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Executive Summary
• SARS-CoV-2, the virus that causes COVID-19, is a beta-coronavirus that is closely related 

to SARS-CoV, the virus that caused Severe Acute Respiratory Syndrome (SARS).

• Manifestations of COVID-19 include: asymptomatic infection; a self-limiting illness 
comprised of fever, cough, and various non-specific symptoms; pneumonia, typically 
with ground-glass opacities on CT images; a variety of thrombotic or vasculitic 
syndromes; and life-threatening acute respiratory distress syndrome (ARDS), viral sepsis 
and cytokine storm.

• Antibodies to SARS-CoV-2 begin to appear during the first week after onset of 
symptoms. For a variable period of time (generally weeks 2-3 after onset of symptoms), 
rising antibody titers and declining levels of viral load in the respiratory tract are 
detectable. 

• Virus-specific neutralizing antibodies and T cell responses emerge during 
seroconversion; however, the relationship between the presence of these immune 
responses, viral clearance, and the durability of this response are just beginning to be 
explored. 

• In the early phase of COVID-19, there is a strong correlation between the presence 
of viral RNA detected by polymerase chain reaction (PCR) and the ability to isolate 
replication-competent, presumably transmissible, virus. Emerging data from a very small 
sample of patients suggest that although viral RNA may be detectable in the respiratory 
tract for a prolonged period, the ability to isolate replication-competent virus becomes 
increasingly difficult as antiviral antibodies appear. More data are urgently needed to 
determine whether shedding of viral RNA during convalescence represents infectious 
virus or non-infectious but detectable SARS-CoV-2 nucleic acid. 

• The correlates of protective natural immunity to infection with SARS-CoV-2 are yet to be 
defined; however, a critical role for neutralizing antibodies is suggested by converging 
lines of evidence.

• A broad variety of serological tests for detection of antibodies to SARS-CoV-2 is 
available, including mostly rapid lateral flow assays and more conventional enzyme 
linked immunosorbent assays (ELISA). Interpretation of results is dependent on the 
sensitivity and specificity of the test, as well as the prevalence of COVID-19 in the 
population. 

• Detection of antibodies to the S1 protein or the receptor binding domain (RBD) of the 
S1 protein of SARS-CoV-2 is the most specific indicator of past infection. Antibodies to 
other immunogenic viral components, such as the nucleocapsid protein, are also useful 
indicators of past infection. A confounding factor with regard to specificity of antibody 
tests is the degree to which they detect cross-reactivity with antibodies directed at the 
endemic human coronaviruses (HCoV-OC43, HCoV-HKU1, HCoV-229E, and HCoV-NL63).

• The nature of the interaction between the virus and the host immune response may 
result in a variety of outcomes. Whereas mild infections may not stimulate a robust and 
durable immune response, in severe cases an over-exuberant immune response may 
lead to a spectrum of immunopathologic phenomena. Understanding these dynamics 
has important implications for the diagnosis, treatment and prevention of COVID-19.
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Introduction
Generation of evidence-based guidance for COVID-19 requires a thorough understanding of the natural history of the 
disease as it relates to the dynamics of viral replication, emergence of the adaptive antiviral immune response, and the 
impact of these factors, in turn, on transmissibility of SARS-CoV-2 from an infected individual. In the case of diseases 
for which preventative vaccines are available (e.g., measles, mumps, rubella, diphtheria, tetanus, pertussis, seasonal 
influenza, hepatitis A, hepatitis B, and others), good data are available regarding the correlates of protective immunity 
that develop in patients who recover from the disease. In the majority of viral diseases, the appearance of neutralizing 
antibodies correlates well with viral clearance and clinical recovery. There are, however, notable exceptions. In this regard, 
infection with HIV gives rise to a wide array of immune responses, including neutralizing antibodies as well as virus-
specific cellular immune responses; however, the virus is never cleared by these immune responses, and the natural 
history of the disease is almost uniformly fatal. 

In the case of COVID-19, information is accumulating at an unprecedented rate. Although the outbreak began only at the 
very end of 2019, there are already many thousands of manuscripts and publications on the subject available at https://
connect.biorxiv.org/relate/content/181, and https://www.ncbi.nlm.nih.gov/pubmed/ respectively. On the other hand, 
gaining a deep understanding of the complex interplay between virus and host and how this translates to expression of 
disease and transmissibility takes time far beyond the initial scientific observations that have been made to date.

Lessons From Other Coronaviruses
SARS-CoV-2, the virus that causes COVID-19, is a betacoronavirus that is closely related to SARS-CoV, the virus that 
caused Severe Acute Respiratory Syndrome (SARS). It is the seventh coronavirus known to infect humans. 

Four endemic human coronaviruses, including 2 alphacoronaviruses (HCoV-OC43, and -HKU1), and 2 betacoronaviruses 
(HCoV-229E and –NL63) cause seasonal, generally mild upper respiratory infections. Endemic human coronavirus 
infections are common, especially among children and young adults, with a sharp decline in incidence after the age of 45 
[Gao, J Infect 2015]. These infections generally resolve in association with emergence of antibodies; however, immunity 
is relatively short-lived, and individuals experience multiple repeated infections with the same or different endemic 
coronaviruses over time [Callow, Epidemiol Infect 1990; Galanti, medRxiv 2020; Edridge, medRxiv 2020]. In this regard, 
by 6 months after infection, most people have lost 50% of their endemic coronavirus-specific antibody levels, and by 1 
year, most have lost 75% [Edridge, medRxiv 2020]. In a minority of cases (8-30%), antibodies generated in response to an 
endemic coronavirus infection demonstrate cross-reactivity with the spike and nucleocapsid proteins from SARS-CoV-2 
(Edridge, medRxiv 2020; Ng, bioRxiv 2020). Similarly, in a study of patients with SARS, it was shown that all had pre-
existing antibodies to HCoV-OC43 and -229E, and these antibody titers were boosted by infection with SARS-CoV [Chan, 
Clin Diagn Lab Immunol 2005]. Insofar as endemic coronavirus infections predominantly affect children and young 
adults, it is possible that immune responses to these viruses afford partial protection against SARS-CoV-2. This could in 
part explain the relative protection of people in these age groups from COVID-19. 

SARS-CoV is the etiologic agent of Severe Acute Respiratory Syndrome (SARS), which emerged in 2002 as a severe 
respiratory illness, affecting 26 countries with over 8000 cases and nearly 800 deaths. Liu et al showed that the median 
time of detectability of viral nucleic acid in sputum was 21 days, and in stool it was 27 days. Prolonged shedding of 
PCR-detectable viral RNA was seen in some patients, particularly in stool; however, no culturable live virus could be 
isolated from stool after 6 weeks despite continued RNA shedding for more than 14 weeks (Liu, Emerg Infect Dis 2004). 
Antibody responses reliably develop in SARS patients, with a mean time to seroconversion of 11-15 days [Chan, Clin 
Diagn Lab Immunol 2005; Hsueh, Clin Microbiol Infect 2004]. The IgG response emerged 1-2 days before IgA and IgM, 
and importantly, neutralizing antibodies appeared in this same time frame [Hsueh, Clin Microbiol Infect 2004]. The 
durability of antibody responses in SARS is more robust compared with the endemic coronaviruses, however levels do 
decline significantly with time. Chan et al demonstrated that geometric mean titers of SARS-CoV-specific IgM declined 
by 93% by 7 months after onset of illness and IgA by 64%, although IgG levels were sustained over this time period 
[Chan, Clin Diagn Lab Immunol 2005]. Cao et al showed that 100% of SARS patients had detectable virus-specific IgG 
and neutralizing antibodies over a 16 month period. Although the geometric mean titer of IgG decreased significantly 
over this period, it remained stable for neutralizing antibodies; however, by 3 years after onset of illness, virus-specific IgG 
was no longer detectable in 25% of patients and overall geometric mean titers had decreased by 90%, and neutralizing 
antibodies were no longer detectable in 15% of patients and overall geometric mean titers had decreased by 97% [Cao, 
N Engl J Med 2007]. Most patients become seronegative for SARS between years 3-5 after infection [Tang, J Immunol 
2011]. 
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MERS-CoV causes middle eastern respiratory syndrome, which emerged in 2012 as a potentially severe respiratory 
disease with mortality rates among symptomatic patients as high as 35%. In patients who develop antibodies, the mean 
time to seroconversion is 18 days [Ko, Diagn Microbiol Infect Dis 2017], Among severe cases, failure to seroconvert is a 
very poor prognostic sign [Ko, Diagn Microbiol Infect Dis 2017]. For patients who do seroconvert, the durability of the 
antibody response is robust [Payne, Emerg Infect Dis 2016]. 

All 3 highly pathogenic human coronaviruses, SARS-CoV, MERS-CoV, and SARS-CoV-2 emerged as zoonotic infections, 
with bats as the primary species reservoir. The likely secondary species from which infections have “spilled over” into 
humans include civets (SARS-CoV), camels (MERS-CoV), and possibly pangolins (SARS-CoV-2). 

