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Abstract: The COVID-19 pandemic has emerged as one of the most significant global health crises in
modern history. The gut microbiota plays a pivotal role in the gut-lung axis, influencing both local
and systemic immune responses. Disruptions in gut microbiota have been implicated in the COVID-
19 pathogenesis. We evaluated the gut bacteriome and permeability in SARS-CoV-2-infected patients
by 16S sequencing and ELISA assays, respectively. We also measured serum inflammatory cytokines
and fecal sIgA levels. We observed significant differences in Richness, Chaol, Shannon, and Faith's
phylogenetic diversity metrics in SARS-CoV-2-infected patients, when compared with controls, as
well as, different clusters in beta diversity analyses. Regarding differential abundance analysis and
taxonomic distribution, we observed significant differences between SARS-CoV-2-infected group
and controls. We detected increased serum IL-2, IL-6, IL-17A, IFN-y and zonulin concentrations in
patients. Some differentially increased genera in acute COVID-19 correlated with C-reactive protein
levels. In the same way, some taxa correlated with increased zonulin concentrations, including
Enterobacteriaceae and Escherichia-Shiguella, suggesting the role of gut dysbiosis in impaired barrier
function, augmenting bacterial translocation and systemic inflammation. Our results reinforce the
importance of the gut-lung axis and the role of the gut microbiota in modulating the immune
responses and maintaining the intestinal barrier integrity, suggesting the capacity to modulate the
immunity to SARS-CoV-2 through the gut microbiota.

Keywords: acute COVID-19; post-COVID-19 condition; gut-lung axis; bacteriome profile;
inflammatory cytokines; gut permeability

1. Introduction

The Coronavirus Disease 2019 (COVID-19) is an infectious disease caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) which rapidly spreads worldwide and was
declared a Global Pandemic on March 11t, 2020 [1,2]. According to the World Health Organization
(WHO), SARS-CoV-2 has already infected more than 777 million people worldwide, with more than
7 million deaths, leading to unprecedented disruptions in healthcare systems, economies, and daily
life [3]. Brazil was among the nations most severely impacted by the COVID-19 pandemic, and there
are more than 39 million confirmed cases with 716.075 deaths [4]. The COVID-19 symptoms range
from mild respiratory illness to severe acute respiratory distress syndrome (ARDS) and multiple
organ failure (MOF), particularly in vulnerable populations such as the elderly and those with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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underlying medical conditions [5-8]. In addition, several patients are experiencing long-term
sequelae after resolution of acute disease, referred to Post COVID-19 condition (PCC) [9-11]. The
symptoms can persist for more than four weeks following the initial infection and may last for several
years, encompassing a range of physical, cognitive, and psychological impairments [12,13]. The
estimated global PCC prevalence ranges from 6% to 50%, affecting over 65 million individuals
worldwide [11,14-16].

The dysregulation of the immune system, with massive production of inflammatory cytokines,
has been associated with the COVID-19 progression to severe cases, ARDS development, coagulation
dysfunction, and MOF [17,18]. The immunopathogenesis of COVID-19 involves the IFN-I delayed
response, in addition to the activation of the inflammasome, extrusion of neutrophils extracellular
traps (NETs) in the lung tissue, PANoptosis induced by the TNF and IFN-y synergistic action, in
addition to viral envelope TLR-2-engagement and proinflammatory cytokines induction [19-21].
Activated inflammatory monocytes and macrophages secrete massive amounts of IL-6 and other
inflammatory cytokines, contributing to the cytokine storm [22]. CD4 Th1 T lymphocytes involved in
the antiviral response present a cellular exhaustion phenotype and many cytotoxic CD8 T
lymphocytes undergo apoptosis, failing to eliminate viral reservoirs [19]. Furthermore, a depletion
of germinal centers in the spleen and lymph nodes was observed due to cell death driven by excess
TNF and IFN-y, favoring the lymphopenia observed in patients and interfering with the antibody
immune response [19,24].

