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Abstract

Objective: Gastrointestinal stromal tumor (GIST) is the most common mesenchymal tumor of the gas-
trointestinal tract. Although imatinib, a selective tyrosine kinase inhibitor, has significantly improved
the survival of patients with GIST, primary and acquired resistance remain major therapeutic chal-
lenges. Increasing evidence suggests that the tumor immune microenvironment is involved in treat-
ment response and drug resistance, among which tumor-associated macrophages (TAMs) play an im-
portant role. However, the functional diversity and dynamic evolution of TAM subsets in GIST remain
insufficiently understood. Methods: Single-cell RNA sequencing (scRNA-seq) data of GIST samples
were obtained from the Gene Expression Omnibus (GEO), including samples from imatinib-sensitive
and imatinib-resistant patients. After quality control, dimensionality reduction, unsupervised clus-
tering, and cell-type annotation were performed. TAMs were extracted and further classified into dis-
tinct subsets according to their transcriptomic characteristics. Gene set variation analysis (GSVA) was
used to characterize the functional features of TAM subsets and identify enriched signaling pathways.
Monocle2 was applied for pseudotime analysis to infer the potential state-transition trend of macro-
phage subsets. In addition, the transcriptional and functional heterogeneity of tumor cell subpopula-
tions was analyzed. CellChat was used to infer potential ligand-receptor-mediated communication
patterns between TAMs and tumor cells. Results: Five TAM subsets with distinct transcriptomic fea-
tures were identified. Inflammatory cytokine-enriched TAMs (Inflam-TAMs) were more abundant in
imatinib-sensitive tumor samples, whereas interferon-primed TAMs (IFN-TAMs) predominated in
imatinib-resistant tumor samples. Pseudotime analysis suggested potential continuity among differ-
ent TAM states, with the IFN-TAM-associated state tending to appear at a later stage. Cell-cell commu-
nication analysis indicated relatively weak predicted interactions between Inflam-TAMs and tumor
cells, and suggested potential signaling axes between TAMs and specific tumor subpopulations. Con-
clusion: This study demonstrated marked heterogeneity of TAMs in GIST, with distinct distribution
patterns of TAM subpopulations between imatinib-sensitive and imatinib-resistant samples. Further
analyses suggested that TAM state transitions and their interactions with tumor cells may be associ-
ated with the imatinib resistance-related tumor microenvironment in GIST.
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1. 5|

5 718 8] )53 J8 (Gastrointestinal stromal tumor, GIST) 2 5 i & LI 1A] R M e, & kR 0 RN
FINFURN 10 2 15 5. B 5 8 e & — Pl /N o0 1 I S R VM ) 55, i id #E ) KIT B PDGFRA
AR FE BRI T U5 S BRI R i . R RE, it 80%(1 GIST E# B & ginr)E, &
17 # (overall survival, OS)FI T 3t Ji# A 77 i (progression free survival, PFS) . 2 ZE K [1]. #RTfT, 2 15%F1 1
i GIST BEXH S B =4 i kVEm 2y, HRZHEAIMGIHETAMEE BAE AP 2. #58
JeYRYT Ja W A e FE AR A7 LR 2 4 2]

GIST T %l KIT 2 PDGFRA & K {0 RACUKEN, (HBORELZE FIESE R, MR S O SR e
Jpq o R AR IT S B FR e 25 e EE I [3]. M Rd A 5% B R 41 il (tumor-associated macrophages, TAMs) 2 GIST
AT P N RS iz —. BT URIE(E 5t 2 Mol R R Y, HAE RIS IR 2 KA
[ RS % DIAHOC[4]. GIST T TAM @ E5 B8 JeiRI7T Rty M2 FERAY (32 ZER I ] He %
o R AN i Rg K AR Fg) [5]. BEAEBFR B, {8 FH CDAO BN MEU A4 E vk 4 i v] LA s 7 1 5 e
MIPTIIRT AL XK EVEAN A2 GIST JA77 N IS BN 5 [6]

REAL W 78 CNEARJZ T2 T GIST A7 5 8 J it 25 A0 JC R Rd S A 58, (HEEXT TAMSs 3 7 i
YERI TR AR [7], ARS8 MUIM2 53 28 T0E AT B TAMs [R5 50 PE, B 4iifis RNA 7 (single-
cell RNA sequencing, SCRNA-seq)#i A5 % TAMs 55K 701 E IS A1k [8]. Tk, AWFFAER—
LA B — DR TAMs BEA, X TAMSs B SORAS . DhRRHRRAE S L 51697 OB R AT B4
TEHEIAR, M EWE A A B b 7o GIST A7 B Je i 24 AH SR B I

