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 A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is among the deadliest solid tumors and is characterized by 
aggressive progression, a dense tumor microenvironment (TME), and resistance to conventional therapies. 
Among the barriers to effective treatments, the presence of elevated interstitial fluid pressure (IFP) may 
be important for drug penetration and immune cell infiltration. In this work, we present an innovative 3D 
microfluidic PDAC-on-a-chip that allows the application of IFP in a cell chamber to simulate the TME and 
evaluate the therapeutic efficacy of CAR-T cells engineered against the receptor EGFR expressed in tumor cells. 
Elevated IFP was associated with increased tumor spheroid growth, reduced caspase activation and decreased 
actin remodeling, indicating enhanced tumor resistance. CAR-T cells effectively targeted and eliminated tumor 
cells in 2D and 3D coculture models under normal pressure conditions. However, under high IFP, CAR-T-
mediated cytotoxicity was impaired, indicating that some of the low efficacy of CAR-T cell therapy against 
solid tumors might be derived from IFP. These results highlight the importance of the mechanoenvironment 
in limiting the efficacy of current immunotherapies. Our model, which incorporates an IFP component, serves 
as a realistic preclinical platform for testing antitumor therapies in solid tumors.

Statement of Significance
In this work, we present an innovative 3D pancreatic tumor-on-a-chip model that incorporates interstitial 

fluid pressure (IFP), which is a key mechanical component of solid tumors. Using this platform, we discovered 
that IFP enhances tumor proliferation whilst diminishing immunotherapy efficacy. This indicates the important 
role of mechanical pressure in limiting immune cell function in solid tumors. Our model is a valuable preclinical 
platform for investigating the efficacy of anti-tumor therapies and supports the development of strategies to 
overcome mechanical resistance and enhance therapy efficacy in solid tumors, such as pancreatic cancer.
1. Introduction

Pancreatic cancer is among the deadliest and fastest-killing cancers. 
It has a five-year survival rate of only 9% and represents the seventh 
leading cause of cancer-related deaths worldwide [1]. Among all types 
of pancreatic cancer, the most common is pancreatic ductal adeno-
carcinoma (PDAC), which affects the ducts where pancreatic juice is 
released. PDAC has no cure and is expected to be the second leading 
cause of cancer-related deaths by 2030 [2]. The high mortality rates 
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associated with this malignancy are due mainly to late diagnosis and 
tumor microenvironment (TME) characteristics [3,4], which increase 
the resistance offered by the tumor to all kinds of therapies [5,6].

The PDAC TME is characterized by high heterogeneity of cellu-
lar and noncellular components, a dense fibrotic stroma due to the 
presence of numerous cancer-associated fibroblasts (CAFs) and an ex-
tracellular matrix (ECM) rich in fibrous proteins, especially collagen 
type I [3]. The stiff and complex PDAC ECM constitutes a physical 
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barrier for chemotherapy drugs and is a source of residual solid stresses, 
which can impact tumor behavior [7]. These residual stresses supported 
by the ECM as well as the sparse and permeable blood vessels and 
the lack of functional lymphatic vessels have been postulated as the 
cause of the elevated interstitial fluid pressure (IFP) found in PDAC [8]. 
Moreover, very high IFP values prompt vascular collapse and intra-
tumoral hypoxia, which increase tumor resistance to chemotherapy 
and immunotherapy [9,10]. In addition, in this type of cancer, the 
abundance of hyaluronan secreted by activated CAFs has been reported 
to increase the IFP [11,12].

External mechanical forces are known to influence tumor growth 
and behavior. To better understand these effects, the latest mechanobi-
ological models have been proposed to integrate the biophysical com-
plexity of the TME to predict treatment outcomes [13]. For instance, 
when tumor spheroids are embedded in nonporous or stiff agarose 
matrices, their expansion is physically constrained by compressive 
stresses, leading to growth inhibition [14–16]. Similarly, mechanical 
stress has been shown to slow or arrest proliferation in multicellular 
aggregates [17]. However, the underlying mechanisms depend on the 
nature of the surrounding material. Thus, in nonporous environments, 
physical confinement is predominant, whereas in porous matrices, 
such as collagen hydrogels, cellular growth may be modulated by 
interstitial flow, fluid pressure, mechanical properties or solid stress 
transmission [18,19].

The mechanical properties of hydrogels are especially relevant in 
the context of pancreatic tumors, where elevated IFP levels have been 
reported. While normal IFP in a healthy pancreas remains close to 
atmospheric levels, studies have shown increased IFP values in PDAC 
patients to be approximately 20 mmHg [20]. In addition, IFP values 
ranging from 13 to 45 mmHg were measured in tumors generated 
in mice from the established PDAC cell line PANC-1 [21]. Moreover, 
Provenzano et al. used genetically engineered mouse models of PDAC 
and obtained IFP values ranging from 75 to 130 mmHg [11]. Although 
the relevance of high IFP in PDAC is widely accepted, to the best of our 
knowledge, no assays have determined the effects of IFP on pancreatic 
tumor cells at the morphological, structural and growth levels.

Thus, we developed a unique PDAC-on-a-chip model using hu-
man pancreatic tumor spheroids grown in a microfluidic device un-
der relevant IFP values. External pressure was applied over the cul-
tures through a printed system based on the one developed by Shang 
et al. [22]. This system enabled the application of a maximum IFP of 
29.3 mmHg to microfluidic 3D cultures of two established PDAC cell 
lines (PANC-1 and BxPC-3) grown in collagen type I hydrogels to mimic 
the PDAC TME.

Over the past decade, multiple strategies targeting CAFs or the ECM 
in PDAC have been attempted with no success [23–25]. This scenario 
highlights the urgent need to develop innovative experimental thera-
pies to inhibit PDAC progression. In this context, different approaches 
based on controlling and enhancing the response of the immune system 
are being studied. One of these strategies is CAR-T cell therapy, a new 
antitumor treatment in which patient-derived T cells are genetically 
engineered to express a chimeric antigen receptor (CAR) that allows 
recognition and specific binding to tumor cells [26,27].

Although CAR-T cell immunotherapy has proven to be a success-
ful tool for treating hematological malignancies such as B-cell acute 
lymphoblastic leukemia, large B-cell lymphoma and multiple myeloma
[28], solid tumors remain a challenge [29–31]. To date, no CAR-T cell 
therapies have been approved for the treatment of solid tumors; how-
ever, they are being studied as promising therapies for PDAC [32–34]. 
In fact, a systematic review of clinical trials of CAR-T cells revealed 
that until 2022, 42 international trials targeting pancreatic cancer were 
registered on ClinicalTrials.gov [35].

