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The immunomodulatory effect of lactic acid within the tumor
microenvironment

GE Wei-xiang, YAN Shi-jia, WAN Guo-hui’
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Abstract: Tumor cells leads to enhanced glucose uptake and the conversion of a larger fraction of pyruvate
into lactate even under the circumstance of abundant oxygen. This phenomenon of aerobic glycolysis is known as
the Warburg effect. Lactic acid, as an important tool for tumor cells to modify the tumor microenvironment, promotes
the process of tumor invasion and metastasis, and contributes to tumor development by inducing and recruiting
immunosuppression-related cells and molecules. Lactic acid could efflux out of the cancer cells via the monocarboxylate
transporters to prevent intracellular acidification. Lactate can inhibit the cytolytic activity of T cells and natural killer
(NK) cells, promoting the differentiation of tolerogenic interleukin 10 (IL-10)-producing dendritic cells. Moreover,
the lactate-derived lactylation of histone lysine residues can promote macrophage polarization toward the M2-like
phenotype, suppressing the immune response within the tumor microenvironment. In this review, we discuss the
role of lactate as an immunosuppressor molecule that contributes to tumor evasion from the aspects of lactic acid
metabolism and its effect on immune cells. And we explore the possibility of targeting potential targets in lactate
metabolism for tumor treatment. At last, we proposed a tumor immunotherapy strategy by inhibiting the pathway
of aerobic glycolysis and proteins associated with the production and transport of lactic acid.
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Figure 1 Aerobic glycolysis in cancer cells and the immunomodulatory effect of lactate on immune cells. DHAP: Dihydroxyacetone phosphate;

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; NFAT: Nuclear factor of activated T cells; LDH-A: Lactate dehydrogenase isoform
A; GLUTI!: Glucose transporter 1; HCAR1/GPR81: Hydroxycarboxylic acid receptor 1; MCTs: Monocarboxylate transporters; VEGF:

Vascular endothelial growth factor; TNF: Tumor necrosis factor; IFN: Interferon; Glucose-6-P: Glucose-6-phosphate; Fructose 6-P: Fructose

6-phosphate; Fructose 1,6-BP: Fructose 1,6-bisphosphate; Glyceraldehyde-3-P: Glyceraldehyde 3-phosphate; NF-xB: Nuclear factor kappa-B;
PTX,: Pentraxin 3; IL: Interleukin; ARG1: Arginase 1; PD-1: Programmed cell death protein 1; NK: Natural killer; TGF-f: Transforming
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Ji ) M2 R AR AL, 78 R AR B AR Y.
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T3 — WU FUUE S, iR 43 b 1Y) 7L R VT Y A B k% 4
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[ it 26 ik £ S S0 B T 40 M0 17 (T helper cell 17,
T,,) 4153 W6 IL-17A [ 0. IL-17A 2 11 T, 41
FEAE B A R R, A e O R AR Y. AL
A FH T B A% 40 B/ S W 4 e, 5 3 CD4'T 41 B 40 it
IL-17A. A3 B2, FLER A IF B vl 0 d Wl 46 T
YU AR T, 40 B 53 A A CD4A™T 41 i 34 55104
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FLIR A M\t J88 40 A H 1 AT T R e A T SR ), e
Z N — PR B =4, X MR I R R T 2 R
G 9% 4N D, E iR A A R e JRE 4 2 06 % N 0 2 T
& T e AR AR . Ik, — R R s A 2
i 77 A8 s 7 LR T 1T 40 PR AR A 1 e ) 9 LR L
il (K2).
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1 B B4R VB AL L 05 AR AL ANZ A S 2 R i S 12
PARUA1 33K A ] R S S 1) DN ) 4% 5 S o 75 R 49
FRRIE.

