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EJ CDS-Trm-KLRB1 20 43 4iE 1 45 B F7 I
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(V W RIEERIR AR Y G BRI SRR, WAREE 1500815 2 NSl R Rl b, FERIEES 0100705
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HWE BW ZEWENEH (colorectal cancer liver metastasis, CRLM) &35 45 B (colorectal cancer, CRC) f#E
TR E R . BARLL CD8 T AU AA% 0o 1) JRy il G e AE M il e ik e v 220G E 22, (HUFA A8 b Il Re 1) SR 8 i 32 S AR A
AESECThRe kAR T EAE . Hil, R CD8™ HEUH: RC 14 T AN CRLM i J& (03 22 J AR 30 LA K e U T 98 1 431
BLEMR S W, Bk, AR B 7EIRSE CRLM WA SR e CD8' ZH4USE B 1012 T 4 15 R s As 5 R AU S ARFIE, 45
PSRRI R, W EIE TR R BRI RN 5 5 F R %, ik AHREE3ECRC
AR SR B AR, TREEIER . B IR MR e A . il U PE . T AHMDIRES T 43 AR 3 B sl
SELUEIIHT, %E I RAE CRLMAHSE A SN RE . I ] CellChat Al MultiNicheNet 7347 20 ffd ]38 TR 8 £ B AA - 32 A4 5.
&, BlJ5, FERAEENZLE I (the cancer genome atlas, TCGA) BAFI AL TZ WV B %) 25 55 22 0k i DRI R st 3 DRAH AR FH I 30
M, FFIRRISHT BE HEATIRIR T, AR RBZE A HIEE  (gene expression omnibus, GEO) BAFHHHETl
SHIE. BJE, S5 G RBERTTA N 52 W USRS T, PPN R RS o T R T SRR T e R R B v A 2 s
A BHZ A I PR S 28 iR Y7 SRR VR e S R SN D %8 tH CRLM AHC Y X8 KLRB1™ CD8™ 41
AIF R0 T4 (KLRB1® CDS' tissue-resident memory T cells, CD8-Trm-KLRB1) WHE, Z W HA KR HLATFE S
FREPA T RRAE , DA A B 800, o BURE Y 404 R, CD8' T 4 T B2 15 th GZMB* CD8* #4w T 41l (GZMB*
CD8 effector T cells, CD8-Teff-GZMB) . GZMK' CD8" & ic1Z T 4ifi (GZMK' CD8" effector memory T cells, CD8-Tem-
GZMK) #|CD8-Trm-KLRB1 U}l LR AE , I ARBER A C TR ¥ . BB St B T 42 (R0 P A i, ok
AT ol PR A L ok TN Z RS 5 52 2B BT, AEE IR FTHE/R , CRLM SR ST ki 40 i 5 CDS-
Trm-KLRB1 22 8] 4 ¥ 75 S e V8 5 T iR 5, HorP ki % (resistin, RETN) SIRHRRIMLEAHEHE T 1 (adenylyl cyclase-
associated protein 1, CAP1) 4t ) RETN-CAPI it {&-2Z K B VER 52 5 [FRIRF, CD8-Trm-KLRB1 #H E (1) CD48 43 T
(CD48 molecule, CD48) S5EFMEANMILT-HE I 1 (programmed cell death 1, PDCD1) 4~/ CD48-PDCD1 BiiAR-Z A H 1
IR RS . FETRAFRIEA A RIR RS2 (subtype 15 subtype 2) 7E TCGA 1 GEO BABI R B oy B A9 —Bebk . H
M, T A 25 10 subtype 2 E LAY ELA B A0 R A0 D BEFE RS S5 )R (tumor immune dysfunction and exclusion, TIDE)
VO3 K G B HE TR AR, )0 BT 3 B SRR A il e 8, B33 BT 1T A8 A i i 500 2K 2450 ELA O e ) TS P B
JBE RGIREZE T e, 458 AR T CRLM i 2 HF CD8-Trm-KLRB1 41 (A D REARZAS T8, #m HT ez 2 s
20 I 5 RETN-CAP1 45 {55 M4, RNt CD48-PDCDI1 & i B iR S 5 Py i o /F . T2 Wattsh
FRAEAREE I PR 418 7 SE REAA SO0 28 3 TR B3R Y7 M., oA CRLM BB IR PR AL T A A S50 A .

