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Brain transforms natural killer cells that exacerbate
brain edema after intracerebral hemorrhage
Zhiguo Li1,2, Minshu Li1,2, Samuel X. Shi3, Nan Yao1, Xiaojing Cheng1, Ai Guo1, Zilong Zhu4, Xiaoan Zhang5, and Qiang Liu1

Perihematomal edema (PHE) occurs within hours after intracerebral hemorrhage (ICH), leading to secondary injury
manifested by impaired blood–brain barrier (BBB) integrity and destruction of adjacent tissue. To dissect the mechanisms
underlying PHE formation, we profiled human and mouse perihematomal tissues and identified natural killer (NK) cells as the
predominant immune cell subset that outnumbers other infiltrating immune cell types during early stages of ICH. Unbiased
clustering of single-cell transcriptional profiles revealed two major NK cell subsets that respectively possess high cytotoxicity
or robust chemokine production features in the brain after ICH, distinguishing them from NK cells of the periphery. NK cells
exacerbate BBB disruption and brain edema after ICH via cytotoxicity toward cerebral endothelial cells and recruitment of
neutrophils that augment focal inflammation. Thus, brain-bound NK cells acquire new features that contribute to PHE
formation and neurological deterioration following ICH.

Introduction
Intracerebral hemorrhage (ICH) accounts for 10–15% of all
strokes and is associated with high mortality andmorbidity. ICH
not only causes primary brain injury through direct mechanical
effects of the hematoma, but also leads to the development of
perihematomal edema (PHE), which induces secondary brain
injury manifested by impaired blood–brain barrier (BBB) in-
tegrity and adjacent tissue destruction (Aronowski and Zhao,
2011; Keep et al., 2012; Urday et al., 2015). PHE occurs early af-
ter ICH, with a sharp increase ∼75% of its maximum volume
within the first day, and continues to develop over an extended
time of days to weeks thereafter (Qureshi et al., 2009; Urday
et al., 2015). Preclinical studies indicate that PHE augments mass
effects caused by the initial hematoma and imposes direct
damage to cerebral tissue via dysregulation of osmotic gradients
and facilitation of barrier disruption, leading to neuronal loss
and long-term disability (Lee et al., 1997; Thiex and Tsirka, 2007;
Urday et al., 2015). Clinically, the extent of PHE is associated
strongly with poor outcome in ICH patients (Murthy et al., 2016;
Urday et al., 2015, 2016). However, clinical trials of targeting ICH
hematoma by surgical evacuation or endoscopic clot aspiration
with tissue plasminogen activator have not demonstrated ther-
apeutic efficacy (Hanley et al., 2019). Similarly, the effectiveness
of pharmacological interventions such as hyperosmolar therapy
and iron chelation either is uncertain or awaits further

investigation in ICH patients (Selim et al., 2019; Urday et al.,
2015). As such, ICH remains the least treatable form of stroke.
Considering the contribution of PHE to secondary clinical de-
terioration and mortality, PHE may represent an attractive
therapeutic target in ICH.

ICH results in a rapid and robust cellular immune response
characterized in part by activation of neuroglia and infiltration
of leukocytes that release proinflammatory factors (Fu et al.,
2015; Murthy et al., 2016; Urday et al., 2015). Evidence in-
dicates that inflammation precipitated by leukocytes homing
into the brain and blood components released from the clot ac-
celerates PHE formation, exacerbates mass effect, and amplifies
cell death (Fu et al., 2015; Iadecola and Anrather, 2011; Keep
et al., 2012). Therefore, focal inflammation contributes signifi-
cantly to BBB breakdown and brain edema. Conversely, BBB
disruption also promotes inflammation by allowing the infil-
tration of leukocytes, which exacerbates brain edema after ICH.
Among the major leukocyte subsets, lymphocytes are found in
cerebrospinal fluid as early as 6 h after ICH, as well as in peri-
hematomal brain tissue obtained from ICH patients (Fu et al.,
2015; Mracsko and Veltkamp, 2014). Moreover, previous studies
report the detrimental effects of myeloid cells such as neu-
trophils and monocytes in ICH (Aronowski and Zhao, 2011;
Mracsko and Veltkamp, 2014). However, whether and how
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lymphocytes contribute to acute brain edema and control mi-
gration of these myeloid cells remain elusive.

Natural killer (NK) cells are large granular lymphocytes that
constitute the third lymphocyte population, along with T and
B cells (Vivier et al., 2011). NK cells rapidly respond to sterile
stimulus-like alarmins and chemokines released by the injured
brain (Kaur et al., 2013; Shi et al., 2011). Once activated, NK cells
possess cytotoxic activity and produce cytokines and chemo-
kines, by which they orchestrate other immune cells to limit or
intensify immune responses (Long et al., 2013; Shi et al., 2011;
Vivier et al., 2011). Particularly, through cooperation with myeloid
cells, NK cells can facilitate their production of inflammatory cy-
tokines to amplify local immune response (Vivier et al., 2011).
Given the prompt nature of NK cells and the rapid PHE expansion
after acute ICH, we postulated that NK cells aggravate PHE ex-
pansion and ICH injury via cytotoxic activity and magnification of
local inflammation. In this study, we found that NK cells swiftly
arrive in the brain after ICH, augment focal inflammation, and
contribute to early PHE formation and neurological deterioration.

Results
Differential features of NK cells in brain and periphery after
ICH in humans and mice
PHE sharply increases within the first 24 h after ICH onset. To
address the potential contribution of focal inflammation to the
early expansion of PHE, we quantified the number of immune
cell subsets within the perihematomal tissues obtained from ICH
patients subjected to surgical evacuation of hematoma within
12 h after ictus. Immunostaining revealed that the number of NK
cells within perihematomal region was greater than that of other
infiltrating immune cell subsets including neutrophils, macro-
phages, CD4+ T cells, and CD8+ T and B cells (Fig. 1, A and B).
These infiltrating NK cells express activation marker CD69 and
cytotoxicity marker perforin (Fig. 1, C and D). We also found
increased counts of CD56+ or CD57+ NK cells in brain sections
from ICH patients (Fig. 1, C and D). Conversely, NK cells and
their expression of CD69 or perforin were sparsely detected in
brain tissues from control subjects without a history of neuro-
logical diseases (Fig. 1, C and D). In contrast to the increase of NK
cells within the ICH brain, a reduced number of NK cells and
expression of CD69 and perforin were observed in the circula-
tion after ICH onset, together with reduced counts of circulating
CD56dim or CD57+ NK cells (Fig. 1, E and F).

To recapitulate the dynamic expansion of PHE observed after
clinical ICH, we used a mouse model of ICH induced by injection
of autologous blood. Correspondingly, immunostaining revealed
dramatic infiltration of NK cells within PHE regions, exceeding
other recruited immune cell subsets 12 h after ICH onset (Fig. 2,
A and B). Similarly, we also found an increase of infiltrating NK
cells in the perihematomal regions using another mouse model of
ICH induced by injection of collagenase at 12 h after ICH (Fig. S1 A).

Flow cytometry analysis revealed that these infiltrating NK
cells accumulate within the ipsilateral hemisphere (Fig. 2 C) and
peakedwithin 3 d after ICH (Fig. 2 D). Up-regulation of CD69 and
perforin was seen in brain-infiltrating NK cells compared with
circulating NK cells (Fig. 2, E and F). In addition, brain-infiltrating

NK cells are mainly CD11b+CD27+ or CD11b+CD27− subsets (Fig. 2 G).
Together, these results demonstrate alterations of brain-
infiltrating NK cells after ICH in humans and mice, indicating
that NK cells swiftly respond to ICH and infiltrate into PHE tissues
after ictus.

