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            Abstract
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.
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                    Fig. 1: The embryonic surface epithelium performs efficient phagocytic clearance of apoptotic cells.[image: ]


Fig. 2: Apoptotic cells acquire fast motility associated with actin-based epithelial arm protrusions.[image: ]


Fig. 3: Epithelial arms mechanically push apoptotic cells.[image: ]


Fig. 4: Epithelial cells cooperate through active target spreading to improve the efficiency of tissue clearance.[image: ]
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                Data availability

              
              RNA-sequencing data and analyses are available in Supplementary Table 1, and raw data have been deposited in the Gene Expression Omnibus (GEO) under accession number GSE143734. Raw microscopy data are available from the corresponding authors upon request due to their large file sizes. Source data are provided with this paper.

            

Code availability

              
              RNA-sequencing data were analysed using published processing pipelines as outlined in detail in the Supplementary Methods. Image analysis routines are described in the Supplementary Methods. Image analysis and simulation codes are available on GitHub (https://github.com/stefanwieser/Clearance.git).
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Extended data figures and tables

Extended Data Fig. 1 Endogenous and induced cell death events occur by apoptosis and are cleared by the surface epithelium.
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 annexin-V–YFP. b, An endogenous cell captured during abnormal mitosis (35–38 min), apoptosis (99 min) and its phagocytic uptake (379 min). c, Caspase-3 activation dynamics in an endogenously dying cell (yellow arrowheads) visualized by expression of the Flip-Casp3–GFP reporter. White arrowhead indicates uptake by an epithelial cell. d, Bax+ cells co-expressing Lyn–tdTomato (PM; white arrowheads point to example Bax+ cells) expose PS (magenta arrowheads) as detected by injection of annexin-V–AlexaFluor488 in a live embryo. Yellow arrowheads highlight the co-localization of both signals. e, In vivo detection of Caspase-3 activation by expression of the Flip-Casp3–GFP reporter in Bax+ cells co-expressing H2A–mcherry (nucleus). Yellow arrowheads indicate cells showing both signals. e′, Caspase-3 activation dynamics during nuclear fragmentation in a Bax+ cell. f, Mosaic overexpression of tamoxifen-activated Caspase-8ERT2 leads to epithelial uptake (arrowheads) similar to the one observed for Bax+ cells. g, Engulfment of apoptotic particles by the EVL or by progenitor cells in the embryo interior at 6 hpf (n = 6 embryos). Box plot shows the maximum and minimum (whiskers), medians (lines), 25th and 75th percentiles (boxes) and means (crosses). Paired two-sided t-test; ****P = 1.04 × 10−7. h–n, Characteristic morphological changes in apoptotic cells (h–j, white arrowheads) and phagocytic uptake by epithelial cells (k–n, yellow arrowheads) of cells overexpressing a mutant topoisomerase II (TopoII-mut+) and co-expressing Lyn–tdTomato and H2A–mCherry (h, k), transplanted UV-irradiated cells expressing Lyn-tdTomato (i, l, n) and cells from Raptinal-treated embryos (j, m). In n, a small number of UV-irradiated apoptotic cells were transplanted, the white arrowhead indicates a dying cell that is later ingested by the epithelium as indicated by the yellow arrowheads. Dashed lines indicate the position of the transverse sections. o, Induced programmed cell death by two-photon illumination in a single progenitor cell (arrowheads) leading to nuclear fluorescence bleaching (0 min), cell death (120 min), cell fragmentation (127 min) and epithelial uptake (135 min). Embryos are Tg(actb1:Lifeact-GFP) in (b, d, f, h, i, k, l, n) and Tg(actb1:Myl12.1-eGFP) in (j, m, o). Lyn–tdTomato (PM marker; a–c, j, m, o) and H2A–mCherry (nucleus; b, j, m, o) were co-expressed in the whole embryo. Scale bars, 20 μm (a, b, e, f, h, m, o), 10 μm (c), 50 μm (d) and 100 μm (n).
Source data


