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The Persistence of SARS-CoV-2 in tissues has been proposed as a driver of prolonged symptoms in
long COVID. Pulmonary rehabilitation with exercise training is a well-established intervention for
improving symptoms, functional capacity, and inflammation in chronic cardiorespiratory diseases.
To investigate whether long COVID is associated with persistent viral orimmune-related signals, we
analyzed the long RNA profile of circulating extracellular vesicles (EVs) to determine the presence of
virus-related transcripts and assess changes in response to exercise training. Fourteen adults with
long COVID participated in this single-center pilot clinical trial and completed a 10-week aerobic
exercise training program (twenty 1.5 h sessions). Serum-derived EV RNA profiles were analyzed

via sequencing at rest (T0) and peak cardiopulmonary exercise testing (T1), before (V2) and after
(V24) exercise training. Differentially expressed genes (DEGs) were identified (q <0.05), and pathway
activation analysis was performed. Serum EVs carried diverse RNA species, including protein-coding
RNAs, long non-coding RNAs, short non-coding RNAs, and pseudogenes, with no virus-related RNAs
detected. No significant DEGs were identified at rest between pre- and post-training, nor in response
to acute exercise at pre-training. However, following training, 53 DEGs were found at peak exercise
(V24T1) compared to rest (V24T0), including three upregulated genes (ANK3, FTO, FCN1) and 50
downregulated genes (TOP 5: MYL9, NRGN, H2AC6, MAP3K7CL, B2M). These genes were primarily
involved in inflammation and metabolism. Pathway analysis revealed significant regulation of 100
pathways at post-training compared to pre training, predominantly inactivated, including pathways
involved in inflammation (STAT3 signaling) and metabolism (O-linked glycosylation). Acute exercise
and exercise training modulated EV-associated gene expression in long COVID, primarily through
transcriptional downregulation. Suppression of inflammation- and immune-related genes post-
training highlights potential molecular mechanisms underlying symptom improvement and identifies
candidate biomarkers of recovery biology in long COVID. Importantly, while exercise training did not
substantially alter EV RNA content at rest, it enhanced the body’s ability to mount a dynamic EV-
mediated molecular response during exertion, reflecting improved physiological adaptability.

Clinical trial registration number: NCT05398692.

Long COVID, or post-acute sequelae of SARS-CoV-2 infection (PASC), is a complex and multifaceted condition
characterized by persistent symptoms for months to years following acute COVID-19 infection!. While the
mechanisms underlying long COVID remain unclear, accumulating evidence suggests that viral components
such as SARS-CoV-2 RNA and antigens can persist in various tissues, including the lung, brain, lymph nodes,
plasma, and gastrointestinal tract, for months after infection®>. This viral persistence may contribute to chronic
inflammation and prolonged symptomatology.
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Extracellular vesicles are nanosized lipid-bound particles (30-1000 nm) released by all cells and play an
important role in intracellular communication by transporting bioactive cargo including RNA, proteins, and
metabolites®. Importantly, EVs have been shown to carry foreign pathogens, viral proteins, and RNA in other
infectious diseases, potentially promoting immune activation even in the absence of active viral replication”s.
As the composition of EVs reflects the physiological state of their cells of origin, profiling EV cargo may
provide insights into ongoing pathological processes, including persistent viral activity’. Thus, EVs represent a
promising, minimally invasive source of candidate biomarkers for long COVID, and may also offer mechanistic
insights into ongoing pathological signaling.

Pulmonary rehabilitation with exercise training is a well stablished approach in treatment of chronic
respiratory diseases in adults, aiming to alleviate symptoms and improve functional ability. Recent studies,
including ours, demonstrate that structured aerobic exercise training improved cardiorespiratory fitness,
quality of life, anxiety, depression, brain fog, fatigue and 6-min walk distance (6MWD) in individuals with long
COVID from low-severity acute infections'®-15. While the clinical benefits of exercise are well-documented, the
underlying biological mechanisms remain poorly understood.

Regular exercise training is well known to reduce the risk of chronic metabolic and cardiorespiratory diseases,
in part through its anti-inflammatory effects!®"13. These beneficial effects are thought to be mediated by the
release of exercise-induced bioactive molecules, known as exerkines, which can enter the circulation and impact
immune and metabolic pathways!*?°. Notably, many exerkines are packaged into extracellular vesicles (EVs),
enabling targeted intercellular communication'®. Although the immunoregulatory function of EVs following
exercise is in the early stages of discovery?'~%3, emerging evidence suggests that EVs released during exercise can
provide multisystemic benefits, influencing targeting tissues such as the liver, CNS, and lungs?*-*”. Whether such
EV-mediated signaling contributes to symptom improvement in long COVID remains unknown.

In this study, we aimed to determine whether serum EVs from individuals with long COVID carry viral
RNA and to assess whether acute exercise or exercise training modulates the EV-associated RNA transcriptome,
particularly in relation to immune and inflammatory pathways. By analyzing EV-derived long RNAs at rest and
peak exercise, before and after a structured 10-week aerobic exercise training program, we aimed to identify
candidate biomarkers of viral persistence and uncover molecular mechanisms underlying exercise-mediated
symptom improvement in long COVID. This approach offers new insight into the EV transcriptomic profile in
long COVID and its responsiveness to physiological stress, advancing our understanding of recovery biology in
this poorly understood condition.

Materials and methods

This study was approved by the Institutional Review Board of The Lundquist Institute for Biomedical Innovation
at Harbor-UCLA Medical Center (Lundquist # 32558-01; ClinicalTrials.Gov Identifier: NCT05398692). Written
informed consent was provided and documented prior to participation. The study was conducted in accordance
with the ethical principles of the Declaration of Helsinki. A detailed description of the study design and methods
can be found in our previous publication!®.

