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Epstein-Barr virus (EBV)-associated hemophagocytic lymphohistiocytosis (EBV-HLH) is a life-threatening syndrome, which is caused by EBV infection that is usually refractory to treatment and shows relapse. The development of new biomarkers for the early diagnosis and clinical treatment of EBV-HLH is urgently needed. Exosomes have been shown to mediate various biological processes and are ideal non-invasive biomarkers. Here, we present the differential plasma exosomal proteome of a patient with EBV-HLH before vs. during treatment and with that of his healthy twin brother. A tandem mass tag-labeled LC-MS technique was employed for proteomic detection. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses indicated that differential proteomic profiles were related to virus infection, coagulopathy, nervous system dysfunction, imbalance of immune response, and abnormal liver function. The candidate biomarkers were first identified in the patient’s plasma exosomes at different treatment and follow-up time points. Then, 14 additional EBV-HLH exosome samples were used to verify six differentially expressed proteins. The upregulation of C-reactive protein, moesin, galectin three-binding protein, and heat shock cognate 71 kDa protein and the downregulation of plasminogen and fibronectin 1 could serve as potential biomarkers of EBV-HLH. This plasma exosomal proteomic analysis provides new insights into the diagnostic and therapeutic biomarkers of EBV-HLH.
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INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH) is a severe life-threatening disease in which the immune system is seriously disordered (Zhang et al., 2021). The dysfunction of cytotoxic T lymphocytes and natural killer (NK) cells can lead to mononuclear macrophage systemic hyperplasia (Al-Samkari and Berliner, 2018). The excessive inflammatory reactions and bloodthirsty phenomena may ultimately lead to the multiple organ dysfunction syndrome (MODS) (Berlot et al., 2018). According to the inherited defects and external infectious factors, the disorder can be divided into primary HLH or secondary HLH (Filipovich and Chandrakasan, 2015). The primary HLH has been confirmed to be an autosomal recessive disorder and has related gene variants. The secondary HLH is usually caused by infection, rheumatism, and malignancy, and people of all ages have a risk of suffering from secondary HLH (Filipovich and Chandrakasan, 2015). The majority of patients with clinical HLH have secondary HLH with the viral infection, especially Epstein-Barr virus (EBV) infection, as one of the most common factors (Tabata YHibi et al., 2000). Although EBV is a ubiquitous herpesvirus that infects more than 90% of the human population, EBV infection causes a variety of life-threatening complications, which include HLH and several malignancies (Ko, 2015; Marsh, 2017). Its serious pathogenesis remains largely unclarified. The diagnosis of HLH can be confirmed by chart review according to the HLH-04 criteria (Song et al., 2019). Although the unique characteristics of HLH have been described in the diagnostic criteria, the diagnosis and treatment are still challenging because patients have multiple manifestations related to the multiple triggers (Jordan et al., 2011). In addition, compared with that of non-EBV-related HLH, the prognosis of EBV-related HLH is much worse (Song et al., 2019). At present, there is an urgent need for the early diagnosis and treatment of EBV-related HLH, which is the key for improving the survival rate of patients.

The exosomes are small (30–100 nm in diameter) extracellular vesicles that contain proteins, nucleic acids, and lipids, which can be shed by almost all cells. The emerging findings have suggested that exosomes play an important role in mediating viral infection, inflammation (Lee et al., 2016). Therefore, the exosomes are the promising candidates for developing disease biomarkers. However, there are currently no exosome-based biomarkers for EBV-HLH.

Recently, quantitative proteomics has become a useful tool for identifying potential protein biomarkers of various diseases. In this study, the plasma exosomes prior to and during the therapy from an adolescent patient with EBV-HLH and his twin brother (as a control) were used for the detection and analysis by tandem mass tag (TMT)-based quantitative proteomics, which could provide new insights into developing potential biomarkers for this uncommon but devastating disease.



MATERIALS AND METHODS


Plasma Sample Collection

First, we collected blood samples from a patient with EBV-HLH at six different disease stages: the acute phase before treatment (T1), treatment for 17 days (T2), treatment for 28 days (T3) to 1 week after discharge (T4), 2 weeks after discharge (T5), and 3 weeks after discharge (T6). Then, we followed up this patient after discharge and collected plasma samples 1 year after the patient recovered. Interestingly, the patient has a healthy twin brother who lived together with him. Considering the strictness of the control, blood samples from the brother were collected and used as a control. In addition, blood samples from other patients with EBV-HLH and healthy controls were collected for an extensive validation. Plasma was extracted from the supernatant after the whole blood was centrifuged at 3,000 rpm for 5 min.