The SARS-CoV-2 infection can compromise the immune function, leading to an inflammatory state
that can persist for months in PCC patients [10,25]. Studies have shown that PCC patients presented
increased systemic inflammatory cytokines (interferons and IL-6) and autoantibodies during months
after acute COVID-19 [25,26]. Furthermore, the reduction of persistent PCC manifestations is associated
with the immune function reestablishment within 2 years post-infection [27].

The patient's immunocompetence can determine the immune response to SARS-CoV-2, and
both, the immune and the clinical responses, can be impacted by the intestinal microbiota balance
[28]. There is a bidirectional connection across the gastrointestinal and respiratory mucosal
compartments which influences the healthy or pathological immunity to SARS-CoV-2 [29-32]. The
gut bacteriome plays a pivotal role in this axis, influencing both local and systemic immune
responses. Disruptions in the gut microbiota composition and function have been implicated in the
pathogenesis of respiratory diseases, including asthma, chronic obstructive pulmonary disease,
pneumonia, and more recently, in COVID-19 [30-36]. Also, the microbiota imbalance can
compromise the integrity of the intestinal barrier, leading to increased gut permeability, bacterial
translocation into the bloodstream, potentially triggering systemic inflammation and contributing to
inflammatory diseases and COVID-19 severity [37-39].

Emerging evidence highlights the gut-lung axis as a critical factor in respiratory health [29-36].
There are no studies evaluating alterations in the gut microbiota in acute COVID-19 in the Brazilian
population, nor evaluating the impact of this possible imbalance in the gut permeability and systemic
production of inflammatory cytokines. Therefore, the aim of this study was to evaluate alterations in
the gut bacteriome SARS-CoV-2-infected patients, and correlate them with gut permeability and
systemic inflammation. Understanding the mechanisms underlying the gut-lung axis may offer novel
strategies for preventing and treating pulmonary diseases and COVID-19 sequelae.

2. Patients and Methods

2.1. Study Design, Ethical Aspects and Patients’ Enrollment

This observational study was performed in accordance with the Declaration of Helsinki and was
approved by the Research Ethics Committee from Sao Paulo State University (Process number
4,310,336/2020). All participants, over 18 years of age, signed an informed consent form, and
peripheral blood samples were collected, and fecal samples were requested and delivered within 5
days. The patients included in this study were enrolled between October 2020 and December 2021 in
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two different hospitals in Brazil (Ribeirao Preto Santa Casa and Botucatu Clinical Hospital), in
addition to Sao Jose do Rio Preto Institute of Hematology Laboratory.

Two hundred and twenty unvaccinated SARS-CoV-2-infected patients were included based on
their laboratory-confirmed oropharyngeal/nasopharyngeal swabs by RT-qPCR method. Clinical-
laboratory data were collected, including gender, age, height, weight, body mass index (BMI), disease
severity, symptoms, sequalae, comorbidities, medications, hospitalizations, ICU time, chest
radiograph, and C-reactive protein levels. Exclusion criteria for control subjects included anti-
inflammatories, immunosuppressants, antibiotics, and vaccination in the last 30 days, as well as
inflammatory bowel diseases and chronic diarrheas.

2.2. Bacteriome Characterization by 16S Sequencing

DNA was obtained from 200 mg from fecal samples by using QIAamp Fast DNA Stool Mini Kit
(Qiagen, CA, USA), according to manufacturer protocol. The analysis of bacteriome was based on the
sequencing of 165V6 rDNA amplicons, in the Ion Torrent Personal Genome Machine™, following a
clonal amplification (emulsion PCR). Pooled barcoded amplicons were attached to the surface of ion
sphere particles (ISPs) using the lonPGM™. Template OT2 400 kit and the corresponding protocol.
Emulsion PCR was carried out in the Ion OneTouch™ 2 System. After amplification quality checking,
ISP enrichment was performed in the Ion OneTouch™ Enrichment System. Sequencing primers were
then annealed to the ISPs’ single stranded DNA, following the Ion PGM sequencing 400 kit protocol.
Low quality and polyclonal sequence reads, as well as primers and barcodes were filtered out and
the 165V6 rDNA sequences were available as a FastQ file. The raw data is deposited in the NCBI
Sequence Read Archive (SRA) under BioProject PRINA1189098.

