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The desmoplastic nature of the pancreatic ductal adenocarcinoma (PDAC) tumor microenvironment
(TME) prevents the inﬁltration of T cells and the penetration of chemotherapeutic drugs, posing a challenge to the validation of targeted therapies, including T cell immunotherapies. We present an in vitro 3D
PDAC-TME model to observe and quantify T cell inﬁltration across the vasculature. In a three-channel
microﬂuidic device, PDAC cells are cultured in a collagen matrix in the central channel surrounded, on
one side, by endothelial cells (ECs) to mimic a blood vessel and, on the opposite side, by pancreatic stellate cells (PSCs) to simulate exocrine pancreas. The migration of T cells toward the tumor is quantiﬁed
based on their activation state and TME composition. The presence of EC-lining drastically reduces T cell
inﬁltration, conﬁrming the essential role of the vasculature in controlling T cell traﬃcking. We show that
Received 5th February 2021,
Accepted 2nd September 2021

activated T cells migrate ∼50% more than the not-activated ones toward the cancer cells.

DOI: 10.1039/d1bm00210d

Correspondingly, in the absence of cancer cells, both activated and not-activated T cells present similar
migration toward the PSCs. The proposed approach could help researchers in testing and optimizing
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immunotherapies for pancreatic cancer.

1.

Introduction

Pancreatic cancer, in particular pancreatic ductal adenocarcinoma (PDAC), is one of the leading causes of cancerrelated death worldwide, with an overall 5-year patient survival
rate of less than 9%, due to the lack of early detection tools
and limited response toward conventional treatments.1–3 In
particular, only 10% of the patients presents a resectable
tumor, as the majority of the tumors have already developed
metastases or advanced lesions upon detection.1 In the last
decade, despite significant advances in the development of
cancer immunotherapeutic strategies,4,5 treatment response
for pancreatic cancer has been limited.6
The poor prognosis of PDAC is likely to be attributed to the
desmoplastic nature of its tumor microenvironment (TME),
characterized by an accumulation of stromal cells and depoa
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sition of the extracellular matrix (ECM).7,8 In particular, pancreatic stellate cells (PSCs) and cancer-associated fibroblasts
(CAFs) are the dominant tumor-associated stroma cells that
produce excessive ECM proteins such as collagen and fibronectin, which result in the formation of a dense barrier that limits
vascularization and diminishes drug delivery eﬃcacy and T
cell infiltration.9,10 In addition, the distinct presence of immunosuppressive cells, such as T regulatory cells and myeloid
derived suppressive cells, and an anergic vasculature in the
PDAC-TME further dampen T cell recruitment, proliferation
and functions, leading to inadequate anti-tumor immune
response necessary for tumor eradication.11–18
Understanding the complex and heterogeneous cellular
landscape in the PDAC-TME and how it aﬀects the immune
infiltration is important to improve the current treatment
interventions, specifically to develop diﬀerent strategies for
making the PDAC-TME more permissive to T cell infiltration
as well as maintaining active T cell eﬀector functions within
the tumor. However, the present attempts to study immune
infiltrates have been restricted by the unavailability of PDAC
tissue biopsies and the lack of appropriate models. Animal
models, such as genetically engineered mouse models and
patient-derived xenograft mouse models, although expensive,
time-consuming and presenting ethical issues,19,20 have provided useful information about some molecular mechanisms
involved in the establishment of a PDAC-TME. However, many
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other mechanisms remain unknown and a careful interpretation of the results derived from these animal models is
required due to interspecies diﬀerences.
3D in vitro models have recently been a promising culture
method to provide in vivo-like physiologically relevant conditions and reduce the burden of animal models.21–24 Among
the existing 3D culture platforms, microfluidic systems represent a promising tool to recreate the spatial tissue architecture in a highly controllable fashion to recapitulate the in vivo
microenvironment and test immunotherapeutic strategies.25–27
3D microfluidic models allow a real-time analysis of cellular
interactions, the possibility to mimic the main steps of the
metastatic cascade and elucidate critical factors in the tumor
progression.28–33 For instance, the involvement of macrophages in regulating the intravasation of breast cancer cells
through an endothelial layer when co-cultured in a microfluidic device was demonstrated by Zervantonakis et al.34 In a
microfluidic-based lung carcinoma model, Bai et al. investigated the contribution of tumor-associated macrophages
(TAMs) in modulating the epithelial-to-mesenchymal transition (EMT) of cancer cell aggregates.35 Additionally, Penny
et al. showed that TAMs promote PDAC cell extravasation
through a vascular wall by co-culturing cancer cells, macrophages and endothelial cells (ECs) in a microfluidic device.36
The anti-tumor activity of engineered T cells specific for
Hepatitis B virus (Hep-B) associated hepatocellular carcinoma
(HCC) was evaluated by Pavesi et al. using another 3D microfluidic model,37,38 while Lee et al. elucidated the immunosuppressive role of monocytes toward engineered T cells targeting
HCC cell aggregates via the immune checkpoint programmed
cell death protein 1 (PD-1) and its ligand PD-L1.39 In a recent
work, T cell homing to colorectal tumors was modeled in a
microfluidic system that mimics the vascular and the extravascular compartments.40 Other authors have also shown that
it is possible to mimic the eﬀects of fluid flow in microfluidic
systems for studying immune infiltration.41,42
To provide our contribution to the field, we designed a 3D
microfluidic-based PDAC-TME model to assess the infiltration
of T cells across the vasculature. In particular, ECs and PSCs
were used to mimic a blood vessel and the exocrine pancreas,
respectively. We monitored T cell migration toward PDAC cells
embedded into a collagen type I matrix, providing a quantitative assessment of T cell eﬃciency in transmigrating into the
TME in relation to their activation state and the presence of
PDAC cells, PSCs and EC linings.

