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Abstract. Meningeal lymphatic vessels (mLVs), the functional lymphatic system present in the meninges, are the key drainage
route responsible for the clearance of molecules, immune cells, and cellular debris from the cerebrospinal fluid and interstitial
fluid into deep cervical lymph nodes. Aging and ApoE4, the two most important risk factors for Alzheimer’s disease (AD),
induce mLV dysfunction, decrease cerebrospinal fluid influx and outflux, and exacerbate amyloid pathology and cognitive
dysfunction. Dysfunction of mLVs results in the deposition of metabolic products, accelerates neuroinflammation, and
promotes the release of pro-inflammatory cytokines in the brain. Thus, mLVs represent a novel therapeutic target for treating
neurodegenerative and neuroinflammatory diseases. This review aims to summarize the structure and function of mLVs and
to discuss the potential effect of aging and ApoE4 on mLV dysfunction, as well as their roles in the pathogenesis of AD.
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INTRODUCTION

Alzheimer’s disease (AD) is one of the most
common neurodegenerative diseases and has been
recognized as a global public health threat [1]. The
characteristic neuropathology of AD includes extra-
cellular senile plaques formed by amyloid-B (AB)
and intracellular neurofibrillary tangles formed by
hyperphosphorylated tau [2]. A is cleared through
several pathways, including hydrolysis by local pro-
teases [3], uptake and degradation by microglia [4],
crossing the blood-brain barrier (BBB) [5], and clear-
ance along perivascular spaces surrounding cerebral
arteries [4, 6]. Almost half the amount of AR in
the brain flows into the peripheral system for further
clearance [7, 8].
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Meningeal lymphatic vessels (mLVs), a pathway
that leads cerebrospinal fluid (CSF) and interstitial
fluid (ISF) into deep cervical lymph nodes (dCLNs),
have recently been shown to be critical for the clear-
ance of AP and tau in the brain [9, 10]. In 2015,
two teams independently revealed functional lym-
phatic vessels lining the dural sinuses in rodents and
humans [11, 12]. The vessels express the molecular
hallmarks of lymphatic endothelial cells, represent-
ing a set of functional lymphatic systems in the brain
meninges [11, 12]. Another study using the mag-
netic resonance imaging (MRI) technique confirmed
the presence of mLVs in human and non-human pri-
mates [13]. Meanwhile, visualization techniques of
the human lymphatic system and CSF flow help to
monitor CSF clearance and morphological changes
of mLVs in aging and neurodegenerative diseases
[14, 15], which gives us a much clearer viewpoint
of efficient clearance of protein waste products.

mLVs, embedded within the dura and tracking
along the superior sagittal sinus (SSS) and transverse
sinus (TS) [16, 17], are critical to the absorption of
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molecules in CSF and ISF [10, 12, 18]. AR may
be carried to the peripheral circulation along the
CSF clearance pathway, crossing the sieve plate and
blood-CSF barrier [19, 20], and through mLVs [11,
12, 21]. mLV dysfunction decreases cerebral per-
fusion, impairs lymphatic drainage, and ultimately
exacerbates amyloid pathology, particularly in the
meninges [9]. Ablating dural lymphatics with either
genetic manipulation or surgery resulted in signifi-
cantly slower clearance of injected molecules in the
deep parenchyma [12, 22]. Both mLV integrity and
CSF drainage are impaired during aging [23]. This
review aims to explore the structure and function of
mLVs and summarizes the potential effect of aging
and ApoE4 on mLV dysfunction, which would inter-
fere with inflammation and A and tau clearance in
AD.

