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Abstract: Psoriasis vulgaris (PsV) and psoriatic arthritis (PsA) are inflammatory diseases with unre-
solved pathophysiological aspects. Extracellular vesicles (EVs) play an important role in intercellular
communication. We compared the miRNA contents and surface proteome of the EVs in the blood
serum of PsV and PsA patients to healthy controls. Size-exclusion chromatography was used to
isolate EVs from the blood serum of 12 PsV patients, 12 PsA patients and 12 healthy control subjects.
EV samples were characterized and RNA sequencing was used to identify differentially enriched
EV-bound miRNAs. We found 212 differentially enriched EV-bound miRNAs present in both PsV
and PsA groups—a total of 13 miRNAs at FDR ≤ 0.05. The predicted target genes of these miRNAs
were significantly related to lesser known but potentially disease-relevant pathways. The EV array
revealed that PsV patient EV samples were significantly enriched with CD9 EV-marker compared to
controls. Analysis of EV-bound miRNAs suggests that signaling via EVs in the blood serum could
play a role in the pathophysiological processes of PsV and PsA. EVs may be able to fill the void in
clinically applicable diagnostic and prognostic biomarkers for PsV and PsA.

Keywords: psoriatic arthritis; circulating EVs; miRNA; biomarker; surface proteome

1. Introduction

Psoriatic arthritis (PsA) is a chronic, immune-mediated inflammatory disease of the
joints with diverse clinical effects that can affect the axial and peripheral joints, as well
as accompanying symptoms of enthesitis and dactylitis [1]. It is a progressive disease
with destructive effects on the joints, greatly affecting the quality of life of the patients [2].
During its early stages, the disease can develop and progress without any noticeable
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symptoms, reducing the chances of early diagnosis. Although PsA is a well-established
disease, only 60–80% of patients present signs of psoriatic skin lesions or nail psoriasis.
These clinical symptoms can greatly help in diagnosing PsA, and their absence compounds
the problem [3]. However, early diagnosis of PsA is crucial to managing the disease, as
even a 6-month delay adversely affects the patient’s outcome [4]. That is why PsA patients
would greatly benefit from the availability of early biomarker-enabled diagnosis.

As in most cases manifestations of psoriasis vulgaris (PsV) precede PsA, the involve-
ment of joints is often considered a comorbidity of skin psoriasis itself. Up to 30% of patients
with PsV develop PsA during the course of the disease [5]. Psoriasis is a relatively common
inflammatory skin disease with a prevalence of 2–3% [6]. Various treatments have been
proposed in the management of psoriasis and its arthropathic component, including im-
munosuppressants such as methotrexate or colchicine as well as new drugs [7,8]. Different
subtypes of PsV can also present a wide range of clinical phenotypes, with plaque psoriasis
being the most common [9]. With no viable means of early detection, psoriasis patients can
find themselves in the distressful state of not knowing if and when they would develop
PsA. The patients would also benefit from diagnostic clarity enabling timely recognition
of the different subtypes PsA can evolve into. An important challenge in the field is the
lack of effective and clinically relevant biomarkers for detecting PsA early or monitoring
disease progression and treatment outcomes [10,11].

For early diagnosis and preventive screening, non-invasive means of obtaining biomarker
measurements are preferred in the clinical setting [12]. While the core pathophysiological
processes of PsV and PsA occur in the skin or joints of patients, respectively, the systemic
nature of these diseases has revealed several potential biomarker candidates in blood
serum and plasma [13]. Conventional circulatory markers of inflammation such as CRP
and P-selectin have given mixed results in patients with PsA and patients with moderate
to severe forms of PsV [14–17]. Yet cytokines associated with the central IL-17/23 axis in
psoriasis have been elevated in the blood of PsV and PsA patients [18–20]. A subset of
promising biomarkers has also been identified in the form of miRNAs [21,22]. Extracellular
vesicles (EVs) are perhaps the most important representative of circulatory biomarkers
discovered in recent years, yet they have remained relatively understudied in the context
of PsA and PsV [23,24].

EVs carry signals mediated by proteins, lipids and nucleic acids, and thus play a
pivotal role in intercellular communication [25]. Consequently, they have proven to be
valuable sources for identifying biomarkers for a number of diseases [26–30]. More notably,
recent in vitro studies have identified EVs as an important player in the pathophysiological
processes in PsA and PsV. It has been reported that keratinocyte exosomes are implicated
in the activation of neutrophils and intensifying inflammation [31]. In addition, Mangino
and colleagues have reported that L17A-treated keratinocytes secrete fewer EVs; however,
PsV-related mRNAs (DEFB4, CXCL-family ligands) are abundant in these EVs, providing
further evidence for EVs mediating pathological signals in PsV [32]. In a study by Marton
et al., it was shown that the circulatory EVs from PsA patients are unable to suppress
osteoclast differentiation in vitro, compared to those extracted from the blood of healthy
individuals and rheumatoid arthritis patients [33]. Therefore, it is reasonable to suggest
that disease-specific EV profiles are present in the blood serum of PsA and PsV patients, as
in the aforementioned diseases.

According to the current understanding of EV-mediated intercellular communica-
tion, it is postulated that the cargo carried by EVs is responsible for the greater part of
communication moderated through the cellular release of EVs [24]. There is growing
evidence showing that circulating EV-bound miRNAs represent a distinct subset of the total
population of extracellular miRNAs in the blood [34,35], suggesting EV-bound miRNAs
could be more specific biomarkers in comparison to free-floating miRNA [36]. Therefore,
in this study, we focused on characterizing the small RNA contents of the EVs in search
of disease-related miRNAs in the blood serum of PsA and PsV patients. In addition, we
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screened the physical properties and surface proteome profiles of EVs for possible novel
biomarker candidates.