2. Results
2.1. Development of a pancreatic tumor model by triculture
of tumor, stromal and endothelial cells
To model the PDAC-TME in vitro, a three-channel microfluidic
device was used (Fig. 1A). The device consists of two lateral
channels and a central region defined by an array of triangular
pillars. Cancer cells were cultured in the central hydrogel
region, while one lateral fluidic channel was seeded with ECs
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that, after 2 days, formed an endothelial monolayer resembling
a blood vessel (the green layer in Fig. 1). The other channel
was seeded with PSCs (grey cells in Fig. 1) to represent the exocrine region of the pancreas and allow us to study PSCs’ contribution to T cell migration (red cells in Fig. 1). Importantly, the
device tridimensional layout allows both physical and molecular interactions between the diﬀerent cell types cultured in
the system. Once the triculture was established, T cells were
introduced into the microchannels.
After isolation from healthy peripheral blood mononuclear
cells, T cells were activated via magnetic beads and, then,
inserted in the endothelial channel (Fig. 1B). T cell infiltration
in the PDAC region was quantified as a function of T cell activation and the presence of the endothelial barrier and stromal
cells. Therefore, we considered six diﬀerent experimental conditions as reported in Fig. 1C: only cancer, only PSC, cancer +
PSC, cancer + EC, PSC + EC, cancer + PSC + EC.
The hydrogel region containing infiltrated T cells was then
imaged at 24 h and 48 h, followed by cell extraction from the
devices to analyze the T cells by flow cytometry and supernatant extraction from the devices to analyze the cytokine
expression by Luminex, as reported in the experiment timeline
in Fig. 1D.
2.2. Endothelial cells self-assemble to mimic a vascular
barrier
Throughout the culture in the fluidic microchannel, ECs selfassembled to create an endothelial lining mimicking a blood
vessel. Representative confocal images of the ECs showed the
integrity of the endothelium at the interface with the collagen
region, as reported in Fig. 2A and in the Movie S1, ESI.† To
validate the integrity of the endothelial barrier, a permeability
assay was run using fluorescent dextran with a molecular
weight of 70 kDa. The dextran was introduced in the vascular
channel and allowed to diﬀuse into the gel compartment.
Images were acquired for 30 min with a fluorescent microscope to quantify the vascular permeability coeﬃcient (P) by
image analysis. The fluorescence images, as shown in Fig. 2B,
depict the permeation of the fluorescent tracer in the extravascular space at 3 diﬀerent time points, namely 5, 15, and
30 min post infusion. The permeability coeﬃcient was
measured in two configurations: in the presence of endothelial
cells only (only EC) and in the presence of endothelial cells cocultured with naïve T cells for 48 h (EC + T cell). Values of the
permeability coeﬃcients of 0.23 ± 0.13 µm s−1 and 0.71 ±
0.28 µm s−1 were obtained respectively for the two conditions,
as shown in Fig. 2C. This statistically significant diﬀerence in
permeability between the two configurations ( p < 0.01) would
suggest that the presence of T cells aﬀects the integrity of the
vascular barrier and, specifically, increases the vascular permeability locally by about three fold.
2.3. Impact of the endothelial barrier on T cell infiltration in
the PDAC region
To perform their anti-tumor function, T cells have to migrate
from the systemic circulation into the tumor tissues.43
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Fig. 1 Experimental set-up and development of the in vitro PDAC-TME model. (A) Schematic of the three channel microﬂuidic device. The
PDAC-TME model inside the device consists of cancer cells (PANC-1, blue) seeded in the central 3D gel region ﬂanked by the 2 medium channels
that contain endothelial cells (ECs, green) and pancreatic stellate cells (PSCs, grey), respectively. (B) Schematic of the T cell isolation, activation,
seeding and extraction procedure. (C) Schematic layout (top) and brightﬁeld images (bottom) of the diﬀerent experimental conditions showing the
diﬀerent cell types in their respective microﬂuidic channels. Scale bars are 100 μm. (D) Experimental timeline.

