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IMMUNOLOGY

Aging-associated deficit in CCR7 is linked to worsened
glymphatic function, cognition, neuroinflammation,

and B-amyloid pathology

Sandro Da Mesquita‘***, Jasmin Herzz’”, Morgan Wall', Taitea Dykstra2'3, Kalil Alves de Lima?3,
Geoffrey T. Norris?, Nisha Dabhi’, Tatiana Kennedy1, Wendy Baker’, Jonathan Kipnis

Aging leads to a progressive deterioration of meningeal lymphatics and peripheral immunity, which may acceler-
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ate cognitive decline. We hypothesized that an age-related reduction in C-C chemokine receptor type 7 (CCR7)-
dependent egress of immune cells through the lymphatic vasculature mediates some aspects of brain aging and
potentially exacerbates cognitive decline and Alzheimer’s disease-like brain -amyloid (Ap) pathology. We report
areduction in CCR7 expression by meningeal T cells in old mice that is linked to increased effector and regulatory
T cells. Hematopoietic CCR7 deficiency mimicked the aging-associated changes in meningeal T cells and led to
reduced glymphatic influx and cognitive impairment. Deletion of CCR7 in 5xFAD transgenic mice resulted in del-
eterious neurovascular and microglial activation, along with increased AB deposition in the brain. Treating old
mice with anti-CD25 antibodies alleviated the exacerbated meningeal regulatory T cell response and improved
cognitive function, highlighting the therapeutic potential of modulating meningeal immunity to fine-tune brain

function in aging and in neurodegenerative diseases.

INTRODUCTION

Aging-related neurological disorders are rapidly becoming a major
financial burden on health care worldwide. Alzheimer’s disease
(AD) is the most prevalent aging-associated dementia, accounting
for 60 to 80% of all dementia cases and affecting close to half of the
elderly population over the age of 85 (1, 2). AD is characterized by
severe behavioral deficits, particularly in cognitive faculties, whose
underlying pathophysiological mechanisms are poorly understood
and lack effective treatments (3-5). Accumulating evidence over the
past decade has shown a close association between changes in
neuroimmune-related mechanisms and the etiology and progression
of AD (6-11). Microglia, the brain-resident immune cells, have been
extensively studied and seem to play a central role in modulating
AD pathology (11-15). Less attention has been focused, however,
on changes in the adaptive immune response at the brain-meningeal
border in aging and in AD.

The meninges, which ensheath the brain, comprise a unique
neuroimmune interface, harboring a diverse immune cell popula-
tion that plays an essential role in maintaining brain homeostasis
(16-18) and in fine-tuning processes such as neuroinflammation,
tissue repair, and neuronal activity (19-25). Notably, different be-
havioral aspects such as cognition, sociability, and anxiety are mod-
ulated by meningeal T cell-derived cytokines that signal directly to
their cognate receptors expressed on neurons (19, 22, 25). The brain
meninges also harbor bona fide lymphatic vessels that constantly
drain molecular solutes from the cerebrospinal fluid (CSF) into the
cervical lymph nodes (23, 26, 27). Aging in mice was recently shown
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to induce a deleterious loss of meningeal lymphatic coverage and
drainage capacity, which is closely associated with cognitive decline
(28). Ablation of the meningeal lymphatic vasculature in adult mice
resulted in deficient clearance of brain solutes through the glym-
phatic system, as well as cognitive impairment and accumulation of
B-amyloid (AP) in the brains of familial AD transgenic mice (28).
Besides draining CSF, the lymphatic vasculature also regulates the
immune response in the brain meninges (17, 23). Notably, it was
shown that meningeal immune cell egress is mediated by C-C chemo-
kine receptor type 7 (CCR?7) expression and that ablation of meningeal
lymphatic vessels in a model of neuroinflammation results in altered
activation of T cells in the cervical lymph nodes (23).

Aging induces marked changes in the immune system (18, 29, 30).
Moreover, the role of adaptive immune cells in AD was emphasized
by reports showing altered AD-related AP brain pathology in immuno-
deficient mouse models (31, 32). Little is known, however, about
the effects of aging on meningeal immunity and whether changes in
meningeal immunity underlie the observed deficient clearance of
brain waste and the build-up of AB in AD (17, 18, 33, 34). Here, in
exploring the meningeal immune profiles of old mice, we observed
areduction in CCR7 expression by T cells. To investigate a potential
link between this decreased CCR7 expression in immune cells and
brain dysfunction, we examined the changes in meningeal immunity,
cognition, glymphatic function, and brain single-cell transcriptomic
profile in CCR7-deficient mice. We also provide evidence showing
that decreased CCR7 expression affects brain AP pathology and
cognitive function in a mouse model of familial AD and that nor-
malization of the exacerbated regulatory T cells (Tregs) in the aged
meninges correlates with a better cognitive performance.

RESULTS

Meninges of old mice encompass more FOXP3* Tregs

and fewer CCR7-expressing T cells

Aging has a profound impact on immune cells of both the peripheral
and the central nervous systems (14, 18, 30). Our flow cytometric
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analysis of the T cell response in mouse meningeal preparations
(composed mostly of dural and arachnoid layers) revealed a sig-
nificantly larger number of T cells (NK1.1 "TCRp") in old mice
(24 to 25 months of age) than in adult (2 to 3-month-old) mice
(Fig. 1, A to C), confirming previously published findings (14).
Assessment of forkhead box P3 (FOXP3) expression by meningeal
leukocytes revealed a significant increase in the frequency and num-
ber of CD4"FOXP3" Ty, in the old mice (Fig. 1D and fig. S1A).
Assessment of the brain-draining deep cervical lymph nodes (dCLN’s)

revealed decreased frequency of T cells and an increase in frequency
of the Treg in old mice (Fig. 1, E to H). Together, this translated
into an overall significant decrease in the number of CD4"FOXP3~
effector T cells (fig. S1B). Analysis of blood and liver samples re-
vealed no differences in total CD45" cells or in CD4"FOXP3" Tyeg
between adult and old mice (fig. S1, C to ).

We have previously shown that impaired signaling through
CCR?7 results in accumulation of T cells in the brain meninges (23).
To find out whether altered CCR7 expression could explain the
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Fig. 1. Aging leads to abnormal T,.q response and reduced CCR7" T cell frequency in the brain meninges and draining lymph nodes. (A) Representative flow cy-
tometry dot and contour plots showing the gating strategies used to determine NK1.1"TCRB" cells, CD4", CD8*, DN T cells, and FOXP3™ or FOXP3* CD4 T cells in the me-
ninges of mice at 2 to 3 or 24 to 25 months (m.). (B to D) Graphs with quantification of (B) CD45"ZA™ cell numbers; (C) DN, CD4", and CD8" T cell numbers; and
(D) frequency of FOXP3~ or FOXP3* (percentage of CD4" T cells) in the meninges. (E) Representative flow cytometry dot and contour plots showing the gating strategies
used to determine the subpopulations of T cells in the dCLNs. (F to H) Graphs with quantification of (F) CD45%ZA™ cell numbers; (G) DN, CD4*, and CD8" T cell numbers; and
(H) frequency of CD4*FOXP3™~ or CD4"FOXP3" in the dCLNs. Data are presented as means + SEM; n = 4 per group; two-tailed unpaired Student’s t test in (B) and (F); two-way
analysis of variance (ANOVA) with Sidak’s multiple comparisons test in (C), (D), (G), and (H); representative of two independent experiments. (I) Representative histograms
of CCR7* cells in the meninges at 4 or 25 months of age. (J to M) Frequencies of CCR7-expressing (J) TCRB™, (K) CD4™, (L) CD4*FOXP3™, and (M) CD8" T cells in the meninges.
(N) Representative histograms of CCR7" cells in the dCLNs at 4 or 25 months of age. (O to R) Frequencies of CCR7-expressing (O) TCRB*, (P) CD4*, (Q) CD4*FOXP3™, and
(R) CD8* T cells in the dCLNs. Data are presented as means = SEM; n =7 per group; two-tailed unpaired Student’s t test; representative of two independent experiments.
FSC-H, forward scatter-height.

Da Mesquita et al., Sci. Adv. 2021; 7 : eabe4601

21 May 2021 20f17



SCIENCE ADVANCES | RESEARCH ARTICLE

increase in T cell numbers observed in the meninges of old mice, we
performed direct ex vivo staining of CCR?7 (fig. S1K) on meningeal
immune cells from mice at the ages of 4 months (adult) and 25 months
(old). A smaller proportion of CCR7-expressing T cells, including
CD4"FOXP3"CCR7" Thegs, Was observed in meninges of the old
mice than of the adult mice (Fig. 1, Ito M, and fig. S1, L to O). De-
creased proportions of CCR7-expressing effector T cells and Tregs
were also observed in the dCLNs of old mice (Fig. 1, N to R, and fig.
S1, P to S). These data indicate that old mice exhibit T cell accumu-
lation in the meninges and decreased T cell retention in the dCLNs,
possibly owing to their lack of CCR7 and their impaired migration
capacity.

