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Abstract

The complex tumor microenvironment (TME) presents significant challenges to the
development of effective therapies against solid tumors, highlighting the need for advanced in
vitro models that better recapitulate TME biology. To address this, we developed a vascularized
human liver tumor model using a microfluidic platform, designed to test both drug and cell-
based therapies. This model mimics critical tumorigenic features such as hypoxia, extracellular
matrix (ECM), and perfusable vascular networks. Intravascular administration of Sorafenib
demonstrated its ability to disrupt vascular structures significantly, while eliciting
heterogeneous responses in two distinct liver tumor cell lines, HepG2 and Hep3b. Furthermore,
treatment with engineered T-cells revealed that the tumor vasculature impeded T-cell
infiltration into the tumor core but preserved their cytotoxic capacity, albeit with reduced
exhaustion levels. Cytokine analysis and spatial profiling of vascularized tumor samples
identified proinflammatory factors that may enhance T-cell-mediated antitumor responses. By
capturing key TME characteristics, this microfluidic platform provides a powerful tool
enabling detailed investigation of tumor-immune and tumor-vascular interactions. Its
versatility could serve as a promising bridge between preclinical studies and clinical testing,
offering opportunities for developing and optimizing personalized therapeutic strategies for
solid tumors.

Keywords

Liver cancer, tumor microenvironment, chemotherapy, immunotherapy, microfluidics

## NUS Confidential ##



65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

Introduction

Hepatocellular carcinoma (HCC) accounts for 70% of liver cancer diagnoses globally and is
the sixth leading cause of cancer-related deaths[1, 2]. Patients diagnosed at an early stage are
eligible for surgical resection, local ablation, or liver transplantation[3]. However, most
patients present with advanced-stage disease, necessitating chemotherapy[4-7]. Acquired
resistance to these standard drug treatments is often inevitable, driving the need for a new
standard of care for refractory tumors[8, 9]. In the last few decades, cancer management has
undergone a revolutionary transformation through the advent of immunotherapy. Adoptive cell
therapy using chimeric antigen receptor T-cells (CAR-T) and receptor-modified T-cells (TCR-
T) has shown preliminary efficacy in phase I/11 clinical trials[10-13]. Although these innovative
therapies have obvious scientific promise, successful clinical translation is far from certain as
obstacles within the solid tumor microenvironment (TME), such as tissue fibrosis,
inflammatory milieu, hypoxia, and tumor-associated vasculature, often alter the performance
of these engineered T-cells.

The TME serves as a multifaceted canvas that regulates the interactions between tumors and
other surrounding cell types. The intricate composition of the HCC TME includes endothelial
cells, tumor cells, immune cells, and fibroblasts, forming a dynamic ecosystem within the
native extracellular matrix (ECM) that influences therapeutic responses[14]. Signaling
molecules are released in response to cell-cell and cell-ECM interactions, driving tumor cells
to evade immune surveillance. The uncontrolled proliferation of tumor cells results in the
development of a hypoxic TME, which subsequently drives tumor angiogenesis[15, 16].
Tumor-associated vasculature controls the infiltration of effector T-cells into inflammatory
sites to rapidly execute cytolysis[17, 18]. Therefore, recognizing the significance of the impact
of TME stressors on T-cells is crucial for enhancing adoptive cell therapy and improving the
survival rates of patients with HCC.

Two-dimensional (2D) cultures inadequately represent numerous aspects of the TME,
including 3D tissue architecture, cellular heterogeneity and polarity, and gradients of soluble
factors, such as nutrients, cytokines, and oxygen[19]. Three-dimensional (3D)
microphysiological organotypic models, or organ-on-chips, have been developed to overcome
these limitations in recapitulating TME features and enable the observation of the dynamics of
tumor-stroma interactions. These platforms offer a controlled environment to dissect the role
of specific cues in tumor response, overcoming the inherent complexity of in vivo models.
Recent studies have designed microphysiological models to assess and improve the
effectiveness of immunotherapies, including immune checkpoint inhibitors, adoptive cell
therapy, and epigenetic inhibitors[20, 21]. In particular, vascularized tumor models are
promising for examining heterotypic cellular interactions related to disease progression and for
therapeutic screening[22, 23]. Recently, we have seen great research efforts toward developing
vascularized tumor models for drug screening[24-26] and immune cell responses[27-31],
thereby highlighting the significance of investigating TME modulation of therapeutic strategies
with direct clinical implications. However, to the best of our knowledge, the specific role of
the tumor-associated vasculature in altering drug response and immune cell effector functions
within the HCC tumor microenvironment remains elusive, thereby highlighting the need for
further investigation.

Here, we introduce a microphysiological system designed for culturing and vascularizing HCC
spheroids (HepG2 and Hep3b) within a 3D fibrin-collagen matrix to assess drug responses and
engineered T-cell therapeutic efficacy in the presence or absence of vasculature. We aimed to
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recapitulate key features of the HCC tumor microenvironment (TME), including (1) a hypoxic
tumor core, (2) a tumorigenic extracellular matrix (ECM) niche, and (3) perfusable vascular
networks. We tested the efficacy of Sorafenib in this tumor model to heterogeneity in drug
responses between the tumor variants. Finally, we expanded the capabilities of our model by
incorporating two distinct types of engineered T cells: TCR-T (T-cell receptor therapy)) cells
and CAR-T (chimeric antigen receptor T-cell therapy) cells. This allowed us to investigate the
complex interplay between engineered T cells and the tumor vasculature. Our findings
confirmed the dual role of the vasculature in both enhancing and suppressing T cell effector
functions, highlighting the importance of considering the tumor microenvironment in the
development of T cell-based therapies.

Results

Microphysiological models of liver tumor integrating a functional vasculature

In this study, we utilized a commercially available microfluidic platform (OrganiX™, AIM
Biotech) to construct a microphysiological model of vascularized liver tumors (Fig. 1A). Two
types of liver tumors were used to form spheroids: (i) HBV-infected liver cancer with HepG2-
PreS1-GFP (HepG2), expressing the HBV envelope protein linked to GFP, which is targeted
by TCR+T cells[12, 13] and (ii) Hep3b, characterized by high endogenous levels of CD133,
which is targeted by CD133+ CAR-T cells[10, 32]. The dimensions of spheroids generated
using the hanging drop technique were carefully optimized by varying the number of cells in
the initial cell suspension. The diameters were ensured to be greater than 500 um to recapitulate
a hypoxic core (Fig. S1). Spheroids were mixed in a collagen and fibrin solution and injected
into the central gel region of OrganiX to form an ECM-mimicking hydrogel. Each tumor
spheroid was cultured either alone or in combination with human umbilical vein endothelial
cells (HUVECSs) and normal human lung fibroblasts (NHLF) at a ratio of 4:1, which self-
assembled into a vascular network. Vascularized spheroids of both liver tumor cell lines were
formed within 7 days of co-culture.

A qualitative assessment of vessel perfusability using 70 kDa fluorescently labeled dextran and
time-lapse confocal imaging revealed that the fluorescent probes penetrated efficiently,
reaching the tumor periphery within 30 min (Fig. 1B). Quantification of the permeability
coefficients of vessels surrounding both the HepG2 and Hep3b tumor spheroids yielded values
in the range of 1.6-1.9 x 10" cm/s (Fig. 1C). Vasculature coverage over time was measured as
a percentage of the area of the vasculature in four different regions of interest (ROI) (Fig. 1D):
(1) over the entire ROI excluding the tumor area (referred to as the ECM region), (2) at the
proximal (<300 um from the spheroid center), (3) distal (>300-1000 pm from the spheroid
center) regions of the spheroid, and (4) within the whole tumor spheroid (TS) region. In the
ECM region, the vasculature coverage around HepG2 was 20.19 + 2.88%, and for Hep3b
spheroids, it was 10.21 + 4.86% (Fig. 1E). Over time, we observed that the coverage values
increased and peaked by day 4, remaining almost constant afterward for both liver tumor
variants. By day 7, no significant differences in vasculature coverage were observed in the
ECM regions of HepG2 and Hep3b spheroids. The initial difference in coverage could be due
to the variability in seeding or differences in the distribution of HUVECs and nHLFs within
the ECM region. In-depth analysis to assess the localized effects of the tumor spheroid on the
vasculature showed that the Hep3b spheroids possessed a significantly higher vasculature
coverage at proximal regions than at distal regions (Fig. 1F). In contrast, HepG2 spheroids
presented lower vasculature coverage in proximal regions than in distal regions. Furthermore,
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the vasculature was observed to penetrate more significantly into Hep3b spheroids (Fig. 1G).
In HepG2 tumors, vessels were mainly organized around the periphery of the spheroid.
Quantification of vasculature coverage within Hep3b (11.89 + 1.76%) spheroids was
significantly higher in comparison to the HepG2 (3.68 + 3.15%) spheroids (Fig. 1H), thereby
confirming our observations from the images. We also observed the lumen diameters of vessels
surrounding the Hep3b spheroids were significantly larger (85.91 + 25.81 um) compared to
those surrounding HepG2 spheroids (58.11 + 20.58 um) (Fig. S2). Overall, our model
demonstrated how the organization of tumor-associated vasculature can vary within distinct
liver tumor subtypes. With a greater capacity to attract endothelial cells and, subsequently,
promote matrix remodeling, Hep3b tumors may more closely resemble the in vivo
characteristics of human liver tumors than HepG2 tumors.
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Fig. 1: Microphysiological system with vascularized HCC spheroids. (A) Schematic representation of the
workflow for the development of a 3D in vitro vascularized tumor model. HCC cells were cultured in hanging
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drops to form HCC tumor spheroids. The spheroids, HUVECs, and NHLFs were suspended in a collagen-fibrin
solution and injected into the middle region of the microfluidic device flanked by two lateral fluidic channels
containing cell culture media. HUVECs and NHLFs self-assembled to form a vascular network around the HCC
spheroids to perfuse media, drugs, and cells; (B) Representative confocal images at different time points after
perfusion of the vascularized Hep3b spheroids with 70 kDa fluorescently labeled dextran. Scale bar = 500 um;
(C) Quantification of permeability coefficients of 70 kDa dextran perfused within vascularized tumor models
developed with Hep3b (blue) and HepG2 (red) spheroids; (D) Image representation of various regions under
consideration for analysis of vasculature coverage. Scale bar = 200 um. The area (%) of the GFP signal was
quantified within the tumor spheroid (TS), proximal (<500 um from the spheroid edge), distal (500-1000 pum from
the spheroid edge), and ECM region, total area of the ROI of the image excluding the spheroid area; (E)
Vasculature coverage (%) over time in the ECM region. X-axis represents time in days (‘D”); (F) Proximal and
distal analysis of the vasculature coverage in Hep3b (in blue) and HepG2 (in red) spheroids; (G)
Immunofluorescence staining of spheroids for markers, Pan-CK (green) and CD31 (red). Scale bar =200 pum; (H)
Quantification of vasculature coverage within the tumor spheroid (TS) region. Data are presented as mean +
standard error of the mean (SEM) of n independent replicates, n > 3. Statistical significance was determined using
Student’s t-test with a confidence level of o = 0.05. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p <
0.0001.

