UNIVERSITE DU
LUXEMBOURG

PhD-FSTM-2022-125
The Faculty of Science, Technology and Medicine

DISSERTATION

Defence held on 23/09/2022 in Esch-sur-Alzette
to obtain the degree of

DOCTEUR DE L'UNIVERSITE DU LUXEMBOURG
EN BIOLOGIE

by

Delphine SAUVAGE

Born on 13" October 1981 in Mons (Belgium)

IMPROVING NEUROBLASTOMA THERAPY BY TARGETING

INTRA-TUMORAL HYPOXIA AND IMMUNE CHECKPOINT
axis PD-1/PD-L1

Dissertation defence committee

Dr Bassam Janji, dissertation supervisor
Luxembourg Institute of Health

Dr Guy Berchem, Vice Chairman
Centre Hospitalier du Luxembourg

Dr Mehdi Khaled
Institut Gustave Roussy, Villejuif, France

Dr Mohamad Krayem

Institut Jules Bordet, Bruxelles

Dr Serge Haan, Chairman
Professor, Université du Luxembourg



Affidavit

| hereby confirm that the PhD thesis entitled “Improving neuroblastoma
therapy by targeting intra-tumoral hypoxia and immune checkpoint axis PD-1/
PD-L1” has been written independently and without any other sources than
cited. All necessary ethical approvals have been obtained in accordance with
the EU and National laws (on the use of clinical samples and on the Care and
Use of laboratory animals, where applicable).

Luxembourg,

Delphine SAUVAGE

Page 2 of 105



Acknowledgements

| am extremely grateful to Prof. Berchem and Dr Janji to give me the opportunity to
realize this important research project. Completing my medicine cursus with this
fundamental research work has been a real enrichment in my professional journey.

| strongly thank Prof. Haan for his support and availability and Dr Khaled and Dr
Krayem for their time in evaluating my thesis work.

| would also like to express my gratitude to the Kriibskrank Kanner Foundation for its
trust in our work and for funding the project, without which it would not have been
possible to perform this study.

| am also thankful to all people at LIH who supported and helped me in this project; they
are too numerous to cite them all. However, | would like to express a special thanks to
Manon Bosseler, Elodie Viry, Nassera Aouali, Kris Van Moer, Meriem Hasmim,
Zaeem Noman, Anais Oudin, Georgia Kanli, Olivier Keunen and Malou Fraiture.

Many thanks also to the LIH for providing the lab infrastructure and equipment
availability, necessary for accomplishing this work.

| would like to extend my sincere thanks to Dr Thierry Schurmans and Prof. Yoann
Maréchal for their understanding and help to allow me to combine my pediatric activity
with the laboratory work.

I would like to express my deepest gratitude to my family for their understanding and
patience during this research project.

Page 3 of 105



Dedications

To my father, Claude Sauvage.

Page 4 of 105



Table of contents

LIST OF ABBREVIATIONS ... st st s s s e e s s s s s s s e e e e s e mmm s s s e e e e s e mmmn s nn e e s 7
SUMMARY ...t smser e e e e e e s s s s s s s s smsses e e e eeeesaaaa s ssmmRREaeeeeeeasaaassssnnnnnnnnsenenensnnssnsnnnn 1"
INTRODUGTION ... cccmecenr s s s s smssee s e e e e e s s e s ssmmm e e e e e e e eesea s s sssmmmnnseeeneesannssssnnnnns 12
1. NEUROBLASTOMA: A PEDIATRIC HETEROGENEOUS TUMOR . .........ccciiimirrireeeereees 12
1.1 THE ETIOLOGY AND ORIGIN OF NEUROBLASTOMA ... ...iiuiiiiiieeeaaaaaasaaaanneeeeeeeeaaaeaeaaaannneneeeeeeens 12
1.2. NORMAL DEVELOPMENT OF THE SYMPATHETIC NERVOUS SYSTEM..........coooirvunrreeoenreesnneeesesseeesennsens 13
1.3 GENETIC AND EPIGENETIC INITIAL EVENTS LEADING TO NB INDUCTION AND PROGRESSION........ 13
1.3.1.  MYCN: a main oncogenic driver in NB..................coucueie e 14
R T Y o GO PRSPPI 14
1.3.3.  OthEIr rare MULALIONS..............ccoceoieieieeeieeeieeeiee ettt ettt ae s se s se b se s seee 15
1.3.4. Segmental chromosomal aberrations (SCA)........ccuueuie i 15
1.3.5.  MicroRNAS (MIRNAS) @Na NB............cccoouueeieeeeeeeeeeee ettt
1.3.6.  Familial predisSpoSition t0 NB.................oooi i
1.4 CLINICAL PRESENTATION OF THE DISEASE
1.5 INB DIAGNOSIS ..o s e snees s
1.6 RISK ASSESSMENT AND GROUP CLASSIFICATION
1.7 PRINCIPLES OF NB THERAPY ...........ooooceoiiiiiseneeeeeeeseeeesssssssssss s sssssssssssss s sssssssssss s sssssssssssss e
1.8 MURINE MODELS OF NEUROBLASTOMA .......cooooeereeumeeeesseseassesesssesesesssesssssssesssssssssssssessessssssssssessesssensssss
2. THE COMPLEXITY OF TUMORIGENESIS: THE HALLMARKS OF CANCER.................cc........... 22
2.1. INTRODUCTION TO THE HALLMARKS OF CANCER .........cccoimiimmirreriereeeeeeessssssssseseesessssssssssssss s sessssssssssssssss 22
2.2. THE HALLMARKS OF CANCER ......ccoiiiiiiuiiiiaieeeiesssee et seess s ess e ssss st 22
3. THE IMMUNE SYSTEM IN CANCER: THE DUAL FACE, FRIENDORFOE..............cccocveurnne. 26
3.1. INTRODUCTION TO IMMUNOLOGY .....c..ooorveeeeeeeeeeeeeeeeeeeseseesiessesesssssessssssssssssssseesssssssssssssssssssese s ssssssssssesssnsesssnns 26
3.2. THE INNATE AND ADAPTIVE IMMUNE SYSTEM ......ccooosrvoeorreeeieeessereesssssssssessssssssssssssssesssssssssssessssssssssssssssssssson 26
3.2.1.  Immune SYStem COMPONENES ..........c.ccocoveeiieeiieieieieieieietiete ettt ete et se b e s ssessessesessessesseseasens 26
3.2.2.  ImmuUNe SYSIEmM GCHVALION ..........cccocoveiiieiiieiieee ettt 27
1. Innate immune system activation: the example of NK cells activation..............c.cccoovveeiinenee. 27
2. Adaptive immune activation: the example of T cell-mediated immunity............c...cccoovveiniinnn. 29
3. Central and peripheral tolerance, homeostasis and the role of immune checkpoints............ 32
3.3. IMMUNE SYSTEM AND CANCER .......o..oomiieeereieseseeesessessesesesse s sssss s sss s esssssnon 33
3.3.1. Introduction to the immunology Of CANCES ..............cccceeoirreeieseeeeeee e 33
3.3.2. Cancer immunoediting: thre@ SEPS...........ccceu ettt 35
1. [ [T a1 =Y o] o =T PSSR 35
2. EQUILIDIIUM PRASE...ciiiiiieiee et et e e e e e e e et e e e e e staar e e e e e nnees 35
3. ESCAPE PRASE..... it 35
3.3.3. TA and the recognition of cancer cells by the immune System..............ccccocoveovvnvveveennnn. 36
3.3.4. The dual role of the immune system in cancer: a complex crosstalk between TME
cells 37
3.3.5.  The PD-1/PD-LT @XiS iN CANCEY .........cccoeeeereiereiererereieieteiesteteseeiesseiessesessesessesessessssesssseseesens 41
3.4. NEUROBLASTOMA, IMMUNITY AND IMMUNE ESCAPE MECHANISMS ..........coooiiiiiiriiinnreesenneeeseseeeeseeesene 44
3.4.1. Immunogenicity of NB and TA: the low mutational burden of NB..............cccccevvvvennenn. 44
3.4.2. The immune 1andsScape Of NB TUIMIOIS ...........ccccccooueeieeineisieieieieeeeiete et ee 45
3.4.3. Immune escape StrateqieS in INB...............ccccoo e 46
3.4.4. PD-1/PD-L1 @XiS iN INB..........ccoceiiieiieiieieeieeeee ettt be e ee
3.5. IMMUNOTHERAPY IN CANCER
3.5.1. Immunotherapeutic agents and immunotherapy in NB...............cccccocevevievievieceeieesesieeenns 52
1. RV Lo TSRS
2. IVIBDS ...ttt ettt bbb bt b et bt b st b ettt b e at et et st et et etenaeneeean
3. Adoptive cellular therapies
a)  T-cell therapy ......ccocooeovveeinneerecee
D) NK-CEINThEIAPY ...ttt b et bbb bt ss s et ss s sesnanas
4. HYPOXIAIN CANCER ... coeieiiiecererrasssrreresssseeeeassssseeessssmneseassssneeeassssmneseasssnneesesssnnsensssssnnenes 57
4.1. HIFS FAMILY MEMBERS AND THEIR REGULATION ...cettiiiiiiiiiiiititiieieeeee e e e e s saiibeeseeeeee e e e e e e s sannenee 57
4.2. HIFS TARGET GENES AND REGULATION OF CANCER PROGRESSION MECHANISMS...........cccveeun... 59
4.3. HYPOXIA, HIFS AND ANGIOGENESIS......cciitiiuueuteeiereteaeeesiasanstnseneeeeeaeessssaaassssssnsereeeesessnsnnssnnns 60

Page 50of 105



4.4 HYPOXIA, HIFS AND METABOLIC REPROGRAMMING .........uvteeesitieeeesinsieeeessastseeeessnsnneeessassseessssns 60
45 HYPOXIA, HIFS, IMMUNOSUPPRESSIVE TME AND CANCER IMMUNE ESCAPE ......c.coccvveeeeiiieenn. 61
4.6 HYPOXIA, HIFS AND MYELOID CELLS IN CANCER......cuuuiieeiiittieeeeeeeeeieeeeeseevaaeeeessessaa e eseeesananss 62
4.7. HYPOXIA, HIFS AND DCS IN CANCER.......uutieiiitiiieeeseiiteeeeeeiteeaeseataeaessesbeeasesnsaeeasesnnseeaesennees 63
4.8. HYPOXIA, HIFS AND TILS IN CANCER.......uttitiiiiiieeeieitieeeeeeseteeeesessaeeessasteeasssssaeeessansseeesesnnens 64
5. HIFS AND HYPOXIA IN NB......cooiiiiccreriiccreesssssmeesssssmne s s ssssmse e s ssssamnessssssmsessssssnnessssssnmnessssssnnens 66
5.1. HIFS INHIBITORS AND COMBINATORIAL THERAPIES.......uuttieiiiiiiieeeestieeeeeatieeeeeesnneeeeessneeeaeennees 66
SCOPE AND AIMS OF THE THESIS......ccooiiiiiiiiirrrreeessss e s s srsssssssssssss s s s s ssssnssssssssssessesnnnns 68
MATERIALS AND METHODS.......ccoceeuiiiiiiiriirteemsssssss s e s e rsssnnssssssssessessnnnsssssssssessnsnnnnnsssssnnns 70
6. INVITRO EXPERIMENTS ......ooiiiiiiiriimier e e s e ssns s sssn s s ms s s s s same e e s mn e s e s smmn e nnssssmnnenas 70
6.1. CELL CULTURE ... ettt iutteeeettee ettt e sesteeaseeessteasasseesnsaeaessseeansaeasasseeansaeesasseaesseesasseeessseesnsseeesnsenans 70
6.2. PROTEIN EXTRACTION FOR WESTERN BLOTTING t.vvtttteeeeesiasauerrnrereerereeessssasnsnnssssnesreeeesessnsnnnsenes 70
6.3. RNA EXTRACTION AND REVERSE TRANSCRIPTION .......cooiiiiiiiie e 70
6.4. RT-QIPCR....oee ettt ettt et e st e e st e e s te e e teesateesseeesteeenteesnseessseesbeeanseesnseesnseesseennseesns 71
7. INVIVO EXPERIMENTS ......ccccccieiiicsmresrssssmnressssssmeessssssms e e s sssssnsssssssnnsessssssnsesssnssnsesssssansesssnssnnes 71
7.1. TRANSGENIC TH-MY CN MOUSE MODEL ....cceutteititeitieesieeeteesueeesteeessessseesssesssesessessnsesssesssesessenans 71
7.2. MAGNETIC RESONANCE IMAGING (MRI)......ccoiiiiiieeee e 71
7.3. DATA ANALYSIS AND STATISTICS oeeiiutiiieeiauitieeeeaiteeteeeaatteeeeesanteeeessasteeeesaansseeeessasneeeessansseeeesan 73
7.4. WESTERN BLOT ON PROTEIN EXTRACTS FROM TUMORS .....oeiieiiuirireeeiiireeeeseineeeessnsneeeesennnneens 73
7.5. IMMUNOHISTOCHEMISTRY ON TUMORS .....uviiieiiiiiiieeeeiiteeeeeeitteeeeeeeataeeeeeenteeaesaenraeeesssnsseeasennnens 73
7.6. CYTOKINE/CHEMOKINE PROFILING .t tueeteeteeeeeaaeeeeeaaaeeeseeeeeeeaeaeesssaannnssseeeaeaaaeeeassannnsnsnnneens 74
7.7. FLUORESCENCE ACTIVATED CELL SORTING (FACS) IN VIVO .....uvviiiiiiiiiie e 74
7.8. SURVIVAL CURVE .....tiiiiieitieeieeseititeeessteeeaesanaeeeaesassteeaeaasssaeeesassseeaeaanssaeeesannsseeaeeasssneesennnses 74
7.9. STATISTICS ..ttt ettt eteeetee sttt esteeeteessteessteeasee e seesaseesaseesseeeaseeanseeanseessteesseenseesnseeanteeanseanseeenseeenseennes 75
RESULTS ... eemiirrrrr s s s s s ssss e e e e s e e s s s s s s s s s s e e e e e e e e s e s e ammmnRReeeeeesesasassssnnnnnnsnnnnesannnnns 76
L Y & N [ I e 76
The BET protein inhibitor JQ1 decreases hypoxia and improves the therapeutic
benefit of anti-PD-1 in a high-risk neuroblastoma mouse model.................ooeeivivieeennn.
76
9.  ADDITIONAL RESULTS ......ccoiccctierincsmrressssssressssssressssssssesssssssssesssssssssssssssnssessssssssessssssnsnessnsan 78
9.1. T R 78
9.2. EXPRESSION OF CYTOKINES/CHEMOKINES ......uuetieiueieieeeaitieressaneeeeesannnseeesansreeaesannseeeesssnnens 80
9.3. MYCN EXPRESSION .....cooiiiiiiiie ittt ettt e et e e e et e e e e e e e e eneeeas 82
0. ARTICLE 2:.....coo it s s e s e s e e e e e e mn e e e e e nnn e e ea s nnn e e an s nnnennanen 83
Impact of hypoxic tumor microenvironment and tumor cell plasticity on the
expression of IMmuNe CheCKPOINTS.........c.uiiiiiii e
83
DISCUSSION ...ttt cccccrsmsrrrr e e e s s s s sss s e e e e e e e e s s s e s s ssmmRe e e e e eesesssasssssnnnnnsnnenessesnssssssnnns 84
CONCLUSION AND PERSPECTIVES. ...ttt e e s e s snmsssss s s s e e s s snnmns s s seenes 94
N 1 S 96
B T =10 T Q0 o 1Y o I 96
The Critical Role of Hypoxia in Tumor-Mediated Immunosuppression ........................ 96
BIBLIOGRAPHY ......coiiiiiiiciiseeertetris s s s ss s sssssss e s s s s e e e s s s s s sssmsssssseeesssssssssssnnnnnsenessssesnssssssnnns 97

Page 6 of 105



LIST OF ABBREVIATIONS

5-hmC: 5-hydroxy-methylcytosine

a-SMA: a-smooth muscle actin

Acetyl-CoA: acetyl coenzyme A

ADCC: antibody-dependent cellular cytotoxicity
AlFs: Arterial Input functions

APCs: antigen-presenting cells

APM: Antigen Processing Machinery

ARG1: Arginase |

ARNT: aryl hydrocarbon receptor nuclear translocator
ASCT: autologous stem cell transplant

AVG: Number of Averages

BET: bromodomain and extraterminal domain
BETi: BET protein inhibitors

bFGF: basic fibroblast growth factor

bHLH-PAS:  basic-helix-loop-helix-PER-ARNT-SIM homology
BM: basement membrane

CA: carbonic anhydrase

CAR(s): chimeric antigen receptor(s)

CCL: C-C motif chemokine ligand

CCRY: CC-chemokine receptor 7

CD40L: CDA40 ligand

CDCC: complement-dependent cellular cytotoxicity
CDCP: complement-dependent cellular phagocytosis
cDCs: conventional DCs

cDNA: complementary DNA

CDFP: common dendritic cell progenitor

CLIP: class Il invariant chain peptide

CLP: common lymphoid precursors

CMC: complement-mediated cytotoxicity

CMP: common myeloid precursors

CNS: central nervous system

CSF1: colony stimulating factor 1

CSF1R: colony stimulating factor 1 receptor

CT: Computer Tomography

CTA: Contrast Agent

CTL(s): cytotoxic T lymphocyte(s)

CTLA-4: cytotoxic T lymphocyte-associated antigen 4
CXCCL: C-X-C motif-chemokine ligand

CXCL: C-X-C motif ligand

DAF: decay-accelerating factor

DAMPs: damage-associated molecular patterns
DCE-MRI: Dynamic Contrast-Enhanced Magnetic Resonance Imaging
DCs: dendritic cells

DLI: donor lymphocyte infusion

DMSO: Dimethyl Sulfoxyde

DNAM-1: DNAX accessory molecule (also called CD226)
ECs: endothelial cells

EES: extravascular extracellular space

EMT: epithelial-to-mesenchymal transition

ER: endoplasmic reticulum

ET: Echo Train

FA: Flip Angle

FDCs: follicular dendritic cells

FDG: fluorodeoxyglucose

FGF: Fibroblast growth factor

Page 7 of 105



Fig: figure

FLASH: Fast Low Angle Shot

FIt3L: FMS-related tyrosine kinase 3 ligand
FSE: Fast Spin Echo

fTE: First Echo Time

gal-1: galectin-1

Gd: gadolinium

GEMMs: genetically engineered mouse models
GM-CSF: Granulocyte Macrophage Colony Stimulating Factor
GWAS: Genome Wide Association Study

HIFs: hypoxia-inducible factors

HLA: human leucocyte antigen

HMGB1: high-mobility group box 1

HR: high-risk

HRE: hypoxia responsive element

HSC: hematopoietic stem cell

HSCT: hematopoietic stem cell transplantation
ICAM-1: intracellular adhesion molecule-1

ICl: immune checkpoints inhibitors

IDO: indoleamine-pyrrole 2,3 dioxygenase
IFN(s): interferon(s)

IFP: interstitial fluid pressure

Ig G: immunoglobulin G

IGF-1: insulin growth factor-1

IL(s): interleukin(s)

iNOS: inducible nitric oxide synthase

IP: intraperitoneally

ITAMs: immunoreceptor tyrosine-based activation motifs
ITIMs: immunoreceptor tyrosine-based inhibitory motifs
iTregs induced Tregs

JmJ: jumonji domain

KIR(s): Killer-cellimmunoglobulin-like receptor(s)
LDH: Lactate Deshydrogenase

LFA-1: leukocyte function-associated antigen-1
Mab: monoclonal antibody

Mabs: monoclonal antibodies

MAC: Membrane Attack Complex

MAPK: mitogen-activated protein kinase

MBL: mannose-binding lectin

MDSCs: myeloid-derived suppressor cells
MHC: Major Histocompatibility Complex
MIBG: metaiodobenzylguanidine

MICA/B: MHC class | chain-related protein A/B
MIF: migration inhibitory factor

miRNAs: microRNAs

MLLS: mixed lineage leukemia 5

MMP(s): matrix metalloproteinase(s)

moDCs: monocyte-derived DCs

MRI: Magnetic Resonance Imaging

NB: neuroblastoma

NCA: numerical chromosomal aberrations
NCCs: neural crest cells

NCRs: natural cytotoxicity receptors

NE: Number of Experiments

NFA: Number of Flip Angles

NK: natural killer

NKG2D: natural-killer group 2, member D

NO: nitric oxyde

Page 8 of 105



NOE:
Nrp-1:
NSE:
ODD:
OMS:
PAMPs:
PCR:
PD-1:
PD-L1:
PD-L2:
PD(O)Xs:
pDCs:
PDGF(s):
PDH:
PDK1:
PET:
PGEZ2:
PHD:
PI3K:
PTLD:
pVHL:
PVR:

RG:
ROS:

RT-qPCR:

SC:
SCA:
scFv:
SD:

SDF-1a:

Sema3A:
SG:
sGD2:
sHLA-G:
Sl

SR:
T1w:
T2w:

TA:

TAD:
TAMSs:
TAP:
TCA:
Teonv:
TCR:
TDMVs:
TE:
TGF -B:

TH:
TIGIT:

TILs:
TME:
TNBC:
TNF:
TR:

Number Of Echoes

Neuropilin-1

Neuron Specific Enolase
oxygen-dependent degradation domains
opsomyoclonus syndrome
pathogen-associated molecular patterns
Polymerase Chain Reaction
Programmed cell Death protein 1
Programmed death-ligand 1
Programmed death-ligand 2
Patient-derived (orthotopic) xenografts
plasmatoid DCs

Platelet-derived Growth Factor(s)
pyruvate dehydrogenase

Pyruvate dehydrogenase kinase 1
Positron Emission Tomography
prostaglandin E2

proline hydroxylases

phosphoinositide 3-kinase
post-transplant lymphoproliferative disease
von Hippel-Lindau protein

polio virus receptor (also called CD155)
retinoic acid

Respiratory Gating

reactive oxygen species

Quantitative reverse transcription Polymerase Chain Reaction
soluble

subcutaneous

segmental chromosomal aberrations
single-chain fragment variable

Scan Duration

stromal-derived factor 1«

Semaphorin3A

sympathetic ganglia

soluble form of the oncoantigen GD2
soluble form of HLA-G

Number of Slices

Spatial Resolution

T1 weighted

T2 weighted

tumor antigens

transactivation domains
tumor-associated macrophages
transporter associated with antigen processing
tricarboxylic acid cycle

CD4+ conventional T lymphocytes

T cell receptor

tumor derived microvesicles

Echo Time

transforming growth factor-f3

T helper

tyrosine hydroxylase

T cell immunoreceptor with Ig and ITIM domains
tumor-infiltrating lymphocytes

tumor microenvironment
triple-negative breast cancer

tumor necrosis factor

Repetition Time

Page 9 of 105



TRAIL:
Treg(s):
TRes:
TSP-1:
ULBPs:
VEGF:

VEGFR:

XCL1:

TNF-related apoptosis inducing ligand

T regulatory lymphocyte(s)

Time Resolution

thrombospondin-1

UL16-binding proteins

vascular endothelial growth factor
vascular endothelial growth factor receptor
X-C Motif Chemokine Ligand 1

Page 10 of 105



SUMMARY

Neuroblastoma (NB) is a heterogeneous pediatric cancer mostly affecting (very) young
children and having still a tremendous prognosis in the stage 4 metastatic form [1, 2].
The most important progress in NB therapy has been achieved with the introduction of
anti-GD2 monoclonal antibody (Mab) immunotherapy, yet the prognosis of high-risk
(HR) forms remains very bad (survival rates inferior to 50% at 5 years) [3, 4]. However,
the benefit achieved with anti-GD2 Mab highlights the importance of the immune
system in NB.

On the other side, similarly to other solid tumors, hypoxia negatively impacts NB
outcome [5]. Hypoxia is linked to the immunosuppressive tumor microenvironment
(TME) and contributes to many of the immune escape mechanisms developed by
cancer cells [6-8]. One of these involves the expression of Programmed death-ligand 1
(PD-L1) by cells present in the TME and the resulting binding to Programmed cell
Death protein 1 (PD-1) on T cells leading to dampened T cell responses [9, 10].
Immune checkpoints inhibitors (ICI) have been developed and have substantially
improved adult cancer therapy, but monotherapy in pediatric settings have been
disappointing [11].

Based on these observations and on pre-clinical studies having shown a benefit of
combinatorial therapies including ICI, we decided to investigate the effectiveness of a
combinatorial therapy associating ICI (anti-PD-1 Mab) to JQ1 (an epigenetic drug able
to impair hypoxic responses) in a HR NB mouse model, the TH-MYCN model.

We showed that JQ1 prolongs mice survival and induces a drastic tumor volume
decrease even in well-developed tumors. It also contributes to vessels normalization
and decreases tumor hypoxia. Moreover, it modulates tumor immune landscape,
decreasing PD-L1 expression on dendritic cells (DCs) and activating T cells.
Combination with anti-PD-1 blocking led to a synergistic effect and prolonged mice
survival compared to JQ1 monotherapy.
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INTRODUCTION

1. Neuroblastoma: a pediatric heterogeneous tumor

Pediatric malignancies epidemiology differs from adult cancers, with the most frequent
neoplasia encountered in children being leukemia (and mostly acute lymphoblastic
leukemia), central nervous system tumors and lymphomas [12]. But under the age of
one, NB is the most frequent cancer [13].

NB affects mostly (and almost exclusively) young children as 90% of cases are
diagnosed before 5 years of age and 98% of cases before the age of 10 [3, 12]. The
incidence is about 1 case for 100 000 children in France (corresponding to 120-150
cases per year in France) [3]. It represents about 8% of all pediatric cancers [12].
Despite this, NB is responsible for about 15% of deaths due to cancer in this part of the
population [14]. The age at diagnosis, the stage of the disease and the biologic
characteristics of the tumor account for the prognosis which can be very good for some
spontaneously regressing tumors or disastrous in the case of metastatic MYCN-
amplified disease [3]. Progress has been made in the treatment notably with the
introduction of immunotherapy but new therapeutics, less toxic, are urgently needed for
the most aggressive forms of NB [3].

1.1 The etiology and origin of neuroblastoma

NB etiology is still the subject of intensive research. Indeed, based on epidemiological
studies, no environmental factors have been formally incriminated as responsible of the
development of the disease to date [13, 15] but an association between environmental
exposures and NB development has been suggested by some studies, such as drug or
hair dyes use during pregnancy [13].

NB appears to be a developmental disease, with a multitude of genetic and epigenetic
factors adding to environmental exposures leading to the disease emergence [15].

The cellular origin of this embryonal tumor is also still source of debate. Indeed, NB
arises from neural crest cells precursors that will form the sympathetic nervous system,
but the precise cell source and oncogenic events that lead to this malignant disease
are still being investigated and partially identified. Based on the normal neural crest
development and evolution, deep understanding of this phenomenon will probably lead
to new therapeutics and even could lead to prevention in some cases [14, 16, 17].
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1.2 Normal development of the sympathetic nervous system

Human prenatal development involves three important structures: endoderm, mesoderm
and ectoderm [18]. Pluripotent cells from these tissues will progressively proliferate,
migrate and differentiate into all tissues necessary for a normal life; this phenomenon is
tightly controlled by different precise gene expression patterns.

During the embryonic development, the ectoderm will give rise to the neurectoderm
and the process of neurulation will start leading to the formation of the nervous system
[14]. During this phenomenon, the neural plate forms the neural tube whereas the cells
doing the junction between the extremities of the neural plate and the epidermidis give
rise to the neural crest. Neural crest is a transient structure in vertebrates that gives
rise to sympathetic and parasympathetic neurons, adrenal medullary cells, enteric
neuronal system, sensory neurons, glia, melanocytes and facial cartilage [14, 17, 19].
NB is thought to originate from neural crest cells (NCCs) as it often arises from adrenal
medulla or in the paravertebral sympathetic ganglia [17]. Different oncogenic events
interfering at different times during the normal course of NCCs migration and
differentiation account for disease development [19]. The origin of NB is summarized in
Fig.1.

NCCs before committing to

(‘ oncogenic insults) the sympathoadrenal lineage

5 \ ’\n:f
o,” ; °
nv, ¢/ 2 b
/o — o \e
A N R, N
% — (
4 / neural tube °
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e/, aorta-gonad-—/\® o
v mesonephros
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liver

early migrating NCCs

R~

£\
bone marrow o /Loyf
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Stage 45

l—Y—J

Stage 1-4 neuroblastoma primary sites

Fig. 1: Origin of NB. From [19].

1.3 Genetic and epigenetic initial events leading to NB induction and progression

Intensive research is still ongoing to uncover the initiation mechanisms leading to the
disease [19]. Few recurrent genetic abnormalities have been evidenced in NB,
underlying a difference with adult malignancies, in which such mutations are regularly
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found (for example, BRCA1 mutations in breast cancer or KRAS mutations in colon
cancer) [15]. However, different studies have revealed that somatic mutations in NB
occur in ALK, PTPN11, MYCN, ATRX and NRAS genes [15, 20]. Much more frequently,
numerical chromosomal aberrations (NCA) corresponding to ploidy abnormalities and
segmental chromosomal aberrations (SCA) including genes amplifications, deletions or
gains are observed and correlate with prognosis [15]. The paucity in mutations
observed in NB suggests a preponderant role of abnormal gene sets expression and
disturbed epigenetic regulation during development [12, 19-22]. Understanding the
fundamental events responsible for NB emergence will certainly conduct to more
targeted therapies with less toxicities [14]. Genetic changes and different expression
patterns account for the differences observed in the disease’s evolution, which could be
very good with spontaneous regression or maturation in ganglioneuroma, or disastrous
with progression to incurable disease [12]. In rare situations, NB can be bilateral,
affecting both adrenal glands, and suggesting in this case a familial predisposition [23].
Indeed, germline mutations in PHOX2B or in ALK, have been identified in these rare
situations, and probably contribute to tumorigenesis [13, 23]. Moreover, some single
nucleotide polymorphisms (SNPs) have also been shown to contribute to the
development of NB [23].

1.3.1 MYCN: a main oncogenic driver in NB

MYCN gene is localized at 2p24.3 [3], and encodes for the MYCN protein which is a
trascription factor implicated notably in cellular proliferation. It belongs to the family of
MYC oncogenes, together with c-MYC and MYCL [24, 25]. Among these oncogenes, c-
MYC has been intensively studied at the functional level and is implicated in a variety of
blood and solid cancers [25]. On the other side, overexpression of MYCN mostly occur in
neural-derived solid cancers, such as NB, but also in non-neural tumors (for example,
hematological malignancies) [25]. MYCN amplification is often present in HR form of the
disease, and clearly correlates with poor prognosis [12]. MYCN C-terminal domain
interacts with the Max protein, leading to the active form of the complex responsible for
the interaction with specific DNA sites and the transcriptional activity of MYCN [25, 26].
MYCN has an important physiologic role during embryonal development, and is
normally expressed in neuronal precursors where it contributes to cellular proliferation
[26]. In order to control its activity, the expression of MYCN is tightly regulated at the
transcription level, at the mRNA level but also post- translationally at the protein level
[26]. Epigenetic mechanisms play an important role in this regulation [24].

1.3.2 ALK

ALK encodes for a receptor tyrosine kinase present at the cell surface and having a
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role in the developing nervous system [12]. This gene is frequently involved in NB, with
about 10% of sporadic cases presenting an ALK mutation or amplification [15]. ALK
can be affected in different ways, including translocations impacting the locus of ALK,
mutations leading to ALK constitutive activation (F1174L and F1245V are somatic
mutations whereas R1275Q mutation can be somatic but is also found in the familial
forms of NB), ALK amplification or copy number gain of ALK without any mutation or
overexpression without any amplification/copy number gain [26].

1.3.3 Other rare mutations

Genes implicated in chromatin remodeling can be mutated in NB: we can cite for
example, ATRX gene mutation leading to loss-of-function (in older patients), ARID1A,
ARID1B, or rearrangements in the promoter of TERT [12, 13, 26].

1.3.4 Segmental chromosomal aberrations (SCA)

In addition to MYCN amplification, other frequent SCA are found in poor prognosis NB
tumors. Indeed, 17q gain is frequently observed in HR tumors; PPM1D (a p53 induced
phosphatase that negatively regulate p53), survivin and some other genes could have a
role as they are located in this region [15]. 11q LOH and 1p loss also correlate with poor
outcome; these regions contain tumor suppressor genes which could play a role in
tumorigenesis [15].

1.3.5 MicroRNAs (miRNAs) and NB

miRNAs are small non-coding RNAs that act post-transcriptionally to regulate gene
expression [26]. They bind to complementary sequences on target mRNAs preventing
their translation in proteins or leading to their degradation [26]. miRNAs deregulation is
a frequent phenomenon in cancer and is present also in NB [26]. Different miRNAs
families have been extensively studied in NB, but this is beyond the scope of this study.

1.3.6 Familial predisposition to NB

ALK and PHOX2B germline mutations have been well described in familial cases of NB
[23]. More recently, KIF1BB germline mutations have also been identified in some
families of NB patients [27]. Many syndromes are also implicated in the risk of
developing cancers, including NB; we can cite for example Li-Fraumeni syndrome,
Noonan syndrome and congenital central hypoventilation syndrome [26, 27]. Recently,
thanks to the Genome Wide Association Study (GWAS), polymorphisms in some genes
have been identified with a potential contributing role to disease initiation, but also to
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tumor progression in NB sporadic cases [13]. We can cite for example polymorphisms in
LIN28B, LMO1 and BARD1 [13, 21-23].

1.4 Clinical presentation of the disease

Symptoms are correlated to the site of origin, the loco-regional extension of the disease
and the presence or absence of metastasis [3, 12]. Most of children affected by NB
presented with an abdominal mass arising from adrenal medulla (in 65% of cases) or
from a sympathetic ganglia (SG) [1, 3]. In a small part of cases, tumors from SG can
also be found in the chest region, or in the neck or pelvic region [1, 3]. In rare
situations, NB can be bilateral, affecting both adrenal glands, and suggesting in this
case a familial predisposition as mentioned above [1, 3].

Sometimes NB can be discovered by chance during a routine medical exam [3, 12].
Abdominal masses will cause abdominal discomfort or pain and distension and can
also induce arterial hypertension [3, 12]. In SG from neck or thoracic region, the child
can present a Claude-Bernard- Horner syndrome or some respiratory distress
resulting from the compression by the mass [3]. Tumors originating from the paraspinal
ganglia can also invade the medullary canal leading to medullar compression syndrome
which constitutes an emergency [3, 12].

When NB is diagnosed, children are often already in a metastatic state [3]. Metastatic
sites include the liver, the bone marrow, the bones, the skin, the central nervous system,
the lungs and the testis [3, 12, 23]. The metastatic disease can cause alteration of the
general state with fever and painful lesions, but also bleeding, pallor or infection
resulting from bone marrow replacement [3, 12, 13]. One classic but rare sign of
metastatic NB is the raccoon eyes syndrome: periorbital bone metastases cause
bruising around the eyes, and could be associated with proptosis [3, 12]. In the 4S NB,
a particular metastatic form of the disease affecting very young children and having a
good prognosis, presentation can include massive hepatomegaly leading to respiratory
distress [12].

NB can also manifest with paraneoplasic syndrome. Opso-myoclonus-ataxia syndrome
results from auto-immune damage induced by anti-GD2 auto-antibodies, leading to
cerebellar ataxia, myoclonus and rapid multidirectional conjugate eyes movements [3,
12, 13]. Although the overall prognosis is good, children often have sequelae in terms of
psycho- motor and language delay and behavioral trouble [12]. This particular kind of
NB responds to immunosuppressive therapy [12].

Mature tumors such as ganglioneuroblastoma and ganglioneuroma can also lead to
symptoms of severe water diarrhea due to Vasoactive Intestinal Peptide secretion; in
this case, surgical resection of the tumor leads to cure [3, 12, 13].
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1.5 NB diagnosis

NB is suspected based on the symptoms and clinical signs presented by the child.
Complementary exams notably include urinary catecholamines excretion
measurement, blood Neuron Specific Enolase (NSE) and Lactate Deshydrogenase
(LDH) dosage [3], and radiological examination including Magnetic Resonance Imaging
(MRI) and/or scan of the primary site [3].

Metastatic state evaluation includes bone marrow involvement assessment (bilateral

bone marrow aspirations and biopsies), and ) metaiodobenzylguanidine (MIBG)-

scintigraphy; if this last one results negative, a Positron Emission Tomography (PET)-
Computer Tomography (CT) with 18F-ﬂuorodeoxyglucose (FDG) will be performed [3,

12]. *mTe- diphosphonate scintigraphy bone scan can help to identify bone metastasis
[12].

Diagnosis confirmation results from histological analysis of a tumor sample: this sample
is preferentially taken in the primary tumor, but if not accessible, other tissue sample
can contribute to the establishment of the diagnosis [12]. However, sufficient material is
needed as immunohistological analysis must be done, but also genomic profile of the
tumor and MYCN status assessment [12]. In case of bone marrow involvement, bone
marrow aspirates and biopsies could be a valuable option to confirm the diagnosis [12].
Tumors range from mature and differentiated state, represented by ganglioneuroma
and ganglioneuroblastoma to undifferentiated and immature lesions (NB) [3]. The
presence and abundance of schwanian stromal cells also contribute to tumor
histopathological classification [12].

1.6 Risk assessment and group classification

Histopathological classification and tumor genomic profile contribute to the stratification
of the disease [3]. The main prognosis factors include age at diagnosis, genetic and
genomic factors and the presence or absence of metastasis [13].

The age at onset of the disease correlates with prognosis and very young children
(under 18 months) often have a better outcome [3]. A particular form of NB, called 4S,
arises in children under the age of one year and includes a primary tumor with
metastases involving skin, liver or bone marrow (with less that 10% involvement); these
tumors can spontaneously regress [28]. In adolescents and adults, the disease is very
rare but despite the fact that the form is more indolent, the prognosis is very bad and
the disease is often fatal [3, 12].

Cytogenetic abnormalities impact also the prognosis: NCA correlate with good
prognosis, with an overall survival at 5 years and an event free survival superior to 90%
[3]. On the other side, SCA are associated with poor prognosis, with a survival of about
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50% at 5 years [3]. HR tumors harbor MYCN amplification in about 50% of cases, and
despite the progress done in treatments, overall survival remain less than 50% at 5

years [3]. HR patients die from disease progression or relapse and suffer of long-term
sequelae potentially leading to death [26].

1.7 Principles of NB therapy

Depending on the patient’s classification in the different risk group, the therapeutic
options range from patient’'s monitoring to very heavy treatment, as summarized in the
Fig. 2 [3].

Low risk NB Observation, surgery or chemotherapy

Intermediate risk NB Chemotherapy, surgery, radiotherapy, +/- maintenance treatment

Induction chemotherapy, high dose chemotherapy followed by
HR NB autologous stem cell transplant (ASCT), surgery, radiotherapy,
maintenance treatment including immunotherapy

Fig. 2: NB treatment according to risk group classification. Translated and adapted from [3].

The standard of care of HR children include:

« An induction phase associating different chemotherapeutic molecules
(etoposide, carboplatin, cisplatin, cyclophoshamid, vincristine); the response of
this phase is particularly important for the prognosis;

» Two additional chemotherapy cycles including topotecan, vincristin and
doxorubicin in patients having an insufficient metastatic response at the end of
induction;

. Local surgery and radiotherapy on the primary tumor,;

*  Consolidation therapy (high-dose chemotherapy regimen including busulfan and
melphalan) followed by ASCT rescue;
*  Maintenance therapy with 13-cis-retinoic acid (to induce cell differentiation) and
immunotherapy (anti-GD2 Mab) [3].
Relapsed patients benefit from different combinatorial conventional therapies but
prognosis remain very poor in this case [3].

As all the conventional therapies (including chemo- and radio-therapy) are not specific
for the cancer cells, they lead to a lot of side effects involving normal tissues [12]. New,
more selective drugs and therefore less toxic are being introduced in clinical trials,
particularly for relapsed patients, and results are promising. In this view, epigenetic
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drugs and immunotherapy will be discussed more in detail in the next sections. As new
therapies are urgently needed, compounds with promising anti-NB activity need to be
tested in pre-clinical studies. The next section summarizes the NB mouse models
available to conduct such studies.

1.8 Murine models of neuroblastoma

Animal preclinical models are still essential nowadays to test new anti-cancer
therapeutic drugs [29]. Different NB murine models are available, and each of them
present advantages and drawbacks. Importantly, caution is needed when results are
translated in clinics because despite of similarities between murine tumors and human
disease, differences exist.

An ideal disease model should present a profile highly similar to human pathology at
different levels: tumor location and metastasis, but also on the histopathological and
genetic alterations aspect [22]. Animals should develop tumors rapidly and penetrance
should be high; TME and immune responses should mimic the human ones [22].

NB murine models include subcutaneous (SC) models, orthotopic models and
genetically engineered mouse models (GEMMs).

In SC models, NB murine cell lines are subcutaneously injected in syngeneic mice to
form tumors. Another possibility is to inject human NB cell lines in immunodeficient
mice. These models are often time- and money-saving, but reflect poorly the tumor
microenvironment (TME) of « real » tumors, and cell lines often differ from the initial
cancer cells as they have been passaged for long periods [29]. Moreover, in case of
a xenograft model, immune responses cannot be studied as mice are immunodeficient
[29, 30]. Cells can also be injected in orthotopic localization, in the adrenal medulla, in
this case better reflecting the NB TME [31].

Finally, different GEMMs based on the NB oncogenic driver events have been
developed including the well-described and mostly used TH-MYCN mouse model,
created by Weiss et al [32]. In this model, the human MYCN transgene is placed under
the control of the rat tyrosine hydroxylase (TH) promoter which activity is increased by
the rabbit B-globin enhancer, leading to MYCN overexpression specifically in NCCs
(Fig. 3) [22, 32].

Tyrosine Hydroxylase
Promotor

Rabbit Beta-Globin
Intron

Human MYCN c¢DNA

HSV Terminator
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Fig. 3: “Construct used for generating tissue-specific expression of the MYCN
transgene. A cDNA for human MYCN was ligated downstream of the rat TH promotor.
The rabbit -globin enhancer was used to enhance expression, and a herpes simplex
virus thymidine kinase gene sequence was used as a transcription terminator. The
transgene was cleaved from vector sequences using Nsil. E, EcoRlI; S, Sall; N, Nsil”.
Legend and figure from [32].

This model mimics childhood HR MYCN-amplified NB: indeed, tumor histology, genetic
alterations and expression patterns are similar to those present in HR patients [22,
32-34]. Lesions appear spontaneously in orthotopic locations and are mostly abdominal
tumors, but are predominantly developed from the sympathetic ganglia and not in the
adrenal medulla, making a difference with children tumors [26]. Few bone marrow
metastases are observed accounting for another difference with human disease [32,
34]. A high variability in disease penetrance is noted for hemizygous mice, depending
on the mouse background, and the disease development window is large; on the other
side, homozygous mice frequently develop NB early after birth; for example, on a
129X1/SvJ background, 50% of hemizygous mice present tumors between 6 to 20
weeks, whereas 100% of homozygous mice develop tumors between 4 and 7 weeks
[22, 32, 34]. Therapeutic window is very short for homozygous mice compared to
hemizygous ones [34]. These data are summarized in Fig. 4.
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Fig. 4: Tumor development of TH-MYCN mice on the 129X1/Svd background. From [34].

TH-MYCN model allows to study immunotherapy as animals are immunocompetent;
however, one major disadvantage is its time- and money-consuming characteristics
[22]. Nonetheless, it remains frequently used in pre-clinical studies and many drugs
have already been tested with different degrees of efficacy, including epigenetic drugs
[22].

Based on other genetic events having a role in NB tumorigenesis, other GEMMs have
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been developed by crossing transgenic mice with TH-MYCN mice [22]. For example,

TH-MYCNI ALK represents ultra-HR NB cases, and has been generated taking
into account that ALK gain-of-function mutations are known to contribute to
tumorigenesis, and exerts a synergistic effect with MYCN ampilification [22]. The DBH-
iCre/CAG-LSL-Lin28b model is another example; it is a conditional transgenic model of
mice developing tumors in sites similar to human NB. The relation between LIN28B
gene polymorphism as well as LIN28B gene amplification or overexpression and NB
has been evidenced by different studies, as mentioned above [22].

A more personalized approach for cancer treatment will require the use of more tailored
animal models. Patient-derived xenografts (PDXs) mice models have already been
developed from NB patients, but as animals are immunodeficient, immunotherapy
studies cannot be performed [22, 30]. However, humanized mice could resolve this issue
in the future [22].
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2. The complexity of tumorigenesis: the hallmarks of cancer

2.1 Introduction to the hallmarks of cancer

The oncogenesis is a highly complex process involving different mechanisms that can
be classified in broad categories, common to most of malignant diseases. Insights in
this very sophisticated phenomenon allow the development of new therapeutic
strategies able to target each event contributing to cancer development and
progression. The model of cancer hallmarks developed by Hanahan et al is
continuously refined taking into account the results of all comprehensive works and
represents an excellent tool to deeply investigate the underlying mechanisms from
cancer initiation to overt disease [35, 36].

Of note, it is now well demonstrated that tumors are made of an elaborated tissue
including not only cancer cells but also normal cells, largely contributing to the
aggressiveness of malignant cells and playing an active role in the disease instead of
being just passive [35].