2.3. Zonulin and Secretory Immunoglobulin A Quantification by ELISA Assays

Approximately 5 mL of peripheral blood were collected from participants in EDTA k2 tube and
the plasma was separated by centrifugation at 1,372 g, for 10 min, 4°C. Plasma zonulin measurement
were carried out by using the Human Zonulin ELISA Kit (Elabscience, Bethesda, MD, USA),
according to the manufacturer's recommendations. The fecal secretory immunoglobulin A (sIgA) was
quantified by the commercial Human IgA ELISA kit (Elabscience, Bethesda, MD, USA), according to
the manufacturer's protocol. For both ELISA assays, the optical density (OD) was read at 450 nm in
a spectrophotometer (BioTek EPOCH2NS microplate). The calibration curves were constructed in
Excel spreadsheets using the formula y = ax + b, where x and y were two dependent variables (OD
and concentration). The concentrations were calculated by converting the OD (variable x) into ng/mL
(variable y).

2.4. Cytokine Quantification by Cytometric Bead Array and ELISA Assay

Approximately 5 mL of peripheral blood were collected from participants in EDTA k2 tube and
the plasma was separated by centrifugation at 1,372 g, for 10 min, 4°C. Plasma samples were used for
cytokine quantification by using cytometric bead array (Human Th1/Th2/Th17 Kit, BD Biosciences,
San Jose, CA, USA). The levels of interleukin (IL)-2, IL-4, IL-6, IL-10, IL-17A, interferon-gamma (IFN-
v), and tumor necrosis factor (TNF) were detected by a flow cytometer (FACSCanto™ II, BD
Biosciences, Franklin Lakes, NJ, USA). Results were analyzed by BDFCAP array™ software and were
expressed in pg/ml. The Transforming Growth Factor-3 (TGF-3) cytokine was measured by TGF-[31
sandwich-ELISA Kit (Elabscience, Bethesda, MD, USA), according to the manufacturer's protocol.
The absorbance was read at 450 nm, and the results are presented as ng/mL.
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2.5. Bioinformatic and Statistical Analyses

The sequence initial quality was assessed by using the FastQC program (v.0.11.9) [40]. The reads
were then submitted to the DADA2 pipeline (v.1.22.0) using the corresponding package in the R
statistical program (v.4.1.2) (R Core Team, 2023) [41]. The quality control steps included size
truncation (truncLen = 250), leading trimming removal (trimLeft = 10) and quality filtering (maxEE =
2) by the “filterAndTrim” function. Amplicon variant sequences (ASVs) were identified for each
sample, and possible chimeric sequences were filtered using the “removeBimeraDenovo” function.
Taxonomic classification was performed by using the “assignTaxonomy” function, using the RDP
reference database (v.18) [42]. The ASVs were also aligned with BLAST against the NCBI RefSeq 165
rRNA database [43].

The phylogenetic relationship between ASVs was established with the Neighbor-Joining
algorithm using the "NJ" function and statistically validated by the bootstrap method with the
"bootstrap.pml" function, both from the R package “phangorn” (v.2.10.0) [44]. The counts, taxonomic
annotations and the phylogenetic tree were exported in the “phyloseq” format (R package
"phyloseq") (v.1.38.0) [45]. The phyloseq object was transformed into compositional data by the
"phyloseq_standardize_otu_abundance” function from the “metagMisc” package (v.0.04) for
subsequent analyses [46].

Sequencing coverage was assessed using rarefaction curves generated using the
“amp_rarecurve” function from the “ampvis2” package (v.2.7.17) [47]. For alpha diversity, observed
richness and diversity indices (Shannon, Gini-Simpson and Faith's Phylogenetic Diversity) were
estimated using the “alpha” function from the “microbiome” package (v.1.16.0) [48]. Beta diversity
was analyzed using the Bray-Curtis, Jaccard and UniFrac (Weighted and Unweighted) dissimilarity
indices obtained using the “distance” function from the “phyloseq” package. The dispersion of
samples within each group was also assessed.

