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Emerging viruses and antibiotic-resistant bacteria are major threats to human health. 

Despite well-established benefits of the passive transfer of immunity in animal models, engineered 

monoclonal antibodies (mAbs) have struggled to achieve consistently positive results for the 

treatment of infectious disease in humans. We hypothesized that a strategy of building mAbs based 

on human immune memory B cells (MBCs) could be advantageous. This thesis describes efforts 

to develop mAbs with plausible therapeutic potential against two microbes that drive severe 

morbidity in vulnerable patients: Pseudomonas aeruginosa and SARS-CoV-2. Diverging from 

historical, animal-based methods for mAb discovery, we used the B cell receptor sequences of 

human, antigen-specific B cells, with special focus on MBCs, as templates for novel mAbs.  



 

Focusing first on P. aeruginosa, we generated anti-bacterial mAbs using source B cells 

obtained from patients seen at a cystic fibrosis (CF) clinic. CF is a genetic condition associated 

with unusually frequent P. aeruginosa infections, but not defects in adaptive immunity. In an in 

vivo pneumonia model with a highly virulent strain, 2 of 2 human-derived mAbs exhibited 

prominent protective activity. Notably, our new mAbs were noninferior to an extensively 

engineered mAb that comprises half of the bi-specific clinical candidate, gremubamab. A second 

panel of MBC-derived mAbs that showed promise in vitro remain to be tested in future work, 

highlighting the efficiency of our mAb discovery strategy. Further, we believe our study 

contributes to understanding of immunity in CF, being the first to confirm the presence of P. 

aeruginosa-specific MBCs in CF patients. 

In contrast to P. aeruginosa, mAbs targeting SARS-CoV-2 were developed from human B 

cells contemporaneously by multiple groups including our team. However, circulating escape 

variants have significantly limited clinical use. Importantly, consistent with nearly all mAbs in 

clinical use, these vulnerable mAbs were of the monomeric isotype, IgG. Building on our prior 

studies of MBCs and evidence that an alternative isotype, IgM, was an important component in 

virus-neutralizing human serum, we cloned new mAbs from SARS-CoV-2-specific IgM MBCs. 

We also found that diverse MBC-derived mAbs gained greater neutralizing potency when 

expressed as the naturally pentameric IgM isotype. Importantly, we showed that IgM mAbs 

retained neutralizing activity against viral variants that evaded otherwise identical mAbs made in 

the IgG isotype. These results suggest a biological role for IgM MBCs in protection against rapidly 

mutating pathogens, and illuminate the potential for IgM mAbs in the search for new treatments 

for infectious diseases. 
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Chapter 1. Introduction  

 Encounters with adapting and emerging respiratory pathogens are inevitable in human life. 

Thanks to our remarkable immune system, most individuals can expect to emerge from infectious 

confrontations without suffering severe illness. Vaccines and antimicrobial drugs are critical tools 

to further limit morbidity, especially for vulnerable individuals. Prior to the advent of SARS-CoV-

2, respiratory infections were already a leading cause of death locally and globally (1). The novel 

coronavirus pandemic brought significant public attention to the morbidity and mortality of 

infectious disease in the absence of effective treatments, as well as the benefits and challenges of 

employing antibody therapies to fill the gap. As further illustrated by the toll of antibiotic-resistant 

bacterial pneumonias (2,3), additional treatment options are needed for long-standing pathogens 

as well as newly emerging threats. 

1.1 ANTIBODIES 

Antibodies, the central component of humoral immunity, are secreted glycoproteins that 

bind to their target antigens with exquisite specificity. Diverse, antigen-specific antibodies are 

produced in vertebrates by terminally differentiated descendants of the B cell lineage as part of an 

adaptive immune response (4,5). Ex vivo, an antibody whose protein/nucleotide sequence and 

binding target are known can be produced as a monoclonal antibody (mAb) for use in medicine or 

research (6).  

A monomeric antibody is roughly a Y shape, with each arm of the Y made of paired heavy- 

and light chains. The interface of heavy and light chain variable regions forms an N terminal 

binding pocket (paratope) that determines target specificity. Within the variable regions, the length 
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and composition of hypervariable loops within the antigen-binding site (complementary 

determining regions, CDRs) have particular influence on binding specificity (6). Antibody stalks 

(Fc), composed of heavy chain constant regions, do not contribute significantly to specificity, but 

instead provide effector functions, tolerant scaffolding, and quaternary structure.  

In nature, a limited number of constant region sequences are employed. Light chain 

constant regions are either kappa or lambda, without functional distinction. Mu, gamma, alpha, 

epsilon, and delta heavy chain constant regions define immunoglobulin (Ig) isotypes, respectively 

IgM, IgG, IgA IgE and IgD. IgG and IgM predominate in serum (7,8), and are of the greatest 

relevance to this work. IgG is a monomer whether expressed on the surface as membrane-bound 

Ig or secreted as an antibody. In contrast, only surface IgM is a monomer. When the 

transmembrane domain is spliced out in antibody-secreting cells, IgM self-assembles as a 

pentamer in the presence of joining (J) chain protein (9). The pentameric structure has important 

functional consequences. Binding sites for complement proteins are present within the Fcs of IgM 

and IgG. Complement-opsonized IgG and IgM immune complexes are taken up by antigen-

presenting cells, including migrating follicular B cells that facilitate antigen delivery to lymph 

nodes (10). However, the flexed, pentameric structure of antigen-bound IgM facilitates more rapid 

activation of C1q, which is also a pentamer (9); in contrast, multiple IgG Fc must complex together 

to achieve similar activation (11).  

Fc receptors (FcRs) are expressed by immune and non-immune cells, mediating effector 

functions and physiologic distribution. For example, renal epithelial cells express FcRn, which 

facilitates re-uptake of filtered IgG antibody, extending the serum half-life of IgG (12). 

Meanwhile, natural killer cells express FcγRIIIB which enables recognition of IgG antibodies 

bound to an infected cell, triggering antibody-dependent cytotoxicity (ADCC) (3). Human 
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therapeutic mAbs also perform effector functions in vivo. In fact, single nucleotide polymorphisms 

in FcRs that alter antibody binding affinity impact the clinical efficacy of anti-tumor mAbs that 

rely on ADCC (13,14). In addition to performing effector functions, pathogen-bound antibodies 

may directly block (neutralize) infection or pathogenesis via steric hindrance or forced 

conformational change at critical site(s) (15). Neutralizing activity depends on an antibody’s target 

epitope, affinity, and avidity. Pathogen-specific factors include its mechanism of infection and 

immune evasion strategies, and the density and accessibility of the antibody’s target are equally 

important. Protective antibodies may prevent infection by binding to a pathogen, eg. by blocking 

a viral docking protein to prohibit interaction with host cells. However, even non-neutralizing 

antibodies can confer protection in vivo via effector functions, accelerating an immune response 

as a central node that connects adaptive immunity to other branches of the immune system.  

1.2 ANTIBODIES AS THERAPEUTIC AGENTS FOR TREATMENT OF INFECTIOUS 

DISEASES 

The first understanding of antibodies emerged from experiments in which serum 

transferred from pathogen-exposed animals conferred immediate protection to their naïve siblings 

(8). Early attempts to use antibody-based therapies in human medicine also began with infectious 

diseases (8,16). However, in the modern era, most clinical mAbs are used for the treatment of 

noncommunicative illness (eg. autoimmunity, cancer, familial hypercholesterolemia), and only a 

handful are used in the treatment of infectious diseases (17). Of the anti-infectious mAbs now 

approved in the US, three bind to secreted bacterial toxins: obiltoxaximab and raxibacumab (anti-

anthrax toxin (18)) and bezlotuximab (anti-toxin B for prevention of Clostridioides difficile 

recurrence (17)). Two are neutralizing antibodies that bind to viral glycoproteins: ansuvimab (anti-
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Ebolavirus (19,20)) and palivizumab (anti-respiratory syncytial virus (21)). One blocks infection 

by binding a T cell surface receptor (CD4) used by human immunodeficiency virus (HIV): 

ibalizumab (22). There is significantly more clinical experience, and thus data, available for mAbs 

targeting cancer and autoimmune disease. Therefore, this text describes some lessons learned from 

the use of non-pathogen-directed mAbs that are likely also to apply to mAbs used to treat infectious 

disease. Where possible, an example of an analogous infectious disease mAb is also noted. 

1.3 HYBRIDOMAS 

Most commercial mAbs today are derivations of an antibody that was once produced in 

vivo by a murine plasmablast in response to a recombinant protein and adjuvant (17). For example, 

development of the now commonly prescribed anti-TNF therapeutic mAb, infliximab (23), began 

three decades ago with five intraperitoneal injections of recombinant TNF, with and then without 

Freund’s adjuvant, into an immune-competent mouse (24). Following immunization, clonal, 

antibody-secreting hybridomas were made by fusing serially diluted lymphocytes with an 

immortal cell line. Supernatants collected from individual hybridoma cultures were screened for 

binding to the recombinant protein. Promising clones were then expanded in cell culture and 

sequenced. Similar methods were used more recently to develop the three component mAbs in a 

cocktail tested clinically to treat Ebola (25,26). Although the process of obtaining antibody 

sequences from the select, clonally-expanded cells has been dramatically streamlined by 

technological advances in the last 30 years (27), murine hybridomas remain the most common 

source cells for clinical mAbs (28), using methods for their generation otherwise little changed 

since 1993 (24,29).  
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1.4 ANTIBODY DISCOVERY, IMMUNOGENICITY AND HUMANIZATION 

A variety of approaches have been employed to reduce the immunogenicity of animal-

derived mAbs intended for use in humans. Cross-species anti-immunoglobulin immune reactions 

were well-appreciated a century ago, when it was observed that immunized horse serum (then in 

clinical use as diphtheria anti-toxin), caused dramatic, febrile illness more severe than if 

unimmunized horse serum was given (16). Rarely, serum-sickness-like reactions are reported for 

clinical mAbs that retain some murine sequence (30). More commonly, immune responses are 

tolerated until the resulting anti-drug antibodies neutralize therapeutic effect (31,32).  

In the case of infliximab (24) and the experimental anti-Ebolavirus cocktail (26), the 

specificity-determining variable (V) regions of the parent hybridoma were taken en bloc for 

linkage to human constant regions, resulting in antibodies that are ~70% human. For other 

commercial mAbs, immunogenicity was further reduced by partial humanization of the V regions. 

This approach was used for palivizumab (anti-respiratory syncytial virus (33)), and many anti-

cancer mAbs, eg. pembrolizumab (anti-PD-1 (34)) (33,35). Overall, 49 of 79 FDA-approved 

antibody products in 2020 were humanized or chimeric mAbs derived from animal hybridomas 

(17). Despite efforts at humanization, anti-drug antibodies that neutralize biologic medicines 

remain clinically significant, especially for patients being treated for chronic diseases  (31,36). 

Avoidance of immunogenicity will be equally important for the success of antimicrobial 

antibodies, where long-term use might be desirable as infectious prophylaxis in high-risk patients. 

1.5 ANTIBODY DISCOVERY IN HUMAN MIMETIC SYSTEMS 

Several novel systems have been established to generate “fully human” mAbs. For 

example, hybridomas can be generated using immune-competent mice that are transgenic for 
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human variable regions (33). The resultant clinically approved mAbs are promoted as enhanced, 

second-generation iterations of existing mAbs, eg. ofatumumab (anti-CD20 (37), compare to 

rituximab) and golimumab (anti-TNF (38), compare to infliximab). An experimental anti-

pseudomonal clinical candidate bispecific, gremubamab, incorporates an antibody that was 

developed using similar methods (39). Perhaps the best known mAb product, a component of the 

Regeneron cocktail approved for emergency use during the COVID-19 pandemic, casivirimab, 

was identified using Regeneron’s exclusive strain of human-transgenic mice (40). This method is 

relatively slow and costly; breeding pairs sufficient to start a colony have been reported to cost 

more than a hundred million dollars (33) and such strains are not generally available to most 

researchers.  

An alternative method that is much more broadly accessible, phage display libraries are 

used for high-throughput screening via random assembly of human heavy (VH) and light (VL) 

chain variable regions in vitro (41). Affinity optimization can be performed by introducing random 

mutations and re-testing selected candidates (39). Advantages of this approach include its speed 

and that it can be readily used to generate antibodies against highly conserved targets. This 

approach, however, lacks key events provided by the adaptive immune system in vivo, including 

germinal center-mediated affinity maturation and negative selection. Examples of clinical mAbs 

produced using phage display include adalimumab (anti-TNF (42,43)) and belimumab (anti-BAFF 

(44,45); approved for use in lupus nephritis). Among many variations on phage display, one 

interesting approach that uses a single, tolerant scaffold VH and varies only the complementary 

determining regions (CDRs) has been used to produce experimental antibodies, although none 

have been tested in humans (46). A few anti-SARS-CoV-2 mAbs that received temporary 
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authorization for COVID-19 were identified using phage display wherein VH/VL libraries were 

generated from peripheral blood cells of previously-infected individuals (47).  

Rigorous comparisons of mAbs derived by different methods are not feasible in human 

clinical studies. However, clinical trials using anti-TNF mAbs provide insight regarding the effect 

of antibody sequences on immunogenicity. Anti-drug antibodies against the TNF inhibitor mAbs 

are known neutralize therapeutic effect and are therefore closely tracked in clinical trials. Patients 

treated with infliximab (mouse-human chimera (24)) do indeed appear more likely to develop anti-

drug antibodies than those treated with adalimumab (human VH phage display (42)) or golimumab 

(hybridoma from mice with human V genes (38)) (36). Golimumab is associated with the lowest 

rates of anti-drug antibodies. Results in TNF inhibitors in autoimmune disease may not be more 

broadly generalizable, and a single mAb in each source category limits interpretation further. 

