FromDepartment of Oncology and Pathology
Karolinska InstitutetStockholm Sweden

FROM NATURAL TO EXIMIOUS:
HARNESSING THE POWER OF NATURAL
KILLER CELLS AGAINST SOLID TUMORS

Ziging Chen

9

S¥A INJ”)\

S
g @ Karolinska
> Institutet

DK
Wy, NO 1‘6\Q

Stockholm2021



All previously published papers wereproduced with permission from the publisher.
Pubished by Karolinska Institutet.

Printed byUniversitetsservice UBB, 2021
© Ziqging Chen2021
ISBN 978-91-8016152-7









FROM NATURAL TO EXIMIOUS: HARNESSING THE
POWER OF NATURAL KILLER CELLS AGAINST

SOLID TUMORS

THESIS FOR DOCTORAL DEGREE (Ph.D.)

Bioclinicum J3:04 Torsten N Wiesel, Karolinska University Hospital, Stockholm

Friday, April 239, 2021 at 10:08m

Ziging Chen
A

Principal Supervisor:

Associate Prof. Andreas Lundqvist
Karolinska Institutet

Department of Oncology and Pathology

Co-supervisor(s):

Assistant Prof. Yumeng Mao
Uppsala University
Department of Immunology,
Genetic and Pathology

Assistant Prof. Diiaf Sarhan
Karolinska Institutet
Department of Laboratory Medicine

Opponent:

AssociateProf. Santiago Zelenay

The University of Manchester

Cancer Research UK Manchester Institute

Examination Board:

Prof. Susanne Gabrielsson
Karolinska Institutet
Departnent of MedicineSolna

AssociateProf. Di Yu
Uppsala University
Department of Immunology,
Genetics and Pathology

AssociateProf. Anna Martner
The University of Gothenburg
TIMM Laboratory, Sahlgrenska Cancer Cente






What dasnge the nature of a |
---Planescape: Torme






POPULAR SCIENCE SUMMARY OF THE THESIS

AWhich system is the most i mportant to main
D study. The answer varies between readecenomy, education, agricufe, transport
system, cul t ur eMilitarg,t &c . whMyc ha npsrweetre citss fit he peo
conflicts. A similar question happened to cdaodyas wel | . AWhi ch syst
i mportant to maintain youres,bacatig, fangus,Taged cellsh c e r |
stress, and cells with the mutation threatens our body. When | write my thesis, the-C®VID

has been spread worldwide for more than one year. Its spread has left national economies
counting the costslravel planshave ben put on hold and gatheringave transforred to
onlinemeetingsHow can we survive this pandemand who can we ask for helpBelieve
theanswerlis ourselves, specifically, our immune system

Most of us can still function properly and live life wititocconstantly being sick due to our

exquisite immune system, which works in a coordinated and synergistic way to exclude and
clearthose dangers. In brief, the innate assassins (Natural Killer cells) could sense and kill
transfor med A fhlseqeentlysend the smoKe signal (mgammatory cytokines),

which recruit special agents (myeloid cells), soldiers (T cells), and navy (B tellbg

battlefield Through the release of tons of explosive bombs (perforin, granzymes) or precision
gudedmissi | es (anti bodi es) jnvadeeand colkedt tde informiation t h o s
(antigen presentation), which facilitates the army respamsest h e 0 dinvadercorges
again(memory formation).

NK cells are born to be at the forefront of ttencefimmunity war. Emerging evidence has
been proved that higher intratumoral NK cell frequency correlated with better prognostic value
in solid tumors. In contrast, NK cells could barely be detected frorstage tumor patients.
Tumors use various tksto escape NK cell killinglike to beguile macrophage to immune
suppressive state and shed the surface identity, to create their unique ievad@@iche.

However, vefound thafi e x i mi o u spmeditly cytoléniedoddinfiltrate tumors more
thanothers. The chosen NK cells hold the promise to drive the canomunity cycle from
dysfunctional to normal.

The overall goal of this thesis is to understand how NK cell activity is regulated in solid tumors.
Studies in this t heexsiinsi ofucsdbashicoesisthtdemartoust vy i n (
immunosuppressivanechanisrg, including prostaglandin E2 (PGE3judy 1, reactive

oxidative species (ROStudy Il and regulatory T cells (Tre@tudy Ill .



ABSTRACT

Cancer heterogeneity, which enabtdsnal survival and treatment resistance, is shaped by
active immune responses. Unchallenged results from clinical trials show the power of
stimulating our immune system to attack tumor cells.

Engineered T cells and checkpoint blockade are at the foreffaurrent immunotherapy
strategies. Whereas our immune system includes a diverse range of effector cells, which could
directly or indirectly kill the target cells, and these immune cells must organize in a synergistic
way to overcome multiple immurevasion mechanisms and achieve complete tumor
eradication.

