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Abstract

Background Gastrointestinal stromal tumors (GISTs) exhibit significant heterogeneity, posing substantial challenges
for personalized treatment strategies. Patients often display varied responses to different therapeutic agents and
dosages. Currently, the absence of robust and physiologically relevant in vitro models for GISTs impedes accurate
prediction of therapeutic efficacy, thereby constraining the advancement of effective treatment strategies. Traditional
2D cell cultures fail to replicate the tumor microenvironment (TME) and lack patient-specific characteristics, limiting
their predictive value. In contrast, three-dimensional bioprinting (3DP) technology faithfully recapitulates key
histological architecture and molecular features of their parental tumors, enhancing the physiological relevance of in
vitro models.

Methods We employed patient-derived 3DP-GIST models via 3D bioprinting technology, followed by
comprehensive histopathological, genomic, and transcriptomic analyses. Subsequently, we applied clinically
approved targeted therapeutic agents to perform drug screening and response prediction on the 3DP-GIST models.
The drug sensitivity profiles obtained from these models were then correlated with retrospective clinical data and
patient follow-up records to assess the models’ potential in guiding the selection and prediction of effective GIST
therapies.

Results In our study, we successfully constructed 12 patient-derived 3DP-GIST models. Histopathological
assessments, whole-exome sequencing (WES), and transcriptomic analyses confirmed that these models accurately
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improving patient outcomes.

Precision oncology

recapitulate the histological architecture, biomarker expression, and molecular features of their corresponding
parental tumors. Transcriptomic profiling further revealed gene expression signatures associated with GIST recurrence
risk and imatinib resistance. Importantly, the 3DP-GIST models demonstrated the capacity to provide precise,
individualized treatment recommendations within 10 days post-surgery, potentially reducing treatment delays and

Conclusions Overall, the 3DP-GIST model represents a robust and efficient platform for evaluating patient-specific
drug sensitivities in vitro, thereby guiding personalized therapeutic strategies for GIST patients.

Keywords Gastrointestinal stromal tumor, Three-dimensional bioprinting, Drug screening, Personalized medicine,

Introduction

Gastrointestinal stromal tumors (GISTs), the most preva-
lent mesenchymal neoplasms of the digestive tract, pre-
dominantly arise from interstitial cells of Cajal in the
stomach (60-70%) or small intestine (20-30%) [1, 2].
Oncogenic driver mutations in KIT (75-80%) or PDG-
FRA (5-10%) receptor tyrosine kinases not only initi-
ate tumorigenesis but critically determine therapeutic
responses [3]. The disease exhibits profound heteroge-
neity, ranging from indolent lesions maintaining stabil-
ity for decades, to aggressive subtypes demonstrating
rapid metastatic progression [4]. Despite remarkable
initial responses to the tyrosine kinase inhibitor ima-
tinib, intrinsic and acquired resistance limits long-term
efficacy. However, approximately 10-15% of patients
display primary resistance to imatinib, and nearly 50%
develop secondary resistance within two years of therapy
[5]. In advanced settings, the evolution of drug-resistant
mutations is unstoppable, leading to poor prognosis for
patients. Sunitinib, regorafenib, and ripretinib serve as
second- and third-line agents, but median progression-
free survival (mPFS) remains limited to about six months
[6-8].

High-throughput next generation sequencing (NGS)
has enabled comprehensive mapping of GIST mutational
landscapes, informing prognostic stratification and ther-
apeutic decisions [9-12]. Nevertheless, the presence of a
targetable mutation does not guarantee clinical response,
as additional genetic, epigenetic, and microenvironmen-
tal factors modulate drug sensitivity. Therefore, the inte-
gration of NGS-guided genomic profiling with functional
drug sensitivity testing represents a paradigm shift in
GIST management, which can more accurately predict
individual responses, shorten the therapeutic window,
and ultimately improve patient outcomes.

However, the absence of dedicated GIST-specific pub-
lic repositories and representative in vitro cellular models
has markedly hindered the identification and preclinical
validation of new therapeutic targets and treatment strat-
egies. Consequently, it is imperative to develop robust ex
vivo drug-screening platforms that faithfully recapitulate
the individual characteristics of GIST patients. To date,

only a handful of GIST cell lines have been successfully
established, due to the absence of the extracellular matrix
(ECM) capable of maintaining tissue homeostasis and
modulating tumor behavior, which cannot reproduce the
complex functional interactions within the tumor micro-
environment, rendering them inadequate for guiding
personalized treatment strategies [13, 14].

Recent advancements in 3D bioprinting (3DP) have
revolutionized precision oncology by enabling the con-
struction of patient-derived tumor models that address
critical preclinical challenges [15]. Numerous investiga-
tions have shown that 3DP models provide a robust, high-
throughput, and economically viable platform for drug
screening. The integration of programmable, computer-
aided automation further standardizes the bioprinting
workflow, enabling high-throughput and reproducible
model generation. By combining patient-derived tumor
cells with hydrogels possessing excellent mechanical
strength and biocompatibility, 3D bioprinting can rapidly
recreate the morphological and biological features of the
original tumor. Leveraging these advantages, a variety of
solid-tumor 3DP models, including glioma, lung, pancre-
atic, liver, and colorectal cancers, which have been estab-
lished to faithfully recapitulate the drug response profiles
of their parental tumors [16—20]. However, reports of 3D
culture models for GIST remain scarce, and 3DP technol-
ogy is ideally suited to fill this gap.

In this study, we leveraged extrusion-based 3D bio-
printing with a gelatin methacryloyl (GelMA)/hyaluronic
acid methacryloyl (HAMA) composite hydrogel to con-
struct, characterize, and perform drug sensitivity testing
on 12 patient-derived 3DP-GIST models. These mod-
els faithfully recapitulated the histopathological archi-
tecture and molecular heterogeneity of their parental
tumors, enabling identification of marker genes associ-
ated with sensitivity or resistance to targeted agents. We
further demonstrated the utility of 3DP-GISTs as high-
throughput, preclinical platforms for drug prediction and
screening, providing a robust foundation for advancing
personalized therapeutic strategies in GIST.
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Materials and methods

Patient-derived specimens for 3D Bioprinting

All experiments involving tissue collection underwent
rigorous evaluation and received approval from the Eth-
ics Review Committee at Peking Union Medical College
Hospital (Approval No. I-25PJ0659). GIST tissues were
procured from patients who underwent laparoscopic gas-
trectomy in the General Surgery Department of the same
institution. Postoperative clinical data for GIST patients
were extracted from the hospital’s medical records data-
base, including radiological information from com-
puted tomography (CT) scans and subsequent follow-up
details.

Bioprinting construction and culture of 3DP-GISTs

Fresh GIST tumor specimens were obtained from sur-
gical resections with patient consent and institutional
ethics approval. Samples were immediately transported
on ice in sterile sample preservation solution: Advanced
DMEM/F12 medium supplemented with 0.2% primo-
cin, 1% antibiotic-antimycotic, and 10 pM ROCK inhibi-
tor Y-27,632, and delivered to the laboratory within four
hours for subsequent experimental procedures. After
removal of necrotic areas and blood clots, viable tumor
regions were minced into ~1 mm?® fragments, subse-
quently incubated in 10 mL of a digestion medium com-
posed of 1.0 mg/mL collagenase I (Gibco), 1.5 mg/mL
collagenase IV (Gibco), 20 pg/mL hyaluronidase (Sigma-
Aldrich), 1 mg/mL dispase type II (Sigma-Aldrich), 10
uM Y-27,632, 1% antibiotic-antimycotic, and 0.2% pri-
mocin (Invivogen). The incubation was conducted on an
orbital shaker at 37 °C for 30 to 60 min. A cell suspension
was prepared by repeatedly dissociating the digested tis-
sue using a 1000 pL pipette (Corning), followed by filtra-
tion through a 100 pum cell strainer. The cell suspension
was then centrifuged at 300 g for five minutes at 4 °C. If
the pellet contained significant red blood cells, 1 mL of
Advanced DMEM/F12 and 3 mL of Red Blood Cell lysis
buffer (Servicebio) were added at 4 °C for 10 min, fol-
lowed by centrifugation at 300 g for five minutes at 4 °C.
To thoroughly remove impurities, the cell pellet was
washed with 5 mL of advanced DMEM/F12 and centri-
fuged again at 300 g for five minutes at 4 °C. Finally, the
cell pellet was resuspended in human 3DP-GIST cul-
ture medium following cell counting, preparing it for 3D
bioprinting.

