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Background: Cerebral microbleeds (CMBs) are an early sign of many

neurological disorders and accompanied by local neuroinflammation and brain

damage. As important regulators of immune response and neuroinflammation,

the biological behavior and role of gd T cells after CMBs remain largely unknown.

Methods: We made a spot injury of microvessel in the somatosensory cortex to

mimic the model of CMBs by two-photon laser and in vivo tracked dynamical

behaviors of gd T cells induced by CMBs using TCR-dGFP transgenic mice.

Biological features of gd T cells in the peri-CMBs parenchyma were decoded

by flow cytometry and Raman spectra. In wildtype and gd T cell-deficient mice,

neuroinflammation and neurite degeneration in the peri-CMBs cortex were

studied by RNAseq, immunostaining and in vivo imaging respectively.

Results: After CMBs, gd T cells in the dural vessels were tracked to cross the

meningeal structure and invade the brain parenchyma in a few days, where the

division process of gd T cells were captured. Parenchymal gd T cells were highly

expressed by CXCR6 and CCR6, similar tomeningeal gd T cells, positive for IL-17A

and Ki67 (more than 98%), and they contained abundant substances for energy
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Abbreviations: Arg1, Arginase1; CMBs, Cerebral micr

nervous system; CXCR6, C-X-C motif chemokine recept

receptor 6; DAPI, 6-diaminyl-2-phenylindoles; DMEM

eagle medium; dpi, days post injury; GFAP, glial fibrill

ionized calcium binding adapter molecule 1; IFN-g, inte

interleukin 17A; iNOS, inducible nitric oxide synthase;

MRI, magnetic resonance imaging; PBS, phosphate buff

necrosis factor a WT, wildtype.
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metabolism and nucleic acid synthesis. In gd T cell-deficient mice, cortical

samples showed the upregulation of neuroinflammatory signaling pathways,

enhanced glial response and M1 microglial polarization, and earlier neuronal

degeneration in the peri-CMBs brain parenchyma compared with wildtype mice.

Conclusion:CMBs induce the accumulation and local proliferation of gd T cells in

the brain parenchyma, and gd T cells exert anti-neuroinflammatory and

neuroprotective effects at the early stage of CMBs.
KEYWORDS

gamma-delta T cells, cerebral microbleeds, neuroinflammation, neuroprotection,
live imaging
Introduction

Cerebral microbleeds (CMBs) are a significant and independent

risk factor of intracerebral hemorrhage and considered as the early

sign of many neurological disorders such as cognitive degeneration

and stroke (1, 2). The size of CMBs varies from 5 to 240 µm in

diameter. Focal hemosiderin deposition is the important

pathological feature of CMBs, which is caused by the microvessel

(less than 10 mm in diameter) leakage and readily recognized by

magnetic resonance imaging (MRI) with very low signal intensity.

In the brain, CMBs activate local neuroinflammation and oxidate

stress response to damage neural tissue and function (3). There are

many capillaries in the cortex, and CMBs may lead to blood clotting

in the vascular lumen which subsequently affects local blood supply

and causes tissue damage (4).

Studies of CMBs are mostly focused on endogenous brain

cellular responses induced by active microglia and astrocytes (4,

5). Recent studies revealed that immune cells located in the dura

meninges could play an important role in neurological diseases (6).

The meninges are composed of dura, arachnoid, and pia structure,

serve as a protective barrier for the central nervous system (CNS) as

well as the bridge between the immune and the nervous system.

Immune cells such as B cells, T cells, macrophages and other

monocytes reside in the meninges, and are known to function in

immune surveillance or mediate postnatal immune response (7).

These cells may invade the brain parenchyma through the
obleeds; CNS 5, central

or 6; CCR6, Chemokine

, dulbecco’s modified

ary acidic protein; Iba1,

rferon gamma; IL-17A,

LVs, lymphatic vessels;

er saline; TNF-a, tumor
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cerebrospinal fluid circulation and play a role in immune

monitoring or removing harmful substances and metabolic waste

from the brain in neurological diseases. In the experimental

autoimmune encephalomyelitis (EAE) mouse model, autoreactive

effector T cells enter the brain parenchyma by infiltrating the

leptomeninges via the pial vasculature (7, 8). In severe brain

hemorrhaging disease like hemorrhagic stroke, regulatory T cells

are recruited from choroid plexus and express interleukin 10 (IL-

10) and osteopontin to alleviate microglia activation at the acute

injury stage (9, 10), and more immune cells including CD4+/CD8+

T cells, cytotoxic T lymphocytes and gd T cells are gathered into the

edema area by expressing massive inflammatory factors such as

interleukin 21 (IL-21), interleukin 17 (IL-17), tumor necrosis factor

a (TNF-a) or interferon-gamma (IFN-g) to cause neuronal

autophagy and apoptosis, inflammatory cascade, as well as

proinflammatory differentiation of microphages at the later stage

(11). On the other hand, CMBs cause minor bleeding and relative

mild inflammation, but both resident glia cells and immune cells

originating from the invasion of blood-borne monocytes are

involved. Diverse immune responses occur within and around the

lesion. Activation and proliferation of microglia and macrophages

form an inflammatory microenvironment (12). It is reported that

early penetration of antiviral CD8+ T cells in the mouse brain after a

neurotropic virus infection alleviates CMBs induced by virus

infection (13).

gd T cells contain a small subset of T cells and participate in an

immediate immune response by direct antigen recognition (14). In

neurotrauma, gd T cells are one group of the earliest immune cells

arriving at the injury site (15–17). Moreover, gd T cells in the

meninges regulate the inflammatory responses during massive CNS

injury by secreting typical immune factors: IFN-g and IL-17 (18–

20). Therefore, we assume that gd T cells may be involved in the

immune response and influence the pathological process in the

brain after CMBs.

