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[ Abstract ] The incidence of renal malignancies is increasing each year. Clear cell renal cell carcinoma (ccRCC) accounts
for approximately 80% of all renal malignancies. Its unique genetic background and mutation features involve dysregulation of
homeostasis within the tumor microenvironment (TME) represented by pathways such as hypoxic signaling, glycolytic metabolism,
amino acid metabolism, and mitochondrial oxidative phosphorylation. Immune checkpoint inhibitor (ICI) in combination with
tyrosine kinase inhibitor (TKI) has become the first line of treatment for patients with advanced ccRCC. However, the efficacy of
combination therapy has yet to be improved, and there is an urgent need for biomarkers that can assist the diagnosis, treatment, and
prognosis. Multi-omics studies have investigated aberrant abnormalities in molecular pathways of ccRCC in recent years. The ccRCC
undergoes metabolic reprogramming and prefers inefficient glycolysis as a significant energy source even under normoxia to support
unlimited proliferation. In addition, abnormalities in the aerobic glycolytic pathway have been associated with poor prognosis.
Dysregulated glycolytic signaling promotes tumor progression and interacts with immune cells within the TME in ccRCC, resulting
in an imbalance between pro and antitumor immunity, creating a suppressive immune microenvironment, promoting tumor immune
escape, and impairing antitumor effects of immunotherapy. Therefore, integrating the aerobic glycolytic pathway and the immune
microenvironment as an entry point, limiting tumor progression by restricting aberrant glycolytic metabolism broadens therapeutic
options for ccRCC and pan-cancer treatments. However, further research is required on maximizing the metabolic reprogramming
that tumor cells harbor in the complex TME to convert it into a therapeutic target and apply it in clinical practice. Glycolytic
inhibitors in combination with ICI or TKI might be a novel strategy that demonstrates synergistic antitumor effects and overcomes
resistance in treating human cancers. This review analyzes the correlations between essential rate-limiting enzymes, transporters,
glycolytic pathway inhibitors, and the tumor immune microenvironment in ccRCC. Then we summarize the effects of glycolytic
inhibitors in human cancers and alterations in the tumor immune microenvironment. Along with the potential clinical translational
value in combination with targeted therapy or immunotherapy, targeting glycolysis will provide new insights for the clinical treatment
of ccRCC and bring clinical benefits to patients in the future.

[ Key words ] Clear cell renal cell carcinoma; Glycolysis; Metabolic reprogramming; Tumor microenvironment; Immunotherapy

W AR A K R T A R 2% ~ 3%, S FAFHERAG 1050, H A —FEiE AR X

B R R IR RS L R85
A R R RS R 254 R A s, 20204FE 4
431 28815 B Bl HT & BUHE £ PR, 47179 368
1) 5 g R PR BE T L BRI A R, 26
E202 14E-Fil 11476 08018 & 55 F113 780414t
TOHEE N B AR AR A
IR 70%~80% ) o KRB R B = W]
FRER, R R MR A, kKA
AR I RWAYY, ISR HY
H30%MBETERVIKA N C AL R, &bk
WbHERS , SARAEAFRCIRIRAR 0 L e Y

IR AE (AT SR 0 AR G A R
I ERIEZ —, Rk
PR R Fb A T B 4 AR S AN R USROG,
171 325 ) 240 988 B A R — R,
LHIERG . —RRPRIAIN . WATR RS 3 . IRTTR
R SERACHHE )z ks 1 AR SO B
H 40 e 88 AT SEOWE I i O WIE ST E R EA T G, 18
SORDHITREAE | D075 2 PO I AP S 1 RSk il A 5
SEERIZ VRGN ZR DT A R 42 40 25 1) 4 i
(4 73 5RO o 30 a0 R 3 4 e e A
TEHE [ R RPETR YT 2RO M3 B — 23R



