; Hui et al., 2017). Sodium lactate selec-
tively affects CD4 T-cell functions via the solute carrier SLC5A12
(SMCT2), while lactic acid modulates CD8 T cells via its influx through
SLC16A1, leading to the inhibition of their motility and cytotoxicity
(Haas et al., 2015). We have recently reported that the increased IL-
17 production after lactate uptake by CD4 T cells depends on nuclear
pyruvate kinase M2 (PKM2)/STAT3 and enhanced FA synthesis. Fur-
thermore, lactate promotes CD4 T-cell retention in the inflamed tis-
sue via reduced glycolysis and enhanced FA synthesis (Pucino
et al,, 2019).

Lactic acid also exerts an inhibitory effect on cytotoxic activity of
human and mouse NK cells, which is accompanied by down-regulation
of the expression of granzyme and perforins (Husain, Huang, Seth, &
Sukhatme, 2013). In addition to its roles in metabolism, it has recently
been proposed that lactate can stimulate gene transcription through
epigenetic modifications. In particular, it has been shown that histone

lactylation in M1 macrophages leads to the induction of the
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expression of M2 homeostatic genes, including ARG1, thus opening
up new perspectives on the role of lactate in diverse pathophysiologi-
cal conditions (Zhang et al., 2019).

In conclusion, lactate plays significant roles in the immuno-
modulation of T-cell effector functions and can be considered a cru-
cial messenger for EC-T-cell crosstalk during inflammation.

24 | Sphingosine-1-phosphate

S1P is a well-known metabolite of LECs that regulate T-cell egress
from secondary lymphoid organs into the lymph and the blood. S1P is
synthesized from sphingosine by sphingosine kinases 1 and 2. A
recent study by Xiong et al. (2019) reported that S1P selectively
enhances migration of human and murine CD4 T cell across LECs, pro-
moting T-cell egress from the LNs, in a process regulated by the S1P
receptors 1 and 4 in CD4 T cell as well as S1P receptor 2 in ECs
(Figure 1). The secretion of S1P involves two transporters, the non-
specific ATP-binding cassette transporter and the recently identified
specific transporter spinster 2 (Fukuhara et al., 2012).

In addition to its chemotactic function, recent evidence suggests
that S1P can maintain naive T-cell survival. Mendoza et al. (2017)
reported that S1P favours naive T-cell survival by maintaining their
mitochondrial content. In a study by Liu, Yang, Burns, Shrestha, and
Chi (2010), it has been shown that the differentiation of pro-
inflammatory Th1 cells and Tregs is regulated by S1P1, which signals
through mTOR and antagonizes TGF-p function mostly by decreasing
Smad3 activity. The study also proposed an S1P1-mTOR axis to con-
trol T-cell lineage where two unrelated immunosuppressants, FTY720
and rapamycin, were used to target the same S1P1 and mTOR path-
way to regulate the reciprocal differentiation of Th1 cells and Tregs.
The S1P1 receptor has long been an established target of immune
therapies aiming at sequestering T cells in the LNs. Such treatments,
in the light of these studies, might have unexpected effects on T-cell
survival as well as sequestration. Further studies to reveal the under-
lying mechanism of S1P effects on immune cell metabolism, as well as
the possible similar effects of other sphingolipids such as ceramides
onT cells, are required.

In conclusion, the role of ECs in the regulation of the immune
response is ever more appreciated. ECs contribute to the inflamma-
tory process not only via angiogenesis and attraction of immune cells
but also through the production of various immunomodulatory mole-
cules with important immunoregulatory functions. In the last
section of the review, we discuss approaches to target these pro-

cesses in anti-inflammatory therapies.

3 | ECMODULATIONBY TCELLS

Several studies have shown that T cells play significant roles as regula-
tors of EC functions during inflammation through secretion of many
immunomodulatory molecules and cytokines. Though CD4 Th cells

are crucial for proper host defence and immune response, they are
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also major players in autoimmune conditions and inflammatory dis-
eases. Cytokines are classified into pro-inflammatory and anti-
inflammatory and are linked to Th subsets expressing them, such as
Th1, Th2, Th17, Th22, and Th9 cells and Tregs, which are character-
ized by specific cytokine profiles. Among the cytokines produced by
Tregs, IL-10 and TGF-$ have anti-inflammatory effects and play an
important role in the modulation of the EC response. Following inter-
action with ECs, Foxp3* iTregs can reduce leukocyte recruitment and
EC activation. The protective role of IL-10 is mainly due to its antioxi-
dant properties, including inhibition of NADPH oxidase activity and
ROS production (Gunnett, Heistad, & Faraci, 2002). TGF-p can induce
eNOS expression by activating Smad2, thus playing a protective role
in maintaining EC homeostasis (Saura et al., 2002). These data also
support the essential role of Tregs in immune suppression under phys-
iological conditions. In this section, we will focus on selected Thl
cytokines (IFN-y and TNF) as well as Th2 cytokines (IL-4 and IL-13) as
important chemical signals sent by T cells to modulate EC growth and
functions during chronic inflammation.

3.1 | IFN-yand TNF

IFN-y is a cytokine secreted by many immune cells, such as Th1 cells,
NK cells, innate lymphoid cells, and cytotoxic CD8 T lymphocytes. Sig-
nalling by the IFN-y receptor activates the JAK-STAT1 pathway,
which further up-regulates the expression of classical IFN-stimulated
genes with significant immunomodulatory functions during inflamma-
tion (Villarino, Kanno, & O'Shea, 2017). Upon T-cell activation, aerobic
glycolysis enhances IFN-y production, and its secretion is believed to
be one of the most important mechanisms through which T cells can
control EC growth and survival (Jung, Zeng, & Horng, 2019; Peng
et al., 2016; Figure 1).

TNF is produced by Thi, CD8, and innate immune cells and is
implicated in inflammation, anti-tumour responses, and immune sys-
tem homeostasis. During an inflammatory immune response, TNF
exerts numerous effects on ECs via induced gene expression for vari-
ous integrins, adhesion molecules, and MMPs (Sainson et al., 2008;
Figure 1).

In a study by Kataru et al. (2011), T cells exerted inhibitory effects
on LN angiogenesis via the secretion of IFN-y. Another study has also
shown that IFN-y can directly modulate LEC proliferation and survival
in vitro (Shao & Liu, 2006). IFN-y and TNF have negative effects on
EC growth in vitro; moreover, the anti-angiogenic properties of IFN-y
have been shown in vivo (Sun, Wang, Zhao, Zhang, & Chen, 2019). On
the contrary, it has been shown that TNF can stimulate angiogenesis
through indirect proangiogenic signals and also through stimulation of
VEGEF (Ligresti, Aplin, Zorzi, Morishita, & Nicosia, 2011). In ECs, TNF
stimulates the production of S1P, which as described above, exerts its
proangiogenic properties and inhibits apoptosis via interactions with
the EC differentiation gene (Edg) receptor family (Ozaki, Hla, &
Leem, 2003). TNF receptor activation also results in VEGF up-
regulation via activation of the NF-xB pathway. Several studies have

revealed that T cells can regulate the level of both class | and class Il


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1244
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2452
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=787
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=275
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=275
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=136&familyType=TRANSPORTER
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=1015#3048
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5060
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=303
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6996
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6031
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4975
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=993
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=303
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4996
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4980
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1899
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1899
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=581
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=738
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=324

CERTO ET AL

BRITISH
2046 PHARMACOLOGICAL
SOCIETY

MHC expression on ECs. A study by Goes et al. (1995) showed that
basal expression levels of class | MHC expression on ECs were signifi-
cantly reduced in IFN-y or IFN-y receptor knockout (KO) mice. In
vitro, ECs were shown to lose MHC class Il and reduce class | expres-
sion, which was restored with IFN-y treatment (Resch, Fabritius,
Ebner, Ritschl, & Kotsch, 2015). T cell-derived TNF activates ECs and
induces the expression of the selectins subfamily of surface adhesion
molecules, which in turn mediate leukocyte adhesion (Pober &
Sessa, 2007). Another study showed that IFN-y significantly enhances
EC expression of programmed cell death-1 ligands, namely, PD-L1
and PD-L2, which have been implicated in the interaction between
ECs and Tregs, leading to activation of Treg function and induction of
Treg subpopulations (Lim et al., 2018). Activated T cells, through IFN-
y and TNF secretion, induce NOS2 up-regulation and generation of
NO by LECs and thus inhibit further T-cell proliferation (Garcia-Ortiz &
Serrador, 2018). IFN-y signalling and NOS2 expression were found to
be essential for the immunosuppressive properties of LECs (Lukacs-
Kornek et al., 2011). Moreover, IFN-y stimulates cultured human LN-
derived LECs to secrete immunosuppressive IDO, which in turn
impairs CD4 T-cell proliferation (Norder et al., 2012).

32 | IL-4andIL-13

IL-4 and IL-13 are multifunctional lymphokines secreted by CD4 T
cells during a Th2 cell-mediated inflammatory response. IL-4 and IL-13
bind to the common type Il IL-4 receptor expressed by ECs, which is
a heterodimer consisting of IL-4 receptor a and IL-13 receptor a, and
they mediate their actions via JAK-STAT signalling pathways
(Symowski & Voehringer, 2019). Upon activation by IL-4 and IL-13,
ECs respond by secreting various chemokines, such as eotaxin-3/
CCL26, which is a functional ligand for CCR3, and by expressing sur-
face adhesion molecules including VCAM-1, which in turn enhances
the local recruitment of Th2 cells, eosinophils, and basophils and thus
mediates the late-phase response (Figure 1). Several studies have
investigated the angiogenic properties of IL-13 and IL-4, and it has
been reported that EC-soluble VCAM-1 is significantly induced in
response to IL-4 and IL-13 treatment. Moreover, up-regulation of
VCAM1 expression by IL-4 and IL-13 was enhanced when combined
with TNF stimulation (Fukushi, Ono, Morikawa, Iwamoto, &
Kuwano, 2000).

Complement-mediated EC injury results in cell retraction, loss of
membrane permeability, and gap formation. Several studies have
shown that IL-4 and IL-13 play crucial roles in protecting ECs against
various injurious effects during inflammation. A study by Grehan
et al. (2005) has found that ECs incubated with IL-4 or IL-13, but not
with IL-10 or IL-11, were protected from killing by complement and
apoptosis induced by TNF-a plus cycloheximide. IL-4 and IL-13 stimu-
lation leads to increased EC FA and phospholipid synthesis, as well as
preservation of mitochondrial functions, which in turn have protective
effects against injury induced by complement (Black et al., 2010). It
has also been reported that Th2 cells and their cytokines IL-4 and IL-
13 exert negative effects on the formation of lymphatic vessels

through down-regulation of essential transcription factors of LECs
and inhibit tube formation (Shin et al., 2015).

Despite the complexity of the EC and T-cell crosstalk, there are
now considerable data supporting the conclusion that these interac-
tions are bidirectional and that a better understanding of the underly-
ing mechanisms can help us achieve the development of new

therapeutic agents in chronic inflammatory diseases.

4 | METABOLIC PATHWAYSIN EC AND T-
CELL ACTIVATION

Both intracellular and extracellular signals are necessary for the activa-
tion of metabolic pathways involved in the activation, proliferation,
and function of immune cells. Immune cells with different functions
activate different metabolic pathways to cope with increased energy
demand. It is also known that ECs can alter their metabolism to fulfil
the energy requirements for proliferation and angiogenesis. This met-
abolic switch from quiescent to highly proliferative state is induced by
several cytokines and chemokines secreted by various cells during the
inflammatory immune response. Here, we discuss some of the most

important metabolic pathways that support EC and T-cell activation.

4.1 | Glycolysis

Glycolysis is a cytoplasmic pathway that starts with the uptake of
glucose from the extracellular environment and then breaks down glu-
cose into two three-carbon compounds to generate energy. The final
product of glycolysis is pyruvate in aerobic conditions and lactate in
anaerobic conditions. Under aerobic conditions, pyruvate is trans-
ported into the mitochondria where it undergoes oxidation by the
Krebs cycle to produce ATP.

Naive T cells are metabolically quiescent, they need minimal nutri-
ent uptake, and they couple the TCA cycle with oxidative phosphory-
lation (OXPHQS) for maximal ATP generation. By contrast, antigen-
activated T lymphocytes, like other proliferative cells (e.g., cancer
cells), depend on aerobic glycolysis, a less efficient way to generate
ATP (Vander Heiden, Cantley, & Thompson, 2009). This metabolic
switch is known as the Warburg effect and refers to the observation
that, even in the presence of oxygen, activated T cells tend to favour
metabolism via glycolysis rather than the much more ATP-efficient
oxidative phosphorylation pathway. Indeed, glycolysis generates two
molecules of ATP from one molecule of glucose, whereas OXPHOS
can generate 36 molecules of ATP from one molecule of glucose.
However, Warburg metabolism leads to increased availability of inter-
mediates for the synthesis of nucleotides, amino acids, and FAs, which
support cell division and proliferation (Figure 2).

