Molecular

Oncology
REVIEW

'.) Check for updates

1O FEBSPRESS

Deciphering metabolic crosstalk in context: lessons from
inflammatory diseases
Fenne W. M. Verheijen"?, Thi N. M. Tran"3, Jung-Chin Chang’, Femke Broere?, Esther A. Zaal’

and Celia R. Berkers'

1 Division of Cell Biology, Metabolism & Cancer, Department Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht

University, The Netherlands

2 Division of Infectious Diseases and Immunology, Department Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht

University, The Netherlands

3 Biomolecular Mass Spectrometry and Proteomics, Bijvoet Centre for Biomolecular Research, Utrecht University, The Netherlands

Keywords
advanced metabolomics methods;

immunometabolism; inflammatory diseases;

metabolic crosstalk; metabolic
heterogeneity; microenvironment

Correspondence

E. A. Zaal and C. R. Berkers, Division of
Cell Biology, Metabolism & Cancer,
Department Biomolecular Health Sciences,
Faculty of Veterinary Medicine, Utrecht
University, Yalelaan 2, Utrecht 3584 CM,
The Netherlands

E-mail: e.a.zaal@uu.nl; c.r.berkers@uu.nl

(Received 17 July 2023, revised 2

November 2023, accepted 15 January 2024,

available online 26 January 2024)

doi:10.1002/1878-0261.13588

Metabolism plays a crucial role in regulating the function of immune cells
in both health and disease, with altered metabolism contributing to the
pathogenesis of cancer and many inflammatory diseases. The local micro-
environment has a profound impact on the metabolism of immune cells.
Therefore, immunological and metabolic heterogeneity as well as the spa-
tial organization of cells in tissues should be taken into account when
studying immunometabolism. Here, we highlight challenges of investigating
metabolic communication. Additionally, we review the capabilities and lim-
itations of current technologies for studying metabolism in inflamed micro-
environments, including single-cell omics techniques, flow cytometry-based
methods (Met-Flow, single-cell energetic metabolism by profiling transla-
tion inhibition (SCENITH)), cytometry by time of flight (CyTOF), cellular
indexing of transcriptomes and epitopes by sequencing (CITE-Seq), and
mass spectrometry imaging. Considering the importance of metabolism in
regulating immune cells in diseased states, we also discuss the applications
of metabolomics in clinical research, as well as some hurdles to overcome
to implement these techniques in standard clinical practice. Finally, we pro-
vide a flowchart to assist scientists in designing effective strategies to
unravel immunometabolism in disease-relevant contexts.

1. Introduction

1.1. Impact of immunometabolic interactions

Immune cell activation is accompanied by changes in
metabolism. For example, naive T cells rely on oxidative
phosphorylation and undergo a metabolic switch toward
aerobic glycolysis upon activation [1-3]. Moreover, the

Abbreviations

metabolic states of immune cells can also regulate the dif-
ferentiation and function of immune cells [4-7]. For
instance, tryptophan depletion, often occurring within
the tumor microenvironment (TME), has been shown to

CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing; CyTOF, cytometry by time of flight; DESI, desorption electrospray
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Metabolomics in inflammatory microenvironments

induce a regulatory phenotype in T cells [8,9]. These
examples demonstrate the intricate yet tightly connected
relationship between the phenotypes and metabolism of
immune cells in normal and diseased states.

The metabolic and functional states of immune cells
are profoundly influenced by the local environment
[10-15]. Both resident and infiltrating immune cells are
influenced by tissue-specific signals in the microenvi-
ronment, such as locally produced metabolites, growth
factors, adhesion molecules, nutrients, and oxygen
availability [16]. Immune cells also show a high degree
of metabolic plasticity and express tissue-specific tran-
scription factors to adapt their nutrient utilization
strategies in response to the local environment
[11,14,17,18]. For example, the differentiation of alveo-
lar macrophages within the lipid-enriched and oxygen-
ated microenvironment of pulmonary alveoli is
dependent on peroxisome proliferator-activated recep-
tor gamma—a transcription factor regulating lipid
uptake and oxidation [19]. As a result, differentiated
alveolar macrophages express a high level of CD36 to
support the uptake of long-chain fatty acids in the
alveolar space and reduce fatty acid synthesis [20].
Similarly, bone-marrow-derived monocytes stepwise
acquire the Kupffer cell identity in the liver driven by
factors secreted by hepatocytes and liver sinusoidal
endothelial cells, such as desmosterol and transforming
growth factor-beta (TGFP) [21]. In turn, differentiated
Kupffer cells upregulate metabolic programs that facil-
itate fatty acid synthesis and glycolysis in the nutrient-
enriched microenvironment of the liver [21-23].

Metabolic crosstalk between cells in the microenviron-
ment further modulates inflammatory responses, for
example, via metabolite signaling, cross-feeding, or nutri-
ent competition. Nutrient competition between cancer
cells and immune cells in the TME is well known to con-
tribute to an immune-suppressive environment [5,24-28].
In contrast, microenvironments in autoimmune diseases
often drive an overactivation of immune cells [29-33].
Several metabolites, such as itaconate, lactate, and succi-
nate, are now established as mediators of such (anti-)
inflammatory responses [34-37]. For instance, itaconate
derived from tumor-associated macrophages or myeloid-
derived suppressor cells is taken up by infiltrating CD8"
cytotoxic T cells, leading to reduction in amino acid pre-
cursors for de novo nucleotide synthesis, proliferation,
cytokine secretion, and cytolytic activity [38,39]. Similar
anti-inflammatory effects of itaconate have been
observed in an autoimmunity setting, where itaconate
altered Th17/Treg differentiation via metabolic rewiring
and epigenetic modulations toward a Treg lineage [40].
Lactate accumulation in the TME can suppress the pro-
liferation and interferon-y secretion of local CD§"
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cytotoxic T cells [41]. In contrast, lactate that builds up
at inflamed sites can exacerbate the inflammatory
response of CD4" T cells [42]. Here, increased lactate
uptake in CD4" T cells led to enhanced IL-17 production
and elevated fatty acid synthesis. Consistently, inhibiting
lactate transporter SLCSA 12 ameliorates disease severity
in a murine model of rheumatoid arthritis (RA) [42].
This central role of metabolism in regulating immune cell
functionality and in inducing either inflammatory or
immunosuppressive microenvironments makes cellular
metabolism an interesting target to boost or dampen the
immune response for the treatment of cancer or autoim-
mune diseases, respectively.

