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Graphical Abstract47

48

Our work highlight plasma-EVs from recurrent GBMs carrying Lactate dehydrogenase A49

activate glioblastoma stemness by enhancing glycolysis, providing a candidate biomarker for50

monitoring recurrent GBM using liquid biopsy.51
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Abstract72

Rationale: Glioblastoma multiforme (GBM) is the most aggressive primary malignant brain73

tumor in adults, characterized by high invasiveness and poor prognosis. Glioma stem cells74

(GSCs) drive GBM treatment resistance and recurrence, however, the molecular mechanisms75

activating intracranial GSCs remain unclear. Extracellular vesicles (EVs) are crucial signaling76

mediators in regulating cell metabolism and can cross the blood-brain barrier (BBB). This study77

aimed to elucidate how EV cargo contributes to the intracranial GSC state and validate a non-78

invasive diagnostic strategy for GBM relapse.79

Methods: We isolated plasma extracellular vesicles (pl-EVs) from three groups: recurrent GBM80

patients post-resection, non-recurrent GBM patients post-resection, and healthy individuals.81

Newly diagnosed GBM patients served as an additional control. EVs were characterized and co-82

cultured with primary GBM cell lines to assess their effect on tumor stemness. EV cargo was83

analyzed using proteomics to investigate specific EV subpopulations contributing to GBM84

relapse. Based on these findings, we generated engineered LDHA-enriched EVs (LDHA-EVs)85

and co-cultured them with patient-derived organoids (PDOs). Metabolomics was performed to86

elucidate the underlying signal transduction pathways.87

Results: Our study demonstrated that pl-EVs from recurrent GBM patients enhanced aerobic88

glycolysis and stemness in GBM cells. Proteomic analysis revealed that plasma EVs from89

recurrent GBMs encapsulated considerable amounts of the enzyme lactate dehydrogenase A90

(LDHA). Mechanistically, LDHA-loaded EVs promoted glycolysis, induced cAMP/ATP cycling,91

and accelerated lactate production, thereby maintained the GSC phenotype. Concurrently, post-92

surgical therapy-induced stress-modulated hypoxia in residual tumors, promoted LDHA-93

enriched EV release. Clinically, high levels of circulating LDHA-positive EVs correlated with94



increased glycolysis, poor therapeutic response, and shorter survival in recurrent GBM patients.95

Conclusion: Our study highlights LDHA-loaded EVs as key mediators promoting GSC96

properties and metabolic reprogramming in GBM. These findings provide insights into97

recurrence mechanisms and suggest potential liquid biopsy approaches for monitoring and98

preventing GBM relapse.99

Keywords: GBM, LDHA-EVs, Glioma stem cells, Glycolysis, EV-based liquid biopsy,100

Recurrence monitoring.101
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Introduction116

Glioblastoma multiforme (GBM) is the most common primary malignant intracranial tumor in117

adults, characterized by extremely poor prognosis and high invasiveness[1]. The standard118

treatment for GBM involves concurrent temozolomide (TMZ) with radiotherapy (RT) after119

resection, followed by 6 months of adjuvant TMZ [2]. Even when glioma undergoes total120

resection at the macroscopic level [3], invasive tumor cells still exist in adjacent areas, making121

microscopic eradication of these cells impossible [3,4]. These cells have been identified as122

glioma stem cells (GSCs), which possess significant self-renewal capacity and resistance to123

DNA-damaging modalities and appear to cause disease recurrence [5-8]. Consequently, despite124

surgery, chemotherapy, and RT, almost all GBMs inevitably recur within 8-12 months post-125

operatively [6]. Fast-growing GSCs typically exhibit increased glucose consumption, enhanced126

aerobic glycolysis, elevated lactate production (the "Warburg effect"), and higher ATP127

generation to maintain their stem-like properties [9-11]. However, the underlying mechanisms128

and functional bio-molecules participating in GSC self-renewal remain unclear. Tracking post-129

operative residual GSCs status and validating functional molecules related to energy sources is130

critical for early warning of GBM relapse. Therefore, effective strategies need to be further131

developed .132

Extracellular vesicles (EVs) are membrane-enclosed nanostructures released by cells that133

mediate intercellular communications and transport bioactive molecules to neighboring or distant134

cells [12-13]. Due to their ability to cross the blood-brain barrier (BBB) [14] and disseminate135

bioinformation to distal organs [15], the relationship between peripheral EVs and intracranial136

GSC status post-operatively has become a subject of intense investigation in GBM recurrence.137

Clinically, elevated EV cargo concentrations have been found in the plasma of GBM patients,138



which decrease after surgery but rise again with tumor relapse [16]. While previous studies have139

suggested that peripheral EV dynamics may indicate GBM status [12], the role of heterogeneous140

EV cargo in biofluids (such as cerebrospinal fluid, CSF, and plasma) in determining GSC status141

remains unclear. Moreover, since both the human brain and gliomas utilize high levels of glucose142

[17-18], and EVs have been recognized as crucial signaling mediators in regulating cell143

metabolism [19], the mechanism by which EV cargo induces specific metabolic signals has144

become a focal point of our research.145

Lactate dehydrogenase A (LDHA) is a classical enzyme involved in anaerobic and aerobic146

glycolysis [20]. As a sub-unit of LDH, LDHA preferentially converts pyruvate to lactate and147

NADH to NAD+ [21-22]. Recurrent and advanced GBMs exhibit a ‘‘Warburg phenotype’’ with148

high lactic acid levels [7, 22]. LDHA and lactate have recently been implicated as intracellular149

messengers, but further research on EV cargo-related glycolysis is required to determine its150

precise extracellular and intracellular roles.151



In this study, we investigated the ability of plasma extracellular vesicle cargo as a biomarker for152

monitoring post-operative recurrence in GBM. Our findings demonstrated the abundance of153

LDHA-carrying EV subpopulation in the peripheral circulation of recurrent GBM patients.154

Furthermore, we provided evidence that LDHA-EVs activated aggressive GSCs by regulating155

glucose metabolism. Clinically, tumor recurrence after RT and/or chemotherapy following156

surgical resection increased LDHA loading into EVs, contributing to the pathological phenotype157

of intracranial GSCs. Monitoring LDHA-EV levels and interrupting LDHA-EV signaling may158

provide potential blood-based diagnostic and therapeutic strategies for GBM relapse.159
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Methods176

Cell lines177
.178
Primary cell lines were isolated from tumor tissues of glioblastoma patients following the179

reported protocol [23], and were kind gifts from professor Songtao Qi’s laboratory (Nanfang180