To test this hypothesis, we made a microvessel spot injury in the

somatosensory cortex to mimic the model of CMBs by two-photon

laser (21). Using TCR-dGFP/+ mice, we traced the moving trajectory
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and biological changes of gd T cells after injury in vivo using a two-

photon microscopy. Characteristics of gd T cells in the brain

parenchyma were studied by flow cytometry and Raman spectra

analysis. The CMBs-induced neuroinflammation and brain damage

were investigated by immunofluorescent staining and in vivo

imaging of neuron morphology in control and gd T cell-deficient

(TCR-d−/−) mice. RNA sequencing (RNAseq) of cortical samples

disclosed the effect of gd T cells deficiency on gene expression and

signaling pathways. Our study identified the origin and biological

characteristics of gd T cells in the brain parenchyma after CMBs and

demonstrated a beneficial role of gd T cells at the early stage

of CMBs.
Materials and methods

Animals

All animal experiments were approved by and performed in

accordance with The Jinan University’s Institutional Laboratory

Animal Care and Use Committee. All mice were C57BL/6 and the

wildtype (WT) mice were purchased from Vital River Laboratory

Animal Technology Co. Ltd, Beijing, China. The mice of Thy1-YFP,

TCR-d knockout (TCR-d-/-), Tcrd-H2B-EGFP (TCR-dEGFP), TCR-a
knockout (TCR-a-/-) and IFN-gEGFP were purchased from The

Jackson Laboratory. The use of F1 heterozygotes from TCR-dEGFP

and TCR-a-/- mice were to genetically exclude highly fluorescent

false-positive cells and named as TCR-dEGFP/+ in the later section.

All mice were 7–8 weeks old and weighed 17–22 g at the time of

surgery. Animals were maintained under pathogen-free conditions,

with a 12-h day/night cycle.
Reagents

APC anti-mouse IFN-g (clone XMG1.2), PE-Cy7 anti-mouse

CD3 (clone 145-2C11), BV421 anti-mouse TCR g/d (clone B1), PE

anti- mouse CCR6 (clone 29-2L17), and PE anti-mouse Ki67 (clone

16A8) were purchased from BioLegend (San Diego, CA). 7AAD

Viability Staining Solution were purchased from Tianjin Sungene

(Tianjin, China). APC-Cy7 anti-mouse CD45 (clone 30-F11) and

eFluor™ 506 anti-mouse IL-17A (clone eBio17B7) were from

eBioscience. Hamster anti-mouse CD28 mAb (clone PV1) was

purchased from Tianjin Sungene (Tianjin, China), rmIL-2 (CK24)

from Novoprotein (Zhejiang, China), and hamster anti-mouse TCR

gd (clone UC7-13D5) purchased from BioXcell (West Lebanon,

USA) were used for gd T cell culture. The standard culture medium

was RPMI 1640 (Euroclone, Milano, Italy), containing 10% fetal

bovine serum (FBS) (Euroclone), 2 mM L-glutamine, 100 U/ml

penicillin, and 100 mg/ml streptomycin. Fixation solution consisted

of 0.1M phosphate-buffered saline solution (PBS) and 4%

paraformaldehyde (PFA). Tissue digestion medium was High

glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco),

containing 4U/ml Collagenase type VIII (Sigma-Aldrich) and

50U/ml DNase I (Thermo Scientific) for the meninges, or 1U/ml

Collagenase type IV (Sigma-Aldrich) and 50U/ml DNase I (Thermo
Frontiers in Immunology 03
Scientific) for brain tissue. BD IMag™ streptavidin particles plus -

DM (BD Biosciences, USA) and biotin hamster anti-mouse gd T-

cell receptor antibody (clone GL3) were both from BD biosciences.
Preparations for brain surgery

After anesthetization, mice were subjected to intraperitoneal

injection of 3% dextran rhodamine B to label blood plasma. The

head of the mouse was fixed using a head holder (Narishige STS-A

SG-4N). An incision of the skin/scalp approximately 1 cm in length

was cut using a surgical scalpel to expose the skull in the region of

occipital lobes. Thinned-skull windows were generated using a

high-speed micro drill, with a diameter of 200 mm. Further

grinding of the skull, using a fine microsurgical blade, brought

the bone to its thinnest area. The skull was removed, and a chronic

glass-covered cranial window was implanted over the cortex.

Vascular topography and the blood clot formed in CMBs were

used as a guide for selecting the same region in the subsequent

imaging sessions.
The model of CMBs

The model was established as previously described (21).

Briefly, mice were fixed on a payload platform, and femtosecond

lasers were used to target a transverse capillary vessel in the cortex

(80-100 mm deep from the vessel in the subarachnoid space, 5 mm
in diameter), comparable to the size of the smallest bleeds in

cerebral small vessel disease, rupturing the targeted vessel with

short bursts of tightly focused femtosecond laser pulses with

sufficient energy at the laser focus. The laser parameter was as

follows: wavelength, 800 nm; frequency, 80 MHz; and pulse width,

140 (+/= 20) fs. A previous study disputed that naturally occurring

microhemorrhages that caused blood clots may sometimes also

occlude the vessel lumen, expecting more severe tissue damage

from the resulting decrease in local blood flow (21). Therefore, we

framed the radiation range slightly wider than the vessel wall.

According to the output power, path loss, pass rate of the lens and

software, the laser energy reaching the sample is about 20 J. Then

CMB was produced in the cortex. Laser irradiation deposited

relatively little total energy, so there was minimal collateral

damage to the surrounding tissue from the laser itself. The

ruptured wall of the targeted vessel clotted within a few seconds

and restricted the size of the hematoma formed.
Single cell suspension isolated from the
brain and meninges

After anaesthetization, mice were perfused by ice-cold PBS

using a 20 ml syringe with a 30 G needle until exsanguinated.

