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Abstract

The potential existence and roles of the meningeal lymphatic system in normal and pathological brain function have been a

long-standing enigma. Recent evidence suggests that meningeal lymphatic vessels are present in both the mouse and human

brain; in mice, they seem to play a role in clearing toxic amyloid-beta peptides, which have been connected with Alzheimer

disease (AD). Here, we review the evidence linking the meningeal lymphatic system with human AD. Novel findings

suggest that the recently described meningeal lymphatic vessels could be linked to, and possibly drain, the efferent

paravascular glial lymphatic (glymphatic) system carrying cerebrospinal fluid, after solute and immune cell exchange with

brain interstitial fluid. In so doing, the glymphatic system could contribute to the export of toxic solutes and immune cells

from the brain (an exported fluid we wish to describe as glymph, similarly to lymph) to the meningeal lymphatic system; the

latter, by being connected with downstream anatomic regions, carries the glymph to the conventional cervical lymphatic

vessels and nodes. Thus, abnormal function in the meningeal lymphatic system could, in theory, lead to the accumulation, in

the brain, of amyloid-beta, cellular debris, and inflammatory mediators, as well as immune cells, resulting in damage of the

brain parenchyma and, in turn, cognitive and other neurologic dysfunctions. In addition, we provide novel insights into

APOE4—the leading genetic risk factor for AD—and its relation to the meningeal lymphatic system. In this regard, we have

reanalyzed previously published RNA-Seq data to show that induced pluripotent stem cells (iPSCs) carrying the APOE4

allele (either as APOE4 knock-in or stemming from APOE4 patients) express lower levels of (a) genes associated with

lymphatic markers, and (b) genes for which well-characterized missense mutations have been linked to peripheral

lymphedema. Taking into account this evidence, we propose a new conceptual framework, according to which APOE4

could play a novel role in the premature shrinkage of meningeal lymphatic vessels (meningeal lymphosclerosis), leading to

abnormal meningeal lymphatic functions (meningeal lymphedema), and, in turn, reduction in the clearance of amyloid-beta

and other macromolecules and inflammatory mediators, as well as immune cells, from the brain, exacerbation of AD

manifestations, and progression of the disease. Altogether, these findings and their potential interpretations may herald novel

diagnostic tools and therapeutic approaches in patients with AD.

Introduction—risk factors for Alzheimer
disease (AD)

AD is among the principal causes of death and a global

public health priority [1, 2]. AD is increasingly recognized

as an heterogenous disease (and, as corollary, an umbrella
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term), which encompasses several cognitive subtypes, and

whose biological and clinical manifestations may not be

always co-prevalent; thus, a call for more individualized

approaches has been made [3–6]. While most patients with

AD manifest the late-onset, sporadic form of the disease—

which may also harbor a genetic component—a small per-

centage (<1%) of patients carry inherited gene mutations

that lead to a much earlier onset of the symptomatology [2].

Both genetic and environmental factors, reviewed in [7] and

summarized in Table 1, contribute to the pathogenesis of

AD. Regarding the environmental factors, we and others

have shown that chronic stress might contribute to AD

(reviewed also in [8–10]) via (a) sustained corticotropin-

releasing hormone and cortisol effects in brain cells [11],

and (b) chronic increases in systemic and brain levels of

inflammatory cytokines (such as tumor necrosis factor

(TNF) [12]; the latter, as components of innate immunity,

are increasingly recognized for their neuroinflammatory

roles in AD [13, 14].

Novel insights into the etiology of AD highlight the

potential contribution of the meningeal lymphatic system in

the manifestations of the disease [15]. Indeed, the afore-

mentioned connection between chronic stress, inflamma-

tion, and AD may be facilitated by the meningeal lymphatic

system, as is the case in other diseases (such as multiple

sclerosis (MS) [16] and post-traumatic stress disorder [17]).

This could reflect the known roles of the traditional per-

ipheral lymphatic system in inflammation and cancer, as

revealed by several animal models; for instance, chronic

stress in mice leads to structural changes in the lymphatic

vessels of tumors and increased dissemination of metastases

via transport of tumor cells through the peripheral lymphatic

system [18]. Also, patients taking beta-blockers, which

antagonize the endogenous stress-stimulated catechola-

mines at the level of the beta-adrenergic receptors, show

significantly fewer proximal lymph node and distant

metastases than those not receiving beta-blockers [18]; this

is likely due to a reduction in catecholamine-mediated

signaling events by the receptor antagonists. These findings

may have broader implications for AD, granted the estab-

lished link between chronic stress and neuroinflammation

(reviewed in [19, 20]), as well as the known connection

between neuroinflammation and AD [14, 21–24].

Here, we suggest that meningeal lymphatic-vessel func-

tion is influenced by apolipoprotein E4 (APOE4), which has

been established as the leading genetic risk factor for

developing AD [25]. We also present novel analyses of

previously published RNA-Seq data that offer new insights

into how meningeal lymphatic vessels, in association with

APOE4, may contribute to the pathogenesis of AD. Our

main goal is to propose a new conceptual framework on the

role of reduced lymphatic function (or meningeal attenuated

lymphaticness) and lymphedema in APOE4-related AD.

Ultimately, in light of recent evidence, which strongly

suggests that impaired brain capillary function contributes

to cognitive dysfunction and AD manifestations [26], we

Table 1 Genetic, environmental, and lifestyle risk factors for Alzheimer disease (AD) appearance or progression.

Non (purely) genetic risk factors Genetic—chromosomal factors

Depression at any age and late-life depressiona APOE4 and other gene loci, including some variants more prevalent in APOE4

(+) patientsc,m, and SORL1 (neuronal apolipoprotein E receptor)o, and rare

coding variants in apolipoprotein Bp

Type 2 diabetes mellitusa Amyloid precursor protein (inherited AD form)d

Frequency of social contacts—lonelinessa Presenilin-1 gene (inherited AD form; main cause in autosomal-dominant, early-

onset AD)d,u

Benzodiazepines usea Presenilin-2 gene (inherited AD form)d

Low adherence to Mediterranean dietb,l Trisomy 21 (Down syndrome)e

Agingg Immune (epigenetically regulated) responsef and other epigenetic eventsw

Anemia/Very low hemoglobin levelsh, as well as very high

hemoglobin levels (U-shaped relation)x
Variants in loci in TREM2 and soluble TREM2 modulators, i.e., MS4A4A and

MS4A6A, and loci in CD2AP, IQCK, ACE, ADAM10, ADAMTS1, and WWOX,

and rare variantsi,j,v aggression

High cortical iron levels*,s and plasma ferritint Variants in loci in IGHG3, ZNF655, GPAA1, OR8G5, IGHV3-7, SLC24A3, and

lncRNA AC099552q,r

Grand multiparityk Somatic brain mutations in MAPK, AMPK, and PI3K-AKT pathwayn

Chronic stress (psychological and biological) and inflammationg

Low-density lipoprotein (LDL) cholesterolp

Neuropsychiatric manifestations: psychosis, aggression/agitation, affective symptomsy

Sources: a [7]; b [220]; c [234]; d [235]; e [62]; f [21]; g [8]; h [236]; i [237, 238]; j [239]; k [240]; l [241]; m [242]; n [243]; o [244]; p [245]; q [246];
r [246]; s [247]; t [248]; u [249]; v [250], [251, 252]; w [253]; x [254]; y [255, 256].

*Following postmortem assessment, and mostly referring to risk for cognitive decline in already diagnosed patients with AD.
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wish to provide further evidence on the neurovascular-

centered view of AD.

The role of APOE4 as genetic risk factor for
AD

The human APOE gene expresses three isoforms: APOE2,

APOE3, and APOE4, corresponding to the APOE2,

APOE3, and APOE4 proteins (Fig. 1). Although APOE has

been extensively investigated for its role in liver lipoprotein

metabolism (for a historical review and future perspectives,

see [27]), recent data suggested that APOE is also involved

in the pathophysiology of the central nervous system

(CNS). For instance, APOE’s genetic ablation in elderly

mice caused a reduction in neuritic plaques and a decrease

in the associated neuronal synaptic loss and glia activation,

suggesting that APOE might be helpful against certain

features of aging per se [28]; however, these neuroprotec-

tive effects have not been observed in the context of the

AD-associated APP/PSEN1 mouse model, in which APOE

may be neurotoxic. Interestingly, the role of APOE in the

CNS is further illustrated by a recently described ultrarare

mutation in the APOE3 gene, which confers resistance to

developing familial autosomal-dominant AD [29]. From a

cognitive standpoint, it was previously suggested that

APOE4 might increase memory in young adults; however, a

recent meta-analysis failed to verify such a functional

association [30].