Depletion of High-Abundance Albumin and Immunoglobulin G and Isolation of Exosomes From Plasma

The collected plasma samples were first treated with a ProteoPrep Blue Albumin and IgG Depletion kit (Sigma-Aldrich, St. Louis, MO, United States) according to the manufacturer’s instructions and then used to isolate exosomes according to our previous report (Liu et al., 2019).



Transmission Electron Microscopy Assay

Transmission electron microscopy (TEM) assays were conducted as described previously (Liu et al., 2019). In brief, exosomes were purified and spotted onto grids (200 mesh) coated with formvar carbon and then fixed with 2% (wt/vol) paraformaldehyde for 5 min. The exosomes were stained with uranyl acetate, observed under a TEM (FEI Tecnai12) and imaged using a CCD camera.



Protein Quantification and Coomassie Brilliant Blue Staining

The exosome protein concentration was measured with a BCA protein assay kit (Auragene Biotech, Changsha, China). After the exosome proteins were separated by SDS-PAGE, the protein bands were visualized by Coomassie brilliant blue staining.



Proteomics of Exosomes

Liquid chromatography tandem MS (LC-MS/MS) analysis was performed for this exosome proteomic analysis, as previously reported (Que et al., 2020). In brief, the exosomal protein solution was reduced with dithiothreitol and then alkylated with iodoacetamide. After diluting the urea concentration of the protein sample to less than 2 M, trypsin was added for digestion two times. The trypsinized peptides were dissolved in 0.5 M TEAB buffer and labeled according to the TMT kit instructions. The labeled peptides were subjected to an NSI ion source for the ionization followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the ultraperformance liquid chromatography (UPLC). The MS/MS data were retrieved against the SwissProt Human database (20,317 sequences) using MaxQuant software (v1.5.2.8).



Bioinformatic Analysis

Gene Ontology (GO) annotations at the proteomic level were derived from the UniProt-GOA database.1 The enriched GO analysis of annotated proteins was classified according to the cellular composition (CC), molecular function (MF), or biological process (BP). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database was used to annotate the enrichment pathways. The Venn diagrams web tool2 was used to compare the proteins identified with the ExoCarta database. The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database and Cytoscape were applied to build a protein–protein interaction (PIP) network.



Western Blotting

The exosomal proteins were first separated by SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, United States). After blocking with 5% (weight/volume) non-fat milk at 37°C for 1 h, the membranes were incubated with the relevant primary antibody at 4°C overnight, followed by incubation with the secondary antibody for 1 h at 37°C. All antibodies used in this study are listed in Supplementary Table 1.



Statistical Analysis

After the gray value of the western blotting (WB) band was calculated by ImageJ, the normal group average gray value of each WB diagram was normalized to 1 to obtain the relative gray value of the EBV-HLH group. All statistical analyses were performed using GraphPad Prism 5. Differences between samples were determined using a two-tailed Student’s t-test, and p < 0.05 was considered significant.




RESULTS


Case Presentation

A 15-year-old boy was admitted to the hospital with continuous fever for 5 days. On examination (T1), the patient’s temperature was 39.1°C, and he was accompanied by lymphadenectasis, splenomegaly, and anemia. Hemocytopenia, liver function, coagulation function, and inflammatory indices were abnormal. There were significantly high ferritin and multiple-organ failure appeared. Approximately 24% of pleomorphic lymphocytes and active hemophagocytosis were observed in the peripheral blood. EBV capsid antigen immunoglobulin M (IgM) was positive, cytomegalovirus IgM and herpes simplex virus type 1-IgM and immunoglobulin G (IgG) were negative. EBV DNA copy in plasma was 7.61 × 104 IU/ml. According to the HLH-2004 diagnostic criteria (Henter et al., 2007), the patient was diagnosed with EBV-HLH. The patient’s laboratory test results are summarized in Table 1.


TABLE 1. Summary of the patients’ laboratory test results.
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In the hospitalization period (T2–T3), ceftriaxone and ganciclovir were mainly used to prevent infection and antiviral treatment. ɣ-globulin and dexamethasone were given for immunomodulatory treatment, and etoposide was used for chemotherapy. During the treatment, the patient’s condition gradually improved, and the EBV-DNA of the patients was lower than the lower limit of detection in the T3 stage.

