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Figure 1: Experimental setup. A rectangular microfluidic channel (black box) contains an en-
dothelial layer (turquoise cells) and a fluid containing DA 21 tumor cells (grey cells). The fluid is
pumped by a peristaltic pump (left in the figure) with a pressure gradient G(1+ &y cos(wyt+¢))
at the entrance. A camera is placed to record the motion of cells located in a focal plane at a
distance hf* from the endothelial layer (grey cells surrounded by a red contour), see [41].

2.1 Protocol

We consider in this work in vitro experiments. Human Umbilical Vein Endothelial cells ( HUVEC,
Promocell) were seeded at 30 000 cells per channel in a rectangular microfluidic channel (IBIDI)
of length L = 1.7 x 1072 m, of width [ = 3.8 x 1073 m and height A = 4.0 x 107* m. Medium
was changed twice a day until they reach maximal confluency (3 to 4 days). DA21 mouse breast
carcinoma cells were with siRNA using Lipofectamine RNAIMAX (Thermo Fisher) following the
manufacturer’s instructions. Experiments were performed between 72 hours and 96 hours post-
transfection. 3 days after siRNA transfection, DA21 cells were resuspended at a concentration
of 108 cells/ml in a Hépés-buffered cell culture medium and perfused into the channel using using
a REGLO Digital MS-2/12 peristaltic pump (Ismatec), Tygon LMT-55 3-stop tubing (IDEX),
0.5 and 1.6 mm silicon tubing and elbow Luer connectors (IBIDI).

In the setup of the pump, the mean value of the entry pressure gradient is fixed and denoted
by G. The fluid velocity generated — which contains oscillations due to the pump — depends
on the position in the channel and is not measured. A ¢cMOS camera (IDS) is placed to record
the motion of cells located in a focal plane at a distance h’"" from the endothelial layer. The
experimental data consist of timelapse movie acquired at a rate of 24 frame per seconds for 2
minutes, on a rectangle of width f.q,, = 5.63 x 1074 m and of height Acqm = 2.99 x 10% m The
setup is shown in Figure 1.

2.2 Data availability

An example of a video image is shown in Figure 2. The cells forming the endothelial layer are
seen in the background, whereas moving CTCs that are not in the focal plane of the camera are
seen in the foreground. These CTCs have a well-defined shape, so that their trajectories can
easily be followed while they appear in the video. Most cells are smoothly transported through
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Figure 3: All extracted cell velocities over time (137 cells, without outliers). Cell velocities are
given in transparent color and weighted mean across cells is shown in normal color. The choice
of weighted means is motivated by a better visualisation of the results, since the noise is reduced.
The three figures correspond to the three different pressure gradient cohorts: top left for G,
top right for G and bottom for G®). The red curves stand for the siCTL cases, green for
silTGB1 cases, and blue for siCD44 cases. For each figure, the straight lines correspond to the
linear regressions of the weighted means of cell velocities. The initial time of each cell velocity
is adjusted in order to synchronize the oscillations. The data are normalized respectively by
100, 200 and 400 pm.s~*.
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Figure 4: Box plots of the estimated parameters bc (top) and d — r (middle) and the percentage
of decrease in cell velocity dy, (bottom) for the 3 cohorts (left: pressure gradient fixed at GV
corresponding to ~ 100 pm.s~!, middle: G® corresponding to ~ 200 pm.s~!, right: G®
corresponding to ~ 400 pm.s~!) and for all considered cells (red: siCTL, green: silTGBI1, blue:
siCD44). We substitute p-values with symbols such that: ns correspond to p> 10%, * to p< 10%,
** to p< 5%, *** to p< 0.5%, and **** to p< 0.05%.
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Figure 5: Box plots of the estimated parameters bc (top) and d — r (middle) and the percentage
of decrease in cell velocity do, (bottom) for the 3 subcohorts (left: siCTL, middle: siTGB1, right:
siCD44) and for the 3 cohorts of fluid velocities (2-axis: ~ 100 pm.s~! for G, ~ 200 pm.s~*
for G®), ~ 400 pm.s~! for G(3)). We substitute p-values with symbols such that: ns correspond
to p> 10%, * to p< 10%, ** to p< 5%, *** to p< 0.5%, and **** to p< 0.05%.
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Experiment Regression Intercept estimate | Slope estimate | Slope p-value
siCTL® 0.49 —0.0059 9.3x10°°
silTGB1W 0.57 —0.0073 3.3x10°10
siCD44®) 0.59 —0.0033 1.9 x 10~2
siCTL® 0.53 —0.0085 1.0 x 10~2
silTGB1(® 0.62 —0.018 4.2 x10°°
siCD44® 0.61 —0.0051 0.28
siCTL®) 0.63 0.0029 0.81
siITGB1®) 0.70 —0.039 6.7 x 10~
siCD44®) 0.70 —0.063 9.2x10°7

Table 3: Linear regressions of the wvelocity values for all cohorts and subcohorts. Column 2:
Intercept estimates (cell velocity value in the regression when t = 0). Column 3: Slope estimates.
Column 4: p-value of the slope estimates. Superscripts refer to the experiment number with the
fluid pressure values as in Subsection 2.2. The bold values are the p-values inferior to 2 x 1072,

4.2 Parameters estimation

In what follows, when the parameters depend only on the velocity cohort, the 3 estimated values
are given in a vector where the c'" value corresponds to the ¢! cohort for ¢ € {1,2,3}. We
estimate the following values for the fluid parameters:

PP =72x10° m, €9 =(027,0.13,0.07), Wi =(12.2, 24.4, 48.8) rads ™,
logit(¢) ~ N (logit(0.41),1.63).

