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NEUROSCIENCE

CD4™ T cells aggravate hemorrhagic brain injury

Samuel X. Shi't, Yuwen Xiu"*3t, Yan Li*t, Meng Yuan?, Kaibin Shi? Qiang Liu?, Xiaoying Wang'*#,

Wei-Na Jin%*

Leukocyte infiltration accelerates brain injury following intracerebral hemorrhage (ICH). Yet, the involvement of
T lymphocytes in this process has not been fully elucidated. Here, we report that CD4" T cells accumulate in the
perihematomal regions in the brains of patients with ICH and ICH mouse models. T cells activation in the ICH
brain is concurrent with the course of perihematomal edema (PHE) development, and depletion of CD4* T cells
reduced PHE volumes and improved neurological deficits in ICH mice. Single-cell transcriptomic analysis re-
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vealed that brain-infiltrating T cells exhibited enhanced proinflammatory and proapoptotic signatures. Conse-
quently, CD4* T cells disrupt the blood-brain barrier integrity and promote PHE progression through
interleukin-17 release; furthermore, the TRAIL-expressing CD4"* T cells engage DR5 to trigger endothelial
death. Recognition of T cell contribution to ICH-induced neural injury is instrumental for designing immuno-

modulatory therapies for this dreadful disease.

INTRODUCTION

The prognosis of intracerebral hemorrhage (ICH) is devastating (I).
Evidence from preclinical and clinical studies suggests the detri-
mental role of lymphocyte-driven inflammatory response in ICH
pathophysiology (2—4). These orchestrated pathways of neuroin-
flammation are thought to contribute toward the evolution of
brain edema and secondary injury following ICH, which deterio-
rates patient neurological outcomes (3, 5). However, the detailed
mechanisms involving lymphocyte-driven neuroinflammatory pro-
cesses remain only partially understood, and no targeted treatment
for post-ICH brain inflammation is currently available in clinical
practice.

Blood components exuded from the hematoma and damage-as-
sociated molecular patterns released by injured neural cells activates
an acute immune response following ICH (5, 6). Besides activated
intrinsic brain cells such as microglia and astrocytes, lymphocytes
assemble in the regions proximal to the hematoma in the acute and
post-acute phase of ICH. Lymphocyte subsets—CD4" T, CD8" T, B,
and natural killer cells—are observed within a day after ictus and
peak around 3 days after (7-9).

T cells, which represent a major lymphocyte population, are
among the brain-infiltrating immune cells observed in the acute
stage of experimental ICH; however, their actions are comparatively
less known compared to innate immune cells (7, 8). In their adap-
tive modality, CD4" T cells are generally activated by T cell receptor
recognition of cognate antigens presented by major histocompati-
bility complex II of antigen-presenting cells in the presence of cos-
timulatory signals. Upon activation, CD4" T cells proliferate and
produce a variety of cytokines/chemokines (10, 11). Alternatively,
in the absence of antigen recognition, T cells can respond to
danger signals and produce cytokines (12-15), suggesting their
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potential involvement in the genesis or progression of the neuroin-
flammatory cascade in the acute stage of ICH. To dissect the roles of
T cells in acute ICH brain injury, we used brain tissue sections of
ICH patients and mouse models to query the potential mechanisms
underlying T cell actions in ICH injury. Our study findings provide
a rationale for further investigations toward the development of im-
munotherapies targeting T lymphocytes to modulate the develop-
ment and progression of secondary brain tissue damage in ICH.

RESULTS

CD4" T cells accumulate in perihematomal regions in ICH
patients and mouse models

To uncover the role of T cells in the pathophysiology of ICH, we first
identified T cells presence in brain tissue obtained from the perihe-
matomal region from patients with ICH within 72-hour onset who
underwent craniectomy to remove hematoma. Brain tissues were
stained for cell type markers (CD4, CD8, and CD19) and phenotyp-
ic markers [CD69 and interleukin-17 (IL-17)]. An increased average
count of lymphocytes was detected in ICH tissues compared to the
location-matched control brain tissues (Fig. 1, A and B). In ICH
tissues, average CD4" counts outnumbered CD8" and B cells;
CDA4" cells were observed as early as 24 hours after ICH in individ-
ual brain samples (Fig. 1, A and B). In addition, T cells in the ICH
group displayed a marked expression of CD69 and IL-17 compared
to cells in the control group (Fig. 1, C and D), indicating a proin-
flammatory state of the CD4" T cell in patient-derived tissue. The
accumulation of CD4" T cells in perihematomal regions suggests
active CD4" T cell participation in the early immune response to
ICH (Fig. 1, A to D).

An established animal model induced by autologous blood in-
jection was used to experimentally confirm the observations in
ICH patient-derived brain tissue. Infiltrating lymphocytes were
counted in the perihematomal region of murine brains at 24 and
72 hours after ICH induction. Correspondingly, an increased accu-
mulation of CD4" T cells in the regions surrounding the hematoma
at both 24 and 72 hours after ICH induction was observed (Fig. 1, E
to G). We further noted the close proximity of these infiltrating
CD4" T cells with CD31" endothelial cells, indicating their
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Fig. 1. CD4" T cells accumulate in perihematomal areas following ICH. Perihematomal tissues were obtained from brain basal ganglia of patients with ICH within 72-
hour onset who underwent urgent evacuation of hematoma. Brain tissues for control cases were obtained from individuals that passed from non-neurologic diseases and
were without history of neurological or neuropsychiatric conditions, and selected tissue sections were region-matched with ICH tissues. (A and B) Immunostaining (A) and
quantification (B) of lymphocyte subsets (T and B cells) in brain sections from patients with ICH in the perihematomal area after ICH and control subjects without neu-
rological disorders. (C and D) Immunostaining (C) and quantification (D) shows brain-infiltrating CD4* T cells expression of the activation marker CD69 and IL-17 in
perihematomal edema (PHE) after ICH. Scale bars, 40 um and (inset) 20 um. Quantification was averaged as positive cells per mm?. In (B) and (D), patients with ICH:
n =7; controls: n = 6. Mann-Whitney test. Means + SD, *P < 0.05 and **P < 0.01. (E to J) ICH was induced by injection of autologous blood in C57BL/6 mice. Brain tissue was
harvested at 24 or 72 hours after ICH. (E) Immunostaining of ICH brain slices show infiltrating CD4" T cells. White dashed lines outline the hematoma area. (F and G)
Quantification of lymphocyte subsets in the perihematomal region of ICH brain 24 hours (F) and 72 hours (G) after ICH induction. Scale bars, 40 um and (inset) 20 um.
Quantification was averaged as positive cells per mm?. n = 11 mice per group. Two-tailed unpaired Student's t test. (H to J) Flow cytometry plots and quantification show
CD4* T cell counts and the expression of CD69 and IL-17 in brain-infiltrating CD4* T cells from days 0 to 3 after ICH. n = 9 mice per group. In (1) and (J), one-way analysis of
variance (ANOVA) followed by Tukey post hoc test. Means + SD, *P < 0.05 and **P < 0.01. DAPI, 4, 6-diamidino-2-phenylindole.

