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Abstract 

Lymphangiogenesis is the formation of new lymphatic vessels from preexisting vessels and occurs during 
embryonic lymphatic development and under pathological conditions induced by internal or external 
stimuli. Emerging evidence suggests that neutrophils contribute to the construction and remodeling of 
new lymphatic vessels. Neutrophils migrate to lymph nodes through the lymphatic vessels or high 
endothelial venules, and neutrophil migration may depend on the phenotype of the neutrophil. The 
presence of unique neutrophil phenotypes in individuals with lymphangiogenesis has been reported. 
Neutrophils promote lymphangiogenesis mainly by secreting lymphotropic factors or increasing their 
bioavailability and by collaborating with various immune cells. Neutrophils mediate lymphangiogenesis 
and exert complex effects on tumors and inflammation. The selective inhibition of specific neutrophil and 
neutrophil lymphangiogenic molecules may provide a novel approach for the prevention and treatment of 
associated diseases. 
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Introduction 
Lymphatic capillaries are thin-walled vessels 

lined by a monolayer of lymphatic endothelial cells 
(LECs), which express specific markers, including 
vascular endothelial growth factor receptor 3 
(VEGFR-3), Prospero homeobox protein 1 (Prox1), 
lymphatic vessel endothelial hyaluronan receptor 1 
(LYVE-1), and podoplanin. In addition to maintaining 
fluid homeostasis and transporting lipids, lymphatic 
vessels (LVs) also regulate immune cell trafficking, 
antigen presentation, and immune monitoring [1, 2]. 
Lymphatic vessels in adult mammals have been 
shown to be highly dynamic structures that interact 
closely with their microenvironment [1]. 
Lymphangiogenesis involves the generation of new 
LVs from existing vessels, including the migration, 
proliferation, and luminal formation of LECs [3]. The 
cellular mechanism of lymphangiogenesis, a 
characteristic feature of inflammatory diseases and 
tumors [4], is still unclear, and the evidence shows 
that both divisions of preexisting LECs and the 

incorporation of circulating lymphatic progenitors 
participate in the lymphangiogenic process [5]. Our 
previous studies have shown that lymphangiogenesis 
in the kidney and its draining lymph nodes is related 
to preexisting C-C chemokine ligand 21 
(CCL21)-producing LECs [6]. Under normal 
conditions, LECs are in a static state. During tissue 
repair, inflammation, and tumor growth [7, 8], 
lymphatic endothelial cells migrate to related tissues 
in response to chemokine induction and proliferate to 
form lymphatic vessels with the help of growth 
factors, chemokines, growth factors, adhesion 
molecules, and the extracellular matrix [9]. Macro-
phages [10-12], dendritic cells, and lymphocytes are 
known to coordinate lymphangiogenesis, and recent 
studies suggest that neutrophils also participate in 
this process [13, 14]. 

Emerging evidence suggests that neutrophils 
participate in regulating lymphangiogenesis by 
secreting lymphotropic factors or increasing their 
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bioavailability [15-18]. The vascular endothelial 
growth factor (VEGF) family and their ligands, VEGF 
receptors, are considered the most important 
molecules involved in the growth of new lymphatic 
vessels by lymphangiogenesis [19]. The roles of 
VEGFA, VEGFC, and VEGFD in lymphangiogenesis 
are best understood [10, 11, 20-23]. VEGFA induces 
lymphangiogenesis via VEGFR2, whereas VEGFC 
and VEGFD induce lymphangiogenesis through 
VEGFR2/3 signaling. VEGFC and VEGFD are crucial 
for the proliferation, migration, and survival of LECs 
[24]. Mice inoculated intranasally with VEGFC and 
VEGFD exhibit the formation of lymphatic vessels, 
while inhibiting VEGFR-3 signaling prevents 
lymphatic vessel formation, with angiogenesis 
undisturbed [17]. Neutrophils contribute to 
lymphangiogenesis by secreting VEGFC and VEGFD, 
increasing the biological activity of VEGFA and 
cooperating with other prolymphangiogenic cells [25]. 
These cells surrounding the lymphatic vessels come 
into direct contact with the tumor and promote 
lymphatic angiogenesis [26]. 