Next, we used CCR7°*" reporter mice to evaluate CCR7 ex-
pression levels in adult (3-month-old) and middle-aged (12- to
14-month-old) mice. Analysis of the brain cortex, choroid plexus,
and meninges of adult CCR7°"" reporter mice by flow cytometry
(fig. S2, A to C) showed that most of the brain-associated CCR7high
leukocytes are predominantly found in the meninges (fig. S2B).
Moreover, a significantly higher frequency of CCR7"" leukocytes
was observed in the dCLNs than in the blood and liver (fig. S2C),
again underscoring the importance of CCR7 as a mediator of leuko-
cyte egress through lymphatic vessels from the meninges into the
dCLNs. We also found that most of the CCR7"¢" leukocytes in the
meninges were also T cell receptor B-positive (TCRB"; ~83% of to-
tal CD45"CCR7"#"; fig. S2, D and E) and that ~27% of meningeal
CD4'CD25" T cells expressed high levels of CCR7 (fig. S2F). Ap-
proximately 96% of CCR7"#" leukocytes in the dCLNs and 95% in
the blood were TCRB" (fig. S2, D and E), and more than half of the
CD4*CD25" T cells in the dCLNs expressed high levels of CCR7
(fig. S2F). Thus, consistent with our ex vivo staining data, the
middle-aged CCR7"" reporter mice showed a significant decrease
in CCR7-expressing TCRB" T cells, relative to their adult counter-
parts in the meninges and dCLNs (fig. S2, G and H), but not in the
blood or liver (fig. S2, I and J).

Together, these results point to a heightened Ty4 response in the
brain meninges and draining dCLNs of old mice, with concomitant
reduction in CCR7"¢" T cells. In line with our data, previous studies
have reported an increased frequency of CD4 " FOXP3" T, in the
spleen and peripheral lymph nodes of old mice relative to their
younger counterparts (35).

CCR7 deficiency boosts meningeal T,cgs in adult mice

To find out whether a decrease in CCR7 expression in the hemato-
poietic compartment would mimic the observed aging-related effects
on meningeal immunity, we irradiated adult wild-type (WT) mice
(while covering their heads with a lead shield to preserve brain-res-
ident immune cells) and then carried out adoptive transfer of bone
marrow cells isolated from WT or CCR7-deficient (CCR7 ") do-
nor mice (see fig. S3A for more experimental details). As observed
earlier in old mice, mice that received CCR7 '~ bone marrow also
showed increased numbers of CD4"* (and CD8") T cells in the
meninges (Fig. 2, A to C). Conversely, these cell numbers were de-
creased in the dCLNs (Fig. 2, D to F), as well as in the superficial
CLNs, inguinal lymph nodes, and spleen (fig. S3, B to J), upon
CCR7”~ bone marrow transplantation (BMT).

We next used cytometry by time of flight (CyTOF) to further
examine the changes in meningeal immunity induced in 5-month-
old mice by CCR7 deficiency. Analysis of differential marker expres-
sion in meningeal leukocytes (CD45" live singlets) using Rphenograph
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enabled us to identify 21 clusters (and a cluster of undefined cells;
Fig. 2G and fig. S4A), of which only cells of the CD4 and CD8 clus-
ters were significantly increased in CCR7 ™/~ mice (Fig. 2H). This
increased number of meningeal T cells in the CCR7 ™~ group was
associated with a decrease in the number of cells in the macrophage
2 cluster (Fig. 2H). Upon closer analysis of activation markers and
transcription factor expression on cells from the three identified
CD3"TCRB" T cell clusters (CD4, CD8, and double-negative T cells;
fig. S4B), we observed an increased frequency of CD8*T-bet'™"
T cells and of CD4"FOXP3" Tyeg in the meninges of CCR7™™ mice
(Fig. 2, I and J). The increased frequency of meningeal Ty, in the
CCR7™"" group was accompanied by a decrease in all T-bet&" T cell
subclusters (Fig. 2, I and J). Flow cytometric analysis of ex vivo-
stimulated meningeal T cells confirmed the increase in frequency of
CD4'FOXP3* Tregs in CCR7”~ mice and a concomitant decrease in
frequency of interferon-y (IFN-y)-producing CD4 T cells (fig. S4,
C to F). Both CD4 and CD8 meningeal T cells from the CCR7 ™/~
group showed a trend toward decreased IFN-y production relative
to the WT control (fig. S4, G to I). The increase in Ty in the
CCR7™"" group was evident in the meninges and dCLNs but was
only minor in the liver and was not detected in the blood (fig. S5).
Together, these results show that CCR7 deficiency (either constitu-
tive or upon BMT) leads to an aging-like dysregulated T cell re-
sponse, characterized by decreased T-bet"#" and IFN-y-producing
CD4 T cells and an abnormal increase in Treg in the brain meninges
and dCLNG.

Hematopoietic CCR7 deficiency hinders spatial memory

and glymphatic function

T cells participate in the modulation of neuronal activity and higher
cognitive functions (19, 22, 25, 36). In view of the abnormal T cell
response due to CCR?7 deficiency, we compared the performance of
5- to 7-month-old CCR7 ™'~ mice and their age-matched WT litter-
mates in different behavioral tests. In the open-field test, both groups
showed comparable values in terms of total distance traveled, velocity,
and time spent in the center of the arena, which indicated similar
exploratory activity and anxiety-like behavior (fig. S6, A to C).
Equivalent performances in the open field were also observed after
(WT or CCR7™ 7) BMT (fig. S6, D to F). However, both CCR77~
mice (Fig. 3, A to E) and WT mice that had received CCR7™"" bone
marrow (at 4 months of age; Fig. 3, F to J) performed worse in the
novel location recognition and Morris water maze (MWM) tests
than their respective controls. These results are in line with previ-
ously reported learning deficits displayed by CCR7”~ mice in the
Barnes maze test (37), reinforcing the notion that impaired CCR7-
dependent immune cell egress is associated with worse cogni-
tive function.

Reduced meningeal lymphatic drainage has been linked to both
aging-related cognitive decline and impaired recirculation of CSF
through the brain via the glymphatic system (28). On the basis of
that finding, we next examined whether the abnormal immune
response observed in CCR7™'~ mice is correlated with glymphatic
dysfunction. To our surprise, 5- to 7-month-old CCR7/~ mice
showed significantly reduced glymphatic influx of molecular trac-
ers from the CSF into the brain (Fig. 3, K and L), even when the
meningeal lymphatic vasculature was both morphologically and
functionally intact (fig. S6, G to J). Reduced glymphatic function
can be attributed to deficits in aquaporin 4 (AQP4) at the astrocytic
endfeet (38, 39). In attempting to provide a possible explanation for
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Fig. 2. CCR7 deficiency in hematopoietic cells mimics the aging-related dysregulated meningeal T cell response. (A to F) Bone marrow (BM) from 2-month-old WT
or CCR7-deficient (CCRT/') mice was transferred into irradiated (head-covered) WT recipients (6 weeks old). Immune response and behavior were assessed 10 weeks
later. Quantification of CD45"ZA™ cell number, representative flow cytometry dot plots, and quantification of DN, CD4*, and CD8" T cell numbers in the (A to C) meninges
and (D to F) dCLNs. Data are presented as means + SEM; n =5 per group; two-tailed unpaired Student’s t test in (A) and (D); two-way ANOVA with Sidak’s multiple compar-
isons test in (C) and (F). (G) t-distributed stochastic neighbor embedding-based visualization (viSNE) plots showing unsupervised clustering profile of subpopulations of
CD45" live immune cells. NK cells, natural killer cells; RBCs, red blood cells. (H) Volcano plot with change in frequency (in percentage) of subpopulations of meningeal
leukocytes in CCR7™'~ mice (relative to WT, n=5 per group). Individual data points represent the mean for each leukocyte population; multiple two-tailed unpaired
Student'’s t tests with two-stage step-up method of Benjamini, Krieger, and Yekutieli and false discovery rate (FDR) (Q) = 0.05. (I) ViSNE plots showing clustering of sub-
populations of meningeal CD4, CD8, and DN T cells. (J) Volcano plot with change in frequency (%) of subpopulations of meningeal CD4, CD8, and DN T cells in CCR7 7/~
mice (relative to WT, n =5 per group). Individual data points represent the mean for each T cell population; multiple two-tailed unpaired Student’s t tests with two-stage
step-up method of Benjamini, Krieger, and Yekutieli and FDR (Q) =0.05. cDCs1, conventional dendritic cells 1; ILC2s, type 2 innate lymphoid cells; NKT, natural killer T;
pDCs, plasmacytoid dendritic cells.