Brain shapes NK cell features after ICH
We performed single-cell RNA sequencing (RNA-seq) in indi-
vidual cells obtained frommouse brain and blood 12 h after ICH.
Unbiased transcriptional clustering revealed alterations in gene
expression pattern of brain-infiltrating NK cells obtained from
ICH mice versus circulating NK cells obtained from either ICH
mice or sham controls (Fig. 3 A). Among brain-infiltrating
CD3−NK1.1+NKp46+ cells, 4.8% of these cells express group 1 in-
nate lymphoid cell (ILC1) markers such as CD200R1 and CD49a.
Among total CD3−NK1.1+NKp46+ cells in sham blood and ICH
blood, the frequency of ILC1was 3% and 2.7%, respectively. These
results suggest that brain-infiltrating CD3−NK1.1+NKp46+ cells are
predominantly NK cells (CD45+CD3−NK1.1+NKp46+CD49a−CD200R1−)
but not ILC1. We identified 801 differentially expressed genes (DEGs)
inNK cells obtained from ICHbrain and 311 DEGs inNK cells obtained
from ICH blood compared with sham controls (Fig. 3 B). These DEGs
weremost significantly enriched in the immune system, as defined by
Kyoto Encyclopedia of Genes and Genomes classification (Fig. S1 B).
Owing to the lack of NK cells in the sham brain tissues, we compared
NK cells in the ICH brain versus sham blood or ICH blood. Gene on-
tology enrichment analysis revealed that brain-infiltrating NK cells
displayed features of increased cell activation, cytotoxicity, and pro-
duction of cytokines and chemokines after ICH (Fig. 3 C). Most genes
related to cell proliferation, immune response, cytotoxicity, and pro-
duction of cytokines and chemokines were up-regulated in brain-
infiltrating NK cells but not circulating NK cells after ICH (Fig. 3, D
and E). We mapped individual cells to two dimensions using
t-distributed stochastic neighbor embedding (t-SNE) to visualize cell
clustering based on their transcriptomic profiles. Notably, we identi-
fied increased expression of cytotoxic genes and chemokine genes in
NK cells within the ICH brain (Fig. 3 F). In particular, the up-
regulation of specific cytotoxic genes (Gzmk, Tnfrsf18, Cd63, and
Ctla4) and chemokine genes (Cxcl2, Cxcl3, Cxcl9, Cxcl16, Ccl1, Ccl2, Ccl7,
and Ccl12) were observed in brain-infiltrating NK cells (Fig. 3 F).

In addition, we measured an array of NK cell–related genes
using RT-PCR in NK cells obtained from spleen, blood, and brain
of ICH mice. NK cells from blood and spleen of sham mice were
used as controls. Consistent with previous reports of NK cells in
the spleen versus blood (Crinier et al., 2018), we found a mild
increase of genes related to NK cell activity in the spleen versus
blood of sham mice (Fig. S1 C). In the setting of ICH, brain NK
cells expressed higher levels of genes related to cytotoxicity or
chemokines than NK cells from spleen or blood (Fig. S1 C).

Together, these results revealed altered NK cell transcrip-
tional profiles within the brain, indicating the increase of cy-
totoxicity and chemokine production in NK cells after homing
into the ICH brain.

NK cells exacerbate brain injury in ICH mice
To understand whether NK cells contribute to ICH injury, we
used anti-NK1.1 mAb (PK136) to deplete NK cells (Li et al., 2017b;
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Liu et al., 2016, 2017). Mice received anti-NK1.1 mAb injection
24 h before ICH surgery. Anti-NK1.1 mAb was injected every 5 d
until the end of experiments, and NK cells were efficiently de-
pleted (Fig. S2, A and B). We found significantly reduced neu-
rodeficits, PHE volume, and brain edema in ICH mice receiving

anti-NK1.1 mAb (Fig. 4, A–H). ICH mice receiving anti-NK1.1
mAb had improved neurological outcome until 14 d after in-
duction (Fig. S2, C–E). Anti-NK1.1 mAb depletes both NK cells
and NKT cells, so we compared ICH injury in CD1d−/− mice
(devoid of NKT cells) and wild-type mice (with NKT cells).

Figure 1. NK cell invasion into the perihematomal brain tissues of ICH patients. Perihematomal brain tissues were obtained from ICH patients who
underwent urgent evacuation of hematoma within 12 h after ictus. Blood samples were collected from healthy individuals or ICH patients within 24 h after
ictus. (A) T2/Flair MR image showing PHE region in the brain of an ICH patient. Immunostaining of brain sections containing perihematomal tissues revealed NK
cells (CD3−NKp46+), ILC1 (CD49a+NKp46+), neutrophils (CD16+CD66+), macrophages (CD68+TMEM119−), CD4+ T cells (CD4+CD68−), CD8+ T cells (CD8+), and
B cells (CD19+). Scale bars: 50 µm; 20 µm (inset). (B) Quantification of indicated immune cell subsets within PHE region of brain sections from ICH patients.
4.5–6-h group, n = 5 cases; 9–12-h group, n = 2 cases; 4.5–12-h group, n = 9 cases. Data are from three independent experiments. (C and D) Immunostaining (C)
and quantification (D) of CD56+NKp46+ cells, CD57+NKp46+ cells, CD69+NKp46+ cells, and perforin+NKp46+ cells in perihematomal region within 12 h after ICH
or controls. Postmortem brain tissues from patients without history of neurological diseases were used as controls. Scale bars: 50 µm; 20 µm (inset). n = 9/
group. Data are from three independent experiments. **, P < 0.01. Unpaired two-tailed t test. (E and F) Flow cytometry plots (E) and quantification (F) showing
CD56bright NK cells, CD56dim NK cells, and CD57+ NK cells in blood from ICH patients within 24 h of onset and healthy controls. n = 9/group. Data are from three
independent experiments. *, P < 0.05. Unpaired two-tailed t test. (G and H) Flow cytometry plots (G) and quantification (H) showing CD69+ NK cells and
perforin+ NK cells in blood from ICH patients 24 h after onset and healthy controls. All gates were set using fluorescence minus one (FMO) controls. CD4+

T cells were used as a control for perforin measurement. n = 9/group. Data are from three independent experiments. *, P < 0.05; **, P < 0.01. Unpaired two-
tailed t test. Data are presented as mean ± SD.
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Similar neurological deficits, PHE volumes, and brain water
content were observed in CD1d−/− mice and wild-type mice after
ICH (Fig. S2, F–H), indicating that NKT cells do not discernably
influence ICH injury. Additionally, we stimulated cultured NK
cells with Poly I:C and then injected these NK cells into
Rag2−/−γc−/− recipient mice (devoid of NK, T, and B cells) im-
mediately after ICH induction. We found that Poly I:C stimu-
lation induced increased expression of perforin in NK cells and
exacerbated ICH injury (Fig. S3). Our results demonstrate that
NK cells are a key determinant of early PHE expansion and
neurological deterioration after ICH.

Ablation of NK cell tolerance to cerebral endothelial cells
after ICH
As cerebral edema is mainly attributed to BBB disruption after
ICH (Keep et al., 2012; Qureshi et al., 2009), we determined the
impact of NK cells on BBB disruption. Upon depletion of NK
cells, we found reduced leakage of Evans blue into the brain
parenchyma (Fig. 5 A). Disruption of the BBB involves the

breakdown of its tight junctions and endothelial cell damage,
both of which were quantified after depletion of NK cells. We
found that depletion of NK cells reduced the expression of tight
junction proteins (Claudin-5 and ZO-1) in ICH mice (Fig. 5, B–E),
accompanied by a decrease in endothelial cell apoptosis (Fig. 5, F
and G). In contrast, we found that <5% NK cells expressed an-
nexin V in the ICH brain. These results indicate that NK cells are
detrimental to BBB integrity and further damage cerebral en-
dothelial cells after ICH.

Immunostaining results revealed endothelial cell apoptosis in
perihematomal regions using brain sections from ICH patients
(Fig. 6 A). Because of the acquisition of cytotoxic function in NK
cells within the ICH brain and their proximal location to cerebral
endothelial cells (Fig. 6 B), we next investigated whether NK
cells can directly lyse cerebral endothelial cells. Using an in vitro
coculture assay, we found that NK cells induced apoptosis of
cerebral endothelial cells that were sorted from ICH but not
sham mice (Fig. 6, C and D). In contrast, NK cells did not have a
significant impact on cardiac endothelial cells (Fig. 6, C and D).