As a result, we identified several differentially enriched EV-bound miRNAs in the
PsA and PsV groups with previous associations with inflammatory skin disease and joint
inflammation along with additional pathway-level insights. We also found the EV surface
proteome to be of promising value for uncovering future biomarker candidates. As EV
research is expanding rapidly, the development of a wide range of new methods and
approaches in EV characterization is advancing the field and shortening the interval of
the initial findings from biomarker screenings being translated to the clinical setting to aid
patients sooner rather than later.

2. Results

2.1. Purification of Extracellular Vesicles

We first evaluated the elution profile of blood serum samples from the qEVorigi-
nal/70 nm SEC columns in order to determine the optimal fractions to use in downstream
analysis in terms of EV yield and purity. Using SEC-based EV purification, we observed
nanoparticle-enriched fractions to follow the void volume of the column with the total
protein concentration increasing after the nanoparticle peak (Figure 1A). The co-isolation of
HDL particles alongside EVs from blood serum or plasma is a known issue [37,38], which
is why we used Western blotting to characterize the SEC fractions for known EV markers
(CD63, CD9, and CD81) and apolipoprotein A1 (ApoA1). It was evident that HDL particles
were abundantly present in the nanoparticle-enriched fractions alongside EVs (Figure 1B).
We observed that the chemiluminescence of EV markers was relatively stronger in the
fractions eluting first (F7–11), while the opposite was evident in case of ApoA1. For all
subsequent EV purifications and experiments, we considered the pooled fractions of 7 to
10 to be EV samples. This resulted in an enrichment of EV markers, while the presence of
known contaminants such as ApoA1 and albumin was diminished compared to unpurified
serum. (Figure 1C). Furthermore, spherical particles with EV-like morphology were evident
in the TEM images of EV samples (Figure 1D,E).

2.2. Size and ZP Profile of Purified EV Samples

Physical properties of nanoparticles in the EV samples were characterized using a
ZetaView® NTA instrument. We found the total concentration of nanoparticles (NPs) in the
unconcentrated EV samples to be highly variable across patients, ranging from 2.7 × 109

to 2.5 × 1011 particles per milliliter (Figure S1A). No differences were observed in the size
distribution of the EV samples between patient groups (Figure S1B). Most of the samples
were characterized by a distinct peak of NPs in the 80–120 nm size range, whereas a wider
distribution range of NP sizes was observed for some samples (Figure S1C). Similarly, no
significant differences in the ZP values of EV samples were observed between the patient
groups (Figure S1D,E).

2.3. EV Array Phenotyping

A total of 30 protein markers were screened using the EV array platform. Thirteen of
the 30 markers were considered detectable and subjected to downstream analysis based on
the criteria that at least for 6 (≥50%) patients in one of the groups had measured intensity
values higher than background signal level. Based on overall profile of the 13 markers,
6 samples were considered outliers and omitted from further analysis (Figure S2). PCA of
all of the 13 protein markers revealed the patient samples to be generally heterogeneous,
irrespective of the patient groups (Figure 2A). We observed modest correlation between the
abundance of some of the markers and the storage time of serum samples (Figure S3A).
Therefore, the estimated effect of storage time was deducted by obtaining the residuals
resulting from modeling the relationship between the protein markers and storage time.
Hierarchical clustering of these residuals resulted in a visible segregation of PsV and PsA
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samples between the main two clusters, with the control samples (C) samples uniformly
scattered between the two (Figure 2B).
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Figure 1. Purification and confirmation of blood serum EVs. (A) Elution profile of differentially
centrifuged and qEV original 70 nm size-exclusion chromatography (SEC) purification of blood serum
EVs in across 500 µL fractions. Consecutively collected fractions are presented on the x-axis, while
bars represent the nanoparticle concentration (particles/mL) per fraction, and the blue line marks
protein concentration (mg/mL) across fractions. (B) Western blotting analysis for relative abundance
of EV-specific surface markers (CD63, CD9, and CD81) and ApoA1 as the major component of HDL
particles in the nanoparticle-rich SEC fractions. Equal volumes of concentrated EV samples were used
as the input in case of the tetraspanins, while the input was diluted 10-fold for ApoA1. (C) Comparative
Western blotting of EV-specific surface markers and ApoA1 in the purified EV samples in contrast to
unprocessed blood serum with total protein concentration adjusted to be equal for both samples for each
target protein. (D,E) Transmission electron microscopy imaging of purified EV samples. Black arrows
highlight spherical particles with size and morphological characteristics inherent to EVs.
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Figure 2. EV Array phenotyping for blood serum EVs. (A) The first two principal components calculated
from 13 markers considered to be uniformly detected on the surface EVs in at least one of the patient
groups. (B) Heatmap and hierarchical clustering (Euclidean distance) of linear model residuals resulting
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from models with patient age and storage time of serum samples as predictors and abundance of
the surface marker as the response variable. (C) Statistical significances of the observed differences
in the abundance of individual EV surface markers between the patient groups. The effect of the
patient group on the abundance of each individual surface marker was evaluated by fitting a linear
model adjusted by the storage time of serum samples. Both unadjusted p-values and p-values
adjusted to multiple testing with the Benjamini–Hochberg procedure are presented. (D) Top three
markers resulting from the statistical analysis. The abundance of individual markers are presented
as standardized (z-score) linear model residuals after adjusting for patient age and storage time of
serum samples.

Similarly, the storage time was adjusted in the linear regression models used to infer
the statistical significance of the differences between the patient groups for individual
protein markers. After adjusting for multiple testing (Benjamini–Hochberg procedure),
none of the comparisons remained significant at FDR ≤ 0.05 (Figure 2C). However, the
differences between the PsV and C groups in the abundance of CD9 on the surface of EVs
could be considered statistically significant at FDR ≤ 0.1 (Figure 2D).

2.4. Small RNA Profile of EVs

The yield of small RNA extracted from the concentrated EV samples was considerably
variable across samples with an average of 5.8 ng (0.4 ng/µL). Interestingly, the RNA yield
was not correlated with the concentration of nanoparticles in the EV samples (Figure S3B).

