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Abstract Evaluating the ability of cytotoxic T lymphocytes (CTLs) to eliminate tumor cells is
crucial, for instance, to predict the efficiency of cell therapy in personalized medicine. However,
the destruction of a tumor by CTLs involves CTL migration in the extra-tumoral environment,
accumulation on the tumor, antigen recognition, and cooperation in killing the cancer cells. There-
fore, identifying the limiting steps in this complex process requires spatio-temporal measurements
of different cellular events over long periods. Here, we use a cancer-on-a-chip platform to evaluate
the impact of adenomatous polyposis coli (APC) mutation on CTL migration and cytotoxicity
against 3D tumor spheroids. The APC mutated CTLs are found to have a reduced ability to
destroy tumor spheroids compared with control cells, even though APC mutants migrate in the
extra-tumoral space and accumulate on the spheroids as efficiently as control cells. Once in contact
with the tumor however, mutated CTLs display reduced engagement with the cancer cells, as
measured by a metric that distinguishes different modes of CTL migration. Realigning the CTL
trajectories around localized killing cascades reveals that all CTLs transition to high engagement
in the 2 h preceding the cascades, which confirms that the low engagement is the cause of reduced
cytotoxicity. Beyond the study of APC mutations, this platform offers a robust way to compare
cytotoxic cell efficiency of even closely related cell types, by relying on a multiscale cytometry ap-
proach to disentangle complex interactions and to identify the steps that limit the tumor destruction.

Significance The ability of T cells to kill a tumor, e.g., in the context of an immunotherapy,
requires the cells to locate the tumor, recognize the antigens, signal for other cells to accumulate
on it, and perform the killing. While failure at any of these steps would compromise the ability of
T cells to destroy the tumor, there exist no experimental protocols that can identify and quantify
inefficiencies at any of the stages of the process. In this work, we track the motion of individual
T cells as they attack cancer spheroids within microfluidic hydrogel droplets. By analyzing spatio-
temporal dynamics of the T cells and cancer spheroids, we establish similarities and differences in
behavior between two closely related T cell populations.

Keywords: Immuno-oncology | 3D cell culture | Microfluidics | Quantitative biology

INTRODUCTION

The adenomatous polyposis coli (APC) gene encodes a
large multi-domain protein involved in multiple cellular
functions, such as adhesion, proliferation, and differen-
tiation [1–4]. APC is one of the key components of the
Wnt/β-catenin pathway. Dysregulation of this pathway
by sporadic mutations of APC is involved in the emer-
gence of around 80% of colorectal cancers [3]. APC is
also mutated in an inherited syndrome called familial
adenomatous polyposis (FAP), a disease that leads to
the development of hundreds to thousands of intestinal
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polyps [1]. As these individuals have a mutated allele
of APC in every cell, other cell functions are modified.
For instance, APC interacts with the cytoskeletal compo-
nents [5] as it is implicated in actin polymerization and
microtubule organization [6, 7]. Therefore, the potential
impact of APC mutations on immune functions in FAP
patients have recently started to be investigated, for in-
stance using an APCMin/+ mouse model. These mice
bear a heterozygous mutation in the murine homolog of
the APC gene and have been largely used as a relevant
pre-clinical model for this pathology [2, 8–10].

Specifically, perturbations of APC have been shown to
affect T cell functions in several ways. First the produc-
tion of cytokines by regulatory T cells is altered, which
impairs their anti-inflammatory functions [11]. Addition-
ally, destabilization of the immunological synapse and re-
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duced delivery of cytotoxic granules have both been ob-
served in APC silenced T cells, resulting in an impaired
killing efficiency of cytotoxic T lymphocytes (CTLs) dur-
ing in vitro killing assays [12]. Finally, anomalous mi-
gration of T cells from FAP patients was observed dur-
ing in vitro assays. This defect was in part due to im-
paired integrin-mediated cell adhesion, possibly leading
to decreased immune surveillance efficiency and effector
function [13, 14]. However, it remains unclear how these
effects on T cell immunological synapse formation and
migration combine to affect CTL antitumor function.

This question can be addressed by comparing the abil-
ity of APC mutated T cells vs. control cells to re-
duce tumor size in a model of immune-cancer interac-
tions. A wide variety of killing assays is available, rang-
ing from the killing of two-dimensional monolayers of
cells [15, 16] to three dimensional (3D) cancer spheroids
or organoids [17, 18] or even animal models [19–21].
These different approaches are complementary, each pro-
viding access to different levels of biological complexity
and readouts, while each suffering from specific limita-
tions. Two dimensional layers are unable to recapitulate
the spatial structure of solid tumors. Three dimensional
models, such as spheroids and organoids, allow to in-
crease the spatial relevance of tumor models, either us-
ing only cancer cells [22] or also including some stromal
elements [23]. Standard methods for immune challenge
of cancer spheroids typically involve tens of thousands
of cells, which is not suited for understanding individ-
ual cell-cell interactions [18, 24]. Conversely, tracking
individual CTLs can be performed using intravital imag-
ing on animal models, which provide exquisite detail on
cell-cell interactions in a realistic setting. However, in
vivo experiments focus on a limited spatio-temporal win-
dow, due to the constraints associated with placing live
animals on a microscope, and therefore cannot capture
modifications that take place over several hours. More-
over, animal experiments involve very complex environ-
ments with various non-human cell types and chemical
factors interacting, which complicates the interpretation
of their single-cell results. Combined with their difficulty
and high cost, this limits their usefulness in clinical ap-
plications that require high-throughput experimental ap-
proaches. As a result, none of the existing approaches
is able to capture the spatio-temporal dynamics to un-
derstand how modifications in individual CTL functions
(motility, signaling, antigen recognition, killing) combine
to modify their cytotoxicity and identify which factors
effectively inhibit tumor control.

In this context the emergence of microphysiological
systems (MPS), such as organs-on-a-chip and organoids,
provides new tools to study the spatio-temporal dynam-
ics of biological processes. Several different MPS ap-
proaches have been developed for cancer applications,
particularly for the study of cancer-immune system in-
teractions, as reviewed in several recent articles [25–29].
Recent work has been focused on demonstrating the rele-
vance of MPS models for tumor behavior in vivo [23, 30],

while engineering advances have involved coupling these
models with imaging and image analysis methods to ob-
tain information on the biological and biophysical pro-
cesses [31–33]. However, none of the existing work has
yet provided mechanistic insights on CTL-cancer inter-
actions in the context of specific diseases.

Here, we build on recent cancer-on-a-chip [33] and
multiscale cytometry [34] to identify the functional dif-
ferences between APC-mutated and non-mutated CTLs.
This is performed by integrating an experimental and an-
alytical pipeline to measure the destruction of a tumor by
the CTLs, using the murine model of B16 melanoma cells
expressing Ovalbumin peptide (B16-OVA). The B16 cells
were challenged by CD8+ CTLs bearing the OVA-specific
OT-I transgenic T cell receptor (TCR) [16, 18, 35]. The
impact of the APC mutation on the CTL activity was
investigated by comparing control CTLs from APC+/+

OT-I mice with CTLs from APCMin/+ OT-I mice. The
immune challenge was performed using a droplet mi-
crofluidic platform [33, 36] that enabled the culture of
cancer spheroids in a primary hydrogel droplet, followed
by the addition of the CTLs at a well defined time-point.
While end-point imaging revealed the reduced ability of
the APCMin/+ cells to destroy the tumor spheroids,
single-cell tracking allowed us to compare the cell behav-
iors at different phases of the process. We show that the
APCMin/+ mutation does not reduce the CTL motility in
the extra-tumoral space and their ability to accumulate
on the tumor but instead impairs their ability to engage
with the cancer cells.

