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CHAPTER I 

 

INTRODUCTION 

 

Thesis overview 

 

This dissertation contains my body of primary research focused on the characterization 

of the human adaptive immune response against coronaviruses, with an emphasis on SARS-

CoV-2. In this document, I describe adaptive immunity with an emphasis on the B cell 

compartment and the role it plays in coronavirus infection and vaccination. One objective of this 

work was to characterize B cells with reactivity to different pandemic coronavirus strains which 

can contribute to the development antibody therapeutics as well as rational coronavirus vaccine 

design. Another goal was to define the changes in healthy, naïve immune repertoires after the 

vaccination with the first-ever mRNA formulation to counteract COVID-19 infection. A better 

understanding of both T and B cell subsets elicited by vaccination may provide predictive 

measures for efficacy and protection against COVID-19 infection but may also translate to other 

disease indications amenable to mRNA vaccination formulation in the future. To that end, I have 

divided my dissertation into five chapters to denote different research directions I pursued under 

the direct mentorship of Dr. Georgiev along with support from numerous Vanderbilt and external 

collaborators. 

In Chapter I, I present fundamental immunology principles behind the adaptive immune 

response and B cell biology in response to coronavirus infection and vaccination. Chapters II-IV 

consist of my primary research efforts initially discussed in Chapter I.  

Chapter II describes the characterization of cross-reactive coronavirus antibodies 

isolated from a recovered SARS-CoV donor. I applied LIBRA-seq to a peripheral blood 
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mononuclear cell (PBMC) sample preserved 12 years after infection onset which resulted in the 

identification of antibodies with cross-reactivity to spike proteins from both endemic and 

pandemic coronaviruses. This chapter involved significant effort to adapt the LIBRA-seq 

workflow to a coronavirus. Experimental analysis included protein labeling quality control, flow 

cytometric staining, and fluorescence activated cell sorting (FACS) optimization. Additionally, I 

developed a number of tools to assess these binding profiles including surface display and 

competition enzyme linked immunosorbent assay (ELISA). External collaborators aided in 

characterization efforts particularly in Fc effector function and in vivo testing of select antibody 

candidates. A better understanding of the determinants of coronavirus clearance by antibodies 

may have significant contributions to the design of therapeutic monoclonal antibodies as well as 

rational vaccine design.  

Chapter III is another application of LIBRA-seq, focused on the identification of potent 

neutralizing antibodies from a recovered COVID-19 individual. I discuss the initial discovery of a 

panel of neutralizing antibodies with a range of potencies, but the chapter mostly details one 

candidate, antibody 54042-4, in depth given its potent IC50 in a VSV SARS-CoV-2 neutralization 

assay. Co-first author Nicole Johnson performed cryo-EM to resolve the structural basis for 

neutralization detailing an epitope footprint on spike that is highly insensitive to mutational 

selection among currently circulating SARS-CoV-2 lineages. In comparison to other published 

SARS-CoV-2 antibodies, 54042-4, utilizes an uncommon VH gene and a binding approach to 

spike protein only shared with a few other antibodies, including two that are under clinical 

investigation for treating COVID-19 infection. The continual discovery of potently neutralizing 

SARS-CoV-2 antibodies with different epitope profiles may be critical for therapeutic 

development in the event of further substitutions that escape from vaccine or therapeutic 

regimens.  
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Chapter IV details the application of several different single cell technologies including 

mass cytometry, single-cell RNA-seq, and LIBRA-seq to characterize the immune response 

against the Pfizer mRNA BNT162b2 candidate vaccine. From a cohort of 10 healthy individuals, 

we measured the populations of T and B cells at baseline prior to vaccination and then again 7-

10 days post-boost. These paired analyses resulted in the identification of highly enriched T and 

B cell populations in low abundance prior to mRNA vaccination. I also focus on one donor in 

depth by performing RNAseq and LIBRA-seq analysis on B cells from longitudinal time points 

pre-vaccine, day 8, day 14, and day 42. This multiplexed analysis enabled the tracking of 

evolving B cell subsets into different populations in parallel with the magnitude of antigen 

specificity, revealing a trend of baseline endemic coronavirus cross-reactivity which transformed 

into mostly SARS-like antigen-specific repertoire at day 42. In parallel with analysis focusing on 

single cells, I also measured the serological plasma response from pre-vaccine and post-

vaccination which revealed correlations between the frequency of responding T and B cell 

subsets and with the magnitude of neutralization titer. This collection of work may have a 

significant impact on the determinants of vaccine efficacy to counteract the COVID-19 pandemic 

and further provides a comprehensive analysis for the cellular determinants of immunity 

generated from the first-ever mRNA vaccine formulation to be given to humans at a population 

level. 

Chapter V summarizes the data presented in chapters II-IV. In this section I also discuss 

some limitations of my work and further propose future research directions to expand on some 

of the initial observations described in this dissertation. Given the unknown future trajectory of 

the COVID-19 pandemic, follow-up studies to address further open questions in coronavirus 

infection and vaccination are critical to the fields of basic and clinical biomedical research.   
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Adaptive immunity 

The human immune response mounted against infection consists of two main arms: the 

innate immune system and the adaptive immune system (Flajnik and Kasahara, 2010). The 

innate immune system is initiated by the detection of conserved molecular components shared 

by a number of different microbial pathogens. These recognition events trigger a quick, targeted 

response to resolve initial infection which is mediated by innate immune cells such as 

macrophages, neutrophils, and dendritic cells (Medzhitov and Janeway, 2002). The adaptive 

immune response in contrast functions by a fundamentally different response mechanism 

resulting in a recognition recall to pathogens for which a host has previously encountered, also 

known as immune memory. The adaptive immune response is mediated by two main cell types: 

T cells and B cells. T cells perform cell-mediated functions whereas B cells function in the 

humoral immune response (Chaplin, 2010). 

 Immune memory is generated by extensive genetic diversity enabling the recognition of 

various pathogens that infect a human host. B and T cells utilize a series of gene recombination 

events, more generally called V(D)J recombination (Davis and Bjorkman, 1988; Early et al., 

2004). The random assembly of Variable (V), diversity (D), and junction (J) genes provides 

templates for the functional mediators of adaptive immunity immunoglobulins: (Ig) and T cell 

receptors (TCRs) made by B cells and T cells, respectively. In response to natural infection or 

vaccination, B and T cells undergo clonal expansion which creates pools of antigen-specific 

lymphocytes that both counteract a current infection and further develop into memory immune 

cells to enable a memory-recall response in the event of re-exposure to the same foreign 

pathogen (Burnet, 1962, 1976). T cells and their role in vaccine-induced immunity will be more 

thoroughly discussed in Chapter IV, however, the focus of this dissertation is on B cells and 

their corresponding role in coronavirus infection and vaccination.  
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Overview of B cell development and antibodies 

B cells develop along an extensive hematopoietic cell development scheme producing a 

steady state of approximately 5e9 B cells present in humans (Briney et al., 2019). This number 

pales in comparison however to the theoretical diversity of the naïve human repertoire of 1012 

unique antibodies due to gene recombination and further affinity maturation by somatic 

hypermutation. Recent work detailing ten human naïve antibody repertoires at large sequencing 

depth suggests the B-cell repertoire may even be as high as 1016-1018 unique antibody 

sequences per individual (Briney et al., 2019).  

 Antibodies or immunoglobulins secreted by B cells are antigen-binding molecules. 

Initially membrane bound on the cell surface, immunoglobulins serve as a receptor for antigens 

also known as the B-cell receptor (BCR) (Blattner and Tucker, 1984). Further B-cell 

differentiation initiates different surface-bound Ig profiles and antibody secretion by B cells 

which forms their primary effector role in the arm of adaptive immunity. Antibodies consist of 

variable and constant domains that each perform different functions. The variable region binds 

to antigens on pathogens or other molecules while the constant domain recruits other immune 

cells to promote pathogen clearance through a variety of different mechanisms (Han et al., 

1995; Jefferis et al., 1995). The predominant isotype in antibody-mediated immunity is IgG 

which are “Y” shaped molecules and composed of two heavy chains and two light chains. This 

orientation enables a bivalent binding mode. The N-terminal end of each heavy and light 

polypeptide chain form the variable region followed by the beginning of the constant region 

which spans the rest of the chain until the carboxy-terminus end. This assembly results in the 

connection of three globular domains: two variable regions and one constant region (Edelman, 

1991). Although the general architecture of IgG antibodies is very similar, there is significant 

variability in amino acid composition in the variable regions thus forming the basis for diverse 
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molecular recognition and a hallmark of the B-cell repertoire (Saphire et al., 2002). More 

specifically, the variable region consists of six hypervariable gene segments termed 

complementary determining regions or CDRs as well as four significantly less variable regions 

named framework regions. Three CDRs and four framework regions are found in the heavy and 

light chain of an intact immunoglobulin. The framework regions provide the backbone for the 

structural basis of IgG, whereas the CDRs orient to the outer edge of the immunoglobulin motif 

and thus are more implicated in antigen binding (Wu and Kabat, 1970). The contribution of the 

heavy and light chains in antigen binding allows for significant diversity based on just random 

gene arrangement and pairing, however B cells can undergo a process called somatic 

hypermutation in secondary lymphoid organs to increase the affinity of an antibody towards its 

cognate antigen (McKean et al., 1984). The flexibility enabled by the extensive amino acid 

variability in the CDRs allows antibodies to adopt theoretically unlimited conformations to bind a 

specific region of a protein, or an epitope (Davies and Cohen, 1996). Epitopes can be portions 

of viral coat proteins, polysaccharide cell walls from prokaryotes or less complex soluble 

proteins. 

 

Coronaviruses 

Coronaviruses classify to the Coronaviridae family which have positive sense, RNA 

genomes which span 26-32 kb in length. Despite significant species diversity, coronaviruses 

share genomic regions critical for survival and host pathogenesis. The 5’-terminal open reading 

frame 1a/b (ORF1a/b) encodes the proteins replicase polyprotein 1a (pp1a) and pp1ab which 

are further cleaved into catalytically active non-structural proteins (NSPs) by other genomic 

elements further downstream papain-like protease (PLpro) and the 3C-like protease (3CL-pro). 

These NSPs include the essential enzymes RNA-dependent RNA polymerase and helicase 

which enable viral transcription and replication. Further downstream on the 3’ end of the 
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coronavirus genome are the spike (S), envelope (E), membrane (M), nucleocapsid (N). The E, 

M, and N structural proteins promote virion assembly within a host cell while S is surface 

exposed on the coronavirus virion and is thus responsible for host cell engagement. S is divided 

into the amino-terminal S1 domain and carboxy terminal S2 domain. The S1 domain contains 

the receptor-binding machinery, namely the receptor binding domain or RBD and the N-terminal 

domain (NTD). RBD binding to the host cell receptor triggers conformational changes in the S2 

domain resulting in cell fusion (Li, 2016; Zumla et al., 2016). 

 There are seven known coronaviruses to infect humans to date including the endemic 

viruses HCoV-OC43, HCoV-HKU1, HCoV-NL63, HCoV-229E, as well as the pandemic viruses 

SARS-CoV, Middle East Respiratory Syndrome coronavirus (MERS-CoV), and SARS-CoV-2 

(Chan et al., 2015; Lu et al., 2020). With the exception of HCoV-NL63 and HCoV-229E which 

are alpha coronaviruses, all other human coronaviruses belong to the beta genus. Endemic 

coronavirus infections occur on an annual basis resulting in mild clinical illness mostly 

consistent with symptoms of the common cold (Huang et al., 2020; Pfefferle et al., 2009; Pyrc et 

al., 2006; Vijgen et al., 2006; Woo et al., 2005). SARS-CoV was the first known pandemic 

coronavirus to emerge in 2002 resulting in 8439 reported cases and 812 fatalities (Kuiken et al., 

2003). The second coronavirus outbreak to achieve pandemic status in 2012, MERS-CoV, 

resulted in a morality rate of almost 35% (Ramadan and Shaib, 2019). Rare cases of MERS-

CoV are still diagnosed each year, although its potential for global spread is limited (Chan et al., 

2015). The third coronavirus which eventually developed into a worldwide pandemic, SARS-

CoV-2, was detected in December 2019 and continues to circulate among the global population 

as of this writing (Lu et al., 2020).  

The pathogenicity of coronaviruses is highly dependent on the host cell receptor which 

results in differential tissue tropism and host species reservoirs. For example, the pathogenic 

SARS-CoV and SARS-CoV-2 viruses share the receptor angiotensin converting enzyme 2 
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(ACE2) with the annually circulating alpha endemic coronavirus HCoV-NL63 (Wrapp et al., 

2020). Other human coronaviruses utilize a spectrum of host cell receptors: MERS-CoV which 

uses dipeptidyl peptidase 4 (DPP4), aminopeptidase N used by HCoV-229E, and O-acetylated 

sialic acid (utilized by HCoV-OC43 and HCoV-HKU1)(Chan et al., 2015). After cell fusion, 

coronaviruses enter host cells with the help of endosomal cysteine protease cathepsins and 

other host proteases such as transmembrane protease serine 2 (TMPRSS2) and TMPRSS11D 

for the endosomal and cell surface non-endosomal pathways, respectively. Inside the host cell, 

coronaviruses disassemble and release nucleocapsid and viral RNA into the cytoplasm where 

ORF1a/b is translated into the proteins pp1a and pp1b and genomic RNA undergoes 

replication. Non-structural proteins generated from pp1 protein cleavage then assemble to form 

the replication-transcription complex. From this complex, subgenomic mRNA molecules are 

synthesized and translated into the structural proteins critical for coronavirus replication and 

virion formation. After assembly, the virion is transported to the extracellular space through the 

exocytosis pathway and the cycle is further repeated (Zumla et al., 2016). 

 

Anti-viral antibody mechanisms 

B cells and their secreted antibodies can play a variety of roles in the context of 

coronavirus infection. As a part of the maturation process, B cells in response to different stimuli 

undergo class-switching which fuses a different constant region domain to the variable region, 

augmenting cellular function (Jefferis et al., 1995; Sakano et al., 1980). IgM plays a critical role 

in the early immune response thanks to its pentameric structure and resulting avidity which 

increases the capture of antigens. After initial response to antigen, IgM B cells traffic to 

secondary lymphoid organs where they undergo class-switching and affinity maturation by 

somatic hypermutation which increases the affinity for its cognate antigen (McKean et al., 1984). 

IgA, a class-switched antibody isotype, plays a significant role in respiratory infections, such as 
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COVID-19, serving as early responding B cells in mucosal surfaces, where host cell entry 

occurs through the respiratory tract (Favre et al., 2005). Class-switched IgG is the predominant 

isotype in circulation and plays an integral role in viral clearance. In the context of SARS-CoV-2, 

IgG can block viral entry into host cells either by directly or indirectly antagonizing interaction of 

SARS-CoV-2 spike and angiotensin converting enzyme 2 (ACE2) interaction (Jiang et al., 

2020). Antibodies that block viral entry into host cells are known as neutralizing antibodies, and 

additionally are the focus of monoclonal antibody discovery efforts to combat COVID-19 

infection (Brouwer et al., 2020; Pinto et al., 2020; Rogers et al., 2020; Wec et al., 2020b; Zost et 

al., 2020b). In addition to neutralization, antibodies can also perform other functions such as 

opsonization and Fc effector functions. These functions include the recruitment of other immune 

cells to promote viral clearance and are an example of the connection between the adaptive and 

innate immune response. Antibody dependent cellular phagocytosis (ADCP) functions in the 

recruitment of macrophages to engulf foreign pathogens such as a virion and stimulate other 

immune cells such as CD8 T cells (Bournazos et al., 2020; Bournazos et al., 2019). Antibody 

dependent cellular cytotoxicity or ADCC is another Fc effector function that mobilizes NK cells to 

bind opsonized cells or virions and release a cytotoxic payload to lyse the targeted cell or virus 

(Bournazos et al., 2020; Lu et al., 2018). Another function antibodies perform by their Fc domain 

is complement dependent cytotoxicity. This process initiates the complement cascade with the 

terminal step producing a membrane attack complex, puncturing an infected cell or virion 

promoting viral clearance (Lu et al., 2018; van Erp et al., 2019).  

Similar to antibodies elicited by natural infection or vaccination, monoclonal antibody 

candidates are designed to neutralize virus and additionally recruit other immune cells (Chen et 

al., 2021b; Hansen et al., 2020). Recent evidence supporting the importance of Fc effector 

functions is demonstrated particularly in the context of therapeutic monoclonal antibody 
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administration, where the abolishment of Fc effector function significantly decreases survival 

benefit to animals in a murine infection model (Winkler et al., 2021). 

  

Human antibody response against coronaviruses 

Although coronaviruses encode a number of different proteins to replicate in a host, the 

main target of the human immune system is the spike protein. Decorating the surface of virions, 

spike is also the sole target of neutralizing antibodies (Jiang et al., 2020). The predominant 

neutralizing epitope on spike is the receptor binding domain, although a collection of antibodies 

have been discovered against the NTD (Suryadevara et al., 2021). Virus neutralization is 

predominantly mediated by antagonism with its host cell receptor. In the context of SARS-CoV 

and SARS-CoV-2 that is inhibition of binding to ACE2 (Jiang et al., 2020), whereas in MERS-

CoV, it is the disruption of interaction with its receptor dipeptidyl peptidase 4 (DPP4) (Chan et 

al., 2015). The kinetics of the immune response against SARS-CoV-2 is well-documented. 

Studies report recovered individuals maintaining neutralizing antibody titer as long as a year out, 

although continued longitudinal studies are needed to better understand SARS-CoV-2 immunity. 

Neutralizing antibody responses typically peak at 3-5 weeks post infection (Roltgen et al., 2020), 

however, these levels commonly decay with studies reporting 70 and 90 day half-lives (Dan et 

al., 2021; Iyer et al., 2020; Wheatley et al., 2021). Importantly, studies of immune memory have 

shown SARS-CoV-2 RBD reactive memory B cells to increase in frequency among a recovered 

COVID-19 cohort as far as 8 months post infection (Dan et al., 2021). In agreement with this 

report, longer term studies up to one year post infection show durable neutralization titer and the 

maintenance of SARS-CoV-2 memory B cells (Wang et al., 2021b).  

 The human immune response against the endemic circulating variants HCoV-OC43, 

HCoV-HKU1, HCoV-229E, and HCoV-NL63 is not as well understood because symptomatic 
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individuals present with only mild clinical symptoms and thus have not posed a significant public 

health threat. Evidence for cross-reactivity and the influence of existing coronavirus immunity 

especially in relation to SARS-CoV-2 immunity is developing space of research. In support of a 

protective role in heterologous immunity a longitudinal study in newborn infants reported that  

acute HCoV-NL63 infection provides short term immunity against the related human alpha 

coronavirus HCoV-229E. Interestingly, HCoV-229E infection did not elicit the same pattern of 

immunity when tested against HCoV-NL63 (Dijkman et al., 2008). Another study reported 

seroconversion against HCoV-HKU1 often occurred prior to HCoV-OC43, but rarely after, 

suggesting infection with the prior confers immunity against the latter (Dijkman et al., 2012). 

Studies detailing higher cross-reactive coronavirus responses in younger individuals suggest 

that this phenomenon may be responsible for the lower incidence in COVID-19 cases and 

correspondingly lower disease severity, however, these observations need to be further 

investigated (Ng et al., 2020). Further, the correlation of IgG and IgA responses to endemic 

coronaviruses and corresponding response to SARS-CoV-2 in uninfected children, adolescents 

and adults points to a beneficial role of pre-existing coronavirus immunity particularly in 

response to a novel pandemic coronavirus (Ng et al., 2020). Consistent with this notion, pre-

existing immunity to HCoV-OC43 significantly correlated with survival from COVID-19 infection. 

The higher sequence homology in the S2 domain between endemic coronaviruses and SARS-

CoV-2, compared to the S1 subunit which mediates cell entry, may therefore stimulate a resting 

pool of memory B cells that can mount a response against a novel coronavirus more quickly 

(Kaplonek et al., 2021a). In contrast to studies reporting a survival benefit, an elaborate 

investigation of pre-existing coronavirus immunity in individuals prior to contracting SARS-CoV-

2 revealed an increase in serological titer against the endemic beta coronavirus HCoV-OC43 

and not against the more distantly related alpha coronaviruses HCoV-229E and HCoV-NL63. 

The increase in titer against a heterologous coronavirus or the magnitude of seropositivity 
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before infection, however, did not correlate with any survival advantage against COVID-19 

(Anderson et al., 2021).  

 

 The emergence of SARS-CoV-2 variants of concerns (VOCs) poses another 

consideration for the plasticity of the human immune response to a mutating pathogen. 

Numerous divergent lineages have arisen across the globe, denoted as alpha, beta, gamma, 

and delta according to World Health Organization nomenclature (Hoffmann et al., 2021; 

McCallum et al., 2021; Wang et al., 2021a). The most troubling substitutions reside in the 

receptor binding domain, most notably N501Y and E484K/Q, and L452R. Current data support 

that these variants are more transmissible, rather than more lethal however there are detectable 

reductions in neutralizing antibody titer among individuals surviving infection suggesting that 

previous exposure to a wild-type strain may not permit as strong of an immune response 

against circulating VOCs (Chen et al., 2021c; McCallum et al., 2021; Wang et al., 2021a). 

Geographic areas with high SARS-CoV-2 vaccination rates do not appear to be at high risk for 

these variants, however, the rampant infection rates in poorly vaccinated populations highlights 

the need to continue genomic surveillance and continually monitor vaccine- and infection-

induced human immune responses, particularly against circulating VOCs (Lopez Bernal et al., 

2021).  

COVID-19 vaccine immune responses 

The development of vaccines to counteract SARS-CoV-2 and COVID-19 infection was 

achieved at an unprecedented speed. The first candidates to reach emergency use 

authorization (EUA) by the Federal Drug Administration (FDA) were both mRNA formulations of 

the pre-fusion stabilized SARS-CoV-2 spike protein (Baden et al., 2021; Frenck et al., 2021; 

Polack et al., 2020; Wrapp et al., 2020). Additional vaccine candidates including adenovirus 

formulations from Johnson & Johnson (Sadoff et al., 2021b) and Astra Zeneca (Voysey et al., 
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2021) have also been approved across different parts of the world, albeit at lower rates of 

effectiveness (Madhi et al., 2021; Sadoff et al., 2021b). Early phase clinical trials for the 

Moderna mRNA-1273 and Pfizer BNT162b2 vaccines showed a robust cellular and antibody 

response with kinetics consistent with historical vaccination schemes (Frenck et al., 2021; 

Polack et al., 2020) along with tolerable safety profiles. EUA for a number of different 

formulations has resulted in a large-scale vaccination effort most notably in the U.S. with varied 

rates across the globe (Dagan et al., 2021; Madhi et al., 2021; Sadoff et al., 2021b). 

 Inoculation with BNT162b2 vaccine stimulates a robust response from the adaptive 

immune system. In a two-dose scheme spaced 21 days apart, SARS-CoV-2 IgG titer develops 

to approximately half-maximal at day 21, which peaks at day 28 (Walsh et al., 2020). 

Serological neutralization follows similar kinetics with titer developing at day 21, which declines 

slightly when measured at 85 days post-vaccination (Sahin et al., 2021). The development of 

COVID-19 immunity from the mRNA-1273 formulation follows a similar time course for the 

development of IgG and neutralization titers (Baden et al., 2021). More extended longitudinal 

analysis has importantly shown that neutralization is still maintained as far out as day 119 in 

adolescent, adult, and elderly patient cohorts (Widge et al., 2021). SARS-CoV-2 specific CD4 

and CD8 T cells are also elicited in a majority of vaccinees. In the BNT162b2 formulation, CD4 

T cells exhibited high expression of IFN-γ and IL-2 while SARS-CoV-2 peptide specific CD8 T 

cells displayed co-expression of CD27 and CD28, suggesting a surface cell expression 

phenotype amenable for response to infection (Sahin et al., 2021). Recent studies investigating 

the B cell memory response elicited against vaccination interestingly report a plateau of antigen-

specific memory B cells after just one injection (Goel et al., 2021). This observation supports the 

vaccination design of the Johnson & Johnson candidate which only requires one injection 

however, levels of protection have been shown to be approximately 30% lower in effectiveness 

in comparison to BNT162b2 and mRNA-1273 (Sadoff et al., 2021a). 
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Given the currently EUA vaccine candidates were designed against the original 

circulating strain, Wuhan-1, studies have focused on the effectiveness of vaccines against the 

circulating VOCs. Similar to the reduction of neutralizer titer in convalescent individuals, 

vaccine-induced neutralization titer is diminished against the alpha, beta, gamma, delta, and 

epsilon variants (Collier et al., 2021; McCallum et al., 2021; Wang et al., 2021a). To address 

these deficiencies and the emerging breakthrough infections in vaccinated individuals 

(Hacisuleyman et al., 2021), next-generation vaccines designed with the substitutions in current 

VOCs are currently under investigation in clinical trials in the event of booster shots becoming 

necessary to maintain immunity to the mutated lineages of SARS-CoV-2 at a population level 

(Clinical Trial #NCT04713553). Although cell-mediated immunity is against VOCs is not as well-

studied as the antibody response, importantly T cell epitopes mapped by MHC multimers are 

found to target peptide residues conserved among VOCs in vaccinated individuals (Sahin et al., 

2021). 

