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High resolution micro� uidic assay and probabilistic
modeling reveal cooperation between T cells
in tumor killing
Gustave Ronteix1,2,4, Shreyansh Jain1,2,4, Christelle Angely1,2, Marine Cazaux3, Roxana Khazen3,

Philippe Bousso 3� & Charles N. Baroud 1,2�

Cytotoxic T cells are important components of natural anti-tumor immunity and are har-

nessed in tumor immunotherapies. Immune responses to tumors and immune therapy out-

comes largely vary among individuals, but very few studies examine the contribution of

intrinsic behavior of the T cells to this heterogeneity. Here we show the development of a

micro� uidic-based in vitro method to track the outcome of antigen-speci� c T cell activity on

many individual cancer spheroids simultaneously at high spatiotemporal resolution, which we

call Multiscale Immuno-Oncology on-Chip System (MIOCS). By combining parallel mea-

surements of T cell behaviors and tumor fates with probabilistic modeling, we establish that

the � rst recruited T cells initiate a positive feedback loop to accelerate further recruitment to

the spheroid. We also provide evidence that cooperation between T cells on the spheroid

during the killing phase facilitates tumor destruction. Thus, we propose that both T cell

accumulation and killing function rely on collective behaviors rather than simply re� ecting the

sum of individual T cell activities, and the possibility to track many replicates of immune cell-

tumor interactions with the level of detail our system provides may contribute to our

understanding of immune response heterogeneity.
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The capacity of cytotoxic T lymphocytes (CTL) to eliminate
tumor cells is the basis for the development of important
tumor immunotherapies such as immune checkpoint

inhibitors (e.g., anti-CTLA-4, anti-PD1, or anti-PD-L1 mAbs)
and the development of cellular therapies such as CAR T cells1,2.
However, patient response to these therapies can be highly vari-
able. While many parameters are known to in� uence patient
response to immunotherapies, the number, phenotype, and dis-
tribution of CTLs can have a strong predictive value in several
types of cancer3.

These observations underscore the need to better understand
how a successful T cell attack proceeds and what are the critical
parameters associated with CTL behavior and function that favor
tumor regression. In this respect, several key questions remain
unanswered. For example, how do CTLs encounter tumor cells
and accumulate within the tumor microenvironment (TME)?
What are the dynamics of CTL killing and what CTL density is
needed for tumor eradication? Are individual CTLs acting
autonomously in the TME or do they interact together? Under-
standing the basic principles that dictate whether a tumor mass is
regressing or not is in fact essential to design, optimize, and
evaluate tumor immunotherapeutic strategies.

Multiple approaches are available to evaluate T cell cytotoxicity
against tumors. In vitro assays in cell suspension have been used
to measure CTL killing capacity and, when performed at the
single-cell level, provide information on the extent of functional
heterogeneity within a T cell population4. These in vitro assays,
however, lack the complexity of the 3D tumor microenvironment,
which strongly impacts T cell behavior and function. At the other
end of the spectrum, intravital imaging offers direct insights into
the dynamics, signaling, and killing behavior of single T cells
within a developing tumor5–8. Limitations of these approaches,
however, include the fact that they provide a view of the inter-
actions in a limited spatial and temporal window. Indeed con-
tinuous observation periods are generally limited to a few hours,
precluding a full understanding of T cell histories in the TME.

An interesting emerging platform comes from advanced
in vitro models that recapitulate some aspects of the TME
while providing access to the system dynamics9,10. These
include organoids11,12, where cells are allowed to organize in
three dimensions (3D), or organ-on-a-chip devices13, where
the micro� uidic device represents the organ geometry and
the micro� uidics enable temporal control of the� ows and
physical conditions. Recent work has also dealt with combining
the advantages of both approaches to produce organoids-on-a-
chip14. Gathering general rules from these systems that would
explain the outcome of a CTL attack remains challenging as it
requires to link quantitative measurements of T cell behavior,
which is inherently stochastic, with tumor cell fate9,14.

