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A driving force for change: interstitial
flow as a morphoregulator
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Dynamic stresses that are present in all living tissues
drive small fluid flows, called interstitial flows, through
the extracellular matrix. Interstitial flow not only helps to
transport nutrients throughout the tissue, but also has
important roles in tissue maintenance and pathobiology
that have been, until recently, largely overlooked. Here,
we present evidence for the various effects of interstitial
flow on cell biology, including its roles in embryonic
development, tissue morphogenesis and remodeling,
inflammation and lymphedema, tumor biology and
immune cell trafficking. We also discuss possible
mechanisms by which interstitial flow can induce mor-
phoregulation, including direct shear stress, matrix—cell
transduction (as has been proposed in the endothelial
glycocalyx) and the newly emerging concept of autolo-
gous gradient formation.

Introduction

The importance of dynamic mechanical stress (see
Glossary) in tissue development, maintenance, function
and pathogenesis has been well established for several
decades. The field of biomechanics originated to character-
ize the mechanical behavior of tissues that serve obvious
mechanical functions (e.g. bone, muscle, arteries and lung
tissue) and how these mechanical properties change in
pathological states. This research evolved and branched
into the field of mechanobiology, which focuses on under-
standing the cell biology that controls tissue mechanics, in
other words, the response of cells to mechanical stress and
the way they adapt to and control their mechanical envir-
onment [1,2]. Mechanobiology research today remains lar-
gely devoted to understanding the control of mechanically
important tissues for tissue engineering applications and
other areas of therapeutic design.

However, even in tissues that do not serve primarily
mechanical functions or undergo obvious strains, mechan-
ical stress is an important regulator of tissue development,
health and pathology. Dynamic stresses and pressure
gradients exist in all living tissues. These tissue stresses
can impart forces on the cell, including fluid shear stress,
pressure forces and forces on integrins, and they can also
affect cell behavior by transporting solutes and shaping the
extracellular distribution of key signaling proteins. For
example, small fluid flows within the interstitial space
are needed to drive protein transport from the blood to
interstitial cells, because proteins are too large to readily
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diffuse the distances between blood capillaries, distances
optimized for the transport of oxygen and other small
molecules to cells. Dynamic stresses are therefore not only
present in all living tissues, but are also required for
physiological functions and tissue homeostasis. A clear
example of the necessity of activity is seen in the atrophy
of muscle and bone when movement is limited.

Here, we focus on the importance of a subtle but
essential dynamic force: interstitial fluid flow. We argue
not only that interstitial flow is an important morphore-
gulator in tissue development, maintenance and remodel-
ing, but also that it is used by interstitial cells to signal the
state of their surroundings, help establish extracellular
microenvironments, and guide lymphocytes and tumor
cells towards draining lymphatic vessels (also referred to
generally herein as lymphatics).

What is interstitial flow?

Interstitial flow is fluid flow through a 3D matrix, around
interstitial cells such as fibroblasts, tumor cells, tissue
immune cells and adipocytes. It differs from open-channel
flow, such as blood flow within vessels, in several ways
(Figure 1): for example, it generally flows with a much
slower velocity because of the high flow resistance of the
extracellular matrix, it moves around the cell-matrix
interface in all directions rather than only on the apical
side, and it can have important effects on pericellular
protein gradients, particularly those that are matrix bind-
ing. Interstitial flow also occurs across the blood vessel wall
(called transvascular flow) (e.g. in arteries, this flow is two
orders of magnitude slower than that of the blood) and the
glycocalyx on the luminal surface of blood endothelium
can impart some features of interstitial flow on the
endothelium.

Glossary

Autologous chemotaxis: a migratory mechanism whereby a cell can respond
to a chemotactic gradient while at the same time being the source of the
chemokine, when interstitial flow is present, to create the transcellular
gradient.

Convection: transport driven by fluid movement.

Diffusion: transport driven by random thermal molecular motion (from high to
low concentration).

Fluid shear stress: the tangential stress exerted on a surface (e.g. of a cell) due
to fluid viscosity and flow.

Glycocalyx: a layer of heparan sulfate proteoglycans and hyaluronan secreted
by and coating endothelial cells.

Matrix binding: the ability of a morphogen to be chemically bound to the
matrix, typically through interactions with sulfated proteoglycans.

Pressure gradient: the difference in pressure divided by a unit length.