Natural History of COVID-19
SARS-CoV-2 is closely related to SARS-CoV, and even more closely related to a bat coronavirus, BatCoV RaTG13 [Zhu, N 
Engl J Med 2020]. Bat coronaviruses circulate widely, and Menachery et al. reported in 2015 on one such isolate that had 
the potential to infect humans, by virtue of the ability of the viral spike protein to interact with a receptor on human 
cells [Menachery, Nat Med 2015]. SARS-CoV, SARS-CoV-2, and (theoretically) viruses such as BatCoV RaTG13, gain entry 
into human cells following a priming event by a host protease, TMPRSS2; interaction of the receptor binding domain 
(RBD) of the S1 region of the viral spike protein with human angiotensin converting enzyme-2 (ACE-2); and finally fusion 
of the viral and cell membranes facilitated by the S2 component of the viral spike protein [Li, Nature 2003; Matsuyama, 
J Virol 2010; Hoffman, Cell 2020]. Although it causes primarily a respiratory syndrome, the cellular and tissue tropism 
of SARS-CoV-2 is quite broad [Sungnak, Nat Med 2020], which likely explains some of the heterogeneous clinical 
presentations in COVID-19. 

In those who develop symptomatic disease following infection with SARS-CoV-2, the median incubation period is 
4-5 days, and 97.5% develop symptoms by 12 days [Li, N Engl J Med 2020; Guan, N Engl J Med 2020; Chan, Lancet 
2020; Lauer, Ann Intern Med 2020]. In most symptomatic cases (>80%), the disease presents as a non-specific upper 
respiratory tract infection with fever, dry cough and sore throat. Uncomplicated disease resolves without sequelae in 1-2 
weeks. More severe disease, with dyspnea, hypoxemia, or extensive pulmonary involvement demonstrated by imaging, 
develops in approximately 14% of cases. Critical disease, with respiratory failure, shock, or multi-organ dysfunction, 
occurs in approximately 5% of cases [Wang, JAMA 2020; Huang, Lancet 2020; Chen, Lancet 2020]. 

Risk factors for severe disease and poor outcomes include demographic factors, including age and male sex; comorbid 
conditions, such as hypertension, congestive heart failure, coronary artery disease, chronic lung disease, diabetes, 
obesity, chronic kidney disease, and immunosuppression; and laboratory parameters, including hypoxemia, elevated 
levels of inflammatory markers (i.e., interleukin-6, C-reactive protein, D-dimer, ferritin and procalcitonin), elevated 
neutrophil-to-lymphocyte ratio, and elevated red blood cell distribution width [Zhou, Lancet 2020; Wu, JAMA 2020; 
Petrilli, medRxiv 2020; Zhang, Nature 2020; Kim, medRxiv 2020; Chen, J Clin Invest 2020; Liu Y, J Infect 2020; Ebinger, 
medRxiv 2020; Wei, J Infect 2020; Foy, medRxiv 2020; Cummings, medRxiv 2020]. In otherwise mild-to-moderate cases 
of COVID-19, there can be sudden onset of ARDS and respiratory decompensation that tends to occur during the 
second week after onset of symptoms [Berlin, N Engl J Med 2020]. This syndrome has characteristics of cytokine release 
syndrome [Wang, JAMA 2020; Xiong, Emerg Microbes Infect 2020; Mehta, Lancet 2020]. Although the pathogenesis of 
this delayed onset decompensation is not well defined, preliminary data suggest that it is an immunologically-driven 
phenomenon, rather than a result of uncontrolled viral replication [Lescure, Lancet Infect Dis 2020]. Estimates of overall 
mortality vary widely from country to country, and are driven by a large number of factors; however, age remains the 
strongest factor, with case fatality rates in excess of 15% for patients over the age of 80 years [Dowd, Proc Natl Acad Sci 
2020].

An expanding spectrum of complications is being described as part of COVID-19. This is likely due to a combination of 
direct effects of viral infection in the broad variety of cell types that express viral entry factors, as well as inflammatory 
sequelae of the antiviral immune response. Some of these complications include meningoencephalitis, stroke, 
hypogeusia and hyposmia [Whittaker, Acta Neurol Scand 2020]; acute kidney injury [Hirsch, Kidney Int 2020]; arterial 
and venous thrombotic events, endothelialitis and microangiopathy [Thomas, Thromb Res 2020; Ackermann, N Engl J 
Med 2020]; and a Kawasaki-like syndrome in children [Verdoni, Lancet 2020; Riphagen, Lancet 2020]. A number of these 
disease manifestations may have a common underlying pathogenesis related to expression of viral entry receptors 
on endothelial cells and/or pericytes [Teuwen, Nat Rev Immunol 2020; He, bioRxiv 2020]. In this context, seemingly 
disparate vascular complications may be underpinned by an antiviral immune response that results in an inflammatory 
vasculitis. 
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Viral Dynamics and Adaptive Immune Responses
Acute Infection
PCR testing for the presence of viral nucleic acid is the most reliable and practical method for identifying individuals 
who are infected with SARS-CoV-2. A number of caveats pertain to PCR testing in patients with COVID-19. Firstly, it is 
difficult to sample the critically affected tissue (i.e., lung), and sampling the throat, nasopharynx and nares may not 
serve as adequate surrogates for a number of reasons (e.g., operator variability in swab technique and the relatively 
spartan ability of the epithelium in the upper airway to support viral replication compared with the lower respiratory 
tract). It is also difficult to normalize the PCR signal to the amount of the sample collected on the swab. A commonly 
employed method for semi-quantitation involves recording the cycle number of the PCR at which the sample produced 
a signal above background – the greater the viral load, the fewer PCR cycles needed for the sample to become positive. 

In the early stages of disease, viral nucleic acid is readily detectable in the oro- and nasopharynx, saliva, as well as 
sputum from the lower respiratory tract [Zou, N Engl J Med 2020; Pan, Lancet Infect Dis 2020; Yu, Clin Infect Dis 2020; 
Rothe, N Engl J Med 2020; Williams, J Clin Microbiol 2020]. Less frequently, viral nucleic acid can be detected in stool, 
serum, and urine [Tan, medRxiv 2020; Hogan, medRxiv 2020; Zheng, BMJ 2020; Fang, J Infect 2020; Huang J (1), medRxiv 
2020]. In contrast to the situation in SARS, wherein the appearance of symptoms precedes the peak of infectiousness, 
pre-symptomatic individuals infected with SARS-CoV-2 have detectable levels of virus in their respiratory tract, and 
transmission from such individuals has been documented [Rothe, N Engl J Med 2020; Kimball, Morb Mortal Wkly Rep 
2020; He, Nat Med 2020; Li, Nat Med 2020]. He et al. estimated that 44% of secondary cases of COVID-19 resulted from 
infection by pre-symptomatic individuals. The authors inferred that the period of infectiousness began 2-3 days prior 
to the onset of symptoms, and peaked 0.7 days prior to the onset of symptoms [He, Nat Med 2020]. Asymptomatic 
individuals have lower levels of viral nucleic acid and shorter durations of viral shedding compared with patients who 
subsequently become symptomatic [Zhou, Int J Infect Dis 2020; Xiao, medRxiv 2020].

The ratio of symptomatic to asymptomatic infections with SARS-CoV-2 remains largely unknown at this time. Near the 
peak of the COVID-19 outbreak in New York City in March - April 2020, Sutton et al. adopted universal PCR testing for 
SARS-CoV-2 for all women admitted to 2 hospitals’ labor and delivery wards. Over a 2-week period, 215 women were 
admitted for delivery. Four (1.9%) women had symptoms suggestive of COVID-19 and all 4 tested positive for SARS-
CoV-2. Of the 211 women without symptoms, 29 (13.7%) tested positive for SARS-CoV-2; thus, 29/33 (88%) of women 
who tested positive were asymptomatic [Sutton, N Engl J Med 2020]. 

Higher levels of SARS-CoV-2 RNA in the respiratory tract and/or delayed viral clearance are associated with more severe 
disease [Lescure, Lancet Infect Dis 2020; Liu, Lancet Infect Dis 2020; Huang, Am J Respir Crit Care Med 2020; Zheng, BMJ 
2020; Fang, J Infect 2020; Tan, medRxiv 2020; Lui, J Infect 2020]. In addition, the presence of viral nucleic acid in serum is 
an indicator of severe disease and poor prognosis [Fang, J Infect 2020; Hogan, medRxiv 2020].

Humoral Immune Response 
Antibody responses to SARS-CoV-2 infection are directed at a variety of viral proteins, including the spike (S) protein, the 
membrane (M) protein, and the nucleocapsid (N) protein. Because the receptor binding domain (RBD) of the viral spike 
protein mediates viral entry into human cells via binding to ACE-2, it is not surprising that the RBD, and the S protein 
more generally, are quite immunogenic. 

