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Nasal anti-CD3 monoclonal antibody
ameliorates traumatic braininjury, enhances
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neuroinflammationvialL-10-dependent
T...—microglia crosstalk
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Neuroinflammation plays a crucial role in traumatic braininjury (TBI),
contributing to both damage and recovery, yet no effective therapy exists
to mitigate central nervous system (CNS) injury and promote recovery after
TBI. In the present study, we found that nasal administration of an anti-CD3

monoclonal antibody ameliorated CNS damage and behavioral deficitsin
amouse model of contusional TBI. Nasal anti-CD3 induced a population of

interleukin (IL)-10-producing regulatory T cells (T,

g Cells) that migrated to

the brain and closely contacted microglia. T, cells directly reduced chronic
microgliainflammation and regulated their phagocytic functioninanIL-
10-dependent manner. Blocking the IL-10 receptor globally or specifically
onmicrogliainvivo abrogated the beneficial effects of nasal anti-CD3.
However, the adoptive transfer of IL-10-producing T, cells to TBI-injured
mice restored these beneficial effects by enhancing microglial phagocytic
capacity and reducing microglia-induced neuroinflammation. These
findings suggest that nasal anti-CD3 represents a promising new therapeutic
approach for treating TBl and potentially other forms of acute brain injury.

Traumatic brain injury (TBI) is a leading cause of death and disability,
with both direct and indirect costs'. TBl is implicated in long-term
morbidity, including motor deficits, cognitive decline and long-term
medical comorbidities and neurodegeneration* . Current treatments
primarily focus on early surgical intervention to limit hematoma expan-
sionand supportive therapy; however, there are few pharmacological
interventions to reduce long-term cognitive sequelae post-injury’.
TBlinduces a primary mechanical injury followed by a secondary
biochemical and cellular response which contributes to neurological
impairment". Critically, neuroinflammation is one of the key mecha-
nismsimplicated inboth the acute and the chronic phases of TBI*and,
as such, has been identified as an important and potentially modifi-
able driver of secondary injury in both animal and human studies” .

TBI drives secondary injury via the activation of resident microglia,
induction of cytokine release and recruitment of circulating mono-
cytesor lymphocytes tothe CNS, which further amplifies pathological
inflammation'*. Despite the clear clinical implications, no treatment
specifically targets this neuroinflammatory process, partly as the result
ofthe largely unknown molecular and cellular mechanisms that lead to
neurological deficits after TBI***. Therefore, identifying new therapies
toaddress chronic CNS inflammation after TBl represents animportant
unmet need.

FoxP3" regulatory T cells (T, cells) represent a crucial sub-
set of CD4" T cells that modulate and limit adherent inflammatory
responses®. There is agrowing body of evidence showing that FoxP3*
T, cells play a critical role in maintaining immune homeostasis and
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suppressing immune responses in several acute”?* and chronic neu-

rological diseases™°. Experimentally, the depletion of FoxP3" T,.,
cells in mice with controlled cortical impact (CCI) injuries leads to
increased T cell infiltration, enhanced reactive astrogliosis and exac-
erbated motor deficits”. Conversely, expanding CD4* FoxP3* T, cells
through IL-2 treatment has been shown toimprove outcomesin animal
models of TBI**. In humans with TBI, the level of CD4"CD25"FoxP3" T,
cells positively correlates with clinical outcomes?. Together, these
studies suggest that inducing T, cells is a promising approach for
the treatment of TBI.

The mucosal immune system is a unique tolerogenic organ
that provides a physiological method for inducing T, cells and is
clinically appealing as a result of its apparent lack of toxicity. Our
laboratory has investigated the induction of T, cells by the nasal
administration of anti-CD3 monoclonal antibody (aCD3 mAb) and
has shown the ameliorating effects of nasal aCD3 in both autoim-
mune®’ and CNS models of disease, including models of progressive
multiple sclerosis (MS)* and Alzheimer’s disease®. Based on this,
we investigated whether nasal aCD3 could influence outcomes in
relevant TBI models by modulating both systemic and local CNS
immune responses.

Accordingly, we demonstrated that nasal aCD3 induces FoxP3*
T, cells, which ameliorate TBI by modulating CNS innate immunity,
enhancing microglia phagocytosis and improving neuropathological
and behavioral outcomes post-injury in an IL-10-dependent manner.
These findings highlight a new immune-based approach for treating
TBland potentially other types of acute braininjury.

Results

NasalaCD3 mAb improves cognitive and motor outcomes
after TBI

To investigate the therapeutic effect of nasal aCD3 in TBI, we
employed the CCI model of TBI, which is known for its accuracy and
reproducibility®, to recapitulate features of moderate-to-severe TBI
features, including cerebral contusion, neuroinflammation, blood-
brain barrier (BBB) dysfunction and long-term behavioral outcomes.
We investigated the therapeutic effects of nasal aCD3 on motor and
behavioral outcomes in male mice treated at different times after
injury:immediate (4-6 h post-injury), early (3 d post-injury) and delayed
(14 d post-injury) (Fig. 1a). Treatment was continued once daily for 7 d,
then 3x weekly for up to1 month afterinjury (Fig.1a). Intheimmediate
treatment group, we found improvement in motor function and coor-
dination assessed by the rotarod test (Fig. 1b). Using the Morris water
maze (MWM) test, TBI mice treated with aCD3 exhibited near-complete
restoration of spatial memory and increased time spent in the target
quadrant duringthe probe trial (Fig.1b) compared withisotype-treated
TBImice.In addition, we found that male mice treated withimmediate
nasalaCD3 exhibited less anxious behavior, using the open field test. We
found asimilar beneficial effect with early treatment (3 d post-injury),
except for anxiety (Extended Data Fig. 1a).

We theninvestigated the effect of delayed (14 d post-injury) nasal
aCD3 treatment on behavioral outcomes in male mice and found no
improvementinthetreated the group compared with the TBI-iso con-
trol (Extended Data Fig. 1b). In addition to male mice, we investigated
the effects ofimmediate nasal aCD3 treatment on TBlin female mice.
We did not find notable differences in motor or spatial memory testing
between the groups after moderate CCI. As reported in the literature,
female rodents may outperform males in behavioral tasks after brain
injury®*~°, Thus, we were unable to demonstrate the beneficial effect
of nasal aCD3 treatment in female mice at this injury level (Extended
DataFig.1c).

Wetheninvestigated the effect of nasalaCD3 treatment on behav-
ioral outcomes in a more severe form of TBI (3 mm tip diameter and
1.5 mmdepth) in both male and female mice. We found improvement
inmotor function and coordinationin the TBI-aCD3 group when com-
pared with TBI-iso controlin bothsexes (Extended DataFig.1d,e). There
was partial restorationin spatial memory and increased time spentin
the target quadrant during the probe trial in the nasal aCD3-treated
mice compared with TBI-iso control in both sexes. Male mice treated
with nasal aCD3 exhibited less anxiety-like behavior after severe TBI,
but we were unable to assess the beneficial effects of nasal aCD3 in
female mice because they did not develop an anxiety phenotype after
severe TBI (Extended Data Fig. 1d,e). These data clearly demonstrate
thatnasalaCD3 improves behavioral outcomesinmoderate and severe
CCl-induced TBI, with a greater effect being observed in male mice.

NasalaCD3 mAb ameliorates TBI neuropathology

TBlinduces BBB disruption, edema, neuronal death and tissueloss, in
addition to the increased production of inflammatory mediators and
gliosis?®. Therefore, we assessed the effects of nasal aCD3 on these
neuropathological outcomes (Fig. 1a). We first measured the paren-
chymallesion volume insham-iso, TBI-aCD3 and TBI-iso groupsat7 d
post-injury, using 3-teslamagnetic resonance imaging (MRI). We found
areductioninlesion volumeinthe nasalaCD3-treated group compared
with TBI-iso controls (Fig. 1c and Extended Data Fig. 2a). We also meas-
ured lesion volume at 1 month post-CCl using hematoxylin and eosin
(H&E) staining and, consistent with the MRI, we found areduction in
lesion volume in TBI-aCD3 mice compared with the TBI-iso control
(Fig.1d).NasalaCD3 alsoimproved BBBintegrity at 3 d post-injury com-
pared with the TBl-iso control (Extended Data Fig. 2b). The percentage
of brain edema in the ipsilateral and contralateral hemispheres at 3 d
post-CClwas reduced in the ipsilateral hemisphere for the TBI-aCD3
group compared with the TBI-iso control (Extended Data Fig. 2c). CCI
increased cell death, as measured by TUNEL staining at 7 d after brain
injury (Fig. 1e), which was reduced in nasal aCD3 treatment compared
with TBI-iso controls. Consistent with previous reports, we found that
CClwas associated withanincrease in microgliaor macrophage activa-
tion (Iba-1staining) at 30 d post-injury compared with sham-iso con-
trols (Fig. 1f)*>*”. We found that there was a reduction in microgliosis at
30 dpost-injuryinmale miceinboththeimmediate and the early nasal

Fig.1|Nasal aCD3 improves behavioral outcomes and ameliorates
neuropathological outcomes in the CCl model of TBI. a, Experimental timeline
schematic for treatment regimens (created with BioRender.com). b, Behavioral
testing (rotarod, MWM test, probe trial, open field for anxiety-like behavior) in
theimmediate treatment group (sham-ison =8, TBl-ison =12, TBI-aCD3 n =12).
The MWM test was analyzed by two-factor, repeated-measure, two-way ANOVA
(group x time) and others by one-way ANOVA with Tukey’s multiple comparisons.
Data are shown as mean + s.e.m. ¢, MRIlesion volume 7 d post-TBI (TBl-ison =5,
TBI-aCD3 n = 5), analyzed by two-sided, unpaired Student’s ¢-test. Data are shown
asmean +s.e.m. The red dashes indicate the lesion area. d, Lesion volume from
H&E-stained brain sections 30 d post-TBI measured with Image) (TBl-ison=4,
TBI-aCD3 n =4), analyzed by two-sided, unpaired Student’s t-test. Data are
shownas mean + s.e.m. Scale bars, 1,000 pm. e, Immunofluorescence of
neuronal death 7 d post-TBI at pericontusional cortex (DAPI, blue; TUNEL,

red; 7-AAD, green). Scale bars, 200 pm (500 pum for zoomed out). TUNEL-positive
cells were quantified using ImageJ (TBI-iso n =5, TBI-aCD3 n = 5) and analyzed
using two-sided, unpaired Student’s t-test. Data are shown as mean £ s.e.m.

f, Immunofluorescence of Iba-1at 30 d post-TBI in pericontusional cortex

(DAPI, blue; Iba-1, red). Scale bars, 200 pm (500 pm for zoomed out). Iba-1* cells
quantified using ImageJ (sham-iso n =4, TBI-iso n =4, TBI-aCD3 n = 4), analyzed
by one-way ANOVA with Tukey’s multiple comparisons. Data are shown as

mean +s.e.m. g, Serum biomarkers1d post-TBI measured by Quanterix SiMoA
and V-Plex proinflammatory assays (sham-ison =4, TBI-iso n =12, TBI-aCD3
n=12),analyzed by one-way ANOVA with Tukey’s multiple comparisons. Data are
shown as box plots (min., max., interquartile range (IQR), median). d.p.i.,

d post-injury; NS, non-significant. All data represent biological replicates from
twoindependent experiments.
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aCD3 groups (Fig. 1f and Extended Data Fig. 2d). Of note, TBl has also
been associated with changes in serum biomarkers* and we found a
reductioninseveral TBIserumbiomarkers in theimmediate nasalaCD3
group, including glial fibrillary acidic protein (GFAP), UCH-L1and the
inflammatory cytokines IL-1b and CXCL1versus controls. Itisinteresting
thatwealso found anincrease in the anti-inflammatory cytokine IL-10
in the immediate nasal aCD3 group versus control animals (Fig. 1g).
These markers could be used to assess the efficacy of treatment in
humans. As in male mice, we found that nasal aCD3 reduced lesion
volume (Extended Data Fig. 2e) and microgliosis at the lesion site in
female mice after severe TBI (Extended Data Fig. 2f). These dataclearly
demonstrate that the behavioralimprovements observedin TBImice
treated with nasalaCD3 are associated with enhanced tissue integrity,
asindicated by neuropathology and serum biomarkers.

NasalaCD3 mADb expands central and peripheral T, cells

after TBI

TBIis associated with major changes in the cellular kinetics of both
resident and infiltrating cells, which contribute tobraininjury. There-
fore, to characterize the effect of nasal aCD3 on TBI, we investigated
the temporal roles of specific immune cell populations post-injury®.
We performed flow cytometry analysis onimmune cells isolated from
cervicallymphnodes (cLNs), meninges and theipsilateral hemisphere
at multiple time points post-TBI. We found that the immediate treat-
ment of nasal aCD3 increased the percentage of total CD4" T cells
and CD4'FoxP3" T,  cellsin cLNs at 1d (Extended Data Fig. 3a) and
increased the total number of those in the meninges at 2 d post-injury
(Fig.2a,b). NasalaCD3 also expanded the total number of CD4" T cells in
thebrainat3and7 d post-injury and increased CD4 'FoxP3' T, cellsin
thefirst 30 d post-injury compared with TBlisotype controls (Fig.2a,b
and Extended Data Figs. 3a and 4a). Of note, we did not observe an
increasein CD4" T cells expressing latency-associated peptide (LAP),
amembrane-bound transforming growth factor 3 (TGF-3) compared
withthe TBl-iso group (Fig. 2c and Extended Data Figs. 3band 4a). Thus,
nasal aCD3 expands T, cells to control neuroinflammation after TBI.

Nasal aCD3 mAb modulates the innate and adaptive immune
response after TBI

Nasal aCD3 also reduced the number of CD8" cells at 14 and 30 d and
helper T cells (T,1 and T,,17 cells) at day 30 post-injury (Fig. 2c and
Extended Data Figs. 3b and 4a). In addition, we found a significant
reduction in neutrophil recruitment at day 1, monocytes at day 7 and
natural killer cells at days 1 and 14 after CCl in the nasal aCD3 group
compared with the TBI-iso controls (Fig. 2d and Extended Data Figs. 3c
and 4b,c).

T, cellsinduced by nasalaCD3 have a unique
immunomodulatory profile

As shownin Fig. 2b, nasal aCD3 increased CD4"FoxP3" T, cells in the
first 30 d post-injury compared with TBl isotype controls (Fig. 2b).

To elucidate the mechanisms whereby aCD3-induced T, cells may
have contributed to post-TBI recovery, we performed RNA sequencing
(RNA-seq) analysis on CD4‘FoxP3(GFP)" T, cellsisolated fromboth the
pericontusional brain tissue and blood of the sham and injured mice 7 d
after CCI (Fig. 2f-k, Extended Data Fig. 5aand Supplementary Table1).
Principal component analysis (PCA) showed that the transcriptomic
profile of brain FoxP3 T, cells was markedly different from blood FoxP3
T, cells after TBI (Fig. 2f). Consistent with recent reports*, we found
increased expression of multiple immunomodulatory and trophic
factorgenes (/l10,Sppl, Gasé, Igfl, Dab2, Lif, Areg, Il1r2, Irf8, Osm, Tgfa,
Ccl8,and HmoxI) in brain-infiltrating T, cells from TBImice compared
withblood T, cells from sham mice (Extended Data Fig. 5b).

We first examined the effects of TBI and nasal aCD3 treatment
on blood FoxP3 T, cells (Fig. 2g, Supplementary Table 1). We found
that FoxP3 T, cells isolated from nasally treated aCD3 TBI mice had
aunique transcriptomic signature with upregulation of several genes
involved in T, cell proliferation and homeostasis (Cd47 (ref. 39),
Ndfip1 (ref.40), Cd2 (ref. 41)) and T, cell function (Lefl (ref. 42), Lgals1
(ref. 43) and RunxlI (ref. 44)). Ingenuity pathway analysis (IPA) revealed
IL-10 as a top activated upstream regulator in blood aCD3-induced
FoxP3 T, cells compared with TBI-iso FoxP3 T, cells along with
other transcription factors relevant for T, cell development and
function (Foxo3 and Foxo4)* (Extended Data Fig. 5c). Notably, both
Foxo4and Stat3have beenreported toregulate IL-10 transcriptionin
CD4" T, cells™.

