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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GBM) presents a significant therapeutic challenge due to the limited efficacy of existing treat-
Bioprinting ments. Chimeric antigen receptor (CAR) T-cell therapy offers promise, but its potential in solid tumors like GBM
Extracellular matrix is undermined by the physical barrier posed by the extracellular matrix (ECM). To address the inadequacies of
(S:;flir_l;ss traditional 2D cell culture, animal models, and Matrigel-based 3D culture in mimicking the mechanical char-

acteristics of tumor tissues, we employed biomaterials and digital light processing-based 3D bioprinting to
fabricate biomimetic tumor models with finely tunable ECM stiffness independent of ECM composition. Our
results demonstrated that increased material stiffness markedly impeded CAR-T cell penetration and tumor cell
cytotoxicity in GBM models. The 3D bioprinted models enabled us to examine the influence of ECM stiffness on
CAR-T cell therapy effectiveness, providing a clinically pertinent evaluation tool for CAR-T cell development in
stiff solid tumors. Furthermore, we developed an innovative heat-inducible CAR-T cell therapy, effectively

Solid tumor

overcoming the challenges posed by the stiff tumor microenvironment.

1. Introduction

Glioblastoma (GBM), accounting for approximately 49 % of primary
malignant brain tumors in the United States, continues to pose signifi-
cant clinical challenges due to the failure of surgery, chemotherapy, and
radiation to provide a definitive cure [1,2]. Notably, tumor recurrence
and progression are common [3,4]. The development of chimeric anti-
gen receptor (CAR) T-cell therapy has exhibited potential in hematologic
malignancies and also suggests promise for GBM treatment [4]. How-
ever, its application to solid tumors such as GBM faces hurdles largely
due to the immunosuppressive tumor microenvironment (TME) and the
physical barrier posed by the extracellular matrix (ECM) [5,6]. A char-
acteristic feature of many solid tumors is the stiffening of the tumor
ECM, primarily resulting from the overproduction of matrix components

and crosslinking enzymes and a shift towards more rigid types of col-
lagens [7] [-] [9]. The high ECM density and stiffness can affect the
abundance, function, and infiltration of cytotoxic T cells, often leading
to their exhaustion [10,11]. This complex interplay among the T cells,
the ECM, and the TME potentially reduces the effectiveness of current
CAR-T cell therapy in solid tumors, as T cells struggle to navigate
through the ECM, limiting their ability to reach and attack cancer cells.
Understanding the interplay between the CAR-T cells and tumor ECM
within the context of biomimetic matrix stiffness could instruct strate-
gies to enhance CAR-T cell therapy efficacy in solid tumors.

However, current modeling systems are limited in their ability to
reliably and accurately reproduce the tumor ECM microenvironment.
Traditional two-dimensional (2D) in vitro models lack the complex ECM
and thus fall short in accurately reflecting the intricate TME. Most of the
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CAR-T therapies demonstrating good efficacy in 2D cultured cells failed
to eradicate solid tumors. Animal models require considerable resources
and could be challenging to control and reproduce clinally-relevant
tumor stiffness. Three-dimensional (3D) in vitro models offer a prom-
ising tool to study the complex interactions between cells and various
extracellular matrix (ECM) materials [12] [-] [14]. However, the
widespread use of Matrigel-based organoids, while beneficial for
culturing primary tumor cells or stem cells, still presents limitations due
to its inability to accurately replicate the tissue-specific ECM composi-
tion or stiffness of real solid tumors [15]. Matrigel is inherently soft and
lacks the mechanical diversity found in the TME. This discrepancy is
critical, as the stiffness of the ECM has been shown to significantly in-
fluence tumor cell behavior, including proliferation, migration, and
drug response. The mechanical properties of the ECM in solid tumors are
often much higher than those provided by Matrigel, leading to potential
discrepancies in cell morphology, signaling pathways activation, and
overall tumor progression in vitro compared to in vivo situations.
Recent advances in 3D bioprinting technology enables encapsulating
cells within biomaterials derived from native ECM, providing well-
defined architectures and matrix properties to mimic native tissues
[16] [-] [18]. Digital light processing (DLP)-based bioprinting has been
successfully utilized to create tissue models and cancer models using
ECM-derived materials [19-24], and has demonstrated independent
control of biophysical properties and biochemical cues when using
ECM-derived materials, making it an optimal choice for examining
biophysical influences on GBM development within a biomimetic
ECM-based model [25-27]. Previous studies have shown that ECM
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stiffness can modulate tumor cell gene expression, leading to the rep-
resentation of different cancer subtypes with variable responses to
chemotherapy treatments [27]. However, the potential of
DLP-bioprinted tumor tissues for evaluating cell therapies, such as
CAR-T cell therapy, within 3D biomimetic tumor models remains largely
unexplored.

In this study, we utilized DLP-based 3D bioprinting to generate 3D
models that carefully modulate the stiffness to mirror normal brain
stiffness and pathological GBM tissue stiffness. Our results showed that
GBM-relevant stiffness impeded CAR-T cell penetration and reduced
their cytotoxicity within the 3D GBM models. This application of 3D
bioprinting to model ECM stiffness provided critical insights into its
impact on CAR-T cell behavior, laying the groundwork for the devel-
opment of more effective therapies. Building on these findings, we
developed a novel heat-inducible CAR-T cell therapy that effectively
navigated the stiff tumor microenvironment, significantly enhancing T
cell infiltration and cytotoxicity against tumor cells. This approach
demonstrated the potential of heat-inducible CAR-T cells in treating
tumors characterized by increased stiffness, offering a promising avenue
for therapeutic advancement. Overall, this study both provided a bio-
mimetic 3D bioprinted solid tumor model for more clinically relevant
CAR-T evaluation and introduced a novel CAR-T strategy to overcome
limitations in CAR-T cell penetration and tumor cytotoxicity in stiff solid
tumors.
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Fig. 1. 3D bioprinted GBM model. (A) A schematic illustration of the DLP bioprinting setup. (B) An illustration of the bioprinted soft models encapsulating tumor
cells, accompanied by an SEM image of the freeze-dried models. The scale bar represents 50 pm. (C) An illustration of the bioprinted stiff models encapsulating tumor
cells, with an SEM image of the freeze-dried models. The scale bar represents 50 pm. (D) Porosity of the soft and stiff models. (E) Quantification of the pore sizes in
the soft and stiff models based on SEM images. (F) Measurement of the hydrogel stiffness in the soft and stiff models. (G) Growth measurement of CW468 cells under

sphere culture conditions, 3D soft, and 3D stiff conditions at 24, 48, and 72 h.
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2. Results

