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Abstract

SARS-CoV-2 infection causes COVID-19 disease, which can result in consequences ranging from undetectable to fatal,
focusing attention on the modulators of outcomes. The respiratory tract microbiome is thought to modulate the out-
comes of infections such as influenza as well as acute lung injury, raising the question to what degree does the airway
microbiome influence COVID-197 Here, we review the results of 56 studies examining COVID-19 and the respiratory

questions.

tract microbiome, summarize the main generalizations, and point to useful avenues for further research. Although
the results vary among studies, a few consistent findings stand out. The diversity of bacterial communities in the
oropharynx typically declined with increasing disease severity. The relative abundance of Haemophilus and Neisseria
also declined with severity. Multiple microbiome measures tracked with measures of systemic immune responses
and COVID outcomes. For many of the conclusions drawn in these studies, the direction of causality is unknown—did
an alteration in the microbiome result in increased COVID severity, did COVID severity alter the microbiome, or was
some third factor the primary driver, such as medication use. Follow-up mechanistic studies can help answer these

Introduction

COVID-19 was declared a pandemic by the World
Health Organization on March 10, 2020, and has contin-
ued to cause disease and social disruption on an unprec-
edented scale despite the development of highly effective
vaccines and both pharmacological and non-pharmaceu-
tical interventions. COVID-19 is caused by infection with
the SARS CoV-2 virus. COVID-19 can present with no
symptoms, or with disease ranging from mild respiratory
illness to severe lung injury, systemic inflammation, and
ultimately death [1]. Given this wide range of outcomes,
considerable effort has been devoted to predicting and

*Correspondence: collmanr@pennmedicine.upenn.edu

2 Pulmonary, Allergy and Critical Care Division, Department of Medicine,
University of Pennsylvania Perelman School of Medicine, Philadelphia, PA
19104, USA

Full list of author information is available at the end of the article

B BMC

explaining differential disease progression [2, 3]. One
candidate modulator is the airway microbiome.

The microbiome of the human respiratory tract is
diverse and heterogeneous and is associated with a wide
range of diseases and phenotypes. The upper respiratory
tract is inhabited by an abundant and complex micro-
biome, dominated by oral commensal taxa in healthy
individuals. In contrast, the lower respiratory tract
microbiome (below the vocal cords) in healthy individu-
als is generally quite low biomass, defined by competing
dynamics of importation via microaspiration from the
upper respiratory tract, and clearance via mucociliary
activity and innate immune function, with likely some
limited local microbial replication [4—6]. Thus, changes
to the upper respiratory tract microbiome can affect not
only local microbiome-host interactions, but those in the
lower respiratory tract as well. Furthermore, in various
disease states, the balance that maintains the low micro-
bial biomass lung microbiome can be disrupted though
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increased entry to the lower respiratory tract, defective
clearance, or increased microbial growth in the lower
respiratory tract. The upper respiratory tract microbiome
is altered in conditions such as advanced lung disease,
HIV infection, vasculitis, and influenza, as well as by
exposures such as smoking [7—12]. The lower respiratory
tract (lung) microbiome is altered not only in suppurative
lung diseases such as cystic fibrosis and pneumonia, but
also in lung diseases not typically considered microbial,
including asthma, COPD, and pulmonary fibrosis, as well
as in exposures such as mechanical ventilation [7, 13-17].

Alterations in the upper respiratory microbiome have
been associated with susceptibility to viral infection,
specifically in influenza exposed individuals, and with
disease severity in RSV infection [18, 19]. For instance,
a household transmission study found increased abun-
dance of Streptococcus spp. and Prevotella salviae was
associated with reduced odds of influenza A infection
[19]. Conversely, viral infection can alter the bacterial
microbiome as well, resulting in potential bi-directional
interactions [12]. Thus, there has been an intense interest
in studies of the potential role of the airway microbiome
in COVID-19.

One of the ways that the microbiota of the respira-
tory tract influences host health is via modulation of the
immune system, both locally and systemically [20, 21].
This is of particular interest to COVID-19 because the
immune response in COVID-19 has been shown to asso-
ciate strongly with disease progression and outcome. In
health, the lung immune tone is regulated by the physi-
ological microbiome acquired through upper respiratory
microaspiration [22, 23], and dysbiosis in the airway is
associated with increased inflammation, for example, in
asthma or exposure to cigarette smoke [13, 24]. Impor-
tantly, research over the past half-decade has suggested
a role for the respiratory tract microbiome in modulat-
ing severity of outcomes in patients with or at risk of
acute lung injury. Lung microbiome burden and compo-
sition correlate with local and systemic inflammation in
patients with acute lung injury [25] and predict clinical
outcome in mechanically ventilated critically ill patients
with the acute respiratory distress syndrome (ARDS)
[26]. Following trauma, lung microbiome composition is
associated with the development of ARDS and has been
postulated to mediate the effects of smoking on the risk
of ARDS development [27]. Thus, the respiratory tract
microbiome is linked with and may influence outcome
via both local and systemic mechanisms in a variety of
conditions that can result in severe lung injury.