Zhang "R BT FLIR AT @ I —FORT A B
i A 7T 5 R Rk B2 2R R LR A AB 1 (ysine
lactylation, Kla). #F 50 & 8L, £ N\ HeLa 40 Jifg F1/N 5 &
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Figure 2 Histone lactylation drives oncogenesis by facilitating
m°A reader protein YTHDF2 expression in ocular melanoma. In
ocular melanoma cells, higher histone lactylation level induced by
aerobic glycolysis promoted the transcription of YTHDF2, which
recognizes the m°A modification site on the RNA of two tumor
suppressor genes, PER1 and TP53, and promoted their degrada-
tion. As a result, it contributes to the aggressive traits in ocular
melanoma progression. Kla: Lysine lactylation; m°A: N6-Methyl-
adenosine; TP53: Tumor protein p53; YTHDF2: YTH N6-methyl-
adenosine RNA binding protein 2; PER1: Period circadian regulator 1
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i 96 240 i AR Sl S Pl 8 2 T P AR 3 A= rp R 9 EE AR
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FE, 75— WU 72 R 4 E B 2 AT MCT1 R4 iAE
Ri Hir 1) 5% 1) 24 > =] (AstraZeneca) Wit &% 1 —
ZBVFE S B MCTL A7), FE00 B s 3 1t 2 AT 1
PEA . Horb, LAY AR-C155858 £ iAW I PE MCTI
) K B2 40 P R A R Y, 9 T PR ) LR U
RO SsF A I TOE B BE4H i 9 MCT1.MCT2 1 MCT4
R IR o AR P SEEG H, AR-C 155858 I 35 41
il T Ras FE A4k (1) AT 4E 40 AL 1 MCT 1 FI MCT2, AT 11
il T L R B R T A R R R A K, B AT A AT
B MCTA4 (1) 3 3% W] i B R34 il 6 AR-C155858 1)
i} 52 ¥, {H X MCT1 i 38 3 16 sl 5 28059 (L&
AZD3965 f& AR-C155858 [ AT 2E 9, Al /E v 1 R 1
MCT1 55, FEUE B 43 A /N0 fa it (SCLC) 4t g
FO0F P AE UK, 5 — TR FL R B, /£ MCT4
I I NI 8 S5 A R R A A, S H AZD3965 4k
b 98 41 A FS AT ) A T IR AR A R B R A
AR H AT, Ak A 23N TR IR R IR
5% (NCTO01791595), I 9 ¥ 97 A0 55 5 bk (298 (Burkitt
lymphoma, BL) F15/%i8 KX B 4H i bk (198 (diffuse large B-
cell lymphoma, DLBCL) $2fft a] g4,
4.1.2 MCT4#XMEIF  HAEl, 68 7T — & 500t
WA T N5| e 2 AL S ) T 4 MCT1 AT MCT4 3% 1 .
Bindarit % 1iF W & —Fl MCT4 5 5 18 358 2 1t 410 1] 7707
BEAh, AR A MCT4 B 2850 55 16 25 R 38 A D 4 92
PERK, BihH T —Fh IgM $ s FE B, JEg0E S A8
L[ FR ATMCT4 W& M, K 5 CL1-5 20 (A i s 4
P 0% 6 S5 S BN T A0 N FLER VA B R BRAR T PR R
HFEA R (ECAR/OCR) LAE . [FIWS, FEAR N S FP A2
/N BB TR o R S5 4] T CL1-5 21 g 1 Hop62 48 il (A
it Je ) 2T Mg 1 2B K7, B ORf8 F MC T4 40111751
AR A AR A 4 1) AR /N4 B it e (076 97 T B
4.1.3 MCT1FAMCT4 XEMFNF  wdg prik, £ 4
AZD3965 2 MCT 1 1 il 771 400 ] A\ /)~ 4 Jita it Jes 4 ft
I, I MCT4 (1) 33 ] 3 B 98 41 i %) AZD3965
(AT 52 PR, B [ B — B 3 R 1 AR A 5 R RE X [
I 225 MCT1 A1 MCT4 1 I8 o &k th4h, MCT4 7
S VLR O BE S A b Tz R, R AR A
MCT4 550 IR BT, 0T B8 A7 75 P 0 WL IR 55 1]
IR i, [E IS BH B MCT1 A1 MCT4 8 A y 2& — Fh 2
AELIR ) S M, AR T SR R R 1 AL B MCT1 A

MCT4 1] 771 ) %8 B i 97 9 2 MCT1/MCT4 XU [T
AR5

RAEEAR &= BE B 88 B CD147, ik B v] 2
#E MCT1 Il MCT4 £ 40 Jf 15 2% 10 1) 1E € A 5 3%
IEBY, i) CD147 1) 25 ) 7] F I MCT1 M MCT4 %
K IER DM RIEE . A BRG] SR KRR R R
(p-chloromercuribenzene sulfonate, pCMBS) ## i B 7]
i #E ) CD147 BRI S 2040 i b AL #2328 AC-73
(ID number: AN-465/42834501) 1F Jy/N 431304151, 7]
e B E PR B CD147 & (A — AL R, H 40 il o Rk
CD147 {1 JH-40 e (2 2™

Pt & I 2590 3% 2 °F (syrosingopine) #%1IE B /&
—Fl MCT1 A1 MCT4 () XU #1771 » % FH syrosingo-
pine VA7 J& T T B0 i A E FLER K P, I LDH i
P o 5 2Rk NADH it &0 417 1) 751 — HY XA
FH, R BEL WA T A R I 5 B ATP FE0, $ 2836 Jl i 48
MIBETP,
4.2 F.ERZ A GPR81{EARENBELS

