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Research advances in tumor budding in malignant tumors
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Abstract: Tumor budding (TB), defined as the presence of discrete single tumor cells or small clusters of up to four cells at
the invasive front, is a key histopathological hallmark of aggressive tumor behavior and a robust, independent prognostic
factor across numerous cancer types. This review synthesizes current knowledge on TB, with a focus on its assessment
methodologies, biological underpinnings, and clinical relevance. Standardized evaluation is crucial for its application. The
International Tumor Budding Consensus Conference (ITBCC) criteria provide a foundational three-tier grading system, and
now are widely adopted in colorectal cancer. However, its application to other malignancies such as gastric or lung carcinoma
requires adaptation due to histological heterogeneity. While hematoxylin and eosin (HE) staining is routinely used,
immunohistochemistry (IHC) enhances diagnostic accuracy by facilitating the precise identification of epithelial tumor buds.
Biologically, TB is closely associated with the epithelial-mesenchymal transition (EMT), a process driven by tumor
microenvironment (TME) signals including hypoxia and crosstalk with cancer-associated fibroblasts. This triggers key
pathways such as TGF- and Wnt/B-catenin, resulting in the loss of epithelial markers and acquisition of mesenchymal
markers, thereby promoting cellular invasion. Furthermore, TB is linked to an immunosuppressive TME, characterized by a
reduction in cytotoxic lymphocytes and an increase in regulatory immune cells and programmed death-ligand 1(PD-L1)
expression, suggesting its role in facilitating immune evasion. Clinically, high-grade TB consistently correlates with adverse
clinic-pathological features including lymph node metastasis and advanced stage, and predicts worse survival outcomes in
cancers such as colorectal, gastric, pancreatic, and breast carcinoma. Despite its prognostic strength, the integration of TB into
routine clinical practice faces several challenges: a lack of uniform standards beyond colorectal cancer, significant inter-
observer variability, an urgent need for prospective validation, and the integration of artificial intelligence (Al) technologies
into diagnostic workflows. Al offers promising solutions by enabling automated, quantitative, and reproducible TB
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assessment. Future priorities should include establishing cancer-specific guidelines through multicenter collaborations,

validating the predictive value of TB for therapies such as immunotherapy, and developing Al-driven tools for practical

clinical integration. Ultimately, TB holds significant potential to evolve into a precise biomarker for risk stratification and

personalized treatment strategies in oncology.
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Figure 1 Molecular mechanisms involved in TB formation

This diagram summarizes the multifactorial regulatory network underlying tumor budding (TB) formation. The core mechanism
centers on key signals (e.g., hypoxia, inflammatory cytokines) and cellular components (e.g., CAFs) within the TME. These elements
activate core transcription factors such as Snail, Slug, and ZEBI1 via the HIF-1a/YAP axis, thereby driving the activation of multiple
EMT-related pathways (e.g., TGF-B, Wnt/B-catenin, EGFR) and ultimately triggering epithelial-mesenchymal transition. This, in turn,
activates multiple EMT-related pathways, including TGF-fB, Wnt/B-catenin, and EGFR, ultimately driving a phenotypic shift in tumor
cells: downregulation of epithelial markers (e.g., E-cadherin, EpCAM) and upregulation of mesenchymal markers (e.g., N-cadherin,
Vimentin). Consequently, cells acquire migratory and invasive capabilities, histologically manifested as TB at the invasive front. This
figure was created with materials from Figdraw.
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Table 1 Comparison of TB assessment grading systems and cut-off values in various malignancies

Jeeh WHARRG S RRUES I SHE (1~/10HPF) E = PN
EEN 7y ITBCC=%k i :0~4;H1:5~9; 5 :>10 [1]
B i ITBCC =% 1% :0~4;h:5~9; 5 :>10 (41,43, 44]
=% K :0~9; 75 :>10 [42]
UtES S B :0~3 51K : 4~5; 71 :6~10; 15 :>10 [45]
BE ITBCC=R AL fIK:0~4;1:5~9; 5 :>10 [47-50]
=% fK:0~4;41:5~15; 5 :>16 [52]
Jitii ITBCC=H ARG i :0~4;H1:5~9; 55 :>10 [54, 55]
Y £ :0~9; 75 :>10 [56]
JBE MR S ITBCC=H R4 15 :0~4;H1:5~9; 15 :>10 [29, 58, 59]
LIRS ITBCC=R AL i :0~4;H1:5~9; 7 :>10 [36, 62, 63]
t/ 1% : 0~4 55 0~8 ; 155 : >4 1 >8 [64, 65]
I S 41 g ITBCC=H ARG fIK:0~4;H1:5~9; 55 :>10 [68, 69]
"t 15 : 0~4850~8850~10; 15 : >48>8>10 [6, 67, 70, 71]
R 1 B g ITBCC=H ARG IK:0~4;H1:5~9; 55 :>10 [31]
= I :0~4; 1 :5~12; 7 .13 [75]
B -/ % : 0~28%0~3 ; 155 : >3 5>4 [78,79]
TE NS =% 1 :0~5 7 :>5 [4, 82]

1 ITBCCHS [E BRI H 2F 3R 2518 (International Tumor Budding Consensus Conference, ITBCC) UM 1) =ik R 45
Note: ITBCC refers to the three-tier assessment system recommended by the International Tumor Budding Consensus Conference.

Mro —J7 I, QuPath 5 J5F- 5 Al 3 i) 2 1 K 4
SRS IR E AR A 8RBT, HoE i 4551
5% 48 g5 vk B — S H kB B BUs
{5000 5 — 7 T, ST IR BE 2 2T R A 22 W 45
(convolutional neural network, CNN) , &% 5 $2 X%}
HEZL (5 BRI TBH#AT A S Ak X 5l s %) 5 5 141
B, A E A K SR e B 5
E P 59 B A2 GV B 1 B — B0k, IR AR XU 13
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HrZ I, AIRERS I8 i 2 PO CH AR I TB 5 TMEH
G ANME JEE T AN S A R C R M an“CD8”
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(generative adversarial network, GAN)SZ8l T MWHE
Y1 R 81 1 i pan CK YL 8 1) iRk B 46, b e i 7
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B IHPPAR 5 QuPath 443 Mg 2 1 4ok, 42 F+ T TB

AR, (4) RATICBITM - L5 BRZE 5 42
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PR I A TB A P MAR 1 2% e 90 il 2 4 T
M ZRGE . Xy LR LA S brdfE , Sl 2 ot
ANREIEUESE T H ARt , I F4Esh T I A
ARG 12 W 1) A AR VA FOUIN 1) S S

AV B TBIFAG AN 5 2856 =F & (955 2L = Ui
PPAGZS S LA R A —BerE 0 i HLAE s R Bk
WG, R AR MELLI S A 4R RRAE , AT $2 3t
HEWEER . REAFETBRN S mib i B
E AAAAE— 2 JR B o BRI A R A
TARME, FET ELAEAE 00 = A AN R e
O 53 A T Mz LR T 2 0 REEA S
FELSO-90920 H = A I R T E R AR AR,
LA B A W~ AL T 7 8 A2 2 R AR e I PR A
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