2.2 The hallmarks of cancer

First, cells acquire an abnormal capability to proliferate breaking the cell-cycle
homeostasis that guarantees an equilibrium between proliferation and period of
quiescence [35]. This uncontrolled proliferation occurs through various processes, such
as sustained proliferative signals, evasion from growth suppressors or resistance to cell
death [35].

As cancer masses rapidly grow, they need increased blood supply, delivering oxygen
and nutrients and evacuating cellular metabolic wastes [35]. The formation of tumor
neovascularization is generally termed « tumor angiogenesis » and includes different
processes [35]. Vasculogenesis refers to the formation of neovasculature from the
incorporation into the tumor bed of endothelial progenitors which are produced in the
bone marrow and are circulating in the bloodstream [26]. Classical angiogenesis
concerns the sprouting of new vessels from already existing ones [26]. Finally, vascular
mimicry is the ability of cancer cells to create a new vascular network by mimicking
endothelial cells [26]. These three mechanisms co-exist in NB tumor neovasculature
formation (Fig. 5) [26].
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Fig. 5: Mechanism of angiogenesis in NB. From [26].

Angiogenesis results from the balance between pro- and anti-angiogenic factors. As
pro- angiogenic factors in cancer are produced in excess, tumor angiogenesis gives
rise to abnormal chaotic vessels, presenting structural and functional defects, with a
heterogeneous distribution, ranging from enlarged and leaky vessels with poor
pericytes coverage to glomeruloid aspect vessels (Fig. 6) [37].

a Healthy tissue b Tumour O, ¥ \
Abnormal
vessels +
Angiogenic
factors A
* Leaky

* Heterogeneous
« Tortuous, serpentine
* |rregular branching
* Abnormal shunts
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* Poor drug delivery
~-.__* Lesssensitive to chemoradiaton

Vessel maturation Immature vessel pericyte  Tumour cell intravasation '

via pericyte coverage Homogenous BM High Z detachment through leaky vessel E
oxygen | '
: Stacked ;
i activated ECs '
| obstruct flow !
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Low H Very low O,, pH BM

oxygen !

Fig. 6 showing the differences between normal vessels in healthy tissues and tumor
vessels in cancer lesions. BM: basement membrane, ECs: endothelial cells, IFP:
interstitial fluid pressure. From [37].

Blood flow is impaired in some tumor areas, contributing to poor tumor perfusion and
increasing tumor hypoxia, leading to a vicious cycle [37, 38]. Hypoxia contributes also
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to chemotherapy and radiotherapy resistance as the reactive oxygen species (ROS)
production needed for the therapeutic benefit of these treatments is decreased [39]. As
blood flow is low, chemotherapeutic drugs and immune cells can hardly reach the tumor
[37, 39]. Moreover, cancer cells can easily enter the blood flow through leaky vessels
and metastasize to distant sites [37].

Pro-angiogenic factors include vascular endothelial growth factor (VEGF)-A, which
binds to its receptor, VEGFR-1, -2 or -3 leading to angiogenesis [35]. Other pro-
angiogenic molecules are represented by basic fibroblast growth factor (bFGF),
angiopoietin and platelet-derived growth factors (PDGFs) [35]. Pro-angiogenic factors
production is induced by hypoxia and metabolic changes such as acidosis, or by
oncogenic and inflammatory signaling pathways [35, 37]. On the other side,
angiogenesis inhibitors such as thrombospondin-1 (TSP-1), angiostatin and endostatin
exert the opposite effect [35].

In NB, poor prognosis forms are often highly vascularized and pro-angiogenic factors
including VEGF family members and PDGF-A, have been correlated to more
aggressive forms of the disease [26, 40]. In NB cell lines, hypoxia leads to increased
VEGF-A production promoting endothelial cells proliferation [26]. On the other side,
activin A dampens endothelial cells proliferation and is associated to good- prognosis
forms of NB [26]. To note, MYCN impedes activin A expression whereas Schwann cells
(which are abundant in good prognosis forms) secrete angiogenesis inhibitors [26].
Cancer cells are able to invade neighboring tissues and metastasize to distant sites
notably through the process of epithelial-to-mesenchymal transition (EMT), which is
favored by hypoxia and acidosis [35, 37]. Non-cancer cells secrete cytokines but also
enzymes (i.e., matrix metalloproteinases, MMPs) that also facilitate dissemination [35].
Finally, the TME in the colonized tissue greatly impacts the development of metastatic
cancer cells and their development into macroscopic tumors [35].

Reprograming energy metabolism is a hallmark reflecting the need for cancer cells to
adapt their metabolism to their fast chronic growth requirements [35]. Glycolysis is
favored for their glucose metabolism, even under aerobic conditions; this is called «
aerobic glycolysis » or Warburg effect [35]. To compensate for the lower energy
production, they uptake more glucose by upregulating its transporters, such as GLUT-1
[35]. Moreover, under hypoxic conditions, hypoxia-inducible factors (HIFs) are stabilized
and promote glycolysis [35]. Even if glycolysis is not so efficient for ATP- production, it
might confer the possibility for malignant cells to derive intermediate molecules to the
nucleic acids and protein synthesis, which are essential to rapidly dividing cells [35].
The progress of the disease implies that cancer cells evade the immune destruction
[35]. Over the past few years, it has been demonstrated that hypoxia and immune
escape are highly interconnected phenomenon, suggesting that targeting hypoxia could
improve immunotherapies, paving the way for combinatorial therapies [6-8].

The immune system in physiologic conditions and in cancer will be detailed in the next
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sections, with a particular attention to NB immune escape mechanisms; then, hypoxia
and metabolic reprograming will be the subject of the next sections, and finally, the link
between hypoxia and immune evasion will be reviewed.

Recently, two more hallmarks have been included in the model of Hanahan et al:
indeed, unlocking phenotypic plasticity is achieved by cancer cells in different ways,
including dedifferentiation, stemness state maintenance or trans-differentiation, allowing
them to avoid the anti-proliferative state commonly associated to differentiation [36].
The role of senescence is still being investigated but clearly constitute a hallmark of
cancer cells: contrary to the common idea that senescent cells exert a tumor
suppressing role, recent studies have underlined that depending on the cancer and
tissue context, senescence could promote tumor growth, notably through a particular
secretory phenotype associated to the senescent state [36].

All these hallmarks of cancer result from enabling characteristics, including genomic
instability, non-mutational epigenetic reprogramming, tumor-promoting inflammation,
and finally polymorphic microbiomes [35, 36].

Genomic instability and the resulting high mutability of cancer cells confer them
advantageous tumor-driving mutations, giving them a selective benefit [35, 36].
However, epigenetic regulation also greatly impacts genes expression contributing to
the acquisition of cancer cells hallmarks [36].

Inflammatory cells in the TME provide molecules able to sustain the hallmarks
capabilities, such as growth factors, pro-angiogenic factors and enzymes contributing
to the remodeling of the extracellular matrix [35]. Moreover, ROS produced by some
immune cells exert a mutagenic action increasing genetic alterations in cancer cells
[35]. This way, inflammation is considered as an enabling characteristic which can
promote tumor evolution and progression [35].

Microbiomes present in the intestine but also in other tissues and even in tumors still
attract interest in oncology, and they are now included in enabling factors impacting the
acquisition of cancer cells hallmark capabilities [36]. For example, some bacteria exert
a mutagenesis- promoting action on intestinal epithelium resulting in disrupted genomic
integrity [36]. They also can directly stimulate epithelial cells proliferation, contributing
to sustain proliferating signals [36]. They modulate immune responses, impacting
cytokines and chemokines secretion profiles [36]. So, genomic instability, tumor-
promoting inflammation and polymorphic microbiomes are intertwined enabling
characteristics of cancer diseases [36].
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3. The immune system in cancer: the dual face, friend or foe

3.1 Introduction to immunology

The knowledge in the field of immunology and in particular in oncoimmunology is still
growing leading to new therapeutics development and survival improvement.

The main function of our immune system is to protect us against bacterial, fungal and
viral infections, but also against cancer development [12, 41]. It plays also a role in
tissue scarring and regeneration [41]. To achieve this, complex interactions and strong
cooperation take place between the innate and the adaptive immune system [41].

First, the general way the immune system develops and works will be briefly described
and then its dual role in cancer (fighting but also sometimes promoting tumors) will be
emphasized with a particular attention to NB immunology, including immune escape
mechanisms and immunotherapy [42, 43].

3.2 The innate and adaptive immune system

3.2.1 Immune system components

Leucocytes derive from bone marrow precursors: classically, myeloid cells (including
notably granulocytes (neutrophils, monocytes/macrophages) and dendritic cells (DCs))
arise from the common myeloid precursor (CMP) and lymphoid cells (represented
notably by T and B lymphocytes and natural killer (NK) cells) come from the common
lymphoid precursors (CLP) [41]. The innate immune system involves epithelial and
mucosal barriers, rapidly acting immune cells (such as for example phagocytes
(neutrophils, monocytes/macrophages), DCs, NK cells) and the complement system
[41]. Innate immunity and in particular DCs is essential to the initiation of the adaptive
immune response; moreover, it contributes to cleaning of dead cells and tissue repair
[41].

Innate immune cells receptors (localized on the cell membrane, in the cytosol or in
endosomes) recognize pathogen-associated molecular patterns (PAMPs) (molecules or
part of molecules present on pathogens but absent or different on normal mammalian
cells) and damage-associated molecular patterns (DAMPs) (molecules coming from
host cells which are necrotic or damaged), but not normal components of the host cells
[41].

The complement system involves a complex enzymatic reaction cascade initiated
directly on the target cell membrane or by binding to antibodies fixed on antigens. This
finally results in the formation of C3b ad then the production of pro-inflammatory C3a
and Cb5a fragments, and the formation of the Membrane Attack Complex (MAC) that
forms a channel lysing the target cell [41]. Decay-accelerating factor (DAF) among other
proteins regulates complement activation in order to avoid damage to normal host cells
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[41].

Adaptive immunity involves naive T and B lymphocytes which mature in the central
lymphoid organs (the thymus and the bone marrow respectively), and then circulate via
the blood and the lymph to become activated in the secondary lymphoid organs
(represented by lymph nodes, spleen and lymphoid tissue associated to skin and
mucous) where they encounter their specific antigen in the presence of co-stimulatory
signals [41]. Upon activation, lymphocytes become either effector cells with high
functional activity or memory cells that will be ready to promote an immune response if
they encounter again the antigen for which they are specific [41].

3.2.2 Immune system activation

The activation and start of innate and adaptive immune responses is a tightly controlled
phenomenon, and results from a balance between activating signals and inhibitory
ones, which can be disrupted in pathologic conditions such as cancer, when inhibitory
signals are increased and activating ones decreased [12, 41, 44, 45]. Of note, co-
stimulation signals mainly coming from antigen-presenting cells (APCs, represented by
DCs, macrophages, B cells and follicular DCs) are required to elicit immune reactions
[41].

Importantly, cytokines orchestrate all the immune responses [41]. These soluble proteins
are secreted by a large panel of cells including immune, endothelial and stromal cells
and act in a paracrine, autocrine or endocrine way [41]. Depending on the context, the
resulting effect of a given cytokine can be pro- or anti-inflammatory [41]. The main
cytokines families include interferons (IFNs), interleukins (ILs), tumor necrosis factor
(TNF) and transforming growth factor- (TGF-8) [41].

NK and T cells are major immune actors in NB [45, 46], and so the way they become
activated will be emphasized. On the other side, NB tumors contain virtually no B cells
[4], and so B cells and humoral immunity will not be detailed here. As some
mechanisms responsible for immune tolerance can be subverted by cancer cells to
evade the immune system attack, the central and peripheral tolerance development in
physiologic state will be detailed.

1. Innate immune system activation: the example of NK cells activation
NK activation takes place when the balance between activating signals overwhelms
inhibitory ones [41]. NK cells activating receptors binds to molecules expressed at the
surface of cells infected by intracellular pathogens (virus or bacteria), cells presenting
irreparable DNA damage or cancer cells expressing danger signals [41]. This leads to
the phosphorylation of their cytoplasmic part containing immunoreceptor tyrosine-
based activation motifs (ITAMs) finally resulting in the production of cytokines (mainly
interferon gamma, IFNy) and the exocytosis of cytotoxic granules, killing the target cell
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by perforing its membrane [41]. NK cells can also kill their target cell by expressing
TNF molecules or ligands able to bind to death receptors present on the target and
provoke target apoptosis (for example, NK cells express Fas-Ligand or TNF-related
apoptosis inducing ligand (TRAIL)) [47]. Importantly, NK cells don’t need any priming to
exert their killer function [47].

Among activating receptors on NK cells, natural-killer group 2, member D (NKG2D)
receptor binds to UL16-binding proteins (ULBPs), MHC class | chain-related protein A
(MICA) and MICB; DNAX accessory molecule (DNAM-1 or CD226) binds to CD155
(polio virus receptor, PVR) and CD112 (Nectin-2); the natural cytotoxicity receptors
(NCRs) NKp30, NKp44 and NKp46 recognize B7-H6, MLL5 (mixed lineage leukemia 5)
and an unknown ligand respectively [12, 41, 44, 45]. CD16 (FcyRIIl) also belongs to
activating receptors and recognizes cells coated by immunoglobulin G (Ig G) leading to
antibody-dependent cellular cytotoxicity (ADCC) [12, 41, 45].

As mentioned above, NK cells also harbor inhibitory receptors that counteracts the
effect of engaged activating receptors; indeed, these have immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) on their cytoplasmic part exerting the opposite effect of
ITAMs once phosphorylated [41, 45]. Killer cell immunoglobulin-like receptors (KIRs)
recognize Major Histocompatibility Complex (MHC) class | molecules expressed on all
nucleated cells delivering an inhibitory signal to NK cell [12, 41, 45]. CD94/NKG2A
heterodimers also belongs to NK cells inhibitory receptors and recognize non-classical
human leucocyte antigen (HLA)-E [12, 41, 45]. CD96 and T cell immunoreceptor with Ig
and ITIM domains (TIGIT) share the same ligands as DNAM-1, but exert an inhibitory
effect [47].

Depending on the net result of activating and inhibitory signals delivered to NK cells,
the target cell will or not be lysed [47]. Indeed, healthy cells express some activating
ligands but as they also harbor MHC class | molecules, the inhibitory signal
overwhelms the activating one and the cell is not destroyed [45, 47]. On the other side,
in the case of decreased inhibitory signals (such as for example downregulation of
MHC class | molecules, the « missing-self theory ») or upregulation of stimulatory
ligands on an abnormal cell (for example, a cancer cell), the net result of the balance is
in favor of NK cells activation [47] (Fig. 7).
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Fig. 7: The functions of NK cells. « (a) A balance of signals delivered by activating and
inhibitory receptors regulates the recognition of healthy cells by natural killer (NK) cells.
(b) Tumor cells that downregulate major histocompatibility complex (MHC) class |
molecules are detected as ‘missing self’ and are lysed by NK cells. (c)Tumor cells can
overexpress induced stress ligands recognized by activating NK cell receptors, which
override the inhibitory signals and elicit target cell lysis. (d)Tumor antigen-specific
antibodies bind to CD16 and elicit antibody-dependent NK cell-mediated cytotoxicity ».
Legend and figure from [47].

Of note, some NK receptors are also present on other immune cells: for example,
NKG2D is expressed on CD8+ T lymphocytes, DNAM-1 is also found on myeloid cells
and some T cells, and CD16 also contribute to ADCC by activated macrophages [47].

2. Adaptive immune activation: the example of T cell-mediated immunity

Microbes or their antigen are captured by DCs in tissues and activate other innate
immune cells such as macrophages, leading to pro-inflammatory cytokines secretion,
finally activating and modifying DCs phenotype [41]. This results in DCs maturation, with
increased expression of MHC as well as co-stimulatory molecules, and migration to the
lymph nodes (notably through CC-chemokine receptor 7 (CCR7) signaling) where they

can initiate naive T cell priming [41]. The majority of T cells harbor an a8 T cell receptor

(TCR) able to bind their specific antigen only when peptide fragments are loaded on
MHC molecules, a property called « MHC restriction » [12, 41].

MHC molecules are proteins expressed on cell membranes with an extracellular cleft
where antigen-derived peptides bind and can be presented to T Ilymphocytes.

Importantly, T cells harboring an a8 TCR recognize peptides only if they are loaded on

the right MHC molecules; in other words, T cells will not recognize peptides presented
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by genetically foreign MHC molecules [12].

All nucleated cells express Class | MHC molecules, displaying peptides from cytosolic
proteins degraded by the proteasome and containing an invariant region binding to the
CD8 co-receptor on T cells [41]. DCs, B-cells and macrophages express Class || MHC
molecules, displaying peptides from extracellular proteins and containing a domain that
binds to the co- receptor CD4 on T cells [41].

MHC molecules are expressed on cell surface only if they are bound to peptides
resulting from the breaking of entire proteins under the Antigen Processing Machinery
(APM) activity [41]. Cytosolic proteins coming from pathogens or from abnormal
nuclear or cytosolic proteins present in cancer cells are tagged with ubiquitin and
degraded by the proteasome [12, 41]. Under inflammatory cytokines action (notably
IFN-y), the subunits of the proteasome are replaced by more efficient ones: LMP2
replaces 31 subunit, LMP7 replaces B5 and LMP10 take the place of 32 [44]. Peptides
generated from protein proteolysis are then transported by the transporter associated
with antigen processing (TAP), which is formed by an heterodimer of TAP1 and TAP2,
to the endoplasmic reticulum (ER) where they can be loaded on MHC class |
molecules stabilized by the tapasin protein (links the TAP and the unbound class | MHC
molecules) [12, 41, 44]. Class || MHC molecules cannot bind these peptides because
the associated invariant chain block their peptide cleft [41]. The complex formed by
MHC class | molecule and peptide is then transported to the cell membrane for CD8+ T
cell presentation [12, 41].

APCs (DCs, macrophages and B lymphocytes) internalize extracellular proteins
into endosomes; these are then fused with lysosomes and proteolysis into peptides
occur [41]. On the other side, class || MHC molecules are produces in the ER and are
associated with a protein, the invariant chain which contains the class Il invariant
chain peptide (CLIP) that block the peptide cleft of class || MHC molecules so that they
cannot bind peptides in the ER (these are intended to bind class | MHC) [41]. Class Il
MHC molecules with the invariant chain go through the Golgi and then join the
endolysosomes; in this compartment, only the CLIP fragment of the invariant chain
remains attached to the MHC molecules and then, under the action of a protein called
DM, it is exchanged with the peptides resulting from the proteolysis of the
extracellular proteins [41]. Class Il MHC molecules loaded with peptides are then
transported to the cell membrane and are presented to CD4+ T cells. Fig. 8 [41]

summarizes the intracellular processing of protein antigens.
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Fig. 8 summarizing the intracellular processing of protein antigens. Adapted from [41].

DCs are also able to present exogenous peptides antigens attached to class | MHC
molecules to naive CD8+ T cells in lymph nodes, a process called cross-presentation
[41]. This phenomenon is essential as pathogens infect non DCs cells and naive CD8+
T cells require activation through interaction with APCs in lymph nodes to become
effector cells [41]. Infected cells cannot migrate to lymph nodes, and the process of
cross-presentation resolve this issue: DCs ingest pathogen antigen or fragments of
infected cells and through cross- presentation process activates naive T CD8+ cells
after migration in the lymph node [41]. The same phenomenon accounts for the
activation of naive CD8+ T cells by DCs after that they have ingested dead cancer cells
or tumor antigens [41]. Indeed, cancer arise in each cellular type, and priming of naive
T cell is required to activate them; after activation has taken place, effector cytotoxic T
lymphocytes can recognize tumor antigen presented on class | MHC molecules by

cancer cells themselves and exert their function of killer. Fig. 9 illustrates the cross-
presentation phenomenon [41].
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Fig. 9 illustrating the cross-presentation process. From [41].

Furthermore, co-stimulation of naive T cells by CD28 engagement with its ligand B7-1
(CD80) or B7-2 (CD86) on APCs is essential to activate naive T cells. B7 expression on
APCs increased only in the inflammatory context, avoiding harmful unnecessary T cell
activation. Other pathways involving Toll-ike receptors and their ligands and CD40 (on
APCs) interaction with CD40 ligand (CD40L) on activated T cells promotes co-
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stimulation molecules expression [12, 41, 48].

Once TCR and co-stimulation signals are engaged, T cells transform in effector cells
expressing cytokines. Depending on the cytokines pattern expression, CD4+ T cells are
sub- divided into helper T cells (Th) Th1, Th2 and Th17 subsets [12, 41]. A subset of
CD4+ cells leave the secondary lymphoid organ to join the infection/inflammation site
and recruit other immune cells whereas the remaining cells differentiate into T follicular
helper cells which stimulate B lymphocytes in the lymphoid follicles. CD8+ T cells
express cytotoxic proteins and are poised to kill target cells; they also produce
cytokines, such as IFNy [12, 41]. Perforin and granzymes are essential molecules
released by CD8+ cells and acting by perforing the target cell membrane and inducing
its apoptosis respectively [12, 41]. But cytotoxic T lymphocytes (CTLs) also induce
apoptosis by expressing molecules able to bind apoptosis- inducing receptors on taget
cells (for example, FasL which bind to Fas receptor) [12, 41]. Some CD4+ and CD8+ T
cells become memory T cells, ready to respond if they are reexposed to the antigen
they are specific for [41].

3. Central and peripheral tolerance, homeostasis and the role of immune

checkpoints

Self-tolerance mechanisms are essential to avoid the development of auto-immune
diseases [49]. Central tolerance which occurs in the thymus involves the death by
apoptosis of immature CD4+ and CD8+ lymphocytes recognizing and interacting
strongly with self-antigen (negative selection), or the development of some of these
CD4+ lymphocytes into T regulatory lymphocytes (Tregs) (CD4+ CD25+ FoxP3+) [41,
49]. However, not all self- reacting lymphocytes are eliminated nor develop into
regulatory cells, and peripheral tolerance mechanisms allow to control their activation
[41, 49]. Peripheral tolerance mechanisms act at different stages of the T cell cycle [49,
50]. Ignorance refers to the fact that T cells can ignore the antigen they are specific for
because of its low abundance (for example, in the case of nascent tumors) of due to its
inaccessibility to naive T cells [49]. At the stage of priming, insufficient co-stimulatory
signals delivering fosters T cells anergy, whereas chronic antigen exposure leads to T
cell exhaustion [49]. Self-antigens reacting mature T cells may also be deleted by
apoptosis, resulting from an imbalance in pro-apoptotic factors in confront of anti-
apoptotic ones: indeed, when T cells recognize their antigen, proapoptotic factors are
produced but normally counterbalanced by antiapoptic ones resulting of the co-
stimulation signals; in case of insufficient co-stimulatory signals, pro- apoptotic factors
are preponderant and lead to T cells death. Moreover, binding of self- antigens may
induce apoptosis mediated by couple of molecules such as Fas and Fas-ligand. Finally,
suppression by Tregs play an important role in maintaining peripheral self-tolerance
[41, 49].
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Inhibitory receptors are expressed on T cells and contribute to self-tolerance. Moreover,
they limit T cell activation and the inflammatory response maintaining in this way the
immune homoeostasis [44, 48]. In addition, they take part in immune escape
mechanisms in cancer (see below) [44, 48].

These inhibitory receptors are called immune checkpoints, and the first to have been
evidenced are the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4 receptor or
CD152), which has for ligands CD80 and CD86, and programmed cell death protein 1
(PD-1 or CD279) that binds PD-L1 and PD-L2 [12, 44, 48].

CTLA-4 constitutive expression on Tregs contributes to increase their
immunosuppressive functions [41, 44]. It competes with CD28 for binding with B7
proteins, and has a higher affinity than CD28 [44]. When the expression level of B7
proteins is low as it is the case in non-infectious situation such as presentation of tumor
antigen (TA) (see below) or self- antigen by APCs, B7 proteins engage preferentially
with CTLA-4 leading to downregulation of immune responses [41]. On the other side,
B7 expression level is high in infections and thus can bind to CD28 also reversing the
balance to an activating signal [41]. Tregs also suppress immune responses by
inhibitory cytokines secretion (inhibiting DCs, macrophages and lymphocytes), and by
consuming lI-2 via their IL-2 receptor (inhibition of other T cells) [41]. Of note, CTLA-4
expression on conventional CD4+ T helper lymphocytes occur when they are activated
limiting their activity and so contributing to maintain homeostasis [44].

PD-1 expression on CD4+ and CD8+ T cells first reflects the activation of effector T
cells, as it's expressed in response to activating signals such as engagement of the
TCR with its specific antigen [44, 48]. As antigen is cleared, PD-1 expression
decreased and the situation returns to the steady state [48]. But under chronic T cell
stimulation (in case of tumor or chronic viral infection, or even when self-antigens are
presented by APCs), PD-1 expression persists and can lead to a state of exhaustion,
characterized by reduced effector function of T cells and decreased cytokine production
as well as distinctive markers expression [4, 48]. Then, PD-1 binds to its ligands (PD-
L1 or PD-L2) activating an enzymatic cascade finally counteracting the activating
signals provoked by TCR and CD28 engagement [41, 48].

3.3 Immune system and cancer

3.3.1 Introduction to the immunology of cancer

The interplay between immune system and cancer tissues has been suggested more
than 100 years ago, but it's only in the 1950’s that the idea of an active role of immune
cells in controlling cancer development has raised more enthusiasm [12, 41-43]. Since
then, the understanding on how the immune system works has made a huge step and its
role in cancer is still being uncovered leading to substantial progress in therapy, with
prolonged survival and less toxicities.
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Immunity clearly contributes to protect against malignancies [42, 43]. Indeed, our
immune system defends us against viral infections and some cancers they may induce
[42, 43]. Moreover, it contributes to control the inflammation induced by infections, and
thus to protect us against the cancer-promoting role of inflammation; uncontrolled
chronic inflammation would induce a genomic stress and lead to a high cellular
proliferation rate, to angiogenesis and to tissue invasion paving the way for cancer
development [42, 43].

Several arguments (in humans but also in animal studies) sustain the hypothesis that
immunity is also able to eliminate tumor cells [12, 42, 43]. First, paraneoplastic
syndromes are a set of symptoms not directly caused by the cancer cells invasion, but
resulting from the production of endocrine mediators by cancer cells or from an immune
cross-reactivity between normal tissues and cancer tissue witnessing in this last case
that an immune reaction has developed [42, 43, 51]. Secondly, immune-compromised
patients have more cancers than immune-competent ones, including viro-induced
cancers but also other types of malignancies such as skin cancers [12, 42, 43]. Thirdly,
patients harboring tumors with a high number of tumor-infiltrating lymphocytes (TILs)
have a better prognosis [4, 42, 43]. For example, correlating with this observation, in
colorectal cancer, patients harboring high microsatellite instability, and therefore high
tumor mutational burden, show high CD8+ tumor infiltration and better prognosis [43].
Another clinical argument sustaining the role of immune system in human cancer
comes from the success observed with the introduction of immunotherapy in oncology
[12, 42, 43]; moreover, in the case of allogeneic hematopoietic stem cell transplantation
(HSCT) for leukemia, donor lymphocytes are able to recognize host cancer cells and the
resulting graft-versus-leukemia effect could positively impact the patient outcome [12,
52]. Even more, when relapse occurs after HSCT, donor lymphocyte infusion (DLI) can
reverse the course of the disease [12, 52]. Evidence also comes from animal
experiments: it has been demonstrated that mice previously immunized against a given
tumor do not develop tumor when re-challenged by the same tumor cells [42]. This has
led to the discovery of tumor antigens (TA).

Based on these observations, the hypothesis of cancer immunoediting has been
suggested. Indeed, it was observed that tumors developed in immune-competent mice
present a lower immunogenicity than tumors developed in immune-deficient ones [12,
35, 42, 43]. This difference resulted from the pressure exerted by immune cells on
transformed/cancer cells, and led to the idea that the immune system not only watches
for cancer cells but also shapes them; doing so, immunity can result in cancer cells
eradication (protective role) but it could also lead to cancer cells adaptations finally
resulting in a tumor-promoting action [12, 42, 43]. Cancer immunoediting will be detailed
in the next section.
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3.3.2 Cancer immunoediting: three steps

1. Elimination phase

The elimination phase consists in the eradication of nascent cancer cells by the
immune system when intrinsic cellular processes such as DNA repair, senescence and
apoptosis have failed to do so [42-44]. Indeed, in this case, nascent abnormal cells
develop into transformed cells expressing danger signals that can alert the immune
system and lead to immune responses capable of eliminating cancer cells before they
form overt tumors (immunosurveillance) [42-44]. These danger signals include cytokine
secretion or expression of DAMPs and stress ligands. In this elimination phase,
cooperation between innate and adaptive immune systems plays a major role [42-44].

2. Equilibrium phase

When elimination phase failed to eradicate transformed cells, these ones enter a phase
of dormancy, in which their growth is tightly controlled by the adaptive immune system,
with CD4+ and CD8+ T cells, IL-12 and INFy playing a major role [44]. Importantly,
cancer cells are exposed to an important immune pressure in this phase, giving sense
to the « editing » process [44].

3. Escape phase

Cancer cells may evolve under the pressure exerted by the immune system and
because of their genomic instability [44]. This leads to the escape from the immune
system. Many mechanisms are involved in this process. First, cells may dampen the «
danger » signals: by loosing TA expression, decreasing MHC class | expression,
altering the cellular peptide processing machinery (TAP,...). These events make the
cells « hidden » from immune cells [44]. Cancer cells can also evade immune-induced
apoptosis by regulating the expression of pro- or anti-apoptotic factors (for example,
increased expression of the anti-apoptotic protein BCL-2). Finally, tumor cells can
induce an immunosuppressive TME by several ways. For example, they may secrete
immunosuppressive cytokines; they may recruit immunosuppressive cells at the tumor
site, such as Tregs (which secrete IL-10 and TGF-B), or myeloid-derived suppressor
cells (MDSCs) which contribute to dampen anti-tumoral lymphocyte action [43, 44].
Cancer cells may also express inhibitory immune checkpoints such as PD-1/PD-L1 and
CTLA-4; this last point will be discussed in details below. The escape phase finally
results in overt disease [43].

Importantly, cancer cells may skip a step and directly enter in the ultimate phase, or
remain in the equilibrium phase with no overt disease for years or even throughout life
[42]. On the other side, depending on some particular circumstances (for example,
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exposition to immunosuppression or on the contrary to immunotherapy), cells can
proceed to the next step or turn back in the previous one [42]. Fig. 10 summarizes the

cancer immunoediting concept.
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3.3.3 TA and the recognition of cancer cells by the immune system

As detailed in the introduction to immunology chapter, the cancer cells recognition by
the immune system starts with the release of tumor (neo)antigens by dying or dead
cancer cells [6]. TA led to the recognition of tumor cells as « foreign cells » by the
immune system. Antigens that can be processed into peptides and loaded on MHC
molecules to stimulate a T cell response (in particular, a CTL immune response) are
probably the most relevant ones [41].

TA includes neoantigens, that is to say proteins expressed from mutated genes
(passenger or driver mutations) or from viral genes in the case of virus-induced
cancers, and self- antigens, represented by proteins resulting from normal genes
aberrantly expressed or overexpressed in transformed cells (including oncofetal and
differentiation antigens) [12, 41, 42]. In this last case, although the protein is normal
(self-antigen), it can evoke an immune reaction because it is considered as foreign by
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the immune system due to its aberrant expression (for example, embryonic proteins
elicit immune reaction in adults due to their aberrant expression at this age) [12, 41,
42]. This gives also evidence that self-reacting T cells are not completely eliminated by
tolerance mechanisms, but the remaining autoreactive T cells are low-avidity
lymphocytes and may be not able to product a robust immune reaction [12].

For immunotherapy, the ideal target TA should be expressed at high level in cancer
cells to strengthen the interaction with TCR, but should be absent or expressed at very
low level on normal tissues to avoid off-tumor undesirable effects. It should give rise to
immunogenic peptides that will be loaded and presented by MHC molecules to TCR [41].
Moreover, among products of mutated genes, those from driver mutations raise more
interest as they are essential for tumor growth and thus less prone to be downregulated
as an immune escape mechanism [12]. In addition, it could be hypothesized that
neoantigens, contrary to self- antigens, would be able to elicit T cells reactions that are
not subject to self-tolerance mechanisms and so should contribute to more robust
immune reactions [49]. But at initial tumor development stages, in the absence of
inflammation, the lack of co-stimulatory signals often leads to T cells
hyporesponsiveness [49].

The process of tumor recognition by CTLs is the same as pathogen recognition: APCs
(DCs) ingest cancer cells or tumor antigens, which after their processing into peptides
are loaded on MHC-I and presented to naive CD8+ T cell in the draining lymph node
[41]. The activation of naive CD8+ T cells to produce effector CTLs requires additional
co-stimulation signals or the contribution of MHC-Il-restricted CD4+ T cells also
activated by DCs [41]. DCs express co-stimulatory molecules following the activation of
innate immune responses due to the release of DAMPs by dying tumor cells lacking
blood supply or exposed to chemotherapy [41]. When CTLs are produced, they can
migrate to any tumor site and attack cancer cells expressing the specific antigen
without the need of helper T cell or co-stimulation signals [41]. Even if CTLs clearly play
a major role in anti-tumor immunity [53], other immunocompetent cells such as CD4+ T
cells, NK cells, macrophages and B cells actively participate to cancer cell eradication.

3.3.4 The dual role of the immune system in cancer: a complex crosstalk between
TME cells

Depending on the TME conditions (including metabolic changes) and mainly cytokines
they are exposed to, immune cells present with different phenotypes, promoting anti-
cancer responses or on the contrary sustaining tumor growth. The main immune cell
types present in the TME in cancer in general and their potentially dual role in cancer
(depending on their differentiation and polarization phenotype) will be briefly described.
We will also describe how the immune landscape and immune escape strategies are
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able to divert the immune system and make it an ally to promote cancer growth.
Macrophages found in tumors, named tumor-associated macrophages (TAMs), take
their origin in circulating monocytes but also in resident macrophages that have
infiltrated the surrounding tissue during embryogenesis [54]. Of note, the
contributing role to cancer progression of embryonic-derived TAMs is not yet fully
understood [54]. Another source of TAMs is represented by the mononuclear myeloid-
derived suppressor cells (M-MDSCs) (see below) that convert into TAMs under the
action of different chemokines [54].

TAMs present plasticity properties and their phenotype is highly depending on the
molecules and namely cytokines and metabolites present in the TME [6, 54]. These
molecules are produced by the cancer cells but also by non-cancer cells such as other
immune cells present in the TME [54]. TAMs can differentiate into M1-TAM, promoting
tumor eradication by several mechanisms, such as releasing ROS and nitric oxyde
(NO) or acting by ADCC [6, 54]. On the other hand, M2-differentiated TAMs harbor a
tumor and metastasis promoting role. Indeed, they produce MMPs and pro-angiogenic
factors (such as for example VEGF-A) favoring the extracellular matrix degradation and
a chaotic vasculature [54]. They also sculpt the tumor immune landscape through the
expression of different cytokines: for example, C- C motif chemokine ligand (CCL) 22
contributes to attract Tregs in the tumor bed, dampening T cells immune responses
[54]. TAMs also negatively impact CD8+ T-lymphocyte proliferation through induced
metabolic changes involving notably arginase and nitric oxide synthase (iNOS) [54]. To
note, hypoxia promotes a M2-phenotype contributing to tumor immune escape; this
point will be detailed later in the section related to the interaction between hypoxia and
immunosuppression.

In summary, TAMs are mainly involved in immunosuppression in the TME [55]. On the
other side, DCs play a main role in initiating T cell responses against cancer [55].

DCs are classified into different subsets taking into account their origin, their
expression markers, their localization and their function [56]; the main subsets include
conventional DCs (cDCs), with sub-type 1 and 2 (cDC1s and cDC2s), plasmatoid DCs
(pDCs) and monocyte- derived DCs (moDCs) [55, 56]. Depending on the transcription
factors expression profile in the CMP, progenitors cells differentiate into monocytes,
next able to give rise to moDCs, or into common dendritic cell progenitor (CDP) able to
differentiate in cDCs or in pDCs [55].

The most studied DCs in cancer to date are the cDC1s, which are known to play an
important role in stimulating anti-tumor responses; indeed, cDC1s and in particular
migratory cDC1s are highly performant for MHC cross-presentation and largely
contribute to the priming and activation of CD8+ T-cells [55, 56]. The cytokine secretion
by cCD1s greatly impact the infiltration but also the effector function of T lymphocytes,
with the CXC-chemokine ligand 9 (CXCCL9) and 10 (CXCCL10) attracting CTLs into
the tumor bed, and IL-12 and type | Interferon (IFN) playing a crucial role in enhancing
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T cells effector function [55, 56]. The crosstalk between cDC1s and NK cells has also
been underlined in recent studies [55]. Indeed, NK cells are major players to attract
cDC1s into the TME through FMS-related tyrosine kinase 3 ligand (FIt3L), CCLS5 and X-
C Motif Chemokine Ligand 1 (XCL1) action. On the other side, NK cells secrete IFNy in
response to the cDC1s IL-12 production contributing to the anti-tumor reaction [55].
cDC2s mostly present endogenous antigen via MHC class Il molecules to CD4+
lymphocytes supporting their helping role in CD8+ lymphocyte immune reaction [55].
However, the role of cDC2s as well as the one of pDCs and moDCs in human cancer
need further studies to be better characterized [55].

In the particular setting of the immune pressure exerted by the immune system on
nascent cancer cells, some variants develop and use strategies to drive DCs to
immune tolerance induction [56]. For example, cancer or immune cells in the TME
(including DCs) can express immune checkpoints ligands able to dampen T cell activity
[9, 10]. Moreover, metabolic changes (such as for example indoleamine 2,3-
dioxygenase 1 expression and the resulting L-Tryptophan depletion which can be
induced in DCs by CTLA4/CD80 and 86 interaction) also contribute to reduce CTLs
and NK cells activity while promoting the differentiation of immunosuppressive Tregs
[56]. Cancer cells produce cytokines and metabolites able to impact DCs infiltration,
differentiation or function, such as for example VEGF, IL-6 or prostaglandin E2 (PGE2),
finally resulting in a compromised anti-tumor phenotype in DCs [56].

Immature myeloid cells leaving the bone marrow infiltrate different organs where they
differentiate into granulocytes, DCs or macrophages [28, 44]. Under the action of
different attractive molecules produced notably in the TME, immature myeloid cells also
colonize tumor tissues where their differentiation is blocked whereas they retain the
capacity to proliferate [44]. MDSCs refer to this heterogeneous group of immature
myeloid cells, which are only observed in pathological situations such as cancer
disease [6, 28]. These cells are Gr1+ and present some similarities with neutrophils
(PMN-MDSC, polymorphonuclear - MDSC) or monocytes (M-MDSC, mononuclear
MDSC) [6, 28]. They also express some surface markers shared by monocytes, TAMs
and neutrophils [6]. They acquire immunosuppressive properties resulting from different
mechanims: ROS generation preventing T cell recruitment and activation but favoring
their apoptosis; depriving T cells from essential amino acids, such as L-arginine leading
to T cell proliferation arrest; secretion of immunosuppressive mediators (TGF-3, IL-10,
...) impacting NK cells function and inducing Tregs, and finally PD-L1 expression
activating Tregs but dampening effector T cells [6, 10, 28, 44]. Moreover, MMPs and
pro-angiogenic factors secreted by MDSCs contribute to tumor growth and expansion
[6].

As mentioned in the introduction to immunology above, NK cells activation take place
depending on the net result of the balance between activating and inhibitory signals
[47]. Moreover, cytokines present in the TME contribute to this activation [47]. In
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response, NK cells also produce a lot of inflammatory signals, including cytokines and
chemokines, impacting other immune cells infiltration, activation and proliferation [47].
One major cytokine produced by activated NK cells is IFNy, impacting the expression of
MHC class Il molecules by APCs, activating macrophages and favoring CD4+ Th1
phenotype [47]. Once again, cytokines and molecules exerting an immunomodulatory
activity present in the TME can dampen NK cells activity, such as for example TGF-§ or
PGE2 [47]. Due to the pressure exerted by the immune system, cancer cells often
dampen their MHC class | expression to escape the CD8+ T cell attack [47]. This
renders themselves vulnerable to NK cell lysis as MHC class | molecules cannot
engage with KIRs anymore, reversing the balance to activating signals [47]. However, in
this context, the immunosurveillance exerted by NK cells can fail due to the dampening
of activating signals by cancer cells [47].

T lymphocytes present in the TME include CD4+ conventional T lymphocytes (Tconv),
Tregs and CTLs. Tconv contribute to tumor eradication. First, they play a role in the
secondary lymphoid organ where they contribute to enhance the CD8+ priming through
stimulating the DCs co-stimulatory functions, cytokines production (notably IL-12) and
maturation (through CD40-CD40L interaction) [57]. Due to the CD4+ help, CD8+
priming occur even for low- affinity lymphocytes, allowing a larger CD8+ cohort
harboring a TCR specific for TA to be primed [57]. Tconv at the tumor site greatly
impact the TME cytokines landscape notably by producing IFNy contributing to support
CTLs and IL-2 stimulating NK cells [57].

As mentioned in the introduction to immunology, Tregs promotes self-tolerance and in
the context of cancer, exert a deleterious immunosuppressive activity. In the cancer
TME, Tregs take their origin mainly from the thymus, but could also derive from the
Tconv conversion (induced Tregs, iTregs) under the action of tumor cells TGF-3
production [57]. Tregs dampen the immune system attack against cancer cells, and
notably decrease the DCs maturation and alter the CTLs as well as the macrophages
activity through immunosuppressive cytokines secretion (for example, IL-10, IL-35 and
TGF-B) [57]. Tregs also promote angiogenesis and are trapped in hypoxic masses
through CCL28 pathway [57, 58].

CTLs represent the major actor of immune cancer cells killing [53]. After their priming in
the secondary lymphoid organs and their conversion to effector T cells, they reach the
tumor bed where they are attracted by several cytokins and chemokines (for example,
CXCL9, CXCL10, CCL5) and infiltrate through ICAM-1 (intracellular adhesion
molecule-1)/LFA-1 (leukocyte function-associated antigen-1) binding and selectins
interactions [59]. They recognize their specific antigen presented on MHC class |
molecules on cancer cells which is then killed through granzyme and perforin-
containing granules releasing by T cells or by activating death receptors on the target
cell (through the interaction of FasL on T cells with Fas receptor for example) [53].
However, each step of CD8+ T cells activity is governed by stimulatory factors (including
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cytokines, chemokines, ligands/receptors interactions, growth factors, MHC class | and
co-stimulatory signaling,...) but can also be counteracted by inhibitory signals emerging
from the particular conditions (metabolic and immune landscape,...) of the TME [53].
One of these dampening signals include the interaction between immune checkpoints
ligands and their cognate receptor, including the interaction between PD-1 on T cells
and its ligands on cancer cells or immunosuppressive immune cells [53]. The
importance of PD-1/PD-L1 axis in cancer will be detailed in the next section.

3.3.5 The PD-1/PD-L1 axis in cancer: anergy and exhaustion state of T cells and

tumor immune escape

The importance of the PD-1/PD-L1 axis in self-antigen immune tolerance development
and in T cells anergy induction has been described in the introduction. PD-1/PD-L1 axis
also plays a main role in the dysfunctional hyporesponsive states of T cells observed in
cancer, namely anergy and exhaustion, and the accent will be put on these two
phenotypic differentiation of T cells [49].

Indeed, naive CD4+ and CD8+ T cells priming in the context of nascent cancer mass is
often suboptimal, resulting from the insufficient co-stimulatory signals provided by a
poor- inflammatory context and the consecutive suboptimal activation of APCs [49].
This leads to an early dysfunctional state similar to T cells anergy [49]. Then tumors
progress to bulking mass with a larger TA load (self-antigens or neoantigens resulting
from neomutations) more able to elicit immune reactions [49]. However, in this case,
TCR continuous cancer antigen exposure promotes an exhausted phenotype of CD8+
T cells similar to that observed in chronic viral infections (late dysfunctional state) (Fig.
11) [49].
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Fig. 11: From [49].

To note, early dysfunctional T lymphocytes represents a plastic state, as they can be
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« reinvigorated » and regain their effector functions [49]. On the other side, late
dysfunctional T lymphocytes have definitively lost their cytotoxic functions. Both states
are characterized by PD-1 expression, but in the late dysfunctional state, more
inhibitory receptors are expressed [49]. The phenotypic appearance of T cells, both in
normal states (naive, effector or memory states) and in dysfunctional ones (anergy-like
and exhausted) depends on transcriptional program expression but also on epigenetic
regulation (Fig.12) [49].
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Fig. 12: From [49].

To remember, PD-1+ not only represents an exhaustion marker but also reflects T cells
activation as it is present in a transitory way during naive to effector state activation, in
order to limit CD8+ lymphocytes overstimulation [44, 48, 49].

