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ABSTRACT
Immunotherapies against solid tumors face additional challenges compared with hematological cancers.
In solid tumors, immune cells and antibodies need to extravasate from vasculature, find the tumor, and
migrate through a dense mass of cells. These multiple steps pose significant obstacles for solid tumor
immunotherapy and their study has remained difficult using classic in vitro models based on Petri
dishes. In this work, a microfluidic model has been developed to study natural killer cell response. The
model includes a 3D breast cancer spheroid in a 3D extracellular matrix, and two flanking lumens lined
with endothelial cells, replicating key structures and components during the immune response. Natural
Killer cells and antibodies targeting the tumor cells were either embedded in the matrix or perfused
through the lateral blood vessels. Antibodies that were perfused through the lateral lumens extrava-
sated out of the blood vessels and rapidly diffused through the matrix. However, tumor cell-cell
junctions hindered antibody penetration within the spheroid. On the other hand, natural killer cells
were able to detect the presence of the tumor spheroid several hundreds of microns away and
penetrate the spheroid faster than the antibodies. Once inside the spheroid, natural killer cells were
able to destroy tumor cells at the spheroid periphery and, importantly, also at the innermost layers.
Finally, the combination of antibody-cytokine conjugates and natural killer cells led to an enhanced
cytotoxicity located mostly at the spheroid periphery. Overall, these results demonstrate the utility of the
model for informing immunotherapy of solid tumors.
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Introduction

In recent years, there has been a growing body of literature
demonstrating the great potential of the immune system in
fighting cancer.1−4 Some immunotherapies are based on mod-
ulating the immune system (i.e. immunomodulation), inject-
ing exogenous molecules like cytokines (e.g. IL-2) or
antibodies targeting the tumor-immune cell interaction (e.g.
PD-1/PD-L1 or HER-2).5 Other immunotherapies rely on the
direct injection of naïve or engineered immune cells into the
bloodstream (cell-based immunotherapy) to engage and
destroy the tumor cells. Most of the cell-based immunothera-
pies rely on cytotoxic T cells (also known as CD8+ T cells) and
natural killer (NK) cells given their cytotoxic capacity.6,7 Both
cell types destroy tumor cells by opening pores in the tumor
cell membranes (by secreting perforins) or secreting different
apoptosis-inducing proteins (e.g. granzymes, TRAIL).8

Additionally, NK cells express antibody receptors (i.e.
CD16), allowing them to recognize antibody-coated tumor

cells as a target in a process known as antibody-dependent
cell cytotoxicity (ADCC).9,10 Therefore, antibodies targeting
molecules that are overexpressed in tumor cells are broadly
used in the clinic (e.g. trastuzumab, cetuximab, pembrolizu-
mab), combining both immunomodulation and cell-based
immunotherapy for optimal results.9

Although these approaches have worked well for hemato-
logical cancers, their success in treating solid tumors has been
modest. Multiple studies have highlighted different factors
that may dampen the immune response in solid tumors.11

In this context, during the development of a solid tumor,
immune cells and antibodies need to extravasate from the
blood vessels; diffuse and migrate through the matrix; pene-
trate through the solid tumor; and finally destroy the tumor
cells.12 However, solid tumors are dense structures that hinder
drug penetration and cell migration; raising the question
about whether NK cells and antibodies can reach the inner-
most layers of the tumor. Multiple studies have shown the
presence of NK cells in solid tumors (e.g. melanoma, colon
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and breast cancer).13-16 However, the number of NK cells and
their penetration capacity in the tumor is very heterogeneous
among patients. Furthermore, different NK cell populations
have been observed in solid tumors (e.g. CD56 bright vs CD56
dim NK cells), showing a positive or negative correlation with
patient outcome depending on the specific NK cell population
observed.16 In addition, solid tumors generate a very harsh
microenvironment characterized by hypoxia, nutrient starva-
tion, waste product accumulation and pH gradients.17,18

These factors affect NK cell cytotoxic capacity as well as
tumor cell sensitivity to NK cells.19 More specifically, hypoxia
has been shown to reduce the expression of activating recep-
tors on NK cell surface (e.g. NKG2D, NKp46, NKp30 and
NKp44).20,21 Likewise, hypoxia also downregulates the expres-
sion of NK cell ligands on the tumor cell membrane (e.g.
MICA); rendering the tumor cells invisible to NK cells.22

