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Abstract 

Antibodies develop shortly after exposure to an antigen as part of the adaptive immune 

response. In the acute phase of infection, antibodies respond by neutralization, opsonization of 

antigens, and stimulation of other immune system components. In the convalescent phase, 

antibodies persist despite antigen clearance, thanks to plasma cells. Upon antigen re-exposure, 

activated memory cells rapidly differentiate into plasma cells and contribute high affinity 

antibodies. In January of 2020, Severe Acute Respiratory Syndrome Coronavirus Two (SARS-

CoV-2), a novel coronavirus, was identified, and a pandemic was declared a couple of months 

later. Severity of coronavirus disease 2019 (COVID-19) ranged from asymptomatic disease to 

respiratory failure leading to hospitalization, intubation, and death. Little was known about the 

immune response to SARS-CoV-2, given its recent emergence in humans and rapid spread. 

Here I investigate antibody responses after SARS-CoV-2 infection, specifically investigating 

anti-viral antibody responses in the early and late convalescent periods. I find that in the early 

convalescent period, anti-viral antibodies are elevated, including neutralizing antibodies. And 

higher anti-viral antibody levels are associated with more severe COVID-19, older age, male 

sex, higher body mass index, and symptoms, including fever and low appetite. In the late 

convalescent period, I find that some anti-viral antibodies persist for a year while others decline. 

I determine that anti-membrane antibodies in combination with anti-spike antibodies can be 

used to differentiate past SARS-CoV-2 infection and vaccination, and that both anti-membrane 

and anti-spike antibodies persist for at least one year, in contrast to the anti-nucleocapsid 

antibodies that decline over several months. I also investigate autoantibodies detected after 

SARS-CoV-2 infection. Little was known about rheumatoid factors, antibodies that bind to the Fc 

region of IgG, after recent infection. I find that rheumatoid factors after COVID-19 bind to 

unique, novel linear epitopes in the CH2 and CH3 regions of IgG Fc and bind viral antigens, 

including the SARS-CoV-2 spike protein. Taken together, these findings contribute to our 

knowledge of the antibody response following SARS-CoV-2 infection and highlight the potential 
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contributions of antibodies that recognize foreign and self-antigens, linking infectious disease 

and autoimmunity. 
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Chapter 1: Introduction 
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ANTIBODIES 

Antibody Structure 

Antibodies are comprised of two heavy chains and two light chains, held together by disulfide 

bonds [1]. Antibodies have a constant region that interacts with effector cells and a variable 

region that binds antigen [2]. Proteases can cleave antibodies into Fc and Fab fragments [2]. 

The Fc fragment corresponds to heavy chain constant domains CH2 and CH3 [2]. The Fab 

fragment is a mixed light-heavy chain dimer (VL, CL, VH, CH1) responsible for recognizing 

diverse antigens through somatic recombination (VDJ for heavy chain and VJ for light chain) [3]. 

The Fab and Fc fragments are connected by the flexible hinge region [2]. The class, or isotype, 

of an antibody is determined by its heavy chain structure of which there are five: µ, γ, α, ε, and		  

δ. These correspond to the major classes of antibodies: IgM, IgG, IgA, IgE, and IgD [2]. IgM 

(half-life ~5-6 days) is a pentamer with up to 10 antigen binding sites [1, 4]. The multivalency of 

IgM allows it to bind pathogens and aggregate infectious material to facilitate clearance by 

macrophages, thereby preventing pathogens from infecting target cells [1]. IgM also fixes 

complement efficiently [5]. IgG is the most abundant isotype in human serum, has the longest 

half-life (~21 days), and has four subclasses: IgG1, IgG2, IgG3, and IgG4 [1]. The subclasses of 

IgG are different with respect to binding antigen, forming immune complexes, activating 

complement, and triggering effector cells. The IgG1 and IgG3 subclasses are better at binding 

protein antigens and activating complement than IgG2 and IgG4 [6, 7]. IgA (half-life ~6 days) is 

mostly found in secretions and protects mucosal surfaces by cross-linking pathogens and 

facilitating their removal by ciliated epithelium [1].   

 

Antibody Development 

Adaptive antibodies are secreted from plasma cells [8]. Initially in the bone marrow, a pro-B cell 

undergoes heavy chain rearrangement, becomes a pre-B cell, and undergoes light chain 
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rearrangement to form functional membrane IgM, which can cross-link upon antigen binding [9]. 

The bone marrow contains many self-antigens. At this stage it is important to determine if 

immature B cells are autoreactive because they may undergo apoptosis (called clonal deletion), 

become anergic, or unresponsive to the antigen, thereby preventing injury to the host [10]. Not 

all autoreactive B cells are eliminated in healthy individuals [11]. Some autoreactive B cells 

proceed to maturity and perform functions that are beneficial to the host [11]. For example, 

autoreactive B1 cells can produce natural antibodies involved in tissue homeostasis, and 

autoreactive follicular B cells can participate in germinal center reactions [11]. Immature B cells 

expressing IgD and IgM travel from the bone marrow to secondary lymphoid organs, such as 

the lymph nodes or spleen, looking for their cognate antigens [12]. A majority of immature B 

cells do not identify their cognate antigens within a week, and the absence of stimulatory signals 

leads to cell death [13]. In order for B cells to class switch and produce IgG, IgA, or IgE, they 

need help from activated CD4+ T cells [14]. After T cell stimulation, B cells divide to produce 

thousands of daughter cells [12]. B cells undergo somatic hypermutation in germinal centers of 

the lymph nodes or spleen, which involves mutating their antigen binding sites, and cells with 

the highest affinity for antigens survive [15]. B cells in lymphoid follicles respond to antigens 

presented by follicular dendritic cells and differentiate or enter germinal center reactions [16]. In 

the germinal centers, B cells face activated T cells presenting peptides, undergo somatic 

hypermutation and affinity maturation, and differentiate into high affinity B cells involved in 

memory [17]. B cell progeny become memory cells, plasma cells, and long-lived plasma cells 

that can produce antibodies at an accelerated rate and survive for many years [18, 19]. 

Peripheral tolerance, such as inducing B Cell Receptor anergy and desensitization, inhibits self-

reactivity [20].  

 

During an initial response to an antigen, the primary immune response (low-affinity IgM) is 

detected within 5-7 days [1, 21]. The IgG response follows two to three weeks after the 
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exposure [22]. On re-exposure to the same antigen, memory B cells allow for faster antibody 

production (within 1-2 days) that are mainly IgG and are higher affinity because they have gone 

through the germinal center reaction and somatic hypermutation [23].  

 

Natural antibodies are produced before exposure to foreign antigens [24]. They are mainly IgM, 

low affinity, polyreactive (to self and exogenous antigens), and can have many functions [24, 

25]. For example, they can recognize antigenic determinants that arise during apoptosis or 

oxidation and can accelerate clearance of damaged or dying cells [24]. Natural antibodies also 

can activate complement, opsonize antigen, and are involved in phagocytosis [25]. Natural 

antibodies perform homeostatic roles when reacting with self-antigens and act as an initial 

defense when reacting with microbial antigens [25].  

 

Antibody Epitopes 

The parts of antigens recognized by antibodies are epitopes [26]. Antigen surfaces can have 

many different overlapping epitopes, with epitopes being about 15 amino acids [27]. 

Approximately five of these 15 amino acids in the given epitope strongly influence binding [28], 

whereas other amino acids have less influence on binding and still others have no detectable 

effect. An antibody binding site is a paratope, which binds the epitope on the antigen [26]. About 

50 amino acids constitute the binding area of antibodies but only around 15 of these are contact 

residues that define the structural epitope [29]. Similarly to epitopes, five amino acids in the 

paratope have the strongest influences on binding [29]. Mutations in the binding sites can alter 

the strength of the binding reaction by changing the conformation of the region [30].  
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Epitope Identification 

Antibodies’ variable regions promote the diversity of our immune system to recognize a vast 

repertoire of different antigens [31]. When an antibody recognizes an associated antigen, it can 

bind, and the six to 12 amino acids of the antigen that fit in the antigen-binding cleft of the 

antibody are called the epitope [1]. Epitopes can be linear or conformational [32]. Linear 

epitopes are made of continuous amino acids, whereas conformational epitopes recognize 

protein segments that are brought together by protein folding [33]. Epitope mapping, or the 

identification of epitopes that antibodies bind on antigens, is important for novel therapeutics, 

vaccine design, and diagnostic testing [34, 35].  Historically, x-ray crystallography was used to 

visualize the antibody-antigen interaction for epitope identification [36]. However, this method is 

time-consuming, expensive, and technically challenging. Epitopes have also been identified 

using site-directed mutagenesis and exon exchange [37]. A more high-throughput technology, a 

peptide array, can assess the binding of antibodies to overlapping peptides comprising entire 

proteomes [38]. With this technique, epitope mapping efficiency has increased [39].  

 

Epitope Spreading 

Epitope spreading occurs when there is an immune response to distinct epitopes that are not 

cross-reactive with the epitope of origin [40]. In infectious disease, diversifying the targets of a 

pathogen has advantages [40]. However, epitope spreading has been implicated in autoimmune 

diseases in which autoantibodies bind additional self-targets [40]. For example, anti-citrullinated 

protein antibodies (ACPAs) are present in pre-clinical rheumatoid arthritis and bind many 

different citrullinated antigens (i.e. histones, fibrinogen, and biglycan), forming immune 

complexes that stimulate macrophages and propagate subclinical inflammation and rising 

cytokine levels [41]. Somatic hypermutations in B cells during affinity maturation change 
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antibody paratopes, leading to epitope spreading and polyreactivity of ACPAs in rheumatoid 

arthritis [42].    

 

SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS TWO (SARS-COV-2) 

Human Coronaviruses  

Coronaviruses are enveloped, positive sense, single stranded RNA viruses [43]. Coronaviruses 

HKU1, OC43, NL63, and 229E are responsible for causing mild respiratory symptoms in 

humans [44]. Other coronaviruses have caused epidemics, infecting thousands of people and 

killing hundreds [45]. Severe acute respiratory syndrome associated coronavirus (SARS-CoV) in 

2002 and Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 emerged and 

spread internationally [45]. SARS-CoV-2 in 2020 was the first coronavirus to cause a pandemic 

[46]. SARS-CoV-2 causes coronavirus disease 2019 (COVID-19), which can cause 

asymptomatic disease, mild to moderate symptoms, severe symptoms with hospitalization, 

intubation, and even death [47, 48]. There have been over 762 million cases worldwide and 

over 6.8 million deaths [49].   

 

SARS-CoV-2 has four structural proteins (spike, nucleocapsid, membrane, and envelope) along 

with non-structural and accessory proteins [50]. The structural proteins are responsible for viral 

production, replication, attachment, entry, and proliferation [50]. The receptor binding domain in 

the S1 subunit of spike binds to the host angiotensin converting enzyme two (ACE2) receptor, 

which mediates entry of SARS-CoV-2 into human cells [50].  

 

SARS-CoV-2 Variants of Concern 

SARS-CoV-2 evolves as genetic mutations and viral recombination occur [51]. Variants arise 

when mutations differentiate viruses from a common ancestor [51]. Variants of concern have 
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increased transmissibility, higher severity of disease, lower neutralization by antibodies, or 

increased difficulty in treatment [52]. Variants of concern emerged that had higher infectivity 

rates than the original ancestral strain of SARS-CoV-2 [52]. In December of 2020, alpha, beta, 

and gamma variants were classified as variants of concern, and in September of 2021 they 

were redesignated as variants being monitored (due to their low threat to public health because 

of low circulatory levels) [53]. Epsilon was a variant of concern from March 2021 to September 

2021, and Delta was a variant of concern from June 2021 to April 2022 [53]. Omicron continues 

to be a variant of concern from November 2021 to the time of this writing [53]. It features many 

spike protein substitutions that have allowed for increased transmissibility and reduced 

neutralization by antibodies (post-vaccine or monoclonal antibody treatment) [54].   

 

SARS-CoV-2 Vaccine 

The first COVID-19 vaccines were deployed in December 2020. To date, over 13 billion doses 

have been administered, resulting in ~70% of the world population receiving at least one dose 

[55]. The messenger ribonucleic acid (mRNA) vaccines were the first to receive emergency use 

authorization in December 2020. These vaccines (BNT162b2 by Pfizer BioNTech and mRNA-

1273 by Moderna) contain the mRNA of the spike protein of SARS-CoV-2 in a lipid nanoparticle, 

which gets injected intramuscularly, endocytosed by muscle cells or antigen presenting cells, 

and translated by host cellular machinery in the cytoplasm [56]. Most of the spike protein gets 

degraded in proteosomes and presented on class I major histocompatibility complexes to T cells 

[56]. Some of the newly synthesized spike protein is secreted to the extracellular space, 

endocytosed by antigen presenting cells, and incorporated in class II major histocompatibility 

complexes for presenting antigen to B and T cells [56]. mRNAs are unstable and strategies 

were used to prevent degradation by RNases and allow for efficient and safe delivery into cells 

[57]. The major strategies of the mRNA vaccines were 5’-capping, nucleoside modification, 

codon optimization, and delivery in nanoparticles [56]. Another vaccine (Ad26.COV2.S by 
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Johnson & Johnson) that received emergency use authorization (in February 2021) is a viral 

vector vaccine [58]. However, this vaccine has limited authorization because of the risk of 

thrombosis [59, 60]. A protein subunit vaccine (NVX-CoV2373 by Novavax) received emergency 

use authorization (in October 2022) much later in the United States, despite its use in other 

countries previously [61]. Dosing schedule recommendations for the mRNA vaccines have 

included completing the primary series (2 doses separated by at least 3-8 weeks) and a booster 

at least two months after [62]. The viral vector vaccine only requires one dose in its primary 

series [62].   

 

DETECTION OF SARS-COV-2 INFECTION 

Nucleic acid amplification test 

Real-time reverse transcription polymerase chain reaction (RT-PCR) is a nucleic acid 

amplification test and is the most common method for detecting SARS-CoV-2 [63]. SARS-CoV-

2 viral RNA is detected from nasopharyngeal swabs, throat swabs, or saliva [64]. Extracted 

RNA is reverse transcribed to complementary deoxyribonucleic acid (cDNA), and primers bind 

and amplify viral DNA if present [65]. False negative results can occur due to inappropriate 

timing of sample collection and sampling technique [66]. Specificity of RT-PCR is near 100% 

since designed primers are specific to the genomic sequence of SARS-CoV-2 [64]. False 

positive results can still occur from testing errors and contamination [64]. RT-PCR diagnoses 

acute infection, detects viral RNA as early as day one of symptoms, and peaks in the first week 

of symptoms [64]. Detecting viral RNA does not indicate viable virus, so the PCR test may 

remain positive after infection is cleared if viral nucleic acid remnants are still present [67].  
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Antigen tests 

Antigen tests are rapid but are not as reliable as nucleic acid amplification tests [68]. Antigen 

tests detect small viral proteins as evidence that SARS-CoV-2 is actively producing viral 

proteins and infecting its host [69]. Although results are quicker (minutes instead of hours), false 

negative test results may occur if viral protein production is low in the sample [69, 70]. 

Therefore, a negative test does not rule out infection. At home rapid antigen tests are lateral 

flow assays where SARS-CoV-2 antigens, if present in the sample, flow across a conjugate pad 

with anti-SARS-CoV-2 antibodies [71, 72]. SARS-CoV-2 antigens from the sample bind the anti-

SARS-CoV-2 antibodies on the pad, form a complex which binds to antibodies on the test line, 

and result in a color change indicating a positive test result [71, 72]. Rapid detection tests that 

can be performed at home are important for minimizing the spread of COVID-19. Individuals can 

determine their infection statuses without entering clinics, hospitals, or community spaces, and 

instead, can follow isolation procedures [73-75].  

 

Antibody tests 

Antibody testing can be used to demonstrate a recent infection [76]. In the first year of the 

COVID-19 pandemic, antibody testing could detect recent past SARS-CoV-2 infections [77]. In 

the weeks following a SARS-CoV-2 infection, antibodies are generated and can be detected 

months later [78]. In addition to providing individual information about infection and risk status, 

antibody tests were used to estimate population wide seroprevalence rates to further inform 

testing and isolation efforts [79]. Commercially available antibody tests detected antibodies 

against the spike or nucleocapsid proteins [80]. However, after vaccinations became available 

and widespread, anti-spike antibody tests were no longer able to differentiate between a past 

infection and vaccination [81, 82]. Another limitation of antibody testing is that some individuals 

do not mount strong antibody responses. Therefore, some individuals had positive PCR tests 
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and symptoms, but their antibody tests were negative [83]. Antibody responses also wane over 

time, and in the early convalescent period, some individuals became seronegative for virus-

specific antibodies [84]. 

 

ANTIBODY TESTING METHODOLOGIES 

Enzyme-linked immunosorbent assays (ELISAs) 

First described in 1971, ELISAs are analytical biochemistry assays that detect and quantify 

products such as antibodies, proteins, and hormones [85, 86]. ELISAs are considered the gold 

standard of immunoassays and have high sensitivity [87]. Assay plates are incubated with an 

antibody or antigen. Next a primary antibody binds the target of interest, and finally a secondary 

detection antibody binds the primary antibody and is enzyme conjugated, creating a color 

change upon substrate addition [87]. Multiplex immunoassays are a derivative of the ELISA that 

measure multiple analytes in a single experiment, rather than a single protein or antibody of 

interest [88].  

 

Neutralization assays  

Neutralization assays detect neutralizing antibodies, which are protective antibodies that 

neutralize a pathogen and render it unable to perform its functions of infecting host cells and 

replicating its genome [89]. Neutralizing antibodies are important markers of immunity and 

prevent against infection or re-infection [90]. Neutralization assays are labor intensive to perform 

because they may use live viruses, which require a biosafety level three (BSL3) laboratory 

environment for viruses that are potentially lethal through inhalation [91, 92]. Two common 

assays are the plaque reduction neutralization test (PRNT) [93] and the focus reduction 

neutralization test (FRNT) [94]. The PRNT is the gold standard for measuring neutralizing 

antibodies against SARS-CoV-2 and involves serially diluting and incubating sera with virus to 
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form immune complexes and incubating immune complexes with a cell monolayer [95]. Then 

plaques (cytopathic effects) are visualized, and neutralizing antibody titers are determined 

based on the maximum dilution at which serum prevents cell death [96]. FRNT can accelerate 

detection rates and uses an antibody conjugated to horseradish peroxidase to visualize foci of 

infected cells [95].  

 

Functional assays 

Functional assays, such as competition assays, can demonstrate the functionality of the 

antibody, rather than only indicating the presence of an antibody [97]. For example, to 

determine if antibodies in a sample can block binding of viral protein to a host receptor, a 

competition assay can be used [98]. Functional assays that quantify ACE2 receptor blocking 

antibodies detect functional immunity, as these antibodies block entry of SARS-CoV-2 into host 

cells [98].  

 

Antibody purification 

Antibody purification can be used to isolate antibodies from serum [99]. Affinity chromatography 

is a common method for antibody purification [100]. Briefly, it includes attaching a ligand to a 

solid support resin, allowing a complex mixture (such as serum) to interact with the ligand-

bound resin in the mobile phase, binding of target protein (or antibody) to affinity ligand, 

washing away non-specific proteins and antibodies, and eluting the retained antibodies of 

interest off the ligand-bound resin [101]. Buffers, salt concentration, pH, incubation times, and 

resin can all affect antibody purification and yield [101]. Once purified, antibodies can be used in 

ELISA to determine isotype and reactivity.  
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AUTOANTIBODIES 

Autoantibody development 

When antibodies recognize self-antigens, they are termed autoantibodies [102]. In early B cell 

compartments, about half of the antibodies expressed are self-reactive and polyreactive [103]. 

Most of these antibodies are removed in the immature B cell stage with receptor editing and 

deletion, and the autoreactive B cells do not survive to maturity in the periphery [103]. Central 

and peripheral tolerance mechanisms exist to prevent autoreactivity [20, 104, 105]. However, a 

loss of tolerance due to genetic and environmental factors can contribute to autoimmune 

disease [106, 107]. Autoantibodies are detected in the general, healthy population [108]. It is 

unknown whether this represents normal physiology, and autoantibodies are present to protect 

cognate antigens [109]. Or, whether this represents a pre-disease state in which autoantibodies 

are detected first, and symptoms will follow in the coming years [110, 111].  

 

Rheumatoid Factor 

Discovered in 1939, rheumatoid factor is antibody of any isotype that binds the Fc region of IgG 

[37, 112]. After its initial discovery for agglutinating sheep red blood cells, it was detected in 

rheumatoid arthritis patients [112-114]. It is currently used in the diagnosis of rheumatoid 

arthritis [115]. Rheumatoid factor is also present in many other states of inflammation including 

autoimmune diseases (Systemic Lupus Erythematous [116], Sjogren’s disease [117]), 

lymphoma, acute and chronic infections [118, 119], recent vaccination [120], smoking, and 

aging [121]. Additionally, about 4% of Caucasians in the general population have detectable 

rheumatoid factor, and some groups have a higher rheumatoid factor at baseline [121]. 
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Rheumatoid factor epitopes 

Rheumatoid factor has two known conformational epitopes: the Ga determinant and part of the 

hinge [37, 122]. The Ga determinant is comprised of loops from the CH2 and CH3 regions, and 

the hinge is highly flexible, connecting the CH1 and CH2 regions [37, 122]. Rheumatoid factors 

do not normally bind IgG in circulation because IgG requires enzymatic cleavage, binding of 

antigen, or other modifications, to reveal rheumatoid factor binding sites [123]. More recently, it 

was discovered that rheumatoid factors from rheumatoid arthritis patients bind linear IgG 

epitopes that have been post-translationally modified by citrullination or homocitrullination [124, 

125]. Additionally, a linear peptide in the hinge was identified as an epitope for rheumatoid 

factors in Sjogren’s disease, whereas this region was not an epitope for rheumatoid factors from 

other autoimmune diseases [125]. This indicates that rheumatoid factors in different disease 

states may have different epitopes. Rheumatoid factors can also be polyreactive [126]. In 

addition to binding the Fc region of IgG, they can also bind other self and foreign antigens [126].  

 

Post-translational modifications of epitopes in rheumatoid arthritis 

Citrullination is the enzymatic conversion of the amino acid arginine to citrulline [127], and 

homocitrullination is the enzymatic conversion of the amino acid lysine to homocitrulline [128, 

129] in a protein. Post-translational modifications occur in healthy individuals, such as the 

citrullination of keratin K1 during terminal differentiation of normal keratinocytes, which allows 

keratin filaments to become compact for cornification of the epidermis [130]. However, 

antibodies against modified (citrullinated or homocitrullinated) proteins are detected in the 

serum and synovial fluid of rheumatoid arthritis patients [131]. These autoantibodies form 

immune complexes that can deposit in the joints, activate complement, activate immune cells, 

lead to chemokine and cytokine release, and contribute to chronic inflammation and bone 

destruction [132-134]. Therefore, anti-citrullinated protein antibodies (ACPAs) likely contribute to 
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rheumatoid arthritis disease pathology. ACPAs are used in rheumatoid arthritis diagnosis and 

have higher specificity for rheumatoid arthritis than rheumatoid factors [135]. Many proteins can 

be modified, including IgG [124, 125]. Citrullinated regions of IgG are bound by ACPAs and 

rheumatoid factors; therefore, it has been suggested that IgG may be a common antigen for 

rheumatoid factors and ACPAs in rheumatoid arthritis [125]. ACPAs bind to different epitopes 

with the same post-translational modifications, so citrullination and homocitrullination may 

increase the multi-reactivity of ACPAs [136].  

 

Timing of autoantibodies to disease 

Rheumatoid factors and ACPAs can develop many years before rheumatoid arthritis diagnosis, 

and ACPAs often developing before rheumatoid factors [137-139]. Before rheumatoid arthritis, a 

pre-rheumatoid arthritis phase occurs when patients may start to have symptoms (such as 

arthralgias), yet they do not meet all diagnostic criteria [140]. Following this prodromal phase, 

many patients develop rheumatoid arthritis within the coming years [141]. Patients can have 

seropositive (marked by detection of rheumatoid factors or ACPAs) or seronegative (absence of 

these autoantibodies) disease [142]. About 25% of patients develop seronegative rheumatoid 

arthritis, which indicates that while autoantibodies likely contribute to disease pathology, they 

are not the sole cause of rheumatoid arthritis [143]. Additionally, asymptomatic individuals 

without clinical disease can have autoantibodies with the same antigenic specificity as those 

with disease, which raises questions regarding autoantibody pathogenicity and disease course 

predictions [144].  

 

Rheumatoid factors in infection 

Rheumatoid factors can be triggered and detected after infections [121]. Rheumatoid factors are 

detected at an increased frequency of 10-15% after viral infections that cause common colds, 
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such as Coxsackie B Virus and Parvovirus [145, 146]. In chronic infections with Hepatitis B or C 

Viruses, rheumatoid factors persist in about 25% or 50% of patients, respectively [118, 119]. In 

periodontitis patients with oral bacterial diseases, rheumatoid factor is detected that is cross-

reactive with bacteria and IgG [147]. In Herpes Simplex viral infection, rheumatoid factors 

enhance neutralization by complement in vitro [148], indicating a mechanism of action that may 

extend to other infections as well, although this has not been well investigated.  

 

Rheumatoid factors in COVID-19 

Autoantibodies in COVID-19 have been detected as early as the first week of hospitalization 

and as late as one-year post-COVID-19 [149, 150]. Rheumatoid factors have been reported in 

COVID-19 in up to 20% of patients [151, 152]. Published studies that assess rheumatoid factors 

in COVID-19 patients with no history of rheumatoid arthritis mostly focus on the acute period 

while patients are hospitalized [151-153]. One of these studies followed five patients 

longitudinally and found two of them continued to have high IgM rheumatoid factor after 50 days 

[151]. Another followed three intensive care unit patients longitudinally and two of the three 

showed increased reactivities to autoantigens seven and 10 months after symptom onset [153]. 