The heads of the mice were severed just above the shoulder. Skin

and muscle were removed with fine-angled scissors and a cut from

the nasal bone was made to remove the skull. After the post-

tympanic hook was removed, the lower portion of the skull was
frontiersin.org
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carefully cut clockwise around the skull with curved scissors and

discarded. Then the brain was removed out of the upper half of the

skull, and the skullcap was placed in a 24-well plate with 1 ml of ice

cold DMEM. The meninges were completely removed from the

skull with the tip of a very fine forceps and placed in the digestive

medium (DMEM with 4 U/ml collagenase VIII and 50 U/ml DNase

I) in a 37°C-water bath for 15 minutes. Filtrated by a 70 mm nylon

mesh cell strainer, the meningeal cell suspensions were then

centrifuged at 300×g at 4°C for 10 min and resuspended in cold

0.1 M PBS (pH 7.4) for all following experiments. Meanwhile, brain

tissue from the injured cortex was removed and placed in ice-cold

digestive medium (DMEM with 1U/ml collagenase IV and 50 U/ml

DNase I) and shaken at a rate of 300 rpm, at 37°C for 30 min, with

the intact contralateral cortex as a control. Fast pipetting was done

to dissociate tissue, and the brain cell suspension was centrifuged at

300×g at 4°C for 10 min and resuspended with 40% Percoll (GE

Healthcare Bio‐Science AB, Uppsala, Sweden). After centrifugation

at 300×g at 20°C for 15 min, immune cell clots were precipitated on

the bottom of the centrifuge tube.
Flow cytometry analysis

Meningeal and brain single cells were suspended in a 24-well

culture plate with 1 ml of DMEM culture medium containing 10%

of FBS and treated with phorbol myristate acetate (PMA; 10 ng/ml),

Golgi Plug (1:1000) and ionomycin (1 mg/ml) for 5 h (37°C, 5%

CO2), then permeabilized with 0.5% (w/v) saponin. After washing

with PBS, cells were labeled with cell surface staining marker at a

1:100 dilution: FITC-conjugated anti-mouse CD3, BV421 anti-

mouse TCR-gd, PE-Cy7 anti-mouse CXCR6, PE anti-mouse

CCR6, and APC-Cy7 anti-mouse CD45 for 20 min at 4°C and

7AAD was added to label live cells, following detection by BD FACS

Verse flow cytometry. As for intracellular and intranuclear staining,

cells were intracellularly stained with APC-anti mouse IFN-g,
BV510 anti-mouse IL-17A, and PE anti-mouse Ki67 using the

protocol described in Foxp3/Transcription Factor Staining Buffer

Set (Thermo Fisher, 00-5523-00) staining for 30 min at 4°C and

washed with PBS. Data were analyzed using FlowJo (TreeStar).
Immunofluorescent staining

For meninges lymphatic staining, skulls were trimmed into

round and flat shaped parietal bones with ophthalmic scissors, then

incubated in blocking solution (0.3% PBST with 5% BSA and 3%

donkey serum) for 2 h followed with primary antibody mouse anti-

mouse Lyve-1 (1: 200, clone ALY7, eBioscience) for 18 h at 4°C and

washed with PBS thrice before staining with secondary antibody

donkey anti-mouse Alexa Fluor™ Plus 594 (1:500, A32744,

Invitrogen). Immunofluorescent staining of brain slices were

prepared and processed as previously described (15). Briefly,

mouse brains were fixed and obtained followed by cardiac

perfusion with PBS and 4% PFA, and then dehydrated with

gradient sucrose before being cut into 35 mm slices in the coronal

plane around the injured site with a sliding microtome. Brain slices
Frontiers in Immunology 04
were subjected to routine immunofluorescent staining. Primary

antibodies included: rabbit anti-mouse Iba1 (1:500, 019-19741,

Wako), rabbit anti-mouse glial fibrillary acidic protein (GFAP;

1:500, ab7260, Abcam), rat anti-mouse CD11b (1:500, ab8878,

Abcam), rabbit anti-mouse Arginase1 (Arg1; 1:300, ab91279,

Abcam) or mouse anti-mouse inducible nitric oxide synthase

(iNOS; 1:300, EPR16635, Abcam). The signal was disclosed by

secondary antibodies: donkey anti-rabbit IgG (H+L) Alexa Fluor™

Plus 594 (1:500; A-21207, Thermo Fisher Scientific) or donkey anti-

mouse IgG (H+L) Alexa Fluor™ Plus 546 (1: 500; A10036, Thermo

Fisher Scientific), and donkey anti-rat IgG (H+L) Alexa Fluor™

Plus 488 (1:500; A-21208, Thermo Fisher Scientific). The meninges

were soaked in PBS and imaged with a two-photon microscope

(LSM780, Zeiss, Germany). Slices were sealed with fluorescent

mounting medium containing DAPI (62248, Thermo Scientific)

and imaged with a fluorescent microscope (Imager Z2,

Zeiss, Germany).
gd T cell culture

For expansion of gd T cells from mice in vivo, splenic gd T cells

were sorted and expanded with anti-gd antibodies. Briefly, gd T cells

were polarized by plate-coated anti-CD3 (10 mg/mL), soluble anti-

CD28 (1 mg/mL), and IL-2 (2 ng/mL) in 1640 medium. After 6 days

of proliferation of gd T cells, positive selection was performed with

the BD IMag™ Cell Separation Magnet.
Raman spectra analysis

A Renishaw in Via Raman spectrometer attached to a Leica

upright microscope equipped with a 100× objective, a 633 nm laser

with a laser power of 50 mw, a laser spot size of 1 mm, and a CCD

detector with a spectral resolution of 0.99 cm was utilized to collect

the Raman spectra of individual cells for all cell types, in which five

different areas were randomly probed within a cell and the

integration time for acquiring a Raman spectrum of a cell was 10

s in all experiments. A Raman spectrum of each cell type was

expressed by an average of 10 cells in the scan range of 400 to

1800 cm. Raman spectroscopic data processing was performed with

MATLAB and Origin software. In this study, gd T cells were sorted

by fluorescence under the microscope to measure Raman spectrum

on the fifth day after CMB. Naive gd T cells were also separated

from the spleen as the control group and sorted by the same

method. Each spectrum is the average of more than 10 cells. All

spectra were normalized to the area to perform a direct comparison

of the data. Background subtraction was also done.
Neuron tracing

To sparsely label cortical neurons, AAV9-CMV-GFP (1E+13

mg/ml, 500 nl/injection; Vigene Biosciences Branch) was injected

into bilateral the motor cortex ( ± 1.5 mm lateral to the midline,

2 mm anteroposterior to the bregma, 0.2 mm in depth) respectively.
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The model of CMBs and in vivo imaging of labelled neurons were

proceeded 3 weeks later.
Statistical analysis

The SPSS 19.0 statistical software was used to process and

analyze the data and images. Data were presented as mean ± SEM.

