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Introduction

Secondary lymphedema is a complex and lifelong disease, 
which is characterized by damage to the lymphatic vascu-
lature and ultimately leads to impaired immune response, 
fibrosis, and fatty degeneration of the connective tissue.1 
In developed countries breast cancer treatment is the most 
common cause for lymphedema, affecting millions of 
patients.2 Consequently, innovative approaches for the 
therapy of lymphatic vascular insufficiency are investi-
gated by an increasing number of research groups. In the 
last decades, several treatment strategies have been sug-
gested to tackle lymphedema, including reconstructive 
microsurgery,3,4 pharmacological approaches5,6 or lym-
phatic tissue engineering.7 Specifically for the latter, 

experimental evidence is scarce because mimicking 
lymphedema in animal models is challenging.8
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Engineering of the lymphatic vasculature is an emerging 
field of research aiming at the functional restoration of 
lymph flow.9 This can be achieved by (i) lymphangiogenic 
cues such as growth factors, (ii) cell-based approaches, (iii) 
scaffold-based approaches, or (iv) a combination thereof.10 
From the clinician`s perspective, engineering strategies 
based on adipose tissue-derived mesenchymal stem/stro-
mal cells (ADSC) are particularly appealing due to an eas-
ily accessible and available source.11 Moreover, ADSC 
have been shown to induce lymphangiogenesis both in 
vitro12 as well as in vivo.13 Recent evidence indicates that 
ADSC are potent promoters of lymphangiogenesis via 
direct differentiation into lymphatic endothelial cells (LEC) 
and via paracrine stimulation.13 In clinical pilot studies, the 
injection of adipose tissue-derived regenerative cells for the 
treatment of breast cancer-related lymphedema has already 
been taken from bench to bedside.14,15

Adipose tissue-derived microvascular fragments (MVF) 
represent powerful angiogenic units that have been used to 
enhance the vascularization of skin substitutes.16–20 In con-
trast to single cells, the isolation protocol for MVF is charac-
terized by a shorter enzymatic adipose digestion, retaining a 
physiological microvessel morphology.21 Hence, the forma-
tion of microvascular networks within MVF-seeded scaffolds 
is much faster than within single cell-seeded implants, 
because MVF only have to reconnect to each other and inos-
culate with the surrounding host microvasculature.22 
Importantly, MVF also stimulate the regeneration of lym-
phatic vessels, as previously found in MVF-enriched skin 
substitutes16,17 and porous polyethylene scaffolds.23 In line 
with this, the visceral adipose tissue of mice contains a 
recently described lymphatic vascular network.24,25 Therefore, 
MVF may not only contain ADSC but also lymphatic vessel 
fragments and it can be assumed that they are particularly 
suitable building blocks for lymphatic tissue engineering.16,26 
In the present study, this hypothesis was tested by investigat-
ing the lymphangiogenic effects of MVF in a murine hindlimb 
lymphedema model. For that purpose, lymphedema was 
induced using irradiation and popliteal lymphadenectomy. 
MVF suspended in collagen hydrogel were injected in the 
lymphadenectomy defect. The MVF group was compared 
with animals receiving collagen hydrogel only or a sham 
intervention, respectively. Lymphangiogenic effects were 
analyzed by means of volumetry, magnetic resonance (MR) 
lymphography, histology, and immunohistochemistry.

Material and methods

Animals

For the induction of lymphedema, male C57BL/6J mice 
(Institute for Clinical and Experimental Surgery, Saarland 
University, Homburg/Saar, Germany) with a body weight 
of >24 g were used. MVF were harvested from male 
C57BL/6-Tg(CAG-EGFP)1Osb/J mice (The Jackson 
Laboratory, Bar Harbor, ME, USA) with a body weight of 

⩾30 g. All animals were housed one per cage with a 12-h 
day/night cycle while being fed ad libitum with water and 
standard pellet food (Atromin, Lage, Germany).

Isolation of MVF

MVF were obtained as previously described.16,21 Briefly, 
the bilateral epididymal fat pads of male C57BL/6-
Tg(CAG-EGFP)1Osb/J mice were harvested, transferred 
into 10% Dulbecco’s modified eagle medium (DMEM; 
10% fetal calf serum (FCS), 100 U/mL penicillin, 0.1 mg/
mL streptomycin; Biochrom GmbH, Berlin, Germany) 
and washed thrice with phosphate-buffered saline (PBS; 
Biochrom GmbH). Thereafter, the fat was minced and 
digested for ~10 min with collagenase NB4G (0.5 U/mL; 
Serva Electrophoresis GmbH, Heidelberg, Germany) 
while stirring under humidified atmospheric conditions. 
The digestion was stopped by neutralization with 20% 
FCS in PBS. The resulting cell-vessel suspension was 
incubated twice for 5 min at 37°C for cell-vessel sedimen-
tation and fat supernatant was eliminated. The remaining 
largely fat-free cell-vessel suspension was filtered through 
a 500 µm mesh (pluriSelect Life Science, Leipzig, 
Germany) and centrifuged for 5 min at 600 × g.