The alpha diversity metrics, distance dispersion and relative abundances were compared using
the Kruskal-Wallis test (P < 0.05). When the data showed significance, the means were compared by
the Wilcoxon post-hoc test paired at 5% probability (P < 0.05). To assess the differences in beta
diversity between the groups, Permutational Multivariate Analysis of Variance (PERMANOVA) was
used using the “adonis2” function of the “vegan” package (v.2.6.4) [49]. The post-hoc analysis was
performed with the “pairwise.adonis” function (R package “pairwiseAdonis”) (v.0.4) [50]. The
multidimensional distances were ordered by Principal Coordinates Analysis (PCoA). The graphical
representations of the analyses were generated in the “R” program using the “ggplot2” package
(v.3.5.1) [51].

3. Results
3.1. Clinical and Demographic Characteristics of SARS-CoV-2 Infected Patients

A total of 221 patients infected with SARS-CoV-2 were included in the analysis, of which, 79
were in the acute phase of the disease and 142 in the post-COVID-19 condition (PCC). In acute
COVID-19 group, 58% of patients were female, 42% male, with mean age of 52 years, and classified
in mild (n = 28), moderate (n = 41) and severe (n = 10). In PCC group, 62% of patients were female,
38% male, with mean age of 41 years, and classified in mild (n=114), moderate (n = 13) and severe (n
=15). The control group (CTL) consisted of 85% female and 15% male, with mean age of 44 years. The
C-reactive protein (CRP) concentrations were significantly higher in acute COVID-19, when
compared with PCC patients (P < 0.001). Table 1 summarizes the clinical and demographic aspects of
SARS-CoV-2-infected patients and control subjects.

d0i:10.20944/preprints202505.0355.v1
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Table 1. Clinical and demographic characteristics of SARS-CoV-2-infected patients and controls.

COVID-19 PCC CTL
n=79) (n=141) (n=97)
Biological sex
46 F/33 M 88 F/ 53 M 83F/ 14 M
Female/Male
Age (Years)
51.8+16.3 40.8 +13.9 43.8+13.6
Mean + SD
BMI (Kg/m?)
28.6 +6.2 29.1+54 252+4.8
Mean + SD
CRP (mg/dL)
78.6 +£67.0 8.4+9.6 -
Mean + SD

F: female; M: male; SD: standard deviation; BMI: body mass index; Kg/m? kilograms per square meters; CRP:
C-reactive protein; mg/dL: milligrams per deciliter.

3.2. Bacteriome Signature in Patients Infected with SARS-CoV-2 Virus

To investigate significant changes in the gut bacteriome of patients infected with SARS-CoV-2, we
performed the 16S sequencing and evaluated the alpha and beta diversities. For alpha diversity, observed
richness and diversity indices were estimated. We observed significant differences (P <0.001) in Richness,
Chaol, Shannon (P =0.010), and Faith's phylogenetic diversity metrics in patients’ samples (acute COVID-
19 and PCC) when compared with control group (Figure 1A-D). We also detected significant differences
(P <0.001) in microbial communities found in acute COVID-19 and PCC patients, compared with controls,
with different clusters in Principal Coordinate Analysis (PCoA) (Figure 2 A-F).

Regarding differential abundance analysis and taxonomic distribution, we observed significant
differences (P < 0.001) among acute COVID-19, PCC and controls in Bacteroidota (formerly
Bacteroidetes) (22.4% vs. 21.9% vs. 73.3%) and Bacillota phyla (formerly Firmicutes) (67.9% vs. 68.6%
vs. 24.2%) (Figure 3A). Decreased Prevotellaceae (4.4% vs. 5.1% vs. 31.2%) and Bacteroidaceae (12.3% vs.
11.7% vs. 28.7%) abundances were detected in COVID-19 and PCC groups, as well as increased
Ruminococcaceae (31.5% vs. 24.9% vs. 12.2%) and Lachnospiraceae (28.8% vs. 30.4% vs. 8.9%), compared
with control group. In addition, Enterobacteriaceae family was also significantly increased (P = 0.013)
in acute COVID-19 group (4.6% vs. controls 0.28%) (Figure 3 B). Finally, Bacteroides (8.9% vs. 7.5% vs.
21.6%), Prevotella (3.7% vs. 4.5% vs. 29.7%) and Alistipes genera (2.0% vs. 1.8% vs. 5.4%) were
significantly decreased in COVID-19 and PCC groups, and Blautia (7.1% vs. 6.4% vs. 0.71%),
Agathobacter (4.1% vs. 7.1% vs. 0.85%) and Escherichia-Shigella (0.64% vs. 0.50% vs. 0.19%) increased,
compared with control subjects (Figure 3C-I).
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Figure 1. Alpha diversity analysis of the gut bacteriome from control subjects (CTL), acute COVID-19 patients,
and Post-COVID-19 Condition (PCC) patients. (A) Richness observed; (B) Chaol index; (C) Shannon diversity;
(D) Faith's phylogenetic diversity.