After 1.5 months of treatment, the patient was discharged (T4–T6). The patient had a normal body temperature, no fever and cough, stable liver and kidney function, and normal fibrinogen concentration. After discharge, dexamethasone and etoposide were used for continuous treatment. Follow-up within 2 years showed that the patient had a good status with negative plasma EBV DNA.



Plasma Exosome Isolation and Characterization

In clinical detection, pleomorphic lymphocytes and hemophagocytosis were observed in the blood of the patient (Figure 1A). To ensure the quality of the TMT proteome, we used a series of methods to extract pure exosomes from plasma samples as shown in Figure 1B. The results of Coomassie brilliant blue staining showed that the removal of high-abundance proteins in plasma had a significant effect (Supplementary Figure 1), and a pattern of differentially expressed proteins was initially observed among the samples (Figure 1C). To verify the exosome extraction, we detected specific markers of exosomes using WB (Figure 1D). In addition, TEM analysis was applied to show the nanovesicle morphology (Figure 1E).
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FIGURE 1. Bone marrow samples and plasma exosomal samples obtained from patients. (A) Wright–Giemsa staining of a smear of bone marrow aspirate shows hemophagocytic macrophages, including one with numerous platelets and red cells. (B) Overview of methodological approaches in high-throughput mass spectrometry-based proteomic analyses of extracellular vesicles. (C) Similar protein amounts (measured with the BCA assay) of six plasma exosome samples run on 4–20% gradient SDS-PAGE gels. The protein profile in the gel was visualized by Coomassie brilliant blue staining. (D) Western blot analysis of the positive exosome markers HSP70, TSG101, and CD63 and the negative exosome marker calnexin. (E) Transmission electron microscopy appearance of exosomes (bar, 100 nm).




Characteristics of the Plasma Exosomal Proteome and Protein–Protein Interaction Mapping

To determine the trypsin digestion efficiency of exosome proteins in this proteome, we statistically analyzed the average length and quantity distribution of the identified peptide sequences. As shown in Figure 2A, the peptides mainly had 8–13 amino acid residues, which indicates the high proteolytic efficiency of exosomes. TMT proteomics identified 358 proteins with genetic information. Among them, 262 proteins matched the exosome data previously published in the ExoCarta database, and the remaining 96 proteins might be newly identified exosomal proteins (Figure 2B). Thus, the identified proteins in this plasma exosome proteomic analysis had a 73% overlap with the exosome proteins published in the ExoCarta database, which indicates that the results of the exosome proteome are reliable. We used a difference of more than 1.5 times as the standard of significant upregulation and less than 1/1.5 as the standard of significant downregulation for intergroup comparison. Statistical analysis showed that 83 proteins had significantly upregulated expression and 34 proteins had significantly downregulated expression in the acute phase (T1 phase) when compared to those of the healthy control. However, after medical treatment (T2 phase), 90 proteins had significantly downregulated expression and 31 proteins had significantly upregulated expression when compared to those of the T1 phase. In addition, there are still some different proteins between the T2 phase and the healthy control (Figure 2C). Using the STRING database and Cytoscape tool, we presented the potential PPIs as shown in Figures 2D,E. We found that heat shock cognate 71 kDa protein (HSPA8), metalloproteinase inhibitor 1 (TIMP1), C-reactive protein (CRP), and apolipoprotein (APOE) proteins have the greatest interactions among those with upregulated expression in the T1 phase (Figure 2D). In addition, approximately 20 proteins including plasminogen (PLG) had the highest degree of interaction among the proteins with downregulated expression in the T1 phase (Figure 2E). These results indicated that all the above-mentioned proteins were among the hub molecules in the whole PPI network, which suggests their important role in the progress of the disease.
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FIGURE 2. Characteristics of the plasma exosomal proteins and protein–protein interaction mapping. (A) Length distribution of peptides detected by LC-MS/MS after trypsin digestion. (B) Venn diagram presentation of overlaps and differences between identified exosomal proteins and the ExoCarta database. (C) Statistical information of differentially expressed proteins among the three groups of samples. (D) PPI network mapping of upregulated differentially expressed proteins in patients with EBV-HLH. (E) PPI network mapping of downregulated differentially expressed proteins in patients with EBV-HLH.