Flow cytometric analysis of MVF

To evaluate the fraction of lymphatic endothelial cells con-
tained in MVF, we performed flow cytometric analyses. For 
this purpose, MVF from eight donor mice were pooled into 
four separate isolates and digested in Accutase (BioLegend, 
Fell, Germany) for 15 min into single cells. Subsequently, 
the cells were analyzed for the expression of the endothelial 
cell marker CD31 with the monoclonal rat anti-mouse 
CD31-PE antibody (BD Pharmingen, Heidelberg, 
Germany). Moreover, the expression of the lymphatic 
endothelial cell markers prospero homeobox (Prox)1 and 
lymphatic vessel endothelial hyaluronan receptor (LYVE)-1 
was analyzed with the monoclonal rabbit anti-mouse Prox1-
FITC (Biorbyt, Cambridge, UK) and the monoclonal rat 
anti-mouse LYVE-1-PE (R&D Systems) antibodies. 
Isotype-identical rat IgG2aκ-PE (BD Pharmingen) and rab-
bit IgG-FITC (Biorbyt) antibodies served as IgG controls. 
All flow cytometric analyses were performed by means of a 
FACScan (BD Biosciences). Data were assessed using the 
software package Cell-Quest Pro (BD Biosciences).

Quantitative real-time polymerase chain reaction (qRT-PCR). To 
analyze the expression of angiogenic and lymphangiogenic 
genes in isolated MVF, pooled MVF from three donor mice 
were cultivated in DMEM under hypoxia (95% N2, 5% CO2, 
and 1% O2) or normoxia for 6 h. Thereafter, the total RNA 
was extracted with QIAzol lysis reagent and transcribed into 
cDNA by using qScriber (highQu, Kraichtal, Germany) 
according to the manufacturer’s protocol. qRT-PCR analysis 
was performed by using ORA™ SEE qPCR Green ROX L 
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Mix (highQu, Kraichtal, Germany). The following forward 
and reverse primers were used at a concentration of 100 nM: 
Vascular endothelial growth factor (VEGF)-A forward 
5′-GACAGAAGGAGAGCAGAAGT-3′ and reverse 5′-TCT 
CAATCGGACGGCAGTA -3′; VEGF-C forward 5′-CTGAT-
GTCTGTCCTGTACCC -3′ and reverse 5′-TCCCCACATC-
TATACACACC-3′; VEGF-D forward 5′-GATCCGAGCAG 
CTTCTAGTT-3′ and reverse 5′-GTGAGTCCATACTG-
GCAAGA-3′; insulin-like growth factor (IGF)-1 forward 
5′-GATGCTCTTCAGTTCGTGTG-3′ and reverse 5′-CAC 
AGCTCCGGAAGCAACAC-3′; LYVE-1 forward 5′-CTCA 
AACACCCGCAACAG-3′ and reverse 5′-TTCGTTCTT-
GAATGCTGCTC-3′; Prox1 forward 5′-CACCAGGGATT-
GTGAGCTAT-3′ and reverse 5′-AACTCCCGTAACGT 
GATCTG-3′; glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) forward 5′-CGGTGCTGAGTATGTC-3′ and 
reverse 5′- TTTGGCTCCACCCTTC-3′. GAPDH was used 
as endogenous control. Data collection was performed by 
means of a CFX96™ real-time system (Bio-Rad Laborato-
ries, Feldkirchen, Germany) and the 2−ΔΔct method.

Animal model

Lymphedema was induced in the right hindlimb of 
C57BL/6J mice by a combined lymphatic ablation using 
irradiation and subsequent popliteal lymphadenectomy.

For irradiation planning, a representative mouse was 
scanned with a computed tomography scanner (Brilliance 

Big Bore CT; Philips Healthcare, Eindhoven, The 
Netherlands). This planning data set was used to define the 
planning target volume (PTV) in the right groin of the ani-
mals and the treatment plan was calculated using the 
Pinnacle v9.8 (Philips Healthcare) planning system (Figure 
1(a)–(c)). The PTV was irradiated with a single dose of 
20 Gy using a 6 MV photon multi leaf collimator field from 
anterior direction. The animals were anesthetized by intra-
peritoneal injection of ketamine (75 mg/kg body weight; 
Ursotamin, Serumwerke Bernburg AG, Bernburg, 
Germany) and xylazine (15 mg/kg body weight; Rompun, 
Bayer, Leverkusen, Germany).

Ten days after irradiation, a popliteal lymphadenec-
tomy was performed as previously reported.27 For this pur-
pose, hindlimbs were depilated and after intradermal 
injection of methylene blue 10% (Carl Roth GmbH, 
Karlsruhe, Germany) in the paw, a circular skin incision 
was performed over the popliteal fossa. The afferent lym-
phatic vessels were ligated with 10/0 monofilament 
(Monosof; Covidien Deutschland GmbH, Neustadt/
Donau, Germany) and the popliteal lymph node including 
the perinodal fat pad and the efferent lymphatic vessels 
were resected under microscopic magnification. The skin 
was closed with interrupted 5/0 monofilament (Prolene; 
Ethicon, Johnson & Johnson Medical GmbH, Norderstedt, 
Germany). Postoperative analgesia was provided for 
3 days with tramalhydrochloride (40 mg/100 mL drinking 
water; Grünenthal GmbH, Aachen, Germany). The 

Figure 1. Radiotherapy. (a) Radiotherapy planning in the right groin of a C57BL/6J mouse, (b) digitally reconstructed radiograph 
with multileaf collimator field used for irradiation, and (c) coronal computed tomography image with isodose lines illustrating the 
dose distribution.
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non-operated contralateral hindlimbs served as internal 
control.

Preparation of MVF-enriched collagen hydrogel

MVF were harvested from five male C57BL/6-Tg(CAG-
EGFP)1Osb/J donor mice. This transgenic mouse line is 
transfected with enhanced green fluorescent protein (GFP) 
cDNA under the control of a chicken β-actin promoter and 
cytomegalovirus enhancer. Accordingly, all tissues of 
these mice except red blood cells and hair appear green 
under blue light excitation.28 After transplantation into 
GFP- wild-type mice, this approach allows an easy detec-
tion of MVF-derived blood and lymphatic vessels by their 
GFP+ signal.16,29 A total of 5 mL adipose tissue was used 
for the preparation of MVF-enriched hydrogel. After isola-
tion, the GFP+ MVF pellet was mixed with 200 µL of a 
collagen hydrogel (400 µL collagen 0.4% [Serva 
Electrophoresis GmbH], 50 µL 10× RPMI 1640, 2.45 µL 
Hepes 1 M and 1.75 µL NaOH 0.7 M [Sigma-Aldrich 
Chemie GmbH, Taufkirchen, Germany]).

