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Abstract — Coronavirus disease-2019 (COVID-19) caused by Severe Acute Respiratory Syndrome Coronavi-
rus 2 (SARS-CoV-2) mostly affects the respiratory system but emerging data showed that the human gut is also
involved. Microbes in the gut play crucial roles in maintaining immune regulation and metabolic homeostasis.
The imbalance of the gut microbiota composition, also known as dysbiosis, has been linked to COVID-19 se-
verity and post-acute COVID-19 syndrome (PACS). In this review, we summarise data from studies published
from 2020 to 2021 that have explored the interplay of gut microbiota and COVID-19 susceptibility and severity.
We discuss the role of gut microbiota in regulating immunity against SARS-CoV-2 infection and highlight new
associations between specific bacteria species and SARS-CoV-2 vaccine efficacy. Therapeutic approaches that
target gut dysbiosis in alleviating acute COVID-19 symptoms and preventing PACS are rapidly being developed
and tested in clinical trials.
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INTRODUCTION

The novel coronavirus (severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2)), respon-
sible for coronavirus Disease 2019 (COVID-19), continues to cause a global toll. By May 2022,
more than 520 million cases of SARS-CoV-2 infection have been reported worldwide'. Apart from
respiratory involvement, studies have shown that SARS-CoV-2 leads to multiorgan dysfunction,
especially in high-risk patients.

The gastrointestinal (Gl) tract has emerged as an important organ influencing the severity
of, and susceptibility to COVID-19 infection. Several lines of evidence have suggested the
involvement of the Gl tract such as replication of SARS-CoV-2 in human enterocytes?*, de-
tection of viruses in faecal samples®® and altered gut microbiota composition including incre-
ased abundance of opportunistic pathogens and reduced abundance of beneficial symbionts
in the gut of patients with COVID-197'°. Furthermore, the gut microbiome has been linked to
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the regulation of local and systemic immune and inflammatory activity, and hence may be pi-
votal in influencing the immune response to COVID-19. Beyond regulation of the host immune
system, the gut microbiota influences many other normal functions including regulation of host
homeostasis, physiological processes, and the assembly of co-residing gut bacteria, which
could potentially play an important role in the pathophysiological mechanisms determining CO-
VID-19 outcomes. Prior data'''2 showed that downregulation of angiotensin-converting enzyme
2 (ACEZ2), caused by the entry of SARS-CoV-2, can consequently lead to an altered microbiota
that confers susceptibility to inflammation of the gut. Collectively, SARS-CoV-2 invades gut en-
terocytes through ACE-2 and causes changes in gut microbiota and their metabolites, impaired
epithelial barrier function, and bacterial translocation into the circulation, leading to aggravated
systemic inflammation and multiple-organ involvement.

In this review, we discuss the latest data from papers published between April 2021 and
March 2022 that have reported a link between gut microbiome and pathogenesis and disease
progression of COVID-19 infection. The gut microbiome has emerged as a potential therapeutic
target and could represent a resource for the restoration of SARS-CoV-2 intestinal mucosa da-
mage through modulation of gut microbiota and related inflammation.

