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A B S T R A C T

Background and objective:
Immune cell migration is one of the key features that enable immune cells to find invading pathogens,

control tissue damage, and eliminate primary developing tumors. Chimeric antigen receptor (CAR) T-cell
therapy is a novel strategy in the battle against various cancers. It has been successful in treating hematological
tumors, yet it still faces many challenges in the case of solid tumors. In this work, we evaluate the three-
dimensional (3D) migration capacity of T and CAR-T cells within dense collagen-based hydrogels. Quantifying
three-dimensional (3D) cell migration requires microscopy techniques that may not be readily accessible.
Thus, we introduce a straightforward mathematical model designed to infer 3D trajectories of cells from
two-dimensional (2D) cell trajectories.
Methods:

We develop a 3D agent-based model (ABM) that simulates the temporal changes in the direction of
migration with an inverse transform sampling method. Then, we propose an optimization procedure to
accurately orient cell migration over time to reproduce cell migration from 2D experimental cell trajectories.
With this model, we simulate cell migration assays of T and CAR-T cells in microfluidic devices conducted
under hydrogels with different concentrations of type I collagen and validate our 3D cell migration predictions
with light-sheet microscopy.
Results:

Our findings indicate that CAR-T cell migration is more sensitive to collagen concentration increases than
T cells, resulting in a more pronounced reduction in their invasiveness. Moreover, our computational model
reveals significant differences in 3D movement patterns between T and CAR-T cells. T cells exhibit migratory
behavior in 3D whereas that CAR-T cells predominantly move within the 𝑋𝑌 plane, with limited movement in
the 𝑍 direction. However, upon the introduction of a CXCL12 chemical gradient, CAR-T cells present migration
patterns that closely resemble those of T cells.
Conclusions:

This framework demonstrates that 2D projections of 3D trajectories may not accurately represent real
migration patterns. Moreover, it offers a tool to estimate 3D migration patterns from 2D experimental data,
which can be easily obtained with automatic quantification algorithms. This approach helps reduce the need
for sophisticated and expensive microscopy equipment required in laboratories, as well as the computational
burden involved in producing and analyzing 3D experimental data.
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1. Introduction

Cell migration is a key biological process that plays a crucial role
in many physiological processes [1] such as wound healing [2], tissue
repair [3], morphogenesis [4] and the functionality of the immune
system [5]. In the context of immune response, immune cells, such
as T cells and macrophages, navigate through tissues to detect and
eliminate pathogens or abnormal cancer cells. However, despite their
innate high migration capacity, in some cases, the natural T cells of
the immune system struggle to recognize cancer cells because these
can evade detection or suppress the immune response [6]. Cancer
cells often employ various mechanisms to evade the immune system’s
surveillance, inhibiting T-cell function within the tumor microenvi-
ronment. To overcome this challenge, CAR-T cell therapy emerges
as an innovative treatment strategy, leveraging engineered immune
cells tailored to target specific antigens found on cancer cells [7].
This method involves the modification of a patient’s T cells to express
chimeric antigen receptors (CARs), thereby reprogramming these cells
for enhanced recognition and targeted destruction of cancer cells with
exceptional specificity. Notably, CAR-T cell therapy has demonstrated
promising results in blood cancers, including lymphomas, certain forms
of leukemia, and, more recently, multiple myeloma [8–10].

Nevertheless, the transformation of T cells into engineered CAR-T
cells may influence their migratory capabilities. These alterations may
potentially compromise their natural ability to navigate the body and
reach tumor sites, thus challenging their capacity to infiltrate solid
tumors effectively. This issue represents a significant obstacle to the
success of CAR-T cell therapy in treating solid tumors, as opposed
to its demonstrated efficacy in blood cancers. Therefore, it is crucial
to comprehensively understand how these modifications impact the
migratory behavior and infiltration potential of CAR-T cells to optimize
their therapeutic effectiveness in solid tumor contexts.