Hydrogel injection into lymphadenectomy 
defect site

Three days after lymphadenectomy, the animals of the col-
lagen and collagen/MVF groups were anesthetized and 
single popliteal sutures were released. Using a precision 
pipette, a volume of 20 µL of the collagen hydrogel was 
then applied with a precision pipette into the popliteal tis-
sue defect of each animal of the collagen group. The ani-
mals of the collagen/MVF group were injected with a 
volume of 20 µL MVF-enriched collagen hydrogel, equiv-
alent to the MVF amount of 500 µL fat pad volume or 
approximately 20,000 individual MVF.30 Animals of the 
control group underwent a sham procedure without injec-
tion, that is, suture release with wound irrigation and skin 
closure.

Hindlimb volumetry

Repetitive assessment of hindlimb volumes was performed 
every other day throughout the course of the in vivo experi-
ment. The animals were anesthetized with 1.5% isoflurane 
and an electronic caliper was used to evaluate the paw thick-
ness, which represents an established surrogate parameter 
for rodent hindlimb volumes.27,31 In addition, partial 
hindlimb volumes were calculated based on axial MR 
images by modifying a previously described technique.27

MR imaging (MRI)

Mice were examined in a horizontal-bore 9.4 T animal 
scanner (BioSpec Avance III 94/20; Bruker Biospin 
GmbH, Ettlingen, Germany) equipped with a BGA12S 
gradient system (maximum field strength, 675 mT m−1; 

linear inductive rise time, 130 µs; maximum slew rate, 
4673 mT m−1 s−1). ParaVision 6.0.1 (Bruker Biospin 
GmbH) served as operating software. The animals were 
placed in supine position and transferred to the magnet 
tail-first. Imaging was performed using a linearly polar-
ized coil developed for imaging of the entire mouse body 
with an inner diameter of 40 mm (Bruker Biospin GmbH). 
We acquired a coronal 3-dimensional (3D) gradient 
recalled echo (GRE) time-of-flight (TOF) sequence 
adjusted to the blood flow velocity with a high spatial 
resolution resulting in a voxel size of 75 µm3. MRI meas-
urements were performed with 4 averages before and 
directly after injection of the experimental contrast agent. 
Scan duration was 8 min 46 s. MRI sequence parameter 
details are provided in supplementary data (Supplemental 
Table 1).

Contrast agent

For interstitial MR lymphography, the nanoparticle AGuIX 
was used. This contrast agent has a rather small molecular 
mass of 8.5 ± 1.0 kDa with a mean hydrodynamic diame-
ter of 3.0 ± 1.0 nm. It has been established as a contrast 
agent for interstitial MR lymphography in rats.31 For injec-
tion, AGuIX was freshly prepared at a concentration of 
3 mM AGuIX, 145 mM NaCl, 2 mM CaCl2·6 H20, 5 mM 
HEPES, pH 7.4 from a sterile filtrated stock solution and 
sterile pure water (Aqua ad iniectabilia, B. Braun 
Melsungen AG, Melsungen, Germany). For MR lymphog-
raphy, the fourth phalanx of both hindlimbs was injected 
intradermally with 10 μL of the contrast medium prepara-
tions using a precision syringe with 31-gage needles 
(Hamilton Bonaduz AG, Bonaduz, Switzerland).

Processing of MRI data

Imaging datasets were transferred in DICOM format to an 
external workstation. For MR lymphography demonstrat-
ing lymphatic regeneration, maximum intensity projec-
tions (MIP) were generated with OsiriX v.4.1.2 software 
(Pixmeo Sarl, Bernex, Switzerland) and saved in coronal 
orientation.

For partial hindlimb volumetry as well as for signal-to-
noise-ratio (SNR) measurements after contrast medium 
injection, multiplanar reconstructions on the original 3D 
datasets were performed in axial orientation using OsiriX. 
Resolution was kept identical to the initially recorded 3D 
datasets. Axial images were saved as separate DICOM 
series, anonymized and exported by investigator I (AM). 
Images were then transferred to investigator II (PF) for 
blinded partial volume measurements and SNR recordings.

Partial MR volumetry

Partial MR volumetry was performed on an axial multipla-
nar reconstruction series. For standardization, these slices 
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were centered around the distal tibio-fibular joint, that is, 
the center slice plus four slices above and below the joint.27 
In these images, regions of interest (ROIs) were drawn 
precisely enclosing the hindlimbs. To calculate the partial 
volumes, areas covered by the individual ROI were 
recorded in mm2, transferred to an Excel file, multiplied by 
slice thickness (0.75 µm) and added together.27

SNR measurements for dermal backflow 
quantification

As a semi-quantitative surrogate parameter for dermal 
backflow, SNR was quantified in the entire dermis of indi-
vidual axial slices from the data sets reconstructed for par-
tial volumetry. ROIs were created covering the entire 
dermis. Signal intensities (SI) in these ROIs were recorded 
and used to calculate SNR as follows

SNR = SI /noisedermal ROI

Noise was measured as average standard deviation (SD) of 
the background signal collected from one circular ROI 
sized identically for all images investigated. These ROIs 
were placed in identical positions in the air ventral to the 
animals and between their legs.