Fig. 2 Microﬂuidic vascular model. (A) A 3D reconstruction of confocal z-stack images of endothelial cells immunostained with VE-cadherin (red)
and DAPI (blue) to show the conﬂuency of the endothelial monolayer. Cross section (left), side view (top right), 3D view (bottom right). Scale bars
are 100 µm. (B) Characterization of the endothelial permeability. Representative ﬂuorescence images of 70 kDa FITC-Dextran diﬀusing into the vascular channel in the presence of T cells (EC + T cell) or not (only EC). Scale bar is 150 µm. (C) Formula to calculate the permeability coeﬃcients
plotted in the graph as mean + SD, n = 8. Statistical analysis was done with Student’s t-test. ** p < 0.01.

Similarly, in our model, T cells have to transmigrate from the
vascular compartment (left chamber in Fig 1C) across the
endothelial barrier to reach the tumor region (central chamber
in Fig. 1C) containing the PDAC cells cultured in the 3D extra-
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cellular-like matrix (Fig. 1C). T cell infiltration in the central
compartment was monitored via confocal imaging at 24 h and
48 h post injection. The number of infiltrated T cells within
the central region was quantified by means of the Spot func-
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tion of IMARIS software that allows counting the number of
point-like structures. A T cell was considered infiltrated if, and
only if, the whole cell body was into the central region. The
number of T cells infiltrated in the central region after 24 h is
shown in Fig. 3 for activated (Fig. 3A) and not-activated
(Fig. 3C) T cells, respectively. Significant diﬀerences were
observed when comparing activated T cell infiltration in the
presence or absence of the endothelial vessel (Fig. 3A). In particular, an average of 75.35 activated T cells infiltrated in the
cancer monoculture condition (only cancer) versus 37.63 T
cells in the co-culture of cancer cells with ECs (cancer + EC) ( p
< 0.0001). Similarly, ECs’ presence drastically reduced activated
T cell infiltration in the co-culture of cancer cells with PSCs
(cancer + PSC) with an average of 86.73 infiltrated T cells in
the cancer + PSC condition versus 41.37 infiltrated T cells in
the triculture of cancer cells with PSCs and ECs (cancer + PSC
+ EC) ( p < 0.0001). Furthermore, a reduced infiltration of activated T cells was observed when comparing the monoculture
of PSCs (only PSC) with an average of 48.59 infiltrated T cells
and the co-culture of PSCs with ECs (PSC + EC) with 15.02 T
cells ( p < 0.0001). Overall, without ECs, activated T cells were
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able to migrate in the collagen region about 1 time to 2 times
more than those in the conditions with ECs, as shown in
Fig. 3A. Representative images of activated T cell infiltration
into the gel compartment for the diﬀerent conditions were
acquired by confocal microscopy (Fig. 3B).
Similar restriction by the ECs was observed for the not-activated T cell population. Indeed, the not-activated T cell infiltration process was reduced in the presence of the endothelial
barrier (Fig. 3C). In particular, an average of 48.98 not-activated T cells infiltrated in the cancer monoculture condition
(only cancer) versus 21.89 T cells in the cancer cells with ECs
condition (cancer + EC) ( p < 0.0001). Co-culture of cancer cells
with PSCs (cancer + PSC) reported an average of 58.91 infiltrated not-activated T cells versus 33.89 under triculture conditions (cancer + PSC + EC) ( p < 0.0001). Monoculture of PSCs
(only PSC) presented an average of 47.82 infiltrated not-activated T cells and the co-culture of PSCs with ECs (PSC + EC)
had 15.93 T cells ( p < 0.0001). As done for activated T cells,
representative images of not-activated T cells infiltrated into
the gel compartment for the diﬀerent conditions were
acquired by confocal microscopy (Fig. 3D).

Fig. 3 Eﬀects of the endothelial barrier on T cell inﬁltration in the PDAC-TME model at 24 h. (A) Violin plot of the number of activated T cells inﬁltrated into the central region after 24 h from their injection into the device. T cells were stimulated with anti-CD3/CD28 Dynabeads for 5 days to
promote activation. (B) Representative confocal images of activated T cells inﬁltrating into the central hydrogel channel of the microﬂuidic device
under diﬀerent experimental conditions. (C) Violin plot of the number of not-activated T cells inﬁltrated into the central region after 24 h of T cell
injection into the device. (D) Representative confocal images of not-activated T cells inﬁltrating in the central hydrogel channel under diﬀerent
experimental conditions. T cells were labelled with CellTrace Violet and are shown in red in (B) and (D). PDAC cells were labelled with Cell Tracker
Orange and are shown in blue in (B) and (D). The red trapezoidal shapes in (B) and (D) are the posts of the microﬂuidic device which allow to identify
the gel interface during imaging and data analysis. Data in (A) and (C) are plotted with violin plots showing the probability density for each value, n =
5. Statistical analysis is done with one-way ANOVA with multiple comparisons. **** p < 0.0001. The scale bars are 100 µm.
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As shown in Fig. S2, ESI,† these results on T cell infiltration
were consistent between 24 h and 48 h, demonstrating that the
presence of ECs has a significant impact upon the T cell
migration toward the tumor tissue in line with previous
observations.44,45
2.4. Impact of T cell activation on infiltration and cytokine
expression levels in the 3D system
T cell activation was performed by cell stimulation with antiCD3/CD28 magnetic beads, which provide essential costimulatory signals for functional cell activation.46 Both activated and not-activated T cells were cultured in the presence