The study of cell migration has traditionally been performed using
in vitro [11] (e.g., the Boyden chamber migration assay [12] or scratch
assay [13]) and in vivo (e.g., intravital microscopy [14,15] and in vivo
imaging [16,17]) methods [18,19]. However, the use of microfluidic
devices emerged as a powerful tool to study cell migration, providing
a high degree of control over the microenvironment, and allowing for
the study of the response of cells to specific chemical and mechanical
cues [20–22]. Microfluidic devices facilitate the analysis of the im-
pact of different extracellular matrix (ECM) properties, such as matrix
density and stiffness, fiber alignment, and pore size [23,24]. Another
advantage of these devices is the ability to recreate three-dimensional
(3D) environments, which can provide more physiologically relevant
information than two-dimensional (2D) migration assays. Furthermore,
by integrating imaging systems, microfluidic devices allow for real-time
monitoring of cell migration, providing information on the kinemat-
ics of cell movement and allowing for a better characterization of
their motile behavior. Many different cell types have been analyzed
and studied in these microfluidic-based chips: tumor cells [25,26],
cancer-associated fibroblasts [27], dermal human fibroblasts [28], os-
teoblasts [29], leukocyte [30] among others. However, the use of
microfluidic devices to study 3D immune cell migration poses a sig-
nificant challenge due to their high migration capacity. While these
devices can recreate 3D environments, quantification of 3D cell trajec-
tories requires time-lapse studies integrating 2D imaging and Z-stack
acquisition from the assays. Given the highly dynamic nature of 3D
immune cell migration [31], it is essential to quantify a substantial
number of events within a brief timeframe, which poses a risk of
phototoxicity when using standard confocal microscopes. Light sheet
microscopy offers a good alternative by providing low phototoxicity,
high temporal resolution, and live sample imaging [31]. The primary
challenge resides in managing the extensive data produced, which is
complex, computationally heavy, and requires sophisticated tools for
automated analysis. Apart from the technical hurdles, these micro-
scopes represent a significant investment and are not commonly found
in standard laboratory settings.
2

In this study, we propose a novel methodology based on agent-based
models to estimate 3D cell trajectories within microfluidic devices,
relying only on 2D imaging data that can be acquired even from the
most basic bright-field microscope. Agent-based models offer discrete
computational representations for simulating cellular behavior at a cell
level, and they have been extensively employed in different areas of
cell migration. For instance, [32] simulated individual and collective
cell migration in glioblastoma considering the influence of the oxygen
field, Gonçalves and Garcia-Aznar studied the role of collagen density
in regulating cell migration and spheroid formation, Bretti and De Gae-
tano investigated the influence of tumor cell-produced chemical signals
on immune cell dynamics within microfluidic chips, and Peng et al.
explored the dynamics of cell migration within flexible channels and
how mechanical interactions with the microenvironment and neighbor-
ing cells influence this process. While these approaches have focused
on simulating cell migration within microfluidic devices, these works
often struggle to extrapolate 3D behavior and lack a comprehensive
understanding of cell migration in 3D environments.

Our lattice-free center-based agent-based model aims to predict 3D
cellular behavior from 2D imaging data. To achieve this, we consider
that cell locomotion direction is not entirely arbitrary but exhibits
a directional bias influenced by the cell’s previous orientation. To
determine this directional memory, we propose an inverse sampling
method to track its evolution from the previous direction. By deriving
cumulative distribution functions through this sampling method, we
gain insights into how past directions influence future ones. Conse-
quently, this approach facilitates the simulation of a wide spectrum
of migration behaviors, spanning from entirely persistent movement in
a single direction when the cumulative distribution function approxi-
mates a Heaviside function, to non-persistent random movement devoid
of directional persistence when the function takes on a linear shape. Fi-
nally, we apply the proposed methodology to simulate migration assays
involving CAR-T cells and natural T cells (serving as the control group)
within distinct collagen concentration matrices within microfluidic-
based devices. The resulting 3D migration patterns are then compared
and validated with experimental 3D measurements obtained through
a lattice light-sheet microscope. Our results underscore the variances
between 2D projections and genuine 3D motion, revealing that CAR-T
cells display diminished motility in 3D relative to natural T cells.

2. Methods

2.1. Computational framework for predicting 3D migration patterns

We present a computational framework for predicting 3D migration
of cells in microfluidic devices using 2D in vitro data (Fig. 1). In
this experimental setup, cells are seeded individually into microfluidic
devices, and their movements are live-tracked within a single plane by
capturing images at regular time intervals of 𝛥𝑡. These tracked cells
are adequately spaced apart to prevent interactions between them,
enabling the study of their individual migration dynamics. Then, we
acquire individual cell trajectories and instantaneous velocities for each
cell. Subsequently, we calculate the mean velocity of each cell and
determine the overall mean of these individual mean velocities across
the entire population 𝑣̄𝑐 .

The computational model consists of a 3D center-based lattice-free
agent-based model. Thus, the balance of forces acting on a single-
moving cell is:

𝑚𝑐
𝑑𝒗𝑐 (𝑡)
𝑑𝑡

= 𝑭 𝑙𝑜𝑐(𝑡) + 𝑭 𝑑𝑟𝑎𝑔(𝑡) ≈ 0. (1)

