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CELL BIOLOGY

Resident phagocytes promote non-cell-autonomous

fragmentation of apoptotic cells
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Phagocytosis of apoptotic cells maintains tissue homeostasis and regulates inflammation. A proposed facilitator
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of apoptotic cell clearance is the fragmentation of these cells into apoptotic bodies (ApoBDs) through cell-
autonomous processes involving caspases and cytoskeletal rearrangement. Although this fragmentation process
is considered a hallmark of apoptosis, its progression in tissue environments remains underexplored. Here, we
examine the in vivo apoptotic dynamics of mouse thymocytes and pluripotent cells from zebrafish embryos. We
show that the in vivo biogenesis of ApoBDs is independent of known cell-intrinsic regulators. Instead, fragmenta-
tion depends on actin-rich protrusions from neighboring resident phagocytes, which mechanically compress
apoptotic cells to break them into smaller particles. Four-dimensional in vivo tracking of apoptotic cells reveals
that both phagocyte-mediated fragmentation and phagocytosis are size sensitive, indicating that apoptotic size
reduction mediated by phagocytes enhances their own clearance abilities. This non-cell-autonomous fragmenta-
tion ensures rapid apoptotic cell clearance, crucial for maintaining tissue homeostasis in physiological settings.

INTRODUCTION

Apoptosis is often considered as an immunologically silent form of
cell death that allows dying cells to be removed by phagocytes with-
out triggering inflammation. Therefore, it plays a crucial role in
physiological states such as morphogenesis and tissue homeostasis,
and its dysregulation leads to inflammatory diseases, cancer, and
neurodegeneration (1-5). It is well described that apoptotic cells use
molecular “find-me” and “eat-me” signals to mediate their clearance
by phagocytes (6-14). However, despite efficient uptake of apoptotic
cells by phagocytes involving various mechanical processes mediated
by cytoskeletal rearrangement (15-18), the biophysical constraints
that regulate this process are less well understood.

Morphologically, apoptosis is characterized by a controlled cell dis-
assembly process involving plasma membrane blebbing, formation
of thin membrane protrusions (i.e., apoptopodia), followed by frag-
mentation into distinct membrane-bound vesicles known as apoptotic
bodies (ApoBDs) (19-24). This cell-intrinsic (or cell-autonomous)
fragmentation is regulated by the caspase-mediated activation of Rho-
associated kinase 1 (ROCK1) and pannexin 1 (PANX1) (19, 21, 23-25).
One proposed role of ApoBDs is that their smaller size facilitates

"Department of Biochemistry and Chemistry, La Trobe Institute for Molecular
Science, La Trobe University, Melbourne, Victoria, Australia. *Research Centre for
Extracellular Vesicles, La Trobe University, Melbourne, Victoria, Australia. *The Walter
and Eliza Hall Institute of Medial Research, Parkville, Victoria, Australia. 4University
of Melbourne, Melbourne, Victoria, Australia. °Molecular Biology Institute of Barcelona,
Spanish Research Council (CSIC), Barcelona, Spain. 6Regem—zrative Medicine Program,
Bellvitge Institute for Biomedical Research (IDIBELL), Barcelona, Spain. Olivia
Newton-John Cancer Research Institute, Heidelberg, Victoria, Australia. 8School of
Cancer Medicine, La Trobe University, Melbourne, Victoria, Australia. °Unit for Cell
Clearance in Health and Disease, VIB Center for Inflammation Research, Ghent, Belgium.
%Department of Biomedical Molecular Biology, Ghent University, Ghent, Belgium.
""Department of Chemistry and Biology, Toronto Metropolitan University, Toronto,
Ontario, Canada.

*Corresponding author. Email: i.poon@latrobe.edu.au (I.K.H.P); ehkbmc@ibmb.
csic.es (E.H.)

tThese authors contributed equally to this work.

Santavanond et al., Sci. Adv. 11, eadz5264 (2025) 17 December 2025

efficient ingestion by phagocytes (21, 26). This may be particularly im-
portant for settings whereby the level of cell death is high, or phagocy-
tosis is performed predominately by nonimmune cells such as epithelial
cells, which may have a more limited ability to change shape and size to
engulf due to their stable junctions between them. However, only cer-
tain cultured cell types undergo fragmentation during apoptosis and in
response to specific apoptotic triggers (19, 25, 27), raising questions
about the universality of this process. Intriguingly, in vivo evidence of
ApoBDs is widespread, appearing in many different tissues and model
organisms (18, 28-33).

Here, we explore the relevance of ApoBD formation in natural
tissue contexts. We found that apoptotic cells do not require known
cell-intrinsic regulators of fragmentation to generate ApoBDs in vivo
in certain tissues. Instead, resident phagocytes produce protrusions
that mechanically break apart apoptotic cells. This cell-extrinsic frag-
mentation process aids phagocytosis, highlighting the role of resi-
dent phagocytes in fragmenting apoptotic cells to facilitate clearance.

RESULTS

The in vivo environment promotes fragmentation of
apoptotic thymocytes

Thymocytes experience abundant physiological cell death as part of
the immune selection process during development (34). To study the
formation of ApoBDs, first, we used a well-established model of apop-
totic cell death, the dexamethasone (dex; a synthetic glucocorticoid)
induction of apoptosis in the mouse thymus (35). We first treated
thymocytes with dex in vitro and used markers of apoptosis [external-
ization of phosphatidylserine (PtdSer) revealed by annexin 5 (A5)
staining] as well as size as an indicator of the level of apoptotic cell
fragmentation (36). We observed that CD4*/CD8" thymocytes rarely
fragment into ApoBDs in vitro, even up to 12 hours post-dex treat-
ment (Fig. 1, A to C, and fig. S1). In contrast, under in vivo conditions,
apoptotic thymocytes readily fragmented into abundant ApoBDs
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Fig. 1. The in vivo environment promotes fragmentation of apoptotic thymocytes. (A) Schematic of the in vitro and in vivo dex-induced apoptosis model.
(B to E) Flow cytometry analysis showing absolute number of CD4*/CD8* ApoBDs, viable, apoptotic, and necrotic cells per thymus after (B) dex (50 pM in vitro or 12.5 mg/
kg in vivo) or (D) whole-body x-ray irradiation (6.8 Gy) treatment (n = 6). (C to E) Statistical analysis of CD4*/CD8" ApoBDs formed in vitro and in vivo from (B) and (D).
(F) Representative transmission electron microscopy (TEM) images of the thymus at steady state or 6 hours post-dex (12.5 mg/kg in vivo) treatment. Scale bars, 8 pm.
(G) Quantification of the Feret diameter (um) of cells in (F) from three regions of interest (ROIs; steady state, n = 168 particles; dex, n = 905 particles). (H) Quantification of
the Feret diameter (um) of viable [intact double membranes (blue); n = 391 particles] and apoptotic cells [heavy-metal staining and membrane ruffling (magenta); n = 504
particles] in the thymus 6 hours post-dex (12.5 mg/kg in vivo) treatment from three ROIs. (I) Thymic clearing schematic diagram using passive clearing technique (PACT)
and refractive index (RI)-matching. (J and K) Representative maximum intensity projection images of cleared thymic tissue sections under steady state (J) and 6 hours
post-dex (12.5 mg/kg in vivo) treatment (K), immunostained with CD4 and cleaved caspase 3 (CC3), respectively. Scale bars, (whole-organ images) 500 pm and (zoomed
images) 20 and 10 um, respectively. Data representative of (n = 3). (L) Relative particle size distribution of CD4* (n = 8185 particles) and CC3* (n = 82955 particles) particles
as per (J) and (K). All error bars represent SEM. Two-way analysis of variance (ANOVA) followed by Sidék’s multiple comparisons was performed for (C) and (E), and unpaired
t test was performed for [(G), (H), and (L)] to determine the indicated P value. h, hours.
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(Fig. 1, B and C). Consistent with our flow cytometry analysis, confocal
microscopy examination of thymocyte suspensions demonstrated that
the overall particle size of A5* CD4"/CD8" thymocytes was signifi-
cantly smaller when apoptosis occurred in vivo (fig. S2A), indicative
of a higher level of fragmentation. Similar results were observed when
thymocyte apoptosis was induced by whole-body x-ray irradiation
(Fig. 1, D and E, and fig. S2B), providing evidence that the difference
between in vitro and in vivo cell fragmentation is not exclusive to a
specific apoptotic stimulus.

