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The Biophysics of Lymphatic
Transport: Engineering Tools
and Immunological Consequences

Meghan J. O’'Melia,’” Amanda W. Lund,?* and Susan N. Thomas' 345

Lymphatic vessels mediate fluid flows that affect antigen distribution and delivery, lymph node stro-
mal remodeling, and cell-cell interactions, to thus regulate immune activation. Here we review the
functional role of lymphatic transport and lymph node biomechanics in immunity. We present exper-
imental tools that enable quantitative analysis of lymphatic transport and lymph node dynamics
in vitro and in vivo. Finally, we discuss the current understanding for how changes in lymphatic trans-
port and lymph node biomechanics contribute to pathogenesis of conditions including cancer, aging,
neurodegeneration, and infection.

INTRODUCTION

The lymphatic system is composed of a hierarchy of vessels that facilitate directional lymph transport from
peripheral tissues to secondary lymphoid organs (lymph nodes, LNs) where adaptive immune responses
are initiated. As such, lymphatic vessels are appreciated as necessary physical conduits that facilitate im-
mune surveillance, but an understanding of how changes in lymphatic transport, the movement of lymph,
cells, and antigen through this system, is actively regulated during inflammatory processes and how these
changes impactimmunity is only beginning to emerge. Dissecting the mechanisms by which lymphatic ves-
sels impact immune responses through changes in fluid flows, macromolecule distribution, leukocyte traf-
ficking, and LN organization requires rigorous, quantitative approaches both in vivo and in vitro paired with
a deep understanding of relevant disease processes and models. This review aims to integrate concepts
and experimental approaches across the fields of immunology, lymphatic physiology, and bioengineering
to showcase new approaches to understanding disease. Herein, we will highlight the role of lymphatic
transport in immune physiology, describe bioengineering and biophysical tools that enable the interroga-
tion of these effects on lymphatic physiology and immunity in vitro and in vivo, and detail the current un-
derstandings of how lymphatic transport is altered in disease.

Lymphatic Transport in Immunity

Lymph Formation and Antigen Transport

Lymph is formed in the periphery, where vascular transudate is transported through the interstitium at rates
of 0.1-1.0 um/s, and subsequently enters initial lymphatic capillaries through characteristic gaps between
lymphatic endothelial cells (LECs) (Wiig and Swartz, 2012; Huxley and Scallan, 2011). Interstitial fluid flows
and intralymphatic lymph propulsion are mediated by intrinsic (phasic smooth muscle contraction) collect-
ing lymphatic pumping and extrinsic (e.g., respiration) physiological forces (Dixon, 2010) that drive net
directional fluid flow within lymphatic vessels, maintain a pressure gradient from the periphery on into
the vessel, and ultimately transport lymph and its contents to LNs (Figure 1). Lymph itself is composed
of soluble proteins, pre-processed antigens, and metabolites (Zawieja, 2009) as well as larger particulates,
exosomes, and protein complexes (~30 nm), which are most efficiently transported by lymphatic vessels
(Reddy et al., 2007) and accumulate in LNs (Rohner and Thomas, 2016, 2017). Importantly, the size exclusion
of peripheral lymphatic vessels is conserved in tumors (Rohner and Thomas, 2016) but may change under
various inflammatory contexts (Loo et al., 2017; Zhang et al., 2018) where remodeling of endothelial junc-
tions limits passive, paracellular transport. As such, the information delivered to LNs by draining lymphatic
vessels may be context dependent, and further exploration is needed to discern the significance of these
changes.

Afferent lymph enters the LN (Figure 1) where cells and antigen are compartmentalized to coordinate and

synchronize immune responses. Two layers of LECs facilitate lymph flow through the subcapsular sinus
(SCS) and around the LN cortex (Figure 1). These specialized LECs support resident subcapsular sinus
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Figure 1. Lymph Node Structure

The typical structure of a lymph node, demonstrating normal partitioning and structures, including the T cell zone,
medulla, B cell follicle and germinal center, subcapsular sinus, conduits, and afferent and efferent lymphatics, is
represented, along with improved visualization of regions of fluid flows, including the flow of lymph through afferent
lymphatic vessels and the subcapsular sinus, and the flow of filtered lymph through the conduit system.

