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COVID-19 and the Forgotten Organ: Prolonged Changes to the
Metabolic Output of the Gut Microbiome
See “Prolonged impairment of short-chain fatty
acid and L-isoleucine biosynthesis in gut
microbiome in patients with COVID-19” by
Zhang F, Wan Y, Zuo T, et al, on page 548.

he metabolic byproducts and extraordinary coding
Tpotential of the dense microbial community inhab-
iting the gastrointestinal tract have led investigators to
describe the gut microbiota as the “forgotten organ,” high-
lighting the need to consider how its functions are disrupted
in disease conditions. Although the ability of intestinal
bacteria to competitively exclude enteric pathogens through
colonization resistance is now established, numerous
studies just in the last decade have uncovered the impact of
the gut microbiota on antiviral responses at distal mucosal
sites, including the lung. In particular, mouse models
demonstrate that efficient activation of both innate and
adaptive immune responses during influenza virus infection
rely on an intact gut microbiota.1–3 This long-range
protection conferred by the microbiota has been
attributed to metabolites secreted by specific bacterial
species,4 raising the possibility that interindividual
differences in microbial community composition influence
the severity of viral lung infections.

At the dawn of the pandemic, it was evident that SARS-
CoV-2 caused a devastating respiratory disease in a subset
of individuals, with increasing evidence showing that its
impacts included significant changes in the gut microbiome
composition.5–7 COVID-19–associated dysbiosis of the
microbiota is characterized by loss of commensal bacterial
taxa known to have immunomodulatory activity, such as
short-chain fatty acid (SCFA) production. However, it is
often difficult to distinguish direct effects of viral infection
from the impact of hospitalization and treatment on the
microbiome, and the functional significance of these
findings required additional investigation.
In this issue of Gastroenterology, Zhang et al,8 demon-
strate the persistence of functional metabolic consequences
of dysbiosis associated with severe COVID-19 infection,
thereby solidifying the link between microbiome disruption
and disease severity. Their patient cohort included 66 hos-
pitalized patients with COVID-19 representing the spectrum
of disease severities—mild, moderate, and severe or critical.
Importantly, they addressed changes to the gut microbiome
that may occur due to hospitalization by including a control
cohort of patients hospitalized with community-acquired
pneumonia who were negative for COVID-19. Additionally,
all patients were antibiotics-naïve at least 3 months before
enrollment, allowing the investigators to decouple the ef-
fects of SARS-CoV-2–associated microbial dysbiosis from
those precipitated by broad-spectrum antibiotics that are
frequently administered to individuals hospitalized for
COVID-19.

Using ultradeep metagenomic sequencing of serial stool
samples taken from patients with COVID-19 during hospi-
talization, the authors first defined major changes in gut
microbiome composition associated with SARS-CoV-2
infection. In line with previous studies, they found that the
gut microbiome of patients with COVID-19 was character-
ized by a depletion of Bifidobacterium adolescentis, Rumi-
nococcus bromii, and Faecalibacterium prausnitzii, with the
latter 2 species showing negative correlations with disease
severity. From this sequencing data set, they were able to
infer that SCFA and L-isoleucine biosynthesis pathways
were depleted in COVID-19 patients with severe disease.

To examine consequences on host immunity down-
stream of these changes in coding potential of the micro-
biome, the authors quantified plasma concentrations of
inflammatory markers and fecal metabolites. This analysis
demonstrated that decreased fecal butyrate levels were
associated with increased plasma levels of the cytokines
interleukin 10 and C-X-C motif chemokine 10 and the acute-
phase reactant C-reactive protein. The authors further
validate the reductions in SCFAs and L-isoleucine in
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Figure 1. Severity of COVID-19 infection is associated with persistent impaired gut microbial metabolism, despite viral
clearance and symptomatic recovery. Zhang et al8 find that pathways implicated in short-chain fatty acid and L-isoleucine
biosynthesis are significantly depleted in COVID-19 patients with severe disease. Created with BioRender.com.
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longitudinal stool specimens and identify a remarkable
persistence of this metabolic dysfunction at time points in
which the virus is no longer detectable, up to 41 days after
hospital discharge. Together, these findings reveal a direct
link between severity of COVID-19 infection and persistent
impairment of the metabolic output of the gut microbiota
(Figure 1).