Although small sample sizes, these studies indicate that autoreactivity post-COVID-19 may 

persist. The COVID-19 pandemic, while devastating, presents a unique opportunity to study 

rheumatoid factors produced during a primary immune response.  

 

KNOWLEDGE GAPS  

Objectives 

There have been many unpredictable facets of the COVID-19 pandemic. The scientific 

community did not know how long anti-SARS-CoV-2 antibodies would last or whether they 

would protect against re-infection. We did not know which antibody tests were optimal for 
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detecting SARS-CoV-2 infections or how the utility of these tests may change throughout the 

pandemic. Even after billions of people have recovered from acute SARS-CoV-2 illness, long 

term complications of COVID-19 remain unknown. In this dissertation I aim to address several 

of the gaps in knowledge that existed in the field. The objectives of our investigations were to: 1) 

define the anti-viral antibody responses and correlated clinical factors in the early convalescent 

period, 2) determine the anti-spike, anti-membrane, and anti-nucleocapsid antibody levels of 

vaccinated, naive, breakthrough infection, and convalescent individuals and evaluate the one-

year longevity of these antibodies in convalescent samples, and 3) define epitopes for 

rheumatoid factors post-COVID-19. These studies will shed light on the primary immune 

responses to a novel antigen and will inform areas for future research.  
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ABSTRACT 

Lasting immunity will be critical for overcoming COVID-19. However, factors that drive the 

development of high titers of anti-SARS-CoV-2 antibodies and how long those antibodies persist 

remain unclear, due in part to study limitations necessitated by urgency. To overcome these 

limitations, we quantified serum anti-SARS-CoV-2 antibodies in clinically diverse COVID-19 

convalescent subjects five weeks (n=113) and three months (n=79) after symptom resolution 

with three methods: a novel multiplex assay to quantify IgG against four SARS-CoV-2 antigens, 

a new SARS-CoV-2 receptor binding domain-angiotensin converting enzyme 2 inhibition assay, 

and a SARS-CoV-2 neutralizing assay. We then identified clinical and demographic factors, 

including never before assessed COVID-19 symptoms, that consistently correlate with high anti-

SARS-CoV-2 antibody levels. We detected anti-SARS-CoV-2 antibodies in 98% of COVID-19 

convalescent subjects five weeks after symptom resolution and antibody levels did not decline 

at three months. Greater disease severity, older age, male sex, higher body mass index, and 

higher Charlson Comorbidity Index score correlated with increased anti-SARS-CoV-2 antibody 

levels. Moreover, we report for the first time that COVID-19 symptoms, most consistently fever, 

body aches, and low appetite, correlate with higher anti-SARS-CoV-2 antibody levels. Our 

results provide robust and new insights into the development and persistence of anti-SARS-

CoV-2 antibodies. 

 

INTRODUCTION 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), isolated January 2020 [1], 

causes coronavirus disease 2019 (COVID-19), which ranges from no symptoms to a flu-like 

illness to death [2]. As of December 2020, there have been over 78 million cases worldwide and 

over 1.7 million deaths [3], with devastating effects on health, economies, and societies [4].  
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Lasting immunity, often estimated by persistent antibodies, will be critical for overcoming the 

COVID-19 pandemic, but our understanding of the development of persistent anti-SARS-CoV-2 

antibodies is still emerging. In severe acute respiratory syndrome (SARS), caused by related 

SARS-CoV, antibodies typically persist at least three years [5-7]. Less is known about SARS-

CoV-2, but a few reports suggest that immunity may last at least three to six months [8-11]. 

However, other reports suggest that anti-SARS-CoV-2 neutralizing and IgG antibodies can 

decline within a few months, with some patients becoming seronegative [12-21]. These 

discrepant findings may be due to small sample sizes, use of variable or loosely defined time 

points, differing disease severity (a known correlate of antibody levels and persistence [16, 21-

23]), and the use of different antibody detection methods, with neutralizing titers more likely to 

be low [24, 25]. Also, many studies do not evaluate clinical correlates of antibody titers and 

none have systematically evaluated COVID-19 symptoms. A standardized approach to 

evaluating anti-SARS-CoV-2 antibodies with uniform time points defined by the resolution of 

disease, multiple antibody tests, and incorporation of clinical and demographic factors including 

COVID-19 symptoms would shed light on the development of antibody-based immunity in 

COVID-19.  

 

Thus, we broadly evaluated the antibody response against SARS-CoV-2 in a clinically diverse 

COVID-19 convalescent population at five weeks and three months after symptom resolution 

using three different assays and then correlated antibody levels with clinical and demographic 

factors including COVID-19 symptoms. We found that greater disease severity, older age, male 

sex, higher body mass index, and higher Charlson Comorbidity Index score correlate with 

higher anti-SARS-CoV-2 antibody levels. We also identified fever, body aches, and low appetite 

as symptoms that consistently correlate with higher anti-SARS-CoV-2 antibody levels and 

demonstrate antibody persistence three months after symptom resolution. 
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MATERIALS AND METHODS 

Human Subjects 

Human studies were performed according to the Declaration of Helsinki and were approved by 

the University of Wisconsin (UW) Institutional Review Board. All subjects provided written 

informed consent. COVID-19 convalescent sera and data were obtained from the UW COVID-

19 Convalescent Biorepository and control sera collected prior to 2019 were obtained from the 

UW Rheumatology Biorepository [26] and the NIH clinical protocol VRC200. For the COVID-19 

Convalescent Biorepository, all individuals 18+ years old who tested positive for SARS-CoV-2 

by PCR at UW Health were invited to participate until 120 subjects were recruited. Clinical and 

demographic data were collected by survey upon recruitment. Additional data and blood were 

collected 5 weeks and 3 months +/- 10 days post-symptom resolution. Age, sex, address (for 

area of deprivation index, ADI [27]), medications, lab values, height and weight (for body mass 

index, BMI), medical problems, and the date of the most recent primary care appointment were 

abstracted from the UW Health electronic medical record (EMR). Race, ethnicity, tobacco use, 

COVID-19 symptoms, and date of symptom resolution were self-reported by questionnaire. 

Hospitalization and intubation for COVID-19 were obtained by questionnaire and EMR 

abstraction. COVID-19 severity was scored as critical (4, intubated), severe (3, hospitalized but 

not intubated), moderate (2, fever defined as temperature >100°F, chills, productive cough, or 

shortness of breath, but not hospitalized), or mild (1, none of the above). Charlson Comorbidity 

Index Scores were calculated [28]. Subjects were excluded from this study if they received 

convalescent plasma, if blood was collected >14 days from the intended time point, or if they did 

not provide consent for all aspects of the study.  
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IgG binding to coronavirus antigens (multiplex assay)  

Plates (96 well) printed with SARS-CoV-2 spike protein, receptor binding domain (RBD) of 

spike, N terminal domain (NTD) of spike, and nucleocapsid protein, as well as spike from 

SARS-CoV, HCoV-HKU1, HCoV-OC43, HCoV-NL63, and HCoV-229E, in addition to bovine 

serum albumin (BSA) were supplied by Meso Scale Discovery (MSD, Rockville, USA). Plates 

were blocked for 60 minutes with MSD Blocker A (5% BSA) followed by washing. Then, sera 

were applied to the wells at 4 dilutions (1:100, 1:800, 1:3200 and 1:12,800) and incubated with 

shaking for 2 hours. Plates were washed and SULFO-TAG labeled anti-IgG (MSD) was applied 

to the wells for 1 hour. Plates were washed, enhanced chemiluminescence (ECL) substrate 

(MSD) applied, and light emission (as a measure of bound IgG) read with the MSD Sector 

instrument. BSA readings were subtracted from CoV antigen readings. Area under the curve 

values for each sample were used for statistical analysis with zero values (3 samples for anti-

NTD) depicted as ten in graphs for optimal visualization using the log scale. 

 

Inhibition assay 

Plates (384 well) precoated with RBD were supplied by MSD. Plates were blocked for 30 

minutes with MSD Blocker A, washed, sera applied at 1:10 dilution, and incubated with shaking 

for 1 hour. SULFO-TAG labeled angiotensin converting enzyme (ACE)2 was applied to the 

wells, incubated for 1 hour, and washed. ECL substrate was applied, and light emission (a 

measure of RBD-ACE2 complex) was read by the MSD Sector instrument. The amount of light 

emitted in wells containing no sample (assay diluent only) was considered the maximal binding 

response. Reduction of ECL response from the maximal binding response was directly 

proportional to the extent of competitive binding activity.  
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Neutralization assay 

Vero E6/TMPRSS2 cells were grown in Dulbecco's Modified Eagle Medium supplemented with 

5% fetal calf serum, HEPES, amphotericin B, and gentamicin sulfate. Sera (100µl) were diluted 

in cell culture solution with 2-fold serial dilutions from 5x to 2560x. Virus (SARS-CoV-2/UW-

001/Human/2020/Wisconsin) was diluted in cell culture solution to an adjusted titer of 100 

plaque-forming units (PFU) per 60µl. Diluted sera (60µl) and diluted virus (60µl) were mixed in 

wells of 96-well U-bottom plates in duplicate. Plates were incubated at 37ºC for 30 minutes. 

Culture supernatant was aspirated from Vero E6/TMPRSS2 cells plated in 96 well dishes and 

replaced with the mixtures of serially diluted sera and virus (100µl/well, in duplicate) followed by 

incubation at 37°C with 5% CO2 for 3 days. Crystal violet stain was added to wells to stain for 

living cells. Neutralization titers were determined by the maximum fold dilution at which the 

serum samples could completely prevent cell death as determined by eye. Some duplicates 

diverged by a single fold dilution in their neutralization titer. In this situation, the lower dilution 

was used as the neutralization titer. Sera with cell death at all dilutions were assigned a dilution 

value of 1 for analysis purposes. 

 

Statistical analysis 

Antibody levels were compared between COVID-19 convalescent and control sera using a t test 

or among subsets of COVID-19 convalescent sera by one-way ANOVA with Tukey’s, Dunnett’s, 

or Dunn’s multiple comparisons tests. Welch’s correction was used for unequal variance. Anti-

SARS-CoV-2 antibody levels from different time points in the same subject were compared by 

paired t test. Correlations between antibody levels from different tests were estimated by 

Spearman rank correlation. The relationship between clinical and demographic factors and 

COVID-19 hospitalization or antibody levels were examined using the Pearson’s chi-squared 

test for categorical variables and Kruskal-Wallis test for non-normally distributed continuous 
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data. Analyses were performed using GraphPad Prism software (San Diego, USA) and STATA 

version 16 (College Station, USA). Multiple linear regression analysis was performed in STATA 

to compare symptoms and antibody levels with age, BMI, Charlson Comorbidity Index Score 

and sex accounted for in the model. Antibody data was transformed prior to regression analysis 

(square root transformed for Spike, RBD and nucleocapsid and log transformed for NTD, ACE2 

inhibition and viral neutralization). For all analyses, p<0.05 was considered significant. 

 

RESULTS 

We recruited 120 COVID-19 convalescent subjects into the UW COVID-19 Convalescent 

Biorepository. Seven subjects were excluded from this study due to erroneous blood collection 

timing (n=1), receipt of convalescent plasma (n=3), or partial consent (n=3). Two additional 

subjects were excluded from longitudinal evaluation due to a blood draw >14 days from the 3 

month time point. Of the included subjects, blood was collected from 113 at 5 weeks (range 29-

48 days, median 36 days, IQR 35-39 days) and from 79 at 3 months (range 85-102 days, 

median 91 days, IQR 90-93 days) post-symptom resolution. Eighty-one percent of COVID-19 

convalescent subjects had a primary care appointment within two years of the first blood draw 

and/or a hospital admission note with past medical history and medications. Subjects ranged in 

age from 19-83 years and had a variety of COVID-19 manifestations (Table 1 and 

Supplementary Figure 1). One subject was a current smoker. As expected [22, 29], hospitalized 

subjects were more likely to be older and male with more comorbidities like vascular disease, 

but less likely to have asthma (Supplementary Table 1). Additionally, hospitalized subjects were 

more likely to have fever and less likely to have chest tightness, sore throat, or headache than 

non-hospitalized patients. We detected no correlation between race, ethnicity, ADI, BMI, cancer, 

immunosuppressing medications, or other COVID-19 symptoms and hospitalization, potentially 

due to the relative uniformity of race and ethnicity and the low number of subjects with cancer or 

immunosuppressing medications in our cohort. 
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We used a multiplex approach to evaluate IgG levels against four SARS-CoV-2 antigens (spike, 

RBD of spike, NTD of spike, and nucleocapsid) as well as IgG against the spike protein of 

SARS-CoV and four seasonal coronaviruses HCoV-OC43, HCoV-HKU1, HCoV-NL63, and 

HCoV-229E) in subjects five weeks post-COVID-19 symptom resolution (Figure 1A). COVID-19 

convalescent subjects had higher IgG levels against all 4 SARS-CoV-2 antigens compared to 

naive subjects. Further, 98% of convalescent subjects had higher binding than any naive 

subject in at least one test. Finally, IgG levels against spike from SARS-CoV, HCoV-OC43, and 

HCoV-HKU1, but not HCoV-NL63 and HCoV-229E, were higher in convalescent subjects 

compared to controls.  

 

We then evaluated the antibody response against SARS-CoV-2 in a more functional manner. 

Since the RBD of spike binds to ACE2, enabling viral entry [30], we quantified the ability of sera 

to inhibit RBD binding to ACE2. Compared to naive sera, five week convalescent sera 

demonstrated much higher inhibition of RBD-ACE2 binding (Figure 1B). Further, in a 

neutralizing assay using live SARS-CoV-2, COVID-19 convalescent sera had higher titers 

compared to naive sera, although 15% of convalescent subjects did not have neutralizing titers 

above controls (Figure 1C). Overall, neutralizing titers correlated well with IgG levels against 

SARS-CoV-2 and RBD-ACE2 binding inhibition (Figure 1D).  

 

Next, we evaluated if antibody titers at five weeks post-symptom resolution varied with disease 

severity in our cohort. Hospitalized subjects had higher antibody levels than non-hospitalized 

subjects according to all of our tests, and, in general, antibody titers increased with COVID-19 

severity (Figure 2). To determine if clinical and demographic factors apart from severe disease 

correlate with antibody levels, we analyzed non-hospitalized subjects alone. Older age, male 

sex, higher BMI and a Charlson Comorbidity Index score >2 correlated with higher antibody 
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titers in non-hospitalized subjects for all or most tests (Table 1). Race, ethnicity, ADI, cancer, 

diabetes, vascular disease, asthma, immunosuppressive medications and inhaled/intranasal 

steroids did not correlate with antibody levels in general (Supplementary Table 2).  

 

We then turned our attention to the range of symptoms reported by our cohort to determine if 

symptoms might correlate with antibody levels. To this end, we first performed a univariate 

analysis to determine if any symptoms correlated with age, BMI, Charlson Comorbidity Score, or 

sex, characteristics shown to correlate with some antibody titers (Figure 3, Table 2). Since some 

symptoms correlated with hospitalization, again we evaluated only non-hospitalized patients. 

We found that most symptoms did not correlate with these characteristics. However, vomiting, 

abdominal pain, and diarrhea correlated with several. Additionally, males were more likely to 

report productive cough and body aches and subjects with higher comorbidity burden were 

more likely to report fever. 

 

We then performed a univariate analysis to determine if antibody titers at five weeks post-

symptom resolution varied with symptoms in our non-hospitalized subjects. As shown in Figure 

3 and Table 3, fever, low appetite, abdominal pain, and diarrhea correlated with higher antibody 

levels measured by every test. Cough, body aches, headache, nausea, and vomiting correlated 

with some antibody tests, and chills, shortness of breath, chest tightness, sore throat, loss of 

taste or smell, and runny or stuffed nose correlated with no or almost no antibody tests.  

 

Concerned that age, sex, BMI, or Charlson score, which correlate with anti-SARS-CoV-2 

antibodies and some symptoms, could be confounding our univariate analysis, we performed a 

multiple linear regression analysis controlling for these variables (Figure 3 and Table 4). We 

found that fever and low appetite remained strong correlates and chills, shortness of breath, 

chest tightness, sore throat, and nasal symptoms remained weak correlates of anti-SARS-CoV-
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2 antibody levels when accounting for these characteristics. However, gastrointestinal 

symptoms had little correlation with antibody levels in the multivariable analysis. Further, the 

strength of association between antibody levels and cough, particularly productive cough, was 

reduced whereas the correlation between body aches and headaches increased. Interestingly, 

when controlling for age, BMI, comorbidities, and sex, loss of taste or smell was strongly 

associated with almost all antibody tests. Finally, we also evaluated the symptoms included in 

severity score of 2 as well as total symptom number and found that the former correlated 

strongly with some antibody tests and the latter correlated with a low beta coefficient, but high 

level of significance, with all antibody levels. 

 

For our last analysis, we evaluated the antibody response against SARS-CoV-2 and other 

coronaviruses in COVID-19 convalescent subjects three months post symptom resolution. In 

our cohort as a whole, anti-SARS-CoV-2 IgG, RBD-ACE2 binding inhibition, and neutralizing 

titers did not decline from five weeks to three months post-symptom resolution (Figure 4). 

However, when hospitalized and non-hospitalized subjects were analyzed separately (Figure 4), 

anti-spike and anti-nucleocapsid IgG rose slightly in hospitalized subjects (area under the curve: 

4,525,184 +/- 796,452 versus 5,247,312 +/- 811,346 and 5,765,064 +/- 588,170 versus 

7,004,295 +/- 654,857, respectively) and neutralizing titers decreased slightly in non-

hospitalized subjects (titers: 49 +/- 11 versus 37 +/-10) over time. Titers against SARS-CoV and 

seasonal coronaviruses also did not fall, and in fact appeared to rise mildly regardless of 

hospitalization status (Supplementary Figure 2). 

 

DISCUSSION 

We have demonstrated that the vast majority of COVID-19 convalescent subjects generate 

antibodies against SARS-CoV-2 that inhibit ACE2 binding, neutralize live SARS-CoV-2, and 

persist at least three months post-COVID-19 symptom resolution. Further, greater disease 
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severity, older age, male sex, higher BMI, higher Charlson Comorbidity Index score, fever, body 

aches and low appetite consistently correlate with higher antibody titers.  

 

Although we detected IgG against SARS-CoV-2 in the majority of COVID-19 convalescent 

subjects, there was variability among tests. IgG levels against spike and RBD, but not NTD or 

nucleocapsid, showed an impressive difference between COVID-19 convalescent and control 

sera. Similar strong results were observed for RBD-ACE2 binding inhibition. Of note, two 

convalescent subjects had similar values to naive subjects in all three tests. It is unknown if 

these subjects had false positive SARS-CoV-2 PCR tests, if they did not make antibodies, or if 

our tests were insufficiently sensitive.  

 

All of the antibody tests correlated well with neutralizing titers, a gold standard for protective 

antibodies. This correlation is encouraging, suggesting that our antibody assays are measuring 

relevant antibodies without the cost, hazards, time, and expertise needed for neutralizing 

assays. However, similar to related studies [24, 25], more COVID-19 convalescent subjects had 

antibody titers no higher than naive controls using the neutralizing assay as compared to other 

assays. It is unknown if these subjects truly lack protective antibodies (in many cases despite 

the presence of anti-SARS-CoV-2 IgG) or if the neutralization assay is insufficiently sensitive. 

 

In addition to the development of anti-SARS-CoV-2 antibodies in COVID-19 convalescent sera 

five weeks post-symptom resolution, we saw a small increase in antibodies against seasonal 

betacoronaviruses (OC43 and HKU1), but not alphacoronaviruses (NL63 and 229E), likely 

because SARS-CoV-2 is a betacoronavirus [30]. Moreover, antibodies that bind to seasonal 

coronaviruses rose slightly from five weeks to three months post-symptom resolution. This 

“back boost” phenomenon [31] could represent cross-reactivity of newly developed anti-SARS-

CoV-2 antibodies and/or stimulation of memory B cells originally developed in response to 
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circulating coronaviruses. In contrast, the high anti-SARS-CoV levels seen in COVID-19 

convalescent subjects, which did not change over time, are probably due to cross-reactive anti-

SARS-CoV-2 antibodies, since the Wisconsin cohort was almost certainly not exposed to 

SARS-CoV. 

 

Similar to recent reports [21-23, 32-34], we demonstrated that anti-SARS-CoV-2 antibodies 

were highest in patients with severe disease, perhaps due to different immunophenotypes in 

COVID-19 patients [35] with a stronger inflammatory response in severe disease driving higher 

antibody titers. We also found that in non-hospitalized patients, higher antibody levels correlated 

with older age, male sex, higher BMI, and higher Charlson Comorbidity Index score. These 

factors all correlated with severe disease in our cohort as measured by hospitalization except 

for BMI, which others have reported to be associated with severe disease [36]. Thus, non-

hospitalized subjects with these high-risk characteristics might have had relatively severe 

disease that our methods could not measure, driving higher antibody levels. Alternatively, these 

characteristics could contribute directly to increased antibody levels. However, other reports 

suggest that older age and obesity impair antibody responses [37], and males have no 

generalizable increased antibody response [38]. Of note, the correlation between anti-SARS-

CoV-2 antibody titers with age, sex, and obesity has been previously reported [23, 39], but we 

are the first to report a correlation with the Charlson Comorbidity Index score. 

 

In addition to disease severity, we report for the first time that specific COVID-19 symptoms 

correlate with higher anti-SARS-CoV-2 antibody levels. Fever, body aches, and low appetite, 

which consistently correlated with higher antibody levels in both univariate and multivariable 

analyses, can be signs of a systemic inflammatory response, which is likely key for developing a 

strong anti-SARS-CoV-2 antibody response. Gastrointestinal symptoms correlated with older 

age, higher BMI, more comorbidities, and male sex as well as higher antibody levels. Thus, it is 
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difficult to determine which factor is driving antibody development. Diarrhea, typically caused by 

enteric viral infection and damage, may directly exacerbate inflammation and COVID-19 

severity [40] causing the higher antibody titers. Alternatively, diarrhea may simply be more 

common in severe disease, which correlates with age, BMI, Charlson Comorbidity Index score, 

and male sex, although we did not see increased diarrhea in our hospitalized patients.  

 

Interestingly, loss of taste or smell, a unique feature of COVID-19, is associated with higher 

antibody levels only in the multiple linear regression analysis, suggesting that it is a predictor of 

higher antibody titers independent of disease severity and correlates of severe disease. The 

mechanism for loss of taste or smell remains unclear. It seems unlikely that anti-SARS-CoV-2 

antibodies cause this symptom, since only a small percentage of subjects have antibodies early 

in disease when loss of taste and smell occurs [41]. Moreover, a mechanism by which this 

symptom could drive antibody levels is similarly hard to imagine. Thus, the correlation between 

loss of taste and smell and antibody titers is likely driven by other factors that remain to be 

discovered. 

 

Many symptoms did not correlate consistently or at all with antibody levels including shortness 

of breath, which was associated with higher antibody levels in COVID-19 convalescent plasma 

donors [24]. However, that study [24] had fewer subjects than our study with plasma donated at 

various times post-COVID-19 and no other symptoms evaluated. Many symptoms that did not 

correlate with antibody levels also did not correlate with severe disease and may not be related 

to the inflammation that drives antibody production.  

 

Finally, we found that antibodies persist at least three months after symptom resolution. Some 

antibody levels even continued to rise slightly during this time period, although neutralizing titers 

fell slightly in non-hospitalized subjects. Our findings are discrepant from some studies, which 
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reported falling antibody levels against SARS-CoV-2 within a few months of disease [12-21]. 

However, these studies had smaller sample sizes (particularly at later time points), variable or 

unclear time points as related to symptom resolution, antibody loss in subjects with mild or 

asymptomatic disease, or no clinical data. However, our findings are consistent with reports of 

persistent antibody titers at least three to six months after disease [8-11]. As time goes on, 

additional studies will be needed at later time points that use a variety of antibody detection 

methods, defined collection time points, and extensive clinical data. 

 

There are a few caveats to our studies. COVID-19 symptoms were self-reported up to a month 

after symptom resolution, which could lead to recall error. Additionally, some medical records 

were incomplete with no recent primary care or admission note for 19% of subjects and 

incomplete BMI data for 14%. This gap would be biased toward non-hospitalized patients. Also, 

our population was relatively racially and ethnically homogeneous. However, our study is strong 

in its wide breadth of COVID-19 severity in 113 subjects with consistent time points and multiple 

types of antibody tests. 

 

In sum, we report that anti-SARS-CoV-2 antibodies last at least three months post-symptom 

resolution and that antibody titers consistently correlate with fever, body aches, low appetite,  

older age, male sex, higher COVID-19 severity, higher BMI, and higher Charlson Comorbidity 

Index score. Further work is needed to determine protective antibody levels against re-infection, 

how long protective titers last, and the mechanisms by which COVID-19 symptoms, 

demographics, and comorbidities may drive higher antibody levels. 
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FIGURE LEGENDS 

Figure 1. Antibodies against SARS-CoV-2 in COVID-19 convalescent subjects five weeks 

post-symptom resolution. IgG against the spike (S) protein from HCoV-OC43, HCoV-HKU1, 

HCoV-NL63, HCoV-229E, and SARS-CoV, as well as SARS-CoV-2 S, N terminal domain (NTD) 

of S, receptor binding domain (RBD) of S, and nucleocapsid (N) protein for convalescent (black, 

n=113) and naive (gray, n=87) sera (A), fold reduction of angiotensin converting enzyme 

(ACE)2 binding to RBD for convalescent (n=113) and naive (n=88) sera (B), and neutralizing 

titers for convalescent (n=113) and naive (n=30) sera (C) were compared by t test with Welch’s 

correction. Bars represent mean, ****p<0.0001, and AUC: area under the curve. D. Neutralizing 

titers were compared with anti-SARS-CoV-2 IgG levels and RBD-ACE2 binding inhibition for 

convalescent subjects (n=113) with Spearman correlation coefficients (ρ) and p values listed.  

