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SUMMARY
Cell packing— the spatial arrangement of cells — determines the shapes of organs. Recently, investigations
of organ development in a variety of model organisms have uncovered cellular mechanisms that are used by
epithelial tissues to change cell packing, and thereby their shapes, to generate functional architectures. Here,
we review these cellular mechanisms across a wide variety of developmental processes in vertebrates and
invertebrates and identify a set of commonmotifs in themorphogenesis toolbox that, in combination, appear
to allow any change in tissue shape. We focus on tissue elongation, folding and invagination, and branching.
We also highlight how these morphogenetic processes are achieved by cell-shape changes, cell rearrange-
ments, and oriented cell division. Finally, we describe approaches that have the potential to engineer three-
dimensional tissues for both basic science and translational purposes. This review provides a framework for
future analyses of how tissues are shaped by the dynamics of epithelial cell packing.
Introduction
Tissues are collections of cells, and the structure of a tissue is

intimately linked to its function. For example, lung alveoli and

the pulmonary vasculature must be in close proximity

throughout the lung for efficient oxygen exchange1. Similarly,

the kidney ducts and the renal vasculature must be adjacent

to each other in order to remove waste products and excess

fluid from the body2. Packing of cells in a tissue is defined by

the spatial organization of their neighbors and, in turn, packing

defines juxtacrine (and paracrine) interactions, placement of

resident stem/progenitor cells, and the composition of the

stem cell niche3. Cell–cell adhesion allows coordination and

mechanical propagation of information that instructs collective

cell behaviors. Thus, the function of a tissue is more than the

sum of its constituent cells.

Epithelial cells typically form sheets that line organs and

thereby create barriers between compartments. Changes in

cell shape and cell rearrangements result in dynamic changes

in epithelial cell packing that drive changes in tissue shape and

promote the formation of functional, three-dimensional (3D) or-

gans. Vice versa, changes in tissue shape, such as tissue

stretching or folding, result in changes in cell packing and cell

shape. Here, we review recent work studying the packing of

epithelial cells and highlight how these cells shape tissues during

morphogenesis. We focus on morphogenetic processes in

which epithelial tissues elongate, fold and invaginate, or branch

and we identify common motifs used by the cells to achieve

these changes in tissue shape. Recent advances in time-

lapse and quantitative imaging analysis have enabled the

quantitative characterization of a number of morphogenetic pro-

cesses, including elongation of the Drosophila wing epithe-

lium4,5. When combined with computational modeling, these

approaches now permit the quantification of the relative
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contributions of cell-shape changes, rearrangements, and ori-

ented cell divisions to the overall change in tissue shape.

Cell shape and packing in 3D epithelial tissues
Epithelial cells have the remarkable ability to adopt a variety of

shapes depending on their position within a tissue, and this

has consequences for their function (Figure 1A). Large and flat

cells are called squamous, based on the Latin word squama

meaning scale. Cells that are similar in height and width are

called cuboidal, and cells that are taller than they are wide are

called columnar. While many epithelia exist as monolayers,

epithelial cells can also form multilayered stratified tissues.

Pseudostratified epithelia consist of a single layer of cells that

achieve dense packing by shifting their cell bodies and nuclei

apically or basally relative to their neighbors.

Cell shape and function are intimately linked

The epithelial cell shape that is found in a given organ depends

on the function of the tissue. For example, thin cell layers allow

rapid diffusion, so squamous epithelia are present in lung alveoli

to enable gas exchange. Cuboidal epithelia are often found in

ducts of glands like the kidney, where they perform functions

related to absorption and secretion. Columnar epithelia that

are present in the gut are responsible for taking up nutrients

and transporting them across the gut lining. Since this process

relies on active transport rather than diffusion, the larger dis-

tances provided by a columnar geometry can be overcome.

Furthermore, the increased thickness of columnar epithelia

compared with squamous and cuboidal epithelia means that

they are less fragile and provide a mechanically stable barrier.

Pseudostratified epithelia are found, for example, in the lung tra-

chea and bronchi. Close packing of different epithelial cell types

localizes cells to positions appropriate for their functions: goblet

cells secretemucus to protect the airway epithelium, and ciliated
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Figure 1. Epithelial cell shapes and interactions.
(A) Schematics illustrating typical cell shapes observed in epithelial tissues. (B) Schematic illustrating the scutoid, a recently discovered cell shape that is found
predominantly in curved tissues. Note that the cell has different neighbors in its apical and basal planes. (C) Schematic illustrating cell–cell and cell–ECM ad-
hesions. Cell–cell interactions can have either a twofold symmetry at cell faces or a threefold symmetry at tricellular junctions. (D) Metrics used to describe the
packing and shape of epithelial cells. (E) Tools for experimentally detecting and quantifying epithelial cell shapes: confocal microscopy can be used to acquire
images of cells either expressing fluorescent markers or stained with antibodies. Images of a membrane label such as E-cadherin can be used to automatically
detect cell outlines. The outlines shown here were created using the ImageJ Plugin Tissue Analyzer25. A fluorescent protein such as H2B–RFP can be used to
track cell movements. Tracks shown here were created using the ImageJ Plugin TrackMate26 from a 10-hour-long time-lapse video of MCF10A mammary
epithelial cells. Scale bars are 50 mm. Microscopy images in (E) courtesy of Payam Farahani.

ll
Review
cells move mucus and trapped particles out of the lung.