Histology and immunohistochemistry

Formalin-fixed tissue samples were embedded in paraffin 
and cut into 3–4 µm-thick sections. Individual sections 
were stained with hematoxylin and eosin (HE) according 
to standard procedures. Using a BX60 microscope 
(Olympus, Hamburg, Germany) and the imaging software 
cellSens Dimension 1.11 (Olympus), the epidermal thick-
ness (given in µm) of the paws was quantified in the center 
of every other high-power field (HPF, area = 0.09 mm2) of 
each sample at 400× magnification. To quantify adipose 
tissue accumulation, further sections were stained with 
perilipin. The number of perilipin+ fat vacuoles was evalu-
ated in randomly selected HPFs of each sample.

For the immunohistochemical detection of myeloper-
oxidase (MPO)+ neutrophilic granulocytes, sections were 
incubated with a rabbit polyclonal anti-MPO antibody 
(1:100; Abcam, Cambridge, UK) as primary antibody. 
This was followed by a biotinylated goat anti-rabbit IgG 
antibody (ready-to-use; Abcam). The biotinylated anti-
body was detected by peroxidase-labeled streptavidin 
(ready-to-use; Abcam). 3-Amino-9-ethylcarbazole 
(Abcam) was used as chromogen and the sections were 
counterstained with Mayer’s hemalum (Merck, Darmstadt, 
Germany). Finally, the number of MPO+ cells was evalu-
ated in at least five randomly selected HPFs per section 
using the BX60 microscope.

For the immunohistochemical analysis of subcutaneous 
blood and lymphatic vessels, additional sections were 

stained with a monoclonal rat anti-mouse antibody against 
CD31 (1:100; dianova GmbH, Hamburg, Germany) and a 
polyclonal rabbit antibody against lymphatic vessel 
endothelial hyaluronan receptor-1 (LYVE-1; 1:200; 
Abcam). A goat anti-rat IgG-Alexa555 antibody (1:100; 
Molecular Probes, Eugene, OR, USA) and a goat anti-rab-
bit IgG-Alexa555 antibody (1:200; Molecular Probes) 
served as secondary antibodies. Cell nuclei were stained 
with Hoechst 33342 (2 µg/mL; Sigma-Aldrich Chemie 
GmbH). To quantify the lymphatic vessel area (given in % 
of total area), at least three randomized HPFs per section 
were analyzed. Blood and lymphatic vessel density (given 
in mm−2) were evaluated in different histological zones. 
Zone I represented the area directly underneath the pop-
liteal incision while zones II and III represented more 
peripheral scar tissue. The density of blood and lymphatic 
vessels of the central zone was evaluated based on 1 HPF 
per sample and that of the peripheral zones based on 2 
HPFs per sample, respectively.

Finally, the fraction of CD31+/GFP+ blood and LYVE-
1+/GFP+ lymphatic vessels (given in %) was assessed. To 
differentiate between MVF-derived GFP+ and wild-type 
GFP− blood and lymphatic vessels, sections were stained 
with the above-mentioned primary and secondary antibod-
ies against CD31 and LYVE-1 and with a polyclonal goat 
anti-GFP antibody (1:100; Rockland, Limerick, PA). A 
biotin-labeled donkey anti-goat IgG antibody (1:100; 
Molecular Probes) was used as secondary antibody and 
detected by fluorescein labeled-streptavidin (1:50; 
Molecular Probes). For this purpose, sections were placed 
in Coplin jars with 0.05% citraconic anhydride solution 
(pH 7.4) for 1 h at 98°C and incubated overnight at 4°C 
with the primary antibody, followed by the secondary anti-
body at 37°C for 2 h.

Experimental protocol

In a first set of in vitro experiments, the cellular composi-
tion and gene expression of MVF was investigated (11 
donor animals). For the subsequent in vivo experiments, 
three groups were used (n = 10 animals/group): (i) control 
group, (ii) collagen group, and (iii) collagen/MVF group. 
Irradiation was performed on day (d)-10 with popliteal 
lymphadenectomy on d0 (Figure 2(a)). On d3, MVF were 
isolated from five transgenic animals for the fabrication of 
MVF-enriched collagen hydrogel. The control group 
underwent a sham procedure and the collagen and colla-
gen/MVF groups received popliteal injection of collagen 
and collagen/MVF, respectively (Figure 2(a)). On d14 and 
d28 after lymphadenectomy, MR lymphography was per-
formed and the animals were sacrificed on d28 for histo-
logical and immunohistochemical analyses (Figure 2(a)). 
Due to infection at the surgical site, two animals in the 
control group and one animal in the collagen as well as in 
the collagen/MVF group were excluded from the study.
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Figure 2. (Continued)
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Statistics

Data were analyzed for normal distribution and equal vari-
ance. Two groups were compared using the paired t-test 
(parametric data) or the Wilcoxon signed rank test (non-
parametric data). Multiple groups with normal distribution 
were compared using one-way analysis of variance fol-
lowed by the Dunnett’s post hoc test. In case of non-para-
metric distribution, groups were analyzed with the 
Kruskal-Wallis test followed by the Dunn’s post hoc test. 
Data are given as mean ± standard error of the mean 
(SEM). Statistical significance was accepted for p < 0.05. 
The statistical analysis was performed using Prism 9 
(GraphPad Software, Inc.).

Results

Cellular composition and gene expression of 
MVF

The cellular composition of isolated MVF was evaluated 
by means of flow cytometry. The MVF contained 42 ± 2% 
cells positive for the pan-endothelial cell marker CD31. 
Further analyses showed that 22 ± 3%, and 13 ± 2% cells 
expressed the lymphatic endothelial cell markers Prox1 
and LYVE-1, respectively. Double staining confirmed 
these findings with 21 ± 2% Prox1+/CD31+ cells and 

12 ± 1% LYVE-1+/CD31+ cells. In line with this finding, 
histological and immunohistochemical stainings of the 
collagen/MVF suspension revealed lymphatic vessel frag-
ments characterized by a LYVE-1+/GFP+ endothelium 
(Figure 2(b)–(e)).