In order to maintain aerobic glycolysis, T cells up-regulate glucose
transporters (GLUT; Mueckler & Thorens, 2013). GLUT1 expression
and increased glucose influx are regulated by CD28-dependent PI3K/
Akt signalling (Frauwirth et al., 2002). In addition, murine T cells defi-
cient in GLUT1 show altered proliferation and survival during
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Metabolic pathways in activated T cells. After T-cell receptor (TCR) engagement and CD28-mediated co-stimulation, activated T

cells up-regulate glucose transporters (GLUT) and amino acid transporters such as the glutamine transporter ASCT2, LAT1-CD98, which mediate
leucine uptake, and the major alanine transporter SNAT1. These events allow T cells to undergo metabolic reprogramming that involves the up-
regulation of glycolysis with conversion of glucose into pyruvate. Pyruvate can either be converted to lactate or sustain the tricarboxylic acid
(TCA) cycle. The citrate withdrawn from the TCA cycle can be used to sustain lipid synthesis. Glycolysis can also feed the pentose phosphate
pathway (PPP), which produces the necessary intermediates for nucleotide and protein synthesis. Endogenous fatty acids or those imported from
the extracellular space through T-cell-surface receptors, such as GPCRs, fatty acid-binding proteins TM (FABPTM), fatty acid transport proteins
(FATP), or CD36, can also be oxidized to sustain mitochondrial ATP production. CIC, citrate carrier; IC, isocitrate; IL-2R, IL-2 receptor; KG,
ketoglutarate; MPC, mitochondrial pyruvate carrier; OAA, oxaloacetate; OXPHOS, oxidative phosphorylation; S-CoA, succinyl CoA

activation (Macintyre et al., 2014). C-myc is another important gene
involved in the regulation of glycolysis and T-cell development.
Indeed, C-myc KO mice die at the embryonic stage and C-myc KO
CD4 and CD8 T cells show impaired cellular proliferation and growth
both in vitro and in vivo (Wang et al., 2011), and this is due to defec-
tive glycolysis and glucose influx (i.e., GLUT1 expression). Additionally,
Myc regulates amino acid influx (i.e., Slc7a5 and Slcla5 expression)
and glutaminolysis suggesting its critical involvement in T-cell
activation-dependent metabolic regulation (Wang et al., 2011).

mTOR and the hypoxia-inducible factor-1 (HIF-1a) are transcrip-
tion factors that act as important metabolic sensors. mTOR s critical
in driving T-cell differentiation and function (Waickman &
Powell, 2012). HIF-1a is activated during hypoxia and regulates glyco-
lytic enzyme expression (Kaelin, 2005) and modulates differentiation
and effector functions of CD4 and CD8 T cells (Doedens et al., 2013).
In CD4 T cells, HIF-1a regulates the balance between Th17 cells and
Tregs (Pan, Barbi, & Pardoll, 2012). HIF-1a KO CD4 T cells are defec-
tive in Th17 differentiation but more prone to differentiate into Tregs
in vitro (Dang et al., 1999).

In spite of their access to high oxygen concentrations, ECs favour
glycolysis over OXPHOS for their energy production, and they
generate up to 85% of their ATP requirements through aerobic
glycolysis. During inflammation and upon VEGF stimulation, the glyco-
lytic flux is further increased to meet the metabolic requirements of
ECs and thus enabling them to switch from quiescence to
proliferation and vessel branching. VEGF induces the expression of
GLUT1 by a mechanism involving the PIBK-Akt signalling pathway
(Yeh, Lin, & Fu, 2008) and up-regulates the glycolytic enzymes lactate
dehydrogenase A (LDHA) and 6-phosphofructo-2-kinase/fructose-2,-
6-bisphosphatase 3 (PFKFB3; De Bock, Georgiadou, Schoors,
et al., 2013). PFKFB3 up-regulates glycolysis via generation of
fructose-2,6-bisphosphate, which is an allosteric activator of the rate-
limiting glycolytic enzyme phosphofructokinase-1 (PFK1). Several
studies have investigated the role of EC PFKFB3 up-regulation in
angiogenesis. For instance, PFKFB3 stimulates vessel sprouting
in vitro and PFKFB3 silencing results in impairment of lamellipodia
formation in ECs (De Bock, Georgiadou, Schoors, et al., 2013;
Figure 3). A study by Schoors et al. (2014) has shown that blockade of
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reduced vessel sprouting by inhibiting proliferative and migratory
capabilities of ECs, thus reducing the pathological neovascularization

in inflammatory models.

4.2 | The pentose phosphate pathway

Besides the
6-phosphate can be directed into the pentose phosphate pathway

glycolytic  pathway, glucose-derived glucose-
(PPP). The PPP is a cytoplasmic process, important for proliferating
cells, consisting of a non-oxidative branch that allows the diversion
of intermediates from glycolysis towards the production of amino
acids and nucleotides and an oxidative branch generating NADPH,
a cofactor that supports lipid and cholesterol synthesis (Figure 2).
In contrast to healthy T cells, naive T cells from RA patients
show a defect in glycolytic flux due to the up-regulation of
glucose-6-phosphate dehydrogenase (G6PD). Excess G6PD shunts
glucose into the PPP, resulting in NADPH accumulation and ROS
consumption. Yang et al. (2016) have reported that this lack of
ROS could boost pro-inflammatory T cells in RA. The PPP is a key
gatekeeper of inflammation, acting via the supply of ribose-
5-phosphate for T-cell proliferation. Additionally, it has been shown
that the PPP enzyme transaldolase regulates susceptibility to Fas-
induced apoptosis by controlling the balance between mitochon-
drial ROS production and metabolic supply of reducing equivalents
through the PPP (Banki, Hutter, Gonchoroff, & Perl, 1999). Alter-
ation of this pathway and the resultant ATP depletion can sensitize

T cells for necrosis, which may significantly contribute to
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FIGURE 3 Endothelial cell metabolic
pathways during vessel sprouting. Upon VEGF
stimulation, the glycolytic flux is increased to meet
the metabolic requirements of endothelial cells,
enabling them to switch from quiescence to
proliferation and vessel branching. VEGF induces
the expression of the glucose transporters and up-
regulates the glycolytic enzyme 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3),
thus increasing proliferative and migratory
capabilities of endothelial cells, which are
necessary for vessel sprouting. Fatty acid
oxidation (FAO) in endothelial cells is required for
DNA replication. Fatty acids can enter the
mitochondria to become oxidized and participate
in the tricarboxylic acid (TCA) cycle, contributing
to the de novo synthesis of nucleotides
(deoxyribonucleotides [dNTPs]), necessary for
endothelial cell proliferation during vessel
sprouting. 6GP, glucose-6-phosphate; F1,6P2,
fructose 1,6-bisphosphate; F2,6P2, fructose
2,6-bisphosphate; F6P, fructose-6-phosphate;
FABP4, fatty acid-binding protein 4; FAO, fatty
acid oxidation; FAs, fatty acids

inflammation in patients with systemic lupus erythematosus (SLE;
Gergely et al., 2002).

For ECs too, there are several indications that the PPP plays a
regulatory role in cell behaviour and angiogenesis. Upon activation
of ECs during inflammation, VEGF induces the expression of
GLUT1 resulting in increased intracellular glucose, which in turn
up-regulates not only the glycolytic enzymes but also the enzymes
of the PPP. In ECs, G6PD regulates vascular tone through NO
production and angiogenesis mediated by VEGF. It has been shown
that G6PD translocates to the plasma membrane and is tyrosine
phosphorylated by c-Src at Y428 and Y507, which are required for
VEGF-induced Akt activation and EC migration (Pan, World,
Kovacs, & Berk, 2009).

NADPH is a crucial cofactor for eNOS, which may explain the
enhanced angiogenic properties in ECs overexpressing G6PD in
response to VEGF. In response to VEGF stimulation, ECs
overexpress G6PD, which in turn induces VEGFR2, Akt, and
eNOS (tyrosine) phosphorylation, while G6PD silencing has the
opposite effects, with a subsequent reduction in migration, prolif-
eration, and tube formation by ECs, accompanied by increased
cellular ROS production (Leopold, Zhang, Scribner, Stanton, &
Loscalzo, 2003). Additionally, a study by Vizan et al. (2009) has
shown that pharmacological inhibition of transketolase, the rate-
limiting enzyme in non-oxPPP, limits EC viability and migration.
To conclude, the PPP fuelled by glycolytic intermediates is crucial
for EC metabolism during proliferation and angiogenesis, and
hence, genetic or pharmacological inhibition of either branch of
the PPP affects EC viability and migration as well as cellular ROS
levels.
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43 | TheTCA cycle

The TCA cycle is considered to be the central hub of cellular metabo-
lism. Occurring in the matrix of the mitochondrion, it is responsible for
the aerobic metabolism of any molecule that can be transformed into
an acetyl group or dicarboxylic acid. The cycle also provides precur-
sors necessary for the building of many molecules such as amino
acids, nucleotide bases, cholesterol, and porphyrin. TCA cycle and
OXPHOS are highly efficient modes of ATP generation. Two impor-
tant products of this process are NADH and flavin adenine dinucleo-
tide (FADH,), thus supporting oxidative phosphorylation (Figure 2).

As discussed above, there is a shift from the TCA cycle to glycoly-
sis in activated T cells. However, the TCA cycle is very important for
memory T cells, as they use the oxidation of endogenously produced
FAs to produce acetyl-CoA to support OXPHOS (O'Sullivan
et al., 2014; van der Windt et al., 2013). FoxP3" Tregs also use oxida-
tive metabolism but rely on exogenously derived FAs to sustain this
pathway (Gerriets et al., 2015; Michalek et al., 2011).

Glycolysis, FA oxidation, and glutaminolysis are the major carbon
sources for TCA cycle intermediates, and several studies indicate that
blockade of any of the enzymes controlling these pathways leads to a
defective TCA cycle and consequently decreased proliferation of ECs
during inflammation. Stone et al. (2018) have shown that loss of the
enzyme PKM2 in ECs alters mitochondrial metabolism and the TCA
cycle and impairs proliferation and migration of ECs by a mechanism
involving NF-kB transcription and p53 regulation. Activated ECs are
distinguished from other highly proliferative cells such as cancer cells,
by relying on FA-derived acetyl-CoA as the major carbon source for
TCA cycle intermediates including citrate, a-ketoglutarate, glutamate,
and aspartate. Endothelial loss of the enzyme carnitine palmitoyl
transferase (CPT1A) causes vascular sprouting defects due to impaired
EC proliferation, linked to reduced deoxyribonucleotide synthesis
(Schoors et al., 2015). Proliferating ECs also consume high amounts of
glutamine and have high glutaminase (GLS1) activity, which forms glu-
tamate, in a process known as glutaminolysis. Glutamate is then
converted to a-ketoglutarate, a TCA cycle intermediate, thus contrib-
uting to the enhanced protein and nucleotide synthesis during the
proliferative state. GLS1 is up-regulated in sprouting ECs in vivo,
while glutamine depletion, or genetic inactivation of GLS1, dampens
EC proliferation due to shortage of TCA metabolites, which results in

defective macromolecular synthesis (Huang et al., 2017).

44 | FA metabolism

FA metabolism includes FA synthesis and oxidation (Figure 2). The FA
synthesis pathway produces lipids that are important for cellular pro-
liferation and differentiation, starting from products derived from gly-
colysis, the TCA cycle, and the PPP. The FA oxidation pathway is
responsible for the mitochondrial conversion of FAs leading to the
final generation of acetyl-CoA, NADH, and FADH, that are further
used in the TCA cycle and the electron transport chain to

generate ATP.
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It is well known that FAO is a key regulator of the balance
between inflammatory effector T (Teff) cells and Tregs. Indeed, it has
been reported that compared with Thi, Th2, and Th17 cells, which are
highly glycolytic and down-regulate FA oxidation, Tregs express low
levels of GLUT1, use mitochondrial electron transport for prolifera-
tion, differentiation, and survival, and have high lipid oxidation rates
(Michalek et al., 2011; Wang et al., 2011).

Memory CD8 T cells require FA oxidation to rapidly respond
upon re-stimulation, and this can explain why they show more mito-
chondrial mass than naive CD8 cells. Moreover, IL-15, a cytokine criti-
cal for memory CD8 T cells, promotes mitochondrial biogenesis and
expression of CPT1A, the key metabolic enzyme of FA oxidation (van
der Windt et al., 2013).

FA synthesis plays a critical role in the generation and function of
pro-inflammatory cells. It has been showed that de novo lipid synthe-
sis is critical for the proliferation and function of Teff cells (Bensinger
et al., 2008). The sterol regulatory element-binding proteins (SREBPs)
regulate FA and cholesterol synthesis in cells (Horton, Goldstein, &
Brown, 2002) and genetic deletion of SCAP, an SREBP component,
leads to significantly impaired growth and proliferation of T cells upon
activation (Kidani et al., 2013). Additionally, PPARs, which regulate
the lipid signalling pathway, have been shown to play a critical role in
T-cell and differentiation (Choi &
Bothwell, 2012). FA synthesis is involved in the regulation of the bal-

activation, proliferation,
ance between Teff cells and Tregs. Wang et al. (2015) showed that
polyunsaturated FAs can reduce the expression of ligands for RORYT,
a key Th17 transcription factor, thus reducing the expression of IL-17
and increasing the expression of IL-10. We have recently shown that
®-3 polyunsaturated FAs can affect the motility of CD4 T cells and
modify their ability to reach target tissues by interfering with the
cytoskeletal rearrangements required for cell migration (Cucchi
et al., 2019).

