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Abstract
Background  Subarachnoid hemorrhage (SAH) is a severe cerebrovascular disorder primarily caused by the rupture 
of aneurysm, which results in a high mortality rate and consequently imposes a significant burden on society. The 
occurrence of SAH initiates an immune response that further exacerbates brain damage. The acute inflammatory 
reaction subsequent to SAH plays a crucial role in determining the prognosis. Th17 cells, a subset of T cells, are related 
to the brain injury following SAH, and it is unclear how Th17 cells are cleared in the brain. Meningeal lymphatic vessels 
are a newly discovered intracranial fluid transport system that has been shown to drain large molecules and immune 
cells to deep cervical lymph nodes. There is limited understanding of the role of the meningeal lymphatic system 
in SAH. The objective of this research is to explore the impact and underlying mechanism of drainage Th17 cells by 
meningeal lymphatics on SAH.

Methods  Treatments to manipulate meningeal lymphatic function and the CCR7-CCL21 pathway were administered, 
including laser ablation, injection of VEGF-C geneknockout, and protein injection. Mouse behavior was assessed 
using the balance beam experiment and the modified Garcia scoring system. Flow cytometry, enzyme-linked 
immunosorbent assays (ELISA), and immunofluorescence staining were used to study the impact of meningeal 
lymphatic on SAH drainage. Select patients with unruptured and ruptured aneurysms in our hospital as the control 
group and the SAH group, with 7 cases in each group. Peripheral blood and cerebrospinal fluid (CSF) samples were 
assessed by ELISA and flow cytometry.

Results  Mice with SAH showed substantial behavioral abnormalities and brain damage in which immune cells 
accumulated in the brain. Laser ablation of the meningeal lymphatic system or knockout of the CCR7 gene leads 
to Th17 cell aggregation in the meninges, resulting in a decreased neurological function score and increased levels 
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Introduction
Subarachnoid hemorrhage (SAH) is a serious cerebrovas-
cular accident that often ends in permanent neurological 
damage [1]. Early brain damage (EBI) occurs three days 
after the original injury, delayed cerebral ischemia (DCI) 
occurs three to four days later, and the peak incidence 
and severity happen six to eight days after the injury, 
according to the sequence of events following SAH [2]. 
The immune inflammatory process is also involved in 
brain damage after SAH. Interactions among immune 
cells populations, active compounds, and inflammatory 
responses exacerbate SAH symptoms and worsen the 
prognosis. The inflammatory response of immune cells is 
a crucial physiological mechanism that occurs after SAH 
[3, 4]. However, the mechanism of immune cell clearing 
is still unclear.

SAH-induced inflammation activates NK cells, B cells, 
neutrophils, and T cells. These cells trigger immunologi-
cal responses and inflammatory processes via secreting 
cytokines, inflammatory mediators, and reactive oxygen 
species [5–7]. CD4+ lymphocytes, a type of T lympho-
cyte, play a vital role in inflammatory reaction that occur 
after SAH. Studies indicate that CD4 cells can be clas-
sified as Th1, Th2, Th17, and Treg subsets, each playing 
a different role in the inflammatory reaction after SAH 
[8]. Pro-inflammatory substances are released during the 
early phases of SAH due to Th1 and Th17 cell activation, 
which intensifies the inflammatory cascade [9]. Th17 
cells, a specific subtype of CD4+ T cells, are instrumen-
tal in the initiation of early tissue inflammation, a char-
acteristic feature of numerous immune-inflammatory 
diseases. Th17 cells and inflammatory mediators like 
IL-17 are markedly increased in the brain after bleeding 
[10]. IL-17 after SAH can worsen initial brain damage by 
increasing blood-brain barrier (BBB) breakdown, leading 
to cerebral swelling, and enhancing apoptosis and neu-
ronal death [11]. Following SAH, the immune response 
involves a variety of immune cells. It has been found 
that meningeal lymphatic vessels can discharge immune 
cells entering deep cervical lymph nodes (dCLNs) from 
cerebrospinal fluid (CSF) in the central nervous system 
(CNS).

Immune cells were supposed to migrate via the men-
ingeal lymphatic system by the CCR7-CCL21 pathway 
[12]. CCR7 serves as a chemokine receptor, while CCL21 
functions as a chemokine. Their interaction with the 
meningeal lymphatic system initiates a signaling interac-
tion that directs the movement of immune cells. Immune 
cells expressing CCR7 exhibit the capability to adhere to 
CCL21 present on the meningeal lymphatic system, facil-
itating their migration along these vessels towards the 
cervical lymph nodes. To dissect the role of meningeal 
lymphatics in SAH, we used a mouse model to investigate 
the potential mechanism of the CCR7-CCL21 pathway 
in draining Th17 cells. Our research findings provide a 
basis for further research and development of meningeal 
lymphatic regulation therapy for secondary brain tissue 
injury caused by SAH.

Materials and methods
Experimental subjects
202 wild-type male C57BL/6 mice, 76 male Flox mice, 
and 38 male CCR7knockout (KO) mice weighing approx-
imately 24 g were used in this experiment. These animals 
were from the Northern Theater Hospital’s Laboratory 
Animal Center. The clinical patient samples were selected 
from patients who were admitted to our hospital from 
June 1, 2023, to December 1, 2023, including a total of 14 
patients, 7 cases in each of the SAH and control groups.

