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Microfluidic-Based Reconstitution of Functional Lymphatic
Microvasculature: Elucidating the Role of Lymphatics in

Health and Disease

Jean C. Serrano, Mark R. Gillrie, Ran Li, Sarah H. Ishamuddin, Emad Moeendarbary,

and Roger D. Kamm*

The knowledge of the blood microvasculature and its functional role in health
and disease has grown significantly attributable to decades of research and
numerous advances in cell biology and tissue engineering; however, the
lymphatics (the secondary vascular system) has not garnered similar
attention, in part due to a lack of relevant in vitro models that mimic its
pathophysiological functions. Here, a microfluidic-based approach is adopted
to achieve precise control over the biological transport of growth factors and
interstitial flow that drive the in vivo growth of lymphatic capillaries
(lymphangiogenesis). The engineered on-chip lymphatics with in vivo-like
morphology exhibit tissue-scale functionality with drainage rates of interstitial
proteins and molecules comparable to in vivo standards. Computational and
scaling analyses of the underlying transport phenomena elucidate the critical
role of the three-dimensional geometry and lymphatic endothelium in
recapitulating physiological drainage. Finally, the engineered on-chip
lymphatics enabled studies of lymphatic-immune interactions that revealed
inflammation-driven responses by the lymphatics to recruit immune cells via
chemotactic signals similar to in vivo, pathological events. This on-chip
lymphatics platform permits the interrogation of various lymphatic biological
functions, as well as screening of lymphatic-based therapies such as
interstitial absorption of protein therapeutics and lymphatic
immunomodulation for cancer therapy.

1. Introduction

Most human tissues contain a secondary
vascular system known as the lymphatics
comparable in complexity to their blood vas-
culature. Both systems serve as an elab-
orate, hierarchal network of vessels lined
by endothelial cells that serve as conduits
for fluid, protein, and cellular transport.[!]
However, in contrast to the blood vascu-
lar system where fluid is continuously re-
circulating through different tissues, the
lymphatic system operates as a one-way
transport pathway that collects fluid, pro-
teins, and cells from the interstitial space
of tissues and returns them to the systemic
circulation.l?l Under this mechanism, lym-
phatics contribute to tissue fluid and os-
motic pressure homeostasis. In addition,
the lymphatic system acts as an immune
checkpoint by transporting antigen and
antigen-presenting immune cells from the
interstitial tissue to the lymph nodes, where
resident immune cells respond to localized
or systemic inflammation and infection.*!
While lymphatics are critical for phys-
iological transport, research toward un-
derstanding their biological function\
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interactions and pathological alterations has been severely lack-
ing, especially when compared to the vast literature on the blood
vasculature.*! This situation has begun to change, though, in
recognition of the central role of the lymphatic circulation in hu-
man immune response, in both the progression and therapeutic
control of an ever-increasing array of pathologies. One of the over-
riding challenges in lymphatics-focused studies has been the lack
of appropriate and robust experimental models for the interroga-
tion of biological mechanisms implicated in lymphatic develop-
ment, physiology, and disease. For years, animal models served
as the gold standard to evaluate the biological function of lym-
phatics, as well as its implications in pathological events such as
inflammation, immune cell trafficking, pathogen response, and
cancer progression.>~] Despite fully recapitulating physiological
responses, animal studies offer limited control over local environ-
mental cues, present barriers to isolate and describe the direct
and indirect systemic effects of the modulated parameters, and
their findings are often difficult to relate to corresponding phe-
nomena in humans due to species differences. To mitigate these
limitations, numerous groups have implemented in vitro mod-
els to perform reductionist studies on lymphatic development
and pathogenesis with the ability to isolate the individual contri-
bution of regulated cues in the cellular microenvironment.!®-11
However, the simplicity of such models often leads to a lack of
physiological relevance, limiting their applicability to study in
vivo events.

Given these limitations, there is a need for next-generation
in vitro platforms with enhanced recapitulation of the com-
plexities of the in vivo microenvironment, while leveraging
tight control over the biological interactions under study.
This has driven the development of microfluidic technologies
that address these needs by the culture of human-sourced
cells in three-dimensional (3D) environments that mimic tis-
sue architecture with precise manipulation of the cellular
microenvironment.'>*] However, studies implementing mi-
crofluidic systems to generate lymphatic vasculature are exceed-
ingly scarce. Apart from simple monolayer systems that lack
anatomical resemblance, relatively few published works have at-
tempted to recreate lymphatic vessels on-chip.['*16] Most of these
studies implement a single lymphatic capillary on-chip system
to study solute permeability or paracrine signaling/conditioning
between lymphatic and fibroblast/tumor cells.l'’~2°] While such
studies have provided fundamental insight into the biology of
lymphatics, they have limited utility to study lymphatic function
since a simple, single-capillary structure fails to recapitulate the
branching hierarchical lymphatic structure found in vivo (Figure
1a). Thus, a more appropriate system would integrate the natu-
ral self-assembly of lymphatics to fully reconstitute a vascular bed
that permits the functional evaluation of lymphatic physiology on
a tissue-relevant scale.

As with most tissues and organs, the unique patterning
of lymphatic vascular structures arises from the precise spa-
tiotemporal control of biomolecules and biomechanical stimuli
which guide migration, growth, and remodeling of cells dur-
ing development.*!) By emulating the distribution and trans-
port of these signals, on-chip systems can be further exploited
to engineer microvasculature that inherently captures its native,
complex network structure via vascular self-assembly.”?) In re-
cent crucial studies, microfluidic devices were successfully im-
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plemented to induce lymphatic angiogenesis (lymphangiogen-
esis) under this approach.'*?3] However, mass transport not
only plays a critical role in shaping the distribution of factors
that give rise to these vascular structures but also constitutes
the fundamental phenomena by which lymphatic drainage and
lymphatic-immune biochemical signaling occur.[?* To the best
of our knowledge, no published work has provided an on-chip
system that fully reconstitutes tissue-scale lymphatic vascular
formation with relevant microenvironmental cues for physio-
/pathological responses, adaptable for biological interrogation
and preclinical drug assessments.

Aiming to address these shortcomings, we designed a mi-
crofluidic approach to generate functional lymphatic microvas-
cular networks in a 3D hydrogel compartment (Figure 1b—d). We
screened for the optimal balance of growth factors, and intersti-
tial fluid flow to induce controlled levels of angiogenic sprout-
ing by lymphatic endothelial cells and achieve in vivo-like lym-
phatic vessel morphology. Subsequently, we quantified the tis-
sue drainage functionality of our engineered lymphatic microvas-
culature by which we validated solute drainage rates compara-
ble to in vivo measurements. We also analyzed the underlying
transport phenomena, elucidating the importance of a 3D geom-
etry and the lymphatic endothelium to recapitulate physiologi-
cal drainage. Finally, we demonstrate the utility of our on-chip
engineered lymphatics to study lymphatic-immune interactions,
specifically during inflammatory responses corresponding to an
increased number of immune cells recruited to the lymphatics,
guided by chemical gradients of lymphatic-secreted chemokines.

2. Results and Discussion

2.1. Engineering Physiological Lymphatic Microvasculature via
Biochemical or Biomechanical Stimuli

To engineer physiologically-functional, human lymphatic mi-
crovasculature, we implemented a microfluidic platform that fa-
cilitated precise control over the biochemical and biophysical
factors native to the development of the lymphatics, and their
physiological microenvironment. As such, the microfluidic de-
vice (Figure 2a) facilitated the compartmentalization of culture
media, extracellular matrix (ECM), and cells within a 3D envi-
ronment. Additionally, the PDMS-based device allowed for high-
resolution imaging of microscale, cellular events via confocal
microscopy. We first characterized the diffusive transport of a
70 kDa FITC-dextran through the ECM by measuring the fluo-
rescence intensity profile across the gel channel 120 min after
introducing the fluorophore to the media channel (Figure S1a,
Supporting Information). The resulting profile was fitted to the
1D unsteady solution of Fick’s Second Law from which the effec-
tive diffusion coefficient (D) of ~#45 pm? s~! was obtained that is
within the range of values measured ex vivo for the same fluores-
cent tracer in tissues.>2% Using this computed diffusion coeffi-
cient, we estimated the timescale required for diffusion of growth
factors across the gel region as ~w?/D (with w the width of the
gel channel) to be 2 hrs, which is a small fraction of the several
days required for lymphatic vascular growth. Furthermore, this
time scale (calculated for a 70 kDa-sized molecule with compara-
ble size to various soluble proteins) is sufficiently short to ensure
the adequate delivery of growth factors.
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Development of lymphatic vasculature by lymphangiogenesis
a . e ———————
in vivo

in vivo vessel diameter: 10 - 50 um

b Engineered three-dimensional lymphatic vasculature on-chip
in vitro - microfluidic

Figure 1. Recapitulation of in vivo-like lymphatic capillaries by the microfluidic model of lymphangiogenesis. a) In vivo embryonic lymphangiogenesis in
the dorsal skin section of a mouse embryo. Confocal images correspond to a whole-mount anterior dorsal skin (blue region in the schematic diagram)
with PROX-1 (blue) and LYVE-1 (green) lymphatic specific markers, and blood vascular marker PECAM1 (red). Scale bars are specified in each image.
Reproduced with permission via CCC.[?7] b) Microfluidic-based in vitro model of lymphangiogenesis, the blue region highlights the ECM channel com-
partment, and gray regions depict fluidic channels. Representative images of lymphatic vessels developed within the microfluidic system (i), a focused
view of the engineered lymphatic vessels (ii), and a corresponding orthogonal view (iii) depicting lumen compartments. White arrows indicate vascu-
lar lumens. Scale bars are 200, 50, and 25 um, respectively. c) Intravascular fluorescent-dextran (red) indicating patency of the engineered lymphatic
microvasculature (green). Scale bar is 200 um. d) On-chip lymphatic vessels stained for PROX-1, lymphatic transcriptional factor (blue). Scale bar is
50 um.
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Figure 2. Tissue-scale reconstitution of lymphatic microvasculature via on-chip application of controlled biochemical and/or biomechanical cues. a)
Schematic of the microfluidic device implemented for compartmentalized cell culture and precise delivery of biomolecules and fluid transport. Cross-
sectional view of the microfluidic device. Confocal projection of a lymphatic monolayer seeded at the media channel with podoplanin staining the cell
membrane (yellow) and DAPI staining the nuclei (blue). Scale bar is 100 um. b) Representative images of lymphatic sprouting for experimental conditions
corresponding to stimulus by growth factors and/or interstitial flow. Red-fluorescence of each image corresponds to RFP expressed by the lymphatic
endothelial cells. Scale bars are 100 pm. Quantitative analysis of lymphatic microvascular area of coverage under biochemical stimulus with growth
factors c) and biomechanical stimulus by high or low interstitial flow d). Data shown corresponds to the mean + S.E.M., n = 3 samples (microfluidic
devices) per condition, and m = 9 ROl images per sample. Highlighted regions correspond to in vivo values. Tissue-scale lymphatic vasculature grown
via e) growth factors (G.F.): VEGF-C, ANG-1, and HGF or f) high interstitial fluid flow (=5 um s™") (i, H.F.). Confocal images depict LYVE-1 and DAPI
staining as green and blue, respectively. Scale bars are 200 um.
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In addition to the diffusive transport of growth factors, vascular
fluid flow drives the mass transfer of biomolecules and proteins
throughout tissues.!?®] This convective transport of fluid through
tissue ECM (interstitial flow) and into the lymphatics facilitates
the percolation and drainage of extracellular fluid and solutes
via the lymphatics to maintain hydrostatic and oncotic pressure
homeostasis in tissues.”! Our microfluidic platform enables
us to mimic this convective transport by introducing a hydro-
static pressure imbalance between media channels (Figure 2a),
which drives flow across the compartmentalized ECM region.
Furthermore, we measured the interstitial fluid velocity as a func-
tion of the hydrostatic pressure difference and thereby calcu-
lated the hydraulic permeability of the fibrin-based ECM (Figure
S1b, Supporting Information). We determined the pressure dif-
ferences needed to drive interstitial fluid flow at ~1 pm s™! rep-
resenting physiological/homeostatic conditions**! or, at higher
velocities ~#4 pm s~! relevant to an inflamed tissue and tumor
microenvironments.3132]