 

Figure 2. Patients with more severe COVID-19 have higher antibody levels against SARS-

CoV-2. IgG levels against SARS-CoV-2 S, NTD, RBD, and N, as well as fold reduction of RBD-

ACE2 binding, and neutralizing antibodies in COVID-19 convalescent sera five weeks post-

symptom resolution were compared for non-hospitalized (NH, n=94) versus hospitalized (Hosp., 
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n=19) subjects by t test and among subjects with mild (score 1, n=12), moderate (2, n=82), 

severe (3, n=12), and critical (4, n=7) COVID-19 severity by ANOVA (anti-NTD, anti-RBD, and 

RBD-ACE2 binding inhibition by Welch's ANOVA with Dunnett's test; anti-S and anti-N by 

ANOVA with Tukey's multiple comparisons test, and neutralizing titers by Kruskal-Wallis 

ANOVA with Dunn's multiple comparisons test). For all panels: lines indicate mean +/- SEM; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

 

Figure 3.  Visual representation of COVID-19 symptoms analysis (reported in Tables 2-4) 

highlight correlations with clinical features or antibody levels 5 weeks after symptom 

resolution.  Univariate analysis of symptoms and clinical features (left panel) or symptoms and 

antibody levels (middle panel) were done by Kruskal-Wallis test (for age, Body Mass Index 

(BMI), Charlson Comorbidity Index Score (CCS), IgG against spike (S), N terminal domain 

(NTD), receptor binding domain (RBD), nucleocapsid (N), fold reduction in angiotensin 

converting enzyme two (ACE2) binding to RBD, and neutralizing antibodies (Neut)) or by chi-

squared test (for sex). The shade of blue at the intersection of the two variables indicates 

whether the median age, BMI, S, NTD, RBD, N or ACE2 for subjects with a particular symptom 

was above or below the mean of all other symptoms for that clinical feature or antibody. For 

neutralizing titer in the univariate analysis, mean was used to indicate shade of blue. For sex, 

the difference in percentages of males minus females with the reported symptom was used to 

determine shade of blue. Multiple linear regression analysis of symptoms with antibody levels 

when age, BMI, CCS and sex were controlled for is represented (right panel) with shade of blue 

corresponding to strength of association of the variables as determined by the beta coefficient. 

Number of symptoms was assessed by summing the number of symptoms subjects reported 

and moderate disease symptoms (sx) are defined as a COVID-19 Severity Score of 2.  *p<0.05, 

**p<0.01 and ***p<0.001 
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Figure 4. Antibodies against SARS-CoV-2 persist three months after COVID-19 symptom 

resolution. Sera from COVID-19 convalescent subjects (n=79) collected 5 weeks (w) and 3 

months (m) after symptom resolution were subjected to multiplex assay to detect IgG that binds 

to SARS-CoV-2 S, NTD, RBD and N antigens, to RBD-ACE2 binding inhibition assay, and to 

SARS-CoV-2 neutralization assay. Dots, lines, and asterisks in left panel represent all (n=79) 

subjects, in middle panel represent hospitalized subjects (n=12) and in right panel represent 

non-hospitalized subjects (n=67) with lines connecting the two time points for individual subjects 

(*p<0.05 and **p<0.01 by paired t test). 
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Table 1. Median (IQR) IgG levels, fold RBD-ACE2 inhibition, and SARS-CoV-2 neutralization titers 
five weeks after resolution of COVID-19 symptoms according to clinical and demographic 
characteristics in non-hospitalized subjects 
 N  Anti-Spike a Anti-NTD a Anti-RBD a Anti-N a ACE-2 

Inhib. 
Neut. 
Titer 

All subjects 94 19 (7.0, 35) 0.27 (0.10, 
0.69) 

5.1 (1.8, 12) 31 (11, 51) 73 (20, 287) 20 (10, 
40) 

Age quartile  p=0.047 p=0.009 p=0.028 p=0.005 p=0.011 p=0.230 
 1 (19.2-27.6) 24 10 (3.8, 22) 0.14 (0.07, 

0.42) 
2.2 (1.2, 7.3) 9.6 (3.2, 

35) 
32 (11, 94) 10 (10, 

20) 
 2 (29.6-42.4) 23 18 (8.4, 28) 0.25 (0.15, 

0.53) 
5.3 (1.8, 9.6) 29.0 (23, 

56) 
85 (50, 203) 20 (10, 

40) 
 3 (42.5-54.5) 
 4 (54.8-76.5) 

23 
24 

31 (7.9, 37) 
30 (8.8, 46) 

0.51 (0.08, 1.0) 
0.37 (0.20, 1.7) 

10 (2.1, 15) 
8.4 (3.5, 22) 

37 (19, 51) 
44.1 (29, 
63) 

119 (15, 
311) 
216 (36, 
555) 

20 (1, 40) 
20 (10, 
80) 

Sex  p=0.034 p=0.039 p=0.015 p=0.031 p=0.023 p=0.009 
 Male 32 29 (7.2, 43) 0.46 (0.15, 

0.89) 
9.6 (2.5, 16) 44 (23, 66) 121 (43, 

344) 
40 (10, 
80) 

 Female 62 17 (7.0, 32) 0.21 (0.08, 
0.47) 

4.1 (1.6, 10) 29 (8.7, 44) 51 (15, 219) 15 (10, 
40) 

BMI b (lb/in2)   p=0.041 p=0.011 p=0.020 p=0.091 p=0.067 p=0.027 
 1 (<25) 22 11 (5.0, 20) 0.16 (0.09, 

0.27) 
3.1 (1.3, 6.4) 22 (10, 40) 38 (20, 121) 10 (10, 

20) 
 2 (25-29.99) 27 21 (7.9, 43) 0.41 (0.12, 1.0) 6.9 (2.2, 16) 43 (16, 51) 72 (17, 328) 10 (10, 

40) 
 3 (≥30) 30 27 (15, 38) 0.41 (0.18, 

0.86) 
9.1 (4.8, 13) 43 (23, 85) 139 (45, 

298) 
40 (10, 
80) 

Charlson 
> 2 

 
30 

p=0.021 
33 (8.8, 45) 

p=0.001 
0.46 (0.25, 1.4) 

p=0.010 
9.8 (4.1, 20) 

p=0.010 
45 (30, 63) 

p=0.009 
217 (34, 
489) 

p=0.072 
30 (10, 
80) 

a Values are x105 

b Data missing for 15 subjects 
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Table 2. Clinical and demographic features according to clinical symptoms in non-hospitalized 
subjects 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

aBMI data missing for 15 subjects 
bChills data missing for two subjects 
  

Symptom N Age in years  BMIa in lb/in2  CCS  Sex 
  Median (IQR) Median (IQR) Median 

(IQR) 
% males - % 
females (% of F, % 
of M) 

All subjects 94 42.4 (27.6, 54.8) 27.7 (24.7, 32.4) 1 (0, 2) -31.9 (66.0, 34.0) 
Fever 59 44.3 (29.6, 55.4) 28.4 (25.2, 32.4) 1 (0, 2)* 9.1 (59.7, 68.8) 
Chills b 59 42.5 (29.6, 54.5) 29.3 (25.2, 34.1) 1 (0, 2) 15.7 (59.3, 75.0) 
Productive cough 37 43.6 (27.0, 52.9) 31.3 (25.6, 34.1) 1 (0, 2) 25.6 (30.7, 56.3)* 

Dry cough 58 42.1 (31.4, 54.0) 28.5 (24.8, 32.5)  1 (0, 2) 15.4 (56.5, 71.9) 
Shortness of breath 47 44.1 (36.3, 54.8) 29.4 (25.0, 32.5) 1 (0, 2) 18.9 (43.6, 62.5) 
Chest tightness 60 41.2 (29.8, 54.7) 28.2 (24.7, 32.3) 1 (0, 2) 12.2 (59.7, 71.9) 
Sore throat 45 43.3 (27.6, 54.8) 29.0 (24.6, 32.9) 1 (0, 2) -1.5 (48.4, 46.9) 
Loss of taste or 
smell 

58 40.4 (26.6, 52.9) 27.3 (24.2, 32.3) 0 (0, 2) 1.2 (61.3, 62.5) 

Runny or stuffed 
nose 

54 39.3 (26.6, 54.0) 28.0 (25.0, 33.1) 0 (0, 2) -1.8 (58.1, 56.3) 

Body aches 69 42.4 (27.5, 54.5) 28.0 (25.1, 32.5) 1 (0, 2) 21.4 (66.1, 87.5)* 

Headaches 68 40.4 (27.2, 54.3) 27.7 (24.1, 32.4) 0.5 (0, 2) -0.7 (72.6, 71.9) 
Low appetite 59 43.4 (30.1, 54.8) 28.3 (25.0, 32.5) 1 (0, 2) 9.1 (59.7, 68.8) 
Nausea 32 44.1 (32.5, 55.3) 27.0 (24.8, 35.4) 1 (0, 2.5) 0.5 (33.9, 34.4) 
Vomiting 13 51.3 (32.3, 54.8) 32.4 (30.0, 36.0)* 2 (0, 3) -2 (14.5, 12.5) 
Abdominal pain 17 54.8 (42.5, 

62.5)** 
31.2 (26.0, 32.4) 2 (1, 3)*** 15.2 (12.9, 28.1) 

Diarrhea 42 43.8 (36.3, 54.8) 31.4 (25.4, 34.3)** 1 (0, 2) 27 (35.5, 62.5)* 
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Table 3. Median (IQR) IgG levels, fold RBD-ACE2 inhibition, and SARS-CoV-2 neutralization titers 
five weeks after resolution of COVID-19 symptoms according to clinical symptoms in non-
hospitalized subjects 
 N Anti-Spike a Anti-NTD a Anti-RBD a Anti-N a ACE-2 Inhib. Neut. Titer 
All subjects 94 19 (7.0, 35) 0.27 (0.10, 0.69) 5.1 (1.8, 12) 31 (11, 51) 73 (20, 287) 20 (10, 40) 
Fever 59 29 (7.9, 39)** 0.41 (0.17, 

0.86)** 
9.2 (2.8, 14)** 40 (23, 54)* 121 (37, 328)** 20 (10, 80)*** 

Chills b 59 21 (7.9, 39) 0.32 (0.14, 0.82) 5.9 (2.1, 14) 38 (16, 53) 73 (34, 305) 20 (10, 80)* 
Productive 
cough 

37 26 (10, 38) 0.44 (0.18, 
0.74)* 

8.7 (3.2, 13)* 42 (23, 55) 131 (42, 305)* 20 (10, 80)** 

Dry cough 58 26 (10, 38)** 0.32 (0.17, 
0.73)*  

7.4 (2.8, 13)** 39 (21, 53) 124 (37, 298)* 20 (10, 40)* 

Shortness of 
breath 

47 26 (6.7, 38) 0.27 (0.12, 0.74) 5.9 (1.8, 13) 27 (11, 56) 85 (22, 305) 20 (10, 80) 

Chest 
tightness 

60 21 (7.2, 35) 0.26 (0.09, 0.71) 5.8 (1.8, 13) 36 (12, 56) 79 (21, 287) 20 (10, 40) 

Sore throat 45 22 (8.4, 35) 0.34 (0.17, 0.68) 6.9 (2.4, 12) 38 (14, 53) 73 (20, 298) 20 (10, 40) 
Loss of taste 
or smell 

58 21 (8.0, 36) 0.33 (0.10, 0.73) 5.0 (1.8, 13) 31 (14, 54) 73 (22, 298) 20 (10, 40) 

Runny or 
stuffed nose 

54 20 (6.7, 37) 0.28 (0.09, 0.69) 5.5 (1.7, 12) 35 (16, 53) 73 (20, 279) 20 (10, 40) 

Body aches 69 24 (8.4, 39)** 0.29 (0.14, 
0.86)* 

6.9 (2.2, 14)** 38 (16, 53) 93 (28, 298)* 20 (10, 80)* 

Headaches 68 24 (9.1, 35)* 0.31 (0.16, 
0.71)* 

6.8 (2.9, 13)** 36 (18, 53) 92 (26, 293) 20 (10, 40)* 

Low appetite 59 27 (9.8, 43)*** 0.41 (0.18, 
1.0)*** 

8.7 (2.9, 
16)*** 

40 (22, 
56)** 

123 (28, 311)** 20 (10, 80)*** 

Nausea 32 29 (9.2, 46)* 0.45 (0.26, 1.1)** 9.1 (3.5, 14)* 42 (26, 56)* 95 (19, 332) 20 (10, 80) 
Vomiting 13 30 (20, 43)* 0.93 (0.44, 

1.1)*** 
10 (4.8, 20)* 48 (42, 

82)** 
131 (26, 376) 40 (10, 80) 

Abdominal 
pain 

17 35 (17, 47)* 1.0 (0.28, 1.6)** 14 (5.6, 20)* 48 (29, 69)* 310 (47, 756)* 80 (20, 80)**  

Diarrhea 42 28 (13, 43)** 0.44 (0.23, 
0.93)** 

8.9 (4.1, 14)* 41 (23, 
82)** 

124 (47, 392)** 30 (10, 80)* 

a Values are x105 
b Data missing for three subjects 
*p<0.05, **p<0.01, ***p<0.001 
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Table 4. Multiple linear regression of symptoms associated with antibody levels, ACE-2 inhibition, 
and viral neutralization titers five weeks after resolution of COVID-19 symptoms in 
nonhospitalized subjects 

 
 
a All models adjusted for age, sex, BMI, and Charlson Comorbidity Index score. 
Adj., adjusted; CI, confidence interval; sqrt, square root. 
 
  

Symptom a

sqrt[IgG(Spike)] log[IgG(NTD)] sqrt[IgG(RBD)]

β 95% CI P Adj. R2 β 95% CI P Adj. 
R2

β
95% CI P

Adj. 
R2

Fever 313.6 13.0, 
614.2

0.04
1

0.14 0.72
6

0.163, 
1.289

0.012 0.19 253.5 54.7, 
452.4

0.013 0.21

Chills 207.1 -124.4, 
538.7

0.21
7

0.12 0.27
9

-0.357, 
0.915

0.385 0.13 143.3 -79.9, 
366.5

0.205 0.16

Productive 
cough

167.2 -152.3, 
486.7

0.30
0

0.10 0.49
1

-0.110, 
1.092

0.108 0.14 82.4 -132.6, 
297.4

0.448 0.14

Dry cough 362.9 59.7, 
666.1

0.02
0

0.15 0.68
3

0.106, 
1.260

0.021 0.18 163.8 -43.9, 
371.4

0.120 0.16

Shortness 
of breath

71.4 -228.9, 
371.8

0.63
7

0.09 -
0.01
6

-0.588, 
0.556

0.955 0.11 -2.3 -204.1, 
199.5

0.982 0.14

Chest 
tightness

193.1 -117.0, 
503.1

0.21
9

0.11 0.11
0

-0.485, 
0.705

0.713 0.11 87.4 -121.7, 
296.6

0.407 0.14

Sore throat 51.3 -243.5, 
346.1

0.73
0

0.09 -
0.05
6

-0.616, 
0.505

0.844 0.11 9.8 -188.1, 
207.7

0.922 0.14

Loss of 
taste or 
smell

419.3 123.5, 
715.1

0.00
6

0.18 0.69
9

0.130, 
1.269

0.017 0.18 279.1 80.5, 
477.7

0.007 0.22

Runny or 
stuffed nose

41.8 -263.5, 
347.1

0.78
6

0.09 -
0.02
9

-0.610, 
0.551

0.920 0.11 25.9 -178.9, 
230.7

0.802 0.14

Body aches 637.9 308.3, 
967.5

<0.0
01

0.24 1.07
1

0.430, 
1.711

0.001 0.23 376.7 150.6, 
602.8

0.001 0.25

Headaches 511.8 202.5, 
821.0

0.00
2

0.21 0.86
2

0.265, 
1.460

0.005 0.20 284.9 72.7, 
497.1

0.009 0.21

Low 
appetite

526.9 239.3, 
814.5

<0.0
01

0.23 1.05
1

0.510, 
1.593

<0.001 0.26 351.1 158.0, 
544.3

0.001 0.27

Nausea 238.0 -67.1, 
543.1

0.12
4

0.12 0.61
7

0.045, 
1.189

0.035 0.17 123.7 -82.3, 
329.7

0.235 0.15

Vomiting 204.9 -224.7, 
634.5

0.34
5

0.10 1.01
5

0.229, 
1.802

0.012 0.19 171.3 -115.9, 
458.5

0.238 0.15

Abdominal 
pain

196.6 -194.4, 
587.7

0.32
0

0.10 0.31
9

-0.426, 
1.064

0.396 0.12 144.2 -117.8, 
406.1

0.276 0.15

Diarrhea 258.5 -51.6, 
568.6

0.10
1

0.12 0.21
2

-0.387, 
0.810

0.483 0.12 143.0 -66.2, 
352.3

0.177 0.16

Moderate 
disease sx

482.2 33.9, 
930.5

0.03
5

0.14 0.57
5

-0.294, 
1.443

0.191 0.13 301.8 -0.1, 
603.7

0.050 0.18

Number of 
symptoms

95.1 52.0, 
138.2

<0.0
01

0.28 0.16
8

0.084, 
0.251

<0.001 0.27 56.3 26.5, 
86.1

<0.00
1

0.28
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Table 4. Multiple linear regression of symptoms associated with antibody levels, ACE-2 inhibition, 
and viral neutralization titers five weeks after resolution of COVID-19 symptoms in 
nonhospitalized subjects (continued) 

 
a All models adjusted for age, sex, BMI, and Charlson Comorbidity Index score. 
Adj., adjusted; CI, confidence interval; sqrt, square root. 
 
 
 
  

Symptom 
a

sqrt[IgG(Nucleocapsid)] log[ACE2 Inhibition] log[viral neutralization]

β 95% CI p

Adj. R
2

β 95% CI p

Adj. 

R
2

β 95% CI p

Adj. 

R
2

Fever 340.3 -40.4, 

721.0

0.07

9

0.15 0.80

5

0.133, 

1.477

0.020 0.20 1.154 0.503, 

1.804

0.001 0.22

Chills 256.9 -162.1, 

675.8

0.22

6

0.14 0.46

9

-0.274, 

1.212

0.212 0.18 0.523 -0.226, 

1.272

0.168 0.13

Productive 

cough

121.4 -282.2, 

525.0

0.55

1

0.11 0.45

7

-0.261, 

1.175

0.209 0.16 0.780 0.084, 

1.477

0.029 0.15

Dry cough 150.1 -244.1, 

544.3

0.45

0

0.12 0.72

3

0.033, 

1.413

0.040 0.19 0.710 0.020, 

1.399

0.044 0.14

Shortness 

of breath

-222.4 -597.0, 

152.2

0.24

1

0.13 -

0.03

4

-0.712, 

0.645

0.922 0.14 -0.023 -0.707, 

0.661

0.947 0.09

Chest 

tightness

158.3 -233.8, 

550.4

0.42

4

0.12 0.21

5

-0.489, 

0.920

0.544 0.14 0.367 -0.339, 

1.074

0.304 0.11

Sore throat -111.5 -481.5, 

258.5

0.55

0

0.11 -

0.06

1

-0.727, 

0.604

0.855 0.14 -0.031 -0.698, 

0.635

0.926 0.09

Loss of 

taste or 

smell

380.1 -1.4, 

761.6

0.05

1

0.15 0.72

6

0.044, 

1.408

0.037 0.19 0.871 0.185, 

1.556

0.014 0.16

Runny or 

stuffed nose

129.0 -253.8, 

511.9

0.50

4

0.11 -

0.07

3

-0.761, 

0.616

0.834 0.14 -0.053 -0.735, 

0.630

0.879 0.09

Body aches 405.7 -38.9, 

850.4

0.07

3

0.15 0.88

5

0.096, 

1.674

0.029 0.20 1.165 0.388, 

1.942

0.004 0.19

Headaches 423.0 18.1, 

827.9

0.04

1

0.16 0.88

7

0.169, 

1.606

0.016 0.21 1.095 0.407, 

1.784

0.002 0.20

Low 

appetite

428.9 48.6, 

809.1

0.02

8

0.17 0.99

3

0.326, 

1.659

0.004 0.23 1.082 0.414, 

1.751

0.002 0.20

Nausea 327.8 -54.5, 

710.0

0.09

2

0.14 0.00

8

-0.691, 

0.708

0.981 0.14 0.336 -0.358, 

1.029

0.338 0.11

Vomiting 517.3 -12.5, 

1047.1

0.05

5

0.15 -

0.12

5

-1.100, 

0.850

0.799 0.14 0.160 -0.833, 

1.152

0.749 0.10

Abdominal 

pain

109.7 -384.6, 

603.9

0.66

0

0.11 0.25

3

-0.633, 

1.139

0.571 0.14 0.626 -0.219, 

1.471

0.144 0.12

Diarrhea 316.5 -73.7, 

706.6

0.11

0

0.14 0.42

9

-0.277, 

1.134

0.230 0.16 0.396 -0.312, 

1.104

0.269 0.11

Moderate 

disease sx

476.2 -94.1, 

1046.5

0.10

0

0.14 1.34

9

0.355, 

2.343

0.008 0.22 1.232 0.206, 

2.259

0.019 0.16

Number of 

symptoms

76.8 18.6, 

135.1

0.01

0

0.19 0.14

4

0.040, 

0.248

0.007 0.22 0.188 0.091, 

0.285

<0.00

1

0.24
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Figure 1. Antibodies against SARS-CoV-2 in COVID-19 convalescent subjects five weeks post-
symptom resolution. IgG against the spike (S) protein from HCoV-OC43, HCoV-HKU1, HCoV-NL63, 
HCoV-229E, and SARS-CoV, as well as SARS-CoV-2 S, N terminal domain (NTD) of S, receptor binding 
domain (RBD) of S, and nucleocapsid (N) protein for convalescent (black, n=113) and naive (gray, n=87) 
sera (A), fold reduction of angiotensin converting enzyme (ACE)2 binding to RBD for convalescent 
(n=113) and naive (n=88) sera (B), and neutralizing titers for convalescent (n=113) and naive (n=30) sera 
(C) were compared by t test with Welch’s correction. Bars represent mean, ****p<0.0001, and AUC: area 
under the curve. D. Neutralizing titers were compared with anti-SARS-CoV-2 IgG levels and RBD-ACE2 
binding inhibition for convalescent subjects (n=113) with Spearman correlation coefficients (ρ) and p 
values listed.  
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Figure 2. Patients with more severe COVID-19 have higher antibody levels against SARS-CoV-2. 
IgG levels against SARS-CoV-2 S, NTD, RBD, and N, as well as fold reduction of RBD-ACE2 binding, 
and neutralizing antibodies in COVID-19 convalescent sera five weeks post-symptom resolution were 
compared for non-hospitalized (NH, n=94) versus hospitalized (Hosp., n=19) subjects by t test and 
among subjects with mild (score 1, n=12), moderate (2, n=82), severe (3, n=12), and critical (4, n=7) 
COVID-19 severity by ANOVA (anti-NTD, anti-RBD, and RBD-ACE2 binding inhibition by Welch's 
ANOVA with Dunnett's test; anti-S and anti-N by ANOVA with Tukey's multiple comparisons test, and 
neutralizing titers by Kruskal-Wallis ANOVA with Dunn's multiple comparisons test). For all panels: lines 
indicate mean +/- SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 3.  Visual representation of COVID-19 symptoms analysis (reported in Tables 2-4) highlight 
correlations with clinical features or antibody levels 5 weeks after symptom resolution.  Univariate 
analysis of symptoms and clinical features (left panel) or symptoms and antibody levels (middle panel) 
were done by Kruskal-Wallis test (for age, Body Mass Index (BMI), Charlson Comorbidity Index Score 
(CCS), IgG against spike (S), N terminal domain (NTD), receptor binding domain (RBD), nucleocapsid 
(N), fold reduction in angiotensin converting enzyme two (ACE2) binding to RBD, and neutralizing 
antibodies (Neut)) or by chi-squared test (for sex). The shade of blue at the intersection of the two 
variables indicates whether the median age, BMI, S, NTD, RBD, N or ACE2 for subjects with a particular 
symptom was above or below the mean of all other symptoms for that clinical feature or antibody. For 
neutralizing titer in the univariate analysis, mean was used to indicate shade of blue. For sex, the 
difference in percentages of males minus females with the reported symptom was used to determine 
shade of blue. Multiple linear regression analysis of symptoms with antibody levels when age, BMI, CCS 
and sex were controlled for is represented (right panel) with shade of blue corresponding to strength of 
association of the variables as determined by the beta coefficient. Number of symptoms was assessed by 
summing the number of symptoms subjects reported and moderate disease symptoms (sx) are defined 
as a COVID-19 Severity Score of 2.  *p<0.05, **p<0.01 and ***p<0.001 
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S NTD RBD N ACE2 Neut
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* * * * **

*
* * * *

** * ** * *

*** ** ** * **
** ** ** * * **
*** *** ** * ** **
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Figure 4. Antibodies against SARS-CoV-2 persist three months after COVID-19 symptom 
resolution. Sera from COVID-19 convalescent subjects (n=79) collected 5 weeks (w) and 3 months (m) 
after symptom resolution were subjected to multiplex assay to detect IgG that binds to SARS-CoV-2 S, 
NTD, RBD and N antigens, to RBD-ACE2 binding inhibition assay, and to SARS-CoV-2 neutralization 
assay. Dots, lines, and asterisks in left panel represent all (n=79) subjects, in middle panel represent 
hospitalized subjects (n=12) and in right panel represent non-hospitalized subjects (n=67) with lines 
connecting the two time points for individual subjects (*p<0.05 and **p<0.01 by paired t test).  
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Supplementary Table 1. Clinical and demographic characteristics of 113 COVID-19 convalescent 
subjects 
Characteristic All subjects 