Figure 2. Accumulation and activation of NK cells in the brain of ICHmice. ICH was induced by autologous blood injection in C57BL/6 mice. 12 h after ICH,
brain tissue and blood were isolated for flow cytometry analysis or immunostaining. (A and B) Immunostaining (A) and quantification (B) of immune cell
subsets in the perihematomal tissues of ICH mice. n = 10/group. Scale bars: 50 µm; 20 µm (inset). Data are from three independent experiments. *, P < 0.05;
**, P < 0.01. Unpaired two-tailed t test. (C) Counts of the different immune cell subsets in the ipsilateral hemisphere without hematoma or contralateral
hemisphere 12 h after ICH. n = 10/group. Data are from three independent experiments. *, P < 0.05; **, P < 0.01. Unpaired two-tailed t test. (D) The dynamics
of brain-infiltrating NK cells at indicated time points after ICH. n = 10/group. Data are from three independent experiments. **, P < 0.01. Two-way ANOVA.
(E and F) Flow cytometry plots (E) and quantification (F) show the expression of CD69 and perforin in NK cells obtained from blood and brain tissues of ICH
mice. Gates were set using fluorescence minus one (FMO) controls. n = 12/group. Data are from three independent experiments. *, P < 0.05; **, P < 0.01. One-
way ANOVA. (G) CD11b and CD27 expression in NK cells obtained from blood and brain tissues in sham or ICH mice 12 h after surgery. DN, double negative; DP,
double positive. n = 12/group. Data are from three independent experiments. Data are presented as mean ± SD.
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NK cell apoptosis was minimal in this coculture assay. These
results suggest that ICH induced a loss of NK cell tolerance to
cerebral endothelial cells but not cardiac endothelial cells.

The predominant mechanism responsible for NK cell self-
tolerance is mediated by inhibitory surface receptors that

recognize self MHC-I ligands. We therefore screened the ex-
pression of MHC-I molecules in cerebral endothelial cells versus
cardiac endothelial cells after ICH. Interestingly, we found that
ICH induced a loss of MHC-I ligand H2-Kb, a ligand for the in-
hibitory NK cell receptor Ly49C, in cerebral endothelial cells

Figure 3. Brain alters transcriptome profiles of infiltrating NK cells after ICH. ICH was induced by autologous blood injection in C57BL/6 mice. Shammice
were used as controls. 12 h after ICH, NK cells were isolated from blood and brain tissues. The diversity of NK cells was assessed by single-cell RNA-seq on
individual cells isolated from blood and brain. (A) t-SNE plots of NK cells obtained from ICH brain (n = 4,065 cells), ICH blood (n = 8,506 cells), and sham blood
(control, n = 12,070 cells). NK cells were defined as CD45+CD3−NK1.1+NKp46+CD200R1−CD49a−. Data are from two independently repeated experiments.
(B) Venn diagram of the DEGs between NK cells from ICH brain, ICH blood, and sham blood. The numbers indicate the unique and common DEGs in different
comparisons. Data are from two independently repeated experiments. (C) Selected gene ontology enrichment of genes expressed in NK cells obtained from
ICH brain and ICH blood versus NK cells from sham blood. Data are from two independently repeated experiments. (D) DEGs encoding cell proliferation,
cytotoxicity, chemokine production, and cytokine production in NK cells from ICH brain and ICH blood versus NK cells from sham blood. Data are from two
independently repeated experiments. (E) Volcano plot showing the fold change of genes (log2 scale) of NK cells in ICH brain compared with NK cells in sham
blood (x axis) and their significance (y axis, −log10P value). Highly significant genes are indicated by a red dot (up-regulated) or blue dot (down-regulated), and
genes related to cytotoxicity and chemokines are labeled on the plot. Data are from two independently repeated experiments. (F) t-SNE plots show brain-
infiltrating NK cells with higher cytotoxicity or increased chemokine production after ICH versus NK cells from ICH blood or sham blood. Cytotoxicity or
chemokine genes expressed by NK cells are in red. Data are from two independently repeated experiments.
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derived from ICH mice, accompanied by the up-regulation of
MHC-I ligands for NK cell–activating receptors (RAE1 and
MULT-1; Fig. 6, E). In contrast, the expression of H2-Kb was
unaltered in cardiac endothelial cells sorted from ICH mice
(Fig. 6, F and G). Results from in vitro culture of endothelial cells
revealed that exposure to RBC lysates and thrombin reduced the
expression of MHC I molecule H2Kb (Fig. 6 H). Notably, over-
expression of H2-Kb in cerebral endothelial cells sorted from
ICH mice reduced NK cell–mediated apoptosis in coculture
(Fig. 6 I). In addition, we found that brain endothelial cells ob-
tained from ICH brains can induce up-regulation of CD69 but not
CXCL2 in cultured NK cells (Fig. S4, A and B). To assess the
in vivo effects of NK cells on endothelial cell death in the ICH
brain, we employed an anti-NKG2D mAb to ablate NK cell

cytotoxicity response in vivo (Lodoen et al., 2003; Zhu et al.,
2010). Injection of anti-NKG2D mAb reduced NK cell activa-
tion and cytotoxicity, endothelial cell death, and brain edema in
the ICH brain (Fig. 6, J–L). Together, these results suggest that
ICH induces ablation of NK cell tolerance to cerebral endothelial
cells, which contributes to NK cell–mediated damage of cerebral
endothelial cells and BBB disruption.

Brain-infiltrating NK cells recruit neutrophils and boost focal
inflammation after ICH
In addition to cytotoxicity, NK cells also acquired the ability to
produce chemokines after homing to the ICH brain. We there-
fore determined the impact of NK cells on the recruitment of
infiltrating immune cell subsets in ICH mice. Flow cytometry

Figure 4. NK cell depletion attenuates neurological deficits and brain edema in two mouse models of ICH. ICH was induced by injection of autologous
blood or collagenase in C57BL/6 mice. NK cells were depleted using anti-NK1.1 mAb 1 d before ICH induction. Brain water content was evaluated 1 d after ICH.
Clinical assessment and PHE volume were evaluated on days 1 and 3 after ICH. (A and B) Effects of NK cell depletion on neurological deficits in ICH mice
induced by injection of blood (A) or collagenase (B) at indicated time points after ICH. n = 15/group. Data are from three independent experiments. *, P < 0.05;
**, P < 0.01. Two-way ANOVA. (C–F) 7T-MR images and quantification of lesion volume and PHE volume in ICH mice receiving anti-NK 1.1 mAb versus IgG
controls. Multimodal 7T MRI was performed to visualize lesion (T2) and hematoma (SWI). PHE volume was calculated by subtracting the hematoma volume
from total lesion volume. Red lines delineate lesion area, and yellow shaded regions represent hematoma area. n = 15/group. Data are from three independent
experiments. *, P < 0.05; **, P < 0.01. Two-way ANOVA. (G and H)NK cell depletion reduced brain water content at indicated time points after ICH induced by
injection of blood (G) or collagenase (H). Brain water content was measured 1 d after ICH. n = 15/group. Data are from three independent experiments. **, P <
0.01. Unpaired two-tailed t test. Data are presented as mean ± SD.
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analysis revealed that depletion of NK cells led to a significant
reduction of brain-infiltrating neutrophils 12 h after ICH (Fig. 7,
A and B). In contrast, the counts of microglia (CD11b+CD45int),
T cells (CD45highCD3+), B cells (CD45highCD3−CD19+), and mac-
rophages (CD45highCD11b+ F4/80+) were not significantly altered
(Fig. 7, A and B). These results support the postulation that NK
cells facilitate the recruitment of neutrophils into ICH brain.

As major sources of matrix metalloproteinase-9 (MMP-9),
ROS, and TNF-α (Wang, 2010), brain-infiltrating neutrophils are
predominantly detrimental and exacerbate ICH injury (Moxon-
Emre and Schlichter, 2011; Sansing et al., 2011). We also deter-
mined the effects of NK cells on neutrophil-induced exacerbation
of ICH injury by antibody depletion of neutrophils in ICH mice
after NK cell depletion. We found that depletion of neutrophils
did not significantly alter neurological deficits, PHE, and barrier
disruption in ICH mice subjected to antibody depletion of NK
cells (Fig. 7, C–E). These results suggest a critical role of NK cells
in cooperation with neutrophils to exacerbate ICH injury.