X ZNEE, ITEGR, AL, BullkldlE, B4, rTorl
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éﬁﬁ%% (Colorectal cancer, CRC) %é}*% * [F 5 HRRI2EHES (62673171, 62461046) W),
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Jifel . JRAE CRC7E iy WA [ S 1) & 908 405
A, A RIS B SR B TP d E R n, [
B PE CRC &2 #2977 A4 H 15
2, R CRC i W R 6, 24
50% B TR AR T I IR, NI 2 S AN
R S{GITHT > ImR L, BT ECE B Ry b
AR TE " SRR Y ST B ] R
B RAL R IR IT R, A A E TS
(colorectal cancer liver metastasis, CRLM) 2 &
YT I KRB UEHE B = S M )E R B 1Y
Pkl

AR, HL4H I RNA I ¥ (single-cell RNA
sequencing, scRNA-seq) +3% A% CRC & il P1 5%
(1) £ S5 J 5 4 M e 30 TR 285 P e AT 2 T 22 P
MKEE . CAMIREM, CRCIRE SR
T o 28 00 ) 0 5T S 9 T A AE S 3 Y T 22
S ORI A A RO R BT TR S Bl
PR AR BEaiGyrma R AIG  AST 24 M B 3 i 22 5
KGR H . CD8™ HEUE B iCIZ T4 (CD8*
tissue-resident memory T cells, CD8' Trm) 4f gk
AN E L G Y RN AR, R
PR SR B T R OCREAE L T BRI, FE IR K
WEERIEERIFL T, CD8™ Trm 41 ffd IF B AL F i 1k
RAS, MHRRI S DI Re nT 3 . TERF S
. AR T DA S S e I RO SR AR T
CD8" Trm AJ e A= W] W A e sk M BE LI, JFAERL
N 8L R B RE R T AN PR ] R
A AT A ) BRI AT A S T R 4 41
CDS8" T 4 i A FE B S S e i Ay i 23k 1, X F
CRC HIEH A, AT AL | T3 i T 2k 2 T
R B, HEE CDS8' Trm 4 3 anfe] o B
Al 3 A2 e A RS A, LA S A %
TR I S T I8 B S P %) L R S R 1] T IR
Huiiok = 2Ec015% .

WA, A EWNIMER Z RIR T R Ak 5 —
R AR T L Y, SRR R ST RO R A
IEFEE, AT E R . R ME 2 R X — k2
AL E R TP RS A AR, SRR A T
FARERIS , AR BR ] FRAT X o A v A R A
KT s SR AL N AL, 53— 7T, R
JHI0 7 5 SR B4R 7 SOUL A A e S o, (HAZ FR T
FEACE:, MELLEEAET 2 20WMIE R 1,
I, BRZFHENT = A BT R R S B A M R Y
RO S R AIE R 28 KA Bulk 4% S 20 85l , 19

SRR ) B DO B TR Bl I 48 Rl DR 23— 3 B Oy
2, WIS TS PEAS FAMAR LR 1) . iRy
Pefrs

BEXT FIRIAE, AR S IE R R . ETE
R TR IRE T % 4 11 S B B 1) v Jo i P4
M s, 2075 E d CRLM ji Ak i B2 Hh 8 541 i 1
T H AR R AE SCEE Y 4% B A OC CD8 Trm
YHMOTAE, fEATHDIREREAS A SRR, JT BRI
5 A R AR 58 v A A 2 A0 D 2 TR O P P B THOG
Fo TEMCEEAE b, AR R A9 AH B A B4 3
DR 26 a2z S0 EE 9 AR I B S 2 o o R DR A IR
(the cancer genome atlas, TCGA) HIERHFRIRLES
B4l % (gene expression omnibus, GEO) BA%I 7,
NI AR G R TS 50T B %, Jfiff—
WEEE SPEIRS T B 5 2 b, PR AN TR
I3 F o R R B S T e O R AE B U A 24 R
PEo Zi b, AW S AN 4 S Bulk 5% 5%
G, X CRCHATLAG M, ] CRC [n] JIHi%
R R PR O FE A B G . X SEZE HOR
A Ay B8 ARG R KRS 73 2 2t 1 AR Ad 1) o F R AR
Yy, WohEEsE 28 . e SO IR S E i 24 R S
TRYT T B TE BRI . AW TR
A PR o