An essential type of effector cell is natural killer (NK) cell. These are cytotoxic innate
lymphocytes identified by their splendidpacityto kill virus-infected, stressed or transformed
cells. Ex vvo expanded NK cells used for hematological malignancies showed promising
results, associated with vivoNK cells expansion after infusion. However, due to the limited
growth factors in the tumor microenvironment (TME), infused NK cells undergo chamges
their phenotypand ability to survive.

The type | cytokine family members-B.and IL-15 play a pivotal roléo maintan homeostasis

of the innate and adaptive immunity. Endogenous levels ef9Lhave been linked with
sustained persistence of infudél{ cells. Thus, the secret for NK cell resistancéhmTME

could be uncovered by investigating-16 primed NK cells under various forms of
immunosuppressionn study |, we found that IE15 primed NK cells acquire resistance
against prostaglandin E2 (EG) mediated suppression by upregulation of phosphodiesterase
4A (PDE4A) in CD25CD54" NK cells. These CD2&D54" NK cells showed superior killing
capacity under the suppression of PGiE®itro (2D and 3D culture) anth vivo (zebrafish
model) experimentdn study Il , we demonstrated that upregulated mTOR pathway primed
by IL-15 lead to increased thiol density which protected not only NK cells but other
lymphocytes against ROS in tumor microenvironment.study Il , we showed that
upregulation of the 2 U r ecept or (CD25) i n NK cell s
competition of Il-:2 in the TME between Treg and NK cells.

In summary, this thesis provides mechanistic insights for #hw#orcell interaction and
elucidates the potential therapeutic approactdoresting”eximious” NK cells against solid
tumors.
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LIST OF ABBREVIATIONS

ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

ADCC Antibody-dependent celinediated cytotoxicity
Bcl2 B-cell lymphoma 2

BIKE/TriKE Bi- andTri-specific killer engagers

cAMP Cyclic adenosine monophosphate

CAR-T Chimeric antigen receptor T cell

CISH Cytokine-inducible SH2containing protein
COX-2 Cyclooxygenase 2

CREB CAMP response elemebtnding protein
CTLA-4 Cytotoxic T-lymphocyteassociated protein 4
EGFR Epidermal growth factor receptor

G-CSF Granulocyte colomgtimulating facto

GM-CSF Granulocytemacrophage colongtimulating factor
HER2 Human epidermal growth factor receptor 2
HLA-E Human leukocyte antiged

ICAM1 Intercellular adhesion molecule 1

IPSC Induced pluripotent stem cells

IRF Interferon regulatory factor

ITAM Immunoreceptor tyrosiAeased activation motif
ITIM Immunereceptor tyrosindvased inhibition motif
JAK Janus kinase

KIR Killer-cell immunoglobulirlike receptor

LAG-3 Lymphocyte ativation gene 3

LFA1 Leukocyte functiorassociated molecule 1
LUAD Lung adenocarcinoma

MDSCs Myeloid-derived suppressor cells

MHC-I Major histocompatibility complex 1

MICA/B MHC class | polypeptiderelated sequence A/B
mTOR Mechanistic target obpamycin

NCRs Natural Cytotoxicity Triggering Receptors

NF-a B Nuclear factor kapphaght-chainenhancer of activated B cell



NKG2D
NSCLC
PD-1
PD-L1/2
PDE4A
PGE2
PTGES
RAET1
ULBP
RCC
ROS
SCLC
SOX2
STAT
STING
TGFb
TIGIT
TILs
TIM-3
TME
TNFU
TRAIL
TXN1/2
TXNIP
TXNRD1
VEGF
VISTA

Natural killer group 2D

Non-small cell lung cancer

Programmed celtleath proteirl

Programmed deatigand 1/2
Phosphodiesterase 4A

Prostaglandi E2

Prostaglandin E synthase

Retinoic acid early transcripts

Unique long 16 (UL16)-binding protein

Renal cell carcinoma

Reactive oxidative species

Small cell lung cancer

Sex determining region Y box 2

Signal transducer and activator of transcription
Stimulator of interferon genes

Transforming growth factor beta

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

T-cell immmunoglobulin and mucin 3

Tumor microenvironment

Tumor Necrosis Factor alpha

Tumor necrosis fdor related apoptosisducing ligand
Thioredoxin 1/2

Thioredoxin Interacting Protein

Thioredoxin Reductase 1

Vascular endothelial growth factor

V-domain Igcontaining suppressor ofdell activation






“”'a"\‘""fi'\ Malural Filler Thl(]ll

nL°B1utcch0nolﬂg -

Toiel giofnehanalag;

Thiul 15

P[;..E)Thw JAK/STATS ‘PG

m.m.m,.

mm Thometab

LD,

Thiol

1 QTXNle

JARSSTATS

Ty o melr
Thiol Y156

26y
ROS TQT@L‘4

12 X
Wialouia Nubura] Biller Tonp JARSLALS

UMLm :
wiby  PP)E4A A0SR, ‘mmh

prjn,\ 11)25 Ty

mTﬂﬂ s R AT

“Thiol o isbulam RS mm .

S Vi
25 o TV
S Annhnd\ Tona

Nty (s _ (G4,
112 .

