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BACKGROUND: Small extracellular vesicles (sEV) play a crucial role in immune responses to viral infection. However, the
composition of sEV derived from children with viral pneumonia remains ill defined.

METHODS: First, we performed mass spectrometry-based label-free proteomic analysis of urinary sV in 7 children with viral
pneumonia, 4 children with Mycoplasma pneumoniae pneumonia and 20 healthy children. Then a total of 33 proteins were selected
to validate by multiple reaction monitoring analysis in an independent cohort of 20 healthy children and 29 children with
pneumonia.

RESULTS: In the discovery phase, a total of 1621 proteins were identified, while 260 proteins have differential expression in children
with viral pneumonia compared to healthy children. Biological pathways primarily associated with neutrophil degranulation,
carbohydrate metabolism and endocytosis were enriched in children with viral pneumonia. Finally, the abundance of eight proteins
was verified to be significantly higher in children with viral pneumonia than in healthy children.

CONCLUSIONS: This pilot study with proteomic profiles of urinary sEV provided insights to the host response to viral pathogen
exposure and potential diagnostic biomarkers for children with viral pneumonia, and served as the basis for understanding the

fundamental biology of infection.

Pediatric Research (2023) 94:161-171; https://doi.org/10.1038/s41390-022-02431-y

IMPACT:

® There were significant differences in the proteomic features of urinary sEV between children with viral pneumonia and those

with Mycoplasma pneumoniae pneumonia.

® Many viral infection-related proteins were identified in urinary sEV and overrepresented in children with viral pneumonia, which
facilitates our understanding of the fundamental biology of viral infection.
® A total of eight proteins (ANPEP, ASAH1, COL11A1, EHD4, HEXB, LGALS3BP, SERPINA1 and SERPING1) were verified as potential

biomarkers for the diagnosis of viral pneumonia in children.

INTRODUCTION
Pneumonia remains a significant cause of mortality and morbidity
for children worldwide." Viral pathogens are recognized as the
leading etiology of pneumonia in children.>™* However, the clinical
presentation of viral and bacterial infection overlap significantly
and usually cannot be discriminated on the basis of clinical
characteristics alone.” Therefore, how viral infection influences
clinical outcomes in pediatric patients with pneumonia needs to
be explored. Pneumonia is characterized by disruption of the
bronchial epithelium by pathogens and the consequent host
response.’ Determining these host responses will facilitate the
understanding of infectious disease pathology.

Small extracellular vesicles (sEV) have been found in various
body fluids and carry a variety of functional molecules including
proteins, nucleic acids and lipids.”® There is evidence that sEV play

a vital role in immune responses to viral and bacterial infection,”®
and proteomic analysis of sEV has revealed significant changes in
protein compositions under viral and bacterial infection.'®'?
During influenza virus infection triggered pulmonary inflamma-
tion, sEV are released into the airways and their protein
compositions changed over the course of infection, increasing
expression of proteins with known anti-influenza activity.'” On the
other hand, sEV have also been shown to blunt immune responses
and promote viral infection. Remarkably, proteomic analyses
showed that urinary sEV are significantly enriched for innate
immune proteins and can contribute to host responses against
pathogens.'® Thus, exploring the relationship between viral
infection and sEV composition may help to decipher the
mechanism of host response against viral infection and improve
disease control.
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Table 1. The clinical characteristics of the participants in discovery phase.

Characteristics Healthy control (N = 20) Pneumonia (N=11) P value*
Age (year), median (range) 4 (3-9) 5 (3-10) 0.303
Male sex, n (%) 16 (80) 4 (36) 0.042
WBC count (10°/L), median (range) 8.88 (5.84-12.07) 8.04 (4-12.11) 0.168
Lymphocyte %, median (range) 41.2 (20-55.1) 29 (14-48.3) 0.007
Neutrophil %, median (range) 50.2 (26.8-71.7) 60.4 (37.7-83.8) 0.027
Pathogenic types

M. pneumoniae, n (%) 4 (36)

Parainfluenza viruses, n (%) 19

Adenovirus, n (%) 3 (27)

Respiratory syncytial virus, n (%) 2 (18)

Presumed viral infection based on clinical symptoms, n (%) 1(9)

WBC white blood cells.