1 HH5H®

1.1 HiEWE S

AT AT CRC MR A EE 1 7> 150, A
WS4 B2 L 5 Bulk 5% s 28008 B . (E B4R i
HE 2 m, BT 98 A GSE261388. GSE221575 K&
GSE178318 — & HUAi il % 418tk , I HIR £
Seurat (v.5.0.1) #fTHULLEE (FS1), ZHEH
R o1 G R E % B A B R e 1 B (L LA
MR FT AN . & E R BRI T, 4
X GSE178318 %t 4 4 |
nFeature RNA > 200 H <1500, nCount RNA < 10
000; %Xt GSE221575 #(#li4E , percent.mt < 15%.
nFeature RNA > 200 H <2 500, nCount RNA < 10
000; %1%} GSE261388 %454k , percent.mt < 15%.
nFeature RNA > 200 H. nFeature RNA < 2 500,
nCount RNA > 1 000, F:H', percent.mt 37 2k i
PRFE R SR HU 3], nFeature. RNA 27 A6 1 21 11
JE [ %, nCount RNA & /R & UMI (unique
molecular identifier) %%, Jf{#i F R £ DoubletFinder
(v.2.0.6) EBRUUANML . X R4 Fa 8O AT bR i

percent. mt < 10%.
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:, I.Data Collection and Preprocessing

% Liver Metastasis
(n=T)
Normal
£ (n=5)

]{ IL.Construction of Single-Cell Atlas for CRC ' ]/ I1L.Molecular Characteristics of Key T Cell

\ :’ IV.Liver Metastasis-Associated Remodeling of \‘
+ ! Subsets in CRLM ! ! Immune Communication and Potential

. | Regulatory Features of CD8-Trm-KLRB1

Subtype 2

[ !
g i i
g g - e :
Z ! g saf e} " . - PMN-MDSC-like Neutrophil |
[ — [ % [ Iy S !
= = —_ Polyp - 5 v WL 1
= = - ' a0 1 I
S (n=4) e v L0 y , |
= ‘s Primary Tumor H. " AR Milok " < !
o = (n=11) : , i e |
' 8 o "1 APC-like Neutrophil h
| ' i - OLRI !
vl K
o '® v RETN E
scRNA-Seq transcriptomic data o B . v
Y T
CD8 T cell seoring Enrichment ol ' ~ !
. CDS-Tm-KLRBI |
| R MECTD o0
| V.Perturbation Network-Based Molecul L IVLI herapy R and Drug o %
. Subtyping and Validation ' | Sensitivity Analysis Across Subtypes o ¢ . !
Lo : s L c rert ' ;
B : : ’pc .Q 2@ n OncoPredict 4 ‘ P} ¥ |
Tumor ! ' STRNG " ' ® i
(n=640) : SRS ; " !
TCG A@ b ; H 1\ o~ Pl Coseercal = ey
' o - Ve |
: e "'l' l A CDETel-GZMB |
g 0! i :
irs ' :
P !
[ 1

AR AR B R A, BRHCAT 2 000 > 48 L R FE A T
F 5581 (principal component analysis, PCA) .
K ] Harmony B35 E BRAL R RN, IF 3 FRIE S
AR A R AE E A 7 200 30 P iy s RN TS W SR 2, ffi ]
UMAP
projection) AL EEELE AL K H FindAllMarkers
T 2% 4 M % 0 22 R R Gk BRI (differentially
expressed genes, DEGs), 2 #(i% & N min.pct =
0.25, logFC.threshold =0.25,

7E Bulk K48 )2 i, ASHF 585 TCGA-COAD
J TCGA-READ P £ ¥t #i S 1 M Il 4%, & F
GSE39582 & GSE17536 P £ 4 A A Dy il 7.3 X
£, I ComBat J7 T BR AN [ A4 45 ] 4tk vk
RO (FS7)s
1.2 BHpEEREAZESHT