Here, 𝑚𝑐 is the mass of the cell, 𝒗𝑐 (𝑡) is its velocity, 𝑭 𝑙𝑜𝑐(𝑡) represents
the cell’s locomotive force for migration, and 𝑭 𝑑𝑟𝑎𝑔(𝑡) represents the
friction force of the cell with the matrix. In this expression, the inertia
term is typically neglected due to the small mass and velocity of
the cell. The friction force is calculated using Stokes’ law, which is
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Fig. 1. Overview of the 3D migration framework. In the experimental setup, N individual cells are initially seeded onto a microfluidic device and tracked over 𝑡𝑠𝑖𝑚 duration,
capturing 2D images at intervals of 𝛥𝑡. Concurrently, N 3D simulations of a single moving cell are performed using the agent-based model. The direction of the locomotive force
is determined by angles 𝜃(𝑡) and 𝜑(𝑡). To simulate the temporal direction of the locomotive force 𝑭 𝑙𝑜𝑐 (𝑡), we implement an inverse transform sampling method. This technique
calculates rotational angles 𝜃𝑟𝑜𝑡 and 𝜑𝑟𝑜𝑡 using cumulative distribution functions 𝑓 (𝜑𝑟𝑜𝑡; 𝛾𝜑) and 𝑔(𝜃𝑟𝑜𝑡; 𝛾𝜃 ) respectively. After completing the simulations, we evaluate the accuracy
of the simulations by projecting the 3D predictions into 2D and comparing them with the experiments. Thus, we calculate the error between the simulation and experiment of
the mean effective displacement, cell dispersion, and the directionality ratio. Subsequently, we update the functions 𝑓 (𝜑𝑟𝑜𝑡; 𝛾𝜑) and 𝑔(𝜃𝑟𝑜𝑡; 𝛾𝜃 ) until the error between the simulation
and experiment is minimized.
appropriate for modeling the movement of spherical particles in a
viscous fluid under laminar flow conditions:

𝑭 𝑑𝑟𝑎𝑔(𝑡) = 6𝜋𝑅𝑐𝜂𝒗𝑐 (𝑡), (2)

with 𝑅𝑐 = 10 μm the radius of the cell and 𝜂 the dynamic viscosity of
the collagen hydrogel obtained from Valero et al.. Considering that the
magnitude of the locomotive force is constant but variable in direction:

𝑭 𝑙𝑜𝑐 (𝑡) = 𝐹𝑙𝑜𝑐𝒆(𝑡) = 6𝜋𝑅𝑐𝜂𝑣̄𝑐𝒆(𝑡), (3)

where 𝑣̄𝑐 is the overall mean velocity of the experiment and 𝒆(𝑡) =
(𝑒𝜃(𝑡), 𝑒𝜑(𝑡)) is the unit orientation vector in spherical coordinates
(𝑟, 𝜃(𝑡), 𝜑(𝑡)). We simulate the temporal changes in the migration direc-
tion (𝜃(𝑡), 𝜑(𝑡)) through a rotational transformation:

𝜃(𝑡 + 𝛥𝑡) = 𝜃(𝑡) + 𝜃𝑟𝑜𝑡,

𝜑(𝑡 + 𝛥𝑡) = 𝜑(𝑡) + 𝜑𝑟𝑜𝑡.
(4)

Here, 𝜃𝑟𝑜𝑡 and 𝜑𝑟𝑜𝑡 are the rotations of the azimuthal and polar an-
gles respectively. To determine these rotations, we consider that the
migration direction exhibits a directional bias influenced by its prior
orientation and propose an inverse transform sampling method. This
method involves generating pseudo-random numbers from a uniform
distribution and applying the inverse cumulative distribution function
(CDF) associated with the desired probability distribution. Specifically,
3

we utilize the CDF of the Cauchy function:

𝐶(𝑎; 𝑎0, 𝛾) =
1
𝜋
arctan

(

𝑎 − 𝑎0
𝛾

)

+ 1
2
, (5)

with 𝑎0 = 0 to be centered at 𝑥 = 0, and 𝛾 a parameter that controls
the function’s shape. To account for potential variations in rotations for
𝜃(𝑡) and 𝜑(𝑡), we utilize two analogous functions, denoted as 𝑓 (𝜑𝑟𝑜𝑡; 𝛾𝜑)
and 𝑔(𝜃𝑟𝑜𝑡; 𝛾𝜃), derived from the same form as the CDF in Eq. (5) within
the inverse transform sampling method. Thus, we use this technique to
generate values for 𝜃𝑟𝑜𝑡 and 𝜑𝑟𝑜𝑡 within the interval (−𝜋, 𝜋), allowing
for the calculation of the new directional angles 𝜃(𝑡 + 𝛥𝑡) and 𝜑(𝑡 + 𝛥𝑡)
through Eq. (4).