When detecting antibodies to SARS-CoV-2, it is important to ensure that the assay (whether it is immunofluorescence, 
enzyme-linked immunoassay [ELISA], lateral flow assay, or other) is both sensitive and specific. In this regard, the 
positive predictive value of a positive test from an assay that has 95% specificity in a population with a 5% true 
prevalence of infection is only 50%. Sensitivity depends on selecting immunogenic proteins or peptides that perform 
well under the technical conditions of the assay. Specificity is largely dependent on the ability to discriminate between 
SARS-CoV-2 and other antigens, including those from other human coronaviruses (i.e., SARS-CoV, MERS-CoV, HCoV-
OC43, HCoV-HKU1, HCoV-229E, and HCoV-NL63). 

Okba et al. showed that sera from a small number of COVID-19 patients tested positive in an ELISA using the S protein 
of SARS-CoV and SARS CoV-2, and to a lesser extent, MERS-CoV. With the S1 protein as a target, the sera cross-reacted 
minimally only with SARS-CoV and not at all with MERS-CoV [Okba, Emerg Infect Dis 2020]. Using an in-house ELISA, the 
authors showed that ELISA assays for antibodies to SARS-CoV-2 S1, RBD and N proteins yielded negative results from 
healthy blood donors (N = 45), patients with non-coronavirus respiratory infections (N = 76), and patients with endemic 
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human coronavirus (OC43, HKU1, 229E, and NL63) infections (N = 75). Stored sera from 2 patients with SARS did show 
cross reactivity in all 3 assays. Using a commercially available ELISA for detection of antibodies to SARS-CoV-2 S1 protein, 
4/75 (5.3%) of the sera from the endemic coronavirus panel (OC43, HKU1, 229E, and NL63) had a positive result for IgG 
antibodies, and 5/75 (6.7%) for IgA antibodies. The IgG assay otherwise only showed false positive results with SARS 
sera, whereas the IgA assay also had 1 (2.2%) false positive among the healthy blood donors and 3 (3.9%) false positives 
among the sera from patients with non-coronavirus respiratory infections [Okba, Emerg Infect Dis 2020]. 

The kinetics of the humoral immune response to SARS-CoV-2 are atypical, in that the early peak in the IgM response 
is contemporaneous with IgG and IgA responses rather than preceding them. The largest data sets, using a variety 
of immunoassays, demonstrate that the median time to seroconversion is approximately one week after onset of 
symptoms, with nearly 100% seroconversion by week 3 [see table below]. 

Time after 
symptom onset

Seroconversion 
rate Reference

2-4 days 30% Long, medRxiv 2020

5-7 days 60% Long, medRxiv 2020

6-10 days 50% Liu, J Clin Microbiol 2020

8-10 days 75% Long, medRxiv 2020

11-14 days 50% Zhao, Clin Infect Dis 2020

11-13 days 90% Long, medRxiv 2020

11-15 days 89% Liu, J Clin Microbiol 2020

≥14 days 100% To, Lancet Infect Dis 2020; 
Xiao, J Infect 2020

IgG titers rise and plateau after 3-8 weeks, and IgM titers begin to decline after week 3-5 [Liu, J Clin Microbiol 2020; Xiao, 
J Infect 2020; Zeng, J Infect 2020; Li, medRxiv 2020]. Using the viral S protein, or its component RBD is more sensitive for 
detection of antibodies to the virus compared with the nucleocapsid (N) protein [Liu, J Clin Microbiol 2020; To, Lancet 
Infect Dis 2020]. 

The kinetics of the humoral immune response are quite different in mild-to-moderate cases of COVID-19 compared with 
severe-to-critical cases. For both S-specific and RBD-specific IgG, patients with mild-to-moderate disease have a high 
early peak in these antibody levels followed by a steep decline. In contrast, patients with severe-to-critical disease have 
a delayed rise in these antibody levels, which then remain significantly higher compared with the less severe patients 
[Li, medRxiv 2020]. The steep decline in SARS-CoV-2-specific antibodies in patients with mild-to-moderate disease 
raises the possibility that early peak levels protect these patients from developing severe disease, but that they do not 
develop durable immunity. In this sense, such cases may resemble the transient immune responses associated with 
infection with the endemic coronaviruses. 

Several investigators have probed the B cell receptor repertoire from patients with COVID-19. Clonally expanded virus-
specific B cells emerge, with skewing toward utilization of several heavy chain variable regions. Virus-specific antibodies 
were shown to be predominantly IgG1 and IgA, and were mostly specific for RBD and S. Interestingly, convergent 
responses were seen in which antibodies with virtually identical amino acid sequences were isolated from multiple 
individuals [Robbiani, bioRxiv 2020; Galson, bioRxiv 2020; Nielsen, Nat Res 2020]. 

Neutralizing antibodies, which are able to prevent the virus from infecting susceptible cells, emerge concurrently with 
the rise in antiviral antibody titers [Okba, Emerg Infect Dis 2020; To, Lancet Infect Dis 2020; Wolfel, Nature 2020; Dong, 
medRxiv 2020]. In one study, levels of antiviral IgA correlated somewhat better than IgG with levels of neutralizing 
antibodies [Liu, J Clin Microbiol 2020], and there is a suggestion from a small dataset that an early, robust IgA response 
may be associated with more mild disease [Dahlke, medRxiv 2020]. Wu et al. reported a number of interesting findings 
related to the emergence of neutralizing antibodies in 175 COVID-19 patients who had all recovered from a mild disease 
course [Wu F, medRxiv 2020]. In 6 of these subjects, serial analysis of plasma samples was possible, demonstrating 
contemporaneous appearance of SARS-CoV-2 neutralizing antibodies with antibodies directed against the viral S1 
and S2 proteins as well as the receptor binding domain. These antibody responses mostly peaked between the first 
and second weeks after onset of illness. Samples from all 175 patients at the time of hospital discharge demonstrated 
that 165/175 (94%) had developed SARS-CoV-2 neutralizing antibodies. There was a positive correlation between 
neutralizing antibody titer and age, and stability of the titer was demonstrated in a subset of 47 patients who had paired 
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samples available from the time of hospital discharge and 2 weeks later. The 10 patients who did not develop detectable 
neutralizing antibodies were disproportionately female (80% vs. 53% for the full study population) and young (mean 
age 35 years vs. 50 years for the full study population). Other studies have also found strong correlations between 
neutralizing antibody titers and S- and RBD-specific antibody titers [Amanat, Nat Med 2020; Ni, Immunity 2020; Juno, 
medRxiv 2020].

Most neutralizing antibodies isolated from COVID-19 patients bind to RBD, although some bind to S and not to RBD. 
Among RBD-specific neutralizing antibodies, some compete with ACE-2 for binding, some partially compete with 
ACE-2, and others do not compete with ACE-2 [Wu, Cell Host Microbe 2020; Wan, bioRxiv 2020; Cao, Cell 2020; Seydoux, 
bioRxiv 2020; Wu Y, medRxiv 2020; Brouwer, bioRxiv 2020]. Even amongst RBD-specific neutralizing antibodies that 
compete with ACE-2, electron microscopy shows that different antibodies bind to distinct epitopes [Wu Y, medRxiv 
2020; Brouwer, bioRxiv 2020]. These data indicate the possibility of combining monoclonal antibodies for synergistic 
inhibition of viral entry, and also suggest multiple candidate vaccine targets.

One of the concerns about vaccine candidates is the theoretical possibility of antibody-dependent enhancement, or 
ADE. In the case of Dengue virus, some virus-specific antibodies deliver bound virus into macrophages by virtue of 
their Fc receptor. This “Trojan horse” phenomenon leads to infection of macrophages, hence the term ADE [Halstead, 
J Exp Med 1977; Dejnirattisai, Science 2010]. This phenomenon was at least theoretically possible with SARS-CoV as 
well [Jaume, J Virol 2011; Wang, ACS Infect Dis 2016]. Reassuring data come from Quinlan et al who have shown that 
immunization with the SARS-CoV-2 RBD in an animal model leads to a potent neutralizing antibody response without 
ADE [Quinlan, bioRxiv 2020]. 

Cellular Immune Response
All COVID-19 patients have detectable virus-specific CD4+ T cell responses, and most have CD8+ T cell responses as well. 
S- and RBD-specific T cell responses predominate; however, responses are also detectable against multiple other viral 
components [Grifoni, Cell 2020; Juno, medRxiv 2020; Ni, Immunity 2020]. Relationships between cellular and humoral 
responses have also been mapped. Grifoni et al. found a strong correlation between the frequency of S-specific CD4+ 
T cells and titers of RBD-specific IgG titers [Grifoni, Cell 2020]. Juno et al. found a negative correlation between the 
frequency of S-specific CCR6+CXCR3- (TH17-like) T cells and neutralizing antibody titers [Juno, medRxiv 2020]. Further 
evidence of the importance of the cellular immune response in COVID-19 comes from the observation of a strong 
correlation between convalescence and reappearance of effector/effector memory (CD45RA- CD62L-) and central 
memory (CD45RA- CD62L+) T cells [Odak, medRxiv 2020]. 

