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Abstract

) ) Immunometabolism considers the relationship between metabolism and immunity.
Current address Stefanie K. Wculek, Institute

for Research in Biomedicine (IRB Barcelona),
Barcelona, Spain.

Typically, researchers focus on either the metabolic pathways within immune cells
that affect their function or the impact of immune cells on systemic metabolism. A

Funding information more holistic approach that considers both these viewpoints is needed. On September

National Institutes of Health 5-8, 2022, experts in the field of immunometabolism met for the Keystone sympo-

sium “Immunometabolism at the Crossroads of Obesity and Cancer” to present recent
research across the field of immunometabolism, with the setting of obesity and can-
cer as an ideal example of the complex interplay between metabolism, immunity, and
cancer. Speakers highlighted new insights on the metabolic links between tumor cells
and immune cells, with a focus on leveraging unique metabolic vulnerabilities of differ-
ent cell types in the tumor microenvironment as therapeutic targets and demonstrated
the effects of diet, the microbiome, and obesity on immune system function and cancer
pathogenesis and therapy. Finally, speakers presented new technologies to interrogate

the immune system and uncover novel metabolic pathways important for immunity.
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INTRODUCTION

more subtle impacts. Metabolic transformation is a hallmark of cancer

cells, as cells adapt to grow in a cell-autonomous manner and survive

Immunometabolism has generally been viewed through two lenses: the
intrinsic cellular metabolic pathways that drive the immune response
and the impact of immune cells on systemic metabolism. Merging
these two viewpoints is critical to gaining a holistic view of the inter-
play between metabolism and immunity. On September 5-8, 2022,
experts in the field of immunometabolism met for the Keystone sym-
posium “Immunometabolism at the Crossroads of Obesity and Cancer”
to do just that, using obesity and obesity-driven cancer as examples to
highlight the links between immune cells, signaling, metabolism, and
cancer.

The Centers for Disease Control considers 13 cancers to be linked
to being overweight or obese.! While some of the increased risk of
cancer in obesity may be a direct result of increased nutrients—tumor
cells require more nutrients to grow and proliferate—there are also

the often-harsh conditions of the tumor microenvironment (TME). At
the same time, the unique nutirents present affect other cells in the
TME, including infiltrating T cells. In particular, the accumulation of
inhibitory metabolites often leads to an immunosuppressive environ-
ment, enabling tumor cells to evade the cytotoxic T cell response.? As
obesity also represents an altered inflammatory state, the interplay
between tumor and immune cells in the setting of obesity is similarly
altered. One key sign of this is the so-called obesity-immunotherapy
paradox, in which obesity is associated with an increased response to
immunotherapy.®*

During the symposium, speakers discussed new insights into the
metabolic links between tumor cells and immune cells. In particular,
several talks demonstrated how unique metabolic vulnerabilities of

different cell types in the TME may pave the way for new therapies,
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either in targeting tumor cells directly or in activating dysfunctional
immune cells to reinvigorate antitumor immunity. Another key theme
was understanding the effects of diet, the microbiome, and obesity
on immune system function and cancer pathogenesis and therapy.
Finally, speakers presented new technologies to interrogate the
immune system and uncover novel metabolic pathways important for

immunity.

METABOLIC REGULATION OF THE ANTICANCER
IMMUNE RESPONSE

Metabolic regulation of T cell activity in the TME and
inflammation

Jeffrey C. Rathmell from Vanderbilt University presented unpublished
work on how metabolic programs change during T cell differentia-
tion. T cell activation is accompanied by a metabolic shift from a
catabolic or resting state to a proliferative, anabolic state that pro-
motes nutrient uptake and cell metabolism. Rathmell discussed several
efforts in his lab to understand the connections between metabolism
and immunity. One approach is to look for genes involved in both
inborn errors of metabolism and inborn errors of immunity. While
previous research shows a limited overlap between these two,>¢
Rathmell believes there is an opportunity to use inborn errors as a
guide to identify novel ways in which the immune system integrates
with metabolism. He also described efforts to understand the con-
nection between obesity, cancer, and the immune system. Rathmell
showed data on the effects of obesity on the immune infiltrate in
mouse models of cancer and how these differences impact immune
cell metabolism and, potentially, sensitivity to immunotherapy. Finally,
Rathmell discussed the impact of heat in the inflammatory microen-
vironment, which is often overlooked. Febrile temperatures have
previously been shown to impact the differentiation and pathogenic-
ity of some T cell subsets.” Rathmell’s group is investigating the impact
of fever temperatures on effector T cell phenotypes and metabolic

signaling.