2.1. Generation of stiffened solid-tumor mimetic tumor model with DLP
bioprinting

The ECM composition and properties have been identified as pivotal
factors influencing phenotypic expression and genetic alterations within
the tumor and stromal cells [28,29]. Our study employed a DLP bio-
printing system to generate cylindrical 3D constructs of GBM (Fig. 1A).
This system utilized a digital micromirror device (DMD) to accurately
project a circular light patterns onto a photosensitive bioink. This bioink
comprised of GBM-mimetic biomaterials and GBM cells, which was
polymerized layer by layer upon light exposure. The constructs exhibi-
ted tunable mechanical properties, achieved through precise adjustment
of light exposure and variations in the concentrations of gelatin meth-
acrylate (GelMA) and the photoinitiator, while glycidyl methacrylate
hyaluronic acid (GMHA) concentration remains constant to avoid dif-
ference caused on cells due to the potential impact of varied hyaluronic
acid and subsequent signaling pathways in GBM cells.

Contrary to previous methodologies that incorporated an acellular
extracellular matrix (ECM) region with variable stiffness to assess its
influence on adjacent tumor cells [27], this study embedded tumor cells
within hydrogels of modulated stiffness, more faithfully mimicking the
heterogeneity in stiffness observed in actual GBM tissue. The selected
stiffness ranges were designed to reflect both normal physiological and
GBM-specific pathological states [27,30]. Scanning electron microscopy
(SEM) (Fig. 1B-C) was employed to explore the microstructure of these
hydrogels. Hydrogels fabricated with lower stiffness demonstrated
higher porosity, with measurements of 96.0 % compared to 93.7 % for
stiffer models (Fig. 1D). Additionally, soft models featured larger
average pore sizes, approximately 103 pm, in contrast to 21 pm observed
in the stiff models (Fig. 1E). The resulting stiffness were 0.6 + 0.1 kPa
and 8.2 + 0.4 kPa for the soft and stiff conditions, respectively (Fig. 1F).
The stiff model effectively replicated the characteristics of stiffened
high-grade GBM tissues, which were reported to be around 10 kPa [30].
These biophysical cues, mainly pore size and stiffness, are known to
impact tumor cell behavior and drug penetrations [31,32].

Our study utilized two distinct GBM cells to represent heterogeneous
phenotypes of GBM: an adherent cell line U87-MG and a patient-derived
cells, CW468, suspension-cultured as spheres. High cell viability was
observed in both the soft and stiff bioprinted hydrogels for both cell
types 72-hr post-printing (Figs. S1IA-B). Both cell types exhibited
enhanced proliferation in the soft hydrogels compared to the stiff ones,
with the disparity in growth rates between the soft and stiff models
being most pronounced at the 72-hr post-printing time point (Fig. 1F,
Fig. S1C). Moreover, the proliferation rates of CW468 cells within soft
hydrogels paralleled those observed in a traditional sphere culture
(Fig. 1G). hrGiven the documented role of Rho-associated protein kinase
(ROCK) adhesion signaling in modulating cell proliferation within var-
ied 3D microenvironments [33], we hypothesized that the observed
differences in proliferation rates could be attributed to this pathway. By
supplementing the culture medium with ROCK inhibitor Y-27632, the
previously inhibited proliferation rate within the stiff models was
restored to a level that was comparable with that observed in the soft
models, confirming the hypothesis that the observed differences in
growth rates could be attributed to cells responding to different matrix
stiffness via ROCK pathway (Figs. S2A-B). We have also adopted RNA
Sequencing to investigate the variations in gene expression in tumor
cells cultured in soft versus stiff 3D models. The data verified that spe-
cific biological pathways, including those related to the ROCK pathway,
such as cell-cell adhesion, focal adhesion, and regulation of actin cyto-
skeleton, were significantly enriched wunder stiff conditions
(Figs. S3A-C).
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2.2. Standard CAR-T cells exhibited decreased efficacy in stiff 3D
bioprinted models

To test the applicability of 3D bioprinted GBM models in evaluating
the therapeutic potential of standard CAR-T cells to be used in clinical
settings, we engineered GD2-CAR-T cells with high-affinity anti-GD2
single-chain variable fragment (scFV) (Fig. 2A) [34]. Clinical trials with
GD2-CAR-T cells have been conducted in pediatric neuroblastoma pa-
tients [35] and yet have the chance to be tested in adults, making an
in-vitro model using adult GBM cells with greater value in determining
the clinical potential of such therapy as adult GBM tissue also have high
GD2 expression [36]. Our GD2-CAR-T cells demonstrated high efficacy
against tumor cells in 2D culture and sphere culture, leading to
approximately 80 % cell death following a 24-hr treatment period
(Fig. S3D).