https://doi.org/10.20944/preprints202505.0355.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025

d0i:10.20944/preprints202505.0355.v1

6 of 17

UniFrac (Weighted)

PERMANOVA, p = <0.001

Keuskal-Wallis, p = <0.001
08
—_—
ns 02
T — —
2 = s =
g 08 —_— s 3
- = © _—
8 . o g = ejcn
2 ° o, ® == 00 -
o . o~ €2 © CovID-19
2 o4 < < ~
s o® ® o 8 @) PCC
z kS Q Q &
2 v e o
. s 0.2
02 :% °
'
C‘TL CU\’T’DJ! F(‘:C -E|‘.3 0.0 03
PCoA 1 (49.87%) PCoA 1 (49.87%)
D E  unifrac (Unweighted) F
PERMANOVA, p = <0.001
4
1.0 Kruskal-Wallis, p = <0.001
ns
2 ans = .
S 08 s )
£ 2 &
3 = g T@ cmL
e o = = o
s ° ~ 2 @) coVID-19
< ~
5 Fd 2 3 \@ Pcc
® . 5] T =
a ° a
e
04 00
,00
Ca
&O

ciL  covipe  péc

PCoA 1 (13.91%) PCoA 1 (13.91%)

Figure 2. Beta diversity analysis of the gut bacteriome from control subjects (CTL), acute COVID-19 patients,
and Post-COVID-19 Condition (PCC) patients using Weighted e Unweighted UniFrac metrics. (A,D) Distances
to Centroid; (B,C,E,F) Principal Coordinates Analysis with different clusters.

28%

W synergistetes

B coriobacteriaceae

[ Erysipelonichaceae

B Bamesiellaceae
QOthers

W Romboutsia

[ Unclassified

B Roseburia
Others

covips
LO0% s —— 100540
Family Genus

g B Lachnospiraceae B Bacteroides
= 750 B Ruminococcaceae W Prevasiia
e Phylum B Baceroidaceae W Faecalibacterium
g M Firmicutes H Prevoteliaceae B unciassified
2 M Bacleroidetes B Rikenellaceae B Unclassified
E B Actinobacteria W Bifidobacteriaceae W Blautia
2 Proteobacteria Peptastreptococcaceae Agathobacter

o B Unclassified B Porphyromonadaceae  50% W Phocaeicola
g W Fusobacteri B Streptococcaceae Alistipes
g o Tt B Unclassified B Bifidobacterium
= 1 15;&&?;"5 B Enterobacteriaceae [ Parabacteroides
s 1 B cClosiridiaceae 1 W Streptococcus

I | |

[

Rel. abundance (%)

E F
g: Bacteroides g: Prevotella
Kiuskalalls, p = <0.001 Kruskal vails, p = 0.001
154
sk s
—  — —"
ns ns
10
* - ns .
— % % — F3
B @
8 3
. H og £
g 3
L] H o g
. a -%
. 3 =
. ]
05 oloe = . ol x
. e LET L) -
.- L]
e ® ™ .
5‘. . ® ® s
LA > ® ° .
CIE :
e g o~y
i o oo a4 oo)  Lefoaiiel

g: Alistipes

100+

075+

050+

025+

Kruskal Wallls, p = <0.001

ol =.'id-= E@ TR -

et covip-18 pec

covip-19 [

COVID-19 pcC


https://doi.org/10.20944/preprints202505.0355.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025

| g: Blautia 9: Agathobacter g: Escherichia/Shigella

KrusksWalis, p = <0.001 ReuskalWallis. p = <0.001 Kruskal-Wallls. p = <0.001

02-
ns ns ns

Rel. abundance (%)

Rel. abundance (%)
L]

Rel. abundance (%)
.

