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SUMMARY

The introduction of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) into the human popula-
tion represents a tremendous medical and economic crisis. Innate immunity—as the first line of defense of
our immune system—plays a central role in combating this novel virus. Here, we provide a conceptual frame-
work for the interaction of the human innate immune system with SARS-CoV-2 to link the clinical observations
with experimental findings that have been made during the first year of the pandemic. We review evidence
that variability in innate immune system components among humans is a main contributor to the heteroge-
neous disease courses observed for coronavirus disease 2019 (COVID-19), the disease spectrum induced by
SARS-CoV-2. A better understanding of the pathophysiological mechanisms observed for cells and soluble
mediators involved in innate immunity is a prerequisite for the development of diagnostic markers and ther-
apeutic strategies targeting COVID-19. However, this will also require additional studies addressing causality

of events, which so far are lagging behind.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) (Berlin et al., 2020; Gan-
dhi et al., 2020), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Kim et al., 2020; Wu et al., 2020;
Yao et al., 2020; Zhang and Holmes, 2020) is a rather heteroge-
neous disease. Disease courses range from mainly asymptom-
atic and mild courses to more severe and critical courses in
10%-20% of symptomatic patients who are at considerable
risk of fatality with many different organ systems involved in
differing combinations and with variable symptoms (Gupta
et al., 2020) (Box 1). The virus itself, the environment, and the
host can contribute to such disease heterogeneity (Morens and
Fauci, 2020). Numerous mutations identified so far by thousands
of viral sequences obtained during the first 9 months of the
pandemic (Candido et al., 2020; Oude Munnink et al., 2020) sug-
gest that viral genetic diversity, genetic evolution, variable infec-
tivity, or co-pathogenesis might contribute to infectivity and fa-
tality, but not so much to disease heterogeneity observed for
COVID-19. Although many mutations decreased infectivity, the
virus variant D614G in the spike protein of SARS-CoV-2
increased infectivity (Li et al., 2020). Two clades, recently
emerged in the United Kingdom (B.1.1.7) and South Africa
(B.1.1.351), similarly increased infectivity. Overall, however,
there is little evidence for the virus to be mainly responsible for
disease heterogeneity, which leaves the host and the environ-
ment as factors influencing disease course and outcome.
Although there is evidence that environmental factors such as
seasonality, other natural disasters, environmental degradation,

quality of the public health infrastructure, or governance by state
authorities have an impact on overall disease burden for society
(Han et al., 2020), the host itself seems to be the major factor ex-
plaining disease severity, infection rates (Merad and Martin,
2020; Vabret et al., 2020), and long-term medical consequences
(Marshall, 2020). Disease severity and mortality rates are signif-
icantly higher in elderly populations pointing toward lack of wide-
spread long-lasting pre-existing adaptive immunity by T or B
cells against SARS-CoV-2 (Morens and Fauci, 2020). This is in
stark contrast to the 2009 influenza pandemic, which had
much lower incidence rates in the elderly population, indicating
partial protection on population level due to earlier exposure to
similar influenza viruses (Xu et al., 2010). It is possible that
cross-protection via adaptive immune responses against
endemic coronaviruses might be in part responsible for mild dis-
ease courses in younger individuals (Lipsitch et al., 2020). An
effective immune response against SARS-CoV-2 requires both
arms of the immune system, the innate immune system (Box 1)
including granulocytes, monocytes, and macrophages among
other cells of the innate immune system and the adaptive im-
mune system with T and B cells (see Sette and Crotty [2021]
for adaptive immunity against SARS-CoV-2). A role of the innate
immune system in determining disease severity and outcome is
supported by recent genetic findings (van der Made et al., 2020;
Severe Covid-19 GWAS Group et al., 2020; Zhang et al., 2020a),
interaction maps of viral proteins with host factors (Gordon et al.,
2020), or high resolution single-cell omics analyses (Chua et al.,
2020; Schulte-Schrepping et al., 2020). Here, we provide a con-
ceptual framework for determining host-virus interactions of a
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Box 1. Definition for disease severity, the innate immune sys-

tem, and systems medicine

COVID-19 disease severity categories. In addition to national cate-
gories the WHO disease severity category is widely used. Here, the
major categories are mild disease, moderate disease (mainly charac-
terized by pneumonia), severe disease (with severe pneumonia), and
critical disease (with acute respiratory distress syndrome [ARDS]
and/or sepsis and/or septic shock). A number of other complications
have been described, particularly for severe and critical disease such
as acute pulmonary embolism, acute coronary syndrome, acute stroke
or delirium among many others including Guillain-Barré syndrome.

Innate immune system, innate immune cells, and innate im-
munity. The immune system is divided into two arms, the
adaptive immune system with T and B lymphocytes and the
innate immune system with all other immune cell types of
which granulocytes, monocytes, macrophages, and NK cells
are the more common cells, but many other innate immune
cells also exist including different dendritic cells, innate
lymphoid cells, or mast cells. Although the majority of all spe-
cies possess an innate immune system, the conventional
adaptive immune system is restricted to jawed vertebrates.
Whereas most immune responses involve both the innate im-
mune system and the adaptive immune system evoking innate
and adaptive immunity, respectively, the extent to which both
arms are recruited to an immune response differs between
stimuli.

Systems Medicine. In this review, we use the term Systems
Medicine as the implementation of systems biology ap-
proaches in medical research and practice. A given hypothesis
concerning e.g., the role of an organ system such as the im-
mune system in a disease such as COVID-19 is answered by
an iterative circular process between (l) clinical investigations,
(Il) computational multiscale modeling, followed by (Ill) exper-
imental validation of (1) pathogenic mechanisms, (2) disease
progression versus remission, (3) cure or disease spread,
and (4) treatment responses and adverse events, both at the
population and the individual patient level. High-resolution,
high-throughput, and high-content technologies, particularly
the omics technologies, are often used to reach the goals of
Systems Medicine. The long-term goal of Systems Medicine
is to provide measurable improvements for the patients’

health.

pandemic threat with an emphasis on the innate immune system,
highlight important findings about the innate immune system in
COVID-19, and suggest avenues for further research on the
most prioritized open questions.

CONCEPTUALIZING THE INTERACTION BETWEEN THE
HOST IMMUNE RESPONSE AND THE VIRUS

Looking at the current pandemic entirely from a biological
perspective and assuming that the majority of humankind does
not have an extended cross-reaction to other viruses of the co-
ronavirus family (Braun et al., 2020; Grifoni et al., 2020; Mateus
et al., 2020), the introduction of SARS-CoV-2 into the human
population is one of the biggest evolutionary events in the last
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hundred years (Morens and Fauci, 2020; Morens et al., 2020).
In such an evolutionary experiment, the innate immune system
must be assigned a very special role in the defense against
SARS-CoV-2 (Amor et al., 2020; Mantovani and Netea, 2020;
Vabret et al., 2020). An important part of innate immunity is the
cell-autonomous response of the cells that get infected by the vi-
rus, which is influenced by the biology of the receptors and co-
receptors for viral entry (Hoffmann et al., 2020; Wu et al., 2020;
Yao et al., 2020), as well as all cellular mechanisms that deter-
mine the viral life cycle (Cyranoski, 2020). In the SARS-CoV-2
pandemic, the virus encounters the human population as a
swarm of genetic variants and the processes of infection and vi-
rus replication may still be subject to major genetic changes, by
which certain virus variants may achieve an evolutionary advan-
tage. These processes are in full swing and accelerate as more
individuals become infected (Callaway, 2020; Cyranoski, 2020;
Korber et al., 2020). It therefore will be important to monitor in-
fected individuals for potential changes in the very early steps
of the immune response to the virus, mainly triggered by infected
cells and early interactions with adjacent innate immune cells.

Conceptually, when addressing important defense mecha-
nisms of the host, it is important to consider all parameters
that may be relevant for such an initial interaction of a new virus
with a species (Figure 1). Bearing in mind that most of the steps
of the interaction between the virus and the host will follow a
normal distribution of attributes or parameters required to
describe the outcome of the interaction, it is not entirely surpris-
ing that the clinically observed disease courses show an enor-
mous heterogeneity (Berlin et al., 2020; Gandhi et al., 2020).
For example, the induction of an interferon response by an in-
fected cell might follow a normal distribution in the population
with low, intermediate, and high responders thereby triggering
different magnitudes of cellular responses and thus very different
downstream effects (e.g., in the innate immune system). In
Figure 1, we illustrate important innate immune mechanisms
that might be particularly prone to heterogeneous outcomes—
due to both environmental and genetic factors—within the hu-
man population and therefore these should be a major focus in
our efforts to determine the role of the innate immune system
for infectivity, viral spreading, and disease course but also
long-term outcome. We postulate that such conceptualization
of the interplay between the innate immune system and the virus
will help to focus on the most critical steps first, which then can
be validated in larger studies.

As we will discuss, hypothesis-driven systems medicine ap-
proaches (Box 1) have a very high chance to quickly uncover
the most critical and variable steps in the interactions between
the virus and the host’s immune system to link them to the
different clinical phenotypes allowing a better stratification of pa-
tients that will foster the derivation of therapeutic procedures
(Rajewsky et al., 2020).