1.2. Challenges in studying immunometabolic
interactions

Studies in immunometabolism have revealed therapeu-
tic targets and successful applications of metabolic
drugs like rapamycin, mycophenolate, and methotrex-
ate in controlling disease progression of rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE),
and graft-versus-host diseases [40-47]. However, sev-
eral challenges remain in advancing our understanding
of immunometabolism and immunometabolic crosstalk
(Fig. 1). Overcoming these challenges is crucial for
identifying mechanism-based immunometabolic targets
and harnessing immunometabolism for the develop-
ment of novel therapeutic strategies.

Much of our current knowledge of immunometabo-
lism in health and disease is based on bulk metabolo-
mics and/or other bulk metabolic analyses in different
immune cell types [43-47]. As these analyses do not
provide information on metabolic heterogeneity in the
microenvironment, they overlook metabolic features of
minor subsets that are potentially important for dis-
ease pathogenesis [48]. Advances in single-cell RNA
sequencing (scRNA-seq) have already led to in-depth
characterization of the immune landscape in healthy
and diseased tissues at the single-cell level [49-52].
Although scRNA-seq is efficient in charting heteroge-
neous metabolic phenotypes, it does not provide infor-
mation on actual metabolite levels, making the study
of metabolic crosstalk challenging. Integration of met-
abolic heterogeneity and immune heterogeneity at the
single-cell level will greatly advance our understanding
of metabolism in disease pathogenesis. This will ulti-
mately enable the identification of effective metabolic
targets in the key subsets of immune cells and facilitate
the design of effective drug delivery strategies while
minimizing systemic toxicities [53-56].

In addition, because the cellular organization of tis-
sues determines if and how cells can engage in
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Fig. 1. State-of-the-art techniques to unravel immune and metabolic heterogeneity as well as spatial resolution in the context of inflamma-
tory microenvironments. Several challenges prevent us from obtaining a clear view of the complex interplay of (immune) cells within physio-
logical conditions. Within one sample, heterogeneity can occur at immune level, metabolic level, or a combination of the two. Several
techniques can be utilized to unravel these levels of heterogeneity, such as single-cell metabolomics (SCM), single-cell RNA sequencing
(scRNA-seq), stable isotope tracing, and flow cytometry-based techniques (Met-flow and single-cell energetic metabolism by profiling trans-
lation inhibition (SCENITH)). Moreover, to acquire more information on a spatial level, mass spectrometry imaging (MSI), such as matrix-
assisted laser desorption/ionization (MALDI-TOF), or cytometry by time of flight (CyTOF) can be utilized to measure metabolites or metabolic
proteins, respectively. Finally, sophisticated model systems, such as Transwell systems, organ-on-a-chip, and organoids, can increase our
knowledge of the impact of immunometabolism in vivo, as they more effectively mimic physiological conditions. Created with Biorender.
com.

metabolic crosstalk, spatial resolution of cell distribu- often require cell isolation, thereby losing information
tion and their metabolic profiles is crucial for under- about cellular structure within a tissue. Moreover,
standing metabolic interactions in tissue contexts. metabolites themselves are often distributed within a

Commonly used techniques for studying metabolism tissue, and linking metabolite distributions to spatial
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distribution of cell types can boost our knowledge of
metabolic interactions that can aid in improving
healthcare. For example, spatial (immune) metabolic
information differentiating healthy from diseased tissue
can enhance secure removal of diseased tissue during
surgery [57]. Identifying immune metabolic targets
expressed on diseased tissue but not on the surround-
ing healthy tissue can enable us to develop drugs that
specifically target the diseased sections within a tissue,
increasing specificity and reducing toxicity [58,59].

Finally, there is an urgent need for in vitro models
that better represent the tissue contexts as metabolic
adaptation by immune cells varies between in vitro and
in vivo systems. For example, in vitro bioenergetic pro-
filing of CD8" T cells isolated from Listeria-infected
mice revealed hallmarks of aerobic glycolysis; in con-
trast, the in vivo counterparts exhibit higher rates of
oxidative metabolism and diverging use of downstream
metabolite pyruvate [60]. The most widely used in vitro
models in immunometabolism research [61-64] include
myeloid cells derived from peripheral blood mononu-
clear cells and bone marrow as well as lymphocytes
derived from lymph nodes and the spleen [61-64].
However, in vitro conditions often do not correctly
represent in vivo conditions. For example, serum,
which provides environmental signals within the circu-
lating blood, is often added to in vitro cultured cells
but may not contain the tissue-specific signals that res-
ident and infiltrating immune cells encounter. Like-
wise, nutrient levels in most cell-culture media do not
match nutrient levels within the immune microenviron-
ments [9]. In addition, most cell culture models do not
allow for the study of metabolic crosstalk between
cells in the immune microenvironment. The develop-
ment of complex in vitro models that can be interro-
gated for their metabolic status and allow mapping of
metabolic crosstalk would greatly advance our under-
standing of physiological metabolic adaptation to local
and disease-active microenvironments by different cell
types.

