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How Do Molecular Tests Work?
I - Types of SARS-CoV-2 Diagnostic Tests
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How Do Molecular Tests Work?
II - COVID-19 Diagnostics Testing through RT-qPCR
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(Positive)

(Negative)

How Do Molecular Tests Work?
III - Fluorescent Probe-Based Quantitative PCR (qPCR)



Qian et al Anal. Chim. Acta (2018)

• Key Differences from PCR 
• Cutting site (restriction site) in 

primer

• Presence of enzyme to make cuts 

(restriction enzyme - Nt.BstNBI)

• Strand-displacing polymerase (Bst)


• Advantages 
• Faster - reaction can be run at a 

single temperature (isothermal)

• More sensitive - >2 fold 

amplification per cycle (PCR)


• Disadvantages 
• Specificity - common to see non-

specific products; high background

How Do Molecular Tests Work?
III - Nicking Enzyme Amplification Reaction (NEAR, IDNow)



Why Are Antigen Tests Less Accurate?
I - How Lateral Flow Antigen Testing Works
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modified from Nguyen T et al Knowable Magazine 2020 and Abbott B & Marcus AD, Wall Street Journal, 2020
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Why Are Antigen Tests Less Accurate?
II - Differences in Detection Between Molecular & Antigen Tests

Molecular Tests 
Amplify Target (Viral Genome)


Antigen Tests 
No Target (Viral Protein) 


Amplification




Gugliemi Nature (2020)

Why Are Antigen Tests Less Accurate?
II - All Tests Have Limits …



Why Are Antigen Tests Less Accurate?
IV - … But Each Test Has A Purpose



Testing
Miscellaneous Quick Answers

Why Were There Shortages in Testing? 
• Production (materials, facilities, staff, etc)

• Testing (materials, instrumentation, CLIA certified labs & staff, etc)

• Allocation of Tests & Materials


Why Does It Take Over A Day To Get Results? 
• Point-of-Care / Rapid Tests 

• Abbott IDNow (molecular: ~15 min/test, 1 test/run)

• Cepheid Xpress (molecular: ~35 min/test, 2-80 tests/run)

• Quidel Sofia2 (antigen: ~15 min/test, 1 test/run)

• Ellume COVID-19 home test (antigen: ~15 min/test, 1 test/run )


• RT-qPCR (molecular) 
• Straight from collection,: ~ 120 min/test, 10-90 tests/run*


• *depends on size of plate, pooling, # of primer sets 
• Bottlenecks: transport to lab, certified staff, time from sample 

collection, sample back-log, etc



Testing Herd Immunity 
& Vaccines

Disease 
& Treatments



What is Herd Immunity  
& How is it Achieved?
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• Herd immunity is achieved when, on average, one infected 
person in a generates less than one secondary case (R<1)


• Without NPI (pC = 0), herd immunity (R<1) isachieved when:

When is Herd Immunity Achieved?
The Relationship Between R0 & pI

Fontanet & Cauchemez Nat. Rev. Immunol. (2020)

R = (1-pC)(1-pI)R0
R = effective reproduction number 

pC = reduction of transmission due to non-pharmaceutical interventions (NPI)
pI = proportion of immune individuals
R0 =basic reproduction number; varies

pI = 1-1/R0

R0 pI

Seasonal Influenza

Measles


SARS-CoV2



• Herd immunity is achieved when, on average, one infected 
person in a generates less than one secondary case (R<1)


• Without NPI (pC = 0), herd immunity (R<1) is achieved when:

When is Herd Immunity Achieved?
The Relationship Between R0 & pI

Fontanet & Cauchemez Nat. Rev. Immunol. (2020)

R = (1-pC)(1-pI)R0
R = effective reproduction number 

pC = reduction of transmission due to non-pharmaceutical interventions (NPI)
pI = proportion of immune individuals
R0 =basic reproduction number; varies

pI = 1-1/R0

R0
pI 

(as a%)

