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Abstract: Sepsis is life-threatening organ dysfunction caused by an imbalance in the body’s
response to infection and acute lung injury (ALI) related to sepsis is a common complication.
The rapid morbidity and high mortality associated with sepsis is a significant clinical
problem facing critical care medicine. Inflammation plays a vital role in the occurrence of
sepsis. Notably, the body produces different immune cells and pro-inflammatory factors to
clear pathogens. However, excessive inflammation can damage multiple tissues and organs
when it fails to resolve in time. Additionally, lymphatic vessels could effectively transfer
inflammatory cells and factors away from tissues and into blood circulation, thereby reducing
damage, and promoting the resolution of inflammation. Therefore, any dysfunction and/or
destruction of the lymphatic system may result in lymphedema followed by inflammatory
storms and eventual sepsis. Consequently, the present study aimed to review and highlight
the role of lymphatic vessels in related body tissues and organs during sepsis and other
associated diseases.
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Introduction

Sepsis-3, which was published in 2016, defines sepsis as life-threatening organ dys-
function caused by a dysregulated host response to infection.'™ On the other hand,
septic shock refers to a subset of sepsis in which underlying circulatory and cellular
metabolism abnormalities are profound enough to substantially increase mortality.' > It
is also considered to have a higher mortality rate than sepsis although both conditions
are significant clinical problems in critical care medicine. According to recent reports,
there were approximately 48.9 million new cases of sepsis worldwide in 2017 alone
(95% uncertainty interval [UI] 38.9-62.9), out of which 11 million (10.1-12.0) resulted
in death. This accounted for about 19.7% of all the deaths worldwide (18.2-21.4).* The
data also showed that patients with sepsis often developed new adverse sequelae after
treatment, including long-term disability and worsening chronic health conditions,’
which required them to be re-hospitalized.*” Therefore, it is critical for new and
effective therapeutic targets for sepsis to be developed.

Lymphatic vessels are dynamically structured and closely related to the surrounding
microenvironment. They are also a passive conduit for transporting liquids and pro-
teins. The vessels are widely found in the dermis of the skin and the mucous mem-
branes covering major organs, including the respiratory tract, gut, kidney, heart and
lungs.® In addition, Louveau et al showed that lymphatic vessels are present in the
meninges and were able to effectively remove B-amyloid.” Lymphatic vessels are
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tubular structures composed of a single layer of oak-leaf-
shaped Lymphatic Endothelial Cells (LECs) and some sur-
rounding parietal cells.'”

The most superficially placed lymphatic vessels start-
ing from the blind lymphatic capillaries absorb the inter-
stitial fluid exuded from blood. However, they all converge
from the afferent lymphatic vessel to the lymph node,
hence, transporting the interstitial fluid to the collecting
lymphatic vessels through the efferent lymphatics.'"'?
This eventually flows into blood circulation through the
lymphatic vein.'"' Moreover, several neutrophils, macro-
phages, T cells and B cells capable of identifying and
eliminating foreign antigens are present in the lymph
nodes.'>' As such, lymphatic vessels play an essential
role in immune surveillance including the recruitment of
white blood cells and macrophages with the subsequent
formation of adaptive immunity after resolving inflamma-
tion. Interestingly, the flow of interstitial fluid occurs pri-
marily through the collecting lymphatic vessels, while the
initial lymphatic vessel is responsible for the absorption of
interstitial fluid.'> This can be better explained by the
of the
Moreover, absorption is made possible due to the smooth

distinct anatomies two lymphatic vessels.
muscle cells and pericytes found around the collecting
lymphatic vessels, although they are not absent in the
initial lymphatic vessels.'’

Most lymphatic networks are formed during the
embryonic period, although they are dynamically impacted
later at adulthood, in cases of wound healing, tumor for-
mation and lymphogenesis after organ transplantation.” '’
Additionally, lymphatic capillaries consist of a single layer
of LECs lacking in solid support cells and tissues includ-
ing pericytes and smooth muscle cells. This lack of sup-
port cells and tissues therefore makes them susceptible to
physical and medical injuries resulting to dysfunction in
lymphatics followed by lymphedema.'®'” Thus, this study
sought to review and highlight the role of lymphatic ves-
sels in related body tissues and organs during sepsis and

other related diseases.

