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Apoptosis is widely believed to be crucial for epithelial cell death
and shedding in the intestine, thereby shaping the overall architec-
ture of the gastrointestinal tract, but also regulating tolerance
induction, pinpointing a role of apoptosis intestinal epithelial cell
(IEC) turnover and maintenance of barrier function, and in maintain-
ing immune homeostasis. To experimentally address this concept,
we generated IEC-specific knockout mice that lack both executioner
caspase-3 and caspase-7 (Casp3/7*'), which are the converging
point of the extrinsic and intrinsic apoptotic pathway. Surprisingly,
the overall architecture, cellular landscape, and proliferation rate
remained unchanged in these mice. However, nonapoptotic cell
extrusion was increased in Casp3/7*'¥C mice, compensating apopto-
sis deficiency, maintaining the same physiological level of IEC shed-
ding. Microbiome richness and composition stayed unaffected,
bearing no sign of dysbiosis. Transcriptome and single-cell RNA
sequencing analyses of IECs and immune cells revealed no differ-
ences in signaling pathways of differentiation and inflammation.
These findings demonstrate that during homeostasis, apoptosis per
se is dispensable for IEC turnover at the top of intestinal villi intesti-
nal tissue dynamics, microbiome, and immune cell composition.
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Tissue homeostasis requires a fine-tuned balance between
self-renewal, proliferation, differentiation, and ultimately
cell death (1). A discrete single epithelial cell layer in the gut
forms the barrier between luminal content and the intestinal
mucosa and functions in digestion and absorption. These epi-
thelial cells all arise from actively cycling LGR5" stem cells at
the bottom of intestinal crypts, subsequently moving up the
crypt—villus axis and differentiating into specialized absorptive,
secretory, or defensive epithelial lineages (2, 3). Constant cell
division enables rapid turnover and apical-oriented migration
of these cells, resulting in a turnover time of 3 to 5 d. Under
homeostatic conditions, cellular turnover in the intestinal epi-
thelium—through the shedding of cells at the apical villi—
accounts for approximately 10% of the dying cells in our body.
Apoptosis is widely believed to be the critical modality for epi-
thelial cell death and subsequent shedding, thus shaping the
overall architecture of the gastrointestinal tract and regulating
tolerance induction toward food and microbiome during
homeostasis at steady state (4, 5).

Biologically, apoptosis is viewed as immunologically silent,
serving as a prerequisite for eliminating old or unneeded cells
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without causing damage to the surrounding tissues by initiating
aberrant immune responses. Moreover, apoptotic cells serve as
a critical source of signals required for wound healing and
regeneration in multiple organisms (6-8). The concept of
apoptosis-induced proliferation (AiP) following injury (9-12)
exemplifies its essential homeostatic functions via the release of
attractive factors for stem and immune cells (13-15). Mechanis-
tic studies recently evoked that specific metabolites released
from apoptotic dying cells function as tissue messengers (16).
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state. This demonstrates the robustness of intestinal homeo-
stasis at steady state for the absence of caspase-3/7 and
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able for normal intestinal development, immune cell
composition, and microbiome control.
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Seminal work from Blander and coworkers documented sam-
pling of the preapoptotic cell content prior to cell extrusion at
the top of the villi by the CD103"* subset of macrophages and
dendritic cells, which form protrusions toward the shedding
cells (17). This recognition resulted in antiinflammatory signal-
ing in the innate immune cells of the submucosa layer. This
phenomenon suggests that apoptotic cell shedding might repre-
sent inward cross-talk to the mucosal immune system, which
might be critical for tolerance induction. On the other hand,
the daily stream of dying cells shed into the lumen may denote
outward cross-talk to the gut microbiome by affecting the com-
position of microbial communities, a principle that recently was
shown in cell death-microbiome interaction in Drosophila (18).

Alternatively, disturbances within this highly regulated
dynamic system, where cell proliferation must be counterbal-
anced by cell death, can cause serious diseases. Resistance to
cell death is believed to be a driving force of intestinal tumor
development (19). On the contrary, excessive cell death in the
gut might eventually result in barrier disruption and chronic
inflammation (20). Altogether, these findings support an
emerging concept in which aberrant cell death and survival sig-
naling pathways in the gut constitute an overarching feature of
intestinal disease such as inflammatory bowel disease, irrespec-
tive of the genetic background (21-24). Indeed, monogenetic
variants in members of the TNF- or NF-kB-signaling pathway
such as in RIPK1, NEMO, and caspase-8, which impair proper
downstream signaling and skew TNF signaling toward excessive
cell death and intestinal inflammation (25-28). Most promi-
nently, conditionally deleting caspase-8 in intestinal epithelial
cells (IECs) led to terminal ileitis due to excessive necroptosis
(29). Caspase-8 has a dual function in cell death regulation,
serving as an initiator caspase in both intrinsic and extrinsic
apoptosis, and acting as a dominant-negative regulator of TNF-
induced necroptosis by cleaving RIPK1 and avoiding excessive
necroptosis induction (30-32). In contrast to caspase-8, inhibi-
tion or deletion of caspase-3 or caspase-7 does not sensitize
toward TNF-induced necroptosis (33, 34).