Control over the biological transport of lymphangiogenic fac-
tors allowed us to screen for the optimal conditions to grow 3D
lymphatic capillaries resembling their native, in vivo morphol-
ogy (Figure 2a). Starting from a confluent monolayer of human
lymphatic endothelial cells at the media-gel interface, growth
factors previously identified as key mediators of developmental
lymphangiogenesis (VEGF-C,[*3] ANG-1,13¥ HGF[**]) were intro-
duced into the opposite media channel to generate a localized
source of factors, that would steadily diffuse toward the lym-
phatic monolayer, resulting in lymphatic sprouting into the cen-
tral ECM compartment. The formation of lymphatic vessels was
imaged for 6 days (Figure 2b), during which morphological prop-
erties such as vessel diameter and lymphatic area of coverage
were quantified. From this characterization, we identified con-
ditions relevant to the vascular morphological values reported
in vivo, such as lymphatic vessel diameters of 10-50 um,*®! and
lymphatic projected area coverage of 15-30%.13-*1] The addition
of lymphangiogenic growth factors, individually or in combina-
tion, consistently resulted in lymphatic sprouts with diameters
well-within in vivo values (Figure S2a, Supporting Information).
However, only the simultaneous addition of all three growth fac-
tors (100 ng mL~! each) led to the full range of values correspond-
ing to in vivo lymphatic vascular coverage area (Figure 2c,e). We
also performed additional experiments with dual combinations
of the growth factors (Figure S3), from which we concluded that
only the application of all three growth factors gives rise to phys-
iological 3D lymphatic vasculature.

In an alternate approach, we introduced interstitial flow to
stimulate the growth of lymphatic capillaries based on previous
work showing that sprouting is induced against the direction of
interstitial flow as it passes from the extracellular space toward
the vascular compartment.l'**2] We considered two interstitial
flow velocities: a low flow (LF) regime corresponding to homeo-
static, physiological conditions (~1 pm s™!) and a high flow (HF)
regime of pathological nature (3-6 um s71).3932 Both LF and
HF elicited lymphatic sprouting during the initial days of cul-
ture, however, the extent of vascular invasion was significantly
greater under HF conditions (Figure 2b,d) with HF matching
more closely the area of coverage found in vivo. Thus, biome-
chanical stimulus, imparted by pathological levels of interstitial
flow, can be exploited as a means to generate tissue-scale lym-
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phatic vasculature (Figure 2d). This finding is in line with in vivo
pathological microenvironments (i.e., a developing tumor or an
inflamed wound site) where a buildup of interstitial fluid pres-
sure, from leaky blood vessels, leads to higher interstitial fluid
flow toward the lymphatics, thus evoking lymphangiogenesis.[*]
We also considered the synergistic effects of biochemical and
biomechanical stimuli using a lower dose (50 ng mL™!) of lym-
phangiogenic growth factors coupled with low interstitial flow
(~1 pm s7!). Interestingly, this approach led to excessive lym-
phangiogenic activity as indicated by hyper-physiological values
for the area coverage (Figure 2b). Moreover, all the diameters re-
mained within the range of in vivo values (Figure S2b, Support-
ing Information), confirming the advantages of this approach for
growing lymphatic capillaries with an appropriate length scale.
We thus identified high interstitial flow, by itself, as the optimal
biomechanical stimulus to achieve physiologically relevant lym-
phatic microvasculature and used this in all subsequent experi-
ments. [tis worth mentioning, however, that alternate conditions
could be further iterated to engineer lymphatic structures with in
vivo morphological properties. Of special interest are the concur-
rent stimuli of growth factors, shear stress, and matrix stiffness
given their extensive interplay during the native formation and
regeneration of lymphatic structures.[*44]

Furthermore, we also observed blind/blunt-ended, small-scale
(=25 um), 3D, and lumenized structures in our engineered vascu-
lature (Figure 1b,c and Figure 2e,f). Subsequent immunostaining
affirmed the expression of lymphatic-specific markers (Figure 1d)
such as lymphatic vascular endothelial receptor-1 (LYVE-1),[4¢]
and the upregulation of transcriptional factor PROX-11*’] each of
which is indicative of in vivo lymphatic features. In assessing the
physiological significance of our vascular platform, it is impera-
tive to underscore the urgent demand for quantitative assays that
extend beyond the limited metrics offered by traditional morpho-
logical evaluations. Complementing this, functional assays and
advanced data analyses are set to enhance the granularity of in
vitro data interpretation and its correlation to the in vivo lym-
phatic system.[**-% Building upon this effort, we continue our
study with significant detail into characterizing the physiologi-
cal functionality of our engineered lymphatics across health and
disease scenarios.

2.2. Engineered Lymphatics Exhibit Solute Drainage Rates
Comparable to In Vivo

The lymphatic system serves an integral role in maintain-
ing tissue homeostasis by clearing excess fluid, plasma pro-
teins, pathogenic agents (antigens), and endo-/exogenous carri-
ers (vesicles/exosomes, therapeutics) from the peripheral tissues
into the systemic circulation!?’! (Figure 3a). Physiologically, these
factors are exchanged between the blood vasculature and the tis-
sue interstitium due to differences in oncotic and hydrostatic
pressure. This biological mass transfer is proceeded by their tran-
sit from the tissue interstitial space toward the lymphatics due
to lower intraluminal concentration and pressure, thus resulting
in lymphatic drainage.®!] In vivo studies quantifying lymphatic
drainage have implemented a similar methodology as the clinical
imaging technique known as lymphoscintigraphy,®?! where the
clearance of an injected radiolabeled or fluorescent tracer from
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Figure 3. On-chip lymphatics recapitulate physiological solute and protein drainage. a) Schematic depicting physiological drainage by lymphatics in
vivo. b) Confocal image of lymphatic drainage in our microfluidic system showing the lymphatic network (RFP expression (red)) and the fluorescent
dextran tracer (green) flowing right-to-left. Scale bar is 100 um. c) Protocol to evaluate drainage rates of our microfluidic system where a hydraulic
pressure difference induces physiological flow toward the lymphatics as the increase of fluorescence signal at the lymphatic media channel is measured
over time. d,e) Quantification of solute drainage rates at an IF speed of ~1 um s~ of dextrans with varying molecular weight (d) or two representative
biological molecules (e) for different experimental settings: bare gel (devoid of cells), lymphatic monolayer (formed on left gel face), 3D lymphatics
formed with growth factors (GF), and 3D lymphatics formed with high interstitial flow (HF). Data shown corresponds to the mean + S.E.M., n = 24
samples (microfluidic devices) per condition, and m = 3 ROl images per sample. Statistical significance is reported with respect to the same molecular
weight tracer/protein (color-guided) in the gel-only system, where *p < 0.05, **p < 0.01 (based on the two-tailed t-test). Highlighted regions correspond
to in vivo values.
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the interstitial space is monitored as it is collected by the lymphat-
ics. Such measurements have been widely implemented for var-
ious in vivo systems (mouse, rat, rabbit) along different dermal
sites and with tracers of different molecular weights, suggesting
clearance rates in the range of ~0.02-0.005 min~!.33-58l

To measure lymphatic clearance/drainage in our in vitro en-
gineered lymphatics, we implemented an approach (Figure 3c),
similar to that previously reported by Tien and colleagues.!*]
Briefly, a hydrostatic pressure difference (x10 Pa) was estab-
lished to drive interstitial flow through the gel matrix and toward
the lymphatics at an average velocity of 1 um s™', correspond-
ing to physiological flow conditions (Figure S1b, Supporting In-
formation). Simultaneously, diluted fluorescent dextrans, with
molecular weights representative of soluble interstitial macro-
molecules and proteins, are introduced into the higher-pressure
media channel. As the tracer is transported through the gel com-
partment and drained at the opposite media channel (lymphat-
ics channel), we monitor the increase in fluorescence over time
which is then used to calculate the corresponding solute drainage
rate (Figure 3b,c). We utilized this assay to interrogate differences
in lymphatic drainage for different solutes using four experimen-
tal conditions at the same time point: 1) a cell-free gel, 2) a gel
with a lymphatic endothelial cell monolayer on the left gel face,
3) a lymphatic network formed by growth factors alone, and 4) a
lymphatic network formed by interstitial flow alone.

In the gel system, solute drainage rates fell within or below a
value of 0.005 min~! which barely recapitulates in vivo measured
rates of solute drainage. For additional quantitative insight, we
implemented a scaling analysis to characterize the relative impor-
tance between diffusive and convective transport using the Peclet
number (Pe), a ratio of diffusive to convective time scales:

_u/L _ul

where u indicates the local velocity, L is the characteristic length
of the system, and D denotes the diffusion coefficient of the so-
lute. Considering the interstitial fluid velocity (1 um s™!), width
of the gel region, and varying diffusive coefficients between so-
lutes, we find that Pe ranges from 8-26. Thus, in the gel system,
transport is mostly dominated by convection.

