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SUMMARY
The brain is a site of relative immune privilege. AlthoughCD4 T cells have been reported in the central nervous
system, their presence in the healthy brain remains controversial, and their function remains largely unknown.
We used a combination of imaging, single cell, and surgical approaches to identify a CD69+ CD4 T cell pop-
ulation in both the mouse and human brain, distinct from circulating CD4 T cells. The brain-resident popula-
tionwas derived through in situdifferentiation from activated circulatory cells andwas shapedby self-antigen
and the peripheral microbiome. Single-cell sequencing revealed that in the absence of murine CD4 T cells,
resident microglia remained suspended between the fetal and adult states. This maturation defect resulted
in excess immature neuronal synapses and behavioral abnormalities. These results illuminate a role for CD4
T cells in brain development and a potential interconnected dynamic between the evolution of the immuno-
logical and neurological systems.
INTRODUCTION

The brain is a site of relative immune privilege. The immunolog-

ical perspective of the brain has gradually evolved with sequen-

tial identifications of linkages between the brain and the immune

system. The blood-brain-barrier effectively stops macromole-

cules, but subsets of leukocytes can interact with the intact bar-

rier and cross over into the perivascular space in low numbers

(Hickey, 1991, 1999; Wekerle et al., 1991). Passage from the

blood to the brain is a tightly regulated two-step process

involving: (1) passage over the endothelial layer delineating the

capillaries and the basal membrane into the perivascular space,

and (2) passage over the glia limitans that builds the border be-

tween the perivascular space and the brain parenchyma. The

first step occurs even under physiological conditions, whereas

the crossing of the glia limitans is usually considered to occur
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in concert with a neuroinflammatory event (Hickey, 1991, 1999;

Mundt et al., 2019; Wekerle et al., 1991). Leukocytes can also

potentially enter the brain parenchyma from the cerebrospinal

fluid, but need to cross the ependymal cell layer that delineate

the ventricles (Bechmann et al., 2007; Engelhardt andRansohoff,

2012;Wilson et al., 2010). In conjunction with the communication

between perivascular spaces with the subarachnoidal space,

the periarterial/perivascular drainage (Engelhardt et al., 2016;

Weller et al., 2008), the recent re-discovery of extensive brain

lymphatics draining the dura mater (Da Mesquita et al., 2018;

Louveau et al., 2015), and vascular channels linking the bone-

marrow of the skull to the brain surface (Herisson et al., 2018),

it is becoming increasingly clear that the brain is a part of the im-

mune surveillance network that covers the entire body. Nonethe-

less, the healthy brain is unique in terms of the anatomical struc-

tures separating the tissue from the blood.
ugust 6, 2020 ª 2020 The Author(s). Published by Elsevier Inc. 625
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Microglia are the primary resident immune cells of the brain,

providing the tissue with innate immune sensing, inflammatory

effector functions, and tissue repair services. Microglia also pro-

vide key support functions for normal brain development (Cun-

ningham et al., 2013; Paolicelli et al., 2011; Sierra et al., 2010).

In addition to microglia, the healthy brain contains sizable

numbers of perivascular macrophages and dendritic cells

(Mrdjen et al., 2018) and detectable numbers of T cells, B cells,

and natural killer (NK) cells (Korin et al., 2017), although whether

these latter populations are truly brain-resident remains contro-

versial. CD4 T cells are best known in the neurological context as

potent mediators of autoimmune diseases, such as multiple

sclerosis, where oligodendrocytes are the target (Codarri et al.,

2011; Komuczki et al., 2019), and narcolepsy, where hypocretin

neurons are killed (Hartmann et al., 2016; Latorre et al., 2018).

Beyond autoimmunity, CD4 T cells may have a role in the neuro-

degenerative diseases, being present in patient samples and

functionally active in mouse models of Parkinson’s (Brochard

et al., 2009), Alzheimer’s (Baruch et al., 2015; Dansokho et al.,

2016; Lambert et al., 2013; Monsonego et al., 2003), and stroke

(Ito et al., 2019). Yet, despite this growing appreciation of the role

of CD4 T cells in neuroinflammatory and neurodegenerative pro-

cesses, the presence and potential function of these cells in the

healthy brain remains controversial. Here, we quantified and

characterized the brain CD4 T cell population, finding in situ initi-

ation of a residency program. Absence of the CD4 T cell popula-

tion resulted in microglia remaining suspended between a fetal

and adult developmental state, with resulting defects in synaptic

pruning function and normal mouse behavior.

RESULTS

Brain CD4 T Cells Show a Conserved Residency
Phenotype in the Healthy Mouse and Human Brain
Despite reports of CD4 T cells in the mouse and human brain

(Smolders et al., 2018; Song et al., 2016; Xie et al., 2015), the ex-

istence of these cells in healthy brain tissues has remained

controversial, with contaminating circulatory T cells potentially

explaining the discrepancy in results. Using confocal imaging

on the mouse brain, we identified rare CD4 T cells scattered

across the brain, including cells undergoing transition across

the a1/a4 laminin basement membranes lining leptomeninges

(Figures 1A and 1B) or blood vessels (Figure 1C). CD4 T cells

were identified beyond the a1/a4 laminin basement membranes

(Figures 1D–1F) and both within (Figure 1G) and beyond (Figures

1H and 1I) the glia limitans. Importantly, this puts the T cells in

close proximity to microglia (Figures 1J, 1K, and S1A–S1K;

Videos S1, S2, S3, S4, S5, S6, and S7). Using proximity to lec-

tin-stained vessels (Figures S1L–S1O), we found CD4 T cells at

a density of �4 cells/mm3 (Figure 1L). CD4 T cells were distrib-

uted relatively evenly across brain regions (Figure 1M). Although

comprehensive analysis of the anatomical zone requires further

investigation, the substantial proportion of these CD4 T cells

that are distal to the identified vasculature, including cells

beyond the glia limitans, is consistent with a non-vascular non-

meningeal placement for a subset of cells.

As an independent approach to identify and quantify CD4

T cells in themouse brain, we used high dimensional flow cytom-
626 Cell 182, 625–640, August 6, 2020
etry. Through a combination of tissue perfusion and intravenous

anti-CD45 PE-conjugated labeling, we determined that perfu-

sion led to a purity of�90%non-vascular CD4 T cells (Figure 1N).

Brain region dissection and flow cytometry found a small but

consistent proportion of CD4 T cells across the brain (Figure 1O).

Notably, while the meninges were richest in CD4 T cells, > 75%

of brain CD4 T cells were in the brain tissue, rather than the

meninges (Figure 1P). Together, the two independent ap-

proaches to identifying CD4 T cells, confocal imaging and flow

cytometry, each came up with values of �2000 brain-resident

CD4 T cells (Figure 1Q), of which �150 are regulatory T cells

(Tregs) (Figure 1R), in the healthy adult murine brain. To deter-

mine whether this finding was applicable to humans, we as-

sessed healthy human brain tissue removed during temporal

lobe surgery by flow cytometry, and found cellular densities of

CD4 T cells at a similar level to that of the mouse (Figure 1S).

To characterize the CD4 T cells present in the brain, we used

high dimensional flow cytometry and single-cell sequencing.

Although these approaches allow higher throughput and greater

depth of information, they also result in loss of spatial informa-

tion, such as including cells from deep meningeal folds. Conven-

tional (Foxp3�) CD4 T cells from the perfused adult mouse brain

presented with an expression profile highly distinct (p < 10�10)

from the analogous cells in the blood (Figure 2A). The key pheno-

typic differences in the brain were the relative paucity of naive

cell clusters and the expansion of clusters expressing the resi-

dency marker CD69 (Figures 2B and S2A). At a transcriptional

level, the predominant cytokine expression observed was inter-

feron gamma (IFNg) and CCL5 (Figure S2C). A similar distinction

between brain Tregs and blood regulatory T cells was observed

(Figure 2C), with elevated expression of activation markers

CTLA-4 and ICOS as well as the residency markers ST2 and

CD69 (Figures 2D and S2B). The number of brain CD4 T cells

was maximal around birth, declined in the post-natal period,

and then slowly increased with age (Figures S2D–S2G). An

evolving phenotype was observed with age (Figures S2H–

S2K), but was relatively consistent across brain regions (Figures

S2L–S2S), with blood and meningeal CD4+ T cells forming the

outgroup. This phenotypic data supports a non-vascular non-

meningeal localization of a small brain-resident CD4+ T cell pop-

ulation in the mouse.

High dimensional analysis of CD4 T cells purified from the re-

sected human brain allowed an analogous comparison. As with

murine CD4 T cells, human CD4 T cells showed a distinct pheno-

type. Conventional brain CD4 T cells separated from their blood

and meningeal counterparts (Figures 2E and 2F), with elevated

expression of activationmarkers and the CD69 residencymarker

(Figures S2T–S2V). Similar results were observed with the brain

regulatory T cell population (Figures S2W and S2X). Single-cell

analysis of 653 blood and brain CD4+ T cells demonstrated

distinct transcriptional patterns (Figures 2G and S2Y), with a

common transcriptional pattern to that observed in the mouse

(Figure 2H). Brain CD4+ T cells exhibited elevated expression

of residency markers such as CD69 and chemotactic receptors,

and pathway analysis consistent with adaption to the tissue envi-

ronment (Figure S2Z). Together, these results indicate a

conserved residency phenotype of brain CD4 T cells across

mouse and human, a result inconsistent with blood



Figure 1. CD4 T Cells Are Present in the Healthy Mouse and Human Brain

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.cell.2020.06.026.

(A and B) Surface rendering of confocal images. Representative image of (A) CD4 T cell crossing laminin 4 barrier or (B) laminin a1 barrier within midbrain

meningeal folds.

(C) Representative image of a CD4 T cell undergoing transvascular movement in the hindbrain.

(D–F) Representative images of CD4 T cells beyond the laminin 4/a1 barrier in the (D) cerebellum, (E) hindbrain, or (F) olfactory bulb.

(G–I) Representative images of CD4 T cells (G) enclosed by the glia limitans in the mid-brain and beyond the glia limitans in (H) the midbrain and (I) the cerebellum.

(J and K) Representative images of CD4 T cells in close proximity to microglia in the (J) midbrain (K) or hindbrain. Scale bar, 20 mm.

(L) Quantification of CD4 T cells based on proximity to vasculature from the sagittal sections of the mouse brain.

(M) Relative and absolute distribution of CD4 T cells acrossmouse brain regions, based on quantification of sagittal sections. Values represent the number of non-

vascular CD4 T cells located in each region, per mm3 or in absolute number (biological replicates from the average of 21–23 quantified sections).

(N) Mice were intravenously (i.v.) injected with anti-CD45-PE and perfused. Brains were then dissected and analyzed by flow cytometry for the proportion of

intravascular CD4 T cells (n = 3,5,2).

(O and P) CD4 T cells in dissected mouse brain regions by flow cytometry, based on (O) percentage of CD45+ cells or (P) absolute number (n = 4).

(Q and R) Absolute number of (Q) CD4 T cells and (R) Tregs in the perfused healthy mouse brain, as assessed by imaging (excluding vascular cells) and flow

cytometry (excluding meningeal cells).

(S) Average proportion of CD4 T cells in the white matter, gray matter, and meninges of healthy brain tissue (n = 4).

See also Figure S1 and Videos S1, S2, S3, S4, S5, S6, and S7.
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Figure 2. A Conserved Residency Program for CD4 T Cells and Tregs in the Healthy Mouse and Human Brain

(A) Healthy perfused mouse brains were compared to blood by high-dimensional flow cytometry. n = 5. t-Distributed Stochastic Neighbor Embedding (t-SNE) of

conventional T cells built on key markers (CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, and CTLA4). Colors indicate

FlowSOM clusters, quantified in side panel.

(B) Representative histograms for conventional T cells from wild-type mouse blood and brain.

(C) t-SNE of Tregs built on key markers. Colors indicate FlowSOM clusters, quantified in side panel.

(D) Representative histograms for Tregs from mouse blood and brain.

(E) Unaffected human brain tissues were compared to peripheral blood mononuclear cells (PBMCs) by high-dimensional flow cytometry, n = 4. t-SNE of con-

ventional T cells built on keymarkers (ICOS, CD28, CD69, Ki-67, CD95, CD31, HLA-DR, CCR2, CXCR5, CD25, PD-1, CXCR3, RORgT, CCR4, CTLA-4, CCR7, and

CD45RA). Colors indicate FlowSOM clusters.

(F) Dendrogram showing the relationship across the brain regions based on cross-entropy differences in t-SNE.

(G) 103 single-cell sequencing was performed on sorted CD4 T cells from the human brain and PBMCs. Quality control filtering and gating based on expression

markers identified 86CD4+ T cells from the brain and 567CD4+ T cells from the blood. t-SNE visualizing cell clusters built on the combined population of 653 CD4+

cells. Clusters are identified with different colors and labeled based on signature expression of transcriptional markers (left) or tissue origin (right).

(H) Volcano plot of differential expression between brain and PBMC CD4 T cells. Indicated cut-offs are used for pathway analysis.

See also Figure S2.
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contamination as the sole cellular source and potentially indica-

tive of a physiological function.

CD4 T Cells Acquire the Residential Phenotype In Situ

during Transient Brain Passage
Having characterized a brain-resident T cell population, we

sought to uncover the ontogeny. Parabiosis studies allow the

calculation of steady-state population exchange. Through para-

biosis of Foxp3Thy1.1CD45.1 mice with Foxp3Thy1.1CD45.2 mice

and high-dimensional flow cytometry analysis at five successive

time points (Figures 3A and S3A–S3E), we could monitor the ki-

netics of blood and brain tissue normalization for both CD4 con-

ventional T cells (Figure 3B) and Tregs (Figure 3C). Unlike the

blood, where normalization occurred within days, exchange-

rate calculations determined that CD69� CD4 T cells had a me-

dian brain dwell-time of �2–3 weeks, whereas the CD69+ coun-

terpart had a median brain dwell-time of �7 weeks (Figure 3D).

Phenotypic analysis of the incoming brain T cells, both conven-

tional and regulatory, identified a distinct marker profile during

the first 2 weeks of residency, which was succeeded by a

host-like residency profile (Figures 3E and 3F). This effect could

be clearly shown with CD69, where the incoming cells were

initially CD69� and later converted to a CD69+ phenotype (Fig-

ures 3G and 3H). Kinetic analysis of further subsets of conven-

tional and regulatory CD4 T cells demonstrated that the small

naive population showed rapid exchange, consistent with tran-

sient entry, whereas the antigen-experienced population

possessed longer dwell-times (Figure S3B). We therefore stud-

ied the population flow with statistical models based on contin-

uous-time Markov chains (Figures S3F and S3G). The best fit

model was consistent with an in situ acquisition of residency.

Both naive and activated conventional CD4 T cells were

modeled to cross from the blood into the brain, with �10-fold

higher rates for activated conventional CD4 T cells (Figure 3I).

Naive conventional CD4 T cells in the brain were highly transient.

The activated population was likewise highly transient, however,

with a small fraction transitioning to the CD69+ population. This

population, by contrast, demonstrated a high degree of stability,

with slow rates of death, egress or deconversion to the activated

state (Figure 3I). Independently modeling the Treg population,

comparable results were observed, however, the conversion

rate of activated Tregs to CD69+ Tregs was �100-fold higher

than was observed in the conventional pool (Figure 3J). This

CD69+ population was modeled to very slowly die in situ or de-

differentiate into the generic activated population. These results
Figure 3. Brain-Resident CD4 T Cells Acquire a Residency Phenotype

(A) Schematic of parabiosis experiments (n = 12,12,18,16,14).

(B and C) Curve of best fit for the origin of conventional (B) T cells or (C) Tregs sh

(D) Derived median dwell times.

(E and F) t-SNE of conventional (E) T cells and (F) Tregs built on CD62L, CD44, C

CTLA4. FlowSOM clusters represented in color. Host and incoming cells were de

week time points.

(G and H) CD69 histograms for CD4 conventional (G) T cells and (H) Tregs.