the observed deficit in glymphatic function, we evaluated AQP4 in  marrow (fig. S6, N to P). Further investigation will be needed to
the brains of CCR7 ™'~ mice. We found that brain vascular coverage ~ determine whether the heightened Tyeg response observed in the
by AQP4 was significantly reduced in both germline CCR7 '~ mice  meninges and dCLNs of these CCR7 '~ mice is accountable for the
(fig. S6, K to M) and adult WT mice that had received CCR7 " bone observed reductions in brain AQP4 coverage and CSF influx
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Fig. 3. CCR7”~ mice show cognitive deficits and decreased brain glymphatic function. (A and B) Graphs showing the percentage of time exploring the objects in the
(A) training session or (B) novel location recognition test. Data are presented as means = SEM; n=9in WT and n =7 in CCR7 ™', littermates with 5 to 7 months of age; two-
way ANOVA with Sidak’s multiple comparisons test. (C to E) MWM (C) latency to platform in acquisition, (D) percentage of time in the target quadrant in probe, and (E)
latency to platform in reversal. Data are presented as means + SEM; n= 17 in WT and n = 16 in CCR7 ", littermates with 5 to 7 months of age; repeated-measures two-way
ANOVA with Sidak’s multiple comparisons test in (C) and (E); two-tailed unpaired Student’s t test in (D); data were pooled from two independent experiments. (F and
G) Graphs showing the percentage of time exploring the objects in the (F) training session or (G) novel location recognition test. Data are presented as means +SEM; n=10
per group, mice with 4 months of age; two-way ANOVA with Sidak’s multiple comparisons test. (H to J) MWM (H) latency to platform in acquisition, (I) percentage of time
in the target quadrant in probe, and (J) latency to platform in reversal. Data are presented as means + SEM; n = 10 per group, mice with 4 months of age; repeated-measures
two-way ANOVA with Sidak’s multiple comparisons test in (H) and (J); two-tailed unpaired Student’s t test in (1). (K) Representative brain sections depicting fluorescent
ovalbumin (OVA) in red (OVA-A647) and cell nuclei in blue. Scale bar, 5 mm. (L) Quantification of OVA-A647 in brain sections. Data are presented as means = SEM; n=6in

WT and n=9in CCR7™', littermates with 5 to 7 months of age; two-tailed unpaired Student’s t test; representative of two independent experiments.

through the glymphatic system. Nevertheless, our data indicate that
impaired spatial memory and glymphatic function are a conse-
quence of hematopoietic CCR7 deficiency, even when drainage of
CSF solutes by the meningeal lymphatic vasculature is intact.

AD transgenic mice show accelerated brain Af deposition
and cognitive decline in the absence of CCR7

To examine the role of CCR7 in AD-like pathophysiology, we used
the 5xFAD transgenic mouse model of familial AD. We found that
middle-aged 5xFAD mice (12 to 14 months old; heterozygous for
CCR7%"™), when compared to their younger counterparts (3 months old;
heterozygous for CCR7™), showed a significant decrease in CCR7-
expressing T cells in the meninges and dCLNs (Fig. 4, A and B), but
not in the blood or liver (fig. S7, A and B). To investigate whether
a decrease in CCR7 would affect AP clearance from the brain, we

Da Mesquita et al., Sci. Adv. 2021; 7 : eabe4601 21 May 2021

generated 5xFAD mice lackin; CCRY7 expression (SXFAD::CCRT/ .
In 5-month-old 5xFAD:CCR7™'" mice, analysis of meningeal immu-
nity by CyTOF revealed an increased number of different leukocyte
subpopulations (macrophages, neutrophils, B cells, and T cells) (fig.
S7, Cand D). Similar to nontransgenic CCR7”" mice (Fig. 2,Tand]),
the 5xFAD:CCR7 '~ mice demonstrated an increased frequency of
CD4"FOXP3" Tyeg in the meninges, at the expense of T-bet"8" T cells
(Fig. 4, Cand D).

The heightened Ty, response in 5xFAD mice lacking CCR7
could be especially important in light of prior evidence showing
that either the presence of Ty at the blood-CSF barrier or increased
expression of the anti-inflammatory cytokine interleukin-10 plays a
detrimental role in the progression of AD-like brain pathology and
cognitive decline (8, 40, 41). The abnormal meningeal immune re-
sponse observed here in 5xFAD:CCR7 '~ mice was accompanied
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Fig. 4. CCR7 deficiency heightens the meningeal T4 response, aggravates brain Ap plaque burden, and precipitates spatial memory deficits in 5xFAD mice.
(A and B) Representative histograms and quantification of CCR7M9M cell frequency in the (A) meninges or (B) dCLNs. Data are presented as means + SEM; n =4 per group;
two-tailed unpaired Student’s t test. (C) viSNE plots showing clustering of subpopulations of meningeal CD4, CD8, and DN T cells. (D) Volcano plot with change in frequen-
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Yekutieli and FDR (Q) = 0.05. (E) Representative brain sections showing AB in red and cell nuclei in blue. Scale bar, 2 mm. (F to H) Graphs showing quantification of A (F)
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Sidak’s multiple comparisons test in (L) and (N); two-tailed unpaired Student’s t test in (M); data were pooled from two independent experiments.
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by an increase in brain A plaque burden (Fig. 4, E to H), but not in
the number of ionized calcium binding adaptor molecule 1 (IBA1")
myeloid cells clustering around the plaques (fig. S7, E and F). Moreover,
as indicated by the significantly lower density of peri-plaque IBA1"
cells in the 5xFAD:CCR7 ™/~ group, the increased AP deposition in
the brain cortex of these mice was not followed by an increase in
plaque containment by IBA1" cells (fig. S7G). Since CD11b*CD45™
myeloid cells from the 5XFAD brain do not express CCR7 (fig. S7TH),
this apparent inability of parenchymal myeloid cells to contain the
larger AP plaques may be attributable to a nonautonomous mecha-
nism, for example, an enhanced immunosuppressive activity by
meningeal Treg in 5xFAD::CCR7/™ mice. Increased meningeal
deposition of A, an important pathological feature of AD, was shown
to be aggravated upon pharmacological ablation of meningeal lym-
phatic vessels (17, 28). However, mice lacking CCR7 did not show
increased meningeal amyloid angiopathy (fig. S7, I and J), which is
probably attributable to their intact and functional meningeal lym-
phatic system (fig. S6, G to J). These observations suggest that the
altered immunity incurred by CCR7 deficiency contributes to brain
ApB deposition, but not to meningeal amyloid angiopathy.

Besides brain and meningeal AP pathology, another prominent
clinical feature of AD is the emergence of behavioral deficits, such
as accelerated cognitive decline (3). To determine whether decreased
CCR?7 expression could precipitate behavioral deficits in AD, we assessed
the performance of adult littermates 5xFAD and 5xFAD:CCR7 '~
mice, all 4 to 5 months old, in the open-field and in MWM tests
(Fig. 4, I to N). Loss of CCR7 expression in 5xFAD mice did not
affect exploratory or anxiety-like behaviors (Fig. 4, I to K), but it did
worsen spatial learning and memory (Fig. 4, L to N).

CCR7 deficiency disrupts brain vascular and microglial
activation in 5xFAD mice

To deepen our understanding of the consequences of decreased
CCR?7 expression for the neuroinflammatory response in AD, we
analyzed the transcriptional alterations in blood endothelial cells
(BECs) and myeloid cells isolated from the brains of 5-month-old
5xFAD and 5xFAD:CCR7 " littermates by single-cell RNA se-
quencing (RNA-seq; Fig. 5A). Using this approach, we were able to
identify five distinct brain cell clusters, each expressing specific ca-
nonical markers (fig. S8A): namely, microglia, border-associated
macrophages (BAMs), arterial BECs, capillary BECs, and venous
BECs (Fig. 5B). Although no genotype-associated segregation was
apparent within the clusters of BECs or BAMs, we observed clear
differences between microglia isolated from the 5xFAD and from
the 5xFAD:CCR7 ™'~ mice (Fig. 5C). Analysis of differentially ex-
pressed genes in the mice lacking CCR7 revealed an interesting di-
chotomy, with brain BECs (with the exception of venous BECs)
showing a higher number of down-regulated genes and brain my-
eloid cells showing a higher number of up-regulated genes
(Fig. 5, D to F, and fig. S8, B and C). Lysosome-related cathepsin
genes, including Ctsb, Ctsd, Ctsl, Ctss, and Ctsz, were up-regulated
in both vascular and myeloid cells (Fig. 5, D to F, and fig. S8, B and
C). The Cst3 gene, which encodes for the cystatin C protein, was also
significantly up-regulated in brain BECs from the 5xFAD:CCR7 '~
mice (Fig. 5, D and E, and fig. S8B), suggesting a potential vas-
cular lysosomal dysfunction accompanying the increased cerebral
Ap burden in these mice (42, 43). Up-regulated genes in BECs
were implicated in pathways termed “antigen processing and pre-
sentation of peptide antigen,” “myeloid leukocyte migration,” and
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“positive regulation of immune effector process” (Fig. 5, G and H,
and fig. S8D, respectively). Up-regulated genes in BAMs were im-
plicated in similar pathways (fig. S8E), possibly owing to their prox-
imity and potential interactions. On the other hand, gene ontology
terms obtained from genes that were down-regulated in arterial and
capillary BECs from 5xFAD:CCR7 '~ mice included “regulation of
vasculature development,” “regulation of angiogenesis,” “endothelial
cell migration,” and “actin filament organization” (Fig. 5, G and H).

Apoe, Axl, Fthl, Lpl, Lyz2, and Trem2, genes previously implicated
in the development of brain amyloidosis in AD transgenic mouse
models (11, 12, 44), were found among the 718 genes that were
overexpressed in microglia from 5xFAD:CCR7”~ mice (Fig. 5F).
The up-regulated microglial genes were involved in processes such as
“cytoplasmic translation,” “adenosine 5’-triphosphate (ATP) meta-
bolic process,” “defense response to virus,” and “negative regulation
of immune system process” (Fig. 5I). Conversely, gene ontology terms
relating to down-regulated genes in microglia from 5xFAD:CCR7 '~
mice included “anatomical structure homeostasis,” “dendrite devel-
opment,” and “selective autophagy” (Fig. 5I).