Sequencing yielded 8.7 ± 1.5 million reads (mean ± SD) per sample. Following the
trimming of low-quality bases, removal of adaptor sequences, and read length filtering,
44.2 ± 16.8% of the reads remained in the analysis and were aligned to the GRCh38 human
reference genome. We observed that the alignment rate among full length reads (50 bp)
was extremely low (0.4%) and for the remainder of the analysis, these reads were omitted
(Figure S4A). For the remainder of the reads (3.4 ± 1.9 million per sample), the alignment
rate was 50.3 ± 9.7%. Sample PS11 was excluded from the analysis due to only 50,000
reads remaining after the removal of full-length reads. The largest proportion of alignments
(45.1%) remained unannotated, followed by 37.0% of reads aligning to long non-coding
RNA sequences. The estimated proportion of mature miRNA-derived reads was 7.3%
(Figure S4B). No distinctive patterns were observed in the overall enrichment of different
RNA elements between the patient groups (Figure S4C,D).

2.5. Differentially Enriched miRNAs

In total, 212 miRNAs were considered sufficiently detected and subjected to differential
enrichment analysis. The enrichment profile of these 211 miRNAs was notably different
between the groups, with C group samples displaying lower variance and clustering more
tightly, whereas PsV and PsA samples were more dispersed according to the first two
components of PCA (Figure 3A).

Comparing the PsA group with PsV group did not result in any miRNAs differentially
enriched at FDR ≤ 0.05, but 8 could be considered differentially enriched at FDR ≤ 0.1.
The three topmost miRNAs among these results were QXBT12, hsa-miR-33a-5p, and hsa-
miR-26a-5p (Figure 3B). The PsA to C group comparison yielded 1 differentially enriched
miRNA at FDR ≤ 0.05—hsa-miR-10b-5p—that was observed to be less abundant in the
EVs of PsA group patients (Figure 3C). An additional 6 miRNAs could be considered
differentially enriched at FDR ≤ 0.1. The highest number of statistically significant results
were observed in the comparison between PsV and C groups, where 12 miRNAs were
differentially enriched at FDR ≤ 0.05 with an additional 6 at FDR ≤ 0.1. The three topmost
miRNAs resulting from the PsV to C comparison were hsa-miR-423-5p, hsa-miR-335-5p,
and hsa-miR-342-3p (Figure 3D). Hierarchical clustering based on the FDR ≤ 0.1 provides
decent distinction between the conditions and results in the three groups being clustered
in individual subclusters with some exceptions (Figure 3E). All miRNAs found to be
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differentially enriched are listed in Table 1. Results of differential enrichment testing for all
of the 211 miRNAs can be found in Supplementary Tables S3–S5.

Enrichment analysis of associated Reactome-annotated pathways was conducted on
the miRDB-derived predicted targets (score ≥ 90) of the differentially enriched miRNAs
from the PsA to PsV groups. This resulted in the identification of differentially enriched
miRNAs from the PsA to PsV group (487 genes), which gave rise to 3 statistically significant
processes at FDR ≤ 0.05 (Table S6): transcriptional regulation by MECP2, circadian rhythm,
and intercellular signaling by second messengers. Analysis of the predicted targets of the
significant miRNAs resulting from the PsA to C comparison (346 genes) resulted in a single
statistically significant process at FDR ≤ 0.05 (Table S7), the dopamine neurotransmitter
release cycle. The pathway enrichment analysis of the target genes (419 genes) of miRNAs
was found to be statistically significant when comparing PsV to C groups. This comparison
produced 12 statistically significant processes at FDR ≤ 0.05 (Table S8), along with class
I MHC mediated antigen presentation via processing by ubiquitination and proteasome
degradation. The miRDB-derived predicted targets (score ≥ 90) of each miRNA used for
the pathway-level enrichment analysis can be found in Supplementary Tables S9–S11.
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Figure 3. miRNA profile for blood serum EV samples. (A) The first two principal components calcu-
lated based on 212 miRNAs considered to be uniformly detected in at least one of the patient groups.
Ellipses represent 95% confidence intervals. (B) Heatmap and hierarchical clustering (Manhattan dis-
tance) of miRNAs with an FDR value ≤ 0.1 resulting from any of the pairwise comparisons between
the patient groups. (C) Top three miRNAs differentially enriched in EV samples isolated from the
blood serum of noninflammatory control patients compared to patients with PsV and psoriatic arthri-
tis (PsA). The miRNA abundance is presented as standardized (z-score) counts per million (CPM)
values. (D) Top three miRNAs differentially enriched EV samples isolated from the blood serum of
PSA patients and noninflammatory controls (C). (E) Top three miRNAs differentially enriched EV
samples isolated from the blood serum of PsV patients and noninflammatory controls (C).
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Table 1. Results of miRNA differential enrichment testing. Results are limited to FDR ≤ 0.1.

Comparison miRNA FC p-Value FDR

PsA to PsV QXBT12 0.46 0.00053 0.058
hsa-miR-33a-5p 1.82 0.000547 0.058
hsa-miR-26a-5p 1.36 0.00101 0.0596
hsa-miR-mizuguchi-225 1.81 0.00113 0.0596
miTC3 0.43 0.00242 0.0879
hsa-miR-338-5p 2.32 0.00273 0.0879
hsa-miR-671-3p 0.43 0.0029 0.0879
hsa-miR-342-3p 0.52 0.00375 0.0993

PsA to C hsa-miR-10b-5p 0.46 0.000204 0.0433
hsa-miR-197-3p 0.53 0.000873 0.0811
hsa-miR-425-5p 1.51 0.00128 0.0811
hsa-miR-199a-5p 1.57 0.00153 0.0811
hsa-miR-203a-3p 0.35 0.002 0.0849
hsa-miR-10a-5p 0.54 0.0025 0.0882
hsa-miR-34a-5p 0.46 0.00292 0.0884