(I and J) Population flow diagrams for conventional (I) T cells and (J) Tregs, in

independently for blood and brain. Small black circles represent cell death. The si

the corresponding entry or exit rate, in events/1,000 cells/day. Numbers with ast

rates lower than 0.1/1,000 cells/day are not shown.

See also Figure S3.
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demonstrate the complexity and dynamism of CD4 T cell migra-

tion into, and differentiation within, the brain, with high separa-

tion of timescales between the involved processes.

Entry of CD4 TCells into the Brain Is Gated by Peripheral
Activation
TheMarkov chain modeling of brain CD4 T cell migration and dif-

ferentiation predicts activated peripheral CD4 T cells to be the

dominant entry population into the brain. Using Nur77-GFP

mice, we can measure the degree of TCR engagement present

on brain-resident CD4 T cells (Moran et al., 2011). Conventional

CD4 T cells in the brain expressed the Nur77 reporter at levels

lower than that of analogous cells in the blood, with the resident

CD69+ population displaying even lower levels of TCR engage-

ment (Figures 4A and 4B). This result is similar to that observed

in tissue-resident CD8 T cells in other organs, where continuous

antigen-engagement is not required for residency (Mackay et al.,

2012). By contrast, CD69+ Tregs resident in the brain expressed

much greater levels of the Nur77 reporter than their circulatory

counterparts (Figures 4C and 4D). Based on these data and

the Markov model, we postulate that conventional CD4+ T cells

will be reliant on peripheral activation for entry, but will not

require their antigen to be present in the brain. As a corollary,

only Tregs will be dependent upon brain-expressed antigens.

To test this, we assessedmice bearing a TCR transgene reactive

against the neuronal antigen MOG 35-55 (2D2 transgenic) or the

non-self-model antigen OVA 323-339 (OT-II transgenic). For

both the 2D2 and OT-II transgenes, CD4 T cells expressing the

transgene were largely in the naive state, based on antigenic

exclusion (2D2) or absence (OT-II), whereas endogenous TCR

rearrangements are enriched in the activated CD4 T cells (data

not shown). Despite the neuronal reactivity of the 2D2 TCR trans-

gene, conventional CD4 T cells expressing the Va3.2Vb11 2D2

transgene were greatly under-represented in the brain

compared to the blood and periphery (Figure 4E). By contrast,

Tregs expressing the Va3.2Vb11 2D2 transgene were enriched

in the brain compared to the blood and periphery (Figure 4F).

Phenotypic analysis of residency markers (e.g., CD69) demon-

strated correlation of marker expression with population enrich-

ment (Figure S4). Using the OT-II transgene, where the antigen is

absent, conventional T cells expressing the transgene were

again sharply under-represented in the brain (Figure 4G) and

less likely to express residency markers (Figure S4). However,

unlike the 2D2 transgenic, Tregs expressing the OT-II TCR trans-

gene were undetectable in the brain (Figure 4H). When TCR
In Situ during a Prolonged Brain Transit

owing CD69� and CD69+ in the blood and brain.

D103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, and

fined on CD45.1 versus CD45.2 expression, and are shown at the 2-, 4-, and 8-

homeostatic state. Circle areas represent population frequencies, calculated

ze of arrow ends is proportional to the rate of population flow. Numbers display

erisk denote rates with high estimation uncertainty. Population transitions with



Figure 4. Brain CD4 T Cells Are Licensed For Brain Entry by Peripheral Activation

(A–D) Perfused brains from Nur77-GFP reporter mice were assessed for Nur77 reporter expression, n = 8. (A) Representative histograms and (B) average

expression for conventional CD4 T cells in the blood and brain. (C) Representative histograms and (D) average expression for Tregs in the blood and brain.

(E and F) Blood, perfused brains, spleen, and perfused lung from 2D2 transgenic mice and (right panel) wild-type controls were assessed for the frequency and

numbers of transgene-expressing (Va3.2+Vb11+) and transgene-non-expressing (Va3.2�Vb11�) (E) conventional and (F) Tregs (n = 5,5).

(G and H) Blood, perfused brains, spleen, and perfused lung were collected from OT-II and (right panel) wild-type mice, on the Rag-sufficient or -deficient

background, were assessed for the frequency and numbers of transgene-expressing (Va2+Vb5+) and transgene-non-expressing (Va2�Vb5�) (G) conventional

and (H) Tregs (n = 5,5). p values represent one-way ANOVAwith Tukey’smultiple comparison for cross-organ data and Sidak’smultiple comparison test for 2-way

ANOVA for within brain comparison.

See also Figure S4.
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expression was limited to the OT-II transgene by Rag deficiency,

brain CD4 T cells, both conventional and Tregs, were essentially

absent despite the abundant presence in the periphery. These

results support the Markov-derived model, whereby peripheral

activation is required for brain entry.

The hypothesized requirement of conventional T cells on pe-

ripheral-restricted activation signals suggests that the gut micro-

biome has potential to modify the brain-resident population. We

compared specific-pathogen-free (SPF)-housedmicewith gnoto-

biotic (germ-free) mice or ‘‘dirty’’ wild-exposed mice to create

continuum from no exposure to the external microbiome through

to the possession of a diverse wild microbiome (that, although

largely absent of pathogens, demonstrated an enriched diversity

in microflora) (Figures S5A–S5C). This comparison, in effect, cre-

ates a microbial exposure gradient, which serves to activate pe-

ripheral T cells (Figures S5D–S5J). No difference was observed

between germ-free and SPF mice in terms of CD4 T cell number

in the brain or the conventional/Treg balance (Figures 5A and

5B). Wild microbiome mice, by contrast, demonstrated an in-
crease in CD4 T cells driven by the expansion of the conventional

population (Figure 5B). At a phenotypic level, the conventional

CD4 T cell population displayed a progressive broadening of

phenotypic markers from germ-free (where the brain population

more closely resembled blood-based cells) to SPF to cohoused

(Figures 5C and S5K–S5N). In contrast to the conventional popu-

lation, the CD4 Treg population appeared relatively refractory to

changes in the microbiome, with no major shifts in number and

smaller alterations in phenotype (Figures 5D, S5L, S5O, and

S5P). Parallel changes were observed through the depletion of

microflora with broad-spectrum antibiotic treatment (Figures

S5Q–S5Z). This microbiome data supports the Markov-derived

model, whereby peripheral activation of conventional CD4

T cells is essential to license migration into the brain.

Microglia Require CD4 T Cells for Maturation and the
Acquisition of Synaptic Pruning Function
To study the function of CD4 T cells in the brain, we turned to the

MHC II knockout (KO) mouse. These mice demonstrate a
Cell 182, 625–640, August 6, 2020 631



Figure 5. Brain Conventional CD4 T Cells Are Expanded by Exposure to the Microbiome

(A and B) Perfused mouse brains were compared to blood by high-dimensional flow cytometry from gnotobiotic, SPF, and dirty co-housed mice (n = 6,10,12).

CD4 T cells in perfused brain as (A) a percentage of CD45+ cells and (B) absolute numbers of CD4 T cells in the brain.

(C and D) t-SNE of conventional (C) T cells and (D) Tregs built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, and

CTLA4, with quantified FlowSOM clusters. p values represent cross-entropy comparison to SPF mice.

See also Figure S5.
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deficiency of CD4 T cells in both the periphery and the brain (Fig-

ure S6A), consistent with the well-characterized blockade in

thymic development of this lineage. As the interface between

the neurological and immunological systems, we investigated

the impact of CD4 T cell deficiency on microglia composition.

We profiled 11,681 CD11b+ cells from adult wild-type and

MHC II-deficient murine brains by single-cell sequencing. Initial

clustering identified 11 distinct populations (Figure 6A), which

could be identified as eight contiguous microglial clusters and

distinct granulocyte/monocyte/macrophage populations based

on key lineagemarker expression (Figure S6B). Strikingly, visual-

ization of wild-type and MHC II KOmicroglia displayed a distinct

segregation in phenotype (Figure 6B), with 72%ofmicroglia from

MHC II KOmice being present within microglia cluster 3, a minor

population in the wild-type mouse (Figure 6C).

The transcriptional profile of cluster 3 microglia is consistent

with a remnant fetal-type immature microglial population.

When comparing wild-type cluster 3 microglia to the other

wild-type microglia (Figure 6D), the population is characterized

by a failure to turn on expression of the transcription factors

AP-1, Klf4, and Egr1, key transcription factors in the maturation

of prenatal microglia to adult microglia (Holtman et al., 2017).

Comparative transcriptional analysis of microglia from MHC II

KO mice compared to wild-type mice identified 87 genes with

at least 1.5-fold lower expression (Figures 6E and S6C). The
632 Cell 182, 625–640, August 6, 2020
most dramatically decreased genes were enriched for develop-

ment-associated genes (Figure 6F), suggesting a failure to

initiate a differentiation program. In particular, the Fos and Jun

transcription factors, the signature of mature microglia (Matco-

vitch-Natan et al., 2016), were reduced in microglia from MHC

II KO mice (Figure 6E). Similar results were observed when mi-

croglia from wild-type and MHC II KO mice were compared at

the microglial cluster level (Figure S6D). Differential expression

was not correlated with transcriptional changes associated

with disease-associated microglia (Keren-Shaul et al., 2017)

(Figure 6G), indicating the developmental, rather than inflamma-

tory, nature of the transcriptional module.

To test whether the transcriptional signature of CD4 T cell-

deficient microglia was associated with an immature population,

we charted the relative expression of the downregulated genes

across microglia development, using a reference single-cell mi-

croglia atlas covering pre- and post-natal development, old age,

and injury (Hammond et al., 2019). The downregulated genes in

microglia fromMHC II KOmice were correspondingly low in pre-

natal microglia, and showed signs of induction in the post-natal

microglia before reaching normal expression in the juvenile adult

(Figure 6H). Using a reciprocal BubbleMap analysis of differential

expression between wild-type versus KO microglia, or embry-

onic versus adult microglia, significant concordance was

observed (Figure 6I), demonstrating the embryonic-like



(legend on next page)
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transcriptional state of microglia from MHC class II-deficient

mice. Pseudotime trajectory analysis identified MHC II KO mi-

croglia as existing on the same transcriptional trajectory profiles

as wild-type microglia (Figures 6J, S6E, and S6F). MHC II KOmi-

croglia, however, were clustered at one end of the trajectory,

consistent with incomplete progression. Furthermore, no

expression changes were observed in the Sall1 transcriptional

regulator that defines yolk sac-derived microglia, or in genes

previously identified as differentially expressed in macrophage-

derivedmicroglia (Figures S6G and S6H). Together, these results

suggest that the final stage of the normal microglia differentiation

pathway is defective in MHC II KO mice.

To independently test the hypothesis of CD4 T cell-mediated

maturation, we used an additional four systems. First, we

removed CD4 T cells from wild-type mice using anti-CD4

depleting antibodies (Figure 6K). Elimination of this population

at day 5 post-birth prevented the upregulation of the associated

maturation signature (Figures 6L, S6I, and S6J). Delaying elimi-

nation of CD4 T cells until 3 weeks post-birth negated this effect

(Figure 6L), consistent with a maturation switch. Second, we

modeled the same effect in vitro, using a cultured brain slice sys-

tem from neonatal cerebellum. Embryonic microglia in the slice

upregulated the maturation gene signature when seeded with

CD4 T cells (Figures 6M and S6K). Notably, despite the presence

of an analogous CD8 T cell population (Figures S6L–S6W), no ef-

fect was observed when seeding with CD8 T cells (Figure 6M).

Third, using a microglial culture system, the maturational switch

was observed upon the addition of supernatant from stimulated

CD4 T cells, in particular conventional CD4 T cells (Figures 6N

and S6X), although most signature genes were non-responsive

to the individual cytokines identified as expressed by brain

T cells (Figure S2C). Finally, we utilized an alternative genetic

model, comparing TCRa KO mice to heterozygous littermates.

While this system includes its own caveats, with deficiencies in
Figure 6. CD4 T Cell Deficiency Traps Microglia in a Fetal-like Transcr

103 single-cell sequencing was performed on 9,404 CD11b+ cells from the wil

mouse brain.

(A) t-SNE visualizing cell clusters built on the combined population.

(B and C) t-SNE visualizing cells originating from the (B) wild-type and MHC II KO

(D) Volcano plot of differential expression between cluster 3 microglia and non-c

(E and F) Volcano plot of differential expression between wild-type microglia a

Indicated cut-offs (signature genes) are used for (F) pathway analysis by GSEA.

(G) Fold-change of all expressed genes between wild-type and MHC II KO mice

comparing healthy and damage-associated microglia (Keren-Shaul et al., 2017).

(H) Differentially expressed genes between wild-type and MHC II KO microglia p

adult status, aging, and neuroinjury (Hammond et al., 2019). Left: comparative ex

between the pre-natal and early post-natal period, paired t test.

(I) BubbleGUManalysis using gene sets from differential expression in wild-type ve

(Hammond et al., 2019). Red for wild-type and day 100 microglia, blue for MHC

(J) The combined wild-type and MHC II KO microglia population were assessed

branch points.

(K) Brain CD4 T cell numbers were assessed in control wild-typemice, or wild-type

15,14,13).

(L) Microglia were sorted from control wild-type mice or anti-CD4 depleted mic

reflecting 16 genes in 9–10 biological replicates.

(M) Neonatal brain slices were left untreated or exposed to CD4 or CD8 T cells for

by qPCR, with data points reflecting 16 genes in 2–3 biological replicates.

(N) Neonatal microglia were cultured with control media, media from stimulated co

assessed by qPCR, with data points reflecting 10 genes in 2 biological replicate

See also Figure S6.
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CD8 T cells as well as CD4 T cells, sorted microglia from these

mice showed a similar significant reduction in the transcriptional

signature (Figures S6Y and S6Z). Together, these results are

consistent with a model where immature microglia require the

entry of CD4 T cells into the brain in order to fully mature into

the adult state.

We functionally investigated the impact of deficiency in CD4

T cells on microglia using imaging-based approaches. The num-

ber and cellular density of microglia was intact inMHC II KOmice

throughout development (Figures S7A and S7B). Likewise the

early phagocytic functions of immature microglia, quantified

through phagocytic bud formation, appeared intact (Figures

S7C and S7D). Despite the absence of CD4 T cells, immaturemi-

croglia inMHC II KOmice lost their amoeboidmorphology and at

least partially developed a dendritic morphology, albeit one with

shorter process extensions and earlier branching (Figures S7E–

S7H). This phenotype notably corresponds to the failure to

adequately upregulate the ‘‘cellular processes’’ transcriptional

module (Figure 6F). Although developmental functions of micro-

glia fromMHC II KOmice were seemingly intact, the key function

of mature microglia, synaptic pruning, was disturbed. Synaptic

analysis of cortical pyramidal neurons revealed an increase in

synaptic density (Figures 7A and 7B), with the increase driven

by a retention of immature long thin spines (Figure 7C). Together

with the transcriptional analysis, where key synaptic pruning

genes such as AP-1, Egr1, and Lamp1 (Holtman et al., 2017; Va-

sek et al., 2016) failed to be switched on in microglia fromMHC II

KO mice (Figure 6E), these results implicate CD4 T cells in the

maturation of microglia morphology and the acquisition of

mature synaptic function capacity.

The magnitude of spine density change observed in MHC II-

deficient mice was similar in scale to changes observed in mul-

tiple neuropathologies, from Down syndrome to Rett syndrome

(Figure 7D). Correspondingly, MHC II KOmice exhibited multiple
iptional State

d-type adult mouse brain and 2,278 CD11b+ cells from the MHC II KO adult

condition with (C) relative proportions.

luster 3 microglia in the wild-type mouse.

nd microglia from MHC II KO mice (E). High fold-change genes are labeled.

plotted against the fold-change of the same gene set in a reference dataset

lotted against a reference dataset of microglia spanning development, healthy

pression in total microglia at each stage. Right: gene-level expression changes

rsusMHC II KOmicroglia (this manuscript) and E14.5 versus day 100microglia

II KO and E14.5 microglia.

for pseudotime trajectory, plotted separately for each genotype and showing

mice treated with anti-CD4 depleting antibody from day 5 or week 3 of age (n =

e. Expression of signature genes were assessed by qPCR, with data points

14 days prior to microglia sorting. Expression of signature genes was assessed

nventional or Tregs, or selected cytokines. Expression of signature genes were

s.



