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a b s t r a c t 

The lymphatic system plays an integral part in regulating immune cell trafficking and the transport of 

macromolecules. However, its influence on disease progression and drug uptake is understood less than 

that of the vascular system. To bridge this knowledge gap, biomaterials can be used to investigate the 

lymphatic system and to provide novel understanding into complex disease processes, including cancer 

metastasis and inflammation. Insight gained from these mechanistic studies can be further used to de- 

sign innovative biomaterials to modulate the immune system, improve drug delivery, and promote tissue 

regeneration. This review article focuses on recent advances in (i) biomaterials used for lymphatic vessel 

formation, (ii) models for studying lymphatic-immune cells interactions, (iii) pharmaceuticals and their 

interactions with the lymphatic system, (iv) and strategies for drug delivery via the lymphatic system. Fi- 

nally, several challenges regarding adopting biomaterials for immunomodulation and future perspectives 

are discussed. 

Statement of significance 

The lymphatic system plays an integral part in regulating immune cell trafficking and the transport of 

macromolecules. However, its influence on disease progression and drug uptake is understood less than 

that of the vascular system. This review article focuses on recent progresses in biomaterials to investigate 

the lymphatic system and to provide novel understanding into complex disease states. Insight gained 

from these mechanistic studies can be further used to design innovative biomaterials to modulate the 

immune system, improve drug delivery, and promote tissue regeneration. Finally, a number of challenges 

in adopting biomaterials for immunomodulation and future perspectives are discussed. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Overview of the lymphatic system 

The lymphatic system is an integral part of the circulatory sys- 

em which is comprised of a network of lymphatic vasculature and 

ymphoid organs. This system is responsible for fluid homeostasis 

nd the transport and exchange of an array of cells and molecules, 

ncluding immune cells, nutrients, and long-chain fatty acids [1] . 

endritic cells (DCs), T cells, and antigens enter the system via 

he lymphatic capillaries due in part to forces from the interstitial 

uid (IF). These small, blind-ended vessels are composed of a sin- 
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le layer of lymphatic endothelial cells (LECs), which are leaf-like 

n structure, and possess discontinuous button-like cell-cell junc- 

ions [2–4] . These gaps allow for the nonselective uptake of tissue 

uid into the lymphatic microvasculature [2,3] . Moreover, the in- 

eraction between Lymphatic Vessel Endothelial Receptor-1 (LYVE- 

) within these loose junctions and hyaluronan/hyaluronic acid 

HA) glycocalyx on leukocytes causes modulation of the lymphatic 

essels which allows leukocytes to enter [5] . Pressure caused by 

uid moving through the interstitium and systemic factors, includ- 

ng arterial and skeletal muscle contractions, helps to drive the for- 

ation of lymph [6] . DCs were found to actively crawl through the 

ymphatic capillaries, sometimes even in the opposite direction of 

he lymph flow, until they detached from the wall and returned 

o a passive form of transport [4] . Since both DCs and neutrophils 

ere found to follow this active form of transport, it is likely that 

 cells also crawl within the vessels [3] . 

https://doi.org/10.1016/j.actbio.2021.06.006
http://www.ScienceDirect.com
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Fig. 1. Multiple types of models can be used to better understand the lymphatic system and its influence on disease progression, immune response, and drug uptake. 

(A) These models include co-cultures, microfluidics, and animal models to develop and study lymphatic vessels. Biomaterials, specifically collagen, hyaluronic acid (HA), 

poly(ethylene glycol) (PEG), and fibrin, are utilized to develop biomimetic environments conducive to lymphatic vessels. Lymphatic vessels are composed of LECs that form 

lymphatic capillaries, which are characterized by discontinuous, button-like endothelial cell junctions, and pre-collecting and collecting vessels, which exhibit continuous, 

zipper-like cell-cell junctions and are surrounded by a contractile layer of non-striated muscle cells, referred to as lymphatic muscle cells that propel the flow of lymph to 

the LNs and contain valves to prevent backflow. Immune cells can enter through the capillaries and flow with lymph into the LNs where they are stored until an immune 

response triggers them to egress and reenter circulation. (B) A zoomed-in view of the structures within the LN. The parenchyma encompasses all of the internal functional 

tissue, which is comprised of reticular fibers, and is demarcated with the red outline. The sectional view (i) of the LN focuses on the structures that are utilized for immune 

cell entry, storage, and egress. 
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Lymph and cells are then driven by a pressure gradient caused 

y IF into the pre-collecting and collecting vessels. Unlike lym- 

hatic capillaries, these collecting vessels have continuous zipper- 

ike cell-cell junctions, intraluminal valves that prevent the back- 

ow of lymph, and are surrounded by a contractile layer of 

on-striated muscle cells, referred to as lymphatic muscle cells 

 Fig. 1 ). Even though only the button-like cell-cell junctions al- 

ow for intravasation, both types of junctions are comprised of 

ascular endothelial cadherin (VE-cadherin) and proteins associ- 

ted with tight junctions, including occludin, claudin-5, and en- 

othelial cell–selective adhesion molecule [7] . The lymphatic mus- 

le cells surrounding these vessels contracts to cause a pressure 

radient, which drives the lymph, including immune cells, to- 
35 
ards the lymph node (LN) and is referred to as the afferent 

ow. 

The LN subcapsular sinus (SCS) receives lymph from several 

fferent collecting vessels. Lymphocytes, including both B and T 

ells, are able to enter the LN through blood carried via high en- 

othelial venules (HEVs) [3,8] . DCs can transmigrate through the 

CS floor into the LN parenchyma and cause local changes that 

llow for T cells to enter [3,9] . However, T cells tend to enter 

rom the peripheral medullary sinuses. The immune cells then use 

CR7 chemokine receptors to migrate to the T cell zone or CXCR5 

hemokines to travel to the B cell zone [8–10] . Antigens enter the 

N via subcapsular macrophages or a network of small conduits 

ade of fibroblastic reticular cells (FRC) that connect the subcap- 
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ular and paracortical sinuses, known as the reticular network [11] . 

ntigens enter the B cell zone and are internalized by B cells or 

Cs [10] . 

