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Mechanisms of Metastasis

* Metastasis as a medical problem
e Phases of the metastatic process

o Metastatic dissemination

o Dormancy and immune evasion

o Organ colonization and metastatic tropism
o Metastasis initiating cells
e Tumor evolution and metastatic progression
o Metastasis as a systemic disease

e Treating metastasis

Metastasis as a clinical problem

* Metastasis causes the vast majority
of deaths from cancer

< Current treatments can inhibit but
rarely cure metastasis.

« Limited predictive capacity to
identify tumors that will metastasize

« Latency: metastasis may appear
years after treatment of the primary
tumor

* Understanding and targeting the
basis for metastasis is a major goal
of current research.

Metastasis

Brain
metastasis

Cancer spreads to other ICallonel cells in 4
parts of the body lymph system—&

Cancer cells
in the blood.

Each cancer has a stereotypical pattern of metastatic relapse
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Why is it so difficult to cure metastasis?

* High tumoral load (102 cells)

* Tumor heterogeneity

* Host organ heterogeneity

Skin melanoma

» Rapid development of resistance to therapy

Bone. 3 = Bane

meta. meta-
stases stases

Ovarian cancer

A turn of the century view

» Look for driver mutations in cancer genes

» Then develop drugs to target the gene products
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Genomic characterization of metastatic patterns
from genome sequencing of 25,000 patients
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Specific mutations do little to explain how 3
and where individual cancers spread.
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o Phases of the metastatic process

o Metastatic dissemination
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Phases of metastasis

Dormancy Metastasis

Dissemination

Metastasis

Stage Il diagnosis— /Surgery Treatment
l Adjuvant therapy
—

Time

Tumor burden

Stage IV diagnosis —!

Massagué & Ganesh Cancer Disc. 2021

Metastasis
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Invasive migration @
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Extravasation N

Transendothelial migration
Capillry disruption
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Overt metastasis
Stage IV

Macrometastasis
Immunosuppression
resistanco
Specific stromal co-option
Massive elimination Treatment
Metabolic stress
Stromal lothality
Immune surveillance

Micrometastatic growth
Angiogenesis
Regenerative trajectories
Immune-mediated pruning
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MET, spreading

signaling
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Ganesh & Massagué Nat Med. 2021
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Metastatic dissemination: Intravasation

Primary colorectal cancer
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Metastatic dissemination: Circulation

Barriers
*Shear stress
«Oxidative stress
*NK cell attack

Adaptations
*MIC Clustering
*Metabolic adaptation
«Platelet coating
*Neutrophil interaction

NK cell F———Piatelet

TGF-B
= bCH A —\V\B Neutrophil
® ", Paracrine
Single CTCs spaces
CTC cluster
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Metastatic dissemination: Extravasation

c. Extravasation

Barriers Fenestrated sinusoids in bone marrow and liver
*Endothelial junctions
«Shear stress 1) ¢ L
Adaptations /{\Rs
1.Fenestrated endothelia >
2.Platelet TGF-B for EMT 5)

3.CTC endothelial disjunction
and motility factors
4.Monocyte endothelial
permeability factors
5.Cooperation within clusters
6.Endothelial necroptosis

Lung endothelium Blood-brain barrier

Lung cancer cells extravasating the the brain
of a mouse.
Valiente et al Cell 2014

Epithelial-mesenchymal transitions (EMTs)

« Phenotypic plasticity processes in which
epithelial cells lose apicobasal polarity and
adhesion, and gain migration

« Key in gastrulation, morphogenesis, wound
healing

+ EMT promotes tumor jnvasion and metastasis.

+ EMT is coupled with differentiation, apoptosis
or fibrosis depending on context.

« TGF-B and other cytokines drive EMTs by
inducing the expression of EMT transcription
factors: Snail, Slug, ZEB1, ZEB2, Twist1, Twist2

> « EMT TFs repress epithelial genes and enable
| the expression of mesenchymal genes.
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Metastatic dissemination: Alternative routes

Perineural
(e.g. head & neck, pancreatic cancers)

/ Perivascular
(e.g. melanoma)

e

Y | Lymphatics

(e.g.ovarian cancer)

\\ Intraperitoneal

Spread through air
spaces (e.g. lung cancer)

Metastatic colonization

How does metastatic colonization start?
How does it enter and exit dormancy?
How does it evade immune surveillance?
How does it adapt to different organs?

How can it be prevented and treated?
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Metastatic dissemination: Extravasation Human LUAD metastatic cells in mouse brain

Ex vivo imaging

7
P Pericytes
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Cancer cell
in EMT

Valiente et al Cell 2014
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« Growth suppressive signals inhibit
the proliferation of disseminated
cancer cells.

