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Tumor heterogeneity is a major hurdle for cancer precision medicine

Intratumour heterogeneity

Intercellular genetic
and non-genetic heterogeneity

10 cm

Subclone 2

Clonal heterogeneity

Intertumor heterogeneity

Intratumor heterogeneity Cellular heterogeneity

associates with drug resistance, tumor metastasis, and relapse

Adapted from Gerlinger M et al. NEJM, 2012; Swanton C. et al. Nature, 2013



Underneath the heterogeneity —— tumor clonal evolution
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Liver cancer

Primary liver cancer (PLC):

Hepatocellular carcinoma (HCC)

Intrahepatic cholangiocarcinoma (ICC)

Combined hepatocellular-cholangiocarcinoma (cHCC-ICC)

cHCC-ICC
1~5%

Cases/100,000 persons
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Figure 1. Regional Variation in the Esti d Age-Standardized Incidence Rates of Liver Cancer.

The incidence rates shown (numbers of cases per 100,000 persons) pertain to both sexes and all ages. Adapted from
the World Health Organization.?
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Investigation of tumor heterogeneity on three levels
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Intertumor heterogeneity
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Reconstructing the evolutionary history
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Reconstructing the evolutionary history
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Spreading patterns of tumor cells

a ; S c Inter-layer sequential spread
> SROE N T P_LNM I_LNM C_LNM LM

ioioio
001 0! 0
o} oo

0101 00

[ 4
13

O

Fe Y F7

Patient_7

d Inter-layer skip spread
T P_LNM I_LNM C_LNM LM

O Ne

e Intra-layer spread
F P_LNM I_LNM C_LNM LM

O e

O

O O

O

O

Patient_11 Patient_10 Patient_9
Zhang, C. et al., Nature Commun 2020



Nature versus Body

Dispersal

Understand ing the Energy Tumor cells continually /

Plants obtain their energy break off from a primary

Ca n Ce r Ecosyste m from the sun, while tumors tleqr and »spread toother
burn glucose and fats !:?catlonsd Il')ke p_lagt seeds

There are many similarities between for energy. ISPersec cygiie

nature’s ecosystem (left page) and =

your body’s ecosystem (right page).

Think of a tumor like a weed, whose

growth depends on many factors.
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Temperature { ~ Hormones from the System
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( | and messages from

the nervous system
provide growth signals

.
‘\ for the tumor, in the
/\ = same way that plant Endactine
Precipitation ! hormones trigger System

Removal/Destruction \!/ germination.

Predatory insects eat

and may kill a growing QY

plant, similar to how A

macrophages and other

immune cells attack
Photosynthesis a growing tumor.

Immune
System

Circulatory

Respiration System
Competition
Other plants and animals Mlcrqblome
compete with the weed for space Our digestive system
and resources, just as normal cells contains microbes that help Digestive
Decomposition compete with a tumor. A us digest nutrients, much Systat

the way fungi and other
decomposers recycle
nutrients in a forest.
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Nutrients

/ Tumors get nutrients
Microenvironment _ from bloodiescals
The pH of the soil, like that of /;/[/ much like roots get

the tumor microenvironment, nutrients from the soil.

can affect growth. / Tumor
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Outline

Dispersal
Tumor cells continually
break off from a primary
tumor and spread to.other
locations, like plant seeds
dispersed by wind.

/

Growth Nervous
Hormones from the System

e S > Tumor clonal evolution

the nervous system
provide growth signals
for the tumor, in the
same way that plant

Endocrine
hormones trigger
germination. System
//‘/\
f N Immune
R J » Tumor immune microenvironment (TIME)
Immune
cell
) Circulatory
System
icrobiome
Our digestive system
contains microbes that help
i Digestive
us digest nutrients, much
the way fungi and other System
Interplay between tumor and TIME
Nutrfents nutrients in a forest.

‘Tumors get nutrients 4 N
from blood vessels /
much like roots get 4
nutrients from the soil.
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Liver cancer frequently develops intrahepatic metastasis, rather than distant metastasis

Multiple lesions:

Lesions in the liver tissue
e P: Primary
e |[M: Intrahepatic Metastasis
e MO: Multiple Occurrence
or MCT: Multicentric Tumor
e SN: Satellite Nodule

Lesions in veins and ducts
e PVTT: Portal Vein Tumor Thrombus
e BDTT: Bile Duct Tumor Thrombus

Genomic studies are very limited.

Q: The clonal relationship among multiple lesions in HCC?
12
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Variable extent of ITH as determined by SNV
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ubiquitous mutations ranged from 0 to over 90% among the 10 patients




Branched evolution in HCC
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Physically separate HCC and ICC lesions shared the same clonal origin

hepatocellular carcinoma

A GPC3(HCC) CK19(ICC) .
% Y
L
dgdo'q
S
v
68% L
P5IM: ICC f
©
E
: . . : 2
intrahepatic cholangiocarcinoma

Phenotypic transition? Which one is the origin?