When an immune response occurs, immune cells migrate back 

nto the sinuses and either actively crawl or flow with the lymph 

nto the efferent flow, which is flow directed away from the LNs 

3,4] . The efferent flow goes through a chain of LNs and eventually 

he immune cells reenter the bloodstream to be brought to the site 

f inflammation. While the afferent lymph contains mostly T cells 

nd DCs, the efferent lymph has more B cells, which come from 

he B cell follicles located in the cortex of the LN [12] . 

Given the structural complexity and dynamics of the lymphatic 

ystem, as well as its involvement with immune functions and 

isease progression, more physiologically relevant models with 

he ability to incorporate biomechanical cues, 3-dimensional (3- 

) structures, biochemical factors, and additional cell types are 

eeded. Biomaterials present the capability of creating these mod- 

ls, which will be discussed in the following sections. 

. Biomaterial-based tissue engineering approaches for 

ymphatic vessel engineering 

One of the most notable advantages of biomaterials-based mod- 

ls for lymphatic studies is the ability to achieve a range of phys- 

ologically relevant stiffnesses and investigate how matrix stiff- 

ess influences lymphangiogenesis or disease processes. Frye et al. 

emonstrated that matrix stiffness regulates VEGFR-3 expression 

nd that soft matrices upregulated pro-lymphangiogenic genes 

13] , which underscores the need for new models with matrix 

tiffnesses similar to in vivo conditions. Certain biomaterials also 

resent the ability to decouple stimuli and investigate the contri- 

utions of specific factors, or to spatially or temporally incorporate 

pecific factors. By controlling ligand binding sites and mechani- 

al properties [14] , hyaluronic acid-based hydrogels (HA-hydrogels) 

ere engineered to generate lymphatic cord-like structures from 

ECs ( Fig. 2 A-C ) and again demonstrated how matrix stiffness is 

 critical factor for lymphatic studies. The versatility and particular 

dvantages of HA-hydrogels are discussed in the following sections. 

.1. Hyaluronan and leukocyte trafficking 

HA-hydrogels present great promise, either as a stand-alone 

herapy or as a scaffold and delivery system for tissue engineer- 

ng approaches for lymphatic vessels [15] . HA is a non-sulphated 

lycosaminoglycan that contains repeating disaccharide units of N- 

cetylglucosamine and glucuronic acid [16] and is found abun- 

antly during embryogenesis where it has a crucial role in regu- 

ating angiogenesis, lymphangiogenesis, and organ morphogenesis 

17] . HA is ubiquitous in the extracellular matrix (ECM), is versatile 

nd can be chemically modified, and is non-immunogenic, making 

A attractive and widely used in tissue engineering and medicine 

18–21] . HA-hydrogels present a unique advantage for lymphatic 

essel engineering since CD44 binds to HA and LECs highly ex- 

ress LYVE-1 which is a CD44 homologue [14,22] . Due to its de- 

elopmental relevance, importance for LECs, and ability to support 

iable cells, HA-hydrogels serve as an excellent substrate to control 

ymphatic vascular morphogenesis in a biomimetic environment, 

here they can be potentially developed as transplant options or 

s advanced in vitro models [23–25] . Furthermore, HA and LYVE-1 

lay an important role in leukocyte trafficking, which additionally 

upports the potential of HA-hydrogels for model studies involving 

mmune trafficking and the lymphatic system. 

HA is particularly relevant for immune cell trafficking through 

ymphatic vasculature since CD44 serves as the principle receptor 

or HA [26] , and it has recently been reported that DC trafficking 
36 
n lymphatics can be dynamically mediated through CD44/HA in- 

eractions [27] . Furthermore, LYVE-1 has been identified as a dock- 

ng receptor for DCs on the lymphatic endothelium. The process of 

eukocyte trafficking into the lymphatic capillaries is mediated by 

he LYVE-1/HA axis, where HA on the leukocyte surface binds with 

YVE-1 on the lymphatic endothelium, the interdigitating endothe- 

ial flaps open during leukocyte entry, and leukocytes then migrate 

o downstream LNs for immune activation [5,28] . Additionally, T 

ells and DCs bind to each other via HA, and CD44 can serve as a

ediator [29] . Modification of this CD44-HA interaction also poses 

s an anti-inflammatory treatment strategy through the blockade 

f neutrophil recruitment [28] . 

.2. Biomaterials in lymphatic vessel tissue engineering approaches 

Beyond the advantages of HA for lymphatic tissue engineering, 

he versatility and possibility of numerous chemical modifications 

ake HA an attractive platform. One particularly promising ap- 

roach is to modify HA with norbornene groups which allows for 

oth mechanical and biochemical modulation, as well as sequen- 

ial spatial patterning of peptides, and can be used to develop a 

ore complex in vitro system [30] . In a myocardial infarction (MI) 

ouse model, injection of HA-hydrogels post-MI resulted in de- 

reased scarring and collagen deposition, demonstrating the poten- 

ial in vivo applications [31] . 