Emerging evidence indicates that the regulation of FA metabo-
lism is also vital for EC metabolic reprogramming during angiogene-
sis and inflammatory response. FAs enter ECs via passive diffusion
or by a specific FA translocase/CD36 (Harjes, Kalucka, &
Carmeliet, 2016). FAs are believed to modify the lipid rafts of the
EC membrane and hence facilitating TLR recruitment and activation
(Goldberg & Bornfeldt, 2013). Moreover, saturated FAs bind to the
free fatty acid (FFA1) receptor 1, a GPCR, thus modulating the EC
inflammatory response via up-regulation of IL-6 (Lu et al., 2015).
During inflammation and upon basic FGF and VEGF stimulation,
the FA-binding protein FABP4 can regulate proliferation and
sprouting of ECs (Figure 3). Loss of FABP4 resulted in a significant
decrease of EC proliferation, migration, and increased apoptosis, as
well as impaired sprouting during angiogenesis  (Elmasri
et al.,, 2012). FAO plays a crucial role in angiogenesis. In fact, rather
than using FAO for the production of energy or redox homeostasis,
ECs use FAs for DNA synthesis (through the de novo synthesis of
nucleotides, in particular deoxyribonucleotides), necessary for prolif-
eration during vessel sprouting. This mechanism was confirmed in
mice lacking CPT1A in ECs that show impaired sprouting (Schoors

et al.,, 2015).
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Apart from the supply of FAs from the blood stream, ECs can syn-
thesize FAs, as they express the enzyme FA synthase (FASN). Acetyl-
CoA is used for FA production, and interestingly, through
palmitoylation, FASN can regulate the bioavailability and membrane
localization of eNOS, which generates NO and thus modulates the EC
inflammatory response (Lu et al., 2015). FASN ablation not only
impairs pathological angiogenesis and capillary formation but also
attenuates palmitoylation and membrane localization of eNOS. This
results in defective EC sprouting and increased EC permeability (Wei
et al., 2011).

4.5 | Amino acid metabolism

Amino acids, as the source of protein, are linked to the mTOR
pathway and nucleotide synthesis. However, they can also be pre-
cursors for the de novo FA synthesis and de novo synthesis of
purine and pyrimidine, and they can fuel the TCA cycle.

Amino acids are important substrates for T-cell activation. Upon
activation, T cells increase mRNA and protein expression of several
glutamine transporters, including SLC38A1 and SLC38A2 (Carr
et al,, 2010). Glutamine can also be metabolized into glutamate and
finally into TCA cycle intermediates, or used for FA synthesis via
glutaminolysis, thus producing several other amino acids (alanine,
aspartate, etc.), and can be a nitrogen donor for purine and pyrimidine
nucleotide synthesis.

T-cell receptor signalling regulates amino acid transporter
expression and localization to the cell membrane (Nakaya
et al., 2014; Sinclair et al., 2013; Figure 2). SLC7A5 is an amino
acid transporter that regulates transport of large and branched neu-
tral amino acids such as leucine and phenylalanine and is highly
up-regulated by antigen-specific murine CD8 T cells during in vitro
activation (Sinclair et al, 2013). Indeed, SLC7A5-deficient murine
CD4 and CD8 T cells are unable to proliferate, grow, and differen-
tiate into Teff cells. The transporter SLC1A5, which regulates gluta-
mine transport, is necessary for T-cell proliferation, but its specific
role is to modulate T-cell differentiation and effector functions
(Nakaya et al., 2014). SLC1A5 KO CD4 T cells exhibit impaired dif-
ferentiation into Thl and Th17 cells in vitro. These data suggest
that different amino acid transporters have distinct regulatory
effects on T-cell activation.

Arginine metabolism also plays a crucial role in T-cell function.
Both in vitro and animal models have shown that the lack of arginine
not only blocks T-cell proliferation but also reduces the production of
cytokines such as IFN-y, but not IL-2 (Rodriguez et al., 2004).

In a recent study, it has been shown that extracellular alanine
is required for efficient exit from quiescence during naive T-cell activa-
tion and alanine depletion inhibits memory T-cell re-stimulation
(Ron-Harel et al., 2019).

As previously mentioned in Section 2.2, tryptophan and its down-
stream metabolites in the kynurenine pathway play a role in the mod-
ulation of T-cell function. These cells need tryptophan to proliferate.

T cells activated in the absence of free tryptophan enter the cell cycle,

but cell cycle progression ceases in mid-G4 phase and T cells become
susceptible to death via apoptosis, in part through Fas-mediated sig-
nalling (Lee et al., 2002).

Amino acids also have important regulatory effects on ECs.
Glutamine significantly affects EC metabolism as it generates
important metabolites for TCA cycle, nucleotide synthesis, and
redox homeostasis and hence exerts several in vivo and in vitro
angiogenic effects. Glutamine deficiency, genetic silencing, or phar-
macological inhibition of GLS1 can impair EC proliferation (Huang
et al, 2017). In vitro experiments have shown that both glutamine
deprivation and inhibition of GLS1 prevent EC proliferation without
affecting migration capabilities. The above-mentioned effects were
also accompanied by the complete loss of TCA cycle intermediates,
which could not be compensated by glucose-derived sources (Kim,
Li, Jang, & Arany, 2017).

Glutamine-derived non-essential amino acids such as serine
and glycine have also direct effects on ECs. In a recent study
investigating the effects of glycine synthesis on EC metabolism dur-
ing angiogenesis, oxidized phospholipids were involved in endothe-
lial dysfunction via the induction of genes regulating serine-glycine
metabolism (Hitzel et al., 2018). As discussed in Section 2.1, argi-
nine can be metabolized by eNOS to citrulline and NO, a signalling
molecule involved in the inflammatory immune response, mainte-
nance of vascular homeostasis, modulation of T-cell functions, and
suppression of oxidative stress. On the other hand, branched-chain
amino acids (leucine, isoleucine, and valine) can markedly increase
oxidative stress, NF-xkB activation, and inflammatory response in
ECs (Zhenyukh et al., 2018). Methionine and cysteine also play an
important role in EC metabolism. It has recently been proposed
that sulfur amino acid restriction is a proangiogenic trigger, promot-
ing increased VEGF expression, migration, and sprouting in ECs
(Longchamp et al., 2018).

In this section, we have discussed the importance of meta-
bolic pathways and substrates in the regulation of both EC and
T-cell activation and functions. A deeper understanding of the
mechanisms underlying these functions is essential for the identi-
fication of pharmacological strategies aimed at perturbing or
enhancing specific metabolic pathways involved in chronic
inflammation-related pathologies. We discuss this aspect in the

next section of the review.

5 | POTENTIAL FOR CLINICAL
APPLICATIONS

Several studies have attempted to manipulate EC and T-cell
functions through interventions directed at metabolic pathways,
highlighting potential therapeutic strategies in the context of
chronic inflammation (Figure 4). Although there are numerous
studies on EC-T-cell interactions, little is yet known on their
reciprocal influences in terms of metabolic reprogramming. How-
ever, drugs that modulate the metabolism of one cell type cer-

tainly can have repercussions on the other type. Of greater
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FIGURE 4 Therapeutic approaches targeting endothelial cell (EC) and T-cell metabolism. EC and T-cell activation requires metabolic
reprogramming to cope with increased energy demand. The diagram highlights some of the most important metabolic pathways involved in this
metabolic switch. The table indicates some examples of potential therapeutic strategies that may be used to target EC and T-cell metabolism, in
order to mitigate the chronic inflammatory response. OXPHQOS, oxidative phosphorylation; TCA, tricarboxylic acid; a-KG, a-ketoglutarate

importance is the identification of drugs that can modulate the
metabolism and, therefore, the activity of both cell types
simultaneously.

Methotrexate is an antimetabolite of the antifolate family and is
used in the treatment of autoimmune diseases, including RA. It
acts via the inhibition of enzymes involved in purine metabolism, lead-
ing to accumulation of adenosine, and via the suppression of T-cell
activation and expression of adhesion molecules (Yamasaki, Soma,
Kawa, & Mizoguchi, 2003). However, methotrexate can also reduce
VEGF expression and neovascularization (Shaker et al., 2013). This

can be due to a direct effect or to an indirect effect via the reduced

expression of cytokines, including IL-1 and TNF-a, which are potent
angiogenic factors.

Metformin is the first-line therapy for Type 2 diabetes mellitus
and is now receiving increasing attention due to its anti-inflammatory
properties. In addition, it has been reported that metformin has pro-
tective effect on ECs in diabetes and atherosclerosis, through the
reduction of oxidative stress, inhibition of NAD(P)H oxidase, and acti-
vation of eNOS (Batchuluun et al., 2014; Valente, Irimpen,
Siebenlist, & Chandrasekar, 2014). In some clinical conditions, metfor-
min can also exert anti-proliferative effects on ECs. Therefore, this is

another example, along with that of methotrexate, of a drug capable
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of exerting beneficial effects on both ECs and T cells in the context of
chronic inflammatory diseases.

The development of specific drugs that simultaneously target EC
and T-cell function could lead to the generation of more valuable

therapeutics.

5.1 | Targeting T-cell metabolism

It has been suggested that targeting PDHK1, an enzyme that
inhibits pyruvate dehydrogenase, with dichloroacetate, blocks Th17
differentiation and cytokine production while leaving Th1l unaf-
fected. This may be important in the context of Th17-driven auto-

immune disorders, where it would favour the suppression of the

Th17 lineage without affecting Th1l immunity (Gerriets
et al., 2015). Dichloroacetate treatment was also able to reduce
lactate production and alleviate inflammation (Ostroukhova
et al., 2012).

Inhibitors of the F1/FO ATPase, such as BZ423 and LyC-
31138, have demonstrated promise as a metabolic therapy for
graft-versus-host disease (GVHD) by preventing the production of
ATP in pathogenically activated lymphocytes (Glick et al., 2014).
The same kind of inhibition has been shown to promote
apoptotic death of chronically stimulated T cells in models of SLE
(Gatza et al., 2011). These effects can be explained by the fact that
the generation of ATP in chronically stimulated cells from autoim-
mune models and in GVHD is mainly derived from oxidative
metabolism.

AMP-activated protein kinase (AMPK) was reported recently to
have anti-inflammatory activities by negatively regulating NF-xB sig-
nalling. By using the experimental autoimmune encephalomyelitis
model, Nath et al. (2005) showed that the activator of AMPK,
5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), attenuated
the severity of the clinical disease through the inhibition of Thl-type
cytokines, IFN-y and TNF-«, and the production of Th2 cytokines, IL-
4 and IL-10.

Similar results have been described in bowel disease, which is
characterized by excessive Thl and Th17 immune responses (Bai
et al,, 2010). As mentioned above, metformin can directly modulate
the functions of various immune cell types and suppress the immune
response mainly through indirect activation of AMP and subsequent
inhibition of MTORC1 and by inhibition of mitochondrial ROS produc-
tion. In addition, metformin treatment increases differentiation of T
cells into both Tregs and memory T cells (Sun et al., 2016). Yin
et al. (2015) reported that CD4 T cells isolated from SLE patients dis-
played increased glycolysis and OXPHOS. Treatment with a combina-
tion of metformin and 2-deoxyglucose was able to normalize T-cell
metabolism, and therefore, it represents a promising therapeutic
approach for the treatment of SLE.

Rapamycin is an mTOR inhibitor that selectively inhibits Th1 and
Th17 proliferation (Delgoffe et al., 2011). At the same time, it has
been shown that rapamycin promotes Treg survival and function lead-

ing to an enrichment of Tregs in mice and humans (Battaglia,

Stabilini, & Roncarolo, 2005), proving to be useful in multiple sclerosis
and SLE (Perl, 2015).

Another potential approach to target T-cell metabolism for ther-
apy is to limit the availability of nutrients. T-cell-specific deletion of
GLUT1 impairs CD4 T-cell activation, expansion, and survival
(Macintyre et al., 2014). Importantly, GLUT1 deficiency was able to
reduce Teff cell expansion and the inflammatory response without
affecting Treg cell functions. CD8 T cells are less functional following
glucose deprivation, and they show reduced IFN-y, granzyme, and
perforin production (Cham, Driessens, O'Keefe, & Gajewski, 2008).

Deletion of the neutral amino acid transporter SLC7A5, which is
important in coordinating the metabolic reprogramming essential for
Th1 and Th17 cell differentiation and function, or its inhibition with
JPH203 and 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH),
prevents the metabolic reprogramming, expansion, and/or effector
function of both CD4 and CD8 T cells, without affecting Treg cell dif-
ferentiation (Sinclair et al., 2013). During T-cell activation, there is also
an increased expression of the alanine serine and cysteine transporter
system (ASCT2/SLC1A5). The loss of ASCT2 leads to the impaired
polarization of T cells towards a Th1/Th17 phenotype but not Th2 or
Treg (Nakaya et al., 2014).

Numerous studies in recent years have revealed the special
importance of cellular metabolism of FAs in T-cell differentiation.
Indeed, while de novo FA synthesis is crucial for proliferation and dif-
ferentiation of Teff cells, p-oxidation of FA is important for the devel-
opment of CD8 T-cell memory as well as for the differentiation of
CD4 Tregs (Lochner, Berod, & Sparwasser, 2015). A reduced expres-
sion of SREBP1 and SREBP2 protein, crucial transcription factors in
lipid metabolism, impairs T-cell activation and proliferation (Yang
et al., 2013). Also, in vivo treatment with the ACC-specific inhibitor
soraphen A or T-cell-specific deletion of ACC1 in mice impairs the
Th17 cell response in autoimmunity (Berod et al., 2014). ACC1 defi-
ciency also impairs Th1 and Th2 development, suggesting that FA syn-
thesis is fundamental for CD4 effector T-cell functions (Berod
etal.,, 2014).

