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Environmental cues are essential in defining tumour

malignancy, by promoting tumour initiation, progression and

metastatic spreading. Stromal cells may metabolically

cooperate or compete with cancer cells, playing a mandatory

role in defining cancer metabolic plasticity, potentially dictating

the final tumour outcome. Assessing shared nutrients between

different tumoural or stromal compartments is essential to

understand the impact of environmental nutrients on the

metabolic plasticity of tumours. Here, we review analytical and

computational approaches for studying the tumour metabolic

microenvironment, the destiny of nutrients shared among

tumour and stromal populations, as well as the molecular

modules of these metabolic relationships.
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Introduction
Beside tumour cells, tumour microenvironment (TME) is

composed by several stromal cells, including cancer asso-

ciated fibroblasts, endothelial, adipose and immune cells,

that assist cancer cells during their progression towards

malignancy. Among these populations a biunivocal rela-

tionship is rapidly established, where cancer cells secrete

several factors in the so called ‘afferent way’, and stromal

cells are therefore ‘educated’ to answer with secretion of

other soluble molecules (‘efferent way’), which in turn

assist cancer cells to enhance aggressiveness. These sol-

uble molecules, either hormones, cytokines, small RNAs

or nutrients can be exchanged directly or encapsulated

into microvesicles. Table 1 summarizes the current avail-

able data concerning exchanges within TME of nutrients

and macrovesicles (Figure 1). An accurate assessment of

metabolic cross-talk between tumoural and stromal
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compartments is challenging, as the nutrient net transfer

versus the exchange flux are poorly distinguishable with

existing biochemical methodologies. This review is

focused on the assessment of how microenvironment,

particularly the soluble part (which is the most shared

between tumour-associated cell populations) of its meta-

bolic enrichment, affects tumour metabolic phenotypes

through the development of new emerging technologies,

able to metabolically characterize not only in vitro, but

particularly in vivo and ex vivo models of cancer likely

representing good models of metabolic tumour-stroma

interplay.

New molecular approaches in the analysis of
metabolic exchanges
Significant advances in analytical methods that support the

investigation of cellular metabolic nutrients exchanges have

furthered the discovery and characterization of metabolic

programs critical for tumorigenesis.

NMR and Chromatography coupled to mass

spectrometry

Metabolomics of cell-cell communications reflects the

study of metabolism in a comprehensive way. Multiple

analytical platforms that facilitate the detection of metab-

olites have been utilized to study cancer-associated intrin-

sic and microenvironmental metabolites [49,50]. Since

many of the metabolites associated with nutritional

exchanges within TME, have peculiar chemical proper-

ties, appropriate analytical platforms that can measure

these metabolites are essential to understand cancer

promoting metabolic pathways [51]. In particular, chro-

matography (gas chromatography (GC) and liquid chro-

matography (LC)) are used for metabolite separation.

When coupled to mass spectrometry (MS) detectors,

these techniques represent the most powerful methods

used to determine the metabolite profiles of such biolog-

ical samples [52] (Table 2). Another quantitative analyti-

cal technique used for metabolite analysis is nuclear

magnetic resonance (NMR). NMR detects molecular

features by measuring the spin, an intrinsic magnetic

property of atomic nuclei, giving data about the quantity,

structure, reaction state, and chemical environment of

molecules. Attempts have been made to integrate these

different analytical platforms (LC–NMR–MS) [53]. MS is

more commonly used for untargeted metabolite analysis

since it is more sensitive, and can distinguish and quantify

more molecules in complex biological samples, in which

soluble nutrients exchanged between cells are found.

Two frequently used methods for MS metabolites
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Table 1

Nutrient-based exchanges in the tumour microenvironment. Soluble and vesicular mediators of functional and metabolic interplay

between various kind of cancers and their stromal environment

Nutrient/Cargo Donor cells Recipient cells Effect

Lactate CAFs Cancer cells 1 activation of epithelial-to-mesenchymal transition, achievement of stem

cells traits and enhanced metastatic spread [1,2]

2 metabolic reprogramming towards OXPHOS, increase of mitochondrial

function [3��,4,5] and TCA fueling [3��,4,5]
3 immunomodulatory activity towards Th1 and Treg cells [6]

Cancer cells CAFs Causes strong adaptive resistance to MET and EGFR targeted therapies [7]

