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In brief

Immune cells populate the old brain, but
whether they can be specifically targeted
to improve brain function in older
individuals remains unclear. Navarro
Negredo et al. dissect how aging impacts
brain immune activity and show that
targeting immune cells with an
engineered IL-10 variant rebalances
inflammatory programs in microglia,
improves neurogenesis, and enhances
coghnition in old mice.
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SUMMARY

The immune system could play an important role in the age-related decline in brain function, yet specific im-
mune-based strategies to enhance brain resilience in older individuals are lacking. Here, we combined engi-
neered proteins and direct brain delivery to target immune cell populations within the old brain. We detected
T cells with an exhaustion signature in the old brain and targeted them with a potent engineered checkpoint
inhibitor (RIPR-PD1). This led to T cell expansion and strong pro-inflammatory responses in many brain cell
types, notably microglia. To rescue age-related inflammatory imbalances in microglia, we used the anti-
inflammatory cytokine interleukin (IL)-10. IL-10 boosted anti-inflammatory responses in old microglia, but
it also triggered pro-inflammatory signaling. An engineered IL-10 variant that uncouples pro- and anti-inflam-
matory responses positively impacted the transcriptome of multiple cell types, enhanced neurogenesis, and
improved cognition in aged mice. Our findings pave the way for immunotherapies for the aged brain.

INTRODUCTION

Brain function deteriorates with age. Additionally, age-related
neurodegenerative diseases (e.g., Alzheimer’s disease and Par-
kinson’s disease) surge in the elderly population. While many
pathways are remodeled in the brain during aging,"™ a key
feature of old brains is immune cell infiltration and inflammation.
Aging leads to a pronounced increase in the number of T cells
across several brain regions in mice and humans,”” including
neural stem cell (NSC) niches®'" and white matter tracts.'®'®
T cells from old brains are clonally expanded,®'” suggesting
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they have encountered antigens. T cell infiltration and clonal
expansion are further accentuated in age-related neurodegener-
ative diseases.'®2° In parallel, pro-inflammatory pathways are
strongly upregulated during aging in many cell types, and this
is exacerbated in Alzheimer’s disease.®'**"~%¢ A systematic un-
derstanding of age-related changes in brain immune cells may
inform strategies to mitigate brain aging.

Could immune-based interventions be designed to counter
brain aging? Modulating immune cells and inflammatory path-
ways can affect the old brain.'?"8:50:57-39 Byt previous studies
have relied on broad interventions, often performed in the
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Figure 1. Characterization of immune cells

in the old brain
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(A) Analysis of immune cell populations in the SVZ neurogenic niche of young (3-4 months, n = 7) and old (22-29 months, n = 6) male mice in two merged scRNA-
seq published datasets.®°° Top panel, quantification of the proportion of different immune cell types relative to the total number of cells. Data are mean + SEM;
each dot represents one mouse. Middle panel, age-dependent changes (logo[old/young]) in the abundance of each cell type. Bottom panel, age-dependent

(legend continued on next page)
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periphery'® and in young or disease model mice.'®?*40-%° We

lack strategies to target specific immune cell subsets and path-
ways within the old brain to determine their mode of action.
Moreover, identifying such brain immune interventions could
help develop “aging immunotherapies” and would be critical
to counter aspects of brain aging and age-related brain
diseases.

Here, we developed a platform that leverages engineered pro-
teins and direct brain delivery to test immune cell-specific inter-
ventions in old mice. We identified T cells with an exhaustion
signature and targeted them with a potent engineered check-
point inhibitor, leading to T cell expansion and strong pro-inflam-
matory responses in many cell types, including microglia. To
rescue age-related inflammatory balance in microglia, we used
an engineered interleukin (IL)-10 variant that uncouples pro-
and anti-inflammatory responses and found that it had beneficial
effects on multiple cell types and cognition in aged mice. Our
findings pave the way for novel immunotherapies for the
aged brain.

RESULTS

Characterization of immune cells in the aged brain

We systematically characterized immune cells in the aging brain,
focusing on the subventricular zone (SVZ) neurogenic niche—a
region that contains adult NSCs and declines during aging.***°
Leveraging previously published single-cell RNA-sequencing
(scRNA-seq) datasets,®°° we found that SVZ neurogenic niches
contained microglia (the brain-resident myeloid population),
macrophages, CD8" T cells, CD4* T cells, and low numbers of
other immune cells (Figures 1A and S1A). CD8"* T cells were

Immunity

not very numerous but significantly increased in number with
age (Figure 1A, upper and middle panel). Microglia were the
most abundant immune cell type and showed the largest age-
related changes in gene expression (Figure 1A, lower panel).
We thus focused on CD8" T cells and microglia for further char-
acterization and targeting in the old brain.

CD8* T cells with an exhaustion signature increase in
the aging brain

We generated an scRNA-seq dataset of CD8" T cells (3,724
cells) freshly isolated from brains of old male mice (22—
25 months, n = 11 mice, pooled). For comparison, we isolated
CD8* T cells (4,976 cells) from a peripheral organ (lung) of the
same old mice (Table S1). Clustering showed that CD8* T cells
were different in old brains and old lungs (Figure 1B) and encom-
passed four main T cell subtypes: central memory, effector/
activated, resident memory, and exhausted-like (Figures 1C,
S1B, and S1C; Table S1). In old brains, exhausted-like T cells
were more prevalent than in old lungs and scored higher for
“exhaustion” signatures (Figures 1D and S1D). We validated
that CD8" T cells positive for the checkpoint protein PD1 (an
exhaustion marker) were more abundant in old brains than in
old lungs, by using fluorescence-activated cell sorting (FACS)
(Figure 1F). Effector/memory CD8"* T cells (CD44*CD69*) were
less prevalent and not significantly different between old brains
and old lungs (Figure 1F).

CD8" T cells in old brains and old neurogenic niches ex-
pressed multiple markers of exhaustion, including checkpoint
protein genes (Pdcd1, Tigit, and Ctla4), transcription factors
(Tox and Nr42a), and the age-associated gene Gzmk (Figures
1E, 1G, and S1E). This profile has been reported in other tissues

changes in gene expression per cell type. Dots represent differential expression MAST Z score for each gene. Genes significantly changed with age (Bonferroni-

corrected p < 0.05) are in color.

(B) scRNA-seq analysis of CD8" T cells freshly isolated from the brain and lung of old male mice (22-25 months, n = 11 mice, pooled). Uniform manifold
approximation and projection (UMAP) clustering of all T cells colored by organ of origin, downsampled to 3,724 cells per organ. One independent experiment.

(C) UMAP as in (B) colored by cell type.
(D) Changes in the percentage of T cell subtypes in old brains vs. old lungs.
(E) Heatmap of top six marker genes for each T cell subtype in the old brain.

(F) FACS quantification of percent PD1" and CD44*CD69* of CD8" T cells freshly isolated from the brains and lungs of old male mice (24 months, n = 6). One

independent experiment.
(G) Heatmap of T cell marker genes in T cells from same dataset as (A).

(H) Left, representative images showing exhaustion scores for T cells in coronal brain sections of young (6 months) and old (28 months) male mice in a spatial
transcriptomics (MERFISH) dataset.” Right, quantification of exhaustion scores in T cells from young (3-6 months, n = 5) and old (26-34 months, n = 6) male mice
across four brain regions, cortex (CTX), striatum and adjacent regions (STR), white matter tracts of the corpus callosum and anterior commissure (CC/ACO), and
the ventricle (VEN). One coronal section per mouse. Boxplots of median and lower and upper quartile values.

(I) Left, representative immunofluorescence images of SVZ from young (4 months) and old (28 months) male mice. Red, CD8* (T cells); green, PD1* (checkpoint
protein); blue, DAPI (nuclei). Scale bar, 10 pm. Right, number of CD8* and CD8" PD1* T cells in the SVZ of young (3-4 months, n = 7) and old (28-32 months, n =7)
male mice. Each dot represents one mouse (average of two sections per mouse). One independent experiment.

(J) FACS quantification of the percentage of CD8*PD1* and CD8*CD44*CD69" T cells of live/CD45™ cells freshly isolated from the brain of young (6 months, n = 6)
and old (24 months, n = 6) male mice. One independent experiment.

(K) Average changes in gene expression in microglia of the SVZ neurogenic niche of young and old male mice from three published scRNA-seq datasets.
Red, upregulated; blue, downregulated genes.

(L) Heatmap of log-normalized counts for pro- and anti-inflammatory genes in microglia from the SVZ in a published dataset.®

(M) Log-normalized expression values of Socs3 (left) and combined genes in the IL-10 pathway in microglia from the SVZ in a published dataset.® Horizontal lines,
median.

(N) IL-10 signaling scores for microglia in spatial transcriptomics dataset.”

(O and P) FACS histograms and quantification of inflammation proteins in microglia (CD45*CD11b™) freshly isolated from the SVZ of young (3 months) and old
(24 months) male mice (n = 6). Each dot represents one mouse (mean fluorescence intensity [MFI] values from ~500 microglia per mouse). One independent
experiment.

Data are mean + SEM. p values, two-sided Wilcoxon rank-sum test. NS, not significant.

See also Figure S1.
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Figure 2. Targeting exhausted T cells in the old brain with an engineered checkpoint inhibitor
(A) RIPR-PD1 is engineered to potently inhibit checkpoint (PD1) signaling and drive T cells to an activated state.®®
(B) Old male mice (24-25 months) were infused with mouse RIPR-PD1 or control (5 mg/mL, n = 4 mice per condition, pooled) for 1 week, by stereotaxic im-
plantation of mini-osmotic pumps into the lateral ventricle of the brain (adjacent to the SVZ). Brains were perfused with PBS to remove blood, SVZ neurogenic
niches dissociated, and SVZs from the same conditions pooled and briefly FACS-sorted to remove debris. scRNA-seq was performed on the entire SVZ
(10x Genomics), followed by sequencing (lllumina Next-seq). For independent experiment, see Figure S3.
(C) UMAP clustering colored by cell type, downsampled to 6,236 cells per condition. Abbreviations, quiescent neural stem cells, gNSCs; activated neural stem
cells, aNSCs; neural progenitor cells, NPCs; oligodendrocyte progenitor cells, OPCs.
(legend continued on next page)
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and blood of old mice and humans.®**® These T cells accumu-
lated in old neurogenic niches but were rare in young niches
(Figures 1G, S1E, and S1F). Importantly, re-analysis of our longi-
tudinal spatial transcriptomics (MERFISH) dataset’ confirmed
that T cell exhaustion signatures increased with age across mul-
tiple brain regions (Figure 1H). T cell memory scores decreased
in several regions (Figure S1G) and effector scores remained un-
changed. Hence, exhausted-like T cells increased throughout
the brain during aging (although their origin was not clear).

Using immunostaining, we validated the increase in CD8"*
PD1* T cells in the SVZ of old mice compared with young mice
(Figure 11). In fact, in old mice, ~50% of CD8" T cells also ex-
pressed PD1 (Figure S1H). Similarly, we observed a significant
increase in the number of CD8*PD1* (and CD8*CD44*CD69%)
T cells in old brains, compared with young brains, by FACS
(Figure 1J), although the percentage of CD8" T cells that were
PD1* were similar in young and old brains (Figure S1l). Thus,
the old brain contains many T cells with an exhaustion signature,
which could be leveraged for interventions.

Inflammatory pathways increase and anti-inflammatory
pathways decrease in aged microglia

Supporting previous findings,®91%:16:27:82:35.42.55-57 \ye found
that old microglia of the SVZ®°°-°¢ exhibited a pro-inflammatory,
activated phenotype with higher expression of interferon (IFN)-
stimulated genes and pro-inflammatory cytokines (Figures 1K,
1L, and S1J-S1L; Table S2). We confirmed elevated pro-inflam-
matory IFN signaling in old microglia in our spatial transcriptom-
ics dataset’ (Figure S1M). However, how anti-inflammatory
pathways change in microglia with aging remains largely unex-
plored. Microglia of the old SVZ only showed detectable expres-
sion of the anti-inflammatory cytokine receptors IL-10 and trans-
forming growth factor beta (TGF-p) (see Figure S4A). Old
microglia exhibited a downregulation of genes in the anti-inflam-
matory IL-10 response pathway, compared with young microglia
(Figures 1TK=1M and S1J-S1L), which was also observed in our
spatial transcriptomics dataset’ (Figure 1N). We experimentally
validated these changes by assessing protein expression using

Immunity

FACS (Figure 10). Microglia from the old SVZ exhibited higher
IFN -induced proteins MHC class | and BST2 (Figure 1P) and
the costimulatory protein CD86/B7-2 (which is normally sup-
pressed by IL-10°9-°") (Figure 1P). Thus, aged microglia showed
not only an increase in pro-inflammatory pathways but also a
decrease in anti-inflammatory signaling pathways, which could
be targeted for interventions.

Our systematic analysis revealed two main immune-related
changes in old brains: an increase in T cell number, dominated
by a population of CD8" T cells with exhaustion signatures;
and an imbalance in pro-inflammatory and anti-inflammatory
signaling pathways in microglia. We built a platform leveraging
engineered proteins and direct brain delivery to test the effects
of precisely targeting these immune cell signatures in old brains.

T cells in old brains can be targeted directly with
checkpoint inhibitors

The effects of targeting exhausted T cells directly and exclusively
in the old brain remain largely unexplored. T cells expressing
checkpoint proteins (e.g., PD1) can be activated with checkpoint
inhibitors, widely used in cancer.®>®” We used an engineered
protein, “receptor inhibition by phosphatase recruitment to
PD1” (RIPR-PD1), to potently inhibit the checkpoint protein
PD1°8 (Figure 2A). We directly delivered RIPR-PD1 into the brain
of old mice by implanting mini-osmotic pumps stereotaxically in
the lateral ventricle, adjacent to the SVZ.7%°°""* We verified by
FACS that RIPR-PD1 was more potent than classical anti-PD1
antibodies at increasing the number of CD8" T cells in the old
SVZ (Figures S2A and S2B) and did so in a dose-dependent
manner (Figures S2C and S2D). To unbiasedly test the impact
of RIPR-PD1 on different cell types in the old neurogenic niche,
we continuously infused mouse RIPR-PD1 (hereafter RIPR-PD1)
or control (human RIPR-PD1, unable to bind to mouse PD1%)
into the brain of old mice (24-25 months, n = 4 male mice per
condition, pooled) and performed scRNA-seq on the entire
SVZ after 1 week (Figure 2B, experiment #1; Table S1). Impor-
tantly, we replicated our findings in an independent scRNA-
seq experiment (Figure S3L, experiment #2; Table S1). We

(D) Same as (C), colored by condition.
(

E) UMAP clustering of T cells from the SVZ colored by condition (control, 98 T cells; RIPR-PD1, 244 T cells).

(F) Percentage of T cells out of all cells per condition.

(G and H) UMAP (G) and violin plot (H) showing log-normalized expression values for Mki67 in T cells. Darker red color indicates higher expression. Horizontal
lines, median.

(I) Heatmap of average logs fold change in expression of T cell marker genes in RIPR-PD1 vs. control T cells. Red, upregulated; blue, downregulated genes in
RIPR-PD1.

(J) Clonality of T cells by TCR sequencing. Bottom row, TCR-$ sequence clones arranged in order of decreasing frequency. Top row, source of the T cells.
(K-M) Representative immunofluorescence images (K) and quantification of CD8* T cells (L) and CD8"Ki67* T cells (M) in the SVZ from old male mice (24-26 months)
infused with control or RIPR-PD1 (n = 10-11 male mice per condition, combined over two independent experiments). Green, CD8 (T cells); red, PD1 (checkpoint
protein); white, Ki67 (proliferating cells); blue, DAPI. Scale bar, 10 um. Each dot represents one mouse (average of three coronal sections per mouse).

(N) Gene Ontology (GO) biological processes pathways enriched in microglia from old male mice treated with RIPR-PD1 vs. control. For all pathways shown, false
discovery rate (FDR) < 0.05, EnrichR statistics. See Table S2.

(O and P) Representative immunofluorescence images (O) and quantification (P) of STAT1 fluorescence intensity overlapping with IBA1 in SVZ of old male mice
(24-26 months) treated with control or RIPR-PD1 (n = 6). Red, STAT1 (IFN response); green, IBA1 (microglia); blue, DAPI. Scale bar, 50 um. Each dot represents
one mouse (average of three coronal sections per mouse). Representative of two independent experiments.

(Q and R) Same as (O) but for IFITM3 (Q) or CD68 (R) in a different cohort of old male mice (24 months, n = 5).

(S) Effect sizes summarize the difference in median predicted ages between old RIPR-PD1 and old control for each cell type calculated by aging clocks.®' Red,
increase in predicted age (pro-aging); blue, decrease in predicted age (pro-rejuvenating).

(T) Quantification of STAT1 fluorescence intensity overlapping with astrocyte/NSC cell marker (GFAP) fluorescence as in (Q).

Data are mean + SEM. p values, two-sided Wilcoxon rank-sum test.

See also Figures S2 and S3.
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identified 12 distinct cell types in the old neurogenic niche,
including cells of the neural lineage; endothelial cells; and im-
mune cells like microglia, macrophages, and T cells
(Figures 2C, 2D, S3A, S3M, and S3N; Table S1)—as previously
observed.?°0:58.75

RIPR-PD1 increases the T cell population and microglial
inflammation in old brains

We analyzed the effects of RIPR-PD1 on immune cells. RIPR-
PD1 led to an increase in the proportion of T cells in the old
SVZ neurogenic niche (Figures 2E, 2F, S3B, S3C, S30, and
S3P), including T cells expressing the proliferation marker
Mki67 (Figures 2G-2l and S3Q-S3S), suggesting that prolifera-
tion could account for the increase in T cell number. T cell recep-
tor (TCR) sequencing showed more clonally expanded T cells in
the SVZ of old mice treated with RIPR-PD1 (Figures 2J and S3T),
indicating antigen-dependent T cell activation. T cells showed a
trending increase in some activation markers (Cd69, Gzmb, and
Gzma) and a significant increase in Tnf, Pdcd1, and Tigit
(Figures 21, S3D, and S3S), as well as an increase in exhaustion
genes and signatures (Figures 2I, S3E, S3F, and S3S). The in-
crease in exhaustion markers could be due to T cell activation
combined with the continuous presence of antigens and PD1
ligand (PD-L1) in the niche (Figure S3G) and compensatory
mechanisms in T cells.®>® Using immunostaining, we validated
that RIPR-PD1 led to the expansion of CD8* T cells, as well as
proliferating T cells (CD8*Ki67* and CD8*Ki67*PD1%) in the old
SVZ (Figures 2K-2M, S2E, and S2F). Thus, direct delivery of
the engineered checkpoint inhibitor RIPR-PD1 expanded the
population of T cells in the old brain.

