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ARTICLE INFO ABSTRACT

Keywords: Objective: To investigate the mechanism underlying the regulation of blood-brain barrier
Cryptococcal meningitis permeability changes during cryptococcal meningitis by NLRP3 and Vimentin.

NLRP3 Methods: Sprague-Dawley rats were treated with WT Cryptococcus neoformans (Cn) or CPS1—/—
Vimentin . . o .

Blood-brain barrier Cn. Neuronal apoptosis was assessed using TUNEL staining, and pathological changes were
Permeability observed using electron microscopy and HE staining. The expressions of NLRP3, Vimentin, and

NF-kB in the cerebral cortex and human brain microvascular endothelial cells (HBMECs) were
examined through Western blot and gRT-PCR. siNLRP3 and siVimentin were separately trans-
fected into HBMECs, the expressions of specific factors were assessed. NF-kB and Vimentin levels
were detected through immunofluorescence, apoptosis was measured using flow cytometry, and
changes in the optical density (OD) of HRP were determined using ELISA.

Results: The expressions of NLRP3, Vimentin, and NF-kB were upregulated following intervention
with WT Cn in vivo and in vitro. Electron microscopy revealed loose nuclear membranes in neu-
rons and increased apoptosis in the cerebral cortex and hippocampus induced by WT Cn,
accompanied by a reduction in the OD of HRP in vitro. siNLRP3 decreased the expressions of
Vimentin, nuclear NF-xB, and p-Tubulin in HBMECs, while siVimentin downregulated total
NLRP3 and nuclear NF-kB levels. Both siNLRP3 and siVimentin reduced cell apoptosis after WT
Cn infection. HBMECs displayed a reduced monolayer permeability to HRP and improved cell
structure arrangement.

Conclusion: Vimentin and the NLRP3 inflammasome are both implicated in the pathological
process of cryptococcal meningitis. An interaction between Vimentin and the NLRP3 inflamma-
some is evident, likely mediated through the NF-kB signaling pathway.

1. Introduction

C. neoformans stands as the predominant causative agent of fungal meningitis in China, with a particular predilection for central
nervous system (CNS) involvement [1,2]. The pathogenicity of C. neoformans lies in its ability to compromise blood-brain barrier (BBB)
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permeability in the host, facilitating its infiltration into the CNS [3,4]. Despite extensive research, there exists no consensus on the
precise mechanisms governing this process. Human brain microvascular endothelial cells (HBMECs) assume a critical role in the BBB
and represent the primary route for C. neoformans to breach the CNS [5,6]. The integrity of HBMECs and the associated tight junctions
forms the foundation of BBB formation, with cytoskeletal proteins playing a pivotal role in maintaining tight junctions [7]. Cellular
tubulin comprises two closely related isoforms, a-tubulin and f-tubulin, exhibiting high structural similarity in three dimensions.
These tubulins actively engage in microtubule assembly through tight dimer binding, often serving as markers for cytoskeletal
structures [8]. The NLRP3 inflammasome, an integral member of the NLR (NOD-like receptor) family, assumes a critical role in the
inflammatory response within the CNS. NLRP3 has been established as a key regulator of innate immunity, recognizing various
pathogens and danger signals early on, thereby playing a pivotal role in thwarting foreign pathogen invasion into the CNS [9,10].
Widespread distribution characterizes NLRP3 in neurons, microglia, vascular endothelial cells, and astrocytes, with activation
occurring under inflammatory conditions [11,12]. Previous studies have elucidated the induction of pathological cell death, specif-
ically Caspase-1-dependent pyroptosis, by the NLRP3 inflammasome under inflammatory and stress conditions [13]. While its
mechanism is thought to involve phagocytic cells and paracrine processes within the CNS, a unified consensus on the related processes
and molecular mechanisms is yet to be reached.

Vimentin, a structural protein located in cellular intermediate filaments, plays a crucial role in the intracellular transport of
cholesterol from lysosomes to specific esterification sites and is widely expressed in the CNS [14]. Prior data indicate a significant
alteration in Vimentin expression in HBMECs following enterovirus 71 (EV71) intervention, suggesting its potential involvement in the
modulation of BBB permeability post-viral infection. The polymerase protein of EV71 has been observed to activate the inflammasome
in vivo, leading to the release of downstream inflammatory products and facilitating EV71 proliferation within the host [15].
Furthermore, Vimentin has been implicated in the pathogenesis of bacterial meningitis [16]. Serving as a bacterial adsorption receptor,
it activates the NF-kB signaling pathway, resulting in the release of numerous inflammatory factors and exacerbating the progression of
brain injury [17,18]. However, there is currently no available literature, both domestically and internationally, addressing whether
C. neoformans meningitis triggers inflammasome activation in the host and alters Vimentin expression. Vimentin, functioning as a
receptor protein, also plays a critical role in pathogen binding during the early stages of disease and in the process of virus proliferation
[19]. It also plays a role in the onset and progression of various diseases through its interaction with the NLRP3 inflammasome. A
deficiency in Vimentin leads to the suppression of NLRP3 inflammasome activation in the host, thereby mitigating acute lung injury
and pulmonary fibrosis by decreasing the IL-1f levels in the lungs [20]. Furthermore, inhibiting the activation of the
Vimentin/NLRP3/IL-1§ signaling pathway has the potential to combat airway inflammation and airway remodeling associated with
chronic asthma [21]. As previously discussed, the disruption and penetration of the BBB are critical steps for Cryptococcus to invade
the CNS. Both Vimentin and NLRP3 inflammasomes are expressed on HBMECs and are implicated in the regulation of BBB perme-
ability. Nevertheless, the extent to which these two factors contribute to the onset and progression of cryptococcal meningitis, as well
as the underlying mechanisms, remains poorly understood.