Cancer cells Immune cells Activation of lactate-sensible GPR81 GPCR coupled receptor and immune

response through upregulation of PD-L1 [8]

- Neuronal cells Activation of lactate-sensible GPR81 GPCR coupled receptor and tuning

down neuronal network activity [9]

- Adipocytes Reduction of lipolysis via GPR81 lactate receptor [10]

Succinate Cancer cells Endothelial cells Cell proliferation and migration; VEGF secretion; capillary formation and

development of new vessels formation; achievement of stem cell traits [11]

- Cancer cells Uploaded via SLC13A3 plasma membrane carrier leads to enhanced

prostate cancer malignancy [12]

Macrophages Neural stem cells Secretion of prostaglandin E2 with anti-inflammatory effects [13]

Macrophages Immune cells Uploaded via SLC13A3 plasma membrane carrier fuels inflammation in an

autocrine manner, sustaining and amplifying the inflammatory response [14]

Cancer cells Macrophages Shifts towards M2 macrophage polarization and enhances cancer

malignancy via interaction with is membrane GPCR SUCNR1 [15]

Citrate TME Cancer cells Uploaded via its plasma membrane variant of the SLC25A1, it redirects

tumour metabolism towards lipogenesis and affect cancer malignancy [16]

Pyruvate CAFs Cancer cells Fuels TCA cycle of primary lymphoma cells and supports their survival [17]

Glutamine TME CAFs Allows metabolic flexibility and adaptive mechanisms in stromal cells,

supporting cancer growth and metastasis [18]

Adipocytes Pancreatic cancer

cells

Cancer cells proliferation [19]

Astrocytes Glioblastoma cells Allows fueling de novo purine biosynthesis and supports glioblastoma

progression [20]

TME Macrophages Supports M2-macrophages polarization associated with a decreased ability

to recruit immune and endothelial cells [21]

Alanine Pancreatic stellate cells Cancer cells Outcompetes glucose/glutamine-derived carbons to fuel the TCA cycle,

supports lipid and non-essential amino acid synthesis [22]

Aspartate CAFs Cancer cells Feeds TCA cycle by sustaining the pyrimidine biosynthesis in cancer cells

exposed to enhanced ECM stiffness [23�]
Glutamate Cancer cells CAFs Allows to maintain redox homeostasis in CAFs through glutathione

biosynthesis [23�]
Kynurenine CAFs Cancer cells Engages EMT and malignancy, leads to immune suppression through

regulation of Th1 and Th2 cells [24]

Free Fatty

Acids

(FFAs)

Adipocytes Melanoma cells Uploaded through CD36, they enhance invasion and melanoma cell growth

[25]

Adipocytes Ovarian/ melanoma

Cancer cells

Uploaded through CD36, they promote tumour chemoresistance and

progression [26,27]

Adipocytes Breast cancer cells Activation of a reciprocal interplay in which Cancer cells activate lipolysis in

adipocytes and FFA causes enhanced proliferation and invasion of cancer

cells [28]

Mitochondria Stromal cells Mitochondria-

defective cancer cells

Rescue of a respiratory behavior [29,30]

Bone marrow-derived

(MSCs)

Leukemic blasts Increase in mitochondrial mass, OXPHOS and ATP production as well as

the drug resistance of cancer cells [31–33]

CAFs Prostate cancer cells Enhance OXPHOS metabolism, ROS production and invasiveness in

cancer cells [5]

miRNA
(exosomes)

Pancreatic tumour cells Pancreatic tumour

cells

Chemotherapeutic drug treatment induces miR-155 expression in cancer

cells. miR-155, which possess anti-apoptotic function, is then delivered, via

exosomes, to other cells of the tumour contributing to chemoresistence

[34].

