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The pathological processes by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection that make the virus a major threat to global health are insufficiently
understood. Inefficient viral clearance at any stage is a hallmark of coronavirus disease
2019 (COVID-19). Disease severity is associated with increases in peripheral blood
cytokines among which interleukin 10 (IL-10) increases particularly early and independent
of patient age, which is not seen in active SARS-CoV infection. Here, we consider the
known multi-faceted immune regulatory role of IL-10, both in protecting the lung from
injury and in defense against infections, as well as its potential cellular source. While the
absence of an IL-10 response in SARS is thought to contribute to early deterioration, we
suspect IL-10 to protect the lung from early immune-mediated damage and to interfere
with viral clearance in COVID-19. This may further both viral spread and poor outcome in
many high-risk patients. Identifying the features of the viral genotype, which specifically
underlie the different IL-10 dynamics as an etiological endotype and the different viral load
kinetics and outcomes as clinical phenotype, may unveil a new immune evasive strategy
of SARS-CoV-2.
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INTRODUCTION

Research into coronavirus disease 2019 (COVID-19) has reached an unprecedented scale since
the beginning of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. It
provides the foundation for public health protection measures and clinical management of infected
patients. Yet, the particular mechanisms that account for a requirement for hospitalization in as
much as 20% of infected individuals (1), and over 2.3 million deaths globally attributed to COVID-
19 at the time of writing (2) remain insufficiently understood (3). In the following, we first consider
the characteristics of the immune response to SARS-CoV-2 and of its transmission. Then, we
highlight patient studies on COVID-19 that identified increased blood levels of the major anti-
inflammatory cytokine interleukin 10 (IL-10) that display a dynamic pattern different from other
cytokines and not seen in SARS. We summarize the evidence for the potential of IL-10 to protect
lung tissue from immune-mediated damage but also to impede antimicrobial defense, and consider
possible cellular sources of IL-10. To illustrate the etiological role of IL-10 in COVID-19 we finally
propose a viral genotype-endotype-clinical phenotype relationship.
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CHARACTERISTICS OF THE IMMUNE
RESPONSE TO SARS-COV-2

One of the hallmarks of COVID-19 pneumonia is an association
of viral load and disease severity with an inflammatory cytokine
response detectable in peripheral blood (4-11). Although
moderate compared to other causes of acute critical illness
including acute respiratory distress syndrome (12, 13), this
response has been invoked to explain many features of
SARS-CoV-2 pathophysiology, to predict patient outcome and
to guide therapeutic strategies (14-17). For example, elevated
tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6) are
presumed to contribute to lymphocytopenia and elevated IL-10
to impaired antigen-presentation and co-stimulation capacity
of macrophages and dendritic cells as well as exhaustion of T
cells (18-20).

Similar to SARS-CoV (21), critical SARS-CoV-2 infection
dampens the antiviral type 1 interferon (IFN) response detectable
in peripheral blood (10) despite the presence of an inflammatory
blood monocyte population with yet a strong IFN stimulated
gene (ISG) signature in mild COVID-19 (22). In the respiratory
tract of COVID-19 patients, increased type 1 IFN gene expression
was still detected in upper and lower airway fluids (10, 23)
as well as a robust ISG response in differentiating airway
epithelial cells (23), in bronchoalveolar lavage (BAL) (24) and,
specifically, in BAL neutrophils (25). In an autopsy study on
a cohort of 16 COVID-19 patients that died from respiratory
failure, targeted gene expression profiling in lung tissue samples
assigned seven patients each to a group with high and with
low ISG expression (26). Survival time from hospitalization
was significantly shorter in the ISGM8" than in the ISGlY
group (approximate median of 4 vs. 9 days). Besides an
earlier death, high ISG expression was also associated with
high levels of pro-inflammatory cytokines, high copy numbers
of viral RNA, and relatively intact lung morphology. By
contrast, a later death and low ISG expression were associated
with lymphocyte and macrophage infiltration, complement
activation, and diffuse alveolar damage. Nienhold et al. suggest
that these two distinct immunopathological profiles represent
sequential phases of COVID-19, each with a high mortality
risk (26).

