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Background: Ischemic stroke, accounting for approximately 80% of all stroke
cases, is a major public health challenge and a leading cause of death and
disability worldwide. Current treatments primarily involve thrombolytic therapy,
limited to a 4.5-hour window due to the risk of complications, underscoring the
need for new therapeutic targets. Systemic inflammation plays a critical role in
stroke progression, with immune cells infiltrating the brain and exacerbating
damage. B cells, in particular, have been implicated in stroke pathogenesis,
although their exact role remains contentious. This study examines anti-CD19
antibody (aCD19 Ab) treatment in a stroke model to determine if CD19" B cell
depletion can reduce infarct size and alleviate inflammation.

Results: This study investigated whether temporary inhibition of B-cell activity
using an aCD19 Ab could alleviate ischemic brain injury in a stroke mouse model
by regulating cerebral and systemic immune reactions. Mice subjected to middle
cerebral artery occlusion (MCAO) exhibited significant reductions in infarct size
and brain edema, prolonged post-MCAO survival, and improved behavioral
outcomes following aCD19 Ab treatment. Transmission electron microscopy
(TEM) and Computed Tomography Angiography (CTA) results revealed a
reduction in microvascular endothelial edema, decreased mitochondrial
damage in neurons, reduced neuronal apoptosis, and a favorable
reconstruction of the cerebral vascular network. Additionally, B cell inhibition
reduced pro-inflammatory cytokines and immune cells in the brain and
peripheral circulation. The immune response alterations observed in the
MCAO/R group were consistent with the trends indicated by stroke patient data.

Conclusions: Temporary inhibition of B-cell activity via aCD19 antibody injection
alleviated ischemic brain injury in a mouse model of stroke by suppressing
systemic immune reactions. Changes in immune cells within the meninges
may play a role, and further investigation is needed to understand the
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mechanisms involved. These findings suggest that cerebral and systemic
immune responses contribute to the pathogenesis of ischemic stroke, and
temporary B cell depletion may represent a potential therapeutic target for

stroke therapy.

ischemic stroke, B cells, anti-CD19 antibody, inflammation, meningeal immunity

1 Introduction

Ischemic stroke, accounting for approximately 80% of all stroke
cases, remains a major challenge in public health and a leading
cause of death and long-term disability worldwide (1). The burden
of this disease is particularly profound in low- and middle-income
countries, presenting a significant economic impact due to the long-
term care required for stroke survivors (2). Stroke treatment
represents a formidable global healthcare challenge, primarily
relying on thrombolytic therapy within specific time windows.
Beyond the therapeutic window of 4.5 h, the benefits of tPA are
outweighed by its risks, with the incidence of hemorrhagic
transformation increasing dramatically (3). Limited therapeutic
options highlight the urgency to identify novel therapeutic targets
for ischemic stroke (4). As systemic inflammation is strongly linked
to the occurrence and progression of stroke (5, 6), researchers have
focused on the role of both the central and peripheral immune
systems in understanding stroke development and exploring
potential therapeutic approaches (7). Inflammation can
exacerbate damage during and after an ischemic stroke, triggering
multiple damage reactions (6). This has led to a significant interest
in immunomodulatory treatments as potential interventions to
mitigate these harmful effects.

When a stroke occurs, peripheral immune cells including
monocytes/macrophages, neutrophils and lymphocytes invade the
brain, initiating further inflammatory reactions (6). This response
can exacerbate the damage caused by the stroke itself. Analysis of
peripheral blood from stroke patients often shows elevated levels of
these immune cells and associated cytokines, particularly in those with
worse symptoms and prognoses (8). This complex immune response
illustrates the significant role of the immune system in the processes
associated with stroke, leading researchers to explore the potential
involvement of immune cells, particularly B cells, in the pathogenesis
of ischemic strokes (9). The role of B cells in stroke pathogenesis
remains a contentious topic within medical research, with studies
presenting conflicting evidence (10-12). Some research suggests that B
cells have minimal impact on stroke outcomes compared to other
immune cells, indicating that their presence or suppression does not
significantly alter the course of recovery or damage (13, 14). On the
other hand, other studies advocate for a beneficial role of B cells,
particularly highlighting their potential in contributing to long-term
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neural function restoration (10, 11, 15). This discrepancy points to the
need for further research to clarify the roles of different immune cells,
including B cells, in stroke pathophysiology and recovery.

Moreover, B cells have been observed to accumulate in the
meninges following a stroke, underscoring the significant role of the
meningeal lymphatic system in the post-stroke immune response
(16). These B cells interact with other immune cells, contributing to
CNS inflammation and tissue damage (17, 18). Meningeal
lymphatic vessels (MLVs) act as a physical conduit for antigens
and immune cells from the central nervous system to enter the
peripheral lymph nodes (16). This facilitates the activation of
systemic immune response, allowing immune cells to traverse a
compromised blood-brain barrier (BBB) to the brain (19).

CD19 and CD20 are predominantly B cell-restricted surface
markers, providing an opportunity for selective B cell-targeted
immunotherapy. CD19, a critical surface protein on B cells, plays
a pivotal role in regulating B cell-mediated immune responses. Due
to its function in modulating B cell activity, CD19 has emerged as a
prominent therapeutic target in the treatment of autoimmune
diseases and cancers (20, 21). CD19 is expressed throughout B
cell development, from pro-B cells to pre-B cells, and persists in
some plasmablasts (PBs) and plasma cells (PCs). In contrast, CD20
is expressed in most B cell stages except for pro-B cells, PBs, and
PCs. Therefore, antibodies targeting CD19 may have broader effects
on the B cell compartment compared to anti-CD20 antibodies
(22-24).

Beyond their role in antibody production, B cells—particularly
PBs and PCs—contribute to cytokine production and immune
modulation. Our previous studies demonstrated that aCD19 Ab
treatment improved ovarian pathology and function in polycystic
ovary syndrome (PCOS) mice by alleviating local and systemic
inflammation (25).

B-cell depletion therapies, particularly those utilizing anti-
CD20 antibodies such as rituximab, have been associated with
prolonged immunosuppression and an increased risk of
infections, making them less viable for some autoimmune disease
treatments (23, 26). This study investigates the efficacy of CD19" B
cell depletion using an anti-CD19 (aCD19) antibody in the Middle
Cerebral Artery Occlusion (MCAO) model, a well-established
animal model of ischemic stroke. The objective is to identify an
effective B cell inhibition strategy that minimizes prolonged
immunosuppression and reduces associated infection risks (23).
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By assessing whether temporary B cell inhibition during the
acute phase of stroke can decrease infarct size and mitigate harmful
inflammatory responses, the research aims to elucidate the role of B
cells in ischemic stroke and evaluate their potential as therapeutic
targets. Insights from this study may guide the development of
interventions to protect the ischemic penumbra from further
damage post-stroke and inform preventive strategies for patients
at high risk of stroke.

2 Methods and materials

2.1 Animal and MCAO model

All animal procedures were approved by the Animal Care and
Use Committee of The Second Xiangya Hospital of Central South
University and performed in line with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Male
C57BL/6 mice (8-10 weeks old, 20-25 g, Hunan Kingda Laboratory
Animal Co., China) were kept in a pathogen-free environment with
consistent temperature and humidity, 12-hour light and dark cycles,
and free access to a standard diet and water. As shown in Figure 1a,
mice were randomly assigned to receive either monoclonal rat anti-
mouse CDI19 antibody (1D3, Bio X Cell) (10 mg/kg) or Isotype
control antibody (2A3, Bio X Cell) (10 mg/kg) by intraperitoneal
injection 3 days in advance, creating the CD19 Ab-treatment group
and the Iso Ab-treatment group, respectively. The Sham and
MCAO/R group received an equivalent volume of Dulbecco’s
Phosphate-Buffered Saline (DPBS).CD19" B cell depletion was
confirmed by flow cytometry (Supplementary Figure Sla).

Focal cerebral ischemia was induced using the transient middle
cerebral artery occlusion (tMCAO) method. Mice were anesthetized
with 1-2% isoflurane, and a 6-0 monofilament nylon suture with a
rounded tip was inserted into the internal carotid artery to occlude
the middle cerebral artery for 60 minutes. Reperfusion was initiated
by gently withdrawing the suture (27). Sham-operated mice
underwent the same surgical procedure but without middle
cerebral artery occlusion. Throughout the procedure, rectal
temperature was maintained at 37°C using a heating pad to
ensure physiological stability. Following recovery from anesthesia,
neurological deficits were assessed to confirm the successful
induction of ischemic stroke, as determined by the Zea Longa
score (Section 2.6.1). Peripheral blood was collected for flow
cytometry analysis, and fresh mouse brain tissues were harvested
at 24 and 48 hours post-tMCAO for 2,3,5-triphenyltetrazolium
chloride (TTC) staining and dry-wet ratio evaluation. For
histological and immunohistochemical analyses, mice were
sacrificed 24 hours after tMCAO. The brains were harvested and
fixed in 4% paraformaldehyde (PFA) overnight before being
processed for paraffin embedding.
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2.2 Evaluation of infarct area

Infarct size was measured by 2,3,5- TTC (Sigma-Aldrich, USA)
staining as described earlier (28). Briefly, the brains were rapidly
removed and sliced into six 2-mm sections and incubated in 2%
TTC solution at 37°C for 15 minutes. The infarct area was measured
using Image ] software (NIH, Bethesda, MD, USA).

2.3 Cerebral edema

The severity of cerebral edema was assessed 48 hours post-
modeling using the wet-dry weight method to determine brain
moisture content. The brain was promptly dissected into left and
right hemispheres, and each hemisphere was weighed to obtain its
wet weight. Subsequently, the tissues were dried at 105°C overnight
and reweighed to determine their dry weight. The percentage of
water content was then calculated using the following formula:
[(wet weight - dry weight)/wet weight] x100%. This method
provides a quantitative measure of cerebral edema, allowing for
an objective evaluation of post-ischemic brain swelling.

2.4 Histopathological examination

Brain tissues were embedded in paraffin and sectioned at 3.0-
3.5um thickness. The sections were dewaxed and stained with
hematoxylin and eosin (H&E) for microscopic evaluation.

For immunofluorescence (IF) analysis of brain tissue, the
sections were blocked with 10% normal goat serum (Solarbio,
China) and 0.03% Triton X-100 in PBS for 15min, followed by
overnight incubation at 4°C with the following primary antibodies:
mouse anti-GFAP (CST, 3670S, 1:200), rabbit anti-Ang 1
(Proteintech, 23302-1-AP, 1:200), rat anti-LYVE-1 (R&D,
MAB2125, 1:100), rabbit anti-CD31 (Proteintech,28083-1-AP,
1:100), rabbit anti-CD19 (Abcam, ab227019, 1:600), and rabbit
anti-MPO (Abcam, ab9535, 1:100). The sections were subsequently
incubated with fluorescent secondary antibodies. Nuclei were
counterstained with DAPI (Sigma-Aldrich, USA), and positive
cells were visualized using a laser scanning confocal microscope
(Olympus, Japan). Image] software was used for quantification.