Study design, enrollment, screening

This single-center pilot clinical trial was conducted from February 2022 to December 2023 at the Lundquist
Institute, located at Harbor-UCLA Medical Center, California, USA. Inclusion criteria were adults aged 18 years
or older with a confirmed COVID-19 infection at least 12 weeks prior to enrollment (documented by PCR or
patient report when testing was unavailable) and were experiencing one or more persistent symptoms, such as
fatigue, dyspnea, exercise intolerance, post-exertional malaise (PEM), or difficulty breathing, consistent with
long COVID definitions proposed CDC and WHO?3. Exclusion criteria included inability to complete acceptable
pulmonary function tests (PFT) or cardiopulmonary exercise testing (CPET), oxygen desaturation below 80%
during exercise, recent completion of a pulmonary rehabilitation program, concurrent participation in another
clinical trial, pregnancy or breastfeeding, recent malignancy, injectable insulin use, HIV, systemic corticosteroid
use, or any significant respiratory disease unrelated to long COVID that might increase participation risk.

During the screening visit, informed consent was obtained, followed by a detailed medical history, physical
examination, and assessments of vaccine status and smoking history. Vital signs- including resting blood
pressure, heart rate, oxygen saturation, and a 12-lead ECG- were recorded. Laboratory tests were performed to
ensure participants’ safety, including a complete blood count, renal and liver function tests, and inflammatory
markers such as D-dimer, Brain Natriuretic Peptide (ProBNP), Ferritin, C-reactive protein (CRP), and high-
sensitivity Troponin to exclude myocarditis. To further evaluate autonomic function, a 10-min NASA lean test
was conducted to rule out postural orthostatic hypotension and heart rate dysregulation?’.

Pulmonary assessments included pre-bronchodilator spirometry, body plethysmography, and single breath
diffusing capacity for carbon monoxide (DLCO), following ATS/ERS guidelines®*-3. Post-bronchodilator
spirometry was conducted 20 min after the inhalation of 4 puffs of albuterol (400 mg). Predicted spirometry
values were drawn from NHANES III standards*, with additional reference values for lung volumes* and
DLCO 3. Fourteen out of 21 subjects completed all exercise trials and the study.

Cardiopulmonary exercise test (CPET)

A continuously increasing incremental CPET was performed at 10-20 watts/min, based on individual fitness
for each subject, using an electromagnetically braked cycle ergometer (Excalibur Sport PFM, Lode, Groningen,
NL, USA). Exercise intolerance was defined by the inability to maintain a pedaling cadence>50 rpm despite
encouragement. Gas exchange and ventilatory parameters were measured breath by breath (Ultima CPX, MGC
Diagnostics, St. Paul, MN, USA), with participants breathing through a mouthpiece and wearing a nose clip.
Heart rate, rhythm disturbances, and ST-T wave changes were continuously monitored via a 12-lead ECG
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(Mortara, Milwaukee, WI, USA). Exercise blood pressure (Suntech Tango, Morrisville, NC, USA), and ratings
of perceived dyspnea (RPEdyspnea) and leg fatigue (RPElegs) were collected every 2 min using the modified
Borg CR-10 scale®”. The gas exchange lactate threshold (GE-LAT) was assessed using the V-slope method and
corroborated with ventilatory equivalents (VE/VO2 and VE/VCO?2) and end-tidal partial pressure responses
(PETO2 and PETCO2)*. The dead space to tidal volume ratio (VD/VT) was assessed using transcutaneous
PCO2 as a substitute for arterial PCO2 in the mass balance equation (Tosca 500, Radiometer America, Brea,
CA, USA)**%0 CPET data were processed and analyzed by Medical Graphics Corporation, BreezeSuite™ 8.4 SP6
Cardiorespiratory Diagnostic Software, 07/10/2018 (www.mgcdiagnostics.com).
Predicted values for exercise variables were obtained from Hansen et al. %!

Exercise training

Details of the exercise training protocol have been described previously'’. Briefly, Following CPET, participants
completed a 10-week, twice-weekly on-site aerobic training program, with each session lasting 60 to 90 min and
involving first cycle and then treadmill exercise. All sessions were directly supervised. Initial exercise duration
was set to 10 min, and participants were assessed for post-exertional malaise (PEM) within 48 h after each
session, either at the next visit or by phone. If PEM symptoms appeared or worsened, exercise time and intensity
were reduced by 50%. If no PEM was reported, exercise duration was gradually increased, ultimately reaching up
to 60 min (combined treadmill and cycle ergometer) by the end of the 10-week training.

Cycle ergometer training began at an intensity equal to 25% of each participant’s initial CPET peak work rate
and progressed from constant work rate to interval training as tolerated. Treadmill constant work rate training
started at a speed of 1 MPH, 0% incline, and a duration of 5 min, and progressed as individually tolerated. Target
perceived exertion ratings (RPE) were set between 3 and 5 during training. Each session included warm-up
and cool-down periods, and participants received instruction in breathing techniques to manage dyspnea and
anxiety, as well as training with Therabands® (Akron, OH, USA), gentle yoga, stretching, balance exercises, and
relaxation techniques. Guidance on nutrition, hydration, and self-care was also provided.

Post-training assessments
The CPET, blood collection, and serum EVs isolation were repeated at the end of the 10-week training program.

Blood collection and isolation of serum EV/

Venous blood samples for EV analysis were obtained at rest (time T0) and at peak exercise (time T1) CPET. This
occurred both before training (V2) and after exercise training (V24) (Fig. 1A). At each sample collection, 2 mL of
blood was collected in a K2-EDTA tube to analyze complete blood count (CBC), and 4 mL of blood was collected
for serum isolation and EVs extraction. Serum was separated by centrifugation at 3000 g for 15 min. Next, 250uL
serum was mixed with 67 L ExoQuick ULTRA solution (EQULTRA-20A-1, SBI System Biosciences, Inc.) and
incubated for at least 30 min at 4 °C. EVs pellet were resuspended and added to pre-washed ExoQuick ULTRA
columns. After serial centrifugations, EVs were collected and stored at -80 °C for batch analyses.