Nevertheless, available data supports the hypothesis that fully human mAbs may outperform mAbs 

with residual xenogeneic features in real-world clinical use.  

1.6 HUMAN MEMORY B CELLS  

The adaptive immune system generates a vast array of highly-specific, protective 

antibodies in response to diverse pathogens throughout our lifetime. In designing anti-infectious 

mAbs, it may be beneficial to consider the larger context in which effective endogenous antibody 

structures are produced, selected and maintained. Unlike plasma cells, MBCs are not antibody-

secreting, instead expressing heavy- and light-chains as membrane-bound immunoglobulin, a 

component of the B cell receptor (BCR) (48). Re-encounter with the cognate antigen triggers BCR 

signaling, activation, and differentiation into antibody-secreting cells (5). Consequently, the BCR 
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repertoire of MBCs may be considered as a living library that is enriched for pathogen-specific 

sequences.  

In a classical germinal center (GC) immune response, long-lived memory B cells (MBCs) 

arise in parallel with long-lived antibody-secreting plasma cells (5,49–51). Low affinity MBCs 

enter circulation early in an immune response (51), and higher-affinity MBCs continue to emerge 

as the GC reaction progresses (52). While GC-derived IgG MBCs on average are more somatically 

hypermutated (53), affinity-matured IgM MBCs also arise from GCs (54), and additional IgM 

MBCs are formed independent of a GC (55). 

Murine studies reveal that GC-derived IgM MBCs contribute to the robust, rapid recall 

response to re-exposure that defines adaptive immunity (54,56). IgM MBCs in humans are 

beginning to be better appreciated for their roles in maintaining tolerance to gut commensals (57) 

and protection against pathogens (58–60). Our understanding of the substantial heterogeneity of 

MBCs (48) has been greatly expanded by work that seeks to distinguish various MBC subtypes 

based on ontology (55,56), surface-marker expression (61), transcriptional profile (62), and/or fate 

upon re-activation (63,64). While more specific distinctions will be made in some portions of the 

text, this thesis will generally employ a holistic, functional definition of MBCs: antigen-

experienced, BCR-expressing cells that persist in a quiescent state following an initial immune 

response and maintain long-term antigen-responsiveness (51).  

1.7 METHODS FOR ISOLATING ANTIGEN-SPECIFIC MBCS 

The use of MBCs for mAb discovery is challenged by technical barriers, the first of which 

is the low frequency of MBCs in peripheral blood. Only a small fraction of the total circulating 

peripheral blood B lymphocytes are MBCs, and those specific for any particular antigen are rarer 
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still (8,65). A success that nevertheless highlights the inefficiencies of a specificity-agnostic 

approach for mAb discovery, the anti-Ebolavirus mAb approved by the FDA in 2020 (ansuvimab 

(20)) was discovered using a blunt-force method of immortalizing 3 x 105 IgG+ MBCs from a long-

recovered subject who had markedly high neutralizing antibody titers (66). (Of note, antibodies in 

convalescent patients are supplied by long-lived plasma cells, and serum titers are not tightly 

correlated with the number of circulating (65,67,68) or lymphoid tissue (65) MBCs of similar 

specificity.) Forty Ebola-specific clones, including two with neutralizing activity, were ultimately 

identified (66). Experimental anti-Zika virus mAbs have also been generated without 

discriminating B cell subset, albeit in more recently-recovered subjects (69). Among cells 

successfully expanded in culture, supernatant from 0.5% of clones bound to the target antigen. The 

ability to isolate antigen-specific MBCs has enabled discovery of promising therapeutic candidate 

mAbs that target P. falciparum (70–72) and HIV-1 (73,74). We likewise began our searches for 

protective mAbs in blood samples from previously-exposed human subjects, using methods that 

begin with antigen-specific MBCs, and broadening our search to include multiple isotypes. 

Fluorescently-labeled monomeric bait proteins can be used to identify B cells of a desired 

specificity (75). Unfortunately, bait-bound cells can be difficult to distinguish from non-specific 

cells, a problem exacerbated by the rarity of antigen-specific cells at later timepoints following 

infection (76). Further, as MBCs have reduced BCR expression relative to naïve or recently 

activated B cells (77), enrichment strategies that use single protein baits advantage non-MBCs, 

and exclude low- to moderate-affinity BCRs that contribute to the repertoire. Therefore, we prefer 

to enrich using tetramer reagents made with biotinylated target at 4:1 ratio with streptavidin-linked 

fluorophore (56,78). Importantly, pre-incubation with a labeled decoy tetramer allows exclusion 

of promiscuous or fluorophore-binding B cells (56,78).  



 

 

10 

 In the next chapters, we used target-fluorophore tetramers to enrich, label and isolate 

antigen-specific MBCs. In Chapter 2, I isolated pathogen-specific B cells using a novel tetramer 

reagent generated by K.K. Takehara (Pepper lab; University of Washington). In Chapter 3, we use 

a tetramer approach coupled with phenotypic data from surface staining to distinguish IgM MBCs 

vs. IgG MBCs targeting the same antigen.  

1.8 CAN BCR SEQUENCES BE OBTAINED EFFICIENTLY FROM SINGLE MBCS USING 

OPTIMIZED METHODS? 

Single cell BCR sequencing is slow and technically challenging relative to other strategies 

(27). Our group first cloned single cell BCR sequences to generate purified mAbs more than a 

decade ago, for the purposes of better understanding B cell repertoire development and 

homeostasis (79). Since then, C.D. Thouvenel (Rawlings lab; University of Washington) has 

continued to refine, expand, and increase the efficiency of BCR cloning methods in mice (54) and 

humans (58,80). In Chapter 2, I employed a newly developed third-generation sequencing pipeline. 

A paper describing the method in greater detail is also being prepared for publication.  

In Chapter 2, sequences derived from P. aeruginosa-specific MBCs of multiple isotypes 

(IgM, IgA, and IgG) were expressed as mAbs. In Chapter 3, 26 virus-specific IgM MBCs were 

isolated and sequenced in donors after recovery from mild COVID-19 illness. A highly-potent 

neutralizing IgM mAb is generated based upon BCR sequencing of a SARS-CoV-2-specific IgM 

MBCs. Eight neutralizing mAbs previously derived from IgG MBCs (81) in the same donors were 

also further explored.  
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1.9 CAN IGM MBC BCRS BE EXPRESSED AS IGM MABS? 

Traditional hybridoma screening methods are generally isotype-agnostic, and IgM-

producing cells may arise among the best clones (82). However, as IgM is considered technically 

challenging to produce and purify (83), antigen-specific BCRs are cloned directly into IgG 

expression plasmids, regardless of source isotype (84,85). Methods developed by Y. Chen in our 

lab that optimized the heavy- to light-chain ratio and refined the purification process on 

commercial affinity columns (58) yielded the consistent, high-quality preparations of pentameric 

IgM required to perform our studies. 

1.10 HOW CAN MABS RETAIN EFFICACY AGAINST EVOLVING PATHOGENS?  

The work described here coincided with unprecedented interest in the development of new 

mAbs for the treatment of infectious disease (47) due to the outbreak of the COVID-19 global 

pandemic. Unfortunately, the rapidity with which new anti-SARS-CoV-2 mAbs reached clinical 

use was largely outpaced by the rapidity with which resistant viral variants achieved widespread 

circulation (86–88). De novo viral escape was also reported within individual patients after mAb 

treatment (89). mAbs binding so-called highly conserved targets were challenged by poorly 

accessible epitopes and high minimal inhibitory concentrations and did not reach clinical 

application (88).  

In the hopes of preventing immune escape, some anti-SARS-CoV-2 mAbs were packaged 

as cocktails (47,88). Regeneron’s two mAb cocktail (REGN-CoV2) was given FDA emergency 

use authorization in November 2021. By the time of its approval, however, several circulating 

variants already carried mutations that evaded casirivimab, rendering it essentially a monotherapy 

(87,90). Three months later, the dual-resistant omicron variant rendered it impotent (91,92).  
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Anti-viral mAb cocktails have also been attempted against other pathogens, including HIV-

1 (93) and Ebola (25). While SARS-CoV-2 was a special challenge due to the high prevalence of 

infection globally, HIV-1 is arguably the worst-case scenario for immune escape, due to the 

extraordinary rate of mutation and significant reservoir within individual patients. The relationship 

of HIV-1 to established broadly neutralizing antibodies (bNAbs) within the population of HIV-

infected people has seen slower drift toward resistance to known neutralizing antibodies (94,95) 

than for the more common and more-recently-emergent SARS-CoV-2.  Combinations of bNAb 

mAbs retain in vitro neutralization when used as a cocktail (94,95). Encouragingly, HIV-1 viremia 

initially plummeted in a recent high-profile trial of a 3 bNAb cocktail (93). However, 20 days after 

infusion, viremia began to rise. When sequenced, rebounding virus was resistant to 2 of the 3 

mAbs. In short, simultaneous delivery of multiple IgG mAbs alone may not be a sufficient strategy 

for preventing immune escape.  

In Chapter 3, we show that pentameric IgM mAbs retain activity against SARS-CoV-2 

variants that escape recognition by IgG mAbs with identical variable regions. By increasing 

valency from 2 (IgG) to 10 (IgM), enhanced avidity compensates for reduced affinity. This and 

additional advantages of IgM mAbs are discussed further in Chapter 3.  

1.11 OUTLINE OF GOALS AND HYPOTHESES 

Overall hypothesis: IgM memory provides protection from diverse pathogens. 

1) Hypothesis – Chapter 2: MBCs, including IgM MBCs, that recognize an important P. 

aeruginosa virulence factor (PcrV) are present in patients with cystic fibrosis. 

2) Hypothesis – Chapter 3: IgM MBCs in COVID-19 convalescent subjects encode 

neutralizing antibodies against SARS-CoV-2. 
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Overall hypothesis: MBC BCR sequencing will enable efficient discovery and optimization of 

human mAbs with clinically-relevant protective activity against important human pathogens. 

1) Hypothesis – Chapter 2: Protective anti-P. aeruginosa mAbs can be generated using 

sequences found in cystic fibrosis B cells.  

2) Hypothesis – Chapter 3: Multimerization as IgM will enhance the neutralizing activity of 

mAbs against diverse SARS-CoV-2 variants. 
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Chapter 2. Monoclonal antibodies derived from B cells in subjects with 

cystic fibrosis protect against infection by 

Pseudomonas aeruginosa 

An adapted and expanded version of this chapter is being prepared for publication as: 

 

Hale M, Takehara KK, Thouvenel CD, Moustafa DA, Repele A, Fontana M, Netland J, 

McNamara S, Gibson RL, Goldberg JB, Rawlings DJ, Pepper M. Monoclonal antibodies derived 

from B cells in subjects with cystic fibrosis protect against infection by Pseudomonas 

aeruginosa.  
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2.1 INTRODUCTION 

Pseudomonas aeruginosa (PA) is a ubiquitous, gram-negative bacteria responsible for 

significant morbidity and mortality in vulnerable individuals. Treatment is challenging because of 

intrinsic and acquired antibiotic resistance to most antibiotic drug classes (96). PA is one of the 

most common pathogens in severe healthcare associated infections (97). Due to the significant 

mortality caused by multi-drug resistant strains and the lack of alternative therapies, new anti-

pseudomonal medicines are urgently needed.  

Monoclonal antibodies (mAbs) that bind to key PA virulence factors have shown promise 

in animal models. PcrV is a 28kDa surface protein that forms the distal tip of the type III secretion 

system (T3S) required for the toxin injection into host cells (98). A humanized anti-PcrV antibody 

fragment (Fab) (99,100) and a bi-specific containing an anti-PcrV binding moiety raised in 

transgenic mice (101,102) have demonstrated safety in ventilated patients at high risk for PA 

pneumonia, but each failed to achieve the targeted efficacy outcomes in Phase 2 trials. Based on 

the evidence for protection by species-concordant mAbs in animal models of PA pneumonia and 

safety and suggestions for partial efficacy of early candidate mAbs in clinical trials, pursuit of 

improved anti-PcrV therapies for use in humans remains attractive. 

In prior studies of Covid-19 and malaria, our groups have generated potent anti-pathogen 

mAbs by sequencing the variable regions of the proto-antibody B cell receptor (BCR) in antigen-

specific memory B cells (MBCs) that arise following natural infection in humans (58,81,103). 

Therefore, we hypothesized that protective anti-PcrV monoclonal antibodies might be derived 

from B cells in individuals previously infected with PA. 

Persons living with cystic fibrosis (CF) experience frequent airway PA infections. 

Intermittent infections early in childhood eventually progress to a state of persistent, chronic 
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airway colonization. CF is a multi-organ disease caused by mutations in the gene encoding CFTR, 

an ion channel. Several mechanisms related to the biology of the CF airway have been proposed 

to explain susceptibility to PA. Importantly, mutations in CFTR do not produce intrinsic deficits 

in adaptive immunity. Class-switched anti-PcrV antibodies are present in CF serum and sputum, 

at higher concentrations than the general population (104,105). However, the PcrV-specific B cells 

that give rise to antibody-secreting cells have not been previously studied. Here, we show that 

individuals with CF have more PcrV-specific circulating B cells. Building on this finding, we 

utilized single-cell sequencing to reveal PcrV-specific paired-chain BCR sequences in CF subjects. 

From BCR sequences derived from CF plasmablasts and MBCs, we generated novel anti-PcrV 

mAbs, including several that confer robust protection against a virulent strain of PA in an in vivo 

pneumonia challenge model. 

