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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) remains a highly lethal cancer, largely due to late diagnosis, tumor 
heterogeneity, and a dense, immunosuppressive stroma that limits therapeutic efficacy. While regimens like 
FOLFIRINOX and gemcitabine-based therapies offer some benefit, treatment selection remains empirical, with no 
reliable predictive models to guide personalized decisions. We adapted our previously validated serum-derived 
educated spheroid technology creating 3D spheroids using PDAC patient serum. These spheroids maintained 
structural integrity, viability, and consistent size over eight days, avoiding overgrowth. They also exhibited 
extracellular matrix deposition such as type I collagen, and expressed key genes involved in drug resistance and 
tumor progression including COL1A1, FN1, MMP2, CXCL1, and CXCL2. Using the Target-Independent Cell Killing 
(TICK) strategy, we established individualized chemograms to assess true therapeutic response helping clinicians 
in refining the optimal treatment protocol. In a 16-case study, our model achieved high concordance with clinical 
responses across gemcitabine, Gem-Pac, and FOLFIRINOX treatments supporting its utility in personalized care. 
Finally, we demonstrated that predictive accuracy was highest when patient serum was collected within a short 
window prior to treatment initiation. These findings support PDAC patient serum-educated spheroids as a rapid, 
non-invasive, and physiologically relevant tool for guiding personalized chemotherapy and monitoring treatment 
response in real time.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the 12th most common 
cancer and the 7th leading cause of cancer death worldwide [1]. Risk 
factors for PDAC included genetics such as BRCA1/2, PALB2, or 
CDKN2A, lifestyle such as smoking, obesity, diabetes, and heavy alcohol 
use, and chronic pancreatitis [1–3]. For clinical decision-making, PDAC 
is generally categorized into resectability-based stages including 
resectable, locally advanced, and metastatic [4]. Delayed diagnosis and 
early systemic dissemination are key contributors to the poor prognosis 
of PDAC [5,6]. Furthermore, the tumor’s highly desmoplastic and 
immunosuppressive microenvironment poses significant barriers to 
effective therapeutic intervention [7]. Neoadjuvant chemotherapy for 

PDAC used in borderline resectable or locally advanced are FOLFIR
INOX, a combination of 5-FU, leucovorin, irinotecan, and oxaliplatin, or 
gemcitabine + nab-paclitaxel (Gem-Pac)[8]. For metastatic patients, 
first line chemotherapy is FOLFIRINOX, or Gem-Pac, for those who do 
not tolerate FOLFIRINOX regimen, or gemcitabine alone for physically 
weak and elderly ones. Despite advances in chemotherapy regimens, 
there remains no universally accepted consensus on the optimal treat
ment strategy for PDAC, particularly in the neoadjuvant and metastatic 
settings. Indeed, while regimens such as FOLFIRINOX and 
gemcitabine-based treatments have demonstrated some limited efficacy, 
the choice of therapy often varies depending on patient condition, mo
lecular profile, and local practice patterns. Thus, in the absence of clear 
predictive biomarkers, treatment remains largely empirical [8–10]. 

Abbreviations: PDAC, pancreatic ductal adenocarcinoma; HSC, hepatic stellate cells; PSC, pancreatic stellate cells; Gem-Pac, gemcitabine-paclitaxel; PDO, patient- 
derived organoid; TICK, target-independent cell killing; CAF, cancer-associated fibroblast; ECM, extracellular matrix.
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Therefore, to improve outcomes in PDAC, it is imperative to develop 
predictive platforms such as patient-derived in vitro models, that can 
mirror clinical responses. Such tools will help clinicians to tailor treat
ment strategies prior to therapy initiation and will also assist pharma
ceutical developers in identifying and optimizing more effective 
chemotherapeutic candidates.

Given the aggressive and treatment-resistant nature of PDAC, there is 
a critical need for robust in vitro models to support drug development 
and clinical decision-making [11]. Presently, existing models often fail 
to mirror clinical outcomes with high fidelity, primarily due to their 
inability to capture the desmoplastic stroma, tumor heterogeneity, and 
adaptive resistance mechanisms observed in patients [11–15]. In vitro 
models commonly used in the PDAC setting include traditional 2D cell 
lines such as Panc-1, MIA PaCa-2, or BxPC-3, cell line-based spheroids as 
mono or co-cultures, and patient-derived organoids (PDOs) generated 
from patient’s primary cells [15,16]. Each model offers distinct advan
tages and limitations in modeling tumor behavior and therapeutic 
response [17]. To date, PDOs are the most promising system as they 
retain patient-specific genetics and phenotypes and thus could poten
tially reproduce individual patient response to chemotherapy [15,16]. 
However, the implementation of PDOs in real-time clinical 
decision-making remains constrained by the need for extended culture 
periods of several weeks, inconsistent establishment rates of 60 to 80 %, 
and the requirement for specialized resources and expertise that limit 
their feasibility for routine use in personalized medicine [18,19]. 
Furthermore, culturing primary tumor cells outside their native envi
ronment often leads to changes in their behavior and drug responsive
ness. For instance, Hachey and colleagues have reported that 
tissue-derived primary colorectal cancer cells were sensitive to chemo
therapy although clinically the patient was not responding to the 
treatment emphasizing that drug responses observed in vitro may not 
always align with clinical outcomes [20].