PsV to C hsa-miR-423-5p 2.09 3.58 × 10−5 0.00419
hsa-miR-335-5p 2.29 6.08 × 10−5 0.00419
hsa-miR-342-3p 2.57 6.52 × 10−5 0.00419
miTC1 2.90 7.91 × 10−5 0.00419
has-miR-425-5p 1.62 0.000183 0.00775
hsa-miR-99b-5p 0.56 0.000898 0.0317
hsa-miR-17-5p 1.44 0.00148 0.0384
hsa-miR-18a-5p 1.55 0.00176 0.0384
hsa-miR-27a-3p 0.72 0.0018 0.0384
hsa-miR-451a 1.77 0.00181 0.0384
QXBT12 2.01 0.00204 0.0394
miTC3 2.48 0.00279 0.0493
hsa-miR-6803-3p 1.94 0.00459 0.0697
hsa-miR-199a-5p 1.50 0.0046 0.0697
hsa-miR-30b-5p 0.67 0.00554 0.0783
hsa-miR-20a-5p 1.37 0.00595 0.0789
hsa-miR-340-3p 1.93 0.00641 0.0799
hsa-miR-30d-5p 0.71 0.00728 0.0858

3. Discussion

In this study, we characterized EVs in the blood serum of chronic plaque psoriasis
patients both with and without psoriatic arthritis in comparison to a control healthy group.
A number of studies have reported the roles of EVs as mediators of intercellular communi-
cation for pathophysiological processes in complex diseases [39,40]. Plaque psoriasis and
psoriatic arthritis affect the skin and joints with underlying comorbidities affecting many
other additional organs and the innate and adaptive immune systems. These diseases are
no exception to exhibiting a complex network of intercellular communication. The results
of this study suggest that signaling via EVs in the blood serum could be involved in the
pathophysiological processes of plaque psoriasis and psoriatic arthritis. Accordingly, we
discovered several EV-bound miRNAs that were differentially enriched between plaque
psoriasis (PsV) and psoriatic arthritis (PsA) patients as well as between controls (C). Further-
more, we report a significant over-representation of potentially disease-related metabolic
and functional pathways comprising predicted target genes of the differentially enriched
miRNAs. Profiling other biomarker-like attributes of blood serum EVs was performed
by phenotyping the surface proteome and measuring the physical properties of the blood
serum EVs.

While we observed no changes in the overall EV-bound small RNA profile in the
samples, distinguishable enrichment profiles were visible at the miRNA level for plaque
psoriasis and PsA patient groups in comparison to controls. Compared with previous stud-
ies involving whole plasma or serum [21,22,41,42], we noticed little overlap in the miRNAs



Int. J. Mol. Sci. 2022, 23, 4005 8 of 19

differentially enriched in the blood serum EVs from plaque psoriasis and PsA patients.
This was in line with our hypothesis that we could identify distinct biomarker candidates
specific to EVs. The current study found a total of 212 different EV-bound miRNAs in the
analyzed blood serum EV samples. The highest number of differentially enriched miRNAs
emerged from the comparison of plaque psoriasis and controls (12 miRNAs at FDR ≤ 0.05).
We observed reduced amounts of hsa-miR-99b-5p in PsV samples—an miRNA that has pre-
viously been described to be downregulated in psoriatic skin, associated with keratinocyte
hyperproliferation [43]. In contrast, we observed that hsa-miR-423-5p and hsa-miR-335-5p,
whose downregulation has also been associated with abnormalities of keratinocyte dif-
ferentiation and proliferation [43,44], were enriched in plaque psoriasis blood serum EVs
compared to controls. The function of these EV-bound miRNAs in the blood serum remains
uncertain in contrast to skin tissue in which they have been described. Furthermore, our
observations of elevated hsa-miR-423 and hsa-miR-342 abundance in the blood serum EVs
of plaque psoriasis patients have previously been linked to psoriasis-related comorbidities
such as cardiovascular conditions [45,46] and irritable bowel syndrome [47]. These findings
conform to the hypothesis that EVs circulating in the blood serum seem to be chauffeuring
a mix of potentially psoriasis-related signals.

From the comparison of PsA and plaque psoriasis groups, we found several differ-
entially enriched miRNAs among the FDR ≤ 0.1 results to be previously associated with
osteoarthritis (OA) or rheumatoid arthritis (RA). For example, hsa-miR-671-3p was dimin-
ished by more than 2-fold in the blood serum EVs of PsA patients compared to the PsV
group. Previously, it was shown that reduced levels of hsa-miR-671-3p in osteoarthritic
knee cartilage led to increased inflammation and cartilage degradation [48,49]. It has also
been shown that OA patients’ serum levels of hsa-miR-671-3p are reduced compared to
controls [50]. We found hsa-miR-33a-5p to be enriched 1.8-fold in the PsA group compared
to PsV. This miRNA has been implicated as a modulator of OA-associated genes in chondro-
cytes and osteoblasts [51]. In addition, we observed the enrichment of hsa-miR-26a-5p and
hsa-miR-338-5p, which have previously been shown to induce proliferation, viability, and
invasion of fibroblast-like synoviocytes in RA via the regulation of the PTEN/PI3K/AKT
pathway [52] and the NFAT5 transcription factor [53], respectively. These results reveal an
EV-bound miRNA signature in the blood serum of PsA patients that potentially reflects the
pathological processes taking place in the affected joints.

Comparing PsA with the control group revealed similarities between the observed
serum EV-bound miRNA profile in the PsA group and those previously reported observa-
tions in RA, but not in OA. We observed a 2-fold reduction in EV-bound hsa-miR-10a-5p
and hsa-miR-34a-5p in the PsA group compared to controls. Increased proliferation and
inflammation have been observed for synoviocytes with reduced expression of hsa-miR-
10a-5p and hsa-miR-34a-5p in RA [54,55], whereas in OA, increased expression of these
miRNAs induces chondrocyte apoptosis and contributes to severity of the disease [56,57].
In addition, reduced amounts of circulating hsa-miR-10b-5p in the blood serum have been
previously reported in a case of RA compared to OA [58]. These similarities between PsA
and RA are in line with the current knowledge of these diseases as they are both driven
by autoimmunity in contrast to OA [59]. In summary, all three differences between the
circulatory EV-bound miRNA profiles between patient groups and controls in this study
seem to reflect pathological processes within the joints, revealing blood serum EVs to be
potential biomarkers for PsA and PsV.