After simulating 𝑁 single migrating cells in 3D, we project the
trajectories in 2D for a direct comparison with the experimental data.
For model calibration, we employ prediction metrics involving the
cell trajectories (𝒙𝑐 (𝑡)) and directionality ratio (𝑑𝑟(𝑡)) (see Supplemen-
tary 1 for directionality ratio details). In particular, we determine the
mean effective displacement of cells along the 𝑋

(

𝑠𝑥 = (𝑥̄𝑐 (𝑡 = 𝑡𝑠𝑖𝑚))
)

and 𝑌
(

𝑠𝑦 = (𝑦̄𝑐 (𝑡 = 𝑡𝑠𝑖𝑚))
)

axes and integrate it into the metric 𝑠𝑥𝑦 =
√

𝑠2𝑥 + 𝑠2𝑦. Similarly, we calculate the standard deviation of cells’ final
positions along the 𝑋 (𝜎𝑥) and 𝑌 (𝜎𝑦) directions to estimate cell
invasion and incorporate this information into a comprehensive metric,
𝜎𝑥𝑦 =

√

𝜎2𝑥 + 𝜎2𝑦 , to capture cell dispersion over the 𝑋𝑌 plane. We also
calculate the area under the curve of the mean 𝑋𝑌 directionality ratio
(𝑑 (𝑡)) of cells

(

𝐷 = ∫ 𝑡=𝑡𝑠𝑖𝑚 𝑑 (𝑡) 𝑑𝑡
)

to evaluate the cell trajectories’
𝑟 𝑟 𝑡=0 𝑟
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straightness. Then, we compute the error between the simulation and
experimental metrics through Gaussian-like functions of the form:

ℎ(𝑎, 𝑏) = exp

(

−
(𝑎 − 𝑏)2

2
(

𝑏2
)

)

. (6)

Thus, the error is calculated as:

 = 1 −
( 1
3
ℎ(𝑠𝑠𝑖𝑚𝑥𝑦 , 𝑠𝑒𝑥𝑝𝑥𝑦 ) + 1

3
ℎ(𝜎𝑠𝑖𝑚𝑥𝑦 , 𝜎𝑒𝑥𝑝𝑥𝑦 ) + 1

3
ℎ(𝐷𝑠𝑖𝑚

𝑟 , 𝐷𝑒𝑥𝑝
𝑟 )

)

. (7)

Finally, we minimize the error () using a direct search optimization
method, iteratively updating 𝛾𝜑 and 𝛾𝜃 while minimizing the error
() to obtain the functional shapes of 𝑓 (𝜑𝑟𝑜𝑡; 𝛾𝜑) and 𝑔(𝜃𝑟𝑜𝑡; 𝛾𝜃) that
accurately reproduce cell migration within the microfluidic devices.

2.2. Fabrication of microfluidic devices

Microfluidic chips were fabricated in PDMS (polydimethylsiloxane-
Dow Corning GMbH Sylgard 184) at a 10:1 ratio of base to curing
agent, following the methodology described by Shin et al.. PDMS
microdevices were plasma-bonded to 35mm glass-bottom Petri dishes
(IBIDI) and treated with poly-D-lysine (PDL) solution (Sigma-Aldrich)
at 1mg∕mL to enhance the surface-matrix attachment. The geometry
of the microfluidic devices consisted of a central chamber in which we
introduced the hydrogel with the cells and two adjacent media channels
that allowed the introduction of cell culture medium and the generation
of chemical gradients through the addition of a growth factor CXCL12
in one of the channels [37]. The study previously published by Moreno-
Arotzena et al. presents further details about the geometry of these
microfluidic devices.

2.3. Cell culture and transduction of primary human T cells

PBMCs were obtained by Ficoll-Paque gradient centrifugation from
blood obtained from Healthy Donors (CEICA, C.I. PI 11/006). They
were activated with anti-CD3 (OKT3 clone) and anti-CD28 antibodies
(BD Pharmingen) in complete medium; 44% RPMI1640 (PAN Biotech)
+ 44% Click’s médium (Sigma) + 10% FBS (Sigma) + 1% Glutamax
(Gibco) + 1% Pen/Strep, (Sigma). The next day, the medium was
supplemented with IL-7 and IL-15 (Miltenyi Biotec) at a final concen-
tration of 10 ng∕mL. The transduction was performed on the third day
with lentiviral vector supernatants as described by Davies et al. and
Vectofusin-1 (Miltenyi Biotec) according to the manufacturer’s recom-
mendations. The activated PBMCs followed the same steps but without
lentiviral vector supernatants. After centrifugation, the medium was
replaced with fresh medium with IL-4 at 30 ng∕mL (Miltenyi Biotec).
The medium was replaced every two or three days with fresh medium
with IL-4.