EV:s characterization

Extracellular vesicle size and concentration were measured by Nanoparticle Tracking Analysis (NTA) (NS300
NanoSight; Malvern Panalytical, Malvern, United Kingdom), calibrated using 200 pM beads. Briefly, EVs were
thawed on ice and diluted in PBS so that the counts were within the dynamic range of the instrument at 10
particles/ml. Data was analyzed using NanoSight NTA software v3.40 (https://www.malvernpanalytical.com/en
/support/product-support/software/nanosight-nta-software-update-v3-4).

RNA isolation and RNAseq

RNA isolation was carried out with a cell free circulating and exosomal RNA purification kit (Norgen Biotek,
51,000). Briefly, EVs were incubated in lysis buffer with 2-mercaptoethanol and at 60 °C, and nucleic acids were
precipitated with ethanol, and captured onto the column. To remove traces of contaminating DNA, samples were
treated with DNase I (Norgen Biotek), on-column, followed by washes and elution with RNase free DNase free
ultra-pure water. RNA quantity was determined with a fluorometric assay (ThermoFisher, R11490) in 96 well
plate format, using the low range standard curve.

Whole transcriptome library preparation was performed using up to 2 ng RNA (Takara Bio, SMARTer
Stranded Total RNA-Seq Kit v3—Pico Input Mammalian and SMARTer RNA Unique Dual Index Kits, 634,485,
634,452). To determine if any differentially expressed genes (DEGs) were associated with the SARS-CoV-2
virus, the SARS-CoV-2 reference genome was included in the mapping and annotation for each sample. Strand-
specific, dual-indexed libraries were generated with the following parameters: RNA fragmentation at 94 °C for
2 min, 5 cycles of PCRI, and 16 cycles of PCR2. Libraries were quantified using qPCR (Roche, KK4824) and
Agilent’s TapeStation 4200 instrument with the D1000 High Sensitivity kit. Equimolar pools were re-quantified
via qPCR and TapeStation, spiked with 1% PhiX, and sequenced across lanes of a 10B flow cell on Illumina’s
NovaSeq X to 50 million paired-end reads using 300-cycle Kkits.

Statistical analysis

Data are expressed as mean * standard deviation (SD), unless indicated otherwise. Statistical significance was set
at a threshold of p <0.05. Data distribution was assessed for normality using the Shapiro-Wilk test, histograms,
Q-Q plots, and boxplots. Given that this was a pilot study, no formal sample size calculation was performed in
advance. Statistical analyses were conducted using SPSS software (version 24.0; IBM, Chicago, IL, USA). For
CPET outcomes, paired t-tests were used to examine pre- and post-training differences in cardiorespiratory and
perceptual responses.
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Fig. 1. Transcriptome Profiling of Serum-Derived EVs in Long COVID Patients in response to acute

exercise and exercise training. (A) study design. (B) particle size and (C) particle concentration at peak

acute incremental exercise (green) versus rest (red) before and after exercise training. (D) particles size and
distribution in all groups. (E) The percentage counts of different types of expressed RNAs. (F) total RNA count
per number of samples. (G) Hierarchical clustering of normalized-filtered expressed RNAs. For all volcano
plots (H-K), the x-axis is log2 fold-change and the y-axis is —log10 of the nominal p value; points are colored
by nominal significance (p <0.05), and only genes passing Benjamini-Hochberg correction (FDR <0.05)

are labeled. (H) Peak exercise versus rest before training. (I) Rest post-training versus pre-training. (J) Peak
exercise versus rest after training. (K) Peak exercise post-training versus pre-training. DEG: differentially
expressed genes, V2: pre-training, V24: post-training, TO: rest, T1: peak exercise.

For immune cell counts, two-way repeated-measures ANOVAs (acute exercise x training) were used to
examine pre- and post-training differences at rest and at peak CPET work rate. Greenhouse-Geisser corrections
were applied where necessary, and significant interactions between acute exercise and training were further
investigated using paired t-tests and Fisher’s Least Significant Difference (LSD) test.

For RNAseq data analysis, Fastq files sequenced from multiple lanes were combined. Unique molecular
identifiers (UMIs) were extracted to eliminate amplification bias, and adapter sequences were trimmed using
Cutadapt v4.4 (https://cutadapt.readthedocs.io/en/stable/). Potential contamination was assessed using Fastq
Screen v0.15.3 (https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/) by comparing sequences
against a panel of non-human genomes. Reads were then aligned to the GRCh38 reference genome using STAR
v2.7.10b (https://github.com/alexdobin/STAR), and gene-level quantification was performed with FeatureCounts
[FeatureCounts from the Subread package (v2.0.6) (https://subread.sourceforge.net/featureCounts.html)]. For
downstream analysis, duplicate reads were removed, and genes with fewer than 10 counts in at least half the
samples were filtered out. Data normalization and differential expression analysis were conducted in R (v4.4.0)
using the DESeq2 (https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html) package. DESeq2
implemented a negative-binomial GLM (design = ~ patient + condition) and testing each condition contrast via
the Wald test, p values were adjusted for multiple testing by the Benjamini-Hochberg procedure.