We have recently developed and reported a patient serum-derived 
educated spheroid technology. We applied this technology in the he
patocellular carcinoma setting, where it demonstrated high accuracy in 
predicting treatment outcomes, as evidenced by multiple case reports 
[21]. Building on the inherent flexibility and translational potential of 
this technology, we adapted it for use in PDAC by establishing a PDAC 
patient serum-derived educated spheroid model. We exploited the pre
viously validated target-independent cell killing (TICK) exclusion 
strategy to determine true therapeutic response to chemotherapy. This 
system enables the investigation of personalized chemotherapy re
sponses, offering an emerging and promising tool for functional preci
sion oncology in PDAC.

Materials and methods

Biological samples, cell lines, and reagents

Patient’s blood was collected and processed according to the proto
col described elsewhere [22]. Blood samples from healthy donors were 
obtained from the Etablissement Français du Sang (EFS) Hauts de 
France-Normandie. The research protocol was conducted under French 
legal guidelines and fulfilled the requirements of the local institutional 
ethics committee. Blood samples from PDAC patients were obtained 
from the CHU of Toulouse, and of Montpellier, FRANCE. For the CHU of 
Montpellier, samples were provided by the Biological Resource Center of 
Montpellier University Hospital (BB-0033–00,031 Montpellier). 
Informed consent was obtained from all subjects and/or their legal 
guardian(s).

For the CHU of Toulouse, patients’ samples were obtained after 
informed consent in accordance with the Declaration of Helsinki and 
stored at the « CRB Cancer des Hôpitaux de Toulouse (BB-0033–00,014) 
» collection. According to the French law, CRB Cancer collection has 
been declared to the Ministry of Higher Education and Research (DC- 
2020–4074) and obtained a transfer agreement (AC-2020–4031) after 

approbation by ethical committees. Clinical and biological annotations 
of the samples have been declared to the CNIL (Comité National Infor
matique et Libertés)”.

Irinotecan, fluorouracil, oxaliplatin, leucovorin, gemcitabine and 
paclitaxel were purchased from TargetMol (Linz, Austria).

Pancreatic cells (PANC-1) and monocyte (THP-1) lines were from 
ATCC (Molsheim, France). Hepatic stellate cell line (TWNT-1) was from 
Glow Biologics (Tarrytown, NY, USA). Cell culture reagents were pro
vided by StemCell (Saint Égrève, France). Pancreatic cells, monocytes, 
and hepatic stellate cells were conditioned for a minimum of 2 weeks in 
MammoCult® basal medium (StemCell) before use to sensitize them to 
cell educating technology. PDAC and healthy serum-derived educated 
spheroids were generated and cultured in hSELS medium (PredictCan 
Biotechnologies, Grabels, France) supplemented with depleted human 
serum prepared accordingly to our proprietary in-house protocol.

PDAC patient serum-derived spheroids generation and treatments

Educated spheroids were generated from a co-culture of PANC-1 and 
TWNT-1 in ultra-low attachment plates, using blood sera from healthy 
donors or from PDAC patients. The system is supplemented with 
educated monocyte-derived macrophages and dendritic cells and then 
cultured for 3 days before being treated for 3 days with different con
centrations of FOLFIRINOX, gemcitabine, or gemcitabine plus paclitaxel 
(Gem-Pac). Drugs constituting FOLFIRINOX and Gem-Pac were com
bined in the following molar ratios: FOLFIRINOX:1.00 irinotecan, 80.95 
fluorouracil, 0.80 oxaliplatin, 1.07 leucovorin; Gem-Pac: 1.00 gemcita
bine, 0.04 paclitaxel. Importantly, educated spheroids, educated mac
rophages, and educated dendritic cells were prepared from the same 
donor/patient, and co-cultured together. Cell viability was then 
measured at 3 days post-treatment.

ATP quantification and cell viability

ATP quantification/cell viability was measured using CellTiterGlo 
(Promega, Charbonnières-les-Bains, France) according to the manufac
turer’s instructions. Briefly, cell viability was evaluated using the Cell
TiterGlo Luminescent Cell Viability Assay, which quantifies intracellular 
ATP levels as an indicator of metabolically active cells. After the 
designated treatment period, the assay reagent was added directly to the 
cell culture wells to induce lysis and generate a stable luminescent signal 
proportional to ATP content. Luminescence was recorded using a 
microplate luminometer (Berthold Tristar 3, Berthold Technologies 
GmbH & Co, Bad Wildbad, Germany) according to the manufacturer’s 
recommendations.