Together, these two cell types protect the more distal airways

in the lung from inhaled particulates.

The cell shapes described above are all essentially prismswith

polygonal apical and basal surfaces (illustrated as hexagons for

simplicity in Figure 1A). However, a new scutoid cell shape was

identified recently that is often found in curved epithelial tissues,

such as in the salivary gland6. As opposed to prism-shaped cells,

scutoids do not form contacts with the same neighbors at their

apical and basal planes. The scutoid is best described as a

pentagon and a hexagon connected to each other such that
one corner appears to have been sliced off on one side

(Figure 1B). Aside from enabling the efficient packing of epithelial

cells into curved tissues, scutoids can be viewed as a transitional

state in which a cell has exchanged neighbors on either its apical

or basal surface but not both. Scutoids have therefore been pre-

dicted to allow dynamic rearrangements of cells within 3D

tissues.

Heterogeneous cell sizes within an epithelium can also lead to

cell rearrangements and thereby affect cell packing. Abnormally

small cells, like many cancer cells, tend to disperse within a tis-

sue. Mathematical modeling in combination with microscopy
Current Biology 31, R1098–R1110, September 27, 2021 R1099
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analysis of clones containing small cells in the Drosophila wing

disc epithelium has revealed that a tissue reaches an energeti-

cally favorable state when small cells reduce their number of

neighbors by dispersing between normally sized cells7. Thus,

heterogeneities in cell size can drive cell rearrangements while

keeping the strength of cell–cell adhesion constant based solely

on geometrical constraints.

Cell adhesions shape and hold epithelial tissues

together

Cell–cell junctions and cell–extracellular matrix (ECM) junctions

hold epithelial tissues together (Figure 1C). These junctions can

be grouped according to whether they connect to cytokeratin-

containing intermediate filaments or to the actin cytoskeleton.

Cytokeratins bind to desmosomes at cell–cell contacts and

hemidesmosomes at cell–ECM contacts. Together, these junc-

tions and the cytokeratin network ensure tissue integrity and pro-

vide tissue elasticity, allowing epithelia to bend and stretch. Actin

filaments bind to adherens junctions, which connect cells to

each other via cadherins, and to focal adhesions, which connect

cells to the ECM via integrins. Since the actomyosin network is

contractile, these junctions together with the actin cytoskeleton

can change the shape of an epithelium to create folds and

invaginations.

Vertebrate cells also form tight junctions, which seal the gap

between neighbors and create a barrier to water and solutes.

This barrier function is especially important for epithelial tissues

like those in the gut, the kidney, or the mammary gland. Tight

connections between neighboring cells leave one potential

weak spot at the point where three cells meet. To create a tight

barrier, these tricellular junctions require a special structure with

a threefold geometry8,9. Recent work in invertebrates revealed

that tricellular junctions can transiently open and close to allow

for controlled transport of components, such as yolk, between

epithelial cells10. To permit cell rearrangements while maintain-

ing tissue integrity, the strength of adhesion at tricellular junc-

tions is dynamically regulated in a force-dependent manner11.

Aberrantly increased adhesion results in the arrest of the cell

rearrangements required for tissue elongation. Furthermore, tri-

cellular junctions play active roles duringmorphogenesis as sen-

sors of cell shape that help to orient cell division12.

Cell shape and adhesion thus act together to give an epithelial

tissue its morphology, durability, flexibility, and barrier function.

The shapes and packing of epithelial cells have therefore been

studied extensively in a variety of model tissues. In the next par-

agraphs, we review common metrics that are used to describe

epithelial cell shape and packing, and we highlight microscopy

and software tools that are used to visualize epithelial packing.

Metrics used to characterize cell packing

The simplest metric to describe epithelial cell packing is to char-

acterize each cell by the number of its neighbors in two dimen-

sions (2D) (Figure 1D). Similarly, each vertex in an epithelial cell

sheet can be characterized by the number of cells that meet at

this point. To characterize the 3D shape of an epithelial tissue,

local curvature of epithelial cell sheets can be quantified.

Furthermore, to simplify the analysis of cell packing in 3D, curved

tissues can be projected onto a 2D surface13 to take advantage

of 2D metrics for the analysis of cell shape and packing14.

As a first approximation, the shapes and packing of cells in a

tissue can be described using the same physical concepts as
R1100 Current Biology 31, R1098–R1110, September 27, 2021
those for soap bubbles in a foam, an idea that was described

in seminal work by D’Arcy Thompson15. However, cells are not

passive objects like soap bubbles and can actively change their

shapes: cells can contract, move, and squeeze past each other

and dynamically regulate the strength of adhesions to their

neighbors and to the ECM16,17. One metric that can capture

these active and dynamic changes in cell shape is the cell-shape

index (Figure 1D), which is calculated as the perimeter of a cell

divided by the square root of its area. For a given area, the shape

index is smallest for a circular cell and increases for more elon-

gated cells. Thus, cells that establish short contacts with their

neighbors have a small shape index, which is typically associ-

ated with a solid-like or ‘jammed’ tissue containing cells that

do not frequently exchange their neighbors. Conversely, cells

that establish longer intercellular contacts have a larger shape

index, which is typically associated with a more fluid-like or ‘un-

jammed’ tissue containing cells that readily exchange neigh-

bors18. The cell-shape index is a useful metric to analyze shape

in the context of tissue fluidity. For example, germband exten-

sion in Drosophila is associated with an increase in both cell-

shape index and cell movements within the tissue19. A large

cell-shape index alone, however, is not sufficient to conclude

that cells readily rearrange because external forces on a tissue

can deform cells in the absence of rearrangements20. A cell-

shape index analysis should therefore be combined with time-

lapse imaging techniques to make conclusions about tissue

fluidity.