STRUCTURE AND FUNCTION OF MLVS

Due to the complex anatomy of the skull base, it
is difficult to explore mLVs function in the brain.
The skull was reported to play a role in CSF out-
flow and immunosurveillance. The skull base is rich
in the lymphatic network, which is sparse in the upper
(dorsal) part of the skull [12]. Most studies focus
on dorsal mLVs [9-12, 24, 25]. In fact, other parts,
such as the lateral or basal mLVs of the dura mater,
have remained largely unexplored. This is partially
attributed to the extremely complicated skull base
in this area that contains enormous bony structures
and subarachnoid cisterns, as well as foramina that
contain blood vessels and cranial nerves [26]. Dorsal
mLVs are located within the dural folds and travel
along the SSS and TS (Fig. 1). The lumen is primar-
ily a discontinuous vascular structure with a small
diameter. Most mLV's do not form branches but clus-
ter within the dural folds that encase the SSS and TS.
There are no valves in the lumen. Lymphatic endothe-
lial cells (LECs) are mostly immature and connect in
a continuous and closed zipper-like manner [27, 28].

Recent studies have shown that circulating T cells
enter the lumen of basal mLVs through the blunt
end [27, 28]. Basal mLVs are located near the sub-
arachnoid space (SAS) and run along the petrosal
sinus (PSS) and sigmoid sinus (SS) (Fig. 1). They
have a large diameter and numerous prominent cap-
illary branches that are rounded and consist of typical
oak leaf-like LECs and lymphatic valves. LECs, con-
nected in a button-like manner, have a flap structure.
Basal mLVs have lymphatic flaps and capillaries

located near the SAS [29]. These structural features
and the anatomic location of basal mLVs adjacent to
the subarachnoid space make them more likely suit-
able for fluid uptake and drainage than dorsal mLVs
[29]. The basal mLVs absorb and efflux many CSF
tracers. Studies in mice also show that basal mLVs are
hotspots for the clearance of CSF molecules [29]. The
valves of basal mLVs allow the fluid to flow in one
direction [30]. Functional assessment of mLVs using
CSF contrast-enhanced MRI and fluorescent imaging
further revealed that basal mLV's are important routes
for macromolecular uptake and CSF drainage [29].
These results indicate a crucial role of basal mLVs in
CSFlymphatic drainage. Similarly, dorsal mLVs pho-
toablation significantly decreases drainage of CSF
tracers into the dCLNs without structural defects of
the basal regions, emphasizing a critical role of ini-
tial lymphatics at dorsal mLVs in CSF drainage [31].
Dorsal mLVs are more sensitive to perturbations in
VEGFR3 signaling and show earlier regression of
lymphatic vessels during aging than basal mLVs [31],
while dynamic contrast-enhanced MRI shows that
CSF is preferentially discharged through the basal
outflow tract [29].

In addition to the drainage of CSF into the dural
lymphatic network, a large proportion of CSF drains
through the meningeal lymphatic vasculature that
runs along the craniofacial and spinal nerves [32-35].
A continuum of metameric spinal lymphatics was
described in the vertebral column, both on the dorsal
and ventral sides, with lateral exits of the vertebral
canal along blood vessels and spinal nerves [25].
In the spinal cord, vertebral lymphatic vessels were
found between individual vertebrae where they con-
nect to peripheral sensory and sympathetic ganglia
and form metameric vertebral circuits connecting to
lymph nodes and the thoracic duct [35]. In addition,
CSF also drains through the nasal lymphatic system,
in which the septal olfactory nerve lymphatic path-
way plays a critical role [36, 37]. There are also
clinical data suggesting that children with hydro-
cephalus develop nasal congestion associated with
shunt obstruction [38], suggesting that the drainage
of CSF into the lymph nodes is delayed or blocked
due to the impairment of the septal nasal lymphatic
pathway.

mLVs AND THE GLYMPHATIC SYSTEM

The connection between the mLVs and the glym-
phatic system was demonstrated by fluorescent
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Fig. 1. The structure and location of dorsal and basal mLVs. Schematic images of dorsal and basal mLVs tracking along the dural sinus
with differences in structures, branches, lumen diameter, and lymphatic valves. Dorsal mLVs travel along the superior sagittal sinus (SSS)
and transverse sinus (TS). The lumen is primarily a discontinuous vascular structure, with a small diameter and no valves. Basal mLVs
are located near the subarachnoid space (SAS) and run along the petrosal sinus (PSS) and sigmoid sinus (SS). The lumen is primarily a

continuous vascular structure with a large diameter and lymphatic valves.

