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e Fact: Sarcomas Display Tremendous
variability!

1. Bone/Osteoid

Cartilage/Chondroid

Fibrous matrix

Muscle

Faf

Myxoid matrix

Any possible combination

® N o A W N

Minimal/No ECM
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" The tremendous STS heterogeneity implies

Distinct cells of origin Multipotent cell of origin
for each subtype for all subtypes
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‘The tremendous STS heterogeneity implies

Distinct cells of origin Multipotent cell of origin
for each subtype for all subtypes

Infantile fibrosacoma ST int ETV6-NTRK3 fusion
Mesoblastic nenephroma kidney ben >>
Secretory Ca SG maligna >>
Clear cell sarcoma Extr malign EWSR1-CREB1, -ATF1
Angiomatoid FH Ext/Tr ben >>
EWS bones mal FUS-ERG fusion
AML blood mal >>

different OS subtypes
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...but which cell could serve as
the stem of sarcomatogenesis?
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...but which cell could serve as
the stem of sarcomatogenesis?

Adipocy(eg

TYATYA
LE N A—

Chondrocytes | @

Osteoblasts



Multiple sources

Hair
follicles — Osteoblasts (Alkaline Phosphatase/ALP) Mineral Deposition (Von Kossa) Adipocytes (Oil Red 0)
ec
WT ApoOA-I-/- WT ApoOA-I-/- WT ApOA-I-/-
Liver Blood
Adipose
tissue Bone
marrow
Muscle
Synovia 10x
KaIyV|ot| et al, Lab Invest 201 7
Papachristou et al, 2018
Amniotic
Umbilical fluid
cord

Placenta
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membranous &

The Amazing Fascia

Foca achesior ste
UOncal Sy o2Rasme acne
Cyuulasnoautn
c-Smooth muscke actin
Rtrenecin

ED-4 fronectin

=~ = Mesenchymal stem cells
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TSF-p1
ED-A firvanactin
Mecharical tension
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Pratn.myofibroblast
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a Fibroblast b Activated fibroblast

a-smooth-
muscle-actin
stress fibres

Actin fibres Tenascin C
Vimentin

/ Growth factors
ECM proteases
Chemokines

Copyright © 2006 Nature Publishing Group
Nature Reviews | Cancer

Fibrillar ECM —

Fibronectin EDA-fibronectin

— B, integrin

The Myofibroblast

a- SMA tram track. 400X
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periosteum t endosteum

Osteochondral Progenitors
Alpha-SMA+, Prx1+, Grem+, LepR+

X q‘"" ¢
W w{’

Chondrogenesis Osleoblasicgenesis
Reaprocai requiation in fradure'?
SR, i ’/ i .
Chondrocytes Osteoblasts
Aggrecan+, Col2+ Osx+, Col2.3+

Hypertrophic Chondrocytes MOsteocytes
Col10+, Qsx+, Opn+ Dmp1+

l Apoptosis

Marrow Space

Bahney et al. JOR 2019
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Myositis Ossificans

Proliferative Fasciitis

BPOPs

Florid Reactive Periostitis

Subungual Exostosis
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...but are MSC the CSC of
sarcomatogenesis?



=t iy The 3 minimal criteria
for MSC characterization (ISCT)

* Plastic-adherent properties in standard culture medium

e CD105+, CD73+, CD90+,
CD45-, CD34-, CD14- or CD11b-, CD19- or CD79a-, HLH-
DR markers-

e The ability to differentiate into OBL, CHBL, LBL, MyoBL

e Bone Marrow Stromal cells

 Skeletal stem cells (CD146/MCAM+, and PDGFa+,
CD45-, CD31-)

Papachristou et al, 2021; Chan et al, 2015; Ambrosi et al, 2020
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'CSC are characterised by:

e asymmetric division
* high migratory abillity
e resistance to systemic Tx

e sarcomatogenesis at high turnover locations (growth
plate, fascia)

e immuomodulation

e these characteristics fit the “MSC=CSC” model
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Hallmarks of cancer

Invasion

migration
angiogenesis
Immunosuppression
homing

metastasis

drug resistance
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Hallmarks of cancer

Invasion

migration
angiogenesis
Immunosuppression
homing

metastasis

drug resistance

sl MSC?

i
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MSC and tumor invasion, transmigration
and chemoattarction

Endothelial cells

(ol Tolo ol o oo«
Blood vessel lumen

MSC y

* . Attachment
| N v L v
\ ¥ ! Yy Transmigration
v \~" b i Y
YY & YY LMo s,
(e " oo oo e o=