Pathway analysis of the genes targeted by differentially enriched miRNAs in the
plaque psoriasis group revealed known core psoriasis processes, including class I MHC-
mediated antigen processing and presentation, an integral part of psoriasis pathogenesis
that presents autoantigens to CD8+ T cells [60]. Furthermore, the ubiquitin-proteasome
pathway was found among the top affected pathways, which is a relatively new addition
to the known regulatory network underpinning psoriasis [61]. The target genes of differen-
tially enriched miRNAs in the comparison of PsA and PsV groups indicate transcriptional
regulation by methyl CpG binding protein 2 (MeCP2) and the circadian rhythm. MeCP2
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has previously been shown to be involved in transcriptional regulation that induced the
activation of fibroblast-like synoviocytes in rat models of RA [62,63]. Interestingly, temporal
variations have also been previously described in RA [64], and the influence of circadian
clock has also been proposed in the pathogenesis of psoriasis as well [65]. There was also a
noteworthy association found when comparing PsA to controls using targets of the differ-
entially enriched miRNAs, with the mechanism of dopamine release cycle being the most
significantly targeted. Higher levels of dopamine have been found to be a risk factor for
psoriasis with involvement in the T cell activation process [66]. Furthermore, a connection
between the dopaminergic pathway and RA was also observed [67] in a recent in vitro
study revealing the inducing effect of dopamine on the migration of synovial fibroblasts [68].
While uncovering the specific mechanisms behind these reported associations remained
out of scope for this study, these in silico-revealed pathway-level associations provide
further confidence in the involvement of circulating EVs in the mediation of intercellular
communication in PsV and PsA.

In a similar study, Pasquali and colleagues recently investigated the miRNA profile
of circulatory EVs in plaque psoriasis and PsA patients for early biomarkers of PsA,
resulting in several potential biomarker candidates such as hsa-miR-23a-3p, hsa-miR-
26a-5p and hsa-miR-27a-3p [69]. Though we observed the differential enrichment of
several miRNAs implicated in the immunopathology of joints, only one miRNA (hsa-
miR-27a-3p) was common to both studies when comparing psoriasis patients with and
without PsA. We previously observed that biomarker discovery studies with relatively small
patient population might be prone to variation due to distinct subsets being described [70];
however, in this case these discrepancies are more likely due to the different methods of
EV purification employed in the two studies [71]. Indeed, as different strategies of EV
purification favor different subsets of EVs and are affected by different sources of impurities,
this would also resonate in the distinct subset of EV-bound miRNAs that are intercepted.
In this study, we have taken measures to confirm the enrichment and purification of EVs,
which allows for more confidence in considering the detected miRNA as truly EV-bound.

Various EV purification and enrichment strategies have been developed in respect
to different biofluids and experimental aims, but no specific strategy has surfaced as the
gold standard method [72]. The choice of method will impact the composition of the
enriched EV population, isolation yield and purity [71,73]. EV purification from blood
serum can be considered notably challenging as researchers have to weigh yield against
purity to rid blood serum samples of contaminating LDL [74], HDL [38] and aggregated
protein particles [75]. In the case of blood plasma, two-step EV purification methods have
demonstrated high purity, but at the expense of a low yield [37,76]. In this study, we
were constrained by the amount of available sample volume and we used size-exclusion
chromatography (SEC) as an efficient single-step isolation method to purify EVs with a
balanced ratio of yield to purity [77,78]. Western blot analysis confirmed the enrichment of
serum-derived EVs with common EV surface marker proteins (CD9, CD63 and CD81) and
the reduction of ApoA1 and albumin, which were used to measure HDL co-isolation and
protein contamination, respectively. The presence of such EV surface proteins indicates that
EVs were successfully isolated using SEC, and the EV samples were pure and of sufficient
yield for downstream applications.

In addition to EV-bound miRNAs, we screened the physical characteristics of the
isolated EVs, such as their size, ZP and surface proteome, to find potential biomarkers
in plaque psoriasis and psoriatic arthritis. The size distributions of serum EVs and their
ZP profile can be viewed as proxy biomarkers with the presence of changes in the size
distributions of EVs revealing the state of their origin cells [32,79]. The ZP value of EVs,
which is related to their surface charge, is in turn affected by the protein composition
of its lipid bilayer [80]. In this study, we did not detect a significant change in the size
profiles or ZP values of blood serum EVs between the patient groups. The circulating
populations of EVs in the blood are known to be dynamic and heterogeneous [81,82],
making it challenging to detect genuine effects among the heterogeneity and variance.
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Another possible explanation for this might be that the long-term storage effect of samples
on the EVs’ stability can influence the biological surface properties of EVs and their cargo
proteins, thus indirectly affecting the ZP values of EVs’ colloidal stability [83,84]. Further
research is required to develop more sensitive technologies that can bring more clarity to
the biomarker potential of physical characteristics of EVs such as size, ZP and even the
total amount of circulating EVs [32,85,86].

As a more targeted approach of EV surface-derived biomarker discovery, we used EV
Array to phenotype the surface proteome of the blood serum EVs—a method that has previ-
ously proven successful in case of various diseases [28,87]. As with other systemic diseases,
changes in the surface proteome of circulatory EVs are expected in plaque psoriasis and
psoriatic arthritis [88–90]. These changes in the surface proteome of EVs ultimately reflect
the processes in their cells of origin that are undergoing active pathophysiological changes
during disease. Our analysis of the surface markers found relative abundance of Alix and
CD19 differentiated the most between the PsV and PsA group, whereas CD9 was the only
marker to remain statistically significant at FDR ≤ 0.1 after correcting for multiple testing
after comparing the PsV and the control group. CD9 is a well-characterized exosomal
marker [91] that has more importantly been recognized as a modulator of inflammation in
PBMCs [92]. CD9 levels in plasma have been shown to correlate with exosome abundance,
as well as oxidative stress and immune activation [93]. These observations support the use
of exosome-bound CD9 as a proxy marker for the underlying inflammation processes in
PBMCs, which have been studied in the context of psoriasis [94].