Background-subtracted luminescent values were used as a surrogate 
for viable cell number, and viability for each condition was calculated by 
normalizing the luminescence of treated wells to the corresponding 
control.

Determination of the target-independent cell killing (TICK) and therapeutic 
efficacy

For TICK calculation, educated healthy spheroids were treated with 
gemcitabine, Gem-Pac, or FOLFIRINOX with concentrations up to 1 mM, 
2 mM, and 20 µM, respectively. The cell viability was then measured 
after 3 days of treatment. For each drug, we generated an inhibitory 
dose-response curve fit with constraints and calculated the LogIC50 and 
HillSlope values. The TICK was calculated using the formula: 

TICK = 10 ∧ ( − ((Log ((100 /99) − 1) /HillSlope) − LogIC50))

For therapeutic efficacy, PDAC patient serum-derived educated 
spheroids were prepared and then treated with gemcitabine, Gem-Pac, 
or FOLFIRINOX for 3 days. Inhibitory dose-response curve fits were 
generated as above. The therapeutic efficacy for each drug and each 
HCC patient was determined based on the TICK value of the 
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corresponding drug. A decrease of cell viability before the TICK value 
means that the drug is efficient on this patient, and a drop of the cell 
viability above the TICK value means that the drug is inefficient on this 
patient.

Quantitative PCR

RNA extraction was performed using RNeasy Mini Kit (QIAGEN) 
according to manufacturer’s instructions. Reverse transcription was 
performed using OneScript® RT Mix for qPCR w/gDNAOut (Ozyme) 
followed by an amplification with ONEGreen® FAST qPCR Premix 
(Ozyme) according to manufacturer’s instructions. Primers (COL1A1, 
COL3A1, FN, ACTA2, MMP2, MMP9, IL6, CXCL1, CXCL2 and RRP36) 
were purchased from BIORAD. Quantitative PCR was performed on an 
IVDR-compliant thermal cycler (Thermo Fisher Scientific, QuantStudio 
5 Dx Real-Time PCR System). All CTs were collected and the ΔCTs were 
calculated by subtracting to RRP36 (housekeeping gene) CT. Relative 
expression to RRP36 for each gene was calculated by using the formula 
RE = 2-ΔCT.

Immunohistochemistry
Paraffin inclusion, sectioning, and staining (Hematoxylin and Sirius 

Red) of PDAC patient serum-derived educated spheroids were per
formed by the “Réseau d’Histologie Expérimentale de Montpellier” - 
RHEM facility in Montpellier, France. Briefly, spheroids were fixed in 4 
% formaldehyde and embedded in paraffin prior to sectioning. Serial 
sections of 4–5 µm thickness were prepared. For morphological assess
ment, sections were deparaffinized, rehydrated, and stained with He
matoxylin to visualize general tissue architecture, cell morphology, and 
spheroid organization. To assess collagen deposition, sections were 
stained with Sirius Red, which specifically binds to fibrillar collagen, 
allowing qualitative and quantitative evaluation of extracellular matrix 
content.

After staining, sections were dehydrated, cleared, and mounted with 
a permanent mounting medium (Permount, Fisher Scientific, France). 
Stained sections were imaged using a light microscope, and images were 
captured for subsequent analysis. Histological features, including 
spheroid structure, cellular density, and collagen distribution, were 
evaluated to characterize tissue organization and extracellular matrix 
composition within the spheroids.

Data visualization and analysis
Data visualization was performed using GraphPad Prism v9 (Dot

matics, San Diego, CA). Violin plots were used to represent the distri
bution and density of individual data points, highlighting variability 
within groups. Nonlinear curve fitting was applied to model relation
ships between variables and to assess trends over a continuous range. 
Box plots were used to summarize the median, interquartile range, and 
overall spread of the data. Bar graphs were used to display group means 
or percentages for comparison between conditions. These graphical 
approaches allowed clear representation of both distributional and 
summary characteristics of the data.

Results

PDAC patient serum-derived educated spheroids maintain structural 
integrity, exhibit ECM deposition, and express key genes involved in 
chemotherapy response

