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The tumor microenvironment imposes physical and functional constraints on the antitumor efficacy of adoptive T cell
immunotherapy. Preclinical testing of different T cell preparations can help in the selection of efficient immune therapies,
but in vivo models are expensive and cumbersome to develop, while classical in vitro 2D models cannot recapitulate the
spatiotemporal dynamics experienced by T cells targeting cancer. Here, we describe an easily customizable 3D model, in
which the tumor microenvironment conditions are modulated and the functionality of different T cell preparations is tested.
We incorporate human cancer hepatocytes as a single cell or as tumor cell aggregates in a 3D collagen gel region of a
microfluidic device. Human T cells engineered to express tumor-specific T cell receptors (TCR–T cells) are then added in
adjacent channels. The TCR–T cells’ ability to migrate and kill the tumor target and the profile of soluble factors were
investigated under conditions of varying oxygen levels and in the presence of inflammatory cytokines. We show that only
the 3D model detects the effect that oxygen levels and the inflammatory environment impose on engineered TCR–T cell
function, and we also used the 3D microdevice to analyze the TCR–T cell efficacy in an immunosuppressive scenario.
Hence, we show that our microdevice platform enables us to decipher the factors that can alter T cell function in […]
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Introduction
Immunotherapy holds great promise as a novel approach to cancer treatment because of  its unique poten-
tial to evade genetic and cellular mechanisms of  drug resistance and target tumor cells while sparing nor-
mal tissues (1, 2). Results of  clinical trials with autologous T lymphocytes engineered with chimeric anti-
gen receptors or T cell receptors (TCRs) specific for antigens expressed on cancer cells provide compelling 
evidence of  their clinical potential (3). However, robust clinical results have been definitively achieved only 
in nonsolid tumors (e.g., hematological malignancies) (4, 5), while adoptive T cell therapy against solid 
primary tumors or metastasis has only shown limited success (6, 7).

These differences in clinical efficacy are multifactorial and extend beyond the selection of  the appro-
priate tumor antigens and the affinity of  the introduced TCR or chimeric antigen receptor for the specific 
tumor antigen. Other constraints imposed by the tumor cell itself  or the microenvironment can also influ-
ence the efficacy of  T cell therapy. These include physical restrictions, such as the limited accessibility of  
cancer cells, intrinsic properties of  the tumor cells that influence their immunogenicity and sensitivity to 
immune effectors, and the presence of  inhibitory metabolic processes and soluble inhibitors in the paren-
chyma surrounding cancer cells, all of  which can adversely affect T cell immunotherapy efficacy (8). For 
these reasons, strategies to modify the functional features of  adoptive T cells were developed to overcome 

The tumor microenvironment imposes physical and functional constraints on the antitumor 
efficacy of adoptive T cell immunotherapy. Preclinical testing of different T cell preparations 
can help in the selection of efficient immune therapies, but in vivo models are expensive and 
cumbersome to develop, while classical in vitro 2D models cannot recapitulate the spatiotemporal 
dynamics experienced by T cells targeting cancer. Here, we describe an easily customizable 3D 
model, in which the tumor microenvironment conditions are modulated and the functionality 
of different T cell preparations is tested. We incorporate human cancer hepatocytes as a single 
cell or as tumor cell aggregates in a 3D collagen gel region of a microfluidic device. Human T cells 
engineered to express tumor-specific T cell receptors (TCR–T cells) are then added in adjacent 
channels. The TCR–T cells’ ability to migrate and kill the tumor target and the profile of soluble 
factors were investigated under conditions of varying oxygen levels and in the presence of 
inflammatory cytokines. We show that only the 3D model detects the effect that oxygen levels and 
the inflammatory environment impose on engineered TCR–T cell function, and we also used the 3D 
microdevice to analyze the TCR–T cell efficacy in an immunosuppressive scenario. Hence, we show 
that our microdevice platform enables us to decipher the factors that can alter T cell function in 3D 
and can serve as a preclinical assay to tailor the most efficient immunotherapy configuration for a 
specific therapeutic goal.
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such barriers, thus enabling T cells to better penetrate the extracellular matrix (9). In addition, increased 
cytotoxicity in the tumor microenvironment has been achieved through metabolic modifications (10) or by 
downregulation of  checkpoint inhibitors (11).

Preclinical testing to evaluate the efficacy of  the different modifications introduced in engineered T 
cells for cancer immunotherapy, however, still relies primarily on animal models. These models are not 
only expensive and time consuming to create and study, but also are not fully able to recapitulate human 
pathology; additionally, tests in animal models lack the flexibility to control individual parameters in dis-
tinct anatomical locations (12). In vitro testing offers an alternative, but 2D in vitro models cannot mimic 
the spatiotemporal dynamics encountered by T cells targeting cancer cells within solid parenchyma. In 
addition, such testing methodologies have neglected the obvious 3D morphology of  solid tumors and the 
tumor cell clusters necessary for metastasis formation (13–15). Here, we developed an easily reproduc-
ible and simple system to test whether TCR-engineered T cells can overcome the physical and metabolic 
barriers present in the tumor microenvironment. The system is composed of  a microdevice-based cellular 
assay in which cancer cells and T cells interact in a 3D space. Conditions can be precisely regulated and the 
ability of  distinct preparations of  engineered T cells to reach and kill cancer cells can be tracked over time. 
We demonstrate that this 3D microdevice assay can measure the antitumor efficacy of  TCR-engineered T 
cells and that it can be easily customized to study the effect of  specific biological conditions and clinical 
scenarios on their function.

Results
3D microfluidic tumor model can quantify the time-dependent cytotoxicity and migratory features of  TCR-engineered T 
cells. During adoptive T cell therapy against solid tumors, the engineered T cells first have to migrate from 
blood into tissues to perform their antitumor function. We utilized a previously validated 3D microdevice 
(16) in which effector T cells must migrate from medium-filled side channels into a central collagen-filled 
region (the “tissue”) to encounter their target (Figure 1). The central region, defined by two rows of  trap-
ezoidal pillars that confine the collagen type I solution prior to gelation, is seeded with hepatocellular 
carcinoma (HepG2-Env) cells expressing both hepatitis B virus (HBV) envelope protein (HBsAg) and GFP. 
Once the gel is polymerized, T cells engineered via retroviral transduction to express a specific TCR recog-
nizing the complex HLA-A0201 molecule and hepatitis B Env183-191 epitope (TCRe–T cells) are injected 
into an adjacent medium channel in contact with the collagen region.

