
Article Not peer-reviewed version

Vitamin D3 Supplementation Enhances

Symptom Relief and Modulates

Microbiome and Immune Responses in

Pediatric Post-Acute Sequelae of

COVID-19: A Randomized Controlled

Trial

Pei-Chi Chen † , Tsunglin Liu † , Yu-Ching Chuang , Yu-Lung Hsu , Yen-Hsi Chen , Chih-Yu Lin ,

Miao-Hsi Hsieh , Yu-Shan Ho , Xiao-Ling Liu , Wen-Shuo Kuo , Hui-Fang Kao , Shulhn-Der Wang , Hui-Ju Tsai

, Lawrence Shih-Hsin Wu * , Jiu-Yao Wang *

Posted Date: 5 February 2026

doi: 10.20944/preprints202602.0361.v1

Keywords: post-acute sequelae of COVID-19; vitamin D; pediatric; microbiome; inflammation; immune

modulation

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/2474847
https://sciprofiles.com/profile/3440023
https://sciprofiles.com/profile/1944711
https://sciprofiles.com/profile/1880019
https://sciprofiles.com/profile/2940597
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Article 

Vitamin D3 Supplementation Enhances Symptom 

Relief and Modulates Microbiome and Immune 

Responses in Pediatric Post-Acute Sequelae of 

COVID-19: A Randomized Controlled Trial 

Pei-Chi Chen 1,†, Tsunglin Liu 2,†, Yu-Ching Chuang 2, Yu-Lung Hsu 3, Yen-Hsi Chen 4,  

Chih-Yu Lin 4, Miao-Hsi Hsieh 5, Yu-Shan Ho 5, Xiao-Ling Liu 5, Wen-Shuo Kuo 5,  

Hui- Fang Kao 6, Shulhn-Der Wang 7, Hui-Ju Tsai 8, Lawrence Shih-Hsin Wu 9,*  

and Jiu-Yao Wang 5,10,* 

1 Department of Microbiology & Immunology, College of Medicine, National Cheng Kung University, Tainan 

701401, Taiwan. 
2 Department of Biotechnology and Bioindustry Sciences, National Cheng Kung University, Tainan 701401, 

Taiwan. 

3 Division of Pediatric Infectious Diseases, China Medical University Children's Hospital, China Medical 

University, Taichung 404327, Taiwan. 

4 Department of Public Health, China Medical University, Taichung 404327, Taiwan. 

5 Center for Allergy, Immunology, and Microbiome (A.I.M.), China Medical University Hospital, China 

Medical University, Taichung 404327, Taiwan. 

6 Department of Nursing, National Tainan Junior College of Nursing, Tainan 700007, Taiwan. 

7 School of post-baccalaureate Chinese Medicine, China Medical University, Taichung 404327, Taiwan. 
8 Institute of Population Health Sciences, National Health Research Institutes, Zhunan 350401, Taiwan. 

9 Graduate Institute of Biomedical Sciences, China Medical University, Taichung 404327, Taiwan. 

10 Department of Allergy and Immunology, China Medical University Children’s Hospital, China Medical 

University, Taichung 404327, Taiwan. 

* Correspondence: lshwu@hotmail.com (L.S.-H.W.); wangjy@mail.cmu.edu.tw (J.-Y.W.) 

† Equal contribution. 

Abstract 

Background: Post-acute sequelae ofCOVID-19 (PASC) in children present persistent symptoms that 

impair quality of life. Vitamin D’s immunomodulatory and microbiome-modulating properties suggest 

its potential to alleviate PASC symptoms. This study evaluated the efficacy of Vitamin D3 

supplementation in alleviating symptom severity and to explore associated immunological and 

microbiome alterations in children with PASC. Methods: In a double-blind randomized controlled clinical 

trial, 33 children with PASC were assigned to receive 2,000 IU/day of oral vitamin D (Group A, n=21) or 

placebo (Group B, n=12) for 6 months. Serum 25-hydroxyvitamin D [25(OH)D] levels, symptom severity 

(Children’s Somatic Symptom Inventory-24, CSSI-24), immune cytokines, and checkpoint proteins were 

assessed at baseline (M0) and 6 months (M6). Nasal and rectal microbiota were analyzed using 16S rRNA 

sequencing to evaluate composition and predict functional pathways. Results: Serum 25(OH)D increased 

significantly in Group A compared with Group B (p < 0.01). Group A demonstrated significant reductions 

in CSSI-24 scores (p < 0.05), with improvements in neuropsychiatric, respiratory and cardiovascular 

symptoms. Pro-inflammatory cytokines including IFN-γ (FDR = 0.01) and MIP-1α (FDR = 0.0004) 

decreased, while checkpoint proteins TIM-3 and HVEM increased (both FDR < 0.05). Nasal microbiota in 

Group A at M6 showed increased richness and enrichment of Sphingomonas, Paenibacillus, Ralstonia, and 

Sphingobium, with functional pathways related to xenobiotic metabolism altered after supplementation. 

