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Abstract

While extensive research has unraveled diverse biochemical mechanisms underlying the pro-
tumorigenic activities of macrophages, the role of physical forces in early tumor development
remains elusive. Here, we integrated experimental data with physical modeling to investigate
the contribution of various physical forces. Monitoring the growth of Kras®*?°p53-/- (KP) lung
tumor spheroids in vitro in 3 dimensions using real-time microscopy accurately reflects the
role of tissue-resident macrophages, rather than monocytes, in promoting tumor growth.
Based on the quantitative data, we develop a physical model of 3D spheroid growth to
simulate the dynamics of proliferating cancer cells and interacting macrophages, aligning
closely with experimental results. When cultured alone, KP lung cancer cells form a single
aggregate that contracts over time due to limited nutrient access at the center. The
introduction of macrophages promotes the nucleation of cancer cells into multiple small
aggregates, which grow before fusing to form a large final aggregate. Throughout this process,
macrophages facilitate nutrient access and thus favoring cell division. The theory predicts that
adhesion forces between tumor cells and macrophages are essential for the observed
tumorigenic effect. Among integrins potentially involved, CD11c is expressed by alveolar
macrophages but not by monocytes. Blocking CD11c reduces adhesion forces, preventing
spheroid nucleation by macrophages, and impairing growth. Additionally, our theory predicts
the redistribution of macrophages towards the periphery of tumor aggregates over time, an
evolutionary pattern that we validated in mice in vivo. These findings underscore the
significant contribution of physical interactions via CD11lc between tissue-resident
macrophages and cancer cells in the pro-tumor effect of macrophages. Targeting this
interaction could offer a new therapeutic strategy to impede early tumor development and
metastasis.
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Introduction

Single-cell technologies have established that tumor-associated macrophages (TAMs)
are very heterogeneous across and within tumors. Two ontogenically distinct populations, i.e.
tissue-resident macrophages and monocyte-derived macrophages, are present and may
participate in tumor development at specific stages®2. We previously showed that tissue-
resident alveolar macrophages (AM@) are recruited early during tumor initiation in human
non-small cell lung carcinoma (NSCLC) as well as in orthotopic and genetically engineered
mouse Kras®2? p537- (KP) NSCLC models. In vivo depletion of CD169* macrophages prior to
KP cell injection leads to a substantial reduction in both the number and mass of lung tumor,
underscoring the critical role of tissue-resident AM@ to the early stages of lung tumor
formation?. Notably, depletion of CD169* macrophages once KP tumors are established had
no impact on tumor growth. The initial contribution of tissue-resident macrophages at the
tumor onset, followed by the recruitment of monocytes, further appears to be a relevant
scenario for other types of solid tumors, such as pancreatic adenocarcinoma lesions*>.

Neoplastic cells establish complex networks of physical and biochemical interactions
with their microenvironment. Early studies pioneered the development of spheroids,
aggregates consisting of a single type of cancer cells cultured over various periods, serving as
in vitro models mimicking tumor biogenesis®. Over time, cell adhesion and activity generate a
surface tension in the tissue that, coupled with cell proliferation, shapes the aggregate into a
spheroid. Furthermore, three-dimensional multicellular spheroids closely mirror the
physiological gradients within solid tumors’. Cells at the periphery have better access to
essential factors such as oxygen or growth factors, and experience less mechanical stress than
those at the center. Consequently, edge cells proliferate, while central cells form an apoptotic
core, a scenario also observed in vivo in nascent, non-vascularized tumors 810, The diffusion
of oxygen, growth factors and nutrients, along with mechanical stresses, impose constraints
on the size of spheroids and early tumors %12,

Theoretical descriptions and numerical studies of tumor spheroids are an active area
of research, which aims at exploring quantitatively their growth and structure. One or multiple
cell species can be considered!*!# and the framework of the theory can be discrete or
continuous. But, a continuous viewpoint is more adapted to a description of the tumor micro-
environment and to the introduction of chemical processes!>1. Theoretical and numerical
studies are promising in testing quantitatively different scenarios to explain experimental
data'’-1°. Simple hypotheses on the structure of the cell-cell interactions give key information
on the evolution of the cell aggregates.

In a previous work, we cultured spheroids of KP cells with freshly purified mouse AM@
or monocytes in ultra-low binding plates®. RNA sequencing analysis revealed that KP tumor
cells co-cultured in 3D spheroids with AM@, but not monocytes, displayed a transcriptional
signature indicative of epithelial-to-mesenchymal transition (EMT), suggesting a potential role
for progression toward metastasis. Moreover, while monocytes directly induce proliferation
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of KP cells’, macrophage physical interactions with tumor cells may rather play a crucial role
in tumor organization, thereby impacting pro-tumoral activity.

We start with the idea that physical forces may contribute to the initial development
of tumor nests, but assessing this question using conventional cell biology approaches is
challenging. Our theoretical description offers means to integrate multiple parameters and
reasonable approximations in order to build up numerical simulations and to make
guantitative predictions, that we compare to our experiments. In this study, we investigated
the role of physical forces by initially monitoring the three-dimensional growth of KP tumor
spheroids in vitro in the presence of AM@, observing a positive impact on tumor growth as
observed in vivo in early tumor development®. We then devised a novel physical description
of spheroid growth under various conditions to compare to the experimental findings. This
involved constructing an aggregate-based model that considers multiple cell species and
accounts for their interactions. We applied this framework to cell aggregates following the
lines of Ackermann et al.?>.

Additionally, we employed an individual cell-based model to explore the spatial
distribution of cancer cells and AM@s within a spheroid containing both cell types. According
to the physical model, interaction forces between macrophages and tumor cells are crucial for
the positive effect of AM@s on KP spheroid growth. Inspired by our theoretical predictions,
we identified the integrin CD11c expressed by macrophages as a critical molecule for adhesion
to KP cells. We further demonstrated that CD11c blockade indeed reverses the positive effect
on spheroid growth.
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Results

Alveolar macrophages positively impact tumor spheroid growth

We developed a minimal 3-dimensional co-culture of tumor and myeloid cells to
guantify the impact of myeloid cells on early lung tumor growth. KP-GFP cells, a mouse NSCLC
cell line carrying Kras mutation and p53 deletion, and expressing GFP, were seeded in ultra-
low binding plates in the presence of either AM@ purified from bronchoalveolar lavages, bone
marrow monocytes (BM-Mo), or none. Fluorescent tumor spheroid growth was monitored
over 7 days using time-lapse microscopy. When KP-GFP cells were cultured alone, they quickly
adhered to each other, and aggregated into a single spheroid per well. Their sizes ceased to
grow after a few hours, and their diameter gradually decreased (Fig. 1A to C, yellow curves
and Supplementary video 1). The addition of increasing numbers of AM@s, but not BM-Mo, at
day 0, led to a large number of cell clusters, detected as green objects in Fig. 1A and B and in
Supplementary video 2. To estimate the tumor spheroid volume, we analyzed images and
calculated the projected area of the spheroids, considering either the total area of all GFP*
objects or the area of the largest GFP* object. While addition of AM@s led to an increase in
the total spheroid volume, BM-Mo had a minimal impact on the area of GFP* objects (Fig. 1A
and C, Supplementary video 3). Our findings indicate that the pro-tumorigenic effect of
macrophages is specifically recapitulated with AM@ but not with monocytes, highlighting their
distinct roles. In conclusion, primary tissue-resident macrophages promote spheroid
nucleation and tumor growth compared to monocytes obtained from bone marrow.

Alveolar macrophages impact the spatial organization of the tumor spheroid

To further quantify the impact of AM@ on tumor growth, we performed 3D image
analyses of spheroids. Spheroids were retrieved, stained, subjected to clearing with a home-
made Trapoid device (Supplementary Fig. 1C), and imaged by confocal microscopy (Fig. 2A).
Three-dimensional reconstruction of the images followed by image analysis revealed that
spheroid volume decreases between Day 3 and 7 when KP cells are grown alone (Fig. 2B). The
addition of AM@ led to decreased sphericity, accompanied by increased elongation and
flatness on Day 3, which was reflected on Day 7 by larger spheroid volumes (Fig. 2B to E). The
KP+AM® object was initially rather elongated (on day 3), potentially due to the coalescence
events of the aggregates, but reached a spherical shape over time (on day 7). These
observations are correlated to the total number of KP cells between day 3 and 7; they
decrease in the condition of KP cells alone while they do not in the presence of AM® (Fig. 2F).