Impact of phosphoinositide acyl chain saturation on
T cell activation

Erika L. Pearce from Johns Hopkins University presented work on the
role of lipid metabolism in T cell function. The membrane phospholipids
phosphatidylinositide phosphate (PIP) are part of the intracellular sig-
naling pathways involved in T cell activation.8 Much of the research on
understanding their role has focused on the impact of the phosphate
head group, while less is known about the role of the composition of
the lipid acyl chain. Pearce presented unpublished data demonstrating
that the saturation state of the phosphoinositide acyl chain can define
distinct pools of PIP2 that are involved in initial and sustained CD8"

T cell signaling.

Metabolic pressures and immunosuppression

Ping-Chih Ho from the University of Lausanne discussed how the
immune system impacts the metabolic preference of cancer cells and
enables them to evade T cell immunity. During tumor progression, the
TME shifts from an immunosupportive state, in which T cells can rec-
ognize neoantigens presented by cancer cells and destroy them, to
an immunosuppressive state, in which T cells are exhausted and/or
dysfunctional and the tumor is essentially invisible to the immune
system. This shift is partially due to upregulation of immunosuppres-
sive molecules by the tumor; however, metabolic processes within
the TME can also promote immune evasion. Cancer cells with altered
metabolism have been shown to drive metabolic stress within the
TME and suppress antitumor immunity—as tumor cells use up avail-
able nutrients and resources, T cells within the immune infiltrate
cannot maintain their metabolic fitness and perform their antitu-
mor activities.” Ho presented unpublished data on the pressures that
drive metabolic changes early in tumor development and ultimately
contribute to immune evasion.

Identifying immune cell-specific metabolic
vulnerabilities in the TME

Marcia C. Haigis from Harvard Medical School presented work on the
role of mitochondrial metabolism in T cells in cancer. Haigis's group
has shown that T cell activation induces mitochondrial biogenesis and
one-carbon metabolism to support the energy needs of increased pro-
liferation and anabolic metabolism.2%11 Since T cells use many of the
same fuels and signaling networks as cancer cells, it is difficult to specif-
ically target metabolism in cancer cells without negatively impacting
antitumor immunity. Haigis’s group is working to identify different
metabolic vulnerabilities in both cytotoxic T cells and tumor cells in
the TME. They developed a coculture system of T cells and tumor cells
to identify metabolic dependencies within the two cell types.'? More
recently, they devised a method to rapidly separate these cocultured
cells to study signaling pathways and metabolism. Haigis showed that
tumor cell-derived lactate induced cytotoxic T cells to switch their
pyruvate utilization via downregulation of pyruvate dehydrogenase
(PDH) and upregulation of pyruvate carboxylase (PC). Inhibiting PDH
further upregulated PC activity and enhanced T cell-mediated anti-
tumor toxicity.?® Haigis’s group is continuing to understand how this
change in metabolism in CD87 T cells affects their cytotoxic activity to
identify mechanisms that can be targeted to restore T cell-mediated
cytotoxicity in the TME.

Metabolic regulation of y8 T cell antitumor activity

Murad R. Mamedov from Alex Marson’s lab at the University of Califor-
nia, San Francisco presented unpublished results from a CRISPR screen
to understand metabolic regulation of cancer cell interactions with y&
T cells, which are a small proportion of circulating T cells that have

several advantages over a8 T cells in immunotherapy. First, because
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y8 T cells are not MHC restricted, they have the potential to be used
as off-the-shelf T cell therapies. In contrast, current T cell therapies
are produced from a patient’s own T cells, often involving long man-
ufacturing times. y8 T cells also recognize several ligands important
in tumorigenic pathways and they have broad antitumor activity.1
Mamedov focused on the Vy9V82 subset of y8 T cells, which require
assembly of the butyrophilin (BTN) complex for activation. Expression
of BTN proteins is induced by the mevalonate pathway, which is often
upregulated in cancer.!® Using a CRISPR screen, Mamedov identified
metabolic pathways that regulate Vy9Vé2 T cell-mediated cytotoxicity

via BTN expression.

Importance of T cells in targeting mIDH1 in
cholangiocarcinoma

Meng-Ju Wu from Nabeel Bardeesy’s lab at Massachusetts Gen-
eral Hospital presented work in understanding how mutant isocitrate
dehydrogenase 1 (mIDH1) promotes immunoevasion and tumor main-
tenance in cholangiocarcinoma. Normally, IDH1 converts isocitrate
to a-ketoglutarate. However, in glioblastoma and intrahepatic cholan-
giocarcinoma (ICC), mutation of IDH1 alters its activity, leading to
the accumulation of R-enantiomer of 2-hydroxyglutarate (R-2HG).
R-2HG acts as a competitive inhibitor of many enzymes that use a-
ketoglutarate as a substrate, leading to epigenetic dysregulation of
genes that impact cell differentiation. The mIDH1 inhibitor ivosidenib
was approved for mIDH1 advanced or metastatic cholangiocarcinoma
in 2021. While this agent improves clinical outcomes, patients ulti-
mately relapse.’® Wu developed the first genetically engineered mouse
model for mIDH1 ICC to understand the impacts of mIDH1 inhibition
and identify strategies to improve its efficacy. He showed that the pre-
dominant IDH1 mutant allele in cholangiocarcinoma produces higher
levels of R-2HG than the allele commonly found in glioblastoma. The
efficacy of ivosidenib in this model was dependent on an intact immune
system. Single-cell RNA sequencing (scRNA-seq) showed that mIDH1
inhibition increased CD8" T cell effector function and infiltration, as
well as the tumor-intrinsic IFN-y response. Notably, longer-term, ivosi-
denib increased immune checkpoint activation and regulatory T (T g)
cell recruitment, which potentially dampened its therapeutic effect.
Combining ivosidenib with anti-CTLA-4 antibody (an immune check-
point blocker) led to long-term tumor shrinkage that persisted even
after treatment ended (Figure 1). Wu hopes that this work will inform
strategies to improve the clinical efficacy of ivosidenib in patients with