‘mlv

Tl
Thio

By Zrhmﬁ\]l T“F TOGA 5" Antibry
Blntechogllloll)(fv
v THMAR/STATS ™ 4TI

NIP 11 I\[]S
12 LA
112 Tow

w TOM Miluchouddia

lmmunnmétﬂhnhsm
— ? 15 = _| T
T\"!\'Il‘ s

chondria "y Zebrafish

Immunot herapv

llglllwu\ym cucyle: It iy “l'ﬂrl")l"lm

“Zebrafishiz k15 II
(54 .y
111 d ﬂse.r:[ { eI‘

Tlow evtometrs” AT
ancel- vnunC(J A [IlTDB

l’l‘ 2 D {mmunomelabolism -

Nad “Thinl Fiw eyt
R‘ ‘-]V‘IJ““} 1 5" - h l

Auibuly

Trelj

Mitfﬁﬁh""":?iﬂr“i

*The word cloudshows the keyvordsin thisthesis.Createdoy wordart.com

™ CD25
f L[]:\n (D34 P TN s lfmivf
! LUAD "‘“h”“‘z h f h

AH/STATF‘IL pj; JAR/STATS \Sv’lll_‘ﬁ',_]iﬂ:’:‘s”wy\

Lo

Tehrafish (‘J_u»] Natural Filler
iy E4A 7 100 TOGA Temm TOR TME
= lnimynot l [Py SOl
15 Wiab
PGE2 = Tmﬁ

el
it %I.P G4m0

ataholism s e

Thial ff s i )
E SATME oo
4Iu rlunw I-1 OR
- HDH Chs4 T
IlClIC

10s
vr

e TS TITAT)
T E1\IaturalJ‘I,{lller

i 304

Tl g N Vhludwndmhﬂ%i @ Thi

ancgn hio

ibody  Ineucyte

Nmm\ Fiiller ()05

h ndrias

Naturdl Iﬁllebﬂf.ﬁil

! ! lal
nmmlln 1 Tieg: Immun B
nh -
mmn S
o

lumuumlhuam zph.ﬂrgh PDE4R
OW CcyloimeLry s

Imnnm omerahofism

TXNI

neers:

o Aﬁ%i bﬂnrﬂ[l
VHH‘
i mm

LIwM.T LUAD 05 025 PI)EAA i
3 ’ f\luwﬂmnlﬂum
(%98 I “1 teTie

Mitochotidria & CD54'%¢E

it T
suibul W Thiol Wt o2

i 1)
Luah i, - P(‘Eiz
i or o o s o, AN

2 TegA TXNIP e cizs

GD25 Niuturad Bilermnm Dnnitiaostubuliw o






1 INTRODUCTION

1.1 Cancer

Canceris characterized byhe limitless proliferation of mutatedcells with the ability to
metastasize throughtthe bodyAs aheterogeneous dis&acancer patients normally carries
various genetic driver mutatiomeghich makes treating cancer extremely difficult and &tad
resistance ttraditionaltherapeutic agen(q).

The clonal selection motlsuggests thatubsequentiahutationsgained by tumor cellsver

time lead to theselectionof fffitter celld that continue to grow and take over the turf@r

With the help of modern RNAequeacetechnologyt he @A Bi g Bang model 0 ¢
some tumors, mutations ocdarthe initial stagevhen tumors aremaller which could not be
detecedand targetising traditional treatmei8, 4) (Figure 1).

Time
—_—
Sustaining Evading
proliferation growth
o— o ° signaling suppressors

Avoiding
immune
destruction

Deregulating
cellular

e e e e” — energetics

Normal Subclone Subclone Subclone Subclone

1 2 3 4 )
; 4 : ‘ Resisting Enabling
‘ : cell death replicative
immortality

Genome
instability &

Tumor-
promoting

o @

mutation inflammation
Healthy ’ N
Inducing Activating
Early stago angiogenesis invasion &
metastasis
Tumor progression Late stage

>

Figure 1. The Big Bang model of cancer development (left panel) and the ten hallmarks of cancer (rightipdifiejl
from Hanahan and Weinber@ell. 2011 Mar 4;144(5):6484.

In 2011, Hanahan and Weinberg updated therhatksof cancerto includetwo additional
immunerelated featuresi "tumorpromoting inflammatioh and "avoiding immune
destructiofi demonstrateshe profound linkbetween tumor cells and immune systéh

(Figure 1). In 2018 The Nobel Prize in Physiology or Medicim&as honoredto James P.

