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Abstract

Background
There is mounting evidence that SARS-CoV-2 targets tissues beyond the respiratory tract. Long-term
sequelae after COVID-19 are frequent and of major concern. Prolonged virus detection in the gut has been
particularly intriguing. Of note, SARS-CoV-2 infection also disturbs the gut microbiota composition, a
�nding linked with disease severity in patients with COVID-19. Here, we aimed to characterize the
functional role of the gut microbiota in the long-term consequences of COVID-19. To this end, we
characterized the gut microbiota from COVID-19 human subjects and followed the effects of human fecal
transfer to germ-free mice.

Results
The gut microbiota of post-COVID subjects (up to 4 months from the initial positive test) revealed a
remarkable predominance of Enterobacteriaceae strains with multidrug-resistance phenotype compared
to healthy controls. After fecal transfer to germ-free mice, animals receiving samples from post-COVID
subjects displayed higher lung in�ammation and increased susceptibility to pulmonary infection caused
by an antimicrobial resistant Klebsiella pneumoniae strain. These mice also showed poorer cognitive
performance associated with increased expression of TNF-α, reduced levels of brain-derived neurotrophic
factor-BDNF and postsynaptic density protein-PSD-95 in the brain, as well as alterations of several
biochemical pathways. These alterations were observed in the absence of SARS-CoV-2, suggesting that
alterations in the gut microbiota caused them. Consistent with this hypothesis, brain dysfunctions
induced in a mouse model of coronavirus infection were partially prevented by modulation of the
microbiota via treatment with the commensal probiotic bacteria Bi�dobacterium longum 51A.

Conclusions
Our results show prolonged impact of SARS-CoV-2 infection in the gut microbiota that persists even after
the individuals have cleared the virus. Increased Enterobacteriaceae with antimicrobial resistance
phenotype were of particular concern. Moreover, microbiota transfer from post-COVID subjects induced
loss of brain cognitive functions and impaired lung defense in mice. Altogether, our work emphasizes the
importance of microbiota as a target for therapies to help treat post-COVID sequelae.

Background
According to WHO, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has
claimed over 514 million con�rmed cases and over six million deaths globally as of May 2022 [1].
Beyond the fatal short-term outcome, up to 75% of patients who had been hospitalized described
persistent multi symptoms after the onset of coronavirus disease 2019 (COVID-19), including fatigue,
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headache, and loss of memory, among others [2]. While the long-term complications of COVID-19 are
common and increasingly recognized [3–5], the sequelae after clearance of the SARS-CoV-2 virus,
especially in humans with mild or even asymptomatic COVID-19, remains unclear.

Although the newly emerged β-coronavirus, SARS-CoV-2, primarily infects the lung, the intestine is also
vulnerable. The SARS-CoV-2 requires the angiotensin-converting enzyme 2 (ACE2) and Transmembrane
Serine Protease 2 (TMPRSS2) as a receptor to enter the cells [6]. These receptors are not exclusively
expressed in the lung but also, and even higher, in the gut [7, 8]. Moreover, the gut microbiota has been
described as a factor that in�uences the COVID-19 severity and involves post-COVID long-term effects [9].
The human microbiota includes trillions of microorganisms, primarily bacteria, that inhabit our body,
forming a complex and well-recognized ecosystem. An imbalance in the microbiota composition, named
dysbiosis, is a major factor related to disease development [10, 11]. Moreover, viral infections can alter
the gut microbiome composition resulting in the depletion of commensal microbiota leading to dysbiosis
and impacting the host’s gut homeostasis [9, 12, 13]. Individuals who experience severe COVID-19 have
been shown to have a decrease in diversity and abundance in the commensal gut microbiota species
and, consequently, an enrichment of opportunistic pathogens (independently of antibiotic treatment).
These alterations were associated with the aberrant immune responses observed in COVID-19 patients [9,
14–18]. More recently, dysbiosis was described in the gut microbiota of individuals with long-COVID up to
6 months after their initial SARS-CoV-2 infection [2, 19]. This fact suggests that the long-term changes in
the microbiota might support the symptoms of long-COVID, although there is no direct evidence for this
link yet [17].

The gut microbiota can in�uence the immune system, lung, and brain functions via the gut–lung axis and
the gut-brain axis, as well as other organs by different mechanisms: production of metabolites, miRNA,
microbial-derived components (LPS, PSA), and others [20–25].

In recent years, the human gut microbiota environment has received increasing attention as a reservoir of
antibiotic resistance genes, which disturbs the gut microbiota composition, and might be leading to the
risk of infection due to multidrug-resistant bacteria [26, 27]. Indeed, during the COVID-19 pandemic, a
“silent pandemic” of antimicrobial resistance (AMR) is gaining ground due to many factors, such as
antimicrobial overuse, which requires urgent global action [28–31]. Many factors such as environment,
diet, antibiotics, lifestyle, and infections can modulate human resistome, also contributing to the
acquisition of resistance. Emerging evidence suggests that restoring the balance between gut microbiota
microorganisms may be important to control the AMR threat and potentialize host immune response
against pathogens [32]. More recently, a randomized clinical trial showed that daily use of
Lacticaseibacillus rhamnosus GG probiotic protects against symptom development after exposure to
SARS‐CoV‐2 [33]. However, few studies have been investigating the use of probiotics in controlling the
human microbiota resistome [34, 35], and importantly, none on the impact on the gut microbiota of
individuals with no/or mild symptoms of COVID-19.
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Here, we investigated whether the gut microbiota derived from individuals infected with SARS-CoV-2 up to
4 months after initial infection and who had mild or no symptoms of COVID-19 at that time were
associated directly with the post-COVID long-term consequences. To investigate this, we performed
human fecal microbiota transference (FMT) to germ-free (GF) mice as an experimental approach. Our
data provide evidence that gut microbiota drives important sequelae from SARS-CoV-2 infection
demonstrated by the rise of AMR phenotype into human fecal microbiota, induction of lung in�ammation
affecting the host's lung bacterial infection defense, and brain dysfunction.

Methods
Study design

This cross-sectional study consisted of two steps: the �rst samples from human volunteers with or
without COVID-19 were analyzed, and the second human feces from these volunteers were transplanted
into germ-free mice (Fig.1). Initially, post-COVID and health volunteers (controls) were recruited, followed
by the collection of feces and blood samples. Collections were performed from 1 to 4 months after
infection (on average 2 months). The volunteers answered a survey consisting of clinical symptoms,
medications used, and lifestyle questions. Samples were collected between October 2020 - April 2021 in
Belo Horizonte metropolitan area in the state of Minas Gerais, Brazil. Fresh feces samples from the
subjects were immediately used for Fecal Microbiota Transplantation (FMT) into Germ-Free mice (6-8
weeks old). 