» «

Old mice treated with anti-CD25 antibodies show improved
cognition and lower T,.4 frequencies

In seeking to understand the therapeutic effects of reshaping the
immune response in old mice, we assessed the performance of
25-month-old mice in different behavioral tests in response to a
treatment regimen with anti-CD25 antibodies or with control [im-
munoglobulin G (IgG)] antibodies (Fig. 6A). Old mice injected with
IgG or anti-CD25 antibodies performed similarly in the open-field
test and in the training trial of the novel location-recognition test
(fig. S9, A to D). However, mice that had received anti-CD25 anti-
bodies showed improved spatial learning and memory, as indicated
mainly by their better performance in the MWM (significantly lower
latency to platform; Fig. 6, B to D) and in the novel location-recognition
testing trial (higher percentage of time in the novel location;
Fig. 6E). The improved cognitive function achieved by treating the
old mice with anti-CD25 antibodies was accompanied by a signifi-
cant reduction in CD4"FOXP3" T, in the meninges (Fig. 6, F to I)
and dCLNs (Fig. 6, ] to M), but not in the blood (fig. S9, E to G) or
liver (Fig. 6, HtoJ).

DISCUSSION
Together, our results provide evidence highlighting the adverse ef-
fects of an aging-related decrease in CCR7 expression on meningeal
immunity and brain immune surveillance, glymphatic function, AB
deposition, and cognition (fig. S10). Loss of CCR7 expression in
adult mice resulted in an enhanced meningeal Theg response, a di-
minished meningeal effector T cell response (with reduced IFN-y-
producing CD4 T cells), and cognitive impairment, suggesting that
the decreased expression of CCR7 in aging might underlie the
heightened meningeal Tz response and contributes to the aging-
associated cognitive decline. Compared with healthy controls, patients
with mild cognitive impairment or AD have increased peripheral
CD4"CD25"8"FOXP3* Tregs (45). Notably, mitigation of the Tyeq
response in mouse models of AD was shown to have beneficial ef-
fects on AP clearance, neuroinflammation, and cognition (8).

Our experimental data also support the notion that the improved
cognitive function in old mice achieved by treatment with anti-
CD25 antibodies is closely associated with a reduced T, response
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Fig. 5. CCR7 deficiency affects the transcriptional profile of brain BECs and microglia in 5xFAD mice. (A) Enrichment for brain myeloid cells (microglia/macrophages)
and BECs (brain cell suspensions were pooled from three mice per group at 5 months) was achieved by fluorescence-activated cell sorting (FACS), and transcriptomes
were analyzed by single-cell RNA-seq. (B) Representation of the t-stochastic neighbor embedding (tSNE) plot highlighting the different clusters of sequenced brain cells,
including microglia, BAMs, arterial BECs (aBECs), capillary BECs (cBECs), and venous BECs (VBECs). (C) Representation of the tSNE plot highlighting the sequenced brain
cells from each group. (D to F) Volcano plots showing the significantly down-regulated (in blue) and up-regulated (in dark orange) genes between (D) arterial BECs,
(E) capillary BECs, and (F) microglia from the 5xFAD:CCR7 ™~ mice and control 5xFAD mice. (G to I) Ten gene ontology (GO) terms (selected from the top 20 terms with
lowest adjusted P value) obtained after analyzing significantly up-regulated (in dark orange) and down-regulated (in blue) genes in (G) arterial BECs, (H) capillary BECs,
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and terms were selected on the basis of Benjamini-Hochberg corrected P values.

in the meninges and dCLNs. However, we have not determined
whether there is a concomitant increase in meningeal IFN-y-
producing CD4 T cells that could be contributing to the improved
behavioral phenotype (8, 22, 46). Future studies should be aimed at
understanding the functional mechanisms linking the decreased
T cell expression of CCR7 with an enhanced meningeal Tieg re-
sponse and whether immunosuppressive meningeal Tegs contrib-
ute directly to the reduction in T-bet"®" IFN-y—producing CD4 T
cells in the meninges, impaired brain cleansing, and cognitive decay
in AD. The changes in meningeal effector T cells and T, cells ob-
served in 5XFAD mice lacking CCR7 were accompanied by altered
numbers of meningeal macrophages, neutrophils, and B cells. Un-
expectedly, the numbers of meningeal macrophages were reduced
in nontransgenic adult CCR7 ™~ mice but increased in 5xFAD::C-
CR7”"~ mice. The latter might be attributable, at least in part, to the
heightened degree of amyloidosis, neuroinflammation, and BAM

Da Mesquita et al., Sci. Adv. 2021; 7 : eabe4601 21 May 2021

activation observed in 5xFAD:CCR7 '~ mice. Given the important
role of protective monocytes and macrophages in modulating
brain pathology and behavior in AD models (8, 10, 47), it will be
worth investigating whether these observed changes in meningeal
macrophages are contributing to the worsened cognitive perfor-
mance and increased AB deposition in the brains of CCR7”~ mice.
The same applies to the altered response by meningeal neutrophils
and B cells observed in 5xFAD:CCR7 "~ mice, which might also be
contributing to the exacerbated disease phenotype (31, 48). It will
also be of interest to find out whether the described changes in
meningeal immunity with aging and with loss of CCR7 expression
can be attributed to an altered communication between the immune
environments of the meninges and the skull bone marrow (49, 50).

Recent work has indicated that peripheral T cells infiltrate the
brain to regulate microglial maturation and phenotype (51). It is
possible that dysregulated meningeal immunity due to decreased
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CCR?7 expression alters astrocytic and microglial function in the
aging brain, thereby affecting glymphatics and brain A buildup. Our
single-cell transcriptional profiling of microglia from AD-transgenic
mice lacking CCR7 indicated a metabolic reprogramming, an ab-
errant activation, and a deficient support of neuronal function, all
concomitant with their inability to restrain the AB-plaque buildup
in the brain. However, more in-depth studies are needed to fully
disclose the functional connections between the age-dependent al-
teration of meningeal immune cell egress, the enhanced menin-
geal Ty response, and the impact of the latter on glial fitness in the
AD brain (11, 52). In the present study, loss of CCR7 also resulted
in marked changes in gene expression in brain BECs, which,
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together with the reduced levels of AQP4, might be contributing to
the reduction in glymphatic function. It is still unclear, however,
whether the induction of gene pathways participating in vascular
activation and leukocyte extravasation and the down-regulation of
genes regulating vascular organization, repair, and development are
direct consequences of the exacerbated Tz and deficient effector T
cell responses observed in the meninges of CCR7”'~ mice. Possible
effects of decreased CCR7 expression on other pathophysiological
aspects of AD, such as the formation of intracellular tau tangles or
neuronal death, should also be further investigated. Boosting of CCR7-
mediated immune cell egress might prove to be an efficient strategy
for counteracting cognitive decline in normal aging and in AD.
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MATERIALS AND METHODS

Experimental design

The objective of this study was to assess the effect of aging on CCR7
expression at the brain and meninges and to understand whether a
deficit in CCR7 expression could affect the meningeal immunity,
brain cleansing and function, and the degree of AP pathology and
cognitive decline in a transgenic mouse model of familial AD. We
used mouse tissue single-cell suspensions, namely from CCR7%*
reporter mice, and flow cytometry to show that aging induces alter-
ations in the conventional and Tz responses in the brain meninges
and dCLNs, with a concomitant decrease in T cells expressing
CCR?7. By performing BMT experiments, we have shown a boost in
meningeal Ty, response in adult mice that received CCR7”"" bone
marrow. CyTOF was used to perform a thorough analysis of the effect
of decreased CCR?7 expression on the meningeal immune compart-
ment. Behavioral tests were performed to assess brain function in
conventional CCR7 '~ mice or in mice upon CCR7 '~ BMT. Injection
of fluorescent peptide tracers into the CSF and collection, immu-
nofluorescent staining, and analysis of brain, dCLNs, and meningeal
whole mounts was used to assess brain glymphatic and meningeal
lymphatic function in CCR7™'~ mice. Assessment of meningeal im-
munity (by CyTOF), brain A pathology, and behavior was per-
formed in 5xFAD:CCR7 '~ mice and respective 5xFAD littermate
controls. The effects of CCR7 deficiency on the transcriptional pro-
file of brain BECs and myeloid cells from 5xFAD mice were analyzed
by single-cell RNA-seq. Old mice treated with anti-CD25 antibodies
showed a lessened T, response. Flow cytometric analysis of the
T cell response in different tissues, as well as the performance in
different behavior tests, was assessed after injections of anti-CD25
or control isotype antibodies. Together, the findings presented here
connect the decreased CCR7-dependent meningeal T cell egress
and altered T, response, which is observed during aging, with
changes in brain glymphatic function, brain vascular and microglial
response, AP burden, and cognition.