Seasonal Influenza 1.28 (median) 22% (median)
Measles
 12 - 18 92 - 94%

SARS-CoV-2 2.5 - 4 60 - 75%



What Types of Vaccines Are In Development?
I - Types of Vaccines
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modified from Dai & Cai Nat. Rev. Immuno. (2020)

DNA

RNA

protein

transcription

translation



What Types of Vaccines Are In Development?
II - The Mechanism of SARS-CoV-2 Entry as a Vaccine Target
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What Types of Vaccines Are In Development?
III - Major Targets Used in COVID-19 Vaccine Candidates

Dai & Cai Nat. Rev. Immuno. (2020)

Pfizer/BioNTech/Fosun Pharma (mRNA) 
Moderna/NIAID (mRNA)

Oxford/AstraZeneca (viral vector)
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Why Does COVID-19 Have Varying Severity?
I - A Very Brief & Simplified Overview of Immunity



Why Does COVID-19 Have Varying Severity?
II - COVID-19 Susceptibility & the Type I Interferon Pathway

modified from Beck & Aksentijevich Science (2020)
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are a hallmark of many autoimmune dis-

eases and are thought to be a contributor to 

autoimmune pathophysiology. Neutralizing 

autoantibodies against type I IFNs, mostly 

IFN-a2 and IFN-v, were found in up to 13.7% 

(135/987) of patients with life-threatening 

COVID-19 and were shown to neutralize 

activation of the pathway in vitro. By con-

trast, these autoantibodies were not present 

in 663 patients with asymptomatic or mild 

COVID-19 and were only found in 0.33% 

(4/1227) healthy individuals not exposed to 

SARS-CoV-2. The presence of neutralizing au-

toantibodies correlated with low serum IFN-a

concentrations. Autoantibodies against type I 

IFNs were also detected in blood samples of 

some patients obtained before SARS-CoV-2 

infection, indicating that their production 

was not triggered by the virus in those pa-

tients. Notably, inactivating autoantibodies 

were identified primarily in males (94%) and 

may be a cause of the higher male-specific 

disease mortalities.

By analyzing patients with severe 

COVID-19, these two studies provide evi-

dence that type I IFNs are protective against 

COVID-19 and that limiting this response 

through either gene mutations or autoanti-

bodies leads to severe disease. Autoantibodies 

against other proinflammatory cytokines—

including type II IFN (IFN-g), interleukin-6 

(IL-6), IL-17A, and IL-17F—have been re-

ported in healthy individuals, patients with 

autoimmune diseases, and other opportunis-

tic infections, although the function of these 

autoantibodies is not always understood (13). 

Studying the mechanisms of acquired im-

munodeficiency, perhaps related to sex and 

aging, could help reduce infectious disease 

morbidity and mortality.    

Type I IFN concentrations are tightly regu-

lated, with several rare monogenic autoin-

flammatory and immunodeficiency disorders 

caused by either too much or too little inter-

feron production, respectively. Healthy peo-

ple may have impaired type I IFN responses 

owing to inherited loss-of-function variants 

in genes encoding components of the type I 

IFN signaling cascade but remain clinically 

silent until they encounter particular viruses 

or other microbes (8). This may be the case in 

severe COVID-19 patients who have no prior 

history of clinical immunodeficiency.

Collectively, this work has important 

therapeutic implications. Inhaled IFN-b and 

systemic antiviral therapies are being stud-

ied for COVID-19 in clinical trials (14). The 

studies of Zhang et al. and Bastard et al. of-

fer a potential avenue for identifying people 

who are at risk of developing life-threatening 

SARS-CoV-2 infection, primarily older men, 

by a presymptomatic screening of their 

blood samples for type I IFN autoantibodies. 