Vasculature penetration into tumor spheroids alters intratumoral hypoxia levels

Next, we investigated the impact of tumor-endothelial interactions on various tumor
characteristics such as size, proliferation, apoptosis, and hypoxia (Fig. 2A). Spheroid sizes were
observed and quantified on day 7 of culture, relative to day 1. In both HepG2 and Hep3b tumor
spheroids, vascular networks did not significantly alter the relative tumor area (Fig. 2B, C). We
further assessed changes in tumor characteristics such as proliferation, apoptosis and
intratumoral hypoxia (Fig. 2D). Vascularized tumors were observed to have highly
proliferative cells in comparison to their avascular counterparts (Fig. 2E). No significant
differences in caspase-3 levels were observed between vascularized and avascular tumors (Fig.
2E). HIF1a staining demonstrated a notable decline in hypoxia levels within vascularized
Hep3b and HepG2 spheroids compared to their non-vascularized tumors (Fig. 2F). In summary,
we showed that our experimental platform can be used to reveal alterations in tumor properties
based on microenvironmental composition.
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Fig. 2: Effect of the Vasculature on HCC tumor characteristics. (A) Schematic representation of the
parameters used to characterize the effect of vasculature on tumor spheroid. (B) Changes in tumor size in the
presence or absence of vasculature. The yellow line represents tumor size measured 1 day post seeding in the
device, and the red line indicates the change in tumor area 7 days post seeding. Scale bar = 200 um; (C)
Quantification of relative tumor growth (area of tumor at day 7/area of tumor at day 1) based on measurements
from (B); (D) Vascularized and avascular HepG2 and Hep3b tumor cryosections (10 pum thickness) stained for
Ki67 (yellow), Caspase-3 (blue) and HIFla (cyan). Nuclei were labelled with DAPI (white/gray) and the
vasculature was visualized using the GFP channel (red). Scale bar = 100 um; Quantification of (E) Ki67+ (%),
(F) cleaved caspase-3+ (Cas3+) (%) and (G) Hifla+ (%) cells within the tumor region. Data represented as mean
+ SEM of n independent replicates where n > 3. Statistical significance was determined by Student t-test with a
confidence level o =0.05. * =p <0.05, ** =p <0.01, *** =p <0.001, **** =p <0.0001.

Impact of Tumor Vascularization on Chemotherapy Efficacy

Sorafenib is a multi-target tyrosine kinase inhibitor that is commonly administered as first-line
therapy for patients with advanced HCC owing to its antiangiogenic and antiproliferative
effects[4, 33]. It suppresses the proliferation of tumor cells by inhibiting Raf-1 kinase in the
RAS/RAF/MEK/ERK signaling pathway[34]. It also reduces tumor vascularization and
vascular endothelial growth factor (VEGF) production by inhibiting HIF-1a protein
production[35]. Substantial data and clinical experience support sorafenib as the mainstay
treatment for HCC.

We treated vascularized HCC models with sorafenib to evaluate the effect of vascular networks
on drug delivery and antitumor efficacy (Fig. 3A). Before incorporating the drugs into our
microphysiological system, cells were first seeded in 2D monolayers or 3D spheroids in a 96
well plate. Post seeding, cells were treated with varying sorafenib concentrations for 48 hr to
evaluate the 1Cso values (Fig 3B). In the 2D configuration, the I1Cso values established from the
dose-response curves for HepG2 and Hep3b were 11.65 uM and 14.66 uM, respectively.
Meanwhile, in the 3D configuration, the 1Cso values increased to 16.65 uM and 20.03 uM,
respectively, suggesting that spheroids in the 3D configuration have a greater resistance to the
drugs than cells cultured in 2D substrates.

Next, we treated vascularized and avascular HepG2 and Hep3b spheroids with 20 M sorafenib
for 48 h (Fig. 3C, D). Cell death over time was quantified as the percentage area (%area) of
DRAQ?7 fluorescence in tumor spheroids. Our investigation into the effects of sorafenib
treatment on tumor spheroids revealed a complex interplay between vascularization and drug
efficacy. After 2 days of drug treatment, the vasculature surrounding the HepG2 tumors was
significantly disrupted (Fig. 3C). Quantification of overall tumor death showed that the drug
induced higher death in avascular HepG2 spheroids than in their vascularized counterparts (Fig.
S3A). When we specifically analyzed the tumor core (~200 um from the center) (Fig. 3E),
vascularized spheroids showed higher tumor death than avascular tumors. This suggests that
while the presence of vasculature may initially provide a protective effect against sorafenib, it
ultimately facilitates more effective drug penetration and cytotoxicity within the tumor core
over time.

Similar to the trends observed in HepG2 cells, the overall tumor death in avascular Hep3b
tumors was higher than that in vascularized Hep3bs (Fig. S3B). After 2 days of sorafenib
treatment, the vessels were significantly disrupted. The majority of dead cells were observed
around the periphery of the tumor. Notably, the tumor core of the vascularized microtissues
remained highly treatment-resistant, as indicated by the significantly lower number of dead
cells within the core region (Fig. 3F). These results demonstrate the versatility of our
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268  experimental platform, which successfully enabled the evaluation of differential responses to
269  sorafenib across various subtypes of liver tumors.

270

271
272
273

11

## NUS Confidential ##



274
275

276
277
278
279

—o— HepG2 (2D)

Sorafenib ~#- HepG2 (3D)
< D 1001 —eo— Hep3b (2D)
_ T IE ™ o~ | . ~#- Hep3b (3D)
X 754 ]
N
= 50_ .......-..-.......-..: ............
) !
K "
> 254
°
4 & 04 % a
T T T 1 T T T 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Tumor -V Tumor +V "
Concentration (log) (uM) Concentration (log) (M)
C HepG2 - Sorafenib Hep3b - Sorafenib
Day 0 Day 1 Day 2 Day 0 Day 1 Day 2
2
=
=
=
2
=
8
=
=
=
2
S
+
| IS
HepG2 + Sorafenib
Day 1
e
=
=
|
g3
=
=
=
g '
S
+
E 50—
';\ ~
S 40+ & 404
= =
g, ¢ 53
2 304 g 0-
@ o
St St
S 20 -} S 20— {-
~ 2
Q o® “
g 10+ 5 10+ L
== = .
oL, - —f— 0 1"
PF FF FF I PP PP PP PP
Vasculature - - + + - - + + Vasculature - - + + - - + +
Sorafenib - - - + + o+ o+ Sorafenib - - S + + o+ +

Fig. 3: Effect of Tumor Vascularization on Sorafenib Efficacy. (A) Tumor spheroids +/- vasculature were
treated with sorafenib 7 days post seeding in the device; (B) 1Cso dose-response curve for Hep3b and HepG2 as
2D single cells and 3D spheroids seeded in a 96 well plate with increasing concentrations of sorafenib. The
concentration curves were recorded after 24 h of treatment; (C) Brightfield and fluorescence images of
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280  vascularized and avascular HepG2 spheroids seeded in the device treated (i) without (control) and (ii) with
281  sorafenib; (D) brightfield and fluorescence images of vascularized and avascular Hep3b spheroids seeded in the
282 device treated (i) without (control) and (ii) with sorafenib; (E) quantification of cell death within the core region
283 (200 um from the center) of HepG2 spheroids based on DRAQ7 (magenta) signal from (C). Tumor death within
284 the core measured over time in days (‘D’); (F) quantification of cell death within the core region (200 um from
285  the center) of Hep3b spheroids based on DRAQ7 (magenta) signal from (D). Tumor death within the core
286 measured over time in days (‘D’). Data are represented as the mean £ SEM of n independent replicates where n >
287 3. Lines over bars indicate that the conditions were significantly different, as determined by Student’s t-test with
288  0=0.05 (*p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

290  Evaluation of engineered T-cell infiltration and cytotoxic capacity in the in vitro tumor
291 platform

293  Developing an effective cancer immunotherapy strategy requires a thorough understanding of
294 how T-cell functions are regulated via cellular interactions and the pathological milieu. In this
295  context, we examined two distinct adoptive cell therapy approaches: (1) CD133-specific
296  chimeric antigen receptor (CAR)-modified T-cell therapy and (2) transient expression of T-cell
297  receptor (TCR) T-cell therapy.

299  Peripheral blood mononuclear cells (PBMCs) from healthy donors were used to isolate T-cells,
300  which were subsequently subjected to retroviral transduction of a CAR construct that expressed
301 a red fluorescence protein (RFP). The transduction efficiency of our protocol yielded
302  approximately 20% CD133-specific CAR-T cells, which were isolated by fluorescence-
303 activated cell sorting (FACS). Gating was performed based on the RFP signal co-expressed
304  with CD133 construct (Fig. S4A, B). The cytotoxic effects of T-cells on Hep3b were first
305  assessed in 2D cultures using XxCELLigence® real-time cell analysis. T cells from four different
306 donors were used in the experiments to account for donor variability. Compared with
307  untransduced and non-specific T-cells, engineered CD133+ CAR-T cells were highly effective
308 intargeting Hep3b cells (Fig. S4C). It should be noted that experiments with CD133+ CAR-T
309  cells were not conducted using HepG2 cells because of the absence of CD133 expression (Fig.
310 S6A).