FLIR 52 R NFR P2 B R BR 5244 1 (hydroxycarboxylic
acid receptor 1, HCAR1/GPRS81), J& T G & LB B2 44
(G protein-coupled receptors, GPCRs) ] — ", #ff 5
iR iE 7 GPR81 1E W2 s  FL I e 5 209 A1 e
I e 5 e R 240 B R v FE R, I AT AR M FLBR B2 %, T
T 24t o LR B 3 R B 1 1 ) LR ) UM & 0%
BwE, IR IE T GPRS1 3t iR &k A R AN A
PR G W RN 55 o WP R LA o E E Sr iR AR i
IR0 SR YR 1) LR SR e A B b ) GPRS T AT i 3t 9 4 g
AR G 72 5 3 B SE AR IR B I TR B8 . Lee 6V
I FL M5 40 B GPR81 R IA =, WL %% 3 e 41 i A= K B
A2, A FL I L AR K XU 2 - (amphiregulin,
AREG) /= A /b Al P LA A2 e i) o b Ak, Bt FEE
BT R IR T Mk e 4t B 1 FL R T i GPR81 5 5 A
I 41 TAZ AR 1T PD-L1 R IET, 1855 3 ig 15
1, Brown 550 IE B iR 41 A R U5 (1) 3L R TS0 DCs
H GPR81, - BH 1E ieg 5 S5 1 Bt SR 52 366 2 H At 9 % 48
i, o 2 o R F i A AR R B P kR R AL T
iy 245

X LE R FUUE B T GPR81 £ %8 i K J& v i) 2 A
H, H. 5 PD-L1 %5 i 28 i AH OC B A B R R % %2
A 1 24 B 7 BE W B A RE VR T IE T, JF T
GPCRs J& T 58U 25048 3, R Uk mT 151 0 GPR811E Ay
GRCPs [ — G AE A Mg v A2 58 1 (1) AT e

Chen Z5"¢ F 3-32 55 T B2 (3-hydroxy-butyrate,
3-OBA) 1E 4 GPR81 F5HLA, K H 5 = FHXUIMARE 7
PHEFE TS 244K 1 (programmed cell death protein 1, PD-1)/
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PD-L1 B Wr 7 56 A H AT d 2 32 s — B 4t
Jib g 1% 1 . 6 Ak, Longhitano 25 H] 3,5-DHBA Al
3-OBA 735 1F 9 GPR81 3 A& ah A FE i, uER] 1
FLIR I8 1k GPR81 52 44 Al % ik 1 R 15 2 AR K R
454 5 H 6 (insulin like growth factor binding protein 6,
IGFBP6) 5 5 MDA-231 7L i 5 40 M 3G 58 . 28 1m0,
Mohammad Nezhady 257"\ A4 3-OBA /&2 FER IR 2 4K
2 (hydroxycarboxylic acid receptor 2, HCAR2/GPR109A)
RIRCAA, I A SR AE S REIIE B 3-OBA A A GPR81
SZFEBUA . R, 3-OBA e 75 1E 2y GPR81 Z k441
FIAFAEF . HAT, 7oA A HAR 5% T GPR81 2 444
PR AR IE o
4.3 BEERLSEE AMEARENEIRSIFIGTT S

TEWEIE A L R rh, LDH-A 2 4k 175 i B8 3% AX N L
B2 (1 G B . LDH-A 31K RIS S B E B w] 453 55 i g
2 P R S SR A R B B B 0, Lok B R A i 1 0B
Pz, v 5 NRIJE LDH-A & BAR, X IER] T LDH-A
E g A e v (i B AR AU, Ak, 1% LDH H 17
A /I s 45 B G S PR S5 R 3 A
A VO 5 R B S T v, R T A A O e A 1 7 7
ZWibr £, LDH-A it 55 4k B 5 SRR R
H A RAAF R IEA R, [ 5 AR IR 7 Th AT
AT i 245 % D) AH OGP, Rk, LDH-A $ 10F 55 /2 8 A
HEAEYIb SRR TT R A