2.4. Hydrogel preparation and 3D cell culture

The hydrogels were prepared using collagen gel solution type I (BD
Bioscience) to a final concentration of 4 and 6 mg∕mL, following the
methodology proposed by [20]. The dilution was brought to pH 7.4
with 0.5M NaOH. T cells and CAR T4 were suspended in a culture
medium and mixed with the collagen hydrogel to a final dilution of
1.5 × 105 cells/ml to follow individual migration in 3D. For light-
sheet microscopy (LLSM) 6 mg∕mL collagen gels were used. The final
dilution of cells was 1 × 106 cells/mL which were stained with 1 mM
Vibrant DiO (Molecular Probes) at 37 °C for 30 min. Then, the cells
were spun down, rinsed, and resuspended in a fresh medium. The
dilution of cells was then pipetted into the central gel chamber and the
hydrogel was confined by surface tension. Once in place, the collagen
gel solution was polymerized in a humidity chamber at 37 °C and
5% CO2 for 20 min. After that, the matrix was hydrated with RPMI
1640 (Lonza) supplemented with 10% FBS, 1% penicillin/streptomycin
(Sigma-Aldrich), 1% GlutaMAX (Thermo Fischer), and 30 ng∕mL IL4
(Miltenyi Biotec).
4

2.5. Image acquisition and quantification of T cells and CAR-T4 migration

Cell migration was recorded using time-lapse live microscopy
(Nikon D-Eclipse Ti Microscope and Zeiss Axio Observer 7) with a 10X
objective for migration, acquiring phase contrast images every 30 s for
1 h. The focal plane was chosen to be in the middle along the z-axis of
the device ensuring that the tracked cells were embedded within the
3D network. Cell trajectories were obtained using IMAGEJ and further
analyzed using MATLAB scripts.

3D live T cell and CAR-T4 migration with light-sheet microscopy
(LLSM) on a ZEISS Lattice Light Sheet 7 microscope (ZEISS,
Oberkochen, Germany) was followed during 1.5 h exciting the cells at
488 nm. For all experiments, the datasets acquired were deskewed using
the ZEISS Zen (blue edition 3.7) software by a linear interpolation
and a Cover-glass transformation. Deconvolution was performed using
a constrained iterative algorithm. The resulting images had a voxel
size of 0.14 × 0.14 × 0.14 μm3 and image stacks had a mean tempo-
ral resolution of 169.8 ± 26.34 s per frame. For further processing,
sample image stacks were resized with the resampling method of
ZEISS’s software to 1/8 of their original size, reaching a voxel size
of 1.16 × 1.16 × 1.16 μm3, reducing significantly data size for easier
management. During the experiment, the incubation conditions were
controlled and held at 37 °C, 5% CO2, and 95% of humidity. The
experiments with 4mg∕mL collagen matrices were performed with two
independent experiments, with four technical replicas for T cells and
for CAR-T4, and the experiments with 6mg∕mL with two independent
experiments and four technical replicas with T cells and with four
independent experiments with six technical replicas with CAR-T4. For
the assays with CXCL12 in 6mg∕mL collagen, two experiments were
performed with three technical replicas. 3D experiment with light-sheet
microscopy was performed once with two technical replicas with T cells
and three with CAR-T4.

3. Results

3.1. CAR-T cell migration is more sensitive to collagen concentration than
T cells

To demonstrate the potential of the computational framework in
accurately replicating cell movement patterns, we first conduct cell
migration assays of T and CAR-T4 cells (hereinafter referred to as CAR-
T) within microfluidic devices embedded in collagen-based hydrogels.
These cells are individually seeded in two distinct concentrations of
type I collagen (4 and 6mg∕mL), replicating the extracellular environ-
ment. The microfluidic device consists of a central chamber with an
embedded collagen matrix containing cells and two lateral channels
serving as reservoirs for growth media. In some cases, the chemoat-
tractant CXCL12 is introduced into one of the channels to establish a
chemotactic gradient within the microfluidic devices with 6mg∕mL of
collagen. Live-cell imaging techniques in 2D are employed, capturing
images at 30-second intervals for 1 h to track cell movement. Sub-
sequently, we characterize the migration patterns using the proposed
calibration metrics (Table 1, experiments column).

Then, we apply the proposed methodology to gain insights into the
3D behavior of cells, replicating the 2D microfluidic device migration
assays. The calibration metrics derived from the experimental data are
matched with the simulations (Table 1, simulation column), and the
shape of the functions 𝑓 (𝜑𝑟𝑜𝑡; 𝛾𝜑) and 𝑔(𝜃𝑟𝑜𝑡; 𝛾𝜃), which determine the
directionality of cell migration, is obtained (Fig. 2B). Note how the
optimized functions exhibit very subtle differences, yet these nuances
have a significant impact on the outcomes.