Mouse strains and housing

Adult (2 to 4 months of age) male C57BL/6] WT mice were pur-
chased from the Jackson laboratory (JAX stock #000664, Bar
Harbor, Maine, USA). Aged (20 to 25 months old) WT mice were
provided by the National Institutes of Health/National Institute on
Aging (Bethesda, MD, USA). All mice were maintained in the ani-
mal facility for habituation for at least 1 week before the start of the
experiment. Male hemizygous C57BL/6.Cg-Tg(APPSwFILon,
PSENI1*M146L*L286V)6799Vas/Mmjax (5xFAD, JAX stock #008730),
heterozygous C57BL/6-Ccr7™1P/] (CCR7°F? JAX stock #027913),
and C57BL/6.129P2(C)-Cer7™"""/] (CCR7 ™", JAX stock #006621)
were purchased from the Jackson Laboratory and bred in-house on
a C57BL/6] background. All exgeriments were performed using
mice heterozygous for the CCR7%F reporter gene. In-house cross-
ings were performed to obtain mice heterozygous for CCR7°** or
deficient for CCR7 (CCR7_/ 7) on a nontransgenic or 5xFAD back-
ground (hemizygous for the transgene). Aged-matched littermate
controls were used in experiments involving CCR7”'~ (control
group designated as WT) and 5xFAD::CCR7 '~ mice (control group
designated as 5xFAD). Mice with the appropriate genotypes were
used at different ages, as indicated in figure schemes, legends, or in
the main text throughout the manuscript. Only male mice were
used in all the experiments. Mice of all strains were housed in an
environment with controlled temperature and humidity and on a
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12-hour light/dark cycle (lights on at 7:00 a.m.). All mice were fed
with regular rodent’s chow and sterilized tap water ad libitum. All
experiments were approved by the Institutional Animal Care and
Use Committee of the University of Virginia and Washington
University in St. Louis.

Irradiation and BMT

Age-matched mice were exposed to a lethal dose of y radiation
(10 Gy) throughout the body, except for the head that was protect-
ed with a lead shield. Approximately 4 hours after irradiation, mice
were intravenously injected with 1 x 10" bone marrow cells. Mice
were monitored daily for the first 4 days and given water supple-
mented with trimethoprim-sulfamethoxazole for 2 weeks following
irradiation.

Intraperitoneal injections with antibodies

Old mice (25 months old) received intraperitoneal injections of rat
IgG1 (250 pg total; clone HRPN, BE0088, Bio X Cell) or anti-CD25
(250 pg total; clone PC-61.5.3, BE0012, Bio X Cell) antibodies, in
InVivoPure pH 7.0 dilution buffer (Bio X Cell, IP0070). Mice were
injected with the same amounts of antibodies 1 week later, after per-
forming the MWM and before performing the open-field and novel
location recognition tests.

Open-field test

Mice were habituated to the behavior room, including the back-
ground white noise, for at least 30 min before starting the test.
Individual mice were then placed into the open-field arena (made
of opaque white plastic material, 35 cm by 35 cm) by a blinded ex-
perimenter and allowed to explore it for 15 min. Total distance
(in centimeters), velocity (in millimeters per second), and per-
centage of time spent in the center (22 cm by 22 cm area) were
quantified using video tracking software (TopScan, CleverSys
Inc.) and analyzed in Microsoft Excel and Prism 8.3.4 (GraphPad
Software Inc.).

Novel location recognition test

Mice were habituated to the behavior room and background white
noise for at least 30 min. The experimental apparatus used in this
study was the same square box made of opaque white plastic (35 cm
by 35 cm) used in the open-field test, which made habituation to the
apparatus unnecessary. Briefly, two different plastic objects (with
different colors and shapes) were then positioned in a defined spa-
tial orientation, namely on each corner of the arena and 5 cm away
from each adjacent arena wall. Mice were then placed in the arena
(by a blinded experimenter), facing the wall farther away from the
objects, and allowed to explore the arena and objects for 10 min
(training). Twenty-four hours later, mice were placed in the same
box but with one of the objects switched to a novel location, namely
in a new quadrant obliquely to the object in the familiar location.
The time spent exploring the objects in the familiar and novel loca-
tions was also measured for 10 min (novel location recognition).
Exploration of an object was assumed when the mouse approached
an object and touched it with its vibrissae, snout, or forepaws and
was measured using a video tracking software (TopScan, CleverSys
Inc.). The object location preference (percentage of time with ob-
ject) was calculated in Excel as the exploration time of each object
(in the familiar or in the novel locations) divided by the total object
exploration time.
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MWM test

The MWM test was performed as described before (28), with minor
modifications. Mice were habituated to the behavior room, includ-
ing the background white noise, for at least 30 min before starting
the test. The MWM test consisted of 4 days of acquisition, 1 day of
probe trial, and 2 days of reversal. In the acquisition, mice per-
formed four trials per day, for four consecutive days, to find a hid-
den 10-cm-diameter platform located 1 cm below the water surface
in a pool of 1 m in diameter. Tap water was made opaque with non-
toxic white paint (Prang ready-to-use washable tempera paint), and
the water temperature was kept at 25° + 1°C by addition of warm
water. A dim light source was placed within the testing room, and
only distal visual cues were available above each quadrant of the
swimming pool to aid in the spatial navigation and location of the
submerged platform. The latency to platform, i.e., the time required
by the mouse to find and climb onto the platform, was recorded for
up to 60 s. Each mouse was allowed to remain on the platform for
~15 s and was then moved from the maze to its home cage. If the
mouse did not find the platform within 60 s, then it was manually
placed on the platform and returned to its home cage after ~15 s.
The intertrial interval for each mouse was of at least 5 min. On day
5, the platform was removed from the pool, and each mouse was
tested in a probe trial for 60 s. On days 1 and 2 of the reversal, with-
out changing the position of the visual cues, the platform was placed
in the quadrant opposite to the original acquisition quadrant, and
the mouse was retrained for four trials per day. All MWM testing
was performed between 10:00 a.m. and 6:00 p.m., during the lights-
on phase, by a blinded experimenter. During the acquisition, probe,
and reversal, data were recorded using the EthoVision automated
tracking system (Noldus Information Technology). The mean la-
tency (in seconds) of the four trials for each day of test and the per-
centage of time in the platform quadrant during the probe trial were
calculated in Excel and analyzed in Prism 8.3.4.

Intracisterna magna injections

Mice were anesthetized by intraperitoneal injection of a mixed solu-
tion of ketamine (100 mg/kg) and xylazine (10 mg/kg) in saline. The
skin of the neck was shaved and cleaned with iodine and 70% etha-
nol, and ophthalmic solution placed on the eyes to prevent drying
and the mouse’s head was secured in a stereotaxic frame. After
making a small (4 to 5 mm) skin incision, the muscle layers were
retracted, and the atlantooccipital membrane of the cisterna magna
was exposed. Using a Hamilton syringe (coupled to a 33-gauge nee-
dle), the volume of the desired solution was injected into the CSF-
filled cisterna magna compartment at a rate of ~2.5 ul/min. After
injecting, the syringe was left in place for at least 2 min to prevent
backflow of CSF. The neck skin was then sutured, and the mice
were allowed to recover in supine position on a heating pad until
fully awake and subcutaneously injected with ketoprofen (2 mg/kg).
This method of intracisterna magna injection was used to infuse
5 ul of Alexa Fluor 647-conjugated ovalbumin (OVA) (Thermo Fish-
er Scientific) in artificial CSF (#597316, Harvard Apparatus U.K.),
at a concentration of 1 mg/ml and at a rate of 2.5 ul/min.

Tissue collection and processing

Mice were given a lethal dose of anesthetics by injection of Euthasol
[i.p., 10% (v/v) in saline] and transcardially perfused with ice-cold
phosphate-buffered saline (PBS) (pH 7.4) with heparin (10 U/ml).
dCLNs were dissected and drop-fixed in 4% paraformaldehyde
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(PFA) for 12 hours at 4°C. After stripping the skin and muscle from
the bone, the entire head was collected and drop-fixed in 4% PFA
for 24 hours at 4°C. After removal of the mandibles and nasal bone,
the top of the skull (skull cap) was removed with fine surgical curved
scissors (Fine Science Tools) by cutting clockwise, beginning and
ending inferior to the right posttympanic hook, and kept in PBS
0.02% azide at 4°C until further use. Fixed meninges (dura mater
and arachnoid) were carefully dissected from the skull caps with
Dumont #5 and #7 fine forceps (Fine Science Tools) and kept in
PBS 0.02% azide at 4°C until further use. The brains were kept in 4%
PFA for an additional 24 hours (at least 48 hours in total). Fixed
dCLNs and brains were washed with PBS, cryoprotected with 30%
sucrose, and frozen in Tissue-Plus O.C.T. compound (Thermo Fisher
Scientific). A cryostat (Leica) was used to slice sections of fixed and
frozen dCLNs (30-um-thick sections) that were collected onto
gelatin A—coated slides and kept at —20°C until further use. Fixed and
frozen brain sections (50 or 100 um in thickness) were collected into
12-well plates with PBS 0.02% azide and kept at 4°C until further use.

