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Summary

Errors in early embryogenesis are a cause of sporadic cell death and developmental
failure1,2. Phagocytic activity has a central role in scavenging apoptotic cells in
differentiated tissues3,4,5,6. However, how apoptotic cells are cleared in the blastula
embryo in the absence of specialized immune cells remains unknown. Here we show that
the surface epithelium of zebrafish and mouse embryos, which is the first tissue formed
during vertebrate development, performs efficient phagocytic clearance of apoptotic cells
through phosphatidylserine-mediated target recognition. Quantitative four-dimensional in
vivo imaging analyses reveal a collective epithelial clearance mechanism that is based on
mechanical cooperation by two types of Rac1-dependent basal epithelial protrusions. The
first type of protrusion, phagocytic cups, mediates apoptotic target uptake. The second, a
previously undescribed type of fast and extended actin-based protrusion that we call
‘epithelial arms’, promotes the rapid dispersal of apoptotic targets through Arp2/3-
dependent mechanical pushing. On the basis of experimental data and modelling, we
show that mechanical load-sharing enables the long-range cooperative uptake of
apoptotic cells by multiple epithelial cells. This optimizes the efficiency of tissue clearance
by extending the limited spatial exploration range and local uptake capacity of non-motile
epithelial cells. Our findings show that epithelial tissue clearance facilitates error correction
that is relevant to the developmental robustness and survival of the embryo, revealing the
presence of an innate immune function in the earliest stages of embryonic development.

Main text

Early embryogenesis is prone to cellular errors like mitotic defects induced by cell intrinsic or
extrinsic stress factors1,2. This leads to sporadic cell death of progenitor stem cellss-s, assumed
to be a major cause of early developmental failures in human pre-implantation developmentzs.
Stochastic cell death is expected to occur at random locations, vary in cell number and differ
from developmentally programmed cell death occurring at later stages in vertebrate
embryogenesis, which has predefined spatiotemporal dynamics and specific functions in
morphogenetic processess. Detection and removal of cell corpses requires specific clearance
mechanisms as mediated by professional phagocytic cells in adult tissuesto. Whether such
active mechanisms for efficient apoptotic tissue clearance exist in early blastula and gastrula
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stages of vertebrate development is still not understood. At early blastula stage, the vertebrate
embryo consists of an undifferentiated inner cell mass covered by a squamous surface
epithelium, termed epithelial enveloping layer (EVL) in zebrafish and trophoblast in mouse.
This epithelial layer represents the first tissue formed during vertebrate development and is
considered to provide mechanical protection and physical barrier function in the early
embryo11,12. To identify how apoptotic events are managed during early embryo development,
we performed quantitative 4D in vivo imaging to visualize the spatio-temporal dynamics of
single apoptotic cells. Live imaging of spontaneous progenitor cell death in the zebrafish
blastula showed typical hallmarks of apoptosis such as cellular shape changes (Fig. 1a,
Supplementary Video 1), cell and nuclear fragmentation (Fig. 1a, Extended Data Fig. 1a,c,
Supplementary Video 1), PS exposure (Extended Data Fig. 1a, Supplementary Video 1), and
Caspase-3 activation (Extended Data Fig. 1b, Supplementary Video 1). We observed that
apoptotic events were frequently associated with errors in cell division such as aberrations in
chromosome segregation (Extended Data Fig. 1c, Supplementary Video 2 and 11). Strikingly,
spatio-temporal tracking of apoptotic progenitor cells dying in the embryo interior revealed
their accumulation inside the EVL (Fig. 1a, Supplementary Video 1), suggesting that
embryonic epithelial cells have a specific uptake capability. To probe the ability of early
embryos to cope with an increased amount of cell death, we next challenged zebrafish blastula
embryos by mosaic overexpression of the pro-apoptotic protein Baxis (Bax+ cells) to induce
apoptotic cell death ectopically, as confirmed by in vivo analysis of PS exposure (Extended
Data Fig. 1d) and Caspase-3 activation (Extended Data Fig. 1e-e’, Supplementary Video 3).
Remarkably, embryo survival was not significantly affected in conditions showing abundant
cell death in the embryo (such as 2 pg of bax mRNA, Fig. 1b,c), suggesting the existence of
an efficient failure compensation program in the embryo. Comparable to endogenous
apoptotic events, extensive epithelial uptake was observed for Bax+ cells (Fig. 1c,
Supplementary Video 3), revealing a high clearance capacity of the embryonic epithelium (Fig.
1c¢,d), with average removal rates of 68 +/- 3 apoptotic particles within 2 hours in the field of
view. In contrast, only a very low uptake rate by progenitor cells was identified (Fig. 1e),
showing that apoptotic cell clearance is epithelium-specific. Similar to Bax overexpression,
tissue clearance by the EVL was observed by mosaic activation of the apoptotic effector
molecule Caspase-8erm2 (Extended Data Fig. 1f, Supplementary Video 4). We further
mimicked different intrinsic and extrinsic stress factors triggering cell death that can occur
during early development: 1) impairing of DNA replication by mosaic overexpression of a
mutant form of Topoisomerase-ll14, 2) transplantation of UV-irradiated cells, and 3) triggering
mitochondrial stress in the whole embryo by pharmacological treatment with Raptinalis
(Extended Data Fig. 2a-c). Epithelial clearance of apoptotic cells was consistently observed
in all these conditions across the epithelium, supporting that clearance does not depend on
the induction of a specific apoptotic program and the whole epithelium is competent for target
uptake (Extended Data Fig. 2d-f, Supplementary Video 4). In addition, clearance did not
depend on the presence of a high number of apoptotic events, as transplantation of only few
apoptotic cells (4 +/- 3 cells) was sufficient to elicit epithelial uptake (Extended Data Fig. 29).
Moreover, induction of programmed cell death in a single progenitor cell by two-photon
illumination in vivo resulted in efficient epithelial uptake (Extended Data Fig. 2h,
Supplementary Video 4), supporting a high sensitivity of the epithelium to detect and clear
dying cells in the embryo. Together, these observations reveal a generic clearance function of
the epithelium, establishing an error-correction mechanism present at blastula stages of
embryonic development. Importantly, epithelial uptake operates across a broad range of
apoptotic cell numbers, with efficient clearing of both single cells and massive regions of cell
death.
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apoptotic tissue clearance exist in early blastula and gastrula stages of vertebrate development is still
not understood.

At early blastula stage, the vertebrate embryo consists of an undifferentiated inner cell mass
covered by a squamous surface epithelium, termed epithelial enveloping layer (EVL) in zebrafish and
trophoblast in mouse. This epithelial layer represents the first tissue formed during vertebrate
development and is considered to provide mechanical protection and physical barrier function in the
early embryo'""'%. To identify how apoptotic events are managed during early embryo development,
we performed quantitative 4D in vivo imaging to visualize the spatio-temporal dynamics of single
apoptotic cells. Live imaging of spontaneous progenitor cell death in the zebrafish blastula showed
typical hallmarks of apoptosis such as cellular shape changes (Fig. 1a, Supplementary Video 1), cell
and nuclear fragmentation (Fig. 1a, Extended Data Fig. 1a,c, Supplementary Video 1), PS exposure
(Extended Data Fig. 1a, Supplementary Video 1), and Caspase-3 activation (Extended Data Fig. 1b,
Supplementary Video 1). We observed that apoptotic events were frequently associated with errors
in cell division such as aberrations in chromosome segregation (Extended Data Fig. lIc,
Supplementary Video 2 and 11). Strikingly, spatio-temporal tracking of apoptotic progenitor cells
dying in the embryo interior revealed their accumulation inside the EVL (Fig. 1a, Supplementary
Video 1), suggesting that embryonic epithelial cells have a specific uptake capability.

To probe the ability of early embryos to cope with an increased amount of cell death, we next
challenged zebrafish blastula embryos by mosaic overexpression of the pro-apoptotic protein Bax'’
(Bax" cells) to induce apoptotic cell death ectopically, as confirmed by in vivo analysis of PS exposure
(Extended Data Fig. 1d) and Caspase-3 activation (Extended Data Fig. le-e’, Supplementary
Video 3). Remarkably, embryo survival was not significantly affected in conditions showing
abundant cell death in the embryo (such as 2 pg of bax mRNA, Fig. 1b,c), suggesting the existence
of an efficient failure compensation program in the embryo. Comparable to endogenous apoptotic
events, extensive epithelial uptake was observed for Bax" cells (Fig. 1¢, Supplementary Video 3),
revealing a high clearance capacity of the embryonic epithelium (Fig. 1c,d), with average removal
rates of 68 +/- 3 apoptotic particles within 2 hours in the field of view. In contrast, only a very low
uptake rate by progenitor cells was identified (Fig. 1e), showing that apoptotic cell clearance is
epithelium-specific. Similar to Bax overexpression, tissue clearance by the EVL was observed by
mosaic activation of the apoptotic effector molecule Caspase-8"%"* (Extended Data Fig. If,
Supplementary Video 4).

We further mimicked different intrinsic and extrinsic stress factors triggering cell death that can occur
during early development: 1) impairing of DNA replication by mosaic overexpression of a mutant
form of Topoisomerase-11'*, 2) transplantation of UV-irradiated cells, and 3) triggering mitochondrial
stress in the whole embryo by pharmacological treatment with Raptinal'® (Extended Data Fig. 2a-c).
Epithelial clearance of apoptotic cells was consistently observed in all these conditions across the
epithelium, supporting that clearance does not depend on the induction of a specific apoptotic
program and the whole epithelium is competent for target uptake (Extended Data Fig. 2d-f,
Supplementary Video 4). In addition, clearance did not depend on the presence of a high number of
apoptotic events, as transplantation of only few apoptotic cells (4 +/- 3 cells) was sufficient to elicit
epithelial uptake (Extended Data Fig. 2g). Moreover, induction of programmed cell death in a single
progenitor cell by two-photon illumination in vivo resulted in efficient epithelial uptake (Extended
Data Fig. 2h, Supplementary Video 4), supporting a high sensitivity of the epithelium to detect and
clear dying cells in the embryo. Together, these observations reveal a generic clearance function of
the epithelium, establishing an error-correction mechanism present at blastula stages of embryonic
development. Importantly, epithelial uptake operates across a broad range of apoptotic cell numbers,
with efficient clearing of both single cells and massive regions of cell death.
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To obtain mechanistic insight into the apoptotic clearance process by epithelial cells, we visualized
apoptotic uptake dynamics in individual epithelial cells expressing Lifeact-GFP (F-actin marker) in
vivo. High-resolution imaging of Bax" cells uptake events revealed the formation of characteristic
phagocytic cups at the basal epithelial surface (facing the interior side of the embryo), representing
dynamic actin-rich structures that progressively engulf and ingest apoptotic targets (Fig. 1f and
Extended Data Fig. 3a, Supplementary Video 5). During ingestion, F-actin was depleted from the
contact surface between the apoptotic and epithelial cell, forming a ring at the pseudopod front around
the apoptotic target (Fig. 1f and Extended Data 3a-b, Supplementary Video 5). Cell shape analysis
during the uptake process showed significant deformations of apoptotic targets, indicative of localized
mechanical compressive forces exerted by phagocytic cups in the region of the actin ring (Fig. 1fand
Extended Data Fig. 3a-d, Supplementary Video 5). Actin further accumulated in the final pseudopod
closure site accompanied by local inward bending of the target, suggesting its pushing into the
epithelial cell interior (Fig. 1f, Supplementary Video 5). Phagocytic cups were observed to be formed
at the basal epithelial surface both from medial and lateral regions, with the latter extending dynamic
membrane ruffles'® (Extended Data Fig. 3e-f, Supplementary Video 5), which represent specific
actin-rich lamellipodia-like protrusions'’. We also observed that phagocytic protrusions can perform
pruning of apoptotic cells, leading to apoptotic cell splitting and iterative apoptotic cell fragmentation
underlying the wide range of uptaken particle sizes observed in epithelial cells (Extended Data
Fig. 3g).