CAFs Head and neck

cancer cells

miR-196a, delivered from CAFs to tumour cells via exosomes, confers

cisplatin resistance to head and neck cancer cells [35]

CAAs or CAFs Ovarian cancer cells miR21, transferred from CAAs or CAFs to the cancer cells, suppresses

ovarian cancer apoptosis and confers paclitaxel chemoresistance [36]

www.sciencedirect.com Current Opinion in Biotechnology 2020, 63:210–219



212 Systems biology

Table 1 (Continued )

Nutrient/Cargo Donor cells Recipient cells Effect

Bone marrow-derived

mesenchymal stem cells

(BMSCs)

Lung cancer cells Exosomes, produced by hypoxic BMSCs, promote cancer cell invasion and

EMT by transferring miR-193a-3p, miR-210-3p and miR-5100 to cancer

cells [37]

Pancreatic tumour cells TAMs Exosomes containing miR-301a, produced by hypoxic pancreatic cancer

cells, activate macrophages to the M2 phenotype, which, in turn, facilitates

the EMT of cancer cells [38]

Gastric cancer cells Gastric cancer cells miR-501, overexpressed in doxorubicin-resistant gastric cancer, is

delivered via exosomes conferring doxorubicin resistance to the other

cancer cells of the tissue [39]

Glioma cells Glioma and vascular

endothelial cells

miR-9, overexpressed in glioma cells, is secreted via exosomes and then

absorbed by vascular endothelial cells or other cancer cells of the tissue,

promoting angiogenesis and metastatic invasion [40]

Glioma cells Myeloid-derived

suppressor cells

(MDSCs)

Hypoxic glioma cells stimulate the differentiation of MDSCs by transferring

exosomal miR-29a and miR-92a, leading to an immunosuppressive

response within TME [41]

Proteins

(exosomes)

Melanoma Bone marrow cells Exosomes from metastatic melanoma cells ‘educate’ bone marrow

progenitors through the receptor tyrosine kinase MET, increasing the

metastatic behavior of primary cells [42]

Gastric cancer Liver cells Epidermal Growth Factor Receptor in exosomes secreted from gastric

cancer is delivered into the liver inducing a favorable environment for cancer

cells metastatization [43]

Prostate cancer Mesenchymal stem

cell (MSC)

Exosomes, secreted by prostate cancer cells, induce a TGF-b mediated

differentiation in bone-marrow MSC favoring cancer proliferation and

invasiveness [44]

Adenocarcinoma cells Endothelial cells Exosomes containing tetraspanin produced by adenocarcinoma cells

promote neo-angiogenesis [45]

Metabolites

(exosomes)

CAFs Cancer cells CAF-derived exosomes contains amino acids, lipids, and TCA-cycle

intermediates that are utilized by cancer cells for their metabolism

promoting tumour growth [46]

Bioactive
lipids

(exosomes)

TAMs Cancer cells TAM exosomes contain bioactive lipids and biosynthetic enzymes, which

promote pro-inflammatory signaling in cancer cells [47]

Proteins

(Microvesicles)

CAFs Prostate cancer cells Microvesicles, produced and released by CAFs, transfer many proteins to

cancer cells, including Galectin-1, Superoxide dismutase, Malate

dehydrogenase, Vimentin, Pyruvate kinase M2, that lead to an increased

cancer cells proliferation rate [48]
analysis, coupled to the LC/GC chromatography, are

multiple reaction monitoring (MRM) and high-resolution

MS (HRMS). MRM experiments are usually conducted

on a triple-quadrupole mass spectrometer [54]. HRMS

rely on the high mass resolution of the mass analyzer. One

frequently used mass analyzer is the Orbitrap, which

records the time oscillation of ions, the frequency of

which provides information on the molecular mass [55].

Another is a time-of-flight (TOF) instrument, which

records the time needed by an ion to cross an electric

field [56]. These mass analyzers greatly simplify

soluble metabolites identification compared with lower-

resolution methods. In addition, the amount of material

required for metabolomics analysis with most recent MS/

NMR technologies is becoming smaller, which allows

single-cell metabolite profiling within cells, conditioned

media, tissues and extracellular vesicles (EVs) [57].

GC-MS is ideally suited for the analyses of compounds

that are non-polar, volatile and nonvolatile, and have a

small molecular weight. The compounds are generally

separated by different boiling points. The high resolution

and reproducible chromatographic separations offered by
Current Opinion in Biotechnology 2020, 63:210–219 
modern GC-MS make it an excellent tool for complex

metabolic mixture analyses. LC-MS is applied mainly for

the analysis of thermally unstable molecules in complex

samples. LC-MS is a separation performed in the liquid

phase and which are incompatible with GC. The sample

type and the metabolites of interest determine the appro-

priate sample preparation procedures [58–60].

