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CELL BIOLOGY

Microfluidic tumor-on-a-chip model to evaluate the role
of tumor environmental stress on NK cell exhaustion

Jose M. Ayuso'*, Shujah Rehman?>*, Maria Virumbrales-Munoz', Patrick H. McMinn',
Peter Geiger', Cate Fitzgerald', Tiffany Heaster?3, Melissa C. Skala?>**', David J. Beebe'>"***

Solid tumors generate a suppressive environment that imposes an overwhelming burden on the immune system.
Nutrient depletion, waste product accumulation, hypoxia, and pH acidification severely compromise the capacity
of effectorimmune cells such as T and natural killer (NK) cells to destroy cancer cells. However, the specific molec-
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ular mechanisms driving immune suppression, as well as the capacity of immune cells to adapt to the suppressive
environment, are not completely understood. Thus, here, we used an in vitro microfluidic tumor-on-a-chip plat-
form to evaluate how NK cells respond to the tumor-induced suppressive environment. The results demonstrated
that the suppressive environment created by the tumor gradually eroded NK cell cytotoxic capacity, leading to
compromised NK cell surveillance and tumor tolerance. Further, NK cell exhaustion persisted for an extended
period of time after removing NK cells from the microfluidic platform. Last, the addition of checkpoint inhibitors

and immunomodulatory agents alleviated NK cell exhaustion.

INTRODUCTION

Cancer is the second leading cause of death around the world and
has recently surpassed cardiovascular disease as the number one re-
sult of death in developed countries (1). In the past years, multiple
breakthroughs in immunology such as chimeric antigen receptor
(CAR) T/natural killer (NK) cells and immune checkpoint inhibitors
(ICIs) have demonstrated great success in hematological cancers
(e.g., acute myeloid leukemia and acute lymphoblastic leukemia) (2).
Therefore, scientists and clinicians are working to expand the suc-
cess of immunotherapy in hematological cancers to solid tumors (3).

Despite the initial promising results in hematological cancers,
the use of ICIs in solid tumors has achieved moderate and heteroge-
neous success, partially due to the immunosuppressive environmen-
tal stress generated by solid tumors (4, 5). In this context, recent
studies showed that tumor-associated environmental factors such
as nutrient starvation, hypoxia, waste product accumulation, and pH
acidification suppress T and NK cell antitumor activity (6-9). Thus,
understanding the consequences of the environmental stress on im-
mune cells is critical to develop more effective immunotherapies
(10, 11). However, capturing the complexity of the solid tumor micro-
environment (TME) with traditional two-dimensional (2D) models
remains challenging (12, 13).

In this context, microfluidic technologies and organotypic mod-
els offer potential to mimic critical environmental features of the
TME while allowing researchers to easily monitor the evolution of
tumor and immune cells (13-17). Researchers developed numerous
microdevices to impose gradients of oxygen, growth factors, or pH
and evaluate cell response. Commonly, microdevices generate gra-
dients by perfusing two parallel streams of liquid (e.g., medium with
20 and 1% O,) to create a gradient across the microdevice leverag-
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ing passive diffusion (18). Thus, here, we have evaluated the influ-
ence of the tumor environmental stress on NK cell functions using
a tumor-on-a-chip model (13, 19). Our tumor-on-a-chip model
includes a microchamber where breast cancer cells were embedded
in a 3D matrix. A lumen located at one end of the microchamber
was lined with endothelial cells and perfused with medium to nour-
ish the cells, mimicking the vasculature present in the tumor. This
design allowed us to mimic nutrient, pH, proliferation, and necrosis
gradients across solid tumors. Our results demonstrated that NK
cells initially exhibited promising cytotoxic capacity, destroying a
significant percentage of tumor cells. However, culture in the device
gradually eroded their cytotoxic capacity, leading to NK cell ex-
haustion. Further, we explored the plasticity of NK cells and their
capacity of reversing immune exhaustion. In this context, the re-
sults demonstrated that NK cells did not revert from the exhausted
phenotype, showing multiple molecular and functional alterations
despite removing the environmental stress generated by the tumor.

RESULTS

Tumor-on-a-chip model for cell-based

onco-immunology studies

Solid tumors generate a harsh microenvironment where environ-
mental factors such as nutrient depletion, acidic pH, or waste product
accumulation might affect the immune response (Fig. 1A). Thus,
we used a tumor-on-a-chip microfluidic model to evaluate NK cell
response and exhaustion. The model consists of a central micro-
chamber where breast cancer cells (i.e., MCF7) with/without NK
cells (i.e., NK-92) were embedded in a collagen hydrogel (Fig. 1B).
After collagen polymerization, a polydimethylsiloxane (PDMS) rod
located in the chamber flank was removed to generate a lumen
through the collagen hydrogel. Then, the lumen was lined with endo-
thelial cells [i.e., human umbilical cord endothelial cells (HUVECs)]
and perfused with culture medium to generate a blood vessel surro-
gate that nourished the cells. The presence of the lumen in one of the
microdevice flanks led to an asymmetric distribution of nutrients,
and depending on the cell density used, gradients of cell viability
could be generated in the tumor-on-a-chip platform. This property
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Fig. 1. Tumor-on-a-chip. (A) Schematic representation of the different tumor phenotypes generated in a solid tumor due to nutrient starvation. (B) Scheme of the tumor-
on-a-chip microdevice. The bottom panel shows the microdevice cross-section. The lumen was lined with endothelial cells (e.g., HUVECs) to generate a blood vessel
surrogate, allowing the perfusion of medium, NK-92 cells, anti-PD-L1 antibodies (i.e., atezolizumab), or IDO-1 inhibitors (i.e., epacadostat). (C) Schematic representation
of the microdevice, and the proximal, central, and distal regions are shown in blue, orange, and red, respectively. (D) Confocal images showing live and dead MCF7 cells
in green and red, respectively, after 0 and 7 days in the device. (E) Area occupied by live cells (in green) and dead cells (in red) in the proximal, central, and distal regions.
Asterisks denote P value of <0.05. (F) Scheme of the experimental setup. (G) Confocal image showing the dispersal of cells in the tumor-on-chip device. MCF7 cells (in red)
are embedded in the collagen gel, while NK-92 cells (in blue) and HUVEC cells (in green) are embedded in the lumen. (H) This confocal image shows NK-92 cells (in blue)
migrating across the chamber and MCF7 cells (in red). (I) Confocal image representing an NK-92 engaging with an MCF7. (J) This confocal image highlights the migration
of NK cells out of the lumen and into the chamber. (K) Quantification of NK-92 migration across the x axis measured by NK cell fluorescence. A.U., arbitrary units. (L) MCF7
and NK-92 cells were cocultured for a week. The proximal region has a higher percentage of dead cells due to NK interaction close to the nutrient-rich lumen. (M) Quan-
tification showing that distance from the lumen and the number of live cancer cells (in green) is proportional. Asterisk denotes P value of <0.05 compared with the
proximal region; graphs show means + SD.
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allowed us to mimic multiple tumor scenarios, from low-density
tumors, where no necrosis was observed, to high-density tumors,
where cell metabolism generated a large necrotic core inside of the
microdevice (fig. S1). In this study, we decided to seed MCF?7 cells
at 1.5 million cells/ml, which rendered a highly viable zone next to
the blood vessel surrogate and a necrotic core at the innermost area
(Fig. 1C). More specifically, after 7 days in cell culture, tumor cells
located in the vicinity of the lumen (i.e., proximal region) showed
high cell viability (>90%) and proliferated, forming multicellular
clusters. Conversely, most cells located in the farthest (i.e. 15 mm
far from the lumen) region of the microchamber (i.e., distal region)
did not proliferate and died (cell viability of <15%). Most tumor cells
located in the center of the chamber (i.e., central region) remained
viable after 7 days (>85%) but exhibited slower proliferation com-
pared with those cells located in the proximal region (i.e., threefold
change in the area occupied by live cells in proximal versus central).

