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SUMMARY

Border-associated macrophages (BAMSs) are tissue-resident macrophages that reside at the border
of the central nervous system (CNS). Since BAMs originate from yolk sac progenitors that do

not persist after birth, the means by which this population of cells is maintained is not well
understood. Using two-photon microscopy and multiple lineage-tracing strategies, we determine
that CCR2* monocytes are significant contributors to BAM populations following disruptions of
CNS homeostasis in adult mice. After BAM depletion, while the residual BAMs possess partial
self-repopulation capability, the CCR2* monocytes are a critical source of the repopulated BAMs.
In addition, we demonstrate the existence of CCR2* monocyte-derived long-lived BAMs in a brain
compression model and in a sepsis model after the initial disruption of homeostasis. Our study
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reveals that the short-lived CCR2* monocytes transform into long-lived BAM-like cells at the
CNS border and subsequently contribute to BAM populations.

In brief

In this study, Wang et al. demonstrate in mouse models that short-lived CCR2* monocytes engraft
the brain border and transform into long-lived BAM (border-associated macrophage)-like cells

to replenish the BAMs after acute depletion or in brain diseases where an initial loss of BAMs
occurs, such as brain compression and meningitis.
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INTRODUCTION

The border of the central nervous system (CNS), which includes the dura mater,
leptomeninges, choroid plexus, and perivascular space, harbors a unique immune

population termed the CNS border-associated macrophages (BAMs).1 Based on their
anatomical locations, BAMs can be further classified into dura mater BAMs (dmBAMs),
leptomeningeal BAMs (mMBAMs), perivascular macrophages (PVMs), and choroid plexus
BAMs (cpBAMs).2 Of note, the mBAMs are the source for the PVMs postnatally; thus, both
are termed subdural BAMs (sdBAMs).3 In addition, BAMs have strikingly similar ontogeny
to microglia, the CNS-resident macrophages in parenchyma,? in that both types of cells

are developed from yolk sac erythromyeloid progenitors (EMPs) which cease to exist after
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birth.>=7 Thus, the means by which BAM populations are maintained and renewed have
drawn increasing attention.8

Previous studies have reported that, under homeostatic conditions, siBAMs are long-lived
cells and assumed to be self-maintaining, while dmBAMs and cpBAMs are gradually
renewed by cells of peripheral origin.®® However, since CNS homeostasis and its border
can be easily disrupted, often accompanied by loss of BAMs and infiltration of peripheral
immune cells, the composition of BAM pools may also change. Thus, how BAMs are
maintained and replenished within disease contexts is largely unexplored. Using two-photon
microscopy, full-spectrum flow cytometry, and multiple lineage-tracing mouse models, we
report the important contribution of CCR2* monocytes to BAM populations following
disruption of CNS homeostasis.

BAMs are distinct immune populations at the CNS border

To initially characterize BAM populations, we started with the GEO: GSE128855 dataset,
which contains single-cell RNA sequencing (SCRNA-seq) data of all immune cells collected
from the CNS and its border compartments.® The UMAP projection shows a clear separation
of the BAMs cluster from the microglial cluster (Figure 1A). Next, we calculated BAM
marker genes and selectively plotted the top eight, including Ms4az, P4, Mrcl, 1gf1, DabZ,
Cbr2, FolrZ, and Mg/2 (Figure 1B). Despite the fact that the CD206 protein encoded by

the Mrcl gene has been widely used as the principal marker for BAMs,8.7:10.11 e were
concerned that it may not label the major histocompatibility complex (MHC) class 11'oW/
negative BAM populations.®12:13 Thus, we performed co-staining of CD206 with IBA1 and
MHC class 1l and found a high efficiency of co-localization in both the MHC class 11" and
MHC class 11~ BAM populations (over 75%; Figures SIA-S1C). A few epiplexus cpBAMSs
could also be labeled by CD206 (Figure S1D), although the signal was weak, consistent
with their low Mrc1 transcription.® Thus, CD206 was used in the following histological
experiments to identify BAMs in the current study.

Since BAMs reside in multiple interface compartments (Figure 1C), their morphology
exhibited heterogeneity (Figure 1D). We used four shape descriptors (size, roundness, aspect
ratio, and solidity) to briefly evaluate this heterogeneity (Figures SIE-S1H).14 The results
showed that dmBAMs are typically polarized, rod-shape cells with a higher aspect ratio.

In contrast, mBAMSs have the highest roundness index. PVMs are confined within the
Virchow-Robin space along blood vessels, with no microglia-like processes. Compared to
other BAMs, cpBAMSs have more processes extended from somata, resulting in a decreased
solidity index. These characteristic morphologies helped identify BAMs during the rest of
the study.

BAMs are partially self-replenished after depletion

Previous studies have reported that SIBAMs are self-maintained with little contribution
from peripheral immune cells until aging, while dnBAMs and cpBAMs are gradually
replenished by cells from peripheral origin under homeostatic conditions.®:9 We wondered

Cell Rep. Author manuscript; available in PMC 2024 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 4

then whether BAMs can self-repopulate after depletion. To address this question, we utilized
PLX3397, a CSF-1 receptor antagonist, to acutely deplete BAMs.15-17 To genetically

trace BAMs, we used the Cx3cr1CreERA :-pogtTomato/s moyse line, which labels BAMS,
microglia, and a few circulating blood immune cells with tdTomato after tamoxifen
injections. Since only BAMSs and microglia are long-lived cells, while other CX3CR1*
immune cell types have comparably shorter life spans, a 4-week turnover period would
leave only BAMs and microglia tdTomato*.918-22 We then fed mice PLX3397 chow for

5 weeks to deplete BAMs, followed by normal chow for 3 weeks to let BAMSs repopulate
(Figure 1E). Using two-photon /n vivo imaging, we longitudinally monitored the depletion
and repopulation of tdTomato™ dmBAMs and mBAMs, with intravenous (i.v.) injection of
dextran-fluorescein isothiocyanate (FITC) to visualize blood vessels. If the tdTomato™ cell
number in the meninges increased during repopulation, then it would suggest that dAmMBAMSs
and mBAMs are at least partially repopulated from residual BAMs. As expected, the number
of tdTomato™ BAMs in the meninges gradually decreased after commencing PLX3397
chow and reached the minimum at depletion day 35. Interestingly, during repopulation, the
number of tdTomato* BAMs in the meninges increased (Figures 1E and 1F).