Microscopy and image-analysis tools for characterizing

epithelial tissues

The visualization and quantification of cell packing during

morphogenesis requires techniques that are suitable for

acquiring 3D images, like scanning confocal, spinning disc,

two-photon, or light-sheetmicroscopy (Figure 1E). The geometry

of cells holds a plethora of information and force-inference

methods can even provide insight into mechanical forces and

pressures in a non-invasive manner from static images21–24.

Quantification of cell shape at different time points during

morphogenesis is enabled by fluorescent membrane makers,

such as membrane-bound GFP for live imaging, or immunofluo-

rescence analysis of E-cadherin for fixed samples. A nuclear

marker such as H2B–GFP can be used instead of or in addition

to the membrane marker to track cells during time-lapse

analysis.

Several software tools have been recently released to enable

automated outlining and tracking of cells. Tissue Analyzer (pre-

viously called Packing Analyzer) is an ImageJ plugin that auto-

matically detects cell borders using an interactive interface

that allows the user to adjust parameters for automatic segmen-

tation and to manually correct cell outlines25. IMARIS has

emerged as a powerful commercially available platform for

handling 3D datasets and comes with a suite of tools for 3D

visualization, feature detection, and tracking. An open-source

alternative for cell tracking that is also capable of dealing with

3D data is the ImageJ plugin TrackMate26. TrackMate provides

feature detection and tracking in 3D and the tracking results can

be exported as text files or visualized as overlays on image

stacks in ImageJ. Examples of automated cell outlining using

Tissue Analyzer and cell tracking using TrackMate are shown

in Figure 1E.
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An alternative open-source platform is CellProfiler27, which is

a Python package with a graphical user interface that allows

the creation of image-analysis pipelines. The user can either

create their own scripts or take advantage of analysis pipelines

created by others that are readily shared in the community. Start-

ing with the third CellProfiler release, the software can also

handle 3D data like the platforms discussed above.

Morphogenetic processes driven by dynamic changes in
epithelial cell packing
Morphogenetic processes create complex shapes to form a va-

riety of organs. Here, we group morphogenetic processes ac-

cording to the change in tissue shape that is generated and

analyze the motifs that are used to accomplish this change.

We begin by describing motifs used during tissue expansion

and elongation, fairly simple changes in tissue shape, and then

proceed to discuss more complex shape changes, such as

invagination and branching. We emphasize that any change in

tissue shape, regardless of its complexity, can be achieved by

combining simple motifs, such as cell-shape changes, cell rear-

rangements, and oriented cell divisions. This concept has been

explored quantitatively in recent years, facilitated by analytical

tools created to describe changes in tissue shape fully from

cellular dynamics4,28,29.

Tissue expansion and elongation
Inmany developmental events, such as limbmorphogenesis, tis-

sues expand and elongate. Tissue expansion can be achieved

by changes in cell shape, for example from cuboidal to squa-

mous, and by cell division. Tissues can elongate in a specific

direction by changes in cell shape, cell rearrangements, or ori-

ented cell divisions (Figure 2A). All three strategies can be driven

by cell-intrinsic behaviors or by external forces exerted on the

tissue. For a detailed description of the molecular mechanisms

regulating cytoskeletal force and adhesion to orchestrate tis-

sue-shape changes in morphogenesis, we refer the reader to

an excellent recent review by Clarke and Martin30. In principle,

a single cellular strategy would suffice to elongate a tissue; how-

ever, these strategies are often connected, especially in verte-

brate systems. For example, elongated cells preferentially divide

along their long axis. As a consequence, cell elongation and ori-

ented cell division can work together to promote tissue elonga-

tion. That said, the bias of cell division according to cell shape

can be overridden by the presence of tension across a tissue,

for example the Drosophila germband31 or the follicle epithe-

lium32, or by tension on a multicellular actin cable at segment

boundaries33.

Tissue elongation can also be achieved purely by cell rear-

rangements, such as through shrinkage and growth of new cell

boundaries (T1 transitions) or rosette formation and resolution

(Figure 2B). As a result, cells change neighbors and the tissue

elongates in the direction of T1 or rosette resolution. Conversely,

tissue narrowing can be achieved by rearrangements in the

opposite direction or by extrusion of cells apically or basally34,35.

How easily cells can exchange neighbors affects tissue fluidity.