In COVID-19, both immune suppression and runa-
way inflammation have been observed and can result in
more severe disease, while protective immunity involves
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induction of both humoral and cell-mediated responses.
Infection can induce several pro-inflammatory cytokines,
such as IL-1B, IL-6, TNF, IL1IRA, CXCL10/IP10, MIP-1a,
and CCL2 [28, 29]. Several SARS CoV-2 proteins are
capable of suppressing antiviral immunity by delaying the
type I interferon response [29]. The microbiome has been
identified as a modulator of immune responses and dis-
eases in the airways [20, 22-24], leading to considerable
interest in the interaction between COVID-19 and the
airway microbiome.

The gut microbiome has also been studied as a poten-
tial modulator of COVID-19 disease severity, and several
studies have described alterations in the gut microbiome
in COVID-19 patients (reviewed in [30-32]). Consist-
ent with a potential role, COVID-19 risk factors such as
obesity and diabetes have profound impacts on the gut
microbiome [33-35] and the gut microbiome is known to
influence inflammatory conditions in the airway (referred
to as the gut-lung axis) [36]. The relative contribution
of gut versus respiratory microbiome communities on
the respiratory tract is not clear, though a recent murine
study suggested the inflammatory state of the lungs may
be more closely linked to the local respiratory microbi-
ome than the gut microbiome [37]. This review focuses
on the respiratory microbiome and excludes studies of
the gut microbiome in COVID-19 for the sake of clarity
and focus; however, further study of the gut-lung axis is
certainly warranted.

Here, we assess 56 studies examining the respiratory
microbiome in COVID-19 patients, including studies of
the oropharynx, nasopharynx, and lower airways/lungs
(Supplemental Data 1). Studies were identified using
Google Scholar searches for combinations of the fol-
lowing search terms: microbiome, COVID, COVID-19,
SARS CoV-2, respiratory, airway, nasopharynx, naso-
pharyngeal, oropharynx, oropharyngeal, and lung. Only
sequencing-based studies were included, whereas studies
only performing bacterial culture were excluded. Studies
vary considerably in subject population, disease severi-
ties, co-morbidities, medication use, and sample type.
When possible, we have presented comparisons of simi-
lar findings between different studies in order to identify
consistent changes and associations that may be more
robust to study differences. These consistent associations
offer high level commonality across a heterogeneous dis-
ease and can guide future studies in this nascent field.

The oropharyngeal microbiome in COVID-19

The upper respiratory tract microbiome is most often
sampled using oropharyngeal (OP) or nasopharyngeal
(NP) swabs. We identified 15 studies examining oro-
pharyngeal microbial composition, including 9 studies
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Consistent associations between COVID-19 status and
the Oropharyngeal Microbiome
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Fig. 1 Associations of oropharyngeal microbiome features with COVID-19 relative to healthy controls. Analytical approaches and statistical
methods varied among studies; results tabulated reflect the authors' conclusions. Only studies that collected both COVID-19 and healthy controls
are included; studies employing samples for either group from public data exclusively were not included. The sample size reports thenumber of
COVID-19 patients and healthy controls. The results were filtered to emphasize findings consistent across more than one study

directly comparing COVID-19 patients and healthy
controls (Fig. 1) and 8 studies identifying microbiome
associations with disease severity (Fig. 2). Across stud-
ies of COVID-19-infected individuals, the oropharyn-
geal microbiome is composed primarily of bacteria in
the phyla Proteobacteria, Firmicutes, and Bacteroidota
[38-40]. Specific taxa identified as abundant in the
upper airway include Prevotella, Streptococcus, Haemo-
philus, Neisseria, Viellonella, and Actinomyces.

The oropharyngeal microbiome is altered in COVID-19
relative to healthy controls

Most studies reported differences in the OP microbiome
between COVID-19 patients and healthy controls, but
there were few consistent changes identified across stud-
ies (Fig. 1). While each study identified taxa that were dif-
ferentially abundant in COVID-19, there was no single
taxa or microbiome metric that was consistently altered
across the majority of the studies. However, the phylum

Consistent associations between COVID-19 severity and
the Oropharyngeal Microbiome
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Fig. 2 Associations between oropharyngeal microbiome features and COVID-19 severity. Analytical approaches and statistical methods varied
among studies; results tabulated reflect the authors’ conclusions. Disease severity comparisons varied and included asymptomatic vs symptomatic,
moderate vs severe, alive vs dead, and others. The sample size refers to the number of COVID-19 patients only
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Bacteroidota was less abundant in COVID-19 patients in
three out of the four studies that presented phylum level
compairisons [38, 41, 42]. Proteobacteria were less abun-
dant and Firmicutes were increased in COVID-19 in two
studies [38, 42], though this association was reversed in
one study of children [41]. This association is somewhat
unexpected, as relative abundance of Proteobacteria
is increased in the airway in COPD, cystic fibrosis, and
asthma [43]. At the genus level, Haemophilus was less
abundant in COVID-19 patients in two studies, and Veil-
lonella was more abundant across two studies.

Several taxa showed opposite associations in different
studies; for example, Streptococcus abundance was nega-
tively associated with COVID-19 in three studies [42, 44,
45] but positively associated in two studies [38, 46]. This
could reflect differences in patient population or ana-
lytical techniques, species, or strain level differences or
could suggest that abundances of these taxa are intrinsi-
cally noisy. Likewise, alpha diversity of the oropharyngeal
microbiome was reduced in COVID-19 patients in three
studies [38, 41, 46], increased in one [39], and unchanged
in three [40, 42, 47]. Decreased diversity has been pre-
viously seen in influenza A infection [12], suggesting
a possibly consistent response across viral respiratory
infections.

