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ABSTRACT

Background and purpose: Lymphedema is a chronic, debilitating and consumptive condition
of an overwhelmed lymphatic system, which affects up to 250 million individuals worldwide.
Currently, although there is still no cure for lymphedema we have made some breakthroughs
in surgical treatment and medication. Physiological surgical treatment for lymphedema,
especially Vascularized lymph node flap (VLNF) transfer, have been proven to improve the
clinical efficacy in lymphedema and promote functional recovery of the affected area, as well
as reduce the incidence of cellulitis by reversing the pathological process of lymphedema.
However, the transfer flap could form fibrous adhesions with the surrounding tissues and
extracellular matrix deposition resulting in blocked lymphangiogenesis and lymphatic fluid
obstruction, which is the biggest issue affecting the efficacy of VLNF transfer. Furthermore,
hyaluronidase not only enhances lymphangiogenesis in lymphedema limbs but also reduces the
level of tissue fibrosis. The purpose of this study was to evaluate the efficacy of VLNF transfer
combined with hyaluronidase injection.

Materials and methods: The experiment was designed to utilize 34 male adult Sprague-
Dawley (SD) rats weighing 250-300 g. First, all rats were established in a model of VLNF
transfer for lymphedema. Then, rats were categorized into 2 groups, the experimental group,
and the control group, based on whether or not hyaluronidase was injected. Each group is
divided into three parts: In part I, 6 rats were recorded weekly for forelimb volume using
photographic post-software analysis and observation of lymphatic drainage patterns in NIR

indocyanine green imaging. In part II, 1 rat was sacrificed every 4 weeks to redissect the
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surgical area under the microscope to observe the level of lymphangiogenesis and the degree
of surrounding fibrosis. In addition, the velocity of lymphatic transport was calculated by NIR
indocyanine green imaging system every two weeks in this group of rats. In Part I1I, 2 rats were
sacrificed every 3 weeks for pathological examination to quantify lymphangiogenesis and limb
fibrosis. After 12 weeks of the experiment, all rats were euthanized.

Results: In the experimental group, the change of forelimb volume was higher than that in the
control group. Moreover, with the progress of the experiment, the linear drainage pattern
displayed by ICG accounted for a higher proportion in the experimental group, and the upward
trend was more obvious. Similarly, in the comparison of lymph node transfer velocity, the data
ofthe experimental group was much higher than that of the control group and was almost close
to the normal lymph node metastasis rate at the later stage of treatment. What's more, the
pathological results showed that the content of lymphatic vessels was more, while the content
of collagen fibers was less in the experimental group.

Conclusion: In animal experiments, hyaluronidase injection can optimize the therapeutic effect
of VLNF transfer in lymphedema. This is because the combination treatment promotes
lymphangiogenesis and reduces fibrosis around the VLNF. Despite the efficacy, its clinical

application remains to do further study.

Keywords: Vascularized lymph node flap; Hyaluronidase; Lymphedema; Rat; Treatment
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1.INTRODUCTION

Lymphedema represents a common, progressive and chronic disorder that results from
primary or acquired dysfunction of the lymphatic system, which occurs essentially as an
imbalance of lymphatic loading and transport capacity result in the accumulation of high-
protein interstitial fluid. Patients with lymphedema have a low morbidity rate of roughly 1 in
30, affecting 250 million people worldwide [1-3]. Lymphedema is classified as primary or
secondary depending on its etiology, in general, most cases are secondary, which accounts for
approximately 99% of cases. Primary lymphedema is very rare, Idiopathic lymphedema was
found in 70% of these patients, and identifiable genetic mutations were found in the remaining
30%, many of which involved the signaling pathway for VEGF-C [4-5]. In terms of secondary,
the common etiology is a parasitic infection in developing countries, mainly through indirect
or direct factors blocking the lymphatic vessels, while cancer-associated iatrogenic factors in
developed countries, especially for surgical treatment of breast and gynecologic cancers,
including lymph node dissection and adjuvant radiotherapy [6-7]. Lymphedema is typically
pathologically characterized by chronic local inflammation, remodeling and fibrosis of the
extracellular matrix, deposition of adipose tissue, and progressive sclerosis due to prolonged
stasis of lymph fluid. The process does not occur independently but rather resembles an inline
reaction that creates a waterfall effect [8-9].