For immunohistochemical (IHC) analysis, tissue sections were
rehydrated, blocked, and incubated overnight at 4°C with primary
antibodies (Abcam), including anti-CD19 (1:100, ab227019), anti-CD3
(1:10, ab135372), and anti-myeloperoxidase (MPO) (1:100, ab208670).
The sections were then treated with a secondary antibody (1:500,
ab6127) at room temperature. Diaminobenzidine (DAB) (ZLI-9018,
ZSGB-BIO, China) was used for color development, followed by
hematoxylin counterstaining. The integrated optical density (IOD)
values were quantified using Image]J software.
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FIGURE 1

aCD19 Ab treatment reduced the infarct size, inhibited apoptosis and alleviated edema in MCAO/R models. (a) Mice were intraperitoneally injected
with aCD19 Ab (10 mg/kg) or Iso Ab (10 mg/kg) 3 days before 1 hour of tMCAO, after which reperfusion was allowed, and outcomes were assessed
for 7 days. Created via BioRender.com. (b) TTC staining displayed the infarct area of different treatments. The white area showed the infarct area

(c) Statistical analysis of the ratio of the infarct area to the total brain volume. Data were presented as the percentage of white infarct area. Data
were presented as mean + SD (n=5). ****p < 0.0001. (d) Statistical analysis of the ratio of the water content of the brain. Data were presented as the
relative percentage of water content. Data were presented as mean + SD (n=5). ****p < 0.0001. (e) H&E staining results showed the ischemic area in
40 times magnification (Scale bar=50 um). (f) The rectangular region of the upper image in each group was magnified and placed in the lower panel
at 100 times amplification (Scale bar=10 um). Red arrows point at the nuclear pycnosis; Orange arrows point at the formation of vacuoles after
necrosis. (g) TUNEL staining results exhibited the apoptotic cells in the cerebral tissue at 20 times amplification (Scale bar=100 um). (h) TUNEL
staining: The rectangular region of the upper image in each group was magnified and placed in the lower panel at 60 times amplification (Scale
bar=20 um)
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2.5 TUNEL histochemistry.

Paraffin-embedded brain sections were fixed in 4%
paraformaldehyde and subsequently dewaxed. Apoptotic cell
detection was performed using the One-Step TUNEL Apoptosis
Assay Kit (Beyotime, China) according to the manufacturer’s
protocol. The slides were then examined under a fluorescence
microscope for visualization of apoptotic cells.

2.6 Neurological scoring and behavioral
assessment

Behavioral assessments were conducted within 7 days after
MCAO/R to evaluate locomotor activity, grip strength,
somatosensory motor function, and short-term memory.

2.6.1 Zea Longa score

Neurological impairment was assessed using the Zea Longa
scoring system, which categorizes deficits as follows: 0 (Normal
movement), 1 (Incomplete extension of the contralateral forelimb
when lifted by the tail), 2 (Circling or twisting toward the
contralateral (paralyzed) side when walking), 3 (Spontaneous
falling to the contralateral side or falling when nudged), and 4
(Absence of spontaneous movement or loss of consciousness) (29).

2.6.2 Grip strength test

Grip strength was assessed using a grid-connected electronic
grip strength meter (Bioseb, France). Mice were allowed to grasp the
metal grid while the tail was gently pulled in the opposite direction.
The peak force generated before the animal released the grip was
recorded. Each mouse underwent three trials, and the mean grip
strength was expressed in kg.

2.6.3 Tape removal test

Mice were habituated to a testing container before the
experiment. Small circular adhesive stickers (5 mm in diameter)
were attached to the bilateral forepaws using fine forceps and gently
pressed to ensure adherence. Each mouse was then placed in a
testing beaker for 150 seconds. The removal time for each tape was
recorded via video analysis. If a mouse successfully removed both
stickers within the time frame, the precise removal time was noted.
If a mouse failed to remove one or both stickers, the trial was
terminated at 150 seconds, with the removal time recorded as 150
seconds. Each mouse underwent three trials, with an inter-trial
resting period of approximately 30 minutes.

2.6.4 Open Field Test

The Open Field Test was conducted to assess hyperactivity and
anxiety-related behavior by evaluating locomotor activity. The
testing arena was a black plexiglass square enclosure (60 cm x 60
cm x 25 cm), with a designated center region (30 cm x 30 cm)
demarcated using Vinyl Electrical Tape (Tartan 1710). Mice were
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placed in the enclosure for 5 minutes while their movements were
recorded. Behavioral parameters, including total distance traveled
and time spent in the center, were quantified through video analysis.
This test is based on the principle that mice instinctively prefer the
security of peripheral areas over exposed central regions, providing
insights into their anxiety levels.

2.7 MRI scanning

In vivo imaging was conducted on Day 2 using a 3.0 Tesla NMR
spectrometer (Bruker Biospin, Billerica, MA) equipped with a
Micro 2.5 gradient system (with a maximum gradient strength of
100 G/cm), using a manufacturer-provided animal imaging probe.
A 20 mm diameter volume coil functioned as both the
radiofrequency transmitter and receiver. Image acquisition
utilized a three-dimensional (3D) T2-weighted fast spin echo
sequence (FSE) with the following parameters: echo time (TE)/
repetition time (TR) = 40/700 ms, 16 mm x 16 mm x 16 mm field of
view, and 128 x 128 x 80 matrix (resulting in a resolution of 0.125
mm x 0.125 mm x 0.2 mm), echo train length = 4, number of
averages = 2, flip angle = 40°, and bandwidth (BW) = 100 kHz. The
total imaging time spanned approximately 30 minutes.
Subsequently, the T2-weighted FSE images were resampled to
achieve an isotropic resolution of 125 um.

2.8 Micro-CT scanning.

MICROFIL® compounds were utilized for visualizing the
microvasculature. Injected under physiological pressure, these
compounds filled and rendered the microvasculature opaque,
forming a three-dimensional cast after solidification. A sine wave
perfusion pump connected to the arterial cannula facilitated perfusion,
with the right atrium serving as a drainage vent. Saline perfusion
removed visceral blood volume. Post-perfusion, MV-130 Red was
infused via the aortic cannula, and refrigeration at 4°C overnight aided
polymerization. The brains were harvested on the following day.

Ex vivo perfused mouse brains using MICROFIL compounds
underwent micro-CT scanning (Inveon, Siemens Inc., Knoxville,
TN, USA) with settings including 85 kV voltage, 200 pA output
current, 3 pm spatial resolution, 0.2° rotation step through 360°
(yielding 1801 projections), and a 1 mm Aluminum filter, along
with 8-frame averaging. Each brain’s scanning process took
approximately 1 hour. Cobra software (version 6.3.39.0, EXXIM
Computing Corporation, Pleasanton, CA, USA) facilitated image
reconstruction. While standardized settings were applied,
individual fine-tuning enhanced reconstruction quality beyond
normalized automatic deconvolution. Fine-tuning parameters
included a smoothing value of 0, misalignment compensation
between 52-60, ring artifacts reduction between 4-6, and beam-
hardening correction between 20-30%. Subsequently, data were
imported into Radiant DICOM Viewer (Poland).
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2.9 Transmission electron microscopy
(TEM) scanning

Immediately after the mice were anesthetized and perfused, the
brain was cut into 50 um thick transverse sections using a
vibratome in ice-cooled PBS. The sections were then immersed in
1% osmium for 30 minutes at room temperature, rinsed three times
for 10 minutes each in PBS, and dehydrated through immersions in
ascending concentrations of ethanol followed by three times in
propylene oxide. The sections were removed from propylene oxide
and immersed in Durcupan resin. The next day, an ACLAR
embedding film was coated with a thin layer of resin. The resin
was polymerized and square areas of interest (about 2x2 mm) were
selected, glued onto the tip of resin blocks with Superglue, and
cured in the 55°C oven for 1 hour. A few semi-thin sections (0.5-1
pum thick) were cut. The sections were transferred to a SuperFrost
slide using a perfect loop and dried by placing the slide on a heating
plate. Silver to silver-gold ultrathin sections (60-80 nm thick) were
cut, collected on copper mesh grids using fine inverted tweezers,
dried on a filter paper, and transferred to a drop of lead citrate for 2
minutes. The grids were rinsed in three successive baths of double
distilled water and dried on a filter paper before being stored in a
grid box for electron microscopic examination.

2.10 Flow cytometry

Peripheral blood was collected from the orbital venous plexus,
and the erythrocytes were lysed. Cells were centrifuged for 5 min at
350 RCF and resuspended in 100 ul FACS buffer (BD Biosciences,
USA). Leukocyte single-cell suspensions were then incubated with a
selected fluorophore-conjugated antibodies as: Per-CP anti-mouse
CD45 (clone 30-F11), FITC anti-mouse CD3 (clone 17A2), APC
anti-mouse CD4 (clone GK1.5), PE anti-mouse CD8a (clone 53-
6.7), APC anti-mouse CD19 (clone 6D5), APC anti-mouse LY6G
(clone 1A8), PE anti-mouse CD11b(clone M1/70), which were
purchased from Biolegend (San Diego, CA, USA). Antibodies
used in the human Peripheral blood are listed as: Pecy5.5 anti-
human CD45 (clone HI30), FITC anti-human CD3 (clone OKT3),
PE anti-human CD4 (clone OKT4), APC anti-human CD8 (clone
SKI), PE anti-human CD19 (clone HIB19).

The mouse brain was rapidly removed after left ventricular
perfusion and placed in pre-cooled, complete Roswell Park
Memorial Institute (RPMI) 1640 (Gibico, Waltham, MA, USA)
medium. After mechanical dissociation, it was digested in
collagenase/dispase (1 mg/mL) and DNAse (10 mg/mL; both
from Sigma-Aldrich, St Louis, MO, USA) at 37°C for 1 hour and
then neutralized. The cell suspension was filtered through a 70 um
filter. Leukocytes were harvested from the interphase of a 70%/30%
Percoll (Sigma-Aldrich, St Louis, MO, USA) gradient. Cells were
washed and blocked with anti-mouse CD16/32 (clone 93), and then
stained with fluorophore-conjugated primary antibodies: FITC
anti-mouse CD3 (clone 17A2), PE anti-mouse CD11b (clone M1/
70), PerCP-Cy5.5 anti-mouse CD45 (clone 30-F11), and APC anti-
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mouse CD19 (clone 6D5). All antibodies were commercially
purchased from Biolegend (San Diego, CA, USA). Fluorescence
data were collected with a Accuri C6 cell sorter (BD Biosciences,
USA). Further data analysis and illustration were analyzed with
FlowJo software.