In this study, we used CAR-T cells expressing a second-generation 
CAR that is selectively activated by several members of the ErbB 
family, including the epidermal growth factor receptor (EGFR) [36]. 
The upregulation of EGFR in various solid tumors, including pancreatic 
2 
cancer, overactivates pro-oncogenic signaling pathways such as the 
JAK/STAT, RAF/MEK/ERK and PI3K/AKT/mTOR pathways [37]. This 
CAR is engineered to coexpress a panErbB-specific CAR called T1E28𝜁
and an IL-4-responsive chimeric cytokine receptor, 4𝛼𝛽, which allows 
IL-4-mediated proliferation. We investigated the effectiveness of CAR-T 
cell therapy in our innovative platform. Our results revealed that IFP 
not only promoted tumor growth but also significantly limited CAR-T 
cell efficacy in our human PDAC in vitro model. This is the first study 
in which such a dynamic and physiologically relevant system has been 
employed to assess EGFR-targeting CAR-T cell behavior in the context 
of pancreatic cancer modeling under IFP. This platform allows us to 
better understand the role of IFP in solid tumor growth and behavior 
and may serve as a valuable preclinical tool to better understand CAR-T 
cell performance in solid tumors and to guide the design of future and 
effective immunotherapies.

2. Materials and methods

2.1. Tumor cell culture

In this study, two well-established PDAC cell lines were used: 
PANC-1 and BxPC-3. Both cell lines were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal 
bovine serum (FBS; Sigma-Aldrich) and 1% streptomycin/penicillin 
(Pen/Strep; Gibco). These cells were obtained from the ATCC reposi-
tory and used until maximum passage 20. Once expanded, the tumor 
cells were grown as spheres by incubation in T-25 flasks coated with 
poly(2-hydroxyethyl methacrylate) (pHEMA; Sigma-Aldrich) to prevent 
attachment to the flask surface, as previously described [38]. The 
cells were maintained in DMEM/Nutrient Mixture F-12 (DMEM/F-
12; Gibco) supplemented with 2% B-27 supplement (Gibco), 0.02% 
recombinant human basic fibroblast growth factor (bFGF; Gibco) and 
1% Pen/Strep. After 3 days of growth as spheres, the cells were disag-
gregated, counted, and subsequently incorporated as single cells into 
the collagen hydrogel mixture, the preparation of which is described 
in Section 2.6.

2.2. Primary human T cells: culture and transduction to CAR-T cells

Human peripheral blood mononuclear cells (PBMCs) were obtained 
from the Biobank of the Aragon Health System (National Registry of 
Biobanks B. B.000873) (PT23/00146) and integrated into the ISCIII 
Biobanks and Biomodels Platform. All procedures were conducted in 
accordance with standard operating protocols and with appropriate ap-
proval from the Ethics and Scientific Committees. The starting material 
used throughout the study consisted of leukopaks from healthy donors. 
Cells were isolated by Ficoll–Paque density gradient centrifugation and 
either used fresh or cryopreserved. Activation was performed with anti-
CD3 and anti-CD28 antibodies (BD Pharmingen) in RPMI 1640 medium 
(Pan Biotech) supplemented with 10% FBS Xtra (Capricorn Sci.), peni-
cillin/streptomycin (Sigma-Aldrich), GlutaMAX (Gibco), nonessential 
amino acids (Sigma-Aldrich), and 1 mM sodium pyruvate (Sigma-
Aldrich). After 24 h, IL-7 and IL-15 were added (10 ng/mL), and at 
48 h, the cells were collected for lentiviral transduction. After trans-
duction, the cultures were maintained with IL-4 (30 ng/mL), which 
was replenished every 48 h. Transduction was performed at an MOI 
of 10, and efficiency was assessed by flow cytometry on Days 4–5. Fig. 
1 shows the fabrication and functionality of CAR-T cells.

2.3. Construction and generation of lentiviral vectors

Starting from the original plasmid SFG T4 [36], provided by John 
Maher (King’s College Hospital, London), the CAR construct (T1E28z) 
together with the 4𝛼𝛽 chimeric cytokine receptor was cloned and 
inserted into the clinical-grade pCCL backbone. The insert included a 
T2 A self-cleaving peptide followed by eGFP for reporter expression. 
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Fig. 1. CAR-T cells were generated from PBMCs from healthy donors and engineered to express a chimeric antigen receptor (CAR) targeting ErbB family members 
such as EGFR (A), enabling the specific recognition and killing of EGFR-positive cells, such as PANC-1 cells (B).
A control lentivirus containing only eGFP in the pCCL vector was also 
generated. Third-generation lentiviruses were produced in 293T cells 
using polyethylenimine (PEI) transfection, together with the packaging 
plasmids pMDLg/pRRE, pRSV-Rev, and VSV-G as the envelope plasmid. 
Viral supernatants were harvested 72 h post-transfection, clarified by 
filtration and centrifugation, and concentrated either by ultracentrifu-
gation or with Lenti-X Concentrator (Takara). Preparations were stored 
at - 80◦C.

2.4. Analysis of 2D cell seeding and live/dead cells

To measure the cytotoxicity mediated by lymphocytes transduced to 
express the T4 CAR, an Incucyte® live-cell imaging and analysis system 
was used. A total of 10,000 target cells per well, previously labeled 
with eFluor 670, were seeded in a 96-well culture plate. After waiting 
for at least 5 h to allow proper adherence to the surface, lymphocytes 
were added at different effector:target ratios. The lymphocytes were 
added on Day 5 after the start of transduction. At the beginning of the 
coculture, the volume per well was 200 μL. The loss of the NIR event 
count was measured using Incucyte® at 24 h after the start of cocul-
ture. The results were normalized to the condition with nontransduced 
lymphocytes and to the number of target cells at time 0 of the coculture.

2.5. Microfluidic device fabrication

Microfluidic devices were fabricated in poly(dimethysiloxane)
(PDMS) by soft lithography, following the methodology described 
by Shin et al. [39]. The geometry consisted of one single culture 
chamber connected to two reservoir channels for culture hydration. 
The inner geometry of the microfluidic device is shown in Fig.  2-A. 
After curing, the PDMS wafers were trimmed and perforated to create 
individual platforms. PDMS devices were sterilized before being bonded 
to 35 mm glass bottom dishes (Ibidi) by plasma treatment (PDC-32G 
Basic Plasma Cleaner; Harrick Plasma) under vacuum conditions. A 
2 mg/mL polydopamine (PDA; Sigma-Aldrich) solution was injected 
into the geometry to improve surface-matrix attachment, restoring 
hydrophobicity [40].

2.6. Collagen hydrogel fabrication and injection in the microfluidic platform

Collagen hydrogels, with a final collagen concentration of 4 mg/mL, 
were prepared by diluting collagen type I solution (rat tail, stock 10.35 
mg/mL; Corning) in DMEM-F12, 10× Dulbecco’s phosphate-buffered 
saline (DPBS) and 0.5 M NaOH (both from Sigma-Aldrich) to adjust 
the pH to 7.4 [27,41,42]. The cellular component was incorporated 
into the collagen mixture prior to gelation. Specifically, for the mono-
culture PDAC models, PANC-1 or BxPC-3 cells were suspended at a 
concentration of 1*106 cells/mL in culture medium and added to the 
collagen solution at a volume ratio of 1:5 (20% of the final mixture). 
After gently pipetting the solution into the culture chamber, it was 
polymerized for 20 min in a humid chamber at 37 ◦C. The culture 
was then hydrated through the medium ports with DMEM-F12. This 
medium was exchanged every 48 h to ensure nutrient delivery to the 
cultures.
3 
2.7. 3D printed system for IFP application

To simulate the IFP experienced by cancer cells within a tumor 
environment [43,44], we developed a custom 3D-printed system mod-
eled following the design proposed by Shang et al. [22]. This system 
featured a scaffold-like structure that supported four syringes, which 
were connected to the medium reservoirs of the microfluidic devices via 
silicone tubing. Both the syringes and the tubing were filled with cell 
culture medium. In our set up, IFP stability derives from the hydrostatic 
equilibrium condition and the constant height of the fluid columns 
confirmed daily from Day 1 to Day 5 after IFP induction. The applied 
IFP was calculated using the hydrostatic pressure equation: 
𝐼𝐹𝑃 = ℎ ⋅ 𝜌 ⋅ 𝑔 (1)

where ℎ is the height of the fluid column, 𝜌 is the density of the liquid, 
and 𝑔 is the gravitational acceleration.