Lymphatic Flow

In most vertebrates, the primary function of lymphatic
vessels is to collect the excess protein-rich fluid exuding
from blood vessels and transporting it back to blood
circulation.'®'® Nevertheless, studies show that lymphatic
vessels are multifunctional structures that respond posi-
tively to the tissue microenvironment of the tissue. In
addition, the vessels have essential immune monitoring

functions as they deliver various antigens and activated
antigen-presenting cells to the lymph nodes and output
immune effector cells as well as and humoral immune
factors into blood circulation.”*?' Therefore, they can sig-
nificantly regulate specific biological processes, such as
tumors and inflammation.

Lymphatic flow is widely described in cancer and is
considered to be a detrimental factor in tumor control.
However, surrounding lymphatic network(s) can be affected
due to the carcinogenic deposits in lymph nodes.** In mouse
models, overexpression of the Vascular Endothelial Growth
Factor C (VEGFC) and other pro-lymphangiogenic factors
can result in the rapid growth of the lymphatic vessels
around tumors, thereby promoting metastasis.>? Currently,
researchers are keen to ascertain the role of meningeal
lymphatic vessels in regulating tumor metastasis following
the discovery of meningeal lymphatic vessels in 2015.
Additionally, Hu et al showed that destruction of the menin-
geal lymphatic vessels reduces the spread of tumor cells to
deep-lying cervical lymph nodes.** Therefore, targeting the
lymphatic drainage function (inhibiting lymphangiogenesis
near tumor cells) is one of the potential strategies for the
treatment of cancer. Moreover, Alitalo et al showed that
lymphatics plays a crucial role in regulating the resolution
of inflammation,** leading to increased research in chronic
inflammation including Rheumatoid Arthritis (RA) and per-
iodontitis. It was previously observed that K/BxN mice (a
typical RA model mouse) demonstrated a marked decrease
in lymphatic flow.>> However, Zhou et al reported increased
lymphangiogenesis maintaining adequate lymphatic flow in
the initial stages of RA although it was only a compensatory
phenomenon that did not change the final outcome,?® where
lymphatic flow markedly decreased. With advances made in
technology, visualization and quantification of lymphatic
function using Near-infrared (NIR) imaging provides
a unique opportunity to examine the role of lymphatic
flow in various human diseases.”” >’ For instance, Bell
et al investigated the function of lymphatic draining in the
hands of RA patients and healthy volunteers through NIR
imaging. The results showed that lymphatic drainage in the
hands of RA patients was reduced compared to that of
healthy volunteers.*® Interesting research on chronic inflam-
mation including periodontitis also exists. For example, Hua
Wang and colleagues demonstrated that there was impaired
lymphatic flow in mice and patients with periodontitis.*' In
addition, promoting lymphatic flow by enhancing lymphan-
giogenesis can effectively reduce alveolar bone damage and
alleviate periodontitis. Given the advances in technology,
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there is currently a keen focus on the relationship between
lymphatic flow and chronic inflammation. However, litera-
ture on lymphatic flow in acute inflammation, such as sepsis
is currently scarce.

Sepsis is primarily caused by infection. When bacteria or
other pathogens invade the body, innate cells recognize the
pathogens through a series of Pattern Recognition Receptors
(PRR) that identify Pathogen-Associated Molecular Patterns
(PAMPs) and Damage-Associated Molecular Patterns
(DAMP). Afterwards, activated Nuclear Factor kappa-B
(NF-kB) enters the nucleus and subsequently activates target
genes, including those encoding cytokines, which are essen-
tial for inducing inflammation (Figure 1). Some Pro-
inflammatory cytokines are involved in the pathogenesis of
sepsis, including the Tumor Necrosis Factor (TNF),
Interleukin-1  (IL-1PB), Interleukin-12 (IL-12) and
Interleukin-18 (IL-18).>** In addition, it was reported that
blocking or eliminating these cytokines had some protective
effects in animal models with acute fulminant infections.*®
Additionally, persistent inflammation leads to redness, pain,
fever and possible multiple organ failure. Moreover, failure
of adequately resolve inflammation can influence the forma-
tion of adaptive immunity, eventually leading to chronic
inflammation such as obesity and RA.**

Over the years, our research group has been dedicated to
understanding the pathogenesis of sepsis. As a result, it was
shown that one of the fundamental causes of sepsis is the

inability to resolve inflammation since promoting the

resolution of inflammation in mice with sepsis effectively
reduced mortality.*>=® Additionally, lymphatic vessels could
effectively transfer inflammatory cells and factors away from
tissues and into blood circulation, thereby reducing damage,
and promoting the resolution of inflammation. Furthermore,
that
Lipopolysaccharide (LPS) modulate neutrophil recruitment

existing research on rat mesentery suggests
and macrophage polarization on lymphatic vessel, thereby
impairing lymphatic function.>’ Therefore, it is clear that
inflammation is closely related to the function of the lymphatic
system.