RESULTS

Microfluidic droplets provide a suitable environment
to study tumor spheroids and cytotoxic T

lymphocytes interactions

The antagonistic interactions between CTLs (APC+/+

or APCMin/+) with cancer spheroids were studied in
droplets that were anchored within a microfluidic de-
vice [37]. This approach has been shown to be suit-
able for different cell cultures [29, 34, 38], while the
use of asymmetric anchor shapes provided a method to
bring different cell types into contact at well-controlled
times [33, 36]. In the current study, it was important to
produce large tumor aggregates, compared to CTL diam-
eter of about 15-20 µm, to ensures sufficient spatial reso-
lution to follow CTL migration on the spheroids. There-
fore, a modified microfluidic design was implemented in
which 0.7 µl droplets were maintained in a chamber con-
taining 68 independent anchors (Fig. 1a and SI Fig. S1a).
The chips were fabricated using a 3D printed mold (SI
Fig. S1a), which allowed complex 3D geometries to be
molded into a PDMS device (Materials and Methods).

The primary droplets contained around 400 cancer
cells each in a mixture of culture medium and Matrigel.
The cells formed compact and round tumor aggregates
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Figure 1. Microfluidic immuno-oncology model and experimental protocol (a) Photograph of the microfluidic chip
containing colored water droplets. The PDMS chip is bonded on a standard glass slide. Scale bar 5 mm - Inset: zoom on
the droplet anchors. Scale bar 1 mm. (b) Representative images of a spheroid in brightfield microscopy at 24 h and 48 h
after cell loading. Scale bar 50 µm. (c) Distribution of spheroid diameters at 24 h and 48 h. The diameter is computed as
D = 2

√
area/π. (d) Spheroid circularity at 24 h and 48 h. Circularity = 4π×area/perimeter². A circularity value of 1.0

indicates a perfect circle. (c) – (d) Statistical differences were calculated by two-sided Mann-Whitney-Wilcoxon test (n=90
spheroids) (e) Experimental protocol and representative images of the different steps and readouts. Columns from left ro right:
(1) B16-OVA cells are loaded in droplets containing culture medium and Matrigel and form a spheroid by aggregation in the
first 24 h. Scale bars 50 µm. (2) A second droplet that contains CTLs (represented by green dots) is merged with the first one
containing the spheroid. Scale bars 200 µm. (3) Time-lapse microscopy is performed and CTL trajectories are extracted in the
gel and on the spheroid. Scale bars 50 µm. (4) Oil phase is replaced by an aqueous medium with PI to stain dead cells. Scale
bar 200 µm. After incubation, spheroid death can be measured by confocal microscopy. Scale bar 50 µm.

of radii ranging from 150 to 300 µm, when observed
24 h after the beginning of the experiment (Fig. 1b, c).
As cell culture in such small volumes can affect cell be-
havior [29], the viability and proliferation of the cancer
spheroids was first characterized without adding CTLs.
During 48 h of culture after droplet loading, the spheroids
grew due to cell division (Fig. 1b-c) and became more cir-
cular (Fig. 1d) due to cell compaction and organization
in the aggregate. Cell proliferation within the spheroids
was measured after 24 h of culture in the droplet using
Bromodeoxyuridine (BrdU) staining (SI Fig. S1b-c). On
average 20 % of cells were dividing within a 5 h window,
indicating a good proliferating state of the spheroid, since

it has been reported that the B16 cells doubling time is
around 20 h [39]. Similarly, spheroid survival at 24 h
and 48 h was assessed using propidium iodide (PI) and
caspase 3/7 dye, showing below 6 % dead cells and be-
low 4% apoptotic cells (SI Fig. S1d-g). Taken together
these measurements show that the B16 spheroids could
be maintained in a healthy state for at least 48 hours in
the droplets without significantly affecting cell viability
or proliferation.

The anchor geometry included a tapered protrusion on
one side that created a weaker secondary anchoring re-
gion. This was then used to trap a smaller second droplet
(volume 0.25 µl) containing the CTLs that was added
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24 h after initial loading of tumor cells. The sloped ceil-
ing of the secondary anchor ensured that the two droplets
were in close contact, allowing them to merge when the
surfactant was washed out from the oil. As a result, the
CTLs were inserted into the Matrigel droplet contain-
ing the cancer spheroid, where their motion and the re-
sulting effect on the spheroid was followed by time-lapse
microscopy. At the end of the experiment, the oil was
replaced by an aqueous solution containing PI, in order
to observe the dead cells after 24 h of coculture. The
complete experimental protocol is illustrated in Fig. 1e
and key steps can be visualized in Movie S1.

APC mutation reduces CTL killing efficiency

The impact of the APC mutation on the cytotoxic ac-
tivity of the CTLs was assessed by measuring the per-
centage of cancer cell death after 24 h of coculture using
PI staining and 3D confocal microscopy (Fig. 2a). The
quantification shows that, while both types of CTLs are
able to induce B16-OVA death, APCMin/+ CTLs are
less efficient at the level of the population compared to
APC+/+ (referred from now on as control cells) (Fig. 2b).
The difference in destruction of tumor cells does not come
from a bias in CTL number on the spheroid (SI Fig. S2a).
In addition, by measuring the viability of the spheroids
as a function of the number of CTLs on their surface af-
ter 24h, an effector-dependent effect could be highlighted:
the higher the number of CTLs, the lower the measured
viability. This decrease in viability is stronger in the
case of the control CTLs than for the APCMin/+ cells
(Fig. 2a,c).

This viability measurement however does not show the
time evolution of the spheroid destruction during the ex-
periments, although such time-dependent measurements
would be informative. Brightfield images are hard to
interpret, due to the difficulty in differentiating dead
and live cells. However, it is known that the actin cy-
toskeleton of the cells undergoes multiple rearrangements
during apoptosis, which correlates with changes in cell
shape [40, 41]. This change in the actin structure can
be visualized during destruction of single cells by CTLs,
as illustrated in SI Fig. S2b (white arrowheads). We
therefore observed modifications in the shape of stained
actin fibers to evaluate the reduction of the live part of
the spheroids during the coculture period (Fig. 2d, SI
Fig. S2c and Movie S2). Although the approach is more
qualitative than the PI measurements, this type of imag-
ing allows us to corroborate the previous results while
getting access to a better time resolution of the destruc-
tion. Moreover, this measure recalls measurements of
the reduction in tumor size, which are often considered
when comparing efficiency of different therapeutic strate-
gies against cancer in vitro and in vivo [35, 42, 43].