Carrying and expressing the APOE4-coding allele is the

chief genetic risk factor for AD, with predictive values

exceeding polygenic scores for cognitive ageing in elderly

populations [31, 32]. While the APOE4 isoform is present

in ~13–15% of the population, it is carried by more than

50% of individuals with late-onset AD [33]. Notably, the

population attributable fraction of APOE4 for AD (i.e., the

theoretical reduction in AD incidence in the absence of the

APOE4-coding allele) is around 7% [34]. These APOE4

effects enhance genetic anticipation, principally in late-

onset AD [35]. Of note, and according to some studies,

APOE4 may be a promising therapeutic target for the dis-

ease [36].

Fig. 1 Hypothesized role of

apolipoprotein E (APOE) and

lymphatic vessels in Alzheimer

disease (AD). Schematic

depiction of mouse ApoE and

human APOE isoforms (top

right), with yellow indicating the

presence of cysteine [C] and

blue indicating the presence of

arginine [R]. Illustration of brain

and meningeal anatomy in a

non-AD brain, showing

meningeal lymphatic vessels,

brain cell types, and outflow of

CSF (top left and magnified in

bottom left). The labeling

“APOE e4” with an arrow

pointing to the dysfunctional

meningeal lymphatic vessel

(bottom right) illustrates the

hypothesis that APOE4 is

associated with the reduction in

size of meningeal lymphatic

vessels, and the consequent

blockade of clearance of

macromolecules such as

amyloid-beta. (Adapted and

modified from [233] and [119],

both with permission from

Springer Nature).
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APOE4 status is also linked to dementia with Lewy body

disease, with decreased levels of APOE methylation having

also been implicated in this disease [37–39]. APOE4 status

has also been linked to Parkinson disease-related dementia

[40], MS, tauopathy, vascular dementia (whose partial

genetic overlap with AD may be explained by APOE

genetic status) [41], mixed vascular dementia and AD [42],

chronic traumatic brain injury [43], cerebral amyloid

angiopathy [44], and cerebrovascular disease [45], as well

as positive status of transactive response DNA-binding

protein 43 (a protein previously linked to AD, fronto-

temporal dementia, and amyotrophic lateral sclerosis) [46].

While APOE2 status can postpone age-at-onset of AD [47],

an individual possessing a single APOE4 allele has a

threefold increased risk for AD late in life, and carrying two

alleles has been associated with a higher than tenfold risk

[48]. Of note, age, region, and ethnicity may partially

modulate this association [49–52]; for instance, Hispanic

carriers of APOE4 seem to have a higher amyloid load than

non-Hispanic carriers [53].

Mechanistically, diploidy for human APOE4 is thought

to contribute to the aggregation of amyloid-beta in the brain

(for comprehensive reviews, see [25, 44, 54]), possibly

through the neuronal receptor LRP1 [55]. Further experi-

mental evidence supporting a role of APOE4 in amyloid-

beta aggregation came from studies using Pittsburgh

Compound-B-positron emission tomography (PET) ima-

ging [56]. In one of these studies, APOE4 status was

associated with accelerated cognitive dysfunction in indi-

viduals whose PET results were positive for amyloid-beta

[57]. From a biochemical point of view, amyloid-beta fibrils

were more strongly associated with APOE4 than with

APOE3 or APOE2 [58]. Conversely, amyloid-beta proto-

fibrils had higher stability in their association with APOE3

or APOE2 than with APOE4 [59].

Patients with sporadic AD may exhibit impairments in

amyloid-beta clearance, without major changes in the de

novo production of the peptide [60]. In mice, APOE4

directly disrupts clearance of amyloid-beta across the

blood–brain barrier (BBB), suggesting that impairment in

the neurovascular function of the BBB may contribute to

AD etiology. To determine the critical stage of amyloid

fibril (seeding stage) and plaque (plaque stage) formation, in

which APOE4 exerts its strongest effect, Liu et al. devel-

oped a cell-type specific, Cre-floxed-mediated inducible

mouse model to control expression of astrocytic APOE4

during amyloid fibril and plaque formation [61]. Their data

indicated that APOE4 had its greatest impact during the

seeding stage of amyloid-beta formation, probably by

impeding amyloid-beta clearance and promoting its aggre-

gation [61]. Interestingly, these associations may share

similarities to those observed in brain pathologies in Down

syndrome (trisomy 21) patients. These patients carry an

extra copy of chromosome 21, in which the amyloid pre-

cursor protein (APP) is located. Trisomy 21 results in APP

overexpression [62]; however, others studies support that

trisomy 21-related dementia may be caused by over-

expression of non-APP genes leading to a decrease in the

soluble amyloid-beta-38, and amyloid-beta-40 [63]. Over

two thirds of older adults with trisomy 21 die from

dementia; among them, the risk of premature death is

increased by almost sevenfold in APOE4 isoform carriers

[64]. Lastly, the modulatory role of APOE4 on amyloid-

beta formation has been partly attributed to decreased serum

and brain concentrations of APOE in APOE4 carriers

vs. non-APOE4 carriers, and not to the APOE4 allele(s)

per se [44].

AD has been associated with tauopathy, another protei-

nopathy characterized by the pathological accumulation of

tau protein in the brain (for a review on tau’s role in phy-

siology, see [65]). The link between tauopathy and APOE4

has been addressed in several studies. In tau-expressing

transgenic mice, APOE4 exacerbated tau-mediated neuro-

degeneration, causing increases in brain atrophy and neu-

roinflammation, and alterations in glial cell function; this

effect was seemingly independent of amyloid-beta pathol-

ogy [66]. In addition, APOE4 increased levels of phos-

phorylated tau and its extracellular release by neurons, a

process independent of glia cells [67].

APOE4 may also contribute to AD symptomatology via

mechanisms that are not related to either amyloid-beta or

tau. First, APOE4 causes a decrease in the levels of exo-

somes released in the brain interstitial space, together with a

reduction in endosome/exosome pathway-related gene

expression [68]. These phenomena are linked to malfunc-

tion of the lysosomal system and the impaired degradation

of cellular debris, which, in turn, may lead to accumulation

of amyloid-beta, and hence, to neurodegeneration [68].

Second, the presence of APOE4 hinders neuronal respon-

siveness to reelin, a glycoprotein that controls neuronal

migration and synaptic transmission, while it promotes

thrombosis and hemostasis [69]. In doing so, APOE4 may

reduce, in patients with AD, the protective effects of reelin

against beta-amyloid-induced cognitive impairment [70].

Third, APOE4 may lead to dysfunction and eventual death

of gamma-aminobutyric acid-expressing interneurons in the

hippocampus, a brain region that is severely impaired in AD

[71]. Because these neurons are inhibitory, their absence

causes hyperexcitability of the entire hippocampal network,

leading to the impairments observed in AD [72] (for this

conceptual framework, see [73]). Finally, APOE4’s role in

AD may involve a dysfunctional immune system [74].

Indeed, activation of the innate immune response is con-

sidered a disease-promoting factor in AD [75], and APOE4

regulates different aspects of the inflammatory reaction

(e.g., microglia activation) [76].
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In particular, one of APOE4’s effects on innate immunity

appears to be, at least partly, via the triggering receptor

expressed on myeloid cells 2 (TREM2), which is primarily

expressed in the CNS microglia [66] and involved in

microglial disorders (microgliopathies) [77]. Indeed,

TREM2 is involved in APOE4’s downstream activation of

microglia [78, 79]. TREM2 double knockout mice exhibit

increased amyloid plaque formation with less plaque-

associated APOE [80]. Importantly, genome-wide associa-

tion studies have corroborated the crucial roles of TREM2

and other microglia-associated proteins, such as PLCG2 and

ABI3, in AD pathophysiology [81–86]. This evidence

points to a delicate interaction between APOE (including

the APOE4 isoform), TREM2, and amyloid-beta. Further

research will determine whether this interaction plays a key

role in the pathophysiology of human AD.

APOE4 in AD-associated neurovascular and
cerebrovascular function

Recent advances in our understanding of AD highlight the

role of neurovascular function in the pathogenesis of AD,

including cognitive impairment, thus warranting further

investigation of vascular markers of the disease [87]. Stu-

dies linking AD and neurovascular function have focused

on fibrinogen [88], imaging biomarkers of amyloid-beta and

neurodegeneration (e.g., plasma neuronal-enriched extra-

cellular vesicles), MRI, amyloid PET, tau PET, and fluor-

odeoxyglucose PET (reviewed in [89–92]). Of particular

interest is the role of the neurovascular system in clearing

amyloid-beta from the brain. For example, Nation et al. [93]

detected hippocampal capillary damage and BBB break-

down in people with early cognitive dysfunction, indepen-

dently of amyloid-beta and tau pathologies; these findings

suggested that BBB dysfunction can serve as an early

biomarker of human cognitive dysfunction, a precursor of

AD [94].