Results

Participants/demographics

14 subjects completed exercise training, and their demographics are presented in Table 1. Participating subjects
were older (53.5 y+11.6), primarily male (57%), and obese (BMI 32.5+ 8.4). The primary symptoms were brain
fog (100%), fatigue (86%), post exertional malaise (57%), exercise intolerance (46%), and dyspnea (36%). The
hemoglobin/hematocrit, CRP, Pro-BNP, and troponins were all within normal ranges. Pulmonary function
testing results were low normal (~ 90% of predicted for spirometry, lung volumes, and gas transfer).
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Demographics Results pre-training Results post-training
Age (y) 53.5+116
% female (n, %) 6 (43%)
BMI (kg/m2) 32584
Time since initial COVID infection (months) 15.1+8.8
Primary Long COVID Symptom (n, %) Fatigue (12/ 86%)

Dyspnea (5/ 36%)

Exercise Intolerance (6/46%)

Post Exertional Malaise (8/57%)

Brain Fog (14/100%)
Hemoglobin Range (Male 13.2-17) 149+1.1
Hemoglobin Range (Female 11.7-15.5) 13.4+0.9
Hematocrit Range (Male 38.5-50%) 44.1%+3.0
Hematocrit Range (Female 35-45%) 39.3%+2.6
CRP (normal < 8.0 ng/ml) 4.3+58
High Sensitivity Troponin (normal < 15 ng/L) 6.8+2.2
Pro-BNP (normal <253 ng/L) 6.8+2.2
Pulmonary Function Testing
FEV, % Predicted 94+19 97+17
TLC % Predicted 86+12 89.69+13.2
DLCO % Predicted 93+18 91.77+18.8
Exercise Testing and Training Outcomes
VO2, Absolute (L/min) 1.88+0.69 2.03+£0.07*
VO2 ml/kg/min) 19.3+5.1 20.9+5.1%
VO2 (% predicted) 87% =17 93+17
VO2 (% change) from Pre- to Post training 7.4%
Peak Work Rate; % predicted 93%+17
Peak Work Rate; Watts 139+49 155+55*
Peak Work Rate; % change from Pre- to Post-training 16%

Table 1. Baseline demographics, screening laboratories, and pulmonary function testing in long COVID
subjects. *p <0.05 comparing values before and after training.

Pre- Rest | Pre- Peak Ex | Post- Rest | Post- Peak Ex
WBC (thousand/pl) 6.2+1.40 8.8+£2.00% | 6.4+1.40 9.4+ 1.69*
Neutrophils (cells/ul) | 3881+£943 | 4977+1107* | 4028+811 5259 +851*
Lymphocytes (cells/ul) | 1423+469 | 2483+623% | 15924665 | 2934+1040*
Monocytes (cells/ul) 535+178 773+242*% | 550£172 839+238*

Table 2. Changes in white blood cell numbers in LH-Covid subjects at Rest and Peak Exercise both Pre- and
Post- Exercise Training. Values are mean + SD. *Main effect of Acute Exercise (¥), (P<0.001, 2-way ANOVA).

Exercise training and compliance

The 10-week moderate intensity exercise training intervention was well tolerated. Compliance with on-site
visits was 96%. The average amount of exercise time with each visit (outside of warm up and cool down) was
43 min+9.

CPET pre- and post-training
Peak oxygen uptake increased after training by 7.4%, from 1.880£0.69 to 2.03+0.07 L/min. Peak work rate
increased by 16% (Table 1).

White blood cell (WBC) numbers

Total WBC and Neutrophils, Monocytes, and Lymphocytes all increased with acute exercise. There did not
appear to be any diminution or augmentation of this response post training (Table 2). There was a significant
effect of acute exercise on WBC counts (ANOVA, p <0.05), with the expected increase from rest to peak exercise
during CPET (Table 2), however exercise training did not produce any significant change in WBC counts.
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EVs size and concentration
NTA analysis revealed no significant changes in particles size and concentration in response to acute exercise
and exercise training (p>0.05) (Fig. 1B-D).

Acute exercise (CPET) at post-training modifies RNA content of serum EVs in LC-Covid
patients

To identify any bioactive molecule involved in both long COVID pathogenesis and the effects of exercise training,
we focused on the long RNA content of serum EVs. RNA-laden EV's have been shown to play a significant role in
respiratory diseases by delivering various RNA molecules such as protein coding and non-coding RNAs*>-#, EVs
enriched RNAs also contribute to the beneficial effects of exercise**~*. In the current study, for RNA profiling, a
total of 91,372 annotated genes including protein-coding RNAs (avg=14,317/sample), long non-coding RNAs
(IncRNA) (avg=16,736/sample), short non-coding RNAs (avg=443/sample), pseudogenes (avg=2890/sample)
and some unknown genes (TEC) (avg=231/sample) were identified (Fig. 1E). The overall RNA yield distribution
from serum-derived EV samples confirmed that most samples contained less than 1.5 ng of total RNA, with the
majority falling between 0.8-1.5 ng (Fig. 1F). The number of detected RNA species are almost equal among
different timepoints. Differentially expressed genes (DEGs) in serum EV's of long COVID patients between Rest
(T0) and Peak exercise (T1) conditions, as well as between pre- and post-training (V2 vs. V24), were filtered by a
q value <0.05. The q value is an adjusted p value calculated using the Benjamini-Hochberg procedure to control
the false discovery rate (FDR). The clustering results using all DEGs exhibited crude discrimination between
pre- and post-training RNA profiles in long COVID patients (Fig. 1G).

To determine if any DEGs were associated with the SARS-CoV-2 virus, the SARS-CoV-2 reference genome
was included in the mapping and annotation for each sample. No transcripts mapping the SARS-CoV-2 genome
were identified in any of the samples.