2.2 RESULTS  

2.2.1 PcrV-specific B cells are enriched in CF individuals 

To prepare to isolate PcrV-specific cells, we first generated antigen-specific tetramer 

reagent consisting of four recombinant PcrV proteins linked to a fluorophore. In parallel, we also 

generated a decoy tetramer consisting of irrelevant proteins linked to a tandem fluorophore (Figure 

2.1 A). To test the tetramer reagent, we immunized immune competent mice with recombinant 

PcrV. Immunization induced class-switched B cells that bound to the tetramer, findings consistent 

with successful detection of cells derived from a PcrV-specific germinal center response, and 

implying that this reagent should function similarly for detection of antigen-specific human B cells 

(Figure 2.2).  
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We next obtained peripheral blood samples from a cohort of 14 young adults with CF who 

had received a swab test for PA as part of routine outpatient care. As B cells specific for any single 

antigen are rare, tetramer-bound cells were enriched via an anti-fluorophore magnetic column prior 

to analysis. After enrichment, PcrV-specific cells made up ≥ 5% of B cells in 7 of 14 (50%) of CF 

donors, while 0 of 14 (0%) samples obtained from non-CF donors (isolated from a local blood 

bank) exhibited binding (Figure 2.1 B). Similar differences between CF vs. non-CF donors were 

obtained when the number of PcrV-specific B cells in each sample was normalized to lymphocyte 

count (Figure 2.1 C). 

2.2.2 Generation of mAbs from IgM+ B cells derived from a CF donor with chronic PA 

pulmonary infection 

To initially test the ability to isolate PcrV-specific cells, we performed studies using a blood 

sample from an additional CF donor (Donor 1), who was known to be chronically PA-infected. 

Following single cell sorting of PcrV-specific cells, we performed paired chain sequencing of the 

heavy and light chain variable regions. Our FACS sorting method allows single-cell surface 

phenotyping data to be linked to the BCR sequence for individual cells. Interestingly, PcrV-

specific B cells were rare, and only a very small number of PcrV-specific B cells expressed the 

canonical MBC surface markers (CD21+CD27+). Consistent with these observations, BCR 

sequencing of PcrV-specific B cells revealed predominantly germline sequences with little or no 

evidence for somatic hypermutation (Figure 2.3 A).  

To directly confirm the specificity of newly acquired variable region sequences, we 

generated mAbs that employed the BCR variable regions from 10 of the tetramer-bound B cells 

isolated in this donor. As the surface-expressed isotype of all these PcrV-specific B cells was IgM, 

we first expressed the BCR sequences as pentameric IgM antibodies. When tested for binding to 
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recombinant PcrV in a plate-bound ELISA assay, supernatants collected from cells co-transfected 

with heavy, light, and J chain plasmids (to make pentameric IgM) exhibited strong binding to PcrV 

for 3 of 10 CF-derived BCRs (Figure 2.3 B). The light chain for BCR 421 contains several 

mutations in CDR1. We were especially intrigued by the apparently strong binding by germline 

antibody sequences 408 and 411. The source cells for 411 and 421, but not 408, expressed a surface 

marker suggestive of a plasmablast/plasma cell phenotype (CD38+).   

As clinical application was likely to require large-scale production in a similar system, we 

chose to move forward with the best binders that also were most efficiently expressed in the 293T 

cell line: 408 and 411. 

We have previously found that for mAbs that target divergent pathogens, including SARS-

CoV-2 and Plasmodium falciparum, multimerized antibodies (eg. pentameric IgM) have enhanced 

binding and protection properties in vitro (58,103). However, nearly all current monoclonal 

antibody therapeutics employ the IgG1 isotype (106). Therefore, we next sought to compare the 

activity of these mAbs in both the IgM and IgG1 formats, and generated expression plasmids 

containing the heavy chain variable regions upstream of the gamma1 constant region to enable 

expression as IgG1 mAbs. After co-transfection with the paired light chain (+ J chain for IgM) and 

antibody purification, we were able to compare binding to recombinant PcrV for BCR sequences 

408 and 411 when expressed as IgG vs. IgM mAbs (Figure 2.3 C). CF BCRs 408 and 411 

exhibited binding to PcrV as both IgM and IgG mAbs; with higher binding as IgM, presumably 

reflecting the avidity of IgM multimers.  

One challenge in studying new candidate human PcrV mAbs is the lack of readily available 

comparators. V2L2MD is a heavily engineered anti-PcrV mAb that was generated by phage 

display binding optimization from a pre-cursor candidate identified by hybridoma screening from 
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PcrV-immunized, human-variable region transgenic mice (101). The clinical candidate bi-specific, 

gremubamab, consists of the paired heavy-and light chain variable regions of V2L2MD fused to 

an anti-polysaccharide (Psl) single chain variable fragment (scFv) and the human IgG1 constant 

region (39,102). To prepare for in vivo protection assays, we introduced gremubamab’s anti-PcrV 

variable regions (V2L2MD) into expression plasmids using the same strategies we have employed 

for expressing CF BCRs. This approach enabled us to produce and purify positive control human 

V2L2MD IgG and IgM mAbs in parallel with our candidate CF BCR-derived mAbs. To confirm 

specificity, we measured binding to recombinant PcrV for purified IgG and IgM mAbs produced 

in parallel from CF BCR 411 and the newly cloned V2L2MD, together with commercially sourced 

gremubamab (Figure 2.3 D). As IgM mAbs, CF BCR 411 and V2L2MD exhibited similar binding 

to PcrV, on par with the commercial gremubamab. 

2.2.3 Anti-PcrV mAbs derived from CF B cells protect mice from PA pneumonia 

Next, we used a challenge model of pneumonia (107) to test the anti-PA activity of 

candidate mAbs. Mice treated with a single, 60 µg intranasal dose of anti-PcrV IgG exhibited an 

~ 2 log reduction in burden of bacteria in the lungs at 48 h in comparison with an off-target control 

mAb or vehicle (PBS) only (Figure 2.4 A). A similarly dramatic reduction in lung bacteria load 

was also achieved when the experiment was repeated with a 3-fold lower dose of anti-PcrV IgG 

(Figure 2.4 B). The CF-derived mAbs performed equivalently to the positive control V2L2MD 

mAb at both doses. While assessment of lung bacterial burden requires sacrifice of the treated 

mice, doses achieving similar reductions in lung bacterial burdens have resulted in 100% survival 

in cohorts of mice in prior studies of V2L2MD (101). 
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2.2.4 Anti-PcrV mAbs derived from MBCs of individuals with CF 

The above findings demonstrate that isolation of PcrV-specific B cells chronically infected 

CF donor enabled the rapid discovery of 2 protective mAbs. Notably, these mAb were derived 

from B cells lacking an MBC phenotype. In our earlier studies of other pathogens, antigen-specific 

MBCs had been excellent sources for high-affinity, protective BCR sequences (58,81). Therefore, 

we were eager to investigate whether additional, and perhaps, higher affinity, anti-PcrV mAb could 

be isolated from antigen-experienced, somatically hypermutated, PcrV-specific MBCs. 

Unfortunately, PcrV-specific MBCs were extremely rare in the subject who we had initially 

selected for BCR sequencing (Figure 2.3 A). Therefore, we obtained peripheral blood samples 

from 2 additional donors with CF: Donor 2, had previously tested positive for PA but was negative 

on most recent testing, while Donor 3, like Donor 1, was chronically infected. Using improved 

methods that enhanced the efficiency and depth of sequencing (manuscript in preparation as 

Thouvenel et al.), we performed single cell BCR sequencing of PcrV-specific B cells from each 

donor. Strikingly, Donor 2, had abundant PcrV-specific MBCs after tetramer enrichment. Of the 

~ 40 sequences from PcrV-specific cells identified by surface phenotype as likely MBCs 

(CD21+CD27+), many were somatically hypermutated (Figure 2.5 A). In contrast, Donor 3 had 

fewer MBCs and fewer somatically hypermutated cells (Figure 2.6 A).  

There was significant breadth in V family usage within and between donors (Figure 2.6 

B). The small number of cells analyzed, compared to B cell repertoire studies that employ bulk 

sorted populations, limits the interpretation of our data.  However, a strength of singly sorted B 

cell sequencing is the ability to obtained paired chain information. The heavy chain IGHV3-23 is 

used, with mutations, in the V2L2MD antibody, and is a very common VH gene segment in most 

human B cell repertoire studies (108). Accordingly, it was not surprising that IGHV3-23 was also 
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well represented in this dataset. Notably, none of the PcrV-specific B cells sequenced for our study 

paired VH3-23 heavy chains with IGKV1-6, the V2L2MD light chain variable gene (Figure 2.6 

C) and IGKV1-6 was infrequent in our dataset. Heavy- and light-chain pairings for CD21+CD27+ 

cells are shown in Figure 2.5 B. These data represent the first attempt to sequence human PcrV-

specific BCRs.  

To pursue our goal of identifying potential protective mAbs among MBCs, 12 of these 

BCRs were randomly selected for cloning into expression plasmids. Supernatants from transfected 

cells were screened for binding to PcrV (Figure 2.7). BCRs 435 and 442 were the most striking 

binders in the transfection screen. Because our initial screen did not adequately control for 

antibody concentration in the supernatant, antibodies that are less efficiently expressed by 293T 

cells might appear to be poor binders. Based on performance in the screen or for reasons of special 

interest (eg. BCR clone 439 was derived from an IgA MBC, the predominant isotype in respiratory 

secretions), 5 MBC-derived BCRs were chosen for production as purified IgG mAbs. When this 

panel of purified mAbs was evaluated at matched concentrations (Figure 2.5 C), 2 of 5 of MBC-

derived mAbs matched or exceeded PcrV binding exhibited by the protective, donor 1 (plasmablast 

derived) mAb, 411. Further, 4 of 5 (including the IgA-derived mAb, 439) matched or exceeded 

the other protective donor-1 derived protective mAb, 408 IgG. 
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2.3 FIGURES 

 

Figure 2.1. PcrV-specific B cells in subjects with cystic fibrosis (CF). A) Schematic of 

primary human B cells binding to PcrV tetramer reagent and decoy (left). Representative flow 

plot for B cells after enrichment. Cells binding only to the PcrV tetramer are indicated with the 

red box. B-C) Percentage (B) and frequency (C) of PcrV-specific B cells in 14 human subjects 

with cystic fibrosis (CF) vs. control, blood bank donors (non-CF). 

 

  

Figure 2.2. Tetramer-specific class-switched B cells in mice immunized with PcrV. Flow 

cytometry plots from lymphoid tissue in representative PcrV-immunized or control (naïve) mice 

sacrificed on day 7 post-immunization by intraperitoneal injection. Cells were analyzed after the 
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magnetic enrichment of tetramer-bound cells. Class-switched B cells are highlighted within the 

red boxes. 

 

Figure 2.3. Generation of anti-PcrV mAbs derived from B cells isolated from a chronically 

PA infected CF donor. A) Percentage of somatic hypermutation (SHM) detected in B cell 

receptor (BCR) sequences from cells of the indicated phenotype for CF donor 1. B) ELISAs 

showing PcrV binding using supernatants derived from 293T cells transfected with IgM 

expression plasmids containing the indicated BCR sequences. C) Area under the curve (AUC) 

for representative ELISAs of purified antibodies 408 and 411 expressed alternatively as IgM vs. 

IgG. D) AUC for representative ELISA of purified mAbs V2L2 and 411 expressed, alternatively 

as, IgG vs. IgM; and for the commercially sourced, clinical, bi-specific mAb, gremubamab. 

mAbs derived from CF subject B cells are labeled with the CF prefix for clarity.  



 

 

24 

 

Figure 2.4. CF-subject derived, germline, anti-PcrV-specific mAbs exhibit robust anti-PA 

activity in an in vivo mouse pneumonia model. A) Schematic illustrating the experimental PA 

infection and mAb delivery protocol. B-C) Bacterial load in mouse lungs at 48 h post-infection 

for mice that received a 60 µg (B) or 20 µg (C) intranasal dose of off-target, control IgG1 mAb 

(ctl), indicated anti-PcrV mAbs, or diluent alone (none).  
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Figure 2.5. High affinity anti-PcrV mAbs derived from memory B cells isolated from CF 

Donor 2. A) Somatic hypermutation (%SHM) rates in BCR sequences from individual B cells 

with the indicated surface phenotype isolated from CF donor 2. Each circle represents a singly 

sorted cell. B) Heatmap showing paired heavy (x-axis) and light (y-axis) V gene families for 31 

MBCs in donor 3. The color gradient depicts SHM for the heavy chains in each pairing. Clone 

numbers for BCRs to be expressed as mAbs are included to the left of their corresponding box. 

C) PcrV binding by ELISA for purified mAbs generated from five MBC BCRs (colored lines). 

The two CF subject 1-derived mAbs with in vivo protective activity (CF 408 and CF 411) are 

used as benchmarks for relative binding activity (dashed lines). The off-target control (anti-

SARS-CoV-2 RBD) line appears hidden because it overlaps with the blue line (CF 432).  



 

 

26 

 

Figure 2.6. B cell receptor (BCR) sequencing of PcrV-tetramer-specific B cells derived 

from 3 CF donors. A) Percentage of somatic hypermutation (SHM) detected in BCR sequences 
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from cells of the indicated phenotype in chronically PA infected, CF donor 3. Each circle 

represents a singly sorted cell. B) Histograms show the number of unique BCR sequences 

obtained for each V gene family (y-axis) for heavy and light (kappa or lambda) chains. Data 

from each CF donor is shown in a separate panel of graphs (with Donor number indicated at top). 