Figure 7. Altered Neuronal Synapses and Behavior in MHC II KO

(A) Wild-type and MHC II KO mice were assessed for neuronal synapses in cortical pyramidal neurons. Representative dendritic segments; scale, 5 mm.

(B and C) Spine density in pyramidal neurons from (B) wild-type and MHC II KO mice, and (C) relative density of spine types (n = 4,6 mice, with 900–1,000 spines

per condition).

(D) Comparative change in spine density in MHC II KO mice (this study) versus disease models of Down syndrome (Belichenko et al., 2007), autism spectrum

disorder (Zhou et al., 2016), schizophrenia (Zhou et al., 2016), Fragile X syndrome (FXS) (Liu et al., 2011), and Rett syndrome (Jiang et al., 2013).

(E and F) Behavioral assessment of wild-type and MHC II KO mice. (E) Open field total distance moved and (F) time in the center (n = 23,24).

(G) Latency to enter light zones in light-dark test (n = 22,20).

(H) Time immobile during forced swim test (n = 12,14).

(I) Nest building scoring (n = 35,21).

(J) Contextual discrimination during generalization test (n = 13,14).

(K–M) Spatial learning in the Morris water maze. (K) Path length to finding the hidden platform (n = 24,24), (L) probe tests after 5 days and (M) 10 days (n = 21,17).

Mean ± SEM.

See also Figure S7.
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abnormalities in their behavior. In the exploratory open field test,

the MHC II KO mice showed reduced mobility and spent more

time in the corners of the arena (Figures 7E and 7F), whereas

no motor defects were detected on the rotarod (Figure S7I).

Increased anxiety also resulted in preference for the dark

compartment in the light-dark test (Figure 7G). The MHC II KO

mice demonstrated reduced motivation and depression-like

behavior in the forced swim test (Figure 7H) and in the nest build-

ing test (Figure 7I). Contextual learning in the fear conditioning

(Figure 7J) and spatial learning in the Morris water maze (Figures

7K–7M) was also significantly impaired in the MHC II KO mice,

although both groups maintained the ability to learn over time.

Absence of CD4 T cells did not affect social behaviors or marble

burying behavior (Figures S7J–S7M). Together, these results

demonstrated that CD4 T cells play an important role in brain

development, influencing anxiety control, motivation, and

learning in adult mice. Intriguingly, bidirectional effects may be

at play, with behavioral modification via environmental manipula-

tion also influencing the number and phenotype of brain CD4

T cells (Figure S7N–S7S).

DISCUSSION

Although not widely accepted in the field, there are a growing

number of studies suggesting that the immune system impacts
on behavior. Several studies have suggested that KO mice with

loss of adaptive immune populations show behavioral abnormal-

ities, including Rag-deficient (Cushman et al., 2003; Fan et al.,

2019; Rattazzi et al., 2013, 2015), severe combined immunodefi-

ciency (SCID) (Kipnis et al., 2004; Ziv et al., 2006), MHCI-deficient

(Lee et al., 2014), and MHCII-deficient mice (Radjavi et al., 2014).

These effects have, however, been disputed (Brachman et al.,

2015), and themechanistic link is unclear.With adaptive immunity

often being thought to be restricted to the meninges in the healthy

brain, research has focused on identifying soluble factors that

count account for the effects. Indeed, IFNa (Blank et al., 2016),

IFNg (Dulken et al., 2019; Filiano et al., 2016), tumor necrosis fac-

tor alpha (TNF-a) (Stellwagen and Malenka, 2006), interleukin (IL)-

2 (Petitto et al., 1999), IL-4 (Derecki et al., 2010; Kawahara et al.,

2012), IL-13 (Kawahara et al., 2012), and IL-17 (Choi et al., 2016)

have all been demonstrated to alter behaviors of healthy mice. A

soluble mediator model is consistent with our data, where condi-

tioned media from T cells reproduced a sizeable fraction of the

maturation transcriptional signature. A more problematic aspect

is that of range, where the segregated model has depended on

the reverse fluid flow. Although an exchange of fluids between

the cerebrospinal fluid and interstitial fluid of the brainmay provide

a sufficient delivery mechanism (Da Mesquita et al., 2018), our

findings of CD4 T cells in close proximity with microglia allow for

additional short-range delivery.
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Although the number of CD4 T cells in the brain is low, T cells

are highly motile, spending only a few minutes scanning each

interaction partner (Jansson, 2010). During Toxoplasma gondii

infection, CD8 T cells in the brain undergo a unique Lévy walk

pattern, with a tissue motility speed of �5–10 mm/min (Harris

et al., 2012). Extrapolation from CD8 T cells to CD4 T cells,

coupled with a dwell time of up to 6 weeks, is sufficient to allow

even the small number of CD4 T cells in the brain to come into

close proximity with each of the�106 microglia in a mouse brain.

The multitude of available molecular mediators for T cell to mi-

croglia crosstalk potentially allow for the delivery of complex pe-

ripheral signals with highly diverse neurological outcomes. The

concept of brain CD4 T cells as a conduit of complex peripheral

inputs provides a potential mechanistic explanation for the prob-

lematic association between gut microbiome and behavior

(Hsiao et al., 2013; Kim et al., 2017; Sharon et al., 2019). The

gut microbiome alters microglial phenotypes (Dodiya et al.,

2019; Thion et al., 2018), including microglia morphology and

process length and complexity (Erny et al., 2015). At a transcrip-

tional level, germ-free mice possess microglia that have only

partially matured into the adult state (Matcovitch-Natan et al.,

2016). And yet, how can the gut microbiome affect a distant ster-

ile site that is supposedly secluded from peripheral influences?

Microbial metabolites and small molecules have been proposed

as the mediators (Dodiya et al., 2019), despite the obvious prob-

lems of dilution and the blood-brain-barrier in direct transmis-

sion. The immune system is an attractive alternative mediator

of the microbial effect, with a theoretical link between gut and

brain (Kipnis, 2018). The phenotypic modification we observed

of brain conventional CD4 T cells by gut microbiome provides

a direct information conduit, encoded as cellular phenotype,

from the gut to the brain. This mechanistic missing link provides

support to controversial associations between gut microbiome

and human neurological disorders and mental health (Kang

et al., 2017; Sharon et al., 2016; Valles-Colomer et al., 2019),

although a reverse causation (of behavioral changes influencing

microbiome) has not yet been ruled out and should perhaps

remain the leading hypothesis to explain the associations.

Microglia undergo a stepwise transcriptional program, starting

from the embryonic stage and progressivelymaturing toward the

differentiated adult microglia. Each stage of this program is co-

ordinated by distinct regulatory circuits, providing the cellular

machinery required for temporally restricted functions (Matco-

vitch-Natan et al., 2016). The late post-natal stage, around day

14 in mice, is accompanied by the growth of intense ramifica-

tions in microglia. The growth and branching of microglial pro-

cesses allows microglia to initiate synaptic pruning functions, a

necessary process for effective neural circuit formation (Paoli-

celli et al., 2011). We postulate a model whereby the first wave

of CD4 T cell migration into the brain results in interaction with

immature microglia and promotes the post-natal transcriptional

and morphological maturation program. Although a truncated

version of this program can occur in the absence of CD4

T cells, it leaves the microglia suspended between a fetal and

adult state. This leaves a key function of mature microglia, syn-

aptic pruning, disturbed in the absence of CD4 T cells. Because

even minor changes in synaptic density accompany neuropath-

ological states (Belichenko et al., 2007; Jiang et al., 2013; Liu
636 Cell 182, 625–640, August 6, 2020
et al., 2014; Zhou et al., 2016), this effect can explain the altered

behavioral measurements obtained here and elsewhere. We

would, however, caution against excessive attribution of the im-

mune system in brain biology. Although our results provide a

pathway from T cells to behavioral changes, via microglia differ-

entiation, large defects in the immune system are required to

pick up relatively subtle shifts in behavior. Indeed, a recent study

surprisingly characterized a novel mouse strain that is healthy

and neurologically normal despite entirely lacking microglia

(Rojo et al., 2019). Although behavioral studies were not per-

formed on these mice, it does suggest that the immune systems

are responsible for subtle modifications of the brain, rather than

being central to brain function.

A stepwise differential program for microglia implies the exis-

tence of a temporally regulated series of molecular cues. For the

first stage of microglia differentiation, from the yolk sac precur-

sor, the molecular cue spurring differentiation is entry into the

brain. The development of a fully matured brain could, in princi-

ple, be achieved through self-perpetuating differentiation cir-

cuits, where the progressive differentiation of neurons drives

the sequential differentiation of glia, in turn propagating the

neuronal maturation process until steady state has been

reached. For example, it has been proposed that the production

of transforming growth factor b (TGF-b) by mature neurons and

IL-33 by astrocytes could trigger the post-natal maturation of mi-

croglia (Attaai et al., 2018; Vainchtein et al., 2018). The identifica-

tion of a role for brain CD4 T cells in the final stages of microglia

maturation demonstrate that microglia differentiation is not fully

autonomous, and relies, at least in the final stages, on externally

provided developmental cues. These data suggest that the brain

uses the initial influx of CD4 T cells as an indicator that the appro-

priate developmental stage has been reached to switch to the

mature adult-like state.

If T cells participate in normal brain development in mice, is

there evidence that the same is true in humans? It is plausible

that the function identified here in mice has been substituted in

humans by T cell-independent processes, during the�33million

years of evolutionary divergence. Enormous changes in brain

development have self-evidently occurred during this period.

However, as has been previously noted (Kipnis et al., 2012),

there is circumstantial evidence supporting a parallel between

mouse and human. Children with chemotherapy for CNS can-

cers have a higher risk for cognitive impairment and memory de-

fects (Ellenberg et al., 2009), a process known as ‘‘chemobrain.’’

This has been attributed to direct effects on the brain, however,

part of this effectmay bemediated by alteration of the brain T cell

compartment. T cell- and B cell-deficient SCID children consis-

tently show reduced neurocognitive development (Titman et al.,

2008), a process that could be iatrogenic, but may be due to

defective T cell production. With the link between the immune

system and brain development in mice, it is notable that the pro-

longed gestation period of humans, and the post-gestation pro-

vision of maternal antibodies in milk, permits the relatively late

maturation of the adaptive immune system (Olin et al., 2018).

The possibility that a delay in immune system maturation con-

tributes to the expansion of the neurodevelopment stage in hu-

mans leads to the tantalizing implication of evolutionary interplay

between the development of the immune system and the brain.
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Antibodies

Anti-CD4 (clone GK1.5) BioXCell Cat#BE0003-1

Anti-CD45 (30-F11), PE eBioscience Cat#12-0451-82

DyLight 649 labeled Lycopersicon

Esculentum (Tomato) Lectin

Vector labs Cat#DL-1178

Anti-mouse CD4 Antibody Biolegend Cat#100506

Anti-human/mouse FoxP3 Antibody R&D systems Cat#MAB8214

Anti-Iba1 ªFUJIFILM Wako Pure Chemical

Corporation

Cat#019-19741

Anti-Glial Fibrillary Acidic Protein (GFAP) DAKO Cat#Z033429-2

Anti-CD31 Monoclonal Antibody (2H8) Invitrogen Cat#MA3105

Anti-Laminin a4 R&D systems Cat#AF3837

Anti-Laminin a1 R&D systems Cat#MAB4656

DAPI Life Technologies Cat#D1306

anti-CD3e (145-2C11) eBioscience Cat#16-0031-85

anti-CD28 (37.51) eBioscience Cat#16-0281-85

anti-IFNg (XMG1.2) BioXcell Cat#BE0055

2.4G2 ATCC� Cat#HB197

Anti-CD8a Monoclonal Antibody (53-6.7),

APC-eFluor 780

eBioscience Cat#47-0081-82

Anti-CD45 (Leukocyte Common Antigen,

Ly-5), clone 30-F11 Ms BUV395

BD Biosciences Cat#564279

Anti-mouse CD4 Antibody Brilliant

Violet 510

BioLegend Cat#100449

Zombie UV Fixable Viability Kit BioLegend Cat#423108

Anti-CD3e Monoclonal Antibody (145-

2C11), PE-Cyanine7

eBioscience Cat#25-0031-82

Anti-CD69 Monoclonal Antibody

(H1.2F3), APC

eBioscience Cat#17-0691-82

Anti-CD11b Monoclonal Antibody (M1/70),

PerCP-Cyanine5.5

eBioscience Cat#45-0112-82

Anti-mouse CX3CR1 Antibody, Alexa

Fluor� 488

BioLegend Cat#149022

Anti-Ly-6G / Ly-6C (Gr-1) Monoclonal

Antibody (RB6-8C5), Alexa Fluor 700

eBioscience Cat#56-5931-82

Anti-CD19 Monoclonal Antibody (eBio1D3

(1D3)), eFluor 450

eBioscience Cat#48-0193-82

Anti-mouse CD196 (CCR6) Antibody, PE/

Dazzle 594

BioLegend Cat#129822

Fixable Viability Dye eFluor 780 eBioscience Cat#65-0865-18

Anti-CD45 Monoclonal Antibody (30-

F11), APC

eBioscience Cat#17-0451-82

Ly-6G/Ly-6C Monoclonal Antibody (RB6-

8C5), APC-eFluor 780

eBioscience Cat#47-5931-82

CD19 Monoclonal Antibody (eBio1D3

(1D3)), APC-eFluor 780

eBioscience Cat#47-0193-82

Streptavidin Brilliant Blue 790-P BD Biosciences Cat#624296
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Biotin anti-human CD69 Antibody (FN50) BioLegend Cat#310924

CD3 Antibody, anti-human, PerCP-Vio�
700, REAfinity (REA613)

Miltenyi Biotec Cat#130-113-141

Brilliant Blue 660-P2 anti-human

CD28 (CD28.2)

BD Biosciences Cat#624295

Brillliant Blue 630-P2 anti-human

ICOS (DX29)

BD Biosciences custom

Anti-CD45RAMonoclonal Antibody (HI100),

FITC, eBioscience

eBioscience Cat#11-0458-42

Brilliant Violet 785 anti-human CD183

(CXCR3) Antibody (G025H7)

BioLegend Cat#353738

BV750 Mouse anti-human CD279 (PD-1)

Clone EH12.1

BD Biosciences Cat#747446

Brilliant Violet 711 anti-human CD25

Antibody (BC96)

BioLegend Cat#302636

BD OptiBuild BV650 rat anti-human CXCR5

(CD185) (RF8B2)

BD Biosciences Cat#740528

Brilliant Violet 605 anti-human CD192

(CCR2) Antibody (K036C2)

BioLegend Cat#357214

Brilliant Violet 570 anti-human HLA-DR

Antibody (L243)

BioLegend Cat#307638

BD Horizon BV480 mouse anti-human

CD31 (WM59)

BD Biosciences Cat#566144

Brilliant Violet 421 anti-human CD127 (IL-

7Ra) Antibody (A019D5)

BioLegend Cat#351310

BD Horizon BUV805 mouse anti-human

CD8 (SK1)

BD Biosciences Cat#564912

BD Horizon BUV737 Mouse anti-human

CD95 (DX2)

BD Biosciences Cat#564710

BUV615 anti-Ki67 (B56) BD Biosciences Cat#624279

BD Horizon BUV496 mouse anti-human

CD4 (SK3)

BD Biosciences Cat#564651

BD Horizon BUV395 rat anti-mouse

CD4 (GK1.5)

BD Biosciences Cat#565974

eBioscience Fixable Viability Dye

eFluor 780

eBioscience Cat#65-0865-18

Anti-CD11b Monoclonal Antibody (M1/70),

APC-eFluor 780, eBioscience

eBioscience Cat#47-0112-82

Alexa Fluor� 647 anti-human FOXP3

Antibody (206D)