In addition, the expression of different angiogenic and 
lymphangiogenic genes in isolated MVF was analyzed 
under normoxia and hypoxia by means of qRT-PCR 
(Figure 2(f)–(k)). The expression of VEGF-A, IGF-1, 
Prox1, and LYVE-1 was significantly upregulated in 
hypoxic MVF when compared to normoxic controls 
(Figure 2(f)–(i)). In contrast, the expression of VEGF-D 
was only slightly increased, whereas VEGF-C was down-
regulated (Figure 2(j) and (k)).

Animal model validation

Combined lymphatic ablation resulted in a significant 
and persistent swelling of the operated hindlimbs 
throughout the 28-days course of the experiment com-
pared to the healthy contralateral side (Figure 3(a)–(c)). 
Further investigations revealed that the subcutaneous tis-
sue of the operated hindlimbs exhibited histological hall-
marks of persistent lymphedema on day 28. In fact, we 
found a markedly larger area of LYVE-1+ lymphatic ves-
sels, indicating lymphatic stasis (Figure 3(d)–(f)). 

Figure 2. Study design and MVF characterization. Study design (a): Combined lymphatic ablation by means of irradiation (top 
left) and popliteal lymphadenectomy 10 days later (top right, red frame = lymphadenectomy site). For identification of the popliteal 
lymphatic system, hindlimbs were injected with methylene blue. Three days after lymphadenectomy, MVF (red)-enriched collagen 
hydrogel (green) was injected in the popliteal defect (bottom right). On day 14 and 28, repetitive MR lymphography using the 
nanoparticle AguIX was performed to evaluate lymphatic regeneration (bottom left). HE-stained (b) and immunohistochemical (c–e) 
sections of in vitro suspended collagen/MVF hydrogel, revealing LYVE-1+/GFP+ lymphatic (arrowhead) and LYVE-1−/GFP+ blood 
vessel fragments (asterisk). Scale bars: (b) = 50 µm, (c–e) = 30 µm. Quantitative analysis of mRNA expression levels in normoxic (N) 
and hypoxic (H) MVF (f–k). VEGF-A (f), IGF-1 (g), Prox1 (h), LYVE-1 (i), VEGF-C (j), and VEGF-D (k) mRNA levels are expressed 
in % normoxia (n = 3). Mean ± SEM. *p < 0.05 versus normoxia. Coll: collagen; GFP: green fluorescent protein; HE: hematoxylin and 
eosin; IGF: insulin-like growth factor; LYVE: lymphatic vessel endothelial hyaluronan receptor; MB: methylene blue; MR: magnetic 
resonance; MVF: microvascular fragments; VEGF: vascular endothelial growth factor.
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Moreover, increased inflammatory cell infiltration as 
well as adipose deposition was observed in the operated 
hindlimbs (Figure 3(g)–(l)). In contrast, the epidermal 
thickness of lymphedema and healthy hindlimbs was not 
significantly different (Figure 3(m)).

Lymphatic network formation and dermal 
backflow after MVF transplantation

In subsequent analyses, the regeneration of the lymphatic 
system was investigated in the control, collagen and col-
lagen/MVF groups. Qualitative MR lymphography was 
performed 14 and 28 days after lymphadenectomy to visu-
alize lymphatic network formation (Figure 4). This imag-
ing technique allowed for a high-resolution visualization 
of the lymphatic system, as indicated in MR scans of 
healthy hindlimbs. The two collecting lymphatic vessels 

could be identified draining to the popliteal lymph node 
(Figure 4(a)). In lymphedema hindlimbs of the control 
group, focal dermal backflow was observed on day 14 and 
28 with minimal formation of lymphatic collaterals (Figure 
4(a)). In contrast, popliteal injection of collagen and col-
lagen/MVF stimulated lymphatic network formation 
(Figure 4(b) and (c)). Additionally, in the collagen/MVF 
group, collateral lymphatic drainage to the inguinal lymph 
node was observed (Figure 4(c)).

In a subset of experiments, dermal backflow was quanti-
fied on axial MR lymphography images (Figure 5). We 
found that the amount of epifascial contrast agent in non-
treated lymphedema hindlimbs of the control group remained 
constantly elevated 14 as well as 28 days after lymphadenec-
tomy (Figure 5(a)–(d)). In contrast, collagen and collagen/
MVF injection was associated with a significantly reduced 
dermal backflow at both timepoints (Figure 5(d)).

Figure 3. Animal model validation. LE evaluation over 28 days by means of paw thickness measurements ((a) black dots = LE, white 
dots = healthy). Representative stereomicroscopic images of healthy (b) and LE (c) hindlimbs on day 28 with persistent swelling 
(arrow in (c)) of the operated limb (arrowhead = lymphadenectomy scar). LYVE-1+ dermal lymphatic vessels (arrowheads) on day 
28 in healthy (d) and LE (e) hindlimbs. Quantification of lymphatic vessel area per total tissue area in % (f). Infiltration of MPO+ 
neutrophilic granulocytes (arrowheads) in healthy (g) and LE (h) hindlimbs. Quantification of MPO+ cells per HPF (i). Perilipin+ 
fat vacuoles (arrowheads) in healthy (j) and LE (k) hindlimbs. Quantification of perilipin+ vacuoles per HPF (l). Quantification of 
epidermal thickness in µm (m). (a, f, i, l, and m) Mean ± SEM, n = 8, *p < 0.05 versus healthy, **p < 0.001 versus healthy. Scale bars: 
(b) and (c) = 5 mm, (d, e, g, h, j, and k) = 60 µm. HPF: high-power field; LE: lymphedema; LV: lymphatic vessel; LYVE: lymphatic vessel 
endothelial hyaluronan receptor; MPO: myeloperoxidase.
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Hindlimb volume, lymphatic vessel area, 
inflammatory cell infiltration, adipose 
deposition, and dermal thickness after MVF 
transplantation