Viral Clearance: Convalescence and Beyond
As antibody titers rise during weeks 2-3 after the onset of symptoms, levels of virus decrease and become more difficult 
to detect (see Figure 1). Estimates of the median time from the onset of illness to having a negative viral PCR test 
(nasopharyngeal or throat swabs, or sputum) range from 9.5 - 24 days [Ling, Chin Med J 2020; Lo, Int J Biol Sci 2020; 
Xu, Clin Infect Dis 2020; Chen X, medRxiv 2020; Huang J(1), medRxiv 2020; Xiao, Clin Infect Dis 2020]. Consistent with 
this range, Du et al. found that in secondary cases of COVID-19, the median time between contact with an infected 
individual and a negative PCR test during convalescence was 26 days [Du, J Infect 2020]. Risk factors for prolonged 
shedding of viral RNA include older age, male sex, comorbidities, delayed hospital admission, and invasive mechanical 
ventilation [Xu, Clin Infect Dis 2020; Xiao, Clin Infect Dis 2020). Although Xu et al found that essentially all 113 patients 
with confirmed COVID-19 became PCR-negative by day 35 from the onset of illness [Xu, Clin Infect Dis 2020], others 
have found that in approximately 10% of patients, prolonged shedding of viral nucleic acid (median 53.5 days) may 
occur [Li, J Med Virol 2020]. Interestingly, prolonged shedding in this latter study occurred predominantly in patients 
with mild disease. In addition to the study by Xu et al. noted above, other studies have also found prolonged viral 
shedding in patients with severe disease [Lescure, Lancet Infect Dis 2020; Liu, Lancet Infect Dis 2020; Huang, Am J 
Respir Crit Care Med 2020; Zheng, BMJ 2020; Fang, J Infect 2020; Tan, medRxiv 2020]. Importantly, in a small study of 9 
COVID-19 patients from Germany, Wolfel et al. found that infectious, replication-competent virus (by RT-PCR analysis of 
VERO E6 cell co-cultures) could not be detected after day 8 even when direct PCR of sputum was positive. Similar results 
were found by analyzing samples for subgenomic SARS-CoV-2 RNA, which indicates active viral replication. Subgenomic 
RNA was found in nasopharyngeal swab samples and sputum taken early in the course of disease, but could not be 
detected after day 5 from nasopharyngeal swabs and after day 9 from sputum. Although 2 stool samples had very low 
levels of detectable subgenomic viral RNA, no replication-competent virus could be detected in culture with VERO E6 
cells [Wolfel, Nature 2020]. A similar single case was reported in which SARS-CoV-2 could not be cultured beyond day 
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18 after the onset of symptoms despite persistently positive PCR tests [Liu WD J Infect 2020]. These data, which must 
be replicated on a larger scale, provide some evidence that prolonged positivity for viral RNA detected by RT-PCR is not 
necessarily indicative of active viral replication and infectivity. 

Finally, there is a phenomenon of PCR tests becoming positive again following at least 2 negative tests during 
convalescence [Tang, Infect Control Hosp Epidemiol 2020; Jiang, J Infect 2020; Huang J(2), medRxiv 2020; Ye, J Infect 
2020; Chen, Int J Infect Dis 2020; Cao, J Med Virol 2020; Chen J, medRxiv 2020]. This phenomenon is not rare, and it has 
variously been referred to as reinfection, recurrence, reactivation and recrudescence. Among the case descriptions, most 
patients appear well or have minor non-specific symptoms along with benign laboratory parameters. However, there 
are a few cases in which more significant symptoms have occurred, or that involve modest increases in inflammatory 
biomarkers or worsening of chest imaging studies. Some authors have reported a small number of cases in which 
recurrent positive PCR tests were associated with low levels of virus-specific antibodies [Li, medRxiv 2020; Hu, medRxiv 
2020].

Recurrence of positive PCR tests following convalescence has several possible explanations. In some cases, it is possible 
that the negative tests were actually falsely negative due to inadequate sampling or imperfect test sensitivity: in this 
scenario, low levels of viral replication may be continuous for a prolonged period of time, but may falsely appear to be 
recurrent. If the negative tests preceding the “recurrent” positive test are true negatives, it is still possible that ongoing 
low levels of virus replication are occurring in certain compartments (i.e., the lower respiratory tract), and that viral load 
in the upper respiratory tract is around the limit of detectability. This could give rise to intermittently positive PCR test 
results. A case reported from China supports this possibility. The case involved a 78-year-old woman who recovered 
from COVID-19 and was awaiting discharge from the hospital after 3 consecutive negative nasopharyngeal swab PCR 
tests for SARS-CoV-2. On the day she was to be discharged, she experienced sudden cardiac arrest and died. At autopsy, 
PCR was positive for SARS-CoV-2 nucleic acid in lung tissue, and electron microscopy demonstrated coronavirus 
particles in bronchiolar and alveolar epithelial cells. Histopathological examination showed alveolar damage, hyaline 
membranes, microangiopathy and inflammatory infiltrates consistent with COVID-19 [Yao, Cell Res 2020]. It is also 
possible that there is no ongoing viral replication, and that nucleic acid from neutralized virus is shed slowly or 
intermittently at around the limit of detectability. These different scenarios have different implications with regard to 
potential infectiousness of such patients. A recurrent positive test associated with low levels of virus-specific antibodies 
(as noted above) again raises the question of whether a subset of people who have been infected with SARS-CoV-2 
may have inadequate or insufficiently durable immunity in a manner that is somewhat analogous to infection with the 
endemic coronaviruses. 

SARS-CoV-2 RNA
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Figure 1. Kinetics of viral replication and the humoral immune response.
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Transmissibility
SARS-CoV-2 clearly replicates in the upper and lower respiratory tract in the asymptomatic/pre-symptomatic and early 
stages of COVID-19. Transmission of COVID-19 by asymptomatic and pre-symptomatic SARS-CoV-2-positive individuals 
has been documented, and may be a significant factor in the rapid spread of the pandemic [Rothe, N Engl J Med 2020; 
Kimball, Morbid Mortal Wkly Rep 2020; Sutton, N Engl J Med 2020]. Most transmission from symptomatic individuals 
is believed to occur by respiratory droplets or contact with contaminated surfaces. The theoretical possibility has 
been raised that SARS-CoV-2 may be transmitted in airborne fashion by aerosol [van Doremalen, N Engl J Med 2020], 
although the experimental conditions from this publication are far from physiologic. In a study from the University of 
Nebraska Medical Center, Santarpia et al. found viral RNA in the rooms of patients with COVID-19 in places such as the 
window ledges and the floor underneath the patients’ beds, as well as in air samples more than 6 feet from the patients’ 
beds [Santarpia, medRxiv 2020]. Although neither of these papers has demonstrated the presence of replication-
competent, transmissible virus in aerosol form, the theoretical possibility has been highlighted. 

Conclusion
SARS-CoV-2, the etiologic agent of COVID-19, has had an enormous impact on health, work and life across the globe 
in recent months. The virus is a formidable adversary. A considerable amount of viral replication can occur prior to the 
development of any symptoms, and transmission from asymptomatic individuals is likely quite common. In most cases, 
infection causes a self-limited respiratory illness; however, in some cases very severe multi-organ disease develops after 
a week or more of otherwise unremarkable illness. The later, severe manifestations of COVID-19 may all be variants of 
an over-exuberant immune response directed against ACE-2-expressing cells that have been infected by the virus. An 
inflammatory vasculitis may manifest in a number of different ways, including microangiopathy, and thrombosis. 

The adaptive immune response against the virus involves humoral and cellular elements. Virus-specific IgG, IgM, and 
IgA antibody responses all emerge during the first and second week after infection, and are useful from a diagnostic 
standpoint. Virus-specific T cell responses also develop early. Clearance of virus and convalescence is strongly correlated 
with appearance of neutralizing antibodies (which are generally specific for the spike and RBD elements of the virus) 
and certain CD4+ T cell responses. Although the precise elements of protective immunity are not yet definitively known, 
it is likely that a robust neutralizing antibody response is essential, and likely provides immunity for most convalescent 
individuals for at least some months. Reassuring data in this regard come from infection and re-challenge studies in 
rhesus macaques. In two independent studies, macaques were partially or completely protected against re-infection 
with SARS-CoV-2, and this protection correlated extremely well with neutralizing antibody titers generated following 
the first infection [Bao, bioRxiv 2020; Chandrashekar, Science 2020]. 