THE BREACH—POINT OF ENTRY FOR SARS-CoV-2

Major determinants of the host’s innate immune response are
dictated by the cell tropism of the virus and its ability to circum-
vent innate immune responses (Morens and Fauci, 2020). With
the identification of SARS-CoV-2 (Hoffmann et al., 2020; Wu
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et al., 2020; Yao et al., 2020), and based on its close relationship
with the SARS coronavirus (SARS-CoV) (Coronaviridae Study
Group of the International Committee on Taxonomy of Viruses,
2020), it became quickly clear that the surface receptor for
SARS-CoV (Li et al., 20083), the angiotensin-converting enzyme
2 (ACE2), was also a major cellular entry point for SARS-CoV-2
(Hoffmann et al., 2020). Similar to SARS-CoV (Matsuyama
et al., 2010), SARS-CoV-2 employs the cellular serine protease
TMPRSS2 for S protein priming. Most recently, Neuropilini
(NRP1) was identified as an important cofactor for entry, partic-
ularly in cells with low level ACE2 expression (Cantuti-Castelvetri
et al., 2020). Several other proteases including Furin have also
been indicated as co-factors (Ou et al., 2020).

In absence of cell-type-specific expression maps of SARS-
CoV-2 viral entry-associated genes, the Human Cell Atlas
(HCA) Lung Biological Network investigated the prevalence of
ACE2 and TMPRSS2 in the body by analyzing their expression
in single-cell RNA sequencing data (scRNA-seq) from multiple
tissues from healthy human donors (Sungnak et al., 2020). Prob-
ably most important for the high efficacy of SARS-CoV-2 trans-
mission is the high co-expression of ACE2 and TMPRSS2 in
nasal epithelial cells, particularly in two types of goblet cells
and a subset of ciliated cells, showing the highest expression
among all cells in the respiratory tree (Figure 2A). An interesting
observation of this study was the high co-expression of genes
involved in early steps of antiviral immune responses in these
epithelial cells, which indicated the potential for these special-
ized nasal cells to play an important role in the initial viral infec-
tion, spread, but potentially also, clearance. In the lung, ACE2
and TMPRSS2 expression has been mainly identified in alveolar
epithelial type Il cells (Qi et al., 2020; Zou et al., 2020). TMPRSS2
is more widely expressed than ACE2, and cells with simulta-
neous expression were identified in the respiratory tree, the
cornea, esophagus, ileum, colon, gallbladder, and common
bile duct (Sungnak et al., 2020), yet there was no evidence for
simultaneous expression in immune cells. Extending these
studies to even larger datasets, including dozens of different
scRNA-seq datasets derived from many groups around the
world, revealed the power of metadata analysis based on
scRNA-seq (Muus et al., 2021). Here, it was even possible to pre-
dict the impact of clinical risk factors such as sex, age, and
smoking history among others on gene expression level of genes
associated with viral entry. A second study from the HCA Lung
Biological Network extended the initial findings to tissues from
non-human primates and mice, indicating co-expression of
ACE2 and TMPRSS2 within nasal goblet secretory cells, lung
type Il pneumocytes, and ileal absorptive enterocytes (Ziegler
et al., 2020). In contrast to earlier reports suggesting ACE2 to
be an interferon-stimulated gene (ISG), more recent evidence
showed that a truncated form of ACE2 designated deltaACE2,
but not ACE2 itself, is an ISG (Onabajo et al., 2020). DeltaACE2
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neither binds the SARS-CoV-2 spike protein nor serves as a
carboxypeptidase.

By applying a newly developed computational pipeline called
Viral-Track, viral RNA was detected in single-cell transcriptomes
of bronchoalveolar lavage fluid (BALF) samples from COVID-19
patients with severe, but not mild, disease course (Bost et al.,
2020), suggestive of a differential progression of infection in
the lung. The strongest enrichment of viral RNA was observed
in ciliated and epithelial progenitors. Viral RNA was also detected
in a subset of macrophages (SPP7* macrophages) (Bost et al.,
2020; Chua et al., 2020). Whether these myeloid cells are directly
infected or whether these cells phagocytosed cellular material
carrying viral RNA requires further investigation. In vitro mono-
cyte-derived macrophages and dendritic cells (DCs) are suscep-
tible to SARS-CoV-2 infection, which is abortive, because these
cells do not support virus replication (Yang et al., 2020a). Inter-
estingly, as it has also been suggested that potential co-infec-
tions might determine the clinical phenotype and disease
outcome, co-infection of monocytes in the BALF with human
metapneumovirus was identified in one of the severe COVID-
19 patients (Bost et al., 2020), and it was postulated that such
co-infections might explain—at least in part—critical COVID-19
disease courses. However, much larger studies are urgently
needed to verify these important, but still preliminary, findings.

Information about the role of innate immune cells as potential
targets of SARS-CoV-2 or mediating cells for the infection in or-
gans or tissues other than the respiratory tract is still sparse.
Within the oral cavity, there is little evidence for expression of
ACE2, TMPRSS2, or Furin on any other cells than epithelial cells
(Sakaguchi et al., 2020). Furthermore, there has been no evi-
dence for the role of innate immune cells in SARS-CoV-2 gaining
access to the retina (de Figueiredo et al., 2020) or the brain (Song
etal., 2021), albeit the virus has been found in both organs. Simi-
larly, the human placenta is highly susceptible to SARS-CoV-2
infection, but only non-immune cells including syncytiotropho-
blasts in the first trimester and extravillous trophoblasts in the
second trimester express ACE2 and TMPRSS2 and have been
identified as cellular targets for the virus (Ashary et al., 2020).
Interestingly, other coronavirus family member receptors (AN-
PEP and DPP4) and several proteases (CTSL, CTSB, and Furin)
are uniformly expressed within the placenta throughout the first
and second trimester, and genes necessary for viral budding and
replication were also identified, strongly suggesting that the
placenta is a vulnerable target for productive infection (Ashary
et al., 2020). Yet, based on clinical observations, there is no ev-
idence for vertical transmission of the virus from infected
mothers to the fetus (Islam et al., 2020) arguing for a protective
role of the maternal immune response, which requires further
exploitation.

Aninteresting finding is the expression of ACE2 and TMPRSS2
on platelets, considering that patients present with signs of

Figure 1. Conceptualizing the interaction between the host immune response and the virus

Proposed fields of research along the disease trajectory in five phases that influence pathophysiology with an emphasis on innate immunity. Methodologies
suggested to be applied for addressing certain areas are represented as color-coded circles. These reflect frequently used methods in previously published
studies on COVID-19. This is only a selection and we make no claim to completeness. The overall concept could be extended to the adaptive immune system and
other organ systems. CyTOF, cytometry by time of flight, mass cytometry; ELISA; OLINK, plasma proteome by proximity extension assay; scRNA-seq, single-cell

RNA sequencing; seq, sequencing; WGS, whole genome sequencing.
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Figure 2. SARS-CoV-2 tropism, infection, and alarming the innate immune system

(A) Major entry sites of SARS-CoV-2 via cells within the nasal cavity and the upper and lower respiratory tract.

(B) Molecular determinants during SARS-CoV-2 infection of a cell.

(C) SARS-CoV-2 is most likely recognized by PRRs recognizing foreign RNA including endosomal TLR3 and TLR7 as well as by cytoplasmic RIG-I and MDAS5.
Predicted downstream signaling events based on findings from genetic studies, functional and clinical observations, interaction mapping, or CRISPR screens.
Interactions between SARS-CoV-2-derived proteins and cellular mechanisms or in case of interaction mapping derived information, detection of direct inter-
action between viral or host proteins. ORF3b was functionally determined to suppress type | IFN, but a direct target was not identified (Konno et al., 2020). ACE2,
angiotensin-converting enzyme 2; IFNAR1, interferon-alpha/beta receptor alpha chain; 1B, inhibitor of kB; IKKa/B/y/e, IkB kinase o/f/y/¢e; IRAK1/4, interleukin-1
receptor-associated kinase 1/4; IRF3/7/9, interferon regulatory factor 3/7/9; ISG, interferon-stimulated genes; MDA5, melanoma differentiation-associated
protein 5, RIG-I-like receptor dsRNA helicase enzyme; MyD88, myeloid differentiation primary response 88; NAP1, NF-kB-activating kinase-associated protein 1;
NRP1, neuropilin 1; NSP, non-structural proteins of SARS-CoV-2; ORF, open reading frames of SARS-CoV-2; p50/65, the two subunits of NF-kB; RIG-1, retinoic
acid-inducible gene |, a cytoplasmic pattern recognition receptor recognizing double-stranded RNA; RIP1, receptor interacting serine/threonine kinase 1;

(legend continued on next page)
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platelet hyperactivation, particularly in severe COVID-19 (Zhang
et al., 2020b). In vitro exposure to SARS-CoV-2 or its Spike pro-
tein potentiated platelet aggregation, release of dense granules,
upregulation of activation markers (PAC-1, CD62P), platelet
spreading, and clot retraction. Furthermore, the virus facilitates
the release of coagulation factors, the secretion of inflammatory
cytokines, and the formation of leukocyte-platelet aggregates,
which might be important mechanisms leading to thromboem-
bolic complications observed in severe COVID-19 (Ackermann
et al., 2020; Gupta et al., 2020; Zhang et al., 2020b). Whether
other receptors including CD147 (BSG) can facilitate viral entry
remains to be seen. CD147 is widely expressed and receptor
expression and viral load does not seem to correlate (Bost
et al., 2020) arguing against CD147 as a major entry receptor
for SARS-CoV-2.