The syringe holder assembly consisted of a base to secure the 
microfluidic device, four modular columns that allowed an adjustable 
height, two dowels for positioning, and a syringe holder to keep the 
syringe in place during operation. The base ensured the stability of 
the device, whereas modular columns provided flexible configurations. 
Fixed parts (base and columns) were connected through threaded 
joints, whereas movable elements (dowels and syringe holder) were 
fitted with mating holes to allow precise positioning and stability (Fig. 
2-B). Additional information regarding the fabrication and sterilization 
procedures is provided in the Supplementary Material, along with a 
rendering of the designed geometry (Fig. S1). Besides, a complete view 
of the stepwise IFP application set up is shown in Fig S11. Moreover, to 
validate the imposed IFP, we performed computational fluid dynamics 
simulations in OpenFOAM to reproduce the device geometry and fluid 
height differences, which yielded pressure values in agreement with the 
theoretical calculations (Fig S1-C).

2.8. Tumor cell and immune cell culture

For the 2D and 3D coculture experiments, a 8:1 lymphocyte:PANC-
1/BxPC-3 ratio was used. In the 3D experiments, 10% of the total 
hydrogel volume was composed of PDAC cells (at 1⋅106 cells/mL), while 
an additional 10% was made up of lymphocytes, either CAR-T cells or 
control T cells, at a concentration of 8 ⋅ 106 cells/mL, resulting in final 
embedded cell concentrations of 1 ⋅ 105 PANC-1/BxPC-3 cells/mL and 
8 ⋅ 105 lymphocytes/mL within the gel. Collagen I polymerization was 
conducted following the procedure detailed in Section 2.6.

2.9. T and CAR-T cell infiltration inside the collagen hydrogel along a 
chemoattractant gradient

To assess immune cell infiltration in the hydrogel independent of 
tumor-related factors, a hydrogel mixture without cells was injected 
into the microfluidic devices and incubated overnight to allow complete 
gelation. The following day, the cytokine C-X-C motif chemokine 12 
(CXCL12), a well-known chemoattractant for immune cells that is 
frequently upregulated in the TME [27,45], was introduced into the 
system. To mimic this condition, CXCL12 (1:500 dilution) was added 
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Fig. 2. (A) Schematic of the microfluidic device: geometry used for all experiments to enable 3D cell culture. (B) Front view of the 3D-printed prototypes with 
the 10 cm (7.3 mmHg) and 40 cm height sets (29.3 mmHg).
through the lateral channel of the device and incubated for 5 h. Sub-
sequently, 3 ⋅ 105 cells/mL (control T and CAR-T cells) were introduced 
through the opposite channel, amounting to 80 μL (≈ 24.000 cells), 
and their visualization under the microscope was initiated. A schematic 
representation of the experimental design is shown in Fig. S7. Over 
the following 15 h, images of the entire chamber were acquired using 
an Axio Observer 7 (Zeiss) to track the infiltration of control T cells 
and CAR-T cells into the hydrogel. Cells penetrating the hydrogel were 
counted using ImageJ.

2.10. Microscopy, immunostaining and image analysis

Bright-field images of the central chamber of each microfluidic 
device were acquired on Day 1 after seeding and on Day 6, after the 
structures were dismantled. Images were acquired using an optical 
microscope (Leica DM IL LED – Pylon Viewer software). The area of 
the spheroids was quantified at both time points using FIJI. Thus, the 
spheroid growth ratio (SGR) was calculated as the ratio between the 
spheroid area on Day 6 of culture and its corresponding area on Day 1.

At the end of the experiment, the samples were fixed with 4% 
paraformaldehyde (Sigma-Aldrich), permeabilized using 0.1% (v/v) 
Triton X-100 (Calbiochem) and blocked with 5% (w/v) bovine serum 
albumin (BSA, VWR). For immunostaining, the cells were incubated 
overnight at 4 ◦C with the appropriate primary antibodies: mouse 
anti-Ki-67 (1:200; Santa Cruz Biotechnology), rabbit anti-EGFR (1:100; 
Thermo Fisher Scientific), or rabbit anti-cleaved caspase-3 (1:300; Cell 
Signaling Technology). The following day, the samples were rinsed 
and incubated at room temperature with DAPI (1:100; Invitrogen), 
TRITC-conjugated phalloidin (1:200; ChemCruz), and the appropriate 
secondary antibodies, namely, goat anti-mouse IgG, goat anti-rabbit IgG 
conjugated to Alexa Fluor™ 647 or Alexa Fluor™ 555 (1:200; Thermo 
Fisher Scientific).

Fluorescence imaging was performed using an Axio Observer 7 
inverted fluorescence microscope (Zeiss). The images were analyzed 
using FIJI. Multichannel images were split into individual channels 
and subsequently analyzed as follows: for proliferation analysis, the 
proportion of proliferative spheroids (defined by the presence of at 
least one Ki-67-positive cell) was calculated. To study cytoskeletal 
features using phalloidin-TRITC, the mean intensity values of F-actin 
per spheroid were determined under control and IFP conditions. To 
assess EGFR expression in PDAC cells, the mean fluorescence intensity 
in the designated channel was quantified for each spheroid and com-
pared across experimental conditions. Finally, to detect and quantify 
apoptotic cell death, the number of caspase-3-positive spheroids in the 
absence and presence of CAR-T cells was calculated. To study spheroid 
permeability to low molecules, 4kDa FITC-dextran was added 1 day 
after PANC-1-embedded spheroids were seeded in 4 mg/ml collagen I 
hydrogel. A z-stack video was obtained 1 h after the addition of dextran.
4 
To assess potential alterations in collagen fiber organization caused 
by prolonged IFP, second-harmonic generation (SHG) multiphoton mi-
croscopy (Stellaris-Dive; Leica) was employed. This technique allows 
the label-free visualization of collagen fibers by exploiting their nonlin-
ear optical properties. After 5 days of incubation, the samples were im-
aged under two conditions: control (no applied pressure) and high IFP 
(29.3 mmHg). For each condition, three representative samples were 
imaged. Structural arrangement and collagen fiber alignment were 
qualitatively evaluated through the SHG signal in acellular hydrogels.