Allison and Tasuku Honjdor fitheir discovery of cancer therapy by inhibition of negative
immune regulatio® Based on their discoventhe checkpoint blockadgsroved to be

strikingly effective inmultiple clinical trials which givesus confidenceto cleart he 6 e n e my
(t umorbyasadgours o 0 (eEmmumg cellsp



1.2 Immunotherapy

Cancer immunotherapyg a form of treatment
that uses thability of the immune system t¢ B0x- 1Various categories immunotherapy
fight cancer. Inmunotherampntainsmultiple  cyiokine: Cytokines aresecreted proteins wdti
strategiesuch as) trainthe immune system tC provide signal toregulate cellular maturation
recognize andill tumorcells ii) systematically growth, and differentiation.

stimulate the immune systemto help them
eliminate canceiii) provide components tc
improveimmune responses

Oncolytic Virus: The antitumor effect of
oncolytic viruses acts by directly infecting ar
lysing tumor cells and simultaneouslystimulate
Various forms are included in cance 1€ Immune system agaise wumor.
immunotherapy, such ascancer vaccines. cancer Vaccine Vaccines work by exposing
tumorspecific antibodies, oncolytic viruses, individualsto a weakened or inactivated version
immunemodulatory cytokines immune tumor specific antigen

checkpoint inhibitorandadoptive cell transfer

(6, 7)(Figure 2, Box 1). Immunotherapies are a formiofl inge r usipagtheytake advantage
from living organismsa fight cancer(8). Certainimmunotherajes usegene editing method
to enhanceheir cancesfighting ability (9). Many immunotherapy tréaentsarealso used in
combination withconventional cancer therapies sucheaaBation surgerytargeted therapies
or chemotherapy to improve their effectiveness

CART
CARNK

Cell therapy
0

Vaccines Cytokines
Gardasil 9 IL-2 121
gp100 IFNa  IFN-y
HER-2 IL-15
NY-ESO-1 IL-10
mesothelin
MART-1
Oncolytic Checkpoint
virus inhibitors
Rigvir Anti-PD-1
H101 Anti-CTLA-4
T-VEC Anti-TIGIT
Anti-Tim3

Figure 2. Five categories of cancer immunotherapy: Cell based therapy, cytokines, éhiechpbitor, oncolytic virus and
cancer vaccine. Potential therapeutic targetFDA approvedreatmentglabeled with redpre listed under each category.
CAR T/NK- chimeric antigen receptor T/NK cell;42,i nt e r | e u,knterferor2 glphat Fr{ll,\lpﬁjogrammed celtleath
protein 1; CTLA4 cytotoxic Tlymphocyteassociated protein 4; TIGIT cell immunoreceptor with Ig and ITIM domains;
Tim3, T cell immunoglobulin and mucin domadontaining protein 3gp10Q glycoprotein 100HER-2, human epidermal
growth factor receptor 2NY-ESO1, New York esophageal squamous cell carcinomMART-1, melanoma antigen
recognized by T cells. Created with BioRender.com

1.2.1 Checkpoint Inhibitors

Theimmune system withne-tunedf unct i on of i t shlityitmeootolthe er y 0 h
level of the immune responseagainstforeign and selantigens.fi Over heati ngo i mr
reactioncould be suppressed by immune checkpairtt i ch si mi |l ar t o fAbreak

system(10). Antibodestargetedat thesecheckpoing canblock the effector cellsbrake and
unleash the immune systemfight againstumorcells.



One of he most wellstudiedimmune checkpoint ithe cytotoxic T-lymphocyteassociated
protein 4 (CTLA4), whichis expressed at high levels activatedand regulatoryl' cells
Throughbinding to CD80/86 with ahigheraffinity compared wittCD28 negative signak
transduced t@reventi o v e r h e a t (11h). d\dotheF checkpbiniscalled programmed
cell-death protein 1 (PR) which isexpressed on &r NK cells and its ligands programmed
cell-death 1 ligand 1 (PIR1) and/or PBL2 which arenormallyexpressed otumorcells.The
ligation of PD-L1/PD-L2 and PD1 leads to inhibition of ind NKcell function.In 2019, here
were 2975 active clinical trialsto test PD1/PD-L1 monoclonal antibodyalone or in
combination with othetherapeutic reagen{s2, 13)

The efficiency of checkpoint blockadeparticularly documented in melanoma patieffitse
efficacy of sindge-agent PBL inhibitorin patients with advanced melanoowuld react83%
to 45% overall survivalBy combininganttPD-1 andanti-CTLA-4, the response rate could
improve from19% (single CTLA4), or 43.7%single PD1) to 58%(14, 15)

Recently,the combination of theanti-PD-1 andant-CTLA-4 therapydemonstrated durable
and longterm clinical responsetn NSCLC patients (phase Ill, Checkm&27). At three
years, th@verallsurvival rate was 33 and pércenfor patients with PEL1-positive and PB
L1-negative tumors, respectivelgpmpared with22 and 15 percent fgolatinumdoublet
chemotherapyl6). Furthermore, gtients with advanced stages of bladdéCT02603433%,
kidney(17), smalkcell lung cancer (SCLQ)L8), microsatellite instability (MSHhigh cancers
(19) as well as melanoma have resgded well to immunotherapyromising results from
clinical trials leads tseveral checkpoint immunotherapies foultiple cancers become the
standard of carm some case20).