.
s
-
5
° [ ]
L .
o L § “ °
5 o s
. .
. B PR 2
° By = p® £
3
B 00, —ibe- Efoe [ BT g
L PCC ciL T

covip-19 PGC cn cavip-19 [

Figure 3. Taxa distribution and differential abundance analysis of the gut bacteriome from control subjects
(CTL), acute COVID-19 patients, and Post-COVID-19 Condition (PCC) patients. (A-C) Taxa abundances (D-I)

Genera differential abundance analysis.

3.3. Increased Gut Permeability in SARS-CoV-2-Infected Patients

Since we detected significant changes in the intestinal bacteriome in patients infected with SARS-
CoV-2, we also checked the integrity of the gastrointestinal barrier by measuring plasma zonulin levels
and fecal secretory IgA. We observed a significant increase (P < 0.001) zonulin concentrations in acute
COVID-19 (60 + 3.9 ng/mL) and PCC patients (64 + 0.9 ng/mL), when compared with control group (19
+ 3 ng/mL) (Figure 4A). The secretory IgA concentrations in fecal samples from COVID-19 (220 + 29
ng/mL) and PCC (214 + 11 ng/mL) did not differ from control group (184 + 13 ng/mL) (Figure 4B).
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Figure 4. Zonulin plasma concentrations (A), and Fecal secretory IgA in control subjects (CTL), acute COVID-19
patients, and Post-COVID-19 Condition (PCC) patients.

3.4. Increased Inflammatory Cytokines in SARS-CoV-2-Infected Patients

This In order to verify the systemic immunity in blood plasma samples, we quantified the IL-2,
IL-4, IL-6, IL-10, IL-17A, IFN-y, TGF-3 and TNF concentrations in patients and healthy individuals.
We detected significant differences in IL-2, IL-6, IL-17A and IFN-y in acute COVID-19 (IL-2: pg/mL,
IL-6: 9.7 £ 2.0, IL-17A: 84 + 20, IFN-y: 0.66 + 0.20) and PCC (IL-2: pg/mL, IL-6: 3.5 + 0.56, IL-17A: 29 +
6.0, IFN-y: 0.57 £ 0.16), when compared with controls (IL-2: pg/mL, IL-6: 1.4 + 0.25, IL-17A: 0.40 + 0.20,
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IFN-y: 0.34 £ 0.09) (Figure 5). No differences were found in IL-4, IL-10, TGF-3 and TNF concentrations
between SARS-CoV-2-infected patients and controls.
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Figure 5. Cytokines’ concentrations in control subjects (CTL), acute COVID-19 patients, and Post-COVID-19
Condition (PCC) patients. (A) IL-2 plasma levels, (B) IL-6, (C) IL-17A, and (D) IFN-y.

3.5. Correlations Among Bacteriome, Clinical Data, Gut Permeability, and Cytokines

Since we found significant differences in the gut bacteriome in SARS-CoV-2-infected patients,
we investigated moderate-strong correlations between the bacterial taxonomic counts and clinical-
laboratory data. No moderate-strong correlations between the bacterial taxonomic counts and
clinical-laboratory data in PCC patients were found. On the other hand, some differentially increased
genera in acute COVID-19 patients correlated with C-reactive protein levels, including Schaalia (r = -
0.87; P <0.001), Thubacter (r = -0.85; P < 0.001), Lactonifactor (r = 0.78; P = 0.004), Neglecta (r = 0.67; P
=0.014), and Granulicatella (r = -0.54; P =0.046). (Figure 6A).