Interestingly, hypoxia does not affect the ADCC response;
CD16 expression levels remain constant under hypoxic con-
ditions and NK cells continue destroying tumor cells if they
are coated with antibodies.21 However, recent evidence sug-
gests tumor cells have the potential to remove the antibody
ligands as a camouflage mechanism.23 Finally, NK cells can be
genetically engineered to thrive in the tumor
microenvironment.24 Some studies are transfecting NK cells
with tumor-associated chemokine receptors, growth factors
(e.g. IL-2) or modified receptors to make them more
cytotoxic.24-28 In conclusion, the immune-tumor interaction
turns into an extremely complex process, where the interplay
between tumor, immune cells, and tumor microenvironment
(TME) will determine whether immunotherapy will be suc-
cessful. Therefore, relevant models are needed to mechanisti-
cally study these interactions and inform the most practical
strategies.

Unfortunately, classical in vitro models to study immune
cytotoxicity and ADCC rely on 2D culture on Petri dishes,
where the 3D structure and microenvironment of the solid
tumor is completely lost. In order to improve the efficacy of
immunotherapies, there is an urgent need for models that can
reliably mimic the 3D structure and complexity of solid
tumors. In this context, microfluidics offers great potential
to mimic physiological structures as well as the TME.29-31

Different microfluidic models have been used to recreate the
tumor microenvironment and key processes including tumor-
induced angiogenesis during cancer metastasis.32-35 Recently,
some models have been proposed to study the interaction
between immune cells and solid tumors; focusing on the effect
of hypoxia on immune migration or T cell receptor
modification.36-38 In this work, we present a microfluidic
model to study NK cell immunotherapies and ADCC. Breast
cancer cells (i.e. MCF7) were grown as spheroids and
embedded in a collagen hydrogel. Two flanking lateral lumens
were seeded with endothelial cells, and culture media was
perfused through them in order to mimic blood vessels. NK
cells alone or in combination with modified antibodies were
included in the model to study NK cell migration, cytotoxi-
city, and ADCC in a complex 3D structure. Using the model,
we observed that antibody penetration into the spheroid is
hindered by cell-cell junctions and tumor cells were able to
endocytose the antibodies in intracellular lipid vesicles. NK-92

cells exhibited a chemotactic migration towards the spheroid
and penetrated into the tumor within a few hours. Finally,
ADCC-induced cytotoxicity was limited to the spheroid sur-
face, probably because of the limited antibody penetration
into the tumor.

Results

Development of the multi-component microfluidic model
for tumor-NK cell interaction

In order to evaluate NK cell cytotoxicity and ADCC,
a microfluidic model was developed (Figure 1(a–d)). The
model included a 3D hydrogel with two lateral lumens coated
with endothelial cells (i.e. HUVECs), mimicking the vascula-
ture (Figure 1(e)). MCF7 cells were grown in hanging drops
to generate tumor spheroids and they were embedded in the
hydrogel alone or in combination with human NK cells (i.e.
NK-92 or the CD16-positive NK-92 variant, named NK-92.
CD16V) (Figure 1(f)). MCF7 spheroids showed a hypoxic
core that triggered a hypoxia response in the cancer cells
(Figure 1(e) and Supporting Figures 1 and 2). Finally, anti-
bodies were perfused through the lateral blood vessels or
directly embedded in the hydrogel to study antibody
dynamics and their effect on NK cytotoxic capacity.

Antibody dynamics: extravasation, diffusion and
penetration

Once the microfluidic model was prepared, we set out to study
the penetration capacity of therapeutic antibodies and the role of
the vasculature. An empty collagen hydrogel (i.e. no tumor,
endothelial nor NK cells embedded) was polymerized within
the microdevice. After rod removal, a fluorescently-labeled anti-
EpCAM antibody was perfused through one of the lateral
lumens. Antibody penetration was evaluated using time-lapse
microscopy (Figure 2(a)). The results demonstrated that the
antibody easily penetrated through the collagen hydrogel, reach-
ing a linear profile after 4 hours. In another experiment, a MCF7
spheroid was included in the hydrogel. The time-lapse results
showed the antibody reached the sphere after 4 hours and
attached to the sphere (Figure 2(b)). The antibody coating
around the sphere was asymmetric, i.e. the spheroid half closer
to the perfused lumen wasmore intensely labeled comparedwith
the other half. Finally, when the lumen was covered with
endothelial cells (i.e. HUVECs), the antibody penetration was
delayed; demonstrating the barrier effect exerted by endothelial
cells (Figure 2(c)).

