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Abstract

Previous studies have developed vascularized tumor spheroid models to demonstrate the impact
of intravascular flow on tumor progression and treatment. However, these models have not

been widely adopted so the vascularization of tumor spheroids in vitro is generally lower than
vascularized tumor tissues in vivo. To improve the tumor vascularization level, a new strategy

is introduced to form tumor spheroids by adding fibroblasts (FBs) sequentially to a pre-formed
tumor spheroid and demonstrate this method with tumor cell lines from kidney, lung, and ovary
cancer. Tumor spheroids made with the new strategy have higher FB densities on the periphery of
the tumor spheroid, which tend to enhance vascularization. The vessels close to the tumor spheroid
made with this new strategy are more perfusable than the ones made with other methods. Finally,
chimeric antigen receptor (CAR) T cells are perfused under continuous flow into vascularized
tumor spheroids to demonstrate immunotherapy evaluation using vascularized tumor-on-a-chip
model. This new strategy for establishing tumor spheroids leads to increased vascularization in
vitro, allowing for the examination of immune, endothelial, stromal, and tumor cell responses
under static or flow conditions.

Keywords
chimeric antigen receptor-T cells; continuous flow; fibroblasts; tumor-on-a-chip; vascularization

1. Introduction

Tumor vasculature is a key component of the tumor microenvironment. Nutrients,

oxygen, therapeutic drugs, and immune cells are transported through tumor vessels to

the tumor site. These tumor vessels have unique features that affect the efficiency of
chemotherapy and immunotherapy.!*-2] To better understand tumor microenvironments,
develop potent anti-cancer drugs, and establish efficient immunotherapies, there is a need
for physiologically relevant in vitro models that can better serve as reliable tumor modeling
tools. Microphysiological systems have recently attracted tremendous attention in organ and
disease modeling. There have been several reviews summarizing in vitro tumor models,
especially tumor-on-a-chip models with vasculature.[3-8] These vascularized tumor models
are used to study drug delivery and screening,[®10] nanoparticle assessment,[*1] vasculature
activation,[*2] and immune cell function (e.g., monocyte,[13] macrophage,[24] natural killer
cell,[151 T cell[16]),

In these vascularized tumor models, tumor cells embedded in a 3D matrix,[1718] tumor
cell monolayers,[X6] microtumors,[19-211 and tumor spheroids,[22! or organoids(23! are used.
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Among these different tumor model formats, the tumor spheroids have their own unique
features. For example, tumor spheroids include 3D cues lacking in tumor cell monolayers,
and have a higher cell population complexity that can be formed as tumor cells alone or in
combination with other cell types (such as, fibroblasts (FBs),[22] endothelial cells (ECs),[24]
and pericytes[!1]l). Compared to organoids, tumor spheroid models are easier to generate and
can be better controlled. Thus, tumor spheroid is a useful format to generate vascularized
tumor models in vitro.

Various methods have been used to produce vasculature in the tumor-on-a-chip models
including formation of an endothelial monolayer that lines a large-diameter channel,[25.26]
angiogenic sprouting,[271 or vasculogenesis.[928] Although these methods produce vessels
that are close to the tumor region, the general tumor vascularization level in most studies

is still lower than what is observed in vivo. Thus, there exists a need to improve the
vascularization level of tumor-on-a-chip models to mimic better the blood vessel-rich tumor
microenvironment in vivo.

Previous studies have indicated that FBs play a beneficial role in tumoral vascularization

in vitro. For instance, co-seeded FBs in a side-channel could induce angiogenesis toward

the tumor.13] Also, tumor spheroids composed of MCF7 or Eca-109 cells mixed with FBs
induced angiogenesis and vessel growth into the tumor spheroids.[29:30] Although it has been
shown that FBs are beneficial for tumoral vascularization in vitro, it is not clear whether the
location of FBs in the tumor spheroid would further influence tumoral vascularization.

Chimeric antigen receptor (CAR)-T cell therapy is a powerful tool in cancer treatment,
especially for hematological diseases.[31:321 However, many challenges such as modest
anti-tumor activity, limited tumor infiltration, and restricted trafficking still limit the
therapeutic efficacy of CAR-T cells in solid tumors and hematological malignancies.[33:34]
Further-more, CAR-T cell function could be suppressed by the tumor microenvironment.
[35-37] CAR-T cells also respond differently in various patients, as cancer patients have
unique pathological features including gene expression profile, tumor microenvironment
composition, treatment history, etc.[32331 In order to overcome these challenges, new
strategies to engineer, screen, and characterize more powerful CAR-T cells with improved
anti-tumor activity and decreased toxicity for personalized medicine are necessary. In
addition to the traditional systems, for example, cell co-culture in dish and xenografts in
mice, tumor-on-a-chip systems could be a powerful tool that contributes to these aims.