Multiple outcomes appear possible based on the dynamics between SARS-CoV-2 infection and the host immune 
response. In asymptomatic or mild disease, it is possible that innate immune mechanisms are very successful in limiting 
viral replication. Adaptive immune responses develop, but at a low amplitude, providing only transient protective 
immunity. This situation may be somewhat analogous to infection with the endemic coronaviruses. In most cases, 
high levels of viral replication are dampened by the emergence of a robust humoral and cellular immune response. 
Clearance of the virus is associated with S- and RBD-specific neutralizing antibody responses as well as certain CD4+ 
T cell responses, and protective immunity (of uncertain durability) results. Finally, in some cases, an over-exuberant 
immune response can trigger life-threatening immunopathological sequelae. These different virus-host dynamics have 
implications for vaccine development and therapeutic paradigms. More than 100 vaccine candidates are already in 
development, and these studies will be tremendously valuable in advancing our understanding of protective immunity 
in COVID-19. In addition, as more is understood about qualitative and quantitative aspects of the antiviral immune 
response, it will become possible to rationally design treatment strategies that include antiviral agents, and in certain 
cases, immunomodulators to address the immunopathological syndromes that emerge in some patients.



Dy
na

m
ics

 o
f S

AR
S-

Co
V-

2 
an

d 
th

e 
Ad

ap
tiv

e 
Im

m
un

e 
Re

sp
on

se

9

Or
en

 C
oh

en
, M

.D
., 

F.I
.D

.S
.A

.; 
M

ar
cia

 E
ise

nb
er

g,
 P

h.
D.

; B
ria

n 
Ca

ve
ne

y,
 M

.D
., 

J.D
., 

M
.P.

H.
; P

au
l K

irc
hg

ra
be

r, 
M

.D
., 

M
.B

.A
.; 

Do
ro

th
y 

Ad
co

ck
, M

.D
.; 

St
ev

e 
An

de
rs

on
, P

h.
D.

References

Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in Covid-19 [published online ahead of print, 2020 May 21]. 
N Engl J Med. 2020;10.1056/NEJMoa2015432. doi:10.1056/NEJMoa2015432

Amanat F, Stadlbauer D, Strohmeier S, et al. A serological assay to detect SARS-CoV-2 seroconversion in humans [published online ahead of print, 2020 May 12]. Nat Med. 
2020;10.1038/s41591-020-0913-5. doi:10.1038/s41591-020-0913-5

Bao L, Deng W, Gao H, et al. Lack of Reinfection in Rhesus Macaques Infected with SARS-CoV-2. bioRxiv 2020.03.13.990226; doi: https://doi.org/10.1101/2020.03.13.990226

Berlin DA, Gulick RM, Martinez FJ. Severe Covid-19 [published online ahead of print, 2020 May 15]. N Engl J Med. 2020;10.1056/NEJMcp2009575. doi:10.1056/
NEJMcp2009575

Brouwer PJM, Caniels TG, van der Straten K, et al. Potent neutralizing antibodies from COVID-19 patients define multiple targets of vulnerability. bioRxiv 2020.05.12.088716; 
doi: https://doi.org/10.1101/2020.05.12.088716

Callow KA, Parry HF, Sergeant M, Tyrrell DA. The time course of the immune response to experimental coronavirus infection of man. Epidemiol Infect. 1990;105(2):435‐446. 
doi:10.1017/s0950268800048019

Cao WC, Liu W, Zhang PH, Zhang F, Richardus JH. Disappearance of antibodies to SARS-associated coronavirus after recovery. N Engl J Med. 2007;357(11):1162‐1163. 
doi:10.1056/NEJMc070348

Cao H, Ruan L, Liu J, Liao W. The clinical characteristic of eight patients of COVID-19 with positive RT-PCR test after discharge [published online ahead of print, 2020 May 15]. 
J Med Virol. 2020;10.1002/jmv.26017. doi:10.1002/jmv.26017

Cao Y, Su B, Guo X, et al. Potent neutralizing antibodies against SARS-CoV-2 identified by high-throughput single-cell sequencing of convalescent patients’ B cells [published 
online ahead of print, 2020 May 18]. Cell. 2020;10.1016/j.cell.2020.05.025. doi:10.1016/j.cell.2020.05.025

Chan KH, Cheng VC, Woo PC, et al. Serological responses in patients with severe acute respiratory syndrome coronavirus infection and cross-reactivity with human 
coronaviruses 229E, OC43, and NL63. Clin Diagn Lab Immunol. 2005;12(11):1317‐1321. doi:10.1128/CDLI.12.11.1317-1321.2005

Chan JF, Yuan S, Kok KH, et al. A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person-to-person transmission: a study of a family 
cluster. Lancet. 2020;395(10223):514‐523. doi:10.1016/S0140-6736(20)30154-9

Chandrashekar A, Liu J, Martinot AJ, et al. SARS-CoV-2 infection protects against rechallenge in rhesus macaques [published online ahead of print, 2020 May 20]. Science. 
2020;eabc4776. doi:10.1126/science.abc4776

Chen G, Wu D, Guo W, et al. Clinical and immunological features of severe and moderate coronavirus disease 2019. J Clin Invest. 2020;130(5):2620‐2629. doi:10.1172/
JCI137244

Chen D, Xu W, Lei Z, et al. Recurrence of positive SARS-CoV-2 RNA in COVID-19: A case report. Int J Infect Dis. 2020;93:297‐299. doi:10.1016/j.ijid.2020.03.003

Chen J, Xu X, Hu J, et al. Clinical Course and Risk Factors for Recurrence of Positive SARS-CoV-2 RNA: A Retrospective Cohort Study from Wuhan, China. medRxiv 
2020.05.08.20095018; doi: https://doi.org/10.1101/2020.05.08.20095018

Chen N, Zhou M, Dong X, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet. 
2020;395(10223):507‐513. doi:10.1016/S0140-6736(20)30211-7

Chen X, Zhang Y, Zhu B, et al. Associations of clinical characteristics and antiviral drugs with viral RNA clearance in patients with COVID-19 in Guangzhou, China: a 
retrospective cohort study. medRxiv 2020.04.09.20058941; doi: https://doi.org/10.1101/2020.04.09.20058941

Cummings MJ, Baldwin MR, Abrams D et al. Epidemiology, clinical course, and outcomes of critically ill adults with COVID-19 in New York City: a prospective cohort study. 
medRxiv 2020.04.15.20067157; doi: https://doi.org/10.1101/2020.04.15.20067157

Dahlke C, Heiderpriem J, Kobbe R et al. Distinct early IgA profile may determine severity of COVID-19 symptoms: an immunological case series. medRxiv 
2020.04.14.20059733; doi: https://doi.org/10.1101/2020.04.14.20059733

Dejnirattisai W, Jumnainsong A, Onsirisakul N, et al. Cross-reacting antibodies enhance dengue virus infection in humans [published correction appears in Science. 2010 Jul 
9;329(5988):142]. Science. 2010;328(5979):745‐748. doi:10.1126/science.1185181

Dong C, Ni L, Ye F et al. Characterization of anti-viral immunity in recovered individuals infected by SARS-CoV-2. medRxiv 2020.03.17.20036640; doi: https://doi.
org/10.1101/2020.03.17.20036640

Dowd JB, Andriano L, Brazel DM, et al. Demographic science aids in understanding the spread and fatality rates of COVID-19. Proc Natl Acad Sci U S A. 
2020;117(18):9696‐9698. doi:10.1073/pnas.2004911117

Du X, Yu X, Li Q, et al. Duration for carrying SARS-CoV-2 in COVID-19 patients [published online ahead of print, 2020 Apr 10]. J Infect. 2020;S0163-4453(20)30174-2. 
doi:10.1016/j.jinf.2020.03.053

Ebinger JE, Achamallah N, Ji H et al. Pre-Existing Traits Associated with Covid-19 Illness Severity. medRxiv 2020.04.29.20084533; doi: https://doi.
org/10.1101/2020.04.29.20084533

Fang Z, Zhang Y, Hang C, Ai J, Li S, Zhang W. Comparisons of viral shedding time of SARS-CoV-2 of different samples in ICU and non-ICU patients [published online ahead of 
print, 2020 Mar 21]. J Infect. 2020;S0163-4453(20)30139-0. doi:10.1016/j.jinf.2020.03.013

Edridge AWD, Kaczorowska JM, Hoste ACR et al. Human coronavirus reinfection dynamics: lessons for SARS-CoV-2. medRxiv 2020.05.11.20086439; doi: https://doi.
org/10.1101/2020.05.11.20086439

Foy BH, Carlson JCT, Reinertsen E et al. Elevated RDW is Associated with Increased Mortality Risk in COVID-19. medRxiv 2020.05.05.20091702; doi: https://doi.
org/10.1101/2020.05.05.20091702

Galanti M and Shaman J. Direct observation of repeated infections with endemic coronaviruses. medRxiv 2020.04.27.20082032; doi: https://doi.
org/10.1101/2020.04.27.20082032

Galson JD, Schaetzle S, Bashford-Rogers RJM et al. Deep sequencing of B cell receptor repertoires from COVID-19 patients reveals strong convergent immune signatures. 
bioRxiv 2020.05.20.106294; doi: https://doi.org/10.1101/2020.05.20.106294

Gao X, Zhou H, Wu C, et al. Antibody against nucleocapsid protein predicts susceptibility to human coronavirus infection. J Infect. 2015;71(5):599‐602. doi:10.1016/j.
jinf.2015.07.002

Grifoni A, Weiskopf D, Ramirez SI, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals. Cell (2020), doi: 
https://doi.org/10.1016/j.cell.2020.05.015.