Hospital). U87-MG cells were transfected with a lentiviral vector encoding firefly luciferase181

reporter and the control vector, then selected by puromycin (2 µg/ml) for ~2 weeks to obtain182

U87-Luciferase (U87-MG-Luc) and U87-control (U87-MG-Ctrl).183

Glioblastoma organoids (GBOs) study184

GBOs were prepared according to the method described by Nickl et al. [24]. Patient-derived185

GBOs were fixed in 4% formalin (Carl Roth, Karlsruhe, Germany) for 24 h at 4 °C and used for186

immunohistochemical staining detected by Olympus VS200 ASW 3.2.1.187

Mouse model188

Six-week-old female BALB/c nude mice were used to inject 2 × 105 U87-GBM cells to establish189

a glioblastoma model in situ. Six mice were used in each group of experiments. Mice were190

divided into 3 groups after tumor injection and treated with various EVs, including HD-EVs,191

NR-EVs, and R-EVs (30 μg of EVs every 3 days via intra-peritoneal injection in PBS) for 5192

different time points. Additionally, mice were divided into 3 groups after tumor injection and193

treated with NR-EVs, R-EVs and R-EVs+GNE140 (30 μg of EV every 3 days via intraperitoneal194

injection in PBS) for 5 independent time points. Tumor volume was detected by luciferase via in195

vivo imaging using IVIS Spectrum CT (PerkinElmer).196

Specimen collection197

Our study was approved by the Ethics Committee of Nanfang Hospital (#NFEC-2022-056). 265198

cases of GBM patients including 84 recurrent and 181 non-recurrent patients. The clinical199

information of the enrolling patients were listed as Table 1. The GBM patients underwent200



surgery followed by Stupp`s protocol-guided chemoradiotherapy, and 50 healthy individuals201

were included in our study, all specimens had confirmed pathologic diagnosis and were202

classified according to the 2021 World Health Organization Classification of Tumors of the203

Central Nervous System. Patients were excluded if they had concurrent malignancies, underwent204

only stereotactic biopsy, had received prior chemo/radiotherapy, or had incomplete medical205

records. Clinical data collection encompassed demographic characteristics, tumor-specific206

parameters, and molecular profiles including IDH mutation status and 1p/19q co-deletion. In this207

cohort, plasma samples were prospectively collected at a median of 3 months prior to scheduled208

magnetic resonance imaging (MRI) assessment, enabling temporal correlation between liquid209

biopsy findings and radio-logical features.210

Fresh samples were immediately preserved in liquid nitrogen and 4% polyformaldehyde. Whole211

blood was collected in EDTA tubes, centrifuged at 1,880 g for 10 mins, transferred to new tubes,212

and centrifuged at 2,500 g for 10 mins at room temperature (RT) to minimize contamination by213

platelets, as described [25].214

Isolation of EVs215

An OptiPrep™ Density Gradient Medium (BasalMedia, #R714JV) was used before loading the216

samples onto an SEC column. Six mL of plasma from every third individuals was layered on top217

of a 2 mL 50%, 2 mL 30%, and 2 mL 10% iodixanol working solution before centrifugation at218

178,000 × g with ~13 ml (SW 41 Ti rotor, Beckman Coulter) for 2 h at 4 °C and combined to 1219

sample (N = 1). Collected samples were prepared and qEV original SEC column (IZON, ICO70-220

13099) was pre-washed with 10~20 mL sterile PBS and 500 µL pre-treatment supernatant was221

loaded. Subsequently, PBS was used to eluate EVs . Each 0.5 ml effluent represented 1 fraction,222

and 7-10 fractions were collected using 0.2-μm-filtered PBS as the elution buffer, as previously223



described [25,26,27].224

Characterization of EVs225

Formvar/carbon-coated copper grids (Ted Pella, Inc., Redding, CA, USA) were pretreatment226

before loading samples. The grids and samples were incubated for 15 mins, fixed sequentially in227

2% paraformaldehyde and 2.5% glutaraldehyde, and contrasted in 2% uranyl acetate, as228

previously reported [25]. EV morphology was characterized by JEM 1200 EX II transmission229

electron microscope (TEM) (JEOL Ltd., Tokyo, Japan). Particle concentration was analyzed by230

Nano Sight® nanoparticle tracking and Zetaview®system with detection threshold of 3. EVs231

were diluted in PBS before the analysis. Each sample was configured with a blue 488 nm laser232

and a high-sensitivity scientific complementary metal-oxide semiconductor (sCMOS) camera. At233

least 200 completed tracks were analyzed per video. Particles were tracked and quantitated, and234

data were analyzed by their sizes using NTA software V.3.4.235

EV labeling and administration236

To visualize the target organ in vivo, EVs were labeled according to the manufacturer’s237

instructions (Life Technologies, USA), with modifications. Briefly, 90 μg of EVs/group were238

incubated with Vybrant DID (1:1000 in PBS) in the dark for 15-20 min. The labeled EVs were239

washed with 50 ml of PBS, and centrifuged at 120,000 × g for 1.5 h to remove the excess dye.240

Next, the Vybrant DID-labelled EVs were injected into the tail vein of BALB/C nude mice (6241

weeks old, n = 3 per group/time point, dosage per mouse: 30 μg of EV in 100 μl of PBS). PBS242

with/without Vybrant DID was used as the control. At 0.5 h and 12 h after EV injection, the mice243

and the harvested tissues were subject to in vivo and ex vivo imaging. Fluorescence intensity was244

determined using an IVIS Spectrum system.245

EV proteomics.246



The EV samples (~30 µg, N ≥ 3) were collected, and proteomics was performed. Protein247

Discoverer (v2.3) was used to identify and quantify proteins. Raw data have been deposited with248

the Proteome X Change Consortium.249

ATP detection.250

ATP detection kit (Beyotime, #S0026) was used to determine ATP level For cells cultured in 6-251

well plates, 200 µL/well of lysates were added. Subsequently, the plates were centrifugd at252

12,000 g for 5 mins at 4 ℃, and the supernatants were harvested. For the tumor tissues, 150 µL253

of lysate per 20 mg of tissue was added, centrifuged at 12,000 g for 5 mins at 4 ℃, and the254

supernatants were collected. The prepared lysates were operated according to the instructions,255

and the ATP level was measured on the multi-plate reader (SpectraMax i3x, Molecular Devices).256

Determination of extracellular acidification rate (ECAR).257

The EACR assay kit (BestBio, BB-48311, China) and BBcellProbeTMP61 were used to detect258

ECAR of tumor cells and tissues after injecting with EVs following the manufacturer’s protocols.259

