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Abstract

HCC is the third most |l et hal cancer and
worl dwi de. Emerging trends in immunotherap
and better patient survival, have revol ut
Despite nadvhaenrcaepse uiti ¢ strategies, the | ow r

inhibitors (I Cl) remaias$s mgmemae¢oor burtdher e ni

need to study t hga mmeucnhea neivsanssi oonf. cancer

Kinase inhibitors are a popul alrhet rfeoactunse notf
kinase inhibitors has recently shifted fr
proliferation to pathways related to |1 mmun

studies have reported the role dhekehases i
we hypothesized that ki ntassmori nihmrbunte rrse syoaun
HCCUsingna@RVS8PR knockout screenidd5approa
cel nsducad wi-gdolae &k ilniobnrtear y iwitlod tiynpneu n(oVeTo)m
mi @aend | mmunodefO cmisesnet iRdaggnlt i fi ed protein K
i mmune modul @tiahl i nheéelCfrotein kinases i det
Like Kinase 1) showed the -mbStcealilgsnniwiitchanw
knockout depl eted in i mmunocompetent mi c e .
HCC was confirmedAbyHG@nahgsGEOoLOoOREGt s, S
overexpression of MopNEKEI promoHEE paodi ept s.

Tl DE -bwaesbed t ool suggested that MINK1 over ex

witbaelll dysfunction in patients with HCC.
MI NK1 i n HCC, subcutaneous mohsaee mbeehs
devel Wpedbserved t umor gr owt h i n I mmunoc

i mmunodeficient mi c e, in Minkl knockout mo |



We further elucidated t he mechani sms by
environment in HCC by a Minkl overexpress

sequencing analysis, we 0 brseelravteedd ema ti hcvharmyesn

nfl ammat b-6gndsafcdtioor saddi ti on to the downre

inked to T cell s, suggesting that Mi nk1l o

et wor ks associ ated wi t h i mMmmune mi croenvi

>

nfl ammatory resposnsoe . it mEiumkols uppneasssbuee T

evidenced by a"Tr ecdeulcltsi ommndi na ChDBbst anti al [

nfiltration in our Mi nkl overcedpgr eBNA 0N

sequenci msgeq()sccPNAain comprehensive insight

—

umors and neutropmi ltsumoNeu tbred pphxiglr teiensd rmega Vi

and-l Bkpressing popul ations. Mdr ensdelrP,d we
expression in T cells and neutrophil s. GS
pat hway was upregulated in the neutrophil
sampl e.

Il n summary, this study identified Minkl as

and reveal ed wlnieMimmekclh & #i@%Onh iabhynune evasi on i
by -6tdnd €$FRIlced neutrophil recruitment and
throudh aMEL1PDnteractions bet welemc rreeuwterdoph

MMP9 expression may be regul ated by the | L

(2%or ds)
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1.1 Hepatocellular carcinoma (HCC)

1.1.1 Epidemiology and etiology of HCC
Hepatocell ular carcinoma (HCC) is the most
for9@%® of cases. The incidence obe HLICt ehas

being the sixth most commonly diagnosed ca

l et hal cancer in 2020, which | eag®ato a r
overal/l survival rate of (addprvexi nelhiedly , 2 029%
i s dtuhpeooo prognosis resulting from | ate di

of HCC in men is 34.8/100,000 persons in 2

in wqgBaemg et.Sath,deodpa)ity of HCC occurren

be a result of a higher probability of mer
di fferences in sex hormones.
Devel oping countries, particularly in Asia

gl obal b ur(dZzehno uo fetHGHp.we v2e0r2,0)i n recent year
HCC in developing countries has significa
pr evemttri aotveegainessh.i | e i n Europe and the Unite
awareness of HCC continue, andgrld@C nlgas aluesen
of c-ametated deat hs linn Hohlmeg Wmointge d | Stvaetre sc.an
|l eadi ng canuesleatodd cheacters with 1530 deat hs 1
Statistics DEpat  hmesmonmid ad0ah)i.gh mortality r
observed when compared to females (31.9 I

persons/individuals), which is consistent

Hepatitis B virus (HBV) and hepatitis C vir

and nonal cohol i c steatohepatitis ( NASH) é
2



devel opGoemets et.l ml addi20il&n, afl atoxin expos

and smoking can contribute tThdhe rdieslke | fogante

may cause acute or chronic |liver disease, Vv

cas€bhronic Il i ver di sease, hepatic i nf |l amn

regeneration may |l ead to cirrhosis, which

eventually result in the ilnfiWeibatri cen and ,pr2
Normal liver Chronic hepatitis Cirrhosis HCC

Ly @

Hepatitis B virus  Hepatitis C virus Al abuse fl i :::;'-:iseasr((:rzmb)

| |
Risk factors

hali

Figure 1.1 |1l lustration of the mechanisms
HBV and HCV infratadamlhes raingdk oftd&hetror s cause genetic a
liver, | eading to acute or chronic |iver damage by
cell cycle.

HBY and HCV infections are the most cCommo

countamidesare responsible for apap(rLdxoivneat eelty

al ., . HBOM21li)s a DNA virus that works via onc¢
genome integration into the host cell genor
the host genome, which poses a risk of HCC

cirrhosdmsroonic Theemprdambhgprce of chronic
significantly decreased isprempkeermedeatiden
uni versal HBYV v aaccctiinnagt i aonmnt iavnidr adli raegcetnt s ag 8

sustaihedi cvalroresponse (SVRYililnanpatviae nt20
3



However, a recent report indicated a del ay

devel oped and developing countries, with a
devel oped countries, which are ¢OVIDo be t
19 pandKemidd | i .et al ., 2022)

Recentl vy, the-iratdtueprtdi AICComasvi sl &8t atl ed owa
factors, -ptcoholil g hanty | iver disease ( NAF
of NASH in WeBéamwhicloentanesnheabttdhhyandi et
increasing prevalence of obesi tynhe&alotwiyg t
eat i nganhdadistfeeasdt ytloe an i ncreasing preval enc
precursor Apfpr NAFMBO®I| gf 2pati ents with NAFL
NA SH, and approximately 20% of NASH patie

progression (bwamba &i Adahms| s2019)

1.1.2 Molecular profile of HCC
HCC is a highly heterogeneous malignancy t
factor s, including etiol ogical di versity,

compl exi ty, and dysregulBatuiixn edfRead & g h ald O Ink
advancesgeinreratekdbn sequencing technologies

understanding of tThrer qpugdheogtemiesn de rodt aHCAi. n ¢

genewmede | andscape of HCC, wvarious genetic
repoAlttedough consensus in terms of predicti
been extensive, mo st studies have asserte:t
mutations in patients wiseheHELC, pwhhwhy sl tE
HCG Al gahtani et al ., 2019; Reboui ssou & Na



(1) Tel omere mai hhenaasedpaehwamgr ase expr e
unl i mited proliferation of cancer cell s 1is
Key events that | ead to telomerase reactiva
(TERT) promot &0 %hyt AtEIRAna®E®H 4 f ivéi atail on ns®rt

the prothéeer @bd chr omgqdeme ettr arn s |, o c2a0tliégn |

2013; Tot ok.i( 2Rhte adel,l 2d0ylcHH)e mprat hwatyei n 53
mainly involved in the initiationThoifs cel |
tumor suppressor gene is ranked as the sec

(228 %) and predominantly occur s -lmisndai nmg sse
domdiGui chard et al . ApaG12;f rsnu TePt5 331 a,l te9 %R
dependent kinase inhibitor 2A (COGOKINCMRgr avas
et al; (,3)2®MAY eni n (Geneswaggncodi ng t he t hree
of this pathway, Catenin Beta 1 (CTNNB1),
adenomatous polyposis <coli protein (APC),

HCC cas3&¥9:1(5B4;, and 1. 6%n maspectuill ael y CTNNBI1

site mutants | ead thcatemsthnit whivdéd @onitvati
t umor prode esai Cmste et al . ,(4B5Pp P Genetaitoh
dysr eg UuElpatgiesnreit i ¢ changes can |l ead to aberr

hi stone modi fications t hat affect chr oma

modul ati oecnodoihhg n®MNAS, al |l of whi ch have |
devel opmefktorofi nd€@nce, the | o0oss of functio
ARI D1 A and ARI D2, I's i nvol veas imampharit8éih t i n

of HCC( Fuwjsiemot o.lentt earle.s,t i2n0gll5y), many epi gene:t
ARI D1A, are involved in modulating the I mm
(Feng et( ®as,/, MAPX2 i gn allhien gMApPaKt lswagyn:al i ng p

i s discovered to be activauremgr ii sni nogvleyr, haacltf
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mutations in the major regulators of this
HCC, whi ch may suggest alternative me c h a
dysregul ation of (Zbc-Rmapait heeaYahey HEC2Huent
mut ationsedilnsoPT&ENGUINFE2LQonsamaer MYEL. t he h
heterogeneous genomic aberrations i n HCC,
HCC may facilitate di sease management for

rel atively homogeneous s ubtaylpesst aign nagd dsiytsitoe

Table 1.1 list of the most frequently mut a
wide studies

Gene Mut ation frequVFunction

TERT 60.0 Tel omere maintena
TP53 29. 2 Tumor suppressor
CTNNB1 27 . 4 Transcriptional r
ARI D1A 10.0 Chromatin remodel
ARI D2 9.5 Chromatin remodel
JAK1 7.7 Kinase

AXI N1 7.5 Signal transducer
NFE2L2 5.1 Transcriptional r
RPS6KA3 4.6 Kinase

CDKN2A 4.1 Cel |l cycle regul a
APC 1.6 Signal transducer
MY C 11 Oncogenic transcr

Not eThe tabl e [iTshemonduitfaiteido nfarlom ands c a(plee eo,f ZhEpp:E)X oc el

1.1.3 Current treatments for HCC

The treat ment options for HCC are deter min
according to the Barcelona Clinic Liver C
1.(2DI ovet =eThiasd .sys2t0e2m )has been widely adop
the American Association for the Study of |

Association for the) &rnsiedryv eosf atshea Lg wiede (fEo

6



appropriate treatment strategi esstfaoggesHCC b
Patientsswagéd H@CI yBCLC 0/ A) can undergo r
i ver transplantation an o vweaweer , anduex ctea |
asymptomatic nature of the early stages o
intermedi ate dom adldance®d,sttdoagesecurrence r
been reporticg@d%tfoolrleawihny Oy eare c(p ® ointoa veetr al

2020y ansarterial chemoembolizati on ( TACE)
i nt er md chigeet HCE)S(yBGleCGni ¢ t herapies compri sin
i nhibitors (TKIlIs) and i mmune checkpoint in
of choice for patagat HCE@)SoBrGHEGwmanbceadnd | e n\
are widely knbwneasremajmentiopti onntsager pat
HCQG Tori mura & IFwngmbtient 8022) the-DY)yer mihreal S

sole option is(Reisg swpplorti2@22pnr e

( HCC )
T /
- I | I |
p- N N N N ~
Very early stage Early stage (BCLC A) | Intermediate stage Advanced stage Terminal stage
4 (BCLC 0) + Single or =3 nodules <3 cm (BCLC B) (BCLC C) (BCLC D)
? * Single nodule <2 cm = Child-Pugh A-B, ECOG 0 * Multinodular * Portal invasion, N1, M1 * Child-Pugh C*
v ¢ Child-Pugh A - 4 * Child-Pugh A-B, « Child-Pugh A-B, | *ECOG >2
ECOGO0 | ECOG 0 ECOG1-2 ~ -
. A . A _4
— ~ - ~
\\Sohtary/l [\2—3 nodules =3 cmj\
¥
P .
o Yes | Optimal surgical | No
E § candidate®
g /
w r ™
g . . ) Systemic therapy
> L Transplant candidate P, * First: atezolizumab + bevacizumab®
g Yes No * First/second: sorafenib, lenvatinib®
= * Third: regorafenib, cabozantinib,
(_ﬁr . ramucirumab (AFP >400 ng/ml)
P - [ Transplantation ‘ " N “455 "'VOLU”T-_?b; pembrolizumab, Best supportive |
| Ablation | [ Resection | (DDLI/LDLT) Ablation | LChemoembo\izaﬁoﬂ | | nivolumab + ipilimumab) care
L~ A A _ _4 Y 9 A

8
£
]
s . ™ N - B
H | Median OS: 10 years for transplantation; | ( Median OS: | First-line: median OS 19.2 months Median OS:
b >6 years for resection/ablation L >26-30 months Second-line: 13-15 months >3 months )
g L i Third-line: 8-12 months i
o
3
w
Figure 1.2 BCL@i shagregtmgsatemtrategies fo
The BCLC staagt egosiyzseemhepatocell ular carcinoma (HC

tumor size and patient health status.

NotTeh.e figure i[dematdod eéleldy(faiopocarcenomb., 2021)
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me

t h

po
di

1.3.1 Hepatic resection
patic resection is the preferred treat me
iteria (MC) t(hH@GE itaumsor< u dm or a single

breserved | iver functi(ovazwiatf eo wto. wds caul. ¢

surigceadnagemeaept ewi b atshhepsamert refser ve 1 s
patients with concurrent | iver cirrhosi
ver resection is-lnoe teeammendedpasoa be
sk of postopeBradiixw eetLiawler, T2t e on offe
eting the Milan criteri-gearssgnvivahbhntat
mDe%pite these benefits, HCC recurrence

erefore, combination therapies are often

1.3.2 Liver transplantation

ver transplantation is the Dnégt cpatiteéente
th HCC in the earnpatddeaagesotofs ciitrathloes i fsq
ver transplantation is wusually perfor med
ceased or Whillievidregg edacrear .donor | iver tra
gni ficantly alleviated the organ short ac
mo r recurrence rates in HCC patients wh

derwent | iving dmn(ol(DHiuiNv &r ettr aad s pl| &2r0tlt) i

ver transplantati omMCdve ¢ihsircemrstirs cmaode béas
ssess a single tumor below 5 ¢cm in diame
ameter withouytMavasadwelrarl iievievradti.rgaanls9p9 b6a)nt at
monstrated hiyearefsurcvaicwag!l wri athe aof5 appr ox

currence r at el %. ayearygse,a maistalt ya 58 | rate
8



recurrencd55pdFtraaneben OElbowaver,, 2@dtdi)ent s wh

eligible for LT require bridging therapies

(RFA) to reduce the HCC burden until they
Due to the shortage of donor | ivers and pr
all ows patients to be at a high risk of de
met abolic and cardiovascul ar diseases, as

1.1.3.3 Liver ablation

Liver abl ati on -siusr griecgaar deeadestigdngesnée ndmancer i
patients who have preserved |iver function
resect i(OArz ador eltdlTawd . co@dmdan )t echni ques are pe
injection (PEI), which involves ethanol i n
protein denaturati oRFAl aadl hgesoeteambr omag]
heat wup and deRRA oiys tguemoerr atlilsys uneo.r e ef f ecti
compl ete response-yreatre safr vi-va@pWe iawmieca o a &1 H
al ., . On01&h)e other hand, PEI is better suite
t umor necr osi0oP r acdbred oHi s60c20hamegueasported
combining RFA with PEI to yield better tre:

(Lin et. al., 2005)

1.1.3.4 Transarterial chemoembolization ( T/
TACE i s-esat anellillsihnreel ttrneasttmendt dgpa HQOQGC ep anteid & |
with multiple nodules that have not spread
unable to respond to pCoewienus otnlad r aTAeCIEL ipa ¢
i nvol veesardrnleigigifoyjddeh ci oni .BACEIi.nd wc0e0s5 )i s c h

necrosis by selectively blocking tumor bl oc
9



of drugs wit hAnt uvanhiotre rsntéafr W@aE imoere.haodr ug beads
( DEBs) es$ nivhrevexchang&himecdmami esanch has show
results witbuavimeah Hawewdry,egatalres udr vi val r a
dropped sharply to Magmmao x iama.tkRelcyan 1. B y 124t 2hle)
combined approach of TACE foll owed by RFA T
commonly used met hods i n HCC treatment, (
survi val (OS rreaet esuarnd vrdddt FAFARdaé¢ W.0 elmpa r eetd a |

2020)

1.1.3.5 Systematic therapy
HCC pashewtsesi stance t o ,owdrvhe nrteisogpnoanls ec hrean

l ess t®eng 0%t .  Tdoler efd20&5) systemic therapi

specific signaling pathways invoAK®Ed in H(
mTOR, and Vascul ar endot hel i al gr owt h f a
components of cellular pdolassedembravter de ec

ef fi(cLalcoyvet eTthealc.oomb20On2eld) use of systemic t
TKI's and i mmune checkpoint inhibitors (1CI

applied to HCC patients.

