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Synopsis

This is the first experimental study to compare changes in the quantitative histology of
transferred lymph nodes with or without vascularization in an animal model of vascularized
lymph node transfer. We found that vascularized lymph node transfer preserved more
functional high endothelial venules within the transferred lymph node than did
non-vascularized lymph node transfer when spontaneous afferent lymphatic reconnection was
obtained. Both vascularization and afferent lymphatic reconnection were needed for

functional regeneration of the transferred lymph node.
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Abstract

Background and Objectives: Vascularized lymph node transfer (LNT) is gaining popularity
in the treatment of lymphedema. However, it is unclear whether vascularization of transferred
lymph nodes (LNs) contributes to functional improvement. High endothelial venules (HEVS)
are specialized vessels that allow lymphocytes to enter LNs. In this study, we compared the
numbers of HEVs and lymphocytes in LNs after vascularized and non-vascularized LNT.
Methods: Fifty mice were divided into three groups (group 1, pedicled vascularized LNT;
group 2, pedicled non-vascularized LNT; group 3, free non-vascularized LNT). Afferent
lymphatic reconnection was confirmed by patent blue staining. The transferred LNs were
harvested 4 weeks after surgery. HEVs, B-cells, and T-cells were subjected to
immunohistochemical staining and quantified.

Results: Afferent lymphatic reconnection was observed in 13/20 transferred LNs in group 1,
11/15 in group 2, and 7/15 in group 3. The ratio of dilated/total HEVs in transferred LNs with
afferent lymphatic reconnection was significantly higher in group 1 than in groups 2 and 3.
No significant differences in numbers of B-cells and T-cells were found in the transferred
LNs.

Conclusions: We found that more functional HEVs were preserved in cases with successful

afferent lymphatic reconnection after vascularized LNT than after non-vascularized LNT.

Keywords: laboratory animal model; lymph nodes; mice; transplantation; vascularized

composite allotransplantation
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1 INTRODUCTION

The lymphatic system is a one-way transport network that returns interstitial fluid to the
blood circulation. Lymphatic vessels also import soluble molecules and activated
antigen-presenting cells from the periphery to the lymph nodes (LNs), where immune
responses are triggered, and immune effector cells and humoral response factors are exported
to the blood circulation [1]. Defects in lymphatic function can lead to impaired immune
responses, accumulation of lymph in tissues, and persistent soft tissue swelling known as
lymphedema.

Lymphedema can be either primary or secondary to another condition, such as cancer
treatment with lymphadenectomy and/or radiotherapy, trauma, or infection [2]. Current
management of lymphedema is based on complex decongestive therapy that consists of
meticulous skin care, manual lymph drainage, compression bandaging, and remedial
exercises [3,4]. Surgery can be an option for symptomatic patients resistant to conservative
management, and may be a debulking or physiologic procedure [5]. In recent years,
debulking procedures have given way to physiologic procedures, such as lymphovenous
anastomosis and vascularized lymph node transfer (LNT), which have gained popularity with
advances in microsurgical techniques [6]. Vascularized LNT is considered more effective than
lymphovenous anastomosis for advanced lymphedema [7-10].

The physiologic function of vascularized LNT involves lymphangiogenesis and
lymphovenous communications within the LNs [11,12]. Lymphangiogenesis generates new
lymphatic vessels from pre-existing lymphatics or lymphatic endothelial progenitors,
allowing recanalization of lymphatic vessels between the recipient site and the flap.
Lymphovenous communications can pump lymph into the venous circulation [13-15].
Lymphovenous communications within the LNs are located at the high endothelial venules

(HEVs) and allow lymphocytes to enter the LNs from the blood circulation [16]. Lymphatic
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flow is important to maintain the immune and hemodynamic functions of the LN and its
microarchitecture [12,17-21]. Inflammatory mediators transported via afferent channels to the
LN are important for maintaining the phenotype of the plump cuboidal endothelial cells in the
HEVs [22].

Using a murine model inoculated with B16F10 melanoma cells, we recently demonstrated the
immune-mediated antitumor effect of non-vascularized LN autotransplantation through
activation of T-cells, showing the expansion of lymphocytes and a change in the lymphocyte
population [23]. In that study, the function of the transplanted LN was affected by the change
in HEVs brought about by decreased vascularity [23], so maintaining vascularization may
also be important for regeneration of HEVs to maintain the immune functions of the LN.
Accordingly, we evaluated the feasibility of pedicled vascularized LNT in a murine model
with postoperative assessment of lymphatic flow using indocyanine green lymphography
[24].

