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Abstract

Severe COVID-19 and bacterial sepsis share clinical manifestations of systemic inflam-
mation and organ dysfunction. Yet, early differentiation between these conditions and
timely identification of patients at risk of deterioration remain major clinical challenges.
Extracellular vesicle (EV)-associated microRNAs (miRNAs) have emerged as promising
biomarkers of host immune dysregulation. In our study, we have characterized circulating
EV-miRNAs in patients with COVID-19, bacterial sepsis, localized bacterial infections,
and healthy subjects to assess their diagnostic and prognostic utility. After EV isolation
from plasma and characterization by nanoparticle tracking analysis and flow cytometry,
a panel of 12 inflammation-related miRNAs were individually quantified by qRT-PCR.
Four EV-miRNAs—miR-28-5p, miR-199a-5p, miR-200a-3p, and miR-369-3p—were signif-
icantly elevated in COVID-19 patients, with higher levels in those with poor prognosis.
miR-199a-5p and miR-200a-3p were increased in bacterial sepsis compared with COVID-19,
enabling discrimination between viral and bacterial sepsis. Three EV-miRNAs—miR-28-5p,
miR-199a-5p, and miR-200a-3p—were markedly higher in bacterial sepsis than localized
infections, and ROC analysis showed a strong diagnostic performance, particularly for
miR-199a-5p, alone or in combination with other EV-miRNAs. The increased expression of
selected EV-miRNAs was associated with higher SOFA scores and in-hospital mortality.
These findings indicate that EV-miRNAs reflect pathogen-specific and severity-related
immune responses, supporting their potential as minimally invasive biomarkers for early
diagnosis and risk stratification in severe infections.

Keywords: extracellular vesicles; microRNAs; COVID-19; bacterial sepsis

1. Introduction
The Coronavirus Disease 2019 (COVID-19) pandemic has reshaped our understanding

of sepsis, demonstrating that severe SARS-CoV-2 infection may fulfill the Sepsis-3 definition
of viral sepsis, in which life-threatening organ dysfunction arises from a dysregulated host
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response to infection [1–3]. Importantly, not all patients with COVID-19 meet the criteria
for viral sepsis; this diagnosis applies only to those who develop infection-related organ
dysfunction. Moreover, many patients with severe COVID-19 develop secondary bacterial
infections, which contribute to further increasing morbidity and mortality [4]. Clinical
similarities between viral and bacterial sepsis can complicate the distinction between
underlying causes of systemic inflammation [1,5] and in identifying patients at risk of rapid
deterioration during the early phases of illness [1].

Sepsis remains a major global health burden, responsible for an estimated 49 million
cases and 11 million deaths annually [6,7]. Early recognition and timely resuscitation
are essential to improve outcomes; however, clinical features are often non-specific, and
currently available biomarkers such as C-reactive protein and procalcitonin lack sufficient
discriminatory ability, especially when differentiating viral from bacterial sepsis or localized
from systemic infection [8,9]. Importantly, viral sepsis often elicits immunopathological pat-
terns distinct from those observed in bacterial sepsis, including pronounced lymphopenia,
elevated anti-inflammatory cytokines such as IL-10, and features of functional immunosup-
pression [10,11]. These differences underline the need for molecular biomarkers capable of
capturing early and mechanistically relevant aspects of host dysregulation.

Although therapeutic strategies for COVID-19 and sepsis have evolved substantially,
the field still faces critical unmet needs. Distinguishing viral from bacterial sepsis, rec-
ognizing the transition from localized to systemic infection, and predicting patient de-
terioration remain challenging with currently available biomarkers. Moreover, existing
clinical scores capture organ dysfunction, but not necessarily the mechanisms of the un-
derlying immunological dysregulation [2,12]. These gaps underscore the need for novel,
mechanisms-based biomarkers capable of providing earlier and more specific insights into
the immune host response.

Extracellular vesicles (EVs) and their RNA cargo have emerged as promising can-
didates for biomarkers in several diseases, including sepsis [13–17], as well as key me-
diators of intercellular communication and immune modulation during infection and
inflammation [17,18]. EVs, released by virtually all cell types, carry microRNAs and
other biomolecules that can influence recipient cell behavior locally or at distant sites [19].
EV-associated microRNAs (miRNAs)—short, approximately 22-nucleotide-long RNA
molecules—regulate post-transcriptional gene expression and play pivotal roles in im-
mune and inflammatory pathways [20]. Increasing evidence suggests that EV-miRNAs
may provide a dynamic and integrative readout of the host response during severe infec-
tions, yet their comparative behavior in viral versus bacterial sepsis and their potential
value for clinical risk assessment remain insufficiently explored [21].