BioLegend Cat#320114

Anti-CD197 (CCR7) Monoclonal Antibody

(3D12), PE-Cyanine7, eBioscience

eBioscience Cat#25-1979-42

Anti-CD14 Monoclonal Antibody (TuK4),

PE-Cyanine5.5

Invitrogen Cat#MHCD1418

BD PharMingen PE-Cy5 mouse anti-human

CD152 (BNI3)

BD Biosciences Cat#555854

PE/Dazzle 594 anti-human CD194 (CCR4)

Antibody (L291H4)

BioLegend Cat#359420

BD PharMingen PE Mouse anti-Human

RORgt (Q21-559)

BD Biosciences Cat#563081

Anti-BDNF-PE, human (REA358) Miltenyi Biotec Cat#130-105-181

BD OptiBuild BUV395 Rat Anti-Mouse

CD103 (M290)

BD Biosciences Cat#740238
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BV750 anti-mouse CD11b, M1/70 BD Biosciences custom

BV750 anti-mouse CD19 (1D3) BD Biosciences custom

BV480 Rat Anti-Mouse CD25 (PC61) BD Biosciences Cat#566120

Brilliant Violet 650 anti-mouse CD3

Antibody (17A2)

BioLegend Cat#100229

BUV496 Rat Anti-Mouse CD4 (GK1.5) BD Biosciences Cat#612952

Brilliant Violet 510 anti-mouse/human CD44

Antibody (IM7)

BioLegend Cat#103044

BD Horizon BUV563 Rat Anti-Mouse CD45

(30-F11)

BD Biosciences Cat#565710

Alexa Fluor� 488 anti-mouse CD45.1

Antibody (A20)

BioLegend Cat#110718

BD Horizon BUV737 Rat Anti-Mouse

CD62L (MEL-14)

BD Biosciences Cat#612833

PE/Cy5 anti-mouse CD69

Antibody (H1.2F3)

BioLegend Cat#104510

CD69 Monoclonal Antibody (H1.2F3), PE,

eBioscience

eBioscience Cat#12-0691-83

CD8a Monoclonal Antibody (53-6.7), Biotin,

eBioscience

eBioscience Cat#13-0081-82

Streptavidin, Alexa Fluor 350 conjugate Invitrogen Cat#S11249

BD Horizon BUV805 Rat Anti-Mouse CD8a

(53-6.7)

BD Biosciences Cat#612898

CD90.1 (Thy-1.1) Monoclonal Antibody

(HIS51), APC, eBioscience

eBioscience Cat#17-0900-82

Brilliant Violet 421 anti-mouse CD152

Antibody (UC10-4B9)

BioLegend Cat#106312

Anti-FoxP3-APC, mouse (REA788) Miltenyi Biotec Cat#130-111-601

FOXP3 Monoclonal Antibody (FJK-16 s),

APC, eBioscience

eBioscience Cat#17-5773-82

Alexa Fluor� 488 anti-GFP Antibody

(FM264G)

BioLegend Cat#338008

Anti-Helios-PE-Vio615, human and mouse

(REA829)

Miltenyi Biotec Cat#130-112-636

Brilliant Violet 605 anti-human/mouse/rat

CD278 (ICOS) (C398.4A)

BioLegend Cat#313538

Alexa Fluor� 700 anti-mouse Ki-67

Antibody (16A8)

BioLegend Cat#652420

Brilliant Violet 785 anti-mouse/human

KLRG1 (MAFA) Antibody (2F1/KLRG1)

BioLegend Cat#138429

CD304 (Neuropilin-1) Monoclonal Antibody

(3DS304M), PerCP-eFluor 710,

eBioscience

eBioscience Cat#46-3041-82

Purified anti-mouse NK-1.1

Antibody (PK136)

BioLegend Cat#108702

Brilliant Violet 711 anti-mouse CD279 (PD-

1) Antibody (29F.1A12)

BioLegend Cat#135231

IL-33R (ST2) Monoclonal Antibody

(RMST2-2), PE-Cyanine7, eBioscience

eBioscience Cat#25-9335-82

Anti-T-bet-PE, human andmouse (REA102) Miltenyi Biotec Cat#130-098-596

Brilliant Violet 421 anti-mouse TCR Va2

Antibody (B20.1)

BioLegend Cat#127825
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TCR V alpha 3.2 Monoclonal Antibody

(RR3-16), FITC, eBioscience

eBioscience Cat#11-5799-80

TCR V beta 11 Monoclonal Antibody (RR3-

15), Super Bright 436, eBioscience

eBioscience Cat#62-5827-82

FITC anti-mouse TCR Va5.1, 5.2 BioLegend Cat#139513

Alexa Fluor� 488 anti-mouse TCR b chain

Antibody

BioLegend Cat#109215

CD45 Monoclonal Antibody (30-F11), PE,

eBioscience

eBioscience Cat#12-0451-82

Brilliant Blue 790-P anti-mouse CD45

(30-F11)

BD Biosciences custom

Chemicals, Peptides, and Recombinant Proteins

Ampicillin Sigma-Aldrich Cat#10835242001

Vancomycin Hydrochloride Fisher scientific Cat#BP2958-1

Ciprofloxacin Sigma-Aldrich Cat#17850-5G-F

Imipenem monohydrate Fisher scientific Cat#15595136

Metronidazole Sigma-Aldrich Cat#M3761-5G

DiI(1-1’-Dioctadecyl-3,3,30,30-
tetramethylindocarbocyanine perchlorate

Sigma-Aldrich Cat#42364

Tungsten M-17 Microcarriers Biorad Cat#1652267

X-VIVO 15 Serum-free Hematopoietic Cell

Medium

Lonza Cat#BE02-060F

Recombinant Murine IL-2 Biolegend Cat#575402

Recombinant hTGFb1 R&D systems Cat#7754-BH-005

Recombinant Murine IL4 Peprotech Cat#214-14

Recombinant Murine IFNg Peprotech Cat#315-05

Recombinant Murine Amphiregulin Peprotech Cat#315-36

Hyaluronidase from bovine testes Sigma-Aldrich Cat#H3506-1G

DEOXYRIBONUCLEASE I Sigma-Aldrich Cat#DN25-1G

Collagenase D Sigma-Aldrich 11088882001

Percoll Plus VWR International Ltd Cat#17-5445-01

Precision Count Beads Biolegend Cat#424902

RNeasy Micro Kit QIAGEN Cat#74004

iScript cDNA Synthesis Kit Bio-rad Cat#1708891

Preamp Master Mix Fluidigm Cat#1005581

DNA suspension buffer TEKnova Cat#T0227

exonuclease I New England Biolabs Cat#PN M0293L

SsoFast EvaGreen� Supermix with

Low ROX

Biorad Cat#PN 1725211

96.96 DNA Binding Dye Sample/Loading

Kit—10 IFCs, with Control Line Fluid

Fluidigm Cat#BMK-M10- 96.96-EG

Agencourt AMPure BeckmanCoulter Cat#A63880

MiSeq Reagent Kit v2 (500-cycles) illumina Cat#MS-102-2003

EasySep Mouse CD4+ T Cell Isolation Kit Stemcell Cat#19852

EasySep Mouse CD8+ T Cell Isolation Kit Stemcell Cat#19853

PE/Cy5.5� Conjugation Kit -

Lightning-Link�
abcam Cat#ab102899

CD11b microbeads Miltenyi Cat#130-093-634

MACS buffer Miltenyi Cat#130-091-373

Neural Tissue Dissociation Kit (P) Miltenyi Cat#130-092-628
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Glutamine Life Technologies Cat#25030-024

DMEM/F12, GlutaMAX Life Technologies Cat#31331-028

N-Acetyl Cysteine Sigma-Aldrich Cat#A7250-10G

Insulin Sigma-Aldrich Cat#I9278-5ML

Apo-Transferrin Sigma-Aldrich Cat#T1147-100MG

Sodium Selenite Sigma-Aldrich Cat#S9133-1MG

Cholesterol Sigma-Aldrich Cat#C8667-500MG

Heparan Sulfate Ams bio UK Cat#GAG-HS01

Mouse M-CSF Peprotech Cat#300-25

Mouse TGFb Peprotech Cat#100-21

Mouse IL-34 BioLegend Cat#577604

Mouse CX3CL1 BioLegend Cat#583506

Critical Commercial Assays

Single Cell 30 Library & Gel Bead Kit v2 and

Chip Kit

10x Genomics Cat#PN-120237

Deposited Data

Single cell sequencing dataset (Murine

microglia)

GEO GSE144038

Human T cell dataset GEO GSE146165

Experimental Models: Organisms/Strains

Foxp3Thy1.1 reporter mice (C57BL/6.SJL-

Ptprca/BoyJ and C57BL/6J backgrounds)

Alexander Rudensky (Sloan Kettering) N/A

OT-II TCR transgenic mice (C57BL/6.SJL-

Ptprca/BoyJ and C57BL/

6.Rag2tm1Fwa.SJL-Ptprca/BoyJ

backgrounds)

Michelle Linterman and Rahul

Roychoudhuri (Babraham Institute)

N/A

2D2 TCR transgenic mice (C57BL/6.SJL-

Ptprca/BoyJ background)

Roland Liblau and Anne Dejean (INSERM) N/A

Nur77-GFP mice (C57BL/6-Tg(Nr4a1-

EGFP/cre)820Khog/J)

Martin Turner (Babraham Institute) N/A

TCRa knockout mice (B6.129S2-

Tcratm1Mom/J)

Michelle Linterman (Babraham Institute) N/A

MHC II knockout mice (C57BL/6.129S2-

H2dlAb1-Ea/J)

Jackson Stock No: 003584

C57BL/6 germfree mice Germfree Ghent Germfree and Gnotobiotic

mouse facility

N/A

C57BL/6J Jackson Stock No: 000664

Rag knockout mice (B6(Cg)-

Rag2tm1.1Cgn/J)

Jackson Stock No: 008449

CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ) Jackson Stock No: 002014

Oligonucleotides

See Table S1 for primers N/A N/A

Software and Algorithms

Ethovision Noldus, Wageningen, the Netherlands N/A

BubbleGUM, v.1.3.19 Spinelli et al., 2015 http://www.ciml.univ-mrs.fr/applications/

BubbleGUM/index.html

Panlab Freezing, v. 1.2.0 Panlab https://www.panlab.com/en/

Zen Zeiss https://www.zeiss.com/microscopy/int/

products/microscope-software/zen.html

ANY-maze Video Tracking System Stoelting Europe https://www.stoeltingco.com/
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ImageJ, v. 2.0.0 https://imagej.nih.gov/ij https://imagej.nih.gov/ij/download.html

Sholl analysis, v. 3.6.12 https://imagej.net/Sholl_Analysis https://imagej.net/Sholl_Analysis

Imaris, v. 9.5.1 https://imaris.oxinst.com/ https://imaris.oxinst.com/

Biomark HD Fluidigm https://www.fluidigm.com/products/

biomark-hd-system

FlowJo BD https://www.flowjo.com/

Prism GraphPad https://support.10xgenomics.com/

single-cell-gene-expression/software/

overview/welcome

Cell Ranger, v 3.1 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

overview/welcome

LotuS pipeline Hildebrand et al., 2014 N/A

DADA2 pipeline, v. 1.6 Callahan et al., 2016 https://benjjneb.github.io/dada2/

tutorial_1_6.html

GSEA, v. 3.0 Subramanian et al., 2005 N/A

R software enviroment, v 3.6.2 R Development Core Team, 2014 N/A

R package phyloseq McMurdie and Holmes, 2013 N/A

R package vegan Oksanen et al., 2007 N/A

R package Seurat, v 3.0 Stuart et al., 2019 https://satijalab.org/seurat/

R package Monocle, v. 2.8.0 Qiu et al., 2017 http://packages.renjin.org/package/org.

renjin.bioconductor/monocle

R package rstan, v. 2.19 Stan Development Team, 2018 N/A
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RESOURCE AVAILABILITY

Lead Contact
Lead Contact is Adrian Liston (adrian.liston@babraham.ac.uk).

Materials Availability
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact. This study

did not generate new unique reagents.

Data and Code Availability
The scRNA-seq datasets are deposited in theGenomeExpression Omnibus under the accession numbersGSE144038, GSE146165.

Data resources 1-7 are available at Mendeley Data (https://doi.org/10.17632/hsmzw47kbg.3). Analyses were performed in R, as

detailed below. The Code used for analysis generation is included with the data at Mendeley Data. Additional custom code is

currently under preparation for publication. Full description of the theoretical and practical aspects of those novel approaches is

included in the methods. The list of R libraries and other analytical software used in this study can be found in the Key Re-

sources Table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient material
Five human brain samples were obtained over a 1-year period (July 2018 through April 2019) during epilepsy surgery. It included 4 fe-

males (7, 24, 48,62 years old) and one male (20 years old). Surgical and medical reports were carefully analyzed. All experimental sam-

ples represented lateral temporal neocortex. 4 out of 5 patients underwent pure temporal lobe surgery for mesial lesions. Lesions

(medial temporal lobe) included hippocampal sclerosis (N = 2), ganglioglioma (N = 2). All 5 experimental samples (lateral temporal

lobe) weremacroscopically normal and histopathology of the lateral neocortexwas either normal or showedonly very discrete aspecific

changes (gliosis). 1 patient underwent a hemispherectomy (postvaccinal encephalitis) and in this case pathology showed changes in the

neuronal architecture most likely due to chronic epilepsy. Both lateral and mesial temporal lobe specimens were sent for pathology. All

experimental samples were immediately placed on wet ice and transported to the lab for further processing (post sampling intervals <

10 mins). All procedures were approved by the UZ Leuven Ethical Committee (protocol study number S61186).
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Mice
Foxp3Thy1.1 reporter mice (Liston et al., 2008) were used on the C57BL/6 andC57BL/6.SJL-Ptprca/BoyJ background, 2D2 TCR trans-

genic mice were used on the C57BL/6 background. OT-II TCR transgenic mice were used on the C57BL/6.SJL-Ptprca/BoyJ and

C57BL/6.Rag2tm1Fwa.SJL-Ptprca/BoyJ backgrounds. C57BL/6.129S2-H2dlAb1-Ea/J mice (Madsen et al., 1999) were purchased

from Jackson. B6.129S2-Tcratm1Mom/J mice (Mombaerts et al., 1992) were bred in-house. For germfree experiments, C57BL/6

germfree mice were provided by the Germfree Ghent Germfree and Gnotobiotic mouse facility. Mice were housed under SPF con-

ditions, unless otherwise noted. Bothmale and females (8-15 weeks old) have been used in this study unless otherwise specified. For

isolation and enrichment experiments 4 weeks old C57BL6mice have been used. Control micewere group housed in standard cages

(27x17x14cm, 2-4mice/cage), and isolatedmice were housed individually in standard cages for ten weeks. An enriched environment

was provided by housing mice in large cages (37x22x18cm, 3-5 mice/cage) with novel objects (plastic and wooden toys shelters,

running wheel, platforms, grids, tubes and nesting materials, rotated weekly) for at least five weeks.

All mice were fed a standard chow diet, ad libitum. All experiments were performed in accordance with the University of

Leuven Animal Ethics Committee guidelines, the Babraham Institute Animal Welfare and Ethics Review Body, the University of

Belfast Animal Welfare and Ethics Review Body or CEAA-Toulouse (Comités d’éthique en expérimentation animale). Animal hus-

bandry and experimentation complied with existing European Union and national legislation and local standards. Sample sizes for

mouse experiments were chosen in conjunction with the Animal Ethics Committee to allow for robust sensitivity without exces-

sive use.

METHOD DETAILS

Anti-CD4 depletion
For anti-CD4 depletion experiments, mice were injected i.p. with 25 mg/g anti-CD4 (clone GK1.5, BioXCell). The P5 treatment group

received injections on post-natal day 5, day 13 and day 36, while the P21 group was treated on days 23 and 45. All mice were as-

sessed at 7 weeks of age.