Currently, due to the widespread use of immunosuppressants, the incidence of C. neoformans meningitis is steadily increasing,
posing a significant threat to children’s health. Despite limited research on its pathological mechanisms, the interaction between
Vimentin and the inflammasome, as well as their roles in CNS infectious diseases, remains inadequately elucidated. To address this
gap, our research group employed in vivo and in vitro models of cryptococcal meningitis to investigate, for the first time, the dynamic
expression changes of NLRP3, Vimentin, and NF-kB in rat brains and HBMEC following C. neoformans infection, along with its impact
on BBB permeability. In a prior phase of our study, we administered WT Cryptococcus suspension through the tail vein of Sprague-
Dawley (SD) rats, collected cerebrospinal fluid (CSF) at various time points for fungal culture, and observed substantial Crypto-
coccus growth in the rats’ CSF three days post-intervention. Consequently, we identified 3 days as an optimal time point for obser-
vation. Subsequently, we dynamically monitored the expression of each factor in brain tissue, aiming to unravel the roles and
associated mechanisms of the inflammasome and Vimentin in the initiation and progression of cryptococcal meningitis.

2. Methods
2.1. Materials

The wild-type strain of C. neoformans (Cn) B4500FO; [22] and TYCC645#32 strain with CPS1 gene deletion [23] were selected to
infect the human Brain Microvascular cells (HBMECs), which were generously provided by Huang SH (University of Southern Cali-
fornia, Los Angeles, USA). HBMECs were procured from Sciencell Corp. (Los Angeles, USA). Fetal bovine serum and RPMI-1640
medium were obtained from Hyclone (Logan, Utah, USA), pancreatic enzymes from Gibco-BRL Corp. (Grand Island, NY, USA), and
yeast, peptone, and agar from Thermo Fisher Scientific (Waltham, USA). Lipofectamine 2000 was sourced from Invitrogen Corp.
(Carlsbad, CA, USA). Antibodies including HMGB1, NLRP3, NF-xB P65, and B-tubulin were purchased from Abcam Inc. (Chicago,
USA), while GAPDH, PNCA, and HRP goat anti-mouse IgG were acquired from Proteintech Inc. (Chicago, USA).

2.2. C. neoforman

One soybean-sized activated WT Cn and CPS1—/— Cn colonies were individually selected from LB solid medium and then inoc-
ulated into YEPD liquid medium. Subsequently, 1 mL of organisms was extracted after 24 h of incubation in a constant temperature
shaker set at 30 °C and transferred to 3 mL of YEPD medium for continued incubation under the same conditions. After an additional
24 h, the culture medium was harvested, and the supernatant was removed following centrifugation at 5000 rpm for 5 min. The
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resulting pellet was washed three times with PBS for 5 min each. The concentrations of the two cryptococcus were determined using a
hemocytometer and McFarland turbidimetry, respectively. The concentrations were then adjusted to 1 x 10% CFU/mL for subsequent
tail vein injections in SD rats.

2.3. Animal model and treatment protocol

SD rats were procured from Changsha Ville Biological Company. Thirty-six mature SD rats were randomly divided into three
groups: the normal control group, WT Cn group, and CPS1—/— Cn group. The latter two groups were administered a C. neoformans
colony suspension through the tail vein to induce the cryptococcal meningitis model, while the control group received an equivalent
dose of normal saline. Three days after tail vein injection, rats in each group were euthanized, and their brains were extracted and
anesthetized via intraperitoneal injection of pentobarbital sodium. Each rat was positioned supinely, the chest was opened below the
xiphoid process to fully expose the heart, and normal saline was injected through the left ventricle until the liver turned white.
Subsequently, a 4 % paraformaldehyde solution was slowly injected into the left ventricle over approximately 15 min. After the entire
body became rigid, the rats were decapitated, and their brains were promptly removed. Brain tissues were fixed in paraformaldehyde
for 24 h. CSF and brain tissue specimens were collected, with the CSF undergoing fungal culture and the tissue specimens being
embedded in paraffin. Following sectioning, HE staining was conducted to observe pathological changes in the cerebral cortex and
hippocampus within each group. TUNEL fluorescence staining was employed to detect neuronal apoptosis, and changes in cerebral
cortex microstructure were examined under electron microscopy. An additional six rats in each group were euthanized 3 days post-
intervention, and the cerebral cortex was isolated. Total protein and RNA were then extracted, respectively. To further elucidate
the dynamic changes in these factors within brain tissue following C. neoformans infection, another 30 SD rats were subjected to tail-
vein injection with WT Cn suspension to establish the Cryptococcus meningitis model. Rats were euthanized at 0 h, 2h,1d, 3d, and 7
d intervals, every group had at least 6 rats. Subsequently, the cerebral cortex was collected, and total protein, nuclear protein,
cytoplasmic protein, and total RNA were extracted, respectively.