Despite a deeper understanding of the pathogenesis and progression of lymphedema, there
is still no cure [1]. Therefore, our treatment goals are to improve the impact of the bulky

extremity on life, reduce the rate of hospitalization of patients, and reduce the incidence of
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complications, including lymphangitis, cellulitis, and dengue [2]. Regular treatments include
pharmacotherapy, complete decongestive therapy, and surgical treatment. Although some
medicines, such as diuretics, coumarin, steroids, and Ketoprofen, have demonstrated efficacy
in reducing swelling in experiments with mouse models of lymphedema, and no evidence that
they can manage or prevent lymphedema in the long term [3]. Moreover, the side effects of the
drugs may exacerbate limb swelling. In addition, complete decongestive therapy has become
the mainstay of initial treatment for patients with lymphedema as a non-surgical or conservative
measure, which is a multimodality approach including bandaging, exercise, manual lymphatic
drainage, and skincare [10]. However, in the field of surgical treatment of lymphedema,
significant progress has been made in recent years, both for the study of treatment mechanisms
and the improvement of surgical techniques. Options for surgical therapies are divided into two
categories: physiologic and non-physiologic [11]. Physiologic options aim to promote
improved lymphatic flow in a manner, LVA and VLNF transfer, by increasing the number of
lymph node and lymphatic vessels access patency, whereas non-physiologic options, like
ablation procedures, is simply debulk areas of lymphedema to reduce morbidity [12-13].
VLNF transfer, as a physiologic lymphatic procedure, has been shown to improve the
clinical presentations in lymphedema and promote functional recovery of the affected area, as
well as reduce the incidence of cellulitis by reversing the pathological process of lymphedema,
additionally, lessen the burden of non-surgical treatment by reducing reliance on compression
[14]. From the therapeutic principle, VLNF transfer allows for the reintroduction of interstitial

fluid into the venous and lymphatic systems by replacing lost or damaged lymphatic units,
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lymph nodes, and lymphatic vessels, with healthy and functioning lymphatic units [15]. In the
early practice, since 1979, many animal experiments and clinical studies have demonstrated
the positive results of VLNF transfers and found that lymphatic vessels have an enormous
regenerative capacity after tissue transfer and spontaneously reconnect with the surrounding
existing lymphatic vessels [16]. Furthermore, there have been some significant advances that
have made VLNT increasingly popular for instance, Becker et al. published the VLNF can be
harvested for postmastectomy lymphedema from the lower abdominal wall and transferred into
the axilla. Tobbia et al, found better clinical outcomes with vascularized lymphatic grafts
compared to non-vascularized lymphatic grafts and Blum et al. found that larger fragments
were more easily integrated into the lymphatic system than smaller lymph node section [17].
Although the steps for VLNF transfer are clear, the detailed mechanism of VLNF transfer
remained controversial. One proposed mechanism is that VLNF acts as a “pump” that
interstitial fluid was absorbed by the transferred lymph nodes within the flap and flowed into
the donor's vein via a gradient between venous outflow and arterial inflow. The other proposed
mechanism is that VLNF acts as a “Bridge” that interstitial fluid enters the venous system
through a lymphatic pathway that is formed by the spontaneous anastomosis of
lymphangiogenesis between the donor and recipient. Either mechanism must ensure the
reduction of donor fibrosis and the complete release of scar tissue in the recipient area [18].
Nevertheless, there are inevitable that the transfer flap must form fibrous adhesions with the

surrounding tissues and extracellular matrix deposition resulting in blocked lymphangiogenesis
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and lymphatic fluid obstruction, which is the biggest problem and challenge affecting the
efficacy of VLNF transfer [14].