Changes to immune cell subsets in peripheral blood of
COVID-19 patients also resemble SARS-CoV infection (27).
Lymphocytopenia is associated with poor outcome (28).
Numbers of circulating dentritic cells (10, 29, 30) and
eosinophils (31) were likewise reduced. Functionally, helper and
cytolytic T cells as well as natural killer (NK) cells appeared
exhausted (19, 32), and the relative fraction of naive helper
T cells was increased at the expense of memory helper T
cells (11). In cultured peripheral blood mononuclear cells
(PBMCs) from critically ill COVID-19 patients, anti-CD3/anti-
CD28 antibody stimulated IFN-y production in lymphocytes
and endotoxin stimulated TNF-a production in myeloid cells
were reduced at least by half. This was observed not only
in comparison to healthy controls but also to critically
ill patients with sepsis by other infections and without
sepsis (30).

In the respiratory tract, single-cell transcriptomics identified
enrichment of cytotoxic lymphocyte subsets and NK cells in the
upper airways of patients with moderate and severe COVID-19
(33) and of NK cells in BAL from severe cases (25). In
the same BAL dataset, an independent pathway analysis in
genes differentially expressed in CD8" T cells from COVID-
19 patients suggests, however, impaired clonal expansion and
effector phenotype in severe compared to moderate disease but
high clonal expansion in moderate disease (34). This is in line
with elevated frequencies of programmed cell death protein 1
positive CD8™ T cells in the late death ISG!®™ lungs in the autopsy
study by Nienhold et al. (26).

Last but not least, analyses of thoracic lymph nodes and
spleen in fatal COVID-19 demonstrated the loss of germinal
center (GC) B cells, follicular T helper cells and GCs themselves
(35), which again is reminescent of SARS (36). Nevertheless,
activation of extrafollicular, i.e., blood, B cells correlated with
the expansion of class-switched antibody-secreting cells and high
titers of SARS-CoV-2-neutralizing antibodies in critical illness
with poor outcomes compared to mild COVID-19 (35).

Taken together, compartmentation and interplay of innate
and adaptive immunity in COVID-19 appear dysregulated, not
unlike what was described for SARS (37). This dysregulation is
already apparent from peripheral blood immune cell, cytokine
and metabolite profiles in patients with moderate compared to
mild disease, and it seems further increased in severe disease
(38). Failure of innate and adaptive immunity to cooperate
in the control of the virus on the one hand and in the
resolution of the inflammation on the other may drive early and
late mortality, respectively, in accordance with the two-phase
model of Nienhold et al. (26). The importance of detrimental
hyperinflammation in the later phase is underscored by the
overall reduction in 28-day mortality from 41.5 to 32.7% in a
meta-analysis of severely ill COVID-19 patients randomized to
temporary corticosteroids (39).

An important question is to what extent natural and vaccinal
immunity provide lasting protection against COVID-19 and
prevent further SARS-CoV-2 transmission. With efficacies at
over 94% and no serious safety concerns in phase 3 studies,
the two RNA vaccines BNT162b1 (40) and mRNA-1273 (41),
encoding the receptor-binding domain (RBD) of the SARS-
CoV-2 spike (S) protein, have spearheaded the development of
SARS-CoV-2 vaccines (42) and the first vaccination campaigns.
Yet, the contributions of natural and vaccinal immunity to
SARS-CoV-2 to population immunity will only emerge over time
(43). The following considerations on SARS-CoV-2 transmission
vs. clearance are consistent with an important role of viral
immune evasion in curbing immunity and favoring the pandemic
levels of spread.

SARS-COV-2 TRANSMISSION VS.
CLEARANCE

SARS-CoV-2 transmission is well-documented not only for
symptomatic but also for asymptomatic, pre-symptomatic and
convalescent patients with mild or moderate disease (44-48).
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The extent of transmission through pre-symptomatic and
symptomatic infections is thought to be comparable (49, 50). Yet,
transmission modeling suggests that asymptomatic individuals
have represented the major source of infections so far (51,
52). However, this has to be viewed in the light of the
methodological challenges in the estimation of asymptomatic
spread (53). Transmission in the absence of symptoms, whether
asymptomatic or pre-symptomatic, has been coined silent
transmission (54).

