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Abstract 

 
The lymphatic vessel (LV) plays an important role in cancer biology as a 

major route for tumor metastasis. Whereas, recent oncoimmunological 

approaches have focused its role in immune surveillance. In response to the 

emerging topics of lymphatic vascular biology, physiologically relevant 

human cell-based in vitro model is in high demand. This study introduces a 

3D in vitro model of human LV within tumor immune microenvironment 

(TIME) using an injection-molded plastic array culture platform (Lymph-

IMPACT). Through spontaneous capillary flow-driven patterning of 3D 

cellular hydrogel and optimized cellular composition, the platform enables 

robust and reproducible formation of self-organized LV in vitro. This co-

culture model recapitulates cancer cell type-dependent morphogenesis of 

LV in vitro. Moreover, the robustness of the model enables high-content 

analysis on the effect of anti-VEGFR3 drug depending on the existence of 

blood vessels or different types of cancer cells. By virtue of high 

perfusability of 3D lumenized in vitro LV, a trans-endothelial migration of 

cytotoxic primary lymphocytes, which is one of the critical processes in 

anti-tumor immunology, is recapitulated within reconstructed melanoma 

TIME. From drug testing to cellular migration assays using the high-

throughput platform, the Lymph-IMPACT demonstrates its powerful 

potential to be applied on investigating lymphatic-related strategies for 

cancer therapeutics. 
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Chapter 1. Introduction 
 
 

The lymphatic vessel (LV) plays an important role in the maintenance of 

tissue fluid homeostasis, fat metabolism and immunity.[1, 2, 3, 4] LVs connect 

lymphoid organs and coordinate trafficking of antigen and immune cells.[2] 

While LVs have been known to complement tumor metastasis,[3] recent 

oncoimmunological approaches suggest that LVs can serve as a route for 

immune surveillance.[2, 4] Relating to this debatable role of LV in cancer 

therapeutics, the development of appropriate model for lymphatic studies is 

in increasing demand.  

Compared to the long history of blood vascular research, the study of 

LVs has lagged behind due to the lack of specific markers of lymphatic 

endothelial cells (LEC) until late 1990s.[5] Since then, the basic function and 

development of LVs have been actively investigated using transgenic mouse 

models mainly focused on the role of biochemical and genetic cues.[6] 

Otherwise, the increased attention on human pathologies involving the 

malfunction of LVs such as lymphedema or lymphatic metastasis requires 

adequate human cell-based model which recapitulates multiple pathological 

microenvironmental cues. Conventional in vitro models of LEC ranging from 

2D dish culture to 3D morphogenesis culture (e.g., tubulogenesis assay and 

lymphatic ring assay)[7] have extended the scope of lymphatic vascular 

research, but still show limitations in reconstituting physiologically relevant 

functions derived from 3D lumen structures or the surrounding multi-

cellular microenvironment. 
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In the last decade, advances in biotechnology have led to the 

development of 3D microphysiological systems (MPS), including the 

microfluidic-based organ-on-a-chip platform. The system has contributed 

to both fields of vascular and cancer biology by providing functional assays 

designed to solve specific biological questions.[8] Moreover, advanced blood 

vascularized tumor models are now being practically used in cancer 

therapeutic studies.[9] Despite the importance of LV and lymphangiogenesis 

on cancer progression, till date only a few 3D MPS models of LV are 

reported.[10] Kim et al.[11] was the first to introduce lymphangiogenesis-on-

a-chip with 3D lumenized lymphatic sprouts reconstituted via synergic 

effect of biomechanical stimuli and pro-lymphangiogenic biochemical 

factors. The model showed high reproducibility suitable for screening the 

effect of diverse growth factors or drugs on lymphangiogenesis. LV models 

paired with blood vessel (BV) were also reported to emphasize the 

cooperative role of different types of endothelium partially sharing similar 

biomolecular mechanisms and vascular functions.[12] Recently, David J. 

Beebe and colleagues have developed the human LV model by applying 

human LECs on artificial cylindrical wall made by the lumen rod inside a 3D 

matrix.[13] Through functionalized assays such as the measurement of 

vascular permeability and drainage property, the changes of LV barrier 

function depending on various microenvironmental cues could be studied 

using the model. The same group also reported a study of the crosstalk 

between LV and breast cancer using their previously developed organotypic 

LV model.[14] These recent cases collectively demonstrate that LV MPS 
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could function as a powerful tool for delineating specific function or 

pathology of lymphatic system in the tumor microenvironment (TME). 

However, in terms of application on cancer therapeutics, there is a need for 

LV models in its current state to improve in its robustness and 

reproducibility. Since the biomolecular mechanisms of LV were mentioned 

as the next target for anti-cancer drug,[15] high-content and high-

throughput model will be required for screening diverse drug candidates. 

Moreover, as various types of immune cells trafficking LV to reach the 

tumor site is the major issue of emerging cancer immunotherapy,[4] an 

efficient model to test multiple combinations of crosstalk among diverse 

types of cells in tumor immune microenvironment (TIME) should be 

developed. 

In this study, we report a 3D in vitro model of human LV within TIME 

using an injection molded plastic array culture platform (Lymph-IMPACT). 

The 3D cellular hydrogel is robustly loaded on the microfluidic channel by 

the spontaneous capillary flow-driven patterning method, then LV network 

is reconstructed inside the channel by self-organization of LEC with the 

help of neighboring stromal cells and cocktail of pro-lymphangiogenic 

factors. The robustness in the reconstitution of 3D in vitro tumor lymphatic 

microenvironment using Lymph-IMPACT leads to its application in high-

content assays for assessing the effect of diverse cancer types on LV 

morphogenesis. Moreover, based on reconstituted TIME in co-existence of 

blood vessel network, we investigated the response of VEGFR3 inhibitor on 

multiple co-culture conditions. Finally, by virtue of the high perfusability of 
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the 3D lumenized LV network generated in Lymph-IMPACT, we were able 

to conduct 3D trans-endothelial migration assay using cytotoxic lymphocyte, 

primary natural killer (NK) cells. Collectively, our 3D in vitro LV network 

with high physiological relevance to native LVs in TIME, may contribute as 

a powerful research tool in the field of lymphatic system and especially in 

oncoimmunological therapeutics. 
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Chapter 2. Result and Discussion 
 

 

2.1. Reconstruction of 3D LV Network on High-
Throughput Platform 
 

To recapitulate biological interactions and cellular responses at the site 

of LV in the TME (Figure 1a), a robust reconstitution of 3D LV network on 

high-throughput platform was preceded. This high-throughput injection-

molded chip consists of 28 wells, and the size of each well is equal to two 

wells of a commercial 384-well plate (Figure 1bⅰ). Each well consists of a 

cell loading channel at the center and two media reservoirs (Figure 1bⅱ). 

