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FERE R, BEEE KT IEW /KT, 4 EEMEG
R, NKYH 3k ATME24 h)5, IFN-yHIBIAE
R Uk E 0l TE R R, B R 2 PR B R A
L Ak, NKAH i 5 A R P IL-2 80 5 AANK A 3L 4
NG ARYE T, TME A G0 52 $00 1) 200 i O 15 14 T 40 i
(regulatory T cells, Tregs)5NK4 7% 445 &10-2, IF
AR S BE, I FIHINK LR I ThRE, fH153i% A 77 5
T RS2 PRI R, SR T SR AL NK AT B T g
ZMTMER B kIR, XL RGeSk P sets
%77

PRI, 7 SCAE 2 45 1) SR NK G I 7 iR S 7 48 F ML
HFIRAE b, BREETMER NK A Ih RS IS2 0, JE4s &
DA HE I NKAH B I R TG TT S, $2 H 8 SN K 41 i
T T A SR TMEH 1) XX 1) A 7 BRI RS

1 NKZUHHu MR 1

NK 2 3@ it 2 MLl W [0 4 R P8 bR 4 4
EH, FEAFELUT =M (1) BEARERN:
K 368 i 775 2 L 25 R s Pl 5 2008 43 7, FFAEZH
i 2% 10 R IAFE T AR (UNFASLANTRAIL), B 4215 S i
JEAEML AR AR T Q1) 4EMBE T B e AR
ETNKZH i 7T 43 WAIFN-y, TNF-aZ540 R 1, AL AE

F1 NKAHR R LS 1 32 5 40 1 52 4k

Bl b an AR, IEREIBOE R SRR AL . T4 i
8 Al e 958 RS A B, TR RS [ 7 e 8 A A A % I
200 (i) P 40 i A T 40 B 7 4 FH (anti-
body-dependent cell-mediated cytotoxicity, ADCC), H[I
NK4H i G i 3R 11 52 AR CD 16 8K 5= A1 F1Fey 32 44 A
SR EERE A MFcX 454, 7 A P v 40 i 7
PENTL, Sk AL 7 B 5 B LR YT T R I R
X AR RVER) 2, NKYHM ARy R 2 Dihe £
257 HLPT 52 AR (NK ARs) R 1] 32 44 (NK IR s) (1115 5
AL EPTME. WS ZE(WINKG2D, CD16 M2 K%
2 60 75 11 32 AR NCRs Z % Jit. 72 NK p46/NKp30/NKp44)
I I Rl e R A4 i 2 T S R IA AR (INMHC 128
431 A ECE K ) missing  self” T %) SZE X bR 41
PR AR 505 A, 00 ) 52 A D 3 3o A 1 4
RIMMHC 2570 7 4ERF 5 5 Sy 52, L NKA %
JLIFINKARSFINKIRs 7] HLEE 1.

INK e o 1 52 A4 A T (R S M A 0 RO, 2
JERERS N Z IR 38 R AR A (B, &5k, NK4Hi
- F5U b e 40 b Bz - 1) 78 J5i %% 4K (epithelial-mesenchy-
mal transition, EMT)i FEH 1 i yRg 5652, i iy 4 o e
IEEMT it 29 J5 R i 88 2 iR 44 6 [ ke i 2B R0, i 78
W], EMTIEAE AT b bR 40 INK G2DRC 4 [ R ik,
HESENK AN R 5 A 768 /1L Ak, EMTIRERE