Given antibody penetration within solid tumors remains
poorly understood, we decided to evaluate its penetration within
the spheroid. Four hours post-antibody injection, the antibody
was clearly attached to those cells forming the outer spheroid
layer. As mentioned above, the side of the spheroid closer to the
perfused lumen showed a higher antibody fluorescence.
However, after 24 hours, this gradient across the surface disap-
peared and the surface of the spheroid was homogeneously
labeled (Figure 2(d,e)). Interestingly, antibody penetration
within the spheroid showed no change; suggesting the antibody
penetration was severely hindered by the tumor cell-cell
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junctions that maintain the spheroid together. When the anti-
body profile was analyzed after 3 days, only a moderate penetra-
tion within the sphere could be observed. Tumor cells were
labeled with cell tracker prior spheroid formation in order to
demonstrate that fluorescence coming from the center of the

sphere could be still detected despite the high cell density within
the spheroid (Figure 2(e)). Additionally, the fact that cells were
still labeled within the core of the sphere after 3 days suggested
there was not a necrotic core that could explain the absence of
antibody signal at the core. Interestingly, after 3 days, antibody-

Figure 1. Conceptual scheme. (a) A microfluidic device was fabricated to study ADCC in NK cells. Collagen hydrogel is injected in the microdevice chamber with
a tumor spheroid. Two flanking lateral lumens can be covered with endothelial cells to mimic blood vessels. Finally, NK cells and/or antibodies can be embedded in
the hydrogel or perfused through the lateral lumens. (b) Immunocytokines are modified antibodies that are coupled to other co-stimulating molecules (e.g. IL-2) in
order to enhance NK cell cytotoxicity. (c) Microdevice fabrication scheme. (d) Image of a microdevice array. The microdevices were filled with a blue dye for
visualization purposes. (e) Confocal image of the HUVEC-coated lateral lumen. HUVECs were fixed and stained with α-CD31 (labelling cell membrane), phalloidin
(actin) and Hoechst (nucleus). Lower panel: orthogonal cross-sectional view. Right panel: 3D reconstruction. (f) Confocal image of a MCF7 spheroid (blue) coated with
an antibody targeting EpCAM (red) molecules on the tumor cell surface and NK-92 cells (green) in the collagen hydrogel. (g) The MCF7 spheroid (in green) was
cultured in the presence of a hypoxia-sensing dye (in red), showing a more intense signal at the spheroid core.
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Figure 2. Antibody diffusion. MCF7 cells were labeled with cell tracker green and grown as 1000 cells/spheroids. MCF7 spheroids were embedded in a collagen
hydrogel within the microdevices. After 24 hours in culture, a fluorescent antibody (anti-EpCAM) was perfused through one of the lateral lumens to study
antibody penetration. (a) In the absence of the MCF7 sphere, the antibody penetrated through the matrix and after 4 hours the diffusion profile exhibited an
evident linear gradient. (b) When the MCF7 spheroid was present, the antibody attached to the spheroid periphery. (c) the presence of endothelial cells
coating the lumen wall delayed the antibody penetration. (d) Higher magnification of the condition shown in (b). Penetration of the antibody within the
spheroid was much slower compared with its diffusion through the hydrogel. After 1 day, the antibody remained at the periphery of the sphere and even
after 3 days the core was not labeled. MCF7 cells in the spheroid were stained with cell tracker green to discard light scattering was completely blocking the
light coming from the spheroid core. (e) Graphs show the diffusion profile across the delimited region (yellow rectangle). (f) MCF7 spheroids were stained with
the fluorescent lipid DiD and labelled with the antibody (anti-EpCAM in red) for 3 days. Confocal images at higher magnification revealed after 3 days some
cells had internalized the antibody in intracellular vesicles.
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labeled vesicles were observed within some tumor cells (Figure 2
(f)). MCF7 cells were labeled with a fluorescent lipid before
culturing them in the hanging drop, revealing these antibody-
positive vesicles were made of lipids coming from the cell mem-
brane. This observation indicated MCF7 may endocytose these
antibodies to remain hidden from immune surveillance.
MCF10A cells (non-cancerous breast cells) were also grown as
spheroids and a similar experiment was performed to explore
whether these observations were specific of MCF7 cells
(Supporting
Figure 1). The results showed that MCF10A spheroid also gen-
erated a barrier effect, delaying antibody penetration. However,
no internalization in intracellular vesicles was observed. These
results suggested that spheroids generated a barrier effect regard-
less the specific cell type. However, the capacity to endocytose
the antibody into membrane vesicles seemed to depend on the
specific cell type; which could inform the type of therapy used for
each specific tumor depending on the behavior observed in the
model.