In the lymphatic monolayer system, we observe a significant
drop in solute drainage rate as the molecular weight of the tracer
is increased beyond 10 kDa (p-value = 0.03, 3 kDa vs 70 kDa). This
trend is also observed in previous experiments studying blood
microvascular systems,’*¢°l in which both convective and dif-
fusive transport rates decrease, with increasing tracer molecule
size, as a result of the inherent difficulty of larger molecules to
pass between the small dimensions of the endothelial intercellu-
lar space.®] In fact, while the interstitial fluid continues to travel
at a physiological average velocity throughout the system, the
introduction of the lymphatics as a monolayer in our microflu-
idic system locally imposed an additional barrier for large solute
transport (>10 kDa) which effectively reduced drainage rates to
sub-physiological levels with larger molecules.

Next, we evaluated the drainage rates for the 3D lymphatics,
engineered by lymphangiogenic induction with either growth
factors or high interstitial flow (Figure 3d). For the full range
of dextrans with varying molecular weight, our engineered lym-
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phatic microvasculature achieved physiological levels of intersti-
tial solute clearance, conversely to the other systems (bare gel and
lymphatic monolayer). This can be explained by additional scal-
ing arguments found below in Section 2.3.

We also examined the drainage rates for two biologically rel-
evant proteins: avidin, extensively implemented for therapeu-
tic particle conjugation,® and albumin, the most ubiquitous
plasma protein, responsible for maintaining oncotic pressure
homeostasis in the bloodstream.[®?] The experimental measure-
ments further validated that the bare gel or lymphatic mono-
layer system failed to recapitulate physiological drainage rates for
these proteins (Figure 3e). However, systems that incorporate 3D
lymphatic microvasculature recurrently exhibit protein drainage
rates comparable to the in vivo-measured values (Figure 3e).
Slight differences in drainage rates between avidin and albu-
min could be attributed to electrostatic interactions between the
negatively-charged glycocalyx endothelial layer (Figure S5, Sup-
porting Information) with the opposite charge nature of each pro-
tein (avidin positive, albumin negative).>!

Our comparisons with in vivo data, indeed, highlight similari-
ties in physiological drainage functionality between animal-based
models and our on-chip lymphatics. However, it’s crucial to in-
terpret these measurements within the broader context of in vivo
dynamics observed in both animals and humans. Recognizing
its potential and limitations, this preliminary investigation aims
to establish relevant metrics for lymphatic drainage functionality
and establish a foundation for more specialized in vivo human
studies.

2.3. Transport Phenomena Analysis of Solute Drainage in
Engineered On-Chip Lymphatics

Beyond validating the physiological drainage functionality of our
engineered lymphatics, we sought to elucidate the fundamental
transport phenomena that gave rise to these distinctive drainage
rates. In an effort to dissect differences in transport mechanisms
contributed by the lymphatic endothelium across systems, an
additional solute drainage rate assessment was conducted af-
ter decellularizing the on-chip lymphatics samples (Figure 4a).
From this assessment, we experimentally evaluate if the lym-
phatic endothelium dampens or enhances the clearance of so-
lutes in each system by normalizing the drainage rate of the
initial lymphatic system with its corresponding decellularized
measurement. Such results demonstrated that for the monolayer
lymphatics, the addition of a lymphatic endothelium reduced
drainage as represented by values falling below one when nor-
malizing the original drainage rates by the corresponding decel-
lularized measurements (Figure 4b. Conversely, for both 3D lym-
phatic systems, we observe values greater than one which trans-
lates to increased drainage due to the presence of the lymphatic
endothelium within the 3D vascular structures. These data sug-
gest that a 3D lymphatic endothelial vasculature contributes to
the physiological drainage functionality, beyond just facilitating
an increased vascular surface and additional microchannels for
fluid and solute transport.

Given that our previous assessment is limited to a bulk mea-
surement of interstitial solute drainage, we edified an alternate
approach to characterize the spatial and temporal distribution of
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Figure 4. Drainage of interstitial molecules in on-chip engineered lymphatics. a) Schematic of the experimental protocol to evaluate normalized drainage
rates in our microfluidic systems. An initial solute drainage assay is performed similarly to Figure 3b. After decellularization of the system, a second
drainage assay is run within the same device. This second (decellurized) drainage rate value is utilized to normalize the first drainage rate measurement.
b) Normalized solute drainage rates (relative to their corresponding decellularized sample) for dextrans of varying molecular weight. Experimental
data shown corresponds to the mean + S.E.M., n = 2-4 samples (microfluidic devices) per condition, and m = 3 ROl images per sample. Statistical
significance, between experiments, is reported with respect to the same molecular weight tracer in the monolayer system (color-guided) in the gel-only
system, where *p < 0.05, **p < 0.07, ***p < 0.001 (based on the two-tailed t-test). Computational data shown corresponds to the mean = S.E.M., n
= 3-4 conditions corresponding to iterations in the reflection coefficient-parameter value. c) Axisymmetric 2D computational model for lymphatic and
decellularized solute drainage, developed in COMSOL Multiphysics, depicting the spatial concentration of solutes (representative of 10 kDa dextran
solution) at a time 300 s after the onset of flow from right to left in the transient model, also showing the magnitude of diffusive flux (length of magenta
arrows) permeating outwards from the lumen. d) Schematic of solute transport models for lymphatic or decellularized sprouts where the relative
competition between convective drainage and diffusive leakage are highlighted schematically and quantified by the Peclet number (Pe) for each system.
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solutes during lymphatic collection and drainage. For this, we im-
plemented an in silico model, developed using COMSOL Mul-
tiphysics, which recapitulated the solute drainage assay for an
axisymmetric 2D geometry of a single lymphatic vessel within
the gel region and its decellularized counterpart (Figure 4c). Both
the geometry and experimentally measured transport properties
were taken into account to develop these models (Table S1, Sup-
porting Information). From these simulations, we identified two
major transport events that determined the overall flux of inter-
stitial solutes into the lymphatics. Initially, as solutes enter the
lympbhatic vessel, driven by fluid pressure and concentration dif-
ferences, the intravascular fluid carries solutes at higher flow ve-
locities due to significantly lower hydraulic resistance imposed by
the lymphatic lumen, compared to the ECM-gel region. This un-
derpins the drainage capability of the lymphatic vascular system.
We further validated this observation using scaling arguments
(see Supporting Information section “Scaling Analysis on Lym-
phatic Solute Drainage”) by which we confirm that the hydraulic
resistance of the lumen is 3 orders of magnitude less than the
resistance of the gel region. Thus, driving the local drainage and
collection of interstitial fluid and biomolecules into the distal
lymphatic capillaries. Furthermore, scaling analysis with experi-
mental values validates that the lymphatic endothelium imposes
negligible hydraulic resistance, thus the convective flux of solutes
into the lumen compartment between systems (lymphatic sprout
and decellularized) is of similar magnitude.

Interestingly, as solutes travel faster within these channels
a second phenomenon arises where significant concentration
differences develop in the transverse direction of flow. This
translates into a diffusive flux of molecules that exit the lumen
(which we termed diffusive leakage) that decreases the effective
amount of solutes drained by the lymphatics. While both the lym-
phatic and decellularized models facilitate the entry of intersti-
tial molecules to similar degrees, the presence of a lymphatic en-
dothelium reduces the diffusive leakage (Figure 4c), thereby in-
creasing the drainage rates of all solutes, especially those of high
molecular weight. Thus, providing a thin endothelial barrier that
prevents the diffusive-driven exit of intravascular solutes during
drainage increases the drainage rate of the lymphatic system.

Although the implemented model captures the transport of
just a single lymphatic sprout, we sought to translate these re-
sults to a comparable basis with the experiments. To evaluate the
accuracy of our computational analysis, we monitored concen-
tration variations over time at the outlet during drainage, which
corresponds to the increase in fluorescence in our experimen-
tal system (Figure 3c). Subsequently, we calculated the ratio of
drainage rates between the lymphatic sprout and the decellular-
ized model, similar to the normalized measure from the experi-
mental drainage assay (Figure 4a). By this comparison, we found
a high degree of agreement between our experimental measure-
ments and computational results, across the different systems
and for solutes/tracers of varying molecular weight (Figure 4b);
hence supporting our computational framework to describe the
underlying transport phenomena and parameters that give rise
to the distinctive drainage rates in the experimental system. We
also performed scaling analysis to further support these find-
ings by evaluating the Peclet number with appropriate adjust-
ments to the scaling arguments (see Supporting Information sec-
tion “Scaling Analysis on Lymphatic Solute Drainage”). We calcu-
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lated that the Peclet numbers are in the range of 0.02 to 0.06,
for the decellularized system, and 1.2 to 7, for the lymphatic
sprout model, which implies that the presence of the lymphatic
endothelium is sufficient to shift transport from diffusive to con-
vective dominance when the endothelium is present. (Figure 4e).
This consequently enhances solute drainage rates compared to
bare, empty channels which is also consistent with the normal-
ized drainage measurements presented. We view this analysis as
an extension of the fundamental work by Thompson et al.,!?’]
where they study the design principles that determine lymphatic
drainage by pre-pattering single vessel channels followed by lym-
phatic cell seeding; however, their experimental study was limited
to a single lymphatic-like capillary. In this work, we are able to
confirm that this biological transport phenomenon also applies to
a tissue-scale engineered lymphatic network. Furthermore, these
results provide theoretical insight into how we should rationally
engineer 3D lymphatic tissue vasculature to recapitulate physi-
ological drainage (see Supporting Information section “Blood-to-
Lymphatic Protein Transport Analysis”).

2.4. Immune Recruitment by Engineered Lymphatics is
Coordinated by Inflammatory-Induced Chemotactic Signals

In addition to regulating the transport of diluted proteins and
other macromolecules in the interstitium, the lymphatic vas-
culature is essential for immune cell trafficking during host
immune responses.[®*] In the event of tissue infection and in-
flammation, local stromal cells are activated by pathogenic sig-
nals, such as bacterial lipopolysaccharide, and respond with
the release of inflammatory cytokines including tumor necro-
sis factor-alpha (INF-a), transforming growth factor-f (TGF-
p), interleukins, amongst others.[%] Once the tissue site is
primed by pro-inflammatory signals, innate and adaptive im-
mune cells are recruited by blood and lymphatic endothelial-
secreted chemokines, which then initiates immune activation
and response!?***l (Figure 5a). Thus, in order to adequately study
the signaling and migratory events that lead to the recruitment of
immune cells to the lymphatics, the full range of fluid, protein,
and cellular transport phenomena need to be recapitulated in in
vitro models.

