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Age-related alterations in meningeal immunity drive
impaired CNS lymphatic drainage

Justin Rustenhoven®>*4@®, Georgios Pavlou”*®, Steffen E. Storck»>*@®, Taitea Dykstra®?@®, Siling Du»>*®, Zhengpeng Wan>@®, Daniel Quintero™?@®,
Joshua P. Scallan’@®, Igor Smirnov?@®, Roger D. Kamm>8@®, and Jonathan Kipnis??°@®

The meningeal lymphatic network enables the drainage of cerebrospinal fluid (CSF) and facilitates the removal of central
nervous system (CNS) waste. During aging and in Alzheimer’s disease, impaired meningeal lymphatic drainage promotes the
buildup of toxic misfolded proteins in the CNS. Reversing this age-related dysfunction represents a promising strategy to
augment CNS waste clearance; however, the mechanisms underlying this decline remain elusive. Here, we demonstrate that
age-related alterations in meningeal immunity underlie this lymphatic impairment. Single-cell RNA sequencing of meningeal
lymphatic endothelial cells from aged mice revealed their response to IFNy, which was increased in the aged meninges due to

T cell accumulation. Chronic elevation of meningeal IFNy in young mice via AAV-mediated overexpression attenuated CSF
drainage—comparable to the deficits observed in aged mice. Therapeutically, IFNy neutralization alleviated age-related
impairments in meningeal lymphatic function. These data suggest manipulation of meningeal immunity as a viable approach
to normalize CSF drainage and alleviate the neurological deficits associated with impaired waste removal.

Introduction
Many neurodegenerative diseases are associated with a failure to
clear misfolded proteins promoting their accumulation in the
central nervous system (CNS), neuronal dysfunction, and cogni-
tive deficits (Boland et al., 2018; Zlokovic, 2005). In peripheral
tissues, such matter is typically cleared via tissue-resident lym-
phatic networks that drain interstitial fluid (ISF), enabling waste
removal and immune surveillance (Oliver et al., 2020). While the
brain parenchyma lacks lymphatic vasculature, this network ex-
ists in the meninges, triple-layered membranes that surround the
CNS (Absinta et al., 2017; Aspelund et al., 2015; Louveau et al.,
2015). By flushing the ISF out of the brain into the cerebrospinal
fluid (CSF)—termed the “glymphatic” system—tissue waste is
continuously exchanged with the CSF (Iliff et al., 2012). This waste
is subsequently effluxed to the dura where it can be drained via a
lymphatic network into deep and superficial cervical lymph no-
des, thus enabling CNS waste removal (Rustenhoven et al., 202;
Louveau et al., 2018; Ringstad and Eide, 2020; Ahn et al., 2019).
Aging is the major risk factor for the development of
late-onset sporadic neurodegenerative diseases, including

Alzheimer’s disease (AD) and Parkinson’s disease, both of which
display pathological protein accumulation in the CNS that is
believed to contribute to neuronal death (Boland et al., 2018; Hou
et al., 2019). Critically, meningeal lymphatic function is signifi-
cantly perturbed during aging, resulting in a failure of CSF
drainage (Ahn et al., 2019; Da Mesquita et al., 2018). This deficit
in lymphatics is less pronounced in other peripheral tissues
including the skin, trachea, and diaphragm, suggesting a unique
sensitivity of the meningeal lymphatic network in age-related
decline (Ahn et al., 2019).

The meningeal lymphatic network draining CSF is situated
almost exclusively flanking large vascular structures in the
meninges, called the dural sinuses (Absinta et al., 2017; Louveau
et al,, 2015; Antila et al., 2017). We recently identified the dural
sinuses as highly orchestrated immunological hubs that selec-
tively permit T cell trafficking through a specialized stromal
niche (Rustenhoven et al., 2021). These sites also preferentially
enable CSF access into the dural meninges for subsequent
lymphatic drainage (Rustenhoven et al., 2021). During aging, the
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stromal composition of the dural sinuses is altered, resulting in
elevated leukocyte adhesion molecules and deposition of T cell-
retention factors, which coincided with substantial immune cell
alterations, particularly T cell accumulation (Rustenhoven et al.,
2021). These T cells can secrete various cytokines, including IL-
4, IL-17, and IFNy that, under homeostasis, contribute to ho-
meostatic CNS functions through direct neuronal signaling
(Alves de Lima et al., 2020a; Salvador et al., 2021; Herz et al.,
2021; Filiano et al., 2016). However, such T cell-derived
cytokines—particularly in elevated states following pathologies—
may also contribute to impaired lymphatic function (Shin et al.,
2015; Kataru et al., 2011).

Improving lymphatic drainage may have significant benefits
in promoting the clearance of misfolded, disease-related pro-
teins in age-related neurodegenerative disease, including amy-
loid B (AB) and tau in AD (Da Mesquita et al., 2018, 2021; Patel
et al., 2019), and a synuclein in Parkinson’s disease (Ding et al.,
2021; Zou et al., 2019). Surprisingly, the cause of this age-related
meningeal lymphatic decline remains largely unexplored.
Identifying factors that promote their decline, and indeed
mechanisms to reverse this could enable the development of
attractive therapeutic interventions. Here, we identify an age-
related meningeal lymphatic signature characterized by re-
sponsiveness to IFNy signaling. We demonstrate that aging results
in elevated meningeal IFNy expression driven by CD4 and CD8
T cells, that this signaling axis directly impairs lymphatic
function, and that neutralization of IFNY in aged mice alleviates
age-related meningeal lymphatic dysfunction.

Results and discussion

Aging is associated with a decline in meningeal lymphatic
function, resulting in attenuated drainage of CSF to deep cervical
lymph nodes (dCLNs; Ahn et al., 2019; Da Mesquita et al., 2018).
However, the mechanisms responsible for this decline remain
elusive. To determine potential mediators underlying age-
related meningeal lymphatic dysfunction in a non-bias screen,
we performed deep (1 million reads/cell) single-cell sequencing
of FACS-enriched viable CD45- PDPN* LYVE1* CD31* lymphatic
endothelial cells (LECs) from the dura of young and aged mice
(Fig. 1 A). t-distributed stochastic neighbor embedding (t-SNE)
dimensionality reduction and visualization of 357 LECs from
young and aged mice demonstrated segregation by age (Fig. 1 B).
Analysis of differentially expressed genes (DEGs) in LECs iso-
lated from young and aged mice and their associated biological
processes by gene ontology (GO) demonstrated a strong age-
related induction of pathways related to antigen presentation
and cellular responsiveness to IFNy signaling (Fig. 1, C and D).
Importantly, we also observed the presence of Ifngrl and Ifngr2
on LECs, demonstrating their ability to directly respond to IFNy
signaling (Fig. 1 E).