Intriguingly, while homeostatic apoptosis of epithelial cells is
considered essential for IEC turnover, where it counterbalances
cell proliferation in the intestinal crypts and subsequently
determines the number and differentiation of epithelial cells
shaping the GI tract architecture (15, 35), Brinkman et al.
showed that intestinal morphology of mice deficient for either
caspase-3 or caspase-7 did not differ from wild-type (WT) mice
(36). However, single deletion of one of these executioner cas-
pases might not be sufficient to entirely impair apoptosis, due
to their functional redundancy during apoptosis (37). There-
fore, it is still unclear whether the apoptotic cell death process
as such is essential for morphogenesis during intestinal devel-
opment. Furthermore, homeostatic cell shedding might occur
at least functionally independently of apoptotic cell death initia-
tion by overcrowding of epithelial cells at the top of the villi.
This in turn induces the extrusion of living cells through
mechanical force exerted by neighboring epithelial cells likely
followed by anoikis once the interaction with neighboring cells
is lost (38, 39). However, it remains contentious whether cell
death precedes the dynamic extrusion process or whether cell
death occurs at a later time point, before the release of epithe-
lial cells into the lumen (38-41).

To investigate the role of apoptosis in intestinal homeostasis,
we generated tissue-specific knockout mice that lack both
casBase-3 and caspase-7 in the intestinal epithelium (Casp3/
721ES) Overall, we found that absence of executioner caspases
does not affect intestinal architecture, immune cell composi-
tion, and microbiome composition, illustrating genetically the
robustness of intestinal homeostasis at steady state to bypass
the requirement of such a complex and regulated process as
caspase-3 and -7—driven apoptosis (35, 38, 40, 42, 43).
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Results

Epithelial Deletion of Caspase-3 and -7 Does Not Affect Intestinal
Homeostasis at Steady State. To evaluate the role of apoptosis in
IEC homeostasis at steady state, we generated mice deficient for
the executioners of apoptotic cell death, caspase-3 and -7
(Casp3/7°™C) in the intestinal epithelium, using the expression
of the Cre-recombinase under the control of an IEC-specific
promoter (Villin-Cre) (SI Appendix, Fig. S1 A and B). These
mice were viable, born at the expected Mendelian ratios, and
reached adulthood. When examined for the overall gut architec-
ture and histopathology, the Casp3/7*™C mice showed no signif-
icant differences in the length of the small intestine and colon or
in their normalized value to the bodyweight between Casp3/
72EC and littermate Casp3/7"™ (henceforth denoted as WT)
mice (Fig. 14). Despite the widely accepted paradigm that apo-
ptosis is critical for intestinal cellular turnover (15, 35), histomor-
phological analysis by hematoxylin and eosin (H&E) staining
revealed that loss of both caspase-3 and -7 had no apparent
effect on the overall intestinal architecture (Fig. 1B). Specifically,
morphometry of villi and crypts showed no shortening or blunt-
ing of small intestinal villi (Fig. 1C). We next examined via histo-
logical analysis IEC differentiation, a fundamental cornerstone
of homeostatic cell turnover (Fig. 1 D, F, and I). Analysis of gob-
let and Paneth cells at adult age or during development by stain-
ing mucin and lysozyme, respectively, revealed no changes in
goblet or Paneth cell abundances in Casp3/7*"™¢ mice (Fig. 1 E
and G and SI Appendix, Fig. S1C). To examine intracellular mor-
phological changes or subcellular signs of cellular stress due to
the absence of apoptosis in the IEC compartment, we performed
transmission electron microscopic (TEM) analysis of small intes-
tinal crypts and the Paneth cell compartment (Fig. 1H). Again,
no overt signs of Paneth or goblet cell impairment in Casp3/
7°EC mice were seen. Next, we examined the proliferative
capacity of IECs in Casp3/7*'E€ and WT mice. By staining and
quantifying Ki67* cells in small intestinal sections, no significant
difference was observed (Fig. 1 I and J). To functionally address
the intrinsic cell differentiation and regeneration potential of
stem cells, we employed the reductionist small intestinal orga-
noid system starting from isolated crypts harboring LGR5*
intestinal stem cells (44). Organoids derived from either adult
stem cells of Casp3/7*'%C or WT mice showed the same pre-
served crypt-villus architecture with crypt-like budding domains,
which led to a similar organoid-forming capacity between Casp3/
7°1EC and WT cultures (Fig. 1 K and L). Altogether, these data
imply that the net result of the inter- and intracellular processes
that determine growth and differentiation of intestinal epithelial
cells revealed no phenotypic differences between WT and Casp3/
7°EC mice.