Coprobacillus abundance in rectal samples positively correlated with 25(OH)D levels and negatively with 

IFN-γ (p = 0.02). Pooling participants from both time points across group A indicated that higher 25(OH)D 

levels were associated with lower symptom scores. Conclusions: Vitamin D3 supplementation improved 
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symptom severity, modulated immune responses, and altered microbiota profiles in children with PASC. 

These findings support Vitamin D3 as a potential adjunctive therapy for pediatric PASC and highlight 

host-microbe-immune interactions as therapeutic targets.  

Trial: registration ClinicalTrials.gov, NCT05633472, registered on 30 November 2022. 

Keywords: post-acute sequelae of COVID-19; vitamin D; pediatric; microbiome; inflammation; 

immune modulation 

 

Background 

Post-acute sequelae ofCOVID-19 (PASC) refers to symptoms persisting beyond four weeks after 

acute severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, often driven by 

persistent inflammation and microbial dysbiosis, and affecting multiple organ systems [1]. In 

children, PASC can impact physical, cognitive, and emotional development [2,3], reducing quality of 

life and school performance [4]. The lack of effective treatments highlights the urgent need for safe 

and accessible interventions. This study investigates the therapeutic potential of Vitamin D3 

supplementation, a cost-effective and widely available option [5,6], to alleviate pediatric PASC by 

modulating immune responses and microbiome composition. By addressing these mechanisms, this 

research aims to fill a critical gap in pediatric PASC management and improve long-term outcomes. 

Vitamin D3 exerts broad immunomodulatory effects by regulating pro-inflammatory cytokines, 

inducing antimicrobial peptides, and modulating T-cell responses [7,8]. It also shapes gut and 

respiratory microbiota essential for immune homeostasis [9,10]. Given that microbial dysbiosis 

contributes to prolonged inflammation in PASC [11,12], Vitamin D3 may help restore microbial 

balance and alleviate symptoms. With its excellent safety profile and accessibility, Vitamin D3 

represents a promising strategy to correct immune and microbial dysregulation in pediatric PASC. 

Despite increasing awareness of pediatric PASC, therapeutic options remain limited,  with 

most studies focusing on adults or supportive care [13,14]. Vitamin D3 has been shown to reduce 

disease severity in acute COVID-19, lower pro-inflammatory cytokines such as IL-6 and TNF-α, and 

improve immune regulation in respiratory infections [15–18]. Low serum 25-hydroxyvitamin D 

[25(OH)D] levels are associated with greater COVID-19 severity and delayed recovery [18,19]. 

Vitamin D3 supplementation also enhances gut microbial diversity, enriching beneficial taxa such as 

Bifidobacterium and Lactobacillus [20,21]. However, its role in pediatric PASC remains underexplored, 

and no randomized controlled trials have examined its effects on symptom burden, immune 

responses, or microbiota in this population [22–24]. 

We therefore conducted a randomized, double-blind, placebo-controlled trial of Vitamin D3 

supplementation (2,000 IU/day for six months) in 33 children with PASC. The primary objectives 

were to: (1) assess changes in serum 25(OH)D levels and symptom severity using the Children’s 

Somatic Symptom Inventory-24 (CSSI-24); (2) examine alterations in systemic immune cytokines and 

checkpoint proteins; and (3) characterize shifts in nasal and rectal microbiota composition and 

function. This study aims to provide mechanistic insights into Vitamin D3’s immuno-microbial 

modulation in pediatric PASC and support its use as an adjunctive therapy for long-term recovery. 

Methods 

Study Design and Participant Recruitment 

This study was a randomized, double-blind, placebo-controlled trial nested within the prospective 

DISCOVER (Diagnosis and Support for COVID Children to Enhance Recovery) cohort, conducted at 

China Medical University Children’s Hospital (CMUCH), Taiwan [25]. Children younger than 18 years 

with confirmed COVID-19 (via RT-PCR or rapid antigen test) and persistent PASC symptoms beyond 4 

weeks were enrolled. Exclusion criteria included prior use of antibiotics, systemic corticosteroids, or 
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immunosuppressive agents within the preceding month. Participants were consecutively recruited from 

the outpatient clinic between November 1, 2022, and December 31, 2023, and randomly assigned in a 1:1 

ratio to receive either Group A (Vitamin D3) or Group B (placebo) for six months. The intervention, 

Vitamin D3 (TWHK Biotech Co., Ltd., Taiwan), was an oil-based, colorless, odorless oral drop containing 

500 IU per drop. Participants took four drops (2,000 IU/day) each morning. The placebo was an identical 

medium-chain triglyceride (MCT) oil formulation without Vitamin D3. Both formulations were identical 

in appearance, taste, and packaging. Randomization was based on odd- and even-numbered medical 

records, assigning participants to Group A or Group B, and both investigators and participants were 

blinded to group allocation. Clinical assessments and sample collections were performed at baseline 

(Month 0, M0) and after six months (Month 6, M6). Primary outcomes included changes in serum 

25(OH)D concentrations and symptom severity measured by the CSSI-24, a 24-item self-report tool for 

evaluating physical symptoms in children. The questionnaire was  administered with assistance from 

trained pediatric nurses or guardians to ensure comprehension. For children under 9 years, responses 

were provided primarily by parents or guardians based on observed symptoms. Secondary outcomes 

assessed included immune cytokine and checkpoint protein levels, as well as nasal and rectal microbiota 

composition. 