Collectively, there is still little evidence that innate immune
cells are a primary target of productive infection of SARS-CoV-
2. The detection of viral RNA in myeloid cells derived from lung
or BALF of severe COVID-19 patients still allows several expla-
nations, including phagocytosis of cellular material derived
from infected cells, which requires further assessment. Similarly
unclear is whether platelets in the blood might serve as a sponge
for viruses, which could explain why viruses are rarely detected
in blood specimens, yet seem to infect many organs.

CYTOKINE ALTERATIONS AND INNATE IMMUNE CELL
RESPONSES FOLLOWING INFECTION

Alarming the immune system—recognition, interferon
response, and immune evasion

A common pattern of cell entry via endocytosis following recep-
tor binding was established for coronaviruses, which is followed
by viral RNA release into the cytoplasm, production of viral pro-
teins, and formation of viral replication/transcription complexes
on double-membrane vesicles (Snijder et al., 2020). Although
viral entry mechanisms are well established for SARS-CoV-2
(Shang et al., 2020), the following steps are not yet entirely
resolved. Similarly, the pattern recognition receptors (PRRs)
involved in recognizing SARS-CoV-2 are not yet directly deter-
mined. Based on findings from other coronaviruses, the most
likely candidates are Toll-like receptors 3 (TLR3) and TLR7 in
the endosome (Mazaleuskaya et al., 2012) or the cytosolic sen-
sors retinoic acid-inducible gene 1 (RIG-I) and melanoma differ-
entiation-associated gene 5 (MDAS5) (Sa Ribero et al., 2020)
recognizing foreign viruses’ RNA (Figure 2B). All these PRRs
are linked via signaling cascades to induce strong interferon re-
sponses. RIG-l and MDAD5 trigger the downstream adaptor mito-
chondrial antiviral signaling protein (MAVS) on mitochondria fol-
lowed by activation of tumor necrosis factor receptor-associated
factor 3 (TRAF3), TRAF family member-associated nuclear factor
kB (NF-kB) activator binding kinase 1 (TBK1), together with in-
hibitor of NF-kB kinase-¢ (IKK), which leads to phosphorylation
of the “master regulators” IRF3 and IRF7. Subsequently, tran-
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scription of type | IFNs and numerous ISGs are induced (Loo
and Gale, 2011). Similar signaling cascades are known down-
stream of TLR3 and TLR7 (Figure 2C). Secreted type | IFNs signal
via interferon receptors (IFNAR) to switch on Janus kinase 1
(JAK1) and tyrosine kinase 2 (Tyk2), activating STAT1, STAT2,
and IRF9, which form a complex and translocate to the nucleus
to bind to interferon-stimulated response elements (ISREs) in the
genome. Hundreds of ISGs with various antiviral functions get
induced, which can lead to further amplification loops by ISGs.
Importantly, the type | IFN response can be rather heteroge-
neous. Depending on the state of the reacting cell (e.g., with
respect to its metabolic or general activation state) (Talemi and
Hofer, 2018), it is at least in part stochastic (Rand et al., 2012;
Wimmers et al., 2018), it varies among different cell types and mi-
croenvironments, and it shows interindividual heterogeneity
concerning the amplitude and kinetics (Patil et al., 2015). The
ability to fine-tune an IFN response is critical because both its
overactivation and underactivation are deleterious to the host
(Mesev et al., 2019). The role of these fine-tuning mechanisms
has not yet been addressed in detail in context of COVID-19.

Keeping the complex regulation of the IFN system in mind, it is
critical to understand the dynamics of the type | IFN response in
COVID-19. In in vitro infection models utilizing cell lines, SARS-
CoV-2induced only low type | and Il IFNs, consequently inducing
only moderate levels of ISGs and a unique proinflammatory cyto-
kine signature including IL1B, IL6, and TNF, as well as many che-
mokines (CCL20, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and
CXCL16) (Blanco-Melo et al., 2020). An early study in patients re-
ported that type | IFNs were either not detected (particularly
IFNB) irrespective of disease severity or at lower levels (IFNa) in
plasma mainly derived from patients with severe disease (Had-
jadj et al., 2020). These observations were further extended by
illustrating a lack of expression of genes encoding type | IFNs
in peripheral blood mononuclear cells (PBMCs) of COVID-19 pa-
tients and an early but transient wave of ISG expression in blood-
derived immune cells, which correlated with an early burst of
IFNe, likely of lung origin (Arunachalam et al., 2020). An early
transient wave of ISG expression in cells of the innate immune
system, particularly monocytes, was also determined by
scRNA-seq (Schulte-Schrepping et al., 2020). A longitudinal
analysis confirmed an early peak with subsequent decline of
IFNo and IFNA in mild-to-moderate COVID-19, whereas levels
further increased particularly during the second week in severe
patients (Lucas et al., 2020). The dynamics of type | IFNs in se-
vere patients is in line with findings in a murine model of
SARS-CoV-2 infection illustrating that type | IFNs do not control
SARS-CoV-2 replication in vivo but are significant drivers of
pathologic responses (Israelow et al., 2020).

As an immune evasion strategy, SARS-CoV-2 uses a multi-
pronged strategy to antagonize the IFN system with the clinical
consequence of an insufficient type | IFN response having
been recognized in early COVID-19 studies (Acharya et al.,
2020; Blanco-Melo et al., 2020; Sa Ribero et al., 2020). At least

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; STAT1/2, signal transducer and activator of transcription 1/2; TAB1/2, TGF-beta activated
kinase 1 binding protein 1/2; TAK1, TGF-beta activated kinase (encoded by MAP3K7); TBK1, TANK-binding kinase 1; TLR3, Toll-like receptor 3, CD283; TLR7/8,
complex of Toll-like receptors 7 and 8, TLR7 also known as CD287 and CD288, respectively; TMPRSS2, transmembrane protease, serine 2; TRAF3/6, TNF
receptor-associated factor 3/6; TRIF, TIR-domain-containing adaptor-inducing interferon-f; TYK2, tyrosine kinase 2; UNC93B1, Unc-93 homolog B1.
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ten SARS-CoV-2 proteins have been identified that counteract
the antiviral action of IFN (Figure 2C). SARS-CoV-2-derived
non-structural protein 16 (NSP16) suppresses global mRNA
splicing and diminishes recognition of viral RNA by intracellular
helicase receptors, NSP1 leads to global inhibition of mRNA
translation by binding to the 18S ribosomal RNA in the mRNA en-
try channel, and NSP8 and NSP9 interfere with protein trafficking
to the cell membrane; all three mechanisms independently lead-
ing to reduction of type | IFN production by the affected cell
(Banerjee et al., 2020; Gordon et al., 2020). Interaction mapping
further suggested that NSP13 interacts with TBK1, NSP15 with
NRDP1 (an E3 ubiquitin ligase controlling the balance between
JAK2-associated cytokine receptor degradation and ectodo-
main shedding), ORF9b with TOMM70 (an important receptor
of the outer mitochondrial membrane), and ORF6 with either
KPNAZ2 or the IFN-induced NUP98-RAE1 nuclear export com-
plex, which are both involved in nuclear translocation of proin-
flammatory transcription factors such as IRF3, IRF7, or STATT,
amechanism targeted by numerous other viruses including influ-
enza, all antagonizing IFN signaling (Gordon et al., 2020; Xia
etal., 2020). Functional testing further supported the counteract-
ing activity of ORF3b, ORF6, NSP1, or NSP13 on type | IFN acti-
vation, of which particularly ORF6 suppressed STAT1 and
STAT2 phosphorylation and STAT1 nuclear translocation,
(Konno et al., 2020; Lei et al., 2020; Xia et al., 2020).

Accumulating evidence indicates that SARS-CoV-2 is target-
ing the type | IFN system at multiple steps thereby strongly inter-
fering with a well-orchestrated interplay between antiviral and
proinflammatory innate and adaptive defense mechanisms
within the immune system. Studies with more in-depth longitudi-
nal profiling and stratification by disease severity are warranted
to clarify the questions surrounding the nature of the early IFN
response to SARS-CoV-2. Further dissecting this delicate bal-
ance at the early steps of a SARS-CoV-2 infection for each pa-
tient individually might be critical to better stratify patients and
to allow for patient-tailored treatment options thereby preventing
the development of immunopathology as the basis for severe
disease courses (Lee and Shin, 2020).