The present study was designed as an observational, translational investigation aimed
at identifying the diagnostic and prognostic value of EV-derived miRNAs (EV-miRNAs)
in patients with COVID-19 and bacterial sepsis. By characterizing shared and disease-
specific EV-miRNAs signatures and by integrating them with clinical outcomes, we sought
to identify molecular indicators capable of improving the early discrimination between
infection etiology and enhancing risk stratification in severe systemic inflammation, rather
than to experimentally dissect the underlying molecular mechanisms of EV-miRNA action.

2. Results
2.1. Clinical Characteristics of Patients

We included 25 COVID-19 patients, 33 patients with bacterial sepsis, 23 patients
with bacterial infection without sepsis, and 15 healthy subjects serving as controls. The
mean age was comparable across the groups, and the gender distribution did not differ
significantly (Table 1).
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Table 1. Demographic and clinical characteristics of patients and healthy subjects.

Characteristics Healthy Subjects
(HS, n = 15)

COVID-19 Patients
(COVID-19, n = 25)

Non-Septic Infected
Patients

(nSIP, n = 23)

Bacterial Sepsis
(SP, n = 33) p-Value

Age, year, mean 61 (±19.61) 70.5 (±13.88) 67.1 (±20.5) 74.48 (±12.99) 0.152

Gender ratio (M/F) 8/7 15/10 14/9 17/16 0.874

Comorbidities

Diabetes Mellitus, n (%) 0 14 (56.00%) 6 (26.09%) 9 (28.12%) 0.002

Hypertension, n (%) 0 16 (64.00%) 9 (39.13%) 20 (62.50%) 0.002

Obesity, n (%) 0 5 (20.00%) 2 (8.70%) 5 (15.62%) 0.263

Cancer, n (%) 0 0 2 (8.70%) 7 (21.2%) 0.008

Smoking, n (%) 2 (13.33%) 2 (8.00%) 2 (8.70%) 5 (15.62%) 0.778

MAP - 116.9 (±18.53) 94.50 (±15.51) 90.60 (±15.31) <0.0001

In-hospital death, n (%) 0 5 (20%) 0 7 (21.2%) 0.029

SOFA score - 2 (2–3) 0 (0–0) *** 5.54 (±2.39) ***§§§§ <0.0001

Primary Site of Infections, n (%)

Pneumonia (Respiratory) - 25 (100%) 13 (39.4%) 18 (54.5%) <0.0001

Abdominal
(Gastrointestinal) - 0 2 (8.7%) 6 (12.1%) 0.184

Urinary tract - 0 8 (34.8%) 4 (12.1%) 0.001

Skin - 0 0 5 (15.1%) 0.018

Laboratory Findings

White Blood Cell (109/L) 5.13 (±0.55) 6.73 (4.84–8.67) 8.04 (5.65–12.45) 10.04 (6.12–14.02) *◦ 0.007

Hemoglobin (g/dL) 13.58 (±0.13) 13.50 (±1.66) 11.27 (±2.09) ** 12.30 (9.95–13.95) 0.007

Platelets (109/L) 210.7 (±46.42) 187.5 (153.3–241.5) 228.4 (±72.43) 227 (131–302) 0.800

Creatinine (mg/dL) 0.86 (±0.12) 0.89 (0.80–1.11) 0.74 (0.38–1.22) 1.64 (1.00–2.55) *§§§ 0.0004

Bilirubin (mg/dL) - 0.60 (0.40–0.80) 0.5 (0.3–0.8) 1.10 (0.55–2) *§§ 0.004

Lactate (mmol/L) - 1.10 (0.80–1.50) 1.25 (0.9–2.07) 2.35 (1.05–5.60) ** 0.005

C-Reactive Protein
(mg/L) 3.15 (±2.17) 80.51 (±55.98) ◦◦ 100 (76.10–154.3) ◦◦◦ 91 (31.40–164.2) ◦◦◦ 0.0002

Procalcitonin (ng/mL) 0.02 (0.02–0.02) 0.09 (0.06–0.18) ◦◦ 0.22 (0.07–2.03) ◦◦◦◦ 0.64 (0.14–7.19) ◦◦◦◦** <0.0001

Mean (±SD) or median (IQR) as appropriate. * vs. COVID-19 p-value < 0.05; ** COVID-19 p-value < 0.001;
*** vs. COVID-19 p-value < 0.0001. §§ COVID-19 p-value < 0.001; §§§ vs. COVID-19 p-value < 0.0001;
§§§§ vs. COVID-19 p-value < 0.00001. ◦ vs. HS p-value < 0.05; ◦◦ vs. HS p-value < 0.0001; ◦◦◦ vs. HS
p-value < 0.0001; ◦◦◦◦ vs. HS p-value < 0.00001.