Although vascularized LNT is becoming widely used for treating lymphedema [25-28],
experimental studies comparing vascularized and non-vascularized LNT are still lacking in
the literature [29]. Furthermore, despite promising clinical results in reducing episodes of
infection after vascularized LNT [30], the immune aspects of transferred LNs have not been
thoroughly investigated histologically. The aim of this study was to determine the structural
characteristics of intranodal HEVs after vascularized and non-vascularized LNT in our

established murine model.

2 MATERIALS AND METHODS
2.1 Study design
All animal experiments were conducted in accordance with the Guidelines for the Care and

Use of Laboratory Animals at Hokkaido University. All procedures were performed with the
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approval of the Institutional Animal Care and Use Committee at Hokkaido University. Fifty
8-week-old male C57BL/6N mice (Japan SLC, Inc., Hamamatsu, Japan) were used to create
the murine model, and were housed in a controlled environment with food and water ad
libitum. All experiments were performed under general anesthesia with isoflurane inhalation
at 2.5%. Three experimental groups were created that differed only in the way the LNs were
transferred: group 1, pedicled vascularized LNT (n = 20); group 2, pedicled non-vascularized
LNT (n = 15); and group 3, free non-vascularized LNT (n = 15). Each transferred LN was
named as follows: group 1, vascularized LN (VLN); group 2, non-VLN; and group 3, free
non-vascularized LN (FLN). Sample size was determined based on similar animal studies
[31,32], as well as our previous experience of pedicled vascularized LNT in a murine model

[24].

2.2 Surgical procedures and tissue harvesting

The procedures followed in group 1 were as described previously [24]. In brief, an inguinal
lymph node (ILN)-bearing flap with a vascular pedicle containing the superficial caudal
epigastric vessels was transferred into the ipsilateral popliteal fossa after excision of the
popliteal lymph node (PLN). The fat tissue around the transferred LN was then sutured to the
biceps femoris muscle at 3 points using 10-0 nylon. In group 2, the procedures were
essentially the same as in group 1, but the vascular pedicle was ligated using 10-0 nylon
before being transferred to test the influence of the pedicle flap, which consisted of inguinal
fat tissue. In group 3, an excised ILN was transferred into the ipsilateral popliteal fossa as a
free graft without revascularization after excision of the PLN. The muscles covering the
popliteal fossa were then sutured using 10-0 nylon to keep the transferred LN in place.

Four weeks postoperatively, 5 UL of 2% patent blue solution was injected subcutaneously into

the ipsilateral hindlimb paw, and each transferred LN was observed for staining to confirm
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afferent lymphatic reconnection. The transferred LN (n = 50) and the contralateral intact ILN
(n = 10) were then collected with the surrounding soft tissue. Each transferred LN was
subcategorized as with or without afferent lymphatic reconnection based on the staining of

the LN.

2.3 Histology and immunohistochemistry

Specimens were fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned at 4
um throughout the LN. The sections were stained using hematoxylin and eosin and
immunohistochemical stains for MECA-79 (HEVs), B220 (B-cells), and CD3 (T-cells).
Sections were deparaffinized in xylene (two changes, 5 min each), and rehydrated in graded
ethanol solutions (100%, 95%, 80%, and 70%; 3 min each). Antigen retrieval was performed
by incubating the sections in pH 6 citrate buffer (Dako REAL™ Target Retrieval Solution;
Dako, Glostrup, Denmark; code S2031, 1:10) or pH 9 buffer (Nichirei Biosciences, Tokyo,
Japan; code 415211, 1:10) for 20 min in a 95°C water bath.

The following primary antibodies were used: rat monoclonal MECA-79 antibody (clone
MECA-79; Santa Cruz Biotechnology, Santa Cruz, CA; code sc-19602, 1:50) overnight at
4°C; purified rat monoclonal CD45R/B220 antibody (clone RA3-6B2; Abgent, San Diego,
CA,; code WTA1265, 1:3000); and rabbit monoclonal CD3 antibody (clone EPR4517;
GeneTex, Irvine, CA; code GTX62682, 1:1500) for 60 min at room temperature (RT).