We know very little about cHCC-ICC

Malignant tumours

FLC
PKA activity (DNAJB1-PRKACA; 79-100%)

Hepatoblastoma

* WNT pathway (CTNNB1; 75%)

¢ Proteasomal degradation (NRF2; 9.8%)
* Telomerase (TERT; 5.9%)

CCA

* Growth factor (FGFR2 fusions; 14-45%)

* SWI/SNF (ARID1A, BAP1, PBRM1, MLL; 45%)
 Epigenetics (IDH1, IDH2; 8-16%)

* Imprinted (GNAS)

¢ PI3K pathway (PTEN, PI3KCA)

* DNA repair (TP53)

Normal liver

Fibrosis, NAFLD
and cirrhosis

> HCC

* Telomerase (TERT; 59-68%)

* WNT pathway (CTNNB1; 16-62.5%)

* JAK-STAT pathway (JAK1; 45.5%)

* DNA repair (TP53: 35%)

* SWI/SNF, chromatin remodelling
(ARID, MLL; 20-25%)

* PI3K-AKT-mTOR pathway (RPS6KA3)

Chronic liver damage

* WNT pathway (CTNNB1; 10-15%)

Malignant transformation
* Telomerase (TERT; 44%)

HCA
¢ Transcription factor (HNF1A; 30-40%)
* WNT pathway (CTNNB1; 10-15%)

* JAK-STAT (IL6ST, STAT3)
¢ Imprinted (GNAS)
* Tyrosine kinase (FRK)

Benign tumours

Nature Reviews | Cancer

Marquardt, et.al Nature Reviews Cancer, 2015

The very first pathological
report about cHCC-ICC

COMBINED LIVER CELL AND BILE DUCT CARCINOMA*
RAYyOND A, Arzzx, M.D, and Jases R, Lisa, M.D.
(From the Laboratory of Pothology, City Hospital, Welfare Island, Depariment of
Hospitals, New York 17, N.Y.)

Carcinomas of the liver displaying features indicating origin from
both liver cells and bile ducts have been observed infrequently. They
have been reported under various terms: mixed tumors,? duplex type,®
intermediate type,®* carcinoma of dual origin,® cholangiohepatoma.® The
first case so designated appears to be that of Wells,” Others have been
recorded by Goldzieher,® 1 case; Tramontano and Fittipaldi,? 2 cases;
Koster and Kasman,® 1 case; Rasario,’®!* 2 cases; Bonne,* 1 case; and
Cabot case no. 26441.* Gustafsen,® reporting on 62 cases of primary
carcinoma of the liver, mentioned 2 of intermediate type. In the reports
of primary liver cell carcinoma by Prescott,’® Moon,'* Larson,’® and
Neumann,’® the data were very suggestive that the bile ducts partici-
pated in the malignant process. This communication is a report of 5
additional cases, found among 35 cases of primary carcinomas of the
liver in 8175 consecutive autopsies performed at City Hospital, Welfare
Island, between May 1, 1911, and May 1, 1948.

Allen and Lisa 1949
The American Journal of Pathology

Allan and Lisa

Type A

Double tumos (HOC and CC exist at different sites within the
zame liver}

Typa B
Combined type (HEG and GG exist at adacent sites and ming
with cantinuesd gresih)

Type C

Mixed type (HCC and CGC components are combined within the
SAME MAass)

L. Connell & G. K. Abou-Alfa 2016 Chin Clin Oncol
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cHCC-ICC: Unmet clinical need

Primary liver cancer (PLC):
Worst prognosis _
cHCC-ICC Hepatocel!ular carcinoma (_HCC)
1~5% Intrahepatic cholangiocarcinoma (ICC)
Combined hepatocellular and intrahepatic cholangiocarcinoma (cHCC-ICC)

hepatocellular differentiation
T SRR il

BT iy
(el

Clinical challenges:
« Often mis-diagnosed as HCC or ICC

* No specialized treatment

biliary epithelial differentiation . e .
ICC component) | Scientific questions

Clonal origin

cHCC-ICC

Phenotypic transition

18



Research design

Screening cHCC-ICC in 8 large hospitals
from China, Singapore and Japan
2007-2018 (n=21326)

¢ n=379

( Pathology validation: H&E, IHC )

¢ n=164

Sequencing Nestin staining
cohort cohort
(n=133) (n=128)

v

Integrative analysis

HCC component

- ICC component

- Mixed or intermediate component

Separate type
(n=6)

v

Case by case

© @
¥

Combined type

®

(n=56)

¥

GLCM'
v

N

non-LCM

®
v

Mixed type
(n=59)
* Single nucleus sequencing
for Mix_19
non-LC

v

.M—>i—> w{

No. Cases/ Samples

No. Cases/ Samples

No. Cases/ Samples

No. Cases/ Samples

No. Cases/ Samples

No. Cases | No. Samples
Whole exome 121 173
sequencing
Whole genome 37 41
sequencing
e 77 97
sequencing

