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L. A. Walsh et D. F. Quail, « Decoding the tumor microenvironment with spatial technologies », Nat Immunol
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Regional level heterogeneity

Low coverage information

Specialized equipment
Time consuming sample prep
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"0 Spatial proteomics approaches

DECIPHER THE TUMORAL

MICROENVIRONNEMENT

Why proteins ?
yP TARGETED PROTEOMIC

"'.;.--"-*"‘ Proteins are the functional

molecules carrying most
cellular functions Immunofluorescence

Post-translational IHC mulkiplex
modifications critical for

activity, localization and

mnteractions CyTOF
MALDIHPLEX-IHC

Many biomarkers and drug
targets are actually proteins
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UNTARGETED PROTEOMIC

Mass spectrometry
Imaging

Top down (Protein
Intact)

Bottom up (digested
peptide)
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» Towards spatial proteomics in mass spectrometry
Samples and methods

Primary ion beam

SIMS
Secondary lon Mass Spectrometry

3 Desorbed molecules
[ ] Charged solvent
a» Sample
DESI
Desorption ElectroSpray lonisation

Laser

P O Analytes
@® watrix

MALDI
Matrix Assisted Laser Desorption
lonisation

Protocols for sample conservation

FFPE tissues
= Formalin Fixed Parafin
embedding tissue

Fresh frozen tissues
(snap frozen :
nitrogen/isopentane,
stored at — 80°C

Samples treatments on slides

T d
=

Delipidation (chloroform)

Desalting (ammonium
sulfate)

Antigenic retrieval

Derivatization : aromatic
ring or charge addition

On tissue digestion
(Trypsin, PNGase ...)
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" MALDI Mass spectrometry |mag|ng

I T: B spra
Tlssue slice Lw: Y

XN INOUN

conductive

MALDI matrix Acquisition
ITO slide a Scils Lab Pro

*é, Towards spatlal proteomlcs In Mass spectrometry
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Microtome (Leica)

Laser

I3
MALDIsource , Flight tube (TOF)
/ i Separation ofions according to their masses

Ions Tons Mass Spectrum

S

Tissue slicing

lIon Trajectory
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¥ O Analytes i i i
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Co-crystallization of the matrix with the sample Molecular composition of the
Proton/electron exchange sample

Desorption and ionization of molecules
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Towards spatial proteomics in mass spectrometry

e INCE

MALDI Mass spectrometry imaging =

Tissue slice

.\‘ok

conductive .
ITO slide MALDI matrix

Acquisition

Scils Lab Pro

Y 4. Images : One image

corresponds to the intensity 3]
Microtome (Leica) variation ofa single m/z it
; I o [ 44 @
, : X ons X 0000000000 L
= N o0 0 P e——
. Creation ofregions of : £ F ¢
. .. - interest for MSIlanalysis T =
Tissue slicing S F AL
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parameters 0000000000 5. Overlayed of molecular
000 .:. . . .
mages on tissue sections
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“s.0f” Software and important parameters

e flexcontrol efleximaging SCILS
G Acquisition parameters e Imaging files ° Data analysis file

Mass range (m/z) Spatiale resolution (um) Baseline reduction

Laser power (%) ' Region ofinterest Normalisation
Number of Data point / spectra Data point reduction Segmentation
Calibration PCA

Noise removal Statistical analysis

Correlation between images

Mass spectra information

e The exports

Metadata

Multimodal imaging

.mis
.Imzm]
.ibd
.TIFF
.SVS

Normalization -> Smoothing -> Baseline reduction -> Peak detection and alignment

Images superposition : MALDI Scan, HES and or IHC
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» Towards spatial proteomics in mass spectrometry
“..224" Analytical challenge and imaging data integration ~ =
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Projet MAIA : 30 slices of cHCC-CCA
Acquisition : 100 pm on whole slice
Raw =360 Go
Processed data = 1,656 To
Scan HES + IHC = 665 Go

Projet CHRIS : 50 slices of ADK
Acquisition : 50 um on whole slice
Raw =2,5 To
Processed data =7 To
Scan HES =150 Go

Mean of39 000 pixel/ slices
1,17 millions of pixels

Mean of 120 000 pixel/ slices
6 millions ofpixels

61 slices oflung
Acquistition : 35 um on partial shce
Raw =482 Go
Processed data =677 Go
Scan HES =100 Go