To explain the high frequencies of pre-symptomatic
transmission of SARS-CoV-2, and potentially silent transmission
overall, it is instructive to consider emerging differences in
viral load dynamics and duration of infectivity for this virus
compared to other respiratory viruses including SARS-CoV.
The median incubation time of SARS-CoV-2 is estimated at
around 5 days (55) compared to 4 days for SARS-CoV, only 3.2
days for endemic human coronaviruses and 2.6, 1.9, 1.4, and 0.6
days, respectively, for parainfluenza virus, rhinovirus, influenza
virus A (IVA) and IVB (56). A preprint on the modeling of viral
load trajectories (57) supports the notion that viral load peaks
before symptom onset for SARS-CoV-2 (49) but only thereafter
for SARS-CoV (58) with longer subsequent median shedding
durations for SARS-CoV-2 (4.8 days) than for SARS-CoV
(1.2 days). Together, these observations are overall consistent
with a longer duration of infectivity from pre-symptomatic
to convalescent spread in SARS-CoV-2 infection compared to
SARS-CoV and other respiratory viruses (46).

Patients with severe and critical COVID-19 may even shed
virus beyond day 9 or 10 of symptom onset (59, 60). A
persistently high SARS-CoV-2 titer is a marker for disease
severity and prognosis (28), and post-mortem RT-PCR detection
of viral RNA in the respiratory tract can ascertain death from
COVID-19 (61). Together, the transmission characteristics and
the high persistence of SARS-CoV-2 indicate limited efficiency in
viral clearance at any stage of the infection as well as any degree
of disease severity. Next, we introduce reported observations that
lead us to propose that the anti-inflammatory cytokine IL-10
plays a role in an underlying immune evasion strategy of SARS-
CoV-2.

IL-10 IN COVID-19

Compared to adults, children are less affected by COVID-19
(62, 63), although SARS-CoV-2 titers in their upper airways are
similar (64, 65), and infants still appear particularly vulnerable
to SARS-CoV-2 infection (66) and critical disease (67). In
addition to clinical characteristics, two studies also assessed
immune features in infected children. Sun et al. retrospectively
examined laboratory test results for six cytokines in the blood
of 26 infants aged <1 year (excluding newborns) and treated
for COVID-19 in the Wuhan Children’s Hospital (68). They
found increased admission levels of IL-4, IL-6, TNF-a and
interferon y (IFN-y) in <20%, but of IL-10 in 50% of the
patients. IL-2 levels were normal in all patients. In 157 pediatric
patients with mild and moderate COVID-19 disease from the
same hospital, admission levels of the same cytokines did

not differ, except for the median concentration of IL-10 (3.58
vs. 3.96 pg/mL with a concurrent median age difference of
108 vs. 66 months) (69). The data from both studies very
likely originated from the same clinical laboratory and from
potentially slightly overlapping patient populations (68, 69).
Nevertheless, they suggest that IL-10 is the only of these
cytokines for which an increase is associated with pediatric
COVID-19 whereas increases of all six are seen in adult
patients (4-11).

In a longitudinal study in 71 adults, IL-10 and IL-1 receptor
antagonist (IL-1RA) were the only among a panel of 34 immune
mediators that were increased as early as in the first week
following the onset of clinical COVID-19 symptoms in those
who developed severe disease (18 patients) beyond the second
week compared to continued moderate disease (53 patients)
(9). In experimental rhesus macaques, serum IL-10 levels were
elevated about 16-fold even as early as on the first day after
SARS-CoV-2 infection. This increase was almost fully repressed
by the adenovirus-vector-based vaccine AZD1222 compared to
control-vaccinated animals (70).

Several studies in Chinese cohorts from the very beginning of
the pandemic found that blood levels of IL-10 correlated with
severity of COVID-19 along with most other cytokines (4, 6,
11), while a subsequent study from France found no significant
differences between mild/moderate, severe, and critical cases
(10). In a recent characterization of the cytokine response in
COVID-19 patients hospitalized in Ireland, who were stable and
who required ICU admission 1 week after the onset of symptoms
(20 patients per group), IL-10 was also equally elevated in both
groups, while IL-1p, IL-6, IL-8, and soluble TNF receptor 1
were all more strongly elevated in the ICU than in the stable
group (71).

Following symptom onset (7, 72) or hospital admission (73),
blood levels of IL-10 were reported to slowly decline over
the course of 2-3 weeks or when symptoms declined (18).
However, data on COVID-19-convalescent blood has not yet
been reported explicitly.