mutant IDH1 cancers.17:18

METABOLIC REPROGRAMMING FOR IMPROVED
IMMUNOTHERAPY

A metabolic code for acetyl-CoA in T cell activation

Susan M. Kaech from The Salk Institute discussed work on under-
standing the metabolic mechanisms involved in CD8* T cell exhaus-
tion. CD8* T cell differentiation is determined by how the cells are
activated. Acute stimulation causes naive cells to differentiate into

effector cells and eventually memory T cells. Chronic stimulation, how-
ever, promotes differentiation into exhausted T cells, which have lost
much of their cytotoxic potential. While this can be a protective mech-
anism to protect against pathologic inflammation, in settings like the
TME or chronic infection, it renders the immune system incapable of
controlling pathologic cells. Because different T cell subsets have dif-
ferent epigenetic states,'? Kaech focused on the production in T cells
of acetyl-CoA, which, produced by various acetyl-CoA synthetases,
is essential for histone acetylation. She presented unpublished data
indicating that different acetyl-CoA synthetases may have distinct
roles during T cell differentiation, thus impacting epigenetic modifi-
cations and, subsequently, gene expression. Ultimately, Kaech hopes
that this work will inform strategies to rejuvenate exhausted T cells via

metabolic and/or epigenetic reprogramming.

Impact of lipids on immune cell function

Lydia Lynch from Harvard Medical School presented work on link-
ing the metabolic state in obesity to immune function and cancer. A
high-fat diet changes the nutrients available to tumor cells and subse-
quently alters their metabolism.2° This leads to insulin resistance and
increased levels of circulating insulin and glucose, which can promote
pathways in tumor cells associated with cell migration and survival.2!
In mice, both calorie restriction and a ketogenic diet have been shown
to reduce insulin and glucose levels, but only calorie restriction impacts
tumor growth.?2 Lynch showed that lipids, which are abundant in a
ketogenic diet, are a common feature of the protumor response in
obesity. They accumulate in the tumor interstitial fluid, serving as an
important energy source for tumor cells23-2> and are also taken up by
immune cells. This causes changes in lipid metabolism that are asso-
ciated with dysfunction in several immune cells, including NK cells,
CD8* T cells, dendritic cells, and macrophages, limiting their antitu-
mor response.2%27 Lynch presented unpublished data looking at the
impact of different types of high-fat diets on immune function and
tumor growth.

A link between fructose, the gut, and liver disease

Mark A. Febbraio from the Monash Institute of Pharmaceutical
Sciences presented work on understanding the role of the gut in
nonalcoholic steatohepatitis (NASH), a disease characterized by the
accumulation of fat in the liver. While there is no approved treatment
for NASH, several agents are under investigation. Febbraio noted that
many therapies have failed in clinical trials because they target lipid
metabolism in the liver, resulting in high levels of circulating lipids and
cholesterol. Febbraio’s group is taking an alternate view of NASH by
focusing on excess sugar, specifically fructose. They have shown that
fructose is toxic to both the gut and the liver. Working in a mouse
model in which a high-fat diet is known to induce NASH and HCC,28-30
Febbraio’s group showed that excess fructose can induce similar effects
in the liver while also disrupting gut barrier integrity and the micro-

biome. Targeting the microbiome in this model reduced the incidence
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of fructose-mediated NASH, suggesting a link between the gut and
the liver.3%32 Febbraio’s group is investigating ways to protect the gut
against fructose-mediated gut dysbiosis. Previous work has shown that
IL-6 signaling can restore epithelial barrier function via YAP activity.33
In Febbraio’s mouse model, upregulating IL-6 signaling in intestinal
epithelial cells restored the epithelial barrier and decreased fructose-
derived hepatic steatosis and HCC.32 His group is now working to
target IL-6 activity pharmacologically. They have designed an IL-6-like
cytokine, IC7Fc, that promotes IL-6 signaling without its inflammatory
effects.3* He presented unpublished preclinical data on the impact of
IC7Fc on the gut and the development of fructose-derived NASH and
HCC. Febbraio is also involved in a multicenter, multiomics project to
identify new biomarkers and drug targets in NASH and HCC.