For example, tumor spheroids and organoids have been used to evaluate CAR-T cell
infiltration and cytotoxicity[38-4] and 3D tumor models have explored CAR-T cell function
under hypoxic conditions.[41] Mouse T cells have been perfused through a multilayer-based
microfluidic device to mimic CAR-T cell infiltration into the tumor region.[*6] As a pre-
clinical step, evaluating CAR-T cell responses in a tumor model that recapitulates tumor
microenvironments by using human cells, adding various other cell types, and including
chemical and physical features could reduce the risk of clinical failure. However, there is
currently no vascularized tumor model for CAR-T cell response evaluation.

In this study, we introduce a new strategy to generate tumor spheroids by combining
FBs either initially, mixed with tumor cells (co-mixed) or after formation of the tumor
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spheroid (sequential) (Figure 1a). FBs in the co-mixed spheroid are distributed uniformly

or enriched in the center, whereas they tend to be located peripherally in the sequential
tumor. By comparing the vascularization level of tumor spheroids made with tumor cells
alone, tumor cells co-mixed with FBs, and the sequential strategy, we found that sequential
tumor spheroids have the highest vascularization level. Importantly, more vessels in the
sequential tumor regions are perfusable. Finally, we demonstrate the advantages of this
method by adding a micropump to circulate CAR-T cells in the vascularized tumor spheroid
and evaluate responses under continuous flow.

2. Results

2.1. Three Methods to Generate Tumor Spheroids for Vascularized Tumor-on-a-Chip

Models

We first found that spheroids containing FB alone are highly vascularized in vitro (Figure
S1, Supporting Information). This led us to consider the contribution of FBs to the
vascularization of tumor spheroids. To test this concept and further evaluate the contribution
of the physical location of the FB within tumor spheroid on vascularization, we generated
tumor spheroids of three types: 1) With tumor cells alone, 2) with tumor cells and FBs
mixed from the beginning (co-mixed), 3) by forming the tumor spheroid first and then
adding FBs to the pre-formed tumor spheroid to generate a higher concentration of FBs
in the outer layers (sequential) (Figure 1a). These tumor spheroids were then seeded in

a microfluidic device immersed in a gel solution containing ECs and FBs (Figure 1b).

A microvascular network (MVN) comprised of these vascular cells subsequently formed
around the tumor spheroid within 7 days.

2.2. Sequential Tumor Spheroids Show Superior Vascularization

We first tested the abovementioned three methods for tumor spheroid formation in a kidney
cancer cell line, SN12C. In vivo, SN12C induced microvessel formation in the severe
combined immunodeficient mouse model at the density about 10 blood vessels per high
power field image at 400x magnification,[42] and induced about 30 vessels per image field
at 200x magnification in nude mice.[*3] In vitro, SN12C formed spheroids when seeded
alone (Figure 2a). When SN12C cells were co-mixed with FBs, the majority of FBs were
located at the center of the spheroid, while SN12C were in the peripheral region (Figure
2a), similar to previous studies using different tumor types.[44] On the contrary, in the
sequential tumor spheroids, FBs were in the peripheral region (Figure 2a). When seeded

in the microfluidic devices, both the tumor alone and the co-mixed tumor spheroid groups
resulted in vessels excluded from the tumor region (Figure 2b). Thus, we analyzed the
vessel percentage not only in the tumor spheroid region, but also the nearby 50 pm distance
region as a measure for tumor spheroid vascularization (Figure 2c). Tumor spheroids formed
by the sequential method showed the highest vascularization level in comparison to the
other methods (Figure 2b-e). Unlike the tumor alone and co-mixed groups, vessels were
found in the tumor region and nearby 50 um distance region of the sequential tumor
spheroid (Figure 2d,e), although the majority of the vessels were at the periphery of the
tumor spheroid. Moreover, tumor spheroid-associated FBs in the sequential tumor spheroid
had the largest area across the three types of tumor spheroids (Figure 2f), indicating a
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strong microenvironmental remodeling and potentially attracting more ECs to increase
vascularization, thus better mimicking a vascularized tumor in vivo. We repeated these
experiments using cancer patient-derived thyroid FBs and found similar results (Figure S2,
Supporting Information).

