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Abstract: The lymphatic kidney system plays a crucial role in managing interstitial fluid removal,
regulating fluid balance, and tuning immune response. It also assists in the reabsorption of pro-
teins, electrolytes, cytokines, growth factors, and immune cells. Pathological conditions, including
tissue damage, excessive interstitial fluid, high blood glucose levels, and inflammation, can initiate
lymphangiogenesis—the formation of new lymphatic vessels. This process is associated with various
kidney diseases, including polycystic kidney disease, hypertension, ultrafiltration challenges, and
complications post-organ transplantation. Although lymphangiogenesis has beneficial effects in
removing excess fluid and immune cells, it may also contribute to inflammation and fibrosis within
the kidneys. In this review, we aim to discuss the biology of the lymphatic system, from its devel-
opment and function to its response to disease stimuli, with an emphasis on renal pathophysiology.
Furthermore, we explore how innovative treatments targeting the lymphatic system could potentially
enhance the management of kidney diseases.
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1. Introduction

The mammalian body hosts two primary circulatory networks: the blood vascular
system and the lymphatic vascular system.

The lymphatic system plays a crucial role in maintaining bodily equilibrium by re-
moving leaked interstitial fluid and supporting the movement and activation of immune
cells. Within the kidney, lymphatic vessels are primarily located in the cortex, while in the
medulla, the ascending vasa recta function as lymphatic-like vessels, aiding in the reabsorp-
tion of interstitial fluid. While most of the lymphatic network originates from the venous
system, there is evidence indicating the presence of lymphatic structures arising from non-
venous sources. After their initial formation, the number of lymphatic vessels tends to stay
consistent, although they can adapt dynamically to the needs of the surrounding tissue.

Pathological situations, including tissue damage, excess interstitial fluid, high blood
sugar levels, and inflammation, can trigger lymphangiogenesis—the formation of new
lymphatic vessels. This process is linked to several kidney diseases, such as polycystic
kidney disease, hypertension, challenges with ultrafiltration, and issues following organ
transplantation. While lymphangiogenesis serves beneficial roles in removing excess fluid
and immune cells, it can also contribute to a cycle of inflammation and fibrosis within
the kidneys.

In this review, we aimed to discuss the lymphatic system biology, from its origins and
functionality to its reaction to disease triggers with a specific focus on renal pathophysiology.
Additionally, we explored how novel treatments specifically targeting the lymphatic system
could potentially improve the management of kidney diseases.
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2. Lymphatic Development

Lymphatic vessels originate from the differentiation of embryonic venous blood en-
dothelial cells (BECs) situated along the anterior side of the cardinal vein [1–4]. Table 1
summarizes the main genetic, molecular, and cellular pathways involved in developing
lymphatic vessels. This process commences with the activation of the transcription fac-
tor Prospero homeobox 1 (PROX1) in venous blood endothelial cells (BECs), triggered
by the actions of the sex-determining region Y box 18 (SOX18) and the chicken ovalbu-
min upstream promoter transcription factors (COUP-TFII). The specification of lymphatic
endothelial destiny is governed by Prox1, evident from the absence of lymphatics and
subsequent failure to thrive in Prox1-knockout mice [1,5]. These lymphatic endothelial cells
(LECs), originating from the cardinal vein, express α9 integrin and VEGFR3, facilitating
their migration towards mesenchymal cells guided by Vascular Endothelial Growth Factor
C (VEGFC) gradients. The appearance and migration of lymphatic endothelial cells (LECs)
necessitate the presence of VEGFC, whose activity is regulated by proteolytic cleavage
facilitated by two proteins: collagen- and calcium-binding EGF domains 1 (CCBE1) and
a metalloproteinase known as a disintegrin and metalloproteinase with thrombospondin
motifs 3 (ADAMTS3). Extensive research has investigated the developmental origins of
blood endothelial cells (BECs) within the cardinal vein, which subsequently differentiate
into lymphatic endothelial cells (LECs) [6–11]. The loss of Prox1 in paraxial mesoderm cells
leads to the absence of dermal lymphatics in the lumbar region of embryos at embryonic
day 15.5, accompanied by subcutaneous edema and blood-filled lymphatic capillaries in the
cervical and thoracic dermis. Recent research using single-cell RNA analysis and lineage
tracing suggests that LECs may directly originate from lymphangioblasts generated from
the paraxial mesoderm. The sequence of differentiation of paraxial mesoderm cells into
BECs in the anterior cardinal vein, followed by their development into LECs, as well as the
potential differentiation of paraxial mesoderm-derived cells into specialized angioblasts
before becoming LECs, remains the subject of ongoing controversy necessitating further
investigation. Lymphatic valves form through the growth of lymphatic valve progenitor
cells within the channel lumen, enclosing an extracellular matrix core. This intricate process
is regulated by several transcription factors—PROX1, GATA2, FOXC2, and β-catenin, as
documented in previous studies [12–17]. These factors, alongside KLF2 and KLF4, are
upregulated by oscillatory shear stress [18]. VE-cadherin’s presence is crucial for acti-
vating mechanotransduction signaling pathways, leading to specific transcription factor
upregulation. VE-cadherin’s binding partner, β-Catenin, is essential in determining valve
regions during embryonic valve development [19]. A recent study identified FOXO1 as
the primary suppressor of the lymphatic valve gene program [20]. The lack of FOXO1
leads to increased expression of valve-related genes such as Foxc2, Gata2, Klf4, and Klf2.
FOXC2 plays a crucial role in lymphatic valve development and maintenance. When indi-
viduals have only one functional copy of the FOXC2 gene, they may develop lymphedema
distichiasis. Notably, complete restoration of valve loss in Foxc2-heterozygous mice was
achieved by deleting the Foxo1 gene, indicating potential translational applications of
this protein. Understanding the development and coordination of lymphatic muscle cells
(LMCs) in the pumping process of lymphatic precollector and collector, both in normal and
pathological conditions, is a significant area of interest in lymphatic research (Figure 1).
Muscle cell recruitment regulation is governed by PDGFB and angiopoietin-2, as well as
semaphorin/neuropilin signaling through semaphorin 3A (SEMA3A) and neuropilin 1
(NRP1) [21–24]. Developing novel techniques for targeted removal of LMC genes would
significantly advance future research efforts [24].
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Table 1. Main genetic, molecular, and cellular pathways involved in developing lymphatic vessels.