Attention in EVs has grown greatly in recent years due to

the remark that these vesicles deliver a novel means of

communication among distant cells and this happens

through the exchange of miRNA, proteins, metabolites

and lipids [61]. The first prerequisite is the obtainability

of standardized and contamination-free vesicle produc-

tions. The current conventional proteomics workflow is

founded on nano-HPLC joint on-line with tandem mass

spectrometry (nano-HPLC-MS/MS) [62]. This analytical

tool can find hundreds or even thousands of metabolites,

lipids and proteins in a EVs. Compared to the central role

of MS in EVs proteomics, at present MS-based workflows

are less commonly used for lipidomic researches of EVs.

Most publications discovery diverse lipid classes with thin

layer chromatography [63]. Some investigators have
www.sciencedirect.com
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Table 2

Analytical platforms for metabolic assessment of cell-cell communication in the tumour environment

Advantages Disadvantages Applications Ref

LC–MS � Wide metabolite analysis

� High sensitivity

� Many open-source software

assisting data analysis

� Not quantitative

� Destructive

� Metabolomics analysis

� Metabolic Flux Analy-

sis (MFA)

[36,49,51,52,53]

GC–MS � Wide metabolite analysis

� High sensitivity

� Many open-source software

assisting data analysis

� Not quantitative

� Not appropriate for

nonvolatile or ther-

mally fragile molecules

� Difficulties from multi-

ple derivatization pro-

ducts from a single

metabolite

� Metabolomics analysis

� Metabolic Flux Analy-

sis (MFA)

[36,61]

NMR � Wide metabolite analysis

� Many open-source software

assisting data analysis

� Quantitative

� Low sensitivity

� Fewer metabolite cov-

erage per run

� High cost of equipment

and maintenance

� De novo compound

structure analysis

[38]

High-Resolution

Respirometry (HRR)
� Small amounts of cells or

tissue

� Stability and quality

control

� Low cost

� Extremely delicate

instrument

� Mitochondrial studies

in cell physiology and

pathology

[69]

Seahorse XF Analyzers � Measure oxygen consump-

tion rate (OCR) and extra-

cellular acidification rate

(ECAR) of live cells

� High Cost of disposable

material

� Simultaneous assess-

ment of glycolytic and

oxidative metabolism

[70,71]

Genetically encoded FRET

fluorescent biosensors
� Real-time detection of

metabolites

� Needs an accurate ana-

lysis of the fluorescence

signal

� Laconic, Pyronic and

FLIPE can detect lac-

tate, pyruvate and glu-

tamate respectively

[65,66,67]

Induced metabolic

bioluminescence

imaging (imBI)

� Measure key metabolites in

tumour sections

� The samples are extre-

mely delicate

� Spatial resolution of

metabolites directly in

the tissue

[68]
utilized methods such as HPLC [64]. LC-MS platforms

for EVs lipid characterization have been applied only in

two articles [65,66].

Metabolite tracing

The overall metabolite profile is informative in many

cases, but for metabolites involved in multiple catabolic

and anabolic pathways, metabolite steady state concen-

tration is the results of many “afferent” or “efferent”

pathways. An appropriately designed isotopic tracing

study is then used to identify the contribution of each

pathway to the steady state level of a given metabolite.

Carbon 14C labeled nutrients can be used for in vitro
metabolic analysis in order to detect the ability of cells to

exploit such nutrient in terms of uptake and respiration,

as well its incorporation in different macromolecular pools
www.sciencedirect.com 
(lipids, DNA, proteins). These assays are useful to resem-

ble the in vivo cell-to-cell nutrients’ feeding/shuttling and

how the environmental molecules can impact on the

metabolism of recipient cell [5]. Other type of experi-

ments that use 13C heavy stable isotopes are utilized to

represent the metabolic flux from different sources [67].

Protocols include incubating a stable isotope-labeled 13C

nutrient (such as glucose, an amino acid, a lipid, or other

molecules) at the equivalent concentration as the original

experiment and waiting for the metabolic flux to reach

steady state [68,69]. These procedures are together called

‘metabolic flux analysis’ (MFA) and include taking a

series of high resolution MS isotope (isotopologues) mea-

surements of different metabolites, overlaying them on a

metabolic network, and fitting a mathematical model of

the fluxes on the network that best fits the data. Recently,
Current Opinion in Biotechnology 2020, 63:210–219
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with the support of stable-isotope tracers and network

analysis, other metabolic pathways activated in cancer

cells have been identified. These include changes in

metabolite abundances induced by CAF exosomes in

cancer cells [46], reductive metabolism of glutamine

[70], altered glycolysis [71], serine and glycine metabo-

lism [72], acidic amino acid metabolism [73], one-carbon

metabolism [74] and acetate metabolism [75].