The study by Gao and colleagues had a substantially
larger sample size than others (140 healthy controls and
73 confirmed COVID-19) and identified the genera Halo-
monas, Granulicatella, Leptotrichia, and Streptococcus to
be more abundant in COVID-19 patients, while Neisse-
ria, Prevotella, Alloprevotella, Fusobacterium, and Hae-
mophilus were less abundant [38]. It is possible therefore
that with larger sample sizes some of these associations
would be confirmed by other studies.

It is not possible to distinguish whether microbiome
differences in COVID-19 patients compared with healthy
people preceded SARS-CoV-2 infection or were a conse-
quence of COVID-19 disease and treatments. For exam-
ple, altered microbiome populations preceding exposure
to SARS-CoV-2 could enhance susceptibility to infection
or symptomatic disease. Alternatively, changes such as
decreased diversity could reflect process that allowed one
or a few bacterial species to grow out or that treatments
such as antibiotics disrupted the community.

Oropharyngeal microbiome associations with COVID-19
severity and outcome

Associations between the upper respiratory microbi-
ome and COVID-19 severity are more consistent (Fig. 2).
Alpha diversity commonly decreased as COVID-19
severity increased. At the genus level, Haemophilus, Neis-
seria, Fusobacterium, and Prevotella all showed reduced
relative abundance in more severe patients across
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different studies. No taxa were consistently elevated in
more severe COVID. This suggests a dysregulation of
the respiratory microbiome wherein a diverse, healthy
microbiome is associated with milder disease, and an
overabundance of any number of different taxa is associ-
ated with more severe disease.

A major confounding factor is that therapeutic inter-
ventions may influence the microbiome in COVID-19
[48], with treatments such as antibiotics and mechanical
intervention co-occurring with more severe disease (see
Table 1). Bradley et al. sought to avoid this by sampling
the oropharyngeal microbiome at hospital admission and
predicting the future need for respiratory support [49].
This study found P salviae, Eubacterium branchy, Actino-
myces sp. S6 spd3, and Aggregatibacter sp. oral taxon 45
were all negatively associated with the need for respira-
tory support. A similarly predictive study by Ren et al.
found Streptococcus relative abundance was increased at
hospital admission in individuals who eventually recov-
ered from COVID-19 compared to those who did not
[45]. A major caveat of this second study is that samples
were not taken specifically for microbiome analysis but
were a byproduct of viral testing and so stored in viral
transport media, which typically contains both growth
nutrients and antibiotics, and has the potential to alter
the microbial composition in samples. Still, these studies
suggest that some changes in the upper airway microbi-
ome are associated with COVID-19 severity in a treat-
ment-independent manner.

Ultimately, studies of the oropharyngeal microbiome
suggest reduced alpha diversity and reduced Bacteroi-
dota in COVID-19 patients relative to healthy controls
(Fig. 1). Within COVID-19, a consistent signature of
lower alpha diversity, Haemophilus, Neisseria, Actinomy-
ces, and Prevotella in more severe disease is seen across
studies. Consistent findings across studies, despite differ-
ences populations, treatments, and comorbidities, sug-
gest that these associations may be particularly strong.
Future work is needed focusing on directionality and
causality in these signature associations.

The nasopharyngeal microbiome in COVID-19

The nasopharyngeal microbiome is generally distinct
from that of the rest of the respiratory tract, but is of
interest in the context of COVID-19 as the nasal epi-
thelium may be the first site of SARS CoV-2 infection.
We identified 29 studies examining the nasopharyngeal
microbiome in COVID-19 (Supplemental File 1), 12 of
which examined differences between COVID-19 patients
and healthy controls (Fig. 3), and 9 studied differences
with COVID severity and outcomes (Fig. 4). Across
studies, the nasopharyngeal microbiome was domi-
nated by Staphylococcus and Corynebacterium, or by
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Consistent associations between COVID-19 status and
the Nasopharyngeal Microbiome
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Fig. 3 Associations of nasopharyngeal microbiome features with COVID-19, relative to healthy controls. Only studies that collected both COVID-19
and healthy controls are included; studies pulling samples for either group from public data exclusively were left out. The sample size reports the
number of COVID-19 patients and healthy controls. The results were filtered to emphasize findings consistent across more than one study
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oral commensals similar to those found in the orophar-
ynx, such as Streptococcus, Prevotella, and Veillonella. A
major confounding factor for many nasopharyngeal stud-
ies was the storage of samples in viral transport media,
as many studies looked at the microbiome using swabs
that were initially collected for viral testing or sequencing
[55-58].

Nasopharyngeal microbiome shows few consistent
differences between COVID-19 patients and healthy
controls

Much like the oropharyngeal microbiome, there is lit-
tle agreement between studies in differences between
the nasopharyngeal microbiome in COVID-19 patients
and healthy controls. Unlike the oropharynx, however,
many studies find no significant differences at all with
COVID-19 status [50, 55, 59, 60]. The most common
association found across studies was a decrease in rela-
tive abundance of the phylum Bacteroidota [41, 56,

61], though this association was still not significant in
most studies. Similarly, two studies found alpha diver-
sity was lower in COVID-19 patients [51, 61], while
eight studies found no significant difference [50, 52,
55, 56, 58-60, 62, 63], suggesting that the effect on
alpha diversity is possibly negative and likely small.