Bioinformatic Analysis of Involved Functions and Pathways of the Differentially Expressed Proteins

To further explore whether the exosome proteins were differentially expressed compared to the controls, we performed GO and KEGG pathway analyses to determine the significant enrichment trend of some special functions and related pathways (Figure 3). MF ontology indicated that the binding ability, enzyme activity, and inhibitor activity of these different proteins in the T1 phase were mostly disordered (Figure 3A). BP ontology indicated that in the T1 phase, various metabolic processes were enhanced, but the BPs related to “wound healing,” “coagulation,” and “cell adhesion” were significantly decreased (Figure 3B). KEGG pathway enrichment analysis showed that the T1 phase exhibited an increasing trend in the following pathways: “proteasome,” “biosynthesis of amino acids,” “carbon metabolism,” “estrogen signaling pathway,” and “measles” (Figure 3C). However, the decreased pathways in the T1 phase were mainly closely related to “vitamin digestion and absorption,” “fat digestion and absorption,” “African trypanosomiasis,” “neuroactive ligand-receptor interaction,” “platelet activation,” and “complement and coagulation cascades” (Figure 3C). Therefore, these main altered BPs and pathways detected in the plasma exosomal proteomes might play the important roles in the developmental process of EBV-HLH.
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FIGURE 3. Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis of differentially expressed proteins. (A) Molecular function enrichment analysis of different proteins among the T1, T2, and control groups. (B) Biological process enrichment analysis of the detected differentially expressed proteins among the T1, T2, and control groups. (C) Top 14 enriched KEGG pathways are referenced among the T1, T2, and control groups.




Validation of Selected Proteins in Quantitative Proteomics

To validate the differentially expressed proteins identified by quantitative proteomics, we examined the expression of four proteins with upregulated expression [CRP, moesin (MSN), galectin 3-binding protein (LGALS3BP), and HSPA8] and two with downregulated expression [PLG and fibronectin 1 (FN1)] in different disease stages (T1–T6) of this patient by WB. As shown in Figure 4A, CRP and HSPA8 levels were significantly upregulated in the T1 phase and quickly decreased to a stable level after the treatment. In addition, the expression level of MSN gradually decreased with the progress of treatment. In addition, PLG expression was significantly downregulated in the T1 phase but gradually increased to a stable level as the treatment progressed (Figure 4A). Later, for the repeated verification of differentially expressed proteins, we extracted the plasma exosomes from the patient’s twin brother (N1’) and other healthy subjects (N2’) as controls. We found that the patient’s PLG and HSPA8 expression during T1–T6 stages gradually approached normal levels with the progress of treatment (Figure 4B). In addition, 1 year after discharge (R1), the patient’s plasma exosomal protein CRP, LGALS3BP, FN1, and PLG expression levels returned to normal level (N1’) (Figure 4C). All the results were consistent with those identified by mass spectrometry.
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FIGURE 4. Verification of the differentially expressed proteins in plasma exosomes obtained from the patient with EBV-HLH by western blotting. (A,B) The expression levels of differentially expressed proteins during the treatment of the patient (T1–T6 represents the patient’s plasma exosome samples from the acute stage before treatment to 3 weeks after treatment and discharge, N1’ is the sample of his twin brother, N2’ is another healthy control sample). (C) The plasma exosomal protein expression level of the patient in the acute phase (T1) and 1 year after rehabilitation (R1) and that of the twin brother (N1’).


To further verify whether the mass spectrometry results have universal significance in EBV-positive HLH, we used plasma exosome samples from 14 other patients with EBV-positive HLH and 11 healthy controls for WB verification. The results showed that in the patients with EBV-positive HLH, the protein expression of CRP, MSN, LGALS3BP, and HSPA8 was upregulated, and FN1 and PLG levels were downregulated (Figures 5A,B and Supplementary Figure 2). The total protein loading control was showed by Coomassie brilliant blue staining as described in the previous literature (Kittivorapart et al., 2018; Liu Y. et al., 2020) (Figures 5C,D). These data indicated that the patient’s plasma exosomal proteomic analysis had general applicability for EBV-HLH.
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FIGURE 5. Verification of differentially expressed proteins in plasma exosomes obtained from other patients with EBV-HLH by western blotting. (A,B) The expression level of differentially expressed proteins in plasma exosomes between the patients with EBV-HLH and healthy controls (H represents patients with EBV-positive HLH, N represents healthy controls). (C,D) The total protein loading amount of each sample in (A,B) was visualized by Coomassie brilliant blue staining.