macrophages (Mondor et al., 2016; Junt et al., 2007; Phan et al., 2007) and dendritic cells (DCs) (Gerner
et al., 2015) that regulate antigen, viral, and bacterial access to B cell follicles for the induction of humoral
immunity (Junt et al., 2007; Kastenmuller et al., 2012). Lymph flows either around the SCS or through the LN
parenchyma via a network of reticular collagen conduits ensheathed by fibroblastic reticular cells (FRCs)
(Heath et al., 2004; Sixt et al., 2005; Junt et al., 2007; Roozendaal et al., 2009) (Figure 1). Large particulates
(>70 kDa), including intact antibodies and pathogens, are unable to access reticular conduits and are
restricted to the SCS, whereas soluble antigens move freely into the paracortical network for sampling
by resident DCs (Gretz et al., 2000; Sixt et al., 2005; Roozendaal et al., 2009; Reynoso et al., 2019). Special-
ized diaphragms in LECs that line the SCS floor actively filter lymph-borne macromolecules and determine
the size exclusion properties of the conduits (Rantakari et al., 2015). Although this model of physical filtra-
tion has held up over multiple studies, the size exclusion properties of the LN were recently challenged by
descriptions of rapid transfer of intact lymph-borne antibodies to LN stroma following subcutaneous injec-
tion. Antibody transport was isotype dependent and mediated by receptor-independent vesicular transcy-
tosis in LECs (Kahari et al., 2019). Furthermore, intradermal injection of viruses resulted in rapid uptake of
infectious particles in the LN paracortex, including the large enveloped DNA Vaccinia virus (Reynoso et al.,
2019). We note, however, that both observations may depend on the biomechanics of injection. Interest-
ingly, Vaccinia virus applied by scarification, which is not associated with high interstitial fluid pressures,
does not infect draining LNs (Loo et al., 2017). The interstitial pressures and shear flows associated with in-
jection may increase passive lymphatic uptake and active mechanisms of transcytosis to alter LN delivery
(Triacca et al., 2017). Thus, given the sensitivity of the lymphatic network to changes in interstitial fluid pres-
sures, studies of lymph transport to LNs should consider the biophysics of subcutaneous or intradermal in-
jection as it will impact the distribution of lymph-borne particulates and may fail, in some cases, to model
endogenous physiology.
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Even in the presence of rapid, soluble antigen transport, active delivery of antigen by migratory, professional an-
tigen-presenting cells (APCs) is critical to the generation of adaptive immune responses (Allan et al., 2006).
Lymphatic vessels are necessary for DC migration to LNs (Thomas et al., 2012; Loo et al., 2017; Platt et al.,
2013), actively facilitate DC homing and transendothelial migration (Jackson, 2014; Miteva et al., 2010; Russo
etal., 2016; Teijeira et al., 2017), and shape chemokine gradients to permit migration into the LN paracortex (Ulv-
mar et al., 2014), making them critical features of an efficient adaptive immune response. Importantly, temporal
control over the kinetics of specialized migratory DC subsets from peripheral tissue to LNs coordinates sequen-
tial interactions with naive CD4" and CD8" T cells driving efficient effector responses (Hor et al., 2015; Kissenp-
fennig et al., 2005). Migratory DCs can also deliver antigen to resident DCs (Gurevich et al., 2017; Allan et al.,
2006). It is within the LN paracortex, and specifically along the reticular conduit network, that mature resident
and migratory DCs interact with naive T cells in a chemokine receptor 7 (CCR7)-dependent manner (Braun
etal., 2011; Schumann et al., 2010; Gunn et al., 1998). Importantly, lymph flow itself appears to partially maintain
paracortical structure and chemokine expression (Tomei et al., 2009) and, along with lymph-borne migratory
DCs, supports high endothelial venules (HEVs) (Webster et al., 2006; Chyou et al., 2008) that facilitate naive
lymphocyte entry into LNs (Kumar et al., 2010, 2012). Following activation and expansion, T cells exit LNs
following sphingosine 1-phosphate gradients that are generated and maintained by efferent lymphatic vessels
(Pham et al., 2010; Ito et al., 2014; Mendoza et al., 2017) leading to eventual recirculation in blood and homing to
sites of inflammation. It is therefore the movement and filtration of lymph through LNs that determines both
cellular localization and antigen distribution to enable rapid development of immune responses following pe-
ripheral challenge (Thomas et al., 2016).

Fluid Flows, Morphogen Gradients, and Cell Migration

In addition to the role lymph plays in moving immunological information (e.g., solutes, chemokines, cytokines,
cells) from peripheral tissues to lymphoid organs, fluid flow itself provides critical organizational cues that influ-
ence morphogen asymmetry and directional behavior. Within 3D tissues, fluid flows bias macromolecular dis-
tribution, enhance ligand expression, align extracellular matrix (ECM) components, and subsequently shape
active mechanisms of cell migration (Schineis et al., 2019; Platt et al., 2013). In mice lacking dermal lymphatic
vessels and afferent lymphatic transport to LNs, skin-draining LNs exhibit significantly reduced cellularity and
altered stromal morphology (Thomas et al., 2012). Fluid flows across endothelial monolayers (Miteva et al.,
2010) and through FRC networks (Tomei et al., 2009) enhance expression of homeostatic and inflammatory che-
mokines that direct leukocyte localization and migration patterns. Within the interstitial matrix, fluid flow aligns
matrix components (Wiig and Swartz, 2012; Freund et al., 2012; Ranft et al., 2012) that along with bound chemo-
kines provide haptotactic cues and organize leukocyte localization within tissue (Lucas and Tamburini, 2019;
Schumann et al., 2010) and activate proteases that release matrix bound morphogens to drive local signaling
behavior (Fleury et al., 2006). Interestingly, both mathematical modeling and in vitro experimentation indicate
that even low levels of convective flow are sufficient to bias chemokine distribution, creating directional para-
cellular gradients that inform trafficking behavior (Shields et al., 2007; Jafarnejad et al., 2017). For cells simulta-
neously both producing chemokines and expressing the matched receptor, autologous chemokine gradients
are generated by fluid flows that direct trafficking behavior toward draining lymphatic vessels and may be impli-
cated in metastatic seeding of regional LNs (Shields et al., 2007). Different cell types, however, may integrate
fluid flow information differently. In vitro data indicate that macrophages migrate in opposition to fluid flows,
a behavior, that if true in vivo, may explain their localization to sites of high interstitial fluid pressure such as tu-
mors (Li et al., 2018). Interestingly, fluid flows may affect leukocyte phenotype, with increased flows enhancing
transforming growth factor B, arginase, and scavenger receptor expression in 3D in vitro macrophage cultures
(Lietal., 2018) and enhancing proliferation and drug sensitivity in engineered models of diffuse large B cell lym-
phoma (Apoorva et al., 2018). How fluid flows, overlapping morphogen gradients, and the biochemical makeup
of the tissue itself integrate to determine complex cellular behaviors in vivo remains to be carefully dissected.
Importantly, rates of interstitial fluid flow and subsequent directional cell migration depend upon downstream
lymphatic vessel function (Thomas et al., 2012; Platt et al., 2013). Thus, the functional status of the lymphatic
vessel hierarchy impacts both upstream lymphatic homing and tissue organization as well as downstream leuko-
cyte positioning and activation. The extent to which fluid flows contribute immune responses independently or
rather in collaboration with inflammatory mediators remains to be carefully dissected.