Hurst and colleagues found the relative abundance
of Corynebacterium was increased in children testing
positive for COVID-19 relative to uninfected children
from the same households who were also exposed to
SARS CoV-2-infected individuals [52]. Conversely,
Mostafa et al. find a decrease in relative abundance of
Corynebacterium in COVID-19-positive adults com-
pared to those that tested negative, suggesting the
opposite association between this genus and COVID-
19 susceptibility [51]. Since the studies were conducted
in different age groups, age-related differences may
possibly explain this disparity.
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Associations between nasopharyngeal microbiome

and COVID-19 severity and outcomes

As with COVID-19 status, there are few consistent asso-
ciations between the nasopharyngeal microbiome and
COVID-19 severity, symptoms, or outcome (Fig. 4). The
genus Mycoplasma was more abundant with increas-
ing severity in two studies [48, 64] and was found in a
third study to be strongly associated with presence of
symptoms such as chest pain and fever [61]. Several taxa
showed discordant associations with disease severity
between studies, including Fusobacterium, Rothia, Strep-
tococcus, Veillonella, Prevotella, and Corynebacterium. It
is likely that differences in location, patient population,
and analysis methods can account for discordant results,
but further data is needed to identify consistent pat-
terns for many of these taxa. For example, greater abun-
dances of Rothia and Streptococcus were associated with
increasing lung damage in a cohort in Russia [59], and
with hospitalization in a study in the USA [58], but lower
abundance was associated with severe disease among
hospitalized patients from a Chinese cohort [65].

As discussed previously, COVID-19 severity is also
unavoidably linked with various treatments that likely
affect the nasopharyngeal microbiome composition, such
as antibiotic use and mechanical ventilation. Unfortu-
nately, in the nasopharyngeal microbiome, we identified
no studies assessing severity of disease where sampling
precedes treatment, making it impossible to separate
this confounder. One study did attempt to quantify the
impact of antibiotics, with Lloréns-Rico et al. finding
the antibiotics meropenem/piperacillin-tazobactam and
ceftriaxone significantly correlated with nasopharyngeal
microbiome composition.

In sum, many current studies identify no significant
associations between COVID-19 status or severity and
the nasopharyngeal microbiome. The most consist-
ent association across several studies is a reduction in
Bacteroidota in COVID-19 patients relative to healthy
controls. This suggests that any possible relationship
between the nasopharyngeal microbiome and COVID-19
may be weak, heterogeneous, or easily obscured by com-
mon confounders.

The lung microbiome in COVID-19

Adverse outcomes of SARS CoV-2 infection are asso-
ciated with viral propagation from the upper respira-
tory tract to the lower airway and lungs. It is thus key
to understand what effect the microbiome of these
locations may have on the course of infection. There is
no minimally invasive way to sample the lower airway
or lung microbiome, so the lower airway has primar-
ily been studied in critically ill COVID-19 patients who
are intubated and on mechanical ventilation. This type

Page 7 of 14

of analysis has challenges, however, because the lung
microbiome in intubated patients is profoundly altered
compared to healthy people even in the absence of
COVID-19 [17, 66, 67].

In a cohort of critically ill intubated COVID-19
patients, Merenstein and colleagues found lung micro-
biome specimens sampled by endotracheal aspirates
showed low diversity compared to healthy lung samples
and were frequently dominated by single taxa [64]. Staph-
ylococcus and Enterococcus were particularly prominent
in these patients. Tsitsiklis and coworkers also found
reduced alpha diversity in intubated COVID-19 patients
prior to the development of ventilator associated pneu-
monia relative to those that did not develop pneumonia
[68]. Sulaiman et al. found a negative association between
bacterial burden in the lungs and survival [69], while
Kullberg et al. found similar association with success-
ful extubation, even after accounting for clinical covari-
ates such as antibiotic use [53]. This is consistent with
previous findings in other forms of critical illness, where
lung bacterial burden was negatively associated with
ventilator-free days [26]. Kullberg and colleagues also
found a significant association between beta diversity
and bacterial burden, suggesting that outgrowth of bac-
teria in critically ill lungs may be driving compositional
changes. Finally, Giabini et al. found low diversity in the
lower airway of all mechanically ventilated COVID-19
patients, but it was not different from patients with non-
COVID-19 pneumonia [70]. Again, this suggests that a
low-diversity lower airway may not be a specific signa-
ture of COVID-19.

Giabini et al. further found lower relative abundances
of oral commensals in COVID-19 patients, with a reduc-
tion in Haemophilus influenzae, Veillonella dispar, Gran-
ulicatella spp., Porphyromonas spp., and Streptococcus
spp. and an increase in Pseudomonas spp. A study from
the same hospital by Viciani et al. found increased colo-
nization by Candida species in intubated COVID-19
patients relative to patients with non-COVID-19 pneu-
monia [71]. Sulaiman et al. found Candida glabrata
enriched in the lungs of intubated patients with longer
hospital stays [69], suggesting an altered fungal micro-
biome as well. Sulaiman et al. also found that reduced P
oris and increased M. salivarium in the lungs positively
correlated with survival and length of stay in a mechani-
cally ventilated cohort.