To investigate the effects of feces from post-COVID subjects on the susceptibility to pulmonary infection
caused by a antimicrobial resistant bacteria, germ-free mice were infected with the bacteria Klebsiella
pneumoniae afterfeces transfers from post-COVID and controls subjects. Animals wererandomly divided
ten days after FMT into four groups: (1) Controls + Vehicle, (2) Controls + K. pneumoniae B31, (3) post-
COVID + Vehicle and (4) post-COVID + K. pneumoniae B31. The infection with K. pneumoniae B31 was
performed intratracheally. Subsequent analyses were performed 48 hours after infection. To evaluate the
therapeutic effects of a probiotic bacterium, Bi�dobacterium longum 51A, on post-COVID microbiota, mice
were randomly divided into four groups: (1) Controls + Vehicle, (2) Controls + B longum 51A, (3) post-
COVID + Vehicle, and (4) post-COVID + B. longum 51A. The B. longum 51A was administered through oral
gavage every 48 hours for 12 days, until the end of the experiment and subsequent analysis.

Study subjects and sample collection 

A total of 72 post-COVID subjects (1-4 months after SARS-CoV-2 infection) and 59 controls volunteers
(SARS-CoV-2 negative test) were included in this study see the sample work�ow in Additional File 1:
FigS1. 

Post-COVID subjects underwent SARS-CoV-2 testing (i.e., a nucleic acid ampli�cation test [NAAT] or an
antigen test) to con�rm the infection. Those who tested positive for SARS-CoV-2 and did not show any
symptoms related to COVID-19 were classi�ed as asymptomatic. Clinical spectrum of disease severity
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was classi�ed according to the NHI COVID-19 Treatment Guidelines [34]. Control volunteers were included
in the study if they never had symptoms related to COVID-19 and not tested positive for SARS-CoV-2. To
ensure, serological tests were performed in all the volunteer serum samples to verify the presence or
absence of SARS-CoV-2 antigens. The volunteers were instructed to self-collect the fecal sample in a
sterile container and immediately store it in a home refrigerator (4oC) within a maximum of 10 hours. The
volunteers' sociodemographic characteristics, lifestyle, and health statuses are shown in Additional File 2:
Table S1. All volunteers were aged between 15-60 years old.  A survey was applied to investigate factors
that in�uence the health and intestinal microbiota status of the subjects, such as comorbidities, eating
habits, and antibiotics use at least 4 months before the application of the survey and sample collection.
The parameters used to verify the eating habits of the volunteers are available in Additional File 3: Table
S2. The exclusion criteria established in the present study were volunteers not having been vaccinated for
SARS-CoV-2 and if they tested positive in the serological test performed on the day of sample collection. 

Laboratory animals

Male and female Germ-Free Swiss/NIH mice derived from a GF nucleus (Taconic Farms, Germantown,
USA), with ~8-weeks-old were used. They were maintained in �exible plastic isolators (Standard Safety
Equipment Co., Pallatine, USA) using classical gnotobiology techniques [35] at the Gnotobiology
Laboratory of the Federal University of  Minas Gerais (UFMG), Minas Gerais, Brazil. Also, male and female
C57BL/6J mice, aging ~8 weeks old, obtained from the UFMG animal facility, were kept in plastic cages
in a room with controlled conditions (26°C, 12h light/dark cycle) with steam sterilized food (Nuvilab ,
Nuvital, Brazil) and water ad libitum. All mouse procedures were performed in accordance with guidelines
from the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council of Animal
Experimentation (http://www.cobea.org.br/) and Brazilian Federal Law 11.794 (October 8, 2008). The
animal study was reviewed and approved by The Institutional Committee for Animal Ethics of the Federal
University of Minas Gerais (protocol nº CEUA/UFMG 281/2020 and 55/2021).

Human Fecal Microbiota Transplantation to GF mice 

Fresh fecal samples were self-collected by volunteers, were weighed and resuspended in 0.9% sterile
saline (NaCl) solution (100mg for each 1 mL of solution), homogenized, and kept for 10 minutes at 4 °C
to big particles precipitate. For FMT, a single 100 μL aliquot of the supernatant was used for oral gavage
of the GF mice. To assure stable human microbiota into GF mice after FMT 10 days have waited until the
beginning of the experiments [36].

Klebsiella pneumoniae intratracheal infection

The bacterium used in the intratracheal pulmonary infection experiments was K. pneumoniae B31, a
clinical isolate with a multidrug-resistance pro�le [37], gently provided by Prof. Vasco Ariston from the
Laboratory of Cellular and Molecular Genetics at ICB/UFMG. For the procedure, animals were
anesthetized intraperitoneally (i.p.) with 80 mg/kg ketamine and 10 mg/kg xylazine i.p., the trachea was
exposed through a skin incision, and 25μL of the suspension containing 1×106 CFU/mL of K.
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pneumoniae B31, or sterile saline for mock controls, was injected with a 26-gauge needle [38]. After
infection, the skin was sutured, and the mice were monitored for 2 days and then euthanized as described
in the experimental design.

Mouse Hepatitis Virus-3 intranasal infection and virus quanti�cation

The β-coronavirus mouse hepatitis virus MHV-3 was provided by Prof. Vivian Vasconcelos Costa and
Prof. Mauro Martins Teixeira from the Center for Research and Development of Drugs at the Department
of Morphology, UFMG. For intranasal infection, C57BL/6J mice were lightly anesthetized with 80 mg/kg
ketamine and 10 mg/kg xylazine i.p., and received an intranasal inoculation of 30μL of a suspension
containing 3×101 PFU of MHV-3 [39], or sterile saline for mock controls. Then, mice were monitored and
euthanized 10 days after infection. MHV-3 was propagated in L929 cells, and viral titration was
performed, as described previously [39]. RNA was extracted with kit QIAamp® Viral RNA for viral brain
quanti�cation, and the tissues were macerated in the �rst step with the lysis buffer. cDNA was
synthesized using the kit iScript™ gDNA Clear cDNA Synthesis Kit (BIO-RAD), and qPCR assay was
performed using Fast SYBR™ Green Master Mix (Applied Biosystems™). Primer sequences are described
in Supplementary Information (Additional File 4: Table S3).  The standard was obtained by extracting
RNA from a known amount of PFU from MHV-3. Results of viral quanti�cation were expressed in Arbitrary
Units.

Treatment with Bi�dobacterium longum 51A probiotic

The probiotic bacterium B. longum 51A, a strain isolated from the feces samples of healthy children [40]
was provided by Prof. Flaviano S. Martins from the Laboratory of Biotherapeutic Agents at ICB/UFMG. B.
longum 51A was cultured in De Man, Rogosa, and Sharpe (MRS) broth (Acumedia, USA) supplemented
with 0.5% L-cysteine (Synth, Brazil) under an atmosphere containing 85% N2, 10% H2 and 5% CO2, during
48h at 37°C in an anaerobic chamber (Forma Scienti�c, Marietta, GA, USA). Mice received by oral gavage,
a single 100μL dose of suspension containing 1.0 x 109 CFU/mL, or sterile saline [38]. HM mice and
C57BL/6 were treated every 48h, during 12 and 10 days, respectively. 