We then examined the effects of TBI and nasal aCD3 treatment
on brain-infiltrating T, cells (Fig. 2h and Supplementary Table 1). We
found both TBIgroups (treated and untreated) had upregulated genes
enriched inimmune regulation (Spp1, Lgals3, Argl, Ccl3, Ccl8, Hmox1,
Ctsl, Lgalsl, and ll1rn) (Fig. 2h). In addition, nasal aCD3-induced T,,
cells had further increased expression of genes involved in immu-
nomodulation (Lrp1, Tyrobp, Cxcl10, and ltgam), regulation of phago-
cytosis (Rab31 and Rab7), neurotrophic factors (Igfl and Psap), lipid
homeostasis (Abcal and Lpl) and other genes required for T, cell
immunosuppressive function (Dab2 (ref. 47), Plau*® and Lgmn*’). Gene
setenrichment analysis (GSEA) and IPA revealed enrichment of biologi-
cal pathways involved in migration, regulation of immune response,
phagocytosis, neurogenesis, homeostasis and secretory functions in
brain TBI-aCD3-FoxP3 T, cells compared with brain sham-iso con-
trols (Fig. 2i) and TBI-iso-FoxP3 T, cells (Fig. 2j). Similar to blood
FoxP3' T, cells, IPAidentified IL-10 and Stat3 among the most activated
upstream regulators of T, cells in the brain of TBI mice treated with
nasalaCD3 (Fig. 2k and Extended Data Fig. 5d). The IL-10-Stat3 axis has
beenreported as playingarolein theimmune tolerance conferred by
T, cells®®; consistent with this, flow cytometry analysis of brain T,
cellsshowed upregulation of IL-10 expression inaCD3-treated animals
compared with TBI-iso controls (Fig. 21). Taken together, these find-
ings demonstrate that peripheraland central T, cells possess unique
immunomodulatory profiles associated with the amelioration of TBI
vianasal aCD3 treatment.

Fig.2|Nasal aCD3 expands FoxP3 T,., cells and modulates the adaptive
immuneresponse. a,b, Flow cytometry analysis and quantification of CD4*

(a) and CD4'FoxP3" (b) T, cellsin the meninges and ipsilateral hemisphere
at1,3,7,14and 30 d (D) after TBl and treatment. ¢, Quantification of CD4"
subsets at the same time points. d, Analysis of CD11b*-infiltrated cells across
these intervals. Groups included sham-iso (n =4), TBI-iso (n = 6) and TBI-aCD3
(n=6).Data are analyzed by one-way ANOVA with Tukey’s multiple comparisons
for every individual timepoint. Data are shown as mean + s.e.m. representing
biological replicates from two independent experiments per timepoint for

a-d. e, Immunofluorescence of meninges (2 d post-TBI) and brain (7 d post-TBI)
samples from FoxP3-GFP mice with DAPI (blue), CD3 (pink), FoxP3 (green). Scale
bars, 100 pm. IHC, immunohistochemistry. f, PCA plot of brain and blood T,
cells 7 d post-TBI. Brain and blood samples are pools of 5 mice and sham-iso brain
samples are pools of 20 mice. Due to the low number of FoxP3* cells recruited

to the brain and ethical considerations, we limited the study to two biological

replicates, following practices from previous studies in the field*. Despite this
limitation, the consistent and robust results observed support the validity of
our findings. g,h, Heatmaps of DEGs from blood (g) and brain (h) T, cellsat 7 d
post-TBlusing DESeq2 (FDR-corrected P < 0.05, n = 2 pooled samples per group).
i, GSEA of GOBP 7 d post-TBI for brain T,., cells. The asterisks indicate enriched
terms (g < 0.05). NES, normalized enrichment score. j, IPA analysis of DEGs from
brain T, cells in TBI-aCD3 versus TBI-iso using DESeq2 analysis (two-sided Wald’s
test, FDR-corrected P < 0.05). One-sided Fisher’s exact test was used: ‘P < 0.05,
“P<0.01,"P<0.001.Results with FDR-corrected P < 0.05 were selected.

k, Predicted upstream regulators using IPA for TBI-aCD3 versus TBI-iso.

1, Quantification of FoxP3'IL-10" T, cells in the ipsilateral hemisphere 7 d post-
TBI. Groups included sham-iso (n =4), TBI-iso (n = 6) and TBI-aCD3 (n = 6). Data
areshown asbox plots (min., max., IQR, median), analyzed by one-way ANOVA
with Tukey’s multiple comparisons. Data are from biological replicates and
represent two independent experiments.
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NasalaCD3 mAb modulates the microglial inflammation

after TBI

Microglia play a critical role in TBI pathogenesis and their adherent
activation contributes to long-term functional deficits after TBI*.
Nasal aCD3 treatment increased the migration of FoxP3" T, cells to
the meninges and CCl lesionsite (Fig. 2e), where they were found to be
in close contact with microglial dendrites after injury (Fig. 3a). Thus,
tofurtherelucidate the effects of TBIand immediate nasal aCD3 treat-
ment on the microglial inflammatory profile post-injury, we performed
RNA-seqanalysis onsorted microglial single-cell suspensions from the
ipsilateral hemisphere of the mouse brains, using the microglia-specific
4D4*antibody® (Extended DataFig. 6a) at 7 and 30 d post-CCI (Fig.3b
and Supplementary Table 2). Inanalyzing the highest expressed genes
in the sham-iso, TBI-iso and TBI-aCD3 microglial groups, we found
that multiple microglial genes, including Cx3cr1, Hexb and Tmem119,
were among the highest expressed (Extended DataFig. 6b). A heatmap
of the microglial gene signature demonstrated that the TBI-iso and
TBI-aCD3 groups had overall similar transcriptomic profilesat 7 d, yet
with demonstration of early upregulation of anti-inflammatory genes
such as Cx3cr1, CD33, Hspala, and Hspalb, whereas there was a clear
modulation of the microglial transcriptomic signature in TBI-aCD3
group toward the sham-iso phenotype at 30 d post-injury (Fig. 3c and
Supplementary Table 2), including the downregulation of microglial
proinflammatory genes (/16, 1118, Cd36, Ifitm3, and LgalsI) and upregu-
lation of key homeostatic genes (Tgfbr2, Adgrgl, Mertk, Rhob, Atp8a2,
Abcc3, Fscnl, Pde3b, Inpp4b, and CmklrI).

Microglia possess a unique transcriptomic signature that enables
them to perform sensing, homeostatic and housekeeping functions,
which vary according to the brain’s physiological or pathological
state”. To determine the effects of TBI and nasal anti-CD3 on these
essential microglial functions, we examined the microglial sensome
dataset for genes and pathways involved in each of these functions®.
At7 d post-TBI, we found that microglia from the nasal aCD3-treated
group, compared with TBI-iso, were associated with increased expres-
sion of homeostatic and sensing genes involved in pattern recogni-
tionreceptors (TirI), Fcreceptors (Cmtm?7), Siglec receptors (Cd33),
cell-cell interaction (Cd84 and Lag3) and chemokine receptors
(Cx3crl) (Fig. 3d). Cd33 and Lag3 were among the most significantly
differentially expressed genes (DEGs) in the TBIaCD3-treated group
compared with TBI-iso control at 7 d post-injury. CD33 activity has
beenimplicatedin processesincluding microglial endogenous ligand
receptorsand sensors, adhesion processing ofimmune cells and inhi-
bition of cytokines release by monocytes****. Lymphocyte activation
gene-3 (Lag3) regulates T cell expansion and limits the duration and
intensity of theimmune response**. Moreover, the TBlaCD3-treated
group exhibited downregulation of Cd14, a key regulator of micro-
glial proinflammatory responses to injury*’. At 30 d post-injury,
we found that nasal aCD3 treatment was associated with increased
expression of several transforming growth factor  (TGF-f3)-signaling
genes, including Smad3, TgfbrI and Tgfbr2 compared with TBI-iso

control (Fig. 3¢c,d and Supplementary Table 2)°®. TGF-B is required
for maintaining the microglial homeostatic state®” and modulating
microglia-mediated inflammation after acute brain injury®. Nasal
aCD3 treatment was also associated with decreased expression of
sensing genes involved in cytokine receptor (Tnfrsf17), FC recep-
tor (Fcgrl, Fcgr4, Fcgr3, and Fcerlg) and pattern recognition recep-
tors (Cd74, Tlré6, Upklb, and Selplg) compared with TBI-iso control
(Fig. 3d).

We then performed GSEA comparing the TBIgroups with sham-iso
controls at 7 and 30 d post-injury. At 7 d post-injury, we observed an
upregulation in pathways involved in oxidative stress and neuron
apoptosis in the TBI-iso group compared with the sham-iso group.
The TBI-aCD3-treated animals had less upregulation of genesin these
pathways and more upregulationin microglial pathwaysinvolvedinthe
regulation of anti-inflammatory IL-10 production, phagocytosis and tol-
eranceinductionat7 d post-injury (Fig. 3e). At 30 d post-TBI, we found
enrichment of pathways involved in proinflammatory mechanisms
(IL-6, IL-1 and tumor necrosis factor production), adaptive immune
response, T cell cytotoxicity and cell killing pathways in the TBI-iso
control compared with the sham-iso group. However, TBI-aCD3-treated
animals had less upregulation of genesin these proinflammatory path-
ways and more upregulationin biological pathwaysinvolved inregula-
tion of phagocytosis and cytokine production (Fig. 3e).

Previous studies have suggested an association between
microglia-mediated chronic inflammation after TBI and subsequent
chronic neurodegeneration®>*, To investigate this relationship, we
analyzed the expression levels of inflammatory response genes and
genes characteristic of disease-associated microglia (DAMs)®' and
neurodegenerative microglia (MGnDs)* in all three groups at 30 d
post-injury. We found that the TBI-iso microglia had a unique proin-
flammatory response (Fig. 3f) and a DAM or MGnD signature (Fig. 3g),
because wefoundincreased expression of key proinflammatory (Casp1,
Nfkbia, C5arl, Lyz1, Ifitm3, Il6, Lyz2, Cd86, and Irgm1), DAM-1 and -2
genes (B2m, Cstb, Cd52, Cd9, Cst7, Fthl, Cclé, and Tyrobp) and MGnD
microglial genes (Cybb, Gpnmb, Lgals3, and Clec7a)*". Importantly,
several of these genes were downregulated in nasal aCD3-treated mice,
approaching expressionlevels observedinthe sham group (Fig. 3f-g).

Consistent with the microglial transcriptomic data, quantitative
PCRwithreverse transcription (RT-qPCR) fromipsilateral hemisphere
sorted microglia (Fig. 3h) and brain tissue (Extended Data Fig. 6¢)
revealed that, compared with the TBI-iso control, nasalaCD3 treatment
increased the expression of the anti-inflammatory cytokine /[10 in
bothmicrogliaandbraintissue at 7 d post-injury. Moreover, treatment
reduced several proinflammatory markers in microglia (Clec7a, Tir2,
1l1b, Tnf, Cd86,and I[18) and braintissue (/l6, Tnf, Ifng, Il17a, and Ccl5) at
30 d post-injury. Of note, mice treated with nasal aCD3 showed upregu-
lation of brain-derived neurotrophic factor (Bdnf), a neurotrophin
that has a critical role in neuronal survival and is involved in synaptic
plasticity, learning and memory®, compared with the TBI-iso control,
at1month post-injury (Extended Data Fig. 6¢).

Fig. 3 |Nasal aCD3 modulates the microglial inflammatory response after TBI.
a, Immunofluorescence of ipsilateral brain lesion (7 d post-TBI) from FoxP3-GFP
mice for DAPI (blue), CD3 (pink), FoxP3 (green) and Iba-1(red) showing FOxP3 T,
cellsin close proximity to Iba-1. Scale bars, 100 pm and 50 pum for the enlarged
image. b, Experimental timeline schematic for microglial bulk RNA-seq at 7

and 30 d after TBland treatment (created with BioRender.com). ¢, Heatmap

of DEGs from microgliaat 7 and 30 d post-TBl identified using DESeq2 analysis
(two-sided LRT, n = 4 mice per group, FDR-corrected P < 0.05).d, Microglial core
sensome genes at 7 and 30 d in TBI-aCD3 versus TBI-iso. Genes are colored by
their function®*'°”'°, Emboldened DEGs have an asterisk: FDR-corrected P < 0.05;
'P<0.05(DESeq2 analysis, two-sided Wald’s test, n = 4 mice per group). e, GSEA of
GOBPat7and 30 d post-TBI based on the following pairwise comparisons: TBI-iso
versus sham-iso and TBI-aCD3 versus sham-iso; the asterisk indicates enriched
terms (g-value < 0.05). NES, normalized enrichment score. f, Heatmap of genes

involved ininflammatory response from microglia at 30 d post-TBI. Genes
identified with an FDR-corrected P < 0.05 using DESeq2 analysis are indicated by
an asterisk (two-sided LRT, n = 4 mice per group). Genes were identified from the
GOBP term inflammatory response as well as microglial inflammatory genes®.
g, Heatmap of DAM and MGnD genes at 30 d post-TBI. Genes identified with

an FDR-corrected P < 0.05 using DESeq2 analysis are indicated by an asterisk
(two-sided LRT, n =4 mice per group). Genes were identified based on the
previous work of our group and others*“', h, RT-qPCR of microgliasorted from
theipsilateral hemisphere at 7and 30 d post-TBI. Expression was normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and presented relative to
that of sham-iso animals (sham-ison =4, TBl-ison =5, TBI-aCD3 n = 5), analyzed
by one-way ANOVA with Tukey’s multiple comparisons. Data are shown as

mean + s.e.m. All data are biological replicates and represent two independent
experiments.
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To further investigate whether delaying the therapeutic window
ofnasal anti-CD3to 3 d post-injury would stillmodulate the microglial
transcriptomic profile at 30 d post-injury, we performed bulk RNA-seq
onisolated microgliafrom mice treated with nasalaCD3 or isotype con-
trolfromday 3 to day 30 (early treatment) post-injury (Supplementary
Table 2). We found that the early treatment paradigm also modulated
the microglial transcriptomic signature in the TBI-aCD3 group toward
the sham-iso phenotype (Extended Data Fig. 6d) and was associated
with decreased expression of several proinflammatory and DAM or
MGnD genes (Lpl, Lyz1, Nfkbia, Irgm1I, Lyz2 and Apoe) (Extended Data
Fig. 6e). Consistent with this, GSEA analysis revealed that the early nasal
aCD3treatment paradigm was also associated with downregulationin
several inflammatory response and immune response-related path-
ways compared with TBI-iso (Extended DataFig. 6f). Inline with these
results, RT-qPCR of ipsilateral brain tissue demonstrated areduction
inseveral proinflammatory genesincluding /l6, /I8 and Tnfin TBI-aCD3
compared with TBl-iso controls (Extended Data Fig. 6g).

To assess the effect of nasal aCD3 treatment on microglia inflam-
mation in female mice after severe TBI, we performed bulk RNA-seq
on sorted microglia at 30 d post-injury (Supplementary Table 2). We
found a similar therapeutic effect in female mice with the TBI-aCD3
microglialtranscriptomic profile reverting to that of sham mice, associ-
ated withareducedinflammatory and DAM or MGnD profile relative to
TBI-iso mice controls (Extended DataFig. 6h,i). RT-qPCR of ipsilateral
braintissue showed consistent findings (Extended Data Fig. 6j). Taken
together, these findings demonstrate that nasal aCD3 shifts micro-
gliafroma pathogenic, disease-associated phenotype to a beneficial,
homeostatic phenotype.