NK cell dynamics: migration and tumor penetration

After evaluating the penetration of antibodies, the migration of
NK cells, as well as their capacity to find a tumor mass in a 3D
environment, was evaluated. NK and tumor cells were labeled in
different colors and cell migration was monitored. During
the 5 hours time-lapse experiments, NK cells exhibited an
intense directional migration towards the spheroid
(Figure 3(a,b) and Supporting Movie 1). NK cells penetrated
into the sphere at different focal planes during the course of the
experiment (Figure 3(c), Supporting Figure 4 and Supporting
Movie 2). Interestingly, this directional migration was more
intense on those NK cells located closer to the sphere
(Figure 3(d,e)), suggesting NK cell migration was guided by
a chemotactic signal secreted by the tumor spheroid. In the
MCF7 spheroids, the cell-cell junctions were tight enough to
hinder the penetration of antibodies (molecular weight 150
kDa). However, the time-lapse experiment showed NK cells,
which are much bigger than antibodies; were able penetrate the
spheroid in a matter of hours. A time-lapse experiment at higher
magnification (40X) (Figure 3(f) and Supporting movie 3)
revealed NK cells were able to penetrate the spheroid squeezing
the cell body through the tumor cell-cell junctions.

Next, we set out to study MCF7 spheroid-NK cell commu-
nication. MCF7 spheroids and NK cells were cultured indivi-
dually in separated microdevices and after 24 hours the
chemokine secretion as well as the chemokine receptor
expression was analyzed by q-PCR in MCF7 spheroids and
NK cells respectively (Figure 3(g)). The results showed NK
cells expressed multiple receptors for different chemokines
secreted by the MCF7 spheroid (e.g. CXCL12-CXCR4,
CCL28-CCR3, CXCL8-CXCR2 and CXCR1, CXCL5-
CXCR2); supporting the hypothesis of a chemotaxis-guided
migration.

Cytotoxicity and ADCC in 2D

In order to study ADCC, NK cytotoxicity was tested in a 2D
environment against the target cells. MCF7 cells were cultured

in 2D on a flat Petri dish and NK-92 cells were added on top
24 later. MCF7 cell viability was evaluated 3 days later, show-
ing a significant reduction in the amount of viable MCF7
cells. NK cell cytotoxicity was more intense as the NK:
MCF7 ratio was increased (Supporting Figure 5A). The spe-
cificity of NK cell cytotoxicity against non-cancer cells was
tested co-culturing NK cells with HUVECs (Supporting
Figure 5B). After 3 days in co-culture, HUVECs viability
was evaluated, showing a moderate toxicity compared with
the MCF7 results (50% viability reduction in HUVECs vs
more than 95% in MCF7) at the highest NK ratio. This off-
target behavior could be explained by the graft-versus-host
effect, where immune cells from one donor can react against
normal cells from different donor with a mismatching
haplotype.

ADCC requires the expression of antibody receptors
(CD16) in NK cells and NK-92 cells lack this receptor.
Therefore, for ADCC experiments, the CD16-positive NK-92
cell variant (i.e. NK-92.CD16V) was used (Supporting
Figure 6). 24 hours after seeding MCF7, the immunocytokine
(i.e. IL2-conjugated anti-EpCAM antibody) was added.
4 hours later, NK-92.CD16V cells were added on top and
cell viability was evaluated after only 16 hours to minimize
the potential effect of the antibody-bound IL-2 on NK cell
proliferation; which could alter the NK: MCF7 ratio. The
addition of the immunocytokine significantly increased NK
cell cytotoxicity in 2D assays (Supporting Figure 7), validating
the NK-92.CD16V cells and the immunocytokine for the 3D
experiments within the microdevice.