The dural meninges, unlike the brain parenchyma, host a
rich repertoire of immune cells (Rustenhoven et al., 2021;
Mrdjen et al., 2018; Van Hove et al., 2019). Under steady-state
conditions, T cells situated in the dura—closely associated with
meningeal lymphatic vasculature—produce cytokines that
regulate mouse behavior through direct neuronal signaling
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(Salvador et al., 2021; Alves de Lima et al., 2020b). During aging,
the dural meninges display a significant expansion of both CD4
and CD8 T cells (Fig. 1, F-H), yet these retain relatively com-
parable polarization status with respect to Tbx21 (Thl), Gata3
(Th2), Rorc (Th17), and Foxp3 (regulatory T cell) phenotypes (Fig.
S1, A-E). Thi-polarized T cells are major producers of IFNy,
which we previously demonstrated to signal on aged LECs
(Fig. 1 G). To investigate whether this age-related IFNy response
in LECs could be attributed to elevated expression by conven-
tional T cells, we utilized intracellular flow cytometry and
confirmed an increased frequency of IFNy-producing CD4 and
CD8 T cells in the aged dura (Fig. 1, I-L). To determine whether
this cytokine-producing capacity translated to elevated pro-
duction in the aged dura, we utilized Luminex analysis of mouse
dural homogenates and demonstrated a significant increase in
IFNy protein in the meninges of aged mice compared with their
young counterparts (Fig. 1 M).

These data suggested that IFNy secretion by CD4 and CD8
T cells may signal onto nearby meningeal LECs and contribute to
the age-related dysfunction in CSF drainage. To explore this
hypothesis mechanistically, we generated adeno-associated vi-
rus (AAV) 9-CMV viruses expressing GFP or IFNy and admin-
istered these to the CSF via intra-cisterna magna (i.c.m.)
injections into young 8-wk-old mice. 1 mo after viral transduc-
tion, this experimental paradigm resulted in efficient over-
expression of IFNy in the dura of young mice as confirmed by
Luminex analysis of dural homogenates (Fig. 2 A). Examination
of ic.m. delivered ovalbumin-Alexa Fluor 594 (OVA-594)
drainage to dCLNs was significantly perturbed with IFNy
overexpression (Fig. 2, B-D), reflecting the functional impair-
ment observed in aged mice (Ahn et al., 2019; Da Mesquita et al.,
2018). Importantly, efflux of OVA-594 to the dura was un-
changed with IFNy overexpression (Fig. 2, E-G), in agreement
with our previous results that meningeal lymphatic function
does not alter access of CSF to this tissue (Rustenhoven et al.,
2021). In addition to a decline in meningeal lymphatic function,
OVA-594 infiltration into the brain parenchyma (glymphatic
influx) was also reduced, as previously described for aged mice,
and that was mechanistically linked with impaired lymphatic
function (Da Mesquita et al., 2018; Kress et al., 2014; Benveniste
et al., 2019; Fig. SI, F and G). Importantly, this pathway facili-
tates the removal of brain waste into the CSF, and thus, together
with the lymphatic system, forms an essential component of
CNS clearance (Louveau et al., 2017).

To examine potential mechanisms underlying IFNy-driven
lymphatic dysfunction, we performed RNA sequencing (RNA-
seq) of in vitro cultures of mouse dermal LECs following a
semichronic 72-h treatment with IFNy. Examining the GO
pathways associated with downregulated genes, we noted
transcriptomic changes relating to the extracellular matrix or-
ganization, vascular development, and cell-cell junctions (Fig.
S3, A-D). Using the upregulated transcripts to generate an
IFNYy response signature, we also noted a significant enhance-
ment of this signature score on our LECs isolated from the aged
meninges (Fig. S3 E). Importantly, alterations in adherans
junctions in meningeal lymphatic vessels were previously
observed in aged mice (Ahn et al., 2019), and appropriate
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Figure 1. Age-related changes in meningeal lymphatics implicate T cell-derived IFNy signaling in their dysfunction. (A) Flow cytometry gating strategy
for the isolation of dural meningeal LECs. Numbers on flow plots represent the frequency (%) of the gated population. (B) t-SNE visualization of scRNA-seq
analysis of LECs isolated from the dura of young (2-3 mo) and aged (20-24 mo) mice; n = 5 individual young and old dura per experiment, n = 2 independent
experiments, 10 dura samples per age total. (C) Volcano plot demonstrating DEGs between young and aged dural LECs. (D) GO pathway analysis demon-
strating enriched pathways upregulated in aged LECs. Numbers represent the number of genes in respective pathways. (E) Dot-plot showing expression of LEC
phenotyping markers and receptors for IFNy. (F) t-SNE visualization of scRNA-seq of cells isolated from young (2-3 mo) and aged (20-24 mo) mouse dura.
Data are from Rustenhoven et al. (2021); n = 5 individual young and old dura per experiment, n = 2 independent experiments, 10 dura samples per age total.
(G) Violin plot demonstrating Ifng gene expression in meningeal cells of young and aged mice. (H) Pie chart demonstrating CD4* and CD8* T cells as a
percentage of all CD45* cells in young and aged mice from sequencing analysis. (I-L) Flow cytometry gating strategy and quantification of IFNy* CD4* or CD8*
T cells isolated from young and aged dura following in vitro stimulation for 6 h with PMA/ionomycin and brefeldin A, expressed as a percentage of specific T cell
subsets or percentage of total CD45* cell frequency. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two way-ANOVA with Sidak’s post-hoc test), n = 5 individual mice
per experiment, representative of two independent experiments. Numbers on flow plots represent the frequency (%) of the gated population. (M) Luminex
analysis of IFNy concentrations in dural homogenates from young and aged mice. *, P < 0.05 (Student’s t test), n = 5-6 individual mice per experiment,
representative of two independent experiments.