Broad-spectrum antibiotic treatment
For broad-spectrum antibiotic treatment 10 weeks old female C57BL6 mice have been used. Mice were treated with an antibiotic

cocktail in the drinking water ad libitum for a period 2, 4- or 6-weeks containing: ampicillin (1g/L, Sigma-Aldrich), vancomycin

(0.,5g/L, Fisher scientific), ciprofloxacin (0.2 g/L, Sigma-Aldrich), imipenem (0.25 g/L, Sigma-Aldrich), metronidazole (1 g/L,

Sigma-Aldrich) and 10% sucrose, with control mice receiving just 10% sucrose.

Intravenous CD45 labeling
For intravenous labeling experiments, mice were injected i.v. with 2mg of PE-labeled mouse anti-CD45 antibody (CD45:PE). Blood

was sampled and mice perfused with PBS 3min after injection.

Parabiosis
For parabiosis, pairs of 7-10 weeks old female mice were cohoused for 14-21 days prior to surgery. For this experiment, Foxp3Thy1.1

reporter mice (Liston et al., 2008) were used on the C57BL/6 and C57BL/6.SJL-Ptprca/BoyJ background. Pairs of mice were anes-

thetized with inhaled isoflurane, 3.5% v/v induction, 2.5%–3.0% v/v maintenance. Carprofen and Buprenorphine were delivered

intraperitoneally at a dose of 10 mg/kg and 0.1 mg/kg prior to surgery. Fur was removed from the surgical site. Mice were laid supine

and the surgical site was disinfected with betadine solution followed by 70% EtOH. Longitudinal skin incisions to the shaved sides of

each animal starting at 0.5cm above the elbow all the way to 0.5cm below the knee joint. The skin was gently detached from the sub-

cutaneous fascia to create 0.5cm of free skin, and sutured together to generate a parabiotic pair. Following post-operative care,

parabiotic pairs have been monitored for fusion of the circulatory systems using CD45.1 and CD45.2 flow cytometry measurement

in the blood. Only pairs that demonstrated early chimerism of the circulatory system were used for tissue analysis.

Murine cohousing
For cohousing experiments, 4-6 weeks old female pet-store mice were purchased and housed in a dirty facility to allowing interaction

with wild mice for 4 weeks, prior to cohousing these mice with Foxp3Thy1.1 reporter mice. During the 6 weeks cohousing period,

bedding was exchanged on a regular basis between each cohoused unit, to normalize microbiota exchange. Despite cohousing,

mice were largely negative for the standard pathogen screens, with negative cultures for Citrobacter rodentium, Corynebacterium

kutscheri, Klebsiella oxytoca, Klebsiella pneumonia, Pasteurellaceae, Pseudomonas aeruginosa, Salmonella species, Staphyloccus

aureus, Streptobacillus moniliformis, Steptococci beta-haemolytic Group A/B/C/G and Steptococcus pneumonia. Some co-housed

cages were culture positive for Rodentibacter species. By MIA screen, cohoused mice were negative for Adenovirus FL, Clostridium

piliforme, Ectromelia virus, General parvovirus (rNS-1), Lymphocytic choriomeningitisvirus, Minute virus of mice, Mouse hepatitis vi-

rus, Mouse parvovirus (rVP2), Mouse rotavirus / EDIM, Pneumonia virus of mice, Reovirus type 3 and Sendai virus. Some co-housed

cages were MIA positive for Adenovirus K87, Murine norovirus,Mycoplasma pulmonis and Theiler’s encephalomyelitis virus (GD VII).

By PCR, all co-housed cages were negative for Helicobacter hepaticus, while some co-housed cages were positive for Helicobacter
Cell 182, 625–640.e1–e14, August 6, 2020 e7



ll
OPEN ACCESS Article
bilis, Helicobacter typhlonicus and other Helicobacter species. By microscopy, co-housed mice were negative for Chilomastix

bettencourti, Eimeria species, Entamoeba species, Giardia species and other ectoparasites and endoparasites. Some co-housed

cages were positive for Aspiculuris tetraptera, Myobia musculi / Radfordia species, Myocoptes musculinus, Spironucleus muris,

and Syphacia obvelata. All co-housed cages were positive for Trichomonas species.

At experimental end, caecal samples were extracted from mice and frozen for subsequent microbiome analysis. The V4 region of

the 16S rRNA gene was amplified with the primer pair 515F and 806R (GTGYCAGCMGCCGCGGTAA and GGACTACNVGGGTWTC

TAAT, respectively), modified to contain a barcode sequence between each primer and the Illumina adaptor sequences to produce

dual-barcoded libraries (Tito et al., 2019).

Size selection, before Illumina sequencing, was performed using Agencourt AMPure to remove fragments below 200 bases.

Sequencing was performed on the Illumina MiSeq platform (MiSeq Reagent Kit v2, 500 cycles, 15.38% PhiX,-2*250 PE) at the

VIB Nucleomics core laboratory (Leuven, Belgium). After de-multiplexing with sdm without allowing for mismatches, as part of the

LotuS pipeline (Hildebrand et al., 2014), fastq sequences were further analyzed per sample using DADA2 pipeline (v. 1.6) (Callahan

et al., 2016). In brief, after inspecting quality, sequences were trimmed to remove the primers and the first 10 bases after the primer,

keeping only 200 bases and 130 for the R1 and R2 files, respectively. After merging paired sequences and removing chimeras, tax-

onomy was assigned using formatted RDP training set ‘rdp_train_set_16’.

Sequences annotated to the class Chloroplast, family mitochondria or unknown bacteria were removed prior to the analyses.

The sequencing data was rarefied to 10 000 observations to calculate inter-individual and intra-individual microbial diversity. All

further analyses were performed at the genus level, such as richness, Shannon diversity index and Bray-Curtis dissimilarity

index. Statistical analyses were performed using R, and packages phyloseq (McMurdie and Holmes, 2013) and vegan (Oksa-

nen et al., 2007). For microbiota and metadata association analysis, we excluded taxa present in < 20% of samples. Corre-

lations between bacteria and archaea genera and mice group status were performed using Wilcoxon test. Correction for mul-

tiple testing using Benjamini-Hochberg’s procedure for false discovery rate (FDR) was performed when applicable (Benjamini

and Hochberg, 1995); significance was defined at FDR < 10% (see https://dx.doi.org/10.17632/hsmzw47kbg.3 at Mende-

ley Data).

Behavior
All behavioral experiments were performed in 13-18 weeks old female mice. Littermate mice (at least 10/group) were tested in 3 in-

dependent experiments. Mice were habituated to their new environment for at least 5 days and tests were conducted during the light

phase of their activity cycle. Health and weight of the mice were recorded routinely during the whole period of testing. Tests were

performed and analyzed blind to the genotype. If tracking error occurred mice have been excluded. All protocols were approved

by the ethical commission.

Open Field

Open-field exploration was tested in a 40cm3 40cm3 30cm (w3 l3 h) square arena illuminated by indirect light. Animals were dark

adapted for 30 min and tested in the arena for 10 min. Movements of the mice in the arena were video-tracked for 10 minutes with

Ethovision software (Noldus, Wageningen, the Netherlands).

Nest Building

For the nest building test the mice were single-housed with 1.5g of Cocoon nesting pellets and left undisturbed for 24 hours. Nests

were assessed scored according to published protocols (Deacon, 2012).

Morris Water Maze (MWM)

Spatial learning and cognitive flexibility were tested in the hidden platform Morris water maze (MWM). A circular pool (150cm) was

filled with opaquified (0.01% Acusol OP301, Dow chemicals) water (26 ± 1�C). The platform (15cm) was hidden 1 cm underneath the

water surface. For spatial learning, themice were trained for 10 days to a fixed platform position (Callaerts-Vegh et al., 2006; D’Hooge

and De Deyn, 2001). To evaluate referencememory, probe trials (100 s) were conducted on days 6 and 11 during acquisition learning.

During probe trials, floater mice have been excluded. Swim paths were tracked with Ethovision software (Noldus, Wageningen, the

Netherlands).

Sociability/social novelty

Sociability and social memory were evaluated using the three-chamber test (Nadler et al., 2004; Naert et al., 2011). The set-up con-

sists of a rectangular transparent Plexiglas box divided into three compartments, separated by two partitions. The central chamber

(423 26 cm) was connected to a left and right chamber (263 26cm) connected by guillotine doors (6x8cm). The SPSN test consisted

of three consecutive stages: acclimation stage, sociability stage, and preference for social novelty stage. After habituation to the cen-

tral compartment (5 min), wire cages (11x10cm) were placed in the external chambers containing a stranger mouse (same sex,

stranger 1) or left empty and approach behavior to either wire cages was recorded for 10 min (sociability). After 10 min, a second

stranger (same sex, stranger 2) was placed in the empty wire cage and approach behavior toward either mouse is recorded (pref-

erence for social novelty) for 10min. Animal behavior was recorded using a webcam and ANY-maze Video Tracking System software

(Stoelting Europe).
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Marble burying test

The set-up consisted of a large cage (45 3 22cm) with filter tops filled with 5cm of fresh and compact bedding and 24 marbles

(�1.5 cm diameter each) that were equally distributed along the walls (at 2cm distance). Mice were placed in the cage and left un-

disturbed for 30 min. At the end of the test, the number of marbles buried more than 2/3 of their volume were counted by an exper-

imenter blind to the genotype.

Forced swim test

Micewere individually placed into a glass cylinder (203 14cm) filled with water (16cm depth, 25 ± 1�C). Themousewas placed gently

in the water for 6 min and amount of immobility (passive floating, no active swimming or escape behavior) was scored for the final

4 min using ANY-maze Video Tracking System software (Stoelting Europe).

Light/dark test

The apparatus used for the light/dark test consisted of a cage (40 3 40 3 30cm) divided into two compartments of equal size by a

partition with a door. One compartment was brightly illuminated, while the other was dark. Mice were placed in the dark compartment

and allowed to move freely between the two chambers for 10 min. Mice activity in the light compartment was tracked with Ethovision

equipment and software (Noldus).

Rotarod test

Motor coordination and equilibriumwere testedwith a rotarod setup (MEDAssociates Inc., St. Albans, Vermont, USA). Micewere first

trained at constant speed (4 rpm, 2 min) and then tested on four trials (intertrial interval, 10min). During the test trials, the animals had

to balance on a rotating rod that accelerated from 4 rpm to 40 rpm in 300 s, the latency to fall off the rod was recorded (up to the 5min

cut-off).

Contextual discrimination fear conditioning

Two identical conditioning boxes (25 3 25 3 25cm) with stainless steel grid floors to deliver shocks were located in sound-atten-

uating dark cubicles. Animal movement was monitored by motion-sensitive platforms connected to an interfaced computer using

Panlab Freezing v1.2.0 software. The degree of motion could range from 0 to 100. Freezing, defined as the absence of movement

except for breathing, was recorded when activity remained below a validated threshold of 2.5 (arbitrary unit) for at least 1 s.

Contextual fear conditioning was measured in three different contexts, where 2 contexts (A and C) were very similar in tactile

(grid floor), olfactory (odor), visual (dark) dimensions, but C had in addition a inserted a-frame roof (adapted from van Boxelaere

et al., 2017). In contrast, context B was different in all dimensions. On day 1-3, mice were placed in context A, and after 3 minutes

a single mild foot shock (2 s, 0.5mA) was applied to induce contextual fear conditioning. After another minute, the animals were

placed back in their home cage. On day 4 and 5, fear memory to A, B, and C was measured by placing the animal for 4 minutes in

each of the contexts and measuring the amount of freezing. The amount of freezing to C in comparison to A indicated the amount

of contextual generalization.

Imaging
DiOlistic labeling of brain slices

Male littermate mice (14-16 weeks old) were deeply anaesthetized with ketamine/xilazine i.p. (100 mg/kg body weight Ketamine,

16 mg/kg body weight Xylazine) and transcardially perfused with 5% buffered formalin solution. Brains were post-fixed in 2% para-

formaldehyde. Vibratome sections of 150mm at the hippocampal level were collected. DiOlistic staining was performed using a gene

gun system (Helios Gene Gun System, Bio-Rad), as previously reported (Seabold et al., 2010). Briefly, bullets were prepared using

tungsten beads coated with DiI(1-1’-Dioctadecyl-3,3,30,30- tetramethylindocarbocyanine perchlorate) and were then shot over slices

(0.03mgDiI/mg tungsten). Shooting was performed at a helium pressure of 150psi. All sections were incubated with DAPI (1:1000) for

15 min and mounted with Fluormount-GTM Neurons of layers II-IV of the somatosensory cortex were analyzed. Confocal images

were obtained using Nikon C2 Eclipse microscope (40x oil objective), with a resolution of 2048x2048 pixels. Each image is a z- pro-

jection of approximately 10 to 20 images, taken at 0.8-1 mm depth intervals. Quantitative analysis was performed blind. Image pro-

cessing and analysis was performed using imageJ (https://imagej.nih.gov/ij/download.html). Single dendrites were selected

randomly. Five dendritic segments of 10 mm at 50um distance from the cell body were analyzed from 3-5 neurons/mouse. Each in-

dividual spine on the dendrites was manually traced and assigned to one of the four morphological classes, stubby, mushroom, long

thin and filopodia, based on spine length, head and neck measures as previously shown (Pak et al., 2001).

Fluorescence immunostaining

C57BL/6mice (14-20weeks old) were deeply anaesthetizedwith ketamine/xilazine i.p. and transcardially perfusedwith PBS followed

by 10% buffered formalin solution. The brain was removed and fixed in 10% buffered formalin solution overnight and stored in 30%

sucrose until preservation in tissue freezingmedium (OCT). For Laminin stainingmice were transcardially perfused with PBS followed

by FBS and preserved in tissue freezing media (OCT). Cryostat sections were prepared on positively charged slides at a thickness of

16mm. In vivo vascular labeling was performed by intravenously injection with 0.1 mL of DyLight 649 labeled Lycopersicon Esculen-

tum (Tomato) Lectin (DL-1178, Vector labs) i.v. (75ug/30 gmouse). Lectin was allowed to circulate for 30minutes and thenmice were

transcardially perfused with PBS followed by 10% buffered formalin solution. Cryo-sections were pre-blocked with 10% normal

donkey serum in 0.3% Triton X-100 for 1h at room temperature and incubated overnight at 4�C with primary antibodies, directed

against CD4 (1:500, 100506, Biolegend), Foxp3 (1:500, MAB8214, R&D systems), Iba1 (1:1000, 014-19741, Wako), GFAP (1:500,

Z033429-2, DAKO), CD4 (1:500, ab183685, Abcam), CD31 (1:250, MA3105, Invitrogen), Laminin a4 (1:500, AF3837, R&D systems),
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Laminin a1 (1:500, MAB4656, R&D systems). Subsequently, the sections were incubated for 1.5h at room temperature with appro-

priate secondary antibodies labeled with fluorophores. All sections were incubated with DAPI (1:1000) for 15 min and mounted with

Fluormount-GTM. Images were obtained from 6 mice. For each set of staining, negative controls without of primary antibody were

included. For CD4 & Foxp3 quantification, the images from sagittal brain sections were obtained using Zeiss AxioScanZ.1. The

confocal images were obtained using Nikon C2 Eclipse or Zeiss LSM780 confocal microscope. For microglia Sholl analysis, Iba1

staining was performed on free-floating sections of thickness 140mm and images were obtained using Nikon Spinning Disc

microscope. Image processing was performed using imageJ (https://imagej.nih.gov/ij/download.html). Surface rendering was per-

formed using Imaris software. v 9.5.1 (https://imaris.oxinst.com/). 3D surface rendering videos for all images are available at https://

dx.doi.org/10.17632/hsmzw47kbg.3 on Mendeley Data).