However, when CD8+ T cells fail to eliminate cancer cells, many factors contribute to
the CD8+ lymphocytes dysfunction [49]. The immunosuppressive TME including
immunosuppressive cytokines (such as IL-10 and TGF-B), metabolic changes
(enzymes expression such as indoleamine-2,3-deoxygenase, changes resulting from
hypoxia,...), and immunosuppressive cells (such as MDSCs, TAMs and Tregs) dampen
T cells responses. Cancer cells also evade CD8+ attack in several ways: by down-
regulating their MHC class | molecules expression making them hidden for CTLs, by
loosing some TA expression, by impairing the antigen presentation machinery, and
finally by expressing inhibitory ligands such as PD-1 ligands (PD-L1 and PD-L2) [49].
Many mechanisms account for the increased expression of PD-L1, such as for example
IFNs secretion or HIFs stabilization under hypoxia [6, 10, 48]. PD-L1 (and PD-L2)/PD-1
axis have so appeared to be a suitable target in order to reinvigorate T cells reactions,
and monoclonal antibodies (Mab) able to block immune checkpoints have been
developed, first tested in the pre-clinical setting and next introduced in clinics with a
high success rate in various type of adult cancers [48]. Among these immune checkpoint
inhibitors (ICI), nivolumab and pembrolizumab target the PD-1 molecule whereas
atezolizumab blocks PD-L1; these ICI have first demonstrated clinical efficacy in
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advanced forms of melanoma and some lung cancers and have been next introduced
in the treatment of many other cancer types [60]. Nonetheless, responses are observed
only in a small part of patients (20-40%) and are not always sustainable over time [60].
Biomarkers able to predict the individual patient benefit from anti-PD1/anti-PD-L1
therapy are needed, and few have been strongly established to date. Among them, PD-
L1 expression on tumor cells (including cancer cells and APCs) is reported as a valid
biomarker for response but is still imperfect [60]. Indeed, some PD-L1+ cancer do not
respond, and other PD-L1 negative tumors respond well to PD-1/PD-L1 axis blockade
[48, 61]. Another correlation has been established between a high somatic mutational
burden and better ICI response [62]. Once again, despite this, some patients harboring
tumors with a low mutation rate may respond to ICI [48]. One hypothesis in this case is
that antigen recognized by T cells are self-antigen present on cancer cells, and ICI
allow to remove the brakes of self-antigen recognizing T cell tolerance [48]. In
conclusion, new biomarkers helping to predict patient response are strongly needed. To
reach better responses rates among patients, ICI have been tested in combination to
other (immuno)-therapies with promising results [63]. The combinatorial therapy could
include strategies aiming to increase the mutational burden (radiation or tumor
vaccination), epigenetic drugs, metabolism targeting drug or other immunotherapies
(Mab, CART cell,,...). Recent studies tend to demonstrate that late-dysfunctional CD8+
lymphocytes (exhausted T cells) in the TME are not reinvigorated after ICI therapy, but
instead of this, reprogrammable T lymphocytes (early dysfunctional T cell or other
functional tumor-antigen recognizing T cells) replace exhausted CD8+ lymphocytes in
the tumor bed accounting for the effect of ICI [49, 64]. However, more studies are
needed to fully unravel the T cells origin accounting for ICI success (Fig. 13).
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Fig. 13 illustrating the roles of PD-1 in acute infection, tolerance and cancer. From [48].

3.4 Neuroblastoma, immunity and immune escape mechanisms

Clinical observations have highlighted the importance of immune system in NB and
evidenced that NB cells can elicit immune responses in host.

First, some patients present with a particular form of NB called opsomyoclonus
syndrome (OMS) [12]. This paraneoplastic syndrome is due to anti-neural antibodies
that recognize not only tumor cells but also normal neural cells leading to neurologic
disabilities [12, 65]. These tumors are immune infiltrated (including B and T
lymphocytes infiltration, and the presence of lymphoid follicles containing FDCs and
macrophages) demonstrating an immune response against the disease [12, 65, 66].
Patients with OMS harbor an excellent oncologic prognosis but can keep severe
sequelae resulting from the anti-neural auto-immunity [12, 13, 21, 67]. Secondly,
spontaneous regression is often observed in infants presenting a MS (or 4S) stage NB
[21, 67]. It seems that immune system could play an important role in this evolution, as
the immune cell landscape of tumors from these young children is different compared to
older ones harboring non self-regressing disease but the precise role of immune
system in 4S regression is not yet fully understood [4, 21, 67]. Thirdly, immunological
studies have demonstrated that NB are infiltrated by immune cells, and some
correlations between lymphocyte infiltration, their function, MYCN amplification status
and the patient prognosis have been underlined [4]. Finally, pre-clinical studies
including immunotherapeutic agents have given promising results, and clinical trials
including anti-GD2 monoclonal antibodies has led to substantial progress in overall
survival of NB patients (see immunotherapy chapter) [65].

However, to progress, NB cells need to induce immune tolerance and escape the
immune attack [4, 26]. Uncovering their immune escape strategies will certainly
contribute to therapeutic progress. Further studies are needed to gain more insights
into the immune interplay between NB cells and host immunity; deep understanding
of 4S spontaneous regression and OMS pathogenesis will probably help to precise the
mechanisms involved. Immunotherapy takes part of the standard treatment of HR
forms, but relapses are frequent and the overall survival remains less than 50%. In the
next future, combination therapies will probably help to avoid immune resistance, and
immunotherapies aiming to develop immune memory would help to prevent relapses
[4].

3.4.1 Inmunogenicity of NB and TA: the low mutational burden of NB

NB tumors are poorly immunogenic and harbor few neo-antigens [4]. TA having an
impact on immunotherapeutic drug development include GD2, B7H3, ALK, survivin and
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tyrosine hydroxylase (TH) [26].

3.4.2 The immune landscape of NB tumors

Immunological studies of human NB tumors are not easy to conduct as NB is a rare
disease and as primary tumor biopsy is often performed after chemotherapy treatment,
skewing the analysis of immune cells landscape. Indeed, immune cells are impacted by
the heavy chemotherapeutic treatment and few living cellular material is available.
Moreover, discrepancies are founded in the literature due to the different techniques
used to assess tumor immune cell content and/or function and to the small number of
samples available.

Nonetheless, some results indicate that TILs are present in NB tumors. Lymphocytes
include T CD4+ and CD8+ cells, NK cells, but also NKT, iNKT cells and yd T cells; B
cells are not preponderant [4]. TIL density correlates with the patient outcome and
stage of the disease: patients having higher CD3+ TIL infiltration have better prognosis
[4]. The correlation between TIL density and disease stage is still poorly understood;
tumor differentiation may play a role, as it accounts in part for disease stage and may
impact tumor immunogenicity. For example, undifferentiated NCCs do not express
Class | MHC molecules and thus are less immunogenic, possibly leading to less TIL
infiltration [4].

Subsets of TILs infiltrating NB tumors have also been studied, but conflicting results are
reported [4]. Prognosis have been reported to correlate with the CD4+ / CD8+
intratumoral ratio and with the CD4+ T cells subsets (Th1 versus Th2) present in the
tumor, but opposite results arise from different studies [4]. Tregs usually induce
immunosuppression and thus are associated with poor prognosis in cancer [4].
However, in NB, better outcome has been correlated with higher FOXP3 expression at
diagnosis [4]. This seems counterintuitive as Tregs exert immunosuppressive functions,
but in this case, FOXP3 expression possibly reflects Tconv activation and not the
presence of Tregs; one could also hypothesize that higher FOXP3 expression could
reflect higher T cell infiltrates in tumors in general, which often correlates to good
prognosis [4].

MYCN amplification seems to correlate with reduced tumors immune infiltration but also
with immune cells decreased cytotoxic activity [4, 68]. As MYCN amplified tumors often
have a low mutational burden, their immunogenicity is reduced and could account at
least partly for their low immune infiltration. In addition, MYCN amplified NB tumors
produce less cytokines possibly giving another explanation for the low TILs presence in
these tumors [4]. More studies are needed to precise the correlation and the
mechanisms implicated in low immune infiltration in these cases [4].

If the presence of TILs in NB tumors is well established, much less is known about their
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function and their specificity for NB cancer cells [4]. Some arguments advocate for a
reactivity of TlLs against NB cells [4]. First, a small number of untreated patients
present differences in the TCR clonality between circulating lymphocytes and TILs, with
reduced clonality in TILs TCR suggesting their expansion in response to specific
antigens [4]. Secondly, higher activation and proliferation markers expression on TILs
have been reported in some studies but these data are not confirmed by other ones;
moreover, TlLs presented less frequently a naive phenotype and were predominantly
effector memory cells in the TME compared to blood circulating cells [4]. However, as a
subset of T cells reside in different human tissues, it's not clear as effector memory T
cells in NB are specific for tumor antigens [4]. Thirdly, the importance of NK and CD8+
cells cytotoxic activity have been evidenced in clinical and pre- clinical studies;
especially, TILs cytotoxicity may be enhanced with appropriate cytokine stimulation,
which may have an interest for NB immunotherapy [4]. Lastly, in MYCN non- amplified
NB tumors harboring a high MYCN-signature at diagnosis, higher expression of
exhaustion markers and notably higher expression of CTLA4 and PD-1 were
associated to enhanced cytolytic immune signatures [4, 68]. The higher immune
checkpoint expression in this case contributes to an immunosuppressive TME limiting
the benefit of the TILs infiltration and their cytotoxic activity [68]. These patients may
probably benefit of ICI therapy, as TILs are present, have a higher cytolytic activity, but
are exhausted [68].

3.4.3 Immune escape strategies in NB

Similar to other cancer cells, NB cells have developed a set of immune escape
strategies allowing tumor growth and metastatic lesions development often leading to
patients’ death in the HR forms. These escape strategies include the decreased or on
the contrary the increased expression of surface molecules activating or inhibiting
respectively receptors on immune cells, metabolic and enzymes expression changes in
NB cells impacting the metabolites present in the TME and more broadly in blood, and
the release of soluble factors (including proteins such as cytokines and chemokines but
also gangliosides) impacting the immune cells TME landscape and functions.

A first strategy developed by NB cells to avoid immune attack is to render themselves
hidden for T and NK cells.

TA peptides elicit T cells responses only if they are loaded on MHC molecules and
presented in this way to effector T lymphocytes. Therefore, NB cells often dampen their
expression of MHC class | molecules, rendering them invisible by circulating T cells and
leading to poor immune infiltration [21, 26, 44, 45, 65, 68]. Moreover, the expression of
antigen processing machinery molecules such as TAP-1 or LMP-7 and -2 is also
downregulated, contributing to a decreased immunogenicity [21, 26, 44, 45]. NB cells
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are also able to express immune checkpoints such as CD200 and PD-L1, dampening
the T lymphocytes responses [4, 69].

Decreased MHC class | molecules should elicit NK cell response against NB cells, but
cancer cells have developed strategies to reverse the balance between activating and
inhibitory signals in favor of dampening the NK cell attack: inhibitory signals (such as
B7H3) on cancer cells are expressed whereas they down-regulate their activating
ligands expression (such as MICA-A, MICA-B, ULBP 1 and 3 and DNAM-1 ligands) [26,
44, 45, 65].

NB cells and immune cells infiltrating the tumor also secrete soluble factors including
cytokines and chemokines but also gangliosides dampening the immune cancer
responses and impacting the TME immune landscape [26, 44].

For example, among immunosuppressive cytokines, we can cite macrophage migration
inhibitory factor (MIF) that has been reported to be overexpressed and secreted by NB
cells and to correlate with poor prognosis from of the disease [70]. In NB, MIF
contributes to dampen T cell immune responses [70]. TGF-B1 derived from NB cells
and from monocytes and IL-6 derived from monocytes impairs NK cells IL-2 activation
decreasing their cytotoxic activity, their ability to perform ADCC and the IFNy secretion
[71].

Glycan-binding protein galectin-1 (gal-1) is expressed by NB cells and exerts
immunosuppressive function on effector T cells, induces T cell apoptosis and impairs
DCs maturation and function so contributing to downregulate immune responses
against NB cancer cells [26, 44, 72].

The soluble form of the oncoantigen GD2 (sGD2) is also produced by NB cancer cells
and impacts DCs function dampening MHC class Il and co-stimulatory molecules
expression on their surface, reducing immunostimulatory cytokines production and
increasing immunomodulatory cytokines production [4].

HLA-G molecules belongs to HLA class Ib family and are known to be expressed by a
vast majority of cancer cells [26, 44]. In NB, cancer cells instruct blood monocytes to
produce the soluble form of HLA-G (sHLA-G), resulting in higher plasmatic
concentrations of sHLA-G in NB children, levels that were correlated with the
occurence of relapse [73, 74]. sHLA-G dampens the NK cells and CTLs activity notably
by leading to cytotoxic effectors apoptosis [73, 74].

MHC class | chain-related gene A protein (MICA) is released by NB cells as a soluble
(s) form, s-MICA, and has been found in NB patients serum [26, 44, 45]. s-MICA has
immunosuppressive properties, as it decreases NGK2D expression on circulating T
cells surface and dampens the NK cells action against MICA positive NB cancer cells
[45].

Neuroblasts express B7-H6, the ligand of the NKp30 receptor on NK cells, and the shed
B7- H6 contributes to the downregulation of NKp30 receptor expression on NK cell
surface and so dampens NK cells responses, representing an additional immune escape
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mechanism [75]. Vanichapol et al have reported that high-mobility group box 1
(HMGB1) expression is up- regulated in vitro in the SK-N-SH cell line and this results in
Treg differentiation induction. This overexpression was also found in 11% of patients
listed in the NCBI GEO database and correlates to poor overcome [76]. Among other
tumor-promoting roles, HMBG1 could be a major player in the NB immunosuppressive
TME by its Tregs differentiation promoting activity [76].

Through arginase Il overexpression, and the resulting local but also systemic arginine
depletion, NB cells are able to suppress T lymphocytes proliferation and activation as
well as myeloid cells activity [77]. This mechanism could at least accounts in part for the
lymphopenia often observed in NB children harboring bulking masses at diagnosis (prior
to any treatment) and obviously contributes to the impaired anti-NB immune responses,
even those resulting from adoptive Chimeric Antigen Receptor (CAR)-T cell therapies
(see below) as they also require arginine for their activity [77].

In addition to exert direct effects on immune cells functions, cytokines and chemokines
in the TME also contribute to attract regulatory and immunosuppressive cells in the
TME, mainly represented by TAMs, MDSCs and Tregs [28]. These cellular populations
presence in NB tumors correlate to poor prognosis forms of the disease [28].
Circulating monocytes, after being attracted in tumors by different chemokines such as
colony stimulating factor 1 (CSF1), CCL2 and CCL20, differentiate into TAMs and
polarize into M1 or M2 phenotype [26, 28]. To note, hypoxia favor the production of
these attractant cytokines [28]. Dismal prognosis metastatic NB patients often harbor
tumors infiltrated by M2-polarized TAMs, which exert immunosuppressive function, in
contrast to good prognosis forms, which often show immunostimulatory M1 TAMs
infiltrated tumors. The tumor- promoting roles of M2 TAMs results from their ability to
sustain angiogenesis, to favor metastases by enhancing cancer cell invasion and by
preparing metastatic sites, and by blocking T cells and NK cells function and favor
Tregs and MDSCs attraction and activation [26, 65]. To do so, they produce
immunosuppressive cytokines (IL-6, IL-10 and TGF-B), VEGF, MMPs, enzymes such
as arginase, indoleamine dioxygenase and iINOS and express immune checkpoint
ligands such as PD-L1 [28]. To note, hypoxia but also non-oxygen dependent HIF-1
and HIF-2a stabilization favor M2-polarization of TAMs [28]. Fig. 14 summarizes the
immunosuppressive activity of TAMSs.
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MDSCs are attracted in the NB TME by different chemokines such as CXCL1, CCL7 and
CCL2. They exert their immunosuppressive properties by several mechanisms, resulting
in impaired CD4+ and CD8+ actvity, as well as NK cells and DCs activity [28, 44]. T
cell proliferation and function are impacted by the depletion in essential amino acid surch
as L- arginine or by ROS and NO. IL-10 and TGF-f produced by MDSCs favor Tregs but
dampen NK cells activation and function [28, 44]. MDSCs also impact the differentiation as
well as the migration of DCs and doing so, impaired CD8+ lymphocytes activation [28,
44]. Tregs in NB express CTLA-4 and contribute to APCs maturation inhibition; moreover,
they produce immunosuppressive cytokines (notably IL-10 and TGF-B) and are able to
kill effector T lymphocytes by mechanisms involving granzymes and perforins (Fig.15)
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Fig. 15 illustrating the immunosuppressive actions of MDSCs. From [44].
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Immune escape strategies in NB are summarized in Fig. 16.
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Fig. 16 summarizes the complex immune escape mechanisms encountered in NB. From [4].

3.4.4 PD-1/PD-L1 axis in NB

The importance of the PD-L1/PD-1 axis in pediatric solid tumors and in particular in NB
has been the subject of several studies over the past recent years. However, these
studies have led to conflicting conclusions [78].

Aoki et al have reported low PD-L1 expression in pediatric malignancies, including
neuroblastoma [79]. On the other side, recent publications demonstrate that PD-L1 is
expressed in NB [69, 78, 80-82]. The discrepancy in PD-L1 expression in NB studies
could results from several issues. First, technical reasons could be an explanation as
different techniques have been used to detect PD-L1, and even when assessed by the
same technique, the reagents used could be different (for example, different antibodies
are used for Fluorescence activated cell sorting (FACS)) [83]. Secondly, PD-L1

expression is not a static process and evolves over time, responding to stimuli

produced in the TME [84], such as for example IFNyy which up-regulates PD-L1

expression [69].
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In addition, PD-L1 expression represents a valuable NB prognostic biomarker. Indeed,
Melaiu et al have reported the important prognostic value of PD-L1 combined to HLA-1
expression assessment [78] and Majzner et al reported that PD-L1 is expressed in a
consistent proportion of NB (14%) and correlates with poor survival for HR patients [82].
Zuo et al have also reported a tendency to worse prognosis in PD-L1 positive NB
patients; moreover, they were the first to compare the PD-L1 expression status before
and after chemotherapy in a small number of patients [83]. Patients with a positive
status before and after treatment clearly had a worse outcome that PD-L1 negative
remaining ones [83]. Of note, no significant correlation has been observed between
MYCN amplification status and PD-L1 expression [69], but Melaiu et al reported that
MYC and MYCN are involved in PD-L1 expression regulation, suggesting that targeting
the two main oncodrivers MYC and MYCN could target one of the NB immune evasion
mechanism [78]. Remarkably, PD-L2 is rarely expressed by NB cells [69].

Immune effectors cells in NB also participate to the immune evasion through the PD-L1/
PD- 1 axis. Indeed, HR patients tumors present a high percentage of PD-1 positive
CD8+ TILs [81]. In addition, PD-L1 and PD-L2 positive macrophages and DCs have
been observed, contributing to dampening the immune reaction against cancer cells
[69]. So, even if NB cancer cells are PD-L1 negative, patients could benefit from ICI
targeting the PD-L1/PD-1 axis [69].

Pre-clinical evidence for a benefit of blocking PD-L1/PD-1 axis in NB has been recently
underlined in some studies [85, 86]. Mao et al have demonstrated a synergistic activity
and a drastic tumor reduction in TH-MYCN mice receiving a combinatorial therapy
associating BLZ945 (a blocker of the macrophage colony-stimulating factor receptor
CSF-1R on myeloid cells) and PD-1/PD-L1 targeting antibodies [85]. To note, ICI alone
was not sufficient to delay tumor progression [85]. Siebert et al showed an up-regulation
of PD-L1 on NB cells and of PD-1 on effector cells after anti-GD2 Mab treatment, and
combining anti-GD2 and ICI led to synergistic effect [86]. Based on these results, two
relapsed refractory NB patients benefited from anti-GD2 (dinutuximab beta) and anti-
PD-1 Mab (nivolumab) combinatorial therapy leading to complete remission in one
patient and a good partial response in the other one [87].

In conclusion, new pre-clinical studies to assess the efficacy of combining PD-1/PD-L1
axis blockade with other immunotherapeutic drugs or small inhibitory compounds need
to be conducted. In this way, new therapeutic schedules will emerge and enter clinical
trials in order to improve the overall disastrous prognosis of HR NB patients.

3.5 Immunotherapy in cancer

Immunotherapy for adult cancers has led to substantial progress in survival and
continue to raise great interest, notably with combinatorial treatments [63]. The major
aim of immunotherapy is to reactivate or increase existing immune responses against
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cancer cells, or to induce them [52]. Both innate and adaptive immune responses can be
enhanced leading to anti-tumor effect: indeed, innate immunity stimulate adaptive
immunity leading to specific responses and potentially to memory immunity against the
tumor disease. Immunotherapy for pediatric patients is challenging but arouse still more
interest as great progress has been achieved notably for patients harboring NB and
leukemia or lymphoma [52].

First, pediatric tumors are less immunogenic than adult cancers, as they have a low
mutational burden [52]. Tumor neoantigens are scarce, but progress in technologies
and particularly in sequencing will extend the field of targetable molecules in the next
future, with a more personalized medicine [52]. Nonetheless, under the immune
pressure, cancer cells can develop new immune escape strategies, and among these,
antigen loss could represent a limitation to target immunotherapy long-term efficacy
[52]. Secondly, toxicities resulting from immunotherapy such as auto-immunity and
cytokine release syndrome and their management need to be carefully assessed in
children [52]. Thirdly, immunotherapies and notably adoptive cellular therapies are not
available in all care centers and extend technology facilities could be very expensive
[52]. Finally, how to include immunotherapy in the standard of care of pediatric tumors
has still to be determined: the right timing to administrate this new class of drugs is still
the source of debate [52]. Tumor volume but also immune-depression resulting from
conventional cancer treatments can influence immunotherapy responses and have to
be taken into account [12].

The mechanism of action of each class of immunotherapeutic compounds will be next

briefly described, as well as their potential role in NB therapy.

3.5.1 Inmunotherapeutic agents and immunotherapy in NB

In the field of NB, the disialoganglioside GD2 represents a fundamental target for
immunotherapy and has led to strong therapeutic progress [65]. It is an oncofoetal
differentiation antigen that belongs to the glycolipids family [65]. Its expression takes
place during fetal life and after is restricted to central neurons, peripheral nerves and
melanocytes (accounting for some of the side effects of anti-GD2 mABs therapy such
as pain, see below) [65]. GD2 is also present at the NB cell surface in primary and
metastatic lesions and leads to cellular proliferation and migration via MEK/ERK and
PI3K/AKT signaling pathways [65]. It is often expressed at high density on NB cells and
almost no antigen loss has been observed, making it suitable for immunotherapy [65].
As GD2 is not a protein molecule, it can not be processed to be loaded on classic MHC
molecules to stimulate T cell immunity, but as a carbohydrate antigen it can be targeted
by antibodies [41, 65]. GD2 represents also an attractive molecule for CAR-T cell
therapies (see below) [65].
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A broad spectrum of immunotherapeutic agents have been developed and can be
classified into 3 large groups: vaccines, monoclonal antibodies (Mabs) and adoptive
cellular therapies [12, 52].

1. Vaccines

« Vaccines » include different approaches, ranging from the administration of tumor
peptides simultaneously with adjuvants, to DCs vaccines [12]. DCs vaccines are
obtained when immature DCs are primed ex-vivo with tumor antigen (tumor cell lysates
or dying tumor cells or tumor RNA), leading to their maturation rendering them able to
present tumor peptides loaded on class | or Il MHC molecules [12]. Another technique
use mature DCs incubated with antigen peptides which bind to MHC molecules directly
[12].

Vaccines can dampen tumor growth or have a role in preventing relapses, but are often
unable to lead to bulky masses regression [52]. Vaccination therapy has been tested in
clinical trials for NB patients, and some studies are still on-going; nevertheless, no long-
term benefit has been demonstrated until now [26].

2. Mabs

Mabs exert their anti-cancer activity by several mechanisms [12]:
® They can induce apoptosis by binding a cell signaling receptor;

®* They can compete for binding to a growth factor receptor depriving the cancer cell
from its survival signal or bind the growth factor itself;

* By coating the cancer cell, they can induce ADCC as their Fc fragment can activate
Fc receptors on innate immune cells;

®* They can activate the complement system by binding to cancer cell surface leading to
cell death due to the MAC assembly (complement-mediated cytotoxicity, CMC); as
the opsonins produced are then deposited on cancer cells and recognized by
complement receptors on NK cells, neutrophils and macrophages, complement-
dependent cellular
phagocytosis (CDCP) and complement-dependent cellular cytotoxicity (CDCC) can
also occur;

®* They can be coupled to a (pro-) drug, a radioisotope or a toxin, delivering this active
agent at the tumor site and thus lowering systemic side effects;

® They can block immune checkpoints, releasing the brakes for immune cell activation;

®* They can bridge cancer cells to immune cells, on onse side by binding to a specific
antigen on the cancer cells and on the other side by binding and recruiting immune
cells (bi- or - tri- specific antibodies engineering).
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In NB, immunotherapy with anti-GD2 mABs has revolutionized the standard treatment
and led to a substantial progress in overall survival [65]. Several mABs targeting GD2
have been developed [65]:

®* The mouse IgG3 3F8 and 14.18;

® Dinutuximab (ch14.18), which results from the switching of 14.18 to IgG2a class and
the chimerization with human IgG1-Fc;

Dinutuximab-3 (ch14.18/CHO) resulting from the production of ch14.18 in
Chinese hamster ovary cells.

Mouse IgG3 mABs act mainly by CMC mechanism, whereas human IgG1 mABs exert
their activity mostly by ADCC [65]. The two families have impacted positively the survival
in clinical studies, and now Dinutuximab is integrated in the standard of care of HR NB
patients [65]. It has been tested in combination with GM-CSF and IL-2, in order to
stimulate innate effector cells and increase its efficacy, but IL-2 has not demonstrated
additional effects, suggesting that maybe ADCC from NK cells is not the leading
mechanism of action [65]. Now, Dinutiximab is given in combination with 13-cis-retinoic
acid and in some care centers with Granulocyte Macrophage Colony Stimulating Factor
(GM-CSF) in the post-consolidation phase of NB treatment [65]. To note, Mabs anti-
GD2 therapy has to be given in the minimal residual disease setting as it is not
efficacious on bulky masses [65]. Nonetheless, combination with chemotherapy
induction is tested in clinical trials and could contribute to initial responses and impact
survival [65].

Side effects include pain, fever and possible anaphylaxis [65]. Moreover, antibodies
directed against the murine or chimerized Mabs can develop and abolish their activity
[65]. In order to circumvent these issues and reduce side effects, new humanized anti-
GD2 mABs have been produced and are being tested in clinical trials [65].

Conjugated anti-GD2 Mabs also arouse great interest [65]. Pre-clinical studies are on-
going with anti-GD2 Mabs coupled to liposomes in order to selectively deliver anti-
cancer drugs to NB cells; in this perspective, pegylated anti-GD2 immunoliposomes

loaded with YM155 (a survivinn inhibitor) or with etoposide have given promising results

[65]. Clinical trials with anti- GD2 Mabs labeled with "I have revealed poor

pharmacokinetics profiles, but intrathecal administration for central nervous system
(CNS) metastasis leads to substantial antitumor responses [65]. Finally, cytokines
fused to the heavy chains of anti-GD2 Mabs aim to avoid systemic side effects by
delivering these mediators at the tumor site [65]. Responses observed in preclinical
animal models were better when these conjugated compound were intratumoral
administrated compared to systemic injection [65].

Bispecific antibodies anti-GD2 x anti-CD3 thus targeting GD2 and recruiting T cells
bypassing the MHC restriction issue are now tested in phase I/ll clinical trials [65].

In addition, combinatorial immunotherapies including anti-GD2 Mabs with molecules
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able to fight the NB immunosuppressive TME are now tested in pre-clinical and clinical
trials with promising results [11]. Indeed, immune checkpoints engagement on innate
immune effectors dampen ADCC activity [65]. CTLA-4 and PD-1 are part of these
inhibitory signaling pathways [65]. ICl monotherapy has given disappointing results,
with no observed tumor regression and even progression under treatment [11].
However, preclinical studies combining immunotherapies or immunotherapy with drugs
targeting cancer induced immunosuppression mechanisms appear to act synergistically
[85, 86, 88]. This has led to clinical trials testing ICI combinations or anti-GD2 Mabs
and ICI combinatorial therapies. Results from these studies are currently awaited.

Other NB targets raise great interest. Among them, B7-H3, also overexpressed in
primary and metastatic NB tumors, has led to the development of Omburtamab [65]. As
liver toxicity resulted from its systemic administration, radionucleide conjugated-
Omburtamab is now injected by intrathecal via Omaya reservoir and shows efficacy
against CNS metastases [65]. Enoblituzumab, another B7H3 targeting Mab, has no
liver toxicity [65]. Bispecific antibodies B7-H3 x CD3 are also being investigated [65].

3. Adoptive cellular therapies

a) T-cell therapy

T cell therapy aims to deliver tumor-specific T cells to the patient, with increased function
and number [52]. T cell therapy have demonstrated its efficacy even in presence of
extended tumors, and long-term effect has been observed [26, 52].

T cell- therapy include [52]:

® TILs previously harvested and expanded ex-vivo, that can be reinfused to the
patient, increasing the preexisting immune response;

®* Tumor antigen specific CTLs could also be selected and expanded ex-vivo and
then given back to the patient; this approach has led to progress in the treatment
of EBV- associated lymphomas and post-transplant lymphoproliferative disease
(PTLD);

® Autologous T cells can also be harvested and genetically modified, to express a
TCR specific for a tumor antigen. Then, lymphocytes are given back to the patient
after lympho depleting treatment in order to favor engraftment. However, this
technique
implies a MHC restricted recognition limiting its use as many cancer cells dampen
their MHC-I molecules expression to escape immune attack. Alternatively, CARs
have been genetically engineered: these molecules contain an extracellular
domain similar to the single-chain fragment variable (scFv) of Ig and able to bind
to specific cancer antigen, and an intracellular signaling element leading to the T
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cell activation, bypassing the need for MHC presentation and co-stimulation
signals. CARs are classified into first, second and third generation as they have
CD3¢, CD3¢ and CD28 or 4-1BB, or CD3¢ and two co-stimulatory signals as

intracellular domain respectively (illustrated in Fig. 17).

First generation Second generation Third generation

Fig. 17: CARs. From [52].

b) NK-cell therapy

NK cell adoptive therapy uses autologous NK cells previously expanded ex-vivo or
allogenic NK cells in the setting of a haploidentical stem cell transplant; in this case,
selection of mismatch for KIR-KIR ligands could increase tumor immune attack [26].
CARs expressing NK cells have also been genetically engineered, by-passing the
effect of inhibitory or activating molecules expressed on cancer cells [26]. Studies are
still on-going [26].
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4. Hypoxia in cancer

Hypoxia represents a common hallmark of most solid tumors and correlates with
unfavorable prognosis [89]. Fast growing masses need higher oxygen and nutrients
supply but often harbor a chaotic vasculature not able to fully encounter their
requirements, leading to a low oxygen pressure in some tumor areas [35, 37, 38]. All
hypoxic cells in the TME face these issues by reprogramming their metabolism and
changing their gene pattern expression, notably through Hypoxia-Inducible-Factors
(HIFs) activity which influences many process involved in tumor progression [38].

4.1 HIF s family members and their regulation

HIFs transcription factor family is the major signaling mediator of hypoxia [38]. It is
represented by three isoforms: HIF-1, HIF-2, and HIF-3 [38]. Each isoform is composed
by a constitutively expressed HIF-13 subunit (also named ARNT for aryl hydrocarbon

receptor nuclear translocator) and an « subunit (respectively HIF-1a, HIF-2a or HIF-3a),

which is regulated in a O2>-dependant manner [38].

HIF-1 is the main mediating factor to adapt to tissue oxygen level [90]. Its level mainly
depends on post-translational regulation and is notably affected by oxygen availability
as illustrated in Fig. 18 [38].

Indeed, under normoxic conditions, proline (P) and asparagine (N) residues on the
oxygen- dependent degradation domains (ODD) and transactivation domains (TAD)
respectively are hydroxylated by the proline hydroxylases (PHD) activity [38]. Of note,
PHD need oxygen as substrate, whereas they use 2-oxoglutarate and ferrous ions

(Fe2+) as co-factors [38]. The main PHD isoform playing a role in HIF-1a hydroxylation

is PHD2 [91]. After asparagine residues hydroxylation, the co-activator P300 cannot
bind to the TAD anymore whereas the von Hippel-Lindau protein (pVHL) binds to the
hydroxylated proline residues, recruiting an E3 ubiquitin-ligase finally resulting in the

ubiquitination and proteosomal degradation of the HIF-1a protein [38]. Moreover, in

normoxia, factor inhibiting HIF (FIH) also mediates HIF-1a TAD hydroxylation, impairing

the interaction with transcriptional co-activators and so preventing HIF target genes
expression [91].
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Fig. 18: HIF-1a oxygen-dependent hydroxylation. From [38].

On the contrary, under hypoxia, hydroxylation does not take place and the co-activator

P300 can be recruited; the stabilized HIF-1a subunit can form dimer with HIF-1

through the basic- helix-loop-helix-PER-ARNT-SIM homology (bHLH-PAS) domain
activity, allowing the binding to the hypoxia responsive element (HRE) in the promoter
of HIF target genes and finally leading to their expression [38]. Under prolonged
hypoxic conditions, however, a natural antisense HIF controls its mRNA level [38]. Of
note, other mechanisms account for HIF-1 expression and activity. Indeed, oxygen-
independent mechanisms also contribute to HIF-1 expression: for example, growth
factors (such as insulin growth factor-1 (IGF-1), hormones (such as insulin),

inflammation molecules (such as TNFa (tumor necrosis factor «) or oncogenes induce

HIF-1a expression and subsequently its target genes transactivation [38, 91]. The

majority of these oxygen-independent regulatory mechanisms finally converge to
MAPK (mitogen-activated protein kinase) and PI3K (phosphoinositide 3-kinase)/Akt
pathways [91]. Therefore, HIF-1 expression and stabilization reflects tumor hypoxia but
can also been observed under normoxic conditions, a state commonly called « pseudo-
hypoxia » [6].

Recently, epigenetic events interfering with HIFs stability and transcriptional activity
have been identified as a third regulation mechanism. For example, notably in different
NB cell lines, HIF-1 up-regulates the expression of ten-eleven-translocation 5-
methylcytosine dioxygenase (TET) 1 enzyme, which is responsible for the increase of
5-hydroxy- methylcytosine (5-hmC) in regulatory regions of HIF specific genes,
facilitating their expression under hypoxic conditions [92]. Other similar epigenetic
mechanisms contributing to the increase of HIF-induced transcriptional program occur
in a HIF-dependent manner: jumonji domain (JmJ) histone demethylases induces
histone modifications and chromatin remodeling in HIF-regulated genes such as
Carbonic Anhydrase (CA) IX or Pyruvate dehydrogenase kinase 1 (PDK1) leading to
their increased expression under hypoxia; interestingly, JmJ histone demethylases
belongs to HIFs targets [92]. Therefore, HIF can transcriptionally induce enzymes
involved in epigenetic regulation of HIF target genes transcription [92]. Uncovering all
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the epigenetic pathways implicated in hypoxia and HIFs responses could positively
impact cancer therapies. For example, retinoic acid (RA) takes part in the standard
maintenance therapy of HR NB but fails to have a great anti-tumor activity. However,
when RA is combined to the DNA-demethylating compound 5-aza- deoxycytidine, HR

NB tumors growth is impaired [93, 94]. In this case, HIF-2a transcriptional program
seems to be increased, linking HIF-2a to a tumor suppressor role in the context of NB
[93, 94]. HIF-2a regulation occurs in an oxygen-dependent manner similar to HIF-1a.
On the other side, HIF-3a is regulated at the transcriptional level; it has been

demonstrated that due to alternative splicing, different HIF-3a variants are generated

and could exert opposite function in hypoxic condition [95].

4.2 HIFs target genes and regulation of cancer progression mechanisms

Hundreds of HIF direct target genes have been identified using genome wide chromatin
immunoprecipitation combined with DNA microarray (ChIP-chip) or DNA sequencing
(ChIP- seq) [96, 97]. HIF-1 binds to the HRE in the enhancer or promoter regions of its

target genes [98-100]. HIF-1a and HIF-2a share structurally similarities in their bHLH-

PAS domains but present differences in their TAD [101]. So, they have common target
genes but also regulate a unique set of genes [102]. HIFs are involved in many process
linked to cancer progression, such as angiogenesis, metabolic shift, extracellular
matrix degradation, epithelial-to-mesenchymal transition, invasion and metastasis,
cellular stemness maintenance and tumor immune escape (Fig. 19) [38].
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Fig. 19: HIF-1a proline oxygen-dependent hydroxylation. Adapted from [38] and [91].
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4.3 Hypoxia, HIFs and angiogenesis

The main angiogenesis genes regulated by HIFs include VEGF-A and CXCL12 [38]. As
angiogenic factors in cancer are produced in excess, this results in poor quality
vessels, presenting structural and functional defects, and so contributing to poor tumor
perfusion [38]. Strategies targeting VEGF-A or its receptor have been clinically tested,
but present some limitations; indeed, impairing angiogenesis could lead to more
hypoxia resulting in increased HIFs activation and generating more pro-angiogenic
factors [38]. Combinatorial therapies aiming to block VEGF-A and its receptor and HIFs
could in this context be more promising [38]. In NB, bevacizumab alone has not
provided substantial results, but combinatorial therapies with immunotherapies and/or
chemotherapy could impact NB outcome; however, (pre)-clinical studies are still
ongoing [65, 103].

4.4 Hypoxia, HIFs and metabolic reprogramming

One important aspect of the metabolic shift observed in cancer cells concerns the
decreased oxidative metabolism and increased glycolytic pathways, mainly
orchestrated by HIFs [35]. HIF-1 targets include glucose transporters such as GLUT-1,
allowing increased cellular glucose uptake, which is needed for glycolysis [104].
Glycolytic enzymes are also up-regulated, such as lactate dehydrogenase A (LDH-A)
which converts pyruvate to lactate, avoiding the transformation of pyruvate into acetyl
coenzyme A (acetyl-CoA) [89, 104]. PDK1 is also up-regulated in response to HIF-1 and

it phosphorylates pyruvate dehydrogenase (PDH)-E1a, leading to its inactivation and

also accounting for the decreased acetyl-CoA generation [89, 104]. The reduced level
of acetyl-CoA impairs mitochondrial function and in particular the tricarboxylic acid
cycle (TCA) as Acetyl-CoA is the first metabolite involved in this cycle [89, 104]. HIF-1
also decreases other essential mitochondrial enzymes activity through diverse
mechanisms, such as induction of miRNAs expression or by promoting mitophagy
(mitochondrial autophagy) [104]. The lactate and protons overproduction induced by
this metabolic shift and the potential pH dysregulation is also controlled by HIF-1 as it
promotes the expression of ion exchange transporter or pH regulatory enzymes, such
as CAIX [39]. CAIX contributes to the acidification of the extracellular milieu while
maintaining an increased intracellular pH [39]. Extracellular acidosis leads to the death
of surrounding cells, giving an advantage to cancer cells, and promotes tumor
progression in several ways such as for example extracellular matrix remodeling or
inhibition of immune cells infiltration or activation [39, 105]. As CAIX expression occurs
almost exclusively in tumor tissues and not in normal ones, its inhibition has aroused
interest, with promising results obtained in (pre)- clinical studies using blocking
monoclonal antibodies or sulfonamide derivatives inhibitors in different adult cancer
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types [39]. Combinatorial therapies including immunotherapies and molecules targeting
CAIX also raise interest [39]. Of note, not only cancer cells but also immune cells in the
TME are greatly impacted in their metabolism by hypoxia [6].

4.5 Hypoxia, HIFs, immunosuppressive TME and cancer immune escape

The role of hypoxia in the cancer immune response has been the subject of many
studies. It has been shown that hypoxia and nutrient-deprivation in the TME mainly
dampens immune reactions against cancer, but the phenomenon is very complex, as
hypoxia can also contributes to immunogenic cell death having so an
immunostimulatory function [7]. Moreover, hypoxia and HIFs could also favor innate
and adaptive immune responses depending on the context: for example, in the bacterial

infectious setting, infected tissues are often hypoxic and HIF-1a plays an important role

to sustain the phagocytes bactericidal immune function [106]. At infected hypoxic sites,
CTLs also show increased effector molecules expression as well as co-stimulatory and

inhibitory receptors (such as for example CTLA-4), and ablation of HIF-1a in T

lymphocytes decreases effector cytokines levels as well as cytolytic effector molecules

(such as for example IFN gamma or TNFa and granzyme B respectively) [107, 108].

Nonetheless, in the malignant diseases setting, the net result of hypoxia tips the
balance to immunosuppression [8, 109].
Indeed, if the hypoxic-induced metabolic changes in cancer cells help them to cope
with oxygen deprivation, allowing their outgrowth even in hard conditions, on the
other side hypoxia, HIFs and the resulting metabolic changes (such as lactate
accumulation and pH decrease for example) act by several mechanisms to negatively
impact immune cells :
* they lead to the production and expression of different immunomodulatory
compounds (including immunosuppressive cytokines and immune checkpoints);
® they impact immune cells infiltration (on one side, immunosuppressive immune
cells are attracted, but on the other side the chaotic vasculature accounts for the
poor circulation of some immune effectors);

® they influence the polarization of immune cells (favoring a pro-tumor phenotype);

* they impactimmune cells proliferation and function;
all of these mechanisms finally result in the dampening of the immune response
against cancer cells [6-8, 109] . Of note, as HIF-1a stabilization also results from

oncogenic pathways activation, it can be difficult to distinguish effects resulting from
hypoxia or from pseudo- hypoxia [6, 8].

Page 61 of 105



4.6 Hypoxia, HIFs and myeloid cells in cancer

Myeloid cells and in particular monocytes/macrophages are attracted in hypoxic areas
by several mechanisms.

HIF-1« leads to the secretion of different chemokines and cytokines by cancer cells, such

as for example CXCL12 (also called stromal-derived factor 1«, SDF-1«), CCL5, VEGF-

A and endothelins [110, 111]. It promotes also the expression of their cognate receptors
on macrophages (for example, CXCR4 for CXCL12 and CCL5) [111]. Moreover,
Semaphorin3A (Sema3A) is expressed in cancer cells under hypoxia, and attracts
TAMs by binding to the Neuropilin-1 (Nrp-1) receptor finally leading to VEGFR-1
transactivation [112]; once macrophages reach hypoxic zones, hypoxic repression of
TAMs Nrp-1 expression occurs leading to their entrapment in hypoxic areas [112].
Hypoxic TAMs then acquire an immunosuppressive M2-phenotype, expressing lower
levels of MHC-II molecules and producing immunosuppressive factors [111, 112].

Moreover, HIF-1« stabilization in TAMs promotes the angiogenic switch and chaotic

vasculature development supporting tumor progression and metastasis through the
action of VEGF-A [6]. HIF-1a also regulates the MMP9 expression by hypoxic tumor
macrophages, resulting in the degradation of extracellular matrix, releasing the

sequestered VEGF-A which becomes then available to interact with its receptor
VEGFR2 [110].

HIF-1« induces CSF1 secretion by cancer cells attracting CSF1R+ macrophages but
also MDSCs in tumors, increasing metastasis and immunosuppression [113].

Myeloid cells and in particular macrophages largely contribute to suppress T cells
function notably through arginine depletion and NO generation [114]. Indeed, Doedens

et al have demonstrated that HIF-1« in myeloid cells leads to Arginase | (ARG1) and in a
minor extent to inducible iINOS finally resulting in T cell suppression [114]. To note,

under hypoxic conditions, indoleamine-pyrrole 2,3 dioxygenase (IDO) and PGE2 are
also upregulated in macrophages, also taking part in their immunosuppressive activity

[114]. MDSCs in the TME are able to differentiate into TAMs; HIF-1a plays a major role
in this process [115]. HIF-1a accounts also for the increased expression of inhibitory

ligands such as PD-L1 on MDSCs [10]. Indeed, hypoxia through HIF-1a-dependent

mechanism has been reported to increase the expression of PD-L1 in several cancer
types, including melanoma, breast cancer and prostate cancer [9], but Noman et al
have demonstrated that this effect not only occurs on cancer cells but also on MDSCs,

DCs and macrophages, resulting in T cells immune function suppression [10]. HIF-1«
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acts by binding to the HRE located in the PD-L1 promoter [10]. Interestingly, after
blocking PD-L1 with targeted Mab under hypoxic conditions, the IL-6 and IL-10 MDSCs
secretion which was up-regulated by hypoxia decreases, contributing partly to restore T

cell functions [10]. This study highlights the potential benefit of targeting HIF-1a and

PD-L1 for cancer treatment.

Samanta et al have reported the damaging effect of HIF-1aa in triple-negative breast

cancer (TNBC) cell lines and its link with PD-L1 expression: indeed, hypoxia but also

chemotherapy act through HIF-1a¢ to promote the expression of immunosuppressive

genes including PDL1, CD73 and CD47 on TNBC cells [116]. In this way, adaptive
immune reactions are dampened as PD-L1 binds to PD-1 on effector cells, and as
CD73 favors the conversion of AMP to adenosine which binds to A2A receptor on T
cells also leading to anergy or death [116]. Moreover, innate immunity is also impacted
as adenosine favors DCs immunosuppressive cytokines production and reduces their
ability to elicit adaptive immune reactions [116]. Adenosine also contribute to attract

MDSCs [116]. On the other side, CD47 binds to SIRPa on macrophages blocking

phagocytosis [116]. These studies suggests a potential benefit to combine HIFs
inhibitors to ICI, as HIFs acts by several mechanisms and blocking only one pathway
could be not sufficient to stop cancer growth [116].