Single cell technologies 

The size and sheer diversity of the antibody repertoire makes comprehensive 

characterization a significant challenge. Traditional approaches to probe antigen-specific B cells 

capture only a fraction of the total repertoire and thus may not fully represent the B cell 

response mounted against infection. Techniques such as antigen-specific B cell sorting (Scheid 

et al., 2009; Wu et al., 2010), immortalized B cell screens (Stiegler et al., 2001), and B cell 

culture (Bonsignori et al., 2018) are low in throughput and are commonly limited to screening 

single antigen specificities. The advent of Next Generation Sequencing (NGS) has helped the 

advance the level of throughput, albeit with the limitations of heavy and light chain pairing and 

lack of functional information. Furthermore, NGS-based approaches require the labor-intensive 

process of recombinant gene synthesis, expression, purification, and characterization of 

hundreds of antibodies only to result in a select number of lead candidates. To address these 



15 
 

limitations, the Georgiev lab developed a technology that enables the simultaneous recovery of 

paired heavy and light chain sequences with an associated antigen specificity readout (Setliff et 

al., 2019a). The technology, LIBRA-seq, or Linking B cell Receptor to Antigen Specificity by 

Sequencing, is analogous to antigen-specific B cell sorting with the added component of oligo-

labeled antigen probes. Antigen-specific B cells are enriched by fluorescence activated cell 

sorting (FACS) which are further generated into cDNA libraries using the 10X Chromium single 

cell V(D)J profiling kit. After bioinformatic processing LIBRA-seq yields a set of up to tens of 

thousands B cells each associated with its paired heavy and light chain sequence as well as a 

LIBRA-seq score, a product of a Z-score transformation of the incorporated oligos bound to 

antigens that were captured with single cell processing. This approach to antibody discovery 

allows for expedited lead generation selection compared to previous workflows that require the 

antibody transfection and purification process of up to thousands of antibodies only resulting in 

the identification of a small set of lead molecules. The application of LIBRA-seq to recovered 

coronavirus donors as well as longitudinal SARS-CoV-2 vaccination samples forms the basis of 

this dissertation. 
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CHAPTER II 

CROSS-REACTIVE CORONAVIRUS ANTIBODIES WITH DIVERSE EPITOPE SPECIFICITIES 

AND FC EFFECTOR FUNCTIONS 

This chapter is adapted from the published manuscript: 

Shiakolas AR*, Kramer KJ* et al. Cross-reactive coronavirus antibodies with diverse epitope 

specificities and fc effector functions. Cell Reports Medicine. 2021. (*equal contributions) 

Contributions: Daniel Wrapp provided initial proteins for LIBRA-seq screen, Simone Richardson 

and Nelia Manamela performed Fc effector function assays, Alexandra Schafer performed in 

vivo murine prophylaxis models, Steven Wall expressed, purified and characterized initial lead 

candidate antibodies, Nianshuang Wang provided support with initial spike protein constructs, 

Kataryzna Janowska characterized quantitative antibody binding by SPR, Kelsey Pilewski 

tested lead candidate antibodies in mannose competition assays, Rohit Venkat and Nagarajan 

Raju contributed bioinformatic sequencing data support, Robert Parks tested candidate 

antibodies in auto-reactivity assays, Emilee Friedman Fechter expressed and purified candidate 

antibodies, Clinton Holt provided support in resolving computational epitopes across spike 

proteins, Naveen Suryadevara performed ACE2 inhibition assays, Rita Chen tested antibodies 

in RTCA SARS-CoV-2 neutralization screens, David Martinez tested antibodies in authentic 

SARS-CoV-2, SARS-CoV, and MERS-CoV neutralization assays, Rachel Nargi and Rachel 

Sutton performed high-throughput expression and purification assays of lead candidate 

antibodies. Julia Ledgerwood and Barney Graham generously provided PBMCs from which the 

cross-reactive antibodies were derived from. Andrea Shiakolas performed competition assays, 

ELISAs, as well as cell-surface display assays. I expressed and purified recombinant proteins, 

and performed ELISAs. Andrea Shiakolas, Ivelin Georgiev, and I wrote the manuscript. 
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INTRODUCTION 

The emergence of a novel coronavirus (CoV) SARS-CoV-2, the causative agent of COVID-19, 

has resulted in a worldwide pandemic, threatening the lives of billions and imposing an 

immense burden on healthcare systems and the global economy. SARS-CoV-2, the seventh 

coronavirus known to infect humans, is a member of the Betacoronavirus genus which includes 

the highly pathogenic SARS-CoV and MERS-CoV, as well as endemic variants HCoV-OC43 

and HCoV-HKU1 (Lu et al., 2020). Recent coronavirus outbreaks and the threat of future 

emerging zoonotic strains highlight the need for broadly applicable coronavirus therapeutic 

interventions and vaccine design approaches (Graham and Baric, 2010).  

Coronaviruses utilize the homotrimeric Spike (S) protein to engage with cell-surface receptors 

and enter host cells. S consists of two functional subunits: S1 and S2. S1 facilitates attachment 

to target cells and is composed of the N-terminal domain (NTD) and the receptor-binding 

domain (RBD), whereas S2, which encodes the fusion peptide and heptad repeats, promotes 

viral fusion(Bosch et al., 2003; Tortorici and Veesler, 2019). To facilitate cell entry, human 

coronaviruses employ different host factors; however, SARS-CoV and SARS-CoV-2 both utilize 

the cell-surface receptor angiotensin converting enzyme 2 (ACE2) (Wrapp et al., 2020). 

Additionally, SARS-CoV-2 S shares 76% amino acid identity with SARS-CoV S (Lu et al., 2020). 

Furthermore, S serves as a dominant antibody target and is a focus of countermeasure 

development for the treatment and prevention of COVID-19 infection (Jiang et al., 2020; 

Krammer, 2020). S proteins from the Betacoronavirus genus share multiple regions of structural 

homology and thus could serve as targets for a cross-reactive antibody response (Li, 2016). 

Identifying cross-reactive antibody epitopes can inform rational design strategies for vaccines 

and therapies that target multiple highly pathogenic coronaviruses. 
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Numerous potent neutralizing antibodies against SARS-CoV-2 have been discovered, including 

multiple candidates currently in clinical trials or approved for emergency use for prophylactic 

and acute treatment of COVID-19 (Brouwer et al., 2020; Chen et al., 2021b; Chi et al., 2020; 

Cohen, 2021; Pinto et al., 2020; Rogers et al., 2020; Weinreich et al., 2021; Zost et al., 2020b). 

Investigation of SARS-CoV-2/SARS-CoV cross-reactive antibodies has focused primarily on the 

RBD epitope, which has resulted in the identification of a number of SARS-CoV-2/SARS-CoV 

cross-reactive antibody candidates(Liu et al., 2020; Pinto et al., 2020; Wec et al., 2020b) 

However, the diversity of epitopes and functions beyond virus neutralization have not been 

extensively explored for cross-reactive antibodies (Lv et al., 2020; Ng et al., 2020; Zohar and 

Alter, 2020). Evidence of Fc effector function contributing to protection in vivo against SARS-

CoV (Yasui et al., 2014) and SARS-CoV-2 (Schafer et al., 2021) suggests that the role of 

antibodies beyond neutralization may be a crucial component of protection and an important 

consideration in vaccine design strategies for coronaviruses (Atyeo et al., 2020; Loos et al., 

2020; Ou et al., 2020; Zohar and Alter, 2020). 

In this study, we investigated antibody cross-reactivity across the Betacoronavirus genus at 

monoclonal resolution. To do this, we applied LIBRA-seq (Linking B Cell receptor to antigen 

specificity through sequencing (Setliff et al., 2019a) to a recovered SARS-CoV donor sample 

from more than ten years after infection. We identified and characterized SARS-CoV-2/SARS-

CoV cross-reactive human antibodies that target multiple, distinct structural domains of S, 

mediate phagocytosis and trogocytosis, and mitigate pathological burden in vivo. A better 

understanding of the genetic features, epitope specificities, and functional characteristics of 

cross-reactive coronavirus antibodies may translate into strategies for current vaccine design 

efforts and additional measures to counteract potential future pandemic strains. 
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RESULTS 

LIBRA-seq characterization of a SARS-CoV recovered donor 

To identify cross-reactive antibodies to multiple coronavirus antigens, LIBRA-seq was applied to 

a PBMC sample from a donor infected with SARS-CoV over ten years prior to sample collection. 

The antigen screening library consisted of eight oligo-tagged recombinant soluble antigens: six 

coronavirus trimer antigens (SARS-CoV-2 S, SARS-CoV S, MERS-CoV S, MERS-CoV S1 (with 

foldon domain), HCoV-OC43 S, HCoV-HKU1 S) and two HIV trimer antigens from strains 

ZM197 and CZA97 as negative controls (Figure 2-1A). After the antigen screening library was 

mixed with donor PBMCs, antigen positive B cells were enriched by fluorescence activated cell 

sorting and processed for single-cell sequencing (Figure 2-1B). After bioinformatic processing, 

we recovered 2625 cells with paired heavy/light chain sequences and antigen reactivity 

information (Figure 2-1C), and from these cells, there were 2368 unique VDJ sequences. 

Overall, LIBRA-seq enabled rapid screening of PBMCs from a patient sample, with recovery of 
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paired heavy/light chain sequences and antigen reactivity for thousands of B cells at the single-

cell level.  

Identification of SARS-CoV-2 and SARS-CoV cross-reactive antibodies 

With a goal of identifying antibodies that were cross-reactive to multiple coronavirus S proteins, 

we prioritized lead candidates based on their sequence features and LIBRA-seq scores (Figure 

2-2A, 2-2B). We selected 15 antibody candidates that exhibited diverse sequence features and 

utilized a number of different variable genes for expression and characterization (Figure 2-2C). 

These antibodies displayed a broad range of percent identity to germline (83-98%) and a variety 

of CDRH3 and CDRL3 lengths (6-24 and 5-13 amino acids, respectively) (Figure 2-2C). By 

ELISA, SARS-CoV-2 S and SARS-CoV S binding was confirmed for 6/15 of the tested 

antibodies (46472-1, 46472-2, 46472-3, 46472-4, 46472-6, and 46472-12), indicating LIBRA-

seq could successfully identify SARS-CoV-2 reactive B cells, but also suggesting potential 

differences in antigen binding detection for primary B cells with a sequencing readout vs. 

recombinant IgG by ELISA (Figure 2-2D-F). Further, antibodies 46472-6 and 46472-12 bound 

to S proteins from endemic HCoV-OC43 and HCoV-HKU1, albeit generally at lower levels 

(Figure 2-2D-F). Although the six monoclonal antibodies showed reactivity by ELISA to the 

MERS-CoV antigen probe used in the LIBRA-seq screening library, antibody binding to other 

independent preparations of this protein was inconsistent, so MERS-CoV S reactivity could not 

be confirmed definitively (Figure 2-3A, 2-3B). Overall, the application of the LIBRA-seq 

technology enabled the identification of a panel of cross-reactive antibodies that recognize the S 

antigen from multiple coronaviruses. 
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Cross-reactive coronavirus antibodies target diverse epitopes on S 

To elucidate the epitopes targeted by the cross-reactive antibodies, we performed binding 

assays to various structural domains of S as well as binding-competition experiments. First, we 

assessed antibody binding to the S1 and S2 subdomains of SARS-CoV-2. Antibodies 46472-1, 

46472-2, 46472-3, and 46472-4 bound to the S2 domain, whereas 46472-6 and 46472-12 

recognized the S1 domain but targeted different epitopes, the NTD and RBD, respectively 

(Figure 2-4A-E). Although 46472-12 bound to the RBD, it did not compete with ACE2 for 

binding to SARS-CoV-2 S and showed partial competition with RBD-directed antibody CR3022 

(Figure 2-4F-G).  
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To determine whether the antibodies targeted overlapping or distinct epitopes, we performed 

competition ELISA experiments and found that the S2-directed antibodies 46472-1, 46472-2, 

and 46472-4 competed for binding to S (Figure 2-5A). This pattern was observed for both 

SARS-CoV-2 and SARS-CoV S. Of note, this competition group did not include S2-directed 

antibody 46472-3, revealing the identification of multiple cross-reactive epitope targets on S2 

(Figure 2-5A). Further, antibody binding was not affected by two glycan knockout mutants 

(N165A or N709A) or mannose competition (Figure 2-5B-C). Lastly, we measured antibody 

autoreactivity, and found that with the exception of 46472-6 binding to Jo-1, none of the 

antibodies showed autoreactivity against the tested antigens (Figure 2-5D). Together, these 

data suggest that the identified cross-reactive antibodies are coronavirus-specific and target 

multiple, diverse epitopes on the S protein (Figure 2-5E). 
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Functional characterization of cross-reactive coronavirus antibodies 

Next, we characterized our cross-reactive antibody panel for functional activity. Although none 

of the antibodies neutralized SARS-CoV or SARS-CoV-2 (Figure 2-6A-B), all antibodies 

showed antibody-dependent cellular phagocytosis (ADCP) in vitro for SARS-CoV-2 S (Figure 2-

6C). In particular, the RBD-reactive antibody 46472-12 showed greater ADCP activity compared 

to the other cross-reactive antibodies and the SARS-CoV/SARS-CoV-2 cross-reactive RBD 

antibody control, CR3022 (Yuan et al., 2020b) (Figure 2-6C-D). Further, we tested and 

confirmed ADCP activity against SARS-CoV for two antibodies that mediated the highest 

phagocytotic activity against SARS-CoV-2, 46472-4 and 46472-12, illustrating that these 

antibodies have cross-coronavirus phagocytic ability (Figure 2-6E-F).  
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We next tested the antibodies in a trogocytosis assay (Richardson et al., 2018) and found that 

four antibodies in our panel (46472-1, 46472-2, 46472-3, and 46472-4) mediated trogocytosis 

(Figure 3C, Supplemental Figure 3E). This warrants further investigation as this is the first 

description of trogocytosis performed by SARS-CoV-2 specific mAbs. Lastly, none of the 

antibodies promoted complement deposition (ADCD) (Figure 3D, Supplemental Figure 3F). 

Together, these results revealed different profiles of Fc effector functionality within the panel of 

cross-reactive antibodies. 
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Since non-neutralizing SARS-CoV-2 antibodies with Fc effector function activity have not been 

extensively characterized in vivo, these results prompted us to test antibodies 46472-4 and 

46472-12 for prophylaxis in a murine infection model using a mouse-adapted virus strain 

(SARS-CoV-2 MA) (Dinnon et al., 2020; Leist et al., 2020) at a non-lethal dose of 1x103 PFU 

(Figure 2-8A). Although there were no differences in survival and viral load between 

experimental and control groups, the lung hemorrhage scores (see Methods) for 46472-4 and 

46472-12 were similar to antigen-specific control CR3022, and all three groups were 

significantly lower than the scores for isotype control DENV-2D22 (p<0.01, ordinary one-way 

ANOVA with multiple comparisons) (Figure 2-8B-C). 
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To evaluate the in vivo effect of these antibodies in a more stringent challenge model in 12-

month old female BALB/c mice, we increased the viral dose from 1x103 to 1x104 PFU. In this 

experiment, mice that received antibody 46472-12 exhibited the best survival rate (4/5 at day 4), 

compared to the other treatment groups that included CR3022 as an antigen-specific control 

and DENV-2D22 as a negative control, although statistical significance was not achieved 

(Figure 2-9A-C). There were no significant differences in viral load between groups; however, 

the surviving animals from the 46472-4 and 46472-12 groups showed significantly lower 

hemorrhagic pathology scores in harvested mouse lungs compared to the negative control 

treatment group (p<0.001, ordinary one-way ANOVA with multiple comparisons) (Figure 2-9A). 

Animals treated with the antigen-specific control, CR3022, had significantly higher hemorrhage 

scores than animals treated with 46472-4 and 46472-12 (p<0.001, ordinary one-way ANOVA 

with multiple comparisons), although the statistical analysis may be limited by the small 

numbers of surviving animals for some of the groups (Figure 2-9A). While definitive evidence 

for protection is limited, the data from the in vivo experiments suggests that these cross-reactive 

antibodies could contribute to counteracting coronavirus infection in prophylaxis. 
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DISCUSSION 

Here, we described a set of cross-reactive Betacoronavirus antibodies isolated from a 

recovered SARS-CoV donor. The antibodies targeted diverse epitopes on S, including the S2 

subdomain as well as the RBD and NTD on S1, and demonstrated Fc effector function in vitro. 

Additionally, two of these antibodies were tested in vivo, and displayed a reduction in lung 

hemorrhage score, while effects on viral load were not definitive. 
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Given the similar effect of 46472-4 and 46472-12 on severe disease in the mouse model, their 

phagocytotic ability along with the inability to mediate neutralization suggests that the former 

may be a mechanism through which they function, and additional studies are underway to 

further assess this hypothesis. Phagocytosis has been shown to be associated with protection 

in a SARS-CoV-2 DNA vaccination in non-human primates  as well as survival in natural 

infection (Yu et al., 2020) and as such could be an important mechanism for protection by 

monoclonal antibodies. The role of trogocytosis in COVID-19 is unknown as are the targets that 

may be important for this function. 46472-4 was able to mediate this membrane nibbling in 

contrast to 46472-12, suggesting that this function in addition to complement activity was not 

responsible for the in vivo effect on severe disease mediated by these antibodies. Although the 

precise in vivo effects of these antibodies have not been elucidated, the identification of 

multiple, cross-reactive antibodies highlights a potential role for Fc effector function activity, 

specifically phagocytosis, in coronavirus infection. Evidence of protection associated with Fc 

effector function in SARS-CoV (Yasui et al., 2014), SARS-CoV-2 (Atyeo et al., 2020; Atyeo et 

al., 2021; Schafer et al., 2021), and other infectious diseases including influenza, Ebola, and 

HIV, motivates further investigation into its contribution for the treatment of COVID-19 

(Bournazos et al., 2019; Bournazos et al., 2014; DiLillo et al., 2016; Lu et al., 2018). 

Furthermore, the importance of Fc effector functionality of potently neutralizing candidate clinical 

SARS-CoV-2 mAbs in a therapeutic setting rather than prophylaxis highlights the potential 

benefit for investigation into non-neutralizing antibodies with phagocytic activity and their 

administration after infection onset (Winkler et al., 2021). Elucidation of the functional roles of 

cross-reactive but non-neutralizing antibodies could have implications for understanding the 

factors involved in protection or enhancement of disease. 

Given the ongoing SARS-CoV-2 pandemic and the potential for future zoonotic coronavirus 

pathogens to emerge, coronavirus vaccine and therapeutic development is of paramount 
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importance (Edwards et al., 2020; Menachery et al., 2015; Menachery et al., 2016; Song et al., 

2019). Antibodies that can cross-react with multiple coronavirus strains are primary targets as 

potential broadly reactive therapies. Such antibodies can further reveal cross-reactive epitopes 

that could serve as templates for the development of broadly protective vaccines. 

Understanding the spectrum of cross-reactive epitopes targeted by human antibodies, as well 

as the functional role that such antibodies have within coronavirus infection, are therefore a vital 

element of medical countermeasure development.  

LIMITATIONS OF THE STUDY 

The current study focuses on the characterization of cross-reactive coronavirus antibodies, 

mostly in the context of SARS-CoV-2. Further characterization of this panel of antibodies 

against circulating endemic coronavirus strains would enhance the clinical relevance to less 

severe coronavirus-associated respiratory infections. 

The current study utilized a dosing regimen in a prophylactic setting and given the emerging 

evidence of survival benefit with effector function in antibodies given after infection 

onset(Winkler et al., 2021), antibody administration in a therapeutic setting may provide further 

insight into in vivo properties. Furthermore, additional effector function characterization such as 

ADCC and ADNP would strengthen the profile of this panel of non-neutralizing antibodies given 

their role in both human (Zohar et al., 2020) and mouse SARS-CoV-2 infection studies. 
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METHODS 

Antigen purification 

A variety of recombinant soluble protein antigens were used in the LIBRA-seq experiment and 

other experimental assays.   

Plasmids encoding residues 1–1208 of the SARS-CoV-2 spike with a mutated S1/S2 cleavage 

site, proline substitutions at positions 986 and 987, and a C-terminal T4-fibritin trimerization 

motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 S-2P); residues 1-1190 of the SARS-

CoV spike with proline substitutions at positions 968 and 969, and a C-terminal T4-fibritin 

trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV S-2P); residues 1-1291 of 

the MERS-CoV spike with a mutated S1/S2 cleavage site, proline substitutions at positions 

1060 and 1061, and a C-terminal T4-fibritin trimerization motif, an AviTag, an 8x HisTag, and a 

TwinStrepTag (MERS-CoV S-2P Avi); residues 1-751 of the MERS-CoV spike with a C-terminal 

T4-fibritin trimerization motif, 8x HisTag, and a TwinStrepTag (MERS-CoV S1); residues 1-1277 

of the HCoV-HKU1 spike with a mutated S1/S2 cleavage site, proline substitutions at positions 

1067 and 1068, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a 

TwinStrepTag (HCoV-HKU1 S-2P); residues 1-1278 of the HCoV-OC43 spike with proline 

substitutions at positions 1070 and 1071, and a C-terminal T4-fibritin trimerization motif, an 8x 

HisTag, and a TwinStrepTag (HCoV-OC43 S-2P); or residues 319–591 of SARS-CoV-2 S with 

a C-terminal monomeric human IgG Fc-tag and an 8x HisTag (SARS-CoV-2 RBD-SD1) were 

transiently transfected into FreeStyle293F cells (Thermo Fisher) using polyethylenimine.  The 
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coronavirus trimer spike antigens were in a prefusion-stabilized (S-2P) conformation that better 

represents neutralization-sensitive epitopes in comparison to their wild-type forms (Pallesen et 

al., 2017). Two hours post-transfection, cells were treated with kifunensine to ensure uniform 

glycosylation. Transfected supernatants were harvested after 6 days of expression. SARS-CoV-

2 RBD-SD1 was purified using Protein A resin (Pierce), SARS-CoV-2 S-2P, SARS-CoV S-2P, 

MERS-CoV S-2P Avi, MERS-CoV S1, HCoV-HKU1 S-2P and HCoV-OC43 S-2P were purified 

using StrepTactin resin (IBA). Affinity-purified SARS-CoV-2 RBD-SD1 was further purified over 

a Superdex75 column (GE Life Sciences). MERS-CoV S1 was purified over a Superdex200 

Increase column (GE Life Sciences). SARS-CoV-2 S-2P, SARS-CoV S-2P, MERS-CoV S-2P 

Avi, HCoV-HKU1 S-2P and HCoV-OC43 S-2P were purified over a Superose6 Increase column 

(GE Life Sciences). 

 

For the HIV-1 gp140 SOSIP variant from strain ZM197 (clade C) and CZA97 (clade C), 

recombinant, soluble antigens contained an AviTag and were expressed in Expi293F cells using 

polyethylenimine transfection reagent and cultured. FreeStyle F17 expression medium 

supplemented with pluronic acid and glutamine was used. The cells were cultured at 37°C with 

8% CO2 saturation and shaking. After 5-7 days, cultures were centrifuged and supernatant was 

filtered and run over an affinity column of agarose bound Galanthus nivalis lectin. The column 

was washed with PBS and antigens were eluted with 30 mL of 1M methyl-a-D-

mannopyranoside. Protein elutions were buffer exchanged into PBS, concentrated, and run on a 

Superdex 200 Increase 10/300 GL Sizing column on the AKTA FPLC system. Fractions 

corresponding to correctly folded protein were collected, analyzed by SDS-PAGE and 

antigenicity was characterized by ELISA using known monoclonal antibodies specific to each 

antigen. Avi-tagged antigens were biotinylated using BirA biotin ligase (Avidity LLC). Non-Avi-
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tagged antigens were biotinylated using the EZ-Link Sulfo-NHS-Biotin kits using a 50:1 biotin to 

protein molar ratio. 

 

For binding studies, SARS-CoV-2 HexaPro S, SARS-CoV S, SARS-CoV-2 RBD, SARS-CoV 

RBD, and MERS-CoV RBD constructs were expressed in the transient expression system 

previously mentioned. S proteins were purified using StrepTrap HP columns and RBD 

constructs were purified over protein A resin, respectively. Each resulting protein was further 

purified to homogeneity by size-exclusion chromatography on a Superose 6 10/300 GL column. 

 

SARS-CoV-2 S1, SARS-CoV-2 S1 D614G, SARS-CoV-2 S2, and SARS-CoV-2 NTD truncated 

proteins were purchased from the commercial vendor, Sino Biological.  

 

DNA-barcoding of antigens 

We used oligos that possess 15 bp antigen barcode, a sequence capable of annealing to the 

template switch oligo that is part of the 10X bead-delivered oligos, and contain truncated 

TruSeq small RNA read 1 sequences in the following structure: 5’-

CCTTGGCACCCGAGAATTCCANNNNNNNNNNNNNCCCATATAAGA*A*A-3’, where Ns 

represent the antigen barcode. We used the following antigen barcodes: GCTCCTTTACACGTA 

(SARS-CoV-2 S), TGACCTTCCTCTCCT (SARS-CoV S), ACAATTTGTCTGCGA (MERS-CoV 

S), TCCTTTCCTGATAGG (MERS-CoV S1), CAGGTCCCTTATTTC (HCoV-HKU1 S), 

TAACTCAGGGCCTAT (HCoV-OC43 S), CAGCCCACTGCAATA (CZA97), and 

ATCGTCGAGAGCTAG (ZM197). Oligos were ordered from IDT with a 5’ amino modification 

and HPLC purified. 
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For each antigen, a unique DNA barcode was directly conjugated to the antigen itself. In 

particular, 5’amino-oligonucleotides were conjugated directly to each antigen using the Solulink 

Protein-Oligonucleotide Conjugation Kit (TriLink cat no. S-9011) according to manufacturer’s 

instructions. Briefly, the oligo and protein were desalted, and then the amino-oligo was modified 

with the 4FB crosslinker, and the biotinylated antigen protein was modified with S-HyNic. Then, 

the 4FB-oligo and the HyNic-antigen were mixed together. This causes a stable bond to form 

between the protein and the oligonucleotide. The concentration of the antigen-oligo conjugates 

was determined by a BCA assay, and the HyNic molar substitution ratio of the antigen-oligo 

conjugates was analyzed using the NanoDrop according to the Solulink protocol guidelines. 

AKTA FPLC was used to remove excess oligonucleotide from the protein-oligo conjugates, 

which were also verified using SDS-PAGE with a silver stain. Antigen-oligo conjugates were 

also used in flow cytometry titration experiments.  

 

Antigen specific B cell sorting 

Cells were stained and mixed with DNA-barcoded antigens and other antibodies, and then 

sorted using fluorescence activated cell sorting (FACS). First, cells were counted and viability 

was assessed using Trypan Blue. Then, cells were washed three times with DPBS 

supplemented with 0.1% Bovine serum albumin (BSA). Cells were resuspended in DPBS-BSA 

and stained with cell markers including viability dye (Ghost Red 780), CD14-APC-Cy7, CD3-

FITC, CD19-BV711, and IgG-PE-Cy5. Additionally, antigen-oligo conjugates were added to the 

stain. After staining in the dark for 30 minutes at room temperature, cells were washed three 

times with DPBS-BSA at 300 g for five minutes. Cells were then incubated for 15 minutes at 

room temperature with Streptavidin-PE to label cells with bound antigen. Cells were washed 
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three times with DPBS-BSA, resuspended in DPBS, and sorted by FACS. Antigen positive cells 

were bulk sorted and delivered to the Vanderbilt Technologies for Advanced Genomics 

(VANTAGE) sequencing core at an appropriate target concentration for 10X Genomics library 

preparation and subsequent sequencing. FACS data were analyzed using FlowJo. 

 

Sample and library preparation, and sequencing 

Single-cell suspensions were loaded onto the Chromium Controller microfluidics device (10X 

Genomics) and processed using the B-cell Single Cell V(D)J solution according to 

manufacturer’s suggestions for a target capture of 10,000 B cells per 1/8 10X cassette, with 

minor modifications in order to intercept, amplify and purify the antigen barcode libraries as 

previously described (Setliff et al., 2019a).  

 

Sequence processing and bioinformatic analysis 

We utilized and modified our previously described pipeline to use paired-end FASTQ files of 

oligo libraries as input, process and annotate reads for cell barcode, UMI, and antigen barcode, 

and generate a cell barcode - antigen barcode UMI count matrix (Setliff et al., 2019a). BCR 

contigs were processed using Cell Ranger (10X Genomics) using GRCh38 as reference. 