2.11. Flow cytometry

PANC-1 and CAR-T cells were seeded without a hydrogel in the 
central chamber of the device. IFP was induced as previously described 
in methods Section 2.7. Five days after IFP induction, the cells were 
recovered and centrifuged at 1500 rpm for 5 min. The cells were 
then stained with conjugated antibodies at 1/100 in PBS+2% FBS 
(blocking buffer) for 20 min on ice, centrifuged and resuspended in 
100 μl of blocking buffer. The antibodies used were PD-1 APC, TIM-
3 PE-Cy7, LAG-3 APC, 7-AAD (viability) and CD45 BV421 (Miltenyi 
Biotec). Samples were acquired on a MACSQuant 10 (Miltenyi Biotec) 
cytometer with compensation using single-cell staining and analyzed 
with Kaluza software. For flow cytometry analysis, the presence of CAR-
T cells was detected as the presence of GFP+ cells. The gating strategies 
are presented in Fig. S10.

2.12. Enzyme-linked immunosorbent assay (ELISA) analysis

Human IFN-𝛾 secretion from a coculture of PANC-1 and CAR-T/con-
trol T cells was quantified using a commercially available ELISA kit (BD 
OptEIA; BD Biosciencies), following the manufacturer’s instructions. 
ELISA was performed with the supernatant from microfluidic cultures 
of PANC-1 and CAR-T/control T cells that were seeded without hydro-
gel in the central chamber of the device for 5 days of coculture under 
either no pressure or elevated IFP. All the conditions were assayed 
in technical duplicates and derived from at least three independent 
microfluidic devices per condition.

2.13. Statistical analysis

GraphPad Prism 8.0.2 software was used for statistical analysis and 
graphical representation of the microscopy-derived data. The number 
of measured samples is indicated in the figure legends. For all the 
datasets, normality tests were performed. Afterward, the most appro-
priate statistical tests were selected and applied to each dataset. For 
experiments in which a single independent variable was compared 
between two groups, unpaired t tests or Mann–Whitney tests were 
performed. For experiments in which a single independent variable 
was compared among multiple groups, one-way ANOVA followed by 
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the post hoc Tukey–Kramer test or Kruskal–Wallis test and then by a 
post hoc Dunn test was performed. Scattered dot plot data are shown 
as medians with ranges or means with SD. Statistical significance is 
indicated by p values (ns; p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, 
p ≤ 0.001; ****, p ≤ 0.0001) and is presented in the figures.

3. Results

3.1. IFP enhances PDAC growth

PANC-1 spheroids were initially grown in collagen I hydrogels at 
two different concentrations, achieving larger spheroids at 4 mg/mL 
than at 6 mg/mL collagen I matrix (Fig. S3). Thus, the 4 mg/mL 
collagen hydrogel was used for the subsequent experiments. When low-
molecular-weight FITC–dextran was added to the device, the spheroids 
appeared impermeable to the dye (Video S1). These observations sug-
gested that the spheroids formed a compact structure that regulated the 
diffusion within the device, thereby limiting the penetration of small 
molecules into the tumor mass.

Prior to evaluating the biological outcomes under any pressure, 
we assessed whether the application of IFP could induce any relevant 
structural changes in the collagen matrix. Hence, acellular hydrogels 
were incubated under high-pressure conditions and imaged via multi-
photon microscopy to determine the effect of IFP on collagen fibers. 
Macroscopic inspection and high-resolution imaging suggested that 
the hydrogel architecture remained largely preserved, with no evident 
alterations observed (Fig. S2).

PANC-1 and BxPC-3 spheroids were seeded in one channel microflu-
idic devices, and their growth was followed for 6 days (Fig.  3-A). 
Afterward, using our new 3D-printed system described above (Fig. S1 
and S11), PANC-1 spheroids were continuously subjected to IFP values 
of 7.3 mmHg and 29.3 mmHg from Day 1 to Day 6 after cell seeding 
(Fig.  3-B).

Compared with control spheroids, PANC-1 spheroids exposed to 
elevated IFP exhibited significantly higher growth ratios (Fig.  3-C). 
Samples at 29.3 mmHg achieved the highest mean SGR (3.131 ± 0.064) 
versus 2.941 ± 0.073 at 7.3 mmHg and 2.786 ± 0.054 for controls 
(P ≤ 0.0032 vs. 7.3 mmHg; P ≤ 0.0001 vs. control). Analysis of SGR dis-
tributions further revealed that while approximately 31.7% of control 
spheroids were within the lowest category (SGR < 2), this percentage 
decreased under pressure (27.5% at 7.3 mmHg and 20.1% at 29.3 
mmHg). Conversely, the percentage of spheroids with the highest SGR 
(>4) increased from 13.6% in the controls to 19.5% and 25% in the 7.3 
mmHg and 29.3 mmHg conditions, respectively.

Throughout the experiments, PDAC cultures were initiated using 
dissociated preformed spheroids, which were disaggregated into single 
cells prior to being seeded inside the hydrogel. This approach was 
selected to retain the phenotypic and transcriptional adaptations that 
tumor cells acquire during initial spheroid formation, a phenomenon of-
ten referred to as ‘‘3D culture memory’’ [46]. Next, to analyze whether 
IFP had the same effect on advanced tumors, preformed spheroids were 
directly introduced into the devices and subjected to IFP. Under these 
conditions, no differences were observed between the IFP and control 
conditions, suggesting that its influence might be more relevant during 
earlier stages of tumor development than other mechanisms, such as 
aggregation dynamics and outer-layer barriers (Fig.  3-D). Therefore, 
all subsequent experiments were conducted using single-cell suspen-
sions derived from preformed spheroids to ensure consistent spheroid 
formation and responsiveness to IFP modulation.

In the case of the BxPC-3 line, spheroid growth was comparable at 
both 4 and 6 mg/mL collagen (Fig. S4-A and B). As observed in PANC-
1 cells, BxPC-3 spheroids exposed to elevated IFP had a significantly 
greater SGR compared with control spheroids (P < 0.0001), with mean 
values of 4.016 ± 0.109 at 29.3 mmHg, 3.916 ± 0.118 at 7.3 mmHg, 
and 3.210 ± 0.088 under control conditions (Fig. S4-C). Analysis of SGR 
distributions revealed that while 27.9% of control spheroids reached 
5 
values above 4, this fraction increased to 45.9% and 41.6% under 
7.3 mmHg and 29.3 mmHg, respectively. These results indicated that, 
similar to PANC-1 cells, BxPC-3 spheroids exhibited enhanced growth 
when cultured under IFP.

3.2. IFP induces changes in proliferation and cytoskeletal dynamics

Cell proliferation and cytoskeletal organization were evaluated in 
PANC-1 spheroids subjected to low and high IFP conditions. The ratio 
of proliferative spheroids between control and IFP conditions (defined 
by the presence of at least one Ki67-positive cell) was analyzed. Com-
pared with control spheroids, PANC-1 spheroids subjected to IFP tended 
to have an increased proliferation rate (Fig.  4-A).