tracers and dyes [11]. mLVs absorb fluid from the
glymphatic system and then deliver it to extracranial
dCLNs [12, 22]. The essence of the glymphatic sys-
tem is CSF-ISF exchange in the brain parenchyma
(Fig. 2). mLVs absorb CSF from the adjacent
subarachnoid space and brain ISF through the glym-
phatic system. CSF in the subarachnoid space flows
into deeper brain regions along the arterioles and cap-
illaries and diffuses through the glial limitans into
the parenchyma. This is called the periarterial inflow.
Efflux of ISF occurs through paravenous spaces
back into the subarachnoid CSF. Through glymphatic
CSF-ISF exchange in the brain parenchyma, mLVs
ultimately transport molecules and waste products
into the dCLNs [24]. This system contributes to the
clearance of hydrophilic and lipophilic compounds
as well as molecules from the brain parenchyma
into the CSF and flows with ISF into the perive-
nous space [39], and then be cleared via drainage
through the nasal mucosa lymphatics into cervi-
cal lymph nodes [40]. Using a pharmacological
method to specifically ablate meningeal (or nasal)
lymphatic vessels, the author demonstrates that the
nasal route drains directly into the supraclavic-
ular lymph nodes (sCLNs), while the meningeal

lymphatic route drains into both the dCLNs and
SCLNs [41]. The glymphatic system involves CSF
entrance into the periarterial space driven by arte-
riole pulsatility and CSF pressure and partially
through the water channel aquaporin-4 (AQP4) [42,
43]. Intracranial CSF flow is linked to parenchymal
ISF circulation [44, 45]. CSF leaves the intracra-
nial circulation by draining into the dural venous
sinuses through arachnoid granulations, which con-
tain valves that prevent the backflow of blood or
CSF into the CSF compartment. Some authors argue
that ISF flows in and out through the periarterial
pathway, and there is no evidence of efflux from
the parenchyma along with the perivenous pathway
[46]. They hypothesized that ISF influx and efflux
through the perivascular pathway could go directly
to the lymphatics without first mixing with CSF,
implying that CSF circulation in the extravascu-
lar pathway is not necessary [46]. However, both
CSF/ISF and metabolic waste can ultimately enter
the dCLNs and the peripheral lymphatic system via
mLVs. Impaired glymphatic function leads to the
accumulation of pathological products that acceler-
ate the progression of many neurological diseases
[47-52].
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mLV DYSFUNCTION PROMOTES Ap
ACCUMULATION

AP can be cleared from the brain parenchyma
through many pathways, such as autophagy and ubiq-
uitination [50]. mLVs are considered an essential
mechanism for the clearance of parenchymal Af.
Contrast medium (a substance used to allow enhanced
visualization of tissues) is detected in dCLNs within
minutes of CSF delivery, indicating CSF is efficiently
drained out of the CNS through the meningeal lym-
phatics [35, 49, 53]. CSF in the subarachnoid space
keeps the CNS active and serves as a fluid source for
lymphatic influx [52]. MRI imaging of intrathecally
injected contrast in the human brain shows that CSF
flows along a pathway similar to the glymphatic sys-
tem in rodents [54]. PET studies show that reduced
CSF clearance in AD patients is associated with
increased AP deposition [51]. Repetitive transcra-
nial magnetic stimulation has been shown to increase
the drainage efficiency of mLVs and improve cog-
nitive memory in 5xFAD mice [55]. In addition, a
novel method using the noninvasive music-induced
opening of the BBB stimulates lymphatic A clear-
ance [56]. Another study indicated that sound/music
facilitates the opening of the BBB, accelerates waste
clearance from mLVs, and subsequently improves
cognitive function [57]. When the BBB opens with
high permeability, the meningeal vascular diame-
ter increases, triggering solute flow from mLVs to
the lymph nodes. Thus, the BBB and mLVs coop-
erate with each other to facilitate the removal of
metabolic waste. However, the underlying mecha-
nisms bridging the BBB and meningeal lymphatic
drainage remain to be elucidated [57].