ADCC in 3D

As commented in the introduction, NK cytotoxicity in 2D can
be very different compared with a more complex 3D system.
Thus, the NK-92 cytotoxicity against the MCF7 spheroid was
assessed. MCF7 cells were labeled with cell tracker green prior
to forming the sphere and then were co-cultured with NK-92
in 3D collagen hydrogels at different ratios. After 3 days, PI
was added, and viable and dead cells were visualized by
confocal microscopy. In the absence of NK cells, the MCF7
spheroid remained viable (cell viability greater than 95%)
(Figure 4(a)). The presence of NK cells induced MCF7 mor-
tality in a dose-response manner. However, at lower NK cell
ratios (i.e. 3 NK: 1 MCF7) cytotoxicity was not homogenous
across the spheroid; in fact, the most intense cytotoxicity was
located at the outer layers of the spheroid as well as the
invading tumor cells (Figure 4(b)). On the other hand, the
innermost regions of the sphere remained viable and unaf-
fected by the presence of the NK-92 cells. Interestingly, at
a higher ratio (i.e. 15 NK: 1 MCF7), NK cell-induced cyto-
toxicity was observed throughout the entire spheroid
(Figure 4(c) and Supporting Figure 8). This observation raised
the question whether NK cells needed to destroy the outer
layer of the tumor before killing the inner regions.
Interestingly, a high magnification time-lapse experiment
(40X magnification) revealed NK cells were able to directly
penetrate the spheroid and destroy multiple cells located even
at the spheroid core in a matter of few hours (Figure 4(d) and
Supporting Movie 4).
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Finally, we assessed ADCC in the 3D model using the NK-
92.CD16V cells and the immunocytokine (i.e. anti-EpCAM
antibody with IL-2 molecules attached). In order to avoid
undesired gradients of the immunocytokine across the

hydrogel, it was added directly to the collagen mixture before
hydrogel polymerization. As mentioned above, IL-2 can also
induce NK cell proliferation; hence we analyzed NK cell
cytotoxicity after only 16 hours in culture to minimize any

Figure 3. NK-92 directional migration towards MCF7 spheroid. (a) 5 hours time-lapse experiment showing NK-92 (labeled in green) migration towards the MCF7 spheroid
(labeled in red). (b) Rose diagram shows the directionality of the NK-92 cell trajectories. (c) Graph indicating the area within the MCF7 cell spheroid occupied by NK-92 cells. NK-
92 cell penetration into the spheroid followed a linear dynamic during the experiment. (d) Chemotaxis analysis of a sub-section of the images showed in “A”. The field of view
was divided in three regions: distal (I), central (II) and proximal (III) and NK cell migration was analyzed. (e) The rose diagrams indicate the different chemotaxis observed in the
three different regions (I, II and III), demonstrating the chemotactic response was more intense the closer to the spheroid the cells were located. (f) NK-92 cells were able to
migrate within the sphere using an ameboid movement (white arrow), squeezing through the spaces between tumor cells. (g) The expression of different chemokines secreted
by the MCF7 spheroid was analyzed by q-PCR. The expression of multiple chemokine receptors was also analyzed in NK-92 cells. Gene expression was normalized to the
reference genes. Chemokine-Receptor matching pairs found in the system are shown in the table.
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Figure 4. 3D ADCC. 1000 green-labeled MCF7 cells spheroids were embedded in a 4.5 collagen hydrogel and co-cultured in the absence/presence of NK-92 cells at
different ratios. After 3 days in culture, dead cells were stained, and viability was evaluated. (a) When the spheroids were cultured in the absence of NK cells, the
spheroid showed a high viability (>95%). (b) When NK cells were added at 3:1 ratio, a clear necrotic perimeter appeared surrounding the sphere, whereas the
intermediate region and the core remained viable. (c) At 15:1 ratio, tumor necrosis appeared across all the spheroid area. (d) Time-lapse experiment at 15:1 ratio
showing NK-92 killing within the spheroid. The images show an NK cell patrolling around the core of the spheroid and inducing apoptosis on the surrounding tumor
cells. (e) MCF7 spheroids were embedded in the collagen hydrogel in the presence of the immunocytokine. After 16 hours in culture, cell viability was evaluated. (f)
NK-92.CD16V at a 15:1 ratio showed a moderate cytotoxicity after 16 hours in co-culture. (g) The combination of the immunocytokine with NK-92.CD16V cells lead to
higher cytotoxicity, demonstrating ADCC in the 3D model. The graph shows the area covered by dead cells in the different conditions. Scale bar is 250 µm.
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possible increase in NK cell proliferation. Here, we found that
NK cell-mediated cytotoxicity was significantly increased in
the presence of the immunocytokine, leading to increased
tumor apoptosis. (Figure 4(g)). Interestingly, NK cell cyto-
toxicity was located mostly at the spheroid periphery, which
agrees with our previous observation that after 24 hours anti-
bodies remained at the first cell layers of the spheroid.