RNA sequencing analysis revealed no significant DEGs at rest between pre- and post-training (V24T0
vs V2T0) based on q values (q<0.05, Fig. 1I). Similarly, at the pre-training time point (V2T1 vs V2T0), no
significant DEGs were identified when comparing peak exercise to rest (q<0.05, Fig. 1H). However, after
training, 53 DEGs were identified at peak exercise (V24T1 vs. V24TO0), including three upregulated genes
ANK3 (q=0.0457), FTO (q=0.0472), and FCN1 (q=0.0012) and 50 downregulated genes (Table 3, Fig. 1]).
Among the top downregulated genes, MYL9 (q=0.0001), NRGN (q=0.0042), H2AC6 (q=0.0042), MAP3K7CL
(q=0.0281), and B2M (q=0.0012) were notable (Table 3). Also, no DEGs were found at peak exercise between
pre- and post-training time points (V24T1 vs V2T1) based on q values (Fig. 1K).

Pathway analysis of EV-RNAs

Using genes passing a nominal p value < 0.05, pathway analysis using Ingenuity Pathway Analysis (IPA) identified
significantly regulated (activated and inactivated) pathways (z-score >|0|) in serum EVs of long COVID patients
in response to acute exercise and exercise training. A comparison of resting EV profiles between pre- and post-
training (V24T0 vs. V2TO0) revealed 100 significantly regulated pathways (based on 398 regulated genes, p <0.05),
including 32 activated and 68 inactivated pathways. The top 50 are shown in Fig. 2A.

Among the significantly inactivated pathways at V24T0 compared to V2T0 were the Generic Transcription
Pathway (z-score=-2.646), O-linked glycosylation (z-score=-2.236), Integrin cell surface interactions
(z-score=-2.236), SUMOylation of DNA damage response and repair proteins (z-score=-2.236), and
Parkinson’s Signaling Pathway (z-score=—2). In contrast, significantly activated pathways at V24T0 vs. V2T0
included Corticotropin-Releasing Hormone Signaling (z-score=2.236), Glycation Signaling (z-score=1.633),
AMPK signaling (z-score=1.134), ERK/MAPK signaling (z-score=0.447), and Protein Kinase A (PKA)
signaling (z-score=0.378). Notably, some of these pathways (e.g., AMPK, ERK/MAPK, PKA) are known to be
activated by exercise and may contribute to exercise training-induced physiological adaptations®>!.

A comparison of peak exercise (T1) EV profiles between pre- and post-training (V24T1 vs. V2T1) identified
45 significantly regulated pathways (based on 189 regulated genes, p <0.05) in serum EV’s, including 12 activated
and 33 inactivated pathways. Among the top inactivated pathways were those related to mitochondrial function
and metabolism, such as tRNA processing in the mitochondrion (z-score=-3), oxidative phosphorylation
(z-score=-2.648), mitochondrial RNA degradation (z-score=-2.648), and respiratory electron transport
(z-score=—2.449). Additionally, immune-related pathways, including Neutrophil Extracellular Trap Signaling
(z-score=—1.414), autophagy (z-score=-1.342), and IL-8 signaling (z-score=-1.342), were significantly
inactivated (Fig. 2B).

In addition, pathway analysis comparing peak exercise to rest before training (V2T1 vs. V2TO) identified 45
significantly enriched pathways (based on 269 regulated genes, p <0.05), including 19 activated and 26 inactivated
pathways (Fig. 2C). Among the most activated pathways were Processing of Capped Intron-Containing Pre-
mRNA (z-score=2.53), RNA Polymerase II Transcription (z-score=2.236), RHO GTPases Activate Formins
(z-score=2.236), CDC42 Signaling (z-score=2), and Mitotic G2-G2/M Phases (z-score=2). In contrast,
numerous immune-related pathways were inactivated during peak exercise (Fig. 2C). The top five inactivated
pathways included Insulin Secretion Signaling (z-score =—2.53), Cellular Effects of Sildenafil (z-score = —2.236),
Hereditary Breast Cancer Signaling (z-score=—2.236), T Cell Receptor Signaling (z-score=—2.121), and Autism
Signaling (z-score=—2).

Furthermore, after training, the response to acute exercise (V24T1 vs V24T0) was predominantly
characterized by pathway inactivation, with 52 significantly regulated pathways (based on 718 regulated genes,
p<0.05), including 8 activated and 44 strongly inactivated pathways (Fig. 2D). The top activated pathways
included Mitochondrial Dysfunction (z-score=3), Parkinson’s Signaling Pathway (z-score=2.887), Granzyme
A Signaling (z-score=2.646), RHOGDI Signaling (z-score=2.236), and HER-2 Signaling in Breast Cancer
(z-score =2). Conversely, pathways related to mitochondrial function, metabolism, and the immune system were
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Gene ID Gene name | p value qvalue | Log2FC
ENSG00000151150 | ANK3 0.0021 0.0457 0.984282811
ENSG00000140718 | FTO 0.0024 0.0472 0.882673005
ENSG00000085265 | FCN1 2.68774E-06 | 0.0012 0.75906677
ENSG00000087460 | GNAS 0.0002 0.0136 | —-0.615611155
ENSG00000170315 | UBB 0.0015 0.0356 | —0.67717839
ENSG00000060138 | YBX3 0.0023 0.0468 | —0.685274166
ENSG00000198899 | MT-ATP6 0.0004 0.0214 | -0.713188665
ENSG00000211459 | MT-RNR1 0.0014 0.0335 | —0.719284387
ENSG00000198876 | DCAF12 0.0025 0.0495 | —0.749442443
ENSG00000180354 | MTURN 0.0012 0.0334 | —0.758343152
ENSG00000100225 | FBXO7 0.0013 0.0335 | —0.769157985
ENSG00000101162 | TUBB1 0.0022 0.0464 | —0.784476457
ENSG00000210082 | MT-RNR2 0.0002 0.0136 | —0.793589063
ENSG00000140264 | SERF2 0.0004 0.0214 | —0.796680926
ENSG00000266412 | NCOA4 0.0003 0.0214 | —0.812457235
ENSG00000172331 | BPGM 0.0013 0.0335 | —-0.813499714
ENSG00000159346 | ADIPOR1 0.0021 0.0457 | -0.817151407
ENSG00000110880 | CORO1C 8.24663E—-05 | 0.0064 | —0.817417544
ENSG00000171552 | BCL2L1 0.0008 0.0281 | —0.818387334
ENSG00000112335 | SNX3 0.0020 0.0447 | -0.81896433
ENSG00000198840 | MT-ND3 0.0004 0.0214 | —0.819865254
ENSG00000034152 | MAP2K3 0.0008 0.0281 | —0.842881597
ENSG00000187653 | TMSB4XP8 | 0.0013 0.0335 | —0.857156271
ENSG00000076770 | MBNL3 0.0008 0.0281 | —0.859676547
ENSG00000142669 | SH3BGRL3 | 0.0008 0.0281 | —0.861140411
ENSG00000230043 | TMSB4XP6 | 0.0008 0.0281 | —0.881230783
ENSG00000100351 | GRAP2 0.0022 0.0457 | —0.882525798
ENSG00000119950 | MXI1 0.0012 0.0335 | —0.88310648