Here, we introduce a micro� uidic-based approach for the
multiplexed analysis of tumor spheroid fate in the presence of
de� ned immune cell populations. This methodology is based on
the parallel formation, manipulation, and observation of hun-
dreds of tumor spheroids within stationary micro� uidic droplets.
When associated with mathematical models, the quantity and
quality of spatiotemporally resolved data allow us to pinpoint key
behaviors leading to spheroid destruction and to detect and
understand heterogeneity of tumor outcomes.

Results
Parallelized immune challenge on an integrated micro� uidic
chip. The immunogenic rejection of 3D cancer models is studied
using the classic model of Ovalbumin-expressing mouse B16
melanoma (B16-OVA), which are challenged by OVA-speci� c
CD8+ cytotoxic T lymphocytes (CTLs) bearing the OT-1

transgenic TCR (see“Methods”)15–19. Further, the results
obtained with B16-OVA are compared with non-OVA expressing
B16 Wild-Type cells (B16-WT) as a control. These two cell types
were previously reported to exhibit similar proliferation dynamics
and do not differ in their in vivo immunogenicity18. The
experiments rely on a micro� uidic device that consists of a dro-
plet generating region followed by a droplet trapping region that
serves to culture the cells and observe them (Fig.1a, b)20,21. This
trapping region is patterned with 234 micro� uidic anchors22, that
allow the droplets to be held in place even in the presence of an
external� ow (see“Methods”). The anchors are diamond-shaped
(see Fig.1b) in order to allow for multiple droplet pairings23.

The experiment begins by producing aqueous droplets
(volume= 50 nl) containing Matrigel and a suspension of B16
cells at a concentration of 1.5 × 106 cell/ml. To obtain single
spheroids in each droplet, a concentration of 2.0 mg/ml of
Matrigel was used, with higher Matrigel concentrations leading to
the formation of multiple spheroids per droplet (Supplementary
Fig. 1a) (see“Methods”). Once the droplets are anchored, the
device is placed in an incubator at 37�C overnight, which allows a
single B16 spheroid to form in each droplet (Fig.1b). At these cell
and Matrigel concentrations we obtain spheroid radii in most
cases ranging between 35 to 45� m (Fig.1c). A live-dead staining
shows that less than 3% of the cells were dead after 48 h in the
chip (Fig.1d).

After overnight incubation, the CTLs are brought to the
Matrigel droplets by generating a group of secondary smaller
droplets (volume= 10 nL) that contain a broad distribution of
CTLs (Supplementary Fig. 1b). These secondary droplets are
trapped in the triangular sections of the anchors and then merged
with the spheroid-containing Matrigel, thus bringing the two cell
populations into the same Matrigel droplet (Fig.1e)23. The
interactions between the CTLs and spheroids are observed by
time-lapse microscopy, typically over 24 h. The whole process
from spheroid preparation to CTL addition and imaging is done
on a single chip (Fig.1f) and each experiment yields up to 234
individual replicates, of which we typically obtain 50 time-lapse
movies, due to the small image acquisition time-intervals (2min/
frame). For higher time-intervals, more data points can be
collected from the same chip. The movies are then analyzed using
our custom-made scripts (see Supplementary Software 1).

Three stages in the cell–cell interactions can be identi� ed: the
CTL exploration of the gel, their accumulation on the spheroid,
and the killing of B16 Ova-expressing cells (see Supplementary
Movie 1 for representative cases). These stages are studied in
detail below.

CTL migration in micro-device reproduces in vivo behavior.
The CTL migration is tracked in the time-lapse movies as the cells
perform 3D migration within the gel or on the surface of the
spheroid (see Fig.2a). The recorded velocities display alternating
periods of motility and arrest phases, as seen by the high and low
velocities in Fig.2b. This behavior, as well as the value of the
velocities, correspond well to previously reported CTL velocities
in collagen gels in vitro24 or within tissues in vivo25,26. We can
infer the 3D motility properties from the acquired microscopy
data (see“Methods”). Note that the value of the measured velo-
cities depends on the image acquisition frequency (see Supple-
mentary Fig. 2), so we maintain the sampling at 2min/frame for
all the experiments (see“Methods”).