2. #IRE I
2.1. HiEFFESHAMK

ML IR 221k 45 500 7 (Gene Expression Omnibus, GEO)H 6% T GIST ) scRNA-seq ¥ils, &35
GSE254762. ZHHEHEM S 7 4 GIST BFEMMEArA, WHF 3 FI6 5 8 Je va 7 24 S8 3R 7 4 4
FEAS, M\ 4 B 58 e Ve T BRUR B PRI T 5 MREAR . AR ARATFIAR P, BB 300 JRy G
e 6 BRI AL IR R S8, REASRUS LR R SR A L TR A BRI R L AR L[ 7]

2.2. BYNR¥IRTRALIE S 4npaT

AT Seurat (v5.0) 56 AL 4H i 4% S 4 AHE AR FRO] o 7 S8 1L 5 4 0 S B kA7 4t i 5 ik
2RI O B R A B A /D T 200 4R, RBRTED T 3 AN BRI . Bl 5 THE L
PRBETRL . AZBE AT DR R 20 A AR DG BE BRI LU A, WM BT 4B M AT A Bk o35 J5 0 N bR AL 23 BT i A2

JH—1kK A LogNormalize 532, LAREARGIN PP B 22 S a0 B (1D 5200 o 56 B0 — 10 ) i GE e A8 e AT
HHET w2 LR HEAT 1 0220 (principal component analysis, PCA), $2B 348 5kiE . % feREARIE . Ik
I FRAT K VR RT REA SR AR e, 2P Harmony S0ZEHEA TN AR IE . KIEJEHET T 15 DR
Gy R AR I BT T R T B R R A, Bl S A I 48— R A bl 5 #5852 (uniform manifold approximation and
projection, UMAP) AT B AERT R, FR/NAMMEF A M S E G R
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YR T bR B R R A s . IR ZH DL KIT. ANOL mil A EAFE; T 4HHELL
CD3D. CD3E MNEZEHHE; NK /il KLRBL 3 ZHFE; H %40 LL SI00A8. S100A9 SN+ ZHFE;
ErEgifE Ll CLQA. CLQB AEERFME; M RAMALL IDOL A EEAFE; B 41fiLL CD79A. MS4AL A%
BURSAE ;s AL IGHGL, MZB1., SDCL N F BFAE; BT 44 i Py Bz 4 A L 57 40 i 53 51 LA ACTA2,
PECAM1/VWF Il EPCAM i N £ R B K .

RS RET, 254 KA UMAP 434, DotPlot /NS FBGIE bR G Sk R 3 IA — 80k, W fRgn iV ER
LR EAICEL . X TR ER R RIEZ XX, 456 2 RFILREBEXMA TR, Wb n—hr SRR
SEIIRT . SERTERS, 1T GIST MR oA Rk gu i Itk , ShJE 2k TAM TERE SR, Thaki@ ek 7
Bt~ OB BT 3 290 25 g A T 4 e e o A 4 R At 250

2.3. TAM T #R B 5Thae o4

TETE A AR RS R S, AN 0 AT B B I E R A A A4, N TAM TERE i . $HK
JEIANM R GRAT A — b BRAERIERS, JF45E UMAP JB/R TR /A .

TEBUBRZH SN 25 4 LR, AR 035 RE A PR bR K 15 W 0 i Bk S5 6 B2 0 2, LR %% TAM IERETE
ANFENATT ISDIRZS T AR R L], DL IR H o340 22 R, JF45 G hn 6 BE D R 5 B AT 28 R IE
ZA TR TS TAM MERE 73 A 5 10 5 8 JE 16T SO T] (R AH SRARFAE

Rt — RN RN REIRAS, R SE R 5248 57 43 HT (gene set variation analysis, GSVA) % T-FriEfb KA
SRR SR B B AR 143 [10], FEE A limma i3k 47 41 1] bR 3 4% 55 25 4 340 52 {8 132 M )logFC| > 0.5 _H. adjusted
P<0.05. 55 % EIAHRE R,

2.4. YRFSHr

PRl TAM RATEASHRAE,  AHF 58K H] Monocle2 #EAT 0N FE 0 Hr[11]. 3% WREHET T K¢ R
200 M4Hff) 5, T Seurat §fFik ARG KR E Monocle Xf 4R, MKIXHHAT estimateSizeFactors 55
estimateDispersions 56 b, 4 DDRTree HEAT Pk BE4E FERTAHMIAEY « S ZARABI FPALE L 533
SER R E 25 S AR AV A TAM BRI AE .