According to the above WB results in Figure 5 and Supplementary Figure 2, a grayscale analysis for each identified molecule was performed. As shown in Figure 6, the patients with EBV-HLH had upregulated CRP levels (p = 0.0004), MSN levels (p = 0.0044), LGALS3BP levels (p = 0.0018), and HSPA8 levels (p = 0.0015) and downregulated PLG (p = 0.0007), and FN1 levels (p = 0.021) in the plasma exosomes.
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FIGURE 6. Statistical analysis of differentially expressed protein levels in plasma exosomes obtained from other patients with EBV-HLH. Gray value statistical analysis of differentially expressed protein levels of plasma exosomes between healthy controls (N) and other patients with EBV-positive HLH (H). A t-test was used to test the differences between groups.





DISCUSSION

Epstein-Barr virus-associated hemophagocytic lymphohistiocytosis occurs in children and adolescents, and occasionally in adults, which shows low remission rate, high recurrence rate, and mortality (Imashuku, 2002; Liu P. et al., 2020). Although spontaneous remission of EBV-HLH has been reported, it occurs in adults and is extremely rare (Chahine et al., 2020; Matsuo et al., 2021). The survival of patients with EBV-HLH is still worse (≥30% of patients die of the disease), and it is urgent to find the potential markers for early diagnosis and treatment (Meng et al., 2021). EBV-HLH could be classified as non-neoplastic and neoplastic, the former accompanies primary infection of EBV, and the latter accompanies EBV-positive lymphoid neoplasms, which includes EBV T/NK-cell lymphoma-associated HLH and CAEBV-associated HLH (El-Mallawany et al., 2022). These cases of EBV-HLH used in our study did not show obvious morphological atypia and lymphoid neoplasms, and these patients’ condition was improved significantly after HLH targeted treatment. Therefore, these cases used in this study belong to non-neoplastic EBV-HLH.

Exosome proteomics has been widely used to clarify the pathogenic mechanism of viral infection and explore the potential biomarkers of viral diseases, such as human immunodeficiency virus, SARS-CoV-2, and influenza A viruses (Cypryk et al., 2017; Kaddour et al., 2020; Barberis et al., 2021). Clinically, EBV-HLH cases are rare, so it is difficult to collect plasma samples. After a long-term storage, the early collected samples could lose some plasma-free protein. Exosomes could enrich intracellular substances and have membrane structure (Pegtel and Gould, 2019), which could avoid the degradation of their contents. In addition, our previous studies on nasopharyngeal carcinoma have shown that plasma exosomal proteins are more specific for disease diagnosis than plasma-free protein (Liu et al., 2019). Therefore, we choose exosomes for proteome research for EBV-HLH proteomics.

The EBV-HLH plasma exosomal proteome indicated that some interesting pathways were changed. EBV has been reported to manipulate the proteasome system to satisfy its own needs (Full et al., 2017), and also, the enhanced proteasome pathway in this patient with EBV-HLH may be associated with EBV infection. A previous article discussed whether it is measles or secondary HLH for a case diagnosis (Iaria et al., 2012; Lupo et al., 2012), which suggests some similar pathogenic mechanisms between EBV-HLH and measles. In addition, the measles signaling pathway is also significantly enriched in COVID-19 and systemic lupus erythematosus patients (Han et al., 2021; Gao et al., 2022), which indicates that there is a causal relationship between the enrichment of the measles signaling pathway and an overactive immune response. Therefore, the enhanced measles signaling pathway in patients with EBV-HLH may reflect a serious inflammatory state. The liver is a central organ of lipid metabolism (Nguyen et al., 2008), and its dysfunction is the typical clinical feature of EBV-HLH (Imashuku, 2002). Liang et al. (2017) revealed that a series of pathways, such as fat digestion and absorption, vitamin digestion and absorption, and African trypanosomiasis, could regulate lipid metabolism. In our study, these pathways were also downregulated in patients with EBV-HLH, which indicates defective lipid metabolism, thereby resulting in impaired liver function in patients with EBV-HLH. Coagulation disorder is also a common condition in EBV-HLH and is closely related to the high mortality rate of this disease (Valade et al., 2020, 2021). The occurrence of coagulation is mainly related to the function of platelets (Sang et al., 2021), so the decreased platelet activation pathway in this patient partially explains the mechanism of coagulopathy of EBV-HLH. Complement systems play a fundamental role in regulating immunity (Min et al., 2016), and the decreased complement and coagulation cascade pathways suggest an impaired immune response in patients with EBV-HLH. African trypanosomiasis, also known as sleeping sickness, is characterized by central nervous system (CNS) abnormalities in advanced patients (Kennedy, 2019). In addition, the estrogen signaling pathway and neuroactive ligand-receptor interaction pathway also regulate brain function and maintain the normal CNS (Crider and Pillai, 2017; Wei et al., 2020). Clinically, CNS diseases also occur in some patients with EBV-HLH (Imashuku, 2002). Therefore, the disorder in these three pathways could also lead to neurodevelopmental disorders, which may promote the progression of CNS diseases in EBV-HLH.