General upstream regulators of actin-based phagocytic cup formation have been identified, with the
GTPase Racl mediating apoptotic phagocytosis in multiple physiological and pathological contexts'®
2 Genetic interference using a dominant negative form of Racl (dnRacl) expressed in single
epithelial cells blocked phagocytic uptake (Fig. 1g and Extended Data Fig. 4a). In addition,
pharmacological interference with PI3K, a kinase regulating phagocytic cup dynamics?', indicated
that its activity is also required for embryonic epithelial phagocytosis (Extended Data Fig. 4b,c).
These results establish that phagocytic target uptake by epithelial cells is mediated by a Rac1-PI3K-
dependent signalling pathway.

Dynamic analysis of intracellular vesicles formed upon target engulfment showed that they represent
functional phagosomes similar to the ones observed in professional phagocytes: 1) they present
plasma membrane from both the epithelial phagocyte and the apoptotic cell (Extended Data Fig. 4d,e),
2) generate superoxide anions (Extended Data Fig. 4f), and 3) degrade the internal vesicle content, as
visualized after apoptotic target ingestion by a decrease of Lifeact-GFP signal and the loss of plasma
membrane localization of Lyn-TdTomato (Extended Data Fig. 4g-j). In agreement with a known role
of integrins in phagocytosis®, we further identified Itga5 as a marker of epithelial phagosomes
(Extended Data Fig. 4k).

Altogether, these results indicate that the EVL performs active embryonic tissue clearance by
phagocytic uptake of apoptotic cells employing similar mechanism than the ones described in
professional phagocytes'”.

To identify how EVL cells recognize apoptotic cells before uptake, we analysed the relevance
of PS exposure by apoptotic cells, which has been shown to mediate apoptotic cell uptake by
professional phagocytes™. Injection of the PS-binding protein AnnexinV into the embryo at 4 hpf to
decorate the surface of dead cells significantly impaired apoptotic cell clearance (Extended Data
Fig. 5a,b). In addition, transplantation of surrogate apoptotic targets based on lipid vesicles confirmed
that the presence of PS (PS") was required and sufficient for their recognition and epithelial
phagocytosis in vivo (Fig. 1h and Extended Data Fig. 5c, Supplementary Video 6), with similar
phagocytic cup formation dynamics (Extended Data Fig. 5d, Supplementary Video 6) as observed
during apoptotic cell uptake (Fig. 1f). Consistently with a role of PS in target uptake, injection of a
high number of PS negative (PS") surrogate targets caused abundant developmental failure, while
adding PS to surrogate targets significantly increased embryo survival (Extended Data Fig. Se),
supporting that the presence of PS on the target surface promotes embryo survival. Notably,
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performing a cross-species transplantation of UV-irradiated apoptotic human Jurkat T cells into
zebrafish embryos further confirmed phagocytic uptake (Extended Data Fig. 5f,g), suggesting that
conserved properties on the apoptotic target surface are sufficient for interspecies target recognition
and uptake. Altogether, these results show that apoptotic cells are recognized by the EVL through
PS-dependent mechanisms, mediating tissue clearance and restoration of embryo homeostasis.

To analyse the global gene expression profile involved in the phagocytic function of the surface
embryonic epithelium, we performed RNA-Seq on EVL cells and progenitor stem cells of the blastula
embryo. Genes that were upregulated in the EVL were enriched in functions associated to
phagocytosis, such as the “Endocytosis” pathway and the “Early, late and recycling endosomes”
cellular components (Extended Data Fig. 5h and Supplementary Table). Specifically, key genes of
the phagocytic machinery were upregulated in the EVL tissue compared to progenitor cells, as rab7**
(essential for phagosome-lysosome fusion), waslb® (n-wasp, involved in phagocytic cup formation),
dynamin-2*® (important for phagosome formation and closure), and other relevant players (including
rabacl, pld1, asap2, EhVps32, cythl, wipfh2, igsecl). Surprisingly, multiple terms related to innate
immune functions and repair response were also enriched among EVL upregulated genes (Extended
Data Fig. 5h and Supplementary Table), suggesting a possible immuno-protective role of the surface
epithelium in the early embryo beyond a phagocytic clearance function.

Epithelial phagocytosis was also observed in embryonic cell aggregates that self-organize
and form an outer surface epithelium (Extended data Fig. 6a), supporting a primordial physiological
tissue clearance activity mediated by epithelial cells. To evaluate the evolutionary conservation of
epithelial uptake of apoptotic cells in early mammalian development, we further investigated
apoptotic cell dynamics in mouse embryos. Time-lapse imaging of mouse blastocysts revealed
endogenous apoptotic events of cells being extruded into the blastocyst cavity and later uptaken by
the trophoblast, the embryonic surface epithelium of the mouse blastula (Extended Data Fig. 6b,b’,c,
Supplementary Video 7). Similarly, apoptotic mouse embryonic stem cells transplanted into the
blastocyst cavity were mostly uptaken by trophoblast cells (Extended Data Fig. 6d-g, Supplementary
Video 7). Moreover, we transferred lipid-coated glass spheres as surrogate apoptotic targets into the
blastocyst cavity, further confirming that uptake by trophoblast cells is dependent on the presence of
PS on the target surface, comparable to epithelial clearance in zebrafish embryos (Fig. 1i-j and
Extended Data Fig. 6h). In addition, a gene ontology enrichment analysis of genes specifically
upregulated in trophoblast compared to inner cell mass from public RNASeq data’’ of pre-
implantation mouse blastocysts revealed terms in common with zebrafish EVL, such as “endocytosis”
and “immune-related” functions (Extended Data Fig. 51 and Supplementary Table). Of note, the
presence of similar enriched functions was documented for human trophectoderm® (Supplementary
Table). Altogether, these results suggest that the apoptotic phagocytic capacity of the surface
embryonic epithelium is conserved in mammals.

A key aspect of epithelial phagocytosis is the restricted spatial exploration range of epithelial cells
for apoptotic target search and capture, given their embedding in the epithelial tissue and their non-
motile character. In comparison, professional phagocytes have migratory abilities relevant for
efficient target encounter and uptake'®. Interestingly, quantitative in vivo tracking of single apoptotic
Bax" cells revealed that they move with fast speed (<v>=8.3 +/- 0.2 um/min), showing peak
velocities of up to 30.1 +/- 1.5 pm/min (Fig. 2a-e, Supplementary Video 8), comparable to the speed
reached by fast amoeboid migrating cells in 3D tissues®. In contrast, neighbouring live cells move at
slower speed (<v>=1.8 +/- 0.1 um/min) (Fig. 2a-e, Supplementary Video 8) and showed directional
motility as part of their gastrulation movements to the vegetal pole of the embryo, while apoptotic
cells moved non-directionally (Fig. 2b,c,f, Supplementary Video 8). Surprisingly, we found that
phases of fast apoptotic movement were correlated with an accumulation of external F-actin,
polarized at the apoptotic cell rear and opposite to its movement direction (Fig. 2a,g,h, Extended Data



OCOONOTULTEWN -

Fig. 7a,b, Supplementary Videos 8 and 9). This observation indicated the presence of a non-
autonomous actin network that is formed from surrounding embryonic cells in the blastula.
Epithelium-specific staining revealed that polarized actin accumulations are formed by epithelial cells
in a contact-dependent manner upon interaction with apoptotic cells (Extended Data Fig. 7¢). Single
cell staining of epithelial cells allowed to identify the formation of thin elongated protrusions that
extended from the basal epithelial surface and were coordinated with apoptotic movement (Fig. 21,
Extended Data Fig. 7d, Supplementary Video 10), while these protrusions were not observed to form
from live neighbouring cells. Protrusions showed a strong actin enrichment and retrograde actin flow
in the protrusion front (Extended data Fig. 7e-f), suggesting that actin polymerization is triggered
specifically at the protrusion tip in contact with the apoptotic target surface and different from
continuously active basal ruffles (Extended Data Fig. 3e,f, Supplementary Videos 5 and 10). Given
the characteristic features of these epithelial protrusions such as their dynamic extension and
retraction (Extended Data Fig. 7d, Supplementary Video 10), and close physical association with
motile apoptotic targets, we termed these protrusions “epithelial arms”, reminiscent of an arm
grabbing and moving an object. Quantification of the frequency of epithelial protrusion formation
(61.6 +/- 9.7 arms/hour and 40.8 +/- 3.5 phagocytic cups/hour in the field of view, n=3 embryos)
showed that arm protrusions occurred at comparable rates to phagocytic cup formation. Importantly,
we also observed similar apoptotic motility and epithelial arm formation upon contact with
endogenously dying cells (Extended Data Fig. 8a,b and Supplementary Video 1 and 11), and during
induced apoptosis via Caspase8-ER™ (Extended Data Fig. 8c-e) and mutant Topoisomerase-II
expression (Extended Data Fig. 8f-h), or upon transplantation of apoptotic Jurkat T cells (Extended
Data Fig. 8i, Supplementary Video 12). Equally to phagocytic uptake, arms and motility did not
depend on the presence of a high number of apoptotic particles, as observed when few UV irradiated
cells are transplanted into the embryo (Extended Data Fig. 8j, Supplementary Video 12). These results
indicate that actin-based epithelial arms are formed in close association with apoptotic cells during
phases of fast apoptotic motility, suggesting a mechanistic link between apoptotic cell motility and
epithelial protrusion formation.

The coordination between epithelial arms and apoptotic motility raised different possible interaction
mechanisms (Fig. 3a,b): 1) apoptotic cells are autonomously motile, as suggested previously for other
apoptotic cells’®*!, and epithelial arms are associated with them via a run-and-chase mechanisms; or
2) apoptotic cells have no intrinsic motility and epithelial arms are actively involved in propelling
apoptotic targets. To distinguish between these possibilities, we first analysed F-actin and Myosin II
dynamics in single motile apoptotic cells in vivo. Both F-actin and Myosin II showed static
intracellular localization patterns with an absence of cell surface protrusions or specific cortical
localizations in apoptotic cells (Extended Data Fig. 9a,b, Supplementary Videos 9 and 12), suggesting
that actin-based polymerization or Myosin II-mediated contractility in the apoptotic cell are not
underlying its motility. Co-expression of Bax with dominant negative forms of proteins that control
actomyosin-dependent motility, like the Rho GTPases** Racland RhoA or its downstream target
Rockl, further did not affect apoptotic cell speed, nor the presence of actin arms or the ability of
phagocytic uptake by epithelial cells (Extended Data Fig. 9c,d), supporting that apoptotic cells do not
have autonomous motility. Injection of AnnexinV inside the embryo to coat PS on the surface of
apoptotic cells blocked their motility and arm formation (Extended Data Fig. 9¢), indicating that PS
recognition is required to promote apoptotic motility associated with epithelial arm formation. In
agreement, global epithelial-specific actin staining revealed that apoptotic motility was always
associated with polarized actin enrichments in contact with the apoptotic cell rear (n=59/59 motile
cells, 6 embryos; Extended Data Fig. 9f,g and Supplementary Video 12), supporting that apoptotic
motility is specifically driven by epithelial arm protrusion. In contrast with specific interferences in
apoptotic cells, ubiquitous expression of dnRac1 in the whole embryo blocked apoptotic cell motility
and the formation of dynamic epithelial arms together with phagocytic target uptake (Fig. 3c-e,
Extended Data Fig. 9h and Supplementary Video 13). This result further supports that Racl activity
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is specifically required in epithelial cells for the formation of epithelial arms and that apoptotic cell
motility is actively established by basal epithelial arm protrusions. Moreover, ex vivo 3D co-cultures
of apoptotic and live cells under conditions in which epithelial tissue formation is absent, showed that
apoptotic cells did not acquire motility or polarized F-actin accumulations (Extended Data Fig. 91).
To directly test if epithelial arms can exert mechanical forces to push apoptotic cells in vivo, we
transferred surrogate apoptotic targets into the embryo as a source of objects with no intrinsic motility.
Interestingly, PS™ targets moved similarly to apoptotic cells with phases of high speed (Fig. 3f-h and
Supplementary Video 13), and contact-dependent formation of epithelial actin-rich arms (Fig. 3f). In
contrast, in PS targets this motility was absent (Fig. 3g-h). These data support that epithelial arms
can actively push apoptotic fragments by actin polymerization-based protrusion forces generated
locally at the apoptotic target surface. Epithelial cells thus establish two types of Racl dependent
actin-based protrusions (Fig. 3a), epithelial arms and phagocytic cups, which promote apoptotic target
movement by mechanical pushing and phagocytic uptake, respectively.