NasalaCD3 increases microglia phagocytosisinanIL-
10-dependent manner

Acute braininjury leads to neuronal cell death and the release of sub-
stantialamounts of myelin and cell debris, which subsequently trigger
apersistentandintense inflammatory response that may impede neu-
rological recovery. Microgliaand macrophages play animportant role
in debris removal and modulating the immune response post-injury?’.
However, uncontrolled phagocytosis may lead to progressive brain
damage and worsening cognitive and memory impairments®, We
found that TBI-aCD3-treated animals had increased upregulation in
biological pathways involved in regulation of phagocytosis (Fig. 3e)
and a distinct upregulated phagocytic signature at 7 d post-injury
(Fig. 4a), with increased expression of several key microglial phago-
cytosis regulators at 30 d post-TBI, including Mertk®*, Sirpa® and Tir4
(ref. 66), compared with TBI-iso microglia (Supplementary Table 2).
To functionally assess the phagocytic capacity of microglia after TBI
(with and without nasal aCD3 treatment), we performed an in vivo
experiment in which the TBI-induced lesion was injected with either
labeled apoptotic neurons or phosphate-buffered saline (PBS) on day

6 post-injury for 16 h and on day 7 post-injury for 4 h post-injection
experiments (Fig. 4b). Inline with our microglial transcriptomic data,
aCD3-treated animals had higher microglial phagocytic capacity to
uptake apoptotic neurons atboth4 and 16 h post-injection compared
with the TBl-isogroup (Fig.4c,d and Extended DataFig. 7a,b). To eluci-
date the mechanism by which nasalaCD3 enhanced microglial phago-
cytic capacity after TBI, we performed bulk RNA-seq on phagocytic
and nonphagocytic microgliaisolated at 4 and 16 h post-injection
from TBI-iso and TBI-aCD3 groups at 7 d post-TBI (Supplementary
Table 3). At4 h post-injection, we observed a distinct microglial tran-
scriptomic signature for phagocytic TBI-aCD3 microglia, character-
ized by the upregulation of several key phagocytosis genes (Fig. 4e).
Compared with nonphagocytic TBI-iso microglia, phagocytic TBI-aCD3
microgliawere associated with increased expression of genesinvolved
in the recognition and engulfment (eat me and find me signals) of
apoptotic cellsand debris (Mertk®, Mrcl (ref. 68), Abcal (ref. 67), Lrpl
(ref. 67), and Stab1 (ref. 69)), digestion and degradation of engulfed
material including lysosomal machinery (Rab27a’®, Smcr8 (ref. 71),
Clec16a’, and Vps8 (ref. 73)), lipid metabolism (Apocl (ref. 74), Olr1
(ref. 75) and LdIr’®), cytoskeleton dynamics pathways (Myole””) and reg-
ulation of microglial phagocytosis (Tspo’, Qk’° and Pik3cg™) (Fig. 4e,f
and Supplementary Table 3). Consistent with these findings, GSEA
analysis of phagocytic TBI-aCD3 microgliacompared with nonphago-
cytic TBI-iso microglia showed enrichment for pathways involved in
phagocytosis, along with other pathways pertinent for the phagocytic
process such as endocytosis, pattern recognition and cell migration,
all of which were not upregulated in the phagocytic TBI-iso microglia
(Fig. 4g). In addition, compared with phagocytic TBI-iso microglia,
phagocytic TBI-aCD3 microglia had increased upregulation of antigen
presentation and IL-10 pathways (Fig. 4h). IPA analysis revealed IL-10
as atop regulator and signaling pathway in aCD3-treated phagocytic
microglia post-TBI (Fig. 4h,i). We found a similar pattern of increased
expression of phagocytosis machinery-related genes and pathways
at16 h post-injection (Extended Data Fig. 7c) and also observed that
phagocytic TBI-aCD3 microglia had a more homeostatic and a less
inflammatory (disease-associated) profile compared with phagocytic
TBI-iso microglia (Extended DataFig. 7d,e and Supplementary Table 3).
To investigate the role of IL-10 in the regulation of microglia
phagocytic capacity after TBI, we repeated the in vivo microglia
phagocytosis assay using IL-10 knockout (KO) mice (Fig. 4j). We found
that the increased phagocytic capacity of TBI-aCD3 microgliaat 4 h
post-injection was significantly attenuated in the IL-10 KO TBI-aCD3
microglial group. Collectively, these findings demonstrate that nasal
aCD3 treatmentincreases the phagocytic machinery of microglia after
acute TBI,inanIL-10-dependent manner. In addition, we found that the
phagocytic capacity of wild-type (WT) TBI-iso microglia was signifi-
cantly reduced inthe IL-10 KO TBI-iso microgliagroup, demonstrating
theimportance of IL-10 in microglial phagocytic function after TBI.

Fig. 4 |Nasal aCD3 increased microglial phagocytic capacity after TBIinan
IL-10-dependent manner. a, Heatmap of microglial phagocytosis genes 7 d
after TBI. Genes identified with FDR-corrected P < 0.05 using DESeq2 analysis
areindicated by an asterisk (two-sided LRT, n = 4 mice per group). Genes were
identified from the GOBP term phagocytosis and microglial phagocytosis
genes’°', b, Schematic presenting a phagocytosis functional study (created with
BioRender.com). ¢, Immunofluorescence of lesion (7 d post-TBI) for apoptotic
neurons (blue) and P2ry12 (red) showing engulfment of apoptotic neurons by
P2ry12.Scale bars,100 um and 50 pm for the enlarged image. d, Phagocytosis
experiment where mice were injected with labeled apoptotic neurons and
sacrificed 4 h post-injection. The gating strategy shows phagocytic positive
microglia and data are shown as box plots (min., max., IQR, median) andn =35
mice per group were used. Data were analyzed by two-sided, unpaired Student’s
t-test. e, Clustered heatmap of DEGs of aggregated samples for phagocytic

(+P) and nonphagocytic (-P) microglia 7 d post-TBland 4 h post-injection of
apoptotic neurons identified using DESeq2 analysis (two-sided LRT, n =3-4

mice per group, FDR-corrected P < 0.05). f, Bar plots with log,(fold-changes)

of genes from e pertinent to microglial phagocytosis and related functions in
the following comparisons: TBI-iso (+P) versus TBI-iso (-P) and TBI-aCD3 (+P)
versus TBI-1so (—P). g, GSEA analysis of GOBP 7 d post-TBl and 4 h post-injection
of apoptotic neurons based on pairwise comparisons: TBI-iso (+P) versus TBI-Iso
(=P), TBI-aCD3 (+P) versus TBI-Iso (-P) and TBI-aCD3 (-P) versus TBI-Iso (-P).
The asterisk indicates enriched terms (g-value < 0.05). h, Selected top canonical
pathways from IPA analysis of DEGs in phagocytic TBI-aCD3 microglia compared
with phagocytic and nonphagocytic TBI-iso microglial groups at 7 d post-TBI
and 4 h post-injection of apoptotic neurons. i, Predicted upstream regulator

in TBI-aCD3 (+P) versus TBI-iso (-P).j, Phagocytosis experiment with similar
design tob. Data are shown as box plots (min., max., IQR, median) and n = 5mice
per group were used. The data were analyzed by one-way ANOVA with Tukey’s
multiple comparisons. All data are biological replicates and represent two
independent experiments.
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Fig. 5| Nasal aCD3 ameliorates TBI microglial inflammation and functional
outcomesinan IL-10-dependent manner. a, Heatmap of genes of aggregated
samplesinvolved in the IL-10 pathway for microgliaat 7 and 30 d post-TBI.
Genesidentified with an FDR-corrected P < 0.05 using DESeq2 analysis are
emboldened and indicated by an asterisk (two-sided LRT, n = 4 mice per group).
Genes were identified from the literature'”. b, IL-10 expression (flow cytometry)
indifferent cells at different time points post-TBI and treatment in the ipsilateral
hemisphere (sham-ison =4, TBl-ison = 6, TBI-aCD3 n = 6), analyzed by

one-way ANOVA with Tukey’s multiple comparisons for individual time points.
Data are shown as mean + s.e.m. NK, natural killer cell. ¢, Experimental

timeline of anti-IL-10R-blocking mAbs (alL-10R) (created with BioRender.com).
d, Dextran 70-kDa (green) for measurement of BBB permeability (3 d post-TBI).
Scale bars, 1,000 um. Data are shown as mean + s.e.m. (sham-ison=3,n=6

for the rest of the groups), analyzed by one-way ANOVA with Tukey’s multiple
comparisons. e, Behavioral testing (rotarod, MWM, probe trial, OF for anxiety-
like behavior). The MWM was analyzed by two-factor, repeated-measures,

two-way ANOVA (group x time) and the others by one-way ANOVA with Tukey’s
multiple comparisons. Data are shown as mean + s.e.m. (n = 8 mice per group).
f, Clustered heatmap DEGs at 30 d post-TBlidentified using DESeq2 analysis
(two-sided LRT, n =4-8 mice per group, FDR-corrected P < 0.05). The microglial
dataat30 d post-TBI from Fig. 3c were integrated. g, Experimental timeline for
the microglia-specific IL-10ra KO (created with BioRender.com). h, Behavioral
testing of rotarod and Y-maze assessed between the groups. Data are shown as
mean £ s.e.m. (WT sham-nasal-iso n = 6, Tmem119“":IL-10ra™"*-TBI-Nasal-aCD3
n=8, Tmem119*t™%[L-10ra"™*"*TBI-Nasal-aCD3 n = 6, Tmem119¥":IL-10ra"™
FX-TBI-nasal-iso n = 8, Tmem119 ™| -10ra™"*TBI-nasal-iso n = 6). Analysis
was by one-way ANOVA with Tukey’s multiple comparisons. i, Phagocytosis
experiment with a similar design to Fig. 4b. Data are shown as box plots (min.,
max., IQR, median; n =5 mice per group), analyzed by one-way ANOVA with
Tukey’s multiple comparisons. All data are biological replicates and represent
twoindependent experiments.

Nasal aCD3 ameliorates TBl outcomes vialL-10/IL-10R
signaling in microglia

IL-10isapotentanti-inflammatory cytokine produced by T, cells that
acts on many cell types as a result of the presence of IL-10 receptor
(IL-10R) on almost all hematopoietic cells®.. IL-10 signaling is criti-
cal to maintain microglia under a homeostatic phenotype, because
genetic depletion of IL-10 under proinflammatory conditions results
inincreased release of proinflammatory cytokines and chemokines®.
We found a clear upregulation of the microglial IL-10-cytokine gene
expression signature in TBI-aCD3 microglia group at 7 days post-CCI
as compared to Sham-Iso and TBI-Iso controls (Fig. 5a). We also found
that nasal aCD3 induced IL-10-secreting T,., cells (from day 3 to day
30 post-injury) (Fig. 5Sb and Extended Data Fig. 8a) and increased IL-10
expression in both microglia and brain tissue derived from the site of
injury (Fig.3h and Extended DataFig. 6¢). We then investigated whether
IL-10 played arolein the beneficial effects of nasalaCD3 by administer-
ing anti-IL-10R (alL-10R)-blocking antibody intraperitoneally (i.p.) every
3 dpost-injury (Fig.5c) and investigating the behavioral outcomes and
BBB disruption in sham-iso, TBIl-iso, TBI-aCD3 and TBI-aCD3+alL-10R
groups. We found that the improvements in BBB disruption (Fig. 5d)
and motor coordination functions, spatial memory and anxiety-like
behavior observed in TBI-aCD3 were abrogated by blocking IL-10R
(TBI-aCD3+alL-10R group) (Fig. 5e).

We next investigated the impact of blocking IL-10R on the micro-
glialinflammatory transcriptomic profile by performing RNA-seq on
sorted microgliafromtheipsilateral hemisphere of the brain (Extended
DataFig. 6a) at1 month post-CCl (Fig. 3b and Supplementary Table 4).
We found that the modulatory effect of nasal aCD3 on microglia was
abrogated by blocking IL-10 as shown in the microglial heatmap sig-
nature (Fig. 5f). At 1 month post-CCl, similar to the transcriptomic
signature of TBI-iso control, microglia from the TBI-aCD3+alL-10R

group had a more proinflammatory profile compared with sham-iso
and the TBI-aCD3 group and was associated with decreased expression
of homeostatic markers such as Mertk, Tgfbr2, Atp8a2, and Adgrgl
(Fig. 5fand Supplementary Table 4).

We hypothesized that the beneficial effect of the T,  cellsinduced
by nasal aCD3 was dependent on IL10R signaling in microglia. We
thus investigated this hypothesis by using IL-10R1/"*Tmem119¢ret™?2
conditional and tamoxifen-induced KO mice and littermate controls
(Extended DataFig. 8b). We investigated the effects of microglial IL-10R
ablation on the behavioral and microglial phagocytic capacity at 7d
post-TBI (Fig. 5g). We found that tamoxifen-treated TBI-aCD3-IL-10R™*¥
1 Tmem119“**™ mice exhibited worse motor and cognitive outcomes
(Fig. 5h) and reduced microglial phagocytic capacity (Fig. 5i) compared
with tamoxifen-treated TBI-aCD3 littermate controls, further support-
ingtheroleforIL-10 in modulating the microglial gene signature after
nasalaCD3 treatment. Taken together, these data clearly demonstrate a
criticalrole for IL-10/IL-10R signaling in augmenting microglial phago-
cytic capacity and ameliorating disease in TBI.

NasalaCD3-induced CD4'FoxP3’ T, cells ameliorate
neuroinflammation and TBI outcomes

In the days to weeks after TBI, lymphocytes appear at the lesion site
and both effector T cells and T, cells infiltrate the injured brain®*.
We found that nasal aCD3 expanded FoxP3" T, cells at the injury site
from day 3 to day 30 post-injury compared with the TBI-iso controls
(Fig.2b) and that nasalaCD3 improved behavioral and neuropathologi-
caloutcomes of TBI by decreasing microglial inflammation (Figs. 1band
3c). Thus, we next investigated whether these beneficial outcomes were
dependenton T, cellsby employing multiple experimental approaches
including adoptive transfer experiments (discussed here) and an ex vivo
T, cell-microglia transwell co-culture system and T,, cell depletion

Fig. 6| Nasal aCD3-induced CD4 'FoxP3’ T,., cells attenuate the CNS
inflammatory response, increase microglial phagocytosis and improve
behavioral outcomes after TBI. a, Experimental timeline of adoptive transfer
(created with BioRender.com). b, Behavioral testing of rotarod and Y-maze
assessed. Dataare shown as mean * s.e.m. (sham-DPBS n = 6, TBI-aCD3-FoxP3
n=8, TBI-iso FoxP3 n =8, TBI-aCD3-FoxP3™ n = 8) and analyzed by one-way
ANOVA with Tukey’s multiple comparisons. ¢, Clustered heatmap of unique
and shared DEGs of aggregated samples from microgliaat 7 d post-TBlon the
following comparisons: TBI-iso FoxP3 versus TBI-aCD3-FoxP3~and TBI-aCD3-
FoxP3 versus TBI-aCD3-FoxP3". Clusters were functionally annotated using
enriched GOBP terms (g-value < 0.05). DEGs were identified using DESeq2
analysis (two-sided Wald'’s test, n = 3 mice per group, FDR-corrected P < 0.05).
d, GSEA analysis of Hallmark pathways at 7 d post-TBI for the following: TBI-iso
FoxP3 versus TBI-aCD3-FoxP3™~ and TBI-aCD3-FoxP3 versus TBI-aCD3-FoxP3".
The asreisk indicates enriched terms (g-value < 0.05). e, Predicted upstream
regulators (IPA analysis) in TBI-aCD3-FoxP3 versus TBI-aCD3-FoxP3". f, GSEA