A key driver of ISF/CSF exchange in the mouse
glymphatic pathway is arterial pulsation. Ligation of
the unilateral internal carotid artery decreases cere-
bral arterial pulsation and reduces ISF/CSF transport
[43]. Blocking the drainage of mLVs exacerbates
AD-related pathology in APP/PS1 mice, including
A accumulation, AQP4 polarization, and cognitive
deficits [58]. Some environmentally modifiable AD
risk factors also influence AD pathology by affecting
meningeal lymphatics [47, 59, 60]. In a mouse model
of traumatic brain injury (TBI), brain trauma causes
severe deficits in meningeal lymphatic drainage,
which leads to increased neuroinflammation and neg-
ative cognitive outcomes [47]. Drainage of CSF from
the cisterna magna to the lymph nodes exhibits daily
variation. Loss of AQP4 eliminates the day-night dif-
ference in the drainage of CSF to the lymph nodes

[59]. Furthermore, sleep deprivation impairs glym-
phatic function, leading to increased A levels in
CSF [60, 61]. Instead, the efficiency of AR clearance
through the glymphatic pathway increases during
sleep [15, 62]. Moreover, “Sleep-wakefulness” dis-
orders are associated with increased oxidative stress
in the brain and impaired BBB functioning, which
presumably enhances A3 deposition [63]. Meningeal
lymphatic function and CSF transport become sig-
nificantly less efficient in aged mice and in the
elderly [64, 65]. Augmentation of meningeal lym-
phatic drainage in aged mice can ultimately facilitate
the clearance of CSF and ISF molecules from the
brain, resulting in improved cognitive function. In
AD patients, impairment of the lymphatic system
is partly due to dysregulation of AQP4 [66, 67].
AQP4 is indispensable for the lymphatic system and
is mainly localized at perivascular astrocyte terminals
and astrocyte membranes facing the pia mater, main-
taining water homeostasis in the CNS [68]. AQP4
acts as an indispensable component of the glymphatic
system, facilitates paravascular CSF-ISF exchange,
and drives the clearance of substances from the
brain parenchyma [44]. AQP4 facilitates CSF inflow
into the neuropil. Both CSF influx and ISF efflux
are reduced in mice lacking glial AQP4 compared
with wild-type littermates [44]. AQP4 expression
is upregulated surrounding A plaques [69]. Ani-
mal experiments have identified that deletion and
loss of AQP4 localization decrease A3 clearance in
APP/PS1 mice, leading to A3 accumulation in the
brain [51, 70, 71]. Furthermore, AR moves quickly
along the vasculature toward capillaries and large
draining veins, and '2I-AB clearance is reduced
by approximately 55% in AQP4-null mice [44]. In
addition, AQP4-deficient APP/PS1 transgenic mice
tend to alleviate neuroinflammation but aggravate
A accumulation in the brain [72]. However, some
authors question the importance of AQP4 in glym-
phatic transport by showing that AQP4 deletion does
not affect CSF tracer distribution, nor does it affect the
dispersion of tracers injected into the striatum [73].

AGING AND mLV DYSFUNCTION

Aging is an essential factor affecting the brain’s
lymphatic drainage system. Water and metabolites
are eliminated rapidly and efficiently by multiple
lymphatic drainage pathways, the ability of which
declines with increasing age [74, 75]. With aging,
the number of lymphatic flaps is reduced, resulting
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Fig. 2. Overview of the transport of CSF and ISF through meningeal lymphatic vessels. Cerebrospinal fluid (CSF) is transported within
a specialized perivascular network that helps to remove metabolic products from the central nervous system to the peripheral circulation
system. A) CSF transport in the glymphatic pathway through periarterial inflow and perivenous outflow. CSF in the subarachnoid space
flows into the brain through the perivascular space of the perforating arteries, which is called the periarterial inflow. Through glymphatic
CSF/interstitial fluid (ISF) exchange in the brain parenchyma, metabolic wastes such as A3 and cytokines are excreted toward the perivenous
space. These products ultimately reach deep cervical lymph nodes (dCLNs) and peripheral circulation through meningeal lymphatic vessels.
B) Magnified schematic illustration of CSF inflow and ISF outflow to the subarachnoid space along the periarterial and perivenous space.