To visualize apoptotic cell fragments in situ, we performed trans-
mission electron microscopy (TEM) analysis on thymic sections under
steady-state conditions or dex treatment and analyzed cell diameter
(Fig. 1F). Dex-induced apoptosis led to increased frequency of small
fragments, with a mean diameter of 4.72 + 0.16 pm (Fig. 1G). Notably,
apoptotic cells (denoted by membrane ruffling and density of heavy-
metal staining) were observed to be smaller in dex-treated samples
when compared to neighboring viable cells (Fig. 1H). Similar results
were observed in optically cleared thymic samples immunostained
for CD4 and cleaved caspase 3 (CC3%) (Fig. 1, Ito K), whereby in vivo
dex treatment resulted in the formation of CC3* particles that had a
mean diameter of 5.35 + 0.14 um (Fig. 1L). Moreover, active caspase
3/7 were detected in both CD4" ApoBDs and apoptotic cells upon
in vivo dex treatment (fig. S2C). These particles were markedly
smaller than CD4* thymocytes in steady state, which had a mean
diameter of 7.89 + 0.40 um (Fig. 1L). These results indicate that the
in vivo microenvironment unexpectedly promotes the fragmentation
of apoptotic thymocytes, even when clearance mechanisms are op-
erating concurrently in vivo (8, 37-43).

Known regulators of cell-intrinsic fragmentation are not
required for the formation of thymocyte-derived

ApoBDs in vivo

To explore the mechanisms underlying in vivo apoptotic cell frag-
mentation, we focused on known signaling pathways of cell-intrinsic
fragmentation. Caspase-activated ROCK1 kinase and PANX1 mem-
brane channels are key positive and negative regulators of apoptotic
morphological processes, respectively, that are required for the bio-
genesis of ApoBDs (Fig. 2A) (19, 21, 25). To test the importance
of these regulators in ApoBD formation in vivo, we used caspase-
resistant, noncleavable ROCK1 (ROCK1"™) and PANX1 (PANX1")
mice, whereby point mutations were introduced at the caspase cleavage
site of each protein resulting in constitutively expressed caspase-
resistant ROCK1 and PANXI1 proteins (Fig. 2B and fig. S3, A and B)
(44-47). As expected, in vitro apoptotic induction of cells derived
from ROCK1"“" mice exhibited a lack of plasma membrane blebbing
and an impairment in the proteolytic cleavage of ROCK1 (fig. S3, C
and D) and a further decrease in the already low levels of thymocyte
ApoBD formation (Fig. 2C and fig. S3F). Unexpectedly, the number
of ApoBDs generated by ROCKI™™" and ROCK1™/™ thymocytes
following dex-induced apoptosis in vivo was comparable and also
higher when compared to in vitro dex treatment (Fig. 2, C and D,
and fig. S3G). This finding suggests that ApoBDs can be efficiently
generated from apoptotic thymocytes in vivo, even in the absence of
caspase-mediated activation of ROCK1.

Consistent with previous studies (19, 46), inhibition of PANX1 acti-
vation during apoptosis promoted the formation of thymocyte-derived
ApoBDs in vitro (Fig. 2E and fig. S3H). However, the amount of ApoBDs
detected in the thymus was comparable between PANX1"Y*! and
PANX1"™ mice when apoptosis was induced in vivo (Fig. 2F and

Santavanond et al., Sci. Adv. 11, eadz5264 (2025) 17 December 2025

fig. S3I). These data suggest that, although PANX1 may negatively regu-
late apoptotic cell disassembly in vitro, apoptotic thymocytes can efhi-
ciently disassemble into ApoBDs in vivo despite PANX1 activation.
Collectively, these results indicate that in vivo apoptotic cell fragmenta-
tion is independent of the intrinsic caspase-mediated activation of
ROCKI1 and PANXI in the thymic environment and suggests that there
are likely additional factors present in vivo that aid cell fragmentation.

In vivo apoptotic cell fragmentation occurs in close
proximity to resident phagocytes

The thymus contains multiple different cell types, including medullary
and cortical epithelial cells, dendritic cells, macrophages, fibroblasts,
and endothelial cells that participate in thymocyte differentiation
(48), as well as phagocytic leukocytes that are recruited to apoptotic
thymocytes to aid cell clearance (8, 37, 42, 49). To investigate whether
certain residential or recruited cell types are involved in apoptotic
thymocyte fragmentation, we first monitored the immune cell infil-
tration into the thymus during apoptosis progression by flow cytometry.
While ApoBDs begin to accumulate 4 hours post-dex treatment
(Fig. 1C), it takes 9 hours for professional phagocytic immune cells,
such as neutrophils, to be recruited to the thymus (Fig. 2G). Similar
results were also observed when apoptosis was induced by irradiation,
whereby ApoBD formation occurred before the massive infiltration
of immune cells (fig. S4A). Confocal microscopy on optically cleared
thymic samples demonstrated that apoptosis was primarily induced
in the outer cortex of the thymus, where the main stromal popula-
tions were thymic epithelial cells (TECs), with a minor contribution
of other phagocytic cells including macrophages and fibroblasts
(Fig. 2H and fig. S4B). Other cell types including dendritic cells pre-
dominately localized to the medulla (Fig. 2H). A spatial analysis of
the location of apoptotic particles indicated that they are not ran-
domly distributed throughout the tissue. CC3* particles were pre-
dominantly found close to the surface of cortical TECs, macrophages,
and fibroblasts, with the median shortest distance of CC3* particles
to the surface of these cells being 9.41, 10.79, and 13.64 pm, respec-
tively (Fig. 2, I and J). Dendritic cells were found further away from
apoptotic fragments (29.08 pm) (Fig. 2J). Together, these results
suggest that thymocyte ApoBD formation precedes the recruitment
of immune cells into the thymus, and apoptotic fragments are spa-
tially located in close proximity to residential phagocytes.

Non-cell-autonomous apoptotic cell disassembly in the
zebrafish embryo

To explore the participation of resident phagocytes in the generation
of ApoBDs in greater detail, we took advantage of the zebrafish
embryo model that allows for in vivo imaging of cell death and
clearance dynamics with unparalleled resolution. We previously
showed that endogenous apoptotic cell death and phagocytic clear-
ance play essential roles in eliminating defective cells during early
zebrafish embryogenesis (18). This model allowed us to perform
high-resolution imaging of live embryos to capture the morphodynamic
features of internal pluripotent cells undergoing apoptosis in vivo,
along with their mechanical interactions with surface epithelial
phagocytes (Fig. 3, A and B). Both spontaneous apoptosis and apop-
tosis induced by Bax overexpression (Bax™ cells) resulted in exten-
sive fragmentation of internal cells in the in vivo environment of the
live embryo (Fig. 3, C to E, and movies S1 and S2) (18). Quantitative
analysis of apoptotic particles revealed a progressive increase in
their number and a decrease in their diameter (Fig. 3, F and G),

30f15



SCIENCE ADVANCES | RESEARCH ARTICLE

A

Apoptopodia
e

1.0x10°7 55965

80x10"4

ApoBDs
o

£ 60x10%

- @ :

O 4.0 x10 '

o 20 x10%4

B 00-

Caspase cleavage site

us

hym

Apoptotic (
cell

Macrophages

wr 1119
ROCK1 SVASFPSADETDGNLPES

ROCK1"™® SVASFPSADETAGNLPES

«10x10°% 80 x10°7
5 XL
£ 5,
385 580x10° s
PANXTWT  LTNLGMIKMDIIDGKIPTSL s  50%10
@ 5,
$6.0x10° E .
PANX1"  LTNLGMIKMAIIAGKIPTSL g 240x10°
£4.0x10° 3
2 S
2 8 20x10°
c D E F £20x10°4 ks
v}
In vitro Invivo In vitro Invivo 2 0.0+ 0.0
©6h) 6h) ©®h) (6h) 02 46 912 02 46 912
Time (h) Time (h)
1x108 1x10 1x108, 05526
° 15 %10
3 8x107; 3 8x10 8x10” -
E £ H "
26x107 2 £ 6x10 6x107 E o
< : 2 Z ) 21.0x10°
g 2x10 3 4x10 4x10 2
4 7| <0.0001 8 2 5
2 qx107{ <0000 . < 2x10 2x107; 85.0x10°
o 2
o5 z
z @ 2 & 00-
2 3 s b .
z ¢ 3 < 0246 912 0246 912
ROCK1 PANX1 Time (h) Time (h)
Maximum intensity projection
cTEC Macrophage Fibroblast Dendritic cells