2.4. HE staining

The rat brain tissue sections were incubated at 60 °C for 1-2 h in an incubator. Following this, the sections were dewaxed in water.
The tissue sections underwent a sequential process, starting with a 10-min immersion in xylene, followed by exposure to varying
concentrations of ethanol. They were then washed with distilled water, stained with hematoxylin for 5-10 min, stained with eosin for
3-5 min, and finally rinsed with distilled water. Dehydration was carried out using gradient concentrations of alcohols for 5 min each.
After two rounds of 10-min soaking in xylene, the sections were mounted with neutral gum, and tissue morphology changes were
observed under the microscope (BA210T, Motic, China).

2.5. Cell culture and transfection

HBMECs were cultured in RPMI 1640 complete medium in a 5 % CO; incubator at 37 °C. The cells were divided into three groups:
the control group, WT Cn group, and CPS1—/— Cn group. In the intervention group, WT Cn (10°/mL) and CPS1—/— Cn (10%/mL)
suspensions were separately added, and the intervention was terminated after a 24-h cell incubation. The control group received an
equivalent dose of PBS.

For in vitro cell culture, 5 pL of NLRP3/Vimentin-siRNA-1 and 5 pL of Lip2000 were used. NLRP3/Vimentin-siRNA-2, NLRP3/
Vimentin-siRNA-3, and NC were added to six additional centrifuge tubes following the same method, standing at room temperature for
20 min. After a 6-h incubation in a 37 °C incubator, the medium was replaced with fresh complete medium. After 48 h of transfection,
cells were washed with PBS, lysed with lysis buffer for 10 min, and then centrifuged at 4 °C, 12,000 rpm for 15 min. The resulting
supernatant was stored at —20 °C for later use. Table 2 provides the siRNA sequences for specific factors.

2.6. Flow cytometry

The HBMECs in each group were harvested using trypsin digestion solution without EDTA. The cells were rinsed twice with PBS,
followed by centrifugation at 2000 rpm for 5 min each cycle, resulting in the collection of approximately 5 x 10° cells. Subsequently, a

Table 1
The primer sequences.

Primer sequences

GAPDH-F ACAGCAACAGGGTGGTGGAC
GAPDH-R TTTGAGGGTGCAGCGAACTT
NF-xB-F CACCAAAGACCCACCTCACCG
NF-xB-R CTTGCTCCAGGTCTCGCTTC
NLRP3-F CACCTCTTCTCTGCCTACCTG
NLRP3-R AGCTGTAAAATCTCTCGCAGT
Vimentin-F AGTCAAACGAATACCGGAGACA

Vimentin-R AATTCTCTTCCATTTCACGCATC
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sequential addition of 500 pL of Binding buffer to suspend the cells, followed by 5 pL of Annexin V-FITC, was performed. Then, 5 pL of
Propidium Iodide was added and thoroughly mixed. The resulting mixture was incubated at room temperature in darkness for 15 min.
Finally, it was analyzed using flow cytometry within 1 h.

2.7. Western blot analysis

Total protein was extracted from cerebral cortex and HBMECs using RIPA lysis buffer (Applygen, Beijing, China), and the protein
concentration was determined with a protein detection kit (TransGen Biotech, Beijing, China). The primary antibodies employed in
this study included Vimentin (ab8978, Abcam, UK, 1:500), NLRP3 (19771-1-AP, Proteintech, US, 1:500), NF-KB P65 (ab16502,
Abcam, UK,1:1000), GAPDH (10494-1-AP, Proteintech, US, 1:4000) and PCNA (60097-1-1Ig, Proteintech, US, 1:7000. ECL (Tiangen
Biochemical Technology, Beijing, China) was utilized to detect immunoreactive bands thorough Bio-Rad gel imaging System (Cali-
fornia, USA) following incubation with the corresponding horseradish peroxidase-conjugated secondary antibodies.

2.8. Quantitative real-time PCR

Total RNA from both the hippocampus and HBMECs was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following
established procedures. Subsequently, 1 pug of RNA was reverse transcribed to cDNA using oligo (dT) primers. QqRT-PCR assays were
conducted for NLRP3, Vimentin, NF-xB (RiboBio, Guangzhou, China), along with GAPDH mRNA (RiboBio, Guangzhou, China). The 2
AACT method was employed to determine the relative expression levels of specific factors normalized to GAPDH. Table 1 provides the
primer sequences for specific factors and GAPDH.

2.9. BBB permeability studies

Confluent monolayers of HBMECs were apically incubated with assay buffer. In both the control and experimental groups, the
transwell chambers were supplemented with 50 pL of PBS and 50 pL of C. neoformans strains at a concentration of 1 x 10°6 CFU/mL,
respectively. At 24-h intervals, HBMECs were removed from the incubator and washed three times with PBS. For the incubation step,
500 pL of medium mixed with HRP (P6782, Sigma-Aldrich, USA, 1:500) was added to the upper chamber for 30 min, while only 1.5 mL
of medium was added to the lower chamber. At various time points, 60 pL samples were collected from the chambers and plated onto a
96-well plate. HBMECs were then treated with 5 % TMB for 10 min, and the reaction was stopped with 0.36 mol/L sulfuric acid.
Finally, the optical density of HRP was measured by ELISA at a wavelength of 450 nm.