Guan WJ, Ni ZY, Hu Y, et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N Engl J Med. 2020;382(18):1708‐1720. doi:10.1056/NEJMoa2002032

Halstead SB, O’Rourke EJ. Dengue viruses and mononuclear phagocytes. I. Infection enhancement by non-neutralizing antibody. J Exp Med. 1977;146(1):201‐217. 
doi:10.1084/jem.146.1.201

He L, Mae MA, Sun Y et al. Pericyte-specific vascular expression of SARS-CoV-2 receptor ACE2 – implications for microvascular inflammation and hypercoagulopathy in 
COVID-19 patients. bioRxiv 2020.05.11.088500; doi: https://doi.org/10.1101/2020.05.11.088500



Dy
na

m
ics

 o
f S

AR
S-

Co
V-

2 
an

d 
th

e 
Ad

ap
tiv

e 
Im

m
un

e 
Re

sp
on

se

10

Or
en

 C
oh

en
, M

.D
., 

F.I
.D

.S
.A

.; 
M

ar
cia

 E
ise

nb
er

g,
 P

h.
D.

; B
ria

n 
Ca

ve
ne

y,
 M

.D
., 

J.D
., 

M
.P.

H.
; P

au
l K

irc
hg

ra
be

r, 
M

.D
., 

M
.B

.A
.; 

Do
ro

th
y 

Ad
co

ck
, M

.D
.; 

St
ev

e 
An

de
rs

on
, P

h.
D.

He X, Lau EHY, Wu P, et al. Temporal dynamics in viral shedding and transmissibility of COVID-19. Nat Med. 2020;26(5):672‐675. doi:10.1038/s41591-020-0869-5

Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 
2020;181(2):271‐280.e8. doi:10.1016/j.cell.2020.02.052

Hogan CA, Stevens B, Sahoo MK et al. High frequency of SARS-CoV-2 RNAemia and association with severe disease. medRxiv 2020.04.26.20080101; doi: https://doi.
org/10.1101/2020.04.26.20080101

Hsueh PR, Huang LM, Chen PJ, Kao CL, Yang PC. Chronological evolution of IgM, IgA, IgG and neutralisation antibodies after infection with SARS-associated coronavirus. Clin 
Microbiol Infect. 2004;10(12):1062‐1066. doi:10.1111/j.1469-0691.2004.01009.x

Hu Q, Cui X, Liu X, et al. The production of antibodies for SARS-CoV-2 and its clinical implication. medRxiv 2020.04.20.20065953; doi: https://doi.
org/10.1101/2020.04.20.20065953

Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China [published correction appears in Lancet. 2020 Jan 30;:]. 
Lancet. 2020;395(10223):497‐506. doi:10.1016/S0140-6736(20)30183-5

Huang J (1), Mao T, Li S et al. Long period dynamics of viral load and antibodies for SARS-CoV-2 infection: an observational cohort study. medRxiv 2020.04.22.20071258; doi: 
https://doi.org/10.1101/2020.04.22.20071258

Huang J (2), Zheng L, Li Z, et al. Recurrence of SARS-CoV-2 PCR positivity in COVID-19 patients: a single center experience and potential implications. medRxiv 
2020.05.06.20089573; doi: https://doi.org/10.1101/2020.05.06.20089573

Huang Y, Chen S, Yang Z, et al. SARS-CoV-2 Viral Load in Clinical Samples of Critically Ill Patients [published online ahead of print, 2020 Apr 15]. Am J Respir Crit Care Med. 
2020;10.1164/rccm.202003-0572LE. doi:10.1164/rccm.202003-0572LE

Jaume M, Yip MS, Cheung CY, et al. Anti-severe acute respiratory syndrome coronavirus spike antibodies trigger infection of human immune cells via a pH- and cysteine 
protease-independent FcγR pathway. J Virol. 2011;85(20):10582‐10597. doi:10.1128/JVI.00671-11

Jiang M, Li Y, Han M, Wang Z, Zhang Y, Du X. Recurrent PCR positivity after hospital discharge of people with coronavirus disease 2019 (COVID-19) [published online ahead 
of print, 2020 Apr 11]. J Infect. 2020;S0163-4453(20)30152-3. doi:10.1016/j.jinf.2020.03.024

Juno JA, Tan H-X, Lee WS, et al. Immunogenic profile of SARS-CoV-2 spike in individuals recovered from COVID-19. medRxiv 2020.05.17.20104869; doi: https://doi.
org/10.1101/2020.05.17.20104869

Kim L, Garg S, O’Halloran A et al. Interim Analysis of Risk Factors for Severe Outcomes among a Cohort of Hospitalized Adults Identified through the U.S. Coronavirus 
Disease 2019 (COVID-19)-Associated Hospitalization Surveillance Network (COVID-NET). medRxiv 2020.05.18.20103390; doi: https://doi.org/10.1101/2020.05.18.20103390

Kimball A, Hatfield KM, Arons M, et al. Asymptomatic and Presymptomatic SARS-CoV-2 Infections in Residents of a Long-Term Care Skilled Nursing Facility - King County, 
Washington, March 2020. MMWR Morb Mortal Wkly Rep. 2020;69(13):377‐381. Published 2020 Apr 3. doi:10.15585/mmwr.mm6913e1

Ko JH, Müller MA, Seok H, et al. Serologic responses of 42 MERS-coronavirus-infected patients according to the disease severity. Diagn Microbiol Infect Dis. 
2017;89(2):106‐111. doi:10.1016/j.diagmicrobio.2017.07.006

Lauer SA, Grantz KH, Bi Q, et al. The Incubation Period of Coronavirus Disease 2019 (COVID-19) From Publicly Reported Confirmed Cases: Estimation and Application. Ann 
Intern Med. 2020;172(9):577‐582. doi:10.7326/M20-0504

Lescure FX, Bouadma L, Nguyen D, et al. Clinical and virological data of the first cases of COVID-19 in Europe: a case series [published online ahead of print, 2020 Mar 27] 
[published correction appears in Lancet Infect Dis. 2020 May 19;:]. Lancet Infect Dis. 2020;S1473-3099(20)30200-0. doi:10.1016/S1473-3099(20)30200-0

Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature. 2003;426(6965):450‐454. doi:10.1038/
nature02145

Li C, Ji F, Wang L, et al. Asymptomatic and Human-to-Human Transmission of SARS-CoV-2 in a 2-Family Cluster, Xuzhou, China [published online ahead of print, 2020 Mar 
31]. Emerg Infect Dis. 2020;26(7):10.3201/eid2607.200718. doi:10.3201/eid2607.200718

Li K, Wu M, Huang B et al. The Dynamic Changes of Antibodies against SARS-CoV-2 during the Infection and Recovery of COVID-19. medRxiv 2020.05.18.20105155; doi: 
https://doi.org/10.1101/2020.05.18.20105155

Li N, Wang X, Lv T. Prolonged SARS-CoV-2 RNA shedding: Not a rare phenomenon [published online ahead of print, 2020 Apr 29]. J Med Virol. 2020;10.1002/jmv.25952. 
doi:10.1002/jmv.25952

Li Q, Guan X, Wu P, et al. Early Transmission Dynamics in Wuhan, China, of Novel Coronavirus-Infected Pneumonia. N Engl J Med. 2020;382(13):1199‐1207. doi:10.1056/
NEJMoa2001316

Ling Y, Xu SB, Lin YX, et al. Persistence and clearance of viral RNA in 2019 novel coronavirus disease rehabilitation patients. Chin Med J (Engl). 2020;133(9):1039‐1043. 
doi:10.1097/CM9.0000000000000774

Liu W, Tang F, Fontanet A, et al. Long-term SARS coronavirus excretion from patient cohort, China. Emerg Infect Dis. 2004;10(10):1841‐1843. doi:10.3201/eid1010.040297

Liu W, Liu L, Kou G, et al. Evaluation of Nucleocapsid and Spike Protein-based ELISAs for detecting antibodies against SARS-CoV-2 [published online ahead of print, 2020 Mar 
30]. J Clin Microbiol. 2020;JCM.00461-20. doi:10.1128/JCM.00461-20