(P @BmES L) 2022455325554

289

SRS K, 6 T4 il g A8 2 20 A K sl s e
FEIRIT RCR, 1K B o AR AR R, Ak
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fefi 2 TR N R 2RaE, W A B s ik
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2.1 HEBEEAKR (glucose transporter,
GLUT)
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Iﬁf [20-21] 3
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DEIEAVE ] T VHLIBHE (4 g 2 HRSORR I A (04 200 L
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JE SR PO i P IESIGLUTHN i ) gkl A &
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FAE N —FIGLUTHMIHIH], BEV Y miR-1260b5E
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I 25 B0 o 20 M A MR AR O ATP Y 7 A, T F
WD FLIR I A, AT Re R 1 O AMPRCRTH
mTORH i L AF IR Y . 7E s,
DT- 1387 R85 5/ T mTORE £ FIAE I
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EEORMHLD, BRI GLUTHPI, N
chromopynones '’ | rapaglutin A ), FHFELER
MRS P AR B3 — 20U, 8 b, GLUTHIH]
F &7 B B A E iR R s T E
IO AL FATIRE A BT S b PR i e
WA AR AR, el W 20 g 2y T
o

2.2 TH#E#HEE (hexokinase, HK)
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2-i A # A B (2-Deoxy-D-glucose,
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75 BH 200 Jif s DA 5 3% i e A i v 9 hn T 2 TR
BREID I FI2-DG, & 2-DGHE 8 14 i B 95
Jer A 24 T s W JE A R o 3 - TR T R

( 3-bromopyruvate, 3-BrPa) E HHKHNHIF],
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FH e A 20, IE S T 7 B 3 D 4 g v ek
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25 WK A BE 15 18 5 7 RUN B R IEAS . D34,
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JE P RIEREE , BA B RMIG R LR
2.3 BRER R ¥R B ( phosphofructokinase, PFK )

PFK M R fifr 0 55 — PR g, =2 am i 2R
Wi-2, 6- WL ( fructose-2, 6-bisphosphatase,
PFKFB ) VAR hE-2, 6- Wi A HE/EH. A
gt "2 IESE, PFKFB3ZR [A7E B4l glrh it 32
ik, HSHEANRZIEMSE, MERPFKFB3Efif
FA RS HI 50 3-PORE ™ JRBEB% e, 0031 40 Jfe
HAFE AN BB AR A1 . PFKFB3 310 il 5]
f3453-PO ) PFK-15 ") | PFK-158 '*'HiI
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FEDNAS G R IR 20 18 & i R v e, JF
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PFKFB37E G 4f & J e i v Al e 45
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[ WGP S (NCT02044861 ) . AFsE 7 %
B, FE/N U B A IS CTLA-4i 14k
5PFK-158HF, g A K Ikl 1 FH B & 15, 4
FfrIEE £ A R 2 R A 8 ) B B4 AR R A R T e
M 25 IF &, SR I RE iR A FE B G
ITRCI R
2.4 WREABR#EE (pyruvate kinase, PK)
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VEGFW IR ACEIE N s 1wl R PK M2 ) 2 21
AR FLERKOE, EORBESHMGCR # i 57) fr
Wi, FHPKM24 | 545 5 2% (shikonin ) B
Y52 32 HMGC RN il (4 S AP AL AF /N BRI E 2H 21
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R A H bR A K . TEPP-46 IDASA-584%
HPKM2ELTE A, Al & S T il PEPKM2 Y 5§
PRI, 7E Sh S 6 vh ] BELRS /N BRUJa: 40 T 18 i
JEMRE S, JFHIDHIRAR . 2R GRS,
W FLRR AR AL . MohammadZs U0V B k&
B, I TEPP-467E b 2 14 5 g Bt s 20 L A PG
P, FIEPKM2 KK FE, I HIPH/NERL
IR A A e . PRV 03 3510 R 98 715 5790 7 5 i 40
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25 FLEBRBLABEE (lactate dehydrogenase, LDH )