2.10. Immunofluorescence microscopy

The HBMEGC:s slides underwent a fixation step using 4 % paraformaldehyde for 30 min, followed by a PBS rinse. Subsequently, 0.3 %
Triton was added for permeabilization at 37 °C over 30 min. Post-permeabilization, the slides were washed thrice with PBS for 5 min
each and then exposed to 5 % BSA at 37 °C for 60 min. Next, appropriately diluted primary antibodies (Vimentin (ab8978, Abcam, UK,
1:100) + NF-xB (ab16502, Abcam, UK,1:200)) or p tubulin (ab18207, Abcam, UK,1:100) were applied and left overnight at 4 °C.
Afterward, the slides were washed three times with PBS for 5 min each. Subsequently, 50-100 pL of secondary antibody was applied,
followed by a 90-min incubation at 37 °C. The slides were then rinsed again thrice with PBS for 5 min each time. For nuclear staining,
DAPI working solution was applied at 37 °C for 10 min, followed by a PBS wash for 5 min. Finally, the slides were mounted using
buffered glycerol, repeating the process three times. The stained slides were directly observed under a fluorescence microscope (Nikon
eclipseE400, Nikon Corporation, Japan), and images were captured.

2.11. Engyme Linked Immunosorbent Assay (ELISA)

The cells were seeded in collagen-coated transwell wells to form a monolayer, achieving confluence within 2-3 days. In the control
group, 50 pL of PBS was added to the transwell. The Cn group received 50 pL of a 1 x 10°6 CFU/mL bacterial solution, resulting in a
final concentration of 10”5 CFU/mL. The cultures were maintained in a 5 % CO5 incubator at 37 °C. After 24 h of incubation, cells were
washed with PBS, and 500 pL and 1.5 mL of cell culture medium were added to the upper chamber. Subsequently, a 1:500 diluted HRP
solution was applied for 30 min. From each well, 60 pL of liquid was extracted from the lower chamber and transferred to a 96-well

Table 2
The siRNA sequences.

siRNA sequences

Vimentin siRNA-1 GCAGAAGAATGGTACAAAT
Vimentin siRNA-2 CAACGAAACTTCTCAGCAT
Vimentin siRNA-3 CCATCAACACCGAGTTCAA
NLRP3 siRNA-1 GGATCAAACTACTCTGTGA
NLRP3 siRNA-2 GAGAGACCTTTATGAGAAA
NLRP3 siRNA-3 GGGACACTCTACCAAGACA
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plate. Following this, a 1:20 diluted TMB solution was added for a 10-min incubation. The optical density (OD) of HRP was measured
using a microplate reader at a wavelength of 450 nm.

2.12. Statistical analysis
We conducted data analysis using SPSS 22.0 statistical software and expressed the results as means + SEM. Multiple comparisons
were performed using one-way analysis of variance (ANOVA) followed by the LSD post hoc test. Pearson correlation analysis was

utilized for correlation assessments. Statistical significance was set at p values < 0.05 in the current experiments. Each experiment was
repeated three times for robustness and reliability.

3. Results
3.1. Establishment of a rat cryptococcal meningitis model and changes in its tissue structure

The rat cryptococcal meningitis model was successfully established, as evidenced by the growth of yellow-white round colonies in
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Fig. 1. Establishment of a rat cryptococcal meningitis model and changes in its tissue structure (n = 6). Five to seven days post-cultivation of CSF
from both the WT Cn group and the CPS1—/— Cn group, yellow-white round colonies were discernible on the agar plates (A-C). HE staining
revealed distinct alterations in the cerebral cortex (D-F) and hippocampus (G-I) subsequent to Cryptococcus intervention. Panels J-O depict
electron microscopic variations observed across the different experimental groups ( x 400). Image J software was employed to analyze the mean cell
spacing of the cerebral cortex (Q) and hippocampus (R) in HE staining. Statistical comparisons, denoted as **P < 0.001, were made relative to the
control group, while comparisons with the WT Cn group were indicated as ##P < 0.001.
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the CSF of both the WT Cn group and the CPS1—/— Cn group 5-7 days post-culturing. These colonies, appearing moist and transparent,
indicated that Cryptococcus neoformans could effectively traverse the BBB and proliferate within the host’s CSF. Quantitative analysis
revealed a significantly higher number of CSF colonies in the WT Cn group compared to both the control group and the CPS1—/— Cn
group (Fig. 1A-C).

Histological examination using HE staining demonstrated clear neuronal structures in the rat cerebral cortex and hippocampus of
the control group. Cells exhibited intact and continuous cell walls, light blue nuclei with uniform staining (Fig. 1D-I). In contrast,
neurons in the WT Cn-infected group displayed characteristics such as more loosely arranged in the hippocampus (Fig. 1R), while the
space between cells narrowed (Fig. 1Q), irregular shape, partial nuclear fragmentation, dissolution, pyknosis, hyperchromatism, and
increased vacuoles. Following intervention with CPS1—/— Cn, alterations in neuron morphology were noted, although significantly
less pronounced compared to the WT Cn group. The cell arrangement remained relatively regular.