To investigate the major chemokine responsible for NK
cell–mediated recruitment of neutrophils, we assessed the

expression profile of immune factors in brain-infiltrating NK
cells after ICH. Proteome profiling and flow cytometry analysis
revealed that CXCL2, a prominent factor in neutrophil recruit-
ment, was highly up-regulated in brain-infiltrating NK cells
(Fig. 7, F and G). Of note, up-regulation of CXCL2was observed in
cultured NK cells after in vitro exposure to thrombin and RBC
lysate (Fig. S5, A and B), suggesting that exposure to the break-
down products of hematoma is sufficient to up-regulate CXCL2 in
NK cells.

We next investigated the impact of NK cell–derived CXCL2 on
the recruitment of neutrophils in ICH. To this end, we per-
formed genetic knockdown of CXCL2 in cultured NK cells
using siRNA (Fig. S5, A and B), and then transferred these NK
cells to Rag2−/−γc−/− mice (devoid of T, B, and NK cells) im-
mediately after ICH. We found that the number of brain-
infiltrating neutrophils was significantly reduced in mice
receiving NK cells treated with CXCL2 siRNA versus control
siRNA (Fig. 7 H), accompanied by a decrease of neurological
deficits, lesion volume, and PHE volume (Fig. 7 H). Together,
these findings suggest that NK cells recruit neutrophils into

Figure 5. NK cell depletion preserves BBB integrity and reduces cerebral endothelial cell death after ICH. ICHwas induced by autologous blood injection
in C57BL/6 mice. Mouse brain tissues were obtained from groups of sham or ICH mice 1 d after surgery. (A) 24 h after ICH, the concentration of Evans blue in
mouse brain 3 h after i.v. injection. n = 10/group. Data are from three independent experiments. **, P < 0.01. One-way ANOVA. (B and C) Images (B) and
quantification (C) of the expression of ZO-1 and Claudin 5 in endothelial cells (CD31+) in perihematomal brain tissue sections from ICH mice receiving IgG or
anti-NK1.1 mAb. Scale bars = 50 µm. n = 10/group. Data are from three independent experiments. **, P < 0.01. One-way ANOVA. (D and E)Western blot (D)
and quantification (E) of ZO-1 and Claudin 5 in the perihematomal tissues after ICH. n = 10/group. Data are from three independent experiments. **, P < 0.01.
One-way ANOVA. (F and G) Flow cytometry analysis (F) and quantification (G) of annexin V expression in brain endothelial cells from ICH mice receiving IgG or
anti-NK1.1 mAb. n = 12/group. Data are from three independent experiments. **, P < 0.01. One-way ANOVA. Data are presented as mean ± SD.
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Figure 6. Ablation of NK cell tolerance toward cerebral endothelial cells after ICH. (A) Perihematomal brain tissues were obtained from an ICH patient
who underwent urgent evacuation of hematoma within 12 h after ictus. Immunostaining of a brain tissue section containing perihematomal regions revealed
endothelial cell apoptosis (CD31+Caspase-3+ cells) in perihematomal regions. Scale bars: 50 µm; 20 µm (inset). (B) ICH was induced by autologous blood
injection in C57BL/6 mice. Mouse brain tissues were obtained 24 h after ICH. Colocalization of NK cells (NKp46+) and endothelial cells (CD31+) in peri-
hematomal brain tissues. Scale bars: 50 µm; 20 µm (inset). (C) Schematic showing the process for isolating brain endothelial cells (bECs) and heart endothelial
cells (hECs) from sham or ICH mice 24 h after surgery. NK cells were from spleen of C57BL/6 mice. (D) Flow cytometry analysis of annexin V+ cells in indicated
groups of endothelial cells. Quantification showing the frequency of annexin V+ endothelial cells (CD45−annexin V+CD31+) among total endothelial cells
(CD45−CD31+). n = 10/group. Data are from three independent experiments. **, P < 0.01. Unpaired two-tailed t test. (E) Heatmap showing the expression of
MHC-I molecules in endothelial cells from brain and heart tissues 24 h after ICH. MHC-I molecules were measured using flow cytometry. Three independent
experiments. Data are shown as the fold change of genes (log2 scale) versus sham group. (F and G) Flow cytometry plots and summarized results showing
groups of H2-Kb+ endothelial cells obtained from brain and heart tissues of ICH mice 24 h after onset. n = 12/group. Data are from three independent ex-
periments. **, P < 0.01. Unpaired two-tailed t test. (H) Brain endothelial cells were isolated from shammouse brain tissues and then exposed to thrombin and/
or RBC lysate for 24 h in vitro. Quantification showing the expression of H2-Kb in groups of brain endothelial cells after exposure to thrombin and/or RBC
lysate. n = 6/group. Data are from three independent experiments. **, P < 0.01. One-way ANOVA. (I)NK cells were harvested from spleen of C57BL/6 wild-type
mice. Brain endothelial cells were isolated from ICHmice 24 h after onset. Flow cytometry analysis revealed the expression level of H2Kb on lentivirus-infected
cells. An empty lentivirus was used as a control. NK cell killing of brain endothelial cells obtained from sham or ICH mice was measured by cytotoxicity assay.
Target cells included groups of bECs from sham mouse brains, bECs from ICH mouse brains, and H2-Kb–overexpressing bECs from ICH mouse brains. n = 6/
group. Data are from three independent experiments. *, P < 0.05; **, P < 0.01. Left: One-way ANOVA. Right: Two-way ANOVA. (J–L) ICH was induced by
autologous blood injection. Mice received anti-NKG2D mAb or IgG control immediately after ICH. The counts of brain-infiltrating NK cells expressing CD69 or
perforin (J), brain annexin V+ endothelial cells (K) and brain edema (L) were measured 1 d after ICH. n = 10/group. Data are from three independent ex-
periments. *, P < 0.05; **, P < 0.01. In K, one-way ANOVA; in L, unpaired two-tailed t test. Data are presented as mean ± SD.
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ICH brain, leading to accelerated PHE expansion and neuro-
logical deficits.

Discussion
The initiation and formation of PHE lead to rapid neurological
deterioration starting from minutes to hours after ICH.

Considering that the majority of PHE volume occurs within 24 h
after onset and the temporal profiles of the inflammatory re-
sponses, only immune cells that can be activated without the
requirement of antigen priming could respond rapidly to acute
ICH and contribute to early PHE formation. Unlike adaptive
immune cells that need classic antigen presentation for activa-
tion, NK cells possess these characteristics. Indeed, here we

Figure 7. Brain-infiltrating NK cells recruit neutrophils and augment focal inflammation after ICH. (A–G) ICH was induced by autologous blood injection
in C57BL/6 mice. (A) Gating strategy for immune cell populations in the brain, including microglia (CD11b+CD45int), neutrophils (CD45highCD11b+Ly6G+),
macrophages (CD45highCD11b+ F4/80+), T cells (CD45highCD3+), B cells (CD45highCD3−CD19+), and NK cells (CD45highCD3−NK1.1+) 12 h after ICH. (B) Quan-
tification of indicated immune cell subsets in the brain without hematoma of ICH mice 12 h after ICH. n = 12/group. Data are from three independent ex-
periments. **, P < 0.01. Unpaired two-tailed t test. (C–E) To deplete NK cells, anti-NK1.1 mAb was injected i.p. into each C57BL/6 mouse 24 h before ICH. To
deplete neutrophils, 500 µg of anti-Ly6G mAb was injected i.p. into ICH mice immediately after surgery. 24 h after ICH, neurological deficits, PHE volume, and
barrier integrity were assessed. Evans blue was used to measure barrier integrity. n = 10/group. Data are from three independent experiments. *, P < 0.05.
Unpaired two-tailed t test. (F) Proteome profiler array revealed the top expressed cytokines/chemokines in brain-infiltrating NK cells 12 h after ICH. Data are
shown as the fold change of genes (log2 scale) versus sham blood group. Three independent experiments. (G) Quantification of CXCL2 in NK cells in ICH brain,
ICH blood, and sham blood by flow cytometry 12 h after ICH. n = 12/group. Data are from three independent experiments. **, P < 0.01. One-way ANOVA.
(H) ICH was induced by autologous blood injection in Rag2−/−γc−/−mice (devoid of T, B, and NK cells). Rag2−/−γc−/−mice received adoptive transfer of wild-type
NK cells that were treated with control siRNA or CXCL2-siRNA. Quantification showing brain-infiltrating NK cells, CXCL2+ brain-infiltrating NK cells, brain-
infiltrating neutrophils, mNSS score, lesion volume, and PHE volume in indicated groups of mice 24 h after ICH. n = 6 or 15/group. Data are from three in-
dependent experiments. *, P < 0.05; **, P < 0.01. Unpaired two-tailed t test. Data are presented as mean ± SD.
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identify swift arrival of NK cells to the hemorrhagic brain before
other mobilized immune cells, including neutrophils and T cells.
Single-cell RNA-seq and unbiased clustering analysis show func-
tional alternations of chemokine production and cytotoxicity in
these brain-infiltrating NK cells. These results suggest that the
ICH brain renders NK cells with cytotoxic and proinflammatory
features, contributing to early PHE formation and brain edema.