Figures 2d-e show the portion of spheroid still alive
5 h and 10 h after the first contact of a CTL with the
spheroid, for control and APCMin/+ cells. A signifi-

cant reduction in CTL killing efficiency is measured in
the case of the APC mutant compared with the control.
These data support previous measurements and indicate
a detrimental impact of APC mutation on CTL killing ef-
ficiency. Importantly, this difference does not come from
a bias in CTL accumulation on the spheroids as shown
on SI Fig. S2d. The validity of this imaging marker was
verified by staining the tumor spheroid with PI 24 h after
CTLs insertion and confirmed that the region of disor-
ganized actin fibers corresponds to a region of high cell
mortality (SI Fig. S2e).

While the above measurements show a reduced abil-
ity of APC mutated cells to destroy cancer spheroids, it
remains unclear which steps of the searching, accumula-
tion or effective killing is limiting in the overall process.
This question is subsequently addressed by dissecting the
CTL behavior in the different periods of the experiment.

APCMin/+ and control CTLs have similar ability to
explore the 3D gel and accumulate on the tumor

The first step in the interaction between T cells and tu-
mor cells is for the CTLs to find the spheroid and gather
on it, which takes place in a random manner through spa-
tial exploration [33]. For this reason, we compared the
migration dynamics of the two CTL types in Matrigel,
i.e. away from the spheroids, to investigate the role of
their accumulation dynamics in the reduced ability to kill
cancer cells. Tracking individual cells was possible due
to an increased image acquisition rate, taking one image
every three minutes (Fig. 3a and Movie S3). The mea-
sured mean-square displacement (MSD) was consistent
with an exponent α = 1.4 for both cell types (Fig. 3b),
in agreement with extensive literature on CTL migration
statistics [33, 44, 45]. This similarity in MSD power in-
dicates that the two CTL populations adopt a similar
strategy to explore the space around the tumor and to
find their targets.

Comparing the average CTL velocity in the Matrigel,
APCMin/+ CTLs migrate slightly faster than control
cells (Fig. 3c). The difference, however, remains mod-
est, with an increase in the average velocity of 16 %.
APCMin/+ CTLs can therefore explore the gel and
find the tumor as quickly as the control cells. Finally,
measurement of the accumulation of CTLs on tumor
spheroids over time showed that the two types of CTLs
accumulate in the same way on the spheroids (Fig. 3d).
This is consistent with the similarity in number of CTLs
observed 5 h and 10 h after first contact in the previ-
ous experiment (SI Fig. S2c). Altogether, these mea-
surements reveal no clear effect of APC mutation on the
exploration of space by the CTLs around the spheroids
and their accumulation on the target tumor in our device.

Tracking of some CTLs during the transition from the
Matrigel to the spheroid (SI Fig. S3a) revealed a sharp
decrease in their velocity when coming into contact with
cancer cells (SI Fig. S3b-c). This might be attributed
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Figure 2. CTLs from APCMin/+ mice have a lower killing efficiency than control CTLs. (a) Representative
maximum intensity projection of spheroids 24 h after CTLs addition. Upper row corresponds to control CTLs, lower row to
APCMin/+ CTLs. From left to right, examples with increasing number of CTLs are shown. – Scale bar 50µm. (b) Quantification
of viability (using PI) after 24h of coculture (all spheroids pooled together - no CTL: n = 95 spheroids, APCMin/+ : n = 92
spheroids, control: n = 73 spheroids). (c) Quantification of viability (using PI) after 24h of coculture for different number of
CTLs detected on the spheroids (for number of replicates, Data analysis section in Materials and Methods). (d) Representative
images of spheroid destruction by CTLs. Time is counted after the first CTL contact with the spheroid (green arrowheads).
The yellow contour is manually delimited. It corresponds to the part of the actin fiber network that remains organized. - Scale
bars 50 µm. Inset: Zoom on the edge between living and dead regions to highlight differences in the actin fiber structure. - Scale
bar 15 µm. Upper row corresponds to control CTLs, lower row to APCMin/+ CTLs. (e) Quantification of spheroid destruction
by CTLs measured as the portion of the initial area remaining alive, 5 h or 10 h after the first CTL contact (APCMin/+ : n=47
spheroids, control: n=41 spheroids). - All statistical differences were calculated by the two-sided Mann-Whitney-Wilcoxon test.

to a change of migration mode of CTLs from migrating
along Matrigel fibers in 3D around the tumor [46–49] to
exploring the 2D surface of the spheroid. Notably, T cells
are also able to penetrate inside the tumor spheroid as
some cells can be found inside the aggregate by confocal
microscopy (SI Fig. S3d-e - green arrowheads - and Movie

S4).
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Figure 3. Mutated and control cells have a similar ability to explore the space in the Matrigel and to accumulate
on tumor spheroids. (a) Representative trajectories of CTLs in the Matrigel matrix (not in contact with the spheroid).
Color saturation indicates the time. Red: APCMin/+ , blue: control. (b) Mean-square displacement (MSD) of CTL migration
in Matrigel. Error bars represent 95 % confidence intervals. Dashed line corresponds to a slope of 1.4. (c) Probability densities
of single cell average velocities (bootstrapped data - Materials and Methods). Red: APCMin/+ , blue: control. (d) Number of
CTLs accumulating on the spheroids after the beginning of imaging. APCMin/+ (red): n = 51 spheroids. control (blue): n =
25 spheroids. - Error bars represent the s.e.m.

APC mutated CTLs migrate faster and engage less
with the cancer cells than control CTLs

CTL dynamics on the spheroids can be quantified by
tracking individual T cells migrating on the tumor (SI
Fig. S4a). First, the MSDs of the trajectories show
that APCMin/+ CTLs explore the spheroids faster than
the control cells, although they have similar exponent
α of the power law at short time scale (Fig. 4a and SI
Fig. S4b). This means that the two T cell populations
migrate with similar dynamics but that APCMin/+ CTLs
have a larger prefactor in the MSD. While the average
velocity in the gel was similar for both cell types, the
APCMin/+ CTLs move at a larger speed on the surface
of the spheroid, compared with the control cells (Fig. 4b).

Further insight into the motility statistics was obtained
by observing the time-dependent velocity of each cell.
We find that the cells alternate between phases of high
velocity and phases of arrest, as shown in Fig. 4c. By
defining an arrested state as a period when the velocity
is below 1 µm/min, the arrest statistics for each cell type
could be compared. In particular, we measured the arrest
coefficient, as the ratio of time spent in the arrested state
vs. the motile state, for each track. The control cells
displayed a large increase in the arrest coefficient after
they transition from the gel to the spheroid, in contrast
with the APCMin/+ cells that maintained the same value
of the arrest coefficient in both environments (Fig. 4d).
Furthermore, the duration of the arrest periods for the
APC mutated cells was much shorter than for the control
cells (SI Fig. S4c).