312  Next, we assessed the infiltration and cytotoxic capacity of CD133+ CAR-T cells using our in
313  vitro liver tumor platform (Fig. 4A). We introduced CD133+ CAR-T cells, along with the
314 DRAQ?7 fluorescent dye, into the side channels of the microfluidic platform 7 days after
315  seeding the tumor-stromal cell mixture and forming the vasculature. We co-cultured CAR-T
316  cells with vascularized and avascular Hep3b tumors for 6 days and analyzed the levels of
317 infiltration and cytotoxicity. The 3D reconstructed views of CD133+CAR T-cells infiltrating
318  the tumor is shown in Fig S5. Imaging of the DRAQ?7 signal revealed that avascular tumors
319 accumulated dead cell populations in both the periphery and center of the tumor region. In
320  contrast, dead cells accumulated mainly in the periphery of the vascularized Hep3b tumors
321  (Fig. 4B). CAR-T cells penetrated the tumor core in avascular spheroids (Fig. 4C), with most
322  cells accumulating in the peripheral region. However, vascularized tumors had a relatively
323  lower number of T-cells, with very few CAR-T cells penetrating the tumor core. Quantitative
324 assessment of DRAQ7 signal (Fig. 4D) indicated an increase in the number of dead cells over
325 time, with avascular tumors showing significantly higher tumor death than vascularized
326  spheroids. Interestingly, while the number of CAR-T cells increased over time in avascular
327  Hep3bs, vascularized tumors showed no significant difference in CAR-T cell numbers (Fig.
328  4E). Further assessment of tumor death relative to the number of infiltrating CAR-T cells
329 revealed significantly higher tumor death in vascularized spheroids than that in spheroids
330  without vasculature (Fig. 4F). This shows that despite low infiltration levels, it is possible for

13

## NUS Confidential ##



331  T-cell effector functions to be maintained despite encountering the physical barrier formed by
332  the tumor endothelium.
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335 Fig. 4: (A) Schematic showing assessment of CD133+ CAR-T cells on tumor responses; (B) Representative
336 images of vascularized and avascular Hep3b (Green) tumors in the presence/absence of CD133+ CAR-T cells.
337 Images were taken on days 2 and 6 post-coculture and monitored for the number of dead cells accumulated over
338  time, as indicated by the DRAQ7 (magenta) signal. Scale bar = 200 um; (C) Images showing CD133+ CAR-T
339 cells (red) infiltrating the vascularized and avascular Hep3b (green) tumors on day 6. Scale bar = 200 um; (D)
340 Quantification of tumor death (%area) within the tumor region using DRAQ7 signal (magenta) from images in
341 (B); (E) Quantification of the number of infiltrating CD133+ CAR-T cells within the tumor spheroids from images
342 in (C); (F) Tumor death relative to the number of CD133+ CAR-T cells. This was calculated as the ratio of the
343 DRAQY signal accumulated over time to the number of CD133+ CAR-T cells. Data represented as the mean +
344  SEM of nindependent replicates, n > 3. Statistical significance was determined by Student t-test with a confidence
345  level a=10.05. *=p<0.05, ** =p <0.01, *** =p < 0.001, **** = p < 0.0001.

347  Transient-engineered TCR+T cells were generated via mRNA transfection to express a specific
348  TCR recognizing the complex HLA-A0201 molecule and the hepatitis B Env183-191 epitope.
349 In patients, the use of HBV-engineered T-cells carries the risk of T-cells being unable to
350 differentiate between HBV-infected hepatocytes and tumor cells, which can exacerbate
351  hepatitis [12, 13]. As the mRNA HBV TCR-T cells temporarily express the introduced HBV-
352  TCRs[20], their functional duration can be restricted, thereby mitigating any inflammation
353  triggered by the treatment.

355  We assessed the TCR+T cell mediated HepG2 cytotoxicity in our 3D model after 18 h of
356  treatment (Fig. 5A). This time point was chosen based on the loss of TCR expression at 24 h
357  post-electroporation (Fig. S6B). T-cells from four different donors were used in the
358  experiments to account for donor variability. Compared with untransduced and non-specific T-
359 cells, engineered TCR+T cells were highly effective in targeting HepG2 cells cultured in 2D
360  (Fig. S6C). The 3D reconstructed views of TCR+T-cells infiltrating the tumor is shown in Fig
361  S7. Avascular tumors experienced significantly more tumor death than vascularized HepG2
362  spheroids (Fig. 5B, D). The presence of an endothelial barrier lowered the number of
363 infiltrating T-cells in the tumor region (Fig. 5C, E). Tumor death relative to the number of
364  TCR+T cells was insignificant compared to that in avascular tumors (Fig. 5F). Our platform
365  successfully captured differences in tumor responses to adoptive cell therapy based on the
366  approaches taken to engineer T-cells.
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370 Fig. 5: (A) Schematic showing assessment of TCR+T cells on tumor responses; (B) Representative images of
371  vascularized and avascular HepG2 tumors in the presence or absence of TCR+T cells. Images were taken at 18
372 hrs post coculture. Tumor spheroids were monitored for the number of dead cells accumulated over time, as
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indicated by the DRAQ7 (magenta) signal. Scale bar = 200 um; Immunofluorescence staining was performed
using markers, PanCK (green, tumor region) and CD31 (green, vasculature region); (C) Images showing TCR+T
cells (red) infiltrating the vascularized and avascular HepG2 (green) tumors after 18 hrs. Scale bar = 200 um; (D)
Quantification of tumor death (%area) within the tumor region using DRAQ7 signal (magenta) from images in
(B); (E) Quantification of the number of infiltrating TCR+T cells within the tumor spheroids from images in (C);
(F) Tumor death relative to the number of TCR+T cells. This was calculated as the ratio of the DRAQ7 signal
accumulated over time to the number of TCR+T cells. Data represented as the mean + SEM of n independent
replicates, n > 3. Statistical significance was determined by Student t-test with a confidence level a = 0.05. * =p
<0.05, ** =p <0.01, *** =p <0.001, **** =p <0.0001.

Impact of tumor vasculature on T cell activation and exhaustion status

Next, we performed flow cytometry analysis to understand the changes in the functional status
of T-cells that transmigrated into the tumor region through an endothelial monolayer (Fig. 6A).
Tumor cells were seeded in the central gel compartment of the iDenTx platform (AIM Biotech).
Endothelial cells were seeded onto the side channels and incubated at 37°C to allow for
monolayer formation. Subsequently, CAR-T cells were introduced into the side channels and
co-cultured with the tumor cells within this platform for 2 days. The infiltrated T-cells within
the gel region and those within the side channels were individually isolated and profiled for
activation and exhaustion characteristics by flow cytometry. The gating strategy adopted to
characterize T-cells has been illustrated in Fig S8.

The presence of an endothelial monolayer resulted in the enhancement of the T cell activation
marker cluster of differentiation 25 (CD25) but did not affect the major histocompatibility
complex, class Il alpha (HLA-DR) (Fig. 6B, C). The endothelium caused a significant
reduction in lymphocyte activating gene (LAG-3) and programmed cell death protein-1 (PD-
1), but did not significantly affect T-cell immunoglobulin and mucin domain (TIM-3). In
contrast, T-cells migrating into the tumor region without passing through the endothelium
showed a significantly higher expression of exhaustion markers (LAG-3 and PD-1) (Fig. 6D,
E). T-cells from both vascularized and avascular Hep3b devices produced similar levels of
cytolytic factors: interferon gamma (IFNy), granzyme B (GznB) and tumor necrosis factor
alpha (TNFa) (Fig 6F). The extracted T-cells were also profiled for memory characteristics
(Fig 6G): effector memory (Tem) (CCR7- CD45R0O+), central memory (CCR7+ CD45R0+),
naive T (CCR7+ CD45R0-) and effector memory T-cells re-expressing CD45RA (CCR7-
CD45R0-). Phenotypic analysis indicated a predominance of TEMRA population, with no
marked differences in the % TEMRA T-cells cultured in vascularized and avascular Hep3b
devices. These data suggest that the tumor endothelium may play a role in reducing the
exhaustion levels of CD133+ CAR-T cells that transmigrated into the inflammatory tumor
tissue.
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413
414  Fig. 6: Flow cytometric analysis of CAR-T cells cocultured with vascularized and avascular Hep3b tumors.

415 (A) Schematic representation of experimental workflow. CAR-T cells were incorporated into the microfluidic
416  device 7 days post vessel formation. The devices were cultured for 48 h. CAR-Ts from the side channels were
417  first collected followed by enzymatic digestion of the central gel region to obtain the encapsulated CAR-T cells
418  for flow cytometric analysis; (B) Flow cytometry evaluation of activation markers, CD25 and HLA-DR; (C) Mean
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fluorescence intensity (MFI) of T-cell activation markers from digested tumor microtissues; (D) Flow cytometry
evaluation of exhaustion markers; (E) MFI of T-cell exhaustion markers exhaustion markers from digested tumor
microtissues; (F) Flow profiling of T cell cytolytic factor production: IGNy, TNFa and GznB; (G) Evaluation of
memory subtypes from digested vascularized and avascular tumor microtissues; Data represented as the mean £
SEM of n independent replicates, n > 3. Statistical significance was determined by Student t-test with a confidence
level 0 =0.05. * =p <0.05, ** =p < 0.01, *** =p <0.001, **** =p <0.0001.

Cytokine profiling within the TME

Conditioned media from the devices before sorafenib and T-cell treatment was collected and
assessed for soluble factors using a multiplex bead-based immune assay (Luminex). Principal
component analysis (PCA) (Fig. 7A) showed that vascularized and avascular HepG2 cells were
more closely correlated, as indicated by the low angle between the vectors. Conversely,
vascularized and avascular Hep3b cells exhibited distinct separation. The intimate interaction
between Hep3b tumors and the surrounding vasculature may induce noteworthy changes in
tumor features, consequently leading to a diminished correlation between vascularized and
avascular Hep3b tumors. Unsupervised hierarchical clustering separated the vascularized and
avascular samples, resulting in two distinct analyte groups (Fig. 7B). We observed that
vascularized tumors have lower-than-average secretion levels of pro-angiogenic cytokines like
EGF, VEGF, and FGF-2 as opposed to the secretion levels in avascular tumors. During
angiogenesis, stromal cells consume pro-angiogenic factors like VEGF and EGF to build and
maintain new vessels. This consumption could lead to lower detectable levels of these factors
in the surrounding media. Compared to avascular Hep3b tumors, vascularized tumors were
observed to have increased levels of proinflammatory cytokines IL-6, IL-8, and CXCL-10, and
cytokines that promote T-cell differentiation, such as IL-15 (Fig. 7C). This shows that the cells
from the vascularized tumor niche drain secreted factors that could help maintain T-cell
activation status within the microenvironment.
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452 Fig. 7: Luminex multiplex ELISA assay of conditioned media. (A) Principal component analysis (PCA) biplot
453  of cytokines (black dots) measured in five samples (red vectors). Cytokine values were normalized to the z-scores.
454  The X- and Y-axes are plotted as two principal components (Dim 1 and Dim 2). PCA was plotted using the R
455 package factoextra, which is freely available under a GPL-2 license. (B) Heatmap of cytokines in the five sample
456  variants. Unsupervised hierarchical clustering classifies samples into two distinct groups: vascularized and
457  avascular. Heatmap was plotted using the R package pheatmap which was freely available under a GPL-2 license;
458 (C) Concentration (pg/ml) of chemokines and immune mediators in conditioned media Pooled media from two
459  devices in each group were used for analysis.