Ultrastructural analysis using electron microscopy in the control group revealed evident cytoplasmic euchromatin in cerebral
cortex neurons, reduced heterochromatin, a smooth and intact nuclear membrane, evenly distributed nucleoplasm, and abundant,
regularly arranged organelles. These findings highlight the structural integrity of neurons in the absence of infection.

Following Cryptococcus intervention, notable alterations in neuronal ultrastructure were observed, including a loose and
discontinuous nuclear membrane, clustered nucleoplasm, disordered arrangement of cytoplasmic organelles, a significant reduction in
the endoplasmic reticulum and Golgi apparatus, aggregation of mitochondria, and a marked increase in vacuoles (Fig. 1J-0).The
apoptosis of neurons exhibited a significant increase in the WT Cn group, particularly in cells closer to the cortex. In the aftermath of
C. neoformans infection, apoptosis in hippocampal neurons was less pronounced compared to that in the cerebral cortex. Notably,
CPS1—/— Cn intervention also accelerated neuronal apoptosis in the cerebral cortex of rats, though the apoptosis rate in the hippo-
campus did not reach statistical significance when compared with the control group (Fig. 2A and B).

3.2. Expression changes of NLRP3, Vimentin and NF-«kB in rat cerebral cortex and HBMECs after C. neoformans meningitis

The protein levels (Fig. 3A) and mRNA levels (Fig. 3B) of NLRP3, Vimentin, and NF-«B in the cerebral cortex of SD rats following
WT Cn intervention were significantly up-regulated compared to the control group and CPS1—/— Cn group (Fig. 3A, C and 3D). The
protein expression levels of these factors after CPS1—/— Cn intervention showed no significant difference from those in the control
group. Following WT Cn intervention, the expressions of total Vimentin, NLRP3, total NF-kB, and nuclear NF-«B gradually increased at
2 h, peaked at 3 d, and then gradually decreased at 7 d. Similarly, the protein level of Vimentin in the cytoplasm also began to up-
regulate in the early stages after C. neoformans intervention, peaked at 3 d, and gradually decreased at 7 d (Fig. 3E-G). Addition-
ally, qRT-PCR analysis revealed that mRNA levels of Vimentin, NLRP3, and NF-kB increased at 2 h after C. neoformans infection,
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Fig. 2. The effects of C.neoformans on neurons apoptosis in cerebral cortex (A)and hippocampus (B) of SD rats. Green fluorescence represents
apoptosis cells.In Figure C, the number of TUNEL-positive cells each group is depicted ( x 400).The bar graphs display the means + SEM (n = 6).
Compared to the control group,**P < 0.001, while comparisons with the WT Cn group were indicated as ##P < 0.001.
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peaked at 3 d, and then gradually decreased at 7 d (Fig. 3H).

Consistently, the protein levels of NLRP3, Vimentin, and NF-kB were significantly up-regulated following 24 h of WT Cn inter-
vention in vivo, whereas CPS1—/— Cn had minimal effects on these factors (Fig. 3I). qRT-PCR analysis also revealed a nearly 4.2-fold
up-regulation in NF-xB mRNA levels, approximately 2.3 times increase in NLRP3 mRNA expression, and a 1.5-fold up-regulation in
Vimentin mRNA levels after 24 h of WT Cn intervention (Fig. 3J-L). In comparison to the control group, nuclear NF-kB expression was
up-regulated after CPS1—/— Cn intervention, while NLRP3 and Vimentin mRNA levels showed no significant changes.

Immunofluorescence studies further demonstrated that C. neoformans significantly increased the expressions of Vimentin and NF-
kB in the cytoplasm in vitro, accelerating the nuclear translocation of NF-kB (Fig. 3M). Additionally, cell apoptosis was significantly up-
regulated after C. neoformans infection (Fig. 30), leading to a remarkable increase in the OD of HRP (Fig. 3N). These findings indicate
that Cryptococcus exacerbates apoptosis in HBMECs, compromises BBB permeability, and contributes to a progressive increase in brain
damage.

3.3. The effects of NLRP3 on vimentin expression in HBMECs after C. neoformans infection

Three siNLRP3 sequences were designed and transiently transfected into HBMECs. The impact of siNLRP3 expression was assessed
using Western blot and qRT-PCR analyses (Fig. 4A). In comparison to the control group, all three siRNA sequences led to a significant
reduction in NLRP3 protein and mRNA levels in vivo, confirming the success of transfection. Notably, siNLRP3-3 exhibited the most
pronounced down-regulation of NLRP3 expression, and therefore, it was chosen for subsequent experiments. SINLRP3 transfection not
only suppressed NLRP3 protein expression in HBMECs but also markedly decreased the levels of total Vimentin and nuclear NF-xB
proteins. Following the inhibition of NLRP3 inflammasome activation, the expressions of total Vimentin and nuclear NF-kB proteins in
HBMEC:s infected with Cryptococcus were significantly reduced (Fig. 4B).