analysis of Hallmark pathways comparing TBI-aCD3-FoxP3 versus TBI-iso FoxP3.
g, Predicted upstream regulator (IPA analysis) in TBI-aCD3-FoxP3 versus TBI-Iso
FoxP3. h, RT-qPCR of microglia sorted from the ipsilateral hemisphere 7 d post-
TBI. Expression was normalized to GAPDH and presented relative to sham-DPBS
mice. Data are shown as mean +s.e.m., n = 3-4 mice per group and analyzed by
one-way ANOVA with Tukey’s multiple comparisons. i, Phagocytosis experiment
with similar design to Fig. 4b. Data are shown as box plots (min., max., IQR,
median), n =4 mice per group and analyzed by one-way ANOVA with Tukey’s
multiple comparisons. j, Schematic representing microgliaand T, cell transwell
co-culture (created with BioRender.com). Microglia were isolated 24 h post-TBI
and cultured with FoxP3 T, cells from either nasal aCD3 or isotype-treated TBI
mice for 7 d.j, RT-qPCR of microglia, expression normalized to GAPDH. Data
areshownasmean +s.e.m., n =4 conditions per group and analyzed by one-way
ANOVA with Tukey’s multiple comparisons. All data and conditions are biological
replicates and represent two independent experiments.
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experiments (discussed below). Inthe experiments involving adoptive
transfer, we found that the adoptive transfer of CD4'FoxP3" T, cells
from aCD3-treated mice improved motor function and coordination
andrestored spatial memory when compared withmice that received
either CD4'FoxP3" T, cells from TBI-iso mice or CD4" T cells depleted
of T, cells from anti-CD3-treated mice at 7 d post-TBI (Fig. 6b). We
then performed RNA-seq on microglia isolated from the ipsilateral
hemisphere of TBI-aCD3-FoxP3", TBIl-iso-Foxp3*and TBI-aCD3-FoxP3~
green fluorescent protein (GFP) groups at 7 d post-TBI (Supplementary
Table 5). We found that TBI-aCD3-FoxP3* microgliahad a distinct tran-
scriptomic profile when compared with other groups (Fig. 6¢). GSEA
analysis comparing TBI-aCD3-FoxP3* microglia with TBI-aCD3-FoxP3~
microglia demonstrated that the TBI-aCD3-FoxP3" microglia were
associated with downregulation of several proinflammatory pathways
includinginterferon (IFN)y and IFNa (Fig. 6d). IPA revealed IL-10Ra as
oneofthetopactivated upstreamregulatorsand IL-1b as one of the top
inhibited upstreamregulatorsin TBI-aCD3-FoxP3" microglia compared
with TBI-aCD3-FoxP3™ microglia (Fig. 6e). IFNy was one of the most
downregulated regulators in TBI-aCD3-FoxP3" microglia compared
with TBI-iso-FoxP3" microglia (Fig. 6f,g). Consistent with the microglial
transcriptomic data, RT-qPCR of TBI-aCD3-FoxP3*, microglia from
thelesionsite showed reductionin proinflammatory cytokines (/nf-y,
Cd14 and Tnf) and increased expression of homeostatic (Cd206) and
anti-inflammatory cytokines (such as /[10) compared with the two
other groups studied (Fig. 6h). Importantly, we also found that adop-
tive transfer of CD4"FoxP3" T, cells from aCD3-treated mice increased
microglial phagocytic capacity at 7 d post-injury compared with the
two other groups (Fig. 6i). The microglial phagocytic capacity was also
increased in mice that received CD4'FoxP3" T, cells from TBI-iso-mice
compared with mice that received FoxP3™ cells from aCD3-treated
mice, indicating theimportance of CD4*FoxP3" T, cellsinincreasing
microglial phagocytic function after TBI.

Toassess the beneficial effects of T, cells on behavioral outcomes
and microglialinflammationat more chronictime points (30 d) post-TBI,
we employed an alternative approach where total splenic T cells
(CD45.2°CD4") isolated from TBI-iso (iso-total CD4") and TBI-nasal
aCD3-treated mice (aCD3-total CD4") and CD45.2°CD4"FoxP3~ GFP
cellsisolated from aCD3-treated animals (aCD3-FoxP3~ GFP) post-CCI
were transferred i.p. into untreated but CCl-injured congenic
CD45.1-expressing mice (Extended Data Figs. 8c and 9a). Adoptive
transfer was performed at three time points post-CClwith each mouse
receiving 2.5 x 10° cells per injection. We found improvement in motor
functionand coordination, restoration of spatial memory and increased
time spent in the target quadrant during the probe trial in mice that
received total CD4" T cells from aCD3-treated mice compared with
mice that received CD4" T cells depleted of T, cells at 30 d post-TBI
(Extended DataFig. 9b). We performed flow cytometric analyses to track
adoptively transferred cellsinrecipient mice by transferring cells from
CD45.2 mice into CD45.1 mice and found CD45.2 transferred cellsin all

organs analyzed (Extended Data Fig. 9c). We then performed RNA-seq
onmicrogliaisolated fromtheipsilateral hemisphere of iso-total CD4",
aCD3-total CD4" and aCD3-FoxP3™ GFP groups at 30 d post-TBI (Sup-
plementary Table 5). Aheatmap signature showed adistinct microglial
transcriptomic signature of aCD3-total CD4" compared with iso-total
CD4" and aCD3-FoxP3™ GFP groups at 30 d post-CCI (Extended Data
Fig.9d). GSEA pathway analysis demonstrated that the aCD3-total CD4"
group was associated with the upregulation of neuron development
pathways and the downregulation of several proinflammatory pathways
involved ininnate and adaptive immune responses, immune effector
processes and antigen presentation compared with the iso-total CD4*
group, allof whichwere not notably upregulated inthe aCD3-FoxP3~ GFP
group (Extended Data Fig. 9e). Similarly, the aCD3-total CD4* group
was associated with a downregulation of the innate immune response
pathway when compared with the aCD3-FoxP3™ GFP group (Extended
DataFig. 9f,g), where IPA analysis demonstrated IL-10 asatop activated
upstream regulator and IFNy as a top inhibited upstream regulator
(Extended DataFig. 9h). Consistent with the microglial transcriptomic
data, RT-qPCR of theipsilateral hemisphere showed anincreasein the
expression of several anti-inflammatory cytokines (/10 and /12), and
growth factors including Gdnf at 1 month post-CCl in the aCD3-total
CD4" group compared with the iso-total CD4" and aCD3-FoxP3~ GFP
groups (Extended DataFig. 9i). Takentogether, these datademonstrate
acritical role for FoxP3" T, cells in augmenting microglia phagocytic
capacity and ameliorating disease in TBI.

CD4'Foxp3’ T, cells suppress microglial inflammatory and
homeostatic markersin vitro

To furtherinvestigate the interaction between T, cells and microglia
after TBI, we employed an ex vivo transwell co-culture system in which
microglia were isolated from the ipsilateral hemisphere of CCl mice
24 hafterinjury and T, cells were isolated from spleens of a separate
cohortof mice subjected to CCland treated with nasalaCD3 or isotype
control for7 d (Fig. 6j). Microglia were placed in the lower chamber and
T,z cellsinthe upper chamber and we performed RT-qPCR of microglia
72 h after incubation. We found an increase in anti-inflammatory and
homeostatic markers (/[10, Cx3cr1 and Cd206) and a reduction in the
proinflammatory marker /l1bin the TBI-aCD3 microglia, which are con-
sistent with our in vivo microglial transcriptomic dataat 7 d post-TBI.
This effect was lost by blocking IL-10 in vitro which is also consistent
with what we observed following in vivo Il-10 neutralization (Fig. 5).

IL-10-producing T, cells modulate microglial phagocytosis,
neuroinflammation and TBI outcomes

FoxP3 T, cells play a critical role in suppressing CNS inflammation
in acute stroke and chronic neurological diseases® and, as shown
above, we found that adoptive transfer of FoxP3 T, cells from nasal
aCD3-treated mice ameliorated TBIand IL-10 is animportant factorin
this process. We then asked whether IL-10 produced by T,, cells was

Fig.7|IL-10-producing T, cells play a critical role in modulating microglia
and improving recovery post-TBI. a, Experimental timeline of FoxP3-DTRT,.,
celldepletion (created with BioRender.com). b, Behavioral testing of rotarod
and Y-maze was assessed between the groups. Data are shownas mean +s.e.m.,
n=6miceper group and analyzed by one-way ANOVA with Tukey’s multiple
comparisons. ¢, RT-qPCR of microglia sorted from the ipsilateral hemisphere 7 d
post-TBI. Expression was normalized to GAPDH. Data are shown as mean + s.e.m.,
n=4mice per group and analyzed by one-way ANOVA with Tukey’s multiple
comparisons. d, Phagocytosis experiment with similar design to Fig. 4b. Data
areshownas box plots (min,. max., IQR, median), n = 5 mice per group and
analyzed by one-way ANOVA with Tukey’s multiple comparisons. €, Schematic
representing validation of /10 expression (created with BioRender.com). RT-
qPCR of /l10 expression was done for FoxP3*Thyl1.1*- and FoxP3'Thyl.1"-sorted
cells and expression was normalized to GAPDH. Data are shown as mean +s.e.m.,
n=3mice per group and analyzed by two-sided, unpaired Student’s ¢-test.

f, Schematic representing adoptive transfer experiment (created with BioRender.
com). Expression of Thyl.1on FoxP3 was analyzed between the two groups. Data
areshown as mean +s.e.m., n =3 sample per group and analyzed by two-sided,
unpaired Student’s ¢-test. Each sample was a pool of five injured hemispheres.

g, Schematic representing experimental timeline of adoptive transfer
experiment. h, Behavioral testing of rotarod and Y-maze assessed between the
groups. Dataare shown as mean + s.e.m, n = 6 mice per group and analyzed by
one-way ANOVA with Tukey’s multiple comparisons. i, RT-qPCR of microglia
sorted from the ipsilateral hemisphere 7 d post-TBI. Expression was normalized
to GAPDH. Data are shown as mean + s.e.m., n = 4 mice per group and analyzed by
one-way ANOVA with Tukey’s multiple comparisons. j, Phagocytosis experiment
with similar design to Fig. 4b. Data are shown as box plots (min., max., IQR,
median), n =4 mice per group and analyzed by one-way ANOVA with Tukey’s
multiple comparisons. All data are biological replicates and represent two
independent experiments.
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responsible for this effect. To address this question, we first depleted
FoxP3 T, cells using FoxP3-DTR transgenic mice that express the
diphtheriatoxinreceptor (DTR) under control of the FoxP3 promoter
and then investigated the role of IL-10-producing T, cells in TBI by
using a dual reporter system that involved the gene encoding IL-10
and transcriptomic factor FoxP3 (10BiT.FoxP3°*)*® which allowed us
tosortIL-10" and IL-10” T, cells. In the first FoxP3 T, cell depletion
experiment, DT wasinjected 3 d before CCland repeated every 3 d until
7 d after CCl or sham operation (Fig. 7a and Extended Data Fig. 10a).
We found that the depletion of FoxP3 T, cells worsened motor func-
tion as measured by rotarod behavioral testing (Fig. 7b) and exacer-
bated microglial inflammation (Fig. 7c). We also observed increased
expression of proinflammatory microglial markersincluding /l1b, Tnf,
116, and /[18, as measured by RT-qPCR. Most importantly, we found
that the depletion of FoxP3 T, cells reduced microglial phagocytic
capacity to uptake dead neurons (Fig. 7d), highlighting their pivotal
role in regulating microglial phagocytosis. Based on these results,
we then investigated the role of IL-10-producing T, cells in TBI by
using a dual reporter system that involved the gene encoding IL-10
and10BiT.FoxP3°7 (ref. 88) that allowed us to sort IL-10" and IL-10™ T,
cells (Fig. 7e-f). We assessed the effect of IL-10" and IL-10™ T, cells by
adoptive transfer of these cells to FoxP3-depleted mice (Fig. 7g and
Extended Data Fig. 10b). We observed that DT has similar behavior
outcomesin WT TBIDT mice and the FoxP3 TBIDT-PBS group (Fig. 7h).
However, we found that the adoptive transfer of IL-10" T, cells was asso-
ciated withimprovements in motor function measured by rotarod and
spatial memory measured by the Y-maze compared with the mice that
received IL-10™ T, cells (Fig. 7h). Moreover, IL-10" T, cells attenuated
the microglialinflammatory response with reductionin proinflamma-
tory markerssuchas/l1b, Tnf, 116, and l[I8 compared with IL-10™ T, cells
(Fig. 7i). Mostimportantly, adoptive transfer of IL-10" T, cells enhanced
the microglial phagocytosis of dead neurons (Fig. 7j), indicating their
critical role in modulating microglial inflammation and augmenting
microglial phagocytosis. Thus, IL-10 plays a critical role in the beneficial
effect of nasal aCD3-induced FoxP3 T, cells on TBI.

Discussion
Neuroinflammation plays acrucial roleinboth acute and chronic stages
of TBland contributes to secondary injury™*°. Our study demonstrates
thatnasalaCD3-induced IL-10°FoxP3" T, cells promoted cognitive and
motor recovery from TBI, enhanced microgliaphagocytosis and reduced
neuroinflammation viaIL-10-dependent T, cell-microglia crosstalk.

Microglia play a critical role in neuroinflammation after TBl and
their activation contributes to long-term functional deficits and neuro-
degeneration®. We previously identified atime-dependent changeinthe
microglial transcriptomic phenotype after contusional brain injury with
reduced homeostasis, housekeeping and sensing tissue damage in the
early stages and the development of a proinflammatory state over time®.
Microglia also play a role in recovery by migrating to sites of neuronal
deathtophagocytose dead or dying cells or debris, and participateinsyn-
aptic remodeling to minimize neuronalinjury and restore tissue integrity
intheinjured brain®. Inthe presentstudy, nasal aCD3-induced FoxP3" T,
cellsenhanced the phagocytic, homeostatic, sensing and housekeeping
microglial phenotypein the acute stage of injury. Transcriptomic analy-
ses and functional studies demonstrated that nasal aCD3 increased the
microglial phagocytic capacity to uptake apoptotic neurons post-injuryin
anlIL-10-dependent manner.Importantly, we found thatIL-10-producing
FoxP3" T, cells play a critical role in augmenting microglial phagocytic
capacity after TBI. We also found thataCD3 modulation of microgliaat the
lesionsiteisinvolvedin controlling synaptic pruning and remodeling and
myelin homeostasis. The expression of Bdnf, a key mediator of synaptic
plasticity, which increases neuronal TrkB phosphorylation at the site of
injury®®, was increased in the aCD3-treated mice.

In the chronic phase of TBI, nasal aCD3-induced FoxP3" T,, cells

reg
regulated the function of microglia from a phagocytic phenotype in

the acute stages to a homeostatic and less inflammatory phenotype.
It also decreased the expression of MGnD and DAM genes, which are
associated with neurodegeneration®, toward homeostatic levels seen
insham-treated animals at 30 d post-injury. By removing cellular debris
by phagocytosis early after injury and releasing neurotrophic factors
and anti-inflammatory cytokines, microglia contribute to the reduced
celldeath and improved behavioral and neuropathological outcomes
observed after nasal aCD3 treatment of TBI.

Studies have shown Tlymphocyte infiltrationinto the brain after
TBI”. T,,;cells comprise apopulation of CD4" T cells that include FoxP3*
T.gcellsand FoxP3™ T cells, the latter of whichincludes T,3and Type
1regulatory T (T,1) cells”. Depletion of FoxP3* T,., cells increased T cell
CNSinfiltrationand expression of inflammatory IFNy after TBI”. How-
ever, the function of the interaction between T, cells and microglia
is largely unknown. Our transcriptomic analyses of peripheral and
brain-infiltrating T, cells revealed that they were reprogrammed
in favor of the mobilization, immunoregulation and cell-cell inter-
actions, especially the activation of phagocytes. Consistent with a
recent study in stroke”, brain-infiltrating T, cells exhibited higher
expression of genes involved inimmunoregulatory and trophic factors
whichwere enhanced with nasalaCD3. Adoptive transfer of total CD4,
CD4'FoxP3’ T, cellsand, mostimportantly, CD4"FoxP3*IL-10" T,., cells
fromnasalaCD3-treated mice modulated the microglial response and
improved behavioral and neuropathological outcomes. We reported
thatnasalaCD3 treatmentin a progressive experimental autoimmune
encephalitis (EAE) model of MS*” and a model of lupus® induced an
IL-10-dependent CD4*LAP*FoxP3" T, cell response. In our nasalaCD3
TBIstudies, we did not observe anincreasein LAP* T cells, although we
did observe expansion of CD4'FoxP3" T, cells and IL-10°FoxP3" T,,
cells. These differences may be related to distinct regulatory mech-
anisms induced by acute injury such as TBI versus an autoimmune
inflammatory process suchas EAE or lupus, although, in both instances,
nasalaCD3induced a T, cell phenotype that ameliorated disease.