(N=113) 
Not 
hospitalized 
(N=94) 

Hospitalized 
(N=19) 

p-
value 

Age (years), median (IQR) 44.3 (32.3, 
56.9) 

42.4 (27.6, 
54.8) 

61.8 (48.2, 
70.5) 

<0.001 

Male sex, n (%) 47 (41.6) 32 (34.0) 15 (79.0) <0.001 
Race, n (%)    0.370 
White 103 (91.2) 86 (91.5) 17 (89.5)  
Black 4 (3.5) 4 (4.3) 0 (0.0)  
Asian 6 (5.3) 4 (4.3) 2 (10.5)  
Hispanic ethnicity, n (%) 5 (4.4) 5 (5.3) 0 (0.0) 0.304 
Area deprivation index score, median 
(IQR) 

30 (21, 41) 31.5 (21, 42) 30 (15, 40) 0.332 

Body-mass index a (lb/in2), median 
(IQR) 

27.8 (25.0, 
32.8) 

27.7 (24.7, 
32.4) 

29.8 (26.1, 
34.4) 

0.239 

Charlson score, median (IQR) 1 (0, 2) 1 (0, 2) 2 (0, 5) 0.005 
Active cancer, n (%) 5 (4.4) 4 (4.3) 1 (5.3) 0.846 
Diabetes b, n (%) 11 (9.7) 7 (7.5) 4 (21.1) 0.068 
Vascular disease c, n (%) 10 (8.9) 4 (4.3) 6 (31.6) <0.001 
Asthma, n (%) 22 (19.5) 22 (23.4) 0 (0.0) 0.019 
Immunosuppressive medication, n (%) 7 (6.2) 7 (7.5) 0 (0.0) 0.219 
Inhaled steroid, n (%) 28 (24.8) 25 (26.6) 3 (15.8) 0.320 
Symptoms, n (%)     
Fever 76 (67.3) 59 (62.8) 17 (89.5) 0.024 
Chills 72 (65.5) 59 (64.8) 13 (68.4) 0.765 
Productive cough 48 (42.5) 37 (39.4) 11 (57.9) 0.136 
Dry cough 73 (64.6) 58 (61.7) 15 (79.0) 0.152 
Shortness of breath 61 (54.0) 47 (50.0) 14 (73.7) 0.059 
Chest tightness 66 (58.4) 60 (63.8) 6 (31.6) 0.009 
Sore throat 48 (42.5) 45 (47.9) 3 (15.8) 0.010 
Loss of taste or smell 67 (59.3) 58 (61.7) 9 (47.4) 0.246 
Runny or stuffed nose 62 (54.9) 54 (57.5) 8 (42.1) 0.220 
Body aches 80 (70.8) 69 (73.4) 11 (57.9) 0.175 
Headaches 75 (66.4) 68 (72.3) 7 (36.8) 0.003 
Low appetite 72 (63.7) 59 (62.8) 13 (68.4) 0.640 
Nausea 38 (33.6) 32 (34.0) 6 (31.6) 0.836 
Vomiting 15 (13.3) 13 (13.8) 2 (10.5) 0.699 
Abdominal pain 21 (18.6) 17 (18.1) 4 (21.1) 0.762 
Diarrhea 52 (46.0) 42 (44.7) 10 (52.6) 0.526 
Intubated, n (%) 7 (6.2) -- 7 (36.8) -- 
a Data missing for 16 individuals (16 missing height; 8 missing weight) 

b 10 of 11 subjects with HgbA1c>7 
c Eight subjects had a history of myocardial infarction, four with peripheral vascular disease, three with 
congestive heart failure, two with cerebrovascular disease (not mutually exclusive) 
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Supplementary Table 2. Median (IQR) IgG levels, fold RBD-ACE2 inhibition, and SARS-CoV-2 
neutralization titers five weeks after resolution of COVID-19 symptoms according to clinical 
and demographic characteristics in non-hospitalized subjects 
 N Anti-S a Anti-NTD  a Anti-RBD  

a 
Anti-N  a ACE-2 Inhib. Neut. 

Titer 
All subjects 9

4 
19 (7.0, 
35) 

0.27 (0.10, 
0.69) 

5.1 (1.8, 
12) 

31 (11, 
51) 

73 (20, 287) 20 (10, 
40) 

Race  p=0.580 p=0.716 p=0.530 p=0.179 p=0.683 p=0.235 
   White 8

6 
18 (6.7, 
35) 

0.25 (0.09, 
0.73) 

4.9 
(1.7,12) 

30 (10, 
51) 

72 (22, 268) 20 (10, 
40) 

   Black 4 26 (14, 
40) 

0.31 (0.23, 
0.86) 

7.0 (3.4, 
14) 

52 (41, 
86) 

186 (15.5, 
421) 

30 (15, 
60) 

   Asian 4 31 (15, 
40.5) 

0.47 (0.20, 
0.67) 

10 (4.2, 
19) 

26 (15, 
34) 

346 (75, 
569) 

60 (25, 
120) 

Hispanic 
ethnicity 

 
5 

p=0.048 
39 (30, 
46) 

p=0.097 
0.77 (0.56, 
1.1) 

p=0.100 
13 (10, 
14) 

p=0.136 
53 (44, 
55) 

p=0.056 
310 (245, 
376) 

p=0.057 
40 (40, 
80) 

ADI tertile 
    1 (4, 24) 
    2 (26, 40) 
    3 (41, 99) 

 
3
3 
3
2 
2
9 

p=0.478 
19 (8.4, 
31) 
15 (5.3, 
36) 
23 (8.0, 
43) 

p=0.642 
0.23 (0.11, 
0.66) 
0.26 (0.08, 
0.62) 
0.32 (0.13, 
0.93) 

p=0.471 
4.8 (1.7, 
11) 
4.4 (1.6, 
13) 
7.2 (2.8, 
14) 

p=0.544 
27 (12, 
51) 
31 (8.5, 
49) 
42 (25, 
54) 

p=0.573 
52 (17, 131) 
86 (21, 273) 
100 (37, 
310) 

p=0.662 
20 (10, 
80) 
20 (10, 
40) 
20 (10, 
40) 

Active Cancer 
 
Diabetes  
 
Vascular 
disease 
 
Asthma 

 
4 
 
7 
 
4 
 
2
2 

p=0.190 
10.3 (3.7, 
19) 
p=0.424 
33 (23, 
77) 
p=0.155 
47 (23, 
71) 
p=0.382 
13 (5.0, 
38) 

p=0.925 
0.30 (0.18, 
0.40) 
p=0.589 
0.32 (0.06, 
1.7) 
p=0.059 
1.4 (0.63, 
3.3) 
p=0.755 
0.29 (0.06, 
0.82) 

p=0.349 
3.5 (1.9, 
5.4) 
p=0.416 
10 (6.7, 
42) 
p=0.144 
23 (10, 
33) 
p=0.443 
4.4 (1.1, 
14) 

p=0.779 
36 (19, 
41) 
p=0.069 
47 (30, 
118) 
p=0.269 
59 (28, 
94) 
p=0.106 
24 (6.5, 
38) 

p=0.210 
28 (16, 88) 
p=0.074 
219 (45, 
1186) 
p=0.056 
790 (387, 
1801) 
p=0.512 
50 (14, 353) 

p=0.312 
10 (6, 25) 
p=0.320 
40 (10, 
80) 
p=0.155 
80 (41, 
360) 
p=0.813 
15 (10, 
40) 

Immunosup. 
medication 

 
7 

p=0.376 
8.0 (5.2, 
32) 

p=0.512 
0.12 (0.07, 
0.73) 

p=0.338 
2.8 (1.2, 
12) 

p=0.835 
37 (19, 
44) 

p=0.412 
28 (15, 279) 

p=0.372 
10 (1, 20) 

Inhaled steroid 2
5 

p=0.112 
33 (8.0, 
43) 

p=0.018 
0.47 (0.24, 
1.0) 

p=0.101 
9.2 (2.9, 
15) 

p=0.935 
33 (16, 
46) 

p=0.325 
203 (34, 
310) 

p=0.050 
20 (10, 
80) 

 

a Values are area under the curve x105 
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Supplementary Figure 1. Self-reported symptoms during COVID-19. Upon initial recruitment, subjects 
were asked about each symptom listed on the left during their COVID-19 illness. Each column represents 
a subject (n=113) with hospitalized subjects under the red bar. Black square, symptom experienced; gray 
square, symptom not experienced; white square, data not collected. 
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Supplementary Figure 2. Antibodies to seasonal coronaviruses and SARS-CoV do not decline 
from five weeks to three months post COVID-19 symptom resolution. Sera from COVID-19 
convalescent subjects five weeks (w) and three months (m) post symptom resolution were evaluated for 
IgG (reported as area under the curve, AUC) that bound to the spike protein of common cold 
coronaviruses OC43, HKU1, NL63 and 229E as well as SARS-CoV by multiplex assay. Lines connect 
time points for individual subjects (n=79). Paired t tests were performed ****p<0.0001. 
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ABSTRACT 

The consequences of past COVID-19 infection for personal and population health are emerging, 

but accurately identifying distant infection is a challenge. Anti-spike antibodies rise after both 

vaccination and infection and anti-nucleocapsid antibodies rapidly decline. We evaluated anti-

membrane antibodies in COVID-19 naïve, vaccinated, and convalescent subjects to determine if 

they persist and accurately detect distant infection. We found that anti-membrane antibodies 

persist for at least a year and are a sensitive and specific marker of past COVID-19 infection. 

Thus, anti-membrane and anti-spike antibodies together can differentiate between COVID-19 

convalescent, vaccinated, and naïve states to advance public health and research. 

 

INTRODUCTION 

The cardinal features and challenges of the COVID-19 pandemic have changed. Initially, the 

pandemic was defined by SARS-CoV-2 infections in an immunologically naive population, Now, 

immunity from vaccination, infection, or both is common, reducing the severity of future infection 

waves. However, identifying infection for research and public health efforts is limited by the 

need to perform viral testing during acute infection (which may not occur during asymptomatic 

disease or pandemic surges that deplete resources) and by shortcomings in serologic testing 

[1]. Anti-nucleocapsid antibodies often decline to seronegativity just months after infection [2-4]. 

Anti-spike antibodies persist at least a year post-infection [5, 6] but typically cannot differentiate 

between infection and vaccination [7-9]. Anti-membrane antibodies develop soon after SARS-

CoV-2 infection [10-12], but they are rarely assessed and their longevity is unknown. Here, we 

evaluated antibodies against the receptor binding domain (RBD) of spike, nucleocapsid, and 

membrane antigens in naïve, COVID-19 vaccinated, and COVID-19 convalescent subjects up to 

a year post symptom resolution to evaluate the persistence of anti-membrane antibodies and to 

identify antigens that discriminate between distant infection, vaccination, and naïve states. 
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MATERIALS AND METHODS 

Human subjects 

Human studies were approved by the UW Institutional Review Board and human subjects 

provided written informed consent. Sera and data collected before 2019 from 60 COVID-19 

naïve adults without inflammatory disease (exception: one subject with psoriatic arthritis using 

adalimumab to match two COVID-19 convalescent subjects using adalimumab) were obtained 

from the University of Wisconsin (UW) Rheumatology Biorepository [13].  

 

COVID-19 convalescent sera and data were obtained from the UW COVID-19 Convalescent 

Biorepository [14]. Briefly, in spring of 2020, adults with a positive SARS-CoV-2 PCR test at UW 

Health were invited to participate until 121 subjects were recruited. Demographic and clinical 

information were collected by questionnaire and electronic medical record (EMR) abstraction. 

COVID-19 severity was diverse: mild (n=12), moderate (n=86), severe (n=15) and critical (n=8) 

as we previously defined [14]. Subjects provided blood and clinical information 5 weeks 

(n=121), 3 months (n=115), 6 months (n=98) and 12 months (n=100) +/- 3 weeks after symptom 

resolution. One sample collected >3 weeks from the 3 month timepoint and subjects for whom 

the 5 week time point was collected >3 weeks from the intended timepoint (n=1) or missed >1 

blood draw (n=16) were excluded from comparative analyses, generating sample sizes of 104 

(5 weeks), 101 (3 months), 97 (6 months), and 98 (12 months). Based on anti-RBD Ig elevation 

timing post-vaccination (Supplementary Figure 1), COVID-19 convalescent subjects at 12 

months were considered vaccinated if they received 1 vaccine dose >5 days before sample 

collection (n=77) and unvaccinated if they received no vaccine (n=17) or their first or only 

vaccine dose <5 days before sample collection (n=4).  
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Vaccinated individuals without past COVID-19 (n=21) were recruited by flyers at UW Health in 

summer of 2021. Complete vaccination (>3 weeks after two mRNA vaccine doses or one 

Ad26.COV2.S dose) and lack of known COVID-19 was confirmed by questionnaire and EMR 

review.  

 

Limited clinical data, sera, and SARS-CoV-2 lineages were provided by UW Health Infection 

Control for 20 completely vaccinated healthcare workers with breakthrough COVID-19 (positive 

PCR and symptoms) in spring of 2021. Blood collection occurred ~1 day after SARS-CoV-2 

PCR (range 0-4 days) and ~3 days after symptom onset (range 0-5 days). Four breakthrough 

cases also had PCR positive COVID-19 prior to vaccination completion and 3-6 months prior to 

breakthrough infection. Healthcare workers with breakthrough infections were invited to 

participate in the longitudinal study, and 3 provided blood ~8 weeks (range 37-70 days) after the 

initial collection.  

 

Anti-RBD Ig Immunoassay  

Anti-RBD Ig was detected by LumitTM SARS-CoV-2 Immunoassay (Promega, Madison, USA) 

according to kit instructions using a TEMPEST® Liquid Handler (Formulatrix, Bedford, MA) and 

a PHERAstar FS plate reader (BMG Labtech, Ortenberg, Germany). Sera were diluted 1:10 to 

use the recommended sample/calibrator cutoff of 1 for seropositivity. At 1:10, the highest anti-

RBD Ig values were above the linear range, but results were overall similar to a 1:200 dilution 

(Supplementary Figure 2), at which higher values were within the linear range. 
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Anti-membrane and anti-nucleocapsid IgG enzyme-linked immunosorbent assay 

(ELISA) 

ELISAs were performed as previously to detect IgG against SARS-CoV-2 membrane (aa 8-23, 

ITVEELKKLLEQWNLV-K-biotin) and nucleocapsid (aa 390-405, QTVTLLPAADLDDFSK-K-

biotin) peptides [10] with the following modifications: blocking for >2.5 instead of 1 hour and 

serum dilution of 1:50 (nucleocapsid) or 1:500 (membrane), instead of 1:200 to maximally utilize 

the linear range. Relative absorbance values (IgG binding to uncoated wells subtracted from 

coated wells for each subject and values normalized across plates using a serum standard) of 0 

were plotted as 0.0001 to allow a log scale for graphs. 

 

Statistics 

Statistical analyses were performed using Prism (GraphPad, San Diego, CA) and JMP (SAS 

Institute, Cary, NC) software. Antibody levels were compared between naïve or vaccinated 

subjects versus all other groups by Kruskal-Wallis One-Way ANOVA with Dunn’s multiple 

comparisons test. Antibody levels in unvaccinated versus vaccinated 12 month convalescent 

samples were compared by Mann-Whitney U test. Matched antibody levels across multiple 

timepoints in convalescent subjects were compared by Friedman test with Dunn’s multiple 

comparisons test. Antibody levels in breakthrough infection subjects were compared at ~3 days 

post symptom onset versus ~8 weeks later by Wilcoxon signed rank test. Antibody positivity 

was compared between two groups with Fisher’s exact test and among multiple groups with a 

chi-square test. P values <0.05 were considered significant.  

 

RESULTS 

We quantified antibodies against RBD, nucleocapsid, and membrane antigens in sera from the 

following subjects: naïve, vaccinated with no known COVID-19 infection, COVID-19 
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convalescent with sera collected 5 weeks, 3 months, 6 months, and 12 months post symptom 

resolution (all initially unvaccinated), and vaccinated with subsequent SARS-CoV-2 

breakthrough infection. Clinical and demographic information is in Supplementary Table 1.  

 

For anti-RBD Ig, the chemiluminescent assay had an area under the receiver operator curve 

(AUC) of 0.973, 90% sensitivity, and 97% specificity (Supplementary Figure 3A), comparable to 

other assays [14]. Convalescent and vaccinated individuals had significantly higher anti-RBD Ig 

than naïve subjects, with no significant difference in antibody levels or percent seropositivity 

between vaccinated subjects and unvaccinated convalescent subjects (Figure 1A and 1B). In a 

matched analysis of the 88 subjects who provided serum at all 4 timepoints (Figure 1C), anti-

RBD Ig levels were statistically different between timepoints, but the extremely small difference 

in medians is unlikely to be biologically meaningful. Further, the percent of seropositive subjects 

at 5 weeks (91%) versus 6 months (88%) was not significantly different (Figure 1B). Because 

only 21 convalescent subjects remained unvaccinated at 12 months, this timepoint was not 

compared to the 5 week timepoint. Not surprisingly, anti-RBD Ig levels in 12 month 

convalescent subjects were significantly higher for those who received at least one dose of a 

vaccine compared with no vaccine (Figure 1A and Supplementary Figure 1B). Finally, all 

vaccinated subjects, with or without past or breakthrough infections, were seropositive for anti-

RBD Ig, with no significant differences in antibody levels between vaccinated subjects with or 

without breakthrough infections (Figure 1A and 1B). Overall, these data suggest that anti-RBD 

antibodies are detectable in the vast majority of vaccinated and convalescent subjects at least a 

year after infection, but cannot differentiate between past infection, vaccination, and vaccination 

with breakthrough infection.   

 

Next, we evaluated anti-nucleocapsid IgG. The ELISA had an AUC of 0.919, 91% sensitivity, 

and 88% specificity (Supplementary Figure 3B). The low specificity of this test is consistent with 
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other anti-nucleocapsid tests, likely due to cross-reactivity with common cold coronavirus 

nucleocapsid [14, 15]. Nonetheless, as expected, there was no difference in anti-nucleocapsid 

IgG levels between naïve versus vaccinated subjects or between 12 month convalescent 

vaccinated versus unvaccinated subjects (Figure 1D). Also as expected, compared to either 

vaccinated or naïve subjects, anti-nucleocapsid IgG levels were higher in subjects with past 

infection (Figure 1D). However, in a matched analysis of convalescent subjects, anti-

nucleocapsid IgG levels fell significantly over time (Figure 1F) with 34% of subjects 

seronegative by 6 months and 48% by 12 months, a significant increase in seronegativity 

compared to 8% at 5 weeks (Figure 1E). Interestingly, none of the four breakthrough cases who 

also had COVID-19 before vaccination were seropositive for anti-nucleocapsid IgG at the time 

of breakthrough infection and only one of three subjects was seropositive eight weeks after 

breakthrough infection (Figure 1E). Together, these data highlight the rapid decline of anti-

nucleocapsid antibodies.  

 

Last, we evaluated anti-membrane IgG. The ELISA had an AUC of 0.956, 88% sensitivity, and 

95% specificity (Supplementary Figure 3C). As expected, anti-membrane IgG levels and 

percent seropositivity did not differ between naïve and vaccinated subjects or between 12 

month convalescent vaccinated and unvaccinated subjects, but were significantly higher in 

convalescent subjects (Figure 1G and 1H). In a matched analysis over time (Figure 1I), anti-

membrane IgG levels remained stable at 6 months with an extremely small decline at 12 

months. However, at 12 months, 94% of convalescent samples were seropositive for anti-

membrane IgG, as compared to 88% at 5 weeks (Figure 1H). Interestingly, all four vaccine 

breakthrough infection subjects with prior COVID-19 and no breakthrough subjects without prior 

COVID-19 were seropositive for anti-membrane IgG during acute infection (Figure 1I). Together, 

these data demonstrate that anti-membrane IgG persists at least a year and can be a sensitive 

and specific marker of past COVID-19 infection. 
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Finally, we compared antibody levels at 5 weeks and 12 months post-symptom resolution 

across disease severity groups. As expected [10, 14], levels of all three antibodies were 

generally higher in subjects with more severe COVID-19 at both time points (Figure 2). 

 

DISCUSSION 

Here, in addition to confirming that anti-RBD antibodies last at least a year and anti-

nucleocapsid IgG declines over months [2-6], we demonstrate that anti-membrane IgG is 

present in the vast majority of COVID-19 convalescent patients and persists at least a year. Our 

findings are consistent with findings for IgG against a recombinant membrane antigen 

(polypeptide of aa 1-19 and 101-222) in the early convalescent period [11]. In contrast, Jörrißen 

and colleagues found that only ~20% of non-hospitalized COVID-19 convalescent subjects had 

IgG against a membrane peptide in the early convalescent period [12]. Our non-hospitalized 

subjects alone were 88% positive for anti-membrane IgG at 5 weeks (n=83) and 94% at 12 

months (n=77) post symptom resolution. This discrepancy may be due to their smaller sample 

size (n=30) or use of a different peptide (aa 1-20).  

 

Given the absence of anti-RBD and anti-membrane antibodies in naïve subjects, the presence 

of only anti-RBD antibodies in vaccinated subjects, and the presence of both in COVID-19 

convalescent subjects up to 12 months after infection, our study suggests that a combination of 

anti-RBD and anti-membrane antibody testing could be used to detect past COVID-19 infection 

and vaccination at a population and individual level. An analogous testing strategy for hepatitis 

B uses anti-surface antibodies to detect past infection or vaccination and anti-core antibodies to 

detect past infection. While SARS-CoV-2 does not appear to cause persistent infection like 

hepatitis B, the long-term consequences of COVID-19 are still emerging and revealing a 

previously undetected infection may prove important. At minimum, detecting unknown past 
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infections may relieve personal anxiety about future infections in some individuals. Moreover, 

accurate assessment of past infection in a population could enhance the prediction of and 

interpretation of COVID-19 surge outcomes and inform public health policy. 

 

Limitations of this study include that samples were collected only up to 12 months post COVID-

19 and that we quantified IgG, not IgM or IgA, that binds membrane and nucleocapsid peptides 

versus total Ig that binds RBD. Also, subjects were infected by ancestral SARS-CoV-2 lineages 

(early 2020) or alpha and delta variants (breakthrough infections, Supplementary Figure 4), 

whereas the omicron variant has a single amino acid difference in the membrane peptide 

(ITVEELKKLLEEWNLV). Finally, sample sizes for breakthrough infections were small with 

samples collected ~3 days after symptom onset, possibly allowing an early antibody response. 

Future studies are needed to evaluate later time points, multiple antibody isotypes, larger 

cohorts, and antibodies after omicron infections. 

 

Nonetheless, we demonstrate that anti-membrane antibodies persist at least a year and, 

together with anti-RBD antibodies, can accurately identify past-COVID-19 infection and 

vaccination. 
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FIGURE LEGENDS 

Figure 1. Anti-RBD, anti-nucleocapsid, and anti-membrane antibodies after COVID-19 

vaccination and infection. Anti-RBD Ig was detected by immunoassay (reported as 

sample/calibrator, S/C) and anti-nucleocapsid and anti-membrane IgG were quantified by ELISA 

reported as relative absorbance, rel. abs.) in sera from the following subjects: naive (n=60), 

vaccinated with no known COVID-19 infection (Vax, n=21), COVID-19 convalescent 5 weeks 

(5w, n=104), 3 months (3m, n=101), 6 months (6m, n=97), and 12 months (12m, n=98) post-

symptom resolution either vaccinated (12m Vax, n=77) or not (12m Unvax, n=21), vaccinated 

with breakthrough COVID-19 ~3 days (Vax BT ~3d, n=20) and ~8 weeks (Vax BT ~8w, n=3) 

after symptom onset including 4 subjects with previous COVID-19 infection (PI). Anti-RBD Ig 

(A), anti-nucleocapsid IgG (D), and anti-membrane IgG (G) for all groups were graphed and 

compared to naive (blue) or Vax (gray) by Kruskal-Wallis and Dunn’s multiple comparisons tests 

and 12m Unvax was compared to 12m Vax by Mann-Whitney test (brackets). Vax BT with both 

~3d and ~8w timepoints are represented with triangles or squares and Vax BT subjects with PI 

in red symbols. Percent positive (black) and negative (gray) for anti-RBD Ig (B), anti-

nucleocapsid IgG (E), and anti-membrane IgG (H) were graphed and compared between 
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selected groups by Fisher’s exact (line) or chi-square (bracket encompassing compared groups) 

tests. Matched anti-RBD Ig (C), anti-nucleocapsid IgG (F) and anti-membrane IgG (I) levels 

were compared across  all time points for COVID-19 convalescent subjects (n=88) by Friedman 

test with Dunn’s multiple comparisons test. For all panels: bars indicate medians, dashed lines 

indicate cutoffs, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, or not significant (ns). 

