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Abstract

opment is closely associated with chronic inflammation, metabolic dysregulation, and immune imbalance. Although

HCC (hepatocellular carcinoma) is one of the major malignant tumors worldwide, and its devel-

immune checkpoint inhibitors and their combination regimens have significantly improved the clinical outcomes of
some patients with advanced HCC, primary and acquired resistance to immunotherapy remains common. Accumu-
lating evidence indicates that aberrant cholesterol metabolism reprograms the metabolic and immunological state
of the tumor microenvironment, thereby influencing therapeutic responses in HCC. Rather than merely promoting
tumor growth by increasing lipid supply to the tumor cell membrane, cholesterol metabolism reshapes the flux of
cholesterol synthesis, uptake, esterification, efflux, and oxidation, converting systemic metabolic status into local
immune regulatory signals. This simultaneously affects the metabolic adaptability of tumor cells and the functional
state of immune cells such as T cells, NK cells, and macrophages. This review summarizes cholesterol metabolism
reprogramming in HCC and its relationship with hepatic immune surveillance, with particular focus on the func-
tional differences of cholesterol and its derived metabolites across different cell types and subcellular compartments.
This article emphasizes that the immunological effects of cholesterol are not simply determined by its absolute lev-
els, but are collectively governed by metabolic flux, cell type, spatial localization, and microenvironmental status.
Furthermore, this article summarizes the mechanisms by which cholesterol metabolism maintains redox homeosta-
sis and metabolic resilience in HCC cells, and highlight the role of SOAT1, a cholesterol esterification enzyme, in
mediating metabolic buffering that enables tumor resistance to immune attack and recurrence. Finally, this article
proposes that future cholesterol metabolism-targeted therapies should shift from merely “lowering cholesterol lev-
els” to “precisely remodeling the metabolic immune ecosystem”—that is, by targeting specific active metabolites
and their metabolic nodes to simultaneously relieve immunosuppression and reduce the metabolic resilience of tu-
mor cells against immune attack, thereby improving the efficacy of immunotherapy.

Keywords hepatocellular carcinoma; cholesterol metabolism; immune evasion; tumor microenvironment;

immunotherapy; metabolic resilience
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Dietary intake: dietary cholesterol

Intake
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Cholesterol homeostasis is maintained through the coordinated regulation of multiple processes such as biosynthesis, uptake, esterification, excretion
and oxidation degradation. Cholesterol biosynthesis is accomplished via the mevalonate pathway, with key rate-limiting enzymes including HMGCR,
SQLE and DHCR24. Exogenous cholesterol is taken up through the LDLR-mediated endocytosis. Free cholesterol is esterified by SOAT1/2 into choles-
terol esters and stored in lipid droplets. Excess cholesterol is excreted via ABC transporters such as ABCA1, and ABCG1, or oxidized to oxysterols by
CYP27A1, CYP46A1, which can then be further converted into bile acids. This network is tightly regulated by three nuclear receptor systems: SREBP2

(regulating cholesterol metabolism), LXR (sensing oxysterols), and FXR (sensing bile acids). Any imbalance at any node can disrupt the homeostasis
and tip the balance towards carcinogenesis.

1 RB[EIEA 4R
Fig.1 Cholesterol metabolism pathway
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JE R 25 b 5535 T v, FDPSTE St 4 i IV 38 o 7t
IR %1, SREBP2 2 iff 42 JIH [ B B Jlk 110 6 Bk 1 =%
7. 7ERT40 e (HCO)HF #i #5 i L IR Bh M o,
SREBP2 [ 57 5 WU A2 2 42 i Jog A XU B 2 £ 5 g
R R I SCBERR Ao el IR S E [ A R T
TR B, Y R OAEE LL R A TR T R
74, SREBP2 #2135 W0is 2 IR R 8 1% v 1) S
PR, 5 SO A R Utk o I (0 [ e s
BRI, TERCE S I E R IR A, X LR A E N
S5V G, BaE NS 5@, AT IREh R 41 s
AU, FEIEH AFAM R, SREBP2 IS 2 241 i
PR JTEL ] B 7K D T A B R i 4% . (HAE HCCHT, 1X
— IR HLE B 2 R RN, FESREBP24b T 74
TR