To identify molecular mechanisms underlying the formation of phagocytic epithelial cups versus
epithelial arm protrusions, we performed an interference approach targeted at specific actin
polymerization regulators. Using CK-666 as a pharmacological inhibitor of the Arp2/3 complex,
which nucleates branched actin polymerization, blocked both the formation of epithelial arms and
associated apoptotic cell motility, as well as epithelial phagocytic cups and target uptake (Fig. 3i-k,n
and Supplementary Video 13). In contrast, SMIFH2, a specific inhibitor of Formin proteins that
nucleate linear actin filaments, impaired only phagocytic uptake without affecting epithelial arm
formation or apoptotic cell movement (Fig. 3k-n and Supplementary Video 13). Thus, epithelial
phagocytic cup formation requires both Arp2/3 and Formin activity, while extended epithelial arm
protrusions primarily depend on Arp2/3 network branching activity. Considering the generation of
active pushing forces and involved actin nucleation factors, epithelial arms resemble actin comets™,
actin-rich structures that promote fast intracellular pushing of bacteria, with the difference that
epithelial arms are able to propel large extracellular objects.

At the global tissue scale, epithelial arm pushing resulted in a wide dispersal of apoptotic targets along
the epithelial surface before uptake (Fig. 4a), compared to a minor dispersal observed in the absence
of epithelial arms (via interference with Racl or Arp2/3). Mean square displacement (MSD) analysis
of the apoptotic cell paths showed that this spreading is created by a persistent random walk of each
apoptotic particle (Fig. 4b), consisting in periods of fast and directional apoptotic motility during
epithelial arm contacts and randomized directional changes upon consecutive contacts with multiple
epithelial arms (Fig. 4c,d and Supplementary Video 14). The dynamic path of an apoptotic cell in the
tissue therefore emerges by the collective mechanical action of multiple epithelial cells. This allows
apoptotic cells to travel long distances before uptake (<d>=437 +/- 49 um), which promotes their
uptake at distant locations in the epithelial tissue further away from the site they were dying (as
visualized by a map of phagocytic uptake events, Fig. 4¢), establishing a mechanical cooperation
between epithelial cells. Along its path, each apoptotic cell faces multiple epithelial cells (Fig. 4f),
engaging more epithelial phagocytes for participation in the clearance tasks. Similar to the
recruitment of motile professional phagocytes during apoptotic clearance upon tissue damage®*,
active protrusion-mediated spreading resembles an inversion of the process in which targets are
moving around multiple non-motile phagocytic cells to promote collective uptake. To visualize the
impact of protrusion-mediated spreading from a localized region of apoptotic cells, we mimicked an
apoptotic damage source by transplanting a defined number of apoptotic cells underneath the EVL
tissue of an acceptor embryo (Supplementary Video 14). Prior to uptake, transplanted apoptotic
particles were pushed and actively dispersed by epithelial arms, increasing their effective spreading
area by 2x10* pm” in 1 h, equivalent to an area covered by about 22 epithelial cells (Fig. 4g).
Importantly, single endogenously dying cells were also uptaken by multiple epithelial cells (Fig. 1a,
Supplementary Videos 1 and 2). Together, epithelial arm protrusions promote apoptotic cell dispersal
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via mechanical target pushing underneath the epithelial layer. This mechanism ensures increased
encounter rates of apoptotic targets with epithelial cells and the cooperative participation of multiple
epithelial cells in the clearance process, a process we refer to as mechanical load-sharing (sharing the
uptake load by mechanically distributing objects before uptake).

To understand how active dispersal and cooperative uptake could influence apoptotic target clearance
dynamics, we performed computational and theoretical modelling. First, we implemented Monte
Carlo simulations of apoptotic target spreading, parameterized by the pushing probability p,, the
speed v, and pushing period 7, and concomitant target uptake by epithelial cells, each of lateral
extent L. Target uptake occurs with probability p., and is limited by the maximum uptake capacity of
individual epithelial cells, defined as a variable parameter N,... (Extended Data Fig. 10a). Such a limit
in phagocytic uptake has been documented in professional phagocytes®®. Particularly, epithelial
cells can have both physical and biochemical limitations in the phagocytic uptake capacity, for
instance caused by the maximal extension a phagocytic cell can undergo before epithelial tissue
integrity is lost, or the exhaustion of the phagocytic uptake machinery (as actin is used for cell-cell
junction maintenance, see Extended Data Fig. 3b"-b"""). Assuming a localized initial accumulation of
apoptotic targets Nie.r, We analysed target dispersal and spatio-temporal uptake characteristics in the
epithelium. Simulation kymographs showed a characteristic dispersal of apoptotic targets with an
effective diffusion constant D,y (Fig.4 h,i (bottom) and Supplementary Note). Spreading enables
apoptotic target uptake within an expanding area of the epithelium in which cells have not reached
their uptake limit N, yet (Fig.4 h,i (top)). Importantly, faster target dispersal decreased total tissue
clearance time #...r (measured as the time to complete clearance of the whole apoptotic mass)
(Fig. 4j), with fiear varying as ~ 1/v” as obtained from analytical derivation of the total clearance time
(Supplementary Note). Target dispersal via the process of collective mechanical load-sharing reduces
the overall clearance time by engaging multiple epithelial cells in the clearance activity. This
mechanism is highly effective even under conditions when an increased number of localized targets
(Niarger) has to be cleared. It does so by promoting target uptake by an increased epithelial tissue area
to circumvent local phagocytic saturation, with fiiear varying as ~(Nirger/Numax)” (Fig. 4k and Extended
Data Fig. 10b). Overall, our modelling supports that mechanical target spreading and cooperative
clearance profoundly extends the limited spatial exploration and uptake range of individual non-
motile epithelial cells to optimize tissue clearance.

To directly assess epithelial uptake efficiency in the physiological in vivo context, we performed cell
transplantations of a large amount of apoptotic Jurkat cell targets (282 +/- 22, Extended Data Fig.
11a,b). Quantitative analysis of the number of ingested particles in single epithelial cells showed a
temporal increase until a characteristic plateau was reached after about 140 min of uptake (2.8 +/- 0.3
targets, Extended Data Fig. 11¢,d). This plateau emerged albeit still having apoptotic targets available
in contact with the basal epithelial surface (Extended Data Fig. 11c¢,e), supporting that epithelial cells
have an intrinsic physiological limit in their uptake capacity M. Spatio-temporal analysis of
phagocytic uptake dynamics revealed that neighbouring epithelial cells located outside of saturated
areas in the epithelium engaged in the clearance process over time (Extended Data Fig. 11f),
promoting target uptake by an increased number of phagocytes. The efficiency of active target
dispersal for tissue clearance further becomes evident when measuring the maximum uptake volume
Vomax per epithelial cell (V,=1200 +/- 60 pm®, Fig. 11g,h). Given an average volume of an apoptotic
cell Vigge= 2400 +/- 200 um?, a single epithelial cell will only be able to clear about 0.5 apoptotic
cells before saturation. This makes mechanical target dispersal relevant for both low and high
numbers of apoptotic cells to ensure rapid and efficient clearance by engaging more phagocytes in
the clearance process. Together, our data provide direct experimental support that epithelial
phagocytes have a restricted phagocytic uptake range. We show that apoptotic cell movement via
active target dispersal enables to increase the number of participating phagocytes in the tissue
clearance process, establishing a mechanical cooperation between epithelial cells. Similarly, motile
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professional phagocytes are often operating in groups, with the number of recruited phagocytes being
proportional to the mass that needs to be cleared for improving uptake efficiency’**’-*.

Our work proposes a new evolutionarily conserved function for epithelial tissues as efficient
scavengers of apoptotic cells in the earliest stages of vertebrate embryogenesis, relevant for error
correction and developmental robustness. This scavenging system operates both at low and high
levels of cell death occurring in the embryo, becoming relevant for tissue homeostasis in the presence
of sporadic cell death and when failures involve large regions and compromise embryo survival,
emulating roles of the immune system in adult tissues. Epithelial phagocytosis was also shown to
regulate tissue homeostasis and inflammation in specific organs of the adult organisms in which
phagocytic load is shared with professional phagocytes'®* and in immune-privileged tissues such as
the retina and the testis*”. Here we show that during early embryonic development epithelial cells
specialize to perform phagocytic immune functions in the complete absence of immune cells. At later
developmental stages, once differentiation of professional phagocytes occurs, these cells can share
their phagocytic tasks with other cell types, both mesenchymal or epithelial*'**. The presence of an
epithelial protection mechanism in other early embryonic contexts should be further explored, as
phagocytic functions during development were also identified in invertebrates*>**,

While chemical cooperation between cells has been well documented, mechanical
cooperation as a physiological tissue function remains only poorly understood. Overall, our results
support that active mechanical distribution of apoptotic targets promotes phagocytic cooperation
among epithelial cells. This can ensure a rapid and efficient clearance of apoptotic targets through a
division of labour by engaging multiple epithelial cells in a cooperative manner to perform phagocytic
uptake activity. We identify that Formins and Arp2/3 are involved in generating two different types
of basal epithelial protrusions required for mechanical cell cooperation. These actin regulators have
also been implicated in phagocytic protrusion plasticity in macrophages®. It will be interesting to
explore in future studies how both molecular and biophysical features of apoptotic targets and
epithelial cells influence the type of protrusion formation. Mechanical cell cooperation as a new
mechanism to improve phagocytic clearance can have broad relevance in pathological and
physiological conditions in which phagocytic uptake plays a central role as in homeostatic cell
turnover’*! and tissue inflammation™.
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Fig. 1. The embryonic surface epithelium performs efficient phagocytic clearance of apoptotic cells. (a)
Endogenous cell death dynamics of a single progenitor cell (dashed lines) showing cell shape loss (0 min),
fragmentation (7 min) and epithelial uptake (37 min) in a Tg(Myll12.1-eGFP) embryo co-expressing Lyn-
tdTomato (plasma membrane, PM) and H2A-mCherry (nucleus). The imaging plane (z) was changing over time.
Arrowheads indicate uptaken particles inside the enveloping epithelial layer (EVL). (b) Embryo survival curves
in unperturbed wildtype embryos (ctrl) and upon mosaic injection of mRNA for a plasma membrane marker only
(Iyn-tdTomato, mRNA ctrl) or together with varying levels of bax mRNA (2-200 pg). 3 independent experiments
with at least 100 embryos per condition. (¢) Representative images of Tg(actbl:Lifeact-GFP) embryos with
mosaic co-expression of Bax (Bax™ cells, from 2pg mRNA injection leading to 48.6 +/- 6.3 apoptotic cells in a
field of view of 2.06 +/- 0.16 x10% um?, n=5 embryos) and Lyn-tdTomato showing the uptake of these cells
within the EVL versus clearance of the embryo interior over time. (d) Quantitative epithelial clearance dynamics
of Bax" cells (n=6 embryos). (¢) Engulfment of apoptotic particles by the EVL or by progenitor cells in the
embryo interior at 6 hpf. (f) Max z-projection of a single epithelial cell (dashed line) expressing Lifeact-GFP by
a krt18 promoter during the in vivo phagocytic uptake of an apoptotic Bax* cell. Lower panel: apoptotic cell
shape changes during phagocytosis indicated by color-coded normalized curvatures. Arrowheads (upper panels)
indicate regions of high apoptotic cell deformation associated with epithelial actin enrichment. (g) Racl
involvement in epithelial phagocytic uptake analysed in embryos with two mosaic cell populations: 1) cells
expressing H2A-mCherry only (upper panel) or co-expressing dnRacl (lower panel) and 2) Bax™ cells. White
arrowheads indicate uptaken apoptotic fragments in the EVL. Yellow arrowheads indicate red nuclear staining.
Quantification of uptake rates (right). Note that epithelial cells expressing dnRacl (lower panel) are not able to
phagocyte particles compared to control cells (upper panel) (n=6 embryos). Dashed lines indicate EVL cell
contours. (h) Epithelial clearance of surrogate apoptotic targets formed by lipid aggregates containing PS, PC
and TexasRed-DHPE (PS* targets) injected into Tg(actb1:Lifeact-GFP) embryos. Inset shows a magnified view
of a PS* surrogate apoptotic target. (i) Clearance of PS* surrogate apoptotic targets (glass spheres coated with
PS, PC and TexasRed-DHPE) injected in the mouse blastocyst cavity by trophoblast cells and (j) quantification
of target localizations 3.5 h after injection. h: hours after injection (4 experiments, n=11 embryos for PS* targets
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and 5 embryos for PS targets). Scale bars: 20 um (a, g, 1) and 50 pm (c¢,h) um. hpf, hours post fertilization. Mean
and standard errors are shown. *** p<0.0001.
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30 min from 3D in vivo tracking. (¢) Representative x-y trajectories centred to the origin obtained from 3D cell
tracking of apoptotic and live cells. (d) Instantaneous cell speed fluctuations of an apoptotic and a live cell. The
grey region represents a phase of fast motility. (e¢) Mean instantaneous cell speeds calculated from 3D tracking
(n=28/25 apoptotic/live cells). (f) Angle distribution of tracks for apoptotic and live cells (n=29/23 cells from 3
embryos). (g) High speed imaging of in vivo apoptotic movement dynamics of a single Bax™ cell in a
Tg(actbl:Lifeact-GFP) embryo. Arrowheads indicate the association with an external F-actin accumulation. (h)
Angle histogram of cell movement directions (o, orange) between to and ti (tae=60 s) and external F-actin
localization (blue) at #) along a circle reflecting the apoptotic cell perimeter, indicating actin enrichment in
contact with the rear surface of the cell (87 direction angle changes and density profiles from 15 cells and 3
embryos). Sketch of the data analysis (right). (i) Epithelial arm protrusion from the surface of a single epithelial
cell labelled by mosaic expression of Lifeact-GFP. Yellow line indicates the length of the epithelial arm
protrusion (45 pum). Scale bars: 20 um (a,g), 50 um (b) and 10 um (i). Mean and standard error are shown.
*#% p<0.0001.