Notably, APOE4 itself has been linked to impaired BBB

function. In transgenic mice, expression of APOE4 (but not

other APOE variants) leads to breakdown of the BBB; this

phenomenon is mediated by the activation of a proin-

flammatory pathway in pericytes (i.e., perivascular cells)

[95]. BBB breakdown leads to passage of neurotoxic pro-

teins and other substances in the brain parenchyma, as well

as decreased blood flow in the brain microvasculature.

These events likely occur prior to neuronal dysfunction, and

they may lead to neurodegenerative changes [95]. In the

clinic, similar observations on BBB breakdown have been

inferred from increases in cerebrospinal fluid (CSF)/plasma

albumin quotients in APOE4 carriers [96].

Based on neuroimaging data, cerebrovascular diseases

can increase the risk for AD and tau pathology [97–99].

High levels of low-density lipoprotein (LDL), also asso-

ciated with vascular diseases, may lead to amyloid accu-

mulation in APOE4 carriers [100]. Moreover,

cardiovascular risk factors and type 2 diabetes mellitus also

increase the risk of dementia, suggesting that impaired

metabolism also contributes to AD [101]. Experiments in

cells and animal models have shed light on some putative

mechanisms. For instance, APOE and circulating high-

density lipoprotein-mediated amyloid-beta transport in

bioengineered human cerebral vessels, with APOE4

being less effective than APOE2 in this regard [102]. Also,

exogenously administered amyloid-beta was more effec-

tively cleared through the BBB in mice overexpressing the

low-density lipoprotein receptor [103]. Taking this further,

the loss of mouse ApoE in pericytes was shown to

inhibit the clearance of aggregated amyloid-beta-42 on

multispot glass slides; this inhibition was rescued by human

APOE3 but not APOE4 [104]. Collectively, the above

findings partly explained APOE4’s pathogenic role and

provided further insights into the neurovascular-centered

view of AD.

APOE4 and the meningeal vs. traditional
peripheral lymphatic system

Considering the strong interactions between the vascular

and peripheral lymphatic systems, as well as the shared

features between the meningeal and traditional peripheral

lymphatic systems, it is worth exploring the potential roles

of APOE4 in the meningeal lymphatic system, following

insights from the traditional peripheral lymphatic system

as well.

The traditional peripheral vs. meningeal lymphatic
system

The peripheral lymphatic system plays a crucial role in the

clearance of many substances, such as cellular debris, pro-

teins, lipids, and other macromolecules from peripheral

organs. Thus, impaired clearance of various interstitial

space macromolecules has been often linked to abnormal-

ities in peripheral lymphatic vessels, such as enlargement of

these vessels and leakage of their contents into the sur-

rounding space (for reviews on this field, see [105, 106]).

According to the predominant theories, peripheral lympha-

tic vessels originate in early development from the venous

endothelial system by forming lymphatic endothelial cell

progenitors. However, according to recent lineage tracing

studies, progenitors of peripheral lymphatic endothelial

cells may also include dermal blood capillaries, lym-

phangioblasts, blood cell progenitors, hemogenic endothe-

lial cells, and organ-specific (e.g., heart) endothelial cells.

Apolipoprotein E4 and meningeal lymphatics in Alzheimer disease: a conceptual framework 1079



These progenitors, at least in animal models, may also

include venous endothelial cells outside the heart, and

lymphatic progenitors stemming from the blood-producing

yolk sac endothelium. Progenitor cells derived from the

yolk sac may be particularly relevant in the cardiac lym-

phatic vasculature (for all above, see [108–109]).

Until recently, it was believed that the meninges lacked

lymphatic vessels, principally because of the dogmatic view

on the immuno-privileged status of the brain. The Italian

scientist Paolo Mascagni first described the meningeal

lymphatic system in the 1800’s, but his conclusions

were disputed until recently (for works spanning all

this period, see [111–115–116]). In addition, despite

description of Mendelian disorders with peripheral lym-

phedema and cognitive impairment (e.g., in Hennekan

syndrome [117]) or nonspecific neurological signs (e.g.,

generalized lymphedema associated with neurologic signs

syndrome [118]), the existence of meningeal lymphatics

remained disputed. Therefore, until some years ago, it was

thought that meningeal lymphatic vessels did not exist,

and let alone play any role in CNS physiology or

pathophysiology.

Intriguingly, several studies have now demonstrated that

lymphatic vessels exist within the meninges of the CNS

[120–121] (reviewed in [122, 123]). This is a rediscovery,

one heralding a delayed history [124]. Alongside with the

confirmatory findings suggesting that Schlemm’s canal in

the eyes had features resembling lymphatics that were

evolutionarily conserved [125], this rediscovery suggests

inter alia the notion that investing on mining of hidden

pearls can be crucial in advancing biomedical research.

Fascinatingly, even peripheral lymphatic vessels were also

rediscovered after the initial Hippocrates and Erasistratus of

Ceos analyses of white blood-filled vessels, and mesenteric

milky arteries, respectively, till the 17th century Aselli’s

observation of a dog’s milky veins [126] (mentioned in

[127, 128]).

These initial descriptions of meningeal lymphatic ves-

sels were followed by further studies in humans. In par-

ticular, by coupling MRI findings with postmortem

analyses, researchers demonstrated that meningeal lym-

phatic vessels existed alongside blood vessels in humans

and nonhuman primates [129]. More recently, meningeal

lymphatic vessels in the basal part of the mouse skull were

shown to support the drainage of macromolecules

(metabolites, debris, and immune cells) from the CSF.

This most likely follows exchange of solutes, debris, and

immune cells with the brain interstitial fluid (ISF), via the

efferent paravascular glial lymphatic (glymphatic) system

into the meningeal lymphatic vessels, ultimately draining

into the conventional cervical lymphatic system, includ-

ing local lymph nodes [15, 119, 121] (for a review, see

[130]).

Drainage of glymphatic fluid through the newly descri-

bed basal meningeal lymphatic vessels in the mouse skull is

quite efficient [131]. This higher draining capacity of the

basal than the dorsal meningeal lymphatic vessels may be

partly explained by their respective proximity to the sub-

arachnoid space, and by their location, which is independent

of nerve fibers. These meningeal lymphatic vessels are

presumably distinct from the traditional peripheral lym-

phatic system [131]. Notably, the function of the basal

meningeal lymphatic vessels was compromised in ageing

mice [131]. Mechanistically, lymphatic wall hyperplasia

may take place in response to increased capillary lymphatic

pressure, as it occurs in peripheral lymphedema. The latter

has been linked to aberrant type IV collagen distribution, a

reduction in lymphatic valves, potentially via decreased

Prox1 and Foxc2 expression [131]. Moreover, lymphatic

endothelial cells in aged mice showed significantly altered

intercellular junction types, along with reduced function-

ality for glymphatic drainage through the basal meningeal

lymphatic vessels [131]. Altogether, these findings suggest

that aged basal meningeal lymphatic vessels are associated

with reduced lymph flow; however, to our knowledge,

whether similar pathology is present in human AD has not

been investigated as yet.

Although not directly applicable to human pathophy-

siology, valuable lessons can be learned from observations

in animal models, such as the zebrafish. In the latter, mural

lymphatic endothelial cells produce vascular growth factors

and promote accumulation of LDLs from the bloodstream

[120, 132]. As noted above, meningeal lymphatic cells are

derived from the blood vasculature and in zebrafish, this

phenomenon is mediated by the Vegfc–Vegfd–Ccbe1–

Vegfr3 pathway; this suggests that these cells are probably

lymphatic capillary-type endothelial cells [132]. Ablation of

meningeal lymphatic vessels in mice using a photodynamic

drug, Visudyne (verteporfin), resulted in (a) reduced drai-

nage of macromolecules, and (b) impairments in cognitive

performance. Altogether, these findings point to a major

role of meningeal lymphatic vessels as a conduit in the

clearance of macromolecules from the mouse brain. These

macromolecules most likely reach the meningeal lymphatic

system through the efferent glymphatic drainage system

formed by astrocytes around brain blood vessels, as

described in [133]. The functions of both the glymphatic

and meningeal lymphatic systems are compromised during

ageing [15, 134, 135].

