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ABSTRACT

The metabolic reprogramming that drives immunity engages the mevalonate pathway for cholesterol
biosynthesis and protein prenylation. The importance of tight regulation of this metabolic route is
reflected by the fact that too low activity impairs cellular function and survival, whereas hyperactivity can
lead to malignant transformation. Here, we first address how mevalonate metabolism drives immunity
and then highlight ways of the immune system to respond to both, limited and uncontrolled flux through
the mevalonate pathway. Immune responses elicited by mevalonate pathway dysregulation may be
harnessed to increase the clinical efficacy of current cancer therapy regimens.

Abbreviations: ABCA1, ATP-binding cassette transporter A1; ACAT-1, acetyl-CoA acetyltransferase 1; ATP, adenosine
triphosphate; ACLY, ATP citrate lyase; BTN, butyrophilin; CRM, caloric restriction mimetic; DMAPP, dimethylallyl
diphosphate; FA, fatty acid; FPP, farnesyl diphosphate; GM-CSF, granulocyte/macrophage-colony-stimulating factor;
GGPP, geranylgeranyl diphosphate; GPP, geranyl diphosphate; GTP, guanosine triphosphate; HC, hydroxycitrate;
IFN, interferon; Ig, immunoglobulin; IL, interleukin; IPP, isopentenyl diphosphate; mTOR, mechanistic target of rapa-
mycin; N-BP, nitrogen-containing bisphosphonate; OXPHOS, oxidative phosphorylation; PI3K, phosphoinositide 3-
kinase; ROCK, Rho-associated protein kinase; SCAP, SREBP cleavage-activating protein; SREBP, sterol regulatory ele-
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Although important observations made by Otto Warburg in
cancer cells date back several decades, only now the general
requirement of metabolic reprogramming for the shift of a cell
from quiescence to an activated state, has become obvious. Also
in immune cells, dramatic metabolic changes are required to
effectively perform the diverse cellular functions that constitute
a productive immune response against invading pathogens and
tumor cells. These changes also include the enhanced engage-
ment of the mevalonate pathway, best known for the biosynthe-
sis of cholesterol. It has been the seminal work of Michael
Brown and Joseph Goldstein, awarded by the Nobel Prize in
Physiology or Medicine in 1985," which represented the founda-
tion for further intense investigation of mevalonate metabolism.
Although immunometabolism has become a distinct category of
immunological research in the past few years, mevalonate
metabolism still receives little attention.>” The purpose of this
review is to provide a general overview of mevalonate metabo-
lism in immune cells and to highlight ways of the immune sys-
tem to respond to mevalonate pathway dysregulation.

Mevalonate metabolism

T cells

The rapid increase in glycolysis is a fundamental feature of T
cell activation.*® The increase in aerobic glycolysis ensures the
availability of biosynthetic building blocks required for cell

growth, proliferation, differentiation and effector function. In
metabolic reprogramming, the tricarboxylic acid (TCA) cycle,
is a center of metabolic activity. To initiate lipogenic pathways,
some of the mitochondrial citrate is exported to the cytosol and
cleaved by ATP citrate lyase (ACLY) to generate cytosolic ace-
tyl-CoA, which then serves not only as a key metabolite for
fatty acid (FA) biosynthesis but also directly fuels the growth-
promoting mevalonate pathway (Fig. 1).” In a recent study, a
nuclear phosphoproteomic screen revealed that ACLY is a key
phosphoprotein effector of interleukin (IL)-2-mediated T-cell
responses.® ACLY becomes phosphorylated on serine 455 in T
lymphocytes upon IL-2-driven activation.® Conversely, deple-
tion or inactivation of ACLY compromised IL-2-promoted T
cell growth. ACLY has previously been shown to be a substrate
of AKT,” which has several downstream effects including acti-
vation of the key metabolic sensor mTOR (mechanistic target
of rapamycin). mTOR, which critically regulates lymphocyte
metabolism, consists of 2 complexes, mTORCI and
mTORC2."” mTORCI increases protein translation via phos-
phorylation of 4E-BP1 and p70S6 kinase'' and controls the
expression of numerous genes involved in mevalonate metabo-
lism mainly through the sterol regulatory element-binding pro-
tein (SREBP) transcription factors (Fig. 2).> > The entire
pathway of SREBP2 target genes has been shown to be induced
after T cell receptor triggering,'* emphasizing the importance
of mevalonate metabolism for T cell activation.

CONTACT Martin Thurnher @ martin.thurnher@i-med.ac.at e Immunotherapy Research Unit, Department of Urology, Medical University of Innsbruck, Innrain 66a,

6020 Innsbruck, Austria — Europe.

Published with license by Taylor & Francis Group, LLC © Georg Gruenbacher and Martin Thurnher.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2017.1342917&domain=pdf&date_stamp=2017-10-26
mailto:martin.thurnher@i-med.ac.at
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/2162402X.2017.1342917

€1342917-2 . G. GRUENBACHER AND M. THURNHER

SREBP

l citrate

[

‘ acetyl-CoA _ FA synthesis

<— FA oxidation
HMGCS1

|  HMG-CoA

ll— statins

mevalonate
1|— MVK deficiency
‘ p-mevalonate
‘ pp-mevalonate

[wvo.

