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Background
Long COVID is frequently characterized by persistent fatigue and impaired quality of life. Increasing evidence suggests that gut microbiota dysbiosis and immune dysregulation may contribute to symptom persistence. We evaluated the effects of the probiotic formulation VSL#3® in patients with long COVID.
Methods
In this randomized, double-blind, placebo-controlled trial (ClinicalTrials.gov identifier: NCT05874089), patients with long COVID and clinically relevant fatigue received VSL#3® or placebo for 4 weeks. The primary endpoint was fatigue improvement assessed by the Chalder Fatigue Scale (CFS). Secondary and exploratory analyses included patient-reported outcomes, gut microbiota profiling, immune phenotyping, cytokine analyses, and targeted metabolomics.
Results
Forty-eight patients completed the study (placebo n = 25; VSL#3® n = 23). VSL#3® supplementation significantly improved fatigue compared with placebo, with a greater reduction in CFS score (24.24% vs. 6.06%; p = 0.037) and a higher proportion of responders (68% vs. 35.7%; p = 0.019). Clinical benefit persisted after treatment discontinuation and was accompanied by improvements in selected quality-of-life and gastrointestinal symptom domains. VSL#3® supplementation was associated with selective enrichment of health-associated bacterial taxa, including Bifidobacterium, Lactobacillus, Ruminococcus, and Coprococcus, together with modulation of inflammatory and immune-related pathways. Exploratory multi-omic analyses identified coordinated associations among microbiota-derived metabolites, immune markers, and clinical outcomes.
Conclusion
VSL#3® supplementation improved fatigue and selected clinical outcomes in patients with long COVID and was associated with coordinated microbiota and immune changes. These findings support further investigation of microbiota-targeted interventions in long COVID.
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INTRODUCTION
Long COVID has emerged as one of the major long-term consequences of the COVID-19 pandemic, affecting millions of individuals worldwide and posing a substantial clinical and societal burden years after acute SARS-CoV-2 infection [1–3]. Although highly heterogeneous in presentation, fatigue consistently represents one of the most prevalent and disabling manifestations, profoundly impairing quality of life, physical functioning, and return to normal daily activities [4]. Importantly, persistent symptoms frequently occur independently of acute disease severity and may remain detectable long after viral clearance [5]. Despite the growing burden of long COVID, therapeutic options remain limited, and no approved disease-modifying interventions are currently available [1].
Over the past few years, the understanding of long COVID has progressively evolved from a poorly defined post-viral condition toward a biologically complex syndrome involving persistent immune activation, metabolic dysfunction, and multisystem alterations [6–8]. Recent multiomic analyses have further reinforced this concept, identifying persistent inflammatory, metabolic, and immune signatures associated with long COVID recovery trajectories independently of acute disease severity [9]. In parallel, increasing evidence has implicated the gut microbiota as a potential contributor to long COVID pathophysiology [10]. Several studies have reported persistent alterations in gut microbial composition and function following SARS-CoV-2 infection, including depletion of health-associated commensals, reduced representation of short-chain fatty acid (SCFA)-producing bacteria, and enrichment of inflammatory microbial signatures associated with symptom persistence [10–14]. These alterations have additionally been linked to systemic inflammation, fatigue severity, sleep disturbances, neurocognitive symptoms, and impaired quality of life, supporting the hypothesis that coordinated microbiota–immune–metabolic interactions may contribute to long COVID manifestations beyond the gastrointestinal tract [9, 15–18].
This emerging framework is particularly relevant in light of the growing overlap between long COVID and other post-infectious chronic conditions, especially myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), which share persistent fatigue, post-exertional malaise, neurocognitive dysfunction, immune dysregulation, and altered energy metabolism as common biological and clinical features [19–21]. Within this context, the microbiota-gut-brain axis has gained increasing attention as a potential mechanistic interface linking microbial dysbiosis, immune signaling, metabolism, and neurological symptoms [21].
Microbiota-targeted therapeutic approaches, including probiotics, symbiotics, and fecal microbiota transplantation, are therefore emerging as promising supportive strategies for long COVID management [15, 22]. Consistently, recent interventional studies targeting inflammatory and gut-related pathways, including vitamin K2/D3 supplementation, have shown improvement in long COVID symptom burden together with modulation of inflammatory and gut permeability markers (REF K2D3 trial) [23]. Among currently available probiotic formulations, VSL#3® was selected because of its high bacterial concentration and its well-characterized multi-strain composition, including several Lactobacillus, Bifidobacterium, and Streptococcus species with documented effects on intestinal barrier function, immune regulation, and microbiota homeostasis. Notably, several of these bacterial genera have been reported to be depleted in patients with COVID-19 and long COVID and have been associated with persistent inflammation and symptom burden. Furthermore, VSL#3® has shown beneficial effects in gastrointestinal and inflammatory disorders characterized by altered microbiota-host interactions, providing a biological rationale for its evaluation in long COVID [24].
Based on the growing evidence linking gut microbiota dysregulation to long COVID pathophysiology, we conducted a randomized, double-blind, placebo-controlled trial to investigate whether VSL#3® supplementation could improve fatigue and other long COVID-associated symptoms. In parallel, we performed an integrated analysis of gut microbiota composition, immune-related parameters, and microbiota-associated metabolites to explore biological pathways potentially associated with clinical response.
MATERIALS AND METHODS
Study design
This study is a single-center, randomized, double-blind, placebo-controlled trial (NCT05874089) designed to evaluate the efficacy of VSL#3®, a consortium of mixed probiotics at high concentration, in reducing fatigue and improving different features of patients’ wellbeing, microbiota composition and function, and immunological status.
Patients were consecutively recruited from the Long COVID Outpatient Clinic at IRCCS Fondazione Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy, between November 2022 and November 2023. Individuals were required to have a previous SARS-CoV-2 infection documented by molecular or antigenic nasopharyngeal swab. Demographic information, including age and sex, and history of COVID-19, including severity according to WHO classification, were obtained from hospital records. Signs and symptoms of long COVID persisting for at least 3 months after SARS-CoV-2 infection were evaluated for study inclusion. Participants were randomly assigned (1:1) to receive either VSL#3® or placebo for 4 weeks using REDCap software with block randomization stratified by sex. Double blinding was achieved by packaging supplementation and placebo in identical sealed and consecutively numbered sachets similar in appearance, smell, and taste.
The study was conducted according to the Declaration of Helsinki and Good Clinical Practice guidelines after approval by the Ethics Committee of IRCCS Fondazione Ca’ Granda Ospedale Maggiore Policlinico di Milano (approval number S62043). Written informed consent was obtained from all participants before enrolment.
Inclusion criteria
Adult patients aged between 18 and 65 years with previous SARS-CoV-2 infection documented by molecular or antigenic nasopharyngeal swab, Chalder Fatigue Scale (CFS) score ≥4/11 in the dichotomous scoring system, and persistent long COVID symptoms for at least 3 months after infection were eligible for inclusion. Long COVID manifestations included fatigue, sleep disturbances, cognitive deficits (brain fog, impaired concentration and memory, anxiety, depression), strength deficits, arthralgias and myalgias, and gastrointestinal symptoms including reduced appetite, nausea, changes in bowel habits, and abdominal pain.
Exclusion criteria
Exclusion criteria included use of antibiotics, probiotics, immunosuppressive/immunomodulatory drugs, opioids, or antidepressants within 30 days before enrolment; cardiovascular and pulmonary diseases with moderately severe organ dysfunction; decompensated endocrine or metabolic diseases; documented diagnosis of fibromyalgia, myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), irritable bowel syndrome, neurological disorders, psychiatric diseases, or chronic musculoskeletal pathologies prior to SARS-CoV-2 infection; pregnancy or breastfeeding; alcohol or drug abuse; and participation in other clinical trials within 30 days before enrolment. Use of probiotics, antibiotics, immunosuppressive/immunomodulatory drugs, opioids, or antidepressants during the study was considered prohibited medication. Major dietary modifications during the trial were considered protocol violations.
Procedures
VSL#3® (Actial Farmaceutica) is a consortium of eight live freeze-dried lactic acid bacteria and bifidobacteria (Streptococcus thermophilus BT01; Bifidobacterium breve BB02; Bifidobacterium animalis subsp. lactis BL03; Bifidobacterium animalis subsp. lactis BI04; Lactobacillus acidophilus BA05; Lactobacillus plantarum BP06; Lactobacillus paracasei BP07; and Lactobacillus helveticus BD08) at high concentration (450 billion CFU/sachet). Placebo sachets were identical in appearance and composition except for the absence of probiotics.
After screening evaluation, study procedures were performed at baseline (t0), after 4 weeks of supplementation (t4), and after an additional 4-week follow-up period (t8). Participants received two sachets/day for 28 days. Compliance was assessed by sachet counting and considered adequate when ≥80% of sachets were consumed. Fecal samples were collected for microbiome profiling and metabolomic analyses, including short-chain fatty acids (SCFAs) and neuromodulators. Blood samples were collected for immune phenotyping by multiparametric flow cytometry and serum cytokine profiling by multiplex Luminex assay.
Study endpoints