In addition to the direct cytotoxicity to BBB following ICH, we
further report that NK cells cooperate with neutrophils to
damage the BBB. This finding demonstrates the synergistic ca-
pacity of brain-infiltrating NK cells in producing immune fac-
tors and orchestration of focal inflammation with other
infiltrating immune cells. Unlike a previous study in murine
models of ICH demonstrating the counts of lymphocyte subsets
in the whole-brain tissues at ≥24 h after onset (Mracsko et al.,
2014), our results revealed early arrival of NK cells in the peri-
hematoma regions, within 12 h of ICH onset. Notably, we found
NK cells expressing CD69 or perforin in the ICH brain. These
findings support the pivotal role of NK cells in focal inflamma-
tion and PHE expansion. As blood draws from ICH patients were
performed at later time points versus the early time points for
collection of brain tissues during emergent hematoma evacua-
tion in this study, future studies should evaluate NK cells in the
brain versus blood at similar time points after ICH. Besides the
recruited immune cells, the neurovascular unit also constitutes
resident immune cells, including glia and perivascular macro-
phages. Whether and how NK cells interact with these brain-
intrinsic cell types to impact PHE formation is of interest and
warrants future investigation. Nevertheless, the results presented
in this study illustrate how NK cells orchestrate focal inflamma-
tion and contribute to the genesis of PHE. In line with these
findings, previous studies report that NK cells can promote focal
inflammation and neural injury in the setting of ischemic stroke
and traumatic brain injury (Gan et al., 2014; Kong et al., 2014; Li
et al., 2017b; Zhang et al., 2014). Although the cellular and bio-
chemical cascades that activate the immune system differ among
brain ischemia, traumatic brain injury, and ICH pathologies, the
early detrimental role of NK cells in these disease types suggest
that cell-mediated immunity might be a promising target to at-
tenuate acute brain insults. Of interest, NK cell depletion leads to
reduced recruitment of neutrophils more than other immune cell
types, although brain-infiltrating NK cells also express CXCL9 and
CXCL11, which may contribute to the recruitment of other im-
mune cell types. This finding suggests that NK cells may not be the
only cellular players that can recruit immune cell subsets other
than neutrophils. It is also possible that NK cells may not be the
only source of CXCL9 and CXCL11 in the brain. Future studies are
required to reveal the source and types of chemokines that un-
derpin the recruitment of specific immune cell subsets after ICH.

After ICH, we observed transcriptional changes in NK cells
after homing to the brain. These results highlight that the fate
and function of NK cells are determined by focal environmental
factors. Within the ICH brain, infiltrating NK cells exhibit in-
creased cytotoxicity and chemokine production versus periph-
eral NK cells. Upon entering the hemorrhagic brain, NK cells are
exposed RBC lysate products and thrombin, which leach from
the hematoma, as well as subsequent danger signals excreted

from injured brain tissue. The adaptation to the ICH brain grants
NK cells cytotoxic and proinflammatory properties that accel-
erate PHE formation. The finding of endothelial cell–induced NK
cell activation suggests the cross-talk between injured endo-
thelial cells and NK cells that contributes to amplified endo-
thelial cell damage and barrier disruption in the ICH brain.
Supplementing this interpretation, gene enrichment analysis of
brain-infiltrating NK cells revealed an array of immune and
metabolic pathways that are activated by environmental factors,
including key immune factors such as CXCL2, CCL2, TNF, and
IL-1, that are reported to be dramatically elevated in the ICH
brain (Fu et al., 2015; Keep et al., 2012; Mracsko and Veltkamp,
2014). Other than NK cells, single-cell mRNA profiling of other
brain-infiltrating lymphocyte subsets including cytotoxic T cells
would also be interesting, and awaits further investigation in
future studies. Nevertheless, the altered gene expression of
brain-infiltrating NK cells supports that environmental factors
within the ICH brain shape NK cell response. Additionally, it re-
mains unclearwhether the altered transcriptional profiles in brain
NK cells result from a unique environment in the brain or a
similar inflammatory environment that could also occur in other
organs after injury. Future studies regarding this aspect are crit-
ical to reveal brain-specific features of NK cells after neural injury.

Currently, medical management of most ICH patients in-
cludes supportive measures using nonspecific osmotherapeutic
drugs (mannitol, glycerin fructose, albumin, etc.) or hypertonic
saline infusion, which have not been demonstrated as effective
therapies to improve outcomes in ICH patients (Aronowski and
Zhao, 2011; Urday et al., 2015; Zheng et al., 2016). The benefits of
surgical hematoma evacuation and pharmacologic ion chelation
using deferoxamine remain uncertain (Hanley et al., 2019; Selim
et al., 2019). Recently, we and others reported the efficacy of
immune modulator fingolimod, which reduces PHE expansion
and improves neurological outcome after ICH in preclinical and
proof-of-concept clinical studies (Fu et al., 2014, 2015). Fingoli-
mod is a sphingosine 1-phosphate receptor (S1PR) modulator
that inhibits the egress of lymphocytes (in which NK cells are a
major subtype) from lymph nodes, prevents their recirculation,
and reduces the trafficking of lymphocytes into the brain (Aktas
et al., 2010; Brinkmann et al., 2010). Considering the potent
cytotoxic and proinflammatory capacity of NK cells, these re-
sults suggest that prevention of NK cell infiltration into the brain
might be a viable approach to reduce brain inflammation and
attenuate PHE formation after ICH. In light of these studies, a
randomized, placebo-controlled, subject- and investigator-blinded
trial of another S1PR modulator, siponimod, in ICH patients is
ongoing (NCT03338998; Bobinger et al., 2019). Although the
benefits of S1PR modulation in improving outcome following
ICH awaits more clinical evidence, immune modulation tar-
geting lymphocytes to prevent PHE formation and neurological
deterioration deserves further investigation.

Materials and methods
Human brain tissues
Brain tissues were acquired from patients with ICH who re-
quired surgery to evacuate the hematoma or patients who died
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from nonneurological diseases (controls). Informed consent was
obtained from each patient or a legally defined surrogate. Col-
lection of human brain tissue was performed according to pro-
tocols approved by the institutional review board of Tianjin
Medical University General Hospital (Tianjin, China) or the
Third People’s Hospital of Datong (Shanxi, China). Among 18
cases studied, 9 were from patients with ICH (Table S1). These
patients had primary ICH with symptom onset <12 h before
surgery (seven male; two female). Several inclusion and exclu-
sion criteria were designated. Enrolled ICH patients were aged
≥18 yr with hemorrhage volume of 50–100 ml measured by
computed tomography. Exclusion criteria were autoimmune
diseases, preexisting brain diseases, and infections, and con-
comitant use of immunosuppressive or immune-modulating
therapies. The nine control tissues were from patients who
died from nonneurological diseases (six male; three female).
Histopathologic examination confirmed no pathological changes
in brain sections beyond those expected in control subjects with
nonneurological diseases. Patients with ICH and controls did not
differ significantly in terms of mean age at death (ICH patients,
58 ± 4.1; control, 54.9 ± 4.5; mean ± SEM; P > 0.05, Student’s t test).