The bars for the V gene families used by in vivo-tested mAbs are colored as: blue-green (CF 

411) and orange (CF 408). C) Heatmap showing pairings of heavy- (x-axis) and light (y-axis) 

chain V gene families where with full-length, high quality V region sequence was attained. For 

each heavy/light chain pair, the percentage of heavy chain sequence which differs from the 

germline sequence is depicted by color gradient.  

 

 

Figure 2.7. Transfectant supernatant screen of 12 MBC-derived mAbs. ELISA assessing 

PcrV binding for supernatants from 293T cells transfected with IgG expression plasmids. 

Numbers (430-442) indicate the BCR sequences identified from individual, PcrV-specific, 

MBCs from CF donor 2. Supernatant for mAb 411 IgG (dotted line; isolated from CF Donor 1) 

is included as a benchmark (positive ctl).  
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2.4 DISCUSSION 

In the face of rising antibiotic resistance by pathogenic bacteria, the development of new 

antimicrobial treatment modalities becomes increasingly desirable. Because mechanisms of 

intrinsic resistance already limit therapeutic options, multidrug-resistant PA can be especially 

difficult to treat (109). Unfortunately, relative to the projected need, few novel antimicrobials are 

under active pharmaceutical development (2). Antimicrobial mAbs may fill a widening gap as 

alternatives, or adjuncts, to traditional antibiotics. Efforts to develop mAbs for PA antibodies 

targeting PcrV, a critical component of the toxin injection apparatus, are bolstered by strong 

evidence for antibody-mediated protection in animal models (110–113). Unfortunately, two 

engineered antibody-like drug candidates (a Fab fragment and a bi-specific) derived from mice 

failed to achieve positive end points in Phase II trials (102,109,114). Thus, new work is required 

to identify human mAbs that would improve on immunogenicity risk and pharmacokinetics, while 

maintaining robust protective activity. 

Traditional methods of mAb development require extensive labor in the early stages, from 

immunization of mice with a recombinant protein to screening hundreds of hybridomas. Further, 

to address the immunogenicity of the murine constant region, mouse-derived antibodies must be 

iteratively re-humanized in vitro and/or modified into antibody fragments (Fab) which lack 

effector functions and are subject to rapid renal clearance. Although fully in vitro strategies like 

phage display can enable the use of human variable domains (115), the high-throughput screening 

processes are vulnerable to bottleneck effects and drift, do not select against autoreactivity or 

immunogenicity, and do not screen paired VH/VL sequences within the context of full-length 

paired chains. An alternative approach that has also sought to maximize throughput in screening 
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for high affinity anti-PcrV binders from a library of llama-derived nanobodies (116) shares similar 

advantages and drawbacks. 

Here, we generated multiple anti-PcrV mAbs directly from the BCR variable regions of 

antigen-specific B cells derived from CF donors. For practical reasons, we tested only a subset of 

paired antibody sequences that were isolated from single cells.  Overall, while lower throughput 

than library screens, antibody discovery was extremely efficient, requiring expression of very few 

(< 12) BCRs to yield high-affinity anti-pseudomonal mAbs from each of 2 donors. Interestingly, 

sequences encoding protective IgG mAbs were obtained from a phenotypically diverse set of B 

cells, including class-switched and IgM MBCs and IgM-expressing cells that lacked canonical 

MBC markers and employed fully germline BCRs.  Strikingly, the two tested mAbs directly cloned 

from human B cells achieved control of PA infection that matched V2L2MD IgG, the PcrV-

specific binding component of gremubamab. Notably, promising results in animal models may not 

predict clinical success for novel anti-PA therapeutics. However, mAbs derived from human B 

cells have theoretical advantages vs. previously trialed KB001 and gremubamab that would not be 

reflected in murine models, including reduced immunogenicity and fully human effector functions.  

While the goal of this study was to generate novel protective mAbs for therapeutic use, our 

findings have an additional benefit of insight into the biology of the adaptive humoral response to 

PA in CF, which has thus far been limited to comparing titrations of secreted antibodies (104). As 

we hypothesized given the uniquely high frequency of PA infections in the CF population, 

circulating PcrV-specific B cells in CF individuals were expanded compared to non-CF 

individuals, a finding that raises interesting new questions about barriers to clearance of infection. 

While the ability to generate protective mAbs ex vivo from single cell CF BCRs demonstrates that 

B cells with the technical capacity to produce functional anti-PA antibodies, while rare, are present 
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in the peripheral blood, multiple in vivo challenges may limit PA clearance in individuals with CF. 

Significant future work will be required to fully characterize the nature and dynamics of PA-

specific B cells in CF individuals. Better understanding of the endogenous anti-PA response might 

also reveal insight that could enhance future therapeutic antibody products. 

We have previously shown that protective mAbs may be built from antigen-specific MBCs 

that target the parasite Plasmodium falciparum and the virus SARS-CoV-2 (58,81,103). Besides 

eliminating the humanization requirement and concern for residual immunogenicity, human MBC-

derived mAbs are the product of evolved B cell development and maturation processes that 

encompass tremendous diversity and include selection against auto-reactivity and, for cells that 

have exited GCs, pre-optimized binding to antigen via affinity maturation. When combined with 

the results of our present study, human antigen-specific B cells may be broadly considered as an 

underutilized high-yield resource in the critical endeavor to discover new treatments for infectious 

disease. 

2.5 MATERIALS AND METHODS  

PBMC and serum collection 

Under protocols approved by the Seattle Children’s Institutional Review Board 

(SCH#10325), CF donors were recruited from patients receiving care that day at Seattle Children’s 

Cystic Fibrosis Clinic in March-June 2019 (for initial B cell phenotyping and serum ELISAs) and 

April-July 2021 (serum ELISAs and BCR sequencing experiments). Individuals who declined to 

participate or were assessed by the clinical team to be unable to safely donate at least 30 mL of 

blood were excluded. Blood was transported at room temperature to the University of Washington 

Department of Immunology and processed within 4 hours of collection. Serum was collected by 
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centrifugation at 1500 g for 10 min, and then frozen at -80 C. Peripheral mononuclear blood cells 

(PBMCs) were collected using SepMate-50 PBMC Isolation Tubes (STEMCELL Technologies) 

and frozen slowly at -80 C before transfer to liquid nitrogen for long-term storage. Non-CF donor 

samples were provided by BloodWorks Northwest from regular blood donors or from non-

mobilized healthy donors through the Fred Hutch Hematopoietic Cell Procurement and Processing 

core. 

 

Tetramer production 

Recombinant PcrV was expressed using E. coli transformed with low copy plasmid 

containing the PcrV CDS (GenBank: AF010149.1) and a 10 X N terminal His tag, and purified 

from filtered bacterial supernatant on a His affinity column. To enable tetramerization, PcrV was 

biotinylated using EZ-Link Sulfo-NHS-LC Biotinylation Kit (ThermoFisher). The production of 

antigen-specific B cell tetramer reagents has been previously described in some detail (78). Briefly, 

biotinylated PcrV was co-incubated with streptavidin-fluorophore (SA-PE or SA-APC; Agilent). 

Decoy tetramers are produced by tetramerization of an irrelevant protein with a matched 

conjugated fluorophore (eg. PE-Cy7 for use in experiments requiring the PE-conjugated PcrV 

tetramer). 

 

Identification of PcrV-specific cells 

Our methods for isolating antigen-specific B cells using tetramer reagents are described in 

detail elsewhere (78). Flow cytometry was performed on a BD LSR II (Becton Dickinson). For 

BCR sequencing experiments, single cells were sorted into a 96 well-microplate using a BDFACS 

Aria II that was contained within a biosafety cabinet. 
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BCR sequencing 

cDNA was amplified from singly sorted B cells using SMART-Seq v4 (Takara Bio) at half 

reaction volumes. Initial BCR sequencing for donor 1 followed protocols we have previously 

described in detail (58,81,103). Briefly, a single, multiplex PCR was performed for each B cell 

using a universal primer for the template switch region and pooled constant region primers for the 

μ, γ, α, κ, and λ constant regions. Amplicons were then purified and sequenced by Sanger 

sequencing. For donors 2 and 3, a custom protocol that enables high-quality, single cell BCR 

sequencing by MiSeq was employed (manuscript in preparation as Thouvenel et al). Alignment of 

all trimmed sequences was performed using both TRUST4 (117) and IGMT/HighV-QUEST (118). 

Rare conflicts (eg. differences in reported %SHM) were resolved by review of the raw sequence 

data and individual analysis in IgBlast (119). 

 

BCR cloning 

Our methods for cloning BCR variable region sequences into antibody expression plasmids 

were described previously (58,81,103). Briefly, each light chain was cloned into vectors of its 

isotype, κ or λ, following the manufacturer’s protocol for in-fusion cloning (Takara Bio). All heavy 

chains were similarly cloned into IgG1 and IgM plasmids in parallel. Concordance with the 

parental cDNA was confirmed by Sanger sequencing of the cloned plasmids.  

For the V2L2MD IgG and IgM mAbs, heavy and light chain sequences were synthesized 

as a gBlock (IDT) by introducing mutations to match the amino acid sequence for the anti-PcrV 

VH/VL in gremubamab (INN 10909; 17) in the closest human VH and VL nucleotide sequences. 

The resultant V(D)J sequences were then synthesized as a gBlock (IDT) and then cloned into 
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expression plasmids using the same methods described for generation of our human B cell BCR 

sequences.  

Whole-plasmid sequences were obtained from a subset of plasmids as a quality control 

measure (Primordium Labs). 

 

Production of mAbs 

IgG mAbs were produced in HEK-293T cells (ATCC) by co-transfection of heavy- and 

light-chains in polyethylenimine as previously described (58). Production of IgM mAbs was 

carried out as described in Hale et al., using the same human J chain plasmid. For initial screens, 

supernatant was harvested at 4 days post-transfection and concentrated and buffer-exchanged into 

PBS using 50,000 MWCO Millipore Amicon Ultra-15 Centrifugal Filter units (Thermo Fisher 

Scientific). Purification was carried out following manufacturer’s instructions on HiTrap Protein 

G HP purification column for IgG mAbs (GE Healthcare), and a POROS CaptureSelect IgM-XL 

Affinity Matrix Column (Thermo Fisher Scientific) for IgM. Antibodies were concentrated and 

buffer-exchanged into phosphate buffered saline to at least 1 mg/mL, and then stored at -80C in 

120-200 µL aliquots. 

 

ELISAs 

To prepare for antigen-specific antibody ELISAs, recombinant PcrV was prepared as 

described above and diluted to 2 µg/ml in PBS and incubated on high-binding 96 well plates 

(Corning) overnight at 4° C. Plates were then washed thoroughly with PBS and 0.05% Tween 20 

(PBS-T). Next, non-specific interactions were blocked using 200 µl/well of PBS-T with 3% bovine 

serum albumin (3%) at room temperature for 1 – 3 hours. Samples of interest were serially diluted 
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in PBS-T immediately prior to use. Dilution series for each sample were incubated on washed 

plates for 2 hours at room temperature. After thorough washing with PBS-T, bound antibodies 

were detected by incubation for 1 hour at room temperature with HRP-conjugated goat anti-human 

IgG (diluted 1:3000 in PBS-T; SouthernBiotech), IgM (1:1500; SouthernBiotech), or IgA (1:1500; 

ThermoFisher), washed again, and developed using 1× 3,39,5,50-tetramethylbenzidine 

(Invitrogen) and 1 M H2SO4. OD was measured on a SpectroMax i3X (Molecular Devices, San 

Jose, CA) at 450 and 570 nm, and OD450-750 was analyzed in Prism (v9.5; GraphPad). When un-

purified transfectant supernatants were used, ELISAs for total IgM or IgG were also performed in 

parallel using human uncoated IgM or IgG ELISA kits (Invitrogen), following manufacturer’s 

instructions.  

 

Murine pneumonia challenge 

All animal procedures were conducted according to the guidelines of the Emory University 

Institutional Animal Care and Use Committee (IACUC), under approved protocol number PROTO 

201700441. The study was carried out in strict accordance with established guidelines and policies at 

Emory University School of Medicine, and recommendations in the Guide for Care and Use of 

Laboratory Animals, as well as local, state, and federal laws. Eight-to ten-week-old female BALB/c 

mice (Jackson Laboratories, Bar Harbor, ME) were anesthetized by intraperitoneal injection of 0.2 ml 

of a cocktail of ketamine (100 mg/ml) and xylazine (5 mg/ml) and intranasally instilled with 

approximately 105 CFU P. aeruginosa PA103 (in 10-20 μL of PBS). At 15 minutes post-infection, 

monoclonal antibodies or PBS were delivered via the same route in a 20 μl volume. Mice were 

euthanized at 24 hours post-infection, and whole lungs were collected aseptically, weighed, and 
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homogenized for 20 seconds in 1 ml of PBS, followed by serial dilution onto DifcoTM Pseudomonas 

isolation agar, and plated for CFU enumeration.  
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Chapter 3. IgM antibodies derived from memory B cells are potent 

cross-variant neutralizers of SARS-CoV-2 

This chapter is adapted from the following publication: 

 

Hale M*, Netland J*, Chen Y, Thouvenel CD, Nabel KG, Rich LM, Vanderwall ER, Miranda 

MC, Eggenberger J, Hao L, Watson MJ, Mundorff CC, Rodda LB, King NP, Guttman M, Gale 

M, Abraham J, Debley JS, Pepper M, Rawlings DJ. IgM antibodies derived from memory B cells 

are potent cross-variant neutralizers of SARS-CoV-2.  Journal of Experimental Medicine. 