Anatomic Site Cellular Type Involved Genes External Factors Cellular
Markers Notes

Lymphatic
vessels

Embryonic
venous blood

endothelial cells
(BECs)

Prox1, Sox18 and
Coup-TFII
activation

BECs derive from the anterior
side of the cardinal vein.

Prox1-knockout mice lack
lymphatics and fail to thrive.

Lymphatic
endothelial cells

(LECs)

ADAMTS3 and
CCBE1 clivate

VEGFC regulating
its activity

α9 integrin
VEGFR3 1

LECs Derive from BECs
α9 integrin and VEGFR3

facilitate migration towards
mesenchymal cells guided by
Vascular Endothelial Growth
Factor C (VEGFC) gradient

CCL21

CCL21 is expressed on the
surface of LMCs after
activation of VEGFR3.

It has chemotactic properties
for inflammatory cells,

including dendritic cells

Lymphatic muscle
cells (LMCs)

SEMA3A
NRP1

PDGFB
angiopoietin-2

LMCs play a pivotal role in the
pumping process of lymphatic

pre-collector and collector
PDGFB and angiopoietin-2
regulate their recruitment

throughout SEMA3A NRP1

Lymphatic
valves

PROX1, GATA2,
FOXC2, KLF2

and KLF4 induce
lymphatic valve

formation

VE-cadherin
and its binding

partner
β-catenin

Form through the growth of
lymphatic valve progenitor

cells within the channel lumen,
enclosing an extracellular

matrix core.
The transcription factors genes
are upregulated by oscillatory

shear stress throughout
VE-cadherin activity.

Patients with only one
functional copy of the FOXC2

gene may develop
lymphedema distichiasis

syndrome.