To evaluate the potential of the platform to study tumor immuno-
therapy, we used NK-92 cells, which are known for retaining cyto-
toxic capacity both in vitro and in vivo and have been extensively
tested in clinical trials. NK-92 cells were perfused through the blood
vessel surrogate to evaluate their migration through the collagen
hydrogel (Fig. 1D). Although our experiments used a collagen hy-
drogel, the in vivo composition of the extracellular matrix is com-
plex, including a variety of components (e.g., proteins, glycoproteins,
and glycosaminoglycans). In this context, we observed that the col-
lagen hydrogel architecture, controlled by the polymerization tem-
perature, had an effect on NK-92 cell migration (fig. S3 and movies
S1 and S2). These results highlight the potential of the tumor-on-a-
chip platform to study the effect of different matrix formulations on
NK cell biology. When using a collagen hydrogel, NK-92 cells pen-
etrated through the hydrogel, and after 3 days, NK-92 cells were
observed in the distal area interacting with MCF?7 cells. However,
NK cell density across the chamber was not homogeneous, generat-
ing a gradient of NK cell density, with most of the NK-92 cells con-
centrated in the proximal area and rapidly decreasing below 50%
density at 2 mm (Fig. 1D). To evaluate the effect of any potential
environmental gradient generated in the microdevice, we needed to
guarantee that NK-92 cells were present at the distal area. Therefore,
NK-92 cells were directly embedded in the hydrogel with tumor
cells (0.5 million NK-92 versus 1.5 million MCF7 cells/ml) to ensure
that NK-92 cells were present at the distal area and also guarantee
that the initial cell density was homogeneous across the micro-
chamber. We also tested NK-92 cell viability when NK cells were
embedded in the microdevice for 1 and 7 days (fig. S2). The images
demonstrated that NK-92 cells remained viable (>90%) after 24 hours
in culture as well as after 7 days. In addition, the images showed that
NK-92 cells proliferated significantly slower compared with MCF7
cells in the tumor-on-a-chip (figs. S1 and S2). After 7 days in cocul-
ture, the presence of NK cells led to a marked decrease in tumor cell
viability in the proximal area (<15%), and no MCF?7 clusters were
observed. We used an apoptosis fluorescent dye in combination
with multiple cell trackers to distinguish dead tumor cells from po-
tentially dead NK cells. However, these stainings did not last for
7 days; therefore, we limited our apoptosis imaging to 48 hours after
seeding the cells. The apoptosis staining revealed that most dead
cells in the proximal area were MCF7 cells, whereas most NK-92
cells stained negative for the apoptosis marker, demonstrating the
capacity of NK-92 cells to destroy tumor cells in this region (fig. S4).
In the central area, the presence of NK-92 cells led to a moderate
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decrease in MCF7 cell viability (from 85% in the absence of NK cells
to 50%), suggesting a decrease in NK-92 cell cytotoxic capacity in
this region. Last, MCF7 cells in the distal region exhibited signifi-
cant resistance to NK-92 cell cytotoxicity compared with those ones
located in the distal region (cell viability of 70%) (fig. S4). These
results suggested that, in the distal area of the microchamber, envi-
ronmental gradients generated by cell metabolism suppressed NK
cell cytotoxic capacity, allowing MCF?7 cells to proliferate. MCF7 is
a cell line that has been traditionally used in research laboratories.
However, this cell line may present significant differences com-
pared with patient-derived cells, which are more heterogeneous and
capture more efficiently the in vivo physiology. Thus, we also eval-
uated the potential of the platform for precision medicine culturing
patient-derived breast cancer cells. First, we evaluated the capacity
of NK-92 cells to destroy patient-derived tumor cells in a tradition-
al 2D assay (fig. S5). In these experiments, we seeded a confluent
monolayer of patient-derived cancer cells in 96-well plate, and after
24 hours, we added NK-92 cells on top at different NK:tumor cell
ratios. After 24 or 72 hours, we removed floating dead cells and NK-
92 cells and stained viable patient-derived cancer cells. The results
demonstrated that after 24 hours, NK-92 cells exhibited a moderate
cytotoxicity against patient-derived cancer cells when cultured at
1 NK:1 tumor cell ratio. After 72 hours, the cytotoxicity was more
evident, observing a significant decrease in the amount of viable
patient-derived cancer cells at the multiple ratios analyzed. Next, we
set out to evaluate the capacity of the model to generate a necrotic
core using patient-derived cells. We cultured patient-derived cells
in the model at different cell densities (i.e., 1, 4, and 12 million cells/ml)
for 7 days (fig. S6, A to C). The viability analysis revealed that the
generation of viability gradients across the hydrogel was possible,
but we required a higher cell density compared with MCF7 cells.
These results suggested that the patient-derived cells that we used
had a lower nutrient consumption/requirement compared with
MCEF?7 cells. Last, we cocultured NK-92 cells and patient-derived
cancer cells in the tumor-on-a-chip at the same densities used in
the MCF7 experiments (i.e., 0.5 x 10® NK cells/ml and 1.5 x 10°
MCF?7 cells/ml). In the presence of NK-92 cells, we observed a homo-
geneous decrease in cell viability across the proximal, central, and
distal region(fig. S6, D to G). Together, these results suggested that
at these cell densities, patient-derived cells did not generate enough
environmental stress to affect NK-92 cell cytotoxicity (fig. S6).