2.5. MhiELEPAIE B4R

M scRNA-seq s £ R B GIST Jioeg 40 J5 147 #2825 . KA Louvain HE 58 o B, T g4
JROTE A P R T 22 S v, IR B A B, AN SR FH B 20 FE% (resolution = 0.001)iE4T 52K, &5
& t 40T BELAR I %\ (t-distributed stochastic neighbor embedding, t-SNE)F#4E 7] ¥4 3545 4 AN JR3 40 i 7.
BE(CLl. C2. C3. C4). & Wt FindAllMarkers Jiiiik 7 5 R IA R K, B 5184 clusterProfiler #4T GO
BN, TIEBRME N p<0.01 H q<0.01. %587 FH TR AN [ 6 4H e 73 1) 9 SR D) BR AREALE
2.6. YHRAIEIR ST

AR CellChat 73 # TAM 5 g 4H i (A1 TC A4 - SZARIE G R . BT Seurat FniHE A0 5E R
37 CellChat XF %, PA4HARA Ny 4145 5, i CellChatDB.human ds A R4 RLe ik - =24k, it
SO T Sl TR A . g S X A AR B R, RSN E] TAM ERE 5 25 g 240 i 7 A 2 1]
(10 FLAE B RE 25 S T O T R R AIE o
3. R
3.1. B4ARE RNA JUFER GIST Kb P 5 76 il

RHIFCEH T 7 ] GIST B&F T ARIMBE A . TAT BANH RNA I Eedl 4T 1 A i B 4%
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il e RIAERE, BAIRE T 76,362 N EmAN M TS S0 . BATET A4 bR IC R
ISR B TR S A R AR AT TR BE TR A, AHM R T 4 M BA R L2 KIT F1 ANO1
FRic R Ji 87 41 B2 (n = 35,284, 46.21%). CD3D A1 CD3E #ric i T 4iiffi(n = 6724, 8.81%). IGHG1. MZB1 FlI
SDC1 fric (K41 f(n = 2022, 2.65%). KLRBL ##ic () NK 4ififi(n = 5128, 6.72%). S100A9 Fil SI00A8 #x
TC I AZ A (n = 3681, 4.82%). CL1QA Fl1 C1QB #ric i ELIE4HE(n = 12,645, 16.56%) ACTA2 frict [k
TR . EPCAM ARic 1 b Bz 40 (n = 314, 0.41%) . PECAM1 Al VWF Fric i A 52 48 it (n = 3886, 5.09%)
IDO1 FRic IR FE IR (n = 1636, 2.14%) LA & CD79A F1 MS4AL Aric ) B 4Hf(n = 863, 1.13%). 1}
UMAP AT HAEREAS s AN AR L SR AL 1) 73 Ai (4] 1(A)), IR AN RIS 2 TR R AR 2 DR PR A HEAT /MR 5
B2, 7R T GIST I R 5% b A [m) 40 P S8 AR S 18 () 25 15 (14 1(B)) . TAMS 2 iRa A 855 Hh e =
B AR, X5 AT Fe A e — 2’ 1(C)) [4].
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Figure 1. Cell atlas construction and cell type annotation of GIST single-cell RNA sequencing data