perivascular accumulation (fig. S1). Furthermore, CD4" T cells in- CD4" T cells are significantly activated in the ICH brain

creasingly expressed CD69 and IL-17 in a time-dependent manner,
detected as early as 24 hours following experimental ICH (Fig. 1, H
to J, and fig. S2). To ensure that observed CD4" T cells were not
derived from the injected autologous blood, blood from ubiquitin
C promoter—green fluorescent protein (UBC-GFP) mice (universal
cellular GFP expression) was injected into wild-type mice. Detec-
tion of GFP signal following ICH induction showed that less than
10% of CD4" T cells in the perihematomal area were GFP", indicat-
ing that most of these cells were actively recruited from the circula-
tion (fig. S3).
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To characterize the temporal and spatial trends of T cell activation
following ICH (16), we leveraged a fluorescence resonance energy
transfer (FRET)-based genetically encoded calcium indicator, TN-
XXL, to visualize T cell activation (Fig. 2A) (17, 18); we tested the
compartment-specific T cell activation modalities in ICH mice
(Fig. 2B). TN-XXL is composed of calcium-sensitive double C-ter-
minal lobe of troponin C (TnC)-linked dual parts: cyan fluorescent
protein (CFP) and cpCitrine. Upon cell activation, increased cyto-
plasm free calcium binds to the TnC, which then undergoes a re-
versible conformational change and transfers energy from the
CEFP to the cpCitrine, resulting in a signature drop in CFP fluores-
cence and concurrent increase in cpCitrine fluorescence (FRET™).
The ratiometric change in fluorescent intensities reflects the cellular

20of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

B
Spleen Brain 40 I Spleen
60 /Control so]Control 60-|€t| /Control 50 Sha@/ S § % ** [ Brain
©40 lC: | 0407 @40] ||/ Sham | 240 ICH 3
S | Sham | § ICH € |/ S L 20
0207 | 0207 ¥ Sham 0207 [ [ 020 —
o |/ (& N o |/ O W 10
IS VAN . —— 0+ 0 0
010210310%10° T 0102103104105 010210310%10% L 010210310%10° 0
CFP —» cpCitrine (FRET*) CFP cpCitrine (FRET*)
L 8
Cc D
Sham ICH 12 hours ICH 24 hours ICH 72 hours . =
. I Brain i
L 0.73 ‘ 6.2 ‘ 20.8 ‘ ‘ 434 |% 607 |1 Spleen &
: - CLN -
- 0.29 1.3 10.1 8.7 T g = Blood . 2
g ] W 401
S ] »®
e | . ' 2 g
O 0.02 3.6 9.3 352 o o
ek
s B
0.14 0.1 0.3 2.8 o L.
. - 18
] Ty T ™ T Ui Ty W U T T T i
o 10° 10° 10 10° 0 10 10° 10 10 0 10 10 w1t o 10° 10° 10° 100 Sham 12 hours 24 hours 72 hours

Fig. 2. CD4™ T cells are significantly and time-dependently activated in the brain after ICH. CD4" T cells were fluorescence-activated cell sorter (FACS) sorted from
C57BL/6 mice and retrovirally transduced with TN-XXL plasmid. A total of 1 x 10" TN-XXL-expressing CD4" T cells were then injected into Rag2™~ mice 24 hours before
ICH. Twenty-four hours after ICH, FRET of TN-XXL—expressing CD4" T cells in the brain, spleen, CLNs, and blood was detected using flow cytometry. (A) Schematic rep-
resentation of the calcium indicator TN-XXL, containing donor fluorophore CFP, cpCitrine acceptor, and calcium-sensitive domain TnC, before and after binding of
calcium. (B) After binding to free calcium, TnC undergoes a conformational change that leads to energy transfer from the donor to the acceptor fluorophore, resulting
in a drop in CFP fluorescence and an increase in cpCitrine fluorescence with CD4" T cells activation after ICH injury. Flow cytometry gating strategy showing negative
control (mock transduced), sham operation, and ICH surgery groups in the spleen and brain separately. Bar graphs shows the FACS-based FRET measurements in TN-XXL—
expressing CD4" T cells within the spleen and brain at 24 hours after ICH. n = 15 per group. Two-tailed unpaired Student's t test. (C and D) Flow cytometry histogram and
measurements of FRET level in TN-XXL—expressing CD4™ T cells within indicated organs from 0 to 72 hours after ICH. n = 15 per group. Two-way ANOVA followed by Tukey

post hoc test. Mean + SD. *P < 0.05 and **P < 0.01.

activation status. CD4" T cells isolated from wild-type mice were
retrovirally transduced with TN-XXL and intravenously transferred
into Rag2™'~ mice, followed by autologous blood ICH induction.
Notably, FRET'CD4" T cells were primarily observed in the
injured brain and detected as early as 12 hours after ICH (Fig. 2,
C and D). FRET'CD4" T cells in the brain were increasingly acti-
vated in a time-dependent manner compared to cells in peripheral
compartments including the spleen, cervical lymph nodes (CLNs),
and blood (Fig. 2D). We also observed an increase of activated CD4"
T cells in the CLNs, but not as prominently as in the brain after ICH
(Fig. 2D). These results show that CD4" T cells are significantly ac-
tivated in the hemorrhagic brain and in a time-dependent manner
following ICH.

ICH induces distinguishing transcriptomic features of T
cells in the brain versus periphery

To further depict the landscape of the composition and functional
states of brain-infiltrating immune cells following ICH, single-cell
RNA sequencing (scRNA-seq) was performed to identify the mo-
lecular characteristics of CD45" cells in the brain versus those in pe-
ripheral compartments of ICH mice (Fig. 3). CD45" cells were
sorted from mouse splenocytes or brain at day 3 after ICH or
sham procedures and were subjected to unbiased scRNA-seq.
Besides, the CD45™ cells were also isolated from sham brain
(Sham brain_ CD45™) to obtain enough T cells for subclustering
and data processing. After stringent quality control, a total of
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41,385 individual cells, with an average of 2372 genes per cell,
were obtained (Fig. 3, A and B, and fig. S4). Thirteen cell clusters
were defined on the basis of their distinct molecular features (Fig. 3,
C to E). In the ICH brain, the T cell subset exhibited a higher acti-
vation score compared to the activation of other CD45" clusters
(Fig. 3F). Moreover, the T cell cluster in ICH brain exhibited a
notable higher activation score compared to sham brain and
spleen groups (Fig. 3G). The distinct difference in activation
scores alludes to the conspicuous activation state of the T cells
within the ICH brain.