NK cell exhaustion in the tumor-on-a-chip microdevice

Next, we set out to evaluate molecular changes in NK-92 cells in
response to the environment generated in the tumor-on-a-chip micro-
device (Fig. 2A). After 7 days in culture, we degraded the collagen
hydrogel and selectively removed MCEF?7 cells from the cell suspen-
sion to isolate NK-92 cells (>99% purity) (Fig. 2B). The reverse
transcription quantitative polymerase chain reaction (RT-qPCR)
experiments and nonhierarchical clustergram analysis showed that
NK-92 cells exhibited changes in gene expression after 1 day in the
microdevice that led to more intense changes after 7 days (Fig. 2C;
clustergram is shown at higher resolution in fig. S7). More specifi-
cally, we observed that multiple genes associated with immune ex-
haustion (e.g., IDO-1, PD-1, and CTLA-4) were up-regulated in the
microdevice. Further, genes associated with nutrient starvation,
hypoxia [e.g., hypoxia-inducible factor 1A (HIF1A)], and angio-
genesis [e.g., vascular endothelial growth factor (VEGF)] were also
up-regulated, suggesting that NK-92 cells became exhausted and
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Fig. 2. Culture in the tumor-on-a-chip microdevice led to NK cell exhaustion. (A) Schematic representation of an experiment measuring immune exhaustion. NK cells
and MCF7 cells were mixed with the collagen mixture and cocultured in a 1:3 ratio (0.5 million cells/1 ml:1.5 million cells/1 ml) for 7 days. This approach guaranteed that
NK cell density was homogeneous across the hydrogel (e.g., proximal versus central versus distal area). After 7 days, the NK cells were isolated, and gene expression and
other characteristics were measured. (B) Scheme of NK cell separation. MCF7 cells attach to magnetic beads, thus isolating NK cells in suspension. Confocal images rep-
resent captured MCF7 cells (in red) and isolated NK cells (in blue). The graph highlights the efficiency of NK cell isolation. (C) Cluster graph depicting gene expression after
0, 1, and 7 days. (D) Bar graphs show the up-/down-regulation of exhaustion markers and activation/prosurvival genes. (E) Scheme of spatially controlled NK cell isolation
from proximal and distal regions. (F) Cluster graph and volcano plot quantifying gene expression in the proximal and distal regions. (G) Bar graphs depicting the increase

of up-regulated genes and decrease of down-regulated genes in the distal versus proximal regions. Asterisk denotes P value of <0.05; graphs show means + SD.

activated several adaptative responses. On the other hand, multiple
genes associated with NK cell survival, proliferation, and activation
[e.g., GZMB, BCL2, FASL, and interleukin-15 (IL-15)] were signifi-
cantly down-regulated, highlighting the immunosuppressive effect
of the environment generated inside of the tumor-on-a-chip micro-
device. After 7 days, some genes (e.g., IDO-1 and PD-1) gradually
changed their expression compared with 1 day, whereas others (e.g.,
CTLA-4) were dysregulated only after 7 days. These observations
suggested that NK-92 cell exhaustion encompasses a complex vari-
ety of molecular responses with multiple temporal dynamics. Next,
we studied whether NK cells located in the different regions of the
tumor-on-a-chip microdevice (i.e., proximal versus distal) exhibited
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different molecular adaptations. Thus, after 7 days, we isolated NK-
92 cells from the proximal and distal region and compared their
gene expression profile (Fig. 2E). The gene expression analysis
showed that NK-92 cells from the distal region had a significantly
different expression profile compared with those cells located in the
proximal area (Fig. 2F). More specifically, multiple genes related to
immune recruitment such as CCL4 (associated with NK cell re-
cruitment), CCL5 (T cell recruitment), CCL18, and IRF1 (antitumor
response in NK cells) were up-regulated in the distal region com-
pared with the proximal area. In addition, the hypoxia-associated
gene HIF1A was also up-regulated. On the other hand, genes asso-
ciated with chemokine receptors (e.g., CCR1, CCR2, and CCR4)
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and NK cell survival (e.g., BLC2) were down-regulated in the distal
region. Together, these results suggested that NK cells located in the
distal region were less proliferative and less responsive to chemokines,
whereas they up-regulated their proinflammatory response.

The gene expression analysis showed that NK cells in the tumor-
on-a-chip microdevice exhibited a progressive immune exhaustion.
Next, we set out to determine whether NK cell exhaustion was
caused by environmental stress generated in the microdevice or
merely by chronic activation due to the presence of tumor cells for
7 days. Therefore, we cocultured MCF7 and NK-92 cells in a 3D
collagen hydrogel in traditional 96-well plates using the same ex-
perimental conditions used in the tumor-on-a-chip experiments
(e.g., cell-to-medium ratio, MCF7:NK-92 cell ratio, collagen densi-
ty, and medium changes), and NK-92 cells were isolated after 7 days
(Fig. 3A). The results demonstrated that NK cells isolated from the
well plate had a different gene expression profile compared with
those NK cells extracted from the tumor-on-a-chip device (Fig. 3B).
Further, the NK cell phenotype in the traditional well plate was
more similar to the profile obtained in naive NK cells (i.e., NK-92
cells never exposed to the tumor cells) (Fig. 3C). In this context,
multiple genes associated with immune exhaustion that were
up-regulated in the tumor-on-a-chip microdevice showed no changes
in the well plate experiments (e.g., IDO-1, MICA, and VEGF). In
addition, genes related to NK cell activation and survival that were
down-regulated in the tumor-on-a-chip showed a more moderate
down-regulation (e.g., GZMB and BCL2) or, in some cases, up-
regulation (e.g., FASL) (Fig. 3D). The gene set enrichment analysis
(GSEA) showed that NK-92 cells cultured in the tumor-on-a-chip
microdevice, compared with the well plate experiments, up-regulated
pathways associated with immune migration, immune recruitment,
cytokine secretion, inflammatory response, and immune exhaus-
tion, highlighting the differences between these two sets of NK-92
cells (Fig. 3E). Combined, these results suggested that chronic acti-
vation of NK cells (i.e., coculture with MCF?7 cells for 7 days) plays
a minor role in regulating the changes observed in the tumor-on-a-
chip, highlighting the impact of the environmental stress generated
in the tumor-on-a-chip platform on NK cell exhaustion.

The gene expression analysis demonstrated that the tumor-on-
a-chip platform led to more severe immune exhaustion, showing
up-regulation of exhaustion markers such as PD-1 and IDO-1 that
were not observed in traditional well plates. Therefore, we set out to
evaluate the potential of the platform to test immunotherapies tar-
geting immune exhaustion. First, we tested the effect of atezolizumab
(i.e., anti-PD-L1 antibody) and epacadostat (i.e., IDO-1 inhibitor)
in a traditional 2D assay, where NK-92 cells were seeded on top of a
MCEF?7 cell monolayer in the presence/absence of these drugs. The
2D assay guarantees that tumor and immune cells are directly and
homogeneously exposed to the drug, preventing any potential un-
desired bias caused by the presence of 3D hydrogels (e.g., drug pen-
etration or absorption). Atezolizumab recently received U.S. Food
and Drug Administration approval for breast cancer to treat tumors
exhibiting immune exhaustion (i.e., PD-1/L1 expression). However,
when tested in a 96-well plate assay, where no immune exhaustion
was observed, atezolizumab did not affect NK-92 cell cytotoxic ca-
pacity (Fig. 4A). We also tested an IDO-1 inhibitor (i.e., epacado-
stat) that showed promising potential in in vitro and in vivo studies
where IDO-1 was overexpressed. Similarly, in the well plate assay,
where no up-regulation of IDO-1 was observed, the IDO-1 inhib-
itor did not improve NK-92 cell cytotoxic capacity. Further, both
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epacadostat and tryptophan deprivation experiments in traditional
96-well plates showed no effect on NK-92 cell growth (fig. S8). On
the other hand, when tested in the tumor-on-a-chip microdevice,
both atezolizumab and epacadostat showed a different response
(Fig. 4B). In the presence of the IDO-1 inhibitor, we observed an
increase in the amount of dead MCF?7 cells, showing a displacement
of the necrotic front toward the inner areas of the microchamber.
Similarly, the atezolizumab increased MCF?7 cell death, leading to a
larger increase of the necrotic area. However, neither drug led to
complete destruction of the MCF7 cells, as viable cells were still
present in the most distal areas of the tumor-on-a-chip. Together,
these experiments demonstrated that immunomodulatory agents
such as checkpoint and metabolic inhibitors partially alleviated im-
mune exhaustion. However, complete eradication of the tumor cells
located in the innermost layers of the tumor may require new ap-
proaches targeting the effects of the tumor microenvironment.