How to address this problem is the focus of our study. Nevertheless, there are only a few
studies in the previous literature on combined VLNF transfer for lymphedema [19-21]. For
instance, we all know that the VEGFR3/VEGF-C-D axis is a reliable target for enhancing
lymphangiogenesis and has been shown to promote lymphatic vessel regeneration in VLNFs.
Additionally, a array of different chemokines and cytokines, such as TGF-B1, IGF, and HGF,
regulate lymphatic vessel remodeling and valve development by directly or indirectly affecting
the VEGFR3/VEGF-C-D axis [19]. But there is a potential problem that the tumor
microenvironment may be activated by a similar proangiogenic effect of VEGF-C and others
[20]. Moreover, some literature found that progenitor cells or stem cells can be used to
regenerate lymphoid tissue, such as adipose-derived mesenchymal stem cells and bone marrow
stem cells, to proliferate lymph endothelial cells at the initial stage of cell differentiation [21-
22]. Again, this would not be an appropriate adjuvant therapy combined with VLNF transfer
because stem cell injection requires complex procedures and a high cost of treatment. Instead,
some studies found that Hyaluronidase (HLD) not only reduces swelling volume but also
promotes lymphangiogenesis in lymphedema limbs [23]. In addition, HLD can regulate
extracellular matrix protein and glycosaminoglycan content to change the interstitial
environment [24]. Therefore, we propose that HLD injection could be used as a combination

therapy to optimize the efficacy of VLNF transfer for lymphedema.
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We have found that there is a trend towards combining VLNF transfer with medical
therapy, and studies have shown that VEGF-C injections around VLNF, either by gel-based
or adenoviral drug delivery, can further improve treatment outcomes [25-26]. Hence, we
believe that combined VLNF transfer and hyaluronidase injections are feasible. We designed
this animal study to investigate whether hyaluronidase injection optimizes the effect of VLNT

transfer for lymphedema.
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2.MATERIALS AND METHODS

2.1. Animals

The study utilized 34 Sprague—Dawley (SD) rats of male and weighing 250-300g. They
were all purchased from the Animal Center of ASAN Research Institute. All of the SD rats
were adaptively fed for 1 week preoperatively, allowed to drink water and feed ad libitum, and
maintained under SPF conditions. The procedures related to animal experiments were
performed on specific premises with specifications. All operations were reviewed and approved
by the Ethics Committee of the Asan medical center. At the end of the experiment, the
anesthetized rats were sacrificed by exposing animals to CO2 for 7 minutes. The euthanasia
protocol was following the American Veterinary Medical Association guidelines for the

euthanasia of animals.

2.2. Reagents and Solution configuration

The reagents used in the experiment are as follows: Normal saline was purchased from
JW Pharmaceutical Co. (Seoul, Korea). 75% medical alcohol was purchased from Health
maximum Co. (Jecheon, Korea). lodophor was purchased from Health maximum Co. (Jecheon,
Korea). Formalin was purchased from Hisko (Gunpo, Korea). Depilatory cream was purchased
from Nair, Church & Dwight Co (New Jersey, USA). Hyaluronidase (HLD) was purchased
from Daehan New Pharm Co. (Seoul, Korea). Isoflurane was purchased from JW
Pharmaceutical Co. (Seoul, Korea). Zoletil was purchased from Virbac (Seoul, Korea).

Methylene blue was purchased from Duksan (Sinworo, Korea). Indocyanine green (ICG) was
16



purchased from Dongindang Pharm (Siheung, Korea). Ibuprofen was purchased from Daehan
New Pharm Co. (Seoul, Korea). Trichrome stain (MASSON) Kit (cat. no. ab150686; Abcam)
was purchased from Sigma-Aldrich (Sigma, USA). Antibody LYVE-1 (cat. no. ab14917;
Abcam) was purchased from Abcam, Inc. (Cambridge, USA). Hematoxylin and Eosin Staining

Kit (Beyotime) was purchased from Abcam, Inc. (Cambridge, USA).