Quantification

For immunohistochemical quantification of CD4+ and Foxp3+ cells,�30 sagittal sections at a thickness of 16 mmhave been acquired

for one hemisphere (AP 0 to +0.5mm to Bregma), for eachmouse. Threemice have been quantified. The counting was donemanually

using Zen software (Zeiss). The proportion of cells associated with vascular-adjacent and vascular-distal locations was determined

by the extent of overlap of CD4+/Foxp3+ cells with lectin stained vasculature. The estimate of total number of cells in the whole brain

was calculated based on the average volume of adult mouse brain which is �440mm3 (Oprica et al., 2007). For microglia density

analysis and counting of phagocytic buds, 8-10 fields of 634.283 634.28 mm images were obtained from cortex of 4-5 coronal brain

slices per eachmouse with the Z stack of 12mm range. Microglia/mm3were calculated from the average number of microglia found in

each field of view. For microglia morphology analysis, 40x images were obtained with the Z stack of 50mm. Sholl analysis was per-

formed using the Fiji plug-in for ImageJ (https://imagej.nih.gov/ij/download.html). The complexity and the length of the branches

were measured using a step-size of 10mm from the soma (http://imagej.net/Sholl_Analysis). The complexity and the length of the

branches were measured using a step-size of 10mm from the soma.

Flow cytometry
Mice were deeply anaesthetized with ketamine/xilazine i.p. and transcardially perfused with ice cold PBS unless otherwise state.

Mouse and human tissues have been harvested in RPMI 1640 (Life-technologies) supplemented with 2 mM MgCl2, 2 mM CaCl2,

20% FBS, 2 mM EDTA and 2 mM HEPES and kept in ice until processing. Single-cell suspensions were prepared from mouse,

spleen, and pooled lymph nodes (cervical, inguinal, mesenteric, axillary, and brachial) by mechanical dissociation or from blood

by red blood cells lysis. Single cell suspensions from brain tissue were prepared by digestion for 30 minutes at 37�C with 1 mg/

ml collagenase IV (ThermoFisher), 300 mg/ml hyaluronidase (Sigma-Aldrich) and 40 mg/ml DNase I (Sigma-Aldrich) in RPMI sup-

plemented with 2mM MgCl2, 2mM CaCl2 20% FBS and 2 mM HEPES. Digested tissue was mechanically disrupted, filtered

through 100mm mesh and enriched for leukocytes by centrifugation (600 g, 10 minutes, no brakes) through 40% Percoll (GE

Healthcare). Lung tissue was treated similarly, while the small intestine was subjected to a pre-digest incubation in HBSS

with 2% FCS and 10mM EDTA to remove the epithelial layer. PBMCs were isolated using LSM (MP Biomedicals) from healthy

individuals. Non-specific binding was blocked using either 2.4G2 supernatant for mouse cells or normal mouse serum for human

cells, and dead cells were labeled by fixable viability dye eFluor 780 (ThermoFisher). Cells were fixed and permeabilized with the

eBioscience Foxp3 staining kit (eBioscience). Cells were enumerated based on the recovery of Precision Count Beads

(BioLegend).

Cellular phenotypes were assessed using high parameter flow cytometry panels containing markers to identify cell types and

markers to assess activation states. Vascular cells binding CD45:PE, dead cells and doublets were gated out prior to downstream

analysis. For murine flow samples, antibodies were generally incubated at 4C after fixation and permeabilization using the

eBioscience Foxp3 staining kit (eBioscience), with the exception of viability staining and CD69. Nur77-GFP data were acquired

on a BioRad ZE5 with a panel consisting of GFP, CD45, CD4, CD8, CD3, CD19, NK1.1, CD11b, Foxp3, viability, CD103, CD62L,

CD25, Neuropilin, ST2, PD-1, KLRG1, Helios, CD69, ICOS, CD44 and Ki67, using 2% formalin as a fixative to enable robust co-detec-

tion of Foxp3 and GFP. OTII and 2D2 mouse data were also acquired on the BioRad ZE5 with a panel comprised of CD11b, CD3,

CD45, CD4, CD19, NK1.1, viability, Foxp3, Ki67, CD62L, CD44, CD103, ST2, CD69, Helios, Neuropilin, T-bet, KLRG1, PD-1 and

ICOS as well as a pair of TCR-specific antibodies in each case. For OTII samples, anti-TCR Va2 and anti-TCR Vb5 were used to iden-

tify cells carrying the OTII TCR rearrangement. For 2D2, anti-TCR Va3.2 and Vb11 were used. For the OTII and 2D2 experiments,

intravascular labeling with anti-CD45-PE was used to identify blood contamination instead of perfusion. The remaining high param-

eter flow data were acquired on a BD FACSymphony, with a mouse panel covering CD45.1, CD45, CD4, CD8, CD3, CD19, NK1.1,

Foxp3, viability, CD103, CD62L, CD25, Neuropilin, ST2, PD-1, KLRG1, Helios, CD69, ICOS, CD44, T-bet and Ki67, and a human

panel covering viability, CD11b, CD3, CD4, CD8, CD14, Foxp3, CD127, CD25, PD-1, CXCR3, CD69, CD45RA, CCR2, ICOS,

CD28, CTLA-4, HLA-DR, CXCR5, Ki67, CD95, CD31, RORgT, CCR4 and CCR7. Precise and accurate compensation was achieved

using AutoSpill, developed in house (manuscript in preparation). tSNE, FlowSOM and heatmap analysis were performed in R (version

3.6.2) using only activation markers. Examples for murine cells are always presented as concatenated biological replicates. Cell

sorting was performed using a BD FACSAria III, for sorting mouse live microglia single cell suspension was stained with CX3CR1,

CD11b, CD45, Fixable viability dye Ly6C/Ly6G, CD19.
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Brain slices culture
Brain slice cultures were generated from P0-P2 mice. C57BL6 mice were euthanised by decapitation and the hindbrain was

removed. Brain stem slices (300 mm) were generated using a McIlwain Tissue Chopper and then cultured in 6 well plate transwell

inserts (Millipore, Cat. No: PICMORG50) containing 1 mL of brain slice media (46.6% minimum essential medium (MEM, Life-tech-

nologies), 25% Earle’s balanced Salt Solution (EBSS, Life-technologies), 25%Heat-inactivated horse serum (Life-technologies), 1%

Penicillin/Streptomycin (Life-technologies), 1%Glutamax (Life-technologies), 1.4%D-glucose (Sigma-Aldrich). 3-4 brain slices were

cultured per transwell, each of them originating from different animals. Brain slice media was changed the day after the slices were

prepared and then every other day. Brain stem slices were kept in culture for 7 days prior to seeding with 50,000 CD4+ T cells and

CD8+ T cells isolated from lymph nodes and spleens of 8-12 week old mice. T cells were purified using the EasySep CD4 negative

selection kit (StemCell Technologies) and EasySep CD8 negative selection kit (StemCell Technology), and confirmed by flow cytom-

etry. Brain slices were kept in culture for an additional 14 days, changing media every other day, after which brain slices were de-

tached from the transwell and treated with Collagenase IV (0.4mg/mL (Roche) in RPMI and HEPES buffer), stained with CX3CR1-

AF488 (Biolegend), CD11b-PerCPCy5.5, CD45-APC, Fixable viability dye eFluor780, Ly6C/Ly6G-APCe780, CD19-APCe780 (all

eBioscience) for sorting live CD19-Ly6C/Ly6G-CD11blowCD45lowCx3Cr1+ microglia.

Microglia cultures
Primarymurinemicroglial cells were isolated fromwild-type neonates at postnatal day 1 (P1) as described previously (López-Serrano

et al., 2019) without discriminating by sex. Forebrains were harvested and placed in cold HBSS, mechanically triturated and enzy-

matically dissociated using the Neural Tissue Dissociation Kit (P) (Miltenyi) following manufacturer’s specifications. Samples were

passed through a cell strainer of 70 mm mesh (BD2 Falcon) and washed with MACS buffer (Miltenyi). Cells were incubated with

CD11b microbeads and passed through a LS column (QuadroMACS, Miltenyi). Murine microglia were plated in 24 well plates at a

density of 50,000 cells/well, and cultured using TIC medium (DMEM/F12, Glutamine (2mM), N-Acetyl Cysteine (5mg/mL), Insulin

(1:2000), Apo-Transferrin (100 mg/mL), Sodium Selenite (100 ng/mL), Cholesterol (1.5 mg/mL), Heparan Sulfate (1 mg/mL) supple-

mented with 50 ng/mL M-CSF, 100 ng/ml IL-34, 10 ng/ml CX3CL1 and 2 ng/mL TGFb (Bohlen et al., 2017; Mancuso et al., 2019).

The medium was changed three days after plating and cells were cultured for five days before starting the experiments. Media

was then supplemented with either 20ng/ml IL4, 20ng/ml IFNg, 20ng/ml TGFb, 40ng/ml Amphiregulin or conditioned media (1 in

10). Conditioned medium from T cells was prepared by culturing 1x106 sort-purified cells on 24-well plates coated o4 hours with

anti-CD3 (2mg/ml, clone 145-2C11, eBioscience), anti-CD28 (5mg/ml, clone 37.51) and recombinant IL-2 (20 ng/ml, BioLegend) in

serum-free X-VIVO medium (Lonza). Regulatory T cells had the additional presence of recombinant TGFb (2ng/ml, R&D Systems)

and anti-IFNg (10mg/ml, clone XMG1.2, Bioxcell). T cells were cultured for 72h before the conditioned media was centrifuged, and

the supernatant was stored at�80C until use. Control media was generated through the same process, without T cell inclusion. Sam-

ples were lysed in Trizol after 24 hours co-culture, for qPCR analysis. Experiments were performed in 2 replicates and blind to

genotype.

Quantitative PCR (qPCR)
RNA extraction and complementary DNA production was performed using the RNeasy Micro Kit (QIAGEN) and iScript cDNA Syn-

thesis Kit (Bio-rad) according to the manufacturers’ protocols. Pre-amplification of cDNA samples was carried out as the initial

step for the Biomark HD system (Fluidigm). Briefly, PrimeTime qPCR Primer Assays (Integrated DNA technologies) were diluted in

DNA suspension buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA; TEKnova) to bring the final concentrations of the primers to 500 nM.

The sequences of all primers are listed in Key Resources Table. PCR reactions were amplified with the T100 Thermal Cycler (Bio-

Rad) and treated with exonuclease I (New England Biolabs) prior to real time qPCR analysis with 96.96 IFC (Fluidigm). Primer assay

mixture and sample pre-mix were prepared in quadruplicates using SsoFast EvaGreen� Supermix with Low ROX (Biorad) and 20X

DNAbinding dye (Fluidigm). The 96.96 dynamic arrays IFCChip (Fluidigm) run in theHDBiomark instrument for Fluidigm initial thermal

mix at 70�C for 40 minutes, 60�C for 30 s and hot start at 95�C for 60 s, followed by 30 cycles of 96�C for 5 s and then annealing at

60�C for 20 s. The data were analyzed with Real-Time PCR Analysis Software in the HDBiomark instrument (Fluidigm). All data were

normalized to the Ppia reference gene control, with the average of quadruplicates used to determine each biological value used for

downstream analysis. Experiments were performed lind to genotype.

Single cell sequencing
Single cells were prepared as described above. Murine live CD11b+CD45+ and CD4+CD45+CD11b- cells were sorted using a BD

FACSAria III, and resuspended in DPBS 0.04% BSA. Littermate, male, 16 weeks old mice have been used. Human CD4+ cells

were extracted from PBMCs and brain tissue as above, and sorted as CD4+CD3+CD8+ CD25loCD127hi and CD4+CD3+CD8+

CD25hiCD127lo T cells, tagged and pooled. C The cell count and the viability of the samples were accessed (where possible) using

LUNA dual florescence cell counter (Logos Biosystems) and a targeted cell recovery of 5000 cells were aimed for all the samples.

Library preparations for the scRNA-seq was performed using 10X Genomics Chromium Single Cell 30 Kit, v2 (10X Genomics, Pleas-

anton, CA, USA). Post cell count and QC, the samples were immediately loaded onto the Chromium Controller. Single cell RNaseq

libraries were prepared using manufacturers recommendations (Single cell 30 reagent kits v2 user guide; CG00052 Rev F), and at the

different check points the library quality was accessed using Qubit (ThermoFisher) and Bioanalyzer (Agilent). With a sequencing
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coverage targeted for 50,000 reads per cell, single cell libraries were sequenced either on Illumina’s HiSeq4000 platform using

paired-end sequencing workflow and with recommended 10X; v3 read parameters (28-8-0-91 cycles). For each experiment about

8700 cells were added to each channel with a targeted cell recovery estimate of 5000 cells.

Murine sequence data were preprocessed with Cell Ranger V.2.0 (10x Genomics). The resulting count matrices showing the num-

ber of transcripts (UMIs) of each gene for a given cell were analyzed with R (http://www.r-project.org V.3.4) (R Development Core

Team, 2014) and the package Seurat (https://satijalab.org/seurat/ V.2.2 (Butler et al., 2018), following the standard pipeline with

default parameters, unless stated otherwise. Genes detected in less than five cells were filtered out. Low-quality cells or empty

droplets identified as those with less than 200 genes and cell doublets or multiplets identified as those with a very high gene count

(i.e., > 5000) were also filtered out in each dataset. Finally, low-quality / dying cells, which often exhibit extensive mitochondrial

contamination, were filtered out, leaving 14196 genes across 9404 wild-type cells and 12077 genes across 2278 MHC II- deficient

cells. For murine CD4+ T cells, the same filtering approach was followed leaving 16960 genes across 105 wild-type cells. The feature

expression measurements for each cell within the combined datasets were normalized by the total expression and log-transformed.

Before clustering unwanted variation due to number of UMIs and mitochondrial gene expression was removed. A linear transforma-

tion (‘scaling’) of the expression of each gene was also performed normalizing across the sample for the differences in range of vari-

ation of expression of genes. The PCElbowPlot() function was used to distinguish principal components (PCs) for further analysis. The

tSNE plots were calculated on the first 15 PCs and clusters were identified using the FindClusters() function with the Louvain algo-

rithm, a resolution of 0.4 and 1000 iterations. The identified distinct populationswere based on cluster-specific expression patterns of

the 2094 and 6526 most variable genes for the murine microglia and CD4 T cell analysis, respectively. Gene set enrichment analysis

was carried out on differentially-expressed genes with a 0.4 log fold-change cut-off with GSEA v 3.0 (Broad Institute, Cambridge,

Massachusetts, USA) (Subramanian et al., 2005). Genes were pre-ranked based on sign of fold change * -log10pvalue metric with

highly upregulated genes on the top and highly downregulated genes at the bottom of the list. Gene sets with size larger than

1000 or smaller than 10 were excluded. Detection of variation in gene sets was controlled to have a false discovery rate

lower than 0.25. Gene sets were prioritized according to the normalized enrichment score provided by GSEA. The full murine micro-

glia dataset and analysis code are available in Mendeley Data (https://dx.doi.org/10.17632/hsmzw47kbg.3), with the data available

on GEO as dataset GSE144038. Differentially expressed genes are available in Mendeley Data (https://dx.doi.org/10.17632/

hsmzw47kbg.3).

Human brain and PBMC sequence data were preprocessed with Cell Ranger V.3.1 (10x Genomics). The resulting count UMI

matrices were analyzed with R (http://www.r-project.org V.3.5.1) and the package Seurat (https://satijalab.org/seurat/ V.3.0.2 (Stuart

et al., 2019), following the standard pipeline with default parameters, unless stated otherwise. Genes detected in less than five cells,

low-quality cells or empty droplets (< 200 or > 4000 genes) and cells with > 20%mitochondrial counts were filtered out in each data-

set leaving 14048 genes across 754 brain cells and 13795 genes across 1009 PBMC cells. The feature expression measurements for

each cell within each dataset were normalized by the total expression and log-transformed and unwanted variation due to number of

UMIs and mitochondrial gene expression was removed. Highly variable features were selected using the FindVariableFeatures with

the ‘‘vst’’ selection.method. A linear transformation (‘scaling’) of the expression of each gene was also performed. The tSNE plots

were calculated on the first 20 PCs and clusters were identified using the FindNeighbors and FindClusters() functions with granularity

of 0.6 and 1000 iterations. The clusters within each dataset annotated as CD4+ T cell populations (86 brain and 567 PBMC cells) were

then merged and reclustered. The full human T cell dataset and analysis code are available in Mendeley Data (https://dx.doi.org/10.

17632/hsmzw47kbg.3), with the data available on GEO as dataset GSE146165. Differentially expressed genes are available in Men-

deley Data (https://dx.doi.org/10.17632/hsmzw47kbg.3).