Clinical Assessments 

Symptom severity was evaluated using the CSSI-24 [26] and a structured questionnaire capturing 

demographics and persistent symptoms at M0 and M6. The CSSI-24 assessed neuropsychiatric, 

respiratory, cardiovascular, musculoskeletal, and gastrointestinal symptoms. Additional clinical data, 

including vaccination status and medical history, were collected via standardized forms. 

Sample Collection and Processing 

Blood, nasal swab (NS), and rectal swab (RS) samples were collected at M0 and M6 by trained 

pediatric specialists (Figure 1). Serum 25(OH)D concentrations were measured using a 

chemiluminescence immunoassay (Diasorin XL, Siemens, Germany). Circulating immune cytokines 

and checkpoint proteins were quantified using MILLIPLEX® HSTCMAG28SPMX21 and 

HCKP111KPX17 panels, respectively (Merck Millipore, Burlington, MA, USA). For microbiota 

analysis, NS samples were collected by inserting sterile swabs 1–2 cm into the nasal cavity and 

rotating gently 3–5 times. RS samples were obtained by inserting swabs 1–2 cm into the anal sphincter 

with similar rotation. Swabs were immediately placed in sterile DNA/RNA Shield tubes (Zymo 

Research, Irvine, CA, USA) and stored at -80°C until processing. 

 

Figure 1. Double-blind randomized controlled trial (RCT) design for Vitamin D3 intervention in pediatric 

PASC patients. 
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16S rRNA Gene Sequencing 

Microbial DNA was extracted from NS and RS samples using the ZymoBIOMICS DNA 

Microprep Kit (Zymo Research) following the manufacturer’s instructions. Samples with DNA 

concentrations below 0.1 ng/µL were excluded. The V3–V4 hypervariable regions of the bacterial 16S 

rRNA gene were amplified using primers with Illumina overhang adapters [27] and KAPA HiFi DNA 

Polymerase (Roche, Switzerland). PCR conditions included 25 cycles, yielding amplicons of~550 bp, 

verified by 2% agarose gel electrophoresis. Amplicons were purified using AMPure XP beads (0.8×; 

Beckman Coulter, Brea, CA, USA). Dual-index barcodes were added using the Nextera XT Index Kit 

v2 (Illumina, San Diego, CA, USA), followed by additional bead purification (0.5× and 1×). Indexed 

libraries were quantified, normalized, pooled, and sequenced on the Illumina MiSeq platform using 

the MiSeq Reagent Kit v3 (2 × 250 bp paired-end reads). 

Statistical Analysis 

Demographic, clinical, and immune data were summarized using counts, percentages,  means 

(standard deviation), or medians (range) as appropriate. Within-group changes (M0 vs. M6) were 

analyzed using paired t-tests or Wilcoxon signed-rank tests, while between-group comparisons used 

unpaired t-tests or Mann-Whitney U tests. Symptom differences at M6 were assessed using Chi-

square tests, and within-group symptom changes were evaluated with McNemar’s test. Raw p-values 

were corrected for multiple testing via controlling false discovery rate (FDR). Microbiome alpha 

diversity (richness, Shannon index) and beta diversity (based on UniFrac distances) were analyzed, 

with statistical significance tested using Mann-Whitney U (between groups) and Wilcoxon signed-

rank (within groups) tests. Differential abundance was assessed with ANCOM and MaAsLin2, and 

functional predictions were generated using PICRUSt2. All analyses were performed using SAS 

(version 9.4), R (version 4.3.2), and GraphPad Prism (version 10, San Diego, CA, USA). Ap-value <0.05 

was considered statistically significant. 

Results 

Participant Characteristics 

Atotal of 33 children with PASC were enrolled from the DISCOVER cohort at CMUCH. 

Participants were randomized to receive Vitamin D3 supplementation (Group A, n = 21) or placebo 

(Group B, n = 12) (Figure 1). Minor group imbalance occurred because some participants withdrew 

mid-trial after symptom improvement or loss to follow-up. Baseline characteristics, including mean 

age (9 ± 3.36 years vs. 9 ± 3.53 years), sex distribution (42.86% vs. 41.67% female), and vaccination 

rates (80.95% vs. 83.33%), were comparable between Group A and Group B (Table 1). At baseline, 

Group A had significantly lower serum 25(OH)D levels compared to Group  B (18.13 ± 4.99 ng/mL 

vs. 24.9 ± 4.56 ng/mL; p < 0.01) (Figure 2A, left). 