Using these estimated values, the mean velocity values are computed
i = (99.8, 199.6, 399.3) pm.s .

Remark 4.1. These estimated mean velocity values justify the normalization considered in Fig-
ure 3.

For the adhesion parameters, Figure 4 shows the individual estimated values. It corresponds
to the box plots of the estimated parameters be (top) and d — r (middle) and the resulting
percentage of decrease in cell velocity dy, (bottom) for the 3 cohorts (left: pressure gradient
fixed at G middle: at G®), right: at G®)) and for all considered cells (red: siCTL, green:
silTGBI, blue: siCD44). We also add p-values ranges of the t-tests between the estimated
values of parameters for different protein modifications at the same fluid pressure. To facilitate
the comparison between the same protein modifications at different fluid pressure, Figure 5 shows
the same estimated values but sorted by protein modifications instead of fluid pressure gradient.
The p-values ranges of the t-tests between the estimated values of parameters at different fluid
pressure gradients for the same proteins are shown.

Table 4 summarises the mean and standard deviations by cohorts and subcohorts. To facili-
tate the reading of this table, the mean values and the associated standard deviations are plotted
in Figure 6.

To conclude this section, Figure 7 shows numerical fits compared to the experimental data.
Independently of the fluid cohort, two typical behaviours are observed: the CTCs velocity either
remains stationary or decreases. Therefore, we show examples of these behaviours for each
velocity cohort in the siCTL case only. Velocity values are normalised by 267! x 100 pm.s~! for
each c € {1,2,3}.
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Values
Experiment be d=r
siCTLM 0.72 (0.15) | 0.60 (0.02)
silTGB1(") 0.58 (0.11) | 0.63 (0.04)
siCD44) 0.51 (0.09) | 0.66 (0.03)
siCTL® 0.61 (0.08) | 0.61 (0.02)
silTGB1(?) 0.49 (0.13) | 0.64 (0.03)
siCD44(%) 0.47 (0.07) | 0.65 (0.02)
siCTL®) 0.41 (0.12) | 0.64 (0.05)
silTGB1() 0.41 (0.11) | 0.63 (0.03)
siCD44®) 0.43 (0.14) | 0.63 (0.03)

Table 4: Mean and standard deviation values of bc and d — 1 for the all cohorts and subcohorts.
The first value corresponds to the mean and the second value in parenthesis to the standard

deviation. For both parameters the unit of measurement is s~ 1.

Modification — siCTL — silTGB1 — siCD44
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Figure 6: Representation of the mean values of be (left), d — r (middle) and dy, (right) for the
different mean fluid velocities (x-axis) and for the different protein modifications (siCTL in red,
silTGBI in green and siCD44 in blue). The error bars correspond to the standard deviations.

5 Discussion

5.1 Data extraction and statistical analysis

One difficulty in detecting cells was to select the correct cells. Indeed, among the cells with an
apparently free trajectory, we had to pick out the CTCs without collisions, without arrests, or
without problems in tracking, e.g., due to proximity to other cells. This selection obviously has
an impact on the results. This selection could be automated by a more efficient tracker, especially
a fully automatic tracker even for large velocities. In addition, both the tracking method and
the experimental setup only resulted in the measurement of translational cell velocities, which
did not provide any information about possible rolling of the cells.

Concerning the statistical analysis of velocity data, significant differences between mean ve-
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the protein modification, whereas d — r is increasing. Consequently, we deduce that the control
case is the one where adhesion is more efficient with larger binding dynamics and more stable
bonds. On the other hand, depleting CD44 (siCD44) impedes the adhesion the most. Finally,
the intermediate fluid velocity shows only significant differences between the control case and
the modified conditions.

Figure 5 is sorted by protein modification. Both bc and dg, are decreasing with respect to the
fluid velocity, whereas d — r is increasing, but the results are not significant in the case siCD44
and for d — r in the case silTGB1. With these exceptions, we deduce that fluid velocity has a
significant impact on adhesion and the lower the velocity, the higher the possibility of observing
this phenomenon. The fact that for d — r we can not observe significant differences could also be
related to the available data set and on the bias in the observation of cells deceleration.