« Growth supportive signals reawaken
dormant cancer cells at some point
for progression to overt metastasis.

Dormancy: Growth inhibitory niches

Three hypothetical dormancy niche versions

a Stem cell niche. b Immune niche € Vascular niche

oM [t] [Foxet
Ee) i, s ExcLiof)

VeAm1 L
« EDG2 signalling ¢
« NOTCH3-NF-xB L

«TGFBR3 T = pry -
ECM: S AXLT @) Osteoblast D4 Teell §0P Macrophage ~G@BB> Fibroblast
* Type | collagen | |+ BM\’RI‘T = A

low decsiyill RICT: ) Oseoctast @) cos et (@) Lare01Cs Endoheta

Sosa et al. Nat Rev, Cancer 2014

H2030-LCC model
Human stage-1 LUAD
(athymic host)

KPad1 model
Adenoma stage LUAD
(immunocompetent host)

Malladi et al., Cell 2016
Laughney et al Nature Genet. 2020
Hu et al Nature 2023

Dormancy models

Immune surveillance prevents exit from dormancy

H2087-LCC model
human stage | Ras-mutant LUAD

Properties of dormant metastasis cells

- Early-stage regenerative progenitors (SOX2+)

» Occupy perivascular niches

- Enter quiescence in response to TGF-B, WNT inhibitors
- Immune evasive during quiescence

- Proliferative clusters regress; infrequent outbreaks

- Progression upon depletion of NK and T cells
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Stage | LUAD cells
H2087-LCC %,

%

Immune surveillance prevents exit from dormancy
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Malladi et al., Cell. 2016

KrastSLG1ZD%, psgortox
QQ Lenti-SPC-fiLuc-P2A-Cre
Intratracheal
lentivirus

instillation

0 1012 20 weeks

adenoma transition  adenocarcinoma

'
KPad1 KP-482T1
(Winslow et al 2011)
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Percent of metastasis free survival

Immune surveillance prevents exit from dormancy
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Hu et al Nature 2023
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Immune surveillance prevents exit from dormancy

Outbreak
(immunosuppressive)

Proliferative
(exposed to immunity)

Dormant metastatic cells
(immunoevasive)

WNT
- ,,,F l WNT, Notch
(o) — @ . .
| e @

TGF-p NK cells
Effector T cells

Capillary

Clearance

o Metastasis as a medical problem

e Phases of the metastatic process

o Metastatic dissemination

o Dormancy and immune evasion

o Organ colonization and metastatic tropism

o Metastasis initiating cells

e Tumor evolution and metastatic progression

o Metastasis as a systemic disease

e Treating metastasis
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Each organ presents distinct determinants of metastatic colonization

_— !
> Cancer
cels ¢

Barriers:

» Vascular walls

» Resident immunity
* Metabolic stress

Opportunities: : {‘\ ~
« Coopted stromal cells v /
* Microenvironmental signals

Bone metastasis

27

Metastasis and local tissue ecosystems

* Ahighly inefficient process under
strong selective pressures.

¢ Different organs — different
barriers and opportunities for
metastasis

* Metastatic cells adapt to different
degrees in different organs
depending on the tumor type.

Brain

+ Blood-brain
barrier

+ Astrocytes

« Microglia

+ Neurons

Lung

« Endothelium
|+ NKcells
* Macrophages
« Fibroblasts

Bone

* NK cells

+ Osteoblasts

« Stem cell
niches

Liver

« Kupffer cells
* NK cells

« Stellate cells

28
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Models to study organ selective metastasis

Brain Lung Bone

7). 1. Comparative omics

In vivo selection ( Candidate genes

2
] 3. Functional validation
4

= Eaal

Clinical validation

Models to study organ selective metastasis

Ribs

Vertebrae

Pelvis —

— Femur —

Mouse model of osteolytic metastasis from breast
cancer mimics bone metastasis in patients
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Mediators of organ-selective metastasis

Target organ Extravasatio

COX2
Brain MMP1 SERPINs PCDH?
HB-EGF L1CAM Conexin 43
ST6GALNAC5
Meninges Complement C3
SRC IL11
CXCR4 MMP1
Bone CXCL1 Osteopontin
L1CAM Jagged 1
CXCR4
ANGPTL4 Tenascin C
Fascin1 CXCL1/2
Lung cox2 L1CAM REAE
MMP1 miR-216*
Epiregulin miR-335*
Kang et al Cancer Cell 2003 Padua et al Cell 2008 Nguyen et al Cell 2009 Vanharanta Nat. Med. 2013 Malladi et al Cell 2016
Minn et al Nature 2005 Zhang et al Cancer Cell 2009 Oskarsson et al Nat. Med. 2011 Zhang et al Cell 2013 Chen et al Nature 2016
Gupta et al Nature 2007 Kim etal Cell 2009 Chen etal Cancer Cell 2011 Valiente et al Cell 2014 Boire et al Cell 2017
Tavazoie et al Nature 2008 Bos et al, Nature 2009 Acharyya et al Cell 2012 Obenauf et al Nature 2015 Er et al Nat Cell Biol 2018
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Example: Brain metastasis