The primary endpoint was reduction in fatigue after 4 weeks of supplementation as measured by the Chalder Fatigue Scale (CFS). Secondary outcomes included variations in Hospital Anxiety and Depression Scale (HADS), Short Form-36 Health Survey (SF-36), Structured Assessment of Gastrointestinal Symptoms (SAGIS), Symptoms Check List-12 (SCL-12), Karnofsky Performance Status (KPS), and Visual Analogue Scale (VAS) scores. Additional exploratory endpoints included modulation of gut microbiota composition, circulating immune parameters, short-chain fatty acids (SCFAs), and neuromodulators.
Structured questionnaires
Structured questionnaires were completed at baseline (t0), after supplementation (t4), and at follow-up (t8), and included CFS, HADS, SF-36, SCL-12, KPS, VAS, and SAGIS questionnaires. Detailed description of questionnaires and scoring systems is reported in the Supplementary Methods.
Sample size calculation
Assuming a placebo effect of 30% on fatigue reduction and a probiotic efficacy of 60% on the primary endpoint, 23 patients per arm were estimated to provide 80% statistical power with a two-sided significance level of 0.05. Considering an estimated dropout rate of 15%, at least 53 patients were planned for recruitment.
Multiplex serum biomarker analysis
Multiplex analysis of circulating cytokines and chemokines was performed using a 45-plex Human XL Cytokine Discovery Luminex panel (R&D Systems) according to the manufacturer’s instructions. Samples were acquired on a Luminex 200SD instrument and analyzed using xPONENT software v4.2. Luminex analyses were performed on a selected subset of patients (n = 28; placebo n = 15; VSL#3® n = 13). The complete list of analytes included in the panel is summarized in Supplementary Table S1.
Cytofluorimetric analyses
Peripheral blood mononuclear cells (PBMCs) collected at baseline and t4 were isolated by Ficoll density-gradient centrifugation. Cells were stained using fluorochrome-conjugated monoclonal antibodies listed in Supplementary Table S2. For intracellular cytokine staining, cells were stimulated for 3 h at 37 °C with PMA (50 ng/mL), ionomycin (1 μg/mL), and Brefeldin A (10 μg/mL), then fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences). Samples were acquired on a FACSLyrics flow cytometer (BD Biosciences) and analyzed using FlowJo software v10.8 after exclusion of doublets and non-viable cells. Flow cytometric analyses were performed on the entire study cohort.
16S rRNA gene sequencing and microbiota analysis
Fecal samples collected at t0 and t4 were stored at −80 °C until DNA extraction. DNA extraction, 16S rRNA gene amplification, purification, library preparation and pair-end sequencing on the Illumina MiSeq platform were performed as previously described (V3-V4 regions, 300 bp paired end) [25]. Reads were pre-processed using the MICCA pipeline (v.1.7.2) (https://micca.readthedocs.io/en/latest/#) [26]. Forward and reverse primers trimming and quality filtering were performed using micca trim and micca filter, respectively. Filtered sequences were denoised using the UNOISE [27] algorithm implemented in micca otu to determine true biological sequences at the single nucleotide resolution by generating amplicon sequence variants (ASV). Bacterial ASVs were taxonomically classified using micca classify and the Ribosomal Database Project (RDP) Classifier v2.13 [28]. Multiple sequence alignment (MSA) of 16S rRNA gene sequences was performed using the Nearest Alignment Space Termination (NAST) algorithm implemented in micca msa [29]. Phylogenetic trees were inferred using micca tree [29, 30]. Sampling heterogeneity was reduced rarefying samples at the depth of the less abundant sample using micca tablerare. Alpha (within-sample richness) and beta-diversity (between-sample dissimilarity) estimates were computed using the phyloseq R package [31]. Permutational multivariate analysis of variance (PERMANOVA) test was performed using the adonis2 function in the vegan R package with 999 permutations. ASVs differential abundance testing was carried out using the R package DESeq2 using the non-rarefied data [31, 32].
Metabolomic analyses
Fecal short-chain fatty acids (SCFAs), fecal neuromodulators, and serum neuromodulators were quantified using targeted chromatographic approaches. Metabolomic analyses were performed on a subset of patients, selected on the basis of the material availability to perform the analyses (n = 30; placebo n = 16; VSL#3® n = 14).
Targeted quantification of dopamine and serotonin in serum and fecal samples was performed by ultra-high-performance liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS). Briefly, serum proteins were precipitated using ice-cold acetonitrile, whereas fecal samples were extracted using 50% methanol solution in the presence of deuterated internal standards (dopamine-d4 and serotonin-d4). UHPLC-MS/MS analyses were carried out on a Shimadzu Nexera UHPLC system coupled to a triple quadrupole LCMS-8050 mass spectrometer equipped with an electrospray ionization source. Chromatographic separation was performed on an HSS T3® C18 column (150 × 2.1 mm, 1.8 μm; Waters®) using water and acetonitrile containing 0.1% formic acid as mobile phases. Analyses were conducted in scheduled multiple reaction monitoring (sMRM) mode.
SCFA quantification was performed by gas chromatography-mass spectrometry (GC-MS) according to a previously validated protocol with minor modifications based on Zhu et al [33]. Briefly, freeze-dried fecal samples were acidified, extracted with methyl tert-butyl ether (MTBE), and supplemented with deuterated butyric acid as internal standard. GC-MS analyses were performed using an Agilent 8890 GC system coupled with a 5977B mass selective detector operating in selected ion monitoring (SIM) mode. Chromatographic separation was achieved using a J&W DB-WAX GC column (30 m × 0.25 mm × 0.25 μm; Agilent Technologies).
Data acquisition and processing were performed using MassHunter Qualitative Analysis software (Agilent Technologies). Correlation analyses integrating metabolomic, microbiota, immune, and clinical datasets were performed using Spearman’s correlation tests in R environment (v4.4.1).
Statistical analysis
All statistical analyses were performed using R v4.4.1 and GraphPad Prism v10.2.3. Parametric and non-parametric tests were applied according to data distribution, including ANOVA, t-test, Wilcoxon signed-rank test, Mann–Whitney U test, and Spearman’s correlation analyses. Primary endpoint analyses were performed both in the intention-to-treat and per-protocol populations.
Data availability
16S rRNA gene sequencing data are available in the European Nucleotide Archive (https://www.ebi.ac.uk/ena) under accession number PRJEB78610.
RESULTS
Study population and baseline characteristics
Between November 2022 and November 2023, a total of 347 individuals with a history of SARS-CoV-2 infection and persistent symptoms were screened for eligibility at the Long COVID outpatient clinic of Policlinico Hospital (Milan, Italy). Among these, 53 patients met the inclusion criteria and were enrolled in the study (Figures 1A,B). Overall, 294 patients were excluded after screening. The main reasons for exclusion were relevant comorbidities (47.5%), absence of clinically relevant fatigue (35.8%), ongoing antidepressant treatment (7.9%), refusal to participate (8.3%), and concomitant probiotic use (0.4%). Among comorbidities, the most frequent causes of exclusion were cardiovascular diseases, psychiatric disorders, oncological diseases, musculoskeletal disorders, neurological disorders, pulmonary diseases, metabolic diseases, immunological diseases, immunosuppression, and the presence of multiple concomitant conditions. All enrolled participants reported persistent symptoms for at least 3 months after acute infection, consistent with current definitions of post-acute sequelae of SARS-CoV-2 infection. Following randomization, 28 patients were allocated to the placebo group and 25 to the VSL#3® group. Five participants were excluded due to low adherence to the study protocol, resulting in a final study population of 48 individuals (25 placebo, 23 VSL#3®) (Figures 1A,B). Baseline demographic and clinical characteristics of the study population are reported in Table 1. The cohort included 24 females and 24 males, with a median age of 54 years and a median body mass index (BMI) of 25. No significant differences were observed between the placebo and VSL#3® groups in terms of age, sex distribution, BMI, or clinical history (Table 1).
[image: Figure with two panels outlining a clinical trial. Panel A is a timeline describing a two-week run-in period for consent and eligibility, a four-week treatment phase for randomization and sampling, and a four-week follow-up using structured questionnaires. Panel B is a flow diagram showing 347 assessed for eligibility, 294 excluded, and 53 randomized into placebo or VSL#3 groups, with exclusions due to low adherence, leading to 25 and 23 analyzed in each group, respectively.]FIGURE 1 | Study design and participant flow. (A) Schematic representation of the study design, including run-in, treatment, and follow-up periods, with timing of sample collection and clinical assessments. (B) Flow diagram of participant enrolment, randomization, and analysis.TABLE 1 | Baseline clinical characteristics of the enrolled subjects.	Clinical parameter	Total (n = 48)	Placebo (n = 25)	VSL#3® (n = 23)	p-value
	Male/Female, n (%)	24/24 (50)	13/12 (52)	11/12 (47.8)	>0.9
	Age at enrolment, years, median (IQR)	54 (48; 60)	55 (48; 62)	53 (47; 59)	0.3524
	Body mass index BMI, median (IQR)	25 (22; 29)	25 (24; 29)	24 (22; 27)	0.2763
	Current smoker, n (%)	8 (16.7)	4 (16)	4 (17.4)	>0.99
	Current drinker, n (%)	17 (35.4)	12 (48)	5 (21.7)	0.11
	Hospitalization, n (%)	24 (50)	13 (52)	11 (47.8)	>0.99
	Hospitalization duration, days median (IQR)	1.5 (0; 19.5)	0 (0; 21)	7 (0; 18.5)	0.6117
	ICU, n (%)	7 (14.6)	4 (16)	3 (13)	>0.99
	IOT, n (%)	7 (14.6)	4 (16)	3 (13)	>0.99
	Intestinal pneumonia, n (%)	26 (54.2)	13 (12)	13 (10)	0.9807
	Abx_acute infection, n(%)	25 (52.1)	12 (48)	13 (56.5)	0.7632
	Antivirals_acute infection, n (%)	13 (27.1)	4 (16)	9 (39.1)	0.1398
	Acute_GI symptoms, n (%)	19 (39.5)	10 (40)	9 (39.1)	>0.99
	Duration of LC symptoms, months median (IQR)	30 (21.25; 34)	28 (17; 34)	34 (27; 35)	0.07432
	LC symptoms
 Brain fogging, n (%)
 Gastrointestinal, n (%)
 Concentration, n (%)
 Memory loss, n (%)
 Dyspnea, n (%)
 Chest pain, n (%)
 Cough, n (%)
 Anosmia, n (%)
 Dysgeusia, n (%)
 Headache, n (%)
 Rhinitis, n (%)
 Alopecia, n (%)
 Poor appetite, n (%)
 Dizziness, n (%)
 Myalgias, n (%)
 Joint pain, n (%)	
46 (95.8)
25 (52.1)
44 (91.7)
35 (72.9)
24 (50)
6 (12.5)
4 (8.3)
2 (4.2)
0
11 (22.9)
2 (4.2)
11 (22.9)
9 (18.8)
18 (37.5)
33 (68.8)
33 (68.8)	
24 (95.6)
14 (56)
22 (88)
17 (68)
11 (44)
2 (8)
2 (8)
2 (8)
0
7 (28)
1 (4)
5 (20)
3 (12)
10 (40)
17 (68)
16 (69.6)	
22 (95.6)
11 (47.8)
22 (95.7)
18 (78.3)
13 (56.5)
4 (17.4)
2 (4.3)
0
0
4 (17.4)
1 (4.3)
6 (26.1)
6 (26.1)
8 (34.8)
16 (69.6)
17 (73.9)	
>0.99
0.7817
0.6631
0.6354
0.5634
0.5851
>0.99
0.5075
1
0.5962
>0.99
>0.99
0.4616
0.9405
>0.99
0.6683
	 Sweating, n (%)	6 (13)	3 (12)	3 (13)	>0.99