Separate type  |Combined type (LCM)| Combined type (non-LCM) Mixed type RIKEN
6/17 41/82 15/15 59/59 0
0 4/8 0 21/21 12/12
2/2 20/40 6/6 38/38 11/11
133 cHCC-ICC cases from China, Singapore and Japan 19




Separate type - Monoclonal origin and multiclonal origin
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» Cancer cell fraction (CCF) analysis revealed the clonal structure

» Clonal analysis deduced the metastatic routes of two monoclonal cases 20



Combined type — Monoclonal origin with both early and late divergence

Combined type
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Integrative comparison of cHCC-ICC to HCC and ICC

reveals distinct molecular subtypes
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Genomic comparison of PLC
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TP53-Nestin axis regulates cellular plasticity in liver cancer

Nestin (NES), a marker for the bipotent progenitor oval cell (Gleiberman et al., 2005).

GASTROENTEROLOGY 2012;142:1229-1239

Disruption of Trp53 in Livers of Mice Induces Formation of Carcinomas
With Bilineal Differentiation

SARAH-FEE KATZ,* ANDRE LECHEL,* ANNA C. OBENAUF,* YWONNE BEGUS-NAHRMANN,* JOHANN M. KRAUS,S
EVA M. HOFFMANN,* JOHANNA DUDA,! PARISA ESHRAGHI,* DANIEL HARTMANN,*7 BIRGIT LISS,!
PETER SCHIRMACHER,” HANS A. KESTLER,® MICHAEL R. SPEICHER,* and K. LENHARD RUDOLPH*
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Graz, Graz, Austria; “'Deparfment of Surgery, Technical University Munich, Munich, Germany; and *institute of Pathology, University of Heidelberg, Heidelberg,
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p53-Dependent Nestin Regulation

Links Tumor Suppression to Cellular
Plasticity in Liver Cancer
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* Q: Nestin highly expressed in cHCC-ICC ?
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Nestin is a Biomarker for cHCC-ICC Diagnosis and Prognosis
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Nestin might be a new therapeutic target. -
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Investigating the underlying reason of ITH by scDNA-seq

P3B2 p3p
P2P
P3IM
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P2IM1 P3B1 P3SN

Copy number alterations (CNAS),
elicited by genome instability, are
a major source of ITH.

Normal O :
Normal S

Ginkgo $RZS#  Early metastasis
Coconut i8¢ Late metastasis

by scDNA-seq
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Investigating the underlying reason of ITH by scDNA-seq
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* Navin, et al, Nature, 2012
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* Sottoriva, et al, Nature Genetics, 2014

* Gao & Navin, et al, Nature Genetics, 2016
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Investigating the underlying reason of ITH by scDNA-seq
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Gradual or punctuated? Our data do not fit with the punctuated evolution
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Dual phase copy number evolution (DPCNE) model

CNAs
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Guo, L et al. Gastroenterology, 2022 .



Dual phase copy number evolution (DPCNE) model

Punctuated Transient Ongoing CNA
burst instability evolution

nature —

Article

Breast tumours maintain areservoir of
subclonal diversity during expansion

1,212

CNA events

Nicholas E. Navin

Time
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Liver is a mixture of diploid and polyploid cells

A Polyploid
Diploid  Tetraploid Octaploid

CCOR )

B Diploid Tetraploid Octaploid

What is the origin of HCC? Diploid or Polyploid?

14d
21d
120d

Mouse

* A unique feature of liver tissue

Human, adult

0 25 S0 75 100 e Accounts for 25-50% of hepatocytes
Hepatocytes (%)
C  Ploidy Conveyor Model  Some HCC are diploid, some are polyploid
Polyploidization
| v | v
A P A i
Ploidy reversal
€3

Duncan AW, Semin Liver Dis, 2021
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Previous investigation of polyploidy in murine models

Developmental Cell

The Polyploid State Plays a Tumor-Suppressive Role

in the Liver

Graphical Abstract

Transient, reversible manipulations of liver ploidy
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Authors

Shuyuan Zhang, Kejin Zhou, Xin Luo, ...,
Branden D. Tarlow, Daniel J. Siegwart,
Hao Zhu
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hao.zhu@utsouthwestern.edu

In Brief

Most liver cells are polyploid, but the
functional role of wholesale genome
duplications is unknown. To interrogate
liver polyploidy function without
irreversible manipulations of cell-cycle
genes, Zhang et al. developed models to
transiently alter ploidy, finding that
polyploidy reduces tumor development
by buffering against tumor-suppressor
loss of heterozygosity.

Acute injury model

Suggests a protective role for polyploid cells, which can endure more mutagenic hits for TSG

Zhang et al., 2018, Developmental Cell

Gastroenterology
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Chronic injury model

Lin et al., 2020, Gastroenterology
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A big proportion of human HCC samples are polyploid
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Suggests that human HCC are from polyploid cells?