To visualize the intrinsic structure and uncover the potential
functional subtypes of the overall T cell population within the
context of ICH, unsupervised clustering and uniform manifold ap-
proximation and projection (UMAP) were performed for reclus-
tered CD3" cells from CD45" (sham spleen, ICH spleen, and ICH
brain) or CD45" (sham brain) populations. Nine distinct T cell sub-
clusters emerged from the sham spleen, sham brain, ICH spleen,
and ICH brain, defined as naive CD4" T, naive CD8" T, activated
CD4" T, activated CD8" T cell clusters, etc. (Fig. 4, A and B, and fig.
S5). Within the ICH brain, activated CD4" T cells were significantly
increased as compared to sham brain (Fig. 4C). Compared with
sham brain, ICH-brain CD4" T cells included up-regulated genes
related to inflammation (Jun, Fosb, Ifngrl, and SppI), chemotaxis
(Ccl3 and Ccl4), metabolism (ApoE and Ttr), and apoptotic-trigger-
ing death ligands (Fasl and Tnf) (Fig. 4D). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of
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Fig. 3. Single-cell analysis of CD45" cells isolated from the brain and spleen of ICH mice. CD45" cells were isolated from splenocytes or brain tissues of C57BL/6 mice
72 hours after autologous blood injection induced ICH using FACS. CD45" cells splenic (Sham spleen) or brain (Sham brain_CD45") cells from sham-operated mice were
used as controls for unbiasedly single-cell RNA mapping. The optimized FACS sorting was performed on CD45" cell population to obtain enough CD4" T cells in sham
brains for subclustering and data processing (Sham brain_ CD45"). scRNA-seq was performed using the 10X Genomics Chromium platform. (A and B) Uniform manifold
approximation and projection (UMAP) plot along components 1 and 2 for all high-quality single cells from sham brain_CD45" (n = 10487 cells), sham brain_CD45M (n =
5589 cells), sham spleen (n = 8747 cells), ICH brain (n = 10,487 cells), and ICH spleen (n = 9147 cells), colored by group and cell type. (C) Stacked bar chart showing the
constitution of 13 cell clusters in sham spleen, sham brain_CD45", sham brain_CD45M, ICH spleen, and ICH brain. (D) UMAP plots show selected marker genes for de-
termining cell identity. (E) Dot plots show average (dot color) and percentage (dot size) expression of top five marker genes for each cluster. (F) UMAP plot illustrating
activation feature scores (Ms4a4b, Ms4a6b, Cxcl10, Itk, Prkcq, Ccnd1, Cend2, Cend3, Hmox1, Ccl5, Dusp1, Kif4, Jun, and Junb) calculated using AddModuleScore function in
Seurat (left). Violin plot with box plot inside showing the comparison of activation scores between T cells and other CD37CD45" clusters in ICH Brain (right). (G) Violin plot
with box plot inside illustrating the comparison of T cell activation scores between indicated groups. In (A) to (G), data were pooled from 15 mice in each group.
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Fig. 4. Brain CD4" T cells bear unique molecular signatures versus peripheral T cells after ICH. CD3" T cells were reclustered from CD45" cell populations isolated
from the spleen or brain tissues of C57BL/6 mice at 72 hours after ICH induced by autologous blood injection, based on the scRNA-seq data. (A) UMAP plot showing T cell
subtypes of CD45" cells from sham spleen, sham brain (CD45™), ICH spleen, and ICH brain. (B) UMAP displaying expression of maker genes for T cell subtype identity. (C)
Proportion of activated CD4" T cells within total CD4" T cells from sham spleen, sham brain (CD45™), ICH spleen, and ICH brain. P = 0.000343 by Fisher's exact test. (D)
Heatmap showing relative average expression of differentially expressed genes in activated CD4™ T cells across ICH brain, ICH spleen, sham brain, and sham spleen group.
(E) Selected significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways by gene set enrichment analysis between activated CD4" T cells from ICH brain
and those from sham brain. In (A) to (E), data were pooled from 15 mice in each group.
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activated CD4" T cells identified a pronounced up-regulation of
antigen processing and presentation, apoptosis, leukocyte transen-
dothelial migration, and IL-17 signaling pathways within the
injured brain (Fig. 4E). From these high-resolution sequencing
data, we can extrapolate possible targets relevant to their actions
in secondary ICH injury. Yet, the salient results here find that T
cells are activated in the ICH brain and display distinct signatures
from peripheral T cells at day 3 after ICH.

Brain-infiltrating CD4" T cells promotes focal inflammation
through IL-17

Upon uncovering the brain-specific signatures of post-ICH CD4" T
cells where the IL-17 signaling pathway was highly enriched, A Pro-
teome Profiler Mouse XL Cytokine Array of brain-sorted CD4" T
cells, 24 and 72 hours after ICH, validated the protein expression of
the enriched pathways. Compared to CD4" T cells isolated from the
sham brain, CD4" T cells of the ICH brain registered a greater pro-
duction in an array of proinflammatory cytokines, with IL-17 re-
maining the most expressed (Fig. 5, A and B). IL-17 has known
proinflammatory functions, which initiate and drive inflammation
in a tissue-dependent manner in response to injury or infection
(19-21). This prompted us to interrogate the specific effects of in-
creased IL-17 production from brain-infiltrated CD4" cells in acute
ICH injury. To this end, CD4" T cells from IL-17"'~ mice were iso-
lated, and the IL-17"'"CD4" T cells were intravenously transferred

Relative expression (/sham)

Rag2-"

()

IL-1 7*’fCD4’ i IL-17--CD4* T

Lesion volume (mm3)

to Rag2™'~ mice, which are devoid of mature lymphocytes. Com-
pared to Rag2™'~ mice receiving IL-17""* CD4" cells, Rag2™'~
mice receiving IL-17~'~ CD4" cells exhibited reduced perihemato-
mal edema (PHE) volumes (Fig. 5, C and D), improved endothelial
survival, and preservation of blood-brain barrier (BBB) integrity
(fig. S6) at 1 and 3 days after ICH induction. The increased expres-
sion of inflammatory cytokines reinforces the activated status of
CD4" T cells in the ICH brain, and their increased production of
IL-17 appears to be a primary cytokine-mediated method fueling
perihematomal inflammation injury and worsening secondary
ICH injury.