The TCRe-redirected T cells used here already have been shown in vitro and in vivo to recognize and 
kill natural hepatocellular carcinoma (HCC) cells that express HBV viral antigen due to HBV-DNA inte-
gration in an HLA-A0201–restricted manner (17). The HepG2-Env cells used as target cells express HBV 
envelope antigen covalently linked to GFP. Thus, the green fluorescence provides visual confirmation of  
the expression of  HBV antigen in the target cells. Note that HepG2 is an HLA-A0201–positive hepato-
blastoma-derived cell line and that HEPG2-Env cells are recognized specifically by the TCRe–T cells (18).

By labeling the engineered TCRe–T cells with a fluorescent dye (CellTracker Violet BMQC) we can 
visualize their location in the device. With the inclusion of  a live/dead discrimination dye (DRAQ7) in the 
culture medium, we can detect cell death events marked by the appearance of  DRAQ7 fluorescence when 
the dye enters cells with compromised membrane integrity and binds to DNA.

We first performed overnight live-imaging experiments in which we visualized, in real time, the migra-
tory behavior of  TCRe–T cells, their interaction with target cells, and eventual target cell death. Time-lapse 
confocal imaging (Supplemental Video 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.89762DS1) reveals the invasion of  T cells from the media channel into the 
gel and the killing process against HCC. This is also illustrated by a representative sequence of  time-lapse 
images, derived from these experiments, of  a single HepG2-Env cell over 11 hours (Figure 2A). At approx-
imately 9.5 hours, a single TCRe–T cell approaches the HepG2-Env target cell, and the two cells begin to 
interact. This is followed by death of  the target cell approximately 1.5 hours later, as shown by the increase 
in DRAQ7 fluorescence dye.

These live observations were further validated in multiple static imaging experiments, in which quantifi-
cation of  HepG2-Env death was performed before and after overnight incubation with engineered TCRe–T 
cells (Figure 2B). Microdevices with only HepG2-Env target cells seeded in the collagen gel region, without 
the addition of  engineered TCRe–T cells, were used to quantify the basal amount of  HepG2-Env death 
(Figure 2B), while the addition of  toxic levels of  DMSO (10%) acted as a positive control (Figure 2B). 
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Figure 1. Evaluation of TCR-engineered T cell function using a 3D microfluidic device. Factors influencing the functionality of TCR-engineered T cells were 
assessed using the microdevice, and the information obtained will then be used to improve the in vivo efficiency of the engineered T cells. (A–C) The workflow 
of the presented work is explained. (D and E) 3D rendering of the devices in disperse cell configuration and aggregate configuration. (F) The predominantly gravi-
ty-driven migration of engineered T cells along the z axis, as occurs in a 2D well-based assay, compared with the directional chemotaxis in a 3D microdevice.
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Figure 2. Engineered HBV-specific T cells invade and specifically kill HBV antigen–expressing HCC cells. (A) Timeline of notable events during a repre-
sentative 11-hour live-imaging assay (~7-minute acquisition intervals; experiment performed twice), in which engineered HBV Env183-191–specific T cells 
(TCRe–T cells) were introduced into the device containing GFP-expressing HepG2-Env cells cultured in a 3D collagen matrix. Engineered T cells were labeled 
with CellTracker BMQC (blue), while DRAQ7 (red) was added in the culture media. HepG2-Env target cells are shown in green (GFP). The magnified maximum 
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Without the addition of  engineered T cells, low levels of  basal HepG2-Env death (~10% increase in dead 
cells) were typically observed (Figure 2B). Conversely, overnight exposure to 10% DMSO killed nearly 
all the HepG2-Env target cells, which were identified as cells with reduced GFP and increased DRAQ7 
fluorescence intensity (Figure 2B). Addition of  engineered TCRe–T cells resulted in a robust and quantifi-
able decrease in the number of  live HepG2-Env target cells (Figure 2, B and C), confirming that the engi-
neered T cells were capable of  invading the collagen gel and killing the HepG2-Env cells. The specificity of  
TCR-redirected T cell killing was clearly observed in the 3D microdevice, since addition of  TCR-redirected 
T cells specific for an HLA-A02010/core 18-27 epitope (TCRc–T cells) not presented by HepG2-Env target 
cells caused only basal amounts of  HepG2-Env death (Figure 2, B and C).

Since the cellular dynamics in the microdevice, in which chemotaxis of  T cells into the gel region pre-
cedes target cell interaction, differs from a classical 2D well-based assay in which gravity-driven settling of  
T cells is predominant (Figure 1F), we measured the cytotoxicity of  engineered TCRe–T cells using both 
systems to determine whether this could result in an observable difference. Coculturing the target cells and 
TCRe–T cells for 15 hours in a 3D microdevice resulted in the detection of  killing of  approximately 25% of  
the target cells, while the classical 2D well-based cytotoxicity assay detected an almost complete killing of  
all target cells, even at a lower antigen-specific effector/target (E/T) ratio (Figure 2C). The different results 
from the two systems shows how the complex spatial and migratory characteristics unique to the 3D assay 
system can profoundly alter the observable cytotoxic function of  TCRe–T cells.

We also noted that recruitment of  human T cells engineered to express tumor-specific T cell recep-
tors (TCR–T cells) within the solid-phase collagen region required the presence of  the HepG2-Env 
target cells, as seeding of  engineered T cells into microdevices without HepG2-Env cells did not induce 
the migration of  TCR–T cells into the collagen gel using the same experimental setup (Supplemental 
Figure 1). These data suggest that chemokines produced by target cells can be sensed by TCR–T cells 
but also that the supernatant in the microdevice can be possibly used to depict the cytokine/chemokine 
environment present in the system. A complex array of  different cytokines/chemokines was present in 
the supernatants of  the 3D microdevice (Figure 2D). Some of  these were constitutively detected only in 
the presence of  target cells (fractalkine, CXCL8, VEGF), while antigen-specific recognition (TCRe–T 
cells and HepG2-Env cells) clearly boosts the production of  several cytokines/chemokines (RANTES, 
MIP-1α, MIP-1β, IFN-γ, CXCL-10).

Overall, these data show that the 3D microfluidic system provides a complex environment that can be 
used to quantify and visualize, over time, the cytotoxicity and migratory features of  engineered TCR–T 
cells, the ability of  different cancer cells to attract them, and the cytokine/chemokine microenvironment 
that is shaped by the interaction between effector and target cells, which cannot be fully recapitulated by 
classical 2D assays.

Different TCR–T cell preparations exhibit differential antitumor activity. Having established the 3D microdevice 
assay, we then used it to address important questions along the engineered T cell immunotherapy pipeline.