QUANTIFICATION AND STATISTICAL ANALYSIS

BubbleMap analysis
Count matrices for twomousemicroglia samples, one at embryonic day 14.5 (E14.5) (GSM3442007) and another at adulthood (P100)

(GSM3442026) were downloaded from the NIHGEO database (GSE121654) (Hammond et al., 2019) and analyzed using the package

Seurat V.2.2, following the standard pipeline with default parameters. Genes detected in less than 20 cells and low-quality cells or

empty droplets identified as those with less than 650 genes were filtered out. Differentially-expressed genes (Wilcoxon rank sum test

implemented in Seurat) were selected as those with average log fold change > 0.6 and Padj < 0.05 (i.e., 326 upregulated genes in

E14.5 versus P100) and those with average log fold change < �0.6 and Padj < 0.05 (i.e., 302 downregulated genes in E14.5 versus

P100). These genes together with 45 upregulated genes in MHC II KO versus wild-type microglia from our analysis were used to test

which be significantly enriched in all possible pairwise comparisons between the four mice using the BubbleMap module of

BubbleGUM software v.1.3.19 (Spinelli et al., 2015). BubbleMap assesses the enrichment of input gene signatures between all

possible pairs of conditions from independent datasets, based on GSEA methodology. BubbleMap was used with 1000 geneset-

based permutations, and with ‘‘difference of classes’’ as a metric for ranking the genes. Since the ‘‘geneset’’ permutations require

many gene sets, 46 independent GeneSets from MSigDB (Liberzon, 2014) were additionally used for statistical power. The results

were displayed as a BubbleMap, where each bubble is a GSEA result and reflects a GSEA enrichment plot. Each enrichment is

represented as a bubble with different sizes and color intensities (bigger and darker show stronger and more significant enrichment)

and in a color matching the mouse in which the gene set is enriched (red for wild-type and day 100 microglia, blue for MHC II KO and
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E14.5 microglia). The strength of the enrichment was quantified by the normalized enrichment score (NES), which represents the

number and differential expression intensity of the genes enriched. The significance of the enrichment was measured by the false

discovery rate (FDR) value (q) representing the likelihood that the enrichment of the gene set is false-positive. The q value was further

corrected for multiple testing to allow comparison of bubble patterns across gene sets and pairwise comparisons. The enrichment

was considered significant for absolute NES values > 1 with an associated q value < 0.25. An empty bubble indicates a non-signif-

icant enrichment.

Single-cell trajectory analysis
Developmental trajectories betweenwild-type andMHC II KOmicroglia were inferred usingMonocle v.2.8.0 (Qiu et al., 2017; Trapnell

et al., 2014). Monocle is an algorithm that learns the sequence of gene expression changes that each cell undergoes and places cells

in ‘‘pseudotime’’ (the total transcriptional change a cell undergoes as it differentiates) by progress through differentiation. Wild-type

andMHC II KOmicroglia data filtered in Seurat were loaded into amonocle object specifying the negative binomial distribution as the

expressionFamily argument to newCellDataSet. Data were normalized using estimateSizeFactors. Dimensionality reductionwas per-

formed using the reduceDimension command with parameters max_components = 2 and reduction_method = ‘‘DDRTree.’’ Cells

were ordered in pseudotime using the orderCells command based on highly variable genes in microglia and the minimum spanning

tree on cells was plotted using plot_cell_trajectory command. Pseudotime kinetics of differentially-expressed genes were depicted

using the plot_genes_in_pseudotime function.

Continuous-time Markov chain model
Average populations at any time point were modeled with Dirichlet distributions, whose temporal evolution was described by a

continuous-time Markov chain. Possible cell states and locations were defined by the factorial design of the parabiosis experiment,

asmouse (donor/host) x tissue (blood/brain) x cell state (naive/activated/CD69+), thus with 12 possible values. The differential gener-

ator matrixQ, which characterizes the behavior of any continuous-timeMarkov chain, had in principle 144 coefficients. Among those,

by only considering transitions reflecting realistic changes of cell type or location, the number decreased to 47 non-zero matrix co-

efficients (see https://dx.doi.org/10.17632/hsmzw47kbg.3 onMendeley Data). This number also included 6 coefficients representing

death rates of brain cells, codified as return rates to naive blood cells, which were introduced to ensure irreducibility (and therefore

ergodicity) of the Markov chain, needed to obtain a realistic long-term behavior. Further, among the 47 non-zero coefficients of theQ

matrix, only 11 were freemodel coefficients, given constraints imposed by (1) proper structure of aQmatrix, (2) symmetry in behavior

between the two mice in each parabiotic pair, and (3) long-term behavior of the chain.

In this model, theMarkov chain considers themouse pair as a whole dynamical system. In contrast, experimental data obtained by

flow cytometry only allows views of cell populations isolated by sample, in this case by tissue and time point. That is, cell populations

in this dataset cannot be directly compared between different tissues or times. To solve this issue, we performed two operations.

First, we estimated the ratio between cell numbers in blood and brain from available data, with values 750/2 for conventional

CD4+ T cells and 750/8 for regulatory T cells. These values were used in the estimations of the initial state and the long-term behavior

of the chain. Second, we introduced 6 additional free parameters, (3 time points x 2 tissues) in the model, to accommodate for the

indeterminate ratios between cell numbers during model fitting.

The initial state of the chain was calculated fromdata of week 2, to avoid post-surgery artifacts. Long-term behavior was defined as

the full equilibrium donor-host, using data from unpairedmice as reference. Data fromweeks 4, 8, and 12was fitted to themodel, with

a total of 96 6-simplex data points. Model fitting was carried out with a Bayesian approach, using Dirichlet distributions as likelihoods

and uniform (uninformative) distributions as priors. Free model parameters were the 11 unconstrained coefficients of the Q matrix,

together with the 6 additional parameters mentioned above. Likelihood distributions were calculated from week 2 to each later time

point (weeks 4, 8, and 12), as defined by the time evolution of the Markov chain given the Q matrix. Posterior probabilities were

sampled with Markov Chain Monte Carlo, using the R package rstan (Stan Development Team, 2018). Sampling was done with

10 chains and 10,000 samples per chain. Marginal posterior distributions of all (both free and non-free) parameters were revised,

to identify unfittable parameters yielding quasi-uniform posterior marginals. As a result, three model parameters were fixed a priori.

The rate of exchange of blood cells between host and donor was given a very large value (100-fold per day), to signify that this ex-

change wasmuch faster than any rate detectable in an experiment with time points separated by weeks. Both the return rate of naive

cells from brain to blood and the death of naive brain cells were fixed at 0.5, giving an effective combined rate of 1-fold per day, this

case reflecting the inability to detect this cell flow given the very large ratio between naive cell numbers in blood versus brain. In all

three cases, the lack of fitting was reasonable given the experimental setting, and the introduction of a priori values simplified the

sampling of the posterior probabilities for the remaining model parameters, without loss of model fit.

Comparison of tSNE plots: cross entropy tests and dendrograms
or the original and t-SNE space of each tSNE plot, a probability per data point was calculated following the same approach as in the

tSNE algorithm. From these point probabilities, the distribution of cross-entropy in the tSNE space relative to the original space was

obtained per plot. Then, for each figure panel, all pairwise comparisons between plots were evaluated with Kolmogorov-Smirnov

tests on the difference between the cross-entropy distributions. Resulting p values were corrected with the Holm method.
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Dendrograms were obtained from hierarchical clustering, using as distance the Kolmogorov-Smirnov statistic, that is, the L-infinity

distance between the cross-entropy distributions (manuscript in preparation).

Additional statistics
Comparisons between two groups were performed using unpaired two-tailed Student’s t tests. Post hoc Holm’s, or Sidak’s multiple

comparisons test was performed when required. Two-way ANOVA was used when appropriate. Curves of best fit and the resultant

dwell times were calculated using robust regression one phase decay with Y0 set at 0 and the plateau set to 50. Statistical differences

between parabiotic groups were analyzed using mixed model ANOVA with Tukey’s multiple comparison testing. The value of n

reported within figure legends represents number of animals. Values are represented as mean ± SEM, with differences considered

significant when p < 0.05.
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Supplemental Figures

Figure S1. Localization of CD4 T Cells in the Healthy Mouse Brain, Related to Figure 1
(A) Perfused brain was stained for CD4 (green), laminin 4 (red), laminin a1 (white) and DAPI (blue), displaying individual channels and composite image.

Representative image of CD4 T cell crossing laminin 4 barrier or (B) laminin a1 barrier within midbrain meningeal folds. (C) Representative image of a CD4 T cell

undergoing transvascular movement in the hindbrain. (D) Representative images of CD4 T cells beyond the laminin 4/a1 barrier in the cerebellum, (E) hindbrain or

(F) olfactory bulb. (G) Surface rendering of confocal images showing CD4 T cells (green), CD31+ vasculature (red), GFAP+ astrocytes (magenta) and DAPI (blue).

Representative images of CD4 T cells enclosed by the glia limitans in the mid-brain, and beyond the glia limitans in (H) the midbrain and (I) the cerebellum. (J)

Perfused brain was stained for CD4 (green), CD31 (red), Iba1 (yellow) and DAPI (blue), displaying individual channels and composite image. Representative

images of CD4 T cells in close proximity to microglia in the midbrain (K) or hindbrain. Scale bar = 20mm. (L) Representative confocal images showing CD4 T cells,

immunostained using CD4 (green) and Foxp3 (red) staining located in mouse brain distal to the vasculature, adjacent to the vasculature, and in the intravascular

space. Fluorescent-labeled lectin was used to label vasculature (white) and cell nuclei were stained with DAPI (blue). Scale bar = 20mm. (M)Magnification and 3D-

reconstruction of an example of CD4+Foxp3- T cells, and (N) CD4+Foxp3+ T cells. Scale bar = 10mm. (O) Representativemeasurements of distances between CD4

T cells and the vasculature, for cells deemed distal to, adjacent to or inside the vasculature.
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Figure S2. A Conserved Residency Profile for CD4 T Cells and Regulatory T Cells in the Healthy Mouse and Human Brain, Related to Figure 2

(A) Healthy perfused mouse brains were compared to blood by high-dimensional flow cytometry. Comparison of expression levels of CD62L, CD44, CD103,

CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet and CTLA4 on blood versus brain CD4+CD3+CD45+CD8-Foxp3- T cells or (B)

CD4+CD3+CD45+CD8-Foxp3+ Tregs (n = 5). (C) Transcription profile of CD4+ T cells purified from the murine brain, with analysis through the 10X single cell

pipeline and filtering for known cytokines. Naive, activated and regulatory cells were defined based on tSNE clusters and the relative expression of CD44, CD62L

and Foxp3 within each cluster. (D) CD4 T cells were assessed in the perfused mouse brain by high-dimensional flow cytometry. Wild-type mice were sampled

across the late embryonic (day 19), post-natal development (day 5, 10, 21, 30) and during healthy aging (weeks 8, 12, 30 and 52). n = 9,3,3,5,2,8,5,6,5. Quan-

tification of CD4+ cells per gram of brain tissue, (E) CD4+ T cells, as percentage of CD45+ cells, (F) CD4+Foxp3- conventional T cells and (G) CD4+Foxp3+

regulatory T cells. (H) tSNE of CD4+Foxp3- T cells gated on CD4+Foxp3-CD3+CD8-CD45+ cells and built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1,

ICOS, KLRG1, ST2, Ki67, Helios, T-bet and CTLA4. FlowSOM clusters identified in color. P values refer to cross-entropy difference between age-matched blood

and brain samples. Dendrogram represents cross-entropy distance between samples. (I) Comparison of expression levels of CD62L, CD44, CD103, CD69, CD25,

PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet and CTLA4 on blood versus brain CD4+CD3+CD45+CD8-Foxp3- T cells at different ages. (G) tSNE of

CD4+Foxp3+ T cells gated on CD4+Foxp3+CD3+CD8-CD45+ cells and built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios,

T-bet and CTLA4. FlowSOM clusters identified in color. P values refer to cross-entropy difference between age-matched blood and brain samples. (J) Com-

parison of expression levels of CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet and CTLA4 on blood versus brain

CD4+CD3+CD45+CD8-Foxp3+ T cells at different ages. (K) Brain regions were surgically dissected and resident CD4 T cells were characterized by high-

dimensional flow cytometry at 10 days, 30 weeks, 60 weeks and 90 weeks of age (n = 6,4,4,5). (L) Numbers and frequencies of CD4 T cells across brain regions in

pups and adult mice. (M) tSNE of CD4+ Foxp3- T cells gated on CD4+Foxp3-CD3+CD8-CD45+ cells and built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1,

ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4, shown for blood and different brain regions in adult mice. The adjusted P value reflects the cross-entropy

difference between tSNE plots in brain region versus blood. (N) Dendrogram showing the relationship in Tconv across the brain regions based on cross-entropy

differences in tSNE. (O) CD69 expression in Tconv from the brain regions in pups and adult mice. (P) Heatmap showing expression of markers in brain region

Tconv. (Q) tSNE of CD4+ Foxp3+ T cells gated on CD4+Foxp3+CD3+CD8-CD45+ cells and built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1,

ST2, Ki67, Helios, T-bet, CTLA4, shown for blood and different brain regions. The adjusted P value reflects the cross-entropy difference between tSNE plots in

brain region versus blood. (R) CD69 expression in Treg from the brain regions in pups and adult mice. (S) Heatmap showing expression of markers in brain region

Treg. (T) Unaffected human brain tissues removed during brain surgery were compared to peripheral blood mononuclear cells by high-dimensional flow cy-

tometry (n = 4). Representative histograms for CD4+Foxp3- T cells from human peripheral blood mononuclear cells, white matter, gray matter and meninges for

CCR2, CXCR3, PD-1 and CD69. (U) Expression of ICOS, CD28, CD69, Ki-67, CD95, CD31, HLA-DR, CCR2, CXCR5, CD25, PD-1, CXCR3, RORgT, CCR4, CTLA-

4, CCR7 andCD45RA onCD4+Foxp3- T cells. (V) tSNE of CD4+Foxp3+ T cells gated onCD4+Foxp3+CD3+CD8-CD14- cells and built on ICOS, CD28, CD69, Ki-67,

CD95, CD31, HLA-DR, CCR2, CXCR5, CD25, PD-1, CXCR3, RORgT, CCR4, CTLA-4, CCR7 and CD45RA. Colors indicate FlowSOM clusters. Dendrogram

showing the relationship across the brain regions based on cross-entropy differences in tSNE. (W) Representative histograms for CD4+Foxp3+ T cells from human

peripheral blood mononuclear cells, white matter, gray matter and meninges for CCR2, CXCR3, PD-1 and CD69. (X) Expression of ICOS, CD28, CD69, Ki-67,

CD95, CD31, HLA-DR, CCR2, CXCR5, CD25, PD-1, CXCR3, RORgT, CCR4, CTLA-4, CCR7 and CD45RA on CD4+Foxp3+ T cells. (Y) Single cell RNaseq data

from sorted CD4+CD3+CD8- cells from the human brain and PBMCs. Quality control filtering and gating based on expression markers identified 86 CD4+ T cells

from the brain and 567CD4+ T cells from the blood. tSNE dimensionality reduction is used for cluster display, with lineagemarker expression indicated by color for

CD3D, CD4, IL7R, IL2RA, FOXP3, CD44, SELL, AREG, CD69, KLRG1 and NR4A1. (Z) Differentially expressed genes were assessed for pathway by GSEA.
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Figure S3. Parabiotic Analysis of Brain T Cell Kinetics, Related to Figure 3

Parabiosis surgery was performed on Foxp3Thy1.1CD45.1 and Foxp3Thy1.1CD45.2mice, with analysis of brain and blood CD4 T cells at 1, 2, 4, 8 and 12 weeks (n =

12, 12, 18, 16, 14). Curves of best fit as well as the mean ± SEM for each subset are displayed at each time-point. (A) Curve of best fit for the origin of CD4+Foxp3-

conventional T cells in the blood and brain. (B) Curve of best fit for the origin of CD4+Foxp3- conventional T cells in the blood and brain, divided into naive