The next phase—from “cytokine storm” to
immunosuppression
Conceptually, soluble factors including cytokines, chemokines,
growth factors, inhibitory factors, hormones, and metabolites in-
fluence innate immune cells locally and systemically. Innate im-
mune cells serve both as sender and receiver for soluble media-
tors. Soluble factors are important mediators shaping disease
courses by triggering the release of innate immune cells from
the bone marrow into circulation, their recruitment to inflamed
and infected tissues, as well as by influencing their local motility
and function. The combination, as well as the timing (kinetics)
and the concentrations (dynamics) of these factors, guides
cellular responses and interactions in COVID-19 (Figure 3).
Early on, it was suggested that COVID-19, particularly severe
disease courses, might be associated with a maladapted induc-
tion of an immune response to the infection leading to what has
been previously termed a “cytokine storm” or cytokine release
syndrome (CRS) (Mulchandani et al., 2021; de la Rica et al.,
2020). Summarizing many observational studies, a current
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model suggests that SARS-CoV-2 enters type Il pneumocytes
via ACE2 in the respiratory system leading to rapid virus replica-
tion as well as concomitantly to a proinflammatory state with
elevated levels of cytokines such as IL-1, IL-6, CXCL8, and
TNF (Cao, 2020; Lucas et al., 2020; Wang et al., 2020a). This
finding was recapitulated in vitro in monocyte-derived macro-
phages, but not DCs, suggesting that these cells might be a ma-
jor source of the proinflammatory cytokines (Yang et al., 2020a).
Proinflammatory genes upregulated in innate immune cells in se-
vere or critical patients mainly belonged to the NF-kB pathway
(Hadjadj et al., 2020). Accumulation of NF-kB-dependent proin-
flammatory mediators can provoke an accumulation of patho-
genic inflammatory neutrophils and macrophages in the lung,
further perpetuating higher proinflammatory cytokines and che-
mokines in BALF (CCL2, CCL3, CCL4, and CXCL10) (Xiong et al.,
2020) but also in the circulation (IL-1, IFNy, IL-17, TNF, IP-10,
MCP-1, G-CSF, GM-CSF, IL-1RA, CCL2, CCL3, CCLS5, CCLS,
CXCL2, CXCL8, CXCL9, and CXCL16) (Blanco-Melo et al.,
2020; Hadjadj et al., 2020; Huang et al., 2020; Wang et al.,
2020a; Wu and Yang, 2020; Yang et al., 2020b). This was partic-
ularly prominent during the second week after disease onset and
more pronounced in severe patients (Lucas et al., 2020), result-
ing in an excessive inflammatory and immune response, espe-
cially in the lungs, leading to acute respiratory distress syndrome
(ARDS), pulmonary edema, apoptosis of epithelial cells, and
finally vascular damage and multi-organ failure (Berlin et al.,
2020; Gandhi et al., 2020). The elevation of cytokines in severe
disease is accompanied by elevated clinical laboratory parame-
ters including alanine aminotransferase, lactate dehydrogenase,
C-reactive protein (CRP), ferritin, and D-dimers. Bioactivity of
some of these mediators of inflammation, particularly IL-6 and
TNF, has been validated by transcriptomics in blood-derived
cells, demonstrating corresponding elevated IL-6 and TNF
response signatures in circulating immune cells (Hadjadj et al.,
2020). Inflammatory cell death in this hyperinflammatory state
has been attributed to the concomitant elevation of TNF and
IFNYy as being sufficient to trigger pyroptosis, apoptosis, and ne-
crosis (PANoptosis) driving tissue damage and mortality in se-
vere COVID-19 (Karki et al., 2021). Simultaneous upregulation
of IFNy and IL-10 with higher IFNy levels, particularly in mild pa-
tients, is another hallmark of COVID-19 (Hadjadj et al., 2020).
The term cytokine storm has been quickly used to describe the
immunopathology in severe COVID-19. Critical voices have
since raised concerns whether cytokine storm or CRS reflects
the immune response in COVID-19 patients correctly (Sinha
et al., 2020), noting that the observed elevated IL-6 levels are
considerably lower than e.qg., in septic shock or CRS due to other
causes (Kox et al., 2020; Monneret et al., 2021). Yet, longitudinal
profiling also revealed dynamic changes in concentration of
many cytokines including IL-6 (Lucas et al., 2020), highlighting
the importance of temporal examination of the pathological fea-
tures of this new disease. On the other hand, the definition of
cytokine storm has expanded to conditions beyond sepsis
and, irrespective of absolute cytokine concentrations, to include
all inflammatory conditions with elevated circulating cytokines
that result in systemic inflammation as well as secondary organ
dysfunction (Fajgenbaum and June, 2020; Mangalmurti and
Hunter, 2020), including COVID-19. One further hallmark of
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Figure 3. Soluble mediators during the disease course of COVID-19

Summarizing the principles established by many observational studies addressing the role of soluble mediators of the innate immune system. In red color severe
(critical and fatal) disease courses, in yellow mild to moderate disease courses. (1) The term “days from symptom onset” is increasingly used to determine the
kinetics of the disease. For this term, it needs to be considered that there exists variance in interpretation as well as in the time from infection to first symptoms,
which is illustrated by the fading colors in the graph. (2 and 3) Temporal phases of COVID-19 have not been defined equally in all studies. However, in the majority
of studies, “early” (2) describes the period up to 10 days after onset of symptoms, and “late” (3) the period from approximately days 11-25 after onset of
symptoms. (4) Admission to hospital had been used initially, because it is a concrete data point. However, the time from viral infection to hospital admission can
vary significantly, which complicates comparability of longitudinal studies using admission to hospital as the starting point. (5) Viral detection levels over time
summarized following findings reported in Lucas et al. (2020). (6) The early local innate immune responses are very difficult to capture in a clinical setting since the
time of viral infection is not known for most patients. Evidence from model systems indicate that type | and Il IFN responses are most important; however, the
magnitude and exact kinetic of this response in severe versus mild COVID-19 is still under debate. (7) Local innate immune responses (mainly in upper and lower
respiratory tract). In addition to chemokines, some reports also mention proinflammatory mediators. Data for later time points are still rare. (8-10) Most often
mentioned soluble markers in plasma or serum of patients with mild (8), moderate to severe (9) disease, or critically ill COVID-19 patients (including fatal out-
comes) (10), mainly at the end of the first week and the beginning of the second week, at the end of the first week and the beginning of the second week, and at
later time points, respectively. Asymptomatic SARS-CoV-2 infections have been shown to exhibit lower levels of cytokines (Long et al., 2020). Depending on
study design and methodology, not all markers have been measured in all studies and at all time points.

immune hyperactivation in cytokine storm is the failure of resolu-
tion of the inflammation (Fajgenbaum and June, 2020).
Considering the coexistence of CRS in severe disease with
immunosuppressive innate immune cells (Remy et al., 2020;
Schulte-Schrepping et al., 2020), the exact terminology of immu-
nopathology in severe COVID-19 still warrants further investiga-
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tion. Complex viral sepsis with immune deviation has been pro-
posed as a current alternative description (Riva et al., 2020).
Children often experience no or only mild symptoms on SARS-
CoV-2 infection, but can, in rare cases, present with multisystem
inflammatory syndrome in children (MIS-C) 1-2 months after
infection. Symptoms such as elevated inflammatory markers,
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fever, and multi-organ dysfunction bear overlap to acute, severe
COVID-19 in adults or also Kawasaki disease, a pediatric vascu-
litis, however, MIS-C has distinct immunological features
different from the two with respect to circulating cytokine profiles
and composition of the T cell compartment (Carter et al., 2020;
Consiglio et al., 2020; Gruber et al., 2020). Although the patho-
genesis is still unknown, the appearance of autoantibodies has
been reported (Consiglio et al., 2020; Gruber et al., 2020).

Apart from the classical chemokines and cytokines, soluble
mediators present in patients’ circulation have been investigated
in omics approaches to identify systemic effectors indicating
novel aspects of severe COVID-19 pathology and to find novel
biomarkers and/or therapeutically targetable factors. Proteomic
and metabolomic studies in plasma also revealed molecules
previously reported to be linked to immunosuppression, such
as kynurenines, are elevated in severe disease whereas
numerous lipids were reduced (Shen et al., 2020; Su et al.,
2020). Whether kynurenines and other potentially immunosup-
pressive molecules indeed exert such function in COVID-19 re-
quires further functional testing. The profound loss of lipids,
especially sphingolipids, glycerophospholipids, cholines, and
derivatives, might contribute to loss ofimmune function of innate
immune cells, particularly in monocyte-derived cells, such as
signal transduction, growth regulation, cytokine secretion, cell
migration, adhesion, apoptosis, senescence, and inflammatory
responses. Proteins involved in fatty acid metabolism such as
FETUB and CETP, known to suppress inflammation, were
reduced in serum, as was PI6, a suppressor of chemotaxis
(Shu et al., 2020). Another important class of mediators is the
acute phase proteins (APPs), which are involved in early states
of immune responses to viral infections. In addition to CRP and
the alarmins S100A8/A9 (Schulte-Schrepping et al., 2020; Silvin
etal., 2020), the serum amyloids A-1 (SAA1), A-2 (SAA2), and A-4
(SAA4), the serum amyloid P-component (SAP/APCS), and
alpha-1-antichymotrypsin (SERPINA3) were found to be
elevated in severe COVID-19 (Shen et al., 2020; Shu et al.,
2020). Similarly, the elevation of components and regulators of
the complement system (complement 6, complement factor B,
properdin, and carboxypeptidase N catalytic chain) point toward
complement activation as an early innate immune activation
mechanism (Shen et al., 2020). In addition to thrombocytopenia,
the platelet-derived chemokines proplatelet basic protein
(PPBP; also called macrophage-derived growth factor) and
platelet factor 4 (PF4) showed reduced levels in COVID-19
(Shen et al., 2020). Another interplay between metabolite regula-
tion and immune mediators in COVID-19 might occur due to
interferon-mediated reduction of amino acid metabolism (Shen
et al., 2020).