Antigen barcode libraries were also processed using Cell Ranger (10X Genomics). The 

overlapping cell barcodes between the two libraries were used as the basis of the subsequent 

analysis. We removed cell barcodes that had only non-functional heavy chain sequences as 

well as cells with multiple functional heavy chain sequences and/or multiple functional light 

chain sequences, reasoning that these may be multiplets. Additionally, we aligned the BCR 

contigs (filtered_contigs.fasta file output by Cell Ranger, 10X Genomics) to IMGT reference 

genes using HighV-Quest (Alamyar et al., 2012). The output of HighV-Quest was parsed using 
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ChangeO (Gupta et al., 2015b) and merged with an antigen barcode UMI count matrix. Finally, 

we determined the LIBRA-seq score for each antigen in the library for every cell as previously 

described (Setliff et al., 2019a).  

 

Antibody expression and purification 

For each antibody, variable genes were inserted into custom plasmids encoding the constant 

region for the IgG1 heavy chain as well as respective lambda and kappa light chains (pTwist 

CMV BetaGlobin WPRE Neo vector, Twist Bioscience). Antibodies were expressed in Expi293F 

mammalian cells (ThermoFisher) by co-transfecting heavy chain and light chain expressing 

plasmids using polyethylenimine transfection reagent and cultured for 5-7 days. Cells were 

maintained in FreeStyle F17 expression medium supplemented at final concentrations of 0.1% 

Pluronic Acid F-68 and 20% 4mM L-Glutamine. These cells were cultured at 37°C with 8% CO2 

saturation and shaking. After transfection and 5-7 days of culture, cell cultures were centrifuged 

and supernatant was 0.45 μm filtered with Nalgene Rapid Flow Disposable Filter Units with PES 

membrane. Filtered supernatant was run over a column containing Protein A agarose resin 

equilibrated with PBS. The column was washed with PBS, and then antibodies were eluted with 

100 mM Glycine HCl at 2.7 pH directly into a 1:10 volume of 1M Tris-HCl pH 8.0. Eluted 

antibodies were buffer exchanged into PBS 3 times using Amicon Ultra centrifugal filter units 

and concentrated. Antibodies were analyzed by SDS-PAGE. Additionally, antibodies 46472-1, 

46472-2, 46472-3, 46472-4, 46472-6 and 46472-12 were assessed by size exclusion 

chromatography on a Superdex 200 Increase 10/300 GL Sizing column with the AKTA FPLC 

system. 

 

High-throughput antibody expression 
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For high-throughput production of recombinant antibodies, approaches were used that are 

designated as microscale. For antibody expression, microscale transfection were performed 

(~1 ml per antibody) of CHO cell cultures using the Gibco ExpiCHO Expression System and a 

protocol for deep 96-well blocks (Thermo Fisher Scientific). In brief, synthesized antibody-

encoding DNA (~2 μg per transfection) was added to OptiPro serum free medium (OptiPro 

SFM), incubated with ExpiFectamine CHO Reagent and added to 800 µl of ExpiCHO cell 

cultures into 96-deep-well blocks using a ViaFlo 384 liquid handler (Integra Biosciences). The 

plates were incubated on an orbital shaker at 1,000 r.p.m. with an orbital diameter of 3 mm at 

37 °C in 8% CO2. The next day after transfection, ExpiFectamine CHO Enhancer and ExpiCHO 

Feed reagents (Thermo Fisher Scientific) were added to the cells, followed by 4 d incubation for 

a total of 5 d at 37 °C in 8% CO2. Culture supernatants were collected after centrifuging the 

blocks at 450g for 5 min and were stored at 4°C until use. For high-throughput microscale 

antibody purification, fritted deep-well plates were used containing 25 μl of settled protein G 

resin (GE Healthcare Life Sciences) per well. Clarified culture supernatants were incubated with 

protein G resin for mAb capturing, washed with PBS using a 96-well plate manifold base 

(Qiagen) connected to the vacuum and eluted into 96-well PCR plates using 86 μl of 0.1 M 

glycine-HCL buffer pH 2.7. After neutralization with 14 μl of 1 M Tris-HCl pH 8.0, purified mAbs 

were buffer-exchanged into PBS using Zeba Spin Desalting Plates (Thermo Fisher Scientific) 

and stored at 4°C until use. 

 

ELISA 

To assess antibody binding, soluble protein was plated at 2 μg/ml overnight at 4°C. The next 

day, plates were washed three times with PBS supplemented with 0.05% Tween-20 (PBS-T) 

and coated with 5% milk powder in PBS-T. Plates were incubated for one hour at room 

temperature and then washed three times with PBS-T. Primary antibodies were diluted in 1% 
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milk in PBS-T, starting at 10 μg/ml with a serial 1:5 dilution and then added to the plate. The 

plates were incubated at room temperature for one hour and then washed three times in PBS-T. 

The secondary antibody, goat anti-human IgG conjugated to peroxidase, was added at 1:10,000 

dilution in 1% milk in PBS-T to the plates, which were incubated for one hour at room 

temperature. Goat anti-mouse secondary was used for SARS-CoV specific control antibody 

240CD (BEI Resources). Plates were washed three times with PBS-T and then developed by 

adding TMB substrate to each well. The plates were incubated at room temperature for ten 

minutes, and then 1N sulfuric acid was added to stop the reaction. Plates were read at 450 nm. 

Data are represented as mean ± SEM for one ELISA experiment. ELISAs were repeated 2 or 

more times. The area under the curve (AUC) was calculated using GraphPad Prism 8.0.0. For 

antibody 240CD, the following reagent was obtained through BEI Resources, NIAID, NIH: 

Monoclonal Anti-SARS-CoV S Protein (Similar to 240C), NR-616. 

 

Competition ELISA 

Competition ELISAs were performed as described above, with some modifications. After coating 

with antigen and blocking, 25 μl of non-biotinylated competitor antibody was added to each well 

at 10 μg/ml and incubated at 37°C for 10 minutes. Then, without washing, 75 μl biotinylated 

antibody (final concentration of 1 μg/ml) was added and incubated at 37°C for 1 hour. After 

washing three times with PBS-T, streptavidin-HRP was added at 1:10,000 dilution in 1% milk in 

PBS-T and incubated for 1 hour at room temperature. Plates were washed and substrate and 

sulfuric acid were added as described above. ELISAs were repeated at least 2 times. Data is 

shown as the % decrease in binding.  
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Autoreactivity 

Monoclonal antibody reactivity to nine autoantigens (SSA/Ro, SS-B/La, Sm, ribonucleoprotein 

(RNP), Scl 70, Jo-1, dsDNA, centromere B, and histone) was measured using the AtheNA Multi-

Lyte® ANA-II Plus test kit (Zeus scientific, Inc, #A21101). Antibodies were incubated with 

AtheNA beads for 30min at concentrations of 50, 25, 12.5 and 6.25 μg/mL. Beads were 

washed, incubated with secondary and read on the Luminex platform as specified in the kit 

protocol.  Data were analyzed using AtheNA software. Positive (+) specimens received a score 

>120, and negative (-) specimens received a score <100.  Samples between 100-120 were 

considered indeterminate. 

 

Mannose competition 

Mannose competition ELISAs were performed as described above with minor modifications. 

After antigen coating and washing, nonspecific binding was blocked by incubation with 5% FBS 

diluted in PBS for 1 hour at RT. Primary antibodies were diluted in 5% FBS-PBST +/- 1M D-(+)-

Mannose starting at 10 μg/ml with a serial 1:5 dilution and then added to the plate for 1 hour at 

RT. After washing, antibody binding was detected with goat anti-human IgG conjugated to 

peroxidase and added at 1:10,000 dilution in 5% FBS in PBS-T to the plates. After 1 hour 

incubation, plates were washed and substrate and sulfuric acid were added as described above. 

Data shown is representative of three replicates. 

 

Epitope mapping visualization 

SARS-CoV-2 Spike (PDB-6VSB) was visualized using PyMOL software. Antibody epitopes 

were visualized on the SARS-CoV-2 spike using a structure of the pre-fusion stabilized SARS-
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CoV-2 S-2P construct (Wrapp et al. Science. 2020.) modeled in the molecular graphics software 

PyMOL (The PyMOL Molecular Graphics System, Version 2.3.5 Schrödinger, LLC). 

 

RTCA neutralization assay 

To assess for neutralizing activity against SARS-CoV-2 strain 2019 n-CoV/USA_WA1/2020 

(obtained from the Centers for Disease Control and Prevention, a gift from N. Thornburg), we 

used the high-throughput RTCA assay and xCelligence RTCA HT Analyzer (ACEA Biosciences) 

that has been described previously (Zost et al., 2020b). After obtaining a background reading of 

a 384-well E-plate, 6,000 Vero-furin cells (Mukherjee et al., 2016) were seeded per well. 

Sensograms were visualized using RTCA HT software version 1.0.1 (ACEA Biosciences). One 

day later, equal volumes of virus were added to antibody samples and incubated for 1 h at 37°C 

in 5% CO2. mAbs were tested in triplicate with a single (1:20) dilution. Virus–mAb mixtures were 

then added to Vero-furin cells in 384-well E-plates. Controls were included that had Vero-furin 

cells with virus only (no mAb) and media only (no virus or mAb). E-plates were read every 8–12 

h for 72 h to monitor virus neutralization. At 32 h after virus-mAb mixtures were added to the E-

plates, cell index values of antibody samples were compared to those of virus only and media 

only to determine presence of neutralization. 

 

Nano-luciferase neutralization assay 

A full-length SARS-CoV-2 virus based on the Seattle Washington isolate and a full-length 

SARS-CoV virus based on the Urbani isolate were designed to express luciferase and was 

recovered via reverse genetics and described previously(Scobey et al., 2013; Yount et al., 

2003). Viruses were titered in Vero E6 USAMRID cells to obtain a relative light units (RLU) 

signal of at least 10X the cell only control background. Vero E6 USAMRID cells were plated at 
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20,000 cells per well the day prior in clear bottom black walled 96-well plates (Corning 3904). 

Neutralizing antibody serum samples were tested at a starting dilution of 1:40 and were serially 

diluted 4-fold up to eight dilution spots. Antibody-virus complexes were incubated at 37C with 

5% CO2 for 1 hour. Following incubation, growth media was removed and virus-antibody 

dilution complexes were added to the cells in duplicate. Virus-only controls and cell-only 

controls were included in each neutralization assay plate. Following infection, plates were 

incubated at 37C with 5% CO2 for 48 hours. After the 48 hour incubation, cells were lysed and 

luciferase activity was measured via Nano-Glo Luciferase Assay System (Promega) according 

to the manufacturer specifications. SARS-CoV and SARS-CoV-2 neutralization titers were 

defined as the sample dilution at which a 50% reduction in RLU was observed relative to the 

average of the virus control wells. 

 

SPR 

His-tagged SARS-CoV-2 RBD-SD1 was immobilized to a NiNTA sensorchip to a level of ~150 

RUs using a Biacore X100. Serial dilutions of purified Fab 46472-12 were evaluated for binding, 

ranging in concentration from 1 to 0.25 μM. The resulting data were fit to a 1:1 binding model 

using Biacore Evaluation Software. 

Fc effector function assays 

Antibody-dependent cellular phagocytosis (ADCP) 

Antibody-dependent cellular phagocytosis (ADCP) was performed using biotinylated SARS-

CoV-2 or SARS-CoV S coated fluorescent neutravidin beads as previously described 

(Ackerman et al., 2011). Briefly, beads were incubated for two hours with antibodies at a starting 

concentration of 50μg/ml and titrated five fold. CR3022 was used as a positive control while 

Palivizumab was used as a negative control. Antibodies and beads were incubated with THP-1 
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cells overnight, fixed and interrogated on the FACSAria II. Phagocytosis score was calculated 

as the percentage of THP-1 cells that engulfed fluorescent beads multiplied by the geometric 

mean fluorescence intensity of the population in the FITC channel less the no antibody control. 

 

Antibody-dependent cellular trogocytosis (ADCT) 

ADCT was performed as described in and modified from a previously described 

study(Richardson et al., 2018). HEK293T cells transfected with a SARS-CoV-2 spike pcDNA 

vector were surface biotinylated with EZ-Link Sulfo-NHS-LC-Biotin as recommended by the 

manufacturer. Fifty-thousand cells per well were incubated with antibody for 30 minutes starting 

at 25μg/ml and titrated 5 fold. CR3022 was used as a positive control with Palivizumab as a 

negative. Following a RPMI media wash, these were then incubated with carboxyfluorescein 

succinimidyl ester (CFSE) stained THP-1 cells (5 X104 cells per well) for 1 hour and washed 

with 15mM EDTA/PBS followed by PBS. Cells were then stained for biotin using Streptavidin-

PE and read on a FACSAria II. Trogocytosis score was determined as the proportion of CFSE 

positive THP-1 cells also positive for streptavidin-PE less the no antibody control.  

 

Antibody-dependent complement deposition (ADCD) 

Antibody-dependent complement deposition was performed as previously described (Fischinger 

et al., 2019). Briefly biotinylated SARS-CoV-2 S protein was coated 1:1 onto fluorescent 

neutravidin beads for 2 hours at 37 degrees. These beads were incubated with 100ug/ml of 

antibody for 1 hour and incubated with guinea pig complement diluted 1 in 50 with 

gelatin/veronal buffer for 15 minutes at 37 degrees. Beads were washed at 2000g twice in PBS 

and stained with anti-guinea pig C3b-FITC, fixed and interrogated on a FACSAria II. 

Complement deposition score was calculated as the percentage of C3b-FITC positive beads 
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multiplied by the geometric mean fluorescent intensity of FITC in this population less the no 

antibody or heat inactivated controls.  

 

Antibody prophylaxis - murine model of infection 

For evaluating the prophylactic efficacy of mAbs, 12-month old female BALB/c mice 

(BALB/cAnHsd; Envigo, stock number 047) were treated with 200 µg mAb intraperitoneally (i.p.) 

12 hours prior to virus inoculation. The next day, mice were administered intranasally with 1x103 

PFU or 1x104PFU of SARS-CoV-2 MA10, respectively. Mice were monitored daily for weight 

loss, morbidity, and mortality, and after four days, mice were sacrificed and lung tissue was 

harvested for viral titer as measured by plaque assays. One lung lobe was taken for 

pathological analysis and the other lobe was processed for qPCR and viral load determination 

as previously described (Leist et al., 2020). For viral plaque assays, the caudal lobe of the right 

lung was homogenized in PBS, and the tissue homogenate was then serial-diluted onto 

confluent monolayers of Vero E6 cells, followed by agarose overlay. Plaques were visualized 

with overlay of Neutral Red dye on day 2 post infection. Gross pulmonary hemorrhage was 

observed at time of tissue harvest and scored on a scale of 0 (no hemorrhage in any 

lobe, normal pink healthy lung) to 4 (complete hemorrhage in all lobes of the lung, completely 

dark red lung). 

 

For viral titer and hemorrhage score comparisons, an ordinary one-way ANOVA test with 

multiple comparisons was performed using Prism software, GraphPad Prism version 8.0. 
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ACE2 binding inhibition assay 

Wells of 384-well microtiter plates were coated with purified recombinant SARS-CoV-2 S-2P 

ectoprotein at 4°C overnight. Plates were blocked with 2% non-fat dry milk and 2% normal goat 

serum in DPBS-T for 1 hr. Purified mAbs were diluted two-fold in blocking buffer starting from 10 

μg/mL in triplicate, added to the wells (20 μL/well), and incubated at ambient temperature. 

Recombinant human ACE2 with a C-terminal FLAG tag protein was added to wells at 2 μg/mL 

in a 5 μL/well volume (final 0.4 μg/mL concentration of ACE2) without washing of antibody and 

then incubated for 40 min at ambient temperature. Plates were washed, and bound ACE2 was 

detected using HRP-conjugated anti-FLAG antibody and TMB substrate. ACE2 binding without 

antibody served as a control. Experiment was done in biological replicate and technical 

triplicates, shown is representative of one replicate with positive control mAb COV2-2196 (Zost 

et al., 2020b). 

 

Identification of residue-level mutants       

Potential cross-reactive epitopes were identified based on sequence and structural homology. 

Reference sequences for each Coronavirus S were obtained either from NCBI for SARS-CoV-2 

(YP_009724390.1) and MERS-CoV (YP_009047204.1) or from Uniprot for SARS-CoV (P59594) 

of the spikes was then obtained using MUSCLE (Madeira et al., 2019) and the amino acid 

similarity to SARS-CoV-2 at each residue position was calculated using the BLOSUM-62 

scoring matrix (Henikoff and Henikoff, 1992). These scores were then used to color each 

residue position on the SARS-CoV-2 S structure (PDB ID: 6VSB) in PyMOL (Schrodinger, 

version 2.3.5) in order to visualize surface patches and linear epitopes with structural homology. 

These conserved regions were then visualized on the other human coronavirus spike structures 

by retrieving them from the Protein Databank (SARS-CoV: 5X5B, MERS-CoV: 5W9I) and 
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aligning them to the SARS-CoV-2 S structure. Finally, the residue N165 was part of a conserved 

surface patches and was mutated to alanine and tested for binding with antibodies. The N709A 

mutant tested was previously described in Acharya et al., BioRxiv (2020). 
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CHAPTER III 

POTENT NEUTRALIZATION OF SARS-COV-2 VARIANTS OF CONCERN BY AN ANTIBODY 

WITH AN UNCOMMON GENETIC SIGNATURE AND STRUCTURAL MODE OF SPIKE 

RECOGNITION 

This chapter is adapted from the published manuscript: 

Kramer KJ et al. Potent neutralization of SARS-CoV-2 variants of concern by an antibody with 

an uncommon genetic signature and structural mode of spike recognition. BioRxiv. 2021.  

Contributions: Nicole Johnson performed cryo-EM grid screening and structural characterization 

of antibody 54042-4 interaction with SARS-CoV-2 spike. Andrea Shiakolas labeled coronavirus 

spike antigens with DNA oligo, characterized final purified probes for overstaining by flow 

cytometry, and performed bioinformatic processing of raw sequencing data. Naveenchandra 

Suryadevara performed VSV SARS-CoV-2 neutralization assays. Sivakumar Periasamy 

performed authentic neutralization assays. Nagarajan Raju performed bioinformatic processing 

as well as structural comparisons between published SARS-CoV-2 antibodies. Jazmean 

Williams performed shotgun alanine scanning mutagenesis of the SARS-CoV-2 RBD to identify 

critical residues of 54042-4 antibody binding. Daniel Wrapp performed biolayer interferometry 

experiments to determine the binding affinity of 54042-4 to the RBD. Seth Zost assisted in the 

acquisition of GISAID sequencing isolate data as well as oversaw binding competition ELISA 

experiments. Lauren Walker performed ELISAs of 54042-4 against SARS-CoV-2 S. Steven Wall 

performed epitope mapping ELISAs against subunit domains as well as RBD domain mutants. 

Clinton Holt performed structural analysis of the epitope and paratope interactions of SARS-

CoV-2 RBD and 54042-4. Ching-Lin Hsieh designed the plasmids for the SARS-CoV-2 Alpha 

and Beta spike constructs used for ELISA. Rachel Sutton performed competition ELISAs. 
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Ariana Paulo performed maxiprep DNA isolations as well as purified recombinant 54042-4 

antibody. Jason McLellan performed structural characterization of the binding mode of 54042-4 

to the RBD. Ivelin Georgiev performed structural comparisons between 54042-4 and published 

SARS-CoV-2 antibodies. Ivelin Georgiev, Nicole Johnson, Jason McLellan and I wrote the 

manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

 

INTRODUCTION 

The COVID-19 pandemic caused by a novel coronavirus from the Sarbecovirus genus, SARS-

CoV-2, spawned an unprecedented global research effort dedicated to therapeutic 

countermeasure development, resulting in rapid US FDA Emergency Use Authorization (EUA) 

for vaccines and monoclonal antibodies (Jones et al., 2021; Weinreich et al., 2021). The primary 

target for vaccine and antibody therapeutic development is the SARS-CoV-2 spike (S) protein, 

which facilitates host-cell attachment and entry (Wrapp et al., 2020). The emergence of distinct 

viral lineages that accumulate substitutions in the S protein pose a significant threat to the 

countermeasures currently approved for clinical use (Chen et al., 2021c; Wang et al., 2021a). 

Continued genomic surveillance and persistent efforts to identify antibodies with distinct binding 

modes and mechanisms of action are crucial to maintain availability of therapeutics in the event 

of further neutralization-escape by SARS-CoV-2 variants of concerns (VOCs). 

SARS-CoV-2 spike is a class I viral fusion protein that is a trimer of heterodimers composed of 

S1 and S2 subunits (Wrapp et al., 2020). S1, which includes both the receptor-binding domain 

(RBD) and the N-terminal domain (NTD), initiates attachment to the receptor angiotensin-

converting enzyme 2 (ACE2), whereas S2 drives membrane fusion by refolding from a prefusion 

to postfusion conformation (Li, 2016; Tortorici and Veesler, 2019). The primary contact of ACE2 

and spike is in the RBD of the S1 subunit, which is composed of a receptor binding motif (RBM) 

and RBD core. The three RBDs within each spike can adopt an ACE2-accessible “up” 

conformation and an ACE2-inaccessible “down” conformation via a hinge-like motion (Shang et 

al., 2020). As a result, the RBD serves as the dominant target of neutralizing antibodies via 

antagonism of ACE2 binding (Piccoli et al., 2020), although other neutralizing epitopes have 

been identified (Brouwer et al., 2020; Chi et al., 2020; Suryadevara et al., 2021; Zost et al., 

2020b). 
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Neutralizing antibodies targeting the RBD have been characterized extensively and partition into 

different classes based on binding mode, ACE2 interface overlap, and cross-reactivity with other 

Sarbecoviruses. For example, neutralizing antibodies predominantly encoded by IGHV3-53 and 

IGHV3-66 have epitopes directly covering the ACE2 interaction footprint in the RBM (Yuan et 

al., 2020a). Examples of this class of antibodies are clinical EUA candidates REGN10933 and 

COV2-2196 (Hansen et al., 2020; Zost et al., 2020b). Antibodies that bind the RBM but are 

more distal to the ACE2 interface form another distinct class that includes REGN10987 and 

COV2-2130 (Dong et al., 2021; Hansen et al., 2020). Additionally, antibodies such as S309, 

CR3022 and ADG-2 that cross-react with other coronaviruses comprise a more diverse group 

that target conserved residues in the RBD-core (Pinto et al., 2020; Wec et al., 2020a; Yuan et 

al., 2020b). 

The continued transmission of SARS-CoV-2 in the human population has led to the evolution of 

VOCs with increased transmissibility and resistance to available medical countermeasures, 

including to some RBD-directed monoclonal antibodies (Alpert et al., 2021; Chen et al., 2021c; 

Kuzmina et al., 2021). Some of the most consequential amino acid substitutions observed so far 

have occurred in the RBD, particularly N501Y in the B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 

(Gamma) lineages, and the additional combination of K417N/T and E484K in the Gamma and 

Beta lineages. The L452R substitution, detected in both the B.1.429 (Epsilon) and B.1.617.2 

(Delta) variants also permits escape to monoclonal antibodies and a reduction in neutralization 

titer in comparison to USA-WA1 in vaccinees as well as individuals recovered from COVID-19 

infection(McCallum et al., 2021). Notably, the Epsilon lineage also contains substitutions (S13I 

and W152C) that disrupt the conformation of the NTD, resulting in the loss of numerous 

published NTD-directed SARS-CoV-2 neutralizing antibodies (McCallum et al., 2021). N501Y is 

thought to increase affinity for ACE2 (Starr et al., 2020), potentially resulting in increased 

infectivity, whereas E484K disrupts the antigenic landscape of the RBD that can lead to 
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substantial decreases in neutralization titers (Hoffmann et al., 2021; Wang et al., 2021a). In 

some cases, SARS-CoV-2 VOCs also escape neutralization by polyclonal antibodies in the 

serum from vaccine recipients and individuals previously infected with SARS-CoV-2 (Chen et 

al., 2021c; McCallum et al., 2021; Wang et al., 2021a). These observations highlight the critical 

need for a wide range of potently neutralizing antibodies that are not sensitive to substitutions 

arising in VOCs. 

To address this challenge, we applied LIBRA-seq, a recently developed antibody-discovery 

technology (Setliff et al., 2019a; Shiakolas et al., 2021b), to interrogate the B cell repertoire of 

an individual who had recovered from COVID-19. Our efforts led to the discovery of a potently 

neutralizing antibody, designated 54042-4, which uses an uncommon genetic signature and 

distinct structural mode of SARS-CoV-2 RBD recognition to maintain neutralization potency to 

known VOCs. Antibody 54042-4 therefore may serve as a viable candidate for further 

prophylactic or therapeutic development for protection against a broad range of SARS-CoV-2 

variants. 

 

RESULTS 

Identification of SARS-CoV-2-neutralizing antibodies by LIBRA-seq 

To identify SARS-CoV-2 S-directed antibodies, we utilized LIBRA-seq (Linking B Cell receptor 

to antigen specificity through sequencing), a technology that enables high-throughput 

simultaneous determination of B cell receptor sequence and antigen reactivity at the single-cell 

level, expediting the process of lead candidate selection and characterization (Setliff et al., 

2019a; Shiakolas et al., 2021b). The LIBRA-seq antigen-screening library included SARS-CoV-

2 and SARS-CoV-2 D614G spikes stabilized in a prefusion conformation (Hsieh et al., 2020), 

along with antigens from other coronaviruses including SARS-CoV S, MERS-CoV S, HCoV-
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OC43 S, HCoV-229E S, HCoV-NL63 S, SARS-CoV-2 RBD, SARS-CoV RBD, and MERS-CoV 

RBD, as well as negative-control antigens ZM197 HIV-1 Env and influenza hemagglutinin (HA) 

NC99. Antigen-specific B cells were isolated from a donor with potently neutralizing antibodies 

in serum (1:258 NT50) three months after infection confirmed by nasal swab RT-PCR testing for 

SARS-CoV-2 (Figures 3-1A, 1B). Of the 73 IgG+ B cells with high LIBRA-seq scores (≥1) for 

SARS-CoV-2 S (Figure 3-1D) we chose nine lead candidates with diverse sequence 

characteristics, CDRH3 length, and germline V gene usage for characterization as recombinant 

monoclonal antibodies (Figure 3-1C, Figure 3-1F). Binding to SARS-CoV-2 S by ELISA was 

confirmed for eight of these antibodies, with the only exception being antibody 54042-2, in 

agreement with its lower LIBRA-seq score (Figure 3-1F, 3-1C, 3-2A). Five of these antibodies 

showed SARS-CoV-2 neutralization activity in a high-throughput neutralization screen using a 

live chimeric VSV displaying SARS-CoV-2 spike protein (Case et al., 2020) (Figure 3-1E). None 

of the antibodies showed neutralization against VSV SARS-CoV. Further, the five neutralizing 

antibodies did not show binding cross-reactivity to other coronavirus antigens in the screening 

panel, with the exception of SARS-CoV (Figure 3-2B). Full dose-response neutralization curves 

in the chimeric VSV assay were obtained for four of these five antibodies, with antibody 54042-4 

showing the best potency, at a half-maximal inhibitory concentration (IC50) of 9 ng/mL (Figure 3-

1E).  
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Antibody 54042-4 targets the SARS-CoV-2 receptor-binding domain 

Because of the potent (≤ 10 ng/mL) virus neutralization observed for 54042-4, we selected this 

antibody for further characterization. ELISAs performed with purified RBD, NTD, S1, and S2 

proteins revealed 54042-4 IgG bound to the SARS-CoV-2 S1 subunit as well as the RBD 

(Figure 3-3A-3-3B). To determine the affinity of the antibody-antigen binding interaction, 

biolayer interferometry experiments were performed by measuring the association and 

dissociation kinetics of immobilized 54042-4 IgG binding to a soluble protein comprising the 

RBD and subdomain-1 (SD1) of the SARS-CoV-2 S protein, and curve-fitting resulted in a 

calculated KD of 21.8 nM (Figure 3-3C). Given the neutralization potency of 9 ng/mL (60 pM), 

these data suggest that the IgG avidly binds to the S protein on the virion surface. To assess 

whether 54042-4 neutralizes viral infection by directly competing with ACE2, a receptor-blocking 

assay was performed by testing competition of 54042-4 with soluble ACE2 for binding to SARS-

CoV-2 S. The results demonstrated that 54042-4 inhibits interaction of ACE2 to SARS-CoV-2 S 

protein, unlike the control antibody CR3022, an extensively characterized SARS-CoV antibody 

that binds a cryptic epitope in the RBD of both SARS-CoV and SARS-CoV-2 (Yuan et al., 

2020b), and the influenza HA-specific 3602-1707 antibody (Setliff et al., 2019a) (Figure 3-3D). 

