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Problem: Metabolic assays still remain far less sensitive than other
emerging technologies - studying tumor heterogeneity is difficult

Single cell methods
single cell genome seq
single cell RNA-seq
single nucleus RNA-seq
single nucleus ATAC-seq
spatial transcriptomics

Conventional LC-MS metabolomics
workflows are destructive, failing to preserve
spatial structure, and requires significant input
(>105 cells)

Metabolites

No amplification

Chemical complexity
Wide concentration range
Reactions change fast

Hoew can we make
metabolic measurements

in heterogenous tissue?




Development of integrative methods to study metabolism

Environment impacts glutamine metabolism
in K-ras-driven lung cancer

ically engi d mouse models
Dradson 54w . G Metsbolorn 2016

Pancreatic cancer and macropinocytosis
in vitro

vo. o irtr:
SC-Latwiedd ATIOAGIS

C labeled yeast protein

Cormeniess C. Dowbescn S o€l Nenwre (291)

Pancreatic cancer and macropinocytosis

in vivo

Pichia pastoris synthesis miniaturized
of 13C and '*N-labeled plasmapheresis

mouse albumin

intravital MALDI-IMS
microscopy

Oumisnces $91 3nd josss O ut sl Nsturs M (1017}

KOCHINSTITUTE

for Integrative Cancer Research at MIT

Advances in analytical methodology are critical for further
understanding of cancer metabolism and immunometabolism

MALDI-IMS

+ Near single cell (~10-15um)
+ Preserves spatial integrity

- Matrix required

- No chromatographic
separation

Implantable microdevice

+ Increase # of cells for measurement

+ Increase throughput of animal studies

+ Perform otherwise impossible metabolic
perturbations

+ Utility in clinical trials - metabolic readouts?
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Metabolomics vs. flux
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Metabolomics vs. flux
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Workflow and validation of MALDI-MSI for metabolic tracing assays

Tissue homogenization Whole tissue labeling of
Infusion with isotope and metabolite extraction ::;:E‘:;Or?t:z::;;:g
labelled tracer LCMS

(e.g. 15N, 13C)
/ -

Retention Time

()

Intensity

Cortex

kidney
9:00am 2:30pm  5:00pm

L —
morning fast infusion MALDI

5.5hours 2.5 hours

Medulla

Sectioning and
matrix deposition

Spatial labeling of
metabolites

Davidson SM,Wang L,....Rabinowitz |D. (2021). ipt submitted.
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Matrix selection for quantifying small-molecule metabolites

Purine pathway

Amino acids Matching m/z

and peptides

Matrix optimization for negative ionization Number of
of water soluble metabolites metabolites
_ detected
g
2 [20] [14] Lipid and FA HPLC-MS
2 :
g Organic acids No isomers
©
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IsoScope - new software for the spatial visualization of isotopically

labeled metabolites

ROI Background Intensity/ Baltch
select/save color change labeling change

lonization mode metabolite,

brightfield,
Labeled atom = - s
Isotopomer selection _ . fluorescent
e L . imagines

ppm calibration

Smoothing

open source - available soon!

Establishment of ‘quantitation ions’ for stable-isotope tracing studies

U-13C-glucose infusion
labeled metabolites in murine kidney

Isotopologue

1 Mé
1 M5
= M4
=1 M3
= M2
= M1
B M0

Labeling fraction
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MALDI enables visualization of active metabolic pathways
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Metabolomics vs. relative flux

Metabolomics
Unlabeled experiments
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Spatial nutrient contribution and regional preferenece
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Metabolic labeling patterns are consistent with enzyme expression

ocoCcoo — OO0CCO

Glutamine Gls1 Glutamate

0.4

Glutaminase

02 —>

y Gls1
I 0.0

Glutamine (M5) Glutamate (M

Labeling fraction

overlay with metabolic panels, cell markers, Slide-Seq...
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How is glutamate made in the brain?
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How is glutamate made in the brain?

Carbon labeling

LGlucose—Glu LLactate—Glu

Normalized labeling
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Talking: Shawn Davidson

Heterogeneity in nitrogen contribution to glutamate synthesi
brain

nternal capsul

ercbellum
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Minimal contribution from other carbon/nitrogen labeled substra
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Metabolic heterogeneity in PDAC tumors (KPC mouse)

Dissecting cell type-specific metabolism in p ic ductal cinoma

TumorD

% Allison N. Lau', Zhaoqi Li*, Laura V. Danai'?, Anna M. Westermark', Alicia M. Darnell’,
Raphael Ferreira', Vasilena Gocheva', Sharanya Sivanand’, Evan C. Lien', Kiera M.
Sapp', Jared R. Mayers', Giulia Biffi**¢, Christopher R. Chin', Shawn M. Davidson™"#,
David A. Tuveson®®, Tyler Jacks', Nicholas J. Matheson'®'®, Omer H. Yilmaz''",
Matthew G. Vander Heiden' "2

elife, accepted.

Clonal Heterogeneity Supports Mitochondrial Metabolism in Pancreatic Cancer

Christopher J. Halbrook', Galloway Thurston', Amy McCarthy?, Barbara S. Nelson', Peter
Sajjakulnukit’, Abigail S. Krall®, Peter J. Mullen?®, Li Zhang', Sandeep Batra*, Andrea Viale®, Ben
Z. Stanger®, Heather R. Christofk®, Ji Zhang’, Marina Pasca di Magliano®®, Claus Jorgensen?,
Costas A. Lyssiotis' 81"

bioRxiv, 2020.