Discussion

Immunotherapies are arising as very promising tools against
cancer. However, the immune cells face daunting challenges
in the TME of solid tumors. Therefore, models like the one
presented here could be extremely valuable tools to improve
immunotherapies against solid tumors. Using this model, we
have seen that antibody dynamics are a complex process
where endothelial permeability, tumor penetration and anti-
body clearance by tumor cells are deeply involved. Recent
therapies are targeting the tumor shedding mechanism that
remove antibody ligands from the tumor cell surface, enhan-
cing the effect of therapeutic antibodies.23 In this context this
model could be applied to evaluate the efficiency of this
strategy. Regarding immune homing and migration, the
model revealed NK cells are capable of detecting the presence
of the tumor several hundreds of microns away. The q-PCR
suggested some potential chemokine-receptor pairs that could
explain this chemotactic process. However, those chemokines
or factors secreted by the tumor whose receptor was not
detected in the NK cells could be more important; since we
could engineer NK cells to express those receptors, making
them more efficient tumor hunters.24 Penetration into solid
tumors has been also a controversial topic. Although NK cells
are present in solid tumors, the mechanisms they use to
navigate through the tumor and how they survive within
the harsh tumor microenvironment remain poorly
understood.39,40 In this work, we saw NK cells can penetrate
the tumor spheroid remarkably fast compared with antibo-
dies, and NK cells were able to move through the tumor cell-
cell junctions. Using this model, the machinery employed by
NK cell to open the cell-cell spaces could be studied; generat-
ing new potential NK cell modifications that improve tumor
penetration.24 Finally, some studies are addressing whether
NK cell cytotoxicity is affected within the solid tumors due to
hypoxia or acidic pH, as well as a continuous activation of the
NK cells.19 In this paper, NK cells within the spheroid
remained capable of killing tumor cells; suggesting any possi-
ble NK cell exhaustion is not immediate, but a slow process.
In future studies, NK cell density could be reduced in order to
maintain a low NK: tumor cell ratio, keeping most of the
tumor spheroid viable for a long period of time. This config-
uration would allow the study of NK cell exhaustion within
the solid tumor; once again enabling the identification of
potential therapeutic targets to improve NK cytotoxicity.
Cancer immune response is a very complex process where
many different cell types are involved (e.g., tumor-associated
macrophages, tumor-associated fibroblasts, Myeloid-derived
suppressor cells, T regs or T effector cells, etc.).41 Thus,
these other cell types could be included in the model (e.g.,
stromal cells could be embedded in the matrix, randomly

mixed into the spheroid with cancer cells, or even an orga-
nized multi-layer spheroid could be generated to mimic the
stromal barrier) to study different aspects of the cancer
immune response. In conclusion, the presented microfluidic
model could be used to identify new therapeutic approaches
to improve immunotherapy against solid tumors.
Traditionally, microfluidic models have been developed and
used mainly in engineer labs. Commonly, these models
required an in-depth expertise and sophisticated equipment
to operate (e.g. clean-room facilities, pumps, sensors, tubing),
making them less appealing to conventional cellular and
molecular biology labs.29,42 Here we presented a model that
does not require clean room processing and can be operated
with no other additional equipment rather than micropip-
ettes. Currently, most of these models, like the one presented
here, are fabricated in labs at research institutions. However,
there is an increasing effort to generate simple models that
could be mass-produced like any other traditional labware
(e.g. well-plates, Petri dishes). We think these simpler models
could bridge the gap between engineer and biology labs and
finally implement microfluidic models in the biomedical
research community.