Interestingly, the morphology of the lymphatic vessels
also changes during this process. Lymphatic vessels are
usually button-shaped after birth although they have
a zipper-shaped morphology during the embryonic stage.
However, during inflammation, they return to the zipper-
shaped form.*® It is worth mentioning that the button-
shaped lymphatic vessels drain into the lymphatic system
faster than the zipper-shaped ones.>® Moreover, experi-
mental results on transgenic mice overexpressing
VEGFC revealed increased lymphatic vessel density, and
this improved tissue edema in UV irradiation or lipopoly-
saccharide models.*® This therefore leads to the question
on whether the inflammatory storm during sepsis is caused
by disorders in lymphatic flow.

Nonetheless, the role of lymphatic vessels on the onset
of sepsis remains largely unclear. However, it is known

that the most severely damaged organs in sepsis patients
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Figure | A series of immune and inflammatory reactions are triggered after the body is invaded by foreign pathogens. After infection or injury, the invading pathogen
encounters the host innate immune system. The innate cells ““sense” pathogens by recognizing PAMP and DAMP through the amount of PRRS, including TLR, NLR and CLR.
The NF-KB pathway is then activated and this transports pro-inflammatory factors through the lymphatic vessels to the site of inflammation. During sepsis, endothelial
homeostasis is impaired in both blood and lymphatic vessels. In addition, the endothelial barrier is destroyed and permeability is increased.

Abbreviations: PAMP, pathogen-associated molecular patterns; DAMP, damage-associated molecular patterns; PRR, pattern recognition receptors; TLR, toll-like receptors;
NLR, NOD (nucleotide-binding oligomerization domain)-like receptors; CLR, C-type lectin receptors.
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are usually the lungs, kidneys and the heart.>* Moreover,
Acute
Respiratory Distress Syndrome (ARDS), acute kidney

patients with sepsis sometimes develop the
injury and other complications. Previous research estab-
lished that mice with impaired lymphatics had more pul-

mice.*

monary edema compared to the control
Furthermore, it was reported that impaired lymphatics
could lead to decreased blood oxygen saturation and
reduced lung function.*® Therefore, more focus should be
put on impaired lymphatic flow as it is closely related to

the pathogenesis of sepsis.

Sepsis-Related Organ Damage
Sepsis and ALl Model

Bacterial LPS (endotoxin) is a toxic component on the
outer membrane of the cell wall of gram-negative bacteria
and can induce inflammation.*' Also, nearly 20% of pre-
vious studies on ALI confirmed the relationship between
endotoxins and inflammation using the model.** This is
because the model is highly reproducible in establishing
relative neutrophilic alveolitis and damage caused to the
alveolar-capillary membrane. Additionally, the model
makes it easy to assess the degree of pulmonary inflam-
mation, and evaluate both the early and resolution phases
of ALL®

LPS is the major Gram-negative PAMP and can stimu-
late inflammation by binding to cells that express the Toll-
like receptor 4 (TLR4).** Nonetheless, it also binds to the
LPS Binding Protein (LBP) which is recognized by CD14
(membrane-anchored co-receptor), thus creating a channel
for LPS to bind to the extracellular portion of TLR4,* as
shown in Figure 1. Notably, the dosage used for each
species is often different during the establishment of the
LPS-induced ALI model. For instance, in the C57BL/6
mice, the dosage ranged from Img/kg to 6mg/kg for 6h
to 96h and
route.*>***” However, in Sprague-Dawley rats, the dosage

administered through intra-tracheal
ranged from 5mg/kg to 20mg/kg and was administered
through the tail vein for at least 6h.**°

Apart from the most reported LPS models, there is also
an ALI model induced by Cecal Ligation and Puncture
(CLP). Given that several cases of human sepsis and lung
injury follow intraperitoneal infection, animal models on
sepsis and acute lung injury after peritonitis have been
established and this includes the CLP model.”’ The
obvious difference between the two models is that the

effect of the CLP model generally occurs within a few

days while that of the LPS model is immediate. For
example, in the LPS model, leukopenia and lung injury
occurred within 24-30 hours and 18-72 hours, respec-
tively, after surgery.>>

All in all, the LPS-induced and CLP-induced ALI
models are the most common models of sepsis.
Nonetheless, several animal models of sepsis have been
developed for the study of ALI, since the condition is

a significant cause of death in ARDS.>

ALl and Lymphatic Flow

ALI is a common disease and ARDS is its most severe
manifestation. ARDS is a clinical syndrome in critically ill
patients and is associated with acute respiratory failure,
hypoxemia and bilateral pulmonary infiltrates consistent
with edema. Although our understanding of the pathophy-
associated with ALI/ARDS has
improved, it is still difficult to effectively control the

siological changes
disease since the mortality rate is still high at ~40%.>*
However, the pathogenesis of ALI/ARDS can best be
understood by focusing on lung endothelial injury and
alveolar epithelial injury.