Human LECs and fibroblasts were mixed with fibrin hydrogel, a commonly 

used scaffold material for successful in vitro 3D vascular formation[12b, 16], 

then loaded on the center channel. Since LEC alone could not generate 3D 

LV network, fibroblasts were applied as a major source of pro-angiogenic 

or pro-lymphangiogenic factors as previously described in a number of 

studies in vascular engineering.[11, 17] The ratio of LECs and fibroblasts in 

the mixture of cellular hydrogel was optimized to 2 : 1 (Figure S1), which 

resulted in the generation of highly lumenized vessels evenly dispersed at 

the center channel of the chip. With a single mixture of cellular hydrogel, a 

maximum of 28 samples with high reproducibility could be generated in a 

minute by virtue of the open microfluidic chip design, which is optimized for 

spontaneous capillary flow-based patterning, as described in our previous 

works.[18] To generate highly perfusable network having its lumen opened 

intact, LECs were attached to each side of the gel wall to generate a 
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monolayer of lymphatic endothelium on both sides of the 3D patterned 

hydrogel (Figure 1bⅲ). The culture medium contained a cocktail of pro-

lymphangiogenic factors as previously described in the work of Kim et al.[11] 

Although the components of the cocktail remains the same as the original 

protocol, we halved the concentration of each factor since the original 

concentration resulted in hyper-proliferation of LEC (Figure S2). This 

protocol resulted in formation of a fully lumenized and reproducible LV 

network within the center channel on the each well in 3–4 days of culture 

(Figure 1bⅲ, 1c, and 1e). LV phenotype was verified by 

immunofluorescence staining of Podoplanin (PDPN), lymphatic vessel 

endothelial receptor 1 (LYVE1), and Prospero homeobox protein 1 (PROX1) 

(Figure 1d). In addition, vessel maturity was confirmed by immunostaining 

basal lamina protein, collagen Ⅳ, and the junctional protein, VE-

cadherin.[19]  

To test the perfusability of 3D vessel network, fluorescein 

isothiocyanate-dextran (FITC-Dextran) (70 kDa) solution was introduced 

into the vessel network through the one its reservoirs, and the vessel lumen 

was immediately filled with fluorescence solution (Figure 1f). For additional 

verification on perfusability, micro-beads (2 μm; Fluoro-Max, Thermo 

Scientific) were flown within the LV network (Figure S3). The characteristic 

of in vitro LV network with high perfusability enables its application in 

studying trans-endothelial cellular migration, which is the critical step in 

cancer metastasis or anti-tumoral immune activity. Furthermore, the 

cellular self-organization method to generate this highly perfusable LV 
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network will contribute to the robustness of related studies. 

 
Figure 1. Reconstruction of 3D perfusable human LV network on high-

throughput microfluidic platform. (a) Schematic overview of various 

biological phenomena at the site of lymphatic vessels (LV). (b) (ⅰ) Design 

of injection-molded high-throughput device. (ⅱ) Section view of a single 

well, representing channel configuration. (ⅲ) Stepwise protocol of 3D 

cellular hydrogel and side LEC attachment for reconstituting 3D human LV 

network in vitro. (c) Confocal image of the whole LV network in a chip 

immunostained with anti-PDPN (green) merged with DIC image in top view 

with z-projection. Cross-section views (x-z section and y-z section) shows 

fully lumenized LV networks. Scale bar = 200 μm. (d) Z-projected confocal 

image of lymphatic specific marker LYVE1 (yellow, ⅰ), PROX1 (white, 

indicated as yellow arrow, ⅱ), and PDPN (red). Confocal image of basal 

lamina protein collagen Ⅳ (magenta, ⅲ) covering LV (green, ⅲ). Confocal 

image of adherens junction VE-Cadherin (cyan, ⅳ). Scale bar = 100 μm. (e) 

Z-projected confocal images of day by day formation of LV network labeled 

with lectin staining. Red square in top view chip schematic indicates region 

of interest while imaging. Different samples loaded on same day with same 

culture condition are fixed in each day. Scale bar = 200 μm. (f) FITC-

Dextran 70kDa flown within LV network to verify perfusability of the vessel 

network. Scale bar = 100 μm. 
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2.2. High-Content Profiling of 3D LV Network Co-
Cultured with Multiple Types of Cancer Cells 
 

Studies estimated that 80% of solid tumor metastases occur through LVs, 

while the rest occur through the BVs.[20] Therefore, several therapeutic 

strategies to target molecular mechanisms governing tumor 

lymphangiogenesis or lymphatic function have been suggested. In 

compliance with the rising significance of regulating LVs in cancer 

therapeutics, we adopted our robust 3D human LV in vitro model to 

establish a 3D lymphatic TME with various types of cancer cells. Our 

Lymph-IMPACT platform, which enables high-throughput sample 

production, was used to assess the morphological phenotypes of 3D LV in 

each cancer co-culture environment. Six types of cancer cells, SK-MEL-2 

(human melanoma), MDA-MB-231 (human breast cancer), U-87MG (human 

glioblastoma), HepG2 (human hepatocellular carcinoma), A549 

(adenocarcinomic human alveolar basal epithelial cells), and SW480 (human 

colorectal carcinoma), were co-cultured with HDLECs and fibroblasts in the 

center channel of the chip as a mixture with 3D fibrin hydrogel. These 

cancer cell lines were selected to represent each type of cancer in which 

the LV highly contributes to their progression and metastasis 

(Supplementary Table 1).[4b, 21] All conditions resulted in successful 

formation of robust LV networks on day 3 (Figure 2a). Confocal images of 

LVs of each co-culture conditions showed noticeable differences in 

morphology, mainly in vessel density and diameter.  