2022;219(9). doi:10.1084/jem.20220849 

*These authors contributed equally. 
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3.1 INTRODUCTION 

Antibody products such as convalescent plasma or engineered monoclonal antibodies 

(mAbs) provide passive immunity to SARS-CoV-2 and can protect vulnerable individuals from 

severe COVID-19 illness or death. IgM antibodies play a major and out-sized role in SARS-CoV-

2 neutralizing capacity based on studies of pooled convalescent plasma, despite comprising only 

~5% of the total antibody pool (7,59). IgM is a natural pentamer with 10 epitope binding sites, and 

in vivo effector functions well-suited to neutralizing an invading virus including activating 

complement and triggering activation of immune cells (121,122). However, anti-SARS-CoV-2 

mAbs in clinical use predominantly employ the monomeric, bivalent IgG structure most 

extensively developed for treatment of cancer and autoimmunity (123). 

Emerging variants of SARS-CoV-2 have incorporated new mutations within the 

immunodominant receptor binding domain (RBD) of the spike protein, leading to escape from 

neutralizing mAbs (87,124,125). While the identification of novel cross-variant neutralizing 

antibodies is one path forward, an alternative strategy would be to modify existing mAbs to be 

more tolerant of mutation. We previously found that naturally multimerized IgM or engineered 

hexameric IgG enhanced the protective function of two malaria-specific mAbs via the cumulative 

binding strength of multiple interactions with an antigen-coated surface due to avidity (58). 

Multimerization might therefore expand the functional range of an anti-SARS-CoV-2 mAb by 

compensating for reductions in affinity to a mutated RBD via enhanced avidity. Supporting this 

concept, artificial multimers can neutralize human immunodeficiency virus escape mutants, 

provided that the antigen binding domains are arranged such that cross-linking could occur across 

viral spike proteins (126). Notably, SARS-CoV-2 spike proteins are distributed with a density such 

that inter- and intra-virion crosslinking could theoretically be performed by IgM (9,127,128). 
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The role of IgM and IgM-expressing cells in the human immune system must be better 

understood to maximize the therapeutic potential of IgM antibodies. IgM antibodies and IgM+ B 

cells are most appreciated in the early plasmablast response, providing a low-affinity humoral stop-

gap until higher-affinity antibodies of other isotypes are generated. This later response includes 

class-switched antibody-secreting plasmablasts, memory B cells (MBCs), and plasma cells that 

emerge from germinal centers. Re-activation of antigen-specific MBCs results in antibody 

production that can rapidly control pathogen propagation (129). A predominant pool of SARS-

CoV-2-specific IgG+ MBCs and significantly smaller population of IgM+ MBCs are formed 

following infection or vaccination (49,130,131). Despite intensive study of IgG+ MBCs, relatively 

little is known about the role for IgM+ MBCs in protection. Indirect evidence suggests that RBD-

specific IgM+ MBCs may be important contributors to protective immunity, as well as a potentially 

underappreciated source of B cell receptor (BCR) sequences with therapeutic utility as neutralizing 

mAbs (132–137). However, descriptions of the SARS-CoV-2 IgM+ MBC repertoire are limited by 

the small number detectable in the blood at late timepoints and the technical challenge of producing 

high-quality pentameric IgM to study the BCR in its native isotype (83–85). 

Our group has established robust protocols for BCR sequencing of rare, antigen-specific 

MBCs and production of purified IgM mAbs (54,58,81). We used these methodologies to compare 

the relative functional activity of an array of SARS-CoV-2-specific sequences expressed as 

multimeric IgM vs. monomeric IgG that targeted a broad range of RBD epitopes. We then assessed 

the panel of clonally identical IgM vs. IgG mAbs for cross-variant neutralization. We also sought 

to determine whether IgM+ MBCs present in convalescent individuals encode antibodies that bind 

and neutralize SARS-CoV-2. Our combined findings suggest that IgM antibodies may play an 
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important and underappreciated role in protection against SARS-CoV-2 variants when the 

protective capacity of serum IgG and IgG+ MBCs alone may prove inadequate. 

3.2 RESULTS AND DISCUSSION 

3.2.1 Pentameric IgM increases the potency of IgG+ MBC-derived neutralizing antibodies  

For initial investigation into the effect of multimerization on SARS-CoV-2-specific 

antibodies, we employed eight neutralizing mAbs derived from RBD-specific IgG+ MBCs isolated 

from convalescent individuals (81). Building on methods for studying the repertoire of antigen-

specific MBCs, BCRs from individual RBD-specific B cells were sequenced and the specificity-

determining heavy and light chain variable regions were cloned into expression plasmids as 

gamma1 (for the heavy chain) or kappa/lambda (light chain) constructs (58) and IgG mAbs derived 

from each BCR were purified from co-transfected cells. Each heavy chain variable sequence was 

also cloned into a plasmid upstream of the mu (IgM) constant region to prepare for multimerization 

studies. 

To build our panel of candidates for multimerization, we chose six IgG mAbs that had been 

previously tested in SARS-CoV-2 plaque neutralization tests (81), with a range of half-maximal 

neutralization titers (NT-50; 5-540 ng/ml; Fig. 3.1 A). We selected two additional IgG mAbs (257 

and 308) that had failed to block RBD from binding ACE2 in a plate-bound assay, with the goal 

of also testing the impact of multimerization across a range of epitopes, including antibodies 

targeting regions outside of the ACE2:RBD interface (81). Each mAb was affixed to a biosensor 

to assess RBD binding and dissociation by biolayer interferometry (BLI) to assess affinity. 

Affinities for RBD ranged from sub-picomolar (mAbs 297 and 305) to 6.2 nM (284) (Fig. 3.1 A 

and B). To confirm that these mAbs represented a range of RBD target sites, we measured 
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competition for RBD binding by BLI using a panel of Fabs and IgG mAbs with known epitopes 

(Fig. 3.2 and 3.3 A, summarized in Fig. 3.1 C and D). From the combined results, we predicted 

that 3 of 8 mAbs (284, 297 and 305) bound at the ACE2 interface with likely Class 1 or Class 2 

RBD-specific binding moieties, using a classification scheme described by Barnes et al. (138). 

MAb 203 did not appear to bind at the ACE2 interface, but competed strongly with LY-CoV555, 

a Class 2 antibody, and partially with S309, the Class 3 antibody that is the basis for sotrovimab, 

suggesting binding near but not directly blocking the ACE2 binding site (139). MAb 207 was 

predicted to be a Class 3-like antibody. MAb 239 competed with the tight-binding but non-

neutralizing Class 4 CR3022 antibody (140), and with C1C-A3, a recently described Class 4 

antibody that binds outside of the ACE2 footprint at the conserved RBD core (141). Contributing 

to evidence of binding outside the ACE2 footprint, 257 and 308 competed only with C1C-C6, a 

Class 4-like neutralizing antibody (based on competition with CR3022) that also does not directly 

block ACE2:RBD interactions in protein-based assays (141). Together, the predicted target sites 

within RBD, affinities and neutralization potencies demonstrate that this panel’s MBC-derived 

mAbs encompass a diversity of immunologically relevant neutralizing epitopes. 

For expression as IgM mAbs, in addition to the light chain and mu heavy-chain plasmids, 

we included a plasmid encoding the human joining (J) chain that enables self-assembly into 

pentameric IgM, the predominant form in humans (58,121,142). We also confirmed appropriate 

size, hydrodynamic radius, and purity of pentameric IgM using size exclusion chromatography 

with multiple angle light-scattering (SEC-MALS, Fig. 3.3 C). 

To compare the properties of IgM vs. IgG mAbs with identical specificities, we first 

measured neutralization potencies against a luciferase-encoding SARS-CoV-2 spike pseudotyped 

lentiviral vector (pseudovirus) (143). Pseudovirus was pre-incubated with IgM or IgG mAbs, and 
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then applied to ACE2-expressing 293T cells. Strikingly, multimerization as IgM lowered the 

concentration required to achieve a 50% reduction in infection relative to untreated controls (NT-

50) for all 8 IgG+ MBC-derived mAbs with impacts ranging from 3-23 fold (Fig. 3.1 E). There is 

a large size difference between monomeric IgG (~150 kDa) and pentameric IgM (~970 kDa) (83). 

Thus, considered on a molar basis, neutralizing activity increased ~20-150 fold. 

Relative effects for IgG/IgM pairs were not attributable solely to their RBD epitope. In 

particular, if, as has been speculated, steric hindrance of ACE2 binding by the bulky IgM molecule 

were the primary mediator of increased neutralization (144), then mAbs that competed with the 

ACE-2-Fc chimera might have been predicted to display the greatest enhancement with 

multimerization. However, while mAbs 297 and 305 each competed with ACE2-Fc and exhibited 

similar sub-picomolar affinity to RBD and 15 ng/ml potency as IgG, multimerization as IgM 

effected 12- vs. 4-fold increases in activity, respectively. One explanation for variance in 

multimerization impact is differing ability to cross-link spike proteins/virions as assembled 

pentamers, a geometric or paratope property that would increase potency in neutralization assays 

but not be detected via techniques used to quantify binding. The limited impact of multimerization 

on clone 239, which binds at the RBD core, may be due relative steric hindrance for IgM in 

accessing the base of RBD, reducing the potential for cross-linking (145). While our studies are 

limited by reliance on competition assays rather than direct structural studies to define the RBD 

epitope, our combined findings suggest that the impact of multimerization is influenced by factors 

other than proximity to the ACE2 footprint. 

In our study of MBC-derived mAbs targeting malaria merozoite surface proteins, enhanced 

avidity by multimerization as pentameric IgM or engineered hexameric IgG drove increased 

activity in parasite-blocking assays (58). Anti-SARS-CoV-2 mAbs with lower affinities for RBD 
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might therefore be predicted to benefit most from multimerization. Indeed, two of the lowest 

affinity clones, 203 and 207, showed the greatest benefit of multimerization (21-23 fold). 

Although neutralization assays that use a spike pseudotyped lentivirus have been validated 

for IgG mAbs, differences between pseudovirus and true SARS-CoV-2 might impact the 

assessment of IgM/multimer activity. We therefore assessed one mAb pair using a live viral assay. 

The results for clone 297 IgG and IgM mAbs in a plaque assay that employed a SARS-CoV-2 

isolate were nearly identical to the data generated using the pseudovirus neutralization assay (Fig. 

3.1 F). In summary, multimerization as IgM increased potency across an unexpectedly broad range 

of target epitopes and affinities, including for mAbs that exhibited sub-picomolar affinity and 

potent neutralizing activity as IgG monomers. 

3.2.2 SARS-CoV-2-specific IgM+ B cells encode BCRs that primarily bind RBD when 

expressed as IgM.  

Having shown that the activities of IgG+ MBC-derived neutralizing antibodies are 

enhanced by expression as IgM, we next sought to investigate the characteristics of RBD-specific 

IgM+ MBCs present in the same donors (81). We therefore determined BCR sequences from 

antigen-experienced RBD-specific IgM+ B cells collected but not previously evaluated in our prior 

study (Table 3.1). BCRs from IgM-expressing cells with a classic MBC surface phenotype 

(CD21+CD27+) exhibited evidence of somatic mutation. The extent of mutation was less than 

observed in malaria-specific IgM+ MBCs (54) likely reflecting the different kinetics of the immune 

responses to these pathogens, the time between exposure and sample collection, and/or the 

likelihood of multiple exposures in a malaria-endemic region (146). Of note, near-germline 

sequences can encode potent SARS-CoV-2 neutralizing antibodies (132,147,148). Consistent with 

data that the fraction of RBD-specific MBCs that are IgM+ declines in the months following a first 
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infection in unvaccinated individuals, most IgM+ MBC BCR sequences were isolated at early time 

points post-infection (81,85,149). While our data is limited by the duration of the study, other work 

suggests that individuals infected 12 mo. prior to analysis can retain long-lived IgM+ MBCs 

(55,150). 

To understand the potential contribution of IgM memory to the antibody pool, we built a 

library of plasmids from the antigen specificity-determining V(D)J sequences of each BCR. Heavy 

chains were cloned into alternative plasmids to allow us to directly compare the binding and 

functional properties when expressed as the native IgM isotype vs. as IgG. As an initial screen, we 

tested supernatants from cells co-transfected with a plasmid encoding the BCR-derived light-chain 

and a plasmid encoding its paired heavy chain variable region upstream of the gamma1 constant 

region (to make IgG), or the mu constant region (IgM). In this manner, 26 IgM-encoded BCRs 

were expressed as IgG and IgM antibodies. Despite achieving similar concentrations of IgG or 

IgM as assessed using anti-isotype ELISA, RBD binding was detected primarily for supernatants 

containing IgM (Fig. 3.4, A and B). Clones that bound RBD as IgM, but not IgG, likely represent 

low-affinity receptors that benefit from enhanced avidity provided by IgM’s multimeric structure. 

Our results demonstrate the value of studying IgM BCRs as IgM antibodies and highlight the 

ability of tetramer-based enrichment to identify even very low-affinity antigen-specific MBCs 

(78). Notably, supernatant from cells producing an IgM antibody derived from clone 204 prevented 

RBD from binding to human ACE2, a surrogate for neutralization (Fig. 3.4 C) (151). 

3.2.3 A mAb derived from an IgM+ MBC is a potent neutralizer of SARS-CoV-2. 

Next, we aimed to determine whether IgM BCR clone 204 encoded a neutralizing antibody. We 

therefore produced purified 204 IgG and IgM for use in advanced assays. To measure affinity, 204 

IgG was immobilized onto sensor tips that were immersed into solutions with various 
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concentrations of RBD. Next, we immobilized RBD on a sensor and allowed varying dilutions of 

IgG or IgM antibody to bind, such that a calculated dissociation constant (Kd) reflected relative 

affinity, or avidity. For 204 IgG, the avidity assay Kd was 9.45 nM, while the 204 IgM Kd could 

not be calculated (Fig. 3.4 D). Consistent with our observations of malaria-specific multimerized 

antibodies, IgM strongly resisted dissociation through increased numbers of binding events and/or 

the effective increase in local concentration of binding moieties. 