Lymphangiogenesis plays a dual role in 
inflammation [27]. Lymphangiogenic molecules not 
only directly affect inflammatory lymphangiogenesis 
but also contribute to chronic inflammation by 
recruiting more immune cells [28]. Our previous 
studies also showed that lymphangiogenesis plays 

significant roles in mediating kidney inflammation 
and fibrosis [6]. Several publications have explored 
potential therapies that target neutrophils directly or 
indirectly to address issues related to lymphangio-
genesis. This review discusses the interaction between 
neutrophils and lymphangiogenesis in inflammation 
and tumors, the biological features of neutrophils in 
lymphangiogenesis, the mechanism by which 
neutrophils induce lymphangiogenesis, and 
neutrophil-related therapies. 

Biological features of neutrophils in 
lymphangiogenesis 
Recruitment of neutrophils 

In addition to balancing fluid homeostasis and 
transporting fat, immune cell trafficking is considered 
one of the major functions of the lymphatic system. 
During immune activation, lymphatic vessels provide 
a route for antigen delivery and trafficking of T cells, 
dendritic cells, and neutrophils to draining lymph 
nodes (dLNs) [29]. Accumulating evidence indicates 
that the interactions between lymphatic vessels and 
neutrophils may influence neutrophil migration, 
lymphatic vessel growth, and certain immune 
reactions. Interestingly, neutrophil migration may 
depend on the neutrophil phenotype [30]. 

 

 
Figure 1. Schematic representation of neutrophils be recruited to the lymph nodes (created with BioRender.com). Neutrophils migrate to lymph nodes through the 
lymphatic vessels. Neutrophils chemotaxis toward inflamed LECs following the induction of CXCL8(CXCL1 in mice), forming adhesive interactions with LECs via β2 
integrin-mediated binding via ICAM-1 and VCAM-1 (expressed on LECs). This process triggers the secretion of matrix metalloproteinases (MMPs) and exocytosis of the 
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chemorepellent 12(S)-HETE. MMPs together with 12(S)-HETE induce the transient retraction of LEC-LEC junctions, and the resulting gaps in the endothelium greatly accelerate 
neutrophil migration.  Neutrophils can enter LNs not only through lymphatic vessels but also via HEVs. L-selectin–PNAd interaction and PSGL-1–P-selectin interaction promote 
neutrophil tethering and rolling on venules. Neutrophil adhesion depends on a series of chemokines, such as IL-8, which bind to G-protein-coupled receptors (GPCRs), 
promoting the binding of ICAM-1 and VCAM-1 expressed on endothelial cells to integrins on the neutrophil surface. Two main β2 integrins, LFA-1 (CD11a) and Mac-1 (CD11b) 
are involved: LFA-1 mediates neutrophil adhesion, while Mac-1 promotes adhesion and subsequent luminal crawling. 

 
Neutrophil entry into lymphatic vessels 

Neutrophils capture bacteria and antigens from 
peripheral tissue and transport them to dLNs through 
lymphatic vessels, and infected neutrophils have been 
detected in the lumen of lymphatic vessels by confocal 
microscopy [31, 32]. Interestingly, lymph-migrating 
neutrophils have an extended lifespan [33]. As 
reported, neutrophils migrate via lymphatic vessels 
more rapidly than DCs and macrophages, arriving in 
the dLNs approximately 12–72 hours earlier [31, 34]. 
Compared with other leukocytes, neutrophils use a 
more complex and efficient mechanism to enter 
lymphatic capillaries. Instead of migrating through 
the established cellular junctions of LECs, neutrophils 
induce the enzymatic degradation and retraction of 
junctions, creating a large passage for migration [34]. 
β2 integrins are involved in the process by which 
neutrophils migrate into afferent lymphatics from 
inflamed tissues [16]. Initially, inflammatory 
chemokines such as CXCL8 (CXCL1 in mice) induce 
neutrophil chemotaxis toward and swarm over 
inflamed LECs, forming initial adhesive interactions 
with E-selectin, which are upregulated instantly, 
followed by more stable β2 integrin-mediated binding 
via ICAM-1 and VCAM-1 (expressed on LECs) [31]. 
This process triggers the secretion of matrix 
metalloproteinases (MMPs) and exocytosis of the 
chemorepellent 12(S)-HETE, promoting transient 
focal junctional retraction beneath the adherent 
neutrophil swarm [35], and the resulting gaps in the 
endothelium greatly accelerate neutrophil migration. 
Moreover, the gaps are transient, exist, and resolve 
spontaneously; thus, they serve as portals for 
successive neutrophil migration. Neutrophil 
migration in lymphatic vessels also requires the 
complement receptor CD11b, which binds to β2 
integrins, and local blockade or complete removal 
(using CD11b-deficient mice) inhibits this process 
[30]. Whether CD11b modulation cooperates with 
ICAM-1 or other molecules remains to be studied. 