Overall, 50% of participants had a history of hospitalization during the acute phase of COVID-19, and a substantial proportion reported gastrointestinal symptoms both during the acute infection and at the time of Long COVID evaluation (Table 1). The median duration of persistent symptoms was 30 months, with comparable distribution between the two study groups (Table 1). The spectrum of Long COVID symptoms among the participants included cognitive impairment (“brain fog”) (95.8%), reduced concentration (91.7%), memory loss (72.9%), musculoskeletal pain (68.8%), gastrointestinal symptoms (52.1%), dyspnea (50%), dizziness (37.5%), hair loss (22.9%), poor appetite (18.8%), chest discomfort (12.5%), chronic cough (8.3%), and rhinitis (4.2%) (Table 1). All participants reported the presence of more than four symptoms in addition to fatigue. Analyses of clinical outcomes were performed on the full study population. For microbiota, immune, and metabolomic analyses, subsets of patients were included based on sample availability; the number of samples analyzed for each assay is indicated in the corresponding figures. No clinically relevant adverse events were reported during the study period.
VSL#3® supplementation improves fatigue and patient-reported outcomes in long COVID patients
The primary endpoint of the study was the change in fatigue, assessed by the Chalder Fatigue Scale (CFS), after 4 weeks of supplementation. A significant reduction in fatigue was observed in patients receiving VSL#3® compared to placebo from baseline (t0) to the end of treatment (t4) (Figures 2A,B; Table 2). In line with this, the change in CFS score was greater in the VSL#3® group compared to placebo (24.24 vs. 6.06, p = 0.037) (Figure 2A). This improvement was maintained at follow-up (t8) in the VSL#3® group, whereas no significant changes were observed in the placebo group (Figure 2B). In parallel, the proportion of responders was higher among VSL#3®-treated patients compared to placebo (68% vs. 35.7%, p = 0.019) (Figure 2C).
[image: Panel A displays a violin plot comparing Chalder Fatigue Scores between placebo and VSL#3®, showing a significant difference; panel B shows longitudinal Chalder Fatigue Scores at various weeks, with significant differences at several timepoints for VSL#3® versus placebo; panel C presents a bar graph of responder percentages, indicating significantly more responders in the VSL#3® group; panel D is a horizontal bar chart depicting effect sizes of various health indicators after VSL#3® compared to placebo, with significant effects highlighted; panel E provides violin plots of SF36-Fatigue Scores over time by treatment, demonstrating significant improvement with VSL#3®.]FIGURE 2 | Effects of VSL#3® supplementation on fatigue and patient-reported outcomes in long COVID patients. (A) Variation in Chalder Fatigue Scale (CFS) score in placebo and VSL#3®-treated patients. (B) CFS scores over time in placebo (blue) and VSL#3®-treated (red) patients. (C) Percentage of responders in placebo and VSL#3®-treated patients. (D) Effect size of changes in patient-reported outcomes in VSL#3®-treated patients compared to placebo; parameters with adjusted p-values <0.05 are highlighted. Statistical analysis has been performed by Mann Whitney test, one tailed. (E) SF-36 fatigue scores at baseline (t0), end of treatment (t4), and follow-up (t8) in placebo (blue) and VSL#3®-treated (red) patients. Data are shown as individual values with distribution plots. Statistical analysis has been performed by two-ways ANOVA. *p < 0.05; **p < 0.01; ****p < 0.0001.TABLE 2 | Statistical analysis of patient-reported outcomes.	Variable	Placebo (n = 25)	VSL#3® (n = 23)	p-value§
	CFS
 Likert variation %	
6.06 (0; 24.24)	
24.24 (10.61; 40.91)	
0.03738
	(SF)-36
 Fatigue variation %	
0 (−5; 5)	
10 (0; 15)	
0.0637
	 Physical functioning variation %	0 (−10; 5)	5 (0; 17.5)	0.03738
	 Role limitation due to emotional problems variation %	0 (0; 0)	32 (0; 67)	0.03738
	 Role limitation due to physical health variation %	0 (0; 25)	0 (0; 25)	0.288167
	 Social functioning variation %	0 (0; 13)	12 (0; 25)	0.202125
	 Emotional wellbeing variation %	0 (−4; 4)	4 (0; 16)	0.1092
	 Health change variation %	0 (−25; 0)	0 (0; 50)	0.045518
	 General health variation %	0 (−5; 0)	5 (−5; 15)	0.1554
	 Pain variation %	0 (−10; 12)	0 (0; 17)	0.202125
	SAGIS	​	​	​
	 Total variation %	0 (−2.27; 3.41)	3.41 (−0.57; 7.39)	0.130463
	 Epigastric pain variation %	0 (−3.57; 3.57)	7.14 (0; 10.71)	0.05922
	 IBS Variation %	0 (−4.17; 8.33)	4.17 (−2.08; 4.17)	0.587
	 Acid regurgitation variation %	0 (0; 8.33)	8.33 (0; 16.67)	0.1554
	 Nausea and vomit variation %	0 (−6.25; 0)	0 (−3.13; 6.25)	0.185769
	 Constipation variation %	0 (0; 0)	0 (0; 12.5)	0.185769
	(SCL)-90
 Somatization variation %	
4.17 (−2.08; 8.33)	
8.33 (1.04; 10.42)	
0.182318
	HADS
 -A variation %	
0 (0; 9.52)	
4.76 (0; 9.52)	
0.266824
	 -D variation %	0 (0; 9.52)	4.76 (0; 14.29)	0.202125
	KPS	0 (0; 0)	0 (0; 10)	0.332684
	VAS	0 (−20; 0)	−10 (−20; 0)	0.5481