Despite the identification of several differentially enriched EV-bound miRNAs in the
PsA and PsV groups, this study was constrained by a number of limitations. This study
was limited by its small sample size, male-to-female ratio and wide range of patient ages,
which is also common in this type of study [69]. A major limitation of this study relates to
understanding the long-term storage temperature effects of blood serum on the stability
of purified EVs. Blood serum samples are stored at −80 ◦C storage conditions, but the
long-term storage temperature of the samples can alter their concentration, proteins, nucleic
acids, surface charge and EV function. For this reason, it is crucial to consider a wide range
of factors that can impact EV stability before using them as potential biomarkers.

4. Materials and Methods

4.1. Patient Groups and Blood Serum Samples

Blood-serum samples from two distinct groups of patients and healthy controls were
used in this study: (1) moderate-to-severe chronic plaque psoriasis patients without pso-
riatic arthritis (PsV); (2) chronic plaque psoriasis patients with psoriatic arthritis (PsA);
(3) healthy controls without inflammatory immune-related skin disorders (C). Twelve age
(±5 years) and sex-matched patients were selected from each group, forming a total of
36 patients enrolled in the study. The patients and controls were aged between 24 and 64 at
the time of sampling, with the mean age of patients being 51 years. Each group consisted
of 2 females and 10 males. More detailed characteristics of the patients and controls can be
found in Table S1.

Blood-serum samples from these patients and controls were collected and stored as
part of a biobanking initiative in the Dermatology Clinic of the Tartu University Hospital.
Whole blood was collected into Z Serum Clot Activator vacutainers, and serum was
separated during routine clinical analyses performed by the hospital laboratory services,
with leftover serum being stored at −80 ◦C. The blood serum samples used in this study
had been stored at −80 ◦C under strictly monitored conditions for up to 5 years prior to
the start of the study. Sample collection and research were approved by the Ethics Review
Committee on Human Research of the University of Tartu. All participants signed an
informed consent form.
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4.2. Purification of Extracellular Vesicles

EVs were purified from the blood serum samples using size-exclusion chromatog-
raphy (SEC) with a preceding step of differential centrifugation. First, the frozen blood
serum samples were thawed on ice. This was followed by differential centrifugation at
400× g, 2000× g, and 10,000× g for 10 min at each stage at 4 ◦C with the supernatants
sequentially carried over to the next stage. The supernatant resulting from the final stage
of centrifugation was loaded onto qEVoriginal/70 nm SEC columns (Izon Science, Oxford,
UK) in two 500 µL aliquotes per patient sample to meet the optimum input volume require-
ments specified by the manufacturer. The SEC columns were eluted with 1x Dulbecco’s
phosphate-buffered saline (DPBS, Sigma® Life Science, St. Louis, MO, USA) and 500 µL
fractions were collected as per manufacturer’s protocol. The EV-enriched fractions 7 to 10
were pooled and 100 µL aliquots from each EV sample was spared for nanoparticle tracking
analysis (NTA) and stored at −80 ◦C. The rest of the sample volume was concentrated to
approximately 200 µL using Amicon® Ultra-2 centrifugal filter units (10 kDa cutoff, Merck
Millipore, Darmstadt, Germany). The filters were centrifuged in a swing-bucket type rotor
at 3000× g at 4 ◦C until the desired concentration of sample volume was achieved. EV
purification procedures were performed according to International Society for Extracellular
Vesicles (ISEV) guidelines [95].

4.3. Nanoparticle Tracking Analysis

The total nanoparticle (NP) concentration, size and zeta potential (ZP) profile in the
purified EV samples was measured using an NTA instrument ZetaView® PMX 110 (Particle
Metrix GmbH, Inning am Ammersee, Bavaria, Germany) according to previously optimized
methodology [96]. The unconcentrated aliquotes of EV samples were first thawed on ice
and resuspended in a final volume of 200 µL of MQ to obtain an initial concentration of EVs
in the range of 1 × 108 particles/mL and a DPBS concentration of 1 mM. The samples were
then incubated at 4 ◦C for 2 h on a BIOSAN Multi Bio RS-24 rotator (BioSan, Riga, Latvia)
at 20 rpm. Following incubation, the samples were further diluted into a final volume of
1000 µL using 0.1 × DPBS in order to achieve the 1 mM concentration of the suspension
medium. Lastly, the pH of samples was adjusted to 7.4 by adding 0.1 M HCl/NaOH. The
pH was monitored with a SevenCompactTM pH/Ion S220 pH meter (Mettler-Toledo AG,
Schwerzenbach, Switzerland).

Using the ZetaView® PMX 110 NTA instrument, size and concentration of NPs were
measured in 3 consecutive cycles at 11 frames per cycle with camera sensitivity of 85, shutter
value of 70, and a framerate of 30. ZP was measured with the camera set to two stationary
layers. The measurements took place at room temperature conditions and each sample was
measured in three repeats. For subsequent data analysis, resulting measurements were
averaged across technical repeats.