Extended Data Fig. 2 Phagocytic dynamics in epithelial cells.
a, A phagocytic event of an apoptotic fragment visualized by slices parallel (top, xy) and transverse (bottom, xz) to the surface, in embryos with mosaic Lifeact–GFP staining of EVL cells. Arrowheads point to the formation of a phagocytic cup by the extension of characteristic actin-rich pseudopods. After engulfment is completed, the height (z-dimension) of the epithelial cell remains increased due to the size of the ingested particle. b–b‴, F-actin accumulates in a phagocytic ring (b, arrowheads) depleting the cytosolic actin pool. As phagocytosis is being completed (finalized at 800 s), actin replenished in the cytosol (b′–b‴). Quantification of the cytosolic actin pool dynamics is depicted on the bottom. Single planes (b) and z-projections (b′–b‴) are shown. c, Shape deformation of an apoptotic cell during epithelial uptake (left) indicated by curvature vectors normal to the cell perimeter (centre) and corresponding normalized scalar bending values (right). d, Aspect ratio of the apoptotic cell before, during and after uptake (n = 6 cells). Paired t-test with Bonferroni adjusted P values for multiple comparisons; **P = 0.0048; ##P = 0.0047. 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 (23–36 min) originating from a membrane ruffle (17 min). Arrowheads indicate membrane ruffles. g, Coordinated apoptotic cell fragmentation and 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 arrowheads, 2 min). Whereas 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 ingested (from 9 min to 13 min). White arrowhead indicates a previously phagocytosed apoptotic cell. h, Mosaic EVL-specific expression of dnRac1–GFP driven by the krt18 promoter in embryos with mosaic expression of Bax+ cells. dnRac1–GFP epithelial cells do not ingest apoptotic particles, whereas control neighbouring epithelial cells do (arrowheads). i, Rac1 involvement in epithelial phagocytic uptake analysed in embryos with two mosaic cell populations: (1) cells expressing H2A-mCherry only (top) or co-expressing dnRac1 (bottom) and (2) Bax+ cells. White arrowheads indicate apoptotic fragments ingested in the EVL, showing that epithelial cells expressing dnRac1 are not able to phagocytose particles compared to control cells. Dashed lines indicate EVL cell contours. Yellow arrowheads indicate red nuclear staining. Quantification of uptake rates (right; n = 6 and 7 control and dnRac1 embryos, respectively). Red bar indicates the mean. j, k, Epithelial phagocytosis of Bax+ cells in the presence of the PI3K inhibitor LY294 or a DMSO vehicle control (n = 8 and 6 embryos for DMSO and LY294, respectively). Unpaired two-sided t-test; **** P = 3.34 × 10−8. l, m, Two independent double mosaic stainings enable the identification of the origin of membranes in phagocytic vesicles. In l, Bax+ cells express Lifeact–GFP and the epithelial cell expresses Lyn–tdTomato (PM); in m, Bax+ cells express Lyn–tdTomato (PM) and the epithelial cell expresses Lifeact–GFP. n, Dynamics of superoxide generation in epithelial phagosomes (top) and quantification in a single phagosome (bottom) using the DHE reporter. o–r, Degradation of the phagocytic vesicle content measured by double mosaic staining. Fluorescence signals of apoptotic cells expressing Lifeact–GFP (o) or Lyn–tdTomato (p–r) were monitored after phagocytosis (epithelial cells express Lyn–tdTomato (o) or Lifeact–GFP (p)). o′, GFP fluorescence decreases over time (n = 7 phagosomes from 7 epithelial cells), known to be associated to both pH-dependent quenching and protein degradation49,50. Data are mean ± s.e.m. p–r, Change in spatial distribution of Lyn–tdTomato fluorescence, indicative of 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 enzymes49). r, Quantification of the coefficient of variation of the tdTomato signal in the whole phagosome over time (each line corresponds to a single phagosome in 6 epithelial cells). Redistribution begins 55.3 ± 9.5 min after internalization and takes 24.8 ± 3.4 min to be completed. s, The Itga5–GFP protein decorates epithelial phagosomes. Box plots (d, k) show the maximum and minimum (whiskers), medians (lines), 25th and 75th percentiles (boxes) and means (crosses). Embryos are Tg(krt18:Gal4FF) injected with a Tol2-UAS-Lifeact-GFP plasmid (a–c, e–g) or with a Tol2-UAS-dnRac1-GFP plasmid (h), Tg(actb1:Lifeact-GFP) (i, j, n) and Tg(actb1:Lifeact-RFP) (s). Scale bars, 20 μm (a, b–b‴, f–j), 10 μm (l–p, s) and 5 μm (c, e, q).
Source data