In contrast to COVID-19, blood levels of IL-10 in
symptomatic SARS patients, including severe disease, did
not differ from control blood (74-76) but were markedly
increased only in convalescent patients (77). Such a late increase
agrees with expectations because IL-10 is well known to support
resolution of inflammation and tissue repair and to protect from
tissue damage in autoimmune diseases (78, 79) including lung
damage as set out below. Notably, the lack of an increase in
IL-10 in SARS-CoV infection has been suggested to contribute
to immune-mediated lung damage early on (75) and, more
recently, to the higher frequency of fatal aggravation of lung
injury in SARS compared to COVID-19 (80).

Taken together, COVID-19 is characterized by a more
consistent increase in blood IL-10 across the age groups of
patients and an earlier onset of its increase than seen for other
blood cytokines, as well as a possibly similar increase in stable and
critical illness and a slow decline following symptom onset. This
particular IL-10 dynamics in COVID-19 markedly differs from
SARS where plasma IL-10 remained unchanged in active disease
and increased only in convalescent patients.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 602130


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lindner et al.

Interleukin 10 in COVID-19

AMBIGUOUS ROLE OF IL-10 IN LUNG
INJURY AND INFECTION

Lung protective activity has been experimentally demonstrated
for IL-10 in animal models of endotoxemia (81), mechanical
ventilation (82), hyperoxia (83), induced asthma (84),
transplantation (85), and IVA and Pseudomonas infections
(86, 87). In mouse models of IVA pneumonia, IL-10 produced
by effector T cells protected from immune-mediated lung
damage (87) but also interfered with protection through a
virus specific T helper 17 cell response against a lethal dose
IVA challenge (88) and inhibited antimicrobial immunity
upon subsequent pneumococcal infection (89-92). In humans,
IL-10 has likewise been linked to tissue protection against an
exacerbated antimicrobial immune response in bacterial, viral
and also parasitic infections but at the same time to microbial
persistence inside as well as outside of the lung (93-96).

Notably, pulmonary IL-10 is thought to abet persistence of
the world’s most prevalent bacterial infection, Mycobacterium
tuberculosis (Mtb) (97). Motivated by a reported epidemiological
relationship between active tuberculosis and fatal pandemic
influenza infections in South Africa, a recent study investigated
the effects of IVA challenge and IL-10 signaling on bacterial
load in Mtb infected mice (98). A significantly increased
Mtb burden in the lungs through IVA coinfection could
indeed be reduced to Mtb-only control levels by antibody-
mediated IL-10 receptor blockade, yet, in a T cell independent
manner. A possible implication is that promotion of Mtb
persistence by IL-10 concomitantly increases the risk of death
from influenza.

The ambiguous role of IL-10 is further exemplified by
its ability to induce IFN-y in a murine model of central
nervous system (CNS) infection with the neurotropic strain
of mouse hepatitis virus (MHV), a coronavirus (99). IL-
10 has been shown to be able to both augment cellular
cytotoxicity against MHV infected cells through IFN-y,
improving outcome, and to protect from neuronal damage
by dampening the adaptive immune response, concurrently,
promoting chronic infection including neurotrophic coronavirus
encephalomyelitis  (99). Notably, SARS-CoV-2 is also
neurotropic (100), but severity of neuropathology does not
appear to correlate with presence of the virus in the CNS
and may rather be mediated by neuroinflammation in the
brainstem (101).

As another example for the ambiguity in IL-10 function, a
recent study by Mazer et al. illustrates that IFN-y may mediate
both immune stimulatory and inhibitory effects of IL-10 in
human sepsis (102). PBMCs derived from critically ill sepsis
patients but not from critically ill and from healthy controls
released IFN-y in response to treatment with either IL-10 or
an IL-10 inactivating antibody. To reconcile their seemingly
contradictory observations, they proposed that sepsis CD8' T
cells became poised to respond to IL-10 with IFN-y production
on the one hand, and that inactivation of regulatory T cell (Treg)
derived IL-10 unleashed IFN-y release from Thl cells on the
other (102). In the following, we consider cellular sources of IL-10
and the evidence for IL-10 producing cells in COVID-19 patients.