Although the arrest coefficient is informative and often
used to characterize immune cell dynamics [50, 51], it is
nevertheless sensitive to instantaneous variations of ve-
locities compounded by the uncertainty from the tracking
process. Specifically, some cells can change their shape,

displaying a high velocity but are localized and still in-
duce killing (Movie S5). A more precise measure of the
switching between exploration and engagement of CTLs
was therefore computed from a combination of kinetic
energy and radius of gyration of the cell trajectory (in-
spired from [52], Materials and Methods, and Fig. S4d-i
for details). We termed this parameter engagement pa-
rameter (EP ) and used it to distinguish two different
modes of migration. For negative values of EP , cells
travel fast over large distances while for positive values
of EP , cells densely explore a small region (SI Fig. S4g).
The statistics of EP correlate well with the arrest co-
efficient, as expected from the physical interpretation of
the two parameters (Fig. 4e). However, EP values allow
the separation of individual trajectories into portions in
which the cells are engaged with the tumor vs. portions
in which they are traveling over large distances (Fig. 4f
and SI Fig. S4h-i). By summarizing the relative peri-
ods of engagement vs. exploration of the CTLs on the
spheroids, we observe a large difference in engagement be-
tween the mutant and control CTLs (Fig. 4g), a quantity
that does not depend on the number of CTLs detected
on the spheroids (SI Fig. S4j).

APCMin/+ and control CTLs display high
engagement with target cells prior to spheroid

apoptosis

The difference in the ability of cells to arrest and en-
gage with the tumor spheroid reveals a potential defect in
CTL-tumor interaction due to the APC mutation. The
main killing pathway of T cells relies on the formation
of an immunological synapse with their target after find-
ing the cognate antigen [43, 53–55] and this event leads
to an arrest of the T cell [35, 49, 56, 57]. The lack of
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Figure 4. CTLs from APCMin/+ mice display modified migration on the spheroid and reduced arrest periods.
(a) Mean-square displacement (MSD) of CTL migration on tumor spheroids. Error bars represent s.d. after bootstrapping
data 100 times (APCMin/+ CTLs: n = 200, control CTLs: n = 148). (b) Single cell average velocity in the Matrigel and on the
spheroid - average per droplet. (c) Representative velocity as a function of time for a control CTL (blue) and APCMin/+ CTL
(red). (d) Single cell arrest coefficient in the Matrigel and on the spheroid. The arrest coefficient was defined as the percentage
of time during which instantaneous velocity was <1 µm/min. (b)-(d) (in Matrigel: n = 45 droplets for control CTLs and n =
60 droplets for APCMin/+ CTLs. On spheroid: n = 30 droplets for control CTLs and n = 35 droplets for APCMin/+ CTLs.) -
Statistical differences were calculated by Welch’s t-test. - Error bars represent s.e.m. (e) Average engagement parameter along
individual cell trajectories against arrest coefficient (APCMin/+ CTLs: n = 200, control CTLs: n = 148). (f) Representative
trajectory of a cell on a tumor spheroid. Green regions correspond to EP < 0, when the cell is exploring the spheroid surface.
Pink regions correspond to EP > 0, when the cell engages with the tumor locally. (g) Percentage of time spent in engaged
phase (EP > 0) for individual cell trajectories for APCMin/+ and control CTLs (APCMin/+ CTLs: n = 200, control CTLs:
n = 148). - Statistical differences were calculated by Welch’s t-test.

arrest and engagement observed above may therefore be
related with reduced ability to form the immunological
synapse [12] and can explain the reduced cytotoxicity of
the APC mutant. To link CTL activity to tumor cell
death, caspase 3/7 activation was measured to identify
cell apoptosis events [58], as CTLs are known to induce
tumor cell apoptosis [33, 42]. In these experiments cas-
pase 3/7 activation was recorded every 30 minutes, while
CTL dynamics were imaged every 3 minutes, as above
(Movie S6).

Two distinct modes of activation were observed in the
caspase signal. In some cases, the activation of cas-
pase 3/7 occurred in isolation for individual cells (blue
arrow in Figs. 5a and S5a), while in other cases, we ob-
served a cascade of several cells being activated in a local-
ized region of the spheroid and in close succession (white
arrow in Fig. 5a and SI Fig. S5a). By looking backwards
in time, it was possible to identify the nucleation time
and location of each of these cascades, keeping in mind
that some spheroids displayed several independent cas-

cades at different times and locations. Caspase 3/7 acti-
vation cascades were observed in 67 % of the spheroids
and their existence correlated with high mortality of the
aggregate after 24 h of coculture with CTLs, as measured
by PI staining (SI Fig. S5b).

Since the caspase 3/7 signal results from a complex
process that potentially involves several sub-lethal hits
by the CTLs over several hours [16, 19, 20], we analyzed
the CTL behavior around the nucleation event by looking
backwards four hours in time. As CTLs can elongate over
large distances (>40 µm, SI Fig. S5c), T cell tracks were
analyzed in a 50 µm radius around the caspase activation
spot (dotted circle in Fig. 5b and SI Fig. S5d).

A large number (36%) of individual cell death events
appears to be independent of direct CTL action since
there are no CTLs in that region during the previous four
hours (SI Fig. S5e). In the cases when CTLs are present,
the cells display a low engagement with the spheroid
(SI Fig. S5f), for both the control and APCMin/+ cells.
These statistics indicate that a significant proportion of
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Figure 5. Localized apoptosis cascades associated with high engagement periods. (a) Representative images of
caspase cascade and selection of nucleation initiation and position (white arrow). Time measured after the beginning of time-
lapse imaging. The white line depicts the defined spheroid area. The upper row corresponds to APCMin/+ CTLs and the
lower to control CTLs. The blue arrow refers to an individual death event. (b) Trajectories of CTLs before the observation of
caspase signal. Each colored line corresponds to one CTL. The white arrow points to the spot of caspase cascade nucleation.
The dotted-line circle corresponds to a radius of 50 µm. -All scale bars 50 µm. (c) Number of CTLs staying more than 15 min
in the dotted circle in Fig. 5b in the 4 h window before the nucleation event. Statistical difference was calculated by the
two-sided Mann-Whitney-Wilcoxon test (n = 29 events for APCMin/+ CTLs and n = 23 events for control CTLs). (d) Average
engagement parameter of CTLs before nucleation of caspase 3/7 cascade (average per event ± s.e.m). Statistical difference was
calculated by Welch’s t-test 2.5 h and 0.5 h before caspase 3/7 signal. (n = 29 events for APCMin/+ CTLs and n = 23 events
for control CTLs).

individual caspase events results from indirect action,
e.g. through cytokine secretion that can act over long
distances [51]. It is therefore not possible to use these
caspase events to relate the local dynamics of control vs.
APCMin/+ CTLs. In contrast, all cascade events involve
the action of at least one CTL (SI Fig. S5e) and the CTLs
in this case have a high engagement (SI Fig. S5f). These
observations indicate that cascade events are mediated
by CTL-cancer cell contact, which has been reported as
being the main mechanism of killing by CTLs in vivo [59].
In the following, we therefore focus on the CTL behavior
preceding the cascade events and compare the dynamics
of the control vs. APCMin/+ cells.