We then investigated the cytotoxic efficacy of CAR-T cells in the 3D
bioprinted models under both soft and stiff conditions (Fig. 2B). Tumor
cells were bioprinted as previously described and allowed to incubate
overnight prior to the exposure of CAR-T cells. The viability of these
tumor cells was subsequently tracked and recorded at 24-hr intervals
over a total duration of 72 h. In the 3D models, CAR-T cytotoxicity was
significantly diminished relative to the 2D or sphere cultures. The U87
cell line demonstrated less than 10 % cytotoxicity in both soft and stiff
3D models after a 24-hr co-culture with the CAR-T cells. Similarly, the
CW468 cell line displayed around 30 % cytotoxicity in the soft model
and less than 10 % in the stiff model. At the 72-hr mark, the CAR-T
cytotoxicity increased to roughly 40 % in the soft models for both cell
lines. However, cytotoxicity in the stiff models remained considerably
lower than in the soft models (Fig. 2C). This CAR-T efficacy in stiff 3D
bioprinted models aligned with the existing challenges of CAR-T therapy
efficacy in solid tumors which possess stiffer TME [37].

Immunofluorescent staining at the 72-hr time point was performed
to visualize CAR-T cell penetration into the tumor models and the
associated tumor cell apoptosis (Fig. 2D-E). One notable observation
was the significantly reduced DAPI nuclei staining in soft models,
indicating a decreased cell density which could be attributed to greater
cell death due to CAR-T cell killing in the soft models. In such cases,
tumor cells that died early due to superior CAR-T cell cytotoxicity would
have decomposed by the 72-hr mark, leading to undetectable fluores-
cent signals. In addition, we found fewer infiltrated T cells in the stiff
microenvironment, as represented by CD3 staining, potentially leading
to the diminished killing of tumor cells (Fig. 2D-E). These results sug-
gested that stiffer microenvironments may limit the effectiveness of
current standard CAR-T cells, potentially by hindering T cell penetration
into the solid tumors.

2.3. Heating reduced hypoxia and angiogenic status of the tumor cells in
the stiff GBM model

With our established 3D GBM model mimicking solid tumors
exhibiting resistance to standard GD2-CAR-T treatments, we explored
ways to enhance the therapeutic effect of CAR-T. We hypothesized that
heat shock (HS) and heat-inducible CAR-T cells might offer better
therapeutic effects due to a combined influence of heat on the tumor
microenvironment and stimulation of T-cell traffic. The rising temper-
ature in tissue, such as fever, has been shown to enhance immune sur-
veillance via promoting T cell trafficking [38,39], stimulating
antigen-specific T cell responses [40], and augmenting cytotoxic T cell
metabolism [41]. We aimed to mimic this physiological response by
exposing the tumor tissue to slightly higher temperatures (43 °C) in a
short duration (<15min), which is significantly above the fever range of
38 °C, to gain full control of our heat-inducible system without causing
damage to the tissues [42].

We first compared gene expressions of CW468 cells in the 3D stiff
model, with and without heat treatment, using RNA sequencing. The
heat treatment (43 °C for 15 min) was applied at the 24-hr and 48-hr
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Fig. 2. GD2-CAR-T evaluation in 3D bioprinted model. (A) A schematic of the standard GD2-CAR construct. (B) A schematic showing CAR-T cell treatment and
the measurement of cytotoxicity in 3D co-culture experiments. Standard CAR-T cells were co-cultured with Fluc-expressing U87 or CW468 cells at an E:T ratio of 1:1
in 3D soft and stiff models. Cytotoxicity measurement took place at 24 h, 48 h, and 72 h post T cell treatment. (C) Quantification of CAR-T cell-induced cytotoxicity in
U87 and CW468 cells within soft and stiff models. (D, E) Immunofluorescence staining and confocal imaging were performed on 72-hr soft and stiff samples. Cell
nuclei were counterstained with DAPI (blue), penetrated T cells were stained with a CD3 antibody (red), and cells undergoing apoptosis were stained with a Caspase-
3 antibody (white). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

marks, and cells were harvested at the 72-hr mark for RNA extraction
and sequencing. Transcriptome profiling revealed differences in CW468
expression cultured in 3D stiff models with and without heating
(Fig. 3A), and a Gene Set Enrichment Analysis (GSEA) showed a
decrease in mechanistic target of rapamycin (mTOR) complex 1
(mTORC1) signaling and hypoxia in heated CW468 cells (Fig. 3B). Both
pathways have been associated with GBM invasion [43], with hypoxia
as a GBM hallmark that triggers angiogenesis-related molecules,
contributing to immune escape, and the mTORC1 signaling pathways
also associated with cellular adaptation to hypoxic tumor microenvi-
ronments. To analyze our results further, we performed a Gene Ontology
(GO) biological pathway analysis and a KEGG pathway analysis with the
differentially expressed genes (DEGs) identified from the RNA
sequencing. This analysis confirmed the GSEA results that both hypoxia-
and angiogenesis-related pathways were enriched in the non-heated stiff
groups (Fig. 3C). Among the top DEGs, GBM-related protein-coding
genes like NDUFA4L2, ANGPTL4, LOXL2, NPTX1, L1CAM, and SLC27A3
were upregulated in the non-heated stiff group (Fig. 3D), indicating their
potential role in GBM progression, metastasis, and poor prognosis. A
hypoxia-inducible long-non-coding RNA, MIR210HG, is known to
contribute to GBM malignancy, as well as other tumor
progression-related genes, including SLC6A6, ANGPTL4, CA9, SLC18A3,
and ZFHX3, were also upregulated (Fig. 3D).

The majority of the genes associated with enriched pathways iden-
tified from RNA sequencing analysis were down-regulated in the heated
stiff group (Fig. 3E). This supports our premise that heating can mitigate
tumor progression pathways, suggesting a mechanistic basis for
enhanced tumor-killing capacity by heat-inducible CAR-T cells. How-
ever, we observed that the fold changes were relatively small, and no
significant pathways were identified in the heated group using upre-
gulated DEGs. This could be due to the heterogeneous nature of patient-
derived cells CW468 and the brief and transient heating scheme applied.