The impact of obesity in inflammatory diseases

Sagar P. Bapat from the University of California, San Francisco pre-
sented work on the impact of obesity on the immunological response
to inflammatory disease, specifically atopic dermatitis (AD). Individ-
uals with obesity and AD have more severe disease and are more
likely to be intractable to treatment than nonobese individuals. Bapat
showed that in a mouse model of AD, obese mice similarly had more
severe disease characterized by an expanded dermis and epidermis as
well as increased infiltration of leukocytes. Further characterization
of the immune response showed that lean mice primarily mount a
Th2-mediated response, while obese mice mount a Th17-predominant
response. This difference has important implications for treatment
response; for example conventional biologic therapies that target
Th2 cytokines worsened disease in obese mice. Using an integrated
multiomics approach, Bapat found that dysregulation of PPARy in T

cells in obese mice likely causes an imbalance in Th2/Th17-mediated

— T .
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inflammation. Treating obese mice with the PPARy agonist rosiglita-
zone restored the therapeutic efficacy of Th2-targeted therapies in
obese animals.3> These studies reveal how obesity might alter immune
responses in inflammatory disease and suggest a precision medicine
approach to target these alterations in therapeutically meaningful

ways.

The role of metabolism in apoptotic resistance in
Th17 cells

Hanna S. Hong from Costas Lyssiotis’s lab at the University of Michi-
gan presented unpublished work on the role of metabolism in apoptotic
resistance in Th17 cells. Th17 cells mediate chronic inflammation via
the production of proinflammatory cytokines. They also may play a
key role in immune homeostasis at barrier sites, such as the intesti-
nal epithelium.3¢ Previous work in Lyssiotis’s lab showed that Th17
cells primarily use oxidative phosphorylation (OXPHQOS) as an energy
source in vitro, while they use glycolysis in vivo.? Metabolically dis-
tinct Th17 cells are also found in vivo. In the intestine, homeostatic
cells are primarily oxidative, while inflammatory cells use OXPHOS
and glycolysis.3” Hong presented unpublished data comparing these
two metabolic populations of Th17 cells, particularly their sensitivity
to apoptosis.

Targeting metabolically distinct macrophage subsets
to improve response to immunotherapy

Weiping Zou from the University of Michigan presented work lever-

aging metabolic patterns in tumor-infiltrating immune cells to improve

2 Franchi L. et al., J Immunol 2017.
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responses to immunotherapy. Nearly 20 years ago, Zou’s group demon-
strate that PD-L1 expression in the TME led to an immunosuppressive
milieu and that blockade of the PD-L1/PD-1 pathway could normal-
ize T cell function and restore antitumor immunity.3® In the TME,
myeloid cells are the major PD-L1-expressing immune cells and
immune targets of anti-PD(L)1 agents.38%° Zou showed that tumor
cells themselves are at least partially responsible for the develop-
ment of myeloid-derived suppressor cells (MDSCs). Aerobic glycolysis
in tumor cells promotes G-CSF and GM-CSF expression and secretion
into the TME, which control myeloid cell development.*! Zou also pre-
sented unpublished data focused on tumor-associated macrophages
(TAMs). He showed that different TAM subsets within the TME display
different metabolic profiles. This heterogeneity within TAMs may pro-
vide a way to specifically target immunosuppressive populations and

shift them toward a more immunoreactive phenotype.

MICROBIAL METABOLITES, NUTRIENTS, AND
IMMUNITY

Impact of diet on immune responses to commensal
bacteria

Yasmine Belkaid from the NIAID presented work on the link between
microbiota, nutrition, and immunity. The immune system is com-
monly viewed through the lens of infection and its interactions
with pathogens; however, as Belkaid pointed out, most interactions
between immune cells and nonhost cells are with commensal micro-
biota. Belkaid’s group has shown that, in mice, T cells that recognize
skin microbiota accumulate there and protect skin against infec-
tion. These microbiota-specific T cells are highly plastic, expressing
genes that allow them to participate in the barrier function while
also maintaining an ability to shift to a repair program in the con-
text of injury.*2-4¢ Additional work on the mechanism of this T
cell response showed that Staphylococcus epidermidis promotes the
transcription of endogenous retroviruses (ERVs) in keratinocytes.
Reverse transcription of ERVs to DNA triggers an immune response via
the cGAS/STING pathway. In lean mice, this T cell response is homeo-
static; however, in mice fed a high-fat diet it shifts to an inflammatory
response.*’ Belkaid presented unpublished data exploring whether
diet can affect ERV expression in humans and how this might affect
inflammation and immunity. She also presented work on how the
nervous system may be impacted by homeostatic immunity to the

microbiota.