TCR–T cells can be engineered using different methods. Viral transduction is the most commonly utilized 
method, but delivery of  the TCR gene construct through mRNA electroporation of  in vitro–preactivated 
primary human T cells can confer advantages, despite the transient nature of  TCR expression. In addition to 
a faster and simpler cellular engineering protocol, transient TCR expression can be seen as an opportunity 
to monitor excessive toxicity and allow patient treatment with escalating T cell doses. We have previous-
ly demonstrated, in a murine xenograft model of  HCC, a direct comparison of  the antitumor activity of  

intensity projections of a single HepG2-Env cell are shown at the indicated times. Scale bar: 10 μM. (B) Representative maximum intensity projections of 
a region of the collagen gel showing HepG2-Env cells at 0 and 15 hours after incubation alone, with the addition of 10% DMSO, or with engineered TCRe–T 
cells. The mean fluorescence intensity (MFI) of GFP and DRAQ7 of each HepG2-Env target cell identified in Imaris was plotted at 0 and 15 hours after incu-
bation at the respective conditions. Devices in which HepG2-Env cells were cultured with DMSO (red) were plotted in the background for reference, with the 
percentage of dead target cells quantified in devices with (blue) or without (green) the addition of TCRe–T cells at time points shown. The graph shows the 
percentage of killing quantified for the respective conditions; each point represents an individual experiment. Original magnification, ×10. (C) Representative 
maximum intensity projections of a region of the collagen gel showing HepG2-Env cells at 0 and 15 hours after incubation with engineered TCRe–T cells or 
Core18-27–specific T cells (TCRc–T cells). The mean percentage of killed target cells after overnight incubation without T cells or with engineered TCRe- or 
TCRc- specific T cells at the antigen-specific E/T ratios are shown as bars; each point represents an individual experiment. All experiments were repeated in 
at least 3 microfluidic devices. The amount of target cells killed when TCRe–T cells were analyzed using a 2D well-based killing assay is shown for compari-
son. Original magnification, ×10. (D) 41 secreted factors were quantified using multiplex bead-based assay. Factors with detected concentrations less than 
10 pg/ml in all samples were removed from analysis. The mean concentration of secreted factors present in the supernatant retrieved from microdevices in 
which only HepG2-Env target cells were seeded (n = 4) or cocultured with retroviral-transduced TCRe–T cells (n = 2).
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retroviral-mediated stably transduced TCR–T cells (retroV-TCRe–T cells) versus the mRNA-electroporated 
transiently transfected TCR–T cells (mRNA-TCRe–T cells) (19). Despite the transient TCR expression, we 
demonstrated that mRNA-TCRe–T cells suppress the growth of  established tumor in the model, even though 
their efficacy was lower than that observed after adoptive transfer of  retroV-TCRe–T cells.

In order to test whether our 3D microdevice can detect the differential antitumor efficacy observed in 
vivo, we used it for a comparative analysis of  the two different TCR–T cell preparations (mRNA-TCR–T 
cells versus retroV-TCR–T cells) (Figure 3). The ability of  activated mRNA-TCR–T cells and retroV-TCR–T 
cells to lyse HepG2-Env cells embedded in the solid phase of  the device was analyzed in the presence or 
absence of  IL-2 in the culture media. These conditions were used as in patients; adoptive T cell transfer is 
often performed in association with IL-2 treatment (20).

Figure 3. Different preparations of engineered T cells have varying antitumor responses. (A) The mean percentage of killed target cells when differ-
ent engineered T cells were seeded into the microdevices in the presence of exogenous IL-2 is shown in blue. The mean percentage of killed target cells 
normalized to the frequency of successfully engineered T cells is shown in red. Each dot represents a single experiment, and devices without engineered 
T cells or seeded with nonelectroporated T cells were included as controls. Statistical significance was evaluated with 2-tailed t test. (B) The normalized 
mean percentage of killed target cells (similar to above) when different engineered T cells were seeded into the microdevices in the presence or absence of 
exogenous IL-2. Each dot represents a single experiment. Statistical significance was evaluated with 2-tailed t test. (C) Heatmap of the relative concentra-
tion of soluble factors detected in the supernatants collected from microdevices, with indicated engineered T cells and IL-2 supplementation, and dot plots 
showing the summary of the concentration of detected soluble factors. Factors with detected concentrations of less than 10 pg/ml in all samples were 
removed from analysis. Each column represents a single experiment.
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Figure 4. TCR-engineered T cells lyse hepatocellular carcinoma aggregates. (A) Schematic illustrating the 3D volume reconstruction of HepG2-Env 
aggregates embedded in the collagen gel of the microdevice (scale bar: 100 μm [left]; 50 μm [middle and right]). (B) Timeline depicting a representative 
15.5-hour live-imaging assay (~30-minute acquisition intervals; experiment performed twice), in which engineered HBV Env183-191–specific T cells were 



8insight.jci.org      https://doi.org/10.1172/jci.insight.89762

T E C H N I C A L  A D V A N C E

Confirming the antitumor efficacy observed in the murine model, retroV-TCR–T cells displayed greater 
efficacy than mRNA-TCR–T cells in killing HEPG2-env target cells (Figure 3A). However, the killing abil-
ity of  mRNA-TCR–T cells was independent of  IL-2, since levels of  antitumor efficacy in the 3D microde-
vice were not significantly affected by the absence of  IL-2 (Figure 3B).

Analysis of  supernatants collected in the 3D microdevice confirmed the strong IL-2 dependency of  
cytokine/chemokine production in retroV-TCR–T cells (Figure 3C). In contrast, some cytokines/chemo-
kines were produced in greater quantities by only the mRNA-TCR–T cells, even in the absence of  IL-2 
(VEGF, CCL22, CXCL8). However, when the target cells were cultured in 2D, this chemokine/cytokine 
profile was no longer observed and instead dominated by CXCL10 (Supplemental Figure 3).

In all, these results show that the two different preparations of  TCR–T cells are not only characterized 
by a different IL-2 dependence, but also by the induction of  a distinct functional response that could be 
influenced by the unique characteristics of  a 3D system.

TCR-engineered T cells effectively lyse tumor cell aggregates. To further develop the 3D microdevice as a 
platform to analyze the efficacy of  TCR–T cell therapy against solid cancer or metastasis, we introduced 
HepG2-Env target cells as a tumor aggregate into the central collagen region. For this purpose, HepG2-Env 
target cells were first cultured in a customized Petri dish (21) to obtain tumor aggregates that are 40–100 μm 
in diameter. These aggregates were then incorporated in the central collagen gel region, while retroV-TCR–T 
cells were introduced into the flanking media channels in the presence of  DRAQ7. Confocal images were 
acquired as before, and the fluorescent signals were converted into 3D volumes; in Figure 4A, the red vol-
ume (DRAQ7 positive) represents the dead portion of  the cell cluster, while the green volume (GFP positive) 
represents the live cells of  the aggregate. To quantify the killing, the volume of  DRAQ7 fluorescence is 
expressed as a percentage of  the total GFP fluorescence volume.