16



cONO UL WNE

a b 1) hypothesis 1: chasing d 2 90 e dnRact
3 & embryos
S - a - — o o
. [ R ® v o - v ] A
7 \ X, N T —_— 2 3% 400 } 8%
/ — 0 180 0 GE
- (R EEq
Y “" 2) hypothesis 2. pushing dnRac1 embryos dnRac1 embryos 85
—> — apoptotic calls live cells 1=
< [ B
gl Bax*cells PM / dnRac1* 270 270 “ccze\\gcﬁ\\s
e calls nucleus / F-actin 3900‘0 w
i EVL embryo interior ] CK-666 embryos  go k
! apoptotic cells -~ 60
gg y (um);100 3POP 30 2848
0:0 min:s 1:10 min:s 330mins 2 g .- 180 1 0 qé‘)g i’g
N = =100 100 SN g
S B X (11m) RN =3 3\5&':;@0
100 fore
60:40 min:s__51:60 min:s ‘?" & 270 g
PS*targets / ‘ h  —15,—PS’target | m SMIFH2 embryos 90 n_ ns
< 2 £ 7| —PS target] ; y (1m)(100 apoptotic cells @l _» gz = 1
g E 10 | f \ N )5 20 o F 6
2 g A ; o5
g3 N \ 0 cEo
] =
28 o L oroxo
c )
& 0 25 50 75 0\!%;4.6‘,‘\?

time (min) Bax* cells PM / F-actin
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epithelial arms and apoptotic cells: 1) apoptotic cells have autonomous motility and epithelial arm protrusions
are chasing the apoptotic target; 2) apoptotic cells have no intrinsic motility and arms perform active pushing
(lower panel). (c,d) Representative x-y trajectories obtained from 3D tracking of mosaic apoptotic Bax"* cells
(yellow) and live cells (white) in embryos ubiquitously co-expressing dnRac1 (dnRacl+ cells) and H2a-mCherry
(nucleus), and corresponding angle distributions (d). (e¢) Mean instantaneous cell speeds of apoptotic and live
cells in dnRacl expressing embryos (n=25/24 apoptotic/live cells; 4 embryos). (f) Motility of PS* surrogate
apoptotic targets in association with epithelial arms. Arrowhead indicates F-actin accumulation; yellow line
outlines the total target path length over the indicated period. (g) Mean instantaneous speeds of surrogate targets
(n=26 PS* targets, 6 embryos; 23 PS- targets, 5 embryos). (h) Instantaneous movement dynamics of lipid
aggregates containing PS, PC and TexasRed-DHPE (PS+ targets) or omitting PS (PS- targets). (i-n) Clearance
of apoptotic cells in the presence of CK-666 or SMIFH2 inhibitors. Representative images (i,1), representative
x-y trajectories (left) and angle distributions (right) for apoptotic cells (j,m), quantification of phagocytic
epithelial clearance (k; n=6/5 embryos for CK-666/DMSO and n=4/4 embryos for SMIFH2/DMSO), and mean
instantaneous speed (n; n=27/16 cells from N=3/3 embryos for CK-666/DMSO, and n=27/22 cells from n=3/5
embryos for SMIFH2/DMSO). All embryos are Tg(actbl:Lifeact-GFP). Scale bars: 50 um (c,i,1) and 20 um (f).
Mean and standard error are shown. *** p<(0.0001, ** p<0.005. n.s. not significant.
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capacity Numax per epithelial cell (v=15 um/min, Nn=35; h) or lower pushing rate and higher uptake capacity (v=3
um/min, Nua,=10; 1). Scale bars: 25 min (t) and 100 pm (x). (j) Plot of clearance time versus Nuqx and target
pushing velocity v for a total number of targets Nwree=15. (K) Plot of clearance time versus pushing velocity for
different Nirger With Nuax=4. Scale bars: 20 um (c¢) and 50 pum (g). Mean and standard error are shown.
*#% p<0.0001.
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Extended Data Fig. 1. Endogenous and induced cell death events occur by apoptosis. (a) Endogenous cell (white
arrowhead) undergoing shape loss (magenta arrowheads), fragmentation (yellow arrowheads) and PS exposure (27-
40 min) as detected by ubiquitous expression of a secreted version of AnnexinV-YFP. (b) Caspase-3 activation
dynamics in an endogenously dying cell (yellow arrowheads) as visualized by expression of the Flip-Casp3-GFP
reporter. White arrowhead indicates uptake by an epithelial cell. (¢) An endogenous cell captured during abnormal
mitosis (35-38 min), apoptosis (99 min) and its phagocytic uptake (379 min). (d) Bax" cells co-expressing Lyn-
tdTomato (PM, white arrowheads) expose PS (magenta arrowheads) as detected by injection of AnnexinV-
AlexaFluor488 in a live embryo. Yellow arrowheads highlight co-localization of both signals in the same cells. (e, e")
In vivo detection of Caspase-3 activation by expression of the Flip-Casp3-GFP reporter in Bax " cells co-expressing
H2A-mcherry (nucleus). (e”) Caspase-3 activation dynamics during nuclear fragmentation. (f) Mosaic overexpression
of tamoxifen-activated Caspase-8"*" leads to epithelial uptake (arrowheads) similar to the one observed for Bax" cells.
Lyn-tdTomato (plasma membrane (PM) marker, in a-c) and H2a-mCherry (nucleus, in c) were co-expressed in the
whole embryo; embryos are Tg(actbl:Lifeact-GFP) in (c), (d) and (f). Scale bars: 20 um (a,c,e-f), 10 um (b) and 50 um
(d). Images are representative of most cells observed in 3 (a), 6 (b), 20 (d), and 9 (e,f) embryos and sporadic cell events
in 6 (c) embryos.
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Extended Data Fig. 2. Errors induced by intrinsic or extrinsic stress leads to cell death and epithelial phagocytosis.
(a-g) Characteristic morphological changes in apoptotic cells (a,b,c white arrowheads) and phagocytic uptake by
epithelial cells (d-g, yellow arrowheads) of mutant Topoisomerase II (Topoll-mut) overexpressing cells co-expressing
Lyn-TdTomato and H2A-mCherry (a,d), UV-irradiated and transplanted cells expressing Lyn-TdTomato (b,e,g) and
cells from Raptinal treated embryos (c,f). In (g), a small number of UV irradiated apoptotic cells were transplanted.
White arrowhead indicates a dying cell that is later uptaken by the epithelium as indicated by the yellow arrowheads.
Dashed lines indicate the position of the transverse sections. (h) Induced programmed cell death by two-photon
illumination leading to nuclear fluorescence bleaching (0 min), death (120 min), fragmentation (127 min), and epithelial
uptake (135 min) of a single progenitor cell (arrowheads). Embryos are Tg(actbl:Lifeact-GFP) in (a-b,d-e,g) and
Tg(Myl12.1-eGFP) in (c), (f) and (h), the latter ones co- expressing Lyn-tdTomato and H2a-mCherry. Scale bars: 20
pm (a-f and h) and 100 pm (g). Images are representative of most cells detected in 6 (a,b,d,e), 8 (c,f) and 3 (d,h)
embryos or 5 cells from 5 embryos (g).
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Extended Data Fig. 3. Actin distribution during phagocytic cup formation in epithelial cells. (a) A phagocytic event
of an apoptotic fragment visualized by slices parallel (top, x-y) and transverse (bottom, x-z) to the surface, in embryos
with mosaic Lifeact-GFP staining in single EVL cells. Note the formation of a phagocytic cup by the extension of
characteristic actin-rich pseudopods (arrowheads). After engulfment is completed, the z dimension of the epithelial cell
remains increased due to the size of the uptaken particle until digestion takes place. (b,b") F-actin accumulates in a
phagocytic ring (arrowheads) depleting the cytosolic actin pool (b"). After phagocytosis is completed, actin replenished
in the cytosol (b"""). Quantification of cytosolic actin dynamics is shown on the bottom. Single planes (b) and z-
projections (b"-b""") are shown. (¢) Shape deformation of an apoptotic cell during epithelial uptake (left) indicated by
curvature vectors normal to the cell perimeter (center) and corresponding scalar bending values (right). (d) Aspect ratio
of the apoptotic cell before, during, and after uptake (n=6 cells). (e) A region of an epithelial cell (dashed line) showing
membrane ruffles (arrowheads) with actin accumulations in the front of the ruffles. (f) Phagocytic cup formation
leading to successful target uptake (23 min-36 min) originating from a membrane ruffle (17 min). Arrowheads indicate
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membrane ruffles. (g) Collective phagocytosis by different epithelial cells. A single apoptotic cell (green arrowhead)
is contacted by an actin protrusion (orange arrowhead) splitting it into two particles (magenta and yellow arrowhead,
2 min). While the left particle (magenta arrowhead) is rapidly phagocytosed by one epithelial cell (from 4.5 min to 7.5
min), the other particle (yellow arrowhead) is only later contacted by another epithelial cell (7.5 min) and then uptaken
(from 9 min to 13 min). White arrowhead indicates a previously phagocytosed apoptotic cell. For all panels,
Tg(krt18:Gal4FF) embryos were injected with a Tol2-UAS-Lifeact-GFP plasmid. Scale bars: 20 um (a,b,b",d) and 5
um (c,e). Images are representative of most cells detected in 15 (a), 10 (b,c), 20 (e), 20 (g) embryos or some cells in 3
(b’,f) embryos.
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Extended Data Fig. 4. Functional phagosomes are formed upon epithelial phagocytosis. (a) Mosaic EVL-specific
expression of dnRac1-GFP driven by the krt18 promoter in embryos with mosaic expression of Bax" cells. dnRacl-
GFP epithelial cells do not uptake apoptotic particles, while epithelial neighbors do (arrowheads). (b,¢) Epithelial
phagocytosis of Bax" cells was evaluated in presence of the PI3K inhibitor LY294 or a DMSO vehicle control (n=8
embryos DMSQO; 6 embryos LY294). (d,e) Two independent and complementary double mosaic staining allow for
identification of the origin of membranes in the phagocytic vesicles. In (d) Bax" cells express Lifeact-GFP and the
epithelial cell expresses Lyn-tdTomato (PM); in (e) Bax" cells express Lyn-tdTomato (PM) and the epithelial cell
expresses Lifeact-GFP. (f) Dynamics of superoxide generation in epithelial phagosomes using the DHE reporter. (g-j)
Degradation of the phagocytic vesicle content using double mosaic staining. Lifeact-GFP (g) or Lyn-TdTomato (h-j)
fluorescence coming only from the apoptotic cell (Lyn-TdTomato (g) or Lifeact-GFP (h) were expressed in epithelial
cells) was monitored after phagocytosis. (g) GFP fluorescence decrease (n=7 phagosomes), known to be associated to
both pH-dependent quenching and protein degradation'?. (h-i) Change in spatial distribution of Lyn-TdTomato
fluorescence, indicative of a lytic activity degrading (or releasing the protein from) the plasma membrane of the
ingested apoptotic cell (DsRed derived fluorescent proteins are resistant to degradation by lysosomal enzymes'). (j)
Dynamic quantification of the variance of the Td-Tomato signal in the whole phagosome (each line corresponds to a
single phagosome). Redistribution begins 55.3 +/- 9.5 min after internalization and takes 24.8 +/- 3.4 min to be
completed. (h) The Itga5-GFP protein decorates epithelial phagosomes. Embryos are Tg(Krt18:Gal4FF) injected with
a Tol2-UAS-dnRac1-GFP plasmid in (a), Tg(actb1:Lifeact-GFP) in (b,f) and Tg(actbl1:Lifeact-RFP) in (k). Scale bars:
20 um (a,b), 10 pm (d,g,h.k) and 5 um (i). Images are representative of 6 (a) embryos, or most cells detected from
3 (d,e,f) and 6 (k) embryos. Mean and standard error are shown. *** p<0.0001.
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Extended Data Fig. 5. Molecular pathways involved in epithelial phagocytosis. (a,b) Epithelial clearance in
AnnexinV-AlexaFluor488 injected embryos. Arrowheads indicate Bax" cell fragments co-labelled with Lyn-tdTomato
(PM) and AnnexinV-AlexaFluor488 (overlay in white) at 6 hpf (n=8 embryos). (¢) Surrogate targets not containing PS
(PS’, formed by lipid aggregates of PC and TexasRed-DHPE) injected in the blastula embryo are not cleared. (d)
Dynamics of a single phagocytic event of a PS™ target (lipid aggregate containing PS, PC and TexasRed-DHPE). Note
the formation of the actin ring in the phagocytic cup (3.5 min and 4.5 min) and actin accumulation at the rear (5 min)
during particle uptake (arrowheads). Slices parallel (top, x-y) and transverse (bottom, x-z) to the surface are shown. (e)
Death rate of embryos injected at 4 hpf with a large number of surrogate targets (3 independent experiments with n>70
embryos per condition). (f,g) Epithelial phagocytosis of apoptotic UV-irradiated human Jurkat T cells transplanted into
a zebrafish embryo. Membrane (f) and Caspase-3 chemical reporter (g) staining of transplanted apoptotic Jurkat T
cells. (h,i) Top enriched gene ontology terms for Zebrafish EVL cells versus progenitor cells (h, 3 independent
replicates, about 1000 embryos per sample) and Mouse TE cells versus ICM (i), showing raw p values for biological
process (left), cellular component (middle) and KEGG pathway (right). Results were made using DAVID and a
background of genes that were expressed above baseMean 3 (from DESeq2). Blue bar represent immune related
functions and orange bars phagocytosis related terms. Embryos are Tg(actbl:Lifeact-GFP) in (a,c),
Tg(krt18:Gal4FF/UAS:Lifeact-GFP) in (d), Tg(actbl:Lifeact-RFP) in (f-g). Scale bars: 50 um (a,c), 10 pm (a inset)
and 20 um (d,f,g). Mean and standard error are shown. *** p<0.0001, ** p<0.005. Images are representative of 5 (c)
embryos, most cells detected from 7 (f) and 2 (g) embryos, or some targets detected from 6 embryos (d).
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Extended Data Fig. 6. Epithelial phagocytosis of apoptotic targets in zebrafish embryoids and conservation in mouse
embryos. (a) Self-organizing blastula cell aggregates recapitulate de novo formation of a surface phagocytic epithelium
(maximum z-projection on the left and single slice on the right), showing krt18 promoter activity, squamous epithelial
morphology and junction formation in their surface cells, and their ability to engulf particles (inset). Cells for embryoid
generation were obtained from Tg(krt18:krt18-GFP) embryos co-expressing Lyn-tdTomato (PM). (b,b") Time-lapse
imaging of DsRed-expressing blastocysts. (b) A cell from the inner cell mass (dotted line) is released to the cavity
(0 min), phagocytosed (50 and 60 min) and remains inside the trophoblast cell during blastocyst expansion (255 min).
Note the deformation of the particle during uptake similar to the one occurring during phagocytosis in the zebrafish
epithelium (insets). (b") A second example of the same process described in (b). (¢) Injection of AnnexinV-
AlexaFluor488 into the cavity of unperturbed live blastocysts. (d) Dynamics of apoptotic mouse ES cells injected into
the blastocyst cavity and their localization inside trophoblast cells (arrowheads) 30 hours after injection. A detailed
view of the uptake process is shown on the right (d”): an ES cell appears inside an epithelial cell (arrowhead), similar
to epithelial uptake in zebrafish embryos. (e-g) Representative images (e) and quantitative analysis (f-g) of the final
localization of live or apoptotic mouse ES cells injected into the blastocyst cavity. (f) Most live mES cells were
incorporated into the ICM (n=16 embryos). (g) Apoptotic mES fragments were mainly found inside the trophoblast
(yellow arrowheads in (e), n=23 embryos). mES cells express GPI-GFP (plasma membrane) and H2B-mCherry
(nucleus). (h) PS™ surrogate targets (glass spheres coated with PC and TexasRed-DHPE) are not uptaken by the
trophoblast and remain in the blastocyst cavity. *** p>0.0001. Scale bars: 25 um (a), 10 um (a inset), 20 pm
(b,b",c,d,d") and 30 um (e). Images are representative of 21 aggregates (a, 3 independent assays), 10 (d) and 6 (h)
embryos, or some cells detected from 4 (b,b”) and 3 (c) embryos.