The serine/threonine and tyrosine-kinase
approvilkeidnéitrseéat mentSdroaf endivia nRaftdg éiCaCs. Raf ar
endothel i al growth factor-dericeed ogs o WtViE GF |
receptor (PDGFR), which are capable of red
(Kudo et .HMdweve2(Ql89orafenib only provides
compared to placebo in patients with advan

survi val ( NQ@T OoOvledt5 dedit®d )ad d di t2i000m8,) a | ow resp
10



and adverse side effects Haoheeebeer, rapart e

dosage reduction, treatment strategies tha
to i mprove tr KRetcreerit reste@aocmdis.i ndi cates t h:
with hepatic resection | eads to improved ¢
HCC, with a median survival of 15.0 months

received séoézhtiert babhl on2019)

| n 2018, aanpopt rhoevre IdE BIKalt,i ni b, specifically
PDGRRnd FGFR to suppress HCC proliferation
to sorafediimeags raafmest fTor sudrege htasblae b
response rate (40.6% vs-fre2. 4yvanval médi 8n
3.6 months) than sdKafdenielh .AaMNQTuodyD6ri8BABGr t e
noticeable trend in favor -poofsilte nvvea tpiantiibe na v
59% of HBV cases showing f(@a@as@abddei miutecto nael s

2022)

I n recent yd&ts, aodhécClmuhbave displayed f a\
with advagee®#CC, such as regoKlaT, ndarbd WWwhg 2z,
and Ramucirumab, which targets VEGFR2, pro
f urted. n 2020, a combinati o-NE®HF aretvialtd dzyu,ma b
atezoli anm@dblananbddy shas treatment for unr e
was approvefdFbgnt h®i mDAetat mkenft s2083@pining

ot her agents have become a promising thera

di scussion of i mmuniostnhce ru&peyd, i iormcl u2li g | Cl

11



1.2 | mmunol ogiymnou n dttChCe raanpdy
1.2.1 Mechanism bal ance tolerance and i mmu
The | inveirmpiosetaabol i c and i mmunol ogi cal or g:

antigerm blood from the gast  r(oRonstseestttionadt ta

2019%he Iliver i mmune microenvironment iI's m
mil i eu, wi nhl ammat @myd | eaamdmad mtriy cyt oki nes

(Fabregat et al ., 2W0W1é6j] nSahedeévaeat salnu,s o2
of i mmune cells actively survey and el i mi
t hrough-anwd o&h eneodkiianteed i nf | aririletyorayn na &t i v

Tacke,Briodfol)y, hepatic innaten| genphocwyittels v

i nf ecatnidkongr oduce a variety of infl ammat or
r es p oNasteusr. a | killer T cells (NKTs) can dir
functions in modulating i mmune-aredpamtsies,

i nfl ammatory mol ©d udl,e sa-h @ n{cHiugdunrneg did F3l)i.on t
|l ymphocytes, |iver sinusoidal endotheli al
and hepat octptléisk e e xrperceespst or s ( TLRs) , whi ch

recognititomatr exetpitwatse (Chespmmui®@ 099y sMams un

2000)

To maintain a harmonious intrahepatic i mmu
|l iver tolerogenic mechanisms via the innat
uni nfl amed Il i ver prevents chronic i nfl amm

(Bottcher .8t malltane2o0ulsl)preservation of t h
effective responses againdgtacphihagens bgnd I
adhesi on molleaunde-¥ CA®&AMI ¢ e@age Iplrse s(eARC) , i ncl

LSECs, HSCs, and DCs, e-xkpcegnai ai wndeecapge
12



are able to interact with {TCaxstl !l et tal pro#t
Schil dberg.Sdtudales, ha®@®tl)al so repodtued nghe

apoptosiT ol ICsD4and i nhi biti™lg cteHd sc ytyo tcaxoi
tol efmacambi a et al ., 2 .0KLu3p;f fleir mneeenrl d st ( KIC.
predomi nant macrophages in the | iver and p
Considering their highly plastic phenotype
anitmfl ammatory cytokines i(nOmrmasmpdy set tal .b,ac
Further-nbreff ®@kdd ar gi nase p rdoedruicveedd bsyu pmy elsc

cells (MDSCs9l Isup@Biemslsa iToeon al ., 2007)

Quiescent
SPACE OF DISSE Hepatocytes

— -

Clearance of pathogens
& apoptotic cells

CTL Tolerant CD8+ T cells  Tolerant CD4+ T cells T Reg cells
Apoptosis
Tolerance

Nig Colls ~—TRAL 16rp  Naive CD8+ T cell Naive CD4+ T cell oc
PGE2 IL-10
112 ke 16F- IL-10 ~§
PGE2 L J
e Lsm*’
HSC

HEPATOCYTES

Figure 1.3 I mmune cell composition in |ivel
Note. The figure is adopted from [iIem@abe] &e Huayegul
2017)

1.2.2 Hepatocellular Carcinoma | mmune Land:
Liver tolerogenic responses are protective
damage yet detrimental when HCCMduwnmnoirrsg ut i
evidence has shown that dysregulation of i

i mmune cel |l commosi Mmi onoleMlyt ebemanted( expr e
13



of I mmune checkpoints, and an i mmunosuppr e:s
by cytokings eadohtyr itmutHlCC t umo( Haé me its ad n g
201%he TME of HCC consists of hepatocytes,
i mmune receptors -asnsioti ghedbi sbhondmpambescel |
interaction witbebblel anontdreactihomugmd cyt ol

signal sa crititwrormrr eigmmuuan e re wdMa oent (&li.g,ur20

Mur akami, 2004 ;ThWwu iemmuanle. ,ce2d009)andscape i
bel ow.

1.2.2.1 I nnate immune system

A |l ower frequency of DCs has been reported
healthyMoobpebvels.the same study indicated

infiltrating cancer nodul €§,ceé¢lhlus ugmodr vamit i |
i mmune cel [ Geeaoaerui tTiheea tf.u,n c2t0i0o8njal def ect i n

to dysregulation of tumor antigeint$2 and va
production and incr-k@,searmd el @hsxee twfmoVVE GF, s
cells i oKakemiMEt al ., 2000; Mat sulin et al

addition, dysregul ation of mat ure DCs | ea
Recently, a new subgeotloxmPiC&Gs gne¢il ade CDAAOL

DCs exprédsswiasmgoPBerved i(MHamatitemt s, wi20OH1 4HC

Similar to DCs, the functionalStuygi et NHKvee
reported a significant reduction in NK cel
patients compared to healthy individual s,

of -bpfrNoducti on and cytotokumopaet@agi oatl a&lo.my

2008; B. Gaol nepaiale.d, NXO0 0Q¢l I function 1is
14



dysregul ation of i nhi bitory and activating
i mmature( MKkhaehaset al ., 2S0e0v8er eZ ehcycpao xe ta aMi
the TME, I n addi tion t o exposur e to I mm
prostaglandin E2 (PGEBXxygedased6O(! POMi neofdt

dysfunction of NK ¢(élbeshsbh heaTME @DOBCCL

An increased -aausnmbeiratodd tmamorrophages ( TAMs)
with an unf av(Zhaddge etrMagdirogsp hBadglebs), one of

abundanitnftiulmorrati ng i mmune cell types, tend
phenotypes upornChtaunort eirnfzieldt rbal 0t damm-de XTGrFe s S
bas wel |l as reduced antigen presentation c
progression, and metastasis through wvari olt
TLR4A4MBSBNFWoatenin sigdlibd0opat awarys. et al .,
TAMs enhance the recruitment and generati or
the T helper tympMorZzoivmmyne ntesmacrnseo.ns betw
and Tregs l ead t o changes i n chemoki ne

hi stocompatibility compl ex cl ass ( MHC) I

i mmunosuppression, &4f€d develtopiment 201 9MHCC

MDSCs are a heterogeneous population consi
i mmature granulocytes that possess | mmunos
contTehxetr.e are two main subtyped®MD&CsMD8EGd, m
pol ymorphonucl eaMDS OO ESEMBSMSP MANX hi bi t mor pho
characteristics similar t o-MDB8Gs e r e$ e nmbol neo
neutrdmhipast.i ent s-MWSE€CH &HCCYymuM ate and cont

establishment of an i mmumMopegppardssuppil BES
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cel(lLs et al ., 2017 ;MDSeC@.i at edet mabnps2PAK
involves the production of vabr]ithds FBOt or s
and argin@BreoftARGdaDe mllet,ta®i0Odf) nle aldiso ARG1L |
cel | cycl e -ianrfrielsttr aitto ntgwonieerc el t e i ncreased
nitric oxide (NO) by i NOS and el evated | eve

and desensiiciezdt irlemw eqpdtdalrthiea e f &Fl e MDSCs

to inhibit T cell proliferation, hinder DC:
T and NKsda®Rlalw®ginberg .et al ., 2012)
Tumasesoci ated neutrophils (TANGQpradrienarsf av

with (HMC@anitakiSsi neitl aarl .t,0 2TOAMIs), TANsS can ex
t umor N1 phenatuynoe N2 g memHod G,pe TANS me d i
i mmunosuppression and sorafenib(Zkesuséeance
al ., .C20nh6)al analysis of HCC samples impli.
in samples with TANs oivrefrielitifre aetsisa ndthaen d 20 5
activation and modul ation of TANsL7|i nvol ve

CXCL1, CXCL2,( McnFdarG@xXaQile5 et al ., 2021)

1.2.2.2 Adaptive i mmune system
CDZ3and D8 ymphocytes (Tl Ldg)nfarldrtalhe ngr il manrp

subsets t hatt ufmomrc teil eemeanst tsa n-pii @ochu oifng FODS

T cells following the recognition of tumor
is crucial for the sufSachdeawna efe tafeackrieac2ed T &
in the number and increased exhaustion of t
with |iver c{Fuhesi.€1 and 2hBaBT sahtoawn | mpr ov e

and favorable prognosi s i nCb8Tma(n& HHCCg pett i e
16



al ., .R2oOAI8et i ohT odelCG®»4 in an HCC mouse moc¢
i mmunosuppr édMai e TBMd&Er,e o) MDSCsLlupregul
expression, causing functional exhaustion

of-cBI | mat uration -Bhr easghet(eVWuoncettnoall Cgf 2I0L0 9

I nfiltration of Tregs in patien{Zhwut &t HCC
al ., . Th@&09) vati on of Taelgls riescanetddarat(edCR)y iTn
well as signalindOpatnkwadyEs si, nwcdlaviarcg elrli z ed
expressstome méloekse of perforin and granzy
requiredTl fcoerl ICeRUdemskyy,n 2011; .Cakagueahi e
sample analysis further confT rameeldl st hien rtewdm
regions due to théFaceumdlheat  ii@d®adfpnTreedgs

popul ations, with a decreased ratio of hel

patients with HCC, cont (Lhbot es . RécemaOig)

studies have also indicated that an i mbal a
promotes <cancer progression, but further
i nsight.

NKT ¢eeHdrsacterized by the expression of bot
potent cytokine p4,odbufcMdi elifS B ci hndcel vuad ientg alllL. |,
Their role in cancer -edgedmpiwexrd bygtipng mast

t umor responses through Teffs activation \

suppressaor cel | popul atiof8emndf sknydu&i mgr :
200BHM murine HCC model s, Sachdeva et al . r
CXCR6 on NKT cells and its |igand CXCL16 c

' i ver to supp(rMas sett uadotrh gr@mwstthhe fr equency
17



i's increasedHCQ, ptali ¢ e@enbhscse wot ht hi s subset ¢

remai ns uncertain.

1.2.2.3 Interleukins and Chemokines

Cytokines play a cruci al role in regulatin
by exerting both supportive and inhibitory
| mmune suppression in the I|iver IS primar

i nfl ammat omy | amanad tr(yS accyhtdoekvian.eest al ., 2015)

The Thl1l/ Th2 bal ance i-sumost r(o\WNogon deety.earl mi,n a2n0t
Napvece@bds differentiate Ticretld sThiln ctehlel sp raens

| 12 anadwhé&ENedsddiLves t he diTf fceerldnst ii anttioo Al ha2f

(Aki ba et al ., 2001, TH&kegumghe s i ocHn raofo kBh 1 2
tumor tissues i s assocHawewe w,i tlhi werf avamadr
exhibit a Th2 cytokine profil-enthammateryz
cytokines, decimdd adnmiacvoelys cgt okrones, and

speci ffiTc cCD8 ( Eapenaesk .Kahuer ;iam20ia®mat ory

cyt oMditbn easnldPDalrle of ten el evated in HCC and ha

These interleakinactnhabi on Tbhy suppressi ng
i nfl ammatory cytokines, promoting Treg d
(Beckebaum et al ., 2004; Gi ankllidgwatpead is eertu re

TNFIl evel al daveeen observedNBuppagiué mat £ swit h
expressi-oh iofm MmM®Ocrophages, wthu ngchr  siumprpu rees s
response me'di aeKdaby €D&ali.t,i on@dd )y ,nduNFe d

by -8F in a positive feedback | oop, whi ch ¢

effectsSiudi 6C.have i n-dbacnadt eldL 3t7h amha yb ostthi muLl
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production of cytokines t@oOSamonhdewa eeti manlu.n,e

Chemokines are smal/l soluble proteins tha
recruitment of white Dblood <cell s, includi
chemoki ne( Yoeocnegp teotrTdad s ¢ dMOOMgki nes are 1 nvao
events such as Th1/ Th 2-s tduedvieel do p mk @-mo k i Sneev e |
chemokine receptor aCxXeGsR 4 ianncdFCUCAR®Bh, 8 0 a@ X CL 1
associated wi t h t umor progressiomdby pro
met adtRaushiise et al ., 2BDGgheBuekpnessiah. | e26
have been r eipnofritletdr atni ntguncoerl | s t MOadn eitn aper i
201RdJditionally, the expression | evels of
CCR6, in the peripheral l ymphocytes of HCC
expressiomfiihnttraeamomg( lciel | st wals. el 20@4 edZahr
This suggests a role for these chemokine re¢
to tumolStuegiesndhave also suggested a role

receXd®dCRh HCC i mmune rebMpbasbkbaraget aal on .

».:"F\"’»
£ NKeell ! T { \3
| NKSSy  «—— T1cFp — @ g
¥ .9

— “— CCR6-CCL20 TAM M2
i Shared macrophage
! Gene I 1100
deregulation r TAAS N T
TKI
HCC cell
i
| Gene L
1} mutation naoAgs
S [p-Catenin mutation / Liver cancer Neutrophil
Anti-CTLA4 g " tumour cel 1l T P
. N e 5 \ o L
l | Effector | '\) 4
Teell p §
\ / N\ 1
= A
[ EEEEED | T T
3 Anti-PD1 T IL-8, HGF,
— and/or PDLL GM-CSF
. .

| FMDSC) | «—— TVEGF

_— @ gy - Favour immune response
/ —— P N - Suppre
T TKI J LA"'Q',,\‘:(V'ESQK/‘” ' U' \\ —l\“«fl’jhil\‘u"Ih(‘r(lpmll](.(n.l\'un
Figure 1.4 The | andscape of i mmunosuppress:|
Crosstalk between the TME and HCC cells is critical
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activation of immunosuppressive cells while inhibit

Note. The figure is adopted from [ Adva(hSemsgrim d@atmmun
al ., 2021)
1.2.3 Current I mmunotherapeutic

A great breakthrough has been madesimgunder
newly devel opedr eviomuuntoitohneirzaipnige st he <c¢l i ni cal
The inhibition of I Cls in cancer therapy I
i mMmmune evasion mechagEKshnosu ee mpyl ceyte dalby HOQA 7

202Mpart from I Cls, different therapeutic ¢

of antigens, dysfunction of Teffs, promot i
dysregul ation of cytokine profiles have be
1.2.3.1. I mmune checkpoint inhibitors (I CI

| mmune checkpoi ngacrdammranrenrtosl epliany regul at i
tolerance of vaWelodmnmeswn mmumene edhesckpoints

CTL-4A, which regul ates Teff and Treg, PD1 t
i mmunogl obulin and MudiTn MB9g ma iara dctd nytagpihmiaryg
gene 3 The&a$s8) I Cs  f-umiktit hiothorays mtool ecul es th
hyperactivation of the 1 mmune (AgpasbBieano

et al ., 2019; Q. Gao .hHoweavle.r,, 2H000C9 ;a nldi uo tehte

exploit this regulatory mechanism by expre

and stromal cell s, thereb(yRafbaicnioviitcaht ientg atlu.t
| mmune checkpoint inhibitors (I Cls) have b
evasionl €t satnegy.monocl onal antibodies that
against tumors by Dblocking the interaction

t heir (ISiaghgmds eByal nhi BDeidinhg inhibitory si
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activat

rel easienfolfampmat of Ri masi &t Walsc hok,

i on

and

r

proliferation

of T

al s ha

cel

vV e

| s

2018)

asses

h otbemorthemapeesesporsh

Accumul ating studies and t
i n combination wit

(Tabl d&o0olda} e, combi ned

| i gandl ,PDas wel | as other

reagent s,

have

treatrmesmutl i etntge i nohustocroanieesn i K Fti rneng t M@ mt, s et

Qin et al , 2019; Yau et al , 2022)
Table 1.2 &Sluimmiacyl ostudies i nvestigatdi
in HCC
Treat me Target Clinical t1Clinical t Referen
(Patients |
Monot he
] (EKhoueil
Nivolumab PD-1 I/1l (262) NCT01658878
et al .,
_ (Zhu e
Pembrolizumab PD-1 I1 (104) NCT02702414
2018)
. (Qin e
Camrelizumab PD-1 11 (220) NCT02989922
2020)
o (Qin e
Tislelizumab PD-1 Il (674) NCT03412773
2019)
(Gar on
Durvulumab PD-L1 I/ll (1022) NCT01693562
2023)
) (Sangro
Tremelimumab CTLA-4 I1(21) NCT01008358
2013)
. . ( G. Li
Cabolimab Tim-3 | (369) NCT02817633
2019)
ICI + ICI
Tremelimumab CTLA-4 (Okusak
[l (1504) NCT03298451
+ Durvalumab PD-L1 | keda,
Nivolumab + PD-1 I/l (148) NCT01658878 (Yau e
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Ipilimumab CTLA-4 2020)

Nivolumab + PD-1 (Okusak
N 1 (30) NCT03222076
Ipilimumab CTLA-4 | keda,
ICI + angiogenesis inhibitor
Atezolizumab + PD-L1 (Finn,
_ [l (480) NCT03434379
Bevacizumab  VEGF al ., 20
Lenvatinib + VEGFR (Finn,
. Ib (104) NCT03006926
Pembrolizumab PD-1 al ., 20
Levantinib + VEGFR (Sachde
. [l (750) NCT03713593
pembrolizumab PD-1 al ., 20
Camrelizumab
PD-1 ( Xu et
+ | (14) NCT02942329
o VEGFR2 2019)
Apatinib
Avelumab+ PD-L1 (Leone
o I (22) NCT03289533
Axitinib VEGF 2021)