We further confirmed our findings using two additional cancer cell lines, lung cancer
(H69M) and ovarian cancer (OV90). In vivo, subcutaneously inoculated H69M induced
high levels of vessel density (38 to 50 CD31 positive structures per sample slice).[45] In
our system, H69M cells alone were able to form tumor spheroids. In the co-mixed tumor
spheroid, FBs and H69M cells were evenly distributed, while FBs were more concentrated
in the peripheral region of sequential tumor spheroids (Figure S3a, Supporting Information).
As time progressed, the level of vascularization of sequential tumor spheroids became
significantly higher than the other methods (day 7 and 11) (Figure S3b,c, Supporting
Information). We also noticed vessel regression in all the groups with the least regression
in the sequential tumor group at later time points (Figure S3b, Supporting Information),
which might partially explain why the vascularization levels in both tumor alone spheroid
and co-mixed tumor spheroid decreased on days 7 and 11 compared to day 4 (Figure

S3d, Supporting Information). FBs in co-culture in the sequential tumor spheroid migrated
more in the microfluidic device compared with the ones in co-mixed tumor spheroid group
(Figure S3e, Supporting Information).

The ovarian cancer cell line, OV90, induced about 7 microvessels per image field at 200x
magnification in nude mice.[46] When seeded in the ultra-low attachment (ULA) plate,
OV90 was able to form tumor spheroids alone (Figure S4a, Supporting Information). In the
co-mixed tumor spheroid, the majority of FBs gathered in the center of the tumor spheroid,
with few FBs located at the periphery (Figure S4a, Supporting Information). Interestingly,
when FBs were sequentially added to the OV90 spheroids, FBs formed two large clusters
at the edges of the tumor spheroid (Figure S4a, Supporting Information). After 7 days
seeded in the microfluidic devices, tumor spheroids were surrounded by vessels in all three
groups with the highest vessel percentage in the sequential tumor spheroid group (Figure
S4b-d, Supporting Information). In the microfluidic devices, unlike SN12C or H69M, most
of the FBs were excluded from the OV90 spheroids in the co-mixed condition (Figure S4b,
Supporting Information), implicating a unique interaction between FBs and OV90 tumor
cells.

These results suggest that tumor spheroids formed by the sequential strategy are better
vascularized, and better mimic the vessel-rich tumor microenvironment in vivo.

2.3. Perfusion is Better in Vascularized Sequential Tumor Spheroids than Co-mixed
Tumor Spheroids

Next, to evaluate tumor vessel perfusability, we focused on the SN12C tumor spheroids and
perfused them by adding fluorescent dextran in the MVNs (Figure 3a). Dextran was detected
in the distal region of MVNs in both the co-mixed spheroid and sequential spheroid,
indicating the high perfusability of the MV Ns far away from the tumor spheroid (Figure 3b).
However, perfusable vessels close to the tumor spheroid were only found in the sequential
tumor spheroid group (Figure 3b,c). This indicated that the spatial arrangement of FBs at the
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periphery of the tumor spheroid has a profound effect on more vessels are perfusability of
vessels close to tumor spheroids.

2.4. Sequentially-Formed Vascularized Tumor Spheroids Recruit more T Cells under
Continuous Flow

Lastly, we demonstrated how these vascularized tumor models can be used to evaluate
CAR-T cell recruitment, killing capacity, and inflammatory response. It has been shown that
mesothelin CAR-T cells respond to ovarian cancer cell line Skov3.[4748] Thus, we tested
mesothelin CAR-T cells in a Skov3 vascularized tumor-on-a-chip model. In previously
published nude mouse models, Skov3 induced about 17 microvessels per imaging field
(100x magnification)[49] to 23 microvessels per imaging field (160x magnification).[% In
our platforms, similar to the other tumor cell lines, Skov3 cells formed tumor spheroids by
themselves (Figure 4a), and when co-seeded, Skov3 cells and FBs were evenly distributed
through the spheroid. When seeded with the sequential method, Skov3 cells were more
concentrated in the center while FBs were in the peripheral region (Figure 4a). Similar to
previous tumor cell lines, Skov3 tumor spheroids made with the sequential method showed
the highest vascularization level (Figure 4b,c).

To mimic the circulation of T cells in vivo, a recirculating pump[®Ll was connected to the
microfluidic device to introduce continuous flow for 4 days (Figure 5a-c). Control T cells
or CAR-T cells (about 25% CAR positive rate, data not shown) were perfused from the
media channel, from which they flowed into the tumoral MV Ns, extravasated, and interacted
with tumor cells (Figure 5a-c). Both dead cell staining and cytokine secretion were used to
assess T cell response. In the sequential tumor spheroid group, CAR-T cells flowed into the
MV NSs, adhered to the apical EC surface (Figure 5d, Movie S1, Supporting Information),
extravasated (Figure 5e, Movie S2, Supporting Information), and migrated to the tumor
region (Figure 5f). After 96 h of perfusion, higher T cell and dead cell densities were found
in the CAR-T cell groups than in the control T cell group in both co-mixed and sequential
tumor spheroids (Figure 6a-c). Also, more T cells were recruited in the sequential tumor
spheroids than the co-mixed tumor spheroids, probably due to the increased vascularization
(Figure 6a,b). The higher CAR-T cell density in the sequential tumor spheroid group

led to a higher dead cell density in the tumor region (Figure 6a,c). Media from devices
were analyzed for IFNy using the enzyme-linked immunoassay (ELISA) and Luminex
multiplex ELISA which revealed a stronger response from CAR-T cells in the sequential
tumor spheroid group (Figure 6d,e). All these data demonstrate that this vascularized tumor
spheroid model can effectively be used to evaluate CAR-T cell responses to tumor cells in
vitro.