For MECA-79 and CD3 staining, the sections were then incubated with goat anti-rat or
anti-rabbit secondary antibody conjugated with horseradish peroxidase (Histofine® Simple
Stain™ Mouse MAX PO (Rat), code 414311F; and Histofine® Simple Stain™ Mouse MAX
PO (R), Nichirei Biosciences, code 414341F, respectively) for 30 min at RT. For B220
staining, sections were incubated with biotinylated rabbit anti-rat IgG secondary antibody

(Vector Laboratories, Burlingame, CA, code BA-4000, 1:200) for 30 min at RT, and then
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incubated with VECTASTAIN® Elitee ABC Kit (Vector Laboratories, code PK-6100) for 30
min at RT. All the sections were finally developed using 3,3’-diaminobenzidine chromogen
(Histofine SAB-PO (M) Kit, Nichirei Biosciences, code 425011) for 5 min at RT,

counterstained with hematoxylin for 1.5 min, dehydrated, and mounted.

2.4 Histologic and immunohistochemical analysis

All histologic slides were scanned using a whole slide scanner (NanoZoomer S210;
Hamamatsu Photonics, Hamamatsu, Japan), and the digital images were analyzed using
NDP.view2 software. The size of each LN was measured in the largest hematoxylin and
eosin-stained cross-sections. The numbers of total HEVs (defined as having an outline >100
um?) and dilated HEVs (defined as having a lumen >80 um?) [33,34] were counted for each
LN. We defined 80 um? as the minimum luminal cross-sectional area for functional HEVs,
consistent with a previous report [33]. The ratio of the number of dilated HEVs to the total
number of HEVs was also calculated [34].

After JPEG images were captured at 5x magnification, the percentages of B-cells and T-cells
in the total LN area were quantified using ImageJ software (version 1.52; National Institutes
of Health, Bethesda, MD). The acquired images were split into three-color channels (red,
green, and blue). The blue image was then binarized by applying a threshold. The Analyze

Particles settings were set to pixel size 4-infinity and circularity 0.00-1.00.

2.5 Statistical analysis

Continuous data are presented as the median (interquartile range). The transferred LNs with
and without afferent lymphatic reconnection in each group were compared using the
Wilcoxon rank-sum test. Multiple pairwise comparisons between the transferred LNs with

afferent lymphatic reconnection and the contralateral intact ILN were performed using the
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Steel-Dwass test. The statistical analysis was performed using JMP software (version 14.1.0;

SAS Institute Inc., Cary, NC). Statistical significance was set at P < 0.05 (two-tailed).

3 RESULTS

All mice tolerated the procedures without postoperative complications until sacrifice at 4
weeks postoperatively. As shown in Figure 1, afferent lymphatic reconnection was observed
in 13/20 (65.0%) transferred LNs in group 1, 11/15 (66.7%) in group 2, and 7/15 (46.7%) in

group 3. The measurements are summarized in Table 1 with comparisons within each group.

3.1 Size of the LNs

The sizes of the transferred LNs with or without afferent lymphatic reconnection were as
follows: group 1, 0.33 (0.21-0.46) mm? vs 0.75 (0.34-2.13) mm?, P = 0.048; group 2, 0.23
(0.21-0.45) mm? vs 0.46 (0.11-0.93) mm?; and group 3, 0.50 (0.21-0.93) mm? vs 0.30
(0.25-0.47) mm?, respectively. The size of the ILN was 2.76 (2.15-3.88) mm?. All the
transferred LNs with afferent lymphatic reconnection showed a significant regression in size

when compared with the ILN (all, P < 0.01).

3.2 Numbers of HEVs in the LNs

The numbers of total HEVs/mm? in the transferred LNs with or without afferent lymphatic
reconnection were as follows: group 1, 50.9 (36.9-61.0) vs 14.6 (5.8-24.4), P = 0.002; group
2,54.3 (18.1-78.6) Vs 29.8 (4.5-63.4); and group 3, 49.7 (20.1-53.9) vs 12.3 (7.3-15.9), P =
0.009, respectively. The number of total HEVs/mm? in the ILN was 22.9 (21.3-27.6).

The numbers of dilated HEVs/mm? in the transferred LNs with or without afferent lymphatic
reconnection were as follows: group 1, 16.5 (9.7-22.9) vs 2.4 (0-2.8), P < 0.001; group 2, 2.5

(0-14.6) vs 4.1 (0.3-9.1); and group 3, 2.0 (0-16.7) vs 0 (0-1.5), respectively. The number of
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10

dilated HEVs/mm? in the ILN was 4.7 (3.4-7.3).
The numbers of total and dilated HEVs/mm? in the transferred LNs with afferent lymphatic
reconnection of group 1 were significantly higher than those in the ILN (P <0.001 and P =

0.006, respectively), as shown in Figure 3.