However,two major questions for checkpoint inhibitors gstiled tdboeansweed One is that
nearlyapproximately 5% of patients do not achieve significatinical responsganother is
thata substantial proportion of resporgieill have atumor relapse withitwo years(21-24).
Collective dforts have been put to decipher tiesistance mechanisms to immune checkpoint
inhibitors Tumor cells take advantage of TME to lim#céll activation, tumor infiltration
partly explained these resistance mechan{@s)sForinstancelFN-0 s i gnalcentta pl ay
role in T-cell mediated antitumor immunityy upregulating MHG molecule, IFNo could
promote tumor antigen presentation, which could further facilii@s and NK cells
activation, and inhibit tumor cell proliferatioDecreaseaexpressiomf IFN related genes have
been identified in Ipilimumaipefractory melanoma patients. Specificalhss ofinterferon
gamma receptor 1 (IFNGR1), IFNGRAd interferon regulatory factor 1 (IRR@)tumor cells
leads taresistance to ar€CTLA-4 antibody(26).

A documented mechanism of acquired resistance to immune checkpoint therapy is the
upregulation of other immune checkpoints on T céljson the gained knowledge of turnor
resistance mechanisrantbodies targeting such alternative immune checkpoints have been
developed including antibodies againgtcell immunoglobulin and mucin 3 (TIA8) (27, 28)
lymphocyte activation gene 3 (LAG) (29, 30) V-domain lgcontaining suppressor otdell
activation (VISTA)(31), CD47(32, 33)andT-cell immunoreceptor with Ig and ITIM domains
(TIGIT) (34, 35)



Otherresistancenechanisms ammune checkpoinhhibitor have also been identifiedich as
the presence ammunosuppressive cykmes( T G F 610) and lotherimmunoregulatory
factors(e.g. aenosine, PGEZ)resentvithin TME (36). Putative therapeutic strategies will be
boostedy regainedunderstandinffom ongoing clinical and bastmceimmunologystudies.

1.2.2 Cell-based therapy

Cell-basedmmunotherapy is a treatmethiatbuilds on harvestingnmune effector cells such
asT or NK cells andstimulatingtheseex vivoand then transfdsackto the cancerpatiens
(Figure 3). The differences among categories depend on either source of ttereftdls or
the way to arm effector cells durieg vivoexpansion.

Cell therapy workflow

\\ @ Harvest peripheral

blood from patient
i

\r healthy donor

ﬁ)®

Transfer expanded <

TorNKcellsback &
to patient \

e
== T/ NK cell Isolate T cells

Expanded T or A or NK cells

NK cells

®

ToANee -

Gene editing %%

T or NK cells
expansion

Cytokines .

Figure 3. The generalorkflow for cell therapy includes 4 steps: harvest peripheral blood, isolate the effectaexcelis
manipulate effector cells expansion by either cytokimegene editing method, and transfer expanded effector cells to patients.
The graph is created by using Biorender.

1.2.2.1 Tumorinfiltrating lymphocyte therapy

The success of employingumorinfiltrating

lymphocyteqTILS) to treatmetastatic melanome
was achieved by Rosenberg's tearm the late
198G (37). IL-2 was used not onljo ex vivo
expand TILs isolated froma cancer patient, bul
also as cytokine suppodf infused TILs. The
objective response rate was 3#¥86 melanoma

Box. 2 Neoantigens

Unique atigensthat arenot expressed by self
tissues under normal conditions that manifes
the context of patHogy. In tumor cells these
could be altered proteins/peptides encoded
mutated genes.

patients however, theshort median duration

(only 4 monthsiand few complete resporssiead to hesitation for using TILs as a therapeutic
reagentHowever, thanks to the next generation of Higloughput technologig¢ke screening
and enricimentof neoantigenspecific TILs (Box 2) is achieved in metastatic breast cancer
patienty38). Furthermore, knockdown of a JAK/STAT signaling negative regulator of CISH
shown to boost the arttimoral response of TILs therapy in ause model (39). Other



innovativetargetd¢o enhanceffectorcells activity may allow for anore promisingreatments
to be developed.

1.2.2.2 Chimeric antigen receptor cell therapy

Due tothatsynthetic chimeric antigeneceptor (CAR) recognizes target molecuienalignant
cells, CAR T cells could by pass MHC restriction and direct kill the target Taksclinical
success of CAR T cell therapy for the treatmerig oéll acutelymphoblastic leukemigALL)
(40), chronic lymphocytic leukemia(41), nonHodgkin lymphoma(42) is due, in part, to
targeting the CD19, apecific antigenthat hashigh surface expression in certain B cell
malignancies In addition to directlykill target cells CAR T cells can alsweform the
inhospitableTME and revive exhausted T ce{$3). Forinstancethe suppression ohyeloid
cells and regulatory Tcellsin the TME could be overame byCAR T cells engineeretb
producelL-12, which could alsgpromote CD8T cell cytolytic activity and enhance myeloid
cell recruitment and antigen presentat{dd, 45) Despite thehurdleswithin TME in solid
tumor, with current successfGIAR T cellsimmunotherapyor B cell malignanciest will be
interestingo continueand expandesearch on this new treatmsirategy

1.2.2.3 EngineeredlCRT celltheragpy

Not all patients haveniqueT cells that recognize tumaintigen One of the reasons is that
these T cells may not l@ble tobe primedand expanded to sufficient numbéos adoptive

cell transfer(46). To ovecome this, engineered TCR T cells therapy has been developed to
encode receptors that recognize tusgecific antigen§ 7). Prolonged survival and migration

to thetumor site could bachieved byencodingcytokinesinto engineered TCR T cel(g8).