*

| N
Tumor
chemoattraction

Hmadcha et al., 2020



The tumor supportive function of MSC

Drug resistance Angiogenesis

Immunosuppression

M1 M2 NK cells [f
-w_ @l

o  CCL5
I ( 8;’800 TGFB
ede IFNy
%% N EMT
IL-4
> LCR Treg

j:ﬁ- MSC;%E/)\l - CSC;/— CAF;@ - Th1;© - B cells; @- Th2/Treg;@/ﬂ- Macrophages; & - NK ceIIs;}/- Pericytes;/- CEP

Timanen et al, Sem Cancer Biol 2020



CAFs and Tumor Progression

‘) k- S

T cell inhitition o L2 e

Immune escape mono-MOSCs VEGF: MC3F
SOF<; CCL2

i Dkk !
Tumor cell | ¢— N "8
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IL-8;
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Modified immune
cell trafficking

¢ N -
MDSCs colta ; Hyalurcnic acid;
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M2 oolarization /
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2 -'WH ' Increased access

‘- \ A .. to tumor bed
| — 2y,
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differentiaticr
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Treg K--,- - ad

Chronic
TSLP; Kyn; Inflammation

TDOZ2 clusi
Exziusion, cXcL .2.6:\
Inhiblt cn and CCL2,57T,8; »

PD-L1; PD-L2; Killrg IL-6, NFKB
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Cell .
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Reduced T cell | ®

activation

Reducuad antitumor
cytotoxicity

Lea Monteran and Neta Erez, Frontiers in Immunology 2021



...there is also anti-tumoral role of
MSC in cancer

PRO-TUMOR ACTIVITY ANTI-TUMOR ACTIVITY

Survival factors

MSCs : .

Pro-angiogenic agents Cytotoxic agents

: NK cells
A B cell
‘\ . . |
Differentiation CIEVs v
Immunomodulation v v
BMP
" . v Whnt ¥ PTEN

Immunosuppression . ' .
Anti-proliferative factors

Hmadcha et al., 2020
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Mechanical Stimulation,
MSCS
and Sacromatogenesis
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MSCs and Mechanotranduction

o nucleus

ERK

! A
t fo nucleus
MEK
) T?ha: -~ mbDia] "
Raf . X PKA-C
Rass .

Francis J. Alenghat and Donald E. Ingber, Science 2002



ICa2+ influx

T-type voltage
receptor

primary cilia

fcell ’ @
signaling

I

IEVs containing
bone formation
mediators

* Non-muscle

.myosin
\Alpha actinin
— Inhibit

---Translocation
— Activation

I mechanical stretch

bone formation
genes

ALP
OCN
COoL1

osteocyte

[

osteoblast

Luu et al, IUMS 2020
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Mechanotranduction Signaling and MSCs
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- Transcniphion of genes implicated in oslecblastic profiferation, = s
o | dfferentiafion and cell sarvival (osteocalcin, asteonectin, Cot1A, asterix, o-fos, Rure2, SOST, COX-2, ete) e

— -
- — Pl
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Papachristou et al. BioEssays 2009; Papachristou et al. AOB
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Mechanical stimulation
Oxygen tension

| T~

SSCs

Neovascularization

/ Sox9, Sox5, Sox6 T
A

CXCL12/CXCR4

VEGF

HIF1a

Newly formed vessels

Hypoxia

Cytokines, GFs,
nutrients

Runx2, Osterix Hypertrophic CHC —— Cartilage
|
4
4
.’0CT4, SOX2, NANOG
4
" Endochondral Ossification
OBL

Newly synthesised bone

Papachristou et al, JCM 2021
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Mechanical stimulation
Oxygen tension

| T~

SSCs Neovascularization
/ Sox9, Sox5, Sox6 T
A
CXCL12/CXCR4 Runx2, Osterix Hypertrophic CHC —— Cartilage
A
L4
'l
OCT4, SOX2, NANOG
Cytokines, GFs, i YAF.’/TAZ " ‘
VEGF nutrients ) E/Ir:z?F \ » Endochondral Ossification
OBL
HIF1a Newly synthesised bone

Newly formed vessels
Hypoxia

Papachristou et al, JCM 2021
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Osteosarcoma
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- \MSCs ‘ @ chondrocytes @ osteoblasts
/ primary spongiosa © hematopoetic bone marrow
M nuclear YAP and/or TAZ H3E phospho-YAP and/or phospho-TAZ
% nuclear YAP Y phospho-YAP A nuclear TAZ

Kovar, Cells 2020, 9,972



Mechanical Cues Cell-Cell & Metabolic Cell

Other

Tissue Stiffness  Cell-Matrix Interactions Signals Polarity Signaling pathways

Cytoplasm

YAPITAZ *“activating* ’
phosphorylation @

HIPPO KINASE CASCADE

G

integration of several signaling
pathways on multiple levels

WNT
NOTCH

YAP/TAZ “inactivating*
phosphorylation

Nucleus

self renewal
proliferation

anti-apoptosis
plasticity
migration/invasion

/
@@ ¢

sequestration proteasomal
by 14-3-3 degradation

Kovar, Cells 2020, 9,972



New Targets for OS Tx?