MVK

IPP «<—> DMAPP

l%IPP
@ GPP

+IPP ll— N-BPs

FPP —— farnesylation
| l + | Gares.

cholesterol

cholesterol |

storage

GGPP —» geranylgeranylation

lmps

ubiquinone (CoQ)

dolichol
heme A

sterols (steroids)

sterol branch nonsterol branch

Figure 1. The SREBP-driven mevalonate pathway. The transcriptional activity of
sterol regulatory element-binding proteins (SREBPs) governs expression of mevalo-
nate pathway enzymes. ATP citrate lyase (ACLY, EC 2.3.3.8), which can be inhibited
by hydroxycitrate (HC), generates cytosolic acetyl-coenzyme A (acetyl-CoA). 3-
hydroxy-3-methylglutaryl CoA (HMG-CoA)-synthase (HMGCS1, EC 2.3.3.10) con-
denses 3 molcules of acetyl-CoA to form HMG-CoA. HMG-CoA reductase (HMGCR,
EC 1.1.1.34), which can be inhibited by statins, in turn generates mevalonate (also
known as mevalonic acid) in the first committed step of the pathway. Sequential
phosphorylation reactions by mevalonate kinase (MVK, EC 2.7.1.36), which is
mutated in MVK deficiency, and phosphomevalonate kinase (PMVK, EC 2.7.4.2),
respectively, followed by a decarboxylation step catalyzed by mevalonate diphos-
phate decarboxylase (MVD, EC 4.1.1.33) produce isopentenyl diphosphate (IPP).
Farnesyl diphosphate (FPP) synthase (FDPS, EC 2.5.1.10), which is the target of
nitrogen-containing bisphosphonates (N-BPs) condenses IPP (Cs) and its isomer
dimethylallyl diphosphate (DMAPP, Cs) to form geranyl diphosphate (GPP, C;o)
and subsequently GPP with another IPP unit to generate FPP (C;s). FPP is the com-
mon precursor for cholesterol and steroids in the sterol branch as well as for prod-
ucts of the nonsterol branch including geranylgeranyl diphosphate (GPPP, Cy),
dolichol, heme A and ubiquinone (coenzyme Q). GGPP is formed by GGPP synthase
(GGPS, EC 2.5.1.29) through condensation of FPP with yet another IPP unit. In pro-
tein prenylation, FPP and GGPP, serve as prenyl group donors in posttranslational
modifications of multiple Ras protein family members and G protein-coupled
receptors. Farnesylation (using FPP) or geranylgeranylation (using GGPP) are
required for membrane attachment and function of these proteins. Prenylated pro-
teins constitute approximately 0.5% to 2% of proteins in mammalian cells. Prenyl-
diphosphate synthase-1 (PDSS1, EC 2.5.1.91) catalyzes the elongation of GPP or
FPP with several IPP moieties to form the polyisoprenoid chain of ubiquinone
(coenzyme Q). ACAT1 catalyzes cholesterol esterification for storage purposes.

Two major branches of mevalonate metabolism (Fig. 1) have
emerged as important regulators of T lymphocyte biology. The
sterol branch for cholesterol biosynthesis critically regulates T
cell cycle progression and effector function. Activated CDS8
T cells therefore rapidly reprogram their metabolism through the
actions of the SREBP and liver X receptor (LXR) transcription
factors to ensure cholesterol availability by promoting cholesterol
biosynthesis, while concomitantly decreasing cholesterol efflux."*
Activated CD8" T cells can further increase plasma membrane

levels of free cholesterol by preventing cholesterol esterification
for storage."> '® Specific inhibition of the cholesterol esterifica-
tion enzyme ACAT1 (Fig. 2) improved immunological synapse
formation and TCR signaling, resulting in enhanced production
of cytokines, degranulation and proliferation of CD8" T cells.
ACAT-1 might also be an attractive therapeutic target in tumor
therapy (Fig. 3), since ACAT1 inhibition has already been shown
to improve the function of antitumor CD8" T cells reactivated
by immune checkpoint blockade to treat melanoma in mice.'® '

The nonsterol branch for protein prenylation (Fig. 1) also
determines multiple aspects of T cell function, including syn-
apse formation, migration, proliferation and cytotoxic effector
responses.’ The prototype of small guanosine triphosphatases
(GTPases) Ras is activated through prenylation in response to
TCR stimulation and various cytokines. In protein prenylation,
which represents one out of multiple forms of post-transla-
tional modifications, FPP (C;s) and GGPP (C,), respectively,
represent the activated forms of the farnesyl and geranylgeranyl
units that are covalently attached to the cysteine residue of a
distinct tetrapeptide motif (CaaX) of many members of the Ras
protein superfamily.'® The prenyl side chain mediates mem-
brane association, which is essential for Ras protein biologic
activity. In addition, y proteins of heterotrimeric G proteins
(Gegpy)» which are activated by G protein-coupled receptors, are
also subject to farnesylation (y1) or geranylgeranylation (y2)."
Ras activates not only the MAPK signaling cascade but also the
phosphoinositide  3-kinase (PI3K)-AKT-mTOR pathway
(Fig. 2).° Signaling through this pathway is essential not only
for glycolytic metabolism® but also for the lipogenic pro-
gram.”’ mTOR promotes glycolysis, which is prerequisite for
the accumulation of cytosolic citrate and AKT stimulates the
conversion of citrate into acetyl-CoA by phosphorylating
ACLY.” Abundant cytosolic acetyl-CoA then fuels mTOR/
SREBP-driven mevalonate metabolism and the resulting accu-
mulation of FPP (or GGPP) facilitates prenylation of Ras, thus
also generating a feed forward loop (Fig. 2).