461  Spatial mapping of T-cell distribution and functional characteristics within Hep3b
462  tumors through multiplex imaging

464  Spatial analysis of T-cell distribution within the tumor microenvironment can help better
465  correlate their functions with specific locations. To validate our flow cytometry findings, tissue
466  cryosections of vascularized and avascular Hep3b tumors treated with CD133+ CAR-T cells
467  were subjected to cyclic immunofluorescence staining using MACSima multiplex imaging
468  technology (MICS) (Fig. 8A). This involves repeated cycles of staining and bleaching, enabling
469  the assessment of numerous antibody targets on a single tissue slice. Tumor cryosections were
470  stained with a large panel of biomarkers, and we specifically surveyed staining for nuclei,
471  tumor cells, vascular networks, and T cell populations. DAPI was used to identify nuclei across
472  the entire tissue region. CD326 (EpCAM) stained the tumor region, and collagen IV identified
473  the vasculature in both ECM and intratumoral regions. CD8 marked the cytotoxic CAR-T cell
474 subsets, whereas CD4, used to identify helper T cell subsets, did not stain within the cyclic
475  imaging timeframe (10 min).

477  Three replicates for each condition examining vascularized and avascular Hep3b tumors were
478  selected for MICS, encompassing six regions of interest (ROISs) in total. ROIs were selected to

20

## NUS Confidential ##



479
480
481
482
483
484
485
486
487
488
489
490

cover the surrounding TME along with the entire tumor, comprising the tumor margins and
core (Fig. 8B). Images of the whole tumor region stained with various antibodies are shown in
Fig. S9, S10. Consistent with our earlier findings, we observed an increased infiltration of
CD8+ T-cells within avascular Hep3b tumors (Fig. 8D). The activated T-cell population was
defined by gating for CD8+ cytotoxic T-cells expressing the marker CD44[36]. Both
vascularized and avascular T-cells showed similar levels of activation (Fig. 8E). Exhausted T-
cells were defined by gating CD8+ cytotoxic T-cells expressing the marker CD162 (PSGL-
1)[37]. T-cells that transmigrated through the endothelium and infiltrated the tumors showed
significantly lower levels of the immune checkpoint molecule, CD162, compared to avascular
tumors (Fig. 8F). This further confirms our results from flow cytometry, where we observed a
reduction in exhaustion markers within T-cell populations that have extravasated the
endothelial barrier.
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491
492
493 Figure 8: High-content multiplex imaging of vascularized and non-vascularized Hep3b tumor spheroids
494 using MICS technology. (A) Workflow of multiplexed immunofluorescence (IF) imaging using MICS
495  technology. Cryosections of vascularized and non-vascularized Hep3b tumors treated with CD133+ CAR-T cells
496  were placed on slides, fixed, and permeabilized before ROI selection using DAPI staining. The sections were
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497 iteratively stained and photobleached for a large number of antibody targets within the same tissue slice. Post
498  staining, image registration and segmentation were performed, and relevant features were extracted for further
499  analysis; (B) Inverted mask image (top) showing the entire tumor region and zoomed insets of the selected ROI
500  stained for various markers are shown in the panels below; (C) Zoomed insets of the selected ROI stained for
501 nuclei (DAPI, white/gray), tumor region (CD326, orange), vasculature (Collagen 1V, red), cytotoxic T-cells (CD8,
502 cyan), T-cell memory/activation (CD44, green) and T-cell immune checkpoint (CD162 or PSGL-1, magenta).
503 Spatial mapping of each annotated biomarker is shown below the representative ROl images. Scale bar = 50 um;
504 (D) Quantification of %CD8+ cells relative to the number of DAPI+ cells present within the tumor region; (E)
505  Quantification of %CD44+ cells relative to the %CD8+ cells present within the tumor region; (F) Quantification
506  of %CD162+ cells relative to the %CD8+ cells present within the tumor region. Statistical significance was
507  determined using Student’s t-test with a confidence level of .= 0.05. * = p < 0.05, ** =p < 0.01, *** =p < 0.001,
508  *#*x=p<0.0001.

510 Characterizing diversity within HepG2 tumors and their surrounding immune context
511  using spatial transcriptomics

513  Microtissue sections from the device containing vascularized and avascular HepG2 tumor
514  spheroids after co-culture with TCR+T cells were extracted for spatial transcriptomic analysis.
515  This technology helps preserve native tissue architecture, thereby allowing the assessment of
516  cellular states in a precise spatial context. Tissue sections were prepared for the GeoMx
517  NanoString Cancer Transcriptome Atlas (CTA) panel and fluorescently labeled tumor
518  morphology markers (Fig. 9A). CTA panel assays for 1800 genes were involved in modulating
519  the tumor-immune microenvironment and tumor response to therapy. Morphological markers
520 were used to select regions of interest (ROIs) inside the tumor and surrounding
521  microenvironment for RNA quantification (Fig. 9B). ROIs were selected within tumors from
522  vascularized and avascular models (“Tumor with vasculature” and “Tumor only,” respectively)
523  or in the vascular region from the vascularized model (“ECM”). The three regions had distinct
524  gene expression profiles that were segregated using hierarchical clustering and principal
525  component analysis (Fig. 9C, D). Notably, the genes in the “Tumor with vasculature” ROIs
526  tend to cluster between the genes in the “Tumor only” ROIs and “ECM” ROls.

528  We compared the overall gene expression profile to characterize the differences between the
529  “Tumor with vasculature” ROIs and the “ECM” ROIs (Fig. 9E). The fold changes of various
530 genes (log2 fold change, p<0.05) expressed are listed in Nanostring source data file
531  (Supplementary Table 1). The top modulated genes in the “ECM” ROIs include collagens
532 (COL1A2, COL6A3, COL5A1)[38-40], genes associated with the HCC TME (ANXAL, APP,
533 CD44,CD81) [41-44], and vasculature formation (THBS1) [45-47]. “Tumor with vasculature”
534  ROIs consist of genes associated with tumor-specific metabolism (ALDOA) [48], HCC-
535 associated genes (SERPINAL, SPP1, APOAL, APOA2, AMBP, A2M) [49], and tumor hypoxia
536 (VEGFA, ALDOA, ERO1A) [50-53].

538  Next, we compared the gene expression profiles between “Tumor with vasculature” ROIs and
539  “Tumor without vasculature” ROIs (Fig 9F). The fold changes of various genes (log2 fold
540 change, p<0.05) expressed are listed in Nanostring source data file (Supplementary Table 2).
541  “Tumors with vasculature” exhibited higher expression of genes associated with HCC stroma
542 such as collagens (COL1Al, COL1A2, COL6A3, COL5A1, COL3Al), angiogenesis
543 (VEGFA), as well as those associated with the HCC TME and tumorigenicity (LOXL2,
544  ITGADS, S100A9, CD81, APP) [54]. Of note are genes associated with inflammation (NFKBIA,
545 TNFSF25, and IL4R) [55, 56] and cytotoxicity (CCL20, PRF1, and DEFB1)[57, 58]. These
546  results indicate that the vascularized tumor model, which is a major obstacle for infiltrating
547  TCR+T cells, could be immunogenic and enhance antitumor activity. Avascular tumor
548  spheroids showed higher expression of liver-associated genes (RBP4, APOAL/2, and APOB)
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and genes associated with cancer and HCC (KRAS, H3C10, H3C2, and 1D1)[49, 59, 60] than
vascularized spheroids. Fold changes of genes (log2 fold change, p<0.05) related to T-cell
responses and inflammation are shown in Fig. S11 and the data are listed in Nanostring source
data file (Supplementary Table 3).

Analysis of spatial gene expression in the “Tumor with vasculature” ROIs following TCR+ T
cell therapy revealed enrichment for genes within the gene ontology (GO) terms “ECM
organization,” “immunoregulatory interactions,” “interleukin, interferon and cytokine
signaling” (Fig. 9G). Notably, TNFRSF25 (DR3) expression in vascularized tumors may
indicate cytokine production via TL1A/DR3 signaling. Whereas, in the “Tumor only” ROIs
the enriched GO keywords include “metabolism” and “cellular response to stress and hypoxia,”
which is in line with the fact that the core of avascular tumors is less viable and more
susceptible to cell death.
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Fig. 9: Nanostring DSP assay. (A) Workflow of NanoString DSP analysis; (B) Image of fluorescently labelled
tissue sections indicating tumor and ECM regions of interest (ROIs). Tumor cells are labelled with PanCK (green),
T-cells are labelled with CD45 (red), endothelial cells are labelled with CD31 (cyan) and nuclei with DAPI (blue);
(C) Gene expression profiles for tumor regions, tumor regions within vasculature and ECM regions presented as
a hierarchical clustering map; (D) Principal component analysis for gene expression profiles for tumor,
vascularized tumor, and ECM regions; (E) Volcano plot of genes differentially expressed in vascularized tumors
(labelled as “Tumor with vasculature”) and their surrounding ECM (labelled as “ECM”); (F) Volcano plot of
genes differentially expressed in vascularised tumors (labelled as “Tumor with vasculature”) and avascular
tumours (labelled as “Tumor only”); (G) Fold enrichment of pathways that were significantly upregulated or
downregulated between tumor regions in models with (red bars) and without (blue bars) vasculature (p<0.05).
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Discussion

In vitro vascularized tumor models are emerging as vital microphysiological systems that
enhance therapeutic discovery pipelines, particularly through our innovative OrganiX™
platform[23]. Building upon established 3D microfluidic models[24-26], OrganiX™
distinguishes itself through its 24-well design with removable inserts, enabling both automated
high-throughput analyses and diverse downstream assays. The platform’s large scale and open
design accommodate tumors up to 2 mm in diameter, exceeding the capacity of previous
microfluidic models, which are typically limited to a few hundred microns in height [25, 61-
63]. This scale enables better recapitulation of tumor biology, including hypoxic/necrotic cores
and dense vascular networks to regulate nutrient and oxygen gradients. Its user-friendly design
leverages gravity-driven media flow, thereby eliminating the need for complex pumping
systems[64, 65]. OrganiX™ offers remarkable versatility for downstream analyses, including
histology, spatial biology, flow cytometry, and multi-omics for immunophenotyping and
molecular profiling. The platform can be adapted to diverse research needs and facilitates high-
throughput analyses with various cell types, making it a powerful tool for accelerating the
development of targeted therapies.