In addition to HA-hydrogels, multiple other biomaterial options 

ave been employed in tissue engineering approaches to generate 

ymphatic vasculature in vitro or in vivo , including collagen, fibrin, 

lginate, and poly(ethylene glycol) diacrylate (PEGDA). Fibrin and 

ollagen have commonly been used in combinatorial approaches to 

enerate lymphatic capillaries in vitro . With the addition of inter- 

titial flow for ten days, lymphatic vessels developed in both fib- 

in and collagen but showed preference towards fibrin hydrogels 

32] . In another fibrin-collagen model, premature lymphatic vessels 

ere observed in vitro after 21 days ( Fig. 2 D-E ) [33] . Beyond using

ollagen and fibrin to develop lymphatic vessels, immune models 

an be created. Collagen scaffolds with DCs and thymic stromal 

ells were transplanted into mice and formed organoids represen- 

ative of secondary lymphoid tissues. These organoids possessed T 

nd B cell zones, HEV-like vessels, and DC networks that were able 

o mount humoral and cellular immune responses, in addition to 

ntigen specific secondary antibody responses [34,35] . 

Progressing to in vivo applications, BioBridge, an aligned 

anofibrillar collagen scaffold, increased the density of lymphatic 

ollecting vessels in a porcine model whereas the control subjects 

eveloped fibrous scar tissue [36] . Despite lymphatic vessel den- 

ity increasing with the BioBridge and either VEGF-C supplemen- 

ation or lymph node transplantation, VEGF-C supplementation de- 

reased functionality, as measured by bioimpedance. This paradox- 

cal result highlights the complexity of VEGF-C delivery which re- 

uires spatial and temporal regulation. Biomaterials can provide 

oth types of regulation and could be used to address this chal- 

enge. 

Another natural polymer, alginate, has been used in applica- 

ions to both promote and inhibit lymphangiogenesis. Used as an 

njectable hydrogel for the controlled release of VEGF-C, lymphan- 

iogenesis was induced in a chick chorioallontoic membrane as- 

ay [37] . In another model, anti-VEGFR-3 siRNA was delivered via 

olyethylenimine-alginate nanoparticles and demonstrated inhibi- 

ion of lymphatic vessel formation [34] . 

PEGDA has been widely used in tissue engineering and is me- 

hanically tunable, which provides a platform to investigate sub- 

trate mechanics while maintaining the same composition of bind- 

ng sites. This feature provides an advantage compared to natural 

iomaterials like collagen, fibrin, and alginate which cannot be me- 

hanically modified without modifying the composition. Specific 
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Fig. 2. Biomaterials to modulate the lymphatic system. ( A ) Matrix stiffness of hyaluronic acid (HA)-hydrogels prime lymphatic tube formation directed by VEGF-C, as 

demonstrated by fluorescent microscopy of F-actin (green) and nuclei (blue). Scale bars are 50 μm. ( B ) Confocal images of lymphatic tubes formed on soft HA-hydrogels 

showing junctional markers for CD31 and VE-Cad. Enlarged rendering of confocal image stacks indicate cellular junctions (arrowheads) with discontinuous (arrows) and 

overlapping (asterisks) junctions. Scale bars are 50 μm and 25 μm (inset). ( C ) TEM analyses of lymphatic tubes formed after 12 hours showed LECs degrading the HA- 

hydrogels (H) to generate intracellular vacuoles (V), some of which were observed in the process of merging (asterisk) into coalescent vacuoles (CV). Scale bar is 20 μm. 

Illustration was adapted with permission from [26] . ( D ) FACS-sorted LECs mixed with 40% fibroblasts developed lymphatic capillaries (CD31, red) within Collagen type-1. ( E ) 

Lymphatic capillaries expressed the lymphatic marker Prox-1 (green). Scale bars are 40 μm. Illustration was adapted with permission from [34] . 
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ses of PEGDA will be discussed in the models section of this re- 

iew article. 

.3. Biomaterials in drug delivery via the lymphatic system 

Beyond hydrogels for tissue-engineered models of lymphatic 

asculature, various biomaterials have also been used to design 

ryogels, matrices that are polymerized at sub-zero tempera- 

ures, for vaccines or nanoparticle delivery systems to target im- 

unomodulation through the lymphatic system. Cryogels serve as 

n injectable biomaterial vaccine option and can be constructed 

rom alginate, gelatin, polyethylene glycol, HA, or other cross- 

inkable polymers. Antigens can be loaded within these cryogels 

nd used to activate DCs which will then migrate to draining 
37 
ymph nodes (dLNs) [38] . Presently, cryogel-based vaccines have 

lready demonstrated efficacy in breast cancer, melanoma, and 

eukemia models and provide a potential strategy for future im- 

unomodulation approaches [39] . 

In addition to cryogels, fatty acids, waxes, monoglycerides, 

iglycerides, and triglycerides can be used in nanoparticle deliv- 

ry systems. Compared to colloidal carrier systems which involve 

 substance dispersed in a solution, lipid-based nanoparticles or 

arriers exhibit controlled release properties as well as improved 

hemical stability, which make lipid-based nanoformulations ad- 

antageous for lymphatic delivery. Both the lipid type and emul- 

ifier concentration must be considered in the design for effective 

elivery via the lymphatic system [40] . 
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Table 1 

Summary of Lymphatic models. 

Model Cells/Ligands Used Biomaterials Used Result Ref. 

Co-Culturing LECs & Fibroblasts Fibroblasts Generation of lymphatic vessels without the introduction 

of exogenous factors 

[44] 

Tumor Cells, LECs, & CCR7 Collagen Chemokine secretion directs tumor cells with flow [43] 

T Cells & LECs N/A T cell proliferation and tolerogenic properties expressed 

by LN-LECs 

[41] 

Fibroblasts & DCs N/A Allowed for DCs to migrate into the lymphatic system [42] 

BECs, LECs, and ASCs Fibrin The BECs and LECs formed distinct, sustainable vessel 

networks 

[48] 

Microfluidics LECs PDMS and Polyethylene Caused lymphatic capillary morphogenesis [54] 

HMVEC PDMS and Fibrinogen Mechanical cues play a vital role in lymphangiogenesis [56] 

LECs & BECs Polyethylene Terephthalate 

(PET), PDMS, and Fibronectin 

Established a model to assess permeability and lymphatic 

return rate 

[63] 