*P value for the sex variable was estimated by x* test; P value for other continuous variables was estimated by Mann-Whitney U test.

In this study, we isolated urinary sV from children with
pneumonia caused by virus or Mycoplasma pneumoniae infection
and healthy children (HC), performed mass spectrometry-based
label-free proteomic analysis to identify virus-associated signa-
tures and validated their expression in an independent cohort.
This work reinforces that the proteomic features of urinary sEV can
shed light on the host response to viral pathogen exposure and
serve as the basis for understanding the fundamental biology of
infection in children with pneumonia.

METHODS

Patient and sample collection

The subjects included in the study were pediatric patients. Pneumonia
was diagnosed based on fever, cough, breathlessness, leukocytosis, and
radiological features of pneumonia. Etiologies were routinely detected as
described previously.'* In brief, etiologies were determined by laboratory
tests including the detection of M. pneumoniae and Chlamydia pneumoniae
antibody, antigen of Streptococcus pneumoniae and influenza viruses, and
throat swabs were used to test DNA or RNA of M. pneumoniae, C. pneumoniae
and a wide spectrum of viruses such as influenza virus A, influenza virus B,
respiratory syncytial virus V, parainfluenza virus, cytomegalovirus and
adenovirus using PCR. Patients were classified mainly according to the type
of pathogens. M. pneumoniae or viral-positive patients were included.
In addition, a patient who was presumed to be positive for viral infection
based on clinical symptoms was also included. HC were identified through
laboratory test and excluded if they presented with fever or respiratory
symptoms.

This study includes a discovery phase and a validation phase. As shown
in Table 1, a total of 7 children with viral pneumonia (Virus), 4 children
with M. pneumoniae pneumonia (MPP) and 20 HC were recruited to
collect urine samples in the discovery phase. In the validation phase, an
independent cohort of 12 children with viral pneumonia, 17 children with
MPP and 20 HC was included, the clinical characteristics of these patients
were shown in Table 2. Urine samples (=20 ml) were collected using
clinical study protocols approved by the Institutional Review Board of
Shanghai Children’s Medical Center. Informed consent was obtained from
the parents of all children. All samples were stored in aliquots at —80 °C
until used.

sEV isolation and identification

Purification of sEV from urine was performed using the Exosome Isolation
Q3 kit (Wayen Biotechnologies, China) according to the manufacturer’s
protocol as described previously.'® Protein content of sEV was measured
by bicinchoninic acid assay. Particle content and size distribution were
measured using a qNano Tunable Resistive Pulse Sensing (TRPS)
nanoparticle analyzer (iZON Science, New Zealand). The ultrastructure of
sEV was analyzed by the Tecnai G2 Spirit BioTwin transmission electron
microscope (FEI, OR) with a lanthanum hexaboride cathode operated at
80 keV.
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Liquid chromatography tandem mass spectrometry
sEV were lysed in buffer containing 7 M urea, 2% SDS and 1x protease
inhibitor cocktail, digested using the standard filter aided proteome
preparation protocol and the peptides were desalted using Monospin
column as described previously.'>'®

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was
performed with a Q Exactive HF-X Hybrid Quadrupole-Orbitrap mass
spectrometer coupled to an EASY-nLC 1200 system (Thermo Scientific,
MA). The peptides were reconstituted with 0.1% formic acid, transferred to
a C18 analytical column (2 pum, 100 A, 50 um x 15 cm, nanoViper) and
separated using the EASY-nLC 1200 system at a flow rate of 300 nL/min.
Data-dependent acquisition mode was applied for the tandem mass
spectrometry detection. MS/MS spectra were acquired with a scan
resolution of 60,000 (FWHM) and 350-2000 m/z of mass-to-charge ratio.
Peptides were fragmented using higher-energy collisional dissociation at
28% normalized collision energy.