In parallel, microglia of the old SVZ showed an upregulation of
response to type Il IFN (IFN-y) genes with RIPR-PD1 (Figures 2N
and S3U; Table S2). Immunostaining confirmed a strong in-
crease in STAT1 and IFITM3 (IFN-induced proteins) in microglia
(labeled with IBA1 or TMEM119) of the old SVZ infused with
RIPR-PD1 (Figures 20-2Q, S2G, and S2H). We further validated
microglial inflammation by using FACS (Figure S2I). We also
observed an increase in the microglial activation marker CD68/
macrosialin (Figure 2R). To test whether RIPR-PD1 might act
directly on microglia (which also expressed PD1 and CD45
[Figures S3H and S3l]), we incubated primary microglia with con-
trol or RIPR-PD1 in vitro and assessed IFN-induced proteins by
FACS. Under these conditions, RIPR-PD1 did not induce IFN
signaling on microglia (Figure S2J). Our results suggest that
the inflammatory effects of RIPR-PD1 on microglia are likely
due to RIPR-PD1’s ability to activate T cells (although we cannot
exclude that RIPR-PD1 may act directly on microglia or indirectly
through other cell types in vivo).

RIPR-PD1 has “pro-aging” effects on many cell types of
the old neurogenic niche

To unbiasedly assess the impact of RIPR-PD1 on other cell types
of the old neurogenic niche, we used our cell-type-specific “aging
clocks,” which can estimate the age of different cell types and
quantify transcriptomic rejuvenation in the SVZ.°" Mirroring the
strong increase in pro-inflammatory signaling, aging clocks pre-
dicted RIPR-PD1 to have a pro-aging effect on microglia
(Figures 2S, S3K and S3V). In contrast, RIPR-PD1 had a small
pro-rejuvenating effect on activated NSCs (aNSCs)/neural pro-
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genitor cells (NPCs) (Figures 2S, S3K, and S3V), consistent with
enrichment for cell proliferation genes (Figure S3J; Table S3).
Experimentally, however, RIPR-PD1 infusion was not sufficient
to increase the generation of new neurons (neurogenesis) in the
SVZ or olfactory bulb of old mice (Figures S2K-S2M) (and there
was also no impact on mouse behavior; see Figure 7C). This could
be because RIPR-PD1 had opposing pro-aging and pro-inflam-
matory effects on other cell types in the SVZ niche, including
endothelial cells, oligodendrocytes, and astrocytes/quiescent
NSCs (gNSCs) (Figures 2S, S3J, S3K, and S3V), in agreement
with previous reports on systemic anti-PD1."%“° Using immuno-
staining, we confirmed that RIPR-PD1 infusion increased the
inflammation protein STAT1 in astrocytes/NSCs (SOX2* or
GFAPY) in the old SVZ (Figures 2T and S2N).

Thus, checkpoint inhibition in the brain locally increased the
number of T cells and resulted in inflammation across many
cell types of the old neurogenic niche, outweighing any potential
benefits of T cell activation. Mitigating these pro-inflammatory
effects of T cells may help restore old brain function.

An engineered IL-10 cytokine enhances anti-
inflammatory pathways in old microglia

We used our platform to test whether restoring the balance in in-
flammatory pathways in microglia with the anti-inflammatory cyto-
kine IL-10 could benefit the aged brain. Microglia express the IL-10
receptor, and IL-10 is very low in the brain’® (Figure S4A), making
IL-10 an intriguing candidate for exogenous administration. While
IL-10 has anti-inflammatory effects on myeloid cells (e.g., micro-
glia and macrophages), it can also act on T cells to induce IFN-y
and granzyme B®"77%% (Figure 3A). To uncouple the anti- and
pro-inflammatory effects of IL-10, we used an engineered IL-10
variant (D25K, hereafter IL-10%), with decreased affinity for its re-
ceptor® (Figure 3A). In the periphery, this engineered IL-10* con-
serves anti-inflammatory effects on myeloid cells but has minimal
effects on T cells.®° However, the effects of this IL-10 variant on the
brain have never been tested.

We continuously infused wild-type (WT) or engineered IL-10 (IL-
10%) at two different concentrations (0.02 or 0.1 mg/mL) and vehicle
alone (artificial cerebrospinal fluid) directly into the lateral ventricle
of old mice (25 months, n = 1-2 male mice per condition, pooled).
As a baseline control, we infused vehicle alone into the brain of
young mice (3 months, n = 2 male mice, pooled). After 1 week,
we performed scRNA-seq on the SVZ neurogenic niche
(Figure 3B; Table S1). Importantly, we replicated our findings in
an independent experiment with WT IL-10 (Figures S4L-S4Q;
Table S1). There were no major differences in cell number or cell
types in the SVZ (Figures 3C, S4B, and S4M; Table S1), although
there was a strong transcriptional shift in old microglia in response
to WT IL-10 and IL-10* (to a lesser extent) (Figures 3D and S4M).

Both WT IL-10 and IL-10* (to a lesser degree) elicited IL-10 sig-
natures in microglia, including upregulation of Stat3 and Socs3
(Figures 3E, S4C, S4H, and S4N) and downregulation of class
Il antigen-presenting genes (H2-DMa, H2-Oa, and H2-Ob) and
Cd86, known to be suppressed by IL-10°°°" (Figure 3G). Impor-
tantly, both WT IL-10 and IL-10* strongly downregulated the pro-
inflammatory cytokine genes Tnf, ll1a, and II6 (Figures 3F, 3G,
S4C, S4H, and S4N). We experimentally validated that WT IL-
10 and engineered IL-10* suppressed the secretion of IL-6 and
tumor necrosis factor alpha (TNF-a) in primary microglial cultures
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Figure 3. Enhancing anti-inflammatory pathways in microglia with engineered IL-10* cytokines
(A) Schematic depicting the pro- and anti-inflammatory effects of WT IL-10 and engineered IL-10* variant (D25K, IL-10*) on myeloid cells and T cells.

(B) Old male mice (25 months) were infused with vehicle control (n

=1), WTIL-10 (0.1 and 0.02 mg/mL, n = 2, pooled) or engineered IL-10* (0.1 and 0.02 mg/mL,

n = 2, pooled). Young male mice (3 months, n = 2, pooled) were infused with vehicle control. scRNA-seq was performed as in Figure 2. Results with the higher
concentration of IL-10 (0.1 mg/mL) are in Figures S4H-S4K. Figures 3, 4, S4B, S4C, and S4E are with the 0.02 mg/mL concentration.
(C) UMAP clustering of all high-quality cells downsampled to 3,365 cells per condition, colored by cell type.

(D) Same as (C), colored by condition.

(E and F) Log-normalized expression of IL-10 signaling genes Stat3 (E) and Tnf (F) in microglia of the SVZ. Horizontal lines, median.

(G) Heatmap showing fold change in expression of genes in the IL-10 pathway in microglia. Red, upregulated; blue, downregulated genes with IL-10.

(H-J) Primary microglial cells were stimulated with lipopolysaccharide (LPS, 0.1 pg/mL) with or without WT IL-10 or IL-10* (10 mM) for 48 h. Amounts of secreted
IL-6 (I) and TNF-« (J) cytokines were measured by ELISA. Data are mean + SEM (see Table S4 for independent repeat).

(K) Log-normalized expression of Gzmb in T cells of the SVZ. Horizontal lines, median. Only T cells that expressed Gzmb were plotted.

(L) Heatmap as in (G) but for T cells.

(M) Each T cell was given a single score for each signature. Boxplot displays the median and lower and upper quartile values. Permutation-based p values; see

STAR Methods.

p values, two-sided Wilcoxon rank-sum test, unless otherwise specified. NS, not significant.

See also Figure S4.

(and the microglial BV2 cell line) (Figures 3H-3J and S4D). Thus,
both WT IL-10 and engineered IL-10* had strong anti-inflamma-
tory effects on microglia.

IL-10 and engineered IL-10* have differential effects on
T cells in old brains

T cells in the old SVZ also expressed the IL-10 receptor and thus
could respond to IL-10 (see Figure S4A). Indeed, we observed a
robust increase in the expression IL-10-induced genes (Socs3,
Gzmb, and Ifng) and effector T cells genes (Gzma, Cd69, and
Prfl) in T cells from old brains infused with WT IL-10
(Figures 3K, 3L, S4l, S4P, and S4Q). Importantly, this induction
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was attenuated with IL-10* (Figures 3K, 3L, and S4l). Consis-
tently, effector T cell scores were increased in T cells from WT
IL-10-treated but not from IL-10*-treated old mice (Figure 3M).
Hence, the engineered IL-10* variant, unlike WT IL-10, did not
strongly activate T cells in the old brain—providing a molecular
handle to examine T cell contributions to brain aging.

Engineered IL-10* does not induce IFN signaling in old
microglia

What is the net effect of IL-10 and the engineered IL-10* variant
on microglial inflammatory pathways? WT IL-10 downregulated
pro-inflammatory TNF-a signaling but also strongly upregulated
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Figure 4. Net effect of engineered IL-10* cytokines on old microglia
(A and B) MSigDB hallmark pathways enriched in the top 100 differentially upregulated or downregulated genes in microglia from old mice treated with WT IL-10
(A) or IL-10* (B) vs. old control. For all pathways shown, FDR < 0.05, EnrichR statistics.
(C) Combined log-normalized expression of genes in the IFN-y response pathway in microglia of the SVZ. Horizontal lines, median.

(D) Heatmap showing fold change in IFN response genes in microglia. Red, upregulated; blue, downregulated with IL-10.

(E) Inflammation scores for microglia in the SVZ of old control vs. young control, old WT IL-10 vs. old control, and old IL-10* vs. old control mice.

(F-H) Old male mice (24-25 months) were infused with vehicle control, WT IL-10, or engineered IL-10* for 1 week and FACS performed on microglia (CD45*
CD11b*). FACS quantification and representative histograms of CD86 (G), BST2 (H), and MHC class | (H) MFl in freshly isolated microglia (n = 5-7 mice combined
over two independent experiments; see Table S4). MFI values (~3,000 microglial cells) were normalized to those of the median of old control for each experiment.
(l'and J) Left, representative immunofluorescence images of CD68 and IBA1 (1) or IFITM3 and TMEM119 (J) in SVZ brain sections. Red, IFITM3 (IFN response) or
IBA1 (microglia); green, CD68 (activation marker) or TMEM119 (microglia); blue, DAPI. Scale bar, 20 pm. Right, quantification of mean CD68 or IFITM3 fluo-
rescence intensity overlapping with microglial cell marker fluorescence (IBA1 or TMEM119) in SVZ sections from young control (4 months, n = 5), old control
(n =6), old WT IL-10-treated (n = 6), and old IL-10*-treated (n = 4-5) male mice (24 months). Each dot represents one mouse (average of three coronal sections per
mouse). One independent experiment.
Data are mean + SEM. p values, two-sided Wilcoxon rank-sum test. NS, not significant.

See also Figure S4.

IFN signaling (Figures 4A, 4C, 4D, S4J, and S40; Table S2). By
contrast, the engineered IL-10* suppressed TNF-a signaling
genes without markedly upregulating IFN signaling in aged mi-
croglia (Figures 4B-4D and S4J; Table S2). We observed similar
patterns when calculating “inflammation scores” (Figure 4E),
confirming that IL-10* is more anti-inflammatory overall, even

in the context of elevated T cell numbers in the old brain.

We validated the effects of WT IL-10 and IL-10* on microglia
by measuring inflammation-related proteins. FACS analysis

IFITM3 in TMEM119* cells in SVZ
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(Figure 4F) showed that WT IL-10 infusion into the brain reduced
CD86/B7-2 in old microglia (Figure 4G) but strongly increased
IFN markers BST2 and MHC class | (Figures 4H and S4F). The
IL-10* variant still reduced CD86/B7-2, without inducing BST2
or MHC class | in old microglia (Figures 4G, 4H, and S4G). Simi-
larly, immunostaining showed that WT IL-10 decreased the mi-

croglial activation marker CD68/macrosialin (Figure 4l), but it

strongly increased IFN-induced proteins IFITM3 and STAT1 in
microglia of the old SVZ (Figures 4J and S4G). In contrast, the
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IL-10* variant suppressed CD68/macrosialin, without inducing
STAT1 or IFITM3 in old SVZ microglia (Figures 41, 4J, and S4G).

Thus, WT IL-10 suppressed microglial activation but also trig-
gered pro-inflammatory IFN pathways in aged microglia, likely
via T cells. By suppressing microglial activation without inducing
IFN responses, the engineered IL-10* variant restored the inflam-
matory balance in aged microglia.

IL-10-induced IFN signaling in microglia is partly
mediated by T cells

Could the pro-inflammatory IFN signaling induced in microglia by
WT IL-10 be due to T cells and their secretion of IFN-y, as T cells
were the predominant cell type expressing Ifng (IFN-y) within the
old SVZ niche (see Figure S4E)? To test the effects of IL-10 on
microglia in the context of T cells, we set up an in vitro co-culture
system (Figure 5A). We first verified IL-10 signaling in mouse pri-
mary T cells, primary microglia, and the BV2 microglial cell line
(Figures S5A-S5G). We then cultured mouse primary microglia
(or BV2 cells) with or without T cells and WT IL-10 or engineered
IL-10* for 72 h and measured IFN markers (BST2 and MHC class
I) on microglia by FACS (Figure 5A). In the absence of T cells, WT
IL-10 and engineered IL-10* did not increase BST2 on microglia
(Figure 5B), and MHC class | was only slightly increased
(Figure 5C). In the presence of T cells, WT IL-10 significantly
increased BST2 and MHC class | in primary microglia
(Figures 5B and 5C), whereas the engineered IL-10* variant did
not (Figures 5B and 5C). This effect of WT IL-10 was blocked
by the addition of an antibody that neutralizes IFN-y
(Figures 5E and 5F), indicating that it is mediated by IFN-y. We
observed similar results with the BV2 microglial cell line
(Figures S5H-S5J) and by immunostaining (Figure 5D). Indeed,
WT IL-10 increased the secretion of IFN-y (and granzyme B) by
T cells while IL-10* did not (Figures S5K and S5L; IFN-o and
IFN-p were undetectable), consistent with our observations
in vivo in the brain.

We also tested whether IL-10 could potentiate IFN-y signaling
in microglia. Primary microglia treated with IFN-y and WT IL-10
showed increased IFN signaling, while IL-10* caused only a
trending increase (Figures S5M and S5N). Thus, IL-10 likely am-
plifies IFN signaling in microglia by increasing IFN-y secretion by
T cells and potentiating the IFN-y response (Figure S5P).

To test the importance of IFNs in the IL-10 response in vivo,
we infused old brains with WT IL-10 together with a blocking
IFN-y antibody and measured IFN signaling in microglia by
FACS (Figure S50). We observed a trending (non-significant)
decrease in BST2 and MHC class | in old microglia infused
with WT IL-10 and anti-IFN-y, compared with control anti-
immunoglobulin G (IgG) antibodies (Figure S50), suggesting
that other IFNs could contribute to this effect. To block all
IFN signaling, we combined antibodies against IFN-y and the
IFN-o/B receptor (IFNAR) together with WT IL-10. With both
blocking antibodies, IFN signaling was no longer induced in
old SVZ microglia in response to WT IL-10 (Figures 5G-5I).
Thus, the concerted action of WT IL-10, IFN-y (secreted by
T cells), and IFN-a and IFN-p (possibly secreted by the choroid
plexus®®) may potentiate IFN signaling in microglia in the aged
brain (Figure S5P). The engineered IL-10 variant, by limiting
T cell activation and IFN signaling, helps break this negative in-
flammatory loop in aged brains.
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Engineered IL-10* improves neurogenesis in old mice
We examined the effects of WT IL-10 and engineered IL-10* on
other cell types of the neurogenic niche. Overall, ‘aging clocks’
predicted IL-10* to have a more pro-rejuvenating effect
compared to WT IL-10 across several cell types (Figures 6A,
S6A, S6B, and S4K). Consistently, IFN and immune pathways
were more upregulated by WT IL-10 than IL-10* in oligodendro-
cytes and in astrocytes/qNSCs (Figures 6B and 6D; Table S3).
Immunostaining confirmed that WT IL-10 strongly induced the
IFN marker STAT1 in oligodendrocytes (OLIG2") whereas IL-
10* did not (Figure 6E).

Aging clocks predicted mild “rejuvenation” of aNSCs/NPCs
and neuroblasts with both WT IL-10 and engineered IL-10*
(Figures 6A, S6A, S6B, and S4K). In line with this, cell prolifera-
tion and cell junction pathways were upregulated in aNSCs/
NPCs (Figure 6C; Table S3). We assessed the function of
NSCs in the old SVZ by quantifying neurogenesis’*®'
(Figure 6F). WT IL-10 and engineered IL-10* both increased neu-
roblasts (DCX™) in the old SVZ (Figure 6G) and neural progenitors
(DCX*EdU") in the olfactory bulb (Figures 6H and 6l). Notably, the
IL-10* variant also induced a small increase in the number of
newborn neurons (EdU*NeuN") in the olfactory bulb of old
mice (Figures 6H and 6J). Therefore, WT IL-10 and engineered
IL-10* enhance NSC function in the aged SVZ, with IL-10* further
promoting neurogenesis—likely through a combination of ef-
fects across multiple niche cell types. To integrate the effects
of WT IL-10 and IL-10* on the SVZ neurogenic niche as a whole,
we measured changes in principal-component analysis (PCA)
space (Figure S6C). While WT IL-10 had little effect, IL-10*
shifted the niche toward a more “youthful” profile (Figures 6K,
S6D, and S6E), consistent with its beneficial effect on
neurogenesis.

Thus, the engineered IL-10* variant is more “pro-rejuvenating”
in the old SVZ neurogenic niche, likely by restoring the overall
balance in inflammation in the aged niche.