Table 1. Demographic characteristics of the study population. 

Demographic characteristics 

Age A B 

mean ± SD (N) 9±3.36 (21) 9±3.53 (12) 

Sex, N (%) 

Female 9 (42.86%) 5 (41.67%) 

Male 12 (57.14%) 7 (58.33%) 

Vaccination, N (%) 17 (80.95%) 10 (83.33%) 
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Figure 2. Vitamin D3 supplementation improves serum 25(OH)D levels and reduces symptom severity in 

pediatric PASC patients. Comparison of baseline (M0) and 6-month (M6) serum (A) 25(OH)D levels and (D) 

CSSI-24 symptom severity scores between Group A (Vitamin D3) and Group B (placebo). Paired longitudinal 

changes in (B) 25(OH)D levels and (E) CSSI-24 scores within each group from M0 to M6. Net changes (M6–M0) 

in (C) serum 25(OH)D levels and (F) CSSI-24 scores. Statistical comparisons were performed using paired and 

unpaired tests as appropriate. *p ≤ 0.05, **p ≤ 0.01. 

Impact of Vitamin D3 Supplementation on Serum 25(OH)D Levels and Symptom 

Severity 

After six months supplementation, although the difference in serum 25(OH)D between Group 

A and Group B was no longer significant (27.35 ± 8.81 ng/mL vs. 29.41 ± 6.16 ng/mL; Figure 2A, right), 

both groups showed significant increases in 25(OH)D levels compared to their own baseline (p < 0.01 

for both; Figure 2B). The increments of Group A were significantly higher than those of Group B 

(Figure 2C). Symptom severity, assessed by the CSSI-24, decreased significantly in Group A (p < 0.05), 

with no notable change in Group B (Figure 2D–F). Group A showed significant improvements in 

neuropsychiatric (e.g., anxiety, FDR = 0.05; attention disturbance, FDR = 0.03; fatigue, FDR = 0.05; 

headache, FDR = 0.03), respiratory symptoms (e.g.,  shortness of breath, FDR = 0.03), and 

cardiovascular (e.g., chest pain, FDR = 0.03; palpitation, FDR = 0.04) compared to Group B (Table 2). 
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Table 2. Group-wise comparison of PASC symptoms before and after 6-month Vitamin D3 or placebo intervention assessed by McNemar’s test. 

Symptoms A M6 p FDR B 
M6 p FDR 

M0 Yes No 
M0 

Yes No 

Neuropsychiatric symptoms,  N  (%)  

Anxiety Yes 

No 

0 (0.0%) 9 (100.0%) 0.0215* 0.0491* Yes 

 

No 

0 (0.0%) 3 (100.0%) 0.2500 0.9286 

1 (8.3%) 11 (91.7%) 0 (0.0%) 9 (100.0%) 

Attention disturbance Yes 

No 

3 (25.0%) 9 (75.0%) 0.0039* 0.0313* Yes 

 

No 

2 (66.7%) 1 (33.3%) 1.0000 1.0000 

0 (0.0%) 9 (100.0%) 1 (11.1%) 8 (88.9%) 

Dizziness Yes 

No 

1 (14.3%) 6 (85.7%) 0.1250 0.1538 Yes 

 

No 

0 (0.0%) 2 (100.0%) 1.0000 1.0000 

1 (7.1%) 13 (92.9%) 1 (10.0%) 9 (90.0%) 

Fatigue Yes 

No 

2 (18.2%) 9 (81.8%) 0.0215* 0.0491* Yes 

 

No 

0 (0.0%) 2 (100.0%) 0.5000 0.9286 

1 (10.0%) 9 (90.0%) 0 (0.0%) 10 (100.0%) 

Frustration Yes 

No 

1 (12.5%) 7 (87.5%) 0.3438 0.3929 Yes 

 

No 

1 (50.0%) 1 (50.0%) 1.0000 1.0000 

3 (23.1%) 10 (76.9%) 2 (20.0%) 8 (80.0%) 

Headache Yes 

No 

1 (9.1%) 10 (90.9%) 0.0020* 0.0313* Yes 

 

No 

0 (0.0%) 0 (0.0%) 0.5000 0.9286 

0 (0.0%) 10 (100.0%) 2 (16.7%) 10 (83.3%) 
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Memory disturbance Yes 1 (11.1%) 8 (88.9%) 0.0391* 0.0694 Yes 1 (50.0%) 1 (50.0%) 0.2188 0.9286 

 No 1 (8.3%) 11 (91.7%)  No 5 (50.0%) 5 (50.0%)   

Persistent respiratory symptoms, N (%) 

