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Abstract  1 

Background: Recent reports have indicated that vascularized lymph node transfer (VLNT) 2 

may improve the impaired immunity in lymphedema but there has been no report concerning 3 

anti-cancer immunity. In the early tumor immune response, dendritic cells (DCs) participate 4 

in tumor recognition and antigen presentation in local lymphatics. Here, we investigated the 5 

impact of VLNT on DC dynamics against cancer in mouse models. 6 

Methods: Forty-seven 8-week-old C57BL/6N male mice were divided into three surgical 7 

groups: a VLNT model in which a vascularized inguinal lymph node (LN) flap was 8 

transferred into the ipsilateral fossa after a popliteal LN was removed; a LN dissection (LND) 9 

model in which the popliteal LN was dissected; and a control model in which a skin incision 10 

was made at the popliteal fossa and an ipsilateral inguinal LN was removed. Postoperative 11 

lymphatic flows were observed by indocyanine green lymphography and B16-F10-luc2 12 

mouse melanoma were implanted into the ipsilateral footpad. The proportion of DCs in the 13 

transplanted nodes was measured by CD11c immunohistochemistry using digital imaging 14 

analysis 4 days after cancer implantation. Metastases to the lungs and LNs were 15 

quantitatively evaluated by luciferase assay 4 weeks after cancer implantation. 16 

Results: After VLNT, lymphatic reconnection was observed in 59.2% of mice. The 17 

proportion of DCs was significantly higher in the VLNT group with lymphatic reconnection 18 

(8.6% ± 1.0%) than in the naïve LN (4.3% ± 0.4%) (P < 0.001). The tumor burden of lung 19 

metastases was significantly less in the VLNT group with lymphatic reconnection compared 20 

with the LND group (P = 0.049). 21 

Conclusions: Metastasis decreased in mice with reconnected lymphatics after VLNT. A 22 

possible explanation was that lymphatic restoration may have contributed to the tumor 23 

immune response by allowing DC migration to LNs. 24 

 25 
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Introduction  1 

Lymph flows through a network of afferent lymphatic vessels, lymph nodes (LNs), and 2 

efferent lymphatic vessels, before entering the thoracic duct, from which it drains directly 3 

into the venous system. This network is also involved in immune surveillance, importing 4 

various antigens and activated antigen-presenting cells into the LNs and exporting immune 5 

effector cells and factors involved in the humoral response into the blood circulation.1-5 6 

Therefore, impairment of the regional lymphatic system causes not only swelling of the 7 

extremities but also impaired immune surveillance, which leads to various immune disorders, 8 

chronic inflammatory conditions, and neoplasms.1,6-8 A study of immune cells in the 9 

peripheral LNs and skin of 17 patients with lymphedema suggested impaired lymphocyte and 10 

Langerhans cell trafficking, presumably resulting in ineffective removal of foreign antigens.6 11 

Clinically, secondary lymphedema has been reported to predispose to the development of 12 

malignant tumors such as Kaposi’s sarcoma, malignant melanoma, Merkel cell carcinoma, 13 

and malignant lymphoma.8-11 Animal experiments in several studies have shown that 14 

lymphatic impairment carries a risk of tumor dissemination and metastasis.12-15 In a mouse 15 

model with melanoma implanted into the footpad, the amount of lung metastasis was 16 

significantly greater at 24 days in the lymphedema model than in the non-lymphedema 17 

model.14 18 

Modern microsurgical lymphatic reconstruction procedures can achieve marked improvement 19 

in lymphedema.4,16,17 Vascularized LN transfer (VLNT) is indicated in patients with moderate 20 

to advanced lymphedema that is unlikely to respond to other treatments.18-21 VLNT is thought 21 

to facilitate the spontaneous regeneration of lymphatic vessels from existing capillary lymph 22 

vessels and lymphatic endothelial progenitor cells, promoting physiologic recovery by 23 

restoring the regional lymphatic network.22 Within a cohort of lymphedema patients (n = 42), 24 

the infection rate was effectively suppressed from 74% to 5% after VLNT.23 Although some 25 
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experimental studies support the immunological impact of VLNT, no study has investigated 1 

whether VLNT itself has an impact on anti-cancer immunity.  2 

In the present study, we first observed cancer dynamics after VLNT in mouse models, 3 

focusing on the restoration of regional lymphatics. We created a VLNT model in C57BL/6N 4 

mice using established and reproducible methods for the evaluation of lymphatic 5 

reconnection.25 This mouse model can be used to create a tumor transplantation model using 6 

