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Immunotherapy   +   (spatial   &   single-cell)   +   metabolomics?

0

5000

10000

15000

20000

25000

30000

35000

20
21

20
20

20
19

20
18

20
17

20
16

20
15

20
14

20
13

20
12

20
11

20
10

20
09

20
08

20
07

20
06

20
05

20
04

20
03

20
02

20
01

20
00

Publications on PubMed 

Immunotherapy Metabolomics
Immunotherapy & Metabolomics Immunotherapy & single-cell
Immunotherapy & spatial Immunotherapy & genomics

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

202
1

202
0

201
9

201
8

201
7

201
6

201
5

201
4

201
3

201
2

201
1

201
0

200
9

200
8

200
7

200
6

200
5

200
4

200
3

200
2

200
1

200
0

Growth (up to 2021) of publications on PubMed 

Immunotherapy Metabolomics
Immunotherapy & Metabolomics Immunotherapy & single-cell
Immunotherapy & spatial Immunotherapy & genomics



DNA

RNA

Proteins

Metabolites

Function

3D organization, metabolic 
resources for DNA metabolism

Molecular switches

Molecular microenvironment

Riboswitches

Proximity, spatial

Metabolite-recognizing domains,
Affecting folding, solubility,
Metabolon 

Epigenetic regulation

Chromatin modification

RNA modification

Post-translational modification

DNA methylation

RNA glycosylation

Memory, plasticity

Phosphorylation

Reactome icons

Why   metabolomics?

Gavin, Alexandrov, MCP, in review

Metabolites are not just building blocks or fuel

Active players of cellular programs!

Are biomarkers, influence therapy



IMMUNOTHERAPY   MEETS   MetabolomicS
Biomarkers

Predicting non-responders and poor survival

Metabolic barriers of tumor microenvironment

Leveraging metabolism to enhance immunotherapy



Why spatial   sinGle-cell metabolomics?

Lyssiotis, Kimmelman, Trends Cell Biology 2017 Buck et al, Cell 2017

Tumor microenvironment Spatial roles of immune system



Maldi–imaging   mass   spectrometry

• sadf

Matrix Assisted Laser Desorption Ionization



Maldi–imaging   mass   spectrometry

• 5-10 μm pixel size

• Detects 100+ molecules

• Metabolites, lipids, drugs

• Generates big data

(1-100 GB / section)

• Major technology for

spatial metabolomics

Laser

Matrix Assisted Laser Desorption Ionization

Alexandrov, Annu Rev Biomed Data Sci 2020

However, challenges of accessibility & data interpretation 

for non-experts in mass spectrometry!



METASPACe:
translating   spectra   into   molecular   data

Metabolite images

Finds molecules

Metabolite imaging

knowledge base

Palmer et al, Nat Methods 2017

Upload
HR imaging MS

METASPACE2020.eu

100+ labs / 1000+ users / 150+ publications





Summary   #1

• Metabolism emerged as a key factor in biology & medicine

– Metabolites are not only building blocks and fuel! ”Two-ways street”

• Spatial metabolomics has maturated over the past decade

– Used by top-10 pharma for DMPK, increasing interest in clinical applications

• Spatial metabolomics requires big data approaches

– METASPACE: converting spectra into molecular data



spatial   single-cell   metabolomics
reveals   metabolic   cell   states



Single-cell   metabolomics:   emerging   field

Numbers of publications on 

PubMed with “single-cell …”



SpaceM:   Spatial   single-cell   metabolomics

Cells Microscopy MALDI-imaging Image analysis

Single-cell

metabolite images

Cell image, morphology,

spatial relationships

Rappez et al, Nature Methods 2021
Patent applications

100+ molecules
1.000+ cells



Non-alcoholic   steatohepatitis
common   factor   for   liver   cancer

Anstee, …, Heikenwalder, Nat Rev Gastroenterol Hepatol, 2019



With Mira Stadler, Mathias Heikenwaelder, DKFZ

Single-cell   analysis   of   NASH   in   vitro
Human hepatocytes dHepaRG +oleic acid +palmitic acid +TNF⍺



Stimulated   hepatocytes

dHepaRG hepatocytes
control

+palmitic acid +oleic acid
“NAFLD”

+IL17a
“NASH”

+TPCA-1, inhibitor of NFkB
anti-inflammatory treatment



Single-cell   metabolomics   of   nafld/nash

27.000+ cells

700+ metabolites & lipids / cell

Homeostatic state

“NAFLD” hepatocytes

Steatotic state

Fatty acids effect

NF-κB stimulation

NF-κB inhibition

Metabolic MoA of
anti-inflammatory treatmentTreated hepatocytes

Intermediate state

“NASH” hepatocytes

Hepatocytes



Steatotic lipid   markers

Araya et al, Clinical Science 2004Sanders et al, Genome Biol 2018



Summary   #2

• Single-cell metabolomics is an emerging field

• SpaceM: method for spatial single-cell metabolomics

– Reveals metabolic states in steatosis and NASH
– Detects prognostic biomarkers

• Single-cell metabolomics: cheapest and fastest of all omics

– x100 cheaper than scRNAseq
– x10 faster than scRNAseq



unpublished

single-cell   metabolomics   of
human   t   cells



Metabolic   reprogramming   of   t   cells

Pearce et al, Science 2013

Seahorse: Bulk assayMetabolic switch upon activation

Luisa Abreu



Experimental   design

Beads with 
anti-CD3, -CD28

3-day 
culture Non-stimulated

Stimulated

Stimulated + 2-DG

Stimulated + Oligomycin

30 min 
treatment

FACS activation, 
proliferation check
CD25, CD69, CTV

Stimulated

Non-stimulated

HT SpaceM
Buffy coats from 
healthy donors 

peripheral blood

CTV 
labelling

Naïve 
CD4+T cells

FACS purity check
CD3, CD4, CD45RA, CD45RO



Metabolic   reprogramming   of   human   t   cells
Naive

Ol
igo
m
yc
in

Inhibition of respiration

Activation

T cell activation

anti-CD3, -CD28

Glucose 2-DG
IMP Hypoxanthine

(Iso)xanthopterin

XanthosineXMP

Prostaglandins

(iso)citric acid Proline*2-
DG

Inhibition of glycolysis

Metabolic heterogeneity

• 97% show metabolic reprogramming

Receptor heterogeneity (FACS)

• 76% demonstrate CD25, CD69

20K cells
80 metabolites



Summary   #3

• SpaceM profiles metabolism of single immune cells

– Detects the metabolic reprogramming

• High-throughput SpaceM 

– Analyzes 64 samples, 1000s cells each (100.000+ cells) — overnight



Looking   into   the   FUTURE:
spatial   &   single-cell   Metabolomics   in   immunotherapy

Biomarkers

Predicting non-responders and poor survival

Metabolic barriers of tumor microenvironment

Leveraging metabolism to enhance immunotherapy

Optimizing metabolic fitness of CAR T cells

Adding molecular dimension to histology

Therapy selection based on dissociated PDOs

Diagnostics based on circulating cells 

Biomarkers in situ

1. Spatial chemical profiling of microenvironment, ECM
2. Spatial profiling of metabolism of immune cells in situ

Metabolic revival of exhausted immune cells

Spatial

Single-cell



Take   home   messages

• Metabolomics in immunotherapy is emerging

• Spatial metabolomics detects 100+ metabolites in tissues

• Spatial single-cell metabolomics (SpaceM) reveals 

metabolic reprogramming in NASH, T cells

• Prominent future applications include metabolic revival of exhausted 

immune cells and metabolic optimization of CAR T cells
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