Lactate measurement.260

Cells were harvested for each assay (initial recommendation = 2 ×106 cells) and washed with261

cold PBS. The cell pellet was suspended in 4 × volumes of Lactate Assay Buffer (~200 µL) and262

homogenized by pipetting up and down a few times. Then, the cells were centrifuged for 2-5263

mins at 4 °C at top speed in a cold microcentrifuge to remove any insoluble material. The264

supernatant was transferred to a clean tube. The endogenous LDH was removed from the sample265

using the Deproteinizing Sample Preparation Kit-TCA (ab204708). A commercial L-Lactate266

Assay Kit (Abcam, Cambridge, UK, ab65330) was used according to the manufacturer’s267

instructions, and the absorbance OD (570 nm) was determined with a microplate reader268

(SpectraMax i3x, Molecular Devices).269



Lactate dehydrogenase A(LDHA) activity measurement270

LDHA Activity Assay Kit (Solarbio, BC0680) was used to evaluate the conversion ability of271

NAD+ and lactate to pyruvic acid of the plasma-derived EVs, Ctrl-EVs, and LDHA+EVs272

following the manufacturer’s protocols.273

Determination of specific EVs by exo-counter274

In the current study, we used a bead antibody capturing system, Exo-counter (Sysmex), to isolate275

and calculate specific EV subpopulations coupled with capturing with CD9 beads.276

LDHA+CD9+EV, and S100A8/9+CD9+EV were two of the specific EV subpopulations selected277

by Exo-Counter (sysmex) with 12.5 µL plasma. In this system, EVs were captured in the groove278

of an optical disc coated with antibodies against the EV surface antigens. The EVs captured by279

using CD9 antibodies were labeled with LDHA- and S100A8/9-conjugated magnetic nanobeads,280

and the number of the labeled EVs was counted with an optical disc drive, as previous reported28-281

29.282

IHC staining and score283

The tumor samples of patients and the cranium from animals were fixed in 4% paraformaldehyde284

for 24-48 h, embedded in paraffin, cut into serial 4-µm-thick sections, and stained with285

hematoxylin and eosin (LEAGENE, DH0006-2, Beijing, China) for histological examination.286

The immunohistochemical staining was performed using the ZSGB-BIO PV-9000 kit (Beijing,287

China) as per manufacturer’s instructions. The tissue sections from paraffin-embedded human288

GBM specimens and xenograft tissues were stained with specific antibodies or nonspecific IgG289

as a negative control. The stained tissue sections were examined and scored independently by290

two pathologists blinded to clinical parameters. The immunostaining levels were scored as 0291

(negative), 1+ (weakly positive, light yellow), 2+ (moderately positive, yellowish brown), and 3+292



(strongly positive, brown). 0 and 1+ indicated low expression, whereas 2+ and 3+ indicated high293

expression in tumor cells.294

Statistics295

We performed statistical analysis by Student’s t-test and ANOVA test to compare differences296

between multiple groups by analysis of variance; representative images were counted by image J297

software; data were considered statistically significant at p < 0.05. Pearson correlation analysis298

was used to analyze correlation. All statistical methods were performed by using GraphPad299

Prism 8.3.0.300
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Results314

Plasma EVs from recurrent GBMs promote GSC formation in vitro.315

Tissue sections from GBM patients exhibited Nestin- and HIF-1α-positive cells in the316

peritumoral region (Figure 1A), suggesting the potential existence of GSCs. We investigated the317

role of circulating EVs in modulating GSC cells by examining the interaction between EVs318

isolated from GBM patients’ plasma (pl-EVs) and primary GBM cells in vitro. As detailed in the319

schematic diagram (Figure 1B), we isolated high-quality EVs from plasma samples of healthy320

donors (HD-EVs), non-recurrent GBM patients (NR-EVs), recurrent GBM patients (R-EVs), and321

newly diagnosed GBM patients (P-EVs). Immunoblotting confirmed the expected presence of322

EV-associated proteins (CD9, CD63, TSG101) while cellular contaminant markers (Calnexin)323

were undetected (Figure 1C). Additionally, bicinchoninic acid assay revealed that R-EVs and P-324

EVs contained significantly higher protein cargo than HD-EVs and NR-EVs (Figure 1D, p <325

0.01). TEM and NTA revealed characteristic cup-shaped morphology and size distribution (30-326

250 nm in diameter) of all types of EVs (Figure 1E-F).327

We investigated the potential role of EVs, by co-culturing primary GBM cells grown in an EV-328

depleted medium (confirmed by TEM, Supplementary Figure 1) with all pl-EVs (HD-EVs,329

NR-EVs and R-EVs) for one week. We observed that R-EVs significantly induced sphere330

formation (p < 0.01), which was attenuated by co-incubation with heparin (2 μg/μL, p < 0.01;331

heparin inhibits EV uptake, Supplementary Figure 2), compared to NR-EVs and HD-EVs.332

Quantification of spheres in defined fields indicated an increase in both small (0-5 μm) and large333

(> 5 μm) spheres following R-EVs treatment (Figure 1G-H). Furthermore, immunofluorescence334

analysis revealed increased expression of stem cell markers (Nestin and SOX2) in R-EV-treated335

spheroids (Figure 1I-J). These findings suggest that plasma-derived EVs from recurrent GBM336



patients promote GSC-like phenotypes in primary GBM cells in vitro.337

Plasma EVs from recurrent patients accumulate intracranially, inducing GSC phenotype338

and proliferation in vivo.339

To evaluate the biodistribution of pl-EVs, we established an orthotopic U87-MG glioblastoma340

model and administered EVs following the protocol illustrated in Figure 2A-B. The emission341

from the skull area of mice administered with R-EVs was obviously observed at 0.5 h post-342

injection, compared to the other group (Figure 2C). Importantly, R-EVs significantly exhibited343

abundance in the brain region at 12 h after EV injection (Figure 2C-D), suggesting a potentially344

higher brain-targeting capability of R-EVs than other group. To further validate the tumor-345

targeting efficiency, we established an intracranial xenograft model using U87 cells stably346

expressing GFP and administered 30 μg of HD-EVs, NR-EVs, or R-EVs. Analysis of brain347

sections harvested 12 h post-injection demonstrated that R-EVs exhibited superior tumor-specific348

accumulation compared to other groups (Supplementary Figure 3), indicating enhanced tumor-349

targeting capabilities.350

In vivo imaging revealed that R-EVs demonstrated significantly enhanced accumulation in the351

cranial region at 0.5 h post-injection compared to control groups (Figure 2C). Notably, R-EVs352

maintained higher retention in the brain tissue at 12 h post-administration (Figure 2C-D).353