A higher prevalence of diabetes mellitus was observed in COVID-19 patients compared
with the other groups. In contrast, comorbidities including hypertension and cancer were
more common among patients with bacterial sepsis than in the other groups. Mean arterial
pressure (MAP) was lower in patients with bacterial sepsis and the no-sepsis groups. In-
hospital mortality occurred in 20% of COVID-19 patients and 21.2% of bacterial sepsis
patients, while no deaths were recorded in the no-sepsis group. The Sequential Organ
Failure Assessment (SOFA) score was significantly higher in the bacterial sepsis group
compared with both COVID-19 and no-sepsis patients. The primary site of infection was
respiratory (54.5%), gastrointestinal (12.1%), urinary tract (12.1%), and skin (15.1%) in
patients with bacterial sepsis, whereas respiratory (39.4%), gastrointestinal (8.7%), and
urinary tract (34.8%) in patients with localized infection. Detailed clinical characteristics
for patients and controls are shown in Table 1.

White blood cell and platelet counts were higher in patients with bacterial sepsis
compared with those with COVID-19, whereas hemoglobin levels were lower in infected
groups than in healthy subjects. Markers of organ dysfunction and inflammation, includ-
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ing creatinine, lactate, bilirubin, NT-proBNP, and C-reactive protein, were significantly
more elevated in patients with bacterial sepsis patients compared with the other groups.
Procalcitonin was markedly increased in patients with bacterial sepsis than in those with
COVID-19, consistent with bacterial infection. All the laboratory findings are summarized
in Table 1.

2.2. Characterization of Extracellular Vesicles

According to NanoSight analysis, the particle size distribution showed a heteroge-
neous population with a modal diameter of approximately 200 nm (range: 100–400 nm).
The size distribution and concentration remained consistent across samples, confirming the
successful isolation of EVs. Flow cytometry analysis confirmed the presence of EV-specific
surface markers, including CD9, CD63, and CD81, which are commonly associated with
EV populations. Fluorescence intensity profiles displayed a clear shift compared to iso-
type controls, confirming the specificity of the staining. Overall, these results support the
successful isolation and detailed characterization of EVs from plasma samples (Figure S1).

2.3. miRNA Expression in COVID-19 Patients: Comparison Between Patients with Good vs.
Poor Prognosis

We studied the expression, in COVID-19 patients, of a panel of 12 miRNAs previously
identified as critical regulator of inflammatory processes on the basis of functional data
generated in our laboratory from bioinformatics analyses [22]. Out of these, four miRNAs—
miR-28-5p, miR-199a-5p, miR-200a-3p, and miR-369-3p—were significantly higher in EVs
from COVID-19 patients compared to healthy subjects (Figure 1). The remaining eight
EV-miRNAs did not show statistically significant differences between groups.

Figure 1. Relative expression levels of miR-28-5p (a), miR-199a-5p (b), miR-200a-3p (c), and miR-
369-3p (d) in EVs isolated from plasma of HSs (n = 15) and COVID-19 patients (n = 25). Relative
expression levels of miR-28-5p (e), miR-199a-5p (f), miR-200a-3p (g), and miR-369-3p (h) in EVs
isolated from good-prognosis COVID-19 patients (n = 8) and poor-prognosis COVID-19 patients
(n = 10). Data are presented as median (IQR), normalized with a reference exogenous control
(Cel-miR-39). * p < 0.05, ** p < 0.01.
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We then studied these same miRNAs in COVID-19 patients with moderate symptoms
at diagnosis, comparing patients who subsequently developed respiratory failure during
hospitalization with those who did not, using respiratory failure as a clinical severity
endpoint (Table S1). The levels of four miRNAs—miR-28-5p, miR-199a-5p, miR-200a-
3p, and miR-369-3p—were higher in patients who developed respiratory failure (poor
prognosis) than in those who did not (good prognosis) (Figure 1). These findings suggest
that specific EV-associated miRNAs are not only elevated in COVID-19, but may also be
linked to disease severity.

2.4. miRNA-EVs Aid Differential Diagnosis of COVID-19 and Bacterial Sepsis

When we evaluated the potential value of selected EV-miRNAs in discriminating
between COVID-19 and bacterial sepsis, we found that the expression levels of two miRNA-
EVs—miR-199a-5p and miR-200a-3p—were significantly higher in patients with bacterial
sepsis compared with those with COVID-19 (Figure 2). On the contrary, miR-28-5p and
miR-369-3p did not reach a statistically significant difference. This finding suggests that the
two EV-miRNAs expression levels of these two EV-miRNAs may help in distinguishing
COVID-19 from bacterial sepsis.

 

Figure 2. Relative expression levels of miR-28-5p (a), miR-199a-5p (b), miR-200a-3p (c), and miR-
369-3p (d) in EVs isolated from plasma of COVID-19 patients (n = 25) and bacterial sepsis patients
(n = 33). Data are presented as median (IQR), normalized with a reference exogenous control
(Cel-miR-39). * p < 0.05.

2.5. Diagnostic Value of EV-miRNAs in Bacterial Sepsis

The expression levels of the four EV-associated miRNAs previously identified as sig-
nificantly upregulated in COVID-19 patients were also evaluated in patients with bacterial
sepsis vs. patients with localized bacterial infections.