To rule out the possibility that the increased number of tdTomato* cells during repopulation
were due to the recently reported CreER leakiness issue,23-25 we performed two-photon
imaging of meningeal BAMs at repopulation day 2. We successfully captured the cell
proliferation events of these tdTomato* BAMs, suggesting that these resident BAM cells
can self-repopulate (Figure S1I; Video S1). We also utilized flow cytometry to profile

the repopulation process in the Cx3cr1CTeERA --p2gdTomalo mice (Figures S1J, S1K, and
Figure S2). As expected, all repopulated microglia were tdTomato* (Figures S1L and
S1M), consistent with previous reports.1® Around half of the overall repopulated BAMs
were tdTomato*, suggesting the partial self-repopulation of BAMs (Figures S1L and S1M).
Together, these results indicate that BAMs can partially repopulate from residual BAMs that
survived PLX3397 depletion.

CCR2" monocytes are able to replenish BAMs after depletion

Interestingly, in addition to observing tdTomato™ BAMs during repopulation, we noticed
sparse extravascular accumulation of dextran-FITC in tdTomato™ cells within the meninges
by repopulation day 7 (Figure 1E, arrowhead; Figure 1G). To enhance the diffusion of
dextran-FITC into the meninges for better visualization, we i.v. injected lower-molecular-
weight dextran-FITC at repopulation day 10. An abundance of tdTomato™FITC* cells was
observed in the meninges at repopulation days 14 and 21 (Figure 1E), whose morphology
resembled dmBAMs and mBAMs (Figure 1H). In addition, the flow cytometry data also
showed that the percentage of tdTomato™ cells in repopulated BAMs was significantly
lower compared to the non-depletion control group, with the exception of the MHC class
11'°-cpBAMS group disturbed by an outlier (Figures S1L and S1M). This overall trend of
decreased tdTomato* BAM s after repopulation was consistent with a previous study using
the Cx3cr1CTeER R 26°YFP/ mice with similar logic.® These data suggested that cells from
peripheral origin could also replenish the BAM population.
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Considering that CCR2* monocytes are capable of infiltrating and transforming into tissue-
resident macrophages in other organs,26:27 we decided to investigate whether they could
replenish PLX3397-depleted BAM pools. Therefore, we first used Ccr2CTeERA --Rp26PTRA
mice to transiently trace CCR2* monocytes. PLX3397 chow was provided for 4 weeks, and
normal chow was supplied thereafter. Tamoxifen was injected on the last day of PLX3397
treatment and on the first day of normal chow supply to drive diphtheria toxin receptor
(DTR) expression in CCR2* monocytes (Figure 2A). If CCR2* monocytes could replenish
BAMSs during repopulation, we hypostasized, then we would find DTR*CD206* BAMs;
otherwise, only DTR™CD206* BAMs would exist (Figure 2B). We confirmed successful
depletion of BAMSs and microglia 4 weeks after PLX3397 supply (Figure S3A). Of note,
DTR expression (determined by immunostaining) was not observed in the few surviving
BAMs but was observed in small round cells, presumed to be monocytes (Figure S3B).
Three weeks after repopulation, we found DTR*CD206™" cells in all BAMs subtypes
(Figure 2C). Specifically, more than 60% of all BAMs were DTR*CD206™ (Figure 2D),
demonstrating that CCR2* monocytes have the capability to replenish a large percentage of
the lost BAM populations.

We performed /n vivo two-photon imaging to visualize the transformation of CCR2*
monocytes into dAMBAMSs and mBAMs during repopulation (Figure 2E). If monocytes
transform into BAMs, then they will exhibit morphological changes, with increased cell area
and aspect ratios and a decrease in solidity and roundness (Figure 2F). Indeed, we observed
many small round CCR2* monocytes accumulating along blood vessels at repopulation

day 2, which gradually increased their size and polarity during repopulation (Figures 2G—
21). At repopulation day 28, we observed both dmBAM-like and mBAM:-like cells at the
meningeal level (Figure 2G, arrowhead). Under the control condition without depletion,

we observed tdTomato* BAMs in the meninges, suggesting their monocyte origin, but not
the perivascular accumulation or subsequent transformation into BAMS, suggesting a very
slow rate of monocyte-BAM transformation under homeostatic conditions (Figures S3C and
S3D).

We also repeated the depletion-repopulation experiment in the Ccr2CTeER --pogtdTomato/
mice and conducted flow cytometry to study the frequency of tdTomato* monocyte-derived
BAMs (Figure 2J). Tamoxifen was injected on the last day of PLX3397 supply to transiently
label a portion of CCR2* monocytes. Tissues were collected at repopulation week 4, 8,

and 12 or control week 8 for flow cytometry. A significant increase of tdTomato* cells

in the repopulated BAMs compared to control would suggest that CCR2* monocytes can
also replenish BAMs (Figure 2K). Indeed, the flow cytometry results showed a significant
increase of tdTomato™ BAM s at different repopulation time points compared to control
week 8 (Figure 2L). Since monocytes can slowly engraft the dura mater and choroid plexus
to become MHC class 11" BAMs,® we examined the percentage of MHC class 11N cells

in tdTomato* BAMs. All tdTomato™ BAM subtypes in the control group showed a high
percentage of MHC class 11", indicating their monocyte origin (Figure 2M). Interestingly,
both the repopulated tdTomato™ dmBAMs and tdTomato* sdBAMs, but not tdTomato*
cpBAMs, showed decreased percentages of MHC class 11" cells compared to the control
(Figure 2M). We present the tSNE plots to show the tdTomato expression of microglia

and BAM subtypes from control and repopulation week 8 (Figure 2N). We also performed
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immunostaining of the BAM marker CD206. Our results show that CD206*tdTomato® cells
exhibited typical BAM morphology at repopulation week 8 (Figure S3E). Together, these
results indicate that CCR2* monocytes significantly replenish the BAM population after
their depletion.

Microglia do not contribute to BAM repopulation

Since both BAMs and microglia develop from the same progenitors,’-28 and because
microglia have a strong capacity for selfrenewal,1® we wanted to know whether microglia
could also contribute to BAM repopulation. Thus, we used 7mem119-CreER.::R26/Tomato/
mice to specifically label microglia (Figure S4A). If any tdTomato*CD206" BAMs existed
after repopulation, then it would indicate contributions from microglia (Figure S4B).