To investigate the structural properties of the LV network quantitatively, 
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two widely used parameters were adopted. Vessel area relates with vessel 

density and thickness, and the number of vessel junctions serve as a 

parameter for vessel interconnectivity.[22] Results indicated that LV co-

cultured with MDA-MB-231 and U-87MG showed smaller area of z-

projected vessel network compared to ones without cancer (Figure 2b). 

When measured in detail, the area of vessel network was 1.16-fold lower in 

the MDA-MB-231 co-culture conditions compared to that with no cancer 

condition, and the area of vessel network was 1.09-fold higher in the A549 

co-culture conditions compared to that with no cancer condition. The 

number of vascular junctions was also measured to quantify the difference 

in the degree of vessel connectivity among co-culture conditions (Figure 

2c). Co-culture conditions, which formed thick vessels with large vessel 

area measurement, resulted in smaller number of vascular junctions. In 

particular, LV network co-cultured with A549 showed 1.18-fold reduction 

in the number of vascular junctions compared to that with no cancer 

condition. Through the robustness of the platform enabling high-content 

profiling of multiple experiment conditions, we assessed a total of seven 

conditions of 3D tissue and TME in a single set of experiment. This 

demonstrates the capacity of this platform to capture heterogenic phenotype 

of LVs co-cultured with various cancer cell types on the established 3D 

tissue microenvironment in a high-throughput manner. 

Taking a deeper look into the TME reconstructed in this platform, a 

sample co-cultured with SK-MEL-2, a melanoma cell line, was imaged in 

higher resolution (Figure 2d). SK-MEL-2 cells stained with CellTraceTM Far 
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Red (red) in advance of chip loading were located in the extravascular 

region proximal to the vascular surface as cell clusters, which are indicated 

with a yellow arrow in Figure 2d. Nuclei (blue) positioning on the 

extravascular region which are not detected as cancer cells indicate normal 

fibroblasts. Although all types of cancers used in this assay do not have 

direct interaction with fibroblasts in vivo, fibroblasts were co-cultured since 

cancer alone could not form 3D LV network. This is a limitation of the 

model as fibroblasts may cause undefined complex cellular interactions. In 

further applications of this model, SK-MEL-2 co-culture condition was 

selected as a representative cancer microenvironment, since there are a 

number of cases in melanoma studies related to lymphatics or cancer 

immunotherapy.[4b, 15b] 
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Figure 2. High-content profiling of LV network co-cultured with multiple 

types of cancer cells. (a) Representative z-projected confocal images of LV 

network on day 3 (labeled with lectin staining, green) co-cultured with six 

different types of cancer cells. Scale bar = 200 μm. (b), (c) Quantitative 

analysis on LV area and the number of vascular junctions in each 

experiment condition. (*p < 0.05; **p < 0.01; ***p < 0.001, One-way 

ANOVA with subsequent Tukey’s multiple comparisons post-test, N = 14 

for no cancer samples and N = 7 for each cancer co-culture condition) (d) 

Z-projected confocal image of LV network within melanoma (SK-MEL-2) 

microenvironment in higher magnification. LV is stained using lectin (green), 

SK-MEL-2 cells are stained with CellTraceTM Far Red (red) in advance of 

chip loading, and nucleus is stained using Hoechst 33342 (blue). The cluster 

of cancer cells is indicated with yellow arrow. Scale bar = 100 μm. 
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2.3. Anti-VEGFR3 Drug Treatment Analysis on 
Tumor LV Network Neighboring with Blood Vessel 
Network 

 

The regulation of VEGF-C/VEGFR3 signaling received attention as a 

novel anti-tumoral strategy for suppressing tumor lymphangiogenesis which 

could lead to metastasis.[23] Previous studies reported that VEGFR3 

inhibitors such as Cediranib (pan-VEGFR tyrosine kinase inhibitor) or 

SAR131675 (selective VEGFR3 tyrosine kinase inhibitor) possess the 

potential to improve the anti-tumoral effect when combined with traditional 

anti-VEGF/VEGFR2 therapies, but the clear effect and mechanism remain 

unsolved.[15a] Moreover, it has been reported that the suppression of 

VEGFR3 could diminish tumor angiogenesis or blood vessel formation as 

well[24] since VEGFR3 is up-regulated exceptionally in the blood 

microvasculature on tumor site.[15b] We could also find a series of 

references mentioning crosstalk over mechanisms between angiogenesis 

and lymphangiogenesis.[12c, 20, 25] Therefore, we designed an anti-VEGFR3 

drug test assay on 3D human tumor LV alone or in co-existence with blood 

vessel network. While the platform has the potential to test diverse 

reagents regulating angiogenesis, or lymphangiogenesis, or both in high-

content manner, we focused on a single inhibitor in this study to discover 

how the co-existence of LV and BV could affect the sensitivity of the drug 

compared to the sole-type culture of the endothelium in vitro. Among 

various VEGFR3 tyrosine kinase inhibitors, we selected SAR131675 due to 

its high selectivity on VEGFR3 despite VEGFR2.[23a]  
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The robust modeling of in vitro 3D LV network was followed by 

SAR131675 treatment in concentration of 1 μM and 10 μM, 2 days after cell 

loading with media change. Control condition samples were prepared with or 

without dimethyl sulfoxide (DMSO). The area of both two vessel networks 

on day 3 was quantified individually through 3D confocal fluorescent 

imaging (Figure 3a). Both LV and BV showed a decrease in area when 

treated with SAR131675 compared to control samples. Apparently, the 

decrease in LV area was more dramatic compared to that of BV (Figure 3b). 

Specifically, in the case of MDA-MB-231 TME, the ratio of 10 μM 

SAR131675 treated mono-cultured LV area to that of DMSO control was 

0.251, while the same ratio on mono-cultured BV area was 0.600. 