Proteomic data analysis

Raw data were processed with MaxQuant (version 1.5.8.3) using the settings
for the human protein database UniProt/SwissProt. Reverse and potential
contaminant proteins were removed. Carbamidomethyl (C) was set as a fixed
modification, whereas oxidation (M) and acetyl (Protein N-term) were
variable modifications. The minimal peptide length was set to seven amino
acids, and two missed cleavages were set as maximum. The results were
filtered at 0.01 false discovery rate (FDR) for peptide and 0.05 FDR for protein.
The proteomic data have been deposited to the ProteomeXchange
Consortium with the dataset identifier PXD036472.

Proteins were quantified according to the value of label-free quantita-
tion (LFQ) intensity using the LIMMA method. LIMMA stands for “linear
models for microarray data”, contains functionality for fitting a broad class
of statistical models such as linear regression and analysis of variance."”
LIMMA has been frequently used to analyze proteomic data.'®

Multiple reaction monitoring (MRM) analysis

The 33 proteins identified by LC-MS/MS analysis were selected as candidate
urinary sV biomarker proteins (Supplementary Table S10). A peptide assay
library was generated for these proteins using label-free LC-MS/MS and
Skyline analysis software (version 19.1).'° Skyline was used to manually select
the optimal peptide transitions. Selected peptides were analyzed by
scheduled MRM analysis. In brief, the MRM data were acquired on a SCIEX
QTRAP 6500 coupled to an Ekspert nanoLC 425 liquid chromatography
system using MRM scanning in positive mode (Framingham, MA). lon spray
voltage was set to 5500 and source temperature was set to 150 °C. Curtain
gas was set to 35. Source Gases 1 and 2 were set to 20 and 15, respectively.
Raw data were analyzed in the Skyline software and peak areas were used for
quantitative analysis.

Bioinformatics analysis
Principal component analysis (PCA) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were performed using R
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Table 2. The clinical characteristics of the participants in validation phase.

Characteristics Healthy control (n = 20) Pneumonia (n = 29) P value*
Age (year), median (range) 8 (3-14) 4 (1-10) 0.0002
Male sex, n (%) 11 (55) 17 (59) 0.97
Pathogenic types

M. pneumoniae, n (%) 17 (59)

Influenza A virus, n (%) 1(8.3)

Influenza B virus, n (%) 1(8.3)

Epstein—Barr virus, n (%) 2 (16.7)

Adenovirus, n (%) 3 (25)

Cytomegalovirus, n (%) 2 (16.7)

Respiratory syncytial virus, n (%) 3 (25)

*P value for the sex variable was estimated by x? test; P value for the age variable was estimated by Mann-Whitney U test.

packages “pca3d” and “clusterProfiler”, respectively. Other functional
enrichment analysis and protein—protein network analysis were conducted
using the Metascape web tool (metascape.org).?’ Only significant path-
ways with P<0.05 were considered for analysis. The network was
visualized using Cytoscape.?' The gene set enrichment analysis (GSEA)
method (http://www.gsea-msigdb.org/) was used to identify significantly
enriched or depleted groups of proteins.

Statistical analysis

Statistical significance of sEV number or size was determined with unpaired
two-tailed Student’s t test. Statistical significance of clinical variables was
determined with x? test or Mann-Whitney U test. Statistical graphics were
drawn using R packages “ggplot2” and “ggpubr”.

RESULTS

Urinary sV abundance and size are not affected by disease
status

Urine samples from the 20 HC were pooled into five samples
(HC1-HC5; four subjects per sample) and used for sEV isolation
along with 11 individual urine samples from children with viral
pneumonia and those with MPP. The morphology of the sEV
preparations was determined by transmission electron micro-
scopy, which revealed typical cup-shaped vesicles (Fig. 1a). The
diameter of most particles distributed between 50 and 150 nm
(Fig. 1b), coinciding with the size range of sEV defined by the
International Society for Extracellular Vesicles. These data confirm
that the preparations do indeed contain abundant levels of sEV.
In addition, the number and size of urinary sEV detected through
TRPS were comparable in HC and those with MPP or viral
pneumonia (Fig. 1¢).