In addition to modeling lymphatic drainage of interstitial pro-
teins, our platform is capable of recreating the pathological mi-
croenvironment that facilitates the intravascular recruitment of
immune cells by the lymphatics. Recombinant-human cytokines
can be introduced into the system to mimic stromal-secreted
inflammatory factors. Additionally, immune cells can be intro-
duced into the system at the adjacent media channel while es-
tablishing the appropriate hydraulic pressure difference across
the gel compartment to impart a pathological level of intersti-
tial flow toward the lymphatic channel (Figure 5b,c). As a model
for immune cell response, we isolated human peripheral blood
mononuclear cells (PBMCs) which include a broad population
of immune cells that are naturally found in the systemic circula-
tion, and are known to extravasate and migrate into the lymphatic
periphery. We can quantify the magnitude of lymphatic-elicited
immune response by counting the number of PBMCs recruited
to the lymphatic channel after 24 hours of induction (Figure 5c).
In initial experiments, PBMCs consistently migrated into the op-
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posite channel at higher numbers for devices incorporating lym-
phatics (high-flow stimulated, growth factor-grown, and mono-
layer), in comparison to the bare gel system (Figure S8, Support-
ing Information). Given such similar trends for lymphatic-based
systems, we focused the rest of our studies on solely high inter-
stitial flow-engineered lymphatics.

To validate the increased lymphatic recruitment of immune
cells under inflammatory conditions, devices with high flow-
engineered lymphatics were treated with TNF-a prior to PBMC
perfusion, in parallel with a set of devices without TNF-a expo-
sure serving as the control. Based on our solute drainage mea-
surements, we also considered decellularized samples to deter-
mine if the increased infiltration is solely due to changes in
the physical structure of the matrix, by the invading lymphatic
sprouts, which could then facilitate the migration of the immune
cells. Results from this set of experiments validated that, under
inflammatory stimulus (ITNF-a pre-treatment), lymphatics sig-
nificantly increase the recruitment of PBMCs (Figure 5d). Addi-
tionally, decellularized samples consistently exhibited lower in-
filtration numbers regardless of whether the devices were pre-
conditioned or not with TNF-a. To further examine the prefer-
ential migration and infiltration of PBMCs, confocal imaging of
the gel region was done to visualize the spatial distribution of
PBMCs immediately after performing the infiltration assay. Both
images and quantitative data indicate that PBMCs where prefer-
entially localized closer to the media region where they are intro-
duced, for all conditions except the TNF-a-stimulated lymphat-
ics (Figure Se). For the latter, the highest population of PBMCs
corresponded to the region co-localized with lymphatic vessels.
These data suggest that, under inflammatory stimulus, our on-
chip lymphatics provide directional cues that elicit the preferen-
tial migration and infiltration of PBMCs.

Immune cell recruitment to specific sites is guided by
chemokines.|®] These chemotactic cytokines provide coordi-
nated delivery of cell-secreted ligands to specific immune cell
surface receptors!®®! (Figure 6a). Among the most studied im-
mune chemotactic pathways involve the lymphatic secreted lig-
ands CCL21 and CCL19 that attract immune cells via their
CCRY7 receptor in various pathological conditions including
immunogenic response and cancer metastasis,*~°! and stro-
mal/endothelial secreted CXCL12 that coordinates the homing
of immune cells for immune maintenance and development by
their CXCR4 surface receptor.l’®’!l To determine if these recep-
tors are elicited during inflammatory immune recruitment in our
tissue-engineered system, we performed receptor-blocking ex-
periments by incubating PBMCs in a buffer solution (containing
CCR7 and/or CXCR4 antibodies, or control isotypes), prior to per-
forming the infiltration assay with HF-grown lymphatics stimu-
lated with TNF-a. For this panel of experiments, we observed a
consistent and significant decrease in the number of infiltrated
PBMCs when their cell surface receptors, CCR7 and/or CXCR4,

www.advancedscience.com

were functionally blocked, compared to the IgG isotype con-
trol, despite being introduced into devices with inflammatory-
stimulated lymphatics (Figure 6b). Furthermore, analysis of the
spatial distribution of PBMCs within the gel region revealed that
solely for the IgG isotype control samples, the PBMCs preferen-
tially migrated and co-localized at the inflamed-lymphatics region
(Figure S9, Supporting Information). All other samples with neu-
tralizing antibody treatment displayed higher PBMC numbers
closer to the media channel. Thus, the CCR7 and CXCR4 im-
mune cell surface receptors, responsible for immune homing,
are elicited in our engineered pathological model for immune cell
recruitment by the lymphatics in response to local inflammatory
stimulus. However, we anticipate that additional immune cell re-
ceptors are co-activated during the recruitment of PBMCs during
infiltration. As such, future studies to interrogate activated im-
mune chemotactic receptors during lymphatic recruitment can
be performed with our platform.

To comprehensively validate the increased activation and re-
cruitment of PBMCs by lymphatic-secreted chemokines during
inflammation, we quantified cytokine expression by collecting
the supernatant from lymphatic cells cultured under similar ex-
perimental conditions. Quantitative analysis of the cytokine con-
centrations for both experimental conditions revealed a consis-
tent increase in chemokine secretion by the TNF-a-conditioned
lymphatics, with an ~2.5-fold increase for CCL19, CCL21, and
CXCL12 (Figure 6¢). We conclude therefore that the immune sur-
face receptors CCR7 and CXCR4 mediate the increased infiltra-
tion of PBMCs, while lymphatics secrete corresponding ligands
that activate these chemotactic receptors within our inflamma-
tory immune recruitment model.

When considering the physio-/pathological environment by
which these chemokines are secreted into the extracellular space,
most of them remain soluble as passive transport drives their
spatial distribution from a localized source toward lower con-
centration regions.”>7# Thus, facilitating graded chemical con-
centrations that provide homing and directional cues for the di-
rected migration and recruitment of the immune cells to a spe-
cific tissue or vasculature.[”>7¢] But we wondered if the intersti-
tial flow generated under pathological conditions might impede
chemokine diffusion in the opposite direction, thereby prevent-
ing the chemokine gradient from influencing the PBMCs. We,
therefore, sought to demonstrate that these chemotactic condi-
tions could be established and maintained in the presence of high
interstitial flow toward the lymphatics. To address this question,
we turned to our computational lymphatic drainage model, incor-
porating the migrating PBMCs as solid (impermeable) spheres
embedded in the gel region. Based on a quasi-steady state ap-
proximation (supported by scaling arguments, Supporting Infor-
mation), we computed the concentration gradients of lymphatic-
secreted chemokines (Figure 6d). The numerical results indicate
that the spatial distribution of the chemokine, although skewed

region of interest (ROI). d) Quantitative analysis of the PBMCs that reach the lymphatic region performed on high-flow engineered lymphatics with
certain devices stimulated with TNF-a and/or decellularized. Data shown corresponds to the mean + S.E.M., n = 3—4 samples (microfluidic devices) per
condition, and m = 3 ROl images per sample. Statistical significance system significance is reported with respect to the TNF-a stimulated lymphatics,
where *#p < 0.01, ***p < 0.001, ****p<0.0001 (based on the one-way ANOVA test). e) Representative images and quantitative heat map analysis (below
the image) correspond to PBMC distribution (green) within the gel region for each experimental condition. The table columns for L, C, and P correspond
to the gel region with lymphatics, central gel region, and region adjacent to where the PBMCs are introduced, respectively.
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Figure 6. Flow-induced concentration gradient of chemotactic factors facilitates immune recruitment by on-chip lymphatics. a) Schematic diagram
of the chemotactic signaling axes that recruit immune cells via concentration gradients of the corresponding chemokines during an inflammatory
response. b) Quantitative analysis from the PBMCs infiltration assay performed on high-flow engineered lymphatics stimulated with TNF-a and with
corresponding conditions of PBMCs reconstituted in neutralizing antibodies or IgG isotypes. Data shown corresponds to the mean = S.E.M., n = 3-4
samples (microfluidic devices) per condition, and m = 3 ROl images per sample. Statistical significance is reported with respect to the experimental
condition with PBMCs reconstituted in |gG isotypes, where ***p < 0.001, ****p < 0.0001 (based on the one-way ANOVA test). c) Quantitative analysis
of cytokine secretion from supernatant collected from lymphatics grown under interstitial flow with one experimental group pre-conditioned with TNF-a.
Data shown corresponds to the mean + S.E.M., n = 2 samples (cytokine detection spots). Arrows indicate the corresponding immune cell receptors
in accordance with the color from the previous graph. d) Computational model results for lymphatic chemokine transport, developed in COMSOL
Multiphysics, illustrates the steady-state normalized concentration of chemokines. Grey-filled circles represent PBMCs as impermeable objects in the
gel domain. Green, dashed line indicates the line probe from which the concentration plot €) is generated showing differences in secretion rate by
untreated (control) lymphatics and TNF-a-stimulated samples.
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by the high interstitial flow speeds (consistent with a Peclet num-
ber ~ 10),l”7] follows a concentration gradient leading toward
the lymphatics (Figure 6e). From the cytokine array analysis, we
found that the chemokines of interest are secreted at a 2.5x in-
creased rate for inflammatory-stimulated lymphatics. We applied
this relative increase to the flux of species by the lymphatic sprout
in our model to which we found a significantly steeper profile in
the concentration gradient of the chemokines (Figure 6e). As ex-
tensively studied in vitro,”®# such an increase in spatial gradi-
ents of chemotactic factors results in faster and more persistent
migration patterns by immune cells, which is in line with our
experimental findings that higher numbers of immune cells in-
filtrate our inflamed lymphatics model.

3. Conclusion

In this work, we address the need for a physiologically rele-
vant in vitro model that recapitulates critical aspects of the in
vivo lymphatics, including their tissue architecture and phys-
iopathological functionality. For this purpose, we implemented
a microfluidic-based cell culture system that allowed us to com-
partmentally culture lymphatic endothelial cells under the appro-
priate biological stimuli to induce their natural self-organization
into in vivo-like capillaries. Furthermore, we leveraged the capa-
bilities of our microfluidic system to recreate the biological trans-
port of fluid, interstitial solutes, and immune cells which allowed
us to perform functional assays with the on-chip engineered lym-
phatics. On the basis of these studies, we successfully recapitu-
lated lymphatic in vivo functions pertaining to their physiological
solute drainage and immune-lymphatic pathological response.
Such results support the use of our microphysiological platform
for pre-clinical applications that would be technically challeng-
ing to perform with in vivo models, such as characterizing lym-
phatic absorption of subcutaneously delivered therapeutic an-
tibodies and screening immunogenic response of genetically-
modified immune cells that transit across the lymphatic inter-
face to reach their corresponding cellular target. Building upon
our novel techniques, we anticipate future studies that will fur-
ther narrow the technological gap between in vitro models and
human-based in vivo conditions, thereby establishing the foun-
dation for the clinical translation of such microphysiological
systems.