Next, we performed competition ELISAs to determine if 54042-4 competes for binding with three 

other RBD-directed antibodies with distinct epitopes. These antibodies included COV2-2196 

and COV2-2130, which form the basis of AZD7442, an antibody cocktail currently under 

investigation in clinical trials for COVID-19 treatment and prevention (ClinicalTrials.gov 

Identifiers: NCT04625725, NCT04723394, NCT04518410, and NCT04501978) and CR3022. 

The competition experiment showed that 54042-4 competed for binding to SARS-CoV-2 S 

protein with COV2-2130 but not COV2-2196 or CR3022 (Figure 3-3E). Together, these results 

suggest that 54042-4 targets an epitope on SARS-CoV-2 RBD that at least partially overlaps 

with the binding sites for both ACE2 and other potently neutralizing RBD-directed antibodies. 
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54042-4 binds the apex of the SARS-CoV-2 RBD in the down conformation 

To gain a better understanding of the recognition of SARS-CoV-2 S by antibody 54042-4, we 

determined a 2.7 Å resolution cryo-EM structure of the 54042-4 antigen-binding fragments  

(Fabs) bound to the SARS-CoV-2 S extracellular domain (ECD) modified so that all three RBDs 

were disulfide-locked in the down conformation (Henderson et al., 2020) (Figure 3-4A). Local 

refinement of one RBD bound to a 54042-4 Fab was performed to improve the interpretability of 

the map at the binding interface, resulting in a local 3D reconstruction with a resolution of 2.8 Å 

(Figure 3-4B). The structure revealed that 54042-4 forms an extensive interface with the RBD, 

making contacts through the complementarity determining regions (CDRs) CDRL1, CDRL3, and 

all three CDRs of the heavy chain, to form a clamp around the apex of the RBM saddle (Figure 

3-4C, 3-4D, and Figure 3-5A, 3-5B). The primary interactions involve RBD residues 439–450, 

with a network of hydrogen bonds between the 54042-4 heavy chain and RBD residues 443–

447 (Figure 3-4C). From CDRH3, Ser99 forms a hydrogen bond with RBD residue Ser443, and 

a hydrogen bond is formed between the mainchain atoms of Phe97 and Val445. From CDRH2, 

Asp56 forms a hydrogen bond and salt bridge with Lys444, whereas Arg58 forms hydrogen 

bonds with mainchain atoms from Gly446 and Gly447. The CDRH1 contributes a lone residue, 

Ile32, to the binding interface, forming minor contacts near Leu441. The 54042-4 light chain 

surrounds the opposite side of this RBD region, mediating interactions primarily through 

hydrophobic contacts formed by CDRL1 and CDRL3 near RBD residue Val445 (Figure 3-4D). 

Additional light chain contacts are made with residues 498–500 of the RBD, including a 

hydrogen bond between His92 of CDRL3 and Thr500, and hydrophobic interactions involving 

CDRL1 Phe30 and Tyr32. Although 54042-4 binds all three RBDs locked in the down position, 

the epitope region is equally accessible when the RBD is in the up position. Additionally, the 

epitope lies outside the RBD hinge region, makes no additional contacts with the spike trimer, 
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and partially overlaps the ACE2 binding site. Therefore, the mechanism of neutralization likely 

involves inhibition of ACE2 binding rather than locking the RBDs in the down conformation. 

Notably, the complex structure indicated that 54042-4 does not make substantial contact with a 

number of spike substitutions associated with current VOCs. For example, RBD residue Asn501 

(present as Tyr501 in several VOCs, including Alpha, Beta, and Gamma) lies just outside of the 

54042-4 epitope, whereas the Cα atoms of Glu484 (present as Lys484 or Gln484 in, e.g., Beta, 

Gamma, and B.1.617 (Kappa)) and Leu452 (present as Arg452 in Epsilon and Delta) are 

approximately 18 and 14 Å away from the Cα atoms of the nearest 54042-4 residue, 

respectively (Figure 3-4B). Furthermore, the substitution Gly614, which is found in all current 

VOCs is outside of the RBD, is approximately 75 Å from the nearest 54042-4 residue.   
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Antibody 54042-4 has an uncommon genetic signature and distinct structural mode of 

RBD recognition 

Public clonotype sequence signatures (those shared by multiple individuals recovered from 

COVID-19 infection) have been identified for potently neutralizing SARS-CoV-2 antibodies, 

including antibodies currently in clinical trials or approved for emergency use (Nielsen et al., 

2020; Yuan et al., 2020a). To investigate whether antibody sequences that are closely related to 

54042-4 can be identified among known SARS-CoV-2 antibodies, we searched the CoV-AbDab 

database that contains paired heavy-light chain sequences of coronavirus antibodies (Raybould 

et al., 2021). Notably, only 0.5% of antibodies in the database used the same combination of 

IGHV2-5 heavy and IGKV1-39 light chain germline V genes as 54042-4. Further, antibodies with 

high sequence identity to the 54042-4 CDRH3 and CDRL3 were not identified, whether or not 

the search was restricted to the IGHV2-5 heavy chain and IGKV1-39 light chain genes (Figure 

3-6A).  
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Next, we compared the 54042-4 epitope to the epitopes of other known SARS-CoV-2 antibodies 

by computing pairwise correlations between the antibody-antigen buried surface areas for 

54042-4 against a set of 99 publicly available SARS-CoV-2 antibody-antigen structures from the 

Protein Data Bank, as well as the structure of antibody COV2-2130 in complex with the SARS-

CoV-2 RBD (Figure 3-7). The results revealed significant positive correlations with only six 

other antibodies: REGN10987 (Hansen et al., 2020), 2-7 (Liu et al., 2020), C119 (Barnes et al., 

2020), COVOX-75 (Dejnirattisai et al., 2021), COV2-2130 (Zost et al., 2020b) (in agreement 

with the observed binding competition with 54042-4, Figure 3-3D), and LY-CoV1404 

(Westendorf et al., 2021) (Figure 3-6B). However, of these six antibodies, COVOX-75 has been 

reported as not a potent neutralizer (Dejnirattisai et al., 2021). C119 makes substantial contact 

with residues Glu484 and Asn501, indicating potential susceptibility of this antibody to 

substitutions at those positions that are currently associated with relatively high substitution 

rates (Figure 3-6C) and are present in several circulating SARS-CoV-2 VOCs (Alpert et al., 

2021; Tegally et al., 2021). Further, both C119 and COVOX-75, as well as COV2-2130, have 

substantial buried surface area interactions with a number of additional residues compared to 

those in the epitope of 54042-4 (Figure 3-6C), suggesting that these three antibodies could be 

susceptible to additional potential spike substitutions that would not directly affect antigen 

interactions with 54042-4.  
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We also observed that while the epitopes of antibodies 2-7, LY-CoV1404, and REGN10987 

correlate well with that of 54042-4, these antibodies have distinct angles of antigen approach 

(Figure 3-8A). To quantify this observation, we aligned the RBDs from the 2-7, LY-CoV1404, 

and REGN10987 complex structures with the RBD from the 54042-4 structure. Using the 
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antibody coordinates when the respective RBDs were aligned, we computed the root mean 

square deviations (RMSD) between the Cα atoms in the FWR1-FWR3 regions of the antibody 

heavy and light chains. This resulted in RMSDs of 16.4 Å, 16.5Å, and 22 Å between 54042-4 

versus 2-7, LY-CoV1404, and REGN10987, respectively, confirming the substantial differences 

in the structural mode of antigen recognition by 54042-4 compared to 2-7, LY-CoV1404, and 

REGN10987. Although 54042-4 and 2-7 both originate from the same IGHV2-5 germline gene 

and share analogous RBD contacts in the CDRH2 region, these antibodies exhibit different 

CDRH1 and CDRH3 interactions (Figure 3-8B) and use a different light chain germline gene 

(VK1-39 for 54042-4, and VL2-14 for 2-7). Interestingly, antibodies 2-7 and LY-CoV1404 use 

identical heavy and light chain germline genes, and have virtually indistinguishable structural 

mode of antigen recognition (RMSD, computed as above, of 1.7Å). Notably, all of 2-7, LY-

CoV1404, and REGN10987 have greater interactions with RBD residues 439–441 compared to 

54042-4, with buried surface areas of 172, 164, 127, and 60 Å2 for 2-7, LY-CoV1404, 

REGN10987, and 54042-4, respectively (Figure 3-6C), suggesting 2-7, LY-CoV1404, and 

REGN10987 may be more prone to viral escape in that region. Indeed, the N439K substitution 

is present in several independent SARS-CoV-2 lineages and has been found to affect binding 

and neutralization by REGN10987 (Thomson et al., 2021). 

Together, these data suggest that antibody 54042-4 utilizes an uncommon genetic signature 

and a distinct structural mode of antigen recognition compared to other known SARS-CoV-2 

antibodies.   
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Antibody 54042-4 is not affected by current SARS-CoV-2 VOC substitutions 

Next, to identify substitutions capable of disrupting binding to antibody 54042-4, we performed 

shotgun alanine-scanning mutagenesis of the SARS-CoV-2 RBD (Davidson, 2014). The only 

tested substitutions that substantially affected binding in comparison to an RBD antibody control 

were K444A, V445A, G446A, and P499A (Figure 3-9A), which all fall within the 54042-4 

epitope (Figure 3-4C-D, and Figure 3-5). To assess the functional effect of substitutions within 

the 54042-4 epitope, we tested neutralization against VSV-SARS-CoV-2 chimeras containing 

single substitutions at K444R/T/E/N, G446D, or Q498R. These mutants were generated from 

neutralization escape experiments using saturating concentrations of either COV2-2130 
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antibody (a 54042-4 competitor, Figure 3-3E) or COV2-2499 (a COV2-2130 competitor) 

(Greaney et al., 2021b). These experiments revealed that the chimeric VSVs with substitutions 

at Lys444, Gly446, and Gln498 were resistant to neutralization by 54042-4 (Figure 3-9B). 

Together, the alanine-scanning and neutralization experiments indicated that 54042-4 may be 

sensitive to substitutions at spike residues K444, V445, G446, Q498, and P499. However, 

analysis of currently circulating SARS-CoV-2 isolates from the GISAID database as of May 6, 

2021 (Elbe, 2017) revealed that substitutions at these five residue positions are only present at 

low levels (Figure 3-9C). Further, virtually all of the 54042-4 epitope residues (Figure 3-5) are 

highly conserved in circulating SARS-CoV-2 lineages (Figure 3-9C). The only exception is 

residue N439, which has a substitution frequency of 2.1% (Figure 3-9C); however, this residue 

makes only minimal contacts with antibody 54042-4 (Figure 3-5), suggesting that residue N439 

may not be critical for 54042-4 recognition of the SARS-CoV-2 spike.  

 



71 
 

To investigate the ability of antibody 54042-4 to recognize current SARS-CoV-2 VOCs, we 

performed ELISAs to test binding of 54042-4 to RBD proteins containing substitutions found in 

one or more VOCs. These substitutions included K417N found in many isolates in the Beta 

lineage, as well as E484K (Beta, Gamma), N501Y (Alpha, Beta, Gamma, Delta, Kappa), L452R 

(Delta, Epsilon) and N439K found in lineages B.1.141 and B.1.258 (Thomson et al., 2021). 

Notably, antibody 54042-4 bound to these RBD variants at a similar level compared to the 

binding to the RBD from the Wuhan-1 isolate (Figure 3-10A, Figure 3-10B). These results are 

consistent with the structural observations that 54042-4 makes only minimal contacts with 

residue N439, and that none of the other RBD substitutions were at residues in the 54042-4 

epitope (Figure 3-5). Binding of antibody 54042-4 also was not affected in the context of SARS-

CoV-2 S ECD proteins that included deletions and substitutions in the S1 domain of the Beta 

and Alpha VOCs (Figure 3-10A, Figure 3-10C-D). Finally, we tested the ability of 54042-4 to 

neutralize authentic SARS-CoV-2 USA-WA1, Alpha, and Beta, Delta, and Gamma SARS-CoV-2 

variants. Consistent with the ELISA data, 54042-4 neutralized each virus potently with IC50 

values of 3.2, 5.5, 9.7, 1.5, and 3.7, and IC80 values of 10, 48, 49, 3.9, and 11.4 ng/mL, 

respectively (Figure 3-11A). Together, these data indicate that 54042-4 can be an effective 

countermeasure against currently circulating SARS-CoV-2 variants. 
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DISCUSSION 

SARS-CoV-2 neutralizing antibody discovery efforts have produced an extensive panel of 

antibodies that show a wide range of functional effects, and most antibodies discovered to date 

cluster into several classes based on RBD-binding orientation, ACE2 antagonism, and cross-

reactivity to related SARS-like coronaviruses (Greaney et al., 2021b). Here, we report the 

identification of 54042-4, an antibody that exhibited potent SARS-CoV-2 neutralization against 

USA-WA1 as well as the currently circulating Alpha, Beta, Delta, and Gamma VOCs. 

Interestingly, antibody 54042-4 neutralized virus at comparable IC50s to the clinical candidates 

LY-CoV1404 and REGN10987, despite having ~10-fold lower affinity for the RBD (Hansen et 

al., 2020; Westendorf et al., 2021). While the epitope of antibody 54042-4 showed partial 

overlap with that of several other known RBD-directed antibodies, our findings revealed a 

distinct mode of SARS-CoV-2 spike recognition, paired with an uncommon genetic signature 

that distinguishes 54042-4 from other SARS-CoV-2 antibodies. Notably, important differences 

were observed even for the six antibodies with the highest epitope correlations to 54042-4, with 

all six of these antibodies exhibiting substantially greater contacts with one or more known 

residues associated with currently circulating VOCs, as well as with other spike residues 

(Figure 3-9C). While it is not possible to predict what SARS-CoV-2 variants will emerge in the 

future, having access to antibodies with differences in epitope interactions is critical to 

broadening the portfolio of countermeasure candidates, should virus variants emerge that are 

resistant to current therapies. The discovery of antibody 54042-4 is therefore a promising 

addition to the limited set of antibodies with a high potential for effectively counteracting current 

SARS-CoV-2 VOCs. 

The increased spread of several SARS-CoV-2 VOCs over the past few months has emphasized 

the need for continued surveillance of vaccine efficacy against the evolving virus targets. The 

increased transmission rates of the Alpha lineage are likely a product of enhanced ACE2 affinity 
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for the SARS-CoV-2 RBD (Starr et al., 2020), and not a result of escape from pre-existing 

antibodies in convalescent or vaccinated individuals (Wang et al., 2021a; Xie et al., 2021). 

Variants that encode the E484K substitution appear to pose a significantly higher risk of 

neutralization escape in vaccine recipients and individuals who have recovered from COVID-19 

(Wang et al., 2021a). Indeed, the rise of cases associated with the P.1 variant that harbors the 

E484K substitution (among others) in Manaus, Brazil is on a dangerous trajectory, despite 

having a 76% population seropositivity rate dating back to March 2020 (Sabino et al., 2021). In 

the context of vaccination, early vaccine trial data for Novavax against the Beta lineage in South 

Africa (also encoding the E484K substitution) demonstrated a significant decrease in efficacy 

(Wadman, 2021). The enhanced transmission profile and recent rise in new infection cases as a 

result of the Delta variant (Campbell et al., 2021) is another demonstration of the need for 

SARS-CoV-2 therapeutics. These observations underscore the ongoing need for genomic 

surveillance to monitor the emergence and spread of new SARS-CoV-2 variants and their 

effects on population immunity.  

In addition to vaccines, antibody therapeutics can play an important role for treating SARS-CoV-

2 infections. Given the unknown future trajectory of the pandemic and the potential for 

emergence of VOCs that may escape neutralization by vaccine-elicited immunity, the 

development of a wide array of candidate antibody therapeutics that are insensitive to 

substitutions found in major VOCs may prove critical in the fight against COVID-19. However, 

current VOCs have already shown an ability to escape neutralization by a number of antibodies 

in clinical development (Chen et al., 2021c; Wang et al., 2021a). Although the Beta variant or 

any lineage harboring the Glu484 substitution has yet to propagate in the United States, the 

nearly complete abrogation of neutralization activity of LY-CoV555 (Bamlinivimab) and 

REGN10933 against the Beta variant poses a significant risk for the currently available EUA 

clinical candidates (Wang et al., 2021a). Further, the rise in cases with the L452R substitution 
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(Epsilon and Delta variants) and the corresponding reduction in neutralization potency 

associated with the Eli Lilly cocktail (Bamlinivimab and Etesivimab), as well as Regdanivimab 

(approved for use in Europe), further motivates the continued investigation into antibodies 

insensitive to currently circulating VOCs (McCallum et al., 2021). In contrast to these clinical 

candidates, the binding, neutralization, and structural data suggest that antibody 54042-4 

maintains functional activity independent of the current major substitutions in circulating VOCs. 

Combined with those observations, the unique features of 54042-4 in comparison to other 

SARS-CoV-2 antibodies motivate further clinical development of this antibody to complement 

the existing pool of therapeutic countermeasures. As SARS-CoV-2 virus evolution continues 

due to various factors, such as a lack of vaccine access and the associated delayed vaccine 

rollout to underserved parts of the world, new VOCs are likely to keep emerging, with the 

potential to decrease or even abrogate protection induced by current vaccines. Antibody 

therapeutic development, especially focusing on broad protection against diverse SARS-CoV-2 

variants, is therefore of continued significance.  
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METHODS 

Donor information 

The donor had previous laboratory-confirmed COVID-19, 3 months prior to blood collection. The 

studies were reviewed and approved by the Institutional Review Board of Vanderbilt University 

Medical Center. The sample was obtained after written informed consent was obtained. 

 

Antigen purification 

A variety of recombinant soluble protein antigens were used in the LIBRA-seq experiment and 

other experimental assays.   

Plasmids encoding residues 1–1208 of the SARS-CoV-2 spike with a mutated S1/S2 cleavage 

site, proline substitutions at positions 817, 892, 899, 942, 986 and 987, and a C-terminal T4-

fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 spike HP); 1–1208 

of the SARS-CoV-2 spike with a mutated S1/S2 cleavage site, proline substitutions at positions 

817, 892, 899, 942, 986 and 987, a glycine mutation at 614, and a C-terminal T4-fibritin 

trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 spike HP D614G) 1–1208 

of the SARS-CoV-2 spike with a mutated S1/S2 cleavage site, proline substitutions at positions 

817, 892, 899, 942, 986 and 987, as well as mutations L18F, D80A, L242-244L del, R246I, 

K417N, E484K, N501Y, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a 

TwinStrepTag (SARS-CoV-2 spike HP Beta); 1–1208 of the SARS-CoV-2 spike with a mutated 

S1/S2 cleavage site, proline substitutions at positions 817, 892, 899, 942, 986 and 987, as well 

as mutations 69-70del, Y144del, N501Y, A570D, P681H, and a C-terminal T4-fibritin 

trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 spike HP Alpha);   

residues 1-1190 of the SARS-CoV spike with proline substitutions at positions 968 and 969, and 

a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV S-
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2P); residues 1-1291 of the MERS-CoV spike with a mutated S1/S2 cleavage site, proline 

substitutions at positions 1060 and 1061, and a C-terminal T4-fibritin trimerization motif, an 

AviTag, an 8x HisTag, and a TwinStrepTag (MERS-CoV S-2P Avi); residues 1-1278 of the 

HCoV-OC43 spike with proline substitutions at positions 1070 and 1071, and a C-terminal T4-

fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (HCoV-OC43 S-2P); residues 

319–591 of SARS-CoV-2 S with a C-terminal monomeric human IgG Fc-tag and an 8x HisTag 

(SARS-CoV-2 RBD-SD1); residues 306−577 of SARS-CoV S (Tor2 strain) were cloned 

upstream of a C-terminal HRV3C protease cleavage site, a monomeric Fc tag and an 8x HisTag 

(SARS-CoV RBD-SD1);residues 367–589 of MERS-CoV S with a C-terminal monomeric human 

IgG Fc-tag and an 8x HisTag (MERS-CoV RBD); residues 306–577 of MERS-CoV S with a C-

terminal monomeric human IgG Fc-tag and an 8x HisTag (SARS-CoV RBD-SD1) were 

transiently transfected into FreeStyle293F cells (Thermo Fisher) using polyethylenimine. For all 

antigens with the exception of SARS-CoV-2 S HP, transfections were treated with 1 µM 

kifunensine to ensure uniform glycosylation three hours post-transfection. Transfected 

supernatants were harvested after 6 days of expression. SARS-CoV-2 RBD-SD1, SARS-CoV 

RBD-SD1, and MERS-CoV RBD were purified using Protein A resin (Pierce). SARS-CoV-2 S 

HP, MERS-CoV S-2P Avi, and HCoV-OC43 S-2P were purified using StrepTrap HP columns 

(Cytiva Life Sciences). Affinity-purified SARS-CoV-2 RBD-SD1, SARS-CoV RBD-SD1, and 

MERS-CoV RBD were further purified over a Superdex200 column (GE Life Sciences). SARS-

CoV-2 S HP, SARS-CoV-2 S HP Beta, SARS-CoV-2 S HP Alpha, SARS-CoV S-2P, MERS-CoV 

S-2P, and HCoV-OC43 S-2P were purified over a Superose6 Increase column (GE Life 

Sciences). HCoV-NL63 and HCoV-229E alpha coronavirus spike proteins as well as the SARS-

CoV-2 S1, SARS-CoV-2 S2, and SARS-CoV-2 NTD truncated proteins were purchased from 

the commercial vendor, Sino Biological.  
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Recombinant, soluble HIV-1 gp140 SOSIP trimer from strain ZM197 (clade) containing 

an AviTag and recombinant NC99 HA protein consisting of the HA ectodomain with a point 

mutation at the sialic acid-binding site (Y98F) to abolish non-specific interactions, a T4 fibritin 

foldon trimerization domain, AviTag, and hexahistidine-tag, were expressed in Expi 293F cells 

using polyethylenimine transfection reagent and cultured. FreeStyle F17 expression medium 

supplemented with pluronic acid and glutamine was used. The cells were cultured at 37°C with 

8% CO2 saturation and shaking. After 5-7 days, cultures were centrifuged and supernatant was 

filtered and run over an affinity column of agarose bound Galanthus nivalis lectin. The column 

was washed with PBS and antigens were eluted with 30 mL of 1M methyl-a-D-

mannopyranoside. Protein elutions were buffer exchanged into PBS, concentrated, and run on a 

Superdex 200 Increase 10/300 GL Sizing column on the AKTA FPLC system. Fractions 

corresponding to correctly folded protein were collected, analyzed by SDS-PAGE and 

antigenicity was characterized by ELISA using known monoclonal antibodies specific to each 

antigen. Avitagged antigens were biotinylated using BirA biotin ligase (Avidity LLC). 

Spike protein used for cryo-EM was expressed by transiently transfecting plasmid 

encoding the HexaPro spike variant (Hsieh et al., 2020) containing additional S383C and 

D985C substitutions (Henderson et al., 2020) with a C-terminal TwinStrep tag into FreeStyle 

293-F cells (Thermo Fisher) using polyethyleneimine. 5 μM kifunensine was added 3h post-

transfection. The cell culture was harvested four days after transfection and the spike-containing 

medium was separated from the cells by centrifugation. Supernatants were passed through a 

0.22 µm filter and passaged over StrepTactin resin (IBA). Further purification was achieved by 

size-exclusion chromatography using a Superose 6 10/300 column (GE Healthcare) in buffer 

containing 2 mM Tris pH 8.0, 200 mM NaCl and 0.02% NaN3. 
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DNA-barcoding of antigens 

We used oligos that possess 15 bp antigen barcode, a sequence capable of annealing to the 

template switch oligo that is part of the 10X bead-delivered oligos, and contain truncated 

TruSeq small RNA read 1 sequences in the following structure: 5’-

CCTTGGCACCCGAGAATTCCANNNNNNNNNNNNNCCCATATAAGA*A*A-3’, where Ns 

represent the antigen barcode. We used the following antigen barcodes: We used the following 

antigen barcodes: GCAGCGTATAAGTCA (SARS-CoV-2 S), AACCCACCGTTGTTA (SARS-

CoV-2 S D614G), GCTCCTTTACACGTA (SARS-CoV S), GGTAGCCCTAGAGTA (MERS-CoV 

S), AGACTAATAGCTGAC (HCoV-OC43 S), GACAAGTGATCTGCA (HCoV-NL63 S), 

GTGTGTTGTCCTATG (HCoV-229E S), TACGCCTATAACTTG (ZM197 HIV EnV), 

TCATTTCCTCCGATT (HA NC99), TGGTAACGACAGTCC (SARS-CoV RBD-SD1), 

TTTCAACGCCCTTTC (SARS-CoV-2 RBD-SD1), GTAAGACGCCTATGC (MERS-CoV RBD), 

CAGTAAGTTCGGGAC(SARS-CoV-2 NTD), Oligos were ordered from IDT with a 5’ amino 

modification and HPLC purified. 

For each antigen, a unique DNA barcode was directly conjugated to the antigen itself. In 

particular, 5’amino-oligonucleotides were conjugated directly to each antigen using the Solulink 

Protein-Oligonucleotide Conjugation Kit (TriLink cat no. S-9011) according to manufacturer’s 

instructions. Briefly, the oligo and protein were desalted, and then the amino-oligo was modified 

with the 4FB crosslinker, and the biotinylated antigen protein was modified with S-HyNic. Then, 

the 4FB-oligo and the HyNic-antigen were mixed together. This causes a stable bond to form 

between the protein and the oligonucleotide. The concentration of the antigen-oligo conjugates 

was determined by a BCA assay, and the HyNic molar substitution ratio of the antigen-oligo 

conjugates was analyzed using the NanoDrop according to the Solulink protocol guidelines. 