Genetically-encoded fluorescent biosensors

LC–MS, GC–MS, NMRtechniquesneedlongrun-up times

prior to the detection of metabolite levels which limits the

practical number of samples suitable for analysis in each

experimental run, thusthenumberofobservable timepoints

for an experiment is limited when multiple time points are

mandatory to assess metabolic network. To overcome these

limitations, genetically encoded fluorescent FRET biosen-

sorshavebeendevelopedtofacilitatethereal-timedetection

of metabolites. In a FRET biosensor, when the metabolite

binds the sensor, a conformational change that permits

FRET between fluorophores occurs. For example, Laconic,

Pyronic and FLIPE can detect lactate, pyruvate and gluta-

mate respectively [76–78]. Biosensors have improved the

evaluation of dynamic flux and metabolite exchange

between cells and their environment.

ImBI

Induced metabolic bioluminescence imaging (imBI) is a

useful imaging technique that enables detection of key

metabolites, including lactate, glucose, pyruvate, and

ATP in tumour sections. ImBI provides an accurate

representation of the levels of the metabolites, distin-

guishing glucose, lactate or pyruvate cellular content.

The sample preparation needs self-made kits containing

definite exogenous enzymes and cofactors, specific for

glucose, lactate or pyruvate, finally detected by biolumi-

nescence. The following step is the matching to the

histology of the tumour by a sandwich technique and

the combination of the signals of bioluminescence and

hematoxylin/eosin in serial tissues cryosections [79]. This

emerging technique allows the spatial resolution of

metabolites directly in the tissue.

High-resolution oxygraph

Measurements of cellular respiration provide important

insights into mitochondrial respiratory capacity, mito-

chondrial integrity and energy metabolism. One of the

devices which enable measurements of mitochondrial

oxygen consumption with high accuracy, resolution and

sensitivity is the high-resolution oxygraph Oroboros O2K

(Oroboros instruments) [80]. With the Oroboros O2k,

small amounts of biological samples can be used for

bioenergetic analysis, ranging from isolated mitochondria

to intact cells that can be treated with specific drugs and

nutrients.
Current Opinion in Biotechnology 2020, 63:210–219 
Seahorse Analyzer

In addition to this high-resolution oxygraph, the develop-

ment of the high-throughput Seahorse extracellular flux

analyzer (Agilent) hasbeen crucial to thecharacterizationof

cancer cells metabolism [81]. The Seahorse system permits

the simultaneous assessment of glycolytic and oxidative

metabolism [82]. The Analyzer measure oxygen consump-

tion rate (OCR) and extracellular acidification rate (ECAR)

at intervals of minutes. OCR, reported in pmol/minute, is

an indicator of mitochondrial respiration, and ECAR,

reported in mpH/minute, is largely the result of glycolysis.

Nutrients and specific drugs, that have been preloaded into

the drug delivery ports of the assay cartridge, are then

pneumatically injected, sequentially, into the media in

each well. After gentle mixing, OCR and ECAR measure-

ments are made multiple times.

Some of these techniques,particularly metabolic 13C-label-

ing, high-resolution oxygraphy and seahorse analyzer, can

be applied in cellular metabolic nutrients exchange studies

after MS exometabolomic characterization of molecules

present in in vitro multicellular coculture or in TME itself.

For example, using a specific 13C-labeled nutrient it is

possible to follow its metabolic fate in recipient cells, while

through seahorse analyzer and high-resolution oxygraphy it

is conceivable to determine the cellular phenotypic effect

of such metabolites. Overall, these techniques provide a

powerful platform to study the nutrient exchange between

cellularcomponents ofTMEtoreacha better knowledge of

cancer progression.