In experimental autoimmune encephalomyelitis, a murine
model of multiple sclerosis, GGPP has been shown to be crucial
for proliferation, whereas both GGPP and FPP regulated type 1
T helper (Th1) cell differentiation of myelin-reactive T cells.”?
Specifically, geranylgeranylated RhoA and farnesylated Ras
have been implicated in proliferative and cytokine responses of
these autoreactive T cells. Likewise, inhibition of farnesylation
has been shown to impair cytokine production in murine Thl
and Th2 T cell clones.”

A distinct form of prenylation is also required to maintain
ATP  generation through oxidative phosphorylation
(OXPHOS). Coenzyme Q (CoQ or ubiquinone) serves as a dif-
fusible, lipid-soluble electron shuttle between large, relatively
immobile macromolecular complexes in the electron transport
chain at the inner mitochondrial membrane, which is the site
of OXPHOS in eukaryotes. In human CoQ, (Fig. 1), the lipid
membrane anchor is a decaprenyl side chain (Cs,) consisting of
10 Cs isoprenyl units.” Human prenyl (decaprenyl) diphos-
phate synthase, subunit 1 (PDSS1) (Fig. 1) catalyzes the elonga-
tion of GPP or FPP with several IPP moieties to form the
polyisoprenoid chain, which is then attached to a 4-hydroxy-
benzoate ring. Therefore, efficient CoQ,o biosynthesis depends
on the functionality of PDSS1 on the one hand, and on the
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Figure 2. The metabolic reprogramming associated with immune cell activation engages the mevalonate pathway. Immune cell stimulation activates the PI3K-AKT-mTOR
pathway and promotes uptake of glucose via glucose transporter (GLUT) proteins followed by glycolysis and oxidation of glucose-derived pyruvate in the mitochondrial
tricarboxylic acid cycle (TCA) cycle, which drives oxidative phosphorylation (OXPHOS). Activated immune cells also export citrate to the cytosol, where it is converted
back to acetyl-coenzyme A (acetyl-CoA) by ATP citrate lyase (ACLY). Cytosolic acetyl-CoA serves as a metabolic precursor not only for fatty acid (FA) synthesis and protein
acetylation but also for mevalonate metabolism (the lipogenic pathways). mTOR signaling also leads to the activation of sterol regulatory element-binding proteins
(SREBP), which are the main transcription factor for mevalonate pathway-associated genes in immune cells. In a feed-forward loop, enhanced mevalonate metabolism
facilitates prenylation of Ras proteins and thus further enhances pathway activity. In an apparently futile cycle of concurrent synthesis and oxidation, de novo synthesized

fatty acids (FA) are stored in the lysosome. Lysosomal acid lipase (LAL) catalyzes the
through B-oxidation.

other, on the availability of its mevalonate-derived substrates
IPP, GPP and FPP. Long-term therapy with statins, which
inhibit the mevalonate pathway early on, may cause CoQ,q
deficiency via PDSS1 substrate depletion with dramatic cardiac
consequences, preferentially in elderly patients.** Conversely,
PDSS1 inactivation due to mutations in the PDSS1 gene has
been reported to cause clinically apparent OXPHOS disor-
ders.”® Collectively, these observations point toward the impor-
tance of mevalonate metabolism for OXPHOS.

Macrophages and dendritic cells

Macrophages can adopt distinct phenotypes, which either par-
ticipate in immune responses against microbial pathogens and
tumors (M1) or contribute to immunity against parasites as
well as to tissue repair (M2).*® Classical activation with inter-
feron (IFN)-y in combination with toll-like receptor (TLR)
agonists such as lipopolysaccharide (LPS) generates M1 macro-
phages, whereas full M2 activation, also known as alternative
activation, occurs in response to IL-4 and macrophage colony
stimulating factor (M-CSF).?” Classical activation of M1