AKTA FPLC was used to remove excess oligonucleotide from the protein-oligo conjugates, 
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which were also verified using SDS-PAGE with a silver stain. Antigen-oligo conjugates were 

also used in flow cytometry titration experiments.  

 

Antigen-specific B cell sorting 

Cells were stained and mixed with DNA-barcoded antigens and other antibodies, and then 

sorted using fluorescence activated cell sorting (FACS). First, cells were counted and viability 

was assessed using Trypan Blue. Then, cells were washed three times with DPBS 

supplemented with 0.1% Bovine serum albumin (BSA). Cells were resuspended in DPBS-BSA 

and stained with cell markers including viability dye (Ghost Red 780), CD14-APC-Cy7, CD3-

FITC, CD19-BV711, and IgG-PE-Cy5. Additionally, antigen-oligo conjugates were added to the 

stain. After staining in the dark for 30 minutes at room temperature, cells were washed three 

times with DPBS-BSA at 300g for five minutes. Cells were then incubated for 15 minutes at 

room temperature with Streptavidin-PE to label cells with bound antigen. Cells were washed 

three times with DPBS-BSA, resuspended in DPBS, and sorted by FACS. Antigen positive cells 

were bulk sorted and delivered to the Vanderbilt Technologies for Advanced Genomics 

(VANTAGE) sequencing core at an appropriate target concentration for 10X Genomics library 

preparation and subsequent sequencing. FACS data were analyzed using FlowJo. 

 

Sample preparation, library preparation, and sequencing 

Single-cell suspensions were loaded onto the Chromium Controller microfluidics device (10X 

Genomics) and processed using the B-cell Single Cell V(D)J solution according to 

manufacturer’s suggestions for a target capture of 10,000 B cells per 1/8 10X cassette, with 

minor modifications in order to intercept, amplify and purify the antigen barcode libraries as 

previously described (Setliff et al., 2019a). 
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Sequence processing and bioinformatics analysis 

We utilized and modified our previously described pipeline to use paired-end FASTQ files of 

oligo libraries as input, process and annotate reads for cell barcode, unique molecular identifier 

(UMI), and antigen barcode, and generate a cell barcode - antigen barcode UMI count matrix 

(Setliff et al., 2019a). BCR contigs were processed using Cell Ranger (10X Genomics) using 

GRCh38 as reference. Antigen barcode libraries were also processed using Cell Ranger (10X 

Genomics). The overlapping cell barcodes between the two libraries were used as the basis of 

the subsequent analysis. We removed cell barcodes that had only non-functional heavy chain 

sequences as well as cells with multiple functional heavy chain sequences and/or multiple 

functional light chain sequences, reasoning that these may be multiplets. Additionally, we 

aligned the BCR contigs (filtered_contigs.fasta file output by Cell Ranger, 10X Genomics) to 

IMGT reference genes using HighV-Quest (Alamyar et al., 2012). The output of HighV-Quest 

was parsed using ChangeO(Gupta et al., 2015b) and merged with an antigen barcode UMI 

count matrix. Finally, we determined the LIBRA-seq score for each antigen in the library for 

every cell as previously described (Setliff et al., 2019a). 

 

Antibody expression and purification 

For each antibody, variable genes were inserted into custom plasmids encoding the constant 

region for the IgG1 heavy chain as well as respective lambda and kappa light chains (pTwist 

CMV BetaGlobin WPRE Neo vector, Twist Bioscience). Antibody 54042-2 was natively an 

IGHG2, but was cloned into an IGHG1 Fc backbone vector for monoclonal antibody 

characterization. Antibodies were expressed in Expi293F mammalian cells (Thermo Fisher 

Scientific) by co-transfecting heavy chain and light chain expressing plasmids using 
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polyethylenimine transfection reagent and cultured for 5-7 days. Cells were maintained in 

FreeStyle F17 expression medium supplemented at final concentrations of 0.1% Pluronic Acid 

F-68 and 20% 4mM L-Glutamine. These cells were cultured at 37°C with 8% CO2 saturation 

and shaking. After transfection and 5-7 days of culture, cell cultures were centrifuged and 

supernatant was 0.45 μm filtered with Nalgene Rapid Flow Disposable Filter Units with PES 

membrane. Filtered supernatant was run over a column containing Protein A agarose resin 

equilibrated with PBS. The column was washed with PBS, and then antibodies were eluted with 

100 mM Glycine HCl at 2.7 pH directly into a 1:10 volume of 1M Tris-HCl pH 8.0. Eluted 

antibodies were buffer exchanged into PBS 3 times using Amicon Ultra centrifugal filter units 

and concentrated. Antibodies were analyzed by SDS-PAGE. 

 

High-throughput antibody expression 

For high-throughput production of recombinant antibodies, approaches were used that are 

designated as microscale. For antibody expression, microscale transfection were performed 

(~1 ml per antibody) of CHO cell cultures using the Gibco ExpiCHO Expression System and a 

protocol for deep 96-well blocks (Thermo Fisher Scientific). In brief, synthesized antibody-

encoding DNA (~2 μg per transfection) was added to OptiPro serum free medium (OptiPro 

SFM), incubated with ExpiFectamine CHO Reagent and added to 800 µl of ExpiCHO cell 

cultures into 96-deep-well blocks using a ViaFlo 384 liquid handler (Integra Biosciences). The 

plates were incubated on an orbital shaker at 1,000 r.p.m. with an orbital diameter of 3 mm at 

37 °C in 8% CO2. The next day after transfection, ExpiFectamine CHO Enhancer and ExpiCHO 

Feed reagents (Thermo Fisher Scientific) were added to the cells, followed by 4 d incubation for 

a total of 5 d at 37 °C in 8% CO2. Culture supernatants were collected after centrifuging the 

blocks at 450g for 5 min and were stored at 4°C until use. For high-throughput microscale 

antibody purification, fritted deep-well plates were used containing 25 μl of settled protein G 
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resin (GE Healthcare Life Sciences) per well. Clarified culture supernatants were incubated with 

protein G resin for antibody capturing, washed with PBS using a 96-well plate manifold base 

(Qiagen) connected to the vacuum and eluted into 96-well PCR plates using 86 μl of 0.1 M 

glycine-HCL buffer pH 2.7. After neutralization with 14 μl of 1 M Tris-HCl pH 8.0, purified 

antibodies were buffer-exchanged into PBS using Zeba Spin Desalting Plates (Thermo Fisher 

Scientific) and stored at 4°C until use. 

 

ELISA 

To assess antibody binding, soluble protein was plated at 2 μg/ml overnight at 4°C. The next 

day, plates were washed three times with PBS supplemented with 0.05% Tween-20 (PBS-T) 

and coated with 5% milk powder in PBS-T. Plates were incubated for one hour at room 

temperature and then washed three times with PBS-T. Primary antibodies were diluted in 1% 

milk in PBS-T, starting at 10 μg/ml with a serial 1:5 dilution and then added to the plate. The 

plates were incubated at room temperature for one hour and then washed three times in PBS-T. 

The secondary antibody, goat anti-human IgG conjugated to peroxidase, was added at 1:10,000 

dilution in 1% milk in PBS-T to the plates, which were incubated for one hour at room 

temperature. Plates were washed three times with PBS-T and then developed by adding 

3,3′,5,5′-tetramethylbenzidine (TMB) substrate to each well. The plates were incubated at room 

temperature for ten minutes, and then 1N sulfuric acid was added to stop the reaction. Plates 

were read at 450 nm. The area under the curve (AUC) was calculated using GraphPad Prism 

9.0.1.  

 

Competition ELISA 
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Competition ELISA was performed as done previously (Zost et al., 2020b). Briefly, antibodies 

were biotinylated using NHS-PEG4-biotin (Thermo Fisher Scientific, cat# A39259) according to 

manufacturer protocol. Following biotinylation, specific binding of biotinylated antibodies was 

confirmed using ELISA. Wells of 384-well microtiter plates were coated with 1 µg/mL SARS-

CoV-2 S HP protein at 4ºC overnight. Plates were washed with PBS-T and blocked for 1 h with 

blocking buffer (1% BSA in PBS-T). Plates were then washed with PBS-T and unlabeled 

antibodies were added at a concentration of 10 µg/mL in a total volume of 25 µL blocking buffer 

and incubated 1 h. Without washing, biotinylated antibodies diluted in blocking buffer were 

added directly to each well in a volume of 5 µL per well (such that the final concentrations of 

each biotinylated antibody were equal to the respective EC90 of each antibody), and then 

incubated for 30 min at ambient temperature. Plates were then washed with PBS-T and 

incubated for 1 h with HRP-conjugated avidin (Sigma, 25 µL of a 1:3,500 dilution in blocking 

buffer). Plates were washed with PBS-T and 25 µL TMB substrate was added to each well. After 

sufficient development, the reactions were quenched by addition 25 µL 1M HCl and absorbance 

at 450 nm was quantified using a plate reader. After subtracting the background signal, the 

signal obtained for binding of the biotin-labeled reference antibody in the presence of the 

unlabeled tested antibody was expressed as a percentage of the binding of the reference 

antibody in the presence of 10 µg/mL of the anti-dengue antibody DENV 2D22, which served as 

a no-competition control. Tested antibodies were considered competing if their presence 

reduced the reference antibody binding by more than 60% and non-competing if the signal was 

reduced by less than 30%. 

 

Real-time cell analysis (RTCA) HT neutralization assay screen 

To screen for neutralizing activity in the panel of recombinantly expressed antibodies, we used a 

high-throughput and quantitative RTCA assay and xCelligence RTCA HT Analyzer (ACEA 
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Biosciences) that assesses kinetic changes in cell physiology, including virus-induced 

cytopathic effect (CPE). Twenty µl of cell culture medium (DMEM supplemented with 2% FBS) 

was added to each well of a 384-well E-plate using a ViaFlo384 liquid handler (Integra 

Biosciences) to obtain background reading. Six thousand (6,000) Vero-furin cells in 20 μl of cell 

culture medium were seeded per well, and the plate was placed on the analyzer. Sensograms 

were visualized using RTCA HT software version 1.0.1 (ACEA Biosciences). For a screening 

neutralization assay, equal amounts of virus were mixed with micro-scale purified antibodies in 

a total volume of 40 μL using DMEM supplemented with 2% FBS as a diluent and incubated for 

1 h at 37 °C in 5% CO2. At ∼17–20 h after seeding the cells, the virus–antibody mixtures were 

added to the cells in 384-well E-plates. Wells containing virus only (in the absence of antibody) 

and wells containing only Vero cells in medium were included as controls. Plates were 

measured every 8–12 h for 48–72 h to assess virus neutralization. Micro-scale antibodies were 

assessed in four 5-fold dilutions (starting from a 1:20 sample dilution), and their concentrations 

were not normalized. Neutralization was calculated as the percent of maximal cell index in 

control wells without virus minus cell index in control (virus-only) wells that exhibited maximal 

CPE at 40–48 h after applying virus–antibody mixture to the cells. An antibody was classified as 

fully neutralizing if it completely inhibited SARS-CoV-2-induced CPE at the highest tested 

concentration, while an antibody was classified as partially neutralizing if it delayed but did not 

fully prevent CPE at the highest tested concentration. Further, if the CPE curve lies between 

partial and the virus-only control, those mAbs were designated weak (Zost et al., 2020b). 

 

RTCA potency neutralization screening assay 

To determine neutralizing activity of IgG and convalescent serum, we used real-time cell 

analysis (RTCA) assay on an xCELLigence RTCA MP Analyzer (ACEA Biosciences Inc.) that 

measures virus-induced cytopathic effect (CPE)(Suryadevara et al., 2021). Briefly, 50 μL of cell 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytopathogenic-effect
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culture medium (DMEM supplemented with 2% FBS) was added to each well of a 96-well E-

plate using a ViaFlo384 liquid handler (Integra Biosciences) to obtain background reading. A 

suspension of 18,000 Vero-E6 cells in 50 μL of cell culture medium was seeded in each well, 

and the plate was placed on the analyzer. Measurements were taken automatically every 

15 min, and the sensograms were visualized using RTCA software version 2.1.0 (ACEA 

Biosciences Inc). VSV-SARS-CoV-2 (0.01 MOI, ~120 PFU per well) was mixed 1:1 with a 

dilution of antibody in a total volume of 100 μL using DMEM supplemented with 2% FBS as a 

diluent and incubated for 1 h at 37°C in 5% CO2. At 16 h after seeding the cells, the virus-

antibody mixtures were added in replicates to the cells in 96-well E-plates. Triplicate wells 

containing virus only (maximal CPE in the absence of antibody) and wells containing only Vero 

cells in medium (no-CPE wells) were included as controls. Plates were measured continuously 

(every 15 min) for 48 h to assess virus neutralization. Normalized cellular index (CI) values at 

the endpoint (48 h after incubation with the virus) were determined using the RTCA software 

version 2.1.0 (ACEA Biosciences Inc.). Results are expressed as percent neutralization in a 

presence of respective antibody relative to control wells with no CPE minus CI values from 

control wells with maximum CPE. RTCA IC50 and NT50 values were determined by nonlinear 

regression analysis using GraphPad Prism software. A full dose-response neutralization assay 

was not performed for antibody 54042-11 due to insufficient quantity at the time of experiment. 

The NT50 of the donor sample was comparable to previously reported data for other donors for 

SARS-CoV-2 antibody discovery efforts (Brouwer et al., 2020; Rogers et al., 2020). 

 

Epitope mapping of antibodies by alanine scanning 

Epitope mapping was performed essentially as described previously (Davidson, 2014) using a SARS-

CoV-2 (strain Wuhan-Hu-1) spike protein RBD shotgun mutagenesis mutation library, made using an 

expression construct for full-length spike protein. 184 residues of the RBD (between spike residues 
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335 and 526) were mutated individually to alanine, and alanine residues to serine and clones arrayed 

in 384-well plates, one mutant per well. Antibody binding to each mutant clone was determined, in 

duplicate, by high-throughput flow cytometry. Each spike protein mutant was transfected into HEK-

293T cells and allowed to express for 22 hrs. Cells were fixed in 4% (v/v) paraformaldehyde (Electron 

Microscopy Sciences), and permeabilized with 0.1% (w/v) saponin (Sigma-Aldrich) in PBS plus 

calcium and magnesium (PBS++) before incubation with antibodies diluted in PBS++, 10% normal 

goat serum (Sigma), and 0.1% saponin. Antibody screening concentrations were determined using 

an independent immunofluorescence titration curve against cells expressing wild-type spike protein 

to ensure that signals were within the linear range of detection. Antibodies were detected using 3.75 

μg/mL of AlexaFluor488-conjugated secondary antibody (Jackson ImmunoResearch Laboratories) in 

10% normal goat serum with 0.1% saponin. Cells were washed three times with PBS++/0.1% saponin 

followed by two washes in PBS, and mean cellular fluorescence was detected using a high-

throughput Intellicyte iQue flow cytometer (Sartorius). Antibody reactivity against each mutant spike 

protein clone was calculated relative to wild-type spike protein reactivity by subtracting the signal from 

mock-transfected controls and normalizing to the signal from wild-type S-transfected controls. 

Mutations within clones were identified as critical to antibody binding if they did not support reactivity 

of the test antibody, but supported reactivity of other SARS-CoV-2 antibodies. This counter-screen 

strategy facilitates the exclusion of spike mutants that are locally misfolded or have an expression 

defect. 

 

Plaque reduction neutralization test (PRNT) 

The virus neutralization with live authentic SARS-CoV-2 virus was performed in the BSL-3 

facility of the Galveston National Laboratory using Vero E6 cells (ATCC CRL-1586) following the 

standard procedure. Briefly, Vero E6 cells were cultured in 96-well plates (104 cells/well). Next 

day, 4-fold serial dilutions of antibodies were made using MEM-2% FBS, as to get an initial 
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concentration of 100 µg/ml. Equal volume of diluted antibodies (60 µl) were mixed gently with 

authentic virus (60 µl containing 200 pfu) and incubated for 1 h at 37°C/5% CO2 atmosphere. 

The virus-serum mixture (100 µl) was added to cell monolayer in duplicates and incubated for 1 

at h 37°C/5% CO2 atmosphere. Later, virus-serum mixture was discarded gently, and cell 

monolayer was overlaid with 0.6% methylcellulose and incubated for 2 days. The overlay was 

removed, and the plates were fixed in 4% paraformaldehyde twice following BSL-3 protocol. 

The plates were stained with 1% crystal violet and virus-induced plaques were counted. The 

percent neutralization and/or NT50 of antibody was calculated by dividing the plaques counted at 

each dilution with plaques of virus-only control.  For antibodies, the inhibitory concentration at 

50% (IC50) values were calculated in GraphPad Prism software by plotting the midway point 

between the upper and lower plateaus of the neutralization curve among dilutions. The Alpha 

variant virus incorporates the following substitutions: Del 69-70, 144 Del, E484K, N501Y, 

A570D, D614G, P681H, T716I, S982A, D1118H. The Beta variant incorporates the following 

substitutions: 24 Del, 242-243 Del, D80A, D215G, K417N, E484K, N501Y, D614G, H665Y, 

T1027I. The Delta variant incorporates the following substitutions: T19R, G142D, Del 156-157, 

R158G, L452R, T478K, D614G, P681R, Del 689-691, D950N; the deletion at positions 689-691 

has not been observed in nature, and was identified upon one passage of the virus. The 

Gamma variant incorporates the following substitutions: L18F, T20N, P26S, D138Y, R190S, 

K417T, E484K, N501Y, D614G, H655Y, T1027I. 

 

BioLayer interferometry (BLI) 

Purified 54042-4 IgG was immobilized to AHC sensortips (FortéBio) to a response level of 

approximately 1.4 nm in a buffer composed of 10 mM HEPES pH 7.5, 150 mM NaCl, 3 mM 

EDTA, 0.05% Tween 20 and 0.1% (w/v) BSA. Immobilized IgG was then dipped into wells 

containing four-fold dilutions of SARS-CoV-2 RBD-SD1 ranging in concentration from 100-
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1.5625 nM, to measure association. Dissociation was measured by dipping sensortips into wells 

containing only running buffer. Data were reference subtracted and kinetics were calculated in 

Octet Data Analysis software v10.0 using a 1:1 binding model. 

 

ACE2 binding inhibition assay 

96-well plates were coated with 2 μg/mL purified recombinant SARS-CoV-2 at 4°C overnight. 

The next day, plates were washed three times with PBS supplemented with 0.05% Tween-20 

(PBS-T) and coated with 5% milk powder in PBS-T. Plates were incubated for one hour at room 

temperature and then washed three times with PBS-T. Purified antibodies were diluted in 

blocking buffer at 10 μg/mL in triplicate, added to the wells, and incubated at room temperature. 

Without washing, recombinant human ACE2 protein with a mouse Fc tag was added to wells for 

a final 0.4 μg/mL concentration of ACE2 and incubated for 40 minutes at room temperature. 

Plates were washed three times with PBS-T, and bound ACE2 was detected using HRP-

conjugated anti-mouse Fc antibody and TMB substrate. The plates were incubated at room 

temperature for ten minutes, and then 1N sulfuric acid was added to stop the reaction. Plates 

were read at 450 nm. ACE2 binding without antibody served as a control. Experiment was done 

in biological replicate and technical triplicates. 

 

RTCA neutralization assay with known antibody escape mutants 

We used a real-time cell analysis assay (RTCA) and xCELLigence RTCA MP Analyzer (ACEA 

Biosciences Inc.) with modification of previously described assays (Greaney et al., 2021a; 

Greaney et al., 2021b; Suryadevara et al., 2021). Fifty (50) μL of cell culture medium (DMEM 

supplemented with 2% FBS) was added to each well of a 96-well E-plate to obtain a 

background reading. Eighteen thousand (18,000) Vero E6 cells in 50 μL of cell culture medium 
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were seeded per each well, and plates were placed on the analyzer. Measurements were taken 

automatically every 15 min and the sensograms were visualized using RTCA software version 

2.1.0 (ACEA Biosciences Inc). Escape mutant VSV-SARS-CoV-2 or wild-type VSV-SARS-CoV-

2 virus (5e3 plaque forming units [PFU] per well, ∼0.3 MOI) was mixed with a saturating 

neutralizing concentration of individual antibody (5 μg/mL) in a total volume of 100 μL and 

incubated for 1 h at 37°C. At 16-20 h after seeding the cells, the virus-antibody mixtures were 

added into 8 to 96 replicate wells of 96-well E-plates with cell monolayers. Wells containing only 

virus in the absence of antibody and wells containing only Vero E6 cells in medium were 

included on each plate as controls. Plates were measured continuously (every 15 min) for 72 h. 

The lack of neutralization for the individual escape mutant viruses from 54042-4 was confirmed 

by delayed CPE in wells containing antibody while COV2-2381 was used as positive control.  

 

                                           EM sample prep and data collection 

To form the spike-Fab complex, a final concentration of 0.5 mg/mL spike protein and 5X molar 

excess of Fab were combined in buffer containing 2mM Tris-Cl pH 8.0, 200 mM NaCl, and 

0.02% NaN3. The complex was incubated on ice for 30 min before 3 µL of the sample was 

deposited on Au-300 1.2/1.3 grids (UltrAuFoil) that had been plasma cleaned in a Solarus 950 

plasma cleaner (Gatan) for 4 minutes using a 4:1 ratio of O2:H2. A force of -4 was used to blot 

excess liquid for 3 s using a Vitrobot Mark IV (Thermo Fisher) followed by plunge-freezing with 

liquid ethane. 3,762 micrographs were collected from a single grid using a Titan Krios (Thermo 

Fisher) equipped with a K3 detector (Gatan) with the stage set at a 30° tilt. SerialEM was used 

to collect movies at 29,000X nominal magnification with a calibrated pixel size of 0.81 Å/pixel. 
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                                       Cryogenic electron microscopy (Cryo-EM) 

Motion correction, CTF estimation, particle picking, and preliminary 2D classification were 

performed using cryoSPARC v3.2.0 live processing (Punjani et al., 2017). The final iteration of 

2D class averaging distributed 374,669 particles into 60 classes using an uncertainty factor of 2. 

From that, 241,732 particles were used to perform an ab initio reconstruction with four classes 

followed by heterogeneous refinement of those four classes. Particles from the two highest 

quality classes were used for homogenous refinement of the best volume with applied C3 

symmetry. Non-uniform refinement was performed on the resulting volume using per-particle 

defocus and per-group CTF optimizations applied (Punjani et al., 2020; Rubinstein and 

Brubaker, 2015). To improve the 54042-4 Fab-RBD density, C3 symmetry expansion was 

performed followed by local refinement using a mask created in ChimeraX that encompassed 

the entire 54042-4 Fab and RBD (Pettersen et al., 2021). Local refinement was performed using 

a pose/shift gaussian prior during alignment, 3° standard deviation of prior over rotation and 1 Å 

standard deviation of prior over shifts. Additionally, maximum alignment resolution was limited to 

2.8 Å resolution to avoid over-refining. To improve map quality, the focused refinement volumes 

were processed using the DeepEMhancer(Sanchez-Garcia, 2021) tool via COSMIC2science 

gateway, which included the use of our refinement mask to help define noise while sharpening 

(Cianfrocco, 2017a; Cianfrocco, 2017b). An initial model was generated by docking PDBID: 

6XKL (Hsieh et al., 2020) and a Fab model based on the 54042-4 sequence built using 

SAbPred ABodyBuilder (Dunbar et al., 2016) into map density via ChimeraX (Pettersen et al., 

2021). The model was iteratively refined and completed using a combination of Phenix, Coot, 

and ISOLDE (Adams et al., 2002; Croll, 2018; Emsley and Cowtan, 2004). 
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GISAID mutation frequency calculation 

To evaluate the conservation of 54042-4 epitope residues, we utilized the GISAID database 

(Elbe, 2017) comprising sequences from 1,229,459 SARS-CoV-2 variants (as of May 6th, 

2021). The spike glycoprotein sequences were extracted and translated, and pairwise sequence 

alignment with the reference sequence hCoV-19/Wuhan/WIV04/2019 was then performed. After 

removing incomplete sequences and sequences with alignment errors, the pairwise alignments 

for the remaining 1,148,887 spike protein sequences were combined to compute the 

conservation of each residue position using in-house perl scripts. 

 

RMSD calculation for the differences in angle of antigen approach for different antibodies 

The SARS-CoV-2 spike receptor binding domain coordinates present in each antibody-antigen 

complex were aligned in PyMOL (The PyMOL Molecular Graphics System, Version 2.3.5, 

Schrödinger, LLC.) using an all-atom alignment with 5 cycles of outlier rejection of atom pairs 

having an RMSD greater than 2. The alignment was performed for RBD residues 329-529 in 

antibody 54042-4 (PDB ID: TBD chain A), 329-529 in antibody 2-7 (PDB ID: 7LSS chain B), 

333-526 in antibody REGN10987 (PDB ID: 6XDG chain A), and 334-527 in antibody LY-

COV1404 (PDB ID: 7MMO chain C). This resulted in RMSD values of 0.751 Å between 54042-4 

and REGN10987’s RBDs, 1.044 Å between 54042-4 and antibody 2-7’s RBDs, 0.632 Å 

between 54042-4 and LY-COV1404’s RBDs, 1.067 Å between REGN10987 and antibody 2-7’s 

RBDs, and 0.751 Å between LY-COV1404 and antibody 2-7’s RBDs with well-aligned epitope 

residues. Next, the residues comprising the N-termini through the end of framework region 3 

were determined for the heavy and light chains of all three antibodies using IMGT Domain Gap 

Align(Alamyar et al., 2012)Each pair of antibodies was aligned using a pairwise sequence 

alignment of this region in PyMOL. Finally, the alpha carbon root mean square deviation 
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between antibodies was calculated over this region in the heavy and light chains using residue 

pairs from the sequence alignment. RMSD values were calculated from 183, 183, and 180 

alpha carbon pairs for the 54042-4 vs REGN1087, REGN1087 vs 2-7, and 54042-4 vs 2-7 

comparisons respectively. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

ELISA and neutralization error bars (standard error of the mean) were calculated using 

GraphPad Prism version 9.0.1. 
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CHAPTER IV 

SINGLE-CELL PROFILING OF THE ANTIGEN-SPECIFIC RESPONSE TO BNT162B2 SARS-

COV-2 RNA VACCINE 

This chapter is adapted from the published manuscript: 

Kramer KJ et al. Single-Cell Profiling of the Antigen-Specific Response to BNT162b2 SARS-

CoV-2 RNA Vaccine. BioRxiv. 2021. 