Alterations of Gut Microbiome in Acute COVID-19

Indigenous microbiota are essential components for maintaining human health and media-
ting diseases'®, and its composition is influenced by both environmental and host factors™.
Gut microbiota dysbiosis may trigger immune dysregulation and pro-inflammatory effects as-
sociated with various diseases. Dysbiosis is defined as a disruption of the normal microbiota
ecology which involved the loss of beneficial microbes or metabolites and an expansion of
pathobionts'. Studies® have reported that faecal samples from COVID-19 patients showed
marked alterations in faecal microbial communities (based on metagenomic sequencing)
compared with those of healthy controls. The gut microbiome of COVID-19 patients showed
marked dysbiosis correlating with dysfunctional immune responses and elevated inflamma-
tory markers compared with controls. In studies from different populations and geography,
microbial diversity in faecal samples of patients with COVID-19 was found to be decreased
and characterised by depletion of short-chain fatty acid (SCFA; crucial for maintaining inte-
stinal homeostasis)-producing bacteria from the Lachnospiraceae, Ruminococcaceae, and
Bifidobacteriaceae families, and enrichment of opportunistic pathobionts. In addition, the gut
microbiota composition of patients during the acute infection was correlated with the abnor-
mal immune response to COVID-19. Depletion of several bacterial species such as Faeca-
libacterium prausnitzii, Eubacterium rectale and bifidobacteria was linked to elevated blood
levels of TNF-a, CXCL10, CCL2 and IL-10 indicating that these depleted taxa may have a role
in preventing overaggressive inflammation®. Opportunistic pathogens such as Enterococcus
faecalis and Saccharomyces cerevisiae were enriched in COVID-19 patients with fever. E.
faecalis was positively correlated with blood levels of LDH and D-dimer and negatively corre-
lated with CD8+T cells and IL-4, while S. cerevisiae was positively correlated with symptoms
of diarrhea'. Furthermore, several species with anti-inflammatory and protective effects,
such as Bacteroides fragilis and Eubacterium ramulus, were enriched in patients who did
not have fever'®. Enrichment of Ruminococcus gnavus, Ruminococcus torques, Bacteroides
dorei and Bacteroides vulgatus found in COVID-19 was also consistent with the inference of
a microbial-mediated immune dysregulation. For example, R. gnavus and R. torques have
been reported to be abundant in the gut of patients with inflammatory bowel disease'"'8,
Bacteroides dorei and Bacteroides vulgatus have been implicated in several inflammatory gut
diseases such as irritable bowel disease and ulcerative colitis®.

The loss of beneficial microbial is thought to trigger pro-inflammatory effects and immune
dysregulation associated with various disease states. Overall gut microbiome in patients with
COVID-19 was characterised by a significant reduction of gut commensals such as F. prausnitzii,
E. rectale, Blautia obeum, Bifidobacteria adolescentis, and Bacteroides caccae®*, which has
been linked to reduced host inflammatory response in other inflammatory-related diseases. For
instance, F. prausnitzii has been shown to induce priming of human colonic regulatory T cells
that secrete the anti-inflammatory cytokine IL-102!, and B. adolescentis can suppress activa-
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tion of nuclear factor kB that promotes expression of proinflammatory cytokines?2. However, it
remains unclear whether inflammatory-associated gut microorganisms enriched in COVID-19
play an active part in disease or simply flourish opportunistically due to a depletion of other gut
microorganisms.

Children appeared to be less susceptible to COVID-19 and they also manifested lower
morbidity and mortality after the infection, for which a multitude of mechanisms may be con-
sidered. Intestinal dysbiosis has been reported in children with COVID-19. Two small cohorts
have described the gut microbiome in children with COVID-19. Nashed et al*® reported decre-
ased abundances of Bifidobacterium bifidum and Akkermansia muciniphila in SARS-CoV-2
positive faecal samples; these two bacteria were linked to protection against inflammation.
Bifidobacterium is a pioneering coloniser of the gut microbiota and has immunomodulatory
properties. B. bifidum was found to be inversely correlated with COVID-19 severity in adults.
It has also been shown that gut microbiome changes are detectable in asymptomatic infants
infected with SARS-CoV-223, accompanied by a decrease in anti-inflammatory bacteria taxa
similar to that seen in symptomatic adults. The impact of microbial alterations and their im-
pact on subsequent immune and inflammatory responses in children is unknown but deser-
ves further exploration given the risk of development of autoimmune and autoinflammatory
conditions in children with COVID-19. A recent study evaluated the longitudinal dynamics of
the upper respiratory tract and the gut microbiome in children and found that the respiratory
and the gut microbiomes presented a contemporaneous and persistent dysbiosis from acute
infection to a long period after acute infection. Alterations of the microbiome were dominated
by the genus Pseudomonas, and they lasted for up to at least 19-24 days after discharge
from the hospital®*. They found dominant opportunistic pathogens had a negative correlation
with some common commensals (including Faecalibacterium, Roseburia, Prevotella and un-
classified Clostridia) in the acute and convalescent phase. Disturbed development of both
the gut and the upper respiratory microbiome implies possible a slow improvement of the
microbiome in these COVID-19 children and increased health risk of the post-COVID effects
on these COVID-19 children?.