We observed a tracing efficiency of approximately 94% in the cortex, 88.67% in the
hippocampus, and 69.67% in the cerebellum for parenchymal IBA1* microglia (Figures S4C
and S4E). In addition, we found no tdTomato* dmBAMs, mBAMs, or PVMs, while around
7% of cpBAMs displayed tdTomato expression (Figures S4D and S4F), supposed to be the
epiplexus (Kolmer) cells that exhibit microglia marker genes.® After BAM depletion and
repopulation, we found no tdTomato*CD206* BAMs in the dura mater, leptomeninges, or
perivascular spaces. Approximately 8% of CD206* cpBAMs were tdTomato™, comparable
with what was observed before depletion (Figures S4G and S4H). This is consistent with

a previous study showing total self-repopulation of the epiplexus cpBAMs.? Of note, we
observed a large quantity of tdTomato™ fibroblast-like cells in the dura mater and a sparse
few along the leptomeninges and vessel walls (Figures S4D and S4G) that were PDGFRa*
(Figure S4l). Our results indicated that microglia do not contribute to BAM repopulation.

Single-cell transcriptomics reveal close association of CCR2* monocytes with BAMs

To understand the transcriptional similarity between BAMs, monocytes, and microglia, we
utilize the GEO: GSE128855 dataset to calculate the correlation of their transcriptome
profiles. We found that monocytes and BAMSs had the most correlated transcriptome
profiles, while monocytes and microglia had the least correlated profiles (Figure S5A,

top left). Although both the microglia and BAMs are tissue-resident macrophages, their
transcriptomic similarity was lower than that between the BAMs and monocytes. We also
found that all correlations were high between monocytes and BAMs isolated from the same
region (all higher than 0.57; Figure S5A, bottom right).

We also investigated the GEO: GSE118948 dataset, which sequenced CD45* cells isolated
from the meninges, choroid plexus, brain parenchyma, and peripheral blood.2? We found
that monocytes were clearly separated into two subclusters (Figures S5B and S5C).
Wondering whether this separation was due to the differences in location from which

these monocytes were collected (i.e., brain vs. blood), we labeled each cell with its tissue
collection location as reported in the original study. Surprisingly, we found that monocyte
cluster 1 contained monocytes collected from all CNS locations and blood, while monocyte
cluster 2 contained mostly blood monocytes (Figures S5D and S5E). We found that
monocyte subcluster 1 was Ly6-c2 Cer2iSelliSpnt-o Tremi4-o", resembling the classical
monocytes, while monocyte subcluster 2 was Ly6c2-0%Cer2-oW Self-oWSpnt! Trem/l4/!
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resembling non-classical monocytes?’ (Figures S5F), which highlighted the close
relationship of CCR2* monocytes to the CNS border.

The higher correlation between monocytes and BAMs made us hypothesize that there was
an intermediate cell state when CCR2* monocytes transformed into mature BAMs, similar
to the classical monocyte-derived cells described in a previous study.® To test this idea,

we used the GEO: GSE150169 dataset,39 which contained CD11b-sorted brain immune
cells from BAM deletion day 14, repopulation day 2, and control conditions (Figure

3A), highly relevant to our depletion-repopulation experiments. Clusters were annotated

by their marker genes (Figures 3B; S4G). A deeper characterization of the BAM/monocyte/
dendritic cells cluster yielded 5 populations: Ccr2° non-classical monocytes (ncMonocytes),
Cer2' classical monocytes (cMonocytes), Cer2'i classical monocyte-derived cells (cMdCs),
dendritic cells (DCs), and MHC class 11'® BAMSs (Figures 3C; S4H). As expected, we found
a dramatic loss of both the MHC class 11'® BAMSs and a portion of cMdCs after depletion
by PLX5622, which had high CsfZrexpression (Figures 3D and 3E). We performed the
SCORPIUS trajectory analysis31:32 of cMonocytes, cMdCs, and MHC class 11'° BAMs,
and found that the cMdC automatically clustered between cMonocytes and MHC class 11'°
BAMs (Figure 3F). We calculated the gene modules involved in this transformation, which
showed transcriptional gradients that were lost or gained as cells moved from classical
monocytes to BAMs (Figure 3G). The gene modules were strikingly similar to the previous
study,? showing the gradient loss of Ccr2and Ly6c2and gain of BAMs marker genes

such as Aif1, Mrc1, Apoe, and Pf4. \We then examined the gene expression of these three
populations at different time points. We found that both cMonocytes and cMdCs had high
Ccr2expression at the end of the PLX5622 depletion and repopulation day 2 (Figures

3H and 31), which could be well targeted in our lineage-tracing Ccr2CTeER/ :-r2gtd Tomato/
mice. Interestingly, at repopulation day 2, there was an increased portion of CCR2NMHC
class 11'e9 cMdC population (Figures 3] and 3K). This could either indicate the increased
transformation of cMonocytes to cMdCs during the early repopulation phase, where many
cMonocytes have not yet express MHC class 11, or the interesting possibility that these
CCR2*MHC class 11~ cMdCs may directly transform into MHC class 11'® BAMs. Overall,
these ScCRNA-seq data suggest the transformation of CCR2* monocytes and their derived
cells during early repopulation.

CCR2* monocytes replenish BAMs following disease-induced BAMs loss

Since PLX3397-mediated BAM depletion is an extreme situation, we asked whether CCR2*
monocytes could contribute to BAM populations under disease conditions with an initial
BAM loss. Therefore, we utilized a brain compression model and a sepsis model to address
this question. The brain compression model was induced by compressing the cortex with

a cover glass during two-photon cranial window surgery (Figure S6A). We observed the
formation of characteristic honeycomb and jellyfish structures by microglia in the cortex
of the Cx3cr1™* mice in response to injury (Figure S6B; Video S2), similar to a
previous report.33 Interestingly, time-lapse 7 vivo two-photon imaging showed a rapid

loss of both dmMBAMs and mBAMs within the first hour of compression (Figure 4A,
arrowhead). We then observed an increased number of GFP* cells in the meninges during
the subsequent weeks, whose morphology gradually resembled dmBAMs and mBAMs by
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3 months (Figure 4A, arrowhead). The initial loss of BAMs was confirmed by CD206
immunostaining 3 h after the compression (Figures S6C and S6D). We then asked whether
CCR2* monocytes contributed to the replenishment of BAMs. To this end, we performed
brain compression in Ccr2CTeER :-Rosa26tdT0mato/t mice and longitudinally monitored
CCR2* monocyte response (Figure 4B). Indeed, we observed infiltration of a significant
number of small round tdTomato™ monocytes into the meninges 1 day after injury (Figure
4B). We further observed that these tdTomato* monocytes gradually transformed their
morphology throughout injury onset and recovery (Figure 4B). By 3 months, tdTomato™
cells exhibited dmBAM-like and mBAM-like morphology (Figure 4B, arrowhead). We
collected tissue and performed immunostaining to quantify tdTomato*CD206* cell number
and found that approximately 70.66% dmBAMs and 52.15% mBAMSs were tdTomato® in
the compressed region, while only 10.39% dmBAMs and 5.66% mBAMs were tdTomato™
in the non-compressed region (Figures 4C and 4D). We also performed flow cytometry