In summary, the studies discussed above suggest that the

meningeal lymphatic vessels can be, at least in part,

responsible for the dysfunctional clearance of macro-

molecules from the brain. Here, we theorize that this pro-

cess could contribute to the decline of cognitive function

associated with age and neurodegenerative diseases, such as

AD [15].
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Crosstalk of meningeal and cervical lymphatic
vessels

The (re)discovery of meningeal lymphatic vessels is now an

acknowledged paradigm shift. However, the presence of

meningeal lymphatic vessels should not be considered in

isolation but rather in the context of the conventional

lymphatic system, including the most proximal cervical

lymph vessels and nodes (CLNs). CLNs are already known

to play a major role in MS and other neuroinflammatory

diseases [136], in which brain-peripheral immune crosstalk

has been observed [137] (potentially because of the pre-

sence of autoantigens or microbial risk factors [138, 139]).

The role of the CLNs in AD, however, has been investi-

gated far less. Indeed, although follicular dendritic cells

(FDCs) within the CLNs develop from perivascular pre-

cursors [140], their potential links to meningeal lymphatic

vessels or to AD are largely unknown.

To our knowledge, FDCs have been mostly linked to the

prolonged retention of human immunodeficiency virus

(HIV)-1/simian immunodeficiency virus infection in the

context of CLNs [141], through a number of mechanisms,

including cycling endosomes [142]. Taken further, FDCs

seem to indirectly contribute to transmitting the virus to

CD4+ T follicular helper cells; this is performed in a B-cell-

mediated manner [143]. Elucidating how meningeal lym-

phatic vessels interact with CLN-associated FDCs could

shed light on their crosstalk in MS and, notably, AD.

Interestingly, a very recent single-cell transcriptomics study

reported APOE among the genes that are differentially

expressed in mouse CLNS [144], thus suggesting a role of

this gene (and, as corollary, of its variants such as APOE4)

in CLNs-related pathological processes.

In the next section, we summarize the evidence linking

APOE4 to the meningeal lymphatic system, and how this

may contribute to the pathophysiology of AD.

Investigating the potential links of APOE4 and the
lymphatic system

Brain tissue samples from patients with AD compared with

normal brains show several microvascular alterations, with

morphological studies reporting fusiform dilations, tortu-

osities, and abnormal branching, an overall decrease in the

density of capillaries, mitochondrial abnormalities in

capillary endothelial cells, and degeneration of pericytes

[145]. These studies are aligned with previous data, show-

ing focal constriction of many terminal arterioles and irre-

gularly shaped smooth muscle cells, and capillaries with

both abnormal constrictions and dilatations, in patients with

AD [146].

In addition, data from both biopsies of patients with AD

and mouse AD models have provided some insights into the

mechanisms underlying capillary constriction and reduced

blood flow; in this regard, amyloid-beta enhanced oxidative

stress in pericytes via NADPH oxidase-4, leading to

endothelin-1-mediated effects of endothelin A receptors on

capillary-related pericytes [26]. In line with these observa-

tions, clinical studies suggested that blood pressure-

lowering drugs, such as calcium channel blockers (which

lower arterioral rather than venous resistance [147]) effec-

tively increased cerebral blood flow in patients with AD

[148]. To our knowledge, the effects of selective endothelin

receptor A antagonists in cerebral blood flow in AD patients

have not been investigated.

The extent to which the meningeal lymphatic system of

patients with AD exhibits the aforementioned abnormalities,

and how APOE4 affects meningeal lymphatic vessels, are

both worthy of further investigation. Characterizing the

branching morphology of these vessels to detect any

pathological remodeling in APOE4-related AD could pro-

vide novel insights into the pathophysiology of the disease.

In this context, Lim et al. reported that ApoE-deficient

(ApoE−/−) mice exhibited distinct lymphatic phenotypes,

including tissue swelling, leaky peripheral lymphatic ves-

sels, a significant dilatation of capillary peripheral lym-

phatic vessels, and a reduction in the transport of lymphatic

fluid and dendritic cells from peripheral tissues [149].

Moreover, peripheral lymphatic vessels reduced their

recruitment of smooth muscle cells and showed an altered

distribution of the lymphatic endothelial hyaluronic acid

receptor 1 (LYVE-1) [149].

It should be noted, however, that meningeal and per-

ipheral lymphatic vessels have different characteristics. Of

note, the meningeal lymphatic vessels are less complex, and

show smaller lymphatic branching and fewer valves to

prevent backflow of lymph [121]; nonetheless, basal

meningeal lymphatic vessels have more clearly defined

valves than dorsal meningeal lymphatic vessels [131].

Interestingly, the metabolic pathways mediating cholesterol

homeostasis in the brain also differ from those of peripheral

tissues. The BBB prevents peripheral cholesterol from

entering the brain, in which cholesterol is largely synthe-

sized by astrocytes and oligodendrocytes [150].

Omnipresent endothelial cells and peripheral lymphatic

vessels may share some ontogenetic features. Specifically,

they may share common embryonic cellular origins; thus,

peripheral lymphatic vessels may be reprogrammed to

become blood vessels in case of blood flow-related events,

such as shear stress [151]. Given these close ontogenetic

similarities between blood and peripheral lymphatic vessels,

and APOE’s established role in the peripheral lymphatic

system [145, 149], it would be intriguing to decipher

whether (a) meningeal lymphatic vessels play a role in

amyloid-beta clearance, and (b) amyloid-beta clearance is

compromised by the APOE4 isoform (analogous to the
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APOE4 isoform’s effects on the BBB and meningeal lym-

phatic disruption [152]). In this regard, a recently published

study showed that ablation of the meningeal lymphatic

vessels in the 5xFAD mouse model of AD resulted in a

striking deposition of amyloid-beta in the meninges, mac-

rophage recruitment to large amyloid-beta aggregates, and

an increase in the amyloid-beta plaque load in the hippo-

campus [15]. Moreover, as compared with healthy control

mice, 5xFAD mice showed vascular amyloid-beta pathol-

ogy in the cortical leptomeninges and beta-amyloid

depositions in the dura mater adjacent to the superior

sagittal sinus [15]. Together, these findings underscore the

crucial roles of CSF and ISF fluid drainage through

meningeal lymphatic vessels for normal brain physiology

and pathophysiology.

In addition, the worsening of amyloid-beta pathology

upon disruption of the meningeal lymphatic system in

mouse models of AD suggests that dysfunction of these

vessels exacerbates AD pathology. Importantly, the AD

transgenic mouse models (J20 and 5xFAD) used in [15]

showed no differences from controls in their meningeal

lymphatics (for review, see [130]). These mouse models,

however, are probably less relevant to APOE4-induced AD,

given that they are driven by overexpression of mutated

human APP transgenes. Notably, the 5xFAD model pre-

sents a more aggressive phenotype due to the expression of

mutated presenilin (PS1) in the same construct [153].

Hence, these models may be better suited for early-onset

AD, whereas the involvement of APOE4 may be more

relevant to late-onset AD; thus, these results may not cap-

ture the effects of APOE4 as a major AD risk factor on

meningeal lymphatic vessels.

APOE4, aquaporin 4, and the glymphatic vs.
the meningeal lymphatic systems

We contend herein that the efferent glymphatic system of

paravascular astroglial channels draining into the meningeal

lymphatic system could also be involved in AD pathogen-

esis. The glymphatic system supports CSF–ISF exchange

and clearance of interstitial waste from the brain par-

enchyma [133], not only in mice, but also in humans [154].

Moreover, the glymphatic and, as corollary, the meningeal

lymphatic system (for a discussion on their interconnection

and a schematic representation of their differences, see

[155]) could potentially play a role in the clearance of

metabolites, macromolecules, such as amyloid-beta, and

inflammatory mediators, as well as immune cells. The

glymphatic system’s physiology may be affected by the

natural arterial pulsations of solute exchange in the

CSF–ISF interphase, with major increases of this exchange

taking place in the brain during deep sleep [156, 157].

In mice, disruption of the astroglial aquaporin 4 (AQP4)

water channel (which regulates the glymphatic clearance of

macromolecules [158]) resulted in the accumulation of

amyloid-beta in the hippocampus after blockade of menin-

geal lymphatic drainage via ligation of deep cervical lym-

phatic nodes (LdcLNs) [159]. Mice with deficits in both

glymphatic and meningeal lymphatic clearance exhibited

increased microglial activity and activation of the microglial

inflammasome, as well as enhanced hippocampal neural

apoptosis and reduction of cognitive function [159].

Moreover, tau levels were increased in the LdcLNs mice,

but not in the Aqp4-null mice [159].