ENSG00000198763 | MT-ND2 1.35613E-05 | 0.0034 | —0.892019545
ENSG00000198888 | MT-ND1 3.36605E-05 | 0.0042 | —0.894608855

ENSG00000124098 | FAM210B 0.0011 0.0320 | -0.90350167

ENSG00000205542 | TMSB4X 3.18226E-05 | 0.0042 | —0.907589598
ENSG00000125534 | PPDPF 0.0013 0.0335 | —0.916739837
ENSG00000095303 | PTGS1 0.0008 0.0281 | —0.925942879
ENSG00000233276 | GPX1 0.0011 0.0320 | —0.926356417
ENSG00000183508 | TENT5C 0.0007 0.0281 | —0.926867167
ENSG00000101577 | LPIN2 0.0006 0.0281 | —0.928060802
ENSG00000168497 | CAVIN2 0.0004 0.0214 | —0.930332526
ENSG00000133606 | MKRN1 0.0010 0.0299 | -0.935953588
ENSG00000104765 | BNIP3L 0.0004 0.0214 | —0.937645498
ENSG00000123091 | RNF11 0.0001 0.0097 | —0.97776639

ENSG00000101782 | RIOK3 8.15589E-05 | 0.0064 | —1.019092538
ENSG00000118689 | FOXO3 0.0017 0.0383 | —1.048021538
ENSG00000066926 | FECH 5.13014E-05 | 0.0052 | —1.049555198
ENSG00000225630 | MTND2P28 | 0.0009 0.0289 | —1.050450826
ENSG00000145335 | SNCA 6.24001E-05 | 0.0057 | —1.060555364
ENSG00000114166 | KAT2B 0.0002 0.0163 | —1.084262602
ENSG00000271503 | CCL5 4.96108E-05 | 0.0052 | —1.118436272
ENSG00000166710 | B2M 3.64916E-06 | 0.0012 | —1.118696283
ENSG00000156265 | MAP3K7CL | 0.0007 0.0281 | —1.147760357
ENSG00000180573 | H2AC6 3.21918E-05 | 0.0042 | —1.173419182
ENSG00000154146 | NRGN 3.03855E-05 | 0.0042 | —1.245481189
ENSG00000101335 | MYL9 1.36755E-07 | 0.0001 | —1.32552499

Table 3. Up-and down-regulated genes in the serum EVs of Long COVID patients at peak exercise (T1)
compared to rest (T0) at post-training time point.
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Fig. 2. Differentially regulated (activated and inactivated) signaling pathways in response to acute exercise and
exercise training in serum EVs of long COVID patients. (A) activated (orange) and inactivated (blue) signaling
pathways at rest at post-training (V24TO0) vs pre-training (V2T0). (B) Differentially regulated pathways at peak
exercise at post-training vs pre-training. (C) Differentially regulated pathways at peak exercise (T1) vs rest (T0)
at pre-training (D). Differentially regulated pathways at peak exercise (T1) vs rest (T0) at post-training (D).
V2: pre-training, V24: post-training, TO: rest, T1: peak exercise.

predominantly inactivated at peak exercise after training. Among these, the top five inactivated pathways were
tRNA Processing in the Mitochondrion (z-score =—4.123), rRNA Processing (z-score = —3.873), Mitochondrial
RNA Degradation (z-score =—3.873), Neutrophil Extracellular Trap Signaling (z-score =—3.464), and Oxidative

Phosphorylation (z-score=—3.464).

Discussion
This study examined the long RNA profiles of circulating EVs in individuals with long COVID to evaluate

whether virus-related transcripts could be detected and whether acute exercise or exercise training alters EV-
associated RNA profile, particularly involving immune and inflammatory pathways. Our findings provide new
insights into the potential role of EV-associated RNAs in the pathophysiology of long COVID. Notably, we
demonstrate for the first time that the RNA profile of circulating EVs undergoes significant changes in response
to acute exercise following exercise training. Specifically, 53 differentially expressed genes (DEGs) were identified
at peak exercise compared to rest, including 3 upregulated and 50 downregulated genes, suggesting adaptations
in the acute exercise response following exercise training in individuals with long COVID.