LN Expansion and Contraction

During peripheral tissue inflammation, lymphocyte proliferation is accompanied by a transient reduction in
lymphocyte exit leading to dramatic LN expansion. What can be a 10- to 20-fold increase in leukocyte num-
ber drives expansion-induced strain that must be supported by synchronized stromal remodeling. During
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development, fluid flows mediated by perinodal lymphatic vessel maturation cooperate with lymphotoxin
beta signaling to amplify stromal CXCL13 and facilitate LN development (Bovay et al., 2018). These obser-
vations raise the interesting possibility that altered or disrupted fluid flows in the adult might contribute to
LN expansion and contraction through similar mechanisms. What we know is that during peripheral tissue
inflammation, all major stromal cell types within the LN exhibit dynamic transcriptional profile changes and
undergo a proliferative expansion followed by contraction (Malhotra et al., 2012; Gregory et al., 2017).

Importantly, these cumulative stromal changes (Gregory et al., 2017) impact the mechanical properties,
e.g., stiffness (Rohner et al., 2015), of the LN. Changes in LN mechanics and the underlying microarchitec-
ture allow for the dramatic changes in volume that are associated with inflammation and may play impor-
tant roles in tuning the kinetics and overall extent of nodal immune expansion. A significant player in the
regulation of LN elasticity are FRCs, specialized myofibroblasts that exert contractile forces on their matrix
environment. FRCs depend on the surface glycoprotein podoplanin to maintain their contractile pheno-
type. During inflammation, migratory DCs infiltrating the LN parenchyma engage podoplanin through
C-type lectin-like 2 (CLEC-2) and attenuate FRC contraction leading to reticular network relaxation. FRC
relaxation increased LN volume and thereby supported vaccine-induced lymphocyte expansion (Astarita
et al., 2015; Acton et al., 2014). Similarly, human follicular DCs exhibit contractile behavior and may modu-
late elasticity within B cell follicles as a function of their regional cytokine environment (Munoz-Fernandez
et al., 2014). Thus, stromal remodeling drives significant changes in LN microarchitecture, fluid flows,
permeability, and biomechanics that are necessary to regulate the extent and duration of adaptive immune
responses. How the physical changes observed in inflamed LNs integrate with the biochemical signals clas-
sically associated with immunity remains to be fully dissected. Efforts in this area may generate novel in-
sights into how lymphatic structures support immune health and, importantly, how loss of structural dy-
namics may drive disease.

Experimental Systems and Techniques to Quantify and Model Lymphatic Transport

Based on the developing understanding that lymphatic vessels and the fluid flows associated with their
transport function affect immune responses, numerous methods to dissect their regulation and mecha-
nistic role in health and disease have been developed. We describe here current bioengineering and bio-
physical approaches to evaluate the role physiological forces and transport exerted on and by the
lymphatic system play in influencing the immune system (Figure 2). The discussion here is limited to exper-
imental methodologies, noting that numerous important contributions to this field have been made using
computational approaches, and the reader is referred to excellent reviews on this topic (Mirsky et al., 2011,
Novkovic et al., 2018).

Lymphatic Vessel Fluid Flows and Biomechanics

The advancement of lymphatic mechanobiology and system modeling has been historically limited by a
lack of quantitation of lymph flows in experimental model systems typically used for immunology studies.
The last few decades have seen an emergence of advanced techniques to tackle this problem, improving
the field’s understanding of flow microenvironments experienced within the lymphatic system of rodents,
which are the most commonly used immunobiology models with a wide availability of transgenics, along
with improvements in clinical imaging modalities. A few relatively recent advances are described.

Indocyanine green lymphangiography is often regarded as the most effective lymphatic imaging technique
(Mihara et al., 2012). Indocyanine green dye is injected intradermally into the skin, followed by near-infrared
fluorescent imaging (Unno et al., 2007) (Figure 2). In clinical settings, this has allowed for diagnoses of
lymphatic malformations (Seki et al., 2019) and lymphedema even before clinical presentation (Akita
et al., 2016). The alternative, lymphoscintigraphy, involves subcutaneous injection of radiotracers, which
enter the lymphatic system and can be detected with a gamma camera (Threefoot et al., 1963; Yoshida
et al., 2016). This system can be used to diagnose lymphatic disorders with only small amounts of radio-
tracers and can be used in any patient (even those in critical condition), although it suffers compared
with lymphangiography from low spatial resolution, exposure of patients to radiation, and the need for
specialized, expensive equipment. Neither technique directly quantifies flow, but rather provide an indirect
measure of flow through quantitation of tracer transport.

To enable the more direct measurement of lymphatic flows in vivo, microparticles tagged with near-
infrared dyes have been applied to facilitate intravital imaging of lymphatic vessels (Figure 2). In such
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Figure 2. Technologies to Study Properties of Lymphatics
Example technologies of use to assess vessel permeability and lymph transport, cell migration, cell adhesion, effects of fluid forces, and model lymph node
systems, divided into in vitro, ex vivo, and in vivo methodologies. Optical coherence tomorgraphy (OCT); Indocyanine Green (ICG).

approaches, ultrahigh-speed imaging is used to measure the velocities of flowing beads whose movement
can be traced by fluorescence or phase contrast. From such measurements, fluid shear stress levels within
collecting lymphatic vessels in vivo were measured for the first time (Dixon et al., 2005, 2006). Doppler op-
tical coherence tomography, which uses measurements of frequency shifts based on movement of scat-
tering material, has also be applied in a similar manner (Blatter et al., 2016). Using these techniques, veloc-
ities of pulsatile lymphatic flow have been shown to range from —1 to 7 mm/s, which can be used to
estimate shear stress levels exerted on LECs.