2.11 Real-time PCR

Mice brain tissue total RNAwas extracted by Trizol (Sigma-
Aldrich, St Louis, MO, USA). cDNA was prepared through reverse-
transcription using a RevertAid RT kit (Fermentas, Lithuania).
Real-time PCR was performed using a SYBR Green PCR mix on
an ABI Prism 7500 (Applied Biosystems, USA). Relative expression
levels were normalized using GAPDH as a control and gene
AACH method.
The sequences of PCR primers are as follows: Gapdh, Forward 5
“GGTGTCTCCTGCGACTTCA-3’, Reverse 5 “TAGGCCTCTT
GCTCAGT-3’; II-2, Forward 5 ‘-GTGCTCCTGTCAACAGCG-3’,
Rreverse 5 “-GGGGGGAGTTTTCAGTCCTGTA-3’; II-6, Forward
5 “CACTCACAAGTCGGAGGCT-3’, Reverse 5 -CTGCATG
CATCATCGTGTGT-3%; II-10, Forward 5 -TGAGGCTGT
CATCGATTT-3’, Reverse 5 “TGGCCTGTAGTACACCTGTGG-
3; Tnf-a, Forward 5 ' -ATGAAGTCATCAGC-3’, Reverse 5'-
CTCCCACTGTGTGTGTA-TTA-3'.

expression was subsequently quantified using the 2

2.12 Human samples

Five ischemic stroke patients and one brain trauma patient were
recruited from the Neurosurgery Intensive Care Units of the Second
Xiangya Hospital, between June 2018 and June 2019. Written
informed consent was obtained from all patients or their legally
authorized representatives before inclusion. The study was
approved by the Institutional Review Board of the Second
XiangYa Hospital of Central South University. Eligibility required
a confirmed ischemic stroke diagnosis through neuroimaging.
Exclusion criteria included evidence of hemorrhagic stroke,
absence of ischemic stroke, or indeterminate ischemic stroke
diagnosis. Administration of tPA and thrombectomy were not
exclusionary. Neurological function and disability were assessed
using the Glasgow Coma Scale (GCS), the Modified Rankin Scale
(mRS), the National Institutes of Health Stroke Scale (NTHSS), and
the Barthel Index (MBI) (30). Fasting venous blood was collected
into acid-citrate-dextrose (3.2%) sterile tubes to examine immune
cell changes, and cell-free plasma was isolated for subsequent
ELISA. This decompressive craniectomy surgery requires opening
the dura mater to perform duraplasty, which relieves high
intracranial pressure caused by swollen brain tissue. In patients
with open cranial trauma, portions of the dura mater in the
damaged region are often trimmed and removed during surgical
debridement. These dura mater samples, which would otherwise be
discarded as medical waste, were used as our study samples. This
approach did not interfere with the surgical procedure or treatment
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outcome, and it did not cause additional harm to the patients.
Regarding the sampling methodology, we recognize the importance
of defining the number of ROIs and the total surface area sampled.
However, due to ethical constraints and the limited availability of
human meningeal tissue, it was not feasible to sample multiple ROIs
or collect a large enough meningeal tissue sample to allow for
multiple independent regions of analysis. The meningeal tissue
obtained during surgery is typically small (~1 cm x 0.5 cm),
particularly in patients undergoing decompressive craniectomy
for stroke. Obtaining a larger tissue sample would compromise
dural integrity and water-tight closure, which is crucial for patient
recovery. Meningeal samples were obtained through surgical
extraction of a small dura mater section from the affected cerebral
hemisphere and stained. Each patient sample was analyzed by
experienced pathologists, who directly selected 3 high-power
fields (40x) for quantification. Clinical characteristics are
summarized in Table 1.

2.13 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.4
software. Data are presented as mean +* standard deviation (SD).
Student’s t-test or one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test was used for statistical comparisons, as
appropriate. A p-value of less than 0.05 was considered
statistically significant.

TABLE 1 Clinical and laboratory characteristics of the stroke patients.

Reference Values Patient 1
Sex M/F M
Age / 36
GCS / 13
mRS / 3
NIHSS / 18
MBI / 62
CD19" B cells 5~22% 18
Neutrophils 40.0~75.0% 87.7
NEUT# in PB 1.8-6.3 10°/L 115
CD3"CD4" T cells 33~58% 10.92
CD3"CD8" T cells 13~39% 9.43
IL-2 0.00~5.71 pg/ml 10.37
IL-6 0.00~5.30 pg/ml 14.52
IL-10 0.00~4.91 pg/ml 13.76
TNF-. 0.00~2.31 pg/ml 12.36
CRP 0-6.00 mg/L 65.6
Length of stay / 13

10.3389/fimmu.2025.1528471

3 Results

3.1 aCD19 Ab treatment reduced infarct
volume, inhibited apoptosis, and alleviated
edema in MCAO models

To investigate the role of anti-CD19 antibody (aCD19 Ab) in
the pathophysiological process of ischemic stroke, mice were
preconditioned with intraperitoneal aCD19 Ab injection. The
efficacy of aCD19 Ab in depleting peripheral blood (PB) B cells
was first confirmed (at rate of 99.1%), as shown in Supplementary
Figure Sla. Additionally, baseline B-cell levels in untreated mice, as
well as in the Iso Ab and aCD19 Ab groups before MCAO
induction, were quantified using flow cytometry (FC)
(Supplementary Figure S1b).

To assess the therapeutic effects of aCD19 Ab on ischemic brain
injury, TTC staining was performed to measure infarct volume
following middle cerebral artery occlusion/reperfusion (MCAO/R).
The MCAO/R group exhibited a stable infarction size, with an infarct
volume of approximately 49.6%, as illustrated in Figures 1b, c.
Notably, aCD19 Ab treatment significantly reduced infarct volume
to approximately 14.1%, a reduction to about one-fifth of that
observed in the MCAO/R and Iso Ab groups.

In the acute phase of stroke, intracranial hypertension due to
cerebral edema is a major contributor to patient mortality, often
leading to life-threatening brain herniation. To evaluate this, we

measured brain water content, an indicator of cerebral edema.

Patient 2 Patient 3 Patient 4 Patient 5

F M F F

47 55 62 64

12 11 10 10

4 4 5 5

20 22 33 36

45 43 36 18

17 20 20 28
86.5 89.4 90.3 929
10.9 12.4 13.7 14.5
12.63 9.48 76 19
9.18 4157 89 4
12.94 64.73 80 6
46.83 78.52 62 22
45.97 71.69 59 28
59.13 77.46 68 19
416 76.9 717 98.6
20 41 62 10 (death)

GCS, Glasgow Coma Scale; mRS, Modified Rankin Scale; NIHSS, The National Institutes of Health Stroke Scale; MBI, Modified Barthel Index; CRP, Plasma C-reactive Protein; NEUT#, the

number of neutrophils in peripheral blood.
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Compared to the Sham group, the infarcted hemisphere in the
MCAO/R group exhibited a marked increase in brain water
content, rising from approximately 61.6% to 81.2%. However,
aCD19 Ab treatment significantly mitigated this edema, reducing
water content to approximately 66.4%, a value close to that of the
Sham group (Figure 1d).

To further investigate the effect of aCD19 Ab on tissue integrity
following MCAO/R, we assessed two key neuronal populations in
the infarcted area: cortical and hippocampal neurons, which play
critical roles in sensory and motor functions. The integrity of these
regions is essential for overall brain function. H&E staining
(Figures le, f) revealed that the hippocampal architecture in the
Sham group was intact, whereas the MCAO/R group exhibited
disrupted cellular organization, with a significant presence of
necrotic cells (indicated by red arrows in Figure 1f) and tissue
vacuolation due to apoptosis or edema (indicated by orange arrows
in Figure 1f). Notably, aCD19 Ab treatment markedly improved
tissue morphology and preserved cellular structural integrity in the
infarcted region compared to other groups.

To further assess apoptosis in the cortex, we performed TUNEL
staining. The cortical region in the Sham group maintained
morphological structural integrity, with only approximately 1% of
cells exhibiting positive signal, which could largely be attributed to
false-positive staining. In contrast, the MCAO/R group exhibited a
significant increase in TUNEL-positive cells, with approximately

10.3389/fimmu.2025.1528471

61.6% of cortical cells undergoing apoptosis, indicative of
substantial cell loss within the ischemic region. Remarkably,
aCD19 Ab treatment significantly reduced apoptotic cell death,
with only ~18% of cortical cells staining positive for TUNEL,
suggesting preservation of neuronal integrity (Figures lg, h).
Collectively, these findings demonstrate that aCD19 Ab confers
neuroprotection in the MCAO model, significantly reducing
apoptosis in both the cortex and hippocampal CA region
(statistical analysis presented in Supplementary Figure S1d).