CELLULAR SOURCES OF IL-10

Protection from tissue damage during autoimmune reactions
through IL-10 producing Treg cells and autoregulatory T
helper type 1 (Thl) cells, including in the lung, is a long-
standing concept (103, 104). The potential of IL-10 producing,
virus-specific Tregs, in particular, in the treatment of human
coronavirus-induced demyelinating disease has been discussed
recently (105, 106). In addition to Tregs, other immune cell
populations can contribute to IL-10 production constitutively
or in a dynamic fashion during infections. IAV infection,
for instance, primed different immune cell populations in the
mouse lung to produce IL-10 in response to ex vivo phorbol
ester/ionomycin treatment (98). Increased proportions of IL-10
positive innate immune cells (dendritic cells, neutrophils and NK
cells) were detected 3 days post-inoculation while cytotoxic and
helper T cells dominated by day nine. Overall, it emerges that in
the acute phase of viral infections, IL-10 release from dendritic
cells, neutrophils, NK cells and effector T cells balances immune
damage and defense (107).

In human peripheral blood, eosinophils are constitutive
producers of IL-10 (108). In mouse lung, interstitial macrophages
(IMs) are an important constitutive source of IL-10 (109) and
were protective in mouse models of allergic lung inflammation
(84, 110, 111). Resting and endotoxin stimulated human IMs
secreted larger amounts of IL-10 and also IL-1RA and IL-6
than alveolar macrophages (AMs) ex vivo (112). Recently, a
morphologically distinct population of IMs was described in
humans and mice that is localized around the large bronchiolar
airways and in association with sympathetic fibers and was thus
referred to as nerve- and airway-associated macrophages (NAMs)
(113). Upon treatment with IAV or polyinosinic:polycytidylic
acid [poly(I:C)], mouse NAMs proliferated and became a major
source of IL-10, unlike AMs that, by contrast, engulfed virus
particles. The authors suggested that NAMs are critical for
lung tissue homeostasis in both the steady state and following
inflammatory stimuli (113). Last but not least, a regulatory subset
of peripheral B cells, characterized by the ability to produce
IL-10 upon ex vivo treatment with phorbol ester/ionomycin, is
increased in adult autoimmune diseases (114).

The cellular source of increased IL-10 in blood of COVID-
19 patients as well as IL-10 protein levels in the SARS-CoV-2
infected lung have not been reported so far. Flow cytometric
analysis of the T cell compartment in ex vivo stimulated
PBMCs of COVID-19 patients revealed a subpopulation of IL-
10 producing Treg cells that amounted to 2% of the total Treg
population in healthy controls, to 6% in mild-moderate and to
10% in severe COVID-19 disease, notably, in the absence of other
significant differences (115).

To eventually assess the lung protective potential of IL-10 in
COVID-19, it will be crucial to elucidate whether its increase
in blood is an indirect sign of its production in the lung or
arises in the periphery. Here, we considered lung IMs, including
NAMs, as a possible pulmonary source. Analyses of immune
cells in BAL from COVID-19 patients by single-cell sequencing
suggests that recruited inflammatory monocytes, neutrophils,
and macrophages account for the vast majority of myeloid cells
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in lung alveoli of severe cases (25, 28). NK cells were enriched
in BAL from severe cases (25) and NK cells and cytotoxic
lymphocytes in the upper airways of moderate and severe cases
(33). Eosinophils were reportedly not enriched in lung tissue
in two post-mortem examinations (116). As set out above,
any of these immune cell populations could, in principle, also
produce IL-10.

DISCUSSION

IL-10 Suspected of Double-Dealing in

COVID-19

We reviewed clinical observations in SARS-CoV-2 and SARS-
CoV infected patients and the roles of the anti-inflammatory
cytokine IL-10 in experimental animal models of lung injury
and infection as well as in human pulmonary pathology and
infection. Here, we present reasons to suspect that IL-10 actively
contributes to COVID-19 pathology by impeding resolution of
SARS-CoV-2 infection rather than representing a bystander. Its
early increase in blood of COVID-19 patients from symptom
onset to severe and critical illness thus merits the same attention
as other altered cytokines.

Despite a lower mortality rate in COVID-19 than SARS, the
immune response to SARS-CoV-2 shows many similarities to
the one described for SARS-CoV. As a remarkable difference
though, blood levels of IL-10 are consistently elevated in
active COVID-19 but remained unchanged in SARS, where
levels did not rise until convalescence. In particular, IL-10
was found increased more consistently than other cytokines
in pediatric COVID-19 at hospital admission and earlier than
most other cytokines in symptomatic adult patients, where
its levels may show an association with disease severity.
We considered the characteristic anti-inflammatory and tissue
protective properties of IL-10 in lung and CNS on the one
hand and its ability to inhibit antimicrobial immunity in the
lung and to further chronification including of coronavirus
CNS infection and tuberculosis on the other. IL-10 also
displays ambiguous behavior in murine neurotropic coronavirus
encephalomyelitis and human sepsis through opposing effects on
IEN-y production. The multi-faceted nature of IL-10 likely also
applies in COVID-19.