Stress: force per unit area.
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Figure 1. Interstitial and intravascular flows and their corresponding microen-
vironments. A blood vessel is shown, with insets showing the transvascular and
glycocalyx regions. Black arrows represent luminal flow, and green arrows
represent intra-glycocalyx, transvascular, and interstitial flows. By definition,
interstitial flow refers to fluid flow around an interstitial cell: a cell attached to
extracellular matrix in three dimensions. For endothelial cells, flow within vessels
occurs only on the apical surface. Where there is a glycocalyx, flow might percolate
through that network of proteoglycans and cause complex stresses on the cell
surface, but fluid flow is still two-dimensional with respect to the cell surface.
However, the intimate cell-matrix-flow interactions at the glycocalyx—cell interface
might lead to effects similar to those in three dimensions. Intravascular pressure
can drive flow through the vascular wall, but endothelial cells and smooth
muscle cells will experience flow stresses through cell-cell connections and
through cell-matrix connections as in true interstitial flow.

Interstitial flow is driven primarily by plasma leaving a
blood capillary through its wall and draining into the initial
lymphatics (Figure 2). Even when lymphatics are not func-
tional or are blocked, some interstitial flow can occur by
plasma reabsorption in post-capillary venules (although not
all can be removed this way). In healthy adult tissues, the
pressure difference between the two capillary networks
maintains fluid pressure gradients that are altered by ske-
letal motion and also by subtle movements, such as those
arising from arterial pulsation, respiration and organ move-
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Figure 2. Determinants of interstitial flow velocity. Darcy’s law describes fluid flow
through a 3D matrix as being driven by a fluid pressure gradient and controlled by
a flow resistance. It is analogous to water flow through a mat of hair in a bathtub
drain: the more dense the hair mat, the slower the fluid drains. One important
source of interstitial convection is fluid movement driven by the pressure gradient
between blood and lymphatic capillaries (red and green, respectively), determined
by the pressure difference (Pyi00q — Piympnatic) divided by the intercapillary distance.
The pressure gradient yields a resultant velocity, v (green arrows), controlled by
the interstitial hydraulic conductivity, K, which varies depending on the density
and composition of each tissue (Box 1, Table 1).
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Box 1. Darcy’s law

- k&7

where v is the bulk fluid velocity, Kis the hydraulic conductivity, and
AP is the pressure difference over length / of the tissue.

Darcy’s law provides the fundamental equation for low Reynolds
number flows through porous media. Originally developed in 1856
to describe flow through a gravel bed, Darcy’s law (here in
simplified form) can be applied to biological tissues to calculate
interstitial flow velocities because the physical parameters of
pressure and K can be measured more readily.

ment. One noted exception to the intervascular pressure
driving force is in cartilage and bone, where dynamic
compression drives flow through the matrix.

There are only a few direct measurements of interstitial
flow velocities in vivo in the literature; these velocities are
difficult to measure and interpret because they are so slow
and heterogeneous, they depend on the tracer moving with
the same velocity as the fluid (which is difficult to confirm
in the dense interstitial space, and the tracer can also
cause artifacts when introduced into the tissue), and they
have only been measured close to the surface by fluorescence
recovery after photobleaching (FRAP) or nuclear magnetic
resonance (NMR). Furthermore, these measurements are
typically performed in anesthetized animals, in which inter-
stitial fluid velocities are likely to be substantially different
from those in awake animals because of changes in blood
pressure and lymphatic pumping [3,4]. Reported measured
velocities vary between 0.1 and 4.0 wm s~ [5,6]. Interstitial
flow velocity can also be estimated using Darcy’s law, which
relates velocity to the pressure gradient and the hydraulic
conductivity, K (Box 1). This is sometimes more convenient,
because interstitial pressures can be measured more reli-
ably using micropipettes or wick-in-needle techniques [7]
and K can be measured in tissues ex vivo using confined
compression tests [8,9].

Even though it can be extremely slow, interstitial flow
can have important effects on tissue morphogenesis and
function, cell migration and differentiation and matrix
remodeling, among other processes. The mechanisms by
which such flows can drive cell response might be purely
mechanical, such as shear stress on the cell surface, pres-
sure force ‘pushing’ on the cell or tethering forces on cell—
matrix connections (Figure 3). Importantly, it can also have
non-mechanical affects on the cells, such as shifting the
pericellular distribution of secreted proteins (e.g. morpho-
gens, proteases and chemokines). These transport effects
are likely to be more important than mechanical stress in
tissues that do not serve primarily mechanical functions,
because of the small magnitudes of stresses and flows found
there. In these tissues, interstitial flow-induced protein
redistribution might help to direct cell migration and guide
the cell-cell interactions that lead to pattern formation
during morphogenesis. Thus, interstitial flow affects both
the mechanical microenvironment of the cell and the
biochemical environment to which it is so acutely tuned.