To further challenge this overall conclusion, we performed
single-cell RNA sequencing (scRNA-seq) on cells isolated from
the small intestine, colon, and mesenteric lymph nodes. In the
small intestine, we analyzed cells originating from the superficial
mucosal layer comprising mostly IECs and from the lamina pro-
pria, mainly containing intraepithelial leukocytes. Quantitative
analysis portraying the cellular diversity and size of individual
populations revealed no marked difference between Casp3/7°'E€
and WT mice (Fig. 1M). Overlay depiction of Uniform Manifold
Approximation and Projections (UMAPs) obtained after annota-
tion using cell type-specific expression markers indicated that
almost all cell types identified via scRNA-seq harbored a near-
perfect overlap (Fig. 1N). When considering epithelial popula-
tions, we noted that compared to WT mice, the samples obtained
from Casp3/7°"C contained significantly more cells (Fig. 1N).
Differential gene expression analysis revealed that the difference
between both genotypes mainly included transcripts of mitochon-
drial genes or genes involved in oxidative phosphorylation. This
effect is likely due to the observed differential surviving cells
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Fig. 1. Epithelial deletion of Caspase-3 and -7 does not affect intestinal homeostasis at steady state. (A) The length of small intestine and its normalized value
to the body weight in Casp3/72'5€ (n = 7) were compared to Casp3/7™f mice (n = 7). (B) Representative micrographs of H&E staining of small intestinal sections
from Casp3/7*'%¢ and Casp3/7"" mice. Scale bars are indicated. (C) Quantification of the average length of around 200 villi measured in Casp3/7*' (n = 4) and
Casp3/7" (n = 4) mice. (D and E) Alcian Blue staining (as a proxy for goblet cells) and automated quantification thereof in small intestinal sections from Casp3/
7%'8¢ (n = 6) and Casp3/7“"fI (n =7) mice. (F and G) Lysozyme staining (as a proxy for Paneth cells) and automated quantification thereof in small intestinal sec-
tions from Casp3/7*'t (n = 6) and Ca;sp3/7ﬂ’ﬂ (n = 7). (H) Ultramicroscopic analysis of Paneth cell compartment via TEM. (/ and J) Ki67 staining (as a proxy for pro-
liferating cells) and automated quantification thereof in small intestinal sections from Caspj’/7AIEC (n =6) and C.aspj’/?ﬂlfI (n = 7) mice. (K and L) The organoid
cultures derived from LGR5* intestinal stem cells of Casp3/7*'5€ and Casp3/7™f mice and organoid forming capacity calculated after the first five passages (P1
to P5). (Scale bars, 50 pm.) A two-tailed unpaired t test was conducted to compare Casp3/72'5 with Casp3/7"" mice. Each point represents an individual mouse,
and the line represents mean + SEM. For bar plots in L, the error bars are the SEM and three mice per group per passage were analyzed. (M) UMAP of intraepi-
thelial (IEL) cells extracted from three Casp3/7"" and Casp3/7*'5€ (n = 3 per genotype) mice. Identified populations are indicated. In total, 679 Casp3/7™f vs.
2,227 Casp3/7*"E€ enterocytes; when looking at total cells per sample: 7,584 Casp3/7™f" cells and 11,956 Casp3/7*'5 cells, equaling a relative share of 9.0% in
WT and 18.6% in Casp3/7*'E. The relative higher share of enterocytes in the case of Casp3/7'E cells is probably due to the stressful conditions during the isola-

tion procedure resulting in higher levels of apoptosis in WT cells, while this occurs less in enterocytes derived from Casp3/7*'5 mice. (N) Overlay of Casp3/7""
and Casp3/7A'Ec cells from IEL cells. (O) UMAP with normalized expression of Mki67. (ns: non significant P-value.)
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between WT and epithelial cells because of the extensive diges-
tion protocol during isolation, encompassing lower levels of cel-
lular demise of Casp3/7°™C intestinal cells, which are unable to
undergo apoptosis during the isolation procedure. This mito-
chondrial signature may have resulted from differential stress
adaptive mitochondrial oxidative phosphorylation system
(OXPHOS) responses in apoptosis-deficient surviving cells. We
hypothesize that cells with an apoptosis-proficient genotype
would be eliminated, while those with an apoptosis-deficient
genotype instead accumulate stress response signatures. But as
said above, neither the number of differentiated cells nor their
characteristic gene expression pattern showed any difference
between WTand Casp3/7°™5€ IECs.

Finally, we confirmed the immunohistochemical analysis of
the proliferative compartment in gut via Ki67" cells, by assessing
no difference in Mki67 expression in all cell types isolated from
the superficial mucosal layers from both genotypes (Fig. 10).

Next, we analyzed the colon. Macroscohpic or histomorpho-
logical analysis of the colon of Casp3/7*™C mice revealed no
differences compared to WT (SI Appendix, Fig. S2 A and B).
Moreover, absolute and relative lengths of the colon were unal-
tered (SI Appendix, Fig. S2 C and D). Moreover, colonoscopic
analysis in aged Casp3/7°""C mice revealed no apparent signs
of inflammation, neoplastic tissue, or other aberrant tissue
architecture, arguing against overt inflammatory or dysplastic
processes in the absence of caspase-3 and -7 even at an older
age (64 wk) (SI Appendix, Fig. S2E). Finally, we also examined
the cellular landscape in the colon by scRNA-seq analysis. Simi-
lar to our analysis in the small intestine, we observed neither
qualitative nor quantitative differences in colonic cell composi-
tion between WT and Casp3/7°'E€ mice (SI Appendix, Fig.
S2F). Altogether these data suggest that deficiency of major
executioner caspases in IECs per se does not affect overall his-
tology of small intestine and colon.