The comparisons were performed using Student’s t-test or One-way

ANOVA with Tukey’s multiple comparison. The level of

significance was set at 0.05.
Results

gd T cells are recruited from dural
meningeal vessels to brain parenchyma
after CMBs

To study the response of gd T cells to CMBs, gd T cells were

dynamically tracked using TCR-dEGFP/+ transgenic mice in which gd
T cells were labelled by EGFP, and the blood vessels were visualized

by intraperitoneal injection of rhodamine before injury. After

opening a cranial window, an injury (around 25 mm2 area) on the

capillary vessel (about 5 mm in diameter) at the brain parenchymal

surface of the somatosensory cortex was made by a high energy two-

photon laser to mimic a model of CMBs. In vivo long-term imaging

was performed using two-photon microscopy and the relative

position of blood vessels was used as reference (Figure 1A). We

observed a small number of gd T cells gathering in the dural site

close to the injury spot at 6 h and 1 day post injury (dpi), indicating

they response rapidly to hemorrhage (Figure 1B, Supplementary

Figure 1A). The number of aggregated gd T cells increased

significantly at 3 dpi, when a tubular distribution was gradually

formed in the dura (Figure 1B, Supplementary Figure 1A). To verify

the permeability changes of meningeal vessels, Evans blue was

injected through caudal vein, showing a large amount of dye

leakage to the cortex of brain parenchyma in animals with CMBs

but rare in sham animals with opening cranial window only

(Supplementary Figure 1B). This indicates that CMBs, but not

cranial window surgery, induces the increase of blood

vessel permeability.

After CMBs, total fluorescent intensity of gd T cells gradually

increased from 1 dpi, peaked at 5 dpi, and decreased afterwards

(Figures 1B, C). The distribution of gd T cells was readily identified

in the brain parenchyma and the meninges from the lateral view

(Figure 1D, Supplementary Figure 1A). Their number in the brain

parenchyma peaked at 6 dpi, while peaked 1 day earlier in the

meninges (Figures 1D, E). Many gd T cells were still detectable in

the meninges after 2 weeks of CMBs (Figures 1B–E), indicating a

long-term residence of meningeal gd T cells after CMBs. In contrast,

no gd T cells were observed in sham animals with opening cranial

window only from 1 dpi to 5 dpi (Supplementary Figure 1C). It was

reported that basal meningeal lymphatic vessels were the major

routes for cerebrospinal fluid macromolecular uptake and drainage

(22), and antigens from the brain parenchyma were preferentially
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cells around and induce the response of the cervical lymphatic

immune system (23). To test whether gd T cells were also recruited

through lymphatic vessels, we stained the whole meninges at 5 dpi

using anti-Lyve-1 and conducted a 3D reconstruction of the

lymphatic vessels (LVs). We found that most gd T cells

accumulated around the capillary branches of meningeal LVs

close to the injury spot and much less surrounded the same level

branches relatively farther to the injury spot (Figures 1F–H).

However, no gd T cells were observed inside the lumen of the

LVs (Supplementary Figure 1D).

To study the dynamic movement of gd T cells after CMBs, we

carried out a 20-minutes continuous imaging using a two-photon

microscopy. gd T cells detached from the wall of blood vessels,

rolled toward the injured site, and then penetrated down into the

brain parenchyma (Figures 1I, J; Supplementary Video 1).

Following heterogeneous trajectories, the average moving speed of

gd T cells was gradually increased, which was 0.0077 ± 0.0064 mm/s

at 1 dpi (964 cells from 3 animals) and 0.38 ± 1.12 mm/s at 5 dpi

(1219 cells from 3 animals) after CMBs, showing a significant

increase at 5 dpi (Figure 1K, Supplementary Figure 1E, P<0.0001,

n=3). The moving speed of gd T cells changed in different locations

and over time. At 1 dpi, the maximal moving speed of gd T cells was

0.05 mm/s, but the percentages of gd T cells with more than half of

the maximal speed (0.025 mm/s) were not the same in different

regions: 40.0 ± 3.7% in the parenchyma, 24.0 ± 2.2% in the

subarachnoid space, and 17.3 ± 1.3% in the dura. Higher

percentage of gd T cells with the moving speed more than 5 mm/s

was observed in the subarachnoid space compared with those in the

parenchyma and dura at 5 dpi (Figure 1K).

Aforementioned results demonstrate that CMBs induce the

permeability increase of the dural blood vessels, and the active gd
T cells are attracted from the dural blood vessels to invade the peri-

CMBs brain parenchyma. To further confirm this, we cultured gd T
cells from TCR-dEGFP/+ mice and transplanted them to TCR-d-/-

mice via tail vein delivery. After CMBs, the numbers of gd T cells

were gradually increased in the brain parenchyma surrounding the

injury site and reached the peak at 4 dpi (Supplementary

Figures 2A, B).
gd T cells in the brain parenchyma
proliferate locally and secrete IL-17A

To further investigate the biological characteristics of gd T cells,

we collected brain parenchyma and meninges from the region

surrounding the CMBs, brain parenchyma from the intact side,

and spleen at 5 dpi. Tissues were lysed into single cells and isolated

T cells were subjected to intra/extra cellular and live/dead staining for

flow cytometry. The percentage of gd T cells in CD45+ lymphocytes

was less than 0.1% in the intact cortex and around 0.6% in the spleen,

whereas it was significantly increased in the injured brain (more than

1%) and the meninges (more than 4%) (Figures 2A, B). gd T cells

from mouse meninges at 5 dpi were characterized by the expression

of CXCR6 and CCR6 (Figures 2A–C), which was consistent with the

previous report (24). High expression of CXCR6 and CCR6 (single or
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FIGURE 1