Identification of such patients may also be 

important to avoid potential therapeutic use 

of their convalescent plasma (which will con-

tain the cytokine-neutralizing autoantibod-

ies) in ongoing clinical trials. Furthermore, 

recombinant IFN-b treatment may not ben-

efit patients with neutralizing autoantibod-

ies, whereas it may work well for patients 

who carry loss-of-function variants in type I 

IFN genes, other than IFNAR1 or IFNAR2. In 

patients with autoantibodies, treatment with 

IFN-b may be beneficial because neutralizing 

autoantibodies against this cytokine appear 

to be less common (4, 14). Findings from 

these studies have paved the way for preci-

sion medicine and personalized treatment 

strategies for COVID-19.

What remains unknown are the contribu-

tions of genetic variation outside of the type I 

IFN pathway for defense against SARS-CoV-2 

infection. Additionally, although Zhang et al. 

focused on rare germline variation, the roles 

of common single-nucleotide polymorphisms 

(SNPs) and acquired somatic mutations in 

immune cells, which accumulate with age, 

need to be investigated. Further comprehen-

sive genetic studies could also help provide 

insights into the potential contribution of 

deleterious variation in the severe SARS-

CoV-2–associated multisystem inflammatory 

syndrome in children (15). Although the stud-

ies of Zhang et al. and Bastard et al. illumi-

nate the importance of pathways responsible 

for clearing infections, it is also possible that 

proinflammatory variants may either re-

duce or enhance disease severity. Why some 

patients who carry pathogenic variants in 

innate immune genes, such as IFN-related 

genes, remain asymptomatic until their expo-

sure to a specific pathogen is likely explained 

by the presence of other genetic modifying al-

leles or epigenetic factors. Unbiased genomic 

studies can answer some of these questions; 

however, they need to be expanded to larger 

and more diverse populations (beyond 

mostly European descent) to meaningfully 

address the susceptibility to SARS-CoV-2 and 

other potentially pandemic viral infections. 

Ultimately, through collaborative efforts, bio-

medical research should and will help com-

bat spread of the virus by identifying people 

at risk with rapid diagnostic tests and facili-

tating new targeted therapies. j
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COVID-19, coronavirus disease 2019; IFN, interferon; IFNAR, type I IFN receptor; ISG, IFN-stimulated gene; IKK«, inhibitor of nuclear factor kB kinase 
subunit «; ISRE, IFN-stimulated response element; IRF, IFN-regulatory factor; JAK, Janus kinase; PRR, pattern recognition receptor; STAT, signal 
transducer and activator of transcription; TBK1, TANK-binding kinase 1; TICAM1, TIR domain–containing adapter molecule 1; TLR, Toll-like receptor. 

Viral sensing by the type I interferon pathway
Viral particles are sensed by various PRRs, including cytosolic sensors. Type I IFNs are potent antiviral 
cytokines produced by innate immune cells. They bind a specific cell-surface receptor and signal through the 
JAK-STAT pathway to induce expression of ISGs that encode other antiviral proteins and various transcription 
factors. Subsets of patients with severe COVID-19 have loss-of-function genetic variants in several members of 
the type 1 IFN pathway (red) or neutralizing autoantibodies against type I IFNs, specifically IFN-a2 and IFN-v.
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red = neutralizing autoantibodies or loss-of-function genetic variants in subsets of patients with severe COVID-19

function to 
limit viral 

replication
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are a hallmark of many autoimmune dis-

eases and are thought to be a contributor to 

autoimmune pathophysiology. Neutralizing 

autoantibodies against type I IFNs, mostly 

IFN-a2 and IFN-v, were found in up to 13.7% 

(135/987) of patients with life-threatening 

COVID-19 and were shown to neutralize 

activation of the pathway in vitro. By con-

trast, these autoantibodies were not present 

in 663 patients with asymptomatic or mild 

COVID-19 and were only found in 0.33% 

(4/1227) healthy individuals not exposed to 

SARS-CoV-2. The presence of neutralizing au-

toantibodies correlated with low serum IFN-a

concentrations. Autoantibodies against type I 

IFNs were also detected in blood samples of 

some patients obtained before SARS-CoV-2 

infection, indicating that their production 

was not triggered by the virus in those pa-

tients. Notably, inactivating autoantibodies 

were identified primarily in males (94%) and 

may be a cause of the higher male-specific 

disease mortalities.