Experimental design
The experiment was structured into five distinct sections, 
as illustrated in Fig. 1.

The initial phase involved the selection of sham and 
SAH groups at (12  h, 24  h, 2d, and 3d), with enzyme-
linked immunosorbent assays (ELISA) utilized to mea-
sure IL-17 levels alongside assessments of neurological 
function scores. The time curve of IL-17 and neurological 
function score was described after SAH.

The following part was to find out how Th17 cells affect 
SAH. Four groups were divided to investigate the impact 
of Th17 cells on SAH: sham, Vehicle, Th17 cells, and 
Anti-IL-17 group. IL-17 antibodies and Th17 cells were 

of inflammatory factors. Injection of VEGF-C or CCL21 protein promotes Th17 cell drainage to lymph nodes, an 
increased neurological function score, and decreased levels of inflammatory factors. Clinical blood and CSF results 
showed that inflammatory factors in SAH group were significantly increased. The number of Th17 cells in the SAH 
group was significantly higher than the control group. Clinical results confirmed Th17 cells aggravated the level of 
neuroinflammation after SAH.

Conclusion  This study shows that improving the drainage of Th17 cells by meningeal lymphatics via the CCR7-CCL21 
pathway can reduce brain damage and improve behavior in the SAH mouse model. This could lead to new treatment 
options for SAH.

Keywords  Subarachnoid hemorrhage, Th17 cells, CCR7, CCL21, Meningeal lymphatic
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injected into the cisterna magna. ELISA, immunofluores-
cence, and flow cytometry were included.

In the third section of the study, we investigated 
the effects of meningeal lymphatic drainage on Th17 
cells. VEGF-C, Visudyne, and laser ablation were 
used to intervene in the meningeal lymphatic drain-
age. The study included sham, Vehicle, L(laser) + SAH, 
L(laser) + V(Visudyne) + SAH, and VEGF-C + SAH 
groups.

The fourth section of the study focused on investigat-
ing the CCR7-CCL21 pathway on immune cell drainage 
within the meningeal lymphatic system. We knock out 
the CCR7 gene and inject CCL21 antibody/CCL21 pro-
tein to regulate the CCR7-CCL21 pathway in the men-
ingeal lymphatic system. Six groups were included in the 
study: sham, Vehicle, CCL21, Anti-CCL21, KO + CCL21, 

and KO + Anti-CCL21. Mice in the sham, Vehicle, 
CCL21, and Anti-CCL21groups were all Flox mice.

In the fifth section of the study, the control group con-
sisted of patients with unruptured aneurysms, while 
ruptured aneurysms were in the SAH group from our 
hospital, with 7 cases in each group. ELISA was utilized 
to assess the levels of inflammatory factors in samples of 
peripheral blood and CSF. Flow cytometry was used to 
evaluate the Th17 cell levels.

Mouse SAH model
Endovascular perforation surgery was used to cause SAH 
in mice [13]. The mice were injected with 1% pentobar-
bital sodium intraperitoneally at a dosage of 50  mg/kg, 
and surgery was performed under a surgical microscope. 
A midline incision was made in the neck to access. After 
being located, transversely cut the external carotid artery 

Fig. 1  Flowchart of this experiment
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to the distal end to form a 2 mm stump. A 5 − 0 sharp sin-
gle -threaded nylon suture was pushed through the inter-
nal carotid artery into the internal carotid artery until 
resistance was encountered, then further pushing the 
suture 2 mm to enter the bifurcation of the anterior and 
middle cerebral arteries. The internal carotid artery was 
reperfusion to form SAH, and the suture was removed. 
The identical technique was performed on sham-oper-
ated mice, but after experiencing resistance, the suture 
was removed without puncturing the cerebral artery.

Behavioral scoring
The assessment of neurological impairments was esti-
mated 24 h following SAH induction, utilizing the modi-
fied Garcia scale [13]. This encompasses six components: 
spontaneous activity, forelimb extension capability, 
climbing proficiency, body reflexes, and whisker touch 
responsiveness. Three factors contribute to the balance 
beam score, with each factor having a value between 0 
and 3, for a total score that can span the range of 3 to 18. 
A higher score was indicative of improved brain func-
tion. To calculate the balance beam score, a rectangular 
crossbar measuring 90  cm in length and 1  cm in width 
was positioned between two plates of approximately 10 
cm2 in size. During the experiment, mice were placed 
on the plates for 10  s each, followed by observation of 
their movement on the crossbar for 40 s. A higher score 
denotes improved neurological function. Scores were 
given on a scale of 0 to 5. Each experiment was con-
ducted by two double-blind experimenters.

Measurement of brain water content
Based on previously published protocols [13], the wet 
weight was determined and documented using an ana-
lytical balance. The brain tissue was then subjected to a 
24-hour period in an electric oven set at 105 °C. The dry 
weight was subsequently employed to compute the water 
content. The percentage of water content in the brain 
can be calculated using the formula [(wet weight - dry 
weight) / wet weight] × 100%.