4. Experimental Section

Microfluidic Device Design and Preparation: The microfluidic device
was based on earlier designs from the labl®1-83] with three, parallel fluid
channels. The middle channel was lined by a series of trapezoidal posts
at the edges adjacent to the other fluid channels. These provide adequate
surface tension to facilitate the compartmentalization of the injected extra-
cellular matrix in the middle region. The side channels were then utilized
as medium channels that allow the exchange of nutrients and metabolic
waste, as well as to supply growth factors at specific boundaries of the
gel region. Additionally, the length scales of the system were optimized
to facilitate lymphatic vascularization in the middle, gel channel. The dis-
tance between media channels, which defines the width of the gel region,
is 1.2 mm — sufficiently short to allow the steady diffusion of growth factors
from one media channel to the other within several hours, while providing
sufficient distance for the lymphatic cells to generate vascular sprouts in
the gel region.[81] On a similar basis, a width of T mm was set for the me-
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dia channels. The device height, 300 um, was chosen to maximize the 3D
space of lymphatic vascularization, while still facilitating high-resolution
confocal imaging. Finally, the length of the media-gel interface was ex-
tended to 1 cm to approach a tissue-relevant scale while still maintaining
a small device footprint.

Microfluidic devices were fabricated by soft lithography from SU-8
coated silicon molds similarly to previous protocols.34! Briefly, molds
were prepared by photopolymerizing a 300 um thick SU-8 photoresist
(Micro-Chem, USA) on the silicon wafer. After developing the SU-8 layer,
the wafer was silanized overnight in a vacuum desiccator to facilitate the
passivation of the surfaces, thus preventing PDMS adhesion during re-
moval. A 10:1 mix of PDMS (Sylgard 184, Ellsworth Adhesives, USA) and
curing agent was then poured onto the mold, allowed to degas in a desic-
cator for 30 min, and polymerized at 70 °C for at least 2 hrs. PDMS was
then removed from the mold and cut into individual devices. Scotch tape
was used to further clean the surface of the device removing dust and par-
ticulates. To allow upper access to the fluid channels, ports were punched
using a 1.2 mm biopsy punch for the gel channel, and a 6 mm or 4 mm
biopsy punch for the media channels in devices used to grow the lym-
phatic microvasculature via growth factors or interstitial flow, respectively.
After dry sterilization of the devices, the surface was treated with plasma
(Harrick Plasma, USA) for 90 s, and then bonded to a coverslip slide. Af-
ter plasma bonding, devices were left overnight to recover hydrophobicity
and kept sterile until use.

Cell Culture: Human dermal lymphatic microvascular endothelial cells
(CC-2543, HDLMEC, Lonza, USA) were cultured in Vasculife Endothe-
lial Medium (Lifeline, LL-0003) supplemented with 6% FBS (Invitrogen).
HDLMEC were transduced to express cytoplasmic RFP using LentiBrite
RFP Control Lentiviral Biosensor (EMD Millipore, 17-10409) as described
by the vendor. Cells were cultured at 37°C and 5% CO, in a humidified
incubator with media replacement every second day. HDLMEC was used
in experiments before reaching confluence, between passages 6-8.

Growth Factors, Fluorescent Tracers, and Antibodies: ~ All reagents were
reconstituted to a stock solution as recommended by the correspond-
ing vendor, and then diluted to desired concentrations. Vascular en-
dothelial growth factor-c (VEGF-C, R&D Systems), angiopoietin-1 (ANG-
1, R&D Systems) and hepatocyte growth factor (HGF, Peprotech) were
all used at a 100 ng mL~" dilution in the cell culture medium for speci-
fied experimental conditions. Immunostaining of the lymphatic vascula-
ture was performed using PE-conjugated anti-human podoplanin (Biole-
gend), Alexa Fluor 647-conjugated anti-human lymphatic vessel endothe-
lial receptor-1 (LYVE-1,R&D Systems) or Alexa Fluor 488-conjugated anti-
human laminin (R&D Systems) to image the cell surface and DAPI (Invit-
rogen) or Alexa Fluor 594-conjugated anti-human Prox1 (Biolegend) to im-
age cell nuclei at a 1:100 and 1:1000 dilution from stock in washing buffer
(0.5% BSA/DPBS), respectively. For diffusive and convective transport
measurements, fluorescent dextran: 3 kDa-Cascade Blue (Thermofisher),
10 kDa-Cascade Blue (Thermofisher), or 70 kDa-Fluorescein (FITC, Ther-
mofisher) was supplemented in the cell culture medium at concentration
of 100 uyg mL~". In a similar set of experiments, Fluorescein-conjugated
avidin (Thermofisher) or Alexa Fluor 647-conjugated albumin from bovine
serum (Thermofisher) was introduced into the system at a concentration
of 100 ug mL~". For neutralizing antibody experiments, PBMCs were incu-
bated in a buffer solution with their respective antibody blocker at a con-
centration of 5 ug mL™": human CCR7 antibody (MAB197-SP, R&D), hu-
man CXCR4 antibody (MAB172-SP, R&D), and a combine human 1gG,,
and 1gG,g isotype control (MAB003 and MAB004, R&D).

Device Seeding and Microvascular Culture: Fibrinogen from bovine
plasma (Sigma) was dissolved for at least 3 h at 37 °C in Dulbecco’s
Phosphate-Buffered Saline (DPBS, Lonza) at 5 mg mL™', twice the fi-
nal concentration. A thrombin (Sigma) stock solution was made at 100
U mL™"in 0.1% w/v bovine serum albumin (BSA) solution and stored at
—70 °C. Thrombin was diluted in Vasculife Endothelial Basal Medium to a
concentration of 4 U mL™". Solutions were mixed via pipetting, over ice, in
a tissue culture hood at a 1:1 ratio to produce a fibrin solution with a final
fibrinogen concentration of 2.5 mg mL™'. The mixture was then pipetted
into the device using the gel filling ports. Devices were placed in a humidi-
fied enclosure and allowed to polymerize at room temperature for 15 min.
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Human Plasma Fibronectin (EMD Millipore) was diluted to a concen-
tration of 100 ug mL~" in DPBS, prior to being injected into one of the
media channels where the HDLMEC would be seeded in order to facil-
itate their adhesion to the walls of the device. While the devices were
left incubating with the fibronectin solution for at least 30 min, HDLMEC
were trypsinized (Lonza, USA) and resuspended to a concentration of
3 x 10° cells mL~1. After incubation, fresh media was introduced into
the fibronectin-coated channels and aspirated, followed by perfusion of
30 pL of the cell suspension into the channel. Immediately after cell seed-
ing, devices were tilted by ~120° and incubated for 15 min to facilitate
the adhesion of cells on the gel-media interface. Subsequently, devices
were returned to their original position and fresh media was supplemented
into the remaining media channel devoid of cells. A pressure difference of
~10 Pa (1 mmH,0) was established between media channels with flow
directed from the lymphatic media channel toward the opposite media
channel to further assist the accumulation of cells at the interface. Af-
ter 24 h of culture under these conditions, a confluent monolayer of lym-
phatic endothelial cells forms at the gel media interface, and the remaining
unattached cells are aspirated.

Following the formation of a confluent lymphatic monolayer
(Figure 2a), ~350 pL plain Vasculife Endothelial Medium was replenished
in the lymphatic media channel. To stimulate lymphatic sprout formation
into the 3D gel region, ~350 uL of cell culture medium supplemented
with the specified growth factor was added to the adjacent media channel
and replenished on a daily basis for up to 6 days. Previous dose-response
experiments were also performed (data not shown) for the concentration
of growth factors, from which we identify a concentration threshold
(100 ng mL~"), above which lymphatic sprouting is not significantly
improved during the course of the experiments. For experiments where
interstitial flow was implemented to stimulate lymphatic sprouting, a
pressure head difference was applied using disposable 10 mL luer-slip
syringes (Kinesis) cut at the 4 mL label, then dry sterilized. Once the
lymphatic monolayer was generated, syringes were gently press-fit into
the media ports and media was added to the reservoirs accordingly to
the desired pressure difference (either 100 or 10 Pa for high flow (HF)
and low flow (LF), respectively) and interstitial flow velocity (Figure
S1b, Supporting Information). This simple reservoir setup was critical
for our flow experiments. Due to its larger cross-sectional area (1 cm
diameter), it accommodates large volumes of media which in turn
provides higher precision for establishing pressure differences across the
gel while maintaining the hydraulic pressure head for long periods, with
minimal pressure loss over a 24-hr period (<10%). As such, the pressure
difference only had to be re-established on a daily basis

Immunofluorescence Staining, Imaging, and Quantification:  Growth of
the lymphatic vasculature was measured every other day over a course of
6 days by taking epifluorescence images of their RFP signal on a Nikon
Eclipse Ti-S (Nikon Instruments, USA) at 4x with a numerical aperture of
0.13. These parameters permit an imaging thickness of 25 um,[#] which
is similar to the thickness of histological sections used to quantify in vivo
lymphatic morphology.[®¢] The Lymphatic Vessel Analysis Protocol-plugin
in Image] (NIH) was utilized to measure morphological properties under
the same protocol as implemented for lymphatic capillaries from tissue
cryosections.!¥’] The area of coverage was quantified from binarized im-
ages that showed the relative area within the gel invaded by the lymphat-
ics. Vessel diameter was measured at 2 to 3 locations along each sprout,
for a total of 5-20 sprouts per imaged area (depending on the number of
available sprouts to measure accordingly to experimental condition). For
immunofluorescence imaging, cells were fixed with 4% paraformaldehyde
(Electron Microscopy Sciences) for 15 min, followed by permeabilization
with 0.01% Triton X-100 (Sigma) for 10 min. Subsequently, blocking was
performed with 5% BSA (Sigma) and 3% goat serum (Sigma) for 1 hr at
room temperature. All the reagents were diluted in DPBS. Cells were then
incubated overnight at 4 °C with a corresponding protein-antibody of in-
terest. After incubation, the samples were washed 5x with washing buffer
and stored at 4 °C. Confocal images were acquired with IX81 microscope
(Olympus) equipped with Fluoview FV1000 Software (Olympus).