Biological flows in development
In embryos that have not yet developed a vascular system
or heart, flow that is driven through the differentiating cell
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Figure 3. The direct effects that interstitial flow has on cells. Interstitial flow can
induce (a) fluid shear stress, o, on the cell surface; (b) forces normal to the cell
surface (F); (c¢) shear and normal forces to the pericellular matrix that is
mechanically coupled to the cytoskeleton; and (d) redistribution of pericellular
proteins (autocrine and paracrine signals) that bind cell receptors.

mass is necessary for proper development. In the
embryonic node (an embryonic structure located at the
anterior tip of the primitive centerline) ciliary movement
generates the leftward movement of fluid that leads to the
left-right asymmetry of the organs (in which the heart is
on the left, the liver on the right, etc.) [10], and when this
cilia-driven flow within the node is reversed experimen-
tally, the left-right asymmetry becomes reversed [11]. It
has been suggested through mathematical modeling that
nodal flow directs morphogen transport and mixing, thus
driving asymmetric development [12]. This is indeed
likely, because the actions of morphogens (to give cells
directional and positional information) are achieved
through their transcellular concentration gradients rather
than their absolute amounts. In developing embryos, such
spatial information guides cell differentiation [13]. Mor-
phogen transport and gradient patterning are also believed
to regulate the branching of developing lungs in the
embryo [14], and it is expected that interstitial flows,
caused by embryonic lung movements that simulate
breathing, would influence morphogen distributions.
Interstitial flow can also impart shear stress on the cell
surface, which, as a mechanical stimulus, can itself drive
embryonic cell differentiation and determine lineage fate
[15,16] and could be responsible for shaping organs [17,18].
Interstitial flow has also been implicated in lymphatic
development. Using a skin regeneration model in which
interstitial fluid flow could be traced and correlated with
lymphatic proliferation, migration and reorganization over
time, it has been shown that lymphatic cells migrate in the
direction of interstitial flow and organize around fluid
channels, and that they cannot organize into functional
capillaries when interstitial flow is severely reduced
[19,20]. Thus, interstitial flow can act as an important
morphogenic cue, by mechanisms we discuss later.

Interstitial flow in tissue function and pathology

Much evidence has emerged to indicate that interstitial
flow has an important regulatory role in tissue function.
Transvascular flow across the arterial wall provides nutri-
ent transport to the metabolically active cells there, and
seemingly has a crucial role in maintaining arterial smooth
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muscle tone [21-23]. In cartilage, where lymphatics are
absent and intercellular distances are large, interstitial
fluid flow is driven by mechanical loading and is necessary
for nutrient transport and cell-cell communication when
diffusion is inadequate [24-26]. Also, interstitial flow
rather than solid stress is responsible for at least some
of the mechanical stress-induced matrix production in
cartilage [27], because dynamic rather than static compres-
sion was found to promote proteoglycan and collagen
synthesis [28] and increase chondrocyte metabolism [29]
(interstitial flow is always present in tissues undergoing
dynamic compression). Dynamic compression stimulates
directional deposition of proteoglycans and matrix fiber
compaction in the direction of flow [26] and directs remo-
deling by enhancing the transport of tissue inhibitor of
metalloproteinase-1 (TIMP-1) [30]. In bone, physical activ-
ity causes oscillatory compression that has been estimated
to increase the convective transport of macromolecules up
to 100 times more than what is possible with diffusion [31].
Finally, in tissue repair, the migration of endothelial and
epithelial cells is crucial for wound healing, which (at least
on 2D surfaces) can be activated by shear stress [32,33],
suggesting that interstitial flow also promotes wound heal-
ing in 3D tissues by shear stress. In vitro, interstitial flow
enhances blood and lymphatic capillary formation [34] and
acts synergistically with matrix-bound VEGF to induce
capillarogenesis, probably by enhancing and directing
the liberation of VEGF from the matrix to guide organiza-
tion in the direction of flow [35-37].