Engineered IL-10* rescues behaviors impaired with age
in mice

Could immune-based interventions improve functional out-
comes in behaviors that decline with age in mice? We first
used nest-building behavior, which is impaired in mice during
aging,®>®® as an indicator of well-being and to anticipate poten-
tial cognitive improvements in aged mice. We delivered immune
interventions into the brain and gave mice 48 h to build nests
(Figure 7A). As expected, old mice showed a significant decline
in nest-building behavior, compared with young mice
(Figure 7B). Notably, engineered IL-10* significantly improved
nesting behavior, compared with control (Figure 7B), while WT
IL-10 (and RIPR-PD1) did not (Figures 7B and 7C).

Based on these results, we assessed whether IL-10* could
improve cognitive function in aged mice, as otherimmune-based
interventions have done.?*~®® We infused control vehicle or engi-
neered IL-10" into the brain of old male mice for a week
(21 months, n = 15 mice per group), allowed an additional
week for recovery, and then performed the forced alternation Y
maze test followed by the novel object recognition (NOR) test, af-
ter which brains were collected for staining (Figure 7D). No differ-
ences in overall activity were detected between control and IL-
10*-treated groups in the open field test (Figure 7E), indicating
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Figure 5. IL-10-induced IFN pathway response in microglia is likely due to T cell activation

(A) Scheme for the co-culture of mouse primary microglia with mouse primary T cells and WT IL-10 or IL-10* (10 nM) for 72 h. IFN signaling was measured
by FACS.

(B and C) FACS quantification of BST2 (B) and MHC class | (C) MFI in ~10,000-20,000 mouse primary microglia from 4 individual cultures (see Table S4 for
independent repeat).

(D) Representative immunofluorescence images of primary microglia co-cultures. Green, IBA1 (microglia); red, STAT1 (IFN response); blue, DAPI. Scale
bar, 20 pm.

(E and F) FACS quantification as in (B and C).

(G-I) Old male mice (23-24 months) were infused with anti-IgG control or anti-IFN antibodies (1mg/mL) and WT IL-10 (0.02 mg/mL) for 1 week. FACS quanti-
fication and histograms of BST2 (H) and MHC class | (I) MFl in microglia (CD45*CD11b*) freshly isolated from the SVZ (n = 8-14 combined over three independent
experiments; see Table S4). Each dot represents one mouse (MFI from ~1,500 microglial cells per mouse). MFI values were normalized to old control anti-IgG for
each experiment.

Data are mean + SEM. p values, two-sided Wilcoxon rank-sum test. NS, not significant.

See also Figure S5.
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for immunostaining.
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(legend continued on next page)
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that anxiety was not affected. In the forced alternation Y maze,
which measures short-term spatial working memory, old control
mice showed no preference for the novel arm (Figures 7F and
7G), while old mice infused with IL-10* explored the novel arm
more often (Figures 7F and 7G; Table S4). In the NOR test, old
control mice showed no preference for exploring the novel or
familiar object, while old mice infused with IL-10* spent signifi-
cantly more time exploring the novel object (Figure 7H;
Table S4). Thus, IL-10* causes some improvements in memory
in old mice.

We tested whether microglial inflammatory state was changed
in brain regions linked to these cognitive tests,?*>°° such as the
hippocampus. Immunostaining of the hippocampus showed
that IL-10* decreased CD68/macrosialin in microglia (Figures 71
and 7J) without inducing IFN signaling (Figure S6F). This indi-
cates that IL-10* uncouples anti-inflammatory and pro-inflam-
matory signaling in hippocampal microglia (although the effects
of IL-10* on neurons remain to be tested).

Overall, direct delivery of engineered IL-10* into the old brain
reduces microglial activation across different brain regions and
attenuates age-related behavioral impairments in mice, suggest-
ing engineered IL-10* as a potential immunotherapy for the
aged brain.

DISCUSSION

Here, we build a platform to test targeted immune-based inter-
ventions directly in the old brain. Manipulating immune cells
and inflammatory pathways has been previously found to impact
the old brain,'?1328:30:3739 bt these attempts relied on broad
interventions, often performed in the periphery. We find that de-
livery of a potent engineered checkpoint inhibitor (RIPR-PD1)
directly into the brain increases the number of T cells and pro-
motes microglial inflammation. While T cells are not numerous
in the brain, their migratory nature and influence on other cells
could amplify immune responses beyond the initial cells. Check-
point inhibitor infusion in the brain triggers inflammation and pro-
aging signatures across many cell types in the old neurogenic
niche, consistent with the observation that T cells have a spatial
pro-aging proximity effect on their neighbors.” Activated NSCs/
NPCs and neuroblasts are mostly spared from the negative
impact of T cell activation, perhaps because activated T cells
also remove dysfunctional NSCs, as observed in other con-
texts.*"**°" In the old brain, T cell exhaustion might in fact repre-
sent a mechanism to prevent aberrant inflammation, as pro-
posed in the skin.?” As diverse T cell populations populate the
brain,®*~'°? targeting specific T cell pools could help counter
brain aging.

To restore the balance in inflammatory pathways in aged mi-
croglia, we use the anti-inflammatory cytokine IL-10. IL-10 gen-
erates potent anti-inflammatory responses in microglia, but it
also induces pro-inflammatory pathways. This pro-inflammatory
response is partly mediated by T cells, together with synergizing
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effects between IL-10 and interferons in microglia. Our results
may explain the conflicting results observed with IL-10 in Alz-
heimer’s disease,'°®'%® given the elevated T cell infiltration in
Alzheimer’s disease brains.'®?%?>?3 Notably, an engineered
IL-10* variant (D25K), which still generates anti-inflammatory re-
sponses in microglia but does not activate T cells, has a rejuve-
nating effect on the old SVZ neurogenic niche, improving NSC
function and neurogenesis. Old mice treated with this engi-
neered IL-10* variant also showed improved nest-building
behavior and cognitive function, but whether this is mediated
by direct or indirect effects on neurons remains to be tested.

Overall, our study provides evidence that immune-based in-
terventions promoting anti-inflammatory pathways in microglia
while suppressing T cells could help counter brain aging and
age-related diseases. Immunotherapies have revolutionized
cancer treatment®*°®°” and are emerging for aging.'%®~''? Excit-
ingly, age-related immune changes observed in mice also occur
in humans,®>°® supporting the idea that anti-aging immunother-
apies could be translated to humans.

Limitations of the study

All experiments were conducted in male mice. Conducting these
experiments in female mice could help to identify sex-specific
differences and to generalize our findings. Moreover, surgical
implantation of mini-osmotic pumps for brain delivery is invasive
and could cause immune cell infiltration and inflammation.
Developing engineered proteins that can cross the blood-brain
barrier could eliminate the need for surgery in the future. Finally,
we did not identify the specific cells or factors that mediate the
beneficial effects of the engineered IL-10* variant on cognition.
Targeting specific cell types and their secreted factors could
help determine the mechanism of IL-10 action on cognitive
function.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Anne Brunet (abruneti@stanford.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® All raw sequencing reads for scRNA-seq data can be found under
BioProject PRUNA1365936. Processed Seurat objects are available
on Zenodo: https://doi.org/10.5281/zenodo.17594828. Data are pub-
licly available from the date of publication.

® Code is publicly available on GitHub: https://github.com/Paloma
Navarro/TargetinglmmuneCellsSVZ and Zenodo: https://doi.org/10.
5281/zenodo.18174039.

® Any additional information required to reanalyze data reported in this
paper will be available from the lead contact.

(K) Effects of age and interventions in PCA space. Ridge plots represent the cell density distribution. x axis indicates Mahalanobis distance of a given cell relative

to the centroid of young and old control niche cells.

Data are mean + SEM. p values, two-sided Wilcoxon rank-sum test. NS, not significant.

See also Figure S6.
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(left picture).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Purified anti-mouse CD3e Antibody BioLegend Cat# 100302; RRID: AB_312667
Purified anti-mouse CD28 Antibody BioLegend Cat# 102102; RRID: AB_312867
InVivoMAb anti-mouse PD-1 (CD279) Bio X Cell Cat# BE0146; RRID: AB_10949053
Alexa Fluor® 700 anti-mouse CD69 Antibody BioLegend Cat# 104539; RRID: AB_2566304
Brilliant Violet 605™ anti-mouse CD25 Antibody BioLegend Cat# 102036; RRID: AB_2563059
InVivoPlus rat IgG2a isotype control Bio X Cell Cat# BE0089; RRID: AB_1107769
Anti-mouse IFNAR-1-InVivo Selleck Cat# A2121; RRID: AB_2927720
Mouse IgG1 isotype control-InVivo Selleck Cat# A2106, RRID: AB_3722689
InVivoMAb anti-mouse IFNy Bio X Cell Cat# BE0054; RRID: AB_1107692
Rat IgG1 isotype control-InVivo Selleck Cat# A2119; RRID: AB_3697767
PE anti-mouse CD45 Antibody BioLegend Cat# 103106; RRID: AB_312971
FITC anti-mouse CD8a Antibody BioLegend Cat# 100705; RRID: AB_312744
Brilliant Violet 785™ anti-mouse CD8a Antibody BioLegend Cat# 100750; RRID: AB_2562610
PerCP/Cyanine5.5 anti-mouse/human CD11b Antibody BioLegend Cat# 101227; RRID: AB_893233
Alexa Fluor® 700 anti-mouse CD3 Antibody BioLegend Cat# 100216; RRID: AB_493697
PerCP anti-mouse CD25 Antibody BioLegend Cat# 102027; RRID: AB_893290
FITC anti-mouse CD279 (PD-1) Antibody BioLegend Cat# 135213; RRID: AB_10689633
Brilliant Violet 711™ anti-mouse CD223 (LAG-3) Antibody BioLegend Cat# 125243; RRID: AB_2876450
Brilliant Violet 605™ anti-mouse/human CD44 Antibody BioLegend Cat# 103047; RRID: AB_2562451
CD69 Hamster anti-Mouse, BUV661, Clone: H1.2F3 BD Biosciences Cat# 741478; RRID: AB_2870943
CD4 Rat anti-Murine, Brilliant Ultraviolet 496, Clone: GK1.5 BD Biosciences Cat# 612952; RRID: AB_2813886
PE anti-mouse CD45 Antibody BioLegend Cat# 103106; RRID: AB_312971
FITC anti-mouse CD317 (BST2, PDCA-1) Antibody BioLegend Cat# 127007; RRID: AB_1953281
PE/Cyanine7 anti-mouse H-2Kd/H-2Dd Antibody BioLegend Cat# 114717; RRID: AB_2749955
FITC anti-mouse CD86 Antibody BioLegend Cat# 105005; RRID: AB_313148
TruStain FcX™ (anti-mouse CD16/32) Antibody BioLegend Cat# 101319; RRID: AB_1574973
PE anti-mouse CD45 Antibody BioLegend Cat# 103106; RRID: AB_312971
APC anti-mouse CD4 Antibody BioLegend Cat# 100412; RRID: AB_312697
BD Phosflow™ PE Mouse Anti-Stat3 (pY705) BD Biosciences Cat# 562072; RRID: AB_10893601
InVivoMAD rat IgG1 Isotype control, anti-trinitrophenol Bio X Cell Cat# BE0290; RRID: AB_2687813
PE anti-mouse CD317 (BST2, PDCA-1) Antibody BioLegend Cat# 127010; RRID: AB_1953285
PerCP anti-mouse/human CD11b Antibody BioLegend Cat# 101229; RRID: AB_2129375
Pacific Blue™ anti-mouse CD45 Antibody BioLegend Cat# 103125; RRID: AB_493536
Brilliant Violet 785™ anti-mouse CD8a Antibody BioLegend Cat# 100750; RRID: AB_2562610
FITC anti-mouse H-2K°/H-2D° Antibody BioLegend Cat# 114606; RRID: AB_313597
FITC anti-mouse CD317 (BST2, PDCA-1) Antibody BioLegend Cat# Cat# 127008; RRID: AB_2028462
APC anti-mouse CD8a Antibody BioLegend Cat# 100712; RRID: AB_312751
FITC anti-mouse CD8a Antibody BioLegend Cat# 100803; RRID: AB_312764
Rabbit monoclonal anti-CD3 Novus Cat# NB600-1441; RRID: AB_789102
Rat monoclonal anti-CD68 BioLegend Cat# 137001; RRID: AB_2044003
Rat monoclonal CD8« Bio-Rad Cat# MCAB09GA,; RRID: AB_323706

Rabbit polyclonal anti-doublecortin (DCX)
Goat polyclonal anti-GFAP

Cell Signaling Technology
Abcam

Cat# 4604; RRID: AB_561007
Cat# ab53554; RRID: AB_880202

(Continued on next page)
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Goat polyclonal anti-IBA1 Novus Cat# NB 100-1028; RRID: AB_521594
Rabbit polyclonal anti-fragilis (IFITM3) Abcam Cat# ab15592; RRID: AB_2122095

Rat monoclonal anti-Ki67

Mouse monoclonal anti-NeuN

Goat polyclonal anti-OLIG2

Goat polyclonal anti-PD1

Rabbit monoclonal anti-STAT1

Guinea pig polyclonal anti-TMEM119

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 568

Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 647

Thermo Fisher Scientific
Millipore

R and D Systems

R and D Systems

Cell Signaling Technology
Synaptic Systems
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 14-5698-82; RRID: AB_10854564
Cat# MAB377; RRID: AB_2298772
Cat# AF2418; RRID: AB_2157554
Cat# AF1021; RRID: AB_354541

Cat# 14994; RRID: AB_2737027

Cat# 400 004; RRID: AB_2744645
Cat# A10042; RRID: AB_2534017

Cat# A-21208; RRID: AB_2535794

Cat# A-21447; RRID: AB_2535864

Chemicals, peptides, and recombinant proteins

Mouse RIPR-PD1

Human RIPR-PD1

WT IL10

IL-10 D25K variant

Recombinant Mouse IL-2 Protein
Insect-XPRESS™ Protein-free Insect Cell Medium
Gentamycin Sulfate

Expi293™ Expression Medium

DMEM, high glucose

Fetal Bovine Serum
Penicillin-Streptomycin-Glutamine (100X)

DMEM, high glucose, GlutaMAX™ Supplement
Advanced DMEM/F-12

GlutaMAX™ Supplement

Penicillin-Streptomycin (10,000 U/mL)
Trypsin-EDTA (0.25%), phenol red

RPMI 1640 Medium

MEM Non-Essential Amino Acids Solution (100X)
Sodium Pyruvate (100 mM)

HEPES (1M)

2-Mercaptoethanol

ACK Lysing Buffer

Ni-NTA Agarose

autoMACS® Running Buffer - MACS® Separation Buffer
Artificial Cerebrospinal Fluid
2,2,2-Tribromoethanol

Corning™ Cell Culture Phosphate Buffered Saline (1X)
Heparin sodium salt from porcine intestinal mucosa
PIPES

Papain

Trypsin inhibitor

Deoxyribonuclease | from bovine pancreas
DMEM/F-12, HEPES

Percoll®

D-(+)-Glucose
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Fernandes et al.®®
Fernandes et al.®®

Saxton et al.®®

Saxton et al.®”

R and D Systems

Lonza

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Qiagen

Miltenyi Biotec

Tocris

Sigma-Aldrich

Corning

Sigma-Aldrich
Sigma-Aldrich
Worthington
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

N/A
N/A
N/A
N/A

Cat# 402-ML-020/CF

Cat# 12-730Q
Cat# 613980010
Cat# A1435101
Cat# 11965092
Cat# F2442
Cat# 10378016
Cat# 10566016
Cat# 12634028
Cat# 35050061
Cat# 15140122
Cat# 25200056
Cat# 11875093
Cat# 11140050
Cat# 11360070
Cat# 15-630-080
Cat# 21-985-023
Cat# A1049201
Cat# 30210

Cat# 130-091-221

Cat# 3525

Cat# T48402-25G
Cat# MT21040CV
Cat# H3149-50KU

Cat# P1851
Cat# LS003119
Cat# T9253
Cat# DN25
Cat# 11330032

Cat# GE17-0891-01

Cat# G7021

(Continued on next page)
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Propidium lodide Solution BioLegend Cat# 421301

Collagenase, Type IV, powder

HBSS, calcium, magnesium, no phenol red
Paraformaldehyde 32% Aqueous Solution

Sucrose

0O.C.T. Compound

Triton™ X-100 (Electrophoresis), Fisher BioReagents™
Trisodium citrate dihydrate

TWEEN® 20

Normal Donkey Serum

Bovine Serum Albumin solution

DAPI

ProLong™ Gold Antifade Mountant with DNA Stain DAPI
Poly-b-Lysine Hydrobromide

Lipopolysaccharides from Escherichia coli O111:B4
Methanol

EDTA, 0.5M (pH 8.0), Molecular Grade, Promega™
TrypLE™ Express Enzyme (1X), no phenol red
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit
Zombie NIR™ Fixable Viability Kit

OneComp eBeads™ Compensation Beads

Thermo Fisher Scientific
Thermo Fisher Scientific
Electron Microscopy Sciences
Sigma-Aldrich

Electron Microscopy Sciences
Thermo Fisher Scientific
Sigma-Aldrich

Sigma-Aldrich
ImmunoReagents
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Promega Corporation

Thermo Fisher Scientific
Thermo Fisher Scientific
BioLegend

Thermo Fisher Scientific

Cat# 17104019
Cat# 14025092
Cat# 15714
Cat# S3929
Cat# 62550-12
Cat# BP151
Cat# S1804
Cat# P1379-1L
Cat# SP-072-VX10
Cat# A7979
Cat# 62248
Cat# P36931
Cat# P6407
Cat# L2630
Cat# 34860
Cat# PR-V4231
Cat# 12604013
Cat# L10119
Cat# 423105
Cat# 01-1111-41

Critical commercial assays

Pierce Chromogenic Endotoxin Quant Kit
CD8a+ T Cell Isolation Kit, mouse
ExpiFectamine 293 Transfection Kit

Click-iT EdU Cell Proliferation Kit for Imaging,
Alexa Fluor™ 488 dye

Chromium Next GEM Single Cell 3’ Kit v3.1
Chromium Next GEM Single Cell 5’ v2 dual index kit
Dual Index Kit TT Set A

Library Construction Kit

Chromium Next GEM Chip G Single Cell Kit

ELISA MAX™ Deluxe Set Mouse IL-6

ELISA MAX™ Deluxe Set Mouse TNF-a

ELISA MAX™ Deluxe Set Mouse IFN-$

ELISA MAX™ Deluxe Set Mouse IFN-a1

Mouse Granzyme B DuoSet ELISA

Thermo Fisher Scientific
Miltenyi Biotec

Thermo Fisher Scientific
Thermo Fisher Scientific

10x Genomics
10x Genomics
10x Genomics
10x Genomics
10x Genomics
BioLegend
BioLegend
BioLegend
BioLegend