3.3 Ratio of dilated/total HEVs of the LNs

The ratio of dilated/total HEVs in the transferred LNs with or without afferent lymphatic
reconnection was as follows: group 1, 0.33 (0.25-0.41) vs 0.07 (0-0.14), P = 0.01; group 2,
0.05 (0-0.19) vs 0.13 (0.03-0.14); and group 3, 0.10 (0-0.21) vs 0 (0-0.09), respectively. The
ratio of dilated/total HEVs in the ILN was 0.21 (0.15-0.31).

The ratio of dilated/total HEVs in the transferred LNs with afferent lymphatic reconnection
was significantly higher in group 1 than that in group 2 and group 3 (P = 0.004 and P = 0.049,

respectively), as shown in Figure 4.

3.4 Percentages of B-cells and T-cells in the LNs

No significant differences in the percentages of B-cells and T-cells were found between the
transferred LNs (Table 1). However, clear follicle formation was observed in the cortex of the
transferred LNs with afferent lymphatic reconnection but not in the cortex of those without

afferent lymphatic reconnection (Figure 5).

4 DISCUSSION

In this murine model, we found that vascularized LNT was more likely to preserve functional
HEVs in the transferred LN than non-vascularized LNT 4 weeks after surgery. As in the
clinical reports, this restoration of lymphovenous communications within LNs can likely be

attributed to better lymph drainage from peripheral tissues and immune function in the
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transferred LNs. To our knowledge, this is the first experimental study to compare changes in
the quantitative histology of transferred LNs with or without vascularization in an animal

model of vascularized LNT.

4.1 Afferent lymphatic reconnection in transferred LNs

Afferent lymphatic reconnection in transferred LNs with surrounding lymphatic vessels
occurs spontaneously, at reported rates of 22% to 57% [19,32]. In a rat model of vascularized
ILN transfer to the popliteal fossa, Rabson et al. reported that the ideal method of dissection
was to skeletonize and expose the donor ILN and excise the native PLN and all surrounding
fat from the recipient site, which had a 57% success rate of afferent lymphatic reconnection
[32]. In our murine model, which involved skeletonizing the donor ILN and excising the PLN
without the surrounding fat tissue, the success rate was 65.0%-66.7% for pedicled
vascularized LNT (group 1) and for non-vascularized LNT (group 2), but was lower at 46.7%
for free non-vascularized LNT (group 3). This finding is in contrast with that of another study
that showed 100% afferent lymphatic reconnection of free non-vascularized PLNs
transplanted into their original position [35]. This discrepancy may reflect the ectopic site of

transplantation and transfer of LNs of different sizes and shapes to the recipient sites.

4.2 Regeneration of transferred LNs

The regeneration of LNs has been a major concern after transplantation, although most of the
studies transferred LNs as non-vascularized free grafts [19,36,37]. In early rat models of LNT,
VLNs showed preserved normal histology, whereas non-VLNs became fibrotic or necrotic
within 6 weeks [31,32]. However, in rat and murine models of LNT, non-VLNs with or
without fragmentation regenerated within 3-8 weeks [38,39]. These differences may reflect

the numbers of transferred LNs, the sites of transplantation, or the timing of regeneration
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[40,41]. Our finding of more regression in size with clear follicles in the transferred VLNs
with afferent lymphatic reconnection than in those without suggests remodeling and immune
competence in these LNs. Thus, maintaining vascularization may contribute to their survival

but not always to their functional regeneration.

4.3 Regeneration of HEVs in transferred LNs

Naive lymphocytes recirculate through the secondary lymphoid organs, including LNSs, in
search of their cognate antigens. Antigen and/or antigen-presenting cells are transported to the
LNs from peripheral tissues through afferent lymphatic vessels, whereas naive lymphocytes
enter LNs from the blood via HEVs and exit via efferent lymphatic vessels (and sometimes
via HEVs) [42]. Therefore, HEVs are important structures for immune defense against
pathogens [43]. Although the importance of lymphatic flow for the maintenance of HEVs is
well documented [22,44-47], evidence supporting the need for vascularization of transferred
LNs is still lacking for the maintenance of HEVs.