AW 58 4 F TCellSI (v1.2.0) ™ 3 5 i &
(quiescence) . o % W 77 (regulating) . 3% Ff
(proliferation) . %# B D fE (helper) . 4f ffd 2 P4
(cytotoxicity) . #H 40 g #& ¥  (progenitor
exhaustion) ., ZK#E¥y (terminal exhaustion) A
W& (senescence) 8 FHINAEARZASTGIr, LAMIT
i CD8" T 4 MI A L BEARAS, IFHE I ke R 4% 4320
ZIAPFIAA5 53 ) 2B R -

A=X,-X,, (1)

Horpr, X, F0X a3 53 R 1 D IR AT e
# k. (liver metastasis, LM) FlJii & 4t (primary

(uniform manifold approximation and

Cancer Cell
*
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Z L
Aitinib % P o S~
- ¥ /
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/ \O/.

'
¥ o /o
TIDE o ~a—
Subtype 2 v
Subiype | i CellChat MultiNicheNet

tumor, PT) WAy,

WA, AHF5E 8 i CytoTRACE (v.1.1.0) 3F
HCD8 T 4 WAL A 1757, AEET Slingshot
(v.2.14.0) 1Y B30 4fF W7 o 2 s A e i o 2E T
Slingshot R AU ¥ 32 2R, Mo/ VA Ay g 4
i M Z R T SO IR, A SR [R] A 2 T
DDRTree 10 [£] 5 A J7 2514 2 4 5 [8] 4% 1Y) Monocle 2
RS EAE T () AL B
1.3 EEBEHEEERMIIMERIIE

R T AERREA K T 2R G0k 1 [ A B
WSS, AT T 3T RIR SR AH B
YERHR M > B4, 5 CD8-Trm-KLRB1 4
M) DEGs, IO/ B ZE I 282 Al i 4 v 3 1
PLATEE I o o IX 8 EE LG 2 STRING  (v12.0,
https: //cn.string-db.org/) & H -2 F FUAHEAE
(protein-protein interaction, PPI) %%, Jf11 0.7
MBS BEXT A TE BT . 2, X TIIZREET
REASTBEREAS, R LR ) 3 R R (B4 A
AR FRRBRIK o 38 A X 4 B XA EAE
MEER (Gh) BRBRIR2ZEE, A NFEA Y delta [1]
o IEEAEA T B R R O3 H TR
delta Bk, HJi, MBEAEERFEARY delta [0] 2 1
KAz R, S AR RS R
1.4 BulkEEREAFSH

fE TCGA Il x££, AR WF 5l R
ConsensusClusterPlus (v.1.70.0) #4752k
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ERSTAERY SRS, SRR IS R A R A bR
4 (cumulative distribution function, CDF) HiZk#f
o BT IR 3150 F WA, 221 Kaplan-
Meier {128 I FH Log-rank K5 5 PFAfi 45 7 8 (19 A 77
255 o 1E GEO W45 rp, A P d5 3 55 Al 8 00
(nearest template prediction, NTP) 5% ik 4yF 43 A
(RS MErE, IR Z 3R Cox MR RIPFAl 23 78 1)
ST FUSANME.

XF TR I A TR, ARG TR 2
Yy WO M B A 2 BCHE R (genomics of drug
sensitivity in cancer, GDSC) [ R 4 oncoPredict
(v.1.2) Tl RAEA XS 5 WAL T 2454 K B 1) /N o3
TG Y2 ¥ )% (half-maximal inhibitory
concentration, ICy,), VAPEALAS [ (1) 245 4 ek
PE o [) IFEF ek e S % D RE R A5 5 HEJF (tumor
immune dysfunction and exclusion, TIDE) 75 ¥
S EIRYT IV, I 434 CD8-Trm-KLRB1 4 ffi 1)
K5 TIDEWF 9 6 &, DLTITIAS [RIAEAS Y
PPEIRTT A A
1.5 ZIHEDH

ARWFFE P IrA G BER (v4.22) sk
PR 2 () i 2R Y 22 S B MR 38 1 Wilcoxon
PR 30 K PEA 5 Bulk % s 20 1) 22 53 K38 0k
FHEET 2256 DU 7 ik A R PR S . P Bk
FEHEMT R *P <0.05; **P<0.01; ***p<
0.001; ns: TLRFER.
1.6 H|ERBAIREME

RUERFFE AR T B A, ARSI
SIFTARES . OGS B AR Hrii A S B
| £ & GitHub ( [GitHub URL, https: //github.
com/LeiyangHarbin/CRC-code ] ).