Live-imaging experiments revealed a time-dependent increase in the percentage of  dead HepG2-
Env target cells, as evidenced by the increase in DRAQ7 volume in the tumor aggregates (Figure 4B). 
To evaluate the interaction between engineered T cells and the tumor aggregates, we quantified the 
density of  engineered T cells in an empty gel region and within the tumor aggregate volume in the 
same field of  view over a 15-hour time period. This analysis revealed a preferential accumulation of  
engineered TCR–T cells within the tumor aggregates, as evidenced by the dramatically higher density 
of  engineered T cells in close proximity to the tumor aggregates (~70 cell/106 μm3) compared to that in 
the surrounding empty collagen gel space (~2 cell/106 μm3) (Figure 4C). Images of  tumor aggregates 
acquired before and approximately 15 hours after the addition of  engineered T cells also showed a 
significant increase in the proportion of  killed target cells (from ~5% to ~15%), further corroborating 
our time-lapse live-imaging findings (Figure 4D). Thus, our 3D microassay can be used to visualize and 
evaluate the function of  engineered TCR–T cells, either against isolated cancer cells or against tumor 
aggregates, providing what we believe to be a novel dimension to in vitro assays that more accurately 
represents the in vivo scenario.

Functionality of  TCR-engineered T cells can be assessed under hypoxic and inflammatory conditions in the 3D 
microdevice. Metabolic changes or inflammatory conditions in the tumor microenvironment can also mod-
ulate the efficacy of  immunotherapy. We therefore used the 3D microassay to directly investigate the 
effect of  hypoxia and inflammatory cytokines (IFN-γ and TNF-α), prominent features in solid tumor 
(14), on the function of  TCRe–T cells. Through the addition of  IFN-γ and TNF-α to the assay media, we 
mimicked certain aspects of  the tumor inflammatory environment, whereas experiments conducted in 
2% or 20% O2 examined the effect of  hypoxia on TCRe–T cell function (Figure 5). mRNA-TCRe– and 
retroV-TCRe–T cells were tested to determine their ability to lyse the dispersed (Figure 5B) or aggregated 
(Figure 5C) target cells.

In the presence of  IFN-γ/TNF-α (inflammatory condition) or the different oxygen concentrations (2% 
and 20%), we observed that these factors had no significant effect on the spontaneous death of  the target 

introduced into the device containing GFP-expressing HepG2-Env aggregates cultured in a 3D collagen matrix. DRAQ7 was added in the culture media 
labeling dead cells red. The reconstructed aggregates were shown at the indicated times (scale bar: 50 μm). (C) The density of engineered T cells random-
ly moving in empty collagen gel regions (noninteracting) and within HepG2-Env aggregates (interacting) was quantified in 2 live-imaging experiments 
depicted. (D) Representative reconstructed aggregates at 0 hours and after overnight incubation alone (left), with the addition of 10% DMSO or with 
engineered HBV-specific T cells (scale bar: 50 μm). The summary of the percentage of dead aggregates was quantified for the respective conditions. Each 
dot represents a single experiment. Scale bar: 50 μM. Statistical significance was evaluated with 2-tailed t test.
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Figure 5. Cytotoxicity of TCR-engineered T cells under hypoxic and inflammatory conditions. (A) Spontaneous death of HepG2-Env target cells cultured 
under specified conditions. (B) Normalized percentage of killed target cells when retroviral-transduced (left) or activated mRNA-electroporated (right) 
TCR-engineered T cells were cocultured with dispersed HepG2-Env target cells under specified conditions. Results were normalized to data obtained under 
typical in vitro assay conditions (20% oxygen and no inflammatory cytokines). Each point represents a single experiment. Outliers are indicated in orange. 
Statistical significance was evaluated with 2-way ANOVA with Tukey’s multiple comparison test. (C) The percentage of dead HepG2-Env aggregates before 
and after overnight coculture with retroviral-transduced (left), activated nonelectroporated (middle), or mRNA-electroporated (right) TCR-engineered  
T cells under specified conditions. Each dot represents a single experiment. Statistical significance was evaluated with 2-tailed t test.
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cells in either dispersed or aggregate forms (Figure 5A). Similarly, introduction of  non-TCR-engineered 
T cells in the 3D microassay did not effect the spontaneous death of  dispersed (Figure 5B) or aggregate 
(Figure 5C) HepG2-Env target cells. This allowed us to isolate and investigate the effect of  O2 levels and 
inflammatory cytokines on the ability of  TCR–T cells to kill dispersed or aggregated hepatoma cells.

We first observed reduced killing of  dispersed HepG2-Env cells by both TCR–T cell preparations in 
2% O2 in comparison to 20% O2 (Figure 5B). However, while the ability of  retroV-TCRe–T cells to lyse 
dispersed targets was augmented by the presence of  inflammatory cytokines, mRNA-TCRe–T cells were 
not affected (Figure 5B). The presence or absence of  inflammatory cytokines, however, clearly affected the 
ability of  both TCR–T cell preparations to lyse tumor aggregates (Figure 5C). In the absence of  IFN-γ/
TNF-α, the lysis of  tumor aggregates was minimal irrespective of  O2 levels or different TCR preparations 
(Figure 5C). Robust killing ability was instead clearly observed with the addition of  IFN-γ and TNF-α, in 
particular with high O2 conditions (20% O2 levels, Figure 5C).

These data demonstrate that different cellular and biochemical variables can be introduced in our 
3D microdevice, allowing the specific determination of  their role in modulating the antitumor ability of  
TCR–T cell preparations.

2D well-based cytotoxicity assay neglects the effect of  hypoxia on engineered T cell function. The effect of  oxygen 
levels on the lytic ability of  TCR–T cells in the experiments performed in our 3D microdevice is in line with in 
vivo results obtained in a murine model of  EBV-related tumors, in which the adoptive transfer of  EBV-specific 
CTLs accumulated only in the normoxic areas of  the tumor, while only a few CTLs were found in the hypoxic 
areas (22). We performed similar experiments in a 2D model, in which gravitational settling of  T cells medi-
ates target cell–T cell interaction (Figure 1F), to determine if  TCR–T cell killing of  tumor cells was modulated 
by introducing different variables (inflammatory cytokines and oxygen levels) in this experimental setting.

First, we cocultured retroV-TCRe– or mRNA-TCRe–T cells with luciferase-expressing HepG2-Env 
target cells at different E/T ratios in a classical 2D well-based assay and quantified the luminance at the 
end of  the experiment to determine the amount of  target killing. E/T ratios of  1:4 and 1:8 did not result 
in complete target death and hence were used to assess the effect of  hypoxia and inflammatory cytokines 
(Supplemental Figure 2). Similar to that observed in our 3D microdevice, in which HepG2-Env target 
cells were seeded in a dispersed configuration, inflammatory cytokines enhanced the killing of  the targets 
by retroV-TCRe– but not by mRNA-TCRe–T cells (Figure 6A). However, in sharp contrast to the results 
obtained in our 3D microdevice (Figure 5B), hypoxia did not significantly reduce the killing of  HepG2-Env 
cells by retroV-TCRe– or mRNA-TCRe–T cells (Figure 6A) in the 2D setting.