Zacharias and coworkers studied the microbiome of
autopsied lung tissue and found reduced bacterial rich-
ness relative to deceased non-COVID-19 controls and
reduced evenness in COVID-19 patients with pneumonia
[72]. The authors identified dominant taxa in COVID-19
autopsy samples such as Staphylococcus aureus, Ente-
rococcus faecium, or Klebsiella pneumoniae, as well as
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fungi like Candida spp. or the mold Rhizopus micro-
spores, which they suggested could be secondary infec-
tions. These taxa align with those identified as dominant
by Merenstein et al. and reflect well known opportunistic
pathogens of the lungs. It should be noted, however, that
these findings reflect only the sickest COVID-19 patients.
Furthermore, these microbiome studies do not distin-
guish colonization of the lower respiratory tract by these
organisms from clinically significant infection; while con-
troversial, it has been suggested by a recent meta-analy-
sis that bacterial co-infection in COVID-19 is relatively
uncommon [73], although distinguishing colonization
from bacterial superinfection is often challenging clini-
cally. This is an important point, as a substantial pro-
portion of mortality in other viral respiratory infections,
particularly influenza, is caused by bacterial superinfec-
tion [74]. In seasonal influenza, a meta-analysis of con-
firmed cases by Klein et al. found bacterial co-infections
in 23% of cases [75], and in the 2009 HIN1 pandemic,
bacterial co-infections were identified in an estimated
29-55% of deaths [74].

Thus, the lungs of critically ill COVID-19 patients likely
have reduced alpha diversity and increased bacterial bur-
den relative to healthy or less sick COVID-19 patients,
but not necessarily relative to other critically ill non-
COVID-19 patients.

Functional characterizations of the COVID-19
respiratory microbiome

Several studies have examined changes in functional
capacity of the respiratory microbiome in COVID-
19 based on microbiome gene content as reported in
metagenomic sequence data or microbiome metatran-
scriptome data. Ma and colleagues found a higher poten-
tial for amino acid metabolism in the oropharyngeal
metagenomes of COVID-19 patients compared to both
healthy and flu-infected patients, specifically metabo-
lism of valine, leucine, isoleucine, tyrosine, and pheny-
lalanine [44]. Conversely, Li et al. suggested that amino
acid metabolism was reduced in pharyngeal COVID-19
meta-transcriptomes, though this assertion was based on
abundance of glutamate dehydrogenase which can have
activities other than amino acid metabolism [46]. Mem-
brane transport pathways also differed between these
studies, being more abundant in healthy controls in Ma
et al, but more abundant in COVID-19 patients in Li
et al. These examples suggest that there may be consider-
able differences between functional potential (i.e., DNA)
and functional activity (i.e., RNA).

Bradley et al. found LPS biosynthesis genes in the oro-
pharynx were negatively predictive of the need for respir-
atory support, a somewhat surprising finding given the
pro-inflammatory nature of LPS [49]. The authors suggest
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that this may be a result of a majority of the LPS genes
coming from Prevotella, which has been hypothesized
to have a less inflammatory LPS than more pathogenic
bacteria. Indeed, the authors found a higher proportion
of LPS coming from Pseudomonas in patients needing
respiratory support. The implication that LPS source
and structure is an important modulator of COVID-19
severity is especially interesting given reports that the
SARS CoV-2 spike protein can directly bind to LPS [76]
and that LPS in the blood is associated with COVID-19
severity [77].

Sulaiman and coworkers found no significant associa-
tions between metagenomic function and disease out-
come, but did find metatranscriptomic differences [69].
Specifically, the authors found glycosylases, oxidoreduc-
tase activity, transporters, and the two-component sys-
tem differentially upregulated in deceased patients. This
suggests that the same bacteria may be changing function
in more severe disease, though it is unclear which direc-
tion causality runs in these associations.

Multiple studies found increases in antimicrobial
resistance genes in COVID-19 patients, involving a wide
range of resistance mechanisms [44, 46, 62, 69]. Reflect-
ing increased antibiotic usage in more severe patients,
Li et al. found greater multidrug efflux pumps (SatA and
SatB) in more severe patients [46]. Ma and coworkers
found resistance to penam, penem, and cephalosporin
antibiotics was most abundant and unique to COVID-
19 compared to Flu B patients and healthy controls [44],
while Nagy-Szakal et al. found macrolide resistance was
most differentially abundant in COVID-19-positive
samples [62].

Associations of COVID-19 with microbial
constituents other than bacteria
Respiratory tract fungal infections have been recog-
nized as an important complication of COVID-19, which
appear to be increased with the widespread use of dex-
amethasone and other corticosteroids and in patients
treated with immunomodulators such as tocilizumab
and baricitinib [78-80]. Most common is pulmonary
aspergillosis, with notable reports of mucormycosis and
multiple other fungi. Distinguishing infection from colo-
nization is often difficult however, and evidence suggests
that rates may vary across geographic regions [81].
Several metagenomic studies have found altered abun-
dances in the fungal microbiome of COVID-19 patients,
in both the upper and lower respiratory tract. Approxi-
mately 10% of hospitalized patients have positive respira-
tory fungal cultures across multiple studies, generally for
Candida or Aspergillus [82, 83]. Two metagenomic stud-
ies found Candida spp. increased in the lower airway in
more severe COVID-19 patients [69, 71]. Contrary to
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the bacterial microbiome, Hoque et al. found increased
alpha diversity in the fungal microbiome of nasopharyn-
geal swabs in COVID-19 relative to healthy controls
[84]. Nasopharyngeal fungal microbiome studies may
be especially interesting since in addition to lung infec-
tion, Mucor spp. often initiate infection in the upper res-
piratory tract to invade the sinuses and brain, which has
been reported in COVID-19 most commonly in India but
globally as well [78, 85].

