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Summary 22 
Errors in early embryogenesis are a cause of sporadic cell death and developmental 23 
failure1,2. Phagocytic activity has a central role in scavenging apoptotic cells in 24 
differentiated tissues3,4,5,6. However, how apoptotic cells are cleared in the blastula 25 
embryo in the absence of specialized immune cells remains unknown. Here we show that 26 
the surface epithelium of zebrafish and mouse embryos, which is the first tissue formed 27 
during vertebrate development, performs efficient phagocytic clearance of apoptotic cells 28 
through phosphatidylserine-mediated target recognition. Quantitative four-dimensional in 29 
vivo imaging analyses reveal a collective epithelial clearance mechanism that is based on 30 
mechanical cooperation by two types of Rac1-dependent basal epithelial protrusions. The 31 
first type of protrusion, phagocytic cups, mediates apoptotic target uptake. The second, a 32 
previously undescribed type of fast and extended actin-based protrusion that we call 33 
‘epithelial arms’, promotes the rapid dispersal of apoptotic targets through Arp2/3-34 
dependent mechanical pushing. On the basis of experimental data and modelling, we 35 
show that mechanical load-sharing enables the long-range cooperative uptake of 36 
apoptotic cells by multiple epithelial cells. This optimizes the efficiency of tissue clearance 37 
by extending the limited spatial exploration range and local uptake capacity of non-motile 38 
epithelial cells. Our findings show that epithelial tissue clearance facilitates error correction 39 
that is relevant to the developmental robustness and survival of the embryo, revealing the 40 
presence of an innate immune function in the earliest stages of embryonic development.  41 

 42 

 43 
Main text 44 
Early embryogenesis is prone to cellular errors like mitotic defects induced by cell intrinsic or 45 
extrinsic stress factors1,2. This leads to sporadic cell death of progenitor stem cells3-6, assumed 46 
to be a major cause of early developmental failures in human pre-implantation development7,8. 47 
Stochastic cell death is expected to occur at random locations, vary in cell number and differ 48 
from developmentally programmed cell death occurring at later stages in vertebrate 49 
embryogenesis, which has predefined spatiotemporal dynamics and specific functions in 50 
morphogenetic processes9. Detection and removal of cell corpses requires specific clearance 51 
mechanisms as mediated by professional phagocytic cells in adult tissues10. Whether such 52 
active mechanisms for efficient apoptotic tissue clearance exist in early blastula and gastrula 53 
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stages of vertebrate development is still not understood. At early blastula stage, the vertebrate 1 
embryo consists of an undifferentiated inner cell mass covered by a squamous surface 2 
epithelium, termed epithelial enveloping layer (EVL) in zebrafish and trophoblast in mouse. 3 
This epithelial layer represents the first tissue formed during vertebrate development and is 4 
considered to provide mechanical protection and physical barrier function in the early 5 
embryo11,12. To identify how apoptotic events are managed during early embryo development, 6 
we performed quantitative 4D in vivo imaging to visualize the spatio-temporal dynamics of 7 
single apoptotic cells. Live imaging of spontaneous progenitor cell death in the zebrafish 8 
blastula showed typical hallmarks of apoptosis such as cellular shape changes (Fig. 1a, 9 
Supplementary Video 1), cell and nuclear fragmentation (Fig. 1a, Extended Data Fig. 1a,c, 10 
Supplementary Video 1), PS exposure (Extended Data Fig. 1a, Supplementary Video 1), and 11 
Caspase-3 activation (Extended Data Fig. 1b, Supplementary Video 1). We observed that 12 
apoptotic events were frequently associated with errors in cell division such as aberrations in 13 
chromosome segregation (Extended Data Fig. 1c, Supplementary Video 2 and 11). Strikingly, 14 
spatio-temporal tracking of apoptotic progenitor cells dying in the embryo interior revealed 15 
their accumulation inside the EVL (Fig. 1a, Supplementary Video 1), suggesting that 16 
embryonic epithelial cells have a specific uptake capability. To probe the ability of early 17 
embryos to cope with an increased amount of cell death, we next challenged zebrafish blastula 18 
embryos by mosaic overexpression of the pro-apoptotic protein Bax13 (Bax+ cells) to induce 19 
apoptotic cell death ectopically, as confirmed by in vivo analysis of PS exposure (Extended 20 
Data Fig. 1d) and Caspase-3 activation (Extended Data Fig. 1e-e’, Supplementary Video 3). 21 
Remarkably, embryo survival was not significantly affected in conditions showing abundant 22 
cell death in the embryo (such as 2 pg of bax mRNA, Fig. 1b,c), suggesting the existence of 23 
an efficient failure compensation program in the embryo. Comparable to endogenous 24 
apoptotic events, extensive epithelial uptake was observed for Bax+ cells (Fig. 1c, 25 
Supplementary Video 3), revealing a high clearance capacity of the embryonic epithelium (Fig. 26 
1c,d), with average removal rates of 68 +/- 3 apoptotic particles within 2 hours in the field of 27 
view. In contrast, only a very low uptake rate by progenitor cells was identified (Fig. 1e), 28 
showing that apoptotic cell clearance is epithelium-specific. Similar to Bax overexpression, 29 
tissue clearance by the EVL was observed by mosaic activation of the apoptotic effector 30 
molecule Caspase-8ERT2 (Extended Data Fig. 1f, Supplementary Video 4). We further 31 
mimicked different intrinsic and extrinsic stress factors triggering cell death that can occur 32 
during early development: 1) impairing of DNA replication by mosaic overexpression of a 33 
mutant form of Topoisomerase-II14, 2) transplantation of UV-irradiated cells, and 3) triggering 34 
mitochondrial stress in the whole embryo by pharmacological treatment with Raptinal15 35 
(Extended Data Fig. 2a-c). Epithelial clearance of apoptotic cells was consistently observed 36 
in all these conditions across the epithelium, supporting that clearance does not depend on 37 
the induction of a specific apoptotic program and the whole epithelium is competent for target 38 
uptake (Extended Data Fig. 2d-f, Supplementary Video 4). In addition, clearance did not 39 
depend on the presence of a high number of apoptotic events, as transplantation of only few 40 
apoptotic cells (4 +/- 3 cells) was sufficient to elicit epithelial uptake (Extended Data Fig. 2g). 41 
Moreover, induction of programmed cell death in a single progenitor cell by two-photon 42 
illumination in vivo resulted in efficient epithelial uptake (Extended Data Fig. 2h, 43 
Supplementary Video 4), supporting a high sensitivity of the epithelium to detect and clear 44 
dying cells in the embryo. Together, these observations reveal a generic clearance function of 45 
the epithelium, establishing an error-correction mechanism present at blastula stages of 46 
embryonic development. Importantly, epithelial uptake operates across a broad range of 47 
apoptotic cell numbers, with efficient clearing of both single cells and massive regions of cell 48 
death. 49 
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