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Emerging evidence suggests that SARS-CoV-2 RNA and 

viral antigens can persist in diverse tissues- (lung, brain, 
muscles, lymph nodes, and plasma)- for months to years 
after acute infection, and may be pathogenic for common 
long COVID symptoms [1, 2]. Extracellular vesicles (EVs)- 
nanosized vesicles (30–1000 nm) which facilitate intracellu-
lar communication of bioactive molecules such as proteins, 
lipids, nucleic acids, and metabolites [3]- have been found to 
harbor other viral RNA and proteins [4, 5], and may potenti-
ate viral replication, immune activation and inflammation 
[6]. We propose that EVs with viral contents may serve as a 
potential biomarker in long COVID.

Blood samples were collected from 14 adults 
(aged ≥ 18 years) with a documented history of SARS-
CoV-2 infection (confirmed via PCR or patient report) 
and persistent long COVID symptoms proposed by CDC 
and WHO (> 12 weeks since initial SARS-CoV-2 infec-
tion) including fatigue, dyspnea, exercise intolerance, or 
post-exertional malaise (PEM). The cohort was demo-
graphically and clinically diverse, including 43% women 
and 43% Hispanic/Latino participants. The majority (79%) 
were not hospitalized during their initial infection, and 

only one participant was unvaccinated at the time of study 
entry. Obesity was common (mean BMI 32.5 ± 8.4), and 
baseline physical activity levels were predominantly sed-
entary or limited to walking. The mean duration between 
initial SARS-CoV-2 infection and study enrollment was 
17 ± 10 months. For further details about methods, see our 
previous publication [7]. Samples were obtained in response 
to acute incremental exercise (at rest and peak exercise), 
both before and after completion of the exercise training 
program. EVs were isolated from serum using precipitation 
kits (EQULTRA-20A-1, SBI Inc.) and analyzed by mass 
spectrometry-based proteomics. To assess whether any of 
the detected peptides were associated with SARS-CoV-2, the 
SARS-CoV-2 proteome (17 reviewed entries) was obtained 
from UniProt (UP000464024). EV samples were queried 
against a predicted SARS-CoV-2 spectral library in Spec-
tronaut using default parameters (Fig. 1A).

Despite inter-individual variability, we detected 65 unique 
SARS-CoV-2 peptides mapping to the replicase polyprotein 
1ab (Pp1ab; UniProt ID:P0DTD1, R1AB_SARS2), in 22 
of the 56 serum EV samples (Fig. 1B). Sequence analysis 
(pBLAST) confirmed that these peptides were specific to 
SARS-CoV-2 and did not overlap with human proteins. 
Importantly, each subject exhibited one or more SARS-
CoV-2 peptides in their EV cargo, suggesting the persistence 
of viral components over time (Fig. 1B). Pp1ab is encoded 
by the ORF1ab gene and plays a crucial role in viral RNA 
transcription and replication. To validate these findings, 
we applied a targeted mass spectrometry approach, using 
stable isotope-labelled synthetic (SIS) peptides (reference 
peptides) and high-resolution parallel reaction monitoring 
(PRM), to confirm the presence of Pp1ab-derived peptides in 
five randomly selected EV samples (Supplementary Fig. 1). 
We further verified the presence of a specific Pp1ab peptide 
(“GSLPINVIVFDGK”) in serum EVs in 12 out of 14 long 
COVID subjects across multiple time points (20 out of 56 
samples in total) (Fig. 1C). This peptide sequence (GSLPIN-
VIVFDGK) corresponds specifically to non-structural 
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protein 3 (nsp3) and is conserved across major SARS-CoV-2 
variants, including Alpha, Delta, and Omicron, suggesting 
it is not variant-dependent.

To assess whether the peptides identified in long COVID 
EVs were also present in individuals without COVID-19 
exposure (control group), we analyzed 20 serum EV samples 
collected prior to the COVID-19 pandemic (before 2019). 

These EV samples, obtained at rest and at peak incremental 
exercise from ex-smokers, showed no detectable viral pep-
tide in any of the pre-pandemic specimens.

Overall, our targeted analysis confirmed the presence of 
the Pp1ab peptide in at least one sample in all long COVID 
subjects, while absent in controls. This finding will require 
confirmation in other long COVID studies with appropriate 
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controls to establish the durability and sensitivity/specific-
ity of this peptide biomarker. The detection of Pp1ab-laden 
EVs highlights the potential role of EVs in transporting viral 
material and suggests that these Pp1ab-laden EVs could 
serve as a potential biomarker for ongoing viral activity in 
the host, offering new avenues for diagnosis and therapeutic 
development in long COVID.
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Fig. 1   Detection of SARS-CoV-2 peptides in serum EVs from indi-
viduals with long COVID. A Study design and analytical workflow. 
Blood samples were collected from individuals with long COVID 
in response to an acute exercise test (both at rest and peak exercise), 
before (visit 2) and after (visit 24) completing an exercise training 
program. Serum EVs were isolated from 56 samples, and proteins 
were analyzed using mass spectrometry to search for viral peptides. 
Samples were analyzed by data-independent acquisition mass spec-
trometry (DIA-MS) with a library-free search against the predicted 
SARS-CoV-2 proteome. Five EV samples with positive identification 
of the SARS-CoV-2 polyprotein 1ab (Pp1ab) were further validated 
using targeted MS2 with a spiked-in stable isotope-labeled synthetic 
(SIS) peptide standard (“GSLPINVIVFDGK”) (Supplementary 
Fig. 1). Subsequently, all 56 EV samples were analyzed by targeted 
MS2 on the Thermo Stellar mass spectrometer for enhanced sensi-
tivity using the same SIS peptide standard. For comparison, 20 con-
trol EV samples- collected prior to the COVID-19 pandemic- were 
processed and analyzed identically using the targeted MS2 workflow 
with spiked-in SIS peptides. B Heatmap showing EV samples from 
each long COVID patient with detected SARS-CoV-2 Pp1ab pep-
tides. Color intensity (blue to red) reflects peptide abundance, and the 
numbers in parentheses indicate how many distinct Pp1ab peptides 
were found in each sample. The data table is available in Supplemen-
tary Table 1. In total, Pp1ab peptides were detected in 22 of the 56 
EV samples, with each subject exhibited at least one peptide in their 
EV cargo. The peptide “GSLPINVIVFDGK,” highlighted in red, was 
selected for further validation by targeted MS2 analysis. C Overlay 
of extracted ion chromatograms (EICs) illustrating the SARS-CoV-2 
peptide “GSLPINVIVFDGK” detected in EV samples from long 
COVID patients (endogenous), alongside the matching synthetic ref-
erence peptide (spike-in-standard). The matching chromatographic 
patterns between the endogenous and synthetic peptides confirmed 
the presence of “GSLPINVIVFDGK” in 12 out of 14 patients with 
a positive signal. Full chromatogram profiles and related data are 
provided in Supplementary Table  2. EVs extracellular vesicles, Pt 
patient, visit 2 pre-training, visit 24 post-training
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