Alloreactive Teff cells use FAs as a fuel source to support their
in vivo activation, and pharmacological blockade of FA oxidation is
able to decrease the survival of alloreactive T cells without influencing
the survival of T cells during normal immune reconstitution
(Byersdorfer et al., 2013). These studies suggest that modulation of
FA metabolism with drugs such as etomoxir, can be a useful strategy
for the treatment of GVHD and other T-cell mediated immune dis-
eases, which present high rates of FAO.

There is emerging evidence that metabolic enzymes and regula-
tors can have a direct role in controlling immune cell functions, thus
proving to be potential therapeutic targets. It has been reported that
inhibiting the glycolytic enzyme hexokinase-2 with 3-bromopyruvate
can polarize Th17 cells towards Tregs after their stimulation in vitro
and, thus, ameliorate the inflammatory response in a mouse model of
experimental arthritis (Okano et al., 2017).

Recent studies have revealed an important role for glycolysis and
the glycolytic enzyme enolase in controlling the induction and sup-

pressive function of iTregs. This is mainly due to the control of Foxp3
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splicing variants containing exon 2 (Foxp3-E2) through the glycolytic
enzyme enolase-1. When glycolysis is reduced, enolase can translo-
cate to the nucleus and inhibit the formation of Foxp3-E2 iTregs
(De Rosa et al., 2015). This suggests that targeting enolase nuclear
translocation may be able to sustain the formation of these immuno-
suppressive Foxp3-E2-expressing iTregs.

LDHA is the enzyme responsible for the conversion of pyruvate
to lactic acid and deletion of LDHA impaired Th1 differentiation and
function. This was a consequence of the shunting of acetyl-CoA into
the TCA cycle, resulting in a reduced amount of acetate available for
epigenetic regulation (Peng et al., 2016). These results suggest that
aerobic glycolysis, via epigenetic mechanisms, can promote Teff cell
differentiation and suggest that LDHA may be a therapeutic target in
inflammatory diseases.

The glycolytic enzyme pyruvate kinase functions as a homo-
tetramer in the cytosol converting phosphoenolpyruvate to pyruvate
in the last reaction of glycolysis. PKM2 is the major isoform expressed
at the protein level by lymphocytes (Dayton et al., 2016). Dimers of
PKM2 localize in the nucleus where they can modulate inflammatory
programs by interacting, for instance, with STAT3 (Gao, Wang, Yang,
Liu, & Liu, 2012) and the aryl hydrocarbon receptor (AhR; Matsuda
et al., 2016). Thus, enforcing PKM2 tetramerization can be a useful
strategy for the attenuation of inflammatory responses, and several
studies have reported the achievement of these results in different
diseases.

It has been reported that AhR activation increases FoxP3" Tregs
through different mechanisms, including direct transactivation and the
induction of epigenetic modifications that control Foxp3 transcription
(Goettel et al., 2016). Kynurenine, a metabolite derived from IDO-
mediated tryptophan catabolism, is a suppressor of CD8 T-cell prolif-
eration and effector function (Munn & Mellor, 2013). It can lead to
increased production of anti-inflammatory Tregs and decreased pro-
inflammatory Th17 expansion via an AhR-dependent mechanism, and
this evidence further consolidates the importance of this signalling
pathway in the treatment of inflammatory and autoimmune diseases
(Busbee, Rouse, Nagarkatti, & Nagarkatti, 2013).

Different levels of metabolites can also lead to modifications of
cellular functions. For instance, ROS has emerged as an important sec-
ond messenger for T-cell receptor signalling, T-cell activation, and pro-
liferative expansion (Yarosz & Chang, 2018). It has been reported that
activation of the nuclear factor erythroid 2-related factor 2-mediated
antioxidant pathway in T cells reduces inflammation in the experimen-
tal autoimmune encephalomyelitis (Kuo et al., 2016). Several studies
have also shown that compounds like triterpenoids, 3H-1,2-dithiole-
3-thione (D3T), and cannabidiol can activate nuclear factor erythroid
2-related factor 2 in T cells, generating anti-inflammatory effects by
decreasing differentiation or cytokine production in Thl and Th17
cells (Kozela et al., 2016; Kuo et al., 2016).

In terms of cytokine production, glucocorticoids such as
prednisone, dexamethasone, and hydrocortisone are commonly used
to counteract inflammatory and autoimmune disorders. They are also
used to prevent transplant rejection and GVHD. These drugs inhibit
the production of IL-1, IL-2, IL-3, IL-5, IL-6, and TNF-q, although these
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compounds can induce resistance in certain circumstances (Newton,
Shah, Altonsy, & Gerber, 2017). TNF-« is linked to a wide variety of
autoimmune diseases, including RA, psoriasis, SLE, and diabetes. Sys-
temic inhibitors of TNF such as etanercept (a soluble TNF receptor),
infliximab and adalimumab (anti-TNF antibodies) have been approved
for the treatment of psoriasis and RA (Meier, Frerix, Hermann, &
Muller-Ladner, 2013). Golimumab and certolizumab pegol are two
TNF inhibitors with higher efficiency in the treatment of patients with
RA (Li et al., 2017).

As previously highlighted, lactate plays an important role in the
regulation of immune cell functions. We have recently reported that
pharmacological targeting of the lactate transporter SLC5A12 shows
promising results in a preclinical model of RA characterized by the
infiltration of CD4 T cells (Pucino et al., 2019). Also, inhibition of
MCT1 during T-lymphocyte activation results in selective and pro-
found inhibition of the extremely rapid phase of T-cell division, essen-
tial for an effective immune response (Murray et al, 2005).
Compounds, such as AR-C141990, that block MCT-1 are efficacious
in blocking alloimmune responses, such as the graft-versus-host
response, and in preventing cardiac allograft rejection (P&hlman
et al., 2013). Based on this evidence, targeting lactate transporters
may become a promising therapeutic avenue for the management of

chronic inflammatory diseases.

5.2 | Targeting EC metabolism

Emerging studies are highlighting the role of metabolic pathways in
regulating pathological angiogenesis and targeting EC metabolism is
starting to be considered a new potential therapeutic strategy in the
context of chronic inflammatory diseases.

The important role of glycolysis in angiogenesis, for example, can
provide opportunities for therapeutic targeting. Indeed, blockade of
PFKFB3 by 3PO reduced vessel sprouting by inhibiting EC prolifera-
tion and migration (Schoors et al., 2014). Another study has shown
that inhibition of PFKFB3 reduced the secretion of pro-
inflammatory/angiogenic mediators in RA-fibroblast-like synoviocytes
and ECs, thus further suggesting a key role of this glycolytic enzyme
in promoting angiogenesis (Biniecka et al., 2016).

Given the important role of VEGF in the process of RA and syno-
vitis, antagonizing VEGF could be an efficient strategy in the treat-
ment of these conditions. In this context, it has been reported that
treatment with bevacizumab, a humanized monoclonal antibody
against VEGF, decreased the serum VEGF levels and arthritis index
(Wang, Da, Li, & Zheng, 2013). In another study, sunitinib, an angio-
genesis inhibitor that targets tyrosine kinases of the VEGFR family,
decreases the disease score in a murine model of arthritis (Furuya,
Kaku, Yoshida, Joh, & Kurosaka, 2014). Therefore, there is consider-
able evidence suggesting how inhibitory molecules aimed at blocking
VEGEF signalling can be beneficial in inflammatory diseases.

Some studies have shown that lactate promotes angiogenesis
in vivo. Indeed, lactate can enter ECs through MCT1 and induce HIF-
1o with subsequent increased expression of VEGFR2 and basic FGF.


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2951
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4150
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7096
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2768
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2868
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6789
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5004
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4860
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6776
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6774
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6771
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5713

CERTO ET AL

BRITISH
2054 PHARMACOLOGICAL
SOCIETY

MCT1 inhibition can exert direct anti-angiogenic effects through a
reduction in HIF-1 (Sonveaux et al., 2012). Inhibition of MCT1 can
also reduce lactate-induced NF-xB activation in ECs, and this leads to
a reduced IL-8 signalling and IL-8-mediated angiogenesis (Vegran,
Boidot, Michiels, Sonveaux, & Feron, 2011).

In the context of chronic inflammation, there are several stud-
ies indicating eNOS activity as a fundamental target. Indeed, eNOS
dysfunction is the primary cause of ROS production and EC dam-
age (Mugoni et al., 2013). It is well known that NO has a protec-
tive effect at low concentrations, through the induction of a
population of Tregs, which could counteract a potentially damaging
autoimmune response (Niedbala et al., 2006). However, it has been
reported that iINOS-derived overproduction of NO can lead to an
increased production of pro-inflammatory mediators, through the
activation of NF-kB. Based on these observations, it has been
suggested that CoQ10 might have a positive role in modulating
NO-related pathways by recoupling eNOS in ECs, and its beneficial
effects are mainly due to the suppression of NF-kxB and NF-xB-
related pro-inflammatory response (Tsai et al., 2012).

Several studies have shown that ®-3 fatty acids have an anti-
angiogenic effect, in addition to their anti-inflammatory activity.
These effects on ECs are mainly associated with reduced expres-
sion of VEGFR2, MMP-2, and MMP-9 (Tsuzuki, Shibata, Kawakami,
Nakagawa, & Miyazawa, 2007).

Li et al. have shown that intracellular succinate can regulate
angiogenesis via HIF-1a induction, while extracellular succinate can
modulate the activation of the succinate receptor GPR91, thus
altering energy metabolism and exacerbating inflammation and
angiogenesis in arthritis. Suppression of succinate dehydrogenase
could prevent succinate accumulation and inhibit angiogenesis via
blocking HIF-1a/VEGF axis (Li et al., 2018). This finding reveals a
potential therapeutic strategy to attenuate revascularization in
chronic inflammatory diseases and suggests that succinate can act
as a signalling molecule to link metabolic reprograming with
angiogenesis.

Finally, depriving ECs of glutamine or inhibiting GLS1 can
reduce vessel sprouting leading to impaired proliferation and migra-
tion as a consequence of impaired TCA cycle anaplerosis, macro-

molecule production, and redox homeostasis (Huang et al., 2017).

6 | CONCLUSIONS

In recent years, metabolic reprogramming has been increasingly
considered as a therapeutic modality, as it is becoming clear that it
plays a crucial role in the coordination of the immune response.
During inflammation, several drastic changes have been described
in both ECs and T cells. ECs play important roles in T-cell-mediated
immune functions and can modulate metabolic reprogramming of T
cells through secretion of various signalling molecules. Similarly,
several studies indicate that T cells play significant roles as regula-
tors of EC functions during inflammation through secretion of

many immunomodulatory molecules and cytokines. This review

provides a comparison between these two systems and highlights
how they affect each other. At the same time, the main metabolic
pathways induced during the activation of ECs and T cells are
described. Understanding the mechanisms that drive metabolic
reprogramming in these cells can lead to the explanation of the
pathogenesis of numerous diseases, and new therapies can be
developed based on the fact that many metabolic enzymes can be
pharmacological targets. This review illustrates some examples of
targeting EC and T-cell metabolism highlighting promising therapeu-
tic interventions for the selective regulation of EC and T-cell func-

tions in the context of chronic inflammatory disorders.

6.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHAR-
MACOLOGY (Harding et al., 2018), and are permanently archived
in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,
Cidlowski et al., 2019; Alexander, Fabbro et al., 2019a, 2019%b;
Alexander, Kelly et al., 2019a, 2019b).

ACKNOWLEDGEMENTS

This work has been supported by the British Heart Foundation
(Fellowship FS/12/38/29640), Fondazione Cariplo (2015-0552), and
the University of Birmingham Professorial Research Fellowship to
C.M. We would like to thank Jennifer Niven for critical reading of

the manuscript. Figures were created with BioRender.com.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

ORCID
Michelangelo Certo
Kenneth C.P. Cheung

https://orcid.org/0000-0002-5568-3465
https://orcid.org/0000-0002-7783-1780

REFERENCES

Alexander, S. P. H., Cidlowski, J. A.,, Kelly, E., Mathie, A., Peters, J. A,
Veale, E. L, ... CGTP Collaborators (2019). The Concise Guide to
PHARMACOLOGY 2019/20: Nuclear hormone receptors. British Jour-
nal of Pharmacology, 176, S229-S246. https://doi.org/10.1111/bph.
14750

Alexander, S. P. H., Fabbro, D., Kelly, E.,, Mathie, A. Peters, J. A,
Veale, E. L., ... CGTP Collaborators (2019a). The Concise Guide to
PHARMACOLOGY 2019/20: Catalytic receptors. British Journal
of Pharmacology, 176, S247-S296. https://doi.org/10.1111/bph.
14751

Alexander, S. P. H., Fabbro, D., Kelly, E.,, Mathie, A, Peters, J. A,
Veale, E. L., ... CGTP Collaborators (2019b). The Concise Guide to
PHARMACOLOGY 2019/20: Enzymes. British Journal of Pharmacol-
ogy, 176, 5297-5396. https://doi.org/10.1111/bph.14752

Alexander, S. P. H., Kelly, E., Mathie, A., Peters, J. A, Veale, E. L,
Faccenda, E., ... CGTP Collaborators (2019a). The Concise Guide to
PHARMACOLOGY 2019/20: Other Protein Targets. British Journal of
Pharmacology, 176, S1-S20. https://doi.org/10.1111/bph.14747


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3637
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=166
http://www.guidetopharmacology.org
https://orcid.org/0000-0002-5568-3465
https://orcid.org/0000-0002-5568-3465
https://orcid.org/0000-0002-7783-1780
https://orcid.org/0000-0002-7783-1780
https://doi.org/10.1111/bph.14750
https://doi.org/10.1111/bph.14750
https://doi.org/10.1111/bph.14751
https://doi.org/10.1111/bph.14751
https://doi.org/10.1111/bph.14752
https://doi.org/10.1111/bph.14747

CERTO ET AL

Alexander, S. P. H., Kelly, E., Mathie, A., Peters, J. A, Veale, E. L,
Armstrong, J. F., ... CGTP Collaborators (2019b). The Concise Guide to
PHARMACOLOGY 2019/20: Transporters. British Journal of Pharma-
cology, 176, S397-S493. https://doi.org/10.1111/bph.14753

Al-Soudi, A., Kaaij, M. H., & Tas, S. W. (2017). Endothelial cells: From inno-
cent bystanders to active participants in immune responses. Autoim-
munity Reviews, 16, 951-962.