CD4* T cells induced brain endothelial cell apoptosis
involving the TRAIL-DR5 pathway

As revealed by single-cell sequencing, another potential pathway,
which may underlie CD4" T cell contribution to ICH injury, is
through death ligand—mediated cell apoptosis (Fig. 4, D and E).
To specifically investigate the apoptosis panel in CD4" T subsets,
RT2 Profiler PCR Array of CD4" T lymphocytes corroborated the
transcriptomic findings and identified the expression of a variety of
apoptotic-related genes. At day 1 after ICH, brain-infiltrating CD4"
T cells overexpressed a variety of antiapoptotic genes (Naip1, Nol3,
and Tnfrsf11b), a transcription factor for apoptotic regulation
(Atf5), and the immune stimulatory factor (Cd70) (Fig. 6, A and
B). Critically, brain-infiltrating CD4" T cells were also found to
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15 e
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Fig. 5. Detrimental effects of brain-infiltrating CD4" T cells in ICH involves IL-17. (A and B) CD4" T cells were isolated from brain of C57BL/6 mice 24 hours and 3 days
after ICH induced by autologous blood injection or sham control, and cells were then lysed for Proteome Profiler Mouse XL Cytokine Array analysis. (A) Heatmap shows
relative changes of cytokine and chemokine profiles in lysates of CD4"* T cells from ICH brain versus sham mice. Results were based on clustering of immunoassay mea-
surements of the listed proteins. Purple shades represent fold change of up-regulated proteins, and yellow shades demark fold change of decreased proteins. (B) Bar
graph shows highly up-regulated expression of selected cytokines/chemokines. n = 3 duplicates from 15 mice. One-way ANOVA followed by Tukey post hoc test. (C and D)
CD4* T cells were isolated from the spleen of IL-17~/~ mice or their IL17*/* littermates. IL-17/~ versus IL17*"* CD4* T cells were adoptively transferred into Rag2™'~ mice
to evaluate the role of CD4" T cell-derived IL-17 in ICH injury. Quantification of lesion volume and PHE volume was calculated in the indicated groups of collagenase
induced ICH. n = 7 mice per group. One-way ANOVA followed by Tukey post hoc test. Means + SD. *P < 0.05 and **P < 0.01. BAFF, B cell-activating factor; FGF, fibroblast
growth factor; MMP9, matrix metalloproteinase 9.
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group. Mann-Whitney test. Means + SD. *P < 0.05 and **P < 0.01.

key pathophysiological hallmark of the ICH injury and driver of sec-
ondary injury and that endothelial cells are a critical cellular com-

up-regulate the death receptor ligands Tnfsf10, Tnfsf12, and Fasl
(Fig. 6C). Immunostaining of murine ICH brain slices visualizes a

notable increase in the expression of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), encoded by the Tnfsf10 gene,
on CD4" T cells (Fig. 6D). After gating for brain intrinsic cells ex-
pressing the TRAIL cognate receptor DR5, flow cytometry analysis
revealed that DR5 was expressed by multiple brain intrinsic cell
types; however, ICH robustly increased DR5 expression on brain
endothelial cells (Fig. 6E). Considering that BBB disruption is a
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ponent of the neurovascular unit and participant in the evolution of
brain edema, we postulate that CD4" T cells may exert direct endo-
thelial cell injury via TRAIL-DR5 interaction, resulting in increased
BBB disruption and brain edema. We tested this notion using a
TRAIL-specific antibody to neutralize the interaction. Anti-DR5
monoclonal antibody (mAb) treatment effectively blocked CD31"
endothelial cell death (Fig. 6F) and brain injury after ICH (fig.
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S7). These results highlight how brain-homing CD4" T cells induce
apoptosis of brain intrinsic cells through antigen-independent
mechanisms, partly involving the TRAIL-DR5 pathway in
ICH mice.

Depletion CD4* T cells reduced secondary ICH injury
To ascertain their contribution to secondary brain injury in ICH,
CD4" T cells were depleted with an anti-CD4 mAb before ICH in-
duction in mice. Flow cytometry quantification verified the efficacy
of CD4" T cell depletion, without influencing other cell populations
in peripheral blood of control mice (fig. $8). Ablation of CD4" T
cells in both autologous blood and collagenase models of hemor-
rhagic stroke demonstrated T cell participation in the processes of
secondary brain injury. CD4" depleted animals recorded reductions
in PHE volume and improvement of functional outcomes at days 1,
3, and 7, compared to mice receiving IgG control, in both ICH
models (Fig. 7). Depletion of CD4" cells before model induction
ameliorated parameters of secondary injury, functionally support-
ing the detrimental capacity of CD4" T cells in acute ICH injury.
BBB permeability and neuroinflammation are key contributors
toward PHE expansion. To further elucidate their roles, we looked
into CD4" T cell influence on BBB integrity and local inflammation
following ICH. CD4" depletion before ICH preserved the expres-
sion of major tight junction proteins, claudin-5 and ZO-1, at 3
days after ICH (Fig. 8A). In addition, CD4" T cell depletion
reduced matrix metalloproteinase 9 (MMP9) protein in the ICH
brain at day 3 (Fig. 8A); MMP9 is an immunemodulatory molecule
that damages the matrices of the BBB following stroke and is con-
sidered a surrogate marker of BBB disruption (22, 23). In CD4" T
cell-depleted animals, we observed reduced leakage of Evans blue
(EB) into the brain parenchyma (Fig. 8B) and a reduction brain
CD31" endothelial cell death (Fig. 8, C and D). Last, we evaluated
whether brain-infiltrated CD4" T lymphocytes affect the focal in-
flammatory milieu by quantifying leukocyte trafficking into the
ICH brain of CD4" T cell-depleted mice. Compared to immuno-
globulin G (IgG)—treated control mice, counts of brain-infiltrating
neutrophils and monocytes were notably reduced in CD4" T cell-
depleted mice at day 3 after ICH induction (Fig. 8, E and F, and fig.
$9). These findings inform how infiltrating CD4" T cells engage in
critical processes known to drive secondary injury following cere-
bral hemorrhage; considering CD4" ablation in ICH preserved BBB
integrity, attenuated local inflammation, reduced lesion volume,
and improved sensorimotor function in animal models. These
broad responses may point to the multifaceted involvement of
CD4" T cells in secondary ICH injury. Together, these results
suggest that CD4" T cells are acutely recruited to the ICH brain
where they exacerbate BBB disruption and focal inflammation to
contribute to the secondary brain injury.

DISCUSSION

This study provides the first thorough evidence that CD4" T cells
accelerate PHE development in ICH. As documented here, activated
CD4" T cells accumulate in the perihematomal region and drive
local inflammation via the production of IL-17 and engagement
of endothelial cell death receptors, resulting in diminishing BBB in-
tegrity and augmented brain edema (fig. S10). Monoclonal antibody
depletion of CD4" T cells before ICH induction limits PHE and
lesion volume, attenuates local brain inflammation, maintains key
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tight junction proteins, and improves functional outcomes
through the acute time points after ICH. The varied responses elic-
ited by the absence of CD4" in ICH pathophysiology not only indi-
cates their expansive effector functions but may also illustrate the
complex interaction and possible redundant pathways encompassed
in the pathophysiology of ICH secondary injury.