release of these FA, which are shuttled into the mitochondria for ATP generation

macrophages involves the upregulation of GM-CSF produc-
tion.”® Importantly, GM-CSF but not M-CSF primes mono-
cytes for enhanced responses to LPS.*® Recent work has
revealed the metabolic imprinting that underlies the GM-CSF
priming effect. GM-CSF promotes glycolysis and concomi-
tantly mevalonate metabolism by increasing 3-hydroxy-3-
methylglutaryl CoA (HMG-CoA) reductase in macrophages.”
GM-CSF thus creates the metabolic requirements for the subse-
quent proinflammatory response induced by the TLR4 agonist
LPS. Inhibition of both, glycolysis or HMG-CoA reductase,
prevented the inflammatory effects of GM-CSF priming in
macrophages. LPS has also been shown to boost glycolysis®
and to stimulate the lipogenic pathway, which may in part be
due to the induction of endogenous GM-CSF. In macrophages,
lipogenesis is regulated by sterol regulatory element-binding
protein la, which also directly activates inflammasome func-
tion resulting in caspase-1 mediated release of bioactive IL-1f3
and IL-18.°> ** This finding established a strong link between
the lipogenic program and inflammation. During macrophage
activation, AKT can directly regulate mevalonate pathway
activity by phosphorylating the isopentenyl diphosphate (IPP)-
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Figure 3. Inflammatory and immune responses to mevalonate pathway dysregulation. The responses induced by restricted flux have been studied using pharmacological
inhibitors (statins and nitrogen-containing bisphosphonates, N-BPs), caloric restriction mimetics (CRM) such as hydroxycitrate (see also Fig. 1) or by genetic inactivation of
geranylgeranyltransferase (GGTase), mevalonate kinase (MVK) or SREBP cleavage-activating protein (SCAP). Enhanced or uncontrolled flux can result from gain-of-function
p53 mutation, sustained NFkB activation associated with chronic inflammation, ectopic expression of HMG-CoA reductase, or possibly also by futile metabolic constella-
tions. Cell longevity resulting from sustained mevalonate metabolism and protein prenylation may physiologically be important for T cell memory establishment or path-
ologically manifest as malignant transformation. Among the various tools currently available for mevalonate pathway manipulation, N-BPs are unique, since they increase
levels of IPP and simultaneously inhibit protein prenylation. Vy9Vs2 T cells, which are activated by increased levels of IPP and other mevalonate pathway intermediates,
are intended to perform broad immune surveillance of enhanced mevalonate metabolism.

generating enzyme MVD (Fig. 1).>* The resulting increase in

mevalonate metabolism facilitated Racl activation, which
requires prenylation, and thus promoted macrophage sur-
vival.** Specific evidence for the importance of mevalonate
metabolism in inflammation was obtained in numerous studies
showing that pharmacological mevalonate pathway inhibition
can modulate a broad range of pro-inflammatory mechanisms
by suppressing protein prenylation.>® Collectively, these find-
ings clearly indicate that classical activation of M1 macro-
phages is associated with enhanced mevalonate metabolism
(Fig. 2).

Alternative (M2) activation is driven by IL-4,% an anti-
inflammatory cytokine that suppresses macrophage develop-
ment and M1 activation.’® *” M-CSF synergizes with IL-4 to
support full M2 activation in an mTORC2-mediated path-
way.”’ In contrast to GM-CSF, M-CSF is unable to prime mac-
rophages for enhanced responses to LPS through metabolic
reprogramming.”” ** Surprisingly, M2 activation has recently
been found to also depend on glycolysis, however it appears to
be a feature of M2 macrophages that glucose metabolism in M2
cells specifically increases FA oxidation to support OXPHOS,
and these processes appear to be critical for full M2 activa-
tion.”” An interesting and, at first glance, futile metabolic aspect
of full M2 activation is the concurrent operation of FA

synthesis and FA oxidation. However, increasing evidence sup-
ports the view that FA synthesis is required to effectively fuel
FA oxidation.”® ** Together, these findings indicated that gly-
colysis primarily fuels the lipogenic program including mevalo-
nate metabolism in M1 macrophages (Fig. 2). In contrast,
glucose metabolism increasingly fuels FA synthesis for
enhanced FA oxidation to drive OXPHOS in M2 macrophage
activation. Such a metabolic constellation may limit mevalonate
pathway activity, which likewise depends on acetyl-CoA, and
thus prevent pro-inflammatory responses.

Dendritic cells (DCs) are professional antigen-presenting
cells (APCs).*® In steady-state, DCs are immature with poor T
cell stimulatory capacity and instead sample the microenviron-
ment for the presence of pathogens. In response to pro-inflam-
matory signals, DCs undergo an activation program that has
also been referred to as maturation, which is characterized by
the downregulation of antigen uptake capacity and upregula-
tion of the machinery related to T cell activation. DC develop-
ment from monocytes under inflammatory situations depends
on GM-CSF, and LPS can activate these DCs suggesting that
the metabolic regulation of DC maturation might be similar to
M1 macrophage activation and therefore also requires high
flux through the mevalonate pathway (Fig. 2). DCs differenti-
ated from bone marrow in the presence of GM-CSF have been