Ui 25 HEL T 5 7E SOAT 1(JR PR ACAT 1) FI T 4t i
A9 RE [ B , A7 TR . SOAT 12 i HCC
JIEL ] A R AT T8 IR N B s 2 — o B IRIR
JFHR B T 20 2% 5 T A0 M R 05 0 146 F 9 & I, SOAT 1
& IR B HCC H e b 3% S AR J5 52 R 1) SR HEA R R -
SOAT1 FRIBHHCCHEE E R FHm ., TlsH %,
LS A 25 5 U0 1) 03 T S B 2 17, AT
FE—0 KI, SOAT1/KFAE HCCH 3% Tt &, I
58 R AN TS % VIAE G . LI AR B,
JHF- i 40 B3 i SO AT 1 JH [l B i A4, I ) 28 45 U [
FRGBTRARYS , M3 5 B Ak s ) AR 1
g8 g6 4 L i 0% 415481 CD 8 TAH A 5 1 S s i o
SOATI v b sk 24 B A4 vl B R IX — AR R ik &R
SHUEE R RSB RS . BERACE RS PGE2R”
Az kD S SE A IR SRR A 240 7E IFN-y FIZ0 35 1 &
IR, 20 T e AR, AT 3 B
JANI S G e AR EIETE . X —RBLE— SR
T R S A 7 PR P ) A 2 R S SOAT 1K)
{1 L 2] 2 5 e AN A5 B 7 T 200 i 7 3o L e
T T A S R T AR R 2. R,
SOAT 14 (1697 B IR A 2 B CEZKSF, T 7E

TR I et 3 240 A ARt I ] e A S B R LR A
il JEUAS EL A e m A 40 e P ek A e R R R T
i 3L G Tl N

JIEL [T T ) 375 e 3R AR E HC.C 4t o 2 B 3 4038
S5 H [ B A HE R B (5 ABCAT. ABCG AT
ABCGS5. LXRAZMEH ABCA1. ABCGIAIABCGS
LR ARBMZ O F T . fEHCCH, LXR
5 5By, EE T B E RN HERE S R R,
i e 20 PR E AR R P4 1 D LXR 40 i 8 O
K, ABCAI{E HCCH R IE /KT B 35 FE K, 1IX 5 &
HIIARTUG . ABCATI R I ek /b fH [ i 4
A5 230 e Py AL B 7S i, D il 4 i 4 5 2
BEIEAE A R R SR, ABCAT{E HCCH 1
WAFAE RS B AR W —— G W R I ABCA LB T2
HE EMTHG 58 T 4 M (1 19 5 AR 2R AT RS RE ), 42
7N ABCA LTEA [F) 41 ff 0B AR B 715 5 vl Bk
EM I RE . ABCG5/G842 A5 IH & | 1) fiH ¥
He ik 1 B 7 — RARFEIZ R . fEHCCH, YAPI-
TEADIE &Y EHEL & 40| T ABCG5. ABCGS
(2 5, BRI T E [T R 70, R 7 24 i Py O ]
MR, IEAREYE R ER, ABCGSm#ik 5 e &
HHE KA AIM . ABCHIZHE A (ABCAL.
ABCG1)/ 31 [ B 7, H AR X FI D E4E HCCH
AN, T O E R MR AT N B L. LXRa
VE RS A B8 T (A% 2 A, 70 8 4% JE ] 2 &0 R v Ok 4%
KEAE . WFRIL, B4 i nT i@t I LXRaA!
ABCA 11k WX 3 G % 0 i) 4 15 240 G ) 2 il JIHL
T (1) S8 A P i o £ T 27- 5240 B (cytochrome P450
family 27 subfamily A member 1, CYP27A 1)1 fH#]
Mz 24-¥2 4L (cytochrome P450 family 46 subfamily
A member 1, CYP46A )T, A a2 7-F2 5 H [#] g Al
24-F3 FE I B BE S54RSS B, S5 3 T — R A o IR
g, fEHCCH, CYP27TAL MR IEKFHAL T 5%
M. BRI, CYP27A L ik PR A [f % 7K
P HCC 1 m ki, 48 s (HCC)H iH
B A R AL R — W e, R — S
B R BEAG . ARHESE 2 2% 0E R P R EE AR T ) R
GUIEILFE . X PR E AN A AR T RFIE A SR, I8
AR . AR A% 1) L IO IR 25 0K
IR A RIEFNEITIN 25 (E2).
3.2 MEBERINEPREEER S ERES REIET
32,0 Temie  TANMTEPUINR G b R 156 Sk
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'ﬁ‘ | PP ———IPIBK —— AKT