Mouse behavioral tests 

Novel object recognition and novel object location tests

Tests were performed in a 30 (w) x 30 (d) x 45 (h) cm arena. Before training, each animal was submitted
to a 5 min habituation session the previous day, in which they were allowed to freely explore the empty
arena. Training consisted of a 5 min session during which animals were placed at the center of the arena
in the presence of two identical objects and the time spent exploring each object was recorded. Thirty
minutes after training, animals were again placed in the arena for the test session, when one of the two
objects used in the training session was replaced by a new one in the object recognition paradigm or
moved to a new location in the new object location paradigm, and the time spent exploring familiar and
novel objects (or object at the novel location) was measured [41]. The arena and objects were cleaned
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thoroughly between trials with 70% ethanol to eliminate olfactory cues. Test objects were made of plastic
[approximately 3 cm (w) x 3 cm (d) x 4cm (h)] and, during behavioral sessions were �xed to the arena
�oor using tape to prevent displacement caused by exploratory activity of the animals. Preliminary tests
showed that none of the objects used in our experiments evoked innate preference by animals. Results
were expressed as a percentage of time exploring each object or location (old or new) in relation to the
total exploration time during the test session. 

Bronchoalveolar lavage cell counts

After mice euthanasia, bronchoalveolar lavage (BAL) was collected by inserting 1mL of phosphate-
buffered saline using 20-gauge catheter connected to a 1mL syringe into the lungs. The 1mL aliquot was
collected, centrifuged, and resuspended in 100µL of sterile saline, and the total leukocytes were quanti�ed
by Neubauer chamber counting. In addition, differential counts were obtained from cytospin preparations
[38].

Measuring SARS-CoV-2 load in the human feces 

RNA extraction from feces samples was adapted from previously published protocols [42]. Brie�y, fecal
samples were diluted 1:5 (w:v) in guanidine, homogenized, and clari�ed by centrifugation at 4,000g for 20
min at 4°C. Viral RNA was puri�ed using the QIAamp Viral RNA Mini Kit following the manufacturer's
instructions, with a �nal elution volume of 50 µL.

Real-Time quantitative PCR (RT-qPCR) for SARS-CoV-2 test in feces samples and viral load quanti�cation
was performed on reactions with a �nal volume of 20 µL, using the one-step RT-qPCR Master Mix
according to the CDC USA protocol [43]. The primers used for qPCR in the N1 and N2 regions of the
nucleocapsid gene were sourced from Integrated DNA Technologies (cat. no. 10006770) that were
manufactured using the U.S. CDC sequences and QC quali�ed under a U.S. CDC Emergency Use
Authorization. For analysis, we adopted the ampli�cation values of viral targets N1 or N2 with a threshold
cycle (Ct) below 40.0 was considered positive for SARS-CoV-2, and above 40 as indeterminate or
undetectable. This protocol was adapted from CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-
PCR Diagnostic Panel Instructions. We used feces samples spiked with inactivated SARS-CoV-2 (stock
titer 6.7 x 106 PFU/mL) as positive controls at different dilutions.

In�ammatory mediators’ analysis by RT-qPCR in lung, intestine, and brain tissue from mice             

Total RNA of the lung, intestine, and hippocampus from controls and post-COVID HM GF mice was
extracted using TRIzol™ reagent (Thermo Scienti�c). cDNAs were prepared in a 20-µL �nal reverse
transcription reaction and subjected to qPCR using the kit Power SYBR Green Master Mix (Applied
Biosystems), following the manufacturer’s instructions, in the QuantStudio™ 7 Flex real-time PCR system
platform (Applied Biosystems). The primer sequences used are described in Supplementary Information
(Additional �le 4: Table S3). All RT-qPCRs showed good ampli�cation quality, and gene expression
changes were determined with the 2−ΔCt method using Ribosomal protein L32 or normalization.
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ELISA for measurements of Intestinal fatty acid-binding protein (I‐FABP) and cytokines 

ELISA techniques were used to quantify the concentrations of I-FABP as described before [44]. IL-10, TNF-
a and IL-1b concentrations were determined using IL-10 ELISA kits (R&D Systems, USA) according to the
manufacturer’s instructions. The analyses were performed in duplicate.

Short-chain fatty acids (SCFAs) measurement

The SCFAs measurements were performed as previously described, with adaptations [45]. Feces samples
were suspended in 1% phosphoric acid (1:6 – W: V) (Merck, USA), vortexed, and centrifuged at 20,000g
for 30 min at 4°C. The supernatant was �ltered through a cellulose acetate membrane (0.22 µm), and 10
µL were injected directly into HPLC, using an ionic exchange resin column 300×7.8 mm (Sigma, Germany)
with a Micro-Guard cation H+ cartridge (Sigma, Germany) and detector set at 210 nm. The �ow rate was
0.5 mL/min until 35 minutes of chromatographic run, being changed to 0.7 mL/min until the end of the
run. The column temperature was 30ºC. For serum samples, the SCFAs measurements were performed as
previously described, with adaptations [46]. Serum samples were suspended in formic acid 1 mol.L-1, and
solution of the internal standard, 2-ethyl-butyric acid 1 mol.L-1 (Sigma, Germany) was added, in
proportions 5:5:1 respectively. Then, the suspension was vortexed and centrifuged at 12,000 g for 30 min
at 4°C. After, 2 µL of the supernatant were injected into Gas Chromatograph–FID (Agilent, USA), using HP-
FFAP column 19091F-105 (Agilent, USA), 50m×0.20mm×0.33 µm, and the detector was set in 240°C. The
chromatographic conditions were 60°C for 0.5 minutes, heating at 8°C.min-1 to 180°C for 1 minute. New
heating rate from 20 °C.min-1 to 240 °C for 7 minutes. The total run time was 26.5 minutes. Seven-point
external calibration curves were adopted to quantify fecal and serum samples, using analytical grade
SCFA (Sigma, Germany) as standards.

Histopathology and immunohistochemistry analysis

Intestine and lung tissue from HM GF mice were collected and processed. The in�ammatory score was
performed with hematoxylin and eosin (H&E) stained slides and evaluated airway, vascular and
parenchymal in�ammation [47,48]. For immunohistochemistry analysis, lung tissue slides from controls,
and post-COVID HM GF mice were immune-stained as described before [49]. Brie�y, the slides were
incubated with primary anti-α-actin antibodies (human, 1:500) (DAKO, USA) overnight at 4ºC. Then, the
primary antibodies were detected using an anti-mouse/anti-rabbit detection system (Novolink Polymer
Detection System; Leica Biosystems, Newcastle Upon Tyne, UK) according to the manufacturer’s
instructions. The sections were counterstained in diluted Harris Hematoxylin solution and permanently
mounted with Entellan (Merck, USA). For the morphometric analysis, images (20X objective) were
acquired from α-actin immunolabeled to quantify the muscle layer of the lung section using the Image
J1.52 program (NIH, USA). All the analyzes were examined under a light microscope by a pathologist who
was blinded to the experiment.

Cultivable fecal microbiota quanti�cation
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Fresh fecal samples were weighed, homogenized in sterile 0.9% saline (100mg for each 1 mL of saline),
and serially diluted (1:10). Subsequently, different dilutions were plated on different selective media
(Merck, USA) for quanti�cation of total aerobic (blood agar in aerobiosis) and anaerobic bacteria (blood
agar supplemented with hemin (5 µg/mL) and menadione (1 µg/mL) in anaerobiosis),
Enterobacteriaceae (MacConkey agar in aerobiosis), Staphylococcus (Salt Mannitol agar in aerobiosis),
Bacteroides (Bacteroides Bile Esculin agar in anaerobiosis), Acid Lactic Bacteria (De Man, Rogosa and
Sharpe in aerobiosis) and Bi�dobacterium and anaerobic Lactic Acid Bacteria(De Man, Rogosa and
Sharpe in anaerobiosis) populations. Aerobic plates were incubated for 24h at 37°C under standard
conditions. Anaerobic plates were incubated in an anaerobic chamber (Forma Scienti�c, Marietta, GA,
USA) under an atmosphere containing 85% N2, 10% H2, and 5% CO2 at 37°C for up to 72h. After
incubation, the colonies were counted, and data were expressed as the log10 of colony-forming units
(CFU) per gram of feces.