Proteomic analysis of urinary sV

Label-free quantitative proteomic analysis of sEV was performed.
A total of 1621 proteins with >2 unique peptides in all groups were
identified (Supplementary Table S1). Tamm-Horsfall protein (THP)
and other soluble proteins are considered as the main contaminants
in the separated urinary sEV preparations. To eliminate the
contaminating effect of THP and other soluble proteins, we
compared the 1621 proteins from this study with those in urinary
THP- and soluble protein-enriched fractions identified by density
gradient centrifugation from a previously published study.?? From
this analysis, 1246 proteins were found to be exclusively present in
the urinary sV and were likely to be highly reliable urinary sV
proteins and were subjected to subsequent analysis (Fig. 1d and
Supplementary Table S2). Enrichment analysis with gene ontology
cellular component revealed that most of these 1246 proteins
belong to the categories extracellular exosome, cytoplasm, plasma
membrane, extracellular space and region (Fig. e and Supplemen-
tary Table S3). Of these 1246 proteins, 986 were present in the
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Exocarta database of published sEV proteomic results, including 80
of the 100 most frequently identified proteins (Fig. 1f). SEV markers
were also identified by mass spectrometry including CD9, CD81,
TSG101, PDCDé6IP (ALIX) and CD63 in 50-100% of the samples
(Fig. 1g), as expected. These data confirm that the quality of the
urinary sEV proteomic data is good.

Viral pneumonia significantly affects the proteome of
urinary sgVv

To determine the effect of pathogen infection on the urinary sV
content of children, we performed PCA of the 1246 sEV proteins,
which clearly separated the samples into two groups based on
virus infection, suggesting that viral pneumonia accounts for the
significant differential proteomic features of sEV, rather than MPP
and HC (Fig. 2a). Since viral infection increases expression level of
the interferon-stimulated genes (ISGs), we analyzed whether
urinary sV derived from children with viral pneumonia were
significantly enriched in ISGs as compared with that of HC and
children with MPP. GSEA, with the reference gene set containing
422 I1SGs obtained from a published result (Supplementary
Table $3),> demonstrated that ISGs were positively correlated
with the gene signature of sEV in the viral pneumonia group, and
negatively correlated with that of HC and children with MPP
(Fig. 2b). A total of 32 ISGs were enriched in urinary sEV, of which
18 (SAMDOIL, IL1RN, IMPA2, GLRX, TYMP, CRP, SAAT, SIGLEC1, CNP,
LIPA, NAPA, ANGPTL1, TIMP1, GCA, SLC1A1, LAP3, EHD4 and
GALNT2) were overrepresented in the viral pneumonia group
(Fig. 2¢). Interestingly, we also detected 17 receptor or co-receptor
proteins for viral entry in the urinary sEV proteome, among which
TFRC, EGFR and RPSA were unique to viral pneumonia and ACE2,
ANPEP, DPP4 and LAMP1 were overexpressed in the viral
pneumonia group (Fig. 2d), suggesting that these receptors may
play an important role in the process of viral infection in children.
These results indicate that the proteomic data of urinary sV
provide mechanistic insights into virus infection in children with
pneumonia.