Recovery of exhausted NK cells

New therapies that reverse or prevent immune exhaustion have great
potential, but the mechanisms driving this process are still poorly
understood. In our platform, NK-92 cells rapidly exhibited signs of
progressive immune exhaustion. Thus, we set out to study whether
removing these exhausted immune cells from the suppressive envi-
ronment could return them to their original phenotype. To explore
this hypothesis, after coculturing NK-92 cells in the tumor-on-a-
chip for 7 days, NK cells were isolated from the microdevice and
cultured again in a traditional flask for an additional week before
analyzing their expression profile (Fig. 5A). The results demon-
strated that exposed NK cells (i.e., NK cells isolated form the micro-
device and subcultured in a flask) had a different molecular profile
compared with naive NK cells (i.e., NK cells never exposed to MCF?7)
(Fig. 5B). Exposed NK cells exhibited up-/down-regulations in a large
percentage of the genes analyzed. We observed that several genes
associated with immune exhaustion and stress response (e.g., IDO-1,
CCI28, VEGF, and MICA), which were progressively up-regulated
in cells cultured in the tumor-on-a-chip, returned to their original
values after 1 week in traditional flasks (Fig. 5C). In addition, genes
traditionally associated with viral and bacterial infection [e.g., Toll-like
receptor 4 (TLR4) and TLR5] were up-regulated, suggesting that
exposed NK cells may retain some memory state after the coculture
with tumor cells. However, multiple prosurvival genes that were down-
regulated (GZMB, IL-15, or BCL2) in the tumor-on-a-chip micro-
device exhibited partial or no recovery after 1 week (Fig. 5D). Similarly,
other exhaustion-associated genes that were gradually up-regulated
in the microdevice showed partial or no recovery. Together, these
results point out that NK-92 cells had a limited capacity to recover
from the exposure to the environmental stress exerted by the tumor.
In this context, whereas some changes were completely reversible,
the majority remained present after removing NK cells from the sup-
pressive environment, suggesting that exposure to the tumor micro-
environment might exert long-lasting effects on NK cell biology. In this
study, we limited our analysis to 7 days (i.e., 7 days in the microdevice
followed by 7 days of recovery in a flask); thus, additional studies in-
volving long-term culture (i.e., weeks and months) are needed to
determine whether these stress-induced alterations are permanent.

Functional effects of NK cell exhaustion
The RT-qPCR analysis demonstrated that exposed NK cells had
a different molecular phenotype compared with naive NK cells,
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regulation of multicellular organismal process; PRISP, positive regulation of immune system process; PRCA, positive regulation of cell activation; PRCP, positive regulation
of cytokine production. These pathways were identified as the most affected using the GSEA software. Asterisk denotes P value of <0.05; graphs show means + SD.
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Fig. 4. Effect of ICls and IDO-1 inhibitors in traditional assays and the tumor-on-a-chip. (A) The potential effect of atezolizumab (anti-PD-L1 antibody) and epacadostat
(IDO-1 inhibitor) was evaluated in traditional well plates. A confluent monolayer of MCF7 was seeded on 96-well plates, and NK-92 cells were added 24 hours later
(9 MCF7:1 NK ratio) with/without the IDO-1 inhibitor or the PD-L1 antibody. Confocal images showed no significant improvement on NK-92 cell cytotoxic potential.
(B) Similar experiment evaluating epacadostat and atezolizumab in the tumor-on-a-chip microdevice. Confocal images demonstrated that both the PD-L1 antibody and
IDO-1 inhibitor increased MCF7 cell necrosis. Dead cells (shown in red) concentrated in the vicinities of the lumen, whereas live MCF7 cells (shown in green) remained
present in the farthest (distal) region. Asterisk denotes P value of <0.05; graphs show means + SD.

exhibiting a profile dominated by exhaustion markers (Figs. 5 and
6A). Thus, we evaluated the functional consequences of these mo-
lecular alterations in exposed NK cells. We analyzed changes in NK
cell metabolism using optical metabolic imaging. More specifically,
we studied changes in NK cell redox ratio and NAD(P)H (reduced
form of nicotinamide adenine dinucleotide phosphate) and FAD
(flavin adenine dinucleotide) fluorescence lifetimes (Fig. 6B). The
analysis revealed that exposed NK cells had decreased redox ratio,
decreased NAD(P)H mean lifetime (t,,), and increased FAD 1, com-
pared with naive NK cells (Fig. 6C and fig. S9). Gaussian distribu-
tion analysis of the redox ratio indicates a single population of cells
for both naive and exposed NK cells (Fig. 6C). Cells need to main-
tain their redox ratio to effectively perform their functions, and a
decreased redox ratio has been associated with the accumulation of
reactive oxygen species and functional impairment (20-22). In ad-
dition, a decreased NAD(P)H 1, and an increased FAD 1, indicate
reduced binding activities for NAD(P)H and FAD (23). Thus, ex-
posed NK cells exhibited rewiring of their metabolic phenotype that
persisted after a week out of the tumor-on-a-chip microdevice. We
used metabolic perturbation experiments to identify alterations in
specific metabolic pathways that could explain the decrease in re-
dox ratio and NAD(P)H 1., and increase in FAD 1., observed in the
tumor-on-a-chip (Fig. 6D). In these experiments, naive NK-92 cells
were cultured in traditional well plates in the presence of metabolic
inhibitors blocking glycolysis [i.e., 2-deoxyglucose (2DG)], fatty
acid oxidation (i.e., etomoxir), or the electron transport chain com-
plex V (i.e., oligomycin). In this context, inhibition of the electron
transport chain complex V with oligomycin rendered the most sim-
ilar trend (i.e., reduction of redox ratio and increase in FAD 1y,)
compared with exposed NK cells. In addition, deprivation of IL-2, a
known activator of NK cells, led to some of the changes observed in
exposed NK cells (i.e., decreased redox ratio and increased FAD ty,),
suggesting that exposed NK cells might be in a more anergic state
than naive NK cells. Real-time microscopy also revealed that ex-
posed NK cells exhibited different migratory properties (e.g., slower
speed and decreased migrated distance) in 3D collagen hydrogels
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compared with naive NK cells (Fig. 6, E and F, and fig. S10). How-
ever, identification of the specific metabolic pathways affected re-
quires more in-depth studies. In this context, future studies could
leverage techniques such as 'H nuclear magnetic resonance or mass
spectrometry to pinpoint the metabolic alterations exhibited by
these recovered NK cells. Last, we evaluated the cytotoxic capacity
of exposed NK cells compared with naive NK cells (Fig. 6G). We
seeded a confluent monolayer of MCF7 cells in traditional well plates;
24 hours later, we added naive or exposed NK-92 cells at different
NK:MCEF7 cell ratios; and another 24 hours later, we evaluated cell
viability. The confocal images demonstrated that exposed NK cells
still retained their capacity to kill tumor cells, but their cytotoxic
capacity was significantly lower compared with naive NK cells at all
the ratios analyzed. Together, these results highlighted that the en-
vironmental stress generated in the tumor-on-a-chip significantly
influence NK cell molecular and functional response. In addition,
multiple changes persisted after removing the environmental stress,
suggesting that these adaptations might last for long periods of time
or even indefinitely. Although ICIs and metabolic inhibitors allevi-
ated the exhaustion generated by the tumor microenvironment, they
did not lead to a complete eradication of the tumor, indicating that
new or alternative treatment combinations should be considered.