Conversely, quantification of phalloidin fluorescence intensity re-
vealed a significant decrease in F-actin levels with increasing IFP. 
Spheroids exposed to 29.3 mmHg exhibited the lowest mean intensity 
(1452 ± 59.33), followed by those at 7.3 mmHg (1656 ± 44.46) and 
the controls (1760 ± 48.55) (Fig.  4-B), suggesting a potential pressure-
induced alteration in cytoskeletal organization. These changes in F-
actin levels might be related to the mechanical and functional behavior 
of tumor spheroids, since high actin levels have been associated with 
increased migration and invasive capacity in 3D environments [42]. 
Therefore, the observed reduction in F-actin upon high IFP could imply 
a reduction in the migration capacity of these spheroids, suggesting that 
IFP altered their mechanical phenotype.

3.3. CAR-T cells effectively targeted PDAC cells in 2D and 3D coculture 
models under IFP-free conditions

In this study, we utilized a CAR (referred to as T1E28z by Davies 
et al. [36]) that is specifically activated by all ErbB1-based homod-
imers and heterodimers as well as the ErbB2/3 heterodimer. Notably, 
the overproduction of ErbB1 and/or ErbB2 plays a role in numerous 
carcinomas, including those affecting the pancreas [47]. Additionally, 
alongside the CAR, the IL-4 chimeric receptor (4𝛼𝛽) was implemented. 
The ectopically expressed IL-4R𝛼/IL-2R𝛽 is connected intracellularly to 
IL-2/IL-15R, which governs T-cell activation and proliferation, suggest-
ing that IL-4 (interleukin-4) may serve as a specific stimulus to initiate 
CAR-T cell proliferation and activation.

Different experimental approaches have been employed to evalu-
ate the cytotoxic potential of CAR-T cell therapy in PDAC, and the 
efficacy of CAR-T-cell therapy has been compared in 2D cultures and 
3D microfluidic models. First, the cytotoxic potential of CAR-T cells 
targeting EGFR was investigated in a 2D coculture, which minimized 
the influence of a three-dimensional architecture and focused only on 
cellular interactions in a simplified environment (Fig.  5-A). Second, 
3D coculture experiments were conducted to evaluate CAR-T-cell per-
formance within a more physiologically relevant microenvironment. 
CAR-T efficacy was assessed by measuring the percentage of live cells 
(Fig.  5-A) and through live imaging (Fig.  5-B) and morphological 
analysis (Fig.  5-C).

In 2D coculture experiments, CAR-T cells demonstrated robust cy-
totoxic activity, eliminating more than half of PANC-1 tumor cells 
within 24 h. In contrast, control T cells exhibited cytotoxicity levels 
comparable to those of the untreated cultures, indicating minimal 
or no tumor cell killing capacity (Fig.  5-A and S5). These results 
highlighted the specificity and potential of CAR-T cells in targeting 
EGFR-positive pancreatic cancer cells under simplified 2D conditions, 
where the absence of a complex architecture allows direct cell-to-cell 
interactions.

Moreover, CAR-T cells could recognize, target, and induce tumor 
cell death in a 3D culture environment. This cytotoxic activity is clearly 
illustrated in Fig.  5–B,C and Supplementary Video S5, where CAR-T 
cells interacted with PANC-1 tumor cells within the first 24 h of culture. 
After five days of coculture, the number of viable PANC-1 and BxPC-3 
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Fig. 3. Interstitial fluid pressure enhances pancreatic tumor growth: (A) Representative bright-field microscopy images of the central chamber of the microfluidic 
device cultured with PANC-1 or BxPC-3 cells at 4 mg/mL collagen on day 1 and 6 after seeding. Scale bar: 1 mm. (B) Workflow of the IFP experiments. (C) 
Representative PANC-1 cultures at the beginning and end of the experiment subjected to none, low, and high-pressure conditions. Samples were seeded from 
single cells. All the conditions were analyzed in terms of the SGR and spheroid count (n = 8–10 devices/condition). Scale bars, 1 mm and 25 μm. One-way 
ANOVA test was performed. ns: not significant, ** p ≤ 0.01 and **** p ≤ 0.0001. (D) IFP does not affect the growth of preformed spheroids. Quantification of 
preformed spheroids subjected to IFP (n = 2–6 devices/condition). Scale bar, 1 mm. One-way ANOVA test was performed. ns: not significant when comparing 
all conditions.
spheroids clearly decreased under CAR-T conditions (Fig.  5-C, Fig. S6-
D). In the 3D coculture model, cellular damage can also be qualitatively 
evidenced by the loss of the initial spherical morphology of tumor cells, 
which transitioned into a collapsed and irregular structure, consistent 
with the morphological features of early apoptosis or necrosis [48]. In 
contrast, the results of the control T cells shown in Fig.  5-C and Video 
S4 demonstrated no such cytotoxic effect, with tumor cells retaining 
their typical morphology. Similar results were observed under both 2D 
and 3D conditions with BxPC-3 spheroids (Fig. S5, S6).

3.4. IFP attenuates CAR-T cell antitumor efficacy

To replicate the in vivo scenario in which CAR-T cells migrate from 
the vasculature into the tumor, CAR-T/control T cells were added 
through the lateral channels of the devices after the tumor cells were 
seeded in the central chamber. This setup allowed us to evaluate the 
potential cytotoxic activity of immune cells upon infiltration into the 
TME. In addition, IFP was applied under these conditions.

Images of whole chamber devices allowed us to visualize control 
T cells and CAR-T cells that were GFP tagged and infiltrated into 
the hydrogel where the tumor spheroids were embedded. Under IFP, 
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CAR-T cells were frequently dispersed throughout the hydrogel matrix 
rather than clustering around tumor spheroids (Fig.  6-A). Moreover, the 
distance from lymphocytes to PANC-1 spheroids significantly increased 
under IFP conditions (Fig.  6-A). Both results suggested impaired tumor 
targeting and limited engagement with cancer cells. Compared with 
those in the IFP-free condition P0, the number of spheroids and the 
SGR in the control and CAR-T conditions in IFP tended to increase. In 
P0 condition, compared with that in the control T cell condition, the 
tumor spheroid area in the CAR-T condition was diminished. However, 
when IFP was applied, this difference was no longer observed (Fig. 
6-B,C), indicating that CAR-T cells were less effective upon IFP. In 
contrast, no significant differences were observed in the control T 
condition, indicating that the effect was specific to CAR-T cell mediated 
cytotoxicity.

In addition to spheroid size, caspase 3 staining was quantified as an 
indicator of cell death. As shown in Fig.  6-C, the same trend was ob-
served: compared with those treated with IFP, PANC-1 spheroids under 
P0 cocultured with CAR-T cells exhibited higher caspase activity. These 
findings further supported the notion that elevated pressure impaired 
CAR-T mediated tumor cell death. One hypothesis that may explain 
this effect is that elevated IFP may alter CAR-T cell infiltration, reduce 
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Fig. 4. PANC-1 spheroids changes in proliferation and cytoskeleton upon IFP condition. (A) Representative fluorescence microscopy images and quantification of 
Ki-67 expression (red staining) in samples subjected to different pressure conditions. Nuclei are stained with DAPI (blue). Scale bar, 200 μm. One-way ANOVA test 
was performed. ns: not significant and * p ≤ 0.05. (B) Visualization and quantification of F-actin: Representative spheroids from each condition showing F-actin 
filaments (orange), nuclei (blue), and merged images revealing the overall spheroid structure. Scale bar, 50 μm. Quantification of F-actin intensity was performed 
to assess cytoskeletal organization under varying interstitial fluid pressures. n = 3 devices/condition. One-way ANOVA test was performed. ns: not significant, ** 
p ≤ 0.01 and **** p ≤ 0.0001.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
CAR-T cell motility, or disrupt receptor–ligand interactions essential for 
target recognition and killing.