Quanti�cation of Enterobacteriaceae on bronchoalveolar lavage 

The BAL samples were directly plated on MacConkey agar, incubated in aerobic conditions, and kept
under the same culture conditions mentioned above. After incubation, the colonies were counted, and
data were expressed as the log10 of CFU per mL of BAL.

Enterobacteriaceae antimicrobial resistance test and identi�cation 

After fecal microbiota cultivation, individual Enterobacteriaceae colonies with different morphologies
were isolated from MacConkey medium (Sigma, Germany) plates. Pure colonies were suspended in
sterile 0.9% saline at a 1.5x108 CFU/mL concentration according to the 0.5 McFarland standard. Then, a
sterile swab was soaked in the bacterium solution and inoculated by spreading on Mueller Hinton Agar
plates (140x15mm) (Merck, USA). After 15 minutes, a dispenser (Thermo Scienti�c™ Remel™) with 12
discs (Thermo Scienti�c™ Oxoid™) referring to β-lactam (amoxicillin-clavulanic acid, cephalosporin,
ertapenem, meropenem, imipenem), aminoglycosides (amikacin, streptomycin, gentamicin), quinolones
(cipro�oxacin, levo�oxacin, nor�oxacin), sulfonamide and folate inhibitors (sulfamethoxazole-
trimethoprim) and macrolides (azithromycin) antibiotics were added to the inoculated plates. The plates
were incubated at 37°C for 24h. The presence or absence of bacterial growth inhibition zones was
observed and measured to determine the resistance pro�le in: sensitive, intermediate, or resistant,
according to the CLSI M100Ed31 guidelines. The resistance phenotype was determined according to the
number of antimicrobials classes in which each strain presented resistance, being resistant (1-2
antimicrobials) or multidrug-resistant (≥3 antimicrobials). Identi�cation of Enterobacteriaceae strains
was performed by Matrix Associated Laser Desorption-Ionization - Time of Flight  (MALDI-TOF), using the
FlexControl MicroFlex LT mass spectrometer (Brunker Daltonics) as described before [50]. Before
identi�cation, calibration was done with the bacteria Escherichia coli DH5α test standard (Brunker
Daltonics). For the construction of the network, data from bacteria that showed resistance to ≥2
antimicrobials classes were used. Nodes were classi�ed as the isolated bacteria and edges as shared
AMR phenotype. The network was non-directional, and the nodes color was determined according to the
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resistance phenotypeof the antimicrobial classes. Node size was established according to the number of
antimicrobial classes to which each bacterium was resistant. Edge weight was de�ned according to the
number of resistance classesthat the bacteria shared with each other. Network co-occurrence analysis,
visualization, and property measurements were performed using the platform Gephi [51].

LC-MS/MS Analysis

Hippocampus samples were mechanically lysed with an ultrasonication probe in protein extraction buffer
(100 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, 1% Triton-X) and protease inhibitors cocktail (Protease
Inhibitor Cocktail, SIGMA). 20 μg of protein were submitted to the FASP protocol for tryptic digestion [52].
Digested peptides were then resuspended in 0.1% formic acid and fractionated on an ACQUITY MClass
System (Waters Corporation). 1 μg of digested samples were individually loaded onto a Symmetry C18 5
μm, 180 μm × 20 mm precolumn (Waters Corp.) and subsequently separated in a 120 min reversed phase
gradient at 300 nL/min (linear gradient, 3–55% ACN over 90 min) using an HSS T3 C18 1.8 μm, 75 μm ×
150 mm nanoscale and LC column (Waters Corp.) maintained at 30 °C. For the gradient elution, water-
formic acid (99.9/0.1, v/v) was used as eluent A and acetonitrile formic acid (99.9/0.1, v/v) as eluent B.
Separated peptides were analyzed in a Synapt G2-Si mass spectrometer directly coupled to the UPLC
system. Mass spectrometry was conducted using data-independent acquisition (DIA) in expression mode
(MSe), switching between low (4 eV) and high (25–60 eV) collision energies on the gas cell, using a scan
time of 1.0s per function over 50–2000 m/z. All spectra were acquired in ion mobility mode (wave
velocity:  1.000m/s and a transfer wave velocity: 75m/s). A reference lock mass ([Glu1]-Fibrinopeptide B
Standard, Waters Corp.) has been employed for online calibration. Experiments were performed in
technical triplicates. LC-MS/MS data were processed for qualitative and quantitative analysis using the
software Progenesis (Waters Corp.). Protein identi�cation was obtained using Mus musculus database
(UniProt KB/Swiss-Prot Protein reviewed). Search parameters were set as: automatic tolerance for
precursor ions and product ions, minimum 1 fragment ions matched per peptide, minimum 3 fragment
ions matched per protein, minimum 1 unique peptide matched per protein, 2 missed cleavage, cysteine
carbamidomethylating as �xed modi�cation, and oxidation of methionine as variable modi�cations, false
discovery rate (FDR) of the identi�cation algorithm < 1%. Label free quantitative analysis was obtained
using the relative abundance intensity integrated in Progenesis software, using all peptides identi�ed for
normalization. Filtered tables were generated to exclude proteins with no statistical signi�cance
according to ANOVA ≥ 0.05. In silico systems biology was performed using DAVID Bioinformatics
Resources [53].

Fecal DNA extraction and sequencing

Feces samples self-collected by the volunteers were stored in a freezer at −70 °C. DNA extractions were
performed using a QIAamp DNA Stool Mini Kit (Qiagen, USA) according to the manufacturer’s
instructions. Then, DNA quality was checked by 1% (w/v) agarose gel electrophoresis and quanti�ed by
NanoDrop™ 2000/2000c Spectrophotometer (Thermo Scienti�c™). DNA was used as a template in PCR
amplicon targeting the V3 and V4 hypervariable regions of the bacterial 16S rRNA gene. The Illumina 16S
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Metagenomic Sequencing Library Preparation protocol was used to prepare the 16S metagenomics
library and sequencing (Illumina, USA). PCR ampli�cation protocols, adapter primers, index sequences,
and PCR clean-up process were performed as described in the protocol [54].The 16S library was
quanti�ed by Qubit dsDNA HS Assay Kit (Invitrogen, USA) and checked with a 2100 Bioanalyzer
Instrument (Agilent Technologies, USA). The sample pool (4 nM) library was diluted further �nal
concentration of 8 pM and added to 20% (v/v) of 8 pM PhiX DNA (Illumina, USA), following Illumina
guidelines. Sequencing was performed using the Miseq reagent kit v3 (600 cycles) in the Illumina MiSeq
platform and 2×300 bp (MSC v2.4) according to the manufacturer’s instructions (Illumina, USA).