R and D Systems

Cat# A39552
Cat# 130-104-075
Cat# A14525
Cat# C10337

Cat# 1000123
Cat# 1000265
Cat# 1000215
Cat# 1000157
Cat# 1000127
Cat# 431304
Cat# 430904
Cat# 439404
Cat# 447904
Cat# DY1865-05

Deposited data

RNA-seq data generated in this study
Code generated for analysis

This paper
This paper

BioProject PRUNA1365936

Github: https://github.com/PalomaNavarro/
TargetinglmmuneCellsSVZ. Zenodo:
https://doi.org/10.5281/zenodo.18174039

Experimental models: Cell lines

Insect Tni cells
Expi-293F cells
BV2 microglia cells

Expression Systems
Thermo Fisher Scientific

Gift from Dr. Tony Wyss-Coray
(Stanford University)

Cat# 94-002S
Cat# A14527
RRID: CVCL_0182

Experimental models: Organisms/strains

C57BL/6J mice
C57BL/6J mice

National Institute on Aging
The Jackson Laboratory

N/A
Cat# 000664

(Continued on next page)
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Software and algorithms

NIS-Elements software (AR 4.30.02, 64-bit) Nikon https://www.microscope.healthcare.
nikon.com/products/software/nis-elements

ZEN Blue 3.0 software N/A https://www.zeiss.com/microscopy/
us/products/software/zeiss-zen.html

Fiji Imaged https://imagej.net/software/fiji/downloads

FlowJo Tree Star https://www.flowjo.com/

Cell Ranger (version 3.0.2)

R (version 4.2.2)
GraphPad Prism (version 10.2.0)
SMART Video Tracking System (Panlab)

Motor Monitor

BioRender

10x Genomics

R
GraphPad
Harvard Apparatus

Kinder Scientific

BioRender

https://www.10xgenomics.com/support/
software/cell-ranger/latest

https://www.r-project.org/
https://www.graphpad.com/features

https://www.harvardapparatus.com/
smart-video-tracking-system.html

https://kinderscientific.com/
software/motor-monitor/

https://www.biorender.com

Other

BD FACSAria Il Cell Sorter

BD Symphony Flow Cytometer

BD LSRII Flow Cytometer

CM3050 S Cryostat

Zeiss LSM 900 confocal microscope
Nikon Eclipse Ti microscope

Zyla sCMOS camera

Enviro-dri® natural brown material
ALZET Brain Infusion Kit 3

ALZET Mini osmotic pump 1007D
Small Animal Stereotaxic Instrument with

BD Biosciences
BD Biosciences
BD Biosciences
Leica

Zeiss

Nikon

Andor
Shepherd Specialty Papers
ALZET

ALZET

Kopf

RRID: SCR_018934
RRDI: SCR_022674
RRID: SCR_002159
RRID: SCR_016844
RRID: SCR_022263
RRID: SCR_021242
RRID: SCR_023610
N/A

Cat# 0008851

Cat# 0000290
Model 940

Digital Display Console

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All mice used in this study, except for primary microglia cultures, were C57BL/6 mice obtained from the National Institute on Aging
(NIA) Aged Rodent colony with ages between 3 and 32 months. For primary microglia cultures, we used C57BL/6 mice from Jackson
Laboratories. All mice used in this study were male mice (except for generation of primary microglia, which were performed on mixed
sex mice). Mice were habituated for more than one week before use. At Stanford, all mice were housed in the Neuro-ChemH vivarium,
and their care was monitored by the Veterinary Service Center at Stanford University under the Institutional Animal Care and Use
Committee protocol 8661 and 29100. At UCSF, animals were housed at the UCSF Parnassus animal facility. Animals were moved
to a new location for behavioral assessment at the Villeda Lab Behavioral Suite. All animal handling and use was in accordance
with institutional guidelines approved by the University of California, San Francisco Institutional Animal Care and Use Committee
(IACUC). All mice were housed under specific pathogen-free conditions with 12-hour light/dark cycles and ad libitum access to
food and water in the cage.

Cell culture

Celis for protein production

Female insect Tni cells (Expression Systems, 94-002S) were grown in Insect X-press media (Lonza) with a final concentration of
10 mg/L of gentamicin sulfate (Thermo Fisher) at 27°C and atmospheric CO,. Female Expi293F cells (Thermo, A14527) were grown
in serum-free Expi293 expression media (Thermo, A1435101) and maintained at 37°C with 5% CO,.

BV2 cell line

Female BV2 microglia cells were a kind gift from Tony Wyss-Coray (Stanford University) and were expanded in DMEM (Gibco,
11965092) supplemented with 10% fetal bovine serum (FBS, Millipore Sigma, F2442) and penicillin-streptomycin-glutamine (Gibco,
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10378-016). BV2 cells were regularly tested for mycoplasma and were maintained in a humidified incubator containing 5% CO,
at 37°C.

Mouse primary microglia

Primary microglia were isolated and cultured as previously described.'"®""* Briefly, brain tissue from C57BL/6 neonatal mice (both
sexes) aged P2-P4 was homogenized in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 10566016) and sequentially filtered
through 250 pm and 100 pm nylon meshes (Thermo, 1825505 and Falcon, 352320). The cell suspension was cultured in Advanced
DMEM/F12 (Gibco 12634028) supplemented with 10% FBS, 1% GlutaMAX supplement (Gibco, 35050061) and Penicillin/
Streptomycin (Gibco, 15140122). For FACS analysis, microglia were cultured in polystyrene 6-well plates (Falcon 08-772-1B). For
immunofluorescence staining, microglia were cultured in a chamber slide system (Nunc Lab-Tek Il Chamber Slide, 154453). After
21 days in vitro, mild trypsinization was performed using a 1:2 dilution of 0.25% EDTA-Trypsin (Gibco, 25200056) in DMEM for 20 mi-
nutes. The procedure selectively detached an intact layer of astrocytes and other glial cells, leaving microglia adherent to the bottom
of the culture plate. The adherent microglia were used for experiments within 24 h. For experiments with RIPR-PD1, primary microglia
were incubated with 1uM control or RIPR-PD1 for 48h and analyzed by FACS as explained below for co-culture experiments.
Primary mouse T cells

To isolate T cells for signaling assays and co-cultures, we removed the spleen and lymph nodes from middle-age to old male mice
(12-29 months). We used the flat end of a syringe plunger to pass the spleen and lymph nodes through a 70 um cell strainer. T cell
media (RPMI 1640 with 10% FBS, 1% PSQ, 1% MEM non-essential amino acids (Gibco 11140-050), 1% GlutaMAX (Gibco 35050-
061), 100 mM Sodium Pyruvate (Gibco 11360-070), 1M HEPES (Gibco 15-630-080), and 50uM 2-mercaptoethanol (Gibco
21985023)) was added to wash the cell strainer and the sample was centrifuged (3 min, 1200 rpm). For the spleen, we added
2 mL of ACK lysing buffer (Gibco, A1049201) to lyse red blood cells and incubated for 3 minutes at room temperature. After the lysis
of red blood cells, 10 mL of T cell media was added and samples were spun for 3 min, 1200rpm. Spleen and lymph nodes extracts
were pooled together and resuspended to 3 million cells per mL. To activate and expand T cells, 12 well plates that were coated
overnight with anti-CD3 (BioLegend cat. no. 100302, Clone: 145-2C1 (2.5 pg/mL) were washed with PBS, and 1mL of a 2X T cell acti-
vating solution (T cell media, anti-CD28 (BioLegend cat. no. 102102, Clone: 37.51 (10 pg/mL) and recombinant mouse IL-2 (R&D Sys-
tems cat. no. 402-ML-020/CF (200 IU/mL)) was added to each well. Each well then received 3 million cells from the pooled spleen and
lymph node cell suspension. T cells were incubated at 37°C for 48 hours. After this activation period, T cells were resuspended in
T cell media without IL-2 and incubated at 37°C for 24 hours before use in experiments.

METHOD DETAILS

Engineered protein production and purification

RIPR-PD1

RIPR-PD1 is a hetero-bispecific diabody that binds to the CD45 and PD1 extracellular domains to compel cis-ligation of PD1 and
CD45.°® RIPR-PD1 induces cross-linking of PD1 to CD45 and inhibits both tonic and ligand-activated signaling through PD1 leading
to enhanced inhibition of checkpoint blockade compared with ligand blocking by anti-PD1 antibodies.®® While this molecule has not
been tested in humans, it showed increased therapeutic efficacy over anti-PD1 antibodies in mouse models of small cell lung cancer
and colon cancer.®® Engineered checkpoint inhibitor proteins (RIPR-PD1 and control) were produced as previously described.®® The
mouse RIPR-PD1 is composed of a nanobody anti-CD45'"® fused to an anti-mouse PD-1 scFv, using the clone RMP1-14""® using a
GGGGTGGS or a GGSLEVLFQGPGSGS (3C) linker. The control for mouse RIPR-PD1 was human RIPR-PD1, which has a similar
molecular weight but no ability to bind mouse PD1.°® Human RIPR-PD1 is composed of the same anti-CD45 scFv as mouse
RIPR-PD1 but fused to an anti-human PD-1 nanobody (VHH). Connecting the scFv to the VHH, a GGSLEVLFQGPGSGS linker
sequence encoding a 3C cleavage site was used. All proteins were cloned in-frame in the pAc67-A (Pharmingen) plasmid for protein
expression in Tni cells (BTI-Tn-5B1-4, Expression Systems, 94-002S) using the baculovirus expression system. Supernatant was
harvested and used for protein purification 48-72 hours after infection with baculovirus. RIPR-PD1 molecules were purified by Ni-
NTA (Qiagen) followed by size-exclusion chromatography using a Superdex 200 and PBS. Final endotoxin concentrations were
determined using a chromogenic endotoxin quantitation kit (Thermo Scientific, A39552) and were never greater than 1 endotoxin
unit per mg of purified protein.

Functional testing of RIPR-PD1

Purified mouse CD8* T cells (Milteny, 130-104-075) were stimulated as explained above. Mouse RIPR-PD1, control human RIPR-
PD1, or anti-PD-1 antibody (BioXCell, clone RMP1-14, BE0146) were added to cells at 125 to 1000 nM final concentration. After
24 to 48 hours, cells were collected, washed in MACS buffer (Milteny, 130-091-221) and incubated with antibodies against the
cell surface activation markers CD69-AF700 (Biolegend cat. no. 104539, clone H1.2F3, 1:100) and CD25-BV605 (Biolegend cat.
no. 102036, clone PC61, 1:100) and DAPI and analyzed by FACS.

IL-10

Engineered IL-10 proteins were produced as previously described.®® cDNA encoding human WT IL-10 or the IL-10 D25K variant was
subcloned into the pD649 mammalian expression vector containing an N-terminal HA signal peptide and C-terminal 6 xHis tag. Vec-
tors were transiently transfected into Expi-293F cells (Thermo, A14527) using Expifectamine transfection reagent (Thermo, A14525);
72 to 96 hours after transfection, cell supernatant was harvested and proteins were purified with Ni-NTA resin (Qiagen, 30210) fol-
lowed by size-exclusion chromatography on a Superdex 200 column (GE) in PBS. Final endotoxin concentrations were determined
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using a chromogenic endotoxin quantitation kit (Thermo Scientific, A39552) and were never greater than 1 endotoxin unit per mg of
purified protein.

Mini-osmotic pump intracerebroventricular delivery of engineered proteins and antibodies

Purified engineered proteins or antibodies were loaded into 100 puL osmotic pumps (Alzet, 1007D) with a 7-day infusion rate of 0.5 pL
per hour. Osmotic pumps were connected to a cannula (Brain infusion kit lll, 0008851, Alzet) inserted using a stereotaxic frame
at +1 mm lateral, -0.3 mm anterior-posterior, and -3 mm deep relative to bregma to target the right lateral ventricle. Mini-osmotic
pumps deliver agents intracerebroventricularly (ICV), into the lateral brain ventricle which is directly adjacent to the SVZ and this
method has been used to effectively deliver different compounds to the SVZ28:6970:72.73.117 gince the ventricles are filled with cere-
brospinal fluid that circulates throughout the brain, any agents delivered into the ventricles will also reach other brain regions,
including the hippocampus.®°118

The pump was placed subcutaneously and mice received a single dose of Buprenorphine SR (0.5 mg/kg) for postoperative pain
management and monitored for post-surgery until full recovery. Old male mice (24-27 months) from the NIA were used for these ex-
periments. We also included young male mice (3 months) which were infused with vehicle control (artificial cerebral spinal fluid) in the
IL-10 experiment. Surgeries were performed on heating pads with isoflurane induced anesthesia, with a Kopf (Model 940) stereotaxic
frame, World Precision Instruments (UMP3T-1). Mice were weighted prior to surgery and at the end of the treatment and we never
observed a significant change in the weight of the mice. For neurogenesis assays, mice were given a 1-mg dose of EdU via intraper-
itoneal injection two days before and on the day of mini-osmotic pump implantation.

Mouse and human (control) RIPR-PD1 proteins were loaded at 5 mg/mL (for most experiments) or 2.5 mg/mL (for the dose
response experiment). To compare the efficiency of RIPR-PD1 and conventional anti-PD1 antibodies to expand T cells in the brain,
we loaded anti-lgG2a isotype control (clone 2A3, BioXCell, 3mg/mL), anti-PD1 (clone RMP1-14, BioXCell, 3mg/mL) or RIPR-PD1
(83mg/mL) into mini-osmotic pumps and delivered these proteins into the lateral ventricle for a week. Our FACS analysis revealed
that at the same dose RIPR-PD1 led to a significant increase in the number of T cells in the SVZ while anti-PD1 antibody did not
(Figures S2A and S2B). Infusion of anti-PD1 antibodies into the brain of old mice also could result in a statistically significant increase
in CD8* T cells within the aged brain (see Table S4), but the magnitude of this effect was modest, and significance was observed only
with a large sample size of mice (22-23 months, n = 11-12 male mice per condition, Table S4). For this reason, we proceeded with
RIPR-PD1 for the rest of our study. The stronger increase in T cell number by RIPR-PD1 is likely due to the enhanced ability of RIPR-
PD1 to inhibit checkpoint blockade®® coupled with the size of these molecules (~45kDa for RIPR-PD1 versus ~150kDa for anti-PD1
antibody), which could affect their penetration into the brain parenchyma. We did not specifically measure blood brain barrier integrity
in our experiments and therefore we cannot rule out an increase in T cell infiltration upon RIPR-PD1 infusion.

Wildtype (WT) IL-10 and the engineered IL-10* variant were loaded in the mini-osmotic pumps at 0.1 mg/mL or 0.02 mg/mL. All
proteins were diluted in artificial cerebrospinal fluid (CSF) (3525, Tocris). Artificial CSF was used as a vehicle control for WT IL-10
and the engineered IL-10* variant. To block type | interferons, we used anti-mouse IFNAR-1 (clone MAR1-5A3, A2121, Selleck,
1 mg/mL). Mouse anti-lgG1 (clone A2106, Selleck, 1mg/mL) was used as the isotype control. To block type Il interferons, we
used rat IgG1 anti-IFN-y (clone R4-6A2, BE0054, BioXCell, Img/mL). Rat anti-IgG1 (clone HRPN, A2119, Selleck, 1mg/mL) was
used as the isotype control. The specificity of each anti-interferon antibody for type | or type Il interferons was confirmed in vitro using
BV2 cells.

Single-cell RNA-seq of SVZ using 10x Genomics Chromium
For all single-cell RNA-seq datasets, male mice were used. SVZ neurogenic niches were collected and processed as described in
ref.2 one week after infusion with engineered proteins. Mice were sedated with 0.8 mL of 2.5% vol/vol Avertin (Sigma-Aldrich,
T48402-25G) in PBS (Corning, 21-040-CV) and perfused transcardially with 15 mL of PBS with heparin sodium salt (50 U/mL,
Sigma-Aldrich, H3149-50KU) to remove circulating blood cells. Brains were immediately collected into PIPES buffer (pH 7.4,
Sigma-Aldrich, P1851) on ice and dissected in ice-cold PIPES buffer. The SVZ from each hemisphere was micro-dissected and
dissociated with enzymatic digestion with papain (Worthington, LS003119) for 10 min at a concentration of 14 U/mL. The dissociated
SVZ was triturated with a P1000 pipette in a solution containing 0.7 mg/mL ovomucoid (Sigma-Aldrich, T9253) and 0.5 mg/mL DNa-
sel (Sigma-Aldrich, DN25) in DMEM/F12 (Thermo Fisher, 11330032). The dissociated cells from the SVZ were then centrifuged
through 22% Percoll (Sigma-Aldrich, GE17-0891-01) in PBS to remove myelin debris. After centrifugation, cells were filtered through
a 35-um snap-cap filter (Corning, 352235). At this point, cells from mice from the same condition were pooled together to avoid in-
dividual-to-individual variability: 4 old mice per condition were pooled for the RIPR-PD1 experiment in Figures 2 and 3 mice per con-
dition were pooled for the independent experiment in Figure S3, 1 or 2 young or old mice per condition for the IL-10 experiment in
Figures 3 and 3 mice per condition were pooled for the experiment in Figure S4. Pooled cells were washed once with 1.5 mL of FACS
buffer B (PBS with 1% BSA (Sigma, A7979) and 0.1% glucose (Sigma-Aldrich, G7021)) and spun down for 5 min at 300g. Live/dead
staining was performed using 1 pg/mL propidium iodide (BioLegend, 421301). For FACS gating strategy see Figure S7A. FACS sort-
ing was performed on a BD FACS Aria Il sorter, using a 100-um nozzle at 20 psi. Live cells were sorted into 500 pul of FACS buffer Bina
protein low-bind microfuge tube. Cells were then spun down at 300g for 5 min at 4°C and resuspended in FACS buffer B for counting
and then immediately run on 10x Chromium to capture single-cell transcriptomes.