DISCUSSION

The development of ICIs that target immune exhaustion (e.g., PD-1
and CTLA-4 antibodies) can significantly improve antitumor im-
mune responses and patient outcomes. However, as clinicians con-
tinue to explore these therapies in clinical trials, the results point
out the capacity of solid tumors to escape immunosurveillance and
suppress the immune response by a variety of mechanisms (24-26).
Therefore, the development of new tools that allow researchers to
decipher the complex mechanisms driving immune exhaustion
could accelerate the development of next-generation immunother-
apies (12). In this context, our tumor-on-a-chip platform provides
a simple and versatile tool to evaluate the effect of environmental
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Fig. 5. NK cell recovery from the tumor-on-a-chip platform. (A) Schematic representation of the experiments evaluating the recovery capacity of NK-92 cells. NK-92
and MCF7 cells were cocultured (0.5 million NK:1.5 million MCF7 cells/ml) for 7 days. Then, NK-92 cells were isolated from the tumor-on-a-chip and subcultured in tradi-
tional flasks for an additional week before analyzing their gene expression. (B) Clustergram and volcano plot comparing gene expression in exposed NK cells with naive
NK cells. (C) Bar graphs showing multiple genes that were up-/down-regulated in the tumor-on-a-chip microdevice but returned to the basal expression after 1 week.
(D) Bar graphs showing genes that showed partial or no recovery to the basal expression compared with naive NK cells. Asterisk denotes P value of <0.05; graphs show

means £ SD.

stress such as nutrient deprivation, acidic pH, or waste product ac-
cumulation (13). Immune penetration into solid tumors affects tumor
evolution and remains an active research area in the immunotherapy
community. In this context, the presence of effector cells such as
cytotoxic T cells and NK cells has been associated with good prog-
nosis (27, 28). However, multiple studies have shown the capacity

Ayuso et al., Sci. Adv. 2021; 7 : eabc2331 17 February 2021

of the tumor to exclude immune cells by several mechanisms (e.g.,
generation of interstitial pressure), which limits the efficacy of immune
cells to destroy the tumor (29). Because multiple immunotherapy
treatments rely on injecting immune cells through the patient’s
bloodstream, deciphering the mechanism driving immune infil-
tration might significantly improve immunotherapy efficiency (30).
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Fig. 6. Functional changes in exposed NK cells. (A) Exposed NK cells isolated from the tumor-on-a-chip microdevice still exhibited multiple gene expression alterations
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posed NK cells had decreased redox ratio compared with naive NK cells, indicating metabolic rewiring. In addition, exposed NK cells showed decreased NAD(P)H 1, and
increased FAD 1, (D) Violin plots depicted changes in redox ratio, NAD(P)H 1, and FAD 1, caused by different metabolic inhibitors and chemokines: 2DG, glycolysis in-
hibitor; etomoxir (ETO), fatty acid oxidation inhibitor; oligomycin (Oligo), electron transport chain complex V inhibitor; DMSO, dimethyl sulfoxide. (E and F) Time-lapse
microscopy analyzing exposed NK cell migration in 3D collagen hydrogels. Individual NK cell trajectories are depicted in different colors. Violin plot showing slower mi-
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Our platform includes a biomimetic blood vessel that enables the them did not reach the distal area (Fig. 1). Future studies could in-
perfusion of immune cells to study immune penetration. Our clude a higher tumor cell density or generate interstitial pressure
proof-of-concept experiment demonstrated the capacity of NK-92  using the other ports to study their effect on immune cell migration.
cells to migrate several hundreds of micrometers, although most of  In this context, multiple microfluidic devices have been designed to
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study immune/tumor interactions with blood vessels (31-33). In
subsequent experiments, we directly embedded NK-92 cells in the
hydrogel to ensure a homogeneous distribution across the matrix,
allowing us to study immune exhaustion in the proximal, central,
and distal region. The results observed in the tumor-on-a-chip plat-
form demonstrated a correlation between the generation of a necrotic
core and the presence of pH gradients. In addition, in a previous
study, we observed that oxygen played a minor role in the genera-
tion of the necrotic core, leading to a moderate increase in the num-
ber of dead cells observed in the distal region (13). Our platform is
permeable to oxygen, demonstrating that MCF?7 cells did not generate
hypoxia within the microdevice at 30 million cells/ml (19). Together,
these observations suggested that waste product accumulation and
nutrient consumption played a critical role in the necrosis observed
in the platform. However, in this study, we did not identify the spe-
cific environmental factor, or combination of factors, driving NK
cell exhaustion. Thus, the process would require a noninvasive
technique capable of monitoring metabolite evolution in real time.
Mass spectrometry imaging (MSI) could provide valuable informa-
tion about the spatial distribution of metabolites in the platform,
but MSI sample preparation imposes some challenges when work-
ing with live samples (e.g., flash-freezing) (34). We believe that re-
cent advances in Raman and Fourier transform infrared spectroscopy/
microscopy offer an exciting nondestructive alternative to monitor
metabolite evolution in real time (35). Another limitation of the
present study is the fact that the effect of hypoxia on NK-92 cells
was not considered. Future studies could add this layer of complex-
ity by placing the microdevice in a hypoxia incubator (i.e., 1% O>)
and perfusing oxygenated medium through the lumen (1% O,).
Our study demonstrated that the environmental stress generated by
the tumor cells significantly impaired NK cell gene expression and
cytotoxicity, especially in the innermost regions of the model. In this
context, previous reports have shown that chronic activation can
also impair NK cells (36, 37), and our study suggested that environ-
mental stress might even play a major role in NK-92 cell exhaustion
(38, 39). A limitation of our study was the inability to distinguish
between dead MCF7 cells and dead NK-92 cells with the viability
staining. Thus, the contribution of dead NK-92 cells to the total
amount of dead cells remains unknown. On the other hand, the
NK-92 monocultures showed that NK-92 cells proliferalted slowly
in the platform (fig. S2), suggesting that the majority of dead cells
observed were dead MCF?7 cells (Fig. 1 and fig. S1), which was also
in agreement with the apoptosis staining (fig. S3). Previous reports
have studied NK cell exhaustion and dysfunction in vivo, identify-
ing changes in multiple cell receptors, chemokines, and molecular
pathways (37, 40). In vivo, exhausted NK cells frequently exhibit
up-regulation of PD-1, IDO-1, TIGIT, LAG-3, TIM-3, MICA, and
CCL18 and down-regulation of CD16, GZMB, IL-15, and tumor
necrosis factor-o (TNF-a), among other markers (Fig. 7A). In this
study, we analyzed gene expression changes in multiple pathways
associated with NK cell exhaustion and dysfunction. Molecular
analysis demonstrated that multiple canonical T cell exhaustion
pathways such as IDO-1, CTLA-4, and PD-1 were also up-regulated
in NK-92 cells. Although the PD-1 pathway has been significantly
explored in NK cells, our knowledge about the CTLA-4 pathway is
scarce, including conflicting reports discussing the expression of
CTLA-4 in human NK cells (41, 42). In this context, our model re-
vealed that environmental stress generated by MCF7 cells led to
overexpression of CTLA-4 in NK-92 cells, suggesting new thera-
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peutic combinations using NK-92 cells and CTLA-4 inhibitors such
as ipilimumab. We also observed changes in GZMB, TNF-q, IL-15,
MICA, IDO-1, and CCL-18, among other factors, in agreement
with in vivo observations (Fig. 7B). However, in this study, we used
RT-qPCR to analyze ~90 genes related to NK cell response, which
only represents a fraction of the total amount of alterations ob-
served in vivo. Future studies could leverage RNA-sequencing tech-
nologies to analyze thousands of genes to provide a more in-depth
molecular analysis of the exhaustion process.