The number of individual APCMin/+ cells detected
in the region of interest, in a four hours period before
the caspase 3/7 signal nucleation, was larger than the
control (Fig. 5c), which was not the result of a different
number of CTLs detected on the spheroid (SI Fig. S5g).
By measuring the average EP in the four hours be-
fore caspase signal, APCMin/+ cells were less engaged
than the control. However, a sharp transition to the en-
gaged state was observed approximately two hours be-
fore killing initiation, with the average value of the EP
of APCMin/+ cells increasing to reach a similar value
as for the control cells (Fig. 5d). Only the realignment
of CTL trajectories to the time of the caspase activation
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allows us to visualize this transition to engaged state (SI
Fig. S5h). Therefore, the higher number of CTLs ob-
served in the four hours before killing for APCMin/+ cells
(Fig. 5c) can be explained by an overall lower engagement
of APCMin/+ cells, leading to an increased number of
CTLs only passing through the region and not engaging
properly. Moreover, the transition to high engagement
observed before caspase 3/7 activation allows us to link
CTL dynamics with efficient tumor killing. As high T
cell engagement precedes cancer cell death, the observed
reduced engagement of APCMin/+ CTLs compared to
the control (Fig. 4d,g) explains the observed reduction
in cytotoxicity of APCMin/+ cells (Fig. 2b,d).

DISCUSSION

The results shown here provide clear evidence that
APC mutated CTLs have a reduced ability to destroy
3D tumor spheroids. Detailed analysis of the CTL tra-
jectories shows that this reduction of killing efficiency is
not due to an impairment of the motility in the gel nor
accumulation of the CTLs on the spheroids, which were
similar between the APCMin/+ and the control cells. In-
stead, the APC mutation is found to strongly reduce the
engagement of the CTLs with the spheroid after contact
has been made. Although we do not focus on the molec-
ular aspects of these cell-cell interactions, these results
are consistent with data from single-cell experiments on
APC-silenced or FAP patient-derived T cells: A reduced
mechanical stability of the immunological synapse [12]
and an increase of the migration ability in collagen-coated
channels [13]. The reduction in the CTL engagement and
the reduced ability of the APCMin/+ cells to destroy the
spheroids can both be due to the impaired capability to
form a stable immunological synapse. Compared with
the single-cell experiments however, the current results
integrate, in a three dimensional setting, the complete
chain of events that lead from the introduction of the
T cells in the vicinity of the spheroids to its destruc-
tion. The trajectory analysis brings important insights
that complement the previously reported modifications
of cell-cell interactions, by accounting for spatio-temporal
dynamics.

The experimental and analysis approach can distin-
guish differences in the CTL-cancer interactions for even
closely related cell types. The ability to identify subtle
differences is enabled first by tracking a large number of
trajectories in many independent droplets, each of which
corresponds to an independent replicate of the experi-
ment. Second, the dynamic multiscale cytometry [33, 34],
which is constructed by linking the global outcome with
measurements of many individual trajectories, allows us
to divide the dynamics into separate periods that are
treated independently. Here, a metric that distinguishes
phases of exploration vs. engament is introduced to de-
scribe the individual trajectories. It has a reduced value
in the APCMin/+ cells on average, in line with a re-

duced cytotoxicity. More interestingly, by focusing on
key events in target cells (caspase 3/7 initial activation
in a small region) and aligning the T cell behaviors to
these precise spatio-temporal windows, the value of EP
for APCMin/+ CTLs transitions from low values to reach
the same value as the control cells in those windows.

From an applied bio-engineering point of view, the mi-
crofluidic format that underlies the current study offers
more functionalities than utilised in the present study.
For instance, the secondary droplets can be used to in-
troduce soluble drugs into the spheroid-containing drop,
either at one [36] or several stages [60]. This succes-
sive droplet addition enables multiple combinations to
be screened on a single chip in a multiplexed fashion [60],
which provides an alternative to multiwell plates for large
screens of drug and organoid libraries [61]. The same ap-
proach can be used to combine soluble molecules with
CTLs, e.g. to test the action of immune checkpoint
inhibitors. Moreover, functionalized beads can be sus-
pended in the droplets to capture secreted molecules and
provide measurements of cytokines within each of the
droplets, for instance to correlate with CTL cytotoxic-
ity. Dynamic measurements in this case can have a time
resolution of a few hours, a scale that is given by dif-
fusion [62]. Alternatively the droplet contents can be
recovered off-chip and pooled together to measure bulk
quantities using standard ELISA or RNA transcriptomic
analyses [34, 63].

This in vitro approach however faces some limitations
related to the droplet format. The small culture volume
may lead to the depletion of nutrients or the accumula-
tion of by-products which needs to be considered in ex-
periments lasting more than a few days [29]. Concerning
the possible readouts, this platform is well suited for sev-
eral imaging techniques including epifluorescence, confo-
cal or two-photon microscopy. However, the combination
of the 3D format and microfluidic constraints make high
resolution microscopy challenging, which in turn limits
the ability to observe detailed molecular events like the
secretion of lytic granules [12]. Finally, the tumor model
shown here only contains cancer cells. As such, it fails
to account for the role of stromal cells in the tumor mi-
croenvironment or to model systemic dynamics such as
the capacity of the immune cells to extravasate in order
to reach the tumor location. The ability to recapitulate
more completely the T cell dynamics would require in-
creasing the complexity of the tumor model and possibly
modifying the microfluidic design [27].

Nevertheless, our cancer-on-a-chip system enables a
quantitative approach to the study of cell-cell interac-
tions, which is not possible with other in vitro nor in
vivo methods. The high-throughput microfluidic format,
combined with the precise control of timing, number of T
cells, tumor size, and droplet contents, provide a unique
platform to quantify and understand the behavior of T
cell populations. Since the T cells in all of the droplets
must go through a similar process of searching, accu-
mulation, antigen recognition, and killing, each of these
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stages can be evaluated independently to identify rate-
limiting steps. The droplet format yields robust statis-
tics on each of the steps, while using a few hundreds to
thousands of cells, making the approach suitable with
precious cell populations. The next step will be to ap-
ply these experimental and analysis pipelines to more
clinically-relevant models such as CAR T cells attacking
patient-derived organoids that can also include stromal
cells. The objective will be to leverage the technolog-
ical advantages demonstrated here to address clinically
relevant measures of T cell fitness and potency. This
cancer-on-a-chip device will then provide a scalable and
cost effective platform to address questions on the devel-
opment and evaluation of adoptive cell therapies.

MATERIALS AND METHODS

Tumor cells

B16-Ovalbumin peptide (residues 257–264) express-
ing cell-lines (B16-OVA) were maintained in RPMI 1640
(Fischer Scientific - 12027599) media containing 10%
FBS and 1% penicillin-streptomycin antibiotics (Fischer
Scientific – 10378016) at 5 % CO2 and 37°C. B16.F0-
OVA (B16-OVA) melanoma cells were kindly provided
by Claude Leclerc. All experiments were conducted at a
passage number smaller than 35.