Cleaved caspase 3

| 200-pm-depth 5-um-depth 3D render + spot detection J 140
maximum intensity projection maximum intensity proje shortest distance measurement

opm

Shortest distance
to surface (pm)
«

g
)

I
i ',( L 0
N \1.70 un\‘\%e b

krt8
galectin 3 -
gp38

Fig. 2. Known regulators of cell-intrinsic fragmentation are not required for the formation of thymocyte-derived ApoBDs in vivo. (A) Schematic of the role of
caspase-activated proteins in regulating ApoBD formation. (B) Point mutations introduced at the caspase cleavage site of ROCK1 and PANX1 proteins to prevent caspase
activation. (C and D) Flow cytometry analysis of ApoBDs formed per thymus from ROCK1"¥** and ROCK1"“™ mice 6 hours post-dex (50 pM) treatment in vitro (C) or
6 hours post-dex (12.5 mg/kg) treatment in vivo (D) (n = 9). (E and F) Flow cytometry analysis of ApoBDs formed per thymus from PANX1"Y"t and PANX1"“™ mice follow-
ing 6 hours post-dex (50 pM) treatment in vitro (n = 9) (E) or 6 hours post-dex (12.5 mg/kg) treatment in vivo (n = 10 to 12) (F). (G) Flow cytometry analysis of total mac-
rophages, Ly6Chigh and Ly6CIOW monocytes, dendritic cells, epithelial cells, and neutrophils in the thymus following 0 to 24 hours of dex (12.5 mg/kg in vivo) treatment
(n = 6). (H) Representative maximum intensity projection images of cleared thymic tissue sections 6 hours post-dex (12.5 mg/kg in vivo) treatment, immunolabeled with
CC3, keratin 8 [cortical epithelial cells (cTECs)], galectin 3 (macrophages), gp38 (fibroblasts), and MHCII (dendritic/antigen presenting cells). Scale bars, (whole-organ im-
ages) 300, 500, 300, and 200 pm, respectively, and (zoomed images) 20 pm. Data representative of (n = 3). (I and J) Analysis of the shortest distance of CC3™ particles from
the surface of krt8" (n = 46,243 particles), galectin 3* (n = 213,054 particles), gp38™ (n = 55,775 particles), and MHCII* (n = 68,954 particles) from (H). Medians are indi-
cated (J). Scale bars, 20, 10,and 5 pm, respectively (1). All error bars represent SEM. Unpaired t test was performed for [(C) to (F)], and one-way ANOVA followed by Dunnett’s
multiple comparisons was performed for (G) to determine the indicated P value. h, hours.
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resulting in only 2% of intact apoptotic cells (>19 um) and 71% of
small fragments (<9 pm, i.e., ApoBDs) within 2.5 hours.

To evaluate the importance of the in vivo environment for apop-
totic cell fragmentation, we isolated and cultured internal cells of
the embryo in vitro (Fig. 3H). Similar to human pluripotent cells,
these cells generate blebs even when alive both in vivo and in vitro
(fig. S5A) (50, 51); however, apoptosis strongly increased blebbing
activity (Fig. 3] and movie S3). Time-lapse imaging of individual
apoptotic cells revealed that apoptotic cells do not undergo frag-
mentation in vitro (zero fragmentation events in 115 apoptotic cells
from three experiments) (Fig. 31 and movie S3). Comparable to the
thymocyte model, targeting ROCK pharmacologically by incubat-
ing live embryos with the ROCK1/2 inhibitor Y-27632 did not inter-
fere with the fragmentation of apoptotic cells (Fig. 3, ] and K),
suggesting that the intrinsic disassembly pathway is also dispensable
for apoptotic cell fragmentation in the zebrafish embryo. Further-
more, overexpression specifically in apoptotic cells of dominant-
negative (dn) versions of proteins that control cytoskeletal dynamics,
such as Racl, RhoA, and ROCK2 (52), had no effect on in vivo frag-
mentation (fig. S5, B and C). Together, these results indicate that
apoptotic cells from zebrafish embryos rely on cell-extrinsic factors,
provided in the in vivo context, for ApoBD formation, similar to
what was observed with the thymocyte model.

Direct interaction between apoptotic cells and neighboring
phagocytes aids cell disassembly

We next sought to identify the contributors within the in vivo em-
bryonic environment responsible for fragmenting apoptotic cells.
In vitro experiments indicated that the close proximity to neighbor-
ing apoptotic cells was not sufficient to induce their fragmentation
(Fig. 31 and fig. S6A), nor was it induced by their proximity to live
pluripotent cells, as evidenced by cocultures of live and apoptotic
cells (zero fragmentation events in 173 apoptotic cells from four
experiments) (fig. S6A). Therefore, we next examined the role of
phagocytic cells in the tissue. We reported previously that surface
epithelial cells exhibit extensive protrusive activity upon contact with
internal apoptotic cells (fig. S6, B and C) (18), forming phagocytic
cups for ingestion (fig. S6, D and E) and elongated epithelial arms
for mechanical pushing apoptotic particles (18). These findings
suggest the potential involvement of epithelial cells, the resident
phagocytes of the early embryo, in apoptotic cell fragmentation, as
hypothesized for the thymic environment.

Notably, the progressive fragmentation of apoptotic cells tempo-
rally correlated with their phagocytic uptake by epithelial cells (Fig. 3F),
supporting the notion that phagocytosis and cell fragmentation are
somehow linked. Analysis of the diameter of phagosomes in epithelial
cells (Fig. 3B), indicative of the size of ingested apoptotic particles,
predominantly yielded sizes much smaller (60% in the 4- to 8-um
range at 120 min, Fig. 3G) than those of early nonfragmented apoptotic
cells (~20 pm, Fig. 3A). This led us to speculate that apoptotic cells
are either (i) induced to fragment by a chemical signal from epithelial
cell or (ii) mechanically fragmented during interaction with epithelial
phagocytes, with either scenario followed by the phagocytosis of the
fragmented target.

To explore the possibility of a mechanical interaction, we con-
ducted four-dimensional (4D) in vivo high-resolution imaging of
single-cell interactions between apoptotic cells and epithelial phago-
cytes. We observed that F-actin accumulates specifically in the region
of the apoptotic cell where fragmentation occurs (Fig. 4A, fig. S6F,
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and movie S4). Even before successful fragmentation occurred, these
accumulations were associated with local deformations of the apoptotic
cell surface, suggesting that F-actin exerts forces driving these shape
changes (movie S5). Expression of the F-actin reporter exclusively in
epithelial cells indicated that these fragmentation-associated actin
enrichments were not present inside the apoptotic cell but were, in-
stead, part of protrusions from epithelial cells (fig. S6F and movie
S6). High-resolution imaging allows us to visualize the dynamic 3D
organization of actin filaments inside the protrusions during frag-
mentation in the live embryo (movie S7). These findings reveal the
presence of an extrinsic compressive force applied by epithelial cells
to “split” the apoptotic cell in two parts. All fragmentation events in
individually tracked cells were locally enriched with F-actin (86
fragmentation events from six embryos), suggesting that fragmenta-
tion is actin dependent and primarily performed by epithelial cells.