Cough Yes 

No 

3 (42.9%) 4 (57.1%) 0.3750 0.4        Yes 

 

No 

2 (50.0%) 2 (50.0%) 1.0000 1.0000 

1 (7.1%) 13 (92.9%) 3 (37.5%) 5 (62.5%) 

Nasal cavity problem Yes 

No 

3 (30.0%) 7 (70.0%) 0.0703 0.1023     Yes 

 

No 

1 (25.0%) 3 (75.0%) 0.6250 1.0000 

1 (9.1%) 10 (90.9%) 1 (12.5%) 7 (87.5%) 

Shortness of breath Yes 

No 

0 (0.0%) 8 (100.0%) 
0.0078* 0.0313*    Yes 

 

No 

1 (100.0%) 0 (0.0%) NA NA 
 

0 (0.0%) 13 (100.0%) 0 (0.0%) 11 (100.0%) 

Throat problem Yes 

No 

3 (42.9%) 4 (57.1%) 0.1250 0.1538     Yes 

 

No 

0 (0.0%) 3 (100.0%) 0.2500 0.9286 

0 (0.0%) 14 (100.0%) 0 (0.0%) 9 (100.0%) 

Cardiovascular symptoms,  N  (%)  

Chest pain Yes 

No 

2 (20.0%) 8 (80.0%) 0.0078* 0.0313*    Yes 

 

No 

1 (33.3%) 2 (66.7%) 0.5000 0.9286 

0 (0.0%) 11 (100.0%) 0 (0.0%) 9 (100.0%) 

Palpitation Yes 

No 

0 (0.0%) 10 (100.0%) 
0.0117* 0.0375*    Yes 

 

No 

0 (0.0%) 2 (100.0%) 1.0000 1.0000 

1 (9.1%) 10 (90.9%) 2 (20.0%) 8 (80.0%) 

Musculoskeletal symptoms,  N  (% )  
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Limit daily activity Yes 

No 

1 (10.0%) 9 (90.0%) 0.0654 0.1023     Yes 

 

No 

2 (100.0%) 0 (0.0%) NA NA 
 

2 (18.2%) 9 (81.8%) 0 (0.0%) 10 (100.0%) 

Gastrointestinal symptoms,  N  (%)   

Decrease appetite Yes 

No 

2 (25.0%) 6 (75.0%) 
0.0312* 0.0625 Yes 

No 

1 (50.0%) 1 (50.0%) 0.3750 0.9286 

0 (0.0%) 13 (100.0%) 4 (40.0%) 6 (60.0%) 

Symptoms observed in fewer than six participants, including depression, lost fun, lack motivation, muscle pain, abdominal pain, diarrhea, at M0 in Group A were excluded from analysis. *p ≤ 

0.05 and **p ≤ 0.01 are in bold. 
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Nasal and Rectal Microbiota Diversity and Composition 

No significant differences of alpha diversity in nasal or rectal microbiota were observed between 

groups or within groups at baseline or overtime, except richness index for nasal microbiota at M6, 

which was significantly higher in Group A compared to Group B (p = 0.04; Additional file 1: Figure 

S1). Beta diversity analysis revealed no significant differences in nasal or rectal microbiota 

composition between groups or within groups over time (Additional file 1: Figure S2).  

Differential Abundance and Functional Changes in Nasal Microbiota 

To explore whether these compositional changes translated into functional alterations,  we next 

performed differential abundance and pathway prediction analyses. 

Differential abundance analysis by ANCOM identified Sphingomonas, Paenibacillus,  and 

Ralstonia as enriched genera in Group A’s nasal microbiota at M6 (Figure 3A). MaAsLin2 analysis 

revealed a significant negative association between serum 25(OH)D levels and Sphingobium 

abundance in nasal samples (FDR = 0.13; Figure 3B). PICRUSt2 functional prediction indicated 

reductions in pathways related to xenobiotic degradation—including drug metabolism (p = 0.02), 

polyketide sugar unit biosynthesis (p = 0.04), and ethylbenzene (p = 0.04) and xylene degradation (p 

= 0.05). These associations, although were not significant different after multiple-testing correction, 

suggest that Vitamin D3 supplementation may influence microbial pathways linked to 

environmental chemical processing and host–microbe interactions.  

 

Figure 3. Differential abundance and predicted functional pathways of nasal microbiota in Group A 

following vitamin D supplementation. (A) ANCOM analysis comparing nasal samples at baseline (M0) and 

after 6 months (M6). (B) MaAsLin2 multivariable association analysis incorporating serum 25(OH)D level, age, 

and sex as fixed effects, and participant ID as a random effect. (C) PICRUSt2-based functional prediction of 
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metabolic pathways from 16S rRNA gene data comparing M0 and M6 samples. The 95% confidence intervals 

reflect differences in pathway abundance between time points (M0–M6). 

