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Introduction: Intracranial infections present a signi cant diagnostic challenge.
This pilot study aimed to evaluate the potential of cerebrospinal uid (CSF)-
derived exosomes as novel diagnostic biomarkers for bacterial central nervous
system infections.

Methods: We enrolled nine patients from Changsha Central Hospital, forming
three groups: culture-con rmed intracranial infection (n=3), cerebral
hemorrhage with bloody CSF (n=3), and cerebral hemorrhage with clear CSF
(n=3). Exosomes were isolated from CSF via ultracentrifugation and
characterized using transmission electron microscopy and nanoparticle
tracking analysis to assess morphology, concentration, and particle size.
Statistical differences between groups were analyzed.

Results: Exosomes were successfully detected in all but one clear-CSF patient.
The infected CSF group exhibited a signi cantly higher mean exosome
concentration (1.37e+11 + 4.40e+10 particles/ml) compared to the bloody
(4.08e+9 + 1.95e+9 particles/ml) and clear CSF groups (1.10e+9 + 0.56e+9
particles/ml; both p<0.001). Exosome diameter was also signi cantly larger in
infected CSF (167.78 + 18.65 nm) than in bloody (146.63 + 6.92 nm) and clear CSF
(123.77 + 13.68 nm; both p<0.001).

Conclusions: This study demonstrates that both the concentration and size of
CSF exosomes are signi cantly elevated in patients with intracranial infections.
These ndings suggest CSF exosomes hold promise as valuable diagnostic
biomarkers, though validation in larger cohorts is necessary to con rm their
clinical utility.
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1 Introduction

Central nervous system (CNS) infections are caused by a broad
spectrum of pathogens, including bacteria, viruses, fungi, and
parasites (Giovane and Lavender, 2018). These infections can
involve various CNS compartments, such as the meninges
(meningitis), brain parenchyma (encephalitis), and spinal cord
(myelitis) (Ippolito et al.,, 2022). Severe CNS infections are often
life-threatening and can result in permanent neurological disability
(Bloch and Hasbun, 2021). Early and accurate diagnosis is critical
for improving clinical outcomes; however, current diagnostic
methods, particularly in emergency settings, often lack adequate
sensitivity and speci city (Masouris et al., 2020). Therefore, there is
an urgent need for additional diagnostic biomarkers.

De nitive diagnosis typically relies on direct pathogen detection
via cerebrospinal uid (CSF) culture or metagenomic next-
generation sequencing (mMNGS), or on the identi cation of
pathogen-speci ¢ antibodies. These approaches, however, have
practical limitations, including low positive rates, long turnaround
times, and reduced diagnostic accuracy in patients who have
received prior antimicrobial therapy (Masouris et al., 2020).
Conventional CSF parameters, such as white blood cell counts
and differentials, CSF-to-serum albumin and glucose ratios,
chloride levels, and lactate concentrations, may provide indirect
diagnostic clues but are insuf cient for guiding timely treatment
(Wiegand et al., 2016). Consequently, positive CSF culture remains
the gold standard for bacterial meningitis and ventriculitis, despite
its well-recognized shortcomings.

To address these challenges, research has increasingly focused
on identifying novel CSF biomarkers that could enable early and
reliable diagnosis of CNS infections. Among these, exosomes have
emerged as promising candidates. Exosomes are small extracellular
vesicles, typically 40-160 nm in diameter, actively secreted by cells
of endosomal origin (Chiasserini et al., 2014). They play a key role
in intercellular communication and carry diverse biomolecules,
including proteins, mRNA, and microRNAs, which can be
isolated from CSF (Budnik et al, 2016). Advances in exosome
isolation techniques now allow proteomic or nucleic acid analyses
from minimal CSF volumes (Chiasserini et al., 2014; Pulliam et al.,
2019). Importantly, exosomes are implicated in neuroin ammation,
CNS repair, and protein aggregation in neurological disorders such
as multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease
(Vanherle et al., 2020). While viral CNS infections, including HIV-
1, HTLV-1, and EBV—have been shown to alter host exosome
composition and function (Sampey et al., 2014; Luong and Olson,
2021), the role of exosomes in bacterial CNS infections
remains underexplored.

Building on this background, the present pilot study aimed to
explore the potential diagnostic value of CSF-derived exosomes in
patients with intracranial infections.
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2 Materials and methods

2.1 Ethics

This study was approved by the Ethics Committee of Changsha
Central Hospital (Approval N0.20190709), and written informed
consent was obtained from all patients or their legal representatives.
The study was conducted in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki.

2.2 Patients and controls

This pilot study was conducted at Changsha Central Hospital, a
3,000-bed tertiary-care medical center. Patients with con rmed
intracranial infections based on CSF culture were enrolled in the
experimental group. The control group comprised patients with
cerebral hemorrhage, intracranial aneurysm, or cerebral trauma
without evidence of intracranial infection. Based on the
macroscopic appearance of CSF, the control group was further
subdivided into bloody CSF and clear CSF subgroups.