For each questionnaire, data are expressed as the median (first and third quartile) of the change in score between T0 and T4 in placebo and VSL#3®-treated groups. P-values indicate differences between groups. Values are reported as median (first quartile, third quartile). § P-values were calculated using the Mann-Whitney test.
Patient-reported outcomes showed patterns consistent with the primary endpoint. Improvements in quality of life, assessed by SF-36, were observed in the VSL#3® group at week 4; however, these changes did not reach statistical significance (Figure 2D; Table 2). Longitudinal analysis of SF-36 fatigue scores showed an improvement from baseline to week 4 that was maintained at follow-up (t8) in the VSL#3® group, whereas no consistent changes were observed in the placebo group (Figure 2E). Significant improvements were observed in specific symptom domains, including epigastric pain and gastrointestinal disturbances, as well as in measures of emotional wellbeing (adjusted p-values <0.05; Supplementary Figures S1–S3). No statistically significant differences were detected across other clinical questionnaires, although numerical improvements were observed in the VSL#3® group across several measures.
Overall, these findings demonstrate that VSL#3® supplementation significantly improved fatigue in long COVID patients, with benefits persisting up to 4 weeks after treatment discontinuation, accompanied by improvements in selected patient-reported outcomes.
VSL#3® supplementation is associated with compositional changes in the gut microbiota of long COVID patients
Gut microbiota alterations have been reported in patients with COVID-19 and may persist after resolution of the acute infection [10, 11]. In the present study, no significant differences in microbial diversity were observed between placebo and VSL#3®-treated patients at baseline (t0) or at the end of treatment (t4), as assessed by alpha diversity (Shannon index) and beta diversity (Bray-Curtis dissimilarity) (Figures 3A,B).
[image: Panel A shows a dot and box plot comparing Shannon diversity index across time points and treatments (placebo and VSL#3). Panel B presents a principal coordinates analysis (PCoA) scatterplot showing microbiome beta diversity clustering by time and treatment. Panel C displays a stacked bar chart of relative abundances for bacterial genera in each treatment group and time point. Panel D is a volcano plot comparing log-two fold changes and significance of different amplicon sequence variants (ASVs) between placebo and VSL#3 treatments, with labeled taxa. Panel E shows a volcano plot of ASV differential abundance between non-responders and responders, highlighting taxa with significant differences.]FIGURE 3 | VSL#3® supplementation is associated with compositional changes in the gut microbiota. (A,B) Alpha (A, Shannon index) and beta (B, Bray-Curtis dissimilarity) diversity in placebo (blue) and VSL#3®-treated (red) patients at baseline (t0) and at the end of treatment (t4). (C) Relative abundance of bacterial taxa in placebo and VSL#3®-treated patients. (D,E) Differentially abundant taxa identified at t4 between placebo and VSL#3®-treated patients (D) and between clinical responders and non-responders within the VSL#3® group (E). Statistical analysis has been performed by DESeq2. Only the ASVs with a FDR < 0.05 and an absolute log2FC > 1 are colored, and the name is reported only for the subset with a FDR < 0.01.Despite the absence of global changes in community structure, differential abundance analysis identified specific taxa enriched in VSL#3®-treated patients at t4, including members of the Bifidobacterium, Lactobacillus, Streptococcus, and Barnesiella genera (Figures 3C,D). Several of these taxa correspond to strains contained in the VSL#3® formulation (Supplementary Table S3).
Within the VSL#3® group, clinical responders exhibited distinct microbial signatures compared to non-responders, with enrichment of taxa including Bacteroides, Ruminococcus, Coprococcus, Phascolarctobacterium, Sutterella, Prevotella, Holdemanella, Akkermansia, and Clostridium cluster IV (Figure 3E).
Functional prediction analysis suggested differences in microbial metabolic pathways following VSL#3® supplementation, including enrichment of glycine, threonine, and methionine metabolism (KEGG pathway ko00260), a pathway utilized by commensal bacteria and potentially linked to microbial metabolic activity36 (Supplementary Figure S4). Conversely, no consistent enrichment of microbiome-related pathways was observed in placebo-treated individuals (Supplementary Figure S4).
Overall, these findings indicate that VSL#3® supplementation is associated with selective compositional changes in the gut microbiota, particularly among clinical responders, in the absence of major shifts in overall microbial diversity.
VSL#3® supplementation is associated with modulation of immune parameters in long COVID patients
The gut microbiota has been shown to influence host immune responses [34]. To investigate the impact of VSL#3® supplementation on systemic immune parameters, serum cytokine and chemokine profiles were assessed by multiplex analysis. Overall, circulating cytokine and chemokine levels were comparable between placebo and VSL#3®-treated patients (Figures 4A,B). Within the VSL#3® group, reductions in IL1α, IL6, IL7, IFNα, and G-CSF levels were observed at the end of treatment (t4) compared with baseline (Figure 4C), suggesting a partial attenuation of persistent low-grade immune activation associated with long COVID. However, no significant differences between treatment groups were detected at t4. Therefore, these findings should be considered exploratory and interpreted with caution.
[image: Scientific figure composed of six panels. Panel A shows scatter plots of circulating cytokine concentrations for multiple analytes. Panel B presents bar graphs comparing cytokine levels between placebo and VSL#3® groups. Panel C displays paired bar plots comparing selected cytokines at baseline (T0) and after treatment (T4) within the VSL#3® group. Panel D is a bubble plot summarizing differences in immune cell populations and cytokine markers between treatment groups. Panels E and F show clustered correlation heatmaps illustrating associations between gut microbial taxa and immune parameters in placebo and VSL#3® groups, and between clinical responders and non-responders, respectively.]FIGURE 4 | VSL#3® supplementation is associated with modulation of immune parameters and microbiota-immune interaction patterns in long COVID patients. (A,B) Concentration of circulating cytokines and chemokines measured by Luminex analysis in serum samples from placebo (blue symbols) and VSL#3®-treated (pink symbols) patients at t4. Cytokines and chemokines below (A) and above (B) 1500 pg/mL are shown separately. (C) Serum levels of cytokines associated with inflammatory and immune activation in VSL#3®-treated patients at baseline (t0, light pink symbols) and end of treatment (t4, dark pink symbols). Cytokine analyses (panels A–C) were performed on a selected subset of patients with available paired serum samples at t0 and t4 (n = 28; placebo n = 15, VSL#3® n = 13). (D) Balloon plot showing scaled integrated frequencies of the indicated immune cell populations in placebo and VSL#3®-treated patients following flow cytometry-based immune phenotyping analysis. Immune phenotyping analyses were performed on the full study cohort. (E,F) Heatmaps showing Spearman’s rho correlations between significantly enriched bacterial taxa and immune parameters in (E) placebo and VSL#3®-treated patients at t4 and (F) responder and non-responder patients within the VSL#3® group at t4. Significant correlations (p < 0.05) are indicated by an asterisk (*). Statistical analysis has been performed by t- test, two tailed.In parallel, immune cell phenotyping revealed changes in cellular immune populations following VSL#3® supplementation, including increased proportions of CD8+ T cells and CD68+ macrophages together with reduced CD66b+ granulocytes at t4 compared to baseline (Figure 4D), suggesting a remodelling of innate and adaptive immune responses following supplementation.
To further explore the relationship between microbiota composition and immune responses, correlation analysis was performed. Distinct association patterns between microbial taxa and immune parameters were observed in VSL#3®-treated patients compared to placebo (Figure 4E). In particular, taxa enriched in the VSL#3® group were associated with members of the Lachnospiraceae family and with IL1α levels, a cytokine involved in cellular stress and inflammatory signaling [35], whereas in placebo-treated individuals, Prevotella spp. were associated with IFNα, a cytokine involved in antiviral and pro-inflammatory immune responses [36]. In addition, Coprococcus, a commensal bacterium [37], showed positive correlations with IL10 and IL7 in responder patients, suggesting a potential link between commensal microbial signatures and pathways involved in immune regulation and persistence of low-grade inflammation [25, 38, 39]. Conversely, in non-responders, Akkermansia showed negative correlations with IL17 and G-CSF (Figure 4F), suggesting distinct microbiota-immune interaction patterns associated with altered inflammatory signaling.
Collectively, these findings indicate that VSL#3® supplementation is associated with remodeling of inflammatory and immune-related pathways, accompanied by distinct microbiota-immune interaction patterns in long COVID patients.
Microbiota-derived metabolites and neuromodulators are associated with clinical response to VSL#3® supplementation
To further investigate the relationship between gut microbiota remodeling and clinical improvement, fecal SCFAs together with fecal and serum neuromodulators were evaluated by targeted metabolomic analyses. Overall, fecal SCFA and neuromodulator levels showed high inter-individual variability and no major differences between placebo and VSL#3®-treated patients over time (Figure 5A). Similarly, fecal dopamine and serotonin concentrations did not show consistent differences between treatment groups (Figure 5B). Serum dopamine and serotonin levels also showed high variability across patients, without significant differences between placebo and VSL#3®-treated groups over time (Figure 5C).
[image: Panel A presents six violin plots comparing short-chain fatty acid concentrations between VSL#3® and placebo groups at baseline (T0) and after treatment (T4). Panels B and C show violin plots of dopamine and serotonin concentrations over time in the placebo and VSL#3® groups. Panels D and E show clustered correlation heatmaps illustrating associations among clinical outcomes, metabolites, and gut microbial taxa, with clustering and color indicating the strength and direction of the correlations.]FIGURE 5 | Microbiota-derived metabolites and neuromodulators are associated with clinical response to VSL#3® supplementation. (A) Fecal concentrations (μg/g) of SCFAs measured by targeted mass spectrometry-based analyses in placebo (blue symbols) and VSL#3®-treated (red symbols) patients. (B) Fecal concentrations (μg/g) of dopamine and serotonin measured by targeted mass spectrometry-based analyses in placebo (blue symbols) and VSL#3®-treated (red symbols) patients. (C) Serum concentrations (μM) of dopamine and serotonin in placebo (blue symbols) and VSL#3®-treated (red symbols) patients. Metabolomic analyses (panels A–C) were performed on a selected subset of patients (n = 30; placebo n = 16; VSL#3® n = 14). (D) Heatmap showing Spearman’s rho correlations between microbiota-derived metabolites and bacterial ASVs enriched in responder patients. (E) Correlation plot showing Spearman’s correlation coefficients computed between, on one side, metabolite levels, cytokine concentrations, and ASVs differentially enriched between responder and non-responder groups at T4 and, on the other side, questionnaire scores at T4. Correlations with a nominal p-value <0.05 are indicated by an asterisk (*). Statistical analysis has been performed by t- test, two tailed.However, exploratory analyses in responder patients identified associations between specific microbiota-derived metabolites and bacterial taxa enriched following supplementation. In particular, correlation analyses performed in responder patients revealed positive associations between isovaleric acid and Coprococcus, as well as between valeric acid and Ruminococcus (Figure 5D), two commensal bacterial genera associated with microbial metabolic activity and gut ecosystem balance [37, 40]. Furthermore, exploratory correlation analyses integrating metabolite levels, cytokine concentrations, ASVs differentially enriched between responder and non-responder groups, and questionnaire scores at T4 revealed coordinated microbiota-immune-metabolic patterns associated with clinical outcomes (Figure 5E).
Collectively, these findings suggest that clinical improvement following VSL#3® supplementation is associated with coordinated microbiota-immune-metabolic interaction patterns potentially involved in gut-brain communication.
DISCUSSION
Fatigue remains one of the most prevalent and disabling manifestations of long COVID, substantially affecting daily activities and quality of life. Five years after the beginning of the COVID-19 pandemic, long COVID continues to represent a major unmet clinical challenge, with no approved disease-modifying therapies currently available and only limited evidence supporting existing interventions [5, 41, 42].
In this randomized, double-blind, placebo-controlled trial, we investigated the effects of VSL#3® supplementation in patients with long COVID, specifically targeting fatigue as the primary endpoint. In our cohort, VSL#3® supplementation significantly improved fatigue, as assessed by the Chalder Fatigue Scale, with a higher proportion of clinical responders compared to placebo-treated patients (Figures 2A–C). Notably, the clinical benefit persisted up to 4 weeks after treatment discontinuation, suggesting a sustained effect beyond the supplementation period. In parallel, improvements were also observed in physical functioning, general wellbeing, health-related quality of life, and gastrointestinal symptoms (Figures 2D,E), further supporting the potential relevance of gut-directed interventions in long COVID patients.
The biological mechanisms underlying long COVID remain incompletely understood and are likely heterogeneous across patients. Among the proposed pathogenic mechanisms, increasing evidence supports a role for gut microbiota dysbiosis in long COVID pathophysiology. Previous studies have consistently reported persistent gut microbiota alterations in both acute COVID-19 and long COVID patients, including depletion of health-associated commensals such as Bifidobacterium and Lactobacillus, enrichment of opportunistic pathogens, and reduction of butyrate-producing bacteria, often correlating with inflammatory markers and symptom persistence [11–14, 43]. In agreement with these observations, VSL#3® supplementation in our cohort was associated with enrichment of health-associated bacterial genera, including Bifidobacterium, Lactobacillus, Barnesiella, and Streptococcus, together with SCFA-associated taxa such as Ruminococcus, Coprococcus, and Clostridium cluster IV (Figures 3D,E). These findings occurred in the absence of major shifts in alpha and beta diversity, supporting the concept that specific alterations in microbial composition and associated metabolic functions may be more informative than global diversity metrics in explaining clinical outcomes [44]. In recent years, microbiota-targeted therapeutic approaches, including probiotics, symbiotics, and fecal microbiota transplantation, have emerged as potential supportive strategies for long COVID management [17, 45]. In this context, VSL#3® represents a probiotic formulation already widely available in Europe and the United States, potentially facilitating the clinical translation of microbiota-based interventions. It should be noted that several of the bacterial taxa enriched following VSL#3® supplementation, including Bifidobacterium, Lactobacillus, and Streptococcus, correspond to genera contained in the administered formulation (Supplementary Table S3). Their increased relative abundance at t4 may therefore partly reflect transient detection of the supplemented organisms rather than durable remodeling of the resident microbiota, a distinction that cannot be fully resolved by 16S rRNA gene profiling. Nevertheless, clinical responders were additionally characterized by the enrichment of commensal taxa not present in the formulation, such as Bacteroides, Ruminococcus, Coprococcus, and Clostridium cluster IV (Figure 3E), suggesting that the observed changes may extend beyond the simple persistence of administered strains. Moreover, the maintenance of clinical benefit 4 weeks after treatment discontinuation argues against a purely transient effect. However, given the relatively short follow-up period, it remains unclear whether these compositional changes are durable, and longer-term, strain-resolved (e.g., shotgun metagenomic) analyses will be required to establish whether VSL#3® induces stable microbiota remodeling or transient enrichment of the supplemented organisms.
Persistent immune activation and chronic low-grade inflammation have been increasingly implicated in long COVID pathophysiology [6, 46, 47]. In our cohort, VSL#3® supplementation was associated with reduced circulating levels of selected pro-inflammatory and immune-related cytokines, including IL1α, IL6, IL7, IFNα, and G-CSF, together with remodelling of immune cell populations characterized by increased CD8+ T cells and CD68+ macrophages and reduced CD66b+ granulocytes (Figures 4C,D). Of note, these cytokine changes were observed as within-group variations over time and did not reach statistical significance when compared with the placebo arm (Figures 4A,B); they should therefore be interpreted with caution as exploratory, hypothesis-generating findings. Correlation analyses additionally identified associations between health-associated bacterial taxa and immune regulatory markers (Figures 4E,F), supporting the possibility that microbiota-targeted interventions may contribute to modulation of persistent immune dysregulation in long COVID.
The microbiota-gut-brain axis has also emerged as a potential contributor to fatigue and neurocognitive symptoms in long COVID and related post-infectious chronic conditions [18, 19, 48–51]. In our study, fecal and serum neuromodulator levels showed high inter-individual variability and no consistent treatment-associated changes over time (Figures 5A–C). However, exploratory correlation analyses identified coordinated associations among microbiota-derived metabolites, health-associated bacterial taxa, immune-related markers, and clinical outcomes in responder patients (Figures 5D,E), suggesting the existence of broader microbiota–immune–metabolic interaction patterns associated with symptom improvement.
This study has several strengths, including the randomized double-blind placebo-controlled design and the integrated clinical, microbiota, immune, and metabolomic analyses. However, the relatively small cohort size, the limited duration of the post-treatment follow-up, the exploratory nature of the multi-omic analyses, and the lack of vaccination-status stratification represent important limitations. In addition, we were unable to assess whether the response to VSL#3® differed according to the presence of gastrointestinal symptoms during or after COVID-19, as the number of patients reporting these symptoms was too small to allow meaningful subgroup analyses. Future studies with larger cohorts should specifically investigate whether gastrointestinal manifestations identify a subset of Long COVID patients who may derive greater benefit from microbiota-targeted interventions. In conclusion, VSL#3® supplementation improved fatigue and selected quality-of-life parameters in patients with long COVID, with benefits persisting after treatment discontinuation. These clinical improvements were associated with coordinated changes involving gut microbiota composition, immune-related pathways, and microbiota-associated metabolic signatures, supporting further investigation of microbiota-targeted interventions in long COVID.
SUMMARY TABLE
What is known about this topic
	Long COVID is frequently associated with persistent fatigue and impaired quality of life.
	Gut microbiota dysbiosis and immune dysregulation are implicated in long COVID and linked to symptom persistence.
	Microbiota-targeted approaches such as probiotics are proposed for long COVID, but controlled clinical evidence is scarce.