The regeneration of HEVs in transferred LNs has been studied in various animal models
[39,48-50]. Liu et al. showed less prominent HEVs with decreased follicles 1 month after
vascularized mesenteric LNT without afferent lymphatic reconnection, and barely detectable
HEVs at 3 months using a rat allograft model [48]. In contrast, Sasaki et al. found that HEVs
appeared 10 days after non-vascularized mesenteric LNT with fragmentation, and the
regeneration of transplanted LN fragments was structurally complete with normal HEVs on
day 28 in a rat autograft model [50]. Using a murine model inoculated with B16F10
melanoma cells, we recently demonstrated that the lumens of HEVs in a non-vascularized
autotransplanted PLN were not dilated when compared with those in an intact PLN 6 weeks
after surgery in the premetastatic phase [23].

In our study, the numbers of total and dilated HEVs per unit area in the VLN with afferent
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lymphatic reconnection were significantly higher than those in the ILN. These results indicate
that VLN with afferent lymphatic reconnection preserved HEVs against regression in size. As
for the ratio of dilated/total HEVs, VLN with afferent lymphatic reconnection was preserved
more in dilated HEVs than non-VLN and FLN with afferent lymphatic reconnection. The
results of our study indicate that both vascularization and afferent lymphatic reconnection of
the transferred LNs may be essential for their complete functional regeneration, because these

two routes are entry sites for immune cells and soluble molecules [39].

4.4 Limitations

This study has some limitations. First, our murine model was not of lymphedema and the size
of murine LNs was smaller than those in humans. However, vascularized LNT is performed
clinically in patients with moderate to advanced lymphedema as a LN-bearing flap. Second,
we evaluated the transferred LNs at a single time point 4 weeks after surgery, and a longer
period may be necessary to observe regeneration of transferred LNs. Third, we histologically
evaluated the numbers of HEVs/mm? with a definition of luminal area > 80 pm? as functional
HEVs, because functional analyses of LNs, such as cytotoxicity assay, make it impossible to
confirm their histology. Fourth, antigenic stimulation may be needed to evaluate immune
cells in transferred LNs. Further research with longer follow-up is required to clarify the
functional significance of vascularization of transferred LNs and for comparison with

exogenous stimulation by means of functional analyses of LNs.

5 CONCLUSIONS
Using a murine model, we found that vascularized LNT preserved more functional HEVs

within the transferred LN than did non-vascularized LNT when spontaneous afferent
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lymphatic reconnection was obtained. Both vascularization and afferent lymphatic

reconnection were needed for functional regeneration of the transferred LN.

DISCLOSURES

The authors declare that there are no conflicts of interest and nothing to disclose.

ACKNOWLEDGMENTS
The authors thank Isao Yokota, PhD, MPH, Associate Professor of the Department of

Biostatistics, Graduate School of Medicine, Hokkaido University for statistical advice.

ABBREVIATIONS

FLN, free non-vascularized lymph node
HEVs, high endothelial venules

ILN, inguinal lymph node

LN, lymph node

LNT, lymph node transfer

PLN, popliteal lymph node

VLN, vascularized lymph node



REFERENCES

Moo

10.

11.

12.

13.

14.

15.

16.

Alitalo K. The lymphatic vasculature in disease. Nat Med. 2011;17:1371-1380.
Rockson SG. Lymphedema. Am J Med. 2001;110:288-295.

Foldi M. Treatment of lymphedema. Lymphology. 1994;27:1-5.

International Society of Lymphology Executive Committee. The diagnosis and
treatment of peripheral lymphedema: 2016 Consensus Document of the International
Society of Lymphology. Lymphology. 2016;49:170-184.

Ozturk CN, Ozturk C, Glasgow M, et al. Free vascularized lymph node transfer for
treatment of lymphedema: a systematic evidence based review. J Plast Reconstr
Aesthet Surg. 2016;69:1234-1247.

Basta MN, Gao LL, Wu LC. Operative treatment of peripheral lymphedema: a
systematic meta-analysis of the efficacy and safety of lymphovenous microsurgery
and tissue transplantation. Plast Reconstr Surg. 2014;133:905-913.

Granzow JW, Soderberg JM, Kaji AH, Dauphine C. An effective system of surgical
treatment of lymphedema. Ann Surg Oncol. 2014;21:1189-1194.

Akita S, Mitsukawa N, Kuriyama M, et al. Comparison of vascularized
supraclavicular lymph node transfer and lymphaticovenular anastomosis for advanced
stage lower extremity lymphedema. Ann Plast Surg. 2015;74:573-579.

Yamamoto T, Yoshimatsu H, Yamamoto N. Complete lymph flow reconstruction: a
free vascularized lymph node true perforator flap transfer with efferent
lymphaticolymphatic anastomosis. J Plast Reconstr Aesthet Surg. 2016;69:1227-1233.
Batista BN, Germain M, Faria JC, Becker C. Lymph node flap transfer for patients
with secondary lower limb lymphedema. Microsurgery. 2017;37:29-33.