Early phase clinical t DAl BOasan@damng the
monot herapi esnclhavags mgwout comes I hThéerms o
CheckMate 040 tri al (NCT01658878) reported
medi an objective response rate of 15 %, and
with nivoPbBmMmahbnit@Btbidyei ry €etn alh.e, KEWNLY/OTE
224 trial (NCTO027024-P8B) , armpteimba dy )i zdemmb n  tar
objective rle7’s% dhaste ar @ trfer gooefe sssuirovn v a l of only

(Zhu et .TaHes e 2r0els8yl ts have |l ed to the acce

ni volumab and pembrolizumab for the treat me
2017 and 2018Camred peaeutmawel yeval uat ed i n
(NCT02989922) , exhibited a s{imomink &r oves @adh:

survi val prolh&binl iet yTateime7l 4 0rilu@)ab al so | ed t
tumor reduction in patients with HCC and HC

i Mmregs witNiSmntghreo te@madi.ng 2d0I1li3ni cal tri al s
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the efficacyuolt sadeH a rzdulm@&llusl & ma b , for the tI

HCQG Garon et al ., 200e2s3p;i t@i npreotmieali.n,g 220 129)i m
terms of -tsuamcert yef fasmmthtep at iatnids awnitn al effect
monot herapy, phase | I trials haVkee been
CheckMated4d59 trial compared-l nineolt urmalt meint h

did not demonstrate a stat i(svtaiuc aeltl yals.i,gnadd
Si mi lasr Irye,p ® heEXMN®EEO pembloli zumab did not
overall sopvogakse®O8BuUur wheuasle d( PaFrsSl)ansecond

treatment foll owiKugd os certafadni,b 2tORelr)apy

Considering thaegertilc@Qlcy, otf hesn ageé €t i c strat
combining agents to enhance therapeutic o
pat hways simultaneously or by combining IC
T K losr radi atTlhe nt dateirapyl. e behind these con

synergistic effects, overcome resistance m

I n 2020, the FDA approveamanBBl caonntbiibnoadtyi)o na nc
i pi i mamabCT (-A anti body) i me tsreecatnme n't for
(NCTO24(@I7iB2®ma eRr elli.mi MaOr2y2 )resul ts from su

demonstrated a robust medi an Aat iHOC iosver :

associated with intense vascularizati on, t
vascular endotheli al gr owlthu dfi aecst ohra v(eV EsGhFo) w r
this strategy is successful because VEGF ¢t

preclinicall FH@GG@, m®d el Tshet calmb, n2a®@2@n of be
(aWtEIGF anti body) amPdbLatemdbi batimpba¢ aabt imes!

for unresectable HCCTwas cambi avae¢d oby ttrleat M
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in durable clinical responses, significant
sorafenib (84.8% vs. 72.2% overeé msmonwvheshl
(54.5% vs. 37.2U%Wi NETTwB)4 303" Pheseaktl jnkboa
results proved that | CI combination therap
HCC patients, and future studies and clini
i mmunot herapeutic approach by -leGlamd €1 ng t h
ot her ther apieweorntbh enlaetsisoonsa | ow response r
clinical trial s, including a phase 3 trial
(30% objective response with 8% complete r
trial of ni vol umab (15% objective respo

(NCT02576509) , resulting in an urgent nee.

canicemmune evasion to Iimprove the response
agemMFEisnn, Qin, et al., 2020; Yau et al ., 2C¢C

B Survival without Disease Progression

Median
Progression- Progression-

ession or Death (%)

No.of Events/  Median Overall  Overall No. of Events free free
No.ofPatients  Survival  Sunival H No.of Patients  Sunvival  Survival
(] (95% €l at6Mo ® 0 (%) 95%Cl)  at6Mo
0 % & p
g ’ o i & 1 i ”
2 Atezolizumab- 96336 (286) NE us 1 % S‘ — Aezolizumab- 197/336 (S86)  68(57-83) 545
2 0 Bage-Ng 2 g 10 S, ey Sl ” o )
x A ° L Sorafenid 1037165 (66.1) 43 (4.0-5.6) n2
z

9!

Months (
P<0001

P<0.001

Figure 1-Mei&&apbéas (A) overall s ur vfirvead and
survival of HCC patients treated with atez
Not e. The figure is adopted from [Atezolizumab pl U
Carci 66mah, Qin, et al., 2020)
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1.2.3.2 Other HCC i mmunotherapies

Adoptive cell transfer (ACT) therapy invol v
ant aumecrelTTs to enhance the i mmihe ekkponhase
cell s nus&A€d therapy include CIlI K (czndmsg e€Ttl Ls
al . ,.120Wwa)s bACWwWewéd twlearthayltloe HEiCnl gi mtiaoclaalp p |
trials have shown positive resul thsasied t er m:
infuébDonShi et al ., .BOROreZhoveeti gati,ord 1
combination therapi est hienfvfoilcvaicnyg iAC Tp & toi ematxd
Therapeutic vaccines$ ummdpectid i geneaermautnee @getse
overcome the immunosuppressisge®cildEe dyantnit
( TAAs) i n(tPe ppaartaize n€t e mdli nat2@22)} herapy with
recommémdeéddC.C, vacci fdes itvaerdg epteiptg dreelSR gl ypi

and tel omehasve epagtuiadesl because of their h

(Nakagawa et al ., 2017; D. SAn o teite rals. t,r a2tOeX
that involves the use of neoantigens has b
expressions edmad e dHofmvae/eeb i, mittheed | mmunogeni ci

existing vaccines has hampered this progre.
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1.3 Protein Kinase

1.3.1 Introduction to protein kinase super
The protein kisgsbaseen scupaesrsfiagmieldy ihnaa o t hree (g
kinases (STKs), tyrosipreeci Kiimadegs k(i hles)e,s 4dir
STKs anasdKsplibo g ihleohryyd raimeyed ©oi d (tAarrdgietto et al
201TyYyrosi ne Kki ncaasteesg oarriez efdu ritnhteor r ecept or ty
which are |l ocated on t hreecceepltlourl atry rnoesmbnrea r
( NRTKs) , whi ch ar e( Sfiovteredh ienKi tahhescersty@d(ols30) |
catalytic domai n-3®@f0 apnp mBorxiiadaltdesl.ya 2659Ypi c al
kinase consists of a constearwvmidnalorleolte mpomrst
mai Mmisyheet s Il nvolved in adenosine triphosp
orientation-tamdni aall aFrgbe WBcede¢iai hiong cmaiahly
activity and r eguMcaClieonnd o(nF.iéchweraet elg.ueRkAd)d &9 a
structures of prottweene &nm niavelsy halvea dbdierrg t o

of conserved residues and mot ilfns tthheate aarrley

|

980s, the kinase domain was first sequenc

=y

ighly conserved residues pré&Sdhwimedett oabe,cr

n 1995, Hanks and Hunter divideHXdllthe Kkin;

providing a framewor k for a(nHanykzsi n& Hu mtaesre
199Bhet &r mi nal |l obe, cdipricoinhg@giranEsthéd maiprec $ |
( GxBX) t hat i S i mportantUCfhel AXP t bandiumg e

conformational changé&le mmeon ekTihaed sien tde@ Qailcytai to

(on

et wenrand WUyshHelei angll utamate plays a cr uc
of an actiMaSlkidmnsitnagg edthe-a EEr mi @11 7) obe cor
subdomaXlinls and includes <catalAdtdiidad i @amaél hgt i

l ysine residue within the catapdhyas pch dtoeo po ff ¢
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ATP, thereby fa@akKni ghtonnighted atrani WY 3Ir)egi on ¢
DFG moti f i's an acltmnvanadtikveakenaegmentan
obstructs the kinase active sitéNoltbaprpreby |
al ., .F2004)wi ng phosphoryl ati on, the | oop b

exposing the acbinei sgte for substrate

I n the early 2000s, studies discovered thar
transbephosplgate from ATP to the hydroxyl g
tyrosine residue of sgbMattet etitPpuddstesqg ulesha@FH i
research -aont inviattoegde npr otein kinase ( MAPK)

capacity of ki nases to function as both c:
amplification (fReat s$om .ebfe qkiiemas@ad 0 Pp)hosphor
events in kinases enable efficient and fas
proteins, triggering coordinated cell ul ar

procéegvdxein phosphoryl ation can be reverse
power f ul regul atory mechani sms that enabl

|l ocalization, and signal(iMagdg | feor edymdmi,c 106

N-lobe

g3 B3
B N l
ATP pocket - J 2
F!‘\\. { i
; . )P en—— moti OH /\ N
Y e e , A
/( \ Vay -V 2 O Kinase <
). ( { Y - < ,ﬂF{DmoM ) >
- -
== ( -€
» N Caante '/ Phosphatase
\ loop
Pi

Protein Phosphorylated

protein

Figure Slit.reuc(tA)r e of a typjcahclpuobitndinPAgkP n a
sites and cong®&8TWed mechaai 8 me so.f protein
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regul ated by protein kinases and phosphat a:
Note. The figure is adopted from [Defining a new no
ki na(sMosdi & Dunbrack, 2019)

1.3.2 Role of protein kinase in cancer re
i nhibitors in I mmunotherapies

To date st haowedr oodfnet he human proteins have b
kinase(aActdi vot $Atd valn.c,enelt ) i n proteomic te
throughput gene function analysis have f ai
human cancer s, of fering valuable insights
various typgiehe dCfancaenmc &esmn.e Census (CGC) r1 ev
proportion of cancer genes encode the prot«
of cancer genes(PeatngaprFeuretabhe rkmdraed,d 3ap pr o0 X
12% okinase cancer driver genes are substr

whiwrmdeesber si gni f i-rceagnuclea toefd kp an(ahshea y s e h ne t a

al ., KiAOnhlaes)e drivers are found across vari o
preval ence of tyrosine kinases, accounting
(Fl euren =eBecalus,e DdG1l6t)he <critical role of
mechani sms tcraawtclo,ntprrod! icfedrlati on, and suryv

are recognikedasass kameasese of the major th
Moreovempol emal € ki masne tsigpmelcia bfiitcormr ot ei n K
show mild si deviaefiift eodtosx icco nBibaaressce her apyaddi t
t he -kwneddwn rol e of kinases in cell prolifera

i mMmmunosuppressive properties of oncogenic

el i ci-ttismoarntirmmypmaeBaexcer ek et al ., 201 3; Pa
Symeoni des et al ., .RmM1i7nc rZéhasign ge tn uvanhb. e r 200f]
demonstrated that ki nase inhibitors can af
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cytokines, chemokines, and angiogenic fact

Considering the adwarstoaxd e tofd tiamrnmuentei rcge | tl ismc

genetically stable and | ess l' i kely to de\
i nhi bitors compared to cancer cell s, mor e
tm@apeutic drugs i n Towanagermpriommhes dwaaei dre.e
study kinase inhibitors in cancer i-mmunity,
assodikitreases or by investigating kinase in

cancer t o i(n@Gmuonsost heetT laaply.h,i gh0i1Hht s of some

are discussed bel ow:

The TAM family of receptor tyrosine KkKkinase

ME R, pl ay a regulatory rol e i n the i nfl a
mechani sms, such ®&FATnpabhwawgantef ddaKI it
di fferenti dtl(s©Gar aoufx Nekt cael . , 2006AXRankin

i nhi bition restionm emdd dTeKIl s scefness rt i swanmatlyil i core | |

l ung cancéZzhaNgCkecE€Qlalni,ca20lt2r)i als are wunder
reversal of tumor i mmunosuppression througl
the use oft ahgetfedsitn@AhiXhi tor, BGB324, 1in coc
NSCLC tr(esaamgendgt.Cal sty 2nw22a} i ng factor 1 (C
on the <cell surface of macrophages regul a
i nfl ammator-ynfMlamnata@amiheM2CSR1aR eisnhi bitor

i mpedes -prhemdtuimmog functions of TAM, | eadi ngc
gl i oblmesusxananGde®l set .Ahot h&rm2p)omi sing tar
enhances-méNKi acdeldl t umor contr ol by phosphec
(Bancerek .len addi,t i2ZddMn,3)CDK8 i nhibitors have

secretidl®nfofom lacti vated DCs, potentially s
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mi croenvironmdgnto hiamfnlesmm&@uicedmalt mor 0 1i7nhi b

AKT, the major cAMpholnCGR tp aotfh wahye, Phla3sKk been s

the differentiinatadaimdr codd umbDeSCishei r i nfiltrat
tissue in mouse model s, whiTl ec édlmbisaumeikregn t h
et al .PIl 80 23gh)pr o mat e | | p.Milei fd s3athbaosm

beemplicated in the Ilimhi tbiittiobwmmt wff TEHRKY act
has been showal t ocaenihancy d8nd i mprove its e
anPD1l i mmun(oYahnegr aeptyTa kb at me A i 5Bvli 3ikin hai nboi tt hoerr
| P5149, al so showed npcrrogdmahisseimgg tnesdlyt € oi n mmu
and r emoddIMEnng Iorfe ashte c an(c®e-Ragoeursse,l mPo0dle? )s

20185H54PPIl n combi né&tbhilo ra nwii tblo dtyh eni avrotliumab wa

advanced solid tumors in phase -5149clciami c al
modul ate cancer | mmumiesyobygi(uhpmrderost atr sentg 4d |
2021; Jiang. lat sgluamorkd2Crl | carcinoma (S

upregul ates the transcriptionStodi edhiemalkien
demonstrated thad tsieesd itindvminyd tahiossr apy i n pal
cancer models by reducing TTreemgdli av-elds ,ant ht
tumor IiMmM&ymeadryi desl etaadi ti @®917)nhibition
cancer model "Tprcoetlelcst efdr-oGmDdBe t e hZbdenigb et al

20289 mbi ning MEK ipBLhi trematmenhh hAasti shown
|l ohg@grm tumor regression ampRadgesnur ptarsesaetsmetntte
(Ruggieri .lent caolnt,r ax22)mut ant EGFR remodel s

i mmune escape and i(nldiuceets. a&ID.L,1 2Xlp&)essi on

Ot her ki nase oncoigmmleisc ahtaevde ianl sthC b eiemmu n e

di fferent studi es -arpepproorvteidn gT Kilhse fuosre HXOIC R oA
30



tumor i mmunity by sensitizimgicrhesxaisstl&rits dadrx
1. For i nisnt amitikm witturdo es have demonstrated
fi-Frshe treat ment fotruméCC,i mmumanoge sbyangrion
infiltration of i mmature dendritic cell s,
(Cabrera et al . ,.Ki2Alr3g e&taoalet (@20218)20rldport
of ©CD8cell s +tmr elagrewa tHiCCi lomo ushee madmeel .st udy,
response rate was obtained with -RBLcombi ne
anti body compared with either tHoewnaetvneernt al
t he mol ecul @ undneercl hyannigs mt h e i mproved resp
combinatori al treat ment wiAt hekitreas a nidrelrist ia
of the role of protein Kimygse®s oivm diemmurrse g

i mmunot herapy resistance and i mprove i mmun
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Table 1.3 Summary of kinase inhibitors app
HCC

Studies demonstrating the regulatory roles of TKIs

Drugs Kinase t| Studi eglmmunomodul ati o
Sorafe|lVEGFR]1 (Cao et Reduces Tregs
PDGFR, HCC mouse mode

RAF, KI3T|(Cabrera Restores Teff

2013) peripheral mo

coll ected from

(Hage et|Reduces MHC I €
trigger NK cel

Lenvat|VEGFR1 (Kimural|{lncreasTexedDS8 p

PDGFR, -H2018) in HCC mouse m

4, RET, (J. Zhu|l ncreases CTL4

2021) and -31 Mevel i n

cells collecte

(Yi et a/Reducelsl PDevel

cel l di fferent

RegoralVEGFR1 (Qiu et Reducelsl PlIDev el
PDGFR, mouse model

RAF RET,|(ShigetalActivation of

2020) mod el t r e atPed

antibody plus
(Ou et alActivatiboh odl
suppression of

pol arizati on

Caboza|cMet |, (Est-edlam|Decrease PBIrféegec
VEGFR1/ 2|al ., 202|popul anicomeases
AXL, infiltration i
ROS1, KI
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14Hypot hesi s and objectives of the study
Hypot hesi s

We hypot he@siozednt kathases contribute to HCC
regul at orlyn ptahtihswasytsudy, we ai meidnwaol viedd nitn f
i mmune modullay ieompadimy iHECoCa evmnede cl ustered r e

interspaced short palindromic repeat (CRI S

Objectives of the study

1. To establ iwshea moiumeme&€ Rl SPR knockout | ibr
Cas9 expr-235icgl! RI Were tr angRNA eax pwietshs i @ n
vector.

2. To identify the protein kinasesncvueoal
CRI SPR screening in an HCC tumoidemowews €@ nmo d
RagklO and -coompeeetnytpewiniidce by deep sequenci |
3. To functionally characterize the identif
in HCC by knockout or overtehxep rie®sRsIV3oRNR o f Kk
knockout and Sl eeping Beauty (SB) transpos:
4. To elucidate the mddeercdil dat eneg imatod ivmsik ior ¢

i n i mmune evasdelnl uRNA gs eaquwsda mailreg approach.
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ChaptMart e2i als and Met hc
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2.1 Material s

Table 2.1. Cell l ines used in this study.