FOXO1 suppress
lymphatic valve

formation

The lack of function of this
gene leads to increased

expression of valve-related
genes such

SOX18: Sex-determining region Y box 18; COUP-TFII: Chicken ovalbumin upstream promoter transcription factor
PROX1: Prospero homeobox 1; CCL21: C Chemokine 21; ADAMTS3: a disintegrin and metalloproteinase with
thrombospondin motifs 3; CCBE1: collagen- and calcium-binding EGF domains 1; VEGFC: Vascular Endothelial
Growth Factor Receptor 3; VEGFC: Vascular Endothelial Growth Factor C; SEMA3A: semaphorin 3A; NRP1:
neuropilin 1; 1 VEGFR3 is expressed also by machrophages infiltrating the growing lymphatic vessels.
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Figure 1. Schematic representation of the vascular lymphatic system. The lymphatic system com-
prises a widespread network of vessels that extend to nearly all vascularized tissues in the body, 
often running alongside blood vessels and playing a crucial role in fluid balance. This system, to-
gether with various lymphoid tissues and organs, such as lymph nodes distributed throughout the 
body, orchestrates the regulation of immune cell functions. Within the small intestine, Peyer’s 
patches—specialized lymphoid follicles—operate similarly to lymph nodes by overseeing immune 
surveillance and coordinating immune responses in the intestinal lining. Lymphatic capillaries fea-
ture unique, oak leaf-shaped endothelial cells with overlapping edges, forming discontinuous, but-
ton-like junctions. These specialized junctions allow the capillaries to efficiently absorb interstitial 
fluid from the surrounding tissue. In contrast, the endothelial cells of collecting lymphatic vessels 
are connected by continuous, zipper-like junctions, which make them less permeable. Both types of 
lymphatic endothelial cells (LECs)—those in capillary and collecting vessels—are bordered by sim-
ilar proteins forming adherens and tight junctions, ensuring their structural integrity. The structure 
of lymphatic capillaries is distinctively designed for optimal function; they possess a sparse, discon-
tinuous basement membrane and do not have mural cells (smooth muscle cells and pericytes that 
provide structural support), which facilitates their ability to absorb interstitial fluid, various mole-
cules, and immune cells efficiently. These capillaries then lead into a hierarchical system of collect-
ing lymphatics. The collecting vessels are characterized by the presence of smooth muscle cells 
(SMCs) in their walls and internal valves that ensure lymph flows in one direction, preventing back-
flow and ensuring efficient lymph transport and drainage. 
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Figure 1. Schematic representation of the vascular lymphatic system. The lymphatic system com-
prises a widespread network of vessels that extend to nearly all vascularized tissues in the body,
often running alongside blood vessels and playing a crucial role in fluid balance. This system,
together with various lymphoid tissues and organs, such as lymph nodes distributed throughout
the body, orchestrates the regulation of immune cell functions. Within the small intestine, Peyer’s
patches—specialized lymphoid follicles—operate similarly to lymph nodes by overseeing immune
surveillance and coordinating immune responses in the intestinal lining. Lymphatic capillaries
feature unique, oak leaf-shaped endothelial cells with overlapping edges, forming discontinuous,
button-like junctions. These specialized junctions allow the capillaries to efficiently absorb interstitial
fluid from the surrounding tissue. In contrast, the endothelial cells of collecting lymphatic vessels
are connected by continuous, zipper-like junctions, which make them less permeable. Both types
of lymphatic endothelial cells (LECs)—those in capillary and collecting vessels—are bordered by
similar proteins forming adherens and tight junctions, ensuring their structural integrity. The struc-
ture of lymphatic capillaries is distinctively designed for optimal function; they possess a sparse,
discontinuous basement membrane and do not have mural cells (smooth muscle cells and pericytes
that provide structural support), which facilitates their ability to absorb interstitial fluid, various
molecules, and immune cells efficiently. These capillaries then lead into a hierarchical system of
collecting lymphatics. The collecting vessels are characterized by the presence of smooth muscle
cells (SMCs) in their walls and internal valves that ensure lymph flows in one direction, preventing
backflow and ensuring efficient lymph transport and drainage.
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3. Lymphatics in Immune Regulation and Inflammation

Lymphatic system has a key role in adaptive immune responses and removal from
tissues of triggers for harmful inflammatory reactions. This is due to the inclusion of
lymph nodes along major lymphatic routes from tissues to the circulation. Through afferent
lymphatics, lymph nodes receive antigens derived from the tissues. Lymph carries both
lymphocytes and antigen-presenting cells (APCs), including monocytes and macrophages
and dendritic cells, that process antigens for immune presentation in the lymph node [25,26].
Many antigens are foreign molecules. Their entry into the bloodstream relies on button-like
junctions or mechanisms of endocytosis and transcytosis [27]. Lymphocytes, retained in
the lymph node by loss of the receptor S1P1 for sphingosine 1 phosphate (S1P) from the
cell surface [28], interact with the antigen-presenting cells through T cell receptors (TCRs)
engagement with the cognate peptide major histocompatibility complex (MHC). In contrast
to T cells, most APCs (that become infected) do not leave the lymph nodes, avoiding
diffusion of infectious agent in the circulation and optimizing host defense. Even a low
level of egress from lymph nodes can lead to negative outcomes [29]. Indeed, when these
cells are activated, they upregulate molecules that initiate blood clotting, such as tissue
factor [30], which initiates clotting in the extrinsic pathway of coagulation. Sepsis and
disseminated intravascular coagulation are possible sequelae of outcomes that sequestration
of myeloid APCs in lymph nodes prevents.

Inflammation is a mechanism of protection against pathogens [31] and is characterized
by the expansion of blood and lymphatic networks. Angiogenesis exacerbates the inflam-
mation, while lymphangiogenesis, by acting as clearance conduits, alleviating oedema,
and decreasing the levels of pro-inflammatory mediators and immune cells, temper this
condition [31]. Several molecular mechanisms involved in some inflammatory diseases of
skin [32], bowel [33] and joints [34] have been related to lymphatic biology [35–47]. How-
ever, limited studies are available on developing agents able to promote lymphangiogesis
and increase the potential of alleviation of inflammatory conditions.