Hindlimb volumetry was performed by repetitive assess-
ment of partial limb volumes and paw thickness. No rele-
vant difference among the groups was found for the partial 
hindlimb volumes on day 14 or 28 (Figure 5(e)). However, 
the mean paw thickness of the collagen and collagen/MVF 
groups was significantly lower at the end of the 28-days 
experiment when compared to non-treated controls (Figure 
5(f)). Of note, collagen or collagen/MVF injection did not 
result in a significant reduction of lymphatic vessel area, 
inflammatory cell infiltration, adipose deposition or der-
mal thickness of hindlimb paws compared to the control 
group (data not shown).

Popliteal microvessel density after MVF 
transplantation

Histological analyses of the hindlimbs at the level of the 
lymphadenectomy were performed at the end of the experi-
ment to evaluate the effect of collagen and collagen/MVF 
application on tissue vascularization (Figure 6). The micro-
vascular density was quantified in three histological zones 
with a centripetal orientation from the popliteal scar (Figure 
6(a)–(c)). In the collagen/MVF group, the scar tissue con-
tained a rich plexus of GFP+ blood and lymphatic vessels 
(Figure 6(d)). Immunohistochemical detection of CD31+ 
microvessels revealed a significantly increased overall 
microvessel density in the collagen/MVF group when com-
pared to the collagen and non-treated group (Figure 6(e)–
(h)). Furthermore, collagen/MVF injection resulted in a 
significantly higher angiogenic activity with markedly 
more CD31+ microvessels even in the peripheral zones II/
III (Figure 6(i)). Finally, CD31/GFP co-staining showed 
that 98 ± 1% of the analyzed microvessels were GFP+, 
indicating their origin from the transplanted MVF.

Popliteal lymphatic vessel density after MVF 
transplantation

To evaluate the effect of MVF transplantation on the pop-
liteal lymphatic vasculature, immunohistochemical detec-
tion of LYVE-1+ lymphatic vessels was performed 
(Figure 7(a)–(c)). Importantly, the overall lymphatic ves-
sel density was significantly increased in the collagen/
MVF group when compared to the collagen and non-
treated control group (Figure 7(d)). Moreover, the per-
centage of GFP+ and therefore MVF-derived lymphatic 
vessels was high (85 ± 5%). Subzone analyses revealed a 
trend toward an elevated lymphatic vessel density in the 
central zone I, which, however, was not proven to be sig-
nificant (Figure 7(e)).

Figure 4. Interstitial MR lymphography after MVF 
transplantation. 3D coronal hindlimb scans of the control (a), 
collagen (b) and collagen/MVF (c) group. The paired collecting 
lymphatic vessels ((a) white arrowheads) draining to the 
popliteal lymph node ((a) arrow) are well detectable in healthy 
hindlimbs. In contrast, LE hindlimbs exhibit persistent dermal 
backflow ((a), dashed arrowheads) and only minor lymphatic 
regeneration. After collagen and collagen/MVF injection, a 
collateral lymphatic network ((b and c) double arrowheads) 
with reduced dermal backflow is observed on day 14 and 28. 
Lymphatic drainage ((c) dashed arrowhead) to the inguinal 
lymph node ((c), dashed arrow) in the collagen/MVF group. 
Scale bars: (a–c) = 5 mm. Coll: collagen; Ctrl: control; LE: 
lymphedema; MR: magnetic resonance; MVF: microvascular 
fragments.
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Discussion

Tissue engineering of the blood vascular system has made 
major progress in the last years. In contrast, engineering of 
the lymphatic system is still in its infancy. This is remark-
able since the importance of lymphangiogenesis for many 
biological processes is well described.1,32,33 Moreover, 
lymphangiogenesis may also be critical for the integration 
of bioengineered scaffolds.7,16,34 A clinically relevant target 
for lymphatic tissue engineering is the restoration of lym-
phatic function in lymphedema. Currently, there is no cure 
for this lifelong and debilitating disease and successful 

engineering of the lymphatic system might pave the way 
for novel therapeutic approaches. Therefore, we herein 
investigated whether adipose tissue-derived MVF are able 
to tackle secondary lymphedema in mice.

Beside abundant microvessels, the visceral adipose tis-
sue of mice also contains a dense network of lymphatic 
vessels.24,25 Consequently, MVF isolated from epididymal 
fat pads should be rich of lymphatic vessel fragments.26 
Indeed, we found that MVF contained individual LYVE-
1+ lymphatic vessel fragments adjacent to the microvascu-
lature. This novel finding was supported by flow cytometric 

Figure 5. Volumetry and dermal backflow after MVF transplantation. Axial MR lymphography scans of control (a), collagen (b), and 
collagen/MVF (c) LE hindlimbs at the level of the distal tibio-fibular joint (asterisk) 14 and 28 days after lymphadenectomy. Dermal 
backflow ((a) double arrowheads) is observed in all groups with a significant reduction in the collagen and collagen/MVF groups ((b 
and c) dashed arrows). Dashed arrowheads: individual lymphatic vessels, Fib: fibula; Tib: tibia. Quantification of dermal backflow (d). 
*p < 0.05 versus Ctrl day 14, #p < 0.05 versus Ctrl day 28. Mean ± SEM, n = 8. Quantification of hindlimb volumes by means of MR 
volumetry (e) and paw thickness measurements (f). *p < 0.05 versus Ctrl. Mean ± SEM, n = 8–9. Scale bars = 1 mm. Coll: collagen; 
Ctrl: control; LE: lymphedema; MR: magnetic resonance; MVF: microvascular fragments.
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analyses of MVF, revealing that up to 22% of their cellular 
components stained positive for the lymphatic endothelial 
cell marker Prox1. This indicates a surprisingly high frac-
tion of lymphatic endothelial cells within MVF.