Extended Data Fig. 3 Molecular pathways involved in epithelial phagocytosis.
a, b, Representative images (a) and quantification (b) of epithelial clearance in annexin-V–AlexaFluor488-injected embryos. Arrowheads indicate Bax+ cell fragments co-labelled with Lyn–tdTomato (PM) and annexin-V–AlexaFluor488 (overlay in white) at 6 hpf (n = 6 and 8 embryos for control and annexin-V–AlexaFluor488, respectively). Unpaired two-sided t-test; ****P = 1.84 × 10−5 (b). c, Epithelial clearance of surrogate apoptotic targets formed by lipid aggregates containing PS, PC and TexasRed–DHPE (PS+ targets) injected into the embryo. Inset shows a magnified view of a PS+ surrogate apoptotic target. d, Dynamics of a single phagocytic event of a PS+ target. Note the formation of the actin ring in the phagocytic cup (3.5 min and 4.5 min) and actin accumulation at the phagocytic cup closure site (5 min) during particle uptake (arrowheads). Slices parallel (top, xy) and transverse (bottom, xz) to the surface are shown. e, PS– surrogate targets are not cleared. f, Death rate of embryos injected at 4 hpf with a large number of surrogate targets (n = 250 and 257 embryos for PS+ and PS−, respectively, from 3 independent experiments). Paired two-sided t-test; *P = 0.0159 (8 h), #P = 0.013 (24 h) compared to dead embryos (percentage PS+ or PS−). g, h, Epithelial phagocytosis of apoptotic UV-irradiated human Jurkat T cells transplanted into a zebrafish embryo. BODIPY-FL–C5–Ceramide membrane (g) and Caspase-3 chemical reporter (h) staining of transplanted apoptotic Jurkat T cells, showing the process of internalization (h). i, j, Top enriched gene ontology terms for zebrafish EVL cells versus progenitor cells (i; 3 independent experiments with 1 × 104 cells analysed) and mouse trophoblast cells versus the inner cell mass (j), showing raw P values for biological process (left), cellular component (middle) and KEGG pathway (right). Blue bars represent immune-related functions and orange bars phagocytosis-related terms. Embryos are Tg(actb1:Lifeact-GFP) (a, c, e), Tg(krt18:Gal4FF/UAS:Lifeact-GFP) (d), Tg(actb1:Lifeact-RFP) (g, h). Scale bars, 50 μm (a, c, e), 10 μm (a, c, insets) and 20 μm (d, g, h). Box plots show the maximum and minimum (whiskers), medians (lines), 25th and 75th percentiles (boxes) and means (crosses).
Source data


Extended Data Fig. 4 Conservation of epithelial phagocytosis of apoptotic targets in mouse embryos.
a, Self-organizing blastula cell aggregates recapitulate the de novo formation of a surface epithelium with phagocytic capacity. Maximum z-projection (top) and single slice (bottom) are shown, revealing epithelial-specific krt18 promoter activity, squamous epithelial morphology, junction formation in surface cells, and their ability to engulf particles (inset). Cells 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. c, Injection of annexin-V-AlexaFluor488 into the cavity of unperturbed live blastocysts showing an apoptotic cell. d, Dynamics of apoptotic mouse embryonic stem (ES) cells injected into the blastocyst cavity and their localization inside trophoblast (arrowheads) 30 h after injection. A detailed view of the uptake process is shown in 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 mouse ES cells were incorporated into the inner cell mass (n = 16 and 23 embryos for live and apoptotic samples, respectively). g, Apoptotic mouse ES cell fragments were mainly found inside the trophoblast (yellow arrowheads, n = 23 embryos). Mouse ES cells express glycosylphosphatidylinositol (GPI)–GFP (plasma membrane) and histone 2B (H2B)–mCherry (nucleus). In f, g, bars represent the means. f, Unpaired two-sided t-test; ****P > 1 × 10−15. g, Paired Friedman test and Dunn’s multiple comparison test; ****P = 4.97 × 10−7; **P = 0.0096. h, PS− surrogate targets (glass spheres coated with PC and TexasRed–DHPE) are not ingested by the trophoblast and remain in the blastocyst cavity. Scale bars, 25 μm (a), 10 μm (a, inset), 20 μm (b, b′, c, d, d′, h) and 30 μm (e).
Source data