2 #R

2.1 CRCHYHEF:RARIEHME

SR T H R AR 45 EL AL 2L A B A S R
sk B, AW G T GEO ik 3 £ 40 i
B, AR SHNERAEA . 408 RAFEA . 1141
JERAEATN T HIRF A A (e S1) . Gl
] 5 U200 0 530 i 5 T A B AR, B34 120 956
A F RPN, RAEIE R XA LR
AREL N, FRATAE T BRAS A1 R S (R St v sk I ik
TRMB R, ENPERNIAMET, 581291
% (K Sla, b). FETLMERICHN, FRATN
LB YA . RIZORANAE . A, bRz

M. RCEFHEARAEL . EWEARAE . AEOR4iM . TRy Ekign
M. EARAANE . SN HEAE AN . i T AN
J L ST UL AR T 20 B AR PN B 14 F 40 g 2 A
(KS2a, #S2). ik £ EANMS A FRiC L
IR 0L, W b aiifs (EPCAM) . N 12 4 ifd
(PECAMI) . B 4 Ml (MS441) . K 40 M
(JCHAIN) . B Wg 40 e (C10C) . w4 kL 40 il
(S10048) . T 40l (CD3D) 1 [ 4k 7 5 40 iy
(GNLY) , A58 Kk | 3% 26 41 il 9 E 17
(' S2¢, K Slc). X4 MYE AR AL i
SR RS, B, ki gnaE . T
) DR IWE R AN T ] R eSS SR TR A S S|
& T A DU R 2 I e s 03, JRRE g
RSP kg (& S2b, d, KEISid). 1bAb,
ARSI TR, WERAIML . BV,
PERLN AN T M AE T A b B 2w AR, s H
FENF R A i A h R A AR (K S2e, 3R
S4). ROGUE (ratio of global unshifted entropy) 47
Mra 3R], 14 Fh 40 2SR ROGUE 1543 4 i
0.90, A JJUESE T YIRS HERT, a4k
I LA A S Sl B 5 R AP AE W2 X o B (1A
Sle, #S3),

22 CRCHE#BMHHPXBTHRILEMIRANS S
TFHE

YT T AN AE 2, B i X R T o i v e 2
B S B AR E S A D S B R E T, ARFSE
i — DR A o A S o TR A TR AT . 38
TR A AN RR R IE 22 S S DR A T AR 2 e R
T ATIR 5 49 5% CD4-T-GPR15, CD4-T-PreTreg .
CD4-Tth-CXCL13., CD4-Treg-FOXP3., CDS§-Teft-
GZMB. CD8-Tem-GZMK., CD8-Trm-KLRBI .
yST-TRDC il MAIT-KLRB1 7& N 1 9 F 2h BE4E 5 1Y
TR AE (K 2a, KS3a). ROGUEJ3Hrah
Hl, 9FPIEHER ROGUE 134331t 0.925, #F—2
WESE T 45 A LA A m Al 5 RAT 1B
Mg (E2b, #S3).

HT AN () S A A P e v o R v 1 TR A 5
AT ) 25 57 B B A M R AT 25 TR () D) e
fE. 5% 58, CD8-Trm-KLRBI1 W #EZ S 2%
(AR A B S A fe LM e B AR A=
Wy kAT B s RS O AR IR RS A SR R 1)
REEEMHBAE TR FER . S—Jrm, R EEW
CDA4-T-GPR15 WV Ff = B & & 11 24t 1] 266 o6 3 1%
X 5 H RS> T GPR15 A S 10 718 #a 1k S e #l
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FHEBRIAME R R RS TR *5e

IR WA 2, A PR R TR i & s
TEPRES S F R 2 R ELG: . 1Eson S50 ThEE
JiTl, CD8-Teff-GZMB 5 ydT-TRDC W 4L [7] & 4
Y1 16 28 05 B A0 A S % A0 I g,
CD8-Teff-GZMB W i [ [7] & 4 5 A Qi 5 fe i
A GE B, RO T R Ak AR X R R R Y AR
M. 25 #b, CD4-Tfh-CXCL13 5 CD4-Treg-
FOXP3 W & 42 F AL W W2 fk S ATP 5 il i, 1
7 HAE IR AR e i B 2 RS T R D RR I TR
RghE N E (K 2c, ElS4c, b).