However, the lymphatic vasculature may be more fragile 
to mechanical and enzymatic degradation when compared 
to microvessels. Hence, future experiments are necessary to 
evaluate the functional integrity of lymphatic vessel 

Figure 6. (Continued)
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Figure 6. Popliteal microvessel density after MVF transplantation. HE-stained (a–c) and GFP-stained (d) sections of the popliteal 
fossa of the control (a), collagen (b) and collagen/MVF (c and d) groups 28 days after lymphadenectomy. Arrowheads in (a–
c) = lymphadenectomy scar. Area between dashed lines = epifascial collagen (b) and collagen/MVF (c and d) deposits. Popliteal GFP+ 
MVF-derived blood and lymphatic vessels ((d), arrowheads). Immunohistochemical detection (e–g) of a MVF-derived CD31+/GFP+ 
microvessel (arrowheads) filled with erythrocytes (asterisks). Quantification of overall MV density in mm−2 (h). Quantification of 
zonal MV density in mm−2 (i). Mean ± SEM, n = 8–9, *p < 0.05 versus Ctrl, **p < 0.001 versus Ctrl, #P < 0.05 versus Coll. Scale bars: 
(a–d) = 200 µm, (e–g) = 30 µm. Coll: collagen; Ctrl = control; GFP: green fluorescent protein; MV: microvessel; MVF: microvascular 
fragments.

fragments after MVF isolation. Recent investigations 
revealed that the visceral adipose tissue of humans contains 
lymphatic capillaries and larger lymphatic vessels.35 In con-
trast, the subcutaneous fat is characterized by scarce lym-
phatic vascular structures and no initial lymphatics were 
found.35 From a translational perspective this finding is 
important since subcutaneous adipose tissue may not be the 
ideal source to obtain regenerative cells and lymphatic ves-
sel fragments for therapeutic lymphangiogenesis.

The induction of secondary lymphedema in the mouse 
hindlimb mimicking the chronic nature of human disease 
is difficult due to the high regenerative capacity of the 
rodent lymphatic system.8,36 In previous rat hindlimb 
experiments we found that the combination of irradiation 
and lymphadenectomy results in lymphatic dysfunction 
characterized by histopathological hallmarks of second-
ary lymphedema, such as tissue fibrosis, immune cell 
infiltration, and an increase in lymphatic vessel area.31 In 
contrast to more invasive hindlimb rodent models,37 cir-
cular skin incisions were closed directly and not sutured 
down to the muscle.31 In the current study, mice under-
went a similar procedure with direct closure of the pop-
liteal incision. This detail is crucial, because it allows to 
inject MVF into the lymphatic defect with repetitive eval-
uation by means of volumetry and MR lymphography. 
However, direct skin closure is commonly associated with 
moderate lymphedema and less pronounced volumetric 
and histopathological changes when compared to more 
invasive models,37 rendering the evaluation of therapeutic 

interventions even more challenging. In the control group, 
the combined lymphatic ablation resulted in increased 
hindlimb volumes throughout the 28-day course of the 
experiment compared to non-operated hindlimbs. 
Furthermore, we found an increased lymphatic vessel 
area, inflammatory cell infiltration as well as adipose dep-
osition in control hindlimbs, validating our animal model 
with sustained secondary lymphedema.

Experimental MR imaging of the lymphatic vascula-
ture in rodents is rarely used due to small animal size, 
high technological costs and non-specific distribution of 
commercially available contrast agents.38,39 We previ-
ously validated the nanoparticle AGuIX for interstitial 
MR lymphography in rats.31 In the present study, AGuIX-
based MR lymphography at 9.4T yielded high-resolution 
insights into lymphatic network formation of the mouse 
hindlimb. Remarkably, persistent dermal backflow and 
scarce lymphatic collaterals were found in the control 
group when compared to the animals of the collagen and 
collagen/MVF groups. These findings indicate that colla-
gen as well as collagen/MVF injection are able to stimu-
late lymphangiogenesis. Consequently, collagen hydrogel 
alone may also exert significant lymphangiogenic effects. 
In line with this, nanofibrillar collagen scaffolds have 
recently been shown to enhance lymphatic regeneration in 
preclinical40 and clinical41 studies. In our investigation, 
however, the lymphangiogenic findings observed in MR 
lymphography of the collagen group could not be sup-
ported by immunohistochemistry.
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To evaluate lymphatic function after collagen/MVF 
injection, additional volumetric and histopathological anal-
yses were performed. Hindlimb volumetry by means of 
repetitive paw thickness measurements revealed that colla-
gen/MVF injection resulted in a markedly reduced swelling 
on day 28 when compared to controls. However, the volume 
reduction was not associated with improved histopathologi-
cal hallmarks of secondary lymphedema. Hence, the lym-
phatic collaterals identified on MR imaging may not have 
been sufficient to significantly reduce lymphatic stasis in the 
herein used animal model. Further limitations of this study 
include a relatively short observation period and the lack of 
dynamic and functional lymphatic imaging, such as near-
infrared imaging42 or lymphoscintigraphy.43 The incorpora-
tion of these imaging technologies could have been helpful 
to better understand the functional relevance of MVF-
derived lymphatic regeneration.