Apoptotic cell fragmentation generated via this cell-extrinsic process
was either ingested (Fig. 4A and movie S4) or not ingested (fig. S6G
and movie S8) at similar frequencies (42 of 86 and 44 of 86, respec-
tively). This demonstrates that the engagement of phagocytic pro-
trusions with apoptotic cells can lead to apoptotic cell fragmentation,
regardless of downstream phagocytic uptake events. Notably, this pro-
cess occurs iteratively, leading to the generation of multiple apoptotic
fragments from a single apoptotic cell (Fig. 4B and movie S9). Our
quantification of single events allowed us to track the ingestion of 95
apoptotic fragments generated by 86 fragmentation events from 23
cells (atleast 4.1 + 0.3 fragments generated from 3.7 + 0.3 fragmen-
tation events per apoptotic cell), resulting in a mean fragmented
particle diameter of 10.7 + 0.4 pm (approximately half the size of the
original apoptotic cell). These results provide a rational explanation
for apoptotic cell fragmentation observed in vivo, revealing an
emergent ability of epithelial cells to directly fragment apoptotic
particles during and before ingestion.

To examine the mechanisms for apoptotic cell fragmentation, we
injected the protein A5 inside the embryo to mask the key eat-me
signal, PtdSer, on apoptotic cells as PtdSer recognition is necessary
for epithelial phagocytosis (18). This blockade significantly reduced
apoptotic cell fragmentation (Fig. 4, C and H), indicating that rec-
ognition of PtdSer on the apoptotic cell surface by epithelial protru-
sions is required for the fragmentation process. Similarly, modulators
of phagocytosis and its associated protrusions (18, 53) such as the
ubiquitous expression of a dnRacl in the embryo and the pharma-
cological inhibition of actin nucleation by ARP2/3 and formins with
CK666 and SMIFH2 inhibitors, respectively, also inhibited apop-
totic cell fragmentation (Fig. 4, D to F and H). Collectively, these
results further support the key role of actin in this cell-extrinsic
apoptotic cell fragmentation process. Using LY294 to inhibit PI3K,
another molecule required for phagocytosis in the embryo (18),
only mildly reduced fragmentation (Fig. 4, G and H). This is consis-
tent with its role in the final step of uptake, the closure of the phago-
cytic cup, potentially allowing the maintenance of some constricting
forces mediating fragmentation. Conversely, interferences that do
not affect phagocytic uptake, such as the expression of dn proteins
only in apoptotic cells (18), did not affect apoptotic cell fragmenta-
tion, as mentioned above (fig. S5, B and C).

Together, these findings demonstrate that the fragmentation of
zebrafish apoptotic embryonic cells is mechanically driven by phago-
cytic protrusions from epithelial cells. Combined with the results ob-
tained in the thymus, this reveals a non-cell-autonomous mechanism
operating in vivo that ensures the fragmentation of apoptotic cells.
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Fig. 4. Epithelial phagocytes fragment apoptotic cells. (A) Time-lapse microscopy showing the in vivo fragmentation of an apoptotic cell during the simultaneous
phagocytic uptake by two epithelial cells. Yellow arrowheads indicate the region of F-actin accumulation. White arrowheads indicate the completion of the phagocytic
event. (B) Single cell (yellow arrowheads) tracked over the consecutive events of apoptotic fragmentation (2.5, 13.5, 47.5, and 55 min). The top images show the first ap-
pearance of each apoptotic particle generated by a fragmentation event (orange, white, magenta, and blue arrowheads), and the bottom ones the later successful phago-
cytosis of those particles. The fragments are phagocytosed by multiple epithelial cells. (C to H) Maximum projection of representative images for cell fragmentation
(Cto G) and distribution of particle diameters (H) for embryos injected with A5 AF488 [(D), n = 8 embryos], expressing dnRac1 in all cells [(E), n =4 embryos], or incubated
with CK-666 [(F), n =6 embryos], SMIFH2 [(G), n = 4 embryos], or LY294 [(H), n = 6 embryos]. In (H), dots correspond to the mean percentage of 4- to 8-um particle size per
embryo. Brown-Forsythe and Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test was performed to determine the indicated P value for the mean percent-
age of 4- to 8-um particle size. Embryos shown are Tg(actb2:Lifeact-GFP). Scale bars, 20 pm [(A) and (C) to (G)] and 10 um (B).

Non-cell-autonomous apoptotic cell fragmentation aids the tissue level, measurements of the diameter of noningested apop-
phagocytic clearance totic particles during fragmentation showed a continuous decrease
To evaluate the functional role of the cell-extrinsic mechanism  in their mean size over time (Fig. 5A). In contrast, ingested particles
of apoptotic cell fragmentation, we focused on apoptotic particle exhibited a relatively constant mean size of ~7 to 7.5 pm (Fig. 5B),
size and performed individual and population quantifications of ~ with a subtle tendency to grow over time, likely reflecting the ini-
fragmentation and phagocytosis by the embryonic epithelium. At  tially faster ingestion of smaller particles (fig. S7A). This value remains
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Fig. 5. In vivo apoptotic fragmentation and phagocytosis are size sensitive. (A and B) Temporal evolution of the diameter of noningested (A) and ingested (B) apop-
totic particles (n = 6 embryos). Box plot shows the maximum and minimum (whiskers), medians (lines), and 25th and 75th percentiles (boxes), with each dot correspond-
ing to the mean diameter per embryo. (C) Frequency of fragmentation or successful ingestion events of apoptotic particles of different diameters (n = fragments derived
from 24 apoptotic cells from five embryos). (D to F) Ingestion of prefragmented apoptotic Jurkat T cells transplanted into Tg(actb:Lifeact-GFP) zebrafish embryos.
(D) Fragmentation of Jurkat T cells treated with raptinal for 4 hours (4 h) before transplantation. Apoptosis was identified with A5 AF488 staining. (E) Representative im-
ages of apoptotic Jurkat T cell-derived particles ingested by the embryonic epithelium after transplantation are shown at the tissue level. A detail of a single cell that
phagocytosed Jurkat T cells is also shown (inset). (F) Distribution of particle diameters from live (294 cells), apoptotic (before transplantation, 436 particles), and phago-
cytosed Jurkat T cells (510 particles from six transplanted embryos). Dots correspond to the mean percentage of 4- to 8-um particle size per embryo. Brown-Forsythe and
Welch's ANOVA followed by Dunnett’s T3 multiple comparisons test was performed to determine the indicated P value for the mean percentage of 4- to 8-um par-
ticle size. (G) Schematic diagram of epithelial protrusions fragmenting apoptotic cells. Fragmentation can result in the phagocytosis of only one (top), both (bottom), or
none (middle) of the generated particles. Figure created in BioRender. Hoijman, E. (2025) https://BioRender.com/imfly5g. Scale bars, 20 pm (D) and 50 pm (E).

constant despite the initial large size of unfragmented apoptotic cells  of fragmentation increased continuously up to 20 um, ingestion be-
(~20 pm) and their progressive reduction in size over time comes limited for particles larger than 12 um (Fig. 5C). This sug-
(Fig. 5A). Considering the ability of the epithelium to fragment par-  gests a threshold for ingestion and thus an optimal size of apoptotic
ticles during ingestion, these observations suggest that the size of  fragments (<8 pm, about 2.5 times smaller than the size of a non-
ingested particles is independent of the original target size and is  fragmented apoptotic cell) for efficient phagocytosis.
determined by the “splitting” of apoptotic cells by epithelial cells. To test this hypothesis experimentally, we injected prefragmented
To gain more insight into the coupling between apoptotic cell —apoptotic particles into the zebrafish embryo to determine whether
fragmentation and ingestion, we tracked individual apoptotic par-  they are further fragmented or directly ingested by epithelial cells.
ticles during this process to dynamically monitor their size changes. ~ Given that zebrafish cells do not fragment autonomously, we used
This quantification indicated that all apoptotic particles larger than  apoptotic human Jurkat T cells, previously shown to be efficiently
20 pm were fragmented, and, for those smaller than 20 pm, the  phagocytosed by the embryonic epithelium (18). We promoted in-
probability of fragmentation decreased with the particle diameter  trinsic fragmentation by treating these cells with the apoptosis in-
(Fig. 5C). This analysis revealed that fragmentation is size sensitive, ~ducer and PANX1 inhibitor raptinal (46, 54, 55) (Fig. 5D). This
with larger apoptotic particles fragmenting more than smaller ones.  generated apoptotic particles with a mean diameter of 7.9 + 0.1 pm
Inversely, the probability of ingestion for each particle was higher (1 = 436 fragments from four experiments) (Fig. 5F). After trans-
for small particles (Fig. 5C). These results provide further evidence  plantation into the embryo, apoptotic Jurkat cell fragments were
that the generation of small apoptotic particles is likely critical for ~ phagocytosed without additional fragmentation (Fig. 5E), support-
efficient phagocytosis in vivo and is consistent with previous find-  ing that, once fragments reach sizes appropriate for ingestion, fur-
ings under in vitro settings (21). Furthermore, while the probability  ther fragmentation does not occur. The efficient clearance observed
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for the intrinsically fragmented Jurkat T cells would be thus gener-
ated by the combination of a low fragmentation probability for par-
ticles of these sizes and a high ingestion probability.