Mean of 26 000 pixel/ slices
1,59 millions of pixels
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“;: MALDI Mass spectrometry imaging S

O T: W o
Tlssue slice Lw: Y

conductive

ITO slide MALDI matrix

g %’;‘
Benefits

Microtome (Leica)

v" Molecular biodistribution of protein

Tissue slicing v' Images acquisition at high spatial resolution

v

v" Knowledge's about molecules co-localization on tissues
v" Detection in a label-free manner

Provide complementary information's with other imaging techniques as
autoradiography, immunohistochimestry and immunofluorescence

o0 mme\ [].% [

Laser Scils Lab Pro

Acquisition

Drawbacks

v Time consuming workflow

v" Big amount of data generated
v" Successive slides to overlayed according approaches
v" Tissue morphology sometimes difficult to preserve

v’ Low sensitivity or sample characterization compare to
LCMSMS




Towards spatial proteomics in mass spectrometry
Microdissection based on MALDI imaging
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Tissue slice - S e
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conductive . .
ITO slide MALDI matrix Acquisition

Scils Lab Pro

Microtome (Leica)

Microdissector
Millisect

Tissue slicing

Homogenization and lysis WITHOUT
a-ligetagriacs DEPARAFINIZATION NEEDED

Proteomic

analysis <{m—

EvosepOne coupled to a
tims TOF HT

FFPE microdissection
tissue
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— ‘q FFPE tissues || Section 3um slices | [Morphological
- - analysis
=] Sample || Surgical e N e A
collection|| sample :5'— %
— Pathologist analysis
) HES staining || IHC Scans || Annotations
Slides m i _
washing * P @
protocols @ w ) .
- - Imaging analysis
Labelling techniques
Antigen Data
eirieval analysis Mass spectrometry
analysis
MALDI Imaging
Bioinformatics needed to combine all of those data
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;224" cHCC-CCA analysis with mass spectrometry
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Hepatocytic and cholangiocytic contingent sometimes associated
with a “intermediate" contingent within the same tumor

Primary Liver Carcnomas (PLC)

cHCC cCCA
@ é SeLh 775 ol
85% <5% 10% 3 4
Hepatgcellular Combined Cholgng‘o— . ’ x
“HCS) (HoC.0oR) “lecn)
HC
HCccC cHCC-CCA ccA cHCC-CCA

BETTER CHARACTERIZATION OF MIXED TUMORS FOR IMPROVED DIAGNOSIS AND TREATMENT OF CHCC-CCA TUMORS
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w@%' cHCC-CCA analysis with mass spectrometry -
HCC | ccA |
| |
I I
I I
I I
I I
I I
Segmentation : :
performed on b | |
MALDIMSIdata| | |
- I I
I I
s | I

_ “B 2 I iCCA
\\ | : wo : h“Itcrm‘cdia te
A | 7 Fibrosis
_ (2'\'“ i I I “ u I Microvascular
Pathologist o : \. i I'. : i ' : invasion

annotations on B b |
HES | |
I I
| |

MORE HETEROGENEITY BASED ON MOLECULAR INFORMATION THAN ON MORPHOLOGY
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' — = udissection
Hepatocholangiocarcinoma g —= = =
MALDI imaging analysis is correlated with LC/MS-MS proteomic E — = — - %

rather than morphology for CCA and mtermediate contingents

Heatmap performed on 465 proteins w1th pva]ue
<0.01 after ANOVA analysis



9-13% J year

survival

510 992 cases diagnosed worldwide in 2022
In France 4 500 in 1997, 15991 in 2023



ST A growing burden

R
_ +1,6% per year in men
Projected Cancer-related Deaths +2,1% per year in women
100+
80

2040 projections :
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Pancreas 11% of all cancer-
related deaths

~
o
1

Estimated deaths, thousands
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2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040
Year

Rahib, L., Wehner, M. R., Matrisian, L. M. & Nead, K. T. (2021). Estimated Projection of US Cancer Incidence and Death to 2040. JAMA Network Open, 4(4), e214708.




% High level of heterogeneity

» Long survivors

» 10% to 30% initial responders to chemo
> ..