Biomaterials Science
of IL-2 to promote proliferation47 and both populations
resulted in an increased expansion. In particular, the activated T cells had a 4-fold increase in the expansion, while
the not-activated T cells reached only a 2.5-fold increase
(data not shown). To assess the eﬀect of activation on T cell
infiltration, we directly compared T cell infiltration for activated and not-activated T cells without (Fig. 4A) or with
(Fig. 4B) ECs at 24 h post injection. Without ECs, activated T
cells displayed a significantly higher infiltration than notactivated T cells toward the 3D region filled with cancer cells
either in monoculture (75.35 activated vs. 48.98 not-activated)
or in co-culture with PSCs (86.73 activated vs. 58.91 not-acti-

Fig. 4 Eﬀects of activation and cell culture condition on T cell inﬁltration and cytokine expression in the 3D PDAC system. (A and B) Violin plots
showing the probability density of the number of inﬁltrating T cells in the 3D gel region in all tested conditions without ECs (only cancer, only PSC,
cancer + PSC) (A) and with ECs (cancer + EC, PSC + EC, cancer + PSC + EC) (B). Statistical analysis done with Student’s t-test. ** p < 0.01. * p < 0.05.
ns: not signiﬁcant. (C) Bar plots of the data obtained from Luminex multiplex cytokine analysis for each tested analyte grouped per cell culture condition. Results are reported as analyte concentration in pg ml−1. (D) Table of the foldchange in the cytokine expression between activated and notactivated T cell samples. The relative expression was calculated as the ratio between the analyte concentration in the sample with activated T cells
and the analyte concentration in the sample with not-activated T cells.
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vated) (Fig. 4A). Overall, activated T cells infiltrated ∼54%
more than not-activated T cells toward pancreatic cancer cells
(only cancer) and ∼47% more under the co-culture condition
(cancer + PSC). The endothelial barrier diminished the T cell
infiltration, but we could still observe a statistically significant
higher infiltration of activated T cells toward the 3D hydrogel
region filled with cancer cells in co-culture with ECs (Fig. 4B).
Importantly, activated and not-activated T cells migrated similarly toward PSCs, both in the absence (Fig. 4A) or in the
presence (Fig. 4B) of an endothelial barrier, suggesting that
the eﬀects of activation are evident only when T cells migrate
toward cancer cells. In fact, by the direct comparison of activated T cell infiltration toward cancer cells and toward PSCs
with or without an endothelial barrier, we observed a significantly higher infiltration of T cells toward cancer cells
(Fig. S3A and S3B, ESI†). Instead, not-activated T cells showed
the same infiltration toward cancer and PSCs with and
without endothelium (Fig. S3C and S3D, ESI†). Similar considerations are applicable to the data at 48 h post injection
(Fig. S4 and S5, ESI†).
Utilizing the Luminex multiplex technology, we measured
the levels of 11 cytokines in the supernatant of the diﬀerent
cell culture conditions without T cells, with activated T cells,
and with not-activated T cells (Fig. 4C). All the tested analytes
were detectable except the IL-4 that presented values lower
than the standard range. Samples with activated T cells
expressed a higher level of IFNγ, IL-2, sCD137, and TNFα than
samples with not-activated T cells for all the culture con-
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ditions. Granzyme B and sFas expression levels were higher in
samples with activated T cells than in samples with not-activated T cells for all the culture conditions except the condition
with only PSCs, while granzyme A was lower in samples with
activated T cells than in samples with not-activated T cells for
all the culture conditions. IL-6 was higher in samples with activated T cells than in samples with not-activated T cells only for
the culture conditions with ECs. Notably, the sample with activated T cells in the cancer + EC culture condition presented
the highest level of all the cytokines except the granzyme
A. The fold change in cytokine expression levels between the
samples with activated and not-activated T cells under
diﬀerent culture conditions is reported in the table in Fig. 4D.
2.5. Flow cytometry analysis on T cells before and after
culture in the 3D system
Flow cytometry analysis was performed to show the possibility
to assess the expression of specific T cell markers either before
or after T cell culture in the 3D microfluidic system. The percentage of CD3+ T cells gated for CD4+ and CD8+ for both activated (Fig. 5A) and not-activated (Fig. 5D) T cells was analyzed
before their injection into the microfluidic device. Activated T
cells presented 75.8% of CD4+ T cells and 17.3% of CD8+ T
cells. Not-activated T cells comprised 59.5% of CD4+ T cells
and 34.9% of CD8+ T cells. Our data for not-activated T cells
reflected the higher percentage of CD4+ T cells commonly
found in peripheral blood where the CD4+ to CD8+ T cell ratio
is usually around 2 : 1.48 Activated T cells showed a ratio