On the other hand, our study also highlighted the importance of
analyzing immunomodulatory agents (e.g., PD-1 and IDO-1 inhib-
itors) in a physiologically relevant context. Specifically, atezolizum-
ab and epacadostat showed little efficacy in traditional well plates,
where NK cells had no environmental stress, and showed no
up-regulation of the relevant pathways. Our results also demon-
strated that tumor cells located in the distal areas of the model were
highly resistant to immunomodulatory treatment. Last, our study
suggested that environmental stress might exert a long-term modi-
fication of NK cell biology and metabolism, leading to dysfunctional
NK cells (i.e., exposed NK cells) with compromised cytotoxic capac-
ity. Therefore, our platform could provide an exciting tool to evalu-
ate epigenetic modifications and other molecular alterations driving
these long-lasting immunosuppressive effects. Although in this
study we did not identify the specific environmental factor/s (e.g.,
glucose, tryptophan, deprivation, and acidic pH) driving the chang-
es observed in NK-92 cells, this platform could provide a valuable
tool to identify metabolic opportunities in NK and T cell immuno-
therapy. NK-92 cells have been used in clinical trials against numerous
malignancies, with multiple trials still ongoing (43, 44). Therefore,
deciphering their response to the immunosuppressive tumor mi-
croenvironment could lead to the development of new NK-92 for-
mulations that thrive in this harsh environment. In this work, we
cultured 1.5 million MCF?7 cells/ml because that density generated
a necrotic core in the distal region, whereas cells next to the lumen
remained viable. However, this technology could also be used to test
the effect of different tumor cell densities on NK cell exhaustion. In
this context, we observed that 4 million cells/ml led to a decrease in
cell viability in those cells located in the proximal area, suggesting a
more severe environmental stress. Several studies have demonstrated
that other cell types present inside solid tumors affect the immune
response [e.g., myeloid-derived suppressor cells (MDSCs), macro-
phages, fibroblasts, and regulatory T cells (Treg)]. Macrophages seem
to play a dual role, exerting a tumor-promoting or tumor-suppressing
effect depending on the specific conditions in the tumor milieu (45).
In this context, tumor-associated macrophages (TAM:s) are tradi-
tionally classified into M1 (tumor-suppressing, proinflammatory role)
or M2 macrophages (tumor-promoting, anti-inflammatory role)
(46). Chemokines secreted by tumor and stromal cells control the
balance between M1 and M2 macrophages. In this context, chemo-
kines such as TNF-o and IL-17 promote an M1 phenotype, whereas
IL-14 and IL-4 lead to a tumor-promoting M2 phenotype. MDSCs
are a group of immune cells that are expanded during inflammatory
processes, including cancer, and lead to immunosuppression (47).
MDSCs suppress the immune system by cell-cell contact with T cells
or secretion of short-lived mediators (e.g., nitric oxide, urea, and
L-ornithine). Cancer-associated fibroblasts (CAFs) promote im-
mune evasion by multiple mechanisms including modulation of
adaptive and innate immune cell recruitment, cytotoxicity, and ex-
pansion (48). In addition, CAFs also contribute to MDSC and TAM
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Fig. 7. NK cell dysfunction marker comparison. (A) Scheme shows molecular changes observed in vivo in dysfunctional (i.e,, exhausted and anergic) NK cells. (B) Scheme de-
picts changes observed in NK-92 cells (seeding cell density: 0.5 million cells/ml) in the model after 7 days in coculture with MCF7 cells (seeding cell density: 1.5 million cells/ml).

expansion, exacerbating immune suppression. Similarly to MDSCs,
Tregs also generate an immunosuppressive environment (49). Tregs
rely on multiple cell-cell-dependent and cell-cell-independent mech-
anisms to regulate the immune response such as modulation of
checkpoint inhibitors (e.g., PD-1, CTLA-4, and IDO-1), secretion
of suppressive cytokines (e.g., IL-10 and IL-35), cytokine consump-
tion (e.g., IL-2), or metabolic disruption. Future studies using the
tumor-on-a-chip platform could include the presence of these stro-
mal cells, providing a more comprehensive model of the tumor
microenvironment. On the other hand, exposing immune cells to the
tumor microenvironment could help us to decipher the adaptive
and survival responses that immune cells have at their disposal. The
ability of isolating these immune cells from the model enables us to
design evolution-driven experiments where the same pool of im-
mune cells is repeatedly exposed to the tumor environment, which
would select the most resilient NK cells. In the long term, studying
adaptations such as DNA methylation or metabolic rewiring in immune
cells in the tumor microenvironment could help us to genetically
engineer more efficient immune cells (e.g., pH-induced secretion of
IL-2 and hypoxia-activated granzyme synthesis). These studies might
also lead to the identification of new immunomodulatory agents
(e.g., checkpoint inhibitors) that would allow these tumor hunters
to thrive amidst the suppressive environment of solid tumors, sig-
nificantly improving the reach of immunotherapy. The current
healthcare pipeline requires new therapies to be validated in exten-
sive animal studies and through clinical trials. However, differences
between human and mouse immunology commonly hinder this
process (50), leading to high attrition rates. Hence, we believe that
tumor-on-a-chip technologies might accelerate the development of
these new immunotherapies by providing a versatile tool that bridg-
es the gap between in vitro platforms and animal models.
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MATERIALS AND METHODS

Microdevice fabrication

The tumor-on-a-chip microdevice was fabricated using a protocol
more specifically detailed in (16). In summary, illustrator was used
to design the template, which was then fabricated using SU-8-based
lithography. The SU-8 template was used to generate the final micro-
devices by pouring PDMS on top and polymerizing it during 4 hours
at 80°C. Following PDMS polymerization, the microdevices were
removed from the SU-8 wafer, and the bottom and top layers of the
microdevice were assembled together. This approach yielded a non-
permanent bonding between the two layers of PDMS, allowing the
disassemble of the microdevice after the experiments to retrieve the
cells. To generate the lumen structure, a 340-um-diameter PDMS
rod was inserted in the chamber. Next, the microdevices were plasma-
bonded to a 60-mm glass bottom petri dish. Because top and bot-
tom layers were already together, the plasma treatment did not affect
the interface between both layers, keeping the bonding reversible.
Microdevices were sterilized through 15 min of ultraviolet exposure
before using them in cell culture.