Our investigation assessed various biomaterial com-
positions to develop a biocompatible hydrogel system
for GIST cells. The bioink, used in all bioprinting proce-
dures, was formulated by amalgamating 7% gelatin meth-
acryloyl (GelMA) and 0.1% hyaluronic acid methacryloyl
(HAMA) supplemented with the photoinitiator lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), which
were homogenized and stored at 37 °C in darkness before
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printing. To ensure maximal cell viability, the cell sus-
pension was mixed with the bioink at a 1:1 ratio imme-
diately prior to printing, resulting in a final cell density
of 5x10° cells mL~!. The bioink-cell-biomaterial mixture
was then loaded into a 3 mL syringe fitted with a 23 G
needle. After incubating for 10 min at 4 °C to promote gel
formation, the syringe was loaded onto a light-cured 3D
bioprinter (SUNP Biotech). The 3D-BP constructs were
designed using BioMaker 2i software (SUNP Biotech). To
preserve structural fidelity during bioprinting, thermal
conditions for the extrusion nozzle and chamber were
precisely maintained at 20.5 °C and 14.5 °C, respectively.
The 3DP-GIST model featured a stratified grid configura-
tion with dimensions of 6 mm x 6 mm x 0.8 mm, along
with a layer height of 0.2 mm and a line width of 1.0 mm.
Printing parameters were set with an extrusion rate of
1 mm®s™! and a printing speed of 6 mm? s~!. The entire
printing process was completed within 2 h, with the 3DP-
GIST structures fabricated onto 48-well plates on the
chamber platform. Post-bioprinting, the constructs were
subjected to 405 nm light exposure at an intensity of 15
mW/cm? for 20 s to initiate GelMA and HAMA cross-
linking. The constructs were subsequently rinsed with
HBSS and cultured in human 3DP-GIST culture medium
at 37 °C with 5% CO,. All bioprinting and culture steps
were conducted under aseptic conditions in a biosafety
cabinet. The culture medium contained 1% penicillin-
streptomycin and 0.2% Primocin to prevent bacterial or
fungal growth. During the entire culture period, sterility
was evaluated by daily microscopic inspection. Contami-
nated cultures were discarded.

We modified the 3DP-GIST culture medium based
on previous reports [21-23], which contained advanced
DMEM/F12 (Gibco), 1x B27 supplement (Life Tech-
nologies), 1x N2 supplement (Life Technologies), 2
mM GlutaMAX (Gibco), 10 mM HEPES (Gibco), 50
ng mL™ recombinant EGF (PeproTech), 200 ng mL™
Recombinant Human FGF-10 (PeproTech), 100 ng mL™
Recombinant Human Noggin (PeproTech), 100 ng mL™
Recombinant Human Wnt3a V3 (Novoprotein), 500 ng
mL™ Recombinant Human R-Spondinl (Novoprotein),
1.25 mM N-acetyl-L-cysteine (Sigma-Aldrich), 10 mM
Nicotinamide (Sigma-Aldrich), 2 uM A8301 (Tocris Bio-
science), 10 nM Gastrin I (Sigma-Aldrich), 30 ng mL™
SCF (PeproTech), 100 ng mL™' IGF-1 (PeproTech), 10 uM
Forskolin (Sigma-Aldrich), 700 nM CHIR99021 (Sigma-
Aldrich), 1% penicillin/streptomycin, and 10 pM Y27632.
The culture medium was replaced every 3 days.

Rheology and mechanical behavior of Bioinks

The storage modulus (G’) and loss modulus (G”) of the
bioink under different shear strains were measured
using a rheometer (MCR 302; Anton Paar), while viscos-
ity under varying shear stresses was characterized via a
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precision universal tester (AGS-X-50 N; Shimadzu). Bio-
ink samples were prepared in a light-protected environ-
ment to prevent premature crosslinking and carefully
loaded onto the testing plates. All measurements were
performed in triplicate to ensure data reproducibility and
reliability.

Cryo-SEM analysis

For the Cryo-SEM analysis, the 3DP-GIST models were
fixed with 2.5% glutaraldehyde and then snap-frozen in
liquid nitrogen for 30 s. The unloaded cell hydrogel was
snap-frozen directly. Samples were kept at low tempera-
ture and under vacuum, then transferred to a preparation
chamber, sublimated at -90 °C, and sputter-plated with
gold. Samples were imaged with an electron microscope
(FEI Quanta 450) at —140 °C.

Cell survival analysis

Cell viability within the 3DP-GIST models was assessed
using Calcein-AM (C-AM; Sigma-Aldrich) and propid-
ium iodide (PL; Sigma-Aldrich) on days 1, 4, 7, 10, and 14
post-printing. Models were incubated with CAM/PI at
37 °C for 30 min in the dark, rinsed three times with PBS,
and imaged using a laser-scanning confocal microscope
(Nikon A1R, Tokyo, Japan). Viable and dead cells were
quantified across five random fields using Image] soft-
ware (version 1.53c, NIH, Bethesda, MD, USA). The cell
survival rate was calculated as: (number of viable cells/
total cells) x 100%.

H&E and immunohistochemistry (IHC) staining
Fresh GIST specimens and 3DP-GIST models were fixed
with 4% paraformaldehyde (PFA) (Sigma-Aldrich) after
culturing for 10 days. Upon completion of fixation, the
tissues and 3DP models were embedded in paraffin, sec-
tioned into 5-pm-thick segments, and subjected to H&E
staining following standard protocols.
Paraffin-embedded tissue sections underwent deparaf-
finization and hydration using xylene and absolute etha-
nol prior to immunohistological staining. They were then
treated with EDTA antigen retrieval solution (pH 8.0) to
facilitate antigen retrieval. To block endogenous peroxi-
dase activity, the slices were incubated in 3% hydrogen
peroxide at room temperature for 15 min. Then slices
were covered with 3% BSA at room temperature for half
an hour. DOG-1 (Beyotime, AG8369, 1:200), CD117/c-
Kit (Beyotime, AG8369, 1:200), and CD34 (Immunoway,
PTO0716R, 1:400) and were added and incubated over-
night at 4 C. The slices underwent incubation with an
HRP-conjugated goat anti-rabbit IgG secondary antibody
(Servicebio, 1:200) at ambient temperature for a period
of 50 min. The stained cells and sections were examined
under a laser-scanning confocal microscope (Nikon A1R,
Tokyo, Japan).
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Western blot (WB) analysis

Protein lysates were extracted from matched parental
tumor tissues and 3DP-GIST models using RIPA buffer
supplemented with protease and phosphatase inhibitors
(Roche). Protein concentrations were determined using
the BCA assay (Thermo Fisher). Equal amounts of pro-
tein were separated by SDS-PAGE and transferred to
PVDF membranes (Millipore). Membranes were blocked
with 5% non-fat milk or BSA in TBS containing 0.1%
Tween 20 (TBST) for 1 h at room temperature, followed
by incubation overnight at 4 °C with primary antibod-
ies: anti-KIT (1:1000, Cell Signaling Technology, 3074),
anti-phospho-KIT (Tyr719) (1:1000, Cell Signaling Tech-
nology, 3391), anti-AKT (1:1000, Abclonal, A18675),
anti-phospho-AKT (Ser473) (1:2000, Cell Signaling Tech-
nology, 4060 T), anti-ERK1/2 (1:1000, Abclonal, A4782),
and anti-phospho-ERK1/2 (1:1000, Abclonal, AP0974).
GAPDH (1:50000, Abclonal, A19056) was used as a load-
ing control. After washing, membranes were incubated
with HRP-conjugated secondary antibodies (Abclonal)
for 1 h at room temperature. Signals were detected
using an enhanced chemiluminescence (ECL) substrate
(Thermo Fisher Scientific) and imaged with a ChemiDoc
MP imaging system (Bio-Rad).