TCR-T cells recognizinghe tumor antigetNY-ESQO-1 have been used to treat patients with
advancedmelanomawhich canresult in durablecomplete responsg49). Personalcancer
medicine could be one of tifigturedirectionsfor TCR T cells. Byallowingdesignanfir i ght o
target f or e amdhse gidirctiresaurced sf T ¢€lsimaells) to engineer, the
therapeutic benefits coudrffer patients with greater hope.

1.2.2.4 Natural killer cell therapy

NK cells recognize tumor cells by mechanisthafrely on a set of stimulatory and inhibitory
reeptors. These recepsaran sense whethenaarbycell expresses a profile of corresponding

ligands associated with oncogenic transformation leading to N& aetivation and killing

(50). Due tothelack surface T cell receptorslK cellshave been shown tmot cause graft

versushost disease3vHD, Box 3) (51). ThusNK cellsh ol d pr omittegehakf @nc éb
therapy product, which can be prepared in advaaid, injectedon demand to multiple

recipients Emerging data showan essentialrole of tumorinfiltrating NK cells to govern
immunotherpy responsés2).



Accor di ng t o t he princ’ ' ’ ' "'ng sel
recognition (53-55), NK cells recognize target cell Box.3GvHD, GvL

that do not gxpress MHC cla§s .I molecules. yTt In Graft versus host disea¢@vHD), the

expressa seriesof cell surface inhibitory receptors . ... bone marrow or peripheral blo

which is killercdl immunoglobulinlike receptor ¢ em cells view t

(KIR) family that recognizenajor histocompatibility foreign, and the donated t=bone

complex I MHC-I) on target cells(56), and the marrow attack the body.

NKG2A/CD94heterodimefor HLA-E moleculg57). _ _
Graft-versusleukemia (GvL) reaction

The implementationof NK cell transferwas spurred — describeshe ability of immune cellsom

onbased on beneficial effects of NK cell alloreactivi the donotto attackhost leukemic cells

in the setting of allogeneichematopoietic cell

transplantatiorfallo-HCT) (58). Alloreactivity of NK cells aretriggered by mismata@dKIRs

on NK donor cellsandMHC-I on recipient cellsAlloreactions mediated byismatchedNK

cellshas been shown to elimindéeikemia through graftersusleukemia GvL , Box3) effect

Furthermore, alloreactive NK cells caromote engraftment througdlepleing recipient T cells

and protect against grafersushost disease (GvHDHost NK cells can also targescipient
antigenpresenting celland thereby also limit GvBI reactiong59, 60) However, host Treg

cells maintainand expanceffectively when IL-2 is administered after NK cell transfer in

ovarian cancemreast cancer and refractory lympho(6d, 62) The cytolytic ability of NK
cellsimpairedbye x panded Tr eg t h awudapivatidh@Hdzal 2 68, r et i o n
64). Miller and colleagueemployeda Treg depletiormethod usingL-2 diphtheria toxin

together withadoptive NK cells transfer. This combinéion strategyimproved complete
responseateatday2§ 53 % ver sus 21 %,; -frdesurvivalait.6@@nhg383% d di s e ¢
versus 5%; P < 065%1) for AML patients

Low NK-cell infiltration in solid tumorsewealsthatthe tumor microenvironmemight grab
the key to uncovenow to increase NK cell persisten@s). The mechanisnof primary and
secondary resistance tancerimmunotherapy arenanifold deriving not onlyfrom the
intrinsic heterogeneityf cancer cellbut also from théntricateinterplay betweetumor cells
andtheir surrounding ME (67).

1.3 Tumor microenvironment i The real battle field

As discussed previouslgancer progression is naly determined byriver mutatiorbut also
by the surroundingnvironmenbr cells This environmenprovides critical factorsto interfere
with immune surveillanceand therebyromote cancermprogressiorand tumor dissemination
(Figure 4).