Physiological evidence that interstitial flow is crucial in
normal tissue function can be seen in pathologies in which
interstitial flow is reduced or enhanced. Lymphedema is a
condition in which interstitial fluid flow is severely reduced
due to either malformations in the lymphatic system (pri-
mary lymphedema) or blockage downstream, such as that
which occurs after lymph node resection (secondary lym-
phedema). The accumulation, rather than clearance, of
fluid from the interstitial space results in inflammation
and extensive tissue remodeling, lymphatic hyperplasia,
and adipocyte growth and lipid accumulation [38,39]. Fluid
stagnation in lymphedema also prevents normal immune
cell trafficking in the affected tissue, which can exacerbate
the pathology. These resultant chronic pathological
conditions in lymphedema highlight the importance of
interstitial fluid convection in maintaining healthy tissue.

Abnormally increased interstitial flow rates can occur
during inflammation (when blood capillaries become leaky)
and can also trigger fibroblasts to differentiate or remodel
the extracellular matrix. Although this can be due to
increased transport of differentiation factors from inflam-
matory cells to fibroblasts, increased interstitial flow itself
could be an important contributing factor to the develop-
ment of tissue fibrosis: in vitro studies have shown that 4—
10 pm s~ ! interstitial flow through a 3D collagen matrix
seeded with human lung or dermal fibroblasts causes
autocrine upregulation of transforming growth factor
(TGF)-B1, differentiation into myofibroblasts (Figure 4a),
increased collagen production and collagen alignment [40—
42]. In this way, high interstitial flow could be an early
signaling cue of inflammation that triggers fibroblasts to
begin rapid matrix repair. It could also help explain why
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Figure 4. Examples of cellular responses to interstitial flow. (a) Interstitial flow at
4 um/s levels (right) cause human dermal fibroblasts seeded in type | collagen to
differentiate into myofibroblasts by upregulation of TGF-8 and align themselves
and the matrix fibers perpendicular to the flow. Reproduced with permission from
Ref. [41]; the scale bar represents 20 um. (b) Human blood endothelial cells form
branched structures with lumens when cultured under interstitial flow (right). Here,
low levels (4 wm/s) of interstitial flow greatly enhanced the effects of matrix-bound
VEGF on capillary morphogenesis. Reproduced with permission from Ref. [35]; the
scale bar represents 40 pm. (¢) Computational modeling demonstrates that when
morphogens or chemokines are autologously secreted by a cell in matrix-binding
form and under low levels of interstitial flow, autologous morphogen gradients
develop to guide cell processes in the direction of flow. The concentration profiles
of liberated VEGF released by cell-secreted proteases,under the conditions in (b)
are shown. Reproduced with permission from Ref. [35].

tissue fibrosis often follows inflammation in many tissues,
including the lung, skin and surrounding tumors, and why
fibrosis can occur in the apparent absence of inflammatory
cells, such as in idiopathic pulmonary fibrosis [43,44].

Interstitial flow in cancer

Interstitial flow in and around tumor tissue has particular
importance in delivering anticancer agents to tumor tis-
sue. Given that growing tumors induce angiogenesis and
angiogenic tumor vessels are more permeable to proteins
and large molecules than mature vessels [45], there has
been substantial interest in exploiting tumor vessel per-
meability to selectively accumulate drug carriers by size in
tumor tissue. However, interstitial transport is driven by
pressure differences between the blood and interstitium,
and in tumors interstitial fluid pressure is higher, ranging
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from 10 mmHg to 20 mmHg (with measurements as high
as 90 mmHg), than in normal tissues, which have pres-
sures that are typically <10 mmHg (Table 1) [46]. Thus,
the driving force for fluid movement from the blood into the
tumor stroma is lower than that in normal tissues. These
high interstitial pressures are due in part to the lack of
functional lymphatics within the tumor [47] and result in a
net convective flow out from the tumor mass into the
surrounding tissue as a result of the lower interstitial
pressure found there. (The conclusion that tumors lack
functional lymphatics is controversial, however; several
reports have suggested that metastatic tumors can induce
lymphatic growth into the tumor mass [48].)