In spheroid models, monitoring the absence of overgrowth is 
essential to preserve the physiological 3D architecture and maintain 
consistent gradients of nutrients, oxygen, and drug penetration. Indeed, 
excessive growth can lead to uncontrolled size and necrotic core for
mation, which can confound the interpretation of chemotherapy 
response [23,24]. Thus, ensuring stable spheroid dimensions is needed 
for reproducible and biologically relevant assessment of treatment ef
fects. We generated spheroids supplemented with sera from 4 healthy 
donors (female, 37-year-old; female, 56-year-old; male, 39-year-old; 
male, 55-year-old) and monitored their morphology and metabolic ac
tivity over an 8-day culture period. We observed that spheroids were 
already formed and compacted by day 4 (Fig. 1a) and they maintained a 
stable size without evidence of overgrowth up to day 8. Consistently, 
ATP quantification revealed stable levels suggesting preserved viability 
and functionality throughout the observation period (Fig. 1c). We have 
also generated spheroids supplemented with sera from 4 PDAC patients 
and assessed their morphology at day 6. As expected, these spheroids did 
not exhibit cell overproliferation during the study time and displayed a 
similar diameter to that of spheroids supplemented with healthy serum 
(Fig. 1b). ATP quantification revealed stable levels in PDAC spheroids, 
comparable to those in healthy spheroids, confirming their viability and 
functionality (Fig. 1d).

Next, we assessed the influence of cancer-associated fibroblasts 

Fig. 1. PDAC patient serum-derived educated spheroids show structural integrity without overgrowth, and exhibit ECM deposition. (a) Control of absence of cell 
overgrowth in cell line-based spheroids cultured with human sera. Light microscopy showing multicellular spheroid formation and growth up to 8 days. Scale bar 
represents 200 µm. Healthy serum-derived educated spheroids generated from serum of a 58-year-old male donor. Spheroid morphology was monitored for 8 days. 
Full compaction was reached by day 4 and maintained through day 8. (b) PDAC serum-derived educated spheroids were generated using blood serum from four 
PDAC patients (a 58-year-old male, a 74-year-old male, a 59-year-old male, and a 68-year-old male). Light microscopy shows that spheroid size at day 6 was 
comparable to that of healthy serum-derived educated spheroids, indicating an absence of cellular overgrowth. Scale bar represents 200 µm. (c) Stable metabolic 
activity visualized by ATP quantification in spheroids cultured in blood sera from 4 healthy subjects. The metabolic activity of healthy serum-derived educated 
spheroids was assessed on days 1, 2, 3, 6, and 8 by quantifying ATP levels using the CellTiterGlo assay. Relative luminescence units (RLU) are shown, reflecting ATP 
content and thus cellular metabolic activity. Each time point was done in triplicate, and data are shown as mean ± s.d. (d) Comparison of ATP levels in healthy 
spheroids and PDAC spheroids at day 6. The metabolic activity of PDAC serum-derived educated spheroids was assessed on day 6 by quantifying ATP levels using the 
CellTiterGlo assay. Relative luminescence units (RLU) are shown, reflecting ATP content and thus cellular metabolic activity. Each condition was done in triplicate. 
Results are expressed as mean ± s.d. Bar plots depict ATP levels measured at day 6 in four healthy serum-derived educated spheroids and four PDAC serum-derived 
educated spheroids, demonstrating comparable metabolic activity in both conditions. (e) Structural integrity and ECM deposition in PDAC patient serum-derived 
educated spheroids. Representative image of PDAC serum-derived educated spheroids generated from a 71-year-old female metastatic patient, cultured for 6 
days, and stained with Hematoxylin and Sirius Red. Observations were made under light microscopy and polarized light.
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(CAFs) on chemotherapy response by measuring extracellular matrix 
(ECM) deposition within PDAC tumors. PDAC patient serum-derived 
educated spheroids were generated with blood sera from PDAC pa
tients, stained for hematoxylin to visualize overall cell and tissue ar
chitecture (Fig. 1e, left panel) and Sirius Red to monitor collagen 
deposition as a marker of ECM accumulation (Fig. 1e, middle panel). We 
observed a well-preserved cellular organization highlighted by hema
toxylin staining. Moreover, Sirius Red staining demonstrated collagen 
deposition, confirming ECM accumulation within the PDAC patient 
serum-derived educated spheroids. Observation under polarized light 
further revealed that the deposited matrix was predominantly composed 
of type I collagen, consistent with the desmoplastic stroma typically 
found in PDAC (Fig. 1e, right panel). We then analyzed the expression of 
ECM proteins like fibronectin, type 1 and 3 collagen, matrix metal
loproteinases, and chemokines in 11 PDAC patient serum-derived 
educated spheroids by qPCR as these molecules contribute signifi
cantly to the tumor’s ability to invade surrounding tissues, to evade 
immune surveillance, and to resist therapies. As expected, we found a 
heterogeneous expression of fibronectin (FN), collagen type I (COL1A1), 
matrix metalloproteinase 2 (MMP2), and the chemokines CXCL1 and 
CXCL2 across the PDAC patient cohort. Notably, the expression levels of 
these genes were found to be higher in PDAC patient serum-derived 
educated spheroids compared to healthy donor serum-derived 
educated spheroid condition, suggesting that tumor-derived factors in 
the patient serum may contribute to the expression of these key genes, 
potentially influencing the response to chemotherapies (Fig. 2).