Here, we put forward the hypothesis that the early increase
in IL-10 in COVID-19 contributes to more efficient viral
spread compared to SARS. The observation that, in SARS-
CoV-2 infections, IL-10 increased as early as in the first week
after symptom onset in patients that subsequently developed
severe disease (12) raises the question whether IL-10 modifies
the course of the infection already before symptom onset
when viral loads peak, while SARS-CoV load peaks not until
after symptom onset (57). According to our hypothesis, the
immunosuppressive activities of IL-10 initially protect the
lung from immune-mediated complications and, thereby, delay
symptom onset, i.e., prolong the incubation period of SARS-
CoV-2 infection. Concurrently, IL-10 impedes development
of an eflicient adaptive antiviral immune response, conniving

at continued virus replication and thus an early viral load
peak and prolonged shedding compared to SARS-CoV. As
increased IL-10 was documented as early as in the first
week after symptom onset (9), it would be attractive to
also consider the mean duration from symptom onset to
hospitalization as a proxy for further suppression of SARS-
CoV-2 infection inflicted lung damage, potentially, through
IL-10 that may delay the need for medical attention. For
SARS patients, this period varied between 3 and 5 days
(117), but for COVID-19 the reported numbers span a very
wide range of 2.6-9.7 days (118) which so far precludes
drawing conclusions.

One notable variation in COVID-19 pathology is that
death from respiratory failure is not necessarily associated
with severe lung damage but with a high load of viral
RNA. In most recorded fatal cases, the immune response
appears to yield to a cascade of detrimental inflammatory
lymphoid and myeloid cell infiltration, complement activation,
coagulopathy, and diffuse alveolar damage. In the two-
phase model by Nienhold et al, however, the high-viral-
load group and the lung-damage group represent death in
the early and late phase of critical illness, respectively (26).
In keeping with this model, the association of the increase
in IL-10 with disease severity may indicate that the anti-
inflammatory properties of IL-10 contribute to lung protection
and virus replication not only in the pre-clinical phase, but
that this cytokine may still be double-dealing in the critical
phase of COVID-19 although its blood levels are already
slowly declining.

In the following, we refer to the particular dynamics of
IL-10 in peripheral blood during SARS-CoV-2 infection as an
endotype (119) that we propose to be an etiological factor
in lung protection and the limited efficiency to clear the
virus. Accordingly, the lack of increased IL-10 in SARS was
suggested before to favor immune-mediated lung damage (75)
and represents a distinct endotype of a coronaviral infection. In
short, we suspect two different endotypes to account for different
transmission characteristics and clinical presentations, referred
to here as clinical phenotypes, of the two viral infections.