Immunohistochemistry, imaging, and quantifications

The following steps were generally applied for free-floating brain
sections and meningeal whole mounts. For immunofluorescence
staining, tissue was rinsed in PBS and incubated with PBS 0.5%
Triton X-100 (PBS-T) (Thermo Fisher Scientific) for 30 min, fol-
lowed by PBS-T containing 0.5% of normal serum (either donkey or
chicken; Jackson ImmunoResearch Laboratories Inc.) or 0.5% bo-
vine serum albumin (BSA; Equitech-Bio Inc.) for 30 min at room tem-
perature (RT). This blocking step was followed by incubation with
appropriate dilutions of primary antibodies: rat anti-lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE)-1-eFluor660
or anti-LYVE-1-Alexa Fluor 488 (clone ALY7, eBioscience; 1:200),
rabbit anti-AQP4 (A5971, MilliporeSigma; 1:200), goat anti-IBA1
(ab5076, polyclonal, Abcam; 1:200), and rabbit anti-AB;_37/42 (82438,
clone D54D2, Cell Signaling Technology; 1:400) in PBS-T contain-
ing 0.5% BSA overnight at 4°C. Meningeal whole mounts or brain
sections were then washed three times for 10 min at RT in PBS-T,
followed by incubation with the appropriate chicken or donkey Alexa
Fluor 488- or Alexa Fluor 594-conjugated anti-goat or -rabbit IgG
antibodies (Thermo Fisher Scientific; 1:500) for 1 hour at RT in
PBS-T. After an incubation for 10 min with 1:5000 4',6-diamidi-
no-2-phenylindole (DAPI) in PBS, the tissue was washed three
times for 5 min with PBS, left to dry at RT (10 to 20 min), and
mounted with Shandon Aqua-Mount (Thermo Fisher Scientific)
and glass coverslips. A wide-field microscope (DMI6000 B with
Adaptive Focus Control, Leica Microsystems) was used to acquire
images of AP aggregates in brain sections or in meningeal whole
mounts. A confocal microscope (FV1200 Laser Scanning Confocal
Microscope, Olympus) was used to acquire the rest of the images
analyzed in this study. Upon acquisition, images were opened in the
Fiji software for quantification. For the assessment of fluorescent
OVA-A647 tracer in the brain, 10 representative brain sections were
imaged using the wide-field microscope, and the mean area fraction
was calculated using Excel. The area fraction of drained fluorescent
OV A-A647 tracer was assessed in alternate dCLNs’ sections (repre-
senting a total of 10 to 15 sections per sample) using Fiji, and the
mean was calculated for each sample. For lymphatic vessel diameter
(in micrometers), images of the same region of interest (ROI) de-
picting the transverse sinus were acquired in the confocal micro-
scope, and the mean of 100 individual lymphatic vessel diameter
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measurements (50 measurements in lymphatic vessels lining
each transverse sinus using Fiji) was calculated for each sample.
The same images of meningeal whole mounts acquired in the confo-
cal microscope were used to quantify meningeal lymphatic vessel
coverage using the Fiji threshold and measure plugins. Area of cov-
erage by AQP4" astrocyte endfeet in the brain cortex was achieved
with the Fiji threshold and measure plugins and by calculating the
mean value of four representative fields (two images in each cere-
bral hemisphere) per sample acquired using the confocal micro-
scope. The ROI manager, threshold, and measure plugins were used
to measure the coverage by AP (as percentage of brain section delin-
eated ROI) in the whole brain section and meninges. The ana-
lyze particles plugin (size, 4-infinity um?; circularity, 0.05 to 1) was
used to measure the average size of the plaques (in square microm-
eters) and calculate plaque density (per square millimeter of brain
tissue) in each brain section (plotted values resulted from the aver-
age of three representative sections per sample). All measurements
were performed by a blinded experimenter, Excel was used to calcu-
late average values in each independent experiment, and the statisti-
cal analysis was performed using Prism 8.3.4.

Flow cytometry

Mice were injected with Euthasol or Fatal-Plus [i.p., 10% (v/v) in
saline] and were transcardially perfused with ice-cold PBS with
heparin. The brains were collected into ice-cold RPMI 1640
(Gibco), and the cortices were dissected after removing hippocampus
and remnants of choroid plexus and pia matter. Individual menin-
ges were immediately dissected from the mouse’s skull cap in ice-
cold RPMI 1640. The tissues were digested for 20 min at 37°C with
collagenase VIII (1 mg/ml), collagenase D (1 mg/ml), and deoxyri-
bonuclease I (DNase I) (50 U/ml; all from Sigma-Aldrich) in RPMI 1640.
The same volume of RPMI 1640 with 10% fetal bovine serum (FBS;
Atlas Biologicals) and 10 mM EDTA (Thermo Fisher Scientific) was
added to the digested tissue, which was then filtered through a 70-um
cell strainer (Thermo Fisher Scientific). The cell pellets were washed
and resuspended in ice-cold fluorescence-activated cell sorting
(FACS) buffer (pH 7.4) (0.1 M PBS, 1 mM EDTA, and 1% BSA)
before staining for extracellular markers. Alternatively, for mea-
surement of IFN-y production, single-cell suspensions were stimulated
for 4 hours in Iscove’s Modified Dulbecco’s Media [supplemented
with 1x nonessential amino acids, penicillin (50 U/ml), streptomycin
(50 pug/ml), 50 pM B-mercaptoethanol, 1 mM sodium pyruvate, and
10% FBS, all for Gibco] with phorbol 12-myristate 13-acetate/ionomycin
(Cell Stimulation Cocktail, eBioscience) and 1x brefeldin A (eBioscience)
at 37°C before extracellular staining. For extracellular staining, cells
were preincubated for 10 min at 4°C with Fc receptor-blocking solu-
tion (anti-CD16/32, clone 93, BioLegend; 1:200 in FACS buffer) and
then incubated for 25 min at 4°C with different combinations of the
following antibodies (all at 1:200 in FACS buffer): anti-CD4-
fluorescein isothiocyanate (FITC; 100406, BioLegend), anti-TCRp-
FITC (109206, BioLegend), anti-CD25-phycoerythrin (PE; 12-0251-83,
eBioscience), anti-CD19-PE (553786, BD Biosciences), anti-CD4-
PerCP-Cy5.5 (550954, BD Biosciences), anti-CD45-PerCP-Cy5.5
(550994, BD Biosciences), anti-CD11b-PerCP-Cy5.5 (101228,
BioLegend) anti-CD103-PerCP-Cy5.5 (121415, BioLegend), anti-TCRp-
PerCP-Cy5.5 (109228, BioLegend), anti-NK1.1-PE-Cy7 (552878,
BD Biosciences), anti-granulocyte-differentiation antigen-1-PE-Cy7
(108416, BioLegend), anti-CD4-APC (17-0041-83, eBioscience),
anti-major histocompatibility complex II-AF647 (562367, BD
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Biosciences), anti-CD45-APC-Cy7 (103116, BioLegend), anti-TCRp-
BV711 (563613, BD Biosciences), anti-F4/80-BV421 (123131, Bio-
Legend), or anti-CD8a-PB (558106, BD Biosciences). Cell viability
was determined using Zombie AQUA viability dye following the
manufacturer’s instructions (BioLegend). For intracellular staining
of IFN-y or FOXP3 transcription factor, cells were fixed and perme-
abilized using the eBioscience Foxp3/Transcription factor staining
buffer set (Thermo Fisher Scientific) and incubated with anti—-IFN-y-
APC (17-7311-82, eBioscience), anti-FOXP3-PE (12-5773-80,
eBioscience), or anti-FOXP3-APC (17-5773-82, eBioscience; both
at 1:200), following the manufacturer’s protocol. For experiments in-
volving CCR7°F” reporter mice, single-cell suspensions were always
acquired fresh and without any fixation step. For experiments in-
volving CCR7 staining ex vivo, single-cell suspensions of dCLNs or
meninges were blocked in 50 ul RPMI 1640 with 5% FBS, 10% nor-
mal rat serum (STEMCELL technologies), 2% mouse IgG (Jackson
ImmunoResearch), and anti-CD16/32 (clone 93) on ice for 15 min.
Following the blocking step, 0.5 pg of anti-CD197 (CCR7)-APC
(clone 4B12) or rat IgG2a-APC isotype control (clone RTK2758)
was added, and cells were incubated at 37°C for 30 min. Cells were
washed with PBS and 2% FBS and stained with Zombie NIR fixable
viability kit (BioLegend; 1:500) in PBS (without serum) on ice for
20 min. Stained cells were washed with PBS and 2% FBS, followed
by incubation with a master mix containing 16 pretitrated concen-
trations of antibodies in BD Brilliant Plus buffer (BD Biosciences;
1:5) on ice for 30 min: anti-CD4-BUV395 (GK1.5), anti-CD11b-
BUV563 (M1/70), anti-CD19-BUV615 (1D3), anti-Ly6G-BUV661 (1A8),
anti—-CD90.2-BUV737 (53-2.1), anti-TCRB-BUV805 (H57-597),
anti-CD11c-BV421 (HL3), anti-CD24-PB (M1/69), anti-I-A/I-E-BV510
(M5/114.15.2), anti-B220-BV650 (RA3-6B2), anti-CD45-BV750
(30-F11), anti-CD8a—Alexa Fluor 532 (53-6.7), anti-CD3-BB700 (17A2),
anti-F4/80-PE (T45-2342), anti-NK1.1-PE-Cy7 (PK136), and anti-
Ly6C-APC/Fire-750 (HK1.4). After two washes with PBS and 2%
FBS, cells were fixed, permeabilized using the Foxp3 staining
buffer set, as described above, blocked with 2% mouse IgG on ice
for 15 min, and stained with anti-FOXP3-PE-eF610 (FJK-16s) for
30 min. Fluorescently labeled single-cell suspensions were washed
with FACS buffer and acquired in the Gallios Flow Cytometer
(Beckman Coulter Inc.) or a Cytek Aurora spectral flow cytometer
using SpectroFlo software (Cytek). Acquired data files were unmixed
(when applicable), and data analysis was performed using FlowJo 10
software (Becton Dickinson). Briefly, singlets were gated using the
height, area, and the pulse width of the forward and side scatters,
and then viable leukocytes were selected as CD45" Zombie AQUA™
(CD45*ZA") or Zombie NIR™ (CD45" ZNIR"). In experiments where
brain single-cell suspensions were analyzed, live leukocytes were
identified as CD45"8"ZA", and live microglia were identified as
CD11b"CD45™ZA". Cells were then gated for the appropriate cell
type markers. An aliquot from the unstained single-cell suspensions
was incubated with the ViaStain acridine orange and propidium io-
dide (AOPI) Staining Solution (CS2-0106, Nexcelom Bioscience) to
provide accurate total counts for each sample using Cellometer
Auto 2000 (Nexcelom Bioscience). Data processing was performed
with Excel, and statistical analysis was performed using Prism 8.3.4.