The glymphatic system contributes to the transport of

lentiviral-delivered APOE3 to neurons [152]. Thus, in

addition to its clearance role, the glymphatic system may

help distribute essential molecules throughout the brain

(although the brain retention of APOE3 or APOE2 is lower

than that of APOE4) [152]. However, this notion is still in

debate; for example, concerns have been raised on the role

of AQP4 in the convective transport of solutes produced by

the CSF–ISF exchange, calling for a reappraisal of the

notion of a glymphatic system [160]. In addition, there is

evidence supporting a more diffusive mode of transport that

does not involve AQP4 [161]. Nevertheless, a recent thor-

ough investigation and meta-analysis suggested that AQP4

dysfunction could impair CSF influx (and, as a possible

corollary, the exchange of solutes and cells with the ISF)

[162]. Therefore, further studies are needed to help us

understand how the glymphatic and meningeal lymphatic

systems are interconnected with regards to AD pathology,

and how APOE4 influences this crosstalk.

Expression of lymphatic-vessel genes in
APOE4-expressing cell types of the brain

Cell-specific effects of APOE4 in AD pathology

The cell-specific effects of APOE4 in AD pathology are

poorly understood. Lin et al. attempted to determine which

cell types in the human brain are affected by the expression

of the APOE4 isoform. To this end, they applied CRISPR/

Cas9 gene editing to create APOE4 knock-in human iPSCs

stemming from a single iPSC line of a human subject

without AD; all these modifications were conducted in an

otherwise isogenic background [163]. Using a differentia-

tion system for iPSCs, they generated various brain cell

types and compared gene expression resulting from the

APOE4 knock-in to that of an analogous APOE3 knock-in

[163]. They found that the expression of hundreds of genes

was altered in iPSC-derived neurons, astrocytes, and

microglia; many of these were also aberrantly expressed in

postmortem samples of patients with AD [163]. The
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observed cellular defects caused by APOE4 expression

included (a) an increased number of synapses and elevated

amyloid-beta-42 secretion in neurons, (b) defects in

amyloid-beta uptake and cholesterol accumulation in

astrocytes, and (c) an aberrant morphology correlating with

reduced amyloid-beta phagocytosis in microglia [163].

Therefore, by harnessing gene editing approaches in an

otherwise isogenic background, this study has the potential

to offer interesting mechanistic insights concerning APOE4.

To this end, we theorize below that specific cell types

could be used as surrogates for lymphatic vessels to provide

initial clues for our conceptual framework.

The common mesodermal origin of lymphatic-vessel
cells and microglia

To provide a rationale for the use of surrogates to under-

stand meningeal lymphatic-vessel functions, we attempt

here to highlight the common mesodermal origin of lym-

phatic vessels and microglia. On the one hand, the onto-

genetic origins of microglia cells, now shown to comprise at

least nine transcriptionally distinct subtypes [164], have

remained controversial. Experimental evidence suggested

that microglial homeostasis in the adult brain was not

mediated by postnatal hematopoietic progenitors, whereas

microglia development in mice required the colony stimu-

lating factor-1 receptor. Based on an in vivo lineage tracing

study, the origins of adult microglia were attributed to pri-

mitive myeloid progenitors, which, in turn, originated from

the yolk sac (i.e., an element that arises before mouse

embryonic day 8, and that is associated with the splanchnic

layer of the lateral plate mesoderm [165]). On the other

hand, the ontogenetic origin of lymphatic vessels has been

extensively discussed. Some authors suggested that the

lymphatic vessels emerge from the primary lymph sacs,

which develop from primitive veins. Others suggested that

they first arise from mesenchymal spaces, and then connect

to the primary sacs, thereby, indirectly, to the venous sys-

tem [127]. However, in both sides of the argument, a

common mesodermal origin has been proposed for micro-

glia and lymphatic vessels. The above suggests that

microglial cells might be used as a proxy to study lymphatic

cells, particularly in the context of an iPSC line. Potente and

Mäkinen [166] have summarized the evidence on peripheral

lymphatic-vessel origin, noting (a) the undefined, in many

cases, origin of nonvenous lymphatic endothelial cells, (b)

the migration of lymphatic endothelial cells from the lym-

phatic vasculature, and (c) the fact that blood-forming

endothelial progenitors undergo vasculogenesis to form

lymphatic vessels.

Reanalysis of data from previous studies

Considering the above information, we theorize that the

cell-type specific RNA-Seq dataset from Lin et al. could

allow us to examine, at the level of gene expression, the

hypothesis that meningeal lymphatic vessels are affected by

APOE4 [163]. Encouraged by both recent calls to make use

of open public genomic data [167] and the notion that

iPSCs can be an attractive way to model AD pathology

[168], we reanalyzed the data from the study of Lin et al.

deposited in GEO (GSE102956). Our goal was to identify

genes that were differentially expressed in the APOE4

(pathological state) vs. the APOE3 (control) knock-in. We

were interested in studying the expression of selected gene

markers in parental cells in the starting iPSCs and iPSCs-

derived neurons, astrocytes, and microglia (see the

“Appendix” section for the methods applied). These selec-

ted gene markers referred to lymphatic-vessel-related genes

or/and genes in which well-characterized missense muta-

tions have been linked to peripheral lymphedema (Table 2).

Table 2 Markers of human lymphatic vessels.

Lymphatic markers and lymphatic-related markers

Prox1 Podoplanin (PDPN)

CD31 (PECAM1) VEGFR-3

LYVE-1 CCL21

CD68 negativitya CD45 (PTPRC)b

Initiation of valve formation

GATA2 Ephrin type B2 (EFNB2)

FOXC2 Prox1

Glymphatic and astrocytic markers

Aquaporin 4

Lymphatic valve maturation

Integrin alpha-9 (ITGA9) Fibronectin 1 (FN1)

Connexin 43 (GJA1)c

Lymphedema

VEGF-Cd VEGFR-3 (or FLT4)e

FOXC2f GATA2e

CCBE1e GJC2e

aAccording to [119], the absence of CD68 positivity on Lyve-1

positive structures has been noted.
bAccording to [257], a striking colocalization of CD45(+) leukocytes

with the developing lymphatics has been noted in mice.
cAccording to [258], astrocytes lacking GJA1 showed reduced Apoe

protein levels as well as impaired amyloid-beta phagocytosis.
dVEGF-C exposure increases the diameter of meningeal lymphatic

vessels; the latter completely fail to develop upon VEGF-C and

VEGFD inhibition.
eMutant gene forms, with functional, missense mutations linked to

lymphedema.
fMarker of initiation of valve formation, and mutant gene forms linked

to lymphedema-distichiasis syndrome.

Source: Gene markers based on previous reports from

[60, 119, 131, 257, 259–265] and Online Mendelian Inheritance for

Man Database (www.omim.org) (Accessed January 2019).
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Using the available technical replicates derived from

these iPSCs, our reanalysis did not reveal statistically sig-

nificant differences in the expression of genes of interest in

iPSCs, neurons, and astrocytes (data not shown); this was

based on searches on all gene markers presented in Table 2.

It should be noted, however, that some of these gene mar-

kers may not be uniquely expressed in lymphatic endothe-

lial cells. Interestingly, in the microglial cells, we found

statistically significant differences between the APOE4 and

APOE3 knock-in cells in the expression of several genes

related to features of lymphatic vessels (Fig. 2). In the

APOE4 knock-in cells, we detected significantly decreased

levels of expression of CCBE1 (a marker linked to lym-

phedema) and PDPN (adjusted p values ≤ 0.05, in both

cases), and significantly increased levels of CD68 (a marker

whose absence of detection during immunohistochemistry

staining is linked to features of lymphatic vessels), as well

as, PECAM1, compared with the APOE3 parental cells

(adjusted p value ≤ 0.05, in both cases). Collectively, except

for PECAM1, these findings indicate a more pronounced

presence of RNA transcripts corresponding to lymphatic or

lymphatic-related markers in cells expressing APOE3 than

in cells expressing APOE4 (Fig. 2).

To avoid the possibility of selective reporting bias in our

reanalysis, we performed a systematic query to identify

other studies in the GEO database focusing on human-

derived samples and APOE (Appendix). Twenty-two GEO

datasets were identified in total, including the one described

above (GSE102956). Fourteen datasets were excluded for

various reasons (for the reasons of exclusion, see Supple-

mentary File 1). A total of eight datasets were ultimately

considered, including GSE102956 described above (Sup-

plementary File 1). Of interest, we found an additional

in vitro study [169] (GSE117588) in which iPSCs were

derived from individuals with sporadic AD who had the

APOE4 (e4/e4) genotype. Parental iPSC lines were then

edited to APOE3 (e3/e3) genotype, and cerebral organoids

(with neural progenitor cells) were generated from each of

the lines; arguably, this is more relevant to AD pathology.