We also focused on how neighboring BV could influence LV in drug 

response. For intuitive comparison on drug response to LV among co-

culture conditions, we presented relative area of LV in Figure 3c. Since the 

control LV area measurements are inconsistent among co-culture 

conditions, we normalized all area measurements to the average of each 

corresponding DMSO control measurements. Mono-cultured LV with or 

without cancer showed more sensitivity to 10 μM SAR131675 treatment 

compared to LV co-cultured with BV. For example, in the case of TME with 

MDA-MB-231, the ratio of average LV area with drug treatment over 

DMSO control was 0.251 for the mono-cultured LV and 0.563 for the LV 

co-cultured with BV. The presented data imply that LV networking, 

especially in TME, could be affected by neighboring BV in terms of the 

VEGFR3 signaling pathway. A similar result was reported in recent in vitro 
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study by Osaki et al.,[12c] which showed that SAR131675 inhibited 

lymphangiogenesis of LEC more strongly without the HUVEC compared to 

the co-culture conditions. 

In addition, we analyzed the change in cancer cell population in response 

to the treatment of VEGFR3 inhibitor (Figure S4). On day 3, a day after 10 

μM SAR131675 treatment on day 2, the number of cancer cells were 

quantified to represent the effect of the drug on cancer cell proliferation. As 

a result, the number of cancer cells in the inhibitor-treated groups were 

0.83-fold and 0.85-fold lower than that of DMSO control groups for SK-

MEL-2 and MDA-MB-231 co-culture, respectively (Figure S4b and S4d). 

Though the results were statistically significant for both co-culture 

conditions, it did not show dramatic decrease in the number of cancer cells. 

We expect that the longer treatment of the inhibitor will result in a greater 

decrease in the number of cancer cells. Our result showing the decrease in 

the cancer cell population due to the VEGFR3 inhibitor treatment correlates 

with the previous studies that demonstrate VEGFR3 is also expressed in 

tumors including human breast cancer, not only in LVs. Moreover, these 

studies have discussed that VEGF-C/VEGFR3 signaling regulates tumor 

growth and metastasis.[26] This result indicates that the platform is eligible 

for testing the efficacy of the drug on cancer cells as well as on vessel 

network, simultaneously. 

The experimental set introduced in this study for testing drug efficacy 

consists of a total 36 different conditions (four drug treatment conditions, 

including control, DMSO control, SAR131674 1 μM and 10 μM, and nine 
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distinct co-culture conditions). By virtue of the robustness of Lymph-

IMPACT using high-throughput platform, these multiple conditions were 

tested in a single experimental set at the same time while requiring a 

relatively small number of cells. Moreover, co-network of blood and 

lymphatic vessel which highly resembles the 3D structure of in vivo 

tissue[1d, 27] could be reconstructed in high-throughput manner (Figure 3d). 

This demonstrates the capacity of the model to efficiently assess numerous 

drug candidates on physiologically relevant TME, which responds to the 

increasing demand of high-throughput platform in the field of cancer 

therapeutics.[28]  
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Figure 3. High-content screening of anti-VEGFR3 drug response on 

lymphatic and blood vessel network. Total 36 conditions were tested 

according to types of cultured vessel network (lymphatic, blood, or both), 

types of cancer cell co-cultured (no cancer, SK-MEL-2, or MDA-MB-231), 

and treatment conditions of the anti-lymphangiogenic drug (control, DMSO 

control, SAR131675 1 μM, or SAR131675 10 μM). Control media or media 

with corresponding concentration of the drug were supplied through media 

reservoir on Day 2. (a) Representative z-projected confocal images of 

vessel networks fixed on Day 4. Scale bar = 300 μm. (b) Quantification of 

vessel areas in each condition. (c) Relative LV vessel area of anti-VEGFR3 

treated samples over that of DMSO control samples in each co-culture 

condition. DMSO control values of each condition were normalized to 1. 
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(*p < 0.05; **p < 0.01; ***p < 0.001, ***p < 0.0001. Two-way ANOVA with 

subsequent Tukey’s multiple comparisons post-test for analysis in Figure 

3b, and unpaired t-test for analysis in Figure 3c. N = 3 or 4 for each LV or 

BV mono-culture condition, and N = 5 to 8 for each LV-BV co-culture 

condition.) (d) 3D reconstruction of the representative confocal image of 

LV-BV co-culture condition with SAR131675 10 μM treatment. Scale bar = 

100 μm. 
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2.4. Trans-Lymphatic Endothelial Migration of 
Cytotoxic Lymphocyte in Perfusable 3D LV Network 

 

Since immunotherapy is the emerging tide of cancer therapeutics, 

researchers have shown great interest in the systemic circulation of diverse 

immune cells, referred to as “the cancer-immunity cycle”.[29] Even though a 

large portion of immune cells in our body including lymphocytes exists in 

LVs, much is still unknown about the interactions between the LECs and 

immune cells in lymphatic circulation.[4a, 30] Therefore, we developed a 

trans-endothelial migration assay of lymphocyte using our highly perfusable 

3D human dermal LV model within a melanoma microenvironment. Since the 

NK cells are experimentally easily accessible lymphocytes compared with T 

cells and also known to exist in the lymphatic circulation,[31] we have 

demonstrated our lymphocyte migration assay with NK cells. Moreover, NK 

cells are gaining attention as a potent tool for clinical cancer immunotherapy, 

especially for melanoma due to their main role in early anti-tumor immune 

response and its activation following adaptive immune responses against 

melanoma.[4b, 32] 