* Common (>200,000/yr in US)

* Lung cancer

* Breast cancer

* Melanoma

» Colorectal cancer
* Renal carcinoma

» Highly lethal

¢ Chemoresistant

48 yr old with
non-small cell lung carcinoma,
K-Ras mutant.

32

4/9/23



Carcinoma-astrocyte interactions in brain metastasis
from LUAD and triple-negative breast cancer

Cancer cells (GFP)
Astrocytes (GFAP)
Capillaries (Col IV)

Serpins defend against killing

Cancer cell Astrocyte

Neuroserpin

T ‘f@
FASL

Valiente et al Cell 2014

C

¢
IFNa, TNFa

Chen, Boire et al Nature 2016

Different tumor types interact differently with the metastatic
microenvironment

H2030 MDA231 HCC1954
HER2+ breast cancer

Lung adenocarcinoma Triple-negative breast CA

s £

L Y
GFP+ cancer cells
CD31 vasculature
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Different tumor types interact differently with the metastatic
microenvironment

Cancer cells Astrocytes Microglia
GFP IBA1 Merge

—— TNBC ——
MDA231-BrM

E0771-BrM

z
@
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3
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— HER2BC —

MMTV-ErbB2-BrM

Siting Gan, Dana Pe'er

Approach to interrogate the metastasis microenvironment
HCC1954-BrM

Cancer cell Proximal cell

[sLP-meh] [GFR] ‘ - Sl B
Distal cell ‘

™Y Proximal ___—
« ASTRO  Astrocytes
+ BAM  Border associated macrophages
BC B cells
oue BG Bergmann glia

« BMDM  Bone marrow-derived macrophages
« CPEC  Choroid plexus epithelial cells

« EpC Ependymal cells
+ GN Granule neurons
HpC Hypendymal cells
MG MG Microglia
NB Neuroblasts
« NEUT  Neutrophils
« NIPC Neuronal intermediate progenitors.
NK NK cells
JBAM OEC Olfactory ensheathing cells
¥ y OLIG  Oligodendrocytes
BMDM; / OPC  Oligodendrocyte precursors
Nk [LVEC PER Pericytes
NEUY& vsSMC * VEC Vascular endothelial cells

vLC Vascular leptomeningeal cells

VSMC  Vascular smooth muscle cells Siting Gan, Dana Pe'er
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* Metastasis initiating cells

e Tumor evolution and metastatic progression
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Metastasis: a continuum of developmental and
regenerative phenotypes under selective immune pruning

Lung epithelium developmental
and regenerative progenitors
|  Endoderm
¢ soxi7

\ﬂom\arm . ‘i I
! IL il I‘I I|IIIIlIIﬂll

| Lung proximal Lungdistal |

SOX17
B —
\|  HHEX s
& sox
. Lung proximal

Lung distal

SoX9 ———T 5%
TM4SF1

)

Imputed and normalized expression of key transcription factors for all individual tumor cells,
& ranked by average expression of the lung epithelial development GO signature.

The continued development of metastatic progenitors
is @ major source of intra-tumoral heterogeneity

Laughney et al., Nat. Med. 2020

Single-cell transcriptional landscape of primary and
metastatic human lung adenocarcinoma (LUAD)

Mesenchymal _ Microgle/
progenitors  Macropl

Cancer cells

Monocytes .
Niche cells

Neutrophis

Myoloid-derived Immune cells

supprossor colls

Laughney et al., Nat. Med. 2020
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Immune surveillance prevents exit from dormancy

Stage | LUAD cells
H2087-LCC ’%{"‘N Qutbreak

A w15

Dormant metastasis |

NK cell-depletion / \Untreated
P A 7

znormalized expression

Incipient

Most vulnerable to
NK cell-mediated killing

Single-cell RNA-seq: Force-directed layout and PhenoGraph clusters of
8,748 metastatic cells isolated from six mice at different outbreak stages

Laughney et al., Nat. Med. 2020
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STING expression in dormant SOX2 progenitors reentering the cell cycle

Mice harboring
H2087-LCC cells

Dormant  rowth

in culture s
ptte o g

et

Macromet

Sample type

sox2
B

UMAP2
5
UMAP2
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L1 Cell Adhesion Molecule (L1CAM)

L1CAM

L1CAM .
+ Cell-basement membrane and cell-cell adhesion molecule

Laminins « Expression: neurons, oligodendrocytes, some monocytes,
kidney distal ducts. Absent in most other tissues.