4. Kidney Lymphatic System

The cortical lymphatic system in the kidney functions to manage interstitial fluid re-
moval for fluid balance regulation. Simultaneously, it aids in the reabsorption of interstitial
plasma elements such as proteins, electrolytes, cytokines, growth factors, and immune cells.
Thus, kidney-derived lymph presents a blend of general and organ-specific components
that mirror the kidney’s unique microenvironment. Analyses of lymphatic-to-plasma ratios
of inulin [39], creatinine, labeled glucose, and electrolytes [48–50] upon exiting the kidney
have defined the composition of kidney lymph. These studies revealed that kidney lymph
comprises fluid, electrolytes, and small proteins from both capillary and tubular filtrates.
Notably, their solute concentration resembles that of plasma [51]. Additionally, renin
and angiotensin II, typically found in interstitial fluid, are also present in kidney lymph.
Intriguingly, their concentrations in renal lymph might surpass those in venous plasma,
hinting at a possible secretion of these substances into the kidney’s interstitial space [52–54].
However, the specific role of lymphatic transport in these molecules remains uncertain. The
renal lymphatic system also harbors filtered antigens smaller than albumin and resident
dendritic cells within the tubular compartment. An increase in pro-inflammatory cytokines
and chemo-attractants in the lymphatic system occurs during kidney injury. All these
proteins and cellular elements travel to nearby draining lymph nodes, contributing to
maintaining peripheral immunological tolerance (Figure 2).
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Figure 2. Potential Beneficial (in green) and Detrimental (in red) effects of lymphangiogenesis in
kidney diseases.
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5. Renal Lymphatic System Dysfunction

The role of the renal lymphatic system is pivotal across various facets of kidney
function, including kidney development, immune responses, tissue fluid regulation, and
maintaining fluid balance. Furthermore, it significantly influences the progression and
persistence of renal ailments [53–59]. In adult kidneys, lymphatic capillaries are predomi-
nantly situated near glomeruli and tubules within the renal cortex, while classical lymphatic
channels are not typically present in the renal medulla of healthy kidneys. However, renal
lymphangiogenesis has been observed in various kidney diseases, such as polycystic kidney
disease (PKD), transplant rejection, acute kidney injury, diabetic nephropathy, and IgA
nephropathy [50]. Notably, there exists a correlation between renal lymphangiogenesis and
the development of renal fibrosis in chronic kidney disease [60].

Despite a well-established association between renal lymphangiogenesis and multiple
chronic kidney disorders, diverse observations on its outcomes have been noted. For in-
stance, heightened renal function resulting from lymphangiogenesis can lead to conflicting
consequences. While it aids in waste material and inflammatory cell clearance, benefiting
the kidney, it might also exacerbate inflammatory responses by facilitating the transport of
antigen-presenting cells to hilar lymph nodes, potentially harming the kidney [50]. Vari-
ations in disease outcomes might stem from changes in lymphatic function rather than
solely the proliferation of nonfunctional lymphatics [60]. Notably, in certain scenarios, renal
lymphangiogenesis has shown a protective effect in mouse models of polycystic kidney
disease (PKD) and has the potential to regulate blood pressure [31,60,61]. For instance,
administering recombinant VEGFC in mouse models of PKD augmented lymphangio-
genesis, aiding in pericystic inflammatory cell removal and consequently reducing cystic
disease [62]. Similarly, experiments involving the administration of VEGF-C in mice with
normal genetic makeup, as well as investigations using animals with genetically modified
tubules overexpressing Vascular Endothelial Growth Factor D (VEGF-D), showcased signif-
icant enhancements in natriuresis. These enhancements were accompanied by reductions
in inflammation, kidney fibrosis, and hypertensive reactions [60]. Additional evidence
supporting the idea that improved lymphatic function leads to decreased inflammatory
reactions and preserved organ function is found in studies linking increased lymphatic
density in renal transplant biopsies or the overexpression of VEGF-C in mouse models of
kidney transplant to improved allograft function and transplant success [63] (Figure 3).
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cell; VEGF—vascular endothelial growth factor. 
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Figure 3. In chronic kidney disease (CKD), the stimulation of TGF triggers lymphatic vascular
proliferation. Within CKD, TECs (tubular epithelial cells) and activated immune cells—such as
macrophages, neutrophils, dendritic cells, and lymphocytes—serve as primary sources of growth
factors like VEGF and TGF. Consequently, these factors promote lymphangiogenesis. The expansion
of the lymphatic network in CKD yields a dual impact: a positive effect involves the increased LVs
(lymphatic vessels) aiding in the clearance of inflammatory substances from tissues. Conversely,
the negative influence arises from the hyperpermeability of injury-induced LVs, potentially causing
lymph leakage and exacerbating the accumulation of immune cytokines in the kidneys. It is important
to note that while increased LVs can aid in tissue clearance, their hyperpermeability may worsen the
immune response in the kidney. Abbreviations: CKD—chronic kidney disease; cTGF—connective
tissue growth factor; LEC—lymphatic endothelial cell; LN—lymph node; TEC—tubular epithelial
cell; VEGF—vascular endothelial growth factor.

