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Common Clinical Symptoms of COVID-19. 
Both the upper respiratory tract and lower respiratory 
tract manifestations are often the most noticeable if a 
patient is not asymptomatic, in addition to systemic 
symptoms that are the most frequently reported 
regardless of disease severity. 

Red signs/symptoms tend to be over-represented in 
severe patients, but common symptoms are also present 
in more advanced COVID-19. 

A SARS-CoV-2 virus symbol denotes where a live 
virus and/or viral RNA has been isolated. 
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Hematologic, biochemical and immune biomarker abnormalities associated with severe illness and mortality in COVID-19

Brandon Michael Henry Clin Chem Lab Med 2020
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Extrapulmonary complications of COVID‐19: A multisystem disease?
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Liver dysfunction
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Childhood Multisystem Inflammatory Syndrome: 
An Emerging Disease with Prominent Cardiovascular Involvement
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COVID-19 in Children: A Review and Parallels to Other Hyperinflammatory Syndromes
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KD =Kawasaki Disease
HLH = hemophagocytic Lympho-
histiocytosis
MAS= Macrophage Activation Syndrome
HSP = Henoch Schönlein Purpura
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Multisystem Inflammatory Syndrome in Adults Associated with SARS-CoV-2 Infection 
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Abbreviations: Ab = antibody; ALC = absolute lymphocyte count; ALT = alanine aminotransferase; ASA = aspirin; CRP = C-reactive protein; CT = computed tomography; CXR = chest 
radiograph; EKG = electrocardiogram; HTN = hypertension; IL-6 = interleukin-6; IVIG = intravenous immunoglobulin; PCR = polymerase chain reaction; TEE = transesophageal 
echocardiogram; TTE = transthoracic echocardiogram.   * Normal ranges for laboratory studies: ALC 1000–4000 cells/μL; ALT 5–30 IU/L; CRP 0–10 mg/L; D-dimer <500 ng/mL; ferritin 
12–300 ng/mL (men), 12–150 ng/mL (women); IL-6 ≤1.8 pg/mL; troponin I <0.03 ng/mL; troponin T < 0.1 ng/mL. 
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Mechanisms of SARS-CoV-2 Transmission and Pathogenesis

Harrison Trends in Immunology, Dec 2020

Following inhalation of SARS-CoV-2 into the respiratory tract, 
the virus traverses deep into the lower lung, where it infects a 
range of cells, including alveolar airway epithelial cells, 
vascular endothelial cells, and alveolar macrophages. Upon 
entry, SARS-CoV-2 is likely detected by cytosolic innate 
immune sensors, as well as endosomal toll-like receptors 
(TLRs) that signal downstream to produce type-I/III interferons 
(IFNs) and proinflammatory mediators. 
The high concentration of inflammatory cytokines/chemokines 
amplifies the destructive tissue damage via endothelial 
dysfunction and vasodilation, allowing the recruitment of 
immune cells, in this case, macrophages and neutrophils. 
Vascular leakage and compromised barrier function promote 
endotheliitis and lung edema, limiting gas exchange that then 
facilitates a hypoxic environment, leading to respiratory/organ 
failure. The inflammatory milieu induces endothelial cells to 
upregulate leukocyte adhesion molecules, thereby promoting 
the accumulation of immune cells that may also contribute to 
the rapid progression of respiratory failure. 
Hyperinflammation in the lung further induces transcriptional 
changes in macrophages and neutrophils that perpetuate 
tissue damage that ultimately leads to irreversible lung 
damage. 
Recent evidence suggests that systemic inflammation induces 
long-term sequela in heart tissues 

Abbreviations: BALF, bronchoalveolar lavage fluid; IRF3, 
interferon regulatory factor 3; NF-κB, nuclear factor-κB; RIG-I, 
retinoic acid-inducible gene I; STAT1/2, signal transducer and 
activator of transcription 1/2; STING, Stimulator of interferon 
genes.
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Immune determinants of COVID-19 disease presentation and severity
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Coronavirus Disease 2019- Associated Coagulopathy