 

Figure 2. Anti-SARS-CoV-2 antibody levels are higher after more severe COVID-19. Anti-

RBD Ig (A), anti-nucleocapsid IgG (B), and anti-membrane IgG (C) were compared across 

disease severity groups by Kruskal-Wallis with Dunn’s Multiple Comparisons test at indicated 

time points (mild: n=11 5w, n=10 6m, n=9 12m; moderate (mod.): n=72 5w, n=68 6m, 12m, 

severe, n=15 5w, n=13 6m, n=15 12m, critical: n=6 5w, 6m, 12m). For all panels: bars represent 

medians, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 1. Anti-RBD, anti-nucleocapsid, and anti-membrane antibodies after COVID-19 vaccination 
and infection. Anti-RBD Ig was detected by immunoassay (reported as sample/calibrator, S/C) and anti-
nucleocapsid and anti-membrane IgG were quantified by ELISA reported as relative absorbance, rel. 
abs.) in sera from the following subjects: I (n=60), vaccinated with no known COVID-19 infection (Vax, 
n=21), COVID-19 convalescent 5 weeks (5w, n=104), 3 months (3m, n=101), 6 months (6m, n=97), and 
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12 months (12m, n=98) post-symptom resolution either vaccinated (12m Vax, n=77) or not (12m Unvax, 
n=21), vaccinated with breakthrough COVID-19 ~3 days (Vax BT ~3d, n=20) and ~8 weeks (Vax BT ~8w, 
n=3) after symptom onset including 4 subjects with previous COVID-19 infection (PI). Anti-RBD Ig (A), 
anti-nucleocapsid IgG (D), and anti-membrane IgG (G) for all groups were graphed and compared to I 
(blue) or Vax (gray) by Kruskal-Wallis and Dunn’s multiple comparisons tests and 12m Unvax was 
compared to 12m Vax by Mann-Whitney test (brackets). Vax BT with both ~3d and ~8w timepoints are 
represented with triangles or squares and Vax BT subjects with PI in red symbols. Percent positive 
(black) and negative (gray) for anti-RBD Ig (B), anti-nucleocapsid IgG I, and anti-membrane IgG (H) were 
graphed and compared between selected groups by Fisher’s exact (line) or chi-square (bracket 
encompassing compared groups) tests. Matched anti-RBD Ig (C), anti-nucleocapsid IgG (F) and anti-
membrane IgG (I) levels were compared across  all time points for COVID-19 convalescent subjects 
(n=88) by Friedman test with Dunn’s multiple comparisons test. For all panels: bars indicate medians, 
dashed lines indicate cutoffs, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, or not significant (ns). 
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Figure 2. Anti-SARS-CoV-2 antibody levels are higher after more severe COVID-19. Anti-RBD Ig (A), 
anti-nucleocapsid IgG (B), and anti-membrane IgG (C) were compared across disease severity groups by 
Kruskal-Wallis with Dunn’s Multiple Comparisons test at indicated time points (mild: n=11 5w, n=10 6m, 
n=9 12m; moderate (mod.): n=72 5w, n=68 6m, 12m, severe, n=15 5w, n=13 6m, n=15 12m, critical: n=6 
5w, 6m, 12m). For all panels: bars represent medians, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplementary Table 1. Clinical and Demographic Data for Subjects. 

Cohort n Age Sex (%) Days since 1st vaccine 

  Median (IQR) F M NB Median (IQR) 

Naïve 60 49 (37, 63) 65 35 0 - 

Vaccinated 21 41 (33, 56) 90 5 5 186 (170, 206) 

COVID-19 Convalescent       

     5 weeks 104 48 (33, 58) 58 42 0 - 

     3 months 101 45 (33, 58) 56 44 0 - 

     6 months 97 47 (34, 59) 60 40 0 - 

    12 months, unvaccinated 21 44 (38, 58) 48 52 0 - 

    12 months, vaccinated 77 50 (34, 58) 60 40 0 73 (40, 98) 

Vaccinated with breakthrough COVID-19 20 35 (29, 41) 80 15 5 125 (104, 154) 

Post-breakthrough, 8 weeks 3 47 (35, 57) 67 33 0 173 (153, 185) 

NB: non-binary 
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Supplementary Figure 1. Rise in anti-RBD Ig in response to vaccination in COVID-19 convalescent 
subjects. A. Serum anti-RBD Ig levels (reported as sample/calibrator, S/C) for COVID-19 convalescent 
individuals 12 months after symptom resolution were plotted according to the time of receipt of the first 
BNT162b2 vaccine dose (n=58), the first mRNA-1273 vaccine dose (n=20), or the only Ad26.COV2.S 
vaccine dose (n=5). Red line indicates day >5, the cutoff selected for vaccinated versus unvaccinated 
post COVID-19. B. Serum anti-RBD Ig levels for unvaccinated COVID-19 convalescent individuals 6 
months (n=97) or 12 months (n=21) post symptom resolution, fully vaccinated individuals with no known 
COVID-19 (n=21), and 12 month convalescent subjects who received either 1 (n=15) or 2 (n=58) vaccine 
doses of BNT162b2 or mRNA-1273 were compared by Kruskal-Wallis One-way ANOVA with Dunn’s 
multiple comparisons test (***p<0.001, ****p<0.0001). Median and 95% CI are shown. For all panels, 
black dashed lines indicate the antibody detection cutoff.  
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Supplementary Figure 2. Similar results for anti-RBD Ig detection at different serum dilutions. Anti-
RBD Ig levels (sample/calibrator, S/C) detected by immunoassay in sera from COVID-19 vaccinated 
subjects with no known COVID-19 infection (Vax n=11), COVID-19 convalescent patients collected 5 
weeks (5w, n=16), 3 months (3m, n=13), 6 months (6m, n=13), and 12 months post symptom resolution 
(n=7 unvaccinated, 12m Unvax; n=9 vaccinated, 12m Vax), vaccinated subjects with breakthrough 
COVID-19 (n=11) collected ~3 days (Vax BT ~3d) and ~8 weeks (Vax BT ~8w, n=3) after symptom onset 
showed similar trends when evaluated at 1:10 and 1:200 serum dilutions. Black solid lines indicate 
medians and black dashed lines represent antibody detection cutoffs.  
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Supplementary Figure 3. Receiver operator curves for antibody detection assays. Anti-RBD Ig (A) 
was detected by immunoassay and anti-nucleocapsid (B) and anti-membrane (C) IgG were quantified by 
ELISA for naive (n=60) and ~5 week COVID-19 convalescent (n=121) sera with receiver operator curves 
for antibody levels shown. Dots indicate cutoffs for seropositivity, which were selected by identifying 
thresholds that maximized sensitivity and specificity as a starting point and then favoring higher specificity 
to be more conservative in claiming positive results. Selected optimal cutoffs were a sample/calibrator 
value of 1 for anti-RBD Ig (90% sensitivity and 97% specificity) which is identical to the value suggested 
by the manufacturer, a relative absorbance of 0.0067 for anti-nucleocapsid IgG (91% sensitivity and 88% 
specificity), and a relative absorbance of 0.0043 for anti-membrane IgG (88% sensitivity and 95% 
specificity).  
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Supplementary Figure 4. SARS-CoV-2 lineages in study subjects. A. Timeline of study subject 
infections and SARS-CoV-2 lineages. B. Samples from PCR positive COVID-19 cases in 2021 in Dane 
County (n=367 April-May, n=83 June-July) and vaccinated subjects with breakthrough COVID-19 (n=10 
April-May, n=4 June-July), who were also located in Dane County, were sequenced to determine viral 
lineages. Pie charts show percentage of each lineage sequenced out of the total sequenced for each 
group. Arrows indicate the most common lineages (B.1.1.7, alpha variant, and B.1.617.2, delta variant). 
Six of twenty breakthrough samples could not be sequenced. Similar SARS-CoV-2 lineages were 
sequenced in breakthrough and total infections in Dane County.  
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ABSTRACT 

Rheumatoid factors (RFs), polyreactive antibodies known to bind conformational epitopes of IgG 

Fc, are a hallmark of rheumatoid arthritis but also develop in other inflammatory conditions and 

infections. Recently, unique linear IgG epitopes were identified in rheumatoid arthritis, but 

specific IgG epitopes bound by infection-induced RFs remain undefined. Here, we identified 

novel IgG epitopes bound primarily by IgM in COVID-19 that were not bound in rheumatoid 

arthritis or other inflammatory conditions. Moreover, one RF was polyreactive, binding two IgG 

and several viral peptides based on a motif (G/A/R/K-D-S/T), as well as IgG Fc and SARS-CoV-

2 spike proteins. In contrast, a rheumatoid arthritis IgG-RF (known to be polyreactive with 

thousands of rheumatoid arthritis autoantigens based on a different motif) bound IgG Fc, but not 

G/A/R/K-D-S/T peptides or spike. Thus, polyreactive RFs from different conditions have unique 

reactivities that reflect the overall antibody repertoire of their milieu. Moreover, a motif underlies 

COVID-19-induced RF polyreactivity, providing evidence that motifs and not protein identity may 

underly antigenic similarity and thus molecular mimicry. These findings provide new insights into 

how viral infection can contribute to partial immune tolerance loss for IgG with potential 

implications for rheumatoid arthritis development and millions of people post-COVID-19.  

 

INTRODUCTION 

Rheumatoid factors (RFs) are antibodies of any isotype that bind the Fc region of IgG. Initially 

discovered in 1939 [1], RFs are found so frequently in rheumatoid arthritis that they are used as 

a diagnostic marker with 60-90% sensitivity [2, 3]. However, RFs have also been identified in 

other inflammatory conditions, including autoimmune diseases like Sjogren’s disease [4] and 

lupus [5] as well as in smokers [6]. Further, RFs transiently increase with vaccination and acute 

infection [7-9] and can persist in about half of people with chronic infections like hepatitis B or C 
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[10, 11]. In total, ~4% of Caucasians have RFs [2] even though RFs are considered a hallmark 

of rheumatoid arthritis. 

 

Canonically, RFs bind two epitopes in the constant region of IgG: the Ga determinant (a 

conformational epitope comprised of loops from the CH2 and CH3 domains) [12] and a 

conformational epitope in the hinge (a flexible region that connects the CH1 and CH2 domains) 

[13]. Of note, RFs do not bind native, circulating IgG; rather IgG must be enzymatically cleaved, 

bind antigen, or be otherwise modified to allow RF binding [14]. Recently, citrullinated and 

homocitrullinated linear IgG epitopes were found to be bound by IgG in rheumatoid arthritis and 

not in other autoimmune diseases, while a linear native IgG epitope in the hinge region was 

bound in Sjogren’s Disease [15, 16], suggesting that different IgG epitopes may be uniquely 

bound by RFs in different conditions. However, which, if any, unique IgG epitopes are bound by 

RFs in infection is unknown.  

 

In addition to binding IgG, RFs are commonly polyreactive, binding a variety of self and non-self 

antigens [17-20]. For example, IgM-RFs (RFs of the IgM isotype) from both rheumatoid arthritis 

and periodontitis patients can bind both IgG and some, but not all, oral bacteria [20]. To date, 

the specific epitopes bound by poly-reactive RFs in infection have not been explored. However, 

defining infection-induced RF poly-reactivity could provide insights into how immune tolerance 

could be lost after an infection, an important area given the links between infections, RFs, and 

the development of rheumatoid arthritis [21, 22]. 

 

Unfortunately, studying infection-induced RFs in humans is challenging due to the difficulty of 

generating a uniform study cohort. However, in 2020, severe acute respiratory syndrome 

coronavirus two (SARS-CoV-2) emerged. In addition to causing the devasting coronavirus 

disease 2019 (COVID-19) pandemic, SARS-CoV-2 created a large cohort of individuals who 
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generated a primary immune response to the same virus at a similar time. Also, RFs develop in 

5-20% of COVID-19 patients [23-25]. Thus, COVID-19 presents a unique opportunity to study 

infection-induced RFs. Moreover, since >680 million people were infected with SARS-CoV-2 

[26], millions of people experienced a rheumatoid arthritis risk factor and developed RFs, adding 

importance to the study of RFs in COVID-19.  

 

In this study, we evaluated antibody binding to IgG and viral epitopes to reveal novel and unique 

features of SARS-CoV-2-induced RF reactivity.  

 

MATERIALS AND METHODS 

Human Subjects 

This study was conducted in accordance with the Declaration of Helsinki and was approved by 

the Institutional Review Board at the University of Wisconsin. Serum and clinical information 

from COVID-19 convalescent subjects (positive SARS-CoV-2 PCR test and ~5 weeks post-

symptom resolution) were obtained from the University of Wisconsin (UW) COVID-19 

Convalescent Biorepository [27], and serum and plasma from subjects with acute COVID-19 

(hospitalized at UW Health with a positive SARS-CoV-2 test and COVID-19 symptom onset <3 

weeks prior to sample collection) were obtained from the UW Carbone Cancer Center 

Translational Science BioCore BioBank. Serum and clinical information for subjects with 

rheumatologist-diagnosed rheumatoid arthritis, systemic lupus erythematosus, Sjogren’s 

disease, and age- and sex-matched controls with no autoimmune or inflammatory disease were 

obtained from the UW Rheumatology Biorepository [28]. Healthy control and rheumatoid arthritis 

sera were collected prior to 2019 and lupus and Sjogren’s disease subjects had no known 

positive COVID-19 tests. Rheumatoid arthritis subjects either had negative clinical testing for 
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anti-cyclic citrullinated peptide (CCP) and RF or had anti-CCP and RF levels greater than 2x the 

upper limit of normal. Lupus and Sjogren’s disease subjects had a positive clinical test for RF.   

 

High Density Peptide Array 

IgA, IgM, and IgG binding to an array that contained the constant regions of the heavy chains of 

IgG1-4 (Uniprot P01857, P0859, P01860, P01861), tiled as 16 amino acid peptides overlapping 

by 15 amino acids was quantified as previously described [29]. Additionally, the array contained 

peptides from the following proteins tiled in an identical manner: the proteomes of 7 human 

coronaviruses including SARS-CoV-2, proteomes and spike proteins from other coronaviruses, 

and proteins from poliovirus, 7 strains of rhinovirus, and human cytomegalovirus [29]. Antibody 

binding data to viral peptides on this array as well as IgA, IgM, and IgG binding data from an 

array containing the constant regions of the heavy chains of IgG1-4 (Uniprot P01857, P0859, 

P01860, P01861) tiled as 12 amino acid peptides overlapping by 11 amino acids [15] were used 

in secondary analysis.  

 

Enzyme Linked Immunosorbent Assay (ELISA) 

For peptide ELISA, Costar 96-well high binding ELISA plates (Corning, Corning, NY) were 

coated with 5µg/ml streptavidin (Thermo Scientific Pierce, Waltham, MA) in phosphate buffered 

saline (PBS) overnight at 4°C, washed twice with PBS, and coated with either 0.1uM peptide 

(Supplementary Table 1) conjugated to biotin at the C terminus (Biomatik, Cambridge, Ontario, 

Canada or Peptide 2.0, Chantilly, VA) in PBS or PBS alone (uncoated wells) for one hour at 

room temperature. Plates were washed three times with wash buffer (PBS with 0.2% Tween 

20), blocked with blocking solution (5% nonfat dehydrated milk in wash buffer) for at least 2.5 

hours at room temperature, and then incubated with serum (diluted 1:100 in blocking solution) 

or purified antibodies (20ng/ml or as indicated) overnight at 4°C. Plates were then washed four 
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times with wash buffer, incubated for one hour at room temperature with mouse anti-human 

IgG, goat anti-human IgM, or goat F(ab’)2 anti-human kappa and goat F(ab’)2 anti-human 

lambda all conjugated to horse radish peroxidase (Southern Biotechnology, Birmingham, AL) 

diluted 1:5000 in blocking solution. Plates were washed four times with wash buffer, developed 

with tetramethylbenzidine substrate solution (Thermo Scientific Pierce) and the reaction was 

stopped using 0.18M sulfuric acid. Endpoint absorbance (450-562nm) was read on a FilterMax 

F3 spectrophotometer (Molecular Devices, San Jose, CA) and absorbance values from 

uncoated wells were subtracted from coated wells for each sample as nonspecific binding. 

 

For protein ELISA, human IgG Fc fragment (MilliporeSigma, Burlington, MA) was depleted of 

contaminating light chain and IgM using streptavidin magnetic beads coated with biotinylated 

goat F(ab’)2 anti-human kappa, goat F(ab’)2 anti-human lambda, and goat F(abs’)2 anti-human 

IgM (Southern Biotechnology). Plates (Corning) were coated with 2.5 µg/ml human Fc fragment 

or SARS-CoV-2 spike protein (GenScript USA, Piscataway, NJ) in PBS or with PBS alone. 

Plates were washed as described above and blocked overnight at 4°C. Serum or plasma 

(diluted 1:5000) or purified antibodies in blocking solution were added to the wells and 

incubated overnight at 4°C. Plates were washed as above, goat F(ab’)2 anti-human kappa and 

lambda conjugated to horse radish peroxidase (Southern Biotechnology) at 1:5000 in blocking 

solution were added for one hour at room temperature. Plates were washed, developed, and 

absorbance was recorded as described above. 

 

A standard curve was used for some ELISAs. After the above streptavidin and wash steps, 

wells were either incubated with biotinylated goat F(ab’)2 anti-human kappa and lambda 

(Southern Biotechnology) diluted 1:5000 in PBS for one hour at room temperature followed by 

washing, blocking, and incubation with serially diluted human IgG (Bethyl Laboratories, 

Montgomery, TX) or IgM (Fitzgerald Industries, Acton, MA) overnight at 4°C or incubated with 
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serially diluted biotinylated human IgM and human IgG (Novus Biologicals, Englewood, CO) in 

PBS for one hour at room temperature. Plates were washed, incubated with detection antibody, 

developed and absorbance determined as above. Four parameter logistic curve was used on 

myassays.com to determine concentration from absorbance values.   

 

Antibody Purification 

Streptavidin sepharose beads (BioVision, San Francisco, CA or Abcam, Waltham, MA) were 

washed three times with tris buffered saline (TBS) (Fisher Bioreagent, Pittsburgh, PA) and then 

incubated with 0.05mM biotinylated peptide in TBS and tumbled at 4°C for two hours. Peptide-

labeled beads were resuspended in blocking solution and loaded onto a frit membrane in a spin 

column (G-Biosciences, St. Louis, MO) and washed with blocking solution. Columns were 

stoppered, and sera diluted 1:5 in blocking solution were added. Columns were capped and 

stored overnight at 4°C, washed twice with blocking solution, then conditioned with conditioning 

buffer (Classic IP Kit, Thermo Scientific Pierce). Elution buffer (100mM glycine pH 2.6) was 

added and antibodies collected into neutralizing buffer (Tris HCl pH 8.7). Columns were 

centrifuged briefly at 8000xg and the elution step was repeated. The concentration of purified 

antibodies was approximated by ELISA using the above-described standard curve.  

 

Statistical analysis 

Statistical analysis was performed using Prism (Graphpad, San Diego, CA). To avoid making 

distributional assumptions, we used nonparametric tests. A Kruskal Wallis test with Dunn’s 

multiple comparisons test was used to compare >2 groups and a Mann-Whitney test was used 

to compare 2 groups. P<0.05 was considered significant for both. A Wilcoxon matched-pairs 

signed rank test was used when two sets of data were paired, and p=0.0625, the lowest 
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possible p value for n=5, was considered significant. Motif analysis was performed with Meme 

Suite [30]. 

 

RESULTS 

To evaluate RFs in COVID-19, first we quantified total RFs by IgG Fc ELISA. As shown in 

Supplementary Figure 1, 4% of our subjects acutely ill with COVID-19 and 5% of our COVID-19 

convalescent subjects had higher levels of RFs than age- and sex-matched controls. We then 

investigated antibody binding to all possible linear native peptides along the length of the 

constant region of the IgG heavy chain in COVID-19 convalescent and control sera using high 

density peptide array. As shown in Figure 1 and Supplemental Figure 2, there were several 

sites of high IgG and IgM binding to the constant region of IgG, whereas IgA binding was overall 

low in COVID-19 convalescent sera. To determine if the regions of IgG bound by antibodies 

post-COVID-19 would also be bound in rheumatoid arthritis, we performed a secondary analysis 

of previously obtained IgA, IgM, and IgG binding data to the same region of IgG for subjects 

with the four serotypes of rheumatoid arthritis: a positive anti-CCP test (a marker for anti-

citrullinated protein antibodies, the second hallmark autoantibody of rheumatoid arthritis), a 

positive RF test, neither test positive, and both tests positive) [15]. For all rheumatoid arthritis 

serotypes, there was similar antibody binding to the IgG peptides as controls (Figure 1 and 

Supplemental Figure 2). 

 

Next, we selected peptides derived from IgG1, the most abundant IgG in humans [31], that were 

bound at high levels after COVID-19 to confirm by ELISA, specifically peptides starting at amino 

acid positions 104 (in the hinge region), 131 (in the CH2 region), and 238 and 293 (both in the 

CH3 region). As shown in Figure 2, the hinge region peptide 104 was bound at a similar level in 

COVID-19 convalescent and control subjects. However, the three peptides from the CH2 and 

CH3 regions showed significantly higher binding by COVID-19 convalescent compared to 
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control sera, with IgG1-131 and IgG1-238 highly bound by IgM and IgG1-293 moderately bound 

by both IgM and IgG. These results identify novel linear epitopes of IgG bound by IgM in 

COVID-19.   

 

Given the common presence of RFs in other conditions, especially rheumatoid arthritis, we next 

evaluated antibody binding to the four IgG1 peptides in rheumatoid arthritis (anti-CCP+RF+ and 

anti-CCP-RF-), RF+ Sjogren’s disease, RF+ lupus, and smokers. We found that in rheumatoid 

arthritis, antibody binding to IgG1-131, IgG1-238 and IgG1-293 was not different from controls. 

However, the hinge region IgG1-104 peptide had significantly higher IgG binding in anti-

CCP+RF+ rheumatoid arthritis compared with controls (Figure 3). A similar pattern was seen in 

Sjogren’s disease with elevated IgG binding to IgG1-104 and no significantly increased binding 

to the other IgG1 peptides, apart from a trend towards increased IgM binding to IgG1-104 

(Supplementary Figure 3). In lupus and smokers, there was no increased antibody binding to 

any of the four IgG1 peptides (Supplementary Figures 4 and 5).  Taken together, these data 

suggest that unique linear epitopes of IgG are bound primarily by IgM after COVID-19 that are 

not bound in other RF+ conditions. In contrast, the peptide at position 104 of IgG1 (hinge 

region) is bound prominently in Sjogren’s disease and rheumatoid arthritis.  

 

We then more fully characterized when and in which COVID-19 patients RFs develop. We 

tested sera from patients with acute COVID-19 by ELISA for IgM against all four IgG1 peptides 

and IgG against IgG1-104 and IgG1-293. We found that patients with acute COVID-19 had 

higher IgM binding to IgG1-131, IgG1-238 and IgG1-293 compared to controls (Figure 5A). No 

increased binding was seen for IgM or IgG to IgG1-104 or for IgG to IgG1-293. Also, IgM levels 

against IgG1-131, IgG1-238, and IgG1-293 rose significantly by 2-3 weeks post-symptom onset 

(Figure 5B). Finally, we found that subjects with age >60 years, male sex, and severe disease 

had higher IgG levels against IgG1-293 (Figure 4) with no significant difference between groups 
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for antibodies that bound the other IgG1 peptides. In our cohort, males were older than females 

(mean 49 versus 43, p = 0.045 by Mann-Whitney test) and older males were more likely to have 

severe or critical disease [27]. However, within the moderate severity group, which had an 

approximately equal distribution of sex and age, IgG anti-IgG1-293 was not different between 

sexes (p = 0.161, Mann-Whitney test) but was significantly higher in adults >60 years old 

compared to <40 years old when comparing three groups as in Figure 5A (p = 0.007, Kruskal-

Wallis with Dunn’s multiple comparisons test). Thus, age may be the underlying risk factor for 

anti-IgG1-293. Taken together, these data suggest that RFs develop soon after SARS-CoV-2 

infection, persist for at least 5 weeks post-symptoms resolution, and in some cases, may be 

driven by older age.  

 

Having characterized the development and unique reactivity of these IgG1-binding antibodies in 

COVID-19, we then evaluated cross-reactivity. First, we noticed that typically the same subjects 

had elevated IgM anti-IgG1-131 and anti-IgG1-238 with limited overlap with IgM anti-IgG1-293 

(Figure 6A). Further, both IgG1-131 and IgG1-238 had a positively charged amino acid in 

position one and an aspartic acid in position two (Figure 6B). Hypothesizing that a single 

antibody might bind to both IgG1-131 and IgG1-238, but not IgG1-293, we purified antibodies 

that bound to IgG1-131 or IgG1-238 from COVID-19 convalescent sera and evaluated their 

binding to IgG1-131 and IgG1-238, as well as to IgG1-293, homocitrullinated (J) IgG1-219J and 

IgG1-289J (two peptides highly bound by IgG in rheumatoid arthritis [16]), and a SARS-CoV-2 

membrane peptide that is highly bound in COVID-19 [29] that we selected as a negative control. 

As shown in Figure 6C, antibodies purified by binding to IgG1-131 or IgG1-238 bound to both 

IgG1-131 and IgG1-238, but not to any of the other peptides. We then performed similar 

experiments with antibodies purified from COVID-19 convalescent sera that bound to IgG1-293 

and antibodies from rheumatoid arthritis sera that bound to IgG1-219J and IgG1-289J (Figure 

6C). Anti-IgG1-293 did not bind to any of the IgG1 peptides apart from IgG1-293, but did bind 



 86 

the SARS-CoV-2 membrane peptide, potentially due to sequence similarities (Figure 6B). The 

rheumatoid arthritis anti-219J and anti-289J antibodies cross-reacted to some extent with each 

other, as expected [16, 32], but not with any other peptide. Together, these data suggest that 

two cross-reactive antibodies develop in COVID-19 that bind native linear IgG1 peptides, but not 

the homocitrullinated IgG1 peptides bound by RFs in rheumatoid arthritis.  

 

Next, we evaluated the cross-reactivity of the anti-IgG1-131/238 antibodies with viral peptides. 