Identification of a viral-associated signature from the
proteome of urinary sV

We identified differentially expressed proteins (DEPs) from the
sEV of children with viral pneumonia and those with MPP
compared with HC. First, a total of 221 proteins with LFQ values
>0 in at least three samples in each group were subjected to
quantitative comparison. Using this method, we identified
75 and 26 proteins with significant up- or downregulation
in children with viral pneumonia and children with MPP,
respectively (Fig. 3a and Supplementary Tables S5 and S6).
Second, we identified 193 unique proteins with LFQ values >0
in at least three samples in the viral pneumonia group, but no
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Fig. 1 Characterization and proteomic analysis of urinary sEV. a Representative TEM images of sEV from healthy children (HC) and those
with M. pneumoniae (MPP) or viral (Virus) pneumonia. Bars, 100 nm. b Size distribution of particles determined by TRPS. ¢ Graph comparing the
size and number of particles between healthy and pneumonia group. d Venn diagram displaying the number and overlaps of proteins
identified from urinary sEV in the present study (total proteins) and those enriched in THP- and soluble protein-enriched fractions from
published results. e Pie chart showing the distribution of the terms identified from GO cellular components analysis of the sEV proteome. The
area of each segment is proportional to the number of proteins in the sEV proteome. Overrepresented categories with p < 0.05 are shown.
f Venn diagram displaying the number and overlap of proteins identified from urinary sEV in the present study and from the Exocarta
database. g List of conventional sEV markers identified by mass spectrometry. Missing values mean that the LFQ intensity is not detected.

unique proteins in the MPP group. Integrating the results of
both analyses identified a total of 269 DEPs in children with
viral pneumonia and 26 DEPs in those with MPP compared with
HC. Of the 269 viral-related DEPs, 9 were also found in the MPP

Table S7). Then we performed a protein-protein interaction
enrichment analysis of the 260 viral-associated DEPs using the
Metascape web tool that applies the molecular complex
detection (MCODE) algorithm to identify network components.

group, whereas 260 were specific to the viral pneumonia group
(Fig. 3b). Unbiased hierarchical clustering analysis of the 260
viral-associated DEPs correctly clustered together the samples
from children with viral infection (Fig. 3c and Supplementary
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The protein network analysis showed that 216 of 260 DEPs
formed interactions and 8 MCODE networks were identified
(Fig. 3d). Of the eight MCODE networks, three were enriched
for the functional term related to neutrophil degranulation
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Fig. 2 Proteomic analysis of urinary sEV reveals viral-related signature. a Principal component analysis (PCA) of the 16 samples based on
their proteomic expression profiles. The first and second components segregated the samples and account for 39.9 and 10.3% of the
variability, respectively. b Gene set enrichment analysis (GSEA) of the sEV proteomic data using a reference gene set containing 422 I1SGs. The
leading edge (most significant genes) are shown as vertical bars accumulated below the peak of the green enrichment score plot, indicating
the upregulated genes of GSEA characterized by the highest normalized enrichment score (NES). The analysis demonstrates that ISGs are
enriched in the Virus group with respect to HC or MPP group. FDR, false discovery rate. ¢ Heatmap of all enriched genes in the GSEA.
d Heatmap of identified viral receptor proteins and boxplots of the significantly upregulated viral receptor proteins in the Virus group

compared with the HC group.

(Fig. 3d) and others were enriched for terms associated with
endocytosis, protein transport, glucose metabolism, extracel-
lular matrix organization and platelet activation respectively
(Fig. 3d), all important processes or pathways involved in viral
infection. Overall, these results show that a viral-associated
signature of urinary sEV proteome can facilitate understanding
of the fundamental biology of children with viral pneumonia.

Functional enrichment analysis of the DEPs specific to
children with viral pneumonia

We next performed functional enrichment analysis of the upregu-
lated and downregulated viral-associated DEPs separately using

Pediatric Research (2023) 94:161-171

Metascape. This analysis showed that the up- and downregulated
proteins were enriched for distinct biological terms (Fig. 4a, b and
Supplementary Table S8). Network analysis showed that the up- and
downregulated protein-enriched terms form two distinct clusters
(Fig. 4b). The upregulated proteins were mapped to many terms
related to metabolism including carbohydrate metabolic process,
sphingolipid metabolic process, diol metabolic process, glycosyla-
tion, integration of energy metabolism, RAB geranylgeranylation and
the LKB1 pathway (Fig. 4a). Downregulated proteins, on the other
hand, were enriched for biological terms specific to extracellular
matrix organization, regulation of IGF transport and uptake by
IGFBPs, amyloid fiber formation, response to wounding, response to
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factor stimulus (Fig. 4a). We also found that a subset of upregulated
and downregulated proteins was commonly mapped to neutrophil
degranulation (Fig. 4a, b), including 31 upregulated proteins
(SERPINA3, ALAD, ANPEP, ASAH1, ATP6VOA1, CTSD, FRK, GLBI1,