Consistently, immunofluorescence analysis demonstrated that siNLRP3 significantly reduced the cytoplasmic expressions of
Vimentin and NF-kB in vitro, concurrently inhibiting NLRP3 expression in the cells. This resulted in a substantial reduction in the up-
regulation of Vimentin induced by C. neoformans infection, a decrease in the expression of NF-kB in the nucleus, and an inhibition of
NF-kB nuclear translocation. Moreover, the fluorescence level of NF-kB in the cytoplasm was significantly down-regulated after
siNLRP3 intervention (Fig. 4C).

3.4. Effects of NLRP3 on apoptosis and permeability of HBMECs after C. neoformans infection

The protein level of p-Tubulin in HBMECs was notably decreased following siNLRP3 pretreatment. After 48 h of WT Cn inter-
vention, the p-Tubulin protein level in HBMECs was significantly higher than that in the control group. However, the elevated
B-Tubulin expression induced by Cryptococcus was significantly mitigated after siNLRP3 intervention (Fig. 4B). Immunofluorescence
results depicted a clear cytoskeleton in normal HBMECs, with $-Tubulin evenly distributed in the cytoplasm and minimal expression in
the nucleus. Following WT Cn intervention, cells exhibited obvious shrinkage, compact and pyknotic f-Tubulin arrangement, unclear
structure, and reduced cell size. NLRP3 inhibition partially alleviated these changes (Fig. 4D).

Furthermore, cell apoptosis was slightly lower after siNLRP3 pretreatment, whereas HBMEC apoptosis significantly increased after
WT Cn intervention (Fig. 4E). Inhibition of NLRP3 significantly decreased HBMEC apoptosis and the OD of HRP after C. neoformans
infection (Fig. 4F).

3.5. Effects of vimentin on HBMEC apoptosis and permeability in HBMECs after C. neoformans infection

Three siVimentin sequences were individually transfected into in vitro-cultured HBMECs. All three siRNA sequences demonstrated a
significant down-regulation of Vimentin levels, confirming successful transfection (Fig. 5A). Among them, siVimentin-1 exhibited the
most pronounced down-regulation of mRNA expression post-transfection, prompting its selection for subsequent experiments. Results
indicated that siVimentin significantly reduced NLRP3 expressions in HBMECs, and it effectively decreased the NLRP3 inflammasome
induced by Cryptococcus infection. Furthermore, siVimentin alleviated nuclear NF-kB protein and mRNA levels in HBMECs, suggesting
that Vimentin plays a role in inhibiting the activation of the NF-kB signaling pathway in vitro (Fig. 5B).

Flow cytometry analysis revealed a significant reduction in HBMEC apoptosis in vitro following siVimentin treatment. The inhi-
bition of Vimentin led to a notable alleviation of Cryptococcus-induced HBMEC apoptosis (Fig. 5C). Additionally, the OD of HRP was
significantly lower post siVimentin transfection compared to the normal control group. The elevated OD to HRP induced by Cryp-
tococcus infection was significantly attenuated after siVimentin intervention (Fig. 5D).

4. Discussion

Cryptococcal meningitis is prevalent in children, typically following a subacute course marked by an insidious onset, prolonged
duration, and numerous sequelae, posing a serious threat to children’s health [24]. The proliferation of Cryptococcus in the CNS,
achieved by breaching the host’s BBB, constitutes a crucial aspect of its pathogenesis [25]. The capsule, identified as a key virulence
factor of C. neoformans, plays a pivotal role in the penetration of HBMECs. Its mechanism is associated with the activation of specific
receptors or signaling pathways on endothelial cells [26]. In this study, we intravenously injected wild-type Cryptococcus and
Capsule-knockout Cryptococcus into SD rats, respectively. The results demonstrated that both fungal strains could be cultured in the
host’s CSF, and both entered the CNS by breaching the host’s BBB. This implies that the capsule may not be indispensable for
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Fig. 3. Expression changes of NLRP3, Vimentin and NF-kB in rat cerebral cortex and HBMECs after C. neoformans infection. The protein expressions
of NLRP3, Vimentin, and NF-kB, as well as mRNA levels (A, B-D), were assessed in the rat cerebral cortex of each experimental group using Western
blot and qRT-PCR, respectively. Dynamic alterations in NLRP3, Vimentin, and NF-kB protein expressions (E) and mRNA levels (F-H) were observed
in vivo (n = 6). Furthermore, the expressions of NLRP3, Vimentin, and NF-kB proteins (I) and mRNA levels (J-L) were investigated in HBMECs.
Immunofluorescence analysis (M) demonstrated the impact of C. neoformans on NF-kB and Vimentin expressions in HBMECs (n = 3). The influence
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of C. neoformans on HBMEC apoptosis was evaluated through flow cytometry (N) ( x 400). Changes in HRP permeability in HBMEC monolayers
post-C. neoformans infection were examined (O). Statistical comparisons, denoted as **P < 0.001, were made relative to 0 h (F-G) or the control
group, while comparisons with the WT Cn group were indicated as ##P < 0.001.