Table 1 Common activating and inhibitory receptors on the surface of NK cells

BAIVIES 24k [IRES ERBYS
CD226 NECTIN2 [19]
CD244 CD48 [20]
NKG2C(KLRC2) HLA-E [21]
NKG2D(KLRK1) H60A, MICA, MICB, ULBPs [22,23]
NKARs NKp46(NCR1) HS GAGs, CFP, ecto-CRT [23~25]
NKp44(NCR2) HS GAGs, MLLS5, NKp44L, PCNA, BAT3, PDGF-DD, Nidogen-1 [23,25,26]
NKp30(NCR3) HS GAGs, B7-H6, Galectin-3 [23,25,27]
Nkp65 Keratinocyte-associated C-type lectin [23,25,28]
CD16(FCGR3A) Fe-y [23]
CDY96 NECTIN2, PVR(CD155) [29,30]
KIR2DL1 HLA-B, HLA-C [23,31]
KIR2DL2 HLA-A, HLA-C [23]
NKIRs KIR2DL3 HLA-C [23]
KIR2DL4 HLA-G [23]
KLRCI(NKG2A) HLA-E, H2-T23 [23]
PD-1 PD-L1 [32]
TIGIT PVR(CD155), NECTIN2 [23,33]
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Figure 1 NK cells inhibit the multi-step metastatic cascade. A: NK cells inhibit tumor metastasis by regulating epithelial-mesenchymal transition.
EMT down-regulates E-cadherin on tumor cells, up-regulates CADM1, and activates CRTAM on NK cells, resulting in tumor cell killing. B: NK cells
target and kill CTCs to inhibit the hematogenous metastasis process. NK cells induce tumor cell death through perforin, granzyme, and IFN-y
secretion, CD16-mediated ADCC, and death ligands (FASL and TRAIL). C: NK cells target CSCs to suppress metastasis formation, primarily via

IFN-y, perforin, and granzyme

i R e 20 A i )b R YA 3 B 1 (epithelial cad-
herin, E-cadherin), [A]f _E i A0 4> 1(cell ad-
hesion molecule 1, CADMI), A4 in 5 NK 41 /-
) 40 M B AR B BUR M, A RO i R A A 0
BEPOTL LR, N MR [ 7 18 2 i3 4 it (circu-
lating tumor cells, CTCs)#IfilMATH#iIRE. KAE
EMT .2 Ji5 /083 200 M 2 0 Js R S g 8 z, BLCTCsHTE
FCEN A L. 3EN AR E I CTCs A2 b 8 5 7 1 o
Ay, HAFE S B AR TG 2 50, G R 7T
oR, TERFS AL R AN 25 e JR e h, CTCsPHME &
HNKANM 4 5K T CTCs Bt 55 M T 141
f, NKHHXTCTCs A G 1F B 5, aINK A ik
FEF LR Mk IR 1 B T PR £180% MCTCs, B
I8] A NK 2 i K F- T S CTCs b M1 96 e, NK
T AR [ 8 A% P98 T 40 P (cancer stem cells, CSCs)#l
H R AL TE R, CSCsZ S EMT. MR I8 3 28 J %
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AL A R, g R 1 E B IR R, U4,
NK A G B85 7 1 1R 0 I /A7 CSCs, 1l e i Joa
I IR 41 (glioblastoma stem cells, GSCs)-5NK4H
MR AN IERE 2R R, GSCsimr R IANK AN A id th i,
XENKAH A 5 1R A R B i UERE ). NKAI A
OB LR BRI B3R5 CSCs, B PREIN
IEN-yAITNF-oZ5 41 i [K -1 S:CSCs a4k, Al ik
FIEREIO. 25 b, NKAH i@ IREMTHERE . i
BRCTCs S ¥ [ A5 CSCs,  1E MR 7% (1) 2 A 3R
RIERBEANHIER, NPUMIR R S by T IR it

2 TMEHPHINKZ B R 21 R

I 88 AR AN 85 1A G P AT ) 5 428 2 PR HU N4 D 7
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Fo B M AR AL, —J7 T, PR 4E L RE A% HH 5 Tregs
Jih 98 AH ¢ 5 W 41 B2 (tumor-associated  macrophages,
TAMs). fifi Z K U5 0] 14 40 B (myeloid-derived sup-
pressor cells, MDSCs)& G2 F0 ] 14 4H i A2 i Jed AH 5%
AT 440 A (cancer-associated  fibroblasts, CAFs)A1 L
ANBREFFE TGy, IR LU S Rl o3 i B )
Pz DL R An i 1a) B AR A8 7 A RINK AR iR T e, (it
R 2. 73—, TMERIACHIRAE, Wisks. Rk
MUE FRBLZ (W8 AR . 2R TR) &5 42 18 UNK 4 i
Tt b 0 (1) B 22 [R5