In order to understand the mechanisms responsible for the discrepancy between the results obtained 
in the 2D and 3D model, we analyzed whether different oxygen levels effect the migratory behavior of  the 
engineered T cells. We quantified the mRNA-TCRe–T cells that had infiltrated into the gel region and their 
spatial location (Figure 6B) under various conditions and demonstrated that hypoxia negatively affects 
the motility of  engineered T cells. T cell numbers in the 3D gel matrix volume were significantly lower in 
hypoxia (Figure 6B), and the invading T cells have a reduced migratory capacity (Figure 6B).

Since the presentation of  the appropriate epitope by HLA-I molecules on the cell surface is a deter-
minant of  T cell recognition and function, we also analyzed and compared the expression of  HLA-I 
molecules on target cells cultured in 2D and 3D in the presence of  inflammatory cytokines or hypoxia 
(Supplemental Figure 4). Note that the increased HLA-I expression in response to inflammatory cyto-
kines was only observed when target cells were cultured in 2D (this was not recapitulated in the 3D 
microdevice), while the effect of  hypoxia on HLA-I expression remains similar in both systems.

Thus, these data show that our 3D microdevice assay is capable of  providing a more holistic analy-
sis of  engineered T cell function against a tumor target, which cannot be achieved with the classical 2D 
well-based assay, with its overtly simplistic nature, which disregards both the migratory behavior of  the 
engineered T cells and intrinsic changes associated with growing cells in 3D space.

Mimicking specific clinical scenarios in the 3D microdevice. In addition to the complex inhibitory fea-
tures of  the tumor microenvironment, the antitumor efficacy of  TCR–T cells can also be affected by 
the systemic administration of  therapeutic drugs. This is especially evident in the context of  adoptive 
immunotherapy in patients who undergo allogeneic solid organ transplantation, in which long-term 
immunosuppressive regimes (required to maintain the transplanted organ) can also suppress the effica-
cy of  adoptively transferred TCR–T cells (23). Understanding the functionality of  TCR–T cells in this 
situation will be of  clinical importance.
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Figure 6. 2D well-based assays cannot detect the negative effect of hypoxia on the cytotoxicity of engineered T cells. (A) Normalized percentage 
of killed target cells when retroV-TCRe (left) or mRNA-TCRe (right) T cells were cocultured with luciferase+ HepG2-Env target cells under specified 
conditions. Results were normalized to data obtained under typical in vitro assay conditions. Data shown were compiled from experiments with 2 
different E/T ratios performed in duplicates, as denoted in Supplemental Figure 2. Statistical significance was evaluated with 2-way ANOVA with 
Tukey’s multiple comparison test. (B) Representative images of 3D microdevices in which mRNA TCRe–T cells were cultured overnight with HepG2-
Env target cells in the respective conditions. Green spheres denote the living HepG2-Env target cells, while red spheres denotes the mRNA TCRe–T 
cells. The number of T cells present in the gel at the end of the experiment (each dot represents the number of T cells in each microdevice) and the 
position of all gel-invading T cells in each condition (each dot represent the position of a T cell) are shown. Statistical significance was evaluated 
with 2-tailed t test.
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Utilizing the microdevice assay, we first analyzed the 
function of  retroV-TCRe–T cells in the presence of  a mTOR 
inhibitor, a class of  immunosuppressant indicated for use in 
transplantation of  various organs, including the liver. Con-
centrations of  rapamycin, spanning the serum trough levels 
reference range used for clinical monitoring (3.3–22.0 nM) 
(24), significantly inhibited the cytotoxic function of  ret-
roV-TCRe–T cells (Figure 7A). This is not surprising given 
the immunosuppressive nature of  mTOR inhibitors.

We next mimicked a scenario in which TCR–T cells 
were adoptively transferred into a patient under stable 
immunosuppression. In such cases, immunosuppressant 
levels are kept near the lower limit of  the serum trough 
levels reference range. As such, HepG2-Env target cells 
were pretreated with 5 nM rapamycin for 2 weeks before 
being seeded in a dispersed configuration in the microde-

vice without removal of  rapamycin. RetroV-TCRe–T cells were then introduced into the microdevice 
and analyzed as before.

Pretreatment with rapamycin did not induce a significant increase in spontaneous HepG2-Env cell 
death (Figure 7B). Interestingly, unlike what was observed when target cells were not pretreated (Figure 
7, blue), rapamycin did not inhibit the cytotoxic efficiency of  the retroV-TCRe–T cells against pretreat-
ed HepG2-Env cells (Figure 7B, red). This suggests that engineered TCR–T cells could maintain their 
in vivo antitumor efficacy in the presence of  physiological quantities of  immunosuppressive mTOR 
inhibitors. More importantly, it clearly demonstrates how the 3D microdevice could be used to address 
clinically relevant scenarios.

Discussion
In this work, we demonstrated that a microfluidic device can measure the antitumor efficacy of  engineered 
TCR–T cells under different tumor-like microenvironments. Most studies that evaluate antitumor efficacy 
of  T cells have previously been performed in 2D classic tissue culture plates in which the interaction of  T 
cells and tumor cells is mediated in part by gravity (Figure 1F). In contrast, in our system, we were able to 
observe and analyze the antitumor efficacy of  T cells moving freely from a medium channel into a solid 3D 
matrix, in which they recognize and subsequently kill tumor cells over a 24-hour period. Since lysis of  the 
tumor cells embedded in the 3D collagen microenvironment present in our microdevice is a net effect of  
both the chemotactic characteristics and intrinsic killing of  the engineered TCR–T cells, this assay mimics 
more closely what is encountered physiologically during adoptive T cell therapy of  solid tumors, in which 
these parameters can be a critical determinant of  antitumor efficiency.