ZH AU b1 5 A LA S BT s T4 T 240 I
HETE CRC MR L R TP i s A8k . 455383k,
CD8-Teff-GZMB, CD8-Trm-KLRB1 K MAIT-
KLRBI1 W RE7E IE 8 R B W LA i,
Rt e A Jr e = AR B T, JTAE %kt
TR RIEME, s HAR RS O SR i A 5 i Ak
R CHEN . S Z M, CD4-T-GPRI5S 5
CDA4-T-PreTreg 55 I 18 AH G WA 3= 2200 A T U0 IE
WD RHL, AR R AR T, IFTE
IR AAE T AR, BRI R IR X H &
AT BRI E A RS, XML 50
IrreE R —3 (K2d, e, EIS3b, Kl S4a, b, %
S4). Ah, Milo 255 FRErHr it —2ES:, CDS-
Teff-GZMB, CD8-Tem-GZMK } CDS-Trm-KLRB1
WHETEN AL P B E (K S3e, d).

CD8-Teff-GZMB, CD8-Tem-GZMK K. CDS-
Trm-KLRB1 WV #E Y T ATy B R SR B, 4
WHEFE b . A R e VR YRR b b
HENHRMAE R A TIRZIM e E S, 1
Hi, CD8-Trm-KLRB1 MV & 3 55tk 1) 4 21 3 8
SRR, TEPIANE L TR S 4R e S R
SR IG T, 456 CDS™ Trm i i) 28 L 70
EAERENE, HAAaRE s B s T HAr
#HE, IR R 0.656 #E— 2 Thi = AFEE S A1)
0.761, EFNEM, X2 INZ AL B MIA s
AT B H A T 5R A R  RRIE . B2 AH L,
CDS8-Teff-GZMB . Fif 52 Bl i 54 i 5 = #E 38 I A7 1Y
FR, AN S TS Re AL TR K, B
PR Y = TR S ARFERTE5), R T RS
550 B AE U8 I A7 AL N T 41 L o 1] CD8-Tem-
GZMK WA WA 43 Y4 T Z ], S rpE]
IHESERE (KI2f, #S5). Zi b, JEAK S
RAERIXT L trda s, BEE IRk, — AN
LR FEm 5 R A Vo B ke L, PR

RO AT BB ALY CD8” T 4 Jfd [ 2 #E U
Lo e PR AR
23 CDS THRERSELTSHRFEEE

KT HE— 455 CD8 T 41 B 22 ] it 44k
KEHNTEREDLH], FeATHSE CD8-Teff-GZMB .
CDS8-Tem-GZMK } CD8-Trm-KLRB1 = > 3 # W
R IFIUN P38 . 8 JGilad CytoTRACE #i W
R, Bk B R ) CDS-Teff-GZMB I #f
Wir N EREEA (KS5a, b), T Slingshot i1l
I F 4> BT 45 78 T B CD8-Teff-GZMB ¥ #f ] CD8-
Trm-KLRB1 W50 £281308 , CD8™ T 4 i F
9 B 5 CD8-Teff-GZMB W H %, i 2 vh a2
CD8-Tem-GZMK W #f % # J5 i 42 >4 CD8-Trm-
KLRBI1 WA ([ S6a, b). TEMFEH, B Eibs
AR IR () IR B UL P A S S Ak . Bl
FEUH W B, CD8-Teff-GZMB W 1 5 % % GZMB #il
CCL4, ZEFFRmmdn i eith; Bl SU T m o (a)
MrBedfe i, CD8-Tem-GZMK W £ AH ¢ 5£ [ GZMK
55 JUNB [R5 35 R, R R bl
& MBSO A [T A AR 1) SR SR . SR
1M, YL ARG, GZMK 9 3R k7K
KiE N, S ER, CD8-Trm-KLRBI1 M BE4: 5
P 7 2235 KLRB1 )2 55 17 53E B 2% DI ARG i #a AL R
ZAR CXCRO P XA SR B AL A R W
CD8' T4 7E I AN R ORI, 5800 T M
AN A ) LA B e S e R R R AV A (1A
Sé6c) .