on cells collected from compression regions or sham procedure regions 12 weeks after
surgery (Figure S6G). The compression region had a higher ratio of both MHC class 11
dmBAMs and MHC class 11" sdBAMs, suggesting the increase of monocyte-derived BAMs
in response to brain compression (Figure S6H). The frequencies of tdTomato* dmBAM and
tdTomato* sdBAMs were also increased in the compression region compared to the sham
group (Figure S6l). Interestingly, compared with tdTomato* sdBAM s in the sham group,
we found a decreased frequency of tdTomato*MHC class 11" sdBAMSs in the compression
region (Figure S6J). A similar trend was also observed in the dmBAMSs, but due to the
limited animal numbers, we could not detect a difference (Figure S6J).

To further study CCR2* monocytes in replenishing BAM populations, we used a sepsis
model that induces severe systemic inflammation and meningitis via i.v. injection of
lipopolysaccharide (LPS; 2.5 mg/kg i.v.). High-dose LPS is known to disrupt homeostasis in
the CNS and its border compartments and induce macrophage apoptosis.343% We observed
a decreased number of dmBAMs in the LPS group compared to the PBS control (Figures
S6E and S6F). Next, we labeled CCR2* monocytes in Ccr2CTeER/ :-Rosa26tTomatol* mice
and examined their incorporation into BAM populations (Figure 4E). We collected tissue

at 8 weeks post LPS or PBS injection and found a mixture of tdTomato*CD206* and
tdTomato"CD206™ BAMSs (Figure 4F). The ratio of tdTomato*CD206* dmBAMs, mBAMs,
and cpBAMs in the LPS group was significantly higher than in the PBS group (Figure 4G).
Together, our results demonstrate that, in addition to BAM self-repopulation, the CCR2*
monocytes are able to infiltrate into the diseased brain and transform into long-living BAM-
like cells that replenish the lost BAM populations (Figure 4H).

DISCUSSION

Recent studies using parabiosis and the constitutive FLT3C'® tracing line have reported
that, under homeostatic conditions, sSdABAMs maintain their embryo ontogeny with little
contribution from peripheral progenitors until aging, while dmBAMs and cpBAM s are
slowly replaced by cells derived from peripheral circulation.5:° However, it would be
interesting to perform the depletion-repopulation experiment in the FLT3C' tracing line to
investigate the contribution of bone marrow progenitor-derived cells, most likely CCR2*
monocytes, to the replenished BAM population. The infiltration of CCR2* monocytes
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into the CNS and its border has been documented in a broad spectrum of diseases, such

as seizures,36-38 pain,22:39 Alzheimer’s disease,*%-42 ischemic and hemorrhagic stroke,3-
46 traumatic brain injury,%” and meningitis.*349 Recent studies using the Ccr2-CreER
lineage-tracing mouse line have shown convincing evidence of long-term engraftment and
transformation of infiltrated monocytes into microglia-like cells in the brain parenchyma
following brain irradiation and stroke.#>:°0 In this study, we demonstrate that CCR2*
monocytes replenish the BAM population in three animal models that have an initial loss

of BAMs. Of note, a subtype of cpBAMs (namely, epiplexus cpBAMs or Kolmer cells)®!
are reported to express multiple microglial marker genes, such as P2ry12and Sall1, and can
totally self-repopulate after depletion.® Indeed, we found some tdTomato™ cpBAMs in the
Tmem119-CreER::R26/Tomato mayse, likely Kolmer cells, whose ratio remained the same
between control and repopulation conditions.

Trafficking of circulating monocytes are highly regulated. The CCR2 receptor is critical for
the egress of classical monocytes from the bone marrow®2:53 and for infiltration into the
CNS.26 Multiple ligands for CCR2, such as CCL2, CCL7, CCL12 (mouse only), and CCL13
(human only), have been reported to play critical roles in driving monocyte infiltration

into the CNS,54-57 likely in a disease-dependent manner. CCL2 is expressed by a variety
of cells in the CNS and its border, such as neurons, astrocytes, microglia, smooth muscle
cells, endothelial cells, and fibroblasts.8-61 CCL7 is expressed by astrocytes,62 CCL12

by microglia,53 and CCL13 by inflamed human brain blood vessels.54 The extravasation

of monocytes can be facilitated by the fenestrated endothelia in the dura mater and

choroid plexus vasculatures. Despite the endothelia in leptomeningeal blood vessels being
connected by tight junctions under homeostasis, it can be disrupted after disease.65-67
Additionally, a recent discovery of the mesothelium structure in the leptomeninges, termed
the subarachnoid lymphatic-like membrane, suggests the existence of a myeloid cell hub
within the leptomeninges that possibly provides a novel route for monocyte infiltration

into the leptomeninges.88 Multiple molecules may orchestrate the transformation from
monocytes to BAMs, such as interferon regulatory factor 8 and MAF bZIP transcription
factor B, deficiency of which will impede BAM expansion.® In addition, the integrin
signaling pathways are critical for PVMs to expand from mBAMSs and descend into the
Virchow-Robin v is reported to drive monocyte differentiation after engraftment in the
dura mater within a murine viral meningitis model.*? However, it still remains unknown
whether the replenishment of BAMs by CCR2* monocytes is regulated by similar molecular
mechanisms.