TICK exclusion-based chemogram generation for personalized drug 
response profiling in PDAC

It is well known that distinguishing off-target effects on normal cells 
from on-target effects on cancer cells is crucial to accurately assess a 
drug’s true therapeutic efficacy [25,26]. Indeed, off-target toxicity may 
cause harm on non-cancerous cells without truly contributing to cancer 
cell killing leading to misleading results. We previously demonstrated in 

the context of hepatocellular carcinoma that applying the TICK exclu
sion strategy enables accurate monitoring of true therapeutic efficacy. 
Here, we extend this approach to pancreatic ductal adenocarcinoma. 
TICK values for each treatment regimen such as gemcitabine, Gem-Pac, 
and FOLFIRINOX, were determined for their off-target effects using a 
cohort of 24 healthy individuals with ages ranging from 18 to 68 
years-old (Fig. 3a). For each individual, a dose-response curve was 
generated, and TICK value was calculated. We found a wide dispersion 
of the TICK value within cohorts treated with gemcitabine, Gem-Pac, 
and FOLFIRINOX, reflecting substantial biological heterogeneity 
(Fig. 3b). This variation may reduce the reliability of a fixed threshold 
for stratifying responders and non-responders, potentially leading to 
misclassification and an increased incidence of false positive or false 
negative predictions. To reduce misclassification associated with the use 
of an imprecise TICK cut-off, we implemented a refinement strategy by 
restricting the analysis to individuals older than 50 years. This selection 
is justified by the epidemiology of PDAC, which primarily affects older 
adults [27]. We found that TICK values for gemcitabine, Gem-Pac, and 
FOLFIRINOX were 143.61 µM, 55.50 µM, and 39.53 nM, respectively 
(Fig. 3c).

The efficiency of PDAC treatment guidelines, particularly regarding 
choosing between FOLFIRINOX, Gem-Pac, or gemcitabine alone, is 
backed by solid clinical trial data. However, in real world practice 
outcomes may be less favorable than in clinical trials, primarily due to 
patient heterogeneity such as advanced age, comorbidities, and poor 
performance status, that affects both treatment tolerance and response. 
Thus, the implementation of a personalized chemogram in conjunction 
with existing treatment guidelines may enhance clinical decision- 
making by enabling more precise regimen selection, ultimately 
improving therapeutic outcomes and reducing avoidable adverse ef
fects. Applying our TICK exclusion strategy, we generated chemogram 
for 4 patients with metastatic PDAC, assessing their treatment responses 
to gemcitabine, Gem-Pac, and FOLFIRINOX in order to evaluate indi
vidualized drug sensitivity (Fig. 3d). Among the four metastatic PDAC 
patients tested, one patient (71-year-old female) showed no response to 

Fig. 2. PDAC patient serum-derived educated spheroids express highly key genes that are involved in the regulation of chemotherapy response as compared to 
healthy serum-derived educated spheroids. PDAC patient serum-derived educated spheroids were generated using blood serum from 11 PDAC patients or from a 
healthy blood serum for healthy serum-derived educated spheroids. The expression of key genes involved in the regulation of chemotherapy response including FN, 
COL1A1, COL3A1, ACTA2, MMP2, MMP9, CXCL1, IL6, and CXCL2, was quantified by qPCR in PDAC spheroids and in healthy serum-derived educated spheroids, and 
the resulting expression levels were compared to those of healthy serum-derived educated spheroids. Results are expressed as relative expression to the housekeeping 
gene RRP36 and compared to a healthy serum-derived educated spheroid condition. (a) Box plots show that FN, COL1A1, and ACTA2 are expressed at higher levels in 
PDAC serum-derived educated spheroids compared with healthy serum-derived educated spheroids, whereas COL3A1 expression remains unchanged. (b) Box plots 
showing increased MMP2 expression in PDAC serum-derived educated spheroids compared with healthy serum-derived educated spheroids, while MMP9 expression 
remains unchanged. Elevated MMP2 is notable in PDAC due to its role in extracellular matrix degradation, invasion, and tumor aggressiveness. (c) Box plots showing 
increased CXCL1 and CXCL2 expression in PDAC serum-derived educated spheroids compared with the healthy serum-derived condition, while IL6 expression re
mains unchanged. These data provide insight into how the serum-derived environment modulates inflammatory signaling within spheroids.
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gemcitabine, Gem-Pac, or FOLFIRINOX. Two patients (69-year-old fe
male and 66-year-old male) were sensitive to both gemcitabine mono
therapy and the Gem-Pac combination, with no apparent advantage 
observed from the addition of paclitaxel. The 69-year-old female patient 
with metastatic PDAC also exhibited a slight sensitivity to FOLFIRINOX 
treatment. One PDAC patient (82-year-old female) responded to gem
citabine monotherapy but not to the Gem-Pac combination. This 
observation may reflect differences in tumor cell treatment tolerance at 
the cellular level. Indeed, tumor cells can exhibit resistance mechanisms 
such as drug efflux, enhanced DNA repair, or survival pathway activa
tion, that reduce the effectiveness of combination therapies. Notably, 
increased tumor cell treatment tolerance is often observed in elderly 
patients, driven by both cellular and systemic factors associated with 
aging [28–30], that potentially contribute to poorer responses with 
more aggressive regimens. Taking together, we demonstrated that using 
a TICK exclusion strategy on PDAC patient serum-derived educated 
spheroids, one could establish a personalized chemogram for each pa
tient helping in refining the optimal treatment protocol.