Tissues with few neighbor exchanges resulting in a solid-like

state have been described as jammed, whereas those with dy-

namic rearrangements resulting in a fluid-like state have been

described as unjammed18,36,37.
Expansion of the serosa epithelium around the insect

embryo

The concept of tissues behaving as solids or fluids has recently

been applied to an epithelial sheet called the serosa, which ex-

pands andwraps around the embryo of insects like the flour bee-

tle Tribolium castaneum during gastrulation38. The serosa first

caps the anterior dorsal side of the embryo and then expands

around the entire ellipsoidal embryo and seals it on the ventral

side (Figure 2C). To achieve expansion in the absence of cell di-

vision, the cells increase their surface area under mechanical

tension. Expansion is accompanied by local compaction at the

leading edge of the epithelium after it passes the equator of

the embryo and closes the gap on the ventral side. During this

process, cells on the dorsal side show hexagonal packing,

isotropic stretching, and rare neighbor exchanges indicative of

a solid-like or jammed tissue state. Simultaneously, cells on

the ventral side around the constricting leading edge show irreg-

ular packing and frequent neighbor exchanges, indicative of a

fluid-like or unjammed state. The fluidization allows cells to

move away from the leading edge and integrate into the tissue,

thereby shrinking the circumference of the gap. Together, local

solid-like (jammed) and fluid-like (unjammed) tissue behaviors

allow the serosal epithelium to acquire the 3D ellipsoidal shape

required to encompass the embryo. The concept of jamming

has also recently been applied to other developing tissues, for

example during elongation of the vertebrate body axis39,40.

Here, fluid-like behavior is observed at the extending, posterior

end of the zebrafish midline, whereas the more anterior end ex-

hibits solid-like behavior: the tissue thus elongates along the

body axis.

Elongation of the Drosophila wing epithelium

The Drosophila wing is another example of an elongated tissue.

The cellular strategies that contribute to tissue elongation during

wing development have been described quantitatively in recent

years by combining long-term time-lapse imaging with new

computational approaches (reviewed in Diaz-de-la-Loza and

Thompson5). The wing of the adult fly forms from the wing imag-

inal disc, which grows extensively during larval development.

The pouch area, which forms the wing blade during later stages

of development, grows anisotropically at this stage, elongating

dorsoventrally (Figure 2D). Quantitative analysis of cellular con-

tributions revealed that tissue elongation is achieved by cell

elongation, cell rearrangements through T1 transitions, and ori-

ented cell divisions, each with similar contributions to the overall

change in tissue shape41.

The wing imaginal disc then everts by folding along the dorso-

ventral border of the wing pouch and bulging out to form an

epithelial pouch during pupal development (Figure 2D). Elonga-

tion of the wing at this stage is achieved by a columnar-to-

cuboidal cell-shape change that reduces cell height and in-

creases cell width, driving surface extension42. To achieve an

oval rather than a round shape, cell expansion is accompanied

by convergent-extension movements that narrow and lengthen

the tissue in the proximal–distal direction.

At this stage, the cells that will form the hinge area of the wing

and the cells that will form the wing blade occupy roughly equal

areas of the wing tissue. The wing blade tissue next elongates

along its proximal–distal axis (Figure 2D). Elongation results

from contraction of the hinge tissue, which pulls on the blade
Current Biology 31, R1098–R1110, September 27, 2021 R1101
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Figure 2. Mechanisms used to achieve elongation of epithelial tissues.
(A) Schematics illustratingmotifs that drive tissue elongation. Note that tissue elongationmay result from a combination of thesemotifs. (B) Schematics illustrating
mechanisms of cell rearrangement. Shortening and elongating cell boundaries are highlighted in orange. (C–G) Schematics illustratingmorphogenetic processes
that require tissue expansion and elongation. Icons of the cellular motifs introduced above indicate how tissue elongation is achieved at the respective devel-
opmental steps (light blue, cell-shape change; dark blue, cell rearrangement; magenta, oriented cell division). A-P, anterior–posterior; D-V, dorsal–ventral; P-D,
proximal–distal. (C) Serosa expansion and wrapping. The serosal epithelium of the red flour beetle expands around the ellipsoidal embryo and seals it on the
ventral side. While the tissue on the dorsal side expands, the tissue on the ventral side compacts to close the serosa window. (D) Wing elongation. TheDrosophila
wing forms from the wing imaginal disc. The pouch area of the disc elongates dorsoventrally and then everts, folding in on itself. Next the wing elongates
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tissue that is anchored to the overlying chitinous cuticle43,44. Due

to this anchorage, tension builds up in the blade tissue, resulting

in cell elongation and cell rearrangements through T1 transi-

tions44,45. Oriented cell divisions also contribute to tissue elon-

gation, albeit to a lesser extent. In contrast to the cell elongation

and T1 transitions, cell divisions are thought to be oriented inde-

pendently from the external tension on the tissue since the

preferred angle of division persists even if tension is released44.

Nevertheless, the overall tissue shape strongly depends on ten-

sion built up across the wing blade. If anchorage to the cuticle is

disrupted by genetic perturbations or laser ablation, the wing

predictably becomes less elongated in areas where anchorage

is missing43,44. The Drosophila wing is therefore shaped by a se-

ries of tissue-elongation steps that are achieved by a combina-

tion of cell-shape changes, cell rearrangements, and oriented

cell division.

Limb bud elongation in vertebrates

Like the Drosophila wing, the vertebrate limb also forms by

proximal–distal elongation of a tissue referred to as the limb

bud (Figure 2E). The limb bud consists of a mesodermal core

covered by an ectodermal epithelium. The bud is formed by

directional movement of the mesoderm, which pushes into the

ectoderm and thereby creates an outward bulge46. The conven-

tional view was that a gradient of isotropic mesodermal cell pro-

liferation is sufficient to explain the elongation of the limb bud.