Using our microfluidic device, we were able to more accurately detect the different antitumor activity 
exerted by mRNA-TCR– and retroV-TCR–T cells, previously demonstrated in vivo in a xenograft ani-
mal model (19). We initially thought that the reduced antitumor activity observed in vivo was exclusively 

Figure 7. TCR–T cells retain their cytotoxicity in a clinical 
scenario with immunosuppressive mTOR inhibitors. (A) Cyto-
toxicity of retroV-TCR–T cells was analyzed in the presence of 
increasing concentrations of immunosuppressive mTOR inhibitor 
(rapamycin). HepG2-Env target cells were seeded as before, 
and rapamycin was introduced with the TCR–T cells. Each dot 
represents a single experiment. Statistical significance was eval-
uated with 2-way ANOVA with Tukey’s multiple comparison test. 
(B) Cytotoxicity of retroV-TCR–T cells against HepG2-Env target 
cells pretreated for 2 weeks with 5 nM rapamycin was analyzed. 
Untreated targets were used as controls. Rapamycin concentra-
tions were maintained throughout the experiment to mimic the 
in vivo condition of a patient under stable immunosuppression. 
Each dot represents a single experiment. Statistical significance 
was evaluated with 2-tailed t test.
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caused by the transient nature of  TCR expression in mRNA-TCR–T cells. In reality, within the time limit 
of  efficient TCR expression (24–48 hours after electroporation), mRNA-TCR–T cells possess a lower cyto-
toxic ability than the retroV-TCR–T cells (Figure 3A). Interestingly, when these engineered T cells were 
assessed in a 2D killing assay in which target cell killing was largely independent of  T cell motility (Figure 
6B), mRNA TCR T cells were more cytotoxic against tumor cells. A plausible explanation that recon-
ciles these different observations is that, compared with retroV-TCR–T cells, mRNA-TCR–T cells are less 
motile, making them less efficient in situations in which cytotoxicity is influenced by cell motility.

However, we also observed that this reduced antitumor activity of  mRNA-TCR–T cells was compen-
sated for by a reduced dependency on IL-2, the presence of  which is required for optimal function of  retro-
viral TCR–T cells. Such differences are likely related to the differential in vitro manipulation and expansion 
time required to produce these two TCR–T cell preparations and the precise mechanisms responsible for 
such results are under investigation. Here, we further stress that such detailed information about the antitu-
mor efficacy and differential IL-2 dependency of  different TCR–T cell preparations has important clinical 
value, especially since IL-2 is often used as an adjuvant in immunotherapy clinical trials.

We are aware that our 3D microdevice-based system does not fully recapitulate the complexity present 
in natural tumors, e.g., it lacks the local milieu of  other stromal and immune cells as well as a function-
al vasculature. Nevertheless, it can more closely reproduce the features of  solid tumors than traditional 
2D assays by allowing preformed cancer cell aggregates to be embedded in a 3D matrix, within which 
they interact with the invading T cells. Using such a system, we were not only able to demonstrate the 
destruction of  tumor aggregates by TCR-engineered T cells, but we also acquired specific evidence of  the 
importance of  inflammatory cytokines and O2 levels for the optimum function of  TCR-engineered T cells. 
This directly effects the antitumor efficiency of  TCR-engineered T cells against primary tumors located 
in different anatomical compartments and also applies to circulating tumor cells and metastatic tumor 
clusters that have just begun the seeding process at secondary sites, all of  which have varying physical and 
biochemical conditions.

One clear advantage of  our 3D system over animal models is the fact that it can be easily customized to 
recreate crucial aspects of  the tissue microenvironment present in solid tumors (e.g., inflammation, oxygen 
levels), allowing the dissection of  complex phenomena into simpler distinct units. We can speculate that, 
for example, by modifying genes involved in the metabolic requirements of  T cell function, we can design 
TCR–T cells that are better equipped to function in a hypoxic environment (25). Our 3D device can be used 
to precisely screen whether such modifications might lead to a gain of  function in a low O2 environment. 
Here, we clearly show that the traditional 2D well plate assay neglects the migratory component of  an in 
vivo setting and may result in the incorrect assessment of  the antitumor efficacy of  adoptively transferred 
engineered T cells, while the 3D microdevice can detect the reduced migratory capability of  the engineered 
T cells in a low O2 environment. Though we have focused on the effects of  hypoxia and inflammatory 
cytokines (Figure 6), comparative analysis of  culture supernatants (Supplemental Figure 3) and HLA-I 
molecule expression on target cells (Supplemental Figure 4) also revealed differences between the 2D and 
3D assay systems, illustrating the extensive functional changes associated with a 3D environment. For 
example, CXCL10, a chemokine produced by the target cells in the presence of  activated T cells (26), was 
detected in dominant quantities only in the 2D assay. This could possibly result as a consequence of  the 
gravity-mediated extended interaction between T cells and target cells in 2D, while, in 3D, the migratory 
component of  the assay precludes such a scenario, leading to a different supernatant profile.

The customizability of  the 3D system further allows us to mimic clinical scenarios by introducing 
pharmacological agents. We have chosen to illustrate this with a clinically adopted mTOR inhibitor used at 
doses observed in the sera of  patients with organ transplantation (24) and by pretreating HepG2-Env can-
cer cells, recreating the stable immunosuppression achieved after transplantation. Such a scenario is often 
encountered, since allogeneic organ transplantation remains an important therapeutic option, especially 
for advanced stages of  various cancers. Using our 3D system, we showed that retroV-TCR T cells main-
tained their antitumor function, despite exposure to immunosuppressive rapamycin. The exact mechanism 
remains to be elucidated, but previous reports showing increased HBsAg expression in hepatoma cells 
treated with mTOR inhibitors (27) and the improved survival in low-risk transplanted patients immunosup-
pressed with rapamycin (28) provided an immunological rationale for our observation.

Currently, our experiments have been limited to only two different cell types, cancer hepatocytes and engi-
neered TCR–T cells. However, it will be possible to increase the complexity of  the system by incorporating 
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other immune cells, such as NK cells and macrophages, to observe their roles in eradicating the tumor. The 
possibility of  measuring cytokine/chemokines released in the supernatants from the microdevice provides a 
further opportunity to evaluate the conditions induced in the system by the addition of  TCR–T cells. More-
over, it will be possible to combine patient tissue specimens and autologous engineered T cells to build a total-
ly patient-specific preclinical screening tool. By incorporating this test into routine clinical practice, we believe 
it will be possible to reduce the negative effect of  cell inefficiency or incompatibility.

In conclusion, we demonstrate that a 3D microfluidic model can be used to decipher the factors that 
alter T cell function in a solid tumor assay that can be customized to replicate certain features found clin-
ically or conditions present in the tumor microenvironment. We propose that the use of  this model, with 
proper validation from in vivo experiments, can boost the development of  TCR–T cell preparations to 
identify the most efficient immunotherapy protocol for a specific therapeutic goal.