T, cells exert theirimmunoregulatory functions after TBI by
secreting regulatory cytokines suchasIL-10 (ref. 93), IL-4 and TGF-B°**.
IL-10 is an anti-inflammatory cytokine that plays a role in resolution
of neuroinflammation after brain injury®. The expression of IL-10 in
the brain increases with acute brain injury, promoting neurological
recovery by multiple mechanisms, including inhibiting microglia or
macrophage cytokine production, reducing the activation of effector
T cells, monocytes and macrophages, and promoting neuronal and glial
cellsurvival®™?*”, Clinical studies have shown thatIL-10 levelsincrease
after TBI®*°. Preclinical studies have shown that IL-107~ female mice
have worse inflammation and motor and cognitive function post-CCI'°.
IL-10 pharmacological formulations reduce lesion volume and improve
functional outcomes after TBI'”"'>, However, the role of IL-10 in T,
cell-microglia crosstalk and its effects on microglial function after
TBI have not been explored. We found that nasal aCD3 mAb induced
IL-10-producing FoxP3" T, cells that migrated to the CNS to downregu-
late microglial activation and improve behavior in anIL-10-dependent
manner. Specific blocking of the IL-10R in vivo inmicroglia reversed the
therapeutic effects of nasalaCD3 mAb, reduced microglial phagocytic
capacity and contributed toachronic microglial activation state. These
results demonstrate theimportantrole of T, cell-microglial crosstalk
vialL-10 in the treatment of TBl using nasal aCD3.

Amajor challenge for the treatment of TBlis toinduce T, cellsina
fashionthatis nontoxicandtranslatable to the clinic. Approachessuchas
infusionof cordblood T, cells, astrocytes engineered to produceIL-2and
mesenchymal stromal cells have demonstrated preclinical benefit, but
aredifficultto translate to the clinic®'°*, NasalaCD3 is a unique immuno-
therapeuticapproachtoinduce T, cellsto downregulate CNSinflamma-
tionand could be givenimmediately after TBI. Foralumab, afully human
aCD3 mAb, hasbeensuccessfully given to humans and has demonstrated
immunomodulatory effects with minimal toxicity'**"'°°. A pilot trial in
individuals with mild-to-moderate COVID-19 reduced lung inflammation
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and blood inflammatory biomarkers without side effects'**'° and nasal
foralumabis being studied in individuals with progressive MS.

In conclusion, our study identifies nasal aCD3 as a new therapeutic
approachfortreating TBI. NasalaCD3induces T, cells thatenhance the
phagocytic capacity of microgliato clear dead neurons, modulate the
CNSinnate and adaptive immune responses, and promote functional
recovery in an IL-10-dependent manner. This approach has potential
applications for the treatment of TBI and other types of acute brain
injury, such as stroke.
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Methods

Experimental animals

Studies were performed using 8- to 12-week-old C57BL6) mice (Jack-
son Laboratories cat. no. 000664), B6.CD45.1 mice (Jackson Labo-
ratory, cat. no. 002014), FoxP3-GFP mice (Jackson Laboratory, cat.
no. 023800), FoxP3-DTR mice (Jackson Laboratory, cat. no. 016958),
IL-10 KO mice (Jackson Laboratory, cat. no. 002251), Tmem119-Cref™®?
mice (Jackson Laboratory, cat. no. 031820), IL-10ra™ mice (Jackson
Laboratory, cat. no.028146) and 10BiT.FoxP3° (kindly provided by V.
Kuchroo)®. All mice were housed under specific pathogen-free condi-
tions, with free access to food and water. All animals were housed in
temperature (20 °C) and humidity (60%)-controlled rooms, maintained
onal2h:12 hlight:dark cycle (lights on at 07:00). Mice were euthanized
by CO, inhalation. The Institutional Animal Care and Use Committee
atHarvard Medical School and Brigham and Women’s Hospital has all
experimental procedures involving animals.

Treatment withaCD3 mAb

Mice were nasally treated with a daily dose, immediately (4-6 hours)
and for some experiments early (3 days) or delayed (7 days) post TBI,
of1pg per mouse hamsterimmunoglobulin G (IgG) CD3-specific anti-
body (BioXCell, clone no. 145-2C11) or hamster IgG control antibody
(BioXCell) dissolved in PBS and henceforth every other day after the
first week until the experimental endpoint. For some experiments,
mice were given 0.5 mg of monoclonal anti-IL-10R-blocking antibody
(BioXcCell, clone 1B1.3A), by intraperitoneal injection at the onset of
TBIland henceforth every third day until the experimental endpoint.

Conditional genetic deletion of IL-10Ra in microglia

To induce Cre-recombinase expression, a dose of tamoxifen (150 mg
per kg of body weight) in corn oil was injected i.p. for 5d consecu-
tively. IL-10Ra™™ was crossed with Tmem119-Cref™ mice''°. Recom-
bination was induced in Tmem119-Cref™2IL-10Ra™™ mice and
Tmem119-Cre""IL-10Ra™™ littermates were used as controls. A wash-
out period of 2 weeks was implemented after the last tamoxifen injec-
tion before starting any experiment.

FoxP3 cell depletion

Depletion of FoxP3 was done as previously described®. In short, DT
(0.05 pg per g body weight) was injected i.p. 3 d before TBI and was
repeated every 3 d to maintain FoxP3 depletion until sacrifice.

Controlled cortical impact

ACCImodelwas used as previously described™'. Mice were anesthetized
with 4.5% isoflurane (Anaquest) in 70% nitrous oxide and 30% oxygen
using a Fluotec 3 vaporizer (Colonial Medical). The mice were placed
inastereotaxic frame and a5-mm craniotomy was made over the right
somatosensory cortex using a drill and a trephine. The bone flap was
removed and discarded and a pneumatic cylinder with a1.5- or 3-mmflat
tipimpounder and velocity 6 ms™, depth1.0 or 1.5 mm and dwell time of
0.8 swasusedtoinduce CCI (Impact One, LeicaBiosystems). The scalp
was sutured closed and the mice were returned to their cagesto recover.

Behavioral studies

Open field testing. The openfield (OF) test is used to measure general
locomotor activity and anxiety-like behavior of the animals'? The
OF square chambers are made of blue Plexiglas with dimensions of
30 x 38 x 40 cm’. For each testing session, the animal was allowed to
explore the chamber for 15 min. Acomputer-assisted tracking system
and software (EthoVision XT, v.14, Noldus Information Technology)
was used torecord the behavior of the animals throughout the testing
session. The percentage time spent in the center was measured.

Rotarod. The rotarod was carried out as previously described?.
Mice were placed on a rotarod apparatus (Ugo Basile, cat. no. 7650),

accelerating from 4 rpm to 60 rpm in 300 s. Each animal was given
three trials and the times when the animal would no longer be able to
hold on were recorded and averaged for analysis of motor function.

Morris water maze. The MWM was used to measure spatial learn-
ing and memory by training mice to use spatial cues to find a hidden
platform to escape water'®. The MWM apparatus is a circular pool
with a diameter of 130 cm and depth of 50 cm. During the first day,
the platform was visible and the animals were given three trials to
find it. During the 4-d training period, mice received three trials per
day learning how to find the hidden platform. Then 24 h after the last
training day, a probe trial was performed in which the platform was
removed and mice were allowed to swim for up to 60 s. The amount
of time spent by the animal to find the platform and the time spentin
the target quadrant for the probe trial were calculated using Noldus
EthoVision XT tracking software.

Y-maze. The Y-maze was used to assess spatial working memory in mice.
The test was conducted as previously described™. In short, the mice
were placedinthe center of the maze and given 5 minto exploreall three
arms, the number of triads (triplets of consecutive arm entries of ABC,
BCA and CAB) were counted to the percentage alternation. The ratio
of correct choice was determined by the equation: Percentage alterna-
tions = ((No. of alternations)/(Total arm entries — 2)) x 100 (ref. 115).

BBB permeability 70-kDa FITC-dextran

A 70-kDa FITC-dextran (Sigma-Aldrich, cat. no. 46945) was used to
measure BBB permeability as described in previous studies"*"”, with
modifications: 0.2 mg of 70-kDa FITC-dextran per g of body weight was
injected retro-orbitally"®"’, Then, 10 min post-70-kDa FITC-dextran
administration, the mouse was euthanized with alethal dose of xylazine
and ketamine cocktail (450 mg kg'and 45 mg kg™) i.p. witha29-gauge
insulin pen. The mouse was transcardially perfused with 50 ml of PBS.
Thewholebrain wasremoved and stored at -80 °C (ref. 120). Cryopro-
tected and flash-frozen brains were coronally sectioned (16-pm-thick
serial sections, 300 pm apart)"¢. The brain sections were captured by
aLeica DMi8 wide-field microscope. FITC-dextran visualization was
done under a 488-nm excitation wavelength laser. For each mouse,
we obtained five to six continued section slices from the brain tissue’s
front, middle and posterior sections. Aninvestigator blind to the experi-
mental design manually measured the /meangray value of the dextran
tracer-positive area found in the brain parenchyma using Image].

Brainedema

Brains were removed at 72 h after CCI, bisected into left and right
hemispheres and each hemisphere was weighed (wet weight). Brains
were then dried at 60 °C for 48 h and dry weights were obtained. The
percentage of brain water content was expressed as ((wet — dry weight)/
(wet weight)) x 100% as previously described.

Magnetic resonance imaging

Imaging was done usinga7.0T Bruker BioSpect USR. In brief, mice were
gently handled and placed in anisoflurane anesthesia chamber. Then
the mice were placed inside the imaging apparatus with their nose
in front of tubes releasing 2% isoflurane. Electrocardiogram (ECG)
leads were placed on the animal’s paws and a pneumatic pillow sensor
placed under the abdomen for continuous ECG and respiratory rate
monitoring of the anesthetized animal. These waveforms were closely
monitored throughout magnetic resonance imaging (MRI) by the MRI
operator. The animal was placed onan MRI-compatible bed, which was
placed inside the magnet for imaging. The imaging sessions lasted
between 15 min and 60 min. Mice were then returned to their cages
and monitored continuously after being returned to their cages before
returningtoafully alertstatus. The following parameters were obtained
togenerate the T2 sequence images: slice thickness: 0.5 mm; repetition
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time: 3,000 ms; echo time: 50 ms; no. of averages: 3; spacing between
slices: 0.5 mm; echo trainlength: 8; acquisition matrix: 200 x 200; flip
angle: 90°; and field of view: 20 mm. Serial Images were viewed and

analyzed using the three-dimensional (3D) Slicer platform'*,

Immunohistochemistry

Animals were anesthetized with CO, until the respiration rate slowed
and perfused transcardially with Hanks’ balanced salt solution (HBSS).
Brains were post-fixedin 4% paraformaldehyde for 48 h, then transferred
toal5%sucrose solution for 24 hand finally transferred to a30% sucrose
solutionfor24 h. Brains were then flash frozenin Tissue-Tek Oct (Sakura,
compound 4583) and stored at —-80 °C until the time of sectioning. Brains
were subsequently sectioned at —20 °C using a cryostat at the bregma
position for each targeted brain. Sectionswere cutat 0.2 mminafourfold
seriesinterval. Five total sections were placed on Colorfrost Plus-treated
adhesion slides (Thermo Fisher Scientific) and stored at 20 °C until
the time of staining. Whole meninges were processed as previously
described”. Forimmunofluorescence, sections were blocked inina10%
normal horse serum solution, containing 0.1% Triton X-100, 1% glycine
and2%bovine serumalbumin (BSA). Slides were incubated overnight at
4 °C with anti-Iba-1 (rabbit, 1:1,000, Wako). The following day sections
were washed and incubated with an Alexa Fluor-647 goat anti-rabbit
IgG (1:1,000, Abcam, cat. no. ab150075) for 1 h at room temperature.
Sections were also stained with H&E (Abcam, cat. no. ab245880) and
TUNEL (TUNEL Assay Kit, BrdU-Red, Abcam, cat.no.ab66110) according
to their corresponding kit protocols. Iba-1- and TUNEL-stained slides
were co-stained with DAPI mounting medium (Vector Laboratories, cat.
no.UX-93952-24). FoxP3 GFP mice were used to visualize FOXP3 T, cells
inthe meninges and brain using the Cy2 channel of the microscope and
CD3 wasstained using Alexa Fluor-647 anti-mouse CD3 (BioLegend, cat.
no.17A2,1:50). Images were taken using a Leica DMi8 wide-field micro-
scope onthe x20 objective or the Zeiss LSM710 confocal microscope.

Image analysis

Analysis of the percentage Iba-1and number of TUNEL-positive cells per
surface areawas performed on five photomicrographs peranimal (n=4
or5). Thesections analyzed were taken between 300 pumand 1,500 pm
laterally from the coronal plane. Each scanned photomicrograph was
used to produce images of the area of contusion. All the images were
analyzed using ImageJ software (National Institutes of Health: https://
imagej.nih.gov/ij). Images were split by color channel, the channel of
interest was threshold using the Yen setting and the number of positive
cells were quantified as previously described'*.

Serum biomarkers

Levels of cytokinesin the serum of mice were measured with the V-PLEX
Plus Proinflammatory Panell Mouse Kit (Meso Scale Discovery, cat. no.
K15048G-1). All sample controls were diluted 1:2 and run as duplicates
according to the manufacturer’s protocol, as previously described'”.

Quanterix single-molecule array analysis

Levels of ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) and GFAP
were quantified in the serum using single-molecule array technology
(SiMoA, Quanterix). The SiMoA Neurology 4-Plex B kit was runaccord-
ing to the manufacturer’s directions. Briefly, samples were thawed,
vortexed and centrifuged at 10,000g for 5 min. All samples were run
ata4xdilution, along with eight calibrators run neat and two controls
also run at a 4x dilution. The data were validated using a calibration
curvewith R*>0.99. For both UCHL-1and GFAP, the dynamic range was
0-40,000 pg ml™, with a lower limit of quantification 0f 9.38 pg mI™.

Flow cytometry microglial sorting

For microglial cell sorting, mice were anesthetized with CO, until their
respiration rate slowed and then transcardially perfused with 50 ml
of HBSS containing heparin (1:1,000). After perfusion, the ipsilateral

hemisphere was homogenized usinga Dounce glass tissue homogenizer.
Cellswere separated through a Percoll (GE Healthcare Life Sciences) 30%
gradient centrifugation. Cells were isolated from the Percoll layer and
stained onice for 30 min with combinations of phycoerythrin (PE)/cya-
nine7 anti-mouse CD11b (BioLegend, cat.no.M1/70,1:100), allophycocya-
nin (APC)/cyanine7 anti-mouse CD45 (BioLegend, cat.no.30-F11,1:100),
FITC anti-mouse Ly6C (BD Bioscience, cat. no. AL-21, 1:200) and APC
anti-mouse 4D4 (ref. 51) (marking resident microglia; 1:1,000) in block-
ing buffer containing 0.2% BSA (Sigma-Aldrich) in HBSS. Cell sorting was
performed using a FACSArialll cell sorter (Becton Dickson). Microglial
cells were identified as CD45'CD11b*Ly6C 4D4" and dead cells were
also excluded based on 7-aminoactinomycin D (7-AAD; BD Bioscience)
staining. Cellswere sorted directly in1.5-mlEppendorftubes and stored
at—80 °C. Phagocytic positive microgliawere sorted as4D4" Alexa-405".