Collectively, all these findings support a much more complex
host-pathogen interaction, particularly in severe COVID-19,
which is better summarized as viral sepsis, with the upregulation
of proinflammatory mediators being only one part of a derailed
innate immune response.

Changes in the innate immune cell compartment

Recognition of the viral infection by tissue-resident immune cells
results in a local innate immune response leading to the recruit-
ment of further innate immune cells with the intent to initiate viral
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clearance (Figure 4). Handling of the infection in the upper respi-
ratory tract (the major entry point of SARS-CoV-2), managing
viral clearance, and consequent resolution of the active immune
response, is a key aspect for prevention of viral dissemination
into the lung and pulmonary injury (Newton et al., 2016).

The local mucosal immune response to SARS-CoV-2 infection
has been characterized by cellular and transcriptional changes in
the upper respiratory tract (Chua et al., 2020) as well as in BALF
assessing the lower, more distal parts of the lung (Liao et al.,
2020). COVID-19 patients, in general, showed the expected
influx of innate immune cells, particularly neutrophils and mono-
cytes into the nasopharyngeal mucosa on chemokine secretion
of the infected epithelial cells (e.g., CXCL1, CXCL3, CXCLS6,
CXCL15, CXCL16, and CXCL17). Severe patients expressed
elevated levels of chemokines and chemokine receptors and ex-
hibited a marked increase in neutrophils in the tissue (Chua et al.,
2020). Further, proinflammatory macrophages were identified in
the lungs of critical patients to possibly contribute to excessive
inflammation by promoting further granulocyte and monocyte
recruitment and differentiation (Chua et al., 2020; Liao et al.,
2020). Because no further functional analysis was performed, it
remains to be determined whether these activated infiltrating
monocyte-derived macrophages in addition to recruited neutro-
phils in critically ill patients are capable of exerting typical func-
tions of phagocytic cells at the viral entry sites and/or to what
extent they may contribute to tissue damage. Furthermore,
because immune cells in circulation were not studied from the
same patients, it also remains to be seen whether changes
observed in the circulation are reflective of patient-individual
changes in organs with known high viral load and infection
such as the lung.

Elevated neutrophil and natural killer (NK) cell numbers, as
well as lower proportions of dendritic cells and T cells, were
a feature of BALF from severe patients, whereas clonally
expanded CD8* T cells were found in such samples from
moderate patients (Liao et al., 2020). Further dissection of the
increased monocyte/macrophage compartment in severe
patients revealed macrophage subpopulations showing immu-
noregulatory features indicative of resolution, yet also showing
expression of the profibrotic genes TREM2, TGFB2, and SPP1
(Liao et al., 2020).

The initial local respiratory SARS-CoV-2 infection entails al-
terations in the circulating cells in the blood with particular
changes in the innate compartment. An increase in circulating
neutrophils versus a decrease in lymphocytes has been appre-
ciated as a hallmark of severe COVID-19 (Hadjad] et al., 2020;
Mathew et al.,, 2020; Qin et al., 2020; Schulte-Schrepping
et al., 2020).

Mild COVID-19 patients were marked by circulating HLA-
DR"CD11c" inflammatory monocytes with an interferon-stimu-
lated gene signature, while noticeable amounts of circulating
neutrophil precursors appeared in severe cases, indicative of
emergency myelopoiesis, as well as the presence of dysfunc-
tional, CD274 (PD-L1)-expressing mature neutrophils (Schulte-
Schrepping et al., 2020). Further, loss of non-classical mono-
cytes as well as the appearance of dysfunctional S100"
classical monocytes with downregulated MHC class Il expres-
sion were associated with severe COVID-19, reminiscent of
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immunoparalysis seen in sepsis (Arunachalam et al.,
2020a; Kuri-Cervantes et al.,
2020; Silvin et al.,
, 2020). Further, elevated levels of megakaryo-
cytes and erythroid cells were identified in severe COVID-19,

marellos-Bourboulis et al.,
Schulte-Schrepping et al.,
2020; Wilk et al.
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Figure 4. Cellular changes during COVID-19
Depicted are the COVID-19-associated changes
for the innate immune cells stratified by common
disease characteristics (middle column) or such
associated with either mild or severe disease
courses, as well as stratified by location (local
versus systemic) and time. ISG, interferon
response gene; Mac, macrophage; mDC, myeloid
dendritic cell; NKG2A, NK cell receptor (CD159a)
encoded by killer cell lectin lectin-like receptor C1,
KLRC1; pDC, plasmacytoid dendritic cell; SPP1,
secreted phosphoprotein 1 (coding for osteo-
pontin); TGF-B2, transforming growth factor beta
2; TIM3, T cellimmunoglobulin and mucin domain-
containing 3 (also known as hepatitis A virus
cellular receptor 2, HAVCR2); TREM2, triggering
receptor expressed on myeloid cells 2.

and the associated expression modules
correlated with mortality (Bernardes
et al., 2020). Neutrophils in COVID-19 pa-
tients showed expression profiles asso-
ciated with activation and neutrophil
extracellular trap (NET) formation
(Aschenbrenner et al., 2021; Schulte-
Schrepping et al.,, 2020) as well as
increased NET formation ex vivo (Middle-
ton et al., 2020). These findings go hand
in hand with the thrombotic complica-
tions and coagulopathy frequently found
in severe COVID-19 (Klok et al., 2020),
because NET formation can seed immu-
nothrombosis (Veras et al., 2020), and
platelets and neutrophils can interact to
promote thrombus formation (Pircher
et al., 2019). Interestingly, plasmacytoid
DC (pDCs), the main source of IFNa,
were not only reduced in abundance in
the circulation (Kuri-Cervantes et al.,
2020) but also impaired in function in
COVID-19 patients suggesting the lung
as a source for the elevated plasma levels
of type | IFNs early on infection (Aruna-
chalam et al., 2020; Lucas et al., 2020).
Single-cell transcriptomics of circulating
innate immune cells strongly support a
general IFN response in all COVID-19 pa-
tients with a strong temporal component

(Lee et al.,, 2020; Lucas et al., 2020;
Schulte-Schrepping et al., 2020; Wilk
et al., 2020).

In addition to an increase in circulating
neutrophils, lymphopenia has been iden-
tified as a hallmark of severe COVID-19
(Guan et al., 2020; Huang et al., 2020),

and an elevated neutrophil/lymphocyte ratio has been intro-
duced as a biomarker of disease severity (Kuri-Cervantes
2020; Lagunas-Rangel, 2020; Liu et al.,
2020). Although abundance and functional changes in the B
and T cell compartment are not part of this review and are

2020; Qin et al.,
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discussed in greater detail elsewhere (Sette and Crotty, 2021),
NK cells are affected as well (Giamarellos-Bourboulis et al.,
2020a; Hadjadj et al., 2020; Kuri-Cervantes et al., 2020; Zheng
et al., 2020a). Reduced abundance of circulating NK cells was
noticed in severe COVID-19 cases as well as an increased sur-
face expression of NKG2A associated with a functionally ex-
hausted phenotype, producing lower levels of cytokines on stim-
ulation usually necessary to fight virus-infected cells (Zheng
et al., 2020a). Increased levels of cytotoxicity (PRF1), DNA repli-
cation (DDIT4), and decreased inhibition of NF-kB signaling
(COMMDS6) in NK cells was associated with recovery from
COVID-19 (Su et al., 2020). In early studies on patients during
convalescence, an increased frequency of NK cells was reported
(Ni et al., 2020; Rodriguez et al., 2020).

Concerning the less frequent granulocyte subsets in circula-
tion, elevated levels of eosinophils were found in severe
COVID-19 (Lucas et al., 2020) as well as an early transient in-
crease in a CD62L* eosinophil subpopulation, reminiscent of
lung eosinophils, albeit the potential role of these proinflamma-
tory cells in the development of ARDS, and sudden clinical dete-
rioration in severe patients still warrants further assessment (Ro-
driguez et al., 2020). Basophils were found to be reduced in
COVID-19 (Laing et al., 2020), which has been noted to correlate
with the humoral response (Rodriguez et al., 2020).