Common solutions made in this experiment include 1. Methylene blue solution: 1g
methylene blue powder is dissolved in 50ml distilled water.2. ICG solution: 0.1 mL/kg,
dissolved in saline to a ratio of 2.5 mg/mL. 3. Formalin solution: 10ml of 40% formaldehyde
liquid is mixed with 90ml of distilled water to obtain 4% formaldehyde, that is, 10% formalin
4. HLD solution: Each bottle was injected with 0.5ml normal saline with a concentration of
3000 Ul/ml 5. Anesthetic solution: 5 mL sterile water for injection should be added to each vial.

Each milliliter of the resulting solution will contain 100 mg total Zoletil for Injection.

2.3. Animal experiment model surgery

Before the operation, all rats were further anesthetized with Zoletil after being induced by
isoflurane gas in a concentration of 4%. Then, the body hair and fur were shaved with electric
clippers and depilatory cream. The surgical area was located in the right forelimb. After
disinfecting the area with 75% medical alcohol, approximately 0.05 mL methylene blue
solution was subcutaneously injected into the palmar side of the hand of the rats and the

injection site was gently massaged for approximately 30 seconds.
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After the preparation was in place, the rats were supine on the operating table and the
microsurgical operations were as follows: Step 1: A circumferential incision was designed
through the axillary inferiorly and shoulder joints superiorly, the dorsal incision must exceed
the projection point of the brachial lymph nodes on the body surface, and the ventral incision
is located in the transition area between the forelimb and the chest (Figure. 1A). Step 2: A
dorsal incision to expose the brachial lymph node, which is located between the triceps brachii
and latissimus dorsi. Once the blue-stained lymph node is found, surrounded by loose adipose
tissue, the lower border of the tissue is first sharply peeled off, then the tissue is raised to
separate the deep surface, then the tissue is raised to bluntly separate the deep surface until a
main vascular pedicle is observed, which is cauterized with a high-frequency electrotome
Generally, there is a group of small vascular pedicles on the medial and lateral of the tissue that
has to be cauterized. Finally, with the blood supply cut off, the brachial lymph nodes are
removed with scissors, and the surrounding lymphatics are excised together (Figure. 1B). Step
3: axillary lymph node flap is concealed in the deep surface of the pectoralis major. There are
two dissecting approaches: one is to incise the muscle fibers in parallel at the superficial side
of the muscle (the incision is usually about Smm inward from the lateral edge of the muscle);
the other is to cut the muscle fibers in parallel after exposing the deep side of the muscle by a
retractor. Considering the simplicity of the operation, we are more inclined to choose the former.
Much more, the branches of the brachial plexus could be gently stripped above the flap to
reduce iatrogenic damage. Immediately the blue-stained lymph node was observed, the medial

edge of the flap is first sharply peeled off, then the flap is elevated to bluntly separate the deep
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surface, followed by the lateral edge. Usually, there are two small vascular pedicles at the distal
of the flap that has to be cauterized. Finally, after the flap was completely lifted, the pedicle
was carefully skeletonized and the flap was placed in situ (Figure. 1C). Step 4: Suturing is
performed in the fashion of folding to prevent reconnection of intradermal lymphatic vessels.
It should be noted that the skin incision must be cauterized circumferentially and
subcutaneously free of the incision by 1-2 mm before suturing (Figure. 1D). All rats were
operated on by the same surgeon. Ibuprofen (Img/kg) was injected intramuscularly

immediately after the operation.

Figure 1. Procedure of animal model surgery.
(A) Circular incision. (B) Remove brachial axillary LN. (C) Elevate the axillary LN flap. (D)

Folding suture.
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2.4. Radiation

Four days after recovery from the surgery, all of the rats were irradiated at a single dose
of 20 Gy using an X-Rad 320 device (Precision X-Ray, USA). Specifically, the rats were
anesthetized with 4% isoflurane gas before irradiation, placed in the prone position, and then
only the whole right forelimb was exposed under the protection of a special lead template. To
perform this with a lower risk of morbidity, a total cumulative dose of 20 Gy was delivered in
10 fractions of 2.0 Gy at a rate of 1 Gy/min. Finally, the surgical area was disinfected at the

points with iodophor and then were put in the cage.