Apical Shedding of IECs Still Proceeds Independently of Caspase-3/7.
The above observations reveal that executioner caspases are dis-
pensable in shaping intestinal architecture under steady-state con-
ditions. The question is whether cellular turnover in the intestinal
epithelium proceeds independently of IEC apoptosis. Cell death
in intestinal homeostasis has been primarily viewed through the
prism of cellular shedding during turnover (23). The continuous
shedding at the apical villi is thought to proceed in a caspase-
dependent manner (38, 40, 42). Indeed, immunostaining for
cleaved caspase-3 in intestinal sections from WT mice revealed
that apical cells, about to be released from the top of the villi into
the gut lumen, display mostly positive signals (Fig. 24).
Therefore, we aimed to quantify cell loss at the top of the
villi by confocal microscopy. To document the shedding events
at a sufficiently high number, thick sections of the small intes-
tine (90 pm) were examined at different intestinal regions. By
combined staining for actin cytoskeleton and active caspase-3,
we visualized the process of cell extrusion with or without apo-
ptosis (Fig. 24). Mechanisms responsible for the removal of
cells at the top of the villus either involve apoptosis occurring
before shedding through basolateral contraction of actin and
myosin during IEC extrusion (40) or live-cell extrusion through
mechanical force exerted by neighboring epithelial cells likely
followed by anoikis, once the interaction with neighboring cells
is lost (38, 39). As expected, the cell loss with an apoptotic phe-
notype (cleaved caspase-3* cells) was reduced in the intestine
of Casp3/7°™C mice compared to WT mice (Fig. 2B). Some
cleaved caspase-3" cells were still detected within the epithelial
monolayer of Casp3/7°"™C mice, which are probably derived
from hematopoietic or stromal origin (Fig. 2 A and B) (38).
Alternatively, this could also be due to incomplete Cre-
expression across the gastrointestinal tract. Intriguingly, the
live-cell extrusion mode of cell shedding was found in both
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Casp3/7*"™€ and WT mice (Fig. 2B). Interestingly, it occurred
at a significantly higher rate in Casp3/7*"= mice (P = 0.0003),
compensating the lower level of cleaved caspase-3* shedding
(Fig. 2B). The total number of shedding cells is similar in both
types of mice, indicating that due to the compensatory increase
of nonapoptotic cell shedding, the total turnover of IECs is not
affected in apoptosis-deficient animals. Compared to WT litter-
mates, ultrastructural analysis of small intestinal apical villi
illustrated that most extruding epithelial cells in Casp3/7°1EC
mice displayed a distinct nonapoptotic morphology (Fig. 2C).
Thus these findings provide genetic evidence for previous
morphology-based studies, that IEC shedding occurs both by
apoptosis and by an active apoptosis-independent extrusion
process via densely packed epithelial cells at the top of the vil-
lus (38, 39). Once shed, these cells die equally well, whether
they are proficient for executioner caspases or not.

To confirm our TEM findings and start better understanding
morphological differences of apical villi, we performed scan-
ning electron microscopy (SEM). WT and Casp3/7*™C mice
show well-developed extrusion zones on top of the tongue-
shaped villus structures. Comparative examination revealed
multiple shedding events, vacuolated enterocytes, and incisions
between remaining cells in Casp3/7*™C mice, while control
mice show some shedding cells and intact mucosal surface (Fig.
2D and SI Appendix, Fig. S4F), confirming the difference in the
shape of shedding cells. These morphological observations are
in line with the hypothesis suggested by the other data of our
study, i.e., that alternative nondeath-mediated shedding mecha-
nisms are involved in Casp3/7*™C mice.

So far, our results indicated that cell death via the apoptotic
executioner caspase-3 and -7 seemed dispensable to guarantee
homeostatic turnover in the intestinal epithelium. Still, one pos-
sible explanation for the lack of overt Ephenotypes affecting
homeostasis at steady state in Casp3/7°™FC mice could be the
compensatory enhanced activation of alternative caspases or
even other cell death modalities such as necroptosis or pyropto-
sis. We thus tested the possible involvement of such compensa-
tory cell death modalities via Western blotting on cell lysates of
WT and Casp3/7*™C organoids. WT showed clear activation of
caspase-8 and caspase-6 (S Apfendix, Fig. S1 D and E), while
this is not the case in Casp3/7°™C organoids, arguing that no
alternative apoptotic caspases took over the absence of
caspase-3 and caspase-7. This conclusion is confirmed by the
absence of the 89-kDa PARP1 cleavage, the prototype marker of
apoptosis (SI Appendix, Fig. S1G) (45). Absence of caspase-8 acti-
vation sensitizes the necroptotic pathway in the intestine (29, 46).
However, neither in WT nor in Casp3/7*™5¢ organoids MLKL
phosphorylation is observed (SI Appendix, Fig. S1F), as prototype
marker of necroPPtosis. Moreover, histological analysis of
MIkI*™CCasp3/7°"C triple knockout (TKO) and control mice
did not show any signs of dysmorphic architecture as determined
by H&E staining and normal lengths of intestinal compartments
(SI Appendix, Fig. S1 J-L), supporting the notion that necroptosis
apparently is not involved in compensating for the loss of apopto-
sis in Casp3/7°"™C mice. Interestingly, GSDME and GSDMD
cleavage was not different in cell lysates from WT and Casp3/
781EC organoids (SI Appendix, Fig. S1 H and I), suggesting that
plasma membrane permeabilizing proteins may still be equally
engaged by alternative proteolytic systems in organoids from both
genotypes, a subject requiring further investigation.