Previous studies have indicated that CCR7 may 
participate in the migration of neutrophils to LNs [36]. 
Samantha et al. reported that TNF-α orchestrates 
neutrophil migration to dLNs (mostly via afferent 
lymphatics) in a CCR7-dependent manner [37]. 
Moreover, this study showed that TNF-α controls the 
crawling of neutrophils along the afferent lymphatic 
lumen toward gradient concentrations of CCL21 and 
that this directional crawling may be mediated by 
ICAM-1 upregulation on LECs [37]. To date, the 

function of CCR7 in neutrophil trafficking remains 
unclear; in a model of S. aureus-induced neutrophil 
migration, neutrophil egress from the skin to dLNs 
depended on CXCR4 and CD11b but not CCR7 [30]. 
These contradictory outcomes suggest that the CCR7 
pathway is stimulus dependent and that the 
molecular axis used for migration may be influenced 
by the neutrophil phenotype or activation pathway 
[38]. 

Neutrophils are recruited from the circulation via 
HEVs 

Postcapillary venules in the LN cortex are 
referred to as "high endothelial venules" (HEVs) 
because of their remarkable height of endothelium, 
and HEVs can be found in all secondary lymphoid 
organs except for the spleen [39]. Neutrophils can 
enter LNs not only through lymphatic vessels but also 
via HEVs [40]. A confocal microscopy image of 
inguinal LNs after S. aureus infection confirmed that 
neutrophils can be recruited via HEVs [41]. The 
membrane surface of neutrophils can express 
L-selectin, which binds to glycoproteins on 
endothelial cells and promotes neutrophil tethering 
and rolling. The L-selectin–PNAd interaction together 
with the PSGL1–P-selectin interaction are two 
pathways that recruit neutrophils via HEVs [40, 42], 
and blocking PSLG-1 or L-selectin reduces neutrophil 
migration to LNs to some degree [30, 40, 43]. In 
addition, two main β2 integrins, LFA-1 (CD11a) and 
Mac-1 (CD11b), reportedly cooperate in neutrophil 
migration from the blood and lymph nodes to the LNs 
[40]. LFA-1 mediates neutrophil adhesion, whereas 
Mac-1 promotes adhesion and subsequent luminal 
crawling [44]. The CXCR4/CXCL12 axis controls both 
neutrophil lymphatic and blood migration, and 
neutrophils significantly upregulate CXCR4 
expression after antigen challenge for subsequent 
migration [40]. 

Neutrophil markers 
In the bone marrow, neutrophils can be divided 

into three subsets: proliferative neutrophil precursors, 
nonproliferating immature neutrophils and mature 
neutrophils. Immature neutrophils are capable of 
entering the bloodstream and migrating toward the 
site of injury with the same efficiency as mature 
neutrophils during inflammation [45]. In addition to 
being classified according to their provenance, 
neutrophils can also be classified according to their 
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surface markers, chemokine receptors, granule 
proteins and transcription factors. Given the intricacy 
of the classification process, we will concentrate more 
on neutrophil subpopulations associated with 
lymphangiogenesis. 

In gastric cancer, the high level of infiltrating 
CD15+ TANs (tumor-associated neutrophils) is related 
to the systemic inflammatory response and lymph 
node (LN) metastasis. Investigators have proposed 
that CXCR2+ neutrophils may in fact be the source of 
the CD15+ TANs. TANs in primary gastric tumors 
may spread through lymphatic vessels and participate 
in cancer-related lymphangiogenesis [46]. A 
large-scale analysis of human carcinoma samples 
revealed that CD66b+ TANs repeatedly colonized 
carcinoma-draining lymph nodes. An analysis of the 
primary tumors of oral squamous cell carcinomas 
revealed that CD66+ TANs colocalized with tumor 
cells in areas of lymphangiogenesis [47]. An 
increasing number of studies suggest that TANs can 
be classified into antitumorigenic “N1” and 
protumorigenic “N2” phenotypes according to their 
different states of activation, cytokine repertoires, and 
roles in tumor immunity [48, 49]. N1 TANs exhibit 
antitumor cytotoxicity and immunostimulatory 
profiles and are characterized by increased levels of 
proinflammatory chemokines, including TNFα, ROS, 
Fas, IL-12, CCL3, CXCL9, CXCL10, and ICAM-1, and 
the capacity to recruit and activate CD8+ T cells [50, 
51]. N2 TANs display an anti-inflammatory 
phenotype with the upregulation of chemokines such 
as CCL2, CCL5, and CXCL1, 2, 8 and 16 [52]. 
Compared with N1 TANs, N2 TANs express higher 
levels of MMP9, VEGFA, CXCR4, arginase, and CCL2, 
stimulating tumor angiogenesis. The presence of the 
N1 phenotype and N2 phenotype not only is limited 
to tumors but also occurs in inflammatory diseases. 
Among neutrophils isolated from patients with 
systemic lupus erythematosus, the number of N1 
neutrophils is significantly increased, and N1 
neutrophils secrete more TNF-α and IFN-γ, inhibiting 
endothelial progenitor cell differentiation and 
disrupting vascular repair [53]. 