What this work adds
	VSL#3® significantly improved fatigue compared with placebo in patients with long COVID.
	Clinical benefit persisted after treatment discontinuation and was accompanied by improvements in selected patient-reported outcomes.
	Integrated multi-omics linked microbiota-derived metabolites and immune markers to clinical response.

This work represents an advance in biomedical science because it provides randomized placebo-controlled evidence supporting microbiota-targeted interventions for long COVID and identifies biological pathways associated with clinical improvement.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ebi.ac.uk/ena, PRJEB78610.
ETHICS STATEMENT
The studies involving humans were approved by Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Via Sforza 28, 20122 Milano, Italia. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Concept and study design: FC, BM, AR, FF, and DN. Patient recruitment and clinical data collection: BM, AB, AG, MM, FB, and MV. Experimental procedures and data acquisition: CA, PM, and BM. Bioinformatic and statistical analyses: PM and CA. Data interpretation: All authors. Drafting of the manuscript: CA, PM, BM, FC, and FF. Critical revision of the manuscript for important intellectual content: All authors. Administrative and technical support: FC. Funding acquisition: FC and FF. Supervision: FC and FF. All authors contributed to the article and approved the submitted version.
FUNDING
The author(s) declared that financial support was received for this work and/or its publication. This study was partially funded by the Italian Ministry of Health through Ricerca Corrente and by the 5 × 1000 research award from Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico (to FC). The study also received a non-conditioning financial grant from Actial Farmaceutica S.r.l., which provided the probiotic formulation used in the trial. The funder was not involved in the study design, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.
ACKNOWLEDGMENTS
The Authors thank Dario Consonni for support with statistical analyses, Andrea Costantino for patient recruitment, Sara Comparetti for administrative assistance, and the Clinical Trial Center of IRCCS Fondazione Ca’ Granda Ospedale Maggiore Policlinico for their fundamental support throughout the study. MV and FC acknowledge support from the Italian Ministry of University and Research (MUR) through the “Dipartimenti di Eccellenza Program 2023–2027” awarded to the Department of Pathophysiology and Transplantation, University of Milan, and from the PNC project “Hub Life Science–Diagnostica Avanzata (HLS-DA)” (PNC-E3-2022-23683266; CUP: C43C22001630001).
CONFLICT OF INTEREST
The author(s) declared that this work was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declared that generative AI was used in the creation of this manuscript. Generative AI tools were used exclusively to support language editing and text refinement. All scientific content, data interpretation, analyses, and conclusions were developed, verified, and approved by the authors, who take full responsibility for the final content of the manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontierspartnerships.org/articles/10.3389/bjbs.2026.16993/full#supplementary-material
REFERENCES
	Chatterjee, D, and Maparu, K. Long COVID syndrome: exploring therapies for managing and overcoming persistent symptoms. Inflammopharmacology (2025) 33(7):4097–113. doi:10.1007/s10787-025-01807-w