4.4. Western Blot Analysis

Western Blot analyses were conducted with neat samples, without preceding protein
precipitation. In order to determine the appropriate sample input volume, the protein con-
centration was measured using a Quick Start™ Bradford Protein Assay (Bio-Rad, Berkeley,
CA, USA) according to manufacturer’s protocol. The input sample volume was mixed
with 6x nonreducing Laemmil buffer to a final buffer concentration of 1×. The mixture was
heated for 5 min at 95 ◦C and loaded onto 12% SDS-PAGE gel for electrophoresis. Subse-
quently, the proteins were transferred onto PVDF membranes during a 25 min semi-dry
transfer at 25 V. The membranes were then incubated in a blocking buffer consisting of 5%
nonfat dry milk in PBS-Tween 0.05%. This was followed by an overnight incubation with
primary antibodies in 5% milk-PBST solution at 4 ◦C. The membranes were subsequently
washed using PBST and incubated with a secondary HRP-conjugated antibody for 1 h at
room temperature. Lastly, membranes were washed with PBS-Tween 0.05% and incubated
in ECL Select Western Blotting Detection Reagent (GE Healthcare, Buckinghamshire, UK)
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according to manufacturer’s protocol. Resulting chemiluminescence was captured with an
ImageQuant RT ECL Imager (GE Healthcare, Buckinghamshire, UK).

The primary antibodies used in this study were: mouse anti-human CD9 antibody
(1:250, sc-59140, Santa Cruz Biotechnology Inc., Dallas, TX, USA), mouse anti-human CD63
antibody (1:1000, 556019, BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-human
CD81 antibody (1:500, 555675, BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-human
apoA-I antibody (1:100, sc-376818, Santa Cruz Biotechnology Inc., Dallas, TX, USA), and
rabbit anti-human albumin antibody (1:10,000, 16475-1-AP, ProteinTech Group, Rosemont,
IL, USA). The secondary antibodies used in this study were: HRP-conjugated goat anti-
mouse IgG antibody (1:10,000, G21040, Thermo Fisher Scientific, Eugene, OR, USA) and
goat anti-rabbit IgG antibody (1:2000, NIF824, GE Healthcare, Buckinghamshire, UK).

4.5. Transmission Electron Microscopy

Aliquotes of concentrated EV samples were first fixed by mixing the samples 1:1
with 4% paraformaldehyde in DPBS. Fixed samples were transported on dry ice to the
Polish Academy of Sciences in Olsztyn, Poland, for transmission electron microscopy
(TEM) imaging. Fixed samples were contrasted in uranyl oxalate solution consisting of
4% uranyl acetate (Polysciences, Warrington, PA, USA) and 0.15 M oxalic acid (Sigma-
Aldrich, Schnelldorf, Germany). The samples were subsequently embedded in a mixture of
methylcellulose (Sigma-Aldrich, Schnelldorf, Germany) and uranyl acetate (Polysciences,
Warrington, PA, USA). Embedded samples were imaged with a JEM 1400 transmission
electron microscope (JEOL Ltd., Tokyo, Japan) at 80 kV, and digital images were acquired
with numeric Morada TEM CCD camera, (Olympus, Hamburg, Germany).

4.6. Multiplexed Phenotyping of EVs by EV Array

EV Array is a microarray-based technology for multiplexed phenotyping of EVs. The
screening of blood serum EVs with the EV Array was performed according to previously
described methodology [97]. Unprocessed aliquotes of the blood serum samples used in
this study were refrozen at −80 ◦C and transported on dry ice to the EV Array facilities
in Aalborg University Hospital, Denmark. The blood serum input volume for EV Array
was 75 µL; however, in two of the samples (C1 and C2), the input volume measured at
45 µL due to limited amount of source material. This difference in input volumes was later
accounted for in the data analysis stage. A total of 30 antibodies (Table S2) were chosen for
EV phenotyping from a panel of readily available antibodies by narrowing the selection
to proteins that have been associated with the pathophysiology of psoriasis or arthritis in
previously published research papers.

4.7. Small RNA Sequencing

RNA was extracted from concentrated EV samples (~200 µL) immediately following
the purification of EVs. Small RNAs were favored in the process of RNA extraction, and this
was facilitated by using the miRNeasy Micro Kit in combination with RNeasy MinElute
spin columns (Qiagen, Hilden, Germany). A modified version of the manufacturer’s
protocol that has been optimized for exosomal RNA [98] was followed. Extracted RNA
was eluted into a final volume of 25 µL of nuclease-free water. The yield of RNA was first
quantified by measuring total RNA concentration using a Qubit™ 2.0 fluorometer (Thermo
Fisher Scientific, Eugene, OR, USA). Qubit™ RNA HS Assay Kit was used to prepare
the samples for measurement according to a spike-in protocol [99] aiming to improve
the quantification limit of the method. In addition, the size profile of RNA samples was
measured with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
instrument using the Agilent RNA 6000 Pico Kit. Next, the RNA samples were mixed
with RNA stable® (Biomatrica, San Diego, CA, USA) and dehydrated in an Eppendorf
Concentrator Plus vacuum centrifuge (Sigma-Aldrich, Schnelldorf, Germany). The samples
were then transported in a moisture-sealed environment to the sequencing facilities in
Sheffield University, UK.
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Libraries for small RNA sequencing were prepared using the RealSeq Biofluids kit (So-
maGenics Inc., Santa Cruz, CA, USA) and following the manufacturer’s protocol. Twenty
PCR cycles were performed to amplify the reverse-transcripted cDNA. The resulting li-
braries were examined using the Agilent 2100 Bioanalyzer with the Agilent High Sensitivity
DNA kit prior to the individual libraries being pooled to a concentration of 4 nM for se-
quencing. Sequencing was carried out on an Illumina HiSeq 2500 (Illumina Inc., San Diego,
CA, USA) using v3 chemistry producing single-end 50 bp reads.

4.8. Statistical Analysis

4.8.1. NTA Data

The size and ZP profiles were first normalized to adjust for differences in the total
NP concentration of samples by dividing counts per size or ZP bin by the total number of
counts across all bins, resulting in a value of proportion of total counts per bin. We used
20 nm bin sizes for NP size data and used 5 mV bins in the case of ZP data. We derived 95%
confidence intervals from a t-distribution (df = N − 1) using the qt() function in R [100].
Density curves were derived using the density() function in R with default parameters.