2.5. Experimental protocol

After radiation, rats were acclimated for 7 days before being subjected to the random
grouping of cohorts. Rats were divided into the experimental group (n=17) and the control
group (n=17). Rats in the experimental group were subcutaneously injected 0.5 mL HLD
solution at a concentration of 3000 IU/ mL every week, evenly divided into two equal parts,
and injected into the subaxillary and dorsal proximal forelimb region. The control group
received the same dose of saline at the same site. Each group is divided into three parts: In part
I, 6 rats were recorded weekly for forelimb volume utilizing photographic post-software
analysis and observation of lymphatic drainage patterns in near-infrared ICG imaging. In part
II, 1 rat was sacrificed every 4 weeks to redissect the surgical area under the microscope to
observe the situation of lymphangiogenesis and fibrosis around the ALNF. In addition, the

velocity of lymphatic transport was calculated by NIR indocyanine green imaging system every
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two weeks in this group of rats. In Part 111, 2 rats were sacrificed every 3 weeks for pathological

examination to quantify lymphangiogenesis and fibrosis around the ALNF.

2.6. Forelimb volume measurement

Rats were placed in the prone position with the forelimbs naturally flexed on the plane in
a completely relaxed state after anesthesia. Pictures were taken and two-dimensional data in
forelimbs were measured and analyzed in the Image-J software (Image J 1.48v; NIH, Bethesda,
Md.) through the proportion of reference objects, Including the diameter of the wrist, the
diameter of the elbow, and the distance between the wrist and elbow (Figure. 2A and 2B). The
volume of the forelimbs was calculated from the circumference measurements of the frustum

and the cylinder model methods.
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Figure 2. Forelimb volume measurement.
(A) Schematic diagram of volume measurement. (B) Models and formulas for volumetric

measurement.
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2.7. NIRF-ICG lymphatic imaging

At every week of follow-up, the hair on the forelimbs of rats was shaved and depilated
with a depilatory cream after the rats were anesthetized with 4% isoflurane gas. A volume of 6
uL ICG was injected intradermally into the right palm with 34-gauge needles. Images were
acquired in real-time, lasted for at least 15-minutes, by photo and video using a NIRF camera
system (ISCAN, Burlington, MA). In the forelimbs of rats, the drainage pattern of ICG in
lymphedema can be divided into linear (Figure. 3A), splash (Figure. 3B), stardust (Figure. 3C),

diffuse (Figure. 3D) based on the severity of lymphedema.
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Figure 3. ICG drainage patterns.

(A) Linear mode. (B) Splash mode. (C) Stardust mode. (D) Diffuse mode.

2.8. Redissection

The operation of redissection is similar to the surgical procedure described above. After
complete anesthesia, an axillary incision (1.0-1.5 cm) was made along the original

circumferential incision. Following blunt dissection through the exposed subcutaneous fat and
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muscle, via a previously selected surgical approach, an adipose flap was identified and adhered
to the surrounding connective tissue. Carefully microdissect the peri-flap tissue and observe

the condition of fibrous adhesions and lymphangiogenesis under a 4x surgical microscope.

2.9. Velocity of ICG drainage into transferred VLNF

We defined the lymphatic fluorescence intensity over time as the velocity of lymphatic
drainage. By measuring the fluorescence intensity of axillary lymph nodes over 15 minutes
using the customized ICG lymphangiography device (Figure. 4A), it should be noted that the
skin and tissue covering the lymph nodes should be removed to detect accurate changes in ICG
intensity. We used an asymptotic regression function to quantify the dynamic results since the
intensity increases exponentially and the limit of growth is predicted to be caused by the
accumulation of ICG molecules in the lymph nodes. The coefficient a is the maximum value,

b is the y-intercept value, and c is the growth rate (Figure. 4B).
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Figure 4. Velocity of ICG drainage into transferred VLNF.
(A) The customized ICG lymphangiography device. (B) Formula of asymptotic regression

function
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2.10. Histological analysis