Hence, we first analyzed the infiltration capacity of the CAR-T vs. 
control T cells. In this setup, a CXCL12 chemotactic gradient, which 
is commonly associated with T-cell recruitment in the TME [27,45], 
was applied across the collagen hydrogel without tumor cells (Fig. 
S7-A). This approach allowed us to assess the migratory capacity of 
CAR-T cells and control T cells under identical conditions. In the Sup-
plementary Material, microscopy videos of representative infiltration 
experiments are shown (Videos S2 and S3). Although overall immune 
cell infiltration into the collagen hydrogel was limited (≈1% of cells 
infiltrated), not significant differences in infiltration capacity were 
observed between CAR-T cells and control T cells (Fig. S7-B). Therefore, 
the reduced CAR-T cell efficacy could nor be attributed to impaired 
infiltration into the TME.

Then, two alternative explanations were considered to cause this 
impairment (Fig.  6). First, elevated IFP might induce changes in tumor 
cells, specifically by downregulating or impairing the expression of 
the target antigen EGFR and thereby preventing recognition by CAR-T 
cells. Second, the mechanical stress exerted by IFP may directly affect 
the structural integrity or functionality of the CAR receptor on the 
T cells themselves. Hence, we determined the effect of IFP on EFGR 
expression in PANC-1 cells in the absence of immune cells. Thus, when 
PANC-1 cells alone were cultured under IFP and stained for EGFR, 
an increased EGFR signal was observed compared with that in non-
pressurized controls (Fig.  7-A,B). In BxPC-3 cell line EGFR expression 
levels remained unchanged upon IFP (Fig. S8). These findings suggested 
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that the reduced cytotoxic effect of CAR-T cells under high IFP could 
not be attributed to downregulation or delocalization of the target 
antigen. In contrast, higher EGFR expression was induced under IFP. 
These results indicated that impaired CAR-T cell function was likely 
driven by pressure-induced mechanisms. EGFR expression was also 
compared between 2D and 3D cultures. While differences were not 
statistically significant, EGFR levels showed a tendency to decrease 
under 3D conditions, which may partially account for the delayed 
CAR-T cell response observed in 3D (Fig. S9). 

Thus, to assess whether elevated IFP may compromise CAR-T-cell 
activity through functional impairment rather than through reduced 
antigen availability, we quantified IFN-𝛾 secretion by CAR-T cells and 
control T cells under both P0 and high-IFP conditions. Consistent with 
the decreased cytotoxicity observed under elevated pressure, CAR-T 
cells exhibited reduced IFN-𝛾 release when exposed to high IFP (Fig. 
7-C), suggesting that upon IFP, a proportion of CAR-T cells were not 
able to recognize tumor cells, mount a cytotoxic response and release 
IFN-𝛾 [49,50]. This result was consistent with the observation that a 
proportion of CAR-T cells were not able to reach tumor cells (Fig.  6-A). 
No differences in the levels of the lymphocyte exhaustion markers PD-1, 
TIM-3 or LAG-3 were detected between the CAR-T cells upon IFP and P0
conditions (Fig. S10) [51–53]. While cytokine secretion alone could not 
fully elucidate the underlying mechanism, these results supported the 
notion that pressure-induced alterations in T-cell function contributed 
to a diminished antitumor response. Together with the preserved and 
even increased EGFR expression under IFP, these findings reinforced 
that impaired CAR-T-cell activity arose from pressure-related functional 
constraints.
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Fig. 5. Potent effectiveness of CAR-T cells against pancreatic tumor cells in 2D and 3D coculture. (A) Schematic of the experimental conditions; eFluor™ 670 and 
GFP images of 2D-treated PANC-1 cells with NT (nontransduced), control T (GFP+) or CAR-T (GFP+) cells (ratio 8:1) for 24 h. Scale bar, 1 mm. Quantification of 
eFluor™ 670 indicated approximately 50% depletion of proliferative cells upon CAR-T-cell treatment for 24 h. (B) Representative video microscopy images of 3D 
cocultured PANC-1 and CAR-T/Control T (GFP+) cells at 0 h and 24 h. Scale bar, 50 μm. (C) Bright field pictures of PANC-1 cells cocultured with CAR-T/control 
T cells at 0, 1 and 5 days after seeding. Yellow arrows highlight dead cells. A magnified image of the CAR-T cells is shown on the right. Scale bars, 1 mm 
and 200 μm. Percentages of PANC-1 live spheroids under untreated, control and CAR-T-cell conditions. n = 5–7 devices/condition. One-way ANOVA test was 
performed. Not significant when comparing Untreated vs. Control T. **** p ≤ 0.0001. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
4. Discussion

Whereas many studies have analyzed the role of the ECM in PDAC
[54,55], less attention has been given to the importance of IFP in sus-
taining tumor growth and resistance to therapies, which is largely due 
to the difficulties of analyzing this parameter noninvasively. Nonethe-
less, recent progress in imaging methods such as dynamic contrast-
enhanced magnetic resonance imaging and elastography has facilitated 
a more detailed assessment of the biomechanical surroundings of tu-
mors [56]. The PDAC IFP in patients is approximately 20 mmHg [20], 
whereas in normal tissues, IFP is generally around atmospheric pressure 
(P0) [9,10]. Understanding the impact of IFP on tumor progression and 
on therapeutic delivery is key.

During the past five decades, it has been widely demonstrated that 
the microenvironment of solid tumors is better recreated in 3D cultures 
than in 2D cultures. Compared with cells grown in a 2D monolayer, 
3D-cultured cells are more resistant to chemotherapy [57–59]. In this 
study, we developed an innovative 3D engineered PDAC-on-a-chip 
model with an IFP component that allowed us to analyze the role of 
the IFP in tumor growth and serves as a preclinical platform for testing 
new therapies for PDAC and other solid tumors. We constructed a 3D 
structure in which a microfluidic device was inserted and IFP was 
applied to the central chamber, where the TME is located, by means 
of pressure height (Fig.  2). Fiber organization in acellular collagen I 
hydrogels was evaluated to determine the specific impact of IFP on the 
matrix architecture. Under these conditions, collagen fibers remained 
apparently unaltered upon IFP exposure (Fig. S2), in agreement with 
previous observations [60]. Therefore, the observed biological effects 
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can be attributed to the influence of pressure on cellular components 
rather than to mechanical alterations of the ECM.