2.1 TMEH G840 40 A NKCZH 40 1 R 54 55
Py 5% )

TMEH 174E % PATregs, MDSCsFITAMs WA
G AN LU IR £, X LA Hd i 22 34 42 i R 1 FE 410
HHINK YL AP R F 7 Tk, i i 4% 0T R 2%
PR(E2). WFFRREA, TR N B N R i Tregs il
HINKEH B P A, AT (2 330 BT Fro bk L g e R 170, £
g5 s /N R A AL o, 0 Tregs BB % 1 52 NK 40 il
(I P F ] 45 B S R LS, i R e R 1
Il AHIF 72 R B, MIDSCSTE 5% F% 4 il o8 263 O 41
M KEE4E, HFSNKAMEREEHMEE, B
MDSCs e il NK 21 J 75 7 R 2 5t Hh 1) i 98 240 2% 4
BE A1, fR ik AT A2 1,

Tregs, MDSCs A TAMsi@ it 43 WA 4 i IR 7, %83 4
PEANHI LIRS, FHINK AN, (2 IR 5. A K
[%|¥-B(transforming growth factor beta, TGF-B)f& —3&
o uh i —Fh AN MR T, RERSIE T T ANKARSHEIE
FIFN-y. AL BURIEG S 700, HHINKZH i )
R, FEAR/ N e R A B, Tregsidiid TGF-B
G5 HINKA AL, 3 FHPITGF-BHuIAIT L RE 8 Tk
NK 40 2 35 10, 7 5 g 15 1 i 8 A B
TAMsi# i TGF-BHI | NK A M IFN-y FITNF-a 73, 1%
MONE AT TGE-BEH B I AT 501, 76/ R AL o,
MDSCsili i TGF-B F NKG2DFIFN-y#i&, Hl§ENK
IR BRI AEDH. HEAh, TAMS/MAIL-10+ W[ WL
2,3- X4 B (indoleamine 2,3-dioxygenase, 1DO). Hif
5| K E2(prostaglandin  E2, PGE2)Z:HIHINK4H ALl
BELL TAMSs 233k () S 528 30 1l R A0 IR 7 B R (ln CCLS A
CCL22) ] LU Tregs 3£ 4E I TMERY, it — 25 HHINK 41
fBThEE. MDSCsIE L = A — A AL Z(NO)H F5NK4H

J i ADCC R,

Rk 2 5k, TregsikfeiEiECD39/CD73¥4 ATP/ADP
AR, HSNKAM F IR A2A 2K (adenosine
A2A receptor, A2AR)ZE 10T NK 4H M i 14 B2k,
W fig 5 NK I 35 4 25-S TL-25S 4 NK 40 1R R & %
2, BT 7 AL AR BB NK A kAT B e n
Jf 2 1A 0L A S MDS Cs FINKZH Jif 13 75 R 8 R
RIIMDSCs fit 38 Ik 38 Dok 20 R B - 15 3505 508 2 R
FEIE, FOHINKE A AU, AT i IEN-y g 72 A 00,

2.2 TME G885 % NK A R ) g 46 58
isp=A|

FERI, TME I E S 1735 e 40 i 2 1A)
AELEAE R @ TR 285, 3 o368 TR X 4% 75 i i # 1o 72
R EEEEEAEH. Kb, S EARERMER YR s
Btz 0B R A I CAFs 12 5 TME W 2 176 34 D) e 1t
AR/, 3 R B BE BT T, BRI IR P 45
1 BELRS 922 200 B FRT LR AR B A 2 TR 4% 5 T, s
3 W 2 T A A DR SR A TS SR e Al L Dy e, AT
SEMLAA IR G2 25101, DAL e Fr) 7 A A
(E2).