The roles of neutrophil-induced 
lymphangiogenesis in tumors and 
inflammation 

Although the interaction between neutrophils 
and angiogenesis has been widely studied [54, 55], the 
role of neutrophils in lymphangiogenesis is only 
beginning to be revealed. I describe the regulatory 
mechanism of neutrophils on lymphangiogenesis 
from the aspects described below. 

Neutrophils are the source of VEGFC and 
VEGFD and contribute to lymphangiogenesis 

Neutrophils have been reported to be a source of 
lymphangiogenic factors (VEGFC/D), which 
contribute to lymphangiogenesis in individuals with 
COPD [18]. CircDHTKD1-induced CXCL5 expression 
was found to recruit and activate neutrophils, which 
are involved in lymphangiogenesis through the 
secretion of VEGFC, in studies of bladder cancer [56]. 
In a model of Mycoplasma pulmonis infection in mice, 
VEGFD immunoreactivity was strongly detected in 
neutrophils, suggesting that neutrophils are cellular 
sources of VEGFD during inflammation [17]. 
Neutrophils contribute to lymphangiogenesis by 
secreting VEGFD [13]. Decreases in the total VEGFD 
levels and lymphatic vessel density (LVD),are 
diminished in the absence of neutrophils, whereas 
blocking VEGFD signaling can inhibit 
lymphangiogenesis at inflamed sites. Recent research 
has revealed that VEGFD not only promotes the 
proliferation of LECs but also modulates the 
morphology of collecting lymphatics [57]. 

 Proteolytic processing is known as a regulator of 
VEGFC activity, and neutrophils may regulate the 
proteolytic processing of VEGFC and its 
bioavailability [58]. Lu et al. reported that TANs 
recruited by CXCL5 contribute to lymphangiogenesis 
by secreting VEGFC [56]. VEGFC-deficient embryos 
have shown the critical role of VEGFC in inducing the 
migration of LECs, as the failure of LECs to detach 
from the cardinal vein can cause embryonic lethality 
[59]. VEGFC/VEGFR3 regulates the remodeling and 
homeostasis of lymphatic vessels and changes the 
contraction of lymphatic vessels via the surrounding 
smooth muscle [24, 60]. 

Neutrophils increase the amount of 
biologically active VEGFA and contribute to 
lymphangiogenesis 

Neutrophils contribute to lymphangiogenesis by 
increasing the amount of active VEGFA [13]. Several 
isoforms of VEGFA are formed through differential 
mRNA splicing, and these isoforms differ in the 
heparin-binding domain (HBD), which mediates the 
interactions of VEGFA with the extracellular matrix 
(ECM), cell surface heparan sulfate proteoglycans, 
and neuropilin-1 [61]. Approximately 60–70% of 
VEGFA164, the most abundant and biologically active 
isoform, is anchored to the ECM, leaving a small 
portion of secreted VEGFA to remain biologically 
active [62]. Angiogenesis-related studies have 
reported that neutrophils secrete MMP9 and 
heparinase, which cleave heparan sulfate 
proteoglycans (HSPs) side chains to release the 
HSP-trapped VEGFA [55, 63]. The same mechanism 
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may also apply to lymphangiogenesis, as the levels of 
the VEGFA–VEGFR2 complex, MMP9, and 
heparinase decrease in the absence of neutrophils [13]. 
In summary, neutrophils secrete MMP9 and 
heparinase, release HSP-trapped VEGFA and increase 
VEGFA bioavailability, which contribute to 
lymphangiogenesis. VEGFA is also capable of 
stimulating lymphatic vessel expansion [64] and the 
development of high endothelial venules [65]. 