Extended Data Fig. 5 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 from 7 embryos). c, 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 protrusion retracting after extension (related to Fig. 2i). e–e″, F-actin enrichment is evident at the tip of the epithelial protrusion, where the protrusion contacts the apoptotic cell. e′, e″, Quantification of Lifeact–GFP fluorescence intensity along the yellow line. f, F-actin flow in the external actin accumulation in contact with the apoptotic cell rear. The kymograph (right) was created from the yellow box. The arrow indicates the direction of movement of the apoptotic particle. Embryos are Tg(actb1:Lifeact-GFP) (a, f), Tg(krt18:Gal4FF/UAS:Lifeact-GFP) (c). Mosaic Lifeact–GFP was used in d and e. Scale bars, 20 μm (a–e′) and 5 μm (f).
Source data


Extended Data Fig. 6 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 over the indicated time period. The path of a live cell (white dots and line) is shown for 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. Epithelial actin (yellow arrowheads) then polarizes to the rear of the apoptotic cell, which starts to move, 10 min after the initial contact (32.5 min). c–h, Motility of Caspase-8ERT2 (c–e) or TopoII-mut+ (f–h) apoptotic cells. Representative images of actin-rich arms in association with apoptotic cells (c, f), representative xy trajectories (d, g) and apoptotic cell speed (e, h; Caspase-8+ cells: ⟨vmean⟩ = 7.5 ± 0.3 μm min−1, ⟨vmax⟩ = 25.5 ± 1.1 μm min−1; n = 16 apoptotic cells from 3 embryos; TopoII-mut+ cells: ⟨vmean⟩ = 6.8 ± 0.1 μm min−1, ⟨vmax⟩ = 21.3 ± 1.3 μm min−1; n = 15 cells from 4 embryos). Box plots show the maximum and minimum (whiskers), medians (lines), 25th and 75th percentiles (boxes) and means (crosses). Data are mean ± s.e.m. i, UV-irradiated human Jurkat T cells show motility and association with epithelial arms. j, UV-irradiated and transplanted cells expressing Lyn–tdTomato showing cell death (yellow arrowhead), fragmentation (white arrowheads) and motility (yellow tracks). Embryos are Tg(actb1:Myl12.1-eGFP) (a), Tg(actb1:Lifeact-GFP) (b, c, f, j) and Tg(actb1:Lifeact-RFP) (i). Embryos (a, b) or TopoII-mut+ cells (f) co-express Lyn–tdTomato (PM) and H2A–mCherry (nucleus); in c, Caspase-8 cells co-express Lyn–tdTomato (PM); in i, membranes of Jurkat cells were stained with BODIPY-FL–C5–Ceramide before transplantation. Scale bars, 20 μm (a–c, i), 10 μm (f) and 50 μm (j).
Source data


Extended Data Fig. 7 Possible factors underlying apoptotic motility.
a, b, In vivo high-speed single-cell imaging of F-actin and myosin-II dynamics in motile apoptotic cells. a, Apoptotic cells show a static internal F-actin distribution (arrowhead) during cell movement. Kymograph on the right was generated from the yellow box region; blue arrowhead highlights the static actin localization during apoptotic cell movement (progression of cell front and rear is indicated by black arrowheads). b, Apoptotic cells show a characteristic accumulation of myosin-II in static rods. c, d, Analysis of apoptotic cell speed (c) and phagocytic uptake (d) in Bax+ cells co-expressing the indicated dominant negative proteins (c, n = 28, 19, 43, 23 cells from 3 control, 3 dnRac1, 5 dnRhoA, 3 dnRock2a embryos, respectively; d, n = 11 control, 11 dnRac1, 9 dnRhoA, 9 dnRock2a embryos, respectively). e, f, Apoptotic cell motility in annexin-V-injected embryos. Bax+ cells co-expressing Lyn–tdTomato (PM, left) and co-labelled with annexin-V–AlexaFluor488 (right, overlay in white) are shown. Yellow paths correspond to a period of 30 min of tracking (n = 15 and 20 cells from 3 and 5 embryos for control and annexin-V–AlexaFluor488). g, Actin arms associated with apoptotic motility in embryos with Lifeact–GFP expressed specifically in the EVL tissue. Yellow line shows the total apoptotic cell movement path over the indicated time period. h, Angular histogram of apoptotic particle movement directions (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 undergoes directional movement the F-actin (EVL specific labelling) accumulates in contact with the back of the apoptotic fragment. i, j, Cell motility analysis in an in vitro co-culture of apoptotic (Bax+) and live cells in vitro. Bax+ cells were tracked before (magenta arrowheads) and after apoptosis (yellow arrowheads). White lines show examples of apoptotic tracks (n = 12 and 14 cells for live and apoptotic phases). k, l, Analysis of epithelial phagocytic uptake under conditions of dnRac1 expression in the whole embryo (n = 4 embryos). Red bar indicates the mean. Arrowheads indicate apoptotic cells. Embryos (and cells obtained thereof) are Tg(actb1:Lifeact-GFP) (a, e, i, k), Tg(actb1:Myl12.1-eGFP) (b) and Tg(krt18:Gal4FF/UAS:Lifeact-GFP) (g). Scale bars, 20 μm (a, b, g) and 50 μm (e, i, k). Box plots show the maximum and minimum (whiskers), medians (lines), 25th and 75th percentiles (boxes) and means (crosses). Unpaired Kruskal–Wallis test, Dunn multiple comparison test; P > 0.9999 (not significant) (c, control (ctrl) versus dnRac1 and dnRhoA; d, control versus dnRac1, dnRhoA and dnRock2a), P = 0.4127 (c, control versus dnRock2a). Unpaired two-sided t-test; ****P < 1 × 10−15 (f); ***P = 1.2 × 10−5 (j).
Source data