In this study, we utilized two liver tumor cancer cell lines, HepG2 and Hep3b (the two most
frequently used liver cancer cell lines in cancer research), to understand the role of TME in
modulating treatment responses. The dimensions of the spheroids generated using the hanging
drop technique were carefully optimized by varying the number of cells in the initial cell
suspension to ensure diameters > 500 um to recapitulate a hypoxic core based on previous
reports [66, 67]. TME complexity was enhanced by co-culturing these spheroids with stromal
cells, endothelial cells and fibroblasts, within a collagen-fibrin matrix. These stromal cells self-
assembled to form perfusable vascular networks that extensively covered the tumor periphery,
with vessels encompassing ~70% of the surrounding area. The measured vascular permeability
(~ 1.8 x 107 cm/s) in our devices closely align with in vivo values, making it particularly
suitable for drug delivery studies [68, 69]. Although we are still far from mimicking the
complexities of human tumor tissue in its entirety, the model recapitulated tissue properties
that are some key determinants of therapeutic efficacy: (1) a hypoxic tumor core, (2) an
extracellular matrix, and (3) perfusable vascular networks. The tumor microtissues can be
cultured within this platform for up to 2 weeks to study tumor-vascular interactions. Extending
this time period led to the collapse of endothelial barriers, likely due to the inherent limitations
of using primary HUVECSs. Future iterations will explore alternative endothelial cell sources,
such as immortalized cells or induced pluripotent stem-cell (iPSC) derived endothelial cells.
This advancement would enable longer-term studies and expand the scope of our
investigations.

Distinct differences in vascular network architecture were observed between the tumor types,
likely reflecting their underlying genetic heterogeneity[70]. The presence of a vascular network
enhanced tumor cell proliferation, which aligns with the canonical understanding that solid
tumors secrete factors to promote vascularization and improve their overall survival[71, 72].
Growth factor signaling pathways such as VEGF and Angiopoietin/tie promote
neoangiogenesis [73, 74]. The rapid expansion and vascularization of tumors lead to metabolic
reprogramming, changing the cells’ metabolic and phenotypic states to accommodate
growth[75]. Interestingly, the presence of vasculature significantly reduces hypoxia within the
both the tumor variants, likely due to the improved delivery of oxygen and nutrients to the
tumor core. This reduction in hypoxia is crucial because it influences a multitude of processes
critical to tumor progression and therapeutic response including cellular metabolism, ECM
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remodeling and therapy resistance[76, 77]. Vascular remodeling differences may also arise
from variations in angiogenic factor levels (e.g., EGF, FGF-2, PDGF) within the conditioned
media, in addition to genetic and molecular heterogeneity[78]. These proangiogenic factors
work in concert to enhance tumor-vasculature anastomoses, support tumor growth, and
potentially facilitate tumor metastasis[78].

In our model, sorafenib effectively normalized tumor vasculature, inducing endothelial cell
apoptosis within 48 hours in both HepG2 and Hep3b tumor microenvironments. This anti-
angiogenic effect is consistent with the drug's known inhibition of VEGF signaling, among
other targets[79]. We also observed that the two tumor subtypes displayed distinct responses
to the drug. HepG2 tumors, despite minimal tumor-vasculature interaction, exhibited
substantial death in the tumor core. In contrast, Hep3b tumors remained largely intact, with
sorafenib primarily affecting cells at the periphery. This reflects the clinical heterogeneity of
treatment outcomes influenced by factors like disease etiology[80]. Notably, the treatment
resulted in incomplete tumor eradication in both the tumor types. While extended sorafenib
treatment warrants further investigation, our observations align with findings from HCC
patients and mouse tumor models, where complete tumor eradication is rare despite treatment
with elevated doses for prolonged time periods [81-84]. This suggests that tumor-ECM
interactions may contribute to resistance mechanisms, counteracting initial tumor regression.
Future studies with this model could explore potential resistance mechanisms, such as dynamic
alterations in hypoxia pathways, genetic adaptations within tumor cells [85], and upregulation
of inflammatory mediators like IL-6 and CCL-22[86-88]. Incorporating periodic drug
replenishment or patient-derived xenografts (PDXs) could further enhance the model's clinical
relevance and provide insights into overcoming treatment resistance. Our model offers a
simplified and controlled platform to unravel the specific contribution of tumor vasculature to
treatment response, which would be exceedingly difficult to isolate from in vivo environments.

We further utilized our model to evaluate the efficacy of CD133+ CAR-T cell therapy, an
emerging treatment modality for HCC. Upon treatment of tumors with CD133+ CAR-Ts, we
found that the tumor endothelium forms a physical barrier around the tumor and reduces the
number of infiltrating T-cells targeted to Hep3b spheroids. However, despite this limited
infiltration, CAR-T cells that successfully reached the tumor region retained their cytotoxic
function and effectively induced tumor cell death. This paradoxical observation highlights the
dual role of the tumor vasculature in CAR-T therapy. Similar observations were made in mouse
xenograft models where CD133+ CAR-T therapy significantly reduced tumor growth[32], with
a potential to be enhanced using PD-1 scFv checkpoint inhibitors[89]. Multiple infusions could
improve the accumulation of CAR-T within the tumor region [11, 90], suggesting a potential
avenue to correlate our results with patient findings. Despite the promising preclinical results,
the clinical translation of CAR-T cell therapy for HCC faces hurdles. A major contributor to
the high failure rate of promising treatments in clinical trials is the insufficient knowledge of
key microenvironmental factors that influence therapeutic response. To address these
limitations and improve clinical outcomes, there is a critical need for more advanced preclinical
models, such as ours, that utilize human-derived cells and functional vasculature to better
recapitulate the TME. While other models, such as the inverse opal scaffold approach[91], offer
valuable insights into specific aspects of the TME, our platform provides a unique combination
of features, including perfusable vasculature with in vivo-like permeability, a hypoxic tumor
core, and compatibility with diverse analytical techniques, making it particularly well-suited
for evaluating therapeutic efficacy.
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Although CAR-T cell expansion in patients’ peripheral blood suggests activation[89], their
activity at the tumor site remained unclear. Our model provides a potential explanation: CAR-
T cells that have successfully infiltrated the TME exhibited significantly reduced exhaustion
markers (PD-1 and LAG-3), indicating enhanced functionality within the region. This
reduction in exhaustion markers could be attributed to the presence of IL-7, IL-15, CXCL10,
and CCL5 within the tumor microenvironment, known to enhance T-cell persistence and
prevent exhaustion[92-94]. Overall, our platform bridges these gaps by offering a controlled
environment to precisely dissect the mechanisms by which the endothelium influences tumor
responses to therapy. Incorporating a longitudinal analysis of secretory factors within the
conditioned media could allow identification of potential biomarkers that could predict
likelihood of achieving complete response in tumors[95]. Combination therapy to normalize
the vasculature prior to treatment with engineered T-cells can be further studied using this
microphysiological system[96]. Co-culturing myeloid-derived suppressor cells, hepatic stellate
cells, macrophages or neutrophils within this model can help further enhance the complexity
of this system to create an immunosuppressive microenvironment[91, 97, 98].

Cyclic imaging showed reduced levels of the immune checkpoint molecule CD162 (PSGL-1)
in vascularized Hep3b tumors. PSGL-1 is a cell adhesion molecule expressed on T-cells and is
primarily known for its role in leukocyte trafficking. It mainly binds to selectins (P-selectin
and E-selectin) on endothelial cells, facilitating the initial tethering and rolling of leukocytes
along blood vessel walls[37]. Studies in disease models, such as melanoma and cervical
carcinoma, have shown that PSGL-1 ligation with TCR upregulates PD-1 expression in T-cells,
thereby driving them to an exhaustive state[99-101]. The mechanisms with which the
endothelium can reduce PSGL-1 expression in T-cells are yet to be confirmed and require
further validation studies. Our model highlights that PSGL-1 may serve as a promising new
target for the treatment of liver tumors. Further validation includes assessing functional
consequences of PSGL-1 reduction on T-cell activation and anti-tumor activity by employing
blocking antibodies in in vitro and in vivo environments.

The engineered TCR+ T cell assay also confirmed the important role of the vasculature during
cell therapy. Similar to the results obtained with CAR-T cell treatment on Hep3b tumors, the
infiltration levels of TCR+T cells were significantly lower in vascularized HepG2 spheroids
than in their avascular counterparts. TCR+T cell induced tumor death for both vascularized
and avascular HepG2 was insignificant. TCR+T cells were designed to stably and transiently
express exogenous TCR and, therefore, may only offer a limited antitumor effect that
eventually diminishes with the onset of exhaustion[13]. Further assessment by periodically
refreshing the TCR+T cell population within the coculture model using multiple doses at
regular intervals may help to determine whether antitumor activity can be improved.

Spatial transcriptomic analysis from distinct ROIs segregated the samples into different
clusters, providing valuable insight into how the molecular profiles of tumors change due to
intrinsic tumor cell properties and differences between tumors and the surrounding stromal
composition. The increased expression of TNFRSF25 (DR3) in vascularized tumors provides
further evidence supporting our observations regarding the proinflammatory nature of the
TME. TNFRSF25 is a costimulatory receptor expressed on T-cells that, when activated by its
ligand TL1A, can enhance T-cell proliferation, cytokine production, and effector
functions[102]. The presence of TNFRSF25 in vascularized tumors may indicate an
environment conducive to T-cell infiltration and activation. Evidence in mouse myeloma
model has shown that treatment with TNFRSF25 agonists demonstrate high anti-tumor
efficacy in tumors infiltrated with T-cells. This suggests that the increased expression of
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TNFRSF25 could be leveraged to enhance the effectiveness of immunotherapies targeting
these tumors[103].