Regarding the gut permeability, some taxa differentially increased in acute COVID-19 patients
correlated with zonulin concentrations, including Enterobacteriaceae (r = 0.94; P =0.008),
Ruminococcaceae (r = -0.88; P =0.016), Escherichia-Shiguella (r = 0.88; P =0.016), Peptoniphilus (r = 0.77; P
= 0.05), and Intestinimonas (r = -0.92; P = 0.011) (Figure 6B-C). Although we found no differences in
fecal secretory IgA levels between patients and controls, we observed some moderate-strong inverse
correlations with some differentially increased taxa in acute COVID-19, including Bacillota (formerly
Firmicutes) (r = 0.54; P = 0.035), Prevotellaceae (r = -0.62; P = 0.017), Schaalia (r = -0.83; P < 0.001),
Granulicatella (r = -0.65; P = 0.013), Actinomyces (r = -0.55; P = 0.035), Ihubacter (r = -0.53; P = 0.038),
Collinsella (r =-0.51; P =0.045). Also, we observed a moderate-strong positive correlation of IgA levels
with Bacillota phylum (r = 0.54; P = 0.035) and Lactonifactor genera (r = 0.79; P = 0.002) (Figure 6D-E).
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Some differentially expressed genera in acute COVID-19 patients correlated with inflammatory
IL-6 concentrations, including Gemella (r = 0.58; P = 0.025), Lactonifactor (r = -0.58; P = 0.025), and
Anaerobutyricum (r = -0.52; P = 0.042) (Figure 6F). Similarly, some genera correlated with IL-2
concentrations, such as Erysipelatoclostridium (r = 0.77; P = 0.003), Anaerostipes (r = 0.58; P = 0.025),
Eggerthella (r = 0.56; P = 0.032), Ruthenibacterium (r = 0.55; P = 0.032), and Anaerobutyricum (r = 0.52; P
= 0.042) (Figure 6G). Also, IFN-y levels correlated with taxonomic counts of Bacillota (formerly
Firmicutes) (r = 0.70; P = 0.006) and Lachnospiraceae (r = 0.55; P = 0.034) (Figure 6H).
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Figure 6. Correlations between taxonomic counts of gut bacteriome and clinical-laboratory data in acute COVID-
19 patients. (A) C-reactive protein with differentially increased genera. (B-C) Plasma zonulin levels with
differentially increased families and genera. (D-E) Fecal sIgA levels differentially increased Bacillota,

Prevotellacea, and some genera. (F-H) Plasma concentrations of IL-6, IL-2 and IFN-y with differentially increased
taxa.

4, Discussion

Growing epidemiological and experimental data support the concept of the gut-lung axis,
highlighting the connection between gut microbiota and lung health [29-33,52]. This axis involves
two-way communication between the gastrointestinal and respiratory mucosa, mediated by
microbial interactions, immune responses, and metabolic byproducts, which appear to influence the
development and progression of several diseases, including COVID-19 [28,36,53-56]. Nevertheless,
the bacteriome profile in SARS-CoV-2-infected Brazilian patients and the impact on gut permeability
and systemic inflammatory cytokines have not yet been studied. In this observational study, we
investigated the gut bacteriome and permeability in acute COVID-19 and in Post-COVID-19
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condition (PCC) patients, and correlate with systemic inflammatory cytokines in a cohort enrolled in
the pre-vaccination period in Brazil.

Previous studies have reported significant alterations in the gut microbiota
(bacteriome/mycobiome) in acute COVID-19 patients, including decreased microbial richness and
diversity, along with a predominance of opportunistic microorganisms, and impaired short-chain
fatty acids (SCFA) biosynthesis [57-63]. Some studies identified a microbiota fingerprint associated
with both disease severity and mortality in COVID-19, showing potential role as a disease severity
predictor in hospitalized patients [64,65]. In addition, a marked reduction in beneficial gut
commensals has been documented and has been inversely correlated with proinflammatory
cytokines and disease severity [57-60,66]. Notably, more than 20% of adult COVID-19 patients fail to
recover within three months and an imbalance in the gut microbiota persists even after SARS-CoV-2
virus negativity and respiratory symptoms’ resolution [60,67]. Recent studies showed intestinal
dysbiosis in PCC patients and suggested a relationship between long-term sequalae, microbiota and
metabolites disruption, and immune dysfunctions [68-73]. In the present study we also observed
significant differences in alpha and beta diversity metrics in acute COVID-19 and PCC, when
compared with control subjects, with increased potential pathogenic members (Enterobacteriaceae,
Escherichia-Shigella), and decreased beneficial commensal microbes (Blautia, Alistipes), which are in
agreement with previous studies.