B16-F10 murine melanoma cells, which metastasize preferentially to the lungs and LNs. We 7 

therefore thought that this model would be useful for studying anti-cancer immunity, which is 8 

difficult to investigate in clinical studies. 9 

Among immune cells, dendritic cells (DCs) play an important role in the early tumor immune 10 

response. Peripherally activated DCs that recognize tumor antigens migrate through afferent 11 

lymphatic vessels into the LNs, where they present antigens and activate lymphocytes.26-28 It 12 

has been found in a mouse model that reduced migration of DCs to LNs leads to impairment 13 

of T cell responses and suppresses adaptive immune responses.29 We focused on DC 14 

dynamics against cancer to verify whether an early tumor immune response is at work after 15 

VLNT. We also examined lung and LN metastases to evaluate systemic anti-cancer 16 

immunity. We hypothesized that local immune surveillance was at work in mice after VLNT 17 

compared with mice in which the regional lymphatics had been dissected. 18 

 19 

Materials and Methods 20 

All experiments were approved by the Institutional Animal Care and Use Committee at 21 

Hokkaido University and conducted in accordance with the Guidelines for the Care and Use 22 

of Laboratory Animals. Male C57BL/6N mice (age 6 weeks, weight 20–22 g, n = 51) were 23 

purchased from Sankyo Labo Service (Tokyo, Japan) and used after a 2-week acclimation 24 

period. Mice were maintained in specific pathogen-free conditions with an artificial 12-h 25 
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light/dark cycle. All experiments were performed under general anesthesia by inhalation of 1 

2%–3% (flow rate) isoflurane.  2 

 3 

Experimental design and surgical procedures 4 

The experimental design is shown in Figure 1. Mice were allocated to a control group (n = 5 

12), a VLNT group (n = 27), an LND group (n = 8), and a sham surgery group (n = 4). In the 6 

control group, a skin incision was made at the left popliteal fossa and a left inguinal LN was 7 

removed to match the conditions of the other groups (Figure 2A). In the VLNT group, the 8 

surgical procedure performed has been described in detail previously.25 Briefly, an inguinal 9 

LN-bearing flap with a vascular pedicle containing the superficial caudal epigastric vessels 10 

was transferred into the left popliteal fossa after excision of a popliteal LN (Figure 2B and 11 

Figure 3). In the LND group, a left popliteal LN was resected with the surrounding fat pad 12 

and a left inguinal LN was also removed (Figure 2C)  13 

 14 

Indocyanine green lymphography and final grouping of the models 15 

Three weeks postoperatively, we assessed the flow of lymph in the hind limbs of each mouse 16 

using indocyanine green (ICG) lymphography as previously reported.25 Fluorescence images 17 

were obtained using a near-infrared fluorescence camera system after subcutaneous injection 18 

of 5 μL of ICG solution (Daiichi Sankyo Co., Ltd., Tokyo, Japan; 2.5 mg/mL in distilled 19 

water) into both hind paws in each mouse. In the VLNT group, afferent lymphatic 20 

reconnection was confirmed if a clear spot could be seen in the popliteal fossa. The mice in 21 

the VLNT group were then categorized as lymphatic reconnection-positive (VLNT(lr+)) or 22 

lymphatic reconnection-negative (VLNT(lr−)).  23 

 24 

Preparation of murine melanoma cells 25 
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The B16-F10-luc2 (murine melanoma) cell line was purchased from Caliper Lifesciences 1 

(Hopkinton, MA) and the B16-F10 cell line was obtained from the American Type Culture 2 

Collection (ATCC, Rockville, MD). B16-F10-luc2 murine melanoma was generated by 3 

transducing a lentivirus containing the luc2 gene under control of the human ubiquitin C 4 

promoter. The cell line was maintained in RPMI 1640 medium (ATCC, Rockville, MD) 5 

containing 5% fetal bovine serum and 1% penicillin/streptomycin at 37°C under 5% CO2. 6 