Differential Abundance and Functional Changes in Rectal Microbiota 

In the rectal microbiota, MaAsLin2 analysis of rectal microbiota in Group A showed associations 

between genera such as Negativicoccus, Agathobaculum, and Cutibacterium with age, and a positive 

association between Coprobacillus and 25(OH)D levels (FDR = 0.25; Figure 4A). Functional prediction 

with PICRUSt2 revealed an enrichment of several metabolic pathways at M6 compared to M0, 

including chloroalkane (p = 0.02), limonene (p < 0.001), and styrene degradation (p <  0.01; Figure 

4B). Although these findings did not have significant differences after multiple-testing correction, 

paired-sample analyses showed trends toward increased activity in limonene (FDR = 0.058) and 

styrene degradation (FDR = 0.19) pathways after supplementation (Figure 4C). 

 

Figure 4. Differential abundance and predicted functional pathways of rectal microbiota in Group A 

following Vitamin D3 supplementation. (A) MaAsLin2 multivariable association analysis incorporating serum 

25(OH)D level,  age, and sex as fixed effects, and participant ID as a random effect. (B) PICRUSt2-based 

functional prediction of metabolic pathways from 16S rRNA gene data comparing M0 and M6 samples. The 95% 

confidence intervals reflect differences in pathway abundance between time points (M0–M6). (C) Paired-sample 

analysis of predicted pathways to assess within-subject functional shifts over time. 
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Immunomodulatory Outcomes 

In Group A, notable decreases were observed in pro-inflammatory cytokines at M6,  specifically 

IFN-γ (FDR = 0.01) and MIP-1α (FDR = 0.0004; Additional file 1: Table S1). Additionally, significant 

increases were detected in immune checkpoint proteins, such as TIM-3 (FDR = 0.01) and HVEM (FDR 

= 0.01), at M6 (Additional file 1: Table S2). In contrast, Group B exhibited no significant alterations 

in either cytokine levels or immune checkpoint proteins. To explore possible microbial mediators 

connecting Vitamin D3 supplementation to host immunity, MaAsLin2 revealed a negative correlation 

between Coprobacillus abundance and circulating IFN-γ levels (p = 0.02), indicating a potential 

microbial contribution to the suppression of inflammatory signals. 

Influence of Serum 25(OH)D on Symptom Burden 

To investigate the relationship between serum 25(OH)D concentrations and the burden of PASC 

symptoms, we aggregated data from all participants across different time points to examine the link 

between serum 25(OH)D levels and CSSI-24 symptom severity scores. At the initial assessment (M0), 

elevated serum 25(OH)D levels showed a negative correlation with CSSI-24 scores (n = 30, p = 0.04; 

Figure 5A),  though this relationship was not evident at Month 6 (M6; Figure 5B). When data from 

both time points (M0 and M6) were combined, the negative association persisted only among 

children receiving Vitamin D3 supplementation (Group A, n = 40, p = 0.04; Figure 5C), but was not 

observed in the placebo group (Group B, n = 20; Figure 5D). These results imply that Vitamin D3 

supplementation may strengthen the inverse link between serum 25(OH)D status and PASC 

symptom burden, highlighting its possible effectiveness in reducing ongoing symptoms. 

 

Figure 5. Spearman’s correlation between serum 25(OH)D levels and CSSI-24 symptom severity scores in 

pediatric PASC patients. (A) Baseline (Month 0) correlation analysis pooling samples from both Group A 

(Vitamin D3) and Group B (placebo), n = 30. (B) Month 6 (M6) correlation analysis pooling samples from both 

groups, n = 30. (C) Combined analysis pooling samples from Group A across both time points (M0 and M6), n = 
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40. (D) Combined analysis pooling samples from Group B across both time points, n = 20. Each dot represents 

one participant, and red lines indicate the linear trend across the dataset. 

Serum 25(OH)D Categories and Microbial Composition 

We divided all samples into three tertiles based on serum 25(OH)D concentrations: low (< 20.9 

ng/mL), intermediate (20.9–27.6 ng/mL), and high (≥ 27.6 ng/mL), ensuring approximately equal 

patient distribution across the groups. CSSI-24 scores were significantly elevated in both the low and 

high 25(OH)D tertiles compared with the intermediate tertiles (Figure 6A). Analysis of alpha 

diversity revealed no significant variations in richness index for nasal or rectal microbiota; however, 

the intermediate 25(OH)D tertiles exhibited significantly greater Shannon index values for nasal 

microbiota compared to the low (p = 0.01) and high (p = 0.03) tertiles (Figure 6B–C). Beta diversity 

assessment using unweighted and weighted UniFrac distances showed no clear separation based on 

25(OH)D status (Figure 6D–E). Given that alpha diversity differences were confined to nasal samples, 

we conducted a differential abundance analysis for this region, which revealed a higher prevalence 

of Proteobacteria in the nasal microbiota of the intermediate 25(OH)D tertiles relative to the combined 

low and high tertiles (Figure 6F). Taken together, these observations indicate that serum 25(OH)D 

levels are linked to clinical symptom severity in pediatric PASC and may also influence the relative 

abundance of specific microbes in the nasal and rectal regions. 