used as a model for inflammatory monocyte-derived DCs.*!
LPS has been shown to induce early glycolysis in such DCs
within minutes, which feeds the TCA cycle, however, not for
OXPHOS and ATP generation but for enhanced citrate pro-
duction and export into the cytosol, where ACLY converts cit-
rate back into acetyl-CoA for lipogenesis.*’ LPS-induced de
novo FA synthesis in DCs has been shown to be important for
the generation of additional membranes to expand the endo-
plasmic reticulum (ER) and the Golgi. Since cholesterol is a
vital component of these membranes, LPS-stimulated mem-
brane biogenesis is likely to depend on mevalonate metabolism.
De novo lipogenesis may also support the generation of veil-
like membrane protrusions, which constitute the typical den-
dritic morphology of mature DCs. Whereas numerous veils
provide abundant contact surface for lymphocyte activation,
expanded ER and Golgi ensures the secretory capacity of
mature T cell stimulatory DCs. The membrane dynamics that
participate in the formation and movement of veils depend on
Rho GTPase and its effector Rho-associated protein kinase
(ROCK), which are important regulators of the actin cytoskele-
ton.*” Importantly, Rho must be geranylgeranylated to be able
to interact with ROCK and to induce its activation. The vesicu-
lar transport that mediates secretion of inflammatory cytokines
depends on Rho and Rab proteins,”” which likewise require
prenylation for their activation.® Taken together, DC matura-
tion depends on a glycolysis-fueled lipogenic program engaging
both, FA synthesis and mevalonate metabolism (Fig. 2).

Monocyte-derived DCs (MoDCs) that develop in the pres-
ence of GM-CSF and IL-4** have been shown to produce sub-
stantial amounts of M-CSF,* suggesting that these cells might
display a mixed metabolic profile combining aspects of M1 and
M2 macrophages (Fig. 2).”” This particular metabolic constella-
tion may be required to enable DC differentiation through IL-4
mediated inhibition of macrophage activation’” on the one
hand, and on the other, to concomitantly maintain the GM-
CSF mediated responsiveness to pro-inflammatory stimuli
such as LPS® that induce the further differentiation of these
cells into fully mature immunogenic DCs.*®

Collectively, these observations suggest the view that resting
conditions (homeostasis) only support core mevalonate metab-
olism because acetyl-CoA is preferentially used for FA synthesis
to fuel FA oxidation for OXPHOS and ATP generation. In con-
trast, inflammation boosts aerobic glycolysis that translates
into enhanced mevalonate metabolism for cholesterol synthesis
and protein prenylation in DCs and macrophages. From a met-
abolic point of view, classical (M1) macrophage activation and
DC maturation may therefore be considered pro-inflammatory
effector responses comparable to that of CD8" T cells, since
they critically depend on mTOR-driven glycolytic capacity and
high flux through the mevalonate pathway (Fig. 2).

The futile cycle and mevalonate metabolism

A distinct metabolic constellation revolving around acetyl-CoA
has recently been described for various immune cells. Memory
T cells appear to operate an apparently futile cycle of concur-
rent FA synthesis and FA oxidation (Fig. 2) to maintain long-
term survival.*® De novo synthesized FAs are stored in the lyso-
some. Lysosomal acid lipase catalyzes the release of these FAs,
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which are shuttled into the mitochondria for ATP generation
through f-oxidation. Recent findings by Guijas et al. suggest
that foam cells,”” which are considered a hallmark of the ath-
erosclerotic lesion, engage a similar or possibly the same futile
cycle to ensure their own survival, thus driving the atherogenic
process. As outlined above, M2 macrophages were also found
to combine FA synthesis and FA oxidation.”” FA synthesis is
obviously required to effectively fuel FA oxidation to drive
OXPHOS. This observation made in T cells and macrophages
raised the question of whether the longevity of other cells such
as transformed cells including cancer-initiating cells is a conse-
quence of this particular futile metabolism (Fig. 3).*” ** Impor-
tantly, the acetyl-CoA resulting from FA breakdown becomes
available not only for FA biosynthesis - to drive the futile cycle
- but also for the survival-promoting mevalonate pathway.®
Sustained mevalonate metabolism, although at a relatively low
level, may facilitate prolonged protein prenylation and may
thus promote cell longevity, suggesting that FA metabolism
might also be an attractive target to manipulate mevalonate
metabolism in cancer therapies.