Although the challenges to therapeutic delivery to solid
tumors have been researched extensively, the impact of the
extratumoral interstitial flow environment on tumor biology
has not been much explored. Slow interstitial flow from the
tumor mass into the surrounding tissue and draining lym-
phatics might, for example, help the tumor invade tissue
and lymphatics by directing proteolytic enzymes and auto-
crine chemokines away from the tumor and towards the
draining lymphatics. Alternatively, it might promote the
formation of a fibrotic capsule around the tumor (as flow
itself can drive fibroblast differentiation, as mentioned
earlier [41]), which might inhibit tumor spread. Also, it is
likely to affect the recruitment and function of tumor-
associated macrophages that are found around highly inva-
sive tumors [49] by further distributing chemotactic factors.

New insights into how interstitial flow can affect tumor
biology and invasion are just beginning to emerge. For
example, it was recently shown that tumor cell prolifera-
tion can be influenced by intratumoral pressure [50]. In
tumors overexpressing lymphangiogenic growth factors,
peritumoral lymphatics (those surrounding and draining
the tumor) were found to drain fluid at an increased rate,
and tumor cells were directly observed homing to those
lymphatics [51]. Finally, recent in vitro studies suggest
that interstitial flow from tumor cells directed towards
lymphatic endothelial cells greatly enhances the migration
of tumor cells towards the lymphatics, through a combina-
tion of autocrine and paracrine signaling mechanisms
[Shields, J.D, unpublished data]. We explore this possibi-
lity further when discussing autologous chemotaxis.

Mechanisms of flow-induced cell response

Evidence that interstitial flow can direct mechanotrans-
duction events on the cell surface comes from recent stu-
dies on the endothelial glycocalyx. Originally, the shear
stress effects seen on endothelial cells were presumed to be
due directly to fluid shear stress acting on the cell surface,
but there is increasing appreciation for the role of the
glycocalyx in moderating or amplifying fluid stresses to
the cell surface. The primary constituents of the glycocalyx
are heparan sulfate, chondroitin sulfate and hyaluronan
[52], anchored to the cell by proteoglycan core proteins. The
role of the glycocalyx in transducing shear stress to the cell
has been demonstrated by selectively degrading these
components and exposing the cells to shear: for example,
when either heparinase or hyaluronidase were applied to
an endothelial cell monolayer, well established responses
to shear stress, such as the release of nitric oxide, were
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Table 1. Physical characteristics of interstitial flows in various tissues®

(c) (d) Refs

Estimated pressure gradient Vealculated” (wms™)
(mmHg 100 pm™")

Tissue (a) (b)
Vmeasured (kM s™")  Hydraulic conductivity,
K (x 10™° cm? mmHg s)
Tumor capsule 0.1-0.5
Granulation tissue (rabbit)  0.59 + 0.16
Neoplastic tissue (tumor 0.65 +0.16 92-2480
xenograft)
Skin 1500-1680
Mesentery 41-253
Aorta, media and intima 0.3-0.7
Femoral head cartilage 0.1-0.2
Corneal stroma 0.71-1.60

(a) [6,46]
(a) [5]
(a) [5]

(b) [59]
(b) [9,60]
(c) [46,61]
(b) [9]

(c) [62]
(b) [9,63]
(c) [63]
(d) [63]
(b) [9]

(b) [9]

0.5-6.0 0.7-10.1
24 0.1-0.6

42-152 0.013-0.106

®There have been few measurements of interstitial flow velocities in vivo, so the more accessible parameters of tissue hydraulic conductivity and interstitial pressure can be
used to estimate velocities using Darcy’s Law (Box 1). Tissues that experience high pressures and for which homeostasis demands low flow across them, such as the aorta,

have the lowest conductivities to prevent flow.
PCalculated using reported K and estimated pressure gradient.

eliminated [53,54]. Although such stresses are not
identical to those in true interstitial flow, as mentioned
earlier, the fact that cells might sense flow only when the
glycocalyx is intact gives strong support to the importance
of cell-ECM connections in transducing mechanical stress
by slow interstitial flow. In 3D in vitro matrices, cell sur-
face shear stresses for flow rates of 1 um s ' were esti-
mated to average 5 x 10 2t0 7 x 102 dyne cm 2 and peak
at 1.5 x 10”2 dyne cm ™2, although the precise architecture
of matrix fibers strongly affected these stresses [55]. It is
unknown to what limit cells might sense shear stress, but
with such low levels, it is likely that the glycocalyx and/or
surrounding ECM helps amplify the signals to transduce
mechanical stress to the cell.

