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Epithelial restitution in 3D - Revealing
biomechanical and physiochemical dynamics
in intestinal organoids via fs laser nanosurgery

Sören Donath,1,2,* Anna Elisabeth Seidler,1,2 Karlina Mundin,1,2 Johannes Wenzel,1,2 Jonas Scholz,5

Lara Gentemann,1,2,3 Julia Kalies,1,2 Jan Faix,5 Anaclet Ngezahayo,6 André Bleich,2,3,4 Alexander Heisterkamp,1,2

Manuela Buettner,2,3,4 and Stefan Kalies1,2,3,7,*

SUMMARY

Intestinal organoids represent a three-dimensional cell culture system mimicking the mammalian intes-
tine. The application of single-cell ablation for defined wounding via a femtosecond laser system within
the crypt base allowed us to study cell dynamics during epithelial restitution. Neighboring cells formed
a contractile actin ring encircling the damaged cell, changed the cellular aspect ratio, and immediately
closed the barrier. Using traction force microscopy, we observed major forces at the ablation site and
additional forces on the crypt sides. Inhibitors of the actomyosin-based mobility of the cells led to the fail-
ure of restoring the barrier. Close to the ablation site, high-frequency calcium flickering and propagation
of calcium waves occured that synchronized with the contraction of the epithelial layer. We observed an
increased signal and nuclear translocation of YAP-1. In conclusion, our approach enabled, for the first time,
to unveil the intricacies of epithelial restitution beyond in vivomodels by employing precise laser-induced
damage in colonoids.

INTRODUCTION

The integrity of the intestinal epithelial barrier is of pivotal importance for the maintenance of metabolism and homeostasis in mammals.1–3

Individuals can face serious challenges upon barrier damage or disruption by pathogenic processes. For instance, disease patterns and le-

sions in the intestinal system can be causedby inflammatory bowel disease (IBD).4 If a lesion is present within the epitheliumof the gut, this can

lead to an exchange of toxic and inflammatory factors between the luminal interior and the body, which can trigger uncontrolled immune

reactions.1,5,6 To prevent this, fast and effective restitution and regeneration are necessary. To investigate the repair and regeneration pro-

cesses in such scenarios in detail, studies utilizing precise disruptions in the intestine need to be conducted.7

The intestinal barrier restoration can be divided into three processes. The transitions between these processes are seamless and cannot be

strictly separated from each other (Figure 1).

The initial response of the intestinal system is epithelial restitution. Cells in the vicinity of the lesion flatten and migrate into the wound.8

This closes the wound and partialy restores the barrier within minutes to hours. To compensate for the loss of cells, increased the proliferation

of the stem cells located in the crypts occurs. The resulting daughter cells migrate and differentiate along the crypt axis in the third phase of

the repair process. Hence, tissue function and cell composition are completely restored. This article raises the question if similar repair pro-

cesses occur in crypt damage.

Epithelial restitution represents the starting point and at the same time the underlying condition for all subsequent repair processes. To

investigate this process further, colon-organoids, also called colonoids, can serve as a suitable cell culture model. Cultivated in a basement

membrane matrix, their cellular composition and morphology better resemble the in vivo model than 2D in vitro cell culture models. Colo-

noids also represent the interactions of the different colon cell types, including stem cell-induced colon homeostasis.7,9–11 In particular,

these interactions play a crucial role in developing a profound understanding of the processes taking place upon epithelial damage. In

the three-dimensional colonoidmodel, spatial as well as temporal information can be generated to elucidate these processes. To investigate
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the processes occurring during epithelial restitution, the study was always performed at a defined site, the crypt base, in order to be able to

investigate associated biochemical and biophysical characteristics in the stem cell niche during damage as well.

To understand the precise initiation and progression of restitution events, we have recently established a colonoid wounding

model, which involves the targeted laser-based ablation of individual or multiple cells in the colonoid crypt.12 Such precise manipulation

can hardly be achieved by ionizing radiation or treatment with various chemical components. Instead, we employ a femtosecond laser

system leading to non-linear optical interactions with the investigated tissue and allowing for precise removal of (sub-)cellular struc-

tures.12,13 This process, called femtosecond laser nanosurgery, is based on the creation of a low-density plasma of free electrons, produced

mainly by multiphoton ionization.14,15 As the process involves no significant heating, no thermal or mechanical energy is released in neigh-

boring cells.15,16 Thus, the combination of nanosurgery and live imaging enables the precise tracking of epithelial restitution, mechano-

sensitive answers, and mechanotransducive reactions. These data can be generated using the colonoid model to study epithelial

restitution.

Various studies showed in two-dimensional cell layers that upon loss of single epithelial cells, the neighboring cells flatten, bringing the

apical side into close spatial proximity to the basolateral cell side.17,18 This is based on an excessive reorganization of the cytoskeleton, in

particular, the cell’s actin structures, and allows the rapid and efficient migration of cells into the lesion.19,20 New cell-cell and cell-ECM con-

tacts are formed and the cells change the ratio of their axes back to the ratios that exist during homeostasis within the intestinal tissue. Via our

colonoid wounding model, we can extend this data using temporal recordings of restitution in a three-dimensional setting. We combine the

wounding with the use of fluorescently labeled colonoids, genetically modified via lentiviral transduction, allowing for studying cell shape and

position. In particular, the fusion protein occludin-mEmerald is expressed at the tight junctions and the basolateral membranes of the

cells.21,22 With the application of the deep learning algorithm Cellpose,23,24 automated cell segmentation and tracking of cell morphology