Immune responses to limited flux

Given the importance of mevalonate pathway products in multi-
ple aspects of cell biology, it is reasonable to assume that a lack
of mevalonate metabolism is hardly compatible with cell survival
and tissue homeostasis.*” Conditions of limited flux can be simu-
lated by inhibiting critical enzymatic steps of the biosynthetic
route using drugs or by inactivation or attenuation of the corre-
sponding genes. In addition, an autosomal recessive metabolic
disorder, referred to as hyper immunoglobulin D syndrome
turned out to be useful for studying the consequences of insuffi-
cient mevalonate pathway activity. In these patients, mevalonate
kinase (MVK) activity is reduced to 5 to 15 % of normal due to
a loss-of-function mutation in the MVK gene (Fig. 1).”° A recur-
rent observation in these studies was that limited flux through
the mevalonate pathway did not simply result in cell death by
apoptosis, which would be immunologically silent, but instead
could also trigger inflammatory and immune responses.
Immunogenic cell death (ICD)-inducing cancer therapy
based on anthracyclines or oxaliplatin has been demonstrated
to elicit antitumor immune responses that substantially con-
tribute to the long-term success of these chemotherapy regi-
mens.”’ Autophagy is indispensable for ICD, because
autophagy ensures release of ATP into the extracellular space
and recruits APCs into the close vicinity of dying tumor cells.
Hydroxycitrate (HC) is a drug candidate (a caloric restriction
mimetic, CRM), which mimics the biochemical effects of star-
vation.”” By competitively inhibiting ACLY (Figs. 1 and 2), HC
reduces the availability of cytoplasmic acetyl-CoA and thus
limits mevalonate metabolism as well as protein acetylation,
both conditions that increase autophagic flux.”* >* In this man-
ner, HC has recently been shown to improve ICD-inducing
chemotherapy in a T cell-dependent fashion and this effect
involved the depletion of tumor-infiltrating regulatory T cells.
Importantly, the stimulatory effect of HC could only be
observed in the treatment of autophagy-competent tumors.>>
Statins, which are a widely prescribed class of drugs for the
treatment of cardiovascular disease, inhibit the pathway early
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on (Figs. 1 and 3) and thus cause general depletion of mevalo-
nate and its downstream metabolites.>® In contrast, nitrogen-
containing bisphosphonates (N-BPs), which are used to pre-
vent bone resorption in osteoporosis and malignant bone dis-
ease, inhibit mevalonate metabolism at the level of FPP
synthase and generate a twofold effect: upstream accumulation
of IPP as well as downstream depletion of FPP and GGPP
(Figs. 1 and 3).° The inhibitory effect of N-BPs on protein pre-
nylation in osteoclasts is the major mechanism of N-BP medi-
ated prevention of bone degradation. However, the metabolic
perturbation resulting from statin or N-BP treatment can also
lead to inflammasome and caspase-1 activation in DCs.>> °°
Caspase-1 proteolytically processes the inactive proforms of IL-
18 and IL-18, which can then be secreted as mature cytokines
with strong costimulatory activity for innate lymphocytes
(Fig. 3).” In the presence of IL-2, both statins and N-BPs could
induce innate lymphocyte activation via caspase-1 mediated
cytokine maturation (Fig. 3).> *® Zoledronic acid, the most
potent N-BP currently available for clinical use, has also been
shown to restore doxorubicin chemosensitivity and immuno-
genic cell death in otherwise multidrug-resistant human cancer
cells.”®

Macrophages that fail to perform protein geranylgeranylation
due to a deficiency of geranylgeranyl transferase-I (GGTase-I) have
been shown to be hyper-activated by lipopolysaccharide and mice
with conditional deficiency in GGTase-I in myeloid cells develop
inflammatory arthritis spontaneously.” Mechanistic studies per-
formed with GGTase-I deficient mice revealed that limited flux
through the mevalonate pathway decreased the production of
GGPP and attenuated protein geranylgeranylation. Since protein
geranylgeranylation positively regulates the interaction of the Kras
GTPase with the PI3K catalytic subunit p1105 (Figs. 2 and 3),
impaired geranylgeranylation prevented PI3K activation. Surpris-
ingly, disturbed interaction of Kras with p1106 resulted in hyper-
inflammatory conditions, including constitutive IL-1{3 release from
macrophages, elevated expression of pyrin protein and spontane-
ous activation of the pyrin inflammasome (Fig. 3).”

In another recent study, the immunological consequences of
limited mevalonate pathway activity have been investigated in
mice with macrophage-specific deletion of SCAP. Upon genetic
deletion of SCAP, SREBP2 transcriptional activities are signifi-
cantly attenuated, resulting in markedly reduced expression of
mevalonate pathway genes (Figs. 1-3).°> The authors reported
that a reduced cholesterol pool size resulting from limited flux
through the mevalonate pathway could spontaneously induce a
type I IEN response in a stimulator of interferon genes (STING,
TMEM173)-dependent fashion.** Cholesterol supplementation
was able to normalize type I IEN levels by preventing STING
signaling in SREBP2-deficient macrophages. Intriguingly, this
lipid metabolic-inflammatory circuit facilitated the develop-
ment of anti-viral immunity (Fig. 3).

Similar to the observations made with statins, lack of MVK
activity (Figs. 1 and 3) in hyper immunoglobulin D syndrome
(MVK deficiency) also resulted in downstream depletion of
GGPP and reduced geranylgeranylation of small GTPases
(Rho, Rac, Rap) in patient peripheral blood mononuclear cells
followed by inflammasome-dependent caspase-1 activation and
release of mature IL-18,°" which is known to be pivotal to the
pathogenesis of most of the periodic fever syndromes.*

Immune responses to enhanced flux

Enhanced flux through the mevalonate pathway can lead to
malignant transformation.®* In breast cancer cells, protein gera-
nylgeranylation has been shown to be required for the malig-
nant, invasive phenotype caused by mutant p53, which
enhances mevalonate metabolism instead of suppressing it
(Fig. 3).°> Moreover, ectopic expression of HMG-CoA reduc-
tase, which catalyzes the first committed step of mevalonate
metabolism, enhances growth of transformed and nontrans-
formed breast cells under anchorage-independent conditions
or as xenografts in immunocompromised mice and, impor-
tantly, cooperates with prenylated RAS (Fig. 2) to drive the
transformation of primary mouse embryonic fibroblasts cells.**
The epidemiologic observation that statins can lower the risk of
certain cancers®> can be best explained by statin-mediated
attenuation of protein prenylation.