We used two PDAC cell lines, which represent a model of the 
human epithelial phenotype (BxPC-3) and an intermediate epithelial–
mesenchymal phenotype (PANC-1) [61], and they have different KRAS 
genetic signatures, a relevant gene involved in PDAC progression. 
BxPC-3 cells present wild-type KRAS, whereas PANC-1 cells contain a 
G12C mutation that results in its constitutive activation. This distinc-
tion is of vital importance since 95% of primary pancreatic tumors 
have mutations in the KRAS gene [62]. In addition, both cell lines 
express EGFR [63–65]. We observed that in both cell lines, high IFP 
enhanced their growth when tumors started as single-cell spheroids 
(and intermediate pressure affected BxPC-3 growth). However, in the 
case of preformed nondissociated spheroids, no evident effect of IFP 
was observed, suggesting that the influence of IFP might be more 
pronounced during the initial stages of spheroid formation than once 
compact structures were already established (Fig.  3). This effect on cell 
growth upon IFP has been previously observed in vitro in other tumors, 
such as oral squamous cell carcinoma [66].

Cells experience and sense deformation by endogenous or exoge-
nous forces, affecting two main types of interactions, cell–ECM and 
cell–cell, which are internally transduced by specific mechano-signaling 
pathways that regulate cell lineage commitment and maintenance, sur-
vival, proliferation and specific tissue–cell function. Mechanical prop-
erties of the environment affect cell cycle progression because of the 
interactions between cells and the cell matrix [67,68]. Here, we ob-
served that the proliferation rate of PANC-1 cells was enhanced upon 
IFP, suggesting that IFP directly affected cell cycle mechanisms (Fig. 
4-A). IFP is characteristic of aggressive pancreatic tumors, and in 
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Fig. 6. CAR-T-cell therapy efficacy decreases under IFP conditions. (A) Representative images of embedded PANC-1 cells with the addition of control T or CAR-T 
cells through lateral channels (GFP tagged in green) with/without IFP. Scale bars: 1 mm and 100 μm (left). Percentage of lymphocytes aggregated around PANC-1 
cells in control T and CAR-T conditions with/without IFP and percentage of lymphocytes distant ≥20 μm from PANC-1 cells. n = 3–5 devices/condition (right). 
Mann–Whitney test was performed comparing in Control T condition P0 vs. IFP and in CAR-T condition P0 vs. IFP. ** p ≤ 0.01 or *** p ≤ 0.001 when comparing 
P0 and IFP conditions in both cases. (B) Representative images of PANC-1 death by caspase-3 staining (red) and DAPI (blue). Scale bars: 1 mm and 200 μm. (C) 
Quantification of the number of spheroids, spheroid area, SGR and percentage of caspase 3-positive cells at the end of the experiment in control T/CAR-T cells 
with/without IFP, n = 6-8 devices/condition. For all quantifications, one-way ANOVA test was used. ns: not significant, * p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
and ****p ≤ 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
silico models have probed the association between high IFP and PDAC 
metastatic potential [69]. These findings align with clinical observa-
tions reporting that tumors with elevated IFP levels tend to exhibit 
increased metastatic behavior. Additionally, in breast cancer cells, in-
terstitial flow increases the migration of tumor cells [70]. Surprisingly, 
we observed decreased actin remodeling upon IFP in our model (Fig. 
4-B), which could suggest a reduced migratory capacity of these cells. 
This phenomenon might be explained by the application of static fluid 
pressure, and the absence of flow result in distinct mechanobiological 
mechanisms in both scenarios. Given that our goal was to study the 
effect of IFP on primary tumors, our model could faithfully reproduce 
this feature.

CAR-T cell therapy has demonstrated significant success in blood 
cancers [26,29,71]. However, its efficacy in solid tumors has been 
constrained by various factors, such as antigenic diversity and the 
immunosuppressive characteristics of the TME [31,72]. Additionally, 
inadequate biological data are available to assess critical therapeu-
tic components. Essential information about CAR-T cell infiltration, 
their phenotype, and their interactions with the TME is predominantly 
absent, as post-infusion biopsy data are needed.

Despite some promising indications, the results from clinical trials 
thus far have been unsatisfactory. Multiple early-phase clinical trials us-
ing CAR-T-cell therapy for pancreatic tumors are being developed with 
the hope of reducing PDAC burden mortality (clinicaltrials.org) [32]. 
Hence, to date, limited clinical success has been obtained [73].
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EGFR is a tyrosine kinase receptor (TKR) that is involved in var-
ious biological processes, including cell growth, differentiation and 
movement, in both normal and disease states. The hallmark of various 
epithelial cancers, including pancreatic cancer, is the overexpression 
and/or hyperactivation of EGFR, making it a target for cancer ther-
apy [26]. A phase I clinical trial of patients with metastatic PDAC 
with anti-EGFR chimeric antigen receptor-modified T (CAR-T-EGFR) 
cells was performed. The treatment was demonstrated to be safe and 
partially effective in these patients [74]. Here, we studied the efficacy 
of our CAR-T cells directed against the EGFR family in PDAC tumors 
under both 2D and 3D conditions first under atmospheric pressure 
conditions. In 2D conditions, half of the tumor cells were targeted by 
CAR-T cells within 24 h (Fig.  5-A). In a 3D collagen matrix cocul-
ture, we observed the same cytotoxic effect, and after 6 days, no live 
spheroids were observed. This finding revealed the efficacy of CAR-
T cells when they were already in the TME, where CAR-T cells were 
not required to penetrate a physical barrier and were not subjected 
to other mechanical forces, such as IFP. However, the effect of CAR-
T-cell therapy was diminished when lymphocytes had to infiltrate the 
collagen matrix (Fig.  6-A). In this last set up, a proportion of CAR-T 
cells and control T cells were able to reach the TME, but the cytotoxic 
capacity of CAR-T cells was lower than that in the coculture scenario 
(Fig.  5). These findings were consistent with those of previous works 
indicating that low CAR-T-cell infiltration was among the main causes 
of the limited efficacy of this therapy in solid tumors [31,75]
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Fig. 7. IFP induces EGFR expression in PANC-1 spheroids. (A) Representative fluorescence images of samples at the end of the culture with/without high IFP. Scale 
bar, 50 μm. (B) Quantification of EGFR expression; n = 3 devices/condition. Unpaired t-test was performed between P0 and IFP condition with **** p ≤ 0.0001. 
(C) Quantification of IFN-𝛾 levels in the supernatants of control T or CAR-T cells cocultured in microfluidic devices with PANC-1 cells with/without high IFP. n
= 3–5 devices/condition. One-way ANOVA test was performed. ns: not sigificant, *** p ≤ 0.001 and **** p ≤ 0.0001.
Since it was previously observed in the laboratory that CAR-T cell 
speed was decreased by mechanical constraints in a microchannel-
designed microfluidic device [27], we analyzed the infiltration capacity 
of CAR-T cells compared with that of control T cells in our device. We 
used CXCL12 to induce lymphocyte chemotaxis and infiltration into the 
collagen hydrogel, which is known to lead to lymphocyte migration to 
specific tissues [76] and is frequently found in the TME [45,77,78]. 
No measurable differences in infiltration capacity were detected be-
tween CAR-T cells and control T cells under IFP (0.3% and 0.27%, 
respectively) or between IFP and P0 conditions (0.3% vs. 0.4%). While 
our platform did not support high-resolution temporal tracking of 
infiltration, the endpoint analysis suggested similar infiltration across 
conditions.