Liu WD, Chang SY, Wang JT, et al. Prolonged virus shedding even after seroconversion in a patient with COVID-19 [published online ahead of print, 2020 Apr 10]. J Infect. 
2020;S0163-4453(20)30190-0. doi:10.1016/j.jinf.2020.03.063

Liu Y, Du X, Chen J, et al. Neutrophil-to-lymphocyte ratio as an independent risk factor for mortality in hospitalized patients with COVID-19 [published online ahead of print, 
2020 Apr 10]. J Infect. 2020;S0163-4453(20)30208-5. doi:10.1016/j.jinf.2020.04.002

Liu Y, Yan LM, Wan L, et al. Viral dynamics in mild and severe cases of COVID-19 [published online ahead of print, 2020 Mar 19]. Lancet Infect Dis. 2020;S1473-3099(20)30232-
2. doi:10.1016/S1473-3099(20)30232-2

Lo IL, Lio CF, Cheong HH, et al. Evaluation of SARS-CoV-2 RNA shedding in clinical specimens and clinical characteristics of 10 patients with COVID-19 in Macau. Int J Biol Sci. 
2020;16(10):1698‐1707. Published 2020 Mar 15. doi:10.7150/ijbs.45357

Long Q-x, Deng H-j, Chen J et al. Antibody responses to SARS-CoV-2 in COVID-19 patients: the perspective application of serological tests in clinical practice. medRxiv 
2020.03.18.20038018; doi: https://doi.org/10.1101/2020.03.18.20038018

Lui G, Ling L, Lai CK, et al. Viral dynamics of SARS-CoV-2 across a spectrum of disease severity in COVID-19 [published online ahead of print, 2020 Apr 18]. J Infect. 
2020;S0163-4453(20)30225-5. doi:10.1016/j.jinf.2020.04.014

Matsuyama S, Nagata N, Shirato K, Kawase M, Takeda M, Taguchi F. Efficient activation of the severe acute respiratory syndrome coronavirus spike protein by the 
transmembrane protease TMPRSS2. J Virol. 2010;84(24):12658‐12664. doi:10.1128/JVI.01542-10

Mehta P, McAuley DF, Brown M, et al. COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet. 2020;395(10229):1033‐1034. doi:10.1016/S0140-
6736(20)30628-0

Menachery VD, Yount BL Jr, Debbink K, et al. A SARS-like cluster of circulating bat coronaviruses shows potential for human emergence [published correction appears in Nat 
Med. 2016 Apr;22(4):446]. Nat Med. 2015;21(12):1508‐1513. doi:10.1038/nm.3985

Ni L, Ye F, Cheng ML, et al. Detection of SARS-CoV-2-Specific Humoral and Cellular Immunity in COVID-19 Convalescent Individuals [published online ahead of print, 2020 
May 3]. Immunity. 2020;S1074-7613(20)30181-3. doi:10.1016/j.immuni.2020.04.023



Dy
na

m
ics

 o
f S

AR
S-

Co
V-

2 
an

d 
th

e 
Ad

ap
tiv

e 
Im

m
un

e 
Re

sp
on

se

11

Or
en

 C
oh

en
, M

.D
., 

F.I
.D

.S
.A

.; 
M

ar
cia

 E
ise

nb
er

g,
 P

h.
D.

; B
ria

n 
Ca

ve
ne

y,
 M

.D
., 

J.D
., 

M
.P.

H.
; P

au
l K

irc
hg

ra
be

r, 
M

.D
., 

M
.B

.A
.; 

Do
ro

th
y 

Ad
co

ck
, M

.D
.; 

St
ev

e 
An

de
rs

on
, P

h.
D.

Nielsen S, Yang F, Hoh R et al. B cell clonal expansion and convergent antibody responses to SARS-CoV-2. Nat Res (in review) 2020;10.21203/rs.3.rs-27220/v1.

Ng K, Faulkner N, Cornish G et al. Pre-existing and de novo humoral immunity to SARS-CoV-2 in humans. bioRxiv 2020.05.14.095414; doi: https://doi.
org/10.1101/2020.05.14.095414

Okba NMA, Müller MA, Li W, et al. Severe Acute Respiratory Syndrome Coronavirus 2-Specific Antibody Responses in Coronavirus Disease 2019 Patients [published online 
ahead of print, 2020 Apr 8]. Emerg Infect Dis. 2020;26(7):10.3201/eid2607.200841. doi:10.3201/eid2607.200841

Odak I, Barros-Martins J, Bosnjak B, et al. Reappearance of Effector T Cells Predicts Successful Recovery from COVID-19. medRxiv 2020.05.11.20096263; doi: https://doi.
org/10.1101/2020.05.11.20096263

Pan Y, Zhang D, Yang P, Poon LLM, Wang Q. Viral load of SARS-CoV-2 in clinical samples. Lancet Infect Dis. 2020;20(4):411‐412. doi:10.1016/S1473-3099(20)30113-4

Payne DC, Iblan I, Rha B, et al. Persistence of Antibodies against Middle East Respiratory Syndrome Coronavirus. Emerg Infect Dis. 2016;22(10):1824‐1826. doi:10.3201/
eid2210.160706

Petrilli CM, Jones SA, Yang J et al. Factors associated with hospitalization and critical illness among 4,103 patients with COVID-19 disease in New York City. medRxiv 
2020.04.08.20057794; doi: https://doi.org/10.1101/2020.04.08.20057794

Quinlan BD, Mou H, Zhang L, et al, The SARS-CoV-2 receptor-binding domain elicits a potent neutralizing response without antibody-dependent enhancement. bioRxiv 
2020.04.10.036418; doi: https://doi.org/10.1101/2020.04.10.036418

Riphagen S, Gomez X, Gonzalez-Martinez C, Wilkinson N, Theocharis P. Hyperinflammatory shock in children during COVID-19 pandemic. Lancet. 
2020;395(10237):1607‐1608. doi:10.1016/S0140-6736(20)31094-1

Robbiani DF, Gaebler C, Muecksch F et al. Convergent Antibody Responses to SARS-CoV-2 Infection in Convalescent Individuals. bioRxiv 2020.05.13.092619; doi: https://doi.
org/10.1101/2020.05.13.092619

Rothe C, Schunk M, Sothmann P, et al. Transmission of 2019-nCoV Infection from an Asymptomatic Contact in Germany. N Engl J Med. 2020;382(10):970‐971. doi:10.1056/
NEJMc200146

Santarpia JL, Rivera DN, Herrera V, et al. Transmission Potential of SARS-CoV-2 in Viral Shedding Observed at the University of Nebraska Medical Center. medRxiv 
2020.03.23.20039446; doi: https://doi.org/10.1101/2020.03.23.20039446

Seydoux E, Homad LJ, MacCamy AJ, et al. Characterization of neutralizing antibodies from a SARS-CoV-2 infected individual. bioRxiv 2020.05.12.091298; doi: https://doi.
org/10.1101/2020.05.12.091298

Sungnak W, Huang N, Bécavin C, et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate immune genes. Nat Med. 
2020;26(5):681‐687. doi:10.1038/s41591-020-0868-6

Sutton D, Fuchs K, D’Alton M, Goffman D. Universal Screening for SARS-CoV-2 in Women Admitted for Delivery [published online ahead of print, 2020 Apr 13]. N Engl J Med. 
2020;NEJMc2009316. doi:10.1056/NEJMc2009316

Tan W, Lu Y, Zhang J et al. Viral Kinetics and Antibody Responses in Patients with COVID-19. medRxiv 2020.03.24.20042382; doi: https://doi.
org/10.1101/2020.03.24.20042382

Tang F, Quan Y, Xin ZT, et al. Lack of peripheral memory B cell responses in recovered patients with severe acute respiratory syndrome: a six-year follow-up study. J Immunol. 
2011;186(12):7264‐7268. doi:10.4049/jimmunol.0903490

Tang X, Zhao S, He D, et al. Positive RT-PCR tests among discharged COVID-19 patients in Shenzhen, China [published online ahead of print, 2020 Apr 16]. Infect Control 
Hosp Epidemiol. 2020;1‐2. doi:10.1017/ice.2020.134

Teuwen LA, Geldhof V, Pasut A, Carmeliet P. COVID-19: the vasculature unleashed [published online ahead of print, 2020 May 21]. Nat Rev Immunol. 2020;1‐3. doi:10.1038/
s41577-020-0343-0

Thomas W, Varley J, Johnston A, et al. Thrombotic complications of patients admitted to intensive care with COVID-19 at a teaching hospital in the United Kingdom 
[published online ahead of print, 2020 Apr 25]. Thromb Res. 2020;191:76‐77. doi:10.1016/j.thromres.2020.04.028

To KK, Tsang OT, Leung WS, et al. Temporal profiles of viral load in posterior oropharyngeal saliva samples and serum antibody responses during infection by SARS-CoV-2: an 
observational cohort study. Lancet Infect Dis. 2020;20(5):565‐574. doi:10.1016/S1473-3099(20)30196-1

van Doremalen N, Bushmaker T, Morris DH, et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N Engl J Med. 2020;382(16):1564‐1567. 
doi:10.1056/NEJMc2004973