Lymph transport is an active process requiring the integration of intrinsic and extrinsic pumping processes
that generate net unidirectional fluid flow from peripheral tissues to LNs, whose regulatory mechanisms are
still being established (Gashev and Zawieja, 2010). Intrinsic pumping, which consists of the rapid and phasic
contractions of collecting vessels, is modulated by local physical factors including changes in pressure,
stretch, flow, and shear, whereas extrinsic pumping is driven by physiological processes such as blood
vessel pulsations, muscle contraction, and breathing movements (Gashev and Zawieja, 2010). To non-inva-
sively quantify the minimum pumping pressure required to drive lymph flow, near-infrared tracers are in-
jected distal to the vessel of interest and pressure subsequently applied to the limb or tail of an animal us-
ing a cuff to occlude the lymphatic vessel (Figure 2). This stops flow, the cessation of which is visualized by
fluorescence imaging of tracer movement, and pressure is then gradually released (Nelson et al., 2014).
Restoration of lymph transport as pressure is decreased is monitored via fluorescence to quantify qualita-
tive attributes of lymphatic function, including effective pumping pressure and vessel emptying rate along
with pumping parameters (e.g., amplitude, frequency, systolic time, and diastolic time) (Nelson et al.,
2014).

Despite numerous advancements in quantitation of in vivo lymphatic flow, evaluating effects of fluid flow on
vessel function, which is shear stress regulated (Kornuta et al., 2015), remains challenging. One technique
that was developed to overcome this limitation is an ex vivo lymphatic perfusion system, which consists of
saline-bathed, isolated lymphatic vessels (Kornuta and Dixon, 2014) (Figure 2). Vessels are cannulated and
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perfused with fluid to evaluate the impact of shear stresses on lymphatic vessel pumping, an approach
that demonstrated that increased flow impairs lymphatic vessel contraction (Gashev et al., 2002), (Gashev
et al., Kornuta and Dixon, Kornuta et al.). Each of these techniques provides new insights into understand-
ing lymphatic vessel flows, with high applicability for further evaluation of lymphatic pumping responses.

The Biological Effects of Fluid Flow

As discussed, LECs and the LN stroma are highly mechanosensitive. For example, shear forces that result
from fluid flows regulate collecting lymphatic vessel transport (Kornuta et al., 2015; Gashev et al., 2002,
2004) and organization of the LN stroma (Mebius et al., 1991). Interrogating the biological consequences
of physiological force resulting from interstitial, transmural, and luminal flows provides important insights
into lymphatic tissue development and physiology (Sabine et al., 2012, 2015; Sweet et al., 2015). Further-
more, macrophages (Wang et al., 2016) as well as B (Shaheen et al.,, 2017) and T cells (Nataraj et al,,
2018; O'connor et al., 2012; Lambert et al., 2017) differentially sense and respond to matrix microenviron-
ment topography and stiffness, respectively, indicating the need to build models that simultaneously eval-
uate multiple biophysical cues. In vitro systems that provide substantial advantages with respect to
throughput, cost, and parameterization are accelerating progress in these areas.

Transwell inserts are used to explore the effects of transmural flow on LECs in vitro and assess multiple
functional outcomes including transendothelial migration and monolayer permeability (Figure 2). A
monolayer of LECs plated on the underside of the transwell permit application of directional transmu-
ral flows in a physiologic apical to luminal orientation. ECM with or without embedded cells provides
resistance to achieve physiologically relevant rates of fluid flow through the engineered matrix and
across the LEC monolayer. Using this system, increasing transmural flow upregulates migration cues
and adhesion molecules, including CCL21 and E-selectin (Miteva et al., 2010), which are necessary
for leukocyte transmigration, and thereby suggests a functional role for transmural flows in the regula-
tion of LN homing.

Interstitial flow effects on LNs have also been investigated using an in vitro device consisting of cells
cultured in a perfused 3D collagen and Matrigel matrix (Tomei et al., 2009) (Figure 2). The system was
used to show that FRCs remodel in a shear-dependent manner, recapitulating LN responses to diminished
or absent flow seen in vivo (Mebius et al., 1991; Tomei et al., 2009; Thomas et al., 2012). Flow changes, com-
mon in inflammation, may thus direct LN cellular organization that is important in regulating adaptive im-
mune responses. In addition to effects on the stroma, lymph transport and associated fluid flows also likely
influence leukocyte interactions within the LN. Recent work evaluated the influence of force on DC-T cell
interactions. Moura Rosa et al. developed a microfluidic chip where T cells were flowed across a monolayer
of DCs and imaged by confocal microscopy (Moura Rosa et al., 2016) (Figure 2). By controlling rates of shear
stress (0.1-100 dyn/cm?) and coincident antigen presentation they quantified the force threshold for sus-
tained T cell/DC interactions.

Lymphatic Vessel and LN Permeability and Molecular Transport

In addition to regulating fluid adsorption, lymphatic capillaries facilitate intercellular signaling between pe-
ripheral tissues and draining LNs through solute transport. Solute transport by LECs occurs both passively
and actively, wherein molecules may pass in a paracellular fashion through intercellular junctions or be
transported across the LEC cell body via active uptake or transcytosis pathways (Rantakari et al., 2015; Ka-
hari et al., 2019). The relative contribution of paracellular and transcellular transport can vary with disease
state and local inflammation (Zolla et al., 2015; Gousopoulos et al., 2016) and thereby substantially effect
overall permeability of the lymphatic endothelium and influence signaling within draining LNs (Kuan et al.,
2015; Loo et al., 2017; Srinivasan et al., 2016).

In vitro systems are often used to directly evaluate molecular transport across endothelial monolayers at
steady state and in the presence of inflammatory stimuli. For example, effective permeability can be deter-
mined using Transwell systems that allow sampling of media on either side of a LEC monolayer to quanti-
tatively monitor changes over time of fluorescent tracer content (Triacca et al., 2017) (Figure 2). Organo-
typic microfluidic platforms are used to explore complex tissue architecture and incorporate intercellular
interactions and cross talk. For example, Sato et al. engineered a microfluidic chip containing both LEC-
and blood endothelial cell-lined channels on either side of a model tissue interstitium to simultaneously
quantify permeability across both blood and lymphatic capillaries (Sato et al., 2015). This system can be

Cell

REVIEWS

iScience 22, 28-43, December 20, 2019 33




iIScience

used to account for both the lymphatic and blood components of clearance from the interstitium as it oc-
curs in vivo and how these pathways are differentially regulated in response to stimuli.