Flow cytometry intracellular staining

Intracellular cytokine staining and cell isolation were done as previ-
ously described'. The meninges were carefully removed from the
skull and the ipsilateral brain was further isolated. The enzyme dis-
sociation mix used for theipsilateral brain hemisphere and meninges
was collagenase P (0.5 mg ml™; Sigma-Aldrich, cat. no. 11213865001)
and DNase-1 (250 U ml™, Worthington, cat. no. LK0O03172) diluted in
Roswell Park Memorial Institute (RPMI)-1640 with 10 mM Hepes. The
samples were then finely minced and incubated in aroom temperature
shaker for 1 h. After enzyme dissociation, the cells were separated using
Percoll (GE Healthcare Life Sciences) as described above. Cells isolated
from the brain and meninges were incubated for only 2 h instead of
the 4 h for cLN cells. Acquisition was performed on a Symphony (BD
Biosciences) using DIVA software (BD Biosciences) and the data were
analyzed with Flow)o software v.9.9 or v.10.1 (TreeStar Inc.). Intra-
cellular staining antibodies used Zombie Aqua Fixable Viability Kit
(BioLegend, cat. no. 423102, 1:1,000) or Zombie UV (BioLegend, cat.
no.423108,1:1,000) was used to exclude dead cells. The staining anti-
bodies used PE/cyanine7 anti-mouse CD11b (BioLegend, cat.no. M1/70,
1:300), APC/cyanine? anti-mouse TCR-p (BioLegend, cat.no. H57-597,
1:100), BUV661 anti-mouse CD45 (30-F11, BD Biosciences, 1:200), PE
anti-mouse CD4 (BioLegend, cat. no. GK1.5,1:100), BUV805 anti-mouse
CD8 (BD Biosciences, cat. no. 53-6.7,1:100), FITC anti-mouse FoxP3
(eBioscience, cat. no. FJK-16s,1:100), BV421 anti-mouse LAP (BioLegend,
cat.no. TW7-16B4,1:100), PE/Dazzle 594 anti-mouse IL-10 (BioLegend,
cat. no. JES5-16E3, 1:100), BUV395 anti-mouse IL-17a (BD Biosciences,
cat. no. TC11-18H10, 1:100), BV785 anti-mouse IFNy (BioLegend, cat.
no.XMGL1.2,1:100), BV605 anti-mouse Ly6G (BioLegend, cat. no. 1A8,
1:300), BV711 anti-mouse NK-1.1 (BioLegend, cat. no. PK136, 1:100),
AF700 anti-mouse Ly6C (BioLegend, cat. no. HK1.4, 1:200), BV711
anti-mouse Ly6C (BioLegend, cat.no. HK1.4,1:200) and APC anti-mouse
4D4 (ref. 47) (1:1,000) provided by Butovsky.

Flow cytometry FoxP3(GFP) T, cell sorting from the brain
andblood

Theipsilateral brain hemisphere was processed with the same enzyme
dissociation kit described above and then processed as the microglial
cell sorting above. The sample was purified and enriched using CD4
cell isolation microbead kit (Miltenyi Biotech, cat. no. 130-104-454)
on a magnetic MACS separator before sorting. Cell sorting was per-
formed using FACSArialll cell sorter (Becton Dickson). APC/cyanine7
anti-mouse CD45 (BioLegend, cat. no. 30-F11, 1:100), APC anti-mouse
CD4 antibody (BioLegend, cat. no. GK1.5,1:100) and 7-AAD (BD Biosci-
ence) was used to identify the live CD4* population and the FITC chan-
nel was used to identify the FoxP3* population. Each RNA-seq sample
isapool of Sipsilateral hemispheres and 20 sham brain hemispheres.
The blood samples were collected in heparin-coated tubes and then
transferred to 15-ml tubes where ACK lysis buffer was used to lyse the
erythrocytes. The sample was then strained through a 70-pm filter and
stained as decribed above. Each RNA-seq sample is a pool of five mice.
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Quantitative PCR

RNA was extracted with RNeasy columns (QIAGEN), complementary
DNA was prepared and used for qPCR (Applied Biosystems, cat. no.
437466) and the results were normalized to Gapdh (Mm99999915_
g1). Applied Biosystems supplied: //10 (cat. no. Mm01288386_m1),
116 (cat. no. Mm00446190_m1), Tnf (cat. no. Mm00443258_m1), Il1b
(cat. no. Mm00434228 ml), /2 (cat. no. Mm00434256 _m1), /l18 (cat.
no. Mm00434226_m1l), Ifng (cat. no. MmO01168134_m1), Bdnf (cat. no.
MmO04230607_s1), Gdnf (cat. no. Mm00599849_m1), Ccl5 (cat. no.
MmO01302427_m1), Cd14 (cat.no.MmO01158466_gl), Mrcl (Cd206) (cat.
no. Mn01329359_m1), Tgfb1 (cat. no. Mm01178820_m1), /l17a (cat. no.
Mn00439618 ml), Cd86 (cat. no. Mm00444540 ml), Clec7a (cat. no.
MmO01183349 _ml), Tir2 (cat. no. Mm00442346 _m1), Cd33 (cat. no.
MmO00491152_m1), Cx3cr1 (cat.no. Mm00438354_m1) and /[10ra (cat.
no. Mm00434151_m1). The 2722“ method was used to calculate the
relative expression of each gene.

Isolation of primary neurons

Primary neuronisolation was carried out as previously described®. In
short, primary neurons were prepared from embryos at age E18. Cell
density was determined using a hemocytometer and cells were seeded.
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) was used for initial plating and the medium was changed
to neurobasal supplemented with 1x B27 (Invitrogen) 3 h later. The
medium was changed every 3 d.

Induction of apoptosis and labeling of neurons

Apoptosis and labeling of neurons were done as previously described®".
Neuronswereirradiated with ultraviolet light (302 nm) with anintensity
of 6 x 15 Wfor 15 min. The apoptotic neurons were labeled with labeling
dye (Alexa-405 NHS Ester, Life Technologies/Thermo Fisher Scientific).
Neurons were resuspended at a density of 500,000 cells per 4 pl for
stereotacticinjections.

Stereotactic injections

Mice were anesthetized by intraperitoneal injection of ketamine
(100 mg kg™). Apoptotic neurons or sterile Dulbecco’s PBS (DPBS)
were injected into the lesion of TBI mice at two depths of 1.5 mm and
2 mm. Then, 2 pl was injected at each depth using stereotaxic equip-
ment (Harvard Apparatus). After recovery fromsurgery, animals were
returned to their cages. Post-surgery (4 or 16 h), mice were euthanized
by CO,inhalation and brains were processed for flow cytometry analy-
sis of phagocytic microglia.

Adoptive transfer

Splenocytes and cLNs from FoxP3-GFP or 10BiT.FoxP3°" mice were
purified and enriched using CD4 cell isolation microbead kit (Militenyi
Biotech, cat. no. 130-104-454) on a magnetic MACS separator before
sorting. Cell sorting was performed using FACSArialll cell sorter (Bec-
ton Dickson). PE anti-mouse CD3 (BioLegend, cat.no.17A2,1:100), APC
anti-mouse CD4 (BioLegend, cat. no. GK1.5,1:100) and 7-AAD were used
to identify the live CD4" population and the FITC channel was used to
identify the FoxP3* population. For the 10BiT.FoxP3°", PE anti-mouse
Thyl.1(BioLegend, cat.no.S20007C, 1:1,500) was used to identify the
FoxP3'Thyl1.1* IL-10-producing FoxP3 T, cells. All cells were injected
i.p. at 2.5 million for total CD4, 1 million for CD4"FoxP3* and 1 million
for FoxP3'Thyl.1' or FoxP3 Thyl.1 populations.

Invitro cell culture

Sorted 4D4" microglia 24 h post-TBI were cultured as previously
described'”” at 200,000 cellsina24-well plate (Kemtec, cat.no.4422A).
The microglial culture medium was composed of 10% FBS (Gibco,
cat. no. 10438026), 100 U m1™ of penicillin-streptomycin mixture
(Lonza, cat. no. DE17-602E), supplemented in DMEM/F-12 Glutamax
medium (Gibco, cat.no.10565018). FoxP3-GFP was treated with nasal

aCD3 or the isotype control for 7 d and the splenic/cLN CD4'FoxP3*
and CD4'FoxP3(GFP)~ population, specifically from aCD3-treated
animals, was placed in a lymphocyte culture medium composed
of 10% FBS, 100 U ml™ of penicillin-streptomycin mixture, 55 pM
2-mercaptoethanol (Gibco, cat. no. 21985023), 1% sodium pyruvate
(Lonza, cat. no. BE13-115E) and 1% Hepes (Lonza, cat. no. BE17-737E),
supplementedin RPMI-1640 medium (Gibco, cat.no.11875119) and then
placed on the top of the hanging cell culture 0.4-um insert (Millicell,
cat.no.PTHT24H48) at 600,000 cells perinsert ontop of the cultured
microglia, and the assay was left for 72 hina CO, Cell culture Incubator
(InCusafe). There was afourth group where IL-10-neutralizing antibody
(BioXCell, cat.no.JES5-2A5) at a concentration of 50 pg ml™" was added
with the CD4"FoxP3" which was cell sorted from nasal aCD3-treated
mice After 72 h the microglia were lysed with buffer RLT and RNA was
extracted with RNeasy columns (QIAGEN).

Bulk RNA-seq and analysis

Bulk RNA-seqwas performed as previously described®. Briefly, 2,000
isolated microglia CD45'CD11b'Ly6C 4D4" were lysed in 5 pl of TCL
buffer +1% 2-mercaptoethanol. Between 800 and 1,000 isolated
CD4'FoxP3(GFP*) cells from the brain and blood were processed.
Smart-Seq2 libraries were prepared and sequenced using the Broad
Genomic Platform. The cDNA libraries were generated from sorted
cells using the Smart-seq2 protocol5. RNA-seq was performed using
Illumina NextSeq500 with aHigh Output v.2 kit to generate reads of 2x
38 bp.Sequencing datawere demultiplexed and provided by the Broad
Institute in FASTQ format. The processing of the bulk RNA-seq data
(transcript assembly and quantification) was based on an established
computational pipeline (HISAT, Stringtie and Ballgown)'*® and sequenc-
ing quality was assessed using FastQC. Reads were aligned to the‘mm10’
reference genome. Transcript abundances were then imported into
R (v.4.1.2) and converted to gene-level estimated counts using the
‘tximport’ package (v.1.22.0) from Bioconductor. Low abundance genes
that achieved <10 counts aggregated across all samples were filtered
out. Raw read counts were then normalized using DESeq2 (v.1.34.0).
Differential gene expression was performed using DESeq2 with a signifi-
cance cutoff of false discovery rate (FDR)-adjusted P < 0.05. Analyses
thatdid not pass the FDR-correction cutoff were denoted with P < 0.05.
Pairwise group comparisons were conducted using Wald’s test with
standard parameters, then log,(fold-changes) were shrunk using the
IfcShrink function in DESeq2. Gene expression comparisons of three
or more groups were conducted using a likelihood ratio test (LRT).
Heatmaps were created using ComplexHeatmap (v.2.10.1) or pheat-
map (v.1.0.12) and clusters were identified via hierarchal clustering.
Identified clusters were functionally annotated with Gene Ontology
Biological Process (GOBP) gene-set terms using the enrichGO func-
tion of the clusterProfilerpackage (v.4.2.2), where GOBP terms with
g-values < 0.05 were considered significantly enriched.

Pathway analysis

GSEA was performed using the clusterProfiler package and the result-
ing enriched terms with g-values < 0.05 were visualized through
dot plots and bar plots, which were generated using the ggplot2
and ggpubr (v.0.6.0) packages. For IPA (https://digitalinsights.
qiagen.com/products-overview/discovery-insights-portfolio/
analysis-and-visualization/qiagen-ipa), DEGs from pairwise compari-
sonswith corresponding log,(fold-changes) and FDR-adjusted Pvalues
were used as input. Biological networks were generated in IPA based
on canonical pathways and biological functions, as outlined in our
group’s previous work®.

Statistical and reproducibility

Statistical analysis was performed using GraphPad Prism v.9 soft-
ware. Data are presented as mean + s.e.m and two-sided Student’s
t-tests (unpaired), two-factor, repeated-measure, two-way analysis
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of variance (ANOVA) (group x time) or one-way ANOVA, followed by
Tukey’s multiple-comparison analysis was used to assess statistical
significance between the groups. Allnand Pvalues and statistical tests
areindicatedinthefigurelegends. No statistical methods were used to
predetermine sample sizes, but our sample sizes are similar to those
reported in previous publications™?”’. Data distribution was assumed to
be normal, but this was not formally tested. Data for each experiment
were collected and processed randomly and animals were assigned
randomly to various experimental groups as well. The investigators
were blinded to allocation during experiments and outcome assess-
ment. No animals or data points were excluded from the analyses. Each
experiment was repeated 2-3 times.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The Smartseq2 RNA-seq data that support the findings of the present
study have been deposited into Gene Expression Omnibus under Super-
Series, accession no. GSE276761. The datasets included in the present
study are available as Supplementary Data.

Code availability

The present study did not develop any new code. All software and
packages employed are publicly accessible and fully documented in
Methods.
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Extended Data Fig. 1| Nasal anti-CD3 improves behavioral outcomes at
different treatment regimens and TBI severities. (a) Behavioral testingin

the early treatment regimen for males of rotarod, Morris water maze, probe
trial, and anxiety like behavior that is measured by the open field was assessed
between (Sham-Ison=8, TBI-Ison=12,and TBI-aCD3 n =12) groups in the early
and (b) delayed treatment regimen for males and (c) immediate for females.
Morris water maze analyzed by two-factor repeated measures two-way ANOVA
(group x time); others by one-way ANOVA with Tukey’s multiple comparisons.
Data shown as mean + SEM. (d) Behavioral testing in the immediate treatment

regimen for males in severe TBI (Depth: 1.5 mm, Diameter: 3.0 mm of the impact
tip) of rotarod, Morris water maze, probe trial, and anxiety like behavior that is
measured by the open field was assessed between (Sham-Ison=8, TBI-Ison =12,
and TBI-aCD3 n =12) groups in males and (e) females. Morris water maze analyzed
by two-factor repeated measures two-way ANOVA (group x time); others by
one-way ANOVA with Tukey’s multiple comparisons. Data shown as mean + SEM.
Alldata are biological replicates and are representative from two independent
experiments. n.s.=non-significant.
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Extended Data Fig. 2| Nasal anti-CD3 ameliorates pathological outcomes at
different treatment regimens and TBI severities. (a) Unedited 3-Tesla serial
images Magnetic resonance imaging (MRI) taken 7 days post-TBI of (Fig. 1c).

(b) Dextran 70-kDa (Green) for measurement of blood-brain barrier permeability
between the groups (3days post-TBI). Scale bars are 1000 um. Data is shown as
mean + SEM, (Sham-Ison =3, TBI-Iso n =4, and TBI-aCD3 n = 4) and analyzed

by one-way ANOVA with Tukey’s multiple comparisons. (c) Brain edema was
analyzed on day 3 post-TBl and % water content was measured between the
ipsilateral and contralateral hemispheres. Data shown as mean + SEM and n = 3-4
mice/group were used. Data was analyzed by two-sided unpaired Student’s t-test.
(d) Immunofluorescence staining of Iba-130-days post-TBI for early treatment
inmales at the peri-contusional cortex for DAPI (blue) and Iba-1(red). Scale bars
are 250 um. Five sections of each sample were prepared and the area around

the contusion was captured and the number of Iba-1 positive cells around the

contusion were quantified by Image J. Datashown as mean + SEMand n =5 mice/
group were used. Data was analyzed by two-sided unpaired Student’s t-test.