4.7 Hypoxia, HIFs and DCs in cancer

The effect of hypoxia on DCs is controversial in the literature, but this may reflect the fact
that studies are mainly conducted in inflammatory disease settings, and inflammation in
tumors differs from inflammation in other pathologic conditions [6, 117]. However,
Mancino et al have reported that hypoxia uncouple the DCs role in eliciting adaptive
immune responses in confront to their role in tissue repairing and inflammatory
functions [118]. Indeed, hypoxia, notably through impairing CD80, CD86 and MHC
Class Il molecules expression on DCs, resulted in reduced DCs maturation and ability
to elicit T cells activation [118]. CCR7 was not up-regulated under hypoxic conditions,
also contributing to reduced migration to the draining lymph node so impairing priming
of naive T cells [118]. To note, VEGF hypoxia-induced secretion also contributes to the
dampening of DCs maturation [118]. On the other side, hypoxia promoted the

expression of pro-inflammatory cytokines (such as IL-18 and TNF-«) as well as CCR5
expression resulting in the homing of DCs into the peripheral tissues [118].
Nonetheless, other studies have reported opposite results; for example, in the study of

Kohler et al CD86 and MHC Class Il molecules expression was not impaired under
hypoxic conditions and the cytokines secretion profile revealed notably a decreased
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IL-10 production [119]. This contrasts with another study showing that HIF-1a supports

the production of immunosuppressive cytokines by DCs, such as IL-10 and TGF-j3,
resulting in Tregs induction in a inflammatory bowel disease mouse model [120]. The
IL-12 downregulation by hypoxia on the other hand has been underlined by several
studies, and leads to impaired CD4+ Th1 immune responses and CD8+ T cell
expansion in a Leishmania infection mouse model [121, 122]. Nonetheless, other

studies are strongly needed to fully unravel the interlink between hypoxia, HIF-1a and

DCs maturation, migration and cytokine secretion as divergent results are reported far
to date.

4.8 Hypoxia, HIFs and TILs in cancer

Hypoxia greatly inhibits the anti-tumor activity of NK cells in several ways. In vitro

experiments have shown that NK cells adapt to hypoxia by accumulating HIF-1« [123].

In hypoxic conditions, NK cells exposed to activating cytokines such as IL-2 are not able
anymore to up- regulate their activating receptors expression including NGK2D or the
NCRs (namely NKp46, NKp44 or NKp30) [123]. Despite this, NK cells retain their ability
to attack the target cells through ADCC as CD16 expression is slightly changed under
hypoxia [123]. Of note, cancer cells are also able to secrete tumor derived
microvesicles (TDMVs), and Berchem et al have shown that TDMVs derived from
hypoxic cancer cells are taken-up by NK cells and lead to the dampening of their
activation and cytotoxic function; this results in part from the hypoxia- induced TGF-f3
production by cancer cells, which is then transported to NK cells through TDMVs finally
leading to decreased NGK2D expression [124]. Moreover, miR23a is also up- regulated
in hypoxic microvesicles, contributing to the decrease observed in CD107a expression,
which is a well-described NK cells activity marker [124].

In the TME, hypoxic cancer cells undergo autophagy, an adaptive phenomenon leading
to the degradation of cytoplasmic proteins into autophagosomes [125]. Baginska et al
have demonstrated that under hypoxia, cancer cells autophagy results in degradation of
granzyme B released by NK cells finally decreasing their cytolytic activity [125]. This
process occur also in vivo in melanoma and breast adenocarcinoma mouse models
[125].

T cells functions are greatly negatively impacted by the unfavorable conditions in the
TME. Indeed, hypoxia results in metabolic changes such as lactate accumulation and
carbonic anhydrases activity resulting in an acidic pH, abnormal metabolites
accumulation (for example, increased extracellular adenosine production or reactive
nitrogen species), important nutrients deprivation (for example, glucose and arginine
depletion, tryptophan catabolism induced by IDO and finally hypoxia also promotes the
expression of inhibitory ligands (for example, PD-L1 on myeloid and cancer cells)
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impacting T cells function ) [10, 109, 116, 126].

Studies have demonstrated an enhanced effector function in hypoxic T cells [107, 108],
which is in concordance with the fact that glycolysis plays an important role in CD8+
effector functions [127], but in the cancer TME, this is largely counterbalanced by the
negative impact of hypoxia, HIFs and the resulting metabolic changes in which T cells
are immerged [8, 109]. For example, a strong acidic extracellular milieu blocks the
MCT-1, the transporter of lactate in T cells, resulting in altered cytolytic functions [127].
As glucose is highly consumed by cancer cells and as its up-take is favored by the up-
regulation of GLUT-1 under the control of HIF, T cells in the TME result deprived from
this essential nutrient [128]. Moreover, as mentioned above, iINOS and ARG1 induction
under hypoxia in myeloid cells contribute also to dampen T cells functions [114].
Hypoxic or apoptotic cells in the TME release ATP which is then converted by CD73
(expressed by cancer cells and Tregs) or CD39 (expressed by Tregs) into adenosine, a
potent inhibitor of T cells immune responses through the binding of A2A receptors [116,
126]. Tryptophan is catabolized into kynurenine by IDO, expressed in
immunosuppressive TME cells such as TAMs and MDSCs or by cancer cells in
response to hypoxia. Tryptophan depletion reduces T cells activation, whereas
kynurenine contributes to Tregs differentiation and downregulation of the CD3 zeta

chain of the TCR impacting negatively effector T cells function [129]. HIF-1a through the

increased PD-L1 expression on cancer but also MDSCs dampens T cells immune
reactions against cancer cells [9, 10].

Of note, T cells and in particular CTLs concentrate in normoxic tumoral areas while
avoiding hypoxic zones, as demonstrated by the study of Manaster et al, underlying
once again that vascular normalization (eventually combined to immunotherapy) could
contribute to immune tumor eradication [130]. On the other side, Tregs are attracted in
hypoxic tumors through the interaction of their CC-chemokine receptor 10 (CCR10) with
the hypoxia-induced CC-chemokine ligand 28 (CCL28) [58]. The VEGF secretion by
stromal cells also contributes to trap Tregs by binding to their Nrp-1 receptor [111]. Of
note, Tregs secrete VEGFA thereby contributing to tumor angiogenesis and promoting
cancer tolerance [58]. Hypoxia induces TGF-B secretion by malignant cells and TGF-f3
also attracts Tregs into the tumor bed [111]. Clambey et al have also demonstrated that

hypoxia and HIF-1« favor the induction of Tregs through up-regulating FoxP3 mRNA
and protein expression, a mechanism that requires TGF-[3; this effect was observed in
vitro and in vivo as well [131]. Of note, the role of HIF-1a in promoting Tregs

differentiation instead of inducing Th17 phenotype could be context-dependent and
particularly impacted by the surrounding cytokine environment [131, 132]. Indeed, Dang
et al have suggested that induced Tregs and Th17 derive from the same CD4+
precursor, but that depending on the cytokine landscape of their surrounding
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environment, CD4+ cells differentiate into Th17 or Tregs [132]. However, in contrast to
the study of Clambey et al, Dang et al showed that HIF-1a promotes the degradation of
FoxP3 as it binds to FoxP3 leading to its proteosomal degradation, a data that was not
confirmed in the study of Clambey et al [131, 132], underlying that further studies are
needed to fully unravel the interconnection between HIF-1a, Tregs and FoxP3.

In summary, hypoxia largely contributes to immune escape mechanisms in cancer cells
allowing to evade NK and adaptive immune cells attack, and promotes angiogenesis.
These hypoxia-induced mechanisms contribute to the hypoxia-driven acquired
resistance to immunotherapy, underlying the potential synergistic effect that could result

from combinatorial therapies including immunotherapeutic and hypoxia-targeted drugs
[7, 8].

5. HIFs and hypoxia in NB

The role of hypoxia in NB progression and aggressiveness has been the subject of
many studies. Hypoxia promotes cell stemness and HIF-2a is associated with a
pseudohypoxic stem cell phenotype [133-138]. However, the respective role of HIFs
factors in NB prognosis and their respective association to the disease stage is still

investigated. Recent studies highlight a more preponderant role of HIF-1a in poor-

prognosis forms [139, 140] (see discussion).

5.1 HIFs inhibitors and combinatorial therapies

Inhibitors of HIF-1¢ and HIF-2a have been designed to target hypoxia. PX-478 (S-2-

amino- 3-4- N,N ,-bis(chloroethyl)amino]phenyl propionic acid N -oxide dihydrochloride)
for example acts by decreasing HIF-1a mRNA levels, and by inhibiting HIF-1a protein
translation and deubiquitination [141, 142]. PT2385 disrupts the formation of the

heterodimer HIF-2a/ARNT; this compound has already given good results in preclinical

model of clear cell renal carcinoma, particularly when combined with PD-L1 blockade
[143-145]. However, PT2385 has led to disappointing results in NB [146, 147].
Recently, Bromodomain and extraterminal domain (BET) protein inhibitors (BETi) have
demonstrated an activity against hypoxic responses [148]. JQ1 belongs to this class of
epigenetic-acting drugs [149].

BET proteins, including BRD4, contains bromodomains that bind to acetylated lysine
residues on histone tails and play the role of « chromatin readers » [149]. They
associate to other proteins and transcription factors and form a complex able to induce
the transcription or repression of genes [149]. BETi, by binding to the bromodomain,
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prevent the interaction with the acetylated lysine histone residues (Fig. 20) [149].
When tested in pre-clinical neuroblastoma mouse models, JQ1 showed a drastic
effect on survival [150].

8
oo #0g

Fig. 20 showing the mechanism of action of BET inhibitors. BETi, BET inhibitor;
Ac, acetylated lysine residues; and P-TEFb, positive transcription elongation factor b.
From [149].

Page 67 of 105



SCOPE AND AIMS OF THE THESIS

The main aim of this research project is to assess the effect of targeting intra-
tumoral hypoxia in association to PD-1/PD-L1 immune checkpoint blockade
immunotherapy in a HR NB transgenic mouse model.

HR NB patients still harbor a very bad prognosis, but the introduction of anti-GD2
therapy has allowed improving their outcome, highlighting the importance of immunity
in NB [3, 4]. On the other side, major progress has been achieved in adult cancers with
the introduction of ICI [48]. However, ICI in monotherapy for pediatric malignancies has
given disappointing results, with no effect in NB when used alone [11].

Hypoxia contributes largely to the immunosuppressive TME and correlates to poor-
prognosis in solid tumors in general and in NB in particular [5-8]. On the other side,
many studies highlighted the pejorative role of PD-L1 in NB, favoring cancer cell

immune escape [78, 82, 83]. The recent literature has evidenced the role of HIF-1a in

inducing PD-L1 expression on cancer cells and on MDSCs under hypoxic conditions [9,
10, 151]. Moreover, in clear cell renal carcinoma cell lines with defective function of

pVHL resulting in constitutive expression of HIF-2«, Ruf et al have demonstrated that

PD-L1 is also a HIF-2« target, suggesting that associating PD-L1 blockade therapy to
HIF inhibition could represent an attractive option [152].

Based on these observations, our project aims to assess the impact of targeting HIFs
on the improvement of PD-L1/PD-1 axis blockade therapy in a HR NB transgenic mouse
model, the TH-MYCN model. The ultimate goal is to provide strong evidence for
conducting clinical trials in the pediatric setting, as data obtained in adults are not
directly transferable to children due to differences between adult and pediatric
malignancies [11].

To target hypoxia, JQ1 BETi has been selected for its multifaceted activity described in
the literature [148, 153] and based on our in vitro results (see below). Moreover, JQ1 has
already proven efficacy in NB mouse models, notably in the TH-MYCN model [150].
The PD-L1/PD- 1 axis blockade will be achieved using anti-PD-1 Mab.

In order to treat mice developing similar tumor volume and to assess the response to
treatment, Magnetic Resonance Imaging (MRI) has been performed. The T2 weighted
images show a hyperintense tumor and allow a precise measure of the tumor volume
as previously described in other studies [29, 154-156]. Tumor volume have been
assessed before treatment and at different times during drug therapy leading to more
objective response rate evaluation.
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The second aim of the project is to confirm the effect of JQ1 on the impairment
of hypoxic responses in the particular setting of NB.

JQ1 has led to hypoxic responses impairment in triple negative breast cancer [148] and
ovarian carcinoma and in melanoma cell lines [157]. To our knowledge, the impact of
JQ1 on hypoxia has not yet been addressed in the NB setting. The evaluation of this
effect will be performed by using real-time gPCR and western blotting (HIFs and HIFs
target expression), and by developing techniques such as Magnetic Resonance
Imaging (MRI) relaxometry. Relaxometry relies on the variation of the transverse
relaxation rate R2* ( R2*= 1/T2) whose changes depend on paramagnetic species
concentration (such as deoxyhemoglobin concentration) [155]. Studies suggest that
changes in T2 relaxation could reflect changes in tumor hypoxia [154].

The third aim of the project is to study the effect of JQ1 on vessel normalization
in NB tumors.
The study of the normalization of chaotic vessels and of the re-oxygenation of the tumor

bed will be performed by usual techniques such as CD31 and «-SMA staining on tumor

sections. Dynamic contrast-enhanced-MRI (DCE-MRI) will be set up, with the
collaboration of the in vivo imaging facility of the LIH, in order to assess vascularization
in vivo.

Briefly, for DCE-MRI, a first session of scans without contrast agent is performed,
followed by scans acquired after Gadolinium (Gd) intravenous injection. Gd
concentration modifies the T1 relaxation; dynamic images are registered over time. Gd
exits the vessels toward extravascular extracellular space (EES) in a way more or less
dependent on vessel leakage degree. Then Gd turns back into the vessels. A

trans

mathematical analysis is then performed and pharmacokinetic parameters such as K
and Kep, representing respectively the volume transfer constant between plasma and
EES and the efflux rate constant between EES and plasma are assessed, reflecting
vessel permeability [158]. As MRI is already implemented for tumor assessment in
paediatric malignancies including NB, DCE-MRI could in the future become a useful
tool to evaluate tumor vascularization [158].

Finally, we will analyze the impact of JQ1 on immune landscape of NB tumors.
Tumors will be analyzed using flow cytometry and large-scale cytokine array. Emphasize
will be put on the impact of JQ1 on PD-L1/PD-1 expression on immune cells
infiltrating NB tumors.
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MATERIALS AND METHODS

6. In vitro experiments

6.1 Cell culture

NHO2A cell line is a murine cell line isolated from homozygous TH-MYCN
neuroblastoma mice, kindly provided by Dr Claudia Flemming, Children’s Cancer
Institute Australia for Medical Research, Sydney, Australia, and Prof. Ursula Kees,
Telethon Institute for Child Health Research, Perth, Australia. These cells grow as
adherent colonies and are cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum and 1% penicillin

/streptomycin in humid atmosphere at 37°C and 5% CO2. Sima and CHP-134 are
human neuroblastoma cell lines derived respectively from a MYCN-amplified stage Il
and stage IV human neuroblastoma and purchased from DSMZ, Germany. These cells
are maintained in culture in the same conditions as NHO2A cells, with the only
difference being the concentration of fetal bovine serum (20% for Sima and CHP-134).
For experiments, all cells were seeded in 6 well plates and as they reached 50%
confluence, they were treated with with JQ1 drug at 0.5 or 1 uM either under normoxic
conditions or in hypoxic conditions (humid atmosphere with 0.1% pO2 and 5% CQO2), for
24 or 48h. JQ1 was purchased from Selleckchem and dissolved in DMSO at a
concentration of 500 mM for the stock solution, and then working solutions were
prepared by diluting the stock solution into RPMI 1640 medium.

6.2 Protein extraction for western blotting

Cells were washed with DPBS with CA/Mg (Lonza) and lysed with 30 pl RIPA/well (Ripa
Lysis Buffer, 10x, Millipore). The RIPA buffer was diluted 10x and supplemented with
protease inhibitor (cOmplete Protease Inhibitor Cocktail Tablets, Roche) and
phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich). 40 pg of proteins were
separated on a SDS-PAGE gel and transferred onto a nitrocellulose membrane. Protein

detection was done by the following primary antibodies: HIF-1a (D2U3T) Rabbit mAb

(Cell Signaling), CAIX (Novus), Monoclonal Anti-B-Actin antibody produced in mouse
(Sigma). Secondary antibodies include anti-rabbit antibody (Jackson).

6.3 RNA extraction and reverse transcription

Medium was removed and cells were washed with DPBS containing calcium and
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magnesium (Lonza), lysis solution was added and total RNA extraction was performed
according to the manufacturer’s protocol (NucleoSpin RNA Plus, Macherey-Nagel).
Reverse transcription was performed on 200 ng of total RNA for NHO2A cells and 500
ng of total RNA for Sima and CHP-134 using Maxima First Strand cDNA Synthesis Kit

(Thermo Scientific) according to the manufacturer’s protocol.

6.4 RT-qPCR

Quantitative PCR was performed on 10 times diluted cDNA using SYBR Master Mix
according to the manufacturer’s protocol (Takyon Low ROX SYBR Master Mix,
Eurogentec); the qPCR was done on a ViiA 7 Real-time PCR system (Applied
Biosystems) and data was calculated with the Quant Studio Real Time PCR software.

Fold change were calculated using the 2T method. The following primers were used:
mCAIX and hCAIX from Qiagen; sequences used for mouse 18s are F: 5-GAA TCG
AAC CCT GAT TCC CCG TC-3' and R: 5-CGG CGA CGA CCC ATT CGA AC-3’; and
for human B actin: F: 5-GGT GGC TTT TAG GAT GGC AAG-3’ and R: 5-ACT GGA
ACG GTG AAG GTGACAG-3..

7. In vivo experiments

7.1 Transgenic TH-MYCN mouse model

All in vivo experimental protocols were approved by the ethical committee of the LIH
under the agreement number LECR-2018-01. After ordered Cryopreserved sperm from
hemizygous TH-MYCN mouse (129X1SvJ) from NCI mouse repository (strain number:
01XD2), resuscitation was performed by Janvier Labs into 129S2/SvPasOrIRj females.
Pups obtained from the next breedings were weaned at 3 weeks of age. Genomic DNA
extraction from distal mouse tail biopsy was done with NucleoSpin Tissue kit from
Macherey-Nagel according to the manufacturer’'s protocol. TagMan PCR was
performed using the TagMan™ Universal Master Mix I, with UNG Kit with mouse TERT
as the reference gene (VIC; Quencher TAMRA) and a TagMan human MYCN Probe
(FAM; Quencher NFQ). CopyCaller Software was used to analyze the results and
discriminate the wild type, hemizygous or homozygous status of the animal.

7.2 Magnetic Resonance Imaging (MRI)

Images acquisition
MRI was performed on a 3T preclinical horizontal bore scanner (MR Solutions, Guilford,
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UK), equipped with a quadrature volume coil designed for mouse body imaging.
Animals were placed prone in the cradle and maintained asleep during the duration of
the scans, using 2- 3% isoflurane mixed with oxygen. The body temperature was kept
constant at 37°C and breathing was monitored throughout the scan sessions. The MRI
protocols and parameters used are described in Table 1.

Number | Number

Sequence |Purpose Parameters of mice | of mice
treated | control
FSEToW g:llnr: Z;:igﬁtzﬁtcljo\r:c;lume SR: 156umx161umx1500um, Sl: 16, TE: 68ms, TR:
5000ms, ET: 8, AVG: 3, SD: 7min45sec, RG ON
measurement
— g:ﬂ‘;:;gﬁif:&lume SR: 156umx159umx1500um, Si: 16, TE: 11ms, TR:
1000ms, ET: 4, AVG: 4, SD: 4min12sec, RG ON
measurement

SR: 156pumx208umx1500pm, Sl: 16, fTE: 15ms, NOE: 10,

MEMS  |T2relaxometry map Lo 4300ms, AVG: 1, SD: 9mind6sec, RG ON 9 6
" FLASH, SR: 313umx313umx1500um, Sl: 16, fTE: 4ms, TR:
MCE T2"relaxometry map |4 e NOE: 10, AVG: 1, SD: 1min16sec, RG ON
FLASH3D, SR: 313umx313umx 1500um, Si: 16, TE: 3ms, TR:
MFA T1 relaxometry map 40ms, NFA: 6, AVG: 1, FA: 5/10/15/20/25/30, SD: 8mini1sec,
RGON.
. FLASH3D, SR: 313umx625umx1500um, SI: 16, TE: 3ms, TR:
DCERASH Perfusion andvessels |, e o5 TRes: 0255, AVG: 1, FA: 10, SD: 17min0dsec, | 7 4

3D permeability parameters CTA: 0.5mmolkg Dotarem injected i.v after 60”, RG OFF.

Table 1: MRI Protocols. SR: Spatial Resolution, Sl: Number of Slices, TE: Echo Time,
TR: Repetition Time, ET: Echo Train, AVG: Number of Averages, SD: Scan Duration,
RG: Respiratory Gating, fTE: First Echo Time, NOE: Number Of Echoes, FA: Flip
Angle, NFA: Number of Flip Angles, FLASH: Fast Low Angle Shot, NE: Number of
Experiments, TRes: Time Resolution, CTA: Contrast Agent.

For relaxometry and DCE experiments, homozygous mice were regularly clinically
assessed by abdominal palpation and when abdominal mass was detectable, mice
were randomly assigned to JQ1 treatment group, receiving 50 mg/kg/day
intraperitoneally (IP) for 2 days (diluted in 10% dimethyl sulfoxyde (DMSOQO), in 10% (2-
Hydroxypropyl)-B-cyclodextrin, Sigma- Aldrich) or to control group receiving vehicle IP
(10% DMSO in 10% (2-Hydroxypropyl)-B- cyclodextrin, Sigma-Aldrich) for 2 days.
Anatomical series (FSE T1w and FSE T2w) were used to screen the animals and
calculate tumor volumes. Relaxometry and perfusion series were acquired to assess
physiological parameters in the tumors before and after treatment; of note, for perfusion

sequences (DCE), mice received Dotarem 0,05 mmol/kg into the tail vein (5 uul/g of a

0,01 mmol/ml solution of Dotarem diluted in physiologic saline added with heparin).
Anatominal and relaxometry data were acquired for nine mice in the treatment group
and six mice in the control group, whereas perfusion data was acquired for seven mice in
the treatment group and four mice in the control group Acquisitions were done just
before starting treatment (day 0) and repeated just before sacrifice (day 2). Only the
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abdominal part of tumors was taken into account.

7.3 Data analysis and Statistics

Tumor volume was defined as the part of the abdominal tumor visible on T2-weighted

MRI. Tumor volumes are expressed in mm’. Relaxometry data were analyzed in
nordiclCE (NordicNeuroLab, Bergen, Norway). Maps of the relaxivity parameters T4, T>
and T2* and corresponding relaxivity rates R1 (1/ T41), R2 (1/ T2) and R2* (1/ T2*) were
derived from the respective relaxometry series. R2 and R>* are considered as
surrogate markers of hypoxia [154, 155]. Pharmacokinetic (PK) analysis of the DCE-
MRI data was also performed using nordiclCE. The extended Toft's model was used to
assess perfusion and vessels permeability parameters in animals for both groups.
Arterial Input functions (AIFs) were detected from the heart of the mice. Quantification
of the perfusion parameters maps generated was performed in Matlab 2019a
(MathWorks, MA, USA), and perfusion parameters in the tumours were normalized to
values in the liver. Median values are reported for the treatment and controls groups. A
Student’s t-test was used to assess the statistical significance between groups,
calculated in GraphPad Prism 8.0.1; p values < 0.05 were considered statistically
significant.

7.4 Western Blot on protein extracts from tumors

Tumors from the Relaxometry/DCE-MRI experiment were dissected from euthanized
mice and frozen straight away in isopentan. Tumors were reduced to small pieces
without previous thawing. RIPA was added and samples were sonicated and then
centrifuged. The supernatant was used for western blotting. 80 ug of proteins were
separated on a SDS-PAGE gel and transferred onto a nitrocellulose membrane. Protein
detection was done by the following primary antibodies: HIF-1a (D2U3T) Rabbit mAb
(Cell Signaling), CAIX (Novus), N- Myc Antibody (Cell Signaling)Monoclonal Anti-3-
Actin antibody produced in mouse (Sigma). Secondary antibodies include anti-rabbit
antibody (Jackson).

7.5 Immunohistochemistry on tumors

Homozygous mice developing tumors were treated either by JQ1 50 mg/kg IP or
vehicle for 2 days, and then abdominal tumors were dissected and immediately put

in paraformaldehyde 4% and then paraffin-embedded. Hematoxylin, CD31 and a-

smooth muscle actin (a-SMA) staining was performed by Histowiz.
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7.6 Cytokine/Chemokine profiling

Two homozygous mice with palpable tumors were treated with JQ1 50 mg/kg or vehicle
IP for two days and were sacrificed 24h after treatment stop. Tumors were collected
and immediately frozen in isopentan. They were then processed using the Proteome
Profiler Array, Mouse XL Cytokine Array Kit (R&D Systems, Catalog Number ARY028)
according to the manufacturer’s instructions.

7.7 Fluorescence Activated Cell sorting (FACS) in vivo

Fluorescence Activated Cell sorting (FACS, ARIA) was performed to assess the
immune landscape of tumors. Homozygous mice underwent regularly abdominal
palpation and when abdominal mass was detectable, mice were assigned to JQ1
treatment group or control group. Tumors were collected after 3 days of JQ1 treatment
at 25 mg/kg/day (diluted in 10% DMSO, in 10% (2-Hydroxypropyl)-B-cyclodextrin,
Sigma-Aldrich) or vehicle (10% DMSO in 10% (2-Hydroxypropyl)-B-cyclodextrin,
Sigma-Aldrich). Only the abdominal part of the tumor was taken into account as
thoracic part was not resectable when present.

After tumor dissociation using a 100 um cell strainer and a syringe piston to crush the
mass in DMEM complete medium, cells were centrifuged for 10 min at 4°C. ACK lysis
buffer (Lonza) was used to lyse red blood cells. Cell count was performed. After
blocking FC- receptors for 5 minutes with CD16/CD32 appropriate antibodies were used
to stain cells. The following list includes antibodies used: Live/Dead near IR (life
technology), BuV395 Rat anti- mouse CD45 (BD Horizon), PE-CF594 Hamster anti-
mouse CD279 PD1 (BD Horizon), APC anti-mouse CD274 (Biolegend), APC-R700 Rat
anti-mouse CD11b (BD Horizon), BV510 Hamster anti-mouse CD3e (BD Horizon),
PerCP Cy5.5 anti-mouse CD4 (eBiosciences Lif Tech), BV570 anti-mouse CD8A
(Biolegend), BV421 anti-mouse NK1.1 (Biolegend), BV786 Rat anti-mouse CD25 (BD
Horizon), BV605 Hamster anti-mouse CD69 (BD Horizon), BV605 anti-mouse F4/80
(Biolegend), BV785 anti-mouse Ly-6G (Biolegend), BV421 anti-mouse Ly- 6C
(Biolegend), PE-Cy7 anti-mouse CD11c¢ (eBiosciences Lif Tech), PerCP Cy5.5 anti-
mouse CD206 (Biolegend), Alexa Fluor 488 anti-mouse/rat FOXP3 (eBiosciences Lif
Tech). Data from lymphoid and myeloid populations were collected using multicolor flow
cytometry and FlowJo software served for analysis of these data.

7.8 Survival curve

Homozygous TH-MYCN mice developing tumors were detected by abdominal
palpation and then T2-weighted MR images were performed in order to confirm the
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presence of NB and to determine the total tumor volume (abdominal part and
thoracic part when present). When tumor reached a volume between 400 and 800
mm3, mice were randomly assigned to one of the following 4 groups: vehicle +
isotype, vehicle + anti-PD-1, JQ1 + isotype, JQ1

+ anti-PD-1. JQ1 treatment was given at 25 mg/kg/day IP (diluted in 10% DMSO, in
10% (2-Hydroxypropyl)-B-cyclodextrin, Sigma-Aldrich) for seven consecutive days,
meanwhile control mice received the vehicle (10% DMSO, in 10% (2-Hydroxypropyl)-
B-cyclodextrin, Sigma-Aldrich). Isotype (InVivoMADb rat IgG2a isotype control, anti-
trinitrophenol, BE0089, BioXCell) or anti-PD-1 monoclonal antibody were
administered IP at 10 mg/kg/day each three days until endpoint was achieved, ie
mice spontaneously died or mice reached human endpoint (signs of discomfort or
tumor volume of 2000 mma3). Tumor volume was precisely measured using T2-
weighted MR images. MRI was performed just before starting treatment, and then at
day 4, 8 and 15. Then depending on the evolution of tumors, images were repeated at
regular intervals until reaching endpoint volume.

7.9 Statistics

Statistical analysis was performed using GraphPad 5.0.
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RESULTS

8. Article 1:

The BET protein inhibitor JQ1 decreases hypoxia and improves the therapeutic
benefit of anti-PD-1 in a high-risk neuroblastoma mouse model

Delphine Sauvage1, Manon Bosseler1, Elodie Viry1*, Georgia Kanliz*, Anais Oudin3,
Guy Berchem " and Olivier Keunenz, Bassam Janji1#
Cells 2022, 11, 2783.

NB is still a poor-prognosis childhood malignancy in the HR forms [13]. Several recent
studies have highlighted the importance of PD-L1 expression in NB [69, 78, 81-83]. In
adult oncologic patients, combinatorial therapies including ICI [63] pave the way for
introduce such combination in pediatric cancer treatment.
On the other side, as in other tumors, hypoxia correlates to poor prognosis in NB [139,
140]. Moreover, recent studies have demonstrated that hypoxia greatly impacts immune
reactions against tumors and largely contributes to create an immunosuppressive TME,
notably through increased PD-L1 expression [6-8, 10].

In our study, we assess the effect of a combinatorial therapy associating JQ1 to anti-
PD1 Mab in a well described transgenic NB mouse model, the TH-MYCN model [32].
We first demonstrated that JQ1 leads to impaired hypoxic responses in NB in vitro, and
these results correlate with the in vivo experiments. Indeed, CAIX expression was
decreased in tumors from JQ1 treated animals and MRI relaxometry data suggest
decreased tumor hypoxia after JQ1 therapy. Moreover, as demonstrated by
immunohistochemistry staining on tumors, JQ1 contributes to vessels normalization.
DCE-MRI data reveal the same tendency. JQ1 also modulates the immune landscape
of NB by lowering PD-L1 expression on immune cells and activating T cells as shown
by the increase expression of PD-1 on CD8+ cells.

Finally, combinatorial therapy associating JQ1 with anti-PD-1 monoclonal antibody led
to better tumor response and significant prolonged survival in TH-MYCN mice. This
study could pave the way to clinical trials associating epigenetic drugs with ICI for
treating children NB.

Author contributions:

Author 1: Delphine Sauvage: conception and design of the study, collection of the in
vitro and in vivo data, data analysis and statistics, paper (text and figures) writing.
Author 2: Manon Bosseler: collection of the in vitro and in vivo data, paper revision.
Author 3: Elodie Viry: collection of the in vitro and in vivo data, data analysis and
statistics, paper revision.

Author 4: Georgia Kanli: setting of the MRI technique, collection of the in vivo data, MRI
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(relaxometry and DCE MRI) data analysis and statistics, paper writing.

Author 5: Guy Berchem: conception and design of the study.

Author 6: Olivier Keunen: setting of the MRI technique, collection of the in vivo data,
MRI (relaxometry and DCE MRI) data analysis and statistics, paper revision.

Author 7: Bassam Janiji: conception and design of the study, data analysis and

statistics, paper (text and figures) writing.
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Abstract: Anti-programmed death 1 (PD-1) is a revolutionary treatment for many cancers. The
response to anti-PD-1 relies on several properties of tumor and immune cells, including the expression
of PD-L1 and PD-1. Despite the impressive clinical benefit achieved with anti-PD-1 in several
cancers in adults, the use of this therapy for high-risk neuroblastoma remains modest. Here, we
evaluated the therapeutic benefit of anti-PD-1 in combination with JQ1 in a highly relevant TH-MYCN
neuroblastoma transgenic mouse model. JQ1 is a small molecule inhibitor of the extra-terminal
domain (BET) family of bromodomain proteins, competitively binding to bromodomains. Using
several neuroblastoma cell lines in vitro, we showed that JQ1 inhibited hypoxia-dependent induction
of HIF-1x and decreased the expression of the well-known HIF-1x downstream target gene CA9.
Using MRI relaxometry performed on TH-MYCN tumor-bearing mice, we showed that JQ1 decreases
R2* in tumors, a parameter associated with intra-tumor hypoxia in pre-clinical settings. Decreasing
hypoxia by JQ1 was associated with improved blood vessel quality and integrity, as revealed by
CD31 and «SMA staining on tumor sections. By analyzing the immune landscape of TH-MYCN
tumors in mice, we found that JQ1 had no major impact on infiltrating immune cells into the tumor
microenvironment but significantly increased the percentage of CD8" PD-1*, conventional CD4*
PD-1%, and Treg PD-1* cells. While anti-PD-1 monotherapy did not affect TH-MYCN tumor growth,
we showed that combinatorial therapy associating JQ1 significantly decreased the tumor volume and
improved the therapeutic benefit of anti-PD-1. This study provided the pre-clinical proof of concept
needed to establish a new combination immunotherapy approach that may create tremendous
enthusiasm for treating high-risk childhood neuroblastoma.

Keywords: neuroblastoma; immune checkpoint inhibitors; PD-1/PD-L1; immunotherapy; hypoxia;
epigenetic drugs; JQ1; combinatorial therapy; tumor vasculature

1. Introduction

Neuroblastoma (NB) is the most frequent cancer type among childhood extra-cranial
pediatric solid tumors and is responsible for 13% of cancer deaths in children younger than
15 years [1-3]. NB leads to abdominal, pelvic, thoracic, or cervical masses [1,2,4-6], and
metastatic NB can infiltrate bones, bone marrow, lymph nodes, liver, lungs, skin, and rarely
some other organs [2,4,6].

MYCN amplification is the major genetic alteration found in 20-30% of NB [7,8] and
correlates with an unfavorable aggressive phenotype and treatment failure. Other genetic
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alterations have also been described, including (i) germline gain-of-function mutation of
ALK (anaplastic lymphoma receptor tyrosine kinase) gene, reported as a predisposition
factor for familial neuroblastoma [9,10]; (ii) somatic mutations of ALK, observed in 14%
of high-risk neuroblastoma [11]; (iii) loss-of-function genetic alterations of ATRX (alpha-
thalassemia and mental retardation, X-linked) and TERT (telomerase reverse transcriptase)
genes, respectively described in 10% and 25% of patients, [12,13]; and (iv) familial mutations
of PHOX2B (paired-like homeobox 2b) gene [2,5,6,14].

The International Staging System (INSS) is currently used to classify NB in six stages
(Stage 1, 2A, 2B, 3, 4 and 4S) (reviewed in [15]). NB stage 4 is the most aggressive and
characterized by metastasis formation. However, NB stage 4S is a localized tumor with
limited metastasis. Typically, 45 neuroblastoma spontaneously regresses in young infants
(<1 year of age) by a mechanism that is not fully understood. In addition to the INSS, NB
patients can be stratified into low, intermediate, and high-risk disease groups depending
on the age at diagnosis, stage, histology, MYCN status, and tumor cell ploidy (reviewed
in [16]). MYCN amplification remains one of the major predictors of high-risk disease [8]
and poor clinical outcomes [1,4-6]. About 60% of NB patients develop a high-risk form
despite heavy and intensive treatment. The prognosis of high-risk neuroblastoma is below
50% survival at 5 years [17].

Several therapeutic options are currently used to treat high-risk NB, including a high
dose of chemotherapy followed by autologous stem cell transplant, surgery, radiotherapy,
and immunotherapy [18]. However, these conventional therapies are frequently associated
with severe side effects. Therefore, developing a new therapy to improve prognosis and
reduce side effects for high-risk neuroblastoma is urgently needed.

Accumulating evidence recognizes that targeting hypoxia represents a therapeutic
strategy for high-risk NB. HIF-1« is the major transcription factor, which is stabilized in
cells in response to hypoxia. Under normoxia, HIF-1« is degraded by an O,-dependent
mechanism involving a prolyl hydroxylase (PHD)-von Hippel-Lindau (VHL) proteasome
pathway [19]. In addition, HIF-1x can be degraded by O, /PHD/VHL-independent mech-
anisms through interactions with the receptor of activated protein kinase C (RACK1)
following the inhibition of heat-shock protein 90 (HSP90) [20]. The high expression of
hypoxia-inducible factor (HIF)-1x was correlated with poor prognosis of NB and found to
be upregulated in MYCN amplified tumors and cell lines [21]. Moreover, the expression
of HIF-1x downstream target gene CA9 was reported to be associated with poor survival
in high-risk NB [22]. Furthermore, it has been described that RACK1 is among the top
10 genes associated with an unfavorable prognosis in NB. RACK1 depletion negatively
affects the proliferation, invasion, and migration of NB cells, indicating that, similar to
HIF-1«, targeting RACK1 represents a new therapeutic option for NB [23].

Bromodomain and extra-terminal domain (BET) protein inhibitor JQ1 has recently
been reported to improve the survival in pre-clinical neuroblastoma mouse models, impact
several cellular pathways, including MYCN expression [22], and impair hypoxic responses
in triple-negative breast cancer [24].

In this study, we investigated in vitro the impact of JQ1 on the hypoxic status of several
NB cell lines by assessing the expression of HIF-1x and its downstream target gene CAIX.
By using the relevant TH-MYCN pre-clinical NB model, we evaluated in vivo the hypoxic
status and growth of TH-MYCN tumors treated with JQ1 alone or in combination with
anti-PD-1. Our results showed that JQ1 treatment impaired the expression of HIF-1x and
CAIX in NB cells and improved the therapeutic benefit of anti-PD-1 in TH-MYCN.

2. Material and Methods
2.1. Cell Culture

The murine NHO2A cell line was established from homozygous TH-MYCN neu-
roblastoma mice. NHO2A cells were grown in RPMI 1640 medium supplemented with

10% fetal bovine serum and 1% penicillin-streptomycin in a humid atmosphere at 37 °C
and 5% CO,. SIMA and CHP-134 cell lines are human neuroblastoma cells derived from
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MYCN-amplified human stage III and stage IV neuroblastoma, respectively. These cell
lines were grown in the same conditions as NHO2A cells but with 20% fetal bovine serum.
SIMA and CHP-134 cells were purchased from DSMZ Germany. NHO2A cells were kindly
provided by Claudia Flemming (Children’s Cancer Institute Australia for Medical Research,
Sydney, Australia) and Ursula Kees (Telethon Institute for Child Health Research, Perth,
Australia). For all experiments, cells were seeded in 6-well plates and treated when they
reached 50% confluence. NHO2A and CHP134 cells were incubated for 24 h in hypoxic
conditions (0.1% pO;), and SIMA cells were incubated for 48 h under the same conditions.
Cells were treated with a JQ1 drug at 0.5 or 1 uM (Selleckchem, Planegg, Germany). A
stock solution of JQ1 (500 mM) was prepared by dissolving JQ1 in DMSO and diluted in
RPMI 1640 medium for working solutions.

2.2. Protein Extraction for Western Blotting

Cells were washed with DPBS (Lonza, Bornem, Belgium) and lysed with 30 uL/well
of RIPA Lysis Buffer (Millipore, Darmstadt, Germany). They were supplemented with
protease inhibitor (Complete Protease Inhibitor Cocktail Tablets, Roche, Basel, Switzerland)
and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich, Hoeilaart, Belgium). Proteins
(40 ug) were separated on an SDS-PAGE gel and transferred onto a nitrocellulose membrane.
The following primary antibodies were used for protein detection: anti-HIF-1oc mAb
(D2U3T, Cell signaling, Leiden, The Netherlands), anti-CAIX (Novus, Abingdom, UK),
and anti-f-actin monoclonal antibody (Sigma, Overijse, Belgium). Secondary antibodies
included anti-rabbit antibodies (Jackson, Ely, UK). Tumors were harvested from euthanized
mice and immediately frozen in isopentane. Tumors were reduced to small pieces without
previous thawing. RIPA was added, and samples were sonicated and centrifuged. The
supernatant was used for Western blotting. Proteins (80 ug) were separated on an SDS-
PAGE gel and transferred onto a nitrocellulose membrane. Protein detection was performed
as described above.

2.3. RNA Extraction, Reverse Transcription, and RT-qPCR

The culture medium was removed, cells were washed with DPBS containing calcium
and magnesium (Lonza, Bornem, Belgium), lysis solution was added, and total RNA
extraction was performed using NucleoSpin RNA Plus (Macherey-Nagel, Hoerdt, France)
according to the manufacturer’s protocol. Reverse transcription was performed on 200 ng
of total RNA for NHO2A cells and 500 ng of total RNA for Sima and CHP-134 using
Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, St. Leon, Germany) according
to the manufacturer’s protocol. qQPCR was performed on 10x diluted cDNA using SYBR
Master Mix according to the manufacturer’s protocol (Takyon Low ROX SYBR Master Mix,
Eurogentec, Seraing, Belgium); the qPCR was done on a ViiA 7 Real-time PCR system
(Applied Biosystems, Ulm, Germany) and data were calculated with the Quant Studio Real-
Time PCR software. Fold changes were calculated using the 2~24¢T method. The following
primers were used: mCAIX and hCAIX from Qiagen; mouse 18s forward (5-GAA TCG
AAC CCT GAT TCC CCG TC-3'), mouse 18s reverse (5'-CGG CGA CGA CCC ATT CGA
AC-3'), human beta-actin forward (5'-GGT GGC TTT TAG GAT GGC AAG-3’), and human
beta-actin reverse (5'-ACT GGA ACG GTG AAG GTG ACA G-3').

2.4. In Vivo Experiments and Transgenic TH-MYCN Mouse Model

All in vivo experimental protocols were approved by the internal ethical committee
of LIH and the national authority of the country under the agreement number LECR-
2018-01/LUPA2019/72. We used a transgenic TH-MYCN (tyrosine hydroxylase-MYCN)
mouse model, genetically engineered to overexpress MYCN under the control of a rat
TH-promoter. The overexpression of MYCN occurred in neural crest cells, which resulted
in tumors closely resembling human neuroblastoma in terms of tumor localization and
histology, genomic aberrations, and gene expression [25].
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After ordering cryopreserved sperm from hemizygous TH-MYCN mouse (129X1Sv])
from the NCI mouse repository (strain number: 01XD2), resuscitation was performed by
Janvier Labs into 12952 /SvPasOrlRj females. Pups obtained from the subsequent breed-
ing were weaned at 3 weeks of age. Genomic DNA extraction from tissue biopsy was
done using the NucleoSpin Tissue kit from Macherey-Nagel according to the manufac-
turer’s protocol. TagMan PCR was performed by TagMan™ Universal Master Mix 1I,
using UNG Kit for mouse TERT reference gene (VIC; Quencher TAMRA, Ulm, Germany)
and TagMan human MYCN Probe (FAM; Quencher NFQ, Ulm, Germany). CopyCaller
Software was used to analyze the results and define the animal’s wild type, hemizygous, or
homozygous status.

2.5. Immunohistochemistry on Tumors

Tumors were fixed in 4% paraformaldehyde for 48 h and then embedded in paraffin.
Formalin-fixed, paraffin-embedded tumor sections (5 um thick) from untreated or treated
tumors were stained using H&E, anti-CD31, and anti-aSMA antibodies. HistoWiz Company
(Brooklin, NY, USA) performed tumor sections and staining.

2.6. Magnetic Resonance Imaging (MRI) and Images Acquisition

An MRI was performed on a 3T pre-clinical horizontal bore scanner (MR Solutions,
Guilford, UK), equipped with a quadrature volume coil designed for mouse body imaging.
Animals were placed prone in the cradle and maintained sleep during the duration of the
scans, using 2-3% isoflurane mixed with oxygen. The body temperature was maintained at
37 °C, and breathing was monitored throughout the scan sessions. The MRI protocols and
parameters used are described in Table 1.

Table 1. MRI protocols used to monitor TH-MYCN tumor volumes.

Number of Mice in Group

Sequence Purpose Parameters Treated with
Jo1 Vehicle
Tumor detection, SR: 156 pm x 161 um x 1500 um, Sl: 16, TE: 68 ms, TR:
FSET2w  delineation and volume 5000 ms, ET: 8, AVG: 3, SD: 7 min 45 s, RG ON
measurement
Tumor detection, SR: 156 yim x 159 um x 1500 wm, SI: 16, TE: 11 ms, TR:
FSETlw  delineation and volume 1000 ms, ET: 4, AVG: 4, SD: 4 min 12 s, RG ON 9 6
measurement
SR: 156 um x 208 um x 1500 um, Sl: 16, fTE: 15 ms, NOE:
MEMS T2 relaxometry map 10, TR: 3000 ms, AVG: 1, SD: 9 min 36 s, RG ON
MGE 12° relaxometry map  FLASH SR: 313 wm x 313 um x 1500 um, S1: 16, fTE: 4

ms, TR: 600 ms, NOE: 10, AVG: 1, SD: 1 min 16 s, RG ON

SR: spatial resolution, SI: number of slices, TE: echo time, TR: repetition time, ET: echo train, AVG: number of
averages, SD: scan duration, RG: respiratory gating, fTE: first echo time, NOE: number of echoes, FLASH: fast low
angle shot, NE: number of experiments, TRes: time resolution.

