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ABSTRACT: The occurrence of acute pancreatitis (AP) is
increasing significantly worldwide. However, current diagnostic
methods of AP do not provide a clear clinical stratification of
severity, and the prediction of complications in AP is still
limited. Here, we present a robust AP identification and
diagnosis (RAPIDx) method by the proteomic fingerprinting of
intact nanoscale extracellular vesicles (EVs) from clinical
samples. By tracking analysis of circulating biological nano-
particles released by cells (i.e., EVs) via bottom-up proteomics,
we obtain close phenotype connections between EVs, cell types,
and multiple tissues based on their specific proteomes and
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identify the serum amyloid A (SAA) proteins on EVs as potential biomarkers that are differentially expressed from AP patients
significantly. We accomplish the quantitative analysis of EVs fingerprints using MALDI-TOF MS and find the SAA proteins
(SAA1-1, desR-SAA1-2, SAA2, SAA1-2) with areas under the curve (AUCs) from 0.92 to 0.97, which allows us to detect AP
within 30 min. We further realize that SAA1-1 and SAA2, combined with two protein peaks (5290.19, 14032.33 m/z), can
achieve an AUC of 0.83 for classifying the severity of AP. The RAPIDx platform will facilitate timely diagnosis and treatment
of AP before severity development and persistent organ failure and promote precision diagnostics and the early diagnosis of

pancreatic cancer.
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INTRODUCTION

Acute pancreatitis (AP) is characterized by a local and systemic
inflammatory response and is the most common gastro-
intestinal disease requiring acute admissions.” The global
incidence of AP is estimated to be 33.74 cases per 100,000
persons, with a mortality rate of 1.60 per 100,000 persons.”
Most patients with mild acute pancreatitis (MAP) can recover
completely after proper treatment. However, approximately
20% of patients develop moderate or severe acute pancreatitis
(SAP), with a high risk of pancreatic necrosis or organ failure,
leading to a substantial mortality rate of 20—40%."*™ The
current diagnostic tests for AP patients relying on biochemical
and radiologic evidence, either by serum amylase and lipase
testing or imaging studies, are limited by the lack of a
standardized reference range and the poor sensitivity of
imaging modality in the early stages.' > Contrast-enhanced
CT for AP diagnosis is costly and may lead to discomfort or
even aggravation of the patient’s condition.” Moreover,
difficulties in prompt identification and clear stratification of
the disease severity pose enormous challenges to clinical
diagnosis and timely treatment.” Therefore, rapid AP detection
approaches with reliable biomarkers, especially noninvasive
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markers enabling precision diagnosis of AP and stratification of
its severity, are essential in changing the situation.
Extracellular vesicles (EVs) are nanoscale bioparticles,
mainly including exosomes (30—150 nm) and microvesicles
(150—1000 nm), secreted by all types of living cells. EVs,
especially small EVs (30—200 nm), play essential roles in
intercellular communications and participate in various
pathological processes such as tumorigenesis, cancer meta-
stasis, and inflammation by delivering active cargoes to
recipient cells.””” These EV-carried cargoes, including DNAs,
RNAs, proteins, metabolites, and lipids, can be potential
biomarkers for many diseases.”'*”"® The inflamed pancreas
also actively releases EVs, which can enter the peripheral blood
. . . . . . 14
circulation carrying disease-related information.”” Moreover,
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Figure 1. Rapid and high-precision biomarker discovery and acute pancreatitis (AP) diagnosis via circulating extracellular vesicles (EVs). (a)
Isolation of circulating EVs released from pancreatitis in patients’ plasma. (b) Combining bottom-up proteomics and MALDI-TOF mass
spectrometry-based protein fingerprinting analysis to detect and validate AP biosignatures. (c) Workflow of label-free bottom-up proteomics
and protein fingerprinting analysis via MALDI-TOF mass spectrometry for AP diagnosis toward clinical applications. HC, healthy control;

MAP, mild acute pancreatitis; SAP, severe acute pancreatitis.i

tracking experiments reveal that circulating exosomes can reach
the alveolar compartment and are involved in AP-associated
lung damage.15 As a snapshot of physiological status, EVs offer
potential insights into AP diagnostics at the early point before
cellular necrosis. Recent studies have revealed that EVs are
involved in AP-associated organ damage and could mediate AP
pathogenesis and propagation.'”
circulating EVs from peripheral blood provides a promising
avenue for quantitative diagnosis of AP.