Extended Data Fig. 8 Simulations and modelling of apoptotic dispersal and epithelial uptake.
a, Representative images showing the transplantation of Bax+ cells into a Tg(actb1:Lifeact-GFP) embryo. White lines outline the areas of cell dispersion over time. Yellow lines indicate apoptotic cell trajectories. The differential increase in the effective spreading area of apoptotic cells is indicated on the right. b, Schematic illustration of the 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 pup) mediating target ingestion, and epithelial arms (formed at a rate pv), 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 Nmax. Schematic of the Monte Carlo simulation (bottom), and the minimal set of parameters included therein (right). c, d, Kymographs obtained from Monte Carlo simulations of apoptotic target cell spreading (bottom) and epithelial uptake (top) across a one-dimensional epithelial layer (x) over time (t) for two conditions: (1) high pushing speed v and low maximum uptake capacity Nmax per epithelial cell (v = 15 μm min−1; Nmax = 5) (c) or (2) lower pushing rate and higher uptake capacity (v = 3 μm min−1; Nmax = 10) (d). Scale bars, 25 min (t) and 100 μm (x). e, Plot of clearance time versus pushing velocity for variable Ntarget numbers with Nmax = 4 (Supplementary equation (1), Supplementary Note 1). f, Clearance time as a function of pushing speed v for various ratios of Ntarget/Nmax. The clearance time varies with ∝1/v2 and ∝(Ntarget/Nmax)2 (Supplementary equation (1), Supplementary Note 1). g, Tissue clearance time as a function of pushing speed v for various clearance efficiencies. The analytically derived clearance time (Supplementary equation (1), Supplementary Note 1) matches the clearance time from Monte Carlo simulations at approximately 98% clearance efficiency. Scale bar, 50 μm (a).


Extended Data Fig. 9 In vivo analysis of epithelial uptake efficiency.
a, Annexin-V–AlexaFluor488 staining of Raptinal-treated (or control) Jurkat cells before transplantation (percentage of annexin-V+ cells: 97.4 ± 0.4% for Raptinal treatment versus 10.3 ± 0.8% for control conditions; n = 120 cells per sample). b, Target localization in the embryo interior and uptake by the EVL after transplantation of apoptotic Jurkat cells (left), at the moment of reaching saturation (centre) and 1 h after saturation (right). Inset highlights the morphology of a non-fragmented apoptotic Jurkat cell. c, Representative images of a single EVL cell sequentially ingesting three apoptotic targets (yellow arrowheads indicate the uptake of a new particle). In the transverse section, the presence of ingested (magenta arrowhead) and non-ingested (white arrowhead) targets is highlighted. The section underneath the EVL shows multiple non-ingested targets in contact with the saturated EVL cell (white polygon). d, Mean number of ingested apoptotic targets per EVL cell over time (n = 120 cells from 6 embryos). e, Quantification of the external apoptotic targets that were not ingested and remained in contact with single EVL cells at or 1 h after saturation (n = 69 cells (at saturation) and 58 cells (1 h after saturation) from 6 embryos). Box plots show the maximum and minimum (whiskers), medians (lines), 25th and 75th percentiles boxes) and means (crosses). Unpaired two-sided t-test; n.s., P = 0.9629. f, Neighbouring epithelial cells (cyan) in the vicinity of saturated epithelial cells (orange) are still able to ingest apoptotic targets (green). g, Mean volume of apoptotic targets ingested per EVL cell over time (n = 120 cells from 6 embryos). h, Distribution of the total volume ingested by single EVL cells at saturation (n = 6 embryos). In b, c, f, Jurkat cells are stained with FM 4-64FX and embryos are Tg(actb1:Lifeact-GFP). Scale bars, 20 μm (a, c, h), 50 μm (b) and 5 μm (b, inset). Data are mean ± s.e.m. (open circles (d, g) and bars (h)) from 6 embryos (red dots (d, g) and circles (h)).
Source data