To examine other possible compensatory signaling pathways
in Casp3/7°"E€ mice that could mediate an adaptive alternative
developmental reprogramming in the gut in the absence of IEC
apoptosis, we performed a transcriptomic anagsis of bulk IEC
material isolated from both WT and Casp3/7*'F€ mice. Surpris-
ingly, differential gene expression analysis revealed that a sub-
stantial number of transcripts were differentially expressed (Fig.
2 E and F). Assessment of cellular process- and epithelial
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Fig. 2. Apical shedding of IECs proceeds independently of Caspase-3 and -7. (A and B) Nonapoptotic (cleaved caspase-3~) and apoptotic (cleaved cas-
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subtype—specific gene expression signatures via gene set enrich-
ment analysis, revealed that the hallmark “MYC targets,”
“Unfolded Protein Response,” “E2F Targets,” “DNA Repair,” and
“G2M Checkpoint” signatures were enriched in Casp3/7°™EC
mice, while WT mice displayed an enrichment of “IL6-JAK-
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STAT3” and “TGF-beta” signaling (Fig. 2 G and H). These
results are highly intriguing since they imply the involvement of
subphenotypic signaling cues active in Casp3/7*E€ mice not
generating a phenotype in steady state, but maybe forming a
basis for a phenotype during challenge. However, these
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differences did not result in changes in architecture and cellular
composition as demonstrated above and as revealed by the
absence of any differences based on scRNA-seq comparing the
expression of various cell type—specific markers of differentia-
tion (SI Appendix, Fig. S4 B-E). Additionally, we noted that we
were unable to uncover these signatures in our scRNA-seq anal-
ysis. We thus conclude that in contrast to bulk RNA-seq the
transcriptional differences were too nimble to be discovered
using scRNA-seq, which harbors an inherent lower coverage of
the transcriptome, but that the overall individual cell composi-
tion is not changed between IECs from WT and Casp3/7*'E¢
mice. Another important aspect is that in contrast to the data
obtained from scRNA-seq, cells that were identified to be
“dying” or started to display features thereof were excluded
from the analysis. Results from the bulk RNA-seq experiment
must therefore be interpreted with caution and will be the sub-
ject of future lines of investigation examining the role of cas-
pase-3/7 during challenge. Lastly, procedural differences
between isolation processes in the scRNA-seq vs. bulk RNA-seq
experiments could also play a role in affecting transient ex vivo
signatures, otherwise negligible in vivo.

Loss of Epithelial Apoptosis in the Gut Does Not Affect the
Intestinal Microbiome Nor Induce Spontaneous Inflammation
during Homeostasis at Steady State. While we established that the
absence of IEC apoptosis exerted no impact on intact intestinal
homeostasis at steady state, we sought to assess whether other
pillars of intestinal homeostasis such as the microbiome compo-
sition and immune system would have been affected. To this
end, we first performed 16S sequencing analysis of ileal and
colonic microbiome specimens. To dissect genotype-dependent
effects on the microbiome, we performed our analysis on sam-
ples originating both from mice housed per genotype (these
mice were separated according to genotype after weaning) or
cohoused with WT littermates. We first assessed bacterial diver-
sity as measured by bacterial richness (observed amplicon
sequence variants [ASVs]) and effective Shannon and inverse
Simpson indices. None of these metrics reflecting alpha- or beta-
diversity was significantly altered in any of the conditions tested
(Fig. 3 A-C and SI Appendix, Fig. S3 A-C). Supportive of these
diversity indices, unsupervised weighted or unweighted principal
coordinates, as well as nonmetric multidimensional scaling analy-
sis revealed no difference according to genotype under single-
and cohousing conditions (Fig. 3 D-F and SI Appendix, Fig. S3
D-F). Next, we performed in-depth taxonomic analysis of bacte-
rial communities. Again, no significant changes in microbial
architecture were discernible in both ileum and colon (Fig. 3 G
and H and SI Appendix, Fig. S3 G and H). Altogether these find-
ings argued for a negligible role of the executioner caspases-3
and -7 to shape the microbial architecture in the gut during
homeostatic conditions independent of housing setup.