Cel | Growth rCharacteristic«Source

RI-L75 RPMI 164(Gi ft from Prof . . Mouse F
Ma ( HKU, Hong |

Hep55 DMEM Cel | Line Ser" Mouse F
Ger many)

Table 2.2. Primers for gqgPCR and deep sequel

gPCR

Gene For was3ad ) Rever-86) (560

Mi nkl AACCGAAACCGTGTTGAGCAACACAAAGT

(sgRN

Mi nkl AGAGACAGCTGCACCCCCGACCGTAATGA"

(sgRN A

Deep sequencing

P5 pri mers

Name Sequend&é®)(56

P5 0 AATGATACGGCGACCACCGAGATCTACACT

stagg GACGCTCTTCCGATCTTTGTGGAAAGGAC

P5 1 AATGATACGGCGACCACCGAGATCTACACIT

stagg GACGCTCTTCCGATCTCTTGTGGAAAGGA

P5 2 AATGATACGGCGACCACCGAGATCTACACIT

stagg GACGCTCTTCCGATCTGCTTGTGGAAAGG

P5 3 AATGATACGGCGACCACCGAGATCTACACT

stagg GACGCTCTTCCGATCTAGCTTGTGGAAAG

P5 4 AATGATACGGCGACCACCGAGATCTACACIT

stagg GACGCTCTTCCGATCTCAACTTGTGGAAA
G

P5 6 AATGATACGGCGACCACCGAGATCTACACT

stagg GACGCTCTTCCGATCTTGCACCTTGTGGA
CCG

P5 7 AATGATACGGCGACCACCGAGATCTACACT

stagg GACGCTCTTCCGATCTACGCAACTTGTGG
ACCG

P5 8 AATGATACGGCGACCACCGAGATCTACACT
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stagg GACGCTCTTCCGATCTGAAGACCCTTGTG

CACCG

P7 pri mers

Name Sequenddé®) (560

P7 in CAAGCAGAAGACGGCATACGAGATGCTGG.
GTTCAGACGTGTGCTCTTCCGATCTCCAA
AAGACCT

P7 i n CAAGCAGAAGACGGCATACGAGATTAACT(
GTTCAGACGTGTGCTCTTCCGATCTCCAA
AAGACCT

P7 in CAAGCAGAAGACGGCATACGAGATCGGTG.
GTTCAGACGTGTGCTCTTCCGATCTCCAA
AAGACCT

P7 i n CAAGCAGAAGACGGCATACGAGATTACAG!
GTTCAGACGTGTGCTCTTCCGATCTCCAA
AAGACCT

P7 i n CAAGCAGAAGACGGCATACGAGATATTGTC
GTTCAGACGTGTGCTCTTCCGATCTCCAA
AAGACCT

Table 2.3. sgRNA seguences.

Name Sequengd@dé®) (56

Mi nk_sgRNAL1 GAGCGGAACCGAAACCGTGT

Mi nk_sgRNA2 GCCCCGACCGTAATGATACAG

No-nharget cont GAATTCTGAGATTCCGCGGCT

Tabl e

2. 4. Anti bodies used for western

Western bl ot

Anti bo ConditCatal ogu Vendor

b-actin 1: 5000#A5316 Mi Il i poreSigma
USA)

UTubul i1: 5000#T9026 Mer ck JeNeswy, |

Cas?9 1:1000#14697 Cel | Signallin
(Massachusetts

Mi nk1 1: 700 #HPAO562 Human Protei

(Stockhol m, Sw

| mmune profiling
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CD11hb 1: 300 Bi oLegend (Cal
Cdl1ilc 1: 200 Bi oLegend (Cal
Ly6C 1: 700 BioLegend (Cal
LY6G 1: 300 Bi oLegend (Cal
CD4 1: 300 Bi oLegend (Cal
CD38 1:100 Bi oLegend (Cal
Live/d 1: 200 Bi oLegend (Cal
MHCI | 1: 500 Bi oLegend (Cal
CD45 1:500 Bi oLegend (Cal
CD3 1;100 Bi oLegend (Cal
Chl16/3 1;100 Bi oLegend (Cal
F4/ 80 1:50 Bi oLegend (Cal
CD4 4 1: 200 Bi oLegend (Cal
FOXP3 1;100 Bi oLegend (Cal
CDLAA4 1:100 Bi oLegend (Cal
RORQgt 1:40 Bi oLegend (Cal
T C Peta 1:100 Bi oLegend (Cal
CD49b 1:100 Bi oLegend (Cal
CD19 1:100 Bi oLegend (Cal
| HC

Mi nk1 1: 50, #HPAO562 Human Protein
(Stockhol m, Sw

PCNA 1: 50, #13110 Cel | Signalir
(Massachusetts
CD8 1: 50, #CST9894 Cel | Signalir

(Massachusetts

Table 2.5. Reagents used in this study.
Reagent s Vendor

Mouse KIiCiRd 18 R KIA gift from John

Li brary (Brie) #7 (Addgene) (Massac

Mat r& Matlr i x Corning (New York
Roswel | Par k Memo Ther mo Fi sher
1640 Medi um (Massachusetts, U
Fet al bovine seruTher mo Fi sher
(Massachusetts, U

Peni tcstdemt omycin Ther mo Fi sher
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(Massachusetts, U
TRl zol E Reagent InvitrogerE, Ther mo Fi sh
(Massachusetts, U
Polybrene Mi | | i p o(rMaSsi sgantah u s ¢
Puromycin MilliporeSigma (M

Li pofeERra@mONner ans
reagent

InvitrogerE, Thermo Fisher Scientific
(Massachusetts, USA)

Di met hyl sul foxidMilliporeSigma (M
Phos ETOP RochRasel, Switze
cOmpEetEDTAr ee pRoche (Basel, Swi
I nhi bitor cocktai
Bright Green 2X-ROKR Appl i ed Bi ol ogi
(Vancouver, Canad
Pri meBRTi Reagent Takara (Shiga, Ja
WesternBright ECL Advansta (Califor
Pri meSTAR GXL DNA Takara (Shiga, Ja
Ql Aguick PCR Puri Qi agen (Maryl and,
Ql Aqui ck Gel Extr Qi agen (Maryl and,
DNeasy Bl ood & Ti Qiagen (Maryl and,
Ql Aprep Spin Mini Qiagen (Maryl and,
Pl asmi d Midi Ki t Qi agen (Maryl and,
Opallo#or Manual |l Akoya Bi oscience
USA)
AR9 -EDIT& buffer Perkin EI mer ( Mas
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2.2.1 Cellcultneseand cell

The cell l ines used in this study are |i st
DMEM supplemented with 10% fetal bovine ser
peni é¢stteptomycin (Theamod Fnchlkeat S¢ciantB7A
COZXell s wel ¢ usell by washinryg mi tTh yPpBsS nma n(dS iag
Al dri cfa}) ttaltwdedTédhse. cel | s were centrifuged at
reseeded in fresh dishes at an appropriate
The -R1% cel | |l ine stably expressing Cas9 w
cont aieq/i mlg Bl ast i ciindfienc.t eLde ncteilvlisr unser e sel ec
i n mecdoinutnabieqn/i mlg bl astd/cmldipurammg @d @r i Sedgl e
clones were generated by dilution c¢cloning.

Ssubculture passages.

2. 2. 2. Mol ecul ar c¢cloning and plasmid ampl i:
To generate knockout cell |l ines, sg-RNAs wer
Pur o (Addgene | &bt2i96i3nal asngRNASs wer e gene.
Bi osciences (ShanbDong,ToChgieme)r a(tFei gMi nk1 ove
model , four pl asmids were pr epMyrcedwi tThhe p
l uci ferase -EkpwYeCkscdn CRTSPR/ Cas9 vector e
(px38@53) , and vector expWV-8BEBhgw&B&3 ktnd
provided by Dr. Scott Lowe (MSKCEF1AWew Yor
Mi nk1 pl as mi-adgditnhge sperqouteenicne o f mMi nk1l ( AAL
coprosed in the d@rdr (Hectrobi pDBNRtechnol og
foll owed by insertion of t h-e x pvii enksli nfgr awgeanetr
pT-BF1GW by Gateway <c¢cloning using LR Cl onas

Massachusé&ti.®gs 2) USA) (
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Cloned pl adamDUO) DNAs(2hen tr alUcofmpremhedti rcted | E
incubated on ice for 20 min, foll owed by h
on ice again for 1.5 min. Next, tules with
cultured 4dfcmnampnchngl amgar pl ates overnight
selected and expanded in 400mL LB broth cor
pl asmid DNA was extracted using a commerci
Mar ydl,anUSA) . Pl asmids were Sanger Sequence
using primers targeting promoter sites.
(9882) BsmBI  [(QRNA scaffold
| EF-1a promoter
(7997) BsmBI—_fi
—[3' R (AU3)
,J ~(5V40 poly(A) signal
5' LTR (truncated) o
RSVprbmoter
pLentiGuide-Puro
10,183 bp
Figure 2.1 MapPwrfo plenttdrGui de
Generated by SnapGene®© software (GSL Biote:
@ Cloning Mink1 fragment into pDORR221-Mink1 Bvoroduct
yproduc
|
ccdB artR1 cedB attR2 Mink1
Mink1 ttPT A I / PR e WP
] + pDONR221 > pDONR221-
attB1 attB2 BP reaction Mink1
ccdB
@ Gateway cloning to generate pT3-EF1a-Mink1
Toxic
Byproduct
Mink1 ccdB Mink1
ot 7 A s attR] PPy atiRy / aite] Gy, o152
o)+ e — [
Figure 2.2 Workfl|l &€Ww tifnkl opli agmitde pT3
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2.2.3 Cell viability assay

Knockout <cel |l | irwneelsl wpelraet esse e(d5e0d0 icne I916s / we l

6 days before c&llloEcowmtiinegce@el IcBiltleni abi
Wi sconsi n, USW)n kwla sk nuoscekdout cel |l s accordi ng
instruction. Optical density (OD) values we
Mi cropl ate Reader (BMG LABTECH, Ortenberg,

performed in triplicate.

2.2.4 RNA extraction

Tot al RNA from cells or mava dTdR| tzuedadere nsta mp | e
(I'nvi MasgaohugetiThe W8AIl S or tumors were |
for 40s, followed by a 5 min pause on i ce.

added to TRhzDbRE MRetaigentmi xed by inversion,
3 min. After centrifuged at 13000 rpm for
containing RNA was collected and transferr
Mas s ac hUiSspe twass, added at a ratio of 1:1 to

precipitation, foll owed by centrifugati on

The pell et was washddi swdit g @I5wWe detihmndll t r aa

distilled wMaeyl ahdyi UBABOAENnd RdNAocedcahtr
was determi ned us i @Ome/ @neRBanMDc PYivd | ume
Spectrophotometer (Thermo Scientific, Ma s s

confirmed by obtaininB. G@n OD260/ 280 betwee

2.2.5 ¢cDNA synthesis and gPCR analysi s
ThReri meBRTi Beagent Kit (Takara, Shiga, Japa

foll owing the manuf acsgpoRBAOwWaprohouobht edr w
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PrimeScript Buffer containing a dNTP mixtu
and PrimeScripgP®RR &malyynei Miwas performed u
Green PCR kit (Applied #&i oolfo galDcNaAf, BXt ¢ PICRI
mas-mexk ,el 308 Ul traPur eTdW ifs tbhiokdhedf owenasnds e O .
specific primerseldi pteedr Falktlte od.. 2 qWR&E€rRe was
well -wel B8Quant St44dime PCRI ey sReal ( Ther mo Fi
MassachuBAeptt Rel &Si ve expression difference

21T ®P met hod, with reference to GAPDH.

2.2.6 Western blot analysis

Proteins were extramixcedpwdohdBsPAahgdsiphobp
i nhi blihteorlsysates were mixed with 61 SDS | oa
5 méel. el ectrophoresis was performed at 90
aftelrcecg4 0of | ysates onto an SDS polyacryl ami
proteins were transfeactidvared pbleygehyt bda

me mbrane at a constant vdlitmagrey odnt9i0b ovdoil et ss

applied and incubated overnight at 4 AcC, f
anti bodmewss e amab@iatb)l e 2.3 | isted the pri me
al onlg twhe wor king dilutions. Protein signal

and exposready tfoi lam X

2.2.7 Il Tumina sewgqguen€RhGRPot i birao me

A Mouse Kinome CRISPR knockout i brary (FE
targeting 713 ki-nasgegkengssgRNASO@enenobt ai
Lentiviral sgRNA I|ibraries were synthesize

of infegt was CWDilcreg abéddi |l utions of the vi
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transduction, ‘aRIL36as9 ofelBlosr 8k xthCadn ge i b
coverage) were transduced at a multiplicit?
l'i brary representation. Only one sgRNA was
pol ybrene was addedn t ef feinchibehncaegey ts rAsbnf sedi ¢ % i
puromycin selectfcerd,| sa waesl lueste do ff oIr. B vxalluGat |

di stribution.

The genomic DNA of the transduced cell s ar
Bl oofWi sue Kits (Qiagen), following the ma
using a N4A4OOOr ¢ghEDbmo Fischer Scientific).
SgRNA cassette in 10 reactions per sampl e
pri mersd awigter regi ons of different | engths
sequences are |listed in Table 2.TZheufol | owec
PCR products were pooled, cleaned using a
and-pgfeilied from a 2% agarose gel using a QI /
Library qualit-gndohb60obaaadspguerding (1G
ensure a sequencing depth of >100 reads pe

(Novogenee, CaKpri dg

Tabad2.e6 PCR cycling parameters

Cycle nuitDenature Anneal Extend

1 98AC, 3 1

2-3 6 98AC, 10:63AC, 20:72AC, 25«
37 72AC, 4
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2.2.8 Bulk RNA sequencing

Before sequencing, a gualityTecheok o giass
(OD260/ 28B.00 1am8d RNA i nt e@rRNAy exumbaecrt e(dRIfN)o T
tumors of the HTVI model s was sequenced t
Center for PanorOmic Sciences at the Uni ve
NovaSeqg 600Dhaeeamgagrce¢ehdy DM hperads and 94% o
achi evedgual itiyghscore (reads < 5% unknown b
with a quality value < 11). Mouse Genome GF
alignment. iBEmpgrieosnsiacnd a@setsts for differenti
using STAR 2.5. 2, RSEMTh e2s.udl Itper easnadrst 2BIS e

transcripts per -mhhhigme @ elgRrM)U @atnidv ef otlod t he

group.
2.2.9 I mmune profiling

HTVI mouse model tumor samples were finely
di sh containing T cell me d IEu@n Tawnbde st rvaintsh e

di ssociation buffer containing 0.1 g/ ml Co

samples were disso&idaitsesdo cwiatthelLra vugsei nnpgt et yhheg Bm

and incubated at 37AC. The cemlceslulspsnsaiomn:
and centrifuged at 600 I g for 10 min. Tt
purificationgbyheesespepdl |l et in a 40% Perc

sol udomtnadelilng was gently transferred to a
solution and centrifuged at 1200 I g for 2
| ayer containing immune cells was transfer|
medi um, andd acte n6tOrOi filuhggebit ome r5% mihre.nnr A€K s pend

|l ysi s befdf érl ofoa@r Afetldr Idyissicsar di ng the super |
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the pellet in 1mL mL FACS buffer, cel |l sus
One million cell s werseh aspeeedd e%d6 i pnl aetaecsh. wSeulrl
was performed by incubating cells for 20 m
t hei oesBck Eaxp3 / Transcription Factor Staini
mi n, centrifuged at 1000 I g for 5 min, an
Finally, the stained cells were washed wit|
andnal yzed using EaCeBD LAWRHAoOyrzteerss@BD Bi osc
antibodies wused for i mmuneDagrao faiclgiunigsi ari en

guantification were performed using FlowJo

2. 2. fyOceeSliln anal ysi s
Figure 2.3 presentseltlhheRWAr«éd owr op arsatnigd n

tumor samples were dissociated as descri b

i mmune profiling analysi s. After di ssoci at
Li vel/ Xeadhbd eFRlebead Cel | dye (Il nvitrogen) fo
FACS buffer. The stained cells were sorted

sorter (BD Sciencecse)l | anRINAs esnetqufearci sgna@ghea

Genomics in Hong Kong.
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Mink1 ) .4 2 :W \.'H
overexpresion Ty,
HTVI model - 0
Ll

GW HTVI model :

— W a
(control) g ﬁy ‘" e * bead

@ Tumor samples collection from the mice @ Tissue dissociation @ Live single cell

sorting by FACS

Expression profile

e coi IHEE_EEENN
* coi2 NN HEEN

Cell type 1
Celltype 2
Celltype 3

o ceis [EN cellype N
C;I-INl ] “ o =
@ Single-cell RNA sequencing @ Single-cell expression profile @ Clustering & cell type identification
Figure 2.3 Workflow of single cell RNA seql

2.2.11 Immunohistochemistry staining and immunofluorescence staining

Xyl ene was used ofromalidagd aa mdinibnendzdiendg (fFFPE)
ti ssue. sHéekseeocntsi omsh ywemrat ed with graded al c
water. Anti georemdtcrrioemaarle vhaesat i ng. To quenc
peroxidase activity, 3 T eh ysder cotgietnpe specw toexd d e
with -seeemprotein block solution (DAKO, Agi
specific amntnidncdy albbienddwngh primary anti bod
2.1, to target specific antyi giemsuhboat iiomt,ert
sections were washed with TBST and shaken
signal dertekhiito MHR®&dtriijomgat ed secondary ant
was applied to the secti eannst.i bPoodsyi tciovnep |se xgens:
visuali zed using LChguo do PAB a&ndt SmbSDAKOD)e,
a brown coloration sagi arh.e Mayteer 'osf haennta tgoexny |
tap watrer used f oFi namadurmnyt,ertshhteai nmmunohi stoc

patterns were examined wusing a |ight mi cr
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guantified using the I maged software.