Nonetheless, our findings provide valuable insights into the tumor’s
response to heat, which promotes T-cell migration and is informative for
future therapeutic designs.

2.4. Heat-inducible GD2-CAR expression and its functionality in primary
human T cells in 2D tumor culture

Recurrent antigen-CAR stimulation can diminish the overall thera-
peutic efficacy of CAR-T therapies [5,44]. We hypothesized that genet-
ically engineered T cells with controllable and reversible GD2-CAR
expression, achieved by appending GD2-CAR to a 7-heat shock
element-promoter (7HE) [45] that can be activated by heat (Fig. 4A-B)
could offer a transient rest period for CAR-T cells, enhancing overall
therapeutic outcomes as previously reported [46]. We first tested the
inducibility and reversibility of the designed CAR gene cassette in pri-
mary human T cells using a 15 min, 43 °C HS pattern (Fig. 4C). At 6 h
post-HS, antibody staining revealed approximately 80 % of cells
expressed CAR, which decreased to 30 % at 24 h post-induction. In the
absence of heat, no CAR expression was detected, illustrating the low
leakage and high inducibility of our system (Fig. 4D-E). Our HS-CAR-T
cells can be repetitively induced where a second and third HS with the
same heating parameters can successfully induce the T cells to have
CAR-expression again (Figs. S4A-B). T cell growth and viability are not
affected by the repetitive heating (Figs. S4C-D), however, repetitive
heating has shown an effect to further activated T cells through CD69
expression, and grant CAR-T cells with cytotoxicity function with higher
Granzyme B and Perforin expressions (Fig. S4E). After co-culturing with
antigen-presenting U87 cells, CAR-T cells are further activated and
demonstrated much higher cytotoxicity functions (Fig. S4E).

The heat-inducible GD2-CAR-T cells (HS-CAR) were heated using the
same HS scheme and then co-cultured with Firefly luciferase (Fluc)-
expressing U87 GBM cells in a standard 96-well cell culture plate. The
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Fig. 3. Distinct transcription profiles in 3D stiff model with and without heating. (A) Volcano plot of transcriptional landscape comparing CW468 in 3D stiff
model without heating vs. CW468 in 3D stiff model with heating at 24 h and 48 h after printing. The x-axis shows the log2 transformed fold change, and the y-axis
shows the negative log-transformed adjusted p-value. n = 2 replicates per condition. (B) GSEA analysis of pathways enrichment comparing CW468 grown in the 3D
stiff model with (Blue) and without (Red) heating. Nominal P-value <0.05. mTorcl signaling pathway: NES = 1.47, Hypoxia: NES = 1.43. (C) Gene ontology (GO)
biological pathway terms (Left) and KEGG pathway terms (Right) enriched in CW468 in 3D stiff culture without heating. DEGs were selected using adjusted P < 0.05
and absolute log2FC > 0.58. (D) Heatmap of mRNA expression of top differentially expressed genes in CW468 in 3D stiff culture with and without heating. Cells were
collected after 72 h of culture in the 3D stiff structure with and without heating. Adjusted P < 0.05. The scale bar represents a normalized z-score. (E) log2
transformed fold change of representative genes related to hypoxia, angiogenesis, and mTorc1 signaling in CW468 in the 3D stiff model without heating vs. CW468 in
the 3D stiff model with heating. Positive log2 transformed fold change values show higher expression in CW468 in 3D stiff culture without heating. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

engineered T-cell cytotoxicity was assessed at varying effector-to-target significant difference between heat-inducible GD2-CAR-T and primary
(E:T) ratios. After a 24-hr 2D co-culture, the remaining tumor cells were human T cell cytotoxicity was observed at a 1:1 E:T ratio, which elim-
lysed, and luminescence was measured using a plate reader. Increased E: inated 70 % and 0 % of tumor cells, respectively (Fig. 4F). This E:T ratio
T ratios corresponded to enhanced T cell-mediated killing. The most was subsequently used in all following 2D and 3D co-culture
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Fluc-expressing U87 cells for 24 h. (G, H) HS-CAR (with and without HS), Negative CTRL and standard CAR (ST-CAR) were co-cultured with Fluc-expressing U87 (G)
or CW468 (H) cells at E:T of 1:1 for 24 h. Cytotoxicity percentage was calculated using the luminescence reading from three biological replicates of co-culture wells
divided by the readings of three biological replicates with no T cells added. Statistical differences were analyzed using Two-way ANOVA.

experiments.

We also compared the cytotoxicity of our heat-inducible GD2-CAR-T
cells and the standard GD2-CAR-T when co-cultured with U87 or CW468
in 2D with 1:1 E:T ratio. Although HS induced a significantly enhanced
killing of both tumor cell types by HS-CAR, standard CAR-T cells showed
higher cytotoxicity (Fig. 4G-H). The above results demonstrated that the
HS-responsive GD2-CAR can efficiently kill tumor cells. However, as
expected, with only one round of HS, the killing efficacy of the HS CAR
was weaker than that of the constitutive CAR when cultured in a 2D
environment, which can be further tuned by repeated heating.

2.5. Heat-inducible CAR-T cells overcome adverse mechanical tumor
microenvironments

Finally, we investigated the therapeutic effects of HS-responsive
CAR-T cells in the bioprinted models with different mechanical envi-
ronments. We implemented a regimen of repeated heating (initial
heating at 0 h, subsequent heating at 24 and 48 h) with the initial
heating applied solely to HS-CAR-T cells and the subsequent heat shocks
applied to co-culture plates containing both HS-CAR-T cells and tumor

cells. Cytotoxicity was assessed at 24-, 48-, and 72-hr post-co-culture
(Fig. 5A).