Intra-cisterna magna injection
After injecting 1% pentobarbital sodium into the mouse’s 
abdominal cavity, we placed the mouse in a prone posi-
tion and created an angle of approximately 120° between 
its head and trunk. Shave off the hair on the back of the 
mouse’s neck, disinfected with 75% alcohol, and make a 
midline incision to expose the posterior atlantooccipital 
membrane. Fixed the head of the mouse delicately while 
holding a 5µL microsyringe and inserting the needle 
down the center of the neck at a 45° angle, a palpable 
pop felt when the needle entered subarachnoid space, 
advanced the needle at a depth of 4  mm. Administered 
the solution slowly at 0.1µL/min. The needle should be 

kept in place for 30 s prior to its removal. The contents 
administered into the cisterna magna in this experiment 
include Th17 cells (1 million total in 2µL), IL-17 antibody 
2µL (Invitrogen), Visudyne 5µL (Aladdin), VEGF-C 5µL 
(Novoprotein), CCL21 antibody 2µL (Bioss), and CCL21 
protein 2µL (MCE).

Visudyne treatment
Previous research has demonstrated that meningeal lym-
phatics can be destroyed through cisterna magna injec-
tions and transcranial photoconversion using Visudyne 
[14]. The mouse was injected with 1% pentobarbital 
sodium intraperitoneally at a dose of 50  mg/kg. 15  min 
after Visudyne injection, a nonthermal laser from the 
689 nm wavelength was utilized to focus on the junction 
of the left and right transverse sinuses, superior sagittal 
sinuses, and all sinuses. The laser was applied for 83  s 
with a dose of 50 J/cm2 and a power of 600 mW/cm2. The 
mice were placed on a warming pad until they woke up. 
Mice treated with Visudyne and Vehicle group under-
went SAH induction on day 7 after the procedure.

Th17 cells sorting
The euthanasia of a mouse (n = 1) was conducted via 
abdominal injection of 1% pentobarbital sodium intra-
peritoneally at a dose of 50 mg/kg. Following this, spleen 
tissue was removed, ground, and processed into a sin-
gle-cell suspension by passing it through a 70-mesh cell 
strainer and sterile plunger. The suspension was mixed 
with red blood cell lysis solution and cooled on ice for 
15  min, then vortexed twice. The phycoerythrin (PE)-
conjugated anti-CD4 antibody (1:200, TONBO Biosci-
ences) and PE-conjugated anti-CD161 antibody (1:200, 
TONBO Biosciences) were used for the identification of 
Th17 cells. The suspension was subsequently sorted using 
a BD flow cytometer, resulting in CD161 expression lev-
els of 80% on the sorted cells, indicating successful isola-
tion of Th17 cells [15].

Th17 cells tracking
Prior to injection, the cells were stained with Deep Red 
Dye (Thermo Fisher), following the guidelines provided 
by the manufacturer. CellTracker™ Deep Red dye was 
diluted to reach the final working concentration of 0.5–
25 µM in serum-free medium. The CellTracker™ Work-
ing Solution should be warmed to 37 °C. Flow cytometry 
sorted Th17 cells were added to a culture medium, con-
taining dyes. Incubated in a 37 °C oven for 30 min. Cen-
trifuged cells, added the selected culture medium and 
allocated labeled cells. Injected labeled cells into the 
occipital cistern of mice and took meninges for confocal 
imaging [16].
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Immunofluorescence
After administering 1% pentobarbital sodium to induce 
full anesthesia in mice, perfused mice with PBS and 4% 
paraformaldehyde (PFA) at 24  h after SAH. The brains 
were quickly removed, then fixed and dehydrated in 4% 
PFA solution and 30% sucrose solution. The dehydrated 
brain tissue was embedded in medium and sectioned 
using a cryostat at -34 °C with a thickness of 6 μm. Sub-
sequently, they underwent three 10-minute washes with 
1×PBS to wash off the medium and then incubated for 
60 min in a humidified chamber with a blocking solution. 
Following the addition of primary antibodies, incubated 
the mixture overnight at 4  °C. Anti-Lyve-1 antibody 
(1:200, Invitrogen), anti-VEGFR3 antibody (1:200, Bioss), 
anti-CD4 PE conjugated antibody (1:200, TONBO Bio-
sciences), anti-IL-17 fluorescein isothiocyanate (FITC) 
conjugated antibody (1:200, Invitrogen), anti-IL-17 Alexa 
Fluor 647 conjugated antibody (1:200, Invitrogen), anti-
CCR7 antibody (1:200, Bioss), and anti-CCL21 anti-
body (1:200, Bioss) were the primary antibodies used 
for immunofluorescence analysis. The tissue slices were 
then subjected to three 10-minute washes with 1×PBS, 
secondary antibody addition, and a 1-hour incubation 
period in a humidified, dark environment. The second-
ary antibodies used were Alexa Fluor 555 goat anti-rabbit 
and Alexa Fluor 488 goat anti-mouse antibodies (1:200, 
Bioss). The slices were mounted with DAPI-containing 
media after three additional 10-minute washes with 
1×PBS. Fluorescence microscopy and confocal laser 
microscopy were used to observe and capture images 
[16].