Fig. 5 Flow cytometry analysis on T cells. Activated (A) or not-activated (D) CD3+ T cells were gated for CD4 and CD8+cells. Cells were labeled with
FITC conjugated anti-CD4 and AmCyan conjugated anti-CD8. Flow cytometry analysis of PD-1 expression on activated (B) and not-activated (E) T
cells. Cells were labeled with APC conjugated anti-CD3 and Texas Red conjugated anti-PD-1. Flow cytometry analysis of TIM3 on activated (C) and
not-activated (F) T cells. Cells were labeled with APC conjugated anti-CD3 and eFluor 605 conjugated anti-TIM3. CD3+ T cells were stimulated with
anti-CD3/CD28 Dynabeads for 5 days in the presence of IL-2. At least 50 000 events were acquired.
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CD4+ : CD8+ T cells of about 4 : 1 that could be due to the activation of Dynabeads which has been shown to preferentially
support the CD4+ T cell expansion.49 The expression of PD-1
was analyzed because PD-1 is widely recognized as an activation marker50,51 and its expression on naïve T cells is
induced upon CD3/CD28 stimulation as it was confirmed by
our flow cytometry data. Before injection into the device, activated CD3+ T cells expressed 40.3% of PD-1 (Fig. 5B), while
not-activated T cells had a PD-1 population of 17.8% (Fig. 5E).
Moreover, PD-1 expression increased with the T cell activation
in both CD8+ and CD4+ T cell populations (Fig. S6, ESI†).
Activated and not-activated T cells also presented a low
amount of TIM3 (Fig. 5C and F) that usually is highly
expressed in exhausted T cells.52 These results confirmed the
eﬃcacy of T cell stimulation, obtained via Dynabeads, with
high consistency among the T cell subtypes.
PD-1 expression was also quantified on CD3+ T cells after
48 h of co-culture in the device for each experimental condition. The percentage of PD-1+ activated T cells was overall
lower compared to activated T cells before injections (Fig. S7,
ESI†) and remained slightly higher for activated versus not-activated T cells when cancer cells were alone (Fig. S7A and B,
ESI†) or in co-culture with ECs only (Fig. S7G and H, ESI†) or
with ECs and PSCs (Fig. S7K and L, ESI†). The percentage of
PD-1+ T cells was similar for activated versus not activated T
cells when cancer cells were in co-culture with PSC (Fig. S7E
and F, ESI†). Interestingly, under all the above conditions, the
CD4+ : CD8+ ratio decreased (Fig. S8, ESI†), showing an expansion in favor of the CD8+ T cell population.