Diffusion, Interstitial Flow, and Hydraulic Permeability Assessment: For
characterization of the intrinsic transport properties of the gel, device gel
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seeding was followed as specified in the previous section but without the
addition of cells and left to incubate overnight. Cell culture media supple-
mented with 70 kDa-FITC dextran was added to one of the media channels
and the middle, gel region was imaged at specified time intervals on a
confocal microscope (Olympus FV-1000) with custom enclosure for tem-
perature and atmosphere control. Fluorescent signal obtained from the
images depicted changes in the concentration profile over time due to dif-
fusive transport of the molecules across the gel. Images were taken at the
midplane with a 10x objective, then analyzed using Image) (NIH) to extract
the fluorescence intensity profile across the width of the gel channel. Com-
putational simulations were performed to obtain the diffusion coefficient
of the tracer within the gel region (Supporting Information).

To quantify interstitial fluid velocity corresponding to the established
pressure difference across the gel, a variation of the Fluorescence Re-
covery After Photobleaching (FRAP) technique was implemented as pre-
viously reported.[8] Devices were perfused with 70 kDa-FITC dextran-
supplemented media and left overnight to ensure its uniform distribution
throughout the gel. Subsequently, 3 to 5 small regions of interest (ROIs)
30 um in diameter were photobleached by setting the confocal laser power
to 100% for ~/5 s within the gel matrix. Time-lapse images were captured at
10x immediately after photobleaching every 1.5 s. By measuring the trans-
lation of the photobleached spot centroid using the Matlab frap_analysis
plugin,!3%] we extracted the interstitial fluid velocity at each pressure head
difference. This assumes that: (1) the tracer molecule is small compared
to the pore size of the fibrin matrix,[*°] and (2) the flow field is uniform,
which is also valid since the length scale of the gel compartment is or-
ders of magnitude greater than the distance over which the velocity varies
close to the device wall (w, h >> K %3); thus, the flow velocity is nearly
uniform across the gel, falling to zero over the small distance K %3 at the
device walls.[°"l This measurement was repeated as the pressure differ-
ence was increased to obtain an experimental trend between the pressure
offset (Ap) and interstitial flow velocity (v) to confirm the linear relation-
ship (Darcy’s Law — Equation 2), and determine the hydraulic permeability
of the gel (K) given by:

wuyv
Ap

K =

)

where w indicates the length over which the pressure drop is imposed (gel
channel width), and u corresponds to the fluid viscosity taken as 0.78 cP
from previous studies.[*?]

Lymphatic Solute Drainage Rate Assessment: A solute drainage assay
was implemented based on previous in vivo techniques and adapted for
in vitro models.[2093] On day 4 post-seeding/culture, media supplemented
with a fluorescent tracer was introduced into one of the media chan-
nels to establish a hydraulic pressure difference between media channels
and drive flow through the gel at an average interstitial fluid velocity of
~1um s, thus recapitulating physiological flows toward the lymphatics.
Once the fluorescence intensity in the downstream media channel begins
torise, following a period of time (typically ~10 min) allowing the tracers to
reach the lymphatic network, a series of 4 ROls at the media channel (ini-
tially solute-free) are imaged as a confocal stack throughout the full height
of the device (4 slices at 80 um) at 10x every 2—4 min for up to 12 min to
determine average fluorescent intensity over time. Additional images were
acquired for the source channel, where the fluorescently-conjugated so-
lutes are originally introduced. The average fluorescence intensity of each
corresponding ROl was extracted using Image)-based quantification and
used to calculate the solute drainage rate:

. Al, 1
Solute Drainage Rate = — — (3)
At 1,

where Al, indicates the increase in the average fluorescence intensity
within the lymphatic vasculature over a time interval (At), and [ is the
average intensity in the source channel. A fundamental assumption im-
posed by this metric is the linear increase in fluorescence intensity as the
tracer drains into the lymphatic channel. Measurements from this assay
by Tien and colleagues!?%] and our study (Figure S4, Supporting Informa-
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tion) validate a nearly linear trend in the fluorescence signal, correspond-
ing to convection-dominated transport of solutes into the lymphatic chan-
nel. However, we are measuring under transient non-equilibrium condi-
tions, thus fluctuations in the solute drainage rate can still arise through-
out the duration of the assay. To validate the accuracy of our estimate, we
implemented our computational model (see Supporting Information Sec-
tion) to monitor the increase in concentration in the outlet until reaching
saturation. Simulation results confirm that by just calculating the average
solute drainage rate from the initial 10 min right after the tracer reaches
the lymphatic channel, we are able to approximate the mean value from
the overall variations in drainage rate (Figure S7, Supporting Information).

For devices containing lymphatic endothelial cells, an additional solute
drainage rate assessment was conducted after decellularizing the system.
This was done by washing away the cells with a detergent solution of 1%
Triton X-100 in DPBS for 10 min immediately after the first solute drainage
measurement, followed by washing the previous fluorescent tracer using
DPBS for 5 min. All the washing steps were done under a slight pres-
sure head difference (~10 Pa). Solute drainage rate measurements were
repeated with decellularized devices to determine the relative difference
between measured values prior to and post-lymphatic decellularization.
From supplemental experiments, no significant differences are observed
in the transport properties of the ECM after decellularization with a solu-
tion of 1% Triton X-100 (Figure S10, Supporting Information).

Lymphatic Diffusive Permeability and Hydraulic Conductivity Assessment:
To quantify diffusive transport across the lymphatic endothelium, a diffu-
sive permeability assay was implemented based on previous protocols.[°]
Briefly, devices were carefully perfused (avoiding pressure imbalances that
could skew diffusion across the gel) with a fluorescent tracer at the lym-
phatic media channel, and allowed to diffuse from the main channel to the
lymphatic vessels, and finally through the endothelium. During the latter,
confocal z-stacks of >100 um thick were collected in steps of 5 pm and
at time intervals of 2 min. Considering the principle of mass conserva-
tion (Equation 4), the diffusive flux (N4) of the solutes from the lymphatic
endothelium into the gel region can be quantified by taking the temporal

derivative of the total concentration (C) in the gel control volume (V,):

9
Ny==
a Jy,

Cdv = A,P,AC )

Since the total diffusive flux is driven by the concentration difference
(AC) across the surface area of the vasculature (A;), and assuming that
the fluorescence intensity is linearly proportional to the concentration of
the fluorescent tracer, the diffusive permeability of the endothelium (P,)
can be computed from:[]

Al 1 g
Po= T T % %)
At 1 —lg; A

<

where Al, is the increase of average fluorescence intensity in the gel region
after a given time interval (At), respectively, and /,; and I,; indicate the
initial, average fluorescence intensity within the lymphatic vasculature and
gel volume, respectively. This measurement was repeated at 3 locations
per device for fluorescent tracers of varying molecular weight.

Fluid transport across the lymphatics was characterized in terms of en-
dothelial hydraulic conductivity. For this assessment, interstitial flow ve-
locities (v) in devices with lymphatics were measured at the same pres-
sure head differences (Ap,,,) used for the estimation of the hydraulic
permeability. Following these measurements, and recognizing that the
major sources of hydraulic resistance (ratio of differential pressure and
volumetric flow rate) in the system originate from the gel and lymphatic
endothelium,[#2] the mean differential pressure across the endothelium
(Ap,.) can be estimated by:

w* uv

r ©)

Apec = Aptota/ -
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where the differential pressure across the gel is governed by Darcy’s Law,
as previously described. A corrected average gel width (w*) is imple-
mented here to account for the reduced gel area due to endothelial in-
vasion, in cases where we have 3D lymphatic sprouts. This was done by
performing confocal imaging to measure the volume and surface area con-
tributed by the lymphatics in the gel region. Subsequently, by estimating
the mean pressure drop contributed by the endothelium, the Starling equa-
tion could be applied to establish the proportionality between the pressure
difference and fluid flux across the lymphatics, known as the hydraulic con-
ductivity (L,), by which the previous assumptions we estimate an effective
hydraulic conductivity:

L,=—— 7
P Ape “)
where the oncotic pressure contribution is neglected assuming nearly ho-
mogenous concentration of solutes throughout the system. This quan-
tification was performed for each configuration of the microfluidic sys-
tem (monolayer, growth factors- and interstitial flow-grown lymphatics).
All transport parameters were measured and utilized for the simulations
are listed in Table S1 (Supporting Information).

Immune Cell Isolation and Recruitment Assessment: Human blood col-
lected from healthy donors (Research Blood Components, Massachusetts,
USA) with anticoagulant sodium citrate, was mixed at a ratio of 1:1with a
buffer solution, consisting of DPBS supplemented with 0.1% BSA (Sigma)
and 1 mm of ethylenediaminetetraacetic acid (ThermoFisher), and care-
fully layered over Ficoll Paque Plus (Sigma) in a Corning 50 mL centrifuge
tube. Then, the layered blood samples were centrifuged at 400 rcf for
35 min. Following centrifugation, the upper layer, consisting of plasma,
was removed by aspiration, and the remaining buffy layer (containing
PBMCs) was transferred to a separate centrifuge tube. Additional purifi-
cation from any remaining platelets was performed by diluting the iso-
lated PBMCs in buffer solution supplemented to the remaining volume
of the 50 mL tube, and centrifuging the resuspended cells at 250 rcf for
10 min. Platelets mostly remained in the supernatant, which was aspi-
rated, and PBMCs remained agglomerated at the bottom. This final step
was repeated twice, as recommended by the standard isolation proto-
col to yield >90% of PBMC purity. All isolation procedures were done at
room temperature. Immediately after purification, PBMCs were stained
with Cell Tracker Green CMFDA Dye (Invitrogen) at a 10 um concentration
for 10 min, followed by washing with the buffer solution, and resuspended
in cell culture media to a final concentration 1x 108 cells mL~". For recep-
tor blocking experiments, an additional incubation step was implemented
before the final resuspension step, with PBMCs incubated in the buffer
solution containing CCR7 and/or CXCR4 antibodies, control IgG antibod-
ies or no treatment for 30 min. After the final resuspension, 200 pL of the
PBMC solution (~200 000 PBMCs) was perfused into the media chan-
nel devoid of lymphatic cells in devices at day 4 of cell culture. For some
cases, devices were pre-treated with 20 ng mL™! of TNF-a (Peprotech)
overnight. Prior to PBMC perfusion, any remaining TNF-a was washed
away to ensure that inflammatory stimulus was solely applied to the lym-
phatics. Once the PBMCs were introduced into the devices, a hydraulic
pressure head was established to drive flow toward the lymphatic chan-
nel at pathological interstitial fluid velocities (%4 um s~), as estimated
in inflamed tissues.[31:32] Following 24 hrs of this assay, epifluorescence
images were acquired at the lymphatic channel, and the total number of
PBMCs was quantified using the TrackMate-plugin in Image] (Figure 5c).
Additional imaging was done with fixed devices which included confocal
imaging of the gel region to visualize the spatial distribution of PBMCs.
Quantitative analysis of the images was performed by subdividing the gel
into three equally-spaced regions along its width (Figure 5e) and measur-
ing the average fluorescence intensity of each region which correlated with
the density of immune cells.