Although in vitro studies provide important insights in well-controlled conditions, they do not fully recapit-
ulate in vivo 3D tissues. Tools for ex vivo and in vivo investigations of vessel permeability can instead quan-
titate transport in a physiological context. In one such ex vivo approach, lymphatic vessels are excised, can-
nulated, perfused with fluorophores of defined molecular weights, and fluorescence flux across the vessel
wall calculated (Ono et al., 2005) (Figure 2). Molecular mechanisms that regulate permeability in intact ves-
sels and lymphatic muscle responses and effects of pathology or drugs on lymphatic vessel function have
been revealed using this technique (Ono et al., 2005; Scallan et al., 2013; Davis et al., 2012). To assess in vivo
lymphatic vessel permeability, lymphatic vessels are cannulated and perfused with fluorescent tracers in
situ at different pressure differentials whereby flux is assessed by fluorescent imaging (Scallan and Huxley,
2010) (Figure 2). This system was used to show that increasing intraluminal pressure decreases spontaneous
lymphatic vessel contraction and permeability. The permeability of naive and inflamed (tumor-draining)
FRC-lined LN conduits (Riedel et al., 2016) has been assessed using confocal microscopy on excised sam-
ples and that of LN blood vessels assessed by intravital multiphoton microscopy (Gerner et al., 2015; Kas-
tenmuller et al., 2012; Meijer et al., 2017).

Numerous techniques are implemented in pre-clinical disease models for the experimental assessment
of lymphatic transport of solutes and molecular or particulate cargos. For example, fluorescently tagged
tracers (typically dextrans) can be used to quantitate lymphatic drainage patterns in vivo (Gretz et al.,
2000, Angeli et al., 2006, Thomas et al., 2012) (Figure 2). In such studies, tracers of known hydrodynamic
radii are tagged with fluorescent molecules and injected into the interstitium. LNs, along with systemic
tissues, are assessed for bulk fluorescence (Rohner and Thomas, 2016), imaged in whole or tissue sec-
tions using confocal microscopy (Gretz et al., 2000), or analyzed flow cytometrically to discern patterns
of cellular uptake (Thomas et al., 2012). This improves understanding of the in vivo barriers to passive
lymphatic drainage of differently sized molecules and has been used to better understand the structure
of the LN (Gretz et al., 2000) and impacts of cancer progression on transport (Rohner and Thomas, 2016).
Fluorescein isothiocyanate (FITC) painting can also be used to measure lymphatic solute transport in vivo
(Figure 2). In this approach, FITC is painted onto the skin of an animal, and the FITC content is analyzed
in tissues on a bulk basis to assess total transport (Thomas et al., 2012), within cells using flow cytometry
to delineate cell subtype-specific uptake of FITC (Thomas et al., 2012), and via imaging of LN slices (An-
geli et al., 2006). Transport of particulate cargos, such as drug delivery vehicles or cell-derived extracel-
lular vesicles, via lymphatic trafficking cells can be assessed quantitatively by injecting larger (>100 nm),
fluorescently tagged tracers (polymer particles, for example) into peripheral tissues and quantifying fluo-
rescence in LNs draining the site of injection (dLN) on a bulk (Rohner and Thomas, 2016, 2017) or indi-
vidual cell (Thomas et al., 2012) basis using total fluorescence of tissue homogenates or flow cytometry,
respectively.

Cellular Migration

One of the most important roles of the lymphatic system is coordinating the transport of immune cells to
facilitate cell-cell signaling and cross talk. Several approaches to assess these processes and how they are
affected by disease have thus been developed.

How immune cells sense and respond to chemokine cues to invade lymphatic vessels as well as LNs is of
major interest to determine how lymphatic tissues orchestrate immune responses. To directly measure
chemotaxis in 3D, an agarose-based microfluidic device was developed by Haessler et al. wherein cell
migration can be queried in the presence of rapidly formed, stable chemokine gradients (Haessler et al.,
2009, 2011) (Figure 2). In so doing, physiological chemokine gradients could be recapitulated and their ef-
fects on cells assessed in a high-throughput and tunable manner. Such a system was used to investigate DC
responses to gradients of soluble versus matrix-bound CCRY7 ligands and has high applicability to other
chemotaxis programs that orchestrate cell homing to and within lymphoid tissues. Further investigations
into DC responses to CCR7 ligands were also performed by allowing DCs to migrate across live LN slices
or ligand-coated carbon fibers (Schumann et al., 2010) (Figure 2). These studies improve understandings of
the effects of immobilization of CCR7 ligands in a physiological setting. This provides a method to inves-
tigate cell responses to the different structures present in lymphoid tissues, although physiological flows
were not recapitulated in either system.
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Although limited to date to the study of cancer metastasis, invasion into lymphatic vessels and flow effects
on this process have been modeled in vitro using Transwell systems (Pisano et al., 2015) (Figure 2). In this
model, the insert containing cells cultured in a collagen/Matrigel ECM solution is placed in a cell culture
insert, which fits into a custom-fabricated microfluidic chamber. The chamber is designed to allow culture
media to flow both through and across multiple cell-containing gels, enabling high-throughput evaluation
of cell invasion under biologically relevant shear and transmural flows.