(e) Brain sections were stained with DAPI (blue) at 30 days post severe TBlin
females and lesion volume was measured by image J software. Data shown as
mean + SEM and n = 4 mice/group were used. Data was analyzed by two-sided
unpaired Student’s t-test. Scale bars are 1000 um. (f) Immunofluorescence
staining of Iba-130 days post severe TBI in females in the at the peri-contusional
cortex for DAPI (blue) and Iba-1 (red). Scale bars are 250 um. Five sections of each
sample were prepared and the area around the contusion was captured and the
number of Iba-1 positive cells around the contusion were quantified by Image].
Datashown as mean + SEM and n = 4 mice/group were used. Data was analyzed
by two-sided unpaired Student’s t-test. All data are biological replicates and are
representative from two independent experiments. n.s. = non-significant. DPI
indicates Days Post Injury.
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Extended Data Fig. 3| Nasal anti-CD3 ameliorates adaptive immune response
following TBI. (a) Flow cytometry analysis and quantification of CD4 + T cells,
CD4+FoxP3+ and (b) CD8 + T cells, CD4 + LAP +,Thl,and Th17 at1,3,7,14, and
30 days post TBI and nasal anti-CD3 treatment in the cervical lymph nodes,
meninges, and Ipsilateral brain hemisphere. (Sham-Ison =4, TBI-Iso n = 6, TBI-
aCD3 n = 6). Datashown as mean + SEM and analyzed by one-way ANOVA with
Tukey’s multiple comparisons for every individual timepoint (c) Flow cytometry
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analysis and quantification of neutrophils, monocytes, classical monocytes (7
days post-TBI), and NK cells at 1,3,7,14, and 30 days post TBl and nasal anti-CD3
treatmentin Ipsilateral brain hemisphere. (Sham-Ison = 4, TBl-Ison = 6, TBI-aCD3
n=6).Datashown as mean + SEM and analyzed by one-way ANOVA with Tukey’s
multiple comparisons for every individual timepoint. All data are biological
replicates and are representative from two independent experiments.
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Extended Data Fig. 6 | Nasal anti-CD3 modulates chronic microglial response
after TBI for different treatment regimens and TBI severities. (a) Gating
strategy for microglia. (b) Relative expression of cell types in Sham-Iso microglia
(n=3).(c)RT-qPCR of ipsilateral hemisphere 7 and 30 days post-TBI (immediate
treatment males). Expression was normalized to GAPDH and presented relative
to Sham-Iso. Data shown as mean + SEM, (Sham-Iso n =6, TBI-Ison =8, TBI-aCD3
n=8)and analyzed by one-way ANOVA with Tukey’s multiple comparisons. (d)
Heatmap signature of DEGs 30 days post-TBI (early treatment males) identified
using DESeq2 analysis (two-sided likelihood ratio test, n = 5 mice/group, FDR-
corrected P < 0.05). (e) Heatmap of genes in inflammatory response and genes of
disease-associated microglia (DAM) and neurodegenerative microglia (MGnD)
30 days post-TBI (early treatment males). Genes identified with an FDR-corrected
p-value < 0.05 using DESeq2 analysis are bolded (two-sided likelihood ratio test,
n =5mice/group). (f) GSEA analysis of GO Biological Processes (BP) comparing
TBI-aCD3 vs. TBI-Iso groups 30 days post-TBI (early treatment male mice).

NES, normalized enrichment score. (g) RT- qPCR of ipsilateral hemisphere 30

days post-TBI (early treatment males). Expression normalized to GAPDH and
presented relative to Sham-Iso. Data shown as mean + SEM, (Sham-Ison =5, TBI-
Iso n=6, TBI-aCD3 n = 6) and analyzed by one-way ANOVA with Tukey’s multiple
comparisons. (h) Venn diagram of DEGs in comparisons with Sham-Iso microglia
group as baseline 30 days post-severe TBI (immediate treatment female mice):
TBI-Iso, and TBI-aCD3. (i) Heatmap genes involved in inflammatory response
and (DAM) and (MGnD) at 30 days following severe TBI (immediate treatment
females). Genes identified with FDR-corrected p-value < 0.05 using DESeq2
analysis are bolded (two-sided likelihood ratio test, n = 5 mice/group). (j) RT-
qPCR ofipsilateral hemisphere 30 days post-severe TBI (immediate treatment
female). Expression was normalized to GAPDH and presented relative to Sham-
Iso. Data shown as mean + SEM, (Sham-Ison =S5, TBI-Ison =6, TBI-aCD3 n = 6)
and analyzed by one-way ANOVA with Tukey’s multiple comparisons. All data are
biological replicates and are representative from two independent experiments.
n.s.=non-significant.
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Extended Data Fig. 7| Nasal anti-CD3 increases expression of phagocytosis
machinery at16 hours postinjection of apoptotic neurons. (a) Schematic
presenting phagocytosis functional study. Created with BioRender.com. (b) In-vivo
phagocytosis functional experiment where mice were injected with labelled
apoptotic neurons and sacrificed 16 h post injection. Gating strategy showing
phagocytic positive microgliain TBI-Iso and TBI-aCD3 animals. Data shown as box
plots (min, max, interquartile range, median) and n = 5 mice/group were used. Data
was analyzed by two-sided unpaired Student’s t-test. (c) Clustered heatmap of select
DEGs of aggregated samples for phagocytic (+ P) and non-phagocytic (-P) microglia
at 7 days following TBI and 16 hours post-injection of apoptotic neurons using
DESeq2 analysis (two-sided likelihood ratio test, n = 5-6 mice/group, FDR-corrected
P <0.05). Identified genes pertinent to microglial phagocytosis and related

functions are visualized through bar plots with log2-fold changes in phagocytic
TBI-aCD3 microgliacompared to non-phagocytic TBI-Iso microglia. (d) GSEA
analysis of GO Biological Process (BP) comparing phagocytic TBI-aCD3 microglia
to phagocytic TBI-Iso microglia at 7 days following TBl and 16 hours post-injection
of apoptotic neurons. NES, normalized enrichment score. (e) Bar plots of select
microglial homeostatic and neurodegenerative microglia (MGnD) markersin
phagocytic TBI-aCD3 microglia compared to phagocytic TBI-Iso microglia at 7 days
following TBI and 16 hours post-injection of apoptotic neurons. DEGs indicated
with anasterisk: FDR-corrected P < 0.05; DEGs indicated with “*P”: P < 0.05 (DESeq2
analysis, two-sided Wald test, n = 5 mice/group). (f) Gating strategy showing how
phagocytic microglia cells were identified. All data are biological replicates and are
representative from two independent experiments. n.s. =non-significant.
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as mean + SEM, n = 3 mice/group. Data was analyzed by two-sided unpaired
Student’s t-test. The data are biological replicates and are representative from
threeindependent experiments. (c) Gating strategy showing CD4*FoxP3 GFP*
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Nature Neuroscience


http://www.nature.com/natureneuroscience

Article https://doi.org/10.1038/s41593-025-01877-7

a (Donor Mice FoxP3-GFP)  (Recipient Mice CD45.1) b Rotarod
Nasal Treatment Daily for 7days

HC[131. oe. Tip Diameter: 1.5 mm P =0.008 Sham.DPES
oo . _— am-
@ i | D4+ 2o Depth: 1.0 mm P=0.003 aCD3-total CD4*
Spleen C - Iso-total CD4*

Isotype r . aCD3-FoxP3 GFP
2 v
A x *Behavior =
-Microglia RNA-seq L4
+
Spleen CD4 = - +Flow Cytometry L
aCD3 TBI Day 14 Day 30 |,grain RT-qPCR >
S Day 0 R S
& & & 2
K. ¥ % :
- - [ ¢ ¢
Spleen CD4"FoxP3'GFP 7™ coas.a Y opasa T cpas.1
| mice | mice mice
DPBS Adoptive Transfer Adoptive Transfer Adoptive Transfer
(IP injection) (IP injection) (IP injection)
2.5 million cells 2.5 million cells 2.5 million cells
80— Latency to Platform Probe Anxiety Like Behavior
P<0.001 P =0.002 P =0.007
P=0001  —\Sham-DPBS -

n.s. Sham-DPBS
= —/A- aCD3-total CD4" L 40— aCD3-total CD4"
E 60 —\- Iso-total CD4* § . P=0.04 5 Iso-total CD4"
é -/\- aCD3-FoxP3 GFP K . £ aCD3-FoxP3 GFP

S
%. 40— <4 n.s. o
° Sham-DPBS vs aCD3-total CD4" = n.s. s he ot £
hed Iso-total CD4" vs aCD3-FoxP3 GFP = n.s. 221 ° [ef . o E
Iy aCD3-total CD4" vs Iso-total CD4* g e ° bl £
H aCD3-total CD4" vs aCD3-FoxP3 GFP < . r R
2 20 =
5 © 10 - °
- £
0- 0-
0 \ \ \ \
1 2 3 4
Trial
"
c Nasal Treatment . Flow Cytometry d
Daily for 7days  Spleen Total CD4+ Brain § . Microglia Signature )
/—\ 3 days post Group Relative
4 > injection Iso-total CD4* Expression
i — g — - 2
2.5 million cells LN/ —
AN & Facs aco3-Foxpsre [ :
FoxP3-GFP CD45.1 \ ; aCD3-total CD4
i.p.injection onset Tird - - 0
of TBI Spleen ( Nrp1 l_.- Enriched GOBP Terms -1
. g},;f:gg | .; Activation of Inmune Response -2
Brain cLN Ly96 Cytokine-meditaed Signaling Pathway
~ 0.15% N liést Interleukin-1 beta production
> 9% Kihlé = Type | Interferon Production
3 o o o Relb TNF production
o 9.02% _. Neuron Death
[ 0 10t ] e
3] 1 ) . .
il Notch4 )
W' o w o 15 Ptk2b Enriched GOBP Terms
Epha2 Regulation of Inflammatory Response
Ncf1 Regulation of Vasculature Development
Tcf712 Synapse Organization
e Abl2 Tissue Remodeling
Arhgap22
GSEA GOBP Pathways aCD3-FoxP3” GFP vs. Iso-total CD4" Adgri2
aCD3-total CD4" vs. Iso-total CD4" -
NES NES
-20 -1.5 -1.0 -05 00 05 10 15 20
. ! . ! Lo M M ! M
ionali NS NS .
TLR 3 signaling pathway [,‘ | S ] axonogenesis f aCD3-total CD4* vs. g GSEA GOBP
N " . - +
type | interferon signaling pathway [ K NS/ o NS " 7 neuron projection morphogenesis aCD3-FoxP3'GFP aCD3-total CD4" vs.
. aCD3-FoxP3'GFP
TLR 4 signaling pathway [, gt - . ] axon development Ly96 _  Spgll 1]
Hspatb® | Zbtb16 g 0.1 Innate Immune Response
N . ! NS NS 10{ Hspatb . S ]
regulation of interf I, B -] of precursor and energy Hspata *+ Pik3ip1 £ 0.0
Notch4 o)
TNF production [ NS Ll NS ] regulation of fatty acid oxidation ;g Trimé5 .E -01
Foxo3 =
. " NS NS X =5 S -02 NES: 1.5 |
antigen processing and p L | | ]« JatP process Adora3 ‘D _ 5| a-value: 0.002157662
Innate Immune Response [ | NS‘ ‘NS B ] insulin receptor signaling pathway E
o] Y '3
-5.0 -25 00 25 50 5000 10000
i
h Upstream Regulators aCD3-total CD4* vs. aCD3-FoxP3 GFP
- c
~) CD D) S
V ;) coes CCNDY\ /glcnes Predicted Relationships 2 0.
CCND3 / \ / —Leads to activation 95’_
) —Leads to inhibition 3
———»( Findingfsdmconsislenl willh ’ g
ZBTB16 ~ state of downstream molecule ©
HPGD HLA-A Effect not predicted €
¥ Y 3
SLC1A3 ‘ LY96 TLR4 U [\sLc1a3 (D Increased measurement E
IL10 A IFNG * () Decreased measurement
I + - +
Activation Z-score: 1,067 Activation Z-score: -1.413 Iso-total CD4’ aCD3-FoxP3 GFP aCD3-total CD4
p-value of overlap: 0.000187 p-value of overlap: 0.0114

Extended Data Fig. 9| See next page for caption.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-01877-7

Extended Data Fig. 9| Nasal anti-CD3 induced Total CD4 + T-cellsameliorate
microglial response and improved behavioral outcomes at chronic TBI.

(a) Schematic representing experimental timeline of adoptive transfer
experiment. Created with BioRender.com. (b) Behavioral testing of rotarod,
Morris water maze, probe trial, and anxiety like behavior (measured by the open
field) was assessed between WT Sham (DPBS treated, baseline), Iso-total CD4",
aCD3-total CD4", and aCD3-FoxP3 GFP groups. Morris water maze analyzed by
two-factor repeated measures two-way ANOVA (group x time); others by one-
way ANOVA with Tukey’s multiple comparisons. Data shown as mean + SEM. (c)
Visual representing an experiment where splenic CD4" cells from 7 days treated
TBI (FoxP3-GFP) animals were injected into untreated, but TBI-injured (CD45.1)
animals and the %CD45.2 cells were analyzed by fluorescence-activated cell
sorting (FACS) at 3 days after injection. Flow cytometry gating of brain, cervical
lymph node, and spleen of (CD45.1) animals showing the percent of CD45.2
cellinfiltration. n=5mice and the brain was a pool of Sipsilateral hemispheres.
Created with BioRender.com. (d) Heatmap of DEGs from microglia 30 days
following TBI and adoptive transfer identified using DESeq2 analysis (two-sided

likelihood ratio test, n =4 mice/group, FDR-corrected P < 0.05). Clusters of genes
were functionally annotated using enriched GO Biological Process (BP) terms
(g-value <0.05). (e) GSEA analysis of GO Biological Process (BP) 30 days post-TBI
based on the following comparisons: aCD3-Total CD4" vs. Iso-Total CD4", and
aCD3-FoxP3 GFP vs. Iso-total CD4". Asterisk (*) indicates enriched terms (q-value
<0.05).NES, normalized enrichment score; NS, not significant. (f) Volcano plot
of DEGs inaCD3-total CD4" vs. aCD3-FoxP3'GFP 30 days post-TBlidentified using
DESeq2 (two-sided Wald test, n =4 mice/group). Labeled genes have an FDR-
corrected P < 0.05. (g) GSEA analysis of GO Biological Process (BP) comparing
aCD3-total CD4" vs.aCD3-FoxP3 GFP 30 days post-TBI. NES, normalized
enrichmentscore. (h) Predicted top upstream regulators using IPA analysis based
onDEGsinaCD3-total CD4"vs.aCD3-FoxP3'GFP 30 days post-TBI. (i) RT- qPCR of
ipsilateral hemisphere 30 days post-TBI and expression normalized to GAPDH.
Datashown as mean + SEM, n =5 mice/group and analyzed by one-way ANOVA
with Tukey’s multiple comparisons. All data are biological replicates and are
representative from two independent experiments. n.s. = non-significant.
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mice following Diphtheria toxin (DT) injection and Gating strategy of
FoxP3'Thyl.1" IL-10 producing FoxP3 Tregs. (a) Flow cytometry gating showing
depletion of FoxP3" Tregs after DT injection compared to DPBS injected for
FoxP3-DTR mice 7 days post-TBIin the ipsilateral brain hemisphere, cLN, and
spleen. DT was injected 3 days prior to TBl and was given every third day to
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sustain FoxP3 depletion. Data shown as mean + SEM, n = 3 mice/group. Data
was analyzed by two-sided unpaired Student’s t-test. The data are biological
replicates and are representative from three independent experiments. (b)
Gating strategy showing FoxP3*Thy1.1" and FoxP3*Thy1.1 from the spleen/cLN
of dual reporter 10BiT.FoxP3°"* mice that was selected for the adoptive transfer
experiments for Fig. 7.
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Software and code

Policy information about availability of computer code

Data collection  1.RNA-seq. Samples were processed for cDNA generation and lllumina Nextera XT library construction. Sequencing data was generated using
2x38 bp paired end sequencing on the NextSeq500. 2.Flow cytometry. acquisition was performed on FACSSymphony AS (BD
Biosciences) using DIVA software. 3.Immunofluorescence. Images were acquired using a Leica DMi8 widefield microscope and Zeiss LSM710
Confocal. 4.RT-qPCR. Data were collected using a Vii 7 real-time PCR system. 5.Cell sorting. Cells were sorted using FACSAria II. 6.Behavioral
data acquisition. Noldus EthoVision XT software v.17.0.