Using this dataset, we identified significant differences in

the differential expression of a range of genes related to

lymphatic cells in the APOE4 vs. the non-APOE4 cells.

Specifically, we found that APOE4 cells of the cerebral

organoids showed significant decreases in the expression

levels of EFNB2, VEGFR-3 (FLT4), FN1, ITGA9, LYVE1,

PDPN, PECAM1, and PTPRC (all with adjusted p values ≤

Fig. 2 Box and whisker plots showing meningeal lymphatic mar-

ker expression levels in iPSC-derived APOE4 and APOE3 (con-

trol) knock-in cells, with iPSCs being derived from an unaffected

subject carrying APOE3 alleles, in which cells were gene edited

using CRISPR/Cas9 to generate APOE4 iPSCs from parental

APOE3 cells, and isogenic iPSCs were then differentiated into

neurons, astrocytes, and microglia-like cells. Normalized gene

expression of meningeal lymphatic markers and related genes in cells

expressing knock-in of either non-APOE4 (blue) or APOE4 (yellow).

Differentially expressed genes are marked with an asterisk to indicate

statistical significance: asterisk (*) for false discovery rate (FDR) ≤

0.05; double asterisks (**) for FDR ≤ 0.01; and triple asterisks (***)

for FDR ≤ 0.001. The perpendicular bars represent the standard

deviation (SD). Based on reanalysis of data from the published source

in [163]. Please note that the scale of the graph may differ between the

different depicted genes.
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0.001), as well as, GJA1 (adjusted p value ≤ 0.05) (Fig. 3).

We observed, though, a significant increase in the house-

keeping gene glyceraldehyde 3-phosphate dehydrogenase

(data not shown) in the non-APOE4 cells, which might raise

concerns on the degree of validity in the current analysis.

However, some authors have expressed concerns about

accounting for housekeeping genes in genome-wide RNA-

Seq analyses, thus suggesting global normalizations rather

than normalizations based on housekeeping genes (for a

discussion on this issue, see [170]).

In parallel to this, we did not find significant differences in

the differential expression of genes of interest in studies from

human tissues, such as in (GSE48350) [171] (Supplementary

Fig. 1), in (GSE106241) [172] (Supplementary Fig. 2), or in

(GSE125050) [173] (Supplementary Fig. 3) aside from the

PDPN gene in (GSE29652) [174] (Supplementary Fig. 4).

This could indicate that, contrary to the isogenic conditions

of in vitro studies on APOE4 vs. APOE3, other parameters

(e.g., stage of disease, gender, and age) could have decreased

the power of analysis by adding significant non-APOE-

relevant variation. Finally, lack of replication in the SAGE-

based study (GSE6677) [175] (Supplementary Fig. 5) pre-

cluded a statistical analysis of the data (for further details on

the reanalyzed studies, see Supplementary File 2).

Although the above studies are limited in their ability to

predict true anatomical effects, a logical extension of our

initial results is that the APOE3-expressing cells exhibit

more prevalent characteristics of lymphatic cells than

APOE4-expressing cells. Furthermore, in APOE4-expres-

sing cells, we observed reduced expression of gene markers

linked to peripheral lymphedema (e.g., VEGFR3 (FLT4)

[176]) or lymphatic valve formation (e.g., FN1 [177], GJA1

[178, 179], and ITGA9 [180]). Together, these findings

indicate a deficient effect of APOE4 on certain, iPSCs-

derived, lymphatics-related functions.

Assessing the relevance of reanalyzed data on CNS
lymphatic biology

Could these insights, which are based on transcriptomic

data obtained from iPSCs, be relevant to CNS lymphatics

biology? Extensive experimental research on the effects of

APOE4 on peripheral or CNS lymphatic endothelial cells/

vessels is required before drawing any certain conclusion.

With regard to the first set of data (Fig. 2), a major con-

sideration was that microglia should not express AQP4

(classical marker of astrocyte endfeet in the brain) or

PECAM1 (classical marker of brain vascular endothelial

Fig. 3 Box and whisker plots showing meningeal lymphatic mar-

ker expression levels in iPSCs derived from individuals with

sporadic AD APOE4 (e4/e4) genotype, with parental iPSCs lines

edited to E3 (e3/e3) genotype, and cerebral organoids generated

from each of the lines. Normalized gene expression of meningeal

lymphatic markers and related genes in cells expressing knock-in of

either non-APOE4 (blue) or APOE4 (yellow). Differentially expressed

genes are marked with an asterisk to indicate statistical significance:

asterisk (*) for false discovery rate (FDR) ≤ 0.05; double asterisks (**)

for FDR ≤ 0.01; and triple asterisks (***) for FDR ≤ 0.001. The per-

pendicular bars represent the standard deviation (SD). Based on rea-

nalysis of data from the published source in [211]. Please note that the

scale of the graph may differ between the different depicted genes.
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cell). This is because, at the single-cell level, the transcripts

for PECAM1 in vascular endothelial cells (either of blood or

lymphatic origin) and for AQP4 in astrocytes are a hundred,

if not a thousand, times higher than in microglia. This

consideration could hinder the interpretation of the results

regarding iPSC-derived microglia.

Another issue, in the studies that we reanalyzed, was the

ontogenetic stage at which the APOE4-knock-in iPSC-

derived cells started to express PECAM1, PDPN, CCL21,

LYVE-1, FLT4, and PROX1, at similar transcript levels to

lymphatic endothelial cells. This is a relevant issue because

the above APOE4-knock-in cells may not directly reflect the

physiology of lymphatic endothelial cells.

The notions of attenuated lymphaticness,
meningeal lymphedema, and lymphosclerosis in
APOE4-related AD

Despite these considerations, the preliminary findings of our

reanalyses, regardless of the origin of iPSCs, point toward

higher expression of RNA transcripts corresponding to

lymphatic or lymphatic-related markers in APOE3 vs.

APOE4 cells. Thus, despite the distinct genetic signature

and function of meningeal lymphatic vessels, our data

suggest that APOE4-related AD may be linked to attenuated

lymphatic features, such as shrinkage of meningeal lym-

phatic vessels, weakened function of meningeal lymphatic

valves, and, in turn, reduced lymphatic flow. Taking this

further, and in line with previous findings on ageing in

rodents [131], we propose to label these APOE4-mediated

cellular events with the term attenuated lymphaticness.

Accordingly, if meningeal lymphatic vessels undergo

alterations resembling lymphosclerosis (as previously

defined in [181, 182]), the CSF after the exchange of solutes

and cells with ISF coming through the efferent glymphatic

system (a term we wish to describe as glymph) could be

obstructed in terms of their flow, causing local stagnation

(i.e., meningeal lymphedema). Whether or not this menin-

geal lymphedema could affect the removal of cellular deb-

ris, amyloid-beta, and tau, is an issue worth exploring in

future studies. Early evidence suggests that the meningeal

lymphatic system may be implicated in the clearance of

such elements [15, 184–186–187].

According to field experts, lymphosclerosis can be

classified into four groups based on severity: (a) thin

(translucent) and expandable lymphatic-vessel walls, and

identifiable lumen (s0); (b) thin (white) and expandable

lymphatic-vessel walls wall, and identifiable lumen (s1); (c)

thick (white) nonexpandable lymphatic-vessel walls, and

identifiable lumen (s2); and (d) very thick (white), non-

expandable lymphatic-vessel walls with nonidentifiable

lumen (s3) [188].

Detailed anatomical and mechanistic studies are needed

to further support our proposed model of lymphosclerosis

(Fig. 1), and to determine which of the above four cate-

gories it fits. However, partial support comes from (a) recent

evidence showing that amyloid-beta causes constriction of

brain capillaries in a pericyte-mediated manner [26], and (b)

from the close association of blood capillaries with lym-

phatic vessels, at least in the peripheral lymphatic system

[166]. Additional support comes from studies on the basal

meningeal lymphatic cells in ageing rodents, as outlined

above [131] (based on findings from [189, 190]). Others

have reported differences between dilated lymphatic vessels

(ectatic type) and nondilated lymphatic vessels with thick-

ened walls (contraction/sclerotic type). Therefore, two dif-

ferent characteristics of lymphatic vessels—diameter and

sclerosis—should be evaluated [181]. Thus, in parallel to

the potential presence of meningeal lymphatic hyperplasia

in APOE4-mediated AD, additional evidence should be

provided on the presence or lack of markers of meningeal

lymphosclerosis.