Effects of luminal flow fields on cell migration have been widely explored, although this work has been primarily
confined to the study of cells circulating through the blood vasculature. Nevertheless, these fluidic systems are
highly relevant to modeling myeloid cell and lymphocyte homing to LNs via HEVs as well as DC and lymphocyte
migration to LNs through afferent lymphatic vessels. As examples of the former, microfluidic chips with tightly
controlled patterning of adhesion molecules have been implemented to evaluate bond strength and cooper-
ative effects of receptor-ligand interactions on cell adhesion in the context of hemodynamic forces using video-
microscopy (Tong et al., 2012; Edwards and Thomas, 2017) (Figure 2). A velocimetric photoconversion technique
(Edwards et al., 2018) was also recently described, for use in conjunction with microfluidic devices, that model
circulating cell adhesion in the context of fluid flow. In this approach, cells expressing a photoconvertible fluo-
rophore, which irreversibly alters its spectral properties after light exposure, are perfused through an engi-
neered microfluidic system illuminated with photoconverting light and fabricated to present vascular endothe-
lium-expressed adhesion receptors (Figure 2). Cells are thus exposed to activating light for times proportional to
their transit time through a confined area of illumination. As a result, the fluorescence of each cell shifts in pro-
portion to its adhesive behavior. When used in conjunction with multi-color flow cytometry, features of interact-
ing versus non-interacting cells can be explored in high content and throughput. Both techniques could puta-
tively be used to model and analyze lymphocyte recruitment to LNs through HEVs that exhibit dynamic
morphologies to adapt to inflammation state.

Transit of migratory immune cells to LNs and vice versa is controlled by regulatory cues from the lymphatic sys-
tem at multiple stages. Accordingly, numerous tools have been generated that permit in vivo examination of the
adhesion and migration of immune cells within lymphatic capillaries. First, animal models are used to image im-
mune cell-LEC interactions in vivo. In these experiments, fluorescently tagged immune cells are transferred into
animals bearing fluorescent LECs and migration is imaged using multiphoton microscopy (Russo et al., 2016)
(Figure 2). Such systems show that LECs generate CCL21 gradients under flow conditions, which direct DC
migration (Russo et al., 2016), and that T cells interact with lymphatic capillaries via intercellular adhesion mole-
cule 1 (ICAM-1)/lymphocyte function-associated antigen 1 (LFA-1) interactions, allowing them to enter the
lymphatic collectors where they passively flow into LNs (Teijeira et al., 2017). Cells can also be loaded with latex
beads or simply tagged fluorescently and adoptively transferred into the periphery (Angeli et al., 2006). The
location and movement of these adoptively transferred cells can then be tracked via analysis of beads, fluores-
cence, or congenic labels (e.g., Thy1.1 or CD45.1) at downstream sites (Figure 2). This allows for closer tracking
of specific cell types but requires adoptive transfer of cells, which may change immune responses. Finally, pho-
toconversion represents an exciting technique to also assess cellular trafficking in vivo without the requirement
for endogenous cell transfer. Regional application of light in an intact transgenic animal enables confined pho-
toconversion and transient tracking of leukocytes as they migrate within and out of the tissue of interest (Tomura
etal., 2008) (Figure 2). In this way, photoconversion can assess patterns of dermal DC and Langerhans cell migra-
tion from the skin to LNs (Tomura et al., 2014), assess leukocyte trafficking within the gut (Morton et al., 2014),
and investigate movement of T cells out of tumors (Steele et al., 2019; Torcellan et al., 2017), among other
diverse applications. These techniques can be widely used to understand how barriers and mechanisms of trans-
port impact cell trafficking from the periphery to LNs.

Engineered In Vitro LN Models

LNs are highly complex multicellular tissues whose microarchitecture tunes disparate immune activity.
Delineating the mechanisms of dysregulated tissue organization and function associated with disease is
thus of high interest for development and testing of new immunotherapeutic approaches, modeling dis-
ease mechanisms, and therapeutic resistance. Furthermore, in vitro and ex vivo technologies offer the
promise of personalized and precision medicine (Wang et al., 2015). Accordingly, there has been a ground-
swell of interest in recent years in in vitro LN models (Wang et al., 2015; Shanti et al., 2018).

To study DC-T cell interactions, an LN-on-a-chip was developed whereby a central and outer reservoir con-
taining DCs and T cells, respectively, are cultured to promote self-assembly of tissue-mimicking structures
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(Giese et al., 2006) (Figure 2). The subsequent assembly of lymphoid tissue-like structures facilitates DC-
mediated early activation of T cells within this artificial system. Expanding on this early-generation LN-
on-a-chip, the human artificial LN, containing expanded bioreactors for higher-throughput studies, was
developed (Giese et al., 2010) (Figure 2). Immunomodulatory agents (Hepatitis A vaccine and cytomega-
lovirus) were introduced into the system as model antigens, and cytokine profiles assessed. These profiles
mirrored those of human patients, demonstrating the applicability of this system for predicting immuno-
logical responses. This system has since been commercialized to test the effects of pharmaceutical drugs
on immune cell responses.

A next-generation technology termed an “LN slice-on-a-chip” (Ross et al., 2017) utilizes sliced LNs from
patients or animals embedded in agarose gel within microfluidic devices (Figure 2). Ports positioned on
the underside of the tissue slice are used to introduce stimuli with high spatiotemporal control. Using
this device, B cells were shown to exhibit increased glucose-conjugate uptake compared with T cells
(Ross et al., 2017). In an alternative approach using a similar LN slice-on-a-chip system, a small microneedle
is used to inject fluorescent tracer into live tissue samples and the sample is imaged via live integrated op-
tical imaging to analyze tracer diffusion and the functional consequence of altered cytokine environments
(Ross and Pompano, 2018).

In addition to LN-on-chip technologies, cells can be directed into developing 3D structures, termed orga-
noids, which better mimic the physiological status compared with typical 2D culture (Figure 2). An LN B cell
follicle organoid thatis highly tunable and representative of in vivo follicles was generated by Purwada et al.
(Purwada et al., 2015; Purwada and Singh, 2017). In this system, a scaffold of gelatin and silicate particles
houses B cells co-incubated with CD40L-expressing and B cell activating factor-producing stromal cells.
Co-culture resulted in spontaneous generation of viable follicles capable of functional B cell antibody class
switching. Utilizing air-liquid interface technology, organoids can also be generated to model tumor im-
mune microenvironments using both patient- and animal-derived samples (Neal et al., 2018). In such ap-
proaches, immune cells from tumor samples are maintained at similar ratios and activation states in the or-
ganoids compared with patient samples, resulting in tumor-infiltrating lymphocyte responses to immune
checkpoint blockade, which mimic the therapeutic responses seen in vivo, suggesting that such in vitro
model systems could be used to personalize immunotherapy.