Bou- nader, et al, Gut, 2020
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ScDNA-seq to infer the origin
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O Tumor
OAdjacent liver

Single cell suspesion

Summary

scDNA-seq: 10 cases, 1,275 cells .
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v" A new clonal evolution model

v' A diploid origin of HCC
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EDITORIALS

Single-Cell DNA Sequencing Re
Chromosomal Diversity in HCC
Model of HCC Evolution

Sierra R. Wilson, Andrew W. Duncan A &

Andrew Duncan

are CNAs among patients with HCC and within individual tumors? How do these
heterogeneous HCC cells evolve during tumor formation? In the current issue of
Gastroenterology, Guo and colleagues® tackle these questions by characterizing HCC
— z = = z
heterogeneity at the single-cell level. They performed single-cell DNA sequencing
(scDNA-seq) of HCC cells, and using a combination of modeling, validation, and
patient tracking, they demonstrated extensive CNA-mediated tumor heterogeneity

and identified a novel mechanism of HCC evolution.

Guo, L et al., Gastroenterology 2022
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A conflicting point remains: catastrophic event
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Few whole genome studies on Chinese HCC

 ICGC

nature

genetlcs

Whole-genome mutational landscape and characterization
of noncoding and structural mutations in liver cancer
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Japanese HCC WGS cohort:
~300 cases
Depth: ~ 40x
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336 Liver cancer cases
305 HCC cases
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PanCancer Analysis
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« TCGA

Cel

TCGA

Comprehensive and Integrative Genomic
Characterization of Hepatocellular Carcinoma

The Cancer Genome Atlas Research Network'-*

Lead Contact (David A. Wheeler)

*Correspondence: wheeler@bcm.edu (David A. Wheeler), roberts.lewis@mayo.edu (Lewis R. Roberts)
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TCGA HCC WES cohort:
363 cases
Depth: ~ 100x
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Deep Whole Genome Sequencing of Chinese HCC

Chinese Liver Cancer Cohort

(HCC, n=494)
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Mutational landscape— 6+28 novel drivers

« 23 candidate coding drivers, 6 novel; 31 candidate noncoding drivers, 28 novel
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Pervasive involvement of candidate noncoding drivers during HCC evolution

Emergence of

subclonal population
Cancer evolution :Diagnosis
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* s U
O—0O®— =@
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First evidence for subclonal catastrophic event

CLCA_0489 (single) CLCA_0232 (multiple)

Multi-chromosome CLCA_0119
14

Single chromosome
CLCA_0090

CN state
— CN>2
— CN=2
— CN<2

Patterns of SVs

B Head to head (+/+)
H Tail to tail (-/-)

M Deletion like (+/-)

M Duplication like (-/+)

v' Support our DPCNE model !

f
c CLCA_0247 chr. 1 (single) CLCA_0285 chr. 5 (multiple) d
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New X factor for clonal evolution and intratumor heterogeneity:

a b c d P =0.0079
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All single tumor cells are different, at least true for these with ecDNA a4



Clonal evolution of HCC

nature

Article | Published: 14 February 2024

Deep whole-genome analysis of 494 hepatocellular
carcinomas

FGA Wild Type FGA Mutant

Cytoskines

|
|
|
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[
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[
I
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nature reviews : o
gastroenterology & hepatology B
' !
|
! (STAT S
- - - I
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1 — | 0'9 STAT3 deletion m mI
Eleni Kotsiliti : S1VIS ggg
Nature Reviews Gastroenterology & Hepatology | &
& ® 5 o
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COFGA | .« e o
COJAK | ﬁ o o°
@D STAT3 l |
Chen, L. et al., Nature, 2024 ST !
ophotyrosine,

/ IL-6
S .| o &
Guo, L. et al., Gastroenterology, 2022 8 e B\ GIIRAAAIAVIANINNG

Activati 3 F
Xue, R. et al., Cancer Cell, 2019 = inhibition : Jlmongenecis

Xue, R. et al., Gastroenterology, 2016
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Outline

Dispersal
Tumor cells continually
break off from a primary
tumor and spread to.other
locations, like plant seeds
dispersed by wind.

/

Growth Nervous
Hormones from the System

e S > Tumor clonal evolution

the nervous system
provide growth signals
for the tumor, in the
same way that plant
hormones trigger
germination.

Endocrine
System

(/‘/\\ Immune

» Tumor immune microenvironment (TIME)
> Interplay between tumor and TIME

‘Tumors get nutrients 4 N
from blood vessels ' ( J
much like roots get 4
nutrients from the soil.