in delayed CSF clearance [30]. Moreover, CSF-ISF
exchange is reduced during aging [64]. This is con-
sistent with the observation that the polarization of
AQP4 in the perivascular spaces is impaired in old
animals [64], leading to failure of waste clearance
and accumulation of Af3 in the brain. During aging,
the cerebral arteries become stiffer, and the amplitude
of pulsations decreases, leading to the retention of
fluid in the dilated perivascular space [64]. Compared
with their young counterparts, aged mice are less effi-
cient in the perivascular drainage of solutes [76].
Moreover, the thickness of the capillary basement
membrane increases with aging [77]. This further
affects the transportation of soluble molecules along
the cerebrovascular basement membrane, leading to
AP accumulation in the basement membrane of the
cerebrovasculature [78]. Thus, improving the func-
tion of the lymphatic drainage system should be
beneficial for AD treatment [79].

POTENTIAL EFFECTS OF APOE4 ON
mLV DYSFUNCTION

Apolipoprotein E (ApoE) is the most abundant
apolipoprotein in the brain and is responsible for lipid
transport [80, 81], especially for the redistribution of
cholesterol from glial cells to neurons [82]. The ApoE

family has been shown to participate in transvascular
AP clearance through a low-density receptor-related
protein-1 (LRP1) transporter. In contrast to ApoE2
and ApoE3, ApoE4 competitively inhibits the bind-
ing of AR to LRP1 [83]. The ApoE-Af interaction
regulates A3 aggregation and clearance in the brain
[84]. ApoE4 also reduces the efficiency of AR efflux
across the BBB, resulting in poor A3 clearance from
the CNS [85]. Class B scavenger receptor type 1
(SRB1), which is expressed in lymphatic endothe-
lial cells and binds to fibrillar AR [86, 87], may play
a part in mediating A3 clearance.

mLVs are less complex than peripheral lymphatic
vessels, with smaller lymphatic branches and fewer
valves to prevent lymphatic reflux [12]. The func-
tion of ApoE4 in peripheral lymphatic vessels has
been established [88, 89]. Interestingly, ApoE4 may
also influence mLVs in the CNS. Analysis of the
cell type-specific RNA-Seq dataset indicates that the
expression of RNA transcripts corresponding to lym-
phatic or lymphatic-related markers is dramatically
increased in induced pluripotent stem cells carrying
the ApoE3 versus ApoE4 alleles [30]. ApoE4 induces
premature contraction of mLVs, meningeal lym-
phosclerosis, and lymphedema, leading to reduced
CSF drainage, accumulation of AP and other macro-
molecules and inflammatory mediators as well as
immune cells in the brain, and promotes AD pro-
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gression [30]. mLV ablation in 5xFAD mice leads
to meningeal lymphatic dysfunction, which in turn
affects CSF macromolecular influx and ISF efflux
and its drainage to dCLNs [9]. Although no study has
been conducted to assess the potential role of ApoE4
in the regulation of mLV function, the connection
between ApoE4 and mLV function is interesting and
needs further exploration.