Methods

Chip design and fabrication
The detailed design and fabrication procedure of  the poly(dimethylsiloxane) (PDMS) device (Figure 1), 
comprising a gel region with adjoining media channels separated from the gel channel by trapezoidal 
posts (100 μm spacing) was tested and validated in our previous publications (16, 29, 30). The height of  
the microfluidic channels is 120 μm, the culture media channel width is 500 μm, and the gel region width 
is 1 mm. Briefly, the device was fabricated by PDMS soft lithography on a photoresist (SU8-50, Micro-
Chem) mould obtained by stereo lithography (31). PDMS was prepared at a 10:1 ratio of  base/curing 
agent (Sylgard 184, Dow Chemical) and cured at 80°C for 2 hours. Access holes in the PDMS devices for 
gel (1-mm diameter) and fluid (4-mm diameter) injection were created with biopsy punches (Ted pella). 
The devices were autoclaved, dried overnight at 80°C, and subsequently bonded after plasma surface acti-
vation for 2.5 minutes to a glass coverslip according to a previously described protocol (32). To facilitate 
the collagen gel adhesion to the surrounding material (glass and PDMS), devices were coated with poly-
D-lysine (1 mg/ml in distilled H2O) for 1 hour, washed 3 times with water, and dried overnight at 80°C in 
order to restore the original hydrophobic characteristic of  the PDMS and glass surfaces.

Cell engineering process
Retroviral transduction and expansion of  TCR–transduced T cells. The HBV Env183-91–specific TCR (Env183-
TCR) Vα34 and Vβ3 chains were cloned and inserted into vector MP-71 (a gift from Hans Stauss, University 
College London, London, United Kingdom). Retrovirus was produced and bulk T cells were transduced as 
previously described (18); 72 hours after transduction, expression of  TCR transgenes was determined using 
HLA-A201-Env183-91 pentamer and analyzed by flow cytometry. Bulk transduced T cells were expanded 
and restimulated using 5 × 105 TCR-transduced cells, 2 × 105 irradiated (40 Gy) T2 cells pulsed with 1 μg/
ml Env183-91 peptide (FLLTRILTI), and 1.8 × 106 irradiated (25 Gy) peripheral blood mononuclear cells 
(PBMCs) as feeders and grown in AIM-V (Thermo Fisher Scientific) supplemented with 2% human AB serum 
(Thermo Fisher Scientific) and 100 IU/ml rIL-2 (R&D Systems) for 10 days. Mock-transduced T cells were 
expanded with 1 μg/ml phytohemagglutinin (Sigma-Aldrich) and irradiated feeders. Expanded TCR-trans-
duced T cells were analyzed for TCR expression using specific HLA-0201 Env183-91 (FLLTRILTI) peptide 
pentameric complexes (Proimmune) before freezing in aliquots for experiments.

Preparation of  activated and resting T cells for mRNA electroporation. For T cell activation, PBMCs were stim-
ulated with 600 IU/ml IL-2 and 50 ng/ml anti-CD3 (OKT-3; eBioscience) in AIM-V 2% human AB serum 
for 8 days, and rIL-2 was increased to 1,000 IU/ml 1 day before electroporation. For resting T cells, primary 
human T cells were enriched from PBMCs using the Pan T Cell Isolation Kit (Miltenyi Biotec GmbH) and 
cultured overnight in AIM-V 2% human AB serum plus 100 IU/ml rIL-2 before electroporation.

Production of  HBV Env183-191 TCR mRNA and electroporation procedures. Purified DNA of  the HBV 
Env183-91–specific TCR subcloned into the pVAX1 vector, as previously described (19), was linearized 
using the FastDigest XbaI restriction enzyme (Thermo Fisher Scientific) and used to produce the TCR 
mRNA using the Ambion mMESSAGE mMACHINE T7 Ultra kit (Thermo Fisher Scientific). Briefly, 
T7 RNA polymerase was added to start transcription, and RNA was capped with Anti-Reverse Cap 
Analog (Thermo Fisher Scientific). Then, poly(A)-tail was added by E. coli poly(A) polymerase and 
ATP. The resulting product was concentrated by lithium chloride precipitation and redissolved in buffer. 
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For electroporation using the 4D-Nucleofector device (Lonza), 10 × 106 activated or resting T cells, as 
described above, were suspended in 100 μl Nucleofector Solution and supplement (Lonza) and TCR 
mRNA was added at 200 μg/ml. The mixture was placed in a certified cuvette (Lonza) and electropo-
rated. After electroporation, cells were resuspended in AIM-V 10% human AB serum plus 100 IU/ml 
rIL-2 and cultured at 37°C and 5% CO2 for 24 hours prior to analysis of  TCR expression.

HBV antigen–expressing HepG2 target cells
The human liver carcinoma cell line, HepG2 (ATCC), was transduced with a construct containing 
either the full genotype D HBV core (HepG2-Core) or envelope (HepG2-Env) gene covalently linked to 
GFP using the Lenti-X HTX packaging system (Clontech) according to the manufacturer’s instructions. 
These transduced target cells were maintained in R10 culture media (RPMI 1640 supplemented with 
10% heat-inactivated FBS, 20 mM HEPES, 0.5 mM sodium pyruvate, 100 IU/ml penicillin, 100 μg/
ml streptomycin, MeM amino acids with L-glutamine, MeM nonessential amino acids [Thermo Fisher 
Scientific], 5 μg/ml Plasmocin [InvivoGen] with 5 μg/ml of  puromycin [Clontech]) to select for trans-
gene-expressing target cells. To pretreat HepG2-Env cells with rapamycin (InvivoGen), the cells were 
cultured as above with the addition of  5 nM rapamycin for 2 weeks. The concentration of  rapamycin 
was maintained with every media change.

3D microdevice-based assay
Dissociated liver carcinoma target cells. To prepare 200 μl of  a 2.5 mg/ml type-I collagen gel solution 
containing homogenously dissociated HepG2 targets, 20 μl 10× PBS was mixed with 4 μl NaOH (0.5 
N), 129.2 μl collagen type I (Corning), 20 μl freshly trypsinized and dissociated HepG2 targets at 50 × 
106 cells/ml, and 22.9 μl cell culture water (31). The final pH of  the gel solution was approximately 7, 
as determined using a pH indicator strip. The collagen gel solution containing the HepG2 target cells 
was then injected into the dedicated gel region of  the device and polymerized for 40 minutes in the cell 
culture incubator at 37°C and 5% CO2. Immediately after gel polymerization, the media channels were 
filled with R10 media in order to hydrate the gel and keep the HepG2 target cells vital. The cell-imper-
meable nuclear dye DRAQ7 (Biolegend) was also added in the R10 media at a concentration of  3 μM 
to discriminate between live and dead cells. The devices were then incubated for 24 hours to permit the 
interaction of  the HepG2 target cells with the collagen matrix. Devices with gel only (no embedded 
cells, control) were prepared similarly by adding collagen gel solution containing 20 μl 10× PBS, 4 μl 
NaOH (0.5 N), 129.2 μl collagen I, and 42.8 μl of  cell culture water. Prior to the injection of  the T cells 
in the device, R10 medium in the device was supplemented with DRAQ7 containing AIM-V 2% human 
AB serum plus 100 IU/ml rIL-2 with or without the addition of  1,000 IU/ml of  IFN-γ (R&D Systems) 
and 100 ng/ml of  TNF-α (R&D Systems) (to mimic the inflammation status) where applicable. In 
experiments involving rapamycin, the drug was added to the microdevice at the stated concentrations 
together with the introduction of  the engineered T cells.