The array that contained the IgG peptides also contained peptides derived from proteins and 

proteomes from several coronaviruses (including SARS-CoV-2) and other viruses [29]. We 

performed a secondary analysis of this array data to determine which peptides were bound by 

IgM in subjects who had high levels of IgM that bound IgG1-131 or IgG1-238. We divided the 

COVID-convalescent subjects into two groups: subjects with high IgM binding to IgG1-131 or 

IgG1-238 (>1 standard deviation above mean IgM binding to all IgG1-derived peptides) and 

subjects with low binding (<1 standard deviation above the mean). We then evaluated which 

peptides were bound >5x more by IgM in the high binding group (n=10) as compared to the low 

binding group (n=30). We excluded peptides with increased binding by IgG (>1.5 fold) to reduce 

the possibility of detecting IgM-RFs bound to IgG bound to viral peptides. We found that COVID-

19 convalescent sera with high levels of IgM that bound IgG1-131 or IgG1-238 also had IgM 

that bound 18 peptides from 15 proteins from 11 viruses, including 2 peptides in the SARS-CoV-

2 spike protein >5x greater than the low binding group (Supplemental Table 2, locFDR<0.1). 

Moreover, these 18 peptides had a strong motif with an aspartic acid (D) at position 2 in every 

peptide (Figure 7A). Notably, despite the uniform presence of aspartic acid in position 2, not all 

array peptides with this “second D” are highly bound by COVID convalescent sera with high 

levels of IgM anti-IgG1-131 or IgG1-238, but second D motif peptides are bound more overall 

(Supplemental Figure 6).  

 



 87 

Given the binding of multiple peptides with a similar motif by subjects with IgM anti-IgG1-

131/238, we evaluated cross-reactivity with three virus-derived peptides with the second D 

motif. We purified antibodies that bound IgG1-131 and IgG1-238 from COVID-19 convalescent 

sera and evaluated binding to SARS-CoV-2 open reading frame 1ab (ORF1ab)-32, SARS-CoV-

2 spike-570, and genome polyprotein of poliovirus 1 (polio)-112 (all with the second D motif) or 

two SARS-CoV-2 peptides previously found to be highly bound by antibodies in COVID-19 

without the motif (nucleocapsid-390 and spike-1253) [29]. We found that antibodies that bound 

IgG1-131 and IgG1-238 also bound the three second D motif viral peptides and not the viral 

peptides without the motif (Figure 7B). This cross-reactivity was limited to anti-IgG1-131/238, 

since antibodies purified based on binding to IgG1-293, IgG1-219J, and IgG1-289J (peptides 

that do not contain the second D motif) generally did not bind any viral peptides (Figure 7B).  

 

Next, we evaluated if anti-IgG1-131 is a RF, i.e. able to bind IgG Fc protein. As shown in Figure 

8A, with increasing concentration of anti-IgG1-131 purified from five COVID-19 convalescent 

subjects, increased binding to IgG Fc was detected. Further, anti-IgG1-131 purified from each 

subject bound IgG Fc more than a negative control peptide, although, binding was variable with 

an average of only 13% of the level of binding to the IgG1-131 peptide used to purify the 

antibody (Figure 8B). To compare with an antibody that binds a linear IgG1 epitope in 

rheumatoid arthritis, we purified anti-IgG1-219J from five rheumatoid arthritis subjects. As 

expected, with increasing concentration of purified anti-IgG1-219J, increased binding to IgG Fc 

was detected, and anti-IgG1-219J bound IgG Fc more than the negative control peptide (Figure 

8A and 8B). However, at the same concentration, anti-IgG1-219J bound IgG Fc more 

consistently, on average at 51% of the level of binding to IgG1-219J peptide (Figure 8B).  

 

Given the low RF activity of some anti-IgG1-131 antibodies (Figure 8A) and their polyreactivity, 

including with the spike-570 peptide (Figure 7A), this antibody may have been generated in a 



 88 

poly-reactive response to SARS-CoV-2 spike, whereas a rheumatoid arthritis RF that was 

generated prior to the emergence of COVID-19, would not have formed in this manner. To 

evaluate this possibility further, we determined the comparative abilities of antibodies purified 

based on binding to spike-570, IgG1-131, IgG1-219J, and mem-8 to bind SARS-CoV-2 spike 

protein and IgG Fc. As expected, anti-mem-8 had minimal binding to either protein (Figure 8C). 

Anti-spike-570 and anti-IgG1-131 generally clustered together, as expected given their cross-

reactivity, with all ten antibodies binding spike protein more than IgG Fc (Figures 8C and 8D). 

However, antibodies purified based on binding to IgG1-131 bound spike and IgG Fc relatively 

similarly, whereas antibodies purified based on binding to spike-570 had more distinctly 

increased binding to spike than IgG Fc (Figure 8D). In contrast, all five rheumatoid arthritis anti-

IgG1-219J antibodies bound IgG Fc more than spike (Figures 8C and 8D). Taken together, the 

data in Figure 8 suggest that COVID-19 induces poly-reactive antibodies that are both RFs and 

anti-SARS-CoV-2 spike protein antibodies, whereas rheumatoid arthritis antibodies that bind 

linear IgG epitopes have relatively high RF activity and minimal binding to spike protein.  

 

DISCUSSION 

In this manuscript, we report that SARS-CoV-2 induces unique cross-reactive RFs that bind 

novel IgG epitopes and multiple viral antigens. While RFs are known to develop in SARS-CoV-2 

and other infections [11, 24, 25], specific IgG epitopes have not been evaluated. Here, we 

identified three linear epitopes in the CH2 and CH3 regions of IgG1 bound post-COVID-19 

(Figures 1 and 2). IgG1-131 and IgG1-238 appear to be novel IgG epitopes for RFs, with both of 

these epitopes bound by the same antibody that can also bind IgG Fc at a relatively low level, 

consistent with polyreactive IgM-RFs in a variety of conditions [18, 33]. Part of IgG1-293 was 

identified in an array of seven amino acid linear epitopes derived from the CH2 and CH3 regions 

of IgG bound by rheumatoid arthritis IgM-RFs [34, 35]. Interestingly, the seven amino acids 
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identified as bound by rheumatoid arthritis RFs, WQQGNV, were not the amino acids similar to 

the SARS-CoV-2 membrane peptide (Figure 6B). We did not detect binding to IgG1-293 in 

rheumatoid arthritis, perhaps due to differences in conformation of their seven amino acid 

peptide [36] versus our longer peptide. Indeed, we did not detect binding of any of the three 

COVID-19-related linear IgG epitopes in rheumatoid arthritis, Sjogren’s disease, lupus, or 

smokers (Figure 3, Supplemental Figures 3-5), suggesting that they are unique to COVID-19. In 

contrast, IgG-RFs in anti-CCP+RF+ rheumatoid arthritis uniquely bind linear citrullinated and 

homocitrullinated IgG epitopes [15, 16]. Also, rheumatoid arthritis and Sjogren’s disease IgG 

bound IgG1-104 (Figure 3 and Supplemental Figure 3), consistent with binding by Sjogren’s 

disease IgG to an overlapping hinge peptide (IgG1-109) [16]. However, in that study, 

rheumatoid arthritis IgG did not have increased binding to IgG1-109 [16], a discrepancy likely 

due to the slightly different peptide and increased sample size in the current study. Together, 

these findings support the idea that RFs with different reactivities can develop in different 

conditions, a phenomenon that could be leveraged to generate more specific clinical RF assays.  

 

Of the COVID-19 RFs that we identified, anti-IgG1-131/238 is polyreactive, and anti-IgG1-293 is 

at least cross-reactive. RF polyreactivity is well-known [17-20] and is attributed generally to 

antigenic similarity [20] with specific epitopes undefined. Here, we identified specific peptides as 

well as a short motif underlying polyreactive RFs post-COVID-19. Polyreactivity driven by a 

motif also was shown for a subset of pathogenic anti-DNA antibodies in lupus (D/E-W-D/E-Y-

S/G) [37, 38] and for some anti-citrullinated protein antibodies in rheumatoid arthritis (citrulline-

glycine, citrulline-serine, or homocitrulline-glycine pairs) [15, 32]. Motif-containing peptides 

bound by IgM post-COVID-19 were derived from SARS-CoV-2 as well as viruses that our 

subjects were extremely unlikely to have been exposed to, like MERS-CoV, suggesting that the 

motif, and not protein identity underlies reactivity. Polyreactivity due to motifs, seemingly 

independent of protein identity, is a substantial departure from how antigenic similarity, as well 
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as molecular mimicry, typically refers to a small number of similar proteins [39]. For example, 

peptides from both myelin basic protein and a hepatitis B protein that contain YGSLPQ can 

drive encephalitis, leading to the conclusion of molecular mimicry between these two proteins 

[40]. However, a correlation between hepatitis B and multiple sclerosis has not been observed, 

and YGSLPQ is present in thousands of proteins in fish, birds, reptiles, insects, worms, plants, 

fungi, bacteria, viruses, and mammals. Thus, a polyreactive antibody that binds those two 

antigens due to the motif seems more likely than hepatitis B driving multiple sclerosis due to 

molecular mimicry between two proteins. Our finding of a motif-driven polyreactive RF post-

COVID-19 adds to a growing body of evidence that polyreactivity due to motifs may drive 

autoreactivity more than protein identity. 

 

The development of post-COVID-19 RFs is likely due to a polyreactive antibody response to 

SARS-CoV-2. Consistent with this idea, anti-IgG1-131 binds spike protein more than IgG Fc 

(Figure 8), and the post-COVID-19 RFs in general have similar kinetics and demographics 

(Figures 4 and 5) as other anti-SARS-CoV-2 antibodies [27, 41]. Polyreactive antibodies are 

common in infection, both in the early IgM response and the later IgG response [42-44]. For 

example, broadly neutralizing antibodies, i.e., antibodies that neutralize similar strains of the 

same virus, can be polyreactive [42, 43]. However, the cost of polyreactivity is self-reactivity, 

and an inability for some people to generate broadly neutralizing antibodies against some 

viruses may be due to peripheral tolerance mechanisms [42-44]. Tolerance in the T cell 

compartment likely explains the absence of IgG-RFs that bind IgG1-131/238 post-COVID-19, 

even at 5 weeks post-symptom resolution. In contrast, the unique RFs in rheumatoid arthritis 

are IgG-RFs. Consistent with this observation, T cell tolerance for IgG has previously been 

shown to be intact in health and lost in rheumatoid arthritis [45, 46].  

 



 91 

Like the different IgG epitopes bound by RFs in different conditions, their polyreactivity also 

differs. Rheumatoid arthritis RFs that bind IgG1-219J do not bind spike protein well (Figure 8) 

but do bind thousands of citrullinated and homocitrullinated antigens, the same antigens that are 

bound by the second hallmark autoantibody in rheumatoid arthritis, namely anti-citrullinated 

protein antibodies [16, 32, 47]. Similarly, neither IgM nor IgG from subjects with lupus, Sjogren’s 

disease, or rheumatoid arthritis bind the second D containing IgG1-131 or IgG1-238 peptides, 

despite extensive polyreactivity in their B cell compartments [32, 48, 49]. This observation is 

particularly interesting given the negative charge of the second D motif, DNA, and the D/E-W-

D/E-Y-S/G motif noted above for some anti-DNA antibodies in lupus. Perhaps the polyreactive 

antibodies against second D peptides that are present in ~40% of COVID-19 patients (Figure 2) 

might not only contribute to the development of RFs, but also anti-nuclear antibodies, which 

have been reported in ~30% of COVID-19 patients [25, 50, 51]. Consistent with this possibility, 

cross-reactivity of RFs with DNA has been reported [18, 52] and DNA can drive RF+ B cell 

expansion via TLR signaling [53], which perhaps occurred for the COVID-19 IgM-RFs given the 

likely absence of T cell help. Also, similar to the different RFs in RA versus COVID-19, anti-

nuclear antibodies in COVID-19 are different from those in lupus and Sjogren’s disease given 

the lack of reactivity against extractable nuclear antigens in COVID-19 [50]. Taken together, 

these observations suggest that the polyreactivity of RFs (and possibly anti-nuclear antibodies) 

in different conditions reflects the broader immune responses of those conditions, an 

observation that perhaps could be utilized to reveal causative antigens in autoimmune disease. 

 

There are several caveats to our study. First, the peptide array contained only linear native 

epitopes derived from viruses and human IgG heavy chain. We did not evaluate conformational, 

post-translationally modified, or human non-IgG epitopes. Also, since very few COVID-19 

subjects generated high levels of anti-IgG1-293, we were limited in further evaluation of this 

antibody's cross-reactivity. Finally, the only infectious disease we evaluated was COVID-19, so 
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it remains unknown if the RFs that we identified are unique to SARS-CoV-2 or are elicited by 

other pathogens. However, in evaluating RFs that develop in response to other pathogens, to 

truly compare with SARS-CoV-2, a cohort of adults developing a primary immune response 

would be needed. In support of this idea, four times as many COVID-19 patients develop anti-

nuclear antibodies compared to other causes of fever and/or pneumonia [50], but whether this 

difference is due to a unique property of SARS-CoV-2 versus an increased production of 

polyreactive B cells in a primary immune response is not known. Thus, future studies are 

needed to evaluate additional self antigens bound by antibodies that bind the second D motif, 

additional motifs such as what may underlie anti-IgG1-293 reactivity, and RF epitopes in other 

primary and secondary immune responses to infections.  

 

Despite these limitations, we present novel, unique, cross-reactive RFs in COVID-19. The 

implications of these RFs are unknown. They may be simply the side effects of polyreactive 

antiviral antibodies with little functional impact. However, RFs are often polyreactive, and 

previously have been shown to bind virus-antibody immune complexes to enhance 

neutralization by complement and uptake by macrophages [54, 55], suggesting a possible 

beneficial role. Alternatively, RFs that develop in COVID-19 could be harmful. Infections not only 

induce RFs but are also risk factors for rheumatoid arthritis [8, 9, 21, 22]. RFs typically appear 

several years prior to arthralgias and ultimately rheumatoid arthritis [56], during a pre-clinical 

period. Interestingly, in this period, anti-Epstein-Barr virus (EBV) antibodies are sometimes 

elevated in association with increased IgM-RF [57]. Perhaps this correlation is due to a 

polyreactive anti-EBV response that generates IgM-RFs, similar to what we observed in COVID-

19. However, anti-CCP also correlated with anti-EBV [57], and only 2 of our 120 COVID-19 

convalescent subjects had anti-CCP (data not shown). Thus, consistent with the absence of 

reports of a dramatic rise in rheumatoid arthritis cases post-COVID-19, COVID-19 is not likely to 

induce imminent rheumatoid arthritis in the majority of people. Also consistent with this idea, 
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promiscuous autoantibodies in COVID-19 have shown limited functional activity [58]. However, 

loss of tolerance for IgG could be a first step in immune tolerance loss [59] with epitope 

spreading and/or changes in polyreactivity leading to the development of increased and more 

pathogenic autoantibodies, a typical chronology for autoimmune disease [33]. Also, for 

individuals who already have anti-CCP, SARS-CoV-2 could trigger further progression. Indeed, 

arthralgia, autoantibodies, and elevated cytokines [23, 60, 61] have been reported in long 

COVID, raising the possibility that a subset of this condition could be late pre-clinical rheumatoid 

arthritis. Further studies are needed to evaluate both the antiviral properties of post-COVID-19 

RFs as well as the development of rheumatoid arthritis-related antibodies in long COVID and 

over time post-COVID-19. Such studies may reveal important antiviral roles for RFs as well as 

how immune tolerance is maintained or lost post-COVID-19.   

 

ACKNOWLEDGEMENTS 

The author(s) thank the human subjects who participated as well as the University of Wisconsin 

Carbone Cancer Center BioBank, supported by P30 CA014520, for use of its facilities and 

services. 

 

FUNDING 

Funding for this work was provided by the U.S. Army Medical Research Acquisition 

Activity through the Peer Reviewed Medical Research Program [W81XWH-18-1-0717] and the 

UW School of Medicine and Public Health from the Wisconsin Partnership Program [5084] to 

M.A.S.. Additional support was provided by the National Institutes of Health’s National Institute 

on Aging [T32 AG000213] and MSTP funding [T32 GM140935] to M.F.A. 

 

 



 94 

FIGURE LEGENDS 

Figure 1. COVID-19 convalescent, but not rheumatoid arthritis, serum IgM and IgG bind to 

linear native IgG1-derived peptides. Serum IgA, IgM and IgG binding to linear native peptides 

from the constant region of the heavy chain of IgG1 were quantified for subjects 5 weeks post-

COVID-19 (n=40) and matched controls (n=20) as well as rheumatoid arthritis (RA, n=12 anti-

CCP+RF+, anti-CCP+RF- anti-CCP-RF+, and anti-CCP-RF-) and matched controls (n=12) by 

high density peptide array and reported as fold change. 

 

Figure 2. IgG1 epitopes bound by COVID-19 convalescent sera. COVID-19 convalescent 

sera (5 weeks post-COVID-19, n=120) and sera from matched controls (n=54) were assayed by 

ELISA to determine IgM or IgG binding (reported in absorbance (abs)) to four IgG1-derived 

peptides starting at amino acid positions 104, 131, 238 and 293. Dots indicate individual serum 

samples, lines indicate medians, and ***p<0.001, ****p<0.0001. A Mann-Whitney test was used 

to compare groups.  

 

Figure 3. Only the hinge region peptide is bound by rheumatoid arthritis sera. Sera from 

32 anti-CCP+RF+ rheumatoid arthritis (RA+), 24 anti-CCP-RF- rheumatoid arthritis (RA-), and 

20 matched controls were tested by ELISA for IgM or IgG binding to IgG1-derived peptides 

starting at amino acid positions 104, 131, 238, and 293. Dots indicate individual serum samples, 

lines indicate medians, and **p<0.01. Absorbance (abs) values were compared using a Kruskal 

Wallis test with Dunn’s multiple comparisons test.  

 

Figure 4. IgM that binds linear epitopes of IgG1 rise in acute COVID-19. IgM that binds 

IgG1-104, IgG1-131, IgG1-238, and IgG1-293 and IgG that binds IgG1-104 and IgG1-293 were 

quantified by ELISA for serum or plasma from individuals with acute COVID-19 and controls. A. 

COVID-19 (n=51) versus controls (n=51) were compared by Mann-Whitney test. B. Controls 
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(n=51) were compared to COVID-19 (57 samples from 51 subjects), one (n=19), two (n=23), 

and three (n=15) weeks post-symptom onset by Kruskal-Wallis with Dunn’s multiple 

comparisons test. For all panels: dots indicate individual serum samples, bars indicate medians, 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

 

Figure 5. Higher anti-IgG1-293 levels in older, male subjects with more severe disease. 

Sub-analyses of absorbance (abs) values for COVID-19 convalescent subjects by age (<40 

years n=47, 40-60 years n=47, >60 years n=26), sex (females n=68, males n=52) and disease 

severity (mild n=12, moderate n=85, severe n=14, critical n=8) were assessed by Kruskal-Wallis 

test with Dunn’s multiple comparisons test (A and C) or Mann-Whitney test (B). Dots represent 

individual subjects, lines indicate medians, and *p<0.05, **p<0.01. 

 

Figure 6. Cross-reactivity among antibodies that bind IgG1 epitopes. A. Binding of IgM to 

IgG1-131, IgG1-238, and IgG1-293 that was quantified by ELISA for 120 COVID-19 

convalescent subjects was plotted to compare binding for each peptide for each subject. B. 

Comparison of peptide sequences (orange: same amino acid, same position; green: related 

amino acid, same position; blue: homocitrulline; gray: neighboring serine or glycine). C.  Purified 

antibodies that bound to IgG1-131, IgG1-238, IgG1-293, IgG1-219J, and IgG1-289J were 

evaluated by ELISA for binding to IgG1-131, IgG1-238, IgG1-293, IgG1-219J, IgG1-289J, and a 

SARS-CoV-2 membrane (mem) peptide (binding level of indicated purified antibody on y axis, 

antigen on X axis). Groups were compared to the first column in each graph by Kruskal-Wallis 

with Dunn’s multiple comparisons test. Dots represent individual experiments using 5 unique 

subjects, boxes indicate mean +/- SEM, and *p<0.05, **p<0.01. 

 

Figure 7. Cross-reactive binding of antibodies to IgG1 and viral peptides. A. Motif for 18 

peptides bound at a high level by IgM from COVID-19 convalescent serum that also had high 
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levels of IgM that bound IgG1-131 or IgG1-238. B. Antibodies that bound to IgG1-131 or IgG1-

238 (B) or IgG1-293, IgG1-219J, or IgG1-289J (C) were purified and evaluated by ELISA for 

binding to the IgG1 peptide (striped column) or viral peptides with the second D motif (SARS-

CoV-2 orf1ab-32, SARS-CoV-2 spike-570, poliovirus 1 genome polyprotein-112) and without the 

motif (SARS-CoV-2 nucleocapsid (nucl)-390 and spike-1253). The binding level of the indicated 

purified antibody is on the y axis and the antigens are on X axis. Groups were compared to the 

first column in each graph by Kruskal-Wallis with Dunn’s multiple comparisons test. Dots 

represent individual experiments with individual subjects (n=5), boxes indicate mean +/- SEM 

and *p<0.05, **p<0.01 and ***p<0.001.      

 

Figure 8. Cross-reactive antibodies in COVID-19 bind both IgG Fc and spike protein. A. 

Increasing concentrations of anti-IgG1-131 purified from 5 COVID-19 convalescent subjects or 

anti-219J purified from 5 rheumatoid arthritis subjects were used to assess binding to the 

peptide against which the antibody was purified, IgG Fc, or a negative control peptide (spike-

1253, based on Figure 7) by ELISA. Symbols represent mean +/- SEM. B. For the 333ng 

concentration of the purified antibodies, binding to the negative control peptide and IgG Fc were 

divided by binding to the peptide used to purify the antibody with percent binding compared by 

Wilcoxon matched-pairs signed rank test. Each symbol represents a different subject and 

#p=0.0625. C and D. Antibodies were purified based on binding to spike-570, IgG1-131, IgG1-

219J, and mem-8 (n=5). Binding of each purified antibody (250ng) to SARS-CoV-2 spike protein 

and IgG Fc was determined by ELISA. C. Results are displayed in a scatter plot. D. Binding to 

spike versus IgG Fc was compared by Wilcoxon matched-pairs signed rank test (#p=0.0625).  
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Figure 1. COVID-19 convalescent, but not rheumatoid arthritis, serum IgM and IgG bind to linear 
native IgG1-derived peptides. Serum IgA, IgM and IgG binding to linear native peptides from the 
constant region of the heavy chain of IgG1 were quantified for subjects 5 weeks post-COVID-19 (n=40) 
and matched controls (n=20) as well as rheumatoid arthritis (RA, n=12 anti-CCP+RF+, anti-CCP+RF- 
anti-CCP-RF+, and anti-CCP-RF-) and matched controls (n=12) by high density peptide array and 
reported as fold change. 
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Figure 2. IgG1 epitopes bound by COVID-19 convalescent sera. COVID-19 convalescent sera (5 
weeks post-COVID-19, n=120) and sera from matched controls (n=54) were assayed by ELISA to 
determine IgM or IgG binding (reported in absorbance (abs)) to four IgG1-derived peptides starting at 
amino acid positions 104, 131, 238 and 293. Dots indicate individual serum samples, lines indicate 
medians, and ***p<0.001, ****p<0.0001. A Mann-Whitney test was used to compare groups.  
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Figure 3. Only the hinge region peptide is bound by rheumatoid arthritis sera. Sera from 32 anti-
CCP+RF+ rheumatoid arthritis (RA+), 24 anti-CCP-RF- rheumatoid arthritis (RA-), and 20 matched 
controls were tested by ELISA for IgM or IgG binding to IgG1-derived peptides starting at amino acid 
positions 104, 131, 238, and 293. Dots indicate individual serum samples, lines indicate medians, and 
**p<0.01. Absorbance (abs) values were compared using a Kruskal Wallis test with Dunn’s multiple 
comparisons test.  
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Figure 4. IgM that binds linear epitopes of IgG1 rise in acute COVID-19. IgM that binds IgG1-104, 
IgG1-131, IgG1-238, and IgG1-293 and IgG that binds IgG1-104 and IgG1-293 were quantified by ELISA 
for serum or plasma from individuals with acute COVID-19 and controls. A. COVID-19 (n=51) versus 
controls (n=51) were compared by Mann-Whitney test. B. Controls (n=51) were compared to COVID-19 
(57 samples from 51 subjects), one (n=19), two (n=23), and three (n=15) weeks post-symptom onset by 
Kruskal-Wallis with Dunn’s multiple comparisons test. For all panels: dots indicate individual serum 
samples, bars indicate medians, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 5. Higher anti-IgG1-293 levels in older, male subjects with more severe disease. Sub-
analyses of absorbance (abs) values for COVID-19 convalescent subjects by age (<40 years n=47, 40-60 
years n=47, >60 years n=26), sex (females n=68, males n=52) and disease severity (mild n=12, 
moderate n=85, severe n=14, critical n=8) were assessed by Kruskal-Wallis test with Dunn’s multiple 
comparisons test (A and C) or Mann-Whitney test (B). Dots represent individual subjects, lines indicate 
medians, and *p<0.05, **p<0.01. 
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Figure 6. Cross-reactivity among antibodies that bind IgG1 epitopes. A. Binding of IgM to IgG1-131, 
IgG1-238, and IgG1-293 that was quantified by ELISA for 120 COVID-19 convalescent subjects was 
plotted to compare binding for each peptide for each subject. B. Comparison of peptide sequences 
(orange: same amino acid, same position; green: related amino acid, same position; blue: homocitrulline; 
gray: neighboring serine or glycine). C.  Purified antibodies that bound to IgG1-131, IgG1-238, IgG1-293, 
IgG1-219J, and IgG1-289J were evaluated by ELISA for binding to IgG1-131, IgG1-238, IgG1-293, IgG1-
219J, IgG1-289J, and a SARS-CoV-2 membrane (mem) peptide (binding level of indicated purified 
antibody on y axis, antigen on X axis). Groups were compared to the first column in each graph by 
Kruskal-Wallis with Dunn’s multiple comparisons test. Dots represent individual experiments using 5 
unique subjects, boxes indicate mean +/- SEM, and *p<0.05, **p<0.01. 
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Figure 7. Cross-reactive binding of antibodies to IgG1 and viral peptides. A. Motif for 18 peptides 
bound at a high level by IgM from COVID-19 convalescent serum that also had high levels of IgM that 
bound IgG1-131 or IgG1-238. B. Antibodies that bound to IgG1-131 or IgG1-238 (B) or IgG1-293, IgG1-
219J, or IgG1-289J (C) were purified and evaluated by ELISA for binding to the IgG1 peptide (striped 
column) or viral peptides with the second D motif (SARS-CoV-2 orf1ab-32, SARS-CoV-2 spike-570, 
poliovirus 1 genome polyprotein-112) and without the motif (SARS-CoV-2 nucleocapsid (nucl)-390 and 
spike-1253). The binding level of the indicated purified antibody is on the y axis and the antigens are on X 
axis. Groups were compared to the first column in each graph by Kruskal-Wallis with Dunn’s multiple 
comparisons test. Dots represent individual experiments with individual subjects (n=5), boxes indicate 
mean +/- SEM and *p<0.05, **p<0.01 and ***p<0.001.      
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Figure 8. Cross-reactive antibodies in COVID-19 bind both IgG Fc and spike protein. A. Increasing 
concentrations of anti-IgG1-131 purified from 5 COVID-19 convalescent subjects or anti-219J purified 
from 5 rheumatoid arthritis subjects were used to assess binding to the peptide against which the 
antibody was purified, IgG Fc, or a negative control peptide (spike-1253, based on Figure 7) by ELISA. 
Symbols represent mean +/- SEM. B. For the 333ng concentration of the purified antibodies, binding to 
the negative control peptide and IgG Fc were divided by binding to the peptide used to purify the antibody 
with percent binding compared by Wilcoxon matched-pairs signed rank test. Each symbol represents a 
different subject and #p=0.0625. C and D. Antibodies were purified based on binding to spike-570, IgG1-
131, IgG1-219J, and mem-8 (n=5). Binding of each purified antibody (250ng) to SARS-CoV-2 spike 
protein and IgG Fc was determined by ELISA. C. Results are displayed in a scatter plot. D. Binding to 
spike versus IgG Fc was compared by Wilcoxon matched-pairs signed rank test (#p=0.0625).  
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Supplemental Table 1. Peptide Sequences 
Protein-starting amino acid  Species Uniprot 