Sequence data processing, inferring gut microbiota composition, and statistical analysis

Processing of metagenomic sequencing data was performed using QIIME2 pipeline [55]. First, sequenced
reads were denoised with DADA2 and then processed by VSEARCH [56] to �lter eventual chimeras and
perform de novo clustering of valid sequences into OTUs requiring 97% sequence similarity. Next, MAFFT
Fasttree was applied to conduct phylogenetic analysis based on OTUs. α- and β-diversity were analyzed
using the core-metrics-phylogenetic method built-in on QIIME2: for the α-diversity, were calculated
Shannon’s diversity index and Chao1; for β-diversity, were calculated Bray-Curtis and weighted UniFrac
distances. OTUs were taxonomically classi�ed using Naive Bayes classi�ers trained with Silva v. 138,
setting 97% of sequence similarity for full-length OTUs [57]. Differential abundance was calculated using
ANCOM [57]. The metagenomic libraries produced in this work were deposited in the NCBI SRA database
under project number PRJNA843134.

Statistical analysis

Statistical analyses and graphs were done using GraphPad Prism7 (GraphPad Software, La Jolla, CA,
United States). Data are shown as mean ± standard deviation (SD). Data that presented normal
distributions (p > 0.05 by Shapiro–Wilk tests) were evaluated by Student’s t-test, one-way and two-way
analysis of variance (ANOVA), depending on the experimental design. Following signi�cant ANOVAs, we
performed a post-hoc test according to the coe�cient of variation (CV): Tukey (CV ≤ 15%), Student’s
Newman-Keuls (CV entre 15 - 30%) e Duncan (CV >30%).  Data from object recognition and location tests
were expressed as exploration percentage and analyzed by one-sample t-tests to determine whether the
percentage of the exploration differed from the chance performance of 50%. The differences were
considered signi�cant when p < 0.05. Outliers were only excluded following Grubbs' test and indicated in
�gure legends.

Results
Comparison of clinical, dietary, and microbiological parameters between controls (non-COVID) and post-
COVID volunteers

Clinical characteristics of all subjects were summarized in Additional File 2: Table S1. 54% of all
volunteers (n=72) were post-COVID subjects, with 6.1% (n=8), 42% (n=55) and 6.9% (n=9) classi�ed as
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asymptomatic, mild, and moderate disease, respectively (Additional File 2: Table S1). Controls and post-
COVID subjects with preexisting comorbidities presented hypertension, hypothyroidism, irritable bowel
disease, and chronic respiratory diseases (Fig. 2A). Preexisting comorbidities were similar between
controls and post-COVID subjects. The dietary score was also similar between the two groups, showing a
similar eating pro�le (Fig. 2B). Gastrointestinal symptoms appeared in 48.4% (n=31) of the post-COVID
subjects (Additional File 2: Table S1). Furthermore, 35.5% (n=22) of the post-COVID subjects used
antibiotics during the SARS-CoV-2 prodromal and transmission states and at least 3 months before
applying the survey (Fig. 2C). All fecal samples tested negative for the presence of SARS-CoV-2 nucleic
acid by RT-qPCR at the time of collection (Fig. 2D). 

Gut microbiota composition by 16S sequencing was analyzed in 44 fecal samples due budget
constraints. However, we attempted to sample paired subjects from the same family. However, because
human-associated microbiota communities vary across individuals but cohabiting family members share
microbiota with one another [58,59], we prioritized sampling paired feces from family members living in
the same household, that one had SARS-CoV-2 infection (post-COVID) (n=11) and the other did not
(controls) (n=11). For the 16S sequencing, an additional 11 controls and 11 post-COVID feces samples
were chosen randomly. Detailed, taxonomic composition analysis of the gut microbiota revealed a similar
pro�le between individual samples from controls and post-COVID subjects (Fig. 2E). β-diversity metrics,
based on weighted UniFrac distances, showed no signi�cant differences in the gut microbiota between
post-COVID and control subjects (Fig. 2F). Comparison of the α-diversity indexes, Shannon, Simpson, and
Chao1, also con�rmed similar taxonomic diversity between controls and post-COVID subjects (Fig. 2G). 

To explore the prolonged impact of COVID-19 on the gut microbiota functionality, we analyzed the
concentration of gut microbiota-derived metabolites by measuring SCFAs in fecal samples using high-
performance liquid chromatography (HPLC). To avoid the inter-individual differences between microbiota
composition and microbial products, since their are highly variable components between humans [60], we
decided to focus our analyses on controls and post-COVID subjects living in the same household. This
strategy was performed to minimize other contributions to microbiota variations and better limit the
observations to the remained impact of SARS-CoV-2 on the gut microbiota. Thus, fecal samples
harvested from controls and post-COVID members belonging to the same family (n=11 families) were
preferentially used for this analysis (Fig. 2H). We noted signi�cant differences in propionate levels and
reduced levels of acetate and butyrate in the feces of post-COVID subjects compared to controls,
although we did not �nd statistical signi�cance (Fig. 2H). Altogether, these �ndings suggest that SARS-
CoV-2 infection affects the gut microbiota metabolism even though no major alteration in the
composition of the gut microbiota in post-COVID subjects compared to controls was observed.

Prevalence of antimicrobial-resistant bacteria in gut microbiota from post-COVID humans

To evaluate the relationship between the COVID-19 pandemic and the spread of AMR, we investigated
antimicrobial-resistantin cultivable fecal Enterobacteriaceae strains from controls and post-COVID
subjects (Fig. 3A). Enterobacteriaceae family was chosen for the analysis due to its importance as
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pathobionts that carry and transmit AMR genes of clinic interest. Co-occurrence network analysis of
Enterobacteriaceae strains isolated from the gut microbiota of controls (n=57) and post-COVID (n=53)
subjects revealed structural differences associated with AMR (Fig. 3B). The microbiota of controls and
post-COVID subjects was characterized by three interconnected communities of bacteria based on the
AMR pro�le with common resistance phenotypes to aminoglycosides, sulfonamides, quinolones, and
cephalosporins. Controls subjects had fewer and lesser connected AMR bacteria (nodes = 35, edges = 
238) than those (nodes = 51, edges = 759) from post-COVID. Notably, control and post-COVID subjects
differentiated in the resistance to β-lactams and penicillin’s antibiotics (Fig. 3B). This was also observed
when we analyzed the cultivable Enterobacteriaceae population analysis. Overall, these results indicate a
higher level of AMR in the Enterobacteriaceae family isolated from post-COVID subjects. Despite similar
CFU numbers between the two groups (Fig. 3C), post-COVID subjects presented a higher percentage of
strains with a drug-resistant (45% DR) and multidrug-resistant (23% MDR) phenotype when compared to
controls (39% DR and 13% MDR) (Fig. 3D). Moreover, we found increased Klebsiella sp.and reduced AMR
Escherichia sp. in the microbiota of post-COVID subjects compared to controls (Fig. 3E). Of note, MDR
Klebsiella sp. did not appear altered between the groups (data not shown). Together, our results indicate
an increase in AMR Enterobacteriaceae in the gut microbiota of post-COVID individuals. These changes in
the microbiota community after SARS-CoV-2 infection led to increased AMR in the Enterobacteriaceae
community.