Cells were loaded onto a 10x Genomics Chromium chip per factory recommendations. Reverse transcription and library prepara-
tion was performed using the 10x Genomics Single Cell 3’v3.1kit (for the IL-10 experiments) or the 10x Genomics Single Cell 5’v2 dual
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index kit (for the RIPR-PD1 experiment) following the 10x Genomics protocol. For sequencing, 8,000 cells per lane were targeted but
typical yields were approximately 6,000 cells. Library were multiplexed and sequenced on the lllumina NextSeqg-500 with paired-end
150 bp reads. Sequencing was done to target a minimum of 25,000 reads per cell for transcriptome characterization. Metadata for all
mice used in single-cell RNA-seq experiments can be found in Table S1.

CD8"* T cell isolation and analysis from the brain and lung of young and old mice

For single-cell RNA-seq on brain and lung T cells, T cells were isolated from old brains and old lungs of old mice (22-25 months, n =11
male mice total). For validation by FACS, T cells were isolated from the brain and lung of young (6 months, n = 6 male mice per con-
dition) and old (24 months, n = 6 male mice per condition) mice. In both types of experiments, mice were sedated with 0.8 mL of 2.5%
vol/vol Avertin (Sigma-Aldrich, T48402-25G) and perfused with 15 mL of PBS with heparin sodium salt (Sigma-Aldrich, 2 mg/mL) to
remove the blood. Brains were immediately collected and pushed through a 100 pm filter using the flat end of a syringe plunger. Lungs
were collected after perfusion and chopped into small pieces. Tissue dissociation was carried out with 2 mg/mL collagenase type IV
(Gibco, 17104019) for 60 min at 37°C in HBSS with calcium and magnesium (Gibco, 14025092), containing 14 pg/mL of DNase1
(Sigma-Aldrich). The dissociated brains and lungs were then centrifuged through 22% Percoll (GE Healthcare) in PBS to remove
myelin debris. After centrifugation, cells were washed with FACS buffer B. Antibody staining was carried out in FACS buffer B at
the following dilutions: CD45-PE (BioLegend 103105, Clone:30-F11, 1:100), CD8-FITC (BioLegend 100705, Clone:53-6.7 1:100),
CD8a-BV785 (BioLegend 100749, Clone: 53-6.7, 1:200), CD11b-PerCP/Cy5.5 (BioLegend 101227, Clone:M1/70, 1:100), CD3-
AF700 (BioLegend 100216, Clone:17A2, 1:100), CD25-PCP (BioLegend 102027, Clone: PC61, 1:200), PDI-FITC (BioLegend
135213, Clone: 29F.1A12, 1:200), LAG3-BV711 (BioLegend 125243, Clone: C9B7W, 1:200), CD44-BV605 (BioLegend 103047,
Clone: IM7, 1:200), CD69-BUV661 (BD 741478, Clone: H1.2F3, 1:200), and CD4-BUV496 (BD 612952, Clone: GK1.5, 1:200). Viability
staining was performed with 1 pg/mL DAPI (Thermo Fisher, 62248) or Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher, L10119).
For analysis, samples were acquired on a Symphony flow cytometer (BD) and analyzed with FlowJo software (Tree Star), and CD8*
T cells were defined as CD45"CD11b"CD3*CD8*. FACS sorting was performed on a BD FACS Aria Il sorter, using a 100-um nozzle.
Cells were sorted into FACS buffer B. CD8" T cells were defined as CD45"CD11b"CD3*CD8*. For FACS gating strategy see
Figure S7B. In total, 10,000 cells were sorted from each lung and pooled together. The entire sample was sorted for all 11 brains,
obtaining between 800-4,000 cells per brain and all cells were pooled together. Cells were then spun down at 300g for 5 min at
4°C and resuspended in FACS buffer B for counting and then immediately run on 10x Chromium to capture single-cell
transcriptomes.

Cells were loaded onto a 10x Genomics Chromium chip per factory recommendations. Reverse transcription and library prepara-
tion was performed using the 10x Genomics Single Cell 5’v2 dual index kit following the 10x Genomics protocol to obtain both whole
single-cell transcriptomes and T cell receptor sequences. For sequencing, 8,000 cells per lane were targeted but typical yields were
approximately 4,000 cells. Library were multiplexed and sequenced on the lllumina NextSeg-500 with a high output (400m) kit.
Sequencing was done to target a minimum of 25,000 reads per cell for transcriptome characterization. Even though we sorted
CD8"* T cells by FACS for this experiment, initial clustering of cells showed small populations of other cell types including alveolar
macrophages, B-cells, monocytes, neutrophils and microglia. These cell types were filtered out and subsequent analysis was per-
formed only on the remaining T cells.

Quality control of 10x Genomics single-cell RNA-seq
Cell Ranger (version 3.0.2) default settings were used to distinguish cells from background. Subsequent analysis was performed us-
ing R (version 4.2.2). Cells were filtered out in Seurat (version 4.3.0) if they contained fewer than 500 genes or greater than 10% mito-
chondrial reads. Small clusters of doublets that shared several marker genes from pure populations were identified and removed.
Seurat was used for SCT normalization, dimensionality reduction, clustering, and marker gene identification. Cell types in all data-
sets were manually annotated as described in ref.®. Major cell clusters were identified in Seurat using FindClusters(), and marker
genes were identified using FindAllMarkers(). Cell types were determined using marker genes identified from the literature and the
marker genes were cross-referenced with annotations present in the single-cell database PanglaoDB. This analysis identified ~11
clusters of cells (depending on the dataset), including astrocytes and gqNSCs, aNSCs and NPCs, neuroblasts, neurons, oligodendro-
cyte progenitor cells, oligodendrocytes, endothelial cells, ‘mural’ cells (pericytes or smooth muscle), ependymal cells, macrophages,
T cells and microglia. The genes used for identification are included in Table S1 and a clustering of a subset of these genes is pre-
sented in Figures S3A and S4B. Consistent with our previous studies,®*%°®"° we did not observe sufficient differences in transcrip-
tomic signatures to separate astrocytes from gNSCs and aNSCs from NPCs. We have described these clusters as ‘astrocyte/qNSCs’
and ‘aNSC/NPCs’ throughout the present study. Consistent with our previous studies, we also identified only a few ependymal cells
in several of our datasets, although these cells are known to be numerous in the SVZ neurogenic niche. This is probably because
ependymal cells are too big to be efficiently uploaded in droplets and/or they are sheared in the 10x microfluidic device.

Clustering, heatmaps, and violin plots for gene expression in single cells

Hierarchical clustering and heatmap generation were performed for single cells on the basis of log-normalized (with scale factor
10,000 and pseudocount 1) expression values of marker genes curated from literature or identified as highly differentially expressed.
Heatmaps were generated using the heatmap.2 function from the gplots (version 3.1.3) R package using the default complete-linkage
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clustering algorithm. To visualize the expression of individual genes, cells were grouped by their cell type as determined by analysis
with Seurat. Log-normalized gene expression values were plotted for each cell as a violin plot with an overlying dot plot in R.

Calculation of immune cell proportions and differentially expressed genes

Processed single-cell datasets®°° were merged using Seurat (version 4.3.0.1). The two datasets were integrated with Harmony
(version 1.2.0""°). Differential gene expression between young and old samples was calculated using the ‘FindMarkers’ function
in Seurat (with the MAST algorithm) in individual cell-types. Benjamini-Hochberg FDR was applied, and significant differentially ex-
pressed genes were defined at FDR < 0.05. For each cell-type the total proportion of cells within the young/old datasets was calcu-
lated as a log2(fold-change) value compared to the total number of cells in the sample and visualized along with cell-type DEG data
using ggplot2 (version3.4.3).

T cell state scoring in single-cell RNA-seq data
Mouse T-cell signatures were constructed using the SignatuR library (version 0.1.2) and leveraged with the UCell package (version
2.4.0"%°) to calculate a score for each T cell with the ‘AddModuleScore_UCell’ function.

Signatures were defined as follows:

o T cell terminal exhaustion: Gzmk, Pdcd1, Tigit, Lag3, Havcr2, Ctla4, Tox, Eomes, Cd244/2B4, Nr4a1, Nr4a2, Nr4a3, Batf, Irf4,
Cd160, Cd101, Entpd1, Prdm1

® T cell stemness/memory: Tcf7, S1pri, Lefl, Ccr7, Sell, II7r, Cd62]

® T cell cytotoxicity/effector: Gzma, Gzmb, Prf1, Faslg, Tnf, 112, Ifng, Cd69

The ggpubr library version 0.6.0 was used to generate boxplots. For the IL-10 experiment, we used a label-swapping approach to
calculate an empirical P-values, since there were only 9 T cells in the old control sample. We estimated the likelihood of observing the
absolute difference in average signature score between treatment and control T cells (and between WT-IL10 and IL10* treatments) by
randomly swapping labels of control/treated cells and re-calculating signature differences. This label swapping was done 10,000
times to ensure stability of our estimates and reported as the probability of obtaining the observed signature difference by chance.

Inflammation score

The set of genes that were differentially expressed in microglia upon WT IL-10 and IL-10* treatment was compared to the direction-
of-effect of these genes in microglia from young and old SVZ samples (taken from refs.®*° datasets). We then defined custom sig-
natures for pro- and anti-inflammatory effects with the ‘SignatuR’ library (version 0.1.2). Genes increasing in expression in microglia
from old SVZs were aggregated into a pro-inflammatory signature (H2-Aa, H2-Ab1, H2-DMa, H2-Oa, H2-Ob, Stat1, Bst2, Isg15, [fit1,
Ifit2, Ifit3, Ifitm3, Ifi27, Ifi2712a, B2m, H2-K1, H2-D1, Ccl4, Ccl3, Ccl5), while genes decreasing in expression in old SVZ microglia were
aggregated into an anti-inflammatory signature (//70ra, II10rb, Jak1, Tyk2, Stat3, Socs3, Hmox1, Blvra, Etv3, Cdkn2d). Additionally,
given that part of IL10’s effects are mediated through repression of inflammatory signaling, we included the following genes in the
anti-inflammatory signature — but negated their effects in the SignatuR signature such that decreased-expression contributes to a
stronger signature score: ll1a, II1b, II6, Tnf, Nfkbia. These signatures were then used to calculate UCell scores with the UCell package
(version 2.4.0) for all cells of a given cell-type in our datasets, after separating cells into treated and control groups. For a given com-
parison and cell-type (e.g. WT IL-10 compared to control for microglial cells), we took the average UCell score for treated cells and
divided by the average UCell score for untreated (control) cells. Taking the log2 of this ratio, we calculated the fold-change in signa-
ture activity for a given treatment. This was calculated across all treatments and conditions and plotted using ggplot2 version 3.4.3.

Single-cell RNA-seq differential expression and pathway enrichment analysis

MAST (implemented in FindMarkers() in Seurat) was used for differential gene expression analysis for each cell type. In each exper-
iments cells from the treatment condition were compared to their control sample. For microglia pathway enrichment, the top 100
genes significantly (adjusted P-value <0.05) up or downregulated in microglia were imputed into EnrichR.

For GSEA analysis to identify pathways that change with RIPR-PD1, WT IL-10 or IL-10*, the differential-expression gene list from
MAST was ranked by decreasing Log2Fold Change, then pathway enrichment was performed using the gseGO function from the
clusterProfiler package (version 4.8.3), based on the GO biological processes dataset included in the org.Mm.eg.db package
(version 3.17.0). Resulting enrichments were collapsed for semantic similarity using the ‘simplify’ function from clusterProfiler and
visualized with ggplot2.

Effect of immune interventions on aging clocks and clock genes

To measure the effect of different interventions on the transcriptomic aging clocks, we examined the distribution of predicted ages by
cell-type-specific aging clocks as described in ref.°®. We ploted the predicted age scores in violin plots and density plots using
ggplot. We calculated the effect by the difference in median predicted age between intervention and control. In dot plots, these dif-
ferences were represented as ‘effect’, using size and intensity of color, with blue indicating ‘rejuvenation’ (younger than actual age)
and red indicating ‘aging’ (older than actual age).
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PCA analysis of the neurogenic niche

Control samples (young and old mice treated with artificial cerebrospinal fluid from the IL-10 experiment) were used to establish the
effects of aging across the entire subventricular zone using principal-components analysis. First, genes significantly changing with
age across the niche were identified using a mixed-effects model implemented in MAST via the ‘FindMarkers’ function from Seurat,
with the following parameters: test.use = “MAST”, mic.pct=0.10, logfc.threshold = log(1.1), random.seed = 3, max.cells.per.ident =
1000). P-value adjustment was subsequently performed using the Benjamini-Hochberg method, with significance defined as
FDR < 0.05. The Seurat object was subset to these significant age-DEGs and normalized using the SCTransform method. Next,
we determined the number of calculated PCs which best captured the differentiation between the young and old neurogenic niche.
For a given number of PCs, we performed PCA using the prcomp_irlba function from the irlba library version 2.3.5.1. We then calcu-
lated the collective distance between young and old cells in this PCA space, incorporating all PCs, using the Mahalanobis distance
function in R. We aggregated these collections of PCs to better interpret differences between young and old cells. Thus, for each PC,
we calculated the value of all young and old cells, and subsequently compared the distribution of values using the Student’s t-test.
Only those PCs for which significant (differences between young/old cells were observed were retained (Student’s t-test
p-value < 0.05). Retained PCs were grouped based on the direction-of-effect with respect to age (positive and negative). We then
aggregated these PCs by weighing each by the significance (-log10 p-value) of the young/old t-test. We then similarly calculated
the distances between young/old cells using the weighted sums of these aggregated PCs. To identify the ideal number of PCs to
use, we iterated through 10-100 PCs, calculating the aggregate Mahalanobis distance between young/old cells at each iteration.
We selected n = 98 as the number which yielded the largest average distance between young and old cells. Next, we took this refer-
ence PCA space — along with the aggregated PCs, and considered our different treatment datasets. For each dataset, we subset the
expression matrix to match the set of genes used in the initial reference definition, normalized with SCTransform, and subsequently
projected the expression data into this reference PCA space. We then calculated the position of treated cells along our two aggre-
gated PC vectors, allowing us to calculate the relative Mahalonobis distance of cells to the centroids of the young and old clusters.
We converted these distances to a single metric: (Distance to young centroid) — (Distance to old centroid), such that negative values
indicate greater proximity to the younger-cell distribution, and vice-versa. Finally, we visualized the distribution of this distance metric
across all cells in each treatment using the ‘geom_density_ridges’ function from the ggridges package version 0.5.4.

MERFISH spatial transcriptomic analysis of T cells in the mouse brain

MERFISH data analysis was performed on a previously published dataset of brain aging in male mice.” For this analysis, we removed
putative doublets using Scrublet'®’ and a doublet score cutoff of 0.18. We then filtered out all cells with segmentation volume less
than 100 or greater than three times the median cell volume. We also filtered out all cells with less than 20 counts and/or less than 5
genes with non-zero expression. To correct for different segmentation sizes, we divided the raw transcript counts obtained for each
cellin the MERFISH dataset by the volume of the corresponding segmentation. We then filtered out all cells in the top 2% highest and
top 2% lowest total expression. Log-normalization was performed by normalizing the total gene expression per cell to 250 and then
performing a natural log transform of the normalized values.

We identified cell type clusters by log-normalizing the counts in the MERFISH data and then computed z-scores with maximum
value 10. We performed Leiden clustering and labeled each cluster based on cell type expression patterns in the UMAP visualization
and in the heatmaps of cell type markers. For clusters that expressed markers from multiple cell types, we performed successive
Leiden clustering on those clusters until distinct cell types could be annotated. We identified cell clusters for T cells and other cell
types (astrocytes, microglia, oligodendrocytes, endothelial cells, mural cells, macrophages). To quantify the expression of exhaus-
tion/effector/memory markers in the T cell cluster, we use signature scores, which are computed as the sum of log-normalized gene
expression for the genes in each score (see gene lists below). We performed the same analysis to quantify gene signature scores in
microglia. Statistical significance was calculated with two-sided Mann-Whitney U-tests.

Gene signatures:

® Exhausted T cells: Gzmk, Pdcd1, Tigit, Lag3, Ctla4, Tox, Nrd4a2

o Effector T cells: Gzmb, Tnf, Ifng, Cd69

® Memory T cells: Tcf7, Cer7, Sell, II7r

® |L-10 signature in microglia: //10ra, 1110rb, 1110, Jak1, Socs3, Stat3, Tgfb1

Pro-inflammatory signature in microglia: B2m, H2-D1, H2-K1, Ifit1, Ifi27, Bst2, Ifitm1, Ifitm3, Ccl5, Ccl4, Stat1

Microglia FACS in vivo

The SVZ was isolated and dissociated into a single cell suspension as described above for ‘Single-cell RNA-seq using the 10x Ge-
nomics Chromium single-cell technology’. We used T cells from the spleen or OneComp eBeads (eBioscience, 01-1111-42) to
perform single-stain FACS controls for compensation and gating. For this, we removed the spleen and placed it on a 70 pm cell
strainer on top of a 50 mL conical tube. We used the flat end of a syringe plunger to mince the spleen by crushing the spleen 5 times
in gentle circular motions. FACS buffer B was added to wash the cell strainer and the sample was centrifuged (3 min, 1200rpm, 4°C).
ACK lysing buffer (Thermo Fisher, A1049201) was added to lyse red blood cells. After the lysis of red blood cells, 10 mL of FACS buffer
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B was added and samples were spun for 3 min, 1200rpm at 4°C. After centrifugation cells were resuspended in FACS buffer B and
filtered through a 40 pm cell strainer to remove clumps and were then ready for staining with antibodies.

Antibody staining was carried out in FACS buffer B at the following dilutions: CD45-PE (BioLegend cat. no. 103105, Clone:30-F11,
1:100), CD11b-PerCP/Cy5.5 (BioLegend cat. no.101227, Clone:M1/70, 1:100), CD8-APC (BioLegend cat. no. 100705,
Clone:53-6.7, 1:100), BST2-FITC (BioLegend, cat. no.127007, Clone:927, 1:100), H-2Kb/Db-PE-Cy7 (BioLegend, cat. no. 114717,
Clone:34-1-2S, 1:200), CD86/B7-2-FITC (Biolegend, cat. no. 105005, Clone: GL-1, 1:100) and TruStain FcX (Biolegend, cat. no.
101319, Clone: 93, 1:100) for 30-60 minutes at 4°C. Samples were washed with 1 mL of FACS buffer B and resuspended in
FACS buffer B containing 1 pg/mL DAPI (Thermo Fisher, 62248). Fluorescent-minus-one controls were used to set positive gates
in each experiment. Microglia were defined as CD45*, CD11b*, CD8". For FACS gating strategy see Figure S7C. Samples were
analyzed on a BD LSRIl. Compensation was performed with OneComp eBeads or splenocytes stained with single antibodies or
DAPI. All FACS data analysis was performed in FlowdJo.