LECs PDMS and Fibronectin Cells grown in flow can produce more physiologically 

relevant levels of IL-8 and TNF- α and have higher rates of 

LEC proliferation compared to cells in static conditions 

[57] 

LECs Fibronectin Oscillatory shear stress in conjunction with FOXC2 can 

maintain LEC quiescence and stabilize collecting vessels 

[58] 

T Cells Anti-CD3 mAbs The homing receptor CXCR3 is expressed on different 

subsets of T cells and is involved in their recruitment to 

peripheral inflammation sites 

[61] 

Monocytes PDMS Developed a model to measure cytokine secretion [62] 

T Cells, CCL21, & CCL19 PDMS CCL19 and CCL21 work together to cause T cell migration [59] 

DCs, CCL21, & CCL19 Agarose CCL21 is preferred over CCL19 for DCs chemotaxis [60] 

LECs & Metastatic Breast 

Cancer Cells 

Collagen Type I ECM is an important factor in the tumor 

microenvironment that can affect the lymphatic vessel 

functionality. 

[64] 

Monocytes PDMS, ICAM, and VCAM Alterations to flow profiles, presentation of adhesive 

ligands, and monocytic cells contribute to cell adhesion 

relevant to LN invasion prevalent to lymphatic metastasis. 

[65] 

Animal K14-VEGFR3-Ig mice Soluble VEGFR-3 Dermal lymphatics are absent in these transgenic mice 

which results in impaired drug uptake and cell trafficking. 

[68] 

OT-1 RAG-1 −/- and 

Braf V600E /Pten −/- mice 

Anti-VEGFR3 antibody, CpG-B 

peptide, and Trp-2-peptide 

conjugated NPs 

VEGF-C signaling enhanced the response to 

immunotherapy in melanoma model 

[67] 

Yucatan minipigs BioBridge, aligned collagen 

fibers 

Increased lymphatic vessel density near site of implant, 

improved bioimpedance ratio suggesting restoration of 

lymphatic drainage 

[36] 
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. Lymphatic models to study immune cell interaction 

Both in vitro and in vivo models can be used to model the lym- 

hatic system and its interaction with the immune system. In this 

ection, three different categories of models will be reviewed, in- 

luding their advantages and disadvantages, as well as advance- 

ents made to date, and are summarized in Table 1 . 

.1. Co-culture 

Co-culture systems have been utilized for promoting the for- 

ation of lymphatic vessels, modeling trans endothelial flow, and 

odulating the tolerogenic responses. Several improvements have 

een made to the co-culture system throughout the years. In its 

ost basic form, co-cultures highlight cell-cell interactions of two 

r more cell types and provide more insight than a monoculture 

an. For example, Cohen et al cultured FH T cells, which are tyrosi- 

ase tolerogenic T cells, with LECs harvested from LNs and periph- 

ral tissues [41] . Through the co-culture system, they were able to 

ee changes in T cell proliferation rates when cultured with dif- 

erent tissues which highlighted the LN microenvironment’s role 

n the induction of the tolerogenic properties of LECs derived from 

Ns (LN-LECs). Khosravi-Maharlooei et al. focused on DCs and their 

bility to migrate to lymphatic tissues in vivo . This group used a 

o-culture of fibroblasts with DCs to induce DC migration to lym- 

hatic tissues and present fibroblast antigens. They were able to 

nduce a tolerogenic effect, decrease T cell proliferation, and treat 

ells for in vivo testing [42] . 

Other researchers have introduced biophysical factors to co- 

ultures. Shields et al. co-cultured LECs with either breast cancer 
38 
r melanoma tumor cells and exposed them to simulated inter- 

titial flow to investigate the movement of tumor cells caused by 

hemokines ( Fig. 3 A-B) [43] . This system was one of the first to

how that tumor cells respond to CCR7 ligands and identified the 

mportance of the tumor-ECM-lymphatic microenvironment. This 

odel allowed for better assessment of tumor migration, com- 

ared to tumor xenograft models that were previously used, and 

mproved chemotaxis assays by allowing the inclusion of biophysi- 

al factors, such as flow and ECM, that can affect cellular transport. 

Co-cultures can also be used to create vasculature networks. Gi- 

ot et al. demonstrated that LECs cultured with fibroblasts were 

ble to form 3-D lymphatic vessel networks, representative of na- 

ive ones, without the introduction of exogenous factors [44] . Un- 

ike other models, this network did not require extra scaffolds, but 

nstead used multiple layers of fibroblast-LEC co-cultures to cre- 

te a 3-D network. This model also improved upon previous 2-D 

ell culture models and 3-D tissue assays which could only develop 

imple cords or tubes. Co-culture models are a relatively inexpen- 

ive, established system for integrating cell-cell interactions into a 

tudy. While improvements have been made, there are still several 

hallenges. If both cell lines do not use the same media formu- 

ation, at least one cell type will be grown in suboptimal condi- 

ions and it may cause changes in proliferation or phenotypes [45] . 

nother challenge is determining which cell types contribute to 

henotypic marker expression or proliferation [46] . Currently, cells 

re stained with vital dyes before being added to co-cultures, but 

anoparticles could be used as a potential alternative. Additionally, 

t is difficult to determine which signaling effects result from cell- 

ell contact versus paracrine signaling. Currently, studies that are 

ased on paracrine signaling use physical separation of the cells, 
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Fig. 3. Co-culture and Microfluidic systems to model the lymphatic system. ( A ) Co-culture system with a 3D matrix and flow to investigate crosstalk between LECs and 

tumor cells. The cross-section shows the interface for the tumor suspension, porous membrane, and LECs, which are indicated with the black arrowheads. The black arrows 

indicate tumor cells migrating through the membrane’s pores. (B) Confocal microscopy of the underside of a transwell membrane. The LEC monolayer is stained with CD31 

in red and the tumor cells were stained with PHAKT-GFP, a fluorescent protein that binds to AKT protein kinase and selectively migrates to the membrane when exposed 

to a chemoattractant. One of these tumor cells is adhering (the white arrowhead) and one is transmigrating through a pore (white arrow). The nuclei are stained blue, 

and the scale bar is 20 μm. Illustration was adapted with permission from [43] . (C) Microfluidics system that contain low-density (LD) or high-density (HD) collagen gels, 

