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Abstract

Branching morphogenesis is a prototypical example of complex three-dimensional organ
sculpting, required in multiple developmental settings to maximize the area of exchange surfaces.
It requires, in particular, the coordinated growth of different cell types together with complex
patterning to lead to robust macroscopic outputs. In recent years, novel multiscale quantitative
biology approaches, together with biophysical modelling, have begun to shed new light of this
topic. Here, we wish review some of these recent developments, highlighting the generic design
principles that can be abstracted across different branched organs, as well as the implications for
the broader fields of stem cell, developmental and systems biology.
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Introduction

Beginning with Aristotle’s comparison of veins and river drainage patterns, the process of
branching morphogenesis, by which arborized networks are built during development, have
fascinated experimentalists and theoreticians alike. Due to the seeming ubiquity of branched
morphologies in epithelial tissues (including lung, pancreas, prostate, liver, kidney and mammary
gland), in circulatory and lymphatic systems, and even at the level of individual cells (neurons,
Drosophila tracheal cells and fungi), scientists have questioned the rules involved in the
generation of these structures. From Da Vinci’'s area preserving rule for tree growth, to
Mandelbrot’s fractal lung’, these considerations remained a largely theoretical exercise, until
advances of molecular biology, over the past 30 years, allowed for a much deeper
characterization of the genetic interactions driving branching morphogenesis in vivo. However,
how this information at the molecular level can be integrated across multiple length scales, to
allow for the shaping and function of organs, is still unclear. The advent of organoid culture, or
“organs-in-a-dish”, has showed that several aspects of branching morphogenesis (from cell
differentiation patterns to shape acquisition) can be recapitulated in minimal in vitro conditions?,
underlining the need for a better understanding of such self-organization properties. This has
started to be tackled at multiple different scales in parallel (Figure 1), with each specific question
(what is the potency and behaviour of a single cell? what are the mechanisms of tip branching?
how are large-scale properties of an organ determined?) calling for different theoretical (Table 1)
and experimental approaches. Here, we aim to review our current understanding of branching
morphogenesis, highlighting the generic design principles that can be abstracted at different

scales (Figure 1) and across organs™>.



Although reconstructions of adult branched structures such as the vasculature and lung
have been long known, a detailed and quantitative time course showing how such structures
emerge during development has only appeared in the past decade, for instance in the lung,
kidney, pancreas and mammary gland, thanks to the improvement of multi-scale imaging tools
and reconstructions®’. Combined with genetic perturbation assays, explant live-imaging and
cellular lineage tracing methods, these studies have underlined the diversity of mechanisms
generating branched structures at all scales. As it typically combines tightly patterned cellular fate
choices, complex 3D shape changes and coordination between multiple tissue types to produce
robust outcomes, branching morphogenesis thus emerges as an ideal playground to resolve
some of the central questions confronting stem cell, developmental and systems biology.

Table 1. Classes of models for branching morphogenesis

Lineage-tracing models: Concentrating on the fate of individual marked cells and their progeny,
these models seek to understand the patterns of cell fate choices (for instance between
proliferation, differentiation or death) during development, and often engage genetic lineage-
tracing strategies. These approaches enable an estimation of the potency, dynamics and location
of developmental precursors.

Reaction-diffusion models: Building on the work of Alan Turing, this class of mesoscopic
models focusses not on cells, but on how cellular domains respond to the spatio-temporal
properties of diffusing and reacting biochemical species. In specific parameter regimes of
interactions and diffusion coefficients (and assuming that these are coupled to cellular growth),
branched spatial patterns can emerge.

Mechanical models: Aimed at the same mesoscopic scale as reaction-diffusion systems, these
type of models consider branching patterns as resulting from the mechanical properties of
epithelial and mesenchymal tissues. Epithelial layers growing in a confined elastic environment
are, for instance, predicted to spontaneously break symmetry and form folds at given length
scales. Spatial patterns of epithelial tension/contractility and/or active migration forces have also
been proposed to mediate branching events.

Network models: When the biological question is aimed at understanding what sets the large-
scale properties of a branching tree, it can be more convenient to model them as a network
(independent of the underlying mechanical or reaction-diffusion properties of the trees). The
network is then evolved with rules, which can be deterministic or stochastic. Such rules can be
used to describe how a network grows (e.g. describing the branching and termination of tips), or
remodels (e.g. based on fluid flow in a network).