Viruses other than SARS CoV-2 were also detected in
the airway of COVID-19 patients. Co-infections with
respiratory viral pathogens appear to be rare, but Influ-
enza A, Influenza B, RSV, Human metapneumovirus,
Parainfluenza, Rhinovirus, and Adenovirus have all been
reported in studies of COVID-19 patients [83]. In a
small sample of critically ill patients, however, five of ten
showed an increase in viral abundance, including viruses
EBV, CMV, TTYV, HSV, HPVB19, and JCV [86]. Addition-
ally, an examination of the human endogenous retrovirus
K found increased expression in endotracheal aspirate
from intubated COVID-19 compared to intubated non-
COVID-19 patients, but found no difference in outcome
within COVID-19 [87]. Finally, Merenstein and col-
leagues found elevated levels of the commensal DNA
virus Anelloviridae and recently described Redondoviri-
dae in the oropharynx of intubated relative to non-intu-
bated COVID-19 patients [64]. This suggests that critical
illness and mechanical ventilation may impact abundance
of already present human viruses, but it is yet unclear if
this has any effect on the course of COVID-19.

Ultimately, more work is needed to examine changes
in the fungal and viral microbiome in COVID-19. Many
studies that collected metagenomic or metatranscrip-
tomic data, which has the potential to identify fungal and
viral genomes (in contrast to 16S rRNA gene sequencing,
which is limited to bacteria), but only reported on the
bacterial composition in their publications. Further anal-
ysis of these datasets would be fruitful for the study of the
non-bacterial microbiome in COVID-19.

The respiratory microbiome and associations

with systemic immune responses

The immune response is critical for clearance of SARS
CoV-2, and proper regulation is also needed to pre-
vent a pathogenic hyperinflammatory response that is
believed to contribute to severe outcomes. Several stud-
ies have identified associations between composition
of the respiratory microbiome and systemic immune
activation, although specific taxa and mechanisms that
may mediate this are still unclear. Studies found asso-
ciations between oropharyngeal microbiome composi-
tion and systemic lymphocyte counts: Merenstein et al.
found alpha diversity to be positively associated with
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lymphocyte to neutrophil ratio [64]; Gao et al. found
lymphocyte count negatively associated with Leptotrichia
and Streptococcus but positively associated with 25 dif-
ferent 16S sequence groups (operational taxonomic units
or OTUs) [38]; Herndndez-Terén et al. found Corynebac-
terium associated with low lymphocyte counts [42]; and
Ren et al. found Streptococcus positively correlated with
lymphocyte counts [45]. Clinically, lymphocyte to neu-
trophil ratio is a key predictor of COVID-19 outcome,
with decreased lymphocytes being associated with worse
outcomes [88, 89].

Microbiome characteristics also correlated with inflam-
matory cytokine levels in the blood. Ren et al. found
pro-inflammatory cytokines IL-1f, IL-6, IL-8, MCP-1,
and IL-1ra were significantly correlated with overall oro-
pharyngeal microbiome composition via principal com-
ponent analysis, and several of these cytokines were more
abundant in patients who died [45]. An assay of ex vivo
cytokine production by Hursitoglu et al. also found more
IL-1P production from the blood of COVID-19 patients
with increased Rothia abundance in their nasopharynx,
while anti-inflammatory cytokine IL-10 was associated
with Prophyromonas abundance [90]. Surprisingly, no
taxa from the genus Haemophilus were strongly associ-
ated with cytokine production or expression [45, 90],
nor with neutrophil or lymphocyte abundance [38],
despite being the taxa most consistently associated with
COVID-19 severity across studies. Finally, one study
found that elevated alveolar concentrations of inflam-
matory cytokines correlated with the concentration of
bacterial and fungal DNA in bronchoalveolar lavages
from COVID-19 ARDS patients [53], indicating a local
mucosal immune response that is effected by the respira-
tory microbiome.

Together, these studies demonstrate links between the
respiratory microbiome and immune and inflammatory
features in COVID-19. One possibility for this observa-
tion is that the microbiome might be impacting disease
outcomes through mechanisms mediated by systemic
immune responses. Alternatively, if the microbiome
changes are a consequence of COVID-19 infection and
severity, it is possible that inflammatory features are driv-
ing microbiome changes. Thus, further study would be
useful to understand the directionality and mechanisms
of microbiome-immune associations in COVID-19.

Comparisons of COVID-19 to influenza and other
critical illnesses

To provide perspective, it is useful to consider asso-
ciations between the respiratory microbiome and other
viral illnesses. Prior to the COVID-19 pandemic, viral
infections were known to have bidirectional relation-
ships with the respiratory microbiome. For instance,
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abundance of Streptococcus spp. and Prevotella salviae
associated with reduced odds of influenza A infection
in exposed individuals [19], though several other species
of Prevotella were positively associated with influenza A
susceptibility in a similar household transmission study
[18]. These relationships appeared to be virus specific,
however, with different taxa associated with Influenza A
and B susceptibility [19].

Viral infection can alter the bacterial microbiome as
well; for example, Kaul and colleagues found increased
Pseudomonas in the nasopharynx of influenza A patients
compared to non-infected controls [12]. This too appears
virus-specific, as a challenge trial in adults inoculated
with respiratory syncytial virus found no alterations in
the respiratory microbiome after infection [91].