Last, we investigated the fate of apoptotic cells when their inter-
actions with epithelial phagocyte protrusions were disrupted. A time-
course analysis of apoptotic cells isolated from the embryo interior
before phagocytosis begins and maintained in culture revealed a
progressive increase in secondary necrosis (fig. S7B and movie S10).
Likewise, in vivo blockade of epithelial-apoptotic cell interactions
by injecting A5 into the embryo led to an increased number of
secondary necrotic cells (fig. S7C). These findings underscore the
critical role of efficient apoptotic cell clearance in preventing the ac-
cumulation of necrotic cells within the embryo, which could pose a
risk to normal development.

Together, these results support the concept that cell-extrinsic
fragmentation ensures that apoptotic particles are remodeled to sizes
small enough to be efficiently removed by the phagocytic epithelium,
which has an intrinsic limit size for proficient ingestion.

DISCUSSION

In this study, we reveal an in vivo cell-extrinsic process of fragmen-
tation acting on apoptotic cells that do not exhibit clear cell-intrinsic
fragmentation (Fig. 5G). Given the high clearance efficiency observed
in the tissues studied, this cell-extrinsic fragmentation process appears
sufficient to address the challenge of ingesting large apoptotic cells
and optimizing clearance tasks. This cell-extrinsic mechanism offers
the advantage of fragmenting apoptotic cells in close proximity to
phagocytes and at the time that they are ready for clearance. Thus, it
might prevent the formation of small fragments in inappropriate lo-
cations or times, which could delay clearance, potentially allowing
these fragments to transition into necrotic particles and trigger in-
flammatory responses.

Although cell-intrinsic fragmentation is widely accepted as a core
mechanism of the apoptotic program, our results suggest that its
relevance in physiological settings requires further exploration. It is
possible that different apoptotic subprograms exist, with some in-
volving cell-intrinsic fragmentation and others not, depending on
the specific biological setting in which these cells are cleared. Alter-
natively, the cell-intrinsic fragmentation observed in some cultured
cells as shown here with the PANX1"/™ mice could be a backup
response activated when phagocytes are unable to perform cell-extrinsic
fragmentation. However, while we observed the cell-extrinsic mech-
anism operating in two different biological contexts, it remains to be
determined whether this mechanism is ubiquitous or specific to certain
tissue contexts. Our observation that zebrafish cells undergo blebbing
but not cell-intrinsic fragmentation challenges the general associa-
tion between these two processes (24), suggesting that cell-intrinsic
fragmentation may not be an inevitable consequence of blebbing.
Instead, blebbing may play other roles in apoptotic cells, such as the
recent claim that blebs present surface molecular features serving as
platforms for initiating phagocytosis (56) or providing local me-
chanical features to aid cell-extrinsic fragmentation.

The dual mechanism of fragmentation and phagocytosis per-
formed simultaneously by phagocytes would create a synergy that
accelerates clearance. These phagocytic cells generate their own
small fragments to produce particle sizes that can be more effec-
tively managed during clearance. This process does not just apply to
individual cells; noningested fragments generated by one phagocyte
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can be phagocytosed by neighboring cells, highlighting the coopera-
tive nature of tissue clearance (18). The advantage of phagocytosing
smaller objects may be related to the mechanics of the process (15).
For instance, the curvature of the plasma membrane protruding to
form a large phagocytic cup could be a limiting factor (57-59). Ad-
ditionally, the extent to which the phagocytic cell must deform to
accommodate large apoptotic particles could be more challenging
for epithelial cells than for professional phagocytes, given their sta-
ble insertion inside a tissue layer of defined geometry (60). These
mechanical constraints might explain the size reduction we observed,
with most ApoBDs reaching ~2.5 times smaller than the size of the
intact apoptotic cell before phagocytosis. Additionally, the availability
of specific molecules recruited to large protrusions or vesicles after
ingestion could also influence the size of the ingested objects, either
because there is a limited amount of these molecules available per
cell or because they are redistributed from other locations, such as
actin from epithelial cell junctions (18).

Our results unmask a mechanism in which one cell breaks an-
other into multiple equal parts, remodeling it to achieve smaller sized
particles (Fig. 5G). While other immune cells can ingest fragments
of large cells through trogocytosis, this process was primarily associ-
ated with intercellular communication (61, 62). The fact that cell-
extrinsic fragmentation occurs extensively in certain tissues and
facilitates cell clearance provides a distinct viewpoint to the opera-
tion of phagocytes. The actin enrichments involved in cell-extrinsic
fragmentation parallel the compressing rings observed in phagocytic
cups, which propel apoptotic particles into the cell interior (18, 63).
Accordingly, it has been proposed that these localized forces may be
sufficient to split a cell into two parts (53). The constricting struc-
tures observed during fragmentation might also be related to cyto-
kinetic rings, which divide one cell into two during cell division,
although these rings rely on myosin II-generated forces (64) and are
precisely localized to ensure the proper inheritance of cellular com-
ponents between the two daughter cells (65). According to our time-
lapse analysis, the exact site of cell-extrinsic fragmentation of apoptotic
cells does not appear to be fixed, although we cannot rule out the
presence of unknown factors that determine the localization of cell
fragmentation machineries.

Our study captured previously unrecognized subcellular dynam-
ics during tissue clearance in vivo, revealing that phagocytes in the
local microenvironment fragment apoptotic cells into ApoBDs to
facilitate their removal. This adds a different perspective to the clas-
sical view of a fundamental step in the apoptotic program and may
guide the development of therapies to control apoptotic cell clear-
ance in phagocytosis-associated diseases (66).

MATERIALS AND METHODS

Reagents

Dexamethasone (D4902) and Hoechst 33342 were purchased from
Sigma-Aldrich. TO-PRO-3 (T3605), collagenase type 1 (17100017),
and Vybrant FLICA Caspase Apoptosis Assay Kits for flow cytometry
(V35118) were purchased from Thermo Fisher Scientific. Anti-mouse
Ly6C BV421 (clone AL-21; 562727), anti-mouse CD4 BV510 (clone
RM4-5; 563106), anti-mouse CD8a BV510 (clone 53-6.7; 563068),
anti-mouse I-A/I-E BV650 (clone 2G9; 743873), anti-mouse CD11c
phycoerythrin (clone HL3; 557401), anti-mouse Ly6G allophycocyanin
(clone 1A8; 560599), anti-mouse CD45.2 AF700 (clone 104; 560693),
purified rat anti-mouse CD16/CD32 (mouse BD Fc Block) (clone
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2.4G2; 553142), A5 fluorescein isothiocyanate (FITC; 556419), A5
BV605 (563974), and 10X A5 binding buffer (556454) were purchased
from BD Biosciences. Anti-mouse F4/80 PE/Cyanine5 (clone BM8;
123112) and anti-mouse CD326 (Ep-CAM) APC/Cyanine7 (clone
G8.8; 118218) were purchased from Australian Biosearch. Anti-
mouse CD11b PE-Cyanine7 (clone M1/70; 25-0112-82), anti-mouse
CD8a PE (clone 53-6.7; 12-0081-82), and anti-mouse CD4 PE-
Cyanine7 (clone RM4-5; 25-0042-82) were purchased from eBioscience.
SPHERO AccuCount blank particles of 5.0 to 5.9 pm (ACBP-50-10)
were purchased from Spherotech.