The CXCL1/8-CXCR2 and ERK/JNK pathways 
are relevant to neutrophil-derived VEGFA. Recent 
studies have shown that the infiltration of TANs 
increases the levels of VEGFA and MMP9 via the 
ERK/JNK pathway, facilitating lymphangiogenesis in 
bladder cancer [14]. VEGFA plays an essential role in 
neutrophil-dependent lymphangiogenesis, and 
publications have reported that neutralizing VEGFA 
alone can cause the same extent of lymphangiogenesis 
observed with neutrophil depletion [13]. TANs 
directly promote the formation of HLECs, while 
neutralizing VEGFA or inhibiting MMP activity can 
abolish the tube formation of HLECs [14]. 

Neutrophil extracellular traps (NETs) and 
lymphangiogenesis 

NETs are intricate network structures composed 
of DNA‒histone complexes and proteins released by 
neutrophils. While the effect of NETs on angiogenesis 
has been well studied, their connection with 
lymphangiogenesis is still poorly understood. 
Kawasaki disease is an acute systemic vasculitis 
syndrome. PBMCs from patients with Kawasaki 
disease expressed higher levels of VEGFA and HIF-1α 
than did PBMCs from healthy control patients after 24 
hours of incubation with NETs from patients with 
Kawasaki disease. NETs may alter the biological 
response of PBMCs and lead to vascular damage in 
patients with Kawasaki disease; however, the specific 
mechanism is still unclear [66]. In a recent study, the 
authors performed both in vivo and in vitro tests to 
show that NETs promote lymphangiogenesis and 
lymphatic permeability [67]. Using PMA to stimulate 
primary human blood neutrophils to produce NETs 
and DNase1 to clear NETs, the researchers found that 
the number and length of neoplastic lymphatic vessels 

 
Figure 2. Neutrophils contribute to lymphangiogenesis through the VEGF-VEGFR pathway (created with BioRender.com). The VEGF-VEGFR pathway is 
considered the most important molecular mechanism in lymphangiogenesis. Studies show that neutrophils are cellular sources of VEGFD in inflammation and may regulate the 
proteolytic processing and bioavailability of VEGFC. Lu et al. reported that tumor-associated neutrophils (TANs) recruited by CXCL5 contribute to lymphangiogenesis by 
secreting VEGFC. When neutrophil levels decrease, total VEGFD and lymphatic vessel density (LVD) are reduced. Neutrophils also secrete MMP9 and heparinase, releasing 
HSP-trapped VEGFA and enhancing its bioavailability, thereby promoting lymphangiogenesis. Recent studies have shown that TANs infiltration increases VEGFA and MMP9 
levels via the ERK/JNK pathway, facilitating lymphangiogenesis in bladder cancer. TANs directly affect human lymphatic endothelial cell (HLEC) formation, while neutralizing 
VEGFA or inhibiting MMP activity can eliminate HLEC tubular formation. 
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were significantly increased in the presence of NETs. 
Moreover, the researchers induced NET formation in 
BALB/c nude mice by injecting lipopolysaccharide 
(LPS). LYVE-1 staining of mouse lymph nodes 
revealed significantly increased lymphangiogenesis in 
LPS-treated mice. In hydrocephalus, NETs are 
involved in acute lymphatic endothelial cell injury 
and lymphatic vessel thrombosis [68]. 

Neutrophil-induced lymphangiogenesis is 
associated with the tumor prognosis 

Lymphangiogenesis is mostly discussed in 
cancer research because of its importance in cancer 
immunity. Lymphangiogenesis occurs at the margin 
areas of tumors or dLNs in several types of cancer, 
and those margin lymphatic vessels are capable of 
trafficking immune cells and draining tissue fluid, as 
well as mediating lymphatic metastasis [69]. The 
mechanisms underlying lymphatic vessel remodeling 
and lymphangiogenesis are considered to promote 
lymph flow, helping tumor cells spread to sentinel 
LNs and distant organs [60]. Lymphangiogenesis has 
been shown to be correlated with cancer metastasis 
and shorter disease-free survival [25]. However, 
tumor cell metastasis through lymphangiogenesis 
may also result in tumor cells being exposed to the 
immune system. In addition, certain factors produced 
during lymphangiogenesis may inhibit the growth 
and survival of tumor cells [70]. Abnormal expression 
of lymphangiogenic growth factors, such as VEGFC 
and VEGFD, can be useful early indicators for 
diagnosing tumor cell metastasis to LNs and distant 
organs [25]. The parameters of lymphangiogenesis 
and lymphatic remodeling are related to the 
prognosis of patients with different cancers [71]. Early 
research reported a strong correlation between a high 
VEGFD level and shorter survival of patients with 
endometrial carcinoma [72, 73]. Meta-analyses of 
breast cancer [74, 75], non-small cell lung cancer 
[76-78], colorectal cancer [79], and esophageal 
carcinoma [80] have also reported that high levels of 
VEGFC/D and a high lymphatic vascular density are 
significant prognostic indicators of poor outcomes. 
Some researchers have reported no significant 
relationship, which could be explained by the 
complex roles of VEGFC/D in tumor immunity. 
Increasing evidence has revealed additional functions 
of VEGFC beyond the lymphatic system, such as 
regulating macrophages [81], NK cells [82], and 
platelet generation by megakaryocytes [83], which can 
affect tumor immunity in various ways. CXCL5 
overexpression is significantly associated with 
melanoma LN metastasis in the clinic. Interestingly, in 
severe combined immunodeficient mice, CXCL5 
recruits large numbers of neutrophils, which 