Extended Data Fig. 10 Experimental schemes.
Details of experimental staining and handling procedures and the corresponding figure panels.
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Reporting Summary

Supplementary Table 1
Differential gene expression for zebrafish EVL versus progenitor cells and mouse trophoblast versus inner cell mass cells1. Gene Ontology (GO) analysis for both species is also shown. Published data2 from human GO analysis are also included.


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), Annexin-V-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, I,II,III) and nucleus (H2A-mCherry, red, I) are shown. Yellow arrowheads indicate apoptotic cells. White, magenta 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).


Video 2
Errors in cell division (I), associated to cell death (II), and subsequent epithelial uptake (III). Lifeact-GFP (I and II, cyan), Myosin II-EGFP (III, cyan), plasma membrane (Lyn-tdTomato, red, I,II,III) and nucleus (H2A-mCherry, red, I, II, III) are shown.


Video 3
EVL clearance dynamics of Bax+ apoptotic cells (I, co-expressing the PM marker LyntdTomato, red). Embryo expresses Lifeact-GFP (cyan). (II) Dynamics of Caspase-3 reporter activation (cyan) in Bax+ cells during nuclear (H2A-mCherry, red) fragmentation.


Video 4
Epithelial clearance under stress conditions. Mosaic Caspase-8 activation (I), mosaic mutant Topo-II expression (II), whole embryo Raptinal treatment (III) and single cell 2-photon induced programmed cell death (IV). PM (Lyn-tdTomato, red) alone or together with nucleus (H2A-mCherry, red) in apoptotic cells (I, II) or in the whole embryo (III, IV), F-actin (Lifeact-GFP, cyan, I, II) and Myosin II-EGFP (cyan, III and IV) are shown.


Video 5
Single cell visualization of epithelial phagocytosis of Bax+ cells. (I) Two examples of zprojections 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 (I, II). (III) Ruffles in an embryo expressing Lifeact-GFP (cyan) and showing Bax+ apoptotic cells (PM, Lyn-tdTomato, red). (IV) Degradation of the apoptotic debris after uptake. Double mosaic staining showing F-actin (Lifeact-GFP, cyan) in an epithelial cell and PM of apoptotic cells (Lyn-tdTomato, red).


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).


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


Video 8
In vivo apoptotic motility in association with actin arms. Whole embryo (I) or detailed view (II) 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.


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).


Video 10
Dynamics of epithelial arms. (I) Single cell epithelial arm visualization (Lifeact-GFP, cyan) in association with a Bax+ apoptotic cell (PM, Lyn-tdTomato, red).


Video 11
Arm-mediated motility of endogenous apoptotic cells. (I) Epithelial actin contacting a dead cell and polarizing to its 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.


Video 12
Epithelial arm dynamics in multiple stress conditions. (I) Epithelial arms (Lifeact-RFP, red) formed in contact with apoptotic Jurkat T cells (Bodipy-FL-C5-Ceramide, cyan). (II) Apoptotic motility after transplantation of few UV-irradiated cells (Lifeact-GFP, cyan; PM, Lyn-tdTomato, red, in apoptotic cells). (III) In vivo single cell Myosin II 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).


Video 13
Epithelial arms propel apoptotic targets. (I) Loss of epithelial arm protrusions and apoptotic cell motility (Bax and Lyn-tdTomato, red plasma membrane) in dnRac1-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).


Video 14
Apoptotic spreading extends the pool of epithelial phagocytes. (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. (II) Tracking of Bax+ apoptotic cells (co-expressing Lyn-tdTomato, yellow dots) after transplantation into a localized region underneath the EVL of an acceptor Tg(actb1: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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