Bai, A, Yong, M., Ma, A. G,, Ma, Y., Weiss, C. R, Guan, Q., ... Peng, Z.
(2010). Novel anti-inflammatory action of 5-aminoimidazole-
4-carboxamide ribonucleoside with protective effect in dextran sulfate
sodium-induced acute and chronic colitis. Journal of Pharmacology and
Experimental Therapeutics, 333, 717-725. https://doi.org/10.1124/
jpet.109.164954

Banki, K., Hutter, E., Gonchoroff, N. J., & Perl, A. (1999). Elevation of mito-
chondrial transmembrane potential and reactive oxygen intermediate
levels are early events and occur independently from activation of
caspases in Fas signaling. The Journal of Immunology, 162, 1466-1479.

Batchuluun, B., Inoguchi, T., Sonoda, N., Sasaki, S., Inoue, T., Fujimura, Y.,
... Takayanagi, R. (2014). Metformin and liraglutide ameliorate high
glucose-induced oxidative stress via inhibition of PKC-NAD(P)H oxi-
dase pathway in human aortic endothelial cells. Atherosclerosis, 232,
156-164. https://doi.org/10.1016/j.atherosclerosis.2013.10.025

Battaglia, M., Stabilini, A., & Roncarolo, M. G. (2005). Rapamycin selec-
tively expands CD4"CD25"FoxP3* regulatory T cells. Blood, 105,
4743-4748.

Bensinger, S. J., Bradley, M. N., Joseph, S. B., Zelcer, N., Janssen, E. M.,
Hausner, M. A, ... Tontonoz, P. (2008). LXR signaling couples sterol
metabolism to proliferation in the acquired immune response. Cell,
134, 97-111. https://doi.org/10.1016/j.cell.2008.04.052

Berod, L., Friedrich, C., Nandan, A., Freitag, J., Hagemann, S., Harmrolfs, K.,
... Sparwasser, T. (2014). De novo fatty acid synthesis controls the fate
between regulatory T and T helper 17 cells. Nature Medicine, 20,
1327-1333. https://doi.org/10.1038/nm.3704

Biniecka, M., Canavan, M., McGarry, T., Gao, W. McCormick, J.,
Cregan, S., ... Fearon, U. (2016). Dysregulated bioenergetics: A key
regulator of joint inflammation. Annals of the Rheumatic Diseases, 75,
2192-2200. https://doi.org/10.1136/annrheumdis-2015-208476

Black, S. M., Schott, M. E., Batdorf, B. H., Benson, B. A., Rutherford, M. S.,
Levay-Young, B. K., & Dalmasso, A. P. (2010). IL-4 induces protection
of vascular endothelial cells against killing by complement and melittin
through lipid biosynthesis. European Journal of Immunology, 40,
803-812.

Boussouar, F., & Benahmed, M. (2004). Lactate and energy metabolism in
male germ cells. Trends in Endocrinology and Metabolism, 15, 345-350.

Busbee, P. B, Rouse, M., Nagarkatti, M., & Nagarkatti, P. S. (2013). Use of
natural AhR ligands as potential therapeutic modalities against inflam-
matory disorders. Nutrition Reviews, 71, 353-369.

Byersdorfer, C. A., Tkachev, V., Opipari, A. W., Goodell, S., Swanson, J.,
Sandquist, S., ... Ferrara, J. L. (2013). Effector T cells require fatty acid
metabolism during murine graft-versus-host disease. Blood, 122,
3230-3237. https://doi.org/10.1182/blood-2013-04-495515

Carr, E. L., Kelman, A., Wu, G. S., Gopaul, R., Senkevitch, E., Aghvanyan, A.,
... Frauwirth, K. A. (2010). Glutamine uptake and metabolism are coor-
dinately regulated by ERK/MAPK during T lymphocyte activation. The
Journal of Immunology, 185, 1037-1044. https://doi.org/10.4049/
jimmunol.0903586

Cham, C. M., Driessens, G., O'Keefe, J. P, & Gajewski, T. F. (2008). Glucose
deprivation inhibits multiple key gene expression events and effector
functions in CD8" T cells. European Journal of Immunology, 38,
2438-2450.

Chari, M., Lam, C. K., Wang, P. Y., & Lam, T. K. (2008). Activation of central
lactate metabolism lowers glucose production in uncontrolled diabetes
and diet-induced insulin resistance. Diabetes, 57, 836-840.

Choi, J. M., & Bothwell, A. L. (2012). The nuclear receptor PPARs as impor-
tant regulators of T-cell functions and autoimmune diseases. Molecules
and Cells, 33, 217-222.

BRITISH
5 PHARMACOLOGICAL 2055
SOCIETY

Cucchi, D., Camacho-Munoz, D., Certo, M., Niven, J.,, Smith, J.,
Nicolaou, A., & Mauro, C. (2019). Omega-3 polyunsaturated fatty acids
impinge on CD4" T cell motility and adipose tissue distribution via
direct and lipid mediator-dependent effects. Cardiovascular Research,
pii:cvz208. https://doi.org/10.1093/cvr/cvz208

Dang, C. V., Resar, L. M., Emison, E., Kim, S., Li, Q., Prescott, J. E., ...
Zeller, K. (1999). Function of the c-Myc oncogenic transcription factor.
Experimental Cell Research, 253, 63-77. https://doi.org/10.1006/excr.
1999.4686

Dayton, T. L., Gocheva, V., Miller, K. M., Israelsen, W. J., Bhutkar, A,
Clish, C. B., ... Vander Heiden, M. G. (2016). Germline loss of PKM2
promotes metabolic distress and hepatocellular carcinoma. Genes &
Development, 30, 1020-1033.  https://doi.org/10.1101/gad.
278549.116

De Bock, K., Georgiadou, M., & Carmeliet, P. (2013). Role of endothelial
cell metabolism in vessel sprouting. Cell Metabolism, 18, 634-647.

De Bock, K., Georgiadou, M., Schoors, S., Kuchnio, A, Wong, B. W.,
Cantelmo, A. R,, ... Carmeliet, P. (2013). Role of PFKFB3-driven glycol-
ysis in vessel sprouting. Cell, 154, 651-663. https://doi.org/10.1016/j.
cell.2013.06.037

De Rosa, V., Galgani, M., Porcellini, A., Colamatteo, A., Santopaolo, M.,
Zuchegna, C., ... Matarese, G. (2015). Glycolysis controls the induction
of human regulatory T cells by modulating the expression of FOXP3
exon 2 splicing variants. Nature Immunology, 16, 1174-1184. https://
doi.org/10.1038/ni.3269

Delgoffe, G. M., Pollizzi, K. N., Waickman, A. T., Heikamp, E., Meyers, D. J.,
Horton, M. R,, ... Powell, J. D. (2011). The kinase mTOR regulates the
differentiation of helper T cells through the selective activation of sig-
naling by mTORC1 and mTORC2. Nature Immunology, 12, 295-303.
https://doi.org/10.1038/ni.2005

Diers, A. R., Broniowska, K. A., Darley-Usmar, V. M., & Hogg, N. (2011).
Differential regulation of metabolism by nitric oxide and S-
nitrosothiols in endothelial cells. American Journal of Physiology. Heart
and Circulatory Physiology, 301, H803-H812.

Doedens, A. L., Phan, A. T., Stradner, M. H., Fujimoto, J. K., Nguyen, J. V.,
Yang, E., .. Goldrath, A. W. (2013). Hypoxia-inducible factors
enhance the effector responses of CD8* T cells to persistent
antigen. Nature Immunology, 14, 1173-1182. https://doi.org/10.
1038/ni.2714

Doulias, P. T., Tenopoulou, M., Greene, J. L., Raju, K., & Ischiropoulos, H.
(2013). Nitric oxide regulates mitochondrial fatty acid metabolism
through reversible protein S-nitrosylation. Science Signaling, 6, rsi.
https://doi.org/10.1126/scisignal.2003252

Elmasri, H., Ghelfi, E., Yu, C. W., Traphagen, S., Cernadas, M., Cao, H,, ...
Cataltepe, S. (2012). Endothelial cell-fatty acid binding protein 4 pro-
motes angiogenesis: Role of stem cell factor/c-kit pathway. Angiogene-
sis, 15, 457-468. https://doi.org/10.1007/s10456-012-9274-0

Fallarino, F., Grohmann, U., Vacca, C., Bianchi, R., Orabona, C., Spreca, A.,
... Puccetti, P. (2002). T cell apoptosis by tryptophan catabolism. Cell
Death & Differentiation - Nature, 9, 1069-1077. https://doi.org/10.
1038/sj.cdd.4401073

Faubert, B., Li, K. Y., Cai, L., Hensley, C. T., Kim, J., Zacharias, L. G,, ...
DeBerardinis, R. J. (2017). Lactate metabolism in human lung tumours.
Cell, 171, 358-371. €9

Férstermann, U., & Sessa, W. C. (2012). Nitric oxide synthases: Regulation
and function. European Heart Journal, 33829-37, 837a-837d.

Frauwirth, K. A,, Riley, J. L., Harris, M. H., Parry, R. V., Rathmell, J. C,,
Plas, D. R, ... Thompson, C. B. (2002). The CD28 signaling pathway
regulates glucose metabolism. Immunity, 16, 769-777. https://doi.org/
10.1016/51074-7613(02)00323-0

Fukuhara, S., Simmons, S., Kawamura, S., Inoue, A., Orba, Y., Tokudome, T.,

. Mochizuki, N. (2012). The sphingosine-1-phosphate transporter
Spns2 expressed on endothelial cells regulates lymphocyte trafficking
in mice. Journal of Clinical Investigation, 122, 1416-1426. https://doi.
org/10.1172/JCl60746


https://doi.org/10.1111/bph.14753
https://doi.org/10.1124/jpet.109.164954
https://doi.org/10.1124/jpet.109.164954
https://doi.org/10.1016/j.atherosclerosis.2013.10.025
https://doi.org/10.1016/j.cell.2008.04.052
https://doi.org/10.1038/nm.3704
https://doi.org/10.1136/annrheumdis-2015-208476
https://doi.org/10.1182/blood-2013-04-495515
https://doi.org/10.4049/jimmunol.0903586
https://doi.org/10.4049/jimmunol.0903586
https://doi.org/10.1093/cvr/cvz208
https://doi.org/10.1006/excr.1999.4686
https://doi.org/10.1006/excr.1999.4686
https://doi.org/10.1101/gad.278549.116
https://doi.org/10.1101/gad.278549.116
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.1038/ni.3269
https://doi.org/10.1038/ni.3269
https://doi.org/10.1038/ni.2005
https://doi.org/10.1038/ni.2714
https://doi.org/10.1038/ni.2714
https://doi.org/10.1126/scisignal.2003252
https://doi.org/10.1007/s10456-012-9274-0
https://doi.org/10.1038/sj.cdd.4401073
https://doi.org/10.1038/sj.cdd.4401073
https://doi.org/10.1016/S1074-7613(02)00323-0
https://doi.org/10.1016/S1074-7613(02)00323-0
https://doi.org/10.1172/JCI60746
https://doi.org/10.1172/JCI60746

CERTO ET AL

BRITISH
2056 PHARMACOLOGICAL
SOCIETY

Fukushi, J., Ono, M., Morikawa, W., lwamoto, Y., & Kuwano, M. (2000).
The activity of soluble VCAM-1 in angiogenesis stimulated by IL-4 and
IL-13. The Journal of Immunology, 165, 2818-2823.

Furuya, K., Kaku, Y., Yoshida, K., Joh, K., & Kurosaka, D. (2014). Therapeu-
tic effects of sunitinib, one of the anti-angiogenetic drugs, in a murine
arthritis. Modern Rheumatology, 24, 487-491.

Gao, X., Wang, H., Yang, J. J,, Liu, X, & Liu, Z. R. (2012). Pyruvate kinase
M2 regulates gene transcription by acting as a protein kinase. Molecu-
lar Cell, 45, 598-609.

Garcia-Ortiz, A., & Serrador, J. M. (2018). Nitric oxide signaling in T cell-
mediated immunity. Trends in Molecular Medicine, 24, 412-427.