Whole-exome sequencing and mutation analysis
DNA from GIST tissues and 3DP-GIST models was
extracted using DNeasy Blood & Tissue Kit (QIAGEN)
following the manufacturer’s protocol after culturing for
10 days. DNA quantity and purity were assessed using
Qubit fluorometry and NanoDrop spectrophotometry,
and DNA integrity was evaluated on a 1% agarose gel.
Then the DNA which was fragmented by using Covaris
M220 Focused-ultrasonicator (Covaris) were subjected
to sequencing library construction. Exome capture was
performed using the Agilent SureSelect Human All Exon
V6 platform (Agilent, Santa Clara, CA, USA) and the final
libraries were sequenced for paired-end 150 bp using the
Illumina NovaSeq 6000 Sequencing System (Illumina,
San Diego, CA, USA). The mean on-target coverage was
150x% for tumor samples and 100x for 3DP models.
Sequence data were aligned to the human reference
genome (GRCh37/HG19) using the Burrows-Wheeler
Aligner (BWA, version 0.7.9a). Local realignment, base
quality score recalibration, and duplicate read removal
were performed using the Genome Analysis Toolkit
(GATK) and Picard. SNVs and indels were simultane-
ously detected using the HaplotypeCaller function of
GATK (v3.3.0). Copy number variations were detected by
FACETS [24]. Mutation files were converted to MAF for-
mat using vcf2maf (version 1.6.21) and visualized using
the R package maftools.
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RNA-seq analysis

RNA from GIST tissue and 3DP-GIST models was
extracted using TRIzol (Thermo Fisher) using standard
procedure. The total RNA quantity and purity were eval-
uated with the Bioanalyzer 2100 and RNA 6000 Nano
LabChip Kit (Agilent, CA, USA). High-quality RNA sam-
ples, characterized by an RIN number above 7.0, were
utilized for sequencing library construction. Utilizing
oligo(dT) (Thermo Fisher, USA) magnetic beads, mRNA
was isolated and fragmented from total RNA in a precise
procedure. Single-stranded cDNA was synthesized via
reverse transcription of fragmented mRNA using ran-
dom hexamer primers. Subsequently, this single-stranded
cDNA was employed as a template for the synthesis of
the complementary strand, resulting in the production
of double-stranded cDNA. The cDNA libraries were sub-
jected to end repair, A-tailing, and adapter ligation, fol-
lowed by PCR amplification. The NEBNext Ultra™ RNA
Library Prep Kit for Illumina (NEB, USA) was used to
perform sequencing using a paired-end approach (2 *
150 bp) according to standard protocol.

The gene expression levels of each sample were quanti-
fied using RSEM v1.3.1. To achieve normalization across
samples, FPKM, TPM and Count values were computed.
Using the DESeq2 R package (1.46.0), differential expres-
sion analysis was performed based on the read counts
obtained from gene expression level analysis [25]. The
resulting P values were adjusted. The genes with the
parameter of P value < 0.05 and absolute log, fold change
> 1 were considered differentially expressed genes. Differ-
entially expressed genes were then subjected to enrich-
ment analysis of GO functions and KEGG pathways.

Transcriptomic concordance between 3DP-GIST
models and matched primary tumor tissues was evalu-
ated using Spearman’s correlation coefficient (p) and
the coefficient of determination (R*) based on log,-
transformed FPKM values. Spearman correlation coeffi-
cient (p) was calculated by “cor” function with parameter
“method = spearman” in R package stats (v4.2.0) (www.r-
project.org) and R square (R?) was computed by “lm”
function in R package stats v4.3.2 (www.r-project.org).

To assess the cellular composition and microenviron-
mental resemblance between 3DP-GIST models and
parental tumors, we performed cell type deconvolu-
tion analysis using the xCell algorithm [26]. Bulk RNA-
seq values from both 3DP-GIST models and matched
primary tumors served as input for the analysis. xCell
scores, reflecting the enrichment of 64 immune and stro-
mal cell types, were calculated for each sample. To evalu-
ate the concordance, we conducted a Pearson correlation
analysis on the xCell enrichment scores from paired
3DP-GIST models and parental tumor tissues. Results
were visualized through heatmaps, stacked bar plots, and
scatter plots.
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3DP-GIST drug testing

Drug testing was initiated on day 6 post-printing, fol-
lowed by drug response assessment in the 3DP-GIST
models. After a 6-day culture duration of the 3DP-GIST
models, the cells were exposed to culture medium con-
taining diverse concentrations of the drugs for a period
of 72 h. The drugs included Imatinib (Selleck), Ripretinib
(Selleck), Regorafenib (Selleck) and Sunitinib (Selleck).
The concentration gradients used were as follows: Ima-
tinib (0, 0.01, 0.1, 1, 10, 100 pM), Ripretinib (0, 0.01, 0.1,
1, 10, 50 uM), Regorafenib (0, 0.01, 0.1, 1, 10, 100 pM),
Sunitinib (0, 0.01, 0.1, 1, 10, 100 pM). Cell viability was
quantified at the 72-hour post-treatment time point
through the CellTiter Glo 3D assay (Promega) according
to the manufacturer’s instructions. Dose-response curves
were generated, and the log (IC50) and AUC values were
computed using GraphPad Prism 10.0 (GraphPad Inc., La
Jolla, CA, USA).

Correlation analysis between 3DP-GIST models and actual
clinical outcomes

In accordance with the guidelines for GIST, patients
were administered standard therapies following mul-
tidisciplinary consultations. In eligible surgical candi-
dates, some were recommended to receive neoadjuvant
therapy preceding surgery, while others underwent surgi-
cal intervention without prior neoadjuvant therapy. The
Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.1 and Choi standard were used to evaluate the
clinical response of patients after receiving drug treat-
ment in this study, all tumor drug response of patients
by three independent radiologists, respectively [27-29].
Drug responses of GIST patients were classified as PR
(Partial Response), SD (Stable Disease), or PD (Progres-
sive Disease) in this study. Tumor and node staging for
all resected specimens were conducted according to the
7th American Joint Committee on Cancer TNM staging
manual.

Statistical analysis

The clinical management of GIST patients utilized a
classification system where individuals demonstrating
PR or SD to drug treatment were categorized as sensi-
tive to treatment (Response). In contrast, patients expe-
riencing PD were classified as chemotherapy-resistant
(Resistance). AUC was derived using Simpson’s rule. Sub-
sequently, the corresponding AUC value for each con-
centration interval was divided by its maximum value to
obtain the normalized AUC. To investigate the correla-
tion between in vitro chemosensitivity testing results and
clinical outcomes in patients, normalized AUC values
derived from 3DP-AUC models underwent ordering and
were grouped into clusters via the Jenks Natural Breaks
optimization algorithm [30]. The minimum number of
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breaks required to attain a goodness-of-fit threshold
exceeding 90% was established. By minimizing intra-
group variance and maximizing intergroup variance,
this algorithm determined cutoff values to differenti-
ate between drug sensitivity and resistance in this study
[31]. Correlative analysis between in vitro drug testing
and clinical responses was implemented using the “jenks”
function from the R package “classInt” The analyses were
performed with R software v4.3.2 (www.r-project.org).

GraphPad Prism 10 (GraphPad Software Inc, San
Diego, CA) was used for all statistical analyses and data
visualization. All statistical analyses and data visualiza-
tions were performed using GraphPad Prism 10, with
data presented as mean tstandard deviation. Statisti-
cal significance was defined as a p-value <0.05, classified
as follows: * p<0.05; ** p<0.01; *** p<0.001; and ns for
non-significant.

Results

Patient sample and clinical data

To establish personalized therapeutic platforms, we
developed patient-derived 3DP-GIST models through
systematic processing of surgically resected tumor speci-
mens. Fresh tissue samples were dissociated via com-
bined mechanical mincing and enzymatic digestion,
isolated cells were encapsulated within tumor-specific
bioink formulations and printed using optimized param-
eters [18, 32, 33]. Constructs were maintained in GIST-
selective medium under physiological conditions, with
histological validation and molecular profiling to ensure
genomic-transcriptomic fidelity (Fig. 1A). This study
enrolled 17 consecutive GIST patients who underwent
curative resection at the Peking Union Medical College
Hospital. All cases were histologically confirmed with
risk stratification performed according to the modified
NIH criteria: high-risk (n = 6, 50.0%), intermediate-risk
(n = 5, 41.7%), low-risk (n = 1, 8.3%) [34]. The treatment
cohort comprised 5 treatment-naive patients (41.7%), 5
receiving neoadjuvant therapy (41.7%), and 2 with adju-
vant therapy (16.7%). The most common neoadjuvant
and postoperative treatments are imatinib, regorafenib,
ripretinib, and sunitinib. Tumor localization was radio-
logically-pathologically correlated: 8 primary gastric
tumors (predominantly in the body/antrum), and 4 small
intestinal lesions (Fig. 1B, Supplementary Table S1).