: SOATT I Cholesteryl] 4/
\ &% ester
Cholesterol
E?K nSREBP2 /) synthesis l
MEK Emodin Avasimibe
T PGE2 |
l %'Immmn” Low LDL uptake l
LDLR E Immune escape and tumor recurrence

/ e \
e
‘@)

e
ABCALI ABCGI

FERT A s, BERE EEAQU/E 2 DI R AR 2 I, DISCRFRTR A . R A Bk i . & pdh i . [RIE B (HMGCR. SQLE. FDPS.
DHCR24) 38 -8, BREAA [ e Sk & it B A . SR 1S : LDLRMISCARBIIEZRIA, fi it S5 R [ B (35 B . AL 3R SOAT1 LM, 4
T UL I T e A D ML R R A T IR o, RS S IR A B, SO g B Ak . AR - ABCHRIZ B (ABCAL. ABCG)T
S2 A, 3 SRR [ AL R 2T P A

In hepatocellular carcinoma, cholesterol metabolism undergoes profound remodeling at multiple steps to support tumor proliferation, metastasis, and
immune evasion. Synthesis: rate-limiting enzymes (HMGCR, SQLE, FDPS, DHCR24) are generally upregulated, driving excessive de novo cholesterol
synthesis. Uptake: LDLR and SCARBI are overexpressed, enhancing exogenous cholesterol acquisition. Esterification: SOAT1 is upregulated, convert-
ing excess free cholesterol into cholesteryl esters stored in lipid droplets, thereby avoiding cholesterol toxicity and conferring metabolic resilience to
tumor cells. Efflux: ABC transporters (ABCA1, ABCG1) are often suppressed, leading to intracellular cholesterol accumulation in tumor cells.

E2 Rz REEEK 5 E R

Fig.2 Cholesterol metabolic reprogramming in hepatocellular carcinoma

VER, o 20 i #3 74 TR S 400 (cytotoxic T lympho- i SreZ BRI W1 Lek A Fyn ) SR8 5iE 1k . X 23

cyte, CTL)iH i B4 48455 AN 40 B K]+ S5 ML i1l Vi e i MRt J5 72 TCRE &Y W R 1k CD3CEE R ZAP70, 3
TR o P I B 1 T A 75 22K 5 HE ] e DAt 2 1% T MAPK/ERK }, Ca®*-NFAT/E 5@ % . Hthn]

P88 DM A Bl it SR 30 DL T 1 i P B R
T A B R AR S, 3 B0 2 IE [ B A2 T2

W, EE R 225 TCRAG 5 A HZR TR 11,
SRTI, i Je ol 5 o Fp L I P £ A o 3t T

FREE o 3 P2 1S m IH [T w2 0 T 324K (T-cell re-
ceptor, TCR)ZEAE, MIMIHG SR TA LG AL . thah, HH[H
e 184 03 BRI 3 T2 -5 iR 400 Pk 2 i) e 38 5 ik )
JE R, $G 9% TN 40 Bk DhRe. 7270 7210, H
Ii] 5% T2 L ) e ) 5 i ANk T 5 B, 38 5 4
JH A7 RIS X A 2% DIAE 0% o 7E THH M 5 H1vE 1
¥ Bt, TCR-CD3E AW ITAME 7 B R 1L A2 )3 5
U T PR S A R . i Sk i ot A
T 7K PR T 5 AL ] P T 5 A X A, R