Additionally, several studies determining the functional capacity of gut microbiota in patients
with COVID-19 revealed that SARS-COV-2 infection was associated with impairment of amino
acid metabolism and carbohydrate metabolism, especially production of short-chain fatty acids,
arginine and L-isoleucine, tryptophan which are crucial mediators in the microbiota-host crosstalk
and play important roles in regulating host innate and adaptive immunity?>2”. In a gnotobiotic mice
model, variable ACE2 expression levels in the Gl tract and respiratory tracts were modulated by
gut microbiota suggesting that the gut microbiome may be one crucial factor determining the risk
of COVID-19 infection?s.

Dysbiosis in Post-Acute COVID-19 Syndrome (PACS)

Recent evidence has shown that over three-quarters of COVID-19 patients suffered debilitating
symptoms after the acute infection?®, known as post-acute COVID-19 syndrome (PACS), cha-
racterized by persistent symptoms or long-term complications beyond 4 weeks from the onset of
symptoms®. This population is at high risk of persisting health impairments six months after di-
scharge associated with reduced physical function and health-related quality of life?°. Studies?®-3!
have shown that PACS can affect the whole spectrum of people with COVID-19, from those with
very mild disease to the most severe forms. Like acute COVID-19, long covid can involve multiple
organs and can affect many systems including, but not limited to, the respiratory, cardiovascu-
lar, neurological, gastrointestinal, and musculoskeletal systems. It has been hypothesized that
perturbations of immune and inflammatory responses, the presence of residual viral particles,
and cellular damage by acute viral infection or critical illness may contribute to the pathogenesis
of PACS. As the gut microbiota plays a crucial role in the maturation of the immune system®!,
aberrant immune response to COVID-19 infection induced by resident microorganisms may also
affect the recovery process. A recent study® has shown that gut dysbiosis in patients with CO-
VID-19 persisted for up to 30 days after clearance of SARS-CoV-2, suggesting it may increase
susceptibility to reinfections or predispose subjects to long-term health issues. The influence
of the microbiome configuration on susceptibility and complications is an area under intense
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investigation, as studies have reported decreased abundances of Bacteroides species, which
are thought to have a protective role in SARS-CoV-2 infection in patients with metabolic comor-
bidities as compared to healthy subjects®2°. The gut microbiome of patients with COVID-19 also
showed an impaired capacity for SCFA and L-isoleucine biosynthesis that persisted after disease
resolutiong.

Altered gut microbiota of COVID-19 patients, including decreased alpha diversity and under
expression of certain bacterial species, was shown to be associated with impaired pulmo-
nary function®2. Vestad et al®? found that several members of the Lachnospiraceae and Rumi-
nococcaceae families, such as Coprococcus and Ruminococcus, which are known butyrate
producers, were reduced in the gut of patients with COVID-19 who also suffered from pul-
monary impairment at three months after admission. The decreased microbial diversity and
compositional gut microbiota alterations in patients with respiratory dysfunction after 3 months
together with persistently raised plasma levels of lipopolysaccharide-binding protein levels
pinpoint a potential involvement of the gut-lung axis in patients with PACS. Gut microbiota rich-
ness of COVID-19 patients also failed to restore to normal levels 6 months after recovery. The
relative abundance of members of Ruminococcus and Bifidobacterium remained significantly
lower in patients with COVID-19 compared with hon-COVID-19 controls in the longer term3.

In a recent study, Liu et al®® tracked longitudinal dynamics of the gut microbiota from stool
samples of 106 COVID-19 patients at three hospitals in Hong Kong followed from admission
until 6 months after recovery, and compared them with people who did not have COVID-19.
COVID-related dysbiosis persisted after acute infection and showed correlations with PACS.
At 3 months, 86 of the patients with COVID-19 had PACS- defined as at least one persistent,
otherwise, unexplained symptom at 4 weeks after viral clearance. Stool analysis showed that
microbial diversity and richness, were significantly lower at 6 months in those with PACS,
compared with those without PACS and with controls. Patients with PACS had distinct gut
microbiome dysbiosis, characterised by increased levels in the relative abundance of R. gna-
vus, B. vulgatus and reduced levels of F. prausnitzii when compared with those without PACS.
Interestingly, a total of 81 bacterial species were associated with different categories of PACS
and many of the bacteria species were associated with more than two categories of persistent
symptoms. For instance, persistent respiratory symptoms were correlated with opportunistic
gut pathogens, and neuropsychiatric symptoms and fatigue were correlated with nosocomial
gut pathogens, including Clostridium innocuum and Actinomyces naeslundii. These data sug-
gest that alterations of the gut microbiome induced by the initial infection or immune responses
generated at admission or during the acute infection may reflect the susceptibility of the indivi-
dual to long-term COVID-19 complications. Bacteria species including Blautia wexlerae and B.
longum at admission were negatively correlated with PACS at six months, implying the putative
protective role of these species in the recovery process®:. In contrast, species Actinomyces_
sp_S6_Spd3, Actinomyces johnsonii and Atopobium parvulum were related with PACS at six
months. The overlap of bacteria species such as R. ghavus, C. innocuum, and Erysipelatous
ramosum that remained altered from baseline to follow-up and exhibited association with seve-
ral PACS symptoms further highlighting the link between altered gut microbiome composition
and the long-term complications in COVID-19 patients. These findings altogether support the
intricate associations between the gut microbiome composition at baseline and the long-term
sequelae after COVID-19 infection.