Signs of altered intestinal homeostasis in post-COVID subjects

We next decided to investigate factors regulating intestinal homeostasis that could in�uence systemic
in�ammation. For this analysis, blood samples collected from controls and post-COVID members
belonging to the same family (n=11 families) were preferentially used (Fig. 4A). We observed similar LPS
levels in the serum of controls and post-COVID subjects (Fig. 4B), suggesting no difference in
translocation of bacteria from the gut. In contrast, we observed higher levels of I-FABP, a marker for
epithelial damage, and lower levels of IL-10, an anti-in�ammatory cytokine, in the serum of post-COVID
subjects compared to controls (Fig. 4C-D). In contrast, we observed no signi�cant differences in pro-
in�ammatory cytokines, including TNF-a and IL-1b (Fig. 4E-F). These �ndings suggest that post-COVID
subjects had signs of intestinal epithelial injury due to increased circulating I-FABP levels even though no
strong marker of systemic in�ammation was observed.

Post-COVID gut microbiota induces physiological alterations in the lung of GF mice and impairs defenses
against bacterial infections

To gain an understanding of the contribution of post-COVID microbiota to the host, we performed human
fecal microbiota transference in germ-free mice. To employ a rigorous experimental approach to generate
humanized microbiota associated mice, feces samples harvested from controls and post-COVID
members belonging to the same family were prioritized (Fig. 5A). After the fecal microbiota transference
to germ-free, mice were housed and waited for 10 to stabilize and colonize the human-derived microbiota.
Humanized microbiota (HM) mice receiving fecal transfer from post-COVID subjects’ donors did not show
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intestinal structural changes compared to controls (Additional File 5: Figure S2 B-C), but the colon
exhibited signs of Peyer's patch activation (Additional File 5: Figure S2 C–D). Circulating LPS levels were
also found at similar concentrations among controls and post-COVID HM mice (Additional File 5: Figure
S2 E). Consistent with results from the direct analysis of fecal samples from subjects, we did not observe
differences between the fecal cultivable microbiota from mice receiving samples from controls and post-
COVID subjects (Additional File 5: Figure S2 F). However, we observed the β-diversity analysis revealed
signi�cant differences between controls and post-COVID recipient mice, although no signi�cant
differences were observed in taxonomic composition and α-diversity indexes (Additional File 5: Figure S2
G-I)

To explore the impact of post-Covid microbiota in extra-intestinal organs, we also analyzed the effect of
fecal transfer on lung in�ammation and the response to infections. By conventional H&E staining, we
observed foci of in�ammatory in�ltrate in the perivascular and peri-bronchial regions with an increased
score in post-COVID HM mice compared to controls (Fig. 5B top panels, and E). There was no detection of
SARS-CoV-2 nucleic acid in lung tissues (Fig. 5C), which corroborates the absence of virus in fecal
samples used for the initial transfer (Fig. 2E). We also observed an increase in in�ammatory cells on
bronchoalveolar �uid (BAL) of post-COVID HM mice compared to the controls (Fig. 5D). Moreover, we
observed a signi�cant increase in the expression of α-smooth muscle actin (α-SMA) by
immunohistochemical analysis in post-COVID HM mice compared to the controls (Fig. 5B bottom panels,
and F). Our data indicate that transfer of post-COVID subjects fecal samples affected the lung of
recipient mice in the absence of SARS-CoV-2, suggesting the alterations in the intestinal microbiota
caused by COVID-19 can directly impact lung in�ammation.

To further explore the consequences of the lung alterations induced by the post-COVID FMT observed in
HM germ-free mice, we further investigated the in�uence of post-COVID microbiota on a lung infection
caused by an AMR K. pneumoniae (B31 strain) (Fig. 5A). We �rst observed that the histopathological
score was higher in Kp-infection mice than vehicle-treated mice in both post-COVID and controls (Fig. 5H).
We observed intense in�ammatory cells in�ltration in the lungs of post-COVID HM mice infected with K.
pneumoniae B31 (Kp), associated with signi�cant pathological changes in the perivascular, peri-
bronchial, and parenchyma associated with emphysema areas in the lung compared to the controls Kp-
infected (Fig. 5G). We detected an increase in in�ammatory cells and higher levels of Enterobacteriaceae
on the BAL from post-COVID Kp-infected HM mice compared to controls (Fig. 5I-J).

These results suggest that post-COVID microbiota was able to exacerbate the pulmonary in�ammatory
condition and cause higher lung tissue damage in response to infection by the multiresistant K.
pneumoniae B31 strain. We also performed an FMT experiment with frozen feces (Additional File 6:
Figure S3A) and observed a similar although less strong phenotype in HM mice that received samples
from post-COVID subjects compared to controls (Additional File 6: Figure S3 B-E). This difference may be
explained by a decrease in cultivable microbial abundance and diversity when we utilized frozen feces
(Additional File 6: Figure S3 F).
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Post-COVID human gut microbiota induces memory impairment and changes in the hippocampus of
mice

Post-COVID sequalae are commonly associated with brain dysfunction. To evaluate the impacts of fecal
transfer from post-COVID subjects on brain functions, we performed an experiment using GF mice.
Animals that received feces of controls or post-COVID subjects were submitted to different cognitive tests
(Fig. 6A). GF mice that received feces from post-COVID subjects showed memory impairment in the
recognition and location tests compared to controls (Fig. 6B). Mice receiving post-COVID feces showed
increased expression of the pro-in�ammatory cytokine tnf and lower levels of neuroprotective factors
bdnf and psd-95 in the hippocampus (Fig. 6C-E). B. longum 51Atreatment of mice receiving feces
from post-COVID subjects partially prevented these alterations in gene expression, although we did not
�nd statistical differences (Fig. 6C-E). These mice did not perform signi�cantly different than animals
treated with the vehicle on the recognition and location test, albeit there was also a tendency for some
animals to perform better (Fig. 6F).

In order to understand how the fecal transfer from post-COVID patients could impact memory in mice, we
analyzed the proteome of the hippocampus from GF mice following the FMT protocol. We compared
animals that received feces from controls or post-COVID subjects (Fig. 6G). We also compared GF mice
that received feces from post-COVID subjects along with vehicle or the probiotic B. longum 51Atreatment
(Fig. 6H). A total of 1461 proteins were identi�ed and quanti�ed. When compared to controls, 359 were
differentially expressed proteins in the hippocampus of mice receiving feces from post-COVID subjects.
Gene ontology analysis of differentially expressed proteins indicated that receiving feces from post-
COVID subjects affected several biological pathways associated with neuronal synapsis, such as protein
transport, exocytosis, vesicle transport and docking (Fig 6I). Transfer of feces from post-COVID subjects
also affected antigen processing and presentation, protein transport and secretion, vesicle docking
involved in exocytosis, NADH metabolic process, carbohydrate metabolic process, microtubule
cytoskeleton organization, GTP binding, GTPase activity, and nucleotide-binding. Treatment with B.
longum 51Adid not have a signi�cant effecton the hippocampus proteome affecting only the expression
of 89 proteins when compared to vehicle control. Gene ontology analysis suggested minor effects on
necroptosis, multicellular organism development, chromatin silencing, late endosome membrane, and
GTPase activator activity. For details regarding pathways and proteins, see Additional File 7-10: Table S4-
7.