CMBs induce migration of meningeal gd T cells to brain parenchyma. (A–E) In vivo imaging of gd T cells (green) and blood vessels (red) after
CMBs (dotted circles) using TCR-d EGFP/+ mice. Reconstruction of stacked sections shows the distribution of gd T cells at different days post
injury (dpi) through the vertical (B) and lateral (D) view. Total gd T cells disclosed by GFP intensity gradually increase from 1 to 5 dpi and then
decrease (C); mean ± SEM, n≥3 mice). (F) Schema illustrates opening window (dotted circle) in the cranium (SSS: superior sagittal sinus, TS:
transverse sinus). (G, H) Relative location of meningeal lymphatic vessels (LVs; anti-Lyve-1 immunostaining, red in left panel) and gd T cells
(green) shows that the LV closer to the injury spot (the LV indicated by drawing red line, right panel) is surrounded by more gd T cells than that
farther away from the injury site (the LV indicated by drawing blue line, right panel) (G), with a significant increase indicated by quantification of
gd T cells (H); n=3 mice, Student’s t-test, *** P<0.001). (I–K) In vivo imaging reveals the dynamic movement of gd T cells in the brain parenchyma
(I); reconstructed images indicate the moving trajectory (J), and statistical analysis shows a significant increase of moving speed at 5 dpi
compared with that at 1 dpi (K); average speed indicated as the red dotted line; **** P<0.0001, Student’s t-test, n ≥ 8 mice).
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double positive) was also found in gd T cells from the injured brain

parenchyma, but not in the spleen or intact-side brain parenchyma

(Figures 2A–C), indicating that gd T cells of the injured brain

parenchyma and meninges are homologous.

IFN-g and IL-17A are two main effectors of gd T cells and

involve in the regulation of neuroinflammation in CNS diseases (15,

18). The ratio of IL-17A+ gd T cells was dramatically increased in

the meninges and parenchyma compared with those from spleen

(Figures 2D, E). Higher proportion of IL−17A+ gd T cells was found

in the peri-CMBs parenchyma compared with IFN-g+ gd T cells

after the stimulation of PMA and ionomycin (Supplementary

Figures 3A–D), while the expression of IL-17A was extremely low

in cells without stimulation (Supplementary Figures 3E–G), proving

gd T cells were further stimulated and activated into gd T17 in

the parenchyma.

Ki67 is a typical marker of cell proliferation. Here we used Ki67

to present the proliferation rate of gd T cells from spleen, meninges

and brain parenchyma with flow cytometry. The percentage of

Ki67+ gd T cells was 98.9% in the injured brain tissue, 2.03% in

meninges and 4.07% in the spleen (Figures 2F, I) and the mean
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fluorescence intensity of Ki67 expression showed the similar change

(Figures 2G, H), suggesting that gd T cells in the injured site are in

exuberantly proliferative state. In live animals with in vivo imaging,

we also captured the process of gd T cells dividing and

morphological change in the injured parenchyma by two-photon

microscopy at 1 dpi or 4 dpi (Figures 2J, K; Supplementary Videos

2, 3). The diameters of gd T cells were significantly increased at 4 dpi

compared with those at 1 dpi (P<0.0001, Figure 2L), indicating a

higher activation state at the later stage of CMBs.
Raman spectra shows CMBs-recruited gd T
cells in an active state of transcription and
lipid metabolism

The process of cell proliferation and migration requires material

synthesis and energy supply, accompanied by changes in cell

components. When the photons of the excitation light interact

with the specific chemical bonds or groups contained in the

molecules, the photon frequency changes can be detected by
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FIGURE 2

Meningeal gd T cells migrating to peri-CMBs brain parenchyma are activated to proliferate and secret IL-17A. (A) The properties of gd T cells sorted
from peri-CMBs parenchyma (Br-model), contralateral cortex (Br-ctrl), meninges and spleen (Spl) of WT mice at 5 dpi are identified by flow
cytometry. (B, C) Statistical analysis of flow cytometry shows that gd T cells are significantly increased in peri-CMBs parenchyma (B); one sample
from 2-3 mice and n≥3 samples in each group) and gd T cells of peri-CMBs parenchyma and meninges are characterized by the elevated expression
of CXCR6 and CCR6 (C); DP: CCR6 and CXCR6 double positive; DN: double negative; * P<0.05; ** P<0.01; *** P<0.001; n=7, One-way ANOVA with
Tukey’s multiple comparison). (D, E) High expression of IL-17A is identified in gd T cells of peri-CMBs parenchyma by measuring mean fluorescence
intensity (MFI) at 5 dpi (3 independent experiments in each group). (F–I) High expression of Ki67 is identified in parenchymal gd T cells at 5 dpi using
flow cytometry. The percentages of Ki67-positive gd T cells derived from different tissues (F), mean fluorescence intensity of Ki67 expression (G, H)
and the statistical analysis of Ki67-positive gd T cells from peri-CMBs parenchyma, meninges and spleen (I); one sample from at least 3 mice and n≥3
samples in each group; **** P<0.0001; One-way ANOVA with Tukey’s multiple comparison). (J) Time-series snapshots at 5-min intervals shows the
division of gd T cells in brain parenchyma at 4 dpi. (K, L) The diameters of gd T cells (green) in peri-CMBs parenchyma are significantly increased at 4
dpi compared with them at 1 dpi (blood vessels labelled by rhodamine in red; dot circles: injured sites, Student’s t-test).
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Raman spectra as characteristic peaks. According to this theory,

Raman spectra is generally used to disclose cell components and

functional states (25). We compared the major substances in sorted

single gd T cells from the meninges, injured brain parenchyma, and

spleen at 5 dpi using Raman spectra. All samples from different

tissues showed a typical spectra of 1001 cm-1 (Figure 3A), a

characteristics of cells enriched in phenylalanine (26). Spectral

subtraction between parenchymal or meningeal and splenic gd T

cells showed the decreased peak at 785 cm-1 and 1098 cm-1

(Figure 3B), representing a unwinding state of nucleic acids for

active transcription (25, 27), and the increase of the spectra peak of

1437-1471 cm-1 (Figure 3B) reflected CH deformation of lipids/

protein associated with transcriptive process (25, 27). These results
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indicate gd T cells in the brain parenchyma and meninges are

responsive and considerably activated after CMBs.