Fibronectin
Legend
i’i _
RF'aCt'” verteporfin

& G-actin
A
)Ezrin
4
P
@®@Phosphate
—| Inhibit <

---Translocation

NSC305787
NSC668394

P
--- Association/ LATS1/2
Crosstalk
— Activation
P
G
L 4
CCG-203971
dasatinib
pazopanib

simvastatin

Mesenchymal phentoype
MMP9 & fibronectin protein levels| ———

AN

NF-xB p50 I NF-«xB p65

agave LAV TAZ and YAP gene
TAZ/YAP target genes
& Pro-tumorigenic phenotype

Luu et al, IJMS 2020
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Mechanical Stimulation,
MSCS
and Bone Mets



Bone Loss

Negative Effects

* Increases mortality
and risk of secondary
complications

* Degrades skeletal
microarchitecture

* Bone remodeling
favors bone

resorption

» Elevated tumor
burden

*» Decreases actin
assembly

* Increases tumor
invasiveness

* Increases adiposity

Unloading

Disuse)

Sedentary

State

Cancer-
Associated
Bone Loss

Mechanical

(Chronic Bedrest,

Bone Quantity
and Quality

Bone Gain

Mechanical
Loading
(Physical Activity)

Positive Effects

* Decreases mortality

* Administration is safe
without negatively
impacting survival

* Preserves skeletal
microarchitecture

* Balances bone
remodeling: increase
formation decrease
resorption

* Indications of reduced
tumor burden

* Increases F-actin
density

» Reduces migratory
capacity of tumor cells
in vitro

Pagnott , Bone 150 (2021)




Diverging Effects on Osteoblastic Versus Tumorigenic Cells

Mesenchymal Stem Cell Osteolytic Cancer Cell
Pre-Osteoblast

Osteoblast
Differentiation SoN:Renow
' "Nucleus [ [Cyt oplasm!
1 > W
1 ~BUP
: ot
'»i : Sun1/2 .
o : Hi Nespirin ||
Bone Surface 5 Y
= " _— - ! “’ !
, | : S
EAGHARET W T o 020 &8 i . oo TT
@9 oo, X Intact LINC Complex
Focal & S
- N Critical for Transmission
Actln %

N A
9\ Adhesions of Mechanical Signal

- T ? ¢ to Nucleus
t Osteoblastogenesis (Runx2, OSX, ALP) ! Inflammatory Cytokines (PTHLH, IL-11, RANKL)
T Focal Adhesions (FAK) . l Proliferation
| Cell stifiness i,' - ‘Migration d

Dynamic Mechanical Amplitude (g)
Loading Applied

Cycles

Pagnotti , Bone 150 (2021)



Normal Bone Remodeling

Mechanically-Loaded Bone

[ W‘ ‘v'"‘ A.

\ :\) Osteocytes

)
“ Balanced Remodeling

SO, =
04‘ Osteoblasts

f ©

Y] )

RANKL: BMP6
OPG S1P
_ - Osteoclasts

Marrow Microenvironment

Cancer-Containing Bone

) ll Osteoblasts ———— )'\

B.

Osteocytes MH Proliferating

Osteolytic
Cancer Cells

T TOsteocIasts

&
bl 1 RankL:| /| RANKL
-‘¢¢0PG IL-6

TGF-B
Annexin |l

Harboring Cancer Cells

TOsteocytes

NOTCH]

Cancer Cells

)
®
% T Osteoblasts

Runx2
BMP6
1 0SX
\ ALP

1’*:( g .

< lOsteocIasts N

L B) J MMP9
Sk

H

l Nfatc1

Pagnotti , Bone 150 (2021)
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Is there a role of

MSC in sarcoma Tx?



MSCs: the “Trojan Horse” for the battle against

Tumor cells

¢« Chemoattractive signals
/—‘: o ° e © . o

«EGF " evegr, *° °
¢ PDGF _* ,TGF-g’
~"° i T IL-8

® ®

MSCs migration

Oncolytic virus

transduction

Replication of
viral particles

Release of
viral particles

Infection @
of tumor ® o ©o|FN-y o
cells ( ) — °

<

IL-2
° o

o IL-12%
) ° °

P ® o CX3CL1 ¢
® o 00 ©
. -—°

olL-21 °

Activation of
cytotoxic T-cells,
NK-cells and
macrophage

-

Immune cell

Tumor
microenviroment

e_ O
: ®

Sy
.