However, quantification of cell proliferation rates and local tissue

deformation in combination with mathematical modeling re-

vealed that directional tissue deformation, not local growth, is

the main driver of limb elongation47–49.

The ectodermal epithelium lining the limb bud needs to bulge

out and expand to accommodate the elongating mesodermal

core (Figure 2E). The ectoderm experiences tension in the

proximal–distal orientation because of the elongation of the

mesoderm and cell intercalation at the distal end of the bud

called the apical ectodermal ridge (AER)50. This tension favors

rosette resolution along the proximal–distal axis, thereby leading

to tissue expansion. Furthermore, time-lapse imaging of the

mouse limb bud revealed that tissue expansion is also driven

by cell division followed immediately by separation of the

daughter cells. Rather than staying as neighbors, the daughter

cells separate as they reintegrate into the epithelial sheet, similar

to a T1 transition, leading to additional elongation of the tissue by

one cell diameter. Thus, the vertebrate limb bud elongates

because of cell rearrangements that are biased to resolve in

the proximal–distal direction due to tissue-level tension.

Expansion and thickening of the epidermis

Similar to the epithelium lining the limb bud, the entire skin of the

mouse embryo must expand as the embryo grows. Cell division

in the epidermal layer of the skin can occur either within or

perpendicular to the plane of the epidermis (Figure 2F). While

in-plane cell divisions lead to expansion of the skin, perpendic-

ular divisions lead to thickening of the skin layers. If the skin is
proximodistally. Compaction of the hinge area leads to further elongation of th
mesoderm grows andmoves into the limb bud. Themesoderm, together with cell i
creates tension across the ectodermal epithelium proximodistally, resulting in orie
the limb bud. (F) Epidermis expansion and thickening. Planar cell divisions in the
divisions contribute to thickening of the skin layers. (G) Coelomic epithelium elo
coelomic epithelium lining the body cavity of the embryo can be observed. Flatten
the ventral midline and form the dorsal mesentery that anchors the gut tube.
stretched by the growing embryo, cells elongate and divide in

the direction of tension to reduce stress on the tissue51. There-

fore, skin expansion and thickening can be balanced by

epidermal cells using their geometry as a readout, independent

of any planar cell polarity cues.

Shaping of the body cavity in vertebrates

Time-lapse imaging is a valuable tool for studying changes in

epithelial cell packing that drive morphogenesis. However, pro-

cesses that are not accessible to live imaging can also be

analyzed and understood by careful measurements of cell pack-

ing in fixed samples that provide snapshots of morphogenesis.

For example, this approach has been used to characterize elon-

gation of the coelomic epithelia that line the body cavity (coelom)

in chicken embryos52. During development, the coelomic

epithelia on either side of the embryo elongate tomeet at the em-

bryonicmidline and form the dorsalmesentery that acts as an an-

chor for the gut tube in the abdomen (Figure 2G). Measurements

of the thickness of the pseudostratified epithelia revealed that the

cells flatten by about 25% as new cells are added to the tissue.

Assuming that the cells maintain a constant volume, these two

observations can explain elongation of the coelomic epithelium.

Tissue folding and invagination
Generation of folds and invaginations is a commonmotif found in

morphogenesis. Invaginations typically occur during the forma-

tion of internal structures such as glands, and folds are often

used to increase surface area, for example in the gut. Many of

these structures are either formed by apical constriction of the

cells in the center of the future fold or by buckling of a tissue

experiencing compressive forces (Figure 3A). Recently, extru-

sion of apoptotic cells and the associated apical–basal forces

have also been shown to contribute to tissue folding during

morphogenesis of the Drosophila leg53.

Coordinated ventral invagination and dorsal expansion

during Drosophila gastrulation

Apical constriction duringDrosophila gastrulation leads to invag-

ination of the mesoderm, which has been studied in detail over

the past few decades54–56. Much of the work focusing on the

constricting cells themselves has been reviewed elsewhere30,57.

Here, we review work focusing on the embryonic tissue as a

whole to analyze how neighboring tissues contribute to invagina-

tion. As central cells at the ventral midline constrict apically, pe-

ripheral mesoderm cells stretch to accommodate the constric-

tion, while neighboring lateral cells do not stretch (Figure 3B).

F-actin density in peripheral mesoderm cells is significantly

lower than in neighboring lateral cells; therefore, the lower

F-actin density is thought to allow the peripheral mesoderm cells

to stretch58. Thus, apical constriction and cell stretching in

neighboring cells work together to form the ventral furrow during

Drosophila gastrulation.