The implemented heating protocol resulted in no significant alter-
ation in the structure or pore sizes of the stiff hydrogel (Fig. 5B-C).
Stiffness and porosity measurements for both stiff and soft models
further confirmed that repetitive heating induced no significant changes
(Figs. SSA-B). Despite the lack of significant alterations in mechanical
properties, enhanced cytotoxicity was observed in HS-CAR-T cells in
both models following heating. This increased tumor eliminating effi-
cacy may be attributed to heat-induced alterations in tumor cells and
improvements in T cell trafficking or penetration into the ECM.

After 72 h of co-culture with 3D tumor models under repeated
heating, HS-CAR-T cells demonstrated significantly higher tumor elim-
ination than standard CAR-T cells in the 3D stiff models using both U87
and CW468 cell lines (Fig. 5D, Fig. S6A). This presented a notable
contrast to the results from 2D co-cultures, where HS-CAR exhibited
lower cytotoxicity compared to standard CAR-T cells. This disparity may
be attributed to the shorter duration of the 2D killing experiments and
the one-shot HS pattern, while the HS-CAR-T cells, which exhibited
reversible CAR expression, induced higher cytotoxicity as the co-culture
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Fig. 5. (A) Schematic of heat shocks and cytotoxicity measurement in 3D co-culture experiments. The 1st heating was performed on HS-CAR-T cells only, and 2nd
and 3rd heating was performed on HS-CAR-T cells with tumor cells in 3D. ((B) SEM images of stiff gel with (Stiff + Heat) or without (Stiff) heating. (C) Quantification
of pore sizes of Stiff and Stiff + Heated from B. (D-G) HS-CAR (with HS), and standard CAR (ST-CAR) were co-cultured with Fluc-expressing U87 or CW468 cells at E:
T of 1:1 following setup depicted in a. in a 3D stiff model. Cytotoxicity measurement was performed 24-, 48-, and 72-hr of ST-CAR with U87 cultured in the stiff
model and HS-CAR with U87 cultured in the stiff model with HS (D). Immunofluorescence staining and confocal imaging (E) were performed on 72 h of stiff samples,
and quantification of CD3™ cell number (F) and caspase-3+ cells (G) was performed using ImageJ. Cell nuclei were stained with DAPI (blue), penetrated T cells were
stained with CD3 antibody (Red), and cells undergoing apoptosis were stained with caspase-3 antibody (White). Statistical differences were determined using the
two-tailed Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

duration extended.

We subsequently assessed the cell growth and viability of both U87
and CW468 tumor cells in the heated and non-heated control models.
Our findings indicated no significant differences, suggesting that the

applied heating does not directly eradicate tumor cells in our model
(Figs. S6B—C). Immunofluorescent staining of CD3" T cells revealed a
much higher population of infiltrating T cells in the 3D stiff model with
heating for both cell types (Fig. SE-F).
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Upon examining the z-scan images of infiltrated CAR-T cells with and
without repetitive HS stimulation, we observed that HS-CAR-T cells
more effectively infiltrated the stiff scaffold, with many T cells reaching
up to 100 pm beneath the gel surface (Fig. S6D). Additionally, the
heating process appears not to affect T cell adhesion to the extracellular
matrix (ECM), as CD29 levels remained unchanged (Figs. S6E-F).
Increased caspase-3 staining confirmed that more cells were undergoing
apoptosis in the heated 3D stiff models than in non-heated 3D stiff
models for both cell types (Fig. 5SE-G).

In the 3D soft models, the cytotoxicity and T cell penetration were
also enhanced in the HS-CAR-T groups (Fig. 6A-E), but the differences
were not as significant as those observed in the 3D stiff models, possibly
due to the already high killing efficacies of around 80 % of both U87 and
CW468 in the 3D soft models by constitutive GD2-CAR-T cells. In
conclusion, our HS-CAR-T cells and the heating scheme have shown
higher T cell penetration into the pathology-mimicking 3D stiff
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environment, demonstrated higher anti-tumor activities, and overcame
standard CAR-T cell therapy resistance in the adverse mechanical
microenvironment.

3. Conclusion

Given the challenges associated with creating consistent in vivo GBM
models with finely tuned mechanical properties, we employed a DLP
bioprinting system to fabricate 3D GBM models with differing matrix
stiffness. Our study introduces a novel method for assessing the thera-
peutic potential of CAR-T cells in solid tumors via physiologically rele-
vant 3D bioprinting, and our findings highlighted that the stiffer models
more accurately replicated the pathological conditions associated with
brain tumors than their softer counterparts, as demonstrated by signif-
icantly reduced pore sizes and potentially quiescent tumor cells. Stiff
models also exhibited resistance to standard CAR-T cell therapy, similar
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Fig. 6. HS-CAR and ST-CAR were co-cultured with Fluc-expressing U87 or CW468 cells at E:T of 1:1 following the setup depicted in Fig. 4a in the 3D soft model. (A)
Cytotoxicity measurements were performed at 24-, 48-, and 72-hr intervals for ST-CAR co-cultured with U87 cells and HS-CAR co-cultured with U87 cells in the 3D
soft model with HS. (B) Cytotoxicity measurements were taken after 72 h for ST-CAR co-cultured with CW468 cells in the 3D soft model, and HS-CAR co-cultured
with CW468 cells in the 3D soft model with HS. (C-E) Immunofluorescence staining and confocal imaging (C) were performed on 72-hr soft samples, and quanti-
fication of CD3™" cell numbers (D) and the percentage of caspase-3+ cells (E) were performed using ImageJ. Cell nuclei were stained with DAPI (blue), T cells were
stained with a CD3 antibody (red), and cells undergoing apoptosis were stained with a caspase-3 antibody (white). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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to that observed in real solid tumors, indicated by diminished cytotoxic
effects compared to both 2D cultures and softer models. This resistance
could be attributed to reduced T-cell penetration and the enrichment of
specific gene expression pathways under stiffer conditions.