3.2 aCD19 Ab treatment alleviated
mortality and ameliorated functional
outcomes

A series of neurological function and behavioral tests were
performed to assess the sensory and motor abilities of the mice after
MCAO/R. All mice underwent pre-training before the MCAO
operation. Compared to the MCAO/R mice and the group that
received Iso Ab administration, treatment with aCD19 Ab resulted
in significantly lower stroke-induced mortality (Figure 2a),
suggesting that aCD19 Ab improves both neurological function
and endpoint outcomes post-ischemic stroke. Three commonly
utilized motor behavior tests were employed to evaluate motor
deficits in stroke mice. The Zea Longa (0-4) scores were used for
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aCD19 Ab treatment alleviated mortality and ameliorated functional outcomes. (a) Survival rate of 7 days of MCAO/R mouse (Mantel-Cox test and
Gehan-Breslow-Wilcoxon test, n=6, p < 0.001). (b) 7-day recording of scores of Zea Longa grade after MCAO/R (data were presented as mean + SD,
n=6). (c) Comparison of grip strength (data were presented as mean + SD, n=6, ****p < 0.0001). (d) Comparison of tape moving test (data were
presented as mean + SD, n=6, ****p < 0.0001). (e) Open field test. Time spent in the center of the open field maze (data were presented as mean + SD,
n=5, ***p < 0.001). (f) Open field test. Time spent in the periphery of the open field maze (data were presented as mean + SD, n=5, ***p < 0.001).
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assessing neurological outcomes in animals, where higher scores
indicate more severe neurological deficits. After the MCAO
operation, all mice developed a consistent level of focal nerve
function loss. By day 4, the symptoms of the MCAO/R and Iso
Ab groups further progressed to the level where the mice were
unable to walk spontaneously. In contrast, mice administered with
aCD19 Ab, though still symptomatic, showed compensation for
focal neurological impairment that did not hinder normal eating
and drinking. Over time, these mice exhibited a gradual and steady
recovery of consciousness and walking function to normal levels
(Figure 2b). The grip strength test was used to assess forelimb motor
function. Compared to the Sham group, MCAO modeling
significantly diminished the grip strength scores of the mice
(higher scores indicate greater grip strength). The grip strength
test was used to assess forelimb motor function. Compared to the
Sham group, MCAO modeling significantly diminished the grip
and weightlifting scores of the mice (higher scores indicate greater
grip strength). At 48 hours post MCAO/R, although still not
comparable to the Sham group and normal baseline values, the
grip strength score of aCD19 Ab-treated mice was significantly
higher than that of both the MCAO/R and the Iso Ab groups
(Figure 2c). We employed the adhesive removal test to judge the
sensory and motor integration capacity of the mice. During this test,
the mice were required to detect and coordinate their entire body to
remove a sticker placed on their left forelimb, thereby evaluating
their higher-order sensory and motor abilities. The time taken by
MCAO/R-induced mice to remove the sticker was significantly
prolonged compared to the aCD19 Ab group (Figure 2d).
Exploratory locomotor function and anxiety-related behavior
were evaluated 3 days after the stroke using the open field test,
specifically by measuring the time spent in the center of the area.
We observed that both the MCAO/R and the Iso Ab groups
exhibited a longer residence in the peripheral region, suggesting a
lack of significant exploratory behavior. In contrast, mice treated
with aCD19 Ab demonstrated an extended stay in the central region
and displayed more vigorous exploratory behavior (Figure 2e).
Detailed locomotor pathways of the mice are provided in the
Supplementary Materials (Supplementary Figure S2f). These
behavioral testing results revealed that neurological function
showed a short-term partial recovery in the aCD19 Ab-treated
mice compared to the MCAO/R group, suggesting a protective
effect of the treatment.

3.3 Evaluation of aCD19 Ab treatment in
the MCAO/R model using MRl and TEM

To further employ advanced imaging techniques in detecting
substantial changes within ischemic brain regions, we performed
MRI scans on the mice. The MRI images and quantitative data
demonstrated that aCD19 Ab treatment significantly reduced
infarct volume and cerebral edema, as indicated by a decrease in
the irregular high-density signal and its peripheral extension within
the red-circled region on T2-weighted MRI images, compared to
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the MCAO/R and Iso Ab groups. As expected, the Sham group
exhibited no visible ischemic lesions (p < 0.05, Figures 3a, b).

To further investigate ultrastructural alterations in the ischemic
region, we utilized transmission electron microscopy (TEM) to
assess changes in the microvascular wall and alterations in the
subcellular structure of neurons. In both the MCAO/R and Iso Ab
groups, the vascular walls of microvessels exhibited signs of edema,
accompanied by an expansion of the perivascular space. In contrast,
aCD19 Ab-treated mice displayed noticeably milder vascular
edema, suggesting a potential role in maintaining microvascular
integrity. These pathological changes in the cerebral
microvasculature are likely influenced by ischemia-reperfusion
injury, pro-inflammatory cytokine activity, and oxidative stress
following stroke (Figure 3ci, with representative changes
highlighted in the white box). The observed improvements in
vascular structure indicate that aCD19 Ab treatment may
contribute to post-stroke angiogenesis.

Mitochondrial cristae integrity and quantity are critical for
mitochondrial function, affecting cellular ATP production and
water exchange pumps on the membrane surface, which in turn
influence cellular edema and survival. In the Sham group, TEM
revealed mitochondria with intact cristae structures in neurons
(Figure 3cii, Supplementary Figure S2, indicated by blue arrows).
Following the MCAO operation, there was a marked disruption and
disappearance of mitochondrial cristae structures, along with
morphological changes and swelling of the mitochondria in
neurons (Figure 3cii, indicated by red arrows). In contrast, aCD19
Ab treatment effectively preserved mitochondrial integrity,
maintaining cristae structure and reducing mitochondrial damage
(Figure 3cii, indicated by blue arrows). Additional high-resolution
TEM images are provided in Supplementary Figure S2.

Consistently, TEM findings also revealed a reduction in
microvascular wall swelling and a decrease in neuronal apoptosis
following aCD19 Ab treatment (Figures 3ci, iii). These findings, at
both the imaging and subcellular structural levels, further confirm
that aCD19 Ab treatment significantly mitigates stroke-induced
pathological changes in brain tissue.

3.4 aCD19 Ab treatment facilitated
reconstruction of the vascular network in
ischemic stroke

The cerebral vascular system is an intricate and highly
interconnected network, with stroke research traditionally
focusing on the cerebral arteries, which play a crucial role in
maintaining cerebral perfusion. The fundamental structure of the
cerebral vasculature is a complex network of major arteries. The
vascular structures of mice and humans are similar, both based on
the circle of Willis, interconnected by communicating arteries and
extending into major cerebral artery trunks, which can be visualized
and compared using CTA imaging. Firstly, on a microscopic level,
we compared the angiogenesis-related marker Angl.
Immunofluorescence analysis revealed that Angl expression was
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aCD19 Ab treatment reduced edema, reduced mitochondrial damage in the MCAO/R model. (a) Representative images showed ischemic lesion on
T2wt MRI (Red Outlined). (b) MRI infarction area data were presented as mean + SD, n=3, ***p < 0.001. (c) The TEM scanning displayed the
subcellular structures of infarct area. (i) Magnification: 2.5kX — Swelling of vascular endothelial cells due to ischemia is evident, particularly in the
MCAO/R group, while the aCD19 Ab-treated group exhibits less severe swelling (The White Rectangular Region). ii. Magnification: 5.0kX — Blue
arrows indicate intact mitochondria, whereas red arrows highlight damaged mitochondria. iii. Magnification: 1.2kX — The MCAO/R group
demonstrates nuclear apoptosis, whereas the aCD19 Ab-treated group and Sham group maintain relatively normal nuclear and nucleoplasmic

integrity (The White Rectangular Region).

significantly higher in the aCD19 Ab-treated group compared to the
MCAO/R and Iso Ab groups (Figure 4a). The increased
fluorescence intensity of Angl suggests that aCD19 Ab treatment
exerts a protective and pro-angiogenic effect on damaged neural
and vascular structures following stroke (Figure 4a, Supplementary
Figure S3a). This difference was confirmed to be statistically
significant (Figure 4b).

The compound MICROFIL was perfused through the aortic
cannula to visualize the blood vessels, enabling a 3D display of the
cerebral vascular network in mice from ventral, dorsal, left, and
coronal perspectives using micro-CT scanning. Following MCAO
induction, despite filament withdrawal, we observed persistent
physical obstruction in the affected cerebral vessels. This blockage
was due to vascular spasms triggered by vessel stimulation and severe
cerebral edema following infarction. As a result, CT failed to reveal
the blood vessels, and significant disruptions in the integrity of the
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Circle of Willis were noted. Additionally, the cerebral blood vessels in
the contralateral hemisphere were similarly affected and not visible
on imaging. Following treatment with aCD19 Ab, although the
middle cerebral artery directly impacted by the filament occlusion
still exhibited irreversible vasospasm and the blood vessels in the
ischemic hemisphere remained notably diminished, vessels in other
regions—particularly the contralateral hemisphere—appeared
relatively preserved. These findings suggest that aCD19 Ab
intervention reduced vascular spasm and spontaneous occlusion
throughout the brain, thereby maximizing the preservation of the
cerebral vascular network’s integrity (Figure 4c). Based on CT scan
data, we reconstructed an overall brain image using a heat map-like
expression to analyze blood vessel density, representing the degree of
blood supply. We speculated that the blue regions, with less cerebral
vascular density, had lower blood flow, while the red regions, with
higher cerebral vessel density, had increased blood flow. The aCD19
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FIGURE 4

Reconstruction of vascular network in ischemic stroke. (a) The Angiopoietin 1 (Red) and GFAP (Green) staining exhibited the angiogenesis and the
astrocytes in the cerebral tissues in 20 times magnification (Scale bar=100 um). (b) The Angiopoietin 1 level of infarct area (data were presented as
mean + SD, n=3, *p < 0.05). (c) the 3D vascular network in ischemic stroke: Square A stood for anterior perspective; Square P stood for Rear
perspective; Square L stood for the left side perspective; Square S stood for Coronal perspective. (d) The vessel density depended reconstruction of
CT scan results: higher vessel density area (Red); lower vessel density area (Blue)

Ab group exhibited significantly higher blood vessel density
compared to both the MCAO/R and Iso Ab groups (Figure 4d).
These findings visually demonstrated changes in cerebral blood
supply and suggested a recovery of the angiogenic response
following treatment, highlighting the potential implications for
aCD19 Ab therapy strategies targeting stroke-induced

angiogenesis restoration.

3.5 Regulation of cerebral and systemic
immune response by anti-CD19 Ab
treatment

Recent studies have found that MLVs are widely distributed

throughout the central nervous system, including the sieve plate,
dorsolateral meninges, base of the brain, and around the spinal
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cord. These vessels play a crucial role in storing, migrating, and
transporting immune cells within the cerebral immune system, as
well as connecting the central and peripheral immune systems.
Additionally, MLVs are involved in the removal of brain
macromolecules and in mediating immune responses. Impaired
clearance of factors may lead to edema and cerebral immune
dysfunction, further exacerbating post-stroke inflammation. Given
this, we sought to investigate the interaction between the meningeal
immune cells induced by aCD19 Ab therapy after stroke. The
specific markers CD31 and LYVE-1 antibodies were employed for
distinguishing between blood vessels and lymphatic vessels
(Figure 5a). Supplementary Figure S3b presents the whole-mount
meningeal staining, with the region of interest (ROI) marked by a
white box. This designated ROI is located on the infarcted side of
the brain following MCAO. The images displayed in Figure 5a were
specifically selected from this ROI, ensuring a consistent and
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Injection of aCD19 Ab reduced meningeal local and systemic inflammatory response. (a) The IF co-staining results of LYVE-1 and CD31 at 20 times
magnification (Scale bar=100 um) (data were presented as mean + SD, n=3, ***p < 0.001). (b) (i) The IF staining results of CD19 in meninges tissue at
60 times magnification (Scale bar=20 um) (data were presented as mean + SD, n=3, ***p < 0.001). ii. The IF staining results of MPO in meninges
tissue at 60 times magnification (Scale bar=20 pum) (n=3, *p < 0.05). (c) Representative IHC staining of B cells, Neutrophils and T cells in the infarct
area at 60 times magnification (Scale bar=20 um) and their statistical analysis of the ratio of the positive cells to the total cells number (data were
presented as mean + SD, n=3, ***p < 0.001 and **p < 0.01). (d) The Flow Cytometry results of immune cells in peripheral blood of MCAO/R mouse.
(i) CD4™T cells. ii. CD8™T cells. iii. Neutrophils (data were presented as mean + SD, n=3, **p < 0.01). (e) Expression of the inflammatory cytokines in

cerebral parenchyma (data were presented as mean + SD, n=3).

representative assessment of meningeal lymphatic and vascular
changes in response to aCD19 Ab treatment. Double-staining
with LYVE-1 and CD31 markers confirmed that lymphatic
endothelial proliferation in the meningeal area of mice was
increased in the MCAO/R and Iso Ab groups, while it was
relatively lower in the aCD19 Ab group (Figure 5a). Individual
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fluorescence channel images are displayed separately in
Supplementary Figure S3c.