(cell size, cell perimeter, and cell-aspect ratio) are achieved. To further study the integrity and structure of the cellular epithelial layer after

damage, we apply optical elastography via Brillouin spectroscopy.25

During the epithelial restitution process, forces are exerted at positions along the crypt axis to rapidly close the lesion. In our model, the

utilization of traction forcemicroscopy (TFM) allows for the observation andmeasurement of the involved forces.We track the displacement of

fluorescent beads in the basement membrane extract (BME) after single-cell ablation using confocal microscopy. Image data were analyzed

using TFMLab,26 which calculates forces in three dimensions using free-form deformation.27,28

While the general architecture and symmetry of the colonic crypts have a notable impact on the exerted forces and the restitution process,

it is also crucial to investigate the cytoskeleton and its primary component filamentous (F)-actin at the single-cell level.18 The dynamic actin

reorganization during epithelial damage is necessary to enable cell migration through the formation of cellular forces.29–33 The filamentous

structures interact with myosin 2 to form a contractile ring around the damaged cells.18,34 The damaged cells are shed into the lumen and

neighboring cells migrate in the direction of the lesion. To better understand these processes in our model, we applied different cytoskeletal

inhibitors. Blebbistatin inhibits actomyosin-based contractility and thus cell motility by binding the myosin II head domain, greatly slowing

down the release of phosphate and thereby stabilizing myosin in an F-actin unbound state.35 Lantruculin B was used to depolymerize the

F-actin network and cytochalasin D was added to inhibit actin polymerization.36,37

Figure 1. The three phases of wound healing in the intestine

To close lesions and avoid contact of luminal content with the basal lamina, neighboring cells flatten and migrate into the wound during epithelial restitution.

Following, to replenish the cell loss, increased proliferation occurs, generating new cells via the intestinal stem cells. These cells migrate and differentiate along

the crypt axis in the third phase.
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The reorganization of the cytoskeleton, is closely connected to calcium signaling, which is crucial in epithelial restitution.38,39 For instance,

in vivo photodamage of murine stomach epithelia was followed by a fast increase of extra- and intracellular Ca2+-ions in cells near the wound

site. The gastric restitution was impaired when these calcium concentration changes were inhibited.39 Acute injury of the intestinal epithelium

led to increased Ca2+ influx which was based on the activation of the transient receptor potential cation channel 1 (TRPC1).40,41 In general,

calcium signaling is connected to many pathways, including the activation of small GTPases such as RhoA and Rac1, to actomyosin-based

contraction via calmodulin and to calpains, which dissociate various cytoskeletal connection points at the leading edge of a migrating

cell.42–45 Therefore, we aimed to use calcium imaging and inhibition to analyze the occurrence of calcium events during epithelial colonic

restitution. We established a GCaMP5 biosensor to visualize calcium signaling in live cell imaging in response to damage to the colonoids

and homeostatic conditions.46

To further reveal biomechanical signals during epithelial restitution, we investigated the potential activation and nuclear localization of the

primary mechanical sensor of the cellular microenvironment YAP.47 YAP activation in the colon leads to the increased attachment of epithelial

cells to the extracellular matrix, increased epithelial cell movement, stem and progenitor cell expansion, and differentiation suppression.48,49

Visualization and localization of YAP signaling via immunostaining were used to investigate the influence of wounding in the crypt base.

In summary, our study aims to recapitulate epithelial restitution via precise damage application and live cell imaging in a three-dimensional

setting using femtosecond laser-nanosurgery. For the first time, this combination is used for measuring cellular morphology changes, exerted

forces, and the involvement of actin, calcium signaling, and YAP.

RESULTS

Cells adjacent to the lesion change their morphology and migrate into the wound

Precise ablation of a single cell at the base of the crypts was used to investigate the mechanisms and forces occurring during epithelial in-

testinal restitution in the three-dimensional colonoid-wounding model. Occludin-mEmerald was used to visualize the exact cell outlines

and Cellpose24 served for cell segmentation. This allowed us to acquire the morphological parameters of cell size, cell perimeter, and cellular

aspect ratio.

Ablation at the crypt base did not lead to a significant change in cell size, independent of the distance of the cells to the damaged cell

(Figure 2B). The cell perimeter of neighboring cells located directly above the ablation site (0 mm) decreased significantly after 60min, whereas

further distant cells exhibited no perimeter changes (Figure 2A). In contrast to the cell area and perimeter, the cellular aspect ratio was

strongly altered in cells close to the lesion site. The ratio of the directly adjacent cells, as well as those cells at a distance of up to 20 mm,

decreased significantly (Figure 2C). The cells flattened and migrated into the wound, causing a shortening of the cellular major axis, while

theminor axis was slightly stretched. Thewoundwas closed as a result of stretching and flattening, although the cellular aspect ratio remained

constant within the time frame of 90 min. The cell polarity was maintained during the process as indicated by the immunostaining of the vaso-

dilator-stimulated phosphoprotein (VASP, Figure S1). VASP is a component of focal adhesions and acts as an anchoring point of F-actin on the

basal cell side.50,51 The basal ends of the adjacent cells stretched and associatedwith each other, and the apical side of the cells also stretched

to the point of basal association. After the lesion is closed and the epithelial barrier is restored, the previously stretched cells return to their

original morphology (Figure S1F).

The viscoelastic characteristics of the epithelial cell layer are not fully restoredwithin the time frame of epithelial restitution

To analyze the impact of restitution on the viscoelastic properties of the cell layer, the restitution and subsequent reorganization of the

epithelium were examined by Brillouin microscopy. A lesion in the epithelium led to a decrease in the Brillouin peak and consequently

to a decrease of the longitudinal modulus and the correlated stiffness (Figure 3A). Up to a point in time of approximately 120 min, the

Brillouin shift deviated from the initial shift. When the initial restitution and closure of the epithelium were completed at this time, the orig-

inal architecture of the cell layer was not yet regained. Only after an extended time of 4 h, the shift corresponded to the homeostasis-

conditioned shift.