maintenance of such junctions is critical to permit functional
lymphatic drainage (Hagerling et al., 2018; Jannaway and
Scallan, 2021; Yang et al., 2019). To examine whether IFNy sig-
naling on LECs could directly impair lymphatic endothelial
junctions, we utilized in vitro cultures of mouse dermal LECs.
Following a semichronic 72-h treatment with IFNY, we observed
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significant mislocalization of VE-Cadherin—a critical mediator
of LEC adherans junctions—from its prototypical cell-cell junc-
tion expression and a significant enhancement in gaps be-
tween cells (Fig. 2, H and I). Mechanistically, such an alteration
in VE-Cadherin junction expression would lead to lymphatic
hyperpermeability at the collecting level and impair drainage of
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Figure 2. IFNy drives meningeal lymphatic junctional disruption and impairs drainage of CSF. (A) Luminex analysis for IFNy concentrations in dural
homogenates of 3-mo-old mice that received an i.c.m. injection of 2 ul of 1 x 1013 GC of AAV9-CCMV-GFP or AAV9-CCMV-IFNy at 2 mo of age. *, P < 0.05
(Student’s t test), n = 4 individual mice per experiment, representative of n = 3 independent experiments. (B-G) Immunohistochemistry and quantification of
LYVEL* lymphatic vasculature and OVA-594 coverage in the (B-D) CSF-draining dCLNs or (E-G) the dural meninges in mice that received an i.c.m. injection
of 2 plof 1 x 10?3 GC of AAV9-CCMV-GFP or AAV9-CCMV-IFNy at 2 mo of age, and an i.c.m. injection of 2.5 ul OVA-594 (1 pg/pl) 1 h prior to sacrifice at 3 mo of
age. **, P < 0.01 (Student’s t test), n = 5-10 individual mice per experiment, representative of n = 2 independent experiments. Scale bar = 300 um (B) or 2 mm
(E). (H) Immunocytochemistry of VE-Cadherin in C57BL/6 mouse primary dermal LECs treated for 24 h every 72 h with 5 ng/ml IFNy or a vehicle control. Scale
bar = 50 um. (1) Quantification of VE-Cadherin gaps between adjacent cells after application of a high threshold imaging parameter. *, P < 0.05 (Student’s
t test), n = 3 independent experiments. (J) Live imaging snapshots of 40 kD Texas Red dextran drainage in 3D microfluidic devices with human LECs cultured in
3D fibrin matrices on-chip to form luminized vessels. Scale bar = 400 pum. (K and L) Quantification of solute drainage rate over time and peak solute drainage
rate achieved in LECs treated with 2 U/ml IFNy or a vehicle control 24 h prior to application of 40 kD Texas Red dextran. ***, P < 0.001 (Student’s ¢ test),
n = 4-6 individual devices per experiment, representative of n = 2 independent experiments. (M) Immunocytochemistry of VE-Cadherin in C57BL/6 mouse
primary dermal LECs treated for 6 h with 50 ug/ml of a CD144/VE-Cadherin antibody (BV13) or IgG isotype control. Scale bar = 50 um. (N) Quantification of VE-
Cadherin gaps between adjacent cells after application of a high threshold imaging parameter. **, P < 0.01 (Student’s t test), n = 3 independent experiments.
(0) Immunohistochemistry of VE-Cadherin distribution in lymphatic dural vasculature in 2-mo-old mice that received an i.c.m. injection of 2.5 g anti-CD144 or
IgG isotype (0.5 ug/pl) 7 h prior to sacrifice, representative of n = 2 independent experiments. Scale bar = 20 um. (P-R) Immunohistochemistry and quan-
tification of LYVEL* lymphatic vasculature and OVA-594 coverage in 2-mo-old mice that received an i.c.m. injection of 2.5 pg anti-CD144 or IgG isotype (0.5 pg/pl)
7 h prior to sacrifice and an i.c.m. injection of 2.5 pg OVA-594 (1 pg/ul) 1 h prior to sacrifice. **, P < 0.01 (Student’s t test), n = 5 individual mice per experiment,
representative of n = 2 independent experiments. Scale bar = 300 pm.

ISF (Hégerling et al., 2018; Jannaway and Scallan, 2021; Yang
et al., 2019).

Alternative lymphatic alterations, including valve disruption,
or lymphatic zippering could also contribute to impaired CSF
drainage. Recently, a VEGF-A mediated zippering of dermal

lymphatic junctions—a functional shift from button junctions to
zipper junctions—was described that prevents viral dissemi-
nation through the body (Churchill et al., 2022). To explore
whether this could contribute to our observed meningeal phe-
notypes, we explored VEGF-A-producing cells in our young and
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aged single-cell RNA-seq (scRNA-seq) dataset. While a signifi-
cant induction in VEGF-A-producing mast cells and plasma cells
was observed with aging (Fig. S2, A-C), we did not observe
evidence for VEGF-A/VEGFR2 signaling on aged meningeal
lymphatics that would drive a zippering phenotype (Fig. S2, D
and E). This is consistent with the shift toward button junctions
previously observed in aged meningeal lymphatics (Ahn et al.,
2019). Additionally, using three-dimensional (3D) microfluidic
models incorporating luminized human lymphatic vasculature
and physiological hydrodynamic flow (Fig. S3, F-H), we found
that IFNy directly impaired drainage of 40 kD Texas Red dextran
(Fig. 2, J-L) and disrupted VE-Cadherin junctions (Fig. S3 I),
suggesting that IFNy can directly impair lymphatic function
without the need for any intermediate cell types.

To determine whether altered VE-Cadherin expression was
sufficient to explain the impaired lymphatic function observed
in aged mice, we utilized a specific VE-Cadherin clone (BV13)
that disrupts VE-Cadherin membrane localization (Corada et al.,
1999; Jannaway and Scallan, 2021). Using in vitro cultures, we
confirmed the disruption of VE-Cadherin membrane polariza-
tion in LECs after a 6 h treatment with the BV13 clone (Fig. 2, M
and N). We then queried whether direct disruption of VE-
Cadherin in vivo could recapitulate the IFNy-induced lym-
phatic impairment. CSF delivery of the BVI3 antibody via an
i.c.m. injection resulted in impaired VE-Cadherin polarization in
LECs in the dura matter (Fig. 2 O) and attenuated lymphatic
drainage of OVA-594 to dCLNs, mechanistically linking altered
VE-Cadherin with impaired drainage (Fig. 2, P-R). This acute
administration of BV13 antibodies would be expected to disrupt
lymphatic junctions, but not valves, arguing against the re-
quirement for lymphatic valve dysfunction to drive impaired
CSF drainage. However, this does not rule out additional long-
term mediated valve disruption by aged meningeal immunity as
an additional contributing factor. Collectively, these data suggest
that IFNy signaling directly on meningeal lymphatics can drive
altered VE-Cadherin expression, resulting in impaired lym-
phatic function in aging.

Given our data implicating IFNy in impairing lymphatic
drainage of CSF, we investigated whether its neutralization in
aged mice could improve lymphatic function. Aged mice re-
ceived i.p. injections of anti-IFNy neutralizing antibodies or IgG
isotype control every 72 h for 8 wk after which we assessed
lymphatic drainage (Fig. 3 A). While no change in lymphatic
coverage was observed in aged mice or indeed “glymphatic”
influx of CSF-delivered ovalbumin (Fig. S3, J and K), we saw
markedly improved lymphatic drainage of OVA-594 to dCLNs
(Fig. 3, B-D). These data suggest that peripheral neutralization of
IFNYy represents a feasible therapeutic target in alleviating age-
related lymphatic dysfunction, without necessarily impacting
other brain clearance systems. Importantly, it also demonstrates
that age-related meningeal lymphatic decline is reversible,
highlighting the potential for clinical translation of these find-
ings for aged or late-stage neurodegenerative disease patients.