Many platforms have been developed to study EVs for
clinical application. The traditional methods, including ultra-
centrifugation and polymer-based precipitation, are incompat-
ible with a rapid clinical screening test."”'® To overcome these
limitations, analytical techniques such as acoustofluidic-based
vesicle analysis and microfluidic platforms have been reported
to facilitate point-of-care applications.'”™>' In addition, the
nanoscope imaging platform using microsphere arrays to
characterize nanomaterials shows excellent potential for
nanoscale EV identification.”” Our group has recently
developed an exosome detection method via the ultrafast-
isolation system (EXODUS) using nanoporous membrane-
based resonators, which can fast-purify EVs from diverse
biofluid samples with high purity toward clinical translations.**
With regard to high-throughput detection platforms, matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) has been demonstrated as a
powerful analytical tool for quantitatively detecting and
analyzing biomolecules such as peptides and proteins.”"** Its
high sensitivity and throughput allow the rapid detection of
molecules over a broad mass range.m’27 Moreover, the recent
applications of MALDI-TOF MS have been extended to
evaluate fingerprints of EVs for sensitive cancer diagnostics,

16,17 . c
" Thus, investigation of

either determining fingerprints of proteins from lysed vesicles
or fast depicting fingerprints of the whole intact vesicles.”” >’
The EV fingerprinting approach features fast detection and
dynamical monitoring of disease status, which allows us to
detect disease biomarkers by analyzing the corresponding
fingerprint spectra quantitatively, and thus is preferably feasible
for clinical applications.

In this work, we develop Robust Acute Pancreatitis
Identification and Detection (RAPIDx) based on proteomics
fingerprinting of the intact small EVs isolated from plasma
samples of patients via the ultrafast-isolation system and
MALDI-TOF mass spectrometry. The bottom-up proteomic
study has been applied first to profile and track the origins of
EV proteins circulating in the plasma of patients with AP and
healthy controls. This is to provide biological evidence for
applying circulating EVs as disease biomarkers, and another is
to discover the characteristic proteins in response to AP
initiation and progression. We then demonstrate RAPIDx for
fast detection and selection of AP biosignatures. The RAPIDx
system allows the speedy isolation of EVs from plasma with
high yield and purity, and high-throughput interrogation of
EVs in their intact forms omits additional preparation steps
such as protein extraction and digestion.”® We found that EV-
carried proteins, especially SAA and its isomers, were
significantly differentially expressed between AP and healthy
individuals and can be applied as potential markers for AP
diagnostics. The established RAPIDx method is rapid and
ultrasensitive, which can detect AP from 20 uL of patient
plasma within 30 min, providing a feasible way for precision
molecular diagnostics of AP toward clinical translations.
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Figure 2. Investigation of potentials of EV proteins as biomarkers for acute pancreatitis diagnosis. (a) The analytical workflow of label-free
EV proteomics. HC, healthy control; MAP, mild acute pancreatitis; SAP, severe acute pancreatitis. (b) Protein tracking analysis of identified
proteins showing circulating EVs have close phenotype connections to various tissues based on their specific proteomes. (c) Protein tracking
analysis of EV proteins for their cell-type origins. (d) Enrichment analysis of proteins in different clusters classified by Mfuzz from all
identified proteins. GO, Gene Ontology; MF, Molecular Function; CC, Cellular Composition; BP, Biological Process. KEGG, Kyoto
Encyclopedia of Genes and Genomes. (e) KEGG pathway analysis using differential proteins from the following comparisons: MAP vs. HC,
SAP vs. HC, and SAP vs. MAP. (f) Volcano plot showing the distributions of differential proteins between HC and MAP, and (g) MAP and
SAP. The up-regulated proteins are shown in red; the down-regulated proteins are shown in blue, and the gray dots represent nonsignificant
proteins. The differential proteins were selected with a fold change >1.5 and a P-value <0.0S. (h) Heatmap of all groups crossed differential
proteins from the following comparisons: MAP vs. HC, SAP vs. HC, and SAP vs. MAP. (i) The most differentially expressed protein
presented in cluster 1, and in cluster 2 (j), and cluster 3 (k), and cluster 4 (1), sorted by their FC values. The protein expression levels of HC,
MAP, and SAP groups were compared (**P-value < 0.01, *P-value < 0.05).

RESULTS

Analysis of EVs from the Plasma Samples of AP
Patients. The diagnosis of MAP and SAP was primarily
investigated as there are urgent clinical needs to detect them
precisely and rapidly. AP patients were diagnosed according to