In conclusion, we developed an in vitro vascularized solid tumor model that can recreate key
features of the TME. As this system was developed with human cell lines, it cannot fully
replicate the intricacies of in vivo tumors. However, it serves as a valuable complementary
platform to refine therapeutic strategies before animal testing. This approach has the potential
to reduce animal usage and expedite the translation of promising therapies to the clinic. A key
advantage of this system lies in its ability to precisely manipulate the tumor microenvironment,
allowing for systematic investigation of tumor-stroma interactions and treatment response by
controlling factors such as oxygen tension, nutrient gradients, and cellular composition. By
providing a controlled microenvironment, this approach offers a proof-of-concept for utilizing
vascularized tumor models to gain insights into the role of the TME in modulating drug and
cell therapy responses. While our study focuses on human cell lines, the model's versatility
allows for the incorporation of patient-derived xenografts in future studies. This will enable a
more personalized approach to investigating tumor behavior and treatment responses,
capturing the inherent heterogeneity of HCC and potentially guiding the development of
tailored therapeutic strategies.

Materials
Key resources table

RESOURCE/REAGENT | SOURCE CATALOG
NUMBER/IDENTIFIER

Experimental Model: Cell lines

HepG2-GFP Provided by Antonio Bertoletti lab

Hep3b-GFP Provided by Philip Kaldis lab

nHLF Lonza CC-2512

HUVEC-GFP Vector Biomed CAPO001GFP

Antibodies

CD25 BV605 Life technologies 406-0459-42

HLA-DR BUV737 Life technologies 367-9956-42

LAG-3 BUV395 Life technologies 363-2239-42

PD-1 BVv421 Zuellig Pharma 562516

TIM-3 BV711 Zuellig Pharma 565566

IFNg PE-Cy7 Zuellig Pharma 560741

TNFa AF700 Zuellig Pharma 557996

GznB PE Zuellig Pharma 561142

CD3 Monoclonal antibody | eBioscience 16-0037-81

Anti-cleaved caspase-3 Cell Signaling 9661

anti-Ki67 Cell Signaling 9449

anti-Hif-1a Cell Signaling 36169

Alexa Fluor™ 405 Goat | Invitrogen A-31553

Anti-Mouse 1gG

Alexa Fluor™ 647 Goat | Invitrogen A32733

Anti-Rabbit IgG

Pan cytokeratin PE | Invitrogen MAS5-28574

(PanCK-PE)
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mouse anti-human CD31 | BioLegend 303112
Alexa Fluor™ 647

rat anti-human CD45 Invitrogen MA5-17687
Goat  anti-rat  Alexa | Invitrogen A48261
Fluor™ Plus 405

Chemicals, growth factors

RPMI 1640, no glutamine | Gibco 21870076
Fetal bovine serum, heat | Gibco 16140071
inactivated

N-2- Gibco 15630080
hydroxyethylpiperazine-

N-2-ethane sulfonic acid

(HEPES)

Penicillin/Streptomycin Gibco 15140122
Minimum essential | Gibco 11130051
medium (MEM) amino

acid solution

Sodium Pyruvate Gibco 11360070
0.25% Trypsin-EDTA Gibco 25200056
Collagenase, Type IV Gibco 17104019
Nattokinase Japan Bio Science Laboratory

DNase | recombinant, | Roche 04716728001
RNase-free

MEM non-essential amino | Gibco 11140050
acid solution

GlutaMAX Gibco 35050061
Plasmocin Invitrogen ant-mpt
Puromycin Singlab Technologies 631305
Dulbecco’s modified | Gibco 11960044
eagle’s medium (DMEM,

high glucose)

EGM-2 medium Lonza CC3162
Interleukin-2 (IL-2) Miltenyi Biotech 130097746
AIM-V Gibco 12055091
human AB serum Sigma-Aldrich H6914
scFv-CD28-CD3(-T2A- Creative Biolabs, USA N/A
RFP-CD133 plasmid

Thrombin Sigma Aldrich T7513
Fibrinogen Sigma Aldrich F8630
Collagen I, Rat Tail Corning 354236
Vascular endothelial | Singlab technologies 293-VE-050
growth factor (VEGF)

Dextran Texas Red™ 70 | Invitrogen D1864
kDa (25 mg/ml)

Sorafenib Cayman Chemical 10009644
Dimethyl sulfoxide | Sigma-Aldrich D8418
(DMSO)

DRAQ7 Abcam ab109202
Formaldehyde (FA) Life technologies 28908
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Triton X-100
Bovine Serum Albumin | MP Biomedicals MPB#0216006980
(BSA)
Phosphate-Buffered Saline | Gibco 20012027
(PBS)
Goat serum Gibco 50062Z
Rapiclear SundJin Labs RC149002
Live/Dead Fixable Near- | Invitrogen L10119
IR Dead Cell Stain Kit
BD Cytofix/Cytoperm () BD Biosciences, USA 554722
isopentane (2- | Sigma Aldrich 277258
methylbutane)
Software and algorithms
ImageJ/Fiji https://imagej.net/software/fiji/ N/A
RStudio 4.3.0 https://cran.rstudio.com/ N/A
Biorender https://www.biorender.com/ N/A
FlowJo https://www.flowjo.com/ N/A
GraphPad Prism https://www.graphpad.com/ N/A
MACS iQ View https://www.miltenyibiotec.com/SG- N/A
en/products/macs-ig-view-spatial-
biology-software.html
GeoMx® DSP https://nanostring.com/products/geomx- | N/A
digital-spatial-profiler/geomx-dsp-
overview/
747
RESOURCE/REAGENT | SOURCE CATALOG

NUMBER/IDENTIFIER

Experimental Model: Cell lines

Anti-Mouse 1gG

HepG2-GFP Provided by Antonio Bertoletti

lab
Hep3b-GFP Provided by Philip Kaldis lab
nHLF Lonza CC-2512
HUVEC-GFP Vector Biomed CAPO001GFP
Antibodies
CD25 BV605 Life technologies 406-0459-42
HLA-DR BUV737 Life technologies 367-9956-42
LAG-3 BUV395 Life technologies 363-2239-42
PD-1 BVv421 Zuellig Pharma 562516
TIM-3 BV711 Zuellig Pharma 565566
IFNg PE-Cy7 Zuellig Pharma 560741
TNFa AF700 Zuellig Pharma 557996
GznB PE Zuellig Pharma 561142
CD3 Monoclonal antibody | eBioscience 16-0037-81
Anti-cleaved caspase-3 Cell Signaling 9661
anti-Ki67 Cell Signaling 9449
anti-Hif-1a Cell Signaling 36169
Alexa Fluor™ 405 Goat | Invitrogen A-31553
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Alexa Fluor™ 647 Goat | Invitrogen A32733
Anti-Rabbit IgG

Pan cytokeratin PE | Invitrogen MA5-28574
(PanCK-PE)

mouse anti-human CD31 | BiolLegend 303112
Alexa Fluor™ 647

rat anti-human CD45 Invitrogen MAS5-17687
Goat anti-rat Alexa Fluor™ | Invitrogen A48261
Plus 405

Chemicals, growth factors

RPMI 1640, no glutamine | Gibco 21870076
Fetal bovine serum, heat | Gibco 16140071
inactivated

N-2- Gibco 15630080
hydroxyethylpiperazine-N-

2-ethane  sulfonic  acid

(HEPES)

Penicillin/Streptomycin Gibco 15140122
Minimum essential | Gibco 11130051
medium (MEM) amino

acid solution

Sodium Pyruvate Gibco 11360070
0.25% Trypsin-EDTA Gibco 25200056
Collagenase, Type IV Gibco 17104019
Nattokinase Japan Bio Science Laboratory

DNase | recombinant, | Roche 04716728001
RNase-free

MEM non-essential amino | Gibco 11140050
acid solution

GlutaMAX Gibco 35050061
Plasmocin Invitrogen ant-mpt
Puromycin Singlab Technologies 631305
Dulbecco’s modified | Gibco 11960044
eagle’s medium (DMEM,

high glucose)

EGM-2 medium Lonza CC3162
Interleukin-2 (IL-2) Miltenyi Biotech 130097746
AIM-V Gibco 12055091
human AB serum Sigma-Aldrich H6914
scFv-CD28-CD3(-T2A- Creative Biolabs, USA N/A
RFP-CD133 plasmid

Thrombin Sigma Aldrich T7513
Fibrinogen Sigma Aldrich F8630
Collagen I, Rat Tail Corning 354236
Vascular endothelial | Singlab technologies 293-VE-050
growth factor (VEGF)

Dextran Texas Red™ 70 | Invitrogen D1864
kDa (25 mg/ml)

Sorafenib Cayman Chemical 10009644
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Dimethyl sulfoxide | Sigma-Aldrich D8418
(DMSO)
DRAQ7 Abcam ab109202
Formaldehyde (FA) Life technologies 28908
Triton X-100
Bovine Serum Albumin | MP Biomedicals MPB#0216006980
(BSA)
Phosphate-Buffered Saline | Gibco 20012027
(PBS)
Goat serum Gibco 500627
Rapiclear SundJin Labs RC149002
Live/Dead Fixable Near-IR | Invitrogen L10119
Dead Cell Stain Kit
BD Cytofix/Cytoperm () BD Biosciences, USA 554722
isopentane (2- | Sigma Aldrich 277258
methylbutane)
Software and algorithms
ImageJ/Fiji https://imagej.net/software/fiji/ | N/A
RStudio 4.3.0 https://cran.rstudio.com/ N/A
Biorender https://www.biorender.com/ N/A
Methods
Cell culture

Green fluorescent protein (GFP) tagged HepG2-PreS1 (HepG2) cells were cultured in R10
media (RPMI 1640 no glutamine (Gibco)) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES),
100 U/mL penicillin, 100 pg/mL streptomycin, 1x minimum essential medium (MEM) amino
acid solution, ImM sodium pyruvate, 1x MEM non-essential amino acid solution, 1x
GlutaMAX, and 5 pg/mL plasmocin (InvivoGen). Puromycin (5 pg/mL, Takara) was added
for selection during cell culture. GFP tagged Hep3b (Hep3b) cells were grown in complete
Dulbecco’s modified Eagle’s medium (DMEM) containing high glucose DMEM (Gibco)
supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. Normal human
lung fibroblasts (NHLF) (Lonza, Basel, Switzerland) were cultured in complete DMEM. GFP-
tagged human umbilical vein endothelial cells (HUVEC) (Lonza) were cultured in EGM-2
medium supplemented with 5% heat-inactivated FBS and 1% penicillin/streptomycin. Primary
cells were used before passage 7.