Establishment of patient-derived 3DP-GIST models

We successfully established and maintained 12 three-
dimensionally bioprinted GIST (3DP-GIST) models
derived from patient tumor tissues, achieving a 70.6%
success rate (12/17). Four cases failed due to insufficient
tumor tissue (n = 3), low cellular viability (n = 1), or the
pathological result was non-gastrointestinal stromal
tumor (n = 1). Multi-omics profiling of the 12 validated
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models included whole-exome sequencing (WES) in
9 patients (75%), transcriptomic analysis in 7 (58.3%),
and comprehensive drug sensitivity testing across all
cases (1 = 12, 100%). Building upon our prior research,
we employed a GelMA/HAMA composite bioink sys-
tem that demonstrated optimal rheological proper-
ties, biocompatibility, and print fidelity while effectively
preserving tumor stemness [35-38]. This formulation
synergistically integrates GelMA’s tunable mechani-
cal behavior with HAMA’s tumor microenvironment-
mimetic composition, addressing critical limitations of
conventional matrigel-based systems. Therefore, in this
study, we used this printing system to construct a 3DP-
GIST model.

We developed an optimized primary tumor cell iso-
lation protocol featuring sequential enzymatic diges-
tion combined with mechanical dissociation through
controlled pipetting. This novel approach significantly
enhanced cellular yield and viability. The isolated cells
were subsequently encapsulated within our GelMA/
HAMA bioink and printed using a sterile, temperature-
controlled extrusion-based high-precision bioprinter. To
validate the excellent printability of the bioinks, we char-
acterized their rheological properties. All formulations
exhibited pronounced shear-thinning behavior, with vis-
cosity decreasing by over three orders of magnitude as
the shear rate increased from 0.1 to 100 s™* (Fig. 1C). The
representative stress-strain curves in Fig. 1D reveal that
the incorporation of HAMA into the GelMA network
markedly improved the hydrogel’s elastic recovery. Strain
amplitude sweeps showed a characteristic solid-to-liquid
transition across all formulations, with loss modulus (G”)
exceeding storage modulus (G’) as the strain increased
from 1% to 25% (Fig. 1E). Visualization was performed
using a scanning electron microscope, cell clusters,
and the internal structure of the hydrogel. It shows that
there is a rich and uniform pore network in the GelMA/
HAMA composite hydrogel, in which the primary GIST
is assembled into clusters of different sizes (Fig. 1F).

To systematically characterize 3DP-GIST models,
we performed longitudinal bright-field imaging analy-
sis. Longitudinal viability analysis via dual Calcein-AM
(C-AM) and propidium iodide (PI) staining revealed sus-
tained cell viability and progressive proliferation, with
more than 85% of cells remaining viable in the 3DP mod-
els over a two-week period, thereby confirming robust
microenvironmental support (Fig. 1G, H). In accordance
with the findings of preceding studies, tumor cells self-
assembled and aggregated into clusters in hydrogel
scaffolds (Supplementary Fig. S1). However, there was
significant heterogeneity of GIST cells from different
patient sources, as evidenced by limited cell proliferation
rates and assembly morphology [18, 20, 39, 40].
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Fig. 1 Establishment of patient-derived 3DP-GIST models. A. Overview of process for constructing 3DP-GISTs, functional validation, and drug susceptibil-
ity testing. B. Pie charts showing treatment, tumor source, and recurrence risk grading for the 12 GIST patients. C. Viscosity and shear thinning behavior of
different hydrogel systems at 37 °C. D. Representative compression curves of different hydrogel systems at 37 °C. E. Storage modulus (G') and loss modu-
lus (G") of different hydrogel systems at 37 °C as a function of applied oscillatory strain. F. SEM images of cell clusters within a 3DP-GIST model (lower) and
acellular GeIMA/HAMA ECM (upper). Scale bar: 10 um. G. Cell viability was assessed at day 1, 3, 7, 10, and 14 post-3DP, Live (green)/Dead (red). The relative
cell survival rate was shown in the histogram. Scale bar: 100 um. H. Representative growth curves for the 3DP-GIST model. OD values were obtained using

the CellTiter-Glo 3D cell viability assay (n=3, data expressed as means =+ SD)

The patient-derived GIST cells maintained parental
tumor characteristics within GelMA/HAMA scaffolds,
preserving spindle-shaped and epithelioid morphotypes
in the porous microenvironment of GelMA/HAMA
bioink, and could gradually proliferate into diverse and
irregular 3D self-assembled organ-like morphological
structures after bioprinting, no association was found
between cell morphology and risk of sample recurrence
(Fig. 2A). GIST inherently exhibit multilevel heterogene-
ity, encompassing cellular morphology, histoarchitectural
patterns, and molecular profiles [3, 41]. The 3DP-GIST
model from different patients exhibited a diversity of
growth rates and morphology, suggesting that tumor

heterogeneity was maintained in patients. Histopatho-
logical evaluation demonstrated striking concordance
between 3DP-GIST models and parental tumors, with
Hematoxylin and eosin (H&E) staining revealing pre-
served subtype-specific architectures. Spindle-cell
models (GIST02/05/08) recapitulated characteristic
vacuolated pseudocystic structure, while the epithelioid
model (GIST15) formed thin-walled luminal cysts mir-
roring clinical specimen. Furthermore, the 3DP-GIST
model retains more subtle cytological features, including
large, dark staining of nuclei, irregular arrangement, and
reduced cytoplasmic ratio.
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Fig. 2 3DP-GIST models recapitulate the morphological and histopathological features of matched patient tumors. A. Bright-field image of 3DP-GIST
models derived from distinct recurrence risk patients in day 10 post-bioprinting. Scale bar: 100 pm. B. Hematoxylin and eosin (H&E) and immunohisto-
chemical (IHC) staining for GIST markers CD117, DOG-1 and CD34 in 3DP-GISTs and corresponding parental tumors. Scale bar of tumors: 50 um. Scale bar

of 3DP-GISTs: 20 um

Notably, the 3DP-GIST models demonstrated robust
retention of parental tumor biomarker expression pat-
terns, a critical validation of their clinical fidelity. Immu-
nohistochemical profiling revealed preserved expression

intensities and spatial distribution for diagnostic markers
CD117, DOG-1 and CD34. Notably, patient GIST01 was
diagnosed with wild-type GIST, and immunohistochemi-
cal (IHC) analysis of the primary tumor tissue revealed
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negative DOG1 expression. This finding was consistently
mirrored in the corresponding 3DP-GIST model, which
also exhibited DOG1 negativity (Supplementary Fig. S2).
Given that DOGLI is typically expressed in the majority
of GISTs and serves as a sensitive and specific diagnos-
tic marker, its absence in both the primary tumor and
the 3DP-GIST model underscores the model’s fidelity
in recapitulating the unique molecular characteristics
of the patient’s tumor. These alignments further validate
the utility of the 3DP-GIST model in accurately reflecting
patient-specific tumor biology.

To further biochemically validate the functional integ-
rity of oncogenic signaling pathways, particularly the
crucial KIT downstream pathway, in our 3DP-GIST
models, we performed Western blot analysis on protein
lysates from matched parental tumor tissues (T) and
3DP-GIST models (P). We analyzed the expression and
phosphorylation status of KIT, AKT, and ERK1/2, with
GAPDH as a loading control. Supplementary Fig. S3
presents representative Western blot results for four dis-
tinct patients (GIST09, GIST10, GIST11, and GIST14).
For each patient, we consistently observed strong expres-
sion of total KIT, AKT, and ERK1/2. More importantly,
robust phosphorylation of KIT (p-KIT), AKT (p-AKT),
and ERK1/2 (p-ERK1/2) was evident in both the origi-
nal tumor tissues and their respective 3DP-GIST models.
The patterns and levels of phosphorylation in the 3DP-
GIST models closely mirrored those in the correspond-
ing parental tumors. This direct biochemical evidence
unequivocally confirmed that the critical KIT-driven
oncogenic signaling cascades, which are fundamen-
tal to GIST pathogenesis and therapeutic response, are
faithfully maintained ex vivo in our 3DP models. This
functional fidelity further strengthens the utility and
translational potential of our platform for studying GIST
biology and drug response mechanisms.