ELISA
The brain tissue from the ipsilateral injured hemisphere 
was homogenized using an appropriate amount of nor-
mal saline (saline: brain tissue = 9  ml:1  g). The mixture 
was then centrifuged at 3000 rpm for 10 min at 4  °C to 
obtain the supernatant. The ELISA procedure adhered 
to the guidelines provided by IL-17 manufacturer (Neo-
bioscience) reagent kits. Prior to use, the reagents were 
equilibrated to room temperature. The lyophilized stan-
dard sample was reconstituted by adding IL-17 to 0.5 mL 
of universal diluent and allowed to dissolve completely 
over a 15-minute incubation period. The resulting solu-
tion was gently mixed to achieve a concentration of 1000 
pg/mL. A standard curve was constructed using con-
centrations ranging from 0 to 1000 pg/mL. Empty wells 
were filled with standard and sample diluent, while the 
remaining wells were filled with specimens or varying 
concentrations of standards (100 µL each). Following a 
90-minute incubation in the dark, the plate was rinsed 
five times. The first well was treated with biotinylated 
antibody diluent, while the remaining wells received 100 
µL of the working solution. After 60 min of incubation, 

the plate went through five rounds of washing. The blank 
wells were diluted with enzyme conjugate diluent, while 
the remaining wells received 100 µL of the working solu-
tion. The reaction wells were sealed with fresh tape and 
then incubated at 37  °C for 30  min without light. The 
plate underwent an additional five washes before the 
results were recorded. After adding 100 µL of chromo-
genic substrate to every single well, incubated for 15 min 
at 37  °C without light. Next, add 100 µL of the reactiv-
ity termination solution to all of them well and mix thor-
oughly. An optical density at the wavelength of 450  nm 
(OD450) was subsequently measured. Other inflamma-
tory factors were detected using ELISA [12].

Flow cytometry
Mouse brain tissue was removed and processed in a tis-
sue grinder with PBS at 4  °C. To achieve an ending vol-
ume of 7 mL, the homogenate was passed through a 
70-mesh filter and mixed with 0.01 M PBS. Subsequently, 
3 mL of de-cluttering working solution was added to the 
mixture in a 7:3 volume ratio, followed by gentle mixing. 
The mixture had been centrifuged for a period of 15 min 
at 4  °C and 450  g, and the supernatant was extracted. 
After removing the residual supernatant, the cells were 
then suspended in 500–1000 µL of pre-cooled 1×PBS 
buffer. Rinse cells with cooled 1×PBS buffer, whirled for 
a period of five minutes at 300 g, and collected the super-
natant. The cells were then counted under a microscope 
after being reconstituted in 500–1000 µL of PBS buffer.

To harvest meningeal lymphatic vessels, a fully intact 
mouse dura mater of calvarium post-perfusion was 
removed. Subsequently, the dura mater was meticu-
lously dissected under a microscope. Following this, the 
dura mater was immersed in DMEM solution supple-
mented with 1 mg/mL DNAse and 1.4 U/mL collagenase. 
The resulting mixture underwent incubation at 37  °C 
for a duration of 15 min, then stirred, filtration through 
a 70-mesh filter, and centrifugation at 450 g for 15 min. 
After the supernatant was aspirated, the dura mater cells 
were resuspended in PBS buffer and used for the follow-
ing experiments.

For process lymph nodes, a longitudinal incision from 
mandible to sternum allowed access to dCLNs, which 
were located beneath the lower section of the sternoclei-
domastoid muscle. The dCLNs were then separated in 
DMEM that had 10% fetal bovine serum added to it. The 
meninges, fragmented brains, and dCLNs were then iso-
lated and filtered through a 70-mesh sieve.

The cell suspension was incubated with CD4 antibody 
at 4  °C for 30  min. A BD Biosciences flow cytometer 
was used to collect the data, and FlowJo (version 10.6.2) 
was used for analysis. The number of Th17 cells in each 
brain, meninge, and dCLNs was calculated. For prepara-
tion of single-cell suspensions, the mice were perfused 



Page 6 of 17Gao et al. Journal of Neuroinflammation          (2024) 21:269 

with a pre-cooled 0.01  M PBS solution, and tissue was 
collected. The anti-CD4 antibody conjugated with PE 
(1:200, TONBO Biosciences) and an anti-IL-17 antibody 
coupled with FITC (1:200, TONBO Biosciences). For 
each analysis, 5000 cells were used for meningeal sam-
ples, while 20,000 cells were utilized for brain and dCLNs 
samples [12].

Data statistics and analysis
The study’s data were shown as mean ± SD. A one-way 
analysis of variance (ANOVA) was performed, followed 
by a Tukey’s multiple comparisons test to compare differ-
ent groups. An independent sample t-test for two groups 
of clinical samples to compare, P < 0.05 for statistical sig-
nificance. GraphpadPrism 9.5 was applied for data analy-
sis and graphical representation.

Results
The Th17 cell levels increase after 24 h of SAH
The most notable outcome was observed 24 h after SAH 
and demonstrated statistical significance when com-
pared to the sham group. The Garcia and balance beam 
investigations revealed a significant (P < 0.05) drop in 
results at the 24-hour post-SAH time point, as shown 
in (Fig. 2). This suggests that the most severe neurologi-
cal impairment and brain edema occur 24  h following 
SAH, and 24  h was chosen for further experiment. The 
Th17 cell group had significantly worse Garcia and bal-
ance beam neurological function scores than the Vehicle 
group. Conversely, the Anti-IL-17 group showed superior 
performance compared to the ehicle group, as illustrated 
in (Fig. 3A, B). This experiment assessed the water con-
tent of three independent brain areas: left hemisphere, 
right hemisphere and cerebellum. When compared to 
the Vehicle group, The Th17 cells group had the highest 