To this end, it would be tempting to derive speculations

from the observation that, in peripheral lymphedema, an

arrest of lymphatic contraction occurs in late stages of the

disease; notably, this arrest is characterized by a gradual

decrease in the contraction amplitude (but unaltered fre-

quency of contraction) of the collecting lymphatic vessels

[190]. Nevertheless, the negative effects of the ligation of

deep cervical lymph nodes, or of lymphosclerosis (if it is

perceived as the functional analog of the mechanical liga-

tion of lymph nodes) on AD may be disease-specific [186].

Notably, in the experimental autoimmune encephalitis

model of MS, in which meningeal lymphatic vessels are not

submitted to expansion (lymphangiogenesis), the obstruc-

tion of these vessels is linked to a reduction in brain reactive

T-cell-mediated inflammation and amelioration of the dis-

ease phenotype [191, 192].

Potential alternative explanations for our proposed
conceptual framework

Another possibility could be that the altered neuroin-

flammatory response [21, 24, 193] and proinflammatory

mediator levels (such as chitinase-3-like protein 1, and

several cytokines, such as TNF-alpha, interleukin-1 receptor

antagonist, and complement component C1q and 3) in the

CSF of patients with AD [195–196] may be caused by

abnormal microglial function [197]. Interestingly, although

certain microglial types confer resistance to neurodegen-

eration [198], and higher resistance to certain regions, such

as cerebellum and white matter [199], the so-called mor-

phologically activated microglia exerts an influence on

neurodegeneration that could be similar to the one caused
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by APOE4 [200]. Therefore, in line with recent findings on

APOE4’s role in microglial activation [201], APOE4-

mediated neuroinflammatory response and proinflammatory

cytokines may ultimately influence CNS lymphatic-vessel

drainage capacity, and disturb the composition and

exchange of both CSF and ISF macromolecules, as well as

CNS immunity.

Framing of our conceptual framework into the
broader evidence regarding AD pathogenesis

Given the lack of studies exploring the role of APOE4 in

meningeal lymphatic function, additional evidence will be

needed to explore the concepts presented here. Of note, our

informed hypothesis on the APOE4-mediated meningeal

lymphedema may not be entirely surprising, considering

that (a) APOE4 may exercise its effects in a pathway that

involves the vascular endothelial growth factor (VEGF),

and VEGF upregulation can reverse APOE4 pathology

[202], and (b) VEGF-C administration can restore menin-

geal lymphatic-vessel pathology in aged mice [15]. Given

that APOE4 is a principal genetic factor for AD, elucidating

its role in AD remains pivotal, similarly to the roles of chief

risk factors in other diseases (e.g., mechanistic investiga-

tions on the FTO region, which has the strongest genetic

links to obesity [203]).

More broadly, our conceptual framework also raises the

questions: why APOE4 has not been associated with per-

ipheral edema? Why has APOE4 been discussed almost

exclusively in relation to meningeal lymphedema? Based on

data (not shown) that we extracted from the Human Protein

Atlas [204], APOE seems to be predominantly expressed at

high levels in cerebral cortex, hippocampus, caudate

nucleus, and adrenal medulla. All these tissues share com-

mon embryological origins. Therefore, the downstream

effects of APOE would most likely be pertinent to these

tissues.

As previously reviewed [60], it is also still unclear how

meningeal lymphatic vessels respond to, and also control,

the high levels of amyloid-beta contained in the brain fluids

of patients with AD. Possibilities include poor drainage of

the CSF, decreased paravascular clearance through the

glymphatic system, and/or decreased clearance through the

meningeal lymphatic system [60]. These questions become

now highly relevant in light of the fact that disruption of

meningeal lymphatic vessels in an AD mouse model leads

to amyloid-beta deposits in the meninges [15]. Thus, we

suggest that future studies should clarify the involvement

and mechanisms through which APOE4 influences

amyloid-beta deposition in the meninges.

Unfortunately, no study in humans has yet linked levels

of the well-established and emerging serum/CSF bio-

markers of AD (i.e., tau protein, phosphorylated tau-181,

neurogranin, chitinase-3-like protein 1, neurofilament light,

synaptosomal-associated protein-25, amyloid-beta-40 and

amyloid-beta-42 isoforms, visinin-like protein 1, and blood

alpha-2 macroglobulin [193, 206–210–211]) with altera-

tions of the meningeal lymphatic system. This could be

clarified by using advanced microscopy techniques (e.g.,

cryo-electron microscopy) of APOE4-expressing cells to

elucidate abnormalities in the morphology of blood vascu-

lature and lymphatic systems. In addition, 7-tesla MRI

imaging [129] could enable a comparison of vessel diameter

between patients with AD with or without the APOE4

isoform [129].

Lastly, given the single-nucleotide variation difference

between APOE3 and APOE4 (Fig. 1), genome editing by

CRISPR/Cas9, similar to applications in other neurological

diseases (reviewed in [62, 212]), could offer novel oppor-

tunities for the study of APOE4-mediated pathogenetic

mechanisms [44].

Major challenges and limitations

The data and conceptual framework discussed here must be

interpreted in light of the following considerations. First,

regulation of the transcriptome in one cell type does not

necessarily reflect the modulation of the same genes in

neighboring cells. Therefore, caution should be applied on

how change in the analyzed cells reflects those in actual

meningeal lymphatic endothelial cells. Potentially, the

APOE4-mediated effects on meningeal lymphatic cells

could be the outcome of a crosstalk between intra- and

intercellular interactions between lymphatic endothelial

cells, as also observed in developmental stages of the fetal

and postnatal period [213]. Second, the technical difficulties

associated with the assessment of the differences in post-

mortem brain specimens between APOE4 vs. non-APOE4

patients with AD pose a major challenge in the proposed

conceptual framework; for instance, histological fixation

may affect the diameter of lymphatic vessels, suggesting

that rapid freezing of tissues may be critical in future

experiments. Third, the in vitro studies analyzed here

compared the APOE3- with the APOE4-expressing cells;

however, the feasible addition of a knock-in cell (e.g., with

APOE2 genotype) would have been a valuable control.

Doing so would be essential to draw further conclusions

concerning the differential effects of APOE3 and APOE4 on

the expression of the analyzed genes.

An important clinical consideration is that some of the

lymphatic-vessel-associated genes examined here may not

be specific to the meningeal lymphatic vessels, and that

large changes in their expression levels in lymphatic

endothelial cells would cause lymphedema. However, there

are no available data on the higher incidence of peripheral
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lymphedema in patients with mutated APOE4, or in patients

with AD. The tissue-specific expression of APOE implies

that the effects of APOE will most likely be exerted in

brain-related tissues. Moreover, it would be crucial to link

experimental data derived from this conceptual framework

with impaired functional connectivity in AD, and with

cellular surrogates of AD-related cognitive decline.

Given that peripheral lymphatic vessels in the small

intestine contribute to the transport of lipids to the circula-

tory system [214], it is likely that meningeal lymphatic

vessels similarly remove fatty acids from brain parenchyma.

Although the mechanism for the metabolism of fatty acids

in hyperactive neurons has been recently elucidated

(according to this mechanism, fatty acids coupled with

ApoE-positive lipid droplets are discarded from neurons,

endocytosed by neighboring astrocytes, and metabolized

through oxidative phosphorylation, ultimately leading to

activation of molecular pathways to overcome fatty acid

toxicity, and, in turn, protect neuronal function [215]), its

relevance for AD neurodegeneration requires further

investigation. The above is significant, granted that the

majority of differences in the brain transcriptome of patients

with AD can be attributed to alterations of gene expression

in excitatory neurons (along with those in oligodendrocytes)

[216]. However, whether the potential role of meningeal

lymphatic vessels in brain fatty acid metabolism is affected

by APOE4 (both with regard to APOE4 lipid droplets and

our concept on meningeal lymphatic-vessel architecture in

APOE4-related AD) might be hard to interpret.