All 4 EV-miRNAs—miR-28-5p, miR-199a-5p, miR-200a-3p, and miR-369-3p—showed
increased expression in patients with bacterial sepsis compared with healthy controls.
In addition, the levels of 3 EV-miRNAs—miR-28-5p, miR-199a-5p, miR-200a-3p—were
higher also significantly more expressed in patients with bacterial sepsis than in those with
localized bacterial infections (Figure 3).

In order to evaluate the diagnostic value of these EV-miRNAs, we generated a ROC
curve. We analyzed only the statistically significant comparisons between septic and locally
infected patients, based on our findings in Figure 3. For the three EV-miRNAs analyzed,
miR-199a-5p presented the best individually discriminatory power in the comparison
of sepsis vs. non-septic patients (Figure 4), presenting an area under the curve (AUC)
of 0.844 (95% CI, 0.726–0.963; p = 0.0001), which outscored that of procalcitonin (PCT)
[AUC = 0.747 (95% CI, 0.594–0.901; p = 0.0077)]. miR-28-5p and miR-200a-3p also showed a
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good diagnostic accuracy, with a ROC-AUC of 0.833 (95% CI, 0.706–0.960; p = 0.0002) and
0.815 (95% CI, 0.688–0.941; p = 0.0004), respectively.

Figure 3. Relative expression levels of miR-28-5p (a), miR-199a-5p (b), miR-200a-3p (c), and miR-
369-3p (d) in EVs isolated from plasma of HSs (n = 15), nSIP (n = 23), and SP (n = 33). Data are
presented as median (IQR), normalized with a reference exogenous control (Cel-miR-39). HS, Healthy
Subjects; nSIP, non-Septic Infected Patients; SP, Septic Patients; ns, not significant. * p < 0.05, ** p < 0.01,
*** p < 0.0001, **** p < 0.00001.

Interestingly, the diagnostic accuracy resulted further improved when the expression
levels of miR-199a-5p and miR-28-5p were combined, with a ROC-AUC value of 0.865
(95% CI, 0.729–0.979; p = 0.0001; Figure 4). Moreover, the combined ROC-AUC of miR-199a-
5p, miR-28-5p, and miR-200a-3p slightly improved further to 0.867 (95% CI, 0.755–0.979;
p = 0.0001; Figure 4). Taken together, these results indicate that a panel composed of two or
three EV-miRNAs could be useful in diagnosing sepsis with high accuracy.

2.6. EV-miRNAs as Early Predictors of Bacterial Sepsis Severity

The SOFA score, although frequently used in ICU patients, is quite complex as it
requires the assessments of multiple parameters. When we analyzed the possible correlation
between EV-miRNAs expression and SOFA score, we did not find any. However, after we
stratified septic patients based on SOFA score severity into two groups (SOFA score = 2–5
and SOFA score = 6–10) (Table S2), we found that the expression of miR-199a-5p, miR-
28-5p, and miR-200a-3p was higher in patients with higher compared to lower SOFA
score (Figure 5).
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Figure 4. Receiver operating characteristic (ROC) curves of the candidate EV-miRNAs alone (a) and
procalcitonin (PCT) for distinguishing between SP and nSIP. Panel (a): area under the curve
(AUC); panel (b): discriminatory performance of each EV-miRNAs examined. Receiver operat-
ing characteristic (ROC) curves of the combined EV-miRNAs (a) for distinguishing between SP
and nSIP. Panel (c): area under the curve (AUC); panel (d): discriminatory performance of each
EV-miRNA examined.

Figure 5. Cont.
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Figure 5. Relative expression levels of miR-28-5p (a), miR-199a-5p (b), and miR-200a-3p (c) in EVs
isolated from plasma of patients with bacterial sepsis with 2–5 SOFA score (n = 17) and 6–10 SOFA
score (n = 16). Relative expression levels of miR-28-5p (d), miR-199a-5p (e), and miR-200a-3p (f) in
EVs isolated from plasma of alive (n = 26) and dead (n = 7) bacterial septic patients. Data are
presented as median (IQR), normalized with a reference exogenous control (Cel-miR-39). ns, not
significant. * p < 0.05.

Finally, when we analyzed septic patients based on in-hospital mortality (Table S3), we
found a significant increase in the expression of has-miR-28-5p in those patients who died
during their hospital stay (Figure 5d). On the contrary, the expression levels of miR-199a-5p
and miR-200a-3p, although they showed a trend toward an increase in septic patients who
died, did not reach the statistical significance.