Diet-mediated intestinal remodeling via immune
signaling

Zuri A. Sullivan from Catherine Dulac’s lab at Harvard University
presented work performed while she was a PhD student in Ruslan
Medzhitov’s lab at Yale on understanding how the intestine adapts to

and is regulated by diet. Sullivan showed that the nutrient-handling

machinery in the intestine can be rapidly induced on demand based
on nutrient availability. In mice fed a high-carbohydrate diet, intesti-
nal epithelial cells upregulate genes involved in carbohydrate handling,
while in those fed a high-protein diet, intestinal epithelial cells upreg-
ulate genes involved in protein handling. Sullivan showed that this
transcriptional response is due to the remodeling of the intestinal
epithelium. Since lymphocytes have been shown to regulate tissue
adaptation to intestinal pathogens, Sullivan explored the possibil-
ity that T cells could regulate diet-induced epithelial remodeling as
well. She found that y8 T cells were responsible for regulating the
carbohydrate-handling transcriptional program in intestinal epithe-
lial cells. She offered a model in which IL-22 negatively regulates
carbohydrate-handling genes. Under conditions of high carbohydrates,
y8 T cells limit IL-22 expression, thus promoting the transcription of

carbohydrate-handling genes.*8

The role of gasdermin C in the intestine

Andrea Keller from Maria Mihavlova’s lab at The Ohio State Univer-
sity presented unpublished data on the effect of nutrient status and the
immune environment on intestinal gasdermin C. Gasdermin proteins
induce pyroptosis in response to infection, creating pores in the cell
membrane and releasing proinflammatory cytokines.*?->3 Much of the
research on gasdermin proteins has focused on gasdermin D. Keller’s
work focuses on what cues in the intestinal environment trigger gas-
dermin C expression and whether gasdermin C activates pyroptotic
pathways in a similar mechanism as the one associated with gasdermin
D.

Understanding metabolism in tissue-resident
macrophages

Stefanie K. Weculek from David Sancho’s group at CNIC Spain
presented work on the metabolic requirements of tissue-resident
macrophages in homeostasis. Activated macrophages can adopt either
a proinflammatory M1 phenotype, which is metabolically character-
ized by increased glycolysis and a blocked TCA cycle, or an anti-
inflammatory M2 phenotype, which is characterized by an increase
in OXPHOS and an intact TCA cycle.54 However, less is known
about the metabolic requirements of tissue-resident, homeostatic
macrophages. Wculek showed that tissue-resident macrophages have
diverse metabolic phenotypes, dependent on their tissue of origin. She
also showed that it may be possible to selectively target metabolic vul-
nerabilities in proinflammatory macrophages found in adipose tissue in

the setting of obesity.

A potential link between sleep and immunity

Douglas R. Green from St. Jude Children’s Research Hospital pre-
sented unpublished work on the relationship between sleep and immu-
nity. Green’s group is working to understand why infection induces
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sleep and whether sleep duringillness is beneficial to immune response
and recovery.

INTERACTIONS BETWEEN DIET AND SYSTEMIC
AND TISSUE IMMUNOMETABOLISM

O-linked N-acetylglucosaminyltransferase as a
nutrient sensor in the liver

Catherine Postic from INSERM Institut Cochin presented work on
the role of O-linked N-acetylglucosaminyltransferase (OGT) on nutri-
ent sensing in the liver. Postic’s group is particularly interested in the
pathophysiology of nonalcoholic fatty liver disease in which hyper-
glycemia triggers de novo fatty acid synthesis in the liver, ultimately
leading to inflammation, steatosis, fibrosis, and cirrhosis. Her lab has
shown that carbohydrate response element binding protein (ChREBP)
is a key mediator of steatosis via lipogenesis but that it can also pro-
tect against steatosis by buffering lipotoxic fatty acids.”>~>® To better
understand the role of ChREBP in the liver, Postic’s group has looked
at how post-translational modifications impact its function. ChREBP
can be modified by OGT via O-GlyNAcylation. The OGT signaling
pathway has emerged as a major regulator of energy homeostasis
under both physiological and pathological conditions.?? In the liver,
O-GlyNAcylation by OGT increases ChREBP levels in the liver and
upregulates the expression of ChREBP target genes.® Postic showed
unpublished data on the impact of OGT expression in nutrient sensing

and fatty liver disease.