Verdoni L, Mazza A, Gervasoni A, et al. An outbreak of severe Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2 epidemic: an observational cohort study 
[published online ahead of print, 2020 May 13]. Lancet. 2020;10.1016/S0140-6736(20)31103-X. doi:10.1016/S0140-6736(20)31103-X

Wan J, Xing S, Ding L, et al. Human IgG cell neutralizing monoclonal antibodies block SARS-CoV-2 infection. bioRxiv 2020.05.19.104117; doi: https://doi.
org/10.1101/2020.05.19.104117

Wang Q, Zhang L, Kuwahara K, et al. Immunodominant SARS Coronavirus Epitopes in Humans Elicited both Enhancing and Neutralizing Effects on Infection in Non-human 
Primates [published correction appears in ACS Infect Dis. 2020 May 8;6(5):1284-1285]. ACS Infect Dis. 2016;2(5):361‐376. doi:10.1021/acsinfecdis.6b00006

Wang W, Xu Y, Gao R, et al. Detection of SARS-CoV-2 in Different Types of Clinical Specimens [published online ahead of print, 2020 Mar 11]. JAMA. 2020;323(18):1843‐1844. 
doi:10.1001/jama.2020.3786

Wei YY, Wang RR, Zhang DW, et al. Risk factors for severe COVID-19: Evidence from 167 hospitalized patients in Anhui, China [published online ahead of print, 2020 Apr 17]. J 
Infect. 2020;S0163-4453(20)30219-X. doi:10.1016/j.jinf.2020.04.010

Whittaker A, Anson M, Harky A. Neurological Manifestations of COVID-19: A review [published online ahead of print, 2020 May 15]. Acta Neurol Scand. 2020;10.1111/
ane.13266. doi:10.1111/ane.13266

Hirsch JS, Ng JH, Ross DW, et al. Acute kidney injury in patients hospitalized with COVID-19 [published online ahead of print, 2020 May 13]. Kidney Int. 2020;S0085-
2538(20)30532-9. doi:10.1016/j.kint.2020.05.006

Williams E, Bond K, Zhang B, Putland M, Williamson DA. Saliva as a non-invasive specimen for detection of SARS-CoV-2 [published online ahead of print, 2020 Apr 21]. J Clin 
Microbiol. 2020;JCM.00776-20. doi:10.1128/JCM.00776-20

Wölfel R, Corman VM, Guggemos W, et al. Virological assessment of hospitalized patients with COVID-2019 [published online ahead of print, 2020 Apr 1]. Nature. 
2020;10.1038/s41586-020-2196-x. doi:10.1038/s41586-020-2196-x

Wu F, Wang A, Liu M et al. Neutralizing antibody responses to SARS-CoV-2 in a COVID-19 recovered patient cohort and their implications. medRxiv 2020.03.30.20047365; 
doi: https://doi.org/10.1101/2020.03.30.20047365

Wu Y, Li C, Xia S, et al. Identification of Human Single-Domain Antibodies against SARS-CoV-2 [published online ahead of print, 2020 May 12]. Cell Host Microbe. 
2020;S1931-3128(20)30250-X. doi:10.1016/j.chom.2020.04.023

Wu Y, Wang F, Shen C, et al. A non-competing pair of human neutralizing antibodies block COVID-19 virus binding to its receptor ACE2. medRxiv 2020.05.01.20077743; doi: 
https://doi.org/10.1101/2020.05.01.20077743

Wu Z, McGoogan JM. Characteristics of and Important Lessons From the Coronavirus Disease 2019 (COVID-19) Outbreak in China: Summary of a Report of 72 314 
Cases From the Chinese Center for Disease Control and Prevention [published online ahead of print, 2020 Feb 24]. JAMA. 2020;10.1001/jama.2020.2648. doi:10.1001/
jama.2020.2648



12©2020 Laboratory Corporation of America® Holdings   All Rights Reserved   23370-0620-2

Dy
na

m
ics

 o
f S

AR
S-

Co
V-

2 
an

d 
th

e 
Ad

ap
tiv

e 
Im

m
un

e 
Re

sp
on

se
Or

en
 C

oh
en

, M
.D

., 
F.I

.D
.S

.A
.; 

M
ar

cia
 E

ise
nb

er
g,

 P
h.

D.
; B

ria
n 

Ca
ve

ne
y,

 M
.D

., 
J.D

., 
M

.P.
H.

; P
au

l K
irc

hg
ra

be
r, 

M
.D

., 
M

.B
.A

.; 
Do

ro
th

y 
Ad

co
ck

, M
.D

.; 
St

ev
e 

An
de

rs
on

, P
h.

D.

Xiao AT, Tong YX, Zhang S. Profile of RT-PCR for SARS-CoV-2: a preliminary study from 56 COVID-19 patients [published online ahead of print, 2020 Apr 19]. Clin Infect Dis. 
2020;ciaa460. doi:10.1093/cid/ciaa460

Xiao AT, Gao C, Zhang S. Profile of specific antibodies to SARS-CoV-2: The first report [published online ahead of print, 2020 Mar 21]. J Infect. 2020;S0163-4453(20)30138-9. 
doi:10.1016/j.jinf.2020.03.012

Xiong Y, Liu Y, Cao L, et al. Transcriptomic characteristics of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg Microbes 
Infect. 2020;9(1):761‐770. doi:10.1080/22221751.2020.1747363

Xu K, Chen Y, Yuan J, et al. Factors associated with prolonged viral RNA shedding in patients with COVID-19 [published online ahead of print, 2020 Apr 9]. Clin Infect Dis. 
2020;ciaa351. doi:10.1093/cid/ciaa351

Yao XH, He ZC, Li TY, et al. Pathological evidence for residual SARS-CoV-2 in pulmonary tissues of a ready-for-discharge patient [published online ahead of print, 2020 Apr 
28]. Cell Res. 2020;1‐3. doi:10.1038/s41422-020-0318-5

Ye G, Pan Z, Pan Y, et al. Clinical characteristics of severe acute respiratory syndrome coronavirus 2 reactivation. J Infect. 2020;80(5):e14‐e17. doi:10.1016/j.jinf.2020.03.001

Yu F, Yan L, Wang N, et al. Quantitative Detection and Viral Load Analysis of SARS-CoV-2 in Infected Patients [published online ahead of print, 2020 Mar 28]. Clin Infect Dis. 
2020;ciaa345. doi:10.1093/cid/ciaa345

Zeng Z, Chen L, Pan Y, et al. Re: Profile of specific antibodies to SARS-CoV-2: The first report [published online ahead of print, 2020 Apr 10]. J Infect. 2020;S0163-
4453(20)30180-8. doi:10.1016/j.jinf.2020.03.052

Zhang X, Tan Y, Ling Y, et al. Viral and host factors related to the clinical outcome of COVID-19 [published online ahead of print, 2020 May 20]. Nature. 2020;10.1038/s41586-
020-2355-0. doi:10.1038/s41586-020-2355-0

Zhang Z, Xiao T, Wang Y et al. Early viral clearance and antibody kinetics of COVID-19 among asymptomatic carriers. medRxiv 2020.04.28.20083139; doi: https://doi.
org/10.1101/2020.04.28.20083139

Zhao J, Yuan Q, Wang H, et al. Antibody responses to SARS-CoV-2 in patients of novel coronavirus disease 2019 [published online ahead of print, 2020 Mar 28]. Clin Infect 
Dis. 2020;ciaa344. doi:10.1093/cid/ciaa344

Zheng S, Fan J, Yu F, et al. Viral load dynamics and disease severity in patients infected with SARS-CoV-2 in Zhejiang province, China, January-March 2020: retrospective 
cohort study. BMJ. 2020;369:m1443. Published 2020 Apr 21. doi:10.1136/bmj.m1443

Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study [published correction 
appears in Lancet. 2020 Mar 28;395(10229):1038] [published correction appears in Lancet. 2020 Mar 28;395(10229):1038]. Lancet. 2020;395(10229):1054‐1062. doi:10.1016/
S0140-6736(20)30566-3

Zhou R, Li F, Chen F, et al. Viral dynamics in asymptomatic patients with COVID-19 [published online ahead of print, 2020 May 11]. Int J Infect Dis. 2020;96:288‐290. 
doi:10.1016/j.ijid.2020.05.030

Zhu N, Zhang D, Wang W, et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N Engl J Med. 2020;382(8):727‐733. doi:10.1056/NEJMoa2001017

Zou L, Ruan F, Huang M, et al. SARS-CoV-2 Viral Load in Upper Respiratory Specimens of Infected Patients. N Engl J Med. 2020;382(12):1177‐1179. doi:10.1056/
NEJMc2001737