3. Discussion

Tumor sites are highly vascularized in vivo, so it is imperative that tumor model systems
containing higher fractions of functional vasculature should be used in tumor studies that
explore drug delivery to the tumor, immune cell trafficking, and immunotherapy. Building
on previous studies demonstrating that FBs positively impact tumoral vascularization in
vitro,[13] we find that adding FBs to a pre-formed tumor spheroid further improves tumor
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vascularization in vitro. The developed vasculature is perfusable, and when combined with a
pumping system it provides for the continuous circulation of immune cells, which could

be used for pre-clinical CAR-T cell evaluation. We propose that the increased tumor
vasculature in sequentially formed tumor spheroids is a consequence of the location and cell
number of FBs. In sequential tumor spheroids, FBs tend to be concentrated at the periphery
of the tumor spheroid so they are better able to communicate with ECs in the surrounding
extracellular matrix in a microfluidic device. These FBs may provide growth factors, such
as vascular endothelial growth factor (VEGF), fibroblast growth factor, and platelet-derived
growth factor, and matrix substrates for ECs to initiate an angiogenic response.[52-54] |n
contrast, FBs concentrated at the center of the co-mixed tumor spheroids have restricted
access to the surrounding vasculature causing fewer vessels to be formed in close proximity
to the tumor. In addition, more FBs were found in the sequential tumor spheroids than the
co-mixed ones made with SN12C or Skov3 cell lines (Figure S5, Supporting Information),
which would further contribute to EC recruitment. The higher FB number in the sequential
tumor spheroids also results in the larger area corresponding to FBs in the microfluidic
device (Figure 2b).

An interesting phenomenon is that the location of FBs is different in tumor spheroids of
different tumor cell types. We used 7 types of tumor cells to form tumor spheroids using
our co-mixed or sequential methods (Figure S6, Supporting Information). When co-mixed
with SN12C, OV90, A375, or MCF7, FBs are located in the center of the spheroid, but
when co-mixed with H69M, Skov3, or HepG2, FBs are more evenly distributed (Figure
S6, Supporting Information). When subsequently added to a pre-formed tumor spheroid
made of SN12C, H69M, or Skov3, FBs locate in the peripheral region with a shell-like
structure. When added to OV90 or A375 spheroids, while FBs are still concentrated in

the peripheral region, they tend to form clusters. And when FBs were added to HepG2

or MCF7 spheroids, FBs migrate inward from the peripheral region, and within 24 h

form embedded FB aggregates that are covered by tumor cells (Figure S6, Supporting
Information). These location differences imply distinct relationships between different tumor
cells and FBs. Such patterning between two cell types has been extensively studied through
both experimental and computational models, indicating the important roles of adhesion
molecules and motor proteins.[55-581 One explanation for these differences is that different
tumor cell lines regulate FB function in distinctive ways, for example, there were fewer
FBs in SN12C co-mixed spheroids than in H69M or OV90 co-mixed tumor spheroids
(Figure S5, Supporting Information), suggesting that the proliferation rate of FBs may be
regulated differently depending on tumor types. It is also likely that the type and amount
of adhesion molecule expression varies among tumor cell lines, thus affecting the relative
FB-FB versus FB- tumor cell affinities. The relative ability of the different tumor cell

lines to form spheroids is a clear indication of different TC-TC adhesive properties. Most
of the tumor cell lines tested in this study are epithelial cells in origin, so E-cadherin
expression is critical.[9 Also, members of the CD44 family are often important and

have been extensively studied.[89-62] Tumor cell-FB and tumor cell-matrix adhesions are
mediated by a variety of adhesion processes involving members of the integrin family as
well as heterotypic E-cadherin/N-cadherin bonds, among others.[61] Another factor is the
role that integrin activation plays in regulating cell-secreted matrix.[53] FBs secrete matrices
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to provide adhesion sites for both tumor and FBs when cultured in the ULA plate. The
expression profiles of adhesion molecules that match to these matrices may vary in these
tumor cell lines. Such adhesion molecule differences have been found to be essential in
morphogenesis.[84:65] A future study that systematically investigates the adhesion molecules
in tumor spheroids formed by co-mixed or sequential methods would serve to better
elucidate the interaction between tumor cells and stromal cells, and further improve the
vascularized tumor-on-a-chip model. To study primary tumor cells using our tumor spheroid
formation methods, these different patterns of tumor cell/FB distribution probably will also
be observed because of the following reasons. Primary tumor cells are able to convert
normal FBs to different phenotypic cancer-associated FBs through various mechanismsl6]
and primary tumor cells have distinct adhesion molecule expression profile.[67] Such pattern
differences may limit the applicability of our methods, as discussed at the end of discussion.