-

o

o
J

Median 6 years
n =82

Median 0.8 years

0 n =68 . .
0 5 10

Years

Survival (%)
(¢))
o

Balachandran et al. Nature 2017;551:512-516.

Tumor epithelium




ANETy
o
ml%%ﬁplthellal and stromal classifications of PDAC
'%TUMURM%%
@Qge‘
Pure immune Desmoplastic Stroma Pure
classical classical . activated basal-like
I T e
Molecular classifications Epithelium

e
QPP Classical Basal-like @co
; — S Moffitt et al Stroma
Exocrine-ike | Quaskmesenchymal | _O'150n et 2!
Classical B Hybrid Basallike A Chan-Seng-Yue et al
= Bailey et al
1.0
0.8
- 06 - log-rank: < 10
Better Survival Worse 8 os
0.2 -
L
Bailey et al , Function 2023 0O 20 40 60 80 100 120 140 Puleo, Nicolle et al,

Time in months Gastroenterology 2018



Al on histology to paint PDAC: PACpAInt

e INCE

451 patients, 6.3 million tiles

Transcriptome-based subtyping

Pure Immune Stroma  Pure
classical  classical activated basal-like

QB) Classical Basal-like <ogo

Stroma

Inflammat

Basal tiles proportion

0.75

N 050 o (e
Inactive © <5% (n=293)
0.25 5%-20% (n=121)
I Transfer to histology Active 000 >20% (n=25)

0 12 24 36 48 60
Saillard et al, Nat com, 2023 Months



s, Morphomolecular patterns:

Pr. Jerome Cros Juliend
Martino

100 patients
1 019 tissue blocks

fepe? associate the transcriptome to histology

Ex: 1 slide, 3 differents histological patterns

T FET Ty A h

Area 2

Areal Morphology 2 )
Morphology 1 Morphology

Area 3

407 matched
transcriptome &
morphology




Tile-level gene expression prediction

Taib Bourega

Transcriptome

> III .._‘lrage poolingﬁ%

Feature Vectors

PhD student

BO0 A

3789 genes

200 -

100 4

>17 000 genes tested o

0.2 0.4 0.8

Pearson correlation



BPDAC_001_24_L1 Heatmap

. TFF1

BPDAC_001_24_L1 Heatmap

CLDN18

Marker genes of Classical tumor phenotype
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FRANCAISE
= Institut National

AyET .
= Delineate morpho-molecular patterns

Tumor : classical

Tile-level

Unsupervised analysis




Trained on 407 small ROI

Projected on 1’019 whole tumor blocks

Lymphoid
dense areas
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Ill’Can protein content identify a |
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i e CD8 Sthma? A. Abdelrama

postdoc

CD8

Lymphoid-compliant stroma
Collagen

MALDI imaging (50 um)



40 PDAC

CD8-compliant stroma found in

every tumor around CD8
infiltration

LIAGOD0AS- 38 Predicted
13AG01113-14 Predicted

06 Predicted
14AGO3F50.37 Predicted

GO12%0_26 Predicted

d

13AGO1113-15 Predicted

‘

RAGO3225-20 Predicted
14AGO3250-38 Prec

W

b

~ ncéropole

ace lle-de-France
R oo
006 |
Irlstrtut MNational
du Cancer




CD8

Collagen

Characterize CD8-related stroma

Spatial Protein

Spatial RNAseq

Lymphoid-compliant
stroma

Microdissection

C ncéropodle

CD8 excluding stroma

COL1A1/2, COL11A1, COL12A1,
COL5A1, Fibronectin

CDS8 infiltrated stroma
COL4A3/4, COL19A1, Reelin

lle-de-France

Institut National
u Cancer
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g% Towards spatial proteomics in mass spectrometry
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“...*" To conclude ... =

v Molecular heterogeneity are more important than their histological heterogeneity 3:40 B

) AN

v We have demonstrated the usefulness of mass spectrometry imaging to highlight intra-tumoral
heterogeneity using proteomic approaches.

v Mass spectrometry imaging identifies novel diagnostic and biological biomarkers

v" MALDI-MSI combined with targeted microdissected areas analyzed by LC-MS/MS = optimal
method for FFPE tissues

gi v" Bioinformatics is essential for big data analysis, as it provides the computational tools and
algorithms needed to process, integrate, and interpret complex biological datasets
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