T-cell isolation

To obtain T-cells, peripheral blood mononuclear cells (PBMCs) were isolated from healthy
donors by Ficoll (GE Healthcare, USA) density gradient centrifugation according to the
manufacturer’s instructions. The PBMCs were stimulated with 600 TU/ml interleukin-2 (IL-2)
(Miltenyi Biotec) and 50 ng/ml anti-CD3 (eBioscience) in AIM-V (Gibco) supplemented with
2% human AB serum (Sigma-Aldrich) for 9 days to allow T-cell expansion at 37°C and 5%
CO2. The expanded T-cells were collected by centrifugation and stored in liquid nitrogen until
further use.

Tumor spheroid formation

Hep3b and HepG2 cells were cultured until confluence, trypsinized, and resuspended at a
concentration of 7.2 x 10° and 6.5 x 10° cells/ml, respectively, in complete DMEM and R10
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media. The hanging drop method was applied to form tumor spheroids: cells were seeded as
30-pl drops in a homemade polydimethylsiloxane (PDMS) hanging drop membrane on the
inverted lid of a 96-well plate and then placed at 37 °C in a humidified incubator under 5%
CO2 atmosphere for 5 days.

HBV-S183 antigen specific T-cells generation

HBYV envelope S183-191 TCR mRNA was produced using in vitro transcription as previously
described. IL-2 was increased to 1000 IU/ml atleast 6 hrs before electroporation. T-cells were
then electroporated with AgilePulse MAX (BTX). 1 x 107 T-cells were suspended in 200 pl of
BTXpress cytoporation low conductivity medium T (BTX). 20 ug of HBV envelope S183-191
TCR mRNA was added per 1 x 107 of T-cells. After electroporation, the cells were allowed to
recover at 37°C and 5% COz2 overnight in AIM-V supplemented with 10% human AB serum
and 100 1U/ml human recombinant IL-2 (IL-2). T-cells expressing the introduced TCR were
quantified by flow cytometry using a TCR VB 3 FITC antibody (Beckman Coulter).

CD133-specific CAR-T cell generation

scFv-CD28-CD3(-T2A-RFP-CD133 plasmid (Creative Biolabs, USA) was used to generate
CD133 CAR T-cells from PBMCs. Briefly, PBMCs were stimulated with 600 IU/mL IL-2 and
50 ng/mL anti-CD3 in AIM-V supplemented with 2% human AB serum for 4 days. CD133
CAR-T lentivirus particles were added to the T-cells at a multiplicity of infection (MOI) of 5
and cultured overnight in the presence of polybrene (8 pg/ml) and Dynabeads human T-
activator CD3/CD28, according to the manufacturer’s protocol. T-cells were then incubated
for 4 days, and cells expressing RFP (CD133+ CAR-T) were isolated by sorting using a BD
FACS Aria Il (BD BioSciences). T-cells were expanded using AIM-V supplemented with 2%
human AB serum for 9 days.

3D vascularized tumor spheroid formation

Interactions between immune cells and the complex 3D vascularized tumor microenvironment
were studied using a commercially available easy-to-use 3D tissue culture platform (OrganiX,
AIM Biotech). The platform comprises of 24 wells, each well containing a central gel region
flanked by media channels on either side. The gel region contains the tumor spheroid cultured
with or without vasculature in a collagen-fibrin gel network, and the media channels allow for
the efficient delivery of nutrients and gas exchange.

The tumor spheroids were collected from the hanging drop membrane by centrifugation before
being injected into the device. Thrombin stock was made at 100 U/ml and stored at - 80°C.
Aliquots of collagen stock (3.57 mg/ml) and fibrinogen stock (6 mg/ml) were prepared and
stored at 4°C and -80°C respectively. A resuspension medium was prepared using thrombin (1
U/ml) and collagen (0.4 mg/ml) diluted from their stock solutions using cold EGM-2 media.
Microvascular networks were formed around the tumor spheroids using a co-culture of
HUVEC and NHLF. HUVEC and NHLF were trypsinized, counted, and mixed in a
resuspension medium at final concentrations of 8 x 105 HUVEC/ml and 2 x 10 NHLF/ml. The
culture medium surrounding the tumor spheroids from hanging drops was completely removed
and replaced with 25 pL of resuspension media containing the HUVEC-NHLF mixture. An
equal volume of fibrinogen solution (6 mg/ml) was mixed with the spheroid and a total volume
of 50 pL was aspirated and pipetted into the central gel region of the well. For devices without
vascular networks, spheroids were mixed with cell-free resuspension medium and deposited
into the central gel channel, along with fibrinogen. The fibrinogen, thrombin, and collagen
mixtures were allowed to polymerize for 20 min at room temperature. After polymerization,
EGM-2 supplemented with 50 pg/ml VEGF was added to the media channels for the first 3
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days and changed daily. 4 days after device seeding, media were removed, and the side
channels of devices with vascular networks were layered with 35 ul of HUVEC at 1x 10°
cells/ml and tilted at 45° on each side in the incubator for 15 min to allow formation of a
HUVEC monolayer on the collagen-fibrin gel surface. For devices without vascular networks,
cell-free EGM-2 was dispensed into the side channels. Fresh EGM-2 medium was replenished
in the reservoirs, and the devices were incubated at 37 °C in a humidified incubator under a 5%
CO2 atmosphere.

Vessel characterization

All images were acquired on ZEISS LSM 800 and ZEISS LSM 880 confocal microscopes
using Zeiss software, ZEN (blue edition). Vessel formation was monitored and measured over
7 days. Pictures were taken on days 1, 4, and 7 post-seeding, and FIJI was used to generate
summed z-projections to calculate vessel formation by measuring the percentage coverage over
time. Spheroid sizes were also measured as the areas of the spheroids over 7 days and compared
to the avascular spheroids. Vessel branch and diameter analyses were carried out using the
BranchAnalysis2D/3D plugin in FIJI.

Vessel perfusion and permeability

For vascular permeability measurements, dextran Texas Red™ 70 kDa (25 mg/ml) (Invitrogen)
was diluted 1:100 in EGM-2 and perfused through the vessels by replacing the medium from
one side channel with the medium containing dextran. Immediately thereafter, time-lapse Z-
stack confocal images were captured (5 min intervals, 5 um z-depth) with a ZEISS LSM 800
confocal microscope to assess leakage through the vascular barrier. Permeability (P) was
calculated as previously published[104] and measured as the flux of dextran across the wall of
the vascular network:

po Vm AL,

"~ SAAI t
where Vm and SA indicate the ECM volume and surface area of the vasculature respectively in
the imaged volume, Al = ly,1) - Imy) is the difference in fluorescence intensity between the

vasculature and the ECM at time t = 1 and Alm = I(m;2) - I(m,2) indicates increase in fluorescence
intensity within the ECM during time interval t.

Sorafenib treatment

Cytotoxic responses of Hep3b and HepG2 cells to Sorafenib (Cayman Chemical) were initially
evaluated using XxCELLigence real-time cell analysis at 37 °C, 5% CO2 atmosphere. 50000
cells were seeded on gold electrodes embedded at the bottom of an E-plate VIEW 16 (Agilent
Technologies) and left to adhere for 30 min in the BSC. Subsequently, the e-plate was placed
into the xCELLigence RTCA DP analyzer. The cells were allowed to recover for 24 h. Before
the addition of sorafenib, 100 pL of the medium was removed from all the wells. Sorafenib
diluted in DMSO at various concentrations (0.1 uM, 1.25 uM, 2.5 uM, 5 uM, 10 uM, 20 pM,
50 uM, and 100 pM) were added to the respective wells. The control wells were prepared using
an equivalent concentration of DMSO. The control and drug-treated cells were incubated for
another 72 h and the impedance was recorded at 15 min intervals. 1Cso values were evaluated
using the RTCA-DP software (Roche Diagnostics GmbH) using sigmoidal dose-response
Ccurves.

To obtain the 1Cso values of sorafenib against Hep3b and HepG2 spheroids, one spheroid was
suspended into each well of a 96-well white microplate (Corning) in a medium containing
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RealTime-Glo MT Cell Viability Assay (Promega), prepared according to the manufacturer’s
instructions. The plate was incubated at 37 °C, 5% CO2 atmosphere for 60 minutes before
baseline luminescence was recorded using a Tecan Spark plate reader (Tecan). The same
medium was used to dilute sorafenib to a range of concentrations (0.1 uM, 1.25 pM, 2.5 uM,
5 uM, 10 uM, 20 pM, 40 uM, 60 pM, 80 puM, 100 uM). Sorafenib was then added and
luminescence was recorded every 24 h. All readings were performed with the Spark Controller
software using an integration time of 1000 ms. The raw luminescence value of each well was
offset by the background reading from wells containing medium without any cells before
normalizing the 100% viability value to the average luminescence values of the spheroids
without any treatment. The respective datasets for Hep3b and HepG2 were then fitted with a
non-linear curve to identify the ICso value for each cell line.

Vascularized and avascular spheroids in microfluidic devices were treated with 20 uM
Sorafenib and DRAQ7 (1:300) was diluted in EGM-2 medium 7 days post-seeding. Confocal
images were taken daily with a ZEISS LSM 880 microscope to assess the viability of the
spheroids over time, as indicated by the DRAQ?7 signal.

Immune cell therapy

TCR+T cells were resuspended at a density of 1 x 10° cells/ml in AIM-V medium with 1:100
DRAQ7 (Abcam, ab109202) before adding them to the devices. Devices with vascularized and
avascular HepG2 spheroids were used as targets for the TCR+T cells. TCR+T cells were added
to the devices by replacing the media from one side channel with 100 ul of T-cell suspension.
Confocal images were taken with ZEISS LSM 800 after 18 hr of incubation, and the DRAQ7
signal was measured to determine the killing efficiency.

CD133+ CAR-T cells were resuspended at a density of 1 x 10° cells/ml in AIM-V medium
with 1:300 DRAQ7, before being added to the devices. Devices with vascularized and
avascular Hep3b spheroids were used as CAR-T cell targets. After 7 days of vasculogenesis,
the medium was removed from one side channel, and 1 x 10° CAR-T cells were seeded in each
device. Confocal images were taken using ZEISS LSM 800 until day 6 of culture. DRAQ7
measurements were used to determine the killing efficiency of the CAR-T cells over time.

Immunofluorescence

The primary antibodies and their corresponding concentrations used for immunostaining are as
follows: Anti-cleaved caspase-3 (Cell Signaling, 9661), anti-Ki67 (Cell Signaling, 9449), and
anti-Hif-1a (Cell Signaling, 36169) used in this study at a dilution of 1:800, 1:400 and 1:400
respectively. Pan cytokeratin PE (PanCK-PE) (Invitrogen), mouse anti-human CD31 Alexa
Fluor™ 647 (BioLegend), and rat anti-human CD45 (Invitrogen) were used at a concentration
of 1:100.