46



The NEW ENGLAND JOURNAL of MEDICINE

Atezolizumab + Bevacizumab for Hepatocellular Carcinoma

2

PHASE 3, OPEN-LABEL, MULTICENTER, RANDOMIZED TRIAL

riy Overall Survival

e

100

2 804 Atezolizumab + bevacizumab
! é 60 S (N=336)
=
o= 1 R
g 40q
= 1 HR for death, 0.58 rafe
501 “ 204 95% CI, 0.42 10 0.79; P<0.001 N =165)

Patients with locally advanced

hepatocellular carcinoma aP D_Ll+aVEGF i ;2 ’ 1.4 : .146

(metastatic, unresectable, or bot

Atezolizumab + bevacizumab Sorafenib

Median

progression-free 6.8 Mo 4.3 Mo
survival

HR for disease progression or death, 0.59; 95% Cl, 0.47 to 0.76; P<0.001

Finn, et al., NEJM, 2020

Low response rate

» First-line immunotherapy
» ORR low as 27.3%

> Lacks suitable biomarker

Low response rate of iImmunotherapy asks for TIME classification

Inflamed class Non-inflamed class
~35% ~65%
Active Exh d [l lik Intermediate Excluded
~15% ~1% ~13% ~45% -20%
1 ML and/or TLS abundance L TIL and/or TLS abundance
1CD8" Tcells and || T M2 macrophages T CD§* T cells and
M1 macrophages | and exhausted M1 macrophages T M2 macrophages and T__ cells
Tcells
T T cell fraction of mononucleated Oligoclonal i T cell fraction of mononucleated cells
cells, polyclonal T cell expansion expansion and TCR repertoire diversity

and TCR repertoire diversity

T Immune-checkpoint molecules and/or CD8 L Immune-checkpoint molecules and/or CD8

TLIAGS " LA
GTIA4 . SETIA

Johnson, et al., Nature Reviews Clinical Oncology, 2022

No suitable subtypes

» Pathology, not quantitative

> Bulk data, not accurate

» FACS sorting, cells missed

Our understanding of the baseline TIME landscape in PLC is limited,
precluding biomarker identification for better patient stratification.



TP53-Nestin axis regulates cellular plasticity in liver cancer

p53-Dependent Nestin Regulation
Links Tumor Suppression to Cellular
Plasticity in Liver Cancer

KNy TP53

CTNNB1 2% 1% KRAS

\ p53
loss
e

+ oncogenic
driver

Parenchymal liver cell Malignant progenitor cell
additional
mutations

| | Wt
{ITR EFfa | Myc MSCV ~ A90Ctmnb1 [ITR > %
7 oV

CMV  8B100 PpA
) Alb-cre/Trp53"

TR EFla  Myc MSCV  Kras®® TR o\
Y
HCC

CMV SB100 pA

E2014MSKCC

» High TP53 dysfunction in cHCC-ICC
« Low mutational frequency in lineage-related genes in cHCC-ICC

* Q: Nestin highly expressed in cHCC-ICC ?
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A large-scale scRNA-seq analysis of 124 PLC patients

Experimental design

124 patients, 160 samples b
O Single"ce" ScRNA_seq 101
(\\ Primary tumour Suspension
HCG  ICC  CHC Others grahe s o4 ~ |
(79/100) (25/37) (7/9) (13/14) — pafic — B 000Q0QO® > >3 4
metastasis . Q % Epithelial  Macrophage
Alb-cre/Trp53™"1 8 mice, 29 samples O 5o =
f\% Adjacent liver ’ 104 EC .
. \ Mesenchymal
_,’,/\ﬁ;_\g . ast
| <l Peripheral blood ) .
Myc-A90Ctnnb1  Myc-Kras®'2P m WES! & patients : . .
: -10 0 10
(PTMC:5/18) (PTMK:3/11) i
] . . Patient number
* 124 patients, 160 libraries R sy
HCC (79 patients, 100 libraries ) )
. . . This_study|_ A
ICC (25 patients, 37 libraries)) ;322‘.‘,,)y
CHC (7 patiens, 9 libraries) \'A“‘;:;‘Z’)
SLC (9 patients, 10 libraries) Zverg 357 ) QC, ~1.1 M high quality cells
Others (4 patients, 5 libraries) Cell number
_Sun_2021 (16,498)
G Tnang 2020 (5671
- 8 mice (Alb-cre/Trp53f) sy g 2o e,
Myc-A90Ctnnb1, pTMC L S e

Myc-KrasG12D, pTMK

Can we quantitively deduce the TIME subtypes across PLC and their molecular features? 29



Decoding 13 major populations further divided into 89 subpopulations of TIME

¢ T cells NK and B cells
10 -
5 -
R 28 =
S o0+ <
5 R =
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1 | 1 T T L] T T
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UMAP 1 UMAP 1
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26 y5T_02_GNLY