First, pulmonary vascular injury is the leading cause of
ALI/ARDS since changes in vascular permeability caused
by lung vessels and significant endothelial injury lead to

pulmonary edema, 55,56

considerably rich in protein.
Moreover, there are diverse mechanisms for pulmonary
vascular endothelial injury, but the most reported one is
neutrophil-dependent lung injury.”’~® In the setting of lung
injury, neutrophils accumulate and activate in the pulmon-
ary microvasculature, releasing various harmful mediators
such as proteases, reactive oxygen species, proinflamma-
tory cytokines, and procoagulant molecules. These result
to changes in pulmonary vascular permeability and subse-
quent loss of endothelial barrier function.’?

Other studies also exist on the synergistic role of plate-
lets and neutrophils in causing pulmonary vascular endothe-
lial injury.® Notably, pulmonary vascular injury is
a prerequisite for the development of protein-rich pulmonary
edema in ALI/ARDS. However, in the absence of a certain
degree of lung epithelial injury, lung endothelial injury is
usually not sufficient to cause ARDS.® Additionally, experi-
mental studies on animal models showed that when the lung
endothelium was moderately injured, the alveolar epithelium
was not damaged.®' Interestingly, the mechanism of alveolar
epithelial damage was shown to be similar to that of pul-
monary vascular endothelial damage, where a large number

of neutrophils were aggregated and activated.®*°!
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In general, injury to the pulmonary vascular endothelium Nevertheless, Reed et al found that pulmonary collect-
and the alveolar epithelium causes pulmonary edema and ing lymphatics have valves but lack Smooth Muscle Cells
leukocyte infiltration, leading to poor gaseous exchange and  (SMCs),** which is different from the characteristics of
in severe cases, progression to ALI/ARDS. During this stage, normal collective lymphatic vessels. They also found that
there is usually a large amount of edema fluid and inflam-  the drainage of pulmonary collecting lymphatics primarily
matory cells in the patient’s alveoli that cannot be eliminated  relies on respiration-associated pressure changes in the
on time, leading to disorder in the resolution of inflammation  chest wall rather than vessel contraction.®> Moreover,
and eventual progression to sepsis (Figure 2). Normally, most studies showed that the ability of alveolar epithelium
pulmonary edema fluid and inflammatory cells can be elimi-  to clear edema fluid is significantly impaired during ALI/
nated through blood vessels. However, due to the damage of ~ ARDS.%®¢” Therefore, drainage of pulmonary lymphatics
alveolar epithelium and vascular endothelium in ALI/ARDS,  for the prevention of pulmonary edema, as proposed by
a large amount of edema fluid and inflammatory cells pene-  Reed et al, might improve gaseous exchange.*
trate into the interstitial tissue instead of being eliminated It is therefore important to understand the function of
through blood circulation. Therefore, a new way of eliminat-  lymphatic vessels in ALI/ARDS. In addition, it is possible
ing edema fluid and inflammatory cells is needed and lym-  that maintaining normal lymphatic flow might be
phatic vessels may play an important role in this process. a potential for the treatment of ALI/ARDS patients.