« Expression in primary tumors >> poor prognosis
Lung, breast, colorectal, gastric, renal, ovarian, pancreatic, and
endometrial carcinomas; melanomas; sarcomas; gliomas.

L1CAM in metastasis initiating cells

Valiente et al Cell 2014
Er et al Nat Cell Biol 2018
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L1CAM mediates metastatic colonization

Brain metastasis by H2030 LUAD

Whole brain ex vivo

Control

w107

shL1CAM GFP
S

Photon flux (x10°

shL1CAM

0
I Control shL1CAM
105

L1CAM is required for metastasis:
+ by different tumor types (breast, lung, colorectal, renal)
+ in multiple organ sites (brain, lung, bone, liver)
Valiente et al Cell 2014

Er et al Nat Cell Biol 2018
Ganesh et al Nature Cancer 2020
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L1CAM+ cells appear upon loss of epithelial integrity

» L1CAM expression in human LUAD primary tumors and metastases

Primary tumor Pleural fluid Pleural met Bone Brain Liver
s d § e e B

§ 70
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o
Primary i PDX 0
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L1cAM i AN— LT - H
| Primary tumor | Pleural fluid | Bone  Liver Spine PDX from primary tumor
| Peritoneal fluid | Pleural met | Brain | Small bowel | Tracheal nodule | PDX from metastasis

Kaygusuz', Park’ et al, in progress
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CRC L1CAM+ cells regenerate organoids and tumors

« Metastasis
L1CAMs
( — FACS\
- L1CAMe~
rimary
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Metastatic CRC CRC organoids

Organoid formation Tumor transplantation
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Ganesh et al, Nature Cancer 2020

L1CAM+ cells appear upon loss of epithelial integrity

» L1CAM expression in human LUAD primary tumors and metastases

Normal colon Primary CRC Liver metastasis

L1CAM [

% L1CAM IHC +
N A
S 83

0
Primary Liver met

4 "'f% Invasion front | &
|| 200pm - <

Rare L1CAM+ cells in the tumor invasion front; enriched in metastases

Ganesh et al, Nature Cancer 2020
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L1CAM is expressed and required in normal progenitors
during epithelial regeneration

VillinCre;L1CAM#y (L1CAMfl/ysiec)
Tamoxifen + Dextran Sulfonate Sodium -> monitor DSS colitis and recovery

200pm

Kreyberg-Jareg staining L1CAM IHC
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H
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S Bl
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Ganesh et al, Nature Cancer 2020

00—

48

4/9/23

12



L1CAM+ progenitors in epithelial regeneration and cancer

Intestinal epithelium

Homeostatic stem cell (LGR5+)

Treatment
Gl
A I 2]
Ad Invasit i M i ( s mp e

&
ri'g

A~ i g %

T \} f V- Macrometastasis
&
m/ (

Tumor initiating cells
(LGRS5+)

Massagué & Ganesh Cancer Disc. 2021

Mechanisms of Metastasis

o Metastasis as a systemic disease
* Treating metastasis

50
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Metastasis and the whole-body ecosystem
* Local ecosystems and whole- Nervous )
body physiology determine system * 4
metastatic progression and its ’
response to therapy. o
Endocrine ;
system / \
_yf o Tumor
\L/ J Plus:
Immune Inflammation,
system Metabolism,
Aging,
Exercise,
Gut microbiome and others
Massagué & Ganesh Cancer Disc. 2021
51

Treating metastasis

Pillars of current therapy
* Chemotherapy
* Hormone therapy
» Radiotherapy
* Surgery
* Immunotherapy

Treatments have been palliative in most cases, suppressing
metastasis but not eliminating it.

Advances in targeted therapy and immunotherapy are
beginning to provide long-term cures.

Clinical trials for early intervention are challenging
*  Regulatory environment
*  “Business as usual” mindset

52
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Immune surveillance prevents exit from dormancy

Dormancy

Dormancy , ( )Quiescent

!:b Proliferative

Immunity
Months
L Clearance

What cell-intrinsic factors trigger the
elimination of dormant metastatic
cells that reenter the cell cycle?