Whole-embryo light-sheet imaging revealed that constriction

and stretching of mesodermal cells are not sufficient for furrow
e blade area. (E) Limb bud extension. The mouse limb bud extends as the
ntercalations in the endoderm at the tip of the bud (the apical ectodermal ridge),
nted cell divisions and cell rearrangements that contribute to the elongation of
basal layer of the epidermis contribute to expansion, and perpendicular cell
ngation. In dorsoventral cross-sections of chicken embryos, flattening of the
ing, together with the addition of cells, allows the coelomic epithelia to meet at
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Figure 3. Mechanisms used to achieve folding and invagination of epithelial tissues.
(A) Schematic illustrating developmental motifs that result in tissue folding and invagination. (B–E) Examples of morphogenetic processes requiring folding and
invagination to form organs. Icons of the cellularmotifs introduced in Figures 2A and 3A indicate how tissue folding and invagination are achieved at the respective
developmental steps. A-P, anterior–posterior; D-V, dorsal–ventral. (B) Drosophila gastrulation. Mesodermal cells constrict apically to form the ventral furrow; the
furrow then invaginates as the dorsal cells expand while lateral cells stay compact. (C) Salivary gland invagination. TheDrosophila salivary gland invaginates from
the salivary placode on the ventral side of the embryo. Cells near the future invagination site (pit) constrict apically. To allow these cells to invaginate, the cells
further from the pit intercalate circumferentially, leading to radial tissue elongation towards the pit and formation of a tube. (D) Drosophila wing disc epithelial
folding. Heterogeneous growth and thickening of the wing disc in a defined pattern lead to buckling of the epithelium in a reproducible manner to form hinge and
pouch regions. (E) Gut tube looping in the chicken embryo. Differences in growth rates of the dorsal mesentery and the gut tube lead to buckling and formation of
stereotyped loops. For comparison, the gut tube and the mesentery are shown to scale in their dissected, relaxed states.
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invagination59. To allow invagination, the tissues on the lateral

sides of the embryo need tomove towards the furrow and the tis-

sue on the dorsal side of the embryo needs to stretch (Figure 3B).

If this movement of lateral tissues is blocked by cauterizing the

tissue to the eggshell, the ventral cells still constrict apically

but can no longer invaginate. To allow expansion, the dorsal tis-

sue softens by reducing actomyosin levels, while the lateral
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tissue remains stiff59. In fact, quantification of the amount of

actomyosin, which controls tissue stiffness, allows one to pre-

dict the flow patterns of cells during gastrulation using a viscous

model60. Thus, invagination of the ventral furrow during

Drosophila gastrulation is driven by apical constriction of the

mesoderm in concert with tissue stretching and changes in

flow patterns throughout the embryo.
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Apical constriction and cell rearrangements during tube

formation of the salivary gland

Similarly, apical constriction in a circular area can initiate the for-

mation of tubes from flat, epithelial sheets. This process has

been characterized in detail by time-lapse imaging and cell

tracking using the Drosophila salivary gland as a model sys-

tem13,61. The salivary gland invaginates from approximately

100 cells of the ventral epithelium lining the embryo — the sali-

vary gland placode (Figure 3C). Cells near the pit, which forms

as the tissue invaginates, constrict apically such that the cells

become wedge shaped13. This constriction results in tension

on the cells further from the pit, which favors the resolution of

T1 transitions towards the pit and thereby leads to radial elonga-

tion of the tissue. Thus, the tube forms by a combination of apical

constriction and elongation of the neighboring tissue by cell

intercalation.

Buckling morphogenesis of the Drosophila wing disc

In addition to apical constriction, buckling morphogenesis is a

commonmotif used to create tissue folds62. Compressive forces

acting in-plane on an epithelium result in out-of-plane buckling to

relieve stress on the tissue (Figure 3A). The shape and posi-

tioning of the buckles or folds are dictated by the material prop-

erties of the tissue, such as its elastic modulus and thickness.

Compressive forces can be generated either by contraction of

a neighboring tissue or by faster growth of a tissue compared

with neighboring structures.

The Drosophila wing disc epithelium buckles during larval

development and the positioning of the folds is highly stereo-

typed and important for morphogenesis. Tozluoglu et al.63 inves-

tigated the minimum set of requirements for initiating folds in the

correct position by quantifying local growth rates and by per-

forming computational modeling. Their study revealed that

spatial and temporal heterogeneity of growth is key in deter-

mining the positioning of folds independent of active forces like

apical constriction. High growth rates and thickening of the

columnar epithelium in the pouch area of the disc lead to the

formation of folds at the borders of this area (Figure 3D). The

underlying basement membrane, which confines the wing disc,

contributes to shaping and maintenance of the epithelial

folds63–65. Thus, compressive forces generated by heteroge-

neous growth in a confined tissue like thewing disc lead to repro-

ducible patterns of buckling.

Buckling morphogenesis of the vertebrate gut

Another tissue that is shaped by buckling morphogenesis is the

gut. Efficient absorption of nutrients requires a large surface area

within a confined volume. This requirement is achieved on two

levels: buckling of the epithelium lining the gut tube; and buckling

of the tube inside the abdomen66. The human abdomen can

thereby accommodate a 5-meter-long tube with a surface area

of about 32 m2 (equivalent to about half a badminton court)67.