For LY VE-1 staining, The harvesting samples, rinsed with pre-cooled PBS, were fixed in
4% paraformaldehyde (Sigma) for 48 hours and washed with 70% medical alcohol, followed
by dehydration with ethyl alcohol, permeabilization, impregnation with soft paraffin, hard
paraffin embedding, and cutting into 4 pm sections.After antigen extraction using citrate buffer
and paraffin removal, samples were blocked with 10% bovine serum albumin and stained with
rabbit anti-mouse lymphatic vascular endothelial receptor (LY VE)-1 antibody (AngioBio) and
biotin anti-rabbit secondary antibody (Vector Labs). Before the tissues were counterstained
with hematoxylin, the Vectastain Elite ABC system for peroxidase and DAB as chromogens
were utilized (Vector Labs). From the images at 20x magnification (Model BX40; Olympus,
Tokyo, Japan), LYVE-1 expression in 3 different fields in each section was examined. Next,
Lymphatic vessel number were measured and analyzed using Image-J software (NIH, Bethesda,
MD).

For Masson’s Trichrome Staining, a trichrome stain kit was used following the product
introduction. The slides were washed with xylene at least twice for approximately 10 minutes
to remove the paraffin before washing with deionized water, followed by staining the
deparaffinized sections in Weigert’s Iron Hematoxylin Solution for 10 min and washing in
running warm water for 5 min. Then, sections were stained in Biebrich scarlet-acid fuchsin
solution for 15 minutes and rinsed briefly in deionized water. Next, place slides in 1%
Phosphomolybdic Acid Solution for 10 minutes, transferred into aniline blue solution for 5

minutes, and 1% Acetic Acid for 1 min, respectively. Finally, dehydrate samples in 95 percent
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and 100 percent alcohol, clarify them in xylene, and mount them. Images of 3 different areas
of staining in each section were randomly selected from the magnified 10x images (BX40 type;
Olympus, Tokyo, Japan). Next, the extent of fibrosis was quantified by measuring the fiber

area using Image-J software (NIH, Bethesda, MD).

2.11. Statistical analysis

Data are expressed as the mean + standard error of the mean. Analyses were conducted
using GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA) and SPSS ver. 19 software
(Chicago, IL, United States). One-way ANOVA or two-way ANOVA was used to detect

significant differences. The statistical significance was set at p-Values less than 0.05.
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3.RESULTS

3.1. Changes in forelimb volume in rats

In terms of forelimb volume in rats, we followed up for a total of 12 weeks. In the control
group, the forelimb volumes were 1548.87+22.48, 1729.344235.18, 1706.96+100.33,
1637.02+£98.69,  1566.90+£52.84,  1540.67+£30.61,  1499.95+28.81,  1452.43+45.49,
1459.91427.84, 1482.39+58.24, 1504.83+61.62 and 1514.44+49.28, while in the experimental
group the forelimb volumes were 1515.42+19.35, 1695.02£19.35, 1532.57+34.87,
1503.22+£62.10, 1455.66+£116.38, 1425.43+51.24, 1425.64+31.33, 1415.55+58.73,
1430.43+47.76, 1470.33+45.96, 1486.22+31.00 and 1502.06+39.93 (Figure. 5A). In the
comparison of both groups, the control group had a larger volume than the experimental group,
but only the data at weeks 3,4, 5, 6, 7 and 8 were statistically different (p<<0.05). The Significant
p-values were 0.032, 0.04, 0.019, 0.011, 0.024 and 0.036, respectively. In addition, there was
no statistical difference in the volume of the forelimbs of the rats in the two groups before
surgery, and there was no statistical difference in the change in body weight between the two
groups during the follow-up (Figure. 5B).

Overall, based on the reliable animal model of simulated VLNF transfer for lymphedema,
the experimental group began to show a significant decrease in forelimb volume after 2 weeks
of treatment with HLD injection. And this statistical difference was maintained in the

subsequent treatment until 8 weeks of treatment. The forelimb volumes of the rats in both
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groups stabilized after 8 weeks. This result suggests that HLD has a positive therapeutic effect

on the forelimbs of rats with lymphedema and could be combined with VLNF transfer.
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