The 2D projections of our 3D simulations replicated the cell tra-
jectories of T and CAR-T cells in various collagen matrices (Fig. 2C).
Our observations reveal that at a collagen concentration of 4mg∕mL,
T cells and CAR-T cells exhibit a similar mean displacement in the
𝑋𝑌 plane. However, T cells show more directional movement (8.54%
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Table 1
Experiments and simulation data. 𝑁 is the number of cells, 𝑣̄𝑐 is the overall mean velocity of the cells, 𝑠𝑥𝑦 is the module of the mean effective
displacement of cells along the 𝑋 and 𝑌 axes, the 𝜎𝑥𝑦 indicates the module of the standard deviation of cells’ final positions along the 𝑋 and
𝑌 directions, 𝐷𝑟 is the area under the curve of the mean 𝑋𝑌 directionality ratio of cells, and  is the error between the experiments and the
simulation calculated through Gaussians-like functions from (7).
Cell type Medium 𝑁 Experiments Simulations  (%)

𝑣̄𝑐 (μm∕min) 𝑠𝑥𝑦 (μm) 𝜎𝑥𝑦 (μm) 𝐷𝑟 𝑠𝑥𝑦 (μm) 𝜎𝑥𝑦 (μm) 𝐷𝑟

T 4 mg∕mL 75 6.80 81.12 110.64 22.32 84.00 108.41 23.46 0.33
6 mg∕mL 44 5.26 52.40 81.64 19.20 55.89 73.09 19.10 1.17

CAR-T
4 mg∕mL 31 6.53 80.17 122.04 20.41 86.24 109.40 21.98 1.70
6 mg∕mL 49 3.94 41.57 70.15 18.11 45.76 59.66 20.35 3.60
6 mg∕mL + CXCL12 27 4.30 51.22 78.42 26.67 51.70 71.36 26.51 0.63
greater) and less dispersion (9.3% lower) than CAR-T cells. At a colla-
gen concentration of 6mg∕mL, T cells reduce their mean displacement
by 35.5%, while CAR-T cells exhibit a more substantial reduction
of 48.2%. Similarly, dispersion decreases more in the case of CAR-T
(42.6%) compared to T cells (26.2%), and directionality is also lower
in CAR-T compared to T cells. Furthermore, although the velocities
are similar at 4 mg/mL, at 6 mg/mL the overall mean velocity of
T cells decreases by 22.7%, while for CAR-T cells, the decrease is
39.6%. This highlights a markedly higher sensitivity of CAR-T cells
to collagen density alterations, resulting in a 20.6% smaller mean
displacement, 14.1% smaller dispersion, and 25.10% smaller velocity
compared to T cells under similar 6 mg∕mL conditions. Nonetheless,
the introduction of the chemo-attractant CXCL12 to the 6 mg∕mL
matrix leads to a 23.25% increase in 𝑋𝑌 plane displacement, an 11.7%
increase in dispersion, and 9.14% increase in velocity, narrowing the
gap between CAR-T and T cells’ mean displacement and dispersion to
2.2% and 3.9%, respectively, and making migration more persistent
(47.3% greater than the condition without CXCL12).

To further validate the accuracy of our replications of 2D cell
movement, we analyze the effective displacements along the 𝑋 and 𝑌
axes, revealing no statistically significant differences between simula-
tion predictions and experimental displacements derived from in vitro
data (Fig. 2D). Additionally, we assess the directionality ratio for T and
CAR-T cells in different matrices, confirming its ability to capture the
temporal evolution of the experimental data (Fig. 2E).

3.2. CAR-T cells tend to move in 2D, in contrast to the patterns observed
in T cells

In this section, we present model predictions of 3D trajectories
for T and CAR-T cells in different matrices (Fig. 3A), providing an
isometric view of the 2D projected trajectories in Fig. 2C. Despite the
apparent similarity in 2D invasion patterns, as shown before, signif-
icant disparities are observed in the 3D movement patterns between
T and CAR-T cells. While T cells exhibit multi-directional migration,
CAR-T cells show a limited movement along the 𝑍-axis, suggesting
predominantly 2D movement at both 4 and 6mg∕mL. To quantify these
results, we compare the effective displacement along the 𝑋 and 𝑌 -
axis with the effective displacements along the 𝑍-axis (Fig. 3B). At
both 4 and 6mg∕mL matrices, T cells demonstrate a more balanced
movement across the 𝑋, 𝑌 , and 𝑍 axes, with a ratio between the
median displacement in the 𝑍 direction and the 𝑋𝑌 directions of
1.01 and 0.95, respectively. In contrast, CAR-T cells at the same con-
centration matrices exhibit predominantly favored movement in the
𝑋𝑌 plane, with a ratio between the median displacement in the 𝑍
direction and the 𝑋 and 𝑌 directions of about 0.60 for both 4 and
6mg∕mL. However, the introduction of CXCL12 to the 6mg∕mL matrix
significantly boosts the 𝑍-axis movement for CAR-T cells, resulting in
the most remarkable 3D movement observed in this scenario, with a
median displacement in the 𝑍 direction 2.16 times higher than in the
𝑋 and 𝑌 . We find no statistically significant differences between the
effective displacements on the 𝑋𝑌 plane and 𝑍 in T cells but identify
5

significant differences for CAR-T cells, suggesting the tendency of CAR-
T cells to move two-dimensionally in the 4 and 6mg∕mL matrices not
enriched with CXCL12.