We also wish to point out that conducting single-cell

studies from the prefrontal cortex of patients with AD (as in

[216]) may not be directly relevant to meningeal lymphatic-

vessel physiology, given that meningeal lymphatic cells do

not cross the brain parenchyma but, most likely, receive

fluid from the glymphatic system that does communicate

with the brain parenchyma (for a review on CNS vascu-

lature, see [217]). This lack of relevance could be attributed

to (a) the fact that only brain parenchyma-traversing vas-

cular structures exist in the prefrontal cortex, (b) technical

challenges, because of the small, statistically underpowered

number of each category of cells, and (c) the difficulty to

control for common factors, such as age and gender. Of

note, we conducted a preliminary reanalysis on the above

single-cell transcriptomics study [216], where we mapped

the APOE genotypes to individual cells. This reanalysis

revealed a bias of APOE4 allele-carrying patients for higher

Braak stages, a method to classify the severity of AD based

on autopsy findings. Notably, no samples with Braak stage

1 or 2 have the APOE4 allele, and no non-APOE4 samples

have Braak stage VI. Mitigation of this bias might be

possible in more abundant cell types (e.g., microglia, neu-

rons, astrocytes, and oligodendrocytes) by limiting the

analysis to the middle of severity level (i.e., where both

genotypes are present). However, the latter approach is not

equally possible in the two major cell populations of

interest, namely pericytes and endothelial cells, because of

their much smaller numbers (Supplementary File 3). Col-

lectively, the above single-cell transcriptomic study [216]

might have been biased, given that a) all APOE4 samples

were also high-severity samples (as assessed using Braak

stages), and b) only AD samples were examined, with no

healthy controls but mere separation based on no or little

pathology group and mild-to-severe pathology group.

Moreover, with regards to recent findings on basal

meningeal lymphatic vessels [131], distinguishing the

potential effects of APOE isoforms on basal vs. dorsal

meningeal lymphatic vessels would also be of importance.

Finally, in light of the very recently deciphered molecular

anatomical connections between meninges and the skull,

deciphering the complexity of meningeal architecture and

how the latter could affect processes of neuroinflammation

and neurodegeneration (including AD) will be of crucial

importance [218].

Conclusions and future perspectives

The study of meningeal lymphatics will hopefully improve

our understanding of AD. Indeed, the evidence discussed

here raises fascinating questions about the connection

between APOE4 and the meningeal lymphatic system in

AD. Deciphering the role of APOE4, the strongest known

genetic link to AD, in the meningeal lymphatic system,

could reveal a missing link in our understanding of the

etiology and pathology of AD. The suggested association

between APOE4 and molecules of the VEGF pathway, if

further validated, could provide further insights into the

demonstrated link between VEGF ligand and receptor genes

with the cognitive decline and neuropathology of AD,

although the precise mechanisms involved remain to be

investigated [219].

More broadly, by considering (a) the recent observations

on capillary vasoconstriction in AD [26], (b) the neuronal/

astrocytic metabolism of fatty acids coupled with the

established role of lymphatic vessels (at least in the per-

ipheral system) for fatty acid transportation [215], (c) the

inverse epidemiologic associations of AD with diets with

low input of saturated fats (e.g., Mediterranean diet) [220],

and (d) the absence of AD-like alterations in nonhuman

primates [221], we could conceptually describe late-onset

AD as an evolutionarily human-specific disease, in which

several epidemiologic factors (such as modern Western

lifestyle) exert a profound impact on a human-specific

variant APOE4. In addition, lymphatic vessels share com-

mon features with other types of vessels; therefore, this

conceptual framework on meningeal lymphatic cells
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(especially its aspect on lymphosclerosis) could be aligned

with previous calls for further studies addressing how

environmental factors affect, in both common and distinct

ways, arterial (atherosclerosis), and venous capillaries

(capillary vasoconstriction) in the skull region [26, 222].

Our conceptual framework, if further verified by addi-

tional, intensive mechanistic studies, could serve as a pre-

lude to the development of CSF-implicating therapeutics in

AD and other neurodegenerative disorders. Indeed, recent

studies have demonstrated a broad, previously unexpected

role of CSF in various brain pathologies [223], while

intrathecal administration of medications was employed

successfully in major neurogenetic disorders [224]. There-

fore, we speculate that intrathecal administration of VEGF

or other agents might restore normal anatomy and function

of meningeal lymphatic vessels in AD, allowing passage of

glymphatic and lymphatic fluid into the cervical lymph

nodes and proper processing of its content by the resident

FDCs. Interestingly, successful therapies involving cervical

and other lymph nodes, potentially including FDCs, have

been applied in other neurological diseases (e.g., the use of

fingolimod in MS [225]).

We hope that this novel conceptual framework, coupled

with previous and future findings, may help develop the

notion of meningeal lymphedema and lymphosclerosis in

APOE4-related AD. In a broader context, informed

hypotheses such as this could assist in the integration of

epidemiologic data (such as the role of low-lipid diets in

AD) with molecular signaling data (APOE4-donwstream

events). Finally, our approach highlights the power of rea-

nalyzing open data to produce new perspectives in the

precision medicine era [167, 226].
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Appendix

Identification of studies, and differential expression
(re)analyses

To identify studies in which we could reanalyze samples

with AD based on APOE4 vs. APOE3 phenotype, we

searched for all studies present on the GEO (https://www.

ncbi.nlm.nih.gov/geo/) until June 1, 2019 focusing on

APOE in humans. More specifically, the URL to the query

used to perform the search is https://www.ncbi.nlm.nih.gov/

gds/?term=(apoe)%20AND%20%22Homo%20sapiens%

22[porgn]%20AND%20(%22gse%22[Filter]). Overall, 22

datasets were identified (see Supplementary File 1 for

included and excluded studies).

In general, a systematic meta-analysis of multiple studies

pulled into a single dataset can increase the power to detect

DE genes due to a larger sample size. However, the studies

identified from the above GEO search originated from cri-

tically different experimental systems ranging from biopsies

and iPSC lines to brain organoids, making these studies not

comparable. Hence, forcing such different studies into a

meta-analysis might not be meaningful. Indeed, combining

datasets merely aiming to create a bigger dataset could lead

to a number of biases [227]; as such, we considered all

individual studies. For the description of specific studies

identified through the query and exclusion criteria, see

Supplementary File 1. For each of the respective studies,

expression values were downloaded from the GEO reposi-

tory. Whenever possible, using the preprocessed values

deposited by the authors was preferred in favor of the

raw data.

With regards to microarray-based studies, distribution of

expression values across all genes within each sample was

visually examined to establish whether the data had been

normalized prior to submission. If necessary, raw intensities

were log2-transformed and normalized using the quantile

normalization method from the affyPLM package [228].

Probes without gene annotation were removed. Differential

expression analysis was conducted using limma package
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[228]. Gene expression was modeled jointly for all samples

in a given study, for which the APOE genotype status was

available. The test contrast was set between samples con-

taining at least one APOE4 allele (e4 group) and those

containing no such allele (no e4 group). Additional vari-

ables, such as Braak stage, gender, and age, were included

in the model, whenever reported. To take into account the

false discovery rate, adjusted p value was computed by

Benjamini–Hochberg method on the genes of interest pre-

sent within the study [229].

With regards to RNA-Seq studies, gene count matrices

were downloaded from the GEO repository (based on their

accession numbers from corresponding studies), and pro-

cessed using edgeR package [230]. Genes with low

expression levels were removed, as a result of our

requirement for, at least five reads, in at least three samples.

In the study GSE125050, which contained several samples

with low library sizes, we additionally removed samples

that had less than 10,000 genes with at least five reads, in

order to ensure a minimal library complexity. Normalization

factors were then calculated using the trimmed mean of M

values method in edgeR package [230]. These normal-

ization factors were used to calculate effective library sizes,

in turn used to calculate normalized CPM values for genes

of interest and visualized as boxplots and a heatmap. Dif-

ferential expression testing was carried out using edgeR’s

quasi-likelihood framework [231]. Setting of test contrasts

and inclusion of additional variables were conducted, as

described above for microarray-based studies. Raw p values

were adjusted for multiple testing by applying the

Benjamini–Hochberg method [229] on the genes of interest.

Concerning the analysis of SAGE-based dataset

(GSE6677), mappings between SAGE tags and genes were

downloaded from SAGEmap database (ftp://ftp.ncbi.nlm.

nih.gov/pub/sage/mappings/SAGEmap_Hs_NlaIII_10_

best.gz). No statistical analysis of the data was performed

due to the lack of replication. Expression was visualized

using scatter plots. For genes that had more than one

associated tag, all counts for tags were plotted, and color

was used to distinguish between different tags within the

same gene.

With regard to the single-cell RNA-Seq studies, single-

nucleus RNA-Seq profiling data from prefrontal cortex of

patients with AD were obtained from the ROSMAP study

(https://www.synapse.org/#!Synapse:syn18485175), after

approval of request from the synapse access and compliance

team, and in alignment with a previous study [232]. Clinical

information for the participants, including the APOE gen-

otype, was obtained from https://www.synapse.org/#!Syna

pse:syn3191087. We assigned the APOE genotype to each

cell by matching via patient ID and calculated number of

cells with a given genotype within each cell type.
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