SERRER . IR, SIEWALMLE, HCC
H1 27THC I KF T+ . 27HCIE T SREBPAI LX R
R 7T T A [ R A, 7R 8 IR Tl A 85 b
5 CD8* T H BUIE A Bk = FIBLR , 0] T4
WA . 27THCHE LXR AT L iK% B AR & 1 32 4k mT
1% S F&f# A -7 (inducible degrader of the low-density
lipoprotein receptor, IDOL)# 1, £ LDLRZ & ALA
R, U\Wﬁﬁ&"ﬁﬁl‘ﬁﬁﬁﬁ [ B P 456 X o[RS, 27HC
P I LX R IS 58 4P 45 5 e s s I 1 i PG C-
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Lo, 4 SREBP2AH I JH [E B & AR 7 o X 0L E
BELT 5 350 T40 B AR ] B sk =, #0461 TCRIT Ui {5 5
o H[EBEGR = 58 v] BRSZ ARG A D e AN I FR
B R T 4 ThRERafs J (2 2 H At T2, SR,
WA BTN 2THC AT FE R & 254 T i id PIBK/AKT
TR P 3 5 TN R P AN 12 P TR R, 327
Loy 55N EL A B R (1 B A 7

S A L ] A 2 7 i 9 A 4 2 R R B
WEAEH . — IR L, 8 kR B nl s
CTLsH ¥ LU S % 53¢ R~ ATF3, 338 1 01 i AL o]
25-F2 4L (cholesterol 25-hydroxylase, CH25H)f#) %
1% . CH25HA T4 IH [ BE 446y 25HC . 25HC/K
oe ARG 2 (12 32 15 M 200 o 5 7 e 240 o 7 U 000 1 40 . (ef-
ferocytosis), 5 S 4 M BT E 2k, AT I
RS T . AL, 25SHCH /N TE 2 S B4 5 g
PG ) CTLsHE 1 DA A 2 i I8 20 e T A58 JFG 18 3] At
CTLsIE Mo IRl CTLsIE M T B4 -1 I FL 5 1A
R, (Rl ATF3-CH25H Al 1) 2k AR 2 e i 1,
[ B 45 S5 CTL ) B, A6 1 T i S ki 71,

FH S, 3k v e T P (R R 2 452 5 TR Th
Ae. WEICFRBA, 75 MR S En 55 v E ] i AR 88 ] 5
S TN P TR R, 5B TN B RESR , HURFIE LS
PD-1. TIM-3F1LAG-3% G & 5/ TRiE L
VA UA, R o WA I FGF2 1 AT B35 CDS8* T4H i 1)
PI3K-AKT-mTORI# #, i ifij #0E SREBP 2 2 JH[#]
BEA R o XX S 0 v P A ] 2 T 33k — 25 R T4
L FE 58 ) B I8 G S . WL b, TR 43k
(1) FGF215 FGFR1Z k454, #0i& CD8* T H 1
PI3K-AKT-mTORC 1i# % £1 SREBP 1 /280 5 [ JIg i &
BB T SR, 22 A% (AR B A — g 5 50 0 A
TR, 10 AT REFR S T P T . PN R L
IR 7 R o S S D G A G S 52
7 IRE1a-XBP LB , e PD-1. TIM-3%5 Gt 25
T RIE I F T FE S,

DRI, 4457 3 >4 0 JE [ 5 b /K P % T4 i 1
A 42 D EE I 6T TAH A A 52 2 B0 2 2R
PEFFAE . JH [ BE SR = 2240 55 IR L5 1 - HI 99 TCRIE 5
B 5, T PR (AR ] A RT3 5 S R DhAg, i
AT AR I P SR S T ke
IXAHRTN , AR R G s v f JIE [ et 258 %7 A R T
H4FLVAGE v R B A 25 R AH T A ), T 75
A PR B E B KT AHA ) B 28 7] 43 i