By analyzing patients with severe 

COVID-19, these two studies provide evi-

dence that type I IFNs are protective against 

COVID-19 and that limiting this response 

through either gene mutations or autoanti-

bodies leads to severe disease. Autoantibodies 

against other proinflammatory cytokines—

including type II IFN (IFN-g), interleukin-6 

(IL-6), IL-17A, and IL-17F—have been re-

ported in healthy individuals, patients with 

autoimmune diseases, and other opportunis-

tic infections, although the function of these 

autoantibodies is not always understood (13). 

Studying the mechanisms of acquired im-

munodeficiency, perhaps related to sex and 

aging, could help reduce infectious disease 

morbidity and mortality.    

Type I IFN concentrations are tightly regu-

lated, with several rare monogenic autoin-

flammatory and immunodeficiency disorders 

caused by either too much or too little inter-

feron production, respectively. Healthy peo-

ple may have impaired type I IFN responses 

owing to inherited loss-of-function variants 

in genes encoding components of the type I 

IFN signaling cascade but remain clinically 

silent until they encounter particular viruses 

or other microbes (8). This may be the case in 

severe COVID-19 patients who have no prior 

history of clinical immunodeficiency.

Collectively, this work has important 

therapeutic implications. Inhaled IFN-b and 

systemic antiviral therapies are being stud-

ied for COVID-19 in clinical trials (14). The 

studies of Zhang et al. and Bastard et al. of-

fer a potential avenue for identifying people 

who are at risk of developing life-threatening 

SARS-CoV-2 infection, primarily older men, 

by a presymptomatic screening of their 

blood samples for type I IFN autoantibodies. 

Identification of such patients may also be 

important to avoid potential therapeutic use 

of their convalescent plasma (which will con-

tain the cytokine-neutralizing autoantibod-

ies) in ongoing clinical trials. Furthermore, 

recombinant IFN-b treatment may not ben-

efit patients with neutralizing autoantibod-

ies, whereas it may work well for patients 

who carry loss-of-function variants in type I 

IFN genes, other than IFNAR1 or IFNAR2. In 

patients with autoantibodies, treatment with 

IFN-b may be beneficial because neutralizing 

autoantibodies against this cytokine appear 

to be less common (4, 14). Findings from 

these studies have paved the way for preci-

sion medicine and personalized treatment 

strategies for COVID-19.

What remains unknown are the contribu-

tions of genetic variation outside of the type I 

IFN pathway for defense against SARS-CoV-2 

infection. Additionally, although Zhang et al. 

focused on rare germline variation, the roles 

of common single-nucleotide polymorphisms 

(SNPs) and acquired somatic mutations in 

immune cells, which accumulate with age, 

need to be investigated. Further comprehen-

sive genetic studies could also help provide 

insights into the potential contribution of 

deleterious variation in the severe SARS-

CoV-2–associated multisystem inflammatory 

syndrome in children (15). Although the stud-

ies of Zhang et al. and Bastard et al. illumi-

nate the importance of pathways responsible 

for clearing infections, it is also possible that 

proinflammatory variants may either re-

duce or enhance disease severity. Why some 

patients who carry pathogenic variants in 

innate immune genes, such as IFN-related 

genes, remain asymptomatic until their expo-

sure to a specific pathogen is likely explained 

by the presence of other genetic modifying al-

leles or epigenetic factors. Unbiased genomic 

studies can answer some of these questions; 

however, they need to be expanded to larger 

and more diverse populations (beyond 

mostly European descent) to meaningfully 

address the susceptibility to SARS-CoV-2 and 

other potentially pandemic viral infections. 