In this review, we discuss the state-of-the-art
methods that are currently used in immunometabolism
research, including single-cell technologies, flow
cytometry-based metabolic profiling techniques, imag-
ing methods, and advanced co-culture systems. We
describe the advantages and limitations of each of
these techniques and exemplify how each can be used
in immunometabolism studies to address one or more
of the challenges described above. We also consider
how advanced metabolomics methods can contribute
to diagnostics and precision medicine in future clinical
practice, providing guidance in choosing methods for
specific immunometabolic research questions.

F. W. M. Verheijen et al.

2. Technical advances in
immunometabolism research

2.1. Exploring immune and metabolic
heterogeneity on the single-cell level

2.1.1. Single-cell omics methods for mapping immune
and metabolic heterogeneity: scRNA-seq and single-cell
metabolomics

The use of scRNA-seq in immunometabolism studies
has provided insights into the transcriptional regula-
tion of metabolic pathways in both healthy and dis-
eased states [16,49,50,52,65]. For example, the
application of scRNA-seq on naive, activated, effector,
and memory CD8" T cells identified asparagine syn-
thetase as an important modulator of CD8" T cell dif-
ferentiation toward an effector T cell phenotype [66].
Especially when combined with other single-cell tech-
nologies, scRNA-seq can make important contribu-
tions to the integration of metabolic and immune
heterogeneity. Gubin et al. [67] utilized scRNA-seq
combined with cytometry by time of flight (CyTOF,
see Section 2.1.2) to study murine sarcomas treated
with immune check point blockade (ICB). By combin-
ing these single-cell techniques, the authors could com-
prehensively investigate both functional and metabolic
changes in response to ICB in intertumoral macro-
phages. Hence, scRNA-seq has clear potential for use
in immunometabolism research (Table 1): the tech-
nique has an unbiased character and can obtain both
functional and phenotypical characteristics of the ana-
lyzed cells [16,47]. However, scRNA-seq has limita-
tions when studying metabolism (Table 1). Most
importantly, scRNA-seq does not provide information
on protein expression or activity of metabolic enzymes,
as it provides information only at transcriptomic level
[68]. Hence, this technique only provides an indication
of the immunometabolic status of a cell, and metabo-
lomics (see below) or proteomics studies are needed to
verify the metabolic pathway activity.

Metabolomics can profile metabolites in various types
of samples, including samples derived from tissues or
body fluids. Mass spectrometry (MS), coupled with sepa-
ration methods such as liquid chromatography (LC) or
gas chromatography (GC), is widely used in metabolo-
mic studies. With the rapid development of more sensi-
tive mass spectrometers, single-cell metabolomics (SCM)
is now within reach. In a typical SCM experiment, single
cells are isolated using flow cytometry, laser capture
microdissection, or micropipette sampling. Subsequently,
these isolated cells are lysed and directly infused into the
mass spectrometer, resulting in metabolite profiles that
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Table 1. Advantages and disadvantages of advanced methods applicable to resolve challenges in studying immunometabolism.

Method (*Used in

clinical samples) Advantages Disadvantages Examples
Challenge 1: Studying immune and metabolic heterogeneity
scRNA-seqg* « Unbiased « Limited sample size [49-52,67]
« Combined metabolic and phenotypic « Discordance between mRNA levels and protein
information levels/protein functionality
« Indirect method to measure metabolism
SCM » Low cell numbers needed « Limited number of metabolites covered 169,70]
» Direct metabolite measurements « Costly and time-consuming
+ High resolution of heterogeneity « Single-cell isolation is needed, which might affect
sample quality and metabolic status
SCENITH * + Combined phenotypic and metabolic « Fluorescent spillover [20,73-75]
Met-Flow information « Indirect metabolic measurements
+ Fast « Selection of targets needed
- Most facilities have the appropriate
machinery
« High-throughput acquisition and
resolution of low-expressed markers
(spectral flow cytometry)
CITE-seq* + Quantifies cell surface proteins alongside - Indirect metabolic measurements [77-81]
RNA molecules in a single-cell fashion « Selection of the protein targets needed
« Applicable for tissue as well as body
liquids and cultured cells
Stable isotope + Information about metabolic pathway - Tracers are expensive [98-105]
tracing activity and metabolite sources + So far mostly been used in bulk analysis
« Combinations of tracers require ultra-high-resolution
equipment
Challenge 2: Resolving spatial resolution
CyTOF* + High dimensional « Not applicable for weakly expressed markers [82,83]
+ High throughput « Limited number of protein markers
« Applicable for spatial as well as single- « Advanced biostatistics and bioinformatics needed
cell samples « Indirect metabolic measurement
+ Metabolic profile obtained on protein « Machinery not available at all research facilities
level « Lower sensitivity compared to flow cytometry
Imaging MS + Direct measurements of metabolism + Must be combined with other histological or [88,90,91]
(MSI), such as in s/tlu ' ' morphologioal inform.ati'on to couple metabolic to
MALDI-MS* + Retain intact tissue structure phenotypic characteristics
+ Potential to measure a broad range of « Sensitivity for low m/z (70-500 Da) remains limited
lipids/metabolites (MALDI)
« Challenging identification due to high matrix
interruption (MALDI)
« Advanced techniques/instrument are needed, which
are not available at all research facilities
Advanced co- + Method to study the metabolic interplay  « Separation is needed before single-cell metabolism [92-97]

between specific cells

Especially suited for studying cell-cell
interactions through secreted factors
Rapid separation minimizes disruption of
the metabolome during isolation