Mul ti plexed i mmunohistochemiCotl oy wWasumér fl tr
Kit (Akoya Biosciences, Massachusetts, USA
and rehydrated in decreasing coAncteingternat i on
retrwaesy ap eri fno rlne dAERR®T AT rbiusf f er ( Per ki n EI mer,
USA) for 15 min. Endogenous peroxidase act
peroxide for 10 min at room temperatur e.

bl ocking antobbodyYy dnilnueantt room temperatur e
subsequently incubated with the antibodie:
washed thoroughly and incubated with Opal |
temperature. Foll owiSAilg d | uroirofp hwa £h waist fa d>
sections and incubated for 15 min. Staini |
antibodies with different fluorophores. Fi
sodium citrate bufferinn BARI csbwamengvens
after cooling the sections. SI'ides were mo
using a Leica TCS SPE confocal 4sBlemesntspe ¢

Software (New Yor k, USA) .

2. 2l.li2mowus e model s
C57BL/6ywel thi ce -BagklOC5 mBnu/n® def i obeat nmdc e

frdme University of Hong Kong and The Chin

2. 2111n2 . xi wnewnede CRI SPR screening
A Mouse Kinome CRISPR knockout l'i brary (FE

targeting 713 ki-nasgegkengssgRNASO@enenobt ai
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LentivirailarsiglRNAwdrid synthesieneésby SWanbbae

China), and the multiplicity of infection (
virus. For pooled I|ibrafRlI-Lt7Gas9d cetd i an,( >&0
fold change | ibrary coverage) were transdu

~0.3 to ensure wholnd yl iobnrea rsyg RNeAp rweasse nttr aatnisod
cell, and 12ug/ mL polybrene was added to en
ofRReg/ mL puromycin selection, a pellet of 1.
initial sgRNA distribution, and twee kr emai nc
old malKkeO Raangdl WT mice (n=2) with RMatrigel
cell s/ mouse). Tumor volume was me@&s@red us
Mi ce were sacr-KOi tecdowhegr Ragiha 35 umomm we
excised for NGS analysis to evaluate the

Section 2.2. 7.

2.2.12.2 Minkl knockout subcutaneous mouse
KO cells and cells transfeuecheut avn ¢ diu ssIgWNTICn
i ntoffoawwekl d -R®&ga&nd WT mice with Matrigel
or 50000 <cell s/ mouse), and the tumor vol

descri bed above.

2.2.12.3 Hydrodyn&@nlMg?*HEG@C| mvesa mopdBB

To deliver the Sleeping Beauty transposon
gener @dteeedimeadg at ed exogenous expression of n
secti oAf t2e.r2wedr.dosf-E P8 Gl uc andgp%8330ogether v
2.pceo0of -SBMB asagd of ERSEIME nkl1l in a ratio of 1: 2

2 mL 0.9% NacCl salineemwériétfeirl aedednfjlecoedh
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tail vein of 8 weeks ol d CH7BIE/ 6 hmi eenptt gr v

pT-BF1GW was added instead of Minkl expressi

2 . 2Bidlnfbrmatics and statistical analysis

2.2.13.1 CRI SPR screen data analysi s

CRI SPR data were analyzedVUSPRg MAGeEE€Kc raini
Wang et al . (2019) . Briefly, raw sequencin

obtain read counts f-toar geeadac h( csognRNA,l ) wistghRN

nor mal i ze tthiestdiad al. dihgnisftiacance of each sg
| ear newameamce model . Essential genes (both
were identified by searching for genes who:

(by fol d pevlhauirege uasndg robust rank aggregat
TEST algorithm was used to compare treat me
significantly enriched and depleattasad | EgRNAN

0. 05 are candidate hits.

2.2.13.2 Survival analyses

Survival anal yses based on the expression
OSl i hc, Hi @it o(f%) :-Rdbw C%h)x o025 . Survival anal y
correlation with cytotoxic T |lymphocyte (

perfor medumoirnd mmueme Dysfunction and Exclu

2.2.13.3 Gene set enrichment analysis for
We performed Gene Set Boryr iscehpnaer natt ilAmga | syasm psl ¢
and highPMiewvked s i nLItHCe cToQGA t and wused t*h

Signatures Database to ranikitghe gpatulpwa yore
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RNA data analysis, the R package DESeqg2 wa:

ge

fo

pe
do

Th
Th

t h

nes (up or downregulated) with enrichmer

r md loRyv(dil ueFC® Wag applied to GSEA fiprerar

.2.13.4 Single cell RNA sequencing data al
on confirming c¢cDNA integrity, Il i brary q
erage reads per cell as part of quality ¢
p the reads -aeldl gmateriac es .gedebsequentl vy,
ncdkued by calculating the number of genes
d proportion of mitochondri al genes for
th a |l ow gene count (< 500) and high mitoa
om Bhalysis. We then performed comprehen
ne dispersion and cell coverage to const
alysis (PCA). Uni form Mani fold Approxi ma
rfor m8dngbkeRgesatnadb Iweslhled cel | type mar kel
t plots.

.2.13.5 Statistical analysis

e statistical significance of tthestdata i |
e results are shown as means and standar
an 0.05 were considered statistically si

d ***=* p<O0iMeé0 @) .suKaplvanh anal ysis was u

rvivalr,amkdt estl owas used to determine steé
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Chapt@Bdrdentification of o

critically 1 nvolved i n HC(
I n ki wewnmede CRI SPR sgRNA

Screen
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3.1 I ntroducti on

TKI s, i ncluding sorafeniwmrdmrddvilden fatri rtihke, t
of advankoewe WHeCrC,. recent devel opments i n i mm
have shown higher survival ,raatdesara&nd hmirled c

recognized as the new standardFohngca@Qenfoe
al ., 2020; S aNegvreor tehte | aels.s,, 2t0h2el )l ow obj ect iy
researchers to modify treatmentl Yaur &t e @i es
202Cpnsidering the difficul ttyu mofr # menuapee u
rel ated pathwiagbi xiotmprag ekdi naoases and the r
invol vement in cancer i mmune evasion, a be

kinases in immune modul ation in HCC may po

CRI SPR/ Cas9 aocraedaphgve I mmune refabation
revolutionized our ability to yrmé¢agyver lgene
Significant progress hoayssipregphaechadér onCRAaBPe
screening tools to identifWuaert wabhli dateenct
identi fi egemgtiudamiyntilleer pnef erasée€QPCTL) as
of CD47 by empsogliegCRI §RRomer een i n human
(Wu et Aowevz0l9yecent studies have highl i
mi croenvironment i n cancer i mmunoliongy stud
vi tCRd SPR screening in recap(iR.ullat ientg alh.e, ¢

Therefore, wewappIlvC®&doS# Rkiscomen in an HCC |

Upon the successfiml kdsteaba ¢ smonesnée OGRI SRR S
knockout ( KO) i b#arman,s d CRFGBPH| Ldealrlas y wer

subcutaneously i njectteydbe i mtnad -REFKIBLL// 6 Wi
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i mmunodefi Eokehowimnget umor di ssection and ¢
sampl es were sent for deep sequencing anal
enriched or deplnmeatled mnsuinreg etnlvea r onment i n W

selection criterion.
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F

Lentivirus or retrovirus
Cas9 expressing cells
O containing sgRNA library
0 OO0 O g,

@ @ Heterogeneous mutant cell population

l @ I Compare sgRNA

Rl — Selection pressure distribution to identify

ad ~l genes affecting the
‘ @ @ studied phenotype

Heterogeneous cells after selection
Disrupts gene of interest
<& {
} I Il OO
Nucleotide deletion Nucleotide addition
Disrupted DNA Disrupted DNA /

gure 3.1 The principle of CRISPR/ Cas9 Kni

(AQriginally, the CRISPR/Cas system served as a defense

by

selectively targeting spec(iJars gre negdtuirarlernd d2yg h&)ecfe atr fv d
e this technolebg@ysefdorstwuali iecys ameilnome of the most power
r e eflrhien gCRI SPR/ Cas9 knockout system involves two key <co
donucl ease. sgRNA guides the Cas9 protein (tDamg speci fi
al ., 2015 Upbnubéetndahg, t20t1t9epdoabbetandi beeakaéDSByeanhe
ich is then -hempali o@gmabryend ep aatomway, creatfogctndel s t he
tations w{ BGQuisnt otnhniez egde nseg RNA pool ed | ibraries targeting
signed, including epigenetiBo,i efilyvgmes,g RNtAd wh dlhe segueme
fectively knockout genes were integratexdpieasosi ngraél vec
w titeresl lancdovheirgghgec are required to ensure that each ce
presented by st a(tdiosutnigc ad tlypadsnu,fdfi2fefieérpetntc eslellsect i on cri t
eatment or immune cell coculture, the composition of tI
at suppresses viability upond&pP,Ecreder polpw,| aitfi omel Ilws t cha

at provide a growth advantage, enrichment in the cell |
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3.2 Experimental outline

Figure 3.2 A summarg ®fabénmned ewoORITfS PoRwv socfr e e n
to identify potenti al kinase targets for i
(1) Constriurct kiotmreantd ea Rl SPR gRNA (Rnockout
Establ i shmerkti mafmeaen mouse CKRl BSPKRo WRNWAI br ary
Tumor s -toffpewirhidce and i mmyreacdefdi cwietnht QMR IcSeP F
were collected for deep sequencibnagsedf ol | o

Anal ysi s -wifdeGehPIn®ePR/ Cas9 Knockout ( MAGeCK)

S LR ¥ SLTR an 3
D s g @) -
~ * M *
. .
. -~ .
. e *‘.
. e
e
+ |
O
. e,
sgRNA library Cas 9-expressing
lentivirus RIL-175 cells
Transduction
at MQOI=0.3
e
7.
i =4
. @
S : .
e N
,;*':::r::t"/v:—;l\:%;f;
Puromycin L4
Selection Bﬁ/J,R(arggzn)ma.‘ﬁum mice
/o o oo
g ) Su\ccu":a«\ — ;
\(3“5")
- J
" = B6/J-WT mice
o S (n=2)

Initial cell pool collection
for dertermination of
SgRNA distribution

S\

|
E
||||| wr
_ _jun - Tumor collection
. or Day 18

Sequencing analysis of
depleted/enriched sgRNAs

Bivinformatics analysis by MAGeCK
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Resul t

1 ConstirnucKiitoewmealdfe &£€MR1 SPR sgRNA knockou

To identify protei-nukhonaisemsubhheay reguheatidCeé

we f
RI-L7
mo u s
t umo
l ent
Cas?9

t he

targ
away
0. 67
mo u s
713
chos
l ent
RI-L7
to v
sequ
di st
numb
expe
deve

tran

irst generated a mouse | eWet iutiirlalz eG@RItS
5 mouse HCC-nweé¢ll/ Hriame mua am%53 |l i ne synge
e strain background, which is widely ¢

r for our sTheeRibhgcelxlpekri menstably ¢tr
i virus encoding Cas9 was kindly provid:¢
eoxnprweasssiconf i rmed b3 BwWeesxtte,r nb yb | poe rt fi onrgmr
Rul e Set 2 score algorithm developed b
targeting functional domains of protei
et sites; (iii) witheitcmrdgemtg ssiittees aft d:
from a previously selectedssgRNBAOf we
8 for the 3mBX Deehcbr atAsa@Firea30l 6) t he
e kinome | ibrary of lentiviral vectors
mouse Kkinaset agregueetsi nmg tcho nltOr0lolnsonconst r uc
en as our screening | ibrfarygMéAseuse of
i viral packaging, the sgRNA |ibrary wa
5 expr eisnsiwigdrGpesmMomi ¢ DNA from the cell
alidate the qudsing Dhiet MAGsesGRNAI gobr al
encing analysis, a &GiO5% |znedreox coofu ntth eo fr
ribution of approximately 0.05 were obt
er of sgRNAs and high e3 &hMoerseso voefr ,s gaRsN ¢
cted, SsgRNAs targeting essenti al gene
| opment were a&épl eptoedod iarf ttelme sieviemi alayec

sdud@tbEpme(skei g.esults confirmed the effi
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addition to bioinformatics SsSgRNA predicti ol

A RIL-175 D Genes with sgRNA depletion/enrichment
6-
WT1 WT2 Cas9_1 Cas9_2 e Initial cell pool
Cas9 — CRISPR common
(160 kDa) —_— g ‘ essentials
s 47
>
. Q
B-Actin v
(a2kpa) | N—— $ 5.
3
B T
1.0+
. 0 T 1 T 1
£ 087 * -10 -5 0 5 10
3 Logs, (fold change)
~ 0.6
-
[
N 0.4 *
K
=
x 0.2
(Mean=0.678) E
0.0 T Genes with sgRNA depletion/enrichment
Mouse kinome sgRNAs (Brie) 6
e |Initial cell |
Cc .- nitial cell pool
.4 T e Liver essentials
c
E] =) .
o ® 44 ]
I ———— > .
® o °
o ~
o 3
g 2 > 2
= — o
£ <
2 14
2 Zero count=0.05% 0 T T 1
§’ Gini index =0.05 -10 -5 5 10

Initial cell pool Log, (fold change)

FiguBdeQudlity controls performedet onouvuséi de
CRI SPR gRNA knockduwmt sgltivldryary before

(

AWestern blot demonstratilid§ Cdasrfanbsidpeesds iwin hi na tlhee
ncoding Gas®i nmovase ug Bfoxasplaotc ot o wil ng gRlRINAes s et 2
n the mBrie I|ibraryCRaxweplagte skowieng DgRBNMB)di stri
ransdute®as®l Lcel |l shobynalmezdéan!| og2 read counts of
gRNAs=0. 05%, Gini MVioddtexo0.pd®»t illustrating the con
nockout can enhance or inhibit tumor cell growth,
enes included in the initial i opamentcelklsepboohbl (gl
red)arcecodmp o genes included in the initial i brary
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3.3.2 Successfuli nsttiavbdwneslle menotusef CRmn SPR sg
knockout | ibrary

To provide a native tidmekrl micocreeavironmetnh
mi mi cked outside t he -dorrigvaenn spm tf bowa ypsr oibn wvnayl
i mmune regul ation, CRéESEPRErEormed ahter the -
mBrie Aiboany mBr-ti7eamxsldulc®eGasmP®l Lcel l s (over
|l i brary coverage) were subcut-appeuml gei and
four CRABKIAQ 6bmunodefi cient mice without mat
(n=2; hal f Twobweaekbmiad e )r tr ansdplsasnetcatteidon,
and genomic DNA was extr8cgedf ifoantsediufefnern
t umor growth were observedt ypd wakKd Ragl no
i mmunodef i diaemter mit aenK1Os mmun oRlaelfdisctise nwe r e

observed because of defic34dncBég¢s in the im

Before sending the sampl et hstgoRNAd eacbpu ndeaqLcer
di stribution in t-hearsmlhanttaumoorns caend spr & |
genomi c DNA harvested fromThhecoecreeh whgee:c
purified PCR products (350 bp) was confirm
3. @)After gel extraction, the samples were
sequenced waNaouvoggeaema.tgod!| trheea suarwe neartta ¢ o n f
A/ T/ C/ Gdcenhtebution for all sequenced sampl
50 bp positionerdd osre qleardc ifimspyfc cpgasnifi wclat a xatgr a

of sgRNA fragment s3.f4&rDom t he tumors (Fig
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mi ce per group( CGelal el ecatrr c=p hlorcens.i s of LWaree pluiri fi ed
Mar ker ; |l ane 2: RDNAGa&x9 racltlesd tfrraormms duce-8: wbDNA s gRNA
samples from tumors of mice -KW@Otrhi de b,rid(rBm ¢ aRasp | ant
(3rd) WT micel, (4t h) WT mibRbe 3t rarmditliaame of: A ddg &t iCv
data of sequenced sample sgRNAObpegfirooomrreearape dl bet we

sequencing.
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3.3.3 WidemeCRV&SPR screen identifies MINKI1
kinases as potenti al regulators of 1 mmune
|l nspection of SgRNAs enriched or depleted
hosts comp&med mmanBadglici ent mice identifi
t hat modutamert hemmaneiresponse 1 B5A)mmunocort
The most enriched sgRNAs included ot he key
pat hwakgklamk2whereas sgR&ANKA3S, tairlg2ati Mgdk 1, f
Pi pbwkelrce significantly 3&8pllnepoerdt annt |WT, haonsotns
groups of SgRNAs fthant Iwer éne sleeotneldy iMi nWTI
( Mi ss-hapkenKinase 1) sgRNAs were completely
WT mi c 85GDF)iTper ef ore, we hypothesized that

the suppression of twumor i mmunity, which wi
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i nhi bit (red) t umor cel |l growt h i n-KiOmmupcBec.o mpet ent
I'l'lTustration of t he top 10 depl eted genes and e
i mmunodeficient mi ce on the screen; gedrc®sotr anked |
showing the distribution ofMi sTRHEARHKNLO mreadd WIT¢PRMP| €80T n
Detailed information on the perfor mame anfd tWre f oul

sampl es.
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3.4 Discussion

Many c¢linical trials of HCC have evaluated

HCC, showing soméFpnomi i ng eesalts 2020;

However, HCC develops in a highly i mmunosu,
an effective reBlpomasfeont®, ItCHentedeirapayn urger
i mmune environment and mol ecul ar mechani s

i mprove the efficacy of I mmunotherapy.