27 v5T_03_KLRD1

28 v3T_04_STMNT

L Bcells \
(1)B_01_MS4A1

04_STMN1
NK cells
(5)NK_01_FCGR3A_CX3CR1
6 NK_02_FCGR3A_CXCR4
@ NK_03_FCGR3A_IFNG
©ONK_04_PLCG2
9 NK_05_CD160
10 NK_06_ITGA1
@ NK_07_STMN1
Dendritic cells
@ DC_01_CLEC9A
@ DCc_02_cDiC
@ DC_03_LAMP3
@ DC_04_CD207
(5)DC_05_LILRA4

2B_
© B_03_MZB1
OB

Myeloid cells ECs and mesenchymal cells
A 33
109 A Neutrophils 10 ;
5 - 6
5 4 y 4
2pe
N N P : .
o 0 - o i ;f e et
: go = ™
> 2 = 17~ '3_ Mesenchymal
7 o N
-5 5 7.4 13 0
CEs ] ;
\ G /
-10 =<1 \‘\ ; ,’/
1 1 1 1 T T T T
-10 -5 0 10 -5 0 5 10
UMAP 1 UMAP 1
©® DC_06_STMN{ 29 Mph_09_STMN1 @ EC_02_CLEC4A _APOA2
(7) MonoDC Neutrophils @ EC_03_TFF3
22 Neu_01_MMP8 4 EC_04_ACKR1
8 Mo_01_CD14 @9 Neu_02_S100A12 (5)EC_05_KDR
® Mo_02 CD16 24 Neu_03_ISG15 6 EC_06_KDR_ESM1
Macrophages 25 Neu_04_TXNIP 7) EC_07_KDR_APOA2

@0 Mono-like_01_CD14
11 Mono-like_02_CD16
12 Mono-like_03_CD14_CD16
13 Mph_01_MARCO
14 Mph_02_CCL20

(® Mph_03_SPP1

(® Mph_04_TREM2

@ Mph_05_IL1B

18 Mph_06_CXCL9

19 Mph_07_SLC40A1
20 Mph_08_APOE

26 Neu_05_ELL2
27 Neu_06_PTGS2
28 Neu_07_APOA2
29 Neu_08_CD74
80 Neu_09_IFIT1
31 Neu_10_SPP1
32 Neu_11_CCL4

Mast cells
€ Mast

Endothelial cells

1 EC_01_CLEC4A

(8) EC_08_IGFBP3

@ EC_09_PLCG2

@ EC_10_STMN{

Mesenchymal cells

A1) Mu_01_MYH11

12 Mu_02_ABCC9

® Mu_03_STMN{

@ Fb_01_FAP

® Fb_02_CXCL12
Fb_03_KLF4

17 Fb_04_FABP4
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Molecular features of TIMELASER

TIME subtype 1 (TIME-IA) TIME subtype 3 (TIME-ISS) TIME subtype 4 (TIME-IE)
Immune Activation Immune Suppressive Stromal il Immune Exclusion

Rosetta stone

& @ @
<2,
Yo/g
ﬁh*

360 TAN °@o Liver-enriched neutrophil Fibroblast

S Q TAM @ Tissue-resident macrophage

R
= : Blood vessel > Extracellular matrix
DC ’\@ Mono-like cell [0) >3

Features Therapeutic relevance:
« Cancer type enrichment

« Chemokine network
* Driver mutations

« Patient prognosis

« Spatial organization

TIME-IE, aPD-L1+aVEGF
TIME-ISS, anti-CAF
TIME-ISM, anti-TAM, anti-TAN

« Bulk data

+ scRNA-seq data
+ Spatial data
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First identification of neutrophils in scRNA-seq of liver cancer

1004

T « ~70% of all peripheral leukocytes in humans
g . « Granules, an arsenal of cytotoxic factors
= 5 is
9 “ ‘*:“‘ Mast
r§ - SL = I:"t ~ « First responders to infection and inflammation, a
o 1 A eutropni .. . .
2 = e critical component of innate immune defense
.é e I Monocyte
é 251 m_| ™ N
o Mesenchymal
o mENN - Epithelial Killing mechanisms:
§53E==85¢
N N 5 g N

REVIEWS v

‘Single-cell technologies in hepatology:
new insights into liver biology and
disease pathogenesis

Granulocytes

The term granulocytes refers to white blood cells that
contain granules in their cytoplasm. Neutrophils**,
eosinophils™, basophils®' and mast cells®™ have all
been associated with liver injury and repair in differ-
ent contexts. However, granulocytes often have low
RNA content and contain large quantities of RNases,
making scRNAseq of granulocytes challenging, espe-
cially when using high-throughput droplet-based
approaches. Hence, granulocyte populations are often

Phagocytoi Degranulation NETs

Paul Kubes. Nature Reviews Immunology, 2013

* Fragile and short-lived
* Low RNA content

Improvement
*  Experiment: quick and no Ab-enrichment
« Analysis: custom cutoff (UMI > 200)