Human blood samples
Nine patients with ICH and nine age-matched control subjects
were enrolled (Table S1). Blood samples were collected 24 h after
ICH onset (seven male, two female). Blood samples of healthy
individuals were used as controls (six male, three female). There
was no significant age difference between ICH patients and
control subjects (ICH patients, 58.4 ± 4.1; control, 59.4 ± 3.2;
mean ± SEM; P > 0.05, Student’s t test). Enrolled ICH patients
were aged ≥18 yr with hemorrhage volume of 50–100 ml mea-
sured by computed tomography. Exclusion criteria include
medical history of autoimmune diseases, preexisting brain dis-
eases and infection, and concomitant use of immunosuppressive
or immune-modulating therapies. Control subjects were chosen
on the basis of standardized inclusion and exclusion criteria as
follows. Inclusion criteria were (1) age ≥18; (2) normal basic
laboratory tests; (3) and normal neurological function on neu-
rological examination. Exclusion criteria were (1) neurologic or
psychiatric disorder; (2) history of tumor; (3) history of drug or
alcohol abuse; and (4) history of medication use including cen-
tral nervous system stimulants, antiepileptic drugs, cortisone,
and insulin. The study protocol and supporting documents were
approved by the institutional review board of Tianjin Medical
University General Hospital (Tianjin, China) or the Third Peo-
ple’s Hospital of Datong (Shanxi, China). Written informed
consent was obtained from each patient or legal surrogate.

Mice
10–12-wk-old male mice were used in this study. C57BL/6 mice
were purchased from Charles River Laboratories. Rag2−/−γc−/−

mice were purchased from Taconic. CD1d−/− mice were pur-
chased from the Jackson Laboratory. All mutant mice were
backcrossed to the C57BL/6 background for 8–12 generations.
Mice were housed no more than five animals per cage in
pathogen-free conditions under a standardized light–dark cycle
with free access to food and water. For all experiments, age-

matched male littermates were used between experimental
groups. Animal surgeries were performed under anesthesia. All
animal experiments were approved by the Committee on the
Ethics of Animal Experiments of Tianjin Neurological Institute
(Tianjin, China). All experiments were conducted in accordance
with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and were designed and per-
formed according to the Animal Research: Reporting In Vivo
Experiments guidelines (https://arriveguidelines.org/).

ICH models
ICH was induced in mice by injection of autologous blood or
collagenase as previously described (Li et al., 2017a). Mice were
anesthetized using 1–3% isoflurane inhalation and fixed on a
stereotactic frame. A burr hole was drilled on the right side of
skull at 2.3 mm lateral to midline and 0.5 mm anterior to
bregma. For the autologous blood model, 30 µl of nonhepari-
nized autologous blood was withdrawn from the angular vein.
The first 5 µl blood was injected at a rate of 1 µl/min at a depth of
3 mm beneath the hole. Thereafter, the needle was moved to a
depth of 3.7 mm and paused for 5 min. The remaining 25 µl of
blood was injected at the same rate of 1 µl/min. For the colla-
genase model, 0.0375 U bacterial collagenase was dissolved in
0.5 µl of saline and infused to the striatum (0.5 mm anterior,
2.3 mm left lateral, and 3.5 mm deep relative to bregma) at the
speed of 0.5 µl/min. Sham controls were injected with an equal
volume of saline. Throughout the procedure, animal body tem-
perature was maintained at 37°C with a homeothermic blanket.
After surgery, animals remained under observation with free
access to food and water.

In vivo antibody administration
Anti-NK1.1 (PK136) mAb was purchased from BioLegend. Anti-
Ly6G (1A8) mAb was purchased from Bio X Cell. Mouse IgG2a
(Sigma-Aldrich) was used as the isotype control antibody. For
in vivo depletion of NK1.1+ cells, 200 µg of anti-NK1.1 mAb was
injected i.p. into each mouse. Depletion of NK1.1+ cells was
confirmed by flow cytometry and consistently achieved >95%
depletion. For in vivo depletion of neutrophils, 500 µg of anti-
Ly6G mAb was injected i.p. into each mouse immediately
after ICH.

Neurological function assessment
Neurological function assessment was performed by two in-
vestigators who were blinded to the treatment groups. The
modified Neurological Severity Score (mNSS), corner turn test,
and rotarod test were conducted to evaluate neurological deficits
of ICH mice at defined time points, as previously described (Li
et al., 2017a, 2017c).

mNSS
In the neurological deficit scoring system, mice were evaluated
for motor function (muscle and abnormal movement), sensory
function (visual, tactile, and proprioceptive), and reflexes
(pinna, corneal, and startle). The range of scores is from 0 to 18,
defined as follows: a score of 13–18 indicates severe injury, 7–12
indicates moderate injury, and 1–6 indicates mild injury.
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Corner-turning test
The corner-turning test was conducted to evaluate sensorimotor
and postural asymmetries. Mice were allowed to proceed into a
corner with an angle of 30° and then had to turn right or left.
Each mouse repeated this procedure 10 times with an interval of
≥30 s between trials. The percentage of ipsilateral turns was
then calculated.

Rotarod test
The rotarod test was conducted to evaluate motor coordination
and balance. Micewere trained for 1 wk before ICH induction. At
indicated time points after ICH, mice were placed on a rotarod
apparatus. The rotating rod was 3-cm diameter with a non-
slippery surface, 30 cm in length, and placed at height of 20 cm
from the base. Each mouse was placed on the rod at a speed of 4
rotations per minute (rpm) which accelerated over the course of
300 s to 40 rpm. The duration of each mouse on the rod was
recorded automatically. Each mouse was tested in three con-
secutive trials with an interval of 15 min. The results were cal-
culated as the average of three trials.

Neuroimaging
7T small-animal magnetic resonance imaging (MRI) scans
(Bruker Corp.) were used as previously described (Gan et al.,
2014; Liu et al., 2017). T2-weighted imaging was performed to
assess total lesion volume. The setup parameters were as fol-
lows: repetition time, 4,500ms; echo time, 65.5ms; field of view,
28 × 28 mm2; image matrix, 256 × 256; slice thickness, 0.5 mm.
Susceptibility weighted imaging was used to measure hemato-
mas. The setup parameters were as follows: repetition time, 30
ms; echo time, 10 ms; flip angle, 25°; field of view, 32 × 32 ×
16 mm3; image matrix, 256 × 256. The volumes were manually
outlined and calculated by multiplying the sum of the volume by
the distance between sections (0.5 mm) using MIPAV software.
PHE volumes were calculated as total lesion volume minus he-
matoma volume. MRI data were analyzed by two investigators
blinded to experimental groups.

Brain water content assessment
Brain water content was measured on day 1 after ICH, as pre-
viously described (Li et al., 2017a, 2017c; Ren et al., 2018). Briefly,
without perfusion, brain tissue was removed and divided into
three parts: ipsilateral hemisphere, contralateral hemisphere,
and cerebellum. Brain tissues were weighed to measure wet
weights and then dried for 24 h at 100°C to obtain dry weights.
The following formula was used to calculate brain water con-
tent: (wet weight − dry weight)/wet weight × 100%.

Flow cytometry
Single-cell suspensions were prepared and stained with
fluorochrome-conjugated antibodies as previously described
(Li et al., 2017b; Liu et al., 2016, 2017). All antibodies were
purchased from BioLegend or BD Bioscience, unless stated
otherwise. Antibodies were directly labeled with one of the
following fluorescent tags: FITC, PE, PerCP-Cy5.5, or allophy-
cocyanin. The following antibodies were used: anti-human CD3
(HIT3A), CD56 (MEM-188), CD69 (FN50), CD49a (SR84), CD57

(NK-1), and perforin (B-D48, Abcam); anti-mouse CD3 (17A2),
NK1.1 (PK136), perforin (S16009A), CD69 (H1.2F3), Annexin V,
H2-Kb (AF6-88.5), H2-Db(KH95), CD1d (1B1), Qa1 (6A8.6F10,
Santa Cruz), RAE-1 (CX1), MULT1 (5D10, eBioscience), CD11b
(M1/70), CD45 (30-F11), F4/80 (BM8), CD19 (1D3/CD19), and
Ly6G (1A8). CXCL2 was quantified using an unconjugated
CXCL2 antibody (R&D Systems) and an Alexa Fluor 488–
conjugated antibody (Invitrogen). Flow cytometric measure-
ments were performed on a FACS Aria III (BD Bioscience) and
analyzed using Flowjo v7.6 software (Informer Technologies).