the revised Atlanta classification and definitions. The detailed
clinical information is shown in Table SI. Figure 1 shows the
schematic illustrations of the work design. First, the 115 plasma
samples were obtained by centrifuging peripheral blood at
1500g with two cycles to avoid contaminations from the
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platelet. We isolated and purified EVs from plasma samples via
EXODUS (Figure 1a).”> Figure 1b demonstrates the concept
of combining the top-down and bottom-up proteomics for
discovering AP biosignatures, and the detailed steps have been
described in Figure 1c. Before proteomic analysis, the obtained
EV samples were evaluated by nanoparticle tracking analysis
(NTA), Western blot (WB) analysis, and transmission electron
microscopy (TEM) according to the guidelines of the
International Society for Extracellular Vesicles (ISEV).*!
Most particles are distributed in a size range of 30 to 200
nm with a peak size of 105 nm (Figure Sla), and the particle
size is shown in Figure S1b, which follows the size range of
small EVs.” The vesicles also show the expressions of EV
positive protein markers (CD9, Flot-1) (Figure Slc) and a
typical cup-shaped EV morphology (Figure S 1d), indicating
the excellent quality of the isolated EV product. The Mac-2BP,
a family of beta-galactoside binding proteins associated with
the immune response, was also highly expressed on EVs. We
then performed EV proteomics with the bottom-up strategy
using label-free LC-MS/MS and determined fingerprints of
intact EVs using MALDI-TOF MS to investigate and detect
potential AP markers.

Bottom-Up EV Proteomics for Protein Tracking
Analysis and Biosignature Discovery. We performed
bottom-up proteomics with the label-free protein analysis
strategy to discover EV origins and evaluate potential EV
protein markers (Figure 2a). The EV proteins were extracted
and cleaved into peptides for LC-MS/MS analysis. A total of
479 proteins were identified using Proteome Discoverer (Table
S2). First, we performed protein tracking analysis and
calculated the number of EV proteins mapped to tissues/
cells based on their specific proteomes to reveal connections
between phenotypes. The data suggest the leading related
tissues are the liver, lymphoid, and the tissues involved in the
digestion system, including the intestine, stomach, and
pancreas (Figure 2b). Further investigating the cell-type
sources, we found that the proteins of EVs were mainly
related to blood and immune cells (such as T cells,
macrophages, monocytes, and plasma cells) and the specialized
epithelial cells, the later primarily derived from hepatocytes
(liver cells) and also contributed by ductal cells (pancreas
cells) and proximal tubular cells (kidney cells) (Figure 2c,
Figure S2). Tracking analysis of EV proteins leads to the
conclusion that the origin of plasma EVs is closely related to
the immune and digestive systems. They may serve as a
snapshot of the physiological and pathological status of the
corresponding functional parts.

In EV proteome profiles, we observed 419 shared proteins in
the tested groups (MAP, SAP, and HC group). Eight and 16
specific proteins of MAP and SAP and 34 shared AP-specific
proteins were observed, respectively (Figure S3a). The
corresponding enrichment analysis shows that EV proteins of
SAP were mainly involved in the metabolism process and
regulation of lyase activity, such as small molecule catabolic
process, carbon metabolism, and lyase activity. At the same
time, MAP and SAP shared proteins (excluding proteins in the
HC group) were mainly related to the protein catabolic
process, including threonine-type endopeptidase activity,
proteasome, proteasomal protein catabolic process, and
regulation of proteolysis (Figure S3b—d).

We next compared the overall protein expression levels of
the shared proteins from three groups in a heatmap clustered
using a complete-linkage method, which reveals the patterns of

each group and reflects the potential signatures for AP
diagnostics (Figure S3e). We classified the protein expressions
into 8 specific patterns using the Mfuzz method to show the
dynamic alternations of expression levels between HC, MAP,
and SAP groups (Figure 2d, Figure $4). The proteins involved
in clusters 1 and 2 are continuously up-regulated and down-
regulated, respectively, from HC to MAP and the SAP group
(Figure 2d). They are mainly from the extracellular space and
are primarily associated with ferroptosis, ECM-receptor
interaction, protein activation cascade, proteolysis regulation,
and peptidase activity. The expression level of proteins in
cluster 3 experiences a relatively continuous period from HC
to MAP, and then increases dramatically at SAP (Figure 2d).
Thus, the involved proteins in this cluster might be
investigated as potential markers for distinguishing SAP
patients from HC and MAP. Cluster 4 might be the source
of features for differentiating AP from the HC group, as the
included proteins show an apparent up-regulating trend from
HC to AP (Figure 2d). These proteins were related to
metabolic processes, protein—lipid complex subunit organ-
ization, and plasma lipoprotein particle organization.

We further investigated the differentially expressed proteins
within the shared proteins from HC, MAP, and SAP groups
(Figure S5a). They used the selecting criteria of fold change
(FC) > 1.5 and P-value < 0.05; we obtained differential
proteins from the comparisons of MAP vs. HC, SAP vs. HC,
and MAP vs. SAP. The resultant enriched pathways based on
differential proteins are listed in Figure 2e. The complement
and coagulation cascades pathway has been recently reported
to be associated with acute necrotizing pancreatitis.”> There
were 29 and 53 differential proteins for MAP and SAP
compared to the HC group shown in Figure 2f and Figure S5c,
respectively. The corresponding differential proteins are ranked
by their FC values in Figure SSb and Figure S5d. It is clearly
shown that the SAA1 carried by circulation EVs were the most
up-regulated proteins for both MAP and SAP groups
compared to the HC group, with up-regulation folds of 37.7
and 51.4, respectively, indicating a robust discriminatory power
for AP detection. Comparing the MAP and SAP groups, we
identified 17 differentially expressed proteins, as shown in
Figure 2g. The top differential proteins of SAP are ITGA2B,
CPA1l, S100A8, CFHR1, and DEFAL, with FC values ranging
from 3 to 13, shown in Figure SSe. These proteins might be
strongly correlated with AP severity.