Homozygous mice underwent regular abdominal palpation. When abdominal mass
appeared, the mice were randomly assigned to the JQ1 treatment group, receiving JQ1
diluted in 10% DMSO and 10% (2-Hydroxypropyl)-B-cyclodextrin (Sigma-Aldrich) or a
control group receiving the vehicle by an intraperitoneal route. The dosing and treatment
schedules are reported in the figures. Anatomical series (FSE T1w and FSE T2w) were used
to screen the animals and calculate tumor volumes. For relaxometry assessment, only the
abdominal part of the tumor, which was visible on a T2-weighted MRI, was considered,
and the tumor volume was reported in mm3. Relaxometry series was acquired to assess
tumor physiological parameters before and after treatment. Anatomical and relaxometry
data were acquired for mice just before starting treatment (day 1) and repeated as described
in the figures just before sacrifice.
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2.7. Data Analysis and Statistics

Relaxometry data were analyzed in nordicICE (NordicNeuroLab, Bergen, Norway).
Maps of the relaxivity parameters T2 and T2*; corresponding relaxivity rates R2 (1/T2) and
R2* (1/T2*) were derived from the respective relaxometry series. R2 and R2* are surrogate
hypoxia markers [26,27]. Median values were reported for the JQ1 treatment and control
groups. A Student’s f-test was used to assess the statistical significance between the groups,
calculated in GraphPad Prism 9.4.0 (San Diego, CA, USA); p-values < 0.05 were considered
statistically significant.

2.8. Fluorescence-Activated Cell Sorting (FACS) In Vivo

Immune phenotyping of tumors was assessed by Fluorescence-Activated Cell sorting
(FACS, ARIA, Becton Dickinson, Dorp, Belgium). Homozygous mice were subjected to
regular abdominal palpations, and when abdominal masses appeared, mice were randomly
assigned to the control and JQ1 treatment groups. Tumors were collected after 3 days of
treatment with the vehicle or JQ1. Only the abdominal part of the tumor was considered.

After tumor dissociation, using a 100 um cell strainer and a syringe piston to crush the
mass into a DMEM complete medium, cells were centrifuged for 10 min at 4 °C. ACK lysis
buffer (Lonza, Basel, Switzerland) was used to lyse red blood cells, and a cell count was
performed. After blocking FC-receptors for 5 min with CD16/CD32, appropriate antibodies
were used to stain the cells. The following antibodies were used: live or dead near IR (life
technology, Carlsbad, CA, USA), BuV395 rat anti-mouse CD45 (BD Horizon, Cambridge,
UK), PE-CF594 hamster anti-mouse CD279 PD-1 (BD Horizon, Cambridge, UK), BV510
hamster anti-mouse CD3e (BD Horizon, Cambridge, UK), PerCP Cy5.5 anti-mouse CD4
(eBiosciences Lif Tech, Merelbeke, Belgium), BV570 anti-mouse CD8A (Biolegend, Am-
sterdam, The Netherlands), BV605 hamster anti-mouse CD69 (BD Horizon, Cambridge,
UK), Alexa Fluor 488 anti-mouse and rat FOXP3 (eBiosciences Lif Tech, Merelbeke, Bel-
gium), APC-R700 rat anti-mouse CD11b (BD Horizon, Cambridge, UK), PE-Cy7 anti-mouse
CD11c (eBiosciences Lif Tech, Merelbeke, Belgium), BV605 anti-mouse F4/80 (Biolegend,
Amsterdam, The Netherlands), BV785 anti-mouse Ly-6G (Biolegend, Amsterdam, The
Netherlands), BV421 anti-mouse Ly-6C (Biolegend, Amsterdam, The Netherlands), PerCP
Cyb.5 anti-mouse CD206 (Biolegend, Amsterdam, The Netherlands), Alexa Fluor 488 anti-
mouse and rat FOXP3 (eBiosciences Lif Tech, Merelbeke, Belgium), and BV605 hamster
anti-mouse CD69 (BD Horizon, Cambridge, UK). Data were collected using multicolor flow
cytometry, and Flow]Jo software was used for data analysis.

2.9. Survival Curves

Tumor-bearing homozygous TH-MYCN mice were detected by abdominal palpation,
and T2-weighted MR images were performed to confirm the presence of NB and determine
the total tumor volume (the abdominal and thoracic parts when present). When the tumor
reached a volume between 400 and 800 mm?, the mice were randomly assigned to one
of four groups untreated, treated with anti-PD-1, treated with JQ, and treated with a
combination of JQ1 and anti-PD-1. Treatment dosing and schedule are reported in the
corresponding figure. Isotype (InVivoMAD rat IgG2a isotype control, anti-trinitrophenol,
BE0089, BioXCell, Huissen, The Netherlands) or anti-PD-1 monoclonal antibodies were
administered IP at 10 mg/kg/day every 3 days. Mice were scored every day for signs
of discomfort or tumor volume of >2000 mm3. When such parameters were observed or
reached, the animal was euthanized. Tumor volume was measured using T2-weighted MR
images. An MRI was performed before starting treatment and then on days 4, 8 and 15.
Depending on the tumor development, images were repeated at regular intervals until
reaching the endpoint volume. Mouse survival probability was defined using GraphPad
Prism, and p-values were calculated using the log-rank (Mantel-Cox) test.
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3. Results
3.1. JQ1 Impairs Hypoxic Responses in Neuroblastoma Cells In Vitro

We assessed the impact of JQ-1 on the mRNA and protein expression of HIF-1« and
CAIX in three neuroblastoma cell lines. NHO2A mouse cells were derived from neuroblas-
toma tumors of homozygous TH-MYCN transgenic mice. CHP-134 and SIMA cells were
derived from patients with neuroblastoma tumors. NHO2A cell lines overexpressed MYCN,
whereas CHP-134 and SIMA cell lines displayed amplified MYCN. Together, these cell lines
recapitulated the pathogenesis and features of high-risk neuroblastoma in children. As
expected, our results (Figure 1A) showed an accumulation of HIF-1c protein in NHO2A,
CHIP-134, and SIMA cells under hypoxia. Such accumulation was associated with an
increased expression of HIF-1a downstream target gene CAIX in the three cell lines tested.
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Figure 1. Effect of JQ1 on the hypoxia status of NB cells in vitro. (A) Western blot test showing
the protein expression of HIF-1x and CA9 in NHO2A, CHP-134, and SIMA cells cultured under
normoxia (N) or hypoxia and treated with JQ1 at the indicated concentration. Actin was used
as a loading control. The quantification of band intensity corresponding to HIF-1& and CA9 in
treated hypoxic cells is reported compared to untreated hypoxic cells and normoxic cells, respectively.
(B) RT-qPCR measurement of CA9 mRNA in cells described in (A). Bars represent means from three
independent experiments + SEM. Statistically significant difference was calculated by unpaired
two-tailed Student’s -test (* p < 0.05, ** p <0.01; and *** p < 0.001).

We revealed that treatment of NHO2A, CHIP-134, and SIMA cells cultured under
hypoxia with JQ-1 significantly decreased HIF-1x and CAIX protein levels in a dose-
dependent manner. Moreover, the mRNA levels of CAIX were significantly decreased in
hypoxic cells following treatment with JQ-1 (Figure 1B). Based on these data, we believe
that JQ1 impairs hypoxia in neuroblastoma cells in vitro.

3.2. JQ1 Treatment Reduces Hypoxia in TH-MYCN Tumors

To evaluate the impact of JQ1 on the hypoxic status of TH-MYCN tumors, we con-
ducted magnetic resonance imaging (MRI) on homozygous TH-MYCN mice to assess the
relaxation rate (R2*) value, previously reported as a surrogate marker of hypoxia [28]. The
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treatment schedule with the vehicle (control) and JQ1 is summarized in Figure 2A. The
R2* values were determined by MRI before and after the treatment, and the tumor volume
was also determined by MRI after the treatment. Figure 2B showed that on day 3, there
was a decrease in the tumor volume following two treatments with JQ1 compared with
the control, although the difference was not statistically significant. On day 3, following
two treatments, we found that the R2* values were significantly increased in the vehicle-
treated mice but significantly decreased in the JQ1-treated mice (Figure 2C-E). The R2*
ratio of after to before treatment was significantly decreased in JQ1-treated mice relative to
vehicle-treated mice (Figure 2F). Our data suggested that JQ1 decreases the hypoxia status
of TH-MYCN tumors. These results were supported by our data in Figure 1G showing a
significant decrease in the HIF-1oc downstream target CAIX in JQ1 treated tumors.

It is now well established that tumor microvascular networks in the hypoxic area
display several unique pathological features that can be differentiated from healthy blood
vessels. Such characteristics include a high density of leaky, tortuous, and primitive micro-
vessels with poor pericytes’ coverage and basement membrane [29]. Based on our data
showing that JQ-1 decreased hypoxia in TH-MYCN neuroblastoma tumors, we assessed
the quality and integrity of blood vessels in tumors treated with JQ-1. To address this issue,
immunohistochemistry of endothelial cell marker CD31 and pericyte marker SMA was
performed on the vehicle- and JQ1-treated TH-MYCN neuroblastoma tumors. Figure 2H
shows the vehicle-treated tumors displaying a high density of chaotic blood vessels poorly
covered by pericytes. Remarkably, JQ1-treated tumors exhibited a lower number and
well-structured blood vessels, which were better structured and well-covered by pericytes.
Collectively, our data provided evidence that JQ1 reduced hypoxia in neuroblastoma
tumors associated with blood vessel normalization.
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Figure 2. Cont.
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Figure 2. Effect of JQ1 on the hypoxia status and blood vessels in TH-MYCN tumor-bearing mice.
(A) Experimental design of JQ1 treatment of TH-MYCN tumor-bearing mice showing the schedule
and dosing. Following the development of homozygote TH-MYCN tumors, the tumor volume and
R2* values were assessed by an MRI in all mice. Mice were randomly assigned to a vehicle-treated
group (n = 6) or JQl-treated group (n = 9). Mice were treated twice with either the vehicle or JQ1
(50 mg/kg) by IP on days 1 and 2. On day 3 post-treatment, an MRI was performed to determine
the tumor volume and R2* values. Tumors were harvested for subsequent experiments. (B) The
volume of TH-MYCN tumors treated with either the vehicle (Veh) or JQ1 as described in (A) on
day 3. Each dot represents one tumor. Results are shown as mean £ SEM (error bars). Statistically
significant differences were calculated compared to the Veh-treated tumors using an unpaired two-
tailed Student’s t-test (ns: not significant). R2* values in TH-MYCN tumors before and after treatment
on day 3 with the vehicle (C) and JQ1 (D) according to the experimental design in (A). The R2*
values in TH-MYCN tumors after the treatment with either the vehicle (Veh) or JQ1 are reported in
(E). The R2* ratio of after to before treatment with the vehicle (Veh) or JQ1 is reported in (F). Each
dot represents one tumor. Results are shown as mean &+ SEM (error bars). Statistically significant
differences are calculated using a Mann—-Whitney test for (C) and (D) or an unpaired two-tailed
Student’s t-test for (E) and (F) (* p < 0.05, ** p < 0.01; and *** p < 0.001; ns: non-significant). (G) Western-
blot showing the protein expression of CAIX in three different (1, 2 and 3) TH-MYCN tumors treated
with either the vehicle or JQ1 according to the experimental schedule described in (A). Actin was
used as a loading control. (H) Staining of vehicle- or JQ1-treated TH-MYCN tumors described in
(A) with H&E (upper panels), CD31 (middle panels), or aSMA lower panels. Enlarged images of the
zones delineated with black boxes (in CD31 and aSMA stained tumors) are shown (Scale bars 100 or
50 pm).
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3.3. JQ1-Treated Tumors Displayed a Higher Infiltration Level of CD8* PD-1*, Conventional
CD4* PD-1%, and Treg PD-1* Cells Compared to the Control

It is now well established that hypoxia impacts the tumor immune landscape [30-32].
Blood vessel abnormalities associated with hypoxia limit or prevent the extravasation of
cytotoxic immune cells [33]. Based on our data showing that JQ1 decreased the hypoxia
status of TH-MYCN tumors and induced blood vessel normalization, we evaluated the
immune infiltration in the control and JQ1-treated tumors. TH-MYCN mice bearing tu-
mors were treated as described in Figure 3A. Tumors were collected on day 4 after three
treatments with either vehicle or JQ1 and processed for FACS analysis. To avoid a potential
bias in the interpretation of immune infiltration, which could be associated with intra-
and inter-tumor heterogeneity and volume, we performed T2-weighted MR images at the
time of euthanasia and selected tumors that had a similar average volume and mass to be
included in the two groups (untreated and JQ1-treated) (Figure S1).
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Figure 3. Immune phenotyping of JQI-treated TH-MYCN tumors. (A) Experimental design of
JQ1 treatment of TH-MYCN tumor-bearing mice showing the schedule and dosing. Following
the development of homozygote TH-MYCN tumors, the tumor volume was assessed by MRI in
all mice. Mice were randomly assigned to a vehicle-treated group (1 = 6) or a JQ1-treated group
(n = 5). Mice were treated three times with vehicle or JQ1 (25 mg/kg) by IP on days 1, 2, and 3.
On day 4 post-treatment, MRI was performed to determine the tumor volume, and tumors were
harvested for immune phenotyping experiments. (B—D) Flow cytometry quantification of total (B),
CD69* (C), or PD-1* (D) CD8* T cells, conventional (Conv.) CD4* T cells and Tregs infiltrating
vehicle-treated or JQ-1-treated TH-MYCN tumors at day 4. The defined subpopulations were gated
and quantified in live CD45* cells. Each dot represents one tumor. The data are reported as the
average of six or five mice per group. Results are shown as mean & SEM (error bars). Statistically
significant differences (indicated by asterisks) are calculated compared to vehicle-treated tumors
using an unpaired two-tailed Student’s t-test (ns: not significant *: p < 0.05).

We assessed by FACS the infiltration of lymphoid cells (CD4, CD8, and Treg) and
myeloid cells (DC and macrophages). In addition, we analyzed the expression of activation
and exhaustion markers CD69 and PD-1 on lymphoid cells. Our results revealed no
significant difference in the infiltration of total CD8*, conventional CD4*, and neither Treg
cells (Figure 3B) nor the infiltration of DC and total macrophages (Figure S2) in the either
control or JQ1-treated tumors. Moreover, CD8*, CD4", and Treg cells infiltrating the control
and JQ1-treated tumors expressed a similar level of the activation marker CD69 (Figure 3C).
We showed that JQ1-treated tumors exhibited a significantly higher level of CD8* PD-1*,
CD4* PD1%, and Treg PD-1* cells compared to the control (Figure 3D).

3.4. Combining JQ1 Improves the Therapeutic Benefit of PD-1 in TH-MYCN Tumor-Bearing Mice

Recently, the infiltration of CD8* T cells expressing high PD-1 has been established
as an effective biomarker for the response to immune checkpoint inhibitor therapy across
multiple cancers [34]. Consistent with this, we evaluated the impact of combining JQ1 on
TH-MYCN tumor response to anti-PD-1. To address this issue, homozygous TH-MYCN
tumor-bearing mice were randomly assigned to several groups for treatments with mono
(JQ1 or PD-1 alone) or combination (JQ1+PD-1). Mice included in the experiments were
those having developed tumor volumes ranging from 400-800 mm? based on T2-weighted
MR images performed before starting the treatments (Day 1). MRI images also assessed
tumor volumes after treatment on days 4, 8 and 15. The different mouse groups and
treatment schedules are summarized in Figure 4A. Representative images of one mouse
from each group on days 1, 4, 8 and 15 are reported in Figure 4B. As shown on day 1, the
tumor mass (delineated by a red line) was comparable in all groups (Figure 4B). However,
the tumor volume was significantly reduced on days 8 and 15 in mice treated with a
combination of JQ-1 and anti-PD-1 relative to mice treated with JQ-1 alone (Figure 4C).
This reduction in the tumor volume was translated into a significant improvement in mice
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with JQ-1 alone (Figure 4D).
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Figure 4. Impact of combining JQ1 and PD-1 on TH-MYCN tumor volume and mice survival.
(A) Experimental design of JQ1 and anti-PD-1 treatment of TH-MYCN tumor-bearing mice showing
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the schedule and dosing. Following the development of homozygote TH-MYCN tumors, the tumor
volume was assessed by MRI in all mice. Mice were randomly assigned into four groups: vehicle- and
isotope-treated group (1 = 9), vehicle and anti-PD-1-treated group (n = 8), JQ1 and isotype-treated
group (n = 8), and JQ1 and anti-PD-1-treated group (n = 8). Mice were treated daily from days
1 to 7 with either vehicle (group 1 and 2) or JQ1 (group 3 and 4) and on days 1, 4, 7, 10 and 13
with either isotype (group 1 and 3) or anti-PD-1 (group 2 and 4). After day 15, only the treatment
with isotype or anti-PD-1 was continued using the same schedule until the end of experiment (mice
euthanasia). JQ1 (25 mg/kg/day) and anti-PD-1 (10 mg/kg/day) were administered by IP. MRI was
performed on days 1, 4, 8 and 15 post-treatment and on a regular basis to determine the tumor volume.
(B) Representative images of TH-MYCN tumor-bearing mice on days 1, 4, 8 and 15 for the groups
described in (A). On day 15, no images for groups 1 and 2 are provided as animals died. Abdominal
tumor masses are delineated in red. (C) Volumes of TH-MYCN tumors on days 1, 4 and 8, and in
mice treated with JQ1 and isotype or JQ1 and anti-PD-1. Each dot represents one tumor. Results are
shown as mean + SEM (error bars). Statistically significant differences are calculated compared to
the control group (JQ1 and isotype) using an unpaired two-tailed Student’s t-test (ns: not significant
*: p < 0.05). (D) Mice survival curves were generated from tumor-bearing mice treated with JQ1 and
isotype or JQ1 and anti-PD-1. Lack of survival was defined as death or tumor size > 2000 mm?>. The
probability of survival was defined using GraphPad Prism, and p-values were calculated using the
log-rank (Mantel-Cox) test (* p < 0.05).

4. Discussion

In this study, we revealed that combining JQ1 improves the benefit of anti-PD-1 in
the TH-MYCN NB mouse model. Such improvement could be related to the effect of
JQ1 in decreasing hypoxia in TH-MYCN NB tumors. Indeed, JQ1 and derivatives are
currently attracting major interest in treating hematological and solid cancers, including
pediatric malignancies [35]. We strongly believe that the ability of JQ1 to decrease hypoxia
in TH-MYCN NB tumors relies on the impairment of the transcriptional activity of HIF-1«.
This concept was supported by: (i) our data showing that treatment with JQ1 decreased
the mRNA and protein levels of CA9 in several NB cell lines, including those derived
from TH-MYCN tumors; and (ii) previous studies showing that JQ1 impairs hypoxia in
triple-negative breast cancer through its ability to interact with HIF-1x and inhibit its
transcription activity [24,36].

Remarkably, in all hypoxic NB cell lines, we showed that the protein level of HIF-
la decreased following treatment with JQ1 in a dose-dependent manner. Although the
exact mechanism responsible for the decrease of HIF-« protein levels remains unknown,
it is tempting to speculate that this could be related to the impact of JQ1 in reactivating
the ubiquitin proteasomal system (UPS) responsible for HIF-1oc degradation. Additional
experiments need to be performed to assess the reactivation of UPS in JQ1-treated cells
and tumors.

Since CA9 overexpression is associated with poor survival in NB patients, we believe
that JQ1, through inhibiting HIF-1oc/CAIX axis, may inhibit the growth of TH-MYCN
tumors. However, our results, depicted in Figure 1B, showed that, although there is a
clear trend toward a decrease, the average tumor volume between vehicle- and JQ1-treated
tumors was not significantly different. This could be related to the narrow therapeutic
windows used in the experimental design or to the limited group size. Indeed, the graph
depicted in Figure 2B suggests that JQ1 treatment appeared to be efficient in decreasing
the volume in many tumors but not in all tumors, which may be caused by biological
or experimental reasons. Furthermore, considering the role of RACK-1 in NB invasion
and migration, it would be interesting to evaluate the impact of JQ1 on the regulation of
RACK-1 in NHO2A mouse cells in vitro and in TH-MYCN tumors in vivo.

Nevertheless, the role of JQ1 in decreasing hypoxia in TH-MYCN tumors has also
been supported in vivo by assessing the R2* values using MRI technology. Our results
further supported that implementing the R2* assay in the clinic may be beneficial as this is
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a non-invasive method to indicate the hypoxic status in pediatric tumors where invasive
procedures are always difficult to implement [37].

JQ1 displayed an anti-angiogenic effect by reducing the expression of the angiogenic
pathway, the key angiogenic inducer VEGF-A, and the blood vessel count. In keeping
with this, we showed that treatment of TH-MYCN tumor-bearing mice with JQ1 seemed to
reduce the number of blood vessels while improving their quality and integrity, as revealed
by CD31/aSMA staining. Therefore, our data supported the concept that JQ1 showed
typical behavior of anti-angiogenic agents in NB tumors.

By assessing the infiltration of major cytotoxic immune cells, our data revealed no
impact on the infiltration of CD8, CD4 and Tregs into the tumor microenvironment of
TH-MYCN tumors following treatment with JQ1. However, JQ1 treatment significantly
increased the expression of PD-1 on CD8", CD4* and Tregs. The role of PD-1 expression on
CD8* cells has been extensively evaluated. Initially described as an exhaustion marker, the
expression of PD-1 on CD8* T cells is now reported as a strong predictor of the response to
ICB in NSCLC and correlated with increased overall survival [38]. The predictive value
of PD-1M8h CD8* T cells was also reported across five cancer types in several clinical
samples and mouse models (reviewed in [34]). Recently, the combined expression of
PD-1 on circulating CD4* and CD8" T cells before ICB treatment has been considered to
guide therapy for patients with NSCLC [39]. Our data showed a significant increase in
CD4* PD-1+ and CD8 PD-1* in the microenvironment of JQ1-treated TH-MYCN tumors
highlighting the value of combining JQ1 and anti-PD-1. Indeed, we showed that JQ1
synergizes with anti-PD-1 to elicit a remarkable anti-tumor effect compared with JQ1 or
anti-PD-1 alone. We believe that such a synergistic result relied on the effect of JQ1 to
activate CD8" T cells through the upregulation of PD-1. Knowing that NFATc1 is reported
to regulate the expression of PD-1 expression in activated T cells [40,41], it would be
interesting to determine whether JQ1 regulates NFATcl in CD8 T cells infiltrating TH-
MYCN. Nevertheless, PD-1-overexpressing CD8 T cells engaged PD-L1 on tumor cells,
which can subsequently be released by anti-PD-1. Although the underlying mechanism
of PD-1 upregulation on CD4, CDS8, and Tregs following JQ1 treatment has not yet been
investigated, we speculate that such a mechanism relies on epigenetic regulation or an
increase in the protein synthesis of PD-1 by JQ1.

Although much remains to be learned mechanistically, our in vivo data are supported
by a previous report showing that combining JQ1 and anti-PD-L1 led to a synergistic
effect in pancreatic cancer [42]. Moreover, cooperative effects between JQ1 and anti-PD-1
have been reported in Kras+/LSL-G12D; Trp53L/L (KP) mouse models of NSCLC. In this
model, combining JQ1 with anti-PD-1 impaired the immunosuppressive activity of Tregs
and favored the activation of T cells in the tumor microenvironment. The JQ1-anti-PD-1
combination induced robust and long-lasting anti-tumor responses associated with an
improvement in the overall survival compared to each treatment alone [43].

Taken together, our study provided convincing data supporting the concept that
combining BET bromodomain inhibition JQ1 with immune checkpoint blockade based
on PD-1 offers a promising therapeutic approach for high-risk neuroblastoma displaying
MYCN amplification. However, given that not all high-risk NB is MYCN-amplified, it
would be interesting to evaluate whether our data described here can be translated to
MYCN-non-amplified NB.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells11182783/s1, Figure S1: Volume and mass of vehicle- or JQ1-
treated tumors; Figure 52: Flow cytometry quantification of total DC and macrophages infiltrating
vehicle- or JQ-1.
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Supplementary Data

The BET Protein Inhibitor JQ1 Decreases Hypoxia and
Improves the Therapeutic Benefit of Anti-PD-1 in a High-Risk
Neuroblastoma Mouse Model
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Supplementary Figure S1. Volumes (left) and masses (right) of TH-MYCN tumors at day 4 in mice
treated with vehicle (Veh) or JQ1. Each dot represents one tumor. Results are shown as mean + SEM
(error bars). Statistically significant differences were calculated compared to the control group (veh)
using an unpaired two-tailed Student’s t-test (ns: not significant). The table at the bottom shows the
means of tumor volume and mass in vehicle- and JQ1-treated tumors and the difference between

means.
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Supplementary Figure S2. Flow cytometry quantifies total DC and macrophages infiltrating vehi-
cle-treated or JQ-1-treated TH-MYCN tumors on day 4. The defined subpopulations were gated and
quantified in live CD45+ cells. Each dot represents one tumor. The data are reported as the average
of six or five mice per group. Results are shown as mean + SEM (error bars). Statistically significant
differences (indicated by asterisks) are compared to vehicle-treated tumors using an unpaired two-
tailed Student’s t-test (ns: not significant).
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9. Additional Results

9.1 DCE-MRI

Homozygous mice with palpable tumors were assessed by MRI to measure the initial
tumor volume and perfusion acquisitions were performed after Gadolinium injection.
Then, mice were treated either with JQ1 50 mg/kg IP or vehicle for 2 days and then
acquisitions were performed again to assess the JQ1 effect on vessel permeability. In
total, JQ1 group include 6 mice whereas 3 mice were in the control group.

JQ1 leads to tumor shrinkage, however tumor volumes were similar between the two
groups at euthanasia. In addition, tumor perfusion data were normalized using liver
values. In this way, the differences observed between JQ1-treated animals and controls
could be attributable to JQ1 action and effect possibly resulting from tumor volume
changes was minimalized.

We considered the K™ to assess the vessel permeability, as this pharmacokinetic

parameter depends on the Gd outside the vessels to the tissue (EES) and so correlates

trans

to the leakage of the vessels. The K values were decreased in the JQ1 treated mice

although the results were not significant (p = 0.08); we observed the opposite effect in

the control group, with a significant increase in K™ values after vehicle treatment (p =

0.04) (figure 21 (a)). Moreover, K" values significantly differ between JQ1 and vehicle

trans

mice at the time of euthanasia. Mice treated by JQ1 showed significantly lower K
values than control ones (p = 0.04, figure 21 (b)). Our results suggest that tumor
vessels become less leaky after JQ1 treatment.

a b

Ktrans values before and after treatment in control (n = 4) and JQ1
(n = 6) treated mice

06
P =0,04() ns Ktrans values after treatment in control (n = 4) and JQ1 (n = 6)
treated mice

06 p=0,04 ()

0,45

0,45

03 03

Ktrans values

After vehicle After JQ1

Before vehicle After vehicle Before JQ1 After JQ1

Control mice JQ1 treated mice

Figure 21: (a) : K™ values before and after vehicle treatment: p = 0.04 (paired student t-
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trans

test); K values before and after JQ1 treatment: p = 0.08 (paired student t-test); (b):
trans

K" values after treatment: JQ1 versus control: p = 0.04 (unpaired student t-test).
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9.2 Expression of Cytokines/chemokines

To assess the major cytokines/chemokines impacted by JQ1 treatment, we performed
large scale cytokine/chemokine study using a Cytokine Array membrane kits. Two
homozygous mice with developing tumors were treated for 2 days either with JQ1 50
mg/kg or vehicle. Tumor volume was precisely assessed by T2w MRI sequences just
before starting treatment and at the time of euthanasia: JQ1 mouse harbor an initial
volume of 507 mm3 which decreased to 258 mm3 after 2 doses of JQ1, whereas
vehicle mouse had an initial volume of 286 mm3 and an end-volume of 681 mm3. Of
note, vehicle mouse had also a chest mass but for the study only the abdominal tumor
was taken into account and harvested for cytokine array.

Cytokine array was performed according to the manufacturer’s protocol. After
substracting the mean value of the negative control from the mean value of the wells, we
normalized each mean value for cytokine with the mean value of the reference spots.
We considered the control values as 1, and we reported the values for JQ1 treated
mouse to the vehicle treated mouse values and results were expressed as fold-change.
We considered fold-change values smaller than 0.5 or greater than 2 for spots
exhibiting sufficient intensity. Taking into account these criteria, JQ1 had an impact on
Chemokine (C-C motif) ligand 6 (CCL6), Fibroblast growth factor (FGF) acidic and
endostatin levels (Figure 22).

A

Control JQ1l

B CCL6/C10 Endostatin FGF acidic

125 35 75

1 28 6

0.75 2.1 45
05 14 3
025 07 15

0 0 0

Vehicle  JQ1 Vehicle Ja1 Vehicle Ja1

Figure 22: A: Cytokine/Chemokine Array of control- and JQ1-treated tumors. Positions
of the spots on the array (B3-B4: CCL6 (red arrows); D21-D22: Endostatin (purple
arrows); E1- E2: FGF acidic (black arrows). B: Quantification of CCL6, FGF acidic and
endostatin levels expressed in fold-change considering the control mouse values as 1.

Our cytokine assay results have to be interpreted with caution as the test was done on
only two tumor samples. Clearly, additional investigations are needed to confirm these
preliminary observations. However, in our experiment, JQ1 downregulate CCL6. The
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overexpression of the mouse cytokine CCL6 has been reported to favor the
aggressiveness of different cancer cell lines increasing their invasiveness and
metastasis dissemination in cancer pre-clinical models [159]. In addition, depending on
the cancer tissue, Myc oncoproteins regulate CCL6 [159]. In our cytokine profile, we
suggest that the mechanism leading to the decreased CCL6 could be at least in part
explained by the downregulation of MYCN by JQ1, but this has to be confirmed by
further studies.

Endostatin is an endogenous angiogenesis inhibitor, enzymatically cleaved from
collagen XIlII [160]. It plays a role in different cancer types, and through repressing
angiogenesis and contributes to inhibit tumor growth in several cancer pre-clinical
models [160]. However, the clinical use of Endostatin is limited as its administration is
challenging; indeed, recombinant human Endostatin (Endostar), even if modified and
rendered more stable, needs long perfusion time and has to be administered every day
[160]. Our cytokine assay suggest that JQ1 could up-regulate Endostatin, and by this
way could represent an attractive method to inhibit tumor angiogenesis.

JQ1 seems to up-regulate FGF acidic, also known as FGF1. As other FGFs, FGF
acidic is involved in tumor progression as it notably contributes to tumor angiogenesis
[161]. However, FGFs activity is context and cancer-dependent, as many studies have
also reported the tumor suppressive functions of FGFs [161, 162]. These benefits could
result from the differentiation of cancer cells promoted by the FGF receptor binding in
particular cellular settings [161]. As JQ1 drastically reduced tumor volume of NB
bearing TH-MYCN mice, the potential benefit of FGF acidic up-regulation could result
from the induction of cancer cells differentiation. Nonetheless, additional studies are
strongly needed to unravel the mechanism of action of FGF acidic in the context of NB.
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9.3 MYCN expression

We performed a Western Blot to confirm the previous observations reported in the
literature in our mouse model. Tumors from homozygous mice treated with JQ1 50 mg/
kg IP or vehicle IP for 2 days were collected and immediately frozen in isopentan.
Proteins were extracted according to the method described in the Material and
Methods section. JQ1 clearly decreases MYCN expression in treated mice as
demonstrated on Westen Blot (Figure 23).

Veh Jal
Hl #2 #3  #1 #2 #3
ey
| Actin

Figure 23: The expression of MYCN protein in vehicle- and JQ1-treated tumors by
Western Blot. Actin was used as loading control. Three tumors (#1, #2 and #3) from
each group were assessed.
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10. Article 2:

Impact of hypoxic tumor microenvironment and tumor cell plasticity on the
expression of immune checkpoints

Lequeux, M. Z. Noman, M. Xiao, D. Sauvage, K. Van Moer, E. Viry, |. Bocci, M. Hasmim,
M. Bosseler, G. Berchem, B. Janii.

Cancer Letters 458 (2019) 13-20.

This review aims to summarize the current knowledge on the interplay between
hypoxia, cancer cell EMT and immune checkpoints expression. Indeed, a strong link
between these three actors of cancer cells immune evasion have been established in
several studies and the deep understanding of the pathways involved will certainly
leads to more selected combined immunotherapies allowing sustainable clinical
responses.

Many reports have underlined the importance of the hypoxic TME in promoting cancer
immune escape, and recent studies have demonstrated the role of HIFs in immune

checkpoints expression: for example, Noman et al have shown that HIF-1« binds to the

HRE in the PD-L1 promoter leading its increased expression in tumor-infiltrating
MDSCs, which results in increased immunosuppressive cytokines production and
finally dampen CD8+ T cells proliferation [10]. Hypoxia also promotes PD-L1 expression
on cancer cells as reported by Barsoum et al [9]. Other studies have revealed that the

role of HIF-1« is not limited to the PD-L1 immune checkpoint, but instead accounts also

for example for the up-regulation of CD47, CD73 and soluble CD137 in cancer cells
[116, 163].

Hypoxia also favors EMT in cancer cells, a state characterized by down-regulation of E-
cadherin and a morphological switch rendering cancer cells more mobile and invasive.
EMT also directly impacts immune checkpoints expression. For example, Noman et a/
have showed that up-regulation of CD47 occurs through the binding of SNAI1 and
ZEB1 to the CD47 promoter in EMT-activated mesenchymal breast cancer cells [164].
Moreover, the link between EMT-activation and ZEB1/miR-200 pathway and the
increased of PD-L1 expression in EMT-activated breast cancer cells has also been
reported [165].

So, hypoxia, EMT and immune checkpoints are interconnected in cancer to promote an
immunosuppressive TME and combinatorial therapies targeting hypoxia and/or EMT in
combination to ICI (such as for example PD-1/PD-L1 axis blockade) should give
promising clinical results.

Author contribution: | contributed in the writing process of this review, notably the
section related to hypoxia.
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ARTICLE INFO ABSTRACT

Keywords: Compared to traditional therapies, such as surgery, radio-chemotherapy, or targeted approaches, im-
HIF munotherapies based on immune checkpoint blockers (ICBs) have revolutionized the treatment of cancer.
Immune checkpoint blockers Although ICBs have yielded long-lasting results and have improved patient survival, this success has been ser-
Cancer immunotherapy N iously challenged by clinical observations showing that only a small fraction of patients benefit from this re-
ﬁle_Tlel‘:::g]ie;enc}lymal transition volutionary therapy and no benefit has been found in patients with highly aggressive tumors. Efforts are cur-
Immune suppression rently ongoing to identify factors that predict the response to ICB. Among the different predictive markers
established so far, the expression levels of immune checkpoint genes have proven to be important biomarkers for
informing treatment choices. Therefore, understanding the mechanisms involved in the regulation of immune
checkpoints is a key element that will facilitate novel combination approaches and optimize patient outcome. In
this review, we discuss the impact of hypoxia and tumor cell plasticity on immune checkpoint gene expression
and provide insight into the therapeutic value of the EMT signature and the rationale for novel combination

approaches to improve ICB therapy and maximize the benefits for patients with cancer.

1. Immune checkpoint blockade in cancer therapy

For over a century, scientists have attempted to eradicate cancer
cells by activating and harness the patient's immune response. The
majority of the cancer immunotherapies developed over the past two
decades have been dedicated to the potentiation of anti-tumor adaptive
immune response mediated mostly by T lymphocytes. Neither systemic
administration of high-doses of interleukin (IL)-2 or autologous T
lymphocyte transplantation has yielded very little to no therapeutic
benefit and very high toxicity.

After decades of bench research and the resulting deeper under-
standing of the mechanisms underlying anti-tumor immunity, cancer
immunotherapy has now finally moved into the clinic. The immune
checkpoint blockade-based cancer immunotherapy revolution has just
started and yet it has transformed the field of onco-immunology and the
way we treat cancer. Immune checkpoint blockers (ICBs) such as anti-
CTLA-4 and anti-PD-1/PD-L1 antibodies have reshaped the clinical
approaches to multiple different types of cancers. ICBs have emerged as

a revolutionary treatment for cancers including, but not limited to,
breast, lung, kidney, bladder, prostate, lymphoma, and melanoma
[1,2]. Ipilimumab (anti-CTLA-4) was approved in 2011 and pem-
brolizumab and nivolumab (anti-PD-1) were approved in 2014 by the
U.S. Food and Drug Administration (FDA) for the treatment of ad-
vanced melanoma.

Despite the exciting and encouraging clinical responses, the ma-
jority of patients treated with ICB-based monotherapies (e.g., anti-
CTLA-4, anti-PD-1, or PD-L1) only have partial responses and fail to
achieve higher objective responses. Only 20-30% of patients with non-
small-cell lung carcinoma (NSCLC), renal cell carcinoma (RCC), and
melanoma benefited from cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) or programmed cell death 1 (PD-1) blockade. ICB-un-
responsive patients can be classified into two types: (1) primary re-
sistance patients who did not respond at all and (2) acquired resistance
patients who initially responded but later relapsed. It is now well es-
tablished that enduring therapeutic benefit and prolonged survival can
be achieved by combining several ICBs such as anti-CTLA-4 and anti-
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Abbreviations LAG3 Lymphocyte-activation protein 3
MDSC  Myeloid derived suppressor cells
ANGPTL4 Angiopoietin like 4 MET Mesenchymal-to-epithelial transition
BRAFi  B-raf inhibitor METABRIC Molecular Taxonomy of Breast Cancer International
CAFs cancer associated fibroblasts Consortium
ccRCC  Clear cell renal cell carcinoma NK cells Natural killer cells
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 NSCLC  Non-small-cell lung carcinoma
CTLs Cytotoxic T lymphocytes pADC Pulmonary adenocarcinoma
DC Dendritic cells PD-1 Programmed cell death 1
DNMT1 DNA-methyltransferase 1 PD-L1 Programmed cell death ligand 1
DNMT3A DNA methyltransferase 3A PD-L2  Programmed cell death ligand 2
EGF Epidermal growth factor RCC Renal cell carcinoma
EMT Epithelial-to-mesenchymal transition SIRPa  Signal regulatory protein alpha
EMT-TFs EMT-Transcription factors TCGA The Cancer Genome Atlas
FDA Food and drug administration TGF-B  Transforming growth factor beta
GITR glucocorticoid-induced TNFR family related gene TILS Tumor-infiltrating lymphocytes
HCC Hepatocellular carcinoma TKIs Tyrosine kinase inhibitors
HGF Hepatocyte growth factor TME Tumor microenvironment
HIF Hypoxia-inducible factor TNBC Triple negative breast cancer
HLA-G  Human leukocyte antigen G TNF-a  Tumor necrosis factor alpha
HRE Hypoxia response element Treg Regulatory T cells
ICBs Immune checkpoint blockers TSP-1 Thrombospondin
IDO Indoleamine 2, 3-dioxygenase VEGFA Vascular endothelial growth factor A and
IL-6 Interleukin 6 VHL Von Hippel-Lindau
IL-10 Interleukin 10
PD-1 [3,4]. thereby, promotes their growth. In contrast, HIF1 activation exhibited

2. Hypoxia in the tumor microenvironment

Hypoxia is a hallmark of all solid tumors’ microenvironment and it
is strongly associated with malignant progression, therapeutic re-
sistance, and poor clinical outcome [5,6]. All solid tumors contain areas
of variable oxygen concentration [7]. Within solid tumors, there are
areas that are well oxygenated, poorly oxygenated, and, finally, ne-
crotic in which tumor cells have died due to inadequate oxygenation
[5].

Tumor cells adapt to the hypoxic microenvironment through the
hypoxia-inducible factor (HIF) family of transcription factors. HIFs are
heterodimeric proteins composed of an oxygen-sensitive alpha subunit
(HIF-1a, HIF-2a, HIF-3a) and a beta subunit (HIF-3/ARNT). Both HIF-
la and HIF-2a are regulated by oxygen-dependent von Hippel-Lindau
(VHL)-mediated degradation [6]. HIF-1a and HIF-2a share overlapping
target genes and each one also regulates a set of unique targets. These
hypoxia-dependent HIF-1a- and HIF-2a-induced genes play important
roles in regulating different aspects of tumor biology such as angio-
genesis, cell survival, chemo- and radio-resistance, proliferation, tumor
cell plasticity, invasion and metastasis, pH regulation and metabolism,
resistance to the immune system, and maintenance of cancer stem cells
[6,8].

It is well established that cancer progression is not only regulated by
the cancer cells but also influenced by the surrounding stroma. The
tumor microenvironment (TME), in addition to cancer cells, includes a
diversity of cells and factors such as cancer-associated fibroblasts
(CAFs), endothelial cells, immune cells, growth factors, cytokines, and
extracellular matrix proteins [9]. Loss of HIF-1a and its target gene
VEGF-A but not HIF-2a enhanced tumor growth in MMTV-PyMT
transgenic mice by reducing vascular density with less leaky vessels and
decreased tumor-associated macrophage infiltration [10].

Hypoxia-mediated HIF activation has opposing effects in tumor and
stromal cells. HIF1 activation in different cell types within the TME can
either promote or repress tumorigenesis; HIF1 activation was shown to
be the former in CAF by promoting autophagy and aerobic glycolysis,
which in turn provides nutrients to the surrounding cancer cells and,

14

tumor suppressor activity in breast cancer cells [11].

3. Tumor cell plasticity and the epithelial mesenchymal transition

“Epithelial-to-mesenchymal transition” (EMT) was first described as
a mechanism driving critical morphogenetic steps in the development
of most metazoans and in wound-healing and carcinoma progression
[12].

“Epithelial-to-mesenchymal transition” (EMT) is a reversible, dy-
namic cellular program during which either healthy or neoplastic epi-
thelial cells transform into a more motile, invasive, and aggressive
mesenchymal cell type. The resulting mesenchymal-like cells can revert
back to the epithelial state, which is known as the mesenchymal-to-
epithelial transition (MET). Upon EMT initiation, the expression of
epithelial markers (e.g., E—cadherin) is repressed, which leads to the
loss of the polygonal, round, cobblestone morphology of epithelial cells.
The cells then acquire a spindle-shaped, elongated mesenchymal mor-
phology and express mesenchymal markers (e.g., neural cadherin, vi-
mentin, and fibronectin). EMT is orchestrated by a series of master
EMT-inducing transcription factors (EMT-TFs) including ZEB, SNAIL,
and TWIST, which inhibit or represses the expression of genes asso-
ciated with the epithelial state [13]. To quantitatively measure the
interplay between EMT and cancer progression, universal computed
EMT scoring has been defined from cancer-specific transcriptomic EMT
signatures of ovarian, breast, bladder, lung, colorectal and gastric
cancers. The EMT score was defined based on the expression of multiple
EMT markers including the major EMT-drivers, SNAI1 and ZEB1. Thus,
Samples with a positive (high) EMT score were more mesenchymal,
whereas those with a negative (low) score were more epithelial [12].

Several cell-intrinsic signaling pathways (TGF-, WNT, STAT, and
NOTCH) also induce EMT-TFs leading to a phenotypic transition to a
mesenchymal or partially mesenchymal cell state [14]. Importantly,
several stromal cells (e.g., CAFs) and immune cells (e.g., CD4* helper
and CD8™* cytotoxic T cells, Treg, MDSCs, TAMs) in the TME are known
to secrete various cytokines (e.g., TGF-f, IL6, TNF-a), chemokines (e.g.,
CCL18), and growth factors (e.g., VEGF, HGF, and EGF). These secreted
factors act in a paracrine fashion to induce EMT in the surrounding
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cancer cells either by activating EMT-TFs or by inducing effector mo-
lecules that inhibit the epithelial state [13].

Once activated in cancer cells, EMT promotes resistance to cell
death inducers including chemotherapy. EMT was shown to contribute
to cyclophosphamide resistance in a spontaneous breast-to-lung me-
tastasis model [15]. Similarly, EMT suppression through the deletion of
Snail or Twist in a murine model of pancreatic cancer led to increased
sensitivity to gemcitabine treatment [16].

EMT supports stemness, immune evasion, immune suppression, and
resistance to immunotherapy [13,17-19]. Both human and mouse
melanoma cells transfected with snaill underwent EMT and became
more metastatic than their parental cells. Snaill-expressing melanoma
cells secreted TGF[} and thrombospondin, which favored the emergence
of highly immunosuppressive regulatory T cells. Snail small interfering
RNA (siRNA) injected in vivo reduced the immunosuppressive and
metastatic potential of these melanoma cells [20]. Likewise, the CTL-
mediated lysis of MCF-7 snail cells decreased considerably due to the
induction of autophagy [21]. Interestingly, tumors that best respond to
CTLA-4, PD-L1, and PD1 (e.g., melanomas, renal, bladder and lung
cancers [2]) have higher EMT scores [12].