To identify proliferating cells, we added a deoxynucleotide analog named EdU to
spheroid cultures, which can be detected by click chemistry. The proportion of proliferating
KP cells was twice as high on Day 3 in the presence of AM@ compared to their absence (4% to
2%), but similar on Day 7 (Fig. 2G). However, these low numbers likely result from the spheroid
imaging approach used, which involves collecting the spheroids in the Trapoid device to
undergo the staining/clearing/washes protocol. This likely leads to the selection of the largest
objects and the loss of all smaller cell aggregates. Therefore, we repeated the experiment and
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collected all the cells present in 12 wells per condition, analyzing them by FACS for KI67
expression (Supplementary Fig. 1A). On Day 3, more than 40% of the KP cells were KI67+ in
the presence of AM@ compared to 8% in their absence, with almost no difference on Day 7.
This suggests that the addition of AM@ allows KP cells to nucleate and proliferate in multiple
aggregates, but this effect is lost upon coalescence into a single large object, as observed on
Day 7.

Analysis of the 3D reconstructions of large spheroids revealed that the total number
of AM@s associated with spheroids was variable, low, and not significantly different between
days 3 and 7, whereas the number of proliferating AM@s decreased over time (Fig. 2H).

To study the spatial distribution of cells, we divided each spheroid into 3 concentric
zones of equal volume (edge, intermediate, and core) (Fig. 21). KP cells were more
concentrated in the core than the edge at both times and independently of the presence of
AM@ (Fig. 2) and K). AM@s were present in similar proportions in the 3 zones of the spheroids,
and their repartition did not change over time (Fig. 2L). In the absence of AM@, around 70%
of proliferating KP cells were located at the edge on days 3 and 7 (Fig. 2M and N). The addition
of AM@ distributed proliferating KP cells in the 3 zones in similar proportions, but this effect
was largely lost by day 7, with more cells on the edge (Fig. 2K).

We conclude that, at the start of culture, AM@s promote the formation of small
cellular aggregates by binding to KP cells. Over time, these aggregates tend to coalesce into a
single large object containing a small and variable number of AM@s, with the majority of
AM@s likely being excluded from the aggregates.

Physical model of tumor spheroid evolution

In order to understand the mechanism by which AM@s impact tumor spheroid growth,
we set up a minimal semi-continuous physical model to treat interactions between
proliferating cells. The details are provided in the Supplemental information and summarized
in Supplementary Fig. 3A. We focus on the essential physical phenomena with a minimal
number of parameters. The values of the parameters are inferred from our experimental data
or from existing data in the literature and are displayed in the Supplementary information,
Table 1. Our approach is an extended version of the classical Smoluchowski theory for
aggregation?®. We add a spatial component by considering the motion of discrete growing
aggregates. Each isolated cell or aggregate moves under the action of external forces and the
aggregates have a finite probability to coalesce upon contact. The growth and the shrinkage
of an aggregate depend on the mechanical force balance and on the gradient of nutrient
concentration inside the aggregate.

An important ingredient of the theory is the distribution of AM@s inside the aggregate.
AM@s significantly modify the sedimentation of the aggregates on the surface of the well and
must be at least partially localized on the aggregate surface. However, our measurements only
detect very few AM@s on the aggregate surface. We conjecture that AM@s remain on the well
surface when the aggregates are extracted for measurement or that AM@s are lost during the
clearing process. The measurements nonetheless show that AM@s are only present in low
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numbers inside the aggregate (Fig. 2H). In addition, no aggregates of AM@s were observed,
indicating that they only weakly interact with each other.

We first performed independent particle-based simulations where the interactions are
consistent with the experiments. KP cells strongly adhere to each other, they weakly adhere
to AM@s, and AM@s do not adhere to each other. With our hypotheses, these simulations
indicate that AM@s are located on the surfaces of the aggregates as shown in Supplementary
Fig. 2B to D.

In the semi-continuous simulations, we therefore assume that in an aggregate, all
AM@s are located on the surface, discarding the very few AM@s still present in the interior of
the aggregates. We consider each aggregate as a sphere of radius R and volume VV moving at
of velocity v . Newton’s law imposes that the total external force acting on an aggregate
vanishes since inertia is negligible. We only briefly review here the relevant forces, and more
details are found in the supplemental information. The buoyancy force is F; = —VApge,
where Ap is the density difference between the spheroids and the medium, g is the gravity
acceleration, and e, is the upward z unit vector. The friction force has two components,
parallel and perpendicular to the substrate, which include the Stokes drag force acting on a
sphere in a liquid near a container wall, as well as a dependency on the adhesion between the
cells and the wall. We also introduce a Langevin random force with a bulk component due to
the thermal and active noises and a surface component originating from the active motion of
the cells on the walls. A reaction force prevents the penetration of the cell aggregate inside
the wall.

When two aggregates or cells (KP or KP-AM@) are in contact, they merge with a finite
probability, but only after maturation of the adhesion between KP cells at contact. They then
reorganize to form a single spheroid. The fusion is represented by a Kramer’s escape process
with probability p; = Tf_le"AE where ¢ is the fusion timescale. The total energy barrier AE
depends mostly on the surface density of AM@s and KP cells in both aggregates. It is the sum
of two energy barriers:the two layers of AM@s repel each other, and there exists an energy
barrier for the adhesion between KP cells and AM@s. After the latency period due to the
remodeling of the shape, the new aggregate becomes a spheroid with a volume equal to the
sum of the volumes of the merging aggregates. The availability of nutrients limits the growth.
A detailed treatment of the diffusion-adsorption of nutrients as well as of themechanical
forces is given in the supplementary information following !7. Finally, we also take into account
the adhesion of AM@s to the surface of the well which slows down their motion along the well
and thus their sedimentation and that of the aggregates covered by macrophages.

We first study the KP cell proliferation dynamics in the absence of AM@s, and then in
the presence of AM@s in the well. The results are compared to the experimental data.

Comparison between numerical and experimental results
The experimental curves obtained by seeding different numbers of KP cells in wells (in
the absence of AM@s) are compared to the results of the physical model in Fig. 3A to C. The
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time variation of the following variables is studied: number and total area of the aggregates
per well, and area of the largest aggregate. We obtain a good agreement for all the variables.
The calculated number of KP cells forming the largest aggregate as a function of time with
increasing numbers of KP cells initially seeded (Fig. 3D) is compatible with the experimentally
measured cell numbers at 72 h and 168 h (Fig. 3D, the two red points with their standard
error). These two measurements were achieved after clearing the spheroids and 3D
reconstructions as explained in Supplementary Fig. 1C and D and Fig. 2F.3D images of the
simulation at different times are shown in Fig. 3E, as well as the 2D projected profile on the
XY plane (Fig. 3F) and the evolution of the size of the central aggregate (Fig. 3G). These
numerical results are consistent with the experimental observation that the volume of the
spheroids decreases with time after the initial coalescence of the small aggregates.

In the presence of both macrophages and KP cells, introduced simultaneously in the
wells, tiny aggregates of KP-AM@ are first observed and ultimately coalesce into a large
aggregate. To investigate the mechanism of action of AM@s within the spheroids and to
calibrate the physical model, we varied the number of AM@s added at the initial time t=0.
When the number of AM@s increases from 0 to 5000 cells/well in wells containing initially
2500 KP cells, stronger effects on spheroid nucleation and growth are observed (Fig. 4, shaded
curves). As detailed in the previous section, in the absence of AM@s (Fig. 4A to C, yellow
curves), tumor cells rapidly form a unique mass of cells that rapidly stops growing. In contrast,
the number of tumor nucleation germs increases with the number of AM@s added. The
obtained numerical results (curves with vertical bars) compared to the experimental curves
(curves with shaded surfaces representing standard errors) give similar profiles for the three
variables measured as a function of time: number and total area of aggregates per well, and
area of the largest aggregate (Fig. 4A to C). Here also, the estimation by microscopy of the
number of KP cells present inside the spheroids at two-time points after clearing and 3D
reconstruction (Fig. 4D, two red points at day 3 and day 7 with their standard error) is in
agreement with the theory (Fig. 4D). Simulations in 3D from 0 to 7 days in the presence of
AM@s are consistent with the observations made by time-lapse microscopy (Fig. 4E,
Supplementary video 4):we observe many small cell aggregates in the initial stages, which
coalesce to form a single large aggregate at long times. Projection of the simulations in 2D
reveals similar features of spheroid growth and AM@ adhesion (Fig. 4F, to compare with Fig
1A).

We conclude that overall, the simulations obtained with our physical approach fit well
with the experimental data. The physical model also allows to estimate various parameters
presented in Supplementary information Table 1.