CONCLUSIONS AND FUTURE DIRECTIONS

The human gastrointestinal tract harbours a diverse microbial community that plays important
roles in gastrointestinal and respiratory tract diseases, including preventing colonization of mi-
crobial pathogens and regulation of host immunity. Accumulating data suggest that the human
gut microbiota plays a crucial role in the pathogenesis of COVID-19. This review summarized
three major findings from data generated in the past year (Figure 1). First, numerous studies
have confirmed changes in the composition of the gut microbiome characterised by overall lower
microbial diversity in hospitalised COVID-19 patients. Secondly, specific gut bacteria species
were associated with blood inflammatory markers and pro-inflammatory cytokines suggesting
that the gut microbiome can impact COVID-19 severity potentially via modulating host immune
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Figure 1. Schematic summary of persistent alterations in the fecal microbiome from acute infection phase to
post-acute COVID-19. In acute COVID-19, specific gut bacteria species were associated with disease severity,
blood inflammatory markers and pro-inflammatory cytokines suggesting that gut microbiome can potentially
impact COVID-19 severity and pathophysiology via regulating host immune responses. Post-acute COVID-19
syndrome is defined as persistent symptoms beyond 4 weeks from the onset of symptoms. Distinct fecal oppor-
tunistic pathogenic species showed significant correlation with PACS, whereas some beneficial commensals
showed an inverse correlation.

responses. Thirdly, after clearance of SARS-CoV-2, patients who developed PACS showed a
lower microbial diversity and an increase in opportunistic pathogens in their gut compared with
patients without PACS. These microbiota alterations included reduced abundances of species
in the genus Faecalibacterium, Eubacterium, and Roseburia, and increased abundance of
species in the genus Actinomyces. The associations between gut microbial composition with
development of PACS have highlighted the potential of microbiome-based intervention in the
treatment of COVID-19 and its complications. Further mechanistic studies are required to exa-
mine how specific bacteria species influence SARS-COV-2 pathogenesis and their impact on
different variants including Omicron. A key of gut microbiota in immunity against SARS-CoV-2
infection and microbiota modulation to improve SARS-CoV-2 vaccine efficacy should be explo-
red in clinical studies.

Conflict of Interest

S.C.N and F.K.L.C. are the scientific co-founders and sit on the board of Directors of GenieBiome Ltd. S.C.N has served
as an advisory board member for Pfizer, Ferring, Janssen, and Abbvie and a speaker for Ferring, Tillotts, Menarini,
Janssen, Abbvie, and Takeda. She has received research grants from Olympus, Ferring, Janssen and Abbvie. F.K.L.C.
has served as an advisor and lecture speaker for Eisai Co. Ltd., AstraZeneca, Pfizer Inc., Takeda Pharmaceutical Co.,
and Takeda (China) Holdings Co. Ltd. Z.X. and W.T. are part-time employee of GenieBiome Ltd. All other co-authors
have no conflict of interest.

Acknowledgement

We thank Wengqi Lu for proofreading of the manuscript.

Informed Consent
Not applicable.

Authors’ Contribution

QL and QS conceived and took responsibility for the preparation of the manuscript. IRL, FZ, organized the databases.
FKLC contributed to the design. SCN contributed to the direction, guidance, and manuscript writing. All authors gave
final approval for the version to be published.