To investigate the dynamic alternations of AP severity, we
compared the expression levels of differential proteins across
three groups. Figure 2h shows all crossed differential proteins
from the following comparisons: MAP vs. HC, SAP vs. HC,
and MAP vs. SAP. Combined with the cluster analysis in Figure
2d, we identified the 4 most differential proteins sorted by their
FC values in each cluster. Their expression intensities across 3
groups are listed in Figure 2i—1. DEFAL in cluster 1 and CD14
in cluster 3 potentially served as biomarkers for detecting SAP
from MAP and HC. They appeared to be up-regulated proteins
in SAP compared to other groups. FN1 in cluster 2 and SAA1
in cluster 4 might be the potential biosignatures for
differentiating HC and AP patients. In contrast to SAAI,
FN1 appeared as a significantly down-regulated protein in AP
compared to HC. By enrichment analysis, we found that the
enriched GO terms from the differential proteins of AP were
intensively involved in the acute-phase response and acute
inflammatory response, such as high-density lipoprotein
particles, the innate immune response, and regulation of
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Figure 3. Rapid and accurate identification of acute pancreatitis by RAPIDx. (a) Schematic illustration of EVs released from pancreatitis cells
and circulation in blood. (b) Purification of plasma EVs followed by integrated RAPIDx analysis. (c) Protein fingerprints of EVs from HC,
MAP, and SAP groups via MALDI-TOF MS analysis. The differentially expressed protein clusters are highlighted in gray. (d) Virtual gel
graph of mass spectra of EVs isolated from AP and healthy donors, ranging from 20 to 20000 Da. The specifically expressed protein clusters
are highlighted between red lines. The samples were collected from 57 AP patients and 36 healthy individuals. (e) Two-dimensional peak
distribution of pancreatitis patient (red circle) and healthy control (blue cross) EVs. The x-axis and y-axis represent the relative intensity of
samples at peaks of 5840.48 (SAA1) and 11682.16 (SAA1-2) Da, respectively. The immunoelectron microscopy analysis was performed
against SAA proteins, and the white arrows indicated anti-SAA antibody-labeled gold particles. Scare bar: 50 nm. (f) The overall sum of the
spectra obtained from pancreatitis patient (red) and healthy control (blue) samples. The gray area in the figure marks the discriminating
peaks, including SAA1 in (g) and SAA2 in (h). (i) Area under the receiver operator characteristic curve for the top 15 discernible mass peaks
in the spectra. The receiver operating characteristics (ROC) curves and area under the curve (AUC) values of (j) SAA1-1, (k) desR-SAA1-2,
(1) SAA2, (m) SAAL-2 to distinguish pancreatitis patients and healthy controls.

proteolysis (Figure S6a—c). Enriched pathways based on the Compared to the healthy controls, the gel graph of AP patients