CD11c blockade abrogates the positive effect of macrophage on tumor spheroid growth
Our theoretical model predicts that any change in the adhesion forces between AM@s

and KP cells should strongly impact the organization and growth of the tumor spheroids.A

decrease in these adhesion forces should ultimately abolish the positive effects of AM@s on
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tumor spheroid growth (see the numerical results from the simulation for the numbers of
aggregates and the total area of the objects in Fig. 5A and B). We, therefore, looked for
molecules likely to be involved in the adhesion between AM@s and KP cells. We targeted
candidate molecules expressed by AM@s but not monocytes and focused on the family of
integrins that are critical in cell-to-cell adhesion processes. The Itgax gene that encodes for
the protein CD11c satisfied our criteria since it was highly expressed in AM@s at the mRNA
level but absent in monocytes (Fig. 5C). This was confirmed at the protein level by flow
cytometry (Fig. 5D). To evaluate the contribution of CD11c to the adhesion of AM@s to KP cells,
we measured the rupture force of interaction between of KP cells and AM@s in a microscope
laminar flow chamber. A laminar shear flow rate was applied to generate drag forces from 0
to 8 nN on individual cells, with an increasing rate of 34 pN/s. AM@s interacting with
immobilized KP cells were stretched by this drag force until the rupture of the contact and
release of the AM@s into the stream (Supplementary video 5). KP cell- AM@ rupture forces
ranged from 0.4 to 8 nN, with half the values between 2.9 and 6.7 nN, suggesting a large
variety of cell-to-cell contact formation kinetics or complexity (Fig. 5E). The median rupture
force is 4.88 nN. In the presence of an anti-CD11c antibody, the median rupture forceis 3.8,
2.2,1.5, 1.4, and 1.4 nN for concentrations of 0.01, 0.1, 1, 2, and 5 ug/mL, respectively (Fig.
5E).The median rupture force reached a plateau beyond 1 pg/mL, (see also Supplementary
video 6). The presence of isotype control antibody (1 pg/mL) did not perturb the macrophage
adhesion as observed with a median rupture force at 4.9 nN, similar to values in the absence
of antibodies 4.8 nN.

We then analyzed the effect of the blockade of the integrin aX with the anti-CD11c
mAb on the adhesion rate of macrophages added at the time of observation to KP cells
adhered to a glass surface for 48 hours. A macrophage is grabbed by a single optical tweezer
and brought to a KP cell border. It is dragged along the KP cell surface with a force lower than
100 pN until the macrophage adheres and the 100 pN force is no longer sufficient to move it
(Fig. 5F, Supplementary Fig. 4 and Supplementary video 7). The median rolling distance was
18 um in 2.5 s until the macrophage adhesion to KP cells was stronger than the tweezer force.
In the presence of anti-CD11c, this distance and time were dramatically increased with a
median rolling time of 26 s and a covered distance of 190 um. (Fig. 5F, Supplementary Fig. 5
and Supplementary video 8).

Finally, we tested the impact of the same monoclonal antibody (mAb) specific for
CD11c against an isotype control in the spheroid tumor growth assay. The addition of the
CD11c-specific mAb to the culture abrogated in large parts the positive effect of AM@ on KP
spheroid growth in a dose-dependent manner, while the addition of the isotype control had
no impact on the evolution of the spheroids (Fig. 5G). We concluded that the adhesion forces
exerted via CD11c by AM@s on KP cells were responsible for the positive impact on spheroid
growth.

Analysis of KP lung tumor formation in vivo confirms the redistribution of AM@ at the
periphery along with tumor development
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One prediction of the physical model is that after the merging of the cell aggregates due to
the interaction between AM@ and KP cells into a larger structure, AM@ should move forwards
the outer edge of the tumor mass. To examine this idea, we injected KP-Luc cells i.v. into
C57BL/6 mice. Analysis of their lungs tissue post-staining with hematoxylin and eosin staining
along with CD11c immunostaining revealed the presence of small tumor foci containing
randomly distributed CD11c+ cells (supplementary Fig. 6A). In the peritumoral areas,
individual CD11c+ cells were observed, as expected, associated with alveoli. By day 14, the
distribution pattern of CD11c+ cells underwent a significant shift (supplementary Fig. 6B). The
tumor foci had enlarged considerably, and the majority of CD11c+ cells were now at the
immediate periphery of the tumor mass.

Our findings confirm that the physical model's prediction regarding the redistribution of AM@
is indeed observable in vivo during the establishment and progression of KP tumors in the lung.

Macrophages expressing CD11c in contact with tumor cells are observed in human NSCLC
lesions

To validate the applicability of our findings to human contexts, we analyzed resected
tumors from NSCLC patients using immunohistochemistry (IHC). Formalin-fixed paraffin-
embedded (FFPE) sections of previously untreated NSCLC tumor lesions were stained for
specific markers of macrophages (CD68), tumor cells (keratin), and CD11c (supplementary Fig.
7). Analysis of overlayed images revealed numerous examples of CD11c* CD68* macrophages
in direct contact with keratin* tumor cells. This observation suggests that the interaction of
CD11c+ macrophages with tumor cells may play a role in promoting early tumor development
in human lung neoplasia.

10
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Discussion

Several studies have documented that during early tumor development, prior to
vascularization, tumor cells establish associations with tissue-resident macrophages 3?23, To
explore the physical role of tissue-resident macrophages in early tumor development, we
conducted a comprehensive experimental and theoretical investigation into the positive
impact of tissue-resident macrophages on early lung carcinoma growth. Our rationale was to
construct a physical model based on our experimental data and simple hypotheses regarding
cell interactions, aiming to provide critical insights into the dynamics of cell aggregates and
potentially early tumor development.

We employed a simple in vitro model to replicate tumor development, utilizing the
mouse NSCLC KP cell line co-cultured without or with freshly isolated AM@s or bone marrow
monocytes, in ultra-low-binding plates. Over several days of video monitoring, we observed
distinct behaviors of the KP cells under different conditions. When cultured alone, KP cells
rapidly formed a single spheroid that compacted and shrank over time. This suggests that after
the initial binding of KP cells, adhesive structures tightened between the cells, resulting in a
reduction in spheroid volume. In contrast, upon the addition of AM@s at the initial culture
stage, but not monocytes, we observed the induction of nucleation of KP cells into multiple
aggregates. These aggregates grew and subsequently fused into a single aggregate. This
macrophage-induced nucleation led to an increase in the total number of KP cells in the
spheroids.

Based on these experimental results, we developed a theoretical model to elucidate
the dynamics of spheroids containing both macrophages and cancer cells, aiming to identify
the primary factors governing spheroid growth and potentially early tumor growth. The core
components of the physical model are the interaction parameters between the different cell
types. The physical modeling allows to validate the scenario that macrophages indirectly
enhance nutrients access to cancer cells and thereby their proliferation, quantitatively agrees
with experimental data.

The theoretical framework progresses in two key steps. Firstly, we apply an individual
cell-based model to cell mixtures containing differential cell adhesion. We also consider that
spheroid growth is governed by the diffusion of nutrients within the aggregates. The theory
assesses the structure of the spheroids and their growth kinetics, leading to two significant
findings: i) There is a sparse presence of macrophages within the bulk of the spheroids, with
all macrophages primarily located on the surface. ii) Proliferation is notably more pronounced
in smaller spheroids due to the accessibility of nutrients to all cells.

In a second step, these theoretical predictions are implemented in an aggregation
theory to quantitatively analyze spheroid growth, originating from both pure cancer cell
populations and mixtures of cancer cells and macrophages. In the absence of macrophages,
we demonstrate the formation of a single large spheroid that grows and eventually saturates
at a finite size. Conversely, in the presence of macrophages, numerous small spheroids are
initially generated, indicating that macrophages stimulate rapid nucleation of small spheroids,
which subsequently fuse to generate larger aggregates.

11



O 0 3 &N W b~ W N —

BB W W W W W W W W W WK NN DNDDNDNDNDDDNDDNRFR /= /= = = = = s
—_— O O 0 3 N LN B W N = O VO NN BN WD = O V0O 0NN N RN - O

The essential prediction of the theory is that the final aggregates harbor a larger
number of cancer cells in the presence of macrophages. This outcome is attributed to
heightened proliferation facilitated by enhanced access to nutrients within the small
spheroids, which later fuse to form larger aggregates.

The physical model integrates classical theories of aggregation and tumor growth,
effectively reproducing the experimental geometry, the behavior of various cell types, and the
structures of aggregates. The parameters derived from our physical model, given in the
Supplemental Information Table 1, are in agreement with values previously found in the
literature (see supplemental information), comforting the significance of our numerical study.

The physical model offers the following interpretation of the experiments: tumor cell
proliferation is influenced by two primary factors: access to nutrients and mechanical stress
exerted on the cells 24. These effects are more favorable when the surface-to-volume ratio of
the aggregate is larger. Consequently, smaller aggregates exhibit greater growth compared to
larger aggregates, as all their internal cells can undergo division.

When only KP cancer cells are present in the well, the formation of a single aggregate
is driven by two distinct features. Firstly, KP cells lack adhesion to the well, causing them to
sediment at the bottom of the well within the first hour. There, they stack and coalesce into a
unique aggregate. Secondly, KP cells do not immediately adhere to each other upon contact.
In general, the compaction of multicellular spheroids occurs in two stages: initially, integrin-
ECM bonds form, followed by the accumulation of integrin proteins on the cell surfaces. Both
stages are encompassed in a process ofadhesion maturation, which delays spheroid formation
2526 \When two spheroids merge, their contact zone also undergoes maturation prior to
adhesion. Stack formation occurs during this maturation period (Supplementary Fig. 2A).