We believe that the empty niche created by the initial loss of BAMs is important for

the long-term engraftment of monocyte-derived BAMs. A massive loss of the BAMSs in
the diseased brain is not uncommon. Meningitis caused by bacterial, virus, and parasite
infection is a relevant clinical disease that can result in BAM loss.%® Gram-negative
meningococci, such as Neisseria meningitidis, are one of the major causes of bacterial
meningitis.”® The LPS on the outer membrane of these meningococcus functions as

an endotoxin and virulence factor,”! which can be recognized by macrophage Toll-like
receptor 4.72 The deleterious effects of LPS trigger excessive production of nitric oxide by
macrophages, which can eventually lead to macrophage apoptosis.3® In addition, a virus
infection induces massive loss of BAMs and subsequent long-term engraftment of CCR2*
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monocytes in the meninges have been reported in a murine viral meningitis model .49
Interestingly, a previous study on the parasite 7rypanosoma brucei-induced meningitis
reported different results to our LPS study.”® This study reported the existence of monocyte-
derived dmBAMs and cpBAMSs upon parasitic meningitis resolution but not monocyte-
derived sdBAMs.3 This could possibly be explained by the different disease settings. In
our model, we used a high LPS dose to acutely induce severe systemic inflammation that
caused BAM s loss. In the 7. brucei meningitis model, the parasites gradually accumulated
in the CNS-border compartments in weeks. In addition, the parasitemia peaked in the
leptomeninges was also less severe compared to the dura mater and choroid plexus

in the model, which might not cause sdBAM loss, and, thus, no empty niche was

created. Actually, we think a possibly better disease model to mimic the BAM loss and
monocyte replenishment scenario would be the attenuated lymphocytic choriomeningitis
virus (r3LCMV) model reported previously,*® where the virus can directly infect BAMs and
cause their loss, while the fatality rate of the host is low.

Limitations of the study

There are several limitations of the current study. First, in the brain compression flow
cytometry experiment, we did not evaluate the absolute quantity of the MHC class 11

and MHC class 11'° BAMs at 12 weeks post compression. The increased frequency of
CCR2* monocyte-derived BAMs might be due to the increased absolute number of the
MHC class 11" BAMs, while the number of MHC class 11'° BAMs remain unchanged.
Second, we did not investigate whether the monocyte-derived BAM-like cells will eventually
become indistinguishable from naive BAMs upon disease resolution, both numerically and
functionally. To possibly address this question, sScRNA-seq of monocyte-replenished BAMs
and naive BAMs at multiple time points after disease resolution would be of interest for
future studies.

In summary, we demonstrated the capability of CCR2* monocytes to replenish the BAM
populations in the diseased brain. Future studies are needed to understand what molecular
signals drive monocyte transformation into MHC class 11" and MHC class 11'° BAMs and
how monocyte-derived BAMs can be harnessed to treat disease conditions like traumatic
brain injury or meningitis.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Dr. Long-Jun Wu
(longjun.wu@uth.tmc.edu).

Materials availability—This study did not generate new unique reagents or materials.
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Data and code availability

. Single-cell RNA-seq data analyzed in this study are publicly available at GEO.
Accession numbers are listed in the key resources table. Other data reported in
this paper will be shared by the lead contact upon request

. All codes for the single-cell RNA-seq data analysis have been deposited at
Zenodo and is publicly available as of the date of publication by https://doi.org/
10.5281/zenodo.10836098. Link to files is listed in the key resources table.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—The Mayo Clinic Institutional Animal Care and Use Committees (IACUC)
approved all procedures utilized within this study. Adult mice of both sexes were used
between 6 weeks and 6 months of age. No differences were noted between male and female
mice so data was combined. Mice of the same sex and genotype were randomly assigned to
experimental groups. Homozygous CX3CR1-CreER mice (JAX:020940), Tmem119-CreER
mice (JAX:031820), two strains of CCR2-CreER mice (the first strain was kindly provided
by Dr. Chia-Yi Kuan, University of Virginia; the second strain is JAX:035229), were
crossed with homozygous Rosa26-tdTomato (JAX:007914) or Rosa26-iDTR (JAX:007900)
mice to generate CX3CR1CreER/+:RogtdTomato/+ mjce Tmem119CTeER/+:RogtdTOMal0/* mjce,
CCR2CTeER/+:RpgtdTomato/+ ang CCR2CTEER*:R26IDTR* mice, respectively. Mice were
group housed on a 12-h light/dark cycle and in a climate-controlled environment. Food

and water were provided ad libitum.

METHOD DETAILS

Immunofluorescence staining—Mice were deeply anesthetized with isoflurane and
then transcardially perfused with ice-cold phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA) in PBS. The whole brain and skull were harvested and post-fixed
in 4% PFA overnight at 4 °C. The dura mater was gently peeled from skull, leptomeninges
were gently harvested from the brain surface, and choroid plexus were collected from

the lateral ventricles and 4™ ventricles.”® Post-fixed brains were dehydrated with a 30%
sucrose solution for 2 days before cryosection. Free-floating immunostaining was used.
Briefly, sections were washed 3 times with tris-buffered saline (TBS) then blocked with 5%
goat or donkey serum in TBS containing 0.4% Triton X-100 at room temperature for 1 h.
Sections were then incubated with primary antibodies (Rat anti Mouse CD206, BIO-RAD,
MCA2235, 1:100; Goat anti Mouse CD206, R&D, AF2535, 1:500; Goat anti Human DTR,
R&D, AF-259-NA, 1:300; Rat anti Mouse CD31, BD BIOSCIENCE, 550274, 1:50; Goat
anti Mouse CD31, NOVUS BIOLOGICALS, AF3628, 1:300; Rat anti Mouse MHCII,
Invitrogen, 14-5321-82, 1:200, Rabbit anti Mouse IBA1, Abcam, AB178847; Rabbit anti
Mouse PDGFRa, AB203491, 1:200) diluted in 1% goat or donkey serum in the TBS at 4°C
overnight. Sections were then washed with TBS 3 times and incubated with goat or donkey
secondary antibodies (1:500, Alexa Fluor 488/555/594/647 anti-rat, or anti-goat, A11055,
A21434, A11058, A21247, and A21447) for 1 h at room temperature. To label blood
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vessel, some sections were incubated with Lectin (LEL, TL) DyLight 594 (1:150, Vector
Lab, DL-1177-1) for 1 h at room temperature. Sections were then washed and mounted
with DAPI Fluoromount-G mounting medium (Southern Biotech). Fluorescent images were
captured by confocal microscope (LSM 980, Zeiss) and processed with ImageJ’® (National
Institutes of Health).

Tamoxifen injection—CX3CR1CTeERA --pogtdTomalor and Tmem119CeER/

* ::R26dTomato/ mice were /p. injected 100 mL tamoxifen solution (20 mg/ml) every 2
days for a total of 3 injections to induce Cre recombinase activity. CCR2CTeER --R26IDTRA
and CCR2CTeER/ - pogtaTomato/s mice in the BAM depletion and repopulation histology
experiments were /.p. injected with 100 uL tamoxifen solution (20 mg/ml) on the last day
of PLX3397 supply and the first day of normal chow supply for a total of 2 injections.
CCR2CTeERA --ppgtdTomatot mice in the BAM depletion and repopulation flow cytometry
experiments were only 7p. injected with 100 uL tamoxifen solution (20 mg/ml) on the
last day of PLX3397 supply, which is a very conservative strategy to transiently label a
portion of CCR2* monocytes. CCR2CTER/ - pogtdTomato/t mice in the brain compression
and sepsis model experiments were Zp. injected 100 mL tamoxifen solution (20 mg/ml) 1
day before disease induction.