Lymphatic Transport and LN Biomechanics in Disease

Evidence continues to emerge in support of the relevance of lymphatic vessel biology and lymphatic trans-
port in disease pathogenesis. Environmental (Kajiya et al., 2007) and pathogen exposure (Fonseca et al.,
2015; Jones et al., 2018; Loo et al., 2017), aging (Da Mesquita et al., 2018; Ecker et al., 2019; Gasheva
et al.,, 2007; Nagai et al., 2011; Zolla et al., 2015), and chronic (Schwager and Detmar, 2019) pathologies
are all associated with direct effects on lymphatic transport that likely influence regional fluid homeostasis,
tissue immunity, and fibrosis (Figure 3). The integration of the tools described earlier with controlled dis-
ease models will be necessary to mechanistically dissect the multifactorial impact of lymphatic vessel
biology on disease and reveal new opportunities for therapeutic immunomodulation.

Cancer

The contribution of lymphatic vessels and their transport function in cancer progression has long been
attributed to their role in regional dissemination of metastatic tumor cells (Stacker et al., 2014). LN metas-
tasis is associated with poor outcomes across a variety of solid tumor types. Mechanistic studies indicate
that interstitial fluid flows and lymphatic vessel-secreted chemokine gradients directly facilitate directional
homing (Issa et al., 2009; Shields et al., 2007), transmigration (Miteva et al., 2010; Pisano et al., 2015; Triacca
et al., 2017), and eventual seeding of tumor cells in sentinel LNs (Commerford et al., 2018; Ogawa et al.,
2014; Olmeda et al., 2017). In addition to their contribution to metastasis, progressive lymphatic vessel
dysfunction in tumors (Karnezis et al., 2012) and regional fibrosis significantly alter solute efflux out of tu-
mors. This raises interstitial fluid pressures that disrupt drug and nutrient delivery (Leu et al., 2000; Stylia-
nopoulos et al., 2013). Thus, remodeling of lymphatic vessel transport in tumor microenvironments impacts
the biophysical, biochemical, and metabolic tumor context.

The implications of lymphangiogenesis and lymphatic transport on anti-tumor immunity are of increasing

interest to the field. Overexpression of vascular endothelial growth factor (VEGF)C and subsequent tumor-
associated lymphangiogenesis drives intratumoral inflammation that at baseline favors immune
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Figure 3. Progressive Lymphatic Dysfunction Is Associated with Disease

Age, environmental, and infection-related progressive lymphatic dysfunction may in part underscore pathophysiology
associated with cancer, neurodegeneration, and other disease states. Changes in lymphatic transport affect peripheral
tissue fluid dynamics, cell migration patterns, and solute clearance and lymph node (LN) fibrosis that drive tissue
accumulation of inflammatory mediators and disrupt spatiotemporal control over protective immune responses.

suppression (Lund et al., 2012) but is more readily activated by immunotherapy (Fankhauser et al., 2017)
indicating enhanced tumor/host communication. Consistently, complete loss of dermal lymphatic vessels
dampens host tumor recognition leading to immunologically cold tumor microenvironments (Lund et al.,
2016). These studies argue that the extent to which lymphatic vessels are engaged with a developing tumor
is a significant control point for host immune responses.

In addition to evidence for the role these vessels play as active conduits to draining LNs, there is evidence
that, at least in skin, tumor-associated lymphatic vessels may directly inhibit effector lymphocyte accumu-
lation and function through multiple mechanisms. Tumor-associated and LN LECs scavenge and cross-pre-
sent tumor antigen leading to the dysfunctional activation of naive CD8" T cells (Hirosue et al., 2014; Lund
et al., 2012). Furthermore, recent data indicate that peripheral LECs in melanoma and non-malignant skin
activate expression of the T cell inhibitory ligand programmed death ligand 1 (PD-L1) in an interferon
y-dependent manner (Lane et al., 2018). Loss of interferon ¥ receptor specifically in lymphatic vessels inter-
rupted cross talk with infiltrating cytotoxic T cells and improved CD8™ T cell-mediated tumor killing in mu-
rine melanomas. This suggests direct lymphatic vessel-mediated control of effector immunity within pe-
ripheral tissues. Lymphatic vessels, and their transport function, are consequently emerging as active,
relevant, and targetable players in anti-tumor immune responses and immunotherapy (Lund, 2016).

Aging

Peripheral lymphatic vessels exhibit progressive dysfunction with age, associated with intrinsic loss of
endothelial and mural cell responsiveness, lymphatic muscle cell atrophy, destruction of elastic matrix,
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and reductions in both the number of lymphatic vessels and number of connections made in existing
lymphatic networks (Gashev and Zawieja, 2010). Reduced lymphatic pumping (contraction amplitude
and frequency) is specifically mediated by age-related disturbances in nitric oxide-dependent regulatory
pathways and limits lymph propulsion to draining LNs (Gasheva et al., 2007; Nagai et al., 2011). Age-related
destabilization of lymphatic structures is also associated with changes in the endothelial glycocalyx in col-
lecting vessels (Zolla et al., 2015) and an aging ECM (Ecker et al., 2019), where the resulting hyperperme-
ability allows both pathogen (Zolla et al., 2015) and tumor cell escape (Ecker et al., 2019).

