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Compartmentalized immune responses and the local
microbiota determine mucosal and systemic immunity
against SARS-CoV-2
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The clinical manifestations of SARS-CoV-2 infection, which is the
cause of the coronavirus disease 2019 (COVID-19) pandemic, are
highly variable and range from asymptomatic carriage or mild
symptoms to severe disease involving different organ systems.
However, the specific factors influencing individual clinical
outcomes remain unclear. Thus, to characterize the versatile
interplay of mucosal and systemic immune responses with
the local microbiome and the viral load, as well as its impact on
the course of the disease, Smith et al. performed integrated
analyses of nasopharyngeal swabs and plasma samples from
COVID-19 patients with varying degrees of illness severity. They
observed that spike-specific neutralizing antibodies were hetero-
geneous between paired plasma samples and nasopharyngeal
swabs from individual SARS-CoV-2 patients, suggesting a tissue-
dependent regulation of humoral immune responses. Their study
also confirmed that systemic inflammatory responses were
associated with viral load. Interestingly, dysbiosis of the local
microbiota and an accumulation of (facultative) pathogenic
bacteria in the nasopharynx, frequently reported in secondary
respiratory infections, were linked to mucosal inflammation and
severe COVID-19. Conversely, the levels of cytokines, including IL-
33 and different interferons that might be important for viral
control, were reduced. Thus, Smith et al. revealed the nasophar-
yngeal microbiome as a novel player influencing local and
systemic immune responses to SARS-CoV-2 and subsequently
the clinical outcome of COVID-19 [1].
The clinical manifestations following SARS-CoV-2 infection are

highly variable. Viral replication, as well as comorbidities, age, sex,
the immune response of the host, or a combination of any or all of
these factors, have been suggested to influence the outcome of
disease [2, 3]. Although it is known that SARS-CoV-2 suppresses
innate and antiviral immunity, causes peripheral lymphopenia,
and promotes hyperinflammatory macrophage/monocyte activa-
tion [4], the distinct pathophysiologic mechanisms underlying
severe COVID-19 have remained largely unknown. Thus, to
characterize disease severity-determining factors, Smith et al.
studied 15 patients with moderate, 11 with severe, and 23 with
critical COVID-19 at the time of hospitalization as well as 12 age-
and sex-matched healthy controls [1]. SARS-CoV-2 infections were
confirmed or excluded by PCR. Plasma and nasopharyngeal swab

samples were collected from patients and controls 8–12 days after
the onset of disease, and systemic as well as mucosal SARS-CoV-2
spike-specific antibodies, cytokines, viral loads, and bacterial
communities were evaluated.
The authors described, dependent on the severity of disease, an

increasing frequency and intensity of spike-specific IgG and IgA
antibodies in plasma and nasopharyngeal samples of patients, as
reported in previous studies [5, 6]. The neutralization activity of
these antibodies also increased with the severity of the disease.
Spike-specific IgG or IgA antibodies, however, were substantially
less frequent in nasopharyngeal secretions than in the blood.
Surprisingly, there was only a poor correlation of the antibody
titers and their neutralization capacity between plasma and
nasopharyngeal samples within a single individual. Interestingly,
two patients with moderate disease developed antibodies neither
in their plasma nor in their nasopharyngeal secretion, while two
other patients—with the critical disease—did not seroconvert but
exhibited strong nasopharyngeal antibody responses. Thus, a
tissue site-specific regulation of the humoral immune response in
SARS-CoV-2 patients exists at the early stages of the disease.
Indeed, the clinical outcome of infection in these four patients
compared to the rest of the COVID-19 cohort will be of interest.
Of the 46 cytokines quantified in this study, 13 and 7 cytokines

showed different levels between plasma and nasopharyngeal
samples of healthy controls and patients with COVID-19,
respectively. These differences included enhanced concentrations
of different inflammatory cytokines in the plasma and decreased
concentrations of interferons in mucus secretions, as previously
reported [7, 8]. Smith et al. confirmed that interindividual
differences in total protein or mucus content did not account
for the differences observed in nasopharyngeal cytokine concen-
trations. Importantly, the concentrations of IL-6, IL-10, fibroblast
growth factor, PD-L1, TNF, IL-1β, and IL-1RA were significantly
increased in the plasma of patients with severe disease, while that
of IFN-α2 was decreased. In contrast, fms-related receptor tyrosine
kinase 3 ligand, epidermal growth factor (EGF), CXCL1 (GROα),
PDGF-AA, IL-7, and TGF-α accumulated in significantly greater
amounts in nasopharyngeal samples with worsening disease. Only
CCL2 and VEGF levels were enhanced in tissue samples from both
tissue sites. Thus, similar to the observed antibody responses,
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these data also suggest a compartment-specific regulation of
cytokine responses. The authors further discuss that some of these
inflammatory cytokines might influence local mucosal antibody
production, although the interferon response did not show any
obvious correlations with the virus-specific antibody response.
Viral load was also increased in but again poorly correlated