3. Discussion
We report here the design, development, and validation of a
3D multiculture system to study T cell infiltration into the
PDAC-TME, incorporating critical cellular and non-cellular
components. PDAC cells, PSCs and ECs were co-cultured
inside a microfluidic device to mimic the complex in vivo
TME. The PANC-1 cell line was selected to model the malignant pancreatic cells, and PSCs were used to represent the
exocrine region while human umbilical vein endothelial
cells (HUVECs) formed an endothelial monolayer mimicking
a blood vessel close to the tumor tissue. T cells isolated
from peripheral blood were introduced into the vascular
channel and allowed to migrate toward the tumor cells
embedded in an extracellular-matrix-like hydrogel. This cellular layout demonstrates the ability to co-culture four
diﬀerent types of cells in one single platform (Fig. 1).
Immunofluorescence labelling of cells and the transparency
of the microfluidic device allowed the visualization of the
cell position into the system at diﬀerent time points by confocal microscopy. We showed how the in vitro model
permits for a quantitative assessment of T cell functionality
in terms of trans-endothelial migration and tumor infiltration which mimic in vivo conditions. Importantly, we
demonstrated the possibility to extract T cells from the
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device to perform an additional functional characterization
such as the expression of specific activation and exhaustion
markers by flow cytometry.
Our results showed that T cell infiltration is aﬀected by the
presence of a vascular endothelium, which is in agreement
with current research studies45 showing the essential role of
the endothelial barrier in mediating immune cell traﬃcking.
The endothelium, in fact, regulates a large cascade of events
consisting of immune cell rolling, adhesion, intravasation,
and
paracellular–transcellular
transmigration
steps.43
Moreover, ECs can release a set of cytokines and soluble
factors which can enhance or suppress the immune
response.53
The presented biomimetic endothelial layer, despite
lacking the contribution of smooth muscle cells and pericytes,
formed a functional vascular channel as assessed by the vascular endothelial cadherin (VE-Cadherin) expression and the
measurement of permeability coeﬃcients (Fig. 2) which are in
agreement with previous in vitro models.34,54,55 Of note, the
permeability values were still far from the in vivo value (P =
0.0098 µm s−1),56 possibly because of the intrinsic limitations
of the in vitro model and the lack of other molecular and cellular components, such as pericytes.57
Taking into consideration that both the presence of the
endothelial barrier as well as other TME components are
known to play key roles in regulating T cell migration, the
inclusion of an endothelial barrier in a 3D model provides a
better estimation of T cell infiltration in tumor, which in turn
provides a better tool for testing current cell therapy strategies.
Neglecting the contribution of endothelial cells in the analysis
of T cell infiltration could significantly overestimate their
migration and leading to failures in subsequent clinical trials.
In our model, we were able to demonstrate, for the first time
in a PDAC model,58 that the presence of ECs dampened T cell
infiltration, hence preventing them from reaching the tumor
cells, regardless of T cell activation state either after 24 h
(Fig. 3) or after 48 h from injection into the system (Fig. S2,
ESI†).
We activated T cells by means of anti-CD3/CD28 magnetic
Dynabeads stimulation.46,59 Anti-CD3 activates the T cell receptor (TCR) complex, which is typically activated with the
cognate antigen from APCs; anti-CD28 binds to the CD28 costimulatory receptor expressed on the T cells and prevents T
cell anergy similarly to what is observed after CD28 interaction
with CD80/CD86 ligands expressed by APCs.53,59 We demonstrated that anti-CD3/CD28 stimulation enhanced PD-1
expression on both CD4+ and CD8+ T cells before their injection into the microfluidic device. Expression levels of
PD-1 have been directly linked to TCR signal strength.60 The
role of T cell activation in T cell infiltration propensity was
assessed in our 3D model and a higher activated T cell infiltration in response to tumor stimuli was observed at 24 h (Fig. 4)
and 48 h (Fig. S5, ESI†) supporting other studies showing that
T cell activation may result in the modification of T cell motility patterns and impact their migration rate.61 Activated T cell
infiltration in the tumor region was higher than not-activated
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T cell infiltration even in the presence of ECs (Fig. 4), which is
in line with the literature reporting that activated T cells
migrate more eﬀectively through endothelial barriers than
resting T cells.62,63
In addition to the assessment of the impact of the endothelial barrier and the T cell activation state, we compared T
cell infiltration in the presence of cancer cells only, PSCs only
and cancer cells with PSCs, with and without ECs (Fig. S3 and
S4, ESI†). Our data demonstrated that activated T cells preferred to migrate toward malignant cells either at 24 h or 48 h
after injection because activated T cells presented higher infiltration toward cancer cells than toward PSCs, with or without
ECs (Fig. S3A, B and S4A, B, ESI†). The observed higher infiltration of activated T cells in the above-mentioned conditions
was reflected by an increased PD-1 expression compared to
not-activated T cells (Fig. 5). The addition of organ-specific
stromal cells (cancer + PSC) with or without ECs did not contribute to the increase in activated T cell infiltration in our
system (Fig. S3A, B and S4A, B, ESI†). Not-activated T cells,
instead, were hyporeactive to tumor cells and responded with a
similar infiltration toward cancer cells only, toward PSCs only
and the co-culture condition (cancer + PSC) without ECs at
either 24 h or 48 h after injection (Fig. S3C and S4C, ESI†) in
agreement with a documented random walk in response to
diﬀerent stimuli.64 Interestingly, we observed an increase in
the infiltration of not-activated T cells only for the triculture of
cancer cells, PSCs and ECs either at 24 h or 48 h after injection
(Fig. S3D and S4D, ESI†), suggesting that the more complex
cellular assembly in the system may promote not-activated T
cell migration.
The Luminex multiplex assay gave us insights into the
cytokine expression levels during T cell infiltration under
diﬀerent co-culture conditions. The sample with activated T
cells in the cancer + EC culture condition presented about
9-fold higher expression level of IFNγ and IL-2 than the
samples with not-activated T cells suggesting that the presence of EC leads to a stronger T cell activation. In the same
cancer + EC culture condition with activated T cells, we also
observed higher levels of perforin, granzyme B and sFas,
suggesting an increased cytotoxic ability of activated T cells
compared to not-activated T cells. Interestingly, the samples
from the triculture of pancreatic cancer cells, PSCs, and ECs
presented much lower expression levels of the same cytokines
suggesting that the presence of PSC is dampening the T cell
inflammatory response, possibly, to promote tumor growth.
Our observations agree with previous studies showing how
PDAC cells can reprogram the stromal cells to promote an
immunosuppressive microenvironment and sustain their
growth.65–67 These results highlight the importance of including both endothelial and stromal cells in tumor models for
studying T cells infiltration and function. Although further
experiments are needed to elucidate the mechanisms underlying our observations, we showed the advantage of our
model in discerning key components involved in T cell infiltration into the TME using diﬀerent experimental conditions,
and the versatility of methods of analysis to provide a more

This journal is © The Royal Society of Chemistry 2021

Paper
physiological tool compared to other 2D and 3D in vitro
models where the vascular region and cell–cell or cell–ECM
interactions are missing.

4.

Conclusion

A 3D multicellular tumor model was developed to study T cell
infiltration in human pancreatic tumors through a perfusable
endothelialized microvessel. Pancreatic cancer cells, organspecific stromal cells and endothelial cells were co-cultured
inside a microfluidic device to recapitulate the complex in vivo
TME. T cell infiltration was quantitatively evaluated as a function of the T cell activation status and TME cellular components. Our work highlights the essential role of the vascular
endothelium and TME in T cell migration.
In conclusion, this study contributes to the progress of
in vitro, biologically-accurate 3D pancreatic cancer models to
advance our understanding of T cell infiltration mechanisms,
in the context of diﬀerent TMEs, and eﬃciently select optimal
personalized immunotherapies for individual patients.