Ryt — A B UE A G (AR e A R, FRAT
{i F§ Monocle 2 532264 3 /1~ CDS* T 4 ity IV 7 5 #r ke
2 A R AR R, 25 SR WK, CD8-Teff-
GZMB W #f F 2 S p— 5, HaAFatbnyik
A7 E, CD8-Tem-GZMK W #4534 T W43 52,
FERLIE P R BN BB A A JE RS 1A CD8-Trm-
KLRB1 W HEMAE o T AS R o 52, /T RE 5
TR 5., 5 Slingshot i 434 45 S B — 30 (&
S5c, d). MfJa, TAIXShAFRRILHIEST T 3h7)
LRI, BRIE 4 FORTR ) Sh AR AR, W
EN Y- = I G B N O N A o 7/ = 2 =
Cluster 1 5 Cluster 2 1A FE A, U1 CD63., CLICI
&, TR IR R B R I = 1 R IKF-, IERl &
BUEREIGE T M., EFEAELE (gene ontology,
GO) EHEMTR/R, XEILH G T EH
fRfk. ATP &L R A A m B, X R4 T
K 1Y CD8-Teff-GZMB W % ELA HE B 11 18 35
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(a) (b)
CD8-Teft- GZMB
- R MAIT-KLRBL
® CD4-T-GPRIS ¥8T-TRDC \
© CDT-PreTreg o  CDS-Tm-KLRBI
@ CD4-Tth-CXCL13 2
CDATregFOXP3 S CDE-Tem-GZMK
=
CDSTCfEGZMB @ (pg TelmGZMB
CD8Tem-GZMK 5
o CDsTmKLRel @ CD4-TregFOXP3
® T-TRDC CD4-TH-CXCL13 .
3 ® MAIT-KLRBI
o CD4-Treg-FOXP3 CD4-T-PreTreg
E CD4-T-GPR15
3
0.900 0925 0.950 0975
( ) UMAP_1 Rogue Score
C
Cellsubtype [N TS
______ — - —
KLRC3 KLRKI CDI60 i 'F
LINCOIS7I PLAAT3  GPRIS ! !
e e o ' |
1 1
]
______ — - { > Cell subtype
C me —— i
FOXP3 IL2RA TNERSF4 — 10 M cpetpetie
LAIR2  LAYN ICAL | B cosTmcxcLis
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Fig.2 Identification and molecular characterization of key T cell subsets in CRLM

(a) UMAP plot showing the major T cell subsets identified. (b) Ridge plot showing the purity of each T cell subset. (c) Heatmap showing the top 6

DEGs for each T cell subset. Rows represent DEGs, and columns represent T cell subsets. Color indicates normalized gene expression levels, with red

indicating high expression and blue indicating low expression. (d) Heatmap showing the distribution preference of each T cell subset across tissue

types. (e) Stacked bar plot showing the relative proportions of each T cell subset across four tissues. (f) Heatmaps showing the scores of eight
functional states for three key CD8" T cell subsets (CD8-Teff-GZMB, CD8-Tem-GZMK, and CD8-Trm-KLRB1) in primary tumors and liver

metastases. The bar plot on the right (Delta) shows the changes in function scores in liver metastases relative to primary tumors.
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Fig.3 Cellular interactions between the CD8—Trm—-KLRB1 cell subset and other cell subsets in the tumor
microenvironment
(a) Network diagrams showing the interaction weight (left) and interaction numbers (right) between the CD8-Trm-KLRBI1 cell subset and other cell
subsets in the tumor microenvironment. (b) Bar plots comparing the overall communication topological strength between the primary tumors and liver
metastases microenvironments, including the inferred interaction numbers (left) and interaction strength (right). (c) Heatmaps showing the incoming
communication patterns in the primary tumor (left) and liver metastasis (right). Rows represent signaling pathways, and columns represent receiver
cell types. (d) Ranking of signaling pathway enrichment based on significantly different relative information flow. Pathways marked in yellow are
enriched in the primary tumor, and pathways marked in blue are enriched in the liver metastasis. (¢) Network diagrams showing cellular interactions
of the RESISTIN signaling pathway in the primary tumor (left) and liver metastasis (right). (f) Bubble plot showing the communication probability of
neutrophils with other target cells mediated by the RETN-CAPI ligand-receptor pair. Bubble size represents the P value, and color from red to blue