T cell FACS in vivo

The SVZ was isolated and dissociated into a single cell suspension as described above for ‘Single-cell RNA-seq using the 10x Ge-
nomics Chromium single-cell technology’. Antibody staining was carried out in FACS buffer B at the following dilutions: CD45-PE
(BioLegend cat. no. 103105, Clone:30-F11, 1:100), CD11b-PerCP/Cy5.5 (BioLegend cat. no.101227, Clone:M1/70, 1:100), CD8-
FITC (BioLegend, cat. no. 100705 Clone:53-6.7, 1:100), CD4-APC (BioLegend, cat. no. 100411 Clone: GK1.5, 1:100), CD3-AF700
(BioLegend, cat. no.100216 Clone: 17A2, 1:100), for 30-60 minutes at 4°C. Samples were washed with 1 mL of FACS buffer B
and resuspended in FACS buffer B containing 1 pg/mL DAPI (Thermo Fisher, 62248). Fluorescent-minus-one controls were used
to set positive gates in each experiment. CD8"* T cells were defined as CD45"CD11b"CD3"CD8"CD4 . Samples were analyzed on
a BD LSRIl. Compensation was performed with splenocytes stained with single antibodies or DAPI. All FACS data analysis was per-
formed in FlowdJo.

Immunostaining of brain sections

Mice were subjected to intracardiac perfusion with 10 mL of PBS containing heparin followed by 15 mL of 4% paraformaldehyde in
PBS. Brains were post-fixed for 24 h in 4% paraformaldehyde (Electron Microscopy Sciences, 15714). They were then subjected to
dehydration in 30% sucrose Sigma-Aldrich, S3929). Brains were subsequently embedded in optimal cutting temperature compound
(OCT, Tissue-Tek/Electron Microscopy Services 62550-12) in cryomolds and frozen in a dry ice/ethanol bath. Brains were sectioned
into 14 pym coronal sections with a cryostat (Leica, CM3050S) and mounted on electrostatic glass slides (Fisher Scientific, 12-550-15).
For SVZ imaging, we began taking slices at the most anterior part of the lateral ventricle, collecting SVZ sections every 168 pm onto
the slide.

To perform immunofluorescence staining, sections were first washed with PBS, followed by permeabilization in ice-cold methanol
with 0.2% Triton-X (Fisher Scientific, BP151) for 10 min at room temperature. Antigen retrieval was performed in 10 mM sodium cit-
rate buffer (pH 6.0; 2.94 g Tri-sodium citrate dihydrate (Sigma-Aldrich, S1804) in 1,000 mL milliQ H,O adjusted to pH 6.0 with 1 N
HCI) + 0.05% TWEEN 20 (Sigma-Aldrich, P1379-1L) in a 85°C water bath for 2 h. Slides were then cooled to room temperature
for 20 min and washed 3 times with PBS. Sections were blocked with 5% normal donkey serum (ImmunoReagents, SP-072-
VX10) and 1% BSA (Sigma, A7979) in PBS for 30 min at room temperature. Primary antibody staining was performed overnight at
4°C in 5% normal donkey serum and 1% BSA in PBS. Primary antibodies used were the following: CD3 (Novus Biological,
NB600-1441, Clone: SP7, lot: L139 and J275, 1:200), CD68/ macrosialin (Biolegend, 137001, Clone: FA-11, lot: B290801, 1:500),
CD8u (BioLegend, MCAB09, clone:KT15, 1:200), DCX (Cell Signaling Technology, 4604S, 1:500), GFAP (Abcam, ab53554; 1:500),
IBA1 (Novus Biological, NB100-1028, lot: S7C7G2P24-E250517, 1:500), IFITM3 (Abcam, ab15592, 1:500), Ki67 (eBioscience, Clone:
SolA15, lot: 4328926, 1:500), NeuN (EMD Millipore, MAB377, Clone: A60, lot: 2919676, 1:500), P2RY12 (gift from Michelle Monje,
1:1000), OLIG2 (R&D Systems, AF2418, lot: UPA0821081, 1:100), PD1 (R&D Systems, AF1021, lot: GQA0423071, 1:150), STAT1
(Cell Signaling, 14994, Clone: D1K9Y, lot: 4, 1:500), TMEM119 (Synaptic Systems, 400004, 1:500). We also tried antibodies against
phospho-STAT1 (pY701, clone 4a, BD), total STAT3 (D3Z2G, CST 12640), phospho-STAT3 (Ser727, CST 9134) and SOCS3 (Abcam
Ab16030, Novus biologicals NBP2-27116, CST 52113) but could not obtain reliable staining with these antibodies with or without
antigen retrieval. Sections were washed with PBS with 0.2% TWEEN 20 and then with PBS only 3 times each for 5 min at room tem-
perature. Secondary antibody staining was performed at room temperature for 2 h in 5% normal donkey serum and 1% BSA in PBS.
Secondary antibodies used were the following: donkey anti rabbit-AF568 (Thermo Fisher, 1:500), donkey anti rat-AF488 (Thermo
Fisher, 1:500) and donkey anti goat-AF647 (Thermo Fisher, 1:500). Sections were washed with 0.2% TWEEN 20 and then with
PBS 3 times each for 5 min at room temperature. Sections were stained with DAPI at 1 pg/mL (Thermo Fisher, 62248) for 10 min
at room temperature. Sections were mounted with ProLong Gold Antifade Mountant with DAPI (Thermo Fisher, P36931. Images
were acquired on a Zeiss LSM 900 confocal microscope and ZEN Blue 3.0 software or a Nikon Eclipse Ti microscope equipped
with a Zyla sCMOS camera (Andor) and NIS-Elements software (AR 4.30.02, 64-bit) using the 20x or 60x objective. Image acqui-
sition was blinded. For visualization of images displayed in this manuscript, brightness and contrast were adjusted in Fiji to enhance
visualization (these adjustments were not performed before the quantification described below). The same settings were applied to
all images shown for each experiment.

We stained brain sections containing the SVZ from young and old mice with antibodies against IBA1, TMEM119 and P2RY12, all
markers of microglia/myeloid cells. We found that there was great overlap between these markers in both young and old mice
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indicating that most myeloid cells in the brain are indeed microglia. For our experiments, we used IBA and TMEM119 antibodies due
to antibody species compatibility.

Confocal microscopy image analysis and quantification

T cell quantification

CD8*, CD8*Ki67", CD8*Ki67*, CD8"PD1*, CD8*PD1", CD8"Ki67*PD1*, or CD8"Ki67*PD1™ T cells were manually counted in the SVZ
region. For young and old mice 2-3 coronal sections were quantified. For RIPR-PD1 3 coronal sections were quantified for each
mouse and averaged. P-values were calculated using the Wilcoxon rank-sum test.

STAT1 and IFITM3 quantification

The entire SVZ area in both brain hemispheres was imaged using the 20 x objective in 2-6 coronal brain sections per mouse. Fiji (Im-
ageJ) was used for image analysis. The STAT1 or IFITM3 fluorescence co-localizing with the microglia cell markers IBA1 or
TMEM119, the oligodendrocyte marker OLIG2 or the astrocyte/NSC markers GFAP or SOX2 was quantified using a custom pipeline.
The cell type marker channel was used to generate a mask by setting intensity thresholds to outline the positive areas. The same
threshold values were used for allimages across all conditions in each individual experiment. The cell masks were then used to deter-
mine STAT1 or ITIM3 fluorescence by mean intensity per masked pixel. The mean intensity STAT1 or IFITM3 values for each image
were normalized by the number of DAPI* nuclei to account for differences in the number of cells. To combine data from different ex-
periments, we normalized each independent experiment by dividing by the median intensity of the control samples and the mean of
these normalized values was used for plotting and calculating P-values using the Wilcoxon rank-sum test.

CDé68 in IBA1 cells quantification

The entire SVZ area in both brain hemispheres was imaged using the 20x objective in 2-6 coronal brain sections per mouse. For the
hippocampus the entire DG region was imaged in one hemisphere in 4 sections per mouse. Fiji ImageJ) was used for image analysis.
The CD68 fluorescence co-localizing with the microglia cell marker IBA1 was quantified using a custom pipeline. The IBA1 channel
was used to generate a mask by setting intensity thresholds to outline the positive areas. The same threshold values were used for all
images across all conditions in each individual experiment. The cell masks were then used to determine the CD68 fluorescence by
mean intensity per masked pixel. P-values were calculated using the Wilcoxon rank-sum test.

DCX in the SVZ quantification

The entire SVZ area in both brain hemispheres was imaged using the 20x objective. Three brain sections were imaged per mouse.
Cell counting was performed QuPath 0.2.3. Nuclei were segmented based on DAPI staining, and then nuclear masks were expanded
by 2 um to define the cytoplasm. Cells were identified as DCX* based on a threshold for mean cytoplasmic DCX intensity. For quan-
tification of DCX intensity, Fiji ImageJ) was used to measure average DCX signal above background for each image.

DCX, NeuN, and EdU quantification in the olfactory bulb

The entire olfactory bulb in both brain hemispheres was imaged using 20x objective and tile scanning. Images were collected from
young control (4 months, n = 5 male mice), old control (24-27 months, n = 9 male mice), old WT IL-10 (0.1 mg/mL, 24-27 months,
n = 10 male mice), and old IL-10* (0.1 mg/mL, 24-27 months, n = 8 male mice) mice from two cohorts, and from old control
(5 mg/mL, 24-26 months, n = 6 male mice) and old RIPR-PD1 (5 mg/mL, 24-26 months, n = 6 male mice) infused mice. Six brain sec-
tions were imaged per mouse. Fiji ImageJ) was used to calculate the area encapsulating the granule layer, inner plexiform layer, and
mitral layer was for each olfactory bulb. The number of DCX*EdU* and NeuN*EdU* cells were manually counted. The mean number
of DCX*EdU* and NeuN*EdU* per mm? was obtained from the six sections and used for plotting and calculating P-values using the
Wilcoxon rank-sum test.

Measuring IL-6 and TNFa production in stimulated primary microglia and BV2 microglia cells with ELISA

BV2 microglia cells were seeded onto poly-D-lysine (PDL, 0.05 mg/mL in PBS; Sigma-Aldrich P6407) coated 24-well plates (75,000
cells/well) and stimulated with Lipopolysaccharides (LPS) from Escherichia coli O111:B4 (5 pg/mL, Sigma-Aldrich, L2630) alone or in
combination with increasing concentrations of WT IL-10 or IL-10* for 48 hours. We used 3 different concentrations of WT IL-10 and IL-
10*:10 nM, 1 nM and 0.1 nM and found that they all suppressed the production of IL-6 and TNFa induced by LPS to a similar extent.
Primary microglia were stimulated with LPS (0.1 pg/mL, we found that 5 pg/mL caused excessive stimulation) alone or in combination
with increasing concentrations of WT IL-10 or IL-10* for 48 hours. We found similar results with 10nM and 1nM IL-10. Supernatant
was collected and IL-6 (ELISA MAX™ Deluxe Set Mouse IL-6, Biolegend, 431304) and TNFa (ELISA MAX™ Deluxe Set Mouse TNFa,
Biolegend, 430904) proteins were measured by ELISA as per the manufacturer’s instructions.

IL-10 signaling assays in mouse primary T cells and BV2 microglia cells

IL-10 signaling assays were performed as previously described.®® BV2 microglia cells or mouse primary T cells were plated in 96-well
plates and stimulated with WT IL-10 or engineered IL-10* for 25 min at 37°C, followed by fixation with 1.6% paraformaldehyde (Elec-
tron Microscopy Sciences) for 10 min at room temperature. The cells were immediately permeabilized for intracellular staining by
treatment with ice-cold methanol (Fisher) for 20 min at 4°C. IL-10 signaling in cells was then assessed by intracellular FACS. Permea-
bilized cells were incubated with Alexa Fluor 647-conjugated Anti-Stat3 (pY705) antibody (1:50, BD, clone 4/P-STAT3) for 1 hour at
room temperature in intracellular FACS buffer A (PBS pH 7.2 Ca/Mg-free (Corning, 21-040-CV) with 1% FBS and 2mM EDTA (Prom-
ega, PR-V4231). The background fluorescence of the unstimulated samples was subtracted from all samples. Data were acquired
using a LSRII flow cytometer (Beckman Coulter). The mean fluorescence intensity (MFI) values were background-subtracted and
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normalized to the maximal wild-type IL-10 value (maximal wild-type signal set to 100%) within each experiment and plotted in Prism 8
(GraphPad). The dose-response curves were generated using the “sigmoidal dose-response” analysis in Prism.

Co-culture of primary T cells and primary microglia or BV2 microglia cells to measure interferon and IL-10 signaling
To set up the BV2 co-cultures, 24-well plates were coated with Poly-D-Lysine (Sigma-Aldrich P6407, 50 pg/mL) for 1 hour at 37°C and
washed with PBS. BV2 microglia cells (50,000 cells) and primary T cells (20,000 cells) were added to each well after being resus-
pended in T cell media. For primary microglia, the cells were already attached to 6 well plates and 50,000 T cells were added per
well. WT IL-10 or IL-10* was added to indicated wells at a final concentration of 10 nM. Indicated wells also received anti-inter-
feron-y (Bio X Cell cat. no. BE0054, Clone: R4-6A2, 0.1 mg/mL) or an IgG1 isotype control (Bio X Cell cat. no. BE0290, Clone:
TNP6A7, 0.1 mg/mL). To sediment T cells onto BV2 microglia cells, plates were spun at 300g for 5 minutes. Primary microglia or
BV2 microglia cells and T cells co-cultures were incubated at 37°C for 72 hours.

For FACS analysis, the co-culture media containing T cells was collected, T cells were pelleted by centrifugation, and a fraction of
the supernatant was collected and immediately frozen for future analysis by ELISA. Primary microglia were washed with PBS, lifted
off each well with trypsin-EDTA and combined with T cells. Cells were washed with FACS buffer A and incubated with a viability dye
(APC-Cy7, Biolegend, 423105) in PBS. Cells were washed in FACS buffer A and incubated with anti-BST2-PE (Biolegend, Clone: 927,
1:200), anti-CD11b-PerCP/Cy5.5 (Biolegend, clone M1/70, 1:400), anti-CD45-PacBlue (Biolegend, 1:400), anti-CD8a-BV785 (Bio-
legend, Clone: 53-6.7, 1:200), anti- H-2Kb/H-2Db-FITC (Biolegend, clone 28-8-6, 1:400), and TruStain FcX (Biolegend, Clone: 93,
1:100) in FACS buffer A for 30 minutes on ice protected from light. After antibody incubation, cells were washed with FACS buffer
A. Samples were analyzed on BD LSRIll, gating for live cells (Live/dead-), primary microglia (CD45*, CD11b*, CD8a", DAPI’), and
T cells (CD45", CD11b", CD8a*, DAPI’). For FACS gating strategy see Figure S7D. 50,000 events were recorded per condition.
FACS data analysis was performed in FlowJo.

For FACS analysis, BV2 microglia cells and T cells wells were washed with PBS and cells were lifted off each well with TrypLE Ex-
press (Gibco 12604013). Cells were washed with FACS buffer A twice and incubated with anti-BST2-FITC (Biolegend, cat. no.
127008, Clone: 927, 1:100), anti-CD8a-APC (Biolegend, cat. no. 100712, Clone: 53-6.7, 1:100), and TruStain FcX (Biolegend, cat.
no. 101319, Clone: 93, 1:100) in FACS buffer A for 30 minutes on ice protected from light. After antibody incubation, cells were
washed twice with FACS buffer A and resuspended in FACS buffer A with 1 pg/mL DAPI (Fisher Scientific 62248). Samples were
analyzed on BD LSRiII, gating for live cells (DAPI’), BV2 microglia cells (CD8a", DAPI'), and T cells (CD8a*, DAPI"). For FACS gating
strategy see Figure S7E. 20,000 events were recorded per condition. FACS data analysis was performed in FlowJo.

To perform an IL-10 signaling assay on co-cultures of primary T cells and BV2 microglia cells, T cells were isolated from the spleen
and lymph nodes (see above for isolation). After T cells were rested for 24 hours, T cells were incubated with anti-CD8a-FITC (Bio-
legend, cat. no. 5H10-1, 1:100) and TruStain FcX (Biolegend, cat. no. 101319, Clone: 93, 1:100) in FACS buffer A for 30 minutes onice
protected from light. BV2 microglia cells (200,000 cells per well) and T cells (80,000 cells per well) were added to a 96-well plate and
stimulated with WT IL-10 (10 nM) or IL-10* (10 nM) for 30 minutes at 37°C. Following treatment, cells were fixed with 1.6% parafor-
maldehyde (Electron Microscopy Sciences) for 10 min at room temperature on a shaker at 500rpm. The cells were permeabilized for
intracellular staining by treatment with ice-cold methanol (Sigma-Aldrich, 34860) for 20 min at 4°C on a shaker at 500rpm. The cells
were washed once in intracellular FACS buffer A and then incubated with Alexa Fluor 647—conjugated anti-Stat3 (pY705) antibody
(1:100, BD, clone 4/P-STAT3) in FACS buffer A for 1 hour at room temperature protected from light on a shaker at 500rpm. Cells
were washed in FACS buffer A twice and analyzed on a BD LSRII. FACS data analysis was performed in FlowJo.

Measuring IFN-y and granzyme B production in primary T cells with ELISA

Conditioned media was collected from T cells cultured with WT IL-10 or IL-10* alone or together with primary microglia for 72h and
immediately frozen. IFN-y (ELISA MAX™ Deluxe Set Mouse, Biolegend, 439404), IFN-o (ELISA MAX™ Deluxe Set Mouse IFN-a1, Bio-
legend, 447904), IFN-p (ELISA MAX™ Deluxe Set Mouse IFN-p, Biolegend, 439404) and granzyme B (Mouse Granzyme B DuoSet
ELISA, R&D Systems, DY1865-05) proteins were measured by ELISA as per the manufacturer’s instructions. IFN-a and IFN-p
were not detected in the conditioned media.