Single-cell RNA-seq of NK cells
Single-cell suspensions were prepared from pooled mouse blood
and brain tissues 12 h after ICH induced by autologous blood
injection or sham operations. CD3−NK1.1+NKp46+ cells were
isolated at 4°C using FACS, and cell viability was ≥90% for all
samples by CountStar Rigel. Single-cell suspensions of ∼12,000
cells were captured from each sample on an array of >200,000
microwells. Beads with oligonucleotide barcodes were added to
saturation so that cells could be paired with beads in microwells.
Captured cells were lysed, and released RNA was barcoded
through reverse transcription in individual microwells. Reverse
transcription was performed on a ThermoMixer C (Eppendorf)
at 1,200 rpm and 37°C for 45 min. cDNA was generated, am-
plified using 22 cycles of PCR, and quality assessed using an
Agilent 4200.

Single-cell RNA-seq libraries were constructed using BD
Rhapsody WTA Amplification Kit. The libraries were finally
sequenced using an Illumina Novaseq6000 sequencer with a
sequencing depth of ≥100,000 reads per cell with pair-end 150-
bp reading strategy. The BD Rhapsody analysis pipeline was
used to process sequencing data (.fastq files). Cell labels and
molecular indices were identified, and gene identity was de-
termined by alignment against the GRCm38 Genome Reference.
A table containing molecule counts per gene per cell was the
output. Gene expression profiles of 12,443, 8,751, and 4,270 NK
cells were recovered for sham blood, ICH blood, and ICH brain
samples. Analysis of the single-cell transcriptome profiles was
performed using BD Data View (BD Biosciences). The GEO ac-
cession number for the RNA-seq data is GSE155275.

Immunostaining
Brian tissue sections were incubated overnight with primary
antibodies at 4°C and then with corresponding fluorochrome-
conjugated secondary antibodies at room temperature for 1 h.
The following primary antibodies were used: anti-human
NKp46 (195314; R&D Systems), CD49a (SR84; BD Bioscience),
CD57 (MA1-81071; Invitrogen), CD68 (ED1; Abcam), CD4 (H-370;
Santa Cruz), CD8 (UCH-T4; Santa Cruz), CD19 (HIB19; Bio-
Legend), CD16b (CLB-gran11.5; BD Bioscience), CD66b (polyclonal;
Bioss), perforin (dG9; BioLegend), CD69 (D-3; Santa Cruz),
Caspase-3 (9661; CST), CD31 (JC/70A; Abcam); anti-mouse NKp46
(M20; Santa Cruz), CD49a (Ha31/8; BD Bioscience), ly6G (1A8;
BioLegend), TMEM119 (28-3; Abcam), CD68 (ED1; Abcam), CD8
(53-6.7; eBioscience), CD4 (GK1.5; eBioscience), CD19 (1D3; BD
Bioscience), CD31 (polyclonal; Abcam), claudin5 (4C3C2; In-
vitrogen), and ZO-1 (ZO-1-1A12; Invitrogen). The following
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fluorochrome-conjugated secondary antibodies were used: don-
key anti-rabbit 488 (1:1,000; Invitrogen), donkey anti-rabbit 546
(1:1,000; Invitrogen), donkey anti-goat 546 (1:1,000; Invitrogen),
donkey anti-mouse 594 (1:1,000; Invitrogen), donkey anti-mouse
488 (1:1,000; Invitrogen), goat anti-rat 488 (1:1,000; Invitrogen),
and goat anti-rat 555 (1:1,000; Invitrogen). Images were acquired
on a fluorescence microscope (Olympus BX-61).

Cell isolation, RNA interference, and passive transfer of
NK cells
NK cells were sorted from pooled splenocytes of naive C57BL/6
mice (BD Bioscience). NK cells were purified using magnetic
beads (Miltenyi Biotech) coupled with two rounds of cell sorting
on a FACS Aria III system. The purity of NK cells was confirmed
with flow cytometry after sorting (>98%). NK cells were cul-
tured in RPMI medium with 10% FBS, 1% penicillin/strepto-
mycin, 10 µg/ml IL-15, and 10 µg/ml IL-2.

siRNA was used to target Cxcl2 (Santa Cruz). The siRNA
components consist of three target-specific 19–25-nt siRNAs
designed to target Cxcl2. A scrambled siRNA plasmid was used as
a control (Santa Cruz). NK cells were transfected with 60 pmol
of Cxcl2–siRNA or control fragments mixed with 2 µl of Lip-
ofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After transfection, NK cells were cultured for an
additional 24 h before use. 2 × 106 NK cells were injected via the
tail vein into Rag2−/−γc−/− recipient mice immediately after ICH.

Endothelial cell culture, NK cell cytotoxicity assay, and H2-Kb
overexpression with lentivirus
Endothelial cells were isolated from mouse heart and brain tis-
sues.Mouse brain and heart tissues were collected 24 h after ICH
induced by autologous blood injection or sham operations. Tis-
sues were then minced with scissors in ice-cold DMEM (In-
vitrogen). Subsequently, the minced tissues were digested with
1 mg/ml collagenase I (Sigma-Aldrich) at 37°C for 30 min in
tubes in a water bath. After enzyme digestion, the reaction was
stopped by adding inactivated FBS to the medium. After filtering
and centrifugation, cells were resuspended in 1% BSA buffer and
stained with anti-CD31 and anti-CD45 antibodies at 4°C for
30 min. Thereafter, endothelial cells (CD45−CD31+ cells) were
sorted using a FACS Aria III flow cytometer (BD Bioscience). The
purity of sorted endothelial cells was >98%. NK cells were iso-
lated from spleen tissues of wild-type mice and then cultured in
medium containing 10 µg/ml IL-15 and 10 µg/ml IL-2. Sorted
endothelial cells were cocultured with NK cells at effector:target
ratios of 20:1, 5:1, and 1:1 for 5 h. The apoptosis of endothelial
cells (CD45−CD31+) was measured using annexin V (BioLegend).

H2-Kb expression with lentivirus in cultured endothelial
cells was performed as previously described, with modification
(Gan et al., 2014; Liu et al., 2017). Full-length murine H2-Kb was
amplified by RT-PCR from RNA of murine endothelial cells.
After verification of the sequence, cDNA was inserted in the
lentivirus vector under the promotor of CMV. The recombinant
lentivirus was produced by Lenti-X 293T cells (Takara Bio) and
collected 72 h after transfection. The titers were up to 5–8 × 108

infectious U/ml. Cultured endothelial cells were infected with
virus in 12-well plates. Thereafter, the virus-containing transduction

medium was replaced with fresh growth medium. Endothelial cell
cultures were incubated for 48 h at 37°C and 5% CO2 before NK cell
cytotoxicity assay.

For thrombin and RBC lysate treatment, cultured NK cells or
endothelial cells were exposed to RBC-lysate (1 µl lysate/100 µl
medium) and thrombin (3 U/ml) for 24 h. Thereafter, cultured
cells were harvested and followed by flow cytometry analysis.
The thrombin was LPS-free and confirmed using an LPS ELISA
kit (LSBio).

Proteome profiler mouse cytokine array
NK cells were purified from mouse blood and brain tissues 12 h
after ICH or sham operations. Thereafter, NK cells were lysed
with cell lysis buffer (R&D Systems) supplemented with prote-
ase inhibitor mixture (Sigma-Aldrich) at 4°C for 30 min. Total
protein was quantified using a protein bicinchoninic acid kit
(Thermo Fisher Scientific). A Mouse XL Cytokine Array Kit
(R&D Systems) was used to measure cytokine and chemokine
levels. Immunospots were captured using a Gel Doc Imager (Bio-
Rad), and spot density was measured using ImageJ software
(National Institutes of Health).