Traction force microscopy reveals lower forces at the crypt sides and strong forces at the lesion upon its closure

Traction forcemicroscopy was performed to investigate the exerted forces after single-cell ablation. Via TFMLab,26 evaluation was performed

using 1 mm red fluorescent beads in Cultrex BME at a dilution of 1:100 in Occludin-mEmerald positive colonoids.

The maximum force in response to single-cell ablation was observed shortly after damage at cells near the lesion (Figure 4A). We could

distinguish traction forces at the ablation site in the direction of the lumen and traction forces at the flanks of the crypt, which acted away from

the crypt and angled slightly toward the crypt base. The magnitude of the forces decreased with the distance from the lesion site (Figure 4B).

In total, the depth-averaged forces in the time frame of up to 5min at the lesionwere approximately 30 Pa, with single positions reaching up to

210G 60 Pa. Those at the side of the crypt were approximately 17 Pa with single positions reaching up to 120G 20 Pa. Over time, both forces

decreased sharply and remained constant after approximately 20 min as the damaged cell had been repelled into the lumen and the forces

approached those under normal conditions.
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Manipulation of actomyosin-based cell motility and inhibition of actin polymerization prevent restitution after single-cell

ablation

The cytoskeleton, in particular, F-actin, has a great influence on the viscoelasticity of biological samples.52 Therefore, various components of

the cytoskeletonwere destabilized and/or depolymerized, and epithelial restitution as well as the regeneration of the intestinal epithelial layer

after single cell ablation were investigated. Single-cell ablation in the crypt area is indicated by a strong increase in autofluorescence of the

destroyed cell.12 Upon the application of 100 mM blebbistatin, an inhibitor of actomyosin-based cell mobility, the spatial extent of autofluor-

escence remained identical over time (Figure 5A) and the damaged cell mass was not pulled into the lumen of the colonoid, which was

observed in untreated controls (Figure S2). While the crypt survived the lesion in the epithelium for 120 min, a total loss of structural integrity

of the crypt and whole colonoid occurred after approximately 270 min. Controls treated with blebbistatin without laser ablation kept their

structural integrity during this time frame (controls in the right panel of Figure 5).

Afterward, actin polymerization was inhibited via the application of 1 mM latrunculin B, which prevents the binding of G-actin to already

existing F-actin.36 The lack of attachment of new actin monomers results in the depolymerization of pre-existing F-actin structures. Under

these conditions, single-cell ablation in the crypt led to its rapid dilation (Figure 5B). The colonoids were unable to close the lesion in the

epithelial layer and fully lost integrity shortly after the failure of restitution. The occludin-mEmerald-related fluorescence signal was no longer

correctly localized and became blurry, another indicator of degrading cells.

To validate whether already formed F-actin is sufficient to implement the reorganization of cellular structures needed for restitution, the

inhibitor cytochalasin D (10 mg/mL) was used (Figure 5C). It binds to the growing F-actin end and prevents the new binding of G-actin as

well as the depolymerization of existing actin filaments. We observed that single-cell ablation in the crypt region could not be regenerated

Figure 2. The process of epithelial restitution in the base of the colonic crypts changes the cellular aspect ratio of directly adjacent cells, while cell area

and perimeter remain constant

Cell morphology (area, perimeter, aspect ratio) was investigated after single-cell ablation in occludin-mEmerald colonoids. Cells at a distance of 0 mm, 20 mm,

40 mm, 60 mm, 80 mm, and 100 mm from the ablation site were grouped and analyzed every 30min. The upper panel shows the quantitative course of themeasured

parameters, and the lower panel illustrates an exemplary crypt (z-projection). The color coding corresponds to the measured parameter.

(A) The cell area does not change significantly.

(B) After 60 min, the perimeter of cells in the direct vicinity of the ablation site changes.

(C) A significant decline in cellular aspect ratio occurs in cells near the ablation site. Over time, the cellular apical axis becomes longer and the lateral axis shorter.

Data from seven separate single-cell ablations were evaluated. The area around the evaluated measurement points in the upper panel represents the standard

error of the mean (SEM). Scale bar corresponds to 25 mm. See also Figure S1.
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by pre-existing f-actin. In contrast to latrunculin B, the crypt was not dilated after damage, and structural integrity was kept for about 300 min

(Figure 5C).

Damage at the crypt base leads to calcium flickering in adjacent cells and calcium waves correlating with epithelial

contraction

The transmission ofmechanosensitive (stress-related) signals is coordinated by a complex network, which also includes calcium signaling.53–55

To investigate epithelial calcium signaling in the three-dimensional colonoid-woundingmodel, a lentiviral GCaMP5 sensor was used.46 Imme-

diately after cell ablation, a high-frequency flickering of the calcium-induced fluorescence signal (Video S1) occurred at the basolateral site of

lesion-adjacent cells that underwent the strongest morphological changes (see Figure 2C). After about 30 min, calciumwaves were detected,

transmitted from the direction of the crypt base and the lesion toward the differentiated epithelium (Figure 6A). In addition to this early cal-

cium wave, we also observed signals which were potentially no longer associated with the initial damage-related reaction. Figure 6B shows a

wave spreading from the lesion toward the differentiated epithelium after 120 min. These late calcium waves were accompanied by a strong

contraction of the epithelium (Figure 6C and Videos S2 and S3). If intracellular calciumwas chelated by BAPTA, the crypt was no longer able to

close the generated wound. The damaged cell was not pulled into the lumen but was deposited in the BME on the basal cell side (Figure S3).