6. Lymphangiogenesis in Renal Inflammation Ad Fibrosis Development

The mature kidney contains a sparse network of blind-ended lymphatic capillaries
adjacent to cortical tubules, arterioles and glomeruli. These capillaries drain out of the
kidney through a hierarchical network of collecting lymphatics, which run in parallel with
the larger interlobar and arcuate arteries and veins, and eventually drain from the hilar
lymphatics [60]. In mouse models of chronic renal injury as well as in human chronic
kidney disease, a process of expansion of lymphatics, i.e., lymphangiogenesis, occurs via
the proliferation and sprouting of lymphatic endothelium [60,63]. In addition to lym-
phatic endothelial cells, the direct contribution by other cell types of nonvenous origin has
been reported. Some studies suggest transdifferentiation of macrophages into lymphatic
endothelial cells and their integration into lymphatic vessels, as an alternative mecha-
nism of lymphatic expansion in chronic renal injury. The process is promoted by injured
tubular epithelium, T and B lymphocytes, neutrophils, dendritic cells and activated fibrob-
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lasts that secrete growth factors (VEGF-C, VEGF-D, CTGF) and inflammatory mediators
(lymphotoxin-a [LT-a], TNF-a, TGF-b) [60,63].

The primary driver of lymphatic growth is VEGF-C, both in development and in
response to injury. Postdevelopmental lymphangiogenesis occurs in response to noxious
stimuli, including interstitial fluid overload and inflammation and several kidney diseases,
including immunoglobulin A nephropathy, diabetic nephropathy, polycystic kidney disease,
and transplant rejection [60,63].

While intrarenal lymphangiogenesis is associated with renal interstitial inflammatory
cell infiltration and fibrosis in patients with chronic kidney disease, the implications of
lymphangiogenesis in these settings remain debated.

Some evidence suggests that newly formed lymphatic vessels may be beneficial in
clearing inflammation-associated accumulation of interstitial fluid, immune cell infiltrates,
pro-inflammatory cytokines, and cellular debris, mitigating the progression of kidney
disease [64]. In this scenario, the expansion of lymphatics could be teleologically interpreted
as a means of tempering renal inflammation and, eventually, fibrotic remodeling. [65].

On the other hand, transport of APC via lymphatic vessels might putatively promote,
as mentioned above, an inflammatory response. In this view, expanding renal lymphatics
might play a critical role in promoting intrarenal inflammation and fibrosis following
renal injury.

A paradigmatic example of this controversial interpretation derives from transplanta-
tion. Lymphangiogenesis is typically associated with interstitial infiltration and fibrosis, but
a retrospective review of kidney transplant protocol biopsies showed that higher kidney
allograft lymphatic density was associated with better allograft function [60,63]. Moreover,
in a mouse model of kidney transplantation with induced lymphangiogenesis within the al-
lograft via forced overexpression of VEGF-C, transplant rejection was significantly reduced,
and the lifespan of the recipient mice was improved [60].

Targeting lymphatic system could be a potential direction for new therapeutics for
kidney diseases. However, a better understanding of the context-dependent consequences
of kidney lymphangiogenesis is needed prior to their clinical use.

7. Lymphangiogenesis Abnormalities and Genetic Disorders

Genetic and epigenetic disorders affecting the development of the lymphatic vascu-
lar system can disrupt the formation and structural growth of lymphatic vessels. This
disruption hampers the maintenance of the body’s fluid homeostasis, lipid reabsorption,
and circulation of immune cells. Consequently, the impaired transport capacity of the
lymphatic system leads to progressive fluid accumulation in the interstitial tissues and
extracellular matrix throughout the body. The most common manifestation of this condition
is primary lymphedema.

Primary lymphedema can manifest as a sporadic, systemic phenomenon or as a
symptom associated with specific syndromes. It may be congenital or develop later in life,
often resulting in chronic swelling and an increased risk of infections.

In recent years, the identification of numerous genetic variants, chromosomal abnor-
malities, and imprinting disorders observed in both systemic and syndromic lymphedema
has led to the development of novel algorithms and classifications. These new approaches
aim to correlate genotypes with phenotypes, enhancing our understanding and manage-
ment of these conditions [66,67].