CyTOF and high-dimensional data analysis

Before the start of the experiment, metal isotope-labeled anti-
bodies were purchased from Fluidigm or conjugated in-house with
Maxpar (MP) antibody conjugation kits (Fluidigm) following the
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manufacturer’s protocol. Mice were euthanized and transcardially
perfused, skull caps were collected, and brain meninges were har-
vested and digested to obtain a final single-cell suspension following
the same methodology described in the “Flow cytometry” section.
Cell suspensions resulting from each brain meninges were trans-
ferred in a 96-well plate and washed with MP PBS. An aliquot from
the unstained single-cell suspensions was incubated with ViaStain
AOPI Staining Solution to provide accurate counts for each sample
using Cellometer Auto 2000. Unless stated otherwise, all washes and
incubations were performed with MP Cell Staining Buffer. Individ-
ual samples were incubated with 50 ul of 2.5 pM cisplatin (Fluidigm)
in MP PBS for 5 min at RT, followed by two washes, and preincubat-
ed with Fc receptor-blocking solution (anti-CD16/32 in MP PBS
supplemented with 0.5% BSA) for 15 min at 4°C. Cells were then
stained for fixation-sensitive surface markers for 30 min at 4°C with
the following: anti-Ly6C-Nd-142 (clone HK1.4, Maxpar Ready,
BioLegend, conjugated in-house), anti-CD169-Sm-147 (clone H1.2F3,
Maxpar Ready, conjugated in-house), anti-XCR1-Eu-153 (clone
ZET, BioLegend, conjugated in-house), anti-Siglec-H-Gd-160 (clone 551,
BioLegend, conjugated in-house), anti-FcER1-Dy-161 (clone MAR-1,
Maxpar Ready, conjugated in-house), anti-programmed cell death
protein 1 (PD-1)-Er-166 (clone CHBC0116081, R&D Systems,
conjugated in-house), anti-H-2Kb/Db-Yb-173 (clone 28-8-6, BioLegend,
conjugated in-house), anti-CCR2-FITC (clone 475301, R&D Sys-
tems), and anti-Thyl.2-PE (clone 30-H12, eBioscience). After
washing twice, cells were fixed in 1.6% PFA in MP PBS for 10 min
at RT. Individual samples were barcoded using six palladium
metal isotopes according to the manufacturer’s instructions (Cell-ID
20-plex Pd barcoding kit, Fluidigm) to reduce tube-to-tube vari-
ability. All individual samples were combined in the same tube and
subsequently stained as multiplexed samples by incubating for
30 min at RT with the following antibodies: anti-CD45-Yb-89
(clone 30-F11, 3089005B, Fluidigm), anti-CD11b-Nd-143 (clone
M1/70, 3143015B, Fluidigm), anti-FITC-Nd-144 (clone FIT22,
31440068, Fluidigm), anti-CD4-Nd-145 (clone RM4-5, 31450028,
Fluidigm), anti-F4/80-Nd-146 (clone BM8, 3146008B, Fluidigm), anti-
Ly6G-Nd-148 (clone 1A8, Maxpar Ready, conjugated in-house), anti-
CD19-Sm-149 (clone 6D5, 3149002B, Fluidigm), anti-CD24-Nd-150
(clone M1/69, 3150009B, Fluidigm), anti-CD64-Eu-151 (clone
X54-5/7.1, 3151012B, Fluidigm), anti-CD3e-Sm-152 (clone 145-2C11,
3152004B, Fluidigm), anti-Ter119-Sm-154 (clone Ter119, 31540058,
Fluidigm), anti-PE-Gd-156 (clone PE001, 3156005B, Fluidigm), anti-
CD103-Dy-162 (clone FIB504, 3162026B, Fluidigm), anti-CD14-
Dy-163 (clone M14-23, Ultra-LEAF, conjugated in-house, BioLegend),
anti-CD62L-Dy-164 (clone MEL-14, 3164003B, Fluidigm), anti-
CD80o-Er-168 (clone SK1, 3168002B, Fluidigm), anti-TCRB-Tm-169
(clone H57597, 3169002B, Fluidigm), anti-NK1.1-Er-170 (clone PK136,
3170002B, Fluidigm), anti-CD44-Yb-171 (clone IM7, 3171003B,
Fluidigm), anti-CD86-Yb-172 (clone GL1, 3172016B, Fluidigm), anti-
I-A/I-E-Yb-174 (clone M5/114.15.2, 3174003B, Fluidigm), anti-
CD127-Lu-175 (clone A7R34, 3175006B, Fluidigm), anti-B220-Yb-176
(clone RA3-682, 3176002B, Fluidigm), and anti-CD11c-Bi-209
(clone N418, 3209005B, Fluidigm). The fixed cells were washed and
stained for intracellular antigens in the MP Nuclear Antigen Staining
Buffer Set (Fluidigm) for additional 30 min at RT with the following:
anti-tumor necrosis factor-Pr-141 (clone MP6-XT22, 3141013B,
Fluidigm), anti-FOXP3-Gd-158 (clone FJK-16s, 3158003A, Fluidigm)
anti-RAR-related orphan receptor gamma delta (RORY$)-Tb-159
(clone B2D, 31590198, Fluidigm), anti-T-bet-Ho-165 (clone 4B10,
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Maxpar Ready, conjugated in-house), and anti-GATA3-Er-167
(clone TWAJ, 3167007A, Fluidigm). Samples were washed twice
in Nuclear Antigen Staining Buffer and incubated in 125 nM Ir-
191/193 DNA intercalator solution (Cell-ID Intercalator-Ir in Maxpar
Fix/Perm buffer, Fluidigm) overnight at 4°C. Before acquisition on
a Helios mass cytometer (available at the University of Virginia
Flow Cytometry Core Facility), samples were washed twice with MP
Fix/Perm buffer, MP water, and MP Cell acquisition solution. Raw
data were normalized for detector sensitivity by adding five-element
beads to the sample and processed as described previously (53).
Samples were debarcoded using the Zunder Lab single-cell debarcoder
(https://github.com/zunderlab/single-cell-debarcoder) in MATLAB
(9.7 version), and files were uploaded in Cytobank (7.2 version).
Raw data were subjected to arcsinh transformation (cofactor = 5),
manually gated to exclude debris, doublets, dead cells, and normal-
ization beads and include 191/193Ir_DNA"*, 195Pt_Cisplatin_,
140Ce_EQbeads™, and 89Yb_CD45" events that were corrected for
Mahalanobis distance. Gating was followed by dimensionality re-
duction and t-distributed stochastic neighbor embedding-based
visualization (viSNE) on the combined dataset. Individual fcs files
containing viSNE plots of single live CD45" events were exported
from Cytobank and read into R as a flowset using the flowCore
package (R package version 1.48.1). Clustering was performed us-
ing the default settings for Rphenograph (Cytofkit package for ver-
sion 3.5 of Bioconductor) (54) and all markers in the panel with the
exception of CD45. For the generation of heatmaps showing median
marker expression, the median quantile-scaled expression value
among cells from each cluster was visualized. Initial Rphenograph
nodes depicting the median marker expression values within each
cluster were then examined, and clusters were merged to reflect
biologically meaningful populations. Initial clustering identified
51 clusters, of which, 8 were identified as CD3" TCRB'CD4" T cells,
CD3*TCRB*CD8" T cells, or CD3"TCRB*CD4 CD8™ [double neg-
ative (DN)] T cells. viSNE plots showing unsupervised clustering
profile of subpopulations of CD45" live immune cells isolated from
the meninges were obtained with 2000 cells that were randomly
selected per group. The identified T cell clusters were then subset and
reclustered to identify finer resolution populations using FlowSOM
with the number of clusters set to 15 (55). Further clustering of the
T cell subset revealed other negligible contaminating cell popula-
tions that were removed from the analysis. After two rounds of
reclustering and exclusion, the final T cell subpopulations were
defined on the basis of the CD4, CD8, CD103, PD-1, and CD44
phenotypic markers and the FOXP3 and T-bet transcription factors.
The frequencies were calculated as the number of cells from each sample
belonging to each cluster divided by the total number of T cells subset
from that sample. viSNE dimensions were then recalculated using
arandom sample of 500 cells from each sample. For the generation of
heatmaps showing median marker expression, the median quantile-
scaled expression value among cells from each cluster was visualized.