 

Figure 6. Comparison of symptom severity and nasal (NS) and rectal (RS)microbiota in pediatric PASC 

patients stratified by serum 25(OH)D levels. (A) CSSI-24 symptom severity scores among three serum 25(OH)D 

tertiles: low (< 20.9 ng/mL), intermediate (20.9–27.6 ng/mL), and high (≥ 27.6 ng/mL). Alpha diversity indices 

(richness and Shannon index) of (B) NS and (C) RS microbiota across the three 25(OH)D tertiles. Beta diversity 

of (D) NS and (E) RS microbiota visualized by PCoA plots based on unweighted and weighted UniFrac distances. 

(F) Differential abundance analysis in NS samples comparing the intermediate tertiles to the combined high and 
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low tertiles. Statistical significance was assessed using the Wilcoxon rank-sum test for (A–C), PERMANOVA for 

(D–E), and a general linear model for (F); *p ≤ 0.05, **p ≤ 0.01. 

Discussion 

PASC in children remains a critical yet underexplored area, with limited evidence-based 

interventions tailored to pediatric populations. Previous research has predominantly focused on 

acute COVID-19 or adult PASC, leaving significant gaps in understanding the unique symptomology 

and pathophysiology in children [2,28]. The therapeutic potential of vitamin D in pediatric PASC has 

not been adequately investigated, with no prior randomized controlled trials (RCTs) evaluating its 

effects on symptom severity, immune regulation, or microbiome composition in this group [18]. Key 

uncertainties include the mechanisms linking Vitamin D3 to microbial dysbiosis and persistent 

inflammation in PASC, as well as optimal dosing, duration,  and long-term effects in children 

[19,20]. Moreover, the interplay between Vitamin D3, microbiome dysbiosis, and immune 

dysregulation in PASC has not been systematically examined, despite evidence linking microbial 

imbalances to prolonged inflammation in post-viral syndromes [12,29]. This study addresses these 

gaps by providing evidence from an RCT on Vitamin D3 supplementation’s impact on symptoms, 

immune profiles, and nasal and rectal microbiota in pediatric PASC patients. 

Our study is the first randomized controlled trial to investigate Vitamin D3 supplementation in 

pediatric PASC, providing evidence through a double-blind,  placebo-controlled design. We 

demonstrated that 6 months of Vitamin D3 supplementation (2,000 IU/day) significantly alleviated 

PASC symptoms in children,  as evidenced by the reduced CSSI-24 scores (p < 0.01), with notable 

improvements in neuropsychiatric, respiratory, cardiovascular, and gastrointestinal symptoms. In 

contrast, children taking placebo also showed an increase in 25(OH)D level after six months; 

however, no significant improvement in the symptoms was observed. Moreover, we found that the 

increase in serum 25(OH)D level likely contributed to symptoms relived by enhancing 

immunomodulatory effects and microbiota changes in nasal and gut cavities. Vitamin D3 

supplementation (Group A) significantly increased serum 25(OH)D levels and was associated with 

shifts in nasal microbiota diversity,  enrichment of specific taxa, and enhanced metabolic pathways. 

Rectal microbiota remained stable overall, but Coprobacillus abundance increased and correlated 

positively with 25(OH)D levels. Immunologically, supplementation reduced pro-inflammatory 

cytokines and elevated immune checkpoint proteins. Notably, the inverse association between 

Coprobacillus and IFN-γ suggests a microbial contribution to the observed attenuation of 

inflammatory responses, supporting Vitamin D3’s potential role in alleviating PASC symptoms. 

The significant reduction in PASC symptom severity in children with Vitamin D3 

supplementation established immunomodulatory properties, including suppression of pro-

inflammatory cytokines and enhancement of immune regulation [7,8]. The substantial increase in 

25(OH)D levels likely drove these effects by modulating T-cell responses and reducing chronic 

inflammation, a hallmark of PASC [1]. The observed decreases in IFN-γ and MIP-1α, coupled with 

increased immune checkpoint proteins (TIM-3 and HVEM), suggest that Vitamin D3 promotes a 

balanced immune response,  potentially mitigating neuroinflammation and cardiovascular stress, 

which are linked to symptoms such as anxiety, headache, and chest pain [30,31]. The enrichment of 

Sphingomonas and Paenibacillus in nasal microbiota, alongside enhanced xenobiotic degradation 

pathways, indicates that Vitamin D3 fosters anti-inflammatory microbial communities and enhances 

mucosal defense against environmental toxins, potentially improving respiratory health [32,33]. In 

the gut, the positive correlation between Coprobacillus and 25(OH)D levels, and its negative 

association with IFN-γ, supports a gut-immune axis where Vitamin D3 promotes anti-inflammatory 

taxa, possibly via short-chain fatty acid production [34]. These site-specific microbial shifts suggest 

that Vitamin D3’s therapeutic effects are mediated by a synergistic interplay of increased 25(OH)D 

levels, microbial modulation, and reduced systemic inflammation [35]. 