The introduction of AM@s disrupts both processes. Initially, AM@s adhere to the well,
slowing down their sedimentation due to the adhesion-induced friction between the AM@s
and the wall. Moreover, AM@s adhere to KP cancer cells over a timescale of minutes.
Consequently, small aggregates composed of KP cells and AM@s form rapidly and sediment
slowly to the bottom of the well. There, they merge to create a large aggregate. This combined
process of aggregation and growth stimulates cancer cell proliferation by the macrophages.
Eventually, owing to differences in adhesion between KP cells and AM@s, most AM@s
accumulate outside the aggregates, while a minority remains contained within the spheroids,
evenly distributed throughout them (Fig. 2H and L), see also Supplementary Fig. 8.

Importantly, validating the physical model's prediction, we observed a similar scenario
in vivo in the lungs of mice intravenously injected with KP cells. Examination of the lungs on
day 7 post-injection revealed small tumor foci containing evenly distributed CD11c+ cells. By
day 14, the tumor foci had expanded, with nearly all CD11c+ cells located at the periphery of
the tumor mass, with few exceptions noted. While CD11c is also expressed by dendritic cells,
AM@ emerge as the predominant cell population expressing CD11c in the lung %’.

The presence of CD11c+ macrophages in proximity to tumor cells in human NSCLC
lesions suggests that this phenomenon extends to solid tumors in humans. The spatial
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distribution of the tissue-resident macrophages recruited in developing tumors appears of
importance for the outcome of their development, a trend observed across various tumor
types 3282 Ultimately, we provide a physical rationale for the observed redistribution of
tissue-resident macrophages during tumor development.

Recently, there has been a proposal to incorporate the cell history into the
classification of myeloid cell subsets within the TME, alongside their ontogeny and polarization
state 30, Pre-existing tumor-associated macrophages (preTAMs) can be considered as tissue-
resident macrophages already dedicated to facilitating the initial stages of tumor
development. In this context, AM@ may transition into preTAMs early in the process, aiding
circulating tumor cells in establishing niches within the alveoli by virtue of their ability to
physically interact with them via CD11c.

Our key finding is that enhanced KP cell proliferation in the experiments may arise
from the nucleation of multiple aggregates by macrophages, facilitating nutrient access for
cancer cells without inducing biochemical changes in their proliferation properties. Our in vitro
experimental findings highlight the critical role of adhesion forces and, notably, the adhesion
kinetics between tissue-resident macrophages and KP cancer cells, which greatly depends on
the CD11lc integrin—a molecule expressed at low levels by monocytes. Blocking CD11c
engagement with a specific antibody led to a significant decrease in forces and adhesion rates,
as well as the elimination of the positive effect induced by macrophages on spheroid growth.
Thus, the results of CD11c blockade suggest that soluble factor(s) may not play a role in the
macrophage effect, although this possibility cannot be entirely excluded.

The presence of an anti-CD11c blocking antibody did not entirely prevent macrophage
binding to KP cells, suggesting the involvement of other receptors. CD11c, the aX chain
integrin, is a member of the B2 integrin family and is known to associate with CD18 to form
the heterodimer aXp2. This integrin exhibits promiscuity, serving as a receptor for various
molecules such as the complement C3 cleavage product iC3b 3!, fibrinogen 32, denatured
proteins 33, and intercellular adhesion molecule (ICAM)-1 34, While other integrins expressed
by macrophages, such as B4, have been reported to be crucial for macrophage adhesion and
lympho-vascular remodeling that favors metastasis 3°, there is currently no reported evidence
of similar activities for CD11c.

The diameter of spheroids on Day 7 ranged from approximately 200 um in the absence
of macrophages to 300 um in their presence. Despite the irregularity of blood vessels in
tumors, the typical distance between two vessels is on the order of a hundred micrometers,
consistent with nutrient consumption patterns such as oxygen or glucose molecules 3637,
These dimensions correspond to spheroid sizes, with their centers positioned at 100 to 150
pum from the surface, rendering them vulnerable to hypoxia and nutrient deficiencies. As
tumor development progresses to later stages, the applicability of our model diminishes due
to the complex interactions among diverse cell and protein components within the tumor
microenvironment (TME). This holds true at the experimental level, where spheroids can
mimic tumor development before recruitment of monocytes and vascularization. However,
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focusing on early tumor formation provides an opportunity to explore the integration of
additional cell populations within the TME, such as fibroblasts or subpopulations of
macrophages with different phenotypes.

Our study offers a novel insight into the relationship between cancer progression and
macrophage-induced nucleation of aggregates, expanding on previous observations
correlating trans-coelomic metastasis with macrophage-induced spheroid formation 32,

Our research raises several intriguing questions that warrant further investigation.
These include exploring the consequences of macrophage clustering cancer cells on tumor
heterogeneity and evolution, as well as investigating the implications on spatial organization
and resistance to attack from tumor-specific T cells.

The physical interaction mediated by CD1lc between AM@s and tumor cells
represents a promising druggable target. Treatments with CD11c agonists could potentially
impede early tumor or metastasis development in cancer patients across various contexts.
Disrupting the tight physical interaction between tissue-resident macrophages and tumor cells
could therefore serve as an adjuvant treatment strategy across different tumor types to
prevent the establishment of metastasis.
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Methods
Mice

C57BL/6] female mice of 8-10 weeks old were used for tumour experiments (supplied by
Charles River). Mice were maintained at specific-pathogen free (SPF) health status in in-
dividually ventilated cages at 21°C and 40-50% humidity, under 12h light-dark cycles.
Ethical approval for mouse experiments was obtained by the Comité d’éthique en expéri-
mentation animale from Institut Curie (CEEA-IC#118, DAP2020-022).

Tumor induction in vivo

KP-Luc-DBY cells were grown in complete medium (RPMI + 10% FBS + 1% P/S), and 70%
confluent cultures were detached using TryPLE Express (Gibco) and counted. A total of 5
x 105 KP-Luc-DBY cells were intravenously injected in 1X phosphate-buffered saline
(PBS) into the tail vein and allowed to form tumor foci for 7 to 14 days before the lungs
were collected.

Histopathology

Tumor quantification was assessed in paraffin-embedded lung slides stained with haema-
toxylin and eosin. Slides were scanned using an Olympus Digital Scanner.
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Multiplex histological staining

Multiplexed IHC was performed according to the protocol developed by , with some ad-
justment. Tissues were baked at 60°C for 1h, deparaffinized in Xylene (Fisher Scientific,
10467270) and rehydrated. The heat-induced epitope retrieval was done with pH6.1 ci-
trate buffer (Dako, S169984-2) or pH9 EDTA buffer (Dako, S236784-2) in a 95°C water
bath for 30 minutes for the first staining (otherwise 15min) followed by incubation in
REAL peroxydase blocking solution (Agilent Dako, S202386-2) for 10 minutes. If the pri-
mary antibody was the same species as any antibody used in prior stains, another block-
ing step was added with Fab Fragment, for anti-rabbit (Jackson ImmunoResearch Europe
Ltd, 711-007-003) and anti-mouse (jackson ImmunoResearch Ltd, 715-007-003) for 20
minutes. Protein block serum free (Agilent Dako, X090930-2) was added for 10 minutes.
Primary antibody (rabbit anti-human CD11c Abcam ab56632, mouse anti-human CD68
Agilent M081401-2 and mouse anti-human Keratin Agilent M351529-2) was incubated
between 1 and 2 hours at room temperature. The primary antibody was detected with a
secondary antibody directed against it, conjugated with horseradish peroxydase (Anti-
rabbit: Agilent Dako, K400311-2) (Anti-mouse: Agilent Dako, K400111-2) (anti-goat
:R&D systems, VC004-050 )(Anti-rat : BioTechne, VC005-050) followed by chromogenic
revelation with 3-amino-9-ethylcarabazole (AEC) (Agilent Dako, K3468). Slides were
counterstained with hematoxylin (Thermo Scientific, 6765001) and mounted with Gly-
cergel aqueous mounting medium (Dako, C056330-2). After scanning (NanoZoomer S360
Digital slide scanner, C13220-04 ), tissues were bleached with ethanol baths and another
cycle was performed starting with the heat induced epitope retrieval.

Histology analysis and overlays

Each [HC staining was deconvoluted with HALO's (indicalab.com) module Deconvolu-

tion version 1.1.8. Then, overlays were done according to HALO's guidelines. Histology
visualizations were performed using the open-source image analysis QuPath software
(QuPath-0.4, https://qupath.github.io/).

Isolation of bronchoalveolar macrophages and purification of bone marrow mono-
cytes

AM@were isolated by washing the lung of C57BL/6 wild-type mice or mTmG mice ex-
pressing membrane-targeted tandem Tomato dimers3° with 5 x 1ml of MACS Buffer
(PBS 1X, 1% FCS, 0,5mM EDTA). Bone marrow monocytes were isolated using a bone
marrow monocyte isolation kit (Miltenyi 130-100-629) according to the manufacturer’s
instructions.