BRI, CAFsEdEM2 7Y [ 55 241 i [ g 25 21
FRBEAE, (ERNKYH AR A3 I8 50 35 S i 2, $oR
CAFsXNKAH A I F 32 22K BLLE Dh e i 42 1 F B 42
0. 7E = BRI R, R NK A 7ECAFsIX
R SRR, (A HA M DR 2052 2 5 ), 23
it TR 4 06 8 0 g5 W ALES3) [EIRS, CAFsAg i 2
IL-6, TGF-p, CXCL12, IDOFIPGE2%%, T iINKARsH]
Feik, e kR 5 #5004, Hodh | FAK/SrefF 53l 14
(1) BT B A R 2 C AF s 30 i N K 4H fa Ty &g 14 ¢ B AL
#19] CAFsHNetrin G13£iA LI, B ERE R EE
BB E AR =, IR B S IR SRR )
B, 25 BRARNK AT A 5 0 Je 80 400 e % A4 2k o L),

I /N 3 3 3 3 T R N T 0 ) e 1t 4
Mt AT . — 7, /RS R A RE A
(LR REIFR“T-P"E &), KT HNKYHA R 5 R
X — b R & 2 R 7 BAE: AFE M /NAR 3R TH Y
GPVI. “F2EH. GPIb-ITaMP-1 52 5 s 41 i
IGalectin3. PEFZAA. CLEC2RHE A Favp3%
(RS SR SE A7 I Rh i 7 R AN B 23 AR Bt
Ji, & feiE I B MHC 255+ 2 s an e i, i —
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Figure 2 The inhibitory effect of cells in the tumor microenvironment on NK cells. Left: Immunosuppressive cells in the tumor microenvironment—
Tregs, TAMs, and MDSCs—inhibit NK cells by downregulating NKAR expression and impairing the production of IFN-y, perforin, and granzymes,
largely via secretion of TGF-B, IDO, PGE2, IL-10, and NO. Right: Non-immune cell-mediated inhibition of NK cells in the tumor microenvironment.
CAFs suppress NK cytotoxicity via TGF-B, IL-6, IDO, and PGE2. Platelets inhibit NK function both by forming tumor cell complexes through
adhesion (disrupting immune surveillance) and through direct suppression via TGF-p and degranulation

A AR NK AR e 2 iR B TPt [FRS, B it
o 32 firk 6 0 - XL /N -NK i = o8 B AR AR AN
PRI /MRCR IR FIADAMI10RTADAM 172 ( Bff 6 05 45
S ) S R 0 B 2 TR ONK G2 DR A, AT 410 i)
NKG2DA S g AROS, phabh, ET-PE AV
SRR, I NROE K 5 WA T GF-B1 25 4y $ i [A -,
IS N INKG2DAZ R R I HINK A iG 4k, 284
g8 (1) 1 A7 5 #5107

2.3 TMEARBHFAER NKZH KL ) I 56 5 1
A
2.3.1  SREMI R ANK A i 2

SO 58 T 15 T NKAH L R AR 0 ) 1 3R Y R
T2, 23ISR R 71 R AR T RE. fEBE
bR, NKAn i bR S5 5 7 Lathypoxia-in-
ducible factor 1o, HIF-10) LAIE N SRAEIAEE. SR1, FFak
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R S IR IR R AR R A T 45 F, ANITTHIES 1ML
WO PUIMIR E E iR. R, SRR SR
AT I 75 NK A 2R A5 4 A Dh ek, it — 0%
fCNKZHf E 1, (Rt iR g sz ikik, SEHE &
HIOA RS, BEERAEE AT R 2 & R
INKAH A 1 R0k BB AN 2 FL 38 S 3R, AT 0 INK 4
MR AT TRE, Ak, TEBEROASEE T, IR 40 i 5
AT A0 O A BE R RE B TGF-P1LEL RS BINK 4L, R iM
NKG2DHIZRIE, M0 NK 0 6 Th g K H b s
R i,