Chemokine Secretion Analysis:  Chemokine expression was quantified
by collecting the supernatant from lymphatic cells cultured under exper-
imental conditions similar to those for the immune recruitment assay.
Prior to collection, lymphatic endothelial cells (~10° cells) were seeded
on a Corning Transwell Membrane Inserts with 0.4 um pores (Sigma). Af-

2302903 (15 of 1 7) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85UB017 SUOLULLOD AII8.1D) 3[cfed! [dde U Aq pauenob 86 S9ILE VO ‘SN J0 S9|NI 0} Aiq1T 8UIUO /8|1 U (SUONIPUOD-PUE-SWSIALIY A8 | 1M Akeiq | Ul |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[7202/T0/20] U0 Akeiqiauliuo A8|IM 'seoiAls Akiqi TON uopuo 86|10 AIsIBAIUN AQ £06205202 SAPR/Z00T 0T/I0P/LI0Y A8 | AReiq 1 puljuo//Sdny Woiy pepeojumod ‘0 ‘vi8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

ter 24 hrs of culture, a lymphatic monolayer was established on the tran-
swell insert, and 1 mL of fibrin gel was injected on top of the monolayer
and allowed to polymerize. Subsequently, cell culture media was added to
the top of the gel inducing interstitial flow (%4 um s~') toward the lym-
phatics with one of the transwell having cell culture media supplemented
with 20 ng mL™" of TNF-a. Following 24 hrs of culture under these con-
ditions, the supernatants were collected and assayed in a Proteome Pro-
filer Human Chemokine Array (ARY017, R&D systems) following manu-
facturer’s protocol. Chemiluminescent imaging was performed using Al-
pha Innotech (USA), and the generated images were analyzed using the
Protein Array Analyzer-plugin in Image).

Statistical Analysis: ~ Statistical analysis was done in Graphpad Prism
(Graphpad, USA). All data shown represent experiments with n = 2—4 in-
dividual devices per condition. Reported values correspond to averages
over these devices with error bars representing the standard error of the
mean. A two-tailed t-test was used when comparing the difference be-
tween two groups, while comparisons for multiple groups were analyzed
by ANOVA followed by a Tukey post-hoc test. All tests resulting in a p-value
less than 0.05 were considered statistically significant and were grouped
as *p < 0.05; **p < 0.07; ***p < 0.001; ****p < 0.0001; ns (not signifi-
cant), p > 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors would like to thank Prof. Alan Grodzinsky, Prof. Ming Guo,
and members of the MIT Mechanobiology lab for insightful discussions
about this work. J.C.S. is supported by an NSF Graduate Research Fellow-
ship. M.R.G. was supported by a Canadian Institutes of Health Research
Postdoctoral Fellowship. E.M. acknowledges financial support by Lever-
hulme Trust Research Project Grant (RPG-2018-443), Biotechnology and
Biological Sciences Research Council (BB/V001418/1) and Engineering
& Physical Sciences Research Council (EP/W009889/1). R.D.K. acknowl-
edges funding from the National Science Foundation Science and Technol-
ogy Center for Emergent Behaviors of Integrated Cellular Systems (CBET-
0939511) and from the National Cancer Institute (UOTCA214381). The au-
thors also acknowledge the Swanson Biotechnology Center at the David
H. Koch Institute for Integrative Cancer Research for the exceptional core
facilities and the MIT Biomicro Center for providing access to COMSOL
software. Schematic figures were created with BioRender.

Conflict of Interest

R.D.K. is a cofounder of AIM Biotech which markets microfluidic systems
for 3D cell culture. R.D.K. also receives research support from Amgen,
Roche, Boehringer Ingelheim, Glaxo-Smith-Kline, Novartis, Takeda, Eisai,
Visterra Merck EMD Serono and AbbVie.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

immune cells, lymphatics, microfluidics, tissue engineering, transport
phenomena

Received: July 17, 2023
Revised: September 17, 2023
Published online:

Adv. Sci. 2023, 2302903

www.advancedscience.com

(1]
(2]
(3]
(4]
(3]
(6]

7]
(8]
9]
(10]

!

[12]

[13]
(14]
[13]
(16]

(17]
(18]

(19]

(20]

[21]
(22]

(23]

(24]
(25]
(26]

(27]
28]
(29]
(30]
(31]
(32
(33]
(34]

35]
(36]

(37]
(38]

(39]

[40]

J. E. Moore, C. D. Bertram, Annu. Rev. Fluid Mech. 2018, 50, 459.

W. L. Olszewski, Lymphat. Res. Biol. 2003, 1, 11.

A. T. Krishnamurty, S. J. Turley, Nat. Immunol. 2020, 21, 369.

K. T. Campbell, E. A. Silva, Adv. Healthcare Mater. 2020, 9, 2000895.
S. Liao, P. Y. Von Der Weid, Semin. Cell Dev. Biol. 2015, 38, 83.

S. A. Stacker, S. P. Williams, T. Karnezis, R. Shayan, S. B. Fox, M. G.
Achen, Nat. Rev. Cancer 2014, 14, 159.

T. Tammela, K. Alitalo, Cell 2010, 740, 460.

C. P. Ng, C.-L. E. Helm, M. A. Swartz, Microvasc. Res. 2004, 68, 258.
D. O. Miteva, ). M. Rutkowski, J. B. Dixon, W. Kilarski, J. D. Shields,
M. A. Swartz, Circ. Res. 2010, 106, 920.

P. R. Norden, A. Sabine, Y. Wang, C. S. Demir, T. Liu, T. V. Petrova, T.
Kume, Elife 2020, 9, e53814.

M. Brown, L. A. Johnson, D. A. Leone, P. Majek, K. Vaahtomeri,
D. Senfter, N. Bukosza, H. Schachner, G. Asfour, B. Langer, R.
Hauschild, K. Parapatics, Y.-K. Hong, K. L. Bennett, R. Kain, M.
Detmar, M. Sixt, D. G. Jackson, D. Kerjaschki, J. Cell Biol. 2018, 217,
2205.

S. G. M. Uzel, O. C. Amadi, T. M. Pearl, R. T. Lee, P. T. C. So, R. D.
Kamm, Small 2016, 12, 612.

Y. Zheng, Y. Shao, ). Fu, Nat. Protoc. 2020, 16, 309.

S. Kim, M. Chung, N. L. Jeon, Biomaterials 2016, 78, 115.
C.W.Chang, A. ). Seibel, . W. Song, Microcirculation 2019, 26, e 12547.
S. Lee, H. Kang, D. Park, J. Yu, S. K. Koh, D. Cho, D.-H. Kim, K.-S.
Kang, N. L. Jeon, Adv. Biol. 2021, 5, 2000195.

M. M. Gong, K. M. Lugo-Cintron, B. R. White, S. C. Kerr, P. M. Harari,
D. ). Beebe, Biomaterials 2019, 214, 119225.

J. M. Ayuso, M. M. Gong, M. C. Skala, P. M. Harari, D. . Beebe, Adv.
Healthcare Mater. 2020, 9, 1900925.

K. M. Lugo-Cintrdn, J. M. Ayuso, B. R. White, P. M. Harari, S. M. Ponik,
D. ). Beebe, M. M. Gong, M. Virumbrales-Mufioz, Lab Chip 2020, 20,
1586.

R. L. Thompson, E. A. Margolis, T. ). Ryan, B. J. Coisman, G. M. Price,
K. H. K. Wong, ). Tien, J. Biomed. Mater. Res. Part A 2018, 106, 106.
J. Semo, J. Nicenboim, K. Yaniv, Development 2016, 143, 924.

J. C. Serrano, S. K. Gupta, R. D. Kamm, M. Guo, Annu. Rev. Fluid Mech.
2021, 53, 411.

T. Osaki, J. C. Serrano, R. D. Kamm, Regen. Eng. Transl. Med. 2018, 4,
120.

H. R. Hampton, T. Chtanova, Front. Immunol. 2019, 10, 1168.

H. A. Leddy, F. Guilak, Ann. Biomed. Eng. 2003, 31, 753.

H. A. Leddy, H. A. Awad, F. Guilak, J. Biomed. Mater. Res. 2004, 70B,
397.

J. M. James, A. Nalbandian, Y.-S. Mukouyama, Dey 2013, 740, 3903.
J. M. Rutkowski, M. A. Swartz, Trends Cell Biol. 2007, 17, 44.

T. V. Petrova, G. Y. Koh, Science (80-.) 2020, 369, 6500.

S. R. Chary, R. K. Jain, Proc. Natl. Acad. Sci. USA 1989, 86, 5385.

H. Wiig, M. A. Swartz, Physiol. Rev. 2012, 92, 1005.

H. Wiig, J. Physiol. 2011, 589, 2945.

K. Rauniyar, S. K. Jha, M. Jeltsch, Front. Bioeng. Biotechnol. 2018, 6, 7.
K. Kajiya, H. Kidoya, M. Sawane, Y. Matsumoto-Okazaki, H.
Yamanishi, M. Furuse, N. Takakura, Am. J. Pathol. 2012, 180, 1273.
K. Kajiya, S. Hirakawa, B. Ma, I. Drinnenberg, M. Detmar, EMBO J.
2005, 24, 2885.

K. N. Margaris, R. A. Black, J. R. Soc. Interface 2012, 9, 601.

S. Lutter, S. Xie, F. Tatin, T. Makinen, J. Cell Biol. 2012, 197, 837.
A.-K. B. Maier, S. Klein, N. Kociok, A. |. Riechardt, E. Gundlach, N.
Reichhart, O. Strauf%, A. M. Joussen, Invest. Ophthalmol. Visual Sci.
2017, 58, 1387.

K. Taniguchi, K.-I. Sasaki, K. Watari, H. Yasukawa, T. Imaizumi, T.
Ayada, F. Okamoto, T. Ishizaki, R. Kato, R.-l. Kohno, H. Kimura, Y.
Sato, M. Ono, Y. Yonemitsu, A. Yoshimura, PLoS One 2009, 4, e5467.
Y. Zhang, M. H. Ulvmar, L. Stanczuk, |. Martinez-Corral, M. Frye, K.
Alitalo, T. Mikinen, Nat. Commun. 2018, 9, 1296.