surround LVs and are often in direct contact with 
tumor cells, together with increased lymphangio-
genesis [26]. Neutrophils can respond to CXCL1 and 
CXCL8 secreted by tumor cells through the CXCR2 
receptor, activating the ERK/JNK signaling pathway. 
This process promotes the secretion of VEGFA and 
MMP9 by neutrophils, regulating lymphangiogenesis 
and thereby facilitating the lymphatic metastasis of 
bladder cancer [84]. A retrospective analysis was 
conducted on a cohort of 182 patients diagnosed with 
metastatic oral squamous cell carcinoma. The analysis 
revealed that a high CD66b+ TAN density in the 
metastatic tumor-draining lymph nodes was 
significantly associated with a worse prognosis [47]. 

Neutrophil-induced lymphangiogenesis plays a 
dual role in inflammation 

Lymphangiogenesis plays a dual role in 
inflammation. In the early stage of inflammation, 
lymphangiogenesis helps increase lymphatic fluid 
drainage and the trafficking of inflammatory 
mediators and immune cells, contributing to a 
decrease in inflammation [27]. However, persistent 
lymphangiogenesis may contribute to chronic 
inflammation by transporting antigens or leukocytes, 
thus sustaining immune activation [27]. 

 Human LECs express the CCR7 ligand CCL21 to 
regulate the transport of lymphocytes and DCs [85] 
and express receptors for proinflammatory 
β-chemokines, which contribute to leukocyte 
recirculation via the lymphatic system [86]. The 
inhibition of lymphangiogenesis in mice infected with 
M. pulmonis predisposes them to bronchial 
lymphedema and exacerbated airflow obstruction 
[17]. A similar conclusion was also reached for 
UVB-induced edema, suggesting a positive role of 
lymphangiogenesis in lymphedema [87]. By using 
keratin 14-VEGFC transgenic mice to construct an 
acute skin inflammation model, researchers have 
shown that lymphangiogenesis helps promote 
antigen clearance and inflammation resolution [10]. 
Lymphangiogenic molecules not only influence 
inflammatory lymphangiogenesis directly but also 
contribute to chronic inflammation by recruiting 
additional immune cells [88]. VEGFA expression is 
upregulated in inflammatory diseases such as 
psoriasis [89], delayed-type hypersensitivity 
reactions, and rheumatoid arthritis. Experiments 
using VEGFA transgenic mice revealed the role of 
VEGFA in promoting persistent chronic inflammation 
by recruiting leukocytes, enlarging lymph, and 
improving vascular permeability [90]. Corneal 
allografts are generally considered excellent areas for 
studying the effects of lymphangiogenesis because of 
the absence of blood and lymphatic vessels in healthy 
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corneas. Inflammation following corneal allograft 
surgery induces lymphangiogenesis, disrupting the 
original "immune-privileged" status. Statistics show 
that the inhibition of lymphangiogenesis can improve 
graft survival in a murine corneal transplantation 
model through strategies such as neutralizing VEGFs 
and VEGFR [91-93]. Studies related to renal transplant 
rejection suggest that lymphangiogenesis is associated 
with lymphocyte-rich inflammation caused by CCL21 
expressed during renal transplantation, which elicits 
alloantigen recognition events [94]. Inhibiting 
VEGFR3 can reduce CCL21 production and 
lymphocyte infiltration in cardiac allografts [95]. 