5.4 Comparison with the literature

In the literature, the adhesive dynamics of MDA-MB-231 cells in a microfluidic device interacting
with anti-EpCAM ligands-coated wall has been investigated in [40]. Sequential fitting of the
computational model of [31] on mean translational velocities for several shear rates allowed
to identify the average cell height, binding force, and bonds spring constant. Normalized cell
velocities for all shear rates were successfully fitted by a generic exponentially decreasing curve,
suggesting a strong dependence of the cell velocity magnitude on the fluid velocity, whereas it
was not the case for the typical decay time. Several differences exist between our frameworks.
From the biological viewpoint, the wall in [40] is passive, while ours is a monolayer of endothelial
cells, whose flow-driven active behaviour in cell arrest has been observed [14]. Together with
lower fluid velocities, it may explain their measures of smooth velocity decays until cell arrests,
that were not observed in our case. Moreover, we worked with partial observations since cell
velocities were not measured from their entrance in the experimental setting. On the other hand,
we considered the time-oscillating fluid velocity that had to be reconstructed, and developed a
mixed-effects calibration strategy able to deal with the individual cell velocities over time. In this
setting, we obtained insights on the role of the fluid velocity that are consistent with previous
observations [13, 14, 40]. Furthermore, our original and robust approach allowed to investigate
the respective roles of ITGB1 and CD44 proteins in the cell dynamics, which affect both the
magnitude of velocity decrease and the typical velocity decay time.

6 Conclusion and perspectives

In this work, we have attempted to characterise CTCs in the flow and their interaction with
the vessel wall, relying on the in wvitro experiments performed by Osmani and collaborators
in [14, 41]. Whereas previous analyses focused on cell arrest, the use of the CSRT tracker
allowed us to record trajectories and velocities of individual cells. We were able to analyse
different cell cohorts with respect to three different values of fluid pressure gradient (below
the threshold for efficient CTC adhesion found by Osmani and collaborators in [13]) and three
different protein expressions (siCTL, the control case; silTTGB1, depletion of ITGB1, integrin that
promotes adhesion stabilisation; siCD44, depletion of CD44, protein involved in early adhesion).
Statistical analysis of the mean of the extracted cell velocities and linear regression allowed the
observation of a slowing behaviour over time, see Tables 2 and 3. This shows that adhesion is
a continuous-time phenomenon involving CTCs in a fluid with a velocity below the threshold of
400 pm.s~1L.

Since the fluid velocity was not measured directly, we only knew the values of the pressure
gradient generated by the peristaltic pump that made up the device. This lack of data was
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compounded by our lack of knowledge about the pump. However, we were able to establish a
Poiseuille regime and describe the fluid velocity as a combination of oscillatory functions induced
by the pump and evident in the tracked cell velocity in Figure 3. We then focus on the modeling
of the cell velocity. The oscillating Poiseuille flow was weakly coupled to a simple ODE model
for cell adhesion that describes the cell velocity as the fluid velocity affected by bond formation
and disruption.

Optimal parameters for our model were not easy to find. Indeed, there are practical problems
with identifiability, mainly due to data noise and little information about the fluid parameters.
Our strategy to overcome this problem is based on a mixed-effects model and careful selection
of fluid parameter priors.

The well-designed parameter estimation has led to very attractive results, also from a biolog-
ical point of view. Indeed, it turns out that a low fluid velocity favours a decrease of cell velocity
and the formation of bonds. In contrast, a high fluid velocity makes it difficult to observe this
adhesion phenomenon, even when both adhesion proteins are expressed. At the same time, we
can demonstrate the role of CD44 and ITGBI1 proteins in adhesion. Without the expression of
CD44 (case siCD44), CTCs do not show a favourable deceleration behaviour, preventing the for-
mation of the first (albeit weak) interactions with the wall. In the absence of ITGB1 expression
(case siITGB1), the slowdown is less important than in the control case, but still present. Both
pieces of information indicate that the ITGB1 protein, in contrast to the CD44 protein, does not
promote early cell adhesion to the vessel wall, even if the combination of both leads to better
adhesion.

These conclusions are reported in the in vivo experiments, whereas they could not be ex-
tracted from the in vitro experiments before our work. This highlights the quality of the strat-
egy — based on mathematical modeling and data assimilation — we have developed. This work
confirms that efficient CTC arrest relies on a 2-step mechanism: (1) an early step which requires
a low energy but fast to engage CD44-dependent adhesion promotes the early arrest of CTCs
in flow and (2) a high energy but slow to engage integrin betal-dependent adhesion counteracts
shear-ripping flow forces on arrested CTCs. This second step requires an early but transient
arrest of the circulating cell.

As for the perspectives, the first one concerns the improvement of the CTC tracker from the
experimental videos, since it is not fully automatic and has a great need of optimization. The
second is the development of a mathematical model adapted to the in vivo experiments. These
data should allow us to incorporate cell arrest into our model. The more complex geometry will
require a more complex model of blood circulation. Finally, from a biological standpoint, it is
possible to use the model presented to study and predict additional molecular modes involved in
the arrest of CTCs at the vascular wall.
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