Despite CAR-T cells’ potential as transformative cancer therapies,
their risk of “on-target, off-tumor” toxicity remains a significant
concern, potentially harming non-malignant tissues [47,48]. To address
this, various strategies for remotely controlling CAR-T cell activation
have been explored, such as heat shock and ultrasound-induced acti-
vation, to mitigate risks and enhance safety [42,49]. To combat the
insufficient tumor eradication observed with standard GD2-CAR-T cells
in stiff tumors, we thus incorporated a strategy involving genetically
modified T-cells to allow for controllable and reversible GD2-CAR
expression via a heat-inducible promoter.

We demonstrated that heating significantly reduced hypoxia and
mTORCI signaling in tumor cells in our 3D bioprinted stiff models. The
genes involved in these pathways have been associated with GBM pro-
gression, increased metastasis, and poor prognosis. Next, with the design
of heat-shock promoter-driven GD2-CAR-T cells in 2D experiments, our
HS-GD2-CAR has demonstrated the significant killing difference of
GBMs employed with and without HS due to GD2-CAR induction dif-
ference upon heat shock. Remarkably, these cells displayed significantly
enhanced tumor ECM penetrating capability and tumor cell killing in 3D
environments following HS induction, especially in stiff conditions
mimicking solid tumors. This result suggests the potential that our HS-
CAR-T cells will benefit from long-term efficacy as its nature renders
antigen-CAR interaction for a controlled time frame, allowing minimal T
cells exhaustion and optimal therapeutic efficacy in the future. When
these heat-inducible CAR-T cells were applied to our 3D bioprinted
models, repeated heating led to a substantially higher tumor eradication
level than standard CAR-T cells, particularly in the stiffer models. This
enhancement was not due to direct cell killing by heat but instead
resulted from increased T-cell penetration into the extracellular matrix.
These results indicate that heat-inducible CAR-T cells, coupled with
heating, can mitigate the solid tumor-like conditions of stiff models,
enhance T cell penetration, and suppress tumor-promoting gene
expression pathways, thereby boosting the efficacy of CAR-T cell ther-
apy in GBMs.

In this study, we have focused primarily on ECM stiffness, a critical
feature of solid tumor. Future iterations could integrate additional
tumor microenvironment aspects, such as immune cell infiltration,
inflammation, and other ECM components, to refine our model.
Nevertheless, our 3D bioprinting approach successfully recapitulates the
challenges of CAR-T cell infiltration and efficacy in solid tumors and
inspired the development of HS-CAR-T. This demostrates the potential
of our biomimetic model as a platform for evaluating and optimizing
solid tumor-targeting CAR-T cell therapies in a physiologically relevant
setting.

4. Materials and methods
4.1. Bioink preparation

GelMA was synthesized using Type A, gel strength 300 gelatin
derived from porcine skin (Sigma Aldrich cat #: G2500). Briefly, a 10 %
(w/v) solution of gelatin was prepared by dissolving gelatin in a 3:7
carbonate-bicarbonate buffer solution (pH ~9) at 50 °C. To achieve a 95
% degree of methacrylatetion, methacrylic anhydride was gradually
added at a rate of 0.1 mL/(g of gelatin). This reaction proceeded for an
hour at 50 °C. Following synthesis, the solutions were dialyzed at 42 °C
for up to a week, frozen at —80 °C overnight, and lyophilized for up to
72 h. The degree of methacrylatetion was measured using proton NMR
(Bruker, 600 MHz). GMHA was synthesized using 200 kDa hyaluronic
acid (HA, Lifecare Biomedicals). HA was dissolved in deionized water at
a concentration of 1 % overnight with stirring. On the next day, trie-
thylamine and glycidyl methacrylate were sequentially added to the
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mixture dropwise and stirred overnight in the dark. GMHA was then
precipitated with 4 L/(g of HA) of acetone and redissolved in deionized
water at a concentration of 1 %. The resuspended GMHA solution was
dialyzed at room temperature for 12 h, frozen at —80 °C overnight, and
lyophilized for up to 72 h. The lyophilized GelMA and GMHA were then
stored at —80 °C and reconstituted to a stock solution of 20 % (w/v) and
4 % (w/v) before printing. Both solutions were subjected to sterilization
using 0.22 pm filters before mixing with cells (Millipore). Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, TCI Chemical) was
dissolved in DPBS to a stock solution of 4 % (w/v) and stored at 4 °C.

4.2. Cell culture

Human GBM U87 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, 11995115) supplemented with 10 % fetal
bovine serum (FBS) (Gibco, 10438026) and 1 % penicillin-streptomycin
(P/S) (Gibco, 15140122). Primary human T cells were cultured in
X-VIVO 15 (LONZA, 04-418Q) supplemented with 5 % FBS, 1 % P/S, 50
uM 2-Mercaptoethanol (Gibco, 31350010), and 100 U/ml recombinant
human IL-2 (PeproTech, 200-02). Patient-derived GBM CW468 cells
gifted by Dr. Jeremy Rich Lab were cultured in suspension-culture flasks
with Neurobasal medium supplemented with 1x B27 minus Vitamin A,
1x Glutamax, 1x sodium pyruvate, 1x P/S, 10 ng/mL basic human
fibroblast growth factor (bFGF), and 10 ng/mL human epidermal
growth factor (EGF). CW468 cells were passaged using Accutase
(Stemcell Technology).