Can be personalized by including patient
materials

Valuable for pathogenetic/mechanistic
studies

culture systems

studies can be performed

Limited in the number of co-cultured cell types
Disregards circulation and lymphoid system
Artificial concentrations of nutrients

provide insights into the metabolic processes occurring in
individual cells (Fig. 2B). For example, a study investi-
gating circulating tumor cells (CTC) from gastric and
colorectal cancer patients by SCM found clear differ-
ences in lipid metabolism, with CTCs from colorectal
cancers showing higher levels of acylcarnitine and
sterol lipids, while CTCs from gastric cancer showed
increased glycerophospholipids [69]. In addition to the

measurement of endogenous metabolites, SCM can also
be utilized for measuring drug levels in single cells [70].
Bensen et al. were able to measure intracellular levels of
the chemotherapeutic drugs in vitro, as well as within iso-
lated bladder cancer cells from patients. Interestingly,
they detected significant differences in drug uptake by
cells, demonstrating the potential of quantitative SCM in
precision medicine. SCM methods have many advantages
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Fig. 2. Workflows of selected state-of-the-art methods for studying metabolism. (A) Techniques for spatial resolution. Cytometry by time of
flight (CyTOF) representative workflow: protein markers in samples are stained with stable heavy metal-tagged antibodies, ionized by laser
ablation, and analyzed with a mass detector, often TOF. Single-cell mass profiles are de-barcoded and combined with spatial information, fol-
lowed by downstream data analysis and visualization. In MS imaging, for example, in matrix-assisted laser desorption/ionization (MALDI-
TOF), a tissue section is coated with a matrix for extraction and ionization of metabolites which are subsequently measured with a TOF
mass detector. Histological staining can be performed on consecutive tissue sections, to simultaneously allow for immune phenotypic char-
acterization of (immune) cells within the tissue. Data analysis results in spatially resolved mass spectra, which can be combined with histo-
logical results. (B) For single-cell metabolomics (lilac panel), cells are isolated by either direct capillary microsampling or fluorescence-
activated cell sorting (FACS), followed by nano-electrospray ionization (nano-ESI) coupled to direct injection into a mass spectrometer,
thereby, providing metabolic profiles of individual cells. (C) Unlike steady-state metabolomics, which only provides metabolite abundances,
stable isotope tracing (dark purple panel) provides information on pathway activities. Incubation with tracers of choice, for example, *Cg-
glucose in vitro or in vivo is followed by sample collection, metabolite extraction, and mass spectrometry. Data are analyzed as fractional
contribution (%) of tracer relative to the total intensity of a given metabolite. Differences in pathway activities in condition A versus B can
be derived from differences in isotope fractions, which persist in the absence of differences in total metabolite abundances. Created with
Biorender.com.

over bulk metabolism methods (Table 1), including the disadvantages associated with SCM still exist (Table 1).
ability to measure metabolic heterogeneity between as One of the primary challenges is the dependency on the
well as within individual cell types. However, several isolation of single cells, and the isolation method can
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profoundly affect the sample quality and metabolic sta-
tus [71,72]. Moreover, the throughput of SCM is low
when compared to bulk LC/GC-MS.

2.1.2. Antibody-based methods to study metabolism at
single-cell resolution: SCENITH, Met-Flow, CITE-seq,
and CyTOF

Within the field of immunology, flow cytometry is a
fundamental method to evaluate both phenotypical
and functional characteristics of immune cells at the
single-cell level. Therefore, utilizing flow cytometry for
metabolic profiling of immune cells enables researchers
to combine metabolic insights with phenotypic and
functional information in a single measurement. To
study metabolic regulation, two flow cytometry-based
methods are used: (a) single-cell energetic metabolism
by profiling translation inhibition (SCENITH); and (b)
high parameter method based on antibodies against
rate-limiting metabolic enzymes, referred to as
Met-Flow [73,74]. SCENITH combines inhibitors of
metabolic enzymes with puromycin. The latter is incor-
porated as a measure for protein synthesis and fol-
lowed by adding a monoclonal anti-puromycin
antibody. As protein synthesis serves as a readout for
global metabolic activity, this technique allows us to
determine the dependency of cells on specific metabolic
pathways. In contrast, Met-Flow uses fluorophore-
labeled antibodies against important metabolic
enzymes or cell surface transporters together with anti-
bodies against lineage-specific makers. In recent years,
SCENITH has been used to determine the metabolic
regulation of cultured cells, as well as tumor biopsies
and blood samples [73]. Adamik et al. [75] used SCE-
NITH to describe the metabolic differences between
mature and vitamin D3-induced tolerogenic DCs
(tolDCs). In addition, the metabolic profile generated
by SCENITH has been successfully linked to single-
cell metabolic gene expression data of renal carcino-
mas and juxta-tumoral tissues, demonstrating that
SCENITH can contribute to metabolism studies in a
multi-omics fashion [68]. Flow cytometry-based
methods to study metabolism offer many advantages
(Table 1). Information about metabolic heterogeneity
can be coupled to phenotypic and functional informa-
tion at the single-cell level. As flow cytometry methods
are easily scalable, they are applicable for measuring
rare immune cell populations. However, flow
cytometry-based methods can only provide an indirect
measurement of cellular metabolism. For example,
Met-Flow solely measures up- or down-regulation of
metabolic enzymes or transporters, and not enzyme
activity or (relative) metabolite levels. Moreover, the

Metabolomics in inflammatory microenvironments

availability of suitable antibodies for metabolic targets,
as well as the limitation to 40 markers on flow cytome-
try, restricts the scope of the research to specific prede-
termined pathways (Table 1) [76].