PHE is a cause of progressive tissue injury after ICH, and the
extent of brain edema surrounding the hematoma directly corre-
lates with poor outcomes in patients with ICH (24). PHE represents
an attractive therapeutic target in part because of the extended time
window during which it occurs; however, it has thus far not been
successfully therapeutically modulated with available drugs, as
shown by clinical trials. For example, in MISTIE III trial (Minimally
Invasive Surgery Plus Alteplase for Intracerebral Hemorrhage Evac-
uation), Shah et al. reported that a minimally invasive procedure for
hematoma clearance failed to show superiority to standard medical
care (25). Inflammation contributes to the development and pro-
gression of PHE and thus subsequent neurological deterioration
(26, 27). In targeting ICH-induced neuroinflammation, numerous
studies have explored the potential of multiple sclerosis disease-
modifying drugs in the setting of stroke (28). Two clinical trials in-
volving natalizumab showed that it does not confer any benefits, but
four human studies with fingolimod have showcased its potential in
improving recovery prospects (29, 30). Therefore, there is an unmet
need for the development of alternative immune-modulatory ap-
proaches in alleviating ICH injury.

After brain injury, peripheral immune cells are activated and in-
filtrated the injured brain where they propagate acute neuroinflam-
mation and contribute to secondary brain injury (8, 31, 32). CD4" T
cells have been suggested to be the predominant infiltrating leuko-
cyte populations in the acute stage in experimental ICH (8). Emerg-
ing literatures support a role for meningeal vessels as a route for
immune cell migration and post-stroke inflammation, as well (33,
34). Studies, depleting lymphocyte infiltration to the brain or lim-
iting their influx, show that T cells absence generally alleviates acute
neuroinflammation and injury after ICH (35). Given their broad ef-
fector actions, several studies detailed T cell action in ICH related to
inflammation (36), BBB injury (37), neurotoxicity (38), and edema
formulation (39). Despite these reported studies, the fine kinetics
and specific T cell activation in ICH brain were previously
unknown. In this study, we detail their activation status by leverag-
ing the TN-XXL approach, which tracks their differential activation
in vivo. This approach revealed CD4" T cells to be substantially and
time-dependently activated in the hemorrhagic brain, suggesting
that the microenvironment of the ICH brain primes the infiltrating
T cells.

scRNA-seq of CD4" T cell identified specific proinflammatory
and proapoptotic signatures unique to the ICH brain versus their
profiles in peripheral compartments. Of inflammatory genes
altered in brain CD4" T cells following ICH, the IL-17 pathway
stood out in its degree of enrichment. One recent study by Yang
et al. (40) showed prominent accumulation of T helper 1 (Ty1)
and Ty17 cell subsets of CD4" T cells at 14 days after ICH and sug-
gested that modulating CD4" T cell differentiation may alleviate
post-ICH outcomes. Our data show an early increase in CD4" T
cells and the IL-17"CD4" T cell (T17) subset in patients with
ICH, which is consistent and enhances the results from the afore-
mentioned study. From this present data, we deduce that CD4" T
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Fig. 7. Depletion of CD4" T cells ameliorates neurodeficits and ICH injury in mice. C57BL/6 mice received intraperitoneal injection of 50 ug of anti-CD4 mAb or IgG
control 24 hours before ICH induction with injection of autologous blood or collagenase. (A) Behavioral tests including modified neurological scale score (mNSS) and
corner turning test were performed in indicated groups of autologous blood—induced ICH mice. (B) Multimodal 7-T magnetic resonance imaging (MRI) was used to
visualize lesion (T2) and hematoma (SWI) in autologous blood-induced ICH mice. PHE volume was calculated by subtracting the hematoma volume from lesion
volume. Representative MRI for hematoma and PHE in mice receiving anti-CD4 mAb or IgG following ICH induction for 24 hours. (C) Quantification of lesion volume,
hematoma, and PHE volume in the indicated groups of autologous blood-induced ICH mice. (D) Behavioral tests in indicated groups of collagenase induced ICH mice. (E)
Representative MRI for hematoma and PHE in mice receiving anti-CD4 mAb or IgG following ICH induction for 24 hours. Yellow shadows represent hematoma, and red
lines delineate the lesion area. (F) Quantification of lesion volume and PHE volume in the indicated groups of collagenase-induced ICH mice. In (A) to (F), n = 7 mice per
group. Two-way ANOVA followed by Tukey post hoc test. Means + SD. *P < 0.05 and **P < 0.01.
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and MMP9 in brain homogenates of ICH mice. n = 6 mice per group. Mann-Whitney test. (B) Concentrations of evans blue were measured at day 3 after ICH, with anti-
CD4 mAb or IgG injection. n = 14 per group. Two-tailed unpaired Student’s t test. (C and D) Immunostaining (C) and quantification (D) of TUNEL in CD31* endothelial
cells of ICH mice received IgG control or anti-CD4 mAb separately. White dashed lines outline the hematoma area. Scale bars, 40 um and (inset) 20 um. n = 12 mice
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was shown. (F) Counts of the immune cell populations in ICH brains from mice receiving anti-CD4 mAb or IgG. n = 12 mice per group. Two-tailed unpaired Student's t

test. Means + SD. *P < 0.05 and **P < 0.01.

cells augment acute local inflammation in the ICH brain and
worsen secondary injury primarily through IL-17 production.

We further demonstrate that CD4" T cells can induce apoptosis
of intrinsic brain cells by expressing death receptor ligands, and
their interaction with cells bearing cognate death receptors was re-
stricted after receptor blockade. We highlight a series of apoptotic-
related genes and death ligands up-regulated in brain CD4" T cells
following ICH, particularly their surface expression of TRAIL. The
unique role of TRAIL in the nervous system is revealed by the wide-
spread expression of its receptor DR5 on various brain cell types,
including neurons, astrocytes, and endothelial cells. Notably, DR5
was found to be significantly up-regulated in endothelial cells fol-
lowing ICH. The detrimental role of TRAIL-DR5 pathway in BBB
injury was attributed with reduced endothelial cell apoptosis in the
ICH brain by DR5 mAb pretreatment. These findings expose an in-
novative mechanism by which cells in the ICH brain can be
damaged by invading T cells through the engagement of cell
death receptors.