YAP/TAZ signaling is activated in lesion-adjacent cells

Calcium is capable of transmitting a variety of signals, whereby mechanosensitive signals can be converted into biochemical reactions. One

pathway that can be activated by calcium signaling in response to mechanical stress is the Hippo pathway.56 As YAP/TAZ are the primary

mechanical sensors of the cellular microenvironment,47 these two interactors havemultiple roles after epithelial damage. Based on the essen-

tial role of YAP in epithelial regeneration, YAP expression and localization in response to single-cell ablation were investigated by immuno-

staining. Colonoids were fixed and stained 30 min after ablation. An increased YAP signal was detected in cells surrounding the lesion (Fig-

ure 7). This signal wasmore localized to the nucleus but was also increased in the cytoplasm across the nuclear borders compared to controls.

Figure 3. The viscoelastic characteristics of the epithelial cell layer are not completely restored within the time frame of epithelial restitution

(A) Single-cell ablation was performed in the base of the colonoid crypts and the time course of the Brillouin shift was subsequently examined. The damaged cell

mass is recognizable by a deviating Brillouin shift, shed into the lumen, and the cell layer is restored. The Brillouin shift of the epithelial layer is not restored

immediately after closure of the barrier but requires an extended period of 240 min. The study was performed on three single cell ablation scenarios. The

scale bar corresponds to 50 mm.

(B) Schematic temporal course of epithelial restitution in the crypt base. The ablated cell is pulled into the lumen, and the cells adjacent to the lesion stretch into

the lesion, closing the intestinal barrier.

(C) Time course of changes in Brillouin shift after single-cell ablation. Brillouin shifts were determined in a region of interest of 50 mm at the crypt base and at both

sides of the crypts. Values from the two crypt sides were averaged. Data from three ablation scenarios were measured, SEM is plotted as error bars.
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As in ablated crypts, a progression of the YAP-associated signal away from the crypt base could also be seen in control crypts, but the signal in

control crypts was much less pronounced than around lesions (Figure S4).

DISCUSSION

An intact intestinal barrier is of pivotal importance for the entire mammalian organism. The study of the interactions of cells during barrier

homeostasis and damage, e.g., in pathologies, requires novel methods that go beyond conventional 2D in vitro cell culture. On the one

hand, in vivo animal experiments are adequate to better understand various underlying mechanisms and cellular interactions of multiple tis-

sues. But on the other hand, in order to limit animal experiments following the 3R principle60,61 and focus on the regenerative capacity and

autocrine of only the epithelia, organoid systems represent an excellent alternative tool. Due to the organoids’ mimicry of in vivo cell types

and interactions, questions can be clarified that would hardly be accessible with other cell culture models, for instance, epithelial restitution

and the cell interactions during this process in the intestine.

In the colon, the process of re-establishing the epithelial barrier upon damage is not yet clarified. Targeted ablation of individual cells in

colonoids can provide a better understanding of repair and regenerative processes, which includes the initial processes of epithelial restitu-

tion in this area. We aimed to address this issue using femtosecond laser nanosurgery for targeted cell damage in this study, focusing on the

visualization and investigation of various aspects of the epithelial restitution of lesions.

Closure of the lesions requires the extensive reorganization of the cytoskeleton, in particular of f-actin.62,63 Intra- and intercellular signals

are processed via cell-cell junctions, creating a network of interacting cell neighbors.64,65 If these cell-cell junctions are interrupted by a lesion,

the reaction of the surrounding cells in a three-dimensional model is of great interest. It was observed that the neighboring cells stretched

toward the lesion. We assume that the coordinated rearrangement and reorganization of F-actin for cell stretching and migration into the

wound leads to a shift in the cellular aspect ratio. The changes in morphology likely serve to form a contractile actomyosin cable at the wound

ends, which has been demonstrated in various other epithelia.62,66–72 This cable, which serves to transport the damaged cell mass into the

lumen of the colonoid on the apical cell side, could also be observed in our study: Cellular actin structures associate at the basal side with

VASP (Figure S1), which participates as an adherent junction protein in the (re)assembly of F-actin by locally enhancing actin

Figure 4. Forces acting at the lesion and crypt flanks during epithelial restitution in the colonoid crypts

(A) Time course of the traction forces during epithelial restitution. The ablation position is indicated by a white arrow. The largest forces act on the lesion

immediately after ablation, directed toward the lumen. Smaller forces can also be detected on the sides of the crypts, acting away from the crypt, slightly

angled toward the base of the crypt. The scale bar corresponds to 50 mm.

(B) Time course of force in different planes at the crypt base (left) and the crypt flanks (right). Both positions show a radial progression from the ablation plane to

more distant z-positions, with the average force being more pronounced at the crypt base and a decrease of the forces over time.

(C) Spatially averaged forces at the crypt base and crypt side. N = 6 single cell ablation scenarios, the standard error of the mean (SEM) is depicted.
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Figure 5. Inhibition of acto-myosin-based cell motility (blebbistatin), depolymerization of f-actin structures (latrunculin B), and prevention of

attachment of new g-actin monomers (cytochalasin D) lead to the prevention of epithelial restitution

(A) Single-cell ablation in the crypt base is indicated by a strong autofluorescence signal from the ablated cell. The neighboring cells are unable to shed the

destroyed cell material into the lumen of the colonoid upon the addition of 100 mM blebbistatin. The crypt loses integrity after 270 min.

(B) Upon the addition of 1 mM latrunculin B, the destroyed cell material is neither pulled into the lumen nor is the lesion closed. The crypt dilates significantly and

loses integrity within 2 h.