2302903 (16 0‘F17) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85UB017 SUOLULLOD AII8.1D) 3[cfed! [dde U Aq pauenob 86 S9ILE VO ‘SN J0 S9|NI 0} Aiq1T 8UIUO /8|1 U (SUONIPUOD-PUE-SWSIALIY A8 | 1M Akeiq | Ul |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[7202/T0/20] U0 Akeiqiauliuo A8|IM 'seoiAls Akiqi TON uopuo 86|10 AIsIBAIUN AQ £06205202 SAPR/Z00T 0T/I0P/LI0Y A8 | AReiq 1 puljuo//Sdny Woiy pepeojumod ‘0 ‘vi8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(41]
(42]
(43]
(44]
[45]
46]
[47]
48]
[49]

(5]

(51]
[52]

(53]
[54]
5]

[56]

[57]
(58]
[59]
(60]
(61]
(62]
(63]
(64]
(65]
(66]
(67]
(68]

(6]
(70]

Adv. Sci. 2023, 2302903

A. Milasan, F. Dallaire, G. Mayer, C. Martel, Sci. Rep. 2016, 6, 27862.
V. Vickerman, R. D. Kamm, Integr. Biol. 2012, 4, 863.

M. A. Swartz, A. W. Lund, Nat. Rev. Cancer 2012, 12, 210.

X. Geng, Y.-C. Ho, R. S. Srinivasan, Cell. Mol. Life Sci. 2021, 78, 5903.
L. Alderfer, A. Wei, D. Hanjaya-Putra, J. Biol. Eng. 2018, 12, 32.

D. G. Jackson, Apmis 2004, 112, 526.

J. T. Wigle, EMBO J. 2002, 21, 1505.

J. J. Tronolone, A. Jain, Adv. Funct. Mater. 2021, 31, 2007199.

J. ). Tronolone, T. Mathur, C. P. Chaftari, A. Jain, Ann. Biomed. Eng.
2023, 51, 1723.

J. ). Tronolone, T. Mathur, C. P. Chaftari, Y. Sun, A. Jain, Bioeng. Transl.
Med. 2023, 8, e10582.

M. A. Swartz, M. E. Fleury, Annu. Rev. Biomed. Eng. 2007, 9, 229.

N. L. Trevaskis, L. M. Kaminskas, C. ). H. Porter, Nat. Rev. Drug Dis-
covery 2015, 14, 781.

E. Guc, P. S. Briquez, D. Foretay, M. A. Fankhauser, J. A. Hubbell, W.
W. Kilarski, M. A. Swartz, Biomaterials 2017, 131, 160.

D. Brambilla, S. T. Proulx, P. Marschalkova, M. Detmar, J.-C. Leroux,
Small 2016, 12, 1053.

T. N. Doan, F. C. Bernard, J. M. Mckinney, J. B. Dixon, N. J. Willett,
Acta Biomater. 2019, 93, 270.

A. K. Polomska, S. T. Proulx, D. Brambilla, D. Fehr, M. Bonmarin, S.
Brandli, M. Meboldt, C. Steuer, T. Vasileva, N. Reinke, J.-C. Leroux,
M. Detmar, JCl insight 2019, 4, 126515.

P. Zbyszynski, |. Toraason, L. Repp, G. S. Kwon, Nano Converg 2019,
6, 22.

S. Karaman, D. Buschle, P. Luciani, J.-C. Leroux, M. Detmar, S. T.
Proulx, Angiogenesis 2015, 18, 489.

G. S. Offeddu, K. Haase, M. R. Gillrie, R. Li, O. Morozova, D.
Hickman, C. G. Knutson, R. D. Kamm, Biomaterials 2019, 212, 115.
G.S. Offeddu, L. Possenti, J. T. Loessberg-Zahl, P. Zunino, |. Roberts,
X. Han, D. Hickman, C. G. Knutson, R. D. Kamm, Small 2019, 15,
1902393.

A. Jain, K. Cheng, J. Controlled Release 2017, 245, 27.

M. A. Rothschild, M. Oratz, S. S. Schreiber, Hepatology 1988, 8, 385.
S. Liao, T. P. Padera, Lymphat. Res. Biol. 2013, 11, 136.

D. G. Jackson, Front. Immunol. 2019, 10, 471.

C. L. Sokol, A. D. Luster, Cold Spring Harb. Perspect. Biol. 2015, 7,
a016303.

M. D. Turner, B. Nedjai, T. Hurst, D. J. Pennington, Biochim. Biophys.
Acta — Mol. Cell Res. 2014, 1843, 2563.

B. Mitra, R. Jindal, S. Lee, D. X. Dong, L. Li, N. Sharma, T. Maguire,
R. Schloss, M. L. Yarmush, RSC Adv. 2013, 3, 16002.

Y. Wang, D. J. Irvine, Integr. Biol. 2013, 5, 481.

S. Nandagopal, D. Wu, F. Lin, PLoS One 2011, 6, e18183.

B. G. Ricart, B. John, D. Lee, C. A. Hunter, D. A. Hammer, J. Immunol.
2011, 786, 53.

(71]
[72]

(73]
(74]
[75]
(78]
[77)
(78]
[79]
(80]
(81]
(82]
(83]
(84]
(85]
(86]

(87]

(88]
(89]
(9]

(51]
[52]

93]
(94]

www.advancedscience.com

F. Lin, E. C. Butcher, Lab Chip 2006, 6, 1462.

C. M. Mizutani, Q. Nie, F. Y. M. Wan, Y.-T. Zhang, P. Vilmos, R. Sousa-
Neves, E. Bier, J. L. Marsh, A. D. Lander, Dev. Cell 2005, 8, 915.

C. Ruhrberg, H. Gerhardt, M. Golding, R. Watson, S. loannidou, H.
Fujisawa, C. Betsholtz, D. T. Shima, Genes Dev. 2002, 16, 2684.

D. D. Patel, W. Koopmann, T. Imai, L. P. Whichard, O. Yoshie, M. S.
Krangel, Clin. Immunol. 2001, 99, 43.

K. Schumann, T. Limmermann, M. Bruckner, D. F. Legler, J. Polleux,
J. P. Spatz, G. Schuler, R. Férster, M. B. Lutz, L. Sorokin, M. Sixt,
Immunity 2010, 32, 703.

M. Weber, R. Hauschild, J. Schwarz, C. Moussion, |. De Vries, D. F.
Legler, S. A. Luther, T. Bollenbach, M. Sixt, Science (80-.). 2013, 339,
328.

M. E. Fleury, K. C. Boardman, M. A. Swartz, Biophys. J. 2006, 97, 113.
C. E. Petrie Aronin, Y. M. Zhao, J. S. Yoon, N. Y. Morgan, T. Priistel, R.
N. Germain, M. Meier-Schellersheim, Immunity 2017, 47, 862.

J. Schwarz, V. Bierbaum, K. Vaahtomeri, R. Hauschild, M. Brown, I.
De Vries, A. Leithner, A. Reversat, J. Merrin, T. Tarrant, T. Bollenbach,
M. Sixt, Curr. Biol. 2017, 27, 1314.

Y. Wang, D. . Irvine, Integr. Biol. (United Kingdom) 2013, 5, 481.

W. J. Polacheck, A. E. German, A. Mammoto, D. E. Ingber, R. D.
Kamm, Proc. Natl. Acad. Sci. USA 2014, 111, 2447.

I. K. Zervantonakis, S. K. Hughes-Alford, ). L. Charest, ). S. Condeelis,
F. B. Gertler, R. D. Kamm, Proc. Natl. Acad. Sci. USA 2012, 109, 13515.
W. A. Farahat, L. B. Wood, I. K. Zervantonakis, A. Schor, S. Ong, D.
Neal, R. D. Kamm, H. H. Asada, PLoS One 2012, 7, e37333.

Y. Shin, S. Han, J. S. Jeon, K. Yamamoto, |. K. Zervantonakis, R. Sudo,
R. D. Kamm, S. Chung, Nat. Protoc. 2012, 7, 1247.

T. Pirbodaghi, D. Vigolo, S. Akbari, A. Demello, Lab Chip 2015, 15,
2140.

K. L. Betterman, N. L. Harvey, in Methods in Molecular Biology, Hu-
mana Press Inc., New York 2018, 71846, pp. 19-35.

R. Shayan, T. Karnezis, E. Tsantikos, S. P. Williams, A. S. Runting,
M. W. Ashton, M. G. Achen, M. L. Hibbs, S. A. Stacker, Groundwater
2007, 25, 417.

N. J. Carroll, K. H. Jensen, S. Parsa, N. M. Holbrook, D. A. Weitz,
Langmuir 2014, 30, 4868.

P. Jénsson, M. P. Jonsson, ). O. Tegenfeldt, F. H66K, Biophys. J. 2008,
95, 5334,

O. Moreno-Arotzena, |. Meier, C. Del Amo, |. Garcia-Aznar, Materials
(Basel) 2015, 8, 1636.

L. Durlofsky, J. F. Brady, Phys. Fluids 1987, 30, 3329.

R. G. Bacabac, T. H. Smit, S. C. Cowin, J. J. W. A. Van Loon, F. T. M.
Nieuwstadt, R. Heethaar, J. Klein-Nulend, J. Biomech. 2005, 38, 159.
A. K. Polomska, S. T. Proulx, Adv. Drug Delivery Rev. 2020, 294.

S. Weinbaum, L. M. Cancel, B. M. Fu, ). M. Tarbell, Cardiovasc. Eng.
Technol. 2021, 12, 37.

2302903 (1 7 of 1 7) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85UB017 SUOLULLOD AII8.1D) 3[cfed! [dde U Aq pauenob 86 S9ILE VO ‘SN J0 S9|NI 0} Aiq1T 8UIUO /8|1 U (SUONIPUOD-PUE-SWSIALIY A8 | 1M Akeiq | Ul |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[7202/T0/20] U0 Akeiqiauliuo A8|IM 'seoiAls Akiqi TON uopuo 86|10 AIsIBAIUN AQ £06205202 SAPR/Z00T 0T/I0P/LI0Y A8 | AReiq 1 puljuo//Sdny Woiy pepeojumod ‘0 ‘vi8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Microfluidic-Based Reconstitution of Functional Lymphatic Microvasculature: Elucidating the Role of Lymphatics in Health and Disease
	1. Introduction
	2. Results and Discussion
	2.1. Engineering Physiological Lymphatic Microvasculature via Biochemical or Biomechanical Stimuli
	2.2. Engineered Lymphatics Exhibit Solute Drainage Rates Comparable to In Vivo
	2.3. Transport Phenomena Analysis of Solute Drainage in Engineered On-Chip Lymphatics
	2.4. Immune Recruitment by Engineered Lymphatics is Coordinated by Inflammatory-Induced Chemotactic Signals

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