Microbiota modulation protects from cognitive impairment in a murine model of coronavirus infection

Our results suggest that changes in the gut microbiota might be associated with the cognitive
dysfunction of coronavirus infection. To access the direct impact of microbiota modulation during
coronavirus infection, we used an experimental murine model with mouse hepatic virus (MHV) -3, a β-
coronavirus (Additional File 11: Figure S4 A). In this model, we demonstrated that infected animals
showed memory impairment using the object location test, which was prevented by pre-treatment with
the probiotic B. longum 51A (Additional File 11: Figure S4 A-B). Interestingly, similar levels of MHV-3 were
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found in the brain of infected mice treated or not with B. longum 51A (Additional File 11: Figure S4C). Of
note, the same levels of cultivable Bi�dobacterium were present in mice feces even after treatment with B.
longum 51A(data do not show). However, fecal lactic acid bacteria levels were higher in MHV-3 infected
animals treated with the probiotic (Additional File 11: Figure S4D). Therefore, these �ndings demonstrate
that a murine model of infection by a β-coronavirusalso produces memory impairment, which can be
prevented by treatment with a probiotic and modulation of the gut microbiota. 

Altogether, the data indicate that the gut microbiota, both immediate and during post-infection, observed
respectively in the MHV-3 model and post-COVID FMT, is an important player to disrupt hippocampal
function and lead to cognitive impairment.

Discussion
Among the pathophysiological responses triggered by SARS-CoV-2 infection, several studies have
demonstrated gastrointestinal symptoms and alterations in the gut microbiota associated with COVID-19
[19, 61, 62]. However, these studies have primarily identi�ed associations between microbiota
components and COVID-19 manifestations. Here, we showed an increase in AMR bacteria and changes in
metabolic pro�le in the gut microbiota of post-COVID subjects. Moreover, after fecal transfer to germ-free
mice, we observed lung and brain dysfunction in animals receiving feces from post-COVID donors,
pointing to a direct functional connection between the gut microbiota and some disease manifestations.

Our study is the �rst to show alterations in the gut microbiota associated with an increase of AMR
Enterobacteriaceae in post-COVID subjects. Interestingly, we did not expect signi�cant changes since our
subjects were asymptomatic or had mild COVID-19 symptoms. During COVID-19, the uncontrolled and
indiscriminate use of antimicrobials associated with the absence of effective drugs may explain the
exacerbation AMR threat [63–70]. However, our post-COVID subject group did not report higher antibiotic
use compared to controls which raises concerns of a “silent” spread of antimicrobial resistance in the
environment. Our �ndings draw attention to the importance of COVID-19 in the AMR spread even in mild
and moderate cases, since these conditions account for the majority of COVID-19 cases worldwide [1].
We found a predominant increase of AMR Klebsiella sp. in the gut microbiota of post-COVID subjects.
This bacterium belongs to the ESKAPE group of antimicrobial-resistant bacteria and has been reported to
be responsible for most nosocomial pneumonia infections caused in hospitalized patients with COVID-19
[71–74]. Of note, mice receiving a fecal transfer from post-COVID donors presented worse lung injury
after infection with K. pneumoniae reinforcing the connection between gut and lung [75, 76]. Thus,
modulation of the gut microbiota may be used as a strategy to prevent or improve host defense against
bacteria in the lung.

We found an increase of cultivable Enterobacteriaceae in the lung of mice that received a fecal transfer
from post-COVID donors, which was not observed in controls. This lung incremental colonization of LPS-
producing bacterial could compromise the lung defenses against bacteria. We found no differences in
systemic levels of LPS between controls and post-COVID humanized microbiota mice, which we
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attributed to the fact that quanti�cation of LPS can be intricate and variable, as already reported [77].
Additionally, direct dysbiosis of the lung microbiota can help explain lung dysfunction, although we did
not investigate the lung microbiome [78]. The connection between gut and brain is often discussed [79,
80], but the lung-brain axis has only recently been considered [81, 82]. Although our study has not
assessed the role of the lung microbiota in neurological disorders, clinical studies have found differences
in the lung microbiota when comparing control and cognitively impaired individuals [83, 84]. Previous
studies have suggested that even minimal alterations in the lung microbiome were enough to affect the
central nervous system, while major changes in gut microbiome were necessary [85]. Thus, lung
alterations induced by the post-COVID microbiota in humanized microbiota mice might be associated
with neurological outcomes. Our �ndings that the post-COVID microbiota can induce memory impairment
in humanized microbiota mice are in accordance with the neurological outcomes in post-acute COVID in
humans [86, 87].

Production of metabolites, particularly SCFAs, by the gut microbiota is a major mechanism that explains
the gut-lung and gut-brain connections [20, 88]. We found reduced levels of SCFAs, mostly propionate, in
fecal samples from post-COVID donors, which may affect the gut-brain connection and help explain the
neurological sequelae observed in post-acute COVID. Propionate has been shown to modulate blood-
brain barrier integrity and the in�ammatory response in microglia [85]. In line with our �ndings, decreased
SCFA levels were associated with Alzheimer's disease in clinical studies and experimental models [89–
91]. Biological effects of SCFAs are triggered mainly by direct binding to speci�c G-protein coupled
receptors (GPCRs), such as GPR41 and GPR43, which are expressed in both peripheral and central
nervous system [92, 93]. We also observed clear differences in the systemic levels of host factors, such
as I-FABP and IL-10, indicating the loss in intestinal homeostasis in post-COVID subjects compared to
controls. Indeed, I-FABP has been shown to be a relevant biomarker for COVID-19 disease prognostic [44].

Interestingly, our proteome analysis also indicated alterations in several GPCRs signaling (GTP binding
and GTPase activity) in the hippocampus of humanized microbiota mice that received post-COVID fecal
transference. This supports the hypothesis that gut-produced metabolites, such as SCFAs, might be
important players in the brain dysfunction observed in our model. Besides the direct effect of the gut
microbiota-produced metabolites [80, 85, 94] on the central nervous system, other chemicals, neuronal
and immunological factors may also be involved in hippocampus dysfunction [80]. Here we observed
increased TNF-α expression in the hippocampus of mice that received a fecal transfer from post-COVID
donors, indicating that a neuroin�ammatory response might have been triggered in the central nervous
system. A similar effect has been described in a colitis model, where systemic driven TNF-α hippocampal
expression was associated with memory impairment, which was abolished upon restoration of the gut
microbiota [95, 96]. In our study, there was a reduction in the expression of the neuroplasticity markers
BDNF and PSD-95 in the hippocampus of post-COVID humanized microbiota mice. This impairment in
neuroplasticity was previously observed when FMT from transgenic Alzheimer's disease mice transferred
their cognitive phenotype to the recipient mice [97, 98]. By using a probiotic to assess if strategies of gut
microbiota modulation would counteract the brain dysfunction associated with post-COVID sequela, we
found mild bene�cial effects in changes in gene expression of TNF-α, BDNF, and PSD-95 in the
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hippocampus of human post-COVID FMT mice. The particularity of the probiotic B. longum 51A strain is
the ability to produce high levels of SCFAs, which has bene�cial effects in controlling host in�ammation,
particularly in the lung [38, 40, 99]. Conversely, we found enrichment of Necroptosis-related pathways in
the post-COVID humanized microbiota vehicle mice that were reduced in post-COVID humanized
microbiota probiotic-treated mice. This result might be associated with the effect of the probiotic
counteracting the increase in TNF-α expression since this cytokine triggers this kind of neuronal cell death
[100, 101]. Accordingly, with these data, we also observed a neuroprotective effect of B. longum that
prevented memory impairment induced in a murine model of coronavirus lung infection. Together, these
data suggest that therapies targeting the gut microbiota are a promising approach to help treat post-
acute COVID-19, although the effects of B. longum 51A must be explored further.