Pediatric Research (2023) 94:161-171
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Identification of viral-associated differentially expressed proteins (DEPs). a Volcano plots are depicted with the log2-fold change

(FC) for each of the 221 proteins with LFQ value > 0 in at least three samples in each group. The left image indicates log2FC of protein
abundance in Virus relative to HC. The right image indicates log2FC of protein abundance in MPP relative to HC. Red, blue and gray circles
show proteins which have significant increases, decreases or no differences, respectively. b Venn diagram displaying the number and overlap
of differentially expressed and unique proteins in the Virus and MPP groups compared with HC. ¢ Heatmap of 260 viral-associated DEPs.
d Protein-protein interaction network of the viral-associated DEPs constructed by Metascape and visualized using Cytoscape. A total of 216
proteins are shown in the PPl network. Sizes of dots are proportional to the score. Eight modules are indicated in different colors and shown

around this network.

HEXB, HSPA8, PFKL, SERPINA1, PKM, PRCP, RAB5B, RAB5C, VCL,
CREG1, IQGAP1, MLEC, TOM1, ARPC5, ACTR2, VAT1, CCT8, RAB10,
GCA, COMMD9, CAB39, RAB4B, and ANO6) and 15 downregulated
proteins (CD44, CD59, CEACAMS, CD55, GRN, HMGB1, LYZ, CALMLS5,
AMBP, APP, COL1A1, COL1A2, FOLR1, CHMP2B, PRNP) in the viral
pneumonia group, coinciding with the crucial role of neutrophils in
viral infections. Monitoring the changes of these proteins in urinary
sEV may reveal the dynamics of neutrophil activity.

In addition, we also performed functional enrichment analysis of
the viral-associated DEPs with clusterProfiler.>* Using this method,
we found that the upregulated proteins were enriched for KEGG
pathways specific to endocytosis, lysosome, long-term depression,
ferroptosis, AMPK signaling pathway and sphingolipid metabolism,
whereas the downregulated proteins were specifically mapped to
pathways of ECM-receptor interaction, complement and coagula-
tion cascades, focal adhesion, salivary secretion, protein digestion
and absorption, platelet activation, proteoglycans and hematopoie-
tic cell lineage (Fig. 4c and Supplementary Table S9). The most
significant enrichment pathways were endocytosis and lysosome
with enrichment in 25 upregulated proteins including HSPAS,
ARPC5, RAB11A, CAPZA1, HSPA2, EGFR, RAB10, RAB35, EHD4, TFRC,
RAB5B, VPS36, ARPC4, RAB5C, ACTR2, HEXB, GLB1, ASAH1, CTSD,
ATP6VOAT1, LIPA, CTSO, GBA, CTSF and SLC17A5 (Fig. 4d), suggesting
that both pathways were activated. Collectively, the proteomic
profiling of urinary sEV highlights important biological pathways
associated with the host response to virus infection in children with
viral pneumonia.

Validation of urinary sEV proteins by multiple reaction
monitoring (MRM) analysis

A total of 33 urinary sEV proteins functionally associated with viral
pneumonia (Supplementary Table S10) for targeted detection
using MRM in an independent cohort of 12 children with viral
pneumonia, 17 children with MPP and 20 HC (Table 2). As a result,
a total of 41 peptides representing 19 proteins were successfully
detected by MRM analysis and used for quantitative analysis
(Supplementary Table S11). The abundance of 13 peptides
representing 8 proteins (ANPEP, ASAH1, COL11A1, EHD4, HEXB,
LGALS3BP, SERPINA1, SERPING1) were significantly higher in the
viral pneumonia group but not in the MPP group than in the
healthy control group (Fig. 5), which is consistent with the results
of label-free proteomics in discovery phase, suggesting that these
urinary sEV proteins or peptides, if validated in a large cohort, may
serve as potential biomarkers for the diagnosis of viral pneumonia
in children.