34,307 neutrophils
Ramachandran, Nature Reviews G&H, 2020 52



11 subsets of neutrophils

1004 - b < 2687 bp > 6278 bp >
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§ 254 [ - k EC Mcacntont Sk o B s ol | SR, o o ™
o Mesenchymal + Key TF for each subset av) B OB N
Epithelial - SaS
B S . Y S
i (O;! i‘ i' i' i' % i %' NFE2L2 o
A 11 LR R R .
ST g8 " ATAC-seq validation
<
a 34,307 cells © Neu ot MMPE b+ = igﬁ: O(:Sg)t .
; 2 10 = = _ext{lrg
e @ Neu 02 S100A12 4 RF1 (430)
4 1e 45 8 Neu_03_ISG15 9 = = N B STAT2 (250)
4 Neu_04_TXNIP 8 = = N BB STAT1 (479)
N 0 g 710 5) Neu_05_ELL2 - - | -NFE2L29xt 212g)
< % b 6 Neu 06 PTGS2 Q- - o B rso o (039
+ + o+ = . —€X 9
> . 7 Neu_07_APOA2 < e : : : BB G zg
) = B = =
-4 4 8 8 Neu_08_CD74 2 . >3 | | l. BHLHE40_ext (12g)
9) Neu 09 IFIT1 . ij - T T | L HES4_ext (139)
redicted order £ o+ 9+ %
. 10 Neu_10_SPP1  of differentiation ® L );g)’j ; “4t9()39 |
- ; i ;  m—— = = = = L _ext (39
-5 0 5 11 Neu_11_CCL4 0 1 PBALO O O 34567881011  Regulon activity
UMAP 1 O IQ 0 0.2

CCL4* TAN and PD-L1* TAN for functional validation
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CCL4* TAN secretes CCL4 to recruit macrophage

« Gene expression « mIHC validation
| | CCL4" CD66b* cells in A126 CCL4' CD66b" CCL4 CD66b"

-

CXCR1- ;
CXCR21 * |
CCR11 - |
CCR29 - |
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|
[
|
|
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|
| |
| |
| |
10 @
| |
| |

QQ®3 4266 7©®©O 101
Percentage 0 -0 @ . 75 Aver.exp-1E___3@2

* Invitro induced TANs  Exvivo patient-derived TANs
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€ o . PBN CCL4 3,787 bp
3 —— 4 — PN RS S S e S e )
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= 1 ,f'. e a ok de e . Yl
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> PBN-HCCLM3 1 A/\P 2.7 10° s 5 g .
g - 0 3 ZE
= PEN-HEK293T —; \ 8 o
- PBN 18 24 30 & &

54



PD-L1* TAN suppresses CD8* T cell

 Gene expression
CD274 (encoding PD-L1)
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Conserved neutrophil subsets in human and mouse liver cancer
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Neutrophil depletion in vivo attenuates tumour progression
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« attenuate macrophage recruitment and T cell suppression, resulting in tumour inhibition

57



Summary

Article

Liver tumour immune microenvironment
subtypes and neutrophil heterogeneity

Ruidong Xue'’, Qiming Zhang®’, Qi Cao"’, Ruirui Kong"’, Xiao Xiang®’, Hengkang Liu',

Mei Feng', Fangyanni Wang', Jinghui Cheng', Zhao Li®, Qimin Zhan*, Mi Deng”, Jiye Zhu**¥, /
Zemin Zhang***™ & Ning Zhang"*5%® /
124 patients, 160 samples I Neutrophil Noii-01: MMP8
/ NK . ke @ Neu 02 S100A12 I
HCC  ICC  CHC  Oth ) : s v""’"""""rw » & e W Hou 04 TANIE I
ers i oy e . -] ~ o e
(79100) (25/37) (7/9) (13/14) > p 4 / Ny = DC dof & 1110 @ Neu 05 ELL2
| Epiteiel  pacrophage E: W g 6 Neu_06_PTGS2
Alb-Crel Tip53™, 8 mice, 29 samples ' - : 7 Neu_07_APOA2 I
@ P ~ 8 8 Neu_08 CD74
—{ Vel g M ® Neu_09_IFIT1
Myc-A90Ctnnb1  Myc-Kras®? o 10 Neu_10_SPP1 I

TMC:5/1 TMK:3/11
(pTMC:5/18) (PTMK:3/11) 11 Neu_11_CCL4

d -10 0 | o 3
—_— e —
TIME subtype 3 (TIME-ISS) [l TIME subtype 4 (TIME-IE) \
Immune Suppressive Stromal jll Inmune Exclusion
G \

0
UMAP_1

TIME subtype 1 (TIME-IA)
Immune Activation I

HEOK ¢
@) belS

cosTeat (@) Beel & l./‘ Tumorcell < Fibroblast

@ CD8' T cell NK cell {g; TAM {5} Tissue-resident macrophage ) _

@ Texcen @) Lverresident NK Z“o: oc (©) Mook cel o Codimedl  omp EXEcliimaX
TIMELASER TAN

» Distinctive features * Different pro-tumor functions
«  Suit for different therapies * Neutrophil based therapies

Xue, R. et al., Nature 2022

. &e \

@Granzyme B
Perforin

aRIRRRRRRRRRRRRR AR
o,

TAN

P

y ~

5
Inhibitor >

Ly6G L)

cos T

.......