I n recent year ERVG6RBR sseseeefs with small, f
become a pofiosittairamtgbreergautieagtyor s of (cR.ncleir dtmmt
al ., .S2e0v2e0r)a | studies have successfully ide
i mmunot herap@RuUSPRgGEET eleinset al ., 2020; Man

Wang et .ah. addbd2Llpn, to determine whether

genes can be recognized by the i mmune sys
i mmunocompetent and i mmunodeficilemtt mise i
study, we adopted a | ibrary swircenliinlpr srty at

identify protein kinatsiermort hiammuienisy tiame wiHIC
i mmunodeficient mi ce that di f fWe fiinr smi cr
confirmed the effie® aeamBay eofl i DgRNAs ufsrn emmg tRh
which removes s gtRaNrAge t\WRilshdio5rheicsg.h | s f fwer e t hen
with the mBrie CRISPR |ibrary at an MOI (
Satisfactory sgRNA read counts (> 500 coun
SgRNAs wer eMocroenofvierrme dnwe f ound si gWeefli,cant o
Cd¢7 &kdgtwhi ch have been reportééordvtekza ee¢val
2016 ; Kim et al ., 200 2T;h eMeeh arjeasnu | & sMa hnadji acna,1

CRI SPR |librarync&ZiRViBRusederarng of WT i mnm
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we

As

du

sts ak@ IIRmmgunodef i citernaansmdivCc@&Blas@BrLcel | s

re subcutaneousl y i nj eK@endmuinnotdoe fwiicide nty pne
expected, tumors developed more rapidly
e to the pr esTehnecree aofft €lr ,a dtidls Batc@wreds® owe € e

DNA was extracted Oor kEepqgokoot nbi banragt yss et ¢

co

Wi

(2

20

Th

nsistent with thoseFof pnReivpabtkdlect sienoeeni n
l'ls in WT mice, compared to i mmunodefi ci
hanci@agsbuaomat ed macr(oXpuhe get rAElRr ,Kii2ndaksdex

hi bitor has been proven to reverse T ce
nfirmed in our scre@itirngWTénabdet witht da
1®8preover, t umor c @ la kadn 48w ikvizehr ek nsoi cgknoi ufti cafn

riched in WT mice, consi stent with findior

ignal i ng stuupnporre sispe@w @annttgit . SailmiJladd 19 )c e | |

ri chment findings hauweCBeBRRrepobpeéeprdngns
mel anomda mpused seThade ,reddl7t)si n ndiicat e

reening was successful

nctional Ikyi,moaner CRI SPR Mt nahad otdbheaeti prede
nases as potenti al regubaweoges, obnl ywmugGE
tMh nkfhockout were completely eliminated I

rrelation between this Igrenaddvittiho HCCZh unm
020) sMiant Beédf i tch eetn cy -tiumporro viemdmuannittiy and st
mor growth in mice, iwhigaclveienni cgalminatl gzt -

2Dher eMionnkels chosen as the prime target f

e studies in this chapter served as or
63



modul ati on -ionft rtitnmdrc oelolt ein kinase activit
evasi on Aykmdrhrwaryts. protein kinase pathways a
i mmune TME, encour atgumgr eism@apree fr @snp amsds
t umor pr(ogpreasnsgeorn & Qajeavedkoir,e,2®1&8)ci dati ng
mechani sms by iwhtircihn stiucmok i nceessd signaling di
critical to i mprove the design of rati ona
responsleweates .abbdfeanrpd ewdleuci date the novel €
on the tumor i mmune mixEHDE e&v iMibneknmie hitn, HACC f
devel opment and i Mmoké debscoerntwi mbuse mod

sample analysis in the next <chapter.
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ChaptieFruncti onal characte

clini cal rel evance of MI N
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4 IIntroducti on

Il n CRVS8PR scr eenssfaore sptouwdeyrifrug ctoomopl ex pr o

ceillmtrinsic 1 @Gomusniederviarsg omhe potenti al of
involved in cancer i mmune surveillance to
ki nevmede mouse CRISPR knockout | ilmranwoand

CRI SPR seawWéeand-Ramqilce (Wehaptece83fully id
kinases that were critilamplolryt ainnMogl,vedei mofH
in the | ibrary, Mi nk 1, stands out from the
confirmed completeidépkcéeedowi oh HCCheel b$
targeting Minkl in WT mice, buAs natr e qnuli tmm
we hypot hdisnkkedpr omotes cancer i mmune evasi

t hfeo c uosusro i dy.

Mi s s hlaipkeen ki nase 1 ( MI NK1g¢gt iav astoe dk npprwont eai sn
ki nase kinase Kkinagdgtehrme d MAPel KIGi)nases lelsenmgi
family and the ger mi nal (claan eert .kaln.ae 0 0SOK )
of 1312 amino acids and has @Qpredi.akted mact
However, the crystal st rMilcNKulr en aosf tMilrNeKel hiosm
TRAF2 anrAditNeGKacting protein kinlaislkee (KiNh&g$ MA
(HGK/ MAP4K4xelan@dNpkotein kinase (NRK), W
closel yDaal ateal . , 2001; Lar hammar . et al .,
Thegwul ation of MiiMKEeriaocvolbwes sédlith can c
formation of intermolecul §dQudieme radh.igsr 210041
interaction allows the kinase domain to i
activati dbkni mds el 8NKt evi.AatlditP060B4a)ly, phospho

the | inker domain induces a conformational
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the kinase and CNH domai ns, reqwlut ietg ailn , a

200Q4)

ATP Bind Site
Serine/threonine-protein
. kinase active site

Protein Kinase Domain CNH Domain

125 1014 1306 1312
MINK1 II—‘ I

Figure 4.1 MINK1l domain structure

Structur al studies have confirmed-ltvhef aomdrl sye rpvreodt es t

ki nases, i-netmdhab pnotNein kinase domain, a | arge
homol ogy domaicmn( €Kk didnad Tae ett &mmii manl. protein Kkinas
of MINK1l stret2BO8sahdomsaaetspofaSible for kinase act
(CNHpmain fr-osm0@ai 40predict edourod ifndremsacdf wRadh &OH&TP
bind to odoedknisn g@Qur ¢t palds, 2004)

MI NK1 is involved in various signaling pat
cytokinesi s, neur-oddgeeadr aewaesrcaelaagr oRulapss h
described t he function o f MI NK1 i n upr e

Raf/ MEK/ ERK pathway (@Womgaeti&lat]j o0 b4 ; RWABe
Il n col orectal cancer, it is nega(tRopedw 1 eqg:!
et al _.MI NXO0119a9l so activates the JNK pathway
JNKRZhang et Maleover0,21MI NK1 interacts with
polarity (PCP) protein PrickDeaekltambntr2bat)

However, only a few studies have reported i

Recent studi es have reported the function
macrophage and ThMirnk#&l|l sugdpféesentiheiiomduc

and inhibits SMAD2 activatiFanethBdoughe@®ili7éc
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research on the I mmuneugegutlattomeg prod mo toifo
mi gration and T cell suppression through N
domain, in which blockage of -tihmoNLRBBunaf I
respd¢ikseghu eMl MK1 ,h&902dl)so been reported
Hi ppo pat hway, activating LATS1/2 in paral/l

of t hedM. AMIQ3Mefng et .LAIT.S, | 3l0Mdwne Itlumor suppr e

gene, but di fferent studies have shown t he
i mmu rMiotry.i shi et al. (2016) demonstrated th
breast cancer cells induced I FN response

( Mor oi shi .Tehtu sa | -ME NHOAlt6e)d L ATS phosphoryl ati
to -ammor i mmun&tueges ahimaoe. al so shown t ha

binding of the glucoc@dBt i omhied ene-B8GR oand( G

downr eg wlpatoa ulcENon, |l eading to impairment
promotion of i mmunot hemapy (tAipdestatncal in 2
Han et al ., 2015 nM2O2€er &8t p atlhhngltd 2MI2NK 1

deficiency-tiumporroviemdnmuannttiy and 3$umppréanedyt u
this is the first report demonstrating the
(Zhu, .HbW2W)er , instead oifntfroicusii @mgi mmun e mmoe
they hypothesized thatT FMeNKs, eeguéased in
Overall, these publications provide a hin

regul at Ron (Fi g 4.
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separately intoAftenammahif i anmivegtohe knocko
Mi nk1 knockout cl ones, KO cel |l s wer e s u

i mmunocompetent WT miceK@noi ceemunodeficient
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4. 2 Experimental outline

FiguBA dummary of the workflow to examine
functional role of MINK1l1 in HCC regulation
(1) Gene and protein expressiof2@anal geés
dysfunction analysis off3M DK iigm p&at Me mkd
RI-L75 ceal(l4) 1 iCbempari son of t umekKrO gmmiocwet h i r

Ssubcutaneously injecdlelds with Minkl knockou:

NIRVRNOK
il Ll

& TCGA-LIHC, GSE20140,
GSE27150, 6SE76427
e ot

P
— e (e - —
.
.
.
.
.
.
||| oMA sequencing
= Puromycin Single cell clone AR AAE A ERAES =7 = \Western Blot
Tm, Selection ] ) ‘
i S\
)
N )
\\‘, :__»“”

Cas 9—ex7messing
RIL-175 cells/
Hepb5.1c cells

Y
o .
8 reai
BOAMYT " lGe l g
v wr

———— Tumer collection
e on Day 18

®

B6/J-4/T mice.
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4.3 Resul ts

4. 3.1 Overexpressisppoof pMbhNKbspsomat éiCC pa-
OQurn %iwevnale CRI SPR knockout screen sugge
MI NK1 in promoting HNEECt, ) mmenegeevasmed. MI |
expression anal yses using t wo online avai
Omni bus ( GEO) dat abase and The Cancer Gel
meas vt &K1 protein exprebBosuosaea alsimigcadHCpatni
to examine itsBadaedhicmalthel genacexpressi on
which contained 268 primary -tHG@®rt ssmmarpd ean
MI NK1 mRNA expression was significantly u
compar ed udamo snaomp44A 3K g pFiMgn er sur vi val pl ot 1
correlation between MINK1 expression and s
using OSIlihc, an analysi4<l HGolandolGE®c tdiant @
(GSE76427, GSE2014Tth,e aamd | GSEZ7 Isthb)wed t hat
rates of HCC patients with high MINK1 expr e
of patients with | ow M &KL td4BnMcisd oeme r(,p=0.
representative | HCredasampfgei mages 58f sphbawi
protein expression was stronglytppreegdl| at e
nor mal ti ssues, exhibiting -mumbmalsaMpNEKLlDbe
strong cytoplasmic staining4d4Cnl htelsee o cersrud st ps
suggest t hat MI NK1 expressioameilatedhandt éd

prognosis and survival
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Figure 4. 4 MI NK1 overexpression was upr e
correlated with poor prognosi s.

(Mnalysis of the dataset GSE25097 showed upregul ati
HCC tumors and -t2ud4nBo r a dsjaantpel nett enf(dBy a p #le2d e® 1 pltot s of t |
overall survival rates of HCC patients with high M
those of patients with | ow aMIkNKCd) saemuyr celsiss toonc h(epnd c@&.
staining analysis comparing MlaNKbmpld etseiamdeypi ee®si o

ti ssues; uUpedr bkocwée bHaml e bar = 10

73



4. 3.2 MINK1l overexpression-cebkl pdgstunmet yon
HCC patients
To assess the clinical relevance of MI NK1 i

Dysfunction andaBgBatyasson o( EIxXRE) ne whet he

bet ween MINK1 and T <cells idntclodedgt gemtd
expression profiles from over 189 human ¢
computational method that employs Cox prop
signatures of T cell dysfunction @&and pred

| ymphocyte (CTL) fundtlii@amgt @.tSiemflelryad Rdek &geunrt
studies have demonstrated the accuracy and
the function of genes involved( $ong mentunal .e,
202BnDi efly, we used this algorithm to estin
TCGAI HC cohort wusing t hes paevceirfaigce geexnperse,s sfiool
separating samples into high and | ow CTL ¢
eval uatre MIhMKIhei nfl uences the beneficial e
pr ognlolsed sMH MKvl pati ent group deamonesdiratted

overall survival benefit, whereas high | ev
benef i thiogh o3alLt @BADdMor eover, although the r
significant, the survival ri sk score cal ct
associated with HCCc adrerad lha trii srks owii tntg @ ToL hiir
on thelLITKGAand GSE18#8B-CohAabohi gh(ETd. | evel
associated with an overdll|l dysfwincadali omesefoir
is significantly high, these results sugge
positively celdeldygsédnwitttlemnTwvi a ind MHGI& 1p alteif & 1

may have a hi gthuetmo rc hiaimncuen eo fe sacnatpi e .
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4. 3.3 Successful generation of the Mink1 ki
HCC cel l proliferation

After determining the clinical rel evance of
its functional role of MINK1 in immune moc
generating Minkl KO HdXX sc9e Itle ¢limnnboelhse gupsri envgi oCu
chapters, welUdbicelzledl tme RdiL oTwr cOMIFSRARN s C
t hat tseppuevwsing role of Mi nk is piec i WIr c mi ¢
observation, we included an additional HCC
the C57BLs/tér amonusbeac kgr ound Two tMienkflol d RN A
sequences were selected Based Minktiesse MAGe
cloned int®upbeandGueaéei viral packaging, w
expressed Cas9-cwont hi nihfeg | speRaNtAge.l $ i ncgl loen e

generation, the knockout efficiency of Min
the growing clones, and western blotting w
cl obD&&d. sequencing conweirremeidd etnhtaitf itehde biyn dkeQ
On the other hand, western blotting confirr
of clAbmnds®»ugh Minkl was depleted in Hep55.1
devel oped from one of the-1t780 cedRNA i neq usehl
satisfactory results. Thereforle/,b weeldelldmte
which shgwedtt KO kif4f6A-B)Tehrecsye (ckild. | i nes can
model s ionf .vHCO/Q

We dskbese cell l ines to study the 1 mmune

However, consigd@erohgf éehati esmsitsaia hall mar Kk
kinase activity has been | inked to cell prc

fi

rst confirmed that the tumor suppression
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the regul ation ™M pandé¢ e mmpeodeddiomfperroaltiifoenr.at i o
in -R¥h cell s, which showed no significant
tumor cell prowi fkheapaoantadbgCglee daddintei ¢ i,
we evaluated HCC prnoltiyfvedr HhG | sotha ipmriompge rd fi etsu |
coll ected after subcutaneous injection of t
mi cleHC staining furthewsuppnétssmed iefmbaect he
CRI SPR screening was not due to ces | prol:ii

wersei mi |l ar in b®D-E) samples (Fig 4.
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squares indicat ¢ Byemgiteersn i ml @tacde md manter; at 1 5 gceMilnk 1 e
line and Hepb55.1c cell l'ine transduced Mmacthi na | entii
were wused (@6MTcTonagodys . results for cel l proliferati
sgMink1#16 af ¢t BYymmuen camids tlodcdh eemi cal st aining analysi ¢
in sgNTOnpluenmsoramd sgMink1#16 tumor samgni;esLofweorm WT n
scal e egmarEBar 16hart showing the percentage of areas
no statistically significant differences between gr
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4. 3.4 Minkl knockout impairs tumor growth
i n i mmunodeficient mice

To confirm the successful generation of th
bl otting, wen pseirufdoyr nbeyd saunbcut aneously injec
cel | l i nes i1 nto I mmunocompetent and | mmunc
Mi nk1l in HCIChe neneulnli tiynj ecti on number sugges
Sstudies was used as the refmeacdicti oy wercl
mi ni mal accepted cel |l ahuingbherc @amc ebre cienljle cd ee
mas k t hseu ptpurneosrsi ve rAosl ea ofesMilntk,1 5K0(-0 cel | s

175) or 50000 cells per site (forawepb55. 1c

cel Il : MatriAselshawn oitBp f Rilgmdb r4 .grlowt h was on
in WT mice injected with control cells, but
suppressive abilityMorfe tihmep dwi tn&knit IKyY, ctedrhod s
in all control and-&KOdcodlglf i Icii mend imnjcect ad di
weights were similar, confirming that the
cells was attained by the regulation of HC

This result further strengthens our hypoth

via i mmurwe levtaesd qpmt hways.
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4. 4 Discussion

I n Chapter 3, our deep sequencing results
Minkl plays a role in HCC immune regul ati
depletion of tumor i oemuhscwmpéat &nmtnkWT K@i ¢ e

Ragkl0O miWwee . further confirmed the potenti al

cancer Fmmubnhhig. purpose, we first deter mine
in HCC and T cell function in this chapter
HCC <cel |li nl isnteusd ifeosr.

By accessing HCC patient dat a-Lt ¢liCr i eowead f
analysis indicat edvat heanth aMicNeKdl ienx pHGG sa nodn c ¢
poor prSougrnvoisviasio VAl NNaKIly sceosr r el at i on with cyt o
(CTL) | evels on patient outcomes perfor med
Exclusion (TIDE) algorithm further support e
correl ated wiTdh HfCiCeatmmuelliyt yassess whether
ant amor i mnguemietrya,t ewde Mi nk1 KO cl ones in two
RI-L75 and Hep55. 1c, asnodf ek annkiln edle ltehtei oaf fo

proliferation aAfltemmoaefremuhgtthMbak KO ef f |

KO c¢cl ones, we subcutaneouk® yand | Whe mmdc @ .h e
predicted that the differences in the i mmu
would contribute to the variation in tumor

rapiuvcdldemmunodefici Aat expadtéedpnshe tumor g
simil arKQ nmiRaeg 1i njheecm edo wi 6 hn K@Tcimboes. t umo
were observed only in control cel |l l' i nes,
injections, in line with osthapr ddiCiCocsel CRI S

Mi nkQ WwWere completelyTHdepl eesdl itnf WITthmecec
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the fpumonoti ng role of Mi nkl1 may be througl

Furthermore, by generating KO mouse model s
that Mink1 -sipsechiofticooalcll ulsiimen, the | atest pu
the role of MINK1 in various diseases and
sample analysis, support our findings that

and indicates MleNKWlenas omn pgaggield!| 4 Aihmitu mor i
2020n0phi bition of MItNKma rmprreosvpeadn steh ei ma nttu mo r

further supporting our findings.