In addition to a general increase in flux through the mevalo-
nate pathway, individual branches of the pathway may be
fueled preferentially, for instance as a consequence of redistri-
bution of isoprenoid precursors. Chronic inflammation has
been shown to inhibit hepatic cholesterol conversion into bile
acids, causing a redistribution of metabolites to other branches
of the mevalonate pathway (Fig. 1).°° The resulting accumula-
tion of FPP and GGPP facilitated protein prenylation, espe-
cially geranylgeranylation of a Rho GTPase.®® This finding may
also provide an explanation - at the metabolic level - for the
well-established link between inflammation and cancer devel-
opment (Fig. 3).*”

Surveillance of permanently enhanced mevalonate
metabolism by Vy9V52 T cells

A potentially oncogenic mevalonate pathway obviously
requires surveillance. Ectopic expression of HMG-CoA
reductase not only drives malignant transformation® but
also endows transfected B lymphoblasts (Daudi) with the
capacity to activate Vy9Vs2 T cells (Fig. 3),°® which are the
most abundant population of ¥§ T cells in human blood.*
Although Vy9Vé2 T cells display remarkable functional
plasticity, a main function of this subset is obviously to per-
form strong cytotoxic responses against infected and trans-
formed cells and to produce effector cytokines with innate-
like kinetics.*” 7° Vy9V82 T cells have recently also been
identified as a major source of IL-9, a pleiotropic cytokine
also contributing to antitumor immunity.”! The TCR of
these unconventional T cells acts as a pattern recognition
receptor and responds to the mevalonate-derived diphos-
phate-containing Cs to C,, isoprenoids (IPP, DMAPP, GPP,
FPP, GGPP) (Fig. 1), which are also referred to as phos-
phoantigens (pAgs) in ¥8 T cell biology.”” 7> As compared
with the frequencies of bacteria- or virus-specific ¢ T cells,
which range from 5 to 170 per 10° naive T cells,”* Vy9Vs2
T cells with their semi-invariant, pAg-reactive TCRs repre-
sent 5.000 to 50.000 per 10° T cells in peripheral blood dur-
ing homeostasis and up to 60% of all T cells during
infection® indicating that pAgs constitute strong danger
signals and emphasizing the importance of immune surveil-
lance of mevalonate metabolism.



A pharmacological strategy to induce intracellular accumu-
lation of mevalonate-derived pAgs is the use of N-BPs, which
not only inhibit protein prenylation, but also induce upstream
accumulation of mevalonate metabolites (Figs. 1 and 3). The
N-BP induced increase of the FPP synthase substrate IPP in
antigen-presenting cells or other cells induces activation of
Vy9V82 T cells.®® This side effect of N-BPs, which was detected
more incidentally, when patients with bone disease had
increased frequencies of Vy9Vs2 T cells after their first N-BP
administration,” indicated for the first time that accumulation
of mevalonate pathway intermediates alerts Vy9V§2 T cells.

Extracellular mevalonate metabolism

Numerous studies have demonstrated that exogenous (ie. syn-
thetic) pAgs can activate Vy9V32 T cells,”” 7> however, they con-
comitantly raised the question of whether and how pAgs may be
released from cells to accumulate in the extracellular space under
physiologic conditions. Castella and colleagues have recently
addressed this important issue and provided evidence that the cho-
lesterol efflux transporter ABCA1 (ATP-binding cassette trans-
porter Al) is involved in the export of intracellular pAgs from
DCs”® (Fig. 4). ABCAL is well known to mediate the efflux of cho-
lesterol, which is actually made from IPP (Fig. 1).° Castella et al.
further demonstrated that apoA-I is required for Vy9V§2 T cell
activation through extracellular pAgs in a butyrophilin 3A1
(BTN3A1)-dependent manner (Fig. 4). BTN3A1 has been reported
to bind pAgs and mediate activation of Vy9V82 T cells.”” ”® To
facilitate this process, BTN3A1 appears to be physically associated
with ABCA1.”® The work by Castella et al. also represents a valu-
able contribution to an ongoing debate in the field regarding 2 dif-
ferent mechanistic models of Vy9Vé2 T cell activation by pAgs
(Fig. 4). In the allosteric model proposed by Harly et al., the interac-
tion between intracellular pAgs and the intracellular B30.2 domain
of BTN3A1 induces conformational changes of the extracellular
domain, which are sensed by Vy9Vs2 T cells leading to their acti-
vation.”® In the antigen presenting model put forward by Vavassori
et al, intracellular pAgs are exported to the extracellular
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microenvironment by an “unidentified plasma membrane-associ-
ated transporter” and presented to Vy9V§2 T cells by the BIN3A1
extracellular domain.”” According to the findings of Castella et al.,
ABCAL1 has now been identified as a crucial pAg exporter.”® The 2
mechanisms may indeed cooperate to increase the degree of flexi-
bility. Thus, both intracellular and extracellular pAg accumulation
can be sensed and import-export mechanisms may ensure
Vy9Vé2 T cell activation by either the allosteric or the presentation
mechanism (Fig. 4).