(CD62LhiCD44low) and antigen-experienced (CD62LlowCD44hi) subsets. (C) Curve of best fit for the origin of CD4+Foxp3+ regulatory T cells in the blood and brain,

divided into CD69- and CD69+ subsets in the brain. (D) Curve of best fit for the origin of CD4+Foxp3+ regulatory T cells in the blood and brain, divided into naive

(CD62LhiCD44low) and antigen-experienced (CD62LlowCD44hi) subsets. (E) Curve of best fit for the origin of CD4+Foxp3+ regulatory T cells in the blood and brain,

divided into thymic-derived (Nrp1+) and peripherally-derived (Nrp1-) subsets. (F) Time evolution of average populations as predicted by a continuous-timeMarkov

chain model fitted on the data from weeks 2 to 12, with homeostatic state identified from week 0. Experimental data (points) and calculations (solid lines) are

shown in blue for host cells and in red for donor cells. Big points identify experimental population averages, whereas homeostatic states are displayed with black

dashed lines. Model for CD4+Foxp3- conventional T cells and (G) CD4+Foxp3+ regulatory T cells. Tissue and subpopulation for each graph are shown in the top-

left graph label.
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Figure S4. Phenotypic Profile of Brain-Resident TCR Transgenic CD4 T Cells, Related to Figure 4

CD4 T cells from perfused brains of TCR transgenic mice and wild-type controls (n = 5) were assessed by high parameter flow cytometry for CD62L, CD44,

CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. (A) tSNE of CD4+Foxp3- conventional 2D2 T cells, gated on

CD4+Foxp3-CD3+CD8-CD45+ cells and subdivided into transgene-expressing (Va3.2+Vb11+) and transgene-non-expressing (Va3.2-Vb11-) cells. The tSNE was

built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. FlowSOM clusters are illustrated in color and (B)

quantified. (C) Heatmap of expression changes between transgene-expressing (Va3.2+Vb11+) and transgene-non-expressing (Va3.2-Vb11-) conventional 2D2

CD4+ T cells. (D) tSNE of CD4+Foxp3+ 2D2 regulatory T cells, gated on CD4+Foxp3+CD3+CD8-CD45+ cells and subdivided into transgene-expressing

(Va3.2+Vb11+) and transgene-non-expressing (Va3.2-Vb11-) cells. The tSNE was built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2,

Ki67, Helios, T-bet, CTLA4. FlowSOM clusters are illustrated in color and (E) quantified. (F) Heatmap of expression changes between transgene-expressing

(Va2+Vb5+) and transgene-non-expressing (Va2-Vb5-) regulatory T cells. (G) tSNE of CD4+Foxp3- conventional OT-II T cells, gated on

CD4+Foxp3-CD3+CD8-CD45+ cells and subdivided into transgene-expressing (Va2+Vb5+) and transgene-non-expressing (Va2-Vb5-) cells. The tSNEwas built on

CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. FlowSOM clusters are illustrated in color and (H) quantified. (I)

Heatmap of expression changes between transgene-expressing (Va2+Vb5+) and transgene-non-expressing (Va2-Vb5-) conventional OT-II CD4+ T cells.
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Figure S5. Altered Activated Conventional Brain CD4 T Cells following Exposure to a Wild Microbiome or Broad-Spectrum Antibiotic

Treatment, Related to Figure 5

(A) The microbial diversity of caecal contents in specific pathogen-free (SPF) and wild-cohoused (CoH) mice was compared through 16S rRNA analysis. When

comparing the microbial communities from SPE and CoHmice groups, we detect differences in richness but not in the Shannon diversity index (p < 0.03 and p >

0.05, respectively, Wilcoxon test) in the CoH compared to SPFmice. 32% of the variation on themicrobial composition can be explained by this grouping (adonis

test, R2 = 0.31681, p = 0.022). (B) Principal coordinate analysis (PCoA) of the mice microbiota community variation based on Bacteria and Archaea genus-level

Bray-Curtis dissimilarity distances revealed two different clusters. (C) Phylum and genus distribution barplots. Only the top 14 genera are displayed. The body of

the boxplot represents the first and third quartiles of the distribution and the median line. The whiskers extend from the quartiles to the last data point within 1.53

IQR, with outliers beyond. ‘uc_f’: unclassified genus of the family and ‘uc_o’: unclassified genus of the order. Differential abundance analysis at the phylum level

identified Deferribacteres and Proteobacteria enriched and Tenericutes depleted in CoH mice (q-values < 0.1, Wilcoxon test). (D) Lymph nodes, spleen, blood,

perfused brain and perfused lung were dissected from gnotobiotic, SPF and dirty cohoused mice (n = 6, 10, 12) and assessed by flow cytometry. Total leukocyte

counts, and (E) absolute numbers of CD4 T cells or (F) Tregs. (G) Proportion of CD4 T cells within the CD45+ compartment. (H) Proportion of Tregs within the CD4+

compartment. (I) Proportion of naive or (J) activated cells within the conventional T cell compartment. (K) Dendrogram showing the relationship of conventional

T cells and (L) Tregs across the samples, based on cross-entropy differences in tSNE for expression of CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS,

KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. (M) Representative histograms shown for ICOS, PD-1, CTLA-4 and CD44 on conventional CD4 T cells. (N) Expression of

assessed markers on conventional CD4 T cells. (O) Representative histograms shown for ICOS, PD-1, CTLA-4 and CD44 on Tregs. (P) Expression of assessed

markers on Tregs. (Q)Wild-typemicewere placed on broad-spectrum antibiotics for 2, 4 or 6 weeks (n = 5, 8, 6) andwere compared to untreated control mice (n =

8) by high parameter flow cytometry of the perfused brain. CD4 T cells in perfused brain, as a percentage of CD45+ cells, and (R) absolute numbers of conventional

and regulatory CD4 T cells in the brain. P value refers to comparison of conventional T cells. (S) tSNE of CD4+Foxp3- T cells gated on

CD4+Foxp3-CD3+CD8-CD45+ cells and built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. P values

represent cross-entropy comparison to control mice. FlowSOM clusters are illustrated in color and (T) quantified. (U) Expression heatmap and (V) marker

expression rate for CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet and CTLA4 levels in CD4+Foxp3- T cells. (W) tSNE of

CD4+Foxp3+ T cells gated on CD4+Foxp3+CD3+CD8-CD45+ cells and built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios,

T-bet, CTLA4. P values represent cross-entropy comparison to control mice. FlowSOM clusters are illustrated in color and (X) quantified. (Y) Expression heatmap

and (Z) marker expression rate for CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet and CTLA4 levels in CD4+Foxp3+

T cells.
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Figure S6. Brain T Cells Alter Gene Expression in Microglia, Related to Figure 6

(A) Graph of CD4+ T cells in wild-type and MHC II KO mice in the spleen and perfused brain, as a percentage of CD45+ cells (n = 4). (B) Single cell RNaseq data

from CD11b+ cells purified from wild-type mice and MHC II-deficient mice were assessed for gene-expression. tSNE dimensionality reduction is used for cluster

(legend continued on next page)
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display, with lineage marker expression indicated by color for Cx3cr1, P2ry12, Tmem119, ApoE, S100a9, Mrc1, Cd74 and S100a4. (C) Gene expression from

isolated microglia from adult male wild-type and MHC class II KO mice (n = 4,4) were measured by qPCR. The expression of the indicated genes, selected from

the differentially-expressed single cell sequencing dataset (Ccr6 upregulated in MHC II KO microglia, other genes downregulated in MHC II KO microglia) was

calculated relative to Ppia rRNA. P values were obtained by two-tailed Mann-Whitney U test. (D) Single cell RNaseq data was generated on microglia collected

from wild-type mice and MHC II-deficient mice. Volcano plots of wild-type versus MHC II-deficient clusters 1, cluster 2, cluster 3, cluster 4, cluster 5, cluster 6,

cluster 7 and cluster 8 microglia, perivascular macrophages, macrophages, monocytes and granulocytes. Labeled genes with a differential expression of more

than 1-log fold change (p < 0.05) are shown in black. (E) Microglia along the trajectory are divided into five groups based on expression of highly variable genes in

wild-type and MHC II KO microglia. Cells are colored according to the facet in which they reside. (F) Pseudotime kinetics of genes identified as differentially

expressed between wild-type andMHC II KOmicroglia, colored according to pseudotime trajectory. (G) Single cell RNaseq data from CD11b+ cells purified from

wild-type mice and MHC II-deficient mice were assessed for gene-expression. Signature genes previously identified as differentially expressed between yolk

sac-derivedmicroglia and peripheral macrophage-derivedmicroglia (Cronk et al., 2018) were assessed. Expression of Sall1, the transcriptional regulator defining

authentic microglia differentiation, distinct from macrophage-derived microglia. (left) distribution of reads in normalized UMI counts, (right) marker expression

indicated by color on tSNE dimensionality reduction. (H) Average expression of genes constituting the transcriptional signature of genes upregulated in

macrophage-derivedmicroglia compared to yolk sac-derivedmicroglia:Abca1, Arhgef10l, Car9, Cln6, Cxcr2, Dclre1c, Dnajb14, Fgf2, Flt3, Fmd6, Fzd7, Galc, Gk,

Hoxb4, Ifnar1, Jag1, Kcnn4, Lpar6, Ltbp3, Nrp1, Pcgf2, Pgap1, Pi4k2b, Plekhg5, Pmepa1, Qpct, Rap2a, Rgs1, R1pr1, Sesn1, Sestd1, Sgsh, Slc26a11, Slc44a1,

Stab1, Stbd1, Tlr8, Tmem176b, Tpst1, Txndc16, Xylt2, Zdhhc23, Znrf3. (I) Microglia were sorted from control wild-type mice, or wild-type mice treated with anti-

CD4 depleting antibody from day 5 or week 3 of age until 7 weeks of age (n = 15,9,9). Quantification of the CD45hiCD11b+Gr1- myeloid compartment of the brain

following anti-CD4 depletion, demonstrating no numerical loss of macrophages. (J) Gene expression from isolated microglia was measured by qPCR. The

expression of the indicated genes, selected from the downregulated-genes in the single cell sequencing dataset, was calculated relative to Ppia rRNA. P values

were obtained by two-tailedMann-WhitneyU test. (K) Brain slices were cultured from neonatal cerebellum and left untreated or seeded with sort-purified CD4+ or

CD8+ T cells (n = 2,3,2). Gene expression from isolated microglia was measured by qPCR. The expression of the indicated genes, selected from the down-

regulated-genes in the single cell sequencing dataset, was calculated relative to Ppia rRNA. P values were obtained by two-tailed Mann-Whitney U test. (L) Mice

were i.v. injected with anti-CD45-PE and perfused, following which brains were dissected and analyzed by flow cytometry for the proportion of intravascular CD8

T cells (n = 6). (M) Proportional representation of CD8 T cells among CD45+ leukocytes in mouse (n = 6). (N) Numbers of CD8 T cells per gram in mouse blood and

brain (n = 6). (O) CD45.1 andCD45.2micewere parabiosed and assessed for brain and bloodCD8 infiltrate at 2, 4, 8 and 12weeks post-surgery (n = 12, 12, 18, 16,

14). Curve of best fit for the origin of CD8+ T cells in the blood and brain. (P) Mouse blood and perfused brain were assessed by flow cytometry (n = 6). tSNE of

CD8+CD3+CD4-CD45+ cells built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. Colors indicate FlowSOM

clusters (Q) which are quantified. (R) Heatmap of protein expression in mouse CD8 T cells. (S) Unaffected human brain tissues removed during brain surgery were

compared to peripheral blood mononuclear cells by high-dimensional flow cytometry (n = 8,4), with CD8 T cells quantified as a fraction of CD45+ leukocytes and

(T) in absolute number per gram of tissue. (U) Representative tSNE of human CD8+ CD3+CD4-CD14- cells built on ICOS, CD28, CD69, Ki-67, CD95, CD31, HLA-

DR, CCR2, CXCR5, CD25, PD-1, CXCR3, RORgT, CCR4, CTLA-4, CCR7 and CD45RA. Colors indicate FlowSOM clusters (V) which are quantified. (W) Heatmap

of protein expression in human CD8 T cells. (X) Isolated microglia were cultured with control conditioned media, conventional T cell conditioned media, Treg

conditioned media, IL-4, IFN-g, TGF-b and Amphiregulin (n = 2/group). Gene expression from isolated microglia was measured by qPCR. The expression of the

indicated genes, selected from the downregulated-genes in the single cell sequencing dataset, was calculated relative to Ppia rRNA. P values were obtained by

two-tailed Mann-Whitney U test. (Y) Microglia were sorted from TCRa knockout mice or heterozygous littermate controls (n = 7,8). Expression of signature genes

(downregulated in MHC II KO microglia) were assessed by qPCR, with individual data-points reflecting the average of quadruplicate technical repeats in each of

19 genes across 7-8 biological replicates. (Z) Gene expression from isolated microglia was measured by qPCR. The expression of the indicated genes, selected

from the downregulated-genes in the single cell sequencing dataset, was calculated relative to Ppia rRNA.
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(legend on next page)
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Figure S7. Microglial Density Morphology Diverges during Development between Wild-Type and MHC II-Deficient Mice, Related to Figure 7

Microglia structure and morphology were assessed in the brain of wild-type and MHC II-deficient mice at post-natal day 0 (striatum), day 7 and 15 weeks of age.

(A) Representative 203 view of confocal images of Iba1 immunostaining showingmicroglial density; scale = 50mm. (B) Quantification of microglia density at post-

natal day 0, day 7 and 15weeks (n = 4,2,2,5,4,4). (C) Representative 203 view of confocal images Iba1 labeling (red) from the post-natal day 0 (striatum) and day 7

(cortex). Scale = 50mm, arrows indicate phagocytic microglia containing engulfed DAPI+ nucleus. (D) Quantification of microglia exhibiting phagocytotic buds (n =

4,2,2,5). (E) Representative 403 images showing microglia morphology, process extensions and ramification at 15 weeks; scale = 50mm. (F) Quantification of the

proportion of microglia with a maximum enclosing radius out to varying distances. Number of microglia analyzed: wild-type = 37; MHC II-deficient mice = 44 (n =

4,4). (G) Quantification of the total number of process intersections in microglia. (H) Sholl analysis of microglia process intersections per radii (spaced with the

interval of 10 mm) from the soma. Dots represent eachmicroglia, n = 8-10 microglia/mouse (n = 4,4). Fligner-Killeen non-parametric test for difference in variance.

(I) MHC II-deficientmice andwild-type siblings were assessed for behavioral abnormalities. Time spent on the rod, average of 4 repeated tests of 300 s (n = 24,25).

(J) Sociability test trials to monitor the interaction with a stranger mouse (S1) compared to a empty chamber (E1) (K) and the social preference for a new stranger

(S2), with interaction with repeated stranger (S1) and new stranger (S2). (n = 24,23). (L) Freezing behavior over time during context acquisition conditioning (n =

13,14). (M) Marble burying test (n = 9,14). (N) Wild-type mice were housed under standard SPF conditions, or placed under behavioral modification in the form of

isolated or environmental enrichment (n = 18, 15, 10). Mice were compared by high parameter flow cytometry of the blood and perfused brain. CD4 T cells as

absolute numbers of conventional cells and Tregs in the brain. P value refers to comparison of conventional T cells. (O) Proportion of Foxp3+ cells within the CD4

T cell population in blood and brain. (P) tSNE of CD4+Foxp3- T cells gated on CD4+Foxp3-CD3+CD8-CD45+ cells or (Q) CD4+Foxp3+CD3+CD8-CD45+ cells and

built on CD62L, CD44, CD103, CD69, CD25, PD-1, Nrp1, ICOS, KLRG1, ST2, Ki67, Helios, T-bet, CTLA4. P values represent cross-entropy comparison to control

mice. FlowSOM clusters are illustrated in color. (R) Proportion of naive (top) and activated (bottom) cells within the conventional and (S) Treg populations in the

blood and brain. Mean ± SEM.
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