Phenotypic changes in immune cells can also be caused by me-
chanical cues, including the modulation of surface antigen expression 
(such as that of EGFR), the secretion of immunosuppressive cytokines, 
or the activation of signaling pathways that promote immune evasion. 
For instance, increased ECM stiffness and pressure can upregulate the 
expression of inhibitory checkpoint molecules or downregulate the 
expression of activation markers on T cells, potentially reducing CAR-
T cell efficacy [79]. Moreover, recent studies have suggested that 
mechanical stress can directly impair immune function. For example, 
pressure increases PD-L1 expression in A549 lung adenocarcinoma 
cells and causes resistance to anti-ROR1 CAR-T cell mediated cyto-
toxicity [80]. For CAR-T cells, such mechanical constraints may dis-
rupt synapse formation or interfere with downstream signaling from 
chimeric receptors, reducing cytokine production, granzyme release, 
and cell killing efficiency. Understanding the impact of IFP on CAR-
T cell activity is therefore crucial for optimizing therapeutic strategies 
and improving treatment outcomes in patients with PDAC and other 
solid malignancies. In addition, IFP is an established parameter and 
indicator of malignant solid tumors, the levels of which increase with 
tumor aggressiveness [81,82].

Additionally, mechanical stress can promote an immunosuppres-
sive tumor phenotype through mechanotransduction pathways (e.g.,
YAP/TAZ and integrin signaling), leading to increased secretion of 
TGF-𝛽 and IL-10 and upregulation of immune checkpoint molecules 
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such as PD-L1, further affecting CAR-T cell cytotoxicity [83,84]. These 
effects are consistent with the clinical outcomes of the limited success 
of CAR-T cell therapies in solid tumors.

To test the efficacy of CAR-T cell therapy in an advanced tumor 
scenario, we chose high-IFP conditions for the experiments. Under 
high IFP, compared with basal pressure, CAR-T mediated cytotoxicity 
was significantly impaired, as reflected by larger spheroid sizes and 
lower levels of cell death (Fig.  6-C). Our results revealed that IFP 
not only promoted tumor growth but also significantly limited the 
efficacy of CAR-T cells against PDAC progression, thus enhancing tumor 
resistance. No difference in infiltration capacity was detected between 
CAR-T cells and control T cells (Fig.S7), nor were any alterations in 
fiber distribution identified (Fig.S2). Thus, neither mechanical access 
to the tumor mass nor pressure-induced matrix remodeling appeared 
to be the main limiting factors. Therefore, we hypothesized that IFP 
altered CAR-T cell function by modulating cell signaling and antigen 
accessibility or inducing an immunosuppressive state. First, elevated 
IFP may reduce EGFR accessibility by compressing tumor spheroids 
and altering local cytokine gradients that are necessary for CAR-T cell 
activation and expansion. Second, the mechanical stress exerted by 
IFP may directly affect the structural integrity or functionality of the 
CAR receptor on the T cells themselves. The isolation of the effects of 
pressure on PANC-1 cells revealed that EGFR expression was induced 
by high IFP (Fig.  7), suggesting that the induced tumor cell proliferation 
observed upon IFP could be partially due to the activation of the EGFR 
pathway [26]. Thus, the observed reduction in CAR-T cell cytotoxicity 
under IFP might reflect functional impairment of CAR-T cells rather 
than limited infiltration or targeted antigen expression. Although no 
differences were observed in the expression of lymphocyte exhaustion 
markers in CAR-T cells under IFP, a diminished IFN-𝛾 response was 
observed upon IFP, suggesting a reduced ability to kill tumor cells (Fig. 
7-C). Since elevated IFP is a common feature across many solid tumors, 
our results may provide relevant insights beyond PDAC [56]. While 
solid stress and IFP are related within solid tumors, their individual 
contributions to the TME were not investigated in this study. Thus, 
our findings specifically address the impact of IFP on TME, and we 
acknowledge that the distinct role of solid stress remains important for 
future investigations.
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In summary, simplified 2D cultures demonstrated the robust and 
specific cytotoxic activity of CAR-T cells against PDAC, confirming their 
therapeutic potential and validating functional CAR expression as a 
positive control. However, when tested in a 3D culture system, especif-
ically under elevated IFP conditions, the therapeutic efficacy of CAR-T 
cells was markedly reduced. These results reflect a common challenge 
in solid tumor treatment, which is the failure of immunotherapies to 
replicate their 2D success.

This study validated the use of a 3D microfluidic platform to model 
PDAC behavior and immune interactions under controlled mechanical 
conditions, further extending the benefits of microfluidics in the field of 
immunotherapy [85]. Our 3D system successfully mimics key features 
of the TME, including spheroid formation, cell–cell interactions, and 
response to IFP. While this work was designed as a proof-of-concept 
study, it provides opportunities for further investigation. The current 
model focuses on a specific CAR construct targeting EGFR in PDAC 
tumor cell lines, but future studies could explore its applicability using 
CAR-T cells directed against other solid tumor antigens, such as HER2, 
or in different tumoral tissues, such as the breast or lung. Expanding 
the platform in this way would help evaluate its broader relevance and 
reproducibility. Nonetheless, the presented microfluidic study provides 
a robust and physiologically relevant tool to dissect the influence of IFP 
on immunotherapeutic efficacy, a factor that is often ignored. Notably, 
while the mechanical influence of elevated IFP was isolated herein, 
other factors, such as cell aggregation dynamics and peripheral barrier 
formation, may also impact drug resistance in solid tumors and warrant 
dedicated future investigation. In this context, our study provides a 
proof-of-concept model for determining the specific influence of IFP on 
CAR-T-cell activity in solid tumors, offering new insights into the role 
of this mechanical barrier in immunotherapy development. Therapeutic 
strategies for patients may consider reducing IFP prior to treatment to 
achieve optimized success [86].

5. Conclusions

In this study, we present a PDAC-on-a-chip model that serves as a 
valuable preclinical platform to investigate the efficacy of immunother-
apies under pathological conditions. Our findings demonstrate that 
IFP, a hallmark of the pancreatic TME, promotes tumor progression 
by enhancing proliferation and modulating cytoskeletal organization. 
CAR-T cells engineered to target EGFR effectively eliminated pancreatic 
tumor cells in both the 2D and 3D coculture systems and showed 
infiltration capacity comparable to that of control T cells within the 3D 
collagen matrix. However, the therapeutic efficacy of CAR-T cells was 
significantly impaired under elevated IFP, highlighting the critical role 
of mechanical and physical barriers in limiting immune cell function 
in solid tumors. This work underscores the importance of integrating 
biomechanical factors into immunotherapy testing platforms and sup-
ports the development of strategies to overcome TME resistance to 
enhance CAR-T-cell performance in solid tumors such as PDAC.
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