To assess neutralizing activity, we performed plaque reduction tests with SARS-CoV-2 

and 204 IgM or IgG. 204 IgM, but not 204 IgG, exhibited potent neutralization (Fig. 3.4, E and 

F). In comparing the two isotypes, the NT-50 was 66-fold lower for 204 IgM than the clonally 

identical IgG. Thus, ~400-fold fewer molecules of IgM than IgG were required to achieve 

equivalent reduction in plaques vs. untreated controls (Fig. 3.4 G). Interestingly, while 204 IgG 

affinity and potency was lower than the IgG MBC-derived antibodies tested above, 204 IgM’s 

observed neutralizing potency was similar to the highly potent 297 IgM. To investigate whether a 

unique target site explained the robust effect of multimerization for clone 204, we again performed 

competitive BLI assays with well-characterized mAbs and the IgG+ MBC-derived mAbs (Fig. 3.3 

B and D, Fig. 3.4 H). Adding 204 IgG did not increase sensor-detected RBD binding after 

immersions into solution containing IgG mAbs 284, 297, or 305, or the REGN10933 IgG and only 

moderately when 203 IgG or a LY-CoV555 Fab fragment was pre-loaded. Cumulatively, these 

results suggest that clone 204’s RBD target site is similar to others in our panel and challenge the 

hypothesis that a unique epitope is responsible for the larger effect size of multimerization. Instead, 

our results support a model wherein the avidity benefit of IgM enables antibodies of mediocre 

affinity to achieve equivalent binding strength to a high-affinity interaction with lower valency. 

For clones with high baseline affinity, additional avidity may contribute less to enhanced function 
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than other attributes of IgM, such as the potential for crosslinking and greater steric hindrance for 

RBD:ACE2 interactions. 

3.2.4 IgM mAbs maintain neutralizing activity against variants that escape clonally identical 

IgG mAbs 

In settings of seasonal re-exposure to a highly variable pathogen, a likely future scenario for SARS-

CoV-2, an ideal therapeutic, like an ideal humoral memory response, would tolerate mutations in 

neutralizing target sites, without incurring significant risk for autoreactivity. We hypothesized that 

IgM antibodies could accomplish this goal through enhanced avidity.  

Based on observations that the Beta variant escapes neutralization by mAbs that are 

protective against earlier SARS-CoV-2 isolates, we compared binding to the Beta vs Wuhan-Hu-

1 RBD for each IgG mAb by ELISA (84,149) (Fig. 3.5 A). In parallel, we also tested well-

characterized IgG mAbs from each epitope-defined Class that are known to either exhibit limited 

(CR3022 and REGN10987), or substantial (C144 and C12.3) reductions in Beta vs Wuhan-Hu-1 

RBD binding (87,138,152,153). Together with an ACE2-Fc chimera, the four published antibodies 

exhibited the predicted RBD binding profile, validating the RBD proteins generated for this assay 

and contextualizing results for our in-house mAbs. The parental MBCs in our study were isolated 

in early 2020, when a Wuhan-Hu-1-like virus (WA-1 SARS-CoV-2) predominated (146). Several 

IgG mAbs exhibited reduced binding to the Beta variant RBD protein, most notably 203 and 305. 

Next, affinity to Beta RBD was quantified using BLI for 203 IgG which exhibited significant loss 

of affinity in ELISA, and 297 IgG where binding appeared only slightly reduced (Fig. 3.5 B). The 

results were consistent with ELISAs: 16 nM to Beta vs. 4.4 nM to Wuhan-Hu-1 RBD for 203 IgG, 

and 6 nM to Beta vs. sub-picomolar to Wuhan-Hu-1 RBD for 297 IgG. 
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We next tested all nine IgG/IgM pairs for the ability to neutralize a Beta-spike pseudovirus. 

As expected, the poorest binders to Beta RBD failed to reduce pseudovirus infection as IgG mAbs, 

even at the highest concentration tested (2 µg/ml). In contrast, all IgM mAbs neutralized the WA-

1 and Beta pseudoviruses with similar potencies (Fig. 3.5 C). These results expand on a study in 

which two IgM mAbs were tested for retained binding and neutralization activity against mutated 

RBD proteins and viruses (144). However, in this prior study, only 1 of the 2 IgM mAbs retained 

activity against the key mutations found in the Beta spike (NT-50 > 16 µg/ml). Our data contradict 

the authors’ conclusion that careful selection of targeted epitope is necessary to identify antibodies 

that overcome escape mutations when multimerized as IgM. All IgM mAbs in our panel overcame 

even dramatic losses in neutralization potency. Besides testing more IgM/IgG pairs, our study 

differs in that MBC-encoded BCRs were the source for antigen-binding domains, while the 

previous work utilized variable regions derived from a phage display library and selected on the 

basis of binding to yeast-displayed protein. The ACE2-competing MBC-derived IgG mAbs are 

10-fold more potent in neutralizing WA-1 SARS-CoV-2 than reported for the phage-derived IgG 

(144). These combined findings demonstrate that expression as IgM overcomes reduced affinity 

to the Beta variant for mAbs that target a range of RBD epitopes. 

Next, we tested the previously unexplored question of whether IgM mAbs might also 

outperform clonally identical IgG against the Delta and Omicron BA.1 variants. In particular, the 

Omicron BA.1 variant is extensively mutated and partially or entirely escapes neutralization by all 

but one current Emergency Use Authorization mAb (154). Indeed, in neutralization assays using 

the Delta or Omicron BA.1 spike, 8 of the 9 IgG mAbs exhibited substantial reduction in activity 

(Fig. 3.5, D and E). In contrast, IgM mAbs retained activity at concentrations below 2 µg/ml. 

Apparent exceptions were against the Delta strain, for 203, 284, and 308. 
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Notably, 297 IgG acted as a broad neutralizer across all tested variants, with NT-50s for 

the Delta and Omicron BA.1 pseudoviruses of 111 ng/ml and 147 ng/ml respectively. 

Multimerization as IgM further improved potency to 23 ng/ml against both variants. To confirm 

that increased tolerance for spike mutations by IgM and broad neutralization by clone 297 were 

not specific to the pseudovirus, we next performed assays with true Delta SARS-CoV-2. As 

predicted, 297 IgG retained neutralizing activity, and multimerization as IgM enhanced potency 

5-fold (Fig. 3.5 F). 

3.2.5 IgM mAbs exhibit enhanced protection in human airway cultures 

IgG antibodies do not easily penetrate the lung and respiratory epithelia, primary sites of SARS-

CoV-2 infection. In contrast, pentameric IgM incorporates the J chain that allows transcytosis to 

mucosa (121,155). Evidence from subjects with immunoglobulin deficiencies suggests that IgM 

is important for long-term protection against respiratory pathogens (156). One potential challenge 

for an IgM therapeutic may be its reduced serum half-life relative to IgG (83). However, a recent 

study showed that an IgM mAb delivered to the nasal passages protected mice subsequently 

challenged with SARS-CoV-2 (144). To test the effect of IgM mAbs in human respiratory 

epithelia, we used polarized organotypic airway epithelia cultures generated from primary human 

bronchial epithelial cells (157) and applied SARS-CoV-2 together with either IgG or IgM mAbs. 

For 1 hour each subsequent day, the apical side of the culture was incubated with a small volume 

of mAb, and then rinsed (Fig. 3.6 A). Both the IgG and IgM antibodies reduced viral copy number 

in a dose-responsive manner (Fig. 3.6, B and C). Notably, a lower dose of IgM was required. As 

predicted by our experiments in cell lines, the enhanced performance of IgM was more striking for 

clone 204 than 297 due to the relatively lower potency of 204 IgG. These results demonstrate that 
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IgM mAbs are protective in a model that recapitulates physiologic conditions of the human airway, 

including air-exposure and mucus production. 

Multimerization as the dimeric antibody isotype, IgA, has also been explored as a strategy 

to enhance SARS-CoV-2 neutralizing mAbs. Such reagents exhibit greater potency in vitro 

compared to clonally identical IgG, although not achieving that of IgM as demonstrated here or in 

other studies (84,144,158). IgA is more efficiently transported to respiratory mucosa, while IgM 

is maintained in higher concentrations in the blood, where it controls hematogenous spread, in 

addition to accessing the mucosa (83). Unlike IgA, IgM is a potent activator of complement, which 

both targets a pathogen directly and enhances the immune response. Delivery of IgM to respiratory 

mucosa might achieve both therapeutic effects (122). Interestingly, systemic delivery might offer 

enhanced stability of mAbs at the mucosal surface, as IgM acquires the protective secretory 

component during transcytosis (60). 

Artificial multimers also harness avidity to enhance potency and/or breadth of SARS-CoV-

2 binding domains. Among the most successful are trimeric nanobodies and a 24-valent structure 

of RBD-specific variable regions connected to an apoferritin scaffold (159–162). Interestingly, the 

hydrodynamic radius of the apoferritin construct is similar to IgM, potentially enabling similar 

cross-linking and steric hindrance (Fig. 3.3 C) (161). However, despite potent in vitro properties 

and proof of principle in small mammal models, novel proteins face greater challenges in safety, 

pharmacokinetics and anti-drug immune responses. Moreover, their function is likely limited to 

direct neutralization of virus. In contrast, IgM antibodies can interface with the endogenous 

immune system (83). Further, the use of variable domains derived from MBCs takes advantage of 

germinal center in vivo selection and refinement not feasible with phage display, including heavy- 

and light-chains that are selected in concert while, in parallel, screening against autoreactivity. Of 
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note, a recent report described three spike-specific mAbs presumed to be derived from IgM+ MBCs 

(based on the dominant B cell subset present at the time of sample collection) (133). The two RBD-

specific mAbs and one N-terminal domain-specific mAb exhibited increased neutralizing potency 

as IgM vs. IgG. However, expression of an IgG-derived, N-terminal domain-specific mAb as IgM 

did not statistically improve its activity. Our study expands upon these observations with 

characterization of > 20 RBD-specific mAbs derived from IgM+ MBCs. Further, we provide a 

comprehensive assessment of the role of multimerization in enhancing neutralization and the 

impact of antibody isotype on resistance to viral escape. 

The high per molecule potency and enhanced durability of binding across mutant viral 

proteins demonstrated here for IgM mAbs may help to explain the remarkable evolutionary 

conservation of multimeric IgM in jawed vertebrates (163). Although our investigation of IgM+ 

MBCs encompassed a small number of cells, we identified a potent neutralizing antibody. These 

results contribute to growing evidence that IgM memory has an underappreciated role in protective 

immunity. IgM mAbs generated from diverse neutralizing antibodies are potent and broad 

neutralizers of SARS-CoV-2 and include candidate mAbs with likely therapeutic utility. Our 

results underscore the value of focused investigation into the role for IgM memory in immunity to 

SARS-CoV-2 and other evolving pathogens. 
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3.3 FIGURES 

 
Figure 3.1. Diverse IgG+ MBC-derived RBD-specific antibodies gain potency when 

expressed as IgM. (A) Panel of eight IgG+ MBC-derived IgG mAbs indicating affinity for RBD 
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and NT50 of WA-1 SARS-CoV-2 in PRNT. (B) Binding kinetics for individual mAbs as 

determined by BLI using sensor-bound IgG mAbs and serial dilution of soluble RBD protein. 

Each mAb was tested with six dilutions of RBD. (C and D) Summary of epitope-mapping 

experiments showing relative competition for RBD between the indicated MBC-derived IgG and 

well-characterized Fabs (C) or each other (D); individual data are provided in Figs. 2.2 and 2.3 

A. (E) Comparison of neutralizing potency of clonally identical IgG and IgM mAbs against 

pseudovirus. Bars indicate mean and SD for three independent experiments; individual symbols 

indicate the average of internal duplicates for each experiment. Average fold difference in NT50 

potency for IgG vs. IgM for each BCR clone is shown below the graph. (F) Representative 

results for 297 IgM vs. IgG in neutralization assays using the pseudovirus (left panel; average 

and SD are shown for three independent experiments, each performed in duplicate) or a WA-1 

SARS-CoV-2 PRNT (middle panel; representative of three independent experiments) and 

summary of NT50 data (right table).  
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Figure 3.2. BLI competition assays. Competition with well-characterized mAbs for the panel of 

eight IgG+ MBC-derived IgG mAbs. The timing of the exposure to each antibody is indicated 

with a black arrow for the well-characterized mAb and a red arrow for the MBC-derived mAb. 
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Figure 3.3. BLI competition assays and SEC-MALS demonstrating molecular weight of 

IgM pentamer. (A) Intrapanel competition BLI plots displaying sensor-detected RBD binding 

after addition of the indicated IgG+ MBC-derived IgG mAb. (B) Competition with well-
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characterized mAbs and the IgM+ MBC- derived 204 IgG mAb for RBD by BLI. (C) SEC-

MALS traces for the purified 297 IgM mAb. The light scattering trace is in blue, and the 

molecular weight (MW) calculated from the combination of scattering, refractive index, and UV 

absorbance is shown in red across the peak elution window. The average calculated MW is 

shown in the inset, along with the predicted MW (MWpred). The error is based on the SD from 

the 56 scans along the peak elution profile; however, the expected uncertainty can be as large as 

10% due to assumptions about molar extinction coefficients and glycan occupancy. The 

hydrodynamic radius (Rh) was estimated from dynamic light scattering, which was also 

measured online and indicated under the peak. (D) Competition of mAb 204 against the panel of 

eight IgG+ MBC-derived mAbs. 
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Figure 3.4. IgM memory B cells encode RBD-specific antibodies, including a neutralizing 

mAb with improved activity when expressed as IgM vs IgG. Supernatants from cells 
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transfected with plasmids encoding IgM+ MBC-derived mAbs as IgG vs. IgM screened by 

ELISA for: A) anti-IgG (left) or -IgM (right), with untransfected supernatant as a negative 

control (blue); or B) binding to SARS-CoV-2 spike RBD protein. (C) Supernatants’ ability to 

block RBD from binding to plate-bound human ACE2. BCR clone #204 is highlighted (in red) in 

B and C. IgG+ MBC-derived antibody, 297 IgG, is included as a positive control (in pink) in C. 