Contributions: Erin Wilfong drew blood from the ten donorten-donor cohort as well as assisted in 

mass cytometry and in vitro cell assay data analysis. Kelsey Voss performed in vitro antigen-

specific T cell assays including peptide MHC stimulation as well as characterization of sorted 

populations treated with SARS-CoV-2 spike protein. Sierra Barone performed computational 

analysis of mass cytometry data including the development and application of the T-REX 

machine learning algorithm to identify responding antigen-specific cell subsets. Andrea 

Shiakolas performed LIBRA-seq including PBMC staining and FACS isolation of antigen-

specific B cells from the longitudinal donor samples. Andrea also ran the bioinformatic pipeline 

to resolve the antigen specificity map associated with the recovered B-cell receptor sequences. 

Nagarajan Raju performed clonal lineage tracing of the recovered B-cell receptor sequences as 

well as generated a number of figures for both analysis and publication. Caroline Roe collected 

the mass cytometry data. Naveenchandra Suryadevara performed the RTCA VSV SARS-CoV-2 

plasma neutralization assays. Lauren Walker and Steven Wall performed ELISAs on the 

antibodies from the expanded cluster 720. Ariana Paulo isolated DNA for recombinant spike 

proteins. Samuel Schaefer, Camille Westlake and Debolanle Dahunsi processed donor blood 

samples. Jeff Rathmell oversaw logistics for blood collection as well as provided resources for 

the study. Rachel Bonami performed the single-cell RNA-sequencing analysis. Jonathan Irish 
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assisted in the figure making and processing of mass cytometry data. Erin Wilfong, Jeff 

Rathmell, Rachel Bonami, Jonathan Irish, Ivelin Georgiev, and I wrote the manuscript. 
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INTRODUCTION 

In December 2019, a novel coronavirus strain designated severe respiratory distress 

syndrome coronavirus 2 (SARS-CoV-2) was identified in Wuhan, China.  A global pandemic 

ensued that has resulted in approximately 200 million cases and over 4 million deaths of 

coronavirus disease 2019 (COVID-19) to date (Dong et al., 2020).  B cells, T cells, and other 

leukocytes undergo significant shifts upon SARS-CoV-2 infection that may contribute to anti-

viral immunity and protective antibodies (Arunachalam et al., 2020; Koutsakos et al., 2021; 

Mathew et al., 2020; Rodriguez et al., 2020; Schulte-Schrepping et al., 2020).  The development 

of viral neutralizing antibodies following infection has been associated with Th1-like 

CXCR3+HLADR+PD1+ CD8 and CD4 cells and circulating CXCR3+ CD4 T follicular helper 

(cTfh) cells and CD4+ CD38+ HLA-DR+ T cell abundance (Koutsakos et al., 2021; Mathew et 

al., 2020).  While therapies, such as dexamethasone (Group et al., 2021), baracitinib (Kalil et 

al., 2021), tocilizumab (Group, 2021), and neutralizing monoclonal antibodies (Gottlieb et al., 

2021; Weinreich et al., 2021) have emerged as treatments for severe COVID-19 disease, 

preventive measures to develop coronavirus immunity on a population-scale are of upmost 

importance .  To address this need, vaccines formulated with the pre-fusion stabilized SARS-

CoV-2 Spike (S) protein were developed to induce protection from COVID-19 infection or 

development of severe disease (Baden et al., 2021; Dagan et al., 2021; Polack et al., 2020; 

Sadoff et al., 2021a; Voysey et al., 2021).  Globally, nearly 4 billion doses of various COVID-19 

vaccines have been administered (Dong et al., 2020). 

Messenger RNA (mRNA)-based vaccines represent a promising new class of vaccines 

that offer protection from COVID-19 as well as potentially a wide range of emerging infectious 

diseases (Bettini and Locci, 2021; Pardi et al., 2018). These vaccines introduce the minimal 

genetic information to express viral antigens of interest (Pardi et al., 2018) and mimic natural 

infection of RNA viruses, such as SARS-CoV-2 (Jeyanathan et al., 2020).  Several groups have 
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explored the immunologic response to SARS-CoV-2 mRNA vaccines using both systems 

(Arunachalam et al., 2021) and T-cell centric approaches (Sahin et al., 2020; Sattler et al., 

2021a; Woldemeskel et al., 2021).  From these studies, elevated myeloid and T cell responses 

have been identified following vaccination and which corresponded to serologic antibody 

responses.  However, antigen-specific cells that respond to vaccination and mechanisms of 

mRNA-based formulations remain poorly understood. It is also not well established how pre-

existing immunity to endemic coronaviruses impacts the B cell and antibody response against 

SARS-CoV-2 vaccination and how the antibody repertoire may evolve over time 

A major challenge to studies of immune responses to emerging diseases is reliable 

identification of antigen specific cells.  While MHC tetramers and other tracking agents can 

identify pre-determined subsets of antigen-specific cells, a systemic and unbiased view of 

SARS-CoV-2 antigen responsive cells is needed. Single cell machine learning analysis tools 

including the Tracking Responders EXpanding (T-REX) algorithm (Barone et al., 2020b) and 

Linking B cell Receptor to Antigen specificity through sequencing (LIBRA-seq) (Setliff et al., 

2019a) combined with whole transcriptome RNA-seq may address this need to reveal immune 

cells reacting to infection or vaccination.  These single-cell approaches identify rare cells that 

specifically expand following vaccination or infection that can be overlooked when analyzing 

cellular populations in bulk. Proteomic signatures identified by T-REX can be combined with 

Marker Enrichment Modeling (MEM) (Diggins et al., 2017) to develop strategies to physically 

isolate the cell subset using fluorescence activated cell sorting (FACS) enabling in vitro 

validation.  LIBRA-seq identifies antigen-binding B cells and their associated B-cell receptor 

(BCR) sequences, which can be recombinantly expressed as antibody and characterized in vitro 

together with single cell RNA-seq to identify and characterize B cell subsets based on 

transcriptional profiles (Setliff et al., 2019a).  Adaptation and evolution of antibody isotypes and 
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antigen-binding properties provide further insight into the development of B cell responses and 

antigen-specificity. 

To better understand the basis of antigen-specific cells and antibody response in SARS-

CoV-2 vaccine-induced immunity, we tracked the development of antigen-specific T and B cells 

in longitudinal samples collected from healthy donor recipients of the BNT162b2 RNA-based 

SARS-CoV-2 vaccine, including a donor with a breakthrough SARS-CoV-2 infection.  T-REX 

identified novel expanding and metabolically active S protein-specific, non-canonical memory 

CD4 and CD8 T cell populations following vaccination that were confirmed as antigen 

specific.  In parallel, coronavirus S protein-binding B cells were characterized with single-cell 

LIBRA-seq and RNA-seq to establish the evolution of cross-reactive to antigen specific B cells 

with public antibody sequences over time.  These antigen-specific T and B cells correlated and 

associated with a long-lasting IgG response that was lacking in a donor who subsequently 

experienced a breakthrough infection. These cell and antibody associations may drive further 

efforts to predict vaccine effectiveness and identify mechanisms of protection. 

RESULTS 

Mass cytometry identifies vaccine-induced CD4 and CD8 ICOS+CD38+CXCR5- subsets 

The effect of BNT162b2 immunization was first explored on recipient T cell populations 

in a cohort of ten healthy donors who had not been previously infected with SARS-CoV-

2.  Donors had an average age of 41.8 ± 6.3 years.  Six donors were male, and nine donors 

identified as having Caucasian ancestry.  By collecting longitudinal peripheral blood samples 

before immunization, one week following booster immunization (day 28), and at an additional 

time point approximately three months later (day 105), we captured signatures of the initial 

immune response to BNT162b2 as well as lasting immunity (Figure 4-1A-B).  T cell populations 

in the pre-vaccination and post-boost samples were initially examined by mass cytometry using 

a Helios cytometry by time-of-flight mass spectrometry (CyTOF) instrument and a panel of 
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antibodies focused on T cell immune and metabolic phenotypes (Figure 4-2).  Cell density plots 

of concatenated data of T cells from the pre-vaccination and post-boost samples were first 

visualized using t-SNE dimensionality reduction (Figure 4-3A).  Because MHC-peptide tetramer 

staining reagents were not available to directly identify expanding antigen specific S protein-

reactive CD4 and CD8 T cells, data were analyzed using the recently developed T-REX 

machine learning algorithm (Barone et al., 2020b).  By comparing changes in small k-nearest 

neighbor cell groupings, T-REX specifically identifies populations of cells with the greatest 

degrees of expansion or contraction from pre- to post- vaccination.  In the case of viral 

infections, these expanding populations were preferentially enriched for virus-specific cells 

(Barone et al., 2020b). This approach sets aside the majority of peripheral blood T cells, which 

were unchanged, to instead focus on those populations of T cells in phenotypically distinct 

regions whose abundance increased or decreased by ≥95% in the initial 7 days following 

vaccination.   
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T-REX revealed related populations of CD4 and CD8 T cells that expanded by ≥95% 

following vaccination and one population each that contracted by ≥95% (Figure 4-3B).  Across 

the donor cohort, changes in abundance of these cell populations were widely, but not 

universally, shared in T-REX of individual donor samples (Figure 4-4A). Marker Enrichment 

Modeling (MEM) and specific antibody staining patterns established the protein marker 

expression patterns characteristic of each population (Figure 4-3C, 4-3D).  The most expanded 

populations were CCR7- CD45R0CD45RO+ CD4 and CD8 T cell populations that were 

negative for CXCR5, positive for PD-1, and highly co-expressed CD38 and ICOS (Figure 4-

3E).  Consistent with extensive expansion, these cells were the most proliferative cell subset 

based on Ki67 positivity, and were highly metabolically active, based on co-expression of 

transporters for glucose (GLUT1), amino acids (CD98), and lipids (CPT1a).  These cells, thus, 

reflect non-canonical activated memory T cells. The T cell populations with decreasing 

abundance, in contrast, were CD45RA+ ICOS- and phenotypically characterized as naïve.  
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ICOS+CD38+CXCR5- non-canonical T cell subsets respond specifically to SARS-CoV-2 S 

protein antigen 

The selective enrichment of PD1+ICOS+CD38+CXCR5- CD4 and CD8 T cells following 

vaccination suggested these cells may specifically recognize viral S protein.  To test SARS-

CoV-2 specificity and further characterize the CD38+ICOS+ memory T cell populations, 

fluorescence flow cytometry and FACS were used to characterize cell subsets. Similar to mass 

cytometry, ICOS+CD38+ CD4 and CD8 cells were present in pre-immunized samples as 

approximately 1-2% of each T cell subset (Figure 4-5A).  Importantly, these cell populations 

expanded in the post-boost sample and returned to initial frequencies at a later sample 

collection point. The expanded post-boost populations were also enriched for CCR7- cells 

(Figure 4-5B) consistent with mass cytometry findings, but not in ICOSloCD38lo T cells from the 

same samples. To investigate the functional capabilities of ICOS+CD38+ T cells, samples were 
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stimulated with PMA and ionomycin and cytokines were measured.  At all collected timepoints, 

ICOS+CD38+ T cells produced significantly greater levels of IFN-γ and TNFα than ICOS-CD38- 

cells based on intracellular cytokine flow cytometric staining (Figure 4-5C).    
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To evaluate the antigen specific T cell response to SARS-CoV-2 S antigen, PBMCs from 

each time point were incubated with recombinant SARS-CoV-2 S protein or T cell activation 

beads and cytokine responses were measured in culture supernatant. Interestingly, post-boost 

samples clustered into responders and non-responders for IFN-γ and TNFα production (Figure 

4-6A, 4-6B). IL-2, IL-4 and IL-17a were unaffected by stimulation of T cells with S protein 

(Figure 4-6C, 4-6E). Furthermore, a subset of samples from all three time points produced IL-6 

in response to S protein, suggesting cross-reactivity with prior coronavirus exposures (Figure 4-

6F). Especially notable were the late collection time points in which three donor samples 

produced more IL-6 when incubated with S protein than positive control polyclonal CD3/2/28 

bead stimulated samples. Samples from day 105 also showed an increase in the frequency of 

IL-2 and IFN-γ producing CD8 T cells when restimulated with S protein after 11 days of culture 

(Figure 4-6G).    

To directly test antigen specificity and further characterize the expanding T cells 

identified by T-REX, ICOS+CD38+ and ICOSloCD38lo cells were isolated from four donor 

samples using FACS and protein markers from T-REX populations.  Cells were then labeled 

with CellTrace Violet and stimulated with CD3-depleted autologous PBMCs with or without 

SARS-CoV-2 S peptide pool (Figure 4-6H). ICOS+CD38+ CD4 T cells produced IFN-γ, IL-2, 

and TNFα in response to SARS-CoV-2 S peptide stimulation, while peptide-stimulated 

ICOSloCD38lo T cells from the same sample failed to produce cytokines (Figure 4-5D). CD8 

ICOS+CD38+ T cells also produced significant IL-2 in response to peptide stimulation, but had 

decreased Granzyme B, suggesting potential post-activation degranulation. Both CD4 and CD8 

ICOS+CD38+ populations showed evidence of metabolic reprogramming, as mTORC1 pathway 

activity as shown by levels of phospho-S6 trended higher in each donor (Figure 4-6I). 

Expression of the glucose transporter GLUT1, however, was unchanged or modestly reduced 

(Figure 4-6J).  Although the ICOS+CD38+ CD4 and CD8 T cells lacked CXCR5, the expanding 

S protein-specific cells shared some characteristics with circulating T follicular helper cells 
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(cTfh) as a portion of these cells expressed the Tfh characteristic transcription factor BCL6 

(Figure 4-5E).  

 

 

BNT162b2 induces expansion of CD38+CD43+ plasmablasts 

The B cell response to BNT162b2 was next examined using a similar approach as 

applied to the T cell response.  Peripheral blood samples from the same donor cohort were 

analyzed by mass cytometry using a panel of antibodies focused on B cell populations and 

metabolism.  T-REX analysis of equally sampled B cells from all individuals showed that while 
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most B cell populations did not change following boost, there were 9 phenotypically-distinct 

areas of increased or decreased cell abundance (Figure 4-7).  Of these, seven were 

populations that expanded and two were populations that contracted. The populations that 

expanded ≥95% from day 0 to day 28 included activated IgM+ B cells, memory B cells, and 

plasmablasts, while naïve B cells greatly contracted over this time.  While individual donors 

showed some heterogeneity, these populations remained broadly evident (Figure 4-8).  Using 

MEM to characterize cells identified by T-REX, the IgM-IgD- plasmablast population was further 

defined as CD20-CD38+CD43+ and metabolically active, with high expression of the iron 

transporter CD71, CD98, and Cytochrome C (Figure 4-7C-4-7E).  
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Serologic response to BNT162b2 does not correlate to pre-existing immunity for endemic 

coronaviruses 

BNT162b2-induced serological responses were measured by testing donor plasma 

samples from day 0, day 28, and day 105 for reactivity to S proteins from SARS-CoV-2 Wuhan-

1, SARS-CoV-2 Beta, SARS-CoV-2 Alpha, HCoV-OC43, and HCoV-HKU1.  Robust IgG 

responses were measured against SARS-CoV-2 Wuhan-1 by ELISA, with more varied IgM 

responses (Figure 4-9A, Figure 4-10A). These patterns were generally consistent across the S 

proteins from circulating variants of concern (VOCs). Interestingly, an IgA vaccine response was 

also evident in most donors. Most donors also displayed signatures of pre-existing immunity to 

the coronaviruses HCoV-OC43 and HCoV-HKU1, consistent with their endemic nature among 

the human population (Huang et al., 2020). Antibody levels to these endemic strains, however, 

did not change following BNT162b2 vaccination. Next, using a replication-competent vesicular 

stomatitis virus (VSV) SARS-CoV-2 (Case et al., 2020), Real Time Cell Analysis assay (Gilchuk 

et al., 2021) was performed to evaluate the neutralization activity of donor plasma at both pre- 

and at multiple timepoints post-vaccination. While pre-vaccine samples exhibited no SARS-
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CoV-2 neutralization activity, most donors showed some neutralizing activity 3 months post-

boost, although 3 of the 10 donors showed only weak neutralization at that timepoint (Figure 4-

9B). Interestingly, a sharp decline in neutralization potency was observed for samples 3 months 

post-boost compared to day 7-8 post-boost in 3 of the 4 donors with multiple timepoints post-

vaccination. Despite a modest trend for HCoV-HKU1 IgG, pre-existing antibody titers to HCoV-

OC43 and HCoV-HKU1 did not correlate with SARS-CoV-2 neutralization potency 3 months 

post-vaccination (Figure 4-9C). Among the serological variables that were tested, SARS-CoV-2 

IgG level 3 months post-boost was the only one with a significant correlation with VSV SARS-

CoV-2 neutralization potency (Figures 4-9C, 4-9D).  Therefore, pre-existing coronavirus 

antibody did not appear to be a major determinant for defining the antibody response to 

BNT162b2 vaccination. 
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Antigen selectivity of the SARS-CoV-2-reactive B cell response to BNT162b2 increases 

over time 

 While numerous antigen-specific antibodies have been isolated from SARS-CoV-2 

infection (Robbiani et al., 2020; Rogers et al., 2020; Zost et al., 2020a) and more recently from 

vaccination (Wang et al., 2021c), little is currently known about the antigen specificities of 

individual B cells within the repertoire of SARS-CoV-2 vaccinees and how these change over 

time. We thus set out to characterize the evolution of the SARS-CoV-2 specific B cell repertoire 

by analyzing multiple time points pre- and post-vaccination of a single healthy male Caucasian 

donor of age 45-50 with no prior history of SARS-CoV-2 infection (Figure 4-1B) with LIBRA-seq 

(Setliff et al., 2019a; Shiakolas et al., 2021b).  LIBRA-seq enables high-throughput mapping of B 

cell receptor sequence to antigen specificity for large numbers of B cells per sample against a 

diverse set of coronavirus antigens. The antigen specificity of the polyclonal plasma from this 

donor was largely similar to what was observed for the ten-donor cohort described above, with 

BNT162b2 immunization leading to the emergence of SARS-CoV-2-reactive IgM, IgA, and IgG 

antibodies (Figure 4-10A). While some reactivity with the closely related coronavirus SARS-

CoV was observed, little reactivity was observed against the more distantly related MERS-

CoV. Although SARS-CoV-2 S-reactive IgA and IgG were present at day 14 post-vaccine prime, 

neutralizing antibody titers were first detected at day 28 (7 days post-boost) at levels that 

remained largely unchanged at day 42 (Figure 4-10B).  

Using a LIBRA-seq antigen library consisting of DNA oligo-tagged S proteins from 

SARS-CoV-2, SARS-CoV-2 D614G, SARS-CoV, MERS-CoV, HCoV-HKU1, HCoV-OC43, as 

well as the negative control proteins, B cells were enriched for antigen-positive cells by FACS 

(Figure 4-11A) and mapped to their antigen reactivity profile utilizing a next-generation 

sequencing readout. Clonal lineage tracing of BCR sequences from each timepoint identified 

several clusters containing sequences with high LIBRA-seq scores for SARS-CoV-2 (>1) across 

multiple timepoints (Figure 4-11B). LIBRA-seq identified both B cells that were specific to 
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SARS-CoV-2 (henceforth referred to as SARS-CoV-2-only B cells) as well as B cells that were 

cross-reactive between SARS-CoV-2 and other coronaviruses (cross-reactive B cells) (Figure 

4-12). Both SARS-CoV-2-only and cross-reactive B cells showed a shift from IgM to IgG after 

vaccination, suggesting antigen-driven class switching (Figure 4-13C). IgM remained more 

prevalent than IgG in the cross-reactive B cell population, suggesting a stronger class-switching 

potential for SARS-CoV-2-only over cross-reactive B cells in response to vaccination. SARS-

CoV-2 cross-reactivity was primarily observed in HCoV-OC43-reactive IgM cells in this donor, 

although the overall levels of SARS-CoV-2 cross-reactive B cells generally decreased at later 

timepoints post-vaccination (Figure 4-13D). In contrast, the levels of SARS-CoV-2-only IgG+ B 

cells and IgG+ B cells that cross-reacted between SARS-CoV-2 and the closely related SARS-

CoV were substantially increased at days 14 and 42. Interestingly, while the levels of SARS-

CoV-2-reactive B cells peaked at day 14 for both the IgG and IgA isotypes, the IgA levels were 

reduced to near baseline at day 42, while IgG levels at day 42 were decreased but clearly 

present. Changes in B cell cross-reactivity and isotype abundance were also evident when 

analyzed at the single-cell level using antigen-specific LIBRA-seq scores as a metric for 

comparing antigen specificity evolution (Figure 4-13E). These results suggest an evolution in 

SARS-CoV-2 antibody specificity and cross-reactivity in response to BNT162b2 vaccination, 

supporting a model of immune progression from early prevalence of endemic cross-reactive IgM 

to more highly selective SARS-CoV-2 IgG production over time.  
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SARS-CoV-2-binding memory B cells and plasmablasts expand following BNT162b2 

vaccination 

 The LIBRA-seq B cell receptor sequence and antigen specificity data was further 

combined with RNA-seq to identify gene expression patterns and B cell subset identities of 

SARS-CoV-2-binding B cells over time following vaccination. Seurat and LIBRA-seq analyses 

were integrated to enable immune repertoire analysis within transcriptionally-defined B cell 

subsets. Nine clusters were identified by UMAP across all B cells based on gene expression 

profiles that represented naive, predominantly IgM memory (termed “memory”), predominantly 

IgA or IgG-switched memory (termed “switched memory”), or plasmablast populations (Figure 

4-14A, 4-14B).  Characteristic gene expression patterns defined each B cell subset (Figure 4-

14C, Figure 4-15A). Only a modest number of genes were differentially expressed in LIBRA-

seq predicted SARS-CoV-2-binding B cells relative to other members of those cell clusters 

(Figure 4-15B). These did include, however, selectively elevated CCR9, IgHM, and IGLC1 and 

decreased Galectin 1 (LGALS1) in the SARS-CoV-2-binding plasmablast populations, 

suggesting active migration and antibody production.  When combined with LIBRA-seq scores 

for putative antigen specificity, predicted SARS-CoV-2-binding B cells expressed a wide range 

of IGHV gene segments (Figure 4-15C).  Class-switching is associated with protective immune 

responses, thus further analyses focused on class-switched SARS-CoV-2-binding B cells.  

Consistent with plasmablast populations identified by T-REX analysis of B cell protein 

expression (Figure 4-7), LIBRA-seq suggested SARS-CoV-2-binding B cells were represented 

among both switched memory and plasmablast cell clusters (Figure 4-14D). Analysis of class-

switched, SARS-CoV-2-binding B cells revealed the majority had no or only modest degrees of 

somatic hypermutation, which did not increase with time (Figure 4-14E, Figure 4-15D).  By day 

14 a robust SARS-CoV-2 binding plasmablast population with limited somatic hypermutation 

was evident that diminished by day 42 after initial BNT162b2 vaccination (Figure 4-

15F).  These plasmablasts did not have significant LIBRA-seq cross-reactivity scores for 
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endemic coronaviruses but included plasmablasts selective for SARS-CoV-2 or with dual 

selectivity for SARS-CoV-2 and SARS-CoV (Figure 4-14G).  
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Integrated associations of antigen-specific cell and antibody responses to BNT162b2 

 To test associations of the antigen-specific CD4, CD8 T and B cell plasmablast 

populations and the antibody response to BNT162b2, the abundance of ICOS+CD38+ CD4 or 

CD8 and plasmablast cell populations were compared across donors (Figure 4-16A).  The 

CD4, CD8, and plasmablast populations were associated with each other to support a 

coordinated response. Further, plasmablast frequencies showed a trend towards significance 

and ICOS+CD38+ CD8 T cells correlated with eventual levels of SARS-CoV-2 specific IgG. The 

three donors with the lowest levels of neutralizing antibodies (red and pink) also had the lowest 

numbers of ICOS+CD38+ CD8 cells.  Intriguingly, donor 17 (red) had the lowest abundance of 
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ICOS+CD38+ CD8 cells and plasmablasts and was subsequently infected with SARS-CoV-

2.  While donor 17 represents a single case, the observation supports the idea that BNT162b2-

induced expansion of non-canonical memory ICOS+CD38+ CD4 and CD8 T cells may be 

critical to drive plasmablast expansion, antibody production, and protective immunity to SARS-

CoV-2. 

 We next examined the antibody sequence relationships of B cells elicited by vaccination 

from the longitudinally collected donor.  Interestingly, a cluster of antibody heavy chain 

sequences, referred to as cluster 720, was found to exhibit high similarity with public antibody 

sequences from the CoV AbDab database (Raybould et al., 2021) of individuals with natural 

COVID-19 infection (Figure 4-16B). Consistent with previous studies, this is indicative of a 

convergent B cell response from natural infection and vaccination (Chen et al., 2021a). 

Interestingly, however, despite the high similarity in heavy chain sequences, the members of 

cluster 720 utilized a diversity of light chain V-genes and CDRL3 sequences. The B cells from 

cluster 720 included sequences with IgM, IgA, and IgG isotypes, and originated from switched 

memory and plasmablast cell clusters (Figure 4-16C) that displayed only low to moderate 

degrees of somatic hypermutation (Figure 4-16B). Day 8 sequences from cluster 720 were an 

IgM isotype, whereas the sequences from days 14 and 42 appeared as IgG and IgA isotypes 

(Figure 4-16B). To characterize individual antibodies from cluster 720, we expressed heavy- 

and light- chain pairs as recombinant IgG for two members from diverse branches in the tree, 

720-3 (using IGKV3-15) and 720-17 (using IGKV3-20), and tested for reactivity against 

coronavirus S proteins. Consistent with their LIBRA-seq scores, these antibodies were cross-

reactive to SARS-CoV-2 and the closely related SARS-CoV but showed no reactivity to the 

endemic coronaviruses HCoV-HKU1 and HCoV-OC43 (Figure 4-16D). Epitope mapping 

experiments revealed that these two antibodies were specific to the S2 domain of spike (Figure 

4-16E, Figure 4-17).  
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DISCUSSION 

 Here we describe the antigen-specific cellular response and development of the specific 

antibody repertoire over time in a longitudinal cohort of healthy donor recipients of the 

BNT162b2 vaccine. Machine learning analyses of proteomic mass cytometry data and single 

cell sequencing of the SARS-CoV-2 S B cell repertoire identified antigen-specific CD4 T cell, 

CD8 T cell, B cell and plasmablast populations. PD1+CD38+ICOS+CXCR5- CD4 and CD8 T 

cells produced TNFα and IFN-γ in response to stimulation with SARS-CoV-2 S protein and 

shared features of memory or Tfh. The B-cell repertoire shifted from initial apparent cross-

reactivity with endemic coronavirus prior to immunization to a more SARS-CoV-2-selective 

response later, marked by expansion of IgA and IgG plasmablasts. Importantly, antigen-specific 

cell subsets identified early after boost correlated with sustained IgG antibody response at day 
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105, and both the CD4 and CD8 populations of ICOS+CD38+ T cells were deficient in a donor 

who later experienced a breakthrough SARS-CoV-2 infection.   