3. Discussion
Severe COVID-19 has underscored the extent to which viral infections can trigger

life-threatening organ dysfunction, aligning with the current definition of sepsis [2] and
highlighting the blurred boundary between viral and bacterial systemic inflammation. De-
spite substantial progress in the management of both COVID-19 and bacterial sepsis [1,23],
early clinical differentiation and accurate risk stratification of disease severity [1,5] remain
challenging in a subset of patients. Commonly used biomarkers, such as C-reactive protein
and procalcitonin, often lack specificity, while clinical scoring systems typically reflect
downstream consequences of dysregulated host responses rather than their early molecular
drivers [24–26]. Recent studies emphasize the need for mechanism-based biomarkers capa-
ble of capturing upstream immune and endothelial perturbations that precede overt clinical
deterioration [27,28]. Within this framework, extracellular vesicles (EVs) and their miRNA
cargo have emerged as promising candidates, owing to their stability, molecular complexity,
and ability to mirror real-time cellular responses during infection and inflammation [29,30].

In this study, among the twelve circulating miRNAs previously associated with in-
flammatory pathways in COVID-19 [22], four—miR-28-5p, miR-199a-5p, miR-200a-3p,
and miR-369-3p—were selectively enriched in plasma-derived extracellular vesicles from
COVID-19 patients. Notably, their expression levels were further increased in individuals
with poor clinical outcomes compared with those with favorable prognosis. These findings
support the hypothesis that EV-derived miRNAs act as sensitive indicators of immune
dysfunction in viral infections and may reflect early molecular events that precede overt
clinical deterioration.

When we extend the evaluation of individual EV-miRNAs to patients with bacterial
sepsis as well, two EV-miRNAs—miR-199a-5p and miR-200a-3p—resulted in markedly
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higher levels than in COVID-19 patients, a pattern consistent with the profound endothelial
dysfunction, metabolic derangement, and oxidative stress that characterize bacterial sep-
sis [31,32]. In contrast, miR-28-5p and miR-369-3p did not differ significantly between the
two groups; however, both have been previously associated with interferon signaling and
antiviral responses [33–35], which aligns with their selective elevation in COVID-19 [34].
The different number of EV-miRNAs expressed and altered may reflect differences in the
underlying disease mechanisms and pathophysiological processes present in COVID-19
and in bacterial sepsis [27]. Our study yielded two key findings: (1) EV-derived miRNAs
differed markedly between COVID-19 and bacterial sepsis, with two miRNAs showing
disease-specific expression patterns, and (2) three miRNAs emerged as potential biomark-
ers useful for distinguishing sepsis from localized infection and for predicting adverse
clinical outcomes.

Our findings build upon previous observations that circulating miRNAs are altered
during systemic infections [36–38]. However, whereas earlier studies often reported broad
and heterogeneous miRNA dysregulation in COVID-19 or sepsis [39,40], we observed a
much more selective modulation restricted to four EV-associated miRNAs. This aligns with
emerging evidence that EV loading is not random, but it is rather shaped by pathogen-
specific signaling pathways [41].

Together, these pathogen-specific expression patterns reinforce the concept that EV-
miRNA release is not merely a by-product of systemic inflammation but reflects targeted
regulatory programs activated by distinct infectious stimuli.

Our findings partially align with previous studies reporting that miR-199a-5p is
present in bronchial aspirate in critically ill COVID-19 patients and could be used as a
marker to distinguish between COVID-19 and non-COVID-19 patients [42]. On the other
hand, miR-199a-5p plays a complex role in bacterial sepsis, primarily acting to worsen
intestinal barrier dysfunction, promote inflammation (via NF-kB), and increase organ dam-
age by targeting protective factors, contributing to the severity of sepsis [43]. However, it
should be underlined that our study does not provide direct experimental evidence of the
molecular mechanisms through which EV-associated miR-199a-5p modulated inflamma-
tory pathways. The mechanistic roles described above have been described in previous
functional studies and should be interpreted in the context of our findings as biologically
plausible associations rather than causal relationships. Functional in vitro and in vivo stud-
ies will be required to directly investigate the role of EV-associated miR-199a-5p in immune
regulation and to link EV-miRNA expression differences to specific molecular pathways.

Previous research has shown that the miR-200 family expression, limited to miR-200c-
3p, is upregulated in saliva [44] and serum [45] of COVID-19 patients [46].

Current evidence supports that SOFA scores may be considered as a valuable tool for
predicting mortality in critically ill COVID-19 patients [47,48]; however, relying solely
on the SOFA score appears insufficient to fully characterize disease severity in this
population [47,48]. Patients with severe COVID-19 often present heart, kidney, or liver
dysfunction in addition to respiratory failure [49]. These clinical features are strictly related
to the concept of sepsis-related multi-organ dysfunction and significantly contribute to
clinical deterioration and mortality in the most severe cases. In our study, COVID-19
patients showed significantly lower SOFA score compared with bacterial sepsis, despite
presenting signs of organ dysfunction.