Solid tumors comprisef malignantcells as well asvascular endothelial cellspast cells,
fibroblast cellsT cells, B cellsandseveral other cellular componsmfinnateimmune system
includingneutrophils, eosinophils, macrophage, NK céiisaddition, the TME constitutes of
severakextracellular solubléactors such asormoneschemotactic factomndcytokines The
TME also includes specialized cellularbsetsincluding myeloid-derived suppressor cells
(MDSCs) tumorassociated macrophages (TAMS), and regulatory T (Treg)68)idt is also
characterized by alterguH levels, nutrienbalancgglucose and fatty acigstc.), metabolites,



andoxygenlevels(69-72). Interestingly recent studies proved that bacterium faimgjuscould
benefit tmor growth(73, 74) This unique TME provides essential nutriestgvival signals
and simultaneously suppresses immune surveillanogether contributing to tumor
progression and metastasis.

b NK cell
Cancer cells
[ )

Macrophage
Lo N

Blood vessel

Treg cell

Figure 4. An ovewiew of different cell types within theimor microenvironmenBeveral immune cells together with cancer
associated cells contained in TME surrounding by suppressive factors (PGE2 and RQ$parcaFassociated fibroblast,
ECM, extracellular matrixThegraph is created by using Biorender.

fiHot O andMEACol do

The understanding athe differential composition
of immune cellsn TME is needed, which had
great impact on the responsesf various

immunotherapiesMoreover, the organization o
immune cellsin TME could change among
different patients Thus, mapping the distribution
of immunecell infiltrates and their functional stat
IS important in terms oévaluation and the desigl
of therapieg75, 76) Here, Ipresent a summary o
recent novel technologies that might help us g
new insights for TMEBoOX 4).

The TME canbe crudelyclassifiedascold or hot,
where a cold andot TME is characterized by lov
and high frequency of T cell infiltratiofY7). Cold
tumors aresometimes alsdescribedasfi i mmu
desers. (v8). In generalpatients withhot tumors
has been found to respond better to immt
checkpoint therapy witlantrprogrammed deatt
ligand (PD-L)1/PD-1 (79).

Box. 4 Technologies for TME

Single cell RNAseq nextgeneration
sequencing technologies appliedsiogle cell

level which provide high resolution of cellule
differences within sample.

Spatially resolved singlecell RNA-seq A
new technologydriven field inwhich single
cell genomicdatais derivedfrom tissues by
meando preservespatialinformation

Expansion microscopy biological sample
magnified smoothly and isotropically b
swellable polyelectrolyte hydrogel wher
molecules in a diffractiofimited region are
separated in space to greater distances,
can therefore be resolved by convention
diffraction-limited microscopes

Assembloids assembly of multiple organoid
structures to gaideeper insights into tissue
function.



There are sever al factors in the tumor site t
contribute to the failure of immunotherapycludingbut not limit toprostaglandin E2
(PGEZ2), reactie oxidative species (RO3nd regulatory T cells.

1.3.1 PGE2

Several soluble factors produced by tumor cells or teemeociated cells shape the tumor
microenvironment and inhibit the function of tumbfiltrating cytotoxic lymphocytes. One
such soluble factas prostaglandin E2 (PGERnown asa bioactive lipid that eliciteultiple
biological effects associated with inflammat{@d, 81) PGE2 can be produced from different
type of cells, for example, stressed newptils, fibroblasts, macrophage, MDSCs and Treg
cells. The arachidonic acid (AA) mobilized by phospholipas€PAZA\) family to cytoplasm,
where cyclooxygenases take responstisleconvert AA into prostaglandin H2. Finally,
prostaglandin EynthasdransferPGH2 to the final formatior- PGE2(82).

By binding toprostaglandin Egeceptos (EP t4), whichbelongto G proteircoupled receptor
(GPCR) family PGE2 turns the outside signals viacyclic adenosine monophosphat&MP-

CREB axis(83). As one of the major immunosuppressive factorsjftammatory PGE2 is
acritical mediator in the crosstalk between tumor epithelial cells and their surrounding immune
cells n establishing an immunosuppressive tumor microenviron(@ént

Multifaceted roles of PGE2 has been discussed in cancer progression-iAlapnmatory

factors, PGE2 originally discovered tmromote the tissue influx ofmacophagesand
neutrophil§rom bloodstream leading to swelling at the site of infeatiolamaged tissu@b,

86). However, PGE2 also govermnumber of mechanisms that regulate inflammation and
subsequent tissueepair (87, 88) One important effect of PGE2 is to directly inhibit the

synthesis of IE2 and the expression of the-Breceptor in Th cell@9, 90) Moreover, PGE2

suppess anttumor activity of NK cells and cytotoxic T cells, partly by devegulating

cytokine receptor expressiddl, 92) Our recent results showed that PGE2 can indirectly
downregulate NK cell activity by increa TGFb pr oducti on in myel oi d c
cells (MDSQ) (93).