Besides, we also measured the ex vivo fluorescent from various soft organs (heart, liver, spleen,354

kidney, and intestine) harvested at 12 h and found no difference between the groups. At 12 h, the355

average fluorescence intensity in the liver and intestine in the groups was elevated substantially356

(Figure 2E-F). Furthermore, at 12 h post-injection, no pathological changes were detected in the357

soft organs of the groups, suggesting almost no systemic toxicity of the EVs (Supplementary358

Figure 4)359



We developed an orthotopic model using luciferase-expressing U87-MG cells (U87-MG-Luc) to360

investigate the impact of pl-EVs on tumor progression. HD-, NR-, and R-EVs were administered361

intravenously on days 10, 13, 16, 19, and 21 post-tumor implantation (Figure 2G). R-EV362

administration significantly promoted tumor growth at 14 (p < 0.01) and 21 days (p < 0.01) post-363

tumor implantation compared to HD-EV and NR-EV groups (Figure 2G-H), and markedly364

reduced survival of mice over a ~35-day observation period (p < 0.05) (Figure 2I).365

Immunofluorescence of brain tissue revealed extensive localization of DiD-labeled R-EVs,366

accompanied by increased expression of stem cell markers (SOX2, Nestin) and the Ki67367

proliferation marker in the tumor region (Figure 2J-L) and associated statistics indicated the368

Ki67, SOX2 and Nestin area to DAPI (%) (Supplementary Figure 5). These findings suggested369

that R-EVs induce an aggressive glioma stem cell-like phenotype and enhance proliferation rates370

in vivo.371

LDHA⁺CD9⁺EV subpopulations become prominent with GBM relapse.372

The EV-encapsulated proteins are involved in specific cellular functions under various373

physiologic and pathological conditions [12]. Liquid chromatography-tandem mass spectrometry374

(LC-MS/MS) was carried out on equal amounts of HD-EVs (N = 3), NR-EVs (N = 4), and R-375

EVs (N = 4) from GBM patients to determine the protein components of isolated EVs. R-EVs376

displayed a distinct protein profile compared with HD-, and NR-EVs (Figure 3A-B). We next377

performed a Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis on proteins among378

the 3 groups. The data showed the enrichment of 43 distinct proteins in R-EVs in "pyruvate379

fermentation to lactate", "glycolysis", "gluconeogenesis", and 9 other signaling pathways380

(Figure 3C, Table 2). Also, typical proteins that were more abundant in R-EVs mainly clustered381

in glycolysis and hypoxia signaling pathways (Figure 3F). Intriguingly, LDHA, a classical382



enzyme involved in anaerobic and aerobic glycolysis, was significantly up-regulated 2.381-fold383

(Figure 3C, Supplementary Table 2). Furthermore, Exo-counter, a highly sensitive EV384

counting system, allows the identification of specific EVs by utilizing optical disk technology385

and introducing nanobeads for EV capturing [28-29]. Exo-counter could detect specific EVs386

derived from human plasma without any enrichment procedures and its detection sensitivity and387

linearity were higher than those of conventional detection methods such as ELISA or flow388

cytometry.389

We further validated the typical EV sub-population by using CD9 beads and antibodies to390

quantify EVs29. Our data demonstrated a significant increase in LDHA+/CD9+EVs (p < 0.001)391

and S100A8/9+/CD9+EVs (p < 0.05) in the plasma of recurrent GBM patients, compare to the392

NR and HD group (Figure 3D). Data from protein atlas indicated that both proteins exhibited393

prominent assembly on the plasma membrane and intracellular vesicles. Receiver operating394

characteristic (ROC) analysis revealed that LDHA+/CD9+EVs and S100A8/9+/CD9+EVs395

exhibited favorable diagnostic potential for distinguishing between recurrent and non-recurrent396

GBM patients post-surgery. The combination of both markers yielded an area under the curve397

(AUC) value of 0.939, indicating higher diagnostic accuracy (Figure 3E). However, in a paired398

clinical patient cohort, we observed that LDHA+/CD9+EV decreased markedly post-surgery (p <399

0.01) and increased significantly with recurrence (p < 0.05) (Figure 3G-H). Detailed analysis of400

two individual GBM patients with post-surgical recurrence further corroborated the potential401

value of LDHA+EVs as a recurrence biomarker (Figure 3I-J, Supplementary Figure 6). These402

findings suggested that LDHA-positive EVs may serve as a candidate biomarker for monitoring403

GBM recurrence, complementing current imaging methods.404

Radio chemotherapy modulates hypoxia to drive LDHA-enriched EV release in405



glioblastoma.406

We investigated the origin of the EV subpopulation to elucidate the mechanisms underlying407

elevated peripheral LDHA-enriched extracellular vesicles (LDHA-EVs) during tumor recurrence.408

The current standard treatment for GBM consists of concurrent temozolomide (TMZ) with RT409

after maximal safe resection, followed by 6 months of adjuvant TMZ [2], as illustrated in Figure410

4A. STRING analysis identified HIF-1α as a key gene in the LDHA-related network411

(Supplementary Figure 6). To model treatment resistance, we exposed U87-MG cells to TMZ412

treatment to generate TMZ-resistant and TMZ-sensitive cell lines, which were then subjected to413

RT (4Gy). Under normoxic conditions, HIF-1α is rapidly hydroxylated by prolyl hydroxylase414

domain 2 (PHD2) and subsequently undergoes ubiquitin-mediated proteasomal degradation.415

Immunoblotting analysis revealed that PHD2 was downregulated, whereas HIF-1α and LDHA416

were markedly upregulated in TMZ-resistant and irradiated cells (Figure 4B). Additionally,417

Exo-counter analysis demonstrated a significant increase in LDHA+ EVs in the cell culture418

supernatant of both TMZ-resistant (p < 0.001) and irradiated (p < 0.001) cells, indicating that419

radio-chemotherapy positively correlates with increased extracellular LDHA+EV release (Figure420

4C).421

The TCGA dataset revealed significantly higher LDHA expression levels in clinical samples422

from recurrent GBM patients than primary GBM patients (p < 0.01, Figure 4D). Furthermore, a423

positive correlation (r = 0.1849, p < 0.05) between HIF-1α and LDHA expression levels was424

observed in recurrent core tissues, as evidenced by immunohistochemistry (IHC) scores in paired425

GBM tissue samples (Figure 4E-F). The number of LDHA+/CD9+ EVs in plasma positively426

correlated with both HIF-1α scores (R² = 0.3825, p = 0.0028) and LDHA levels (R² = 0.2172, p427