Data is representative of 2 independent experiments performed in triplicate. (D) Biolayer 

interferometry data showing binding and dissociation kinetics of BCR clone #204 as purified 

IgG vs. IgM. (E) SARS-CoV-2 PRNT on Vero cells at the indicated concentrations of 204 IgG 

vs. IgM, or an anti-malaria mAb (negative control, Thouvenel et al., 2021). NT-50 titers are 

shown based on mass (F) or molar (G) concentrations. For conditions that did not approach an 

NT-50, an arbitrary NT-50 was assigned of 2X the maximum concentration tested (dashed line). 

Assay was performed in duplicate and repeated at least twice. (H) Epitope mapping of mAb 204 

IgG by BLI against well characterized Fabs/mAbs and the other mAbs in our panel; individual 

data are provided in Fig. 3.3 B and D. 
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Figure 3.5 IgM antibodies retain activity against viral spike variants that escape clonally 

identical IgG. A) Binding to Wuhan-Hu-1 (WH-1) or Beta variant RBD proteins by purified 
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IgG mAbs in ELISAs, quantified as the area under the curve (AUC) for a 10 dilution series. 

Results for the panel of eight IgG+ MBC-derived mAbs are shown (left panel). For clarity, 

simultaneously performed ELISAs testing well-characterized IgG mAbs, or an ACE2-Fc fusion 

protein (ACE2), are shown separately (right). Data is representative of 2 independent 

experiments performed in triplicate. (B) Affinity for Beta RBD of representative antibodies with 

significantly reduced binding, 203 (top), and moderate reduced binding, 297 (bottom). (C) 

Neutralization potencies for each mAb as IgG vs IgM against WA-1 (blue) or Beta (pink) spike 

pseudovirus. Dashed line illustrates the maximum antibody concentration tested (2 µg/ml). For 

antibodies that did not approach an NT-50, the NT-50 is graphed arbitrarily in the shaded area as 

4 µg/ml. Each IgG/IgM pair was tested in duplicate against both viruses in 3 independent 

experiments. (D) Varying neutralization potency against WA-1, Beta, Delta, and Omicron BA.1 

spike pseudoviruses for IgG (left) vs IgM (right) mAbs. Error bars illustrate mean +/- SD for > 3 

experiments with internal duplicates. (E) Summary neutralization potencies of IgG vs. IgM 

mAbs for the indicated variants in experiments described in D. Control: malaria-specific IgG or 

IgM (MaliA01 mAbs, Thouvenel et al., 2021). (F) Neutralization in a Vero cell plaque reduction 

assay of Delta SARS-CoV-2 for 297 IgG vs. IgM. Representative plot of 5 independent 

experiments. 
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Figure 3.6. An anti-RBD IgM mAb protects against SARS-CoV-2 infection in differentiated 

human airway epithelia cultures. A) Schematic of experimental design using airway epithelial 

cultures differentiated to an organotypic state at an air-liquid interface (ALI). (B-C) 

Quantification of viral RNA copy number in ALI cultures treated with the indicated antibody. B 

and C represent independent experiments and used cultures generated from primary human 

bronchial epithelial cells derived from unique donors. Each condition was tested in independent 

duplicates. For B, duplicates were pooled as RNA prior to qPCR. 
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Table 3.1. Characteristics of singly-sorted RBD-specific IgM+ B cells from which BCRs 
were cloned and tested 

 
 Phenotype Clone Subject Day Heavy 

Chain 
(HC) 

Light 
Chain  
(LC) 

Germline 
HC (%) 

Germline 
LC (%) 

Heavy Chain Junction Sequence 

 CD21+CD27+ 200 165 42 IGHV 1-8 IGLV 1-44 100 99.3 CARGPGCTSLTCPYYFDYW 

 CD21+CD27+ 204 165 42 IGHV 3-48 IGKV 3-11 98.3 100 CARALRYSSSWVDYW 

 CD21+CD27+ 208 165 42 IGHV 5-51 IGLV 2-14 97.2 96.2 CARLWGSPGNYYYAMDVW 

 CD21+CD27+ 219 165 42 IGHV 3-23 IGLV 2-18 96.5 99.7 CAKDHLYASSSAFDYW 

 CD21+CD27+ 213 165 42 IGHV 1-8 IGLV 1-44 98.6 97.5 CARGPGCSSLNCPYFFDYW 

 CD21+CD27+ 214 165 42 IGHV 5-51 IGLV 1-44 96.9 96.8 CARHLPSFGDYSPYFDYW 

 CD21-CD27+ 215 165 42 IGHV 5-51 IGLV 2-14 98.3 97.9 CARLWGSPANYYYGMDVW 

 CD21+CD27+ 221b 165 42 IGHV 3-74 IGKV 1-5 100 99.3 CARGRVGDW 

 CD21+CD27+ 222 165 42 IGHV 5-51 IGLV 2-14 97.2 96.2 CARLWGSPGNYYYAMDVW 

 CD21+CD27+ 223 165 42 IGHV 5-51 IGLV 2-14 98.3 98.3 CARLWGSPANYYYGMDVW 

 CD21+CD27+ 224 165 42 IGHV 1-8 IGLV 1-44 99.3 99.0 CARGPGCTSTSCPYYFDYW 

 CD21+CD27+ 226 165 42 IGHV 5-51 IGLV 2-14 96.2 98.3 CARLWGSPENYYYGMDVW 

 CD21+CD27+ 226b 165 42 IGHV 5-51 IGLV 2-23 96.2 99.7 CARLWGSPENYYYGMDVW 

 CD21-CD27+ 261 165 42 IGHV 1-8 IGLV 1-44 97.9 97.6 CARGPGCSSLNCPYFFDYW 

 CD21-CD27- 237 165 42 IGHV 3-21 IGLV 3-21 100 100 CARDPDSSSSLFDYW 

 CD21+CD27+ 266 165 42 IGHV 5-51 IGLV 2-14 100 98.6 CARLWGSPGNYYYGMDVW 

 CD21+CD27+ 230 165 42 IGHV 3-9 IGLV 2-14 100 98.6 CAKDIEYGYGKYYFDYW 

 CD21+CD27- 240 164 30 IGHV 3-33 IGLV 3-19 100 98.9 CARLTGGSSWEHFDYW 

 CD21+CD27- 271 164 30 IGHV 3-7 IGLV 6-57 100 100 CASAPYYYGAFDIW 

 CD21+CD27- 242b 164 30 IGHV 1-2 IGLV 2-14 100 98.6 CARQADIAAAGTGDWFDPW 

 CD21+CD27+ 243 169 34 IGHV 4-39 IGLV 2-23 100 100 CARRVRYNYGHYFDYW 

 CD21-CD27- 244 169 34 IGHV 5-51 IGKV 2-29 100 99.7 CARHIPHYSSSWYGAGDYW 

 NA 282 165 89 IGHV 1-2 IGKV 4-1 100 100 CARDQGWGPPMWLLQFDPW 

 NA 295 165 89 IGHV 3-72 IGKV 2-28 100 100 CARGPYCSSTSCYYYYGMDVW 

 CD21+CD27+ 304 165 89 IGHV 5-51 IGLV 2-14 97.6 98.3 CARVWGSPANYYYGLDVW 

 NA 310 169 73 IGHV 4-31 IGKV 3-11 100 100 CAREGVVPAANGAYYYYGMDVW 
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3.4 MATERIALS AND METHODS 

Memory B cell isolation 

Peripheral blood samples from convalescent COVID-19 subjects were obtained with 

informed consent under the approval of the University of Washington Institutional Review Board 

(Gale Lab, IRB 00009810) and isolated as previously described (81). Briefly, PBMC were thawed, 

washed and stained with a decoy tetramer and then a RBD tetramer, magnetically enriched 

(Miltenyi Biotec) and bound cells were stained with surface antibodies. Single tetramer-positive 

B cells were index sorted using a FACS Aria II and collected in 96 well plates containing SMART-

Seq v4 capture buffer (Takara Bio) for BCR sequencing.  

 

BCR sequencing and cloning  

Our methods for BCR sequencing of singly-sorted B cells are previously described (81). 

Briefly, following cDNA amplification using SMART-Seq v4 (Takara Bio) at half reaction 

volume, BCR sequences from each cell’s cDNA were amplified in a multiplex reaction using a 

universal 5’ primer for the template switch region combined with pooled 3’ primers for the mu, 

gamma, alpha, kappa, and lambda constant regions. After gel electrophoresis to confirm 

amplification, amplicons were purified and sequenced by Sanger sequencing (Genbank IDs: 

ON886550-ON886835). Alignment of trimmed sequences was performed using IGMT/HighV-

QUEST (118). Primer design and cloning into expression vectors followed the manufacturer’s 

protocol for In-Fusion Cloning (Takara Bio). Each light chain was cloned into vectors of its 

respective isotype, kappa or lambda. All heavy chains were cloned into IgG1 plasmids. 

Additionally, heavy chains from BCR clones 203, 207, 239, 257, 284, 297, 305, 308 (81), and any 
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heavy chain cDNA sequence using mu constant regions were also cloned into IgM plasmids. 

Cloned plasmids were sequenced and screened to ensure concordance with the parental cDNA. 

 

Production of purified mAbs 

Production of purified IgG and IgM mAbs was carried out by polyethylenemine 

transfection of heavy- and light-chain plasmids as previously described (58), except that a plasmid 

encoding human J chain (Genbank ID: NM_144646.4) was included in IgM transfections at a 

mu:light:J chain plasmid ratio of 1:1:1, and supernatant was collected at days 3 and 6 following 

transfection. After 0.4 μm filtration, antibody purification was carried out following 

manufacturer’s instructions using a HiTrap Protein G HP purification column for IgG antibodies 

(GE Healthcare), and a POROS CaptureSelect IgM Affinity Matrix Column (Thermo Fisher 

Scientific) for IgM. Antibodies were concentrated and buffer-exchanged to PBS at 1-3 mg/ml 

using Amicon Ultra Centrifugal filters (MilliporeSigma) and then filter-sterilized and stored at -

80°C. Antibody concentration and purity were assessed by spectrophotometry and protein gel 

electrophoresis. 

 

SEC-MALS 

SEC-MALS was performed using an Agilent 1260 HPLC system coupled to a light 

scattering detector (miniDawn Treos, Wyatt Instruments) and a refractive index detector (TRex, 

Wyatt Instruments). 50 μL of each IgM construct (1 mg/ml) were injected and flowed over a Sepax 

SRTC SEC column (5 μm, 300Å, 4.6 x 300 mm with a 4.6 x 50 mm matching guard column) at a 

flow rate of 0.35 mL/min in 150 mM sodium phosphate pH 7.0, 0.02% sodium azide. 

Chromatograms were aligned, integrated, and the MW calculated using ASTRA (Wyatt 
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Instruments). A refractive index of 0.181 was used for calculations reflecting a weighted combined 

contribution of protein 0.185 and glycan 0.146 (164). A glycan content of 8635 Da of N-linked 

glycans on each heavy chain and 2155 Da for the J-chain was based on the estimated average of 

the predominant glycoforms observed in previous site-specific glycan studies of human IgM (165). 

 

ELISA for antibody expression and RBD binding 

Cloned heavy- and light-chain plasmids derived from RBD-specific IgM+ B cells were 

initially screened in small scale transfections. 293T cells (ATCC) were plated at 80% confluence 

and transfected with 0.5 μg each of paired heavy and light chain plasmids using polyethylenimine. 

Sixteen hours later media was replaced with serum free-media and after 3-4 days supernatants 

were harvested and cellular debris was removed by centrifugation. Antibody expression levels 

were determined using Human IgG or Human IgM ELISA Antibody Pair Kit (Stemcell 

Technologies) according to the manufacturer’s instructions. RBD-specificity was determined by 

ELISA as previously described (81). Briefly, 96-well high bind plates (Corning) were coated with 

2 μg/ml SARS-CoV-2 RBD protein overnight at 4°C, washed with PBS and 0.05% Tween 20 

(PBS-T), blocked with 3% milk in PBS-T and incubated with serially diluted culture supernatants 

for 2 h at room temperature. Plates were washed and bound antibodies were detected using anti-

human IgG-HRP or anti-human IgM-HRP (Jackson ImmunoResearch) at a 1:3000 dilution 

followed by 1X 3,3’,5, 5”-Tetramethylbenzidine (Invitrogen) and 1M HCl. Optical density was 

measured on a spectrophotometer at 450 and 570 nm and data was analyzed in Prism (GraphPad). 

 

ACE2:RBD blocking surrogate virus neutralization test (SVNT) 
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Antibody ability to inhibit interaction with human ACE2 were assessed at previously 

described (151). 96 well plates (Corning) were coated with 5 μg/ml hACE2-Fc in 100mM 

carbonate buffer overnight at 4°C. Plates were washed with PBS-T, blocked with 3% milk in PBS-

T. Monoclonal antibodies were serially diluted and incubated with 18 ng of SARS-CoV2 RBD-

HRP for 1 h at 37°C then added to the blocked plates for 1 h at RT. Binding was detected using 

TMB, reactions quenched with 1M HCL and absorbance was measured at 450 and 570 nm. Percent 

inhibition was calculated as (1- SampleO.D./NegativeControlO.D.) x 100 and analyzed in Prism 

(GraphPad). 