4.3. Bioprinting of tumor models

For cellular printing, tumor cells were digested with TrypLE (U87
cells) or Accutase (CW468 cells). For all 3D samples, the tumor cells
were resuspended to a cell density of 4 x 107 cells/mL. Prepolymer
printing solution was prepared by diluting the stock solution of GelMA,
GMHA, and LAP in DPBS to a final concentration of 10 %, 0.2 %, and 0.3
% for the soft condition, and 15 %, 0.2 %, and 0.6 % for the stiff con-
dition. The cell suspension and prepolymer printing solution were mixed
at a 1:1 ratio immediately before printing. The cellular-prepolymer so-
lution was loaded onto a glass slide with PDMS spacers to control the
thickness of the samples. The light intensity of the bioprinting setup was
adjusted accordingly for the soft and the stiff models, at 11 mW/cm? and
24 mW/cm?, respectively. For each sample, 5 pL of cellular-prepolymer
solution was used, resulting in a final cell number of 1 x 10° cells/
sample. The thickness of the sample was printed as 500 pm. Printed
constructs were rinsed with DPBS and cultured in the cell culture me-
dium at 37 °C.

4.4. Mechanical testing

The prepolymer solution was prepared as described. Pillar structures
with 500 pm thickness and a diameter of 500 pm were printed. The
printed samples were incubated overnight. The compressive modulus of
the samples was then measured using MicroTester (CellScale). Briefly,
stainless steel beams and platens were assembled and used to compress
the bioprinted samples at 50 pm three times. The final compressing data
was used for analysis. Customized MATLAB scripts were utilized to
derive the compressive modulus from the force and displacement data.

The porosity of the hydrogels was measured using the following
protocol. First, the hydrogels were fabricated and subsequently incu-
bated in PBS. The incubation process varied depending on the experi-
mental group: samples in the non-heated group were soaked in PBS
without additional treatment, while samples in the heated group were
subjected to heating cycles at 24-h intervals for a total of three sessions.
After incubation, all hydrogels were freeze-dried for 72 h. The dry
weight of the samples Wy was recorded. Subsequently, these dried
samples were immersed in ethanol overnight to ensure complete satu-
ration. The weight of the ethanol-saturated samples Wy was then



M. Tang et al.

determined. The porosity of each hydrogel sample was calculated using
the equation:

(Ws _ Wd)

100%
oV x 100%

(€Y

Porosity =

4.5. Cloning

Plasmids used in this work are cloned using Gibson Assembly (NEB,
E2611L). PCR was performed using Q5 DNA polymerase (NEB, M0491)
and synthesized primers (Integrated DNA Technologies). Constructed
plasmid sequences were verified by Sanger sequencing (Genewiz).

4.6. Human primary T cell isolation, transduction, and cell sorting

Human peripheral blood mononuclear cells (PBMC) were isolated
from buffy coats (San Diego Blood Bank) using a lymphocyte separation
medium (Corning, 25-072-CV). Primary human T cells were further
isolated from PBMC using the Pan T Cell Isolation Kit (Miltenyi, 130-
096-535). Isolated primary human T cells were activated with Dyna-
beads Human T-Expander CD3/CD28 (Gibco, 11141D) at 1:1 cells-to-
beads ratio. T cell spiculations were conducted 48 h after Dyna beads
activation, in which activated T cells with lentivirus at the multiplicity
of infection (MOI) = 10 were mixed and put into well plates pre-coated
with Retronectin (Takara, T100B), followed by centrifugation at 1800g
32 °C for 1 h. Following the three-day culture, fluorescence-activated
cell sorting (FACS) was performed with SONY SH800S Cell Sorter.

4.7. Staining, flow cytometry, and quantification of CAR expression in
primary human T cells

Staining of cell surface CAR expression for flow cytometry was per-
formed using Alexa Fluor® 647 AffiniPure F(ab’). Fragment Goat Anti-
Mouse IgG (H + L) (Jackson ImmunoResearch Laboratories Inc. 115-
606-062) following manufacture protocols. Staining of surface marker
CD69 expression was performed using APC anti-human CD69 Antibody
(BioLegend), and intracellular staining of Granzyme B and perforin
expression were performed using Alexa Fluor® 647 anti-human/mouse
Granzyme B Antibody and Alexa Fluor® 488 anti-human Perforin
Antibody (BioLegend) for flow cytometry measurments. Cells were
washed and stained using 1:100 antibody dilution in 100 pl PBS, incu-
bated in the dark at room temperature for 30 min, and washed three
times before flow cytometry analysis (BD Accuri C6). Gating was based
on non-engineered cells with the same staining. Flow cytometry data
were analyzed using FlowJo software (FlowJo).

4.8. 2D co-culture and heat shock

For Fig. 3c heating, a thermos cycler (Bio-Rad, 1851148) was used to
heat the HS-CAR-T cells at a concentration of 0.5-1 million cells per 50
pl per PCR tube at 43 °C for 15 min. Heated cells were returned to co-
culture with indicated E:T ratios with U87 or CW468 under standard
conditions.

4.9. 3D co-culture and heat shock

For the first heating in Fig. 4a, a thermos cycler (Bio-Rad, 1851148)
was used to heat the HS-CAR-T cells at a concentration of 0.5-1 million
cells per 50 pl per PCR tube at 43 °C for 15 min. Heated cells were
returned to co-culture with 1:1 E:T ratio with U87 or CW468 cultured in
3D bioprinted models. For the second and third heating in Fig. 4a, plates
containing co-cultured models with T cells were heated using a water
bath at 43 °C for 15 min. Heated co-cultures were returned to standard
cell culture conditions after each heating.
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4.10. 2D and 3D cell proliferation and viability measurement

Fluc + U87 cells or Fluc + CW468 cells were cultured with indicated
conditions and duration. E:T ratio was calculated by the seeding number
of tumor cells and added on the same day after printing or cell seeding to
account for the growth. Cells were lysed and luciferase readings were
collected to assess cell proliferation. For 2D cultures: in the U87 cell co-
culture, the media were aspirated and replaced with 200 pL of 1X cell
lysis buffer (Promega, E1531), and in the CW468 cell co-culture, the
media were retained, and 100 pL of 2X cell lysis buffer were added. The
samples were then incubated at room temperature for 15 min. For 3D
cultures, the hydrogel was washed once using PBS and dissolved using
collagenase (Sigma, C6885, 1500U/ml in HBSS) for 15 min under 37 °C,
and cells were pelleted subsequently. Pelleted cells were resuspended
using 1X cell lysis buffer. The luminescence of each specimen was then
assessed using the One-Glo Luciferase Assay System (Promega, E6110),
adhering to the manufacturer’s guidelines. The growth percentage of the
sample was determined by percentage change from 24-hr reference. T
cell growth with and without HS were monitored using Nexcelom
Cellometer K2 Cell Counter at 0 h, 24 h, 48 h, and 72 h.