Possible Cellular Sources of IL-10 in
COVID-19

Generally, different populations of innate immune cells can
release IL-10 in early infection including pneumonia, whereas
T cells, enclosing Tregs, and NK cells seem to dominate at
later stages (107). Each of these populations was found to
be functionally exhausted and/or reduced in peripheral blood
of patients with severe COVID-19, which also applies to T
cells in the lung. So far, an increase in IL-10 production
has exclusively been associated with an increase in disease
severity for a peripheral Treg population (115). In the SARS-
CoV-2 infected respiratory tract, infiltrating myeloid cells and
lymphoid cells enriched in the lower and NK cells and cytotoxic
lymphocytes in the upper airways, in principle, represent
candidate producers of IL-10 in the absence, however, of
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FIGURE 1 | Viral genotype-endotype-clinical phenotype relationships in COVID-19 and SARS. At the bottom, the dynamics of the IL-10 response to SARS-CoV-2
(red) and SARS-CoV (blue) infections is schematized as horizontal bars. Dark color and white represent high and low levels, respectively, of IL-10 in peripheral blood
(section IL-10 in COVID-19). In severe COVID-19 but not in SARS, IL-10 was found increased already in the first week of symptoms (9). Data on the levels of blood
IL-10 in relation to the resolution of symptoms and in COVID-19-convalsecent blood has not yet been reported explicitly, but they appear to slowly decline with
symptoms over the course of 2-3 weeks. We refer to IL-10 dynamics as endotype. In light of the lung protective properties of IL-10 and its role in microbial
persistence (section Ambiguous Role of IL-10 in Lung Injury and Infection), we propose that the difference in this endotype contributes to the different viral load
kinetics in COVID-19 and SARS (section SARS-CoV-2 Transmission vs. Clearance). Viral load kinetics are schematized at the top left in an analogous manner to the
endotype and are referred to as clinical phenotype. The open arrow connecting clinical phenotype and viral genotype considers viral evolution in general inclusive of
species jumping. The genotype schematic at the top right focuses on specific genome regions of the two viruses with sequence differences that give rise to the
indicated numbers of amino acid (aa) changes in non-structural proteins 2 and 3 (nsp2, nsp3) and the spike (S) protein (section Discussion). One or a combination of
such variations is likely responsible for the differential IL-10 response. However, a functional role of silent mutations cannot be excluded. It also has to be noted, that
the annotation of open reading frames in the SARS-CoV-2 genome appears not yet complete, and new polypeptide products are being discovered (126). This type of
diagram can be adapted in a flexible manner. For instance, it can be used to represent a variety of differences in viral genotypes, i.e., phylogenetic diversity, and
putatively related endo- and phenotypes including those that may emerge during SARS-CoV-2 pandemic (127-130). Instead of the viral genotype, host genetic risk
factors of COVID-19 (131-134) and their endotype and phenotype relations can be illustrated. Accordingly, endotypes can consist, for instance, in various immune
evasion strategies and clinical phenotypes in any patient outcome. Moreover, external factors that influence evolution (top arrow), infection (right arrow), and

any data on IMs yet. Unfortunately, protein level evidence
for intracellular production of cytokines in specific immune
cell populations and for their secretion in the airways and
other tissues is lacking. Therefore, we advocate the inclusion
of IL-10 into future cytokine profiling efforts in cells and
tissues of COVID-19 patients including the respiratory tract and
the CNS.

IL-10 as a Therapeutic Target in COVID-19?
IL-10 is predominantly thought of as a negative regulator of the
initiation of an adaptive T cell response (78, 79). It is reasonable
to assume that this acitivity counteracts hyperinflammation but
also inhibits antiviral defense in COVID-19. Besides acting

on antigen-presenting cells and T cells, IL-10 has also been
demonstrated to stimulate expansion and cytokine production
in murine mast cells (120). Some authors have theorized that
mast cell activation syndrome contributes to hyperinflammation
in severe COVID-19 and could also be a target for therapeutic
inhibition (121). Yet, in the absence of direct evidence for this
pro-inflammatory process in COVID-19, we here consider the
established anti-inflammatory effects of IL-10 as critical for its
proposed role in both lung protection and interference with
viral clearance.

The net effect of therapeutic IL-10 signaling blockade
in COVID-19, whether increased vulnerability of the
lung to inflammation or desirable antiviral immunity,
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is difficult to predict. Antibody-mediated IL-6 receptor
blockade, for instance, initially appeared to dampen
hyperinflammation in patients with severe COVID-19 (122).
But neither tocilizumab nor salirumab, two anti-IL-6 receptor
monoclonal antibodies used to treat rheumatoid arthritis,
has subsequently met expectations in randomized, double-
blind, placebo-controlled phase 3 clinical trials (123, 124).
They did not improve outcomes of critically ill patients
which may caution against high expectations of targeting
cytokine signaling in severe and critical COVID-19 more
generally (125).

Viral Genotype-Endotype-Clinical

Phenotype Relationships

New insight into the pathology of COVID-19 and support for
antiviral strategies may be gained by comparing the clinical
phenotypes and etiological endotypes of SARS-CoV-2 and SARS-
CoV infections and identifying the underlying variation in the
viral genotypes (Figure 1). Differences in clinical phenotypes
consist in an earlier viral load peak and a longer duration
of infectivity as well as overall lower severity in COVID-19
than in SARS. The corresponding differences in endotypes
consist in an early increase in blood IL-10 in symptomatic
COVID-19 patients compared to no increase in symptomatic
SARS. Importantly, an early increase in IL-10 is neither a
necessary precondition for progression to severe and critical
illness nor is its absence for successful virus spread. Yet, we
suspect the untimely IL-10 response to SARS-CoV-2 infection
to promote immune evasion and virus replication, and to
depend on an as yet unidentified viral factor. Conversely,
it is possible that SARS-CoV, in contrast to SARS-CoV-
2, actively suppresses the IL-10 response, interfering with
resolution of inflammation and, thereby, aggravating disease
earlier. Identification of the features of the viral genotypes
and virus proximal host pathways underlying the differential
IL-10 response to the two viruses may pinpoint therapeutic
strategies that are more promising than the direct targeting of
IL-10 signaling.