 Antigen-specific CD4 and CD8 T cells that drive the vaccine response were 

phenotypically distinct from canonical peripheral blood T cell populations. SARS-CoV-2 S 

protein specific CD4+ PD1+CD38+ICOS+CXCR5- did resemble CD38+ICOS+CXCR5- T cells 

previously identified following SARS-CoV-2 infection (Koutsakos et al., 2021) and a prior study 

of BNT162b2 vaccination (Samanovic et al., 2021), but had several previously undescribed 

characteristics. A subset of these antigen specific cells did express the Tfh transcription factor 

BCL6, and PD1+ICOS+ cTfh cells have been previously associated with vaccine responses 

(Cardeno et al., 2018; Herati et al., 2017; Huber et al., 2020). However, they lacked CXCR5 that 

is characteristic of Tfh and CD4 T cells produced IL-2 and TNFα when antigen-stimulated. The 

CD38+ICOS+ antigen specific population resemble rhinovirus-specific tissue homing memory 

CD4+ T cells that express CCR5 and CD38 and are associated with transcription factor TBET 

(Muehling et al., 2018) and may reflect extrafollicular PD-1+CXCR5- CD4+ T cells observed 

following viral infections (Wang et al., 2021d). Alternatively, these cells may include memory Tfh 

or IFN-γ-producing Thf1 populations that have down regulated CXCR5 in circulation as they 

enter a memory pool (Fang et al., 2018; Hale and Ahmed, 2015; Zhu and Zhu, 2020).  

CD38+ICOS+CXCR5- cells thus appear as antigen-experienced memory T cell that may be 

tissue homing and arise from multiple T cell subtypes, such as Th1 and Tfh CD4 T cells to be 

poised for long-lived anti-viral memory responses. 

In addition to induction of SARS-CoV-2 neutralizing antibodies (Khoury et al., 2021), 

cytotoxic T cell responses also contribute to vaccine-mediated protection. CD8+ T cells support 

life-long immunity against influenza (McMichael et al., 1983), EBV (Rickinson and Moss, 1997), 

and CMV (Currier et al., 2002), and induction of a robust CD8+ T cell response is an emerging 

focus in vaccine development (Estrada and Schultz-Cherry, 2019; McMichael, 2018). Here, we 

identified antigen-specific CD8+ PD1+CD38+ICOS+CXCR5- cytotoxic memory T cell population 
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capable of cytokine production in response to S antigenic peptides. Similar CD8+ T cells are 

induced by yellow-fever vaccination (Co et al., 2009) that can persist up to 25 years (Fuertes 

Marraco et al., 2015).  CD8+ PD1+CD38+ICOS+CXCR5- T cells described here may, therefore, 

also provide immunological memory for long-lasting protection against SARS-CoV-

2. Interestingly, cellular immunity may provide protection to individuals who mounted a 

suboptimal humoral antibody response and the donor with breakthrough SARS-CoV-2 infection 

failed to generate CD8+CD38+ICOS+ T cells. If confirmed in a larger cohort, 

CD8+CD38+ICOS+ T cells may provide a novel marker of successful immunization and 

protection following SARS-CoV-2 vaccination.  

SARS-CoV-2 S protein-specific B cells identified here exhibited similar phenotypic 

properties as previous studies. These include expression of the B cell activation marker CD71, 

an iron transport receptor that is commonly expressed on antigen-specific B cell subsets 

including in the context of vaccination (Ellebedy et al., 2016; Fuertes Marraco et al., 2015). 

Reports of CD71 expression after COVID-19 infection (Ahmadizar et al., 2020; Hartley et al., 

2020) are consistent with overlap of mRNA vaccination and natural SARS-CoV-2 infection. 

Limited pre-existing immunity to endemic coronaviruses prior to SARS-CoV-2 vaccination was 

detected in this study, albeit at varying levels between donors. Although a previous report noted 

an increased serological response in recovered COVID-19 individuals (Anderson et al., 2021), 

we noted only modest changes in HCoV-OC43 serology following vaccination. Instead, LIBRA-

seq antigen-specificity data showed an initial HCoV-OC43, SARS-CoV-2 cross-reactive IgM-

expressing B cell that decreased in frequency over time and evolved to development of IgA- and 

IgG-expressing B cells with greater SARS-CoV-2 specificity. Given HCoV-OC43 and HCoV-

HKU1 utilize different cell receptors for host entry, the lack of correlation between pre-existing 

coronavirus immunity and SARS-CoV-2 neutralization is not surprising. Instead, antibodies and 

memory B cells that target the more conserved S2 portion of spike may promote anti-viral 

function via Fc effector function mechanisms. Indeed, pre-existing immunity to the endemic 
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coronavirus HCoV-OC43 has been previously reported to associate with survival outcome from 

COVID-19 infection  (Kaplonek et al., 2021b).  Further investigation into this potential 

association is needed, given an independent study reporting no correlation of endemic 

coronavirus immunity and survival after COVID-19 infection (Anderson et al., 2021). 

The longitudinal characterization of the B cell repertoire of a BNT162b2-vaccinated 

donor revealed the presence of a cluster of public antibody heavy chain sequences with high 

similarity to antibody sequences observed in natural infection. These public heavy chain 

sequences were observed at multiple timepoints after vaccination, with IgM members identified 

at day 8, and IgG/IgA sequences identified at later timepoints, suggesting antigen-driven 

evolution of a public mode of SARS-CoV-2 spike recognition. Interestingly, despite the high 

similarity in heavy chain sequences, antibodies from this public cluster utilized a variety of 

different light chain V-genes and CDRL3 sequences, suggesting that the immune response to 

SARS-CoV-2 may utilize a combination of common heavy chain sequence characteristics that 

are important for antigen recognition, paired with a heterogeneous set of light chain sequences 

that may allow for additional diversification of the fine epitope specificities of responding B cells. 

The ability to increase the diversity in B cell responses, while retaining critical antigen 

interactions, may be an important tool that the human immune system utilizes for counteracting 

virus evasion mechanisms.  

Immunization with BNT162b2 in the donor cohort also resulted in a transient SARS-CoV-

2 IgA response.  While the polysaccharide pneumococcal vaccine can lead to a persistent IgA 

vaccine response (Parker et al., 2019), robust IgA responses are not generated by either the 

intramuscular influenza (Cox et al., 2004) or tetanus-diphtheria-acellular pertussis vaccine 

(Halperin et al., 2011).  IgA is critical in the SARS-CoV-2 early neutralizing antibody response 

(Sterlin et al., 2021) and was previously observed together with IgG in response to the SARS-

CoV-2 mRNA vaccine (Wisnewski et al., 2021).  Consistent with the development of protective 

immunity, antigen-binding B cells were IgG and IgA class-switched and primarily observed 
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among memory B cell and plasmablast subsets. The strong IgA response elicited by the SARS-

CoV-2 mRNA vaccines may arise as a consequence of single-stranded RNA directly stimulating 

B-cells (Meiler et al., 2008; Zheng et al., 2020) or activation of TLR7 on dendritic cells (Bessa et 

al., 2009).  Indeed, addition of a single-stranded RNA adjuvant to a traditional influenza vaccine 

generated mucosal immunity through a robust IgA response and provided more strain cross-

protection (Kim et al., 2020).   

This study uses unbiased machine learning and sequencing technologies to identify the 

antigen-specific cells and evolving antibody response to RNA-based vaccination against SARS-

CoV-2. The approach allowed isolation of live, virus-specific T cells that will facilitate further 

studies and development of new therapies.  The multi-compartment vaccine response induced 

by BNT162b2 may have important ramifications, particularly in immunocompromised 

populations.  Reduced humoral responses have been reported to SARS-CoV-2 infection or 

BNT162b2 in patients with solid organ transplant (Marinaki et al., 2021; Peled et al., 2021; 

Sattler et al., 2021b), cancer (Grivas et al., 2021), or immune-mediated inflammatory diseases 

(Furer et al., 2021; Mahil et al., 2021).  The identification of altered proteins or specific cell 

populations to serve as biomarkers for successful vaccination may provide important insight to 

monitor development and continued protection of these vulnerable populations.  While limited 

sample sizes here reduce statistical power for population level correlations and detailed 

outcomes, the unbiased identification of antigen-specific CD4, CD8, and B cell populations 

provides important insight into general mechanisms of RNA-based vaccines and the cellular 

basis for vaccine-induced antibodies and protection from SARS-CoV-2. 
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appropriate MTA approval.  Mass cytometry datasets in this manuscript have been deposited in 

FlowRepository (http://flowrepository.org/). 

 

MATERIALS AND METHODS 

 

Human subjects information 

IRB approval was obtained (VUMC 191562).  Informed consent was obtained, and a baseline 

health questionnaire was also completed.  Simple phlebotomy was performed either pre-vaccine 

(day 0), day 28-30, and day 95-100 OR pre-vaccine and days 8, 14, and 42 after initial 

BNT162b2 vaccination using sodium citrate mononuclear cell preparation (CPT) tubes.  All 

participants received two doses of vaccine 21 days apart.   

 

PBMC and plasma isolation 

CPT tubes were spun at 1600 RCF for 20 minutes.  The plasma layer was carefully removed, 

transferred to a conical vial, spun at 600g for 10 minutes, and the supernatant transferred to 

microtubes in 1 mL aliquots.  Plasma was stored at -80°C until further use.  Buffy coat was 

divided amongst two clean conical tubes.  CPT tubes were rinsed with 1 mL PBS (Gibco), and 

the total volume in the conical was increased to 15cc.  Cells were pelleted at 600g for 10 

minutes.  Cell pellets were combined and washed with 10cc PBS, and then cells were pelleted 

again at 600g for 10 minutes.  PBS was discarded, and the pellet was re-suspended in 3mL 

ACK buffer (Gibco) for 5 minutes.  10 mL of PBS was added to the ACK cell suspension, and 

cells were pelleted for 10 minutes at 600g.  Cells were resuspended in PBS, strained through a 

cell strainer (Falcon) and counted using an ACT Diff hematology analyzer (Beckman Coulter).  

Cells were pelleted by centrifugation at 600g for 10 minutes and resuspended in heat-

inactivated FBS (Gibco) containing 10% DMSO (Sigma-Aldrich) at a concentration of 5 million 
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cells/mL in cryovials (Nalgene).  Cryovials were frozen overnight to -80°C using Mr. Frosty 

freezing containers (Nalgene) and then transferred to liquid nitrogen for long-term storage.   

 

Mass cytometry PBMC staining 

Metal-tagged antibodies were purchased from Fluidigm. Cell labeling and mass cytometry 

analysis were performed as previously described (Ferrell et al., 2016; Greenplate et al., 2016). 

Briefly, cells were incubated with a viability reagent (Cell ID Intercalator-Rh; Fluidigm), per the 

product literature. Then cells were washed in PBS without calcium or magnesium (Gibco, 

Thermo Fisher Scientific) containing 1% BSA (Thermo Fisher Scientific) and stained in 50 μL 

PBS and BSA 1%–containing antibody cocktail for extracellular targets. Cells were stained for 

30 minutes at room temperature using the antibodies listed in Supplemental Table 3. Cells were 

washed in PBS and BSA 1% and then fixed with 1.6% paraformaldehyde (Electron Microscopy 

Sciences). Cells were washed once in PBS and permeabilized by resuspension in ice-cold 

methanol. After incubation overnight at −20°C, cells were washed with PBS and BSA 1% and 

stained in 50 μL PBS and BSA 1%–containing antibody cocktail for intracellular targets. Cells 

were washed in PBS and BSA 1%, then washed with PBS and stained with an iridium DNA 

intercalator (Fluidigm) for 20 minutes at room temperature. Finally, cells were washed with PBS 

and with diH2O before being resuspended in 1× EQ Four Element Calibration Beads (Fluidigm) 

and collected on a Helios mass cytometer (Fluidigm) at the Vanderbilt Flow Cytometry Shared 

Resource Center. Events were normalized as previously described (Finck et al., 2013). 

 

Mass cytometry data analysis 

After normalization, CYTOF data were scaled with an arcsinh transformation, with an 

appropriate cofactor set for each channel following standard procedures for fluorescence and 

mass cytometry data (Irish et al., 2010). Data were then manually gated for removal of atypical 
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events (Roe et al., 2020). After quality control gating, a UMAP analysis was performed on the 

cleaned-up samples using the surface markers in each panel. Metabolic markers, ki67, iridium, 

and rhodium were not used to create the UMAP. The resulting common, 2-dimensional 

embedding of the data was used for visualization and selection of either CD3+ T cells (from T 

cell panel data) or B cells (from B cell panel data) for further downstream analysis. A common t-

SNE analysis was done on all 10 donor samples using the same markers used to create the 

UMAP on either the CD3+ T cells or B cells extracted from their respective UMAP. After the t-

SNE, equally sampling was done on each donor pair. The 10 donor samples were then 

combined for a T-REX comparison of day 0 and day 28 data (Barone et al., 2020a).  MEM was 

used to quantify enriched features in each region of significant change (Diggins et al., 2017).  

Comparisons of population frequencies pre- and post-vaccination as well as correlations 

between post-vaccine cell frequencies and IgG titers were done in GraphPad Prism version 9.0.  

Populations were compared using Mann-Whitney U tests.  Statistical correlations were 

determined using Pearson correlations.  P values less than 0.05 were considered statistically 

significant. 

 

In vitro characterization of CD38+ICOS+ cells 

To quantify CD38+ICOS+ CD4 and CD8 T cells, PBMCs were first resuspended with Human 

TruStain Fcx (Biolegend) for 10 minutes at room temperature and then stained with the 

following antibodies in FACS buffer (PBS+ 2% fetal bovine serum): CD8a e450 (Invitrogen 48-

0086-42, 1:200) ICOS BV605 (Biolegend 313538, 1:50), CCR7 PE (Biolegend 353204, 1:200), 

CD38 PerCP (Biolegend 303520, 1:100), CD4 PECy7 (Biolegend 357410, 1:100), and CD3 

APCCy7 (Biolegend 300318, 1:200). Cells were analyzed on a Miltenyi MACSQuant16 Analyzer 

with single-stain control PBMC samples used for compensation conducted in FlowJo v10.6.2.  
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Stimulation of ICOS+CD38+ and ICOSloCD38lo populations with SARS-CoV-2 S protein 

The same staining procedure was used for FACS of ICOS+CD38+ and ICOSloCD38lo 

populations on a BD FACSAria III instrument in the Vanderbilt University Medical Center Flow 

Cytometry Shared Resource Core. Sorted cells were stained with 1uM CellTraceViolet (CTV) 

(ThermoFisher) for 20 minutes and then cultured with autologous unlabeled PBMC samples 

from day 0 (pre-vaccination) samples. Before adding CTV-labeled cells to PBMCs for activation, 

PBMCs were CD3-depleted by positive selection (CD3 Microbeads, Miltenyi Biotec) and purity 

of CD3 depletions were assessed by flow cytometry. Cells were cultured in Human Plasma-like 

Media (HPLM) (Cantor et al., 2017) + 1% pen/strep + 5% dialyzed serum (Sigma Aldrich). For 

SARS-CoV-2 peptide stimulation, cultures were treated with Peptivator SARS-CoV2 Prot_S 

peptide pool (Miltenyi Biotec #130-126-700) in a 48-well plate format for 2 days.  

 

For cytokine staining, cells were either stimulated with PMA (1ug/ml) and ionomycin (750ng/ml) 

for 5 hours, or restimulated on day 11 in 96-well plates with 2.5ug/ml recombinant SARS-CoV-S 

protein S1 (Biolegend 792906, carrier-free) for 8h in the presence of 1ug/ml Golgiplug and 

0.7ug/ml Golgistop. Peptivator-stimulated cultures were treated with Golgiplug/Golgistop 

overnight after 2 days of activation. Cells were surface stained in FACS buffer, fixed with 1.5% 

paraformaldehyde for 10 minutes, and permeabilized with methanol for 20 minutes on ice. 

Additional intracellular antibodies were: TNF-a AF488 (Biolegend 502915, 1:100), IFN-g APC 

(Invitrogen 17-7319-82, 1:100) IL-2 AlexaFluor 700 (Biolegend 500320, 1:150), granzyme b 

FITC (Biolegend 515403, 1:100), phospho-S6 APC Ser235/236 (Invitrogen 17-9007-42, 1:80), 

Bcl-6 FITC (Biolegend 358513, 1:100), and Glut-1 AlexaFluor 647 (Abcam ab115730, 1:300). 

Cytokines measured from PBMC supernatants were collected after 4 days of incubation with S 

protein and concentrations were predicted using a standard curve in the LEGENDplex assay 

(Miltenyi Biotec 741028).  
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Flow cytometric in vitro data analysis 

Group comparisons were performed using GraphPad Prism version 9.0.  Populations were 

compared using Mann-Whitney U tests.  P values less than 0.05 were considered statistically 

significant. 

Recombinant expression and purification of coronavirus antigens 

Plasmids encoding residues 1–1208 of the SARS-CoV-2 spike with a mutated S1/S2 cleavage 

site, proline substitutions at positions 817, 892, 899, 942, 986 and 987, and a C-terminal T4-

fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 S HP); 1–1208 of 

the SARS-CoV-2 spike with a mutated S1/S2 cleavage site, proline substitutions at positions 

817, 892, 899, 942, 986 and 987, as well as mutations L18F, D80A, L242-244L del, R246I, 

K417N, E484K, N501Y, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a 

TwinStrepTag (SARS-CoV-2 S HP Beta); 1–1208 of the SARS-CoV-2 spike with a mutated 

S1/S2 cleavage site, proline substitutions at positions 817, 892, 899, 942, 986 and 987, as well 

as mutations 69-70del, Y144del, N501Y, A570D, P681H, and a C-terminal T4-fibritin 

trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV-2 S HP Alpha); residues 1-

1190 of the SARS-CoV spike with proline substitutions at positions 968 and 969, and a C-

terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag (SARS-CoV S-2P); 

residues 1-1291 of the MERS-CoV spike with a mutated S1/S2 cleavage site, proline 

substitutions at positions 1060 and 1061, and a C-terminal T4-fibritin trimerization motif, an 

AviTag, an 8x HisTag, and a TwinStrepTag (MERS-CoV S-2P Avi); residues 1-1277 of the 

HCoV-HKU1 spike with a mutated S1/S2 cleavage site, proline substitutions at positions 1067 

and 1068, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a TwinStrepTag 

(HCoV-HKU1 S-2P); residues 1-1278 of the HCoV-OC43 spike with proline substitutions at 

positions 1070 and 1071, and a C-terminal T4-fibritin trimerization motif, an 8x HisTag, and a 

TwinStrepTag (HCoV-OC43 S-2P); were transiently transfected into FreeStyle293F cells 
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(Thermo Fisher) using polyethylenimine. For all antigens with the exception of SARS-CoV-2 S 

HP, cells were treated with 1 µM kifunensine to ensure uniform glycosylation three hours post-

transfection. Transfected supernatants were harvested after five days of expression. SARS-

CoV-2 S HP, SARS-CoV S-2P, MERS-CoV S-2P, HCoV-HKU1 S-2P and HCoV-OC43 S-2P 

were purified using StrepTrap columns. SARS-CoV-2 S HP, SARS-CoV-2 S HP Beta, SARS-

CoV-2 S HP Alpha, SARS-CoV S-2P, MERS-CoV S-2P, HCoV-HKU1 S-2P and HCoV-OC43 S-

2P were purified over a Superose6 Increase column (GE Life Sciences). 

 

Recombinant expression and purification of ZM197 Env and NC99 Hemagglutinin 

Recombinant, soluble HIV-1 gp140 SOSIP trimer from strain ZM197 (clade) containing an 

AviTag and recombinant NC99 HA protein consisting of the HA ectodomain with a point 

mutation at the sialic acid-binding site (Y98F) to abolish non-specific interactions, a T4 fibritin 

foldon trimerization domain, AviTag, and hexahistidine-tag, were expressed in Expi 293F cells 

using polyethylenimine transfection reagent and cultured. FreeStyle F17 expression medium 

supplemented with pluronic acid and glutamine was used. The cells were cultured at 37°C with 

8% CO2 saturation and shaking. After 5-7 days, cultures were centrifuged and supernatant was 

filtered and run over an affinity column of agarose bound Galanthus nivalis lectin. The column 

was washed with PBS and antigens were eluted with 30 mL of 1M methyl-a-D-

mannopyranoside. Protein elutions were buffer exchanged into PBS, concentrated, and run on a 

Superdex 200 Increase 10/300 GL Sizing column on the AKTA FPLC system. 

Biotinylation of antigens 

Constructs containing an Avi-tag (ZM197 Env and HA NC99) were biotinylated using the site-

specific biotinylation kit according to manufacturer instructions (Avidity LLC.) All other antigens 

not containing an Avi-tag were non-specifically biotinylated using the EZ-Link Sulfo-NHS-Biotin 

kit at a 50:1 biotin:protein molar ratio. 
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DNA-barcoding of antigens 

We used oligos that possess 15 bp antigen barcode, a sequence capable of annealing to the 

template switch oligo that is part of the 10X bead-delivered oligos, and contain truncated 

TruSeq small RNA read 1 sequences in the following structure: 5’-

CCTTGGCACCCGAGAATTCCANNNNNNNNNNNNNCCCATATAAGA*A*A-3’, where Ns 

represent the antigen barcode. We used the following antigen barcodes: 

GCAGCGTATAAGTCA (SARS-CoV-2 S HP), GACAAGTGATCTGCA (SARS-CoV-2 S HP 

D614G), GCTCCTTTACACGTA (SARS-CoV S), GGTAGCCCTAGAGTA (MERS-CoV S), 

TGTGTATTCCCTTGT (HCoV-HKU1 S), AGACTAATAGCTGAC (HCoV-OC43 S), 

TCATTTCCTCCGATT (ZM197 EnV), CTTCACTCTGTCAGG (HA NC99), Oligos were ordered 

from IDT with a 5’ amino modification and HPLC purified. 

For each antigen, a unique DNA barcode was directly conjugated to the antigen itself. In 

particular, 5’amino-oligonucleotides were conjugated directly to each antigen using the Solulink 

Protein-Oligonucleotide Conjugation Kit (TriLink cat no. S-9011) according to manufacturer’s 

instructions. Briefly, the oligo and protein were desalted, and then the amino-oligo was modified 

with the 4FB crosslinker, and the biotinylated antigen protein was modified with S-HyNic. Then, 

the 4FB-oligo and the HyNic-antigen were mixed together. This causes a stable bond to form 

between the protein and the oligonucleotide. The concentration of the antigen-oligo conjugates 

was determined by a BCA assay, and the HyNic molar substitution ratio of the antigen-oligo 

conjugates was analyzed using the NanoDrop according to the Solulink protocol guidelines. 

AKTA FPLC was used to remove excess oligonucleotide from the protein-oligo conjugates, 

which were also verified using SDS-PAGE with a silver stain. Antigen-oligo conjugates were 

also used in flow cytometry titration experiments.  
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Antigen specific B cell sorting 

Cells were stained and mixed with DNA-barcoded antigens and other antibodies, and then 

sorted using fluorescence activated cell sorting (FACS). First, cells were counted and viability 

was assessed using Trypan Blue. Then, cells were washed three times with DPBS 

supplemented with 0.1% Bovine serum albumin (BSA). Cells were resuspended in DPBS-BSA 

and stained with cell markers including viability dye (Ghost Red 780), CD14-APC-Cy7, CD3-

FITC, CD19-BV711, and IgG-PE-Cy5. Additionally, antigen-oligo conjugates were added to the 

stain (1 µg of every antigen except for HA NC99 and HCoV-HKU1 S which were added at 0.1 

µg). After staining in the dark for 30 minutes at room temperature, cells were washed three 

times with DPBS-BSA at 300 g for five minutes. Cells were then incubated for 15 minutes at 

room temperature with Streptavidin-PE to label cells with bound antigen. Cells were washed 

three times with DPBS-BSA, resuspended in DPBS, and sorted by FACS. Antigen positive cells 

were bulk sorted and delivered to the Vanderbilt Technologies for Advanced Genomics 

(VANTAGE) sequencing core at an appropriate target concentration for 10X Genomics library 

preparation and subsequent sequencing. FACS data were analyzed using FlowJo. 

 

Sample preparation, library preparation, and sequencing 

Single-cell suspensions were loaded onto the Chromium Controller microfluidics device (10X 

Genomics) and processed using the B-cell Single Cell V(D)J solution according to 

manufacturer’s suggestions for a target capture of 10,000 B cells per 1/8 10X cassette, with 

minor modifications in order to intercept, amplify and purify the antigen barcode libraries as 

previously described (Setliff et al., 2019b). 
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NGS processing and bioinformatic analysis 

We utilized our previously described pipeline to use paired-end FASTQ files of oligo libraries as 

input, process and annotate reads for cell barcode, UMI, and antigen barcode, and generate a 

cell barcode - antigen barcode UMI count matrix (Shiakolas et al., 2021b). BCR contigs were 

processed using Cell Ranger (10X Genomics) using GRCh38 as reference. Antigen barcode 

libraries were also processed using Cell Ranger (10X Genomics). The overlapping cell 

barcodes between the two libraries were used as the basis of the subsequent analysis. We 

removed cell barcodes that had only non-functional heavy chain sequences as well as cells with 

multiple functional heavy chain sequences. Additionally, we aligned the BCR contigs 

(filtered_contigs.fasta file output by Cell Ranger, 10X Genomics) to IMGT reference genes using 

HighV-Quest (Alamyar et al., 2012). The output of HighV-Quest was parsed using Change-O 

(Gupta et al., 2015a). and merged with an antigen barcode UMI count matrix. Finally, we 

determined the LIBRA-seq score for each antigen in the library for every cell as previously 

described (Setliff et al., 2019b). 

 

LIBRA-seq data quality control filtering 

Cells were filtered based on multiple criteria for further analysis. Cells were only included if the 

sum of all antigen UMI counts for a particular cell barcode was greater than 4. All cells that met 

these criteria from pre, day 8, day 14, and day 42 time points were combined. Then, we 

removed cells from the dataset that had multiple heavy chains or multiple light chains 

associated with a single cell barcode. Then, LIBRA-seq scores were generated (8). Briefly, a 

pseudocount of 1 was added to each antigen UMI count, and then centered-log ratios (CLR) 

were calculated for each antigen UMI count for each cell. Then, an antigen-wise z-score 

transformation was applied. After performing the LIBRA-seq score calculation, cells were filtered 

out if they fulfilled any of the following criteria: (1) Max UMI among all antigens less than or 
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equal to 30, (2) ZM197 UMI counts greater than or equal to 30, (3) HA UMI counts greater than 

or equal to 30, (4) MERS UMI counts greater than 10 times the max UMI of other CoV in that 

cell, or (5) 10 times ZM197 UMI counts greater than the max UMI of non-MERS CoV in that 

cell. Figure 4-11B and Figure 4-16B were generated using the pre-filtered data. Figure 4-12 

and Figure 4-13C-E used post-filtered data.  

 

Antibody sequence clustering 

Using pre-filtered data, cells from multiple timepoints were combined together to identity highly 

similar antibody sequences between timepoints. Single-linkage clustering was performed using 

Change-O (Gupta et al., 2015a) with the criteria of same VH- and JH-gene usage, same 

junction and CDRH3 length and 80% CDRH3 nucleotide sequence identity. 