	Ely, EW, Brown, LM, and Fineberg, HV. National academies of sciences, engineering, and medicine committee on examining the working definition for long covid. Long covid defined. N Engl J Med (2024) 391(18):1746–53. doi:10.1056/NEJMsb2408466

	Global Burden of Disease Long COVID CollaboratorsWulf Hanson, S, Abbafati, C, Aerts, JG, Al-Aly, Z, and Ashbaugh, CEstimated global proportions of individuals with persistent fatigue, cognitive, and respiratory symptom clusters following symptomatic COVID-19 in 2020 and 2021. JAMA (2022) 328(16):1604–15. doi:10.1001/jama.2022.18931

	Omdal, R, Lenning, OB, Jonsson, G, Kvaløy, JT, Skoie, IM, Braut, GS, et al. Persistent fatigue in long-COVID is not associated with peripheral inflammatory or cellular stress biomarkers: a cross-sectional controlled study. Brain Behav and Immun - Health (2026) 54:101226. doi:10.1016/j.bbih.2026.101226

	Meagher, T. Long Covid in year 5: some progress, still many questions. J Insur Med (2025) 52(2):61–5. doi:10.17849/insm-52-2-1-5.2

	Aid, M, Boero-Teyssier, V, McMahan, K, Dang, R, Doyle, M, Belabbaci, N, et al. Long COVID involves activation of proinflammatory and immune exhaustion pathways. Nat Immunol (2026) 27(1):61–71. doi:10.1038/s41590-025-02353-x

	Maison, DP, Khadka, VS, Mohd-Ibrahim, I, Peluso, MJ, Henrich, TJ, Deng, Y, et al. Peripheral immune progression to long COVID is associated with mitochondrial gene transcription: a meta-analysis. Mitochondrion (2025) 85:102072. doi:10.1016/j.mito.2025.102072

	Ikeda, G, Koike-Ieki, M, Inoue, H, Dadhania, AV, El Kamari, V, Jagannathan, P, et al. Plasma extracellular vesicle surface marker profiling reveals immune cell-associated mitochondrial membrane potential alterations in long COVID and myalgic encephalomyelitis/chronic fatigue syndrome. Open Forum Infect Dis (2026) 13(5):ofag209. doi:10.1093/ofid/ofag209

	Gabernet, G, Maciuch, J, Gygi, JP, Moore, JF, Hoch, A, Syphurs, C, et al. A multiomics recovery factor predicts long COVID in the IMPACC study. J Clin Invest (2025) 135(21):e193698. doi:10.1172/JCI193698

	Xie, Q, Ni, J, Guo, W, Ding, C, Wang, F, Wu, Y, et al. Two-year follow-up of gut microbiota alterations in patients after COVID-19: from the perspective of gut enterotype. Microbiol Spectr (2025) 13(5):e02774–24. doi:10.1128/spectrum.02774-24

	Zuo, T, Liu, Q, Zhang, F, Lui, GCY, Tso, EY, Yeoh, YK, et al. Depicting SARS-CoV-2 faecal viral activity in association with gut microbiota composition in patients with COVID-19. Gut (2021) 70(2):276–84. doi:10.1136/gutjnl-2020-322294

	Yeoh, YK, Zuo, T, Lui, GCY, Zhang, F, Liu, Q, Li, AY, et al. Gut microbiota composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut (2021) 70(4):698–706. doi:10.1136/gutjnl-2020-323020

	Liu, Q, Su, Q, Zhang, F, Tun, HM, Mak, JWY, Lui, GCY, et al. Multi-kingdom gut microbiota analyses define COVID-19 severity and post-acute COVID-19 syndrome. Nat Commun (2022) 13(1):6806. doi:10.1038/s41467-022-34535-8

	Zuo, T, Zhang, F, Lui, GCY, Yeoh, YK, Li, AYL, Zhan, H, et al. Alterations in Gut microbiota of patients with COVID-19 during time of hospitalization. Gastroenterology (2020) 159(3):944–55.e8. doi:10.1053/j.gastro.2020.05.048

	Lau, RI, Su, Q, and Ng, SC. Long COVID and gut microbiome: insights into pathogenesis and therapeutics. Gut Microbes (2025) 17(1):2457495. doi:10.1080/19490976.2025.2457495

	Camps-Massa, P, Pérez-Mormeneu, J, Guevara-Nuñez, D, Saiz-Escobedo, L, Calatayud, L, González-Díaz, A, et al. Gut microbiome shift in long COVID: impact of disease and montelukast treatment. J Glob Health (2026) 16:04164. doi:10.7189/jogh.16.04164

	Lau, RI, Su, Q, Ching, JYL, Lui, RN, Chan, TT, Wong, MTL, et al. Fecal microbiota transplantation for sleep disturbance in post-acute COVID-19 syndrome. Clin Gastroenterol Hepatol (2024) 22(12):2487–96.e6. doi:10.1016/j.cgh.2024.06.004

	Goh, DY, Lam, WC, and Zhong, LLD. Effect of interventions for the management of sleep disturbances in patients with long COVID: a systematic review and meta-analysis of randomized controlled trials. J Clin Sleep Med (2025) 21(11):1993–2005. doi:10.5664/jcsm.11782

	PNAS. Patient-reported treatment outcomes in ME/CFS and long COVID. Available online at: https://www.pnas.org/doi/10.1073/pnas.2426874122 (Accessed May 18, 2026).

	Komaroff, AL, and Lipkin, WI. ME/CFS and long COVID share similar symptoms and biological abnormalities: road map to the literature. Front Med (Lausanne) (2023) 10:1187163. doi:10.3389/fmed.2023.1187163

	Stussman, B, Camarillo, N, McCrossin, G, Stockman, M, Norato, G, Vetter, CS, et al. Post-exertional malaise in long COVID: subjective reporting versus objective assessment. Front Neurol (2025) 16:1534352. doi:10.3389/fneur.2025.1534352

	Caliman-Sturdza, OA, Hamamah, S, Iatcu, OC, Lobiuc, A, Bosancu, A, and Covasa, M. Microbiome and long COVID-19: current evidence and insights. Int J Mol Sci (2025) 26(20):10120. doi:10.3390/ijms262010120

	Atieh, O, Daher, J, Durieux, JC, Abboud, M, Labbato, D, Baissary, J, et al. Vitamins K2 and D3 improve long COVID, fungal translocation, and inflammation: randomized controlled trial. Nutrients (2025) 17(2):304. doi:10.3390/nu17020304

	Cheng, FS, Pan, D, Chang, B, Jiang, M, and Sang, LX. Probiotic mixture VSL#3: an overview of basic and clinical studies in chronic diseases. World J Clin Cases (2020) 8(8):1361–84. doi:10.12998/wjcc.v8.i8.1361

	Burrello, C, Strati, F, Lattanzi, G, Diaz-Basabe, A, Mileti, E, Giuffrè, MR, et al. IL10 secretion endows intestinal human iNKT cells with regulatory functions towards pathogenic T lymphocytes. J Crohns Colitis (2022) 16(9):1461–74. doi:10.1093/ecco-jcc/jjac049

	Scientific Reports. MICCA: a complete and accurate software for taxonomic profiling of metagenomic data. Available online at: https://www.nature.com/articles/srep09743 (Accessed March 17, 2026).