Gatza, E., Wahl, D. R., Opipari, A. W., Sundberg, T. B., Reddy, P, Liu, C, ...
Ferrara, J. L. (2011). Manipulating the bioenergetics of alloreactive T
cells causes their selective apoptosis and arrests graft-versus-host dis-
ease. Science Translational Medicine, 3, 67ra8. https://doi.org/10.
1126/scitranslmed.3001975

Gergely, P., Grossman, C., Niland, B., Puskas, F., Neupane, H., Allam, F,, ...
Perl, A. (2002). Mitochondrial hyperpolarization and ATP depletion in
patients with systemic lupus erythematosus. Arthritis & Rheumatology,
46, 175-190. https://doi.org/10.1002/1529-0131(200201)46:
1<175::AID-ART10015>3.0.CO;2-H

Gerriets, V. A,, Kishton, R. J., Nichols, A. G., Macintyre, A. N., Inoue, M.,
llkayeva, O., ... Rathmell, J. C. (2015). Metabolic programming and
PDHK1 control CD4" T cell subsets and inflammation. Journal of Clini-
cal Investigation, 125, 194-207. https://doi.org/10.1172/JCI76012

Gerriets, V. A., & Rathmell, J. C. (2012). Metabolic pathways in T cell fate
and function. Trends in Immunology, 33, 168-173.

Glick, G. D., Rossignol, R., Lyssiotis, C. A., Wahl, D., Lesch, C., Sanchez, B.,
... Opipari, A. W. (2014). Anaplerotic metabolism of alloreactive T cells
provides a metabolic approach to treat graft-versus-host disease. Jour-
nal of Pharmacology and Experimental Therapeutics, 351, 298-307.
https://doi.org/10.1124/jpet.114.218099

Goes, N., Sims, T., Urmson, J., Vincent, D., Ramassar, V., & Halloran, P. F.
(1995). Disturbed MHC regulation in the IFN-y knockout mouse. Evi-
dence for three states of MHC expression with distinct roles for IFN-
y. The Journal of Immunology, 155, 4559-4566.

Goettel, J. A, Gandhi, R., Kenison, J. E., Yeste, A, Murugaiyan, G.,
Sambanthamoorthy, S., ... Quintana, F. J. (2016). AHR activation is pro-
tective against colitis driven by T cells in humanized mice. Cell Reports,
17, 1318-1329. https://doi.org/10.1016/j.celrep.2016.09.082

Goldberg, I. J., & Bornfeldt, K. E. (2013). Lipids and the endothelium: Bidi-
rectional interactions. Current Atherosclerosis Reports, 15, 365. https://
doi.org/10.1007/s11883-013-0365-1

Grehan, J. F., Levay-Young, B. K., Fogelson, J. L., Francois-Bongarcon, V.,
Benson, B. A., & Dalmasso, A. P. (2005). IL-4 and IL-13 induce protec-
tion of porcine endothelial cells from killing by human complement
and from apoptosis through activation of a phosphatidylinositide
3-kinase/Akt pathway. The Journal of Immunology, 175, 1903-1910.

Gunnett, C. A, Heistad, D. D., & Faraci, F. M. (2002). Interleukin-10 pro-
tects nitric oxide-dependent relaxation during diabetes: Role of super-
oxide. Diabetes, 51, 1931-1937.

Haas, R., Smith, J., Rocher-Ros, V., Nadkarni, S., Montero-Melendez, T.,
D'Acquisto, F., ... Mauro, C. (2015). Lactate regulates metabolic and
proinflammatory circuits in control of T cell migration and effector
functions. PLoS Biology, 13, €1002202. https://doi.org/10.1371/
journal.pbio.1002202

Harding, S. D., Sharman, J. L., Faccenda, E., Southan, C., Pawson, A. J.,
Ireland, S., ... NC-IUPHAR NC-IUPHAR (2018). The IUPHAR/BPS
Guide to PHARMACOLOGY in 2018: Updates and expansion to
encompass the new guide to IMMUNOPHARMACOLOGY. Nucleic
Acids Research, 46, D1091-D1106. https://doi.org/10.1093/nar/
gkx1121

Harjes, U., Kalucka, J., & Carmeliet, P. (2016). Targeting fatty acid metabo-
lism in cancer and endothelial cells. Critical Reviews in Oncology/-
Hematology, 97, 15-21.

Hirosue, S., Vokali, E., Raghavan, V. R., Rincon-Restrepo, M., Lund, A. W.,
Corthésy-Henrioud, P, ... Swartz, M. A. (2014). Steady-state antigen
scavenging, cross-presentation, and CD8" T cell priming: A new role
for lymphatic endothelial cells. Journal of Immunology, 192,
5002-5011. https://doi.org/10.4049/jimmunol.1302492

Hitzel, J., Lee, E., Zhang, Y., Bibli, S.I., Li, X., Zukunft, S., ... Brandes, R.P.
(2018). Oxidized phospholipids regulate amino acid metabolism
through MTHFD2 to facilitate nucleotide release in endothelial cells.
Nature communications. 9, 2292.

Horton, J. D., Goldstein, J. L., & Brown, M. S. (2002). SREBPs: Activators
of the complete program of cholesterol and fatty acid synthesis in the
liver. Journal of Clinical Investigation, 109, 1125-1131.

Huang, H., Vandekeere, S., Kalucka, J., Bierhansl, L., Zecchin, A,
Briining, U,, ... Carmeliet, P. (2017). Role of glutamine and interlinked
asparagine metabolism in vessel formation. The EMBO Journal, 36,
2334-2352. https://doi.org/10.15252/embj.201695518

Hui, S., Ghergurovich, J. M., Morscher, R. J., Jang, C,, Teng, X, Lu, W,, ...
Rabinowitz, J. D. (2017). Glucose feeds the TCA cycle via circulating
lactate. Nature, 551, 115-118. https://doi.org/10.1038/nature24057

Humbert, M., Hugues, S., & Dubrot, J. (2017). Shaping of peripheral T cell
responses by lymphatic endothelial cells. Frontiers in Immunology, 7,
684. https://doi.org/10.3389/fimmu.2016.00684

Husain, Z., Huang, Y., Seth, P, & Sukhatme, V. P. (2013). Tumor-derived
lactate modifies antitumor immune response: Effect on myeloid-
derived suppressor cells and NK cells. The Journal of Immunology, 191,
1486-1495.

Jung, J., Zeng, H., & Horng, T. (2019). Metabolism as a guiding force for
immunity. Nature Cell Biology, 21, 85-93.

Kaelin, W. G. (2005). The von Hippel-Lindau protein, HIF hydroxylation,
and oxygen sensing. Biochemical and Biophysical Research Communica-
tions, 338, 627-638.

Kataru, R. P,, Kim, H., Jang, C., Choi, D. K., Koh, B. I, Kim, M,, ... Koh, G. Y.
(2011). T lymphocytes negatively regulate lymph node lymphatic ves-
sel formation. Immunity, 34, 96-107. https://doi.org/10.1016/j.
immuni.2010.12.016

Kidani, Y., Elsaesser, H., Hock, M. B., Vergnes, L., Williams, K. J,
Argus, J. P, ... Bensinger, S. J. (2013). Sterol regulatory element-
binding proteins are essential for the metabolic programming of effec-
tor T cells and adaptive immunity. Nature Immunology, 14, 489-499.
https://doi.org/10.1038/ni.2570

Kim, B., Li, J., Jang, C., & Arany, Z. (2017). Glutamine fuels proliferation
but not migration of endothelial cells. The EMBO Journal, 36,
2321-2333.

Kozela, E., Juknat, A., Gao, F., Kaushansky, N., Coppola, G., & Vogel, Z.
(2016). Pathways and gene networks mediating the regulatory effects
of cannabidiol, a nonpsychoactive cannabinoid, in autoimmune T cells.
Journal of Neuroinflammation, 13, 136. https://doi.org/10.1186/
$12974-016-0603-x

Krupnick, A. S., Gelman, A. E., Barchet, W., Richardson, S., Kreisel, F. H.,
Turka, L. A,, ... Kreisel, D. (2005). Murine vascular endothelium acti-
vates and induces the generation of allogeneic CD4*25"Foxp3™* regu-
latory T cells. Journal of Immunology, 175, 6265-6270. https://doi.org/
10.4049/jimmunol.175.10.6265

Kuo, P. C, Brown, D. A, Scofield, B. A, Yu, I. C, Chang, F. L,
Wang, P. Y., & Yen, J. H. (2016). 3H-1,2-Dithiole-3-thione as a novel
therapeutic agent for the treatment of experimental autoimmune
encephalomyelitis. Brain, Behavior, and Immunity, 57, 173-186.

Lee, G.K,, Park, H.J., Macleod, M., Chandler, P., Munn, D.H., & Mellor, A.L.
(2002). Tryptophan deprivation sensitizes activated T cells to apopto-
sis prior to cell division. Immunology, 107, 452-460.

Leopold, J. A, Zhang, Y. Y., Scribner, A. W.,, Stanton, R. C., & Loscalzo, J.
(2003).  Glucose-6-phosphate  dehydrogenase  overexpression
decreases endothelial cell oxidant stress and increases bioavailable nit-
ric oxide. Arteriosclerosis, Thrombosis, and Vascular Biology, 23,
411-417.


https://doi.org/10.1126/scitranslmed.3001975
https://doi.org/10.1126/scitranslmed.3001975
https://doi.org/10.1002/1529-0131(200201)46:1&lt;175::AID-ART10015&gt;3.0.CO;2-H
https://doi.org/10.1002/1529-0131(200201)46:1&lt;175::AID-ART10015&gt;3.0.CO;2-H
https://doi.org/10.1172/JCI76012
https://doi.org/10.1124/jpet.114.218099
https://doi.org/10.1016/j.celrep.2016.09.082
https://doi.org/10.1007/s11883-013-0365-1
https://doi.org/10.1007/s11883-013-0365-1
https://doi.org/10.1371/journal.pbio.1002202
https://doi.org/10.1371/journal.pbio.1002202
https://doi.org/10.1093/nar/gkx1121
https://doi.org/10.1093/nar/gkx1121
https://doi.org/10.4049/jimmunol.1302492
https://doi.org/10.15252/embj.201695518
https://doi.org/10.1038/nature24057
https://doi.org/10.3389/fimmu.2016.00684
https://doi.org/10.1016/j.immuni.2010.12.016
https://doi.org/10.1016/j.immuni.2010.12.016
https://doi.org/10.1038/ni.2570
https://doi.org/10.1186/s12974-016-0603-x
https://doi.org/10.1186/s12974-016-0603-x
https://doi.org/10.4049/jimmunol.175.10.6265
https://doi.org/10.4049/jimmunol.175.10.6265

CERTO ET AL

Li, P, Zheng, Y., & Chen, X. (2017). Drugs for autoimmune inflammatory
diseases: From small molecule compounds to anti-TNF biologics. Fron-
tiers in Pharmacology, 8, 460. https://doi.org/10.3389/fphar.2017.
00460

Li Y., Liu, Y., Wang, C., Xia, W.R,, Zheng, J.Y., Yang, J., ... Liu, L.F.,, (2018).
Succinate induces synovial angiogenesis in rheumatoid arthritis
through metabolic remodeling and HIF-1a/VEGF axis. Free radical biol-
ogy & medicine. 126, 1-14.

Ligresti, G., Aplin, A. C., Zorzi, P,, Morishita, A., & Nicosia, R. F. (2011).
Macrophage-derived tumor necrosis factor-a is an early component of
the molecular cascade leading to angiogenesis in response to aortic
injury.  Arteriosclerosis, Thrombosis, and Vascular Biology, 31,
1151-1159.

Lim, W. C,, Olding, M., Healy, E., & Millar, T. M. (2018). Human endothelial
cells modulate CD4" T cell populations and enhance regulatory T cell
suppressive capacity. Frontiers in Immunology, 9, 565. https://doi.org/
10.3389/fimmu.2018.00565

Liu, G, Yang, K., Burns, S., Shrestha, S., & Chi, H. (2010). The S1P 1-mTOR
axis directs the reciprocal differentiation of Ty1 and Treg cells. Nature
Immunology, 11, 1047-1056.

Lochner, M., Berod, L., & Sparwasser, T. (2015). Fatty acid metabolism in
the regulation of T cell function. Trends in Inmunology, 36, 81-91.

Longchamp, A., Mirabella, T., Arduini, A., MacArthur, M. R., Das, A,
Trevifio-Villarreal, J. H., ... Mitchell, J. R. (2018). Amino acid restriction
triggers angiogenesis via GCN2/ATF4 regulation of VEGF and H,S
production. Cell, 22, 117-129.

Lu, Z, Li, Y., Jin, J, Zhang, X, Hannun, Y. A, & Huang, Y. (2015).
GPR40/FFA1 and neutral sphingomyelinase are involved in palmitate-
boosted inflammatory response of microvascular endothelial cells to
LPS. Atherosclerosis, 240, 163-173.