Computational approaches in metabolic cell
communication
In recent years an increasingly acknowledged approach to

study cancer metabolism is to simulate it through compu-

tational models. The classic approach to metabolic simula-

tion is the application of ordinary differential equations

(ODE) to representative sets of enzymereactionequations,

given initial concentration of proteins/metabolites and

enzyme parameters. This approach has largely been used

e.g. to describe the favorable properties of Warburg effect

for biomass production in cancer [83] to predict uptake/

release of metabolites or oncometabolites [84] or to study

effectsandfatesofdrugs [85].Although highly valuableand

informative, this approach isessentially infeasiblewhen the

number of reactions increases (up to a genome-scale level)

or models of specific reactions are not available.

Thanks to previous pioneer works in prokaryotes [86], a

different and feasible approach termed constrain-based

modelling, specifically Flux Balance Analysis (FBA), has

been established [87]. FBA considers cells at the steady-

state and, given the stoichiometric coefficients of metab-

olites in the reactions (the so-called stoichiometry matrix)

and several constraints, it derives the distribution of

fluxes of metabolites inside the cell using linear model-

ling on an objective function (classically biomass or ATP
www.sciencedirect.com



Metabolic cell communication within tumour microenvironment: models, methods and perspectives Parri et al. 215

Figure 1
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Sharing of environmental nutrients underpins tumour metabolic plasticity. Stromal and tumour cells (grey cells) enrich the environment with several

nutrients that can be shared and exploited for different purposes. Release and exchange of lactate (yellow circle), mitochondrial intermediates (red

circles), fatty acids (violet circles), amino acids (blue circles) and extracellular vesicles (grey circles) promote a reciprocal metabolic reprogramming

of the different cellular populations, resident or recruited in the tumour environment.
production). While defining models to be addressed by

FBA it is easy to isolate enzymes and metabolites in

specific compartments and connect different compart-

ments through actual or ad-hoc transport reactions. This

enables the application of FBA to model eukaryotic

genome-scale metabolism. Currently, the most compre-

hensive genome-scale model for human, Recon3D,

encompasses >3300 genes, >8000 metabolites and

>12 000 biochemical and transport reactions distributed

over nine cellular compartments [88��].

Besides the interesting theoretical properties of FBA

applied to genome-scale reconstructions, the most inter-

esting aspect of such an approach is the possibility to plug

-omics data into the analysis. In fact, enzymatic or transport

reactions are intimately associated to genes thanks to

boolean relationships known as Gene-Protein-Reaction

expressions (GPR), that allow to both list the proteins

(genes) composing hetero-multimeric proteins and specify

the involvement of protein isoforms. Several algorithms for

transcriptomic and proteomic data integration have been

developed[89,90] and used to create, for many cell type and

tissues, context-specific model in which the internal meta-

bolic machinery is adjusted to fit specific cell status [91,92].

In addition, metabolomics can be used to determine intake

and export rate of nutrients and byproducts, respectively,

imposing appropriate constrains to models [93].
www.sciencedirect.com 
Since microenvironment is known to modulate cell met-

abolic behavior, it is relevant to observe that constrain-

based modelling can easily incorporate the metabolites

that a cell can receive or extrude, and many modelling

works have focused much on variation of consumption

(i.e. glucose, glutamine) or secretion (i.e. lactic acid) of

metabolites. A much more complex task is modelling

variations in physio-chemical conditions, the most impor-

tant being the pH. To this aim, constrain methods can be

applied to introduce variations in the main model for

specifically addressing e.g. pH-dependent variation in

enzyme activity.

Several methodological efforts have been proposed to

improve metabolic models, mainly by integrating them

with other types of network (e.g. transport [94�], signaling

[95], regulatory [96], and others) in order to improve

flexibility and precision [97].

In the past, the problem of combining models of different

cells/tissues was sparsely addressed to approach plant

[98] and human pathophysiology [99,100]. The same

approaches applied to cancer metabolism, especially in

the context of microenvironment, are largely unexplored

apart from contributions from Damiani et al. that propose

a population level FBA (popFBA) [101], recently applied

to single cell RNAseq data (scFBA) [102].
Current Opinion in Biotechnology 2020, 63:210–219
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Modelling the exchange of metabolites among (different)

cells inhabiting the same microenvironment have the

potential to be of great benefit for studying cancer require-

ments to survive and proliferate. Such a model, built upon

-omics experiments specifically aimed at capturing cell-cell

relationships (i.e. obtained from co-cultures, transwell-col-

tures or medium communicating plates), would allow a

better simulation and investigation of metabolite exchange

between cells, possibly shedding new lights in the complex

micro-environment of a tumour. Additionally, increasing

evidence from single-cell RNA-sequencing indicates that

metabolic and transcriptomic variability exists within a

tumour mass, and this has been interpreted as a strategy

to provide survival and metastatic advantages in adverse or

even hostile environments [103].