Mice, T lymphocyte isolation and cell culture

Mice were housed and bred under pathogen-free condi-
tions in the Central Animal Facility of Institut Pasteur.
The protocols used have been approved by the Ethical
Committee for Animal Experimentation of the Institut
Pasteur and by the French Ministry of Research (au-
thorization nr. 15407-2018060518151060). Heterozygous
C57BL/6J-ApcMin mice (APCMin/+) [8] were crossed to
UBC-GFP Rag1−/−OT-I TCR transgenic mice (kindly
provided by Dr. P. Bousso, Institut Pasteur [64]).
APC+/+ and APCMin/+ littermates were killed at 8–12
weeks of age and spleens were removed and homogenized
through a 70 µm filter. To stimulate T cells and gen-
erate CTLs, cell suspensions were washed twice in cul-
ture medium (RPMI-1640 + GlutaMAX-I (Gibco) sup-
plemented with 10 % FBS, 1 mM sodium pyruvate and
nonessential amino acids, 50 µM 2-ME, 10 mM HEPES,
and 1 % penicillin–streptomycin (v/v)), and then split in
two aliquots: one third was pulsed with 50 µM OVA (257-
264) peptide (Anaspec #AS-60193-1) for 2 h at +37°C,
then it was mixed to the remaining splenocytes and in-
cubated for 48-72 h at +37°C in a 5 % CO2 incubator.
Cells were then counted, adjusted at 5×105 cells/ml and
cultured 2-5 additional days in cell culture medium sup-
plemented with 20 ng/ml IL-2 (Miltenyi Biotec) before
being used in the experiments.

Microfabrication

The microfluidic mold to produce PDMS-based mi-
crofluidic device was 3D printed using HTM 140
V2 resin with Digital Light Processing printer (DLP
MicroPlus EnvisionTec). Chips were produced and
treated as described in Refs. [34, 36, 65]. In short,
poly(dimethylsiloxane) (PDMS, SYLGARD 184, Dow
Corning, 1:10 (w/w) ratio of curing agent to bulk ma-
terial) was poured over the mold and cured for 2 h at
80°C. The top of the chip was sealed on a glass slide af-
ter plasma treatment. The chips were filled two times
with Novec Surface Modifier (3M, Paris, France), a flu-
oropolymer coating agent, for 20 min at 110°C on a hot
plate.

Microfluidic setup

The loading of microfluidic chips was done according to
the protocol described in Ref. [33]. More precisely, chips
and oil were cooled down at -20°C to prevent Matrigel
polymerization. The first droplet contained a concen-
tration of 0.6 × 106 cells/mL B16-OVA melanoma cells
encapsulated in 0.7 µL of RPMI media and Corning Ma-
trigel (Dutscher Dominique – 354234) at a concentra-
tion of 1.8 mg/mL (20 % of Matrigel at 8.9 mg/mL).
The oil phase around the droplets was composed of
fluorinated-FC40 (3M) oil mixed with 2 %(v/v) Fluo-
roSurfactant (Ran Biotechnologies). Chips were placed
at 4°C for 20 min after loading to allow cell sedimen-
tation without Matrigel polymerization and avoid the
formation of multiple spheroids. Chips were then in-
cubated at 37°C for 24 h. Second droplets, containing
RPMI media and OT-I-CD8+GFP cells at concentrations
varying from 1 to 2 × 106 cells/mL in a volume around
0.25 µL, were trapped in the draft-shape traps (Fig. 1a,e,
SI Fig. S1a). Droplet fusion was ensured by the addition
of 20 % (v/v) of 1H,1H,2H,2H-perfluoro-1-octanol (PFO)
(Sigma-Aldrich) dissolved in NovecTM-7500 Engineered
Fluid (3M). After fusion, PFO was removed from the
chamber by addition of 1.5 mL of pure FC40 oil in the
chamber. Chips were flipped upside-down during 30 min
to facilitate T cells entry in the Matrigel phase before
being imaged.

Microscopy

Confocal images were acquired using spinning disk con-
focal microscope (Nikon Ti2 + Yokogawa) with a 20x 0.7
NA air objective lens (Nikon Inc.). Epifluorescence and
bright field images were captured using a Nikon Ti2 mo-
torized epifluorescence microscope with a 20x objective
lens. The illumination was produced by a Lumencor LED
light source, and the images were captured by a Hama-
matsu C13440-20CU SCMOS camera. Raw data collec-
tion was done using imaging software Nikon Elements
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(version 5.11.01, Build 1367).

Proliferation measurement

B16-OVA proliferation was assessed with a BrdU stain-
ing kit (eBioscience). B16-OVA spheroids were formed as
described above. 24 h after cell loading, 200 µL of a so-
lution containing 50 % (v/v) of 1H,1H,2H,2H-perfluoro-
1-octanol (PFO) (Sigma-Aldrich) dissolved in NovecTM-
7500 Engineered Fluid (3M) was injected in the chip to
destabilize the droplet interface and allow the BrdU solu-
tion to diffuse inside the droplet of polymerized Matrigel.
Immediately after, the PFO was replaced by 0.5 mL
of a PBS (Sigma-Aldrich - D8537) solution containing
50 µM of BrdU (eBioscience - 00-4425-10). The chip
was incubated at 37°C during 5 h. The BrdU solution
was then washed with 0.5 mL of PBS. 0.5 mL of fixa-
tion solution, made up of 1/4 of BrdU staining buffer
concentrate (eBioscience - 00-5515-43) and 3/4 of Fix-
ation/Permeabilization Diluent (eBioscience - 00-5223-
56), was then introduced in the chip. The chip was incu-
bated overnight at 4°C on a rocker for mixing. The fix-
ation solution was removed using 0.5 mL of PBS. Flow
cytometry buffer was prepared diluting 1 % of FBS in
PBS. DNase I (eBioscience - 00-4440-51A) was mixed in
Flow cytometry buffer at 30 % and injected in the chip
(0.5 mL). The chip was incubated at 37°C for 1 h. DNase
I solution was washed using 0.5 mL of Flow cytometry
buffer. 0.5 mL of Flow cytometry buffer mixed with an
Alexa-488 conjugated anti-BrdU antibody (eBioscience
- 11-5071-42) at 1/100 and NucBlue fixed cells (Fischer
scientific - R37606) (1 droplet in 0.5 mL) was injected
into the chip and incubated at room temperature for 4 h
in the dark. 0.5 mL of PBS was used to wash the so-
lution. Samples were imaged using confocal microscopy.
Z-stack images every 10 µm were acquired over a range
of 100 µm. Quantification was performed with ImageJ
software. Z-intensity maximum projection was applied
and the percentage of positive cells was assessed by com-
puting the ratio of the BrdU positive area over the nuclei
positive area.