An important result of this study is that more control T cells and CAR-T cells are recruited
to the tumor region in the sequential tumor group compared to the co-mixed group.
Certainly, the increased vascularization level and improved perfusion vessels close to the
tumor region in the sequential tumor group is a contributing factor. T cells are transported
through these vasculatures under continuous flow, where they have a higher probability of
adhering to and extravasating into the tumor region. Another possible contributing factor

is that the immunosuppressive microenvironment has not been established, because only
human normal lung FBs were used to form tumor spheroids to test CAR-T cell efficiency. It
is possible that these FBs have not been converted to immunosuppressive, cancer-associated
FBs. Future studies using tissue-specific stromal cells and patient-derived stromal cells, such
as cancer-associated FBs, to generate MVNs and tumor spheroids, respectively, would better
recapitulate tumor microenvironments in vivo.

Luminex multiplex ELISA results showed that GM-CSF, IFN ¥, IL-6, and IL-8 were highly
secreted relative to other cytokines. The concentration of IL-6, IFN ¥, and GM-CSF were
higher when CAR-T cells were perfused into the MVVNs embedded with the sequential
tumor spheroids than the co-mixed tumor spheroids. Such concentration differences may be
caused by the tumor cell interaction dependent CAR-T cell activation. As discussed above,
the increased vascularization in the sequential tumor group lead to a high accessibility of
CAR-T cells to tumor cells. Such interactions resulted in the enhanced cytokine secretion.
Another possible factor contributing to such differences is the vascular cell responses to
CAR-T cell secreted cytokines. For example, GM-CSF has been found to be produced by
FBs and ECs upon immunogenic stimuli.[68] In the clinical setting, CAR-T cell cytokine
release syndrome (CRS) is critical for balancing tumor treatment efficacy and patient safety.
These elevated cytokines are not only secreted by CAR-T cells, but usually released by other
immune cells, such as macrophages, when responding in part to CAR-T cell activation.[6°]
IL-6, IFN %, and GM-CSF have been implicated as elevated cytokines during CRS, and
blocking these cytokines has proven to reduce CRS and improve CAR-T cell function.[70-73]
Our system has the potential to be used for CRS prediction and cytokine blocking tests

by including other immune cell types in the microfluidic device. Both the IFNy ELISA

and Luminex multiplex ELISA results showed decreased cytokine secretion in CAR-T cell
groups at 72 and 96 h, compared to 48 h. This could be due to exhaustion of the CAR-T
cells at the later time points.[”41 Moreover, the culture medium has not been optimized for
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a long-term culture to maintain T cell activity. Future studies using this vascularized tumor
model to evaluate T cell activation under various culture conditions with direct comparison
to in vivo experiments are needed for full validation.

In this work, only lung FBs and patient-derived thyroid FBs are used to form MVNs. It

has been shown that lung FBs, dermal FBs, patient-derived thyroid FBs, pericytes, bone
marrow-derived mesenchymal stem cells, and astrocytes with brain pericytes can support
MVN formation in vitro.l”>77] In the future, organotypic matched stromal cells can be
used to model vascularized tumor from different organs. Also, fibrin gel is used to support
MVN formation in this study, consistent with its use in other self-organized perfusable
MVNs formed in microfluidic devices.[78-82] Some studies, however, have used mixed
matrices, such as fibrin/collagen and fibrin/matrigel mixture. Kim and colleagues were able
to form perfusable MVNs in fibrin gel mixed with a low concentration of collagen I,[83] but
others either failed[®4] or found that pure fibrin gel scaffolds are preferable to collagen

gel or collagen/fibrin combinations, because it significantly reduces matrix retractions
during MVN maturation.[8%] Other studies used synthesized matrices,[88:87] however the
perfusability of these MVNs was not demonstrated. Although vascular cells were seeded
initially in fibrin gel in the present work, these cells are able to remodel the matrix by
secreting matrices, such as collagen I, collagen IV, laminin, and elastin.[88-90] Future studies
forming MV Ns with primary vascular cells from patients or seeding in patient-derived
matrix would improve the pathological relevance of the models.