D
a
[=3

o s N
o o o
S O o

Actin density (a.u.)

[y
o

A pat o
0 02 04 06 08 1
normalized lenght

o

Bax* cells PM / Epithelial:F-actin

Bax*cells PM / mosaic F-actin

-
@
(=]

-t
n
o

N
o

Fluorescence (a.u.)
o]
(=]

Bax*cells PM / V\IW
mosaic F-actin 0.
0 10 20 30 40 50
distance (um)

cell protrusion

body
Extended Data Fig. 7. F-actin dynamics in epithelial arm protrusions. (a,b) External F-actin localizes to the rear part
of the apoptotic cell. Arrowheads represent the direction of movement (a). External F-actin distribution along the
normalized apoptotic cell perimeter (b, x=0.5 corresponds to the rear of the apoptotic cell, n=15 cells). (¢) Lifeact-GFP
expression driven by the krt18 promoter to visualize F-actin specifically in the epithelial tissue. Z-projection (top),
single slice z-section (middle), and transverse sections at the location of the dashed lines (bottom and lateral) are shown.
An apoptotic particle (arrowheads) starts to move in close association with epithelial actin enrichment. (d) Epithelial
arm protrusions retract after extension, related to Fig. 2i. (e) F-actin enrichment is located at the tip of the epithelial
protrusion, where the protrusion contacts the apoptotic cell. (e”,e””) Quantification of Lifeact-GFP fluorescence levels
over the yellow line. (f) F-actin flow in the external actin accumulation at the apoptotic cell rear. The kymograph (right)
was created from the yellow box in the left. The yellow arrow indicates the direction of movement of the apoptotic
particle. Embryos are Tg(actbl:Lifeact-GFP) in (a) and (f), Tg(krt18:Gal4FF/UAS:Lifeact-GFP) in (¢). Lifeact-GFP is
expressed mosaically in (d) and (e). Scale bars: 20 um (a,c,d,e,e’) and 5 um (f). Images are representative of most cells
from 20 (a), 9 (c) and 7 (d,e) embryos or some cells detected from 3 (f) embryos.
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Extended Data Fig. 8. Apoptotic motility and epithelial arms are present in various apoptotic contexts. (a) Endogenous
apoptotic fragment (arrowhead) revealing fast motility (yellow line indicates the total apoptotic path length). The path
of'alive cell (white dots and line) is shown as a comparison. (b) Epithelial arm formation in contact with an endogenous
apoptotic cell. F-actin (yellow arrowheads) accumulates in an epithelial cell (white arrowheads) in contact with an
apoptotic cell (magenta arrowhead), after its nuclear fragmentation. 10 min after the initial contact (32.5 min), external
actin polarizes to the rear of the motile apoptotic cell (yellow arrowheads). (c-h) Motility of Caspase-8%"* (c-e) or
Topoll-mut (f-h) apoptotic cells. Representative images of association with actin-rich arms (c,f), x-y trajectories (d,g),
and speed (e,h; Caspase-8" cells <vVyea>= 7.5 +/- 0.3 pm/min, <v,u>= 25.5 +/- 1.1 um/min, n=17 cells from
3 embryos; Topoll-mut cells <vyea,>= 6.8 +/- 0.1 pm/min, <v,q,>=21.3 +/- 1.3 pm/min, n=17 cells from 4 embryos)
of apoptotic cells. (i) Motility and association with epithelial arms of UV-irradiated human Jurkat T cells. (j) Cell death
(yellow arrowhead) followed by fragmentation (white arrowheads) and motility (yellow tracks) of few UV-irradiated
and transplanted cells expressing Lyn-TdTomato. Embryos are Tg(actbl:Myl12.1-eGFP) in (a), Tg(actb1:Lifeact-
GFP) in (b,c,fj), and Tg(actbl:Lifeact-RFP) in (i); In (a,b,f) embryos (a,b) or Topoll-mut cells (f) co-express Lyn-
tdTomato (PM) and H2a-mCherry (nucleus); In (¢) Caspase-8 co-express Lyn-tdTomato (PM); In (i) membranes of
Jurkat cells were stained with BODIPY-FL-C5-Ceramide before transplantation. Scale bars: 20 pum (a,b,c,i), 10 pm (f),
and 50 um (j). Images are representative of some cells from 7 (a) and 4 (b) embryos, or most cells from 3 (i,j) embryos.
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Extended Data Fig. 9. Possible factors underlying apoptotic motility. (a,b) /n vivo high-speed single cell imaging of
F-actin and Myosin II dynamics in motile apoptotic cells. (a) Apoptotic cell internal F-actin distribution (arrowhead)
is static during cell movement (see kymograph on the right generated from the yellow box region; blue arrowhead
highlights the passive movement of actin together with the cell front and rear. (b) Accumulation of Myosin II in static
rods is shown. (¢,d) Analysis of apoptotic cell speed (c) and phagocytic uptake (d) in Bax" cells co-expressing the
indicated dominant negative proteins (c: n=28 control cells, 16 dnRacl cells, 40 dnRhoA cells and 26 dnRock1 cells;
d: n=11 control embryos, 11 embryos with dnRacl cells, 9 embryos with dnRhoA cells, 9 embryos with dnRock1
cells). (e) Apoptotic cell motility in AnnexinV injected embryos. Bax " cells co-expressing Lyn-tdTomato (PM) (left)
and co-labelled with AnnexinV-AlexaFluor488 (center, overlay in white) are shown. Yellow paths correspond to a
period of 30 min of tracking. Mean instantaneous speed are also shown on the right (n=15 cells from 3 control embryos;
n=20 cells from 5 AnnexinV injected embryos). (f) Actin arms associated to apoptotic motility in embryos with Lifeact-
GFP expressed specifically in the EVL tissue. (g) Angular histogram of apoptotic particle movement direction
(tlag=60 s) measured as the angular difference relative to the peak of F-actin density localization from epithelial arm
protrusions (oriented to -270°, n=15 cells, 6 embryos). The histogram indicates that whenever an apoptotic particle
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undergoes directional movement the actual F-actin accumulation (EVL specific labelling) is centered at the back of the
apoptotic fragment. (h) Analysis of epithelial phagocytic uptake in conditions of whole embryo dnRacl expression
(n=4 embryos). Arrowheads indicate apoptotic cells. (i) Motility analysis of a co-culture of apoptotic (Bax") and live
cells in vitro. The red cells were tracked before (magenta arrowheads) and after apoptosis (yellow arrowheads). White
lines show examples of apoptotic tracks (n=14 cells from 3 experiments). Embryos (and cells obtained thereof) are
Tg(actbl:Lifeact-GFP) in (a,e,h-1), Tg(Myl12.1-eGFP) in (b) and Tg(krt18:Gal4FF/UAS:Lifeact-GFP) in (f). Scale
bars: 20 um (a,b,f) and 50 um (e,h-i). Mean and standard error are shown. *** p>0.0001, ** p<0.005. Images are
representative of most cells from 10 (a), 5 (b) and 6 (h) embryos.
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Extended Data Fig. 10. (a) Schematic illustration of experimental condition (top) showing a local source of apoptotic
targets (red) underneath an epithelial layer (EVL). Individual epithelial cells can form two types of basal protrusions,
phagocytic cups (formed at a rate p,,), which mediate target ingestion, and epithelial arms (formed at a rate p,), which
actively push apoptotic targets with velocity v and induce target dispersal underneath the epithelial layer. Each
epithelial cell can engulf a maximum number of targets Ny... Schematic of the 1D Monte Carlo simulation (bottom),
and the minimal set of parameters included therein (right). (b) Clearance time as a function of pushing speed v for
various values of Niuger/Nmar. The clearance time decreases with ~v? and ~(Nurger/Nuas)”. (€) Tissue clearance time as a