(C) Inhibition with 10 mg/mL cytochalasin D leads to blockage of the attachment of monomeric g-actin monomers to existing F-actin structures. The pre-existing

structures are unable to close the lesion, the destroyed cell remains in its position and the crypt loses integrity. Single-cell ablation is indicated by a white arrow in

each case. Controls without laser ablation are shown in the right column, showing intact and correctly localized occludin-mEmerald based fluorescence. Time

points correspond to laser ablation. Laser ablation was done 30 min after incubation with the respective inhibitor.N = 4 single cell ablation scenarios per

experimental condition, the scale bar corresponds to 50 mm. See also Figure S2.
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polymerization.73–75 The VASP staining showed the bending of cells next to the lesion and early association of the basal ends. The apical ends

of the cells were shifted to the basal side, thereby changing the cellular aspect ratio, which was restored after the completion of restitution.

The inhibition of different cytoskeletal constituents and interactors demonstrated the importance of a functional F-actin apparatus for

epithelial restitution. The inhibition of actomyosin-based cell motility by blebbistatin led to the inhibition of the removal of the damaged

cell mass. The myosin II-dependent contractility could no longer be realized,76,77 whereby the gap in the epithelium remained such that

the damaged crypt lost integrity after some time. A similar result was seen when the F-actin structures were directly affected. If existing

F-actin structures were depolymerized and the formation of new structures was prevented by latrunculin B, wound healing was also inhibited.

Upon the blockage of the association of globular actin monomers with pre-existing F-actin by cytochalasin D, the damaged crypt was also

unable to close the lesion. Therefore, we can hypothesize that in response to the damage, newly polymerized F--actin is required for wound

healing and the formation of the contractile cable, which pulls the damaged cell mass into the lumen. Consequently, the term ‘‘reorganiza-

tion’’ of the cytoskeleton, which is often used in the context of epithelial restitution, could be extended to ‘‘new-organization’’ of the cytoskel-

eton in lesion-neighboring cells.

The loss of integrity of the crypts might be distinguished in the three different cases of inhibition. Latrunculin B causes the complete disso-

lution of the F-actin structures leading to the direct destruction of the crypts after single-cell ablation. In the other two cases, existing F-actin

structures remain unaffected, and the crypt can withstand dilation for an extended period. Additionally, the potential side effects of the in-

hibitors should not be disregarded.Wewere able to show that the colonoids survive the treatment of the inhibitors without laser damage, but

it is evident based on themorphology that the individual substances influence the cytoskeletal structures of the cells (Figure 5, right panel). For

example, Pentinmikko et al. showed that the inhibition of non-muscular myosin 2 strongly affects apical contact traction, the shape of intes-

tinal stem cells, and signaling pathways of cells located in the crypts.78 In addition, the measurement of viscoelasticity during epithelial resti-

tution using Brillouin microscopy in our study showed that further rearrangements occur within the neighboring cells in addition to the initial

closure of the barrier (Figure 3A). We assume that after the damaged cell has been shed into the lumen, the altered actin structures in the

neighboring cells (schematically shown in Figure 3B) get back to their normal status.

Upon the application of all actin inhibitors, the damaged cell mass was never shed into the lumen. Thismay be attributed to the absence of

contractile forces. The crypts could no longer provide the required forces. Our investigation using traction force microscopy indicated the

forces necessary in the uninhibited case (Figure 4). Here, the largest average force acted directly at the lesion in the direction of the lumen,

Figure 6. Intercellular Ca2+ waves are detectable during the regeneration processes and induce contractions of the colonic epithelium

Lentivirally transduced GCaMP5 colonoids were femtosecond laser-damaged at the crypt base.

(A) An intercellular Ca2+ wave, visualized by binding to the calcium indicator GCaMP5 is transmitted from the ablation site along the epithelium 30min after laser-

ablation and during the early phase of regeneration.

(B) Radial propagation of a strong calcium spark from the lesion 120 min after laser-ablation in CMV-GCaMP5 colonoids in medium with 10 mM CaCl2.

A contraction of the epithelium around the lesion is observed in conjunction with the calcium spark (C). Crypts in Figures A and B are shown as z-projections

(confocal microscopy, (A) 20 mm depth, z-step size 4 mm; (B and C) 9 mm depth, z-step size 3 mm; (A and B) Z projection max intensity of green fluorescence

signal); in Figure C, the crypt is shown in one z-plane as a transmitted light image and the yellow dashed lines serve for orientation. White arrows indicate

the ablation site, and yellow arrows the direction of propagation of the calcium waves. Scale bar corresponds to 50 mm. Figures A, B, and C are shown in

supplementary movies 1, 2, and 3. See also Figure S3 and Videos S1, S2, and S3.
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most likely provided by the contractile actomyosin ring. In addition to this force, which decreased in the radial and temporal course, additional

forces occurred at the sides of the crypts, although with a much smaller magnitude. These forces were exerted in the direction of the crypt

base and are most likely necessary to support the migration and stretching of neighboring cells into the lesion (Figure 2C).

Since actomyosin-based contractility is dependent on themyosin light-chain kinase and calmodulin, and thus on calcium signaling,43,44 we

aimed to investigate calcium signaling during the restitution process. We could exemplarily observe an early calcium wave at about 30 min

after single-cell ablation, which moved away from the damage site. In addition, another wave could be identified at a later timepoint (exem-

plarily approx. 2h after ablation), which also propagated away from the damage site. It is known that epithelial restitution requires the mobi-

lization of endogenous calcium.39,79 Furthermore, very rapid calcium flickering in neighboring cells could be shown (Video S1), which is in

agreement with several studies investigating the dependence of cell migration on (intra-)cellular calcium during restitution.79,80 Due to the

rapid variation of calcium concentration and the new organization of the cytoskeleton, the cells can quickly change their shape and close

the wound.29 If this signal transmission is blocked by the chelation of intracellular calcium with BAPTA,39 we observed that neighboring cells

were no longer able to close thewound (Figure S3). The calciumwaves were shown to be associatedwith a contraction of the intestinal epithe-

lium (Figure 6C and Videos S2 and S3). This contraction could be the result of coordinated contraction triggered by the transmission of the

calcium signal from cell to cell. This could represent amechanismof coordinated force application to close the lesion at the crypt base. Due to

the shortness of this contraction, it might not have been possible to resolve it using traction force microscopy.