To further analyze the specific components of gd T cells

infiltrated in the brain parenchyma, we subtracted the spectra of

gd T cells in the meninges from the brain parenchyma. Differential

spectrum showed that peaks at 890cm-1, 1277 cm-1 and 1130 cm-1,

representing the levels of C-O-O skeleton, d (a helical structure of

=CH) and saturated fatty acid chain of triacylglycerols respectively

(28), were significantly increased in brain parenchymal gd T cells

(Figure 3C). In addition, the peak at 1473 cm-1 representing ring

DNA and RNA was also increased in brain parenchymal gd T cells

(Figure 3C), indicating the changing form of DNA or RNA

molecules in gd T cells during invasion.
B

C D

E

A

FIGURE 3

The components and functional state of gd T cells are analyzed by Raman spectra and flow cytometry respectively. (A) Raman spectra of gd T cells
isolated from spleen (I), peri-CMBs brain parenchyma (II) and meninges (III) at 5 dpi. (B, C) The differential Raman spectrum of gd T cells in meninges
(Men) and spleen (Spl), brain parenchyma (Br) and spleen, brain and meninges. (C) Raman spectra showing characteristic peaks of saturated fatty
acids (890cm-1, 1130cm-1, 1277cm-1) in peri-CMBs cortical tissues at 5 dpi. (D, E) Flow cytometry uncovers the percentages of CD36- or CD44-
positive gd T cells from the meninges, peri-CMBs parenchyma and spleen (D), and statistical analysis shows high expression of CD44 and CD36 in gd
T cells from the meninges and peri-CMBs parenchyma compared to those from the spleen (E). gd T cells are gated on singled, lived, and CD45+

lymph cells. Each sample from 2 to 4 mice; n≥3 samples in each group; *** P<0.001, **** P<0.0001; One-way ANOVA with Tukey’s multiple
comparison.
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Lipids are one of the most important constituents of brain

tissue, and are extensively involved in intracellular signaling

processes (29). Moreover, accumulated studies showed the

phagocytic capacity of gd T cells for particles and antigens (30–

32). To meet the requirement of energy-demanding and formation

of new cellular components such as membranes, DNA, and proteins

for increased cell size and proliferation, T cells are heavily

dependent on extra and intracellular fatty acid content for their

function (33). We collected brain parenchymal samples in the

region with microvessel lesion at 5 dpi for Raman spectra. The

characteristic peaks of saturated fatty acids (890cm-1, 1277 cm-1 and

1130 cm-1) were remarkable (Figure 3C), indicating that these

tissues contain enriched fatty acids to support the lipid

metabolism or produced by endocytosis process of brain

parenchymal gd T cells during proliferation and migration.

To confirm the result in Raman spectra, we proceeded flow

cytometry to analyze the meningeal, splenic and parenchymal gd T

cells using antibodies including anti-CD36 (clone HM36), a lipid

transport receptor of T cells, and anti-CD44 (clone IM7) as an

activation marker (34, 35). Higher expression of CD36 was

identified in gd T cells from the meninges and brain parenchyma

compared to those from the spleen (Figures 3D, E). In addition,

most meningeal and parenchymal gd T cells (nearly one hundred

percentage) were positive for CD44 (Figures 3D, E). The results

indicate that gd T cells in the meninges and brain parenchyma are

activated by CMBs and act as the scavenger of lipids.

Taken together, the Raman spectrum analysis demonstrates

that gd T cells from lesioned brain parenchyma are enriched in the

components for cell metabolism and nucleic acid synthesis,

supporting their proliferation and migration, and gd T cells from

the lesioned brain parenchyma share the similar characteristics with

cultured gd T17 cells, the origin of IL-17A secretion.
gd T cell deficiency enhances local
neuroinflammation after CMBs

Given that gd T cells were highly activated in the parenchyma

after CMBs, we further studied their role in the neuroinflammatory

response by comparing the RNA-seq data of brain tissues from

wildtype (WT) and gd T cell deficient (TCR-d-/-) mice at 5 dpi

(Figure 4A). There were 57 differentially expressed genes (DEGs)

between two groups, 18 DEGs with upregulation and 39 DEGs with

downregulation in mutant samples (Figures 4A, B). KEEG pathway

analysis showed that the most abundant DEGs were clustered into

immune response signaling pathways such as chemokine signaling,

cytokine-cytokine receptor interaction and NF-kB signaling

(Figure 4C). The gene-set enrichment analysis showed the

increase of NF-kB signaling and chemokine signaling in gd T cell

deficient samples compared with WT samples (Figures 4D, E).

To further investigate the role of gd T cells involved in

neuroinflammation after CMBs, we prepared brain sections for

anti-Iba1 immunofluorescent staining from WT and TCR-d-/- mice

at 5 dpi. Increased active microglia were visible surrounding the

lesion areas compared to the intact sides in both groups (Figures 5A,

B). Statistic showed a significant increase of Iba1-immunoreactive
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density in the mutant compared to the WT on the injury side

(Figure 5B). Similarly, more reactive astrocytes were found

surrounding the lesion region in gd T deficient animals after

CMBs as shown in anti-GFAP immunostaining (Figures 5C, D).

Tridimensional reconstruction of microglia and astrocytes in

surrounding the lesions showed the significant increases of their

volumes in TCR-d-/- mice compared to WT mice (Figures 5E–H).

Double immunofluorescent staining of CD11b (a marker for

macrophage) with anti-iNOS (a marker for M1 microglia) or

anti-Arg1 (a marker for M2 microglia) showed the significant

increase of M1 macrophages and a significant decrease of M2

macrophages in the lesioned cortex from the TCR-d-/- compared

to the WT (Figures 5I–K).

Thus, gd T cell deficiency induces an aggravated inflammatory

reaction during the early stage of CMBs and aggregated gd T cells in

injured brain parenchyma contribute to anti-neuroinflammation.
gd T cell deficiency accelerates CMBs-
induced neuron degeneration in the cortex

CMBs are an early sign of brain damage. To identify the effect of

CMBs on cortical neurons, we in vivo imaged neurites of pyramidal

neurons surrounding the lesion using Thy1-YFP transgenic mice.