	Edgar, RC. UNOISE2: improved error-correction for illumina 16S and ITS amplicon sequencing. bioRxiv (2016):081257. doi:10.1101/081257

	Wang, Q, Garrity, GM, Tiedje, JM, and Cole, JR. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ Microbiol (2007) 73(16):5261–7. doi:10.1128/AEM.00062-07

	DeSantis, TZ, Hugenholtz, P, Keller, K, Brodie, EL, Larsen, N, Piceno, YM, et al. NAST: a multiple sequence alignment server for comparative analysis of 16S rRNA genes. Nucleic Acids Res (2006) 34:W394–399. doi:10.1093/nar/gkl244

	Price, MN, Dehal, PS, and Arkin, AP. FastTree 2--approximately maximum-likelihood trees for large alignments. PLoS One (2010) 5(3):e9490. doi:10.1371/journal.pone.0009490

	McMurdie, PJ, and Holmes, S. Phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One (2013) 8(4):e61217. doi:10.1371/journal.pone.0061217

	Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi:10.1186/s13059-014-0550-8

	Zhu, JH, Mao, Q, Wang, SY, Liu, H, Zhou, SS, Zhang, W, et al. Optimization and validation of direct gas chromatography-mass spectrometry method for simultaneous quantification of ten short-chain fatty acids in rat feces. J Chromatogr A (2022) 1669:462958. doi:10.1016/j.chroma.2022.462958

	Zheng, D, Liwinski, T, and Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res (2020) 30(6):492–506. doi:10.1038/s41422-020-0332-7

	Cavalli, G, Colafrancesco, S, Emmi, G, Imazio, M, Lopalco, G, Maggio, MC, et al. Interleukin 1α: a comprehensive review on the role of IL-1α in the pathogenesis and treatment of autoimmune and inflammatory diseases. Autoimmun Rev (2021) 20(3):102763. doi:10.1016/j.autrev.2021.102763

	González-Navajas, JM, Lee, J, David, M, and Raz, E. Immunomodulatory functions of type I interferons. Nat Rev Immunol (2012) 12(2):125–35. doi:10.1038/nri3133

	Yang, R, Shan, S, Shi, J, Li, H, An, N, Li, S, et al. Coprococcus eutactus, a potent probiotic, alleviates colitis via acetate-mediated IgA response and microbiota restoration. J Agric Food Chem (2023) 71(7):3273–84. doi:10.1021/acs.jafc.2c06697

	Tan, JT, Dudl, E, LeRoy, E, Murray, R, Sprent, J, Weinberg, KI, et al. IL-7 is critical for homeostatic proliferation and survival of naïve T cells. Proc Natl Acad Sci U S A (2001) 98(15):8732–7. doi:10.1073/pnas.161126098

	Jacobs, SR, Michalek, RD, and Rathmell, JC. IL-7 is essential for homeostatic control of T cell metabolism in vivo. J Immunol (2010) 184(7):3461–9. doi:10.4049/jimmunol.0902593

	Kim, YJ, Jung, DH, and Park, CS. Important roles of ruminococcaceae in the human intestine for resistant starch utilization. Food Sci Biotechnol (2024) 33(9):2009–19. doi:10.1007/s10068-024-01621-0

	eBioMedicine. Towards biology-informed therapies for long COVID. eBioMedicine (2026) 127:106302. doi:10.1016/j.ebiom.2026.106302

	Zeraatkar, D, Ling, M, Kirsh, S, Jassal, T, Shahab, M, Movahed, H, et al. Interventions for the management of long covid (post-covid condition): living systematic review. BMJ (2024) 387:e081318. doi:10.1136/bmj-2024-081318

	Su, Q, Lau, RI, Liu, Q, Li, MKT, Yan Mak, JW, Lu, W, et al. The gut microbiome associates with phenotypic manifestations of post-acute COVID-19 syndrome. Cell Host Microbe (2024) 32(5):651–60.e4. doi:10.1016/j.chom.2024.04.005

	Johnson, KVA, and Burnet, PWJ. Microbiome: should we diversify from diversity?Gut Microbes (2016) 7(6):455–8. doi:10.1080/19490976.2016.1241933

	Lau, RI, Su, Q, Lau, ISF, Ching, JYL, Wong, MCS, Lau, LHS, et al. A synbiotic preparation (SIM01) for post-acute COVID-19 syndrome in Hong Kong (RECOVERY): a randomised, double-blind, placebo-controlled trial. Lancet Infect Dis (2024) 24(3):256–65. doi:10.1016/S1473-3099(23)00685-0

	Tang, N, Ford, JM, Dal Bon, K, and Pulliam, L. Chronic inflammation and altered immune responses in LongCOVID associate with neurological manifestations and accelerated aging. Cells (2025) 14(23):1875. doi:10.3390/cells14231875

	Tobi, M, Chaudhari, D, Ryan, EP, Rossi, NF, Koka, O, Baxter, B, et al. Immune signatures in post-acute sequelae of COVID-19 (PASC) and myalgia/chronic fatigue syndrome (ME/CFS): insights from the fecal microbiome and serum cytokine profiles. Biomolecules (2025) 15(7):928. doi:10.3390/biom15070928

	Morris, G, Puri, BK, Walker, AJ, Maes, M, Carvalho, AF, Walder, K, et al. Myalgic encephalomyelitis/chronic fatigue syndrome: from pathophysiological insights to novel therapeutic opportunities. Pharmacol Res (2019) 148:104450. doi:10.1016/j.phrs.2019.104450

	Münte, C, Glattacker, M, Müller, S, Zülke, AE, Heinze, M, Riedel-Heller, SG, et al. Long COVID in people with mental health disorders: a scoping review. BMC Psychiatry (2025) 25:669. doi:10.1186/s12888-025-06935-9

	Shikova, E, Reshkova, V, Kumanova, А, Raleva, S, Alexandrova, D, Capo, N, et al. Cytomegalovirus, epstein-barr virus, and human herpesvirus-6 infections in patients with myalgic еncephalomyelitis/chronic fatigue syndrome. J Med Virol (2020) 92(12):3682–8. doi:10.1002/jmv.25744

	Schreiner, P, Harrer, T, Scheibenbogen, C, Lamer, S, Schlosser, A, Naviaux, RK, et al. Human Herpesvirus-6 reactivation, mitochondrial fragmentation, and the coordination of antiviral and metabolic phenotypes in Myalgic encephalomyelitis/chronic fatigue syndrome. Immunohorizons (2020) 4(4):201–15. doi:10.4049/immunohorizons.2000006


Copyright © 2026 Amoroso, Marinoni, Maragno, Rimondi, Bottaro, Ciafardini, Muià, Honcharyuk, Noviello, Caridi, Sommella, Bandera, Gori, Mantero, Blasi, Ferrucci, Priori, Strati, Vecchi, Facciotti and Caprioli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/bjbs-83-16993-g005.jpg
A

Acetic acid (pg/g)

Butyric acid (pg/g)

Dopamine (ug/g)

30000+
20000
10000-{ *
0
t0 t4 t0 t4
Time (weeks)
20000+

15000

10000
5000 * ‘

0
t0 t4 10 t4

Time (weeks)

10000
8000
6000
4000
2000 ;i
0
t0 t4 t0 t4
Time (weeks)
> 9 & w ¥

T Y o NN

20000 1500 [vsL#3®
2 15000 g M placebo
= 2 1000
o =]
§ 10000 g
g S 500
‘S 5000 5
o o
t0 t4 10 t4 10 t4 t0 t4
Time (weeks) Time (weeks)
1500 2500 2500
o o 20004 B 2000
£ 1000 Ed 2
= 2 1500 5 1500
L o 1000+ © 1000
5 500 2 S
< S 5004 £ 500 l 1
8 > w
T o 0 0
t0 t4 t0 t4 t0 t4 t0 t4 t0 t4 t0 t4
Time (weeks) c Time (weeks) Time (weeks)
50 4000 4
40 b =
3 s 3000 g3
2 30 = =
2 £ 2000 £2
e 5 E 4
§ . & ‘ & 1000 31
0 0 0
t0 t4 t0 t4 t0 t4 t0 t4 t0 t4 t0 t4
Time (weeks) Time (weeks) Time (weeks)
Outcome E
B Responder