Concluding remarks
Significant advances in analytical methods that support the

investigation of metabolites associated with nutritional

exchanges within TME have furthered the discovery

and characterization of metabolic programs critical to

tumorigenesis. The integration of metabolomics analysis

with established omics platforms has uncovered the meta-

bolic rewiring seen in tumours, revealing higher metabolic

plasticity/heterogeneity of tumourcells aswell asmetabolic

vulnerabilities. Optimistically, an improvement in single-

cell omics techniques [104��] and the refinement of new

dynamic cancer-on-a-chip microfluidic systems, miniatur-

izing the biophisycal and metabolic features of a tumour

niche [105], will provide higher resolution and accuracy in

the characterization of metabolic heterogeneity deriving

from the malignant and non-malignant cell subpopulations

within TME, upon combination with analytical platforms

such as MS. However, despite these technical develop-

ments, further refinement is required to fully quantify the

cellular metabolism in real-time. The recent development

of ex vivo metabolite tracing will likely drive future discov-

ery and enhance therapeutic development.’

Conflict of interest statement
Nothing declared.

Acknowledgements
This work was supported by PRIN 2017 (grant to PC), AIRC and
Fondazione Cassa di Risparmio di Firenze (grant to PC). MP, LI, MR, PC
contribute to writing and editing all the manuscript.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Giannoni E, Taddei ML, Morandi A, Comito G, Calvani M,
Bianchini F, Richichi B, Raugei G, Wong N, Tang D et al.: Targeting
stromal-induced pyruvate kinase M2 nuclear translocation
impairs oxphos and prostate cancer metastatic spread.
Oncotarget 2015, 6:24061-24074.
Current Opinion in Biotechnology 2020, 63:210–219 
2. Fiaschi T, Marini A, Giannoni E, Taddei ML, Gandellini P, De
Donatis A, Lanciotti M, Serni S, Cirri P, Chiarugi P: Reciprocal
metabolic reprogramming through lactate shuttle
coordinately influences tumor-stroma interplay. Cancer Res
2012, 72:5130-5140.

3.
��

Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, Yang C,
Do QN, Doucette S, Burguete D et al.: Lactate metabolism in
human lung tumors. Cell 2017, 171:358-371.e359

This paper describes an in vivo approach of metabolic flux analysis in
living human tumors through infusions of 13-C labeled nutrients in
patients.

4. Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W,
Esparza LA, Reya T, Zhan Le, Yanxiang Guo J et al.: Glucose
feeds the TCA cycle via circulating lactate. Nature 2017,
551:115-118.

5. Ippolito L, Morandi A, Taddei ML, Parri M, Comito G, Iscaro A,
Raspollini MR, Magherini F, Rapizzi E, Masquelier J et al.: Cancer-
associated fibroblasts promote prostate cancer malignancy
via metabolic rewiring and mitochondrial transfer. Oncogene
2019.

6. Comito G, Iscaro A, Bacci M, Morandi A, Ippolito L, Parri M,
Montagnani I, Raspollini MR, Serni S, Simeoni L et al.: Lactate
modulates CD4. Oncogene 2019.

7. Apicella M, Giannoni E, Fiore S, Ferrari KJ, Fernández-Pérez D,
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composition of exosomes changes during reticulocyte
maturation. J Biol Chem 2011, 286:34426-34439.

64. Vallejo MC, Nakayasu ES, Longo LV, Ganiko L, Lopes FG,
Matsuo AL, Almeida IC, Puccia R: Lipidomic analysis of
extracellular vesicles from the pathogenic phase of
Paracoccidioides brasiliensis. PLoS One 2012, 7:e39463.

65. Del Boccio P, Raimondo F, Pieragostino D, Morosi L, Cozzi G,
Sacchetta P, Magni F, Pitto M, Urbani A: A hyphenated microLC-
Q-TOF-MS platform for exosomal lipidomics investigations:
application to RCC urinary exosomes. Electrophoresis 2012,
33:689-696.
Current Opinion in Biotechnology 2020, 63:210–219 
66. Llorente A, Skotland T, Sylvänne T, Kauhanen D, Róg T,
Orłowski A, Vattulainen I, Ekroos K, Sandvig K: Molecular
lipidomics of exosomes released by PC-3 prostate cancer
cells. Biochim Biophys Acta 2013, 1831:1302-1309.