In order to visualize the spatial position of  the engineered T cells, the cells were stained with 3 μM Cell-
Tracker Violet BMQC (Thermo Fisher Scientific) in RPMI 1640 for 30 minutes at 37°C. T cell suspensions 
were then washed with AIM-V 2% human AB serum, followed by another 30-minute incubation at 37°C. 
The stained T cells were then washed and resuspended in the corresponding media at 3 × 106 cells/ml. 30 
μl of  the T cell suspension was added into one of  the two culture media channels flanking the central gel 
region of  each device. Finally, the devices were incubated overnight in the stated conditions.

Live-imaging (time-lapse) experiments were performed using either a LSM7800 confocal microscope 
(Zeiss) or a FV1200 confocal microscope (Olympus) equipped with an environmental chamber set at 37°C 
and 5% CO2. The microscope was programmed in order to acquire Z-stacks of  the selected regions at the 
stated time intervals. For static imaging experiments, confocal images of  the same region of  interest were 
acquired before T cell addition and after 15-hour incubation.

Liver carcinoma aggregate target cells. Cell aggregates were prepared by using a customized Petri dish 
as described previously (21). Briefly, a laser cutter (Versa Laser, Universal Laser Systems) was used 
to control the melting of  the Petri dish bottom surface, creating an array of  microwells in which cells 
were allowed to settle and grow as aggregates. Pluronic solution (2 ml at 0.2% in PBS solution) was 
used to treat the surface of  the modified Petri dish for 1 hour at room temperature in order to prevent 
cell adhesion and facilitate the formation of  the cell aggregates. In order to obtain cell aggregates with 
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the appropriate size (40- to 100-μm diameter) for use within the microdevice, HepG2 target cells were 
seeded at a concentration of  120,000 cells/ml and cultured for 3 consecutive days. Aggregates were 
collected and filtered in two consecutive filtration steps: (a) 40-μm filtration, in order to exclude all the 
cell aggregates smaller than 40 μm, and (b) 100-μm filtration, in order to exclude all the elements bigger 
than 100 μm. The cell aggregates were then mixed with the collagen solution in order to inject with the 
3D matrix as described above.

2D well-based cytotoxicity assay
HepG2-Env target cells expressing luciferase were plated overnight in a 96-well flat bottom plate to permit 
adherence. Cells were washed with HBSS and cocultured with retroV-TCRe– or mRNA-TCRe–T cells 
at various E/T ratios in duplicates in AIM-V 2% human AB serum plus 100 IU/ml rIL-2 for 15 hours. 
Cytotoxicity was measured by quantifying luciferase expression in remaining target cells after coculture. 
Briefly, culture medium was discarded and 100 μl of  Steady-Glo reagent (Promega) was added to each 
well and incubated for 5 minutes to allow cell lysis. Luminescence was measured with a microplate reader 
(Tecan). Target cells without effectors were used as a reference for maximum luminescence.

Data analysis
All images acquired from the confocal microscope systems (live and static imaging) were visualized and 
analyzed using Imaris (Bitplane). The quantity of  the dissociated HepG2 target cells was detected based 
on their expression of  GFP using the spots function within the software. To perform the analysis, the mean 
diameter of  the dissociated HepG2 target cells was first determined by analyzing the maximum intensity 
projection images of  GFP in Cell Profiler (33). The calculated mean diameter was then used as the estimat-
ed diameter for spots analysis in Imaris. By plotting the mean fluorescence intensity of  DRAQ7 and GFP 
of  the detected HepG2 target cells, one could clearly differentiate between live and dead cells (Figure 2B). 
The percentage of  killed target cells was calculated by comparing the number of  live HepG2 target cells at 
0 hours and after incubation under various conditions.

For the experiments involving liver carcinoma cell aggregates, killing was quantified based on 
the volume of  GFP and DRAQ7 expression. The data were determined using the surface function 
in Imaris. Surface reconstruction was first performed using GFP expression, followed by the surface 
reconstruction of  DRAQ7 expression within the reconstructed GFP volume. Percentage cell death was 
calculated as the percentage of  DRAQ7 volume of  total GFP volume, while the percentage of  killing 
was obtained by comparing the percentage of  cell death before and after incubation with engineered T 
cells under the various conditions.

Supernatant analysis
Culture media from each individual device was collected directly from the microfluidic channels flanking 
the central collagen gel region (~160 μl total volume). Residual T cells in the supernatant were removed 
by centrifugation and the supernatants were stored at –80°C prior to analysis. Concentrations of  secreted 
factors in the supernatants were assessed via cytokine multiplex bead-based array according to the manu-
facturer’s instructions (Luminex). Only secreted factors with at least 1 sample having a concentration above 
10 pg/ml were analyzed.

HLA-I expression
Primary monoclonal antibody EMR8-5 (Abcam) against HLA class I molecule was used in combina-
tion with immunofluorescence to analyze the HLA expression on the cell surface. Cells were fixed with 
4% paraformaldehyde (Sigma-Aldrich) for 15 minutes at room temperature, permeabilized with 0.1% 
Triton X-100 in PBS for 10 minutes, and blocked with 3% BSA/5% goat serum in PBS for 2 hours. Cells 
were then incubated with primary antibody (1: 100) in PBS overnight at 4°C. The devices were rinsed 
5 times with PBS and incubated in secondary antibodies (goat anti-mouse, Alexa Fluor 594 conjugate, 
1:200) and NucBlue (Thermo Fisher Scientific) in 0.5% BSA/0.5% goat serum and PBS for 3 hours 
at room temperature. After incubation, the devices were washed with PBS and imaged using a Zeiss 
LSM780 confocal microscope (Carl Zeiss). The signal intensity and the cell number were analyzed with 
IMARIS (Bitplane). The plotted normalized value represents the total signal intensity divided by the 
number of  cells present in the region of  interest.
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Statistics
Statistical significance was evaluated with 2-tailed t test and, where appropriate, 1-way ANOVA with Dun-
nett’s multiple comparisons test or 2-way ANOVA with Tukey’s multiple comparisons test using the data 
analysis software Prism 6. Only P values and adjusted P values (ANOVA) of  less than 0.05 were considered 
significant and displayed in the figures.
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