Spheroid formation and time-lapse imaging

KP-GFP cells were grown in complete medium in 96-well round bottom Ultra-Low Attach-
ment microplates (Corning, 7007) to allow spheroid formation. A varying initial number
of KP-GFP cells were grown alone or 2500 KP-GFP cells were mixed with varying number
of TRMs or bone marrow monocytes for 7 days. When indicated, blocking anti-CD11c an-
tibody (clone N418, eBioscience 15288377) or an isotype control (IgG Armenian Hamster,
eBioscience 17151252) were added at the indicated concentration.

19



O 0 1 &N L B~ W N —

e e e e e
0O N O Lt W DN = O

p—
O

B W W LW W LW W LW W W W NN DNDDNDDNDDNDDNDDNDIND
— O O 0 NN N kR WD R, O VO 0NN R WD RO

Spheroids were imaged with a robotized microscope placed in an incubator (IncuCyte S3,
Sartorius). Green fluorescence, red fluorescence and phase contrast images were acqui-
red every 3 h for 7 days. A mask based on the green fluorescence intensity was created to
detect the green objects, which are tumor spheroids. The size and the number of the tu-
mors spheroids was quantified using IncuCyte software.

Bulk RNA-seq

RNA isolation was done with the Qiagen RNeasy micro kit. One nanogram of RNA was
synthesized into cDNA using the Smart-Seq v4 Ultra Low Input RNA Kit for Sequencing
(Takara Bio). Sequencing libraries were prepared using the Low Input Library Prep Kit
(Takara Bio). Libraries were sequenced on an Illumina NextSeq 550 System. 75 single-
end RNAseq reads were mapped onto the mm10 genome using STAR3° version 2.7.3a. Af-
ter the mapping, chimeric reads were removed. Expression levels of individual genes
were obtained using featureCounts from Subread#lversion 1.5.1 and transcripts per mil-
lion (TPM) were calculated for each gene. Differential expression analysis was performed
using DESeq242version 1.19.37 on raw read counts to obtain normalized fold changes (FC)
and Padj-values for each gene. Heatmaps were produced using the R package Com-
plexHeatmap#3version 2.8.0.

Flow cytometry

Single-cell suspensions of bronchoalveolar AM@s or bone marrow monocytes were stai-
ned in FACS buffer (PBS supplemented with 10% BSA and 2 mM EDTA) with a PE-Cy7
anti-CD11c antibody (Biolegend 117318) and analyzed on a BD FACS Verse.

For spheroids, 12 wells per condition were pooled and dissociated with Accutase (Stem-
cell technologies) for 20 min at 37 °C and under agitation. Cells were stained in FACS buf-
fer with a BV605 anti-CD45 antibody (Biologend 103140). Cells were fixed with Invitro-
gen Fix/Perm according to the kit instructions, stained with a AlexaFluor 647 anti-Ki67
antibody (BD 561126) and analyzed on a Novocyte (Agilent).

Spheroid imaging

Spheroid were immobilized in a PDMS device (Trapoid) enabling histological preparation
and observation. The device consists of two chambers connected by a channel of a height
smaller than the diameter of the spheroid to be observed (0.15um). Each chamber at the
level of the channel ends in a tip to block the spheroid in place for proper imaging.

PDMS (GE Silicones) was used to prepare the device from a custom-made 3D printed
mold. 3D custom made mold was printed on a ELEGOO mars PRO 3D printer with ELEGOO
WATER Washable photopolymer resin. Molds were sonicated 3 times in water for 5 min
to remove the traces of non-polymerized resin. The PDMS chamber and a 24x60mm mi-
croscope cover glass (VWR ECN 631-1575) were plasma activated before being bound to
each other. The binding was left to strengthen in a 65°C oven for 1 hour.

Immunofluorescence and imaging
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3hours prior fixation 5uM EdU (5-ethynyl-2’-deoxyuridine) was added to spheroid media
for labeling dividing cells. Spheroids were collected, washed 3 times with PBS fixed using
4% PFA in PBS for 1hour and transferred into a Trapoid device. Permeabilization was
done using penetration buffer (PBS, 0,2%Triton 100X, 0,3M Glycine, 20%DMSO) for
lhour. Spheroids were washed with wash buffer (PBS, 3% BSA). EdU detection cocktail
was added following supplier’s instruction. (Click-iT EAU Imaging Kit A647, Invitrogen).
Spheroids were washed with wash buffer and incubated with Hoechst® 33342 (Thermo-
fisher) in penetration buffer for 30 min at RT. Spheroids were washed in PBS and cleared
using ScaleS4 media (D-Sorbitol 40(w/v)%; Glycerol 10(w/v)%; Urea 4M; DMSO
20(v/v)%) for 48h at 37°C 44.

Of note, the staining of spheroids with EU, another nucleotide analog incorporated into
nascent RNA, was homogeneous throughout the spheroids (Supplementary Fig. 1A). Since
EdU and EU possess similar structures, it suggests that EAU can also penetrate the whole
spheroids.

Imaging was performed using a Leica DMi8 inverted microscope connected to a SP8 scan-
ning confocal unit microscope equipped with four laser diodes (405, 488, 546, and 633
nm) and two hybrid detectors. For all acquisitions, a Leica 40x glycerol immersion objec-
tive HCPL APO (NA=1,25) was used and a Z-compensation was applied, modifying the de-
tector gain and the laser intensity to ensure a homogenous signal through the z-stack.
Images were acquired with a z-step of 2Zpm.

Image analysis

Image analysis was performed using Fiji 4°. First, a mask of the total spheroid, the macro-
phages cell body and the proliferating nucleus was obtained by applying a threshold res-
pectively on the GFP channel, the TdTomato channel and the EAU channel. A gaussian blur
(2px radius) was used to remove noise and a fill hole was apply on the macrophages mask
to fill entirely their cell body.

3D object counter was use on the spheroid mask to get properties such as volume surface
and bounding box and a 3D distance map corresponding to the distance to the edge of the
spheroid was obtained from the total spheroid mask using 3D distance map function from
image] 3D suite (v3.96.4).

Image] 3D suite (v3.96.4) was also used to compute 3Dshape parameter of the spheroid.
Sphericity is defined as =36m(V2/S3) where V is the Volume and S, the Surface. Elongation
and flatness are computed after an ellipsoid fitting. Elongation is calculated by doing as
P2/(4m/A) where P is the Perimeter and A, the Area. Regarding the Flatness, it is defined
as length of intermediate axis divided by the length of the shortest axis of the object. Com-
pactness is defined as = [sqrt(4 * area / PI)] / [major axis].

To do a cell-by-cell analysis, each nuclei center was detected using the Log detection from
Trackmate (radius=10 microns), and a 3D binary image of all nuclei center positions was
generated.

For each nucleus position, the distance to the edge was measured on the 3D distance map
and the positivity to tdTomato or EDU was measured on the macrophages or proliferating
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cell mask. One representative example of the masks obtained is represented in Supple-
mentary Fig. 1C and Supplementary video 9.

To analyze the distance to the edge distribution, the percentage of each cell population in
some concentric regions corresponding to 3 equal volumes were measured for all cell po-
pulations. Briefly, to define the 3 regions, the distance map was normalized from 0 for the
edge to 1 for the center of the spheroid. The 3 volumes were then defined according to
those normalized distances, from 0 to 0.126 for the external region, from 0.126 to 0.307
from the intermediate one, and from 0.307 to 1 for the internal region. Those values were
chosen to define 3 equal volumes if we approximate the spheroid as a sphere.

Rupture force assay of KP cell-macrophage interactions in laminar flow chamber
Adhesive flow chambers (Slide 10.1, Ibidi, Germany) were assembled on surface-treated
cell culture dishes (Startdest) and placed in an oven at 55°C for 30 min. KP cells were
grown in RPMI 10% FBS (Lonza) at 37°C, CO2 5% for two days in Petri dishes were re-
suspended with 2 mL of trypsin-EDTA (Sigma-Aldrich) per dish for 5 min at room tempe-
rature. KP cell suspension is diluted with 13 mL of RPMI completed with 10% FBS then
centrifuged for 5 min at 1000g. KP cells are resuspended in 1 mL of RPMI with 10% FBS.
Ibidi chambers were rinsed with 1mL of RPMI then, filled with 50 uL of KP cell suspension
then incubated for 4 hrs at 37°C CO2 5% in a humidified atmosphere. Culture media was
then gentled renewed (50uL) and cells were incubated overnight.Culture media was then
gentled renewed (50mL) was carefully added, and cells were incubated for 4 hrs at 37°C.
Mouse macrophages were stored in RPMI 10% FBS, then centrifuged and resuspended in
200 mL of warm RPMI 10% FBS. In the absence or presence of antibody anti-CD11c (0,
10, 100, 1000 ng/mL final concentration), 50 mL of macrophage suspension was gently
loaded in the chamber in the presence of KP cells and then incubated for 10 min at 37 °C.
The chamber was connected to a syringe pump (SP210iW, WPI) controlled by a computer.
The syringe was filled with RPMI. A flow rate was applied through the chamber for 92 s
increasing from 0 to 38.4 mL/min, synchronized with image acquisition (3 image/s, 1100
x 840 pm) using an inverted transmission microscope (Observer D1, Zeiss) with a 10x/0.3
NA objective controlled by MicroManager (Edelstein et al., 2014) .