brain water concentration. Conversely, the Anti-IL-17 
group exhibited reduced brain water content compared 
to the Vehicle group. This suggests that Th17 cells aggra-
vate brain damage and edema following SAH (Fig.  3C). 
Inflammatory cytokines were more elevated in the Th17 
cell group compared to the Anti-IL-17 and Vehicle 
SAH groups. These findings suggest that SAH produces 
inflammatory damage, while Th17 cell infusions exacer-
bate this damage. On the other hand, injecting antibod-
ies has the potential to minimize inflammatory effects 
(Fig. 3D-F). Immunohistochemical analysis of brain slices 
showed that the Vehicle group exhibited elevated levels 
of CD4 and IL-17 compared to sham group (Fig.  3G), 
whereas the Th17 cell group had higher IL-17 levels than 
the Anti-IL-17 group. Flow cytometry analysis showed 
that the Th17 cells group had a greater percentage of 
Th17 cells compared to the Vehicle and sham groups. 
(Fig. 3H, I) The foregoing findings suggest that Th17 cells 
increase brain damage following SAH.

Th17 cells accumulated in brain are drained by the 
meningeal lymphatics to dCLNs
Meningeal drainage was altered by Visudyne and laser 
ablation, which effectively blocked meningeal lymphatic 
drainage. After injecting sorted Th17 cells labeled with 
cell trackers into the cisterna magna, labeled Th17 cells 
can be found in the transverse sinus (Fig. 4A). Meningeal 
lymphatics in the L + V + SAH group were discontinuous, 
whereas VEGF-C encouraged the enlargement of trans-
verse sinuses (Fig. 4B). CD4 levels increased in Vehicles 
as shown in (Fig. 4C). VEGF-C protein was injected into 
the cisterna magna to improve meningeal lymphatic 
function. The L + V + SAH group scored the lowest on 
the Garcia and balance beam neurological function tests, 
lower than the Vehicle group. Conversely, the Anti-IL-17 

Fig. 2  The development of IL-17 cytokine levels in early brain injury following SAH, as well as neurologic function ratings. A Time curve of IL-17 assayed 
by ELISA. B, C The Garcia and balance beam scores, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant
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Fig. 3  Th17 cells following SAH worsen brain damage, edema, and the neuroinflammatory response. A, B neurological function score from the Garcia 
test and balance beam test. C After SAH, the Th17 cell group showed significantly higher brain water content than the Vehicle group (P < 0.05). D-F ELISA 
measurements of IL-6, IL-1β, and TNF-a levels. (P < 0.05). G Immunofluorescence labeling of CD4 and IL-17 in each group (IL-17 red, CD4 green, DAPI blue, 
scale bar = 50 μm, n = 1). H Flow cytometry study of Th17 cell counts in brain tissue. Statistical analysis of Th17 cell numbers in each group. I Statistical 
study of each group’s Th17 cell numbers, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant
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group had superior performance compared to the Vehicle 
group (Fig.  5A, B). The L + V + SAH group had the larg-
est brain water content, indicating that L + V aggravates 
brain injury and edema, whereas VEGF-C decreases 

brain injury and edema (Fig. 5C). ELISA results indicated 
that the L + V + SAH group showed elevated levels of 
inflammatory cytokines in comparison to the remaining 
groups. Significant differences were observed between 

Fig. 4  Ablation of meningeal lymphatic vessels and Th17 cells tracking. A Representative confocal imaging of the transverse sinus after injection of Th17 
cells with tracking dye into the occipital cistern (Lyve-1 green, Th17 cells red, DAPI blue, scale bar = 100 μm, n = 1). B Imaging of meningeal lymphatic 
vessels after laser ablation, Visudyne + laser ablation, and VEGF-C injection in the L + V + SAH group, the transverse sinus is intermittently discontinuous, 
whereas in the VEGF-C group, it is substantially thicker (Lyve-1 green, scale bar = 1000 μm, n = 1). C Local CD4 + Lyve-1 imaging of the superior sagittal 
sinus in the sham and SAH groups (Lyve-1 green, CD4 red, DAPI blue, scale bar = 100 μm, n = 1)
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Fig. 5  Ablation of meningeal lymphatics aggravates brain damage, edema, and the neuroinflammatory response in SAH. A Garcia test B balance beam 
test. C Measurement of brain water content following SAH. The L + V + SAH group had the highest brain water content. D-F Levels of IL-6, IL-1β, and TNF-a 
were determined by ELISA. G Immunofluorescence revealed that CD4 and IL-17 levels were higher in the L + V + SAH group than in the Vehicle group but 
lower in the VEGF-C group (IL-17 red, CD4 green, and DAPI blue; scale bar = 50 μm, n = 1). H Th17 cell counts in brain tissue, meningeal lymphatics, and 
dCLNs were analyzed using flow cytometry. I-K Statistical study of each group’s Th17 cell numbers, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, 
not significant
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the Vehicle and VEGF-C groups, as shown (Fig.  5D-F). 
Using fluorescence microscopy, brain tissue sections 
from the L + V + SAH group revealed more immune 
cells than those from the VEGF-C group (Fig. 5G). Flow 
cytometry analysis revealed Th17 cells fewer in dCLNs 
in the L + V + SAH group (Fig.  5H-K). Disruption of the 
meningeal lymphatic pathway blocked cells from reach-
ing the dCLNs. In contrast, the VEGF-C group had more 
Th17 cells in their dCLNs.