This study has several limitations. First, restricted by the source
of control samples, we adopted postmortem tissue sections for
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control, as previously published (9). Second, female mice were
not used. In addition, several treatments such as T cell depletion
and antibody neutralization were given before ICH. The effect of
treatment after injury is warranted in future preclinical studies.
On the basis of single-cell sequencing data, the impact of other ac-
tivated T cell subsets on ICH brain injury warrants study. Moreover,
our data demonstrates that CD4" T cells are also activated in the
CLN after ICH, supplementing a recent study that brain-to-CLN
pathway may be involved in acute brain injury (41). Further
studies could determine the dynamic activation of T cells within
the ICH brain and CLN, as well as their specific features in the re-
spective two compartments.

As a major cellular component of the adaptive immune system,
T cells are usually activated by specific antigens presented on the
surface of antigen-presentng cells (42), a process elapsing from
days to weeks until maturity. Yet, the early T cells activation we
observe in acute ICH injury indicates the involvement of antigen-
independent mechanisms. This study identifies how T lymphocytes
respond and participate in ICH pathology. Together, our results
broaden the understanding of T lymphocyte-mediated
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neuroinflammation in relation to PHE expansion after ICH, provid-
ing insights toward targeted intervention for ICH.

MATERIALS AND METHODS

Human brain tissues

Collection of human samples was performed according to protocols
approved by the Institutional Review Boards of Tianjin Medical
University General Hospital (Tianjin, China) and Beijing Tiantan
Hospital (Beijing, China). For immunostaining of human brain
tissues, six cases of control postmortem and seven ICH human
brain sections were included. All seven patients had primary ICH
at the basal ganglia. Fresh brain tissues of perihematomal regions
were collected from patients with ICH undergoing hematoma evac-
uation within 72 hours after onset. Brain tissues for control cases
were obtained from deceased individuals with non-neurologic dis-
eases and without history of neurological or neuropsychiatric con-
ditions. The selected tissue sections were region-matched with ICH
tissues. Lymphocytes populations were counted at 12 different view
fields for each brain slide and then quantified by averaging positive
cells per mm®. Image analysis was performed using Image] software
(National Institutes of Health, MD, USA). Quantification was per-
formed in a double-blinded manner. The average age between ICH
and control subjects did not differ significantly [ICH: 54.7 + 9.52
years old (y/o); control: 56.5 + 8.55 y/o; means + SEM; P > 0.05;
unpaired ¢ test].

Mice

All animal experiments were performed in accordance with
the ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines and obtained approved protocols from respective
Institutional Animal Care and Use Committee (IACUC). All
studies were performed with adult 3- to 4-month-old male
mice. C57BL/6 (RRID: MGI:2159769), Rag2_/_ (RRID:
NSRRC_0035), UCB-GFP (RRID:IMSR_JAX:004353), and
IL-177'~ mice (RRID:IMSR_JAX:034140) and IL17"'" littermates
were purchased from the Jackson Laboratory (Bar Harbor,
Maine). All mutant mice were backcrossed to the C57BL/6 back-
ground for 12 generations. Animals were housed under pathogen-
free conditions, with maximum of five animals per cage, standard-
ized light-dark cycle conditions, and free access to food and water.

Induction of murine ICH model

ICH in mice was induced by intra-striatal injection of autologous
blood or bacterial collagenase as previously described (4, 43).
Briefly, mice were anesthetized with ketamine/xylazine mixture by
intraperitoneal injection and positioned prone in a stereotactic head
frame. A ~1-mm-diameter hole was drilled on the right side of the
skull (2.3 mm lateral to midline, 0.5 mm anterior to bregma). In the
autologous blood model, 30 pl of nonheparinized blood was with-
drawn from angular vein and infused via infusion pump to the co-
ordinates; 5 ul was initially injected at a rate of 1 pl/min at a depth of
3.0 mm, and the remaining 25 pl was injected at an identical rate at
3.7 mm depth. The needle was left for 15 min to prevent backflow
and then gently withdrawn. In the collagenase model, 0.0375 U of
bacterial collagenase (type IV, Sigma-Aldrich, St. Louis, MO) in 0.5
ul of saline was administered at the same coordinates at rate of 0.5
pl/min. An identical surgical procedure with equal volume of sterile
saline injection for sham-operated groups. Cranial burr hole was
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sealed with bone wax, and incision was sutured. Body temperature
was maintained at 37.0° + 0.5°C throughout the procedures. The
total mortality rate of mice subjected to ICH was ~4.8%.

Evaluation of neurological deficit

Neurological outcome of ICH mice was evaluated by modified neu-
rological scale score (mNSS) and corner test as reported previously
(4, 44). The mNSS consisted of motor, sensory, reflex, and balance
assessments with the highest possible score being 18. The rating
scale was as follows: A score of 13 to 18 indicates severe injury, 7
to 12 indicates moderate injury, and 1 to 6 indicates mild injury.
Following surgery, each mouse was assessed on a scale from 0 to
18 after recovery from the ICH surgical procedure. Mice with a
score of <6 or above a score of 13 at 24 hours after ICH (before treat-
ment) were not included in the study.

Magnetic resonance imaging

Brain lesion size and PHE in ICH mice were evaluated with 7-T
small animal magnetic resonance imaging scanner (Bruker, Biller-
ica, MA). T2-weighted images of the brain were acquired with fat-
suppressed rapid acquisition with relaxation enhancement se-
quence (repetition time, 4000 ms; echo time, 60 ms; slice thickness,
0.5 mm) to visualize lesion volume. Susceptibility-weighted images
(SWIs; repetition time, 21.0 ms; echo time, 8.0 ms; 0.3-mm thick-
ness) visualized hematoma volume. T2 and SWI images were man-
ually traced and calculated by summing the volume by the distance
between sections via Image] (National Institutes of Health), PHE
volume was calculated as difference of lesion and hematoma
volumes (44). Magnetic resonance imaging data were analyzed by
two experimenters blinded to experimental conditions.

Administration of monoclonal antibodies
Ultra-LEAF—purified anti-CD4 mAb (100470, GK1.5, BioLegend,
San Diego, CA) was intraperitoneally injected to deplete CD4" T
cells, with a dose of 50 ug at 24 hours before ICH induction and
every 5 days until the end of experiments. IgG antibody (Rat
IgG2b, 400671, BioLegend) was used as control for anti-CD4
mAb. Anti-DR5 mAb (119909, MD5-1, BioLegend) was adminis-
tered intraperitoneally at a dosage of 100 pg at 24 hours before
ICH induction. Purified hamster IgG isotype antibody (400902,
HTKS888, BioLegend) was used as a control for anti-DR5 mAb.