mLV DYSFUNCTION DRIVES
NEUROIMMUNE DYSFUNCTION

In addition to entering the nasal mucosa through a
sieve plate and some other pathways, the dCLN path-
way through mLVs is the predominant way for traf-
ficking immune cells, cytokines, and CNS-derived
antigens [90-93]. Therefore, mLV impairment accel-
erates the neuroinflammatory response because of the
entrance of metabolic products, inflammatory cells,
and cytokines. It remains unknown whether modula-
tion of meningeal lymphatic function can influence
the outcome of immunotherapy in AD. A recent study
indicated that ablation of dorsal mLVs in 5xFAD
mice worsens the outcome of mice treated with
anti-Ap antibodies by exacerbating A3 deposition,
microglial proliferation, neurovascular dysfunction,
and behavioral deficits [31]. Microglia shift from a
steady state toward a more inflammatory phenotype,
leading to increased cytokine release and leuko-
cyte migration [31]. Genomic analysis revealed a
close relationship between injury of meningeal LECs
and microglial activation in an AD mouse model
[31]. LECs cooperate with microglia to remove
waste from the brain [94]. In contrast, therapeu-
tic delivery of VEGF-C improves A} clearance by
monoclonal antibodies [31]. However, it was shown
in experimental autoimmune encephalomyelitis mice
that meningeal lymphatics govern inflammatory pro-
cesses and immune surveillance of the CNS via
brain-reactive T cells [41]. Attenuation was obtained
after surgical and pharmacological blockade of lym-
phatic function, suggesting that drainage contributes
to the activation of encephalitogenic T cells in the
lymph nodes [41].

mLVs play a pivotal role in transporting immune
cells [29]. A large number of T cells, such as CD11c™
cells and B220" cells, are present in the meninges
of naive mice [11, 95]. T cells enter the lymphatic
vessels under physiological conditions and are trans-
ported to dCLNs through mLVs. It is important
to identify and characterize the routes responsible

for the drainage of CNS-derived antigens because
modulation of these antigens may offer a valuable
approach to the treatment of neuroinflammation.
The entire trafficking process of immune cells via
the mLVs to the draining lymph nodes primarily
relies on the C-C motif chemokine receptor type
7- C-C motif chemokine ligand type 21 (CCR7-
CCL21) pathway [41]. RNA-seq of meningeal LECs
of the brain and spinal cord demonstrates the unique-
ness of mLVs, which do not undergo morphological
changes during inflammation and are notably differ-
ent from the inflammatory environment that causes
endothelial proliferation and swelling [41]. Reduced
antigen efflux alleviates the immune response and tis-
sue swelling. In addition to T cells, other immune
cells, such as dendritic cells, B cells, and red blood
cells, can also be drained through the dorsal and
basal meningeal lymphatic endothelial cells [90-93].
Antigen presentation by lymphatic endothelial cells
requires cooperation with dendritic cells that migrate
in an amoeboid-like manner [90]. Indeed, inflam-
matory responses mainly occur in the early stages
of neurodegenerative diseases. The level of AQP4
increases in the early stages of inflammation or injury,
but this does not support lymphatic transport [64, 92].
The subsequent loss of AQP4 polarization is associ-
ated with reduced lymphatic flow [64]. CSF efflux is
blocked when infiltrating immune cells accumulate
in the perivascular space. Blockage of the flow of the
lymphatic system and the subsequent accumulation
of cytokines or other inflammatory mediators will
create a vicious circle that keeps inflammation into
a chronic, long-lasting state [96-98]. When the dis-
ease progresses to the later stage and is accompanied
by continuous interruption of meningeal lymphatic
drainage, the accumulation of inflammatory fac-
tors will accelerate the progression of AD [61,
92, 99]. Overall, mLV disorder disrupts the brain’s
drainage system, which accelerates neuroinflamma-
tory responses, possibly due to the accumulation of
waste products or the retention of cytokines in the
brain. When waste in the CNS accumulates to a cer-
tain level, it will in turn accelerate the destruction
of the lymphatic system, thereby forming a vicious
cycle.