While the development of neurodegenerative diseases such
as AD is multifactorial, improving lymphatic drainage may have
significant benefits in promoting appropriate clearance of AB
and tau that are present in the CNS and CSF of AD patients, and
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can be found in CSF-draining lymph nodes (Da Mesquita et al.,
2018, 2021; Patel et al., 2019). Further, the effectiveness of anti-
amyloid immunotherapy with aducanumab is coupled to the
functional state of the meningeal lymphatic drainage (Da
Mesquita et al., 2021), and therefore interventions that pro-
mote meningeal lymphatic function may further augment pre-
existing therapeutics. Surprisingly, the cause of meningeal
lymphatic decline that occurs in aging has been largely unex-
plored, thus, mechanisms to alleviate this dysfunction remained
elusive. Our observation of an age-related meningeal lymphatic
IFNYy response signature that impairs CSF drainage represents a
novel therapeutic avenue to alleviate their decline. While sus-
tained IFNy neutralization is unlikely to represent a direct
therapeutic approach, due to the possibility of opportunistic
pathogen infections or tumor formation, targeting components
of the meningeal immune cell repertoire are feasible. Intrathecal
administrations in humans allows direct targeting of tissues
reached by CSF, and we previously demonstrated we can spe-
cifically manipulate meningeal T cells via such an approach
(Alves de Lima et al., 2020a). Additionally, transcranial delivery
of small molecules through the cranium has proved effective in
limiting neuroinflammatory responses in the CNS borders and
reaches the dural mater (Roth et al., 2014). Additionally, unlike
the brain or leptomeningeal vasculature, the dural sinuses
which neighbor the meningeal lymphatic network are highly
permeable and do not possess blood-brain barrier properties
that limit drug accessibility, allowing easy access to systemically
delivered therapeutics (Rustenhoven et al., 2021).

Beyond implications for aging, an appreciation of factors
contributing to meningeal lymphatic decline may be valuable in
understanding the pathology of diverse neurodegenerative dis-
eases. We anticipate that the immune-driven impairments
identified here will be broadly applicable to other neurodegen-
erative diseases with inflammatory components—including AD
and Parkinson’s disease—and may represent an attractive
therapeutic approach to improve misfolded protein removal.

Materials and methods

Animals

Male or female wild-type mice (C57BL/6] background) were
bred in-house and purchased from the Jackson Laboratory
(JAX000664; WT) or provided by the National Institute of
Health/National Institute of Aging. All mice were wild-type, and
thus no backcrossing was performed. All mice were habituated
for at least 1 wk in the animal facility before the start of ex-
perimentation. All experimental comparisons with young (2-3
mo old) mice were made using littermate controls. Aged mice
(20-24 mo old) were received from the National Institute of
Health/National Institute of Aging and compared to young mice
bred in-house, as described previously. Mice were housed in a
temperature- and humidity-controlled environment with a 12 h
light/dark cycle (7:00 am-7:00 pm) and were provided with
regular rodent chow and sterilized water ad libitum. Unless
stated otherwise, mice were tested at 2-3 mo of age (young mice)
or 20-24 mo of age (old mice). Sample sizes were chosen on the
basis of a power analysis using estimates from previously
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Figure 3. IFNy neutralization improves meningeal lymphatic drainage in aged mice. (A) Schematic for the experimental paradigm of IFNy neutralization
in aged (20-24 mo old) mice. (B-D) Immunohistochemistry and quantification of LYVEL* lymphatic vasculature and OVA-594 coverage in CSF-draining dCLNs
of aged mice that received i.p. injections of 200 pg anti-IgG or anti-IFNy every 72 h for 8 wk and an i.c.m. injection of 2.5 ul OVA-594 (1 ug/ul) 1 h prior to
sacrifice. *, P < 0.05 (Student’s t test), n = 6-7 individual mice per experiment, representative of n = 3 independent experiments. Scale bar = 300 um.

published experiments. All experiments were approved by the
Institutional Animal Care and Use Committee of Washington
University in St. Louis.

l.c.m. injections

Ovalbumin conjugated to Alexa Fluor-594 (OVA-594; Thermo
Fisher Scientific) was resuspended in sterile PBS at 1 mg/ml.
Mice were anesthetized with i.p. ketamine (100 mg/ml)/xyla-
zine (10 mg/ml). The head and neck were shaved and cleaned
with iodine and 70% ethanol, and the head was mounted se-
curely in a stereotaxic frame. A small incision in the neck was
made and the muscle layers were retracted to expose the cis-
terna magna. Using a Hamilton syringe (coupled to a 33-gauge
needle), 2.5 pl of OVA-594, 5 pl of CD144 antibody (BV13 clone,
Thermo Fisher Scientific), or 5 pl of IgG control (Thermo Fisher
Scientific) was injected at a rate of 1 pl/min and left in place an
additional 2 min to prevent backflow. The syringe was retracted
and the skin sutured closed. Mice were injected subcutaneously
with 2 mg/kg ketoprofen and allowed to recover on a heat pad.
Given CSF dynamics display circadian rhythmicity, injections
for drainage measurements are performed in an alternating
manner between different groups and harvested in the same
way to ensure that no groups display an overt circadian differ-
ence. Further, we ensure that all experiments, including repli-
cations, are performed at roughly comparable times of the day to
ensure that similar circadian responses will be present.

IFNy neutralization

Aged mice (20-24 mo old) received i.p injections of 200 ug of
InVivoPlus anti-mouse IFNy (clone XMGL.2; BioXcell) or In-
VivoPlus rat IgGl isotype control (clone HRPN; BioXcell) every
72 h for 8 wk.

Immunohistochemistry and analysis

Mice were given a lethal dose of anesthetics via i.p. Euthasol
(10% vol/vol), and transcardial perfusion was performed with
0.025% heparin in PBS. For lymph node analysis, dCLNs were
resected and tissue was drop-fixed in 4% paraformaldehyde
(PFA) at 4°C for 24 h. For the vast majority of mice (>95%), a
single dCLN was present on either side of the trachea so data
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points almost exclusively represent pooled analysis from n = 2
nodes per mouse (with the exception where n = 3). Because
lateral bias of CSF drainage can be observed, only mice where
both dCLNs could be harvested were analyzed. Lymph nodes
were transferred to 30% sucrose for an additional 24 h at 4°C,
then embedded in optimal cutting temperature reagent (Thermo
Fisher Scientific), and frozen over dry ice. Lymph nodes were
cut in a cryostat (Leica CM3050 S) at 30-pm-thick sections and
mounted directly onto gelatin-coated glass slides, with ~10-20
sections per slide spanning the entirety of the lymph node.
Sections were marked using a hydrophobic pen and per-
meabilized/blocked for 30 min with PBS with 0.2% Triton-X100
(PBS-T) and 2% chicken serum (collectively termed im-
munobuffer) at room temperature. Sections were then incu-
bated overnight at 4°C with gentle agitation with Lyvel-A488
(ALY7 clone; Thermo Fisher Scientific) or Lyvel-A647 (ALY7
clone; Thermo Fisher Scientific). Sections were washed, coun-
terstained for 10 min with DAPI (1 pg/ml; Sigma-Aldrich) in
PBS-T, and coverslipped with ProLong Gold (Thermo Fisher
Scientific). Lymph nodes were imaged using a Leica Stellaris
confocal microscope or a Slideview VS200 (Olympus) wide-field
fluorescent microscope. Image analysis was performed using FIJI
plugin for Image] (National Institutes of Health). Analysis of
lymphatic drainage and Lyvel coverage in lymph nodes was
performed as described previously using thresholded OVA or
Lyvel coverage as a percentage of overall lymph node area. For
each mouse, 10-20 sections were analyzed and averaged to
generate the value for a single mouse.