Cellular heterogeneity in branching morphogenesis

At the cellular scale, a key question has been to understand the lineage relationships
between the various cell types that generate branched organs. Combined with single-cell RNA
sequencing, the advent of lineage tracing methods during the past decade have made it possible
to physiologically assess the genealogy of fate choices made by individual cells: In mouse
prostate, for instance, these studies have shown that the two ductal compartments that comprise
the epithelium (the luminal and myoepithelial basal cells) consist of independently-maintained
populations during homeostasis and regeneration®, while in the adult mouse lung alveoli, AT1
(alveolar type 1, squamous) cells are produced by specific populations of slow-cycling AT2
(alveolar type 2, surfactant producing) cells®. Such findings have important relevance for
understanding regeneration’® and cancer initiation'", which typically occurs from a well-defined
cell type. However, while lineage tracing is facilitated at homeostasis by the typically low rate of
cell movements and turnover, performing it during branching morphogenesis has proved
problematic, as the extensive morphogenetic movements entail clones typically being dispersed
throughout the entire organ®. To meet these challenges, multiscale imaging methods have been



developed in the last 5 years that allow for whole-organ reconstructions”'? together with single
cell resolution to resolve fate markers®'>'*, combined with single-cell sequencing and statistical
methods necessary to reconstruct clonal information despite fragmentation® '35,

During postnatal mammary gland development in mouse, these studies have revealed a
surprising degree of sub-lineage segregation from early stages of branching morphogenesis,
although rare events of cellular bipotency cannot be rigorously ruled out''®%, In the later stage
of mouse pancreas development, branching morphogenesis is similarly mediated predominantly
by pools of unipotent progenitors®'. This raises an interesting conundrum: How do several distinct
cell types cooperate within rapidly growing tip regions, through serial rounds of branching, without
“overtaking” each other, whilst ensuring a robust and harmonious distribution of cell types within
a patterned complex branched organ? During kidney morphogenesis, although the uteric bud
consists of a single lineage of self-renewing progenitors, branching morphogenesis occurs via the
highly coordinated expansion and cross-talk between epithelial cells and surrounding
mesenchymal niches?? to give rise to both the collecting ductal structure and filtering nephrons.
This cross-talk is underlined in lineage-ablation experiments, where the removal of a large fraction
of mesenchymal nephron progenitors also decreased the branching rate of the epithelial ducts to
allow for partial compensation®®, a feature reproduced by mathematical models of
epithelial/mesenchymal interactions®. Interestingly, the dynamics of nephron progenitor
commitment was recently shown to be highly stochastic and reversible, combining extensive
random cell migration to local niche signals®. It is tempting to speculate that bidirectional coupling
between cell types, together with competition for limited niche access and stochastic reversibility,
might be a generic feature of biological systems, endowing them robustness with respect to
perturbation. This idea has only recently begun to be systematically investigated theoretically?®?7,
which is likely to yield generic insights into cell fate regulation. Moreover, tailoring our
understanding of niche-epithelium interaction down to the single-cell level would help shed light
on this. In the homeostatic renewal of mouse lung, it was shown recently that the stem cell
potential of a small subset of AT2 cells is dictated by a niche signal from single Wnt-expressing
fibroblasts?®, calling for a more generic exploration in developmental settings', which remains
highly challenging.

More generally, the prevalence and role of molecular heterogeneity within branching tips
has been underscored recently in multiple model systems. Epithelial dynamics in kidney displays
extensive cell-to-cell heterogeneity of key branching factors such as Ret?®. High Ret expression
has been implicated, both in wild-type kidney and mosaic loss-of-function experiments, to prime
cells to remain within tips upon the next branching event, with Ret-low cells left behind in ducts.
However, Ret-high cells do not become enriched in tips over time, arguing that heterogeneity in
Ret is actively maintained in the system?. In mammary morphogenesis, although terminal end
buds consist of multiple populations of transcriptionally heterogeneous cells™'® (some of which
had been proposed to constitute a stem cell population), unbiased lineage tracing experiments
and intravital live-imaging during pubertal growth are quantitatively consistent with a scenario in
which each cell type in a tip behaves as single, equipotent population'. This does not preclude
short-term biases in fate, which has been observed based on positional information and distance
from the tip (although transcriptional signature could play a role as in kidney). However, it does
argue that these must be actively resolved into long-term equipotency in the long-term. These
findings echo strongly the homeostatic renewal strategy of intestinal crypts®, in which fate of
Lgr5+ cells are dictated on the short term by distance from the centre of the crypt, while functioning
long-term as an equipotent population. In contrast to intestinal crypts, however, extensive cellular
mixing has been observed in kidney (in both epithelium? and mesenchyme®) and mammary
gland morphogenesis'®, which could help reconcile short- and long-term behaviour. Again, one
can speculate that maintaining a large heterogeneous pool of progenitors could confer robustness
to the system. Recent insights into the less-explored branching morphogenesis and patterning