The secondary antibodies and their corresponding concentrations utilized are as follows: Alexa
Fluor™ 405 Goat Anti-Mouse 1gG (Invitrogen) and Alexa Fluor™ 647 Goat Anti-Rabbit IgG
(Invitrogen) were used at a concentration of 1:500. Goat anti-rat Alexa FluorTM Plus 405
(Invitrogen) was used at a concentration of 1:200.

Preparation of cryosections

All devices were fixed overnight in 4% (v/v) formaldehyde (FA) in 1X PBS at 4°C. To
visualize cell nuclei, tissues were stained with DAPI (1:1000 in 1X PBS) for 24 h and then
dehydrated using a 30% (w/v) sucrose (company name) solution for an additional 24 h. The
devices were flash frozen in 2-methylbutane (company name). The bottom layer was peeled
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off and the frozen microtissues were punched into cryomolds containing OCT solution. The
microtissues were incubated in OCT overnight for 4°C followed by repeating the flash freezing
process to generate cryoblocks.

Immunostaining cryosections

Tissue cryosections of 10 um thickness was loaded onto glass slides and staining was
performed using caspase-3, Ki67 and HIFla antibodies. Sections were permeabilized using
1X PBS containing Triton X-100 (0.1% v/v) (PBS-T) for 20 min, followed by incubation with
blocking buffer (PBS-T with 10% v/v goat serum) for 30 min. Sections were incubated with
Ki67, caspase-3 or Hif-1o overnight at 4°C. This was followed by washing (3X, 5 min
intervals) with PBS-T and incubation with secondary antibodies for 2 hrs. All sections were
mounted with 50% (v/v) glycerol and images were acquired using Zeiss LSM 800, 20X
magnification.

Whole tissue staining

For immunostaining whole devices with Pan-CK (tumor region), and CD31 (vasculature) and
CD45 (T-cells), all devices were fixed overnight in 4% (v/v) formaldehyde (FA) in 1X PBS at
4°C. Permeabilization with 0.1% (v/v) Triton X-100 in 1X PBS (PBS-T) was performed
overnight at 4°C, followed by blocking with a solution containing 3% (v/v) bovine serum
albumin (BSA) (Sigma Aldrich) and 10% (v/v) goat serum (Gibco) in 0.1% (v/v) PBS-T at
room temperature for 1 hr. Primary antibodies diluted in 0.5% BSA (v/v) in PBS-T were added
to the devices and incubated at 4°C for 2 days on a rocker. The devices were washed with 1X
PBS 3X every 30 min at room temperature. Secondary antibodies diluted in 0.1% (v/v) BSA
in PBS-T were added to the devices and incubated overnight at 4°C on a rocker. The devices
were washed 5X every 30 min at room temperature with 1X PBS and cleared overnight at 4°C
(Rapiclear, SunJin Labs). Confocal images were acquired using a ZEISS LSM 880 with 10X
and 20X objectives. Image analysis was performed using Fiji software.

Flow cytometry profiling of T-cell characteristics

Sample preparation

To profile cytokine, activation and exhaustion marker profiles of T-cells that have
transmigrated the endothelial barrier into the tumor region, we used an idenTx 3 (AIM Biotech)
platform. Hep3b embedded in a collagen-fibrin matrix was seeded in the gel channel region.
To create a vascularized tumor mimicking system, HUVECs were seeded into both side
channels and incubated until the formation of an endothelial monolayer. CD133+ CAR-Ts
were seeded into one of the side channels and left undisturbed at 37 °C, 5% CO: for 48 h. T-
cells were then flushed out from the side channels with media and collected for flow cytometry
profiling. Then, the tumor microtissues in the central gel region were digested to extract the T-
cells embedded in the collagen-fibrin matrix. The following digestion buffer mix was prepared
for digestion: 0.25% Trypsin EDTA (Gibco) containing Collagenase IV (1:10 v/v from stock
concentration of 100 mg/ml) (Gibco), Nattokinase (1:100 v/v from stock concentration of 5000
FU/ml) (Japan Bio Science Laboratory) and DNase | (1:200 v/v) (Sigma Aldrich). After
flushing the T-cells from the side channels, each device was filled with 200 uL of digestion
buffer mix distributed unevenly between the two side channels and the microtissues were
incubated at 37 °C, 5% CO2for 10 min. The devices were agitated every 5 min by pipetting the
media and gel inlets. The cells from the digested gel were flushed out of the devices using
media and collected for flow cytometry profiling.

A quantity of atleast 10° T-cells was utilized for analysis. Live and dead cells were
distinguished using Live/Dead Fixable Near-IR Dead Cell Stain Kit (L10119, Invitrogen) at a
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concentration of 1:1000. The cells were subsequently washed using FACS buffer (1X
phosphate buffered saline (PBS) (Gibco) containing 1% (w/v) bovine serum albumin (BSA)
(MP Biomedicals) and 0.1% (w/v) sodium azide (Sigma Aldrich). This is followed by staining
for cell surface markers, CD25, HLA-DR, CCR7, CD45R0O, LAG-3, TIM-3, PD-1, at a
concentration of 1:50 for 30 min. The cells were washed with FACS buffer to remove the
unbound antibodies and fixed with 1% formaldehyde (Life Technologies). Acquisition was
performed using BD FACSAria Il (BD BioSciences).

To characterize intracellular cytokines, the devices were treated with brefeldin A (1:1000) for
5 hrs prior to performing digestion of tumor microtissues. Following digestion, cells were
simultaneously fixed and permeabilized using BD Cytofix/Cytoperm (554722, BD
Biosciences, USA). Intracellular cytokine staining was performed using GznB, TNFa and IFNg
antibodies at a concentration of 1:50 for 30 min. The cells were washed with FACS buffer to
remove the unbound antibodies and fixed with 1% formaldehyde. Acquisition was performed
using BD FACSAria Il (BD BioSciences).

Data analysis

All data acquired were analyzed using FlowJo software (version 10.10.0, Becton Dickinson &
Company (BD)). Compensation was performed using single-stained controls, and doublet
discrimination was applied to exclude cell aggregates. Lymphocytes were gated based on their
forward scatter (FSC) and side scatter (SSC) characteristics, and then further analyzed for
expression of CD3 to identify T-cell subsets. Boolean gating was used to identify CD3+ T cells
expressing activation (CD25, HLA-DR) and exhaustion (PD-1, LAG-3 and TIM-3) markers.
CD3+ cells were then analyzed for the expression of CCR7 and CD45RO to identify central
memory (CCR7+CD45R0+), effector memory (CCR7-CD45R0+), naive (CCR7+CD45R0-)
and terminally differentiated effector memory (CCR7-CD45RO-) T-cell subsets. The
percentage of each T-cell subset was quantified and compared between experimental groups.

Cyclic immunofluorescence staining of tumor microtissues

Microtissue preparation

Vascularized and avascular tumor microtissues were initially fixed with 4% PFA, followed by
washing with 1X Dulbecco's Phosphate-Buffered Saline (DPBS). Using a biopsy punch, the
microtissues were punched out of the device and then placed into cryomolds containing OCT
tissue freezing medium. Microtissues were snap-frozen using dry ice immersed in isopentane
(2-methylbutane). Tissue cryosections were loaded onto glass slides and inserted into
MACSwell sample carriers to enable immersion in antibody cocktails. Iterative staining using
fluorescein isothiocyanate (FITC), phycoerythrin (PE), and allophycocyanin (APC) conjugated
antibodies was performed, followed by washing during each image acquisition cycle.

Data analysis

Image acquisition and processing were performed using the MACS iQView. An ROI was
drawn to identify the tumor region prior to performing the analysis. DAPI-stained nuclei were
segmented using the software's predefined Advanced Tissue Morphology with donut algorithm
and validated using visual inspection. This was followed by extraction of cellular phenotypes
and related features. Data were imported into GraphPad Prism for statistical analysis.

NanoString GeoMx® Digital Spatial Profiler (DSP)
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Microtissue preparation

TCR+T-cell treated HepG2 tumors with or without vasculature were used for NanoString DSP.
Glass slides with paraffin-embedded sections were sent to NanoString (Seattle, WA, USA) to
perform DSP using the GeoMx Cancer Transcriptome Atlas (CTA) panel. RNA expression of
over 1800 genes can be simultaneously analyzed with spatial resolution to characterize tumor
biology, TME, and immune responses. Samples were stained with panels of pre-mixed
biological probes (each incorporating a unique UV-cleavable DNA barcode) and fluorescently
labeled antibodies to visually and differentiate the tumor region (Pan-CK+), endothelial cells
(CD31+), and immune cells (CD45+). Regions of interest (ROIs) were chosen within the
tumors (“tumor only” and “tumor with vasculature”) or in the vasculature region (“ECM”) for
high-resolution multiplex profiling. Following hybridization, samples were loaded onto an
automated nCounter Prep Station (NanoString Technologies) for processing and transfer to
nCounter cartridges. These cartridges were then placed in the nCounter Digital Analyzer for
imaging and digital counting of individual RNA transcripts. The resulting count data were
exported for downstream analysis.

Data processing and analysis

All data were analysed using GeoMx data analysis suite. Quality control (QC) was performed
to remove low performing or negative probes. Following data filtering, we calculated the
geometric mean for each target within each ROI. The limit of quantification (LOQ) was
determine for each ROI, defined as two standard deviations above the geometric mean of
negative control probe counts, as is standard in NanoString workflow. If the measurements
from target genes within the analysis pipeline exceeded LOQ, those genes were excluded. After
filtering 1410 genes remained in the original data set. Statistical tests were applied to determine
on geometric means of probe expression to compare the differentially expressed genes between
two groups — (1) within the vascularised tumor vs its surrounding ECM region and (2) avascular
vs vascularized tumor. Gene set enrichment analysis (GSEA) is implemented using pathway
groups from the Reactome database, used by the GeoMx DSP software.

Statistics
All statistical analyses were performed using GraphPad Prism, and the appropriate tests are
stated in the figure legends.
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Highlights

e Developed an in vitro model of a human liver tumor integrated with a functional
vasculature within a microfluidic platform

e Sorafenib disrupted tumor vasculature and induced heterogenous responses in different
liver tumor subtypes

e Tumor vasculature reduced the infiltration of engineered T-cells but preserved its
cytotoxic capacity

e Spatial profiling of the tumor microenvironment revealed activation and exhaustion
patterns in engineered T-cells
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