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Nimmi Ramanujam, Duke University
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Shawn Davidson, Princeton University s
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Intro: Why single cell metabolomics?

Intracellular studies

Cellular heterogeneity

Intro: Rare cell populations

Actual populations

A

LACDR

Single cell measurements

LACDR
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Intro: Intracellular studies

Most drugs fail phase Il
clinical trials due to
missing one or more of
these pillars

Mark E Bunnage,et al (Nature Chem

Exposure at
site of action

Target
engagement

Functional
pharmacology

phenotype

| |

Relevant ]

intracellular
concentrations

For example, use of
LC-MS to measure

—
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For example, activity-
based proteomic
profiling, fluorescent
or radiolabeled probes

Proximal biomarker,

products of kinases,
other PTMs

such as phosphorylated

Specific effects,
such as translocation,
development,
morphology, size

LACDR

Intro: Cellular Heterogeneity

Ahmed All

Inter-tumor
heterogeneity

subpopulation 1

Intra-tumor
heterogeneity

Universiteit
Leiden

subpopulation

subpopulation 2 3

Cellular
heterogeneity

LACDR
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Challenges in single cell metabolomics

Mammalian cell line (HeLa)

. . . Clathrin-mediated
* Small sample size (picolitre scale) endocytosis

* Fast Turnover (Seconds to minutes)

* Complex and diverse compounds (114,100 as of 2019) L fo\,: } Molecular motor
~ L 1 pm/s
- . . N DNA replication
* Inability to amplify signals a la PCR 10°nt/min
—

Cell movement - 1 pym/min

Cellular pool half-life (dominated by)

1s Metabolite (turnover) 1 min
10 min mRNA (degradation) 10 hr

1 hr Protein (dilution) 1 day

https://www.cell.com/cell/pdf/So092-8674(16)30208-2.pdf

Live Single Cell Mass Spectrometry
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SCM Applications: Cancer Monitoring

Upper endoscopy

Ultrasound
transducer

$7/‘ Biopsy
/& needie

Thyroid Nodule
Universiteit
Leiden

https://www.mayoclinic org/discases-conditions/ cancer /in-depth biopsy,

LACDR

SCM Applications: Liquid Biopsy of CTCs

Primary tumor

Ahmed Ali
I

Blood Vessels

Intravasion

There are 4-6 million cells in 1 milliliter of blood !

In cancer patients, 1-6 of these cells are CTCs ?
Extravasion N

Metastasis
Secondary Tumor

(1) Dean, L. Blood and the Cells It Contains;
(2)Gold, B.; Cankovic, M.; Furtad

National Center for Biotechnology Information (US), 2005.
F.

. F.; Gocke, €, D. Do Circulating Tumor Cells, Exosomes, and Circulating
Tumor Nucleic Acids Have Clinical Utility? A Report of the Association for Molecular Pathology. J Mol Diagn 2013, 17 (3),
209-224, hitps://dok.org/10.1016/ jmoldx.2015.02.001
Universiteit
Leiden

'LAGDR
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SCM Applications: Neuroblastoma (15t Iteration)

Ahmed Ali
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Neuroblastoma CTCs
Neuroblastoma CTCs
Neuroblastoma Tissues
Nephroblastoma CTCs
Nephroblastoma Tissues
Pancreatoblastoma CTCs
Hepatoblastoma CTCs
Hepatoblastoma Tissues
Bile duct CTCs
Lymphocytes Band T

cells

FACS
IsoFlux
FACS
FACS
FACS
FACS
FACS
FACS
FACS
FACS

SCM Applications: Larger scale studies (3™ Iteration)

Cancer type Cell type Isolation method Number of cells

64
14
45
10
37
56
12
14
2

16

ki

Ahmed Ali
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(Live) Single-Cell Ma

ss Spectrometry Shortcomings

| LoVE You!
==

m YO

WWW.PHPCOMICS. COM

Qualitati Ahmed Ali

Exhaustiveness

Low Throughput

Robustness

Data analysis




&= METABOLOMICS: SMALL
NBNOLIVE MOLECULES, SINGLE CELLS

Looking inside life
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Exhaustiveness

Small sample volume Destructive mea
techniq

Ahmed Ali
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Exhaustiveness

Pharmacokinetics

What does the cell PK-PD
do to the drug ?