differential proteins between MAP and SAP were mainly had two additional bands (marked with red dashed lines in
related to response to lipopolysaccharide, blood microparticle, Figure 3d), which could be the specific proteins enriched in the
glycosaminoglycan binding, and complement activation EVs of AP patients. The two-dimensional distribution of each
(Figure S6d—e). These pathways are close to the immune sample based on the two differentially expressed proteins
response, inflammatory response, and pathogenesis and may (5840.48 and 11682.16 Da) is plotted in Figure 3e. The AP
reflect the initiation and development of AP. and control groups show distinct distributions. These two
In summary, the applied quantitative proteomics analysis peaks were identified as SAA1 proteins (SAA-1 and SAA1-2)
allows the profiling of EV proteins circulating in the plasma of based on their m/z values from reported results.”>** This
AP patients and discovering EV-related biosignatures for AP strongly follows the bottom-up proteomics data, which
diagnosis, providing vital information for understanding indicated that SAA-1 was the most up-regulation protein of
pathogenesis and promoting biomarker discovery. the AP group compared to HC. We further performed
Rapid and Precise Detection of Acute Pancreatitis by immuno-electron microscopy to cross-validate SAA expres-
RAPIDx. In this work, we demonstrated the capability of sions on the EV surface. The anti-SAA antibody labeled gold
RAPIDx for screening the characteristic proteins of AP via particles tended to surround vesicles from AP patients instead
analysis of fingerprints of the intact EVs isolated from the of HC individuals (Figure 3e, Figure S7). The differentially
plasma samples of patients (Figure 3a—b). The differential expressed peaks were also observed in the stacked spectra of all
peaks of the fingerprints can directly reflect the potential samples (Figure 3f—h). We then compared the discriminatory
biosignatures of AP groups (Figure 3c). The virtual gel graph power of the two groups by calculating the area under the
of the mass spectra from the AP and HC groups based on the curve (AUC) of the receiver operator characteristic (ROC)
relative expression of proteins is shown in Figure 3d. Overall, curve for the top 15 discernible mass peaks in the spectra, as
each mass spectrum consisted of approximately 52 discernible shown in Figure 3i and Figure S8. Peaks of 5840.48, 11526.55,
mass peaks from the groups of AP and HC (Table S3). 11633.74, and 11682.16 Da (m/z) have the highest
E https://doi.org/10.1021/acsnano.3c00922
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Figure 4. Stratification of acute pancreatitis severity by RAPIDx. (a) Virtual gel graph of mass spectra of EVs isolated from MAP and SAP
patients, ranging from 20 to 20000 Da. The significantly differentially expressed protein clusters for the SAP and MAP groups are
highlighted between purple and green lines, respectively. (b) Two-dimensional peak distribution of SAP patients (purple cross) and MAP
patients (green circle). The x-axis and y-axis represent the relative intensity of samples at peaks of 5290.19 and 14032.33 Da, respectively.
(c) The overall sum of the spectra was obtained from the SAP (purple) and MAP group (green) samples. And the distribution of the mass
spectra of significantly different peaks in the SAP and MAP groups is shown, including 5290.19, 5840.08 (SAA1-1), 11634.56 (SAA2), and
14032.33 Da: X-axis, mass-to-charge ratio, y-axis, relative intensity. (d) The area under the curve (AUC) of peaks is used for classification in
the Genetic Algorithm (GA) algorithm model. (e) The receiver operating characteristics (ROC) curves and AUC values of peak 5290.19,
5840.08 (SAA1-1), 11634.56 (SAA2), and 14032.33 Da to distinguish the severity of acute pancreatitis. (f) Heat map showing the expression
of peak 5290.19, 5840.08 (SAA1-1), 11634.56 (SAA2), and 14032.33 Da in all test samples, and their intensity comparisons between MAP
group and SAP group are shown in (g), (h), (i), and (j), respectively (**P-value < 0.01, *P-value < 0.05).

discriminatory powers (AUC > 0.92), corresponding to the
proteins of SAAI cluster 1 (SAA1-1), desR-SAA-1 cluster 2
(desR-SAA-1-2), SAA2, and SAAL1 cluster 2 (SAA1-2). The
ROCs for these peaks in distinguishing AP patients from
healthy controls are plotted and shown in Figure 3g—h, in
which their AUCs range from 0.92 to 0.97. In addition, the
differential peak of 13297.62 Da of AP was identified as
S100A9 according to reported spectra positions,” and the up-
regulation trend was consistent with previous bottom-up
proteomics (Figure SS, Figure S9). SAA1 was still the most
differentially expressed protein for distinguishing the AP and
HC groups with the highest AUC. SAA2 was detected with an
excellent AUC of 0.96 for diagnosing AP from HC by RAPIDx,
which was also a characteristic protein of the AP group from
bottom-up proteomics (Figure 31, Figure S10). The precisely
cross-validated results of the SAA signatures for AP detection

indicate the excellent accuracy of the RAPIDx detection
system. Thus, we expect high-accuracy AP diagnostics to be
achieved by simultaneously targeting the alternations of SAA
expression levels on circulating EVs through RAPIDx.

We next performed severity-related analysis and observed
differentially detected peaks in the mass spectra by dividing AP
patients into two groups based on severity, ie., the SAP and
MAP groups. Each mass spectrum consisted of 47 discernible
mass peaks (Table S4). From the virtual gel graph of mass
spectra (Figure 4a), the differential expression of EV SAA1
from SAP patients was detected (labeled with red dashed
lines) compared to that with MAP. The MAP and SAP can be
further classified into two clusters based on the two
differentially expressed proteins (5290.19, 14032.33 m/z), as
shown in Figure 4b. From the stacked spectra of AP patients
(Figure 4c), we found 4 peaks that had a significant intensity
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difference in the SAP group, including 2 up-regulated proteins
(SAAI1-1, SAA2) and two down-regulated proteins (5290.19,
14032.33 m/z). Among the top 12 peaks involved in the
statistical model, SAA1-1, 5290.19, and 14032.33 m/z had the
highest discriminatory power with AUCs of 0.70, 0.74, and
0.71, respectively (Figure 4d), indicating the statistical
difference between the two groups. Using the combination of
4 peaks to distinguish SAP and MAP, we obtained an excellent
AUC of 0.83, revealing that these proteins are promising
biomarkers for identifying AP severity (Figure 4e). We further
investigated the global expressions of up-regulated and down-
regulated proteins across all samples, and distinct expression
patterns were observed between MAP and SAP, shown in
Figure 4f. The corresponding intensity comparisons of these 4
individual markers between the two groups are presented in
Figure 4g—j, demonstrating good potential predictive values
with the P-values below 0.0S.