Recently, another interesting antibody-based tech-
nique has emerged: cellular indexing of transcriptomes
and epitopes by sequencing (CITE-seq) that combines
scRNA-seq with antibody-based measurements of pro-
tein expression levels [77]. Instead of regular antibodies
utilized for flow cytometry, CITE-seq makes use of
antibodies with unique barcodes. This allows for quan-
tification of cell surface proteins alongside RNA mole-
cules in a single-cell fashion. CITE-seq can be applied
to tissues as well as body liquids and cultured cells,
making this technique applicable for clinical use
[56,77-81] (Table 1). In recent years, CITE-seq has
been applied to uncover the immune landscape of sev-
eral diseases, including multiple cancer types [79-81]
and COVID-19 [56,78]. As both scRNA-seq and flow
cytometry-based metabolic techniques have shown to
be advantageous for unraveling immunometabolism at
the single-cell level, combining these techniques
through CITE-seq shows immense potential in future
immunometabolism research.

Finally, CyTOF-based methods with antibody panels
focusing on metabolic enzymes have been crucial in val-
idating metabolic phenotypes in their original tissue
contexts (Fig. 2A). In a CyTOF experiment, protein
markers in samples are stained with stable heavy metal-
tagged antibodies, followed by ionization by laser abla-
tion and analysis with a mass detector. Single-cell mass
profiles are subsequently de-barcoded. When performed
on tissue slices, CyTOF generates a spatial overview of
the distribution of metabolic and immunologic proteins
(Fig. 2A). As CyTOF is applicable to both suspension
cells and tissue samples, it shows great potential in spa-
tially resolving both cellular heterogeneity and meta-
bolic heterogeneity. Hartmann et al. [82] developed a
CyTOF method called single-cell metabolomic regu-
lome profiling (scMEP), which utilizes antibodies
against immunological and metabolic proteins to deter-
mine both immune cell phenotypes and metabolic path-
way activities. Using scMEP, CD39" PD1" T cells were
found to be spatially restricted to the tumor-immune
boundary in human colorectal cancer [82]. Levine et al.
[83] also implemented CyTOF in studying the metabolic
regulators of isolated CD8" T cells post-Listeria mono-
cytogenes infection in vivo and found elevation of pro-
teins in both glycolysis and oxidative phosphorylation.
Altogether, these studies illustrate the potential of
CyTOF in acquiring spatial information for studying
both immune cells isolated from tissues and tissue slices.
Despite the many advantages of CyTOF-based methods
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(Table 1), several disadvantages remain (Table 1). These
include limitations on the amount of protein markers
that can be measured simultaneously and the indirect
nature of the metabolic measurements via metabolic
protein expression levels. Moreover, CyTOF-based
methods are not suitable for weakly expressed markers
and exhibit lower sensitivity compared to flow cytome-
try [16].

2.2. Understanding the spatial heterogeneity of
the metabolome

Mass spectrometry imaging (MSI) is currently one of
the most prominent techniques for studying spatial
metabolomics in situ. Combining the spatial informa-
tion of imaging with mass spectrometry allows direct
measurements of samples in their native state, provid-
ing insights into the spatial regulation of metabolism
within cells and tissues [84,85]. With MSI, metabolites
can be ionized using different ionization techniques,
such as secondary ion mass spectrometry (SIMS),
desorption electrospray ionization (DESI), infrared
matrix-assisted laser desorption electrospray ionization
(IR-MALDESI), or matrix-assisted laser desorptio-
n/ionization (MALDI; Fig. 2A) [84-86]. In MALDI,
for example, a tissue section is coated with a matrix,
and after extraction and ionization of metabolites with
a laser pulse, a mass spectrum is recorded. By scanning
a tissue section in this manner, spatially resolved mass
spectra are recorded, which can be combined with his-
tological staining of the same tissue section (Fig. 2A).
The type of ionization technique and mass analyzer
determines the biomolecules analyzed, sensitivity, and
spatial resolution achieved.

When coupled with other imaging methods such as
immunohistochemistry or immunofluorescence micros-
copy, MSI is a powerful method to spatially resolve
metabolic and functional heterogeneity. For instance,
by combining MSI and immunohistochemistry, Greco
et al. [87] uncovered multiple plaque-resident macro-
phages with distinct lipid signatures as well as different
phenotypical and localization characteristics in murine
atherosclerotic plaques. Rappez et al. [88] developed
SpaceM, by combining MALDI with light microscopy,
to capture the spectrum of metabolic rewiring in mono-
and co-culture models in vitro with single-cell resolu-
tion. Here, human hepatocytes, stimulated with fatty
acids, differentiated into subpopulations with unique
metabolic  states. Notably, Holzlechner et al.
demonstrated the potential of MSI for visualizing the
distribution of different immune cell subsets in colon
tissue, for the first time. The authors found that certain
metabolites were specifically localized in the lymphoid

F. W. M. Verheijen et al.

follicular structures or lamina propria, where they also
observed CD3 and CD206 expression, respectively [89].
Finally, studies on cancer cells show that MSI has the
potential to reveal disease-relevant metabolic states.
Using MSI, Cuypers et al. [90] described the metabolic
and molecular profiles of multiple human breast cancer
cell lines at single-cell and subcellular levels. These data
resulted in a recognition model that can be used to diag-
nose breast cancer subtypes in complex tissue sections,
highlighting the diagnostic value of MSI. Currently,
MSI still deals with some drawbacks, including low sen-
sitivity for low mass ranges (70-500) and matrix inter-
ruption which hinders compound identification
(Table 1) [88,90,91]. However, with rapid advances in
spatial single-cell MSI instrumentation and analysis
pipelines, we foresee that this technique will comple-
ment single-cell sequencing techniques in the future,
revealing correlations between cellular phenotypes and
spatial metabolic phenotypes/characteristics.