Interestingly, the infiltration of B cells and neutrophils into the
meningeal lymphatic vessels of MCAO/R mice was significantly
higher than that observed in aCD19 Ab-treated mice (Figure 5b).
To verify the consistency of immune cell subpopulation changes
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between the central nervous system and the peripheral system, we
further investigated the number of immune cells in both the brain
parenchyma and peripheral blood. Flow cytometry results revealed
that the proportion of B cells in the brain parenchyma was
significantly higher in the MCAO/R group compared to the Sham
group, whereas aCD19 Ab treatment effectively reversed this
increase (Supplementary Figure S4a).

Moreover, as previous studies have demonstrated cross-
regulation among immune cell subtypes, we also assessed T-cell
and myeloid cell populations within the brain (Supplementary
Figures S4b, c). IHC analysis provided a visual representation of
these findings, demonstrating that the recruitment of T cells, B cells,
and neutrophils in the brain parenchyma was significantly elevated
in the MCAO/R group compared with the Sham group. However,
aCD19 Ab treatment effectively reduced immune cell infiltration
and migration (Figure 5c¢).

These central immune-modulatory effects were further
corroborated by peripheral blood analysis, where aCD19 Ab
treatment resulted in a significant reduction in CD4" T
lymphocytes, CD8" T lymphocytes, and neutrophils as early as 24
hours post-treatment, with this effect persisting up to 48 hours
(Figure 5d, flow cytometry data shown in Supplementary Figure
S4d). Meanwhile, cytokines play an important chemotactic role in
the immune system. Using qPCR technology, we detected cytokine
expression and found a significant increase in levels of II-2, 1I-6, II-
10, and Tnf-c within the MCAO/R group. However, treatment with
aCD19 Ab effectively reversed this elevation (Figure 5e). Taken
together, these results suggest that aCD19 Ab treatment modulated
local and systemic immune infiltration and cytokine expression
after ischemic stroke.

3.6 Meningeal immune cell infiltration and
peripheral immune system changes in
stroke patients

Meningeal tissues were collected from five stroke patients who
underwent decompressive craniectomy (patient details provided in
Table 1; PRISMA flowchart shown in Supplementary Figure S6).
Immunofluorescence staining using LYVE-1, MPO, and CD19 was
performed to observe meningeal immune cell infiltration
(individual fluorescence channel images available in
Supplementary Figure S5). The expression levels of MPO and
CD19 varied among patients, suggesting differences in neutrophils
and B cells infiltration in meningeal tissues (Figures 6a, b). both
MPO and CDI19 expression in the meningeal tissue exhibited a
consistent upward trend among patients, suggesting a potential
correlation between immune cell infiltration and stroke severity
(Figure 6¢). Furthermore, peripheral blood lymphocyte counts and
cytokine profiles revealed trends that were consistent with the
infiltration patterns observed in the meninges. Specifically,
patients with more severe clinical conditions had higher MPO
and CDI19 counts, with both markers showing a parallel increase
in expression (Table 1).
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Due to the small sample size, we were unable to conduct a large-
scale cohort study or a controlled trial. Within this limited cohort,
we identified a potentially indicative trend: increasing MPO and
CD19 expression correlated with greater disease severity. The
patients’ status and outcomes, evaluated using GCS, mRS, NIHSS,
and MBI scores, all showed a negative correlation with the patients’
peripheral B cell and neutrophil counts and cytokine levels,
particularly the expression of IL-2 and IL-6 (Table 1).

4 Discussion

This comprehensive study employed a multifaceted analytical
approach to assess the effects of B cell inhibition in an ischemic
stroke model. The macroscopic imaging techniques, such as TTC
and MR, revealed a significant reduction in infarct size and volume,
indicating the effectiveness of B cell inhibition. Further
corroborated by histological examinations like H&E staining and
TUNEL assays, these findings demonstrated improved
microstructural integrity and reduced apoptosis in areas treated
with the aCD19 antibody.

Meanwhile, the study highlighted the anti-inflammatory
benefits of CD19" B cell depletion. By moderating the activation
of inflammatory factors and reducing cytokine levels, this approach
effectively decreased the recruitment of chemotactic immune cells.
This modulation of the immune response also negated the need for
a rise in anti-inflammatory cytokines, explaining the observed
reduction in IL-10 levels in the aCD19 Ab group.

B cells are critical in host defense by the secretion of antibodies
as well as by generation of chemokines/cytokines and antigen-
presenting to T cells, thereby influencing the activation of T cells
and shaping the overall inflammatory environment (31). B cells can
also influence myeloid cell behavior, particularly by modulating
macrophage polarization via cytokine production or direct cell-cell
interactions (32, 33). In our study, while we acknowledge that B
cells are not the most abundant immune cells infiltrating the stroke
site—especially when compared to myeloid cells—the
observed effects of B-cell depletion are likely a result of
multifactorial interactions, involving both direct and indirect
immunomodulatory effects rather than the suppression of a single
immune cell type in isolation. PCOS is a chronic inflammatory
disease. Our previous findings also revealed that CD19+ B cell-
depleted mice were resistant to DHEA-induced PCOS, while aCD19
Ab treatment markedly ameliorated pathological phenotypes in
PCOS mice by inhibiting local and systemic inflammation (25, 34).
Thus, we hypothesize that B-cell depletion disrupts the overall
inflammatory cascade by reducing the production of pro-
inflammatory cytokines and modulating interactions between
myeloid cells and T cells. The disruption of specific inflammatory
signaling branches within this cascade may ultimately contribute to
the observed protective effects in stroke outcomes.

Vascular occlusion resulting from MCAO, coupled with a local
inflammatory response leading to brain edema, may result in
physical compression, vasospasm, micro-vascular thrombosis, and
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FIGURE 6

The status of meningeal immune cell infiltration and peripheral immune cell changes in stroke patients. (a) The IF co-staining results of LYVE-1 (Red)
and MPO (Green) in meningeal tissue at 60 times magnification (Scale bar=20 um). (b) The IF co-staining results of LYVE-1 (Red) and CD19 (Green)
in meningeal tissue at 60 times magnification (Scale bar=20 um). (c) Comparison of the ratio of the CD19 and MPO positive cells to the total cells

number in meningeal(data were presented as mean + SD, n=3).

subsequent vascular occlusion. Based on CTA data, the density and
integrity of cerebrovascular network (Figure 4c) showed that B cell
inhibition facilitated the development of compensatory collateral
circulation, likely due to the amelioration of cerebral edema and
prevention of further vascular damage. Anti-CD19 treatment

Frontiers in Immunology

14

enhanced the regeneration of microcirculation and promoted
cerebral blood flow reconstruction, thereby improving perfusion
to unaffected brain territories. TEM technology revealed less severe
microvascular wall edema in the aCD19 Ab group compared to the
control group (Figure 3ci). The expression of the angiogenesis-
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related marker Angl was significantly higher in the aCDI19 Ab
group, indicating reactive angiogenesis under ischemic and hypoxic
stimulation. This compensatory vascular proliferation may improve
the blood supply in the peri-ischemic region (penumbra).
Specifically, the restructured cerebral blood flow, as seen in TEM
results, showed alleviated mitochondrial damage and neuronal
structural damage (Figures 3cii, iii). The disruption of
mitochondrial cristae plays a direct role in the development of
edema through a well-established mechanistic cascade rooted in
cellular bioenergetics and ionic homeostasis: Cristae house the
electron transport chain (ETC), which is essential for oxidative
phosphorylation and ATP synthesis. Structural damage to these
cristae severely impairs ETC efficiency, leading to ATP depletion.

Given that neurons rely heavily on ATP to fuel Na'/K"-ATPase
pumps, which maintain ionic homeostasis by extruding
intracellular Na®, ATP depletion results in pump failure and
subsequent Na® accumulation within the cytoplasm (35). This
intracellular sodium overload creates an osmotic gradient that
drives water influx, ultimately causing neuronal swelling and
cytotoxic edema. This mechanism is consistent with previous
findings demonstrating that cristae disruption exacerbates post-
ischemic edema (36).

Moreover, mitochondrial cristae damage promotes the opening
of the mitochondrial permeability transition pore (mPTP), further
destabilizing membrane potential and enhancing the production of
reactive oxygen species (ROS) (37). The interplay between oxidative
stress and ionic imbalance likely amplifies edema severity,
highlighting the critical role of mitochondrial integrity in post-
ischemic brain injury.

The vessel density color map (Figure 4d) indicated that regions
with higher cerebrovascular density (depicted in red) have a better
blood supply, especially in the intact contralateral hemisphere,
while areas with lower cerebrovascular density (depicted in blue)
suggested reduced blood supply. This micro-CT data interpretation
may provide a novel method to assess changes in cerebral blood
flow. The insertion of foreign objects impacts the vascular
endothelium, and the MCAO procedure itself causes physical
damage to the structure of cerebral blood vessels (38, 39).
Consequently, the affected vessels may undergo permanent
occlusion (40). Admittedly, this anti-CD19 immunomodulatory
treatment cannot fully restore the ischemic core brain tissue but
does prevent further expansion of the infarct area, explaining why
the infarct area was not completely eliminated, as shown in the TTC
and MRI results (Figure 1). Moreover, measurements of brain water
content indicate that MCAO mice had severe cerebral edema before
treatment. Clinical observations suggest that cerebral edema can
lead to brain herniation, resulting in physical compression and
closure of blood vessels (41). This is directly evidenced by the
reduced cerebral vasculature observed in the MCAO/R group in the
micro-CT images.