The finding that pAgs are exported into the extracellular
space for BTN3Al-mediated presentation to Vy9V§2 T cells’®
calls for controlling mechanisms, since active export or lytic
release of isoprenoid-derived pAgs from dysregulated or lysed
cells into the extracellular space may lead to apoA-I mediated
binding of pAgs to BIN3A1 on healthy adjacent tissue, thus
causing collateral damage. We have recently shown that the
ecto-ATPase CD39 also exhibits isoprenoid diphosphate phos-
phohydrolase activity”” and may hence be involved in surveil-
lance of this process. CD39 expressed by Vy9Vé2 T cells, Tieq
cells, or other cells may inactivate secreted pAgs by dephos-
phorylation (Fig. 4) to avoid such side effects and ensure the
specific elimination of the dysregulated cells.”

Transcellular lipid metabolism refers to a particular form of
short distance intercellular communication, in which a lipid
intermediate synthesized and released by one cell type, can be
incorporated and further metabolized by another cell type.
Such interaction between different cell types by shared metabo-
lism is a well-described phenomenon during eicosanoid biosyn-
thesis.* In accordance with such a concept of transcellular lipid
metabolism, extracellular pAgs were previously shown to have
the ability to enter cells and feed into mevalonate metabolism.
In add-back experiments, drug-induced mevalonate pathway
inhibition was restored by exogenous pAgs. Thus, addition of
FPP, or more often of GGPP, was able to reinstate protein pre-
nylation during statin-mediated inhibition of mevalonate
metabolism (Fig. 1).% ** ® While pAg uptake could undoubt-
edly be documented, the mechanisms of internalization
remained less clear. CD36, originally referred to as fatty acid

PAg-P + P,
pAg apo-Al pAg
efflux T hydrolysis re-uptake CoQ10
y :; @ pAg-PP extracellular
ABCA1 l i Lm BTN3A1 CD39 CD36
NH; =COOH .0, (phg NHZJ ST NH; l COOH
pAg <————— mevalonate pathway cell metabolism
DC

cytoplasm

Figure 4. Extracellular mevalonate metabolism. Intracellular accumulation of mevalonate derivatives triggers homeostatic mechanisms leading to their export into the
extracellular space. In dendritic cells (DC), the ATP-binding cassette transporter A1 (ABCA1) not only mediates efflux of cholesterol, which arises from IPP, but also exports
IPP itself, which acts as an agonist of Vy9V82 T cells (“phosphoantigen,” pAg). In the extracellular environment, pAgs can bind to apoA-I, which facilitates pAg presention
by butyrophilin 3A1 (BTN3A1) on the DC surface to Vy9V§2 T cells. The ecto-ATPase CD39 also exhibits intrinsic isoprenoid diphosphate phosphohydrolase activity and
may control strength and duration of antigen presentation through the hydrolytic inactivation of pAgs. Finally, scavenger receptors such as CD36 may internalize not

only IPP-derived CoQ;, but also IPP itself.
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translocase and a defining member of the class B scavenger
receptor family, has now been identified as a likely candidate.
CD36 is a multifunctional receptor that also participates in a
range of processes unrelated to fatty acid uptake. Recently,
CD36 has been shown to also mediate cellular uptake of coen-
zyme Q;o (CoQy),*" thus implicating CD36 in the internaliza-
tion of extracellular isoprenoids (Fig. 4). In human CoQ
(Fig. 1), the lipid membrane anchor is a decaprenyl side chain
(Csp) consisting of 10 Cs isoprenyl units.® By analogy with IPP
efflux,”® which can be mediated by a transporter of IPP-derived
cholesterol, IPP uptake may be performed by a scavenger
receptor known to incorporate IPP-derived CoQ;o.*' Given
that CD36 may mediate the internalization of isoprenoids,*"
dephosphorylation of pAgs by CD39,”” which also increases
pAg lipophilicity, may facilitate uptake and recycling of pAgs.**

Concluding remarks and perspectives

To survive and maintain core functions during homeostasis,
immune cells have to ensure basal flux through the mevalonate
pathway. In contrast, high flux is transiently required to provide
important products such as cholesterol or to enable protein preny-
lation for the realization of diverse cellular functions ranging from
proliferation and migration to cytokine production and cytotoxic
degranulation during an immune response. Recent work has con-
vincingly demonstrated that both, restricted flux (below basal flux)
as well as permanently increased flux through the mevalonate path-
way triggers alarms and leads to distinct inflammatory and
immune responses. Intriguingly, evidence has also been obtained
that such immune responses resulting from metabolic dysregula-
tion may be harnessed to improve cancer immunotherapy. Manip-
ulation of mevalonate pathway activity may be very effective in
attempts to awake latent immunosurveillance for cancer therapy.
Checkpoint inhibition blockade,®® ICD-inducing chemotherapy,51
or any type of tumor vaccine, for instance based on DCs,** could
be combined with mevalonate pathway manipulation to generate
synergistic effects. Promising data have already been obtained in
murine cancer models showing that ACLY inhibition can enhance
immunogenic chemotherapy’> and ACAT-1 inhibition was effec-
tive in generating better T cells in the context of checkpoint inhibi-
tor-based immunotherapy.'® 7 Finally, N-BPs may play a special
role, since they increase tumor cell immunogenicity and concomi-
tantly recruit Vy9Vs2 T cells, which are poised to perform strong
cytotoxic antitumor responses.
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