We could previously show that single-cell ablation in the crypt area leads to increased Wnt signaling.12 Via Wnt activation at the frizzled

receptor, a short calcium pulse occurs.81 Based on this interaction between Wnt and calcium and the direct interplay between Wnt and the

primary sensor of the cellular microenvironment YAP/TAZ,47,82 Hippo YAP/TAZ signaling was verified to be activated after ablation via YAP1

immunostaining. In general, YAP1 signaling decreased from the crypt base to the differentiated area.47,83,84 30 min after ablation, the YAP1

signal was strongly increased in cells near the lesion (Figure 7D). YAPmight fulfill further roles than its mechanosensitivity. The ablation might

lead to a translocalization of YAP1 from the cytoplasm into the nucleus, to trigger stem cell expansion and differentiation inhibition.47–49 Addi-

tionally, the overall increased expression, compared to control crypts, may be due to the release of YAP1 in combination with b-catenin from

the destruction complex (Figure 7E).58

In summary, the combination of three-dimensional colonoids, live cell imaging using genetically fluorescently labeled colonoids, and sin-

gle-cell ablation via a femtosecond laser system allowed us to generate, for the first time, highly resolved insights into the process of colon

Figure 7. Single-cell ablation in the crypt base leads to increased YAP signal in the surrounding cells

To show the localization and expression of YAP1, a lesion was created and the colonoid was fixed and immunostained 30 min after ablation.

(A) Phalloidin staining (phalloidin-Atto 488, Sigma Aldrich, St. Louis, MO, USA) to visualize the F-actin structures within the crypts.

(B) Helix Blue Staining (Helix NP Blue, Biolegend, San Diego, CA, USA) was used for the visualization of the cell nuclei.

(C) Merge of phalloidin-488, Helix Blue, and YAP1 staining.

(D) YAP1 staining indicates the expression and localization of YAP1 within the damaged and restituting crypts. The region of interest is marked with a dashed line.

5 single cell ablation scenarios were evaluated and immunostained.

(E) Interplay of the Wnt and Hippo-YAP/TAZ pathways. When the Wnt pathway is active, YAP/TAZ is released from the degradation complex. TAZ degradation

depends on the phosphorylation of b-catenin.47,57 b-catenin can escape the degradation complex when Wnt is active, translocates to the nucleus, and initiates

the transcription of various genes via interaction with LEF/TEF.47,58 Based on the escape of b-catenin, YAP/TAZ translocates into the nucleus and activates Wnt/

b-catenin-dependent transcription.47,59 Scale bar corresponds to 25 mm. See also Figure S4.
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epithelial restitution. This was complemented by further advanced techniques such as Brillouin microscopy and traction force microscopy.

Our wounding model allows precise and cell-specific damage that cannot be achieved via treatment with chemicals or ionizing radiation.

Further experiments and results can be generated via the system, which can shed light on a deeper understanding of pathological, but

also homeostasis-related processes within the intestinal system. For instance, in future studies, patient cells might be used to investigate ge-

netic disorder-associated influence on colon wound healing with this model.

Limitations of the study

In this study, some limitations should not be ignored.

First of all, it should be considered that organoids were cultured from differentmice and vary depending on the age and sex of themouse.

Furthermore, the organoids themselves also show differences depending on the cultivation time, which could not be completely eliminated.

Furthermore, the influence on various barrier properties by lentiviral overexpression of the fluorescent protein of mEmerald and occludin

should be considered.

In general, organoids represent an excellent improvement over standard in vitro cell culture systems, but they should still be further char-

acterized in terms of transferability of gained results to the in vivo model.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Isolation of colonic crypts and growth of colonoids

The protocol for the isolation of murine colonic crypts for the preparation of colonoids was based on the work of Mahe et al.86 The experi-

ments complied with the German Animal Protection Act (x4, TierSchG) and were approved by the local institutional advisory committee for

animal care and research and by the Lower Saxony State Office for Consumer Protection and Food Safety (file number 42500/1H).

Mice at the age of 6–14 weeks independent of sexes were anesthetized with an overdose of CO2. After the absence of the middle toe

reflex, cervical-dislocation was performed. The abdomen of the mouse was opened, and the colon was removed and transferred to a sterile

environment in 4�C cooled Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich, St. Louis, MO, USA) without calcium and magne-

sium. Fat strands leading laterally along the colon were removed, the colon was irrigated externally and internally and cut open laterally.

The colon was cut into 2 mm pieces, which were transferred to 4�C chelation buffer (CCB, DPBS, 2 mM EDTA, Carl Roth, Karlsruhe, Germany)

and rotated slowly in ice for 30min. Afterward, the chelated crypts were washed twice with CCB and transferred to 5mL dissection buffer (DB,

DPBS, 54.9 mM sorbitol, and 43.4 mM sucrose, Carl Roth). The crypts were shaken vigorously by hand for 7 min. The detached colonic crypts

were filtered (70 mm) and the used tube and the filter were washed with 10 mL DB. The suspension was centrifuged at 500 rcf and 4�C for

10 min. The supernatant was removed and the pellet of detached crypts was resuspended a second time in 5 mL DB for washing and centri-

fuged at 750 rcf at 4�C for 10 min. Depending on the size of the pellet of extracted crypts, 700–1000 mL of Cultrex Reduced Growth Factor