BAMs and microglia depletion—Chow containing colony-stimulating factor 1 receptor
(CSF1R) inhibitor PLX3397 (600 mg/kg, Chemgood) was provided ad /ibitum at least

for 4 weeks before experiments. Successful BAM depletion was confirmed by either
immunostaining or two-photon imaging.

Two-photon imaging—Mice were deeply anesthetized with isoflurane (5% for induction;
1.5% for maintenance and surgery). After shaving the skin hair on the head, the mouse

head was fixed with a stereotactic frame and cleaned with 3 alternating applications of
betadine and 70% alcohol, after which lubricating eye ointment was applied. Temperature
was maintained by a heating pad during surgery. The scalp was cut to expose the skull.

The connective tissue on skull surface was cleared using 3% hydrogen peroxide (McKesson,
#23-D0012), and a circular 3-mm-diameter window was gently drilled open using a dental
drill (Osada Model EXLM40). The skull flap was gently removed by forceps. Windows
were placed above the somatosensory cortex such that the skull was removed with the center
at about 2.5 posterior and + 2mm lateral to bregma. The exposed dura mater was kept moist
with sterile saline. A sterilized 4-mm glass coverslip (Warner Instruments) was glued onto
the skull over the expose brain region by dental glue (Ivoclar, Tetric EvoFlow, 595954WW),
avoiding direct compression of brain surface. The rest of the skull was first covered with
iBond Total Etch glue (Kulzer) and the dental glue, both cured with a LED blue light.
Finally, a four-point head plate (NeuroTar) was secured over the window with dental glue.
This craniotomy procedure were also described in our previous studies.’’:’8 Following this
surgery, mice were either immediately transferred to the two-photon microscope for acute
imaging or returned to home cage after recovery from anesthesia. For chronic imaging, mice
were allowed to recover from the surgery for at least 4 weeks. Mice that showed a loss in
imaging window clarity during the period of observation were excluded from the study.
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All two-photon /in vivo imaging procedures were performed at room temperature. Mice were
anesthetized with isoflurane (5% for induction; 1% for maintenance) and fixed under the
two-photon microscope via the affixed head plate. Dextran was /.v. injected (50puL 5 mg/ml
70KMW Dextran-FITC for vessel labeling, 100uL 25 mg/ml 10kMW Dextran-FITC to boost
diffusion into meninges) before imaging. FITC/eGFP and tdTomato signal was captured

by a multiphoton microscope (Scientifica) equipped with a Mai-Tai DeepSee laser (Spectra
Physics) tuned to 940 nm with a 40x water immersion lens (Nikon). Images were collected
at a 1024 x 1024-pixel resolution.

Single cell RNA sequencing analysis—Single cell RNA sequencing files containing
all the immune cells collected in the CNS and its border compartments was downloaded
from the Gene Expression Omnibus (GEO) under accession number GSE128855. The
Seurat package was used for analysis.”# In brief, a Seurat object was created from the
feature-barcode matrices and was annotated by the metadata files provided by the original
study. After filtering out low-quality reads, the expression matrices were normalized with
a scale factor of 1e6 and scaled. Linear dimension reduction was done via principal
component analysis (PCA). UMAP projection was done using the DimPlot function. BAM
marker genes were calculated with the FindMarkers function. Selected top BAM marker
genes were plotted with the VInPlot function. Correlation of gene expressions among
different cell clusters was performed with the cor function in the stats R package.

Single cell RNA sequencing files containing CD45* immune cells from meninges, choroid
plexus, CNS parenchyma, and peripheral blood was downloaded from GEO under accession
number GSE118948. Only cells collected in the naive condition were used for analysis.
After filtering out the low-quality reads, expression matrices were normalized with a scale
factor of 1e6 and scaled. Cell identity was identified according to the marker genes used

in the original study. Microglia, monocytes, and BAMs were then subset out. tSNE plot

was done by DimPlot function. Gene expression heatmap was done with the FeaturePlot
function.

Single cell RNA sequencing files containing CD11b™* cells from whole brain were
downloaded from GEO under accession number GSE150169. After filtering out the low-
quality reads, expression matrices were normalized with a scale factor of 16 and scaled.
Cell identity was identified according to the marker genes shown in the supplementary
figure. Trajectory inference was done by SCORPIUS package.32 UMAP plot was done by
DimPlot function. Gene expression heatmap was done with the FeaturePlot function. Violin
plots was done by VInPlot function.

Spectrum flow cytometry—Spectrum flow cytometry was conducted to assess the
frequency of tdTomato* BAMSs.”9:80 Mice were euthanized and intracardiac perfused with
cold PBS to remove blood. Dura mater, enriched cortex, and choroid plexus were collected,
and single cell suspension was prepared according to the published protocol.”® Single

cell suspensions incubated with a combination of the following antibodies along with

a Fc blocking antibody: Ghost Dye Red 780 (1:1 000, Tonbo Biosciences, 13-0865),
APC/Fire810 anti-NK1.1 (1:100, BioLegend, 156519), BB700 anti-MHC Il (1:500, BD
Biosciences, 746197), APC anti-Ly6G (1:100, BD Biosciences, 560599), PE-CF594 anti-
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CD45 (1:1000, BD Biosciences, 562420), PE-Cy5 anti-CD11b (1:1000, Tonbo Biosciences,
55-0112-U100), PE-Cy7 anti-TCRp (1:100, Biolegend, 109221), Spark NIR 685 anti-B220
(1:200, BioLegend, 103267).

Samples were then assessed by the spectral flow cytometer (Cytek Aurora, Cytek
Biosciences) equipped with SpectroFlo software (Cytek Biosciences). Acquired files were
then analyzed by FlowJo software (BD Life Sciences).

Mild brain compression model—A modified craniotomy procedure for two-photon
imaging was used to cause mild-brain compression. A 5~6mm diameter circular cranial
window, instead of 3mm, was drilled open. A sterilized 5-mm glass coverslip (Warner
Instruments) was then place directly onto the dura mater, firmly compressing the brain
cortex. No bleeding or obvious cortical trauma shall be induced by this procedure. The
coverslip was secured by dental glue onto the skull. Mice were immediately transferred to
the two-photon microscope for acute imaging following the surgery.