2.3. Development of advanced model systems to
map metabolic crosstalk

2.3.1. Model systems to resolve cell-cell metabolic
interactions

In vitro model systems with controllable parameters have
advanced the field of immunometabolism. Although lack-
ing the complexity of in vivo cell-cell interactions, in vitro
cell-culture systems allow for manipulation of specific cell
types or immune subsets. More sophisticated models
incorporating several cell types, such as Transwell sys-
tems, organ-on-a-chip models, or organoids, offer oppor-
tunities to study metabolic crosstalk in direct (i.e., with
cellcell contact) and indirect co-cultures, facilitating
pathogenetic and mechanistic studies. These models can
also be personalized by including patient materials
(Table 1). Transwell co-culture systems are especially
suited for studying cell—cell interactions mediated by
secreted factors. Moreover, they allow rapid separation of
cells for metabolite extraction, which minimizes metabo-
lome disruption during cell isolation. Rabold et al. [92]
performed transcriptomics, metabolomics, and lipidomics
to study interactions in Transwell co-culture of peripheral
blood monocytes and thyroid cancer cells. They found
that co-culture with thyroid cancer cells stimulates lipid
synthesis in monocytes, which in turn promotes secretion
of tumor necrosis factor-o. and Interleukin-6 (IL-6) and
increases the production of reactive oxygen species.
Engineered TME-mimicking culture systems, such as
tumor/organ-on-the-chip, recapitulate key characteris-
tics of the in vivo microenvironments through the pres-
ervation of tissue mechanics, cellular compositions,
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and matrix signals. Several systems that include
immune cells as components have been tested in recent
years [93,94]. For example, Trapecar et al. [93] investi-
gated the progression of inflammatory bowel disease
and its connection to liver diseases using a combina-
tion of microphysiological systems of the gut and liver,
along with Th17 and regulatory T cells as immune
components. Additionally, Bein et al. [94] used an
intestine-on-a-chip microfluidic culture device to inves-
tigate the effect of coronavirus infection on the human
intestine. 3D co-culture models such as organoids have
been established to maintain microenvironment com-
plexity and provide novel platforms to study multicel-
lular metabolic crosstalk [95,96]. For instance, in vivo
metabolic features of original tissue have been shown
to be reproduced in 3D spheroids freshly isolated from
kidney tissue [97].

2.3.2. Advances in stable isotope tracing to map
metabolic reactions in vitro

Both bulk and single-cell metabolomics generate snap-
shots of metabolite levels in (single) cells. However,
the levels of intermediates within a specific metabolic
pathway do not always correlate with the activity of
that pathway [16,66]. In stable isotope tracing experi-
ments, cells or tissues are incubated with stable isoto-
pically labeled nutrients, leading to incorporation of
the stable isotope in downstream metabolites. Subse-
quently, labeled metabolites are measured by GC/LC-
MS (Fig. 2C), providing information on pathway
dynamics in cell populations (Table 1). Stable isotope
tracing has been pivotal in studying pathway dynamics
and understanding metabolic switches in many
immune cell types [98-105]. For example, Mensink
et al. [100] recently performed tracing experiments
using *Cg-glucose and '*Cs-glutamine to determine
the effect of tumor necrosis factor receptor 2 (TNRF2)
co-stimulation on CD4" conventional and regulatory T
cells.  TNFR2 induced upregulation of glutamine
metabolism in both cell types, while enhanced glucose
metabolism was only observed in regulatory T cells.
13C-tracing studies have also been used to link meta-
bolic regulation to immune cell functionality. For
example, Siska et al. [99] combined tracing studies with
flow cytometry to determine the effect of b-/L--
kynurenine on T cell functionality and metabolism.
D-/L-kynurenine induced apoptosis in T cells, paired
with reduced levels of free fatty acids. To determine
whether the lower levels of free fatty acid levels were a
result of reduced fatty acid synthesis or elevated fatty
acid oxidation, the authors employed '*C-labeled glu-
cose, glutamine, or palmitate for stable isotope tracing.

Metabolomics in inflammatory microenvironments

Their data indicated that b-/L-kynurenine exposure
resulted in increased palmitate incorporation in the
TCA cycle, demonstrating increased fatty acid oxida-
tion. At the same time, no differences were observed in
glucose and glutamine incorporation in fatty acids, rul-
ing out the involvement of fatty acid synthesis in the
observed phenotype.

Combining isotope tracing with advanced in vitro
model systems enables mapping of metabolic crosstalk in
the context of a more complex heterogeneous (tissue)
architecture. Curtis et al. pre-labeled the glycogen store of
ovarian cancer cells with *Cg-glucose and subsequently
traced this labeled glycogen in a Transwell co-culture with
cancer-associated fibroblasts. Using this system, the
authors found that cytokines (IL-6) and chemokines
(CCL5, CXCLI10) secreted by cancer-associated fibro-
blasts induce glycogen breakdown in ovarian cancer cells
to promote proliferation and invasion [106]. Using *Cq-
glucose tracing in combination with a Transwell co-
culture system, Matamala Montoya et al. [101] recently
demonstrated the importance of bone-marrow stromal
cells in inducing drug resistance-associated metabolic
rewiring in multiple myeloma. To map cell-type-specific
dynamic changes in central carbon metabolism, Wang
et al. [107] applied an advanced high-spatial-resolution
metabolomics approach using MALDI-MSI combined
with isotope tracing in an organoid co-culture. While
these examples are not directly linked to immune cells,
they accentuate the potential of combining advanced (co-
)culture models with stable isotope tracing to understand
immunometabolic crosstalk. Disadvantages of stable iso-
tope tracing include their high costs (Table 1). Moreover,
information is restricted depending on the stable isotope
tracers that are used. Also, when combining tracers,
ultra-high-resolution equipment is needed.