Image series were analyzed using Image] software 47 and the plugin CellCounter. KP cells
and macrophages were distinguished from their size and shape. The flow rate value at the
cell-cell rupture event was used to compute the dragging force on the released cell accor-
ding to its size (mean diameter of 12 um), shape (roughly spherical) and density (mean
value 1.20 kg/L). Calibration of dragging force was performed from sedimentation rate of
cells in the chamber (RPMI density 1.0034 kg/L and dynamic viscosity 0.6998 mPa.s at
37°C) (35) and the theoretical flow speed versus wall distance according to Poiseuille so-
lution to Navier-Stokes formalism for a Reynolds’ number below 10 characterizing a la-
minar flow. Calculus of force from cell size and flow rate have been detailed previously by
Rose and colleagues 48 . The number of cells loaded in the chamber and located in the field
of view may vary from one experiment to another.

Adhesion assay of macrophages on KP cells using optical tweezers
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KP cells were grown on glass bottom Petri dishes (Matek 35mm) in RPMI 10% FBS. In the
absence or presence of antibody anti-CD11c (1000mg/mL final concentration) incubated
in 50 mL of macrophage suspension was gently loaded in the dish in the presence of KP
cells. Cells were then observed using a custom-made inverted transmission microscope
with high-speed CMOS camera (Basler, Ahrensburg, Germany, 659 x 494 px) and an oil
immersion objective (Olympus UPlanFLN 40x, NA 1.3). For trapping micrometric objects,
a near-infrared laser (1070 nm) minimizing phototoxicity is piloted using a 7-degree of
freedom joystick actuating high-speed laser-deflection generated by a galvanometer
(GVS002, Thorlabs, Newton, NJ, USA) and a deformable mirror (PTT111 DM, Iris AO, Ber-
keley, CA, USA). The 3D motion of the focal spot is obtained by the synchronization of the
orientation of the galvanometer mirror and focusing or defocusing the deformable mirror.
A 3D-nano stage is controlled by a piezo motor 4° .The nano-stage moves the Petri dish
while trapped macrophages remain fixed. Multiple traps are created by sequentially mo-
ving the focal spot between different positions. This time-sharing method is made pos-
sible by the short response time of the galvanometer and the deformable mirror, and a
real-time control framework implemented on a Real-Time kernel (Xenomai). This design
allows the creation of numerous independent optical traps within a volume of approxi-
mately 70 x 50 x 9 um3 with a bandwidth of up to 200 Hz. Tweezer force actuations are
limited to 500 pN on macrophages because of the low difference in cell density with the
media.

Figure legends

Fig. 1. Evolution of 3D tumor spheroids cultured with alveolar macrophages or monocytes

A. Representative images from movies of 2500 KP-GFP tumor cells co-cultured with 5000
BM-Mo, 5000 AM@, or alone on days 1, 3, and 7 are shown (extracted from Supplementary
video 1 to 3). Myeloid cells were prepared from transgenic mice expressing a membrane-tar-
geted dimer Tomato. The images were acquired over several days with an InCucyte micros-
cope in the GFP and Tomato channels and light transmission. Scale bar = 200pum

B-C. Graphs show the quantifications of the number of aggregates, total area, and largest
object area from co-cultures with AM@ or BM-Mo. Images were taken every 3 hours during
the first 168 hours of culture. The mean of 3 independent experiments is represented by
each colored curve, which corresponds to a different number of AM@ or monocytes.

Fig. 2. Spatial quantification of the evolution of tumor spheroid growth in the presence or
absence of alveolar macrophages
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A. Representative images of KP-GFP spheroids co-cultured with AM@ or alone on days 3 and
7. EdU was added to the cultures for the last four hours to identify the proliferating cells pre-
sent in the spheroids. The spheroids were fixed, stained with Hoechst, cleared, and analyzed
using confocal microscopy. Complete 3D reconstructions were built using stacks of spheroid
images acquired every 2 um. The XY and ZX median planes are presented here. Scale bar =
100pm.

B-H.Quantifications of the 3D spheroid reconstitutions on days 3 and 7 were performed
using algorithms developed in Fiji (see Material and Methods) to achieve cell segmentation
and measure the indicated parameters. The sphericity was calculated using the formula
Sph=36mV2/S3, where V is the volume and S is the surface of the aggregate. The results were
obtained from three independent experiments, with 10 to 12 spheroids per condition. Un-
paired t-test *P<0.05, **P<0.01, ***P<0.001.

I. Spheroid representation in 2D and 3D. Each spheroid was approximated as a sphere and
divided into three concentric regions of equal volume.

J-N. Graphs showing the percentage of (J-K) KP cells, (M-N) proliferating KP cells and (L)
AM® in each region on days 3 and 7.

Fig. 3. Comparison between the experimental data and the 3D simulations of the evolution
of KP growth in the absence of macrophages

A-D. The graphs display (A) the number of aggregates, (B) the total area of GFP+ objects, (C)
the largest object area and (D) the number of KP cells in the largest object over time from 0
to 175h co-culture. The two red points with error bars represent the comparison between
simulation and experimental results obtained by confocal imaging quantification of cleared
spheroids obtained after seeding of 2500 KP-GFP cells collected at 72h (day 3) and 168h (day
7). Experimental curves are presented with shaded surfaces representing standard errors
(N=3 independent experiments). Simulations obtained through mathematical modeling are
shown as plain lines with vertical bars indicating standard errors. Each colored curve corres-
ponds to a different number of KP cells seeded at t = 0. The same parameters were applied
to the mathematical modeling, which generates some variation upon repeats due to the sto-
chasticity introduced. The results obtained by both approaches are overlaid.

E-F. Representation of KP spheroid surface growth by (E) a 3D simulation and (F) an XY pro-
jection at five different timepoints. G. Overlay in 2D of the size of the largest object at three
timepoints based on the mathematical modeling.

Fig. 4. Comparison between the experimental data and the simulations in 3D of the evolu-
tion of KP growth in the presence of increasing numbers of macrophages
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A-D. Graphs showing (A) the number of aggregates, (B) the total area of GFP+ objects, (C)
the largest object area and (D) the number of KP cells in the largest object over time from 0
to 175h co-culture. Two red dots with error bars represent the experimental results obtai-
ned by confocal imaging quantification of cleared spheroids obtained after seeding 2500 KP-
GFP cells with 5000 macrophages harvested at 72h (day 3) and 168h (day 7). The experimen-
tal curves display shaded areas to represent the standard deviation, while simulations obtai-
ned through mathematical modeling are shown as plain lines with vertical bars to indicate
the standard error. The experiments involved seeding 2500 KP-GFP tumor cells per well with
varying numbers of freshly isolated alveolar macrophages (0, 625, 1250, 2500, and 5000
AM@). Each colored curve corresponds to a different number of alveolar macrophages ini-
tially seeded. During the first 175 hours of culture, images were captured using an IncuCyte
and the same parameters were used for mathematical modeling. The results obtained from
both approaches are overlaid. E-F. The growth of the KP-GFP cells and AM@ spheroid surface
is represented in 3D simulation (E) and XY plane projection (F) at five different timepoints.

Fig. 5. Blocking CD11c inhibits the positive impact of alveolar macrophages on tumor
growth in vitro.

A-B. Simulations of the evolution of (A) the number of aggregates and (B) the total area of
GFP+ objects when reducing the interaction forces between macrophages and tumor cells.

C. Heat map analysis of RNAseq data obtained from freshly isolated bone marrow mono-
cytes and alveolar macrophages. Here is displayed the TPM for members of the integrin fa-
mily. N = 3 replicates. The gene Itgax encodes for the CD11c protein. D. Flow cytometry his-
togram of the CD11c surface expression in bone marrow monocytes and alveolar macro-
phages. E. Rupture force assay of KP cell-macrophage interactions in a laminar flow chamber
in the presence of anti-CD11c at varying concentrations. The left panel shows a whisker-box
plot of quartiles of dragging force values at the cell-cell interaction rupture event under the
indicated conditions. The right panels show successive images displayed as tiles under the
indicated conditions, with the dragging force scale detailed at the top. AM@ were gently
loaded onto KP cells seeded in adhesive flow chambers in the presence of the indicated anti-
bodies at various concentrations for 10 minutes and submitted to an increasing flow rate
synchronized with image acquisition. The image series were analyzed to compute the drag-
ging force on the released cell (see methods). F. A binding kinetic assay was conducted to
observe macrophages on KP cells with and without anti-CD11c (1 pug/mL) using an optical
tweezer to drive macrophage rolling over the KP cells. The left panel shows a whisker-box
plot of quartiles of time between cell-cell contact and adhesion force exceeding 100pN in
the indicated condition. The right panels show successive images from contact to adhesion,
with the tweezer force direction indicated by an arrow. G. The number of aggregates and
the total area of GFP+ objects were quantified while coculturing 2500 KP-GFP tumor cells
with 5000 AM@ in the presence of increasing concentrations of anti-CD11c or its pcontrol.
Images were acquired every 3 hours during the first 130 hours using an IncuCyte. Each

25



e IR BN

O

10

11
12
13
14
15
16
17

18
19
20
21
22
23

24
25

26
27
28
29
30
31

32
33
34
35

colored curve corresponds to a different concentration of anti-CD11c. The experiment was
conducted three times (N=3).