In recent skin tissue engineering experiments, MVF-
seeded skin substitutes were characterized by a strong  

stimulation of blood and lymphatic vessel network forma-
tion.16,17 Subsequent investigations on MVF-coated scaf-
folds for craniofacial reconstruction confirmed a promising 
MVF-derived lymphangiogenesis.23 In the current study, we 
evaluated popliteal blood and lymphatic vessel densities 
after MVF injection in the lymphadenectomy wound. 
Immunohistochemical analyses revealed that the injection of 
collagen/MVF but not collagen alone resulted in a signifi-
cantly higher microvessel density when compared to non-
treated controls. Furthermore, nearly all analyzed 
microvessels were CD31+/GFP+, hence originated from the 
transplanted MVF. Finally, MVF-derived vascularization 
was observed in all zones of the popliteal scar. These results 
confirm a strong angiogenic effect of MVF. Our findings are 
in line with the results of Pilia et al.44 who reported high tis-
sue perfusion after collagen/MVF transplantation in a mouse 
hindlimb model of volumetric muscle loss. Of note, they also 
found a significantly higher angiogenic potential of MVF 
compared with ADSC transplantation.

Figure 7. Popliteal lymphatic vessel density after MVF transplantation. Immunohistochemical detection (a–c) of MVF-derived 
LYVE-1+/GFP+ lymphatic vessels (arrowheads). Scale bars = 30 µm. Quantification of overall LV density in mm−2 (d). Quantification 
of zonal LV density in mm−2 (e). Mean ± SEM, n = 8–9, *p < 0.05 versus Ctrl. Coll: collagen; Ctrl: control; GFP: green fluorescent 
protein; LV: lymphatic vessel; LYVE: lymphatic vessel endothelial hyaluronan receptor; MVF: microvascular fragments.
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To investigate the impact of MVF transplantation on 
popliteal lymphangiogenesis, LYVE-1/GFP co-staining 
was performed. Interestingly, we found an overall higher 
lymphatic vessel density after collagen/MVF injection 
compared with samples of the control and collagen 
groups. However, in contrast to blood vessel formation, 
the lymphangiogenic effect was less pronounced and a 
smaller yet relevant fraction of the lymphatic vessels 
stained positive for LYVE-1/GFP, which is similar to other 
investigations on MVF-promoted lymphangiogenesis.16,17 
To mimic the ischemic conditions during the initial post-
transplant phase in vitro, we additionally analyzed the 
effect of hypoxia on the expression of angiogenic and lym-
phangiogenic genes in isolated MVF. In line with the 
results of Flann et al.45 we detected an upregulated gene 
expression of VEGF-A and IGF-1, which is most proba-
bly caused by hypoxia-inducible factor (HIF)-1α. We 
additionally investigated the expression of VEGF-C and 
VEGF-D, which are major regulators involved in lym-
phangiogenesis.46 However, the expression of the two 
proteins did not significantly differ between normoxia 
and hypoxia. This can be explained by the fact that the 
VEGF-C and the VEGF-D promoter do not contain a 
hypoxia response element and therefore do not respond 
to HIF-1α-mediated gene transcription. Prox1 and 
LYVE-1 are not only marker proteins of lymphatic 
endothelial cells but are also involved in cell prolifera-
tion and migration.47,48 Zhou et al. demonstrated that 
hypoxia increases the expression of Prox1.49 Moreover, 
Prox1 acts as a positive regulator of LYVE-1 gene expres-
sion.50 Accordingly, we herein found an upregulation of 
both proteins under hypoxia. These results indicate that 
the higher number of blood and lymphatic vessels in the 
collagen/MVF group of our vivo experiments may have 
been driven by different hypoxia-induced signaling path-
ways within the grafted MVF.

This is the first study evaluating MVF transplantation 
for lymphedema treatment. In future studies, this approach 
should be compared to ADSC-based engineering of the 
lymphatic system. Of note, preclinical work on ADSC for 
lymphatic tissue engineering has been performed in differ-
ent experimental models of lymphedema, such as the 
mouse tail or hindlimb.51 While paracrine stimulation of 
lymphangiogenesis was a consistent finding after ADSC 
application,13,52–57 ADSC differentiation into lymphatic 
endothelial cells was less commonly observed.13,56 Beside 
blood and lymphatic vessel fragments, MVF also contain a 
relevant fraction of ADSC.18 Therefore, they may not only 
induce lymphangiogenesis through lymphatic vessel frag-
ment or lymphatic endothelial cell transfer but also through 
stem cell-mediated paracrine effects. However, it still 
remains elusive whether lymphatic vessel fragments are 
indeed able to reconnect to a functional network or whether 
in the present study lymphangiogenesis was predomi-
nantly driven by paracrine stimulation and differentiation. 

Nonetheless, the possible interplay of lymphatic vessel 
fragments and single cell-mediated lymphangiogenesis 
makes MVF highly interesting for lymphatic tissue 
engineering.

Conclusion

MVF transplantation is a novel experimental approach to 
induce therapeutic lymphangiogenesis. Since MVF contain 
regenerative adipose tissue-derived single cells as well as 
lymphatic vessel fragments, they are particularly promising 
for lymphatic tissue engineering. In a hindlimb model of 
secondary lymphedema, MVF stimulated the formation of 
lymphatic collaterals, leading to a reduction of dermal back-
flow. MVF transplantation was also associated with an 
increased popliteal blood and lymphatic vessel density and, 
ultimately, reduction of hindlimb volumes.
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