Four weeks postoperatively, a suspension containing the melanoma cells was injected into the 7 

left hindlimb footpad at a dose of 4 × 105 cells in 0.05 mL of phosphate-buffered saline. In a 8 

previous study, lung metastases were predominantly exacerbated in LND mice compared to 9 

normal mice at 4 weeks after implantation of melanoma cells in the footpad, so we used the 10 

same dose of the cells in the present study.14 11 

 12 

Immunohistochemical analysis of transplanted LNs  13 

The mice (n = 15) were euthanized 4 days after implantation of the melanoma cells for 14 

immunohistochemical analysis. A popliteal LN (in the control group) or a transplanted LN (in 15 

the (VLNT(lr+) and VLNT(lr−) subgroups) was collected from each mouse. Popliteal LNs 16 

from non-tumor-bearing sham surgery mice (n = 4) were designated as naïve popliteal LNs 17 

and were collected 4 days after saline injection into the hindlimb footpad. 18 

The specimens were fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 4-19 

μm sections. The sections were then stained using immunohistochemical dyes for DCs with 20 

CD11c (hamster monoclonal CD11c antibody [clone N418, code GTX74940, 1:300, 21 

GeneTex Inc., Irvine, CA]) overnight at 4°C. The histology slides were scanned and digital 22 

images were analyzed using NDP.view2 software. After TIFF images were captured, the 23 

percentages of DCs in each LN specimen were quantified using ImageJ software (version 24 

1.52; National Institutes of Health, Bethesda, MD) as described previously.30 25 
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 1 

Quantification of metastases to the LNs and lung 2 

Four weeks after injection of melanoma cells, the mice (n = 32) were euthanized for ex vivo 3 

luciferase assay. An LN in the left popliteal fossa, a left lumbar LN, a left axillary LN and a 4 

lung were collected. Each harvested specimen was washed in phosphate-buffered saline and 5 

frozen immediately using liquid nitrogen. The specimens were crushed using a Micro Smash 6 

MS-100 system (Tomy, Tokyo, Japan) and then lysed in Luciferase Cell Culture Lysis 7 

Reagent (E1500, Promega, Madison, WI; 800 μL for the lung specimens, 200 μL for LNs) 8 

and vortexed for 15 min. The centrifuged supernatant was transferred and luciferase activity 9 

was calculated as relative light units (RLU) using a GloMax20/20 Luminometer (Promega, 10 

Madison, WI) using a previously reported technique.31 11 

 12 

Statistical analysis 13 

All quantitative data are presented as the mean ± standard deviation (SD). All quantitative 14 

measurements in vitro were performed by two examiners blindly. For evaluation of 15 

metastasis, the data were subjected to natural logarithm transformation prior to statistical 16 

processing because the tumor exhibited exponential growth.32 Dunnett’s test was used for 17 

analysis of lung metastasis and immunohistochemical data. The Steel–Dwass test was used to 18 

examine metastasis to the LNs because of wide interindividual variation. All statistical 19 

analyses were performed using JMP® Pro 14.0.0 software (SAS Institute Inc., Cary, NC). A 20 

P-value < 0.05 (two-tailed) was considered statistically significant.  21 

 22 

Results 23 

Regional lymphatics was restored in 59.2% of mice after VLNT 24 

In the control group, ICG lymphography revealed clear spotted fluorescence in the intact 25 
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popliteal region, and no lymphatic abnormality caused by removal of an inguinal LN was 1 

observed. In the VLNT group, 16 mice (59.2%) showed a clear spot similar to that in the area 2 

of the intact popliteal LN; all these mice were deemed to be the VLNT(lr+) subgroup. A 3 

collateral lymphatic vessel was observed in 1 VLNT(lr+) mouse. The remaining 11 mice 4 

(40.7%) in the VLNT group did not show a clear spot, had a dermal backflow pattern, and/or 5 

collateral vessels in the lower extremity that were not connected to the popliteal LN; these 6 

mice were deemed to be the VLNT(lr−) subgroup. In the LND group, a dermal backflow 7 

pattern and collateral vessels similar to those in the VLNT(lr−) subgroup were observed 8 