C. neoformans to traverse the BBB. Subsequently, we examined the impact of these two different types of Cryptococcus on neuronal
apoptosis in the rat cerebral cortex and hippocampus. The findings revealed that C. neoformans led to a significant increase in neuronal
apoptosis, primarily in the cerebral cortex, with less involvement in the hippocampus, which suggests that the cerebral cortex is the
most frequently affected area following Cryptococcus infection. Furthermore, decapsulated Cryptococcus had minimal effects on the
pathological morphology of the rat hippocampus but still exacerbated neuronal apoptosis in the cerebral cortex. This effect could be
attributed to other virulence factors of Cryptococcus, including hyaluronic acid, melanin, urease, and other factors.

Additionally, our data have confirmed that the disruption of BBB permeability induced by C. neoformans infection is associated with
the NLRP3, Vimentin, and NF-«xB signaling pathways. Cryptococcus activates the NLRP3 inflammasome both in vivo and in vitro,
inducing the expression of Vimentin and subsequently activating the NF-«B signaling pathway. The NLRP3 inflammasome, a multi-
protein complex, plays a crucial role, as its deficiency can reduce HBMEC permeability and inhibit microglia activation in the CNS.
This leads to a significant reduction in ischemic lesions after middle cerebral artery occlusion, potentially through the inhibition of IL-
1P release mediated by the activation of the NLRP3 inflammasome [27]. Moreover, Fann et al. have demonstrated that interventions
such as intermittent fasting or intravenous immunoglobulin can variably inhibit the activation of the NLRP3 inflammasome in vivo,
subsequently reducing neuronal apoptosis after ischemic stroke and promoting the recovery of motor function [28]. In animal models
of cerebral hemorrhage, the activation of the NLRP3 inflammasome has been found to expedite the inflammatory response by stim-
ulating the release of IL-1 and the infiltration of neutrophils [29]. However, the level of myeloperoxidase in the CNS significantly
decreases after NLRP3 knockout, substantially alleviating the degree of brain edema. Recent studies have highlighted melatonin’s
ability to inhibit the activation of the NLRP3 inflammasome, consequently reducing the release of IL-1p and IL-18. This inhibition has
shown promising results in significantly improving neuronal damage after subarachnoid hemorrhage, exerting a neuroprotective effect
[30].

Furthermore, NLRP3 activation has been implicated in increasing BBB extravasation, hastening the degradation of tight junction
proteins, and exacerbating neuronal apoptosis following CNS injury [31]. The initiation and activation processes play pivotal roles in
regulating the NLRP3 inflammasome, with the former primarily mediated by the NF-xB signaling pathway. Certain pathological
factors expedite the translocation of NF-kB from the cytoplasm to the nucleus, thereby promoting NLRP3 secretion and Caspase-1
maturation, triggering an immune response in the host [32]. In the context of bacterial meningitis, the activation of nuclear trans-
location of NF-kB in the CNS has been observed. Inhibiting NF-xB activation has shown promise in combating transient focal cerebral
ischemia induced by CNS inflammation, thereby reducing the extent of brain damage [33]. The role of the NF-kB signaling pathway in
BBB permeability has garnered increased attention. Wang et al. recently demonstrated that hypertonic saline reduces IL-1p release by
inhibiting NLRP3 inflammasome activation in glial cells. This inhibition subsequently lowers the phosphorylation level of NF-kB P65
and the expression of vascular endothelial growth factor on astrocytes, ultimately enhancing BBB permeability and reducing brain
infarct volume [34]. Our current study confirms that cryptococcal meningitis activates the NLRP3 inflammasome and the NF-xB
signaling pathway both in vivo and in vitro. This activation disrupts BBB integrity, exacerbates neuronal apoptosis, and thereby worsens
the invasion of Cryptococcus into the CNS. These effects may be linked to the amplification of inflammatory responses. After inhibiting
NLRP3, the expression of NF-kB notably diminished. The use of siNLRP3 significantly curtailed the translocation of cytoplasmic NF-kB
protein into the nucleus, thus impeding the activation of the NF-kB signaling pathway subsequent to C. neoformans infection. This
action alleviated apoptosis and preserved the normal cytoskeletal structure. Ultimately, siNLRP3 intervention mitigated the
condensation of HBMECs, safeguarded the integrity of the BBB, and mitigated the invasion of Cryptococcus into the CNS.

Recent studies have demonstrated the involvement of Vimentin in mediating inflammasomes leading to conditions such as bac-
terial meningitis and pulmonary edema in mice [35]. In the context of CNS infection, EV71 may induce inflammasome activation
through Vimentin, promoting Caspase-1 activation, IL-1p release, and exacerbating neuronal apoptosis [36]. Additionally, Vimentin
plays a role in glial scar formation, serving as protein carriers for various cells and participating in the regulation of cell movement,
migration, and proliferation. The absence of Vimentin upregulates CNS synaptic plasticity, post-traumatic glial regeneration, and
accelerates the recovery of neuromotor function after brain injury [37]. Silencing Vimentin in glioma cells using RNAI restricts the
growth of reactive astrocytes, weakens mitochondrial biological activity, accelerates neurological function recovery after spinal cord
injury, and reduces the occurrence of sequelae [38]. To further explore the relationship between Vimentin and the NLRP3 inflam-
masome, siNLRP3 or siVimentin was transfected into HBMECs in the present study. The results revealed that siNLRP3 significantly
reduced the protein and mRNA expression levels of Vimentin in HBMECs, leading to a significant down-regulation of elevated
Vimentin levels induced by Cryptococcus infection. Silencing Vimentin in HBMECs resulted in a significant decrease in the expression
level of NLRP3 in vitro. Furthermore, the nuclear translocation of NF-kB was significantly reduced, thus resisting apoptosis induced by
Cryptococcus infection and maintaining the integrity of the BBB. Therefore, it is plausible to posit that wild-type Cryptococcus can
induce HBMECs to secrete a substantial amount of Vimentin, subsequently activating the NF-kB signaling pathway. This activation, in
turn, prompts cells to generate a significant quantity of the pro-inflammatory factor NLRP3, amplifying the inflammatory response in
host cells, accelerating HBMEC apoptosis, and causing severe damage to BBB integrity. The expression of Vimentin is regulated by the
NF-xB signaling pathway, which can bind to regulatory elements in the promoters of the Vimentin-encoding genes, influencing protein
expression.