The interaction between CCR7 and CCL21 facilitates Th17 
cell drainage via the meningeal lymphatic system
Sham and the Vehicle group’s meningeal lymphatics 
expressed both CCR7 and CCL21; CCR7 and CCL21 
levels slightly increased in the Vehicle group (Fig.  6A). 
The KO group exhibited increased IL-17 staining com-
pared to the Flox group, with IL-17 expression observed 
in the meninges of the Flox group (Fig. 6B). The CCR7-
KO group’s neurological function scores fell, and the 
Anti-CCL21 group fared worse than the CCL21 group 
(Fig. 7A-B). Analysis demonstrated that the KO + CCL21 
and KO + Anti-CCL21 groups had similar brain water 
content levels, with no statistically significant differences. 
Moreover, a significant variance was observed between 
the Anti-CCL21 and Vehicle groups. Brain water content 
was shown to be lower in the CCL21 group, but higher in 
KO + CCL21 than CCL21 group. Furthermore, it shows 
that the KO + Anti-CCL21 group had more brain water 
than the Anti-CCL21 group (Fig. 7C). This suggests that 
the CCR7-KO group experienced significant brain injury 
and edema, but the CCR7-KO group received an injec-
tion of CCL21 antibody, which exacerbated brain injury 
and edema levels, while the injection of CCL21 protein 
reduced brain injury and edema. ELISA results showed 
the KO + CCL21 and KO + Anti-CCL21 groups did not 
differ significantly from one another. Cytokine levels were 
significantly lower in the CCL21 group but significantly 
higher in the Anti-CCL21 group (Fig. 7D-F). KO + CCL21 
group exhibited in comparison to both CCL21 group and 
KO + Anti-CCL21 group, which showed higher levels 
than Anti-CCL21 group (both with P < 0.05). It was found 
that the Vehicle group exhibited IL-17 and CD4 higher 
than the sham group. The Anti-CCL21 group exhibited 
higher than the Vehicle group. The CCL21 group exhib-
ited notably reduced levels of IL-17 and CD4. More-
over, the levels were notably higher in the CCR7-KO 
group that received Anti-CCL21 and CCL21 treatment 
(Fig.  7G). There was no difference in Th17 cell counts 
between the KO + CCL21 and KO + Anti-CCL21 groups, 
as determined by flow cytometry of brain tissue homog-
enates and meningeal samples. It is worth noting that 
Th17 cell numbers were much lower in the CCL21 group 
than the Vehicle group but significantly higher in the 
Anti-CCL21 group (Fig.  7H). Th17 cell counts between 

the KO + CCL21 and KO + Anti-CCL21 groups showed 
no difference. Obviously, Th17 cell numbers were much 
lower in CCL21 than in the Vehicle group but signifi-
cantly higher in the Anti-CCL21 group (Fig. 7I-K).

The inflammatory factors in the SAH group were higher 
than the control group in clinical specimens
Inflammatory cytokines levels in blood and CSF of SAH 
patients significantly increased, and it has statistical sig-
nificance. (Fig. 8A–C). Statistical analysis revealed higher 
concentrations of all three cytokines in CSF samples 
from the SAH group. (Figure. 8G-H), IL-17 levels with 
SAH were notably elevated. SAH group displayed notably 
higher Th17 cell levels in both blood and CSF (P < 0.05). 
The above results indicate that early neuroinflamma-
tory damage following SAH is higher than in the control 
group.

Discussion
SAH is a commonly occurring acute disease that is usu-
ally caused by the rupture of aneurysms or other vascular 
abnormalities located inside the subarachnoid space [17]. 
Additionally, the human immune system is considered 
to play a vital role in the pathophysiological processes of 
SAH [18]. EBI occurs within 72  h of SAH. EBI is char-
acterized by elevated intracranial pressure (ICP), reduced 
cerebral blood flow (CBF) and cerebral perfusion pres-
sure (CPP), BBB breakdown, oxidative stress, and inflam-
mation [19, 20]. Comprehending the role of immune 
cells after SAH is crucial for devising successful treat-
ment approaches. CD4 cells are implicated in the onset 
of neuroinflammatory disorders, such as experimental 
autoimmune encephalomyelitis, and the possible mech-
anisms are as follows: in some cases, persistent contact 
was established between CD4 cells and major histocom-
patibility antigen MHC class II positive antigen-pre-
senting cells. However, there has been limited research 
on the role of immune cells in SAH [21]. According to 
Samuel X. Shi’s research, CD4+ T cells that have been 
activated during intracerebral hemorrhage gather in the 
perihematomal area and cause local inflammation by 
producing IL-17 and binding to endothelial cell death 
receptors. This will reduce the integrity of the BBB and 
increase brain edema [15]. We have determined that 
T cell-mediated immunity plays a role in the early rup-
ture of aneurysms [22]. The rupture of an aneurysm can 
result in SAH, which can trigger both innate and adaptive 
immune responses [23]. The innate immune cells in the 
circulatory system quickly participate at the beginning of 
aneurysm rupture, leading to the brain parenchyma expe-
riencing significant infiltration of blood- derived immune 
cells, which consequently activates the inherent immune 
cells within the brain. Adaptive immunity is mediated 
by diverse T cell receptors present on the surface of T 
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lymphocytes, which recognize pathogens and monitor 
the host’s immune response [24]. In addition, according 
to the infiltration of lymphocytes in the arteries, lympho-
cytes participate in the pathophysiology of SAH. Besides, 