For brains and meninges, mice were decapitated immediately
posterior to the occipital bone, and overlying skin and muscle
were removed from the skull. The mandibles and skull rostral to
maxillae were removed and the remaining skull was drop-fixed
in 4% PFA at 4°C for 24 h. The skull cap was then removed with
fine surgical scissors by clockwise incisions, beginning and
ending at the occipital bone, and was stored in PBS. The brain
was removed, placed in 4% PFA for an additional 24 h (48 h
total), then transferred to 30% sucrose in PBS until the brains
had completely sunk (24-48 h). Brains were embedded in opti-
mal cutting temperature and rapidly frozen over dry ice. Coro-
nal cryosections 100-pm-thick were cut on a cryostat (Leica
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CM3050 S), and free-floating sections were stored in PBS until
use. Meningeal whole mounts were prepared by careful peeling
from the skull cap using fine surgical forceps and stored in PBS.
Free-floating brain sections and meningeal whole mounts were
blocked and permeabilized for 1 h at room temperature in 24-
well plates with constant agitation using an immunobuffer.
Sections were then incubated with primary antibodies in im-
munobuffer at 4°C for 24 h with agitation, washed three times
for 10 min each in PBS-T, and if required, incubated with sec-
ondary antibodies at room temperature for 2 h with agitation.
Sections were washed once in PBS-T, incubated with DAPI in
PBS-T for 10 min, and then washed in PBS-T. Sections were
mounted onto glass slides and coverslipped with ProLong Gold.
Sections were imaged using a Leica Stellaris confocal microscope
or a Slideview VS200 (Olympus) wide-field fluorescent micro-
scope. Image analysis was performed using FIJI plugin for Image]J
(National Institutes of Health). Analysis of glymphatic influx in
brains was performed as described previously using thresholded
OVA coverage as a percentage of overall brain-slice area. For
each mouse, 10-20 brain sections were analyzed and averaged to
generate the value for a single mouse. Analysis of meningeal
Lyvel and OVA coverage was performed as described previously
using thresholded OVA or Lyvel coverage as a percentage of the
overall meningeal area.

Single-cell isolations and flow cytometry

Mice were given a lethal dose of anesthetics via i.p. Euthasol
(10% vol/vol), and transcardial perfusion was performed with
0.025% heparin in PBS. For the meninges, skull caps were ob-
tained as described in the “immunohistochemistry” procedures,
and meninges were peeled from the skull cap using fine forceps
and placed in ice-cold DMEM for the entirety of the collection.
Meninges were then digested for 15 min at 37°C with constant
agitation using 1 ml of prewarmed digestion buffer (DMEM,
with 2% FBS, 1 mg/ml collagenase VIII [Sigma-Aldrich] and
0.5 mg/ml DNase I [Sigma-Aldrich]), filtered through a 70-pm
cell strainer, and neutralized with 1 ml of complete medium
(DMEM with 10% FBS). An additional 2 ml of FACS buffer was
added, samples were centrifuged at 400 xg for 5 min, re-
suspended in FACS buffer, and kept on ice. For surface staining
only, samples were incubated with Zombie NIR (BioLegend)
Fixable Viability Kits diluted 1:500 in PBS for 15 min at 4°C.
Samples were centrifuged, resuspended in FACS buffer with
anti-CD16/32 (FC block; BioLegend), diluted 1:50 in FACS buffer,
and fluorescently conjugated with antibodies added for 20 min
at 4°C. For surface staining only, samples were washed in FACS
buffer, ran on a Cytek Aurora spectral flow cytometer (Cytek),
and analyzed using Flow]o software (Tree Star). For intracellular
staining of cytokines, cells were stimulated for 4 h at 37°C in
complete T cell media (IMDM with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, 1x non-essential amino acids, and 1x
antibiotic-antimycotic) supplemented with PMA/ionomycin cell
stimulation cocktail (eBioscience) and 1x brefeldin A (eBio-
science). Cells were incubated with Zombie NIR (BioLegend)
Fixable Viability Kits diluted 1:500 in PBS for 15 min at 4°C.
Samples were centrifuged, resuspended in FACS buffer with
anti-CD16/32 (FC block; BioLegend), diluted 1:50 in FACS buffer,
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and fluorescently conjugated antibodies were added for 20 min
at 4°C. Cells were then fixed/permeabilized with Foxp3/Tran-
scription Factor Staining Buffer Set (eBioscience) and stained for
10 min at room temperature with fluorescently conjugated an-
tibodies against intracellular antigens. Following intracellular
staining, samples were washed in FACS buffer, ran on a Cytek
Aurora spectral flow cytometer (Cytek), and analyzed using
FlowJo software (Tree Star).

FACS

For FACS of 10X Genomics scRNA-seq and plate-based FACS-
seq, single-cell suspensions were prepared from the meninges
and surface staining was performed as aforementioned, with the
exception that cells were incubated with DAPI (0.2 mg/ml)
rather than fixable viability dyes for discrimination of dead cells.
For whole-dura scRNA-seq via the 10X platform, previously
described, cells were sorted using the FACsAria II (BD Bio-
sciences) into 1% BSA-coated 1.5 ml Eppendorf tubes with
500 ml of DMEM. For FACS-seq of meningeal LECs, individual
LECs were sorted into 96-well plates containing 2 ul of 10X RNA
lysis buffer (Takara) and 5% RNAse out (Takara) and were
rapidly frozen over dry ice.

Whole dura scRNA-seq

scRNA-seq analysis of the dural meninges was performed on
samples previously described (Rustenhoven et al., 2021). Briefly, a
single-cell suspension was generated from five individual young
and old dura per experiment, two experiments, 10 dura samples
per age in total. Samples were stained with DAPI and sorted using
a BD FACSAria II (BD Biosciences). Cells were sorted as DAPI-
singlets into 1.5-ml tubes with DMEM, pelleted, viability was de-
termined using trypan blue exclusion, and they were resuspended
in 0.04% non-acetylated BSA. The sorted young and old dural
samples were loaded onto a 10X Genomics Chromium platform for
Gel Bead-in-Emulsion and cDNA generation carrying cell- and
transcript-specific barcodes, and sequencing libraries were con-
structed using the Chromium Single Cell 3’ Library & Gel Bead Kit
v3. Libraries were sequenced on the Illumina NovaSeq6000, tar-
geting a depth of 100,000 reads per cell.