The 3DP-GIST model retains the mutation profile of its
corresponding parental tumor

In previous studies, our team demonstrated that patient-
derived 3D-bioprinted (3DP) tumor models recapitu-
late the genomic mutation profiles of parental tumors.
To systematically evaluate the concordance of somatic
mutations and DNA copy number variations (CNVs)
between 3DP-GIST models and their matched parental
tumor samples, we performed whole-exome sequenc-
ing (WES) and comprehensive analysis. Results revealed
that the single-nucleotide variants (SNV) and insertion/
deletion (indel) ratios within each paired group further
confirmed their mutual similarity (Fig. 3A). The most fre-
quent somatic base substitution in both 3DP-GIST mod-
els and parental tumors was C > T/G > A transitions (Ti),
while the least common mutation type was T > A/A > T
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transversions (Tv), consistent with previously described
GIST mutational signatures (Supplementary Fig. S4) [41].

To investigate the preservation of tumor-specific muta-
tional signatures in our 3DP-GIST models, we analyzed
somatic variants identified by Alexandrov et al. and a
compiled list of over 40 recurrently mutated genes from
the COSMIC GIST cohort and recent GIST genome
sequencing studies [41-45]. We fitted these somatic SNV
profiles to both our primary tumor samples and their
matched 3DP-GIST models, then quantified the reten-
tion of signature variants. Notably, each of the nine 3DP-
GIST models retained approximately 85% of the common
GIST-associated mutations observed in its parental
tumor (Fig. 3B).

While the 3DP-GIST models largely recapitulate the
genomic landscape of their source tumors, some distinc-
tions remain (Fig. 3C). Notably, the 3DP-GIST models
effectively preserved primary parental mutations, includ-
ing TMEM14B, PDE4DIP, BCLAFI1, and NBPFI0. In
addition, characteristic GIST-associated mutations such
as KIT, KMT2C, CACNAIA, RB1, SDHC, and ARIDIB
were also detected in our samples [46]. The retention of
these mutations underscores the fidelity of the 3DP-GIST
models in maintaining the genetic heterogeneity of the
original tumors. Notably, neither the primary tumors nor
the corresponding 3DP models harbored tumor-specific
mutations exceeding the expected threshold, consis-
tent with the characteristically low mutational burden
of GIST [41]. Elucidating these genome-level variations
underlying tumor heterogeneity may shed light on GIST
pathogenesis and mechanisms of targeted-therapy resis-
tance, thereby informing the development of more effec-
tive treatment strategies. CNV analysis demonstrated
that 3DP-GISTs and their matched parental tumors share
highly similar patterns of genomic losses and gains (Fig.
3D).

We compared our somatic alteration landscape with
that reported by Xie et al. [47] Although the types of
driver alterations detected in our cohort are consistent
with prior reports, the absolute frequency of KIT muta-
tions is lower in our dataset. This discrepancy is likely
due to cohort-specific factors, including the modest
sample size, partial WES coverage of the cohort, inclu-
sion of wild-type GIST cases, and possible differences in
tumor purity or prior treatment history. Despite these
differences, each 3DP-GIST model showed a high level
of concordance with its parental tumor. These results
demonstrate that the 3DP-GIST models preserve the
core genomic architecture of their original tumors while
reflecting the molecular diversity observed in GISTs.
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Fig. 3 3DP-GIST models recapitulated the main genetic features of parental tumors. A. Proportion of exon variants in 3DP-GISTs and matched parental
tumors. B. Concordance of single-nucleotide variants (SNVs) screened in 3DP-GISTs and parental tumors. C. Overview of somatic mutations in the 3DP-
GISTs and their parental tumors. D. Copy number variation (CNV) landscape between 3DP-GIST model and paired parental tumors

The 3DP-GIST model successfully recapitulates the
transcriptomic characterization of parental tumors
To gain deeper insight into the transcriptomic landscape
of the 3DP-GIST system, RNA sequencing (RNA-seq)

was carried out on the 3DP-GIST models and their
matched parental tumors. Pearson correlation analysis
revealed a strong concordance between each matched
3DP-GIST model and its parental tumor, indicating that
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Fig. 4 3DP-GIST model and transcriptomic characterization of parental tumor tissues. A. Heatmap of gene expression correlation between 3DP-GIST and
parental tumor (Pearson correlation). B. Principal component analysis (PCA) presents transcriptome data for 3DP-GISTs and corresponding tumor tissues.
C.Volcano plot illustrating differentially expressed genes between 3DP-GIST models and their corresponding parental tumor specimens. (p value < 0.05,
log, foldchange > 1). D. KEGG pathway enrichment of differential gene expression profiles in the 3DP-GIST model compared to parental tumors. E. Heat-
map of differentially expressed genes in the high risk of recurrence group (n=3) compared to 3DP-GISTs with low risk of recurrence (n=4). The colored
bar represents the log,-transformed values. F. This volcano plot shows the differentially expressed genes in the high recurrence risk and low recurrence
risk 3DP-GIST groups. Significantly expressed differential genes are labeled. (p <0.05, log, fold change>1). G. KEGG pathway enrichment of differential
gene expression profiles in the high recurrence risk 3DP-GISTs compared to low recurrence risk group

gene expression patterns were highly preserved during
culture (Fig. 4A). Principal component analysis (PCA)
showed that 3DP-GIST was tightly clustered with the
corresponding parental tumors (Fig. 4B). While the PCA
plots effectively summarize overall variance, some patient
samples, such as GIST01 and GIST02, appear somewhat
distinct from others, and GIST15_T and GIST15_P are
not as tightly clustered as other pairs (Fig. 4B). Such
separation can reflect inherent biological heterogeneity
between patients or subtle transcriptional adaptations
to the ex vivo culture environment. To assess transcrip-
tomic fidelity more granularly, we performed per-patient
gene-level correlation analyses. Each 3DP-GIST model
exhibited consistently high and significant Pearson cor-
relation coefficients with its matched tumor (Supplemen-
tary Fig. S5). These strong correlations at the individual
gene level demonstrate that, despite any perceived dis-
tance in the aggregated PCA space, the gene expression
profiles of our 3DP models consistently maintain high
fidelity to their parental tumors, which is crucial for their
predictive value.

These results demonstrate that the 3DP-GIST models
faithfully retain the transcriptomic profile of the original
tumors, highlighting the reproducibility and high fidelity
of the model system.

Furthermore, comparative transcriptomic profiling
of 3DP-GIST models and their matched primary tumor
specimens were undertaken to elucidate pivotal pathways
and genes driving tumorigenesis. This analysis identified
numerous differentially expressed genes (DEGs) in the
3DP models relative to the parental tumors, underscor-
ing the coexistence of preserved and altered gene expres-
sion programs. Notably, the 3DP-GIST models exhibited
significant upregulation of SPPi, NTS, and WNTII
compared to their parental tumors. These genes have
been implicated in various malignancies, contributing
to extracellular matrix (ECM) remodeling, tumor stem-
ness, proliferation, and invasion [47-51]. Meanwhile,
some epithelial and vascular endothelial as well as energy
metabolism-related genes such as EREG, PPP1R15A, and
LDHC were down-regulated, which was associated with
the lack of vascular in 3DP-GISTs (Fig. 4C) [52-54]. We
conducted KEGG pathway enrichment analysis on DEGs
between the 3DP-GIST models and their corresponding
parental tumors. The analysis revealed significant dif-
ferences in the PI3BK/AKT and TNF signaling pathways

(Fig. 4D). These pathways are closely associated with
GIST proliferation, invasion, and drug resistance [55, 56].
Notably, SPP1, which was markedly upregulated in the
3DP-GIST models, has been implicated in mediating the
activation of both PI3K/AKT and TNF signaling path-
ways, thereby promoting tumor progression [56—58].

Following our validation of genomic and transcrip-
tomic fidelity, we further investigated whether the 3DP-
GIST models also accurately recapitulate the cellular
landscape of their parental tumors. Using xCell, a robust
computational tool for inferring cell type enrichment
from bulk RNA-seq data, we performed deconvolution
analysis across 7 paired 3DP-GIST models and original
tumor samples.