To confirm these predictions of the 3D movement patterns, we
conduct new 3D in vivo migration experiments, tracking T and CAR-
T cells in real-time for 1.5 h within a 6 mg∕mL hydrogel. This 3D
experiment, utilizing light-sheet microscopy, provides a more detailed
understanding of cell migration within a 3D environment, allowing
for the study of their spatial behavior. Subsequently, we calculate the
ratio between the movement in the 𝑍 direction and the planar 𝑋𝑌
movement for each displacement (Fig. 3C). Our observations reveal
that T cells exhibited 3D movement, with a ratio between 𝑍 and 𝑋𝑌
movements of 0.93. In contrast, CAR-T cells predominantly move in the
𝑋𝑌 plane with a ratio between 𝑍 and 𝑋𝑌 movements of 0.57. We find
no statistically significant differences between simulations and exper-
iments but we do find a significant difference in movement patterns
between T cells and CAR-T cells, confirming the model predictions of
a more predominant 2D movement pattern of CAR-T cells compared to
T cells.

4. Discussion

In this work, we developed a computational framework to estimate
3D migration patterns of cells within microfluidic environments using
an agent-based model, relying exclusively on 2D in vitro measurements.
To assess the predictive capabilities of our model, we simulated in vitro
migration experiments of T and CAR-T cells in hydrogels with different
concentrations of type I collagen in microfluidic devices. We showed
that the 2D projections of our 3D predictions successfully reproduced
the 2D migration patterns of both T and CAR-T cells in the different
density matrices, with no statistically significant differences between
the experiments and simulations (Fig. 2). Moreover, we observed that
although CAR-T and T cells behaved similarly at 4mg∕mL, CAR-T cells
showed higher susceptibility to the increment in collagen concentration
compared to T cells, resulting in a more pronounced reduction in their
invasiveness.

Furthermore, our computational model revealed notable differences
in the 3D movement patterns between T and CAR-T cells. T cells dis-
played migratory behavior in three dimensions within the two collagen
concentration matrices, aligning with the characteristic high motility
observed in immune cells that enables their access to intricate regions
within the body. In contrast, our simulations unveiled a distinctive
pattern in CAR-T cells. They appeared to predominantly move within
the 𝑋𝑌 plane and exhibited limited movement in the 𝑍 direction, in-
dicative of primarily 2D migration. To quantify the differences between
movements in each direction, we calculated the displacement ratio
between the 𝑍 direction and the 𝑋 and 𝑌 directions. T cells presented
a ratio around 1 in both density matrices, indicating a balanced three-
dimensional movement, while CAR-T cells presented a ratio around 0.6
in both matrices, emphasizing their predisposition to move more over
the 𝑋𝑌 plane compared to the 𝑍 direction. We found no statistically

significant difference between the 𝑍 and 𝑋𝑌 displacements in the case
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Fig. 2. Comparative analysis of 2D cell migration patterns between experiments and simulations. A. Calibration errors for each iteration of minimization, with two details at the
irst and last 10 iterations. B. Obtained directional migration functions 𝑔(𝜃𝑟𝑜𝑡; 𝛾𝜃 ) and 𝑓 (𝜑𝑟𝑜𝑡; 𝛾𝜑) from the inverse transform sampling method that minimize calibration error. C.

Experimental and simulated 2D cell trajectories of T and CAR-T cells in different collagen density matrices. D. Analysis of effective displacements along 𝑋 and 𝑌 axes between
experiments and simulations. ANOVA followed by post hoc Tukey–Kramer tests are performed to determine statistical significance. ∗∗∗ 𝑃 < 0.001; ∗∗ 𝑃 < 0.01; ∗ 𝑃 < 0.05. We find
o statistically significant differences between experiment and simulation results in any of the conditions. E. Comparison of simulated and experimental directionality curves.
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f T cells, but we did find notable differences in the 𝑍 movement
ompared to the 𝑋𝑌 movement in the case of CAR-T cells.

To validate these results of our new approach, we conducted 3D
ell migration experiments at 6mg∕mL using light-sheet microscopy,
llowing us to quantify cell migration patterns in 3D. Similarly, we cal-
ulated, for each displacement, the ratio between the 𝑍 movement and
he mean 𝑋 and 𝑌 movements, showing that in 3D experiments, T cells
xhibited three-dimensional movement (𝑍 movement versus mean 𝑋𝑌
ovement of 0.93), whereas CAR-T cells exhibited limited movement

long the 𝑍 axis (𝑍 movement versus mean 𝑋𝑌 movement of 0.57). We
ompared these experimental observations with our simulations and
ound no statistically significant differences between them. However,
e did observe differences between T and CAR-T cells, confirming

he model’s predictions of 3D migration patterns derived from 2D
ata. Additionally, our investigation revealed that the presence of the
hemical factor CXCL12 not only stimulated CAR-T cells to migrate
6

ithin the 𝑋𝑌 plane but also induced a shift in behavior, promoting c
D movement similar to T cells. Therefore, enhancing the migrative
apacity of CAR-T cells might be a promising strategy to improve the
fficacy of therapies in solid tumors [39].