! Outbreak
A\l

Spontaneous _— &
outbreak C\‘J:\.“w o Macrometastatic

Hu et al Nature 2023

In vivo CRISPR screen for suppressors of LUAD metastatic outbreak

gRNAs targeting

immunity pathways Intracardiac for

multi-organ metastasis
A
o
&

or tail vein for
lung colonization

Early-stage LUAD cells h \

* H2087-LCC (human)
* KPad1 (mouse)

Metastasis outbreaks Dormancy

| P —

9gRNA recovery
and analysis

Organ collection

Hu et al Nature 2023

Suppressors of metastatic outbreak: MHC class I, NK ligands, and STING
Human H2087 LUAD Mouse KPad1 LUAD
multi-organ metastasis multi-organ metastasis
brain - brain -
adrenal adrenal
land
bone W% * bone A 1
lung/ lung/
Iver  pleural liver  pleural
- - - [] -
>y »” ~ ‘ ‘
- - '
mm Scrambled
mm NK ligands and MHC class | mm Additional MHC class | (KPad1 screen)
mm DNA-sensing STING pathway mm RNA and LPS-sensing pathways
mm Interferon response Complement pathway Hu et al Nature 2023

STING pathway scores as suppressor of LUAD metastatic outbreaks
STING pathway i owtrom Pathogens
o 8 components
(&)
-
L6 IFIH1
g IFI27
Saq ) BT :
i, o o IFTM3 2%
j=J kd coame
82 : / \
= °
(o] r %O
0 [}
. : e -l
DR =
Mean log,FC KPad1 %ﬁ T~
Hu et al Nature 2023 (7 — ‘\
Zhang et al Immunity 2020
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Heightened STING expression in dormant LUAD cells reentering the cell cycle

H2087-LCC STING LUAD patient lymph nodes STING
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Hu et al Nature 2023

Immune surveillance prevents exit from dormancy

Dormant Reactivated Macrometastatic- \
low STING high STING low STING )
L ) T - .
TGF-B NK cells
Effector T cells
promoter 3’enhancer Clearance
L (]
Dormant _Masrwc M
TGF- ( ) STING-low
Reactivated & u
-8 MTING
Clearance «—! STING-high
v
. » .
Macrometastatic s D 50 s
STING-low

H3K4me1 ®H3K27ac *5mC
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Hu et al Nature 2023

STING agonist eliminates dormant metastasis and prevents relapse

Orally available non-nucleotide STING agonist.
MSA-2 (benzothiophene oxobutanoic acid)
Pan et al Science 2020

o
OH MSA2

Me - I —— STING WT/con
§ 100+ —— STING WTIMSA-2

Mouse o0 a2l H

KPad1 cells y g —— STING KOlcon
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10— | ] and overall survival g
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&
257 p=0.009 p=0.00003 « Control
= MSA-2
w20 -
3 5
2 H
g1 H
3 s
8 ]
g z
Sos 8
0.0 &
wr STING kO

Days after cell inoculation

Hu et al Nature 2023
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Leveraging STING to eliminate dormant metastasis

Quiescent
STING low )
( TGF-B

Proliferative @
STING high &®

STING activator

Macrometastasis
STING low s

NK- and CD8-mediated
elimination of metastatic cells.

» Approach 1: Promote clearing of dormant metastasis

59
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Preventing relapse by targeting metastasis initiating cells

Quiescent @ Macrometastasis

TGF-B

)
Proliferative é@ — X .

NK- and CD8-mediated
elimination of metastatic cells.

» Approach 2: target mediators of metastatic outbreak

mAb
humanized or
fully human

Antibody-drug conjugates

Conjugation site

lysine coupling, cysteine alkylation, . 4 &
‘enzymatic reaction, etc »J ©

Cell death

Linker
cleavableor  p,

yload
non-cleavable animitotic agent

(5)
DNA or microtubule disruption

Key factors

- High potency
- Low immunogenicity - Long circulating life
- Low cytotoxicity to off-target cells

- High cancer cell specificity|
*

complex
s *

» *

@
Release of
active payload

(3)
Lysosomal degradation

Cancer cell

Research Gate. Creative Commons Attribution 4.0 International
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Mechanisms of Metastasis

Metastasis as a medical problem: remains the main cause of death from cancer
e Phases of the metastatic process
o Metastatic dissemination: well understood; many mediators identified; more to do
o Dormancy and immune evasion: not a passive process; experimentally tractable now
o Organ colonization and tropism: well understood; many mediators identified; more to do
* Metastasis initiating cells: emerging insights; regenerative progenitors with high plasticity
e Tumor evolution and metastatic progression: metastases as a developmental continuum
* Metastasis as a systemic disease: knowledge at a very early stage
o Treating metastasis: new approaches and a paradigm-shift are requited
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