between plasma and nasopharyngeal samples. Interestingly, while
the viral load in the plasma increased with a more severe disease,
the nasopharyngeal viral load was largely independent of the
clinical presentation. Applying multidimensional scaling (MDS),
the authors observed a positive association of the viral load with
systemic inflammation and virus-specific antibody levels but not
with the antiviral interferon response. Viral loads were also closely
correlated with spike-specific IgG and IgA responses in nasophar-
yngeal samples. However, the authors discuss, in the context of
MDS analysis, that the viral load was not the main driver of spike-
specific antibody responses. In contrast, the viral load did not
correlate with the inflammatory or regulatory cytokine response in
mucosal tissue. Importantly, there was even a strong inverse
association of the viral load with IL-33, colony-stimulating factor 3,
and IFN-γ production (Fig. 1), again indicating distinct tissue-
specific regulatory mechanisms.
As a fourth variable, Smith et al. assessed the composition of the

nasopharyngeal microbiota, which protects the epithelial surfaces
of the host from colonization and/or invasion by different
pathogens and pathobionts [9]. Thus, they performed a 16S rRNA
sequence analysis of the microbiome in the nasopharynx of
controls and patients with COVID-19 using V3–V4 region
amplicons. Genus-level and alpha-diversity analyses revealed
prominent perturbations in the composition of the microbiota
from COVID-19 patients compared to that from healthy controls.
The richness of the microbiota communities, as measured by
β-diversity analysis, also significantly decreased with the severity
of the disease. Specifically, the abundances of commensal
Corynebacterium and Dolosigranulum were markedly reduced in
COVID-19 patients in a severity-dependent fashion. Interestingly,

IL-33, IFN-λ3, IFN-γ, or EGF was linked to microbial α-diversity and
to the presence of Corynebacterium (Fig. 1), suggesting genus-
specific and community-driven regulation of mucosal cytokine
production. Interestingly, there was a negative correlation of
microbial diversity and Corynebacterium with the chemokine CCL2
(Fig. 1), which recruits CCR2-expressing monocytes into infected
and/or inflamed tissues [10]. In contrast, Staphylococcus spp. and
several strict anaerobes, including the Peptostreptococcus and
Prevotella genera, were enriched. The viral load in the nasophar-
ynx correlated more closely with the abundance of Staphylococ-
cus, whereas cytokines that were associated with severe disease
were associated with an accumulation of other pathobionts,
including Prevotella, Streptococcus, Peptostreptococcus, and Clos-
tridia (Fig. 1). As the authors excluded smoking and sex as
confounding factors and as nasopharyngeal swabs were collected
before initiation of any antibiotic treatment, these results again
suggest that SARS-CoV-2 infection might induce dysbiosis in
nasopharyngeal microbial communities. However, as discussed by
the authors, some specific bacterial communities might have
already been present in the respective individuals before SARS-
CoV-2 infection.
In summary, the data revealed unexpected relationships among

the local mucosal microbiota and the systemic viral load, spike-
specific antibody responses, and inflammatory cytokine levels.
Although these data suggest inflammatory cytokines and local
mucosal pathobionts as potential drivers of SARS-CoV-2 infection,
further studies need to delineate in detail whether such
nasopharyngeal dysbiosis perpetuates systemic inflammation,
viral pathogenesis, clinical outcome, and/or viral transmission.
Alternatively, alterations in the composition of the nasopharyn-
geal microbiota might precede SARS-CoV-2 infection and subse-
quently influence the clinical outcome of infection. Indeed,
carriage of pathobionts such as Staphylococcus aureus, Strepto-
coccus pneumoniae, or Haemophilus influenzae in up to 40% of
healthy individuals [9] might predispose these individuals to
severe COVID-19. Thus, SARS-CoV-2 infection might result in a

Fig. 1 Compartmentalized immune responses characterize acute infection with SARS-CoV-2. Viral load correlates positively with humoral
immune responses and the release of cytokines in the plasma. In contrast, SARS-CoV-2 infection either directly or indirectly disrupts the
homeostasis of the local commensal microbiota in the nasopharynx, resulting in reduced levels of cytokines, including IL-33, IFN-γ, IFN-α/β,
and IFN-λ3, that might be important for viral control. The accumulation of Staphylococcus spp. might thereby enhance viral load, whereas
Prevotella, Streptococcus, Peptostreptococcus, and Clostridia drive the release of inflammatory cytokines and presumably aggravate disease
independent of viral load. In contrast, Corynebacterium inhibit the expression of CCL2 and thus the influx of inflammatory monocytes into
nasopharyngeal tissues. EnC endothelial cell, EpC, epithelial cell, VEGF vascular endothelial growth factor, FGF fibroblast growth factor, CSF-3
colony-stimulating factor 3
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disruption of local epithelial barrier function, leading to the escape
of potential pathobionts and resulting in systemic manifestations.
In summary, the study identifies new interactions among the virus,
the microbiota, and the immune response of the host during
infection with SARS-CoV-2, which may help to uncover new
strategies for identifying individuals at risk for developing severe
disease. However, the respective triggers of inflammatory cytokine
production in hyperinflammatory COVID-19 syndrome need to be
identified.
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