232 fERAE R A E R B3R 48 X NK 48 A 64 52 )
FEARKESEPE R, BEEE R ol A AL B BR 1L (oxidative
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phosphorylation, OXPHOS)7K-FFA%$5 a] 471 NK 41 A
T, T 6 AR TR AR N L 32 A 10 4 PR 2 2 A
PN, R, WA 2 10 I NK G i
AR T NKGH B RURLAE B K B8 T BC A (¥ R 1k 1
B TR wEsc R, 76/ R o NK A
BREIEAA BE A TMEAI ], 4 25 12 A48 i B~ (TFN-
YAITNF-a)[f) 330 B8 B AE B R BT,

RACE SRR FIFE 2 FHINKIE . flan, iR
HITRIETE A DL IR T2 A e B N 3 5 B8ORS VR AR
Z&, AT A A NK S AR 0 e WAL e, T Je el f £ b
RRERG R, T BEWHENKAMEIEE, JHE
R g e R UL 7E iR S5 3 A K ILTAMSs, CAFs
Al I 73 WAID O FA €4 2 R -2, 3- XU N 48 B (try ptophan-
2,3-dioxygenase, TDO)IIE (4 R ARIK IR, F
FUTMEH (g B AT 55, AT NKAH I 1 R e 4%
G RN A, AR ARG R I, IDORTA R IR
PR AN AT SV 1 SR P 1A S SNK AR T2, iE
AE 25 T U N KA i 2R T A6 A2 AR (IINK G2 DA
NKp46)[f) ik, t—DH 55 el —1
i PR AT TR B, WURCET 2 200 i 204 J e A 5 P 2T 2
fifd(myofibroblastic cancer-associated fibroblasts, my-
CAFs) U5 () MM AEPWAR6 7] 38 15 184 558 983 40 it %o 28
RIS, AL BENK AN R T, AT g 45 B9
iR AT

233 BRI X NK 2 B Y 52

ERRYETMER,  FLER AT B #2 52 ONK 4 i () T RE.
B, /N ERNK SRR U LR 2 3 S B N R 10 I E 51 ke
RE B AT 32 40 (LAGH D 9 ATP/K P4 &), 78 B3 B9
NKZf A, FFLERACEE th B 7 Jbles 51, NK 4P
pHATATPRAMK, (EHENKANIE -, fERE3R B T, A
FRIE L SLC16A1RISLC16A3 %51z 8 A ENKA L+, 5
FINK I N ER AL, (EpHMG6.8F%%26.0, [EIIF T 1 ik
BAIZ fLEMRNARIE AT phah, 7645 B i T %
AR, FLRR AT B PEROA S 7] 5] R NK A 26 4
R, HEME ST, A S EINKA LR
FIMR RS RO RE Y, BR BB HINK AN A, FLRRIE
A3 I (R AL AR 3 G s | MEIOA B R . 4 2,
AR T 58 vl g i Tregs M i 43 4L . 55 S TAMs[H]
M2IU AR AL DL 38 5 MDSCs i 55 524, #E— D i IRl i)
NKANP ARG TIRE, M {2 3k i G s 1k 352,