CD4+ T lymphocyte infiltration is high and reaches peak 
levels in early SAH models [25]. In addition, in a clini-
cal study, a notable rise in Th17 cells and a reduction in 
Th2 cells were detected following SAH [26]. Ischemic 

Fig. 6  Flox and CCR7-KO group of meningeal lymphatic vessels. A Representative confocal images of CCR7 and CCL21 in the meninges of the sham and 
SAH group (CCR7 and CCL21 red, Lyve-1 green, DAPI blue, scale bar = 100 μm, n = 1). B Representative confocal images of expression of IL-17, CD4, and 
Lyve-1 in the meninges of the Flox group and the KO group. Compared to the Flox group, Th17 cells were increased in the KO group (IL-17 purple, CD4 
red, Lyve-1 green, DAPI blue, scale bar = 250 μm, n = 1)
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Fig. 7  CCR7-KO exacerbated the neuroinflammation and behavioral defects induced by SAH. A-B Neurological Function Scores Garcia and balance 
beam tests in KO group and Flox group. C brain water content in KO and Flox groups. D-F ELISA results of IL-6, IL-1β, and TNF-α. G Immunofluorescence 
staining of brain tissue of CD4 and IL-17 (IL-17 red, CD4 green, and DAPI blue; scale bar = 50 μm, n = 1). H Flow cytometry analysis of Th17 cell counts 
in brain tissue, meningeal lymphatic vessels, and dCLNs. I-K Statistical analysis of Th17 cell counts in each group in brain tissue meningeal and dCLNs. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant. Mice in the sham, Vehicle, CCL21, and Anti-CCL21 groups were all Flox genotypes
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Fig. 8  Neuroinflammatory cytokine levels in blood and cerebrospinal fluid samples from clinical patients after subarachnoid hemorrhage. A-C Levels of 
IL-6, IL-1β, and TNF-α in the blood samples. D-F Levels of IL-6, IL-1β, and TNF-α in the CSF samples. I-L Flow cytometry analysis the number of Th17 cells 
in the blood and CSF samples, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant. M CT manifestations of patients with SAH. N Clinical 
patient characteristics (n = 7)
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stroke leads to increased concentrations of Th17 cells and 
IL-17 A in both brain tissue and peripheral blood. In the 
acute phase, secondary brain injury is triggered by Th17 
and IL-17 A, which directly harm neurons, stimulate glial 
cell activation, disrupt the BBB, and encourage the infil-
tration of peripheral immune cells [27]. Th17 cells have 
been demonstrated to have a significant influence on the 
regulation of the immune system and the body’s response 
to inflammation after SAH, greatly affecting the devel-
opment of pathophysiology [28]. Under normal condi-
tions, there are almost no immune cells in brain tissue. 
After SAH, blood enters the subarachnoid space, and the 
immune system is activated, causing a high infiltration 
of blood-borne immune cells in the brain parenchyma. 
Most T cells come from blood infiltrated and extrava-
sated from the brain and are key points in the inflam-
matory cascade response [15]. Brain tissue is exposed 
to immune cells and neurotoxic substances, ultimately 
leading to secondary brain injury; for instance, mono-
cytes and neutrophils further secrete inflammatory cyto-
kines, thereby promoting pro-inflammatory conditions. 
It can promote the aggregation and activation of neu-
trophils, thereby exacerbating brain edema and damage. 
Changes in the BBB after bleeding lead to inflammation 
and the entry of circulating immune cells into the brain 
parenchyma, which interact with innate immune cells in 
the CNS [29]. As described in this article, Th17 cells are 
found within the intracranial region and CSF and par-
ticipate in inflammatory responses by producing IL-17, 

leading to decreased BBB integrity and increased brain 
edema. Th17 cells exacerbate neuroinflammatory dam-
age after SAH. Administration of an IL-17 monoclonal 
antibody before SAH induction can alleviate local brain 
inflammation and improve post-SAH brain edema and 
brain injury. In 2015, two research teams independently 
reported discovering evidence of lymphatic vasculature 
(LV) inside the defensive layers known as meninges that 
encase the brain and spinal cord of a mouse. This find-
ing contradicted accepted wisdom in the field of neuro-
immunology [30, 31]. The meningeal lymphatic system 
is a series of vasculature situated within the brain paren-
chyma beneath the meninges and connected to the lym-
phatic system and CSF [32–34]. The meningeal lymphatic 
system promotes the transport of immune cells, intersti-
tial fluid, CSF, small chemicals, and subarachnoid space 
to reach dCLNs [35]. Prox1, a homeobox transcription 
factor, and VEGFR-3, a vascular endothelial growth fac-
tor receptor, play key roles in the process of lymphangi-
ogenesis, according to developments in the research on 
lymphatic development [36]. Research has successfully 
shown that Podoplanin (PDPN), CCL21, and Lyve-1 are 
surface markers for lymphatic endothelial cells (LECs) 
[37, 38].