To identify and charaicheriocei adomechamiast mg
MI NK1 affects the i mmune environment in HC
model that r dsienmblhes ea ohguetmaecno us Atsummor esiuct t ¢
we established a hydrodynamic tail wvein in
HCC mouse model to examine the effect of

mi croenvironment I mmurme mrexfti [-aélaglptaRMNIA sir

sequencing werevicdedactetdatbeg view of the

composition andOHK eanned e&W rneosdse losn i n
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ChapteEdmuchdati on of mol ectL
by which MI NK1 promotes
Tr p"®I3a@ly €8/ Mi nk1 HCC mouse I
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5.1 I ntroducti on

I n the previous chapters, we confirmed the
ant umor i mmune Tresponses, as evidenced by
functional anal ysis of Mi nkl KO mouse mod e
model t htaot tirsaceeasfyor tumor growth, which is
Chapter 3. However, this tumor model has ¢
t he mol ecul ar mechani sms Il nvol ving Mi nk1
mi croenvimThenmehbttuunaonre omad e | cannot fully c.

dynamics and characteristics of cancer bec

replicate the complex tissue structure and
Compawietslpont aneously developed tumor s, rap
originally considered an advantage of the :

selection and t(uOhosronh eetteMaigeeqnwea2ro,l 8al t hou gl

observation of compl ete suippr M snikdn Kaof t u

experiment i s encouraging, this makes the
downstream mapoakiyngeireef or e, i n t his chapter
devel opment of an overexpression model us i

(HTVI) method.

HT VI i sesa awdlilshed method in I|iver <cancer
modet hrbaypi d i njection of a | arge volume of
interest i nto the mouse tail veinh. 1l)ading
(Bonamassa.efToamaj-n®m@rihy ¢ meagexpression in

sl eeping beauty (SB) t-€Ca®$8 psy sehnepsi yosyéeeden taon d
perform giemearkthokhocko(uBel Ir esstp®alffegekRWtl 0)

combinations of HT VI npoadt ehlosl olga wea | b ¢ e m e 3 re an\
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HCCO DuPage etThaer.ef 02@®@Q9)we adopted a combi
technique with the SB transposon system a
efficiently targets mul tiple gesmpexci finc on

overexpression (OE) model

S8 transposon vector
IR/DR IR/DR

p—
—1EF-1a_>| Gene of interest (|

SB transposase expression vector

S
—{ CMV) Sleeping beauty transposase —
—

| Inferior

2~ vena cava

CRISPR-Cas9 expression vector

r~ 1 ™
o> {e
o~ g Tt~

Figure 5.1 Schematic presentation of hydr
construction of plasmid DNAs

Note. The figurmPe eicd imodaiafli end ufsreomofdel s of hepatocel
and UpGat & Lee, 2022)

HTVI involves rapid delivery of a large volume of DNA plasmids encoding the gene of interest into the
mouse lateral tail vein within 7Eollowing transient heart dysfunction and retrograde flow, pressurized
injection enhances the permeability of the capillary endothelium, facilitating the entry of DNA plasmids
into hepatocyte$lu et al., 2016)The structure and delivery logistics of the SB transposon system and

the CRISPR Cas9 system employed in the HTVI model are well established. The SB transposon system
utilizes two plasmids, one harboring the SB transposase gene and the other serving as the transposon,
which contains the target gene flanked by inverted/direct repeat sequences (IMRESLt et al.,

2005) As for the CRISPR system, in contrast to the CRISPR vector construction introduced in Chapter

4.1, gRNA and Cas9 endonuclease were included in the same vector in the HTVI model.

The models developed in our laboratory are driven by oncogefityce
overexpression of Minkl (or control vector), and deletion of g&Belucidate the

molecular mechanisms by which MINK1 evades immune responses in HCC, tumors
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harvested from the HTVI models were collected for multiple experiméntgt, we
identified which gene expression pathways were upregulated or downregulated in the
OE model by bulk RNA sequencing of Mink1 OE tumors and control tumors, followed
by GSEA, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and
GeneOntology (GO) enrichment analysidext, we compared the immune landscape

of the Mink1 OE tumor and control grougsimors were dissociated and HCC immune
cells were isolated for immaphenotyping using different flow cytometry panels.
Finally, we performed singleell RNA analysis of the TME established by tumors to
study the interaction between Minkl overexpressed HCC cells and immune cells. By
combining the analyses of these appreachwve were able to offer a preliminary

interpretation of the mechanisms by which Mink1 is involved in HCC immune evasion.
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5.2 Experimental outline

Figure 5.2 A summaroy safumdaylhetchudoark f heahani s
which MINK1 promotes *tYump®es/ Y awtlh HCE MmMop5 @
modéll) Establisfm&y®/ Mi nel1 THFY¥8 HCC mouse

Tumor s of Mi nk1 OE and GW mi ce after HT VI

sequencing, foll owed by data analysis usi
anal ysi s; (3) immune profile after tumor i
i mmune cel Ibectowepeons iMiinoknl OE and-c@WI|l miRN&; ar

sequencing aftemodi samgli @g, ofnololffowed by dat

ansli ngl eR.

@_; -
Q |

OC &

Cloning and hacteria transformation Gel electrophoresis  Sequencing

—

Tumor collection

g o

GW Mink10E

Forward lig

Bulk RNA sequencing Immunoprofile scRNA- seq
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5.3 Resul't
53.Sluccessful eaTrapf3idsyhememMitn kkf HCC mouse mo

I n Chapter 4, the subcutaneous Minkl KO m
evading the acttuamears iofimdHOC yannattiel vy, t he st
suppression eff ekeéefsuoft htelre tkKiOnomad daenlat gasi st a i
val i dat e -dtehpee nMleMK 1 pat hways and MI NK1 alter

composition that has not yet been reveal eo

model , it is important to shift to a suita
we could exemphaeythet weaen HCC t umoirn cel l s
Vi.wo

We utilized the widely employed HTVI techn!
alterations to be introduced into the model
HCOVe sel ected genetic modifications in thi

based on gene relevance and mutation occur
Given the high prevalence of MYC amplificat
(33%) in HCC patients, we induced HCC tumo

and overgexVyrcd sosviert et Ealt her2WM2h)k1l overexpr

control was also delivered to the mouse mo
model with Tp53 KO and Myc overexpression |
that this model has a ifsindnointail ve mmauniemmer
based omowsueg umpublished dat a, and another
showed tumor resistance to PD1 inhihleitors.
antumor i mmune responses in this HTVI mo d e |
As described in Chapter 5.1, we construct ec
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CRI SPR system prior to HTVI. The detail ed 1
13 transposase e xSBrle3ds)s, i ntgr amesetoasiomg C MY NK 1/
control, a-E & IMMI WK 1(fEpFIIGAVE a n dE FpiVaY Gl u c ) and

CRI SPR/ Cas9ewsxicn@r s @MRIp3d 3() p xXF303¥0 HT VI i's ex
section 2.2. -Badierfd ysedwen@e odfei mMi nk ( AAHSE
into donor -22ttoBubOOfRent | vy, the Minkl co
into the-expanaesposPeFviawt asi pg tHel Grait mgvay

met hod facilitated by the LR Clonase. Bef o
check whether this sleeping beauty system
of mMinkl, the correct size of the extract
gel electrophoresis. As shown in Fig. 5.3 /
Ssize -BFIMp TX1 (8kb). We then confirmed the |

by sequencing using botthhet hBeGHE Frleav efrosrew aprrdi r

5.3 B).

SinceEFpINRBC uc i s ac olnd aii fne mege epd imsank dng o f
transfection and injection efficiency, in
bi ol umi nescence i magi ng. Tumor gr owt h W
bi ol uminescencAgs i snagwmgi if BEI J. 5.3 C, on

l uci ferase signals were detetd emMlfc@Wt he | i
(GW) an'l9 amy®i58i nk1 (Minkl) gMpoap®ncogehnerr
transfection efficieynaefy dDouidsmigdeas st wimodelg
unt i | day 28 showed that Mink1l mice had fe&
supported by significantly increased |l ucif
Mi nkl mice, with high€eombummpaiwedgbosG@Wnmi ¢

(Fig Bp8nD)iver harvesting from both GW anct
89



were coll ected to evhhtauamoWesdMti e rkaln ad Ixygstri ess s i
demonstrated an increase in Mink1l protein
GW tumoes5(FiBg). gPCR analysis further <conf
mRNA (5Fi3g F) . Mor eover, I mmunrodveasdloedemi glaé
Minkl expression in Minkl ®E3tGmor Theseues
not only confirmed the successful gener at
substantiatednkhei mobeomdtiNg HCC devel op
Throughout this chapter, we used the same

mechani smredguMan&g&d HCC i mmunity.
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bp EFla: 998 matches, 3 msimatches
BGH-rev: 1053 matches, 2 mismatches
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from tHhriIMPp TR plasmid(BRODmMags e Rt0ODtnigy)e sequencing al
the -EpFT#88 nk1l plasmid with Minkl cd<Busi ngi redesdae mond
i mages KOfOIYEpMBi3nk 1 & dMyTeF/p&V8 mi ce at days 14, 21, atl
to HTVI; n€6)ywpmrar gweoiugp@E amhd MGWkKkrmhi ce; data are shown
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5.3.2 Bul k RNA sequencing dat a reveal s
infl ammat atyd pat hways andr sluptpee spatomway s
Mi nkl OE mice

To elucidate the molecul ar mechanism by wh
HCC, bul k RNA sequefifaomong wamplpes f wemed.pr e
sequencing after confirming higher Mink1 pr
in GW tumors and verDEGIi agaltyhsei sRNwAa squmd n ft
normali ze raw RN&Aderpregsdohfandntially ex
Mi nkl OE andG®EMA guoiupge . 50 mouse hall mark
Mol ecul ar Signatur est iDan adfa sée4 % eosfe ag eende usperte
in which ,ihbcyedéngepsthways relatetd to inf
signal iaBgveviea sNgni fi cant at a false discov
I n parallel, weowo@@reammMl-dNKgwi HCCMsBEKDp I e
usi ng-LMTAHEA and found significant enfti chment
hi gh HCCNesampl gs. t he i nlfllGawmiadlriys ciytnw&li ne¢
gene sets mentioned above, ngnd @slw®&rer anul o
highly expr ©E§sed mpibe MiHBRIt gnaps demo-nstrated
ranked upregulated genes inb5bdtiK)Mi fhkleOFRI
the potenti al downstrcedm m@matthwayws onel aat eMi
performed KEGG &XKEGGG@nahgyglsyses.eveal ed wupr
infl ammatory medi at or regul ation pat hway
processing and pr-egeokbheonntaedab.yd ok)i.pat h
GO anal yesdi sdoswmnmovw gul ated genes related to
regul ation of T cel/l proliferation, NK cell
(Fi5g4 E). These findings suggest that Mink

gene networks associated with i mmune micrc
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i nfl ammat oFyrtlesporgsel oration of the I mmur

understanding the effects of Minkl OE on t|
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Figure 54 Bulk RNA sequencing data reveals significant enrichment of
inflammatory -related pathways and suppression of immuneelated pathways in

Mink1l OE mice

(A) Scatter plot illustrating significantly enriched pathways in the Mink1l OE group (left) and TCGA
LIHG Minkl high or low groups (right)The vertical axis represents enriched pathways, and the
horizontal axis represents the normalized enrichment score. The area of the circle in the graph shows the
gene set size, and the depth of color represents logl0O ¢J vilee.(B) GSEAbased hallmark
enrichment plot of representative gene sets from enriched pathway Inflammatory response (left) and
TNFAsignalingva NFaB (r i ght ) ll6 and€sfi3gends.gnorsnalined enkchnmeht score:

1.59, FDR gvalue: 0.203; normalized enrichment score: 1.54, FDRvalge: 0.102
respectively)(C) Heatmap showing the top enriched and downregulated genes in the GW and OE groups;
upregulated genes are in red and downregulated genes are irDHRudBar charts represent the
classification of significantly differentially expressed genenKEGG analysis with downregulation

and(E) gene ontology (GO) biological proces$B®) with downregulation. The vertical axis represents

the enriched pathways, the horizontal axis represents the number of genes present in each category, and

the depth of color represents the log10 offivalue.
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5.3.3 Tumarricneslilc Mink1l overexpression prom

and supprdscseds I CD&filtration

To detwehrintihnei mmune cell popditavednHCE ammen
regul ati on, we performed i mmune profiling
all owed us to i mmunophenotype and compare
and GW tumorsttrobads @smstotfihnesuicaomMi nk1 i n sha

of HCC tumiomfsi | tTruaitommgn e Dd&l | s from t he Mi
groups were first isolated, followed by fI
antibody panels iwn tthheanMetbhaddesChapted 2.1
maj or i mmune cel |l popul ations commonly pre
emphasized the role of Mink{Funesuppresior
Therefore, we designed a panel including

Mi nkl disrupts ThiliMdMeegerb,al tawmae eantni HECLCy p:«
to prevent spectral overl ap betweeast he f Il
B cell s, monocytes, macr ophages, natur al k
neutrophil sinTh@DhZrséhge | paem édeyetloltso,x iGD8T cel | s
cells, and Tregs. A gating strategy for i de
5.5B.A The frequency of al |l the i mmune <cell

percent agiemmdneDA&I | s .

Our analysis showed that while the overall
sampl es, most T cell subsets did not chang

except ffosrubtsheee ,CDMhi ch decreased from 25% i

samp(lFeisg 5 C). To confirm the sUTppcreelslssi,veweef
conducted multiplex fluorescent i mmunohi st
antibodi esembedgadatfiissue sections. The f1
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expression (red) was specifically detected
mod el but was absent in the nearby tumor m
in the GW.5.adbmpD)e. (AMidg ti onally, a si-gnifica
infiltratcelgl €D8green) was observed in GW t
OE. Whereas GW tumors wemdTeckéebhsil gvenfihtt
core, OBi hkinors showed much | ower CD8 expr e:
a priopmrofcedCD& accumulated in thenot & mor r
suggesting that Mi nkl overéXprcessi omfposse
rather than ce3.5 pD)o.l ilframwmrita omr dfFiilge anal ys
subset that has beéh aelplog taeldsd odeacrtd asad k S
OE mice.B)Fi g nt.e5r estingly, thefTeewgacsed! sl ig
Minkl OE tumors andThh& cetlteseaswasi noRORgON

contr adeivctosust o epprorts that suggesi.ed BWi.nk1l

I n the myeloid panel, theilCO1BBHEDHI mi | d
monocytes upon Minkl overexpression. Conver
in neutrophil infiltration, as demonstratec
5.5 B)

The wupregulation of Minkl | eads to notabl

reduct i ©in cien I1GD8nd a substanti adi vienc rtehaes e
drastic increase in the neutrophil- popul at
known i mmunosuppressivewouwll & ilonf\kelSANGg aitne ca
specific mechanisms by which Minkl overexpr
recrui tment . However, i mmune profiling pro
cel | compiorsi the TME, pr ompcealnlg RINMA tsoe qcucemdcu

( s ¢ RSNeAq ) analysis to gain comprehensive mc
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Mink1 OE

CD8+ T cell

Mink1/CD8/DAPI

Relative cell number

GW  Mink1 OE

Figure 55 Immune profile reveals neutrophil recruitment and suppression of

CD8* T cell infiltration in Mink1 OE mice

A-B Flow cytometry immunophenotyping gating strategy (AfMyeloid panel(B) Treg

panel.(C) Representative flow cytometry plots of immune cells characterized by the immune profile;

DC, dendritic cells, CD4=CDH4T cells, CD8=CD8T cells; Treg, regulatory T cells, Th17=T helper 17

cells.(D) Representative images of CD8 (green) and Minkl (reejncounofluorescence staining in

GW and Minkl OE, with arrows indicating CD& cel | s. Scal e bar=1200em (I
Quantification of tumaiinfiltrating CD8" T cells in GW and Minkl OE in 20 pairs of multiplex IHC

images, regions for images taken are near tumor nodules but randomly selected (fightl, * p < 0. 0001,

t test)
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5.3.4 @Selinlgl sequencing anal ysi s reveal ed

i mMmmunosuppressive cell s andL Bnuegugtersotpehdi Itsh et ©
promote tumor development in Minkl OE model
| mmune profiling of our HTVI model reveal ec
t hei fferences between GW and Minkl OE i mn
confirming the i mmunosuppressive rele of M
t umor I mmune response. However, It 'S 1 mp
fluorescenti schamar glss si,n atsh t hi s may | ead to
cel | staining, and subsequomdsy,derCanteroa S«
2017)To ensure the validity of our -i mmune ¢
cell RNA sequencing analysis that not only
provided insights into the underlying gene

and t-umbrl trating nighed®iNmree cednal.ysSis has eme
prominent tool for cancer i mmune studies be
at the cellular | evel. By charactéaei zing i

' imitations of bul k RNA sequencing and re

identifying distinct cel | polpul atsongr oncd
insights into genprexddesmproah@mditwe nst wmdyd
responses, cellul ar -celmaued c @ ¢(nGhnerne geutld aailiman

201PBn this stdadgdyanaslcRNIAs all owed us to expl
neutrophils and Minkl in our HT VI mod el

modul ate the i mmune response and enhance o

Tumor celrlepawerde for scRNA analysis by diss
si ngéd lel suspension using dissociation buff

staiAfitngr,. receiving normali zed sequencing
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pipeline, which is explained in Chapter 2.c7:

of the TME component s. Briefly, we removed
gene count s, or high mitochondri al gene ex
expressed in a sufficient number of <cell s

through quality contr &l Aand NeXEkt ewiengmpl ey

classify cells into phenotypic subpopul ati
reference dataset, this computational metho
cel | type, aiding the identification of di

5.6CBusters that could not be defined by S
adopted biomarkers that were rbaté iIChcl sd et e
T cells are the focus of this study, we ext
cel | popul ation and proceedecdeltlo sfuubrstehtesr, ss
as UCD8cell s anbd 6Trk)gs WeFiagl so confirmed Min
t he HCC cell <cl ustAefrt eirn shilniktlt iOheg stahnep | deesf.i n
into GW and Minkl OE groups, we found that
corroborated our iTnneu noovpelréahlolt yimp Hg e thewm ao, CI
and '¢c®4 1 s were slightly decreased in Minkl1l
( Fi5g 6 N&) clsang@&hl7 cell and Treg huybefs <co
Minkl to suppress Th1l7 differ elhstiinagt i Tonc ewals

exhaustion malrakgé8ds,d lddmzt udhngh were not us

i mmune profile, we found an increase in ex
5.6) . Moreover, consi stent with the 1 mmune
neutrophil population and a decrease in the

tumor.&. 6FIiFQ .