LPS-induced sepsis model—To acutely induce sepsis and systemic inflammation, adult
CCR2CTEERA - pogldTomalos mice were /.v. injected Lipopolysaccharides (2.5 mg/kg, Sigma-
Aldrich, L2880) and returned to a clean home cage. Nutritional gel food was provided to
facilitate recovery.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis—For cell morphology analysis, the ROI of each cell shape was manually
drawn with the Freehand Selection in the ImageJ.”® The analysis parameters including Area
and Shape Descriptors were selected in the Set Measurements menu. Cell counts were
performed manually in all histological studies.

Statistics—Statistical details for each specific experiment are described in each figure
legend. Unpaired t test was used for statistical comparison of most experiments with 2
groups. Paired t test was used in the brain compression model comparing the compression
region and non-compression region from the same mouse. When comparing more than 2
groups, one-way ANOVA with Turkey’s multiple comparisons test was used for post-hoc
analysis. We didn’t use methods to determine whether the data met assumptions of the
statistical approach. Results are presented as mean + standard error of the mean (SEM).
Statistical significance was determined by p < 0.05. Statistical analyses were conducted
using GraphPad Prism 8 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Border-associated macrophages (BAMs) partially self-repopulate after acute
depletion in mice

CCR2* monocytes engraft brain border and transform into long-lived BAM-
like cells

The BAM-like cells replenish the BAMs under diseased conditions with an
initial loss of BAMs

Microglia do not contribute to the BAM repopulation
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Figure 1. BAMs can partially self-repopulate after depletion.
(A) UMAP plot of immune cell populations collected from the brain and its border in dataset

GEO: GSE128855.

(B) Violin plot of the selected top 8 marker genes for BAMs.

(C) Hlustration of the brain border compartments and associated BAMs.

(D) Immunostaining of CD206" BAMs from different CNS border compartments. Scale bar,
100 mm and 40 pm (inset).
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(E) Two-photon chronic imaging of tdTomato* BAMs in the meninges and dextran-FITC
labeled blood vessels throughout the depletion and repopulation period. White arrowheads
show the tdTomato™ FITC* cells resembling BAMSs during repopulation, indicating different
origins of the repopulated BAMs. Scale bar, 100 pm.

(F) Quantification of tdTomato* BAM numbers per 300 x 300 mm? field of view throughout
the depletion and repopulation (7= 3 mice). Data are presented as mean + SEM.

(G) Magnified image from (E), showing the tdTomato™ FITC* cells observed at repopulation
day 7 (rectangle in E). Scale bar, 20 um.

(H) Representative tdTomato™ FITC* cells resembling dmBAMs and mBAMs at
repopulation day 14 (white arrowhead in E). Scale bar, 10 pm.
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Figure 2. CCR2" monocytes can replenish the depleted BAMs.
(A, B, E, F, J, and K) Illustration of the experiment design, timeline, and hypothesis.

(C) Immunostaining of whole-mount dura mater and choroid plexus and coronal brain slides
with leptomeninges attached from CCR2CER :-Rosa26P TR/ mice at repopulation week 3.
Scale bars, 50 um and 10 pm as indicated.

(D) Quantification of DTR*CD206* BAMs in different border compartments after
repopulation. Data are presented as mean £ SEM (7= 3 mice).
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(G-1) Two-photon chronic imaging of the infiltration and transformation of CCR2*
monocytes into BAM-like cells during repopulation. Arrowheads indicate dmBAM-like

and mBAMs-like cells at repopulation day 28. Quantification of CCR2* cell shapes at
repopulation days 0, 2, 7, 14, and 28 are presented as mean +95% confidence interval (n=3
mice).

(L) Percentage of tdTomato* cells in microglia and BAM subtypes in control and at different
repopulation time points. Data are presented as mean = SEM (7= 3 mice). *p< 0.05, **p<
0.01, ***p<0.001, one-way ANOVA with Tukey’s multiple-comparisons test.

(M) Percentage of MHC class 11" cells in tdTomato* BAM subtypes in control and at
different repopulation time points. Data are presented as mean + SEM (7= 3 mice). *p<
0.05, **p < 0.01, one-way ANOVA with Tukey’s multiple-comparisons test.

(N) tSNE heatmap of tdTomato expression in microglia and BAM subtypes from both
control and repopulated conditions. Dashed circles indicate the tdTomato* repopulated
BAMs.
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Figure 3. scRNA-seq reveals the close relationship of CCR2* monocytes with the BAMs.
(A) llustration of the experiment design and group information.

(B) UMAP plot of all cells collected in the dataset GEO: GSE150169.

(C) UMAP plot of the BAMs/monocytes/monocytes-derived cells/DCs from (B).

(D) UMAP plot of the BAMs/monocytes/monocytes-derived cells/DCs split by time points,
showing the loss of BAMs induced by PLX5622.

(E) Heatmap of the Csf1rgene expression split by time points. Dashed lines indicate the loss
of cells with high Csf1rexpression.
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(F) UMAP of classical monocytes (cMonocytes), classical monocyte-derived cells (cMdCs),
and the MHC class 11'© BAM subset from (C). These three populations were further
analyzed by SCORPIUS trajectory inference, where they were linearly aligned along
SCORPIUS component 1.

(G) The top 250 genes corresponding to the transition from monocytes to BAMs that were
clustered by different gene expression trends, showing a gradientdecrease of monocyte
markers and increase of BAM markers.

(H and J) Heatmaps of cMonocytes, cMdC, MHC class 11'° BAMSs from (F), split by time
points, showing the expression of the Ccr2and H2-Ab1 genes. Dashed circles indicate the
cMdC population.

(1 and K) Violin plots of cMonocytes, cMdCs, and MHC class 11'® BAMs corresponding to
(H) and (J), showing the distribution of Ccr2and H2-Ab1 expression in cMdCs at different
time points. Arrows indicate the increased portion of the CCR2NMMHC class 11'°"¢d cells in
the cMdC cluster at repopulation day 2.
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Figure 4. Long-term engraftment and transformation of CCR2* monocytes into BAMs in the
diseased brain.

(A) Two-photon chronic imaging showing the acute loss of dmBAMs and mBAMs after
mild cortical compression and the chronic replenishment of these cells inthe Cx3cr167*
mice. Arrowheads indicate dmBAMSs and mBAMs. Scale bar, 20 um.