Miranda Garcés M, Mirapeix R, Pons G, Sadri A, Masia J. A comprehensive review
of the natural lymphaticovenous communications and their role in lymphedema
surgery. J Surg Oncol. 2016;113:374-380.

Miranda Garcés M, Pons G, Mirapeix R, Masia J. Intratissue lymphovenous
communications in the mechanism of action of vascularized lymph node transfer. J
Surg Oncol. 2017;115:27-31.

Cheng MH, Huang JJ, Nguyen DH, et al. A novel approach to the treatment of lower
extremity lymphedema by transferring a vascularized submental lymph node flap to
the ankle. Gynecol Oncol. 2012;126:93-98.

Cheng MH, Huang JJ, Wu CW, et al. The mechanism of vascularized lymph node
transfer for lymphedema: natural lymphaticovenous drainage. Plast Reconstr Surg.
2014;133:192e-198e.

Ito R, Zelken J, Yang CY, Lin CY, Cheng MH. Proposed pathway and mechanism of
vascularized lymph node flaps. Gynecol Oncol. 2016;141:182-188.

Fletcher AL, Malhotra D, Turley SJ. Lymph node stroma broaden the peripheral



17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

16

tolerance paradigm. Trends Immunol. 2011;32:12-18.

Mebius RE, Streeter PR, Breve J, Duijvestijn AM, Kraal G. The influence of afferent
lymphatic vessel interruption on vascular addressin expression. J Cell Biol.
1991;115:85-95.

Randolph GJ, Angeli V, Swartz MA. Dendritic-cell trafficking to lymph nodes
through lymphatic vessels. Nat Rev Immunol. 2005;5:617-628.

Tammela T, Saaristo A, Holopainen T, et al. Therapeutic differentiation and
maturation of lymphatic vessels after lymph node dissection and transplantation. Nat
Med. 2007;13:1458-1466.

Lahteenvuo M, Honkonen K, Tervala T, et al. Growth factor therapy and autologous
lymph node transfer in lymphedema. Circulation. 2011;123:613-620.

Honkonen KM, Visuri MT, Tervala TV, et al. Lymph node transfer and perinodal
lymphatic growth factor treatment for lymphedema. Ann Surg. 2013;257:961-967.
Willard-Mack CL. Normal structure, function, and histology of lymph nodes. Toxicol
Pathol. 2006;34:409-424.

Maeda T, Hayashi T, Furukawa H, et al. Immune-mediated antitumor effect of a
transplanted lymph node. Int J Cancer. 2018;143:1224-1235.

Ishikawa K, Maeda T, Funayama E, et al. Feasibility of pedicled vascularized inguinal
lymph node transfer in a mouse model: a preliminary study. Microsurgery. 2018
https://doi.org/10.1002/micr.30394:1-8.

Becker C, Assouad J, Riquet M, Hidden G. Postmastectomy lymphedema: long-term
results following microsurgical lymph node transplantation. Ann Surg.
2006;243:313-315.

Gharb BB, Rampazzo A, Spanio di Spilimbergo S, Xu ES, Chung KP, Chen HC.
Vascularized lymph node transfer based on the hilar perforators improves the outcome
in upper limb lymphedema. Ann Plast Surg. 2011;67:589-593.

Saaristo AM, Niemi TS, Viitanen TP, Tervala TV, Hartiala P, Suominen EA.
Microvascular breast reconstruction and lymph node transfer for postmastectomy
lymphedema patients. Ann Surg. 2012;255:468-473.

Cheng MH, Chen SC, Henry SL, Tan BK, Lin MC, Huang JJ. Vascularized groin
lymph node flap transfer for postmastectomy upper limb lymphedema: flap anatomy;,
recipient sites, and outcomes. Plast Reconstr Surg. 2013;131:1286-1298.

Cornelissen AJ, Qiu SS, Lopez Penha T, et al. Outcomes of vascularized versus
non-vascularized lymph node transplant in animal models for lymphedema. review of
the literature. J Surg Oncol. 2017;115:32-36.