MENINGEAL IMMUNOLOGY AND A
CLEARANCE

Recent works have shown that AP in the intersti-
tial space and CSF follows a diurnal pattern: with
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the highest concentration in wakefulness and with
the lowest concentration during sleep in both com-
partments [100, 101]. This regulation of protein
concentrations may reflect a “turn-on” and “turn-
off” pattern of glymphatic clearance during sleep
and wakefulness [102]. Recent studies in humans
and transgenic animal models have shown that
the glymphatic system is highly activated during
sleep and silent during wakefulness [103]. During
wakefulness, the levels of extracellular metabolites
including A and tau increase. However, these aggre-
gates are removed from the extracellular space by
the convective flow of interstitial and para-arterial
fluid in the paravenous space during sleep [103].
Meningeal ablation impairs mLVs, causes activa-
tion of myeloid cells, and increases A levels in
5xFAD mice [31]. AB accumulation is increased
after treatment with mAb158 (an AP selective
monoclonal antibody) in lymphatic dysfunction, sug-
gesting that AR immunotherapy alone cannot reverse
the reduced AP clearance during lymphatic dys-
function [31, 104]. Reduced meningeal lymphatic
drainage does not affect the expression of genes
involved in A transport in cerebral endothelial cells
[31]. Enhancing meningeal lymphatic drainage of
CSF macromolecules in aged mice by local injection
of recombinant VEGF-C reduces A3 deposition and
improves cognitive function [105]. In 5xFAD mice,
age-related deficiency of CCR7-dependent immune
cells reduces lymphatic influx and increases Af3
accumulation and microglial hyperactivation [106].
Treatment of aged mice with anti-CD25 antibodies
alleviates meningeal regulatory T-cell responses and
improves cognitive function [106]. Intracerebroven-
tricular delivery of AAV1-DSCRI to 5xFAD mice
facilitates the growth of dorsal meningeal lymphatics
to improve drainage efficiency and protects against
AD pathologies [107].

Cribriform plate LECs (cpLECs) exhibit a distinct
phenotype and increased binding to leukocytes and
upregulation of PD-L1 through IFN-y [108]. The
cross-talk between DCs, cpLECs, and CD4™ T cells
and the regulation of molecules such as MHC II
and PD-L1 identify cpLECs as an immunoregula-
tory niche [41, 108]. Hu et al. found that intracranial
tumors induce extensive remodeling of dorsal mLVs
[109]. Specific pharmacochemical ablation of dorsal
mLVs significantly blocks the transport of dendritic
cells from brain tumors to dCLNs and reduces the
efficacy of anti-PD-1/CTLA-4 combination therapy
[109]. Similarly, meningeal immunology may have
great therapeutic potential in AD treatment [110].

A recent study reported the important role of the
dural sinus as an immune surveillance center for
soluble CNS-derived antigens in the CSF, allow-
ing antigen-presenting cells and T cells to interact
[111]. Under physical conditions, CSF antigens flow
around the dura and are captured. This process is
disrupted in the elderly [111]. These findings fur-
ther deepen the understanding of CNS immunity in
meningeal function. A recent study by Da Mesquita
et al. reported a much more improved efficiency of a
combination of meningeal lymphatic drainage and
anti-AP3 monoclonal antibodies in clearing A in
5xFAD mice [31]. However, side effects should also
be considered, and vasogenic edema may occur after
AP immunotherapy (e.g., aducanumab) [109, 112].
Significantly, recent literature reports that the dura
appears to be less involved than expected in terms of
autoimmune inflammation, as alack of CNS autoanti-
gens reaching the dura and a lack of pathogenic T-cell
reactivation in the dura leads to a reduced release
of proinflammatory factors [113]. Another reason
is the limited functional connectivity between the
parenchyma/leptomeninges and the dura [113]. How-
ever, since autoimmune inflammation targets neural
tissue, the findings do not exclude arole for the durain
other immune-inflammatory pathological processes.

mLVs AND TAU PATHOLOGY

In addition to AR pathology, lymphatic drainage
dysfunction has also been reported to play a role in
tau deposition [10, 114, 115], especially when tau
endocytosis fails. To study the clearance of extra-
cellular tau from the brain, monomeric human tau
conjugated with the near-infrared dye cypate was
injected into the parenchyma of both wild-type and
K14-VEGFR3-Ig transgenic mice, which lack a func-
tional CNS lymphatic system [10]. The results show
that a significantly higher amount of tau is retained
in the brains of K14-VEGFR3-Ig, and its subsequent
clearance to the periphery is delayed [10]. Studies in
rTg4510 mice have revealed that tau proteins in the
extracellular space are substrates for clearance via
mLVs [115]. AQP4 plays a central role in tau clear-
ance through the lymphatic system [115]. Impaired
CSF/ISF exchange and AQP4 polarization exacer-
bate the aggregation of tau [10]. TGN-020 (an AQP4
inhibitor) dramatically impairs glymphatic CSF-ISF
exchange and tau protein clearance [115]. AQP4 defi-
ciency exacerbates glymphatic pathway dysfunction,
not only increasing tau deposition in CSF but also pro-
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moting the development of neurofibrillary pathology
and neurodegeneration [101].