Taken as a whole, the fingerprints of the intact EVs show
great potential for fast discrimination of AP by detecting
characteristic peaks with a special focus on SAA proteins. The
integrated RAPIDx offers a sensitive and quantitative detection
method for diagnosing acute pancreatitis by analyzing
biosignatures carried by circulating EVs.

DISCUSSION

Despite improvements in access to care and interventions, AP
continues to be associated with significant morbidity and
mortality. The timely and accurate diagnosis of AP and exact
discrimination of MAP and SAP are still challenging but
essential to change the situation.”> The presented RAPIDx
allows a fast EV isolation step from plasma samples via
EXODUS within 15 min followed by high-throughput
MALDI-TOF-MS detection of AP in 1 min, which may
serve as a promising tool for AP precision diagnosis toward
clinical translation.

EV proteomic applications demonstrate potential for
biomarker discovery, which are close to being used for clinical
translation.’*>” In this study, the discovery of protein
biosignatures with bottom-up proteomics using a high-
resolution orbitrap allows us to detect 479 proteins from
plasma EV samples, much more than the traditional
proteomics method for a similar analysis (279 proteins).*®
The tedious sample preparation steps in bottom-up proteomics
limit clinical translations, which require fast and accurate
marker detection to ensure the patients receive timely
treatments. MALDI-TOF MS is high throughput and rapid
and is clinically suitable for fast large-scale proteomics and
imaging studies.”” Thus, applying bottom-up proteomics for
biosignature screening and then using the integrated RAPIDx
for marker cross-validation and detection is practically feasible
for solving the unmet clinical needs of AP precision diagnosis.

Profiling and tracking EV proteins via bottom-up proteomics
show close phenotype relationships between circulating EVs
and multiple tissues and cells based on their specific proteomes
(Figure 2b—c). This strongly supports the point that
biomarker investigation from circulating EVs may provide
potential insights for AP diagnosis, which also includes vital
information for understanding the etiology and pathogenesis of
AP and promotes biomarker discovery. Both bottom-up
proteomics and MALDI-TOF analysis pointed out that the
SAA proteins were significant biosignatures of AP. The SAA
protein family comprises two main isoforms, SAA1 and SAA2,
and they are acute-phase proteins and highly expressed in

response to inflammation and tissue injury.’’ Their upregula-
tion in the circulating EV is thought to be highly relevant to
tissue inflammation during AP. We reasoned that using two
different technologies raises the reliability and that findings
replicated with two other groups of clinical samples are likely
to be robust. It is worth mentioning that the SAA proteins are
also the currently widely used serum biomarkers for AP
diagnostics."*' SAA1 expressed on circulating EVs has been
characterized previously.”® Here, we find that SAA expression
levels (including SAAl and SAA2) of plasma EVs were
significantly characterized up-regulated in the AP group
compared to the HC group. Notably, we further characterized
that the different SAA isoforms expressed on EVs show diverse
discriminatory power toward AP detection (Figure 3j—m,
Figure 4e), reflecting that diagnosing AP from the detection of
each isoform instead of total SAA proteins might help improve
accuracy and specificity as each 4protein isoform may represent
specific function pathologically.”

The protein fingerprints of intact EVs by MALDI-TOF tend
to detect small protein ions (<20 kDa), so not all differential
proteins from label-free proteomics were detected by
integrated RAPIDx. The decreasing plasma FN1 has been
seen in animals following the infusion of pancreatic
proteases.%’44 CD14 is a pattern-recognition receptor for
several microbial products expressed on neutrophils and
monocytes/macrophages. The circulating CD14-positive M2
monocytes have been reported to be associated with the
severity of severe acute pancreatitis in Chinese patients.45
DEFAL has also been reported to relate to disease severity in
COVID-19 patients.”® It should be mentioned that S100A9
was a characteristic AP protein crossly identified by bottom-up
proteomics and MALDI detection (Figure SS, Figure S9). The
exosomal S100A9 has been involved in exosome-dependent
NADPH oxidase activation, generating free radicals and
promoting an inflammatory response during acute pancreati-
tis.”® These differential proteins were shown to be carried by
plasma EVs and may, to some extent, reflect the severity of AP
development.