Lippi Mayo Clin Proc. 2021;96(1):203-217
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Endothelium Infection and Dysregulation by SARS-CoV-2: Evidence and Caveats in COVID-19

Isabelle Bernard Viruses Jan 2021
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SARS-CoV-2 infections in children and young people

Felsenstein Clin Immunol Sept 2020
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Fig. 1. Immune pathogenesis of COVID-19.    SARS-CoV2 can infect epithelial cells (EC) through the ACE2 transmembrane enzyme. It evades the early innate immune response through 
suppressing Toll-like receptor (TLR3 and 7) and/or cytosolic RNA receptor (RIG-I, MDA5) mediated type I interferon signaling, which results in spreading of the infection. 
When a threshold is reached, cells become necrotic and virus particles are released together with nuclear and cytosolic components, both of which can form immune complexes. Virus 
containing IC infect monocytes/macrophages (Mφ) and induce massive pro-inflammatory cytokine expression (IL-1, IL-6, TNF-α) in a process named antibody dependent enhancement. IC also 
activate the complement and clotting cascades, contributing to inflammation and deranged coagulation. 
Further (uninfected) monocytes/macrophages invade the area and produce type I interferons and pro-inflammatory cytokines, further contributing to inflammation and tissue damage
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Figure 5. Evasion of the Pattern Recognition Receptor-Type I Interferon 
(PRR-IFN-I) Pathways by Coronaviruses (CoVs).
A simplified schematic of the canonical IFN response after sensing RNA 
viruses. Viral nucleic acid is first recognized by PRRs (e.g., retinoic acid-
inducible gene I; RIG-I) that perpetuate signal transduction through an 
adaptor complex on the mitochondrial (mitochondrial antiviral-signaling 
protein; MAVS) or endoplasmic reticulum (Stimulator of interferon 
genes; STING) membrane surface. 
Here, the PRR–adaptor interactions recruit kinases that converge into a 
large complex, leading to phosphorylation of interferon regulatory factor 
3/7 (IRF3/7) and nuclear factor-κB (NF-κB), transcription factors that 
enter the nucleus and transcribe IFN genes. 
Type-I and type-III IFNs then signal in an autocrine or
paracrine manner through the Janus kinase 1 (JAK1)/signal transducer 
and activator of transcription 1 and 2 (STAT1/2) pathway, culminating in 
antiviral IFN-stimulated
gene (ISG) transcription. 
Listed here are SARS-CoV (CoV), SARS-CoV-2 (CoV-2), and MERS-CoV (M-
CoV) IFN-I antagonists, which render these viruses resistant to IFN 
responses. 
IFN-III is also implicated in exhibiting potent antiviral effects in 
lung/intestinal tissues, but the underlying evasion strategies of this 
pathway for these viruses are currently unknown. SARS-CoV proteins are 
highlighted in blue, while functions of SARS-CoV-2 and MERS-CoV
proteins are highlighted in red and green, respectively.
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Understanding SARS-CoV-2-related multisystem inflammatory syndrome in children

Rowley Nature Reviews Immunology Aug 2020
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Fig. 1 | Pathogenesis of multisystem inflammatory syndrome in children: a hypothesis.
The timing of the interferon (IFN) response to SARS-CoV-2 infection can vary with viral load and genetic differences in host response. 
When viral load is low, IFN responses are engaged and contribute to viral clearance, resulting in mild infection. 
When viral load is high and/or genetic factors slow antiviral responses, virus replication can delay the IFN response and cytokine storm can result 
before adaptive responses clear the virus, resulting in severe disease including multisystem inflammatory syndrome in children (MIS-C)