Q. Liu, Q. Su, R.l. Lau, F. Zhang, FK.L. Chan, S.C. Ng

Funding

This work was supported by InnoHK, The Government of Hong Kong, Special Administrative Region of the People’s
Republic of China.

REFERENCES

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

. Johns Hopkins University Coronavirus resource centre. https://coronavirus.jhu.edu/map.html Date accessed: May

25, 2022.

. Vabret N, Britton GJ, Gruber C, Hegde S, Kim J, Kuksin M, Levantovsky R, Malle L, Moreira A, Park MD, Pia L, Ris-

son E, Saffern M, Salomé B, Esai Selvan M, Spindler MP, Tan J, van der Heide V, Gregory JK, Alexandropoulos K,
Bhardwaj N, Brown BD, Greenbaum B, Gimus ZH, Homann D, Horowitz A, Kamphorst AO, Curotto de Lafaille MA,
Mehandru S, Merad M, Samstein RM, Agrawal M, Aleynick M, Belabed M, Brown M, Casanova-Acebes M, Catalan
J, Centa M, Charap A, Chan A, Chen ST, Chung J, Bozkus CC, Cody E, Cossarini F, Dalla E, Fernandez N, Grout J,
Ruan DF, Hamon P, Humblin E, Jha D, Kodysh J, Leader A, Lin M, Lindblad K, Lozano-Ojalvo D, Lubitz G, Magen A,
Mahmood Z, Martinez-Delgado G, Mateus-Tique J, Meritt E, Moon C, Noel J, O’'Donnell T, Ota M, Plitt T, Pothula V,
Redes J, Reyes Torres |, Roberto M, Sanchez-Paulete AR, Shang J, Schanoski AS, Suprun M, Tran M, Vaninov N,
Wilk CM, Aguirre-Ghiso J, Bogunovic D, Cho J, Faith J, Grasset E, Heeger P, Kenigsberg E, Krammer F ,Laserson
U. Immunology of COVID-19: Current State of the Science. Immunity 2020; 52: 910-941.

. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, Schiergens TS, Herrler G, Wu N-H,

Nitsche A, Muller MA, Drosten C , P6himann S. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell 2020; 181: 271-280.

. Lamers MM, Beumer J, van der Vaart J, Knoops K, Puschhof J, Breugem TI, Ravelli RBG, Paul van Schayck J,

Mykytyn AZ, Duimel HQ, van Donselaar E, Riesebosch S, Kuijpers HJH, Schipper D, van de Wetering WJ, de Graaf
M, Koopmans M, Cuppen E, Peters PJ, Haagmans BL, Clevers H. SARS-CoV-2 productively infects human gut en-
terocytes. Science 2020; 369: 50-54.

.Wang W, Xu Y, Gao R, Lu R, Han K, Wu G, Tan W. Detection of SARS-CoV-2 in Different Types of Clinical Speci-

mens. JAMA 2020; 323: 1843-1844.

. Wélfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, Niemeyer D, Jones TC, Vollmar P, Rothe

C, Hoelscher M, Bleicker T, Brinink S, Schneider J, Ehmann R, Zwirgimaier K, Drosten C, Wendtner C. Virological
assessment of hospitalized patients with COVID-2019. Nature 2020; 581: 465-469.

. Neurath MF, Uberla K, Ng SC. Gut as viral reservoir: lessons from gut viromes, HIV and COVID-19. Gut 2021; 70:

1605.

. Yeoh YK, Zuo T, Lui GC-Y, Zhang F, Liu Q, Li AYL, Chung ACK, Cheung CP, Tso EYK, Fung KSC, Chan V, Ling L,

Joynt G, Hui DS-C, Chow KM, Ng SSS, Li TC-M, Ng RWY, Yip TCF, Wong GL-H, Chan FKL, Wong CK, Chan PKS,
Ng SC. Gut microbiota composition reflects disease severity and dysfunctional immune responses in patients with
COVID-19. Gut 2021; 70: 698.

. Zuo T, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, Wan Y, Chung ACK, Cheung CP, Chen N, Lai CKC, Chen Z, Tso

EYK, Fung KSC, Chan V, Ling L, Joynt G, Hui DSC, Chan FKL, Chan PKS, Ng SC. Alterations in Gut Microbiota of
Patients With COVID-19 During Time of Hospitalization. Gastroenterology 2020; 159: 944-955.