1. GIST E4AAE RNA 55 A AR EE19E S5 MARS BT R

3.2. EMEAMIER ST

AW TR BRI AT TR T, DR R MR A S PER . B, FRATA B gH e s 4
AP T BRI . 54E50 MUM2 BRI RANE, FATHRYE BRI RERE N B S
FER, ¥ R HATRE, 435 A2 i A A= Rl 8 g #H 2 55 21 i (angiogenic tumor-associated macro-
phages, Angio-TAMSs). -3t 2 T 24 Jif 83 AH 5% 5 W5 41 A (interferon-primed tumor-associated macrophages,
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IFN-TAMS). 4 JiFE 2 i R 1~ & £ 704 983 AF 5 516 41 g (inflammatory cytokine-enriched tumor-associated mac-
rophages, Inflam-TAMs). iz /i AH 5284 g #H 5% 10 41 it (lipid-associated tumor-associated macrophages, LA-
TAMSs) F1 20 23 5% B+ i J88 AH < [ 16 40 i (resident tissue macrophage-like tumor-associated macrophages,
RTM-TAMs). Angio-TAMs LA SPP1 #1 ENPP2 Jyfzi&, IFN-TAMSs LL IFIT3 £ IFITML JyfR&, Inflam-
TAMs Ll CXCL2.CXCL3 #1 IL-18 Ats &, LA-TAMs LL APOE 1 APOCL AF5 &, RTM-TAMs LA MARCO
FRRE(E 2(A)) . BbAh, FRATESHT T 8 B Wk i 7R (10 5k R Rk B (1] 2(B))

(A) MARCO{ . [ ) (B)

APOCL [ )
APOE Y [ ) @  Average Expression
1B o ° . 1
a 0
2 cXCL3 ° [ ]
§ -1
i, CXCL2 ° i [ ] Percent Expressed
® 25
TFITMI .
° : ® 50
TFIT3 ) ° ® @
ENPP2 °
SPP1 ° : [ ]
%e'& ,&@‘\ 'S@ §§ ‘SVSS
L4 & . @
7 Identity

H: (A) KIEEER 5 A TAM EHPRRMEREERFRIEE; SOBOIRERRFRIEKT, HEORNERE
LIRS (B) & TAM WE# 2 FRh FER A B R R B FRRARAEAL J5 X R IEKE . (C)~(G) & TAM
B2 R R NThAE &4 R RIS BN IFN-TAMs. Inflam-TAMs. Angio-TAMs. LA-TAMs. RTM-TAMs); 4
N 'E SR BZ I % I R (Count), BUEA R RRIE S5 P {E(p.adjust).

Figure 2. Identification of TAM subsets in GIST and analysis of their transcriptomic features and functional enrichment
2. GIST TAM TEE#XI 5y R A RFHES TREE & 7

IFN-TAMs FRIE T RMICER, Inflam-TAMs HAT 2 FELN MK 7R IEFFE, Angio-TAMs B A 1L
EAERRHE, LA-TAMs HANE AR CEE N RIEHFFE, 1T RTM-TAMS 8 5€ SO T 1EH 4 2351 BE Bk
YA EWRANAE[8] . FRATTKs W 40 AR A8 2 SRS B 8 JE R AT TR 25 43 9 ¥R I it 24 ARG T Uk
H, RIGHATIH . BATRI, ERITI 254, IFN-TAMs 5 s 1m7ER YT BURZLH, Inflam-
TAMs 7 b5 i o X 3278 GIST fE 5 TAMs 14 284k 5 67 5 B Je ¥ T7 I SLAFAE AR A% « Inflam-TAMs
BA 2 M RS0 B T (AR AE, ALHE IL-18. CXCL2/3. CCL3 #1 CCL3L1. CXCL2 #1 CXCL3 J& T
RAEF A 7, H 5 CXCR2 H:[AZ 5 K e 4N Mo 55 48 K MR A B 4% o Inflam-TAMs B 75 8 #H ¢
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RN E BRI e A E[8]. T FIRZE AL, FATHEN Inflam-TAMs W] G 575 % e
BIT RBAHK . BEAERE SR W], IFN-TAMs il PR (0 BRI 525 Treg SKAMM S S Bi[12] . FRATTII &5
RHE7R, IFN-TAMSs 1] e 5 G2 HHPIRES K 245 M0 SR BERFIE A K o

BABEST EVEN R 4T 1 IE RS & (1 2(C)~(G)). MFR LB, 5 fisAHS<fimg, #lin
A G098 S LI IR T E %, 7E IFN-TAMSs FE3RiE . Sl F0 9ORE K 7 A0 DS a5 an e SR 58
KRN E 2 Inflam-TAMs H s 0E . SAHMIEIRARSC @R, 1 AP Ram ek . SRR A0l
PRI O R OE %, #E Angio-TAMs #l LA-TAMs Hi Rk,

3.3. M FESHTER TAM EEEBERSTW
HNTHEFT TAM KB R BV A8k, FoA 12T B W 2 i () 55 DR RS AE A S R I S8 28
15 BT — DLW B FEHE(E 3(A). & 3(B)). RTM-TAMs T 4045 T 5541, 1 Inflam-