Our stratification of patients by serum 25(OH)D levels revealed that those in the middle range 

(20.9–27.6 ng/mL) had the lowest CSSI-24 scores. This finding suggests that both insufficient and 
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excessive 25(OH)D levels may be linked to greater symptom severity, underscoring the importance 

of maintaining an optimal range in pediatric PASC. From a microbiological perspective, 25(OH)D 

status was associated with changes in nasal, but not rectal, microbial diversity, indicating a 

compartment-specific effect. In particular, the enrichment of Proteobacteria in the nasal microbiota of 

the intermediate 25(OH)D tertiles, which coincided with lower symptom scores,  raises the 

possibility that Vitamin D3 exerts local immunoregulatory effects through selective microbial 

modulation. Collectively, these results support that Vitamin D3 contributes to PASC recovery not 

only via systemic immunomodulation but also by shaping the microbiota. While causality cannot yet 

be inferred, the findings highlight the therapeutic potential of Vitamin D3 supplementation as an 

adjunctive strategy in pediatric PASC. Future studies with larger cohorts and mechanistic approaches 

will be needed to validate these associations and clarify microbiota-mediated pathways underlying 

Vitamin D3’s effects. 

These findings support Vitamin D3 supplementation as a safe, cost-effective, and accessible 

adjunctive therapy for pediatric PASC. The broad symptom relief across neuropsychiatric, 

respiratory, and cardiovascular domains suggests its potential to improve quality of life in affected 

children. The immunomodulatory effects, evidenced by reduced pro-inflammatory cytokines and 

elevated immune checkpoint proteins, highlight Vitamin D3’s ability to address the chronic 

inflammatory state of PASC [15]. The modulation of nasal and gut microbiota further supports its 

role in restoring microbial homeostasis, which may contribute to sustained recovery [10]. Clinicians 

could consider Vitamin D3 supplementation (e.g., 2,000 IU/day) for pediatric PASC patients, 

particularly those with low baseline 25(OH)D levels, as part of a comprehensive management 

strategy. However, individualized dosing based on baseline 25(OH)D status, age, and symptom 

profile should be explored to optimize efficacy. These results also advocate for routine screening of 

25(OH)D levels in children with PASC to identify those who may benefit most from supplementation 

[22]. The limitation of this study includes the small sample size (n = 33) limits statistical power and 

generalizability, particularly for detecting subtle microbiome changes. The six-month duration may 

not capture long-term effects or optimal dosing strategies. Baseline differences in 25(OH)D levels 

between groups could influence outcomes, despite statistical adjustments. The study did not account 

for dietary or environmental factors (e.g., sunlight exposure) that may affect Vitamin D3 metabolism 

or microbiome composition [17]. Additionally, the lack of mechanistic studies on specific microbial 

metabolites limits the understanding of how Vitamin D3 influences the gut-immune axis [21]. Larger, 

multicenter trials are needed to validate these findings and explore optimal dosing, duration, and 

patient-specific factors (e.g.,  baseline 25(OH)D status, genetic polymorphisms). Additionally, 

integrating multi-omics approaches (e.g., metabolomics, transcriptomics) could provide deeper 

insights into Vitamin D3’s role in PASC recovery. 

In conclusion, this RCT study provides robust evidence that Vitamin D3 supplementation (2,000 

IU/day for 6 months) effectively reduces PASC symptoms in children by increasing 25(OH)D levels, 

modulating nasal and gut microbiota, and attenuating systemic inflammation. These findings 

highlight Vitamin D3’s potential as a multifaceted therapeutic agent in pediatric PASC, addressing 

critical gaps in treatment options. The interplay between Vitamin D3, microbial composition, and 

immune regulation underscores the importance of a holistic approach to PASC management. Further 

research is essential to optimize clinical applications and elucidate underlying mechanisms, paving 

the way for targeted therapies in pediatric PASC. 

Supplementary information: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Additional file 1: Figure S1. Alpha diversity analysis of nasal (NS) and rectal 

(RS) microbiota before and after intervention in pediatric PASC patients. Figure S2. Beta diversity of nasal (NS) 

and rectal (RS) microbiota before and after intervention in pediatric PASC patients. Table S1. Associations of 

serum 25(OH)D levels with immune cytokines at M0 versus M6 in Group A and Group B assessed by paired t-

test. Table S2. Associations of serum 25(OH)D levels with immune checkpoint proteins at M0 versus M6 in Group 

A and Group B assessed by paired t-test.  
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