The symptoms and signs of sepsis lack specificity, making diagnosis, treatment, and
prognosis evaluation challenging. Identifying biomarkers capable of reliably distinguishing
sepsis from non-septic infection remains a major challenge, as many inflammatory markers
rise in both conditions and lack sufficient specificity [50]. In our study, the diagnostic
potential of EV-miRNAs was further supported by their ability to discriminate bacterial
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sepsis from localized infections. Specifically, three miRNAs—miR-28-5p, miR-199a-5p, and
miR-200a-3p—were significantly higher in patients with sepsis compared with patients with
localized infection, indicating that their expression was associated with systemic, rather
than localized, inflammatory responses and organ damage development. Importantly,
miR-199a-5p exhibited superior diagnostic accuracy and the best individual diagnostic
performance, outperforming procalcitonin, a routinely used biomarker in sepsis assessment.
This may suggest that EV-miRNAs may act as upstream indicators of pathophysiological
imbalance rather than downstream inflammatory by-products. The improved performance
of combined miRNAs reinforces the concept that sepsis is a multifactorial syndrome
requiring multidimensional biomarkers for optimal detection.

The function of miR-28-5p is highly versatile and is generally described as tumor-
suppressive, inhibiting cell proliferation, migration, and invasion in several cancers (includ-
ing breast and renal) by targeting oncogenes like RAP1B, WSB2, and SphK1 [51,52]. How-
ever, no evidence is currently available regarding its role in sepsis or systemic infections.

miR-199a-5p and miR-200a-3p play a crucial role in bacterial sepsis. Specifically, miR-
199a-5p is shown to be dysregulated in neonatal sepsis, hinting at its involvement in the
immune responses [53]. miR-200a-3p plays a pro-inflammatory role in bacterial sepsis,
particularly in brain injury, by promoting the NLRP3 inflammasome pathway, increasing
reactive oxygen species (ROS), and suppressing the anti-inflammatory Keap1/Nrf-2/HO-1
axis [54]. This could make miR-200a-3p a potential candidate biomarker and therapeutic tar-
get in sepsis, although its exact function in bacterial sepsis needs more exploration [43,54].

To further explore the prognostic relevance of these EV-miRNAs, we examined their
association with clinical severity and outcomes. Although we found no direct correlation
between miRNA expression and SOFA score, high levels of miR-199a-5p, miR-28-5p, and
miR-200a-3p were observed in patients with higher SOFA scores. This suggests that EV-
miRNAs may reflect biological dimensions of organ dysfunction not fully captured by
clinical scoring systems. The prognostic value of miR-28-5p for in-hospital mortality further
supports the potential of EV-miRNAs as early indicators of adverse outcomes in sepsis,
complementing existing clinical tools.

Nevertheless, the results of our study should be interpreted while taking into account
several limitations. First, this was a single-center study involving a relatively small patient
cohort, which may limit the generalizability of the results. Second, the moderate sample
size and cross-sectional design do not allow for the evaluation of temporal changes during
disease progression, since sample collection at a unique time point following COVID-19
or sepsis diagnosis prevented the evaluation of temporal trajectories in EV-miRNAs ex-
pression. Third, although the identified EV-miRNAs showed promising diagnostic and
prognostic potential, their clinical relevance and stability across different patient popula-
tions require validation in larger, multicenter cohorts and through longitudinal analyses.
In addition, this study was not designed to experimentally investigate the molecular mech-
anisms by which EV-associated miRNAs influence the clinical course of sepsis. Therefore,
while we report associations with clinical outcomes, causality and specific functional roles
remain to be established. Future in vitro and in vivo studies are needed to elucidate the
underlying pathways and link expression differences to clinical significance. Finally, EV
characterization was based on flow cytometric detection of canonical tetraspanin markers,
while ultrastructural analysis by transmission electron microscopy was not performed,
representing a technical limitation of the study.

Overall, our findings reveal that EV-associated miRNAs carry discriminative and
clinically meaningful information, enabling differentiation between infection types and
reflecting the severity of critical infectious diseases. These insights position EV-miRNAs
as readily accessible, mechanistically informative biomarkers with strong translational
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potential for enhancing diagnostic precision, early risk assessment, and therapeutic decision-
making in severe infectious diseases.

4. Materials and Methods
4.1. Patients

A prospective observational study was carried out at the Emergency Department
of the “Città della Salute e della Scienza di Torino—Molinette Site” University Hospital,
Turin, Italy, from February 2021 to September 2025. The study received approval from
the Institutional Ethics and Review Board of the “Città della Salute e della Scienza di
Torino” University Hospital, Turin, Italy (n. CS2/815), and adhered to the ethical standards
outlined by the Declaration of Helsinki and its subsequent amendments. Written informed
consent was obtained from all patients before enrolment.