When a stroke occurs, the body’s response includes a surge in
immune cells, inflammatory cytokines, and ROS due to ischemia-
reperfusion. These elements act as “antigens” that stimulate a
systemic immune response, allowing immune cells to migrate into
the brain through a disrupted BBB (19). Current research is keenly
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focused on understanding how these peripheral immune cells
traverse into the CNS, their roles in the pathology of stroke, and
their potential as therapeutic targets (42).

An important component of this immune interaction involves
the MLVs, which are located within the dura mater. These vessels
serve crucial functions, including the drainage of interstitial fluid,
macromolecules, and immune cells from the cranial cavity, regulating
the immune responses within the brain (16, 43, 44). The role of MLV's
has drawn significant attention, hypothesizing that alterations in this
system or changes in the local immune microenvironment might
reciprocally influence each other, potentially affecting the progression
and outcome of stroke (45, 46). In ischemic region, MLVs are
implicated in penetrating the injured brain parenchyma. This
invasion assists in reducing brain edema by providing a pathway
for the drainage of cerebral interstitial fluid and by promoting
angiogenesis (47). Such multifaceted roles underscore the critical
importance of the meningeal lymphatic system following a cerebral
infarction and point to its potential as a therapeutic target for
managing ischemic stroke.

To cross-validate the results obtained from animal models with
clinical reality, it is crucial to have access to human samples that
accurately represent dynamic cerebral immune changes. Due to
ethical and surgical constraints, direct access to brain tissues from
stroke patients during treatment is restricted, and postmortem
samples often fail to capture the rapid immune system changes
occurring during stroke onset and progression. Therefore, in this
study, studying real-time dynamic cerebral immune changes relies
on alternative sources like dura mater samples obtained during
decompressive craniectomy surgeries. These samples, which are
typically discarded as medical waste, provide a unique opportunity
for examining the inflammatory responses and immune cell
activities in the context of stroke. According to the analysis of
meningeal samples from MCAO mice, stroke-induced
inflammatory responses or immune cells migration can increase
LYVE-1 expression and CD31 endothelial interaction, which was
considered an interplay between terminal lymphatic vessels and
capillaries. Moreover, studies have demonstrated that
preconditioned anti-CD19 treatment in MCAO mouse models
substantially reduces B cell presence and affects the infiltration of
neutrophils, mirroring observations in human samples (Figure 6a).
In the immunofluorescent staining of dura mater from stroke
patients, there was a positive correlation between the expression
of MPO marker and CD19 marker (Figure 6¢). This indicates a
positive correlation between the number of neutrophils and B cells
within the MLVs. But the initiating factors and specific mechanisms
underlying this relationship remain unclear and warrant further
investigation. The variation in immune cell infiltration in MLVs
observed in this small-sample study was negatively correlated with
patient prognosis. Additionally, the increase in lymph vessel density
and diameter of MCAO mice may be attributed to abnormal
intracranial pressure caused by edema (Figure 5a). As lymphatic
drainage is essential for removing excess fluid from the
parenchyma, the changes diameter and density of MLVs
poststroke result in a greater outflow rate of drainage under high-
pressure conditions (48). This suggests that when edema results in
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higher intracranial pressure after stroke, meningeal lymphatic
drainage is activated, decreasing water content (Figure 1d) and
alleviating edema (49). These insights contribute to understanding
the intricate interplay among the immune system, cerebral edema,
and the MLVs in the context of stroke.

Pre-treatment studies using stroke animal models are a
common research approach (50). Although clinical interventions
predominantly focus on post-stroke treatments, the severe
consequences of stroke and the limitations of current therapies in
fully restoring neurological function highlight the urgent need for
effective preventive strategies in high-risk populations. This
necessity parallels the use of antiplatelet and anticoagulant
therapies in conditions like hypertension to avert severe events
(51-53). Notably, numerous immunomodulatory and
immunosuppressive drugs developed for other diseases already
exist (54, 55). Leveraging the principles and mechanisms
underlying these therapies, we can investigate preventive
immunotherapeutic methods specifically for stroke.
Immunomodulatory treatments generally require time to become
effective; thus, administering them after stroke onset may not yield
timely benefits compatible with the acute nature of stroke
progression. This discrepancy underscores the potential value of
exploring reversible, non-permanent pharmacological pre-
treatments administered before stroke occurrence in high-risk
individuals—a strategy that could become viable in the future.

Such preventive pre-treatment strategies could proactively
modulate the immune system, thereby reducing the risk of stroke
or mitigating its severity upon occurrence. Additionally, this
approach avoids the long-term side effects and physiological
burdens associated with prolonged use of immunosuppressants.
Appropriately adjusting the immune response in high-risk
populations also offers a new avenue for personalized medicine.

Short-term prophylactic B cell inhibition aligns with studies
suggesting that B cell involvement is either negligible in the acute
phase or beneficial during chronic stages of stroke. This concept of
aCD19 Ab treatment aims to reduce the early exaggerated
inflammatory response induced neural damage, presenting a
viable therapeutic approach. In translating aCD19 Ab treatment
into a viable therapeutic approach, several challenges must be
considered, including the heterogeneity of human stroke
pathology, which is highly variable and often influenced by
comorbidities such as hypertension, diabetes, and atherosclerosis.
These conditions can significantly alter immune responses and
impact treatment efficacy, making it difficult to directly translate
findings from controlled preclinical models to clinical applications.
Additionally, there are fundamental differences in B-cell subset
composition, activation pathways, and regulatory mechanisms
between murine and human immune systems, further
complicating the extrapolation of experimental results. Another
critical factor is the optimization of dosing regimens, as achieving a
balance between immune suppression and neuroprotection is
essential. While aCD19 Ab treatment presents a promising
immunomodulatory strategy, excessive suppression may increase
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the risk of infections, whereas insufficient modulation may fail to
provide therapeutic benefits. Addressing these challenges is
imperative to refine and enhance the clinical applicability of
aCD19 Ab treatment in stroke therapy. Future studies should
focus on long-term safety, personalized treatment considerations,
and the broader immunological implications to ensure both efficacy
and safety in diverse patient populations.

Nevertheless, several questions need to be addressed. Firstly,
while our study focused on the benefits of aCD19 Ab treatment in a
stroke model, some reports indicate that long-term outcomes may
difter (56). The complex and dynamic process of neural repair and
regeneration over extended periods necessitates future studies to
explore how aCD19 Ab treatment might influence long-term
neurorehabilitation and functional recovery (57, 58). Secondly,
our study is based on observational data from a limited cohort of
stroke patients, so the generalizability of our findings to broader
populations requires further investigation. The impact of different
stroke subtypes, such as ischemic or hemorrhagic strokes, on the
observed effects remains unclear. Further research is needed to
verify the robustness of our results and to determine whether other
factors, such as genetic predispositions or comorbidities, may also
influence the outcomes. Thirdly, recent studies have suggested that
the interplay between the immune system and the MLV could be
crucial in stroke pathogenesis (59). While our investigation touched
upon the role of the MLV, the broader dynamics of this interaction
and its potential contribution to stroke-related complications are
not fully understood. Future research should delve into the intricate
details of how MLVs may influence immune responses in the
context of stroke, providing a more comprehensive understanding
of the mechanisms involved.

5 Conclusions

In summary, our study offers insights into the potential benefits
of the CD19" B cell depletion in stroke management. We observed
consistent results in meningeal lymphatic vessels across both
clinical stroke samples and animal experiments, underscoring the
importance of integrating clinical and basic research. The findings
suggest that short-term B-cell inhibition can alleviate early
inflammatory responses and reduce neural damage caused by
oxidative stress, indicating a promising therapeutic approach.

This research opens avenues for exploring immunotherapy
strategies aimed at mitigating the severity of stroke. However, the
study has limitations, and further research is necessary to validate
the feasibility and safety of this approach. Future studies should
focus on the long-term effects of B-cell inhibition on stroke
recovery, the influence of genetic predispositions and
comorbidities, and the detailed mechanisms by which meningeal
lymphatic vessels influence immune responses in stroke.
Addressing these areas will pave the way for more targeted and
effective therapeutic strategies in stroke treatment.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1528471
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

Data availability statement

The data generated in this study are available within the article
and its Supplementary Data Files. A structured repository of data
does not exist. Additional data (e.g., deidentified raw data) are
available upon request to the corresponding author, YZ, subject to
necessary authorization from the Data Review Committee of the
author’s institution. All data requests must comply with the
Personal Information Protection Act to ensure the privacy and
confidentiality of patient data. The corresponding author, YZ, will
provide guidance on the privacy-preserving procedures required for
data access. Requests to access the datasets should be directed to YZ,
507766@csu.edu.cn.

Ethics statement

The studies involving humans were approved by the Second
XiangYa Hospital of Central South University Ethical Committee.
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study. The animal
study was approved by the Animal Care and Use Committee of The
Second Xiangya Hospital of Central South University. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

YX: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Software, Visualization, Writing -
original draft, Writing - review & editing. JP: Data curation,
Formal Analysis, Investigation, Methodology, Resources, Software,
Validation, Visualization, Writing — original draft, Writing — review
& editing. YY: Data curation, Investigation, Project administration,
Visualization, Writing — review & editing. MG: Data curation,
Formal Analysis, Investigation, Methodology, Project
administration, Resources, Software, Visualization, Writing -
review & editing. HZ: Formal Analysis, Investigation, Supervision,
Validation, Writing - review & editing. LC: Conceptualization,
Data curation, Formal Analysis, Investigation, Supervision,
Validation, Visualization, Writing - original draft, Writing -
review & editing. YZ: Conceptualization, Data curation, Formal

References

1. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP,
et al. Heart disease and stroke statistics-2020 update: A report from the American heart
association. Circulation. (2020) 141:¢139-596. doi: 10.1161/cir.0000000000000757

2. Tsivgoulis G, Katsanos AH, Sandset EC, Turc G, Nguyen TN, Bivard A, et al.
Thrombolysis for acute ischaemic stroke: current status and future perspectives. Lancet
Neurol. (2023) 22:418-29. doi: 10.1016/s1474-4422(22)00519-1

3. Lees KR, Bluhmki E, von Kummer R, Brott TG, Toni D, Grotta JC, et al. Time to
treatment with intravenous alteplase and outcome in stroke: an updated pooled analysis