Data preprocessing

Reads were aligned to the mmlO transcriptome using the Cell-
ranger software pipeline (version 4.0) provided by 10X Genomics.
The resulting filtered gene by cell matrices of UMI counts for each
sample was read into R using the read10xCounts function from the
Droplet Utils package. Filtering was applied to remove low-quality
cells by excluding cells expressing <200 or >600 unique genes,
having <1,500 or >50,000 UMI counts, as well as cells with >25%
mitochondrial gene expression. Expression values for the re-
maining cells were then merged by gene symbol into one data-
frame and normalized using the scran and scater packages. The
resulting log, values were transformed to the natural log scale for
compatibility with the Seurat (v3) pipeline.

Dimensionality reduction and clustering
The filtered and normalized matrix was used as input to the
Seurat pipeline and cells were scaled across each gene before the
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selection of the top 2,000 most highly variable genes using
variance stabilizing transformation. Principal component
analysis was conducted and an elbow plot was used to select the
first 10 principal components for t-SNE analysis and clustering.
Shared nearest neighbor clustering optimized with the Louvain
algorithm, as implemented by the Seurat FindClusters function,
was performed before manual annotation of clusters based on
expression of canonical gene markers. Clusters were then col-
lapsed based on common cell types to result in 17 clusters.

FACS-seq
For FACS-seq of meningeal LECs, dural meninges from five
young (2-3 mo) and five old (20-24 mo) mice were peeled from
the skull and processed into single-cell suspensions as previously
described. FACS was performed using an Aria IT and one cell per
well of DAPI- CD45~ CD31* PDPN* Lyvel* cells were sorted into
96-well plates containing 2 pl of 10X RNA lysis buffer (Takara)
and 5% RNAse out (Takara) and rapidly frozen over dry ice.
Library preparation was performed with 2 pl of single-cell
lysates arrayed in 96-well PCR plates. Double-stranded cDNA
(ds-cDNA) was prepared using a protocol adapted from the
Takara-Clontech SMARTer methods and scaled to a 5 pul reaction
volume. This method introduces a unique barcode upstream of
the polyA tail using a modified oligo-dT primer. Briefly, 0.5 pl of
the Takara dilution buffer with 5% RNase inhibitor and 0.25 pl
of 25 pM FACSseq barcode primer were added to the lysate and
heated to 72°C for 3 min. Then, 2.25 pl of the reverse tran-
scription master mix was added to each well with 1 pl 5x first
strand buffer, 0.125 ul 100 mM dithiothreitol, 0.25 ul 20 mM
deoxynucleoside triphosphates, 0.25 pl, 50 uM FACSseq tem-
plate switch oligo (TSO) primer, 0.125 pL RNase inhibitor, and
0.5 pl SMARTSscribe reverse transcriptase (Takara). The reaction
was incubated at 42°C for 90 min, 70°C for 10 min, then a 4°C
hold. All wells from the plate were then pooled and purified with
Ampure XP beads (Beckman Coulter) with a 1x ratio. cDNA was
eluted in 39 pl of water. cDNA was amplified using 5 ul 10x PCR
buffer, 2 pl 10 mM deoxynucleoside triphosphates, 2 pl 12 phM
FACSseq206TSO PCR primer, and 2 pl 50x Advantage 2 Poly-
merase (Takara). PCR conditions were 95°C for 1 min, 16 cycles
of 95°C for 15 s, 65°C for 30 s, 68°C for 6 min, 1 cycle of 72°C for
10 min, followed by a 4°C hold. cDNA was purified with 1.2x
Ampure bead cleanup, measured with 209 Qubit dsDNA assay,
and visualized on a bioanalyzer. cDNA was fragmented using a
Covaris E220 210 sonicator using peak incident power 18, duty
factor 20%, and cycles per burst 50 for 120 s. cDNA was blunt-
ended, had an A base added to the 3’ ends, and had Illumina
sequencing adapters ligated to the ends. Ligated fragments were
then amplified for 16 cycles using a standard Illumina i7 primer
to introduce an index sequence and FACS-seq Lib PCR 1.0 spe-
cific to fragments containing the cell barcode added during
cDNA synthesis. Fragments were sequenced on an Illumina
NextSeq using paired-end reads with 25 cycles for read 1, 7 cy-
cles for the i7 index, and 100 cycles for the paired read. The
sequencing run was performed with a custom sequencing
primer for read 1 to read the 10 bp barcode unique to each cell.
The i7 index allows for multiple plates to be sequenced together.
Read 2 contains the mRNA sequences (Table 1).
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FACS-seq analysis

Preprocessing and visualization

Sequencing was demultiplexed with a custom Python and Perl
script and then aligned to the Ensembl release 76 top-level as-
sembly with STAR version 2.5.1a. Gene counts were derived
from the number of uniquely aligned unambiguous reads by
Subread:featureCount version 1.4.6-p5. Further analysis was
performed in R. First, cells were filtered to remove any that were
three standard deviations outside the mean for either total fea-
tures or total reads. This resulted in the exclusion of 27 cells
leaving 357 for further analysis. Cells were normalized using
Seurat’s SCTransform function, regressing out total reads, total
features, and percent mitochondria. Principal component analysis
was conducted, and an elbow plot was used to select the first 11
principal components for t-SNE visualization.

Differential expression and pathway enrichment

For analysis of DEGs between conditions, each cluster was fil-
tered to include genes that had at least five transcripts in at least
five cells, then the top 2,000 highly variable genes were deter-
mined and included for further analysis using the Single-
CellExperiment modelGeneVar and getTopHVGs functions. After
filtering, observational weights for each gene were calculated
using the ZINB-WaVE zinbFit and zinbwave functions (Van den
Berge et al., 2018). These were then included in the edgeR model,
which was created with the glmFit function, by using the
glmWeightedF function (Robinson et al., 2010). Results were then
filtered using a Benjamini-Hochberg adjusted P value threshold
of <0.05 as statistically significant. Over-representation en-
richment analysis with Fisher’s exact test was used to determine
significantly enriched GO terms (adjusted P < 0.05) for the sets
of significantly DEGs. For each gene set, genes were separated
into up- and downregulated, and (Hong et al., 2013) the enrichGO
function from the clusterProfiler package was used separately
with a gene set size set between 10 and 500 genes, and P values
adjusted using the Benjamini-Hochberg correction (Yu et al.,
2012).

IFNy scoring

A signature was created by selecting genes from the bulk RNA-
seq data described below with a log fold change >4 in IFNy- vs.
PBS-treated cells (136 genes in total), and then scoring assigned
to FACS-seq LECs with Seurat’s AddModuleScore function.