5. Experimental section
5.1.

Cell culture

HUVECs expressing the green fluorescent protein (GFP) were
purchased from Angioproteomie, cultured in T75 flasks with
Endothelial Growth Medium (EGM-2, Lonza) and used between
passage 3 and 6. PANC-1 cells were purchased from ATCC® and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1% Pen–Strep (Gibco), 1% GlutaMAX (Gibco)
and 10% fetal bovine serum (FBS) (Gibco). PSCs were purchased
from ScienCell and cultured in Stellate Cell Medium (SteCM)
(ScienCell) following the manufacturer’s instructions and used
between passage 10 and 20. Cell lines were maintained in a
humidified CO2 incubator at 37 °C and 5% CO2.
5.2.

Microfluidic device

To develop the PDAC model, we adopted a commercially available microfluidic device (DAX-1, AIM Biotech Pte. Ltd.). The
device is made with a cyclic olefin polymer (COC) sealed with
an oxygen-permeable membrane and consists of two lateral
channels, 500 μm wide, and a central region, 1.30 mm wide,
divided by an array of triangular pillars placed at a distance of
100 µm (Fig. 1A). This allows the physical and molecular interaction between the diﬀerent cell types in the system. The
device presents a height of 250 µm. The two lateral compartments were used to simulate the vascular and stromal environment, respectively, whereas the central channel was used to
host cancer cells embedded in a collagen matrix to mimic the
malignant tissue.
5.3.

Embedding cancer cells into the matrix

The 3 mg ml−1 collagen solution was prepared by mixing 10×
phosphate-buﬀered saline (PBS) with phenol red (Life techno-
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logies), 0.5 M NaOH (Sigma Aldrich), deionized water (Gibco),
and Collagen type I from rat tail (Corning Life Science).68
PANC-1 cells were labeled with the Cell Tracker Orange CMRA
dye (Invitrogen) at 10 µM in 1× PBS (Gibco). 1 × 106 PANC-1
cells, dispersed in the collagen solution, were seeded in the
central chamber of the devices. The devices were then placed
into their dedicated holders and sterile water was added into
the designated reservoirs to prevent dehydration of the hydrogel. The devices were incubated for about 30 min at 37 °C and
5% CO2 to allow collagen polymerization before hydration of
the media channels. EGM-2 medium (120 µL) was added to
each medium channel.
5.4.

Endothelial and stroma cell culture in device

To promote cell adhesion and the formation of the HUVEC
monolayer, 50 µg ml−1 of fibronectin (Sigma Aldrich) was
injected into one of the two lateral channels and incubated
for 1 h at 37 °C and 5% CO2. After washing the fibronectin
in excess, GFP+ HUVEC suspension in EGM-2 (20 µl) at 3 ×
106 cells per ml was introduced into the same fluidic compartment to form a uniform endothelial monolayer around
the channel’s wall. Similarly, PSC suspension in EGM-2
(20 µl) at 1 × 106 cells per ml was introduced into the other
lateral fluidic channel. The devices were kept in the incubator at 37 °C and 5% CO2. EGM-2 medium was refreshed
daily.
5.5.

Permeability assay

To measure the permeability of the endothelial barrier, 70 kDa
FITC-Dextran (Sigma Aldrich) was added to the endothelial
microchannel at a concentration of 100 µg ml−1. The system
was then imaged for 30 min using an inverted fluorescence
microscope. The vascular permeability coeﬃcient P to dextran
was quantified by ImageJ software considering six regions of
interest (ROIs), three into the vascular channel (intravascular),
and three into the gel channel (extravascular) as described in
Fig. S1, ESI.† Briefly, to calculate P, the following equation was
derived from Fick’s diﬀusion equation as previously
ðIf  Ii Þw
described:28 P ¼
where P is the diﬀusive perðIV  Ii ÞΔt
meability coeﬃcient (µm s−1), If it is the mean fluorescence
intensity of the extravascular ROIs at the final time, Ii is the
mean fluorescence intensity of the extravascular ROIs at the
initial time. IV is the mean fluorescence intensity in the vascular ROIs. Δt is the time diﬀerence between the analyzed
frames, and w is the width of the ROI.
5.6.

Human T cell isolation and activation

T cells were isolated from blood cones from the Singapore’s
Health Sciences Authority ( project reference no: 201306-04).
Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood cones by Ficoll–Paque density gradient
centrifugation (GE Healthcare), and T cells were positively
isolated using anti-CD3 microbeads (Miltenyi Biotec,
Auburn, CA). Cell viability was assessed by Trypan blue and
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the average percentage of viable cells was 88.80 ± 7.628%.
Cells were kept in Roswell Park Memorial Institute (RPMI)
culture medium containing 30 U ml−1 of recombinant human
IL-2 (Miltenyi Biotec) until experiments were conducted.
T cells were activated with anti-CD3/CD28 magnetic beads
(Dynabeads, Thermo Fisher). Dynabeads were first washed by
resuspending the beads, vortexing for 30 s, and transferring
the desired volume into a new tube (1.25 µl per 105 T cells)
with 1 ml of buﬀer. Then, the tube was placed in a magnetic
field for 1 min to separate the supernatant that was discarded. Washed Dynabeads were resuspended in the same
volume of culture media as the initial volume of Dynabeads
taken from the vial and were then added to the isolated
CD3+ population of T cells (1 × 106 ml−1) for 5 days at 37 °C
and 5% CO2 with 30 U ml−1 of IL-2 in RPMI medium. After
3 days, the cell density was adjusted back to 1 × 106 ml−1 in
RPMI medium containing 30 U ml−1 of IL-2. After 5 days,
Dynabeads were removed using the magnet and T cells were
inserted into the device.
5.7.