Data analysis 1.RNA-seq. RNA-seq reads was assessed using FastQC quality control tool. Reads were concatenated then trimmed using Trimmomatic. The
RNA reads were aligned to the mouse mm10 reference genome using HISAT2. HISAT2-generated SAM files were sorted and converted into
BAM files using Samtools. The sorted reads were assembled into transcripts using StringTie104. Next, StringTie-generated transcript lengths
and abundance estimates were converted into count matrices using Tximport. Differential gene expression analysis was performed with false
discovery rate (FDR)-adjusted P values using DESeq2. Data visualization was performed in R (version 4.0.3). 2.Flow cytometry. Data were
analyzed with FlowJo software version 10. 3.Immunofluorescence. Images were processed using Fiji. 4.RT-gPCR. Quantitative PCR
data were analyzed by the delta-delta Ct method. 5. Statistical analysis.Statistical analysis was performed using GraphPad Prism 9 software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The Smartseq2 RNA-sequencing data that support the findings of this study have been deposited into Gene Expression Omnibus (GEO) under SuperSeries
GSE276761.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In our study, 3-12 mice were used per group and every experiment was reproduced at least twice, which is commonly used for in vivo studies
to alleviate unnecessary animal suffering. No sample calculation size was performed but was chosen in accordance with previous studies in
the field:

-Roth, T. L. et al. Transcranial amelioration of inflammation and cell death after brain injury.
-Nature 505, 223-228 (2014), Kramer, T. J. et al. Depletion of regulatory T cells increases T cell brain infiltration, reactive astrogliosis, and
interferon-gamma gene expression in acute experimental traumatic brain injury. J Neuroinflammation 16, 163 (2019)

Brain and blood samples are pools of 5 mice, and sham-Iso brain samples are pools of 20 mice. Due to the low number of FoxP3* cells
recruited to the brain, and ethical considerations, we limited the study to two biological replicates, following practices from previous studies
in the field for blood and treg sequencing:

-Shi, L. et al. Treg cell-derived osteopontin promotes microglia-mediated white matter repair after ischemic stroke. Immunity 54, 1527-1542
e1528 (2021

Data exclusions  Outliers were excluded as determined by the following: Any value that is 1.5 x IQR greater than the third quartile is designated as an outlier
and any value that is 1.5 x IQR less than the first quartile is also designated as an outlier.

Replication All experiments were performed at least twice to assure rigor and reproductibility, and all attempts at replication were successful.

Randomization  Mice were randomly assigned to the experimental groups. For in-vitro experiments, cells from the randomly assigned mice were sorted with
each mouse and each well in the culture was from a different biological replicate.

Blinding For all experiments the investigator was blinded to the different groups. Experimenter was also blinded to the different well conditions in the
in-vitro experiement.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, o
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. ©
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Materials & experimental systems Methods °
n/a | Involved in the study n/a | Involved in the study D
iS}
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IXI|[ ] Eukaryotic cell lines [ 1IDX| Flow cytometry é
IXI|[ ] Palaeontology and archaeology [ 1IBX| MRI-based neuroimaging A
[] Animals and other organisms %
|Z| |:| Clinical data Sy
<
IXI|[ ] Dual use research of concern
X[ ] Plants
Antibodies
Antibodies used in-vivo/vitro antibodies:
hamster IgG CD3-specific antibody (clone 145-2C11.BioXCell), hamster IgG control antibody (BioXCell), monoclonal anti-IL-10R
blocking antibody (clone 1B1.3A, BioXCell), IL-10 neutralizing antibody (JES5-2A5; BioXCell).
Flow Cytometry:
Zombie Aqua Fixable Viability Kit (Biolegend, #423102, 1:1000) or Zombie UV (Biolegend, #423108, 1:1000) was
used to exclude dead cells. The staining antibodies used PE/Cyanine7 anti-mouse CD11b (M1/70, Biolegend, 1:300), APC/Cyanine7
anti-mouse TCR-beta (H57-597, Biolegend, 1:100), BUV661 anti-mouse CD45 (30-F11, BD Biosciences, 1:200), PE anti-mouse CD4
(GK1.5, Biolegend, 1:100), BUV805 anti-mouse CD8 (53-6.7, BD Biosciences 1:100), FITC anti-mouse FoxP3 (FJK-16s, eBioscience,
1:100), BV421 anti-mouse LAP (TW7-16B4, Biolegend, 1:100), PE/Dazzle 594 anti-mouse IL-10 (JES5-16E3, Biolegend, 1:100), BUV395
anti-mouse IL-17a (TC11-18H10, BD Biosciences, 1:100), BV785 anti-mouse IFN-g (XMG1.2, Biolegend, 1:100), BV605 anti-mouse
Ly6G (1A8, Biolegend, 1:300), BV711 anti-mouse NK-1.1 (PK136, Biolegend, 1:100), AF700 anti-mouse Ly6C (HK1.4, Biolegend,
1:200), BV711 anti-mouse Ly6C (HK1.4, Biolegend, 1:200), and APC anti-mouse 4D4 (1:1000) provided by Dr. Butovsky.
For Cell Sorting:
PE/Cyanine7 anti-mouse CD11b (M1/70, Biolegend, 1:100), APC/Cyanine7 anti-mouse CD45 (30-F11, Biolegend,
1:100), FITC anti-mouse Ly6C (AL-21, BD Bioscience, 1:200) and APC anti-mouse 4D4 (marking resident microglia; 1:1000. APC/
Cyanine7 anti-mouse CD45 (30-F11, Biolegend, 1:100), APC anti-mouse CD4 antibody (GK1.5, Biolegend, 1:100), and 7-AAD (BD
Bioscience.
Tissue Staining:
Anti Ibal (rabbit,1:1000, Wako), 647 goat anti-rabbit IgG (1:1000, Abcam, ab150075) haematoxylin and eosin (HE; Abcam,
ab245880), and TUNEL (TUNEL Assay Kit - BrdU-Red, Abcam, ab66110),DAPI mounting media (Vector Laboratories, UX-93952-24).
Alexa Flour 647 anti-mouse CD3 (17A2, Biolegend, 1:50).
Validation Antibody dilutions were used as recommended by the manufactures. All antibodies employed in this study are well characterized and

broadly used by the research community. Validation of all primary antibodies for the species and applications can be found at the
website of the company, for example, Biolegend, Abcam, and BD Biosciences where the antibodies were purchased. Microglia
staining 4D4 antibody was developed in our laboratory and has been extensively used. Krasemann, S. et al. The TREM2-

APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Diseases. Immunity 47,
566-581 569 (2017). Butovsky, O. et al. Modulating inflammatory monocytes with a unique microRNA gene signature ameliorates
murine ALS. J Clin Invest 122, 3063-3087 (2012).

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Studies were performed using 8-12-week-old C57BL6J mice (000664, Jackson Laboratories), B6.CD45.1 mice (002014, Jackson
Laboratory), FoxP3-GFP mice (023800, Jackson Laboratory), FoxP3-DTR mice (016958, Jackson Laboratory), IL10-KO mice
(002251Jackson Laboratory), Tmem119-CreETR2 mice (031820, Jackson Laboratory), IL-10raFIx mice (028146, Jackson Laboratory),
and 10BiT.FoxP3GFP (kindly provided by Dr. Vijay Kuchroo). All mice were housed under specific pathogen free conditions, with food
and water ad libitum. All animals were housed in temperature (20 2C) - and humidity (60 %)-controlled rooms, maintained on a 12-
h/12-h light/dark cycle (lights on at 7:00 AM). Mice were euthanized by CO2 inhalation. The Institutional Animal Care and Use
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Committee (IACUC) at Harvard Medical School and Brigham and Women’s Hospital has all experimental procedures involving

animals.
Wild animals No wild animals were used in the study.
Reporting on sex Both males and females were used.

Field-collected samples  No field-collected samples were used in the study.

Ethics oversight All experiments were reviewed and overseen by the institutional animal use and care committee at Brigham and Women’s Hospital
in accordance with NIH guidelines for the humane treatment of animals. IACUC Protocol number: 2018N000028.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Flow cytometry microglial sorting

For microglial cell sorting, mice were anesthetized with CO2 until respiration rate slowed and then transcardially perfused
with 50mL hanks balanced salt solution (HBSS) containing heparin (1:1000). Following perfusion, the ipsilateral hemisphere
homogenised using a dounce glass tissue homogeniser. Cells were separated through Percoll (GE Healthcare Life Sciences)
30% gradient centrifugation. Cells were isolated from the Percoll layer and stained on ice for 30 min with combinations of PE/
Cyanine7 anti-mouse CD11b (M1/70, Biolegend, 1:100), APC/Cyanine7 anti-mouse CD45 (30-F11, Biolegend, 1:100), FITC
anti-mouse Ly6C (AL-21, BD Bioscience, 1:200) and APC anti-mouse 4D4 (marking resident microglia; 1:1000) in blocking
buffer containing 0.2% bovine serum albumin (BSA, Sigma-Aldrich) in HBSS. Cell sorting was performed using FACSArialll cell
sorter (Becton Dickson). Microglial cells were identified as CD45+CD11b+ Ly6C-4D4+ and Dead cells were also excluded based
on 7-AAD (BD Bioscience) staining. Cells were sorted directly in 1.5mL Eppendorf tubes and stored at -80°C. Phagocytic
positive microglia was sorted as 4D4+ Alexa405+.

Flow cytometry Intracellular Staining

Intracellular cytokine staining and cell isolation was done as previously described. The meninges were carefully removed
from the skull and the ipsilateral brain was further isolated. The enzyme dissociation mix used for the ipsilateral brain
hemisphere and meninges was Collagenase P (0.5 mg/mL, Sigma cat. 11213865001) and DNAse-1 (250 U/mL, Worthingon
cat. LK003172) diluted in RPMI-1640 with 10 mM HEPES. The samples were then finely minced and incubated in a room temp
shaker for 1 hour. Following the enzyme dissociation, the cells were separated using Percoll (GE Healthcare Life Sciences) as
described above. Cells isolated from the brain and meninges were only incubated for 2 hours instead of the 4 hours for cLN
cells. Acquisition was performed on a Symphony (BD Biosciences) by using DIVA software (BD Biosciences) and data were
analyzed with FlowJo software versions 9.9 or 10.1 (TreeStar Inc.). Intracellular staining antibodies used Zombie Aqua Fixable
Viability Kit (Biolegend, #423102, 1:1000) or Zombie UV (Biolegend, #423108, 1:1000) was used to exclude dead cells. The
staining antibodies used PE/Cyanine7 anti-mouse CD11b (M1/70, Biolegend, 1:300), APC/Cyanine7 anti-mouse TCR-beta
(H57-597, Biolegend, 1:100), BUV661 anti-mouse CD45 (30-F11, BD Biosciences, 1:200), PE anti-mouse CD4 (GK1.5,
Biolegend, 1:100), BUV805 anti-mouse CD8 (53-6.7, BD Biosciences 1:100), FITC anti-mouse FoxP3 (FJK-16s, eBioscience,
1:100), BV421 anti-mouse LAP (TW7-16B4, Biolegend, 1:100), PE/Dazzle 594 anti-mouse IL-10 (JES5-16E3, Biolegend, 1:100),
BUV395 anti-mouse IL-17a (TC11-18H10, BD Biosciences, 1:100), BV785 anti-mouse IFN-g (XMG1.2, Biolegend, 1:100), BV605
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Instrument

Software

Cell population abundance

Gating strategy

anti-mouse Ly6G (1A8, Biolegend, 1:300), BV711 anti-mouse NK-1.1 (PK136, Biolegend, 1:100), AF700 anti-mouse Ly6C
(HK1.4, Biolegend, 1:200), BV711 anti-mouse Ly6C (HK1.4, Biolegend, 1:200), and APC anti-mouse 4D4 (1:1000) provided by
Dr. Butovsky.

Flow cytometry FoxP3(GFP) Tregs Sorting from the brain and blood

The ipsilateral brain hemisphere was processed with the same enzyme dissociation kit described above and then processed
as the microglia cell sorting above. The sample were purified and enriched using CD4 cell isolation microbead kit (Militenyi
Biotech, #130-104-454) on a magnetic MACS separator prior to sorting. Cell sorting was performed using FACSArialll cell
sorter (Becton Dickson). APC/Cyanine7 anti-mouse CD45 (30-F11, Biolegend, 1:100), APC anti-mouse CD4 antibody (GK1.5,
Biolegend, 1:100), and 7-AAD (BD Bioscience) was used to identify the live CD4+ population and the FITC channel was used to
identify the FoxP3+ population. Each RNA sequencing sample is a pool of 5 ipsilateral hemispheres and 20 sham brain
hemispheres. The blood samples were collected in heparin coated tubes and then transferred to a 15 mL tubes where ACK
lysis buffer was used to lyse the erythrocytes. The sample was then strained through a 70 um filter and stained as decribed
above. Each RNA sequencing sample is a pool of 5 mice.

Flow cytometry acquisition was performed on FACSSymphony A5 (BD Biosciences) using DIVA software.
Cell were sorted using FACSAria Il (Becton Dickson)

Flow cytometry data were analyzed with FlowJo software version 10.

Gating Ly6C negative and CD11b positive yielded a cell population which was >95% positive for 4D4, a microglia-specific
marker, which gates were drawn for and positive cells taken for analysis.

Microglial cells were identified as CD45+CD11b+ Ly6C-4D4+ and Dead cells were also excluded based on 7-AAD (BD
Bioscience) staining. Phagocytic positive microglia was sorted as 4D4+ Alexa405+

For FoxP3 Tregs were selected based on Dead cells were also excluded based on 7-AAD and CD4+ cells were gated then GFP+
cells were sorted as FoxP3 Tregs.

For Intracellular staining Dead cells were excluded with zombie aqua and CD45+ cells were gated, then CD11b+ was excluded
followed by gating on TCR-b+ cells, Followed by gating both CD4+ and CD8+ T-cells. Different subtypes of CD4+ T cells were

gated on CD4 and were chosen to be positive for that population based on an FMO for that marker.

Detailed gating strategies and FMOs are found in extended Data Fig 4,5,6,7,8, and 9.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

One week post-TBI mice went through MRI imaging to measure the lesion volume of the injury.

Imaging was done using 7.0T Bruker BioSpect®USR. In brief, mice were gently handled and placed in isoflurane
anesthesia chamber. Then mice were placed inside the imaging apparatus with their nose in front of tubes releasing 2%
of isoflurane. Electrocardiogram (ECG) leads were placed on the animal’s paws and a pneumatic pillow sensor will be
placed under the abdomen for continuous ECG and respiratory rate monitoring of the anesthetized animal. These
waveforms were closely monitored throughout MRI scanning by the MRI operator. The animal was placed on an MRI
compatible bed, which will be placed inside the magnet for imaging. The imaging sessions last between 15-60 minutes.
Mice were then returned to their cages and were monitored continuously after being returned to their cages prior to
returning to a fully alert status. The. Following parameters were obtained to generate the T2 sequence images: Slice
Thickness: 0.5mm, Repetition Time:3000ms, Echo Time: 50ms, Number of Averages: 3, Spacing Between Slices:0.5mm,
Echo Train Length: 8, Acquisition Matrix: 200x200, Flip Angle:90, Field of View: 20mm. Serial Images were viewed and
analyzed using the 3D Slicer platform

Behavioral performance measures  The MRI was used to quantify lesion volume by obtaining T2 sequences, and behavioral performance measures were

not required to be obtained for that purpose.
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Acquisition

Imaging type(s) Structural
Field strength 7T
Sequence & imaging parameters The following parameters were obtained to generate the T2 sequence images: Slice Thickness: 0.5mm, Repetition

Time:3000ms, Echo Time: 50ms, Number of Averages: 3, Spacing Between Slices:0.5mm, Echo Train Length: 8,
Acquisition Matrix: 200x200, Flip Angle:90, Field of View: 20mm.

Area of acquisition The whole brain was used.
Diffusion MRI [ ] Used Not used

Preprocessing

Preprocessing software 3D Slicer platform

Normalization DICOM files were opened and serial images of the whole brain was obtained to analyze the TBI lesion volume
Normalization template No data was normalized

Noise and artifact removal The animal was well-sedated where noise and artifact removal were not required.

Volume censoring The animal was well-sedated and positioned in which volume censoring was not needed.

Statistical modeling & inference

Model type and settings A statistical model was not used and only lesion volumes were directly calculated from the T2 sequences.
Effect(s) tested No statistical effects were tested and only lesion volumes were directly calculated from the T2 sequences.
Specify type of analysis: [ | whole brain ~ [X| ROI-based [ ] Both

Anatomical location(s) The area of lesion was measured and analyzed using the Slicer 3D platform
Statistic type for inference Statistical inference was not used since lesion volumes were directly calculated from the T2 sequences.

(See Eklund et al. 2016)

Correction Correction was not required since lesion volumes were directly calculated from the T2 sequences.

Models & analysis

n/a | Involved in the study
|X| |:| Functional and/or effective connectivity

|X| |:| Graph analysis

Xl |:| Multivariate modeling or predictive analysis
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