4. Hypoxia-dependent regulation of immune checkpoints in
cancer

Hypoxia contributes to the immunosuppressive tumor micro-
environment in many cancers by activating intrinsic mechanisms that
allow tumor cells to escape from the innate and adaptive immune de-
fenses [8]. Moreover, several lines of evidence suggest that the estab-
lishment of this immunosuppressive microenvironment could be at-
tributed to the ability of hypoxia to regulate immune checkpoints. We
have previously shown that the mRNA and protein expression of pro-
grammed cell death ligand 1 (PD-L1), but not programmed cell death
ligand 2 (PD-L2), in myeloid-derived suppressor cells (MDSCs) in-
filtrating several tumor types, is higher than splenic MDSCs indicating
that factor(s) in the tumor microenvironment is (are) involved in the
upregulation of PD-L1. We have further identified hypoxia as a major
factor involved in the upregulated expression of PD-L1 in tumor-in-
filtrating MDSCs since the exposure of MDSCs isolated from the spleen
to hypoxic conditions dramatically increased the expression of PD-L1
but not PD-L2. Further investigation revealed that, upon its stabiliza-
tion in hypoxic cells, HIF-1a binds the hypoxia-response element (HRE)
located in the proximal PD-L1 promoter. The functional consequences
of the overexpression of PD-L1 on the surface of MDSCs include the
increased production of IL-6 and -10 under hypoxic conditions and
significantly decreased proliferation of CD8" T cells; taken together,
these phenotypic changes are indicative of enhanced im-
munosuppressive function when MDSCs are exposed to hypoxia.
Treatment with an anti-PD-L1 antibody significantly decreased both the
expression of IL-6 and -10 and the CD8* T cells anti-proliferative
property of MDSC [22]. Moreover, a combination therapy targeting
tumor hypoxia with an antibody against PD-L1 may be beneficial for
stimulating the anti-tumor immune response in patients with cancer.
Our data were supported by Barsoum et al., who showed that hypoxia
upregulates the expression of PD-L1 on the surface of human breast and
prostate cancer cells, as well as in mouse melanoma and mammary
carcinoma cells. Increased expression of PD-L1 leads to tumor cell re-
sistance to CTL-mediated lysis [23] (Fig. 1A).

In addition to PD-L1, HIF-1a also regulates the expression of mac-
rophage immune checkpoint marker CD47 under hypoxic conditions
(Fig. 1A). CD47 is a “don't eat me” signal found on the surface of several
cancer cell types. Following its interaction with signal regulatory pro-
tein alpha (SIRPa) and thrombospondin-1 (TSP-1), which are expressed
by tumor phagocytic cells, the phagocytosis of tumor cells is inhibited
by the coordinated blockade of the “eat me” signal and the activation of
the “don't eat me” signal [24]. As anti-CD47 blockade-based therapy is
now moving into the clinic [25], understanding the molecular
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mechanism involved in the regulation of CD47 is a highly prioritized
area of research toward enhancing cancer immunotherapeutic ap-
proaches using CD47 blockade. Thus, it has been shown that HIF-1a
regulates the transcription of the CD47 gene by directly binding to its
promoter in breast cancer cells. Targeting CD47 increases the phago-
cytic ability of macrophages against breast cancer cells. According to
The Cancer Genome Atlas (TCGA), in an analysis of thousands of pa-
tients with breast cancer, CD47 expression is correlated with HIF target
gene expression such as angiopoietin-like 4 (ANGPTL4) and vascular
endothelial growth factor A (VEGFA). Increased CD47 mRNA levels are
associated with decreased patient survival [26]. Furthermore, the in-
duction of HIF-1a by chemotherapy directly activates PD-L1, CD47, and
CD73 gene transcription in triple-negative breast cancer (TNBC)
making their TME more immunosuppressive by impairing the adaptive
anti-tumor immune response (Fig. 1A) [27].

Hypoxia increases the expression of CD137 (4-1BB) in tumor-in-
filtrating T lymphocytes (TILs) in colon carcinomas, melanoma, and
spontaneous breast adenocarcinomas (Fig. 1A). CD137 is expressed on
both innate (NK cells) and adaptive immune cells (activated T cells).
The CD137 ligand (CD137L) is expressed exclusively on the surface of
activated antigen-presenting cells (macrophages, dendritic cells [DCs]
and B cells). CD137L binding to CD137 induces a strong antitumor
immune response mediated by activated T and NK cells. In HIF-1la
knockout T cells, hypoxia fails to induce CD137 expression on the
surface of TILs and they remain CD137 negative even when becoming
TILs. Combining anti-CD137 agonists results in a synergistic effect on
the PD-L1 blockade [28]. The same group also showed that a soluble
form of CD137 (sCD137) was induced under hypoxia in multiple
murine and human cancer cell lines. This secreted sCD137 blocks
CD137L mediated co-stimulation of activated T cells [29].

Human leukocyte antigen G (HLA-G) is another immune checkpoint
marker that contributes to tumor immune evasion. A correlation be-
tween the expression of HLA-G and poor clinical patient outcome has

Hypoxia
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Fig. 1. The impact of hypoxia on the regulation of immune checkpoints in
tumor cells. Under hypoxic conditions, stabilized HIF-1a (A) or mutated VHL-
dependent stabilized HIF-2a in ccRCC cells (B) translocates to the nucleus and
forms a complex with HIF-1$ and its co-factors. This complex binds to the
hypoxia-response element (HRE) motif and induces the expression of several
immune checkpoint genes such as PD-L1, CD47, CD137, CD73, and CD70.
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been described [30]. In melanoma, the expression of HLA-G positively
correlated with the hypoxic status of these tumors [31]. In glioma cells,
HLA-G gene expression is mediated by HIF-1a through binding to the
HRE motif located in exon 2 [32].

In patients with clear cell renal cell carcinoma (ccRCC) and VHL bi-
allelic inactivation, the expression of PD-L1 was increased compared to
the ccRCC tumors with wild-type VHL. Using 786-O cells expressing
different VHL mutants with stabilized HIF-2a, we demonstrated that
HIF-2a and PD-L1 expression are positively correlated. Indeed, tar-
geting HIF-2a in ccRCC cells significantly decreased PD-L1 mRNA and
protein expression levels. Using chromatin immunoprecipitation and
luciferase assays, we found that, similar to HIF-1a, HIF-2a regulates the
expression of PD-L1 by binding directly to the HRE motif in the PD-L1
proximal promoter (Fig. 1B). In VHL-mutated RCC4 renal cells that
express both HIF-1a and HIF-2a, the knock-down of HIF-1a or HIF-2a
or both decreased the expression of PD-L1 suggesting that, in 786-O
cells, PD-L1 is a direct target of HIF-2a; however, in RCC4 cells, PD-L1
expression is regulated by both HIF-1a and HIF-2a. These data high-
light the rationale behind treating patients with RCC using anti-PD-L1/
PD-1 immunotherapies and suggest that the VHL mutation status could
potentially be used as a biomarker predictive of RCC response to anti-
PD-L1/PD-1 immunotherapy [33]. Another study supported these data
by showing a positive correlation between PD-L1 and HIF-2a target
genes in ccRCC [34]. CD70 is an immune checkpoint factor from the
tumor necrosis factor (TNF) family. The CD70 ligand activates T cells by
binding to the CD27 receptor expressed on the surface of these lym-
phocytes [35]. The overexpression of CD70 has been well documented
in RCC and seems to be driven by HIF in ccRCC tumors with defects in
pVHL (Fig. 1B). In ccRCC tumors, the overexpression of CD70 seems to
correlate with the release of soluble CD27 from the tumor-infiltrating
lymphocytes, which thereby prevent T cell activation [36].

Cytotoxic T lymphocytes (CTLs) are the main weapons of destruc-
tion against various pathogens and tumor cells. The CTL-mediated anti-
tumor immune response is regulated by hypoxia and controlled in part
by HIFs and VHL. The deletion of VHL alters the differentiation of ef-
fector and memory CD8™ T cells. VHL-deletion also resulted in elevated
HIF expression, which sustained CTL effector function. Moreover, hy-
poxia modulated the expression of critical transcription factors, effector
molecules, co-stimulatory receptors (4-1BB, GITR, and 0X40) and ac-
tivation-induced inhibitory receptors (LAG-3 and CTLA-4) in a HIF-1a-
and HIF-2a-dependent manner (Fig. 2C) [37]. The hypoxia-mediated
regulation of different immune checkpoints in various cancer types is
summarized in Table 1.

5. Involvement of EMT in the regulation of immune checkpoints

In addition to its ability to regulate ICBs, several lines of evidence
suggest that hypoxia could act as an EMT inducer and that the induc-
tion of EMT subsequently regulates the expression of immune check-
point-associated factors. Indeed, the hypoxia-dependent induction of
EMT causes morphological changes and loss of E-cadherin expression in
hepatocellular carcinoma cell lines. Moreover, HIF-1a induces the ex-
pression of CCL20 in these cancer cells allowing for metabolism
changes in macrophages characterized by the expression of in-
doleamine 2, 3-dioxygenase (IDO) and increased numbers of Foxp3™
regulatory T cells (Treg cells) and subsequent decreased T-cell pro-
liferation [38] (Fig. 3A). It seems that a complex interplay between
hypoxia, EMT, and immune checkpoint gene expression exist. Never-
theless, little is known about how tumor cell plasticity regulates the
expression of immune checkpoints. Our group has discovered that EMT-
TF plays a crucial role in the regulation of PD-L1 [39] and CD47 [40] in
human breast cancer cells undergoing EMT.

In keeping with this, we reported that driving EMT by over-
expressing EMT-TF in epithelial MCF7 breast cancer cells induced the
upregulation of PD-L1. PD-L1 upregulation in mesenchymal breast
cancer cells resulted in tumor cell escape from CTL-mediated killing.
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Surprisingly, treatment of MCF7 with EMT-inducing factor TGF-f, or
inhibiting TGF-P signaling in mesenchymal-like MDA-MB-231 cancer
cells, had no impact on either mRNA or protein levels of PD-L1. Further
investigation of EMT-activated breast cancer cells revealed that the
EMT-dependent overexpression of PD-L1 requires the ZEB1/miR-200
axis and SNAI1 but not SLUG (Fig. 3B). Importantly, targeting PD-L1 by
siRNA or treating mesenchymal cells with an anti-PD-L1 blocking an-
tibody increased the susceptibility of tumor cells to CTL-mediated
killing [39]. These findings were supported by Chen and colleagues
who showed that ZEB1 removed the repression of miR-200 on PD-L1
protein levels. Therefore, ZEB1 expression during EMT leads to PD-L1
expression in tumor cells and the subsequent suppression of CD8* T-
cell activity and metastasis. This observation was further experimen-
tally supported in tumors generated from 393P cells overexpressing
ZEB1. These tumors exhibited an increase of overall tumor burden,
metastasis lung nodules, a significantly reduction in total CD8* TILs
and an increased in exhausted CD8* T cells (PD-1+TIM-3+). Phar-
macological treatment of tumors generated from 393P cells over-
expressing ZEB1 with ICB (anti-PD-L1) resulted in a reduction in tumor
size, metastasis and exhausted CD8* T cells [41]. In addition to CD8* T
cells, Dongre and colleagues have observed that EMT impacted other
immune cell populations. Thus, an increased percentage of suppressive
Tregs, pro-tumor M2 markers arginasel and reduced level of the anti-
tumor M1 marker iNOS was observed in mice transplanted with me-
senchymal cell line compared to epithelial cell line derived from
MMTV-PyMT mouse model. It has been reported that the efficiency of
anti-CTLA-4 was only observed in epithelial tumors but not in me-
senchymal tumors [42].

More recently, we reported that CD47 is upregulated in EMT-acti-
vated breast cancer cells compared with epithelial-like phenotypes.
Indeed, CD47 levels were found to correlate with the expression of EMT
marker genes in TCGA and Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) databases. The overexpression
of both SNAI1 and ZEB1 in epithelial MCF7 cells or their inhibition in
mesenchymal MDA-MB-231 regulates CD47 expression at both the
mRNA and protein levels. Therefore, we concluded that SNAI1 and
ZEB1 can directly bind to two E-box motifs in the human CD47 prox-
imal promoter region (Fig. 3B). Finally, we reported that targeting
SNAI1, ZEB1, or CD47 rescues macrophage-mediated phagocytosis in
mesenchymal MDA-MB-231. Our in vitro data highlight CD47 as a direct
target of SNAI1 and ZEB1 and its blockade induces the phagocytosis of
breast cancer cells undergoing EMT [40]. Overall, based on our data
showing that EMT can regulate both CD47 and PD-L1, it is tempting to
speculate that combining anti-CD47 and anti-PD-L1 agents will si-
multaneously reactivate both innate (macrophage checkpoint CD47)
and adaptive immunity (T-lymphocyte checkpoint PD-1) and ultimately

A Immune
Checkpoints
LAG-3
CTLA4
Costimulatory
factors
4-1BB
GITR
0Ox40
+transcription
factors
T-Bet
TCF1
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Fig. 2. The impact of hypoxia on the regulation of immune checkpoints in T
cells. Through HIF-1a stabilization, hypoxia upregulates the expression of in-
hibitory immune checkpoints (LAG-3 and CTLA4) and the co-stimulatory fac-
tors (4-1BB, GITR, and 0X40) but downregulates the transcription factors T-Bet
and TCF1. Together, these events promote the effector function of CD8* T cells
under hypoxic conditions.
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Table 1
Summary of immune checkpoints that are regulated by either HIF-1a or HIF-2a
in different cancer types.

Immune checkpoint HIF-1 or HIF2 Cancer type References
PD-L1 HIF-1a Human breast [23,27]
Human prostate [23]
Mouse melanoma [22,23]
Human kidney [23]
CD47 HIF-1a Human breast [26]
CD73 HIF-1a Human breast [27]
CD137 (4-1BB) HIF-1a Mouse colon [28]
Mouse melanoma
Mouse breast
HLA-G HIF-1a Human melanoma [31]
Human glioblastoma
CD70 HIF-1a Human kidney [35]
PD-L1 HIF-2a Human kidney [33]
CD70 HIF-2a Human kidney [36]
T cell
immuno-
suppression
* Tumor cells
More |mmun0- P
suppressive
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Fig. 3. The impact of EMT on the regulation of immune checkpoints. A. Driving
EMT leads to an increase of CCL20 in tumor cells and a subsequent increase in
indoleamine 2, 3-dioxygenase (IDO). IDO leads to metabolism changes in
macrophages and an increase in Foxp3+ regulatory T cells (Treg cells) and a
subsequent decrease in T-cell proliferation. B. EMT induces associated tran-
scription factors Snail/Zeb. These transcription factors decrease miR-200, thus
enhancing the expression of PD-L1. Snail/Zeb can also directly bind to the E box
motif in the promoters of PD-L1 or CD47 and induce their expression. C. The
overexpression of PD-L1 in cancer cells undergoing EMT by TGF-B/TNF-a
treatment relies on the downregulation of DNA methyltransferase (DNMT),
which prevents the methylation of the PD-L1 promoter.

provide more frequent, durable, and longer lasting responses in patients
with breast cancer marked by highly aggressive, mesenchymal, and
metastatic tumors. Consistent with our findings, it has been demon-
strated that metastatic tumors have high CD47 expression levels com-
pared to primary tumors from patients with melanoma and the in vitro
blockade of CD47 in metastatic melanoma cells re-activated macro-
phage-mediated phagocytosis [43].

While the data described above clearly support the involvement of
EMT in the transcriptional regulation of PD-L1, new evidence indicates
that PD-L1 could also be regulated by epigenetic modification during
the EMT process. This regulation is due to DNA demethylation and the
NF-k pathway through a mechanism involving TGF-B and TNF-a re-
spectively in NSCLC. Indeed, it has been shown that the overexpression
of PD-L1 during EMT required both TGF-3 and TNF-a treatment. TGF-3
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treatment decreased levels of DNA-methyltransferase 1 (DNMT1), re-
sulting in PD-L1 promoter demethylation (Fig. 3C). However, TNF-a
treatment induced the NF-kB pathway involved in promoting the ex-
pression of demethylated PD-L1 promoter in NSCLC [44]. Similarly, in
prostate cancer cells, reduced expression of DNMT1 plays a role in the
induction of EMT and a cancer stem cell phenotype [45]. In gastric
cancer, the overexpression of DNA methyltransferase 3A (DNMT3A)
represses E-cadherin expression and promotes cell migration and in-
vasion. Indeed, DNMT3A expression levels are positively correlated
with lymph node metastasis and poor prognosis in gastric cancer. Thus,
multiple lines of evidence have illustrated the role of the DNMT family
in promoting the regulation of immune checkpoints and EMT in a
cancer-dependent manner [46].

Recently, Ricciardi and colleagues co-cultured T, B, and NK cells
with multiple cancer cell lines undergoing EMT and found decreased
lymphocyte proliferation and increased NK and T-cell apoptosis
through a mechanism involving IDO but not the Fas ligand pathway
[47].

More recently, it was reported that a subtype of breast cancer cells
with low expression of claudin showed bidirectional crosstalk between
PD-L1 expression and EMT. Indeed, PD-L1 downregulation in claudin-
low breast cancer cells leads to CD44 and vimentin downregulation and
CD24 upregulation [48].

According to a patient-derived pan-cancer analysis, EMT signatures
strongly correlate with drug sensitivity and global molecular alterations
at the DNA, RNA, and protein levels. In addition, a high mesenchymal
EMT score was associated with high expression of immune checkpoints
such as PD1, PD-L1, CTLA4, OX40L, and PD-L2 in 11 cancer types [49].
Additionally, a highly positive correlation exists between EMT and
immune checkpoint-related genes including PD-L1, PD-L2, PD-1, TIM-3,
B7-H3, BTLA, and CTLA-4 in colorectal cancer [50]. Furthermore, PD-
L1 was upregulated in metastatic colorectal cancer compared to pri-
mary tumors [51] and this upregulation was closely related to EMT
markers in patients with pulmonary adenocarcinoma (pADC) [52]. In-
deed, in the high-risk group of patients with hepatocellular carcinoma
(HCCQ), the expression of PD-L1 was correlated with an EMT phenotype
and poor survival [53]. In addition, PD-L1 overexpression seems to be
associated with developing resistance to a B-RAF inhibitor (BRAFi) in
patients with metastatic melanoma [54]. In prostate cancer, N-cadherin
upregulation was correlated to an immune regulatory signature com-
prised of IDO overexpression and increasing numbers of Treg cells [55].
However, therapy-induced E-cadherin downregulation leads to PD-L1
downregulation in lung cancer cell lines suggesting a common pathway
for E-cadherin and PD-L1 [56]. Furthermore, the expression of newly
emerging immune checkpoints CD276, 0X40, and TGFBL1 is correlated
with the expression of EMT genes in kidney cancer [57]. The EMT-
mediated regulation of PD-L1 and CD47 in various cancer types is
summarized in Table 2.

6. Conclusions

While the role of EMT in promoting an aggressive and metastatic
phenotype in tumor cells is well established and extensively docu-
mented, new evidence is accumulating that points to the critical role of

Table 2
Summary of immune checkpoints that are regulated by EMT transcription
factors in different cancer types.

Immune checkpoint EMT Cancer types References

PD-L1 SNAI1/ZEB1/miR-200 Human breast [39]
ZEB1/miR-200 Human lung [41]
SNAI1 Mouse breast [42]
TGF-f reduces DNMT1 Mouse lung [44]
TNF-a induces NF-xB Mouse lung [44]

CD47 ZEB1/SNAI1 Human breast [40]
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this process in the regulation of the expression of immune checkpoint
genes. The classification of primary tumors according to their EMT
score revealed that mesenchymal-like tumors were highly enriched in
immune checkpoint markers compared to epithelial-like tumors.
Similarly, the tumor EMT score could be a valuable biomarker for
stratifying patients who will benefit from ICB immunotherapies.
Moreover, and consistent with the fact that the EMT process could
regulate many immune checkpoints, we strongly believe that con-
sidering the EMT score of tumors could help tailor immunotherapy-
based treatments and, thereby, optimize patient outcome.

In addition to serving as a biomarker for immunotherapy, EMT is a
remarkable therapeutic target for cancer treatment [58]. It has been
proposed that therapies able to revert the mesenchymal state of a tumor
back into an epithelial one can prevent metastasis [59]. However, the
complex interplay between hypoxia and EMT should be considered
when using inhibitors targeting either mechanism. It will be interesting
to know whether combining drugs that target hypoxia or HIF with EMT
inhibitors helps to overcome therapy resistance or/and to block tumor
cell dissemination and metastasis. We strongly believe that such a
combination will have an additive or possibly even synergistic effect in
combating those elements, which are critical for cancer's virulence.

Many protocols for tumor immunotherapy in the clinic have not
taken into consideration the role of hypoxia and EMT. So far, to en-
hance the effectiveness of immune checkpoint blockade-based cancer
immunotherapies, the combination of various existing immuno-ther-
apeutic strategies have been used. These strategies include the admin-
istration of multiple immunotherapies that together confer a more ef-
ficacious and longer-lasting response. However, given the wide
spectrum of changes that occur during EMT and hypoxia, new combi-
nation therapies, including EMT and hypoxia inhibitors, are also being
investigated. Indeed, accumulating evidence indicates that improving
the therapeutic response to PD-1/PD-L1 blockade in urothelial cancer
could be achieved by simultaneously targeting the EMT-inducing TGF-f3
pathway [60]. The therapeutic value of this combination has also been
demonstrated in esophageal squamous cell carcinoma [61]. Additional
studies are warranted to determine if other cancer types share these
features. Moreover, it has been proposed that targeting the EMT driver
AXL would have the dual benefit of being an anticancer therapeutic as
well as synergistically activating the antitumor immune response
[62,63]. In addition to EMT, recent data showed the ability of reduced
hypoxia, achieved using a hypoxia-activated prodrug, to sensitize
multiple preclinical models of prostate cancer to the T cell checkpoint
blockade. In keeping with these data, a clinical trial is currently on-
going to evaluate the therapeutic benefit of combining hypoxia pro-
drug TH-302 and anti-CTLA4 against several cancers including prostate,
melanoma, and pancreatic tumors (NCT03098160).

As the response to cancer immunotherapy varies considerably from
one patient to another, it remains critical to identify biomarkers pre-
dicting how patients with cancer will respond to different treatments,
notably to the combination therapy given its increased toxicity. While
several biomarkers have been identified, including microsatellite in-
stability, the expression of PD-L1 in the tumor as valuable biomarker
predicting the response to PD-1/PD-L1-based cancer immunotherapy is
still currently debating [64]. Indeed, in certain tumor types, a benefit
with immunotherapy was observed irrespective of PD-L1 expression
level [65,66].

The number of immunotherapy combination trials initiated each
year has been increasing dramatically. However, three major questions
arise when designing a successful combination approach to cancer
immunotherapy: i) what to combine? ii) how to combine? and iii) when
to combine? Nevertheless, all of these clinical trials will soon provide an
avalanche of data that should provide insight into how best to tailor
cancer immunotherapy treatments for each patient with cancer.
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DISCUSSION

NB is a rare but one of the most deadly cancer in its stage 4 metastatic form in young
children [12, 13, 166]. Immunotherapy led to substantial progress over the last decades
underlying the important role of immune system in NB [13, 65]. Nonetheless, prognosis
remains very poor in HR and very HR forms despite anti-GD2 mAb therapy [13, 166].
Moreover, disabilities resulting from currently administered chemotherapy, radiotherapy
and surgery are a subject of concern for long-term survivors [166]. Therefore, new, less
toxic, and more targeted treatments still represent today an unmet need.

On the other side, hypoxia is a well-described hallmark of solid tumors, including NB,
and largely contributing to the aggressiveness of malignancies and favoring tumor

immune escape [5-8]. Moreover, hypoxia through HIF-1« has been involved in the

expression of PD- L1 by cancer and stromal cells, leading to the dampening of T cells
immune responses against tumor cells [9, 10].

Based on this, in our study, we aimed to assess the effect of a combinatorial therapy
associating intra-tumoral hypoxia inhibition to PD-1/PD-L1 axis blockade, in a relevant
NB mouse model mimicking the poor-prognosis forms of this disastrous childhood
disease. We selected an anti-PD1 MADb to target this immune checkpoint. For hypoxia
inhibition, we selected an epigenetic acting drug, JQ1, based on previous reports
underlying its benefit in NB mouse models and on its ability to impair hypoxic
responses in breast and ovarian cancers [148, 150, 157]. We first demonstrated in vitro
that JQ1 impairs hypoxic reactions in the particular setting of NB and confirmed this
result in vivo. We then assessed its activity in vascular normalization and we wanted to
describe its impact on NB tumors immune landscape. Finally, we tested the
combinatorial therapy associating PD-1 blockade to JQ1, and demonstrated a
significant tumor reduction and prolonged survival in the TH-MYCN mouse model.

For pre-clinical in vivo experiments, we selected the HR NB transgenic mouse model
TH- MYCN. Of note, because NB is rare, large-scale clinical studies resulting in robust
evidence- based conclusions is not easily achievable. Therefore, pre-clinical studies
are essential to identify promising combinatorial therapies for clinical testing. Relevant
and representative NB models are strongly needed, but to date few animal models
recapitulate the human HR disease. TH-MYCN is still the best studied and the most
representative of childhood HR NB malignancy, but it suffers from some limitations.
Indeed, even if MYCN is a well-recognized oncogenic driver of the disease, the first
events leading to overt NB are still poorly understood, impairing the development of «
perfectly mimicking » animal models. Nonetheless, in our study, we choose the TH-
MYCN mouse model due to its numerous advantages: (1) it mimics anatomy-
pathological features but also known genetic events and miR expression of human
disease [22, 32]; (2) homozygous mice on a 129SvJ background develop the disease
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with a high penetrance (100%) and without treatment all animals die by 6-8 weeks of life
[22, 34], data that were confirmed in our study cohort; (3) the tumor develops in
orthotopic localization (even if different from the most frequent localization in children)
and has a representative TME [22, 32]; (4) TH-MYCN mice being immunocompetent, the
immune landscape of TH-MYCN tumors is similar to human tumors, allowing
immunological studies [167]; (5) a precise tumor volume assessment is possible using
medical imaging technology such as MRI [22]; (6) moreover, integrating specific MRI
parameters in the tumor evaluation allows to assess mass vascularization and hypoxia
in vivo [154, 155]; (7) TH-MYCN model has already been used in several pre-clinical
studies with robust and promising results [85, 150]. Obviously, the use of another
animal model to confirm our in vivo results obtained in TH-MYCN mice would be
valuable. However, in the case of our study, this was not achievable. Indeed, few
models of HR NB exist. Subcutaneous (SC) syngeneic models are not relevant for
immunotherapy and hypoxia studies of HR forms, as their TME have been
demonstrated to greatly differ from that of orthotopic tumors [31]. Thus, orthotopic
syngeneic models could be an alternative; however, using such models requires great
ability in microsurgery and skilled staff, which was not possible to develop during the
period of our study. SC models using human NB cell lines suffer from the same issue
(orthotopic implantation is very challenging), and they have to be implanted in
immunocompromised animals, impairing immunotherapy studies. PDXs and patient-
derived orthotopic xenografts (PDOXs) would also be relevant but need to be
humanized to conduct immunological studies in animals. However, this technology is
very expensive and time-consuming. Moreover, stromal cells are still mouse-derived,
which could impact the results as interactions between stromal and cancer cells play an
important role in tumor outcome [30, 168]. Nonetheless, in the future, humanized PDXs/
PDOXs models of pediatric cancer disease will probably allow to develop more
personalized therapies and impact the individual patient prognosis [30]. In our case, it
was not possible to confirm our results in PD(O)Xs humanized animals as their price
and duration of obtaining were limiting/restrictive issues. Finally, new technologies such
as 3D structures mimicking NB TME will be more commonly used for in vitro testing in
the future and will contribute to select the right molecules to test in vivo [169]. In
summary, we considered TH-MYCN is currently the most suitable model for HR pre-
clinical studies including immunotherapeutic drugs, justifying this choice in our study.

Hypoxia and HIFs in solid tumors play a major role in several hallmarks of cancer;
among others, it promotes immune escape and favors angiogenesis and the emergence
of a chaotic vasculature playing a role in the immune escape and in conventional
chemo- and radio- therapy resistance [37-39]. In NB, the contributing role of hypoxia to
the disease aggressiveness has been well documented, and the respective role of

HIF-1a and HIF-2a in tumor progression has been the subject of several studies with
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discording results. The role of hypoxia in NB in promoting stem cell immature

phenotype has been suggested by Jogi et al [133]. In more recent studies, HIF-2a has
been suggested to correlate with NB adverse prognosis and with a pseudohypoxic stem
cell phenotype [134, 136-138, 170]. However, the preponderant role of HIF-2a relative

to HIF-1a in NB poor-prognosis forms has been questioned as some studies underline

a strong correlation between HIF-1a« and its target gene signature and outcome and
differentiation state. Indeed, Qing and al. compared the hypoxia response between
MYCN-amplified and MYCN single copy NB cell lines and demonstrated that HIF-1« is

the main sub-unit expressed in MYCN-amplified cell lines; moreover, HIF-1a expression

was high in MYCN-amplified tumors compared to non- amplified ones, whereas HIF-2«

expression was decreased in MYCN-amplified tumors [139]. These data were also
confirmed by immunohistochemistry (IHC) in human tumors, underlying the

preponderant role of HIF-1a but not of its sibling sub-unit HIF-2a in MYCN- amplified HR

forms [139]. N-Myc was also found to cooperate with HIF-1a to the Warburg effect in
normoxia and allows to maintain a high proliferation rate despite hypoxic conditions
[139]. In line with these results, Chen et al. have reported that HIF-1« activates the
SHH pathway contributing to NB aggressiveness as it plays a role in proliferation,
invasiveness and metastases [5]. High expression levels of HIF-1«, SHH and GLI1
assessed by IHC on patients tumor specimens correlate with advanced stages of the

disease whereas HIF-1a and GLI1 expression also associate to poorly differentiated

NB [5]. The correlation between high expression levels of HIF-1a and tumor growth was

further confirmed in xenografts models, as well as an increased tumor vascularization
[5]. Westerlund et al. even demonstrated a strong correlation between HIF-2«
expression and a more pronounced differentiation state of the developing adrenal

chromaffin cells, and high HIF-2a expression was also associated to low-risk human

tumors and so inversely correlated with HR markers such as MYCN-amplification [146].

These results are supported by the fact that blocking HIF- 2«  with small inhibitory
molecules (such as for example PT2385) did not decrease NB cells growth in vitro nor
in vivo [146, 147]; moreover, retinoic acid (which promotes differentiation) and 5-aza-

deoxycytidine (which is a DNA-demethylating agent) lead to reduced NB tumor growth
and a more differentiated state, and this effect is dampened when the two drugs are

combined with PT2385, suggesting that HIF-2a acts more as a neuronal differentiation

Page 86 of 105



promoter and an onco-suppressor gene [93]. However, results of HIF-2a target gene

expression in PT2385 treated NB cell lines differ in the two studies, as Persson et al.

did not show any effect and Westerlund et al. showed a significant decrease of HIF-2«

target gene. Of note, in Persson et al. study, when PT2385 was combined with siRNAs

targeting HIF-1a or ARNT, HIF-2a¢ target genes (such as VEGFA) were efficiently
downregulated, suggesting that HIF-1« may compensate for HIF-2« inhibition [147]. All
these data suggest a preponderant role of HIF-1a in HR NB patients, underlying the

potential benefit of HIF-1a targeting therapy. In addition, some authors have even

established NB hypoxic signatures which correlate to poor-prognosis forms [171-173].
In our study, we first showed that, under hypoxic conditions, JQ1 decreased HIF-1«
protein expression in vitro, in three different NB cell lines (the murine NHO2A cell line

and human Sima and CHP-134 cell lines, all of them recapitulating HR NB). This result
is in line with the observations of Yin et al, that demonstrated that under hypoxic

conditions, NHWD-870 (a BET family bromodomain inhibitor) decreased HIF-1a mRNA
and protein levels in ovarian carcinoma A2780 and melanoma A375 cell lines; in A375
cells, NHWD-870 inhibited BRD4 decreasing its binding to the HIF-1a promoter [157].
We also demonstrated that, under hypoxic conditions, JQ1 decreased CAIX expression
in vitro, at the mRNA and protein levels in the same three cell lines. CAIX is a target
gene of HIF-1«¢ and is almost exclusively expressed in tumor cells, and therefore
represents a good hypoxia marker as well as an interesting diagnosis tool and
therapeutic target [39]. It correlates with dismal prognosis in different tumor types
including NB, and plays a role in metastasis and in cancer stem cells maintenance [39,

105, 174-177]. Interestingly, inhibiting CAIX has demonstrated efficacy on tumor growth
and invasiveness in different adult cancer, making CAIX an attractive therapeutic target

[39]. In our cell lines, as JQ1 impacts HIF-1a protein level, we can therefore suggest

that this accounts for the observed decrease CAIX expression. However, the effect of

JQ1 on HIF-1a appears to be cell line dependent, as da Motta et al have showed that

JQ1 treatment in triple negative breast cancer downregulates CAIX expression without

affecting HIF-1a  expression neither at the mRNA level nor at the protein level,

suggesting that BETi could directly regulate HIF-1« target genes [148].

As JQ1 impaired hypoxic responses in NB in vitro, we wanted to correlate these results
in the in vivo setting, using the TH-MYCN transgenic mouse model. First, we
demonstrated by western blot that CAIX protein expression was also decreased in vivo
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in tumors from TH- MYCN mice treated by JQ1. To assess hypoxia in tumors in living
animals, we decided to use magnetic resonance imaging relaxometry. Indeed, several
studies have suggested the measure of R2* parameter as a surrogate marker of
hypoxia [155]. Mice treated with JQ1 showed a significant decrease in median tumoral
R2* and a before-to-after treatment R2* ratio pleading for a decrease in hypoxia in vivo
while we observed the opposite effect in controls. This effect could not be explained
only by the decreased tumor volume in the JQ1 treated group as tumor volumes after
treatment (JQ1 or vehicle) was not significantly different between the two groups.

Taken together, our data strongly suggest that JQ1 impairs hypoxic responses in vitro
and in vivo, and contributes to decrease hypoxia in NB tumors in the TH-MYCN model.
Relaxometry MRI with the measure of R2* as a surrogate marker of hypoxia is an
attractive procedure but warrants further validation. On the other side, other imaging
techniques have proven their efficacy in identifying hypoxic tumors, but usually use

radioactive tracers and ionizing radiations (for example, 18F-fIuoroerythronitroimidazole
positron emission tomography/computed tomography), which is less suitable for
pediatrics use. Immunohistological studies could help to validate MRI findings, but only
in the pre-clinical setting as biopsies in children are often difficult to obtain, and results
have to be interpreted with caution because hypoxia is a dynamic and non a static
process; depending on the timing and localization of biopsy during disease course,
results can be very divergent.

JQ1 has also been implicated in impairing tumor angiogenesis notably in childhood
sarcomas animal models [153, 178]. Although previous studies suggested that JQ1
acts on angiogenesis via c-Myc pathways, Bid et al reported that JQ1 impaired
angiogenesis through regulation of tumor-derived pro-angiogenic factors and inhibition
of endothelial cells invasion in pre-clinical sarcomas models [153, 178].

In our study, we performed a DCE-MRI study on TH-MYCN mice, a technique that

trans,

allows to assess vessels permeability notably through the measurement of K a
pharmacokinetic parameter reflecting the transfer of Gd outside the vessels to the EES.
Of note, DCE-MRI is a technique already used in clinics and particularly of interest in
the pediatrics setting as it represents a non-invasive procedure even if sedation in
young children and a venous access for contrast injection are needed [158]. As drugs
acting on angiogenesis do not always lead to tumor shrinkage, it becomes important to
assess their efficacy measuring other parameters than lesion size only justifying the
growing interest in DCE-MRI technique [158].

The results we have obtained in TH-MYCN mice showed a tendency to vascular

normalization although not significant. This is reflected by a decreased K"™"™ in the JQ1
treated group versus control animals, indicating that vessels are less leaky. The
importance of normalization of tumor vessels have been highlighted in different studies,
and exceed pure anti-angiogenic benefit [37]. Indeed, studies with anti-VEGFA

Page 88 of 105



monotherapy often lead to vascular regression and hypoxia, favoring cancer
aggressiveness and vascular resistance leading in fine in chaotic angiogenesis [171].

In NB, combinatorial therapy associating anti- VEGFA Mab and HIF-1a suppressor

allows to overcome the anti-angiogenic therapy resistance due to HIF-1a up-regulation

[171]. Although one may suggest that normal vessels could contribute to tumor growth
by providing more oxygen and nutrients supply, we should keep in mind that drugs
(including conventional chemotherapy but also immunotherapeutic drugs) and immune
cells can more easily reach cancer cells if vasculature is not chaotic; moreover, well-
oxygenated tumor cells divide faster and are more sensitive to chemo- and
radiotherapy effects [37]. Furthermore, structurally abnormal vessels favor hypoxia and
its downstream effects on tumor aggressiveness [37]. Finally, cancer cells can enter the
circulation and disseminate more easily when vessels are leaky [37].

We compared the MRI data to immuno-histo-chemistry analysis on tumors, using CD31

marker for vessels and a-SMA for pericytes coverage identification. JQ1 treated mice

harbor well-vascularized tumors, with normal caliber vessels and better pericytes
coverage compared to control animals.

Our data are in line with the literature, indicating that JQ1 contributes to normalization
of the chaotic tumor vasculature. This is also concordant with the reduction of hypoxia
observed in our model. However, the precise mechanism by which JQ1 has led to
vasculature normalization remains to be investigated. We analyzed the expression of
well-known angiogenic factor VEGFA in our three cell lines (NHO2A, Sima and
CHP-134) under hypoxic conditions, and as expected hypoxia tended to increase
VEGFA mRNA levels (data not shown), but the effect of JQ1 was variable and not fully
reproducible. Of note, VEGF-A protein expression in vitro has already been reported to
vary differently depending on the NB cancer cell line analyzed and the hypoxia
exposition duration so poorly correlating to the in vivo setting [173]. However, for in vivo
evaluation, we decided to perform a cytokine array for angiogenic factors on one
treated and one control mice, and again we didn’t observe any change in VEGF-A
expression (data not shown). Nonetheless, this cytokine array revealed that endostatin
was up-regulated by JQ1 treatment; as it acts as an endogenous angiogenesis inhibitor
[160], this could reverse the pro- to-anti-angiogenic balance contributing to a better
vessels quality. Recombinant endostatin has been suggested to be an efficacious anti-
angiogenic therapy, but its administration remains highly challenging due to the need of
long perfusion time and to product stability issues [160]. As JQ1 could up- regulate
endostatin expression, it could represent an easier therapeutic tool. However, these
data must be confirmed in vitro and in vivo on several mouse tumor samples. Of note,
acidic FGF was also up-regulated by JQ1; its role in tumor progression is not yet fully
understood, as it has been suggested to promote angiogenesis but also to induce
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cancer cell differentiation through FGF-receptor binding resulting in tumor suppressive
functions [161, 162]. Once again, further studies to assess the impact of JQ1 on pro-
and anti-angiogenic factors balance and so on the tumor vasculature architecture are
warranted to confirm our preliminary observation obtained by our cytokine array.

The immunosuppressive role of tumor metabolic factors such as hypoxia has been
strongly established by several studies in the past decade, and one of the most studied
immune escape mechanism also promoted by hypoxia involves the expression of PD-
L1 which binds to PD-1 on T cells resulting in dampened immune reactions [10, 48,
179, 180] .

NB has a low mutational burden, suggesting that TA susceptible to raise an immune
response are scarce [4]. However, different studies and clinical evidence have
demonstrated that immune reactions against NB cancer cells exist and can be exploited
to treat affected children [4, 12, 13, 21, 65, 67]. Importantly, as in other malignancies,
immune escape mechanisms in NB play a main role in disease progression [4].

Studies in NB over the presence and the role of PD-L1 have shown contradictory
results, but the more recent ones strongly suggest that PD-L1/PD-1 axis plays an
important role in HR NB patients [78, 82, 83]. This discrepancy is mostly due to the
different techniques used, and clearly underline the absolute necessity to harmonize
pre-clinical and clinical practices for PD-L1/PD-1 expression assessment in NB. Of
note, another limitation for NB is the small number of patients and the scarcity of tumor
material. Moreover, biopsies from the primary tumor site before treatment are not
always available as diagnosis can be done on metastatic sites biopsy and
immunological studies including PD-1/PD-L1 expression assessment is sometimes
performed after patient has started therapy.

Nonetheless, some pre-clinical studies sustain a correlation between PD-L1 expression
(combined to other parameters) and NB prognosis, suggesting that targeting PD-L1/
PD-1 could impact NB outcome. Combinatorial therapies tested in the pre-clinical
setting on NB mice model support this hypothesis [85, 86, 88] and a recent clinical
study has reported the efficacy of a combinatorial therapy including an anti-PD-1 Mab
in two advanced NB patients [87]. However, biomarkers to identify NB patients more
susceptible to respond to PD-L1/PD- 1 axis blockade have yet to be determined, and as
PD-L1 expression is not a static but rather a dynamic process impacted by several TME
factors, the right timing for PD-1/PD-L1 axis blockade is also still unknown [60] .

Yet, recent studies have highlighted the role of JQ1 on the immune landscape of tumors
and on PD-1/PD-L1 axis [78, 181]. To assess the immune landscape changes under
JQ1 treatment in the TH-MYCN model, we performed FACS analysis on tumor samples
from mice treated either with vehicle or with JQ1 for 3 days. Tumor volume at
euthanasia were similar in the 2 groups, as we selected mice with larger initial volume
for the JQ1 treated group and mice with smaller volumes for control group, to rule out
the impact of the tumor volume on the immune landscape analysis. We observed that
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JQ1 significantly decreased PD-L1 expression on DCs. This is in concordance with
recent literature showing that PD-L1 expression is impacted by BET inhibitors [181].
PD-L1 expression is regulated in several ways, and is a direct target of BRD4 [181],
explaining at least in part the mechanism by which BET inhibitors decreased its

expression. Yet, HIF-1a downregulation could also have impacted PD-L1 expression in

our model as well as the decreased MYCN expression. Further studies are needed to
unravel the possibly multiple underlying mechanisms leading to the dampening of PD-
L1 expression by JQ1 in NB. We also observed that JQ1 increased PD-1 expression on
T cells. As PD-1 is expressed during acute activation of T-cells, this could reflects a
more activated T cell state; however, PD-1 also represents an exhaustion marker as its
engagement with PD-L1 leads to the dampening of immune reactions [48].

Taken into account the role of hypoxia in NB aggressiveness, the correlation between

HIF- 1« and NB poor prognosis, and the role of PD-L1 in NB immune escape, and

based on our preliminary results on hypoxia and vascular changes and immune impact
of JQ1 in NB, we hypothesized that combinatorial therapy associating JQ1 to anti-PD1
Mab therapy could synergize to impact NB progression in TH-MYCN model. We
randomly assigned homozygous TH-MYCN mice developing tumors with similar initial
volumes in one of the following groups: vehicle + isotype Mab, vehicle + anti-PD1 Mab,
JQ1 + isotype Mab, or combinatorial therapy associating JQ1 to anti-PD1 Mab. Mice
were regularly assessed by MRI for tumor volume. In each group, vehicle or JQ1 were
stopped at day 8 whereas isotype or anti-PD1 Mab were continued until death
(spontaneous death or euthanasia because of endpoint was reached). Our
combinatorial therapy led to a better response (tumor volume shrinkage) at day 8 in the
group receiving JQ1 combined to anti-PD-1 Mab in confront to the group receiving JQ1
with isotype Mab. This difference persists even one week after JQ1 interruption but still
under anti-PD-1 Mab treatment. Moreover, there was a significant prolonged survival in
the combination group compared to the mice receiving only JQ1. In line with the
literature, anti-PD-1 alone has no effect neither on mice survival nor on tumor
shrinkage.

To explain the benefit of adding anti-PD1 Mab to JQ1 in our model, and based on the
preliminary FACS analysis showing an increased PD-1 expression on T cells, we can
hypothesize that JQ1 leads to a T cell activation, and even if PD-L1 expression is
decreased, this activation could be insufficient to overcome the inactivating effect of the
binding to the remaining PD-L1. Adding the anti-PD-1 Mab releases the immune brakes
leading to the synergistic response observed in the combination group. In addition, the
vasculature normalization induced by JQ1 could have impacted the immune cells
function in the TME by allieving hypoxia and nutrient deprivation which induce
deleterious immunosuppressive effects. However, additional studies are strongly
needed to assess all the mechanisms by which the combinatorial therapy led to a
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synergistic effect. Moreover, we did not investigate the mechanism by which PD-1
expression on T cells is increased by JQ1. Based on the mechanism of action of JQ1,
we can expect that PD-1 expression in T cells in NB is epigenetically regulated, but this
has to be confirmed by new experiments.

To our knowledge, our study is the first to assess the effect of combining JQ1 to anti-
PD-1 Mab in a relevant HR NB mouse model, leading to a synergistic effect on tumor
volume shrinkage and prolonged survival.

In agreement with the clinical studies reported in the literature, anti-PD1 therapy alone
has no effect on tumor progression. ICI used in monotherapy in the pediatric setting
has led to high response rate only in a very limited range of cancers, including hyper-
mutated tumors developing in patients harboring Constitutional Mismatch Repair
Deficiency, and Hodgkin lymphoma [11]. No effect of ICl in monotherapy was observed
in NB [11]. As children cancer is different from adult cancers, combinatorial therapies
including ICI should be tested only based on strong preclinical or scientific evidence
that they could exert a positive activity [11]. Our study demonstrating a synergistic
activity of JQ1 combined to anti-PD1 Mab provides rationale for such combination
clinical testing in NB HR patients.