The gut tube is surrounded by smooth muscle layers. Studies

using the chicken embryonic gut as a model system revealed

that these smooth muscle layers restrict the expansion of the

growing gut tube68. Circumferential constraint first leads to the

formation of longitudinal ridges inside the gut. These ridges

further buckle as longitudinal muscles develop that constrain

the epithelium lengthwise and zigzag ridges form. Non-uniform

proliferation then drives the formation of individual villi from the

zigzag ridges.
In parallel, the gut tube as a whole buckles and forms highly

stereotyped loops. The gut tube is attached to the dorsal mesen-

tery along its length, which acts as an anchor for the gut in the

abdomen (Figure 3E). Detailed measurements of the embryonic

chicken gut revealed that the gut tube grows about three times

as fast as the mesentery69. The mesentery thus acts as a phys-

ical constraint and induces buckling of the gut tube. The shape of

the loops that form can be predicted based on the geometry and

elastic modulus of the gut and the mesentery. Bone morphoge-

netic protein 2 (Bmp2) signaling suppresses the growth of the

mesentery and thereby controls the length difference between

the mesentery and the gut tube70. Blocking Bmp2 signaling

increases mesenteric growth and generates larger loops.

Conversely, overactivating Bmp2 signaling decreases mesen-

teric growth and generates small, tight loops. Thus, balanced —

but differential — growth rates of the neighboring tissues lead

to stereotyped buckling, ensuring that the gut fits within the

abdomen.

Branching morphogenesis
Organs such as the lung, mammary gland, and kidney maximize

their epithelial surface area within a confined volume by multiple

rounds of branching that result in a tree-like structure. Branching

is conceptually similar to the tissue invagination discussed

above and can be viewed as a special case in which invagina-

tions occur from an already existing epithelial tube. Conse-

quently, similar epithelial packing motifs, such as apical

constriction and buckling (Figure 3A), are observed during

branch initiation. These new branches then lengthen by using tis-

sue elongation motifs, such as cell rearrangements and oriented

cell division (Figure 2A). Thus, a combination of tissue invagina-

tion and tissue elongation motifs can generate tissues with com-

plex shapes such as branched organs.

Smooth muscle shapes the buckling airway epithelium

into branches in the mouse lung

The mammalian lung forms by a series of domain branches and

bifurcation events71. Domain branches form along the side of an

existing branch, whereas bifurcations split the tip of a branch into

two daughter branches. Both types of branches are influenced

by smooth muscle wrapping around the airway epithelium72,73.

Due to the luminal pressure inside the developing lung, regions

that are not covered by smooth muscle bulge outwards into

the surrounding mesenchyme at stereotyped locations to initiate

daughter branches (Figure 4A). Increasing smooth muscle wrap-

ping via pharmacological means reduces the frequency of

branch initiation. Conversely, decreasing smooth muscle wrap-

ping by pharmacological or genetic approaches results in un-

controlled buckling of the epithelium. Similar buckling can be

observed in mesenchyme-free cultures of the airway epithelium,

which lack smoothmuscle entirely74 (Figure 4B). Taken together,

these observations demonstrate that smooth muscle wrapping

constrains buckling to defined locations, leading to stereotyped

formation of branches in the mammalian lung.

Apical constriction drives branching in the avian lung

Similar to the mammalian lung, the main branches of the avian

lung form by domain branching. However, smooth muscle

does not appear until later stages of avian lung development.

Thus, smooth muscle wrapping is not required for branch initia-

tion in the avian lung. Instead, branch initiation is achieved by
Current Biology 31, R1098–R1110, September 27, 2021 R1105
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Figure 4. Mechanisms used to achieve branching of epithelial tissues.
(A–D) Examples of branching morphogenesis. Icons of the cellular motifs introduced in Figures 2A and 3A indicate how epithelial branching is achieved at the
respective developmental steps. (A) Airway branching in mouse lungs. Schematic of airway bifurcation and domain branching shaped by smooth muscle
wrapping in the embryonic mouse lung. (B) Branching in mesenchyme-free cultures. Buckling of the airway epithelium can be studied in 3D culture in Matrigel
after removal of the surrounding mesenchyme. (C) Airway branching in the embryonic chicken lung is driven by apical constriction of the epithelial cells. Note the
absence of smooth muscle at this stage of development. (D) Branch elongation of mammary organoids. Radial intercalation of luminal cells drives the elongation
of mammary organoids in the presence of circumferential tension exerted by the surrounding myoepithelium.
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local apical constriction, which results in the formation of an

epithelial bud75,76 (Figure 4C). If cell proliferation is blocked phar-

macologically, the epithelium still buds; therefore, local prolifer-

ation is not required for branch initiation75. Computational

modeling of apical constriction can mimic the process of branch

initiation but is not sufficient to explain branch elongation. More

recent work revealed that degradation of the basement mem-

brane at branch tips allows the branches to elongate while de-

forming adjacent mesenchymal cells77. Thus, apical constriction

drives branch initiation in the avian lung, and branch elongation is

accommodated by basement membrane degradation and

fluidity of the mesenchyme.

Radial cell intercalation elongates branches in

mammary organoids

The mammary gland consists of tree-like epithelial ducts

embedded in the mammary fat pad. The mechanisms of bifurca-

tion and side branching are unknown. Since the fat pad is large

and opaque, live imaging is very challenging. Therefore, mam-

mary organoids embedded in 3D gels of ECM have been used

to study branching morphogenesis and branch elongation78.
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Similar to mesenchyme-free lung epithelia, mammary organoids

branch as they grow in culture. The tips of these branches

consist of multiple layers of cells: inner cells are surrounded by

an outer layer of luminal cells, which are surrounded by myoepi-

thelial cells (Figure 4D). The inner cells radially intercalate into the

outer layer of luminal cells and thereby elongate the branches79.