Meningeal Lymphatic Vessels and Neurodegeneration

Of increasing interest is lymphatic drainage in the central nervous system and its functional relevance in the
pathobiology of aging and neurodegeneration. Meningeal lymphatic vessels appear to represent a major
outflow route for small and large molecules administered by intraventricular infusion (Aspelund et al., 2015;
Maetal., 2017; Louveau et al., 2015); however, the exact anatomy of lymphatic vessel-mediated drainage to
cervical LNs remains controversial. Although initial descriptions focused on dorsal vessels (Louveau et al.,
2015; Aspelund et al., 2015), their uptake of fluorescent tracers may be limited (Ma et al., 2017) and more
recent work implicates basal lymphatic vessels (at lateral or basal parts of the skull) as dominant outflow
pathways for cerebrospinal fluid drainage (Ahn et al., 2019). Lymphatic vessels are additionally implicated
in cerebrospinal fluid outflow from the sacral spine (Ma et al., 2019). Importantly, age-related changes in
meningeal lymphatic transport may have significant implications for disease (Da Mesquita et al., 2018;
Ma et al., 2017; Ahn et al., 2019). Recent data indicate that disrupted lymphatic transport accelerates the
accumulation of amyloid beta (AB) and exacerbates disease in murine models of Alzheimer's disease
(Da Mesquita et al., 2018). Although mouse studies indicate lymphatic vessels may be a critical route for
AB efflux, careful histological analysis failed to identify specific AB staining either within or around human
dural lymphatic vessels (Goodman et al., 2018) as has been described for blood vessels. Whether this sug-
gests that AB is not cleared by lymphatic vessels in humans, or that it may simply be harder to detect than
for blood vessels, remains to be carefully considered. Still, the presence of functional lymphatic vessels
draining the central nervous system argues for a more careful investigation of the role of lymphatic
drainage in neurological disease, inflammation, and immune privilege.

Environment and Infection

In addition to the progressive process of aging, environmental factors such as sun exposure (Kajiya et al.,
2007) and infection (Fonseca et al., 2015; Jones et al., 2018; Loo et al., 2017) drive persistent and progressive
remodeling of lymphatic vessel density and function. Although acute cutaneous infection transiently re-
duces lymph transport to prevent viral dissemination (Loo et al., 2017), persistent local inflammation drives
lymphatic vessel maladaptation, impairs lymphatic contraction, and promotes regional immunosuppres-
sion (Liao et al., 2011). Direct pathogen-related lymphatic vessel dysfunction is observed following meth-
icillin-resistant Staphylococcus aureus infection that induces death in lymphatic muscle cells and impaired
pumping (Jones et al., 2018). Importantly, even following pathogen clearance, chronic loss of mesenteric
lymphatic transport perturbs regional immunity and cellular trafficking through altered exchange with
regional adipose depots (Fonseca et al., 2015; Kuan et al., 2015). Thus, the history of pathogen and envi-
ronmental exposure within a given tissue may determine future immune responsiveness and immune-
related pathologies owing to long-lived alterations in lymphatic structures.

Lymphatic and LN Fibrosis

Fibrosis within the lymphatic system, both vessels and LNs, may significantly contribute to altered fluid ho-
meostasis and immune surveillance. Ectopic recruitment of smooth muscle cells to lymphatic capillaries
driven by platelet-derived growth factor B signaling in LECs disrupts lymphatic function in the context of
disease. Accumulation of smooth muscle cells, fibroblasts, and fibrogenic molecules to the perilymphatic
space causes capillary fibrosis, disrupts fluid transport, and contributes to the pathogenesis of pulmonary
fibrosis (Meinecke et al., 2012, Wang et al., 2017). How tissue type and disease context may differentially
predispose lymphatic vessels to fibrotic reactions remains to be carefully dissected. Interestingly, in the
context of melanoma, lymphatic transport is transiently increased (Harrell et al., 2007) and then progres-
sively reduced (Rohner and Thomas, 2016). These changes in transport are likely regulated by multiple pro-
cesses including increasing interstitial fluid pressures and biomechanical stresses.

Importantly, these age and disease-associated changes in lymphatic transport profoundly impact the
structure and function of downstream LNs such that LN fibrosis is a common feature of pathophysiology.
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Tumor-dLNs exhibit FRC activation (Riedel et al., 2016), ECM remodeling, and progressive stiffening with
high interstitial pressures (Rohner et al., 2015). Since immune activation is dependent on the coordinated
recruitment and interaction of leukocyte subsets within the dynamic 3D LN structure, reduction in reticular
conduit flexibility may limit these responses. As an example, persistent Leishmania mexicana infection im-
pairs LN expansion inhibiting new leukocyte recruitment and limiting local immune reactivity and parasite
control (Hsu and Scott, 2007). Furthermore, repetitive ischemic injuries to the kidney induce dLN disorga-
nization, fibrosis, and FRC disorganization and death (Maarouf et al., 2018), and as injuries occur more
frequently, LN remodeling impairs immune responses and exacerbates disease. Patients with HIV exhibit
extensive LN fibrosis owing to progressive replacement of FRCs with collagen driven by transforming
growth factor B-expressing CD8" T cells (Huang et al., 2018), and the condition is associated with impaired
CD4™" T cell survival (Sanchez et al., 2015; Zeng et al., 2012). Consistent with these observed changes, indi-
vidual pathogen exposure history and associated LN fibrosis may determine subsequent response to chal-
lenge and explain differential vaccine responses in endemic regions (Kityo et al., 2018). Thus, both passive
and active remodeling of the lymphatic system, from its fluid and cellular transport properties to LN archi-
tecture and function, stand to significantly alter local immune reactivity in persistent and progressive ways.

Conclusions and Future Directions

Lymphatic transport is a critical organizing force for regional immune responses. Both actively regulated in
the acute setting and progressively remodeled in the context of disease, lymphatic transport coordinates
the delivery of soluble and cell-associated immunological signals to LNs. LNs further depend on fluid flows
to maintain structure and function. Future studies that interrogate mechanisms of tissue immunity and
tolerance should integrate an understanding of lymphatic transport and its biochemical and biophysical
effects within complex 3D tissues. This will allow for exploration into how information delivery to LNs con-
tributes to underlying immune responsiveness or deficiency. These mechanistic studies will define a new
paradigm to support efforts to directly modulate transport as a novel immunological control point and
further provide rationale for immunotherapy strategies that exploit lymphatic transport.
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