H T LDH-A 7E M8 kA2 R R i 1 v i A8 A7 3
FEUY AR 2 R RS L AR Y S g RPN R B E
TR, PR ) LDH-A (R AH SS 1) 77 JC H 2 /N 931
I — B2 B AT

e N-¥2 5L 15| Wk (N-hydroxyindoles, NHI) 45 #) [
I B N A A& — 2 201 LDH-A #il51, % LDH-A
A m Rk ek .l 5 R Y 4 R R A0 4 Xl NADH
50 41t 45 & LDH-A, #E S ) BHE i 20 B s 5 ikt
A, NHI [ B8 2 A7 A= 4 NHI-2 78 20 B s o i 3%
L (¥ 20 95 325 M e AT R0 /D e 240 i v LR 7 A
TE— TR 75, 8 Jo A5 NH AN 75 75 Ath 752 v iy [7] 0 7)
it Ji e A R AR SR A B AR B
4.4 FIAMBERHERIZVKESIATTRE

FLIRAE MR AC 0 B g A rh R P AR, ol
J& 0% TME F 2 TR, 58 1 AR B eI &
1 Ik 2 Aol 3 A 5 0 e 8 9V M B 400 T I A L AR
TG o CAT IR 2 WY 7E KR 20 116 v b 2 O
Joi 0 MY C 5 IR e 20 IR B ST R g b, RS T 48
Jfl (regulatory cells, Tregs) 41 il <= 32 Zh FHUAL IR, 51 &
PD-1 FR& KRN X AHEAL T, PD-1 IR TT 2
B PD-1"Treg, 351 PD-1"CDS8"T 41 i i3t — 25 g M

2 S BURTT R, R, 7E EE R AR 1) TME
FLER AT AR N YL 5T Treg Dy e 1A 280K A A, T J8 i 9 /b
et 210 i £ LR P A BRI E A B, BT AR S R )
G RE YR YT 1 PD-1 ) 50 46 7= A B [FU A FH

FE 40 Mg (HCC) &, MCT4 it RiE 5 &
F A BTG IEAHSS . MCT4 3t ik v S8 HCC
/N RS vh CD8'T 4 A 55 A 4100 bl R 1k 9k 55 o 3 ik
{88 FH MCT4 1] 55, 7T 45 2% BHL W TME [ 10 2, JF
BT ROS/NF-«B {5 5 i@ %1% S#a L K T (CXC H#FF)
[FIFC A& CXCLY I CXCL10 R IA . [FII, 78 i 8 /s fRAR
R e, $0H] MCTA4 J5 7] {2 25 38 558 PD-1 G0 2 K 2 s 101 1
FIE R T A F Y, 3X F507R BC A MCT4 4011 550 T e %o 4
PEVRITIN 2 HCC B # IR Ml & T b, fE BB R
Je /IS BRASE AN o L i 3 3 B T LR 4 1 1Y) LDH-A
J&, AW &2 3 NK 44 i A1 CD8'T 4 ffd 7 A& 1) TEN-y A1
K B I TH i, JEHR  PD-1 A K 2 s 401 750 R b
Je G 958 R

TE PR 55 AH DG 1 LR b, BF B SR T — b
1 4 F£ 55 1% (metabolic reprogramming strategy,
MRS), B[l FHJ — H XA NF-xB 00181 75175 5 i 983 40 it 7
23 W N RO T ek R, [ B FH — OB 2L 1) MC T4
177 CB-2 (& FIAFF5: US20190352282A1) B 1L T
i 7L i 5 O 40 B o AR LD DR, A
MCT4 Bt = FOUNU/NE-B $0 8 754N R A2 e R
i AF D% 10 7L R R B AT ST
5 REERE

Jier 98 0 356 S 4 B3 o £ LR 43 Wik W] R 4k TMEE, 42
o R AN R B A7 S 3G B AR T . RIS, PR AR LR R
I 75 5 R S S 2 1) A DG 4 i R 2 B 1 4 3% 41
60 1 e 2 % 1, T 4 6 G 5 L 4 i DR AR R NKCRA
CDS"T 4 Jf i 41 it 25375 1k, B 2R b IR R A R

IR Uk, 7L 1% 5 Jit 3 T 4 ) TME B A 5 B H
PLE BV N RRBRE TR T 10— AN S . R i
SAE R MR 38 12 AN FLIR A= B 5 #5328 M AH DS BE A i MCTs
T LDH (158 B4 1) 77) A3 e, T 36 5 e e £ 14
o o R iR G2 A 45 A BORE R I R S VR 9T I R
L7

EE Tk BB R AR FZEE A, R KX
R TR R R 23 T B SCRI R B 5 4 T RS 5 SRR
B 73 Bt RE B 58 SR B 5 R A R ZRIA K BTN,
TR PR SCEAE . AR AR T I A = e 2 SUA

FIEE RS BT AR 25 7 B T AR G 2 i R
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