However, findings by Huang et al. suggest that Vimentin, when activated by the NF-xB signaling pathway, accelerates neutrophil
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Fig. 4. The effects of NLRP3 on apoptosis and permeability of HBMECs after C. neoformans infection (n = 3). The impact of siNLRP3 expression was
assessed using Western blot and qRT-PCR (A). The influence of NLRP3 on Vimentin, §-Tubulin, and NF-kB (both total and nuclear) proteins in
HBMECs following C. neoformans infection was examined through Western blot (B) and immunofluorescence (C). NLRP3’s effect on HBMEC
structure after C. neoformans infection was visualized using immunofluorescence (D) ( x 400). The impact of NLRP3 on HBMEC apoptosis post-
C. neoformans infection was quantified through flow cytometry (E). Changes in HRP permeability in HBMECs mediated by NLRP3 after
C. neoformans infection were evaluated (F). Statistical comparisons, denoted as **P < 0.001, were made relative to the control group, while

comparisons with the siNLRP3 group were indicated as ##P < 0.001, and comparisons with the siNLRP3 + WT Cn group were indicated as $$P
< 0.001.
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Fig. 5. The effects of Vimentin on apoptosis and permeability of HBMECs after C. neoformans infection (n = 3). The impact of siVimentin expression
was assessed through qRT-PCR (A). The influence of Vimentin on NLRP3 and nuclear NF-kB proteins in HBMECs following C. neoformans infection
was examined via Western blot (B). Vimentin’s effects on HBMEC apoptosis post-C. neoformans infection were quantified using flow cytometry (C).
Changes in HRP permeability in HBMECs mediated by Vimentin after C. neoformans infection were evaluated (D). Statistical comparisons, denoted
as **P < 0.001, were made relative to the control group, while comparisons with the siVim group were indicated as ##P < 0.001, and comparisons
with the siVim + WT Cn group were indicated as $$P < 0.001.

recruitment and aggregation, disrupts BBB permeability, and exacerbates damage to the pathogenic CNS [39]. Our present study also
revealed that inhibiting Vimentin could diminish the activation of the NF-xB signaling pathway in vitro. This reduction not only
mitigated brain damage but also regulated cellular immune function following C. neoformans infection. These findings imply that the
Vimentin/NF-kB signaling pathway might play a bidirectional role in CNS infection-induced brain injury. On one hand, NLRP3
inflammasome activation post Cryptococcus infection induces Vimentin expression in the CNS, subsequently activating the NF-xB
signaling pathway. This activation results in increased BBB permeability, accelerating Cryptococcus entry into the CNS, aggravating
neuronal apoptosis, and ultimately leading to irreversible pathological brain damage. Additionally, Vimentin negatively regulates the
activation of the NLRP3 inflammasome. The suppressive influence of the NLRP3 inflammasome on Vimentin may be mediated through
NF-xB. Consequently, this mechanism could also be linked to the downregulation of NF-kB expression within host cells. Indeed, the
interplay among these three cytokines is intricate and multifaceted. In vivo studies have shown that inhibiting both the activation of the
NLRP3 inflammasome and the expression of Vimentin can substantially mitigate brain injury following C. neoformans infection. This
underscores a novel avenue for future research in the development of innovative antifungal treatments.

5. Conclusion
The current study elucidates the involvement of Vimentin, the NLRP3 inflammasome, and the NF-xB signaling pathway in the
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progression of Cryptococcal meningitis. Cryptococcal meningitis induces the activation of the NLRP3 inflammasome and an upre-
gulation of Vimentin in the CNS, leading to accelerated apoptosis of HBMECs and disruption of BBB integrity. Furthermore, the
interaction between Vimentin and the NLRP3 inflammasome appears to be facilitated through the NF-kB signaling pathway. The in
vitro and in vivo models presented in this study are poised to contribute to a more comprehensive understanding of the molecular
underpinnings of C. neoformans, specifically regarding endothelial cell apoptosis and inflammatory responses. These findings may offer
a novel theoretical foundation for the development of treatments for fungal infections in the future.

CSF: cerebrospinal fluid, BBB: blood-brain barrier, HBMEC: human brain microvascular endothelial cell, CNS: central nervous
system, EV71: enterovirus 71, ELIS A: Enzyme Linked Immunosorbent Assay, OD: optical density, ANOVA: One-way analysis of
variance.
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