pushing velocity (um/min)

Parameter Table

Cell Size
Total epithelial cells
Number of targets

Pushing velocity
Persistence length
Pushing Probability

L
N
N
Uptake capacity limit N
v
|
P,
Uptake Probabiltiy p

function of pushing speed v for various clearance efficiencies. The analytically derived clearance time matches the
clearance time from Monte Carlo simulations at approximately 98% clearance efficiency.
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Extended Data Fig. 11. /n vivo analysis of epithelial uptake efficiency. (a) AnnexinV-AlexaFluor488 staining of
Raptinal-treated (or control) Jurkat cells before transplantation (% of Annexin” cells: 97.4+/-0.4 for Raptinal, 10.3+/-
0.8 for control; n=3 independent experiments, 90-120 cells per sample). (b) Interior of the embryo and EVL surface
uptake after transplantation of apoptotic Jurkat cells (left), at the moment of reaching saturation (center) and 1 h after
saturation (right). Inset highlights the morphology of a non-fragmented Jurkat cell. (¢) Detail of an EVL cell
sequentially uptaking 3 apoptotic targets (yellow arrowheads indicate a new particle detected inside the cell). In the
transverse section, the presence of uptaken (magenta arrowhead) and non-uptaken (white arrowhead) targets is
highlighted. The section underneath the EVL shows multiple non-uptaken targets in contact with the saturated cell
(white polygon). (d) Mean number of apoptotic targets uptaken per EVL cell over time (n= 120 cells from 6 embryos).
(e) Quantification of the external non-uptaken apoptotic targets contacted by single EVL cells at or 1h after saturation
(n= 69 (at saturation) and 58 (1 h after saturation) cells from 6 embryos). (f) Neighboring epithelial cells (cyan) to a
region of saturated cells (orange) are still able to uptake apoptotic targets (green). (g) Mean volume of apoptotic targets
uptaken per EVL cell over time (n= 120 cells from 6 embryos). (h) Distribution of volume uptaken by EVL cells at
saturation (n=6 embryos). In (b,c,f) Jurkat cells are stained with FM™ 4-64FX and embryos are Tg(actbl:Lifeact-
GFP). Scale bars: 20 um (a,c,h), 50 pm (b) and 5 um (b inset).
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SUPPLEMENTARY TABLE LEGEND

Supplementary Table. Differential gene expression for zebrafish EVL vs progenitor cells and mouse trophoblast vs
inner cell mass cells. GO analysis for both species are also shown. Previous data from human GO analysis are also
included.
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Methods

Zebrafish lines and maintenance

AB wild-type zebrafish and the following transgenic lines were used: Tg(actb1:Lifeact-GFP)?, Tg(actb1:Lifeact-RFP)*,
Tg(B-actin:myl12.1-EGFP)*, Tg(krt18:Gal4FF)°, Tg(krt18:krt18-GFP)°. Fish were maintained and bred according to
the standard procedures at the aquatic facility of the Parc de Recerca Biomeédica de Barcelona (PRBB). Embryos were
kept in E3 medium at 25°C-31°C prior to experiments and staged based on morphological criteria’ and hours post
fertilization (hpf). All protocols used have been approved by the Institutional Animal Care and Use Ethic Committee
(PRBB-IACUEC) and were implemented according to national and European regulations. Experiments were carried
out in accordance with the principles of the 3Rs.

To generate the Tg(Krt18:Gal4FF/UAS:Lifeact-GFP) line, the Tg(krt18:Gal4FF) line was injected at 1 cell stage with
25 pg of pT2AUAS:Lifeact-EGFP plasmid DNA® together with 25 pg of tol2 transposase mRNA, and founder fish
were selected.

Subcellular staining

The following mRNAs encoding fusion proteins were synthetized from pCS2 plasmids using the SP6 mMessenger
mMachine kit (Ambion) and injected at different stages: H2A-mCherry (100 pg, nuclear staining), Lyn-TdTomato and
Lyn-GFP (50 pg, plasma membrane staining), Lifeact-GFP (50 pg, F-actin) and Itga5-GFP (100 pg, phagosomes).
BODIPY-FL-C5-Ceramide (ThermoFisher) was used to stain cell membranes. To perform mosaic expression of
Lifeact-EGFP specifically in EVL cells, the Tg(krt18:Gal4FF) line was injected with 25 pg of plasmid DNA of
pT2AUAS:Lifeact-GFP (9), together with 25 pg of tol2 transposase mRNA at 1 cell stage. For Dihydroethidium
(ThermoFisher Scientific) staining, 4 hpf embryos were incubated 1h with 10pum of the drug and then mounted for live
imaging.

Apoptotic induction and apoptotic cell staining

To induce apoptosis, 2 pg zbax mRNA® (Bax" cells) was injected (together with lyn-TdTomato or h2a-mCherry
mRNA) at 16-32 cell stage to generate mosaic embryos bearing apoptotic cells from 4 hpf, when embryos were
mounted for live imaging or left to develop in E3 medium to measure survival rates. Alternatively, mosaic embryos
for Caspase8-ER™ fusion mRNA'" (1 pg) were generated and treated at 4 hpf with 5 uM 4-hydroxy-tamoxifen for 1 h
in solution and 2 h in the mounting agarose used for live imaging. UV irradiation with 200 mJ/cm? (isolated zebrafish
deep cells) or 25 mJ/cm? (Jurkat T cells) was performed using an ultraviolet crosslinker (CL1000, UVP). Mosaic mutant
Topo-1I overexpression was performed injecting 100 pg mRNA for Top2Y”*?" ' at 16-32 cell stage. For Raptinal
treatments, embryos were incubated with 10 uM of the drug for 1 h in solution and 2 h in the agarose used for live
imaging. To induce apoptosis in single cells with a two-photon laser, agarose mounted embryos expressing Myosin I1-
EGFP, Lyn-TdTomato and H2A-mCherry were mounted and imaged using a 20x glycerol immersion objective on a
Leica SP5 microscope. A region of interest of about 20 um depth from the epithelial surface with healthy stained cells
was selected, and a two-photon laser beam (775 nm) was applied for 25 s on an area similar to the size of one nucleus
with a digital zoom of 64x. After the illumination pulse, time-lapse imaging confirmed bleaching of the nuclear signal
only in the illuminated cell, while the signal of Myosin II-EGFP remained unaltered. This induced specific
morphological changes associated to apoptotic death, the appearance of a characteristic intracellular Myosin II pattern
identical to Bax" apoptotic cells, and later epithelial phagocytic uptake of illuminated cells.

To detect apoptotic cells, 100 pg of SecAS5-YFP'? or Flip-Casp3-GFP"> mRNA were injected at 1 cell stage.
Alternatively, cells were stained in vitro with the NucView® 488 Caspase-3 Assay Kit for Live Cells (Biotium) or
AnnexinV-Alexa Fluor™ 488 (Invitrogen), or in vivo with AnnexinV-AlexaFluor™ 488 by injection of about 1 nl into
embryos at 4 hpf. To block phagocytosis or motility of apoptotic cells, 10 nl of AnnexinV were delivered inside the
blastula cap at 4 hpf.

Expression of dominant negative proteins

Expression of dominant negative (dn) proteins was performed by injection of 20 pg dnRacIN17'* or 40 pg
dnRhoAN19'* and dnRockl mRNAs either at 1 cell stage (to obtain global expression) or at 16-32 cells stage (for
generating mosaic embryos). In some experiments, 100 pg of H2A-mCherry mRNA was co-injected to identify cells
expressing dn proteins. dnRacl was further expressed specifically in EVL cells by injecting 25 pg of pDCG-K-GFP-
UAS-RacDN plasmid DNA" together with 25 pg of tol2 transposase mRNA in the Tg(krt18:Gal4FF) line.
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Pharmacological interference treatments

Dechorionated embryos were incubated with LY294 50 uM (Sigma) in Danieu’s solution for 3 h and then mounted for
in vivo imaging to analyze phagocytic uptake. For dynamic analysis of apoptotic motility, embryos were pre-incubated
with 50 uM SMIFH2 (Sigma) or 100 uM CK-666 (Tocris Bioscience) or DMSO (control) for 1 h in Danieau’s solution,
mounted in the presence of the corresponding drugs and imaged for additional 2 h. For comparison of phagocytosis
and apoptotic motility, both parameters were quantified from the time-lapse imaging performed.

Consecutive double mosaic mRNA injections in zebrafish embryos

To obtain two different populations of cells, consecutive injections were performed in the same embryo. An injection
at 1 cell stage was performed to express proteins (for global staining, interference, or identification of the injected cells)
in the whole embryo, followed by an injection at 16-32 cell stage to generate a population of apoptotic cells. In some
cases, the injections were performed both at 16-32 cell stage in different cells, creating a double mosaic embryo with
two subpopulations. In these cases, screening for the spatial proximity of the two populations was essential in order to
image both populations simultaneously. In experiments based on double mosaic embryos injection for expression of
dnRacl mRNA in some cells (together with h2a-mCherry) and bax mRNA in other cells (together with lyn-TdTomato
mRNA), control embryos were injected with the H2a-mCherry mRNA only in the first population. Phagocytic ability
of H2a-mCherry expressing cells both in control and dnRacl embryos was quantified. Embryos with similar levels of
apoptotic cells in each condition were selected for the analysis.

Progenitor cell transplantation

For cell transplantation, apoptotic cells obtained from 4 hpf mosaic Bax-expressing Tg(actbl:Lifeact-GFP) donor
embryos were identified by the co-expression of Lyn-TdTomato and increased Lifeact-GFP signal characteristic of
apoptotic cells, and 15-30 cells were transplanted to a localized region close to the EVL of un-injected 4 hpf acceptor
embryos of the same line using a Celltram vario device (Eppendorf).