Cell culture in the tumor-on-a-chip model

The NK-92 cell line was acquired from the American Type Culture
Collection and cultured in X-VIVO 10 (Lonza, 04-380Q) supple-
mented with 20% fetal bovine serum (FBS; Lonza) and 0.02 mM
folic acid (Sigma-Aldrich, F8758) dissolved in 1 N NaOH, 0.2 mM
myo-inositol (Sigma-Aldrich, 17508), and IL-2 (100 U/ml;
PeproTech, 200-02). NK-92 cell cytotoxicity has been shown in
multiple studies and clinical trials (51-54). Breast cancer MCF7
cells were cultured in RPMI 1640 (Thermo Fisher Scien-
tific, 21870076) supplemented with 10% FBS (Thermo Fisher Scien-
tific, 26140079). Patient-derived invasive breast carcinoma cells
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(IDC; 171881-019-R-J1-PDC, passages 7 to 12) were obtained from
the National Cancer Institute Patient-Derived Models Repository
(NCI PDMR). Patient-derived cells required specialized medium
consisting of 1x Advanced Dulbecco’s modified Eagle’s medium/F12
(Gibco, 12634010) supplemented with 5% FBS, 1% penicillin:
streptomycin, 0.178 mM adenine (Sigma-Aldrich, A8626-1G), 1.61 nM
EGF Recombinant Human Protein (Invitrogen, PHG0313), 1.1 uM
hydrocortisone (Sigma-Aldrich, H4001-1G), 2 mM L-glutamine
(Invitrogen), and 0.01 mM Y-27632 dihydrochloride (Tocris). To
prepare the tumor-on-a-chip model, cells were detached using a
trypsin/EDTA solution and resuspended at the desired density in
NK cell medium. Next, a collagen hydrogel (4.0 mg/ml) containing
MCF7 cells alone or in combination with NK-92 cells was prepared
as follows: 10 ul of 10x phosphate-buffered saline (PBS), 1.2 ul of
1 M NaOH, 47.5 pl of collagen type I (8.43 mg/ml), 31.3 pl of dis-
tilled water, and 100 pl of cell suspension. The collagen hydrogel
was injected into the microchamber of the microfluidic device and
polymerized at room temperature for 20 min. The PDMS rod was
removed using sterilized tweezers after collagen polymerization to
generate a tunnel in the hydrogel through which medium was per-
fused to nourish the cells. NK cell medium (2.5 ml) was then added
to the petri dish, and the devices were placed in an incubator at
37°C with 5% CO,.

Cell staining

HUVECs, MCF7, and NK-92 cells were stained with fluorescent
markers to monitor cell migration. More specifically, we labeled
HUVECs, MCF7 cells, and NK-92 cells with vibrant DiO (green;
Thermo Fisher Scientific, V22886), Dil (red; Thermo Fisher Scientific,
V22885), and Did (infra-red; Thermo Fisher Scientific, V22887),
respectively. Briefly, cells were counted and suspended in PBS at
1 million cells/ml. Vybrant labeling agent (5 ul) was added per milli-
liter of cell suspension. The cell suspension was placed in the incu-
bator for 5 min and then centrifuged (400g, 5 min) and washed
twice with 15 ml of PBS to remove the staining excess. Staining in
PBS was critical for NK-92 cells, because the presence of their cul-
ture medium [X-VIVO 10, 20% FBS, IL-2 (200 U/ml)] prevented
the staining. DiO, Dil, and Did allowed us to distinguish the three
cell populations during the first 72 hours. However, these stainings
slowly leak to other surrounding cells, and at 7 days, most cells showed
areas labeled in green, red, and infra-red. Apoptosis was detected
with CellEvent Caspase-3/7 Green Detection Reagent (Thermo
Fisher Scientific, C10423), which labels apoptotic cells in green. In
these experiments, CellEvent was added to the hydrogel mixture
and the culture medium at 1:1000, and HUVECs were not labeled
with DiO (green) to avoid fluorescence overlapping.

Cell viability

To measure cell viability, stock solutions of calcein acetomethyl ester
(CAM; 5 mg/ml) (Thermo Fisher Scientific,C3100MP) and prodidium
iodide (PI; 2 mg/ml) (Thermo Fisher Scientific, P1304MP) were pre-
pared following the supplier instructions. Working solutions were
prepared dissolving at 1:1000 and 1:500, respectively, the stock solu-
tions in PBS. The upper half of the microdevice was detached to ex-
pose the collagen hydrogel to guarantee a homogeneous staining,
and the CAM/PI solution was added on top for 15 min. Afterward,
cell viability was evaluated by fluorescent/confocal imaging using a
Leica SP8 3x STED super-resolution confocal microscope. In 2D
assays, cells were washed twice with PBS to remove floating dead
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cells and NK-92 cells. Next, viable tumor cells were stained with the
CAM solution (no PI was used).

Optical metabolicimaging

A custom-built inverted multiphoton microscope (Bruker Fluores-
cence Microscopy, Middleton, WI) was used to acquire fluorescence
intensity and lifetime images. The equipment consists of an ultra-
fast laser (Spectra Physics, Insight DSDual), an inverted microscope
(Nikon, Eclipse Ti), and a 40x water immersion (1.15NA, Nikon)
objective. Next, NAD(P)H and FAD images were obtained for the
same field of view. FAD fluorescence was isolated using an emission
bandpass filter of 550/100 nm and excitation wavelength of 890 nm.
NAD(P)H fluorescence was isolated using an emission bandpass
filter of 440/80 nm and an excitation wavelength of 750 nm. Sub-
sequently, fluorescence lifetime images were collected using time-
correlated single-photon counting electronics (SPC-150, Becker and
Hickl) and a GaAsP photomultiplier tube (H7422P-40, Hamamatsu).
Images (512 x 512 pixels) were obtained using a pixel dwell time of
4.8 ps over 60-s total integration time. To guarantee adequate pho-
ton observations for lifetime decay fits and no photobleaching, the
photon count rates were maintained at 1 x 10° to 2 x 10° photons/s.
The instrument response function was calculated from second har-
monic generation of urea crystals excited at 900 nm, and the full
width at half maximum was measured to be 244 ps. A Fluoresbrite
YG microsphere (Polysciences Inc.) was imaged as a daily standard
for fluorescence lifetime. The lifetime decay curves were fit to a sin-
gle exponential decay, and the fluorescence lifetime was measured
to be 2.1 ns (n = 7), which is consistent with published values.