322 FHEkmie JI 88 R A7 AE 22 P B g F k) T
REBE R4, B FE P MR A B AT SR . X ik
2 A TR O B R 52 B 22 Bl 8REAE 5 )
PR, IR BCRAT G 2 A RS SR R M R RS
FFCHE KL 4 R e e s i 5 R P R 48 L R T
IL-10MITGF-B, I T4HMIThfE. B FER M, 22-F2 0%
JE[# i (22-hydroxycholesterol, 22HC) nJ {i¢ 3F 4 J% 4111
il GRUTH I RLAE ML IE RS o 22HCHE 2 M i 355
FWFHEREFE, HAEMAAKE LXR, 1] G2
456 HBOE C-X-CIEL R 13244 2(C-X-C chemokine
receptor type 2, CXCR2)f2 it FH PR A 4 2209, X
— TN, AL S BEANE IH B B AR 2472,
W] DR A MO [R5 5, BB 5 1 9 928 440 e 1) 2 (1)
I3 . PR, R A U EE o A AT e e I B AL
B B, o — A SO PR A 85 (%) i R 4 L 2 ok
323 $4-EBEwmie  BRER-EWRIRE S K
BB R R A . AREE DI RRIRES, Bk
M4 G5 L BRSO M1 (R R ATHUR ) 5 M2
B (AR AR i gg )R AL, H S b I AH 5% B R 40 it
(tumor-associated macrophage, TAM)FF4E 4L T 15 &
G PEAMHEPRAS o N A BEAQ U =4 ] 885 22 P A% 2 A
S 58 2% 8 TAMP) DI RERAS U7, 27HC )@ i
Z LS A% - E ARtk , — 7T, R
JEME LXRECAA, 27HCHT s LXRa/B, {3 H 540 5 i
XS2AK (retinoid X receptor, RXR)E il 7 — F Ak, If
4545 ABCAIM ABCG I K] JA 51~ Hf 1) LXRWE ¥ T
4 (LXR response element, LXRE), M4 5 JJH [ iz
HhHE. X R A] O R A IO B, Stk — A
TLR4AN FINF-kBIE 5, T 9EAE S W A I 2 i
Difg. S—J7 M, 27HCE Al E AR LXR ML
WO PI3BK/AKTIE B, (23245 52 G 2 il B I 2
MURZS TR, 0 EEEIECD206F1 Argl "™, b4, %
A B T, AT (R 5 R L RE SN, T 27HCId i T
T5 B 20 i STAT LRI NF-kBAS 5 14 5t B g s
22HC U3 3 383 TLRAFN INK Y 3 51952 200 it ¢ Jof e
Diger i,

25HC IR 4 I [ WA 5 i i T e 1
AW . 25HC AT ] SREBP2 I VI H Sz A% A
iz, Fe A R B, BETT 2 mTORC LA AMPKI
o BE I AMPK ] {3 STATORH S 6 S A2 )7, FF4
5% Arg-1F1 Retnla5 M2AHIIE RN FRIE . [FINF, AMPK A
T AR U G AR A [ W 240 i B 22 A0 S I PR S Ak
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(fatty acid oxidation, FAO)efitRe &, ettt B
MR NERAS HZERFR B 1 ACHEER 7. BeAh, 2R
FERH S VR A SR LXR A ABCA 1 %, I it
IL-10FE78, JLrh27HCH BAZ— B M2 AL B o
e b E B, 25HCIE R] 153 IL-10F1 TGF-BE S 2417
i1l AL AR A2 R 230, AT S 47 P8 e Jse IR o

EAFE SRR, RE R A0 0 20 i Th g
S [FIRE B XA . F7 840 SREBP2-F B fH
[ AN 2, P E S M LA PAY 65 P L 3] 55 E /KT A
HLTAR BB S I L DI Re , JE 82 ¢4 ok
% (reactive oxygen species, ROS)™“ 4, 7ERFE KT,
TP LA BT S AIM2 2 PR /MAR, (22t TL-1B A1
IL-18) it 5 73, it — B BE SO0 SR ™ Al I,
£ 25HCREFR I B4R AL, i1 SREBP23Z 2| ({1411
AR R RS , JELIE B 5 R 1 58 . e R L[]
S HELRAATRE, FELNAA DNARETR, BEIMT
TG AIM2 98 P /IR 38 5 TL- 1 BYs 1k o 1T FRAT T 111
B0 R 3SR TP 5 b R R A B P I L
2THC S I 3 00 1) HF A 200 i v L[] T ) 5 B, ) B4
T 1) 5k 4 L ) A 36 s 2 AR IS g, sk T
O A A L ) P Jo DR L P B, (2 E TL- 1B
JEOR A HE i 28 085 A4 O 903 B — B A i 3 5 1) S
PEAMEIPEROIA ST o X LERIF UG 7, AH [ A 72
P ELGE 40 T RE 7 THT B A S (8 00 1] A 58
PE.