 

Phylogenetic tree visualization 

For the selected cluster 720, phylogenetic analysis was performed to understand the heavy 

chain sequence similarities. The sequences from cluster 720 used IGHV3-30-3 and IGHJ4 

genes and included 18 members from 3 different post-vaccination timepoints. The cluster 720 

heavy chain sequences were compared to sequences from the Coronavirus antibody database 

(CoV-AbDab) to identify antibodies with high sequence similarity (based on same VH-and JH-

gene usage and 70% CDRH3 amino acid sequence identity) to at least one member of cluster 

720. This resulted in the identification of 14 antibody sequences that fulfilled the similarity 

criteria with the cluster 720 sequences. To generate a phylogenetic tree of these public 

sequences, the tree was rooted on a putative germline sequence that was generated using the 

IGHV3-30-3 gene, a consensus CDRH3 sequence based on the cluster 720 members with 
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100% germline gene identity, and the IGHJ4 J-gene for framework 4. The tree was visualized 

using the Dendroscope tool (Huson and Scornavacca, 2012). 

Plasma serology ELISAs 

100 µL of antigen was plated at a concentration of 500 ng/µL in PBS overnight at 4ºC. The 

following day plates are washed with 1X PBS and 0.1% Tween-20 (PBS-T) and then blocked 

with 5% non-fat dry milk (NFDM). After an hour blocking at 1 hour at RT, plates are washed 3X 

with PBS-T and plasma is diluted in 1% NFDM PBS-T at a top concentration of 1:67 followed by 

7 3-fold dilutions. The plates were incubated at RT for 1 hour and then washed three times in 

PBST. The secondary antibody was added in 1% NFDM in PBS-T to the plates, which were 

incubated for one hour at RT. Plates were washed three times with PBS-T and then developed 

by adding TMB substrate to each well. The plates were incubated at room temperature for ten 

minutes, and then 1N sulfuric acid was added to stop the reaction. Plates were read at 450 nm. 

 

Plasma VSV SARS-CoV-2 neutralization assay 

In brief, 100uL of plasma samples are heat inactivated at 570C for 1hr and starting at 1:25 

dilution eight 2-fold serial dilutions were made with DMEM supplemented with 2% FBS. To 

determine neutralizing activity of plasma/serum , we used real-time cell analysis (RTCA) assay 

on an xCELLigence RTCA MP Analyzer (ACEA Biosciences Inc.) that measures virus-induced 

cytopathic effect (CPE). Briefly, 50 μL of cell culture medium (DMEM supplemented with 2% 

FBS) was added to each well of a 96-well E-plate using a ViaFlo384 liquid handler (Integra 

Biosciences) to obtain background reading. A suspension of 18,000 Vero cells in 50 μL of cell 

culture medium was seeded in each well, and the plate was placed on the analyzer. 

Measurements were taken automatically every 15 min, and the sensograms were visualized 

using RTCA software version 2.1.0 (ACEA Biosciences Inc). VSV-SARS-CoV-2 (0.01 MOI, 

~120 PFU per well) was mixed 1:1 with a dilution of plasma/serum in a total volume of 100 μL 



142 
 

using DMEM supplemented with 2% FBS as a diluent and incubated for 1 h at 37°C in 5% CO2. 

At 16 h after seeding the cells, the virus-plasma/serum mixtures were added in replicates to the 

cells in 96-well E-plates. Triplicate wells containing virus only (maximal CPE in the absence of 

mAb) and wells containing only Vero cells in medium (no-CPE wells) were included as controls. 

Plates were measured continuously (every 15 min) for 48 h to assess virus neutralization. 

Normalized cellular index (CI) values at the endpoint (48 h after incubation with the virus) were 

determined using the RTCA software version 2.1.0 (ACEA Biosciences Inc.). Results are 

expressed as percent neutralization in a presence of respective plasma/serum relative to control 

wells with no CPE minus CI values from control wells with maximum CPE. RTCA IC50 values 

were determined by nonlinear regression analysis using Prism software. 

 

Single-cell RNA-seq analysis 

Single-cell analysis was performed using Seurat v4.0.0 (Satija et al., 2015). Cells with fewer 

than 200 RNA features that contained greater than 10% mitochondrial genes were removed. 

Immunoglobulin VH, Vκ, and Vλ genes were removed prior to UMAP clustering of RNAseq data 

to prevent them from driving transcriptionally-defined clusters. LIBRA-seq scores were used to 

identify SARS-CoV-2-binding B cells. B cell subset identities were assigned to clusters based on 

transcriptional profiles that were consistent with other studies defining these populations. The 

Seurat FindMarkers function, which uses a non-parametric Wilcoxon rank sum test, was used to 

identify differentially expressed genes between SARS-CoV-2-binding B cells and non-SARS-

CoV-2-binding B cells within each transcriptionally-defined cluster. VDJ data were processed via 

CellRanger, IMGT/HighV-QUEST, and CHANGE-O, as outlined above to assign V genes, 

isotypes, and calculate percent VH somatic hypermutation. 
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THESIS SUMMARY  

 The emergence and continued development of SARS-CoV-2 since its original 

identification in December 2019 poses a significant threat until herd immunity is established 

whether that be from vaccination, natural infection or the combination of both. Despite a broad 

collection of medical countermeasures as well as highly efficacious vaccines, the currently 

circulating VOCs loom large, particularly their potential to escape coronavirus immune 

mechanisms. The continued investigation of monoclonal antibodies insensitive to mutation 

pressure is one critical direction to have a pool of existing medical countermeasures in the event 

of more transmissible variants. Further investigation into the vaccine response generated by 

novel mRNA formulations as well as the impact of endemic coronaviruses and their implications 

for the design of pan-coronavirus vaccine templates are other significant areas of research to 

enhance coronavirus global pandemic preparedness. In this dissertation, I sought to study the 

B-cell human response to coronavirus infection investigating both the cross-reactive repertoire 

with multiple coronaviruses as well as SARS-CoV-2 specificity for the development of potential 

therapeutic molecules. Additionally, in response to a global vaccination effort I aimed to 

characterize the B and T cell mounted vaccine response against the first of its kind mRNA-

based formulation. 

 First, I pioneered an antibody discovery effort to characterize the implications of 

coronavirus cross-reactivity from a donor who survived SARS-CoV infection. I utilized LIBRA-

seq to deconvolute monoclonal specificity of B cells from this donor using spike antigens from 

both endemic and pandemic coronaviruses. This resulted in a set of lead candidates that 

displayed a broad cross-reactivity profile to a number of different coronaviruses. Epitope 

mapping experiments revealed these antibodies bound to distinct domains of the spike protein 

and performed a spectrum of Fc effector functions in vitro. Additionally, two select candidates 

reduced pathological burden of mice in a SARS-CoV-2 mouse adapted strain infection model. 
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Although these antibodies likely do not make suitable clinical candidates, the basis for the 

cross-reactivity profile conserved across different coronaviruses could have profound 

implications for pan-coronavirus vaccine design. 

 In another direction of this dissertation, I used LIBRA-seq to identity potently neutralizing 

SARS-CoV-2 antibodies which may be applicable to clinical therapeutic development efforts. To 

perform this campaign, I screened donor PBMCs from a survivor of COVID-19 80 days after 

infection onset. From this effort, I identified and characterized a small panel of antibodies with a 

high LIBRA-seq score for SARS-CoV-2 spike. Neutralization assays revealed a spectrum of 

potency for a subset of the monoclonal antibodies including one, 54042-4, that displayed 

potently neutralizing activity in a VSV SARS-CoV-2 system at 9 ng/mL. Given this value is 

consistent with antibody therapeutics authorized for emergency use by the FDA, we decided to 

characterize the structural and functional properties in more detail. Binding and structural data, 

including a 2.7 angstrom cryo-EM structure revealed an epitope on SARS-CoV-2 spike 

insensitive to substitutions in currently circulating variants of concern. Consistent with our 

structural data, antibody 54042-4 neutralizes the alpha, beta, gamma, and delta VOCs further 

motivating its development as a therapeutic countermeasure against SARS-CoV-2. 

 In another application of LIBRA-seq, I tracked the development of coronavirus B cell 

immunity at monoclonal resolution across longitudinal time points of SARS-CoV-2 mRNA 

vaccination. Along with repertoire level analysis by sequencing, I also employed whole 

transcriptome analysis of vaccine-induced B cells as well as proteomic characterization of both 

T and B cells using mass cytometry. Systems level repertoire analysis revealed a change in pre-

existing coronavirus immunity from endemic coronaviruses to mostly SARS-like coronavirus 

immunity including both SARS-CoV and SARS-CoV-2 across the time course of vaccination. At 

the cell surface expression level, mass cytometry revealed notable enrichment of cell subsets 

particularly ICOS+ CD38+ CD8 and CD4 and CD8 T cells as well as CD38+, CD71+ B cell 
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plasmablast populations. We noted a varied frequency of these cell subsets in the studied donor 

cohort, however, interestingly one donor who did not develop neutralizing titer or a robust 

cellular response encountered a breakthrough infection despite being fully vaccinated. Although 

this study is derived from a small patient cohort, the study implications have the potential to 

inform future vaccine-induced immune responses or future mRNA formulations for other disease 

indications. 

  

CAVEATS 

Cross-reactive antibody characterization 

In the context of cross-reactive coronavirus antibodies, we missed a key element of this 

phenomenon in relation to MERS-CoV. Unfortunately, due to an expedited experimental 

timeline because of laboratory shutdowns during the beginning of the pandemic, we were not 

able to perform as rigorous of quality control on our LIBRA-seq antigen probes and we had to 

disregard MERS-CoV as well as MERS-CoV S1 proteins from our downstream analysis due to 

atypical reactivity patterns. Cross-reactivity patterns between pandemic coronaviruses that do 

not share significant sequence homology or utilize the same host cell receptor such as MERS-

CoV would be of enormous value to the field. A better understanding of conserved elements 

shared among coronaviruses with severe clinical pathologies has the potential to further inform 

pan-coronavirus vaccine efforts. 

In vivo animal model study design 

In Chapter II detailing the characterization of non-neutralizing coronavirus antibodies with 

effector functions, the animal study design is a large limitation. Intact Fc effector function has 

been demonstrated to be critical in animal studies when given in a therapeutic setting, rather 

than prophylaxis preceding viral challenge (Winkler et al., 2021). These observations suggest 
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that we missed a window to observe a benefit in the mouse adapted SARS-CoV-2 in vivo model 

when tested in prophylaxis rather than in a therapeutic setting. 

B cell subtype selection 

Antigen specific B cell sorting is a powerful tool to isolate B cells from infection or vaccination 

donors for both systems level and monoclonal antibody characterization. One caveat of this 

approach, however, is the reliance on surface-bound immunoglobulin. In the context of chronic 

infections such as HIV-1 or influenza, long-lived memory B cells which retain surface IgG can be 

readily isolated to track the immune compartment in response to infection and further find 

interesting potential therapeutic antibodies (Setliff et al., 2018; Setliff et al., 2019a). In response 

to recent infection or vaccination, however, other B cell subsets lacking surface Ig such as 

plasmablasts and plasma cells are not captured in antigen-specific sorting schemes. Even in the 

context of chronic infection, enrichment for antigen positive cells by FACS may lose resolution 

of long-lived plasmablasts and plasma cells which are critical mediators of the durable immune 

response against invading pathogens (Brynjolfsson et al., 2018; Hammarlund et al., 2017) due 

to the low amount of surface Ig rendering it unable to be sorted due to surface bound 

fluorescent antigen. A potential solution to this limitation would be splitting samples in two and 

utilizing one portion for antigen-specific B cell sorting and the other for paired NGS which can 

resolve clonally related cells at a much larger sequencing depth providing information on all 

populations of B cells. Another method to achieve the same goal could utilize whole 

transcriptomic analysis with paired heavy and light chain NGS sequencing to acquire B cell 

subset information and determine its relation to a memory B cell identified from antigen-specific 

sorting. 
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FUTURE DIRECTIONS 

Further characterization of antibody 54042-4 

Chapter III details significant structural and functional characterization of antibody 54042-4, but 

to fully motivate its further development as a therapeutic animal studies testing protection must 

be assessed. Plans are currently underway to investigate the administration of 54042-4 in a 

therapeutic setting against viral challenge with a mouse adapted strain of SARS-CoV-2. 

Challenge studies using VOC viruses would also be of high interest given the neutralization 

profile, however, given the comparable potencies for 54042-4 against each variant in vitro, the 

demonstration of protection against the USA-WA1 ancestral strain may be sufficient. Another 

crucial characterization piece for antibody 54042-4 is neutralization escape experiments. Jesse 

Bloom’s lab developed an elegant escape mutant selection system to treat wild-type virus with 

saturating concentrations of antibody and after rounds of replication, viruses encoding specific 

mutations can be tracked via a sequencing readout (Starr et al., 2020). Knowledge of mutations 

that reduce the effectiveness of 54042-4 would guide efforts for clinical utility as well as inform 

decisions to include as a cocktail of antibodies targeting distinct epitopes and producing non-

overlapping escape mutations as previously done with clinical EUA candidates (Greaney et al, 

2021; Hansen et al., 2020). 

 

LIBRA-seq antibody discovery technology development 

 

Antibody discovery efforts continually raise the bar for efficiency and productive campaigns to 

save both time and precious resources. To that end, I contributed a significant effort to an 

adaptation of LIBRA-seq which involves a functional readout of antigen-specific B cells rather 

than just antigen specificity (Shiakolas et al., 2021a). We used SARS-CoV-2 spike and ACE2 as 

a model system to resolve ligand blocking antibodies at the single-cell level. This effort resulted 
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in a substantial increase in the identification rate for neutralizing antibodies by prioritizing 

antibodies predicted to block ACE2 from the LIBRA-seq readout. To take this application a step 

further, I propose to expand the antigen-screening library to include six “SARS-like” 

coronaviruses (all of which utilize ACE2 for their host receptor) to screen for broadly-reactive 

neutralizing antibodies. A small collection of these antibodies has been described in the field, 

including a few currently being investigated in clinical trials (Pinto et al., 2020; Rappazzo et al., 

2021; Starr et al., 2021; Tortorici et al., 2021). This technology adaptation would not only 

produce antibodies with clinical relevance given the possibility of another SARS-like coronavirus 

emergence, but the discovered antibodies could also inform vaccine design efforts to generate 

pan-coronavirus immunity.  

Another application of LIBRA-seq that could be applied to any antibody/antigen target, rather 

than just coronavirus, is the identification of competitor molecules. This would involve a target 

antigen and antibody of interest each labeled with a DNA oligo and then applied to B cell source 

of interest. Antigen-specific B cells identified by LIBRA-seq that display an enrichment for the 

antibody barcode would suggest a non-competitive antibody, but a B cell with a lower barcode 

score for the target antibody may identify an antibody with a competitive epitope. This LIBRA-

seq adaptation has the potential to further increase the efficiency of lead identification 

particularly in the context of the pharmaceutical industry where biosimilar molecules are now 

replacing billion dollar antibody therapies going off patent such as anti-VEGF Bevacizumab 

(Thatcher et al., 2019) and anti-TNF-α Adalimumab (Frampton, 2018). 

Longitudinal screening of COVID-19 vaccinees 

One of the biggest outstanding questions in not only the scientific community, but also society is 

the efficacy and long-term immunity generated by SARS-CoV-2 vaccination. Recent evidence 

supports the durability of SARS-CoV-2 IgG and neutralization titer as far as 119 days post-

vaccination. Characterization of the B cell memory compartment post-vaccination remain 



149 
 

understudied, however the demonstrated longevity of RBD-specific memory B cells 8 months 

post COVID-19 infection (Dan et al., 2021) is encouraging for long term vaccine-based 

immunity. To this end I propose to utilize the same donor cohort studied a in chapter IV to better 

understand the memory contributions from both B and T cells. From pre-vaccine and post boost 

aliquots, I would perform B and T cell NGS to resolve the baseline post-boost repertoires for 

comparison to time points collected 9-12 months post vaccination. As outlined in the caveats 

section above, the use of NGS may resolve plasmablasts and plasma cells that are not 

captured during antigen-specific B cell sorting. Utilizing these samples, I would perform SARS-

CoV-2 antigen-specific B cell sorting and SARS-CoV-2 peptide pool MHC tetramer staining to 

study the immune repertoire post-vaccination. Further, using computational tools I would 

measure the sequence relatedness in each population shared among each donor. The 

“publicness” of an immune response as studied in multiple disease indications as well as 

vaccination (Jackson et al., 2014; Parameswaran et al., 2013; Setliff et al., 2018) can inform 

population-level data of the direction of antigen-specific immunity. Further application of this 

effort would be the characterization of shared clonotypes in B cells and T cells and their 

reactivity against circulating variants of concern. Shared clonotypes in the context of COVID-19 

infection and vaccination have been studied previously (Sahin et al., 2021; Wang et al., 2021b) 

however, not with the comparison of pre-vaccination to understand baseline repertoire and 

germline targeting. A better understanding of the genetic determinants of vaccine responses 

may have further the understanding of the development or lack thereof for immunity against 

COVID-19. 

Post-vaccination break-through infection 

In chapter IV, I described a donor who did not develop a neutralizing antibody response nor had 

a minimal expansion of responding CD4 or CD8 T cells who interestingly developed a 

breakthrough SARS-CoV-2 infection two months post-vaccination. These cases are beginning 
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to be characterized more in depth including viral load quantification, and neutralization response 

(Hacisuleyman et al., 2021) could prove crucial for identifying the underlying deficiencies behind 

a poor immune response against mRNA vaccines. Repertoire-level T and B cell characterization 

could explain a poor response; however, whole exome sequencing or HLA-typing, previously 

shown to predict vaccine responses in other disease indications (Yao et al., 2019) may also 

elucidate mechanisms for non-responder vaccinees. 

 

Cross-reactive coronavirus antibody discovery campaigns 

Reverse vaccinology and structure-based vaccine design efforts or the design of vaccines 

based on the epitopes of broadly neutralizing antibodies, have been met with success in the 

production of a meningococcal vaccine (Masignani et al., 2019) as well as considerable 

progress in other indications. For example, the epitope of the anti-RSV F antibody motavizumab 

when mounted on a multivalent immunogen elicited neutralizing antibodies in mice (Zuniga et 

al., 2021). In the context of the extraordinarily challenging vaccine target HIV, significant 

progress in vaccine design has been made including the screening of neutralizing antibodies 

from humans to define the best epitopes to target in a candidate immunogen (Walker and 

Burton, 2018). Taken a step further, recent work has further optimized immunogens to target 

germline genes in HIV naïve individuals to better elicit the sequential development of a broadly 

neutralizing antibodies (Jardine et al., 2016). These principles can also be applied to 

coronaviruses with the goal of achieving pan-coronavirus immunity. Indeed, significant research 

has been devoted to this concept since SARS-CoV-2 emerged including a mosaic nanoparticle 

consisting of a collection of SARS-like RBD subunits generating cross-neutralizing polyclonal 

responses against each strain included in the formulation (Cohen et al., 2021). A limitation of 

this approach, however, is this immunity is likely only to confer protection against coronaviruses 

similar to SARS-CoV-2. MERS-CoV, a much more distant relative, only shares 50% amino acid 
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identity, including utilizing a different host cell receptor, which also presents with much more 

severe pathologies including a 33% mortality rate (Chan et al., 2015; Lu et al., 2020). 

Furthermore, zoonotic leap from the alpha coronavirus genus which shares much lower amino 

acid identity to SARS-CoV-2, yet can still infect humans, could result in another pandemic 

outbreak (Chan et al., 2015). To combat this challenge, I propose to utilize LIBRA-seq to identify 

cross-reactive antibodies against every human coronavirus spike protein, as well as spike 

proteins from coronaviruses that infect bats such as HKU9-CoV (Hammond et al., 2017) as well 

as pigs (PEDV-CoV) (Lee, 2015). The output would be two-fold: potential antibody candidates to 

serve as therapeutic in the event of a future zoonotic outbreak and more importantly the rational 

design of vaccines to target the epitopes of these conserved regions of spike for the elicitation 

of pan-coronavirus immunity. A small collection of broad coronavirus antibodies has been 

discovered, including pan-Beta coronavirus antibodies against the more conserved S2 domain 

(Sauer et al., 2021; Tortorici et al., 2021; Zhou et al., 2021) although none have been resolved 

to bind distinct coronaviruses outside of the Beta subgenus. Because these antibodies are likely 

exceedingly rare, I propose to utilize an alternative B cell source to enrich for cross-reactive 

antibodies. Adolescent and young children have recently been shown to have significantly 

higher cross-reactive antibody responses to viral targets, including coronaviruses (Ng et al., 

2020) and thus this subset of donors may serve as a pool of B cells enriched for broadly-

reactive coronavirus antibodies.  

 

Impact of endemic coronaviruses on SARS-CoV-2 immunity 

 

An important consideration for the field of public health moving forward will be the surveillance 

of the mutational patterns of SARS-CoV-2. Given the widespread nature of COVID-19 infection 

as well as several re-infection cases suggests society may be living with COVID-19 for the 

foreseeable future. Another factor that may have an impact on the development of the pandemic 
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is the effect of endemic coronavirus infections. Although HCoV-HKU1, HCoV-OC43, HCoV-

NL63, and HCoV-229E do not cause severe clinical illness, their impact on immunity to a 

pandemic coronavirus may have more severe clinical consequences. Despite only sharing 

limited sequence homology and utilizing distinct host cell receptors, all coronaviruses share a 

similar globular structure of their respective spike proteins. Furthermore, coronaviruses do share 

limited, highly conserved domains, particularly in the S2 subunit responsible for cell-fusion such 

as the heptad repeat region (Chan et al., 2015; Lu et al., 2020; Wrapp et al., 2020). The impact 

of pre-existing endemic coronavirus immunity and the effect on COVID-19 infection outcome 

has been explored previously, albeit at a very preliminary level. One study reports an increase 

in serological titer against HCoV-OC43 upon infection with SARS-CoV-2, however, the 

magnitude of increase or pre-existing level serological response did not associate with a 

survival benefit in donors who survived COVID-19 infection (Anderson et al., 2021). In contrast 

to this observation, another study reported that higher titer against HCoV-OC43 associated with 

better survival outcomes in patients admitted to the hospital for COVID-19 (Kaplonek et al., 

2021a). The effect of these endemic coronavirus infections occurring after COVID-19 infection 

or vaccination, however, has not been explored to date yet. One limitation to approaching this 

study is the lack of a widely available PCR test to confirm infection with a non-pandemic 

coronavirus, however, this may change given some overlap in clinical symptoms with SARS-

CoV-2, albeit at lower disease severity. To study this phenomenon, I would advertise for a donor 

cohort of convalescent COVID-19 donors as well as COVID-19 vaccinees and monitor 

respiratory infections over the course of a year. From any donor who contracts an endemic 

coronavirus infection, I propose to perform LIBRA-seq to dissect the changes at the monoclonal 

level as well as serological titer and neutralization activity in comparison to the baseline sample 

collected prior to cohort collection. The observed changes, whether beneficial, detrimental, or 

static to SARS-CoV-2 immunity, would have a profound impact for the continued treatment of 

COVID-19 as it continues to circulate and develop into more transmissible VOCs.  
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Next-generation SARS-CoV-2 vaccination design 

The RBD of SARS-CoV-2 S serves as the dominant target of neutralizing antibodies (Jiang et 

al., 2020), and unsurprisingly was a main consideration for COVID-19 vaccine design. In fact, 

Pfizer and BioNTech co-developed an RBD-only mRNA vaccine formulation, BNT162b1, which 

showed promising efficacy (Mulligan et al., 2020). However, the full-length spike candidate, 

BNT162b2, was prioritized likely due to thoughts of including T cell epitopes and domains of 

spike that may not be neutralizing, but that could enhance immune Fc effector function. On 

trimeric SARS-CoV-2 S, the RBD adopts an equilibrium of an up and down conformation 

(Wrapp et al., 2020). To engage with the receptor ACE2, the RBD must be in the up 

conformation; in the down position the RBD interaction residues are not surface accessible 

(Wrapp et al., 2020). Given this inherent flexibility and association with cell infectivity, 

computational protein design efforts were undertaken to introduce substitutions in the SARS-

CoV-2 S protein which enforce different orientations of the RBD. One construct design enabled 

a higher frequency of RBD-up spikes and an additional construct utilized cysteines to covalently 

lock spike in all-RBD down conformation (Henderson et al., 2020). Given the functional 

consequences of the RBD, these formulations may warrant consideration for vaccination 

strategies. For example, utilizing a SARS-CoV-2 S antigen with more RBDs in the up 

conformation may stimulate a more potent neutralizing antibody response resulting in better 

vaccine efficacy. An all RBD-down construct may also be useful in the investigation as a 

vaccine candidate, particularly because it may expose residues in the RBD ridge more highly 

conserved across SARS-like coronavirus family aiding in the development of a more broad 

immune response (Henderson et al., 2020). Another consideration for vaccine design is 

validation of the pre-fusion stabilized form of SARS-CoV-2 spike used in both mRNA1273 and 

BNT162b2 (Baden et al., 2021; Polack et al., 2020) among other vaccine candidates. The pre-

fusion stabilizing mutations (S-2P) in coronavirus spikes have resulted in significantly stable 
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molecules which enables more efficient drug design strategies as well as candidacy for 

immunogens because they express more robustly in a mammalian system (Pallesen et al., 

2017; Wrapp et al., 2020). While these stabilizing mutations may be beneficial for vaccine 

production and exposure of neutralizing epitopes, there is evidence that these stabilizing 

mutations in SARS-CoV-2 S could contribute to instability resulting in non-native conformation 

(Cai et al., 2020). Another drawback of pre-fusion stabilizing mutations is the lack of post-fusion 

conformation exposure to the immune system which have been shown to yield neutralizing 

epitopes in other viruses such as HIV-1 and RSV (Frey et al., 2010; McLellan et al., 2013). 

However, given the outstanding efficacy of COVID-19 vaccines designed in the S-2P 

conformation, these considerations may be irrelevant. In favor of further protein stability, an 

independent effort in computational protein design resulted in a SARS-CoV-2 spike construct, 

denoted HexaPro, with higher thermostability and enhanced recombinant protein expression 

yields potentially motivating its use as a vaccine candidate (Hsieh et al., 2020). Indeed, this 

construct is being explored for use as a vaccine candidate in Thailand (Clinical Trial 

#NCT04764422). LIBRA-seq is a technology uniquely suited to test the immunogenicity of 

potential vaccine candidates. Rationale for continual vaccine design is imperative to not only 

address the current pandemic, but potential future pandemic viruses. To test the differences of 

the conformations of SARS-CoV-2 S described above, LIBRA-seq could be applied to COVID-

19 vaccine and infection naïve samples to elucidate the reactive B cells as well as the 

frequencies of antibodies directed to different functional domains. A direct comparison of 

multiple antigen constructs at a time, a unique component of LIBRA-seq, would be an important 

pre-clinical experiment to rationalize development and further characterization of different 

constructs of spike as clinical vaccine candidates. 
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