Nguyen AT, Suami H, Hanasono MM, Womack VA, Wong FC, Chang EI. Long-term
outcomes of the minimally invasive free vascularized omental lymphatic flap for the
treatment of lymphedema. J Surg Oncol. 2017;115:84-89.


https://doi.org/10.1002/micr.30394:1-8

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

17

Shesol BF, Nakashima R, Alavi A, Hamilton RW. Successful lymph node
transplantation in rats, with restoration of lymphatic function. Plast Reconstr Surg.
1979;63:817-823.

Rabson JA, Geyer SJ, Levine G, Swartz WM, Futrell JW. Tumor immunity in rat
lymph nodes following transplantation. Ann Surg. 1982;196:92-99.

Qian CN, Berghuis B, Tsarfaty G, et al. Preparing the "soil": the primary tumor
induces vasculature reorganization in the sentinel lymph node before the arrival of
metastatic cancer cells. Cancer Res. 2006;66:10365-10376.

Lee SY, Chao-Nan Q, Seng OA, et al. Changes in specialized blood vessels in lymph
nodes and their role in cancer metastasis. J Transl Med. 2012;10:206.

Maeda T, Yamamoto Y, Iwasaki D, et al. Lymphatic reconnection and restoration of
lymphatic flow by nonvascularized lymph node transplantation: real-time
fluorescence imaging using indocyanine green and fluorescein isothiocyanate-dextran.
Lymphat Res Biol. 2018;16:165-173.

Shioya R, Furukawa H, Murao N, et al. Prevention of lymphedematous change in the
mouse hindlimb by nonvascularized lymph node transplantation. Ann Plast Surg.
2016;76:442-445.

Aschen SZ, Farias-Eisner G, Cuzzone DA, et al. Lymph node transplantation results
in spontaneous lymphatic reconnection and restoration of lymphatic flow. Plast
Reconstr Surg. 2014;133:301-310.

Wolvers DA, Coenen-de Roo CJ, Mebius RE, et al. Intranasally induced
immunological tolerance is determined by characteristics of the draining lymph
nodes: studies with OVA and human cartilage gp-39. J Immunol.
1999;162:1994-1998.

Ahrendt M, Hammerschmidt SI, Pabst O, Pabst R, Bode U. Stromal cells confer
lymph node-specific properties by shaping a unique microenvironment influencing
local immune responses. J Immunol. 2008;181:1898-1907.

Buettner M, Bode U. Lymph node transplantation and its immunological significance
in animal models. Clin Dev Immunol. 2011;2011:353510.

Tourani SS, Taylor GI, Ashton MW. Vascularized lymph node transfer: a review of the
current evidence. Plast Reconstr Surg. 2016;137:985-993.

von Andrian UH, Mempel TR. Homing and cellular traffic in lymph nodes. Nat Rev
Immunol. 2003;3:867-878.

Kasprzak A, Surdacka A, Tomczak M, Konkol M. Role of high endothelial
postcapillary venules and selected adhesion molecules in periodontal diseases: a
review. J Periodontal Res. 2013;48:1-21.

Hendriks HR, Eestermans IL, Hoefsmit EC. Depletion of macrophages and
disappearance of postcapillary high endothelial venules in lymph nodes deprived of



45.

46.

47.

48.

49.

50.

18

afferent lymphatic vessels. Cell Tissue Res. 1980;211:375-389.

Drayson MT, Ford WL. Afferent lymph and lymph borne cells: their influence on
lymph node function. Immunobiology. 1984;168:362-379.

Hendriks HR, Duijvestijn AM, Kraal G. Rapid decrease in lymphocyte adherence to
high endothelial venules in lymph nodes deprived of afferent lymphatic vessels. Eur J
Immunol. 1987;17:1691-1695.

Mebius RE, Bauer J, Twisk AJ, Breve J, Kraal G. The functional activity of high
endothelial venules: a role for the subcapsular sinus macrophages in the lymph node.
Immunobiology. 1991;182:277-291.

Liu NF, Maldik J, Olszewski W. Mesenteric lymph node transplantation in syngeneic
rats: changes in cellularity and architecture. Lymphology. 1992;25:139-144.

Mebius RE, Breve J, Kraal G, Streeter PR. Developmental regulation of vascular
addressin expression: a possible role for site-associated environments. Int Immunol.
1993;5:443-449.

Sasaki K, Pabst R, Rothkotter HJ. Development of the high endothelial venule in rat
lymph node autografts. Anat Rec. 1994;238:473-479.



19

Figure Legends

Figure 1. Schematic drawings of each group of lymph node transfers and subcategorization
based on lymph nodes (LNs) with (+) and without (-) afferent lymphatic reconnection

(denoted by an asterisk). FLN, free non-vascularized LN; VLN, vascularized LN.