B 1 e L AR L A A, bRk AT 2O e
B AN HERZ MR B AR BRAS o BIEFER I, JHRa SRR 1Y
i R T A it EL R4 L ABCATRT ABCGIIFIHR
i, S o AR T R AR R e AR D 22 5 i 4
WG R A 4544, AR T IL-40 T 1 S e il Pk B
Wk 40 B 2> 4k, D] IFN-yi5 5 0 B PR 3Rk B30, otk
A, LXREESN AT 38 i 18 2 I PE i 41 g MDSCs
RTINS . LXREGS il {2t APOEHIRIA,
It APOE 5% B it B 2 A4 AH K 2 H 8(low-
density lipoprotein receptor-related protein 8, LRP8)H]
HELAE PR MDSCs B0 ™. 8 v A I 2] 15 A7
SO AR A A J5i P R i o ZH RO 5 Y
O I35, T PAY JB oA 7 95 ) T — 2 R a3 e 2 410 ) 12
EL R A RS T
324 HRR@E  AENPUNR S B 2
JR BB AN, A FORGH B 3R L hn 2 52 3% b e AR
KPUR , FFE oS T40M 2 5 e k. Bk, F

R TR BRI B2 4R . B R R B D e xS 19t
iR e R L. WIFFUAR W, B S L [ AT
3B SRR A AR B s o BT IS A SO 4 B R
(1 LXRFI RXRAHKAG 5o 30 LXR/RXR I
R LA T CDSOMI CD86 IR I , TijiX L4
I3 X TR SOIR A AT R R PR RO E B, 4
[i] 2 30 T 4 S AR SRR 20 PR e i BB i A 2
e, WIS T4 RE 1B, SR, B
A HABRIE TS H, BIRGEH A LXRIFE 2 TR
CDS6AIIL-12, A2 RE IL- 10004 433, S T4H
T RE ™Mo 22 Al Je SR U FA) S A1 9 3 T TR B R
WRAHMLH 1) LXR, AT CCR7FIFRIE . CCRTXY
ERAER N IN BN ST R E T
1) £ B AR AR SROPR 40 i i) T4 e 52 3 Bt S (1 B8 0, 9F
P 555 B0 R G 28 RN, o sk 2R I IR [ e i R B RS Tl
SULT2B b, 4 #£J JIE [ W5 45 A0 9 0 i T R BR AL T
3, DA B34 SRR 2 B O 7 R B e D e
325 AAFGNK)mIE  NKAWMITE iR G B
HUORFESCHAE A o NKYH AT 7 A 240 i 3 11 0k, £
5 2 L2 AUBURLEG, 70 WATFN-y A TNF 45 2 P4 41
7 ®, BRI AN 7/ S E R 2
FEHUMRDIRE, (5 NKAHHIRIE K IFN-yxf T 5t /Me
TP G IRYT BT A REE . (R, 4R NKAH
N ZhREXNS T R S s B A R . NK4HJH
(R Tl R e FEARORS T A B S P AN IR 28 ST e vt DA
A R0 G B ST B o 3 1 (14 AL ] 2 T [ 38 S
NKZH R T B E A A5 = i O e 40 g
JE LS mTORC 1/SREBP2%5 1 4 9K 21 57 (1 JIEL ]
e RIAR B2, — 7 Dl 2 PR A B B B R AR K
77 TR AT 3 AR R A 5 e e i S R A
AR 5 4 ) 4 BE AN K 41