A heatmap of xCell enrichment scores (Supplementary
Fig. S6A) revealed largely consistent cellular composi-
tion patterns between the 3DP-GIST models and their
matched primary tumors across 64 immune and stromal
cell types. Specifically, cell types characteristic of GIST,
such as smooth muscle cells and fibroblasts, alongside
various immune cell populations, were detected in both
model types. A stacked bar plot illustrating the relative
proportions of selected major cell types further demon-
strated this consistency, showing that the dominant cel-
lular components were generally preserved in the 3DP
models (Supplementary Fig. S6B). In contrast, immune
cell-related signatures were markedly reduced in the
3DP-GIST models, reflecting the lack of immune infiltra-
tion in the ex vivo environment.

Crucially, a Pearson correlation analysis of these xCell
scores revealed a strong, statistically significant cor-
relation (R=0.97, p<2.2e-16) between the 3DP-GIST
models and their corresponding parental tumors (Sup-
plementary Fig. S6C). These findings indicate that the
3DP-GIST models preserve the structural and stromal
integrity of the tumor microenvironment while reflecting
the expected reduction in immune components, thereby
reinforcing the physiological relevance of our 3DP-GIST
platform.

Taken together, these results indicate that the 3DP-
GIST models preserve the majority of the parental
tumor’s transcriptomic signature while also exhibiting
unique transcriptional alterations.



Du et al. Journal of Nanobiotechnology (2026) 24:64 Page 13 of 21

Imatinib Ripretinib
— aisTo1 10 — GIsTo1
— GlsToz : — GlsTo2
GISTO3 GIST03
- — clsTos 0.8 - — GISTo4
3 3]
e — GIST0S g é — GIsT05 2
z GIsTos : 0.6 2 GISTOR §
5 — GisTit § H — a1 §
8 GlsTiz 8 g Gtz g
2 — astia £ 04 2 —asta E
] S ] S
3 — aisTia Z 3 — aisTia 2
GIST15 0.2 GIST1S
GIsTI7 GIsT17
o T 1
Imatinib -3 -2 -1 0 1 2 Ripretinib
Log Imatinib (uM) Log Ripretinib (uM)
Regorfenib Sunitinib
— oisTot 1004 — aisTot
— aisTo2 — aisTo 08
— GIsTo3 — GIsTO3
9 — ST g 75 —asTe o o
s — clsTos D = — GISTOS 2 g
£ — aisTos L £ — G089
g — esTit § § 50+ - P
> GIST12 © > GIST12 g
3 — GIST13 E 3 — Gtz ¥
o GIST14 E O 2549 GisTIa  Z )
GIST15 aIST1S :
GISTI7 GISTI7
0 . 0
" -3 2 -
Log Regorfenib (uM) Regorafenib Log Sunitinib (uM) Sunitinit
Calcein-AM Pl Calcein-AM Pl Merge Calcein-AM Pl

Merge

Merge

Regorafenib

Sunitinib
0.8 Imatinib
9 Regorafenib Ripretinib
< 0.6 "
'g Sunitinib
N ’ Regorafenib
S 0.4 Ripretinib
t
z Imatinib
0.2
- o © < © © - ~ © < © ~
o o =] =) =3 o - - - - - -
= = = = = = = = = = = =
0 T T T T 1 2] 2] 2] 2] 2] 2] 2] 2] 2] 2] (2] 2]
-1 0 1 2 3 o [ [C] [T} o [ [C] [T} o [C] [C] [T}

Log IC50 (uM)

Fig. 5 (See legend on next page.)



Du et al. Journal of Nanobiotechnology (2026) 24:64

(See figure on previous page.)

Page 14 of 21

Fig. 5 3DP-GIST model as a preclinical model for screening targeted drugs. A. The dose-response curves demonstrate the sensitivity of the 3DP-GIST
model to the four targeted drugs. The violin plot shows normalized AUC values of four targeted drugs in 3DP-GISTs. B. Representative Calcein-AM/P! live/
dead staining of 3DP-GIST15 after 72 h treatment with four TKIs (Imatinib, Regorafenib, Sunitinib, Ripretinib) at 0.01, 1,and 100 uM. C. Scatterplots indicat-
ing significant positive correlation between normalized AUC and IC50 values for each of four targeted drugs. D. Heatmap illustrating the z-score AUC

values of 3DP-GISTs for the four targeted drugs

Gene expression profiles of parental tumor derived
3DP-GIST models with different recurrence risks

We performed RNA sequencing on 3DP-GIST models
derived from patients with high and low to intermedi-
ate recurrence risks. Heatmap analyses revealed distinct
gene expression profiles between the high-risk and low-
risk groups (Fig. 4E). Specifically, genes associated with
invasion, migration, and cell communication, such as
ALDH1A2, LAMC3, SALL1, ARC, HOXC10, PIK3CA,
and JUN were significantly upregulated in the high-risk
3DP-GISTs. Conversely, genes linked to the suppres-
sion of tumor malignancy, including GATA4, SSTRI,
and DKK4, were notably downregulated in the high-risk
group compared to the low-risk group (Fig. 4F). KEGG
pathway enrichment analysis further supported these
findings, indicating that signaling pathways involved in
cell proliferation and communication, such as the MAPK
signaling pathway, Cytokine-cytokine receptor interac-
tion, PI3BK-AKT, and JAK-STAT signaling pathway were
significantly enriched in the high-risk 3DP-GIST models
(Fig. 4G). These pathways are known to accelerate cell
proliferation and maintain intercellular signaling and
TME functionality. The activation of these pathways in
high-risk 3DP-GISTs underscores their potential role in
tumor progression and recurrence.

These observations highlight the utility of 3DP-GIST
models in recapitulating the molecular heterogeneity
associated with different recurrence risks, providing a
valuable platform for studying the mechanisms underly-
ing GIST progression and for evaluating potential thera-
peutic strategies targeting these signaling pathways.

Drug screening in 3DP-GIST models
To systematically evaluate the preclinical predictive value
of the 3DP-GIST platform, we established a molecularly
characterized cohort of bioprinted models from 12 GIST
specimens (Supplementary Table S2). Clinical-grade
TKIs, imatinib (0.01, 0.1, 1, 10, 100 uM), sunitinib (0.01,
0.1, 1, 10, 50 uM), regorafenib (0.01, 0.1, 1, 10, 100 pM)
and ripretinib (0.01, 0.1, 1, 10, 50 uM) were administered
at therapeutic concentrations in 72-hour dose-escalation
experiments, with drug sensitivity quantified via CellTi-
ter-Glo 3D assays. We aim to identify the most sensitive
drugs and provide personalized treatment plans for each
patient, especially those with recurrence/metastasis or
treatment resistance.

Drug efficacy was assessed using half-maximal inhibi-
tory concentration (IC50) values and normalized area

under curve (AUC) (Fig. 5A). The 3DP GIST15 model
was treated with drugs for 72 h for the cell viability assay.
The results showed that the 3DP-GIST model exhibited
heterogeneous responses to the drugs, particularly resis-
tance to imatinib and sensitivity to ripretinib. Bright-field
microscopy revealed that, following 72 h of treatment
with four different targeted therapies, GIST15 cells
exhibited pronounced morphological changes, including
cellular shrinkage and nuclear fragmentation. Conversely,
even under high concentrations of imatinib, GIST015
cells displayed minimal morphological alterations, indi-
cating a resistance to imatinib-induced cytotoxic effects
(Supplementary Fig. S7). These results were consistent
with those of the CellTiter Glo 3D assay (Fig. 5B).

Notably observed was a significant correlation (Spear-
man r?>0.88) between log IC50 values and AUC between
each of the four screened targeted drugs (Fig. 5C). Sub-
sequently, we evaluated the response of the 3DP-GIST
model from 12 patients to 4 targeted drugs using the
z-score of AUC (Fig. 5D). Screening results revealed sig-
nificant inter-patient heterogeneity in the responses of
patient-derived 3DP-GIST models to the tested agents
(Supplementary Fig. S8). Apart from imatinib (the stan-
dard first-line targeted therapy for GIST), the majority
of models exhibited sensitivity to sunitinib. These find-
ings suggest that sunitinib could be considered the pre-
ferred targeted therapy for GIST patients who develop
resistance to imatinib in future clinical practice. Inter-
estingly, apart from models GIST05 and GIST12 (which
were sensitive to all four selected targeted therapies), all
other 3DP-GIST models exhibited varying degrees of
resistance to ripretinib. Collectively, these results demon-
strate that the 3DP-GIST model is a promising platform
for drug screening, exhibiting distinct responses to vari-
ous targeted therapies.