Novel single-cell technologies to understand
immunity

Ido Amit from the Weizmann Institute presented work on using single-
cell approaches to understand immunity and its role in disease. His
group incorporates data from single-cell transcriptomics, proteomics,
and cell signaling data with patient-specific data to build predictive
models of disease and identify novel immune targets and path-
ways. For example, in multiple myeloma cells, single-cell approaches
were used to identify immune-related signatures of treatment resis-
tance, which revealed new targets that may help sensitize patients to
treatment.? In another study, single-cell analyses of skin and blood
samples helped to identify new disease-related cell subsets in patients
with scleroderma.®? Amit described two novel single-cell technologies
developed in his lab: physically interacting cells sequencing (P1C-seq)®3
and intracellular staining and sequencing (INs-seq).?* PIC-seq com-
bines cell sorting of physically interacting cells with scRNAseq to
provide single-cell resolution of immune interactions in situ. Using this
technology, Amit’s group identified a CD4* helper T cell population
(Tht) that interacts with dendritic cells in large immune aggregates
within the TME and shares many of the features of dysfunctional
CD8* T cells. Amit showed that PD-1 blockade can promote Tht cell-
mediated tumor killing, highlighting the importance of T cell-dendritic

cell interactions in the response to immunotherapy.®® The second tech-

nology, INs-seq, couples scRNA-seq and intracellular protein activity.
Amit’s group has used this to understand immunometabolism in tumors
by characterizing MDSCs, which are often dysfunctional in the TME.
MDSCs are difficult to characterize via cell surface markers but have
clear metabolic dysfunction. Using INs-seq, Amit’s group has identi-
fied two new subsets of tumor-infiltrating MDSCs that express both
TREM2 and arginase-1. These myeloid regulatory cells localized to
necrotic/hypoxic areas of the tumor. Depletion of these cells by tar-
geting TREM2 promoted immune activation and tumor ablation. Amit
proposed that the TREM2* myeloid regulatory cells are important for

tumor immune escape.

Impact of lipid metabolism on metastasis

Salvador Aznar Benitah from ICREA presented work on the role
of lipid metabolism in metastasis. Benitah’s group has shown that a
population of cells that express the fatty acid transporter CD36% is
responsible for initiating metastasis in several tumor types. These cells
show a high preference for fatty acids as a fuel—several components
involved in fatty acid uptake, synthesis, storage, and oxidation are
upregulated.2>¢¢ As a result of these findings, Benitah has cofounded
a company, ONA therapeutics, to explore the potential of CD36%
cells as an antimetastatic therapeutic target. Recently, in collaborative
work headed by Michaela Frye from the DKFZ in Heidelberg, the Frye
and Benitah groups showed that high expression of the mitochondrial
tRNA methyltransferase NSUNS3 increases the efficiency of OXPHOS
in CD36% cells. Inhibiting NSUN3 shifted the metabolic preference
from OXPHOS toward glycolysis resulting in the ablation of CD36%
metastatic potential.®”

Benitah’s group has also investigated whether specific fatty acids
are more prometastatic than others. Both ex vivo and in vivo admin-
istration of various fatty acids demonstrated that palmitic acid could
enhance the metastatic potential of metastatic-initiating cells in oral
tumors and melanoma. Other fatty acids, such as linoleic or oleic acid,
had no impact on metastasis. The impact of palmitate on metasta-
sis persisted even after it was removed from the culture media or
when primary tumors were transferred into another animal, indicating
arole for epigenetics. Benitah's group found, indeed, palmitate induces
several persistent epigenetic markers in CD367 cells, mainly trimethy-
lation of histone H3 at lysine 4, particularly at the promoters of genes
associated with neurogenesis and gliogenesis. Such a transcriptional
signature has been shown to stimulate intratumoral Schwann cells
and innervation. Benitah showed that activation of Schwann cells by

CD36" cells facilitates metastasis via aberrant perineuronal nets.®8

Metabolic flexibility during T cell activation

Russell G. Jones from the Van Andel Institute discussed research
using metabolomics to understand how different nutrients impact T
cell function. Jones’s group uses stable isotope tracing and rapid cell

sorting to study physiologic immune cell metabolism at various time
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points during infection.®?7% He showed that, in mice, CD8% T cells
show evidence of glucose partitioning during infection. While glucose is
heavily used in the early steps of glycolysis— which serves to generate
intermediates for nucleotide and serine production—it is not gener-
ally incorporated into the TCA cycle. This differs from what is seen
during T cell activation in vitro. They also found that CD8* T cells
prefer different energy sources over the course of infection. During
the priming stages of T cell activation, cells prefer glucose for glycoly-
sis and glutamine for the TCA cycle. However, during the peak of the
T cell response, acetate becomes an important for the TCA cycle.”!
Jones’s group developed a physiologic cell culture medium to better
understand the impact of nutrient availability on T cell metabolism.
The medium includes physiologic carbon sources that are not typically
found in cell culture media, like acetate, citrate, lactate, and pyruvate.
In the absence of these carbon sources, glucose was a major con-
tributor to the TCA cycle. However, when these carbon sources were
included, glucose was not a major contributor to the TCA cycle, consis-
tent with previous in vivo results. The inclusion of physiologic carbon
sources also augmented T cell cytokine production.”? Finally, Jones
showed unpublished data on ketone bodies as an energy source for
CD8™ T cells. He stressed that metabolic flexibility is an important fea-
ture of highly functional effector T cells as it allows them to adapt to

their environment and use the substrates available.