CONCLUSIONS

In conclusion, our work reveals that circulating EVs have close
phenotype relationships to multiple tissues and cells, providing
solid biological evidence for using EVs as potential biomarkers
for disease detection. Based on this, we present a RAPIDx
method for the precision diagnosis of AP based on the
differentially expressed proteins carried by circulating EVs. We
have included 115 clinical samples and discovered that plasma
EVs differentially express SAA proteins that can be harnessed
as potential biosignatures for AP detection with excellent
AUCs ~ 97%. The SAA proteins can be further harnessed for
discriminating AP severity with an AUC of 83%. This rapid,
high-throughput, and high-sensitive detection method is
critical for improving diagnostic efficiency and accuracy and
eventually reducing the mortality of AP, pancreatic cancer, and
other diseases.

METHODS

Clinical Sample Collection. The recruitment of patients was
according to the Guidelines of the Declaration of Helsinki (Ethical
Principles for Medical Research Involving Human Subjects, World
Medical Association), following a protocol approved by the
Institutional Review Board of the First Affiliated Hospital of Wenzhou
Medical University (Wenzhou, China). The bottom-up proteomic
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analysis of EVs included HC (n = 15), MAP (n = 15), and SAP (n =
20) groups. In each group, the plasma samples were further prepared
into 3, 3, and 4 sample pools for LC-MS analysis, respectively. The
MALDI-TOF analysis included the following patients: HC (n = 36),
MAP (n = 28), and SAP (n = 29). There were 28 shared samples
between the proteomic study and MALDI-TOF analysis. The detailed
clinical information is summarized in Table SI. All samples were
collected when the patients were diagnosed before the treatments.
The plasma sample was collected by centrifugation at 1500g for 20
min (two cycles) and stored at —80 °C until further use.

EV Isolation and Purification. For the bottom-up proteomic
study, 200 uL of each plasma sample was diluted with phosphate
buffered saline (1XPBS) to a final volume of 15 mL and then filtered
by a 0.22 um membrane filter (FPE-204-030, JET BIOFIL,
Guangzhou, China) to exclude large particles and aggregates. The
EV isolation was conducted by EXODUS according to our previously
published method.*® The 25 mm-diameter AAO (anodic aluminum
oxide) membranes (Whatman, 20 nm in pore size) were applied, and
the EV product was resuspended in 300 uL of PBS. For MALDI-TOF
MS detection, 20 uL of plasma sample was diluted with PBS to a final
volume of 5§ mL and then filtered with a 0.22 ym membrane filter
(FPE-204-013, JET BIOFIL, Guangzhou, China). Afterward, the
plasma EV was isolated by the EXODUS equipped with 13 mm-
diameter AAO membranes (Whatman, 20 nm in pore size). The
purified EV product was resuspended in 200 xL PBS and stored at
—80 °C until use.

Western Blotting Analysis. The protein concentrations were
measured with a spectrophotometer (Nanodrop 2000, Thermo Fisher
Scientific, USA). The electrophoretic separation of EV proteins was
conducted by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), which was then transferred onto polyvinyli-
dene fluoride (PVDF) membranes (10600023, GE Healthcare Life
Science, Freiburg, Germany) for blotting analysis. The membrane was
further blocked with 5% nonfat milk solution for 1 h at room
temperature, and then was incubated with the primary antibody
solution (1:1000 dilution) overnight at 4 °C. The following primary
antibodies were applied: anti-Mac-2BP (sc-374541, Santa Cruz
Biotechnology, Inc.), anti-flottilinl (610821, BD, USA.), anti-CD9
(sc-13118, Santa Cruz Biotechnology, Inc.). After washing with PBST
(PBS with 0.01% Tween 20), the membrane was incubated with the
secondary antibody (7076S, Cell Signaling Technology) for 1 h. The
images were visualized using the JS-M8 luminescence image analyzer
(JS-M8, Pei Qing Science & Technology, Shanghai, China).

Nanoparticle Tracking Analysis (NTA). The EV concentrations
and particle distributions were quantified by Nano Sight NS300
(Malvern) equipped with a 488 nm laser and a high-sensitivity
sCMOS camera. The samples were appropriately diluted to achieve a
particle per frame value of 20—50 for optimal counting. The camera
level was set at 15. Each sample was measured 3 times, and the
camera capture time was set at 30 s. All measurements were
performed under identical conditions to ensure consistent results.

Transmission Electron Microscopy (TEM). The purified EV
particles were fixed with 4% paraformaldehyde, then transported onto
a Formvar/carbon-coated grid and allowed to sit for 30 min at room
temperature. After that, the grid was washed with PBS (1X) 1 time,
then placed into 1% glutaraldehyde for S min, followed by a wash step
using double distilled water 4 times. Subsequently, the vesicles were
negatively stained by a 1.5% uranyl acetate solution (v/v) for 4S5 s.
After air-drying, the EV morphology was observed with a transmission
electron microscope (Talos F200S, Thermo).