Frontiers in Immunology

17

10.3389/fimmu.2025.1528471

Analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing — original draft, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
and supported by the Natural Science Foundation of China (NSFC)
Youth Fund (32200747); Hunan Provincial Natural Science
Foundation Youth Fund (2022]J40730); Hunan Provincial Key
Research and Development Program Project (2023SK2033); Hunan
Provincial Health Commission Natural Science Foundation
(202204043379); Hunan Provincial Administration of Traditional
Chinese Medicine Natural Science Foundation (D2022127).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1528471/full#supplementary-material

of ecass, atlantis, ninds, and epithet trials. Lancet. (2010) 375:1695-703. doi: 10.1016/
S0140-6736(10)60491-6

4. Sarraj A, Hassan AE, Abraham MG, Ortega-Gutierrez S, Kasner SE, Hussain MS,
et al. Trial of endovascular thrombectomy for large ischemic strokes. N Engl ] Med.
(2023) 388:1259-71. doi: 10.1056/NEJMo0a2214403

5. Macrez R, Ali C, Toutirais O, Le Mauff B, Defer G, Dirnagl U, et al. Stroke and the
immune system: from pathophysiology to new therapeutic strategies. Lancet Neurol.
(2011) 10:471-80. doi: 10.1016/S1474-4422(11)70066-7

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1528471/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1528471/full#supplementary-material
https://doi.org/10.1161/cir.0000000000000757
https://doi.org/10.1016/s1474-4422(22)00519-1
https://doi.org/10.1016/S0140-6736(10)60491-6
https://doi.org/10.1016/S0140-6736(10)60491-6
https://doi.org/10.1056/NEJMoa2214403
https://doi.org/10.1016/S1474-4422(11)70066-7
https://doi.org/10.3389/fimmu.2025.1528471
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

6. Iadecola C, Buckwalter MS, Anrather J. Immune responses to stroke:
mechanisms, modulation, and therapeutic potential. J Clin Invest. (2020) 130:2777-
88. doi: 10.1172/jcil135530

7. Endres M, Moro MA, Nolte CH, Dames C, Buckwalter MS, Meisel A. Immune
pathways in etiology, acute phase, and chronic sequelae of ischemic stroke. Circ Res.
(2022) 130:1167-86. doi: 10.1161/CIRCRESAHA.121.319994

8. Malone MK, Ujas TA, Britsch DRS, Cotter KM, Poinsatte K, Stowe AM. The
immunopathology of B lymphocytes during stroke-induced injury and repair. Semin
Immunopathol. (2023) 45:315-27. doi: 10.1007/s00281-022-00971-3

9. Oftner H, Hurn PD. A novel hypothesis: regulatory B lymphocytes shape outcome from
experimental stroke. Transl Stroke Res. (2012) 3:324-30. doi: 10.1007/s12975-012-0187-4

10. Ortega SB, Torres VO, Latchney SE, Whoolery CW, Noorbhai IZ, Poinsatte K,
et al. B Cells Migrate into Remote Brain Areas and Support Neurogenesis and
Functional Recovery after Focal Stroke in Mice. Proc Natl Acad Sci U.S.A. (2020)
117:4983-93. doi: 10.1073/pnas.1913292117

11. Tacke S, Chunder R, Schropp V, Urich E, Kuerten S. Effects of a fully humanized
type ii anti-cd20 monoclonal antibody on peripheral and cns B cells in a transgenic
mouse model of multiple sclerosis. Int | Mol Sci. (2022) 23(6):3172. doi: 10.3390/
ijms23063172

12. Doyle KP, Quach LN, Solé M, Axtell RC, Nguyen TV, Soler-Llavina GJ, et al. B-
lymphocyte-mediated delayed cognitive impairment following stroke. J Neurosci.
(2015) 35:2133-45. doi: 10.1523/jneurosci.4098-14.2015

13. Yilmaz G, Arumugam TV, Stokes KY, Granger DN. Role of T lymphocytes and
interferon-gamma in ischemic stroke. Circulation. (2006) 113:2105-12. doi: 10.1161/
circulationaha.105.593046

14. Kleinschnitz C, Schwab N, Kraft P, Hagedorn I, Dreykluft A, Schwarz T, et al.
Early detrimental T-cell effects in experimental cerebral ischemia are neither related to
adaptive immunity nor thrombus formation. Blood. (2010) 115:3835-42. doi: 10.1182/
blood-2009-10-249078

15. Ren X, Akiyoshi K, Dziennis S, Vandenbark AA, Herson PS, Hurn PD, et al. Regulatory
B cells limit cns inflammation and neurologic deficits in murine experimental stroke. ]
Neurosci. (2011) 31:8556-63. doi: 10.1523/jneurosci.1623-11.2011

16. Wang Y], Sun YR, Pei YH, Ma HW, Mu YK, Qin LH, et al. The lymphatic
drainage systems in the brain: A novel target for ischemic stroke? Neural Regener Res.
(2023) 18:485-91. doi: 10.4103/1673-5374.346484

17. Perla M, Caretti V, Moro MA, McCullough LD. Role of the meningeal
lymphatics in stroke. Stroke. (2023) 54:1670-3. doi: 10.1161/strokeaha.123.043424

18. Jian Z, Liu R, Zhu X, Smerin D, Zhong Y, Gu L, et al. The involvement and
therapy target of immune cells after ischemic stroke. Front Immunol. (2019) 10:2167.
doi: 10.3389/fimmu.2019.02167

19. Chen J, Wang L, Xu H, Wang Y, Liang Q. The lymphatic drainage system of the
cns plays a role in lymphatic drainage, immunity, and neuroinflammation in stroke. J
Leukoc Biol. (2021) 110:283-91. doi: 10.1002/JLB.5MR0321-632R

20. Heeger PS, Haro MC, Jordan S. Translating B cell immunology to the treatment
of antibody-mediated allograft rejection. Nat Rev Nephrol. (2024) 20:218-32.
doi: 10.1038/541581-023-00791-0

21. DiLillo DJ, Ravetch JV. Differential fc-receptor engagement drives an anti-tumor
vaccinal effect. Cell. (2015) 161:1035-45. doi: 10.1016/j.cell.2015.04.016

22. Forsthuber TG, Cimbora DM, Ratchford JN, Katz E, Stiive O. B cell-based therapies
in cns autoimmunity: differentiating cd19 and ¢d20 as therapeutic targets. Ther Adv
Neurol Disord. (2018) 11:1756286418761697. doi: 10.1177/1756286418761697

23. Lee DSW, Rojas OL, Gommerman JL. B cell depletion therapies in autoimmune
disease: advances and mechanistic insights. Nat Rev Drug Discovery. (2021) 20:179-99.
doi: 10.1038/s41573-020-00092-2

24. Zhang Z, Xu Q, Huang L. B cell depletion therapies in autoimmune diseases:
monoclonal antibodies or chimeric antigen receptor-based therapy? Front Immunol.
(2023) 14:1126421. doi: 10.3389/fimmu.2023.1126421

25. Wang T, Xiong X, Xiao N, Yan Y, Liu X, Xie Q, et al. The therapeutic effect of
anti-cd19 antibody on dhea-induced pcos mice. Int Immunopharmacol. (2024)
130:111711. doi: 10.1016/j.intimp.2024.111711

26. Nothelfer K, Sansonetti PJ, Phalipon A. Pathogen manipulation of B cells: the
best defence is a good offence. Nat Rev Microbiol. (2015) 13:173-84. doi: 10.1038/
nrmicro3415

27. Denorme F, Portier I, Rustad JL, Cody M]J, de Araujo CV, Hoki C, et al
Neutrophil extracellular traps regulate ischemic stroke brain injury. J Clin Invest. (2022)
132(10):e154225. doi: 10.1172/jcil154225

28. Wang Z, Zhou Y, Yu Y, He K, Cheng LM. Lipopolysaccharide preconditioning
increased the level of regulatory B cells in the spleen after acute ischaemia/reperfusion
in mice. Brain Res. (2018) 1701:46-57. doi: 10.1016/j.brainres.2018.05.036

29. Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle cerebral
artery occlusion without craniectomy in rats. Stroke. (1989) 20:84-91. doi: 10.1161/
01.str.20.1.84

30. Krestel H, Weisstanner C, Hess CW, Bassetti CL, Nirkko A, Wiest R. Insular and
caudate lesions release abnormal yawning in stroke patients. Brain Struct Funct. (2015)
220:803-12. doi: 10.1007/s00429-013-0684-6

Frontiers in Immunology

10.3389/fimmu.2025.1528471

31. Qin X, Akter F, Qin L, Cheng J, Guo M, Yao S, et al. Adaptive immunity
regulation and cerebral ischemia. Front Immunol. (2020) 11:689. doi: 10.3389/
fimmu.2020.00689

32. Wang R, Li H, Ling C, Zhang X, Lu J, Luan W, et al. A novel phenotype of B cells
associated with enhanced phagocytic capability and chemotactic function after ischemic
stroke. Neural Regener Res. (2023) 18:2413-23. doi: 10.4103/1673-5374.371365

33. Huang Y, Ma K, Qin R, Fang Y, Zhou J, Dai X. Pristane attenuates
atherosclerosis in apoe(-/-) mice via il-4-secreting regulatory plasma cell-mediated
M2 macrophage polarization. BioMed Pharmacother. (2022) 155:113750. doi: 10.1016/
j.biopha.2022.113750

34. Xiao N, He K, Gong F, Xie Q, Peng J, Su X, et al. Altered subsets and activities of
B lymphocytes in polycystic ovary syndrome. J Allergy Clin Immunol. (2019) 143:1943-
5.e4. doi: 10.1016/j.jaci.2019.01.007

35. Parvez S, Kaushik M, Ali M, Alam MM, Ali J, Tabassum H, et al. Dodging blood
brain barrier with “Nano” Warriors: novel strategy against ischemic stroke.
Theranostics. (2022) 12:689-719. doi: 10.7150/thno.64806

36. Vlodavsky E, Palzur E, Shehadeh M, Soustiel JF. Post-traumatic cytotoxic edema
is directly related to mitochondrial function. J Cereb Blood Flow Metab. (2017) 37:166—
77. doi: 10.1177/0271678x15621068

37. Yang JL, Mukda S, Chen SD. Diverse roles of mitochondria in ischemic stroke.
Redox Biol. (2018) 16:263-75. doi: 10.1016/j.redox.2018.03.002

38. Kucinski T, Koch C, Eckert B, Becker V, Kromer H, Heesen C, et al. Collateral
circulation is an independent radiological predictor of outcome after thrombolysis in
acute ischaemic stroke. Neuroradiology. (2003) 45:11-8. doi: 10.1007/s00234-002-0881-0

39. Pillai JJ, Lanzieri CF, Trinidad SB, Tarr RW, Sunshine JL, Lewin JS. Initial
angiographic appearance of intracranial vascular occlusions in acute stroke as a
predictor of outcome of thrombolysis: initial experience. Radiology. (2001) 218:733—
8. doi: 10.1148/radiology.218.3.r01mr40733