Lack of virus-related RNA in circulating EVs
Recent evidence suggests that EVs may act as carriers of SARS-CoV-2 or viral antigens, enabling viral

dissemination and potentially contributing to viral persistence®*~>*, While EVs have been implicated in
maintaining chronic infections and facilitating viral establishment in latent infections®*, direct evidence of
SARS-CoV-2 persistence or viral RNA within EVs from long COVID patients remains lacking. In the present
study we did not detect any SARS-CoV-2 related RNA in serum EVs across all time points.
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EVs as mediators of exercise adaptation

EVs play a crucial role in exercise-induced adaptations by mediating intercellular communication!'**+’. Previous
research, particularly in rodent models, has demonstrated that circulating EVs can regulate metabolism*®,
modulate immune responses®, enhance muscle mass®, and promote recovery from myocardial injury®!. In
humans, EVs have also been linked to improved insulin sensitivity following high-intensity interval training
(HIIT)®2. Although we did not directly correlate specific EV RNA signatures with clinical outcomes in this
study, we previously reported that patients in this cohort showed significant improvements in cardiopulmonary
fitness, represented by increases in peak work rate (10.3%) and peak oxygen uptake (7.4%), as well as in patient-
reported outcomes, including physical functioning and fatigue (60-63% improvement), depression (—42%),
anxiety (—29%), and dyspnea (—10%)'°. This could be considered the first study linking exercise-induced EV
RNA profiles to physiological adaptations in long COVID patients. However, because this study was a single-
arm design without a control group, we cannot distinguish the effects of exercise training from spontaneous
recovery or the passage of time. Nonetheless, these findings warrant further mechanistic investigation in
controlled studies.

Downregulation of immune-associated genes in circulating EVs

For the first time, we demonstrated that the circulating EV RNA profile changed in response to acute exercise only
after training, with a predominant downregulation of gene expression rather than upregulation in long COVID.
This widespread downregulation of inflammation-associated genes suggests that exercise training may regulate
immune activation in long COVID patients. Among the significantly downregulated genes at peak exercise were
those directly (MYL9, NRGN, H2AC6, MAP3K7CL, B2M, CCL5, SNCA) or indirectly (MTND2P28, MT-ND1,
MT-ND2, MT-ND3, MTRNR2, MT-RNR1, MT-ATP6) involved in immune activation and inflammation.

MYL9 (Myosin Light Chain 9), one of the most significantly downregulated genes, encodes a surface
molecule expressed on activated T cells that serves as a ligand for CD69, a marker of activated immune cells. The
interaction between MYL9 and CD69 is essential for the migration of activated T cells into inflammatory lesions
and the induction of immune-driven diseases®>®*. Moreover, MYL9 has been implicated in microthrombi
formation in SARS-CoV-2-induced lung vasculitis, where its elevation correlates with disease severity®.
Another strongly downregulated gene, NRGN (Neurogranin), encodes a protein primarily expressed in the
brain, which plays a role in synaptic plasticity and neuroinflammation®®®’. Notably, elevated NRGN levels
have been observed in neuronal-enriched EVs of COVID-19 survivors, where they correlate with markers of
neurodegeneration, including amyloid beta, neurofilament light, and total tau®®. Other downregulated genes
further support the hypothesis that exercise training modulates the immune response to acute exercise in long
COVID. H2AC6, a histone variant, interacts with histone deacetylase 6 (HDACS), a key inflammatory regulator,
while B2M (Beta-2-Microglobulin) is essential for antigen presentation via MHC class I molecules®-72 The
suppression of CCL5 (RANTES), a chemokine involved in immune cell recruitment, aligns with findings that
its receptor, CCR5, plays a role in SARS-CoV-2 pathogenesis. Importantly, blocking CCR5 using leronlimab
restored immune homeostasis and reduced IL-6 levels in critically ill COVID-19 patients, suggesting that CCL5
suppression could mitigate prolonged immune activation in long COVID”*74, Furthermore, the downregulation
of SNCA (Alpha Synuclein), a key protein in neurodegenerative diseases such as Parkinson’s disease, suggests
a possible neuroprotective effect of exercise training. Recent evidence indicates that SARS-CoV-2 Spike and
Nucleocapsid proteins interact with SNCA, accelerating its aggregation into Lewy body-like pathology, a
hallmark of synucleinopathies”~7%.

While 53 genes were differentially regulated in the EVs in response to acute exercise after exercise training,
there were no changes in EV RNA profiles at rest (baseline) from pre- to post-training. The lack of DEGs in
EV RNA profiles at baseline between pre- and post-training may indicate that the effects of exercise training
on circulating EV cargo are context-dependent and may only be uncovered under physiological stress, such as
during acute exercise!>”°. This suggests that exercise training may not substantially alter resting EV RNA content
but rather enhances the body’s ability to elicit a dynamic EV-mediated molecular response when challenged.
Such findings align with the concept that exercise training improved physiological adaptability, which may not
be detectable under resting conditions but becomes evident during exertion.

To further investigate the biological impact of the EV RNA profiles, we performed an Ingenuity Pathway
Analysis (IPA) to identify differentially regulated (activated and inactivated) biological pathways influenced
by gene expression changes at each time point. IPA was performed using genes identified at a nominal p
value <0.05, we note that many of these genes do not meet BH-adjusted significance thresholds. As such, the
pathways identified should be interpreted as exploratory and hypothesis-generating rather than confirmatory.
The inclusion of nominally significant genes increases sensitivity but also raises the possibility of overstating
certain pathways. Therefore, these results should be viewed in the context of guiding future target validation
rather than providing definitive mechanistic conclusions.

Interestingly, across all time points, the majority of pathways were inactivated rather than activated, indicating
a general downregulation of molecular processes in response to both exercise training and acute exercise.