4.8.2. EV Array Data

Measurements with intensity values equal to or less than background levels were
excluded from analysis. In order for a quantified protein marker to be retained in the
analysis, at least 6 (50%) samples in at least one of the patient groups were required to
pass the set threshold. The statistical significance of the differences in intensity values
between the patient groups was tested for by fitting a linear model with the intensity value
as the response variable and patient group as the predictor, adjusted for blood-serum-
sample storage time. Individual pairwise models were constructed for patient groups
and protein markers remaining in the analysis. Resulting p-values of the patient-group
terms were adjusted for multiple testing with the Benjamini–Hochberg procedure across
all comparisons of patient groups and markers. False discovery rate (FDR) cut-off values
of 0.05 and 0.1 were both considered when interpreting the results. For the purpose of
hierarchical clustering and heatmap visualization, measured intensity values were adjusted
for storage time by substituting the actual measurements with residuals from linear models
with protein marker intensity values as the response variable and storage time as the
predictor. Linear models were fitted using the lm() function in R.

In the two samples with lesser input volume, multipliers were used to adjust the
measured intensity values. The multipliers were derived by fitting a logarithmic func-
tion to measurements of sequential dilutions of positive control samples included on the
microarray for each antibody.

4.8.3. Small RNA Sequencing Data

Raw reads were first inspected by FastQC v0.11.9 (FastQC, Babraham Bioinformat-
ics, Cambridge, UK ) [101] followed by trimming of adapter sequences and low quality
bases using Trimmomatic v0.39 [102] with the following parameters: adapters.fa:2:30:10
SLIDINGWINDOW:3:15 LEADING:3 TRAILING:3 MINLEN:15. Remaining reads were
mapped to the GRCh38.p13 human reference genome primary assembly using Bowtie2
v2.4.2 (Bowtie) [103], with no mismatches allowed in the seed alignment but two mis-
matches allowed in the rest of the sequence. Only primary alignments with mapping
quality (MAPQ) ≥ 10 were retained for further analysis. A custom annotation file was
constructed by merging protein-coding exon elements from the GENCODE [104] GRCh38
primary assembly annotation release 35 with non-coding RNA annotations obtained from
RNAcentral [105]. Counts were summarized using HTSeq v0.12.4 [106] and “fraction
counts” principle was applied, i.e., read alignments with overlapping annotations were
equally divided between the RNA elements by 1/n, where n is the number of overlapping
annotations on top of the alignment.
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Differential miRNA enrichment analysis was conducted based on counts obtained
for miRNA annotations. In order for an miRNA to be retained for differential enrichment
analysis, at least 6 (50%) samples in at least one of the patient groups were required to pass
the threshold of 5.0 counts. Differential enrichment analysis was conducted in R using the
“edgeR-robust” approach [107]. False discovery rate (FDR) cut-off values of 0.05 and 0.1
were both considered when interpreting the results.

The analysis of pathway-level targeted processes was conducted using the subset of
miRNAs found to be differentially enriched at FDR ≤ 0.1 in the respective comparison of
patient groups. For this set of miRNAs, predicted target genes with a score of ≥90 were
obtained from the miRDB database v6.0 [108]. Pathway enrichment analysis was then
performed on the obtained sets of targeted genes using the enrichPathway() function of the
ReactomePA package (ReactomePA) [109] in R, which is based on a hypergeometric test
approach and annotations from Reactome Pathway Database [110]. Pathways enriched at
FDR ≤ 0.05 were considered significant.

4.8.4. Data Visualization

All of the graphs were generated using ggplot2 package [111] in R, with the excep-
tion of heatmaps, for which the ComplexHeatmap [112] package was used. Principal
components were calculated using the prcomp() function in R with the input data being
standardized (converted to z-scores) beforehand. For the EV Array data, Euclidean distance
was used for hierarchical clustering, whereas Manhattan distance was used for sequencing
counts data.

4.9. Experimental Design

4.9.1. Investigating the Physical Characteristics of Blood Serum-Derived EVs

Samples from 36 individuals including PsA (n = 12) and PsV patients (n = 12), and
control (n = 12) were investigated. To determine the physical characteristics of blood serum-
derived EVs, the size distribution and ZP values of both EVs in the blood serum of PsA and
PsV were compared with a control group. The size and ZP of the blood serum-derived EVs
(PsA, PsV and control groups) purified utilizing SEC were measured using ZetaView® PMX
110 NTA instrument. Experiments were performed in triplicate, and the size, concentration
and ZP of EVs were measured at 25 ◦C.

4.9.2. EV miRNA and Surface Proteome Profiling of Patient and Control Groups

Blood serum-derived EVs were subjected to RNA extraction and sequencing for
patients and control groups. Differential enrichment analysis of miRNAs was performed
and compared among the following groups: PsA vs. C, PsV vs. C and PsA vs. PsV.
Similar group comparisons were also conducted for EV surface proteomes using the EV
Array platform.

5. Conclusions

This study set out to characterize and compare the small RNA contents and surface
proteome of the EVs in the blood serum of PsV and PsA patients to healthy controls. The
results of this investigation show the identification of several differentially enriched EV-
bound miRNAs in the PsA and PsV groups with previous associations with inflammatory
skin diseases and joint inflammation. Using EV Array, the current study also found the
presence of EV surface markers in the PsA and PsV groups. The EV array revealed that
PsV patient EV samples were significantly enriched with CD9 EV-marker compared to
controls. Taken together, these findings provide insight into circulating EVs and their
cargo-carrying signals that can modulate the pathogenesis of plaque psoriasis and psoriatic
arthritis. Circulating EVs and their cargo offer insight into the pathophysiology of diseases,
along with the discovery of potential biomarkers for therapeutic interventions [88]. The
insight gained from this study may be of assistance to EV research, such as the EV array and
different microfluidics solutions [113], eliminating the need for intricate EV purification
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techniques, EV research could yield early markers of PsA and other psoriasis-related
comorbidities and potentially enable monitoring of the progression of the disease and
efficacy of treatment. With these solutions delivered to the bedside of the patient, EVs could
be the key to filling the void in clinically applicable diagnostic and prognostic biomarkers
of psoriasis and psoriatic arthritis.
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