Cell culture

Mouse embryonic fibroblasts (MEFs) derived from E14.5 wild-type
and ROCK1"™ embryos were immortalized with SV40 large T antigen
(a gift from Puthalakath laboratory, La Trobe University) and main-
tained in high-glucose Dulbeccos modified Eagle’s medium (DMEM)
containing 10% (v/v) fetal bovine serum (FBS; Scientifix), penicillin
(50 U/ml), and streptomycin (50 pg/ml), at 37°C in 5% CO,. Murine
thymocyte suspensions were maintained in RPMI medium containing
10% (v/v) FBS (Scientifix), penicillin (50 U/ml), and streptomycin
(50 pg/ml), at 37°C in 5% CO,. For zebrafish transplantation ex-
periments, human acute leukemic Jurkat T cells (clone E6-1, American
Type Culture Collection, Bethesda, MD, USA) obtained from A. Jordan
(Institute of Molecular Biology of Barcelona) were maintained in
RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum,
penicillin (100 U/ml) and streptomycin (100 mg/ml), sodium py-
ruvate (110 mg/liter), and 2 mM L-glutamine, at 37°C in 5% CO.,.
Cells were treated with 10 pM Raptinal for 4 hours, washed in
DMEM (DMEM/F-12 with L-glutamine and Hepes, Sigma-Aldrich),
and stained with FM 4-64FX (5 pg/ml; Thermo Fisher Scientific) for
5 min. Cells were then transplanted into 4-hour-postfertilization
Tg(actbl:Lifeact-GFP) embryos with a CellTram Vario (Eppendorf)
and live imaged after 3 hours. An aliquot of cells was stained with A5
AF488 before transplantation and imaged to confirm apoptosis and
analyze fragmentation. The cells were tested negative for mycoplasma
contamination and authenticated morphologically.

Generation of PANX1 caspase noncleavable mice

Generation of ROCK1 caspase noncleavable mice was described in (44)
and backcrossed nine times. PANX1 caspase noncleavable mice were
generated by CRISPR-Cas9 as previously described (67). Briefly, one
single guide RNA with the sequence of ATTAAGATGGACATCATTGA,
an oligo donor with the sequence AGCAATGGGCAGGGCATTGA-
CCCCATGCTACTCCTGACAAACCTGGGCATGATTAAGATG-
gccATCATTgccGGAAATTCCCACGTCCCTACAGACCAAG-
GGAGAGGACCAGGGCAGCCAGAGAGTGAGTT, and Cas9
mRNA were injected into the cytosol of C57bl/6] zygotes. Mice were
backcrossed three times to minimize off-target mutations, and mu-
tations were confirmed by Sanger sequencing. Due to PANX1 hav-
ing multiple caspase cleavage sites, PANX1 channel activity during
apoptosis was determined using a functional assay, whereby apop-
totic thymocytes were stained with TO-PRO-3 and analyzed by flow
cytometry as described below. Lack of TO-PRO-3 uptake is indica-
tive of inactive PANX1 channels. Littermate controls were used for
experiments using ROCK1"“ and PANX1" mice.

In vivo model of thymocyte apoptosis
Five- to 7-week-old C57Bl/6 mice (male and female) were main-
tained and used under approval of AEC21034, La Trobe University.
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All methods and experiments were approved by the La Trobe Uni-
versity Animal Ethics Committee in accordance with the National
Health and Medical Research Council Australia code of practice for
the care and use of animals for scientific purposes. To induce apop-
tosis in vivo, mice were intraperitoneally injected with dex (12.5 mg/
kg) as previously described (19). Whole-body x-ray irradiation was
performed using the Rad Source RS-2000 X-Ray Irradiator (Rad
Source Technologies Inc.). Mice were housed in an Allentown cage
and exposed to 6.8 gray (Gy). Following irradiation, mice were eu-
thanized by CO; and thymi were harvested and processed for flow
cytometry or tissue clearing as described below.

In vitro model of MEFs and thymocyte apoptosis

MEFs were treated with 5 puM ABT737/10 pM S63845 and incubat-
ed at 37°C for 4 hours. Primary thymocytes derived from wild-type,
ROCK1"™, and PANX1" mice were treated with 50 pM dex and in-
cubated at 37°C for 6 hours.

Flow cytometry

Single-cell thymocyte suspensions were generated by resuspending
the thymus in collagenase type I (1 mg/ml) for 20 min at room tem-
perature (RT). EDTA was added for a final concentration of 12 mM
and resuspended for a further 5 min on ice. Cell suspensions were
pelleted at 3000g for 5 min, then resuspended in RPMI medium
containing 10% (v/v) FBS, and strained through 70-pm cell strainer.
For cell viability analysis, thymocyte suspensions were stained with
anti-mouse CD4 PE-Cy7 (1:300), anti-mouse CD8« PE (1:300), A5
FITC (1:100), TO-PRO-3 (1:2000), and Hoechst 33342 (1:2000) di-
luted in 1x A5 binding buffer at RT for 10 min. For analysis of active
caspase 3/7, samples were stained with Vybrant FAM (FLICA) as per
the manufacturer’s instructions, followed by anti-mouse CD4 PE-Cy7
(1:300), anti-mouse CD8a PE (1:300), A5 BV605 (1:100), TO-PRO-3
(1:2000), and Hoechst 33342 (1:2000) diluted in 1x A5 binding buffer
at RT for 10 min. For quantification of immune cell populations,
thymocyte suspensions were stained with purified rat anti-mouse
CD16/CD32 (mouse BD Fc Block; 1:300), anti-mouse Ly6C BV421
(1:300), anti-mouse CD4 BV510 (1:300), anti-mouse CD8a BV510
(1:300), anti-mouse I-A/I-E BV650 (1:300), anti-mouse CD1I1c
PE (1:300), anti-mouse Ly6G APC (1:300), anti-mouse CD45.2
AF700 (1:300), A5 BV605 (1:100), anti-mouse F4/80 PE/Cyanine5
(1:150), anti-mouse CD326 (Ep-CAM) APC/Cyanine7 (1:300),
and anti-mouse CD11b PE-Cyanine7 (1:300) diluted in FACS
buffer [10% (v/v) FBS, 2 mM EDTA, phosphate-buffered saline (PBS),
1x A5 binding buffer] at 4°C for 20 min. Flow cytometry analysis
was performed using BC CytoFLEX S (Beckman Coulter) or BD
FACS Canto II (BD Biosciences), and data were analyzed by Flow]Jo
software version 10.8.2.

Immune cell populations were defined by flow cytometry as follows:
macrophages, CD45.2*/CD11b*/Ly6G~/F480"; Ly6Chigh monocytes,
CD45.27/CD11b*/Ly6G~/F480~/Ly6C™¢" Ly6C'*™ monocytes,
CD45.2%/CD11b*/Ly6G™/F480~/Ly6C"*"; dendritic cells, CD45.2%/
CD11b*/CD11c*/MHCII; epithelial cells, CD45.27/EpCAM™; and
neutrophils, CD45.2*/CD11b*/Ly6G™.

Immunoblotting

Thymocytes were lysed in lysis buffer [1% IGEPAL CA-630, 10%
glycerol, 1% Triton X-100, 150 mM NaCl, 20 mM Hepes (pH 7.4),
and protease inhibitor cocktail tablet (Roche)] and analyzed by
SDS-PAGE. Immunoblotting was performed using the following
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antibodies: rabbit anti-ROCKI1 (1:100; Santa Cruz), mouse anti-p-actin
(1:4000; Sigma-Aldrich), HRP-conjugated sheep anti-mouse IgG
(1:5000; GE Healthcare), and HRP-conjugated goat anti-rabbit IgG
(1:5000; Invitrogen).