Although we have shown that the sequential tumor spheroid method benefits vascularization
using four different tumor cell lines (SN12C, H69M, OV90, and Skov3), this sequential
strategy has limitations. First, this method requires a pre-formed tumor aggregate. If tumor
cells cannot form a spheroid by themselves, as is the case for MD-MBA-231 (Figure S7,
Supporting Information), this sequential tumor spheroid method has little effect. Second, the
interaction between FBs and tumor cells is dynamic, and it is possible that the peripheral
FBs in the sequential tumor spheroid may continue to evolve and approach a distribution
more similar to the co-mixed spheroid and we found that in some cases the FB distribution
in the sequential and co-mixed spheroids converge over time (data not shown). Thus, to
benefit from the beneficial FB distribution in the sequential method, the spheroids would
need to be seeded into microfluidic devices earlier, within about 2 days to avoid FB
relocation to the center. However, this short co-culture time would lead to a less compacted
spheroid. Third, in some instances (e.g., HepG2 and MCF7), FBs migrate inward from the
peripheral region in as little as 24 h. Once this happens, the benefits of the sequential method
wane and the vascularization level may not be increased. All these limitations should be
considered when testing a new type of tumor cell, especially for primary tumor samples, for
this vascularized tumor-on-a-chip model.

4. Conclusion

In summary, forming tumor spheroids with sequentially added FBs improves
vascularization, which mimics better the highly vascularized tumor microenvironment in
vivo. This vascularized, sequential tumor spheroid model can be used to enhance both drug
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delivery and cell trafficking, producing a vascularized in vitro model of drug transport
kinetics, cell trafficking, and CAR-T cell responses.

5. Experimental Section

Cell Culture:

Immortalized human umbilical vein endothelial cells (ImMHUVECSs) and INHUVECs
expressing green fluorescent protein or blue fluorescent protein (BFP, P20-P30)[88] were
cultured in VascuLife VEGF Endothelial Medium (Lifeline Cell Technology). Lung

FBs (Lonza, P7) and lung FBs expressing BFP (P7) were cultured in FibroLife S2
Fibroblast Medium (Lifeline Cell Technology). Cancer patient-derived FBs were isolated
from patient thyroid cancer surgical resections in accordance with a protocol approved

by the Institutional Review Board of Dana Farber Cancer Institute (approval number
09-472 following our previous protocol.Ll7>] Briefly, specimens were minced, followed by
collagenase P, DNAse, and dispase digestion. Patient-derived FBs were cultured in a gelatin-
coated flask with FibroLife S2 Fibroblast Medium (Lifeline Cell Technology). SN12C
expressing red fluorescent protein (RFP), OV90 expressing mCherry, A375 expressing
mCherry, and MCF7 expressing mCherry were cultured in DMEM (Thermo Fisher) with
10% FBS. H69M cells expressing mCherry were cultured in RPMI11640 (Thermo Fisher)
with 10% FBS and 1% penicillin-streptomycin (Sigma). Skov3 tumor cells expressing
RFP were cultured in McCoy’s 5A (modified) medium with 10% FBS (Thermo Fisher).
HepG2 expressing mCherry were cultured in EMEM media with 10% FBS. Peripheral blood
mononuclear cells (PBMCs) were isolated from healthy donor’s blood by the monocyte
core at MIT. PBMCs were treated with Dynabeads Human T-Activator CD3/CD28 for T
Cell expansion and activation (Thermo Fisher), along with 1L-2 (18.3 ng mL™1), IL-7 (5 ng
mL"1), and I1L-15 (5 ng mL™1) in RPMI1640 with 10% heat inactivated FBS for 6 days.
On day 2, expanded cells were infected with lentivirus of mouse single chain anti-human
mesothelin specific CAR overnight. Dynabeads were removed on day 6, and transfected
cells were further cultured for another 2 days without cytokines. On day 9, 99% of cells
were CD3 positive (BioLegend) and ready for experiments.