To confirm the validity of this proteomics, we verified the expression of six molecules (e.g., CRP, MSN, HSPA8, LGALS3BP, PLG, and FN1). These molecules have unique functions, and their abnormal expression may also explain the pathogenesis EBV-HLH and contribute to the early diagnosis of this disease. CRP, LGALS3BP, and HASPA8 have been shown to promote the innate immune response and inflammatory response and maintain cellular environmental homeostasis in viral infection (Xu et al., 2019; Herold et al., 2020; Wang et al., 2020; Luan et al., 2021). Therefore, the upregulated expression of these three molecules in EBV-HLH plasma exosomes may be an inflammatory indicator. MSN is involved in immune regulation (Serrador et al., 1997; Satooka et al., 2017), which especially enhances the phagocytic function of macrophages (Gomez and Descoteaux, 2018). However, an excessive expression of MSN may result in macrophage overactivation, which induces indiscriminate phagocytosis. In addition, PLG is a liver injury-specific protein (Raum et al., 1980) that plays an important role in maintaining normal liver function (Drixler et al., 2003; Wu et al., 2020). Therefore, downregulated PLG expression in plasma exosomes indicates impaired liver function in the patients with EBV-HLH. FN1 participates in blood coagulation and wound healing (Jaffe and Mosher, 1978; Mosher and Schad, 1979; Vaziri et al., 1993; Cai et al., 2018). Clinically, coagulation system disorders have been observed in most patients with EBV-HLH (Valade et al., 2020). Here, the downregulated FN1 in plasma exosomes of the patients with EBV-HLH could be the potential biomarker to indicate coagulation dysfunction.

In addition to the early diagnosis of EBV-HLH, the above potential biomarkers may provide some choices for clinical treatment. The four markers with upregulated expression (CRP, LGALS3BP, HSPA8, and MSN) are basically related to the immune dysregulation, and related inhibitors could be developed or used to inhibit the expression of these molecules, so as to promote the early anti-inflammatory and immune-modulating therapy for EBV-HLH. Moreover, engineered exosomes have been widely used to deliver certain drugs for disease treatment, such as the use of exosome-mediated TRIM3 delivery for gastric cancer (Fu et al., 2018) or miRNA-401 for anti-HSV-1 virus infection (Wang et al., 2018). The decreased expression of plasma exosomal PLG and FN1 in patients with EBV-HLH may result in an impairment of liver function and coagulation function. Therefore, exogenous supplementation of PLG and FN1 through engineered exosomes may also be a therapeutic approach to alleviate EBV-HLH.

It is difficult to collect EBV-HLH plasma samples in a short time clinically, but relatively fresh samples are required for proteomic analysis. Therefore, we only used this twin patient for mass spectrometry. Although the clinical sample size used for the validation was limited, the WB results were consistent with the proteomic analysis, and there were significant differences between the healthy controls and the patients with EBV-HLH, which may be because we selected the patient’s twin brother as a strict control for our proteomics. Therefore, our proteomic results could be universal in the clinic. In addition, the detection method of WB is troublesome for clinic. Enzyme-linked immunosorbent assay (ELISA) is convenient and fast, which has been used to detect those proteins in exosomes (Wang et al., 2021). Therefore, we think that ELISA could be a more appropriate method for the detection.



CONCLUSION

In this study, we performed a high-throughput and in-depth analysis of the plasma exosomal proteomes of patients with EBV-HLH through quantitative proteomics. The twin samples showed high reliability for general application in clinical specimens. Several major altered pathways, which include proteasome, measles, platelet activation, complement and coagulation cascades, and some pathways related to lipid metabolism or nervous system regulation, were identified. Abnormalities in these pathways could be used to explain the clinical manifestations of EBV-HLH. In addition, our study revealed the overexpression of CRP, MSN, LGALS3BP, and HSPA8 and the downregulation of PLG and FN1 expression in the patients with EBV-HLH. These differentially expressed proteins could be the novel candidate biomarkers of EBV-HLH. However, to further determine the diagnostic and prognostic biomarkers, large-scale verification with clinical samples and follow-up assessment are required. Further study of the biological characteristics of these differentially expressed proteins will help clinical drug development.
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