A few studies have directly compared the microbiome
of COVID-19 patients with influenza patients. Ma and
coworkers studied the oropharyngeal microbiome and
found both a common viral signature relative to healthy
controls and several associations that were specific to
COVID-19 patients [44]. An increase in Viellonella was
seen in both influenza and COVID-19 patients relative
to controls, but was significantly higher in COVID-19
relative to influenza patients, suggesting that even shared
associations may differ in their magnitude or significance
in a given viral infection. A similar study by Rattanaburi
et al. compared the nasopharyngeal microbiome of influ-
enza A, influenza B, and COVID-19 patients [92]. Both
groups of influenza patients had microbiomes dominated
by Proteobacteria, while the COVID-19 group was more
similar to the non-COVID-19 non-influenza group dom-
inated by Firmicutes and Bacteroidota. A caveat of this
study, however, was that influenza samples were collected
several years prior to COVID-19 samples, introducing
potential batch effects.

In addition to other viral illnesses, alterations in the
microbiome of critically ill patients from other causes
may resemble COVID-19 alterations. Fortunately, sev-
eral studies have compared COVID-19 patients to those
with other forms of severe pneumonia or other diseases
requiring intubation. One such study compared criti-
cally ill non-COVID-19 patients to COVID-19 patients
of varying degrees of illness and found significantly lower
Proteobacteria in non-COVID-19 patients compared to
all groups of COVID-19 patients, in the oropharynx [64].
Miao et al. found lower airway microbiomes of intubated
COVID-19 patients to be significantly different from
intubated non-COVID-19 patients via PERMANOVA
test, but both groups were much more closely clustered
to each other than to non-intubated patients, either
healthy or with other viral pneumonia [86].

Sputum meta-transcriptomes from COVID-19 patients
also showed lower alpha diversity compared to a large
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cohort of non-COVID-19 pneumonia patients, suggest-
ing that the consistent signature of low airway diversity
seen in many COVID-19 studies is not necessarily com-
mon to all severe respiratory infections [93]. Addition-
ally, Viciani and colleagues found increased Candida
colonization in COVID-19 lower airways relative to non-
COVID-19 pneumonia patients, again suggesting that
previously discussed associations are not general to all
pneumonias [71].

Direct comparisons between COVID-19 and other
airway diseases are complicated by differences in treat-
ments and patient demographics. It is thus possible that
some signatures that appear unique to COVID-19 are
rather caused by some combination of general response
to critical lung injury and specific response to antibiot-
ics, steroids, or intubation that may be more common in
COVID-19. Nevertheless, most direct comparisons show
substantial differences between COVID-19 patients and
those infected with other viruses or experiencing other
forms of critical illness, and it is likely that much of the
respiratory microbiome response to COVID-19 is unique
to that disease.

Limitations and confounding factors of respiratory
microbiome studies in COVID19

As discussed throughout the previous sections, there are
important limitations in respiratory microbiome studies
of COVID-19 to date (Table 1). First, many studies rely
on samples initially collected for viral detection that were
stored in viral transport media, which typically contains
both nutrients that might spur bacterial growth and anti-
biotics that might skew its composition. It is likely that
in some of these studies, the composition of the micro-
biome continued to change after collection and may not
accurately reflect in vivo communities. Fortunately, most
of these studies used the same procedures for all samples,
possibly retaining some ability for within-study com-
parisons, even if in absolute terms the data may be less
accurate.

The second major source of bias in these studies is the
effect that COVID-19 treatments may have on micro-
biome composition [48]. As discussed earlier, antibiotic
use and mechanical ventilation can cause major shifts
in the respiratory microbiome. Antibiotics and inva-
sive mechanical ventilation are commonly employed in
severe COVID-19 patients, with a large proportion of
patients receiving antibiotics [40, 64]. In the study by
de Castilhos and colleagues, antibiotic use significantly
influenced the oropharyngeal microbiome and led to
increased dysbiosis, but alpha diversity was not affected
[40]. Lloréns-Rico and colleagues found that the naso-
pharyngeal microbiome composition was significantly
correlated with length of ICU stay and use of several
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specific antibiotics (meropenem/piperacillin-tazobac-
tam, and ceftriaxone), though neither number of antibi-
otics nor ongoing antibiotic use as a binary variable were
associated with composition [48].

Mechanical ventilation also alters the respiratory
microbiome, allowing for the outgrowth of opportunis-
tic pathogens and, in some cases, ventilator-associated
pneumonia [17, 66]. Given the association between
COVID-19 severity and the need for ventilation, fur-
ther work may be needed to separate the effects of the
disease from its treatments. This is a substantial limita-
tion in most studies of the respiratory microbiome and
disease severity, as these disruptive treatments are inher-
ently correlated with disease severity. Studies with non-
COVID-19 patients also in similar critical care settings
can begin to separate these effects from the impact of
COVID-19, and studies collecting samples prior to treat-
ment will avoid these confounders.

The timing of sample collection also limits interpre-
tation of many studies, because it is unclear whether
the microbiome is affecting COVID-19 susceptibility
and severity, or whether alterations are a consequence
of infection. We identified no studies with respiratory
microbiome samples preceding SARS-CoV-2 infection,
making it difficult to conclusively establish timing, let
alone causality, for any of the associations presented in
these papers.