Ng SC, Tilg H. COVID-19 and the gastrointestinal tract: more than meets the eye. Gut 2020; 69: 973.

Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M, Sigl V, Hanada T, Hanada R, Lipinski S, Wild
B, Camargo SMR, Singer D, Richter A, Kuba K, Fukamizu A, Schreiber S, Clevers H, Verrey F, Rosenstiel P, Pen-
ninger JM. ACE2 links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 2012; 487:
477-481.

Perlot T, Penninger JM. ACE2 — From the renin—angiotensin system to gut microbiota and malnutrition. Microbes and
Infection 2013; 15: 866-873.

Sommer F, Anderson JM, Bharti R, Raes J, Rosenstiel P. The resilience of the intestinal microbiota influences health
and disease. Nature Reviews Microbiology 2017; 15: 630-638.

Lynch SV, Pedersen O. The Human Intestinal Microbiome in Health and Disease. New England Journal of Medicine
2016; 375: 2369-2379.

Béckhed F, Fraser CM, Ringel Y, Sanders ME, Sartor RB, Sherman PM, Versalovic J, Young V, Finlay BB. Defining a
healthy human gut microbiome: current concepts, future directions, and clinical applications. Cell Host Microbe 2012;
12: 611-22.

Zhou Y, Shi X, Fu W, Xiang F, He X, Yang B, Wang X, Ma WL. Gut Microbiota Dysbiosis Correlates with Abnormal
Immune Response in Moderate COVID-19 Patients with Fever. J Inflamm Res 2021; 14: 2619-2631.

Hall AB, Yassour M, Sauk J, Garner A, Jiang X, Arthur T, Lagoudas GK, Vatanen T, Fornelos N, Wilson R, Bertha
M, Cohen M, Garber J, Khalili H, Gevers D, Ananthakrishnan AN, Kugathasan S, Lander ES, Blainey P, Vlamakis H,
Xavier RJ, Huttenhower C. A novel Ruminococcus gnavus clade enriched in inflammatory bowel disease patients.
Genome Medicine 2017; 9: 103.

Shapiro JM, de Zoete MR, Palm NW, Laenen Y, Bright R, Mallette M, Bu K, Bielecka AA, Xu F, Hurtado-Lorenzo A,
Shah SA, Cho JH, LeLeiko NS, Sands BE, Flavell RA, Clemente JC. Immunoglobulin A Targets a Unique Subset of
the Microbiota in Inflammatory Bowel Disease. Cell Host Microbe 2021; 29: 83-93.

Mills RH, Dulai PS, Vazquez-Baeza Y, Sauceda C, Daniel N, Gerner RR, Batachari LE, Malfavon M, Zhu Q, Weldon
K, Humphrey G, Carrillo-Terrazas M, Goldasich LD, Bryant M, Raffatellu M, Quinn RA, Gewirtz AT, Chassaing B, Chu
H, Sandborn WJ, Dorrestein PC, Knight R, Gonzalez DJ. Multi-omics analyses of the ulcerative colitis gut microbi-
ome link Bacteroides vulgatus proteases with disease severity. Nature Microbiology 2022; 7: 262-276.



ROLE OF GUT MICROBIOTA IN ACUTE COVID-19 AND POST-ACUTE COVID-19 SYNDROME

20. Wu Y, Cheng X, Jiang G, Tang H, Ming S, Tang L, Lu J, Guo C, Shan H, Huang X. Altered oral and gut microbiota and
its association with SARS-CoV-2 viral load in COVID-19 patients during hospitalization. npj Biofilms and Microbiomes
2021; 7: 61.

21. Alameddine J, Godefroy E, Papargyris L, Sarrabayrouse G, Tabiasco J, Bridonneau C, Yazdanbakhsh K, Sokol
H, Altare F, Jotereau F. Faecalibacterium prausnitzii Skews Human DC to Prime IL10-Producing T Cells Through
TLR2/6/JNK Signaling and IL-10, IL-27, CD39, and IDO-1 Induction. Front Immunol 2019; 10: 143.

22. Riedel CU, Foata F, Philippe D, Adolfsson O, Eikmanns BJ, Blum S. Anti-inflammatory effects of bifidobacteria by
inhibition of LPS-induced NF-kappaB activation. World J Gastroenterol 2006; 12: 3729-35.