Supplemental movies

Supplementary video 1 to 3. They correspond to Fig. 1. 5000 KP-GFP cells alone (Supple-
mentary video 1), 5000 KP-GFP + 5000 AM@ (Supplementary video 2), 5000 KP-GFP + 5000
BM-Mo (Supplementary video 3)

Supplementary video 4: 3D stimulation of the surface of the growing spheroid correspon-
ding to Fig. 4E (2500 KP-GFP + 5000 AM®).

Supplementary video 5 and 6: they correspond to Fig. 5 E. Videos of the rupture force assay
of KP cell-macrophage interactions in a laminar flow chamber in the absence (5) and the pre-
sence (6) of anti-CD11c (1 pg/mL), illustrating the examples given in the Fig. 5E. Supplemen-
tary video 7 and 8: They correspond to Fig. 5F and the Supplementary Fig. 4 and 5 of macro-
phages rolling on KP cells in the absence (Supplementary video 7) and the presence of anti-
CD11c (1 pg/mL) (Supplementary video 8) A single optical tweezer has been used for driving
the macrophage rolling over the KP cells.

Supplementary video 9: video of a Z-stack corresponding to supplementary Fig. 1C.

Supplementary Figures

Supplementary Fig. 1. Image acquisition and processing of spheroids of tumors

A. Graph showing the percentage of Ki67* cells among CD45 cells after dissociation of all
spheroids present in 12 wells of KP alone or KP with AM@ on days 3 and 7.

B. Images of a 3-day-old KP-GFP spheroid's equatorial section are displayed for each indi-
cated channel. During the last 4 hours, EU was added to the cultures to label RNA synthesis.
The spheroids were fixed, stained with Hoechst, and cleared using the Trapoid device. The
clearing procedure enabled accurate imaging of the entire spheroid by confocal microscopy.
For example, individual nuclei in the center of the spheroid can be seen through Hoechst
staining.

C. The Trapoid device design is shown from left to right, including the positioning of the
spheroid within the arrow of the device. A snapshot of the device with wells filled with blue
dye is provided to visualize the connections.

D. Principle of the method used to quantify 3D images. The top row shows an XY median
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plane KP-GFP spheroid co-cultured with Tomato AM@, stained with Hoechst and EdU647,
which were acquired after clearing performed in the Trapoid device (as shown in Fig. 2). The
bottom row shows the nuclei seeds detected in the median plane, and the segmented
images obtained for each fluorescence channel are displayed.

Supplementary Fig. 2. Aggregation process and structure of the aggregates

A: Description of the aggregation-growth process on a substrate for the cancer cells. The KP
cancer cell adhesion properties first become mature. Then, the cells aggregate into a
growing aggregate spread on the substrate, which eventually reorganizes into a structured
compact spheroid. Green cells correspond to proliferating cells exposed to relatively high
concentrations of nutrients. Yellow cells are much less proliferating and are exposed to lo-
wer nutrient concentration levels. Red cells are dying cells.

B-D: Particle based simulations for KP cells (in blue) adhering to each other and AM@s (in
red) not adhering to each other. KP cells and AMs adhere to each other. Different structures
are obtained for different values of the KP-AM@ adhesion. B. Adhesion KP-KP stronger than
KP-AM@. C. Adhesion KP-KP same as KP-AM@. D. Adhesion KP-KP weaker than KP-AM@.

E: Concentration profile of the nutrients in an aggregate and its vicinity. The concentration
normalized by the concentration far from the aggregate (n/n.,) is displayed in the function
of the distance from the center of the aggregate (radius). We consider the nutrient concen-
tration in the KP cells bulk part in green, in the layer of macrophages in red, and outside the
aggregate in blue. The critical concentration that controls cell proliferation and death is dis-
played as a dashed line.

The curves were produced using the same parameters as in the simulation.

Supplementary Fig. 3. Schematic description of the architecture of the physical model and
the numerical algorithm

A. Architecture of the physical model. Each aggregate is considered as an object per se sub-
mitted to forces. The motions of the objects are modeled using a particle-based type model.
Each aggregate is also growing. This growth depends on the nutrient profile inside the aggre-
gate, introduced with a continuous formalism. Last, aggregates may fuse after contact, with
probabilities that depend on energy barriers.

B: Numerical algorithm. The program is initialized by randomly placing the KP cells and the

macrophages in the lower spherical part of the well. Then a global loop computes the posi-
tion of the cells and of the aggregates at each time step. To do so, a first loop on the aggre-
gates and cells is created that calculates the growth of each aggregate. Then, a second loop
on the aggregates and cells considers the forces acting on the aggregates and the
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displacement caused by these forces. Eventually, a last loop on the aggregates and cells con-
siders the maturation of the adhesion, the compaction, and the fusions.

Supplementary Fig. 4. Kinetic of macrophages binding to KP cells using optical tweezers

A single optical tweezer was used to drive the macrophage rolling over the KP cells in the
four examples B-E, supplementing the A shown in Fig. 5F. Successive images, from the initial
contact to the adhesion, are shown with the indication of the tweezer force direction, time,
and distance from the cell-cell contact event.

Supplementary Fig. 5. Blocking CD11c alters the kinetic of macrophage binding to KP cells

A single optical tweezer was used for driving the macrophage rolling over the KP cells in the
presence of an anti-CD11c mAb (1 mg/mL) in the two examples A and B supplementing the
Fig. 5F.

Supplementary Fig. 6. CD11c+ cells are initially localized in contact to tumor cells before
being excluded from the tumor.

Haematoxylin and eosin (H&E) staining of tumor lesions and IHC staining (anti-CD11c)7
days (A) or 14 days (B) after the injection of KP cells. Arrows indicate CD11c+ cells.

Supplementary Fig. 7. IHC staining highlighting CD11c+ macrophages in close contact with
tumor cells

NSCLC sections were stained for macrophage marker CD68 (green), CD11c (red), keratin
(white), and nuclei (cyan). Scale bar is 100pum.

Supplementary Fig. 8. Graphical abstract
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Fig. 1. Evolution of 3D tumor spheroids cultured with alveolar macrophages or monocytes

A. Representative images from movies of 2500 KP-GFP tumor cells co-cultured with 5000 BM-Mo, 5000 AM@, or alone on days 1, 3, and 7 are
shown (extracted from Supplementary video 1 to 3). Myeloid cells were prepared from transgenic mice expressing a membrane-targeted
dimer Tomato. The images were acquired over several days with an InCucyte microscope in the GFP and Tomato channels and light

transmission. Scale bar = 200um

B-C. Graphs show the quantifications of the number of aggregates, total area, and largest object area from co-cultures with AM@ or BM-Mo.
Images were taken every 3 hours during the first 168 hours of culture. The mean of 3 independent experiments is represented by each colored
curve, which corresponds to a different number of AM@ or monocytes.
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Fig. 2. Spatial quantification of the evolution of tumor spheroid growth in the presence or absence of alveolar macrophages

A. Representative images of KP-GFP spheroids co-cultured with AM@ or alone on days 3 and 7. EdU was added to the cultures for the last four
hours to identify the proliferating cells present in the spheroids. The spheroids were fixed, stained with Hoechst, cleared, and analyzed using
confocal microscopy. Complete 3D reconstructions were built using stacks of spheroid images acquired every 2 um. The XY and ZX median
planes are presented here. Scale bar = 100pum.

B-H.Quantifications of the 3D spheroid reconstitutions on days 3 and 7 were performed using algorithms developed in Fiji (see Material and
Methods) to achieve cell segmentation and measure the indicated parameters. The sphericity was calculated using the formula Sph=36mVv2/S3,
where V is the volume and S is the surface of the aggregate. The results were obtained from three independent experiments, with 10 to 12
spheroids per condition. Unpaired t-test *P<0.05, **P<0.01, ***P<0.001.

I. Spheroid representation in 2D and 3D. Each spheroid was approximated as a sphere and divided into three concentric regions of equal
volume.