2.3 Clinical data collection

Demographic and clinical data were retrieved from electronic
medical records, including age, sex, primary neurological diagnosis,
and comorbidities. CSF routine and biochemical indices were
collected, including glucose, chloride, total protein, total cell
counts, white blood cell counts, and the ratio of mononuclear to
multinuclear cells. Microbiological results, including CSF culture

ndings and antimicrobial susceptibility, were recorded. Detailed
antibiotic regimens, comprising drug name, dosage, frequency, and
administration route, were also documented. Clinical outcomes at
hospital discharge were categorized as cure, improvement, or
treatment abandonment.

2.4 Microbiology

Bacterial susceptibility to antimicrobial agents was determined
using the broth microdilution method with the VITEK®? system
(bioMerieux, Marcy-I'Etoile, France). Minimum inhibitory
concentrations (MICs) were interpreted according to the guidelines
of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) and the Clinical and Laboratory Standards Institute (CLSI)
guidelines (Dalyan et al., 2018). “Carbapenem resistance” was de ned
as strains isolated with non-susceptibility (MIC 4 mg/L) to imipenem
or meropenem, according to the CLSI 2019 criteria (Dalyan et al,,
2018). Resistance to polymyxins and tigecycline was de ned as MIC >2
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mg/L, following EUCAST guideline (http://www.eucast.org/
clinical_breakpoints) (Dalyan et al., 2018).

2.5 Extraction and characterization of CSF
exosomes

After infection con rmation, patients in the intracranial infection
group provided CSF for microbiological culture and exosome analysis.
Control patients donated CSF during routine drainage, either with
bloody or clear appearance. Exosomes were isolated using classical
differential ultracentrifugation, a widely accepted standard for
extracellular vesicle puri cation (Kowal et al., 2017). Due to limited
CSF volumes, no additional concentration or ultra ltration steps were
applied (Sandau et al., 2024). Brie y, CSF samples were centrifuged
sequentially as follows: 300g for 10 minutes at 4°C, 2000g for 30
minutes, 12000g for 45 minutes, and nally 110000g for 120 minutes.
The resulting pellet was resuspended in 1500ul of PBS to obtain
puri ed exosomes, which were stored at -80°C.

2.6 Cerebrospinal uid extracellular

vesicles

For morphological analysis, exosomes were xed with
glutaraldehyde, placed dropwise onto copper grids, and negatively
stained with 2% phosphotungstic acid for 2 minutes at room
temperature. Specimens were examined using transmission
electron microscopy (TEM, G2 Spirit FEI, USA). Nanoparticle
tracking analysis (NTA) was performed to assess particle size
distribution and concentration, with vesicle Brownian motion
monitored to calculate hydrodynamic diameter and particle
concentration using the Stokes—Einstein equation.

2.7 Statistical analysis

Statistical analyses were conducted using SPSS 29.0 (IBM,
Armonk, USA). Continuous variables were expressed as mean +
standard deviation (SD) for normally distributed data, or as median
with interquartile range (IQR) for skewed distributed data.
Between-group comparisons were performed using one-way
analysis of variance (ANOVA) for normally distributed variables,
or nonparametric tests for skewed data. The Kruskal-Wallis test
was applied for multiple-group comparisons, with pairwise analyses
conducted when signi cant differences were observed.

3 Results

3.1 Study population and clinical
characteristics

A total of nine patients were included in this pilot study: three
with culture-con rmed intracranial infections, three with cerebral
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hemorrhage and bloody CSF, and three with cerebral hemorrhage
and clear CSF. Baseline demographic and clinical characteristics of
all participants are summarized in Table 1. The pathogens isolated
from infected CSF were Escherichia coli, Acinetobacter baumannii,
and Enterobacter cloacae. Antimicrobial susceptibility testing
revealed carbapenem resistance in A. baumannii, which remained
sensitive only to polymyxins and tigecycline. In contrast, E. coli and
E. cloacae isolates were susceptible to carbapenems (Table 2).

3.2 Isolation and characterization of
exosomes

Exosome-like vesicles were successfully isolated from the CSF of
all patients, except for one case with clear CSF secondary to cerebral
hemorrhage (Patient 8). TEM imaging con rmed the presence of
round, membrane-bound vesicles consistent with exosome
morphology (Figure 1).

3.3 Exosome concentration and particle
size

Quantitative analysis revealed signi cant differences in exosome
concentration among the three groups (Table 3; Figure 2). The
mean concentration in infected CSF was signi cantly higher (1.37e
+11 + 4.40e+10 particles/ml) compared with both bloody CSF
(4.08e+9 * 1.95e+9 particles/ml) and clear CSF (1.10e+9 + 0.56e
+9 particles/ml) (both p < 0.001).