At rest after training compared to before training (V24TO0 vs. V2TO0), top significantly inactivated pathways
included those related to transcription regulation (Generic Transcription Pathway), cell trafficking and
metabolism (O-linked glycosylation), cellular adhesion and migration (integrin cell surface interactions), and
DNA damage repair (SUMOylation of DNA damage response and repair proteins). Additionally, dopaminergic
signaling (Parkinson’s Signaling Pathway), immune system activation and inflammation (STAT3 pathway and
C-type lectin receptors), and vesicle formation and transport (COPII-mediated vesicle transport) were also
significantly inactivated. Notably, 21 (e.g., STAT3, SAPK/JNK, PDGF, and C-type lectin receptor pathways) of
the 44 inactivated pathways were directly or indirectly linked to inflammation, suggesting that their inactivation
in response to acute exercise after exercise training may represent a beneficial immune-regulatory response.
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However, whether these pathway changes confer benefits in long COVID patients remains unclear, and with
over 100 pathways regulated, further studies are required to determine their physiological significance.

Our findings of decreased inflammation-associated gene expression in circulating EVs- without changes in
EV quantity- support the hypothesis that exercise mitigates systemic inflammation in chronic conditions!'”:%.
This aligns with the concept that even an acute bout of exercise, if not prolonged and exhaustive, can transiently
suppress pro-inflammatory signals, reflecting its broader anti-inflammatory effects in chronic inflammatory
diseases'®2,

Exercise training and mitochondrial adaptations in long COVID

Pathway analysis also revealed distinct patterns of regulated pathways in response to acute exercise before and
after training, despite comparable total numbers of regulated pathways. Before training, the top inactivated
pathways in response to acute exercise included insulin secretion signaling, hereditary breast cancer signaling,
T-cell receptor signaling, and G alpha (i) signaling events. In contrast, after training, the most inactivated
pathways were related to mitochondrial function, including tRNA processing in the mitochondrion, rRNA
processing, mitochondrial RNA degradation, neutrophil extracellular trap signaling, oxidative phosphorylation,
and respiratory electron transport.

These findings align with our earlier observation that mitochondrially encoded genes were significantly
downregulated in response to acute exercise following training. Mitochondrial dysfunction has been proposed
as a key contributor to post-viral fatigue and systemic inflammation in long COVID®!. The concurrent
downregulation of mitochondrial pathways and gene expression suggests that, after training, fewer mitochondrial-
derived RNAs are released into the extracellular space in response to exercise compared to pre-training. This
indicates that a single bout of exercise after exercise training does not elicit an (extra) inflammatory response.
While these genes primarily regulate respiratory complexes, they can also be released into the extracellular space
via EVs and subsequently enter circulation, where they act as pathogen recognition receptor ligands- known
as mitochondrial damage-associated molecular patterns (mtDAMPs)- recognized by macrophages and T cells,
triggering ROS production and inflammatory pathways”82-%7. The reduced expression of mitochondrial genes
post-exercise may reflect a transient shift in mitochondrial dynamics, facilitating mitochondrial repair and
stabilization while potentially enhancing energy efficiency and reducing oxidative stress®*#%. Given the role of
mitochondrial dysfunction in long COVID, our findings suggest that exercise training promotes mitochondrial
resilience and adaptation by modulating mitochondrial-related pathways®*¢,

Upregulated genes and their potential role in long COVID

Three differentially expressed genes- ANK3, FTO, and FCN1- were significantly upregulated in circulating EVs
of long COVID patients at peak exercise after training. ANK3 and FTO are predominantly expressed in the
central nervous system, while FCNI1 is found in monocytes/macrophages and neutrophils. While ANK3 and
FTO help maintain axon initial segment and neuronal excitability (in neurons) and involved in cell signaling,
possibly immune synapse formation, and RNA metabolism, especially energy balance (in other cells), mutations
in these genes have been linked to psychiatric disorders (bipolar disorder, schizophrenia, and autism spectrum
disorder), obesity, and COVID-19 outcomes®~*2. Similarly, FCN1, a key component of innate immunity,
activates the lectin pathway of the complement system to promote microbial clearance®*.

While these genes have been associated with acute COVID-19 infection®, their regulation by exercise remains
poorly understood. Conflicting findings from preclinical models suggest that exercise may either upregulate
or downregulate these genes, highlighting the need for further research®*’. Since Long COVID is frequently
associated with neurological symptoms (e.g., brain fog), increased ANK2, FTO and FCNI1 in EVs during acute
exercise after training may suggest enhanced neuronal remodeling and vesicle-mediated signaling (ANK3),
improved metabolic regulation and RNA turnover (FTO), and a shift toward controlled immune activation and
resolution pathways (FCN1). Collectively, these changes may reflect a training-induced reprogramming of the
systemic response to acute exercise, even in the absence of baseline changes, that potentially contributes to the
restoration of homeostatic control across neuro-immune and metabolic-immune axes.

Study limitations

One limitation of this study is the lack of a platelet depletion step during serum preparation. Given that
platelets can spontaneously release EVs or become activated ex vivo, they may significantly contribute to the
EV RNA profile observed®®. This could affect interpretation of EV-associated RNA signals in our study. Another
limitation of the present study is that EV characterization was restricted to NTA, which assesses particle size
and concentration but does not confirm EV identity or purity. Although complementary validation methods
are recommended by the MISEV2023 guidelines®, this was not feasible due to limited sample availability.
Furthermore, our study lacked a control group (either healthy individuals or those with prior SARS-CoV-2
infection without long COVID symptoms). Future studies should include healthy controls to better distinguish
disease-specific changes from general exercise effects.

Conclusion

While no virus-associated RNA was detected in circulating EVs of long COVID patients, exercise training
modulated the EV RNA profile in response to acute exercise, with a predominant downregulation of genes
related to immune/inflammatory signaling and mitochondrial function. These findings suggest that EV-
associated RNAs may not only serve as potential biomarkers of long COVID recovery but also act as functional
mediators of systemic adaptation, highlighting the role of exercise training in reprogramming immune and
metabolic responses to physiological stress in this population.
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Data are available with appropriate requests to the corresponding author.
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