3DP-GIST model responds to Imatinib treatment

Following established methodologies, we ranked all stan-
dardized AUC values from the drug sensitivity assays
in descending order. Patients exhibiting clinical disease
control defined as partial response (PR) or stable disease
(SD), and those with progressive disease (PD) were clas-
sified using the Jenks natural breaks optimization algo-
rithm, which identifies natural groupings within data by
minimizing intra-class variance and maximizing inter-
class variance. This approach delineated the 3DP-GIST
models into imatinib-sensitive and imatinib-resistant
groups, with an AUC cutoff value of 0.61 (Supplementary
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Fig. S9). Subsequent comparative analysis of gene expres-
sion profiles between the sensitive and resistant groups
revealed distinct differentially expressed genes associated
with imatinib response (Fig. 6A). In imatinib-resistant
3DP-GIST models, we observed striking upregulation of
EDIL3, SALL4, and MAPT, each previously implicated in
driving tumor proliferation and epithelial mesenchymal
transition (EMT). Likewise, the resistance-associated
genes TNC and PRL were elevated in these models. By
contrast, imatinib-sensitive constructs exhibited sig-
nificant overexpression of apoptosis- and growth-inhib-
itory genes (WDR72, SLCO4C1, PCDHY, CEACAM]I,
DKK1, and GP2) (Fig. 6B). KEGG pathway enrichment
results showed that the imatinib-resistant group exhib-
ited significant upregulation of the PI3K-AKT pathway
(Fig. 6C). Interestingly, numerous investigations have
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revealed that the PI3K-AKT signaling pathway is critical
for GIST invasiveness and imatinib resistance, a finding
that aligns with our sequencing analysis [59-61]. These
results underscore the capability of 3DP-GIST models to
reflect clinically relevant molecular differences in drug
responsiveness.

Patient-specific sensitivity of the 3DP-GIST model for
predicting individualized treatment

As previously described, five patients received neoadju-
vant tyrosine kinase inhibitor (TKI) therapy, while two
received only postoperative adjuvant therapy. Patient
GISTO1 presented with a recurrent, high-risk GIST
showing evidence of drug resistance. Seven years ago, an
abdominal mass was detected in GISTO1, suspected to
be GIST, and surgical resection was performed (Fig. 7A).

Imatinib sensitive vs resistant
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Fig. 6 Characteristic gene expression profiles of 3DP-GISTs with different responses to imatinib. A. Heatmap of differentially expressed genes of 3DP-
GISTs (n=4) in the imatinib-sensitive (n=3) compared to imatinib resistance (n=4). The colored bar represents the log,-transformed values. B. This
volcano plot shows the differentially expressed genes in the imatinib-sensitive (n=3) compared to imatinib resistance (n=4). Significantly expressed
differential genes are labeled. (p <0.05, log, fold change >1). C. KEGG pathway enrichment of differential gene expression profiles of 3DP-GISTs in the

imatinib-sensitive (n=3) compared to imatinib-resistance (n=4)
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Fig. 7 3DP-GIST models demonstrate exceptional predictive accuracy for personalized therapy in GIST patients. A. Treatment process and clinical re-
sponse of patient GISTO1. The blue arrow indicates when imaging was performed. SD: stable disease. PD: disease progression. B. Treatment process and
clinical response of patient GIST15. The blue arrow indicates that imaging was performed at this time point. SD: Stable Disease. PD: disease progression.
PR: partial response. C. The imaging findings of the target lesions in patient GIST15 before and after treatment with two different TKI drugs, including le-
sion progression after imatinib and lesion regression after ripretinib. D. Drug-dose response curves for in vitro screening of four targeted drugs in patient
GISTO1 and in vitro validation of the efficacy of two drugs in patient GIST15. E. For GIST patients receiving TKI targeted therapy, a single scatter plot shows
the AUC values determined by drug screening through matching 3D-GISTs. The right side of the plot indicates the patients’ clinical responses for consis-
tency in comparison. PR: partial response, PD: disease progression, and SD: stable disease

The patient was subsequently treated with imatinib for
six months, but treatment was discontinued due to intol-
erance. At follow-up last year, recurrent disease with
multiple intraperitoneal and pelvic metastases (maxi-
mum lesion size 4.8 x4.3 c¢m) was identified. A second
surgical resection was then carried out, and postopera-
tive pathology confirmed a wild-type GIST with no KIT
or PDGFRA mutations detected. A 3DP tumor model
was established from the resected specimen and sub-
jected to in vitro drug sensitivity testing. This assay
revealed exclusive sensitivity to sunitinib. Accordingly,
sunitinib therapy was initiated two months after surgery.
Under sunitinib treatment, significant tumor regression
was observed, and the disease has since remained stable.
These findings demonstrate concordance between the
3DP model’s predicted drug sensitivity and the patient’s
observed clinical response to sunitinib.

GIST15 was derived from a patient with a gastric fun-
dus GIST classified as high risk for recurrence. After
four months of imatinib therapy, imaging revealed a
marked increase in tumor volume, accompanied by gas-
tric mucosal erosion, ulceration, and invasion of the liver
and diaphragm, indicating primary imatinib resistance
(Fig. 7B). The patient was then treated with ripretinib
for six months, leading to pronounced tumor shrinkage;
although a transient rebound in tumor size occurred mid-
treatment, the tumor ultimately continued to decrease
and met criteria for surgical resection (Fig. 7C). Subse-
quently, a patient-derived 3DP-GIST model (GIST15)
was established and subjected to drug sensitivity testing.
Consistent with the patient’s clinical response, the model
exhibited resistance to imatinib and relative sensitivity to
ripretinib and sunitinib (Fig. 7D).

Patient GIST14 presented with a gastric GIST
(8.2x7.2 cm) that demonstrated progressive response
to neoadjuvant imatinib (400 mg/d): 14.6% reduction
at month 1 (7.1x6.5 cm) and 42.7% cumulative shrink-
age by month 5 (6.0 x5.0 cm). Post-resection 3DP model
revealed high imatinib sensitivity (AUC=0.38) below the
predefined clinical cutoff (AUC=0.61), validating the
platform’s capacity to quantify therapeutic response gra-
dients (Fig. 7D, Supplementary Fig. S10).

Furthermore, we focused on 5 patients who had under-
gone TKI therapy, comparing the drug sensitivity results
from patient-derived 3DP-GIST models with their cor-
responding clinical responses (Fig. 7E). The treatments

included imatinib (n=4), ripretinib (#=1), and sunitinib
(n=2). Among the four patients treated with imatinib,
two (GISTO1 and GIST15) experienced PD, one (GIST03)
achieved SD, and one (GIST14) achieved a PR. Notably,
the drug sensitivity testing results from the 3DP-GIST
models aligned with these clinical outcomes. Specifi-
cally, the models corresponding to patients with SD and
PR exhibited AUC values below the established cutoff
of 0.61, with the model from GIST14 (PR) showing the
lowest AUC. Conversely, models from patients with PD
had AUC values above the cutoff, indicating resistance.
Similar correlations were observed with sunitinib and
ripretinib treatments. These findings underscore the pre-
dictive value of 3DP-GIST models in assessing patient-
specific drug responses, potentially guiding personalized
treatment strategies.

Discussion
Therapeutic resistance to TKIs and heterogeneity repre-
sent pivotal challenges in managing advanced and meta-
static GIST, contributing to a mPFS of merely 5.1 months
in refractory cases [62, 63]. Recent studies have identified
multiple mechanisms of resistance, including heteroge-
neous primary and secondary KIT mutations and reac-
tivation of KIT signaling via polyclonal mutant clones,
compensatory activation of bypass signaling pathways
and TME remodeling [64—68]. Despite these insights,
critical clinical dilemmas persist, after the development
of imatinib resistance, options for precision therapy are
scarce, and strategies to maximize clinical benefit are
urgently needed. Currently, there is a dearth of robust
biomarkers and predictive tools for patient stratification
and outcome forecasting in GIST. Furthermore, existing
in vitro cell models fail to capture the complexity of the
GIST tumor microenvironment and exhibit limited fidel-
ity to patient tumors. To address these unmet needs, we
propose to develop patient-derived 3DP-GIST model as a
high-throughput preclinical platform to guide personal-
ized treatment strategies for advanced GIST.