Other studies have highlighted a synergistic effect of combinatorial therapies
associating ICI to other immunotherapies in NB, such as association to anti-CTLA4
Mab, anti-GD2 Mab, CSF-1R inhibitor or vaccines [85, 86, 88, 182]. In other solid
tumors, combination of JQ1 to PD-1/PD-L1 blockade has led to synergistic effect.
Indeed, Adeegbe et al demonstrated a significant survival progress in a NSCLC GEMM
mouse model treated with a combinatorial therapy including JQ1 and anti-PD1
blockade [183]. The synergistic effect was explained on a part by the decreased Tregs
infiltration into the tumor bed, alleviating the immunosuppressive effect on effector T
cells, and on the other part by the decreased PD-1 expression induced by JQ1 on T
cells. Moreover, the combination therapy resulted in a Th1 cytokine pattern correlating
with the enhanced T cells effector function and activation. JQ1 in this study had a small
impact on the PD-L1 expression on TAMs [183]. Although the authors demonstrated a
reduced PD-1 expression on T cells under JQ1 treatment, we observed an opposite
PD-1 variation in our study suggesting that JQ1 effect on PD-1 is cancer type
dependent. However, we did not analyzed the impact of the combinatorial therapy on
the immune landscape in our model, and we did not show any effect of JQ1 on the
percentage of the sub-population of lymphocytes in our tumors. Pan et al have also
reported the superiority of JQ1/anti-PD-L1 blockade therapy in a pancreatic cancer
mouse model [184]. Of note, they demonstrated that PD-L1 expression correlates with
c-Myc expression, and as JQ1 negatively impacts c-Myc, they attributed the synergistic
effect to c-Myc downregulation by JQ1 [184].

In summary, our results of the combinatorial therapy in the NB pre-clinical setting paves
the way for clinical testing of such a combination. Unfortunately, as childhood
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malignancies are rare diseases, most anti-cancer drugs are primarily tested in adults in
clinical trials before entering the pediatric therapeutic strategy [166]. It is the case for
BETi which are already included in adult clinical trials since 2012, whereas the first use
in children has started in 2019 [185]. Testing BETi in combination to immunotherapies
such as ICl in clinical setting is another challenge. In this way, collecting pre-clinical data
and identifying response-predicting biomarkers could clearly sustain their use.
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CONCLUSION AND PERSPECTIVES

HR NB patients still suffer from a disastrous prognosis. Progress has been achieved
over the past decades with the introduction of anti-GD2 Mab therapy reinforcing the
evidence of the important role played by the immune system in disease progression.
New combinatorial (immuno) therapies with less toxicities but more efficacious are
urgently needed, but data collected from adult patients cannot be directly translated into
children clinical trials as cancer disease features in adults differ notably on the
immunogenicity aspects.

Pre-clinical studies with strong evidence must be conducted, and to date TH-MYCN
remains the most suitable mouse model for HR forms. However, results obtained in our
study still need to be confirmed in another model, and PD(O)Xs using humanized mice
could constitute a good alternative. Indeed, NB tumorigenesis is not necessarily driven
by MYCN overexpression or amplification, and in PD(O)Xs the TME is preserved
although stromal cells are not of human origin.

Hypoxia in solid tumors and in particular in NB correlates to poor-prognosis and its role
in promoting an immunosuppressive TME is not yet to demonstrate. Hypoxia
contributes to cancer immune escape in several ways, such as for example by favoring
PD-L1 expression. Therefore, combinatorial therapies aiming to target hypoxia and
immune checkpoints stimulate great interest and have already demonstrated
synergistic effects in pre-clinical models.

JQ1 is an epigenetic drug having multifaceted activity. Its mechanisms of action involve
the binding of BRD4, disrupting the interaction with acetylated lysine histone residues
and interfering with gene transcription. JQ1 decreases hypoxic responses, as shown by

the HIF- 1« and CAIX reduced expression in our three NB cell lines and the correlation

of these results to the observed in vivo decreased hypoxia. However, the precise
mechanism underlying this effect should be deeply investigated, as dependent on the

cell context, JQ1 can act by repressing HIF-1a mRNA, or by repressing HIF-1«a target

genes expression, or by both. JQ1 also contributes to vasculature normalization,
potentially also accounting for the decreased hypoxia observed. JQ1 seems to affect
the pro-to-anti-angiogenic factors balance, however our preliminary data should be
confirmed conducting a study on a larger number of animals. Finally, JQ1 shapes the
immune landscape of tumors by decreasing DCs PD-L1 expression. Of note, in our
model, PD-1 expression on T cells was increased by JQ1, paving the way to test a
combination of this BETi with anti-PD-1 Mab. Synergistic effect of the combination led
to reduced tumor volume and prolonged survival, suggesting a novel NB treatment
approach that could be integrated in clinical trials in the next future. However, the next
challenge will be to uncover response predicting biomarkers, to define selective
criterions for patients that could benefit from this therapy. In NB, tumor material before
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any treatment is scarce and the analysis of immune landscape evolution over time (after

treatment has started) is challenging.
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Abstract

Underestimated for a long time, the involvement of the microenvironment has been
proven essential for a better understanding of the cancer development. In keeping with
this, the tumor is not considered anymore as a mass of malignant cells, but rather as an
organ composed of various malignant and nonmalignant cell populations interacting
with each other to create the tumor microenvironment. The tumor immune contexture
plays a critical role in shaping the tumor immune response, and it is now well supported
that such an immune response is impacted by the hypoxic stress within the tumor
microenvironment. Tumor hypoxia is closely linked to tumor progression, metastasis,
treatment failure, and escape from immune surveillance. Thus, hypoxia seems to be a
key factor involved in creating an immune-suppressive tumor by multiple overlapping
mechanisms, including the impairment of the function of cytotoxic immune cells,
increasing the immunosuppressive properties of immunosuppressive cells, and
activating resistance mechanism in the tumor cells. In this chapter, we review some
recent findings describing how hypoxic stress in the tumor microenvironment hijacks
the antitumor immune response.

Keywords: cancer, hypoxia, immune response, tumor microenvironment, autophagy,
tumor plasticity, tumor heterogeneity

1. Introduction

Malignant cells are part of cellular and microenvironmental complexes which both define the
initiation, progression, and maintenance of the malignant phenotype. In turn, malignant cells
participate in creating a hostile microenvironment characterized by hypoxic areas within the

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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tumors.Indeed, theoxygenlevelinthehypoxictumorisusually lower than that of corresponding
normal tissue. The oxygenation level of tumor is likely depending on (i) the initial oxygenation
of the tissue; (ii) the degree of the tumor heterogeneity; (iii) the tumor size and stage. Table 1
summarizes the percentage of oxygen level reported as a median in some healthy organs and
their corresponding tumors, as defined by several studies.

Healthy tissue/corresponding cancer % of oxygen (Median)
Brain/brain tumor 4.6/1.7

Breast/breast cancer 8.5/1.5

Cervix/cervical cancer 9.5/1.2

Kidney cortex/renal cancer 7.0/1.3

Liver/liver cancer 4.0-7.3/0.8
Lung/nonsmall cell lung carcinoma 5.6/2.2
Pancreas/pancreatic tumor 7.5/0.3

Rectal mucosa/rectal carcinoma 3.9/1.8

Table 1. Comparison of the percentage (%) of oxygen level in different healthy tissues and in their corresponding
cancers.

It is now widely appreciated that hypoxia is one of the most relevant factor involved in the
impairment of the antitumor immune response by damping the cytotoxic function of immune
cells. There are numerous studies supporting that hypoxic stress leads to the establishment of
immune tolerance of tumor cells by preventing the migration and the homing of immune
effector cells into established tumors. Furthermore, hypoxia can also drive tumor cell plasticity
and functional heterogeneity and, thus, favors the emergence of more aggressive tumors.
Many strategies are emerging for targeting intratumor hypoxia in order to change the
immunosuppressive properties of the tumor to a microenvironment able to support antitumor
immunity.

2. Hypoxia is the major factor of the tumor microenvironment

The long-lasting tumor immunology research has validated the concept of tumor immuno-
surveillance. The tumor immunosurveillance consists in the fact that cytotoxic immune cells
recognize nascent transformed cells and destroy them before they become clinically apparent.
Several types of immune cells are involved in the control of tumors such as immune effector
and immune suppressor cells. Thus, cytotoxic T lymphocytes (CTL) belong to the adaptive
immune system and they are able to recognize tumor antigens through the T-cell receptor
(TCR) [1]. The antigens expressed exclusively by tumor cells are called tumor-specific anti-
gens [2]. In addition to CTL, the tumor immune surveillance involves natural killer (NK) cells
that belong to the innate immune system [1]. NK cells recognize tumor cells by mechanisms
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called “missing-self” and “induced-self” [3]. Briefly, NK cells are regulated by a balance of
inhibitory and activating signals of surface receptors. Thus, NK cells can kill their target cell
depending on the recognized ligand(s). The identification of activating or inhibitory ligands
allows NK cells to distinguish between “self” versus “nonself” and “self” versus “altered self”
by “missing-self” and “induced-self” recognitions. Indeed, the protection of normal cells from
NK cell killing is achieved by balancing the stimulatory signals delivered by stimulatory
ligands with inhibitory signals delivered by self MHC class I molecules. When the expression
of self MHC class I molecules is lost following cell transformation or infection, the stimulatory
signals delivered by the target cell remain unbalanced, leading to the activation of NK cells
and lysis of target cells (known as missing-self recognition). Under some circumstances,
transformed or infected cells overexpress stimulatory ligands that overcome the inhibitory
signals leading to target cell lysis (known as induced-self recognition). It has been reported
that both missing-self and induced-self recognition could operate simultaneously. In this case,
NK cells display a high ability to discriminate between normal and transformed target cells [4].

In addition to cytotoxic immune cells, the tumor immune contexture contains immune
suppressive cells such as myeloid-derived suppressor cells (MDSC) able to inhibit the function
of immune effectors. Macrophages and neutrophil granulocytes are also involved in antitumor
immunity [5]. These cells display tumor antigens and can stimulate other immune cells such
as CTL, NK cells, or antigen-presenting cells (APC) [6]. Although both CTL and NK cells kill
their target following the establishment of immunological synapse (IS) [7], the molecular
mechanism by which they recognize their target tumor cells is fundamentally different. Two
major pathways are used by CTL and NK cells to recognize and destroy tumor cells: (i) through
the release by immune cells of cytotoxic granules containing perforin and granzymes and these
cytotoxic granules are captured by tumor cells to induce cell death by apoptosis [8], and (ii)
through tumor necrosis factor (TNF) superfamily-dependent mechanism [9].

It has been proposed that despite the powerful ability of the immune system to attack cancer
cells, tumors can outmaneuver the immune effectors cells and escape the immune surveillance.
It is now well documented that the ability of tumor cells to escape immune cell control is most
likely resulted from the activation of several resistance mechanisms to evade effective and
functional host immune response. Therefore, it stands to reason that established tumors,
displaying multiple resistance mechanism, are likely not fully controlled by the immune
system. In keeping with this, it is strongly believed that clinically detected cancers have most
likely evaded effective antitumor immune responses. Recently, it has been reported that in
addition to its role in protecting host against tumor development, the immune system can
under certain circumstances sculpt the immunogenic phenotype of well-developed tumors.
Such a mechanism favors the emergence of resistant tumor cell clones [10]. Accumulating
experimental and clinical evidence suggest that the resistance mechanisms activated in tumor
cells are multifactorial and that such resistance mechanisms are primarily evolved and
activated in the tumor microenvironment [11]. It appears that hypoxia is the major tumor
microenvironmental factor involved in the alteration of the transcriptome and the metabolome
of tumor cells as well as their proliferation, survival, and invasion [12].
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In this chapter, we summarize some recent findings describing how hypoxic stress in the tumor
microenvironment regulates the antitumor immune response and leads to tumor escape from
immunosurveillance. We focus on how hypoxia confers resistance to immune attack and
impairs tumor cell killing mediated by CTL and NK cells.

2.1. Hypoxia and hypoxia-inducible factors (HIF) regulation

Tumor cells are able to adapt to hypoxic stress through the regulation of the hypoxia inducible
factor family of transcription factors (HIFs) [13]. It has been reported for a large number of
human cancers that HIFs were overexpressed and such overexpression is associated with poor
response to treatment [14]. Moreover, evidence showed a clear positive correlation between
enhanced hypoxic expression of HIFs and mortality [13]. Therefore, inhibition of HIFs could
represent a novel approach to improve cancer therapies. Currently, efforts are being actively
pursued to identify inhibitors of HIFs and to test their efficacy as anticancer therapeutics.

Three isoforms of HIF have been identified: HIF-1, HIF-2, and HIF-3. The hypoxia-inducible
factor-1 (HIF-1) is the major factor mediating adaptive responses to changes in tissue oxygen
level[15].Indeed, HIF-1is aheterodimer composed of a constitutively expressed HIF-1{3 subunit
and an O,-dependent regulated HIF-1a subunit. HIF-1aisa DNA-binding basichelix-loop helix
of the PAS family [Per (period circadian protein); Arnt (aryl hydrocarbon receptor nuclear
translocator protein); Sim (single-minded protein)] [16]. HIF-1a contains two oxygen-depend-
ent degradation domains (ODDD), one in the N-terminal (N-ODDD) moiety and one in the C-
terminal moiety (C-ODDD) [17, 18]. It also contains two transactivation domains (TADs), one
N-terminal, which overlaps with the C-ODDD, and one C-terminal [19].

2.2. Regulation of HIF-1 level

The expression level of HIF-1a is determined by the rates of protein synthesis and protein
degradation. While the synthesis of HIF-1a is regulated in an O,-independent manner, its
degradation is primarily regulated via an O,-dependent mechanism. Thus, normoxic cells
constantly synthesize HIF-1a protein and degrade it rapidly [17]. It has been shown that under
normoxic conditions HIF-1a has a short half-life of less than 5 min [20]. However, under
hypoxia or low oxygen level, the degradation of HIF-1a is blocked or dramatically decreased
[21]. Under normoxia, HIF-1at is hydroxylated on proline residue 402 and/or 564 in the ODDD
by prolyl hydroxylase domain protein 2 (PHD2) [17, 22]. Such oxygen-dependent hydroxyla-
tion of HIF-1a results in its binding to the von Hippel-Lindau tumor suppressor protein
(pVHL). pVHL is the recognition component of an E3 ubiquitin-protein ligase complex that
targets HIF-1a for proteolysis by the ubiquitin-proteasome pathway [23].

Enzymes regulating HIF-1a proteasomal degradation were first identified to be related to egl-9
in caenorhabditis elegans and to termed prolyl hydroxylase domain (PHD) enzymes (PHD],
PHD-2, and PHD3) [24, 25]. PHD2 uses oxygen as a substrate, and thus, its activity is inhibited
under hypoxic conditions [25]. The inhibition of PHD2 leads to the inhibition of prolyl
hydroxylation of HIF-1a and subsequently to the inhibition of HIF-1a-dependent proteasomal
degradation. Consequently, HIF-1a rapidly accumulates in the cytoplasm, translocates to the
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nucleus and dimerizes with HIF-1p3. The HIF-1a/HIF-1p3 heteromeric dimer binds to the
hypoxia responsive element (HRE) in target genes, recruits coactivators and activates tran-
scription [14] (Figure 1A).

e
Normoxia

Proteasome
degradation

/ @ CTL

In| n of cell Iysis@
Tt oove o

Figure 1. The role of hypoxic stress in the impairment CTL and NK-cell mediated lysis. (A) Under normoxia, the oxy-
gen-sensitive prolyl hydroxylase domain protein 2 (PHD2) hydroxylates HIF-1a subunit. Hydroxylated HIF-1 interact-
ed with Von Hippel-Lindau protein (VHL), subjected to ubiquitination and subsequently degraded by the ubiquitin-
proteasome system. Under hypoxic stress, the function of PHD2 protein is blocked, HIF-1a is therefore stabilized and
translocated to the nucleus to form heterodimeric complex with HIF-1§3 to transcriptionally induce the expression of
HIF-target genes involved in several pathways such as autophagy. (B) Under hypoxia, STAT3 is phosphorylated at
Ser-705 residue in a HIF-dependent manner by a mechanism which is not fully understood. (C) The hypoxia-depend-
ent induction of autophagy leads to the degradation of the adaptor protein p62/SQSTMI, involved in targeting phos-
pho-STATS3 to the ubiquitin proteasome system for degradation. Thus, targeting autophagy accumulated p62/SQSTM1
and therefore accelerated the degradation of phospho-STAT3. The degradation of phospho-STAT3 restores CTL-medi-
ated lysis of tumor cells. In addition, the induction of autophagy in hypoxic tumor cells leads to the selective degrada-
tion of granzyme B (GZMB), a serine protease released by natural killer (NK) cells and contained in the cytotoxic
granules. Such degradation inhibits NK-mediated lysis of tumor cells.

Using genomewide chromatin immunoprecipitation combined with DNA microarray (ChIP-
chip) or DNA sequencing (ChIP-seq) analysis, it has been shown that more than 800 genes
involved in several cell functions are direct targets of HIF [26, 27]. HIF-1 activates the
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expression of these genes by binding to a 50 base pair cis-acting HRE located in their enhancer
and promoter regions [28]. The HREs of all these genes contain the core sequence 5-[A/
G]CGT-3', which in most cases is ACGTG [29]. It has been reported that HIF transcription
factors preferentially bind to specific bases in the 5" and 3’ proximity of the core that has led
to define the following HRE consensus sequence [T/G/C][A/G]JCGTG[CGA][GTC][GTC]
[CTG] [29].

Similar to HIF-1a, the stabilization of HIF-2a is also regulated by oxygen-dependent hydrox-
ylation [30]. This could be related to the fact that HIF-1ae and HIF-2a displayed a similar
structure of their DNA binding and dimerization domains. However, the major difference
between the structure of HIF-1a and HIF-2a is in their transactivation domains [31]. In terms
of genes expression, both HIF-1a and HIF-2a share overlapping target genes, and each one
also regulates a set of unique targets [32].

In sharp contrast with HIF-1a and HIF-2a, HIF-3at lacks the transactivation domain and could
function as an inhibitor of HIF-1a and HIF-2a. It has been reported that the expression of
HIF-3a is regulated by HIF-1 [33]. In addition to the regulation of the expression of a large
number of genes, HIF family members regulate hypoxia-related microRNAs (HRM) [34] and
some chromatin modifying enzymes [35].

3. Intra-tumor hypoxia: a key feature that triggers several resistance
mechanisms of tumor evasion from immune surveillance

It has been clearly established that the immune effector activity and the antitumor immune
response are significantly regulated by hypoxia. Indeed, hypoxia, via HIF-1a, decreases the
susceptibility of lung cancer cells to CTL-mediated killing. It appears that the resistance to CTL
is related to the effect of HIF-1a to induce the phosphorylation of signal transducer and
activator of transcription 3 (STAT3) in tumor cells by a mechanism involving the vascular
endothelial growth factor (VEGF) secretion. These data suggest that following its translocation
to the nucleus, HIF-1a cooperates with pSTAT3 to impair lung carcinoma cell susceptibility to
CTL-mediated killing [36] (Figure 1B). More recently, it has been shown that the expression of
the phosphorylated form of STAT3 at Ser-705 residue is tightly controlled by the induction of
autophagy in hypoxic tumor cells as the accumulation of pSTAT3 was no longer observed when
autophagy was targeted genetically in tumor cells [37]. Autophagy is a catabolic cell degra-
dation process. Autophagy plays an essential role in preventing accumulation of altered cell
components [38] and as an adaptive metabolic response to provide nutrients. Recently, an
unexpected role of autophagy in shaping the antitumor immune response [39] and the
acquisition of resistance to TNFa has been shown [40]. Autophagy is activated under stress
conditions such as hypoxia, nutrient starvation, growth factor withdrawal, and endoplasmic
reticulum stress. It has been reported that the molecular mechanism by which autophagy
regulates the pSTAT3 level involves the protein p62/SQSTMI1 the ubiquitin proteasome
system [37, 41].
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Another study showed that in addition to the mechanism described earlier, it has been shown
that the stem cell self-renewal transcription factor NANOG is also involved in the regulation
of CTL-mediated tumor cell lysis [42, 43]. Hypoxia regulates NANOG at both transcriptional
and translational levels and targeting NANOG in hypoxic cells restored CTL-mediated tumor
cell killing. Furthermore, NANOG depletion results in the inhibition of STAT3 phosphoryla-
tion and its nuclear translocation. The hypoxia-induced microRNA (miR)-210 is also involved
in the regulation of CTL-mediated tumor cells lysis. In fact, HIF-1 induces the expression of
miR-210 which subsequently targets nonreceptor protein tyrosine phosphatase type 1
(PTPN1), homeobox Al (HOXAL1), and tumor protein p53-inducible protein 11 (TP53I11), and
thereby decreases tumor cell susceptibility to CTL [44]. In the context of NK-mediated tumor
cell lysis, it has been described that hypoxia increases the shedding of the major histocompat-
ibility complex (MHC) class I polypeptide-related sequence A (MICA), a ligand for the
activating receptor natural killer group 2 member D (NKG2D), on the surface of prostate cancer
cellsleading to an impairment of NO signaling [45] and subsequent escape of tumor cells from
NK- and CTL-mediated killing. MICA expression is also downregulated by HIF-1 in osteo-
sarcoma cells resulting in tumor resistance to NK-mediated lysis [46]. Through the activation
of autophagy, it has been recently reported that melanoma and breast tumor cells escape NK-
mediated lysis and that targeting autophagy in hypoxic tumor cells was sufficient to restore
NK-mediated lysis. In this study, it has been shown that the activation of autophagy under
hypoxia was responsible for the degradation of NK-derived granzyme B making hypoxic
tumor cells less sensitive to NK-mediated killing [39, 47, 48] (Figure 1C). In line with the studies
described earlier, it is now well admitted that hypoxic stress in the tumor microenvironment
is a key factor involved in the control of antitumor immune response. Beside its role in
impairing the function of cytotoxic immune cells, the immunosuppressive effect of hypoxia
contributes to the emergence of resistant tumor cells that compromise the effectiveness of the
anti-tumor immune response [49].

4. Hypoxia and tumor cell heterogeneity and plasticity

Solid tumors frequently reveal pronounced tumor cell heterogeneity with regards to cell
organization, cell morphology, cell size, and nuclei morphology [50]. The molecular mecha-
nisms underlying the phenotypic heterogeneity involve genetic, epigenetic, and environmen-
tal factors. It is now well established that hypoxia is an important contributor to intra- and
intertumor cell heterogeneity [15, 51] by altering the expression of specific genes involved in
cellular phenotype. In this respect, it has been reported that neuroblastoma cells and breast
cancer cells lose their differentiated gene expression patterns and develop stem cell-like
phenotypes under hypoxic stress [52, 53]. As a low stage of differentiation in neuroblastoma
and breast cancer is associated with poor prognosis, it is strongly believed that, in addition to
its contribution to tumor heterogeneity, hypoxia-dependent induction of tumor cell dediffer-
entiation contributes to tumor cell plasticity and aggressiveness.

Several lines of evidence suggest that tumor microenvironment drives stem cell renewal and
differentiation. Indeed, poorly vascularized tumors contain hypoxic regions with undifferen-
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tiated ‘stem-like” tumor cells that survive under control of HIFs [54]. It has been reported that
hypoxic stress in colon cancer inhibits the differentiation of tumor cells and maintains their
stem-like phenotype [55]. In addition, myofibroblasts stromal cells secrete factors involved in
maintaining cancer stem cells (CSC) population in colon cancer [56]. Furthermore, stromal cells
drive a CSC phenotype on differentiated cancer cells, allowing a transient morphological
heterogeneity observed in several cancers. In this regard, transient phenotypic changes from
epithelial to mesenchymal (epithelial-mesenchymal transition (EMT)) or mesenchymal to
epithelial (mesenchymal to epithelial transitions (MET)) phenotype, are initially considered as
conversions facilitating cell plasticity but have recently gained appreciation as events involved
in tumor heterogeneity [57]. In the context of tumor immunity, recent evidence revealed that
tumor cell plasticity has serious implications in terms of immunological recognition and killing
of the tumor, since such tumor cell plasticity may lead to the emergence of immunoresistant
variants [58].

Although the role of the immune system in inhibiting early stages of tumor growth is well
established, it is now strongly suggested that the immune system can also facilitate the
advanced stages of tumor progression by sculpting the immunogenic phenotype of a devel-
oping tumor to favor the emergence of immune-resistant tumor cell variants. This has led to
the concept of “immunoediting” which encompasses three phases: elimination, equilibrium,
and escape. Thus, immunoediting allows tumors to evade immune destruction by becoming
less immunogenic or more immunosuppressive [59]. Such adaptability, achieved through cell
reprogramming, reflects an important property of tumors called immune-induced plasticity.
While the molecular basis of immune-dependent induction of tumor cell plasticity and its
effective contribution to the selection of tumor aggressive variants is still elusive, recent
findings have revealed that activated CD8+ T cells can stimulate mammary epithelial tumor
cells to undergo EMT and acquire the increased tumorigenic capability and therapy resistance
of breast CSCs [60]. In this regard, it has been shown that reciprocal interactions between
melanoma and immune cells enhances tumor cell plasticity and drives therapy resistance [61].
Based on these data, it is now well defined that targeting phenotypic plasticity should be
considered for the development of novel therapeutic strategies with the ultimate goal to
prevent the establishment of a more aggressive phenotype of cancer cells.

5. The clinical significance of targeting hypoxia

For many years, the major issue in the field of cancer immunity was to understand how cancer
cells manage to evade immune surveillance despite the presence of a competent immune
system. To address this issue, the major focus was on the mechanisms by which tumor cells
escape cytotoxic immune cell recognition without considering the impact of the tumor
microenvironment. This could partially explain why despite intense investigation, the gains
provided by immunotherapy until recently are relatively modest. In addition, accumulating
evidence suggests that tumor cell resistance mechanisms are likely evolved in the hypoxic
tumor microenvironment. In keeping with this, it is therefore more accurate to consider cancer
as a disease of the microenvironment rather than a disease of cells. Although remarkable
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progresses have been achieved over the past two decades regarding the impact of the tumor
microenvironment in cancer biology and treatment, its contribution in the development of
tumor resistance to immune cell killing remains fragmented.

Emerging data indicates that hypoxia stress within the tumor microenvironment is a key factor
involved in the impairment of the antitumor immune response. [62] Therefore, a deep
understanding of the molecular mechanism by which hypoxia induces tumor resistance may
contribute to the development of more effective tumor immunotherapies.

Consistent with the fact that hypoxia-dependent overexpression of HIF-1a is associated with
an increased patient mortality in several cancer types, it stands to reason that inhibition of
HIF-1 activity in preclinical studies would have marked effects on tumor growth and survival.
In keeping with this, efforts are underway to identify selective inhibitors of HIF-1 and to assess
their efficacy as anticancer therapeutics. Currently, two main approaches are used to target
hypoxia in tumors, namely bioreductive prodrugs, and inhibitors of molecular targets upon
which hypoxic cell survival depends [63, 64]. However, several lines of evidence indicate that
the HIF pathway is technically extremely challenging to target. Indeed, the first evidence is
that transcription factors in general, including HIF, have long been considered “undruggable,”
and therefore, no specific inhibitor of HIF has been brought to the market so far. The second
evidence is that multiple levels of regulation and signaling pathways converge on and emerge
from HIF [65]. Nevertheless, based on the molecular mechanism of HIF-1 protein, it has been
suggested that small molecules could be used to inhibit HIF-1 activity through a variety of
mechanisms including inhibition of (i) HIF-1a protein synthesis; (ii) HIF-1a protein stabiliza-
tion; (iii) HIF-1a/p dimerization, and (iv) HIF-1/DNA binding. Two comprehensive recent
reviews summarize these mechanisms in detail and give fairly exhaustive lists of the small-
molecule inhibitors for each level [15, 66].

Using a cell-based assay, several small-molecule inhibitors of HIF-1 activity have been
identified. Briefly, topoisomerase I inhibitors block the expression of HIF-1a via an undefined
mechanism [67]. The small molecule YC-1 (3-(5"-hydroxy-methyl-2'-furyl)-1-benzylindazole)
was also shown to reduce the level of HIF-1a by a mechanism that has not been established
but at least is known to work independently from its function as a stimulator of soluble
guanylate-cyclase activity [68]. YC-1 is not in clinical use. The HSP90 inhibitor 17-allyl-
aminogeldanamycin (17-AAG) has been reported to induce the degradation of HIF-1x in a
VHL-independent manner [69-71]. PX-12 (thioredoxin-1 redox inhibitor) and PX-478 are both
inhibitors of HIF-1a protein expression and HIF-1-mediated transactivation [72, 73]. Finally,
the disruptor of microtubule polymerization 2-methoxyoestradiol (2ME2) is able to decrease
the expression of HIF-la. Currently, only topoisomerase I inhibitors, camptothecin and
topotecan, are clinically approved agents, PX-478, 2ME2, and 17-AAG are under evaluation in
clinical trials, whereas YC-1 and thioredoxin-1 inhibitors are not in clinical use.

Despite of the anticancer effects of these agents could be related, in part, to their inhibition of
HIF-1, it seems that none of these drugs specifically targets HIF-1. Although such lack of
selectivity does not disqualify these drugs as anticancer agents, it enhances the difficulty to
correlate molecular and clinical responses in patients. Therefore, the identification of more
selective HIF-1 inhibitors in the near future is required and more investigation needs to be
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done to identify novel potent and more specific inhibitors targeting clearly defined points in
the HIF pathway.

Acknowledgements

This work was supported by grants from the Luxembourg Institute of Health (LECR 2013 11
05), Fondation Cancer (FC/2016/01) and Kriibskrank Kanner Foundation, Luxembourg.

Author details

Nassera Aouali!, Manon Bosseler!, Delphine Sauvage!, Kris Van Moer!, Guy Berchem'? and
Bassam Janji"”

*Address all correspondence to: bassam janji@lih.lu

1 Laboratory of Experimental Cancer Research, Department of Oncology, Luxembourg
Institute of Health, Luxembourg City, Luxembourg

2 Luxembourg Hospital Center, Department of Hemato-Oncology, Luxembourg City, Lux-
embourg

References

[1] Smyth, M.J.,, D.I. Godfrey, and J.A. Trapani. A fresh look at tumor immunosurveil-
lance and immunotherapy. Nat Immunol, 2001. 2(4): p. 293-9.

[2] Rosenberg, S.A.. Progress in human tumour immunology and immunotherapy. Na-
ture, 2001. 411(6835): p. 380-4.

[3] Watzl, C. and E.O. Long. Exposing tumor cells to killer cell attack. Nat Med, 2000.
6(8): p. 867-8.

[4] Raulet, D.H. and R.E. Vance. Self-tolerance of natural killer cells. Nat Rev Immunol,
2006. 6(7): p. 520-31.

[5] Di Carlo, E., G. Forni, P. Lollini, M.P. Colombo, A. Modesti, and P. Musiani. The intri-
guing role of polymorphonuclear neutrophils in antitumor reactions. Blood, 2001.
97(2): p. 339-45.

[6] Allavena, P, G. Germano, F. Marchesi, and A. Mantovani. Chemokines in cancer related
inflammation. Exp Cell Res, 2011. 317(5): p. 664-73.



(7]

(10]

(11]

(12]

(13]

(14]

(13]

(16]

(17]

(18]

(19]

[20]

The Critical Role of Hypoxia in Tumor-Mediated Immunosuppression
http://dx.doi.org/10.5772/65383

Grakoui, A., SK. Bromley, C. Sumen, M.M. Davis, A.S. Shaw, PM. Allen, and M.L.
Dustin. The immunological synapse: a molecular machine controlling T cell activation.
Science, 1999. 285(5425): p. 221-7.

Shresta, S., D.M. Maclvor, ] W. Heusel, J. H. Russell, and T.J. Ley. Natural killer
and lymphokine-activated killer cells require granzyme B for the rapid induction
of apoptosis in susceptible target cells. Proc Natl Acad Sci USA, 1995. 92(12):
p. 5679-83.

Cullen, S.P, M. Brunet, and S.J. Martin. Granzymes in cancer and immunity. Cell
Death Differ, 2010. 17(4): p. 616-23.

Hamai, A., H. Benlalam, F. Meslin, M. Hasmim, T. Carre, I. Akalay, B. Janji, G. Ber-
chem, M.Z. Noman, and S. Chouaib. Immune surveillance of human cancer: if the cy-
totoxic T-lymphocytes play the music, does the tumoral system call the tune? Tissue
Antigens, 2010. 75(1): p. 1-8.

Whiteside, T.L. The tumor microenvironment and its role in promoting tumor
growth. Oncogene, 2008. 27(45): p. 5904-12.

Majmundar, A.J.,, W.J. Wong, and M.C. Simon. Hypoxia-inducible factors and the re-
sponse to hypoxic stress. Mol Cell, 2010. 40(2): p. 294-309.

Semenza, G.L. Hypoxia-inducible factors: mediators of cancer progression and targets
for cancer therapy. Trends Pharmacol Sci, 2012. 33(4): p. 207-14.

Semenza, G.L. Defining the role of hypoxia-inducible factor 1 in cancer biology and
therapeutics. Oncogene, 2010. 29(5): p. 625-34.

Semenza, G.L. Targeting HIF-1 for cancer therapy. Nat Rev Cancer, 2003. 3(10): p.
721-32.

Wang, G.L., B.H. Jiang, E.A. Rue, and G.L. Semenza. Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O, tension. Proc Natl
Acad Sci USA, 1995. 92(12): p. 5510-4.

Huang, L.E,, J. Gu, M. Schau, and H.F. Bunn. Regulation of hypoxia-inducible factor
lalpha is mediated by an O,-dependent degradation domain via the ubiquitin-pro-
teasome pathway. Proc Natl Acad Sci USA, 1998. 95(14): p. 7987-92.

Pugh, C.W,, C.C. Tan, R.W. Jones, and P]. Ratcliffe. Functional analysis of an oxygen-
regulated transcriptional enhancer lying 3' to the mouse erythropoietin gene. Proc
Natl Acad Sci USA, 1991. 88(23): p. 10553-7.

Jiang, B.H., ].Z. Zheng, S.W. Leung, R. Roe, and G.L. Semenza. Transactivation and
inhibitory domains of hypoxia-inducible factor 1lalpha. Modulation of transcriptional
activity by oxygen tension. ] Biol Chem, 1997. 272(31): p. 19253-60.

Jewell, UR., L. Kvietikova, A. Scheid, C. Bauer, R.H. Wenger, and M. Gassmann.
Induction of HIF-1alpha in response to hypoxia is instantaneous. FASEB ], 2001. 15(7):
p. 1312-4.

359



360 Hypoxia and Human Diseases

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

(33]

Jiang, B.H., G.L. Semenza, C. Bauer, and H.H. Marti. Hypoxia-inducible factor 1 levels
vary exponentially over a physiologically relevant range of O, tension. Am J Physiol,
1996. 271(4 Pt 1): p. C1172-80.

Ivan, M., K. Kondo, H. Yang, W. Kim, ]J. Valiando, M. Ohh, A. Salic, ].M. Asara, W.S.
Lane, and W.G. Kaelin, Jr. HIFalpha targeted for VHL-mediated destruction by proline
hydroxylation: implications for O, sensing. Science, 2001. 292(5516): p. 464-8.

Salceda, S. and J. Caro. Hypoxia-inducible factor 1alpha (HIF-1alpha) protein is rapidly
degraded by the ubiquitin-proteasome system under normoxic conditions. Its stabili-
zation by hypoxia depends on redox-induced changes. J Biol Chem, 1997. 272(36): p.
22642-7.

Bruick, R.K. and S.L. McKnight. A conserved family of prolyl-4-hydroxylases that
modify HIF. Science, 2001. 294(5545): p. 1337-40.

Epstein, A.C., ]. M. Gleadle, L.A. McNeill, K.S. Hewitson, ]J. ORourke, D.R. Mole, M.
Mukherji, E. Metzen, M.I. Wilson, A. Dhanda, Y.M. Tian, N. Masson, D.L. Hamilton, P.
Jaakkola, R. Barstead, J. Hodgkin, P.H. Maxwell, CW. Pugh, C.J. Schofield, and PJ.
Ratcliffe. C. elegans EGL-9 and mammalian homologs define a family of dioxygenases
that regulate HIF by prolyl hydroxylation. Cell, 2001. 107(1): p. 43-54.

Schodel, J., S. Oikonomopoulos, J. Ragoussis, C.W. Pugh, PJ. Ratcliffe, and D.R. Mole.
High-resolution genome-wide mapping of HIF-binding sites by ChIP-seq. Blood, 2011.
117(23): p. €207-17.

Xia, X., M.E. Lemieux, W. Li, ].S. Carroll, M. Brown, X.S. Liu, and A.L. Kung. Integrative

analysis of HIF binding and transactivation reveals its role in maintaining histone
methylation homeostasis. Proc Natl Acad Sci U S A, 2009. 106(11): p. 4260-5.

Semenza, G.L., M.K. Nejfelt, S.M. Chi, and S.E. Antonarakis. Hypoxia-inducible nuclear
factors bind to an enhancer element located 3' to the human erythropoietin gene. Proc
Natl Acad Sci U S A, 1991. 88(13): p. 5680-4.

Wenger, R.H. and M. Gassmann. Oxygen(es) and the hypoxia-inducible factor-1. Biol
Chem, 1997. 378(7): p. 609-16.

Patel, S.A. and M.C. Simon. Biology of hypoxia-inducible factor-2alpha in development
and disease. Cell Death Differ, 2008. 15(4): p. 628-34.

Hu, CJ., A. Sataur, L. Wang, H. Chen, and M.C. Simon. The N-terminal transactivation
domain confers target gene specificity of hypoxia-inducible factors HIF-lalpha and
HIF-2alpha. Mol Biol Cell, 2007. 18(11): p. 4528-42.

Lau, KW., YM. Tian, R.R. Raval, PJ. Ratcliffe, and C.W. Pugh. Target gene selectivity
of hypoxia-inducible factor-alpha in renal cancer cells is conveyed by post-DNA-
binding mechanisms. Br ] Cancer, 2007. 96(8): p. 1284-92.

Makino, Y., R. Cao, K. Svensson, G. Bertilsson, M. Asman, H. Tanaka, Y. Cao, A.
Berkenstam, and L. Poellinger. Inhibitory PAS domain protein is a negative regulator
of hypoxia-inducible gene expression. Nature, 2001. 414(6863): p. 550-4.



(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

The Critical Role of Hypoxia in Tumor-Mediated Immunosuppression
http://dx.doi.org/10.5772/65383

Kulshreshtha, R., R.V. Davuluri, G.A. Calin, and M. Ivan. A microRNA component of
the hypoxic response. Cell Death Differ, 2008. 15(4): p. 667-71.

Wu, M.Z,, Y.P. Tsai, M.H. Yang, C.H. Huang, S.Y. Chang, C.C. Chang, S.C. Teng, and
KJ. Wu. Interplay between HDAC3 and WDRS5 is essential for hypoxia-induced
epithelial-mesenchymal transition. Mol Cell, 2011. 43(5): p. 811-22.

Noman, M.Z., S. Buart, J. Van Pelt, C. Richon, M. Hasmim, N. Leleu, W.M. Suchorska,
A. Jalil, Y. Lecluse, F. El Hage, M. Giuliani, C. Pichon, B. Azzarone, N. Mazure, P.
Romero, F. Mami-Chouaib, and S. Chouaib. The cooperative induction of hypoxia-
inducible factor-1 alpha and STAT3 during hypoxia induced an impairment of tumor
susceptibility to CTL-mediated cell lysis. ] Immunol, 2009. 182(6): p. 3510-21.

Noman, M.Z,, B. Janji, B. Kaminska, K. Van Moer, S. Pierson, P. Przanowski, S. Buart,
G. Berchem, P. Romero, F. Mami-Chouaib, and S. Chouaib. Blocking hypoxia-induced
autophagy in tumors restores cytotoxic T-cell activity and promotes regression. Cancer
Res, 2011. 71(18): p. 5976-86.

Mathew, R. and E. White. Autophagy, stress, and cancer metabolism: what doesn't kill
you makes you stronger. Cold Spring Harb Symp Quant Biol, 2011. 76: p. 389-96.

Viry, E,, J. Baginska, G. Berchem, M.Z. Noman, S. Medves, S. Chouaib, and B. Janji.
Autophagic degradation of GZMB/granzyme B: a new mechanism of hypoxic tumor
cell escape from natural killer cell-mediated lysis. Autophagy, 2014. 10(1): p. 173-5.

Moussay, E., T. Kaoma, J. Baginska, A. Muller, K. Van Moer, N. Nicot, P.V. Nazarov, L.
Vallar, S. Chouaib, G. Berchem, and B. Janji. The acquisition of resistance to TNFalpha
in breast cancer cells is associated with constitutive activation of autophagy as revealed
by a transcriptome analysis using a custom microarray. Autophagy, 2011.7(7): p. 760-70.

Noman, M.Z., B. Janji, G. Berchem, F. Mami-Chouaib, and S. Chouaib. Hypoxia-
induced autophagy: a new player in cancer immunotherapy? Autophagy, 2012. 8(4): p.
704-6.

Hasmim, M., M.Z. Noman, J. Lauriol, H. Benlalam, A. Mallavialle, F. Rosselli, F. Mami-
Chouaib, C. Alcaide-Loridan, and S. Chouaib. Hypoxia-dependent inhibition of tumor
cell susceptibility to CTL-mediated lysis involves NANOG induction in target cells. J
Immunol, 2011. 187(8): p. 4031-9.

Hasmim, M., M.Z. Noman, Y. Messai, D. Bordereaux, G. Gros, V. Baud, and S. Chouaib.
Cutting edge: hypoxia-induced Nanog favors the intratumoral infiltration of regulatory
T cells and macrophages via direct regulation of TGF-betal. ] Immunol, 2013. 191(12):
p. 5802-6.

Noman, M.Z,, S. Buart, P. Romero, S. Ketari, B. Janji, B. Mari, F. Mami-Chouaib, and S.
Chouaib. Hypoxia-inducible miR-210 regulates the susceptibility of tumor cells to lysis
by cytotoxic T cells. Cancer Res, 2012. 72(18): p. 4629-41.

361



362

Hypoxia and Human Diseases

[45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

[54]

[55]

[56]

Siemens, D.R., N. Hu, A K. Sheikhi, E. Chung, L.J. Frederiksen, H. Pross, and C.H.
Graham. Hypoxia increases tumor cell shedding of MHC class I chain-related molecule:
role of nitric oxide. Cancer Res, 2008. 68(12): p. 4746-53.

Yamada, N., K. Yamanegi, H. Ohyama, M. Hata, K. Nakasho, H. Futani, H. Okamura,
and N. Terada. Hypoxia downregulates the expression of cell surface MICA without
increasing soluble MICA in osteosarcoma cells in a HIF-1lalpha-dependent manner. Int
J Oncol, 2012. 41(6): p. 2005-12.

Baginska, J., E. Viry, J. Paggetti, S. Medves, G. Berchem, E. Moussay, and B. Janji. The
critical role of the tumor microenvironment in shaping natural killer cell-mediated anti-
tumor immunity. Front Immunol, 2013. 4: p. 490.

Viry, E., J. Paggetti, ]. Baginska, T. Mgrditchian, G. Berchem, E. Moussay, and B. Janji.
Autophagy: an adaptive metabolic response to stress shaping the antitumor immunity.
Biochem Pharmacol, 2014. 92(1): p. 31-42.

Baginska, J., E. Viry, G. Berchem, A. Poli, M.Z. Noman, K. van Moer, S. Medves, J.
Zimmer, A. Oudin, S.P. Niclou, R.C. Bleackley, LS. Goping, S. Chouaib, and B. Janji.
Granzyme B degradation by autophagy decreases tumor cell susceptibility to natural
killer-mediated lysis under hypoxia. Proc Natl Acad Sci USA, 2013. 110(43): p. 17450-5.

Axelson, H., E. Fredlund, M. Ovenberger, G. Landberg, and S. Pahlman. Hypoxia-
induced dedifferentiation of tumor cells—a mechanism behind heterogeneity and
aggressiveness of solid tumors. Semin Cell Dev Biol, 2005. 16(4-5): p. 554-63.

Harris, A.L. Hypoxia—a key regulatory factor in tumour growth. Nat Rev Cancer, 2002.
2(1): p. 38-47.

Jogi, A., 1. Ora, H. Nilsson, A. Lindeheim, Y. Makino, L. Poellinger, H. Axelson, and S.
Pahlman. Hypoxia alters gene expression in human neuroblastoma cells toward an
immature and neural crest-like phenotype. Proc Natl Acad Sci USA, 2002. 99(10): p.
7021-6.

Helczynska, K., A. Kronblad, A. Jogi, E. Nilsson, S. Beckman, G. Landberg, and S.
Pahlman. Hypoxia promotes a dedifferentiated phenotype in ductal breast carcinoma
in situ. Cancer Res, 2003. 63(7): p. 1441-4.