Neutrophils cooperate with different 
immune cells to affect lymphangio-
genesis 
Macrophages 

Neutrophils cooperate with macrophages to 
promote lymphangiogenesis. The role of 
macrophages in lymphangiogenesis is well known. 
Our recent study also proved that macrophages 

interact with LECs by secreting CD137L to promote 
lymphangiogenesis in the kidney [96]. These 
compelling data indicated that macrophages are 
indispensable in driving lymphangiogenesis in tissues 
and LNs via VEGFC, VEGFD, and VEGFA [10, 17, 97], 
and our previous research suggested that the 
VEGFC/VEGFR3 pathway promotes macrophage M1 
polarization and transdifferentiation into LECs [98]. 
Neutrophils are essential for activating and recruiting 
macrophages to inflamed sites, and the cycle 
continues with macrophages recruiting neutrophils 
[99]. Rat corneal alkali injury is accompanied by 
neovascularization and lymphangiogenesis; early 
neutrophil infiltration peaks on the first day, whereas 
macrophage infiltration peaks on Day 7 [100], 
suggesting a key role for neutrophils in the formation 
of lymphatic vessels. In an inflammatory 
lymphangiogenesis model in zebrafish, both 
macrophages and neutrophils express VEGFA, 
VEGFC, and VEGFD, contributing to 
lymphangiogenesis through the VEGFR pathway 
[101]. 

 

 
Figure 3. Neutrophils collaborate with different immune cells to affect lymphangiogenesis (created with BioRender.com). Neutrophils are essential in activating and 
recruiting immune cells to inflamed sites. In Rat cornea alkali injury, early neutrophil infiltration peaked on the first day while macrophage infiltration peaked on day 7, highlighting 
the key role of neutrophils in lymphatic vessel formation. The role of macrophages in lymphangiogenesis is well recognized. Our study also found that macrophages promote 
lymphangiogenesis in the kidney by secreting CD137L. Compelling data demonstrated macrophages are indispensable in driving lymphangiogenesis in tissues and LNs via VEGFC, 
VEGFD, and VEGFA. Meanwhile, the VEGFC-VEGFR3 pathway promotes macrophage M1 polarization and transdifferentiation into LECs. Mast cells and dendritic cells are both 
sources and targets of lymphangiogenesis factors. Evidence suggests there is a cross-talk between human neutrophils and lymphocytes during lymphangiogenesis. Activated 
human neutrophils recruit Th17 cells via CCL2 and CCL20 chemokines, while Th17 cells attract neutrophils by releasing CXCL8. T cells exhibit both positive and negative effects 
on lymphangiogenesis. Mature T cells drive lymphangiogenesis in the thyroid of mice overexpressing CCL21, but they also negatively regulate lymphatic vessel (LV) formation in 
LNs by secreting interferon-γ, which suppresses the expression of lymphatic-specific genes in LECs. 
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Lymphocytes 
Evidence for cross-talk between human 

neutrophils and lymphocytes during 
lymphangiogenesis has been reported [102]. The effect 
of neutrophils on T cells is caused by a complex series 
of events, including influencing the level of antigen 
presentation, modulating APC maturation and 
function, and activating or inhibiting T-cell migration 
[30, 103, 104]. Supernatants of activated human 
neutrophils recruit Th17 cells via the chemokines 
CCL2 and CCL20, whereas activated Th17 cells attract 
neutrophils by releasing CXCR8 [105]. Mature T cells 
drive lymphangiogenesis in the thyroid of mice 
overexpressing CCL21 [106]. However, T cells are also 
reported to negatively regulate the formation of LVs 
in LNs by secreting interferon-γ, which suppresses 
the expression of lymphatic-specific genes in LECs 
[107]. These contrasting outcomes may be explained 
by the different subsets of T cells involved in 
secondary and tertiary lymphoid organ functions 
[107]. 

Neutrophils modulate the B-cell response 
directly by secreting cytokines and promoting B-cell 
survival and maturation [102]. B cells promote 
lymphatic growth in LNs after immunization [108, 
109] by expressing VEGFA [65]. Neutrophils 
compensate for the ability of B cells to drive 
lymphangiogenesis in μMT transgenic mice that lack 
B cells [13]. 

Mast cells and dendritic cells 
Human mast cells are both sources and targets of 

lymphangiogenesis factors [28, 110], and express 
VEGFA, VEGFB, VEGFC, VEGFD, VEGFR1, and 
VEGFR2 [88]. Human lung mast cells constitutively 
express different VEGFA isoforms (121, 165, 189, and 
206) and release them after IgE stimulation [110]. 
Prostaglandin E2 and substance P can induce the 
production of VEGFA in human mast cells [111, 112]. 
Mast cells drive lymphangiogenesis in gastric cancer 
through the release of VEGFC and VEGFF [113]. 