Using a two-photon microscopy, scanned images showed that

abundant GFP-labelled neurites were intermingled with

cerebrovascular vessels traced by rhodamine (Figure 6A). At 4 dpi

of CMBs, many YFP-positive degenerating neurite bubbles

appeared surrounding and above the injury site, whereas rare of

them were visualized at 0, 1 or 2 dpi (Figures 6B, C). The result

indicates that CMBs induce a later, but not an immediate onset of

neuron degeneration in the cortex.

To better visualize morphology of single neurons in the cortex,

the virus of AAV9-CMV-GFP was injected into the cortex, and

CMBs were made 3 weeks later using a two-photon microscopy.

Scanned images readily showed neurites of sparsely labeled cortical

neurons in WT and TCR-d-/- mice before CMBs (Figure 6D). At 1

dpi of CMBs, rare degenerating neurite bubbles were identified

surrounding the lesion in WT animals, but many of them were seen

in TCR-d-/- mice (Figure 6D). Statistic showed a significant increase

of neuron degeneration in gd T cell deficient mice (Figure 6E). Thus,

gd T cells deficiency enhances CMBs-induced neuron damage and

recruited gd T cells may play a neuroprotective role after CMBs.
Discussion

In this study, we decoded the origin, biological properties, and

roles of gd T cells in the parenchyma at the early stage after CMBs.

Our main findings include: (i) CMBs induce the accumulation of gd
T cells in the brain parenchyma from dural vessels by passing

through the meningeal structures; (ii) gd T cells are in the active

state undergoing proliferation and movement locally in the brain

parenchyma; (iii) gd T cells mainly secrete IL-17A in the brain

parenchyma; (iv) gd T cells in the brain parenchyma have a

beneficial role of anti-neuroinflammation and neuroprotection.
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The meninges are a unique interface between the peripheral

vasculature and the brain parenchyma, where peripheral gd T cells

are recruited and aggregated (36, 37). However, the function of

meningeal gd T cells in brain hemorrhage is blurry (38). The intact

cortex is free of gd T cells because the meningeal structures prevent

their invasion into the brain parenchyma. Using a two-photon

microscopy, we readily traced the movement of gd T cells in vivo

after CMBs. Based on the anatomical structure, gd T cells

subsequently pass through the dura, the arachnoid, the

subarachnoid space, the pia, and finally invade the parenchyma

surrounding the lesioned microvessel. This prediction is supported

by the dynamic change of gd T cell distribution: few at 0 dpi, some

inside and outside of the dural vessels above the injury site at 1dpi,

increasing cells scattered in the parenchyma and the meningeal

structure thereafter. Imaging in vivo discloses the moving trajectory

of single gd T cells after CMBs, showing that their moving velocity is

gradually increased. The peak of gd T cell density in the parenchyma

is one day later than that in the meninges, and this attributes to the

time cost of gd T cells movement from the dura to the parenchyma.

Furthermore, flow cytometry shows that gd T cells in the brain

parenchyma share the same property of those in the meninges by

the expression of CXCR6 and CCR6 (24) (Figure 2A). The CMBs in
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the brain parenchyma may activate the response of the dural

microvessel to increase the permeability as shown in Evans blue

staining and induce the recruitment of gd T cells to the lesion, which

should be due to the CCR6/CXCR6-mediated chemotactic effect.

The relative location of gd T cells and lymph vessels studied by

double immunostaining indicates that parenchymal gd T cells are

not transported through the lymphatic vessels. Thus, our study

demonstrates that the CMBs recruit gd T cells from the dural blood

vessels to the brain parenchyma. This is consistent with a previous

report that dural blood vessels were the main route for immune cells

to enter the meninges and cerebrospinal fluid in EAE models (37).

Peripheral macrophages may be recruited and proliferate in the

peri-CMBs region to involve the brain response to a single bleed

(12). Here we found similar features of gd T cells. CMBs-recruited

gd T cells in the brain parenchyma undergo local proliferation,

which biological behavior is supported by the following studies.

Firstly, the diameters of parenchymal gd T cells are significantly

increased from 1 dpi to 4 dpi of CMBs, and the cell division is

captured by in vivo imaging using two-photon microscopy.

Secondly, the percentage of active gd T cells is much higher in the

lesioned parenchyma than those from the meninges, the spleen and

the intact brain parenchyma, and flow cytometry shows that most
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FIGURE 4

gd T cells deficiency enhances inflammatory signaling pathways after CMBs. RNA-seq of peri-CMBs cortical samples from WT and TCR-d-/- mice at 5
dpi. (A) Heatmap of gene expression in two groups. (B) Heatmap showing fold changes of differentially expressed genes between two groups. (C) KEGG
pathway analysis of differentially expressed genes. (D, E) Gene set enrichment analysis (GSEA) showing the upregulation of NFkB and chemokine
signaling pathways in TCR-d-/- mice compared with WT mice (n=4 mice, 2 mice in one sample, P value of log2 (ko/wt) < 0.05).
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gd T cells (more than 98%) are positive for Ki67, indicating they are

in the proliferative state. Thirdly, the components of the

parenchymal gd T cells 5 dpi of CMBs are decoded by Raman

spectra analysis, showing they are in highly active state and

enriched in substances for energy metabolism and nucleic acid

synthesis. These results suggest that recruited gd T cells in the brain

parenchyma are further stimulated by the microenvironment to

proceed proliferation and give birth to numerous new gd T cells.