The primary phenotypes linking lymphatic abnormalities to kidney disorders include:

7.1. Hypotrichosis-Lymphedema-Telangiectasia-Renal Defect (HLTRS)

This extremely rare syndrome is associated with an autosomal dominant variant of
the SOX18 gene on chromosome 20q13. Documented cases are characterized by alopecia,
hydrocele from birth, late-onset lymphedema, and glomerulonephritis development. It
is suggested that SOX18 gene mutations may disrupt the transcription of the SOX gene
family, including SOX17 [68]. Experiments with double blockade of Sox17 and Sox18 in
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mice revealed reduced vascular abnormalities in the liver and kidney [69]. To date, only
anecdotal reports are available. Among those, two families with children affected by a
SOX18 mutation have been described: a living patient and his deceased brother from
Canada, and a patient from Belgium. The two surviving patients, diagnosed with HLTS,
were found through DNA analysis to share the same heterozygous C > A transversion in
the SOX18 gene, leading to a premature truncation of the protein and the absence of the
transactivation domain. Both individuals developed renal failure accompanied by severe
hypertension in childhood, necessitating renal transplants for each [69]. These observations
documented the renal failure linked to heterozygous SOX18 mutations.

7.2. Lymphedema-Distichiasis Syndrome (LPHDST)

This syndrome is caused by an autosomal dominant variant of the FOX C2 gene
at locus 16q24.1. It is marked by distichiasis (double rows of eyelashes) from birth and
lower limb lymphedema appearing at prepubertal onset. Additional associated signs may
include cardiac abnormalities, type II diabetes, and renal disorders like hydronephrosis,
ectopic kidney, and renal agenesis. The 16q24.1–q24.2 microdeletion is linked with alveolar
capillary dysplasia, congenital renal malformations, neurodevelopmental disorders, and
congenital abnormalities [70,71].

7.3. Tuberous Sclerosis Complex (TSC) and Lymphedema

Variants in TSC1 and TSC2 genes, associated with Tuberous Sclerosis Complex, have
been recently considered in the spectrum of molecular disorders related to primary lym-
phedema [72,73]. While the role of these genes in lymphatic system development remains
unclear, rare cases of lymphedema in the lower limbs have been noted as symptoms of
tuberous sclerosis [73]. TSC is an autosomal dominant multisystem disorder characterized
by hamartomas in multiple organs, including the brain, skin, heart, kidneys, and lungs,
with renal lesions typically presenting as angiomyolipomas, renal cysts, and renal-cell
carcinomas.

8. Lymphangiogenesis and Peritoneal Ultrafiltration Failure

Peritoneal dialysis utilizes the patient’s peritoneal membrane to facilitate fluid and
solute exchange. Waste materials diffuse across a network of capillaries lining the peri-
toneum, entering the dialysate solution introduced into the abdominal cavity. Concurrently,
a hypertonic glucose solution and osmoles in the dialysate cause excess fluid to move
from the peritoneal capillaries to the abdominal cavity, creating an osmotic gradient. This
process, known as ultrafiltration, is counteracted by ongoing reabsorption through the
peritoneal lymphatic capillaries, returning fluid to the vascular system. The cumulative
ultrafiltration in peritoneal dialysis represents net fluid removal across the capillary walls,
considering the reduction due to lymphatic reabsorption. Peritoneal ultrafiltration failure
(UFF) is a consequential outcome characterized by increased peritoneal solute transport
and reduced ultrafiltration capacity [74]. This factor significantly contributes to the dis-
continuation of peritoneal dialysis, which is strongly linked to heightened mortality rates.
The emergence of UFF correlates with chronic peritoneal fibrosis, featuring submesothelial
fibrosis and neo-angiogenesis. Poor ultrafiltration results from increased vascular surface
area, greater permeability, and decreased channel-mediated water transport. However,
although UFF is associated with neo-angiogenesis, the blood capillary density in peritoneal
biopsies from individuals with UFF mirrors those without it. This suggests additional
factors beyond blood capillary density influencing heightened peritoneal membrane fluid
transport in UFF. Lymphangiogenesis, resulting in increased lymphatic fluid uptake from
the peritoneal cavity, could play a significant role in UFF development. Comparing blood
capillary density, lymphatic vessel quantity, and the rate of lymphatic absorption in the
peritoneum reveals correlations with peritoneal dialysis duration and UFF occurrence.
Human dialysate VEGF-C levels positively relate to peritoneal permeability. Inhibition of
lymphangiogenesis using a soluble VEGFR-3 inhibitor enhanced compromised ultrafiltra-
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tion in mice. Lymphangiogenesis in peritoneal uremic fluid is strongly associated with
peritoneal fibrosis progression [74–78].