In vitro murine LEC culture

C57BL/6 mouse primary LECs were purchased from Cell Bio-
logics. Cells were maintained in T25 tissue culture flasks with
gelatin-based coating solution (Cell Biologics) and Complete
Human Endothelial Cell Medium (Cell Biologics). Cells were
passaged with Trypsin/EDTA 0.25% Solution (Cell Biolgics) and
plated at 15,000 cells/cm? surface area in coated 6-well plates or
6-well chamber slides. Cells were grown ~72-96 h until a con-
fluent monolayer was formed. For cytokine treatments, cells
were treated every 24 h with vehicle (sterile PBS) or mouse IFNy
(5 ng/ml; R&D Systems) for 72 h. For antibody treatments, cells
were treated for 6 h with 50 pg/ml CD144 (VE-Cadherin) clone
BV13 (Invitrogen) or Rat IgG1 K isotype control (Invitrogen). For
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Table 1. Oligo sequences for FACS-seq analysis

Oligos

oligo sequence (5'-3')

FACS-seq barcode?

AAGCAGTGGTATCAACGCAGAGTACXXXXXXXXXXTTTTT

TTTTTTTTTTTTITTITTTITTTITITTITTVN

FACS-seq TSO

TSOAAGCAGTGGTATCAACGCAGAGTGAATIGrGrG

FACS-seq TSO PCR

PCRAAGCAGTGGTATCAACGCAGAGT

FACS-seq lib PCR 1.0

AATGATACGGCGACCACCGAGATCTACACGCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGT*A*CFACSseq

FACS-seq Custom Readl

GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC

210 Xs in the FACS-seq barcode primer indicate a 10-nt barcode made up of unique sequences for each sample to be pooled.

immunocytochemistry, at completion, cells were fixed with 4%
PFA for 15 min at room temperature, blocked/permeabilized
with immunobuffer, and immunostained at 4°C overnight in an
immunobuffer with primary antibodies and gentle agitation,
washed in immunobuffer, and if required, stained for 2 h at
room temperature with secondary antibodies in an im-
munobuffer. Cells were imaged using a Leica Stellaris confocal
microscope or a Slideview VS200 (Olympus) wide-field fluor-
escent microscope. Image analysis was performed using FIJI
software. For the determination of junctional disruption, a high-
threshold parameter was applied to segment all cell boundaries
and gaps between adjacent cells, which was determined as the
percentage of area not covered by cells.

Bulk RNA-seq

For bulk RNA-seq of in vitro cultures, C57BL/6 mouse primary
LECs were treated every 24 h with vehicle (sterile PBS) or mouse
IFNY (5 ng/ml; R&D Systems) for 72 h. At completion, RNA was
extracted using the RNAqueous-Micro Total RNA Isolation Kit
and DNAase was performed using the Invitrogen Ambion
TURBO DNA free Kit. Total RNA integrity was determined using
Agilent Bioanalyzer or 4200 Tapestation. Library preparation
was performed with 500 ng of 1 pg of total RNA. Ribosomal RNA
was removed by an RNase-H method using RiboErase kits (Kapa
Biosystems). mRNA was then fragmented in reverse transcrip-
tase buffer and heated to 94°C for 8 min. mRNA was reverse
transcribed to yield cDNA using SuperScript III RT enzyme (Life
Technologies, per the manufacturer’s instructions) and random
hexamers. A second strand reaction was performed to yield ds-
cDNA. cDNA was blunt-ended, had an A base added to the 3’
ends, and then Illumina sequencing adapters ligated to the ends.
Ligated fragments were then amplified for 12-15 cycles using
primers incorporating unique dual index tags. Fragments were
sequenced on an Illumina NovaSeq-6000 using paired-end reads
extending 150 bases.

Bulk RNA-seq analysis

Basecalls and demultiplexing were performed with Illumina’s
bcl2fastq software with a maximum of one mismatch in the
indexing read. Reads were then aligned to the Ensembl release
101 primary assembly with STAR version 2.7.9al. Gene counts
were derived from the number of uniquely aligned unambigu-
ous reads by Subread:featureCount version 2.0.32. Gene counts
were then read into R and analyzed with the edgeR package
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(Robinson et al., 2010). Filtering out genes with low expression
was done by excluding those with less than two counts per
million. Normalization factors were calculated with calcNorm-
Factors and then counts were normalized as log counts per
million before undergoing principal component analysis via
singular value decomposition. Raw counts were then used for
differential expression analysis. Dispersion was estimated with
estimateGLMRobustDisp to increase robustness against outliers
and a quasi-likelihood model was fit with glmQLFit. Expression
differential was tested with empirical Bayes quasi-likelihood
F-test and results were then filtered using a Benjamini-
Hochberg adjusted P value threshold of <0.05 as statistically
significant. Genes matching this significance threshold were
divided on the basis of up- or downregulation (Hong et al., 2013)
and used as input for GO analysis using the clusterProfiler
package (Yu et al., 2012).

In vitro human microfluidic cell culture

Human dermal lymphatic microvascular endothelial cells (CC-
2543, HDLMEC) were enriched for LECs by FACS, immortalized
as described previously (Wan et al., 2021), and transduced to
express cytoplasmic GFP by using the LentiBrite GFP control
lentiviral biosensor (EMD Millipore) following the vendor’s
protocol.

Cells were expanded in T75 flasks initially in Vasculife En-
dothelial Medium (LL-0003; Lifeline) supplemented with 8%
FBS (Invitrogen) at 37°C and 5% CO,. For the 3D microfluidic
cultures, the same media supplemented with vascular endo-
thelial growth factor-c (VEGF-C; R&D Systems), angiopoietin-1
(ANG-1; R&D Systems), and hepatocyte growth factor (HGF;
Peprotech) were used at a 50 ng/ml concentration. 3D cell cul-
ture chips (idenTx 3 Chip; AIM Biotech) were filled with a 1:1
ratio of fibrinogen (cat. no. F8630-1G; Sigma-Aldrich, stock
concentration 5 mg/ml in PBS) and thrombin (T4648-1KU;
Sigma-Aldrich, 4 U/ml final thrombin solution diluted in basal
media) to form the fibrin gel in the central region of the device
by incubating the chips for 15 min at 37°C and 5% CO,. Then the
media channel side that will host the lymphatic cells was coated
with human plasma fibronectin (EMD Millipore) at a concen-
tration of 100 pg/ml for 45 min and then washed out. Cells were
collected after washing with PBS and incubated for 5 min at 37°C
and 5% CO, with TrypLE Express (Thermo Fisher Scientific).
30 pl of 3 x 10° cells/ml suspension were attached to the side of
the gel that had previously been coated with the fibronectin by
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tilting the device at 90° for 20 min at room temperature and
then incubated at 37°C and 5% CO, overnight (day 0) with both
media channels filled with media. The following day (day 1) a
hydrostatic pressure difference across the fibrin gel of 3 cm H,0
was established by using luer connectors (AIM Biotech) to attach
3 ml syringes (BH Supplies) to the ports on the cell-free media
channel side, creating an interstitial flow through the gel toward
the lymphatic channel. Media were added daily to maintain the
pressure difference for 5 d. For the IFNy-treated samples, IFNy
(Peprotech) at 2 U/ml concentration was added on day 1 and
changed daily as described previously for the non-treated sam-
ples. Imaging was performed using an Olympus FLUOVIEW
FV1200 confocal laser scanning microscope with a 10x objective.
On the imaging day (day 5) dextran, Texas Red 40,000 MW,
Neutral (Thermo Fisher scientific) was introduced in the side of
the syringes to create a 1 cm H,O hydrostatic pressure difference
and drive a physiological flow rate of ~0.5-1.5 um/s to measure
solute drainage rates. Three to four regions of interest were
selected (four to five slices ~80 pm each to include the entire
media channel) in the lymphatic media channel side, and
z-stacks were acquired every 2 min. For normalization purposes,
the same z-stack range was acquired in the cell-free media
channel at the end of the experiment to get an average intensity
value of the media channel that is fully filled with dextran
throughout the experiment. Solute drainage rates were calcu-
lated according to
. AL 1
Solute Drainage Rate = AL

where AI, indicates the increase in the average fluorescence
intensity in the lymphatic media channel in a time interval At
and I, represents the average intensity in the cell free media
channel.