3 NKAUSEHU R RSIR YT SRm R AR MR R 2

FEINGIRSE B, PABTMIE 57 S H AR INK 20 i %
PEIT I BRI ANK UM%, NK cell engagers,
DAL G e o 0 nd 4R 7055 (3R 2). oy, e 4ENKZH i yT
IONKA A 2 PRI, GARRSN 1 Bk, RAkER
At SR 5 I NK G it R A 3 R 0K kA L SR 52 A B
PEIE L2 AR IICAR-NKAN . R iX e 5w 3= B %
O H AR BT JEFENK AN S . 3R A 5 5 )
Mgy, WERIAERR S AT (BFEEMT, CTCs,
CSCsTE R PR R Thae. S8, IUA IRR
UG B TH 1 £ s VP T B Se T S w1 A VR R 4
JE. TEIT BT AS R, Jot e A A7 BRI TG A A7 3R S e
AR VAL SZ A B 15 42 1 e oRg e F IR DG B A, R
SRR A AT 200 AN & 7R T T,
AR AR ) PR B A A K 52 55 R VA
ML EARE R, BV R R PPN 2 S RS
BONF, PIVEAh 75 Z K U7 ) B2 2 R R 5
Mel. 4T, DAHUMOR RS 9 H AR IINK A i S 8 7 vEAT)
FAAEERPRAR. Ho—, J75 B B AFE RO XU A R R
PE. i R T O R IL-2/IL- 1586 ) o] RE 5 & ™ E 1
AR B T KRB, CAR-NKYT A7 AR B A8 1 i #0254
FE1R B & PR R B SR, i 4k [ 467 v
FINKAMRER N AR S A AR E. H =, B
B, XSV R AR A0 T TTME B S e I 4E H,
NK 4 76 8 35 0 A A A T ISR I AN 2 . DR #E v
FRavE 2255 8, S BUIG RIS 2 5 3. TMEH 4
P H I 40 MY (U Tregs, MDSCs, TAMs) Az 40| &l 1-(tn
TGF-B, PGE,, IDO%)# IS Zi&1%. £ )2 HHI55NK4H
RIS A5 A Th R, T s B BB 8, s atidrNK
AT s HE LA IAZE R, 7 R A NK S &2/ 2 Re e
WP, JERGRFETMEN %)% SACHHIH]. XHoRA
SRNK A FL e Jir 988 7 7 G0 55 V0 TT 75 R4 SN K 20 i
ThREHA BR TMESN I [ 80 [r) 2 71 SRS

T, S HTILIATT SR PR 2 R SENK A
Th e F0 A BR TMESN ) SEBLPU IR F675. fdn, &2 )
TMEH Tregs I % 9% £ 25 55 BH W7 J7 7 (WNCTLA-4 91
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Figure 3 Advances in traditional Chinese medicine for reshaping the tumor microenvironment and enhancing NK cell activity. Left: The TME
contains immunosuppressive cells (such as TAMs, Tregs, and MDSCs) and related factors (e.g., TGF-f and IL-10) that impair the immune
surveillance and killing functions of NK cells. Chinese herbal monomers, mixtures, and compound prescriptions can restore the normal immune
function of NK cells by suppressing the TME. Right: Chinese herbal monomers, mixtures, and compound prescriptions can also directly increase NK
cell numbers, enhance the expression of activating receptors, and promote the secretion of killing substances
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The process of tumor metastasis is highly dependent on the immunosuppressive tumor microenvironment (TME). Natural killer (NK)
cells play an important inhibitory role at all stages of tumor metastasis due to their non-specific immune killing characteristics. The
quantity and functional activity of NK cells are negatively correlated with tumor metastasis, and NK cell-based immunotherapy has
shown preliminary efficacy in various solid tumors. However, the tumor microenvironment (TME) harbors various
immunosuppressive components. These include cells such as regulatory T cells (Tregs), tumor-associated macrophages (TAMs),
and myeloid-derived suppressor cells (MDSCs), as well as non-immune components like cancer-associated fibroblasts (CAFs). The
combined effect of these factors, along with others such as platelets and metabolic disorders, significantly weakens the infiltration and
effector functions of NK cells, thereby restricting their ability to resist tumor metastasis. At present, most anti-tumor treatment
strategies targeting NK cells mainly focus on enhancing their activity, but neglect the systemic inhibition of the TME, resulting in
unsatisfactory clinical efficacy. Therefore, this article systematically reviews the inhibitory effect of NK cells in tumor metastasis and
its molecular mechanism, deeply analyzes how TME jointly restricts the function of NK cells through immune cells, stromal cells, and
metabolic characteristics, and proposes a bidirectional therapeutic strategy of “enhancing NK cell activity and relieving TME
inhibition”. Provide new theoretical basis and therapeutic strategies for NK cell-mediated anti-tumor metastasis immunotherapy.

NK cells, tumor metastasis, tumor microenvironment, immunotherapy
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