Viability and apoptosis measurement

For viability measurements, B16-OVA spheroids were
formed as described above. 24 h and 48 h af-
ter cell loading, 200 µL of a solution containing
50 % (v/v) of 1H,1H,2H,2H-perfluoro-1-octanol (PFO)
(Sigma-Aldrich) dissolved in NovecTM-7500 Engineered
Fluid (3M) was injected in the chip. Immediately after,
300 µL of a solution containing RPMI media, Propidium
Iodide (PI) (Sigma - P4864) at a concentration of 3 µM
and NucBlue live cells (Fischer scientific - R37605) (2
droplets in 1 mL) was introduced in the chip and incu-
bated 4 h at 37°C. Samples were imaged using confocal
microscope. Z-stack images every 10 µm were acquired

over a range of 100 µm. Quantification was performed
with ImageJ software. Z-intensity maximum projection
was applied and the percentage of positive cells was as-
sessed by computing the ratio of the PI positive area over
the nuclei positive area. For apoptosis measurements,
B16-OVA spheroids were formed as described above and
caspase 3/7 Red Apoptosis Assay Reagent (Essen Bio-
science - 4704) was added in the initial media at a con-
centration of 2 µM. Samples were imaged using epifluo-
rescence microscope. Quantification was performed with
ImageJ software. The percentage of positive cells was
assessed by computing the ratio of the caspase positive
area over the spheroid area.

Spheroid reduction

Spheroids were formed and CTLs were introduced as
described in Microfluidic setup. Actin fibers were stained
adding Sir-Actin and Verapamil (Spirochrome Cytoskele-
ton Kit - SC006) in the primary droplet media at re-
spectively 1 µM and 10 µM. Time lapse acquisition was
performed with confocal and bright field microscopy. Z-
stack images every 10 µm over 100 µm were acquired
every 30 min over 15 to 20 h. The time of CTL contact
and the number of CTLs on the spheroid were counted
manually. The portion of intact actin was manually out-
lined using ImageJ.

CTL dynamics

Spheroids were formed and CTLs were introduced as
described in Microfluidic setup. To be able to track the
cells over time, images were acquired every 3 min over 15
to 20 h. CTLs were tracked in the Matrigel using Track-
Mate software [66] in ImageJ. Because of overlapping tra-
jectories, CTLs were manually tracked on the spheroid
using ImageJ. Only trajectories longer than 30 min were
considered. To remove dead cells from the Matrigel, cells
moving less than 15 µm in a 30 min interval were not con-
sidered. Spheroids were segmented using ImageJ. CTL
positions were overlapped with spheroid masks to com-
pute distance between tumor and CTLs. Only cells at a
distance > 50 µm from the tumor spheroid were consid-
ered for trajectories in the Matrigel.

Spheroid apoptosis

Caspase 3/7 Red Apoptosis Assay Reagent (Essen Bio-
science - 4704) was added to the primary droplet medium
at a concentration of 2 µM. Images were acquired every
30 min.
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Bootstrapping

In order to concatenate data from several large
datasets with different number of points, we used boot-
strapping to minimize bias. This methodology was ap-
plied for Fig. 3c and Fig. 4a. In Fig. 3c, 100 trajectories
from each of three independent experiments were ran-
domly selected and pooled together. The average veloc-
ity was computed over 200 trajectories randomly selected
from these 300 trajectories. The procedure was repeated
10.000 times and the probability density of average ve-
locities is plotted. In Fig. 4a, 15 trajectories from each
of three independent experiments were randomly selected
and pooled together. The average MSD was computed
over 20 trajectories randomly selected from these 45 tra-
jectories. The procedure was repeated 100 times. Aver-
age values and standard deviations are shown over these
100 repetitions.

Engagement parameter computation

To distinguish between periods of local motion and
periods of fast exploration, we cut trajectories into seg-
ments of one hour length. This avoids bias due to dif-
ferences in length of trajectories. The engagement pa-
rameter (EP ) was computed in several steps. First, the
gyration radius g and kinetic energy E were computed
as follows: g =

√
Var(X) + Var(Y ) where Var(X) (resp.

Var(Y )) is the variance of the x component (resp. y com-
ponent) of the cell position and E is the average velocity
square. These two metrics correlate (SI Fig. S4d) and
hence, as a second step, the first component of the prin-
cipal component analysis (P ) was used as it describes
88 % of the variance in the data. In a third step, we de-
fine EP to distinguish between the engaged state, when
the cell explore locally the spheroid (EP > 0), and the
exploring state when the cell move fast (EP < 0). To
this end, EP was computed from P by EP = −P + C
where C is a constant, defined in such a way that the
probabilities of the two states determined by fitting a
Gaussian Mixture Model intersect at 0 (SI Fig. S4e-f).
Example of pieces belonging to each state (randomly se-
lected from the dataset) are shown in SI Fig. S4g. To
distinguish engaged and exploration phases of single tra-
jectories, EP was computed on a one hour rolling window
over the trajectories. Engaged phases (EP > 0) and ex-
ploration phases (EP < 0) can be visualized on single
cell trajectories (Fig. 4f and SI Fig. S4h-i).

Data analysis

All data analysis and statistical tests were performed
using Python (ns.0.05<P<1, *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001). In Fig. 2c, for
APCMin/+ cells, number of CTLs between 1-9: n =
75 spheroids, 10-19: n = 14 spheroids, 20-29: n = 10

spheroids, for control cells, number of CTLs between 1-
9: n = 69 spheroids, 10-19: n = 6 spheroids, 20-29: n =
4 spheroids.

DATA, MATERIALS, AND SOFTWARE
AVAILABILITY

The data are composed of csv tables and python
jupyter notebooks to reproduce main analysis and all
figures. Data have been deposited in Github (https:
//github.com/BaroudLab/APC-mutation-T-cells).
Some study data available numerical data for the figures
will be provided on Github. Image data are too large for
repositories and will be shared upon request.
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SUPPLEMENTARY MOVIES

Movie S1 - Illustration of droplet fusion and oil
exchange in a microfluidic chip. For droplet fusion, the
first droplet contains a spheroid of B16-OVA cells in
medium mixed with 20 % of Matrigel and the second
droplet contains CTLs. For oil exchange, the oil phase
is replaced by medium phase that is merged with the
main droplet. - Time in seconds, scale bar 200µm.

Movie S2 - Time-lapse of B16-OVA spheroid under
CTL attack using confocal microscopy. Images were
acquired every 30 minutes. Actin fibers are stained in
grey and CTLs are GFP. Two representative spheroids
are shown. - Time in hours, scale bar 50µm.

Movie S3 - Time-lapse of CTL migration in the
Matrigel and on a spheroid. Images were acquired every
3 minutes. Bright field image and GFP channel are
shown as well as CTL tracks and spheroid boundary. -
Time in minutes, scale bar 50µm.

Movie S4 - Time-lapse showing a CTL (GFP)
infiltrating a spheroid using confocal imaging. The
movie only shows the top of the spheroid with actin
fibers in grey (sir-actin) until 4h30. Green arrowheads
show an individual CTL. z-stacks every 10µm are shown
every 30min. - Time in hours, scale bar 50µm.

Movie S5 - Time-lapse showing a CTL (GFP)
moving fast but very locally. Bright field imaging shows
the spheroid and GFP signal is the T cell. - Time in
minutes, scale bar 50µm.