Tumor Spheroid Formation:

Tumor cells and FBs were detached and then resuspended in tumor cell culture media at

5 x 104 cells mL~1. Cells were cultured in ULA 96-well plates (Wako Chemicals USA).
For tumor cells alone spheroid, 50 pL of tumor cells (2.5 x 103 cells) were loaded in each
well of the ULA plate, and an additional 50 pL tumor cell suspension (2.5 x 103 cells) were
added (in total 100 L, 5 x 103 cells), and cultured for 2 days. For co-mixed tumor spheroid,
50 pL of tumor cells (2.5 x 103 cells) followed by 50 L of FBs (2.5 x 103 cells) were
loaded in each well of the ULA plate, and cultured for 2 days. For the sequential tumor
spheroid, 50 uL of tumor cells (2.5 x 102 cells) were first loaded to ULA plate and culture
for 24 h, and then 50 pL of FBs (2.5 x 103 cells) were added to the tumor spheroid in each
well of ULA plate and cultured for another 24 h. Prior to spheroid imaging, these spheroids
were fixed and cleared using RapiClear 1.49 (SUNJin Lab Optical Clearing Innovation).
Patient-derived FBs were stained with CellTracker Green (Thermo Scientific) to detect cell
location. For FB cell number analysis, tumor spheroids were fixed, permeabilized with 2%
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Triton X-100, and then stained with Nuclear Green DCS1 (Cayman Chemical). Nuclei were
counted using Imaris software (Oxford Instruments).

Microfluidic Device Fabrication:

Microfluidic devices were assembled following previous publications.[®] In short, PDMS
made of a 10:1 ratio of base to cross-linker (Ellsworth) was cured in a mold at 60 °C for

a minimum of 2 h. Devices were sterilized prior to air-plasma bonding (Harrick) to clean
glass slices, followed by subsequent curing overnight. This microfluidic device contains
three parallel channels: A central gel channel flanked by two media channels. Partial walls
separate the fluidic channels and serve to confine the liquid gelling solution in the central
channel by surface tension before polymerization. The gel channel is 3 mm wide and 0.5
mm tall.

Vascularized Tumor-on-a-Chip Seeding:

Tumor spheroids were co-seeded with ECs and FBs into the device as previously described.
[88] Briefly, tumor spheroids were transferred to microcentrifuge tubes from the ULA plate
using a large orifice 200 L pipette tip. Supernatant was removed carefully leaving tumor
spheroids in the bottom of the tube. ECs and FBs were concentrated in VascuL.ife containing
thrombin (4 U mL™1). Cell mixture solution was added into the tube containing tumor
spheroids, and then further mixed with fibrinogen (3 mg mL™1 final concentration) at a 1:1
ratio and quickly pipetted into the device through the gel inlet with a final concentration of
7 x 108 mL~1 for ECs and 1 x 106 mL~1 for FBs. The device was placed in a humidified
tip box to polymerize at 37 °C for 15 min in a 5% CO, incubator. After fibrin gel was
cured, VascuL.ife culture medium was added and changed daily in the device. After 7 days,
vascularized tumor spheroid devices were ready for further experiments.

Microvascular Network Perfusion, Imaging, and Analysis:

To confirm the perfusability of MVNs in tumor devices, the culture medium in one media
channel was aspirated, followed by injection of 100 pL of 10 pg mL~1 10 kDa MW
fluorescein dextran solution (Invitrogen). The process was then repeated for the other
media channel. The device was imaged within 5 min under a confocal microscope. For
confocal imaging, an Olympus FLUOVIEW FV1200 confocal laser scanning microscope
with a 10x objective was used. Z-stack images were acquired with a 5 um step size.

All images shown are collapsed Z-stacks, displayed using range-adjusted Imaris software,
unless otherwise specified. Vessel percentages in the tumor region and tumor nearby 50
pum distance region were measured using ImageJ (NIH, U.S., demonstrated in Figure S8,
Supporting Information). FB area was also quantified using ImageJ (NIH, U.S.).

T Cell Perfusion under Continuous Flow in the Vascularized Tumor Device:

Control T cells or CAR-T cells were labeled with CellTracker Green (Thermo Scientific)
and then resuspended at a concentration of 1 x 106 mL=1 in culture medium (50% volume
of VascuL.ife and 50% volume of RPMI1640 mixture). T cell suspension was primed into
microheart pump, 2] and then connected to one reservoir of each media channel in the
microfluidic device through tubing. The other reservoir of each media channel was blocked.
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After removing any air bubbles in the system, the micropump was started to maintain
continuous flow. Half the volume of conditioned media (200 uL) was collected from devices
every 24 h for 4 days and used for IFNy ELISA (R&D systems) and Luminex ELISA assay
(Eve Technologies). Fresh media was added after conditioned media collection. 96 h later,
devices were stained with Nuclear Blue DCS1 (AAT Bioquest) to detect dead cells and
imaged after washing.