J-N. Graphs showing the percentage of (J-K) KP cells, (M-N) proliferating KP cells and (L) AM@ in each region on days 3 and 7.
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Fig. 3. Comparison between the experimental data and the 3D simulations of the evolution of KP growth in the absence of macrophages

A-D. The graphs display (A) the number of aggregates, (B) the total area of GFP+ objects, (C) the largest object area and (D) the number of KP
cells in the largest object over time from 0 to 175h co-culture. The two red points with error bars represent the comparison between
simulation and experimental results obtained by confocal imaging quantification of cleared spheroids obtained after seeding of 2500 KP-GFP
cells collected at 72h (day 3) and 168h (day 7). Experimental curves are presented with shaded surfaces representing standard errors (N=3
independent experiments). Simulations obtained through mathematical modeling are shown as plain lines with vertical bars indicating
standard errors. Each colored curve corresponds to a different number of KP cells seeded at t = 0. The same parameters were applied to the
mathematical modeling, which generates some variation upon repeats due to the stochasticity introduced. The results obtained by both
approaches are overlaid.

E-F. Representation of KP spheroid surface growth by (E) a 3D simulation and (F) an XY projection at five different timepoints. G. Overlay in 2D
of the size of the largest object at three timepoints based on the mathematical modeling.
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Fig. 4. Comparison between the experimental data and the simulations in 3D of the evolution of KP growth in the presence of increasing
numbers of macrophages

A-D. Graphs showing (A) the number of aggregates, (B) the total area of GFP+ objects, (C) the largest object area and (D) the number of KP
cells in the largest object over time from 0 to 175h co-culture. Two red dots with error bars represent the experimental results obtained by
confocal imaging quantification of cleared spheroids obtained after seeding 2500 KP-GFP cells with 5000 macrophages harvested at 72h (day
3) and 168h (day 7). The experimental curves display shaded areas to represent the standard deviation, while simulations obtained through
mathematical modeling are shown as plain lines with vertical bars to indicate the standard error. The experiments involved seeding 2500 KP-
GFP tumor cells per well with varying numbers of freshly isolated alveolar macrophages (0, 625, 1250, 2500, and 5000 AM@). Each colored
curve corresponds to a different number of alveolar macrophages initially seeded. During the first 175 hours of culture, images were captured
using an IncuCyte and the same parameters were used for mathematical modeling. The results obtained from both approaches are overlaid. E-
F. The growth of the KP-GFP cells and AM@ spheroid surface is represented in 3D simulation (E) and XY plane projection (F) at five different
timepoints.
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Fig. 5. Blocking CD11c inhibits the positive impact of alveolar macrophages on tumor growth in vitro.

A-B. Simulations of the evolution of (A) the number of aggregates and (B) the total area of GFP+ objects when reducing the interaction forces
between macrophages and tumor cells.

C. Heat map analysis of RNAseq data obtained from freshly isolated bone marrow monocytes and alveolar macrophages. Here is displayed the
TPM for members of the integrin family. N = 3 replicates. The gene Itgax encodes for the CD11c protein. D. Flow cytometry histogram of the
CD11c surface expression in bone marrow monocytes and alveolar macrophages. E. Rupture force assay of KP cell-macrophage interactions in
a laminar flow chamber in the presence of anti-CD11c at varying concentrations. The left panel shows a whisker-box plot of quartiles of
dragging force values at the cell-cell interaction rupture event under the indicated conditions. The right panels show successive images
displayed as tiles under the indicated conditions, with the dragging force scale detailed at the top. AM@ were gently loaded onto KP cells
seeded in adhesive flow chambers in the presence of the indicated antibodies at various concentrations for 10 minutes and submitted to an
increasing flow rate synchronized with image acquisition. The image series were analyzed to compute the dragging force on the released cell
(see methods). F. A binding kinetic assay was conducted to observe macrophages on KP cells with and without anti-CD11c (1 pg/mL) using an
optical tweezer to drive macrophage rolling over the KP cells. The left panel shows a whisker-box plot of quartiles of time between cell-cell
contact and adhesion force exceeding 100pN in the indicated condition. The right panels show successive images from contact to adhesion,
with the tweezer force direction indicated by an arrow. G. The number of aggregates and the total area of GFP+ objects were quantified while
coculturing 2500 KP-GFP tumor cells with 5000 AM@ in the presence of increasing concentrations of anti-CD11c or its pcontrol. Images were
acquired every 3 hours during the first 130 hours using an IncuCyte. Each colored curve corresponds to a different concentration of anti-
CD11c. The experiment was conducted three times (N=3).
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Supplementary Fig. 1. Image acquisition and processing of spheroids of tumors

A. Graph showing the percentage of Ki67* cells among CD45" cells after dissociation of all spheroids present in 12 wells
of KP alone or KP with AM@ on days 3 and 7.

B. Images of a 3-day-old KP-GFP spheroid's equatorial section are displayed for each indicated channel. During the last
4 hours, EU was added to the cultures to label RNA synthesis. The spheroids were fixed, stained with Hoechst, and
cleared using the Trapoid device. The clearing procedure enabled accurate imaging of the entire spheroid by confocal
microscopy. For example, individual nuclei in the center of the spheroid can be seen through Hoechst staining.

C. The Trapoid device design is shown from left to right, including the positioning of the spheroid within the arrow of
the device. A snapshot of the device with wells filled with blue dye is provided to visualize the connections.

D. Principle of the method used to quantify 3D images. The top row shows an XY median plane KP-GFP spheroid co-
cultured with Tomato AM@, stained with Hoechst and EdU647, which were acquired after clearing performed in the
Trapoid device (as shown in Fig. 2). The bottom row shows the nuclei seeds detected in the median plane, and the
segmented images obtained for each fluorescence channel are displayed.
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Supplementary Fig. 2. Aggregation process and structure of the aggregates

A: Description of the aggregation-growth process on a substrate for the cancer cells. The KP cancer cell adhesion
properties first become mature. Then, the cells aggregate into a growing aggregate spread on the substrate, which
eventually reorganizes into a structured compact spheroid. Green cells correspond to proliferating cells exposed to
relatively high concentrations of nutrients. Yellow cells are much less proliferating and are exposed to lower nutrient
concentration levels. Red cells are dying cells.

B-D: Particle based simulations for KP cells (in blue) adhering to each other and AM@s (in red) not adhering to each
other. KP cells and AMs adhere to each other. Different structures are obtained for different values of the KP-AM@
adhesion. B. Adhesion KP-KP stronger than KP-AM@. C. Adhesion KP-KP same as KP-AM@. D. Adhesion KP-KP weaker
than KP-AM@.

E: Concentration profile of the nutrients in an aggregate and its vicinity. The concentration normalized by the
concentration far from the aggregate (n/n.,) is displayed in the function of the distance from the center of the
aggregate (radius). We consider the nutrient concentration in the KP cells bulk part in green, in the layer of
macrophages in red, and outside the aggregate in blue. The critical concentration that controls cell proliferation and
death is displayed as a dashed line.

The curves were produced using the same parameters as in the simulation.
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Supplementary Fig. 3. Schematic description of the architecture of the physical model and the numerical algorithm

A. Architecture of the physical model. Each aggregate is considered as an object per se submitted to forces. The
motions of the objects are modeled using a particle-based type model. Each aggregate is also growing. This growth
depends on the nutrient profile inside the aggregate, introduced with a continuous formalism. Last, aggregates may
fuse after contact, with probabilities that depend on energy barriers.

B: Numerical algorithm. The program is initialized by randomly placing the KP cells and the macrophages in the lower
spherical part of the well. Then a global loop computes the position of the cells and of the aggregates at each time
step. To do so, a first loop on the aggregates and cells is created that calculates the growth of each aggregate. Then, a
second loop on the aggregates and cells considers the forces acting on the aggregates and the displacement caused by

these forces. Eventually, a last loop on the aggregates and cells considers the maturation of the adhesion, the
compaction, and the fusions.
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Supplementary Fig. 4. Kinetic of macrophages binding to KP cells using optical tweezers

A single optical tweezer was used to drive the macrophage rolling over the KP cells in the four examples B-E,

supplementing the A shown in Fig. 5F. Successive images, from the initial contact to the adhesion, are shown with the
indication of the tweezer force direction, time, and distance from the cell-cell contact event.
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Supplementary Fig. 5. Blocking CD11c alters the kinetic of macrophage binding to KP cells

A single optical tweezer was used for driving the macrophage rolling over the KP cells in the presence of an anti-
CD11c mAb (1 mg/mL) in the two examples A and B supplementing the Fig. 5F.
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Supplementary Fig. 6. CD11c+ cells are initially localized in contact to tumor cells before being excluded from
the tumor.

Haematoxylin and eosin (H&E) staining of tumor lesions and IHC staining (anti-CD11c)7 days (A) or 14 days (B)
after the injection of KP cells. Arrows indicate CD11c+ cells.
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Supplementary Fig. 7. IHC staining highlighting CD11c+ macrophages in close contact with tumor cells

NSCLC sections were stained for macrophage marker CD68 (green), CD11c (red), keratin (white), and nuclei (cyan).
Scale bar is 100um
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