Using gene expression data, we were able to observe immunological features that could
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not be obtained from the FACS data, such as additional markers of T cell exhaustion.
We narrowed our immune cell population of interest to neutrophils, which were further
clustered into four subtypes: NeuOl_ CCL5, NeuO2LRD Neu0O3_MMP9, and
Neu04_Cd170. @ing to the absence of definitive markers distinguishing N1 and N2
neutrophils, it remains uncertain whether the increased population of neutrophils in the
OE sample is N2 prtumor neutrophils. Nevertheless, as the major neutrophil increase

in the OE samlp belongs to two specific populations, Neu03, which expressed high
levels of the protumor marker matrix metalloproteinf@séMmp9), and Pdl-
expressing Neu04, we suggest that the increased neutrophil population observed in our
scRNA-seq analysis is protumorigenic. We also found that thélPdeutrophil
population in OE sample is absent in the GW sample (Fig. 5.6 G). Moreover, in addition
to the increased expression BtH1 (Cd274) in neutrophils, sequencing analysis
showed increasedld-1 (Pdcdl) expreson in T cells in the OE samples (Fig. 5.6 H).

To further validate our pathway analysis results from bulk RNA sequencing, pathway
enrichment in the neutrophil cluster was analyzed using GSEA. The GSEA results
suggested that apart from the inflammatoryBridF U pat hways i n-di cat ed
seq analysis, the IL6/JAK/STAT3 pathway was strongly upregulated in the neutrophil
population in the Minkl OE sample. The expressionl&dr was upregulated in

neutrophils, whereas that ib¥6 was upregulated in HCCelis (Fig. 5.6 1).

In summary, our sSCRNAeq analysis of Mink1l OE and GW tumors revealed significant
remodelling in the TME, characterized by a drastic increase in neutrophil population,
which aligns with the findings of our immune profilingVe inferred that these
alterations collectively contribute to an immunosuppressive TME and robust
inflammatory response, possibly due to the recruitment of neutrophils and subsequent

immunosuppressive cell populations upon Minkl overexpression. Moreoser,
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established a connection between Minkl and HCC immune evasion, suggesting the

potential involvement of MmpQand Pdl1™ neutrophils in this process.
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Figure 56 Singlecell sequencing analysis revealed increased populations of
immunosuppressive cells and suggested the pivotal role of R * neutrophils to
promote tumor development in Mink1l OE model

(A) Singlecell violin plots generated by an R packa@eurat, to present quality control (QC) and
filtering of scRNAseq data before QC (left), eoff during QC (middle), and after QC (right);
nFeature_RNA= the number of genes, nCount_RNA= the number of reads, percent.mt=percent of
mitochondrial gene readgercent.rb=percent of ribosomal genes reads, percent.Hb=percent of
hemoglobin gene read®) UMAP-presenting cell type identification generated by Sing(€R Dot

plot showing regions of wefublished gene markers for different cell types located orABNFright)

and defined celtype clusters (left)(D) Dot plot showing regions of wepublished gene markers for
different T cell types located on UMAP (right) and defined T-tgdke clusters (left)(E) Dot plot (left)

and bar chart (right) showing Minkl expression in different cell clusters in GW and OE
groups.(F) UMAP and bar charts presenting the landscape of the tumor microenvironment (upper) and
tumor immunity (lower) in the GW and OE grouf&) UMAP presenting the neutrophil landscape in

the GWand OE groups(H) Bar chart showing Pdcdl expression in T cells and Cd274 expression in
neutrophils(l) GSEA-based hallmark enrichment plot of representative gene set from enriched pathway
IL6/JAK/STATS3 (left) andbar charshowing 16 expression in HCC cells (middle) anébha expression
(right) in neutrophils. ftestp<0.05, **p < 0.01,
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5.4 Discussion

I n Chapter 4, we demonstrate the role of M
Ssubcutaneous Minkl knockout model. To deep:
on intratumor al i mmune composition and its
est adbl mesthse modelapti bl ealieetstmem e rgr of i | es of

Thus, the primary eb¢empasesthoé davel chmaen
rel evant mouse models exhibiting I mmune h
alterations in the TME Weldsew nHyT Wi ntkol ionvdeu
tumor s i n i mmunocompet Bmnghk 8@5xKkBLW/tMyYa ndi c@ v
overexpression background, together with M
GW pl asmi Afdelri wemy.i rming the successful

model , we conducted bul k RNA s ecguéencRNAg, i
sequencing t e eigddrattiefdy gMdinreksl and pat hways

interplay between tumor cells and the i mmu

OQur mouse model toodEFAMIYWVCAot agpd aefmi d hex pITE
l uci ferase, which all owedi mspiewo meakt ofheé.
growth of tumors in the Minkl OE group cont
harvested. Mor eover, -tabisviggrnirfatciamtWwygs holghe
Mi nkl1 OE group than that in thes@6Wvgdotpm. T
vali dat emedhieaMed kHCC devel opment descri bed
an indepenMext, meeaddeperf ormed bul k RNA seq!
Mi nkgdgul ated genes and pathways that pl ay
Enrichment of inflammatory aBepapabhwayandnTNh
t he Mink1l OE rhddel gto@&HMHIEKk $equencing dat a

GSEA analysis suggested t hdati vMinn kHIC Cp ri onmmoutne
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responses.
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Chapter 6 Conclusion and future perspective
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6.1 Concl usi on

HCC is the third most lethal cancer worldwide with an increasing incidence. Despite
advances in therapeutic strategies, including-fingt treatment with lenvatinib and a
variety of ICIs, drug resistance in systematic therapy and the low responsel@Gite to
remain major hurdles in HCC treatment. Tumor cells employ diverse immune evasion
mechanisms to reduce the efficacy of immunotherapy. Therefore, there is an urgent

need to study the detailed mechanisms of céamoenune evasion.

Kinaseinhibitors play a prominent role in cancer treatment by targeting pathways
related to tumor growth and proliferation. Recent studies have shown that kinase
oncogenes also contribute to immune escape and ICI resistance, suggesting the
potential of kinase imibitors to enhance antiimor immune responses. Therefore, the
present study aimed to identify a subset of kinases that play critical roles in HCC
immune regulation using an in vivo kinomaede CRISPR screen and HCC mouse
models. We further built upon ounderstanding of intercellular communication of the
candidate kinases in the TME and elucidated the mechanisms of immune evasion
triggered by the selected kinases, with the hope that such an understanding may
contribute to improving the efficiency and pesmse rate of immune therapies. We
successfully established that a novel kinase, Mink1, is involved in HCC immune

evasion through recruitment of premor neutrophils.

We constructed an in vitro kinonveide CRISPR gRNA knockout library to identify
potential kinase targets forimmune evasion in HCC. The efficiency of the mBrie kinase
library sgRNAs was validated using the Rule 2 set score, and the distribution of
SgRNAs &er RIL-175 cell transduction was confirmed by sequenchg.in vivo

kinomewide mouse CRISPR gRNRnockout library was established by
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subcutaneously injecting RIL75 cells containing sgRNA podlo confirm whether
kinaseknockout HCC cells can be recognized by the immune system, we assessed the
depletion of HCC cells with different gRNA knockouts in immunocompetent and B
and T ceHldeficient mice using the CRISPR screening approach. We focudeiase
geneknockout HCC cells that were suppressed in immunocompetent mice compared
with immunodeficient mice, indicating that the presence of an immune
microenvironment can inhibit the growtii tumor cells upon inactivation of the kinase
gene. In addition to the observation of rapid tumor growth in immunodeficient mice,
depletion of HCC cells with immunosuppressive kisasereknocked out in WT mice,

and enrichment of immursupporting kinase provided strong evidence for the
successful generation of our in vivo CRISPR screening model. Our screening results
identified Mink1 as a possible candidate since Mink1l KO HCC cells were the only type
of kinaseknockout cells within the sgRNA library thevere completely eliminated in

WT mice. TCGALIHC and GEO cohort analyses and IHC staining analysis
demonstrated the clinical relevance of MINK1 by suggesting that MINK1
overexpression promotes poor prognosis in HCC patients:-Bafedd TIDE analysis

also provided evidence of a correlation between MINK1 overexpression ael T
dysfunction in patients with HCC. The role of Mink1 was further validated using Mink1
KO HCC mouse models after confirming the KO efficiency of Mink1 in-Bi5 and
Hep55.1c cell hes. Tumor growth was only observed in WT mice injected with control
cells, but not in Mink1 KO cells, whereas tumors were observed in all control and KO
cell lines injected into immunodeficient mice, indicating that MINK inhibition
improved the anttumorresponse. To our knowledge, this is the first study to reveal a

significant role of MNK 1 in modulating immune evasion in HCC.

Our next goal was to identify and characterize the intrinsic mechanisms through which
117



MINK1 affects the immune environment in HCC. For this purpose, we established a
hydrodynamic tail vein injection (HTVI) delivery immunocompetent HCC mouse
model that resembles a hurdigee heterogeneous TME to examine the effect of Mink1
overexpression ithe HCC immune microenvironment. We conducted bulk RNA
sequencing of Trp3%/C-Myc®E /Mink1 and Trp5%°/C-Myc®E /GW HCC mouse
models, with GSEA analysis found significant enrichment of pathways related to
inflammatory response aMinklE&riplessAngmbarl i ng Vi
of inflammatory factors such ds6 and Csf3 which are well known for neutrophil
development and function, have been upregulat€t model The release of k6 and

CSF3 may be regulated lnyflammasomes such as NLRR@hich has been reported

to beactivated by MINKL(K. Zhu et al., 2021)Furthermore, GO analysis showed that
genes related to T cell function were downregulated in OE tumors. These results
suggest some limited ideas that Mink1l may induce HCC immune evasion through a
robust inflammatory response. To further explore the chamgegene networks
associated with immune microenvironment remodeling by Minkl1l, we conducted
immune profiling andcRNAseqanalyses. By assessing the effects of Minkl OE on
the immune microenvironment, we have demonstrated that overexpression of Mink1
resuts in dynamic changes in TME components, leading to a significant increase in
neutrophil population and decrease in Ca#ad CD8 T cell populations. Consistent

with previous results, we showed that Minkl overexpression contributed to an
inflammatory and immunosuppressive TME in an HCC mouse model. Concurrently,
scRNAseq analysis confirmed that changes in the immune cell compositio
corroborated our immunophenotyping data. Mink1l OE enhances neutrophil recruitment
and proliferation of exhausted T cells. Wéaind that the increase in the neutrophil
population belonged to clusters specifically expressmgp9 and Pd-I1. PDL1

expression on neutrophils has been reported to contributes to an impaired immune
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response. Therefore, we hypothesized that the suppressive effectsediniril our
Minkl OE model may be mediated through the-BEBD-L1 pathway. Singleell
analysis confirmed increasdtt-1l and Pd-11 expression in T cells and neutrophils,
respectively. It has been proposed that the induction ofLP[2xpression on
neutrophils is driven by inflammation and the qwonor TME. In a study performed
using a gastric cancer model, Wang et al. demonstraechtémbers of the CSF family
promote neutrophil activan by upregulating PEL1 expression in neutrophils to
suppress ell immunity through the IL6/STAT3 pathwayonsidering that we
observed upregulation ¢f-6 and Csf3in our bulk RNAseq results, we suggest that
upregulation oPd-11 expressing neutrophils may be regulatedl®yndCsf3 In line
with this hypothesis, our gene expression analysis indicated the enrichment of the
IL6/STAT3 pathway together with the upregulationlleér in neutrophils andl-6 in

HCC cells of the Mink1 OE sample.

In summary, using different Mink1 HCC mouse models in this thesis, we have shown
that Mink1 plays an important role in shaping the TME and evadinguantr immune
responses in HCC by recruiting neutrophils that mostly expretk & Mmp9 to the

TME. We hypothesized that this immunosuppressivetpnaor neutrophil activation

is regulated byl -6 andCSF3and that neutrophils suppress T aalimunity by binding

PD-L1 to PD1 on exhausted T cells (Fig. 6). Such knowledge can be used to design
rational tratment combinations of ICIs with inhibition of Minkl to improve the
response rate and effectiveness of immunotherapies for patients with HCC. Nonetheless,
further experiments are required to understand the mechanism of neutrophil recruitment

by Minkl and @lineate the immunosuppressive effects of neutrophils.
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6.2 Future perspective

6.2.1 Inhibition of hepatic neutrophils in Minkl OE-induced mouse HCCmodd

We observed an increase in neutrophil population upon Mink1l overexpression in our
previous mouse model, suggesting that Minkl facilitates neutrophil recruitment to
promote HCC progression and immune evasion. Fellpwexperiments will be
performed to confm whether Minkl OEnduced mouse HCC is attenuated by
antibodymediated depletion of hepatic neutrophifreutrophil suppression reversed
the tumorpromoting effect of Mink1, neutrophil recruitmenbuld be the main factor
leading to HCC development aip Mink1 overexpressiof.o further confirm that this
effect is immunespecific and that neutrophil recruitment promotes HCC progression
through an immune evasion mechanism, we performed antinedyated depletion of

hepatic neutrophils in RagO mice.

6.2.2 Verification of neutrophil activation and migration by Minkl OE HCC cells
conditioned medium (CM)

Our previous results suggest an effect of Mink1 ontproor neutrophil recruitment.
However, we have not directly proven that recruitment is stimulated by inflammatory
mediators in the TME of Mink OE tumors. Therefore, it is imperative to validate the
acivation and migration of neutrophils under the influence of Mink1l overexpressing
HCC cell conditioned medium (CM) by (1) flow cytometry to measure CD11b
upregulation and ROS production as an assessment of neutrophil activity and (2)
chemotaxis assay to duate the migration of neutrophils. For this purpose, Mink1l OE
HCC CM was collected by incubating Mink1 OE HCC cells in a medium supplemented

with 10% FBS to facilitate cell migration, followed by-calture with neutrophils.
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6.2.3 Exploring the neutrophil recruitment mechanism

Although we and other researchers have proptiseédnd Csf3as chemoattractants

that regulatd>d-11 expressing neutrophil recruitment in tumor models, to confirm this
result and to identify other potential key neutrophil attractants not explored in our
previous study, we should conduct a comprehensive profiling of cytokines and
chemokines in Minkl OE HC cells CM(Cheng et al., 2018)his helps to elucidate

the interplay between tumor cells, neutrophils, and the Mink1 OE TME. Moreover, this
enriches our understanding of the tumor -ggllinsic molecular mechanism that
remains unexplored regarding how Mink1 orchestrates neutroptalime. The levels

of cytokines and chemokines secreted in response to Minkl overexpressing HCC CM
can be measured using flow cytometry and Luminex. After narrowing down the
candidate cytokines or chemokines, cytokine production in the plasma was measured

by ELISA.

6.2.4 Validation of neutrophil extracellular traps formation

In addition to chemokine and cytokine regulation, neutrophil extracellular trap (NETS)
related processes majsocontribute to HCC progression and immune evasion. NET
ejected by activated neutrophils exert immunosuppressive effects wiHFPEL1
(Kaltenmeier et al., 2021 Moreover, CSF3 promotes NET formation by recruiting
neutrophils(L. Liu et al.,, 2020; Park et al., 201&valuating NET formation by
NETosis quantification assays and visualization of NETs by fluorescence staining of
H3cit can help determine whether the interaction of recruited neutrophils with cancer

cells and other immune cells is accompanied by NET release
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6.2.5 Potential therapy of Mink1 inhibitor combined with immune checkpoint

inhibitors
Il n recent years, the FDA has approved seve
clinical responses and satisfied overall S

response rate remdheseftoma, ofutchhraé | ehgedi e s

optimizing the i mmu@arheespétisi baapppoavked

critical role in HCC i mmumma eawvasirom hby sr ed
we i denPdflerepdreassi ng neutrophil popul ati o
overexprgegsessitom,g sMi nk1l evades HCC i mmune by
PDl1/ RO pat hway. Therefore, w e believe Mi

i mmunot herapy response rate and swiftilci ency
ot her i mmune checkpoint inhibitornsg Avd | | be
virtual screeni ng furs itvih@el ki ddceq 5ec ehr toieali nigre i)
was utilized, iwe apwiplbloaphodcoeadxtami ne t he ef

inhi bitors.
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