Figure 2. Immunohistochemical staining of high endothelial venules (HEVS) using
MECA-79 antibody in the transferred lymph nodes (LNs) harvested 4 weeks after surgery.
A-D, gross inspection at 5% magnification. Bars, 250 um. E-H, 40x magnifications of the
boxed region in the panel. Bars, 50 um. FLN, free non-vascularized LN; VLN, vascularized

LN; (+), with afferent lymphatic reconnection; (-), without afferent lymphatic reconnection.

Figure 3. Numbers of total and dilated high endothelial venules (HEVS)/mm? in the
contralateral intact inguinal lymph node (ILN) and the transferred lymph nodes (LNs) with
afferent lymphatic reconnection (+). Data are presented as box-and-whisker plots. Boxes
represent interquartile ranges (25th to 75th quartiles), the horizontal line across a box shows
the median, and whiskers extend from the box to the highest and lowest non-outlier values.
Outliers are shown as a circle. *, P = 0.006 and **, P < 0.001 (Steel-Dwass test). FLN, free

non-vascularized LN; VLN, vascularized LN.

Figure 4. The ratio of dilated/total high endothelial venules (HEVS) in the contralateral intact
inguinal lymph node (ILN) and the transferred lymph nodes (LNs) with afferent lymphatic
reconnection (+). Data are presented as box-and-whisker plots. Boxes represent interquartile

ranges (25th to 75th quartiles), the horizontal line across a box shows the median, and
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whiskers extend from the box to the highest and lowest values. *, P = 0.049 and **, P =

0.004 (Steel-Dwass test). FLN, free non-vascularized LN; VLN, vascularized LN.

Figure 5. Immunohistochemical staining of B-cells and T-cells using B220 (A-D) and CD3
(E-H) antibodies, respectively, in the transferred lymph nodes (LNs) harvested 4 weeks after
surgery. Gross inspections at 5% magnification. Bars, 250 um. FLN, free non-vascularized
LN; VLN, vascularized LN; (+), with afferent lymphatic reconnection; (-), without afferent

lymphatic reconnection.



TABLE 1 Histologic evaluation of lymph nodes

Control Group 1 Group 2 Group 3
ILN VLN (+) VLN (-) P non-VLN (+)  non-VLN (-) P FLN (+) FLN (-) P
n 10 13 7 11 4 7 8
Size (mm?) 2.76 0.33 0.75 0.048 0.23 0.46 0.84 0.50 0.30 0.52
(2.15-3.88) (0.21-0.46)  (0.34-2.13) (0.21-0.45)  (0.11-0.93) (0.21-0.93)  (0.25-0.47)
Numbers of HEVs/mm?
Total (A) 229 50.9 14.6 0.002 54.3 29.8 0.21 49.7 12.3 0.009
(21.3-27.6) (36.9-61.0)  (5.8-24.4) (18.1-78.6) (4.5-63.4) (20.1-53.9)  (7.3-15.9)
Dilated (B) 4.7 16.5 2.4 <0.001 25 41 0.89 2.0 0 0.08
(3.4-7.3) (9.7-22.9) (0-2.8) (0-14.6) (0.3-9.1) (0-16.7) (0-1.5)
Ratio of HEVs (B/A) 0.21 0.33 0.07 0.01 0.05 0.13 0.95 0.10 0 0.19
(0.15-0.31) (0.25-0.41) (0-0.14) (0-0.19) (0.03-0.14) (0-0.21) (0-0.09)
Cell percentages
B220+ (B-cells) 26.4 27.9 41.4 0.11 21.6 34.4 0.21 36.2 47.6 0.18
(24.1-31.9) (19.6-31.2)  (19.7-53.2) (13.2-38.7) (24.7-59.4) (27.9-43.3)  (29.8-61.9)
CD3+ (T-cells) 21.6 12.7 24.0 0.08 24.6 22.7 0.65 23.9 35.7 0.12
(17.4-30.2) (35-23.2)  (15.3-43.9) (2.1-29.9) (2.2-55.0) (12.0-32.2)  (20.8-53.8)

Continuous data are presented as the median (interquartile range). Comparisons between the transferred lymph nodes (LNSs) in each group were

performed using the two-tailed Wilcoxon rank-sum test. FLN, free non-vascularized LN; HEV, high endothelial venule; ILN, inguinal LN; VLN,

vascularized LN;(+), with afferent lymphatic reconnection; (-), without afferent lymphatic reconnection.
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