Immunostaining

Immunostaining procedure of brain slices was conducted as previ-
ously described (4). Primary antibodies were incubated at 4°C over-
night at vendor concentration. After washing with cold PBS, slices
were incubated with fluorescence-conjugated secondary antibodies
at room temperature for 1 hour. Slides were washed and mounted
with a mounting medium containing 4', 6-diamidino-2-phenylin-
dole (DAPI; ab104139, Abcam, Cambridge, UK). Primary antibod-
ies used were as follows: anti-human CD4 (EPR6855, ab133616,
Abcam), anti-human CD8a (D8AS8Y, 85336, Cell Signaling Tech-
nology), anti-human CD69 (EPR21814, ab233396, Abcam), anti-
human IL-17 (4K5F6, ab189377, Abcam), anti-human IL-4 (PA5-
25165, Invitrogen), anti-human interferon-y (IFN-y) (15365-1-AP,
Proteintech), anti-human Foxp3 (12632, Cell Signaling Technolo-
gy), anti-mouse CD4 (GK1.5, MAB554-100, R&D Systems), anti-
mouse CD8 (EPR20305, ab209775, Abcam), anti-human/mouse
CD19 (60MP31, 14-0194-82, eBioscience), anti-human/mouse
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TRAIL-R2 (DR5, PA5-19895, Invitrogen), and anti-mouse CD31
(D8VIE, 77699, Cell Signaling Technology). Secondary antibodies
used were as follows: Alexa Fluor 594 anti-rat 1gG (ab150160,
Abcam), Alexa Fluor 594 anti-rabbit IgG (ab150080, Abcam),
Alexa Fluor 488 anti-rabbit IgG (ab150077, Abcam), Alexa Fluor
488 anti-mouse IgG (ab150113, Abcam), and Alexa Fluor 488
Anti-rat IgG (ab150157, Abcam). TUNEL (terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick end la-
beling) staining used the in situ 5-bromo-2’-deoxyuridine-Red
DNA Fragmentation (TUNEL) Assay Kit (ab66110, Abcam). All
Images were acquired on a fluorescent microscope (Olympus,
model BX-61, Center Valley, PA, USA). Image analysis was per-
formed using Image] software (National Institutes of Health,
MD, USA).

Cell isolation and passive transfer of CD4* T cells

CD4" T cells were sorted from pooled splenocytes of wild type, IL-
177/~ mouse strains, or IL17"/* littermates. Spleen tissues were sep-
arated and placed on a premoistened 70-pm cell strainer and then
gently homogenized with the end of a 1-ml syringe plunger. The
strainer was washed with 10 ml of erythrocyte lysis buffer
(349202, BD FACS, San Jose, CA, USA), and the eluted cells were
incubated for 5 min at room temperature and washed with 40 ml of
phosphate-buffered saline (PBS). Cell suspensions were simultane-
ously incubated for 30 min with alloohycocyanin (APC)-conjugated
anti-CD4 (RM4-4, 116013), and phycoerythrin (PE)-conjugated
anti-CD3 (17A2, 100205). Then, CD4" T cells were purified via
two rounds of cell sorting selection (CD4"'CD3") with the high-
speed sort of FACS Aria III flow cytometer. Purity of sorted
CD4" T cells was verified by flow cytometry before transfer.
Highly purified (>99%) CD4" T cells (1 x 107) were injected into
tail vein of Rag2™'~ recipient mice.

Cytokine array

Cytokine secretion profile of ICH brain CD4" T cells was evaluated
by Proteome Profiler Mouse XL Cytokine Array. CD4" cells were
sorted from the whole brain of ICH or sham mice. Cytokine
levels in these samples were detected using the Mouse XL Cytokines
Array Kit (R&D Systems Inc. Minneapolis, MN) according to the
manufacturer’s instructions.

Flow cytometry

Preparation of single-cell suspensions for flow cytometry from the
spleen, brain, CLNs, and blood were prepared as previously report-
ed (4, 45). Briefly, mice were euthanized by lethal anesthesia via iso-
flurane, and then the brain and spleen were removed. Brain tissues
were minced and incubated with collagenase IV and deoxyribonu-
clease at 37°C for 30 min. After removing the myelin debris by cen-
trifugation in 30% Percoll, single cells were suspended in 1% bovine
serum albumin. Spleen tissues were minced and strained through a
70-um cell strainer; red blood cells were removed using a lysis
buffer. For CLN tissue, the ventral neck area of mice was dissected,
and bilateral CLNs were removed before or after ICH. The lymph
node tissues were minced and strained through a 70-um cell
strainer. Thereafter, single-cell suspensions were placed in conical
centrifuge tubes (10° cells per tube) and stained with fluorescently
conjugated antibodies. For intracellular staining, cells were fixed in
fixation buffer for 20 min after surface marker staining. After
washing twice in permeabilization buffer, cells were incubated
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with antibodies in the staining buffer for 45 min. All flow cytometry
antibodies were sourced from BioLegend, unless otherwise indicat-
ed. Antibodies used were as follows: CD45-APC-Cy7 (30-F11,
103116), CD4-APC (RM4-4, 116013), CD4-PE (GK1.5, 100408),
CD3—fluorescein isothiocyanate (FITC) (17A2, 100204), CD3-PE
(17A2, 100205), CD8a-BV421 (53-6.7, 100737), CD69-BV421
(H1.2F3, 104527), IL-17A-PE-Cy7 (TC11-18H10.1, 506921), F4/
80-FITC (BMS, 123017), Ly6G-APC (1A8, 127613), CD11b-PE-
Cy7 (17A2, 101216), TRAIL-R2-FITC (MD5-1, A15750, Invitro-
gen), NeuN-AF647 (EPR12763, ab190565, Abcam), CD31-BV421
(390, 102423), glial fibrillary acidic protein—PE (1B4, 561483, BD
Bioscience), IL-4-APC (11B11, 504106), IFN-y-BV605 (XMG1.2,
505839), CD25-BV421 (PC61, 102034), and Foxp3-PE (MF-14,
126404). Samples were run on FACSAria (BD Biosciences) and an-
alyzed using FACS Diva and FlowJo X software (Informer Technol-
ogies, Ashland, OR).

Single-cell RNA sequencing

CD45" single cells were sorted by flow cytometry for sequencing.
The optimized fluorescence-activated cell sorter (FACS) sorting
were performed on CD45" cell population to obtain enough
CD4" T cells in sham brains for subclustering and data processing
(Sham brain_2 in Fig. 3A).10X Genomics platform of Tulane Uni-
versity Single Cell Sequencing Core and Huada Gene (Shenzhen,
PRC) prepared the barcode libraries with the Single Cell 3'
Reagent Kit v2 (10X Genomics) along the manufacturer’s instruc-
tions. RNA-seq performed at a sequencing depth of approximately
50,000 reads per cell.

scRNA-seq data processing

Raw files (FASTQ format) were processed with Cell Ranger software
(v5.0.1), which performed mapping to the mm10 transcriptome, fil-
tering, barcode counting, and unique molecular identifier (UMI)
counting and lastly generated feature-by-barcode UMI matrix.
Scrublet (46) software was used to remove potential doublets for in-
dividual samples. Seurat (v3.1.5) was used for downstream analysis.
Low-quality cells, <500 genes expressed or with <2500 UMIs, were
excluded at the initial quality control step. Cells >15% mitochondri-
al UMIs were removed. Library-size normalization was performed
on the UMI-collapsed gene expression values for each cell barcode
by scaling the total number of transcripts and multiplying by
10,000. Data were then log-transformed for further downstream
analysis.