BasementMembrane Extract (BME), Type R1 (R&DSystems,Minneapolis,MN, USA) was added. The suspension was plated out in 30 mL drops

in a 24-well plate (Costar Cell Culture Plate, Corning Incorporate, New York, NY, USA) preheated to 37�C. The BME was allowed to solidify at

37�C and 5% CO2 for 30 min. Crypts were then cultured with 500 mL conditioned organoid growth medium, composed of DMEM, high

glucose, GlutaMAX, pyruvate (Thermo Fisher Scientific, Massachusetts, MA, USA) with 50% L-WRN-supernatant (ATCC CRL3276 in

DMEM, high glucose, GlutaMAX, pyruvate plus 10% fetal calf serum), 1x N2 (Invitrogen, Carlsbad, CA, USA), 1x B27 (Invitrogen), 50 ng/mL

recombinant mouse epidermal growth factor (EGF, Sigma-Aldrich), 10 mM Y-27632 (Tocris, Bristol, UK), and 1x Cellshield (Biochrom, Berlin,

Germany) and grown at 37�C and 5% CO2.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Latex beads, sulfate-modified polystyrene,

fluorescent red

Sigma-Aldrich Cat# L9902

Cultrex Reduced Growth Factor Basement

Membrane Extract (BME), Type R1

Bio-Techne Cat 3433-010-R1

Phalloidin-Atto 488 Sigma-Aldrich Cat# 49409

Helix NP� Blue Biolegend Cat# 425305

DMEM, high glucose Sigma-Aldrich Cat# D6429

DMEM, high glucose, GlutaMAX� Supplement,

pyruvate

Thermo Fisher Cat# 31966021

FCS Sigma-Aldrich Cat# F7524

BSA Sigma-Aldrich Cat# A7030

BAPTA-AM Sigma-Aldrich Cat# A1076

Triton� X-100 Sigma-Aldrich Cat# X-100
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Institutional review board statement

The experiments were in accordance with the German Animal Welfare Legislation (x4, TierSchG), approved by the local Institutional Animal

Care and Research Advisory Committee, and permitted by the Lower Saxony State Office for Consumer Protection and Food Safety (refer-

ence number 42500/1H).

METHOD DETAILS

Colonoid culture and transduction

The isolated colonic crypts were split approximately ten days after isolation. In the first seven days after isolation and after transduction, the

concentration of the ROCK inhibitor Y-27632 was increased from 10 mM to 20 mM. The colonoids were used for transduction three passages

after isolation. The lentiviral vectors were produced via a third-generation split packaging protocol in 293T cells (DSMZ, Braunschweig, Ger-

many), as previously described.87 One of the two transfer plasmids used contained the sequence for expression of the fusion protein of oc-

cludin and mEmerald under the control of a CMV promoter. The second plasmid utilized the GCaMP5 sequence in the lentiviral backbone,

indicating calcium signaling via the fluorescence of GFP.46

The transduction protocol is based on Lidth de Jeude’s procedure.88 Here, 8 mg/mL polybrene (R&D Systems) was added to the medium

2 h before the start of transduction. The BME and four moderately dense wells of colonoids were disrupted at the beginning of the transduc-

tion, centrifuged (750 rcf, 4�C, 5 min), and then dissociated into single cells by digestion with TrypLE Select (Thermo Fisher Scientific) for

10 min at 37 C. During that incubation period, the colonoids were resuspended using a 1000 mL pipette at 2-min intervals and, in the final

step, aspirated andwithdrawn through a 24G cannula. The dissociated colonoids were centrifuged (850 rcf, RT, 5 min) and resuspended using

1.25 mL of conditioned colonoid growthmedium containing 8 mg/mL polybrene, 100 ng/mL EGF and 2.5 mMCHIR99021 (Hölzel Diagnostika,

Cologne, Germany). The resuspended cells were transferred into a 2 mL SafeSeal tube previously coated with 0.1% BSA (Sigma Aldrich). Af-

terward, 250 mL of the respective lentivirus (2*107 IU) was added to the cells. The cell suspension was rotated at 4�C with 20 rotations per min-

ute. After 3 h, the cells were carefully resuspended using a 1000 mL pipette. After 6h rotation, the cells were centrifuged at 850 rcf and 4�C for

5 min, the pellet was taken up in 100 mL BME and plated on two Ibidi glass bottom dishes (m-Dish 35 mm, high Grid-500 Glass, Ibidi, Graefelf-

ing, Germany). The BME was allowed to solidify at 37�C and 5% CO2 for 30 min. Crypts were then cultured with 1.5 mL conditioned colonoid

growth medium with a concentration of 20 mM Y-27632, as described above.

Nanosurgery setup, manipulation, and imaging of colonoids

Imaging of colonoids was performed using a Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany).

Z-stacks were recorded using a 25x/0.9 water-immersion objective (Leica Microsystems) with an NA of 0.9 and an axial resolution of 2 mm.

All acquired images were analyzed using Fiji/ImageJ.23 For cell ablation and visualization during ablation (multiphotonmicroscopy) a Chame-

leonUltra II laser system (Coherent Inc., Santa Clara, CA, USA) with a pulse length of 140 fs and a repetition rate of 80MHzwas used. The setup

was described previously.12,13,89 The laser beam was focused into the sample via a 40x/1.2 water immersion objective. A wavelength of

730 nm, a pulse energy of 0.9 nJ, and a dissection speed of 15 mm/s were used for single-cell ablation. The parameters used were validated

in a previous study.12

Duringmultiphoton imaging, the labeled colonoids were visualized using an excitationwavelength of 730 nm (autofluorescence) or 900 nm

(mEmerald/GFP) with a power of 100mW. The emission of NADH-based autofluorescence of the colonoids was recorded at 460G 20 nm and

the emission of mEmerald/GFP was recorded at 510–560 nm using a photomultiplier tube (Hamamatsu Photonics, Shizuoka, Japan).