To document signs of possible spontaneous inflammation in
the intestinal tissue of Casp3/7°™E€ mice, we performed
detailed histological analysis and measured markers of inflam-
mation in feces and serum. Histological examination did not
reveal elevated infiltration of mononuclear immune cells or
other CD45* cells into the mucosal layers of the small intes-
tines of Casp3/7°"™C mice (Fig. 4 A and B). Fecal Lipocalin-2
(LCN-2), a marker for intestinal inflammation (47), plasma
diamine oxidase (DAO), a marker for intestinal integrity (48),
and also plasma levels of proinflammatory cytokines (IL-1p,
IL-18, IL-22, IL-23, IFN-y, G-CSF/CSF3, MIP-1, and IP-10)
showed no significant difference between Casp3/7°"™€ and WT
mice (Fig. 4 C-E). To systematically document whether the
entirety of intestinal immune cell types remained unaffected
during epithelia loss of caspase-3/7 we leveraged our scRNA-
seq dataset to examine possible differences in deeper mucosal
layers comprising largely the lamina propria cells of the small
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intestine (Fig. 4F) and colon (SI Appendix, Fig. S2G). In anal-
ogy with our previous results on IECs (Fig. 1N), UMAP analy-
sis and quantification thereof indicated that the immune cell
compartment was largely unaltered in Casp3/7*"™¢ mice (Fig. 4
F and G). Additionally, differentially gene expression analysis of
individual immune populations comparing WT and Casp3/7EC
mice, did not reveal any changes, which would point toward bio-
logically relevant differences in gene signatures in immune cells
from small intestine and colon of WT and Casp3/7*™E€ mice.
Finally, to document whether intestinal epithelial loss of caspase-
3/7 would bear any effects on immune cells draining to lymph
nodes (mesenteric), we additionally performed a scRNA-seq
analysis of MLN from both WT and Casp3/7°™“ mice (Fig. 4 H
and I). Again, UMAP analysis quantification thereof and differ-
entially expressed genes were unable to document any relevant
quantitative or qualitive changes in immune cell reaction and
composition between both genotypes.

Discussion

Apoptosis is the default way of cellular turnover during embry-
onic development and adult tissue homeostasis. Apoptotic cells
release find-me signals such as CX3CL1 that attract macro-
phages to clear apoptotic cells. This in turn drives two events
important for tissue homeostasis: 1) Clearance of apoptotic
cells before they undergo secondary necrosis, which may result
in inflammatory diseases (5, 49, 50); and 2) it programs phago-
cytes to produce immunosuppressive mediators such as IL-10
and TGF-beta, which mediate immune suppression and engage
other tolerogenic mechanisms like regulatory T cell expansion
(17). Therefore, apoptosis is not simply important because of
whether it can take place or not, and whether the tissue turn-
over occurs without it or not, but because its recognition by
innate cells such as resident macrophages and microglia cells
comprises a crucial mechanism that imparts tissue homeostasis
particularly in returning inflammatory or damaged tissue to
homeostasis (51, 52). The balance between cell division and
apoptosis determines the tissue morphology, architecture, and
function (53). Within the intestine, constant turnover of the
IECs ensures an intact and effective barrier and tolerance
against digested food and the commensal microbiota (54). IECs
arise from stem cells at the bottom of the crypts and migrate to
the top of the villi in the small intestine. This process takes 4 to
5 d at the end of which IECs are shed into the lumen through
mechanisms debated to involve either apoptosis or live extru-
sion by upwardly moving cells (55). To investigate the role of
IEC apoptosis in intestinal physiology in a rodent model, we
deleted the executioner caspases-3 and -7 specifically in the
intestinal epithelium. Mice were viable and born at expected
Mendelian ratios and did not show any sign of burdening over
the course of development and into maturity, illustrating that
caspase-3 and -7-driven apoptosis is dispensable for intestinal
organogenesis and homeostasis at steady state. We performed
an in-depth analysis of the entire gastrointestinal tract, includ-
ing macro and microarchitecture, microbiota, and transcrip-
tomic analyses and did not detect any apparent phenotypic
difference between the Casp3/7°7C transgenic mice and WT
littermates (Casp3/7"") at the level of development, differentia-
tion, inflammation, and microbiome composition and diversity.
The absence of any intestinal or systemic phenotype in Casp3/
7°7E€ mice indicates that under steady-state conditions, apopto-
tic cell death is not required for intestinal homeostasis and for
keeping a noninflammatory state by continuous sampling of
apoptotic IECs by interdigiting phagocytic immune cells, as was
elegantly demonstrated by Blander and coworkers (17), but
also other mechanisms contribute to immune homeostasis, such
as microbiota and their metabolites (butyrate and TLR ligands,
for example), and diet (cruciferous vegetables, indoles, and aryl
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Fig. 3. Loss of apoptosis in intestinal epithelial cells does not induce ileal dysbiosis. (A) Bacterial richness in the ileum represented by detected (observed)
amplicon sequence variants (ASV) of 16S microbiome sequencing. (B) Inverse Simpson and (C) effective Shannon diversity indices in single- and cohoused
Casp3/7°'8€ and Casp3/7"" mice revealed no significant differences. (D) Principal coordinates analysis of weighted (ADONIS test, R2 = 0.3, adjusted P =
1.0); (E) unweighted (ADONIS test, R2 = 0.2, adjusted P = 1.0) UniFrac distances; and (F) nonmetric multidimensional scaling of Bray-Curtis distances
(ADONIS test, R2 = 0.6, adjusted P = 1.0) show no separation of the Casp3/7°'5€ and Casp3/7"f mice based on bacterial compositions of ileal samples.
Large dots represent group centroids; ellipses indicate the 95% confidence intervals for each group. (G) Bar plots of bacterial compositions in ileal sam-
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Fig. 4. Loss of epithelial apoptosis does not induce spontaneous intestinal inflammation. (A and B) CD45 staining (leukocyte marker) and quantification in