Cancer

Tumor cells

MSCs-derived
microvesicles
containing drugs

Cisplatin (CDDP)
Doxorubicin (DOX)
Gemcitabine (GCB)
Paclitaxel (PTX)
®
. ® [ ) o

Drug
loading /
priming

Genetic
modification

\ MSCs-derived
® microvesicles
® ¢ containing miRNA

(e} 000
- )

& }CD/5-FC
o

]

o HNF4-a - ¢}
o © Apoptin
o * o PTEN, o Apopti P
. NKa ° PEDF a T
o ° © ° ov
HSV-TK/GEY ° ° o
°  TRAIL

(] (]

Tumor cells

Chulpanova et al, 2018



I TABLE 1 | Clinical studies using MSC-based therapies for cancer treatment.

A NCT Number Purpose Condition Phase Startdate Status Locations

=
- agent
EOZZIOS MANETETHMIC
7

Therapeutic

l 1 Al l) &) N NCT03896568  To determine the maximal tolerated ~ Glioma BM-MSCs- 2019 Recruiting United States
-

W UNISERSITY OF PATELS] and toxicity of allogeneic bone DNX2401

O —

NCT03608631

NCT03298763

NCT03184935

NCT02530047

NCT02181478

NCT02068794

NCT02079324

NCT02270307

NCT01983709

NCT01844661

NCT01129739

NCT01092026

NCT01045382

marrow-derived MSCs loaded with
the oncolytic adenovirus DNX-2401
(BM-MSCs-DNX2401)

To determine the maximal tolerated
and toxicity of MSC-derived
exosomes loaded with KrasG12D
siRNA (iExosomes)

To evaluate the safety and
anti-tumor activity of MSCs
genetically modified to express
TRAIL (MSC-TRAIL)

To determine the safety and
efficacy of human umbilical
cord-derived MSCs (UC-MSC)

To find the highest tolerable dose of
bone marrow-derived MSCs
expressing INFb (BM-MSC-INFB)
that can be given To patients with
ovarian cancer and to test their
safety

To evaluate feasibility and safety of
combining intra-osseous umbilical
cord blood hematopoietic stem
cells (UC-HSC) and MSC

To study the side effects and best
dose of adipose tissue-derived
MSCs infected with oncolytic
measles virus encoding thyroidal
sodium iodide symporter
(ADMSC-MV-NIS)

To determine maximum tolerable
dose, safety and efficacy of
intratumoral injected GX-051

To evaluate the effectiveness of the
use of MSCs and
cyclophosphamide

To evaluate home of bone
marrow-derived MSCs (BM-MSCs)
to sites of prostate cancer after
systemic administration

To evaluate the safety of bone
marrow-derived autologous MSCs
infected with ICOVIR5 (CELYVIR) in
children and adults with metastatic
and refractory solid tumors

To evaluate the safety and efficacy
of MSCs derived from human
umbilical cord/placenta
(UC/PL-MSC) at a dose of

1.0E 4+ 6 MSC/kg

To determine the feasibility of
umbilical cord blood hematopoietic
stem cell (UCB-HSC)
transplantation with co-infusion of
third party MSCs

To evaluate the capacity of MSCs
to improve 1-year overall survival of
patients transplanted with
HLA-mismatched allogeneic
hematopoietic cells

Pancreatic cancer

Adenocarcinoma of
lung

Myelodysplastic

syndromes

Ovarian cancer

Hematologic
malignancies

Ovarian cancer

Head and neck
cancer

Hematological
malignancies

Prostate cancer

Solid tumors
metastases

Myelodysplastic
syndromes

Hematological
malignancies

Hematological
malignancies

iExosomes

MSC-TRAIL

UC-MSC

BM-MSC-INFB

MSCs UC-HSC

AdMSC-MV-NIS

GX-051

MSCs and
cyclophosphamide

BM-MSCs

CELYVIR

UC/PL-MSC

UCB-HSC with

MSCs

MSCs

2019

2019

2017

2016

2015

2014

2014

2014

2013

2013

2010

2010

2010

Not yet

recruiting

Recruiting

Unknown

Active, not
recruiting

Recruiting

Recruiting

Unknown

Unknown

Terminated

Completed

Unknown

Unknown

Recruiting

United States

United Kingdom

China

United States

United States

United States

Korea

Russian
Federation

United States

Spain

China

Belgium

Belgium

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2020 | Volume 8 | Article 43
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...conclusions and perspective

MSC are a heterogenous mix of distinct cell subtypes with different morphology,
function and immunoregulatory properties !

Have we identified the true MSC? NO!!!

Beware of the extraordinary pleomorphism of sarcoma esp. in small Bx
(...sampling error)

The significant heterogeneity of these cells strongly affects sarcoma Tx
strategies and their response to Tx

wide surgical/oncologic excision is needed!
Promising role in sarcoma Tx (Trojan horses)

Full characterisation of MSC is vitall—> another reclassification of sarcomas”?
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