Cell viability was measured using the LIVE/DEAD™ Cell Imaging Kit
(488/570) and a confocal microscope (Leica). Live or dead cell number
was counted using ImagelJ. Viability was calculated by dividing live cells
counted over live plus dead cells counted. T cell viability with and
without HS was measured using AOPI with Nexcelom Cellometer K2 Cell
Counter at 24 h, 48 h, and 72 h.

4.11. 2D and 3D cytotoxicity measurement

Fluc + U87 cells or CW468 cells grown on 2D or 3D bioprinted
models were seeded with engineered primary human T cells following
indicated heat shock and E:T ratios; control groups without T cells were
included. The mixtures were subsequently grown in standard culture
conditions. For 2D cytotoxicity measurement: in the U87 cell co-culture,
the media were aspirated and replaced with 200 pL of 1X cell lysis buffer
(Promega, E1531), and in the CW468 cell co-culture, the media were
retained, and 100 pL of 2X cell lysis buffer were added. The samples
were then incubated at room temperature for 15 min. For 3D cytotox-
icity measurement, the hydrogel was washed once using PBS and dis-
solved using collagenase (Sigma, C6885, 1500U/ml in HBSS) for 15 min
under 37 °C, and cells were pelleted subsequently. Pelleted cells were
resuspended using 1X cell lysis buffer. The luminescence of each spec-
imen was then assessed using the One-Glo Luciferase Assay System
(Promega, E6110), adhering to the manufacturer’s guidelines. The
cytotoxicity percentage of the sample was determined by formula (1 —
luminescence of killing group/luminescence of control group) multi-
plied by 100 %.

4.12. SEM

Bioprinted samples were incubated overnight and snap-frozen in
liquid nitrogen. The frozen samples were lyophilized for 24 h. Before
SEM imaging, the freeze-dried samples were coated with iridium using a
sputter coater (Emitech). Microscopic patterns of the bioprinted struc-
tures were then observed and captured using a scanning electron mi-
croscope (Zeiss).

4.13. Immunofluorescent staining and confocal imaging

Bioprinted samples (both soft and stiff) co-cultured with standard
CAR-T or HS-CAR-T cells were rinsed with DPBS three times and fixed
with 4 % paraformaldehyde for 1 h at room temperature. The block/
permeabilization solution consisted of 5 % bovine serum albumin (BSA,
Gemini Bio-Products) and 0.1 % Triton X-100 (Promega) in DPBS. The
fixed samples were blocked/permeabilized for an hr at room tempera-
ture. The primary antibodies, including CD3 (Invitrogen), CD29
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(Invitrogen), and Caspase-3 (Cell Signaling Technology), were diluted at
a ratio of 1:100 in the staining buffer (BioLegend). The samples were
incubated in this primary antibody mixture overnight at 4 °C. Following
this, the structures were rinsed three times with DPBS supplemented
with 0.05 % Tween 20 (PBST) at room temperature. Secondary Alexa
Fluor-conjugated antibodies (1:200; Cell Signaling Technology) and
DAPI (1:1000) were diluted in the staining buffer. The samples were
then left to incubate in the secondary antibody and counterstain mix-
tures for 1 h in the dark at room temperature. The structures were rinsed
three times again with PBST. After the last rinse, the samples were
immersed in a DPBS containing 0.05 % sodium azide (Alfa Aesar). A
confocal microscope (Leica) was used for capturing images, with the
same settings maintained for each primary antibody. Quantifications of
the mean fluorescence intensity are performed using ImageJ. Z-scan
images are reconstructed using 3D volume viewer in ImageJ.

4.14. RNA extraction and RNA sequencing

CW468 cells were extracted from the printed structures by digesting
the hydrogels using collagenase type II (Sigma-Aldrich). Cell lysates
were then prepared by mixing TRIzol reagent (Life Technologies) with
the tumor cell pellets. The Direct-zol RNA MicroPrep Kit (Zymo) was
used to extract the total RNA from each sample. The RNA concentrations
in each sample were then assessed using a Tecan plate reader after
resuspending the RNA in RNase-free water. After evaluation, the RNA
samples were stored at —80 °C before library preparation and
sequencing. For all samples, paired-end FASTQ sequencing reads were
produced on Illumina NovaSeq 6000 (Novogene).

For RNA sequencing analysis, to trim and filter low-quality reads, we
used Trim Galore (v0.6.5, https://github.com/FelixKrueger/Tri
mGalore). After quality control using fastqc, each fastq file was map-
ped to the human hg38 genome with gene annotation from GENCODE
version 33, and transcript numbers were quantified using Salmon
(https://combine-lab.github.io/salmon/). Differentially expressed gene
analysis was performed using the edgeR (version 4.3) package. Signifi-
cant DEGs were determined by a false discovery rate <0.05 and an ab-
solute value of log2FC greater than 0.58. Gene ontology terms were
identified using DAVID Bioinformatics Resources, and gene set enrich-
ment analysis was performed with the GSEA desktop application (http
://software.broadinstitute.org/gsea/downloads.jsp) and the molecular
signatures database.

4.15. Statistical analysis

Statistical analyses were performed using Prism software (Graph-
Pad). Detailed analysis descriptions were included in corresponding
figure captions.
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