LECs, and MDA-MB-231 cells, a metastatic breast cancer cell line. (D) Top-view and cross-section view of immunofluorescent images of lymphatic vessels co-cultured with 

MDA-MB-231 in LD (left) and HD (right) matrices. F-actin was stained with purple, CD31 with red, MDA-MB-231-GFP with green, and the nuclei with blue. The dashed lines 

indicate where LEC detachment was present in the vessel walls. The scale bar is 140 μm. Illustration was adapted with permission from [64] . 

39 
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ut this is not feasible for studies that are dependent on cell-cell 

ignaling [47] ( Table 1 ). 

Biomaterials are currently being integrated into co-culture sys- 

ems. This is done primarily through scaffolds, which help support 

he structures the cells form. For example, Knezevic et al. used a 

o-culture of adipose-derived stromal cells (ASCs), LECs, and blood 

ndothelial cells (BECs) on a fibrin-based scaffold to study the in- 

egration of blood and lymphatic vasculature. The BECs and LECs 

ormed distinct, sustainable vessel networks [48] . 

.2. Microfluidics 

As technology advances, techniques like microfluidics fabrica- 

ion allows cells to be cultured with external factors including flow 

nd electrical and mechanical stimulation to better mimic physio- 

ogical conditions [49–52] . These factors play a major role in lym- 

hatic vessel development and valve formation and has been im- 

licated in hyperplasia in tumors [53] . Therefore, it is important to 

ncorporate these factors in in vitro models. 

Microfluidic systems have helped to highlight the role of flow 

n vessel formation. For example, Bonvin et al. utilized a multi- 

hambered microfluidic system that exposed LECs to flow through 

he chamber and was able to cause lymphatic capillary morpho- 

enesis [54] . This system was able to be imaged in real-time and 

llowed for long-term culturing. In Choi et al., flow was used to 

how that shear stress, which is tangential to the flow, causes an 

ncrease in lymphatic sprouting [55] . Kim et al. used flow, bio- 

hemical cues, and stromal-endothelial interactions to cause vessel 

prouting. While flow serves as the main determiner of lymphan- 

iogenic responses, mechanical cues and pro-lymphangiogenic fac- 

ors help to provide a robust response [56] . These models helped 

o show that flow plays a vital role in promoting and regulat- 

ng lymphatic vessel sprouting. The next step in microfluidic im- 

rovements was to add cyclic flow. Fathi et al. showed that cells 

rown in cyclic flow are able to produce more physiologically rel- 

vant levels of interleukin 8 (IL-8) and tumor necrosis factor al- 

ha (TNF- α) and have higher rates of LEC proliferation compared 

o cells grown in static conditions [57] . Additionally, Sabine et al. 

howed that shear stress due to oscillatory flow works coopera- 

ively with FOXC2, a transcription factor that affects the organiza- 

ion of endothelial cytoskeleton, to maintain LEC quiescence and 

tabilize collecting vessels [58] . These models improved the under- 

tanding of how cyclic flow affects LECs and could lead to more 

hysiologically relevant models in the future. 

Next, signaling molecules were integrated into microfluidic sys- 

ems. Nandagopal et al demonstrated that CCR7 ligands, known as 

CL21 and CCL19, formed gradients in a microfluidic channel. They 

howed that CCL21, not CCL19, causes chemotaxis of T cells from 

eripheral human blood and CCL19 can cause a repulsive migra- 

ion response [59] . This indicates CCL19 and CCL21 work together 

o cause migration. While Haessler et al, showed that DCs have a 

reference towards CCL21, but they need two times the amount of 

CL19 to overcome this preference [60] . In Hoerning et al., the ex- 

ression of CXC chemokine receptor 3 (CXCR3) on a subset of reg- 

latory T cells (T regs ) and its role in migration was assessed [61] .

n this case, a microfluidic device was used to assess chemotaxis 

nd directional persistence, and T regs were able to be measured at 

he single cell resolution. 

Microfluidic models also offer real-time immunophenotyping 

ia integrated biosensors, which could offer further insight into 

he types of immune cells that interact with the lymphatic sys- 

em. Rodriguez-Moncayo et al. aimed to create an automated sys- 

em that could assess cytokine secretions from a defined number 

f immune cells [62] . Immune cells were captured in microwell 

lates, stimulated with doses of lipopolysaccharide and phorbol 

2-myristate 13-acetate–ionomycin, and the secretion of IL-8 and 
40 
NF- α was characterized. This model demonstrated that microflu- 

dic devices can be used to monitor and quantify cytokine produc- 

ion, which could aid in both disease diagnosis and lymphatic stud- 

es. 

Co-cultures can be integrated within microfluidic models, 

hich allows cell-cell interactions and biophysical factors to be 

ncorporated. Sato et al. used a co-culture of BECs and LECs in a 

icrofluidic device to examine the vascular permeability of lym- 

hatic and blood vessels [63] . This system demonstrated a more 

hysiologically relevant model of the lymphatic-blood vessel inter- 

ace. Additionally, microfluidic devices can be used to systemati- 

ally study complex lymphatic environments, such as the tumor 

icroenvironment. To further understand how altered ECM den- 

ity in the tumor microenvironment effects lymphatic vessels, a 

icrofluidic device with lymphatic vessels formed in a collagen 

ype I matrix was created ( Fig. 3 C-D ). Higher ECM density, which

imicked cancerous breast tissue, caused lymphatic vessels to un- 

ergo more morphological changes, secrete higher amounts of pro- 

nflammatory cytokines, and display more leaky junctions, indicat- 

ng that the ECM has a major effect on lymphatic vessel function- 

lity [64] . Birmingham et al. modeled the SCS to determine the 

ffects of LN remodeling on metastasis. This model showed that 

lterations to flow profiles, presentation of adhesive ligands, and 

onocytic cells contributed to the cell adhesions which are rele- 

ant to lymphatic metastasis [65] . 