Lukacs-Kornek, V., Malhotra, D., Fletcher, A. L., Acton, S. E., Elpek, K. G,,
Tayalia, P, ... Turley, S. J. (2011). Regulated release of nitric oxide by
nonhematopoietic stroma controls expansion of the activated T cell
pool in lymph nodes. Nature Immunology, 12, 1096-1104. https://doi.
org/10.1038/ni.2112

Macintyre, A. N., Gerriets, V. A, Nichols, A. G, Michalek, R. D,
Rudolph, M. C., Deoliveira, D., ... Rathmell, J. (2014). The glucose
transporter Glutl is selectively essential for CD4 T cell activation and
effector function. Cell Metabolism, 20, 61-72. https://doi.org/10.
1016/j.cmet.2014.05.004

Martinelli, R., Zeiger, A. S., Whitfield, M., Sciuto, T. E., Dvorak, A., van
Vliet, K. J., ... Carman, C. V. (2014). Probing the biomechanical contri-
bution of the endothelium to lymphocyte migration: Diapedesis by the
path of least resistance. Journal of Cell Science, 127, 3720-3734.
https://doi.org/10.1242/jcs.148619

Matsuda, S., Adachi, J., Ihara, M., Tanuma, N., Shima, H., Kakizuka, A, ...
Matsuda, T. (2016). Nuclear pyruvate kinase M2 complex serves as a
transcriptional coactivator of arylhydrocarbon receptor. Nucleic Acids
Research, 44, 636-647. https://doi.org/10.1093/nar/gkv967

Mbongue, J. C., Nicholas, D. A, Torrez, T. W., Kim, N. S., Firek, A. F., &
Langridge, W. H. R. (2015). The role of indoleamine 2,3-dioxygenase in
immune suppression and autoimmunity. Vaccine, 3, 703-729.

Meier, F. M. P, Frerix, M., Hermann, W., & Muller-Ladner, U. (2013). Cur-
rent immunotherapy in rheumatoid arthritis. Immunotherapy, 5,
955-974.

Mendoza, A., Fang, V., Chen, C., Serasinghe, M., Verma, A., Muller, J., ...
Schwab, S. R. (2017). Lymphatic endothelial S1P promotes mitochon-
drial function and survival in naive T cells. Nature, 546, 158-161.
https://doi.org/10.1038/nature22352

Michalek, R. D., Gerriets, V. A, Jacobs, S. R, Macintyre, A. N,
Maclver, N. J., Mason, E. F., ... Rathmell, J. C. (2011). Cutting edge: Dis-
tinct glycolytic and lipid oxidative metabolic programs are essential for
effector and regulatory CD4" T cell subsets. The Journal of Immunology,
186, 3299-3303. https://doi.org/10.4049/jimmunol.1003613

BRITISH
5 PHARMACOLOGICAL 2057
SOCIETY

Mueckler, M., & Thorens, B. (2013). The SLC2 (GLUT) family of membrane
transporters. Molecular Aspects of Medicine, 34, 121-138.

Mugoni, V., Postel, R., Catanzaro, V., De Luca, E., Turco, E., Digilio, G,, ...
Santoro, M. M. (2013). Ubiad1 is an antioxidant enzyme that regulates
eNOS activity by CoQ10 synthesis. Cell, 152, 504-518. https://doi.
org/10.1016/j.cell.2013.01.013

Munn, D. H., & Mellor, A. L. (2013). Indoleamine 2,3 dioxygenase and met-
abolic control of immune responses. Trends in Immunology, 34,
137-143.

Murray, C. M., Hutchinson, R., Bantick, J. R., Belfield, G. P.,, Benjamin, A. D.,
Brazma, D., ... Donald, D. K. (2005). Monocarboxylate transporter
MCT1 is a target for immunosuppression. Nature Chemical Biology, 1,
371-376. https://doi.org/10.1038/nchembio744

Nagy, G., Koncz, A., & Perl, A. (2003). T cell activation-induced mitochon-
drial hyperpolarization is mediated by Ca?*- and redox-dependent
production of nitric oxide. The Journal of Immunology, 171,
5188-5197.

Nakaya, M., Xiao, Y., Zhou, X., Chang, J. H., Chang, M., Cheng, X, ...
Sun, S. C. (2014). Inflammatory T cell responses rely on amino acid
transporter ASCT2 facilitation of glutamine uptake and mTORC1
kinase activation. Immunity, 40, 692-705. https://doi.org/10.1016/j.
immuni.2014.04.007

Nath, N., Giri, S., Prasad, R., Salem, M. L., Singh, A. K., & Singh, 1. (2005).
5-Aminoimidazole-4-carboxamide ribonucleoside: A novel immuno-
modulator with therapeutic efficacy in experimental autoimmune
encephalomyelitis. The Journal of Immunology, 175, 566-574.

Newton, R., Shah, S., Altonsy, M. O., & Gerber, A. N. (2017). Glucocorticoid
and cytokine crosstalk: Feedback, feedforward, and co-regulatory
interactions determine repression or resistance. The Journal of Biologi-
cal Chemistry, 292, 7163-7172.

Niedbala, W., Cai, B., & Liew, F. Y. (2006). Role of nitric oxide in the regula-
tion of T cell functions. Annals of the Rheumatic Diseases, 65,
iii37-iii40.

Norder, M., Gutierrez, M. G., Zicari, S., Cervi, E., Caruso, A, &
Guzman, C. A. (2012). Lymph node-derived lymphatic endothelial cells
express functional costimulatory molecules and impair dendritic cell-
induced allogenic T-cell proliferation. The FASEB Journal, 26,
2835-2846.

Okano, T., Saegusa, J., Nishimura, K., Takahashi, S., Sendo, S., Ueda, Y., &
Morinobu, A. (2017). 1.3-Bromopyruvate ameliorate autoimmune
arthritis by modulating Th17/Treg cell differentiation and suppressing
dendritic cell activation. Scientific Reports, 10, 42412. https://doi.org/
10.1038/srep42412

Ostroukhova, M., Goplen, N., Karim, M. Z., Michalec, L, Guo, L,
Liang, Q., & Alam, R. (2012). The role of low-level lactate production in
airway inflammation in asthma. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 302, L300-L307.

O'Sullivan, D., van der Windt, G. J., Huang, S. C., Curtis, J. D., Chang, C. H.,
Buck, M. D., ... Pearce, E. L. (2014). Memory CD8" T cells use cell-
intrinsic lipolysis to support the metabolic programming necessary for
development. Immunity, 41, 75-88. https://doi.org/10.1016/j.immuni.
2014.06.005

Ozaki, H., Hla, T., & Leem, M. J. (2003). Sphingosine-1-phosphate signaling
in endothelial activation. Journal of Atherosclerosis and Thrombosis, 10,
125-131.

Pahlman, C., Qi, Z., Murray, C. M., Ferguson, D. Bundick, R. V.
Donald, D. K., & Ekberg, H. (2013). Immunosuppressive properties of a
series of novel inhibitors of the monocarboxylate transporter MCT-1.
Transplant International, 26, 22-29.

Pan, F., Barbi, J., & Pardoll, D. M. (2012). Hypoxia-inducible factor 1: A link
between metabolism and T cell differentiation and a potential thera-
peutic target. Oncoimmunology, 1, 510-515.

Pan, S., World, C. J,, Kovacs, C. J,, & Berk, B. C. (2009). Glucose
6-phosphate dehydrogenase is regulated through c-Src-mediated


https://doi.org/10.3389/fphar.2017.00460
https://doi.org/10.3389/fphar.2017.00460
https://doi.org/10.3389/fimmu.2018.00565
https://doi.org/10.3389/fimmu.2018.00565
https://doi.org/10.1038/ni.2112
https://doi.org/10.1038/ni.2112
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1242/jcs.148619
https://doi.org/10.1093/nar/gkv967
https://doi.org/10.1038/nature22352
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1016/j.cell.2013.01.013
https://doi.org/10.1016/j.cell.2013.01.013
https://doi.org/10.1038/nchembio744
https://doi.org/10.1016/j.immuni.2014.04.007
https://doi.org/10.1016/j.immuni.2014.04.007
https://doi.org/10.1038/srep42412
https://doi.org/10.1038/srep42412
https://doi.org/10.1016/j.immuni.2014.06.005
https://doi.org/10.1016/j.immuni.2014.06.005

CERTO ET AL

BRITISH
2058 PHARMACOLOGICAL
SOCIETY

tyrosine phosphorylation in endothelial cells. Arteriosclerosis, Thrombo-
sis, and Vascular Biology, 29, 895-901.

Parra-Bonilla, G., Alvarez, D. F., Al-Mehdi, A. B., Alexeyev, M. &
Stevens, T. (2010). Critical role for lactate dehydrogenase A in aerobic
glycolysis that sustains pulmonary microvascular endothelial cell prolif-
eration. American Journal of Physiology. Lung Cellular and Molecular
Physiology, 299, L513-L522.

Peng, M., Yin, N., Chhangawala, S., Xu, K., Leslie, C. S., & Li, M. O. (2016).
Aerobic glycolysis promotes T helper 1 cell differentiation through an
epigenetic mechanism. Science, 354, 481-484.

Perez, V. L., Henault, L., & Lichtman, A. H. (1998). Endothelial antigen pre-
sentation: Stimulation of previously activated but not naive TCR-
transgenic mouse T cells. Cellular Inmunology, 189, 31-40.

Perl, A. (2015). mTOR activation is a biomarker and a central pathway to
autoimmune disorders, cancer, obesity, and aging. Annals of the new
York Academy of Sciences, 1346, 33-44.

Philp, A.,, Macdonald, L. A., & Watt, P. W. (2005). Lactate—A signal coordi-
nating cell and systemic function. Journal of Experimental Biology, 208,
4561-4575.

Pober, J. S., & Sessa, W. C. (2007). Evolving functions of endothelial cells
in inflammation. Nature Reviews Immunology, 7, 803-815.

Pober, J. S., & Tellides, G. (2012). Participation of blood vessel cells
in human adaptive immune responses. Trends in Immunology, 33,
49-57.

Pucino, V., Certo, M., Bulusu, V., Cucchi, D., Goldmann, K., Pontarini, E., ...
Mauro, C. (2019). Lactate buildup at the site of chronic inflammation
promotes disease by inducing CD4" T cell metabolic rewiring. Cell
Metabolism, Pii, $1550-4131(19), 30559-30555.

Resch, T., Fabritius, C., Ebner, S., Ritschl, P., & Kotsch, K. (2015). The role
of natural killer cells in humoral rejection. Transplantation, 99,
1335-1340.

Rodriguez, P. C., Quiceno, D. G., Zabaleta, J., Ortiz, B.,, Zea, A. H,,
Piazuelo, M. B., ... Ochoa, A. C. (2004). Arginase | production in
the tumor microenvironment by mature myeloid cells inhibits T-cell
receptor expression and antigen-specific T-cell responses. Cancer
Research, 64, 5839-5849. https://doi.org/10.1158/0008-5472.CAN-
04-0465

Ron-Harel, N., Ghergurovich, J. M., Notarangelo, G., LaFleur, M. W,
Tsubosaka, Y., Sharpe, A. H., ... Haigis, M. C. (2019). T cell activation
depends on extracellular alanine. Cell Reports, 28, 3011-3021.

Sainson, R. C. A, Johnston, D. A, Chu, H. C, Holderfield, M. T,
Nakatsu, M. N., Crampton, S. P, ... Hughes, C. C. (2008). TNF primes
endothelial cells for angiogenic sprouting by inducing a tip cell pheno-
type. Blood, 111, 4997-5007.

Saura, M., Zaragoza, C., Cao, W., Bao, C., Rodriguez-Puyol, M., Rodriguez-
Puyol, D., & Lowenstein, C. J. (2002). Smad2 mediates transforming
growth factor-p induction of endothelial nitric oxide synthase expres-
sion. Circulation Research, 91, 806-813.

Savage, C. O., Brooks, C. J,, Harcourt, G. C, Picard, J. K., King, W.,
Sansom, D. M., & Willcox, N. (1995). Human vascular endothelial cells
process and present autoantigen to human T cell lines. International
Immunology, 7, 471-479.

Schoors, S., Bruning, U., Missiaen, R., Queiroz, K. C., Borgers, G, Elia, I, ...
Carmeliet, P. (2015). Fatty acid carbon is essential for dNTP synthesis
in endothelial cells. Nature, 520, 192-197. https://doi.org/10.1038/
nature14362

Schoors, S., De Bock, K., Cantelmo, A. R., Georgiadou, M., Ghesquiére, B.,
Cauwenberghs, S., ... Carmeliet, P. (2014). Partial and transient reduc-
tion of glycolysis by PFKFB3 blockade reduces pathological angiogen-
esis. Cell Metabolism, 19, 37-48. https://doi.org/10.1016/j.cmet.2013.
11.008

Shaker, O. G., Khairallah, M., Rasheed, H. M., Abdel-Halim, M. R.,
Abuzeid, O. M., El Tawdi, A. M., ... Ashmaui, A. (2013). Antiangiogenic
effect of methotrexate and PUVA on psoriasis. Cell Biochemistry and

Biophysics, 67, 735-742. https://doi.org/10.1007/s12013-013-
9563-2

Shao, X, & Liu, C. (2006). Influence of IFN-a and IFN-y on
lymphangiogenesis. Journal of Interferon & Cytokine Research, 26,
568-574.

Shin, K., Kataru, R. P, Park, H. J., Kwon, B. I, Kim, T. W., Hong, Y. K., &
Lee, S. H. (2015). TH2 cells and their cytokines regulate formation and
function of lymphatic vessels. Nature Communications, 6, 6196.
https://doi.org/10.1038/ncomms7196

Sinclair, L. V., Rolf, J., Emslie, E., Shi, Y. B., Taylor, P. M., & Cantrell, D. A.
(2013). Control of amino-acid transport by antigen receptors coordi-
nates the metabolic reprogramming essential for T cell differentiation.
Nature Immunology, 14, 500-508.