= 0.0332) in paired patient samples (Figure 4G).428



Hypoxia was induced by CoCl2 treatment in U87-MG cells (Supplementary Figure 7) to further429

confirm whether HIF-1α promoted LDHA sorting into EVs and the released LDHA-positive EVs430

were quantified using an Exo-counter (Figure 4H). Small interfering RNAs (siRNAs) targeting431

distinct sequences were utilized for HIF-1α silencing. The results indicated that hypoxia432

significantly increased both HIF-1α and LDHA expression while HIF-1α silencing markedly433

reduced their levels (Figure 4I). Exo-counter analysis confirmed that extracellular LDHA+ EVs434

positively correlated with intracellular HIF-1α levels (R² = 0.6873, p = 0.0110) (Figure 4J),435

demonstrating that HIF-1α stability was a critical regulatory factor promoting LDHA enrichment436

in released EVs. These findings demonstrated that radio-chemotherapy-induced hypoxia and437

enhanced HIF-1α stability significantly correlate with LDHA enrichment in circulating EVs.438

LDHA-enriched extracellular vesicles promote stemness in GBOs.439

We investigated the role of exosomal LDHA by utilizing patient-derived GBOs, which were cu-440

cultured with engineered LDHA-enriched extracellular vesicles (LDHA-EVs). GBOs were441

generated using a non-disruptive method to preserve the original tumor architecture, as442

illustrated in the workflow (Figure 5A). LDHA-EVs were engineered by transducing U87-MG443

cells with LDHA-encoding lentivirus, followed by EV isolation (Figure 5B). Western blot444

analysis revealed significantly higher LDHA content in LDHA-EVs than in control EVs (Figure445

5C). Characterization of these EVs confirmed their typical morphology, size distribution (Figure446

5D). LDHA concentration within EVs. were measured. Our data demonstrated no significant447

variation in LDHA levels after EVs were stored at -80 °C for 2 weeks while LDHA inhibitor448

GNE140 effectively suppress exosomal LDHA concentration (p < 0.01, Figure 5E).449

Subsequently, GNE140-treated EV particles were isolated and incubated with GBOs, as450

illustrated in the experimental design (Figure 5F).451



Firstly, we have conducted GBO treatment experiments by using PKH67-labeled EVs for 48 h.452

The results indicated that approximately 60-70% of the EVs were distributed within the GBOs at453

48 h. This distributions were observed to be across all the groups, including Ctrl-EVs, LDHA-454

EVs, and LDHA-EVs+GNE140 group, and there is no significant differences between the groups455

(Figure 5G-H). Furthermore, GBOs were co-cultured with control EVs, LDHA-EVs, or456

GNE140-treated LDHA-EVs for 7 days. Histological analysis confirmed that GBOs maintained457

the tumor characteristics (Figure. 5I). Immunofluorescence analysis revealed that LDHA-EVs458

significantly increased the proportion of cells expressing stem cell and proliferation markers459

(Ki67, SOX2, Nestin, and HIF-1α) in organoids compared to controls (Figure 5J-M). Besides,460

western blotting indicated the increased expression of SOX2, Nestin, and HIF-1α co-cultured461

with LDHA-EVs, and the effects reversed with GNE140 treatment (Figure 5N). Additionally,462

cell counting kit 8 assay further confirmed the higher proliferation ability of organiods treat with463

LDHA-EVs, compared to the other groups (Figure 5O). Conversely, GNE140-treated LDHA-464

EVs exhibited the opposite effect. These findings demonstrated that LDHA-EVs enhance the465

stemness phenotype within organoids, suggesting that LDHA-EVs potentially contribute to466

tumor stemness and progression.467

LDHA-enriched EVs promote metabolic reprogramming and lactate production.468

Next, when metabolomic analysis was performed on GBOs, heatmaps revealed significant469

metabolic alterations with LDHA-EV treatment (Figure 6A). Notably, cAMP levels, related to470

ATP and the citric acid cycle (TCA) were significantly elevated in the LDHA-EV group. This471

effect was reversed by GNE140 (p = 0.0368) (Figure 6B). Differential metabolites are shown in472

Figure 6C. Pathway analyses highlighted the enrichment of glycolysis, pyruvate metabolism,473

and glucose consumption pathways (Figure 6D). To investigate whether LDHA-EVs mediated474



glycolysis, we detected glycolytic molecules in EV co-cultured organoids. Our data showed that475

LDHA-EVs significantly increased intracellular LDHA levels compared to the control-EV group.476

This effect was attenuated by LDHA inhibition by using GNE140 and a neutralizing LDHA477

antibody, indicating effective delivery of the LDHA enzyme by EVs (Figure 6E). Furthermore,478

LDHA-EVs caused higher glucose consumption and lactate levels in organoids (Figure 6F-G)479

attenuated by LDHA inhibitors. Seahorse assays showed elevated ECAR in LDHA-EV treated480

groups, which were reduced upon LDHA inhibition (Figure 6H). Consistent with enhanced481

glycolysis, LDHA-EVs increased basal ATP levels, an effect reversed with decreased LDHA482

activity (Figure 6I). qPCR analysis revealed up-regulation of stemness-associated genes after483

LDHA-EV uptake (Figure 6J), confirming that LDHA induced a stem cell-like phenotype.484

These results supported a potential molecular mechanism whereby EVs deliver LDHA enzyme,485

enhancing glycolysis and lactate production. This metabolic reprogramming potentially486

contributes to GBM stemness.487

Alleviating LDHA activities in circulating EVs potentially reduces GBM progression.488

To investigate the effect of exosomal LDHA activity on tumor progression, we intravenously489

administered Ctrl-EVs, LDHA-EVs, and GNE140-treated EVs to U87-MG tumor-bearing mice490

and assessed EV distribution, tumor progression, and intracranial ATP, lactate, and LDHA levels491

(Figure 7A). At 12 h post-injection, mice administered with LDHA-EVs exhibited markedly492

enhanced intracranial fluorescence signals, which were attenuated by GNE140, suggesting that493

inhibition of LDHA activity in EVs reduced their homing capacity to the brain (Figure 7B-C).494

Furthermore, LDHA-EV administration markedly increased LDHA, lactate, and ATP levels in495

the local tumor region, while GNE140 reversed these effects (Figure 7D-F). To investigate the496

clinical potential, EVs derived from recurrent GBM patient plasma (R-EVs) were treated with497