Nest-building behavior assay

The nesting assay was completed to assess well-being adapting protocols described previously.'?? Mice were provided with un-
structured nesting material (~10 grams of Enviro-dri ® natural brown material, Shepherd Specialty Papers) 2 hours after surgery
to implant mini-osmotic pumps. Mice were given 48 hours to build nests in their home cages. After 48 hours, pictures of the nests
were taken with an iPhone camera, and a blinded experimenter scored these pictures with a score (1-4) based on the quality of nests.
A score of 1 = no nest built and a score of 4 = an enclosed nest. P values were calculated using the Wilcoxon rank-sum test.

Cognitive testing in old mice

Mini-osmotic pumps containing control vehicle or engineered IL-10* (0.02 mg/mL) were implanted into the lateral ventricle of old male
mice (21 months, n = 15 male mice). Mice were randomly assigned to each treatment group. Health was regularly assessed, and mice
were weighed during the course of treatments and testing. The numbers of mice used to result in statistically significant differences
were calculated using standard power calculations with a = 0.05 and a power of 0.8. We used an online tool to calculate power
(https://www.stat.uiowa.edu/~rlenth/Power/index.html) and sample size based on experience with the respective tests, variability
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of the assays and inter-individual differences within groups. Two weeks post-surgery behavioral testing was performed (the agents
were infused for a week, and we allowed another week for the mice to recover). Three days before testing, mice were habituated to
the investigator for 1 minute per day. Following this habituation, mice were tested in the forced alternation Y maze followed by the
novel object recognition test. Two mice from the control group died before testing.

Forced alternation Y maze test

The Y Maze task was conducted as previously described.?” During the training phase, the mice were placed into the start arm facing
the wall and were allowed to explore the start and trained arm for 5 min, while the entry to the 3rd arm (novel arm) was blocked by an
opaque door. The maze was cleaned between each mouse to remove odor cues, and the trained arm was alternated between mice,
for half of the mice the right arm of the maze was blocked during training while for the other half the left arm was blocked. After
training, the mouse was returned to its home cage. After 45 min, the mouse was returned to the start arm and was allowed to explore
all three arms for 5 min. The number of entries in each arm was quantified using the Smart Video Tracking Software (Panlab; Harvard
Apparatus) and P values were calculated with a two-way ANOVA test, using Sidak’s post-hoc test. The percentage of entries in each
arm was defined as the number of entries in each arm divided by the total number of entries in all arms during the first minute of the
task. The discrimination index was quantified by (novel arm — trained arm)/(novel arm + trained arm). P values were calculated with a
two-tailed one-sample t-test to compare the discrimination index for each group to chance (zero). To compare between groups
p values were calculated with a two-sided Wilcoxon rank sum test (all statistics are reported in Table S4). Mice that did not perform
three entries during the first minute of testing were excluded. This included 2 mice from the control group (in addition to the 2 mice that
died) and 1 from the IL-10* group, resulting in a final 11 mice for control and 14 mice for IL-10* for this test (Table S4).

Novel object recognition test

The NOR task was performed as previously described.®” On day one (the habituation phase), mice performed open field testing by
exploring an empty arena for 10 min. Infrared photobeam breaks were recorded and movement metrics were analyzed using the
MotorMonitor software (Kinder Scientific). On day two (the training phase), two identical objects were placed at equal distances
from two of the corners into the habituated arena, and the mice (placed facing the wall on the opposite side of the box from the ob-
jects) were allowed to explore for 5 min. On day three (the testing phase), one object was replaced with a novel object, and the mice
were allowed to explore for 5 min. The time spent exploring each object was quantified using the Smart Video Tracking Software
(Panlab; Harvard Apparatus). Two different sets of objects (a custom Lego figurine and a glass vial with green tape filled with water,
both ~12 cm in height) were used. To control for any inherent object preference, half of the mice were exposed to object A as their
novel object and half to object B. To control for any potential object-independent location preference, the location of the novel object
relative to the trained object was also counterbalanced for each mouse. To determine the percentage of time with the novel object,
we calculated (time with novel object)/(time with trained object + time with novel object) x 100. P values were calculated with a two-
tailed one-sample t-test to compare the discrimination index for each group to chance (50%). To compare between groups, P values
were calculated with a two-sided Wilcoxon rank sum test (all statistics are reported in Table S4). Mice that did not explore both ob-
jects during the training or testing phase were excluded from the analysis (this included 3 mice from the IL-10* group). Additionally, a
mouse from the IL-10* group was also excluded as it showed a penile problem during testing, resulting in a final 13 mice for control
and 11 mice for IL-10* for this test (Table S4).

QUANTIFICATION AND STATISTICAL ANALYSIS

For most experiments, control and treated mice or samples were processed in an alternate manner rather than in two large groups, to
minimize batch effects. Although we did not do a bona fide power analysis, we took into account previous experiments to determine
the number of animals needed for each type of experiments. Two-sided Wilcoxon rank sum test was used for comparison between
specific groups, unless otherwise stated in figure legends. Statistical tests were performed in R (version 4.2.2) or in GraphPad Prism
(version 10.2.0). Plots were generated in R ggplot2 (version 3.4.1) or Seurat (version 4.3.0) or GraphPad Prism. Results from individual
experiments and statistical analysis are included in Table S4.

Immunity 59, 458-476.e1-e13, February 10, 2026 e13




Immunity, Volume 59

Supplemental information

Targeting immune cells in the aged brain
reveals that engineered cytokine IL-10

enhances neurogenesis and improves cognition

Paloma Navarro Negredo, Justin You, Max Hauptschein, Adam B. Schroer, Daniel J.
Richard, Gita C. Abhiraman, Andy P. Tsai, Eric D. Sun, Giulia Notarangelo, Julliana
Ramirez-Matias, Olivia Y. Zhou, Matthew T. Buckley, Karen E. Malacon, Lucy
Xu, Juliana Sucharov, Eduardo Ramirez Lopez, Lora Picton, Tony Wyss-Coray, Robert
A. Saxton, Ricardo A. Fernandes, Saul A. Villeda, K. Christopher Garcia, and Anne Brunet



Supplementary information index
Supplementary Figures

Figure S1. Characterization of immune cells and inflammation pathways in the old brain (related
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Figure S1. Characterization of immune cells and inflammation pathways in the old brain.
Related to Figure 1

(A) Zoomed in graph from Figure 1A for immune cell populations with very low numbers.
Quantification of the prevalence of different immune cell types (as a proportion of the total number
of cells) in young (3-4 months, n = 7 male mice) and old (22-29 months, n = 6 male mice) SVZ
niches in a merged single-cell RNA-seq dataset of two published datasets!S'.S2. Data are mean +
s.e.m., each dot is one mouse.

(B) Heatmap of the expression of the top 10 differentially expressed genes in each T cell subtype
cluster in CD8* T cells freshly purified from the brains and lungs of old perfused male mice (22-
25 months, n = 11 mice, pooled, one independent experiment). Annotation of cell subtypes is
indicated on top. Full list of marker genes in Table S1.

(C) UMAP plots showing log-normalized expression values for genes encoding checkpoint
proteins (Pdcd1, Tigit, Lag3 and Havcr2), terminally exhausted T cell (Tox, Nr4a2, Entpd1 and
Gzmb) and progenitor exhausted T cell (Eomes, Tcf7, Slamf6 and 117r) marker genes in CD8+ T
cells from old brains and old lungs. Darker red color indicates higher expression.

(D) T cell state scores (UCell scores) for CD8+* T cells freshly isolated from the brain (3,724 cells)
and lung (4,976 cells) of old male mice. Each T cell was given a single score for each signature.
Box plot displays the median and lower and upper quartile values.

(E) Heat map of log-normalized counts of T cell marker genes in CD8+* T cells freshly isolated
from the SVZ of young (3 months, n =2 male mice) and old mice (25-29 months, n = 4 male mice)
(Dulken et all$1 Smart-seq dataset).

(F) T cell state scores (UCell scores) for T cells in the SVZ niche of young (3-4 months, n =7
male mice) and old mice (22-29 months, n = 6 male mice) in a merged single-cell RNA-seq dataset
of two published datasets!$'S2. Each T cell is given a single score for each signature. Box plot
displays the median and lower and upper quartile values.

(G) Memory T cell scores for T cells detected in young (3-6 months, n = 5 male mice, one section
per mouse) and old (26-34 months, n = 6 male mice, one section per mouse) mouse coronal brain
sections in a spatial transcriptomics (MERFISH) dataset(®3 across four brain regions, cortex
(CTX), striatum and adjacent regions (STR), white matter tracts of the corpus callosum and
anterior commissure (CC/ACO), and the ventricle (VEN). One independent experiment.

(H) Quantification of percentage of CD8+PD1+ and CD8+PD1- T cells in coronal brain sections of
the SVZ neurogenic niche from and old male mice (28-32 months, n = 7 mice). One independent
experiment.

(I' FACS quantification of the percent PD1+ of CD8* T cells freshly isolated from the brain of young
(6 months, n =6 male mice) and old mice (24 months, n = 6 male mice). Data are mean +/- s.e.m.,
each dot is one mouse. One independent experiment.

(J) Log-normalized expression values of homeostatic microglia marker gene (P2ry12), activated
microglia marker gene (Apoe), interferon signaling genes (/fi2712a and H2-KD), IL-10 signaling



genes (ll10ra, II10rb, Socs3, Tnf, II1b and Cd86) and combined log-normalized expression values
of genes in the IL-10 pathway in microglia from the SVZ of young (4 months, n = 4 male mice)
and old (22 months, n = 3 male mice) (Liu et all%? dataset). Median values are denoted by
horizontal lines.

(K) Same as (A) but with data from Buckley et al.l54 dataset (young: 3-6 months, n = 7 male mice;
old: 21-29 months, n = 7 male mice).

(L) Same as (A) but with data from Dulken et al.[S'l dataset (young: 3 months, n = 3 male mice;
old: 28-29 months, n = 3 male mice). Socs3 and sum of IL-10 genes shown in Figure 1M.

(M) Pro-inflammatory signaling scores for microglia detected in young (3-6 months, n = 5 mice,
one section per mouse) and old (26-34 months, n = 6 male mice, one section per mouse) coronal
brain sections in a spatial transcriptomics (MERFISH) datasetS3! across four brain regions, cortex
(CTX), striatum and adjacent regions (STR), white matter tracts of the corpus callosum and
anterior commissure (CC/ACO), and the ventricle (VEN). One independent experiment.

P-values: two-sided Wilcoxon rank sum test.
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Figure S2. Effect of RIPR-PD1 on the aged neurogenic niche. Related to Figure 2

(A) Schematic of FACS quantification of CD8+ T cells per SVZ in old male mice after one week of
infusion into the lateral ventricle of control anti-IgG, anti-PD1 or RIPR-PD1.

(B) FACS quantification of the percentage of CD8+ T cells per SVZ in old male mice (23 months)
after one week of infusion into the lateral ventricle of control (anti-lgG2a antibody, 3 mg/mL, n =
4 mice), anti-PD1 antibody (3 mg/mL, n = 5 mice) or RIPR-PD1 (3 mg/mL, n = 4 mice). Data are
mean =+ s.e.m. of the percentage of CD8+* T cells out of all live cells. Each dot represents T cells
from one individual mouse. One independent experiment.

(C) Schematic of FACS quantification of CD8+ T cells per SVZ in old male mice after one week of
infusion into the lateral ventricle of control or increasing doses of RIPR-PD1.

(D) FACS quantification of the percentage of CD8+ T cells per SVZ in old male mice (24 months)
after one week of infusion into the lateral ventricle of control (n = 4 mice) or increasing doses of
RIPR-PD1 (2.5 mg/mL, n = 4 mice and 5mg/mL, n = 3 mice). Data are mean =+ s.e.m. of the
percentage of CD8+ T cells out of all live cells. Each dot represents T cells from one individual
mouse. One independent experiment.

(E) Schematic of experimental design for immunofluorescence.

(F) Quantification of number of CD8+*PD1+Ki67+ T cells (left) or percentage of CD8* T cells that
are Ki67+ in the SVZ neurogenic niche from old male mice (24-26 months) treated with control
and RIPR-PD1 (n = 10-11 mice, combined over two independent experiments). Mean +/- s.e.m.
of cell number in the SVZ. Each dot represents the average of three sections from one individual
mouse.

(G) Left: Representative immunofluorescence staining of STAT1 (encoded by the interferon
response gene Stat1) in brain sections of the SVZ neurogenic niche from old mice (24 months)
after one week of infusion of RIPR-PD1 or control into the lateral ventricle. Red: STAT1 (interferon
response); green: Ki67 (proliferating cells); blue: DAPI (nuclei). Scale bar: 20 ym. Right:
Normalized STAT1 fluorescence in control (n = 5 mice) and RIPR-PD1 (n = 5 mice) treated old
male mice (24 months). Data are mean + s.e.m. Representative experiment of two independent
experiments (see Table S4). Each dot represents cells from one individual mouse.

(H) Quantification of STAT1 and IFITM3 fluorescence intensity overlapping with microglia cell
marker fluorescence (TMEM119) in coronal brain sections of the SVZ neurogenic niche of old
male mice (24 months) treated with control or RIPR-PD1 (n = 5 mice). Data are mean + s.e.m of
IFITM3 or STAT1 fluorescence intensity divided by DAPI. Each dot represents the average of
three coronal sections from one individual mouse. One independent experiment.

() FACS quantification and representative FACS histograms of BST2 and MHC class | mean
fluorescence intensity in microglia freshly isolated from old control and old RIPR-PD1 male mice
(25 months, n = 6 mice). Data are mean + s.e.m. Each dot represents mean fluorescence intensity
in ~2,000 microglia cells from one individual mouse. One independent experiment.



(J) Left: Schematic of experimental design for testing the effects of RIPR-PD1 on primary
microglia in vitro. Right: FACS quantification of BST2 and MHC class | mean fluorescence
intensity in mouse primary microglia cultured with control (1uM) or RIPR-PD1 (1uM) for 48 hours.
Data are mean + s.e.m from 6 individual cultures. Each dot represents mean BST2 or MHC class
| fluorescence of ~10,000 primary microglia cells. One independent experiment.

(K) Scheme for measurement of neurogenesis in the SVZ and olfactory bulb. Old mice were
injected IP with EAU two days prior to surgery and on day of stereotaxic implantation of a mini-
osmotic pump directly into the lateral ventricle of the brain (adjacent to the SVZ). After one week
brains were perfused with PBS to remove blood, and brains were processed for immunostaining.
The olfactory bulb and SVZ were collected onto slides.

(L) Quantification of mean DCX fluorescence intensity in coronal brain sections of the SVZ
neurogenic niche of old male mice (24-26 months) treated with control or RIPR-PD1 (n = 6 mice).
Data are mean = s.e.m of DXC fluorescence intensity. Each dot represents the average of three
coronal sections from one individual mouse. One independent experiment.

(M) Number of neural progenitors (DCX*EdU+) and newborn neurons (NeuN+EdU*) in the
olfactory bulb of old male mice (24-26 months) treated with control or RIPR-PD1 (n = 6 mice).
Data are mean + s.e.m of DCX*EdU* or NeuN+*EdU+ cells per mm?2. Both hemispheres in six
coronal sections at ~160-ym intervals were quantified per mouse. One independent experiment.

(N) Quantification of STAT1 fluorescence intensity overlapping with NSC/astrocyte cell marker
(SOX2) fluorescence in coronal brain sections of the SVZ neurogenic niche of old male mice (24
months) treated with control or RIPR-PD1 (n = 5 mice). Data are mean *= s.e.m of STAT1
fluorescence intensity divided by DAPI. Each dot represents the average of three coronal sections
from one individual mouse. One independent experiment.

P-values: two-sided Wilcoxon rank sum test. NS, not significant.



Figure S3
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Figure S3. Single-cell RNA-seq analysis of RIPR-PD1 infusion into the old brain
experiments #1 and #2. Related to Figure 2

(A) Heatmap showing the expression of the top five marker genes for each cell cluster identified
by Seurat in cells freshly isolated from the SVZ of old male mice (24-25 months) infused with
mouse RIPR-PD1 or control for one week. The cell identity assigned to each cluster is indicated
on top of each column. Full list of marker genes in Table S1. Abbreviations: quiescent neural stem
cells (gNSCs), activated neural stem cells (aNSCs), neural progenitor cells (NPCs),
oligodendrocyte progenitor cells (OPCs). Experiment #1.

(B) Changes in the percentage of each cell type identified in the SVZ of old male mice (24-25
months) infused with mouse RIPR-PD1 or control. Experiment #1.

(C) Percentage of T cells out of all cells (left) and percentage of CD8+ T cells that are positive for
Mki67 gene expression (right) in the SVZ of old male mice (24-25 months) infused with control
(grey) or RIPR-PD1 (purple) in two independent experiments.

(D, E) Log-normalized expression values of effector/activation (D) and exhausted (E) T cell
marker genes in T cells from the SVZ of old control and old RIPR-PD1 treated male mice. Median
values are denoted by horizontal lines. Experiment #1.

(F) T cell state scores (UCell scores) for T cells in the SVZ of old control and old RIPR-PD1 treated
mice. Each T cell is given a single score for each signature. Box plot displays the median and
lower and upper quartile values. Experiment #1.

(G) Violin plot showing the expression of Cd274 (encoding PD-L1, the ligand for PD1) in various
cell types of the SVZ from old control (grey dots) and old RIPR-PD1 (purple dots) treated mice.
Each dot represents the gene expression levels in one single cell. Experiment #1.

(H) Violin plot showing the expression of Pdcd1 (encoding PD1) in various cell types of the SVZ
from old control (grey dots) and old RIPR-PD1 (purple dots) treated mice. Each dot represents
the gene expression levels in one single cell. Experiment #1.

(I Bar plot showing the percentage of cells expressing Cd274 (encoding PD1) in various cell
types of the SVZ from old control and old RIPR-PD1 treated mice. Experiment #1.

(J) Heatmaps showing normalized enrichment scores from gene set enrichment analysis with
RIPR-PD1 vs. old controls for aNSCs/NPCs, astrocytes/qNSCs and oligodendrocytes. Gene lists
from MAST were ranked by Log fold change, and enrichment analysis was performed with Gene
Ontology (GO) pathways using GSEA (see Methods). The normalized enrichment score is
presented for each pathway with FDR < 0.05. Red: enriched in RIPR-PD1. Blue: enriched in
control. Experiment #1.

(K) Top: Violin plots show the median predicted chronological age score for each cell type in old
control and old RIPR-PD1 mice. Bottom: Density plots show the distribution of predicted
chronological ages in different cell types of the SVZ from old control and old RIPR-PD1 treated
mice. Experiment #1.