Materials and methods

Reagents

The Natural Killer cell line NK-92 was purchased from the ATCC
and cultured in X-VIVO 10 (Lonza, 04-380Q) supplemented with
10% fetal bovine serum (FBS), 10% Horse serum, 0.02 mM folic
acid (Sigma, F8758) dissolved in 1NNaOH, 0.2mMmyo-inositol
(Sigma, I7508) and 100 units/ml IL-2 (Peprotech, 200-02). NK-92
show cytotoxic capacity in vitro and has been used in multiple
studies and clinical trials.43-46 However, NK-92 cells are negative
for CD16, therefore a variant transformedwith CD16 high affinity
(NK-92.CD16V), kindly provided byNantkwest®, was also used in
this work and cultured in the same media as the parental NK-92
cell line.

The breast cancer cell line MCF7 was purchased from the
ATCC and cultured in 4.5 mg/ml glucose DMEM (Lonza, 12-
604F) supplemented with 10% FBS. HUVECs (Lonza) were
grown in EGM-2. (Lonza, CC-3162) and only cells below 8
passages were used.

Microdevice design and fabrication

Microdevice fabrication is described in more detail in.33 Briefly,
the template was designed in illustrator and fabricated using SU-8
based lithography. Next, PDMS-based microdevices were fabri-
cated using the SU-8 template and the microdevices were treated
with oxygen plasma and bonded to a 60mm glass bottom Petri
dish. Microdevices were sterilized by UV exposure for 15 min
prior to cell culture. The final microdevice was comprised of
a central microchamber to inject a 3D hydrogel and three parallel
340 µm-diameter PDMS rods. To increase hydrogel attachment to
the PDMS, the microdevices were treated 10 min with poly-
(ethyleneimine) (Sigma-Aldrich, 03880) diluted at 1%; followed
by 30 min with glutaraldehyde (Sigma-Aldrich, G6257) diluted at
0.1% in water; and finally washed three times with water.
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Cell culture

Tumor spheroids were generated by the hanging drop
method. Briefly, MCF7 cells were trypsinized and resus-
pended at 40 cells/ml in media supplemented with 20% 12g/
l methylcellulose dissolved in media. 25 µl droplets were
placed on top of a Petri dish lid and distilled water was
added to the bottom of the dish to reduce evaporation during
the spheroid formation. After 2 days in the incubator, one
single spheroid per droplet was formed.

In order to embed the spheroid/NK cells in the microde-
vice, a 4.0 mg/ml collagen hydrogel was prepared and injected
within the central microchamber. The hydrogel was prepared
as follows: 5 µl of 10X PBS, 1.12 µl of 1N NaOH; 45 µl of
8.90 mg/ml collagen type I; and 48.88 µl of culture media w/
wo cells depending on the experiment. Collagen was polymer-
ized at room temperature for 20 min to allow the formation of
longer collagen fibers. Next, PDMS rods were removed, gen-
erating a cylindrical tunnel through the collagen hydrogel (i.e.
lumen). Endothelial cells (HUVECs) were injected through
the lateral lumens at 20 million cells/ml to mimic the vascu-
lature. Depending on the experiment, NK-92 cells at different
concentrations and/or antibodies were embedded in the
matrix or perfused through the lateral blood.

HRE-GFP transfection

5HRE/GFP was a gift from Martin Brown & Thomas Foster
(Addgene, plasmid # 46926). The plasmid contains
a neomycin-resistance gene and the GFP gene controlled by
the minimal promotor of the cytomegalovirus (CMV) includ-
ing five copies of the VEGF hypoxia response element (HRE).
The plasmid was purified using the QIAprep Spin Miniprep
Kit (Quiagen, 27104) and transfected in MCF7 using Xfect
transfection reagent (Takara, 631317). Briefly, 5 µg of the
plasmid was combined with 1.5 µl of Xfect transfection
reagent in 88.5 µl of Xfect transfection buffer. The mixture
was incubated 10 min at room temperature and then added to
a 6 well-plate containing 5 × 105MCF7. Cells were incubated
for 4 hours with the mixture and the washed twice and left in
the incubator for 48 hours. Media was then supplemented
with 750 ng/ml G418, which killed all the non-transfected
cells. After two weeks in selection media, only transfected
cells were observed.

Cell staining

MCF7 cells were stained with the infrared-fluorescent lipid DiD
(Thermo Fisher, V22889) following supplier instructions prior
culturing the cells in the hanging drop. NK-92 or NK-92.
CD16V cells were stained in red with the fluorescent lipid Dil
(Thermo Fisher, V22889) in PBS for 10 min. Cell apoptosis was
detected using the green-fluorescent CellEVENT Caspase-3/7
detection reagent (Thermo Fisher, C10423).