represents communication probability from high to low.
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Abstract Objective Colorectal cancer liver metastasis (CRLM) is a leading cause of mortality in patients with
colorectal cancer (CRC). Although local immunity centered on CD8" T cells plays a critical role in suppressing
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tumor progression, the unique immunotolerant microenvironment of liver metastases often induces heterogeneous
functional alterations in these cells. However, the lineage trajectory and molecular mechanisms underlying
phenotypic remodeling of specific CD8" tissue-resident memory T cells during CRLM progression remain
incompletely understood. Therefore, this study aimed to investigate the lineage evolution and phenotypic
remodeling characteristics of specific CD8" tissue-resident memory T cells in the CRLM microenvironment,
explore their potential communication with microenvironmental cells, and establish a clinical prediction and
molecular subtyping strategy based on the perturbation profile of this cell subset. Methods This study integrated
three single-cell RNA sequencing (scRNA-seq) datasets of CRC, spanning normal tissue, polyps, primary tumors,
and liver metastases. Tissue preference analysis, T-cell state scoring, trajectory inference, and transcriptional
regulatory analysis were performed to identify and characterize key CRLM-associated cell subsets. CellChat and
MultiNicheNet were further employed to investigate intercellular communication and potential ligand-receptor
interactions. Subsequently, differentially expressed genes of the identified subset were used to construct a gene
interaction perturbation network in the cancer genome atlas (TCGA) cohort, followed by consensus clustering for
molecular subtyping and independent validation in a gene expression omnibus (GEO) cohort. Finally,
immunotherapy response and drug sensitivity analyses were performed to evaluate differences in immune
microenvironmental characteristics and potential therapeutic responses among molecular subtypes.
Results  Single-cell analysis successfully identified a key CRLM-associated KLRB1® CDS§" tissue-resident
memory T-cell subset (CD8-Trm-KLRB1), which exhibited prominent tissue-resident and immunoregulatory
features, together with relatively low cytotoxic activity. Pseudotime analysis suggested that CD8" T cells may
undergo a continuous state transition from GZMB" CD8" effector T cells (CD8-Teff-GZMB), through GZMK"
CD8" effector memory T cells (CD8-Tem-GZMK), to CD8-Trm-KLRB1 cells, accompanied by stress-related
functional remodeling. Antigen presentation and T-cell receptor activity analyses suggested that this state
transition was not simply attributable to insufficient antigen presentation or complete loss of T-cell receptor
signaling. Cell-cell communication analysis indicated enhanced potential immunoregulatory communication
between neutrophils and CD8-Trm-KLRB1 cells in the CRLM microenvironment, with the resistin (RETN) -
adenylyl cyclase-associated protein 1 (CAP1) -mediated RETN-CAPI ligand-receptor interaction being
particularly prominent. Meanwhile, the CD48 molecule (CD48)-programmed cell death 1 (PDCD1)-mediated
CD48-PDCDI1 ligand-receptor interaction associated with CD8-Trm-KLRB1 cells also showed an increasing
trend. The clinical molecular subtypes (subtype 1 and subtype 2) established based on the characteristics of this
cell subset showed high consistency across TCGA and GEO cohorts. Subtype 2, which was associated with poorer
prognosis, exhibited higher tumor immune dysfunction and exclusion (TIDE) scores and stronger immune
exclusion features, while also showing a lower half-maximal inhibitory concentration (/C50) for axitinib,
suggesting greater potential sensitivity to anti-angiogenic agents and a possible greater clinical benefit from such
treatment. Conclusion This study reveals dynamic functional remodeling of CDS-Trm-KLRBI1 cells during
CRLM progression and suggests that their state may be regulated by upstream signals from the metastatic
microenvironment, including neutrophil-associated RETN-CAPI1 signaling, while their interactions with
downstream immune cells through immunoregulatory communication such as CD48-PDCD1 may contribute to
local immune microenvironmental remodeling. The molecular subtyping framework based on the perturbation
characteristics of CD8-Trm-KLRB1-associated genes stratifies patients according to distinct prognostic and
immune microenvironmental features and suggests potential differences in therapeutic response, providing a new
perspective for understanding the CRLM microenvironment and developing individualized treatment strategies.
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