Immune deviations in the adaptive immune system observed in
severe COVID-19 might be directly linked to the immunosuppres-
sive phenotypes observed in innate immune cells, such as HLA-
DR monocytes impeding proper antigen presentation, or the
expression of PD-L1 on suppressive neutrophil subpopulations
possibly supporting lymphopenia by inducing apoptosis of lym-
phocytes (Schulte-Schrepping et al., 2020). Further, the lack of
costimulatory molecules on conventional DCs may contribute to
functional impairment of T cell activation leading to delayed re-
ceptor binding domain- and nucleocapsid protein-specific T cell
responses (Zhou et al., 2020b). Interestingly, cellularimmune dys-
regulation of innate immune cells, particularly monocytes and
DCs, seems to be sustained during convalescence irrespective
of disease severity (Files et al., 2021; Zhou et al., 2020b). Further,
because basophils have been implicated in potentiating the hu-
moralimmune response (Denzel et al., 2008), this might constitute
another avenue of innate-adaptive crosstalk in COVID-19.

All in all, a scenario emerges with rather differently pro-
grammed innate immune cells in mild versus severe disease
courses (Figure 4), which is also accompanied with similar differ-
ences in the adaptive immune response to SARS-CoV-2 (Sette
and Crotty, 2021). Following the initial local innate immune
response, the occurrence of a systemic immune response
component seems to be independent of disease severity, albeit
cellular changes differ dramatically between mild and severe
cases. Further, the decision, which kind of innate immune
response to this virus will occur, seems to be made very early af-
ter infection. As a consequence, follow-up studies in larger co-
horts determining molecular mechanisms explaining the
different responses and clinical outcomes are urgently needed,
because these will likely uncover novel druggable targets to pre-
vent severe, critical, and fatal disease courses. However, we
postulate that different molecular mechanisms might all
converge toward a detrimental clinical path.
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FACTORS THAT INFLUENCE DISEASE SEVERITY

Genetic factors impacting the immune response to
SARS-CoV-2

The clinical observation that otherwise healthy young individuals
are among fatal cases suggested that host genetics might
contribute to disease susceptibility and severity (Ovsyannikova
et al., 2020). Several international consortia (COVID-19 host ge-
netics initiative [COVID-19 Host Genetics Initiative, 2020] or the
COVID Human Genetic Effort [Casanova et al., 2020]) address
genetic susceptibility either by genome-wide association studies
(GWASSs) or whole genome sequencing (WGS). It was postulated
that signaling pathways identified to infer susceptibility for other
viral infections might also be of importance for COVID-19 (Ov-
syannikova et al., 2020). An early GWAS conducted in Spain
and ltaly identified a gene cluster on chromosome 3 as a genetic
susceptibility locus in patients with COVID-19 with respiratory
failure (Severe Covid-19 GWAS Group et al., 2020). These find-
ings were confirmed by the COVID-19 Host Genetics Initiative
(COVID-19 Host Genetics Initiative, 2020) and the Genetics of
Mortality in Critical Care (GenOMICC) GWAS (Pairo-Castineira
etal., 2020). The COVID-19 risk locus on chromosome 3 harbors
immune genes including CCR9, CXCR6, XCR1, CCR1, and
CCR2. Comparative genomics strongly suggested that this
COVID-19risk locus is inherited from Neanderthals and is carried
by around 50% of people in South Asia and around 16% of peo-
ple in Europe (Zeberg and Paabo, 2020). CCR1 is a receptor for
several chemokines (CCL3, CCL5, CCL7, and CCL23), some of
which show altered expression with COVID-19 severity (Chua
et al., 2020). Furthermore, knockout of CCR1 in mice supports
that this receptor protects from excessive inflammatory
response (Gerard et al., 1997) and decreases susceptibility to vi-
ruses and fungi (Blease et al., 2000). From the GenOMICC study,
it was proposed that critical illness in COVID-19 is associated
with genetic variance in IFNAR2 and OAS2, two genes involved
in antiviral defense mechanisms, as well as DPP9, TYK2, and
CCR2, three genes previously associated with host-driven in-
flammatory lung injury, of which IFNAR2, DPP9, and CCR2
were also revealed by a transcriptome-wide association study
(Pairo-Castineira et al., 2020). It needs to be mentioned that
these GWASSs have not yet revealed any causative relationships,
and the odds ratios were rather low, indicating that genetics
might only play a minor influence at these gene loci.

The COVID Human Genetic Effort consortium sequenced ge-
nomes from patients with severe COVID-19 and compared
them with mild patients. Emphasizing on genes within path-
ways that were associated with genetic susceptibility for other
viral infections, particularly influenza, they identified 13, mainly
loss-of-function mutations, associated with severe COVID-19
disease course in the TLR3, IRF7, and IRF9 pathways (Zhang
et al., 2020a) (Figure 5). pDCs from IRF7-deficient patients pro-
duced no type | IFN when infected with SARS-CoV-2, and fi-
broblasts from patients with deficiencies in TLR3, IRF7, and IF-
NAR1 were susceptible to SARS-CoV-2 infection suggesting
that cell-autonomous innate immune mechanisms were not
operational. The overall estimate for such deficiencies among
patients with severe disease was 3.5%. These findings strongly
point toward a causal relationship between genotype and

Cell 184, April 1, 2021 1681




- ¢? CellPress

Cell

IFNAR1—| —IFNAR2
y v N
I WL
RIG-I/ %% o P,
MDA5 ( STAT2 )
74 N Py
TLR3® Ay« MAVS (STAT1) N
UNCQ3B%?TLR7/8 TRIF (o
MyDSBl
, ‘RIPT [ TRAF3
| IRAK4 | IRAK1 | e p Protein
‘ . ) | TRAF6 trafficking
é B
o~ " o
‘\STATZ STAT1)
Translation —
CIKKy CIKKy g
(IKK@GKKO) @Q—TBK1
INFECTED .IB + UNINFECTED
K
G E/INIS Py N = IRF3p @=L
[ p65 | p50
A 4 4
S [ IRF9 |
A A ° ® Bum Type | o L —="_—9
(P65 P50 ™F Piper PiEs” [ FN 2] | STAT2 /STATI ISG
YRR NNV NN NN NN NN
Inflammatory response Antiviral response Splicing Antiviral state

Autoantibodies
— to type | IFN
Type | IFN

Figure 5. Genetic factors for COVID-19 susceptibility support the central role of the innate immune system

The studies highlighted have already identified several loss-of-function mutations in molecules involved in the recognition of SARS-CoV-2 as well as important
downstream signaling molecules important for a well-orchestrated and robust type | IFN response. Genes, for which loss-of-function mutations were identified,
are depicted in bold pink with a pink circle. The autoimmune phenocopy of inborn type | IFN immunodeficiency is also depicted. For abbreviations, see Figure 2

legend.

phenotype and support an important role for type | IFNs in de-
fense against SARS-CoV-2. The role of the type | IFN system
was further underlined by the identification of the presence of
a B cell autoimmune phenocopy of inborn type | IFN immuno-
deficiency in more than 10% of patients with severe COVID-19
(Bastard et al., 2020). Autoantibodies against type | IFN were
more prevalent in men, which might contribute to the excess
of men among patients with severe COVID-19. The under-
standing of such immune-phenomena will allow better patient
stratification in a precision medicine approach to tailor thera-
peutic options such as plasmapheresis, plasmablast depletion,
or early treatment with recombinant type | IFNs for these
patients.

Another approach identified variants of the X-chromosomal
TLR7 as genetic susceptibility factors by performing genetic
variance segregation analysis in two families with young family
members (<35 years) admitted to the intensive care unit (ICU)
due to severe COVID-19 (van der Made et al., 2020) (Figure 5).
In both families, the TLR7 mutations resulted in downregulation
of downstream genes including IRF7, IFNB1, and ISG15 on stim-
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ulation of PBMCs with the TLR7 ligand imiquimod. As a conse-
quence, production of IFNy was also decreased.

Collectively, these findings establish TLR3, TLR7, type I, and
type Il IFN responses as important immune mechanisms control-
ling infection with SARS-CoV-2. Ongoing studies are now ad-
dressing whether the assessment of these variants can be inte-
grated in future risk scores used to identify individuals at
elevated risk of developing severe COVID-19 or utilized in clinical
tests to stratify patients for preventive and novel mechanism-
based therapeutic measures.

Age, inflammaging, and COVID-19

Age is the major clinical risk factor for severe, critical, and fatal
COVID-19 (Richardson et al., 2020; Williamson et al., 2020).
Although expression of SARS-CoV-2 entry factors, such as
ACE2 and TMPRSS2, in the airway have been found to increase
with age (Muus et al., 2021), there is no evidence so far that
SARS-CoV-2 RNA levels differ between young, adult, and
aged COVID-19 patients (Jacot et al., 2020), indicating that it is
the host immune response facilitating severe disease courses
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in the elderly. Changes observed within the innate immune sys-
tem during aging might be related to an unfavorable outcome of
COVID-19. In elderly, the number of dendritic cells (including
pDCs) and homeostatic alveolar macrophages are reduced
and so are the levels of pattern recognition receptors (Shaw
et al., 2013). This is accompanied with reduced type | IFN pro-
duction combined with perturbed inflammatory cytokine re-
sponses to viral infections (Canaday et al., 2010; Molony et al.,
2017). Because autoantibodies to type | IFN are found preferen-
tially in the elderly population, this provides a causal explanation
for age as the major clinical risk factor in ~10% of cases of crit-
ical COVID-19 pneumonia (Bastard et al., 2020).