Assessing the performance of patient serum-derived educated spheroids in 
recapitulating clinical responses to chemotherapy

Although patient-derived primary tumor cell models have been 
extensively developed and have demonstrated robustness in elucidating 
tumor biology, evidence supporting a concordance between their pre
dicted therapeutic responses and actual clinical outcomes remains 
limited, thereby constraining their utility in personalized medicine. We 
challenged our PDAC patient serum-derived educated spheroids in 16 
case studies. In these studies, we aimed to evaluate the performance of 
our patient serum-derived educated spheroid system and to investigate 
the impact of blood sampling timing on the system’s ability to accurately 
recapitulate clinical outcomes. To this end, blood samples were 
collected at different times: more than one month before, more than one 
week before, or within one week prior to the initiation of the clinical 
treatment protocol. Blood sera were then prepared and used to generate 
patient serum-derived educated spheroids. These spheroids were sub
sequently treated with either gemcitabine alone, Gem-Pac, or FOLFIR
INOX, in accordance with the clinical regimen the patient was scheduled 
to receive or had already received (Fig. 4a). Among the 7 PDAC patients 
who received gemcitabine monotherapy, our in vitro system identified 6 
as non-responders, consistent with their clinical outcomes. One patient, 
a 72-year-old male, showed a slight response to gemcitabine in vitro, but 
this response was not reflected in the clinical setting (Fig. 4b). Addi
tionally, three patients received Gem-Pac treatment. Interestingly, two 
of them were identified as non-responders both in vitro and clinically, 
while one patient, a 72-year-old female, demonstrated sensitivity to 
Gem-Pac in vitro matching her clinical response (Fig. 5a). Finally, the 

remaining 6 PDAC patients received FOLFIRINOX. All six were identi
fied as non-responders in vitro correlating with their lack of clinical 
response (Fig. 5b). Taken together, among the 16 PDAC patients 
analyzed, we observed a single mismatch between the in vitro results and 
clinical outcomes, representing one false positive.

Interestingly, when we analyzed the results based on the timing of 
blood sampling, we found that the blood sample from the 72-year-old 
male who received gemcitabine monotherapy, whose in vitro response 
did not match the clinical outcome, had been collected more than one 
month prior to treatment initiation. In contrast, data derived from blood 
samples collected less than one month before or after treatment initia
tion showed full concordance between in vitro responses and clinical 
outcomes (Fig. 6). These findings underscore the importance of col
lecting blood samples shortly before the start of therapy to maximize the 
predictive accuracy of the in vitro system. Moreover, the observation that 
post-treatment serum samples also yielded results consistent with clin
ical responses suggests that the patient serum-derived educated spheroid 
system may have potential, as a minimally invasive tool, for monitoring 
drug response or the development of drug resistance during treatment.

Discussion

In this study, we established a simple and non-invasive method to 
generate personalized PDAC patient serum-educated spheroids. This 
model provides a physiologically relevant platform to assess actual 
therapeutic responses thanks to our TICK exclusion strategy and to 
construct individualized chemogram, potentially guiding treatment 
decisions in a clinically meaningful way. To the best of our knowledge, 
this is the first in vitro study to demonstrate case-level concordance be
tween spheroid-based drug response profiles and observed clinical 
outcomes in PDAC patients. These findings highlight the translational 
potential of our approach in supporting personalized oncology and 
improving therapeutic decision-making for this aggressive cancer type.

This method was originally developed to assess drug-induced liver 
injury [22,31,32], but its flexibility has allowed application to hepato
cellular carcinoma, where case studies showed its potential to support 
clinical decision-making [21]. Building on this experience, we explored 
whether the approach could be adapted for PDAC, presenting an initial, 
exploratory evaluation in this new context. Although these early find
ings are encouraging, not all predictive tests ultimately achieve clinical 
utility, and a gap often exists between research and routine patient care. 
This underscores the need for additional data and highlights the 
importance of an exploratory study, which enables assessment of 
feasibility, establishment of biological and clinical plausibility, detec
tion of early predictive signals, and refinement of methodological pa
rameters. Taking this stepwise approach reduces the risk of launching a 
large, costly prospective trial without sufficient justification, while 