the lamina propria (LP) of small intestine sections from Caspj’/7A'Ec (n=17)and Casp3/7ﬂ’ﬂ (n = 7) mice. (Scale bar, 50 um.) (C) The fecal level of Lipocalin-2 of
Casp3/7°"€ (n = 12) and Casp3/7"" (n = 10) mice. (D) The plasma level of DAO in Casp3/7°' (n = 6) and Casp3/7"' (n = 6) mice. (E) The plasma level of proin-
flammatory cytokines in Casp3/7°€ (n = 3 to 4) and Casp3/7"" (n = 4) mice. (F) UMAP of LP extracted from three Casp3/7"" and Casp3/7*'¥¢ (n = 3 per geno-
type) mice. Identified populations are indicated with relative frequency in G. (H) Quantification of UMAP of mesenteric lymph nodes (MLNs) extracted from
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hydrocarbon receptor engagement for example) regulate innate
lymphoid cells, dendritic cells (DCs), Treg, and Th17 cells (1,
56-58). Our results with apoptosis-deficient IECs now provide
genetic evidence that caspase-3/7-mediated apoptosis appar-
ently is not needed for the continuous turnover of IECs at the
top of the villi. We documented the occurrence of a nonapop-
totic shedding process in line with the recent findings that
extrusion mechanisms at the top of villi precede the appearance
of the characteristic readouts of apoptosis such as caspase-3
cleavage and phosphatidylserine exposure (56). Remarkably
the process of apoptosis-independent cell extrusion is increased
in the absence of caspase-3/7, thereby compensating for the
loss of apoptosis and maintaining the total physiological level
of cell shedding. Confocal imaging and ultrastructural analysis
via TEM and SEM enabled us to detect a concerted shedding
release of IECs in what appeared to be a contraction event. It
remains to be elucidated which molecular cues precede this
alternative mode of shedding. Thus, we conclude that the
required balance between apical cell loss at the top of the villus
and proliferation in the crypt is retained in Casp3/7*'C mice.
This demonstrates the resilience, robustness, and adaptivity of
the system that apoptosis as a program during tissue develop-
ment and homeostasis at steady state can be compensated by
alternative cell turnover processes. Therefore, analogous to
what has been described for the removal of cells within the
interdigital webbing during paw development in the absence of
Apaf-1 (59), alternative caspase3/7-independent cell loss seems
to similarly function as a backup mechanism in the intestine.

The importance of cell death for proper organ development
and tissue homeostasis has been emphasized using gene-
targeted mice. Notably, seminal work attributed a pivotal role
to apoptosis-related molecules such as RIPK1 (60, 61), FADD
(62, 63), cFLIP (64, 65), or caspase-8 (29, 65, 66), acting as crit-
ical checkpoints in regulation and maintenance of intestinal
homeostasis at steady state by preventing aberrant activation of
inflammatory cell death by excessive apoptosis or necroptosis.
Indeed, conditional knockout of caspase-8 (60) or FADD (63)
in intestinal epithelium abrogates intestinal homeostasis by
developing epithelial cell necroptosis, loss of Paneth cells,
reduced number of goblet cells, and intestinal inflammation,
which was prevented by codeletion of essential components of
the necrosome such as RIPK3 (63). Similarly, the systemic
deletion of caspase-8 in mice led to embryonic lethality, which
is prevented by codeletion of essential components of the
necrosome pathway, in particular TNFR1, RIPK1, RIPK3, and
MLKL (46, 67). These findings established the concept that
apoptotic machinery components such as FADD, cFLIP, and
caspase-8 are absolutely required for organogenesis by prevent-
ing necroptosis (65, 66). This notion erroneously fed the con-
cept that the cell-autonomous process of apoptosis itself
controls necroptosis. However, one could better state that the
pleiotropic function of the apoptotic initiator caspase-8 and its
adaptor FADD and modulator cFLIP control levels of RIPK1
by specific proteolysis of the latter within the molecular com-
plex associated with necrosome, as was recently demonstrated
by the inflammatory phenotype of noncleavable RIPK1
(30-32). Our results now refine the insights on how apoptotic
pathways control necroptotic pathways. Indeed, the phenotype
of Casp3/7°™C mice clearly demonstrate that the ablation of
the converging point of apoptosis, i.e., the activation of execu-
tioner caspase-3/7, apparently does not lead to sensitization to
necroptosis during homeostasis and that the necroptosis check-
point is restricted to caspase-8 proteolytic activity. This is in
line with previous reports of sensitization of TNF-induced nec-
roptosis by caspase-8 ablation and not by deficiency or inhibi-
tion of other caspases (34).