Neuroinflammation is the important pathological characteristics

of brain damage, and the inflammatory response including the
Frontiers in Immunology 11
invasion of blood-borne leukocytes, the migration and proliferation

of brain-resident microglia, and the activation of astrocytes would

persist for weeks at the trauma site (39, 40). Our study indicates that

CMBs-induced gd T cells alleviate the local neuroinflammation in the

brain parenchyma. RNAseq analysis of cortical samples shows the

increase of the inflammatory signaling pathways from gd T cell

deficient mice compared to WT mice. Glial response is the

indicator of neuroinflammation, and the CMBs induce the

proliferation of astrocytes and microglia in the cortex. The cell

density of reactive astrocytes and microglia is significantly
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FIGURE 5

gd T cells deficiency increases glial response and macrophage polarization in the cortex after CMBs. Immunofluorescent staining of cortical sections
from WT and TCR-d-/- mice at 5 dpi. (A, B) Anti-Iba1 immunostaining (red) shows increased active microglia surrounding the injury sites compared to the
intact sides in both groups (A), and the average fluorescence intensity are significantly higher in TCR-d-/- mice compared to WT mice on the injury side
(B); * P<0.05, **** P<0.0001; One-way ANOVA with Tukey’s multiple comparison; n≥3 per group). (C, D) Similar increase of astrocyte response is
identified in TCR-d-/- mice in anti-GFAP immunostaining (C), statistical analysis of average fluorescence intensity (D); ** P<0.01, **** P<0.0001; One-way
ANOVA with Tukey’s multiple comparison; n≥3 mice in each group). (E–H) Tridimensional reconstruction analysis show the significant increases of
reactive microglia and astrocyte volumes in TCR-d-/- mice compared to WT mice, respectively (**** P<0.0001; Student’s t-test). (I–K) Anti-CD11b double
immunostaining with anti- Arg1 or anti- iNOS discloses M2 and M1 macrophages in the peri-CMBs regions respectively (I). Statistical analysis of cell
densities shows a decrease of M2 (anti-inflammatory) macrophages (J) and an increase of M1 (pro-inflammatory) macrophages (K) in TCR-d-/- mice
compared with WT mice (**** P<0.0001; Student’s t-test; n≥3 mice in each group; DAPI counterstained nuclei in blue; Hippo, Hippocampus; Ipsi,
ipsilateral side; Contra, contralateral side).
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enhanced in gd T cell deficient mice compared to WT mice. Active

microglia are the main source of macrophages in the injured brain,

which are classified into proinflammatory M1 and anti-inflammatory

M2 phenotypes. Immunostaining against iNOS and Arg1 (makers for

M1 and M2 respectively) indicates that gd T cell deficiency results in

an increase of M1macrophages and a decrease of M2macrophages in

the injured cortex after CMBs. All these results support that the

recruited and proliferated gd T cells in the brain parenchyma alleviate

local neuroinflammation at the early stage of CMBs.

gd T ce l l s p lay an important ro le in regu la t ing

neuroinflammation through two main effectors of IFN-g and IL-

17A (15, 18). However, the effect of gd T cells and their effectors on

inflammation regulation and neurological outcomes remain

controversial (38). Both beneficial and detrimental function of gd
T cells-derived IFN-g in neuroinflammation are reported (41–43). It

is reported that Vg4 gd T cells-derived IL-17A is involved in evoking

the inflammatory cascade in the ischemic stroke (44). In the CNS

injury models, the role of IL-17A is reported detrimental, which

expression is induced by active microglia/macrophages-derived IL-

23 at the secondary injury stage (19, 45), whereas IL-17A is also
Frontiers in Immunology 12
reported to benefit the survival and differentiation of neural

precursor cells, and functional recovery of stroke at the delayed

phases (46). The effects of gd T cells may be dependent on the injury

severity and the immune microenvironment. In the minor injury,

our study shows that IL-17A+ gd T cells are the main cell type in the

brain parenchyma after CMBs and they play a beneficial role. After

CMBs, gd T cells in the brain parenchyma are active and maintain

the ability of lipid fragment assimilation characterized by high

expression of CD44 and CD36, which are the activation marker

and lipid transport receptor respectively (34, 35).

CMBs result in the penetration of different cytokines into the

brain parenchyma and are the early sign of the brain damage. With

two-photon in vivo imaging, neuronal degeneration, manifested as

degenerating dendritic bubbles, emerged in large numbers in the

peri-CMBs region at 4 dpi, rare at the earlier timepoints. This

should be due to CMBs-induced secondary damage to neurons.

However, the onset of CMBs-induced neuron degeneration appears

earlier (at 1 dpi) in gd T cells deficient mice compared to WT mice.

This further confirms that CMBs-induced gd T cells in the

parenchyma have a beneficial role of neuroprotection.
B
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FIGURE 6

gd T cells deficiency accelerates CMBs-induced neuron degeneration. (A–C) In vivo imaging of pyramidal neurons surrounding the injury site (dotted
circles) at different timepoints after CMBs using Thy1-YFP mice. From lateral and vertical view, reconstruction of stacked sections (B) and statistical
analysis (C) shows abundant degenerating neurite bubbles at 4 dpi, but very rare before 4 dpi (blood vessels labelled by rhodamine in red; enlarger
images in B from rectangular frames upper respectively; *** P<0.001, **** P<0.00001; One-way ANOVA with Tukey’s multiple comparison; n=3
mice in each group). (D, E) Spare neurons in the cortex are labelled using AAV9-CMV-GFP virus in WT and TCR-d-/- mice. Neurites are well defined
with no degenerating bubbles before CMBs in both groups. Many degenerating neurite bubbles are visible in the TCR-d-/- at 1 dpi of CMBs, but a
few in the WT (D); arrows in the insets). Statistics shows a significant increase of degenerating neurite bubbles in the mutant (E; * P<0.05; Student’s
t-test; n=3 mice in each group).
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FIGURE 7

Summary of CMBs-induced gd T cells in the brain parenchyma. Using a two-photon microscopy, a spot injury of the microvess
monitored. After CMBs, gd T cells are recruited to the peri-CMBs brain parenchyma from the dural blood vessels and proliferate
of anti-neuroinflammation and neuroprotection at early stage of CMBs.
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In conclusion, CMBs induce the accumulation of gd T cells in

the brain parenchyma where gd T cells proliferate locally, absorb

lipid, secrete factors, and play the roles of anti-neuroinflammation

and neuroprotection (summarized in Figure 7). Modulation of gd T
cells is a potential strategy for preventing the early brain damage

after CMBs.
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