3. Immunometabolism in clinical
practice

Due to the importance of cellular metabolism in develop-
ment and progression of several diseases, metabolomics
analyses have acquired a prominent position in current
clinical research [32,108—112]. Different methods to study
cellular metabolism are currently used for identifying new
drug targets and biomarkers, as well as for diagnostic
and prognostic purposes (Fig. 3). For diagnostic pur-
poses, body fluids, such as blood or urine, that can be
obtained with minimally invasive procedures are often
used. However, metabolite measurements can also be per-
formed on tissue biopsies, tissue slices, and cerebrospinal
fluids (Fig. 3). Measurements are often targeted, only
measuring a few metabolites per sample. The benefits of
such targeted metabolomics include analysis of relevant
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metabolomics research in the clinic includes various body fluids, such as plasma, whole blood, urine saliva, and cerebrospinal fluid (CSF), as
well as tissue slices, stool, and biopsies from various tissues. These samples can be analyzed via different techniques including, (un)tar-
geted metabolomics or flow cytometry-based metabolic methods. Created with Biorender.com.

metabolic pathways, optimized sample preparation, reli- [113]. For example, Jacob et al. developed a targeted LC—
able identification, absolute quantification based on stan- MS method to measure 220 metabolites associated with a
dards, and the possibility to filter out analytical artifacts range of inborn errors of metabolism (IEMs) in a single
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assay, introducing an attractive diagnostic method for
these disorders. More recently, methods that assess the
metabolome in an unbiased fashion, so-called untargeted
metabolomics, have been developed. These methods are
specifically used in discovering novel biomarkers, which
can be used in clinical settings in the future. For instance,
Coene et al. [114] developed a “next-generation metabolic
screening” technology, which uses high-resolution LC—
MS to profile the plasma metabolome in prospective
IEM patients in an unbiased manner. Not only can
untargeted metabolomics extend the coverage and scope
of metabolites detected, but modern high-resolution tech-
nologies entail enhanced accuracy in measurements [114].
In addition to the diagnostic applications, metabolomics
has also contributed to the identification of novel bio-
markers for IEMs (reviewed in Ref. [115]). Despite the
many advantages of untargeted metabolomics, difficulties
in confident identification of (novel) metabolites persist.

High throughput is a key factor in clinical research.
Flow cytometry-based methods are, therefore, especially
suited for clinical immunometabolism research (Fig. 3).
Currently, studies in clinical settings either focus on
immune cell phenotypes by measuring cell surface
markers with flow cytometry or measuring metabolite
levels by, for example, LC-MS. Recently, SCENITH was
used to study the differences in metabolic regulation
between CD4" T cells in blood of healthy volunteers and
patients with COVID-19 acute respiratory distress syn-
drome [116]. Using SCENITH, the authors coupled meta-
bolic differences between patients and healthy controls to
their respective immune phenotypes. The number of flow
cytometry-based immunometabolism studies from clinical
research is still limited. However, the study by Karagian-
nis et al. [116] effectively demonstrates the potential of
this method in uncovering the metabolic regulation of
immune cells in human inflammatory diseases, as well as
the possibility of combining it with other metabolic
methods. Despite these advances, the standard applica-
tion of immunometabolism techniques in clinical research
and practice persists to be challenging, as specialized
equipment and trained personnel are needed for measure-
ment and data analysis.

4. Conclusions

Maintaining immune homeostasis requires synchro-
nized and fine-tuned metabolic crosstalk at cellular, tis-
sue, and organ levels. In metabolic crosstalk,
metabolites not only serve as rapid messengers and sig-
naling molecules that reflect the real-time metabolic
state of cells but also act through various communica-
tion modules in both local and distal sites. Decoding
these messages is facilitated by the emergence and

Metabolomics in inflammatory microenvironments

integration of novel technologies. Advancements in MS
methods, for instance, SCM [117-119] and computa-
tional pipelines of spatial SCM [53], present solutions
to untangle the complexity of metabolic crosstalk.
Moreover, flow cytometry-based characterization,
CyTOF, stable isotope tracing, and sophisticated co-
culture methods all provide unique information to fur-
ther understand metabolic crosstalk in the context of
the microenvironment. Selecting the appropriate tech-
nique for studying metabolic crosstalk involves consid-
ering several factors. To assist readers in identifying the
most suitable method for their research, we have cre-
ated a flowchart outlining the key techniques discussed
in this review (Fig. 4). This flowchart guides the reader
through distinct levels of heterogeneity (e.g., spatial,
metabolic, and immunological). Although we categorize
these techniques according to the primary challenge
they address, most of them can be utilized for multiple
challenges. For example, CyTOF-based methods can
aid our understanding of cellular heterogeneity at the
cellular and spatial levels.

To obtain a complete overview of the various levels
of heterogeneity, several (omics) techniques should be
combined. Especially the integration of single-cell or
spatial metabolomics with proteomics, transcriptomics,
and genomics holds promise in advancing our knowl-
edge of immunometabolism at a systems biology level.
In addition, a cell itself is also an interesting microen-
vironment that provides a platform for inter-organelle
metabolic communication. The advances in subcellular
metabolomics, although still in its infancy, hold prom-
ise for further investigation on this type of crosstalk
[120]. Currently, most stable isotope tracing studies are
performed using targeted metabolomics. In recent
years, several groups have shown the potential of com-
bining untargeted metabolomics with stable isotope
tracing [121,122]. For example, Puchalska et al. [122]
combined *Cg-glucose tracing with untargeted LC—
MS to unravel the differences in glucose metabolism
for different polarization states of macrophages. Nev-
ertheless, when performing untargeted metabolomics,
the certainty in metabolite identification remains a
major issue, as spectral databases only exhibit limited
amounts of reference spectra. Therefore, in the meta-
bolomics field, uploading reference spectra to data-
bases, such as The Global Natural Product Social
Molecular Networking (GNPS), should become a pri-
ority [123]. For single-cell metabolomics, focus should
be on optimization of cell isolation procedures as well
as increasing resolution and throughput to allow for
reliable metabolite identification [119].