Concerning the systemic immunity in acute COVID-19, clinical studies have shown a significant
rise in proinflammatory cytokines and chemokines (IL-13, IL-2, IL-6, IL-8, IL-15, IFN-y, TNF, MCP-1)
characterizing the cytokine release syndrome (CRS) or cytokine storm [74-80]. CRS may arise directly
from viral-induced tissue damage or indirectly through an overactive immune response, which leads
to the infiltration of immune cells into affected tissues. Although this infiltration is initially intended
to contain viral spread, it ultimately causes more damage than benefit [75,76]. The excessive immune
response contributes to severe manifestations like ARDS, MOF, and increased mortality [74-76]. Also,
immune dysfunctions with impaired interaction between cellular and humoral adaptive immunity
were observed in PCC patients, potentially resulting in immune dysregulation, persistent
inflammation, and the clinical symptoms characteristic of this debilitating condition [25-27,81,82]. In
our study, we detected significant increase in plasma concentrations of IL-2, IL-6, IL-17A and IFN-y
in SARS-CoV-2 infected patients, in agreement with previous studies. Increased IL-6 levels have been
consistently associated with disease severity in COVID-19 patients as have higher concentrations of
CRP, a downstream inflammatory marker [83-86]. Increased IL-17 have been observed in severe
COVID-19, and correlated with lung lesions and ARDS development [74,83]. Increased IFN-y plays
a central role in promoting a highly inflammatory macrophage phenotype within the lungs of severe
COVID-19 patients [87,88]. Similar to other publications, we found some correlations between the
bacteriome and inflammatory cytokines, suggesting that the bacteriome may influence the host's
immune response to SARS-CoV-2 [58,60,66,71].

SARS-CoV-2 infection has been associated with increased gut permeability which may
contribute to systemic inflammation and disease severity. Disruption of the gut epithelial barrier
during COVID-19 and PCC can allow microbial products such as lipopolysaccharides and other
endotoxins to translocate into the bloodstream, amplifying the host’s inflammatory response [37-
39,89,90]. Elevated levels of gut permeability markers, such as zonulin, LPS-binding protein, and
intestinal fatty acid-binding protein, have been detected in COVID-19 patients and correlate with
worse clinical outcomes [91-93]. The gut-lung axis may play a critical role in COVID-19
pathophysiology, where compromised intestinal barrier function exacerbates pulmonary
inflammation through the systemic circulation of pro-inflammatory mediators, and favors bacterial
translocation and bacteremia [92,93]. We also detected increased gut permeability in our cohort, with
high plasma zonulin levels in acute COVID-19 and PCC patients, in addition to strong positive
correlation with Enterobacteriaceae and Escherichia-Shiguella, suggesting the involvement of a triad
consisting of intestinal dysbiosis, leaky gut, and systemic inflammation in SARS-CoV-2-infected
patients.
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Our results reinforce the importance of the gut-lung axis and the role of the gut microbiota in
modulating the immune responses and maintaining the intestinal barrier integrity, suggesting the
capacity to modulate the immunity to SARS-CoV-2 through the gut microbiota. Our study presents
some limitations, such as: 1) Lack of stratification analysis related to disease severity and antibiotic
treatments; 2) We did not identify the circulating variants in our patients. The strengths of our study
include: 1) Enrollment of patients in the pre-vaccination period, removing a confounder from the
analyses; and 2) No studies evaluated variables such as microbiota, cytokines and permeability in
Brazilian population, revealing important correlations to understand the gut-lung axis in acute
COVID-19 and in long-term consequences.
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