Fig. 3. Assessment of the target-independent cell killing (TICK) for each chemotherapeutic agent and illustration of chemogram establishment in four PDAC patients. 
(a) Schematic workflow showing the key steps prior to obtaining healthy serum-derived educated spheroids, the treatment period, and the endpoint measurement of 
cell viability. (b) Spheroids were generated using depleted blood sera from 24 healthy individuals. Spheroids were then treated with gemcitabine, Gem-Pac, or 
FOLFIRINOX. Cell viability was measured at day 3 post-treatment. For each chemotherapy, an inhibitory dose-response curve fit was drawn. Each condition was 
performed in triplicate for each individual. TICK value was calculated for each individual as the first percentage of cell death. Violin plots show TICK values 
dispersion within each cohort of individuals treated with gemcitabine alone, Gem-Pac, or FOLFIRINOX. (c) Refinement of TICK determination by restricting the 
analysis to individuals older than 50 years. Nonlinear curve fitting performed on 24 healthy serum-derived educated spheroids to determine target-independent cell 
killing (TICK) values for each chemotherapy. Curves corresponding to donors older than 50 years, which were used for TICK calculation, are highlighted in green. 
Nine drug doses and a control condition were included in this analysis, and all conditions were assayed in technical triplicate. (d) Chemograms of 4 PDAC patients 
evaluating the response to gemcitabine, Gem-Pac, and FOLFIRINOX. PDAC serum-derived educated spheroids were generated using blood serum from four metastatic 
PDAC patients and treated for 3 days with different chemotherapies. Cell viability was measured to evaluate the effect of each treatment. A decrease in cell viability at 
or below the TICK value for each chemotherapy is considered an on-target effect, thereby confirming the true therapeutic efficacy of the drug. Results are expressed 
as mean % of cell viability ± s.e.m. Each condition was performed in technical triplicate.
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providing critical insights to optimize future study design and determine 
sensitivity and specificity. Moreover, this work lays the foundation for 
continued collaboration with clinicians and regulatory authorities, with 
the long-term goal of developing a simple, non-invasive model that may 
ultimately improve patient care.

Although pancreatic stellate cells (PSCs) are the prototypical cancer- 
associated fibroblast (CAF) source in PDAC, our findings support the use 
of hepatic stellate cells (HSCs) as a practical and biologically relevant 
surrogate for stromal modeling in drug efficacy studies. Upon activation, 
HSCs adopt the same myofibroblastic CAF program as PSCs, character
ized by α-SMA expression, collagen I deposition, and secretion of cyto
kines such as IL-6, CXCL12, and TGF-β [33]. These shared effector 
functions drive the hallmarks of stromal-mediated resistance, including 
matrix stiffening that impedes drug penetration, activation of survival 
signaling pathways in cancer cells, and recruitment of immunosup
pressive myeloid populations that blunt immunotherapy responses [33]. 
Because these mechanisms represent conserved CAF-driven barriers 
across solid tumors rather than pancreas-specific phenomena, we 
believe that HSC-based models are sufficient to capture the critical 
stromal influences on therapeutic response. Furthermore, the estab
lished use of HSCs in fibrosis and drug screening research provides 
technical advantages, including reproducibility and accessibility, mak
ing them a robust system for evaluating stromal-targeted interventions 
before validation in PSC-specific contexts. The detection of collagen type 
I in our PDAC spheroids suggests that HSCs may substitute for PSCs by 
reproducing ECM-associated effects on drug response. This is further 
supported by the concordance between drug sensitivities observed in 
our PDAC models and reported clinical outcomes.

Pancreatic ductal adenocarcinoma patients often show poor response 
to standard chemotherapies. Indeed, gemcitabine monotherapy has an 
objective response rate of about 13 %, with most patients not achieving 
clinical benefit, and the disease progresses within 3 months [34]. 
Combination therapies like Gem-Pac and FOLFIRINOX improve out
comes. However, PDAC patients can develop resistance during treat
ment, and over 50 % of them may experience disease progression within 
6 months [35,36]. These data highlight the urgent need for personalized 
models not only to predict treatment response but also to monitor it 
dynamically during therapy enabling early identification of drug resis
tance. The ability of our technology to establish a personalized chemo
gram from a simple blood sample provides a non-invasive and clinically 
practical tool to adjust or switch treatments promptly, potentially 
improving patient outcomes and avoiding ineffective therapies. Our 
results clearly support the feasibility and clinical relevance of this 
personalized approach. Moreover, they also highlight a critical factor 
that must be considered when implementing such strategies. Specif
ically, our data show that blood sampling for the generation of 
patient-specific chemogram should be performed within the week prior 
to initiating the treatment protocol. This timing is essential because 
PDAC is an extremely aggressive malignancy with highly dynamic 