Quantify Correlate

* Drug Conc. vs
.+ Metabolite Effect

5/28/2021

Solution: Integrate with non-invasive technique

Raman spectroscopy




Experimental design

Cells: HepG2 cells

Drug: Tamoxifen (10
uM)

Incubation Time: 24
hours

Groups: 2 (Treated
and Untreated cells
(control))

Spectro-
photometer %

Ahmed Ali

Laser source

Relative Abundance

\ Tamoxifen
chhrmc filter \ | / ]
372.23 37322
Relay optics P 75 il
372 314 316 a8 380 38

m/z

Targeted Drug

Tamoxifen

v
o~

‘ N

.

Tamoxifen

Liver metabolism

CYP2D6

Hepatocellular carcinoma cell line

(HepG2)

Highest expression of CYP2D6

@ ER+ breast cancer cells
:> :> (~70% of breast cancer

4-Hyodroxy Tamoxifen
100 times more potent

Ahmed Ali

oM

OH
4-Hydroxy Tamoxifen

Drug uptake

Drug Effect

v
‘/ Drug Metabolism
v

https://www.webmd.com/cancer/ss/slideshow-liver-cancer-gu
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Composite spectra of
treated & control cells

017 — with drug

n =295

0.08 { — withoutdrug ) = 115
0.06 4

0.04 4

Normalized spectral
intensity (a.u.)

0.02 A

600 800 1000 1200 1400

Raman shift (cm-)

1600

Raman: Profile of treated vs control cells

Differencesin spectral
Intensity (a.u.)

-
Talking: Ahmed Ali

Treated cells spectra subtracted
from control cells spectra

Tyr, Phe
AT, amide Il
CH, (lipids)

cytochrome

—— Phe, C-C chain
— G,ACH
— NH

0.02

O-P-O l

DNA, TYr  protein Amide Il
-0.02 +
600 800 1000 1200 1400 1600

Raman shift (cm)

PLS-DA model of treated and

Raman: Predictive model of drug effects

@
Talking: Ahmed Ali

Biomarkers for tamoxifen
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Drug uptake

Drug Metabolism |

MS: Semi-quantitation of drug in the same cells

Live cell r

Raman Spectra "
P observation

Humanix
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Talking: Ahmed Ali

MS inlet

LM 1 m]. 1 l = -

MS spectra

Density
UQ}!XOIHB_I_

l\clnuns
Abundance

Tamoxifen and 4-OHT distribution in single cells

- Treatment

Control &
.

-
Talking: Ahmed Ali

- Treatment

. Control
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|1 =22 —— e
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o !
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1 L 1 >
Tamoxifen Tamoxifen 4-OHT 4-'0HT Relative 7
control Control Abundance
Group
LACDR
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Tamoxifen and 4-OHT distribution in single cells 5553
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in treated & control cells

N

Correlation plot between TMX
and 4-OHT

4-OHT normalized abundance

Tamoxifen 4-OHT
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Tamoxifen normalized abundance
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Integrating Raman and MS data
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Talking: Ahmed Ali
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Live Single-Cell mass spectrometry shortcomings
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Talking: Ahmed Ali
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Data Analysis: Unified Data analysis pipeline for LSC-MS in R

Talking: Ahmed Ali

b Convert raw thermio files
b Data processing
r Unsupervised filtering

b Normalization

b Unsupervised analysis
r Supervised analysis

b Fancy statistics

15



Acknowledgments

BDR Ruikzn

m

Talking: Ahmed Ali

) Leiden

LACGDR

5/28/2021

16