Stroma

Tumor Tmm
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Dissecting clonal metabolism with KPC-Confetti mice

Pdx1-Cre

L e

. SL-G12D/-
K-rast B — -
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p 5 3ﬂox/ﬂox

CAGG promaier

R26-Confetti o new ol ST BTN )
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Hingorani et al. Cancer Cell 4,437-50. (2003).
Jackson et al. Genes Dev. 15,3243-8 (2001).
Marino et al. Genes Dev. 14. 994-1004 (2007).

Snippert et al. Cell. 143, 134-144 (2010).
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Dissecting clonal metabolism with KPC-Confetti mice

i | KPC-Confetti Pancreas

Pdx1-Cre
K_ ra S"‘ SL-G12D/+ — —
p 5 3ﬂox/ﬂox

R26-Confetti

A v v v

Hingorani et al. Cancer Ceil 4, 437-50. (2003).
Jackson et al. Genes Dev. 15, 3243-8 (2001).
Marino et al. Genes Dev. 14. 994-1004 (2007).

Snippert et al. Cell. 143, 134-144 (2010).
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Dissecting clonal metabolism with KPC-Confetti mice

Pdx1-Cre

‘ | KPC-Confetti Pancreas

K_rasLSL-GTZD/+

p 5 3ﬂox/ﬂox

. Clonal metabolic
R26-Confetti ' heteogeneity

. L N Infusions & Multi-omics analysis

tracing with
Elak- HrTEk- HEl=r- Hi=me UC-tracers Spatial transcriptomics
—
Spatial flux

Hingorani et al. Cancer Cell 4,437-50. (2003).
Jackson et al. Genes Dev. 15, 3243-8 (2001).
Marino et al. Genes Dev. 14. 994-1004 (2007). 2

Snippert et al, Cell. 143, 134-144 (2010).
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Talking: Shawn Davidson

Pathology-guided metabolomics in lung cancer

ROI Selection Heatmap Metabolites Higher in Tumor

normal _tumor glutathione F1,6BP glutamate
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Metabolic classifiers for different oncogenotypes of mouse meIC.5"°2™
lung cancer - genotype |

Histology and

MALDI-IMS data Tumors Top hits for tumor

cluster
Glutamate
=p» Aspartate
Glutathione

UMP
Cluster 1 Metabolite 1 Metabolite 2 Metabolite 3

> Normal Lung

Cluster 2 Metabolite 1 Metabolite 2 Metabolite 3
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Talking: Shawn Davidson

Metabolic classifiers for different oncogenotypes of mouse mcil.57°C,
lung cancer - genotype 2

Tumor region 1

Cluster Overlay

wh

Cluster 1 Metabolite 1 Metabolite 2 Metabolite 3

Cluster 1
and

Cluster 2 Metabolite 1 Metabolite 2 Metabolite 3

Optimizing biological conditions to make metabolic measure
immune cell populations and gradients

CD4-TRITC (Rb)/CDA4-FITC (Ms)/CD8-cy5 (Rat) staining (40X)

CD4/CD8&/CD68/DAPI
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Talking: Shawn Davidson

Dimensionality reduction of small-molecule MALDI-IMS data Z75C07E°
complex anatomical classification

MALDI-IMS o : Allen Brain Atlas

metabolic
classifier

]
Use of an implantable microdevice for high-throughput screening
Matrix formulation (cross-section)
' , :
A3
B \ >
3 o2 W iononi
3 PR
T
720pm
Controlled-release of biologicals Detection by Can implant in many solid
and small-molecules fluorescence or tissues and tumors
MALDI-IMS
onas O et al. Science Translational Medicine. 520, | 1 (2016). 28
34
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Use of an implantable microdevice for high-throughput screening

Detvryor ABE Delivery of ABE
base editor .
base editor
@:‘ into GFP-expressing xenograft tumor

create stop codon to

convert GFP to BFP prevent GFP transcription

Davidson, Liu, Jonas, unpublished.

29
35
—
Use of an implantable microdevice for high-throughput screening
Delivery of chemokines and cytokines
Delivery of ABE Genome editing Transient Delivery of
base editor knockdown Crs-mRNA CD3+ CD8+
' Intratumor release of CXCL9
: e chemokine attracts immune
'ﬁm E Multiplex IHC cells and allows for metabolic
(and other) profiling of
By immune cells in situ
MALDI IMS on FTMS instrument
o | —
%o
(+]
. .
purified proteintformulation
Delivery of Davidson and Jonas, unpublished.
Inhibitors/ chemokines
Enzymes and cytokines
29

36

5/28/2021

18



5/28/2021

Use of an implantable microdevice for high-throughput screening

Clinical Trials

iroidvio Goriome edlting k::;,':;znwtn 2,‘:’;‘;:;{; ,: Deliver 20 compounds simultaneously during
surgical removal of glioblastoma (3 hours)
i oz, 8
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6 diffusion away
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N \ Pd tog g of resp and integ
H " 4 with orthogonal analyses
purifiad proteinformulaton ;
nf Dehver)_r of Delivery of Antibiotics + chemo
Inhibitors/ chemokines stable-isotope (intratumoral
Enzymes and cytokines tracers bacteria?)
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