23. Nashed L, Mani J, Hazrati S, Stern DB, Subramanian P, Mattei L, Bittinger K, Hu W, Levy S, Maxwell GL, Hourigan
SK. Gut microbiota changes are detected in asymptomatic very young children with SARS-CoV-2 infection. Gut
2022.

24. Xu R, Liu P, Zhang T, Wu Q, Zeng M, Ma Y, Jin X, Xu J, Zhang Z, Zhang C. Progressive deterioration of the upper re-
spiratory tract and the gut microbiomes in children during the early infection stages of COVID-19. J Genet Genomics
2021; 48: 803-814.

25. Yoshii K, Hosomi K, Sawane K, Kunisawa J. Metabolism of Dietary and Microbial Vitamin B Family in the Regulation
of Host Immunity. Front Nutr 2019; 6: 48.

26. Gu C, Mao X, Chen D, Yu B, Yang Q. Isoleucine Plays an Important Role for Maintaining Immune Function. Curr
Protein Pept Sci 2019; 20: 644-651.

27. Mao X, Gu C, Ren M, Chen D, Yu B, He J, Yu J, Zheng P, Luo J, Luo Y, Wang J, Tian G, Yang Q. I-Isoleucine Admin-
istration Alleviates Rotavirus Infection and Immune Response in the Weaned Piglet Model. Front Immunol 2018; 9:
1654.

28. Koester ST, Li N, Lachance DM, Morella NM, Dey N. Variability in digestive and respiratory tract Ace2 expression is
associated with the microbiome. PLoS One 2021; 16: €0248730.

29. Huang C, Huang L, Wang Y, Li X, Ren L, Gu X, Kang L, Guo L, Liu M, Zhou X, Luo J, Huang Z, Tu S, Zhao Y, Chen
L, Xu D, Li Y, Li C, Peng L, Li Y, Xie W, Cui D, Shang L, Fan G, Xu J, Wang G, Wang Y, Zhong J, Wang C, Wang
J, Zhang D ,Cao B. 6-month consequences of COVID-19 in patients discharged from hospital: a cohort study. The
Lancet 2021; 397: 220-232.

30. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, Cook JR, Nordvig AS, Shalev D, Seh-
rawat TS, Ahluwalia N, Bikdeli B, Dietz D, Der-Nigoghossian C, Liyanage-Don N, Rosner GF, Bernstein EJ, Mohan
S, Beckley AA, Seres DS, Choueiri TK, Uriel N, Ausiello JC, Accili D, Freedberg DE, Baldwin M, Schwartz A, Brodie
D, Garcia CK, Elkind MSV, Connors JM, Bilezikian JP, Landry DW, Wan EY. Post-acute COVID-19 syndrome. Nature
Medicine 2021; 27: 601-615.

31. Hu J, Zhang L, Lin W, Tang W, Chan FKL, Ng SC. Review article: Probiotics, prebiotics and dietary approaches
during COVID-19 pandemic. Trends Food Sci Technol 2021; 108: 187-196.

32. Vestad B, Ueland T, Lerum TV, Dahl TB, Holm K, Barratt-Due A, Kasine T, Dyrhol-Riise AM, Stiksrud B, Tonby
K, Hoel H, Olsen IC, Henriksen KN, Tveita A, Manotheepan R, Haugli M, Eiken R, Berg A, Halvorsen B, Lekva T,
Ranheim T, Michelsen AE, Kildal AB, Johannessen A, Thoresen L, Skudal H, Kittang BR, Olsen RB, Ystram CM,
Skei NV, Hannula R, Aballi S, Kvale R, Skjgnsberg OH, Aukrust P, Hov JR ,Traseid M. Respiratory dysfunction three
months after severe COVID-19 is associated with gut microbiota alterations. J Intern Med 2022; 291: 801-812.

33. Liu Q, Mak JWY, Su Q, Yeoh YK, Lui GC-Y, Ng SSS, Zhang F, Li AYL, Lu W, Hui DS-C, Chan PKS, Chan FKL, Ng
SC. Gut microbiota dynamics in a prospective cohort of patients with post-acute COVID-19 syndrome. Gut 2022; 71:
544-552.