Sonveaux, P., Copetti, T., De Saedeleer, C. J., Végran, F., Verrax, J.,
Kennedy, K. M,, ... Feron, O. (2012). Targeting the lactate transporter
MCT1 in endothelial cells inhibits lactate-induced HIF-1 activation and
tumor angiogenesis. PLoS ONE, 7, e33418. https://doi.org/10.1371/
journal.pone.0033418

Stone, O. A, El-Brolosy, M., Wilhelm, K, Liu, X., Romao, A. M,, Grillo, E,, ...
Stainier, D. Y. R. (2018). Loss of pyruvate kinase M2 limits growth and
triggers innate immune signaling in endothelial cells. Nature Communi-
cations, 9, 4077. https://doi.org/10.1038/s41467-018-06406-8

Sun, Y., Tian, T., Gao, J., Liu, X., Hou, H., Cao, R,, ... Guo, L. (2016). Metfor-
min ameliorates the development of experimental autoimmune
encephalomyelitis by regulating T helper 17 and regulatory T cells in
mice. Journal of Neuroimmunology, 292, 58-67. https://doi.org/10.
1016/j.jneuroim.2016.01.014

Sun, Y., Wang, S., Zhao, L., Zhang, B., & Chen, H. (2019). IFN-y and TNF-a
aggravate endothelial damage caused by CD123-targeted CAR T cell.
OncoTargets and Therapy, 12, 4907-4925.

Symowski, C., & Voehringer, D. (2019). Th2 cell-derived IL-4/IL-13 pro-
mote ILC2 accumulation in the lung by ILC2-intrinsic STAT6 signaling
in mice. European Journal of Immunology, 49, 1421-1432.

Taflin, C., Favier, B., Baudhuin, J., Savenay, A., Hemon, P., Bensussan, A,, ...
Mooney, N. (2011). Human endothelial cells generate Th17 and regula-
tory T cells under inflammatory conditions. PNAS, 108, 2891-2896.
https://doi.org/10.1073/pnas.1011811108

Tang, C. Y., & Mauro, C. (2017). Similarities in the metabolic repro-
gramming of immune system and endothelium. Frontiers in Immunol-
ogy, 8, 837. https://doi.org/10.3389/fimmu.2017.00837

Terness, P., Bauer, T. M., Rose, L., Dufter, C., Watzlik, A., Simon, H., &
Opelz, G. (2002). Inhibition of allogeneic T cell proliferation by
indoleamine 2,3-dioxygenase-expressing dendritic cells: Mediation of
suppression by tryptophan metabolites. The Journal of Experimental
Medlicine, 196, 447-457.

Tsai, K. L., Huang, Y. H., Kao, C. L, Yang, D. M, Lee, H. C,, Chou, H. Y., ...
Chiou, S. H. (2012). A novel mechanism of coenzyme Q10 protects
against human endothelial cells from oxidative stress-induced injury
by modulating NO-related pathways. The Journal of Nutritional Bio-
chemistry, 23, 458-468. https://doi.org/10.1016/j.jnutbio.2011.
01.011

Tsuzuki, T., Shibata, A., Kawakami, Y., Nakagawa, K., & Miyazawa, T.
(2007). Conjugated eicosapentaenoic acid inhibits vascular endothelial
growth factor-induced angiogenesis by suppressing the migration of
human umbilical vein endothelial cells. The Journal of Nutrition, 137,
641-646.

Turesson, C. (2004). Endothelial expression of MHC class Il molecules in
autoimmune disease. Current Pharmaceutical Design, 10, 129-143.
Valente, A. J.,, Irimpen, A. M., Siebenlist, U., & Chandrasekar, B. (2014).
OXxLDL induces endothelial dysfunction and death via TRAF3IP2: Inhi-
bition by HDL3 and AMPK activators. Free Radical Biology & Medicine,

70,117-128.

van der Windt, G. J.,, O'Sullivan, D., Everts, B., Huang, S. C., Buck, M. D.,

Curtis, J. D., ... Pearce, E. L. (2013). CD8 memory T cells have a


https://doi.org/10.1158/0008-5472.CAN-04-0465
https://doi.org/10.1158/0008-5472.CAN-04-0465
https://doi.org/10.1038/nature14362
https://doi.org/10.1038/nature14362
https://doi.org/10.1016/j.cmet.2013.11.008
https://doi.org/10.1016/j.cmet.2013.11.008
https://doi.org/10.1007/s12013-013-9563-2
https://doi.org/10.1007/s12013-013-9563-2
https://doi.org/10.1038/ncomms7196
https://doi.org/10.1371/journal.pone.0033418
https://doi.org/10.1371/journal.pone.0033418
https://doi.org/10.1038/s41467-018-06406-8
https://doi.org/10.1016/j.jneuroim.2016.01.014
https://doi.org/10.1016/j.jneuroim.2016.01.014
https://doi.org/10.1073/pnas.1011811108
https://doi.org/10.3389/fimmu.2017.00837
https://doi.org/10.1016/j.jnutbio.2011.01.011
https://doi.org/10.1016/j.jnutbio.2011.01.011

CERTO ET AL

bioenergetic advantage that underlies their rapid recall ability. PNAS,
110, 14336-14341. https://doi.org/10.1073/pnas.1221740110

Vander Heiden, M. G., Cantley, L. C., & Thompson, C. B. (2009). Under-
standing the Warburg effect: The metabolic requirements of cell pro-
liferation. Science, 324, 1029-1033.

Vegran, F., Boidot, R., Michiels, C., Sonveaux, P., & Feron, O. (2011). Lac-
tate influx through the endothelial cell monocarboxylate transporter
MCT1 supports an NF-kB/IL-8 pathway that drives tumor angiogene-
sis. Cancer Research, 71, 2550-2560.

Villarino, A. V., Kanno, Y., & O'Shea, J. J. (2017). Mechanisms and conse-
quences of Jak-STAT signaling in the immune system. Nature Immu-
nology, 18, 374-384.

Vizan, P., Sdnchez-Tena, S., Alcarraz-Vizan, G., Soler, M., Messeguer, R.,
Pujol, M. D, ... Cascante, M. (2009). Characterization of the metabolic
changes underlying growth factor angiogenic activation: Identification
of new potential therapeutic targets. Carcinogenesis, 30, 946-952.
https://doi.org/10.1093/carcin/bgp083

Waickman, A. T., & Powell, J. D. (2012). mTOR, metabolism, and the regu-
lation of T-cell differentiation and function. Immunological Reviews,
249,43-58.

Wang, C., Yosef, N., Gaublomme, J.,, Wu, C, Lee, Y., Clish, C. B, ...
Kuchroo, V. K. (2015). CD5L/AIM regulates lipid biosynthesis and
restrains Th17 cell pathogenicity. Cell, 163, 1413-1427. https://doi.
org/10.1016/j.cell.2015.10.068

Wang, R., Dillon, C. P, Shi, L. Z., Milasta, S., Carter, R., Finkelstein, D., ...
Green, D. R. (2011). The transcription factor Myc controls metabolic
reprogramming upon T lymphocyte activation. Immunity, 68, 871-882.

Wang, Y., Da, G, Li, H., & Zheng, Y. (2013). Avastin exhibits therapeutic
effects on collagen-induced arthritis in rat model. Inflammation, 36,
1460-1467.

Wei, X., Schneider, J. G., Shenouda, S. M., Lee, A., Towler, D. A,
Chakravarthy, M. V., ... Semenkovich, C. F. (2011). De novo lipogenesis
maintains vascular homeostasis through endothelial nitric-oxide
synthase (eNOS) palmitoylation. The Journal of Biological Chemistry,
286, 2933-2945. https://doi.org/10.1074/jbc.M110.193037

Wu, H., Gong, J., & Liu, Y. (2018). Indoleamine 2,3-dioxygenase regulation
of immune response (review). Molecular Medicine Reports, 17,
4867-4873.

Xiong, Y., Piao, W., Brinkman, C. C., Li, L., Kulinski, J. M., Olivera, A,, ...
Bromberg, J. S. (2019). CD4 T cell sphingosine 1-phosphate receptor
(S1PR)1 and S1PR4 and endothelial S1IPR2 regulate afferent lymphatic
migration. Science Immunology, 4, eaav1263. https://doi.org/10.1126/
sciimmunol.aav1263

Yabu, M., Shime, H., Hara, H., Saito, T., Matsumoto, M., Seya, T, ...
Inoue, N. (2011). IL-23-dependent and -independent enhancement

BRITISH
5 PHARMACOLOGICAL 2059
SOCIETY

pathways of IL-17A production by lactic acid. International Immunol-
ogy, 23, 29-34. https://doi.org/10.1093/intimm/dxq455

Yamasaki, E., Soma, Y., Kawa, Y., & Mizoguchi, M. (2003). Methotrexate
inhibits proliferation and regulation of the expression of intercellular
adhesion molecule-1 and vascular cell adhesion molecule-1 by cul-
tured human umbilical vein endothelial cells. The British Journal of Der-
matology, 149, 30-38.

Yang, Z., Shen, Y., Oishi, H., Matteson, E.L., Tian, L., Goronzy, JJ., &
Weyand, C.M. (2016). Restoring oxidant signaling suppresses
proarthritogenic T cell effector functions in rheumatoid arthritis. Sci-
ence Translational Medicine, 8, 331ra38.

Yang, K., Shrestha, S., Zeng, H., Karmaus, P. W., Neale, G., Vogel, P, ...
Chi, H. (2013). T cell exit from quiescence and differentiation into Th2
cells depend on Raptor-mTORC1-mediated metabolic reprogramming.
Immunity, 39, 1043-1056. https://doi.org/10.1016/j.immuni.2013.
09.015

Yarosz, E. L., & Chang, C. H. (2018). The role of reactive oxygen species in
regulating T cell-mediated immunity and disease. Immune Network, 18,
el4. https://doi.org/10.4110/in.2018.18.e14

Yeh, W. L, Lin, C. J., & Fu, W. M. (2008). Enhancement of glucose trans-
porter expression of brain endothelial cells by vascular endothelial
growth factor derived from glioma exposed to hypoxia. Molecular
Pharmacology, 73, 170-177.

Yin, Y. M,, Choi, S. C, Xu, Z. W., Perry, D. J., Seay, H., Croker, B. P, ...
Morel, L. (2015). Normalization of CD4"* T cell metabolism reverses
lupus. Science Translational Medicine, 7, 274ral8. https://doi.org/10.
1126/scitranslmed.aaa0835

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., ... Zhao, Y.
(2019). Metabolic regulation of gene expression by histone lactylation.
Nature, 574, 575-580. https://doi.org/10.1038/s41586-019-1678-1

Zhenyukh, O., Gonzalez-Amor, M., Rodrigues-Diez, R. R., Esteban, V., Ruiz-
Ortega, M., Salaices, M., ... Egido, J. (2018). Branched-chain amino
acids promote endothelial dysfunction through increased reactive oxy-
gen species generation and inflammation. Journal of Cellular and Molec-
ular Medicine, 22, 4948-4962. https://doi.org/10.1111/jcmm.13759

How to cite this article: Certo M, Elkafrawy H, Pucino V,
Cucchi D, Cheung KCP, Mauro C. Endothelial cell and T-cell
crosstalk: Targeting metabolism as a therapeutic approach in
chronic inflammation. Br J Pharmacol. 2021;178:2041-2059.
https://doi.org/10.1111/bph.15002



https://doi.org/10.1073/pnas.1221740110
https://doi.org/10.1093/carcin/bgp083
https://doi.org/10.1016/j.cell.2015.10.068
https://doi.org/10.1016/j.cell.2015.10.068
https://doi.org/10.1074/jbc.M110.193037
https://doi.org/10.1126/sciimmunol.aav1263
https://doi.org/10.1126/sciimmunol.aav1263
https://doi.org/10.1093/intimm/dxq455
https://doi.org/10.1016/j.immuni.2013.09.015
https://doi.org/10.1016/j.immuni.2013.09.015
https://doi.org/10.4110/in.2018.18.e14
https://doi.org/10.1126/scitranslmed.aaa0835
https://doi.org/10.1126/scitranslmed.aaa0835
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1111/jcmm.13759
https://doi.org/10.1111/bph.15002

	Endothelial cell and T-cell crosstalk: Targeting metabolism as a therapeutic approach in chronic inflammation
	1  INTRODUCTION
	2  REGULATION OF T-CELL ACTIVATION AND DIFFERENTIATION BY ECs
	2.1  Nitric oxide
	2.2  Immunosuppressive IDO
	2.3  Lactate
	2.4  Sphingosine-1-phosphate

	3  EC MODULATION BY T CELLS
	3.1  IFN-γ and TNF
	3.2  IL-4 and IL-13

	4  METABOLIC PATHWAYS IN EC AND T-CELL ACTIVATION
	4.1  Glycolysis
	4.2  The pentose phosphate pathway
	4.3  The TCA cycle
	4.4  FA metabolism
	4.5  Amino acid metabolism

	5  POTENTIAL FOR CLINICAL APPLICATIONS
	5.1  Targeting T-cell metabolism
	5.2  Targeting EC metabolism

	6  CONCLUSIONS
	6.1  Nomenclature of targets and ligands

	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