[Z]Non responder

[
0 [ Y Outcome

| Acetic acid
Propionic acid
[ Isobutyric acid
.n Isovaleric acid

Dopamine
|| Serotonine

Butyric acid
. Hexanoic acid

Sutterella_ASV_3472

|| Lachnospiracea_incertae_sedis_ASV_3347
Lachnospiracea_incertae_sedis_ASV_2562
Clostridium sensu stricto_ASV_2374
Phascolarctobacterium_ASV_322
Akkermansia_ASV_110

| Prevotella_ASV_463

Prevotella_ASV_504

IL7
GCS-F
Ruminococcus_ASV_33

0.5

[ ASV_348 =
Prevotella_ASV_371
Coprococcus_ASV_94

| Isovaleric acid i

ASV_377

M iL10





OPS/images/bjbs-83-16993-g003.jpg
Cc "] Bacteroides
— | | Blautia

| Faecalibacterium
 Lachnospiracea incertae sedis
B Ruminococcaceae uncl.
B Lachnospiraceae uncl.
W Alistipes
B Prevotella
B Roseburia
B Ruminococcus
B Gemmiger
W Clostridiales uncl.
B Streptococcus
[ Bifidobacterium
B Anaerostipes
M Dorea

Ruminococcus2
W Fusicatenibacter
 Escherichia/Shigella
B Akkermansia

Shannon index
> »> »

% Abundances

-0.4 -0.2 0.0 0.2

Time Treatment PC1[8.9%] [ Romboutsia
® T0 @ placebo Time Treatment M Coprococcus
A T4 WVSL#3® e TO ® placebo L |1 Parabacteroides
A T4 ®VSL#Z® Qx> <O <> M Barnesiella
o .o @ ® Dialister
oé'o oé'o Pl B Erysipelotrichaceae uncl.
FLFLL __ Clostridium XIVa
B Clostridium sensu stricto
others
D E
eplacebo @ VSL#3® @ Non responder @ Responder
@ ASV434 251 @
Ruminococcus_ASV33
Bifidobacterium_ASV40
15
@ 204
s Lactobacillus_ASV634 =
S 10 ° \C-;Q =
Bifidobacterium ASV2663 = Phascolarctobacterium_AV322
1o @ - o Sutterella_ASVB472 — &P
—cl’ @Lactobacillus_ASV257 2 40 Clostridium sensu stricto_AS\[2374 Pr 9V0§§’éa—As V463
. I Lachnospiracea incertea sedis_ASV2562 Prevotella ASV:
Ruminococcus_ASV78| Bacteroides_ASV2422 i ] ) ¥ feVO’% a_ASV371
5 ASV185 Barnesiella_ASV104 Lachnospiracea incertea sedis_AS\V3347 Dialister_ASV194
Coprococcus_ASV30 1‘ Clostridium XIVa_ASV182 5 Prevotella_ASV504
° Lactobacillus_ASV334 Akkermansia_ASV110 ©
0 0
-20 0 20 -20 0 20

log2FoldChange log2FoldChange





OPS/images/bjbs-83-16993-g004.jpg
Bacteroides_ASV_213
Lachnospiracea_incertae_sedis_ASV_2353
Barnesiella_ASV_3763
Anaerostipes_ASV_219
ASV_185
~ Leuconostoc_ASV_1870

Treatment
o¥ oF |EvsLse
~“oim | Wplacebo

1500 .VSL#3® 80000
1000 Wplacebo
500
250 40000
E 200 € 15000
> >
S 150 . <
10000
100
50. 5000
Nz TR f» 5 G 0
KL SEAVEVE KRN
QK S VIR SR
IOXRZAYRN &0\ 3 AN Qg\}
<
CD3 . . ® -025 1S Bacteroides_ASV_75
CD4* A . . ® o0 * .Egsl\egges,ASVJM l
IFNg*CD4 . . @ oz = .. gl‘;)SFb ium senssu stricto_ASV_46 .
. loribacter_ASV_90
I1L10*CD4 - . . @ os0 Clostridium XIVa_ASV_182 |
i V.
ool @@ RS Tee T 1
. log,! N
IFNg*CD8- & 050 BacloraesASV 5422 —
] Bifidobacterium_ASV_40
cptie| @ @ 025 * Bifidobacterium_ASV_2663 |
CD68- @ . Bacteroides_ASV_114 |
0.00 Catenibacterium_ASV_272 .
CD66b . . ASV_281
' 025 Lactobacillus_ASV_334 |
8 3 ALEV’SO1 llus_ASV_2!
ctobacillus_ 257
8 ‘g Ruminococcus_ASV_78 .
< Streptococcus_ASV_21
o - ASV_121 l
Alloprevotella_ASV_186
Prevotella_ASV_81 o,
| | Coprococcus_ASV_301 7

IFNa 722 [*

VSL#3® - TO
HlvsL#3® - T4

= e .

ecst T T T T T T . ‘*

0o 5 10 15 2

1
25 40 60 80

[ Responder
- Non responder

Coprococcus_ASV_94
ASV_377
Dialister_ASV_194
Ruminococcus_ASV_33
ASV_348
Akkermansia_ASV_110

Prevotella_ASV_463
Prevotella_ASV_504

Prevotella_ASV_371
Sutterella_ASV_3472

N
|

Phascolarctobacterium_ASV_322

Lachnospiracea_incertae_sedis_ASV_3347
Clostridium sensu stricto_ASV_2374

Lachnospiracea_incertae_sedis_ASV_2562

SECRURN NN GNP\





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		VSL#3® supplementation improves fatigue in long COVID: results from the DELong#3 randomized placebo-controlled trial		Background

		Methods

		Results

		Conclusion

		INTRODUCTION

		MATERIALS AND METHODS		Study design

		Inclusion criteria

		Exclusion criteria

		Procedures

		Study endpoints

		Structured questionnaires

		Sample size calculation

		Multiplex serum biomarker analysis

		Cytofluorimetric analyses

		16S rRNA gene sequencing and microbiota analysis

		Metabolomic analyses

		Statistical analysis

		Data availability





		RESULTS		Study population and baseline characteristics

		VSL#3® supplementation improves fatigue and patient-reported outcomes in long COVID patients

		VSL#3® supplementation is associated with compositional changes in the gut microbiota of long COVID patients

		VSL#3® supplementation is associated with modulation of immune parameters in long COVID patients

		Microbiota-derived metabolites and neuromodulators are associated with clinical response to VSL#3® supplementation





		DISCUSSION

		SUMMARY TABLE		What is known about this topic

		What this work adds





		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
VSL#3® supplementation
improves fatigue in long
COVID: results from the
DELong#3 randomized
placebo-controlled trial





OPS/images/bjbs-83-16993-g001.jpg
A 10

t4 8
Run-in period (2 weeks) Treatment (4 weeks) Follow-up (4 weeks)
* Informed consent * Randomization e Structured
» Eligibility * Blood sample questionnaires
* Chalder Fatigue Scale 24 * Fecalsample
¢ Structured
questionnaires
B 347 Assessed for eligibility
294 Excluded

* Not meeting inclusion criteria (n = 184)

* Refused to participate (n = 22)
* Otherreasons (n=88)

53 Randomized

28 Allocated to placebo

25 Allocated to VSL#3®

Excluded due to low adherence (n = 3)

Excluded due to low adherence (n =2)

Included in analysis (n = 25)

Included in analysis (n = 23)






OPS/images/bjbs-83-16993-g002.jpg
SF36 - Fatigue Score

A B
150+
g 5
100 3]
@ ®
g g
'9 0 .9
= 50— -
£ i
= i
(7]
3 3
c 0 ©
K=
o £
(]
1 s e
o 5
oé’o &
Q\_’b Y
C D
*
100
I
[}
-
o 75
=
L
B
$
O 50
Q
o
1]
-
S =
o
B
(]
o
0
° B
Oé"o 6%
Q\‘b Y

[C]Non responder
[] Responder

—_
o
o

(o]
o

o

t0

4 8 t0

Time (weeks)

t4

HvsL#3®
BMplacebo

T
t8

1 T
t0 t4 t8

Time (weeks)

SF36 Role limit emotional
CFS

SF36 Phys func

SF36 Health change
SAGIS epigastric pain
SF36 Fatigue

SF36 Emotional WB
SAGIS tot

SAGIS acidREg

SF36 General health

L12

SAGIS Stipsis

SAGIS NaVo

SF36 Pain

SF36 Social functioning
HADS-D

HADS-A

SF36 Role limit physical
KPS

VAS

SAGIS IBS

5.92e-02
6.37e-02
1.09e-01
1.30e-01
1.55e-01
1.55e-01
1.82e-01
1.86e-01
1.86e-01
2.02e-01
2.02e-01
2.02e-01
2.67e-01
2.88e-01
3.33e-01
5.48e-01

eop.adj <0.05
op.adj>0.05

5.87e-01

0.0 0.1 0.2 0.3 0.4

Effect size of the increment of response

after VSL#3® treatment
with respect to placebo treatment

[ vsL#3®
Biplacebo










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
o
..........