Statistical Analysis:

All error bars are shown as mean + SD. Statistical analysis was conducted by Student’s
Etest or one-way ANOVA with GraphPad Prism. Tukey’s multiple comparisons test was
used, comparing the mean of each group with every other group as the post hoc test method
for one-way ANOVA analysis. Significance is shown in each figure. Sample numbers and
p-values are provided in the figures or figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Three methods of generating tumor spheroids for the vascularized tumor microfluidic
model. a) Experimental procedures to form a tumor spheroid with tumor alone, a co-mixed
spheroid, and a sequential spheroid. b) Schematic diagram of a microfluidic device to create
a vascularized tumor spheroid.
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Figure2.
Sequential SN12C tumor spheroid shows the highest vascularization level. a) Schematic,

3D-projected image, and single slice image of SN12C tumor spheroids formed by tumor
alone, co-mixed, or sequential methods. b) 3D-projected images of vascularized tumor
spheroid formed by tumor alone, co-mixed, or sequential methods. TC is short for tumor
cells. ¢) Schematic showing the tumor region and nearby 50 um distance region for
vascularization analysis. d) Statistical analysis of vessel percentage in the tumor region

or €) tumor +50 um region. f) Area analysis of FBs from tumor spheroid. Bars represent
mean + S.D. One-way ANOVA was performed for the statistical comparison in (d) (p <
0.001) and (e) (p < 0.001). Significance was determined using Tukey’s multiple comparisons
test of mean values between each group. Two-tailed t tests were performed for the statistical
comparisons in figure (f). Data were collected from at least 6 tumor spheroids for each
group. *p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.
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Figure 3.
Perfusability of tumoral vessels in co-mixed and sequential tumor spheroids. a) Schematic

showing dextran perfusion in tumor vessels. b) Representative confocal images of
vascularized SN12C co-mixed or sequential tumor spheroids perfused with fluorescein
dextran (10 kDa) on day 7. Device was imaged within 5 min after perfusing dextran. c)
Statistical analysis of dextran percentage in the tumor region and tumor +50 um region.

Bars represent mean + S.D. Two-tailed t tests were performed for the statistical comparisons.
Data were collected from at least 6 tumor spheroids for each group. *p < 0.05.
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Figure 4.
Vascularized Skov3 tumor spheroid model. a) Representative confocal images of Skov3

tumor spheroids formed by the three different methods. b) Representative confocal images
of vascularized Skov3 tumor spheroids on day 7. ¢) Statistical analysis of vessel percentage
in the tumor region (left) and tumor +50 pm region (right). Bars represent mean + S.D. One-
way ANOVA was performed for the statistical comparison. Vessel in tumor, p< 0.01 and
tumor +50 pm region, p < 0.001. Significance determined by Tukey’s multiple comparisons
test of mean values between each group. Data were collected from at least 5 tumor spheroids
for each group. *p < 0.05, **p< 0.01, ***p < 0.001.
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Figure5.
Vascularized tumor spheroid model can be used to study CAR-T cell transport. a)

Experimental procedure for continuous flow of T cells in vascularized tumor spheroid
models. Control T cells or CAR-T cells are perfused on day 7 and recirculated for 4 days.
Half-volume of conditioned media in the devices is collected every 24 h and replenished. On
day 11, devices are stained with Nuclear Blue DCSL1 to indicate dead cells. b,c) Sketch of
continuously flow T cells in the vascularized tumor spheroid model. One reservoir of each
media channel is connected to the microheart pump by tubing, while the two other reservoirs
are blocked to create a closed loop and continuous flow. d) Time lapse images of CAR-T
cells flowing into the MVNs. A majority of the CAR-T cells travel through the MVVNs
quickly with some of the cells adhering to the apical surface of the vessels close to the
tumor region. White arrows point to freshly adhered T cells during the time of imaging. €)
Time lapse images of CAR-T cells migration and extravasation. Yellow arrows identify a T
cell patrolling in the vessels. Single slice images highlight T cells undergoing extravasation.
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White arrows identify the portions of the cell that have extravasated. Zoomed-in images of
these two T cells are provided. f) Representative images of CAR-T cell responses in the
vascularized sequential tumor spheroid group at 24, 48, and 72 h time points.
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Figure 6.
Vascularized tumor spheroid model can be used to assess CAR-T cell killing efficiency and

cytokine secretion. a) Representative 3D projected confocal images of T cells and dead cells
in vascularized tumor spheroids formed by co-mixed or sequential methods. ECs were not
labeled. Statistical analysis of b) T cell or c) dead cell number per 105 um?2 tumor region.
Bars represent mean + S.D. Two-tailed t tests were performed for the statistical comparisons.
Data were collected from at least 6 tumor spheroids for each group. **p < 0.01, ****p<
0.0001. d) IFN y concentration of conditioned media in each group over 96 h. Samples were
collected from 3 devices for each group and tested using traditional ELISA methods. €)
Luminex multiplex ELISA assay of conditioned media from co-mixed or sequential tumor
spheroid group perfused with control T cells or CAR-T cells for 24, 48, 72, and 96 h. Pooled
media from 3 devices in each group was used for analysis.
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