4.1.1. COVID-19 Patients

Adults (age ≥ 18 years) presenting to the Emergency Department (ED) with symptoms
suggestive of SARS-CoV-2 infection (i.e., fever, dyspnea, cough, sore throat, diarrhea,
ageusia, anosmia) were screened for inclusion. SARS-CoV-2 infection was confirmed by
qRT-PCR testing on nasopharyngeal swab samples collected at ED admission. Patients
were excluded if they died or required orotracheal intubation within 24 h of admission, or
if they had malignancies under active treatment. Final case adjudication into COVID-19
positive or negative was independently performed by two expert physicians based on all
available clinical and laboratory data; disagreements were resolved by a third clinician.

COVID-19 patients were further stratified according to disease severity during hospi-
talization: (i) good prognosis: patients with moderate symptoms at enrolment who did not
require oxygen therapy; (ii) poor prognosis: patients with moderate symptoms at enrolment
who subsequently required oxygen therapy, continuous positive airway pressure (CPAP),
or admission to the intensive care unit (ICU) with mechanical ventilation. This stratification
was used to describe clinical disease progression and was not intended to define viral
sepsis. Respiratory support requirements were utilized as clinical outcomes rather than
as criterium for sepsis diagnosis. At the time of first medical evaluation in the ED, SOFA
score was comparable between groups and viral sepsis was not inferred from respiratory
support requirements alone.

4.1.2. Bacterial Sepsis Patients and Controls

Patients presenting to the ED with clinical signs and symptoms indicative of bacterial
infection and meeting the Sepsis-3 criteria [2] for sepsis (suspected or confirmed infection
accompanied by an increase in SOFA scores > 2) were included in the bacterial sepsis group.
Exclusion criteria included the following: age < 18 years, refusal to participate, alternative
non-infectious diagnoses (e.g., trauma), the unavailability of plasma samples collected at
presentation, autoimmune disease, or current use of immunosuppressive drugs.

Bacterial sepsis groups were stratified according to mean SOFA scores into two
groups (SOFA 2–5; SOFA 6–10) and additionally classified based on in-hospital moratlity
(alive vs. dead).

Patients with a localized bacterial infection but without sepsis (i.e., no evidence of end-
organ dysfunction, shock, or SOFA score change < 2) were also enrolled and classified as the
control group of septic patients. Diagnosis was based on clinical presentation, laboratory
findings, and microbiological confirmation.

Healthy subjects (HS) were recruited from laboratory staff members and served as an
additional control group.
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4.2. Sample Collection

Blood samples were collected into 9 mL EDTA-coated tubes (BD Vacutainer, Reading,
UK) using a central venous catheter or, in healthy subjects, by clean venipuncture using a
21-gauge butterfly infusion set and processed within 1 h of collection. Samples were first
centrifuged at 1500× g for 10 min at 4 ◦C to remove cellular components and promptly
stored at −80 ◦C until subsequent analysis.

4.3. EV Isolation by Charge-Based Precipitation Method

EVs were isolated by charge-based precipitation method, as previously described [16].
Approximately 1 mL of plasma from patients and controls was centrifuged at 5000× g at
4 ◦C for 30 min to remove cellular debris and platelet contamination. Briefly, a protamine (P)
(Sigma, St. Louis, MO, USA)/Polyethylene glycol (PEG 35,000; Merck KGaA, Darmstadt,
Germany) precipitation solution (P/PEG; Sigma, St. Louis, MO, USA) (0.2 g PEG 35,000 an
1 mg protamine chloride/mL; 1:4) was added to the plasma samples. After overnight
incubation at 4 ◦C, the mixture was centrifuged at 1500× g for 30 min at 4 ◦C, followed by
a second centrifugation at 1500× g for 30 min at 4 ◦C. The pellet was suspended in 150 µL
of PBS-free particles and stored at −80 ◦C for subsequent RNA extraction.

4.4. EV Characterization

For EV characterization, we have followed the recommendations from the Minimal
Information for Studying Extracellular Vesicles (MISEV) 2023 guidelines [55].

4.4.1. Nanoparticle Tracking Analysis

Particle concentration and size were measured using nanoparticle tracking analysis
(NTA) with a NanoSight LM10 instrument equipped with a 405 nm laser and Nanosight
Tracking Analyses 2.3 software (Malvern Panalytical Ltd., Malvern, UK). Briefly, EVs were
diluted 1:1000 in particle-free PBS before analysis. Three consecutive 30 s recordings were
obtained per sample. The minimum expected particle size, minimum track length, and
biomedical light unit setting were set to automatic, while the detection threshold was set to
4 to detect all particles.