(B) Two-photon chronic imaging showing the infiltration and transformation of CCR2*
monocytes into dMBAM-like and mBAM-like cells in the meninges 12 weeks after mild
cortical compression in Cor2CTeERI* --pogtaTomatol+ mice, Scale bars, 20 pm.
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(C and D) Immunostaining of the dura mater and leptomeninges and quantifications of
tdTomato*CD206" BAMs in the compression and non-compression regions at 12 weeks post
injury. Data are presented as mean £ SEM (/7= 3 mice). **p < 0.01, paired t test.

(E) Hlustration of the study plan and timeline.

(F and G) Immunostaining and quantifications of tdTomato*CD206* BAM s in the dura
mater and leptomeninges at 8 weeks post LPS or PBS injection. Data are presented as mean
+ SEM (n= 3 mice). **p<0.01, ***p < 0.001, unpaired t test. Scale bars, 100 um.

(H) Hlustration of our conclusion that CCR2* monocytes could replenish the lost BAMs in
addition to BAM self-proliferation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti Mouse CD206 BIO-RAD MCA2235; RRID: AB_324622
Goat anti Mouse CD206 R&D AF2535; RRID: AB_2063012
Goat anti Human DTR (HB-EGF) R&D AF-259-NA; RRID: AB_354429

Rat anti Mouse CD31

Goat anti Mouse CD31

Rabbit anti Mouse IBA1

Rabbit anti Mouse PDGFRa

Rat anti Mouse MHCII

Goat anti Rat Alexa Fluor™ 555
Goat anti Rat Alexa Fluor™ 647
Donkey anti Goat Alexa Fluor™ 488
Donkey anti Goat Alexa Fluor™ 594
Donkey anti Goat Alexa Fluor™ 647
APC/Fire810 anti-NK1.1

BB700 anti-MHC Il

APC anti-Ly6G

PE-CF594 anti-CD45

PE-Cy5 anti-CD11b

BD BIOSCIENCE
NOVUS BIOLOGICALS
Abcam

Abcam

Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences

Tonbo Biosciences

550274, RRID: AB_393571
AF3628; RRID: AB_2161028
AB178847; RRID: AB_2832244
AB203491; RRID: AB_2892065
14-5321-82; RRID: AB_467561
A21434; RRID: AB_2535855
A21247; RRID: AB_141778
A11055; RRID: AB_2534102
A11058; RRID: AB_2534105
A21447; RRID: AB_2535864
156519; RRID: AB_2894654
746197; RRID: AB_2743544
560599; RRID: AB_1727560
562420; RRID: AB_11154401
55-0112; RRID: AB_2621818

PE-Cy7 anti-TCRP Biolegend 109221; RRID: AB_893625
Spark NIR 685 anti-B220 BioLegend 103267; RRID: AB_2819759
Chemicals, peptides, and recombinant proteins

Lycopersicon Esculentum (Tomato) Lectin (LEL, TL), Vector Lab DL-1177-1

DyLight™ 594

DAPI Fluoromount-G SouthernBiotech 0100-20

Dextran, Fluorescein, 70,000 MW, Anionic Invitrogen D1823

Dextran, Fluorescein, 10,000 MW, Anionic Invitrogen D1821

PLX-3397 (Pexidartinib) Chemgood C-1271
Lipopolysaccharides Sigma-Aldrich L2880

Ghost Dye™ Red 780 Tonbo Biosciences 13-0865

Tamoxifen Sigma-Aldrich T5648

Deposited data

Single-cell RNAseq dataset

Single-cell RNAseq dataset

Van Hove et al.?

Jorddo et al.?®

GEO: GSE128855, https://

www.nchi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE128855
GEO: GSE118948, https://

www.nchi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE118948
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REAGENT or RESOURCE

Single-cell RNAseq dataset

SOURCE

Zhan et al.30

IDENTIFIER

GEO: GSE150169, https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE150169

Experimental models: Organisms/strains

Mouse: B6.129P2(C)-Cx3cr1im21(cre/ERTZ)Iung
Mouse: B6.Cg-GI(ROSA)26Sorm4(CAG-tdTomato)Hze/
Mouse: C57BL/6-Ccr2emi(icre/ERT2)Peng /7

Mouse: C57BL/6-Gt(ROSA)26SormUHBEGF)Awai/;
Mouse: CCR2CTeER

Mouse: Tmem11gemi(cre/ERT2)GIng/;

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

From Dr. Chia-Yi Kuan,
University of Virginia

The Jackson Laboratory

JAX:020940
JAX:007914
JAX:035229
JAX:007900
N/A

JAX:031820

Software and algorithms

Seurat
SCORPIUS
ImageJ
GraphPad Prism
R
RStudio/POSIT

Hao et al.”
Cannoodt et al.3?
Schneider et al.”™
Dotmatics

R Core Team

RStudio Team

https://github.com/satijalab/seurat
https://github.com/rcannood/SCORPIUS
https://fiji.sc/
https://www.graphpad.com/
https://cran.r-project.org/
https://posit.co/downloads/

SpectroFlo Cytek Biosciences https://cytekbio.com/pages/spectro-flo

FlowJo BD Life Sciences https://www.flowjo.com/solutions/flowjo/
downloads

BioRender BioRender https://www.biorender.com/

Codes for single-cell RNAseq analysis This study https://zenodo.org/doi/10.5281/
zenodo.10836090

Other

Confocal microscope Zeiss LSM980

Dental drill Osada EXLM40

Hydrogen peroxide McKesson #23-D0012

4-mm glass coverslip Warner Instruments 64-0724

5-mm glass coverslip Warner Instruments 64-0700

Dental glue - Tetric EvoFlow Ivoclar 595954WW

Dental glue - iBond Total Etch glue Kulzer ?;Egls_:é/t\évmr.rlfluIzer.com/en/en/products/ibond—

Four-point head plate Neurotar Model 4, https://www.neurotar.com/support/
guide-to-head-plates/

Multiphoton microscope Scientifica Qétigi:t/i/fm;;ggégcea.uk.com/ products/

Mai-Tai DeepSee laser Mai Tai https://www.spectra-physics.com/en/f/mai-tai-

Spectral flow cytometer

Cytek Biosciences

deepsee-ultrafast-laser

Cytek Aurora
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https://www.neurotar.com/support/guide-to-head-plates/
https://www.scientifica.uk.com/products/scientifica-hyperscope
https://www.scientifica.uk.com/products/scientifica-hyperscope
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