3D bioprinting has emerged as a transformative plat-
form for constructing patient-derived tumor models and
advancing drug screening, characterized by rapid fabrica-
tion, high reproducibility, and robust clinical translatabil-
ity [69, 70].

By leveraging programmable, computer-aided extru-
sion systems, researchers can fabricate complex tumor
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constructs in hours, reducing manual handling and
ensuring consistent outcomes across batches. The incor-
poration of tailored hydrogel bioinks provides tunable
mechanical properties and biochemical cues that more
faithfully recapitulate the TME, reflecting the biologi-
cal complexity and heterogeneity of solid tumors [71,
72]. These bioprinted models outperform traditional 2D
cultures and organoids in predictive accuracy and cost-
effectiveness, establishing themselves as reliable preclini-
cal platforms for personalized oncology [73, 74].

To date, no reliable in vitro drug-sensitivity assay for
GIST has been reported, severely hampering treatment
strategies and prognosis for patients with recurrent,
metastatic, or drug-resistant disease. In this study, we
leveraged 3D bioprinting to encapsulate patient-derived
GIST cells within a GeIMA/HAMA composite hydrogel,
successfully establishing 12 distinct 3DP-GIST models.
These constructs faithfully recapitulated the intertumoral
heterogeneity and demonstrated high concordance with
their parental tumors in morphology, histopathology,
and molecular signature. Furthermore, beyond molecu-
lar profiling, our comprehensive xCell analysis revealed a
strong correlation in cell type composition between the
3DP-GIST models and their parental tumors (Supple-
mentary Fig. S6A-C). This finding suggests that our mod-
els substantially preserve the complex cellular landscape
of the original tumors, including various immune and
stromal cell populations, which are critical components
influencing tumor biology and drug response. While our
current mono-culture 3DP system may not fully recapit-
ulate the dynamic functional interactions of all immune
cells or the complete heterogeneity of the in vivo tumor
microenvironment, the demonstrated preservation of
overall cellular composition significantly enhances the
physiological relevance of our models.

Furthermore, to provide direct functional validation
at the protein level, we performed Western blot analy-
ses of the crucial KIT downstream signaling pathway.
Our results unequivocally demonstrate that the acti-
vation status of KIT, AKT, and ERK1/2, as indicated by
their phosphorylation levels, is faithfully maintained in
the 3DP-GIST models, closely mirroring that in their
corresponding parental tumors (Supplementary Fig. S3).
This biochemical fidelity reinforces the robustness of our
models and their capability to preserve the key oncogenic
drivers of GIST, providing a reliable platform for studying
targeted therapy mechanisms.

In the absence of effective therapies for recurrent,
metastatic, or mutation-negative GISTs, our 3DP-GIST
platform offers a much-needed tool for rapid tumor
modeling, high-throughput drug screening, and preclini-
cal evaluation across early and advanced disease settings.

While imatinib remains the first-line therapy for GISTs
harboring KIT or PDGFRA mutations, resistance to this
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treatment poses a significant clinical challenge. Approxi-
mately 15-20% of patients exhibit primary resistance,
and most patients who initially respond develop second-
ary resistance within 18-24 months of therapy. Second-
ary resistance is often associated with the emergence of
additional KIT mutations, particularly in exons 13, 14,
or 17, leading to disease progression despite continued
treatment [75, 76]. To address imatinib resistance, sec-
ond-line and third-line therapies such as sunitinib and
regorafenib have been developed. Sunitinib, approved
for patients who progress on or are intolerant to ima-
tinib, has demonstrated a median progression-free sur-
vival (PES) of approximately 5.6 months. Regorafenib,
used as a third-line therapy, offers a mPFS of around 4.8
months. More recently, ripretinib, a novel switch-control
tyrosine kinase inhibitor, has been approved for patients
who have received three or more prior kinase inhibitors.
In the INVICTUS phase III trial, ripretinib significantly
improved mPFS to 6.3 months compared to 1.0 month
with placebo [77]. Although ripretinib did not demon-
strate superiority over sunitinib in the second-line set-
ting in the INTRIGUE trial, it exhibited a comparable
PFS and a more favorable safety profile, suggesting it may
be a suitable alternative for certain patients [78]. Despite
these advancements, overcoming imatinib resistance
remains a major hurdle in the management of GISTs.
Ongoing research into the molecular mechanisms under-
lying resistance and the development of more effective
targeted therapies are essential to improve outcomes for
patients with advanced GISTs [6].

We utilized patient-derived tumor tissues to con-
struct 3DP-GIST models for personalized drug screen-
ing. Applying a previously established method, we
classified normalized AUC values to determine a resis-
tance-sensitivity threshold (AUC = 0.61) [20, 31]. Our
results demonstrated that the drug response profiles of
the 3DP-GISTs corresponded closely with actual clini-
cal outcomes. Notably, patient GIST01, diagnosed with
wild-type and recurrent GIST, exhibited intolerance and
resistance to imatinib during treatment. Postoperative
construction and drug sensitivity testing of the patient’s
3DP-GIST model revealed a favorable response to suni-
tinib. Subsequent adjuvant therapy with sunitinib led to
stable disease control. Similarly, patient GIST15 showed
imatinib resistance during neoadjuvant therapy. Clinical
administration of ripretinib resulted in tumor reduction
and disease remission, as evidenced by imaging studies.
Consistently, among the four targeted therapies tested,
the 3DP-GIST model for this patient responded exclu-
sively to ripretinib.

While our 3DP-GIST models represent a significant
advance over traditional 2D cultures by offering a more
physiologically relevant microenvironment, it is crucial
to acknowledge certain limitations in fully recapitulating



Du et al. Journal of Nanobiotechnology (2026) 24:64

the complexity of the in vivo TME. Current mono-cul-
ture 3DP systems, including ours, may not dynamically
simulate all aspects such as the intricate interplay with
diverse immune cell populations, specific oxygen gra-
dients, complex metabolite exchange, and the dynamic
signaling from peripheral nerves or endothelial cells
within the tumor [79]. These factors, while challenging
to integrate, are known to influence tumor biology and
drug response. Future iterations of 3DP-GIST models
will aim to incorporate more complex co-culture systems
and advanced bioinks to further enrich the TME fidelity.
Another limitation of the present study is the relatively
small cohort size and partial availability of WES data,
which may lead to cohort-specific differences in muta-
tion frequencies compared with larger studies. Neverthe-
less, the mutational profiles of our samples are consistent
with the general genomic landscape of GISTs, and each
3DP-GIST model retained the same driver variants as its
corresponding tumor, supporting the stability and fidelity
of the platform. Future work with expanded cohorts and
longitudinal sampling will be necessary to robustly assess
clonal evolution and treatment selection in 3DP-GIST
models.

These findings indicate that 3DP-GIST models can
accurately reflect individual patient drug responses, facil-
itating the identification of effective treatment regimens.
Moreover, the entire process-from model construction
to drug sensitivity testing can be completed within 8 to
10 days, significantly shortening the therapeutic deci-
sion-making window and potentially improving patient
prognoses.

Conclusion

In summary, our study establishes patient-derived 3DP-
GIST models as a promising preclinical platform for per-
sonalized therapy, addressing the current lack of suitable
in vitro models for individualized drug response predic-
tion in GIST. These 3DP-GIST models accurately reca-
pitulate the histological architecture, genomic mutation
landscape, and gene expression profiles of the original
tumors. They enable in-depth mechanistic investigations
into GIST recurrence and imatinib resistance, facilitate
the development a predictive evaluation of novel thera-
peutic strategies, and establish a robust foundation for
future precision medicine initiatives.

This research underscores the potential of 3DP-based
methodologies in oncology and molecular medicine,
offering new avenues for understanding and treating this
challenging disease. Future studies should focus on estab-
lishing a larger cohort of 3DP-GIST models to validate
and refine our findings. Integrating the 3DP-GIST plat-
form with comprehensive genomic sequencing will fur-
ther enhance the reliability and applicability of research
outcomes.
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GIST Gastrointestinal stromal tumor
TME Tumor microenvironment

3DP Three-dimensional bioprinting
WES Whole-exome sequencing
mPFS median progression-free survival
NGS Next generation sequencing
GelMA  Gelatin methacryloyl (GelMA)
HAMA  hyaluronic acid methacryloyl
ECM Extracellular matrix

H&E Hematoxylin and eosin

IHC Immunohistochemistry

AUC Area under curve
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