Kim, Y., Q. Lin, PM. Glazer, and Z. Yun. Hypoxic tumor microenvironment and cancer
cell differentiation. Curr Mol Med, 2009. 9(4): p. 425-34.

Yeung, T.M., S.C. Gandhi, and W.F. Bodmer. Hypoxia and lineage specification of cell
line-derived colorectal cancer stem cells. Proc Natl Acad Sci USA, 2011. 108(11): p.
4382-7.

Vermeulen, L., EM.F. De Sousa, M. van der Heijden, K. Cameron, ]J.H. de Jong, T.
Borovski, J.B. Tuynman, M. Todaro, C. Merz, H. Rodermond, M.R. Sprick, K. Kemper,
D.J. Richel, G. Stassi, and ].P. Medema. Wnt activity defines colon cancer stem cells and
is regulated by the microenvironment. Nat Cell Biol, 2010. 12(5): p. 468-76.



[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

The Critical Role of Hypoxia in Tumor-Mediated Immunosuppression
http://dx.doi.org/10.5772/65383

Zellmer, V.R. and S. Zhang. Evolving concepts of tumor heterogeneity. Cell Biosci, 2014.
4:p. 69.

Holzel, M., A. Bovier, and T. Tuting. Plasticity of tumour and immune cells: a source of
heterogeneity and a cause for therapy resistance? Nat Rev Cancer, 2013. 13(5): p. 365-76.

Schreiber, R.D., L.J. Old, and M.]. Smyth. Cancer immunoediting: integrating immu-
nity's roles in cancer suppression and promotion. Science, 2011. 331(6024): p. 1565-70.

Santisteban, M., ].M. Reiman, M.K. Asiedu, M.D. Behrens, A. Nassar, K.R. Kalli, .
Haluska, J.N. Ingle, L.C. Hartmann, M.H. Manjili, D.C. Radisky, S. Ferrone, and K.L.
Knutson. Immune-induced epithelial to mesenchymal transition in vivo generates
breast cancer stem cells. Cancer Res, 2009. 69(7): p. 2887-95.

Roesch, A., A. Paschen, J. Landsberg, I. Helfrich, J.C. Becker, and D. Schadendorf.
Phenotypic tumour cell plasticity as a resistance mechanism and therapeutic target in
melanoma. Eur J Cancer, 2016. 59: p. 109-12.

Noman, M.Z., M. Hasmim, Y. Messai, S. Terry, C. Kieda, B. Janji, and S. Chouaib.
Hypoxia: a key player in antitumor immune response. A review in the Theme: Cellular
Responses to Hypoxia. Am J Physiol Cell Physiol, 2015. 309(9): p. C569-79.

Guise, C.P, A M. Mowday, A. Ashoorzadeh, R. Yuan, W.H. Lin, D.H. Wu, J.B. Smaill,
A.V. Patterson, and K. Ding. Bioreductive prodrugs as cancer therapeutics: targeting
tumor hypoxia. Chin ] Cancer, 2014. 33(2): p. 80-6.

Wilson, W.R. and M.P. Hay. Targeting hypoxia in cancer therapy. Nat Rev Cancer, 2011.
11(6): p. 393-410.

Hoelder, S., P.A. Clarke, and P. Workman. Discovery of small molecule cancer drugs:
successes, challenges and opportunities. Mol Oncol, 2012. 6(2): p. 155-76.

Xia, Y., HK. Choi, and K. Lee. Recent advances in hypoxia-inducible factor (HIF)-1
inhibitors. Eur ] Med Chem, 2012. 49: p. 24-40.

Rapisarda, A., B. Uranchimeg, D.A. Scudiero, M. Selby, E.A. Sausville, R.H. Shoemaker,
and G. Melillo. Identification of small molecule inhibitors of hypoxia-inducible factor
1 transcriptional activation pathway. Cancer Res, 2002. 62(15): p. 4316-24.

Yeo, E.J., Y.S. Chun, Y.S. Cho, J. Kim, ].C. Lee, M..S. Kim, and ].W. Park. YC-1: a potential
anticancer drug targeting hypoxia-inducible factor 1. ] Natl Cancer Inst, 2003. 95(7): p.
516-25.

Isaacs, ].S., Y.J. Jung, E.G. Mimnaugh, A. Martinez, F. Cuttitta, and L.M. Neckers. Hsp90
regulates a von Hippel Lindau-independent hypoxia-inducible factor-1 alpha-degra-
dative pathway. ] Biol Chem, 2002. 277(33): p. 29936-44.

Mabjeesh, N.J., D.E. Post, M.T. Willard, B. Kaur, E.G. Van Meir, ].W. Simons, and H.
Zhong. Geldanamycin induces degradation of hypoxia-inducible factor 1alpha protein
via the proteosome pathway in prostate cancer cells. Cancer Res, 2002. 62(9): p. 2478-82.

363



364 Hypoxia and Human Diseases

[71]

[72]

(73]

Zagzag, D., M. Nomura, D.R. Friedlander, C.Y. Blanco, J.P. Gagner, N. Nomura, and
E.W. Newcomb. Geldanamycin inhibits migration of glioma cells in vitro: a potential
role for hypoxia-inducible factor (HIF-lalpha) in glioma cell invasion. J Cell Physiol,
2003. 196(2): p. 394-402.

Welsh, S.J., R.R. Williams, A. Birmingham, D.J]. Newman, D.L. Kirkpatrick, and G.
Powis. The thioredoxin redox inhibitors 1-methylpropyl 2-imidazolyl disulfide and
pleurotin inhibit hypoxia-induced factor 1alpha and vascular endothelial growth factor
formation. Mol Cancer Ther, 2003. 2(3): p. 235-43.

Welsh, S., R. Williams, L. Kirkpatrick, G. Paine-Murrieta, and G. Powis. Antitumor
activity and pharmacodynamic properties of PX-478, an inhibitor of hypoxia-inducible
factor-lalpha. Mol Cancer Ther, 2004. 3(3): p. 233-44.



10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

BIBLIOGRAPHY

Cheung, N.K. and M.A. Dyer, Neuroblastoma: developmental biology, cancer genomics and
immunotherapy. Nat Rev Cancer, 2013. 13(6): p. 397-411.

Pinto, N.R., et al., Advances in Risk Classification and Treatment Strategies for
Neuroblastoma. J Clin Oncol, 2015. 33(27): p. 3008-17.

Yves, P. and P. Dominique, Cancérologie de I'enfant, ed. Pedia. 2017: Elsevier- Masson.

Wienke, J., et al., The immune landscape of neuroblastoma: Challenges and opportunities
for novel therapeutic strategies in pediatric oncology. Eur J Cancer, 2021. 144: p. 123-150.

Chen, S., et al., HIF-1a contributes to proliferation and invasiveness of neuroblastoma cells
via SHH signaling. PLoS One, 2015. 10(3): p. e0121115.

Riera-Domingo, C., et al., Immunity, Hypoxia, and Metabolism-the Ménage a Trois of
Cancer: Implications for Immunotherapy. Physiol Rev, 2020. 100(1): p. 1-102.

Vito, A., N. El-Sayes, and K. Mossman, Hypoxia-Driven Immune Escape in the Tumor
Microenvironment. Cells, 2020. 9(4).

Semenza, G.L., Intratumoral Hypoxia and Mechanisms of Immune Evasion Mediated by
Hypoxia-Inducible Factors. Physiology (Bethesda), 2021. 36(2): p. 73-83.

Barsoum, 1.B., et al., A mechanism of hypoxia-mediated escape from adaptive immunity in
cancer cells. Cancer Res, 2014. 74(3): p. 665-74.

Noman, M.Z., et al.,, PD-L1 is a novel direct target of HIF-1a, and its blockade under
hypoxia enhanced MDSC-mediated T cell activation. J Exp Med, 2014. 211(5): p. 781- 90.

Pearson, A.D.J., et al., ACCELERATE and European Medicines Agency Paediatric Strategy
Forum for medicinal product development of checkpoint inhibitors for use in combination
therapy in paediatric patients. Eur J Cancer, 2020. 127: p. 52-66.

Pizzo, P.A. and D.G. Poplack, Principles ans Practice of Pediatric Oncology. Seventh
Edition ed. 2016: Wolters Kluwer.

Matthay, K.K., et al., Neuroblastoma. Nat Rev Dis Primers, 2016. 2: p. 16078.

Jiang, M., J. Stanke, and J.M. Lahti, The connections between neural crest development
and neuroblastoma. Curr Top Dev Biol, 2011. 94: p. 77-127.

Dellaire, G., J.N. Berman, and R.J. Arceci, Cancer Genomics: From Bench to Personalized
Medicine. 1st edition (November 21, 2013) ed. 2013: Academic Press. 362 pages.

Marshall, G.M., et al., The prenatal origins of cancer. Nat Rev Cancer, 2014. 14(4): p.
277-89.

Tsubota, S. and K. Kadomatsu, Origin and initiation mechanisms of neuroblastoma. Cell
Tissue Res, 2018. 372(2): p. 211-221.

Kastriti, M.E., P. Kameneva, and |. Adameyko, Stem cells, evolutionary aspects and
pathology of the adrenal medulla: A new developmental paradigm. Mol Cell Endocrinol,
2020. 518: p. 110998.

Tsubota, S. and K. Kadomatsu, Origin and mechanism of neuroblastoma. Oncoscience,
2017. 4(7-8): p. 70-72.

Pugh, T.J., et al., The genetic landscape of high-risk neuroblastoma. Nat Genet, 2013. 45(3):
p. 279-84.

Brodeur, G.M. and R. Bagatell, Mechanisms of neuroblastoma regression. Nat Rev Clin
Oncol, 2014. 11(12): p. 704-13.

Kiyonari, S. and K. Kadomatsu, Neuroblastoma models for insights into tumorigenesis and
new therapies. Expert Opin Drug Discov, 2015. 10(1): p. 53-62.

Maris, J.M., Recent advances in neuroblastoma. N Engl J Med, 2010. 362(23): p. 2202- 11.

Page 97 of 105



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Huang, M. and W.A. Weiss, Neuroblastoma and MYCN. Cold Spring Harb Perspect Med,
2013. 3(10): p. a014415.

Rickman, D.S., J.H. Schulte, and M. Eilers, The Expanding World of N-MYC-Driven
Tumors. Cancer Discov, 2018. 8(2): p. 150-163.

Christiansen, H., H. Christiansen, and N.M. Christiansen, Progressive neuroblastoma
: innovation and novel therapeutic strategies. Pediatric and adolescent medicine vol.
20. 2015, Basel: Karger. viii, 192 pages : illustrations.

Pudela, C., S. Balyasny, and M.A. Applebaum, Nervous system: Embryonal tumors:
Neuroblastoma. Atlas Genet Cytogenet Oncol Haematol, 2020. 24(7): p. 284-290.

Liu, K.X. and S. Joshi, "Re-educating" Tumor Associated Macrophages as a Novel
Immunotherapy Strategy for Neuroblastoma. Front Immunol, 2020. 11: p. 1947.

Teitz, T., et al., Preclinical models for neuroblastoma: establishing a baseline for treatment.
PLoS One, 2011. 6(4): p. e19133.

Braekeveldt, N. and D. Bexell, Patient-derived xenografts as preclinical neuroblastoma
models. Cell Tissue Res, 2018. 372(2): p. 233-243.

Kroesen, M., et al., Intra-adrenal murine TH-MYCN neuroblastoma tumors grow more
aggressive and exhibit a distinct tumor microenvironment relative to their subcutaneous
equivalents. Cancer Immunol Immunother, 2015. 64(5): p. 563-72.

Weiss, W.A., et al., Targeted expression of MYCN causes neuroblastoma in transgenic mice.
EMBO J, 1997. 16(11): p. 2985-95.

Weiss, W.A., et al., Genome-wide screen for allelic imbalance in a mouse model for
neuroblastoma. Cancer Res, 2000. 60(9): p. 2483-7.

Rasmuson, A., et al., Tumor development, growth characteristics and spectrum of genetic
aberrations in the TH-MYCN mouse model of neuroblastoma. PLoS One, 2012. 7(12): p.
e51297.

Hanahan, D. and R.A. Weinberg, Hallmarks of cancer: the next generation. Cell, 2011.
144(5): p. 646-74.

Hanahan, D., Hallmarks of Cancer: New Dimensions. Cancer Discov, 2022. 12(1): p. 31-46.

Carmeliet, P. and R.K. Jain, Principles and mechanisms of vessel normalization for cancer
and other angiogenic diseases. Nat Rev Drug Discov, 2011. 10(6): p. 417-27.

Schito, L. and G.L. Semenza, Hypoxia-Inducible Factors: Master Regulators of Cancer
Progression. Trends Cancer, 2016. 2(12): p. 758-770.

Tafreshi, N.K., et al., Carbonic anhydrase IX as an imaging and therapeutic target for
tumors and metastases. Subcell Biochem, 2014. 75: p. 221-54.

Eggert, A., et al., High-level expression of angiogenic factors is associated with advanced
tumor stage in human neuroblastomas. Clin Cancer Res, 2000. 6(5): p. 1900-8.

Abbas, A., A. Lichtman, and S. Pillai, Basic immunology, Functions and disorders of the
immune system. Sixth edition ed. 2020: Elsevier.

Schreiber, R.D., L.J. Old, and M.J. Smyth, Cancer immunoediting: integrating immunity's
roles in cancer suppression and promotion. Science, 2011. 331(6024): p. 1565-70.

Vesely, M.D., et al., Natural innate and adaptive immunity to cancer. Annu Rev Immunol,
2011. 29: p. 235-71.

Pistoia, V., et al., Immunosuppressive microenvironment in neuroblastoma. Front Oncol,
2013. 3: p. 167.

Bottino, C., et al., Natural killer cells and neuroblastoma: tumor recognition, escape
mechanisms, and possible novel immunotherapeutic approaches. Front Immunol, 2014. 5:
p. 56.

Mina, M., et al., Tumor-infiltrating T lymphocytes improve clinical outcome of therapy-

Page 98 of 105



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

resistant neuroblastoma. Oncoimmunology, 2015. 4(9): p. e1019981.

Morvan, M.G. and L.L. Lanier, NK cells and cancer: you can teach innate cells new tricks.
Nat Rev Cancer, 2016. 16(1): p. 7-19.

Sharpe, A.H. and K.E. Pauken, The diverse functions of the PD1 inhibitory pathway. Nat
Rev Immunol, 2018. 18(3): p. 153-167.

Philip, M. and A. Schietinger, CD8(+) T cell differentiation and dysfunction in cancer. Nat
Rev Immunol, 2022. 22(4): p. 209-223.

ElTanbouly, M.A. and R.J. Noelle, Rethinking peripheral T cell tolerance: checkpoints
across a T cell's journey. Nat Rev Immunol, 2021. 21(4): p. 257-267.

Pelosof, L.C. and D.E. Gerber, Paraneoplastic syndromes: an approach to diagnosis and
treatment. Mayo Clin Proc, 2010. 85(9): p. 838-54.

Mackall, C.L., M.S. Merchant, and T.J. Fry, Immune-based therapies for childhood cancer.
Nat Rev Clin Oncol, 2014. 11(12): p. 693-703.

Raskov, H., et al., Cytotoxic CD8(+) T cells in cancer and cancer immunotherapy. Br J
Cancer, 2021. 124(2): p. 359-367.

Pan, Y., et al., Tumor-Associated Macrophages in Tumor Immunity. Front Immunol, 2020.
11: p. 583084.

Gardner, A., A. de Mingo Pulido, and B. Ruffell, Dendritic Cells and Their Role in
Immunotherapy. Front Immunol, 2020. 11: p. 924.

Woeculek, S.K., et al., Dendritic cells in cancer immunology and immunotherapy. Nat Rev
Immunol, 2020. 20(1): p. 7-24.

Ahrends, T. and J. Borst, The opposing roles of CD4(+) T cells in anti-tumour immunity.
Immunology, 2018. 154(4): p. 582-92.

Facciabene, A., et al., Tumour hypoxia promotes tolerance and angiogenesis via CCL28
and T(reg) cells. Nature, 2011. 475(7355): p. 226-30.

Chen, D.S. and I. Mellman, Oncology meets immunology: the cancer-immunity cycle.
Immunity, 2013. 39(1): p. 1-10.

Doroshow, D.B., et al., PD-L1 as a biomarker of response to immune-checkpoint inhibitors.
Nat Rev Clin Oncol, 2021. 18(6): p. 345-362.

Brahmer, J., et al., Nivolumab versus Docetaxel in Advanced Squamous-Cell Non- Small-
Cell Lung Cancer. N Engl J Med, 2015. 373(2): p. 123-35.

Hellmann, M.D., et al., Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor
Mutational Burden. N Engl J Med, 2018. 378(22): p. 2093-2104.

Ledford, H., Cocktails for cancer with a measure of immunotherapy. Nature, 2016.
532(7598): p. 162-4.

Yost, K.E., et al., Clonal replacement of tumor-specific T cells following PD-1 blockade. Nat
Med, 2019. 25(8): p. 1251-1259.

Park, J.A. and N.V. Cheung, Targets and Antibody Formats for Immunotherapy of
Neuroblastoma. J Clin Oncol, 2020. 38(16): p. 1836-1848.

Fukushima, H., et al., Clinicopathological features of neuroblastic tumors with opsoclonus-
myoclonus-ataxia syndrome: Follicular structure predicts a better neurological outcome.
Pathol Int, 2017. 67(10): p. 503-509.

Brodeur, G.M., Spontaneous regression of neuroblastoma. Cell Tissue Res, 2018.
372(2): p. 277-286.

Wei, J.S., et al., Clinically Relevant Cytotoxic Immune Cell Signatures and Clonal
Expansion of T-Cell Receptors in High-Risk. Clin Cancer Res, 2018. 24(22): p. 5673- 5684.

Dondero, A., et al.,, PD-L1 expression in metastatic neuroblastoma as an additional

Page 99 of 105



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

mechanism for limiting immune surveillance. Oncoimmunology, 2016. 5(1): p. e1064578.

Cavalli, E., et al., Emerging Role of the Macrophage Migration Inhibitory Factor Family of
Cytokines in Neuroblastoma. Pathogenic Effectors and Novel Therapeutic Targets?
Molecules, 2020. 25(5).

Xu, Y., et al., Lenalidomide overcomes suppression of human natural killer cell anti- tumor
functions by neuroblastoma microenvironment-associated IL-6 and TGFB1. Cancer
Immunol Immunother, 2013. 62(10): p. 1637-48.

Soldati, R., et al., Neuroblastoma triggers an immunoevasive program involving galectin-1-
dependent modulation of T cell and dendritic cell compartments. Int J Cancer, 2012. 131(5):
p. 1131-41.

Morandi, F., et al., Human neuroblastoma cells trigger an immunosuppressive program in
monocytes by stimulating soluble HLA-G release. Cancer Res, 2007. 67(13): p. 6433-41.

Morandi, F., et al., Soluble HLA-G and HLA-E Levels in Bone Marrow Plasma Samples Are
Related to Disease Stage in Neuroblastoma Patients. J Immunol Res, 2016. 2016:
p. 7465741.

Semeraro, M., et al., Natural killer cell mediated immunosurveillance of pediatric
neuroblastoma. Oncoimmunology, 2015. 4(11): p. e1042202.

Vanichapol, T., et al., Secretory High-Mobility Group Box 1 Protein Affects Regulatory T Cell
Differentiation in Neuroblastoma Microenvironment In Vitro. J Oncol, 2018. 2018:
p. 7946021.

Mussai, F., et al., Neuroblastoma Arginase Activity Creates an Immunosuppressive
Microenvironment That Impairs Autologous and Engineered Immunity. Cancer Res, 2015.
75(15): p. 3043-53.

Melaiu, O., et al., PD-L1 is a therapeutic target of the Bromodomain inhibitor JQ1 and,
combined with HLA class |, a promising prognostic biomarker in neuroblastoma. Clin
Cancer Res, 2017.

Aoki, T., et al., Low Frequency of Programmed Death Ligand 1 Expression in Pediatric
Cancers. Pediatr Blood Cancer, 2016. 63(8): p. 1461-4.

Boes, M. and F. Meyer-Wentrup, TLR3 triggering regulates PD-L1 (CD274) expression in
human neuroblastoma cells. Cancer Lett, 2015. 361(1): p. 49-56.

Chowdhury, F., et al. PD-L1 and CD8+PD1+Iymphocytes exist as targets in the pediatric
tumor microenvironnement for immunomodulatory therapy. Oncolmmunology, 2015. 4, DOI:
10.1080/2162402X.2015.1029701.

Majzner, R.G., et al., Assessment of programmed death-ligand 1 expression and tumor-
associated immune cells in pediatric cancer tissues. Cancer, 2017. 123(19): p. 3807-3815.

Zuo, S., et al., Potential role of the PD-L1 expression and tumor-infiltrating lymphocytes on
neuroblastoma. Pediatr Surg Int, 2020. 36(2): p. 137-143.

Minard-Colin, V. Immune checkpoint-targeted antibodies: New immunotherapeutic
approaches in oncology and hematology. 2016. 4, 5-12.

Mao, Y., et al., Targeting Suppressive Myeloid Cells Potentiates Checkpoint Inhibitors to
Control Spontaneous Neuroblastoma. Clin Cancer Res, 2016. 22(15): p. 3849-59.

Siebert, N., et al., PD-1 blockade augments anti-neuroblastoma immune response induced
by anti-GD. Oncoimmunology, 2017. 6(10): p. €1343775.

Ehlert, K., et al.,, Nivolumab and dinutuximab beta in two patients with refractory
neuroblastoma. J Immunother Cancer, 2020. 8(1).

Srinivasan, P., et al., PD-L1 checkpoint inhibition and anti-CTLA-4 whole tumor cell
vaccination counter adaptive immune resistance: A mouse neuroblastoma model that
mimics human disease. PLoS Med, 2018. 15(1): p. €e1002497.

Semenza, G.L., Hypoxia-inducible factors: mediators of cancer progression and targets for

Page 100 of 105



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

cancer therapy. Trends Pharmacol Sci, 2012. 33(4): p. 207-14.

Semenza, G.L., Targeting HIF-1 for cancer therapy. Nat Rev Cancer, 2003. 3(10): p.
721-32.

Carroll, V.A. and M. Ashcroft, Targeting the molecular basis for tumour hypoxia. Expert Rev
Mol Med, 2005. 7(6): p. 1-16.

Mariani, C.J., et al., TET1-mediated hydroxymethylation facilitates hypoxic gene induction
in neuroblastoma. Cell Rep, 2014. 7(5): p. 1343-1352.

Westerlund, I., et al., Combined epigenetic and differentiation-based treatment inhibits
neuroblastoma tumor growth and links HIF2a to tumor suppression. Proc Natl Acad Sci U S
A, 2017. 114(30): p. E6137-e6146.

Li, T., et al., Epigenetic crosstalk between hypoxia and tumor driven by HIF regulation. J
Exp Clin Cancer Res, 2020. 39(1): p. 224.

Tolonen, J.P., et al., A long hypoxia-inducible factor 3 isoform 2 is a transcription activator
that regulates erythropoietin. Cell Mol Life Sci, 2020. 77(18): p. 3627-3642.

Xia, X., et al., Integrative analysis of HIF binding and transactivation reveals its role in
maintaining histone methylation homeostasis. Proc Natl Acad Sci U S A, 2009. 106(11):
p. 4260-5.

Schodel, J., et al., High-resolution genome-wide mapping of HIF-binding sites by ChIP- seq.
Blood, 2011. 117(23): p. €207-17.

Semenza, G.L., et al.,, Hypoxia-inducible nuclear factors bind to an enhancer element
located 3' to the human erythropoietin gene. Proc Natl Acad Sci U S A, 1991. 88(13):
p. 5680-4.

Semenza, G.L. and G.L. Wang, A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol Cell Biol, 1992. 12(12): p. 5447-54.

Wang, G.L. and G.L. Semenza, Characterization of hypoxia-inducible factor 1 and
regulation of DNA binding activity by hypoxia. J Biol Chem, 1993. 268(29): p. 21513-8.

Hu, C.J., et al., The N-terminal transactivation domain confers target gene specificity of
hypoxia-inducible factors HIF-1alpha and HIF-2alpha. Mol Biol Cell, 2007. 18(11): p.
4528-42.

Lau, K.W., et al.,, Target gene selectivity of hypoxia-inducible factor-alpha in renal
cancer cells is conveyed by post-DNA-binding mechanisms. Br J Cancer, 2007. 96(8):
p. 1284-92.

Morandi, F., et al.,, Novel Immunotherapeutic Approaches for Neuroblastoma and
Malignant Melanoma. J Immunol Res, 2018. 2018: p. 8097398.

Nagao, A., et al., HIF-1-Dependent Reprogramming of Glucose Metabolic Pathway of
Cancer Cells and Its Therapeutic Significance. Int J Mol Sci, 2019. 20(2).

Becker, H.M., Carbonic anhydrase IX and acid transport in cancer. Br J Cancer, 2020.
122(2): p. 157-167.

Peyssonnaux, C., et al.,, HIF-1alpha expression regulates the bactericidal capacity of
phagocytes. J Clin Invest, 2005. 115(7): p. 1806-15.

Doedens, A.L., et al., Hypoxia-inducible factors enhance the effector responses of CD8(+) T
cells to persistent antigen. Nat Immunol, 2013. 14(11): p. 1173-82.

Palazon, A., et al., An HIF-10/VEGF-A Axis in Cytotoxic T Cells Regulates Tumor
Progression. Cancer Cell, 2017. 32(5): p. 669-683.€e5.

Chouaib, S., et al.,, Hypoxic stress: obstacles and opportunities for innovative
immunotherapy of cancer. Oncogene, 2017. 36(4): p. 439-445.

Du, R., et al.,, HIF1alpha induces the recruitment of bone marrow-derived vascular

Page 101 of 105



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

modulatory cells to regulate tumor angiogenesis and invasion. Cancer Cell, 2008. 13(3): p.
206-20.

Palazon, A., et al., HIF transcription factors, inflammation, and immunity. Immunity, 2014.
41(4): p. 518-28.

Casazza, A, et al., Impeding macrophage entry into hypoxic tumor areas by Sema3A/Nrp1
signaling blockade inhibits angiogenesis and restores antitumor immunity. Cancer Cell,
2013. 24(6): p. 695-709.

Chaturvedi, P., et al., Hypoxia-inducible factor-dependent signaling between triple- negative
breast cancer cells and mesenchymal stem cells promotes macrophage recruitment. Proc
Natl Acad Sci U S A, 2014. 111(20): p. E2120-9.

Doedens, A.L., et al., Macrophage expression of hypoxia-inducible factor-1 alpha
suppresses T-cell function and promotes tumor progression. Cancer Res, 2010. 70(19): p.
7465-75.

Corzo, C.A.,, et al.,, HIF-1a regulates function and differentiation of myeloid-derived
suppressor cells in the tumor microenvironment. J Exp Med, 2010. 207(11): p. 2439- 53.

Samanta, D., et al., Chemotherapy induces enrichment of CD47(+)/CD73(+)/PDL1(+)
immune evasive triple-negative breast cancer cells. Proc Natl Acad Sci U S A, 2018.
115(6): p. E1239-e1248.

Chang, W.H. and A.G. Lai, The hypoxic tumour microenvironment: A safe haven for
immunosuppressive cells and a therapeutic barrier to overcome. Cancer Lett, 2020. 487: p.
34-44.

Mancino, A., et al., Divergent effects of hypoxia on dendritic cell functions. Blood, 2008.
112(9): p. 3723-34.

Kéhler, T., et al., Influence of hypoxia-inducible factor 1a on dendritic cell differentiation and
migration. Eur J Immunol, 2012. 42(5): p. 1226-36.

Flick, K., et al., Hypoxia-inducible factor 1 in dendritic cells is crucial for the activation of
protective regulatory T cells in murine colitis. Mucosal Immunol, 2016. 9(2): p. 379- 90.

Hammami, A., et al., IRF-5-Mediated Inflammation Limits CD8+ T Cell Expansion by
Inducing HIF-1a and Impairing Dendritic Cell Functions during Leishmania Infection. PLoS
Pathog, 2015. 11(6): p. €1004938.

Hammami, A., et al., HIF-1a hampers dendritic cell function and Th1 generation during
chronic visceral leishmaniasis. Sci Rep, 2018. 8(1): p. 3500.

Balsamo, M., et al., Hypoxia downregulates the expression of activating receptors involved
in NK-cell-mediated target cell killing without affecting ADCC. Eur J Immunol, 2013. 43(10):
p. 2756-64.

Berchem, G., et al., Hypoxic tumor-derived microvesicles negatively regulate NK cell
function by a mechanism involving TGF-f and miR23a transfer. Oncoimmunology, 2016.
5(4): p. e1062968.

Baginska, J., et al., Granzyme B degradation by autophagy decreases tumor cell
susceptibility to natural killer-mediated lysis under hypoxia. Proc Natl Acad Sci U S A, 2013.
110(43): p. 17450-5.

Cekic, C., et al., Myeloid expression of adenosine A2A receptor suppresses T and NK cell
responses in the solid tumor microenvironment. Cancer Res, 2014. 74(24): p. 7250- 9.

Huber, V., et al., Cancer acidity: An ultimate frontier of tumor immune escape and a novel
target of immunomodulation. Semin Cancer Biol, 2017. 43: p. 74-89.

Chang, C.H., et al., Metabolic Competition in the Tumor Microenvironment Is a Driver of
Cancer Progression. Cell, 2015. 162(6): p. 1229-41.

Ramapriyan, R., et al., Altered cancer metabolism in mechanisms of immunotherapy
resistance. Pharmacol Ther, 2019. 195: p. 162-171.

Page 102 of 105



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Manaster, Y., et al., Reduced CTL motility and activity in avascular tumor areas. Cancer
Immunol Immunother, 2019. 68(8): p. 1287-1301.

Clambey, E.T., et al., Hypoxia-inducible factor-1 alpha-dependent induction of FoxP3 drives
regulatory T-cell abundance and function during inflammatory hypoxia of the mucosa. Proc
Natl Acad Sci U S A, 2012. 109(41): p. E2784-93.

Dang, E.V., et al., Control of T(H)17/T(reg) balance by hypoxia-inducible factor 1. Cell, 2011.
146(5): p. 772-84.

Jogi, A., et al., Hypoxia alters gene expression in human neuroblastoma cells toward an
immature and neural crest-like phenotype. Proc Natl Acad Sci U S A, 2002. 99(10):
p. 7021-6.

Holmquist-Mengelbier, L., et al., Recruitment of HIF-1alpha and HIF-2alpha to common
target genes is differentially regulated in neuroblastoma: HIF-2alpha promotes an
aggressive phenotype. Cancer Cell, 2006. 10(5): p. 413-23.

Pietras, A., et al., High levels of HIF-2alpha highlight an immature neural crest-like
neuroblastoma cell cohort located in a perivascular niche. J Pathol, 2008. 214(4): p. 482-8.

Noguera, R., et al., HIF-1alpha and HIF-2alpha are differentially regulated in vivo in
neuroblastoma: high HIF-1alpha correlates negatively to advanced clinical stage and tumor
vascularization. Clin Cancer Res, 2009. 15(23): p. 7130-6.

Pietras, A., et al., HIF-2alpha maintains an undifferentiated state in neural crest-like human
neuroblastoma tumor-initiating cells. Proc Natl Acad Sci U S A, 2009. 106(39):
p. 16805-10.

Pietras, A., A.S. Johnsson, and S. Pahiman, The HIF-2a-driven pseudo-hypoxic phenotype
in tumor aggressiveness, differentiation, and vascularization. Curr Top Microbiol Immunol,
2010. 345: p. 1-20.

Qing, G., et al.,, Combinatorial regulation of neuroblastoma tumor progression by N- Myc
and hypoxia inducible factor HIF-1alpha. Cancer Res, 2010. 70(24): p. 10351-61.

Chen, B., et al., HIF1A expression correlates with increased tumor immune and stromal
signatures and aggressive phenotypes in human cancers. Cell Oncol (Dordr), 2020. 43(5):
p. 877-888.

Koh, M.Y., et al., Molecular mechanisms for the activity of PX-478, an antitumor inhibitor of
the hypoxia-inducible factor-1alpha. Mol Cancer Ther, 2008. 7(1): p. 90-100.

Masoud, G.N. and W. Li, HIF-1a pathway: role, regulation and intervention for cancer
therapy. Acta Pharm Sin B, 2015. 5(5): p. 378-89.

Han, G., et al., PT2385, a novel HIF-2a antagonist, combines with checkpoint inhibitor
antibodies to inhibit tumor growth in preclinical models by modulating myeloid cells and
enhancing T cell infiltration, in Proceedings of the 107th Annual Meeting of the American
Association for Cancer Research. 2016. p. Abstract nr 4022.

Wallace, E.M., et al., A Small-Molecule Antagonist of HIF2a Is Efficacious in Preclinical
Models of Renal Cell Carcinoma. Cancer Res, 2016. 76(18): p. 5491-500.

Cuvillier, O., The therapeutic potential of HIF-2 antagonism in renal cell carcinoma. Transl
Androl Urol, 2017. 6(1): p. 131-133.

Westerlund, 1., Y. Shi, and J. Holmberg, EPAS1/HIF2a correlates with features of low- risk
neuroblastoma and with adrenal chromaffin cell differentiation during sympathoadrenal
development. Biochem Biophys Res Commun, 2019. 508(4): p. 1233-1239.

Persson, C.U., et al., ARNT-dependent HIF-2 transcriptional activity is not sufficient to
regulate downstream target genes in neuroblastoma. Exp Cell Res, 2020. 388(2): p.
111845.

da Motta, L.L., et al., The BET inhibitor JQ1 selectively impairs tumour response to hypoxia
and downregulates CA9 and angiogenesis in triple negative breast cancer. Oncogene,
2017. 36(1): p. 122-132.

Page 103 of 105



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Jiménez, |., et al., Bromodomain and extraterminal protein inhibitors in pediatrics: A review
of the literature. Pediatr Blood Cancer, 2017. 64(5).

Puissant, A., et al., Targeting MYCN in neuroblastoma by BET bromodomain inhibition.
Cancer Discov, 2013. 3(3): p. 308-23.

Noman, M.Z. and S. Chouaib, Targeting hypoxia at the forefront of anticancer immune
responses. Oncoimmunology, 2014. 3(12): p. e954463.

Ruf, M., H. Moch, and P. Schraml, PD-L1 expression is regulated by hypoxia inducible factor
in clear cell renal cell carcinoma. Int J Cancer, 2016. 139(2): p. 396-403.

Bid, H.K. and S. Kerk, BET bromodomain inhibitor (JQ1) and tumor angiogenesis.
Oncoscience, 2016. 3(11-12): p. 316-317.

Jamin, Y., et al., Evaluation of clinically translatable MR imaging biomarkers of therapeutic
response in the TH-MYCN transgenic mouse model of neuroblastoma. Radiology, 2013.
266(1): p. 130-40.

Jamin, Y., et al., Intrinsic susceptibility MRI identifies tumors with ALKF1174L mutation in
genetically-engineered murine models of high-risk neuroblastoma. PLoS One, 2014. 9(3): p.
e92886.

Almeida, G.S., et al., Pre-clinical imaging of transgenic mouse models of neuroblastoma
using a dedicated 3-element solenoid coil on a clinical 3T platform. Br J Cancer, 2017.
117(6): p. 791-800.

Yin, M., et al., Potent BRD4 inhibitor suppresses cancer cell-macrophage interaction. Nat
Commun, 2020. 11(1): p. 1833.

Miyazaki, K., et al., Demonstration of the reproducibility of free-breathing diffusion-
weighted MRI and dynamic contrast enhanced MRI in children with solid tumours: a pilot
study. Eur Radiol, 2015. 25(9): p. 2641-50.

Yi, F., R. Jaffe, and E.V. Prochownik, The CCL6 chemokine is differentially regulated by c-
Myc and L-Myc, and promotes tumorigenesis and metastasis. Cancer Res, 2003. 63(11): p.
2923-32.

Walia, A., et al., Endostatin's emerging roles in angiogenesis, lymphangiogenesis, disease,
and clinical applications. Biochim Biophys Acta, 2015. 1850(12): p. 2422-38.

Turner, N. and R. Grose, Fibroblast growth factor signalling: from development to cancer.
Nat Rev Cancer, 2010. 10(2): p. 116-29.

Ricol, D., et al., Tumour suppressive properties of fibroblast growth factor receptor 2- lllb in
human bladder cancer. Oncogene, 1999. 18(51): p. 7234-43.

Labiano, S., et al., Hypoxia-induced soluble CD137 in malignant cells blocks CD137L-
costimulation as an immune escape mechanism. Oncoimmunology, 2016. 5(1): p.
e1062967.

Noman, M.Z., et al., CD47 is a direct target of SNAI1 and ZEB1 and its blockade activates
the phagocytosis of breast cancer cells undergoing EMT. Oncoimmunology, 2018. 7(4): p.
e1345415.

Noman, M.Z., et al., The immune checkpoint ligand PD-L1 is upregulated in EMT- activated
human breast cancer cells by a mechanism involving ZEB-1 and miR-200.
Oncoimmunology, 2017. 6(1): p. e1263412.

Pearson, A.D., et al., Implementation of mechanism of action biology-driven early drug
development for children with cancer. Eur J Cancer, 2016. 62: p. 124-31.

Webb, E.R., et al., Immune characterization of pre-clinical murine models of
neuroblastoma. Sci Rep, 2020. 10(1): p. 16695.

Chesler, L., et al., Malignant progression and blockade of angiogenesis in a murine
transgenic model of neuroblastoma. Cancer Res, 2007. 67(19): p. 9435-42.

Corallo, D., et al.,, Emerging Neuroblastoma 3D In Vitro Models for Pre-Clinical

Page 104 of 105



170.
171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Assessments. Front Immunol, 2020. 11: p. 584214.
Mohlin, S., et al., Hypoxia, pseudohypoxia and cellular differentiation. Exp Cell Res, 2017.

Fardin, P., et al., A biology-driven approach identifies the hypoxia gene signature as a
predictor of the outcome of neuroblastoma patients. Mol Cancer, 2010. 9: p. 185.

Applebaum, M.A., et al., Integrative genomics reveals hypoxia inducible genes that are
associated with a poor prognosis in neuroblastoma patients. Oncotarget, 2016. 7(47):
p. 76816-76826.

Ognibene, M., et al., Immunohistochemical analysis of PDK1, PHD3 and HIF-1a expression
defines the hypoxic status of neuroblastoma tumors. PLoS One, 2017. 12(11): p.
e0187206.

Dungwa, J.V., L.P. Hunt, and P. Ramani, Carbonic anhydrase IX up-regulation is associated
with adverse clinicopathologic and biologic factors in neuroblastomas. Hum Pathol, 2012.
43(10): p. 1651-60.

Ameis, H.M., et al., Carbonic anhydrase IX correlates with survival and is a potential
therapeutic target for neuroblastoma. J Enzyme Inhib Med Chem, 2016. 31(3): p. 404- 9.

Ameis, H.M., et al., Influence of hypoxia-dependent factors on the progression of
neuroblastoma. Pediatr Surg Int, 2016. 32(2): p. 187-92.

Bayat Mokhtari, R., et al., Combination therapy in combating cancer. Oncotarget, 2017.
8(23): p. 38022-38043.

Bid, H.K., et al., The Bromodomain BET Inhibitor JQ1 Suppresses Tumor Angiogenesis in
Models of Childhood Sarcoma. Mol Cancer Ther, 2016. 15(5): p. 1018-28.

Topalian, S.L., C.G. Drake, and D.M. Pardoll, Immune checkpoint blockade: a common
denominator approach to cancer therapy. Cancer Cell, 2015. 27(4): p. 450-61.

Hu, M., et al., The regulation of immune checkpoints by the hypoxic tumor
microenvironment. Peerd, 2021. 9: p. e11306.

Zhu, H., et al., BET Bromodomain Inhibition Promotes Anti-tumor Immunity by Suppressing
PD-L1 Expression. Cell Rep, 2016. 16(11): p. 2829-2837.

Rigo, V., et al., Combined immunotherapy with anti-PDL-1/PD-1 and anti-CD4 antibodies
cures syngeneic disseminated neuroblastoma. Sci Rep, 2017. 7(1): p. 14049.

Adeegbe, D.O., et al., BET Bromodomain Inhibition Cooperates with PD-1 Blockade to
Facilitate Antitumor Response in. Cancer Immunol Res, 2018. 6(10): p. 1234-1245.

Pan, Y., et al.,, Synergistic inhibition of pancreatic cancer with anti-PD-L1 and c-Myc
inhibitor JQ1. Oncoimmunology, 2019. 8(5): p. €1581529.

Pearson, A.D., et al., Bromodomain and extra-terminal inhibitors-A consensus prioritisation
after the Paediatric Strategy Forum for medicinal product development of epigenetic
modifiers in children-ACCELERATE. Eur J Cancer, 2021. 146: p. 115-124.

Page 105 of 105



	LIST OF ABBREVIATIONS
	SUMMARY
	INTRODUCTION
	1. Neuroblastoma: a pediatric heterogeneous tumor
	1.1 The etiology and origin of neuroblastoma
	1.2 Normal development of the sympathetic nervous system
	1.3 Genetic and epigenetic initial events leading to NB induction and progression
	1.3.1 MYCN: a main oncogenic driver in NB
	1.3.2 ALK
	1.3.3 Other rare mutations
	1.3.4 Segmental chromosomal aberrations (SCA)
	1.3.5 MicroRNAs (miRNAs) and NB
	1.3.6 Familial predisposition to NB

	1.4 Clinical presentation of the disease
	1.5 NB diagnosis
	1.6 Risk assessment and group classification
	1.7 Principles of NB therapy
	1.8 Murine models of neuroblastoma
	2. The complexity of tumorigenesis: the hallmarks of cancer

	2.1 Introduction to the hallmarks of cancer
	2.2 The hallmarks of cancer
	3. The immune system in cancer: the dual face, friend or foe

	3.1 Introduction to immunology
	3.2 The innate and adaptive immune system
	3.2.1 Immune system components
	3.2.2 Immune system activation
	1. Innate immune system activation: the example of NK cells activation
	2. Adaptive immune activation: the example of T cell-mediated immunity
	3. Central and peripheral tolerance, homeostasis and the role of immune
	checkpoints

	3.3 Immune system and cancer
	3.3.1 Introduction to the immunology of cancer
	3.3.2 Cancer immunoediting: three steps
	1. Elimination phase
	2. Equilibrium phase
	3. Escape phase
	3.3.3 TA and the recognition of cancer cells by the immune system
	3.3.4 The dual role of the immune system in cancer: a complex crosstalk between TME cells
	3.3.5 The PD-1/PD-L1 axis in cancer: anergy and exhaustion state of T cells and tumor immune escape

	3.4 Neuroblastoma, immunity and immune escape mechanisms
	3.4.1 Immunogenicity of NB and TA: the low mutational burden of NB
	3.4.2 The immune landscape of NB tumors
	3.4.3 Immune escape strategies in NB
	3.4.4 PD-1/PD-L1 axis in NB

	3.5 Immunotherapy in cancer
	3.5.1 Immunotherapeutic agents and immunotherapy in NB
	1. Vaccines
	2. Mabs
	3. Adoptive cellular therapies
	a) T-cell therapy
	b) NK-cell therapy
	4. Hypoxia in cancer

	4.1 HIFs family members and their regulation
	4.2 HIFs target genes and regulation of cancer progression mechanisms
	4.3 Hypoxia, HIFs and angiogenesis
	4.4 Hypoxia, HIFs and metabolic reprogramming
	4.5 Hypoxia, HIFs, immunosuppressive TME and cancer immune escape
	4.6 Hypoxia, HIFs and myeloid cells in cancer
	4.7 Hypoxia, HIFs and DCs in cancer
	4.8 Hypoxia, HIFs and TILs in cancer
	5. HIFs and hypoxia in NB

	5.1 HIFs inhibitors and combinatorial therapies

	SCOPE AND AIMS OF THE THESIS
	MATERIALS AND METHODS
	6. In vitro experiments
	6.1 Cell culture
	6.2 Protein extraction for western blotting
	6.3 RNA extraction and reverse transcription
	6.4 RT-qPCR
	7. In vivo experiments

	7.1 Transgenic TH-MYCN mouse model
	7.2 Magnetic Resonance Imaging (MRI)
	7.3 Data analysis and Statistics
	7.4 Western Blot on protein extracts from tumors
	7.5 Immunohistochemistry on tumors
	7.6 Cytokine/Chemokine profiling
	7.7 Fluorescence Activated Cell sorting (FACS) in vivo
	7.8 Survival curve
	7.9 Statistics

	RESULTS
	8. Article 1:
	The BET protein inhibitor JQ1 decreases hypoxia and improves the therapeutic benefit of anti-PD-1 in a high-risk neuroblastoma mouse model
	9. Additional Results
	9.1 DCE-MRI
	9.2 Expression of Cytokines/chemokines
	9.3 MYCN expression
	10. Article 2:
	Impact of hypoxic tumor microenvironment and tumor cell plasticity on the expression of immune checkpoints


	DISCUSSION
	CONCLUSION AND PERSPECTIVES
	ANNEX
	11. Book chapter:
	The Critical Role of Hypoxia in Tumor-Mediated Immunosuppression

	BIBLIOGRAPHY