Chronic inflammatory diseases like peritonitis correlate with UFF, peritoneal fibrosis
progression, and heightened lymphangiogenesis. Molecular processes governing peritoneal
lymphangiogenesis, akin to those in other organs, involve TGFβ inducing lymphangiogen-
esis and fibrosis, with mesothelial cells and macrophages responding to TGFβ by secreting
VEGF-C to stimulate lymphangiogenesis. CTGF, also released by activated peritoneal
mesothelial cells due to TGFβ signaling, contributes to fibrosis and lymphangiogenesis.
CTGF and VEGF-C exhibit a dynamic interaction; while CTGF limits VEGF-C binding to
lymphatic endothelial cells (LECs), overall, CTGF promotes peritoneal lymphangiogen-
esis. Reducing CTGF inhibition lessens UFF and slows peritoneal fibrosis, presenting it
as a potential therapeutic target. In contrast, inhibiting the VEGF-C-VEGFR-3 pathway
improves compromised ultrafiltration without impacting peritoneal fibrosis progression.
This indicates that fibrosis development, associated with CTGF, may involve mechanisms
independent of VEGF-C. These mechanisms could involve CTGF’s role in angiogenesis
and its direct profibrotic activity [73–76].

9. Therapeutical Considerations

The recent understating of the dynamic adaptability of the lymphatic vessels, along
with their crucial role in controlling various vital bodily functions, including physiological
processes, inflammation, and fibrosis, has sparked significant interest in the creation of
treatments aimed at the lymphatic system. Currently, clinical trials are currently investigat-
ing various lymphatic-specific treatments for lymphedema and malignancies (as reviewed
in [79–83].

While therapies targeting lymphatic aspects in kidney diseases are still in the early
stages of development, a few show promising potential, as indicated by findings from
preliminary animal studies. Main findings are summarised in Tables 2 and 3.

Table 2. Therapeutic targeting of the lymphatics.

Therapeutic Targeting Comment References

Blocking VEGF

In human studies, the effectiveness of Lymfactin®, an investigational gene therapy
vector based on adenoviral type-5, encoding the expression of human VEGF-C, has
been evaluated in both Phase I and Phase II clinical trials, in conjunction with VLNT

(Vascularized Lymph Node Transfer) treatment. Notably, in a Phase I clinical trial
involving 15 patients with upper limb lymphedema related to breast cancer (BCRL),

conducted under trial identifier NCT02994771, no adverse events were reported
during the 24-month follow-up period. In the higher-dose group, a significant 46%

reduction in excess arm volume was observed 12 months after surgery, accompanied
by a noteworthy improvement in quality-of-life scores. However, it is worth noting

that the results of a Phase II double-blind, randomized, placebo-controlled,
multicenter clinical trial (NCT03658967) were inconclusive, leading to the

discontinuation of the drug’s development.

[84–86]

Podoplanin Anti-podoplanin antibodies have been investigated in preclinical studies for the
treatment of malignancies and thrombosis. [87,88]

Connective tissue
growth factor

FG-3019, which disrupts the activity of CTGF, is currently undergoing clinical trials in
patients with pulmonary fibrosis. [89,90]

Fibroblast growth factor
2 (FGF2)

In a rat tail model, a topical application of basic fibroblast growth factor (bFGF) to
address secondary lymphedema was considered. This treatment led to elevated
expression levels of VEGF-C/D, boosted lymphatic vessel density, reduced tail

swelling, and enhanced lymphatic functionality.

[91]



Int. J. Mol. Sci. 2024, 25, 2853 12 of 17

Table 2. Cont.

Therapeutic Targeting Comment References

Tacrolimus

The application of topical tacrolimus has been shown to inhibit CD4+ cell proliferation
and differentiation by suppressing IL-2, as supported by several studies In mouse
models of lymphedema, topical tacrolimus administration has demonstrated the
ability to reduce inflammation, Th2 cytokines, fibroadipose tissue accumulation,

swelling, and enhance lymphatic function. Notably, unlike oral administration, topical
tacrolimus application did not lead to significant systemic absorption and did not

produce significant systemic anti-inflammatory effects. In a recent open-label,
single-arm, Phase II trial (NCT04541290), a 6-month treatment regimen with topical
tacrolimus showed significant improvements in limb volumes, bioimpedance scores,

and quality of life scores among eighteen women with breast cancer-related
lymphedema (BCRL). However, the assessment of lymphatic function using ICG

lymphography yielded inconclusive results.

[92,93]

Table 3. Therapeutic targeting of the lymphatics in renal diseases.