{EERE R, My & E[E F (serum total cho-
lesterol, TC)FIIE B g 2 [ JH [ (low-density lipo-
protein cholesterol, LDL-C)7K~FFt & 7] -5 NK 4 g
BT RT Th RESG 9 OC . BT FTRET, mifE A ik &
(high-cholesterol diet, HCD)&Y ApoE## 2k Bt £ 1 151 iH
] 7 L SR P 2 A0 o) P /0 BROASE Y e ) e g A
VLR HALH] 5 2 1 NKEH L e e 3 S A2
B JIE [ AR NK AR A AR R A R, IR %
M, BRIEEB. % FLZ M IFN-y25 28 5 1 40 o R 17K
SRR INCO ., SR, LA D RERRASAR R T M R
(metabolic dysfunction-associated steatohepatitis, MASH)
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ZAFTR, SRR AR 2R OPT RE S B NK/NK T A )
RefRlG. BEFURIL, MEEE NAFLDAR A = ]
753 A AR R TN M A AN D RERRAS, I ) 5540
Jo o g ALY

DRI, 4 B 1 I ] B 2 355 5 T 3 P e Ak A 455 o
(107 L] A AT R 7 A A [ 2 A s 1) 928 e R
N JIE (] P4 16 g 2 %) IR A 155 (tumor micro-
environment, TME) )5 , NK4il ffd 7] G [ s 22 48 5%
G, AL RE(E 5 DL R R S AR & 22 B PR
I 1 PR 25 AT BE L [ S0 NK R IR . S0 0% R il
FRCRI 20 B B PR D B, B 2% PR | FL g A e
3.3 PEEIEEHE RFHEM S E 2B MBI

JEF 6 H L A 2% L P A R AE M AR
v, FEIEIEAREYN SR REES, RS E
I8 TME, #4 3H 550E B — AN R T e A K g2 1k
BRSNS FEARE =Y AE T A [F
PO REAR , JLEA A T — AN A4 I S 2 H ] X 5
1) UL A R AE DGR AIE P AR = 4 3 B i
FITiR27HC. 25HC. 22HCHIfH [ B s .

27THC /& HCCHH R T 558 N 119 928 01 o) 4 4[]
gz —, FAZ OB 2 BEADHICDS T4HMI 16 «
HCCHH YR 1 2 7THCHE E S22 i 14 CD8* T4 ke
U ) REER T . HA RS O Bt 2% UIAH ¢,
Bl E, 27HCIE A H0H A0 TR AR 4 T 245 40 i, (7]
i HI 55 CD8* T4H M (I 40 Mg B3 14 P 25-F2 JLJIH ] e
& BV AR Th e (A g A, S R A i AR
W5 ERGH M D Re 1 S T

FRATT I T T L[] e s L T JH 9 1) i A AN
RIEEA BRI L. SOAT IR 26 ik 38 i 4E 15 b g
A 1) P A RE ) AR 1%, 5 Bh AT CD8* T
YA TFN-y B S Bl . SOAT 1R m i1 P Y5
P FIEL [ R0 R P A A G, TR ] v AR R
FTN BT X RLBOK S o RS BE R JTTR, 98 P IH [ B
ABRAGWTEE . 5 A PGE2(K R iE B, i
R P R A A g b e e ) R LM . ZEAL
SOAT 1 2451 2 SREBP2 /5 (I I [ B A= & i, M
T BR A1) 1 76 T4H M 2o B IFN-y 4B T S Frhi A b g
73 1 R[] BT A e R P (B 3) o
3.4 BEEIERRSAESITHEBESCERTRSH
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BT BB G Al M T RE AL, A EEAR 68
I AR IR AN B B AR JRARES R

Fo Az IR GE J o i 5 BRI BN T 3 AR
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HCCR A, B MU A B 471 fuf 75 )98 R AR K Fe v A B
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RAEFRE, HEBERENEAFERD, 5ikFER,
HCCHE i ok Bt R AR A7 T8 1IN P 28 R R P J53 I 238
AT B A3 L] P A ) BRI B8 79