Number 
Sequence 

IgG1-104 * Human P01857 DKTHTCPPCPAPELLG 
IgG1-131 Human P01857 KDTLMISRTPEVTCVV 
IgG1-238 Human P01857 RDELTKNQVSLTCLVK 
IgG1-293 Human P01857 LTVDKSRWQQGNVFSC 
IgG1-219J ** Human P01857 ISJAJGQPREPQVYTLPPSRDEL 
IgG1-289J Human P01857 LYSJLTVDJSRWQQGNVFS 
Genome polyprot-112 Poliovirus 1 P03300 RDSEANPVDQPTEPDV 
Membrane-8 SARS-CoV-2 P0DTC5 ITVEELKKLLEQWNLV 
Nucleocapsid-390 SARS-CoV-2 P0DTC9 QTVTLLPAADLDDFSK 
ORF1ab-32 *** SARS-CoV-2 A0A6V7ALW7 GDSVEEVLSEARQHLK 
Spike-570 SARS-CoV-2 P0DTC2 ADTTDAVRDPQTLEIL 
Spike-1253 SARS-CoV-2 P0DTC2 CCKFDEDDSEPVLKGV 

* IgG1: constant region of the heavy chain of IgG1 
** J: homocitrulline 
*** ORF: open reading frame 
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Supplemental Table 2. Peptides Bound by IgM in COVID-19 Convalescent Serum that also has 
high levels of IgM anti-IgG1-131 and IgG1-238. 
Protein  First 

amino 
acid 

Species Uniprot 
Number 

Sequence 

Genome polyprot. 1159 Rhinovirus A1 A0A2H4UK13 ADSATQEKIKCEIDTL 
Genome polyprot. 112 Poliovirus 1 P03300 RDSEANPVDQPTEPDV 
HA-E* 281 HCoV-OC43 A0A0K0L9C4 KDFTPVQVVDSRWNNA 
NS3** 49 MERS-CoV R9UMM5 ADTAGLYTNFRIDVPS 
Nucleocapsid 223 HCoV-HKU1 Q5MQC6 SDSIVKPDMADEIANL 
ORF1ab*** 32 Pangolin CoV A0A6G6A2G5 GDSVEEALSEARQHLL 
ORF1ab 32 Bat SARS-rCoV  GDTVEEALAEAREHLK 
ORF1ab 32 Bat CoV RaTG13 A0A6B9WIQ1 GDSVEEALSEARQHLK 
ORF1ab 32 SARS-CoV P0C6X7 GDSVEEALSEAREHLK 
ORF1ab 32 SARS-CoV-2 A0A6V7ALW7 GDSVEEVLSEARQHLK 
ORF1ab 2890 HCoV-HKU1 P0C6X4 RDISVNDLCFANKFFQ 
ORF1ab 1047 HCoV-NL63 P0C6X5 RDELGVRVLDQSDNNC 
ORF1ab 6693 HCoV-NL63 P0C6X5 KDSDVNDMVLSLIKSG 
ORF1ab 5997 HCoV-OC43 U3M6T2 RDSIGTNFPLQLGFST 
ORF1ab 6268 HCoV-OC43 U3M6T2 KDSFKDGLCMFWNCNV 
ORF1ab 794 SARS-CoV-2 A0A6V7ALW7 KDTEKYCALAPNMMVT 
Spike 397 SARS-CoV-2 P0DTC2 ADSFVIRGDEVRQIAP 
Spike 570 SARS-CoV-2 P0DTC2 ADTTDAVRDPQTLEIL 

*HA-E: hemagglutinin-esterase 
**NS: non-structural 
***ORF: open reading frame 
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Supplemental Figure 1. Traditional RFs in COVID-19. Serum or plasma from 51 individuals with acute 
COVID-19 and 51 age- and sex-matched controls (A) or sera from 119 subjects 5 weeks post-COVID-19 
and 53 age- and sex-matched controls (B) were assessed for RF by IgG Fc ELISA reported in 
absorbance (abs). Dots represent individual samples and lines indicate medians. 
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Supplemental Figure 2. COVID-19 convalescent, but not rheumatoid arthritis, serum IgM and IgG 
bind linear IgG-derived peptides. Serum IgA, IgM and IgG binding to linear peptides from the constant 
region of the heavy chain of IgG2 (A), IgG3 (B), and IgG4 (C) were quantified for subjects 5 weeks post-
COVID-19 (n=40) and matched controls (n=20) as well as for rheumatoid arthritis (RA, n=12 anti-
CCP+RF+,  anti-CCP+RF- anti-CCP-RF+, and anti-CCP-RF-) and matched controls (n=12) by high 
density peptide array and reported as fold change. 
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Supplemental Figure 3. Only an IgG1 hinge region peptide is bound in Sjogren’s disease. Sera 
from RF+ Sjogren’s disease subjects (n=15) or matched controls (n=15) were evaluated by ELISA for IgM 
and IgG binding to IgG1-104, IgG1-131, IgG1-238 and IgG1-293. Dots indicate individual serum samples 
and lines indicate medians. Absorbance (abs) values were compared by Mann-Whitney test, *p<0.05. 
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Supplemental Figure 4. Lupus serum does not contain IgM or IgG that binds the IgG1 epitopes 
bound in COVID-19. Sera from RF+ lupus (n=11) and matched control (n=12) subjects were tested by 
ELISA for IgM and IgG binding to IgG1-104, IgG1-131, IgG1-238 and IgG1-293. Dots indicate individual 
serum samples and lines indicate medians. Absorbance (abs) values were compared by Mann-Whitney 
test, and no comparisons were significant. 
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Supplemental Figure 5. Sera from smokers do not contain IgM or IgG that binds the IgG1 epitopes 
bound in COVID-19. Sera from smokers (n=10) and matched control subjects (n=10) were tested by 
ELISA for IgM and IgG binding to IgG1-104, IgG1-131, IgG1-238 and IgG1-293. Dots indicate individual 
serum samples and lines indicate medians. Absorbance (abs) values were compared by Mann-Whitney 
test, and no comparisons were significant. 
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Supplemental Figure 6.  IgM binding to peptides with an aspartic acid in position two. A secondary 
analysis was performed using IgM and IgG binding signal to 119,487 peptides derived from viral 
proteomes and the constant region of the heavy chains of IgG1-4 for 40 COVID-19 convalescent 
subjects. Subjects were divided into two groups: subjects with high IgM binding to IgG1-131 or IgG1-238 
(>1 standard deviation above mean IgM binding to all IgG1-derived peptides) and subjects with low 
binding (<1 standard deviation above the mean). The graph depicts the fold difference in binding signal 
for the anti-IgG1-131/238 high group (n=10) divided by the low group (n=30) for IgM binding to all 
peptides (119,487), all peptides with an aspartic acid in position two (6366 “second D” peptides), and the 
peptides selected based on binding >5x more by IgM in the high group as compared to the low group 
excluding peptides with increased binding by IgG (n=18, locFDR<0.1). Boxes represent medians and 
1st and 3rd quantiles of the data distribution and bars represent the maximum and minimum data, except 
for outliers (data points below quartile 1 minus 1.5x the interquartile range or above quartile 3 plus 1.5x 
the interquartile range). An ANOVA with Tukey post test on log(y) to x demonstrates a significant 
difference for the general ANOVA and all pairwise tests (p< 0.0001). 
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Chapter 5: Conclusions and future directions 
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In this dissertation I have studied the antibody responses after SARS-CoV-2 infection. SARS-

CoV-2 was a newly emerged pathogen in January of 2020 [1] that spread quickly and was 

declared a pandemic just two months later by the World Health Organization [2]. Early in the 

pandemic, there were many unknowns including: the persistence and protection of neutralizing 

antibodies, groups most likely to suffer from severe COVID-19, re-exposure risk, and the 

reliability of antibody tests in detecting recent SARS-CoV-2 infections. Now in the spring of 

2023, the COVID-19 pandemic continues to be classified by the World Health Organization as a 

public health emergency of international concern [3]. The United States plans to end the public 

health emergency declaration on May 11, 2023. As rates of SARS-CoV-2 infections decline [4], 

we approach a new post-pandemic era, in which the consequences of COVID-19 have not been 

fully realized. New unknowns post-COVID-19 include the causes and effects of autoantibody 

development, long COVID, symptom persistence, elevated cytokines and other lab 

abnormalities, autoimmune disease development, worsening comorbidities, and other long-term 

complications. Future studies will need to investigate these gaps in knowledge over many years 

to better understand the long-term consequences of COVID-19.  

 

Chapter 2 demonstrates many findings early in the COVID-19 pandemic. Assay development 

was still underway to differentiate antibodies from those recently infected with SARS-CoV-2 

compared with people who had exposures to common cold causing coronaviruses. Publications 

varied in their use of neutralization and functional assays with small sample sizes and 

homogeneous cohorts [5-11]. Many studies used discarded blood products from hospitals or 

clinics to study the antibody responses after SARS-CoV-2, which meant that samples were not 

collected in uniform time frames from polymerase chain reaction (PCR) positive test or symptom 

onset [8, 12, 13]. By availability, samples from patients with the most severe disease were 

studied, whereas samples from infected individuals in the community who did not require 

hospitalization were not collected. Rapidly declining antibody levels were published as ominous 
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signs, and there was concern about lasting immunity [14-17]. Our study contributed to the field 

in several ways. We started a COVID-19 biobank and recruited patients who had a positive 

PCR test at UW Health. By formally recruiting the first 120 interested subjects into our study, we 

gained: a large sample size, a diverse disease severity range (from asymptomatic to intubated), 

uniformly timed and longitudinally collected samples, and accompanying clinical and 

demographic information from questionnaires and medical charts. Because we had detailed 

information about our samples, we could correlate anti-SARS-CoV-2 antibody levels with 

COVID-19 severity, age, sex, comorbidities, and symptoms. We were the first to report on 

symptoms correlating with antibody levels. With our large and diverse disease severity sample, 

we were able to demonstrate the persistence of antibodies over several months. This was 

expected from antibody responses in SARS-CoV, but it contrasted with many reports at the time 

that found declining levels.  

 

Chapter 3 assesses the detection of antibodies against peptides from the spike, nucleocapsid, 

and membrane proteins of SARS-CoV-2 longitudinally over the course of a year. Limited 

antibody tests had received emergency use authorization. None were specific for the detection 

of anti-membrane antibodies, leaving a gap in our understanding of antibody detection 

strategies. Anti-nucleocapsid and anti-spike antibody testing were available at UW Health to 

detect past SARS-CoV-2 infection. However, reports of negative antibody testing following 

positive PCR testing questioned the utility and reliability of the anti-nucleocapsid antibody test, 

and the anti-spike antibody test was unable to differentiate between vaccinated and previously 

infected individuals. Fully vaccinated healthcare workers reported breakthrough SARS-CoV-2 

infections in 2021, despite multiple exposures to antigen. For a few of these individuals, this was 

their second SARS-CoV-2 infection and was evidence of re-infection despite apparent immunity. 

Our study contributed to the field because we compared antibodies against spike, nucleocapsid, 

and membrane in convalescent, naive, vaccinated, breakthrough infection, and re-infection 
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samples. We demonstrated that anti-spike antibodies post COVID-19 persist up to 12 months 

and are significantly higher in individuals who had both past infection and vaccination. We 

showed that fully vaccinated individuals with breakthrough infections have detectable anti-spike 

antibodies, despite their susceptibility to infection and re-infection. We demonstrated that anti-

nucleocapsid antibodies decline over the course of one year. By then, only half of convalescent 

individuals have detectable anti-nucleocapsid antibodies. Anti-membrane antibodies persist for 

12 months, and in combination with anti-spike antibodies, can differentiate between vaccinated, 

convalescent, and naïve individuals, indicating their utility for community-wide seroprevalence 

estimations. It is unknown how long antibodies against SARS-CoV-2 will last, but antibodies 

against SARS-CoV were detected several years after infection [18-20]. Therefore, a future 

direction of this work could be to test the longitudinal antibody levels in this cohort two years and 

three years after recovery from COVID-19 to determine antibody persistence.  

 

As the COVID-19 pandemic has continued, different immune system effects have emerged. 

Initially, attention to the immune dysregulation of cytokines and B and T cell responses was 

prominent. More recently, reports of autoantibodies detected after COVID-19 are further 

evidence of the multi-faceted effects of SARS-CoV-2 [21, 22]. Autoantibodies detected after 

COVID-19 could be the result of a polyreactive primary immune response, and future studies 

are needed to determine whether these antibodies persist and class-switch. Long COVID and 

autoimmune disease symptoms overlap, and it is currently unknown whether COVID-19 

predisposes some individuals for autoimmune disease development.  

 

Chapter 4 identifies rheumatoid factors post-COVID-19 and determines their novel linear 

epitopes. Previously, rheumatoid factor epitope identification has primarily been studied in 

lymphoproliferative disease and autoimmune disease. Epitopes for rheumatoid factors post-

infection were unknown. A couple of reports detected rheumatoid factors in COVID-19 patient 
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samples [23, 24], but many knowledge gaps remained: timing of rheumatoid factor 

development, epitope binding, and populations affected. Our study contributed to the field 

because we discovered anti-IgG1 antibodies that bound unique linear epitopes in the Fc region 

of IgG that were not bound by rheumatoid factors from rheumatoid arthritis, Sjogren’s disease, 

or lupus subjects. Additionally, we reported a linear peptide in the hinge of IgG1 that bound 

rheumatoid factors from rheumatoid arthritis and Sjogren’s disease subjects, but not COVID-19 

subjects. These findings provide evidence that rheumatoid factors from different conditions bind 

to different epitopes within IgG1. This knowledge could be leveraged into improved diagnostic 

tests with increased specificity. We also determined that rheumatoid factor levels post-COVID-

19 increase two to three weeks from symptom onset and are associated with older age. 

Rheumatoid factors can be polyreactive [25], and we determined that the rheumatoid factors 

post-COVID-19 bound viral and self-antigens. We demonstrated that these anti-IgG1 antibodies 

bound IgG Fc and spike proteins, in addition to many peptide antigens. The higher binding to 

spike than IgG Fc suggests that SARS-CoV-2 was the antigen of origin for these rheumatoid 

factors, and the cross-reactivity to viral and self-antigens may represent polyreactive binding to 

a short motif.  

 

Future directions of this work may investigate the duration that rheumatoid factors persist after 

COVID-19, their potential roles in the inflammatory response, whether they are associated with 

long COVID or certain symptoms, such as joint pain, and whether rheumatoid factors post-

COVID-19 predispose certain groups for the development of autoimmune diseases. It is 

unknown how long rheumatoid factors persist after infection and whether they are associated 

with symptoms after initial recovery from COVID-19. We detected rheumatoid factors acutely 

and in the early convalescent period (five weeks and three months post symptom resolution 

from COVID-19). Anti-nuclear antibodies are persistently elevated 12 months after COVID-19 

and are associated with symptoms, including fatigue, dyspnea, and cough severity [26]. 



 121 

Therefore, rheumatoid factors may also persist and be associated with symptoms. To 

investigate this, samples from COVID-19 convalescent individuals can be assayed for 

rheumatoid factors at longitudinal timepoints, including six months, one year, two years, and 

three years after COVID-19. Additionally, convalescent individuals can be surveyed about 

symptomatology (such as fatigue and arthralgias) and timing. Both longitudinal convalescent 

sample collection and participant surveys are ongoing, based on this dissertation’s data, making 

these future directions possible.  

 

Similarities in serology and symptomatology between pre-rheumatoid arthritis and long COVID 

patients may indicate a continuum of disease. However, future studies are needed to better 

understand the connection. In rheumatoid arthritis development, autoantibodies become 

detectable before symptom onset. Then, symptoms may occur in a pre-clinical rheumatoid 

arthritis stage in some patients, and ultimately diagnostic criteria for rheumatoid arthritis are met 

years after initial autoantibodies were detected. During the pre-rheumatoid arthritis stage, 

patients have detectable autoantibodies and some have symptoms (fatigue, arthralgias), similar 

to some patients with long COVID. For example, anti-nuclear antibodies were detected in long 

COVID patients a year after their infections and were associated with symptom severity [26]. In 

another study, patients presenting to long COVID clinics were followed for more than 100 days 

from symptom onset and more than a third had anti-nuclear antibody reactivity [27]. 

Autoantibodies detected in pre-clinical rheumatoid arthritis and long COVID are associated with 

inflammation. Elevated cytokines predict symptoms in long COVID at 12 months, and the 

number of elevated cytokines predict time to rheumatoid arthritis diagnosis [26, 28]. For these 

reasons, future directions of this work may aim to better determine the risk of autoimmune 

disease development in people with long COVID. This may require surveillance for many years. 

It is also possible that long COVID may accelerate autoimmune disease development due to the 

duration or severity of this trigger.    
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Our work provides evidence of a loss of tolerance to IgG after infection with COVID-19. 

Typically, loss of tolerance to IgG is described in rheumatoid arthritis, but it can also occur in 

Sjogren’s disease, lupus, and other conditions. Interestingly, rheumatoid factors in rheumatoid 

arthritis preferentially bind linear epitopes in the CH2 and CH3 regions of IgG that are 

citrullinated or homocitrullinated [29]. Rheumatoid factors in rheumatoid arthritis and Sjogren’s 

disease bind epitopes in the hinge of IgG [29], but rheumatoid factors post-COVID-19 do not 

bind post-translationally modified or hinge sites. A future direction of this work will be to 

investigate whether epitope spreading occurs, in which rheumatoid factors from COVID-19 

subjects are able to recognize additional epitopes, such as citrullinated, homocitrullinated, or 

hinge sites. It is possible that rheumatoid factors post-infection will more closely resemble 

rheumatoid factors in autoimmune diseases over time, since infections and autoantibody 

detection are risk factors for autoimmune diseases, such as rheumatoid arthritis.  

 

Overall, this body of work contributes to our understanding of the antibody responses that follow 

a novel viral infection. We defined anti-viral antibody responses using new assays that were still 

in development. We expanded the antigens under consideration for antibody testing by 

providing evidence of the benefits of membrane, while the focus in the field was on spike and 

nucleocapsid. And we defined the epitopes of rheumatoid factors post-COVID-19, which is a 

major advancement, because rheumatoid factor epitopes in infection were previously unknown. 

Therefore, this thesis addresses many gaps in knowledge that existed in the field. This work 

spurs areas for future investigations. Rheumatoid factors may propagate or resolve 

inflammation in infections. Future studies are required to investigate the immunologic 

mechanisms of rheumatoid factors in infections. Based on our findings, rheumatoid factors have 

different epitopes in different disease states. Future independent studies should determine 

whether these novel findings are reproducible. If confirmed with large, diverse samples at 
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multiple geographic sites, these results could be translated into the clinic. Rheumatoid factor 

clinical tests with enhanced epitope specificity would improve diagnostic accuracy and ultimately 

improve patient care.   
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Appendix A: Investigating the potential role of rheumatoid factors in enhancing 
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INTRODUCTION 

The role of rheumatoid factors after infection is unknown. Some evidence suggests that 

rheumatoid factors may play an active role in clearance and resolution of inflammation through 

binding pathogens directly [1], activating complement [2, 3], and enhancing uptake by 

macrophages [4]. Given that rheumatoid factors are detected after SARS-CoV-2 infection [5, 6], 

they may play a role in the immune response to this pathogen. If true, defining the mechanism 

for rheumatoid factor aiding in the immune response would fill an existing gap in knowledge and 

may be harnessed as a future therapeutic in the treatment of viral infections.  

 

One paper from 1971 published in Science reported that when rheumatoid factors were added 

to infectious Herpes Simplex Virus (HSV)-antibody complexes, there was increased 

neutralization by complement [2]. They suggested that the binding of IgM rheumatoid factor to 

the virus-antibody complex allowed for additional binding sites of complement (multivalency). 

Therefore, IgM rheumatoid factor could act as a large scaffold or docking site for complement. 

Whether rheumatoid factors post-COVID-19 could aid complement is unknown. Here we 

investigate whether rheumatoid factors elicited by SARS-CoV-2 infection enhance virus 

neutralization.  

 

METHODS 

Human Subjects 

This study was conducted in accordance with the Declaration of Helsinki and was approved by 

the Institutional Review Board at the University of Wisconsin (UW). Samples and clinical data 

were obtained from the UW Rheumatoid Arthritis Biorepository [7] or the UW COVID-19 

Convalescent Biorepository [8]. Healthy control serum and serum from rheumatoid arthritis 

subjects were collected prior to 2019. COVID-19 convalescent sera were collected three months 
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after symptom resolution from COVID-19 (initial polymerase chain reaction (PCR) positive 

COVID-19 test in spring/summer 2020). 

 

Peptide Enzyme Linked Immunosorbent Assay (ELISA) 

Peptide ELISAs were completed to screen naive and COVID-19 convalescent serum samples 

for antibodies that bound peptides IgG1-131, IgG1-238, or IgG1-293. Serum samples that did 

not bind these epitopes were considered for use in the neutralization assays, and samples that 

did contain these antibodies were considered for use in antibody purification. Peptide ELISAs 

were also used to quantify purified antibodies from COVID-19 convalescent serum that bound to 

IgG1-131, IgG1-293, IgG1-219J, mem-8, or spike-1253, using a standard curve as described 

below.  

 

Costar 96-well high binding ELISA plates (Corning, Corning, NY) were coated with 5µg/ml 

streptavidin (Thermo Scientific Pierce, Waltham, MA) in phosphate buffered saline (PBS) 

(Corning) overnight at four degrees Celsius, washed twice with PBS, and coated with 

biotinylated antigens  (1:500 0.5mM synthesized peptides: IgG1-131 KDTLMISRTPEVTCVV-

K(biotin), IgG1-238 RDELTKNQVSLTCLVK-K(biotin), IgG1-293 LTVDKSRWQQGNVFSC-

K(biotin), IgG1-219J (J indicates homocitrulline) ISJAJGQPREPQVYTLPPSRDEL-K(biotin), 

mem-8 ITVEELKKLLEQWNLV-K(biotin), or spike-1253 CCKFDEDDSEPVLKGV-K(biotin)) 

(Biomatik, Cambridge, Ontario, Canada), in PBS for one hour at room temperature, or uncoated 

wells received PBS alone. Plates were washed three times with wash buffer (PBS with 0.2% 

Tween 20), blocked with blocking solution (5% nonfat dehydrated milk in wash buffer) for at 

least two and a half hours at room temperature, and incubated with serum (diluted 1:100 in 

blocking solution) or purified antibodies (diluted 1:20 in blocking solution) overnight at four 

degrees Celsius. Plates were then washed four times with wash buffer and incubated for one 
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hour at room temperature with mouse anti-human IgG conjugated to horse radish peroxidase, 

goat anti-human IgM conjugated to horse radish peroxidase, or goat F(ab’)2 anti-human kappa 

and goat F(ab’)2 anti-human lambda conjugated to horse radish peroxidase (Southern 

Biotechnology, Birmingham, AL) diluted 1:5000 in blocking solution. Plates were washed four 

times with wash buffer, developed with tetramethylbenzidine substrate solution (Thermo 

Scientific Pierce), and reaction was stopped using 0.18M sulfuric acid. Endpoint absorbance 

(450-562nm) was read on a FilterMax F3 spectrophotometer (Molecular Devices, San Jose, CA) 

and absorbance values from uncoated wells and wells that received no serum were subtracted 

as nonspecific binding and background signal, respectively.  