67. Dong W, Keibler MA, Stephanopoulos G: Review of metabolic
pathways activated in cancer cells as determined through
isotopic labeling and network analysis. Metab Eng 2017,
43:113-124.

68. Antoniewicz MR: A guide to. Exp Mol Med 2018, 50:19.

69. Bruntz RC, Lane AN, Higashi RM, Fan TW: Exploring cancer
metabolism using stable isotope-resolved metabolomics
(SIRM). J Biol Chem 2017, 292:11601-11609.

70. Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K,
Jewell CM, Johnson ZR, Irvine DJ, Guarente L et al.: Reductive
glutamine metabolism by IDH1 mediates lipogenesis under
hypoxia. Nature 2011, 481:380-384.

71. Vander Heiden MG, Locasale JW, Swanson KD, Sharfi H,
Heffron GJ, Amador-Noguez D, Christofk HR, Wagner G,
Rabinowitz JD, Asara JM et al.: Evidence for an alternative
glycolytic pathway in rapidly proliferating cells. Science 2010,
329:1492-1499.

72. DeBerardinis RJ: Serine metabolism: some tumors take the
road less traveled. Cell Metab 2011, 14:285-286.

73. Bacci M, Lorito N, Ippolito L, Ramazzotti M, Luti S, Romagnoli S,
Parri M, Bianchini F, Cappellesso F, Virga F et al.:
Reprogramming of amino acid transporters to support
aspartate and glutamate dependency sustains endocrine
resistance in breast cancer. Cell Rep 2019, 28:104-118.e108.

74. Locasale JW: Serine, glycine and one-carbon units: cancer
metabolism in full circle. Nat Rev Cancer 2013, 13:572-583.

75. Schug ZT, Peck B, Jones DT, Zhang Q, Grosskurth S, Alam IS,
Goodwin LM, Smethurst E, Mason S, Blyth K et al.: Acetyl-CoA
synthetase 2 promotes acetate utilization and maintains
cancer cell growth under metabolic stress. Cancer Cell 2015,
27:57-71.

76. Jamali S, Klier M, Ames S, Barros LF, McKenna R, Deitmer JW,
Becker HM: Hypoxia-induced carbonic anhydrase IX facilitates
lactate flux in human breast cancer cells by non-catalytic
function. Sci Rep 2015, 5:13605.

77. San Martı́n A, Ceballo S, Baeza-Lehnert F, Lerchundi R,
Valdebenito R, Contreras-Baeza Y, Alegrı́a K, Barros LF: Imaging
mitochondrial flux in single cells with a FRET sensor for
pyruvate. PLoS One 2014, 9:e85780.

78. Okumoto S, Looger LL, Micheva KD, Reimer RJ, Smith SJ,
Frommer WB: Detection of glutamate release from neurons by
genetically encoded surface-displayed FRET nanosensors.
Proc Natl Acad Sci U S A 2005, 102:8740-8745.

79. Indraccolo S, Mueller-Klieser W: Potential of induced metabolic
bioluminescence imaging to uncover metabolic effects of
antiangiogenic therapy in tumors. Front Oncol 2016, 6:15.

80. Makrecka-Kuka M, Krumschnabel G, Gnaiger E: High-resolution
respirometry for simultaneous measurement of oxygen and
hydrogen peroxide fluxes in permeabilized Cells, Tissue
Homogenate and Isolated Mitochondria. Biomolecules 2015,
5:1319-1338.

81. Nadanaciva S, Rana P, Beeson GC, Chen D, Ferrick DA,
Beeson CC, Will Y: Assessment of drug-induced mitochondrial
dysfunction via altered cellular respiration and acidification
measured in a 96-well platform. J Bioenerg Biomembr 2012,
44:421-437.

82. Miller A, Nagy C, Knapp B, Laengle J, Ponweiser E, Groeger M,
Starkl P, Bergmann M, Wagner O, Haschemi A: Exploring
metabolic configurations of single cells within complex tissue
microenvironments. Cell Metab 2017, 26:788-800.e786.
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