tumor behavior, and delays between sampling and treatment initiation 
may result in chemogram profiles that no longer reflect the current 
tumor state. Indeed, rapid changes in tumor biology could lead to 
inaccurate predictions of therapeutic response if outdated serum sam
ples are used. Thus, strict timing of sample collection is crucial to ensure 
that chemogram-guided treatment decisions are both relevant and 
effective. Our findings that spheroids generated using patient serum 
collected after treatment initiation produced results consistent with 
clinical outcomes further support the use of this personalized model to 
monitor dynamic treatment responses. This approach enables real-time 
assessment of therapeutic efficacy and provides a valuable tool for 
detecting emerging drug resistance. By reflecting the evolving tumor 
behavior during treatment, the model offers the opportunity to promptly 
adapt therapeutic protocols based on individualized response profiles. 
Such adaptability is particularly critical in PDAC, where rapid disease 
progression can limit the window for effective intervention.

We acknowledge the limitations of this study. First, the small sample 
size restricts the ability to draw definitive conclusions about the model’s 
predictive performance regarding clinical outcomes. Second, among the 
patients evaluated, only one individual, a 72-year-old female with 
metastatic PDAC, demonstrated a positive clinical response to Gem-Pac. 
This isolated case, while encouraging, limits the generalizability of the 
findings and is insufficient to validate the model’s predictive accuracy 
across a broader patient population. Nevertheless, and despite these 
limitations, this study represents the first attempt to provide evidence 
that a simple, non-invasive in vitro model, based on patient serum- 
derived educated spheroids and TICK exclusion strategy, can reflect 
clinical responses in PDAC. This approach opens new perspectives for 
the development of personalized treatment plans. We believe that our 
results will stimulate further research and encourage clinicians, the 
pharmaceutical industry, and healthcare organizations to support 
larger-scale studies aimed at validating the clinical utility of serum- 
derived educated spheroids in the management of PDAC.

Data statement

Results generated in this study are not publicly available. Methods 
related to this study will be shared on reasonable request with permis
sion of PredictCan Biotechnologies SAS.

Ethics approval

Informed consent was obtained from all subjects and/or their legal 
guardian(s). The research protocol was conducted under French legal 
guidelines and fulfilled the requirements of the local institutional ethics 
committee. The study was approved by the “Direction Générale de la 
recherche et de l’innovation” (CODECOH, n◦DC-2021–4779). This 
project does not involve the human person according to the legislation 
(article L1121–1 du code de la santé publique).

Fig. 4. Evaluation of the performance of PDAC patient serum-derived educated spheroids to reproduce the clinical outcomes to chemotherapies. (a) Schematic 
representation of the experimental workflow. Blood sera from PDAC patients were collected before the patient underwent a clinical treatment protocol or after the 
completion of the treatment protocol. PDAC patient serum-derived educated spheroids were generated and then treated with the same treatment as the one that he/ 
she received in the clinic. A blind and unbiased in vitro analysis of the response was performed. The true therapeutic response to chemotherapies was determined 
using the TICK exclusion strategy. The full process from blood processing to final reports was 7 days. (b) Clinical outcomes and in vitro prediction responses to 
gemcitabine monotherapy. PDAC patient serum-derived educated spheroids from 7 PDAC patients were generated and then treated for 3 days with gemcitabine alone 
according to the clinical treatment protocol. Cell viability was measured to evaluate the effect of each treatment. A decrease in cell viability at or below the TICK 
value for each chemotherapy is considered an on-target effect, thereby confirming the true therapeutic efficacy of the drug. Results are expressed as mean % of cell 
viability ± s.e.m. Each condition was performed in technical triplicate.
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Fig. 5. Clinical outcomes and in vitro prediction responses to Gem-Pac and FOLFIRINOX. (a) PDAC patient serum-derived educated spheroids from 3 PDAC patients 
were generated and then treated with Gem-Pac according to the clinical treatment protocol. The true therapeutic efficacy was determined based on the TICK value for 
Gem-Pac. A decrease in cell viability at or below the TICK value for each chemotherapy is considered an on-target effect, thereby confirming the true therapeutic 
efficacy of the drug. Results are expressed as mean % of cell viability ± s.e.m. Each condition was performed in technical triplicate. (b) PDAC patient serum-derived 
educated spheroids from 6 PDAC patients were generated and then treated with FOLFIRINOX according to the clinical treatment protocol. The true therapeutic 
efficacy was determined based on the TICK value for FOLFIRINOX. A decrease in cell viability at or below the TICK value for each chemotherapy is considered an on- 
target effect confirming the true therapeutic efficacy of the drug. Results are expressed as mean % of cell viability ± s.e.m. Each condition was performed in 
technical triplicate.
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Mohamed Gasmi, Marc Barthet; 16Vanessa Cottet; 17Cyrille Delpierre. 
1TheCHU and the University of Toulouse, Toulouse, France; 2Jean 
Mermoz Hospital, Lyon, France; 3Trocadéro Clinic, Paris, France; 4The 
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