(Figure 4).  9 

 10 

DCs were significantly elevated in transplanted LNs in VLNT(lr+) mice in the 11 

premetastatic phase 12 

Immunohistochemical staining of the LNs for CD11c showed numerous positive-staining 13 

cells in the paracortex and subcapsular sinus of the popliteal LN in the control group and of 14 

the transplanted node in the VLNT(lr+) subgroup. In contrast, few positive-staining cells 15 

were detected in the transplanted node in the VLNT(lr−) subgroup. (Figure 5). Without 16 

cancer sensitization, the proportion of DCs in the naïve popliteal LN was 4.3% ± 0.4%; with 17 

cancer sensitization, the proportion in the node was 8.7% ± 0.6% in the control group, 18 

8.6% ± 1.0% in the VLNT(lr+) subgroup, and 3.5% ± 0.9% in the VLNT(lr−) subgroup. With 19 

cancer sensitization, the percentage of DCs was significantly higher in the control group (P < 20 

0.001) and the VLNT(lr+) subgroup (P < 0.001) than in naïve popliteal LNs without cancer 21 

sensitization. There was no significant change in the node of the VLNT(lr-) subgroup (P = 22 

0.40) (Figure 6).  23 

 24 

Mice with restored lymph flow after VLNT had fewer distant metastases 25 
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The tumor burden in the popliteal LNs was 665 ± 1,101 RLU in the control group, 390 ± 525 1 

RLU in the VLNT(lr+) subgroup, and 101 ± 6 RLU in the VLNT(lr−) subgroup. (Figure 6A). 2 

The tumor burden in the axillary LN was 96 ± 8 RLU in the control group, 178 ± 234 RLU in 3 

the VLNT(lr+) subgroup, 614,916 ± 1,504,625 RLU in the VLNT(lr−) subgroup, and 4 

786,742 ± 2,032,902 RLU in the LND group, indicating a significantly higher metastasis 5 

burden in the VLNT(lr−) subgroup and the LND group (P = 0.041 and P = 0.011, 6 

respectively; Figure 6B). The tumor burden in the lumbar LN was 139 ± 80 RLU in the 7 

control group, 200 ± 290 RLU in the VLNT(lr+) subgroup, 1,338 ± 2,031 RLU in the 8 

VLNT(lr−) subgroup, and 419 ± 371 RLU in the LND group. (Figure 6C). The tumor burden 9 

in the lung was 1,607 ± 2,926 RLU in the control group, 1,463 ± 1,985 RLU in the 10 

VLNT(lr+) subgroup, 1,328,595 ± 3,248,491 RLU in the VLNT(lr−) subgroup, and 11 

2,255,699 ± 3,862,454 RLU in the LND group. The quantitative value of the lung metastasis 12 

burden was significantly lower in the control group and VLNT(lr+) subgroup than in the 13 

LND group (P = 0.047 and P = 0.049, respectively; Figure 7).  14 

 15 

Discussion 16 

In this study, we found that by inducing reconnection of lymphatic vessels after VLNT, the 17 

regional lymphatic network was restored and DCs increased in the transplanted nodes after 18 

cancer implantation. In addition, there was significantly less distant lung metastases 19 

compared with the LN dissection models.  20 

ICG lymphography performed 3 weeks after surgical intervention revealed that mice in the 21 

VLNT(lr−) subgroup, in whom lymphatic vessel regeneration did not occur, showed a similar 22 

lymphatic flow pattern to that in the LND group; both showed a dermal backflow pattern, 23 

which indicates regional lymph stasis, and rerouting of lymphangiogenesis, which is not 24 

observed in the intact lymphatic network. These findings are consistent with previous reports 25 
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of regional lymphatic disruption after surgical intervention.25,33,34 However, in the VLNT(lr+) 1 

subgroup, the transplanted LN was observed to be similar to an intact popliteal LN; although 2 

one mouse showed rerouting of lymphangiogenesis, there were no cases of lymph stasis, 3 

indicating that normal lymphatic flow was successfully restored in this group. Clinically, one 4 

of the main reasons why VLNT is useful is that the transplanted LNs serve as a scaffold that 5 

promotes the regeneration of lymphatic vessels from existing capillary lymph vessels and 6 

lymphatic endothelial progenitor cells, thereby contributing to reconstruction of the local 7 

lymphatic network.35,36 In the VLNT(lr+) subgroup, VLNT successfully reconstructed an 8 