Two thousand genes with highest variance were initially identi-
fied using the FindVariableGenes function. Batch effects were cor-
rected by using the fastMNN function of batchelor R package (47), a
fast version of the mutual nearest neighbors (MNNs) method, and
the first 20 components of MNN was considered to reduce the di-
mensionality. Cells were clustered with Seurat’s FindClusters func-
tion. For visualization, we applied run UMARP to cluster cells on
scatter plots. Marker genes were defined as genes with an adjusted
Pvalue < 0.05 tested with a nonparametric Wilcoxon rank-sum test
(table S1). KEGG pathway enrichment analysis was performed by
gene set enrichment analysis function in clusterProfiler (v3.14.3)
(48). Activation feature scores were calculated by using AddModu-
leScore function in Seurat with an array of cell activated feature
genes based on published literatures (Ms4a4b, Ms4a6b, Cxcl10,
Itk, Prkcq, Cendl, Cend2, Cend3, Hmox1, Ccl5, Duspl, KIf4, Jun,
and Junb) (49-57).
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Apoptosis-related gene evaluation

Apoptosis-related genes in FACS-sorted CD4" T cells from the
spleen or brain of ICH or sham mice were evaluated by the 87
gene RT2 Profiler PCR Array Kit (330231, QIAGEN). mRNAs
were extracted from isolated cells with TRIzol reagent (Invitrogen).
The expression of apoptosis-related genes was determined accord-
ing to the manufacturer’s protocol.

In vivo detection and T cell activation via TN-XXL

TN-XXL pcDNA3 was a gift from Oliver Griesbeck (Addgene
plasmid # 45797; http://n2t.net/addgene:45797; RRID:Addg-
ene_45797). FACS-isolated CD4" T cells from wild-type mice
spleen were transfected with TN-XXL as reported (18, 58).
Briefly, isolated cells were suspended in retrovirus supernatant sup-
plemented with polybrene (8 ug/ml; Sigma-Aldrich) and IL-2 (10
ng/ml). Transfection was achieved by centrifuge at 450 relative cen-
trifugal force for 90 min at room temperature. Cells were washed
and then intravenously transferred to recipient mice. Mock trans-
duced (vector without TN-XXL) CD4" T cells were used as a
control. TN-XXL-expressing or mock-transduced CD4" T cells
were then injected into Rag2™'~ mice. The FRET of TN-XXL—ex-
pressing CD4" T cells in the brain and peripheral tissues was detect-
ed using flow cytometry. TN-XXL consists of CFP as FRET donor
and cpCitrine as FRET acceptor. These proteins are linked by the
calcium-sensitive double C-terminal lobe of TnC. After binding
to free calcium, TnC undergoes a conformational change that
leads to energy transfer from the donor to the acceptor fluorophore,
resulting in a drop in CFP fluorescence and an increase in cpCitrine
fluorescence. FACSCanto system was used for intracellular calcium
measurements, with a 405-nm laser for excitation of CFP and 465/
30 nm and 530/30 nm bandpass filters for CFP and FRET emission,
respectively, along with a 488-nm laser with a 530/30-nm bandpass
filter for excitation and emission of cpCitrine.

Western blot

Mice treated with anti-CD4 mAb or IgG control were euthanized
days 1 and 3 after ICH. After pericardiac perfusion with cold
PBS, ipsilateral brain were harvested and homogenized in radioim-
munoprecipitation assay lysis buffer (Thermo Fisher Scientific,
Waltham, MA) with 1 mM phenyl-methanesulfonyl fluoride
(Thermo Fisher Scientific, Waltham, MA) and phosphatase inhib-
itor cocktail (sc-45065, Santa Cruz Biotechnology, Dallas, TX). The
supernatant from centrifugation-collected total proteins was sepa-
rated by 10% SDS—polyacrylamide gel electrophoresis and trans-
ferred onto a nitrocellulose membrane (Amersham Biosciences,
Piscataway, NJ). Immunoblot analysis for primary antibody incuba-
tion of ZO-1 (a0659, ABclonal), claudin 5 (29767-1-AP, Protein-
tech), and MMP9 (RM1020, ab283575, Abcam) at 4°C overnight.
B-Actin (3700, Cell Signaling Technology) was internal control.
Membrane was incubated with horseradish peroxidase—conjugated
anti-rabbit or anti-mouse secondary antibody (Thermo Fisher Sci-
entific, Waltham, MA) for 1 hour at room temperature. Chemilu-
minescent intensity was measured with ImageQuant LAS 4000 (GE
Healthcare Life Sciences, Uppsala, Sweden).

EB analysis

To determine BBB permeability, EB dye (Sigma-Aldrich, St. Louis,
MO) was used for each group of mice. Mice were intravenously in-
jected with EB dye (2% in saline, 4 ml/kg) 4 hours before
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euthanization. The ipsilateral hemisphere was weighed and then ho-
mogenized into a tube with 2 ml of formamide (Sigma-Aldrich,
St. Louis, MO). After incubation in water bath at 60°C for 72
hours, supernatants were collected and the optical density at 600
nm was measured by a microplate reader (Thermo Fisher Scientific,
Varioskan Flash, USA). The concentration of EB was calculated
with the following formula: EB content in brain tissue (ug/g wet
brain) = EB concentration x formamide (ml)/wet weight (g).

Statistical analysis

Animals were randomly assigned to treatment conditions. Random-
ization was based on the random number generator function in Mi-
crosoft Excel software. All results were analyzed by investigators
blinded to the treatment. The exclusion criteria are described in
the individual method sections. No power analysis predetermined
sample sizes were applied; however, the sample sizes were similar to
those reported in our prior publications (59, 60). Data are presented
as the means + SD. Statistical significance was determined by two-
tailed unpaired Student’s ¢ test for parametric data in univariate
analysis, Mann-Whitney test for nonparametric data, one-way anal-
ysis of variance (ANOVA) followed by Tukey post hoc test for three
or more groups, and two-way ANOVA to assess the entire time
course variation, accompanied by Tukey post hoc test for multiple
comparisons. Fisher's exact test was used to determine differentially
expressed genes in scRNA-seq between indicated groups. P < 0.05
was considered statistically significant. All statistical analyses were
performed using Prism 8.0 software (GraphPad, San Diego,
CA, USA).
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