Several advantages to microfluidic systems are that they can 

ore accurately mimic 3-D microenvironments, can be used in 

igh-throughput formats, have continuous monitoring and feed- 

ack capabilities, and consume low volumes of reagents. Unfor- 

unately, microfluidic systems can be relatively expensive, difficult 

o image, and the versatility of biochemical gradients are limited 

y diffusion [66] . Biomaterials have already been integrated into 

ome microfluidic systems. Various biomaterials, including colla- 

en and fibrin, have been used as scaffolds to mimic microenvi- 

onments or support vessel formation [54,56,64] . Biomaterials like 

oly(dimethylsiloxane) (PDMS) have also been used to micropat- 

ern microfluidic chips [63] . 

.3. Animal models 

As a result of the numerous types of interactions between the 

mmune and lymphatic systems, there are many animal models 

hat have been developed to study specific mechanisms. Due to the 

road scope, we have selected just a few models to review below. 

Particularly in the case of cancer metastasis, the role of lym- 

hatics remains unclear as they can deliver immune cells to the 

umor microenvironment but can also provide a route of metas- 

asis. In a mouse melanoma model, the interaction between lym- 

hangiogenesis and immunotherapy was investigated, and VEGF-C 

as found to attract naïve T cells which improved the therapeutic 

esponse [67] . 

A common mouse model employed for studies involving lym- 

hatic vessel transport is the K14-VEGFR3-Ig transgenic mouse 

hich lacks dermal lymphatics [68] . Utilizing this model, the in- 

ividual roles of blood vessels and lymphatic vessels in immune 

rafficking or therapeutic delivery can be investigated in the ab- 

ence of dermal lymphatic vessels. Due to this lymphatic vessel de- 

ciency, lymphedema results and a lack of macromolecular trans- 

ort in the dermis occurs [68] . Additionally, K14-VEGFR3-Ig mice 

xhibit decreased trafficking of solutes and DCs from the skin to 

he dLNs [69] . 

Utilizing this K14-VEGFR3-Ig mouse model, the role of lym- 

hatic drainage on humoral immunity and peripheral tolerance 

as investigated. While effector T cell immunity was only tran- 

iently and negligibly affected by the absence of dermal lymphat- 

cs, the transgenic mice produced lower antibody titers upon der- 
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al immunization. Additionally, multiple signs of autoimmunity 

ere observed in one-year-old mice [69] . 

Beyond the dermis, K14-VEGFR3-Ig mice have also been used 

o study the role of lymphatic vessels and immune cells in a trau- 

atic brain injury (TBI) model. The recent discovery of meningeal 

ymphatic vessels has sparked numerous investigations about the 

ole of lymph in neurological conditions. After sustaining a TBI, 

14-VEGFR3-Ig mice had a significantly reduced population of in- 

ltrating CD4 + T lymphocytes which suggests that these meningeal 

ymphatic vessels are pertinent for a proper neuro-immune re- 

ponse that is hypothesized to be principally mediated by resident 

emory CD8 + T cells [70] . 
While animal models can capture the complexity of the im- 

une response and provide a more advanced system compared to 

n vitro models, there are several challenges including the added 

omplexity of systemic responses and phylogenetic discrepancies 

etween laboratory animals and humans. These challenges high- 

ight how co-cultures and microfluidic models could supplement 

nimal models. Used together in a combinatorial approach, these 

hree model systems provide the ability to investigate specific in- 

eractions in a defined system, use patient-specific cells in a phys- 

ologically relevant model, and study the aggregate host response. 

. Pharmaceutical uptake in the lymphatic system 

The anatomy of the lymphatic system must be considered when 

esigning therapeutics, and multiple factors dictate how molecules 

r therapeutics will interact with the lymphatic circulation. Addi- 

ionally, the route of administration and desired pharmacokinetics 

ust be considered in the design. 

.1. Factors influencing drug uptake via the lymphatics 

Due to the varied anatomy and organ-specific structure of lym- 

hatic vessels, ranging from capillaries with discontinuous, button- 

ike junctions to collecting vessels with tighter, zipper-like junc- 

ions, multiple factors must be considered for therapeutic deliv- 

ry, including the particle size, molecular weight, surface charge, 

nd hydrophobicity ( Fig. 4 A ). When delivering pharmaceuticals via 

anoparticles, the particle size will affect both the rate of uptake 

nd retention. While particles larger than 100 nm can eventually 

e taken up by the lymphatic system, 10-100 nm is the optimal 

ize range for subcutaneous administration [40,71] . When deliver- 

ng soluble pharmaceuticals subcutaneously, the molecular weight 

ill influence the degree of uptake via the lymphatic system, with 

olecules under 1 kDa being easily absorbed by blood capillar- 

es, versus molecules exceeding 16 kDa will be mostly absorbed 

y the lymphatic system surrounding the local injection site [40] . 

he interstitial matrix has a net negative charge, which influences 

ow particles are taken up by the lymphatics. Compared to pos- 

tively charged liposomes, negatively charged liposomes exhibited 

ncreased lymphatic uptake, and interestingly, neutral particles had 

he lowest uptake [72] . Furthermore, highly negatively charged par- 

icles also demonstrated increased retention times in LNs [73] . Ad- 

itionally, lymphatic uptake can be modified by altering the hy- 

rophobicity of particles, as the hydrophobicity is mainly respon- 

ible for phagocytosis [40] . 