For 2D experiments with VE-Cadherin, a similar approach
was followed to that in the microfluidic devices. Media were
changed daily, and cells were fixed on day 5 and stained for VE-
Cadherin (Cell Signaling).

Quantification and statistical analysis

Statistical methods were not used to recalculate or predetermine
study sizes but were based on similar experiments previously
published (Rustenhoven et al., 2021; Cugurra et al., 2021;
Mazzitelli et al., 2022). Experiments were blinded for at least
one of the independent experiments. No data were excluded for
analysis. For all experiments, animals from different cages were
randomly assigned to different experimental groups. All in vivo
experiments were replicated in at least two independent ex-
periments, and all replication was successful. Statistical tests for
each experiment are provided in the respective figure legends.
Statistical analysis was performed using Prism (version 8.0,
GraphPad Software).

Online supplemental material

Fig. S1 shows the phenotyping of young and aged meningeal
T cells and the determination of IFNy-mediated glymphatic
function. Fig. S2 shows the examination of the VEGF-A-VEGFR2
signaling in the aged meninges. Fig. S3 shows the IFNy response
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signature in aged meningeal LECs and characterization of 3D
microfluidic models and IFNy-mediated junctional disruption in
human LECs.

Data availability

The data underlying Figs. 1, 2, and 3 are available in the pub-
lished article and its online supplemental material. The data
underlying Fig. 1, B-E; Fig. S2, D and E; and Fig. S3, B-E are
openly available in the Gene Expression Omnibus under acces-
sion number GSE217314. The data underlying Fig. 1, F-H; Fig. S1,
A-E; and Fig. S2, A-C are openly available in the Gene Expres-
sion Omnibus under the accession number GSE161290. These
data were derived from sources in the public domain, specifi-
cally Rustenhoven et al. (2021). All codes used to analyze single
and bulk RNA-seq are available from authors upon reasonable
request.
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Figure S1. Phenotyping young and aged meningeal T cells and determination of IFNy -mediated glymphatic function. (A-D) t-SNE visualization of
scRNA-seq of cells isolated from young (2-3 mo) and aged (20-24 mo) mouse dura. Data are from Rustenhoven et al. (2021). Expression of Tbx21, Rorc, Foxp3,
and Gata3 is shown. n = 5 individual young and old dura per experiment, n = 2 independent experiments, 10 dura samples per age total. (E) Pie charts
demonstrating the percentage of CD4 or CD8 T cells in young and aged mice expressing Tbx21, Rorc, Foxp3, and Gata3 from sequencing analysis. (F and G)
Immunohistochemistry and quantification of OVA-594 coverage in the brains of mice that received an i.c.m. injection of 2 ul of 1 x 1013 GC of AAV9-CCMV-GFP
or AAV9-CCMV-IFNy at 2 mo of age, and an i.c.m. injection of 2.5 ul OVA-594 (1 pg/ul) 1 h prior to sacrifice at 3 mo of age. *, P < 0.05 (Student’s t test), n = 5
individual mice per experiment, representative of n = 2 independent experiments. Scale bar = 1 mm.
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A Whole dura scRNA-seq (Rustenhoven et al., 2021)
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Figure S2. VEGF-A-VEGFR2 signaling in the aged meninges. (A) V

iolin plot demonstrating Vegfa gene expression in meningeal cells of young and aged mice.

(B and C) Pie chart demonstrating Vegfa* mast cells and plasma cells as a percentage of their respective cell cluster in young and aged mice from sequencing
analysis. (D) Violin plots demonstrating individual genes present in the “Cellular response to VEGF” GO pathway expression in young and aged meningeal LECs
from FACS-seq analysis. (E) FACS-seq LEC signature score for overall cellular response to VEGF GO pathway expression in young and aged LECs (Mann-
Whitney U test), n = 5 individual young and old dura per experiment, n = 2 independent experiments, 10 dura samples per age total.
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Figure S3.  IFNy response signature in aged meningeal LECs and characterization of 3D microfluidic models and IFNy-mediated junctional disruption
in human LECs. (A) Immunocytochemistry of LYVEL expression in C57BL/6 mouse primary dermal LECs treated every 24 h for 72 h with 5 ng/ml IFNy or a
vehicle control. Scale bar = 50 um. (B and C) Principal component analysis plot and volcano plot of RNA-seq analysis for C57BL/6 mouse primary dermal LECs
treated every 24 h for 72 h with 5 ng/ml IFNy or a vehicle control, n = 3 independent experiments. (D) GO pathway analysis demonstrating enriched pathways
downregulated in IFNy-treated LECs. Numbers represent the number of genes in respective pathways. (E) Violin plot demonstrating the IFNy signature score in
young and old meningeal LECS (Mann-Whitney U test), n = 5 individual young and old dura per experiment, n = 2 independent experiments, 10 dura samples
per age total. (F and G) Schematic of 3D microfluidic devices used to study lymphatic function. Human LECs were cultured in 3D fibrin matrices on-chip to form
luminized sprouts. Media is supplied by lateral chambers and interstitial solutes are administered via central chambers which are drained via lymphatic
vasculature due to hydraulic pressure differences. (H) Example quantification of solute drainage rate over time, demonstrated by increased fluorescence
intensity in the interstitial space determined by imaging snapshots of 40 kD drainage using 3D microfluidic devices. Data representative of n = 3 individual
devices (1). Immunocytochemistry of VE-Cadherin in human primary dermal LECs treated for 5 d every 24 h with 2 U/ml IFNy or a vehicle control, repre-
sentative of n = 2 independent experiments. Scale bar = 100 pm. (J and K) Immunohistochemistry and quantification of OVA-594 coverage in the brains of aged
mice that received i.p. injections of 200 pg anti-IgG or anti-IFNy every 72 h for 8 wk and an i.c.m. injection of 2.5 ul OVA-594 (1 pg/ul) 1 h prior to sacrifice at 3
mo of age. NS, P > 0.05 (Student’s t test), n = 4-5 individual mice per experiment, representative of n = 2 independent experiments. Scale bar = 1 mm.
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