As previously described, highly perfusable 3D LV using human dermal 

LEC with or without melanoma cell line, SK-MEL-2, was generated for 3 

days inside the microfluidic chip. On day 4, lymphocyte migration assay was 

conducted by introducing primary NK cells for live tracking. 1 h after 

applying NK cells in the intraluminal region of the LV network, live imaging 

was conducted for 7 h with 15 min interval (Figure 4a). The primary NK 

cells were tracked by pre-treated CellTraceTM Far Red fluorescence 
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(indicated as red in Figure 4b). Dead cells including melanoma cells attacked 

by cytotoxic NK cells were recognized with SytoxTM staining (indicated as 

blue in Figure 4b) during live imaging. Although the entire SytoxTM 

fluorescence could not specifically indicate the death of melanoma cells, 

which is a limitation of the method, we assumed ones that showed 

CellTraceTM CFSE fluorescence (indicated as white in Figure 4b) at the 

initial phase of live imaging as melanoma cells since the dye was uptaken 

only by melanoma cells in advance to chip loading. Interestingly, melanoma 

cells attached intimately on the outer surface of LV were attacked by NK 

cells in 1 h (indicated with yellow arrows in Figure 4b). Alternatively, 

aggregates of melanoma cells distant from LV embedded on 3D fibrin 

hydrogel were attacked by actively migrating NK cells around 6 h after the 

start of live imaging (indicated with pink arrows in Figure 4b). This clearly 

indicates that the infiltration of lymphocytes toward tumor cells depends on 

the surrounding 3D microenvironment and distance between the tumor and 

vessel network. Our result is consistent with previous studies on how the 

3D matrix within the TME can influence the transport of anti-tumor immune 

cells toward solid tumor sites.[33] For the live imaging of samples without 

melanoma cancer cells (Supplementary Video 6), NK cells showed active 

trans-endothelial migration through the LV network, whereas SytoxTM 

fluorescence indicating cell death was less detected compared to the 

samples with cancer cells.  

In addition to the 3D matrix, chemokine composition in the lymphatic 

microenvironment is another dominant factor directing the trans-endothelial 



 

 ２０ 

trafficking of leucocytes in inflammation or cancer pathology.[31a] Therefore, 

we investigated the difference in biochemical components between 3D 

lymphatic microenvironment with or without melanoma cells using the 

human cytokine array kit. On day 4, just before the introduction of NK cells 

into 3D tumor lymphatic microenvironment, supernatants from 7 samples 

were collected and pooled as n = 1 for the cytokine analysis. For each 

condition, n = 3 analyses (collected from 21 samples) resulted in 

quantitative detection of four different types of cytokine (IL-4, IL-5, CXCL1, 

and CXCL10) (Figure 4c and Figure S5). Among them, the expression of IL-

4 is likely elevated and that of IL-5 significantly increased in melanoma co-

cultured samples compared to those without cancer (Figure 4d). This result 

is consistent with previous studies on skin cancer showing elevated 

secretion levels of IL-5 and IL-4.[34] One of these studies have emphasized 

IL-4 as an important cytokine in the suppression of melanoma development 

mediated by activated NK cells.[34d] On the other hand, some studies have 

drawn attention to these cytokines for inducing pro-tumorigenic 

responses.[34b, 34c] Although the expression of CXCL1 or CXCL10 was not 

significantly dependent on the existence of melanoma cells, these cytokines 

were widely studied in relation to cancer progression, immune homeostasis, 

and lymphatics. CXCL1 expressed in melanoma microenvironment is 

reported to play a major role in tumorigenesis, angiogenesis, and 

metastasis.[35] Another study discussed the role of CXCL10 in immune 

activation including immune cell migration, differentiation, and activation.[36] 

Moreover, these two CXC chemokines were reported to be expressed by 
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LECs and promote cancer metastasis toward the lymph node.[37]  

The global measurement of biochemical cues in our reconstructed 3D in 

vitro microenvironment partially mimics the in vivo cytokine components 

which plays an important role in tumorigenesis, cancer metastasis, and 

immune cell migration. Thus, the model reveals its potential for studying the 

effect of various biomolecular pathways on trans-lymphatic endothelial 

migration of lymphocytes or even cancers. Recent studies have 

demonstrated the interaction between cancer and immune cells in vitro, 

however, most studies do not include vessel network which is a key 

component of TIME.[38] Considering this, Lymph-IMPACT suggests a more 

physiologically relevant model by being able to capture the complex cellular 

interactions under the existence of LV network. 
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Figure 4. Trans-lymphatic endothelial migration of cytotoxic lymphocyte in 

perfusable 3D LV network. (a) Schematic illustration of experimental 

timeline from initial cell loading to live cell imaging. (b) 1 h interval images 

of 3D confocal live cell imaging on primary NK cell migrating LV network 

co-cultured with SK-MEL-2. (Live imaging was started 1 h after NK cell 

loading and maintained for 7 h, in 15 min interval.) Pink arrows indicate the 

aggregates of melanoma cells distant from LV. Yellow arrows indicate the 

aggregates of melanoma cells attached intimately on the outer surface of LV. 

Scale bar = 100 μm. (c) Result of global cytokine analysis on supernate 

collected from in vitro lymphatic microenvironment with or without SK-

MEL-2. (d) Relative integrated pixel density of detectable cytokines: CXCL1, 

CXCL10, IL-4, and IL-5. All values are normalized by average of integrated 

pixel density on reference spot as 1. (**p < 0.01. Two-way ANOVA with 

subsequent Tukey’s multiple comparisons post-test for analysis. Each 

supernate sample for cytokine analysis was acquired from 7 chips. Total 3 

pooled samples for each co-culture condition was applied for cytokine 

analysis.) 
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Chapter 3. Experimental Section 
 

 

3.1. Fabrication of the Injection-Molded Plastic 
Array 3D Culture (IMPACT) Platform 

 

Device was made with polystyrene (PS) by injection molding performed 

at R&D Factory (Korea). Manufacturing of the aluminum alloy mold core was 

done through machining and polishing. Injection was performed at a 

clamping force of 130 ton, maximum injection pressure of 55 bar, cycle time 

of 15 seconds, and nozzle temperature of 220°C. The resulting PS substrate 

was bonded with a pressure sensitive adhesive-coated polycarbonate film 

which works as a chip bottom.  