intact lymphatic system consisting of lymphatic vessels and LNs. Ishikawa et al. reported that 9 

the success rate of lymphatic reconnection in the same model (n = 25) was 64%, which is 10 

roughly equal to the rate in our study.25 11 

It is known that lymphatic vessels, especially afferent lymphatic vessels, contribute to 12 

peripheral tissue immunity by providing a local anatomical framework for immune 13 

surveillance and adaptive immune response. DCs that recognize antigens in peripheral tissues 14 

migrate through afferent lymph vessels to the paracortical area of LNs and rapidly activate 15 

adaptive immune responses upon arrival.37 Here, the normal functioning of lymphatic vessels 16 

not only serves as a passive route for immune cells and lymph but also actively impacts 17 

antigen distribution and presentation, the direct modulation of DC trafficking and activation, 18 

and leukocyte interactions.38-40 In our experiment, after cancer implantation, the percentage 19 

of DCs in transplanted LNs of VLNT(lr+) subgroup was significantly higher, as in the control 20 

group with an intact popliteal node. In addition, DCs were observed to be distributed in the 21 

paracortical area. In contrast, there was no obvious distribution nor an increase of DCs in the 22 

VLNT(lr−) subgroup. Among immune cells, DCs play an important role in the early tumor 23 

immune response. The normal lymphatic anatomy that is restored by the VLNT may 24 

contribute via these immune cells for early immunological recognition and the mounting of a 25 
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robust immune response.  1 

Metastases were found in the transplanted LN and the popliteal LN in the control group, 2 

whereas in the VLNT(lr−) subgroup, there were almost no metastases in the transplanted LN, 3 

although metastases to superior LNs such as the lumbar LNs were increased. These results 4 

indicate that the transplanted LN successfully served as a substitute for the sentinel LN by 5 

receiving the first lymphatic inflow.31,41 Changes in lymphatic flow pathways can also be 6 

confirmed by changes in the pathways of LN metastases. Our ICG findings showed the 7 

development of lymphangiogenic rerouting at the site of lymphatic disruption, and the 8 

amount of metastasis to the axillary LN was significantly greater in the VLNT(lr−) subgroup 9 

and the LND group compared with the control group. In these groups, the regional lymphatic 10 

system may have failed to repair itself after being damaged by surgical intervention, and this 11 

caused the formation of an abnormal lymphatic network to the axillary LN. In fact, given that 12 

the lymphatic channel is a pathway for metastasis, lymphadenectomy has been shown to alter 13 

the metastatic pathway and increase distant LN metastasis from the original route.4,31,34 Taken 14 

together, our results suggest that in the VLNT(lr−) subgroups and the LND group, the 15 

lymphatic network was not properly reconstituted and thus systemic metastasis was 16 

exacerbated by inadequate functioning of the local immune system. In the future, VLNT may 17 

be recommended for lymphedema patients with high-grade primary melanoma and high risk 18 

of recurrence from the perspective of tumor control. 19 

This study has several limitations. First, LNs are smaller in mice than in humans and the 20 

experimental system used was simpler than the human lymphatic system, so interpretation of 21 

the results is limited to the scope of animal experiments. Second, we observed cancer 22 

dynamics in the mouse models from the viewpoint of restoring regional lymphatics and the 23 

percentage change in DCs in proximal LNs. A more detailed evaluation of the immune cells 24 

involved in the anti-cancer effect will be included in a future study so that we can discuss 25 
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anti-cancer immunity. Third, in the present study we did not use a lymphedema model 1 

because of the complexity of the procedure and the significant deviation from the VLNT 2 

model used in this study.42 In an actual lymphedematous state, the mechanism of 3 

carcinogenesis is complex and does not depend on a single trigger. Finally, metastasis was 4 

evaluated at only the 4-week time point after cancer transplantation, so other evaluation time 5 

points may need to be considered. 6 

 7 

Conclusion 8 

We found that metastasis was decreased in mice with succeeded lymphatic reconnection after 9 

VLNT. A possible explanation for this was that restoration of the lymphatic system may have 10 

contributed to the tumor immune response by allowing DC migration to sentinel LNs. This a 11 

preliminary finding in a small study in mouse models and needs further validation. 12 
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Figure Legends  1 