Another mechanism by which interstitial flow can affect
cellular responses is by changing pericellular diffusion
gradients of morphogens that are redistributed by the flow
according to how they are transported: by diffusive and/or
convective transport (see Glossary). Given that morpho-
gens act by directing cellular responses spatially according
to transcellular gradients, subtle changes in their pericel-
lular distributions (e.g. the introduction of asymmetry) can
have important effects on directed cell processes. In addi-
tion, many chemokines and growth factors that are both
secreted by and act upon the same cell bind strongly to the
matrix (usually to sulfated proteoglycan components of the
matrix), including members of the vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF),
Wnt and TGF families and many immunoresponsive che-
mokines, such as CCL21, that direct leukocyte migration
[56]. The binding of these factors to the matrix gives the
cell more control of its microenvironment and enables
solid-phase gradients to form. In addition, some of these
proteins can signal to cells in both their liberated and their
matrix-bound forms.

Interstitial flow in cell homing: the concept of
autologous chemotaxis

Chemokine gradients act as directional signals for cell
chemotaxis or morphogenesis. Because migrating cells
move up a chemokine concentration gradient, it is generally
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assumed that the chemokine is secreted by an upstream cell
or tissue. An alternative mechanism, however, has recently
been described whereby a cell can receive directional cues
while simultaneously being the source of such cues, using
interstitial flow. In this mechanism, even extremely subtle
flows can affect the pericellular distribution of self-secreted
proteins that interact with the matrix and thus cause auto-
logous transcellular gradients, increasing in the direction of
flow, to form (Figure 4c) [57]. Flow only slightly biases the
distributions of a secreted matrix-binding morphogen and
proteases that can liberate the morphogen, but those effects
multiply and combine with the fact that, once the morpho-
gen is liberated, it is further biased by flow. In this way, the
ability of the secreted morphogen to bind the matrix serves
as an amplification mechanism for autocrine gradient for-
mation only in the presence of subtle interstitial flow. This
hasbeen demonstrated experimentally using a 3D culture of
endothelial cells suspended in a VEGF-containing matrix,
in which VEGF was covalently bound and liberated only
upon proteolytic release by the cells [35]; capillary organiza-
tion occurred only in the presence of both VEGF and inter-
stitial flow (Figure 4b). This was presumably due to directed
liberation of VEGF.

This putative phenomenon of autocrine morphogen
gradient formation by interstitial flow and matrix binding
of morphogens suggests that leukocytes and tumor cells
might use interstitial flow to home to draining lymphatics.
This is possible when the cell expresses the homing che-
mokine receptor and also secretes the chemokine ligand.
These cells include tumor cells [expressing the chemokine
receptor CCR7 and the ligand CCL21 (Shields, J.D.,
unpublished data)l, dendritic cells (expressing the
chemokine receptor CCR7 and the ligand CCL19 [58])
and macrophages (expressing VEGF receptor-3 and its
ligand VEGF-C [49]). As all of these ligands can bind to
the matrix, and as all are important cues for migration,
there is potential for each to direct migration by this
mechanism. Mathematical modeling shows that even the
smallest flows can create autologous gradients in such
systems [57]. Not only might this help to explain why
certain cell types have receptors for ligands that they



themselves secrete, but this mechanism of self-directed cell
migration might also be fundamental to the movement of
tumor and immune cells in the direction of interstitial
transport, that is, towards functional lymphatic vessels
and on to the nearest lymph node. Flow-induced autolo-
gous chemotaxis has recently been demonstrated in vitro,
using human invasive and noninvasive breast cancer cells,
to take place through the chemokine CCR7 and its receptor
CCL21: whereas flow strongly enhanced the migration of
tumor cells through 3D matrices in the direction of flow,
blocking CCR7 signaling eliminated this effect (Shields,
J.D., unpublished data). Thus, it is possible that autolo-
gous chemotaxis is a powerful mechanism that cells use to
find and home to functional draining lymphatics.

Concluding remarks

In summary, interstitial flow is an important component of
normal tissue function and homeostasis and of many
pathologies, from development through to adulthood. It
might also be a key morphoregulator, acting by giving
directional cues to cells. As prime examples, dendritic cell
trafficking to lymph nodes and tumor invasion and dis-
semination through lymphatics can use interstitial flow to
home towards lymphatic capillaries. Future research that
incorporates and examines interstitial flow as a key micro-
environmental component will be necessary to elucidate
such mechanisms fully and exploit its potential in therapy
and tissue engineering.
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