Transmission electron microscopy

Thymi were harvested and placed directly into 4% paraformaldehyde
(PFA) to initiate sample fixation. Lobes were dissected into smaller
sections using a scalpel blade and transferred into Karnovsky’s fixative
[2.0% (v/v) PFA/2.5% (v/v) glutaraldehyde in phosphate buffer] and
incubated overnight at 4°C. Samples were washed with 1 M sodium
cacodylate buffer (pH 7.4) for 5 min before postfixing with 2% (w/v)
osmium tetraoxide and 1.5% (w/v) potassium ferricyanide solution
in 0.1 M sodium cacodylate (pH 7.4), for 1 hour at 4°C. Fixation,
cross-linking, and staining processes were accelerated by using the
PELCO BioWave microwave system under 100 W and vacuum settings
as follows: three times for 2 min ON/OFF with osmium/potassium
ferricyanide solution, three times for 2 min ON/OFF with 1% (w/v)
thiocarbohydrazide and Milli-Q solution, three times for 2 min ON/
OFF with 2% (w/v) osmium tetraoxide in Milli-Q, three times for
2 min ON/OFF with 2% (w/v) uranyl acetate in Milli-Q, and three
times for 2 min ON/OFF with lead aspartate, with 5-min washing
three times with Milli-Q between each step. Next, serial dehydration
of tissue was continued at 150 W without vacuum using the following
sequential steps: 40 s with 50% (v/v) ethanol, 40 s with 70% ethanol,
40 s with 90% ethanol, two times for 40 s with 100% ethanol, and
lastly two times for 40 s with 100% propylene oxide. Infiltration
of Araldite 502/Embed 812 resin was conducted at 250 W with
vacuum, first with 25% and then with 50% propylene oxide/resin
solution and lastly with 100% resin solution. Samples were re-
placed with fresh resin before embedding and polymerizing at 60°C
for 72 hours. Serial sections (100 nm) were cut using the Leica EM
UC Ultramicrotome. Samples were imaged using the Hitachi SU7000
field-emission scanning electron microscope at 2 kV and 20-nm
pixel size.

Particle analysis of TEM images

Images were filtered with Gaussian blur before conducting analysis.
Thymocytes and apoptotic particles (inside and outside) were manu-
ally segmented using the MultiROI tool in Dragonfly version 2022.2
Build 1409. Apoptotic particles were determined on the basis of the
following parameters: small size, condensed, disrupted or ruftled nu-
cleus, swelled mitochondria, and density. Regions of interest (ROIs)
were exported as binary images, and Feret diameter was calculated
using the analyzed particles feature on Image]J (version 2.14.0).

Immunohistochemistry

Whole thymic tissue was fixed with 4% (w/v) PFA at 4°C overnight.
Tissue was processed using the Tissue-Tek VIP 6 Al Tissue Proces-
sor (Sakura Finetek), and antigen retrieval was performed using the
EnVision FLEX TRS, low pH (Dako) at 97°C for 30 min. Paraffin-
embedded sections were immunohistochemically stained with anti-
cleaved caspase 3 (clone Asp175, 1:300, Cell Signaling Technology)
and counterstained with Mayer hematoxylin using the automated
Omnis EnVision G2 template (Dako, Glostrup).

PACT tissue clearing
Whole thymic tissue was fixed with 4% (w/v) PFA at 4°C for 4 hours.
Tissue was embedded in 3% low melting point agarose then sectioned
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using the Leica VT1200 vibratome. 200 pm sections were trans-
ferred to passive clarity technology (PACT) monomer solution
(40% w/v acrylamide, 0.25% w/v azo-initiator, 1X PBS) and incu-
bated at 4°C for 24 hours. Samples were processed as previously
described (68) and then stained with the following primary anti-
bodies for 24 hours at RT: anti-keratin 8 monoclonal antibody
[clone TROMA-I; 1:300; deposited to the Developmental Studies
Hybridoma Bank (DSHB) by P. Brulet/R. Kemler], anti-CD8a mono-
clonal antibody (1:100; clone 53-6.7; eBioscience, 14-0081-82),
anti-major histocompatibility complex class IT (MHCII; I-A/
I-E) monoclonal antibody (1:100; clone M5/114.15.2; eBioscience,
14-5321-82), anti-galectin 3 monoclonal antibody (1:100; clone M3/38;
eBioscience, 14-5301-82), and anti-podoplanin monoclonal anti-
body (1:200; clone 8.1.1; eBioscience, 14-5381-82). Samples were
then stained with the following secondary antibodies diluted in
staining buffer for 24 hours at RT: goat anti-rat immunoglobulin G
(IgG; H+L) cross-adsorbed secondary antibody, Alexa Fluor 555
(AF555; 1:200; eBioscience, A-21434); goat anti-rabbit IgG (H+L)
cross-adsorbed secondary antibody, AF647 (1:200; eBioscience, A-
21244); and goat anti-Syrian hamster IgG (H+L) cross-adsorbed
secondary antibody, AF488 (1:200; eBioscience, A-21110). Samples
were washed with 0.1% (v/v) Triton X-100 in PBS for 24 hours, then
stained 4’,6-diamidino-2-phenylindole (1.25 pg/ml) for 6 hours,
and then subsequently washed with 0.1% (v/v) Triton X-100 in PBS
for 9 hours. Cleared tissue was then incubated in EasyIndex (refrac-
tive index, 1.52; LifeCanvas technologies) until translucent.

Confocal microscopy

Cleared thymic sections were mounted in EasyIndex and imaged
using the Andor Dragonfly 202 Spinning Disk Confocal with
20X objective. Image processing was performed by Fusion, and
data were analyzed using Imaris v9.0. For disassembly analysis
of mouse thymocytes and MEFs, cells were seeded in eight-well
Nunc Lab-Tek I chamber slides (Nunc, Denmark) before apoptosis
induction. Image processing and data analysis were performed
using Zen software (Zeiss) and Imaris Software (Bitplane AG,
Switzerland) v9.5.1.

Thymic section confocal image analysis
CD4 and cleaved caspase 3 cells were segmented using the spot detec-
tion tool in Imaris to determine the overall particle count and particle
diameter. Thresholds were chosen in a semiautomatic manner on the
basis of green fluorescent protein (GFP; green) and Cy5 (magenta)
channels for CD4 and cleaved caspase 3, respectively. Cleared tissue
images were processed using Imaris, and ROIs in tissue sections are
presented as maximum intensity projections of full z-projections.
Immune cells were segmented using surface rendering tool in
Imaris. Thresholds were chosen in a semiautomatic manner on the
basis of red fluorescent protein (yellow) channel. To determine the
shortest distance of cleaved caspase 3 particles to the nearest neigh-
boring immune cells, cleaved caspase 3 spots were filtered to exclude
particles that are touching or inside immune cells. Cleared tissue
images were processed using Imaris, and ROIs in tissue sections are
presented as maximum intensity projections of 30 pm z-projections.

Zebrafish lines and maintenance

AB wild-type zebrafish and the following transgenic lines were
used: Tg(actbl:Lifeact-GFP) (69), Tg(actbl:Myl12.1-eGFP) (70),
Tg(krt18:Gal4FF) (71), and Tg(Krt18:Gal4FF/UAS:Lifeact-GFP) (18).
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Fish were maintained and bred according to the standard procedures
at the aquatic facility of the Parc de Bellvitge Biomedical Research In-
stitute (IDIBELL). Embryos were kept in E3 medium at 25° to 31°C
before experiments and staged on the basis of morphological criteria
(72) and hours postfertilization. All protocols used have been ap-
proved by the Ethic Committee of Animal Experimentation (IDIBELL-
CEEA), procedure AR18010, and were implemented according to
national and European regulations. Females were crossed with males
(between 5 and 12 months of age) to obtain eggs.

Subcellular staining of zebrafish embryos

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) and Lyn-tdTomato and Lyn-GFP (50 pg, plasma
membrane staining). To perform a mosaic expression of Lifeact-GFP
specifically in epithelial cells, the Tg(krt18:Gal4FF) line was injected
with 25 pg of plasmid DNA of pT2AUAS:Lifeact-GFP8, together
with 25 pg of tol2 transposase mRNA at one-cell stage.

Zebrafish apoptotic induction and apoptotic cell staining

To induce apoptosis in zebrafish embryos, 2 pg of zbax mRNA9 (Bax"
cells) was injected (together with lyn-tdTomato) at the 16- to 32-cell
stage to generate mosaic embryos bearing apoptotic cells from 4 hours
postfertilization when embryos were mounted for live imaging for 2
to 3 hours. To detect apoptotic cells, cells were stained with A5 AF488
(Invitrogen) in vitro. To interfere with phagocytosis or fragmenta-
tion, 10 nl of recombinant A5 was injected into the blastula cap at
4 hours postfertilization.