FURRTEREAE & R R, W M 20 55 s
PR B T s S gk, T REAE R
T i 52 W) O P8 VAT ORI e f— R . BEALDH
TR R R S R PRI OA BT, SRR
BT R . BEgT T R, R ELDHA
AL LTI 20 s 58, DALDHA N &5 2 30 )
PRI AE R A AT AT RN, RER B e A I LDHA
AJ DAX 3 4 R AR g AR 52 e, DT 52 )
FE R B AEERS . AR R IV I IG R MARC-2
(NCT01266837 ) , LDHF} 4 & T R A 17
IR S AEAE I AE K, LDHZK S /] 7 Sk ) B8 2
VEGFHL [1] 3477 2 WG A 4k 5 1367 10 1 4 A 4
Frakdy Y L FEBE T, LDHIEIFIFX 11T FEAR
ATP/KF, $EINTH PR =, 51 AE 5 A i
DRVEAL R, el S AR AT B9 Ak R
J& 0 AR AR N BB R FX L ULAE TPS3
ZE7E (14 g mh I DR R AR A A LR, $ /R TPS3
I 1E T8 SEX U2 A by ) . HEmR
(oxamate ) ' FEEFILAZ KB TIRAL
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b R AR R I S RE MR LDHISG P, (HLLL 5
BH 2 g AR R TSR /0 D, AR SR SR B
EGCGH#IfiIHK . PFK. LDHMIG M AImMRNAZK
S, EGCGIR il R HIF-1 MIGLUT1 f 353k (@,
2R R I A A B A AR vl — A
52, PARPHIHIF = RMAJE (rucaparib ) 45 Hiil
LDHAVET, 278 2R 0 JE T AE 1) 22 #0 S 1E
FI O LDHAMR X 5 375 B 200 s 64 R G
B AR — 5T
2.6 ¥R HREBMIHEIZESD ( monocarboxylate
transporter, MCT )

MCTZE 5 REfe iz 4 L N AP ZLIR P9 T 7R
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KA N B2 A K I F32 K2 (vascular endothelial
growth factor receptor 2, VEGFR2 ) Fll4F 4k
A=K [HF ( basic fibroblast growth factor,
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IR, I AT ] R0 /D i % Ak 25 B 3L
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ST ER . TMEFR i i ™= 4, 515
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AR s AR e TR0 TME 5 R4l 43 =22 Il 1Y

AHELAE AT BB 2 e i e i e 22 i A

AW Y LB, BRIGLUTRIA K5
CD8 THHAIEE ARG, $e7sigsim i bR 5 oK
V- g 2 4E C D8 TAY Ly 20 LA A WA AE B PR
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B T A 0 £ ] LUORFR 012 CD8™ T Y 2E
B, FF & B H2-DG ] LAY a0 12 41 4 A A
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FIBE S REVIE TAIM,  REOE 2ok 4 S (LB IR
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GHEE R R N G N NS BT RE Y VA RE S RO
HILIRE

WE T A 7= 9 TT R PR T TCTAS VL & 47 1) s R bt
PR RORE ) IC T SR B R BT [ R
1] -1 (programmed death-1, PD-1) /24t
- [ M1 ] Fi&-1 (programmed death ligand-1,
PD-L 1) ok 40 ffg 2 1 T ik B 20 ffg AH O 1 J5 4
( cytotoxic T lymphocyte associated antigen-4,
CTLA-4 ) MG HUAR ST RE , 6 RERZ MLk
BRSO A, MR TR TR AL 0
PRt Zob, Mg AH C P 4E 408 ( cancer
associated fibroblast, CAF ) #i\ Ry e g fe s
A, MCT4H 57 38 i BT CAF A FLRR S HE
AL RE T, R FLIRAE CAFFIIE 40 it =2 [ 1)
IR ZAEE BRI Y yodk Y B &
B, TRV A AR, AN S I i i EGFR/
ERK# % - JPD-L1fY#3k, MPD-L1JH &t n]
PL3E o $2 R PFKFB3 (9 335 2k - JRIARE 19 A 14 7K
o, BEREMEAIPD-L1MYAH B2, 7 B A4
Tl FIIC IR A P A EIB Y T (B

PRI, 22 S o) 1 o 17 e 30 B IS, DA
ZAEEGEN T A0 500 % B I 2 ML . TME A %
JEE AN S2 0 O SR T AR T g 5 2 T )
PETME S5 B4 I 77 472 20 1 43 16 B30 2 e Y 4
F ., BAXFNOIT T RN E S, B
RO, BRIEEIR YT IR G W TR A RE 1 R A A Im] A
FH ., VLR Jeg 248 it 5 92 3 G 9 200 B =2 T ) 42 k8]
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