Apoptosis as a nonimmunogenic programmed cell death
modality has been postulated to be essential for intestinal
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homeostasis by governing the turnover of the intestinal epi-
thelial cells at the top of the villi and therefore shaping the
architecture of the gastrointestinal tract (35). Induction of tol-
erogenic regulatory CD4" T cell differentiation is also attrib-
uted to sensing of apoptotic IECs by dendritic cell subsets
(65). Therefore, the absence of any spontaneous phenotype
in Casp3/7°'EC mice at the level of inflammation was quite
intriguing. Our results suggest that shedding per se and not
apoptotic cell death of IEC:s is sufficient for supporting cellu-
lar turnover in the gut.

Given the phenotype of Casp3/7°'EC mice we wondered
whether other genetic ablations reported in the literature would
support the same conclusions. In murine studies using Bok/Bax/
Bak global TKO animals, whose cells are incapable of undergo-
ing intrinsic apoptosis, it was also reported that most animals
exhibited severe defects and died shortly after birth, with fewer
than 2% TKO mice surviving. Surprisingly, analysis of these
mice (died or survived) showed that many developmental pro-
cesses previously thought to require apoptosis also proceeded
normally and that necroptosis, pyroptosis, or autophagic cell
death does not substantially substitute for the loss of apoptosis.
This observation suggests that morphogenesis can proceed
entirely without apoptosis mediated by these proteins (68).
Altogether with our findings, this suggests that alternative cell
death modalities might take over the function of apoptotic cell
death in tissue turnover during development and homeostasis
of the intestinal tract at steady state. This illustrates that at least
in homeostatic conditions these processes have an intrinsic
robustness and redundancy allowing for plasticity and adaptiv-
ity of intestinal development, its associated immune system,
and the microbiome. However, our data do not exclude a par-
ticularly important role of apoptosis in tolerance induction,
microbiome shaping, tissue repair by apoptosis-induced prolif-
eration during challenges, and control of intestinal infection.
Indeed, a crucial role for apoptosis in IECs was demonstrated
during different challenges, e.g., tolerance induction during
barrier loss (17), modulation of anticancer immunosurveillance
during chemotherapy (59), sensitivity to Clostridium difficile
infection (58), and IEC apoptosis-dependent boosting of
growth of multiple Enterobacteriaceae during dysbiosis (69).
Recently the unique role of apoptosis during steady-state
regeneration was shown in hair follicle stem cell (HFSC) self-
renewal and differentiation. It was shown that deficiency of
caspase-9, a crucial apoptotic initiator caspase, leads to accu-
mulation of caspase-3 and inappropriate mitogenic signaling by
continuously releasing Wnt3 from apoptotic HFSCs and
instructing proliferation (70). Also, in the intestine a link
between stem cell proliferation and apoptosis was shown. Fol-
lowing damage in the gut of zebrafish, stem cells (SCs) engulf
the apoptotic bodies and activate mitogenic Wnt signaling to
maintain homeostatic cell numbers. Inhibition of apoptosis or
Wnt signaling abrogated SC proliferation, while overexpression
of Wnt8a in combination with apoptosis led to significant
increased cell numbers (65). Altogether, a paradigm is emerg-
ing that the presence of apoptotic cells during damage and in
particular tissues during homeostasis is crucial for SC regenera-
tion, while mice completely lacking crucial regulators (Bax/Bak/
Bok) can still develop and live normally although at low fre-
quency (68) or mice that lack executioners of apoptosis show
normal development, are born at Mendelian frequency, and
show at birth a rather limited developmental phenotype (neural
tube closure defect, heart anomalies) (33), illustrating that the
robustness of the developmental system during organogenesis
and development of many tissues is able to cope with deficiency
of apoptosis (43).

The fact that apoptosis is dispensable for intestinal develop-
ment and gut homeostasis under steady-state conditions is sup-
ported by the observation that no genetic polymorphisms have
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been identified implicating caspase-3 or -7 in human intestinal
pathology. Alternatively, components preventing the activation
of aberrant inflammatory cell death in the gut such as RIPK1
(28), caspase-8 (68), and A20 (71) have been frequently impli-
cated in early-onset intestinal disease. These observations sup-
port a conceptual framework in which aberrant inflammatory
cell death and subsequent intestinal disorders are kept in check
by signaling events distinct from caspase-3 and -7-mediated
apoptosis. Taken together our findings demonstrated that under
homeostatic conditions, the loss of caspase-3 and -7 within the
intestinal epithelium was dispensable for the tissue dynamics of
the intestine, the extrusion of IECs at the top of the villi, the
microbiome, and the immune cell composition, illustrating the
plasticity and robustness of the system to cope with the absence
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