Conclusions remain to be drawn regarding the 
role of dendritic cells in lymphangiogenesis. A 
distinct disease model proved that dendritic cells 
express VEGFC/VEGFD and VEGFR-3 and 
upregulate their expression under inflammatory 
stimulation [17, 114]. DCs induce VEGFR expression 
in the Cynops dorsal iris, which can accelerate 
lymphangiogenesis. 

Neutrophil-targeted therapy 
Inhibiting the supply of neutrophils for delivery 

to lymphatic organs is an effective strategy for 
treating a series of inflammatory diseases [115, 116] 

and tumors [117]. In a mouse model of pulmonary 
fibrosis induced by Paracoccidioides brasiliensis 
infection, the use of an anti-neutrophil monoclonal 
antibody could reduce fibrosis and the contents of 
IL-17, Th-17, and Treg cells [116], thus alleviating 
chronic inflammation. The depletion of neutrophils 
may have modulated ETV4 overexpression-induced 
lymphangiogenesis in footpad tumors. These findings 
suggest that ETV4 (ETS Variant Transcription Factor 
4) might promote lymphangiogenesis in a 
TAN-dependent manner. However, depleting 
neutrophils in the ETV4-overexpressing group did 
not completely inhibit ETV4 overexpression-induced 
LN metastasis [84]. 

Given the irreplaceable role of neutrophil 
populations in the immune system, identifying and 
targeting neutrophil subtypes associated with 
lymphatic angiogenesis may be a better solution. The 
inhibition of neutrophil Bv8/PROK2 expression 
abrogates resistance to anti-VEGF antibodies in 
genetic models of colorectal cancer [118]. Neutrophils 
are recruited to LNs in two ways, migrating through 
LVs or via high HEVs, and the two types of 
neutrophils have distinct phenotypes and functions. 
Neutrophils recruited through LVs exhibit an 
APC-like phenotype; they capture antigens and 
transport them to LNs [31], where they mediate rapid 
cellular communication and modulate the adaptive 
immune response [30, 119]. Neutrophils transported 
via HEVs comprise a greater proportion of LN 
neutrophils, and this proportion of LN neutrophils 
composes an innate barrier [120], preventing the 
systemic dissemination of pathogens [42]. 

 Identifying the specific neutrophil-derived 
factors involved in lymphangiogenesis may provide a 
more sufficient solution for neutrophil-targeted 
therapy. Some VEGF–VEGFR pathway inhibitors 
have been established and approved for clinical use as 
antiangiogenic agents by the FDA, but only modest 
efficacy has been observed in patients [18, 121]. In the 
context of sepsis-induced cardiomyopathy, the 
administration of VEGFC-156S promotes 
lymphangiogenesis and neutrophil migration to the 
lymph nodes [122]. Furthermore, side effects of VEGF 
inhibitors used in the clinic have been reported, 
including hemorrhage, atherosclerosis, proteinuria 
hypertension, and leuko-encephalopathy syndrome 
[123]. 

More pathways and targets need to be studied to 
explore better therapies that combine both 
effectiveness and safety. Some targets are associated 
with neutrophil infiltration and lymphangiogenesis. 
FoxC2 is highly expressed during the development 
and organization of lymphatic vessels, and the 
downregulation of FoxC2 leads to increased severity 
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and susceptibility to experimental colitis, as well as 
increased neutrophil infiltration and 
lymphangiectasia [124]. The opposite outcome was 
observed in Ang-2-/- mice, in which neutrophil 
infiltration was reduced and inflammation-induced 
lymphangiogenesis was blocked [124]. Cathepsin L 
(Ctsl) is a potential therapeutic target for controlling 
inflammatory responses in a wide range of disease 
states. Compared with Ctsl+/+ mice, Ctsl-/- mice are 
more sensitive to pneumonia, as they are neutrophil 
rich, and less lymphangiogenesis occurs in the acute 
phase [125]. 

Conclusions 
In summary, increasing evidence supports the 

close relationship between lymphatic vessels and 
neutrophils. Neutrophils can enter LNs through two 
distinct pathways, and those involved in 
lymphangiogenesis may exhibit unique phenotypes. 
Neutrophils not only serve as a source of VEGFs but 
also increase the level of biologically active VEGFA. 
By interacting with other lymphangiogenic cells, 
neutrophils can directly or indirectly promote 
lymphangiogenesis under pathological conditions. 
However, many details remain to be elucidated, as 
neutrophil-derived cytokines are both predictors and 
therapeutic targets of lymphangiogenesis in 
inflammation and tumors. We believe that further 
analysis of the interactions between neutrophils and 
lymphangiogenesis could provide new insights into 
potential treatment strategies for related diseases. 
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