DISCUSSION

It was previously shown that the sEV composition, including host
protein and RNA, changes dramatically during infection, especially
by intracellular pathogens such as viruses.”>® Previous studies
suggest that sEV from virus-infected cells play a role in promoting
the innate and acquired immune response and the composition of
sEV can be used to reflect the pathological condition during viral
infection. In the present study, we performed proteomic analysis
of urinary sV derived from children with pneumonia, found that
the proteome of urinary sEV was significantly different in children
with viral pneumonia, but not those with MPP, compared with HC,
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and identified the molecular signature associated with viral
infection and validated several proteins as potential biomarkers
for the diagnosis of children with viral pneumonia.

Interferons (IFNs) are key cytokines in response to viral infection.
IFN stimulation leads to the expression of several ISGs that exert a
wide variety of antiviral activities.”’” Remarkably, we identified
more than 30 ISGs in urinary sV, of which 18 were over-
represented in the viral pneumonia group, suggesting that the
increase in expression of these ISGs in urinary sEV can be used as
an indicator of the emergence of viral infections. Consistent with
our results, sEV have been shown to carry ISGs and exert antiviral
effects by delivering these ISGs to recipient cells.?®2° For example,
sEV derived from human brain microvascular endothelial cells
were found to deliver several ISGs including ISG15, ISG56, and Mx2
to macrophages, thereby help to repair the antiviral state in HIV-
infected macrophages.>® Hence, we hypothesize that urinary sEV
containing ISGs may have antiviral effect in children with viral
pneumonia through transferring of I1SGs to recipient cells.

We also identified 17 viral receptor proteins enriched in urinary
sEV, illustrating that SEV may participate in the regulation of viral
invasion by directly binding to viruses. In fact, previous studies
have reported that some viral receptors are located on the
membrane of sEV.>*' The most compelling research is focused on
ACE2 located on the sEV membrane?>* In particular, viral
infection can promote the transfer of ACE2 from the plasma
membrane to the sEV membrane.>® Our results suggest that viral
infection may induce expression of ACE2 in sEV present in body
fluids such as urine. However, whether the other highly expressed
receptor proteins in urinary sEV from children with viral
pneumonia are directly triggered by the virus infection requires
further in-depth study.

Function enrichment analysis showed significant changes in the
expression of many urinary sEV proteins related to neutrophil
degranulation in children with viral pneumonia as compared to
HC, suggesting that the proteome of sEV can reflect the signature
for neutrophil activity during the progression of pneumonia.
Neutrophils, the first-line effector cells to be recruited in lung
inflammation, are increased in the circulation and tissues during
bacterial or viral infections, and play an essential beneficial role in
host defense. Therefore, neutrophil activity can be regarded as an
indicator of the severity of the disease, and dysregulation of these
cells has the potential to cause tissue damage.>*3® However,
whether the urinary sEV loaded with these proteins are directly
derived from neutrophils requires further exploration. Further-
more, it is worth considering whether the changes in their
expression within sEV are consistent with those in cells and
tissues. Importantly, sEV derived from neutrophils have been
shown to play an essential role in the pathogenesis of lung
inflammation.3”*® Therefore, we speculated that these neutrophil-
related proteins identified in sEV played an important role in the
pathogenesis of children with viral pneumonia.