Modeling of this process showed that radial intercalation only

leads to elongation in the presence of a circumferential stress

(hoop stress) generated by the surrounding myoepithelial cells.

In vivo, mammary branches are surrounded by adipocytes,

and branches need to squeeze in between these adipocytes to

elongate. How the presence of adipocytes affects branching of

the mammary ducts remains to be uncovered.

How can we use tissue engineering to recreate cell
packing to generate functional tissues?
The previous sections were focused on understanding how

epithelial cell packing motifs contribute to morphogenesis of

different organs. In this section, we analyze how cell packing is

controlled in tissue-engineering applications to create organs80.
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Figure 5. Approaches to recreate epithelial cell packing in 3D
organotypic culture models.
(A) Epithelial cells, such as MCF10A mammary epithelial cells, spontaneously
self-assemble into spherical acini with a hollow lumen when cultured in 3D.
(B) 3D printing is a powerful tool to create matrices such as collagen with
aligned fibers and to place cells into a matrix at predefined locations. Sub-
sequent culture allows the cells to interact with each other and generate organ-
like 3D structures. (C) Tissue folding driven by contractile cell types placed in
strategic patterns on a flexible substratum. Here, a schematic of a cube
formed in 3D from a planar network is shown89.
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A common strategy to create tissues is to take advantage of the

ability of cells to self-assemble. Single epithelial cells placed in a

3D matrix like collagen or Matrigel often form acinar structures

with a hollow lumen as they proliferate81,82 (Figure 5A). To create

shapes other than spheroids, cavities with defined geometries

can be micromolded into the matrix; cells cultured in these cav-

ities form tissues that conform to the surrounding geometry, for

example elongated tubules83,84. Furthermore, buckled epithelia

can be generated by growing epithelial cells inside a stiff alginate

shell85.

To control cell packing more directly, 3D-printing methods are

being adapted. Hydrogels or cell–hydrogel mixtures can be 3D-

printed onto a culture dish (Figure 5B). Similar to a conventional

3D printer, the printing path determines the shape of the struc-

ture and multiple layers of printing can be used to create a 3D

structure86. Alternatively, a soft granular gel medium can be

used as amatrix into which cells are placed anywhere in 3D using

a needle that moves through the gel (Figure 5B). The granular gel

transiently fluidizes around the needle and quickly resolidifies to
support the printed structure87,88. Therefore, delicate structures

like a branched network can be created.

3D printing excels at placing cells in a defined position; how-

ever, a key feature of a functional tissue is cell–cell interaction.

Simply placing cells next to each other is not always sufficient

to induce these cells to interact in the absence of developmental

context. An exciting avenue to simulate morphogenesis and pro-

vide cells with a developmental context is engineered tissue

folding. Rather than creating the final 3D structure, a 2D blueprint

can be generated that then folds into the desired 3D shape. For

example, contractile cells placed at strategic positions on a cube

net made of gel can fold the planar gel into a 3D cube89

(Figure 5C).

Conclusion and perspectives
To shape organs during morphogenesis, epithelial tissues

expand, shrink, elongate, fold, invaginate, and branch. Here,

we highlight cellular motifs that result in these shape changes.

This collection ofmotifs can be viewed as the toolbox ofmorpho-

genesis. Just as different tools like a handsaw or a jigsaw can be

used to cut wood into a desired shape, different cellular motifs

like rearrangements or oriented cell division can lead to elonga-

tion of an epithelial tissue. During morphogenesis, these motifs

are often combined, permitting a tissue like the Drosophila

wing to elongate in response to cell-shape changes, rearrange-

ments, and oriented cell divisions5,41–45.

In addition, changes in shape can result from forces exerted by

neighboring tissues. For example, the hinge area of the wing

compacts and pulls on the wing blade43,44, and the dorsal mes-

entery exerts compressive force on the gut tube, which then

buckles as a result69. Neighboring tissues also need to adapt

to accommodate shape changes; for example, the dorsal tissue

of the Drosophila embryo needs to soften and expand to allow

the mesoderm to fold and invaginate on the ventral side59. The

combination of different motifs generates the diverse shapes of

tissues, including those with high complexity, like the branched

network of airways in the mammalian lung71–73.

Tissue-engineering approaches like 3D bioprinting have been

exploited in recent years with the aim of recreating organs in cul-

ture86–88. These approaches take advantage of the capacity of

cells to self-assemble in microenvironments that mimic their

native surroundings. Many current tissue-engineering strategies

are designed to position cells at their final location in a 3D

construct, hoping that they will interact with their neighbors to

form an intact tissue. We propose that future tissue-engineering

strategies should consider the mechanisms that are used by

developing organs. Recapitulating the stages of morphogenesis

of the native tissue might provide the cells with the history that

is required for forming functional interactions. Future studies

investigating how epithelial tissues are shaped by dynamic

changes in cell packing will thus both contribute to our under-

standing of morphogenesis and inform endeavors in tissue engi-

neering.
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O. (2018). A fluid-to-solid jamming transition underlies vertebrate body
axis elongation. Nature 561, 401–405.

41. Dye, N.A., Popovi�c,M., Spannl, S., Etournay, R., Kainmüller, D., Ghosh, S.,
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