Immunoelectron Microscopy. First, the fixed EV particles (by
4% paraformaldehyde) were adsorbed onto carbon/Formvar-coated
grids for 30 min for immunoelectron microscopy. The grids were
washed with 50 mM glycine to remove free aldehyde groups. Next,
the grids were blocked by 5% BSA solution for 1 h, then immediately
conjugated to the primary antibody (anti-SAA sc-59679, Santa Cruz
Biotechnology, Inc.) with a 1:200 dilution at 4 °C overnight. A grid
without the primary antibody was prepared as a control sample.
Afterward, the grids were rinsed with 0.1% BSA and then incubated
with the secondary antibody (G7777, Sigma, Shanghai, China) for 2 h

at room temperature. After incubation, the grids were washed with
PBS and placed into 1% glutaraldehyde for S min. Next, the grids
were washed with the double distilled water 4 times. After air-drying,
the EV particles were stained with 1.5% uranyl acetate (v/v) for TEM
imaging.

Bottom-Up Proteomic Analysis. EV proteomic analysis was
performed using UPLC-MS/MS. The membranes of vesicles were
disrupted by sonication with the addition of 1% protease inhibitor,
and the obtained EV proteins were quantified using a BCA kit. An
equal number of proteins from each sample was used for enzymatic
hydrolysis to obtain peptides. Five mM of dithiothreitol (DTT,
Promega) was added to the protein sample, and the incubation was
carried out at 56 °C for 30 min. Then, 11 mM of iodoacetamide
(IAA) was added to the sample and incubated for 15 min at room
temperature in the dark. After that, trypsin was used to digest proteins
at a ratio of 1:50 (protease: protein, m/m) overnight. The protein
sample was further treated with trypsin at a ratio of 1:100 (protease:
protein, m/m) to continue hydrolysis for 4 h. Finally, the digested
sample was vacuum-dried and reconstituted in the mobile phase A,
then separated using the EASY-nLC 1200 ultrahigh performance
liquid system.

Mobile phase A comprises 0.1% formic acid and 2% acetonitrile;
mobile phase B is an aqueous solution containing 0.1% formic acid
and 90% acetonitrile. Liquid gradient setting: 0—68 min, 6%—23% B;
68—82 min, 23%—32% B; 82—86 min, 32—80% B; 86—90 min, 80%
B. The flow rate is maintained at 500 nL/min. The separated peptides
were injected into the NSI ion source for ionization and then entered
the Orbitrap Exploris 480 mass spectrometer for analysis. The ion
source voltage was set to 2.3 kV, and the FAIMS compensation
voltages (CV) were —45 V and —65 V. The peptide precursor ions
and their secondary fragments were detected and analyzed by a high-
resolution Orbitrap. The data acquisition mode was the data-
dependent scanning (DDA) program. For protein identification, the
database was searched using Proteome Discoverer v2.1 (Thermo
Fisher Scientific) with a 1% false discovery rate (FDR). The searched
database was the Homo_SP_20201214.fasta database. Enrichment
analysis was completed by http://metascape.org/.

Protein Tracking Analysis. The tracking analysis of circulating
EV proteins was performed based on the detected proteins from the
bottom-up proteomics (LC-MS/MS). The mapping of tissue/cell
profiles was conducted using the specific proteome of tissues/cells
described at Human Protein Atlas (https: // www.proteinatlas.org), in
which the protein expression data are from normal human tissue types
derived from antibody-based protein profiling using immunohisto-
chemistry. The number of mapped proteins in circulating EVs was
counted for tissue/cell tracking analysis.

MALDI-TOF MS Analysis. EVs isolated by EXODUS were
analyzed by an auto flex max MALDI-TOFLT (Bruker Daltonics)
benchtop instrument for determining their fingerprints. The same
amount of EVs for each sample was placed onto the target plated
(MSP 96 target ground steel, Bruker Daltonics, Germany) and then
vacuum-dried with a CentriVap Benchtop Vacuum Concentrator
(Labconco, Kansas City, MO) at room temperature. The matrix used
for sample preparation was the saturated 4-hydroxy-a-cyanocinnamic
acid solution, prepared in 50% acetonitrile plus 0.1% trifluoroacetic
acid. The resultant data were exported upon completion, and the
spectra were then analyzed by ClinProTools 3.0 software (Bruker
Daltonik). We used the Genetic Algorithm (GA) method for building
a comparison model. The spectra were edited by Adobe Illustrator
(Adobe Systems Incorporated, San Jose, CA).

Statistical Analysis. Data represented the mean + SD of triplicate
determinations from three independent experiments. Figures were
edited by Adobe Ilustrator (Adobe Systems Incorporated, San Jose,
CA). Statistical analyses were performed by GraphPad Prism 7.0
(GraphPad Software, San Diego, CA). The heatmaps were made by
TBtools (Version 3). Data were analyzed using a two-tailed Student’s
t test to compare the two groups. Differences were considered
statistically significant when the P-value < 0.0S.
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