Interestingly, proteomic profiling of urinary sEV can provide
information indicating the metabolic state of children with viral
pneumonia. We found that 79 upregulated proteins in urinary sEV
of the viral pneumonia group were primarily mapped to three
metabolic processes: the carbohydrate metabolic process, the
sphingolipid metabolic process and glycosylation. This result is in
agreement with the conclusion that viruses can target proteins of
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the metabolic pathway and change the host metabolic process,
thereby facilitating the growth of the viruses.>**° In-depth analysis
of these modified metabolic pathways has the potential to be the
key to understanding the pathogenesis of children with viral
pneumonia. Glycosylation, especially, plays an important role in
virus biology.*'™* Viruses use the host glycoprotein synthesis
mechanism to modify proteins presented on their surface, which
can help to regulate viral infection, invasion, and recognition of
host receptors.** We found that 16 upregulated proteins in urinary
sEV (ABO, ENTPD5, FUT6, GALNT1, GALNT2, GBA, PLOD3, GAL3ST1,
B3GNT3, POMGNT1, B3GNT8, TMEM106A, IHH, AK1, ATP6V1A and
NPR1) belong to the glycosylation pathway, suggesting that these
proteins are involved in viral protein glycosylation in children with
viral pneumonia, and changes in their expression may directly or
indirectly reflect viral activity in the body. Several studies have
shown that sEV can promote the transmission of viruses in vivo by
delivering viral proteins and nucleic acids.''***® However, our
study suggests that the impact of sEV on virus invasion may rely
on the transmission of proteins involved in glycosylation between
cells to promote the process of glycosylation of viral proteins and
accelerate viral spread.

In addition to the important role of glycosylation in virus invasion
mentioned above, viruses can take advantage of the endolysosome
mechanism to infect cells.*’~*° Regulation of this pathway may
directly affect the viral potential to invade. Surprisingly, the
proteomic analysis of urinary sEV revealed that many proteins
related to the endolysosome pathway were significantly elevated in
children with pneumonia, implying that the endolysosome pathway
was activated to facilitate the spread of the virus between cells in
children with viral pneumonia. Similar to the above speculation, we
infer that sEV may transfer these proteins associated with endolyso-
somes between cells to regulate the efficiency of viral endocytosis in
the recipient cells.
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In a subsequent validation phase, MRM analysis revealed that
the abundance of eight proteins was significantly increased in
children with viral pneumonia compared to HC. These proteins
(ANPEP, ASAH1, COL11A1, EHD4, HEXB, LGALS3BP, SERPINAT,
SERPING1) are involved in important biological processes asso-
ciated with viral infection. For example, ANPEP acts as a receptor
for viral spike glycoprotein, ASAH1and HEXB are lysosomal
enzymes, the three proteins participate in the regulation of viral
invasion and secretion. EHD4, SERPING1 and LGALS3BP are ISGs,
among which EHD4 located on endosome membrane may be
involved in viral entry and LGALS3BP promotes cell adhesion and
stimulates host defense against viruses. SERPING1 and SERPINA1
belong to serpin family, inhibit complement activation and
elastase, respectively, the two proteins may protect the tissue
from damage caused by an exacerbated immune response. We
hold opinion that these urinary sEV proteins, if validated in a large
cohort, will be used as biomarkers for diagnosing viral pneumonia
in children.

Although the current study has shed lights on the involvement
of sEV in many pathways that can regulate viral infection, several
aspects can be improved including increasing the sample size to
improve the statistical power and allow more conclusive state-
ments to be made on the associations between protein expression
and pneumonia, and mechanistic studies to assess the impacts of
these sEV proteins on viral infection.

CONCLUSIONS

To our knowledge, this is the first study of urinary sEV proteome of
children with pneumonia. We showed that the proteomic profile of
urinary stV can reflect body change at the molecular level caused
by pathogenic infection in children. Children with pneumonia
caused by different pathogens exhibit significant overlap in clinical
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phenotypes, hindering precise treatment and leading to overuse of
antibiotics. We successfully validated several urinary sEV proteins
that were exclusively increased in children with viral pneumonia as
potential biomarkers, indicating that urinary sEV may be used for
further development for the purpose of distinguishing and
diagnosing pediatric pneumonia caused by different pathogens.
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