An important aspect of this study is that it shows that
the previously described reduction in diversity of intestinal
bacterial communities in patients with COVID-19 leads to
consequential changes in the levels of metabolites with
known functions in immunity. SCFAs derived from bacteria
such as F prausnitzii, a bacterial species reproducibly
reduced in patients hospitalized with COVID-19, have
received intense scrutiny as mediators of regulatory T-cell
differentiation and epithelial gene expression.9 Although
less studied in the context of the microbiota-immune axis,
numerous effects of L-isoleucine supplementation on im-
munity have also been documented.10

Therefore, an important research direction would be to
determine whether the gut microbiota dysbiosis observed in
patients with severe COVID-19 affects the progression and
recovery from the disease. It may be particularly worth-
while to examine whether reductions in these metabolites
precede certain disease manifestations. Also, it is possible
that the prolonged reduction in such microbial metabolites
contributes to persistent symptoms, such as respiratory,
neurologic, cardiac, and other problems observed months
after the initial infection, a condition broadly referred to as
post-acute sequelae of SARS-CoV-2 infection (PASC) or “long
COVID.”11–14 Long-term evaluation of microbiome dysbiosis
may reveal links between specific taxa and symptoms of
PASC, information that can be used to identify patients
needing more vigilant clinical follow-up.

Finally, the insightful data from Zhang et al8 suggest the
possibility of applying microbiota-based therapies or
metabolite supplementation for treating lung infections.
Oral probiotics are protective in mouse models of influenza
infection15,16 and associated with reduced incidence of
acute upper respiratory infections in humans.17 Indeed,
clinical trials examining the impact of oral probiotics for
COVID-19 are currently underway.18 If pharmacologic bar-
riers and safety concerns can be addressed, targeted and
personalized approaches that reverse impaired microbial
metabolism, informed by findings such as those uncovered
by Zhang et al,8 may not be too far on the horizon for
treating respiratory viral infections.
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Neutralizing Antibodies Against Hepatitis C Virus and Their Role
in Vaccine Immunity
See “An antigenically diverse, representative
panel of envelope glycoproteins for hepatitis C
virus vaccine development,” by Salas JH,
Urbanowicz RA, Guest JD, et al, on page 562.

ong-term infection with hepatitis C virus (HCV) is a
Lmajor cause of chronic liver diseases, terminating in
cirrhosis and cancer, and despite the development of cura-
tive direct-acting antivirals requiring only 8–12 weeks of
treatment, about 400,000 people die due to HCV annually.1

Furthermore, there are 1–2 million acute infections annu-
ally, of which 75% become life-long with the majority not
diagnosed.1 Thus, vaccines would be an important
component of measures required for the elimination of HCV.
However, the most advanced candidate, a viral vector–based
vaccine expressing the HCV nonstructural proteins, failed to
prevent chronic infections after HCV exposure in high-risk
populations despite induction of HCV-specific T-cell re-
sponses.2 Thus, as for most other viral infections, induction
of neutralizing antibodies (NtAb) could be key for obtaining
protective immunity after vaccination,1 and 2 experimental
strategies were developed to measure HCV neutralization:
retroviral pseudo-particles expressing HCV envelope E1 and
E2 proteins (HCVpp) and cell culture–derived infectious
HCV (HCVcc).3 It is important that cell culture systems used
in vaccine studies fully recapitulate the global heterogeneity
and antigenicity of HCV, as well as the intrinsic features of
circulating HCV particles, and thus aim at capturing efficient
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