 

3.2. Cell Culture 
 

Human dermal lymphatic endothelial cells (HDLECs; Lonza, Swiss) were 

cultured in microvascular endothelial growth medium 2 (EGM-2 MV) with 

pro-lymphangiogenic cocktail added to facilitate LV formation. The cocktail 

consists of vascular endothelial growth factor-A (VEGF-A, R&D Systems), 

VEGF-C (R&D Systems), basic fibroblast growth factor (bFGF, Invitrogen), 

sphingosine-1-phosphate (S1P, Sigma), and recombinant human endocan 

(ESM-1, R&D Systems).[11] The factors were added to culture medium at 

final concentrations of 25 ng mL-1 for VEGF-A and bFGF, 50 ng mL-1 for 

VEGF-C and ESM-1, and 0.5 μM for S1P. HDLECs of passages 5 to 6 were 

used for experiments. RFP expressing human umbilical vein endothelial 

cells (RFP-HUVECs; Angioproteomie, USA) were cultured in endothelial 
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growth medium 2 (EGM-2; Lonza) and passage 4 were used for experiments. 

Normal human lung fibroblasts (Lonza) were cultured in fibroblast growth 

medium 2 (FGM-2; Lonza) and passages 6 to 7 were used for experiments. 

SK-MEL-2 (gifted from Dr. Junsang Doh in Department of Materials Science 

and Engineering, Seoul National University, Korea), GFP-tagged MDA-MB-

231, GFP-tagged U-87 MG and GFP-tagged HepG2 (both gifted from Dr. 

Kyung Sun Kang in College of Vetinary Medicine, Seoul National Univeristy, 

Korea), GFP-tagged A549 (gifted from Dr. Jangho Kim in College of 

Agriculture and Life Sciences, Seoul National University, Korea), and GFP-

tagged SW480 (Angioproteomie, USA) were cultured in RPMI-1640 (Gibco, 

USA) supplemented with 10% fetal bovine serum (HyClone, USA) and 1% 

penicillin–streptomycin (Gibco, USA). All cells were incubated at 37°C in 

5 % CO2 for 3 days prior to loading on device, and were detached from 

culture dishes using 0.25% trypsin-EDTA (HyClone, USA). Expanded NK 

cells were generated as described in previous work by SH Kweon et al.,[39] 

from peripheral blood mononuclear cells (PBMCs) by co-culture with 

irradiated K562-OX40L feeder cells in complete RPMI1640 (RPMI 1640 

supplemented with 10% heat-inactivated FBS, 100 U mL-1 penicillin, 100 µg 

mL-1 streptomycin and 4 mmol L-1 L-glutamine) plus 10 IU mL-1 rhIL-2 in 

24-well tissue culture plate. For vigorous proliferation, IL-2 concentration 

was increased to 100 U mL-1 and 5 ng mL-1 soluble IL-15 was added to the 

medium from day 7. Expanded NK cells from day 14-21 were 

cryopreserved and used for NK cell killing assay with Live Imaging when 

needed. 
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3.3. Hydrogel and Cell Patterning for 3D LV Network 
Formation 

 

Chips were plasma surface treated for 3 minutes at 70 W before 

experiments to induce surface hydrophilicity (Femto Science, Korea). Fluid 

patterning within the device was done first on the center channel and then 

the side channels (if needed). Center channels were patterned with a fluid 

mixture composed of 25 μL of HDLECs, 12.5 μL of fibroblasts, and 12.5 μL 

of 10 mg mL-1 fibrinogen solution (Sigma, USA). Final concentrations of 

HDLECs and fibroblasts were 4 × 106 cells mL-1 and 2 × 106 cells mL-1, 

respectively. In culture conditions including cancer cells, 5 μL of cancer 

cells were added to the 50 μL fluid mixture resulting in final concentration 

of 0.3 × 106 cells mL-1. In case of blood and lymphatic vessel co-culture for 

drug testing experiments, RFP-HUVECs, HDLECs, fibroblasts, and 

fibrinogen solution was mixed in same volume 12.5 μL to generate final 

concentration 8 × 106 cells mL-1, 2 × 106 cells mL-1, 2 × 106 cells mL-1, 

and 2.5 mg mL-1, respectively. This optimized concentration resulted in LV 

network formation having similar total area with mono-cultured LV network 

generated by the aforementioned protocol. 0.9 μL of the final mixture was 

patterned and captured in each center channel as fluid injection along the 

edge of each well spontaneously filled the center channel due to 

spontaneous capillary flow. The primed hydrogel mixture was then allowed 

to crosslink for 10 minutes before further patterning or medium supply. The 

side channel was patterned with 3 μL of HDLEC suspension in concentration 

of 3 × 106 cells mL-1, and the device was tilted upright for 20 minutes in the 
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incubator to let the cells evenly pile up on the created hydrogel interface. 

The opposite side channel was consecutively patterned in the same manner. 

After fluid patterning processes, media reservoir was filled with 200 μL of 

medium per well. 

 

3.4. Drug Treatment 
 

A selective VEGFR-3 inhibitor, SAR131675 (Sellleck, USA), was 

dissolved in DMSO according to the manufacturer’s instructions. The 

inhibitor was then diluted into two different concentrations (1 and 10 μM) 

with culture medium and introduced into the media reservoir two days after 

initial cell loading on device. Two types of control medium were set 

considering the addition of DMSO; control medium (EGM-2 MV with 

cocktail) and DMSO control medium (control medium with equal amount of 

DMSO added to prepare 10 μM VEGFR-3 inhibitor). 

 

3.5. Immunocytochemistry 
 

Cultured tissues in the device were fixed with 4% (w/v) 

paraformaldehyde (Biosesang, Korea) for 20 minutes, and then were 

permeabilized with 0.2% Triton X-100 (Sigma) for 20 minutes followed by 

treatment with 3% BSA (Millipore, USA) for 40 minutes. Rabbit polyclonal 

anti-human lymphatic vessel endothelial receptor 1 (LYVE1) (1:100; 

Reliatech; 102-PA50), Prospero homeobox protein 1 (PROX1) (1:100; 

Reliatech; 102-PA32), and Collagen Ⅳ (1:100; Abcam; ab6586) were 

treated for 2 to 3 days as primary antibodies non-conjugated with 
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fluorescent markers. These primary antibody stained samples were 

subsequently incubated with Alexa Fluor 568 goat anti-rabbit 

immunoglobulin G (IgG) (1:1000; Inbitrogen; A11036) as secondary antibody 

overnight. Alexa Fluor 488/594/647-conjugated anti-human Podoplanin 

(PDPN) (1:200; Biolegend; 337005/337018/337007), Alexa Fluor 488-

conjugated mouse anti-human VE-Cadherin (1:200; eBioscience; 53-1448-

42), and Alex Fluor 594-conjugated mouse anti-human α-Smooth Muscle 

Actin (α-SMA) (1:200; R&D systems; IC1420T) were treated for 2 to 3 days. 