In order to evaluate the in� uence of the spheroid presence in
the droplet on the motility of the CTLs, the migration statistics
without a spheroid present are compared with the statistics in the
presence of a spheroid during the� rst 500 min of an experiment.
We restrict the analysis to cells that are not in contact with the
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Fig. 1 Micro� uidic immuno-oncology chip and protocol. aMicro� uidic chip on a standard glass slide.b Expanded view of the trapping region of the chip
(dashed box) showing an array of 234 trapped droplets. Each droplet contains a single B16 spheroid in Matrigel, as shown in the inset.c Distribution of
spheroid radii within a single chip (N= 215).d Viability measurements using live-dead staining after 24 and 48 h (N= 54). e Schematic showing a primary
droplet with a tumor spheroid, followed by the addition and fusion of a secondary droplet containing GFP-labeled CTLs, eventually leading to tumor cell
killing and spheroid fragmentation. Scale bar is 200� m. f Schematic representation of the complete experimental protocol.
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spheroid. The displacement distributions (Fig.2c) and the mean-
square displacements (MSD) (Fig.2d) do not show any
signi� cant difference between the two conditions. In both cases,
the CTLs undergo super-diffusive random walks (Fig.2d) with
MSD ~� � , where� is the time between two observations and
� = 1.6, in agreement with what was reported in vitro and
in vivo24,26.

After some time, one CTL comes in contact with the spheroid.
This contact generally leads the T cell to adhere to the spheroid
and explore its surface over the course of a few hours (Fig.2e, f
and Supplementary Movie 2). We select individual tracks with
segments both on and off the spheroid to investigate more
precisely the CTL motility change upon reaching the spheroid.
We observe that the CTL behavior is strongly modi� ed: They
display lower mean velocity (Fig.2g and Supplementary Movie 2)

with a lower MSD exponent (Fig.2h, i). The average MSD
exponent goes from 1.4 when the cells move in the gel to 1.1 after
the same cells have reached the spheroid.

The CTL migration in the gel therefore recapitulates behaviors
that have been reported in vivo24–27, with the current data
highlighting the switch in motility before and after the CTL
contacts the spheroid surface.

A positive feedback loop drives CTL accumulation on the
spheroid. We now investigate the contact time statistics of the
CTLs on the spheroids. The distribution of� rst-passage times is
consistent with the distribution of randomly migrating particles
in an enclosed environment, indicating that the initial contact is
random and that there is no attraction from the spheroid on the
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Fig. 2 CTL migration in droplets recapitulates in vivo behavior. a(left) Representative image of CTLs with instantaneous velocity vectors inside Matrigel
droplet. (right) CTL tracks in one droplet over 24 h, each color represents an individual cell track. The dashed black circle outlines the spheroid boundary.
b Representative velocities as a function of time for three different T cells.c Probability distribution of a cell to migrate by a given distance (� r) during a
� xed time step� t = 1 min (n= 67965 points without spheroid andn= 34072 individual points for CTLs in presence of the B16 spheroids).d Mean-square
displacement (MSD) of CTL migration with (N= 20 droplets) and without (N= 26 droplets) spheroids. Error bars represent the SEM.e Time sequence
showing the initial CTL approach and contact with a spheroid.f Track of a single CTL as it migrates in the matrigel and on the spheroid surface. Colormap
represents the instantaneous velocity of the cell.g, h Average velocity and mean square displacement exponent (� ) of cells migrating in the gel and on
the spheroid. Each data point is the average velocity in a given droplet (Ngel= 55,Nspheroid= 54, respectivep-values of 1.3 × 10� 10 and 1.2 × 10� 15). i Mean-
square displacement of cells migrating in the matrigel and on the spheroid. Bold and dashed lines represent the best� ts for the MSD of CTLs on the
spheroid and in the matrigel, with respective exponents of 1.1 and 1.4 (measurement conducted overN= 54 droplets). Error bars represent the SEM.
Source data are provided as a Source data� le.
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