Expression of dn proteins in zebrafish embryos

Expression of dn proteins was performed by injection of 20 pg of
dnRacIN1714 and 40 pg of dnRhoAN1914 or dnRock2a mRNA
either at one-cell stage (to obtain global expression) or at 16- to 32-cell
stage (to generate mosaic embryos). In some experiments, 100 pg of
h2A-mCherry mRNA was coinjected to identify cells expressing
dn proteins.

Pharmacological treatment of zebrafish embryos
Dechorionated embryos were incubated with 50 pM Y-27632, 50 pM
LY294 (Sigma-Aldrich), 50 pM SMIFH2 (Sigma-Aldrich), 100 pM
CK-666 (Tocris Bioscience), or dimethyl sulfoxide (control) in
Danieu’s solution for 1 to 3 hours and mounted in the presence of
the corresponding drugs for in vivo imaging to analyze fragmenta-
tion and phagocytic uptake.

In vitro heterotypic culture

Cultures of zebrafish progenitor cells in vitro were prepared at 4 hours
postfertilization by vortexing manually dechorionated embryos and
centrifugation, and the pellet was collected in DMEM (DMEM/F-12
with L-glutamine and Hepes, Sigma-Aldrich). Cells were plated in a
glass bottom dish (MatTek) for live imaging. Cells obtained from
Tg(actbl:Lifeact-GFP) embryos injected 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.

Detection of necrotic cells
To monitor the dynamics of secondary necrosis, one cell of the four-cell
stage embryos was injected with bax and h2b-gfp mRNAs (the latter
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providing nuclear staining to visualize nuclear fragmentation in
apoptotic cells), with the aim of generating a large number of
apoptotic cells before the onset of phagocytosis. At the sphere stage,
cells were isolated from embryos as described above for the in vitro
cultures. The isolated cells were incubated for varying periods, stained
with propidium iodide for 15 min, and imaged by confocal micros-
copy. In a separate set of experiments, embryos were injected at the
32-cell stage, as described above, to allow the phagocytic process to
proceed under normal conditions. At the sphere stage, these embryos
were injected with A5-AF488 or PBS, and phagocytosis was allowed
to occur. At 7 hpf, cell suspensions were prepared and cultured for
18 hours, after which propidium iodide staining and confocal imag-
ing were performed. The fold change A5/PBS was used to evaluate
the statistical significance.

Live imaging of zebrafish embryos

Embryos were maintained in E3 medium (5 mM NaCl, 0.17 mM KCl,
0.33 mM CaCl,, and 0.33 mM MgSOy) until they were dechorionated
and mounted in 1% low-melting point agarose in Danieau’s solution
[58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSOj, 0.6 mM Ca(NO3),, and
5 mM Hepes] over 35-mm glass bottom dish (MatTek) and imaged
with a 20x (0.8 numerical aperture) glycerol-immersion objective at
28°C on Leica TCS SP5 and Zeiss 980 confocal microscopes. Laser
excitation of 488 nm and 543/561 nm and HyD detectors were used.
Z-stacks of 0.5- to 2-pm spacing between z-slices were acquired
with a temporal resolution of 1 s to 20 min depending on the ex-
periment. Software used were LAS X (v3.5.5.19976) and LAS AF
(v2.7.3.9723). Embryos or cultured cells were imaged at different
time points during phagocytosis and fragmentation, either with in-
dividual snapshots or time lapses of images acquired every 0.5 to
20 min, depending on the process analyzed.

Image analysis of zebrafish embryos

Raw data were analyzed and quantified using Fiji software (Image]J
1.52p). Images were processed for figure preparation by applying
Gaussian blur filter. In some cases, z-projections were shown as in-
dicated. For pictures illustrating global fragmentation states, maxi-
mum z-projections of two sections equivalent to the ones shown
in Fig. 3A were used. In Fig. 4B, fig. S6 (D to F), and movies S6 and
S8, regions of the images were cropped to improve visualization of a
given structure. Quantification of phagocytic activity was performed
using the point tool and ROI manager from z-stacks. Ingested apop-
totic particles inside phagosomes were identified by the red signal
originating from the Lyn-tdTomato marker expressed in apoptotic
cells. To count phagosomes, particles smaller than 3 pm were dis-
carded from the analysis. Apoptotic fragments not ingested by the
EVL cells were identified by their red signal, an increased Lifeact-
GFP signal, and their characteristic random morphology. The di-
ameter of each phagosome was measured with the line tool, in the
z plane corresponding to the larger area captured for that specific
particle. For noningested apoptotic particles with very asymmet-
rical shapes, the length measured corresponded to an intermedi-
ate distance between the longer and shorter axes. The classification
of apoptotic fragments as ingested or noningested was performed
on the basis of 3D visualization of the localization of the fragment
and, considering the spherical shape of ingested cells, different from
the asymmetric morphologies of noningested ones. Necrotic cells
were identified as PI*, having nuclear fragmentation (analyzed by
H2B-GFP expression) and varying morphological changes (swelling
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and abnormal shapes). Necrotic particles larger than 12 pm were
quantified to focus on the fate of apoptotic cells.

Image analysis for tracking single-cell fragmentation and
ingestion in 4D

To follow the behavior of individual apoptotic cells inside the live
embryo, nonfragmented apoptotic cells and all their derived frag-
ments were tracked in 4D for 3 hours, registering the lineage of each
original cell and their derived fragments. Nonfragmented apoptotic
cells (diameter > 20 pm, lyn-tomato*, and irregular morphology) at
the beginning of the time lapse were selected if they (or they derived
fragments) remain in the 3D field of view during throughout the
experiment. The diameter was continuously monitored for initial
nonfragmented particles and all derived fragments. Identification of
successful phagocytic events was performed as described previously
(18). Briefly, a phagocytic event involves a particle previously mov-
ing within the embryo, often changing shape, which is then envel-
oped by actin and drawn into the 3D space of an epithelial cell (for
examples, see movie S8), which remains until its destruction (I8).
Once inside the epithelial cell, the apoptotic particle adopts the
spherical or disk shape characteristic of phagosomes (see movie S8).
In contrast, a fragmentation event occurs when a single particle is
separated into two or more parts, each of which can be identified as
an independent object (see Fig. 3E and movie S2). All individual
fragmentation and phagocytic events were registered and assigned
to be derived from an originally nonfragmented apoptotic particle.
Therefore, the whole lineage of each initial apoptotic cell and their
derived fragments, including all the fragmentation and ingestion
events, were obtained. In some cases, a reduced number of apop-
totic cells were transplanted from one sphere-stage embryo to an-
other of the same genotype to enhance visualization.

Statistics and reproducibility

Raw data were visualized and processed using Microsoft Excel for
Microsoft 365 v2411 and GraphPad Prism v10.0.0 (GraphPad
Software Inc.). Data are presented as the means + SEM unless
otherwise stated. Statistical significance was determined using
Microsoft Excel and GraphPad Prism v9.0.0 as stated in the figure
legend. For all data presented, independent experiments were re-
peated at least three times with similar results. Sample sizes were
chosen empirically with the aim to optimize the maximum num-
ber of samples per each independent experiment while also con-
sidering the 3Rs (reduction/refinement/replacement) for animal
research and the experimental limitations such as the number of
embryos possible to image simultaneously during in vivo acquisi-
tions. Statistical tests were applied to evaluate the significance of
the analyzed effects for the given sample sizes. Blinding was not
required during data collection as standardized experimental pro-
cedures and imaging protocols were applied for different groups.
Blinding during data analysis was applied when possible, involv-
ing multiple investigators with blinded datasets. Randomization
was performed by using multiple parental couples for mating in
each independent experiment and randomly distributing embryos
into different groups.

Supplementary Materials
The PDF file includes:

Figs.S1to S7

Legends for movies S1to S10
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Other Supplementary Material for this manuscript includes the following:
Movies S1to S10
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