Impaired type I interferon activity and inflammatory responses in severe COVID-19
(in population without genetic errors or IFN-auto-antibodies) 
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Life-Threatening COVID-19: Defective Interferons Unleash Excessive Inflammation 
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Figure 1. Inborn Errors of Type I IFN Immunity or Autoantibodies against Type I IFNs 
Underlie Life-Threatening COVID-19 Pneumonia: A Two-Step Model of Pathogenesis 
Monogenic inborn errors of type I IFN immunity have been found in about 3% of 
patients with critical COVID-19 pneumonia, and neutralizing autoantibodies against 
type I IFNs have been found in another 10% of patients. 
Products of known viral disease-causing genes of the TLR3- and IRF7-dependent type I 
IFN inducing pathway or the IFNAR1/IFNAR2-mediated type I IFN-responsive and 
amplification pathway are presented either in red (when deleterious mutations have 
been identified in patients with critical COVID-19 pneumonia) or in blue (when no 
deleterious mutations have been identified in patients with critical COVID-19). 
Variants of 3 of the 13 loci were known to underlie critical influenza pneumonia (TLR3, 
IRF7, IRF9). 
Variants of the other 10 loci were known to underlie other viral illnesses. 
Variants of two genes can underlie severe influenza or SARS-CoV-2 pneumonia (thick-
lined frames, TLR3 and IRF7). 
Autoantibodies (in red) neutralize the activity of type I IFNs. 

In this two-step model of pathogenesis, inadequate type I IFN responses during the first 
few hours and days of infection result in viral spread to the lungs and beyond. This
results, 1 to 2 weeks later, in pulmonary and systemic hyperinflammation, largely due to 
the recruitment of leukocytes, which produce excessive amounts of cytokines.
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Cheng PNAS Oct 2020
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Cheng PNAS Oct 2020

Fig. 1. Binding of TCR to SARS-CoV-2 spike trimer near the “PRRA” insert.
(A) Overall and (B) close-up views of the complex and interfacial interactions.

In A, the spike monomers are colored white, ice blue/gray, and spectrally
from blue (N-terminal domain) to red, all displayed in surface representation.
The N and C termini and RBD of the spectrally colored monomer, which
also binds the TCR, are labeled; for better visualization, the S trimer is oriented
such that its RBDs are at the bottom. TCR α- and β-chains are in red
and cyan ribbons. 

In B, the segment S680PPRAR685 including the PRRA insert and the highly 
conserved cleavage site R685 is shown in van der Waals representation (black 
labels); nearby CDR residues of the TCR Vβ domain are labeled in blue/white. 
See additional information
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Cheng PNAS Oct 2020

Fig. 2. Sequence and structural properties of the insert PRRA. 
SARS-CoV-2 encodes both a cleavage site and Super Antigen-like motif 
near the insertion PRRA that is distinct from all SARS-related β-CoVs. 

(A) Sequence alignment of SARS-CoV-2 and multiple SARS-related 
strains near the insertion PRRA.
(B) Structural alignment of SARS-CoV-2 and SARS1 at the same region. 
The PRRARS motif is shown in red sticks. 
(C) SARS-CoV-2 S trimer composed of S1 subunits only. The protomers 
are colored orange, red, and gray, and displayed in van der Waals 
format. The hydrophobic, hydrophilic, acidic, and basic residues in the 
protruding motifs E661 to R685 are colored white, green, red, and blue, 
respectively. 
(D) Sequence similarity between the close neighborhood of the PRRA 
insert, neurotoxin motifs reported earlier (20), and HIV-1 gp120 
superantigenic motif (63) in the last row.
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Cheng PNAS Oct 2020

Fig. 3. The “PRRA” insert in SARS-CoV-2 spike exhibits sequence and structure properties similar 
to those of the bacterial superantigen SEB. 

(A) Alignment of SEB superantigenic sequence (21) against the homologous sequence of SARS-
CoV-2 spike near the PRRA insert and corresponding SARS1 S segment. Alignments are displayed 
for both forward (Top) and reverse (Bottom) ordering of the SEB sequence. 
Note the similarities betweenthe former two, while the third (SARS1 S) shows similarities to SARS-
CoV-2, but not to SEB, sequence. Charged amino acids and a critical asparagine that are 
structurally conserved between SARS-CoV-2 S and SEB, as illustrated in B and C,
are written in boldface in the Lower alignment. 