Movie S6 - Time-lapse showing a representative ex-
ample of an apoptosis cascade on a tumor spheroids.
Green signal corresponds to T cells and magenta to Cas-
pase3/7 activation. White arrows highlight the beginning
of the cascade of killing events. Images were acquired ev-
ery 3 minutes for the CTLs and every 30 minutes for the
Caspase3/7. - Time in minutes, scale bar 50µm.
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Figure S1. Microfluidic chip design and characterization of B16-OVA spheroids behavior in microfluidic chip.
(a) 3D sketch and dimensions of 3D-printed microfluidic chip mold design. (b)-(c) BrdU staining of proliferating cells after
24 h in the droplet (n = 69 spheroids). (d-e) Propidium iodide (PI) staining shows high viability after 48 h (24h: n = 45
and 48h: 95 spheroids). (f-g) Caspase 3/7 staining reveals low number of apoptotic cells after 48 h (24h and 48h: n = 100
spheroids). - All scale bars 50 µm, error bars represent s.e.m.
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Figure S2. Actin cytoskeleton disorganization and absence of bias in CTL accumulation. (a) Number of CTLs
on the spheroids after 24 h (relative to Fig. 2b, n = 73 spheroids for control and n = 92 spheroids for APCMin/+ cells). -
Statistical differences were calculated using the two-sided Mann-Whitney-Wilcoxon test. (b) Representative images of the
effect of T cell hit on actin fibers - top: Both channels, middle: CTL, bottom: Sir-Actin. White arrowheads show actin
fragmentation. Scale bars 15 µm. (c) Representative images of spheroid destruction by CTLs. Time counted after the first
CTL contact the spheroid (green arrowheads). The yellow contour is manually delimited. It corresponds to the part of the
actin fiber network that remains organized. First row corresponds to control CTLs, second row to APCMin/+ CTLs. - Scale
bars 50 µm. (d) Number of CTLs on the spheroid 5 h and 10 h after first contact (relative to Fig. 2e). (e) Representative
images of a spheroid 24h after CTLs addition in the droplet stained with Propidium Iodide (PI) for death – left: Sir-Actin,
middle: PI, right: Both channels. The region of organized actin fibers correlates with low spheroid death. The area circled in
yellow is considered as a proxy for the part of the spheroid remaining alive. Scale bars 50 µm.
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Figure S3. Transition from Matrigel to tumor and CTL penetration inside the spheroid (a) Example of CTLs
trajectories when finding the tumor. Color gradients correspond to time. Red (in the Matrigel) to gray (on the spheroid):
APCMin/+ CTL. Blue (in the Matrigel) to gray (on the spheroid): control CTL. White arrowheads represent the moment of
contact of the CTL with the tumor spheroid. (b-c) Instantaneous and average T cell velocity 1 h before and after contact with
the tumor spheroid (n = 8 individual control cells and n = 8 individual APCMin/+ cells). Statistical differences were calculated
using Welch’s t-test. Error bars represent s.e.m. (d) Dynamics of a T cell going inside a tumor aggregate (representative
images). Green arrowheads highlight a T cell penetrating. Z increases when going deeper into the spheroid. (e) Representative
images of a spheroid 24 h after CTLs addition. Some CTLs can penetrate – All scale bars 25 µm.
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Figure S4. Complements to Fig. 4 (a) Representative trajectories of CTLs on the spheroids. Color gradients correspond
to time. Blue: control CTL, Red: APCMin/+ CTL. (Same cells in Fig. 4c). (b) Coefficient of persistence α, determined by
fitting a straight line to the MSD of individual cells in a log-log plot (only for ∆t < 24 min and if R² > 0.8 for the line fit).
Statistical differences were calculated by the two-sided Mann-Whitney-Wilcoxon test. Each point corresponds to one CTL (n =
148 for control CTLs and n = 200 for APCMin/+ CTLs). (c) Distributions of average pausing times on spheroids for individual
CTLs. Pausing time is defined as the consecutive time with an instantaneous velocity <1 µm/min. (d) Kinetic energy (E)
against gyration radius (g) for 1 h pieces of trajectory (n = 789 for control CTLs and n = 783 for APCMin/+ CTLs). (e)
Engagement parameter density for 1 h pieces of trajectory (n = 1572). Dashed lines correspond to a fitted 2-states Gaussian
Mixture Model. (f) Probability of each states of the fitted 2-states Gaussian Mixture Model. (g) 20 pieces of trajectory of 1 h
(10 APCMin/+ and 10 control CTLs) in the high engaged (EP > 0) and low engaged (EP < 0) states (randomly selected).
(h)-(i) Representative trajectories of a cell on a spheroid tumor. Green regions correspond to EP < 0, when the cell is moving
fast and straight and pink regions correspond to EP > 0, when the cell explore locally the tumor. (j) Percentage of time spent
in engaged phase (EP > 0) for individual cell trajectories for APCMin/+ and control CTLs according to the maximum number
of CTLs observed on the spheroid during the experiment (APCMin/+ CTLs: n = 76 (Max number of CTLs 1-4), n = 79 (Max
number of CTLs 5-8), control CTLs: n = 57 (Max number of CTLs 1-4), n = 83 (Max number of CTLs 5-8)). - Statistical
differences were calculated by Welch’s t-test.
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Figure S5. Complements to Fig. 5 (a) Representative images of caspase cascade and selection of nucleation initiation
and position (white arrow). Time measured after the beginning of time-lapse imaging. The white line depicts the defined
spheroid area. First row corresponds to APCMin/+ CTLs and the second to control CTLs. The blue arrows refer to individual
death events. - All scale bars 50 µm. (b) Percentage of dead cells (stained with PI) at 24 h of coculture according to the
detection of caspase signal during time-lapse microscopy. Statistical differences were calculated using the two-sided Mann-
Whitney-Wilcoxon test (n = 40 spheroids for APCMin/+ CTLs and n = 22 spheroids for control CTLs). (c) Representative
image showing CTL elongation. - Scale bar 30 µm. (d) Trajectories of CTLs before the observation of caspase signal. Each
colored line corresponds to one CTL. The white arrow points to the region of caspase cascade nucleation. The dotted-line circle
corresponds to a radius of 50 µm. The upper image corresponds to APCMin/+ CTLs and the lower to control CTLs. - All
scale bars 50 µm. (e) Number of CTLs staying more than 15 min in the 50 µm radius, in the 4 h window before an event for
cascade of caspase activation compare to individual caspase activation. Statistical difference was calculated by the two-sided
Mann-Whitney-Wilcoxon test (n = 52 events for cascades and n = 22 events for individual death). Blue points correspond
to control CTLs and red to APCMin/+ CTLs. (f) Percentage of time spent in engaged phase (EP > 0) for individual cell
trajectories in the 50 µm radius, in the 4 h window before an event for cascade of caspase activation compare to individual
caspase activation. (cascade: n = 137 individual CTLs, individual death: n = 36 individual CTLs). - Statistical differences were
calculated by Welch’s t-test. Blue points correspond to control CTLs and red to APCMin/+ CTLs. (g) Number of CTLs on the
spheroid at the time of caspase nucleation. Statistical differences were calculated using the two-sided Mann-Whitney-Wilcoxon
test (n = 29 events for APCMin/+ CTLs and n = 23 events for control CTLs). (h) Average engagement parameter of CTLs
over the course of the experiment. (n = 200 individual cells for APCMin/+ CTLs and n = 148 for control CTLs).
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