Finally, work in this field would be greatly aided by
better data management and public archiving of data
to allow use of existing data to its full potential. Here,
we identified over 50 studies examining the respiratory
microbiome in COVID-19, with thousands of samples
total. Unfortunately, the majority of studies have not yet
made their data publicly available, and most of those that
are available lack sufficient metadata for to allow meta-
analysis (i.e., patients cannot be matched to samples
in public databases). This makes reanalysis of multiple
data sets using a single consistent approach impossible.
If future studies make both raw data and metadata avail-
able, it may be possible to pool studies and collect suf-
ficient sample sizes to answer questions beyond what
individual efforts are able to address.

Conclusions and potential significance

of COVID-19/microbiome associations

Despite the limitations associated with studying a rap-
idly evolving disease in the midst of a global pandemic,
current evidence suggests that the respiratory microbi-
ome is altered in COVID-19 compared to healthy people
and that microbiome changes are associated with disease
severity, though the literature is in only partial agreement
about specific changes involved. Multiple factors differ
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between studies, including timing of samples, method
of sampling, disease severity, treatments, and patient
populations, probably accounting at least in part for
the variability. So far results seem to be cohort specific.
Nevertheless, there is some convergence on particular
associations, especially in the oropharyngeal microbi-
ome. Alpha diversity is consistently lower in more severe
COVID patients, as are relative abundances of the genera
Haemophilus and Neisseria. These findings suggest a pat-
tern of dysbiosis wherein a healthy, diverse community of
oral commensals is replaced by an outgrowth of a small
number of taxa, which vary from patient to patient. In
the nasopharyngeal microbiome, few consistent associa-
tions were identified, and several studies found no signifi-
cant differences with COVID-19 status or severity.

Particularly compelling associations between the res-
piratory microbiome and COVID-19 involve systemic
immune response. Multiple studies found microbiome
features associated with systemic immunity, including
factors such as lymphocyte to neutrophil ratio, that have
strong associations with COVID-19 outcomes. Specific
taxa involved in these interactions vary from study to
study, again suggesting the need for more diverse patient
populations and larger cohorts to identify robust associa-
tions. Future work is critical to determine if the micro-
biome is changing because of changes in the immune
environment, or if bacteria in the airway might push the
immune system toward a particular response. Addition-
ally, we have no studies thus far of the microbiome in
immunized populations, or those with prior infection,
and further work is needed to understand how the res-
piratory microbiome may influence long-term adaptive
immunity to SARS CoV-2.

Key next steps for COVID-19 respiratory microbiome
research are to determine causality and mechanisms for
associations identified so far. Are respiratory microbi-
ome changes in COVID-19 entirely a consequence of
infection and/or its treatments? Or does respiratory tract
dysbiosis precede SARS-CoV-2 infection and perhaps
contribute to infection susceptibility and severity of dis-
ease? Regarding whether microbiome alterations might
precede and contribute to COVID-19 severity, there is
limited information known about the respiratory micro-
biome in conditions associated with high COVID-19
risk. Alterations of the upper respiratory tract microbi-
ome have been found in healthy elderly people [94], but
whether individuals with diabetes, obesity, or other risk
factors for severe COVID-19 have patterns of dysbiosis
is unknown. Even if COVID-19 disease is primarily driv-
ing changes in the microbiome, it will be important to
understand whether early changes impact later stages of
the disease, including inflammatory response, acute lung
injury, and long-COVID.
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How might the respiratory tract microbiome mech-
anistically impact COVID-19 infection? The upper
respiratory tract is the site of initial SARS-CoV-2
infection, so microbiome effects on the local immune
milieu might regulate virus replication. Additionally,
the SARS-CoV-2 cellular receptor ACE2 is an inter-
feron-stimulated gene [95], so its expression could
also be linked to microbiome influences. Additionally,
since the upper respiratory tract microbiome seeds the
lower respiratory tract [4—6], similar effects could also
modulate infection in the lung. Finally, lower respira-
tory microbiome links to the development of acute lung
injury following other types of insults are thought to be
mediated by local and systemic inflammatory pathways
[26, 27], which may be operative in SARS-CoV-2 infec-
tion also.

Thus, respiratory microbiome studies of people at
high risk for severe COVID-19 are needed to address
direction and causality. Earlier and more systematic
microbiome sampling in COVID-19 will be important,
and with continued circulation of COVID-19, prospec-
tive studies may be possible to determine how the res-
piratory microbiome in uninfected individuals affects
the eventual course of subsequent infection. Longitu-
dinal studies in diverse cohorts that span from before
infection to after recovery would aid significantly in
determining causality in these associations. Possi-
ble effects of viral variants need to be addressed more
fully. Studies relating specific microbes with respira-
tory mucosal immune features and gene expression are
also needed. Additionally, in vitro studies are essen-
tial to determine mechanisms that link the respiratory
microbiome to features seen in COVID-19 infection, as
well as mechanistic studies in animal models. Key steps
include identifying how different COVID-19 associated
bacteria may change gene expression in airway epithe-
lial cells or cytokine production in mucosal immune
cells.

Together, such studies could suggest whether manip-
ulating the respiratory tract microbiome might be a
new therapeutic target for prevention or treatment of
COVID-19 or whether microbiome features might be
useful as a biomarker of COVID-19 risk.
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