Apoptotic surrogate targets

To generate lipid-coated apoptotic surrogate targets, 9-13 pm glass spheres (Sigma) were mixed with 80 mol% POPCI1
palmitoyl-2-oleoyl-sn-glycero-3-phospholcoline (PC), 19 mol% L-a-phosphatidylserine (PS, Avanti Polar Lipids), and
1 mol% Texas Red™ 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine (ThermoFisher Scientific) dissolved in
chloroform, dried under N, flow and vacuum was applied for 2 h. The mix was resuspended in DMEM buffer by 5
cycles of vortexing for 30 s. A lipid mix without PS was also generated as described above, except that PS was omitted
and 99 mol% PC was used. For analyzing phagocytosis and motility, 2 nl of the mix were transferred to the blastula
cap of 4 hpf Tg(actbl:Lifeact-GFP) or Tg(Krt18:Gal4FF/UAS:Lifeact:EGFP) embryos using a microinjector (most of
the targets transplanted were lipid aggregates, as the coated beads aggregate in the needle) and live imaging was
performed. For embryo survival experiments, about 10 nl of the mix was injected in 4 hpf embryos and embryo survival
was analyzed at 8 and 24 hpf. For blastocyst experiments, 5-10 lipid-coated glass beads (in this experiment the injection
device allowed for transference of the coated glass beads) suspended in M2 medium were injected into the blastocyst
cavity of 3.5 dpc embryos using an inverted Olympus xi71 microscope and a Cell Tram Oil Narishige microinjector.

Human Jurkat T cells culture and transplantation

Human acute leukemic Jurkat T-cells (clone E6-1, American Type Culture Collection, ATCC, Bethesa, MD, USA)
were grown in RPMI 1640 medium supplemented with 10% FCS, 100 U/ml penicillin and 100 mg/ml streptomycin,
110 mg/L sodium pyruvate and 2 mM L-glutamine. Cells were maintained in a standard culture incubator with
humidified air containing 5% CO2 at 37°C. 5h after UV irradiation, the cells were stained with BODIPY-FL-C5-
Ceramide (a subset were stained with AnnexinV-Alexafluor488 to evaluate apoptosis) or NucView® 488 Caspase-3
Assay Kit for live cells, injected in 4 hpf Tg(actbl:Lifeact-RFP) embryos and live imaged. For assays of uptake
saturation, cells were treated with 10 uM Raptinal for 4 h, washed in DMEM medium (DMEM/F-12 with L-Glutamine
and Hepes, Sigma), membrane stained with 5 ug/ml FM™ 4-64FX (ThermoFisher) for 5 min, transplanted into
Tg(actbl:Lifeact-GFP) embryos and live imaged. The measured average size of phagosomes formed after epithelial
uptake of apoptotic zebrafish or Jurkat T cells was not significantly different (262+/-25 um® (716 phagosomes) for
zebrafish cells and 310+/-24 um® (941 phagosomes) for Jurkat T cells).

In vitro heterotypic culture

Cultures of zebrafish progenitor cells in vitro were prepared at 4 hpf by vortexing manually dechorionated embryos,
centrifugation, collection of the pellet in DMEM medium (DMEM/F-12 with L-Glutamine and Hepes, Sigma), and
plating of the cells on a MatTek dish for live imaging. Cells obtained from Tg(actbl:Lifeact-GFP) embryos injected
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with 5 pg of bax and 50 pg of lyn-TdTomato mRNA and uninjected control cells were mixed in a proportion of 1:2 to
prepare the cell suspension.

Generation of self-organizing embryonic cell aggregates

10 embryos obtained from the Tg(krt18:krt18-GFP) line co-expressing Lyn-TdTomato were manually dechorionated
at 6 hpf, vortexed in 1.5ml eppendorf 3x5 s, centrifuged at 200 g for 3 min and the pellet was resuspended in 20 pl of
DMEM supplemented with 0.5% FBS (Gibco). Incubation for 20 min created small clusters, which were plated on
MatTek dishes containing the same medium for 4 h.

Mouse experiments

The B6CBAF1 strain was used for injection of surrogate apoptotic targets or R1H2B—mCherry/GFP—GPI mES cells'’.
The B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J'® strain was used for time lapse imaging of endogenous phagocytic events
and E14Tg2a ES cell injection. Mouse lines were maintained and bred according to the standard procedures at the
rodent facility of Parc de Recerca Biomeédica de Barcelona (PRBB). All experiments conform to the guidelines from
the European Community Directive and Spanish legislation for the experimental use of animals. Embryos were isolated
from superovulated females mated with male mice. Female superovulation was induced by intraperitoneal injection of
5 international units (IU) pregnant mare’s serum gonadotropin (PMSG, Biopyc, Foligon), followed by intraperitoneal
injection of 5 IU human chorionic gonadotropin (hCG, Farma Higiene, Chorulon) 47 hours later. Embryos were
collected in M2 (Sigma, M1167) at 0.5 dpc (days post coitum) or 2.5 dpc and cultured in 10 pL droplets of KSOM
(Millipore, MR 106-D) covered with mineral oil (Sigma, M8410) at 37°C, 5% CO-. ES cells (9-11 cells) and surrogate
apoptotic targets were injected into the blastocyst cavity of 3.5 dpc embryos using an inverted Olympus xi71
microscope and a Cell Tram Oil Narishige microinjector. An Eppendorf FemtoJet microinjector was used to inject
AnnexinV-AlexaFluor488. For live imaging, embryos were kept in M2 medium and imaged with a 20x (0.7 NA)
glycerol-immersion objective on a Leica TCS SP5 confocal microscope equipped with an incubation chamber to keep
the samples at 37°C and 5% CO2. Laser excitation of 488 nm and/or 543 nm at minimal power and HyD detectors
were used.

Mouse ES cells culture

Mouse embryonic stem cells (E14Tg2a or R1H2B-mCherry/GFP—-GPI'") were maintained in the following medium:
KnockOut™ DMEM supplemented with 10% ES qualified Fetal Bovine Serum, 1 x non-essential Amino Acids
Solutions, 1 x Glutamax, 50 U/mL penicillin and 50 pg/mL streptomycin, 1 x Sodium Pyruvate, 50 uM 2-
mercaptoethanol, and 1000 U/mL leukemia inhibitory factor (all Life Technologies). Tissue culture-treaded dishes
(Falcon) were coated with 0.1% gelatin (Sigma) for 30 min at 37°C before seeding cells. Medium was changed every
24 h and cells were passaged every other day using 0.05 % Trypsin-EDTA (Life technologies) at ratios of 1/4-1/7.
Cells were grown at 37 °C in an incubator with 5% CO2. 2 days after plating, floating cells were collected (a subset
stained with AnnexinV-AlexaFluor488 to evaluate apoptosis), stained with BODIPY-FL-C5-Ceramide (E14Tg2a
cells) and injected in the blastocyst cavity.

RNA-seq and analysis

Cells were dissociated from Tg(krt18:krt18-GFP) embryos and 1x10* GFP* cells were sorted in a BD Influx cell sorter
(Becton Dickinson). RNA was prepared using the RNeasy Micro Kit (Qiagen) and Illumina libraries were
prepared using the SMARTseq2 protocol and sequenced on a HiSeq2500 v4 to produce 50-nt single end
reads. Raw Zebrafish RNA-Seq reads were processed using Nextflow: nf-core pipeline'®, using TrimGalore for adaptor
and quality triming (https:/github.com/FelixKrueger/TrimGalore), Star v.2.6.1d" to map the reads to the genome and
featureCounts®’ to summarize read counts per gene. Mouse RNA-Seq reads' were processed using vast-tools* to gain
raw read counts. Differential genes were calculated using DESeq2* using default settings, comparing GFP* to GFP
cells (Zebrafish; 3 replicates), or ICM to TE (mouse). Mouse trophectoderm and ICM had to be determined from
blastocyst labelled cells from?®' and split into their lineage-cell type by clustering by lineage specific markers based on
previous lineage definitions®*. Gene ontology was performed using the DAVID web knowledgebase v6.8% using a
background of all genes expressed above a base mean of 3. Full differential expression results and gene ontology are
found in Extended data Table 1.

Live imaging of zebrafish embryos

Embryos were maintained in E3 medium (5 mM NacCl, 0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSQOs) until they
were dechorionated and mounted in 1% low-melting point agarose in Danieau’s solution (58 mM NacCl, 0.7 mM KClI,
0.4 mM MgSOs, 0.6 mM Ca(NO:3),, 5 mM HEPES) over 35 mm glass bottom Petri dishes and imaged with a 20x (0.8
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NA) glycerol-immersion objective at 28°C on Leica TCS SP5 or SP8 confocal microscopes. Laser excitation of 488
nm and 543/561 nm and HyD detectors were used. Z-stacks of 0.5-2 pm spacing between z-slices were acquired with
a temporal resolution of 1 s-20 min depending on the experiment.

Image analysis

Raw data were analyzed and quantified using FIJI software *°. Images were processed for figure preparation by
applying Gaussian blur filter or despeckle function. In some cases, z-projections were shown as indicated. In Figures
11, 21, 4c and Extended Data Figure 3f regions of the image were cropped to improve visualization of a given structure.
Quantification of phagocytic activity was done using the Cell Counter plugin from z-stacks. To measure the volume of
the embryo present in the field of view, the area of the embryo in each plane was added and multiplied by the distance
between planes. When measuring the initial number of apoptotic cells in embryos injected with 2 pg of bax mRNA,
we estimated that 2/3 of the identified particles correspond to intact cells and the other 1/3 to cell fragments.
Phagosomes were identified by the red signal originating from the Lyn-TdTomato marker expressed in apoptotic cells.
To unequivocally count phagosomes, particles smaller than 3 pm were discarded from the analysis. Apoptotic
fragments not ingested by the EVL cells were identified by the red signal, an increased Lifeact-GFP signal, and by
characteristic morphology. To quantify the dynamics of fluorescence signals in phagosomes, individual phagosomes
were tracked over time and the mean signal (GFP), or the coefficient of variance (standard deviation/mean) were
estimated. The volume uptaken by each EVL cell was calculated measuring the diameter of each phagosome assuming
a spherical geometry. Once the volume uptaken by all EVL cells was calculated at each time frame, the 20 cells with
higher uptake volume were selected and used for the saturation analysis.

Apoptotic motility was quantified using the MTrack]J plugin®’, from which instantaneous speed, track length, x-y-z
positions, and visualization were obtained. The mean speed for each track is an average of the instantaneous speed
obtained for each time frame. Fast phases of apoptotic motility were defined as periods of 4-10 frames in which at least
2/3 of the frames show an instantaneous speed >10 pm/min. Maximum speed values correspond to the maximal
instantaneous speed achieved by each apoptotic cell. To select the cells to be tracked, fast moving apoptotic cells were
identified and then manually tracked in 3D. Representations of the apoptotic paths were done in 2D using only the x-y
coordinates (z-coordinate provides a minor contribution to the whole movement). To construct the kymographs, a
region from a time-lapse of one z-plane was resliced, following the signal in the region selected over time.
Quantification of intensity of the fluorescent signals were done on raw images using the Plot Profile function. To
quantify the frequency of phagocytic cup formation, successful phagocytic events were considered. To quantify the
frequency of arm formation, rear actin accumulation associated to fast motile apoptotic cells lasting for a minimum
period of 1.5 min was identified. To determine the association of apoptotic motility and rear external actin in EVL-
specific stained embryos, the presence of actin in contact with the apoptotic cell was analyzed in previously identified
motile cells. To determine the number of EVL cells faced by apoptotic cells, we tracked apoptotic cells before uptake
counting the contact with each individual epithelial cell, neglecting multiple encounters with the same epithelial cells.
For cells not uptaken (live cells or apoptotic cells in CK-666 and dnRacl embryos), tracks with the same time of travel
than uptaken ones were used.

Curvature analysis of apoptotic target cells during phagocytic uptake

Raw images of apoptotic Bax" cells during epithelial phagocytosis were analyzed using custom written scripts in
Matlab (Mathworks 2017b). First, a 2D cell outline was manually defined and interpolated by a spline function with
zero tension. From the obtained 2D curve, the curvature vector was determined by adapting an open-source Matlab
code”. Normal directions of curvature vectors (pointing inside versus outside) indicate positive versus negative
curvature values of the surface and were used to derive scalar local curvature values which were further normalized to
represent color-coded bending values along the apoptotic fragment cross-section.