Ultimately, through collaborative efforts, bio-

medical research should and will help com-

bat spread of the virus by identifying people 

at risk with rapid diagnostic tests and facili-

tating new targeted therapies. j
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Viral sensing by the type I interferon pathway
Viral particles are sensed by various PRRs, including cytosolic sensors. Type I IFNs are potent antiviral 
cytokines produced by innate immune cells. They bind a specific cell-surface receptor and signal through the 
JAK-STAT pathway to induce expression of ISGs that encode other antiviral proteins and various transcription 
factors. Subsets of patients with severe COVID-19 have loss-of-function genetic variants in several members of 
the type 1 IFN pathway (red) or neutralizing autoantibodies against type I IFNs, specifically IFN-a2 and IFN-v.
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Why Are There So Many Long-Haulers?
Data Below Not Yet Peer-Reviewed; Take with a Grain of Salt

Chioh FWJ et al medRxiv (2020)

• COVID-19 as a vascular disease (Chioh et al medRxiv 2020)

• persistent immune activation —> endothelial cell dysfunction 


• Cytokine profile suggests long-haulers have the capability to 
activate T cells, but inability to recruit them (Patterson et al 
bioRxiv 2020)

• additional support for COVID-19 as a vascular disease
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Additional Resources
To Quench Your Thirst For Knowledge
Testing 

• How Coronavirus Antibody, Genetic and Antigen Tests Work

• Coronavirus Test: Real Time RT-PCR - Animation

• Coronavirus Antibody Test - Animation


Herd Immunity & Vaccines 
• Virology Lectures 2020 #19 - Vaccines

• COVID-19 Vaccine & Therapeutics Tracker

• What Does 95% Effective Mean? Teaching the Math of Vaccine Efficacy

• There Are Four Types of COVID-19 Vaccines: Here’s How They Work

• Moderna/NIAID Pre-Clinical: Corbett KS et al. Evaluation of the mRNA-1273 Vaccine Against 

SARS-CoV-2 in Nonhuman Primates. N. Engl. J. Med.  383, 1544-55 (2020).

• Oxford/AstraZeneca Pre-Clinical: van Doremalen N et al. ChAdOx1 nCoV-19 Vaccine Prevents 

SARS-CoV-2 Pneumonia in Rhesus Macaques. Nature 586, 578-82 (2020).

• Pfizer/BioNTech Phase I: Walsh EE et al. Safety and Immunogenicity of Two RNA-based 

COVID-19 Vaccine Candidates. N. Engl. J. Med.  383, 2439-50 (2020).


Disease & Treatments 
• COVID-19 Vaccine & Therapeutics Tracker

• Immunology of COVID-19: Current State of the Science 


Other / General 
• This Week in Virology

• New Mutant Strain


• Preliminary Genomic Characterization of an Emergent SARS-CoV-2 Lineage in the UK 
Defined By a Novel Set of Spike Mutations


• Mutant Coronavirus in the United Kingdom Sets Off Alarms, But Its Importance Remains 
Unclear


• Why the New COVID-19 Mutations Might Not Be As Scary As You Think

https://www.youtube.com/watch?v=VUvtuKUP-M0&t=36s
https://www.youtube.com/watch?v=ThG_02miq-4
https://www.youtube.com/watch?v=ouDY_pxGiIY
https://www.youtube.com/watch?v=SEYa0R62nWk&list=PLGhmZX2NKiNldpyRUBBEzNoWL0Cso1jip&index=21
https://biorender.com/covid-vaccine-tracker
https://www.nytimes.com/2020/12/13/learning/what-does-95-effective-mean-teaching-the-math-of-vaccine-efficacy.html
https://www.gavi.org/vaccineswork/there-are-four-types-covid-19-vaccines-heres-how-they-work
https://biorender.com/covid-vaccine-tracker
https://www.sciencedirect.com/science/article/abs/pii/S1074761320301837
https://www.microbe.tv/twiv/
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
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