Two types of lectin, fluorescein-conjugated Ulex Europaeus Agglutinin 1 

(1:1000; Vector; FL-1061) and DyLight 594-conjugated Ulex Europaeus 

Agglutinin 1 (1:1000; Vector; DL-1067), were used for staining LEC which 

have been established as a marker for both human blood and lymphatic 

endothelial cells.[40] Alexa Fluor 488-conjugated phalloidin and Hoechst 

33342 (1:1000; Molecular Probes) were treated overnight for staining F-

actin and DNA, respectively. All samples were washed with PBS and stored 

at 4℃ until imaging. 

 

3.6. Cytotoxic Natural Killer (NK) Cell Cancer Killing 
Assay with Live Imaging 

 

Live imaging was performed with Nikon Ti2-E inverted microscope 

(Nikon Eclipse Ti, Japan) on day 4 from initial cell seeding. SK-MEL-2 cells 

and NK cells were labeled with either CellTraceTM Far Red Cell 

Proliferation Kit (Thermo Fisher, C34572) or CellTraceTM CFSE Cell 

Proliferation Kit (Thermo Fisher, C34570) by incubating the cells in serum 
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free RPMI-1640 with 1 μM and 5 μM of each reagent respectively for 30 

min. To label dead cells during live imaging, SytoxTM Blue Dead Cell Stain 

(Thermo Fisher, C34857) was used in 1:1000 dilution in culture medium. 

Prior to introducing NK cells, HDLECs, fibroblasts, and SK-MEL-2 cells 

were seeded within fibrin hydrogel and cultured for 3 days, allowing 

reconstitution of 3D tissue containing perfusable LVs with co-existing SK-

MEL-2 cells. On day 3, NK cells (1 × 106 cells mL-1) suspended in culture 

medium were loaded on the device through both top and bottom media 

reservoirs. While 15 μL and 30 μL of culture medium containing NK cells 

were injected in top and bottom media reservoirs, respectively, the device 

was tilted upright for 15 minutes in the direction where the bottom reservoir 

is displaced higher, and then was inverted in the opposite direction for 15 

minutes. This was done to ensure even positioning of NK cells within the 

cultured tissue and formed lymphatic tube. Finally, LV culture medium 

including IL-2 and IL-15 was added to the media reservoirs. Live imaging 

was then initiated in the time interval of 15 minutes for total 8 hours. 

 

3.7. Cytokine Analysis 
 

Live Composition of global cytokine in tumor lymphatic 

microenvironment was quantitatively analyzed using Proteome Profiler 

Human Cytokine Array Kit (ARY005B, R&D Systems). On day 4, just before 

introducing NK into the 3D tumor lymphatic microenvironment, supernatants 

from 7 samples were collected and pooled as n = 1 for cytokine array 

analysis with instruction provided by the manufacturer. N = 3 (pooled from 
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total 21 samples) were analyzed for each condition with or without cancer 

cell co-culture, respectively. 

 

3.8. Imaging and Statistical Image Analysis on Vessel 
Morphology 

 

Imaging was performed with Nikon Ti2-E inverted microscope (Nikon 

Eclipse Ti, Japan) with microscope software NIS elements (Nikon). Used 

objective was Plan Apo λ 10× (Numerical Aperture: 0.45, Nikon). Acquired 

confocal images were processed with Fiji (http://fiji.sc.), an open access 

software. 3D confocal images were stacked into 2D images by z-projection 

in max intensity, and were cropped to defined region of interest. For the 

measurement of vessel area, equal threshold value was applied to each 

image and was converted to binary mask. Then, pixel area of each binary 

mask image was measured directly with Fiji. In addition, the number of 

vascular junctions was measured by utilizing Angiogenesis Analyzer, a free 

software plugin for ImageJ and Fiji.[41] The original z-projected confocal 

images were denoised and contrast enhanced using Fiji. All images from a 

single set of experiment were applied with identical setting using macro. 

The denoised and contrast enhanced images were converted to RGB type in 

advance, then directly applied to the software. Setting for analysis was 

‘Analyze HUVEC Fluo’, and no other setting was altered. Angiogenesis 

Analyzer produced a quantified measurement for each image in diverse 

parameters including vessel junction. For the measurement of the number of 

cancer cells, equal threshold value was applied to each fluorescent z-
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projected image of cancer and was converted to binary mask. Then, the 

‘Watershed’ function in Fiji was applied to masked image to dissect the 

clustered cancer cells into individual cells. Finally, the cells were 

automatically counted by the ‘Analyze Particles’ in Fiji. For 3D 

reconstruction of the confocal image in Figure 3d or Supplementary Video 6, 

Imaris (Bitplane) was used. 

 

3.9. Statistical Analysis 
 

To obtain statistical comparisons of the measurements, unpaired two-

tailed Student’s t-test or two-way ANOVA with subsequent Tukey’s 

multiple comparison post-test was performed using GraphPad Prism 9 

software. The p-value thresholds for statistical significance were set and 

represented in the graphs as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001; N.S., not significant. All error bars in the graphs present standard 

error of the mean (SEM). The sample size (N) for each statistical analysis is 

described in detail on each figure caption. 
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Chapter 4. Conclusion 
 
 

In this study, we presented a reproducible and robust in vitro model of 

3D human LV using a high-throughput platform, termed Lymph-IMPACT. 