.2. Routes of administration via the lymphatic system 

A unique aspect of drug delivery via the lymphatic system 

s that first-pass metabolism, which is typically associated with 

ral administration and results in reduced systemic concentra- 

ions, is avoided which is advantageous for therapeutics with lower 

ioavailability. Additionally, delivery through the lymphatic system 

an be used to combat negative outcomes associated with systemic 
41 
dministration, particularly for chemotherapeutics and other cyto- 

oxic agents, which include non-specificity, drug resistance, and se- 

ere toxicity [40] . While systemic drug administration is the pre- 

ominant delivery route used in both preclinical models and hu- 

an patients, the tumor microenvironment and tumor draining 

ymph nodes (TdLNs) are poorly accessed, there is decreased tar- 

eting, and decreased circulation time which all raise challenges 

or this route of administration [74,75] . Instead, by targeting de- 

ivery to the lymphatics in a rat model, localized tissue concen- 

rations of chemotherapeutics were increased and also resulted in 

educed organ toxicity and nephrotoxicity [76] . Alternative routes 

f administration include intestinal, subcutaneous, pulmonary, and 

oco-regional delivery, as well as targeting the dLNs. Advantages 

nd applications of each delivery route are discussed in the strate- 

ies for lymphatic drug delivery section of this review. 

. Strategies for lymphatic drug delivery 

.1. Gastrointestinal delivery 

Although the gastrointestinal (GI) tract is a preferred route for 

rug delivery, therapeutics administered by this route are sub- 

ected to pre-systemic hepatic metabolism. Additionally, the drug’s 

olubility, the pH of the GI tract, and the amount of time in the 

I tract all affect drug bioavailability and may lower availabil- 

ty. These challenges highlight areas that can be remedied by tar- 

eting drug delivery to the intestinal lymphatic system. Due to 

he overlapping and gapped structure of the lymphatic capillar- 

es, macromolecular targeting to the lymphatic system through in- 

estinal transport is possible. In the gut-associated lymphoid tissue, 

ymphoid follicles form Peyer’s patches and also provide an entry 

oint into the lymphatic system [40] . Lipophilic drugs have been 

hown to be absorbed via intestinal lymphatics following oral ad- 

inistration, and this transport method can considerably improve 

he drug’s metabolic profile compared to transport via the portal 

ystem [77] . One method to direct drug absorption through the 

ymphatics instead of the portal system is by using a pro-drug for- 

ulation. A pro-drug formulation as a drug-triglyceride undergoes 

ydrolysis into a drug-monoglyceride, which is then further assem- 

led into a lipoprotein to enter the mesenteric lymph. Therefore, 

he drug can enter the systemic circulation by avoiding the first 

ass metabolism in the liver ( Fig. 4 B ) [78] . 

By incorporating a drug within a nanoparticle, up to 500 nm 

n diameter, targeted delivery to the intestines via lymphatic up- 

ake can be achieved. Compared to intravenous administration of 

 drug alone, drug-containing nanoparticles delivered to the in- 

estines demonstrated a 21-fold increase in drug bioavailability, a 

0-fold increase in the elimination half-life, and lower distribu- 

ion to the heart, lungs, spleen, and kidneys. These results high- 

ight how targeted delivery to the intestines through the lymphatic 

ystem could both be used as an extended-release drug delivery 

ystem, as well as a strategy to reduce toxicity [79] . 

.2. Subcutaneous delivery 

In the case of subcutaneous delivery, drug accumulation occurs 

t the site of administration, there is a sustained release, and in- 

reased absorption [40] . Compared to intraperitoneal (IP) or intra- 

enous (IV) drug administration in a lymphoma mouse model, sub- 

utaneous administration of drug-containing nanoparticles demon- 

trated an 8-fold and 59-fold higher drug uptake, respectively. Ad- 

itionally, lower drug uptake in the lungs, liver, and spleen were 

bserved, which resulted in longer circulation of the nanoparticles. 

espite drug uptake initially being slow following subcutaneous 

dministration, uptake continued over time and demonstrated the 

ossibility of controlled release therapy by this route [80] . 
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Fig. 4. Multiple factors must be considered when designing therapeutics for immunomodulation via the lymphatic systems. (A) Different types and sizes of therapeu- 

tics, such as monoclonal antibodies (mAb, 10 nm), solid lipid nanoparticles (200 nm), and nanostructured lipid carries (500 nm) that can be used to target the lymphatic 

system. As a reference, chylomicrons up to 1,0 0 0nm in diameter can be transported across the lacteals [91] . The specific structure of the lymphatic vessels being targeted 

must be considered, as their structure is organ-specific and vary in permeability depending on the types of junctions (button-type and zipper-type junctions), which will 

influence the possible biomaterials used for therapeutic delivery. (B) Schematic diagram of the different mechanisms of transport pathways following oral drug or pro-drug 

administration. The intestinal transport of lipid-based formulations (nanostructured lipid carries) through blood (major) and lymphatic circulation (minor). Pro-drug formu- 

lation as a drug-triglyceride undergoes hydrolysis into drug-monoglyceride, which will be further assembled into lipoprotein to enter the mesenteric lymph. Therefore, the 

drug can enter the systemic circulation by avoiding the first pass metabolism in the liver. Illustration in panel B was adapted with permission from [78] . 
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.3. Pulmonary delivery 

For particles up to 200 nm in diameter, alveolar clearance in- 

olves the lymphatic system and presents the possibility of tar- 

eted drug delivery via the pulmonary lymphatics [81] . This route 

f administration could be particularly advantageous for treat- 

ng certain diseases, such as small cell lung carcinoma, that dis- 

eminate through the pulmonary system. Additionally, pulmonary 

dministration avoids first-pass metabolism, is noninvasive, and 

llows for increased local concentrations of the drug [40] . The 

anoparticle size can also be adjusted to target specific regions 

or drug deposition within the lungs. When drug-loaded nanopar- 
42 
icles were administered to mice with non-small cell lung can- 

er via nebulization to target delivery to the pulmonary lymphat- 

cs, a 20-fold reduction in IC 50 was observed, compared to in- 

ravenous administration of the drug alone, as well as reduced 

oxicity [82] . 