Flow cytometry

NK92 and NK92-176V cells were collected and resuspended
in cold PBS supplemented with 1% FBS and 1ug/mL mouse

IGG and incubated for 5 minutes before incubating with
CD16-PE (clone 3G8; BD Biosciences) at 4°C for 30 minutes.
The stained cells were then washed and resuspended in PBS/
1% FBS, DAPI was added, and data were acquired on
a Thermo Fisher Attune NxT cytometer.

Diffusion assays

MCF7 cells were stained with cell tracker green or blue
following supplier instructions. Anti-EpCAM conjugated to
Phycoerythryn (PE anti-EpCAM) (AbCAM, VU-1 D9) was
used at 1:100 to evaluate the diffusion and penetration of
therapeutic antibodies. For antibody diffusion experiments,
the microdevices were placed in a IX81 fluorescence micro-
scope with a cell incubation system and diffusion was visua-
lized at different time points.

mRNA extraction, cDNA retrotranscription and q-PCR

To study the chemotactic response, the expression of a panel
of chemokines and chemokine receptors was analyzed by
q-PCR following supplier instructions (Qiagen, PAHS-181Z).
Briefly, NK-92 cells or MCF7 spheroids were cultured indivi-
dually in the microdevices. mRNA was extracted after
24 hours a Dynabeads™ mRNA DIRECT™ Purification Kit
(Thermo Fisher, 61011). mRNA was retrotranscribed to
cDNA using the RT2 First strand kit (Qiagen, 330401).
cDNA was analyzed for q-PCR and data was analyzed using
the Qiagen online software (http://pcrdataanalysis.sabios
ciences.com/pcr/arrayanalysis.php).

2D and 3D cytotoxicity assays

NK-92 cell cytotoxicity in 2D was evaluated co-culturing them
with MCF7 cells and HUVECs. 7000 MCF7 cells or HUVECs
were plated and 24 hours later NK cells were added. After the co-
culture, NK-92 cells and dead floating MCF7 cells or HUVECs
were washed and viable attached cells were stained with 10 µM
calcein acetomethyl ester (CAM) (Thermo Fisher, C3100MP).
For 3D experiments, MCF7 cells were stained with cell tracker
green before culturing them in hanging drops as described above.
Once the spheroid was completely formed, MCF7 spheres were
embedded in a collagen hydrogel in the presence of NK-92 cells.
After the co-culture, 4 µg/ml propidium iodide (PI) (Thermo
Fisher, P1304MP) was added to the system and 30 minutes later
cell viability was evaluated by fluorescence/confocal microscopy.

Anti-EpCAM IL-2 fusion protein preparation

The anti-EpCAM immunocytokine, IC65, was constructed as
reported earlier.47 The variable regions of the anti-EpCAM anti-
body, C215 were used to construct the IC65 immunocytokine.48

Confocal microscopy and image analysis

Cells were visualized in a Leica SP8 3X STED super-resolution
confocal microscope equipped with a super-continuum white-
light laser for fluorescent excitation from 470nm to 670nm,
a separate 405nm diode laser. The unit is equipped with 3
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PMTs and 2 high-sensitive HyD detectors for image collection.
For live-cell experiments, a stage top incubator set at 37°C and 5%
CO2 was used. For NK-92 chemotaxis and cytotoxicity experi-
ments images were taken every 30 seconds during 5 hours at
a single focal plane. For antibody diffusion experiments, images
were taken every 5 min. Z-stacks were perform using a 1 and
10µm step at 40X and 10X respectively. NK-92 cell migration was
analyzed using an automatic cell tracking plugin (TrackMate)
running on Fiji® (https://fiji.sc/). A Laplacian of Gaussian filter
was applied to identify the NK-92 cells and cell estimated size and
threshold were set at 10µm and 0.9 respectively.

Statistics

All experiments were repeated at least three times. Data were
analyzed using Graphpad software, and statistical significance
was set at p-value < 0.05. Results are presented as mean ±
standard error. The normal distribution was tested by the
Kolmogorov-Smirnov test. For parametric comparisons, one-
way ANOVA with Bonferroni post hoc tests were performed.
For nonparametric comparisons, a Kruskal-Wallis test was
performed followed by the U test of Mann-Whitney.
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