Therapeutic Targeting Comment References

Blocking VEGF

The use of a soluble VEGFR-3 inhibitor to block lymphangiogenesis significantly
enhanced ultrafiltration in mice. A soluble VEGFR-3 fusion protein (sVEGFR3-FC),
which captures and neutralizes VEGF-C and VEGF-D, likewise mitigated intrarenal
lymphangiogenesis triggered by ureteral obstruction and ischemia-reperfusion, and it

improved the progression of kidney fibrosis. In a diabetic kidney disease mouse
model, SAR131675, a VEGFR inhibitor, hindered kidney lymphangiogenesis,

glomerulosclerosis, and tubulointerstitial fibrosis. Activating the VEGF-C–VEGFR-3
pathway to stimulate lymphangiogenesis has been demonstrated to offer therapeutic
advantages, such as diminishing kidney fibrosis and lessening the severity of cystic

kidney disease in both mice and rats.

[41,46,65]

Podoplanin

In the context of kidney disease, the use of an anti-podoplanin antibody treatment
was found to be protective against the development of kidney injury in a mouse

model of nephrotoxic serum nephritis. In a particular study, the treatment disrupted
the fibroblastic reticular cells’ ability to attract T cells, consequently preventing their

activation within the kidney’s draining lymph nodes. This was associated with a
significant reduction in the expansion of the lymphatic vasculature. Mice treated with
the anti-podoplanin antibody showed improved kidney function, reduced infiltration

of inflammatory macrophages, and a lower percentage of crescentic glomeruli
compared to control mice who received a sham therapy.

[94]

Connective tissue
growth factor

FG-3019 trial is ongoing. This trial opens up the possibility of targeting CTGF in the
context of kidney fibrosis as well. In animal models of peritoneal fibrosis, FG-3019 has

demonstrated its ability to prevent UFF (Uncontrolled Fibroblast Formation).
However, it is yet to be determined to what extent the reduction of UFF in this context
is attributed to the anti-lymphangiogenic properties of FG-3019 versus its impacts on

angiogenesis and fibroblast activities.

[89,90]

Nevertheless, some considerations are still worth mentioning. Significant advance-
ments have been achieved in understanding the regulation of the lymphatic vascular
system, yet this knowledge still falls short when compared to our understanding of the
blood vascular system. Further research is crucial to address key questions regarding both
the fundamental mechanisms and, more importantly, the therapeutic implications of lym-
phatic regulation. A critical question remains: Can the pathological changes seen in chronic
lymphedema, such as late-stage fibrosis, fat accumulation, and chronic inflammation, be
reversed with prolymphangiogenic therapy? This inquiry is closely linked to determining
the optimal duration for such therapy. For instance, initially, VEGF-C therapy may cause
lymphatic vessel dysfunction, but developing a sufficiently dense network of lymphatic
capillaries takes several days at minimum. Therefore, it is crucial to discontinue VEGF-C
expression at an appropriate time to reduce edema and facilitate vessel remodeling [82,83].
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This brief therapeutic window suggests that using VEGF-C as a recombinant protein, rather
than through viral gene transfer vectors, might be preferable for more precise control over
dosage and treatment duration. Future therapies will undergo rigorous safety evaluations.
Patients with a high risk of dormant cancer must be precluded from treatment, although
the use of specific prolymphangiogenic factors is expected to be well tolerated. Ideally,
treatment effectiveness should be monitored using advanced imaging techniques, such as
near-infrared, optical frequency-domain imaging, or real-time photoacoustic microscopy
with an ultrasound array, which enable dynamic, quantitative, and qualitative imaging of
the lymphatic vasculature.

An intriguing strategy might combine prolymphangiogenic therapy with proangio-
genic therapy, especially since the latter often leads to vascular leakage and subsequent
edema, which could be alleviated by creating new lymphatic channels.

10. Conclusions

While there is a growing recognition of the importance of lymphatic vessels in various
disease processes, substantial knowledge gaps persist regarding the functionality of the
lymphatic system in both healthy and diseased states. There is an urgent need to deepen
our understanding of how lymphatics function in safeguarding health and contributing to
diseases in the kidney and other organs pertinent to nephrologists. The potential to develop
innovative therapies that slow down fibrosis and cyst formation, along with improving
the lifespan of the peritoneum for home dialysis, is highly promising. However, the ef-
fectiveness of these potential treatments is limited by our current understanding of how
these signaling pathways operate uniquely in specific organs and under varying circum-
stances. The reactivation of organ-specific developmental signaling pathways commonly
occurs in disease contexts. Extensive investigations into the origin and development of
the kidney lymphatic system, employing advanced techniques such as single-cell RNA
sequencing and lineage tracing, hold promise for pioneering novel therapeutic approaches
in clinical settings.
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