1.3.2 ROS

The release of ROS by the host immune system is a natural mechanism for effector cells like
macrophages and neutrophils to respond to patie®4). ROS function as important
messenger molecules that canimicacellularlythroughthemitochondrig95). ROS contribute

to tumorigenesis by affect multiple prospect such as cell proliferation, genustability,
inflammation and metabolic reprogrammif®®). Despite the intrinsic molecular mechanism,
another way for ROS to achieve the promotor role in tumor pgsge is through immune
suppressio@7, 98) Due to their reactivenessells have multiple mechanisms to maintain the
homeostasis of ROS suchsasivenging systems of thioredoxin and glutath{©9¢

The tumor nicroenvironment iknownto be rich in ROSTumor beguilectells, for example,
tumorassociateanacrophageneutrophilsand MDSCscan releasenassiveamountof ROS

(100, 101) Upon exposure to RO$mphocytedike T effector cells and NK cells loskeir

antktumor activity
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1.3.3 Treg-induced suppression

As a master regulatoin our immune system,egulatory T cells (Tregs)identified as
CD4'CD25Foxp3 cells, play crucial roles irmaintaining homeostasaf tumor immunity
(102). Tregs can also suppress the function of immune effector cells thipugtokine
deprivation ii) secretion oimmunosuppressiveytokinessuch asT G F b 510, IL-B5; iii)
direct cytolysisiv) cell-cell contact ligation (CTLA4CD80/CD86§103)

Lately, reinvigorated efforts have been made to describe the suppressive mechanisms through
'metabolic disruption.’ A longtanding discussion in the Tregll field isif the high expression

of CD25 enables Treg cells to take advantage of localdhdthereby starvactivated effector

T cells or NK cells by consuming the-B(104) A study showedaytokine (specifically 1E2)-
deprivatioamediated apdpsisinduced by Treg cells might contributesté ¢ o | d ¢105)f ME

Promising results have been show combine checkpoint blockade with CDZEeg
depleting antibody106) By usinga fucosylatedantrhuman CD25 antibody, efficient Treg
depletion with no overt immunelated toxicities was observed in both nonhuman primates
and humanized mouse model. Strikingbmngle dose of anmCD25 induced a 52% CR
Administrationof asecond dose led to a 70% CR in MCA2@&&ring micg107)

Depletion ofmetabolits in ahypoxic TME leads to dysfunction of infiltrated effector cells.
McLane et al. showed Treg could upregulate the metabgisthway related to lactic acid
whichmake Treg more tolerated in lactic acid enriched TME. By kingakut the key lactate
transportegene, MCTL, they found that the MCT1 is required for maintaining Treg function
in TME, but not in peripheral blood. Thuthe metabolic adaption of Treg could furthermore
help tumor cells to avoid immune destruc{itioB)

1.4 NKcellsT The assassins
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Figure 5. Different mechanisms of NK cell kilingADCC, antibodydependent celinediated cytotoxicity TRAIL, TNF-
related apoptosimducing ligand TRAILR, TRAIL receptor The graph is created by using Biorender.

In the mid1970s, NK cells were first identifieak a lymphocyte subpopulatioith theahlity
to kill transformed cells wihout prior sensitizatiolL09, 110) NK cells and other lymphoid
cells originate from the same common lymphoid progenitor détis.type | cytokinelL-15,
has been found to be important to drive the developarmehtnaturation of NK cellg11)
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Donna et al generate the higdsolution map of human tissdeiven NK cells across ag
blood, NK cells comprise pproximately 218% of the total leucocyte pool. In othéssues
such aBM, spleen, and lund\K cell frequency can be as high596of total lymphocytes.
NK cells are broadly classified as CO%8' or CD56'™ cells wherethe CD58™ NK cell
population dominates inlood whereathe CD56"" are often obseed at higher frequencies
within tissueg112)

NK cells as the frontline armyerform complementary roles an earlier immune response

against viruses and tumorspproximately90% of NK cells inthe blood areCD56"™ which

respoml directly toinfection or cancer througintibodydependent celinediated cytotoxicity

(ADCC),| FNo, perforin, gr&guepnd3) CE8YINK cetsr TRAI L
occupy nearly10% ofblood NK cells and they participate cytokines e cr et i ng | FNo,
G-CSF, GMCSF, and IE3, which are generally delivered in late (>16 hours) inflammatory
respons€l14) Activation of NK cellsarearranged by a suite of activating;stimulatory and

inhibitory receptorsAnalogous to an assassin pulling the triggeagiun, target cell lysis

occurs when the agtiting signalkill) dominates the inhibitory signétot kill) (115)

1.4.1 To kill or not to kill: NK cell recognition and signal balance

Figure 6. Examples of etivating and inhibitoryreceptors and ligands NK cells Cytokine receptors (top) and suppressive

factor receptors (bottom) are shown on human NK cells. Inhibitory receptors and activatiigresare shown on the left and

right side respectivel y, -sidiindh cTdwel &kitlrldmsgd wee itsh e ns idgercad Id efd
receptors and their ligands (in parentheses) are depicted in this Bidpivi-1, DNAX accessorymoleculel, CFR

Complement factor P, LK, leukocyte immunoglobulifike receptor 1, A2ARadenosine A2A receptdfhe graph is created

by using Biorender.

The joint signals from a suite of activatingstimulatory and inhibitory receptors determine
whether arengagectell iskilled or not Figure 6). The activation signak transduced from
engaged receptor via intracellular immunoreceptor tyrdsased activation motifs (ITAMs)
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