0
"'n"v't/' RIRRRRRRARRR

P

.......

FpER 1R 5% B Mk 4 f
TAM

aPD-L1+aVEGF combo

58



Our TAN subsets are validated in multiple cancer types
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The local microenvironment drives activation of
neutrophils in human brain tumors

Graphical abstract

Non-tumor brain
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In brief

Comprehensive analyses of brain tumor-

associated neutrophils in humans and
mice reveal a multifaceted pro-tumoral
phenotype, which is induced by soluble
factors secreted by tumor-associated
myeloid cells.
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Neutrophil profiling illuminates anti-tumor antigen-
presenting potency

RESEARCH ARTICLE SUMMARY

CANCER IMMUNOLOGY

Deterministic reprogramming of neutrophils
within tumors
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T cell immunotherapies engage neutrophils to
eliminate tumor antigen escape variants
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A neutrophil response linked to tumor control in
immunotherapy

Article

CD300Id on neutrophilsis required for
tumour-drivenimmune suppression
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The heterogeneity of tumor cells on the transcriptomic level
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Outline

Dispersal
Tumor cells continually
break off from a primary
tumor and spread to.other
locations, like plant seeds
dispersed by wind.

/

Growth Nervous
Hormones from the System

e S > Tumor clonal evolution

the nervous system
provide growth signals
for the tumor, in the
same way that plant
hormones trigger
germination.
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» Tumor immune microenvironment (TIME)
> Interplay between tumor and TIME

‘Tumors get nutrients 4 N
from blood vessels ' ( J
much like roots get 4
nutrients from the soil.
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An early stage tumor model—— Acral melanoma
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Two distinct evolutionary patterns during regional expansion
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Three molecular subtypes of AM

C3 shows the worst prognosis.
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APOE*/CD163* macrophages are enriched in the C3 subtype

Single cell level Bulk tissue level
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APOE*CD163* TAMs promote tumor EMT via IGF1-IGF1R interaction
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Spatial analyses confirms the direct and close interaction between mph and EMT

Spatial transcriptome
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Spatial analyses confirm the direct and close interaction between mph and EMT
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APOE*CD163* TAMs promote tumor EMT via IGF1-IGF1R interaction

A Mph_PB Mph_Tumor IGF1 expression
P ke — ek Day 14 macrophages 5 APOE*CD163* Mph SCcRNA-seq
5.37 061|302 519 ok R8O 2 + Tumor CM 3 _3
) 1 17.5 775 £ g
: . : é Flow 2 i ELISA § s’
= R Monocytes = cytometry 5 404 —*= = APOE'CD163" Mph E 8
2 A w _Q Q I Jekk = - 5 @
Ty I A N o - | O 25 i B 5 g 1
o () ) Rk 8 o i - E \ Tumor 3 3
w o & + /[ - Tumor CM " < o{% m = e ase oo < 0
Q| sos 424/ 674 12[< 0 Condition: N b 5 Ao 3 - B qat
< e o© ‘w‘(\o‘ + Tumor CM 06\2@‘\{:)@*0@4’ \\'\ \\'\ ‘\'\ g 1.60 344 G \&,\‘ W A‘:-Z(');@g‘ W
CD163 (BV421 o~ i R PSS
n ( ) _ W e Tumor CM NS CD163 (BV421) o0
P

v EX vivo v’ Co-culture v IGF1- IGF1R

Coculture (Tumor cell + APOE*CD163* Mph)
Tumor alone DMSO Xentuzumab Linsitibnib

—_—

Tumor alone
APOE*CD163* Mph  Flow ]

cytometry

EX X3

Coculture

&=

*
T i1 £
) Coculture + Linsitinib  1*|*

e oo | *
[eesse *
( .(.‘ ‘ \_ Coculture + Xentuzumab *
"\ @ Tumor |
e Coculture + sgIGF1R #1
) 0 ® | |
I
IGF1 inhibitor (Xentuzumab) MELSQIGF R #2

I o 0 10 10*  10°
@ IGF1R inhibitor (Linsitinib) MFI of N-cadherin (PE)
LM-MEL-45: WT or sg/GF1R

FX¥

E-cadherin/N-cadherin/DAPI

v" Inhibition
70



APOE+CD163+ staining is a biomarker for inferior AM prognosis
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Subclonal evolution cooperates with TAMs during AM invasion
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Integrative molecular and spatial analysis reveals
evolutionary dynamics and tumor-immune interplay
of in situ and invasive acral melanoma
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