Exosome particle size also differed signi cantly among groups
(F = 22.44, p < 0.001). Exosomes in infected CSF were larger on
average (167.78 + 18.65 nm) than those in bloody CSF (146.63 +
6.92 nm) and clear CSF (123.77 + 13.68 nm) (both p < 0.001). The
distribution of particle sizes within the 30—200 nm range is detailed
in Table 3.

4 Discussion

Intracranial infection poses a signi cant diagnostic challenge in
clinical practice, as current methods often lack suf cient sensitivity
and speci city, particularly in emergency settings (Masouris et al.,
2020). Exosomes and other extracellular vesicles (EVs) are
nanoscale particles (50—200 nm in diameter) secreted by nearly
all cell types and detectable in various body uids, including urine,
plasma, and CSF (Chakrabortty et al., 2022). Previous studies have
shown that viruses can exploit exosomes to facilitate infection,
whereas bacteria can release vesicles that damage host cells (Kalluri
and LeBleu, 2020). Exosomes are also recognized as key mediators
of immune and in ammatory responses during infectious processes
(Rivera et al., 2010; Goncalves et al., 2023). However, the role of
exosomes in bacterial CNS infections remains poorly understood.
In this pilot study, we investigated whether CSF-derived exosomes
could serve as diagnostic indicators of intracranial infection.
Exosomes were successfully isolated and characterized from nine
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TABLE 1 The clinical characteristics of enrolled samples.

CSF CSF CSF culture
Patien . : o linical
nﬁtn?b;? Subgroup  Sex Diagnosis Total cell Mononuclear Antibiotic use gf ng
Glu(mmol/l) Cl(mmol/l) TP(mg/l) counts cells/multiple y
(*10°) nuclear cells
Cerebral trauma, 5% Eescherichia MER 2.0g, q8h+ LZD
1 Infection male 55 intracranial 0.27 115.2 3.93 36800 36400 VS coli 600mg,q12h+ AMK 20mg cure
infection 95% Intrathecal injection
Cerebral trauma, 10% . MER 2.0g, g8h, PMB100mg,
. . . Acinetobacter
2 Infection male 52 intracranial 0.1 118.7 4.04 6000 5600 VS . g12h + 5mg Intrathecal cure
. i baumannii S
infection 90% injection
Cerebral 10%
3 Infection male | 64 hemorrhage, 142 1234 2,67 4055 55 ys | Enterobacter | MER20g, g8+ VAN 10, | ;o
intracranial cloacae ql2h
. . 90%
infection
Bloody Intracranial 59%
4 cerebrospinal | female | 70 6.22 115 212 2691 185 Vs NA CPM 2.0g, g8h improve
. aneurysm
uid 41%
Bloody Cerebral trauma, 40%
5 cerebrospinal male 65 Cerebral 2.44 142 2.07 24200 200 VS NA CPM 2.0g, q8h improve
uid hemorrhage 60%
Bloody Cerebral 85%
6 cerebrospinal | female | 58 18 135 281 10680 1680 VS. NA CPM 2.0g, g8h give up
. hemorrhage
uid 15%
Clear Intracranial 80%
7 cerebrospinal male 58 453 120 091 18 10 VS. NA TZP 4.59, q8h cure
. aneurysm
uid 20%
Clear 95%
; Cerebral _
8 cerebrospinal male 74 6.42 128 0.63 1 1 VS. NA TZP 459, q8h improve
. hemorrhage
uid 5%
Clear 76%
. Cerebral .
9 cerebrospinal male 66 457 119 0.85 33 30 Vs NA CAZ 2.0g, g8h improve
uid hemorrhage 2%
0

MER, meropenem;

TZP, piperacillin/tazobactam; LZD, linezolid; CPM, cefepime; VAN, vancomycin; AMK,

amikacin; Glu, glucose; Cl, chlorine; TP, total protein; NA, negative.
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TABLE 2 The antimicrobial susceptibility test of bacteria.