Western blot
On day 1 after ICH induced by autologous blood injection, per-
ihematomal tissues were isolated from mouse brains. Total
proteins were extracted using radioimmunoprecipitation assay
lysis buffer (Solarbio) supplemented with protease inhibitor
mixture tablets (Roche). Total protein was determined using a
bicinchoninic acid Protein Assay Kit (Solarbio). Equal amounts
of protein were separated by SDS-PAGE and transferred to PVDF
membranes (Merck). Membranes were blocked with 5% nonfat
milk in Tris-buffered saline containing 0.1% Tween-20 and
probed with primary antibodies against anti-ZO-1 (1:1,000; In-
vitrogen); anti-claudin-5 (1:1,000; Invitrogen), and anti-GADPH
(1:1,000; Cell Signaling Technology) at 4°C overnight. The mem-
branes were washed and incubated with appropriate horseradish
peroxidase–linked secondary antibodies (1:5,000; Transgen Bio-
tech) for 1 h. The relative intensity of protein signals was nor-
malized to corresponding loading controls and quantified by
densitometric analysis with ImageJ.

Statistics
Data are presented asmean ± SD. The exact values of sample size
(n) are given in figure legends and represent either the number
of animals used in vivo or the number of cell cultures used
in vitro. The sample size was determined by power analysis
using α = 0.05 with 80% power to detect statistical differences.
Power calculations for experiments were conducted using SAS
9.1 software (SAS Institute). The experimental design was based
on previous publications with similar mechanistic studies done
in our laboratory (Li et al., 2017b; Liu et al., 2016, 2017). All
animals in experimental and control groups were littermates.
Experimental groups, data collection, and data analysis were
blinded by using different investigators or masking sample la-
bels. All experiments with animals and cell cultures were ran-
domly assigned to experimental groups. Sample exclusion was
done as a result of mouse death after surgery. Experiments of
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single-cell RNA-seq were successfully reproduced at least twice.
All other experiments presented were successfully reproduced
at least three times. For each set of data compared, we evaluated
normality using the Kolmogorov–Smirnov test. Two-tailed un-
paired Student’s t test was used to determine significant dif-
ferences between two groups. One-way ANOVA followed by
Tukey’s post hoc test was used for comparisons of three or more
groups. Two-way ANOVA followed by Bonferroni’s posttests
was used for multiple comparisons. A statistical false discovery
rate value of <0.05 was used for all RNA-seq analyses. Values of
P < 0.05 were considered significant. Statistical analyses were
performed using Prism 7.0 software (GraphPad).

Online supplemental material
Fig. S1 shows enrichment of immune signatures in brain-
infiltrating NK cells after ICH. Fig. S2 shows in vivo NK cell
depletion using an anti-NK1.1 mAb. Fig. S3 shows effects of Poly
I:C stimulation of NK cells on ICH injury. Fig. S4 displays the
effects of brain endothelial cells from ICH brain on NK cells. Fig.
S5 exhibits CXCL2 expression in NK cells after exposure to he-
matoma components. Table S1 lists patient characteristics.
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Supplemental material

Figure S1. Enrichment of immune signatures in brain-infiltrating NK cells following ICH. (A) ICH was induced in C57BL/6 mice by collagenase injection.
Quantification showing flow cytometry analysis of brain-infiltrating immune cell subsets including NK cells 12 h after ICH. n = 10/group. Data are from three
independently repeated experiments. *, P < 0.05; **, P < 0.01. Unpaired two-tailed t test. (B) ICH was induced in C57BL/6 mice by autologous blood injection.
Shammice were used as controls. 12 h after ICH, NK cells were isolated from blood and brain tissues. The diversity of NK cells was assessed by single-cell RNA-
seq on individual cells isolated from blood and brain. Enrichment of DEGs in NK cells classified by organ systems. Gene expression levels in NK cells from ICH
brain and ICH blood were normalized to NK cells from sham blood. Data are from two independently repeated experiments. (C) ICH was induced in C57BL/6
mice by autologous blood injection. RT-PCR analysis was performed tomeasure an array of NK cell–related cytotoxicity- and chemokine-related genes. NK cells
were sorted from spleen, blood, and brain tissues of indicated groups of sham or ICH mice. NK cells from blood and spleen of shammice were used as controls.
Heatmap showing the expression of cytotoxicity- and chemokine-related genes in indicated groups of NK cells. Data are from three independently repeated
experiments. Data are shown as the fold change of genes versus sham blood group.
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Figure S2. In vivo NK cell depletion using an anti-NK1.1 mAb. (A and B) ICH was induced in C57BL/6 mice by autologous blood injection. Mice received i.p.
injection of antiNK1.1 mAb or IgG control 24 h before ICH surgery. For each mouse, 200 µg anti-NK1.1 mAb was injected every 5 d until the end of experiments.
Spleen tissues were collected on days 0, 1, and 5 after anti-NK1.1 mAb injection. Flow cytometry (A) and quantification (B) of NK cells in spleen tissues of mice
receiving anti-NK 1.1 mAb or IgG control. n = 6/group. Data are from three independently repeated experiments. (C–E)Mice received i.p. injection of anti-NK1.1
mAb or IgG control 24 h before ICH induction by collagenase injection. Neurological deficits were evaluated at indicated time points in ICH mice receiving anti-
NK1.1 mAb or IgG. n = 15 mice/group. Data are from three independently repeated experiments. **, P < 0.01. Two-way ANOVA. (F) ICH was induced by
autologous blood injection in wild-type C57BL/6 mice. Flow cytometry plots show minimal amount of brain-infiltrating NKT cells compared with brain-
infiltrating NK cells 24 h after ICH. n = 10mice/group. Data are from three independently repeated experiments. **, P < 0.01. Unpaired two-tailed t test. (G and
H) ICH was induced by autologous blood injection in CD1d−/− and wild-type C57BL/6 mice. Neurological deficits (G) and brain water content (H) were assessed
on day 3 after ICH in indicated groups of mice. n = 15/group. Data are from three independently repeated experiments. Data are presented as mean ± SD.

Figure S3. Poly I:C stimulation of NK cells exacerbates ICH injury. (A–C) NK cells were sorted from spleen tissues of wild-type C57BL/6 mice and cultured
with vehicle or Poly I:C for 12 h in vitro. ICH was induced by autologous blood injection in Rag2−/−γc−/− mice (devoid of T, B, and NK cells). Thereafter,
Rag2−/−γc−/−mice received adoptive transfer of NK cells that were treated with vehicle or Poly I:C. Quantification showing brain-infiltrating NK cells expressing
perforin (A), neurological deficits (mNSS score and corner turn test assessment; B), and brain water content (C) in indicated groups of Rag2−/−γc−/− mice 24 h
after ICH. n = 10/group. Data are from three independently repeated experiments. *, P < 0.05; **, P < 0.01. Unpaired two-tailed t test. Data are presented as
mean ± SD.
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Table S1 is provided online and shows patient characteristics.

Figure S4. Effects of brain endothelial cells from ICH brain on NK cells. (A and B) NK cells were harvested from spleen tissues of C57BL/6 mice.
Thereafter, NK cells were cocultured with vehicle, brain endothelial cells (bECs) sorted from ICH C57BL/6 mice, or bECs sorted from sham mice. Flow cy-
tometry analysis showing the expression of CD69 (A) and CXCL2 (B) in NK cells. n = 6/group. Data are from three independently repeated experiments. **, P <
0.01. One-way ANOVA. Data are presented as mean ± SD.

Figure S5. Expression of CXCL2 in NK cells after exposure to hematoma components. (A) NK cells were harvested from spleens of C57BL/6 mice and
cultured in vitro with control-siRNA or CXCL2-siRNA. Thereafter, NK cells were incubated with thrombin and RBC lysate products. NK cells treated with vehicle
were used as control. (B) Flow cytometry analysis showing expression of CXCL2 in groups of NK cells receiving indicated treatment. n = 10/group. Data are
from three independently repeated experiments. **, P < 0.01. Unpaired two-tailed t test. Data are presented as mean ± SD.
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