CONCLUSION AND FUTURE
PERSPECTIVES

The clearance of aggregated proteins in AD
includes various pathways, including proteolysis and
autophagy. Moreover, mLVs have recently been
demonstrated to be an important waste clearance
pathway in the brain and are involved in the patholog-
ical process of AD. Moreover, basal mLVs near the
subarachnoid space are more likely to absorb CSF
and play a more important role in A clearance. The
edema and sclerosis of mLVs associated with ApoE4
may exacerbate AD progression, but the exact mech-
anism remains to be elucidated. mLV dysfunction
results in AP and tau accumulation and inflamma-
tory reactions and increases microglial cytotoxicity,
which in turn impairs glymphatic CSF/ISF exchange
in the brain parenchyma and influences CSF/ISF
transport to the peripheral circulation. Meanwhile,
AQP4 is the driving force for the transportation of
the glymphatic system and is indispensable for the
clearance of pathological proteins. Focusing on the
waste removal system, mLVs are an attractive alter-
native method for A and tau clearance in AD. Given
the function of mLVs in paravascular influx/efflux of
CSF/ISF and in neuromodulatory effects of immune
molecules, the activity of mLVs could alter the acces-
sibility of CSF-borne immune neuromodulators to the
brain parenchyma, thereby altering their effects on
the brain [24]. Accordingly, mLVs can be viewed as
a novel player in neurophysiology.

Visualization techniques such as
MRI/PET/SPECT help to dynamically monitor
CSF clearance and morphological changes in mLVs
in aging and neurodegenerative diseases [14, 15,
116], which gives us a clearer view of the efficiency
of macromolecules and waste clearance. Given
that the mLVs are embedded within the dura and
the arachnoid mater is supposedly impermeable to
CSF, how can macromolecules and immune cells
drain from the CSF into mLVs? Further experiments
are necessary to answer this question. AQP4 and
sleep are required for glymphatic clearance of waste
products that build up in the awake. Conversely, lack
of sleep and AQP4 deficiency are linked to reduced
glymphatic clearance. However, it is still not under-
stood why and how the absence of AQP4 reduces
rates of solute elimination from the parenchyma. As

such, the mechanisms by which sleep and AQP4 are
linked to glymphatic clearance should be elucidated.
Additionally, are there additional astrocytic channels,
apart from AQP4, that facilitate CSF/ISF exchange
during sleep? While dural lymphatic vessels may
be important for the clearance of macromolecules
from the brain, no change in intracranial pressure or
brain water content was observed in mice lacking
them [12]. Furthermore, the exact route taken by
macromolecules and immune cells to exit the CNS,
as well as the contribution of each route to the
CNS-associated initiation of immune responses, are
still a matter of debate.

Both mLV integrity and paravascular CSF
influx/ISF efflux of solutes are impaired with aging.
This could lead to a vicious cycle in which the clear-
ance of macromolecules from the CSF is delayed
[9, 29]. However, it remains unknown how mLVs
contribute to the neuropathophysiological processes
associated with aging. Taking into account the roles of
the brain vascular endothelium and other components
of the BBB, such as pericytes, in the excretion of A3
from the brain, it would be interesting to determine
whether dysfunction of the age-associated BBB and
brain neurovascular unit affects meningeal lymphatic
drainage. A similar situation should be considered to
explore a possible connection between aging-related
changes in meningeal lymphatic dysfunction and in
the inflammatory processes and immune surveillance
in AD. Additionally, whether mLVs affect the effi-
cacy of current therapeutic strategies for AD, such
as antibody-based treatments, needs to be further
explored.
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