Coronaviruses use numerous strategies to evade the innate
immune response (135). These include among others escaping
RNA sensing, achieving host shut-off, and inhibiting stress
granule formation and type 1 IFN signaling. The particular
pandemic potential and virulence of SARS-CoV-2 has likely
evolved through a combination of these and other endotypic
traits. Coronaviruses are known to deploy and co-opt both
their structural and non-structural proteins (nsps) and protein
domains to evade the innate immune response. SARS-CoV-
2 and SARS-CoV differ in about 21% of their genome
sequences with, e.g., 61 amino acid substitutions in nsp2,
102 in nsp3, and 27 in the S protein (136). The search for
the viral factors that account for the differences in clinical
phenotypes and endotypes between SARS-CoV-2 and SARS-CoV
infection should focus on these particular genomic regions. In
practice, genotype-endotype-phenotype relationships (Figure 1)
could be analyzed using recombinant viruses in animal models
that replicate the differences in clinical phenotype as well

as endotype, respectively, in this case the kinetics of viral
load/lung damage and IL-10 dynamics during SARS-CoV-2
and SARS-CoV infections. Finally, understanding the genotype-
endotype-phenotype relationships in coronaviral infections
may aid predicting both outbreak risk and altered virulence
from real time surveillance of coronavirus genetic diversity
in natural reservoirs and in humans. Just as the human
angiotensin-converting enzyme 2-compatible RBD, a major
determinant of viral entry, was very likely already present
for decades in bat coronaviruses (137) and is subject to
continued mutation as seen in SARS-CoV-2 isolates obtained
from humans (138), other as yet unrecognized genotypes that
favor immune evasion and, thereby, disease in humans may
already circulate.

LIMITATIONS

As a limitation, our current hypothesis rests on clinical studies
conducted mainly during the first wave of the SARS-CoV-2
pandemic, in the northern hemisphere, and with varying national
containment strategies. In the absence of specific therapies, the
off-label use of medications without proven benefit to outweigh
risks, such as chloroquine and hydroxychloroquine (139),
potentially, confounded results of some studies on COVID-
19 patients. Also, an increase in the use of remdesivir and
anticoagulants in high-risk patients and steroid use in critically ill
patients may reduce comparability of studies from the beginning
of the pandemic to more recent work.

CONCLUSION

More population-based epidemiological and clinical surveillance
is needed to substantiate our knowledge on the clinical phenotype
of coronaviral diseases in general. The host response appears to
be a major determinant of poor outcome in COVID-19, but much
remains to learnt about the immediate host-virus interaction.
Further understanding of the disease process (endotype) may be
gained by comparative analysis of genotype-endotype-phenotype
relationships (Figure 1). Here, we suspect that the increase in
IL-10 constitutes a particular COVID-19 disease endotype that
contributes to lung protection but also interferes with viral
clearance very early following infection up to critical illness. We
expect focused clinical analysis, above all the identification of the
location and cellular source of IL-10 production, combined with
the use of recombinant viruses in animal models that replicate the
clinical phenotype of COVID-19 to reveal the underlying viral
trigger and IL-10 dependent pathways. In these studies, the focus
should not be limited to acute infection but furthermore consider
convalescence, the emerging sequelae of COVID-19 (140), and
the impact of vaccination. In conclusion, identifying the viral
trigger of IL-10 release (viral genotype) and the cellular source
and downstream pathways of IL-10 (endotype) in SARS-CoV-
2 infection will reveal whether increased blood levels of this
cytokine are a bystander or driver of disease in the different
phases of COVID-19 (clinical phenotype). Last but not least,
it is possible that IL-10 cooperates toward immunosuppression
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with other anti-inflammatory cytokines found increased in
symptomatic COVID-19, such as IL-4, and IL-1RA (4, 6-9).
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