TN = B T 5 fL 2 /50N B & 42 R0 41 i TR
T F@eREMEEEH . F£HCCH, IFN-yfAF&
* E MM IR T . B LR, IFN-y Al 1
558 R 4 B i o i AR AL, R R ROSIE T S 6 %
SR T AR AN R E L Y SR TR AR
PRI RIFET 7 2, e BRAAE R R i Ak (lipid
peroxidation)FF£E M R . HAFIE R 2, MR
CDS8* T v d it 375 5 g 41 it A o 3k 4 A 3 i I
AAER . 5 ERT e 4 i m] e i A A
FREE o K A A B, AT HRAR G 8 ik

i 8 sk A 958 R T v 1R REL ] KT A 22 e A
0 WA TREAE o 88 4 B T R S8 B R R R
BRI AR RN P L Bk . %R A Z S CoQA
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i1l i S A L0010 TR At = DS AR [ R e
JIHR TR A AR ] 55 EORT T 4 M A i A
Vi [ R B WF 9 6 B LDLR A5 A I [ 1 35 H ] 41
1] FEE A T et B AR AR e 8 5o R A 1 (1) B Je i 10,
SR R AR T AR FEAS[R] RS [ s mT 38
io B AR RS 3 B 1 AR a3 IR 8T B, 503 IR o R Ak
RS 18] oy A o DRI, T2 A 4 i S LA O
AR I 2 AN AL I s AR b )4, R s HCC
18 i A0 S SR B 98 Ak ) B AU BT 4%

4 $RERB E R ACA RYETT SR MER{KAR
B2k FEIR B R RE S

HEL £ T8 45 P2 S (/2 HC A 4 45 14
A () IR, 815 2 5 R S TR 55 4
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High cholesterol levels

. CD$' CTL

Dysfunction

Neutrophil

—_—

Monocyte .
G-CSF, IL-1B, IL-6, IL-17, TNF-a

M2 macrophage Dendritic cells

M1 macrophage

v JIEL ] P2 7 S S0 0 IR G A5 P 22 T S 2 A . R A0 - WA I IR T S5 5 20 T, VAR AT G B N S A A S A S D R A
R RG-CSF IL-1B+ IL-6+ IL-17. TNF-ofr i PERA0AE. BAMRSEEE, MBI ML, M2B E G0 MO b4k ; i 3B B TNF-af ik
MG S A 5 O[] oA UL ) S A ] 12 2 3 P IR A I D BE S8 - B 734 CCL3 . CXCL10+ chemerin. IFN#E NK4H L ; PGE21
CDS 23V Tith LA D ARG . CD4* TN 55 82 2 iR X4, JFAETGF-BAE IR 70 A9 PETAR . CTL: 4033V Tith LU 41 /; PGE2:
AT HUMRERE2; TGF-B: FAL A -B; Treg: WTTPETARM; NK: HAANMGAMM; IFN: T4 3R, G-CSF: Rigif A& M A 7 IL: 1/ 3 TNF-o:
il R AE R F--o; MCP-1: B AT L R (1-1; CCL3: C-CHEF LA Pt #43; CXCL10: C-X-CHE Pl [N -7t i 10,

High cholesterol levels perturb multiple immune cell types within the tumor microenvironment. Tumor cells secrete cytokines and signaling molecules
that regulate the recruitment and functional reprogramming of innate and adaptive immune cells. Pro-inflammatory mediators G-CSF, IL-18, IL-6, IL-
17, and TNF-o mediate the recruitment of neutrophils and monocytes, and drive M1 and M2 macrophage polarization. In early-stage tumors, TNF-a
promotes M1 macrophage activation. Cholesterol-derived oxysterols cause dendritic cell dysfunction. Tumor-secreted CCL3, CXCL10, chemerin, and
IFN activate NK cells; PGE2 induces functional exhaustion of CD8" cytotoxic T lymphocytes. CD4" T cells are recruited to the tumor region and dif-
ferentiate into regulatory T cells under the influence of TGF-B. CTL: cytotoxic T lymphocyte; PGE2: prostaglandin E2; TGF-B: transforming growth
factor-B; Treg: regulatory T cell; NK: natural killer cell; IFN: interferon; G-CSF: granulocyte colony-stimulating factor; IL: interleukin; TNF-o: tumor
necrosis factor-a; MCP-1: monocyte chemoattractant protein 1; CCL3: C-C motif chemokine ligand 3; CXCL10: C-X-C motif chemokine ligand 10.
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Fig.3 Tumor immune microenvironment under high cholesterol in hepatocellular carcinoma
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Fig.4 Alterations in key cholesterol metabolic steps and targeted therapeutic strategies in hepatocellular carcinoma
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