Similar to mass spectrometry-based techniques, flow
cytometry-based techniques still have some hurdles to

Molecular Oncology 18 (2024) 1759-1776 © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 1769

Federation of European Biochemical Societies.

858017 SUOWIWIOD dA 181D 3ot dde au Aq peusenob a.e saoliie YO ‘SN JO 3N 1oy Afeld18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLLIBY WD A8 |1 AReql Ul [Uo//ScIY) SUOTIPUOD PUe SWwie | 8U) 89S *[202/20/80] U0 Afeiqi8ulluO AB]IM ‘SPUe LSRN 8UeIyo0D Aq 88SET T920-828T/200T 0T/I0P/W0 A8 |1 Ale.d1|Bul [U0'SGRY//:Sdny Woly papeoiumod ‘2 ‘720z ‘T9208.8T



Metabolomics in inflammatory microenvironments

F. W. M. Verheijen et al.

You want to understand metabolic crosstalk

Yes, about Spatial Yes, about
“ metabolites information? proteins CyTOF
+— < EEa——

e Section 2.2

Yes, about immune
heterogeneity

Information

e Section 2.1.2

No

Yes, about metabolic
heterogeneity

heterogeneity?

Yes, on gene
expression Simultaneous

scRNA-seq & immune
and metabolic

e Section 2.1.1 profiling?

Yes, on the activity
of metabolic
pathways/

protein expression

SCENITH/
Met-Flow

e Section2.1.2

tissue metabolite

No, on overall

levels/ Metabolic flux of Yes ]
bioenergetics specific > Stable isotope
pathways? tracing

e Section 2.3.2

Metabolite

levels at Yes

single-cell
level? e Section 2.1.1
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and single-cell metabolomics (SCM) are proposed as methods to study metabolic heterogeneity at a metabolite level. Created with
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overcome. Currently, the limitation to markers restricts
flow cytometry-based methods to the analysis of specifi-
cally chosen pathways, limiting the scope of the research
(Table 1) [68]. A promising development to overcome
this restriction is the introduction of spectral flow cyto-
metry. In contrast to conventional flow cytometry,
in which filters are used to measure only a selection of
the signal of a fluorophore, spectral flow cytometry
measures the signal of a fluorophore over the entire
spectra of all the lasers, resulting in a specific spectral

fingerprint for each fluorophore. This development
potentially allows scientists to increase the number of
markers that can be measured within one sample. Using
this technology, Heieis et al. [20] elucidated the spectra
of eleven metabolic proteins of murine tissue macro-
phages from multiple peripheral organs and within
populations from one anatomical site.

Our understanding of immune cell adaptations and
potential metabolic crosstalk within different tissues is
restricted to limited pathways. How adaptations are
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controlled at a global scale warrants further investiga-
tion. In contrast to flow cytometry-based techniques,
scRNA-seq is not restricted to predetermined markers.
However, most current sScRNA-seq studies do not focus
on metabolic data generated by this technique and met-
abolic enzymes are weighed down by other cellular pro-
cesses. Filtering on metabolic enzymes can thus shed
light on existing scRNA-seq datasets, as demonstrated
by Artyomov et al. [16], which exemplified the potential
of mining previously generated scRNA-seq datasets to
increase our knowledge on transcriptomic regulation of
metabolism in immune cells.

Moreover, the wusage of advanced (co-)culture
models will enhance our understanding of immunome-
tabolic interactions in model systems, which more
closely represent in vivo microenvironments. For exam-
ple, organoids can be combined with Transwell sys-
tems to study metabolic crosstalk. Such a set-up would
retain tissue features, while also facilitating separation
of specific cell types. Likewise, direct tumor slides may
also be added into microfluidic devices, as shown in
drug screening in murine brain tissues [124]. Finally,
Chen et al. [125] applied fluorescence microscopy to
guide the live single-cell sampling for MS-based SCM
in a direct co-culture of drug-resistant and drug-
sensitive colorectal cancer cells. This live single-cell
sampling strategy avoids metabolic disturbance associ-
ated with fluorescence-activated cell sorting (FACS)
and reveals that co-culture induces drug-resistance and
metabolic rewiring in drug-sensitive cells.

In conclusion, here, we discussed the important chal-
lenges in immunometabolism research, highlighted the
state-of-the-art techniques suited to address these chal-
lenges, and indicated advancements that can push the
field forward. The parallels drawn between cancer
metabolism and immunometabolism suggest mutual
benefits from shared discoveries and methodological
advancements. Integration of knowledge in both cancer
metabolism and immunometabolism is, therefore, essen-
tial for future research. We envision that technological
advancements in experimental and computational biol-
ogy will provide more breadth (spatial and untargeted),
depth (single-cell, isotopic characterization), and com-
prehensive (relevant models and multi-omics) resolution
of metabolic crosstalk in healthy and diseased condi-
tions. This will facilitate metabolism-targeted personal-
ized and precision medicine, and improve therapeutics
for patients suffering from inflammatory diseases and
cancers alike.
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