Our study sheds light on a possible direct connection between alterations in the microbiota and post-
acute COVID-19 symptoms. Nevertheless, one of the main limitations of our study is the small sample
size and the fact that we compared groups of individuals that were not perfectly age and sex-matched. In
addition, other factors, such as the gut virome, could also play a role in host health and disease but were
not analyzed here [102–106]. Indeed, alterations in the composition of the host virome have been
reported to be associated with clinical outcomes of COVID-19 infection [107–109]. Finally, SARS-CoV-2
antigens can persist for long periods in the intestine, feces, and gut tissues of the patients, thus boosting
immune responses that may fuel the symptoms of long-COVID [110, 111]. Nevertheless, we did not �nd
any sign of SARS-CoV-2 in the feces of donor subjects and neither in the lung of humanized microbiota
recipient mice. Despite these limitations, we believe our study is still very meaningful especially given the
magnitude of what is still unknown about COVID-19.

Conclusion
Taken together, our results show direct causal effects of the gut microbiota from humans previously
exposed to SARS-CoV2 in supporting the long-term effects of COVID-19 after infection clearance. Our
�ndings also emphasize the need to study how the gut microbiota is affected by SARS-CoV-2 infection in
subjects that did not manifest severe symptoms. This is especially concerning due to the increase in
antimicrobial resistance in the gut microbiota of subjects previously infected with SARS-CoV2.
Antimicrobial resistance is currently spreading at alarming rates and will certainly be accelerated by the
COVID-19 pandemic mediated by the alterations induced in the gut microbiota resistome.
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Figure 1

Schematic diagram illustrating the study design and procedure used in the study. Graphical study design
was created with biorender.com (accessed on 05 May 2022).
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Figure 2

Association of clinical characteristics, food habits with the intestinal microbiota composition of controls
and post-COVID human subjects. A Graphical representation of the study design and types of
comorbidities in controls and post-COVID groups. B Feeding score according to Brazilian food. C Controls
and post-COVID treated with antibiotics. D Quanti�cation of SARS-CoV-2 by RT-qPCR in the feces of
control and post-COVID. E 16S metagenomic analysis of gut microbiota composition from controls and
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post-COVID subjects at the family level. F Principal Component Analysis based on weighted Unifrac
distances (p = 0.9). G Shannon, Simpson, and Chao1 indexes for α- diversity metrics. H Propionate,
butyrate, and acetate concentrations (µmol/g) of post-COVID compared to controls. Statistical analysis:
PerMANOVA pairwise test and Student’s t-test. Data are shown as mean and standard deviation (SD). 
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Figure 3

Resistance pro�le in Enterobacteriaceae species of controls and post-COVID human subjects. A Graphical
representation of the study design. B Associations of bacteria species in antimicrobial susceptibility
pro�le to Enterobacteriaceae isolates. C Quanti�cation of Enterobacteriaceae population. D Percentage of
Enterobacteriaceae strain frequency as a phenotype of multiresistant, resistance, and non-resistance
pro�les. E Percentage of resistant Enterobacteriaceae species. Statistical analysis: Student’s t-test and
Chi-square test. Data are shown as mean and standard deviation (SD). 

Figure 4

Correlated intestinal barrier injury and pro�le of cytokines of controls and post-COVID human subjects.
Samples of serum were obtained from the human participant's controls and post-COVID (2 – 4 months
post-diagnosis for SARS-CoV-2). A Graphical representation of the study design. B Quanti�cation of
lipopolysaccharide (UE/mL); C I-FABP (ng/mL); D IL-10; E IL-1β and F TNFa (pg/mL); of post-COVID
compared to controls. Statistical analysis: Paired Student’s t-test. Data are shown as mean and standard
deviation (SD). Number of families (N = 11). Each data point represents the FMT.



Page 36/39

Figure 5

Impact of the Fecal Microbiota Transplant (FMT) in the gut-lung axis. A Graphical representation of the
study design. B Histopathological aspects of the lung changes induced by FMT to GF mice. Lung
samples from GF mice were immune-stained with anti-α-actin. Scale bar: 50µm. 20X objective. C RT-PCR
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for SARS-CoV-2 in the lung of control and post-COVID mice. D Total number of cells in the BAL. E
Histopathology score according to airways, vascular and parenchymal in�ammation in controls and post-
COVID-19 mice lungs. F Morphometrical analysis of muscular layer changes. Ten images of the muscular
layer of each animal were acquired with a 40X objective. G Histopathological aspects of the lung
changes induced by infection with K. pneumoniae B31. H Total number of cells in BAL by infection with
K. pneumoniae B31. I Histopathology score according to airways, vascular and parenchymal
in�ammation in controls and post-COVID mice lungs induced by infection with K. pneumoniae B31. J
Total number of cells in bronchoalveolar �uid of Enterobacteriaceae. Data are representative of two
independent experiments. Statistical analysis: Student’s t-test and Two-way ANOVA with Tukey’s tests.
Data are shown as mean and standard deviation (SD). Arrowheads indicate lung airways. Asterisks
indicate in�ammatory in�ltrate. Sharp indicates the area of pulmonary emphysema. Number of families
(N = 11). Each data point represents the FMT.
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Figure 6

Impact of the post-COVID FMT and probiotic treatment in the gut-brain axis. A Graphical representation of
the study design. GF mice received feces transfer obtained from control and post-COVID subjects’ donors
and vehicle or probiotic B. longum 51A, and thus, assessed to object location and recognition tests 9 days
later. Additionally, following behavioral analysis, their hippocampus was submitted to gene expression
and proteomic analysis. B GF mice that received post-COVID FMT showed memory impairment in the
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object recognition and location tests. C Expression of TNFa, D BDNF, and E PSD95 mRNA levels in the
hippocampus. F GF mice that received post-COVID FMT and treated with vehicle or B. longum 51A in the
object recognition and location tests. G Volcano plots of differential expression according to proteome
analysis of the hippocampus of mice that received control or post-COVID FMT H and post-COVID FMT
and were treated with vehicle or B. longum 51A. I Pathways and ontology terms were obtained by
enrichment analysis using the DAVID Bioinformatics Resources. Statistical analysis: one-sample t-test
against the hypothetical value of 50% and Two-way ANOVA with Student-Newman-Keuls tests. Filtered
tables were generated to exclude proteins with no statistical signi�cance according to ANOVA ≥ 0.05.
Data are shown as mean and standard deviation (SD). Number of families (N = 11). Each data point
represents the FMT.
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