 

A standard curve was used for some ELISAs. After the above streptavidin and wash steps, 

wells were incubated with serially diluted biotinylated human IgM and human IgG (Novus 

Biologicals, Englewood, CO) in PBS for one hour at room temperature. Plates were washed, 

blocked, washed, incubated with detection antibody, developed, and absorbance was 

determined as above. Four parameter logistic curve was used on myassays.com to determine 

the concentration from absorbance values.   

 

Depletion of light chain or IgM in Fc fragment 

Streptavidin magnetic beads (Thermo Scientific Pierce) were washed three times with Tris 

Buffered Saline (TBS) (Fisher Bioreagent, Pittsburgh, PA) with 0.1% Tween (TBST) using 

magnet collection. Beads were resuspended in TBST and biotinylated goat F(ab’)2 anti-human 

kappa, biotinylated goat F(ab’)2 anti-human lambda or biotinylated goat F(abs’)2 anti-human 

IgM (Southern Biotechnology) were added to beads. Beads were mixed for two hours at room 

temperature. Beads were collected with magnet, washed two times with TBST, and 

resuspended in TBS. Anti-kappa, anti-lambda, and anti-IgM-coated magnetic beads were added 
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to human Fc fragment (Millipore Sigma, Burlington, MA). Mixture was tumbled overnight at four 

degrees Celsius. Magnetic beads were collected with magnet to collect contaminating light 

chains and IgM. Fc was centrifuged at 20,000xg for five minutes to remove residual beads. Fc 

fragment was saved, stored at four degrees Celsius and used in ELISA. 

 

Human Fc ELISA 

Fc ELISAs were completed to screen naive and COVID-19 convalescent serum samples for 

antibodies that bound Fc. Serum samples that did not bind Fc were considered for use in the 

neutralization assays, and samples that did contain these antibodies were considered for use in 

antibody purification. Fc ELISAs were also used to quantify purified anti-IgG Fc antibodies from 

COVID-19 convalescent serum using a standard curve described above.  

 

Costar 96-well high binding ELISA plates (Corning) were coated with 2.5µg/ml human Fc 

fragment (Millipore Sigma) in PBS. Plates were washed three times with wash buffer and 

blocked overnight with blocking solution at four degrees Celsius. Sera or purified antibodies 

were diluted 1:100 in blocking solution, added to Fc and PBS coated wells, and incubated 

overnight at four degrees Celsius. Plates were washed four times with wash buffer and goat 

F(ab’)2 anti-human kappa and goat F(ab’)2 anti-human lambda conjugated to horse radish 

peroxidase (Southern Biotechnology) at 1:5000 in blocking solution were added for one hour at 

room temperature. Plates were washed four times with wash buffer, developed using 

tetramethyl benzidine (Thermo Scientific Pierce), and reaction was stopped using 0.18M sulfuric 

acid. Endpoint absorbance was read as described above.  
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Affinity Chromatography 

Streptavidin sepharose beads (BioVision, San Francisco, CA or Abcam, Waltham, MA) were 

washed three times with TBS (Fisher Bioreagent) and then incubated with biotinylated peptide 

(Biomatik) diluted 1:10 in TBS and tumbled at four degrees Celsius for two hours. Human sera 

from COVID-19 convalescent or rheumatoid arthritis subjects were diluted 1:5 in blocking 

solution. Peptide-labeled beads were resuspended in blocking solution, loaded onto a frit 

membrane in a spin column (G Biosciences, St. Louis, MO), and washed with blocking solution. 

A rubber stopper was added to column, diluted serum was added, and columns were capped for 

antibody incubation with the peptide labeled beads overnight at four degrees Celsius. Columns 

were washed twice with blocking solution to remove nonspecific antibodies and conditioned with 

conditioning buffer (Classic IP Kit, Thermo Scientific Pierce). Elution buffer (100mM glycine pH 

2.6) was added, and antibodies bound by the beads were eluted off and collected in microfuge 

tubes with neutralizing buffer (Tris HCl pH 8.7). Columns were spun briefly on a tabletop 

Eppendorf 5430 centrifuge, and the elution step was repeated to elute antibodies. Concentration 

of purified antibodies was approximated by ELISA using the standard curve. Purified antibodies 

were concentrated using an Amicon® Ultra 0.5ml 30K Centrifugal Filtration device (Millipore 

Sigma) and resuspended at 15,000ng/ml for all antibodies, except anti-IgG1-293 antibodies 

were resuspended at 5,000ng/ml.  

 

Purifying anti-IgG Fc antibodies 

To purify anti-IgG Fc antibodies, the PureProteome™ NHS FlexiBind Magnetic Beads Kit was 

used (catalogue number LSKMAGN01, Millipore Sigma) and manufacturer’s instructions were 

followed using centrifugation for concentration and buffer exchange and the general coupling 

protocol to incubate the ligand (Fc) with the magnetic beads. In the general immunoprecipitation 

protocol, COVID-19 convalescent serum was diluted 1:5 in blocking solution and 100µl of 



 132 

diluted serum was added to 40µl of Fc coupled magnetic beads. Beads were incubated 

overnight at four degrees Celsius. Beads were washed three times with 500µl of blocking 

solution. Then antibodies were eluted off the Fc coupled beads using 100µl of elution buffer 

(100mM glycine pH 2.6). Beads were collected with a magnet, and the supernatant was 

transferred to a tube with 10µl of neutralizing buffer (1.5M Tris HCl pH 8.8) and stored at -80 

degrees Celsius. The concentration of the anti-IgG Fc antibodies was approximated by ELISA, 

and antibodies were resuspended at 15,000ng/ml.  

 

Focus reduction neutralization test (FRNT) 

The FRNT has been previously described [9]. Briefly, serum and virus are co-incubated, and the 

mixture is inoculated onto plated cells, which are fixed, stained, and imaged to quantify 

infectivity. Three experimental designs investigated whether purified antibodies from COVID-19 

convalescent samples enhanced SARS-CoV-2 neutralization. The neutralization assay was 

initially run with serum only (not purified antibodies) to determine a serum dilution (1:100) that 

reduced the foci number by 50-75%. Dilutions were in virus growth media (5% fetal bovine 

serum (FBS) in Dulbecco's Modified Eagle Medium (DMEM)).  

 

In the first experiment, 55µl of the diluted serum (1:100) was mixed with 5µl purified antibody 

(75ng) and 60µl virus (~1000 focus-forming units). In the second experiment, 30µl of diluted 

serum (1:100) was mixed with 30µl purified antibody (450ng) and 60µl virus (~1000 focus-

forming units) for all purified antibodies, except anti-IgG1-293, which was at a lower starting 

concentration so 30µl of anti-IgG1-293 antibodies was 150ng. In both experiments, the mixtures 

were incubated for one hour at 37 degrees Celsius. The serum-antibody-virus mixtures were 

inoculated onto Vero E6/TMPRSS2 cells in 96-well plates and incubated for one hour at 37 

degrees Celsius. The mixtures were then removed, and methylcellulose solution was added to 
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each well. The cells were incubated for 16 hours at 37 degrees Celsius and then fixed with 

formalin. After the formalin was removed, the cells were immunostained with a mouse 

monoclonal antibody against SARS-CoV-1/2 nucleoprotein (clone 1C7C7 (Sigma-Aldrich, St. 

Louis, MO)), followed by a horseradish peroxidase-labeled goat anti-mouse immunoglobulin 

(SeraCare Life Sciences, Milford, MA). The infected cells were stained with TrueBlue Substrate 

(SeraCare Life Sciences) and then washed with distilled water. After cell drying, the focus 

numbers were quantified using an ImmunoSpot S6 Analyzer, ImmunoCapture software, and 

BioSpot software (Cellular Technology, Beachwood, OH).  

 

In the third experiment, 3µl of diluted serum (diluted 1:15) was incubated with 60µl virus (~1000 

focus-forming units) for two hours at 37 degrees Celsius. Then 30µl (450ng) or 50µl (750ng) 

purified antibody was added and incubated at 37 degrees Celsius for 15 minutes. Then 27µl or 

7µl, respectively, of pooled naive sera were added as a source of complement and incubated for 

15 minutes at 37 degrees Celsius. After these sequential additions and incubations, the mixture 

was inoculated onto Vero E6/TMPRSS2 cells, and the rest of the protocol was followed as 

described above.  

 

RESULTS 

In the first experiment, we investigated whether there was enhanced neutralization of SARS-

CoV-2 when purified anti-IgG1-131 or anti-IgG Fc antibodies were added to convalescent 

serum. We determined the foci numbers when naive serum (with no neutralizing antibodies) had 

an irrelevant, influenza B monoclonal antibody added. This condition represented the negative 

control (100% infection) because no neutralization was expected from naive serum or an 

irrelevant monoclonal antibody. In contrast, foci numbers were a lot smaller when the irrelevant 

flu antibody was added to convalescent sera (140 average foci compared with 968, or only 14% 



 134 

infection). This indicated that convalescent sera alone have neutralizing antibodies to inhibit 

86% of infection (Figure 1). When we added anti-IgG1-131 antibody or anti-IgG Fc antibody to 

convalescent serum instead of the flu antibody, the inhibition of infection was similar (82% and 

81%, respectively), but not improved (Figure 1). As a positive control, a SARS-CoV-2 antibody 

was added to convalescent serum and there were no foci detected, indicating that 100% 

inhibition of infection occurred (Figure 1). From this experiment we determined that the 

convalescent serum had high neutralizing antibodies to the extent that there was not much room 

to see an improvement in neutralization by the addition of purified antibodies. We did not see 

enhanced neutralization when our antibodies of interest (anti-IgG1-131 or anti-IgG Fc) were 

added compared with an irrelevant flu antibody, which suggests that either these rheumatoid 

factors do not enhance neutralization of SARS-CoV-2 or there were not enough purified 

antibodies to see their effects.  

 

To investigate whether increasing the purified antibodies would reveal effects on virus 

neutralization, we increased the added antibodies to 450ng and decreased the volume of serum 

(so that there would be less neutralization from the convalescent serum and more of a range to 

see potential effects of the antibodies). By decreasing the volume of convalescent serum used, 

60% inhibition (Figure 2) was achieved which was better than the 86% achieved in the previous 

experiment. Again, in the negative control (irrelevant influenza B antibody added to naive 

serum) no inhibition was expected and foci numbers were determined to represent 0% inhibition 

of infection (Figure 2). By comparison, the positive control (anti-SARS-CoV-2 monoclonal 

antibody added to naive serum) resulted in 99.5% inhibition (Figure 2). In the experimental 

groups, purified antibodies were added to convalescent serum to see whether they enhanced 

neutralization (measured as increasing the % inhibition of infection). The addition of anti-IgG1-

131 antibodies purified from COVID-19 convalescent serum or anti-IgG1-219J antibodies from 

rheumatoid arthritis serum did not increase the % inhibition. However, when anti-IgG Fc 
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antibodies were added to convalescent serum, 67% inhibition of infection was achieved (Figure 

2). This was an extremely modest increase, but it indicated that anti-IgG Fc antibodies might 

enhance neutralization if experimental conditions are appropriate. To try to determine if anti-IgG 

Fc antibodies enhanced neutralization, we wanted to see if this result was reproducible and 

whether increasing the amount of anti-IgG Fc antibodies would further increase neutralization.  

 

Since we hypothesized that rheumatoid factors may enhance neutralization by complement, we 

considered whether there was enough complement present in the system for rheumatoid factors 

to amplify complements’ effects. We had decreased the volume and diluted the convalescent 

serum used in the FRNT so that the neutralizing antibodies did not mask potential effects of 

added rheumatoid factors. However, this serum was also the source of complement. To 

increase complement without increasing neutralizing antibodies, we decided to add pooled 

naive sera to serve as a larger complement source. We also considered whether the order of 

reagents mattered. For example, we hypothesized that rheumatoid factors would bind virus-

antibody complexes and serve as increased sites for complement binding. However, we had 

added the rheumatoid factors, virus, and convalescent serum all at once, so virus-antibody 

complexes likely had not yet formed, which may have hindered rheumatoid factor binding. 

Therefore, we designed a third experiment where these concerns were addressed. We 

sequentially added reagents with incubations to allow 1) virus-antibody complexes to form 

before rheumatoid factors were added, and 2) rheumatoid factors to bind the complexes before 

the complement source was introduced. We hypothesized that these changes would amplify 

rheumatoid factors’ effects and result in increased % inhibition of infection.  

 

In the third experiment, when the irrelevant influenza B antibody was added to naive serum, the 

foci numbers were determined to represent 100% infection and 0% inhibition (Figure 3). When 

the irrelevant influenza B antibody was added at 450ng or 750ng to convalescent serum, 56% 
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or 58% inhibition was achieved, respectively, which represents the contribution of the 

neutralizing antibodies in the diluted convalescent serum. When anti-IgG Fc antibodies were 

added at 450ng or 750ng, inhibition increased to 74% and 91%, respectively (Figure 3). This 

indicates that there may be increased inhibition of infection in the conditions when rheumatoid 

factor antibodies were added after the virus and convalescent serum had incubated alone, prior 

to rheumatoid factor addition and complement addition. In this first study, increasing the 

complement source with the addition of pooled naive sera may also have contributed to the 

results. Additionally, increasing the purified rheumatoid factors increased the inhibition further 

from 74% to 91%. These variables of allowing virus-antibody complexes to form before adding 

rheumatoid factors, increasing complement, and increasing purified rheumatoid factors, resulted 

in increased SARS-CoV-2 neutralization. These findings represent a sample size of one, and 

additional experiments are needed to determine whether the data are reproducible. 

 

DISCUSSION 

Rheumatoid factors can be polyreactive and are known to bind self and exogenous antigens 

[10]. Historically, two rheumatoid factor conformational epitopes, the Ga determinant and hinge 

of IgG were described [11, 12]. Additional rheumatoid factor linear epitopes in the IgG Fc region 

have been discovered more recently [13]. When IgG binds an antigen, a conformational change 

occurs, which reveals rheumatoid factor binding sites [14], thereby preventing rheumatoid 

factors from binding unbound IgG in circulation [15]. Thus, in our experiments, rheumatoid 

factors are likely binding to revealed IgG Fc sites when IgG forms immune complexes with 

SARS-CoV-2. An initial next step will be to repeat the third experiment with biological replicates 

in order to draw significant conclusions. Another possibility is that rheumatoid factors could bind 

to pathogens directly [1], especially given that rheumatoid factors post-COVID-19 were able to 

bind viral antigens including spike protein (Chapter 4). To investigate this, future studies are 

needed in which anti-IgG1-131 antibodies are added directly to the FRNT in the absence of 
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convalescent serum to see whether the antibodies can neutralize SARS-CoV-2 directly in the 

absence of anti-SARS-CoV-2 antibodies and neutralizing antibodies.  

 

Complement in serum is unstable. Although the human serum that is processed for the biobank 

is frozen at -80 degrees Celsius, fluctuations of complement levels due to temperature changes 

and storage conditions could occur [16, 17]. Additionally, the biobank sera are precious and in 

limited supply. Other complement sources could be tried in these FRNT experiments. Guinea 

pig sera has been used as a complement source of choice for viral antigen-antibody systems 

[18, 19]. Therefore, future experiments may use guinea pig sera as a complement source.  

 

Given the interesting results of the third experiment when the addition of increased anti-IgG Fc 

antibodies resulted in increased inhibition of infection, future studies will want to continue to 

investigate the role of anti-IgG Fc antibodies in virus neutralization. Knowing that anti-IgG1-131 

antibodies bind viral antigens including spike protein (Chapter 4) makes them interesting to 

continue studying in the SARS-CoV-2 neutralization assays, despite the results from the second 

experiment that showed that they did not increase inhibition compared to an irrelevant influenza 

B antibody. Perhaps the modifications performed in the third experiment (adding purified 

antibodies after virus and convalescent serum have incubated and formed immune complexes, 

adding an additional source of complement after antibody incubation, and increasing the 

amount of antibody added) will enhance the effects of anti-IgG1-131 antibodies in the system. 

Alternatively, perhaps other experimental conditions are needed to see the effects of these 

antibodies such as an increased amount of antibody compared to the anti-IgG Fc antibodies or 

different incubations.  

 

Anti-IgG1-293 antibodies may neutralize SARS-CoV-2, given the similar results in Figure 2 

between anti-IgG Fc antibodies and anti-IgG1-293 antibodies. Anti-IgG1-293 antibodies were 
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also cross-reactive with the mem-8 peptide (Chapter 4), providing further evidence that these 

antibodies may bind SARS-CoV-2, which could be an early step leading to complement 

activation. In the second experiment, all the antibodies added were 450ng, except anti-IgG1-

293, which was 150ng. Even at one-third the amount, these antibodies produced an effect that 

was similar to the anti-IgG Fc antibodies. Therefore, if the amount of anti-IgG1-293 antibodies 

was increased and if modifications were made similar to the third experiment (adding reagents 

during sequential incubations and adding a separate complement source), the SARS-CoV-2 

neutralizing effects of anti-IgG1-293 may be more pronounced. However, there were fewer 

COVID-19 convalescent subjects who had detectable antibodies against IgG1-293 (Chapter 4), 

and subjects that did have anti-IgG1-293 antibodies had lower concentrations than the 

concentrations recovered for anti-IgG1-131. This reagent limitation may be a reason to focus on 

other rheumatoid factors.  

 

Future experiments could investigate additional questions beyond the mechanism of rheumatoid 

factors enhancing virus neutralization. In the experiments presented here, the ancestral viral 

strain was used because the COVID-19 convalescent subjects were infected in the spring of 

2020 before variants of concern were in circulation in the community. It would also be 

interesting to investigate whether rheumatoid factors were protective against other variants 

(such as Omicron). Variants of concern are difficult to contain and treat because they have 

higher infectivity and do not respond as well to treatments, due to mutations in key regions such 

as host receptor binding [20]. However, since rheumatoid factors may be primarily binding to 

virus-antibody complexes by revealed sites in the Fc region of IgG, viral mutations may not 

impede this interaction. If rheumatoid factors could still bind immune complexes and increase 

multivalency for complement binding and activation, they may be able to amplify signals to clear 

infection, even among emerging variants of concern. In that case, rheumatoid factors could 

potentially serve as a therapeutic antibody regardless of variant mutations. Expanding further on 



 139 

this point, rheumatoid factors may generally be able to neutralize pathogens by binding 

pathogen-antibody immune complexes and allowing more complement fixation. If this is true, 

other respiratory viruses such as influenza could be used in neutralization assays to determine if 

rheumatoid factors could enhance influenza neutralization. This mechanism of rheumatoid 

factor enhancing neutralization of SARS-CoV-2 may not be coronavirus specific. The general 

pro-resolution characteristics of rheumatoid factors may be generalizable to other inflammatory 

states.  

 

FIGURE LEGENDS 

Figure 1. COVID-19 convalescent serum has high neutralizing antibodies regardless of 

additional antibodies added to neutralization assay. By focus reduction neutralization test 

(FRNT), % inhibition of SARS-CoV-2 infection was determined for naive serum with an 

irrelevant influenza (flu) B monoclonal antibody, or convalescent (conv.) serum with flu, anti-

IgG1-131 (131), anti-IgG Fc (Fc), anti-mem-8 (m), or anti-SARS-CoV-2 (CoV-2) antibodies.  

 

Figure 2. anti-IgG Fc antibodies may enhance neutralization. By focus reduction 

neutralization test (FRNT), % inhibition of SARS-CoV-2 infection was determined for naive 

serum with an irrelevant influenza (flu) B monoclonal antibody (negative control), or naive serum 

with a SARS-CoV-2 monoclonal antibody (positive control). Convalescent (conv.) serum with flu, 

anti-IgG1-131 (131), anti-IgG1-293 (293), anti-IgG1-219J (219J), anti-IgG Fc (Fc), anti-mem-8 

(m), or anti-spike-1253 (s) antibodies was also assessed for % inhibition of SARS-CoV-2 

infection.  

 

Figure 3. In the presence of complement, anti-IgG Fc antibodies may enhance SARS-

CoV-2 neutralization when added sequentially after virus-antibody complexes form. By 

focus reduction neutralization test (FRNT), % inhibition of SARS-CoV-2 infection was 
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determined for naive serum with an irrelevant influenza (flu) B monoclonal antibody (negative 

control), convalescent serum with flu (to represent neutralization from convalescent serum 

neutralizing antibodies), or convalescent serum with anti-IgG Fc (Fc) antibodies at two different 

amounts (450ng or 750ng). Pooled naive serum was added to all conditions after immune 

complex incubation with antibodies to serve as a complement source.  
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Figure 1. COVID-19 convalescent serum has high neutralizing antibodies regardless of additional 
antibodies added to neutralization assay. By focus reduction neutralization test (FRNT), % inhibition of 
SARS-CoV-2 infection was determined for naive serum with an irrelevant influenza (flu) B monoclonal 
antibody, or convalescent (conv.) serum with flu, anti-IgG1-131 (131), anti-IgG Fc (Fc), anti-mem-8 (m), or 
anti-SARS-CoV-2 (CoV-2) antibodies.  
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Figure 2. anti-IgG Fc antibodies may enhance neutralization. By focus reduction neutralization test 
(FRNT), % inhibition of SARS-CoV-2 infection was determined for naive serum with an irrelevant 
influenza (flu) B monoclonal antibody (negative control), or naive serum with a SARS-CoV-2 monoclonal 
antibody (positive control). Convalescent (conv.) serum with flu, anti-IgG1-131 (131), anti-IgG1-293 (293), 
anti-IgG1-219J (219J), anti-IgG Fc (Fc), anti-mem-8 (m), or anti-spike-1253 (s) antibodies was also 
assessed for % inhibition of SARS-CoV-2 infection.  
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Figure 3. In the presence of complement, anti-IgG Fc antibodies may enhance SARS-CoV-2 
neutralization when added sequentially after virus-antibody complexes form. By focus reduction 
neutralization test (FRNT), % inhibition of SARS-CoV-2 infection was determined for naive serum with an 
irrelevant influenza (flu) B monoclonal antibody (negative control), convalescent serum with flu (to 
represent neutralization from convalescent serum neutralizing antibodies), or convalescent serum with 
anti-IgG Fc (Fc) antibodies at two different amounts (450ng or 750ng). Pooled naive serum was added to 
all conditions after immune complex incubation with antibodies to serve as a complement source.  
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PLOS Biol. 2021 Jun 18;19(6):e3001265. doi: 10.1371/journal.pbio.3001265. PMID: 34143766; 
PMCID: PMC8245122. 
 
Abstract: 
The search for potential antibody-based diagnostics, vaccines, and therapeutics for pandemic 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has focused almost exclusively 
on the spike (S) and nucleocapsid (N) proteins. Coronavirus membrane (M), ORF3a, and ORF8 
proteins are humoral immunogens in other coronaviruses (CoVs) but remain largely 
uninvestigated for SARS-CoV-2. Here, we use ultradense peptide microarray mapping to show 
that SARS-CoV-2 infection induces robust antibody responses to epitopes throughout the 
SARS-CoV-2 proteome, particularly in M, in which 1 epitope achieved excellent diagnostic 
accuracy. We map 79 B cell epitopes throughout the SARS-CoV-2 proteome and demonstrate 
that antibodies that develop in response to SARS-CoV-2 infection bind homologous peptide 
sequences in the 6 other known human CoVs. We also confirm reactivity against 4 of our top-
ranking epitopes by enzyme-linked immunosorbent assay (ELISA). Illness severity correlated 
with increased reactivity to 9 SARS-CoV-2 epitopes in S, M, N, and ORF3a in our population. 
Our results demonstrate previously unknown, highly reactive B cell epitopes throughout the full 
proteome of SARS-CoV-2 and other CoV proteins. 
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and analyzed ELISA experiments, made Figure 6, and assisted in manuscript writing and 
editing.  
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Rheumatoid Factor and Anti–Modified Protein Antibody Reactivities Converge on 
IgG Epitopes 
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35001558; PMCID: PMC9156533. 
 
Abstract: 
Objective: Rheumatoid arthritis (RA) patients often develop rheumatoid factors (RFs), antibodies 
that bind IgG Fc, and anti-modified protein antibodies (AMPAs), multireactive autoantibodies 
that commonly bind citrullinated, homocitrullinated, and acetylated antigens. Recently, 
antibodies that bind citrulline-containing IgG epitopes were discovered in RA, suggesting that 
additional undiscovered IgG epitopes could exist and that IgG could be a shared antigen for 
RFs and AMPAs. This study was undertaken to reveal new IgG epitopes in rheumatic disease 
and to determine if multireactive AMPAs bind IgG. 
Methods: Using sera from patients with RA, systemic lupus erythematosus, Sjögren's disease 
(SjD), or spondyloarthropathy, IgG binding to native, citrulline-containing, and homocitrulline-
containing linear epitopes of the IgG constant region was evaluated by peptide array, with highly 
bound epitopes further evaluated by enzyme-linked immunosorbent assay (ELISA). Binding of 
monoclonal AMPAs to IgG-derived peptides and IgG Fc was also evaluated by ELISA. 
Results: Seropositive RA sera showed high IgG binding to multiple citrulline- and homocitrulline-
containing IgG-derived peptides, whereas anti-SSA+ sera from SjD patients showed consistent 
binding to a single linear native epitope of IgG in the hinge region. Monoclonal AMPAs bound 
citrulline- and homocitrulline-containing IgG peptides and modified IgG Fc. 
Conclusion: The repertoire of epitopes bound by AMPAs includes modified IgG epitopes, 
positioning IgG as a common antigen that connects the otherwise divergent reactivities of RFs 
and AMPAs. 
 
Contributions: I performed and analyzed ELISA experiments, performed statistical analyses, 
and made Supplemental Tables 1-4. I assisted in manuscript writing and editing.  
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