With emerging topics in cancer biology regarding the role of LV in TIME, 

we reconstituted the 3D tumor LV network showing distinct morphogenic 

phenotypes determined by different cancer types. The robustness of this 

platform enabled the high-content analysis of drug response in nine 

different co-culture conditions at a single experimental set. The high 

perfusability of 3D lumenized LV was applied to the trans-endothelial 

migration assay of immune cells, which is the critical step of anti-tumor 

immune activity. Not being limited to NK cells, diverse types of immune 

cells can further be applied to the platform for studying its role in the 

lymphatic system as well as its interaction with LV. Furthermore, distinct 

from previous organotypic in vitro models of LV, the LV network in our 

model was generated as a self-organization method, which made sample 

generation extremely robust, as well as increased the physiological 

relevancy of the model by enhancing cellular interaction between the LV 

and its surrounding TIME. 

Though our study focused on the role of LV in cancer therapeutics 

including oncoimmunological approach, the model can be applied as a human 

cell-based 3D in vitro model to study diverse pathologies involving the LV 

such as skin inflammation and lymphedema. Our model will provide a wide 

perspective to biomedical researchers mainly relying on transfected mouse 
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models to elucidate developmental or pathological mechanisms of the 

lymphatic system. Moreover, researchers working on pharmaceutical 

approaches to regulate lymphatic functions against cancers or lymphatic 

diseases could benefit from our high-throughput platform for robust and 

efficient screening of drug candidates. Taken together, our robust human 

LV model with highly perfusable 3D structure based on a high-throughput 

platform shows great potential to function as a powerful and efficient tool 

for lymphatic studies and development of novel therapeutics.  
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Supporting Information 

 

 
Figure S1. Optimizing the ratio of human dermal lymphatic endothelial cells 

and normal human lung fibroblasts. The ratio written on top of the images 

represent the ratio of concentration of lymphatic endothelial cells to 

fibroblasts (Unit: 106 cells mL-1). Scale bar = 200 μm.  

 
 

 
Figure S2. Optimizing the concentration of pro-lymphangiogenic factor 

cocktail added in culture media. The original protocol was previously 

introduced in the study of 3D microfluidic lymphangiogenesis model by Kim 

et al. (S. Kim, M. Chung, N. L. Jeon, Biomaterials 2016, 78, 115.), which 

resulted hyper-proliferation of LEC in lymphatic vascular network formation 

conducted in Lymph-IMPACT (right, Cocktail 1 X). The half of original 

concentration of the cocktail resulted optimized 3D lumenized network 

formation (right, Cocktail 0.5 X), whereas culture without the factors 

resulted no network formation of LECs (left, No Cocktail). All three images 

are z-projected confocal images immunostained with human anti-PDPN. 

Scale bar = 200 μm. 
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Figure S3. Verifying perfusability of 3D LV network in Lymph-IMPACT. Z-

projected confocal image of the whole center channel of the chip. DIC image 

(ⅰ) is merged with confocal image of LV network stained with lectin (ⅱ). 

Fluorescent micro-beads with 2 μm diameter (indicated as yellow in ⅲ) is 

applied on the one end of the LV network and we could examine the flow of 

bead toward the other end of the network. Scale bar = 300 μm. 
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Figure S4. Analysis on the effect of SAR131675 treatment on cancer cells. 

(a) Representative z-stacked confocal images of LV network co-cultured 

with SK-MEL-2 in treatment of SAR131675 or DMSO as control. Below 

images represent cancer only, which is the same position of upper images. 

(b) Quantitative analysis in the number of cancer cells in each drug 

treatment condition in SK-MEL-2 coculture. (**p < 0.01. Unpaired two-

tailed Student’s t-test was performed to obtain statistical comparisons of 

analyzed values. N = 8 for DMSO control condition and N = 14 for 

SAR131675 treatment condition.) (c) Representative z-stacked confocal 

images of LV network co-cultured with MDA-MB-231 in treatment of 

SAR131675 or DMSO as control. Below images represent cancer only, 

which is the same position of upper images. (d) Quantitative analysis in the 

number of cancer cells in each drug treatment condition in MDA-MB-231 

coculture. (*p < 0.05. Unpaired two-tailed Student’s t-test was performed 

to obtain statistical comparisons of analyzed values. N = 14 for DMSO 

control condition and N = 14 for SAR131675 treatment condition.) Scale bar 

= 200 μm. 
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Figure S5. Result of X-ray imaged membranes in human cytokine array 

assay. Each membrane indicates cytokine detection in supernates collected 

from 7 samples cultured in same condition. Differentially detected dot pairs 

are indicated by different color lines.  

 

 

 

Supplementary Table 1. Summary of the interplay between lymphatic 

vascular system and each type of cancer 
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초록 

 
림프관은 암 생물학 분야에서 암 전이의 통로 역할을 하는 것으로 널리 알

려져 있다. 반면, 최근 면역 항암 분야에서 림프관은 면역 감시가 일어나는 곳

으로 주목을 받으며, 이에 초점이 맞추어진 연구가 활발히 진행되고 있다. 이렇

게 림프관에 관련한 연구 주제가 대두됨에 따라 생체 유사성이 높은 인간 세포 

기반 체외 모델의 필요성이 커지고 있다. 위 연구에서는 플라스틱 세포배양 칩

을 기반으로 삼차원 인간 림프관을 암-면역 미세환경 내에 구현한 체외 모델을 

제시한다. 모세관 힘을 이용한 삼차원 세포-하이드로겔 패터닝과 최적화된 세

포 구성으로 재현성 높은 자기 조직화 림프관을 고효율로 구현할 수 있다. 해당 

모델을 활용하여 다양한 암세포의 공배양을 통해 사용된 암세포의 종류에 따라 

달라지는 림프관의 형태를 재현하였다. 또한, 이 모델의 고효율성을 이용하여 

혈관성장인자수용체-3 (anti-VEGFR3) 약물에 대한 반응을 혈관 및 다양한 암

세포의 유무에 따라 분석하였다. 그리고 체외 삼차원 림프관의 높은 관류성을 

활용하여 면역 항암 분야에서 주요한 과정 중 하나인 세포 독성 림프구의 경내

피 이동을 흑색종 미세환경 내에서 재현하였다. 위 모델은 약물 스크리닝부터 

세포의 이동 및 독성 활동 구현까지 가능하게 하는 고효율 플랫폼으로, 림프관

에 관련한 암 치료법 연구에 강력한 도구로써 적용될 수 있음을 보인다. 
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