(L) Old male mice (24 months) were infused with mouse RIPR-PD1 (5 mg/mL, n =5 mice, pooled)
or control (5 mg/mL, n =5 mice, pooled) for one week, by stereotaxic implantation of mini-osmotic
pumps directly into the lateral ventricle of the brain (adjacent to the SVZ). Brains were perfused
with PBS to remove blood and all cells from the SVZ neurogenic niche were dissociated. SVZs
from the same conditions were pooled and briefly FACS-sorted to remove debris. Single-cell
RNA-sequencing was performed on the entire SVZ using the 10x Genomics Chromium platform,
followed by sequencing on lllumina Next-seq. Experiment #2.

(M) UMAP clustering of all high-quality cells from the SVZ neurogenic niche of old male mice
treated with control or RIPR-PD1, colored by cell type. Experiment #2.

(N) UMAP clustering as in (M), but colored by condition (grey: old control, purple: old RIPR-PD1)
and downsampled to 661 cells per condition. Experiment #2.

(O) UMAP plot showing clustering of T cells from the SVZ of old male mice treated with control
(grey: 13 T cells) or RIPR-PD1 (purple: 89 T cells). Experiment #2.

(P) Percentage of T cells out of all live cells in the SVZ of old male mice (24 months) infused with
control (grey) or RIPR-PD1 (purple). Experiment #2.

(Q) UMAP plot showing log-normalized expression values for the gene Mki67 encoding the cell
proliferation marker Ki67 in T cells from the SVZ of old male mice treated with control or RIPR-
PD. Darker red color indicates higher expression. Experiment #2.

(R) Log-normalized expression values of Mki67 in T cells of the SVZ from old male mice treated
with control or RIPR-PD1. Median values are denoted by horizontal lines. P-values: two-sided
Wilcoxon rank sum test. Experiment #2.

(S) Heatmap of average Log: fold change in expression of T cell marker genes in T cells. Red:
upregulated; blue: downregulated. Experiment #2.

(T) Clonality of T cells determined by TCR sequencing using single-cell RNA-seq data. TCR-$
sequence clones are ordered from left to right in order of decreasing frequency in the bottom row.
The source of the T cell is indicated in the top row. Experiment #2.

(U) GO biological processes pathways enriched in the top differentially up or downregulated
genes in microglia from old male mice treated with RIPR-PD1 versus control. For all pathways
shown, FDR < 0.05, EnrichR statistics. For all pathways see Table S2. Experiment #2.

(V) Effects of RIPR-PD1 on aging clock scores!$4 for cells of the old SVZ. Dot plots summarize
the effects of RIPR-PD1 on the predicted age of microglia, oligodendrocytes, astrocytes/qNSCs,
aNSCs/NPCs and neuroblasts of the old SVZ as calculated by aging clocks. Effect sizes were
calculated by taking the difference in median predicted ages between old RIPR-PD1 and old
control for each cell type. Red color indicates an increase in predicted age (‘pro-aging’) and blue
indicates an increase in predicted age (‘pro-rejuvenating’) in old RIPR-PD1 compared to old
control. Experiment #2.

P-values: two-sided Wilcoxon rank sum test.
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Figure S4. Single-cell RNA-seq analysis of WT IL-10 and engineered IL-10* infusion into
the old brain at 0.02 mg/mL and 0.1 mg/mL. Related to Figures 3 and 4

(A) Average expression of anti-inflammatory cytokines (bottom) and cytokine receptors (top) (y-
axis) in different cell types (x-axis) of the SVZ neurogenic niche of old male mice (28-29 months,
n = 3 mice, Dulken et allS1). Size of the dot represents the percentage of cells expressing the
gene while color indicates the average expression of each gene.

(B) Heatmap showing the expression of the top five marker genes for each significant cell cluster
identified by Seurat in cells freshly isolated from the SVZ of old mice (25 months) infused with
vehicle control (artificial cerebrospinal fluid, n = 1 male mouse), WT IL-10 (0.02 mg/mL, n = 2
male mice) or engineered IL-10* (0.02 mg/mL, n = 2 male mice) for one week. The cell identity
assigned to each cluster is indicated on top of each column. Full list of marker genes in Table S1.

(C) Log-normalized expression values of Socs3 or 16 in microglia of the SVZ neurogenic niche
from young control mice, old control mice, and old mice treated with WT IL-10 or IL-10* (0.02
mg/mL). Median values are denoted by horizontal lines.

(D) Left: Scheme for validation experiment using ELISA. BV2 microglia cells were stimulated with
lipopolysaccharide (LPS) alone or in combination with WT IL-10 or IL-10* for 48 hours.
Supernatants were collected and the amounts of secreted IL-6 and TNFa cytokines (at the protein
level) were measured by ELISA. Right: Amounts of mouse IL-6 protein (I) and mouse TNFa
protein (J) secreted from the microglia cell line BV2 stimulated with LPS (5 pg/mL), and the
indicated IL-10 variants (10mM), for 48 hours measured by ELISA. Data are mean + s.e.m. Each
dot represents ELISA values from one individual culture well. Representative of two independent
experiments (see Table S4 for all experiments).

(E) Violin plot showing the expression of Ifnb1 (encoding interferon-B) and /fng (encoding
interferon-y) in various cell types of the SVZ from young control mice, old control mice, and old
mice treated with WT IL-10 or IL-10* (0.02 mg/mL). Each dot represents the gene expression
levels in one single cell.

(F) FACS quantification of the frequency of single and double positive BST2 and MHC class |
(MHC-1) microglia in the SVZ of old male mice (24-25 months), infused with control, WT IL-10 or
IL-10* (n = 5-7 mice combined over two independent experiments).

(G) Quantification of mean STAT1 fluorescence intensity overlapping with microglia cell marker
fluorescence (TMEM119) in coronal brain sections of the SVZ neurogenic niche of young control
(4 months, n =5 male mice), old control (24 months, n = 5 male mice), old WT IL-10 (24 months,
n = 6 male mice) and old IL-10* (24 months, n = 4 male mice) treated mice. Data are mean =
s.e.m of IFITM3 fluorescence intensity divided by DAPI. Each dot represents the average of three
coronal sections from one individual mouse. One independent experiment.

(H) Log-normalized expression values of IL-10 signaling pathway genes Socs3, ll6 and Tnf in
microglia of the SVZ neurogenic niche from young control mice, old control mice, and old mice
treated with WT IL-10 or IL-10* (0.1 mg/mL). Median values are denoted by horizontal lines.



(I) Left: Log-normalized expression values of Gzmb (which encodes Granzyme B) in T cells of
the SVZ from young control mice, old control mice, and old mice infused with WT IL-10 or IL-10*
(0.1 mg/mL). Median values are denoted by horizontal lines. Only T cells that expressed Gzmb
were plotted. Right: Heatmap showing average Log: fold change in expression of genes in the
IL-10 pathway as well as other T cell marker genes in T cells from old mice treated with WT IL-10
or IL-10* (0.1 mg/mL) versus old control mice. Red: upregulated, blue: downregulated genes.

(J) Combined log-normalized expression of genes in the interferon-y response pathway in
microglia of the SVZ from young control mice, old control mice, and old mice treated with WT IL-
10 (0.1 mg/mL) or IL-10* (0.1mg/mL). Median values are denoted by horizontal lines.

(K) Effects of WT IL-10 and IL-10* on aging clock scores in cells of the old SVZ. Cell-type-specific
aging clocks were from Buckley et al!$4. Dot plots summarizing the effects of IL-10 on the
predicted age of cells of the old SVZ as calculated by aging clocks. Red color indicates an
increase in predicted age (‘pro-aging’) and blue indicates an increase in predicted age (‘pro-
rejuvenating’) in old WT IL-10 compared to old control.

(L) Old mice (27 months) were infused with WT IL-10 (0.1 mg/mL, n = 3 male mice, pooled) or
control (an inert protein in ACSF, n = 3 male mice, pooled) for one week, by stereotaxic
implantation of mini-osmotic pumps directly into the lateral ventricle of the brain (adjacent to the
SVZ). Brains were perfused with PBS to remove blood and all cells from the SVZ neurogenic
niche were dissociated. SVZs from the same conditions were pooled and briefly FACS-sorted to
remove debris. Single-cell RNA-sequencing was performed on the entire SVZ using the 10x
Genomics Chromium platform, followed by sequencing on lllumina Next-seq.

(M) Left: UMAP clustering of all high-quality cells from the SVZ neurogenic niche of old male mice
treated with control or WT IL-10 (0.1 mg/mL), colored by cell type. Right: UMAP clustering as in
(L), but colored by condition (grey: old control, dark blue: old WT IL-10) and downsampled to
2,287 cells per condition.

(N) Log-normalized expression values of IL-10 signaling pathway gene Socs3, and pro-
inflammatory cytokines /I6 and //1a in microglia of the SVZ neurogenic niche from old control and
old WT IL-10 (0.1 mg/mL) treated male mice. Median values are denoted by horizontal lines.

(O) Combined log-normalized expression values of genes in the interferon-y response hallmark
in microglia of the SVZ neurogenic niche from old control mice and old male mice treated with
WT IL-10 (0.1 mg/mL). Median values are denoted by horizontal lines.

(P) Log-normalized expression values of IL-10 signaling pathway gene Socs3 and T cell effector
markers Gzmb and Ifngin T cells of the SVZ neurogenic niche from old control and old WT IL-10
(0.1 mg/mL) treated male mice. Median values are denoted by horizontal lines.

(Q) Heatmap showing average Log: fold change in expression of genes in the IL-10 pathway as
well as other T cell marker genes in T cells from old male mice treated with WT IL-10 (0.1 mg/mL)
versus old control mice. Red denotes upregulated and blue downregulated genes.

P-values: two-sided Wilcoxon rank sum test. NS, not significant. Figures S4H-K are the same
experiment as Figures 3, 4, S4B, S4C and S4E.
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Figure S5. Crosstalk between immune cells: the interferon pathway induction by IL-10 in
microglia is likely due to T cell activation. Related to Figure 5

(A) Scheme for the quantification of IL-10 signaling in the mouse microglia cell line BV2 and
primary mouse T cells isolated from the spleen and lymph nodes of mice. Cells were stimulated
with increasing concentrations of WT IL-10 or IL-10* for 30 minutes at 37°C and the intracellular
levels of the IL-10 response protein phospho-STAT3 (pSTAT3) measured by FACS.

(B, C) Dose-response curves for phospho-STAT3 in the mouse microglia cell line BV2 (B) and
primary mouse T cells isolated from the spleen and lymph nodes of mice (C) stimulated with wild-
type (WT) or engineered IL-10, analyzed by FACS. Each dot represents the percent of maximal
WT IL-10 mean fluorescence intensity of cells stimulated with increasing concentrations of WT
IL-10 and IL-10*. Representative of three independent experiments (see Table S4 for independent
experiments).

(D) Scheme for the co-culture of the mouse microglia cell line BV2 and primary mouse T cells
isolated from the spleen and lymph nodes of old mice to measure IL-10 signaling. Co-cultures
were stimulated with WT IL-10 (10 nM) or IL-10* (10 nM) for 30 minutes at 37°C and the
intracellular levels of the IL-10 response protein pSTAT3 measured by FACS.

(E, F) FACS quantification of the mean phospho-STATS3 fluorescence in the BV2 microglia cell
line (E) and primary T cells isolated from the spleen and lymph nodes (F) from co-cultures
stimulated with WT IL-10 (10 nM) or engineered IL-10* (10 nM) for 30 minutes. Data are mean +
s.e.m. Each dot represents one individual co-culture well (n = 4). One independent experiment.

(G) FACS quantification of the mean phospho-STATS3 fluorescence in primary microglia cultures
(n = 6 independent cultures) stimulated with WT IL-10 (10 nM) or engineered IL-10* (10 nM) for
30 minutes. Data are mean + s.e.m. Each dot represents one individual culture. One independent
experiment.

(H) Scheme for the co-culture of T cells and BV2 microglia cells in the presence or absence of
WT IL-10 or IL-10* and quantification of interferon signaling by analyzing the levels of the
interferon response protein BST2 in BV2 microglia cells by FACS. T cells were isolated from the
spleen and lymph nodes of old male mice.

(I) FACS quantification of BST2 mean fluorescence (interferon signaling) in BV2 microglia cells
cultured with or without T cells in the presence or absence of WT IL-10 (10 nM) or engineered IL-
10* (10 nM) for 72 hours. Data are mean + s.e.m. Each dot represents mean BST2 fluorescence
of ~5,000-9,000 BV2 microglia cells from one individual co-culture well (n = 4). Representative of
> 2 experiments for WT IL-10 (see Table S4).

(J) FACS quantification of BST2 mean fluorescence in BV2 microglia cells as in (l). Data are
mean + s.e.m from n = 8-10 individual co-cultures over two independent experiments. Each dot
represents data from one individual co-culture well.

(K-L) Amounts of mouse IFN-y (K) and mouse granzyme B protein (L) secreted into primary
microglia-T cell co-cultures after 72 hours measured by ELISA (n = 9-14 combined over three
independent experiments, see Table S4). Data are mean + s.e.m. Each dot represents ELISA



values from one individual co-culture well, for each culture values were normalized to those of
primary microglia + T cells only.

(M) FACS quantification of BST2 MFI (interferon signaling) in mouse primary microglia cultured
with or without T cells in the presence or absence of IFN-y (260nM), WT IL-10 (10 nM) or
engineered IL-10* (10 nM) for 72 hours. Data are mean + s.e.m from 5 individual cultures. Each
dot represents BST2 MFI of ~5,000-10,000 primary microglia cells. For results with MHC class |
see Table S4. One independent experiment.

(N) FACS quantification of BST2 MFI (interferon signaling) in mouse primary microglia cultured
with or without IFN-y (260nM), WT IL-10 (10 nM) or engineered IL-10* (10 nM) for 72 hours. Data
are mean + s.e.m from 4 individual cultures. Each dot represents mean BST2 MFI of ~5,000-
10,000 primary microglia cells. For results with MHC class | see Table S4. One independent
experiment.

(O) Left: scheme for FACS validation of mechanisms of action of WT IL-10 on microglia in vivo in
the old SVZ. Old male mice (23-24 months) were infused with anti-IgG control, anti-IgG control +
WT IL-10 or anti-IFN-y + WT IL-10 for one week by stereotaxic implantation of mini-osmotic
pumps directly into the lateral ventricle of the brain (adjacent to the SVZ). Brains were perfused
with PBS to remove blood and the SVZ was dissected and dissociated before FACS analysis of
microglia cells. Microglia were identified as CD45+*CD11b+* cells. Right: FACS quantification and
representative histograms of BST2, and MHC class | MFI in microglia freshly isolated from the
SVZ of anti-IlgG control, anti-IgG control + WT IL-10 and anti-IFN-y + WT IL-10 treated old mice
(23-24 months, n = 6-7 male mice combined over two independent experiments, see Table S4).
MFI values were normalized to those of the median of old control for each experiment. Data are
mean + s.e.m. Each dot represents mean fluorescence values from ~500-1500 microglia cells
from one individual mouse.

(P) Scheme depicting a model for the mode of action of WT IL-10 and IL-10* on microglia and T
cells in the old brain. WT IL-10 signals in both T cells and microglia. IL-10 signaling in T cells
leads to release of IFN-y and subsequent IFN-y signaling in microglia. Additionally, IL-10 signaling
synergizes with interferon signaling in microglia. IL-10* has reduced signaling activity in microglia
and T cells and does not lead to an increase in IFN-y signaling in microglia. Thickness of lines
represents potency of signaling. Red arrows pro-inflammatory and green arrows anti-
inflammatory.

P-values: two-sided Wilcoxon rank sum test. NS, not significant.
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Figure S6. Effects of WT IL-10 and engineered IL-10* on the aged neurogenic niche. Related
to Figures 6 and 7

(A) Violin plots show the median predicted chronological age score for each cell type in the SVZ
from old control and old WT IL-10 (0.02 mg/mL) and old IL-10* (0.02 mg/mL) treated male mice.

(B) Density plots showing the distribution of predicted chronological ages in different cell types of
the SVZ from young control, old control and old WT IL-10 (0.02 mg/mL) and old IL-10* (0.02
mg/mL) treated male mice.

(C) Effects of age on the entire neurogenic niche measured in PCA space. All the cells in the SVZ
neurogenic niche of young control mice (from IL-10 single-cell RNA-seq experiment, Figure 3),
and old control mice (from IL-10 single-cell RNA-seq experiment, Figure 3), were plotted in PC
space. The difference of the distance between each cell and the centroid of young and old cells
was calculated as Distance to young (dY) — Distance to old (dO).

(D-E), Effects of age and interventions on the entire neurogenic niche measured in PCA space.
All the cells in the SVZ neurogenic niche of young control mice (from IL-10 experiment), old control
mice (from IL-10 experiment), old control mice treated with either WT IL-10 (0.02 mg/mL) (D) or
IL-10* (0.02 mg/mL) (E) mice were plotted in PC space and the difference of the distances
between the centroid of each intervention and the centroid of young and old cells was calculated
for each cell.

(F) Quantification of mean STAT1 fluorescence intensity overlapping with microglia cell marker
fluorescence (IBA1) in sagittal brain sections of the DG from old control (21 months, n = 8 male
mice) and old IL-10* (21 months, n = 8 male mice) after behavioral testing. Data are mean +s.e.m
of STAT1 fluorescence intensity. Each dot represents the average of two sagittal sections from
one individual mouse. One independent experiment. P-values: two-sided Wilcoxon rank sum test.



Figure S7

FACS gating for single-cell RNA-seq (SVZ)
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Figure S7. FACS gating strategies for all experiments. Related to Figures 1-5

In each case the population shown is indicated above the plot. Markers and fluorophores are
shown on each axis.

(A) Representative gating for FACS sorting of live cells (PI) from the SVZ for single-cell RNA-
seq.

(B) Representative gating for FACS sorting of CD3+CD8+CD45+CD11B- T cells from the old brain
(top row) and old lung (bottom row).

(C) Representative gating for FACS analysis of CD45+CD11B+ microglia cells from the old SVZ
neurogenic niche.

(D) Representative gating for FACS analysis of primary microglia and T cells from co-culture
experiments.

(E) Representative gating for FACS analysis of BV2 microglia and T cells from co-culture
experiments.
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