The effect of the age-associated changes seen in both the
innate and the adaptive arm of the immune system have been
investigated in several animal models in the context of coronavi-
rus infection (Channappanavar and Perlman, 2020; Pence,
2020). In aged macaques (Yu et al., 2020) and hamsters (Imai
et al., 2020), SARS-CoV-2 infection is associated with more se-
vere respiratory illness and fatal pneumonia compared to young
animals. From experiments with SARS-CoV, it has been postu-
lated that particularly altered innate immune responses in aged
animals contribute to severe disease courses (Smits et al.,
2010; Zhao et al., 2011).

Systemically, the aged innate immune system shares another
hallmark of severe COVID-19, namely increased myelopoiesis
with elevated numbers of myeloid cells including neutrophils
and monocytes in circulation and inflammatory macrophages
in the tissues (Ho et al., 2019). For all major myeloid cells, a
decline or deviation of cellular functions including migration to in-
fectious tissues, phagocytosis, production of prostaglandins, or
nitric and superoxide is well established with age (Shaw et al.,
2013). For a particularly strong manifestation of all these
changes, the term inflammaging was coined (Boren and Gersh-
win, 2004; Franceschi et al., 2017). Inflammaging is considered a
chronic, sterile inflammation characterized by elevated levels of
inflammatory mediators in the circulation including IL-6, TNF,
CXCLS8, CCL2, CRP, and PLA2GD (group IID secretory phospho-
lipase A2), which in turn have been directly linked to reduced
numbers and function of myeloid DCs and pDCs (Frasca and
Blomberg, 2016). Numerous factors inducing this inflammatory
state have been suggested including DNA damage, increased
epigenetic variations, release of mitochondrial DNA, age-related
leakage of intestinal microbiota, persistent viral infections (e.g.,
with cytomegalovirus), or cellular immunosenescence (Cheung
et al., 2018; Cunha et al., 2020; Franceschi et al., 2017).

Using inflammaging-derived signatures, it was shown that
transcriptional changes observed in immune cells from COVID-
19 patients are reminiscent of the aging phenotype (Schulte-
Schrepping et al., 2020; Zheng et al., 2020b). Because inflam-
maging is a significant risk factor for age-related inflammatory
conditions including cardiovascular disease, diabetes, cancer,
autoimmune conditions, or Alzheimer’'s disease (Boren and
Gershwin, 2004; Frasca et al., 2017), it is likely to be one of the
most important molecular risk factors for COVID-19. In this
setting, with defective functionality in the myeloid compartment
along an increase in proinflammatory monocytes and higher
baseline levels of many proinflammatory mediators such as IL-
6 (Shaw et al., 2013), it can be hypothesized that the initiated
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innate immune response during COVID-19 exacerbates the
already existing disbalance of the immune system even further
toward a proinflammatory and dysfunctional state. A recent
study illustrated that age has an impact on the inflammatory me-
diators present during COVID-19 (Angioni et al., 2020). Here,
CXCLS, IL-10, IL-15, IL-27, and TNF positively correlated with
age, longer hospitalization, and more severe disease courses.
Based on the identification of large numbers of dysfunctional im-
mune cells, we postulate that the higher severity in aged individ-
uals is caused by dysregulated, rather than impaired, host innate
immunity.

Adaptation of innate immune cells: A role for trained
immunity?

A specialized form of innate immune adaptation is the induction
of immune memory (also termed trained immunity) (Netea et al.,
2020a), best characterized for BCG vaccination (Giamarellos-
Bourboulis et al., 2020b; Moorlag et al., 2020) and B-glucan stim-
ulation of monocytes (Dos Santos et al., 2019; Kleinnijenhuis
et al., 2012). In principle, exposure of innate immune cells and
their precursors to either BCG or B-glucan leads to their reprog-
ramming, inducing heterologous protection against other patho-
gens including viruses (Arts et al., 2018).

In context of COVID-19, it has been postulated that trained im-
munity might be a means to adapt the homeostatic state of the
innate immune system toward a more favorable outcome in
case of SARS-CoV-2 infection, particularly in those groups at
higher risk for severe disease courses (Netea et al., 2020b;
O’Neill and Netea, 2020). Early retrospective studies on the
impact of BCG vaccination in childhood resulted in contradictory
results concerning a beneficial role for fighting SARS-CoV-2
infection (de Chaisemartin and de Chaisemartin, 2020; Escobar
et al., 2020; Hamiel et al., 2020; Kinoshita and Tanaka, 2020; Lin-
destam Arlehamn et al., 2020). However, more recent epidemio-
logical observations from the first wave of the pandemic indicate
that the prevalence of individuals with positive tuberculin sensi-
tivity tests—either due to exposure to Mycobacterium spp. or
BCG vaccination—inversely correlates with the incidence of
COVID-19 (Singh et al., 2020). Although not providing any causal
relationship for trained immunity and protection from COVID-19,
such correlations triggered randomized clinical trials addressing
whether trained immunity adapts the innate immune system to-
ward a more favorable response to SARS-CoV-2 infections (Ne-
tea et al., 2020b; O’Neill and Netea, 2020). In late 2020, 21 newly
initiated trials assessing protective effects of BCG vaccination
against COVID-19 and 3 trials assessing VPM1002, a further
development of the old BCG vaccine, were registered at
https://ClinicalTrials.gov (accessed 2021/01/19) (Nowill and de
Campos-Lima, 2020). First results are expected in the middle
of 2021 (M. Netea, personal communication). In this context, it
will also be important to see whether boosting the potential of
proinflammatory cytokine production (IL-1, IL-6, and TNF) by
the induction of trained immunity (Kleinnijenhuis et al., 2012)
will exaggerate the observed hyperinflammatory cytokine re-
sponses in severe COVID-19, or whether trained immunity would
reprogram innate immune cells, so that these cells can react
more robustly during the early hours after infection thereby dis-
rupting the path toward the vicious cycle of viral sepsis (Netea
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etal., 2020b; O’Neill and Netea, 2020). Further studies identifying
the molecular mechanisms that could prevent reprogramming of
innate immune cells toward a suppressive phenotype in severe
COVID-19 are urgently needed.

Immune parameters as biomarkers

High-throughput, high-resolution, and high-content technolo-
gies assessing cellular or soluble mediators of the immune
response are ideal to discover new potential biomarkers ad-
dressing important clinical questions concerning diagnostics,
monitoring, outcome prediction, or therapeutic options for
COVID-19. From a clinical perspective, actionable measure-
ments of soluble factors are focused on technologies assessing
serum or plasma samples, yet different combinations of soluble
factors were assessed in different studies in context of COVID-
19 with only a few choosing comprehensive approaches (Mess-
ner et al., 2020; Su et al., 2020).

Multi-omics analysis of plasma proteins including cytokines
and chemokines distinguished mild and moderate COVID-19
(Su et al., 2020) suggesting that immune parameters might be
used for disease classification or outcome prediction. In a study
by the Mount Sinai Health System in New York, four cytokines
(IL-6, CXCLS8, TNF, and IL-1B) were assessed in serum from
1,484 COVID-19 patients (Del Valle et al., 2020) of which TNF,
IL-1B, and IL-6 were elevated in COVID-19 patients, and TNF
and IL-6 turned out to be independent predictors of disease
severity and fatal outcome. In another study, a machine
learning-based classifier of eleven plasma proteins, including or-
osomucoid-1/alpha-1-acid glycoprotein-1 (ORM1), orosomu-
coid-1/alpha-1-acid glycoprotein-2 (ORM2), fetuin-B (FETUB),
and cholesteryl ester transfer protein (CETP), was generated to
determine and predict disease outcome (Shu et al., 2020).
Several other classifiers, including immune mediators, (Lucas
et al., 2020) were developed for predicting fatality or convales-
cence, further indicating that immune parameters from the circu-
lation could be utilized in the clinics. The currently ongoing and
future studies need to address which of the many suggested bio-
markers are best suited for diagnosis, disease outcome predic-
tion, or therapy response. This is critical when considering the
development of stratified therapies (Buszko et al., 2020).

THERAPEUTIC OPTIONS TARGETING IMMUNE
DEVIATION

Three major concepts emerge concerning therapeutic and pre-
ventive options in COVID-19: (1) targeting the virus and its
cellular life cycle by antiviral drugs, (2) developing vaccines
that can either prevent or mitigate disease symptoms after infec-
tion, and (3) targeting the deviation of the immune response to
avoid or mitigate severe and fatal disease outcome (Riva et al.,
2020; Vabret et al., 2020). Targeting the innate immune system
might play a role in all three areas.