program at the cellular level of salivary®', thyroid*? and lacrimal®®

the potential generality of such principles.
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Fig. 1: Understanding the mechanisms of branching morphogenesis at multiple scales
Left-to-right: At the cellular level, branching morphogenesis proceeds from the collective and
stochastic dynamics of heterogeneous progenitor compartments, whose potency can be
assessed via lineage tracing experiments and statistical methods (left side: tracing of two distinct
unipotent populations, right side: tracing of a single multipotent population).

At the mesoscopic level, the shape and growth of branching tips can be influenced by (i) the
balance of forces between the growing tissue and its surroundings (such as the internal luminal
pressure, external resistance and/or remodelling from the ECM/mesenchyme, active migratory
forces from tip cells, or the internal stresses of the epithelium arising from patterns of cell
proliferation and/or differential cytoskeletal tensions), or by (ii) the cross-reaction dynamics of
diffusing morphogens (sketched by A and B, produced resp. by the epithelial and mesenchymal
cells) specifying patterns of cellular growth.

At the organ-level, the emergent large-scale properties of branching can be best understood via
a coarse-grained model consisting of simple rules, such as network pruning based on
minimization of fluid flow dissipation, stochastic or deterministic branching evens, and self-
avoidance or self-termination of growing tips (each set of rules giving rise to markedly different
network properties and more suited for a given organ).

Mesoscopic mechanisms of branching morphogenesis

At the mesoscopic scale, periodic rounds of tip elongation and branching have long been
proposed to be mediated by reaction-diffusion type processes, which can reproduce well the
deterministic branching patterns observed in early stage kidney and lung development®*3®. These
rely on Turing’s classical theory of morphogenesis, with pairs of receptor/ligands (FGF10/FGFR2b
in lung and GDNF/RET in kidney) with different diffusivity. Interestingly, this differential diffusivity
was proposed*® in both cases to arise from the fact that the ligands Fgf10 and Gdnf are expressed
(and diffuse) in mesenchymal tissues, while their receptors, Fgfrllb and Ret, are expressed in the
epithelium (and largely immobile). Thus, although stated in molecular and “continuum” terms,



such Turing models can therefore also be seen as a description of niche-epithelium interactions
discussed at the cellular scale in the previous section. A strength of this type of receptor/ligand is
its ability to explain why branching still proceeds when a uniform source of FGF10 is given to lung
explants (despite its non-uniform distribution during in vivo branching), and has been shown to
predict quantitatively the instantaneous growth pattern of kidney explants when simulating the
model using the experimentally-segmented geometry at each given time®.

In recent years, a complementary and “mechanical” basis for branching morphogenesis
has begun to emerge, to evaluate (both theoretically and experimentally) the role of mechanical
forces in setting up the morphogenetic patterns®. In branching morphogenesis, these include
differential apical-basal tensions in 3D vertex models®’, E-cad mediated cell adhesion in multiple
organs®®, Myosin ll-independent cell migration in Drosophila trachea® or luminal pressure forces
in mouse lung*. The ECM has also emerged as an important regulator, both by providing external
mechanical resistance during buckling instabilities*', as well as spatially-varying cues influencing
epithelial dynamics via integrin signalling***®. Interestingly, it was also shown that spatial
modulation of tissue tension due to local patterns of cell differentiation played a key role in chick
lung branching®, providing a potential link from biochemical and fate patterning to mechanical
forces. Conversely, changes in tissue geometry originating from growth and tissue tension can
impact on biochemical concentrations®#°. Thus, although the causality and respective
importance of biochemical vs. mechanical signals in patterning has yet to be systematically and
quantitatively investigated, understanding such mechano-chemical feedback loops is beginning
to yield fascinating insights into branching morphogenesis. In lung morphogenesis, local forces
have recently been involved in the patterning of the cell division axis during tubular
morphogenesis*®, while global pressure forces from inhalation movements have been shown to
impact on alveolar differentiation into either type | (AT1) or Il (AT2), with a subset of initially
uncommitted cells exerting Fgf10-dependent protrusions that “protect” them from the fluid-
pressure induced stretching that characterizes future AT1 cells*’.