The planar migration pattern observed in CAR-T cells may be at-
ributed to two main factors. Firstly, the exposure of T-cells to chimeric
ntigen receptors during their conversion into CAR-T cells could in-
luence their migration capabilities, potentially reducing their ability
o navigate through intricate and confined spaces. CAR-T cells can be
esigned for different chimeric antigen receptors, depending on the
argeting tumor-associated antigen. In this study, EGFR-targeted CAR-T
ells were generated, which may impact cell motility differently com-
ared to other conversions. Secondly, the geometrical characteristics
f microfluidic devices must be considered. The fiber alignment in the
𝑌 plane that is produced in microfluidic devices when pipetting the
ydrogel through the narrow lateral microchannels into the central
hamber, combined with the geometrical dimensions of the central

hamber (where the 𝑍 dimension is much smaller than the 𝑋 and 𝑌
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Fig. 3. Analysis of 3D cell migration patterns. A. Isometric view of the 3D predictions of cell trajectories for T and CAR-T cells corresponding to the 2D simulated trajectories
n Fig. 2C. B. Analysis of effective displacements along the 𝑋 and 𝑌 axes versus the 𝑍 axis in the simulations for T and CAR-T cells in different matrices. ANOVA followed by

post hoc Tukey–Kramer tests are performed to determine statistical significance. ∗∗∗ 𝑃 < 0.001; ∗∗ 𝑃 < 0.01; ∗ 𝑃 < 0.05. We find statistically significant differences between the
CAR-T movement pattern in the 𝑋 and 𝑌 directions and the 𝑍 direction in all conditions, in contrast with the T cells which present similar patterns. C. Comparison of the ratio
of effective displacement in the 𝑍 direction and the mean effective displacement in the 𝑋 and 𝑌 directions between simulations and the 3D in vivo experiment in the 6 mg∕mL

atrix. We find no statistically significant differences between simulations and experiments, but we do find statistically significant differences between T and CAR-T cells.
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imensions), generates a less confined environment in the 𝑋 and 𝑌 di-
ections [40–42]. We suggest that this alignment in the 𝑋𝑌 plane might
e affecting the migration patterns of CAR-T cells, which may find
ifficulties in moving against the direction of the fibers. This influence
ould lead to a reduction in migration, potentially transitioning from
D movement to a mode resembling 2D migration. The combination of
hese factors may account for the observed behavior, further limiting
he cells’ ability to migrate in the 𝑍 direction within this complex
nvironment.

Nevertheless, we have to keep in mind that our novel predictive
pproach is based on several simplifications. Initially, we assumed
ells exert constant magnitude locomotive force, with temporal changes
ttributed solely to changes in migration direction. Cells may generate
ocomotive forces varying in both magnitude and direction. However,
o calculate this force magnitude, we used the temporal mean velocity
f the entire cell population. This mean velocity represents the temporal
elocity variations across the cell population. Therefore, considering
mean locomotive force effectively encompasses the temporal vari-

tions in force magnitude across the population of cells, offering a
omprehensive measure of these temporal fluctuations and modeling
t with a mean representative value. However, temporal variations
n the locomotive force magnitude can be easily incorporated, for
nstance, making it variable within a certain range. Temporal variations
n the magnitude of the locomotive force can be easily incorporated by
llowing it to vary within a certain range, based on probability distri-
utions derived from velocity measurements. Additionally, we utilized
he displacements, dispersion, and directionality ratio as predictive
etrics. While projecting trajectories in 2D can yield the same trajec-

ories across multiple positions, the combination of these predictive
etrics, in conjunction with cell velocity, constrains the feasible cell
7

ositions that result in 𝑋𝑌 projections. Thus, to infer 3D movement, it
s necessary to have sufficient 2D data, including a sufficient number of
ells and 𝑋𝑌 movement, to ensure that the proposed metrics represent
he collective behavior of cell migration patterns. Nonetheless, further
efinements could be incorporated during the calibration phase, as
he model can be easily tailored to the user’s needs. For example,
dditional criteria could be added to better capture the directionality
atio over time, taking into account not only the area under the curve
ut the value of the ratio at different time steps. Similarly, our approach
ossesses the flexibility to incorporate additional metrics based on
he specific in-vitro data collected, demonstrating its adaptability for
arious types of migration assays.

Therefore, the methodology here proposed can be used by re-
earchers to estimate 3D migration patterns from 2D experimental data
hich can be easily obtained with automatic quantification algorithms

43,44]. This approach helps reduce the need for sophisticated and
xpensive microscopies required in laboratories, as well as the compu-
ational burden involved in producing and analyzing 3D experimental
ata.
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