Whole-brain blood vascular and myeloid cell sorting

Adult (5 months of age) 5xFAD:CCR7”'~ mice, or control age-
matched 5xFAD littermates, were euthanized by intraperitoneal
injection of Euthasol and transcardially perfused with ice-cold PBS
with heparin. The skulls were collected, and the whole brain was
carefully dissected into ice-cold advanced Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (12634010, Gibco). Brain tissue was
mechanically dissociated with sterile sharp scissors and digested for
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45 min at 37°C in advanced DMEM/F12 with collagenase VIII
(1 mg/ml), DNase I (50 U/ml), and 1% FBS. Every 15 min, the tissue
suspensions were sequentially passed through a 10-ml serological
pipette (10 times), followed by two passages through a 5-ml serolog-
ical pipette (10 times each). Cellular suspensions were filtered through
a 70-um cell strainer, thoroughly mixed with an equal volume of
22% BSA in PBS, and centrifuged at 1000g for 10 min at RT (with-
out break), to remove the myelin. After discarding the upper layer
and supernatant containing the myelin and cell debris, the cell pel-
lets were washed with advanced DMEM/F12 supplemented with
10% FBS, resuspended in ice-cold FACS buffer, preincubated for
10 min at 4°C with Fc receptor-blocking solution (anti-CD16/32,
101302, BioLegend; 1:200 in ice-cold FACS buffer), and stained for
extracellular markers with the following antibodies (at 1:200 in ice-
cold FACS buffer, unless stated otherwise): anti-CD13-FITC (558744,
BD Biosciences; at 1:50), anti-Ly6G-PE (127608, BioLegend), anti-
CD11b PerCP-Cy5.5 (550993, BD Biosciences), anti-CD31-APC
(17-0311-80, eBioscience), and anti-CD45-APC-Cy7 (103116, BioLegend).
DAPI (0.1 pg/ml) was also added to access cell viability. After an
incubation period of 25 min at 4°C, cells were washed and resuspended
in ice-cold FACS bulffer. Cells were gated on DAPI” singlets (based
on height, area, and the pulse width of the forward and side scatters),
CD45"CD11b*Ly6G (myeloid cells), and CD45 CD11b~ CD13"CD31"
(BECs) and sorted using the Influx Cell Sorter at the University of
Virginia Flow Cytometry Core Facility. The aforementioned en-
riched single-cell populations pertaining to the same group were
sorted into the same 1.5-ml tube previously coated (overnight) with
0.1% ultrapure nonacetylated BSA (AM2616, Thermo Fisher Scientific)
in PBS, containing 500 pl of ice-cold advanced DMEM/F12. Single
cells were centrifuged at 350g for 5 min at 4°C and resuspended in
0.1% ultrapure nonacetylated BSA in PBS at 1000 cells/ul estimated
from counting on a hemocytometer and Trypan blue (MilliporeSigma)
staining. Single-cell suspensions were kept on ice until further use.

Murine single-cell RNA-seq

For the experiments involving sorted blood vascular and myeloid
cells from whole-brain preparations, ~10,000 cells per sample
were loaded onto a Chromium Single-Cell A Chip (PN-120236, 10x
Genomics) placed in a 10x Chip Holder and run on a 10x platform
Chromium Controller to generate complementary DNAs carrying
cell- and transcript-specific barcodes. Sequencing libraries were con-
structed using the Chromium Single-Cell 3’ Library and Gel Bead
Kit v2 (PN-120237, 10x Genomics). After a quality control step per-
formed on an Illumina MiSeq Nano system, libraries were sequenced
on the Illumina NextSeq platform using paired-end sequencing,
with 100,000 reads targeted per cell. All murine single-cell RNA-seq
data were generated in the Genome Analysis and Technology Core
of the University of Virginia (RRID:SCR_018883). Binary base call
(bel) files were converted to fastq format using the Illumina bcl2fastq2
software. Fastq files were then mapped to the mm10 transcriptome
using the CellRanger 3.0.2 pipeline, specifically the count function.
The resulting gene by count matrices were then read into R and fil-
tered to remove low-quality cells based on unique molecular counts,
unique genes, and percent mitochondrial gene expression. In addi-
tion, genes were filtered to retain only those which expressed more
than five cells. The remaining cells were then normalized and log-
transformed using the scran normalization package (56, 57). The
resulting normalized counts were then transformed from log, scale
to the natural log scale for compatibility with Seurat v3 (58), and the
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effects of sequencing depth per cell, number of unique features, and
percentage of mitochondrial genes were regressed out. Highly vari-
able genes were determined using the variance-stabilizing transfor-
mation, and the top 2000 most variable genes were used as input for
principal components analysis. Principal components were selected
on the basis of an elbow plot. On the basis of these results, on the
percentage of variance explained by each component and the num-
ber of cells in the dataset, the first 10 principal components were
used for clustering and t-stochastic neighbor embedding (tSNE)
analysis. Cluster membership was determined using shared nearest
neighbor graph embedding and optimization of the Louvain algorithm
as implemented in the Seurat FindNeighbors and FindClusters func-
tions with a resolution of 0.8. For cluster markers, the FindAlIMarkers
function was used to test genes showing a minimum log fold change
of 0.25 in each cluster versus all other clusters and expressed in a
minimum of 30% of cells in the cluster of interest. Cluster annotation
was performed manually on the basis of the expression of canonical
markers. Cells not of interest to the analysis were removed on the
basis of these cluster annotations, including oligodendrocytes,
ependymal cells, choroid plexus endothelial cells, a small population
of pericytes and smooth muscle cells, and a subcluster of microglia
with a similar gene signature to artificially ex vivo activated microglia
(59). Transcripts were then rescaled, reclustered, and annotated
again using the methods described above, and clusters were col-
lapsed on the basis of common cell types. A final number of 8567
cells were obtained, including 1442 arterial BECs, 5181 capillary
BECs, 453 venous BECs, 1176 microglia, and 315 BAMs. For analy-
sis of differentially expressed genes between groups, each cluster
was filtered to include genes that had at least five transcripts in at
least five cells, and then the top 2000 highly variable genes were
determined and included for further analysis using the SingleCell-
Experiment modelGeneVar and getTopHVGs functions. After filtering,
observational weights for each gene were calculated using the
ZINB-WaVE zinbFit and zinbwave functions (60). These were then
included in the edgeR model, which was created with the glmFit function,
using the glmWeightedF function (61). Results were then filtered
using as threshold Benjamini-Hochberg adjusted P < 0.05 (statistically
significant). Volcano plots were made with the EnhancedVolcano
package (https://github.com/kevinblighe/EnhancedVolcano).
Genes matching this significance threshold were divided on the basis
of up- or down-regulation (62) and used as input for gene ontology
analysis using the ClusterProfiler package (63, 64).

Statistical analysis and reproducibility

Sample sizes were chosen on the basis of standard power calcula-
tions (with a = 0.05 and a power of 0.8) performed for similar ex-
periments that were previously published (23, 25, 28). In general,
statistical methods were not used to recalculate or predetermine
sample sizes. Animals from different cages, but within the same ex-
perimental group, were selected to assure randomization. Experi-
menters were blinded to the identity of experimental groups from
the time of euthanasia until the end of data collection and analysis
for all the independent experiments. Data showing positive results
were confirmed in at least two independent experiments. The
Kolmogorov-Smirnov test was used to assess the distribution of the
data. Variance was similar within independent groups of the same
experiment and between groups from independent experiments.
The ROUT and Grubb test were used to identify and discard poten-
tial outliers. One outlier was detected and removed in fig. S1 (P to S).
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Data in graphs were always presented as means + SEM. Two-group
comparisons were made using two-tailed unpaired Student’s ¢ test.
One-way analysis of variance (ANOVA), with Sidak’s or Bonferroni’s
multiple comparisons tests, was used to compare three independent
groups. For comparisons of multiple factors (for example, immune
cell type versus treatment), two-way ANOVA with Sidak’s multiple
comparisons test was used. Repeated-measures two-way ANOVA
with Sidak’s multiple comparisons test was used to analyze data ac-
quired during the acquisition and reversal of the MWM test. Multiple
two-tailed unpaired Student’s ¢ tests, with two-stage step-up method
of Benjamini, Krieger, and Yekutieli and false discovery rate (FDR)
(Q) = 0.05, were used for multiple comparisons between two conditions
in terms of leukocyte cell cluster number or frequency. Statistical
analysis was performed using Prism version 8.3.4.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabe4601/DC1

View/request a protocol for this paper from Bio-protocol.
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