40. Denorme F, Langhauser F, Desender L, Vandenbulcke A, Rottensteiner H,
Plaimauer B, et al. Adamts13-mediated thrombolysis of T-pa-resistant occlusions in
ischemic stroke in mice. Blood. (2016) 127:2337-45. doi: 10.1182/blood-2015-08-
662650

41. Boehm-Sturm P, Farr TD, Adamczak J, Jikeli JF, Mengler L, Wiedermann D,
et al. Vascular changes after stroke in the rat: A longitudinal study using optimized
magnetic resonance imaging. Contrast Media Mol Imaging. (2013) 8:383-92.
doi: 10.1002/cmmi.1534

42. Brioschi S, Wang WL, Peng V, Wang M, Shchukina I, Greenberg ZJ, et al.
Heterogeneity of meningeal B cells reveals a lymphopoietic niche at the cns borders.
Science. (2021) 373(6553):eabf9277. doi: 10.1126/science.abf9277

43. Benakis C, Brea D, Caballero S, Faraco G, Moore J, Murphy M, et al. Commensal
microbiota affects ischemic stroke outcome by regulating intestinal I'd T cells. Nat Med.
(2016) 22:516-23. doi: 10.1038/nm.4068

44. Rua R, McGavern DB. Advances in meningeal immunity. Trends Mol Med.
(2018) 24:542-59. doi: 10.1016/j.molmed.2018.04.003

45. Smyth LCD, Xu D, Okar SV, Dykstra T, Rustenhoven J, Papadopoulos Z, et al.
Identification of direct connections between the dura and the brain. Nature. (2024) 627
(8002):165-173. doi: 10.1038/s41586-023-06993-7

46. Yoon JH, Jin H, Kim HJ, Hong SP, Yang MJ, Ahn JH, et al. Nasopharyngeal
lymphatic plexus is a hub for cerebrospinal fluid drainage. Nature. (2024) 625:768-77.
doi: 10.1038/s41586-023-06899-4

47. Chen J, He J, Ni R, Yang Q, Zhang Y, Luo L. Cerebrovascular injuries induce
lymphatic invasion into brain parenchyma to guide vascular regeneration in zebrafish.
Dev Cell. (2019) 49:697-710 e5. doi: 10.1016/j.devcel.2019.03.022

48. Yanev P, Poinsatte K, Hominick D, Khurana N, Zuurbier KR, Berndt M, et al.
Impaired meningeal lymphatic vessel development worsens stroke outcome. J Cereb
Blood Flow Metab. (2020) 40:263-75. doi: 10.1177/0271678X18822921

49. Chen S, Shao L, Ma L. Cerebral edema formation after stroke: emphasis on
blood-brain barrier and the lymphatic drainage system of the brain. Front Cell
Neurosci. (2021) 15:716825. doi: 10.3389/fncel.2021.716825

50. Jiao Y, Shang J, Ohta Y, Yan H, Liu X, Li X, et al. Neuroprotective effects of
tocovid pretreatment in a mouse stroke model. J Stroke Cerebrovasc Dis. (2018)
27:2166-74. doi: 10.1016/j.jstrokecerebrovasdis.2018.03.014

51. Anadani M, de Havenon A, Henninger N, Kuohn L, Mac Grory B, Furie KL,
et al. Antiplatelet use and ischemic stroke risk in minor stroke or transient ischemic
attack: A post hoc analysis of the point trial. Stroke. (2021) 52:€773-€6. doi: 10.1161/
strokeaha.121.035354

52. Tsivgoulis G, Katsanos AH, Sharma VK, Krogias C, Mikulik R, Vadikolias K, et al.
Statin pretreatment is associated with better outcomes in large artery atherosclerotic
stroke. Neurology. (2016) 86:1103-11. doi: 10.1212/wnl.0000000000002493

53. Zhang B, Silverman S, Schwammn LH, Ji X, Singhal AB. Effectiveness of
metformin pretreatment for stroke severity: A propensity score matching study. CNS
Neurosci Ther. (2024) 30:€70004. doi: 10.1111/cns.70004

54. Zhang H,Xia Y, Ye Q, YuF, Zhu W, Li P, et al. In vivo expansion of regulatory T
cells with il-2/il-2 antibody complex protects against transient ischemic stroke. ]
Neurosci. (2018) 38:10168-79. doi: 10.1523/jneurosci.3411-17.2018

frontiersin.org


https://doi.org/10.1172/jci135530
https://doi.org/10.1161/CIRCRESAHA.121.319994
https://doi.org/10.1007/s00281-022-00971-3
https://doi.org/10.1007/s12975-012-0187-4
https://doi.org/10.1073/pnas.1913292117
https://doi.org/10.3390/ijms23063172
https://doi.org/10.3390/ijms23063172
https://doi.org/10.1523/jneurosci.4098-14.2015
https://doi.org/10.1161/circulationaha.105.593046
https://doi.org/10.1161/circulationaha.105.593046
https://doi.org/10.1182/blood-2009-10-249078
https://doi.org/10.1182/blood-2009-10-249078
https://doi.org/10.1523/jneurosci.1623-11.2011
https://doi.org/10.4103/1673-5374.346484
https://doi.org/10.1161/strokeaha.123.043424
https://doi.org/10.3389/fimmu.2019.02167
https://doi.org/10.1002/JLB.5MR0321-632R
https://doi.org/10.1038/s41581-023-00791-0
https://doi.org/10.1016/j.cell.2015.04.016
https://doi.org/10.1177/1756286418761697
https://doi.org/10.1038/s41573-020-00092-2
https://doi.org/10.3389/fimmu.2023.1126421
https://doi.org/10.1016/j.intimp.2024.111711
https://doi.org/10.1038/nrmicro3415
https://doi.org/10.1038/nrmicro3415
https://doi.org/10.1172/jci154225
https://doi.org/10.1016/j.brainres.2018.05.036
https://doi.org/10.1161/01.str.20.1.84
https://doi.org/10.1161/01.str.20.1.84
https://doi.org/10.1007/s00429-013-0684-6
https://doi.org/10.3389/fimmu.2020.00689
https://doi.org/10.3389/fimmu.2020.00689
https://doi.org/10.4103/1673-5374.371365
https://doi.org/10.1016/j.biopha.2022.113750
https://doi.org/10.1016/j.biopha.2022.113750
https://doi.org/10.1016/j.jaci.2019.01.007
https://doi.org/10.7150/thno.64806
https://doi.org/10.1177/0271678x15621068
https://doi.org/10.1016/j.redox.2018.03.002
https://doi.org/10.1007/s00234-002-0881-0
https://doi.org/10.1148/radiology.218.3.r01mr40733
https://doi.org/10.1182/blood-2015-08-662650
https://doi.org/10.1182/blood-2015-08-662650
https://doi.org/10.1002/cmmi.1534
https://doi.org/10.1126/science.abf9277
https://doi.org/10.1038/nm.4068
https://doi.org/10.1016/j.molmed.2018.04.003
https://doi.org/10.1038/s41586-023-06993-7
https://doi.org/10.1038/s41586-023-06899-4
https://doi.org/10.1016/j.devcel.2019.03.022
https://doi.org/10.1177/0271678X18822921
https://doi.org/10.3389/fncel.2021.716825
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.03.014
https://doi.org/10.1161/strokeaha.121.035354
https://doi.org/10.1161/strokeaha.121.035354
https://doi.org/10.1212/wnl.0000000000002493
https://doi.org/10.1111/cns.70004
https://doi.org/10.1523/jneurosci.3411-17.2018
https://doi.org/10.3389/fimmu.2025.1528471
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

55. Fowler NH, Dickinson M, Dreyling M, Martinez-Lopez ], Kolstad A, Butler J,
et al. Tisagenlecleucel in adult relapsed or refractory follicular lymphoma: the phase 2
elara trial. Nat Med. (2022) 28:325-32. doi: 10.1038/s41591-021-01622-0

56. Schuhmann MK, Langhauser F, Kraft P, Kleinschnitz C. B cells do not have a
major pathophysiologic role in acute ischemic stroke in mice. ] Neuroinflamm. (2017)
14:112. doi: 10.1186/s12974-017-0890-x

Frontiers in Immunology

19

10.3389/fimmu.2025.1528471

57. Barker RA, Gotz M, Parmar M. New approaches for brain repair-from rescue to
reprogramming. Nature. (2018) 557:329-34. doi: 10.1038/541586-018-0087-1

58. Russo MV, McGavern DB. Immune surveillance of the cns following infection
and injury. Trends Immunol. (2015) 36:637-50. doi: 10.1016/;.it.2015.08.002

59. Rasmussen MK, Mestre H, Nedergaard M. The glymphatic pathway in neurological
disorders. Lancet Neurol. (2018) 17:1016-24. doi: 10.1016/s1474-4422(18)30318-1

frontiersin.org


https://doi.org/10.1038/s41591-021-01622-0
https://doi.org/10.1186/s12974-017-0890-x
https://doi.org/10.1038/s41586-018-0087-1
https://doi.org/10.1016/j.it.2015.08.002
https://doi.org/10.1016/s1474-4422(18)30318-1
https://doi.org/10.3389/fimmu.2025.1528471
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CD19+ B cell depletion: a novel strategy to alleviate ischemic stroke damage
	1 Introduction
	2 Methods and materials
	2.1 Animal and MCAO model
	2.2 Evaluation of infarct area
	2.3 Cerebral edema
	2.4 Histopathological examination
	2.5 TUNEL histochemistry.
	2.6 Neurological scoring and behavioral assessment
	2.6.1 Zea Longa score
	2.6.2 Grip strength test
	2.6.3 Tape removal test
	2.6.4 Open Field Test

	2.7 MRI scanning
	2.8 Micro-CT scanning.
	2.9 Transmission electron microscopy (TEM) scanning
	2.10 Flow cytometry
	2.11 Real-time PCR
	2.12 Human samples
	2.13 Statistical analysis

	3 Results
	3.1 aCD19 Ab treatment reduced infarct volume, inhibited apoptosis, and alleviated edema in MCAO models
	3.2 aCD19 Ab treatment alleviated mortality and ameliorated functional outcomes
	3.3 Evaluation of aCD19 Ab treatment in the MCAO/R model using MRI and TEM
	3.4 aCD19 Ab treatment facilitated reconstruction of the vascular network in ischemic stroke
	3.5 Regulation of cerebral and systemic immune response by anti-CD19 Ab treatment
	3.6 Meningeal immune cell infiltration and peripheral immune system changes in stroke patients

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