TAMs. LA-TAMs. Angio-TAMs & IFN-TAMSs {82 S IELE 54, 8 A TAM WEREZ 8] 7T REAFAE

(A)

(B) macrophagesublype Angio-TAM * IFN-TAM © Inflam-TAM * LA-TAM * RTM-TAM

0
Component 1

©

0.25
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|| Inflam-TAM
|| La-TAM
RIM-IAM

0.10

0.05

0.00

Pscudotime

TE: (A) 2T Monocle #IE ) TAM $UI FHUE K R4 mARE — BRI, BUEOPERRIN P, Rt
TERATRERT DR S AL BR AT, B AR ICRRAFRIRE T L. (B) 4 TAM WHHE B WU 2 [ —Pul ., R
AN ENEREAE A R B S 53 3 R ZS A 0 AR . (C) ANTE) TAM ERELEFRS Fr b L 2 B2 73 A

Figure 3. Pseudotime analysis reveals potential state transitions of TAM subsets in GIST

& 3. BEFSHIRR GIST TAM EERBIERSTL

P BB AT W B, B R AR SN 5 Al B i A A AE S A (14 3(C)). Hor, RTM-
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TAMs 7ERLRS 2 5 1 o5 bu e i, BE S 32 #ikb; 1 Inflam-TAMs.  LA-TAMSs Fll Angio-TAMs {E#LiE 5
B ARG, 88 RTM-TAMs FRRA T REL HAR D) BRIRES 2 MAZ BB R . [EHEEMN
&, IFN-TAMSs 52 7340 TR0 7 )G . 456 AR 25 FE A AR & SRAPAE, 3R A E TAM IRZS Z 1]
Al BRAAAEIELLMEAR AL, IFN-TAMSs AHICIRZS AT BB U ILAE TAM RSB I B -

3.4. GIST MBI 4HEaIr B 53 4fr

N BT BRI GIST MIgEN, FRATK GIST s dm sy PU4H(C1. C2. C3 il C4) (K
4(A)o BATKHXVYL GIST MIRA AT 7 2 FEEE 0, HETEFER G T EEEE. TATRI
ANFENE A i i R B A & B IAFIE . C1 F B H AR T EOR AR DGl B (I R B R R . 3 iR i
FINPIR B 2GR 2H3%) (14 4(B)), C2 FZEE 4 T 20 Mu WA JG Il B (L FG 40 M PF il . SRR 1L . ATP &
R F-A538) (14 4(C)), C3 F- &4 T8 1 o 45 A4 P 2 A B (60 55 s /K SR AAOE B . N 5T o 383058 %
RAFRH AR (K 4(D)), C4 EEEET BB (K 4(E)).
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7: (A) M scRNA-seq i H$2 BRI 41 5 AT B SRS, FR R A t-SNE BR4EmTA0AL, R5A1 4 A Brhsd 40 i W B (1
KA CL. C2. C3. C4); (B)~(E) &R am v i 11 2= e RIS FE K Th e = H2 45 R (GO i M = 4, JEIRAT 8 MMl %) o
RSN & S 21245 B R E(Count), iR RKIIESG P {4 (p.adjust).

Figure 4. Identification of GIST tumor cell subpopulations and their functional enrichment features

4, GIST BhEARARA L B2 X > B IhRE B S 451E

3.5. dApEEE RS HTER T TAM SMEZRAHEEER

FATxE & A EMELH S AR 4 B GIST R4S ML AEEAT 1 4R R AT WMIEZRIES TAM 140
PR TEAR FLAE A BE SR BT el 4 i SIE B 5 Inflam-TAMS F 48 B 388 TR I3 27 0 P2 o 55 (1] 5(A) 141 5(B)) -
BEAERT 7R ], TAM fE GIST Mt 25 s A EEAR L, HB5r TAM Al a4 B RIS K w] ¥ 1k 207 B AN
WA, AT 328 e a3t A R [13] 0 4R TR 72 A2 7%, Inflam-TAMS 15 % [l J8g 240 fi MV 4 22 1] £ T .
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VRSB AN 8255, $Eon AT RERUD R BB RIEE SR EE . i TAM IR 5 C3 AR 4 i R L
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Figure 5. Cell-cell communication analysis of tumor cell subpopulations signaling to TAM subsets
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