Analysis of cell morphology

The analysis of cell morphology was performed in colonoids expressing Occludin-mEmerald. As we were interested in the cell area, perim-

eter, and aspect ratio, Cellpose was used for 2D cell segmentation.24 Cellpose is a highly pre-trained deep learning-based cell segmentation

method, which enables manual labeling and revision of the automatically generated results. The recorded stacks were split into planes, which

were used afterward to further train the pre-trained model. The segmented label images were transferred to ImageJ/Fiji and converted to

images with regions of interest (ROIs) using a self-written ImageJ macro. This macro also determined the size of the cell, the perimeter,

and the cellular aspect ratio. The data of the different ROIs were then summarized depending on the two-dimensional distance of the

ROI from the ablation site, which was set within the macro (0, 20, 40, 60, 80, 100 mm) and analyzed via OriginPro 2019 (OriginLab Corporation,

Northampton, MA, USA). For statistical analysis, a t-test was performed between the individual time points within the respective distances

from the ablation site. In all cases, p values%0.05 were considered statistically significant.For visualization, the individual cells from different

planes were projected via z-projection.

Optical elastography via Brillouin microscopy

We evaluated the longitudinal modulus of the colonoids via Brillouin microscopy using a home-built setup that was described previously.90

Firstly, general morphology was assessed using a transmitted light microscope. For the Brillouin measurements, the colonoids stayed in co-

lonoid growth medium and were imaged using a 10x/0.28 objective (M Plan Apo, Edmund Optics Inc., Barrington, NJ, US). A selected crypt

was refined with the help of a halogen lamp in transmitted light mode and settled manually with a translation table. The crypts were scanned

using a laser power of 8 mW at a wavelength of 780 nm over a range of 130 mm 3 130 mm with a step size of 6.5 mm. At every point, the
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integration time for the Brillouin shift was 1–2 s and the signals were analyzed using a VIPA spectrometer. The Brillouin spectrumof water (5.12

GHz) was used as a reference and the Brillouin shift of every point was determined and analyzed using a self-written MATLAB code.90

The crypts weremeasured directly before the laser process, and 30min, 45min, 60 min, 120 min, and 240min after laser ablation. Between

the measurement, the colonoids were stored in the incubator at 37�C and 5% CO2.

Traction force microscopy

To quantify the exerted forces, 1 mmfluorescent beads (Sigma Aldrich) were added to the basementmembrane at a dilution of 1:100. A single

cell was ablated according to the manipulation section and visualized subsequently using a Leica SP5 confocal microscope. The acquired

images were drift corrected, cropped, and filtered in ImageJ23 before Traction Force Microscopy was performed using the MATLAB toolbox

TFMLAB by Barrasa-Fano et al.26 This software calculates the bead displacements with the Free-FormDeformation (FFD) method and recon-

structs the forces applied in three dimensions and over multiple time steps via a physically-based nonlinear inverse method (PBNIM).26,91 An

external Finite Elemente-solver, Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France), was used.

For the displacement calculation, the parameters suggested by Barrasa-Fano et al.26 were used. For force reconstruction, pre-smoothing

of 1, an element cell size of 2, an element ECM of 200, 2 repeats of iterative smoothing, and lowpass smoothing with a value of 0.3 were

selected. For the mechanical parameters of the BME, beads as displacement field markers, an elastic modulus of 394 Pa, and a Poission’s

ratio of 0.25 were specified. The used properties of the basement membrane extract were from the supplementary notes of Steinwachs

et al. (2016)92; assuming that Cultrex R1 (R&D Systems), which is used here, behaves similarly enough to Matrigel (Corning, New York,

USA) to use these values. Steinwachs et al. (2016)92 assume an approximately linear behavior of the basement membrane matrix, which

was also used in our calculation. The output of TFMLAB was filtered using MATLAB (removal of falsely computed forces at edge planes)

and visualized in ParaView and MATLAB for further analysis.

Immunostaining

To investigate epithelial restitution and following repair in the crypt base of the colonoids, a single cell was ablated using the femtosecond

laser. 60 min after ablation, the colonoids were fixed using pre-cooled 4% paraformaldehyde (PFA, Sigma Aldrich) for 60 min at 4�C. Subse-
quently, the colonoids were washed three times for 20 min with DPBS. After washing, the colonoids were permeabilized with 0.5% Triton

X-(Sigma Aldrich) in DPBS containing 125 mM glycine (Carl Roth). This was followed by blocking using 5% FCS (Sigma Aldrich) in DPBS.

The primary antibodies were used in different dilutions in the blocking solution (5% FCS in DPBS). Incubation of the primary antibodies

was done for 1 h at RT whilegently shaking. After this incubation period, the colonoids were incubated with the primary antibody at 4�C over-

night. The colonoids were then washed three times with DPBS for 20 min and incubated with the secondary antibody for 20–24 h. After the

complete staining procedure, the colonoids werewashed and visualized on a Leica TCS SP5 confocal laser scanningmicroscope. In detail, the

following primary antibodieswere used:mouse anti-YAP1 (DSHB, Iowa, USA, 57 mg/mL, used 1:10), rabbit anti-VASP85 (gift fromProf. Jan Faix,

MHH, Hannover, Germany, used 1:100). For visualization the following secondary antibodies were used: AlexaFluor 647 Donkey anti-rabbit

IgG (Biolegend, San Diego, CA, USA) and AlexaFluor 647 goat anti-mouse IgG (Invitrogen).

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis, a t-test was performed. Data are shown as mean values with error bars, which indicateGSEM. Detailed information as

number of experiments and significance are shown in the figures and figure legends.
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