4.4.2. Flow Cytometer Analysis

Expression of specific surface markers in EVs was evaluated by flow cytometry. Twenty
microliters of EVs were labeled with either a phycoerythrin (PE; Invitrogen, ThermoFisher
Scientific, Carlsbad, CA, USA)-conjugated mouse anti-human IgG1 monoclonal antibody
against the tetraspanins CD9 (clone eBioSN4, C3-3A2), a PE-Cyanine7 (Invitrogen, Ther-
moFisher Scientific)-conjugated mouse anti-human IgG1 monoclonal antibody against
the tetraspanins CD63 (clone H5C6), or a PerCP-eFluor 710-conjugate antibody against
CD81 (clone 1D6-CD81; Invitrogen, ThermoFisher Scientific) at a volume of 5 µL/test in
a final volume of 100 µL of diluted particle-free PBS, for 1 h at room temperature in the
dark. Mouse IgG1 kappa isotype control monoclonal antibodies lacking specificity for
CD9, CD63, or CD81 (P3.6.2.8.1, PE or PE-Cyanine7, Invitrogen, ThermoFisher Scientific)
were used to measure the signal from non-specific flow cytometry interactions. The At-
tune NxT Small Particle Side-Scatter Filter (488/10) (Invitrogen, ThermoFisher Scientific)
was installed to enable SSC resolution at the scale required to visualize nanoparticles in
the Attune NxT Acoustic Focusing Flow Cytometer system (ThermoFisher Scientific), as
previously described [17].

4.5. Determination and Isolation of EV-miRNAs

Based on a previous study [22], we have chosen 12 EV-miRNAs identified for their
associations with inflammatory pathways and which we found to be upregulated in pa-
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tients with COVID-19 compared to healthy controls. These included hsa-miR-100-5p
(478224_mir), hsa-miR-106b-5p (478412_mir), hsa-miR-133a-3p (478511_mir), hsa-miR-142-
3p (477910_mir), hsa-miR-151b (477811_mir), hsa-miR-199a-5p (478231_mir), hsa-miR-200a-
3p (478490_mir), hsa-miR-28-5p (478000_mir), hsa-miR-369-3p (478067_mir), has-miR-374a-
5p (478238_mir), hsa-miR-423-3p (478327_mir), and hsa-miR-545-3p (479002_mir). The
synthetic cel-miR-39-3p (478293_mir) (Applied Biosystems, ThermoFisher Scientific) was
used as an exogenous control to monitor RNA extraction efficiency.

miRNAs were isolated from 150 µL of EV pellet using miRNeasy Mini Kit (Qiagen,
Crawley, UK) following the manufacturer’s instructions. Spike-in control Cel-miR-39-
3p (Applied Biosystems, ThermoFisher Scientific) from Caenorhabditis elegans solution
(1.6 × 108 copies/µL) was added as an exogenous control to assess RNA extraction ef-
ficiency. RNA, predominantly miRNAs and other small RNAs, was collected in a final
elution volume of 20 µL of RNase-free water and stored at −80 ◦C.

4.6. Reverse Transcription

First, 2 µL of miRNA extracts was reverse-transcribed into complementary DNA
(cDNA) using the TaqMan Advanced miRNA cDNA Synthesis Kit (Applied Biosystems,
ThermoFisher Scientific) according to the manufacturer’s instructions. Briefly, 5 µL of
reverse transcription product was used for pre-amplification with a custom miR-Amp
Primer Mix and the miR-Amp Master Mix (Applied Biosystems, ThermoFisher Scientific).
Finally, 50 µL of pre-amplified cDNA was stored at −20 ◦C until further analysis, which
was conducted within two months.

4.7. qRT-PCR

We performed single-tube assays on individual samples from each patient enrolled
in the study using a QuantStudio 1 Real-Time PCR System (Applied Biosystems, Ther-
moFisher Scientific). Pre-amplified cDNA samples were diluted 1:10 in 0.1× TE buffer.
Briefly, Master Mix, assays, water, and diluted pre-amplified cDNA samples were placed
in individual wells of an optical 96-well reaction plate. Each reaction was conducted in
triplicate. The primers used are listed in Table S3. Samples were run using the following
parameters: 50 ◦C for 2 min, 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s and
60 ◦C for 1 min, with a final hold at 4 ◦C.

The relative miRNA expression was calculated using the comparative cycle threshold
(2−ddCt) method, normalized to cel-miR-39-3p levels (exogenous controls).

All calculations were performed using the QuantStudio Real-Time PCR Software v1.3
(Applied Biosystems, ThermoFisher Scientific).

4.8. Statistical Analysis

Descriptive statistics were presented as median (interquartile range, IQR) or mean
(±standard error of the mean, SEM), depending on data distribution as evaluated by the
Shapiro–Wilk test. Group comparisons were performed using a Kruskal–Wallis one-way
analysis of variance on ranks followed by Dunn’s multiple comparison tests, or unpaired or
paired Student’s t-test, as suitable. The diagnostic accuracy of each miRNA was calculated
as the area under the receiver operating characteristic curve (AUC–ROC).

A p-value < 0.05 was deemed significant.
Data were collected with an Excel spreadsheet (Microsoft Office 365 ProPlus), and

analyses were carried out using GraphPad Prism 9.0 software for Windows and Macintosh
(GraphPad Software, La Jolla, CA, USA).
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