Large-scale design principles of branched networks

Such mechano-chemical models typically concentrate on the symmetry-breaking
properties of branching morphogenesis at the scale of single tips and branches. Although it is
expected that these models are the right theory to describe branching morphogenesis at the
mesoscopic scale, the sheer size of branched organs (consisting often at least of tens of
thousands of tips and branches) can make such approaches intractable. A complementary view
from statistical physics has been to adopt a coarse-grained approach, simplifying interaction rules
at the mesoscopic scale to concentrate on the emergent properties of branching morphogenesis
at the organ scale.

Although early lung and kidney development is highly deterministic, many other branched
structures display little organism-to-organism stereotypy. The type of molecular and/or cellular
“code” that could implement either architecture remain a key open question, a topic which has
also attracted attention in neuroscience*®. However, new classes of stochastic models have
recently been proposed to study branching patterns in multiple systems**=*', and restrict the range
of possible underlying biological mechanisms. These models describe branching morphogenesis
as a stochastic process in which active tips explore space randomly in all directions while laying
out ductal structures, branch, and are subject to local negative feedbacks on their growth, to avoid
exponential uncontrolled expansion. Conceptually, the strength of such models is that they allows
for a self-organizing tiling of space (albeit via highly inefficient space-filling) in a robust manner
with respect to geometry, boundary conditions or global guiding cues; but also that it contains
very few parameters to predict large-scale organ structure.

Although molecular implementation of such a design principle is bound to differ widely
among branched organs, this model provides a potential unifying feature among seemingly



disparate systems. In mouse mammary gland, large- and small-scale organ structure can be well-
predicted by a stochastic model where ducts provide termination signals on tip growth in a TGF(3-
dependent manner*®. In pancreatic organoids, the early stages of branching have been proposed
to rely on a similar tip-driven process with short-range inhibitory signal secreted by the
epithelium®, while clonal lineage tracing of late-stage embryonic branching morphogenesis are
consistent with a branching and terminating model?' (although residual proliferative activity and
side-branching persist within ducts). In kidney explants cultured in close proximity, growing tips
terminate to avoid collision in a BMP7-dependent manner®®, a crowding effect which has been
shown to arise generically in aforementioned reaction-diffusion models®. Moreover, the
morphogenesis of highly branched neurons, such as Purkinje cells® in mouse and class IV
sensory neurons in Drosophila®', have also been studied by proposing a similar paradigm, with
random growth and branching of active tips, combined with tip/axon retraction upon physical
contact with another branch (shown to be dependent on PKC in Purkinje cells®).

This raises the exciting hypothesis that these widely different classes of systems (single
cells vs. multicellular organs, diffusive vs. physical inhibition) could belong to the same classes of
models, or share “universal” features as defined in physics terms. However, additional
investigations in other organs must still be performed to rigorously show this. In kidney
morphogenesis, early and mid-embryonic stages have been shown to be highly regulated and
stereotypic®®*, while late-embryonic trees have been proposed to be non-deterministic®, and well
fit by a stochastic model of branching and termination®; although further studies will be necessary
to address the relative contribution of both during development.

In parallel, recent work on pancreas morphogenesis has suggested an alternative route
to give rise to branched organs, where an initially connected central plexus remodels extensively
to give rise to a tree-like morphology. In analogy with findings on angiogenesis®®®’, this has been
proposed to result from the minimization of viscous drag due to fluid flow within the structure®.
As branched organs have a critical function in fluid transport, and given the aforementioned
growing evidence for the role of fluid pressure in influencing tip branching®, it will be important in
future studies to assess the interplay between growth processes and transport mechanisms, as
well as achieve a better quantitative understanding of whether design principles in each system
corresponds to a given optimality criterion®®.

Outlook:

Recent advances in multiscale imaging and biophysical manipulations have made it
possible to begin deciphering the dynamics of branching morphogenesis in vivo, from cellular
dynamics to large-scale tissue architecture. Although the morphogenesis of different branched
organs differs crucially in terms of underlying molecular circuits and the stochasticity vs.
determinism of their mesoscopic rules, exciting similarities in design principles are emerging at
different scales. These include the stochastic heterogeneity of behaviour and fate choices of their
developmental precursors, reaction-diffusion frameworks driving symmetry breaking during
branching, and self-organized large-scale patterning rules (Table 1). A key problem for future
years will be to integrate this new knowledge into our understanding of the detailed molecular
pathways driving branching morphogenesis. Given the recent progresses in organoid culture
establishment?*, as well as the drastic improvements in clearing methods to image branching
morphogenesis in human embryos®, one can anticipate a fruitful interaction between in vivo and
in vitro systems to understand the emergence of complex organs during development, but also
guide therapeutic applications in regenerative medicine and disease modelling.
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