Metabolic adaptations in tissue-resident T cells

Miguel Reina-Campos from Ananda Goldrath’s lab at the University
of California, San Diego presented unpublished work on the metabolic
adaptations of tissue-resident memory CD8* T cells (Tgm). Like Jones
above, Reina-Campos stressed that the metabolic flexibility of CD8*
T cells enables them to adapt to diverse tissue environments. Tgy cells
in particular are long-lived cells that mount a rapid, frontline defense
against reinfection. Because of their ubiquitous presence in various
organs long term, Tgy cells have adopted different metabolic changes
based on their tissue of residence.”® Importantly, tumor-infiltrating
lymphocytes with Try features have superior antitumor properties.
Reina-Campos’s work is focused on leveraging these metabolic adap-
tations to improve the function of CD8* T cells for vaccination and

immunotherapeutic strategies (Figure 2).

Regulatory T cells in visceral adipose tissue

Santiago Valle Torres from Axel Kallies’s lab at the Peter Doherty
Institute presented work on regulatory T cell populations in visceral
adipose tissue (VAT), an endocrine organ that regulates functions like
appetite, glucose metabolism, insulin secretion, and lipid metabolism.”*
Kallies’s lab previously demonstrated sex-specific differences in VAT-
associated regulatory T cells in mice. In male mice, VAT is more
inflammatory than in female mice, which influences the phenotype of
regulatory T cells. For example, VAT-associated regulatory T cells do
not express the canonical markers of non-VAT-associated regulatory

T cells.”> Valle Torres has further characterized the sex differences in
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FIGURE 2 Metabolic adaptations of tissue-resident memory
CD8* Tcells.

VAT-associated regulatory T cells, describing different cell subsets and

elucidating their roles in metabolism and inflammation.

FRONTIERS IN IMMUNOMETABOLISM

Mechanisms of fat-induced tumorigenesis in the
intestine

Semir Beyaz from Cold Spring Harbor Laboratory presented work on
how fatty acids influence cell fate. Beyaz's group is broadly interested
in how nutrients impact cell fate and function at the cell, tissue, and
organism levels. They have developed several conceptual and exper-
imental tools to explore these connections and have narrowed down
interactions between epithelial stem cells, immune cells, and microbes
that are responsive to dietary fat. Work in a mouse model of obesity
revealed both cell-intrinsic pathways and microbiome-related mech-
anisms that link a high-fat diet to intestinal cancer. A high-fat diet
activated the lipid-sensing transcription factor PPAR in intestinal stem
cells, thus increasing fatty acid oxidation and enhancing stemness
and tumorigenicity of tumor-initiating cells. High-fat diet-related per-
turbations to the microbiome also induced changes in immune cells
that increased cancer risk.237677 Beyaz presented unpublished work
focused on the impact of dietary fatty acids on stem cell plasticity in
the intestinal epithelium and their potential impact on tissue repair and

tumorigenesis.
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Weight loss as an intervention for endometrial
cancer

Donal Brennan from University College Dublin presented a clini-
cal perspective on the potential of weight loss as an intervention in
endometrial cancer. Endometrial cancer has a strong association with
obesity, and data indicate that weight loss may reduce this risk. For
example, a recent meta-analysis showed that several recent retrospec-
tive cohort studies consistently demonstrate a reduction in cancer
incidence among those who undergo metabolic surgery.”87? There are
several potential ways by which weight loss may positively impact
outcomes in endometrial cancer. First, epidemiologic data support a
protective biological role for weight loss. Also, many patients present
in the early stages of endometrial cancer and can be cured via surgery
(usually a hysterectomy); weight loss can reduce the risk of surgi-
cal complications and improve overall metabolic health. Given such
data, for younger patients with endometrial cancer who want to avoid
surgery and preserve fertility, weight loss may offer an adjunctive
approach to medical therapies. Brennan described a randomized clin-
ical trial in women with obesity and endometrial cancer who were
treated with either progestin, progestin and metformin, or progestin
and weight loss. All three groups lost weight and rates of pathological
complete response across the study were encouraging. While the study
was not designed to determine the efficacy of weight loss, it did demon-
strate the safety and feasibility of delaying surgery to study weight loss
interventions in this patient population.?° In a second study in which
patients underwent metabolic surgery, weight loss was associated with
tumor regression and a more immune-active TME.24 As many patients
are hesitant to undergo metabolic surgery, Brennan’s group is investi-
gating the potential of weight management via targeting of GLP, known
to induce weight loss in humans,8! as an adjunct to other systemic
treatments.