GNE140 and added to organoids. Our data showed that R-EVs significantly increased498

intracellular LDHA levels (p < 0.01) and lactate production in spheres (p < 0.01), while the499

elevated ECAR rate was attenuated by GNE140 (p < 0.01) (Figure 7G-I). The R-EV-induced500

increase in sphere formation was suppressed in vitro by GNE140 (an LDHA inhibitor) (p < 0.01)501

and oxamate (a lactate inhibitor) (p < 0.01), indicating that blockade of LDHA and lactate502

production contributes to alleviating the GSC phenotype (Figure 7J-K). R-EVs promoted tumor503

growth at 2-3 weeks compared to the non-recurrent group after EV administration (2 weeks, p <504

0.01, 3 weeks, p < 0.01). This effect was reversed when LDHA activity in R-EVs was inhibited505

by GNE140 pretreatment (p < 0.05) (Figure 7L-M). These data suggested that reducing LDHA506

activity in circulating EVs potentially inhibited tumor growth. Our findings indicated that507

targeting LDHA-carrying EV subpopulations prevent GBM progression, offering a novel508

therapeutic strategy for this aggressive malignancy.509

Circulating LDHA-EVs correlate with a poor outcome of recurrent GBM and serve as a510

candidate non-invasive biomarker.511

Studies have demonstrated LDHA's potential as a promising biomarker for GBM prognosis in512

clinical settings. Analyses of The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome513

Atlas (CGGA) databases revealed that GBM patient prognosis was negatively correlated with514

LDHA expression (Figure 8A-B). Furthermore, cohort studies indicated that the levels of515

LDHA-positive EVs in recurrent GBM patients were inversely associated with patient survival516

(Figure 8C). Our study demonstrated that LDHA enzymes encapsulated in plasma extracellular517

vesicles activate glioblastoma stemness by enhancing glycolysis. We highlighted the potential of518

LDHA as a signal transducer transmitted via EVs to promote cancer aerobic glycolysis and the519

GSC phenotype. This finding provides novel insights for monitoring recurrent GBM and520



predicting GBM sensitivity to radio-chemotherapy using liquid biopsy techniques.521

Discussion522

GBMʼs aggressiveness, treatment resistance, and recurrence appear to originate from a low523

abundance subpopulation of GSCs within tumor cells, which show functional properties such as524

low proliferative activity, self-renewal, and multipotency [30-33]. Metabolic reprogramming is525

the hallmark of GBM progression relying on glycolysis and accumulating lactate significantly,526

resulting in an unfavorable prognosis [34-35]. In the tumor center, hypoxia renders tumor cells to527

undergo glycolysis, while aerobic glycolysis may also be induced at tumor margins away from528

the hypoxic central areas [36]. Histopathology confirmed the presence of many infiltrating tumor529

cells in the brain tissue surrounding the tumor with marked hypoxia and stemness markers,530

implying that there may be strong metabolic remodeling.531

Previous studies have focused on excess lactate production, enhanced hypoxia, and stemness of532

GBM tissues, however, the involvement of peripheral EV cargo in GBM recurrence was not533

reported. Our data demonstrated that the EV-facilitated lactate-ATP-cAMP cycle contributes to534

metabolic reprogramming and GSC form/action. We provide novel insights into the potential535

function of circulating EV cargo to metabolize excess glucose. One recent study pointed out that536

LDHA upregulated C-C motif chemokine ligand 2 (CCL2) and CCL7 through the ERK-YAP-537

STAT3 signaling axis to recruit macrophages into the tumor microenvironment. The infiltrating538

macrophages produced LDHA-containing EVs to promote GBM cell metabolic remodeling,539

proliferation, and survival [37]. In our study, we mentioned that EVs from infiltrating tumor cells540

in the brain tissue surrounding exhibited strong stemness may also release LDHA enriched EVs541

and regulated by TMZ/redio- therapy post-operation (Figure 4).542



Furthermore, two new studies have indicated that lactate-induced post-translational543

modifications regulate homologous recombination and promote chemoresistance in cancers [38-544

39]. In addition to metabolic regulation, non-metabolic functions and the relationship between545

plasma EVs and lactate accumulation or lactation modification in the relapsed GBMs are also546

noteworthy. Other investigators have demonstrated elevated plasma EV levels with a high547

protein load in primary and recurrent GBM patients [16]. EVs may provide an effective cargo548

delivery system to target GBMs due to their ability to cross the BBB and enter the glioblastoma549

micro-environment [39]. The current understanding of the origin and functions of cancer-derived550

EVs might enable their exploitation for anticancer therapy [41].551

It has been reported that EVs from mouse and human lung-, liver-, and brain-tropic tumor cells552

fuse preferentially with resident cells in different organs. EV integrins could predict organ-553

specific metastasis, demonstrating their capacity for long-distance communication[42]. However,554

identifying tumour-intrinsic properties and/or drivers of the crosstalk between tumour cells and555

the brain micro-environment that can be targeted is critical. Previous study indicated that, small556

EVs (sEVs) derived from metastatic melanoma cell lines were enriched in nerve growth factor557

receptor (NGFR, p75NTR), could spread through the lymphatic system, and were taken up by558

lymphatic endothelial cells, supporting lymph node metastasis[43]. David lyden et al.559

demonstrated that exosomal CEMIP induces a pro-inflammatory state in the brain vascular niche560

that supports brain metastatic colonization[44]. These data support the notion that561

the combination of biophysical properties and surface proteins influences sEV dissemination.562

Whether circulating and EV particles reach the target organ by passive or active mechanisms is563

debatable. In our study, we found that EVs from glioma cells and recurrent GBM patients’564

plasma displayed elevated ATP and lactate levels after uptaking by recipient cells and565



accelerated homing effects when they spread through the blood. Based on our studies, along with566

findings from the David and prior research on the LDHA gene, we propose that as brain is an567

organ with heightened lactate consumption, and GBM typically exhibit elevated levels of568

hypoxia and lactation consumption. Extracellular vesicles carrying LDHA enzyme preferentially569

accumulate in tumor regions and providing ATP and enhanced lactate level may an important570

reason for the EV brain-targeting and contribute to the tumor progression. Additionally, the571

underlying genetic regulatory mechanisms require further elucidation. However, the LDHA-EV572

injection rescued LDHA inhibitor treatment. The observation that inhibitors block EV homing573

provides novel insights into many therapeutic opportunities to target LDHA/LDHB in glioma574

treatment.575

The standard method for monitoring the treatment response of radio-chemotherapy is clinical576

evaluation and magnetic resonance imaging (MRI) from two to six months. However, 20% of577

patients treated with TMZ chemoradiotherapy show pseudo-progression [42-43] which is578

difficult to distinguish from actual progression. Only surgery followed by pathological579

investigation can verify the progressive state, which is unnecessary if the lesions are not580

progressive. Therefore, a less time-consuming and non-invasive method for treatment monitoring581

is needed. In this context, blood-based biopsy seems promising. Several methods have been582

proposed to monitor liquid-based alterations, including circulating tumor cells (CTCs) or583

alterations detected in cerebrospinal fluid (CSF) [45-46]. Due to their ability to pass through the584