The discovery of the role of meningeal lymphatics in 
clearing immune cells, macromolecules, and CSF has 
provided insights into the underlying mechanisms of 
several neurological diseases, such as multiple sclerosis, 
Alzheimer’s disease, brain tumors, and ischemic brain 

Fig. 9  Mechanism chart
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injury [39]. Meningeal lymphatic drainage abnormalities 
have been demonstrated in studies to worsen cerebral 
ischemia and edema following SAH [40]. Research has 
also demonstrated that following a SAH, red blood cells 
can be removed by meningeal lymphatic channels [41]. 
Cervical lymphatic artery ligation slows down blood flow 
and deteriorates the results of experimental SAH [42]. 
One open topic is whether immune cells can be cleared 
by meningeal lymphatics after SAH. Our findings indi-
cate that immune cells that move into the subarachnoid 
space are transported via the meningeal lymphatic sys-
tem to the dCLNs. Enhanced lymphatic flow results from 
enhanced lymphangiogenesis and vascular dilatation in 
peripheral acute inflammations. Including colitis, bac-
terial keratitis, and arthritis [43]. Filariasis is a frequent 
pathological condition resulting from bacterial infec-
tion, distinguished by compromised lymphatic trans-
port leading to peripheral lymphedema. The VEGF-C/
VEGFR-3 signaling pathway mediates disorders in lym-
phangiogenesis, affecting local immune responses [44]. 
Improving the function of lymphatic vessels can alleviate 
peripheral edema. Localized inflammation and edema 
are lessened by this rise in lymphatic flow and lymphan-
giogenesis [43]. Brain edema rapidly develops after SAH 
and is closely related to BBB destruction. Cerebral edema 
serves as an independent adverse prognostic indicator for 
SAH. The development of vascular edema is attributed to 
endothelial cell dysfunction, the disruption of tight junc-
tions, and the degradation of the basement membrane. 
Secondly, the toxic substances released from the blood 
produce cytotoxic edema, which is the second compo-
nent of brain edema [45]. We alleviated the occurrence 
of brain edema by overexpressing VEGF-C, while abla-
tion of meningeal lymphatic vessels exacerbated brain 
edema, showing the crucial role of meningeal lymphatic 
vessels in draining express water. Delivery of overex-
pressed VEGF-C locally or via viral infection has proved 
its efficacy [46]. Blocking the VEGF-C/VEGFR-3 pathway 
worsens the inflammatory reaction [47, 48]. EAE-related 
neuroinflammation did not change the architecture of 
meningeal lymphatic vessels, indicating a restricted abil-
ity to expand during neuroinflammation [49]. To confirm 
the effect of overexpressed VEGF-C or other variables on 
lymphangiogenesis, more research is needed. T cells and 
dendritic cells use the pathway involving C-C chemokine 
motif ligand 21 and C-C chemokine motif receptor 7 to 
enter and migrate through the peripheral lymphatic sys-
tem and meningeal lymphatic vessels [50]. The control of 
immunity in meningeal lymphatic capillaries is greatly 
aided by the CCR7-CCL21 signaling pathway. CCR7 
and CCL21 are key molecules in this pathway. CCR7 is 
a receptor found mostly on the surface of immune cells, 
notably dendritic and activated T cells. CCR7 binds to 
its ligand and then helps these immune cells migrate in 

a targeted manner to the locations where they mount 
an immune response. On the other hand, lymphatic tis-
sues and activated endothelial cells normally synthesize 
CCL21, which functions as a ligand for CCR7. CCL21 is 
an essential part of the immune system that is respon-
sible for directing immune cells during their migration 
processes [51]. Deep cervical lymph nodes CCR7 knock-
down T cells demonstrated a considerable reduction in 
drainage when contrasted with wild-type CCR7 T cells. 
According to Louveau, in steady-state settings, approxi-
mately 40% of meningeal CD4+ T cells express the CCR7 
receptor during lymphatic drainage of T cells [35]. After 
SAH, the immune cells and inflammatory mediators 
caused by bleeding need to be cleared in a timely man-
ner to alleviate brain tissue damage. Enhancing the lym-
phatic draining function of the meningeal lymphatic 
through the CCR7-CCL21 axis helps to remove these 
harmful substances from the CNS. We further confirmed 
that Th17 cell drainage decreased after knocking out the 
CCR7 gene. At the same time, it was found that injection 
of the CCL21 antibody also reduced T cell drainage in the 
group without CCR7 knockout. These further confirmed 
that the CCR7-CCL21 pathway plays a crucial function 
in draining Th17 cells. The limitation of this study was 
that we used a mouse model to test molecular pathways 
but lacked human trials. It focused on Th17 cell drainage 
and neuroinflammation reduction via the CCR7-CCL21 
pathway; We have not conducted experiments on other 
immune cells or pathways. Future research could apply 
these findings to humans, explore the roles of additional 
immune cells (e.g., Treg cells) in SAH, and investigate 
alternative pathways for immune cell modulation.

Conclusion
Our research shows that Th17 cells reach the cervical 
lymph nodes via the CCR7-CCL21 pathway on the men-
ingeal lymphatics, which reduces inflammation damage 
after SAH. This enhances our comprehension of the pre-
liminary clearance mechanism for extravasated immune 
cells in SAH and proposes potential treatments for 
patients.
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