T cell seeding

T cells were collected from the culture flasks and were stained
with CellTrace™ Violet (Thermo Fisher) at 5 µM in 1× PBS for
10 min, washed and resuspended in EGM-2 media containing
30 U ml−1 IL-2. 30 µl of T cell suspension in EGM-2 at 8 × 106
cell per ml were added in the vascular channel filled with
HUVECs; 20 µl of medium were removed from the opposite
outlet to create a pressure gradient and bring the T cells close
to the interface with the gel region. The devices were maintained in a CO2 incubator at 37 °C and 5% CO2 for 24 h or
48 h until imaging. The imaging acquisition was performed
using an Opera Phenix High Content Screening confocal
system (PerkinElmer) and the acquired images were analyzed
by IMARIS software (Bitplane).
5.8.

Immunofluorescence staining and imaging

After 5 days, each compartment of the device was washed
once with 1× PBS and fixed with 4% paraformaldehyde (PFA)
(Sigma Aldrich) for 15 min at room temperature. After
washing twice with 1× PBS, the channels were filled with
0.1% solution of Triton X-100 (Sigma Aldrich) in 1× PBS and
incubated for 10 min at room temperature to allow cell membrane permeabilization. Next, samples were blocked with 3%
bovine serum albumin (Life technologies) for 2 h at room
temperature and then incubated with a monoclonal antihuman VE-Cadherin antibody (1 : 100, Enzo technology) overnight at 4 °C. Finally, devices were incubated with an Alexa
Fluor 647 anti-mouse secondary antibody (1 : 500, Enzo
technology) for 1 h at room temperature. Cell nuclei were
stained with DAPI (5 mg ml−1, Invitrogen). Images were
acquired using an FV1000 or FV3000RS confocal inverted
microscope (Olympus).
5.9.

Luminex multiplex immunoassay

The Luminex xMAP bead-based technology was used to
assess the cytokine expression in the cell culture supernatant
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after 48 h from T cell injection. The samples were obtained
from three devices for each culture condition. Each sample
was used undiluted and run in duplicate. The assay was run
with the Human CD8+ T cell MAG premixed panel including
the following analytes: granzyme A, granzyme B, interferon γ
(IFNγ), interleukin-2 (IL-2), IL-4, IL-6, perforin, sCD137, sFas,
sFasL, tumor necrosis factor-α (TNF-α). Standards were
included in the assay to generate a standard curve for each
analyte. Results were reported as analyte concentrations in
pg ml−1.
5.10. Flow cytometry
At the end of each experiment, cells cultured in the devices
were retrieved to perform flow cytometry analysis. Each compartment of the microfluidic device was washed with 1× PBS
and cells embedded in the gel compartment were dissociated
from the matrix by an enzymatic treatment with Collagenase
type I (Gibco) at 1.5 mg ml−1, incubating the devices for 5 min
at 37 °C and 5% CO2. Cells were collected in Eppendorf tubes
and prepared for the flow cytometry analysis.
Cell concentration was adjusted at 1 × 106 cell per ml in
cold FACS buﬀer. Conjugated primary antibodies (1 : 500)
were added to the cell suspension for 20 min at 4 °C protected from light. Then, cells were washed once by 5 min
centrifugation and resuspended in 200 µl of 2% PFA for
40 min at room temperature protected from light. Cells were
washed using FACS buﬀer and kept protected from light
until the analysis was performed. Finally, cells were incubated with anti-human monoclonal antibodies for CD4
(FITC), CD8 (AmCyan), CD3 (APC), PD-1 (Texas Red), TIM3
(eFluor 605), (Thermo Fisher). Cell fluorescence was
measured using a BD Fortessa LSR cell analyzer (BD
Biosciences) from SIgN Flow Cytometry Platform. Data were
analyzed using FlowJo software (FlowJo, LLC).
5.11. Statistical analysis
Statistical analysis of each experiment was performed using
Prism 8.2 (GraphPad Software). A comparison between the
diﬀerent conditions was performed by Student’s t-test or
ANOVA followed by the Tukey-HSD post-hoc test when appropriate. Results are presented with bar plot as mean + SD or violin
plots showing the probability density for each value. Each dot
of the violin plot represents the number of T cells counted in
the central region. The significant threshold was considered p
< 0.05; ns represents not significant, * represents p ≤ 0.05, **
represents p ≤ 0.01, *** represents p ≤ 0.001 and **** represents p ≤ 0.0001.
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