BBB, EVs can be potential markers for GBM Our study found elevated levels of LDHA-585

enriched EVs in the plasma with GBM relapse, associated with glycolysis, poor586

chemotherapeutic response, and shorter survival of patients. These observations implied that587

LDHA-enriched EVs in plasma might be a valuable blood-based biopsy for verifying the588



pseudo-progression and monitoring the treatment response and progression of GBM. It will also589

be essential. to determine whether progression could be detected by LDHA-enriched EVs using590

blood-based biopsy before the clinical and/or radiological evidence.591

Our study highlights the potentially crucial role of circulating EVs after GBM resection. These592

data provide evidence for monitoring recurrent GBMs. A better understanding of LDHA-593

enriched EV subpopulation as a potential ‘metabolic switch’ is needed to function as a non-594

invasive biomarker and therapeutic target, providing novel insights for GBM diagnosis and595

preventing recurrence in future clinical translation.596
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Figure 1 Plasma EVs from recurrent GBMs promote GSC formation in vitro.754

755



(A) IHC staining of Nestin positive and HIF-1α positive cells in the adjacent tissues from756

individual GBM patients#8. Scale bars, 100 µm. (B) Schematic overview of EVs separation from757

plasma. HDL, high-density lipoprotein, IDC, iodixanol density cushion, SEC, size exclusion758

chromatography, UCF, ultracentrifugation. (C) Immunoblot characterization of 30µL (~10µg)759

EVs with antibodies against the common EV markers (CD63, CD81, CD9) and cellular760

contaminants marker (Calnexin) on EVs from fractions 7-8-9-10, (500µL/fraction). (D) BCA761

quantification of pl-EVs amounts of combined 7-10 fractions. Healthy donors, HD, N = 16, Non762

recurrent, N = 60, recurrent GBM, R, N = 28, newly diagnosed GBMs, N = 9. (E) 30µL (about763

~10µg) EVs evaluated with transmission electron microscopy and indicating the EV-like764

structures (cup-shaped). Scale bars, 100 nm. (F) Size distribution of 15µL pl-EVs obtained by765

NTA. (G) GSCs formation, 24 hours after ~20,000 GBM cells adhered, adding 5µg pl-EVs766

samples/well and incubated with/without 2µg/ml heparin, spheroids observed continued for 1767

week at 37 ℃. Cells were culture with EVs depleted DMEM. Scale bars, 200 µm. (H) (up)768

Statistics of GSCs-like spheroids size, estimated using Spheroid Sizer. (down) Statistics of769

GSCs-like spheroids in different sizes (**, p < 0.01, ns.non-significance). (I-J)770

immunofluorescence of cells by using anti-SOX2 (red), anti-Nestin (red), nuclei stained with771

DAPI (blue), and EVs labeled by PKH67 (green). Scale bar, 20µm.772
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Figure 2 Plasma EVs from recurrent patients accumulate intracranially, inducing GSC779

phenotype and proliferation in vivo.780

781



(A) Experimental design of U87-MG intracranial model. U87-MG spheroids implanted into the782

nude mice following MRI imaging at 7 days and sacrificed at 35 days. (B) Experimental design783

of PBS, Vybrant-DID (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate),784

and 30 µg/mouse Vybrant-DID labeling EVs (HD-EVs, NR-EVs and R-EVs) were i.v. injection785

and IVIS detected at 0.5 h and 12 h in vivo and ex vivo. (C) Representative images of EV786

fluorescence at 0.5 h and 12 h. (D) Statistics of intracranial fluorescence at 0.5 h and 12 h. (E)787

biodistribution of DID labeling EVs in different organs (brain, liver, lung, kidney, heart and788

intestine) at 12 h. (F) Statistics of fluorescence area of DID label EVs in different organs. red*789

indicated the radiant efficiency. (G) Experimental design of EVs injection with U87 MG-bearing790

mice and representative images of intracranial tumor with EVs injection at 10, 21, 30 days. (H)791

Statistics of tumor burden at 14 days and 21 days. n = 6. (I)Survival of U87-MG bearing mouse792

after HD-EVs (n = 11), NR-EVs (n = 10) and R-EVs (n = 11) administration. (J-L)793

Immunofluorescence staining of intracranial tumor tissues by using anti-SOX2 (green), anti-794

Nestin (green), nuclei stained with DAPI (blue), and EVs with DID dye (red). Scale bar, 10 µm.795

Data are presented as means ± SD.; *, p < 0.05; **p < 0.01; ***p < 0.001; ns., non-significance.796
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Figure 3 LDHA⁺CD9⁺EV subpopulations become prominent with GBM relapse.809

810



(A) LC-MS/MS analysis of the protein composition of EV sample and heatmap for plasma EV811

proteomic, EV sample: N ≥ 3. (B) Venn diagram. (C) main pathways and proteins changed in812

R-EVs analyzed by KEGG. (D) Schematic overview of Exo-counter capturing specific EVs813

using CD9 nano-beads and antibody & Numbers of S100A8/9+/CD9+ pl-EVs and LDHA+/CD9+814

pl-EVs calculated by Exo-counter in 12.5 µL plasma. (E) ROC curve of S100A8/9+/CD9+,815

LDHA+/CD9+ and S100A8/9+ LDHA+/CD9+ pl-EVs to distinguish non-recurrent from recurrent816

GBMs. (F) ingenuity enriched KEGG up-regulated pathways specific to R-EVs. (G) numbers of817

LDHA+CD9+ pl-EVs calculated by exo-counter at pre-operation (pre-op), post-operation (post-818

op) and recurrence. (H) MRI images of GBM patients#1 & #2 with pre-op, post-op, and819

recurrence. (I-J) Patient characteristics and numbers of LDHA+ pl-EVs calculated by exo-counter820

in GBM patients#1 & #2. Data are presented as means ± SD. *, p < 0.05; **p < 0.01; ***p <821