Acinetobacter baumannii

Escherichia coli

10.3389/fcimb.2026.1760073

Enterobacter cloacae

ANMBIOHE Result Sensitivity Reference Result Sensitivity Reference Result Sensitivity Reference
Piperacilin/Tazobactam 128 R S 16R 128 4 S S 16R 128 8 S S 8/4R 32/4
Cefoperazone/Sulbactam 64 R S 16R 64 25 S S21R 15 16 S S 16R 64
Ampicillin/Sulbactam 6 R S15R 11 17 S S15R 11 32 R
Ceftazidime 64 R S 8R 32 16 R S 16R 64
Cefepime 32 R S 8R 32 1 S S 2R 16 4 | S 2R 16
Aztreonam 1 S S 4R 16 16 R S 4R 16
Imipenem 16 R S 2R 8 1 S S 1R 4
Meropenem 16 R S 2R 8 30 S S 23R 19 1 S S 1R 4
Amikacin 6 R S17TR 14 2 S S 16R 64 8 S S 16R 64
Cipro oxacin 4 R S 1R 4 0.25 S S 02R1
Levo oxacin 8 R S 2R 8 0.25 S S 05R 2 25 S S 05R 2
Sulfamethoxazole 16/304 | R S 2R 4 16/304 | R S 2R 4 8 R S 2R 4
Polymyxin 0.5 S S 2R 4 1 S S 2R 4
Minocycline 16 R S 4R 16 4 R S 4R 16
Tigecycline 2 S S 2R 8 0.5 S S 2R 8 1 S S 2R 8
Piperacilin 6 R S21R 17
Amoxicillin/Clavulanate 8 S S 8R 32
Cefazolin 64 R S 2R 8 32 R S 2R 8
Ceftriaxone 64 R S 1R 4 64 R
Cefoxitin 4 S S B8R 32 16 R S 8R 32
Ampicillin 32 R S B8R 32 32 R
Ertapenem 0.5 S S 05R 2
Cefuroxime 6 R S 18R 14 32 R S 8R 32

R, resistant; S, sensitive.

CSF samples, comprising three culture-con rmed intracranial  remains insuf ciently explored. In this pilot study, we

infections and six controls. Quantitative analysis revealed
signi cantly higher concentrations and larger particle sizes of
exosomes in infected CSF compared with both bloody and clear
CSF controls. These ndings suggest that CSF exosomes may hold
promise as potential biomarkers for intracranial infections.
Recently, exosomes and other EVs have garnered increasing
attention in the study of neuroinfectious diseases. These nanoscale
vesicles, actively secreted by cells and present in virtually all body
uids, are increasingly recognized as critical mediators of
intercellular communication and immune responses (Budnik
et al., 2016; Pulliam et al., 2019). Viruses can hijack exosomal
pathways to promote infection, while bacterial vesicles can
contribute to host cell damage. The capacity of exosomes to
encapsulate diverse molecular cargo, including proteins, nucleic
acids, and metabolites, makes them a promising source of
diagnostic and prognostic biomarkers (Xie et al., 2023).
Nonetheless, their involvement in bacterial CNS infections
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demonstrate that exosome concentration and particle size in CSF
are elevated during intracranial infection, providing preliminary
evidence that these features may serve as measurable indicators for
diagnostic purposes.

The clinical implications of these ndings are substantial.
Current diagnostic approaches often delay therapeutic decision-
making, particularly in patients with suspected bacterial meningitis
or post-neurosurgical ventriculitis (Hussein et al., 2017). In
contrast, exosome-based assays have the potential to deliver rapid,
non-culture-based evidence of infection, thereby enabling earlier
initiation of targeted therapy (Zhang et al., 2020). In neurosurgical
practice, where diagnostic delays can lead to severe outcomes such
as hydrocephalus, cerebral edema, or irreversible neurological
de cits (Winkler et al., 2016), the detection of exosome signatures
may serve as a valuable adjunct to existing diagnostic algorithms.

A methodological strength of this study lies in the combined
application of TEM and NTA for exosome characterization. TEM
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FIGURE 1

Morphologies of exosomes were observed using TEM in different patients. Patient 1—3 with intracranial infection, patient 4—6 with cerebral
hemorrhage and bloody CSF, patient 7—9 with cerebral hemorrhage and clear CSF.

allows direct visualization of the characteristic cup-shaped or
spherical vesicular morphology at high resolution, con rming the
structural integrity of isolated exosomes (Akhtar and Zuhair, 2025).
NTA, in turn, provides quantitative information on particle size
distribution and concentration based on Brownian motion (van der
Pol et al., 2014). The integration of these complementary techniques
not only enhances the reliability and accuracy of exosome
identi cation but also strengthens the translational relevance of
our ndings.

The observed increase in exosome concentration and size in
infected CSF likely re ects their heterogeneous origin. Exosomes
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may be released from host immune or neural cells under
pathological stress or may include bacterial extracellular vesicles
(BEVs) containing lipopolysaccharides, proteins, nucleic acids, and
virulence factors (Chronopoulos and Kalluri, 2020). Previous
studies have demonstrated that both viral and bacterial infections
alter extracellular vesicle release and composition, subsequently
modulating host immune responses (Lee et al.,, 2018; Toyofuku
etal., 2019). Our results align with this body of evidence, supporting
the notion that CSF in infected states exhibits a distinct exosomal
pro le in both quantity and size distribution. The larger particle size
observed in infected CSF may also hold biological signi cance.
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