Figure 1. Schematic of the study design. Groupings in Experiment 1 and Experiment 2, n, 2 

and time points for evaluation. DCs, dendritic cells. Exp, Experiment. ICG, indocyanine 3 

green. LN, lymph node. LND, lymph node dissection. VLNT, vascularized lymph node 4 

transfer. VLNT(lr+), vascularized lymph node transfer with lymphatic reconnection 5 

subgroup. VLNT(lr-), vascularized lymph node transfer without lymphatic reconnection 6 

subgroup.  7 

 8 

Figure 2. Schematic of the surgical techniques. A, Control group. B, Vascularized lymph 9 

node transfer group. C, Lymph node dissection group. ILN, inguinal lymph node. PLN, 10 

popliteal lymph node. 11 

 12 

Figure 3. Intraoperative photo of vascularized lymph node transfer. A, An inguinal lymph 13 

node-bearing flap with a vascular pedicle containing the superficial caudal epigastric vessels 14 

(arrows) was elevated. B, The lymph node-bearing flap was then transferred into the popliteal 15 

fossa (arrowhead). ILN, inguinal lymph node. 16 

 17 

Figure 4. Indocyanine green lymphography images of the hindlimbs in the prone position in 18 

each group 3 weeks postoperatively. A, control group. B, lymph node dissection group. C, 19 

vascularized lymph node transfer with lymphatic reconnection subgroup. D, vascularized 20 

lymph node transfer without lymphatic reconnection subgroup. Arrowheads show the 21 

transplanted lymph node appearing as a clear spot, which indicates successful afferent 22 

lymphatic reconnection. Arrows indicate the collateral vessels of lymphatic rerouting where 23 

the dermal backflow pattern was observed.  24 

 25 
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Figure 5. Immunohistochemical staining of lymph nodes from the popliteal fossa for 1 

dendritic cells (CD11c). Bars, 500 μm. A, naïve lymph node (no melanoma implantation). B, 2 

control group. C, vascularized lymph node transfer with lymphatic reconnection subgroup. D, 3 

vascularized lymph node transfer without lymphatic reconnection subgroup.  4 

 5 

Figure 6. Percentages of dendritic cells in lymph nodes in the popliteal fossa detected by 6 

immunohistochemical analysis. Data are presented as box-and-whisker plots. Boxes represent 7 

interquartile ranges (25th to 75th percentiles). A horizontal line across a box indicates the 8 

median, and the whiskers extend from the box to the highest and lowest nonoutlier values. n 9 

= 4–7, *P < 0.0001, **P < 0.0001 (Dunnett’s test). LN, lymph node; VLNT(lr+), 10 

vascularized lymph node transfer with lymphatic reconnection; VLNT(lr−), vascularized 11 

lymph node transfer without lymphatic reconnection.  12 

 13 

Figure 7. Metastasis to lymph nodes in the popliteal fossa (A), axillary lymph nodes (B), and 14 

lumbar lymph nodes (C). Total luciferase activity was determined with standard ex vivo 15 

luciferase assay. Data are presented as box-and-whisker plots. Boxes represent interquartile 16 

ranges (25th to 75th percentiles). A horizontal line across a box shows the median, and 17 

whiskers extend from the box to the highest and lowest nonoutlier values. Outliers are shown 18 

as a circle. n = 7–9, *P = 0.041, **P = 0.011, ***P = 0.04 (Steel–Dwass test). LNs, lymph 19 

nodes. LND, lymph node dissection; RLU, relative light units; VLNT(lr+), vascularized 20 

lymph node transfer with lymphatic reconnection; VLNT(lr−), vascularized lymph node 21 

transfer without lymphatic reconnection.  22 

 23 

Figure 8. Analysis of lung metastasis by luciferase assay. Total luciferase activity was 24 

determined by standard ex vivo luciferase assay. The graphs show the mean ± standard error 25 



 
 

22 

of the mean values for natural logarithmic converted data. n = 7–9, *P = 0.047, **P = 0.049 1 

(Dunnett’s test). LND, lymph node dissection; RLU, relative light units; VLNT(lr+), 2 

vascularized lymph node transfer with lymphatic reconnection; VLNT(lr−), vascularized 3 

lymph node transfer without lymphatic reconnection. 4 
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