The antivirals are divided in direct and indirect acting antivirals,
targeting molecules and mechanisms of the virus itself or host
cell proteins, respectively. Because SARS-CoV-2 antagonizes
the type | IFN system, drugs strengthening this cellular defense
system might improve early innate immune responses. Type |
IFN therapy in patients with genetic deficits in the IFN system
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(Zhang et al., 2020a), but not in those with autoimmune pheno-
copies of these deficits (Bastard et al., 2020), might be beneficial
if provided sufficiently early (Hadjadj et al., 2020; Wang et al.,
2020b). More than 20 clinical trials are currently evaluating the ef-
ficacy of type I IFN treatment (https://www.clinicaltrials.gov, ac-
cessed 2021/01/19) (Wang et al., 2020b; Zhou et al., 2020a), the
best time window, and benefits versus risks of IFN therapy. Alter-
natives such as IFNA (type Il IFN) only targeting receptors on
epithelial cells without the broader effects of type | IFNs (Proku-
nina-Olsson et al., 2020) are also under clinical evaluation. Other
indirect antivirals blocking viral cell entry (e.g., by targeting pro-
teases such as TMPRSS2) have been suggested as potential
therapies (Kaur et al., 2021), yet definitive proof for clinical effi-
cacy is still lacking. Antiviral protein interaction mapping re-
vealed further promising sets of antivirals: those that affect trans-
lation and those that modulate the sigma-1 and sigma-2
receptors, the cellular interaction partners of SARS-CoV-2
NSP6 and ORF9c (Gordon et al., 2020).

Based on results from phase-Ill vaccine trials utilizing mRNA
vaccines (Anderson et al., 2020; Polack et al., 2020), two vac-
cines have been approved in the United States, United Kingdom,
Israel, and the European Union, and several million individuals
have been vaccinated since late 2020. A most surprising finding
in light of age-related changes in the adaptive and the innate im-
mune system is the similarly high efficiency of these vaccines in
the elderly population. This unexpected success requires further
mechanistic and molecular evaluations about the elicited im-
mune response because this might give insights how age-
related alterations of the immune system are overcome by this
type of vaccination.

The third strategy is targeting the deviation of the immune
response to avoid or mitigate severe and fatal disease out-
comes. A starting point for many therapeutic strategies has
been the hyperinflammatory state in severe disease (Tang
et al., 2020; Wang et al., 2020a). Not surprisingly, trials targeting
cytokines such as IL-6, IL-1, IFNy, IL-1R, TNF, CXCL8, GM-CSF,
GM-CSF receptor, or IL-37 have been reported, as well as stra-
tegies attempting to achieve disruption of chemokine signaling
(e.g., via CCR1, CCR2, and CCRY5) to prevent overt innate im-
mune cell recruitment into the lung (Wang et al., 2020a). Because
COVID-19 presents with such heterogeneity, a certain drug
might be beneficial in one setting, while having no effect in
another. For example, inconsistent results have been reported
from large clinical trials when trying to inhibit IL-6 associated
with hyperinflammation (Huang and Jordan, 2020). A random-
ized clinical trial assessing tocilizumab, an anti-IL-6 antibody
(Stone et al., 2020), showed no benefit for moderately ill patients
concerning effectiveness of preventing intubation or death. In
contrast, among critically ill patients, the risk of in-hospital mor-
tality was lower in patients treated with tocilizumab in the first
2 days of ICU admission (Gupta et al., 2021), which has also
been reported in earlier trials (Huang and Jordan, 2020). It cannot
yet be ruled out that targeting IL-6 might be beneficial for a group
of patients in specific clinical settings. This might be similarly true
for targeting IL-1 with anakinra for which several smaller studies
were reporting beneficial effects (Iglesias-Julian et al., 2020;
Kooistra et al., 2020), yet results from larger randomized trials
are still missing.
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Figure 6. Summary of current knowledge, outlook, and open questions

Established disease courses describing cell and organ involvement during different phases of COVID-19 including the possibility of not only returning to ho-
meostasis (convalescence) but also the potential chronification of the disease (“Long COVID-19”). Possible COVID-19 disease courses are depicted as differently
colored curves of disease severity over time. Major open questions and future tasks concerning the innate immune response to SARS-CoV-2 are outlined along

the five phases at the bottom of the figure.

Whether targeting single effector molecules will be efficient in
disrupting the COVID-19-associated immune deviation awaits
the report of ongoing clinical trials. Targeting several of these
pathways simultaneously (e.g., by inhibiting Janus kinases) might
overcome such limitations (McCreary and Pogue, 2020; Wu and
Yang, 2020). In early clinical trials, the use of the JAK inhibitor bar-
icitinib showed a reduction in serum levels of IL-6, IL-18, and TNF
(Bronte et al., 2020), suppressed the production of proinflamma-
tory cytokines in lung macrophages, and the recruitment of neu-

trophils to the lung (Hoang et al., 2021). Randomized clinical trials
have to be initiated to validate these promising results. Along
these lines, therapies targeting the kallikrein-kinin system with
icatibant (van de Veerdonk et al., 2020), or the coagulation sys-
tem with antibodies against C5a and C3a (Mastellos et al,
2020), have been introduced as additional options to ameliorate
clinical symptoms and reduce mortality rates. Further, these ther-
apeutic strategies might be considered in combination with im-
munotherapies such as anti-IL-6 or anti-IL-1 in severe COVID-19.
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Reverse transcriptomics of blood immune cells derived from
COVID-19 patients predicted the broadly anti-inflammatory
drug dexamethasone and other corticosteroids as potentially
beneficial for a subgroup of severely il COVID-19 patients
(Aschenbrenner et al., 2021). Indeed, dexamethasone was
shown to be beneficial, particularly in patients with severe dis-
ease courses where it reduced 28-day mortality in randomized
clinical trials (RECOVERY Collaborative Group et al., 2021; Tom-
azini et al., 2020; WHO Rapid Evidence Appraisal for COVID-19
Therapies (REACT) Working Group et al., 2020). Further, molec-
ular prediction of drug responses may guide the way for preci-
sion medicine approaches following patient stratification.

SUMMARY AND OUTLOOK

Valuable descriptive and correlative information about COVID-
19 has been gathered during the first months of the pandemic
(Figure 6). COVID-19 can be divided in at least five phases
(Figure 1), starting with the infection of ACE2* epithelial cells of
the respiratory tract leading to cell-autonomous defense mech-
anisms of the infected cells. The second, local immune response
phase is characterized by an atypical and heterogeneous type |
IFN response due to SARS-CoV-2 attacking the IFN system.
Further mechanistic insights into the regulation of the heteroge-
neity of the type | IFN response combined with the elevated
expression of NF-kB-associated inflammatory genes mainly in
severe COVID-19 are urgently needed. Organ involvement,
magnitude of clinical symptoms, and length of this phase is high-
ly variable, and whether the heterogeneity of innate immunity is
causally related to the clinical heterogeneity also requires further
work. Here, sex differences concerning innate immunity in
COVID-19 need to be considered (Takahashi et al., 2020) and
molecularly characterized. This is similarly true for a potential
role of innate immune cells such as NK cells, innate lymphoid
cells, mast cells, basophils, or eosinophils, which have not yet
been studied in sufficient detail in COVID-19.

To further improve our knowledge on COVID-19 and, in partic-
ular, on innate immunity against SARS-CoV-2 infection, future
studies need to be tailored to address important questions for
each disease phase. To better determine individuals at risk for
an incomplete innate immune response during infection and
local immunity, risk scores based on genetic findings (Zhang
et al., 2020a) but also integrating environmental conditions
(e.g., microbiome, mucosal infections, inflammaging, immuno-
senescence, and comorbidities) need to be developed that
would predict insufficient first line defense against SARS-CoV-
2. Parameters measurable at earlier phases of the disease would
be useful to predict the outcome of viral sepsis. Recent attempts
have explored this in smaller studies (Bernardes et al., 2020; Del
Valle et al., 2020; Shu et al., 2020; Silvin et al., 2020), however,
joining forces to address some of the suggested early predictors
and validate them in larger multicenter trials (Arunachalam et al.,
2020; Su et al., 2020) utilizing high-content, high-throughput,
high-resolution technologies is the next step to study COVID-
19 systematically. A better understanding of the molecular im-
mune mechanisms, particularly at the transition from a local to
a systemic response phase and during viral sepsis, is a prereq-
uisite to introduce novel therapies. For example, the vicious cy-
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cle of viral sepsis developing in an affected individual already
suffering from chronic obstructive pulmonary disease (COPD)
might differ from the disease course observed in an obese per-
son and therefore might require other therapies. Large enough
observational validation studies with longitudinal sampling will
ensure sufficiently covered molecular subtypes of COVID-19,
which subsequently need to be supported by mechanistic
studies in animal models (Mulchandani et al., 2021).

More evidence accumulates suggesting that a yet unknown
fraction of patients will suffer from what is described as Long
COVID-19, a chronic iliness with very heterogeneous symptoms
(Marshall, 2020). These include chronic fatigue syndrome (Salis-
bury, 2020) and a spectrum of psychiatric disorders ranging from
cognitive decline, depression, to even neurodegeneration (Ta-
quet et al., 2021). A better description of the heterogeneity of
Long COVID-19 and the underlying molecular mechanisms
need to be established to provide therapeutic options for these
patients. It will be interesting to see how the immune deviations
seen in acute COVID-19 extend or further develop in these pa-
tients. It will be important to generate large enough registries
of individuals suffering from Long COVID-19 to address the
mechanisms involved in this heterogeneous syndrome.
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