(B) Structure of the superantigenic peptide (T150-D161) observed in the crystal structure of SEB 
(64) (PDB ID code 3SEB). 
(C) Structural model for SARS-CoV-2 S palindromic motif E661-R685. 
(D) Homologous region in SARS1 S exhibits totally distinctive structural features. Three features 
(highlighted by pink, blue, and yellow circles) are absent in SARS1 S. The motifs in B and C are 
polybasic (three lysines and three arginines in the respective cases), whereas SARS1 S counterpart 
has one basic residue (R667) only; the former two possess a scaffolding ASN, absent in SARS1. 

(E) Structural alignment of CD28, the receptor binding SEB, onto TCRVβ domain, in support of the 
adaptability of the putative SAg site to accommodate spike−TCRVβ or SEB−CD28 interactions.
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Cheng PNAS Oct 2020

Fig. 4. The interfacial interactions between SARS-CoV-2 spike and 
αβTCR are further stabilized by the association of an ICAM-1−like 
motif with TCRVα domain. 

(A) Interface between SARS-CoV-2 spike and TCR variable domains.
Spike is shown in yellow; TCR Vα and Vβ are in magenta and cyan, 
respectively. The PRRARS insert is highlighted in red; the mutation 
site D839 identified in recent study (26) is in green; SARS-CoV-2 
counterpart of ICAM-1 (CD54)-like motif identified for SARS1 spike 
(23) is in orange. Residues involved in close interfacial contacts are 
shown in sticks, with nitrogen and oxygen atoms colored blue and 
red, respectively. Interactions between atom pairs separated by less 
than 2.5 Å are indicated by black dashed lines. 

(B) A close-up view of the interactions between the PRRARS 
insert/motif and TCR Vβ. 
(C) Same for the D839 mutation site. 
(D) Interactions between selected residues on ICAM-1−like motif 
(labeled, orange) and TCRVα CDRs.
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Cheng PNAS Oct 2020

Fig. 5. Neurotoxin-like sequences in SARS-CoV-2 S RBD and their ability to
bind TCRs. 

(A) Comparison of bioactive, neurotoxin-like (green) and ICAM-1 like 
(orange) segments identified for SARS1 and their SARS-CoV-2 spikes. 

(B) Loci of two neurotoxin-like regions (enclosed in green circles) and one 
ICAM-1 region (orange circle; see Fig. 4) conserved between the two CoVs, 
shown on one monomer (highlighted in yellow) of SARS-CoV-2 S. 

(C) Binding poses of TCR on SARS-CoV-2 (Left) and SARS1 (Right) S proteins, 
making contacts with the indicated conserved neurotoxin motif.
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Superantigenic character of an insert unique to SARS-CoV-2 spike supported by skewed TCR repertoire 
in patients with hyperinflammation

Mary Hongying Chenga PNAS Oct 2020

Fig. 6. Skewing of TRBV usage in severe/hyperinflammatory COVID-19 patients 

The fraction of individual TRBV genes per repertoire is shown as mean ± SEM. 
TRBV genes are sorted to enriched fractions in severe/hyperinflammatory versus 
mild/moderate COVID-19 disease in ascending order from bottom to top. The top 
TRBVs enriched in severe/hyperinflammatory COVID-19 patients (TRBV5-6, 
TRBV14, TRBV13, and TRBV24-1) are enlarged in Inset. 
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A monoclonal antibody against staphylococcal enterotoxin B superantigen inhibits SARS-CoV-2 entry in vitro

Mary Hongying Cheng bioRxiv Nov 2020

Figure 5: Monoclonal antibody 6D3 prevents SARS-CoV-2 infection. 6D3 or isotype control antibodies (at indicated concentrations) were incubated with 
virus (100 PFU/well) for 1 hour at room temperature before addition to Vero-E6 cells (5x103 cells/well). 48 hours post infection cells were fixed and 
stained for dsRNA or SARS-CoV-2 spike protein. (a) Quantification of the percentage of infected cells per well by dsRNA staining. (b) Representative 
fluorescence images of 6D3-mediated inhibition of virus infection (dsRNA). (c) Quantification of the percentage of infected cells per well by spike
staining. (d) Representative fluorescence images of 6D3-mediated inhibition of virus infection (spike). 