0.001; ns., non-significance.822
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Figure 4 Radio chemotherapy modulates hypoxia to drive LDHA-enriched EV release in840

glioblastoma.841

842



(A) The current standard treatment for GBM was concurrent TMZ with IR after resection, and843

then followed by 6 months of TMZ. (B) The protein levels of PHD2, HIF-1α and LDHA in TMZ844

resistant and sensitive U87-MG cells and U87-MG treated with/without 4Gy radiotherapy. (C)845

number of LDHA positive EV in the supernatant of distinct groups (n = 5). (D) mRNA level of846

LDHA in primary and recurrent GBM patients analyzed by TCGA database. (E)847

Immunohistochemical analysis of HIF-1α, LDHA in adjacent and core tissues of recurrent GBM848

patients. (F) Correlation between the expression levels of HIF-1α and LDHA was assessed in849

GBM tumor tissues (n = 21). (G) Correlation between the expression levels of HIF-1α / LDHA850

in the tissues and LDHA positive EV numbers in the plasma of paired recurrent GBM patients851

(Chi-squared test and Spearman rank correlation test was used, respectively). (H-I) HIF-1α,852

LDHA levels in the cells that HIF-1α were induced by CoCl2 and silenced by siRNA. (J) The853

correlation between LDHA positive EV numbers in the supernatant and HIF-1α / LDHA level in854

the cell lysates, n = 8 (Chi-squared test and Spearman rank correlation test was used, respectively)855

(*, p < 0.05; **p < 0.01; ***p < 0.001; ns., non-significance).856
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Figure 5 LDHA-enriched extracellular vesicles promote stemness in GBOs.871

872



(A) Workflow of GBOs generation. Scale bars: D0-D3, 50 µm, D7-P1, 100 µm. (B) workflow of873

engineered EVs and EVs concentration from supernatants. (C) Western blotting of presence of874

LDHA and EV-associated (TSG101, CD63, CD9) markers in LDHA-EVs and Ctrl-EVs. (D)875

TEM and NTA analysis of Ctrl-EVs and LDHA-EVs. Scale bars: 1µm. (E) LDHA concentration.876

Comparison of the stability of LDHA-EVs, GNE140 treated LDHA-EVs and Ctrl-EVs under -877

80 °C for 2 weeks, suspended in pH 5.5 solution for 12 hours. LDHA concentration was detected878

at 3 time points (n = 3). (F) The illustration of GNE140 treated EVs and co-cluture with879

organoids. (G) The bio-distribution of PKH-67 labeled EVs co-cultured with Organoids.880

Representative images captured at 48h. Green indicates PKH-67 labeled EVs, Dapi indicates cell881

nucleus. (H) Statistics of percentage areas of PKH-67 labeled EVs/organoids. ns.non-882

significance. (I) 10µg Ctrl-EVs, LDHA enriched EVs, GNE140 were added to the media for 1883

week and bright light, H&E. Blank, control group without adding EVs. Scale bars: 500µm. (J)884

multi-immunofluorescence staining for the Ki-67/SOX2/Nestin and HIF-1α/SOX2/Nestin in the885

organoids, Blank, control group without adding EVs. scale bars: 200 µm (n = 8). (K-M)886

Statistics of diameter, Ki-67/SOX2/Nestin positive cells percentage, HIF-1α/SOX2/Nestin887

positive cells percentage, respectively. Blank, control group without adding EVs. Data are888

presented as means ± SD.; *, p < 0.05; **p < 0.01; ***p < 0.001.(N) HIF-1α/SOX2/Nestin were889

detected by western blotting, respectively. GAPDH were used as loading control. (O) Cell-890

counting kit-8 assay. Organoids were seeded in 96-well plates. 10µg Ctrl-EVs, LDHA enriched891

EVs, GNE140 were added to the media. Blank, control group without adding EVs. Proliferation892

activity was measured by CCK-8 assay once a day within 1 week. *, p < 0.05,**p < 0.01.893
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Figure 6 LDHA-enriched EVs promote metabolic reprogramming and lactate production.897

898
(A) Metabolomics of organoids and heatmap indicated markedly upregulated metabolite in899

groups of blank, Ctrl-EVs, LDHA-EVs and LDHA-EVs+GNE140. (B) cAMP (cyclic adenosine900

monophosphate) level analysis. (C) Differential metabolites in groups of Ctrl-EVs and LDHA-901



EVs. (D) Go analysis and KEGG analysis, the red asterisk represents the pathway of concern.902

Intracellular LDHA level (E) Glucose consumption (F) Relative Lactate level (G) ECAR rate (H)903

and ATP level (I) in the GBM organoids incubated with PBS, 10 µg Ctrl-EVs, LDHA-EVs,904

LDHA-EVs treatment with GNE140 and neutralizing antibody, respectively. (J) mRNA level of905

GSCs associated gene levels in the spheres incubated with LDHA-EVs and Ctrl-EVs (n = 3). (K)906

Schematic of molecular hypothesis. Data are presented as means±SD. *, p < 0.05; **p < 0.01;907

***p < 0.001.908
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Figure 7 Alleviating LDHA activities in circulating EVs potentially reduces GBM934

progression.935

936



(A) Workflow of EVs injection and tissues detection. (B) DID labeled EV fluorescent in the937

mice i.v. injected Ctrl-EVs, LDHA-EVs, and GNE140 treated LDHA-EVs at 0.5 h and 12 h. (C)938

Statistics of fluorescence in the brain and body of mice at 0.5 h and 12 h, respectively. ATP level939

(D) lactate production (E) and LDHA level (F) of intracranial tumor tissues after EVs940

administration. Intracellular Lactate level (E) LDHA level (F) and ECAR rate (G) in the spheres941

incubated with PBS, 10 µg plasma EVs (HD-EVs, NR-EVs, R-EVs and R-EVs pretreat with942

GNE140), respectively. (J) GSCs formation assay after uptaken plasma EV and block LDHA943

with GNE140 or block lactate activities with Oxamate, respectively. Scale bars: 200µm. (K)944

Statistics of GSCs associated spheres numbers. (L) Representative images of tumor growth with945

plasma EVs administration, at 2 weeks and 3 weeks. (M) Statistics of tumor burden *, p < 0.05;946

**p < 0.01; ***p < 0.001.947
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Figure 8 Circulating LDHA-EVs correlate with a poor outcome of recurrent GBM and966

serve as a candidate non-invasive biomarker.967

968
(A) Kaplan-Meier survival analysis of the expression levels of LDHA in GBM patients based on969

the CGGA database.(B) Kaplan-Meier survival analysis of the expression levels of LDHA in970

GBM patients based on the TGGA database. (C) survival analysis of the levels of LDHA971

positive EVs in recurrent GBM patients based on the cohorts.972
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