Over the past two decades, both pre-clinical and clin- A study by Hu et al showed that VEGFC-overexpressing
ical studies have shown that there are always changes in  mice had more dendritic cells transported to the deep
pulmonary lymphatics in nearly all lung diseases.®” The cervical lymph nodes compared to the control group, and
changes include increased lymphangiogenesis in pneumo-  this process relied on the CCL21 and CCR7.% Therefore,
nia, growth as well as the remodeling of lymphatic vessels  this leads to a second question on whether there is
in idiopathic pulmonary fibrosis and regression of lympha-  a relationship between the dysfunction in resolution of
tic vessels in asthma.®®> Additionally, pulmonary lymphatic  lung inflammation and lymphatic vessels. Arokiasamy
vessels are widely spread throughout the pleura, mainly et al found that lymphatic vessels also have an endothelial
around the perivascular connective tissue, primarily at the  glycocalyx structure that functions in a similar manner to
venules and arterioles as well as the terminal and respira-  the endothelial glycocalyx in blood vessels.®® Notably, the
tory bronchioles.®* However, little information currently  structure is destroyed during inflammation, damaging the
exists on lymphatic flow in ALI/ARDS and other related  lymphatic barrier in the process.
lung diseases. Moreover, the role of the lymphatic vessels Therefore, it can be suggested that the drainage capa-
in the occurrence of diseases is still unknown. city of lymphatics is hampered in ALI/ARDS due to the
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Figure 2 How to remove the edema fluid and inflammatory cells in the alveoli during sepsis. Compared to the normal lung, a large amount of pulmonary edema fluid and
inflammatory cells (B cell, Neutrophils, Macrophages) accumulate in the alveoli of the sepsis lung. They are mainly discharged through ENaC and Na*/K* ATPase into the
interstitial space and blood circulation. However, increasing evidence has shown that lymphatic vessels play a vital role in draining alveolar fluid and inflammatory cells. During
sepsis, destruction of the structure of lymphatic vessels leads to flow dysfunction, causing pulmonary edema and disorder in the resolution of inflammation.
Abbreviations: AECI, type | alveolar epithelial cells; AECII, type Il alveolar epithelial cells; ENaC, epithelial sodium channel; Na*/K* ATPase, sodium—potassium ATPase
pump.

Journal of Inflammation Research 2020:13 submit your manuscript 965
Dove


http://www.dovepress.com
http://www.dovepress.com

Wu et al

Dove

structural destruction of lymphatic vessels. Thus, many
inflammatory cells in the lungs cannot be adequately
drained into the lymph nodes, resulting to impairment in
the resolution of inflammation resolution (Figure 2).
Consequently, maintaining sufficient lymphatic flow in
patients with ALI/ARDS may be a useful strategy.

Conclusion and Future Perspectives
Sepsis is an acute and critical illness with rapid onset and
high mortality, that affects hundreds of thousands of people
worldwide. Although there is currently a series of treatment
options for sepsis, none of them completely clears the con-
dition. Notably, some patients get re-hospitalized, even after
adequate treatment, while a few people suffer from severe
adverse reactions. Therefore, it is urgent to find new and
useful therapeutic targets for the management of sepsis.
Previous research from our study group using the LPS-
induced sepsis model revealed a large number of inflamma-
tory cells and inflammatory factors, as well as a dysfunction
in the resolution of inflammation, resulting in a high mortal-
ity rate.

Moreover, lymphatic endothelial cells can secrete speci-
fic chemokines to promote the elimination of inflammatory
cells, thereby accelerating the resolution of inflammation. It
is worth noting that both chronic inflammation (RA and/or
periodontitis) and LPS-induced acute inflammation result to
a dysfunction in lymphatic flow. Additionally, the glycocalyx
structure of the lymphatic endothelium is also damaged in
acute inflammation. Consequently, it is significant to evaluate
the changes in lymphatic function and structure during sep-
sis. Notably, a number of reports exist on the general mole-
cular mechanisms that regulate lymphatic development and
function. Therefore, more studies are needed to establish the
crosslink between lymphatics in relative tissues and other
organs systems, causing multiple organ dysfunction syn-
dromes, particularly in sepsis.

Furthermore, maintaining normal lymphatic flow or pro-
moting lymphangiogenesis during sepsis may be a potential
therapeutic strategy. Generally, lymphangiogenesis can be
promoted by increasing the expression of critical factors that
regulate the development and maturation of lymphatic ves-
sels, such as VEGFC and Vascular Endothelial Growth
Factor Receptor 3 (VEGFR3). In addition, Specialized Pro-
resolving Mediators (SPMs) are endogenous lipid mediators
that play an essential role in resolving inflammation and are
produced by arachidonic acid and omega-3 unsaturated fatty
acids. It was previously reported that aspirin-triggered
Resolvin D3 could promote lymphangiogenesis during acid-

induced acute lung injury.”” Moreover, the formation of
lymphatic vessels facilitates lymphatic flow, promoting the
elimination of inflammatory cells and pulmonary edema
fluid. Previous studies from our research group also showed
that SPMs could reduce mortality in rats with sepsis and
promote the elimination of pulmonary edema fluid as well as
inflammatory cells.***® Therefore, more studies are needed
to establish the therapeutic efficacy of SPMs in promoting
the repair and the generation of lymphatics, which will
eventually accelerate the resolution of inflammation during
sepsis.
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