Analysis of actin density versus movement directionality

Apoptotic targets during active pushing phases were analyzed using two-color fluorescence raw images to derive the
movement directionality of apoptotic fragments and to measure accompanying actin densities generated by pushing
epithelial arms along the apoptotic target cross-sectional perimeter. At a specific time point ¢, the change in target
movement direction between (J? (t+1)—x (t)) in relation to the previous direction (f(t) —x(t — 1)) was measured
and plotted in an angular histogram (ti, =1 min). In addition, the actin density of epithelial arm protrusions in contact
with apoptotic targets was extracted at a time point ¢ by manually outlining the cross-sectional area of the apoptotic
target shape. Fluorescence intensity values were averaged along the line profile (line of 5 Pixel width) at the target
surface. Shape outlines were normalized to the total cross-sectional perimeter of apoptotic cells and intensity values
were plotted as color-coded values along a normalized unit circle oriented along the target direction at z.
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Single cell tracking analysis

Raw data were tracked manually as described above and further analyzed using custom-written scripts in Matlab
(Mathworks 2017b). To compare representative x-y trajectories, arbitrarily selected tracks were centered to the origin
and cut at the indicated maximum track length. Rose plot diagrams were calculated from tracks at time intervals (ting =
3 frames of 38-50 sec) to generate a histogram of angle distributions between consecutive steps in the trajectories.
Mean Square Displacement (MSD) analysis was performed on manually tracked apoptotic and live cell data. The MSD
curves were obtained as:

MSD(tlag) = {(% (t + tlag) — % (t))?)

with errorbars calculated as previously described”. The MSD versus time data for live cell trajectories were fitted to a
diffusion model with flow:

MSD(tlag) = a-v?t*+(1—a)-4-D-t.

MSD versus time data of apoptotic cells were fitted to a persistent random walk model:
-t
MSD(tlag) =4-D - <t - P, (1 —e Pt)).

Statistical tests

Statistical significance tests were performed with either (1) the two-sample t-test when the data followed a normal
distribution or (2) a non- parametric KS (Matlab) otherwise. Mean and standard errors were calculated using Excel
(Microsoft). Unpaired Student’s t-test and p values were calculated using GraphPad.

Monte Carlo simulations of the clearance model

Extended Data Fig. 10a shows a model representation of the dynamic clearance process given a number of apoptotic
cells Marger underneath a one-dimensional epithelial layer. A number of epithelial cells (Ngvr) of size L=20 um are
aligned next to each other, yielding a total epithelial layer L*Ngve. EVL cells can either uptake apoptotic fragments
with probability py, or actively push fragments with probability p, in the lateral directions, leading to target dispersal
under the epithelial layer. Pushing periods (with velocity v) exclude uptake of fragments, resulting in a conditional
uptake probability of (/-p,)pu,. Each EVL cell is assumed to have a limited uptake capacity of apoptotic target particles
defined by Nmax, providing an upper boundary to the total volume an individual EVL cell can ingest. Initial conditions
of the simulations were set via positioning Nuret cells at the center of the epithelial layer. The time during target pushing
todefines the simulation time steps during which the number of free targets Nureet, Which have not been uptaken yet,
can either be actively pushed in lateral directions (pigh=pien=0.5) or uptaken with probability (1-p,)pu. The pushing
events with velocity v generate a persistence length of target movement given by /,=v t.s. The simulation process is
repeated & times until all apoptotic fragments are uptaken. The spatial domain length of the epithelial layer is set to
allow for full target clearance Nevi>>MNarget/Nmax-
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Supplementary notes

We briefly describe here the derivation of the formula to calculate the apoptotic clearance time in the presence of
phagocytic arm pushing speed, v. The model assumes a cluster of Nureet apoptotic cells ("targets") at an initial time =0,
located at a position x=0 directly underneath a one-dimensional layer of epithelial cells (see sketch in Extended Data
Fig. 10a). We assume that the targets can be treated as point particles, with negligible spatial extent. Each epithelial
cell, of width L, can engulf Nmax targets. The clearance time, Zocar, is largely independent of the phagocytic uptake rate
Pup, Suggesting that clearance is diffusion-limited. Following the experimental results, we modeled individual pushing
events as a directional motion with a speed +/-v during time Zo+. The probability for pushing is described by p. leading
to particle displacements /,=v fofr during the time (//p,)torr. On times large compared with # this results in a random
walk with an effective diffusion constant Dog = 1/2 - p,v%to. We assume that at a time ¢ > 0 there is a boundary
position s(t)~+/Dess t such that epithelial cells in the region -s(2) < x < s(z) have each engulfed Nnax targets, while those
lying outside this region are empty of targets. As a result, the clearance time can be defined as the moment when
2 Niax S(tclear) = Niarget * L, leading to

2
¢ _ <Ntarget) LZ
clear Nmax 2 Dy vztoff.

This formula predicts that the clearance time decreases with the square of the arm pushing speed v (see Fig. 4i and

Extended Data Fig. 10b) and with the square of the loading capacity, Nmax, in agreement with simulations (see Extended
Data Fig. 10c).
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Captions for Videos 1 to 14

Supplementary Video 1. Single cell dynamics of endogenous apoptotic events and epithelial uptake. The enveloping
epithelial layer (EVL) uptakes apoptotic cells as identified by morphological features (I, yellow lines indicate apoptotic
cell fragment paths), AnnexinV-YFP (II, cyan) binding, or activated Capase-3 (III, cyan; yellow and white lines
indicate apoptotic and live cell paths, respectively). Myosin II-EGFP (I, cyan), plasma membrane (PM, Lyn-tdTomato,
red, LILIII) and nucleus (H2a-mCherry, red, I) are shown. White and green arrowheads indicate apoptotic fragments
before and after epithelial uptake (note that fragments from a single apoptotic cell are uptaken by different epithelial
cells).

Supplementary Video 2. Errors in cell division (I), associated to cell death (II), and to cell death and epithelial uptake
(IID). Lifeact-GFP (I and II, cyan), Myosin II-EGFP (III, cyan), plasma membrane (Lyn-tdTomato, red, LILIII) and
nucleus (H2a-mCherry, red, I, 11, III) are shown.

Supplementary Video 3. EVL clearance dynamics of Bax™ apoptotic cells (I, co-expressing the PM marker Lyn-
tdTomato, red). Embryo expressing Lifeact-GFP (cyan). (II) Dynamics of Caspase-3 reporter activation (cyan) in Bax"
cells during nuclear (H2a-mCherry, red) fragmentation.

Supplementary Video 4. Epithelial clearance under stress conditions. Mosaic mutant Topo-II expression (I), whole
embryo Raptinal treatment (II), single cell 2-photon induced programmed cell death (III) and mosaic Caspase-8
activation (IV). PM (Lyn-tdTomato, red) or nucleus (H2a-mCherry, red) in apoptotic cells (I, IV) or in the whole
embryo (II, III), F-actin (Lifeact-GFP, cyan, I, IV) and Myosin II-EGFP (cyan, II and III) are shown.

Supplementary Video 5. Single cell visualization of epithelial phagocytosis of Bax" cells. (I) Two examples of z-
projections of phagocytic cups showing an actin ring, and single slices with sections parallel and transverse to the
epithelial surface showing the dynamics of phagocytic pseudopods. (II) Phagocytic cup formed from epithelial ruffles.
F-actin (Lifeact-GFP, cyan) and PM of apoptotic cells (Lyn-tdTomato, red) are shown. (III) Degradation of the
apoptotic debris after uptake. Double mosaic showing F-actin (Lifeact-GFP, cyan) in an epithelial cell and PM of
apoptotic cells (Lyn-tdTomato, red) are shown.

Supplementary Video 6. Epithelial clearance of PS* surrogate apoptotic targets. Global (I, parallel and transverse
sections) or high magnification epithelial-specific staining (II) for F-actin (Lifeact-GFP, cyan) are shown. PM of Bax"
cells is shown (Lyn-tdTomato, red).

Supplementary Video 7. Mouse trophoblast uptakes apoptotic particles. Uptake of an apoptotic cells released from
the inner cell mass (I), uptake of an in vivo stained apoptotic cell in the cavity by AnnexinV-AlexaFluor488 injection
(cyan, II), and uptake detail of an apoptotic ES cell injected in the cavity (III). Blastocysts express DsRed (red), and
ES cells are stained with Bodipy-FL-C5 ceramide (cyan).

Supplementary Video 8. /n vivo apoptotic motility in association with actin arms. Whole embryo (I) or detailed view
(IT) of Bax" cells (co-expressing Lyn-tdTomato, red) moving fast and non-directionally along the embryo in association
with external F-actin (Lifeact-GFP, cyan). An embryo with mosaic PM (Lyn-tdTomato) staining of motile live cells
with slow and directional movement in comparison to apoptotic cells is shown on the right (I). Tracks are depicted by
yellow (apoptotic cells) or white (live cells) lines.

Supplementary Video 9. High speed imaging of in vivo actin filament dynamics (Lifeact-GFP, cyan) in association
with the external rear surface of single Bax" apoptotic cells (PM, Lyn-tdTomato, red).
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Supplementary Video 10. Dynamics of epithelial arms and ruffles. (I) Single cell epithelial arm visualization (Lifeact-
GFP, cyan) in association with a Bax" apoptotic cell (PM, Lyn-tdTomato, red). (II) Ruffles in an embryo expressing
Lifeact-GFP (cyan) and showing Bax" apoptotic cells (PM, Lyn-tdTomato, red).

Supplementary Video 11. Arm-mediated motility of endogenous apoptotic cells. (I) Epithelial actin contacting a dead
cell and polarizing to the cell rear to initiate motility and (II) Phagocytic uptake and epithelial arms associated to
motility of an endogenous cell dying after an error in mitosis. Lifeact-GFP (cyan), PM (Lyn-tdTomato, red), and H2a-
mCherry (nucleus, red) are shown.

Supplementary Video 12. (I) Epithelial arms (Lifeact-RFP, red) formed in contact with apoptotic Jurkat T cells
(Bodipy-FL-C5-Ceramide, cyan). (IT) Apoptotic motility after transplantation of few UV-irradiated cells (Lifeact-GFP,
cyan; PM, Lyn-tdTomato, red). (III) /n vivo single cell Myosin I dynamics (Myosin II-EGFP, cyan) in a single Bax"
apoptotic cell (PM, Lyn-tdTomato, red). (IV) Epithelial-specific actin (cyan) associates with motile Bax" apoptotic
cells (PM, Lyn-tdTomato, red). Embryos are Tg(Krt18:Gal4FF/UAS:Lifeact-GFP) .

Supplementary Video 13. (I) Loss of epithelial arm protrusions and apoptotic cell motility (Bax and Lyn-tdTomato,
red plasma membrane) in dnRacl-expressing (H2a-mCherry, red nucleus) embryos. F-actin is shown (Lifeact-GFP,
cyan). (II) Epithelial arms (Lifeact-GFP, cyan) push PS" surrogate targets (Texas Red-DHPE, red). (III) CK-666-
mediated Arp2/3 inhibition blocks apoptotic motility, arm formation, and phagocytic uptake. (IV) SMIFH2-mediated
Formin inhibition blocks phagocytic uptake but does not affect epithelial arm formation and apoptotic motility. In III
and IV embryos express Lifeact-GFP (cyan) and apoptotic cells express Bax and Lyn-tdTomato (red).

Supplementary Video 14. (I) Consecutive pushing of an apoptotic cell by arms coming from different epithelial cells.
F-actin (cyan) and a Bax" cell (co-expressing Lyn-tdTomato, red) are shown. (IT) Tracking of Bax" apoptotic cells (co-
expressing Lyn-tdTomato, yellow dots) after transplantation into a localized region underneath the EVL of an acceptor
Tg(actbl:Lifeact-GFP) embryo. A pool of epithelial cells initially in close proximity to the transplanted cells are
depicted in blue, and cells for the expanded epithelial area after apoptotic spreading are shown in magenta.
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