.4. Loco-regional delivery 

Compared to conventional systemic immune checkpoint block- 

de (ICB) therapy, which has variable response rates and off-target 

oxicity, intraturmoral or intradermal locoregional delivery of mon- 

clonal antibodies (mAbs) demonstrated improved T cell responses 
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74] . While systemic drug administration is the predominant de- 

ivery method in the lab and clinic, the tumor microenvironment 

nd TdLNs are poorly accessed [83] . By targeting delivery of mAbs 

o the TdLNs, improved immunomodulation within the TdLNs was 

chieved. As a result, less doses were required, anti-tumor immu- 

ity was improved, and toxicity was potentially limited [74] . This 

trategy can be particularly effective for locally advanced cancers, 

s it allows for higher local concentrations of chemotherapeutics 

upplemented with lower systemic levels to treat distant metas- 

ases [76] . When molecules comparable in size to mAbs were in- 

ected in the interstitium of peripheral tissues, the initial lymphat- 

cs were responsible for clearing the compound and caused ac- 

umulation of the compound in the dLNs, which highlights one 

ethod for achieving this targeted delivery [84] . 

. Drug screening and disease prediction 

Despite recent advancements regarding the discovery of 

iomarkers for cancer detection, these biomarkers have low speci- 

city and typically very low concentrations in plasma which limits 

heir detection in liquid biopsies. While noninvasive to the patient, 

hese limitations of liquid biopsy prevent detecting metastatic 

pread during the early stages. Alternatively, samples could be ac- 

uired from the tumor-draining lymphatic vessels since biomark- 

rs preferentially drain to lymphatic vessels before becoming di- 

uted in the blood circulation, which should provide an enriched 

oncentration and may allow for early detection [85] . 

Circulating extracellular vesicles (EVs), specifically exosomes, 

ontain tumor-relevant factors and have emerged as potential 

iomarkers [85] . EVs are transported from the periphery to drain- 

ng LNs via lymphatic vessels [86] , and when fluorescent EVs 

ere injected into mice, EVs were absent from the surround- 

ng blood capillaries but found in the draining lymphatic vessels 

hich highlights the important role lymphatic vessels have re- 

arding EV circulation. Analysis of postoperative lymphatic exu- 

ate from patients with metastatic melanoma revealed that tumor- 

erived biomarkers, particularly EVs which contained melanoma- 

ssociated miRNAs, were significantly enriched [85] . Lymph con- 

ains tissue-derived self-antigens which reflect its origin [87] , and 

t also mirrors the tissue inflammatory signature [85] . In the sam- 

led lymphatic exudate, these specific protein signatures distin- 

uished various stages of metastatic spread, posing the potential 

o be used as a novel detection method to characterize the disease 

tage and predict therapeutic responses [85] . 

. Challenges and future outlooks 

While the development of new models and methods has im- 

roved the field of lymphatic system modulation and delivery, 

here are still challenges that need to be addressed. Firstly, there 

re drawbacks with both natural and synthetic biomaterials. Nat- 

ral biomaterials have low risk of biotoxicity and are bioactive. 

owever, they are usually more prone to mechanical failure, can 

ack biostability, and can be immunogenic [88] . On the other hand, 

ynthetic biomaterials can possess more uniformity, and have con- 

rollable mechanical properties, but they are more likely to cause 

n inflammatory response, less likely to integrate with tissues, and 

here are challenges with developing a synthetic biomaterial that 

an mimic the mechanical cues provided by naturally occurring 

aterials [88,89] . Secondly, it is difficult to release lymphangio- 

enic factors at a physiologically relevant, sustained rate with hy- 

rogels which could limit the feasibility of hydrogels for long term 

n vivo use. One solution that has been utilized for angiogenesis is 

he delivery of gene therapies via hydrogels that would cause cells 

o release the factors. While there are plenty of instances of gene 
43 
herapies being used in the cardiovascular system and many stud- 

es that utilize lymphangiogenic genes, there is little research on 

ontrolled delivery of lymphatic gene therapy [89] . Thirdly, many 

urrent in vitro models are not as physiologically relevant as they 

ould be. Current models tend to focus on either the lymphatic 

r immune system, but there are not many models that do both. 

ombining these areas could result in more information about in- 

eractions between immune cells, such as migrating T cells, and 

he lymphatic system. Additionally, there are challenges with al- 

owing for a reversible immune response in these models, which 

ould mimic the dynamic exchange of cells and materials seen in 

ivo [52] . 

Thus far most studies have focused on lymphatic capillaries or 

Ns, but have excluded the lymphatic muscle cells, pericytes, and 

alves needed to form collecting vessels [23,89] . As the pumping 

echanism of the vasculature is vital to collecting vessel forma- 

ion, “artery-on-a-chip” style microfluidic devices have the poten- 

ial to be leveraged [90] . Additionally, there is an interest in de- 

eloping biomaterials to mimic the dynamic signaling seen in dis- 

ased tissue. In the event of injury, natural ECM and proteases 

rovide signals and soluble factors that can direct endothelial mi- 

ration to support tissue regeneration and ECM remodeling. This 

echanism can be utilized for revascularization and could poten- 

ially modulate lymphatics [89] . Given these advancements and fu- 

ure potential, biomaterials demonstrate the ability to be used for 

oth model systems and as delivery platforms for immunomodula- 

ion applications involving the lymphatic system. 
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