The impact of Krebs cycle intermediates on
inflammation

Luke A. J. O’Neill from Trinity Biomedical Sciences Institute presented
work on the role of fumarate and other Krebs cycle intermediates in
autoimmunity and inflammation. O’Neill noted that there are com-
mon links between many autoimmune diseases and it therefore may
be possible to find a target or pathway that provides benefit across
multiple conditions.®? One potential common target is the inflamma-
some. O'Neill’s group has shown that the small molecule inflammasome
inhibitor CRID3 impacts several preclinical models of inflammation.&3
A common feature of inflammation and autoimmunity is mitochon-
drial dysfunction. O’'Neill’s group has been linking the function of Krebs
cycle intermediates to cytokine production. They have found that,
broadly, succinate is proinflammatory, itaconate is anti-inflammatory,
and fumarate is immunomodulatory.848> O’Neill focused primarily on
the impact of fumarate in regulating cytokine and interferon pro-
duction in macrophages. Mutations in fumarate hydratase (FH), the
enzyme that catalyzes the conversion of fumarate to malate, are asso-

ciated with several types of cancer.8¢ FH deficiency causes an accumu-
lation of fumarate, which can modify and inhibit histone demethylases,
ultimately driving HIF-1a expression.8”

Antitumor immunity in obesity-dependent and
-independent cancers

Rachel J. Perry from Yale University presented work on understanding
the link between obesity, cancer, and immunity. She noted that many
highly immunogenic cancers, such as NSCLC and melanoma, are typi-
cally not associated with obesity. Perry’s group and others have shown
that overweight may be a positive prognostic factor in these immuno-
logically hot cancers and that overweight correlates with response
to immunotherapy but not to other treatment modalities.23-7° Perry
focused on two metabolic changes in obesity as potentially contribut-
ing to these effects: the increase in endogenous glucose production
and increased fatty acid oxidation. In tumor cell lines, physiologic varia-
tions in glucose or insulin do not impact glucose metabolism in cancers
not associated with obesity, but do increase glucose metabolism in
obesity-related cancers. Insulin also increases cell division in a dose-
dependent manner in these obesity-dependent cancers. Perry showed
that obesity-associated tumors respond to insulin by increasing mito-
chondrial glucose oxidation and increasing cell division; however, no
impact was seen in obesity-independent cancers. Blocking glucose
oxidation reduced cell division in obesity-dependent cell lines but
not obesity-independent cells. Similar effects were seen in mice.”!
Perry also showed that increased glucose oxidation is a hallmark of
T cell activation. She suggested that in obesity, increased glucose
production contributes to increased glucose metabolism in immune
cells and increased T cell activation. Perry also proposed that the
higher fatty acid oxidation that occurs in obesity may be associ-
ated with reduced T cell exhaustion and thus a more robust antitu-
mor immune response. Finally, Perry is investigating the potential to
treat obesity-driven cancers with the SGLT2 inhibitor dapagliflozin.
Dapagliflozin blocks glucose uptake in the renal tubules, allowing it
to be excreted in the urine. She showed that in a mouse model of
triple-negative breast cancer, dapagliflozin enhanced the efficacy of
chemotherapy specifically in tumors driven by mutations upstream of
insulin signaling.”2 Perry’s group is designing a clinical trial in obese

women with TNBC to see if similar effects are seen in humans.

Tyeg cell metabolism

Dirk Brenner from the Luxembourg Institute of Health presented
work on reactive oxygen species (ROS) in T, cell metabolism. T cell
activation promotes the production of ROS, which must be tightly reg-
ulated to enable the expression of proteins involved in the metabolic
reprogramming from OXPHOS to glycolysis. Brenner showed that glu-
tathione (GSH) plays a key role in buffering ROS levels in effector
T cells.”® More recent work has shown that the concentration of GSH

in T.eg cells is much higher than in effector T cells, suggesting that
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GSH may play an important role in the former. In mice, knocking out
the gene for glutamate cysteine ligase (Gclc), an enzyme involved in
GSH production, in T cells abrogated GSH production and led to
the accumulation of ROS. While this did not impact T cell differ-
entiation, it did result in the accumulation of effector T cells and a
decrease in the number of T, cells, which is a hallmark of autoimmu-
nity. The mice eventually developed lethal autoinflammatory disease.
Brenner showed that Gclc is critical for the immunosuppressive activ-
ity of Tieg cells. Gelc-deficient Ty cells showed downregulation of
the transcription factor Foxp3 and upregulation of serine metabolism
and mTOR activation. Brenner put forth a model in which the accu-
mulation of ROS in stressed T, cells drives an increase in serine
levels via both upregulation of a serine importer and increased serine
synthesis. Serine accumulation in turn activates mTOR, which inhibits
Foxp3 and negatively impacts T,eg cell function. Restricting serine in
vitro and in vivo rescued the effect of Gclc deficiency on T e cell
function and spontaneous autoimmunity in mice. This work reveals
a role for GSH in modulating Teg cell function by restricting serine

metabolism.?*
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