Drug treatments

Metabolic inhibitors were used on NK cells to study their effect on
optical metabolic imaging measurements. 2DG (10 mM) (Sigma-
Aldrich, D6134), etomoxir (10 uM) (Sigma-Aldrich, E1905), and
oligomycin (1 pM) (Sigma-Aldrich, 75351) were used to perturb their
respective pathways. To measure how immune checkpoint and
IDO-1 inhibition affected NK cytotoxicity in the microdevice, the
hydrogels were treated with 40 nM atezolizumab (Selleckchem,
A2004) and 50 nM epacadostat (Selleckchem, S7910) for 7 days. After
these treatments, cell viability was assessed as described above.

Cell isolation from the microdevice

To selectively retrieve the NK-92 or MCF7 cells from the micro-
device, the upper half of the microdevice was removed to expose the
collagen hydrogel. The hydrogel was then transferred to an Eppendorf
tube containing 300 pl of type I collagenase (6 mg/ml) (55). The
sample was incubated on ice for 2 min to degrade the hydrogel and
release the cells. Two microliters of biotinylated anti-EpCAM
(D20655, Thermo Fisher Scientific) was added, and the sample was
incubated at 4°C for 15 min. Ten microliters of SeraMAGS beads
coupled to streptavidin was added, and the sample was incubated
for another 10 min at 4°C. The SeraMAGS beads, with the MCF7
cells (EpCAM-positive), were isolated using a magnet, leaving the
NK-92 cells in suspension. NK-92 cells were transferred to NK-92 cell
medium for subculture experiments or lysed for PCR analysis. To
isolate NK-92 cells from specific hydrogel locations (i.e., 0 and 10 mm
from the lumen), 1-mm-diameter biopsy punch (33-31AA-P/25,
Fisher Scientific) was used. The hydrogel punches were transferred
to an Eppendorf tube and processed following the same protocol
described above.
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Reverse transcription quantitative polymerase chain reaction
To study how NK-92 cells adapted to the microenvironment within
the tumor-on-a-chip model, the expression of multiple genes related
to different pathways was analyzed by RT-qPCR. Briefly, mRNA
was isolated from the different punches using the Dynabeads mRNA
DIRECT Purification Kit (Thermo Fisher Scientific, 61011). Isolated
mRNA was quantified using a Qubit fluorometer (Thermo Fisher
Scientific) and the Qubit RNA BR Assay Kit (Q10210, Thermo
Fisher Scientific). mRNA was reverse-transcribed to complementary
DNA (cDNA) using the RT2 PreAMP cDNA Synthesis Kit (Qiagen,
330451). cDNA was analyzed by RT-qPCR using a “Cancer Inflam-
mation and Immunity Crosstalk” Qiagen RT2 profiler panel (Qiagen,
PAHS-181Z), and data were analyzed using the Qiagen online soft-
ware (https://geneglobe.qiagen.com/us/analyze/) (fig. S5).

Luminescence assay

The effect of epacadostat (i.e., IDO-1 inhibitor) and tryptophan
deprivation on NK-92 cell growth was evaluated using the lumi-
nescence assay CellTiter-Glo (Promega, G7571). NK-92 cells were
cultured in different concentrations of epacadostat and tryptophan,
and after 72 hours, cell growth was evaluated. CellTiter-Glo reagent
was dissolved in CellTiter-Glo buffer and added 1:1 in the 96-well
plates containing NK-92 cells. This reagent lysed the cells, and the
adenosine triphosphate (ATP) released led to the generation of light
in a cell-dependent manner. After incubation for 45 min in the
dark, luminescence was measured in a plate reader.

Cell migration analysis

NK-92 cell migration was evaluated in a Nikon Ti Eclipse with a top
stage incubator equipped with temperature and CO, control (set at
37°C and 5%, respectively). Naive or exposed NK-92 cell migration
was tracked for 45 min to analyze their migration capacity. NK-92
cell trajectories and kinetic parameters such as directionality, mi-
grated distance (accumulated and Euclidean), and velocity were
analyzed with Fiji (https://imagej.net/Fiji) using manual tracking
plugins and the chemotaxis tool plugin (Ibidi; https://ibidi.com/
chemotaxis-analysis/171-chemotaxis-and-migration-tool.html).

Image and analysis

NAD(P)H and FAD intensity and lifetime images were analyzed
using SPCImage software (Becker & Hickl) as described previously
in (35). The fluorescence lifetime decay curve was deconvolved with
the instrument response function and fit to a two-component expo-
nential decay model at each pixel, I(£) = al*¢"™™ + 2% + C,
where I(t) represents the fluorescence intensity at time ¢ after the
laser excitation pulse, a accounts for the fractional contribution
from each component, C represents the background light, and 7 is
the fluorescence lifetime of each component. Because both NAD(P)
H and FAD can exist in two conformational states, bound or unbound
to enzymes, a two-component model was used. The short and long
lifetime components reflect the bound and unbound conformations,
respectively, for FAD (37). While the opposite is true for NAD(P)H,
the short and long lifetime components correspond with the un-
bound and bound conformations, respectively. The mean lifetime
(tm) was calculated using T, = 017; + 0,7, for both NAD(P)H and
FAD. The optical redox ratio was determined from the NAD(P)H
and FAD lifetime data by integrating the photons detected at each
pixel in the image to calculate the total intensity. For each pixel, the
intensity of NAD(P)H was then divided by the intensity of FAD.
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Using Cell Profiler, an automated cell segmentation pipeline was
created. This system identified pixels belonging to nuclear regions
by using a customized threshold code. Cells were recognized by
propagating out from the nuclei within the image. To refine the
propagation and to prevent it from continuing into background
pixels, an Otsu Global threshold was used. The cell cytoplasm was
defined as the cell borders minus the nucleus. Values for NADH 1.,
FAD 1, NAD(P)H intensity, FAD intensity, and the optical redox
ratio [NAD(P)H/FAD intensity] were averaged for all pixels within
each cell cytoplasm. At least 100 cells per sample were analyzed, and
every experiment was repeated at least three times.

Confocal microscopy images were analyzed by Fiji. To examine
molecule diffusion and cell viability, a rectangle-shape region was
drawn, and the intensity profile was calculated using Fiji software.

Statistical analysis

The normal distribution assumption for statistical tests was con-
firmed by the Kolmogorov-Smirnov test. Statistical significance was
set at P < 0.05. For nonparametric comparisons, a Kruskal-Wallis
test was performed followed by the Mann-Whitney U test. For sub-
population analysis, single-cell redox ratios were binned to generate
frequency histograms representing naive and exposed NK cell redox
ratio distributions. Gaussian curves were fit to the distribution data
to reveal underlying populations with distinct redox ratio. The Akaike
information criterion was used to assess fit quality and determine
the optimal number of fitted Gaussians.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabc2331/DC1

View/request a protocol for this paper from Bio-protocol.
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