 

Biolayer interferometry (BLI)  

BLI assays for affinity and relative affinity/avidity were performed ambient temperature 

with shaking set at 1000 rpm using an Octet Red 96 System (Pall FortéBio/Sartorius). Individual 

IgG mAbs (for affinity assays), or purified RBD protein (for relative affinity/avidity assays), were 

diluted 10 µg/mL to in Kinetics buffer (1x HEPES-EP+ (Pall FortéBio), 0.05% nonfat milk, and 

0.02% sodium azide). Biosensors were hydrated in Kinetics buffer for 10 minutes, and then the 

diluted protein was immobilized onto Protein A biosensors (IgG mAbs in affinity assays) or anti-

Penta-His biosensors (RBD in avidity assays), and then equilibrated in Kinetics buffer for 60 s. 

For affinity assays, monomeric RBD was diluted to 5000 nM, 750 nM, or 100 nM in Kinetics 

buffer and serially diluted three-fold for a final concentration of 20.6 nM, 3.1 nM, and 0.4 nM 

respectively. For avidity assays, individual IgG or IgM mAbs were diluted to 100 nM or 10 nM in 

Kinetics buffer and serially diluted three-fold for a final concentration of 0.41 nM or 

0.041 nM respectively in a black 96-well Greiner Bio-one microplate at 200 μL per well. To 

measure association, loaded biosensors were dipped into the diluted protein. Association and 
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dissociation was performed for 60 s each in affinity assays. Association and dissociation times for 

avidity assays were extended to 200 s each. The data were baseline subtracted and the plotted using 

the Pall FortéBio/Sartorius analysis software (version 12.0). 

 

Protein production for biolayer interferometry competition assays 

For BLI competition assays, we produced SARS-CoV-2 spike protein RBD (GenBank ID: 

QHD43416.1 residues 319-541), as previously described (141). Previously characterized 

antibodies were produced as either IgGs or Fabs for use in this assay. Antibodies REGN10933 and 

REGN10987 (40), CR3022 (140), C1A-B12, C1C-A3, C1C-C6, and C1A-A6 were prepared and 

purified as previously described (152). Antibodies S309, LY-CoV555, Cova1-16, and S2A4 were 

also generated as previously described (141). An Fc-fusion protein comprising the human ACE2 

ectodomain (GenBank ID: BAB40370.1 residues 18-740) was expressed and purified as 

previously described (152). 

 

Biolayer interferometry competition assays 

We performed competition experiments using an Octet RED 96e (Sartorius). First, we 

loaded SARS-CoV-2 spike protein RBD onto streptavidin sensors (FortéBio) at 1.5 µg ml-1 for 80 

s in kinetic buffer [PBS containing 0.02% (v/v) Tween and 0.1% (v/v) BSA]. For each pair of 

antibodies tested, we associated the first antibody (IgG, Fab, or ACE2-Fc fusion protein) at 250 

nM for 180 s. We then associated the second analyte (IgG, Fab, or ACE2-Fc fusion protein) at 250 

nM for 180 s. All antibodies were tested as Fabs unless only the IgG form was available. 

Antibodies tested as Fabs include 203, C1A-B12, C1C-A3, C1C-C6, Cova1-16, CR3022, LY-

CoV555, REGN10987, and S2A4. Antibodies tested as IgGs include 204, 207, 239, 257, 284, 297, 
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305, 308, C1A-A6, S309, and REGN10933. We used FortéBio data analysis software and Prism 

(v9.0.1) (GraphPad) to generate and analyze curves for competition assays. Antibodies were 

designated to be competing if there was little to no change in the refractive index following 

association of the second protein. 

 

Production of spike-variant pseudoviruses 

To make Beta and Omicron BA.1 spike pseudotyping plasmids, sequence fragments 

encoding the variant spike protein were gene synthesized (Integrated DNA Technologies, 

Coralville, IA) and cloned into a digested plasmid (NR-53765; BEI Resources, NIAID, NIH) using 

NEBuilder HiFi DNA Assembly (NEB, Ipswitch, MA). To produce pseudotyped virus, 293T cells 

were transiently transfected with a vector plasmid encoding luciferase (NR-52516, BEI 

Resources), a pseudotyping plasmid encoding the Beta, Omicron BA.1, WA-1 (gift from David 

Veesler, University of Washington), or Delta (pLV-Spike-V8, InvivoGen, San Diego, CA) spike, 

and a psPAX2 helper plasmid (Genscript). Forty-eight hours after transfection, culture supernatant 

was harvested and passed through a 0.22 μm filter. 100X concentrations of virus were achieved 

by overnight centrifugation at 8,500 x g at 4°C, and then resuspending the pellet in Hank’s 

balanced salt solution. 

 

Pseudovirus neutralization assays 

Pseudovirus neutralization assays were performed as previously described (143,166). 

Briefly, ACE-2 expressing 293T cells (BEI Resources: NR-52511) were seeded onto poly-L-lysine 

coated 96 well-plates and grown to 85-95% confluency. Pseudovirus was incubated with serially 

diluted IgG or IgM mAbs, or media alone, for 1 h at 37°C and then gently applied to cells. At 48 
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hours post-infection, cells were lysed following manufacturer’s instructions using the Bright-Glo 

Luciferase Assay System reagent (E2610, Promega), and luminescence was measured in black-

bottom plates using a Centro LB Microplate Luminometer (Berthold Technologies) with 

MikroWin 2000 software set to a 1 s exposure time. Percent neutralization was calculated relative 

to the luminescence in control wells that had been transduced with virus co-incubated with media 

alone (internal for each plate, average of 6 wells), after subtracting background luminescence in 

virus-exposed 293T cells that lacked ACE2 expression (internal for each plate, average of 6 wells). 

NT-50 was calculated by sigmoidal interpolation method in Prism (Graphpad). If a curve could 

not be fit and 50% neutralization was not achieved at any dilution, where necessary for the 

purposes of data visualization, an arbitrary NT-50 was assigned at 2 x the highest dilution tested.  

 

Plaque reduction neutralization test (PRNT) 

Plaque reduction neutralization tests were performed as previously described (81,167). 

Briefly, purified mAbs were diluted 1:10 followed by serial dilution. Diluted mAbs were mixed 

1:1 with 600 PFU/ml SARS-CoV-2 WA-1 or Delta (BEI Resources; NR-52881 and NR-55612) 

virus in PBS+0.3% cold water fish skin gelatin (Sigma) and incubated for 30 min at 37 °C. Next, 

the mAb/virus mixture, or virus-only and mAb only control solutions, was applied to duplicate 

wells of Vero cells in a 12 well-plate and incubated for 1 h at 37 °C, rocking every 15 minutes. 

Following incubation, plates were washed with PBS and overlaid with a 1:1 mixture of 2.4% 

Avicel RC-591 (FMC) and 2X MEM (Thermo Fisher Scientific) supplemented with 4% heat-

inactivated FBS and Penicillin/Streptomycin (Thermo Fisher Scientific). The overlay was 

removed 2 days after infection, plates were fixed by applying 10% formaldehyde (Sigma-Alrdich) 

in PBS and incubating for 30 min at room temperature, and stained in a solution of 1% crystal 
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violet (Sigma-Aldrich) in 20% ethanol (Thermo Fisher Scientific). Percent neutralization was 

calculated as (1 – # sample plaques/# positive control plaques) x 100. Data was analyzed in Prism 

(GraphPad) and an NT-50 for each condition was calculated by sigmoidal interpolation. 

 

Air-liquid interface primary airway epithelial cultures 

Airway epithelial cultures were differentiated to an organotypic state at an air-liquid 

interface (ALI) as previously described (157). Briefly, bronchial epithelial cells were obtained 

under study #12490 approved by the Seattle Children’s Institutional Review Board and following 

the rules of the Declaration of Helsinki of 1975. Cells were differentiated for 21 days at an ALI on 

12-well collagen-coated Corning® plates with permeable transwells in PneumaCult ALI media 

(Stemcell). SARS-CoV-2 WA-01 was added to the apical surface of differentiated cultures at an 

MOI of 0.5 together with either IgG or IgM mAbs for 1 hour then removed. Every 24 hours mAb 

in 100 µL of PBS was again added to the apical surface of cultures for 1 hour then removed. After 

96 hours of infection RNA was extracted from cultures and SARS-CoV-2 replication was assessed 

by measuring viral genome copy number by quantitative PCR, with duplicate assays of harvested 

RNA from each SARS-CoV-2-infected experimental condition completed (Genesig Coronavirus 

Strain 2019-nCoV Advanced PCR Kit, Primerdesign).  
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Chapter 4. Summary and Future Directions 

4.1 IGM MEMORY HAS A ROLE IN IMMUNE PROTECTION FROM DIVERSE 

PATHOGENS 

4.1.1 MBCs that recognize an important P. aeruginosa virulence factor are present in 

patients with cystic fibrosis. 

Using a novel tetramer reagent, we found increased numbers of PcrV-specific B cells in 

individuals with CF compared to healthy blood donors among the general population. Employing 

new, efficient methods for single-cell BCR sequencing, we then obtained hundreds of sequences 

from P. aeruginosa-specific B cells in 3 donors with CF. Intriguingly, only small numbers of 

somatically hypermutated PcrV-specific MBCs could be isolated in the two chronically infected 

donors, while the donor who had clinically cleared their infection had abundant somatically-

hypermutated MBCs of IgG, IgM and IgA isotypes. Additional work will be required to clarify to 

what extent differences in the circulating PcrV-specific B cell populations drive or reflect relative 

bacterial clearance in these donors. Many P. aeruginosa isolates in chronically-infected adults 

have been found to have reduced expression of genes associated with toxin secretion (168), 

although a subset of isolates retain expression of PcrV (169). The extent to which loss of the toxin 

secretion system is mediated by a targeted immune response vs. bacterial adaptation or quorum 

sensing is not clear. The nature and fate of PcrV-specific B cells in chronically-infected individuals 

clearly warrants further study. Meanwhile, better understanding of the PcrV-specific B cells in 

those who have achieved clinical clearance could inform the development of a successful vaccine. 

We did not pursue fuller B cell phenotyping in this early study, opting to focus instead on the 
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generation of novel mAbs. The reagents (PcrV tetramer) and methods (optimized next-generation 

single cell sequencing) we developed here have begun to facilitate other work by our group that 

will more rigorously survey PcrV-specific B cells in CF. 

4.1.2 IgM MBCs in COVID-19 convalescent subjects encode neutralizing antibodies against 

SARS-CoV-2. 

We performed the first targeted study of IgM memory B cells arising following mild 

COVID-19 illness. Further distinguishing our work, we studied IgM MBC-encoded antibodies via 

expression as pentameric IgM, rather than as the isotype generally employed for convenience, 

monomeric IgG. Among 26 sequenced IgM MBCs, we discovered an IgM MBC that encoded a 

highly potent neutralizing IgM mAb, suggesting that IgM MBCs could contribute to a rapid 

neutralizing response upon re-exposure to SARS-CoV-2. When considered with our data that IgM 

mAbs had broader cross-neutralizing activity than IgG mAbs with the same variable regions, our 

findings support a model in which IgM MBCs seed the secondary immune response with avidly 

binding antibodies that are advantageous in protection from evolving pathogens. 

Although not explored here, mucosal IgM MBCs are a wholly untapped source of potential 

therapeutic mAb sequences against respiratory pathogens, one potential future direction for this 

project. Mucosal IgM B cells are an important but incompletely understood component of mucosal 

immunity in humans, best studied in the context of the gut. Secretory IgM and IgA target partially 

over-lapping but non-redundant microbe species to protect the epithelial barrier and preserve 

commensal tolerance in humans (170,171). Consistent with a role as a keystone of mucosal 

humoral immunity, gut resident IgM MBCs are clonally related to IgA MBCs, as well as IgM- and 

IgA-secreting plasma cells (57) and asymptomatic IgA deficiency is associated with a 

compensatory increase in IgM in adulthood that protects from enteropathy (170,172). Future work 
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could explore the BCR repertoires of pathogen-specific resident IgA and IgM MBCs in airway 

mucosa, and determine the protective efficacy of mAbs derived from these sequences. 

4.2 MBC BCR SEQUENCING WILL ENABLE EFFICIENT DISCOVERY AND 

OPTIMIZATION OF HUMAN MABS WITH CLINICALLY-RELEVANT PROTECTIVE 

ACTIVITY AGAINST IMPORTANT HUMAN PATHOGENS. 

4.2.1 Protective anti-P. aeruginosa mAbs can be generated using sequences found in cystic 

fibrosis B cells.  

We cloned and expressed 20 BCRs from PcrV-specific CF B cells in two donors as IgG 

and/or IgM mAbs. Our original intention was to focus on MBCs as source cells for novel mAbs. 

However, donor 1, who was chronically infected by P. aeruginosa, had very limited PcrV-specific 

CD21+CD27+ MBCs. Surprisingly, in this donor we nevertheless identified a germline BCR that 

encoded a very high affinity mAb, CF 411. We also identified a second germline BCR, CF 408, 

that bound PcrV well as an IgM mAb and moderately as IgG. Finally, we expressed a near-

germline mAb that exhibited efficient binding to PcrV. 

For initial in vivo experiments, we opted to first test the two germline mAbs, as IgG, the 

most widely used mAb isotype. Based on results of the in vitro binding assay, we predicted that 

CF 411 would outperform CF 408. When given intranasally, both CF 408 and CF 411 significantly 

reduced lung bacterial load. As both achieved several log reductions in bacterial load when 

compared to an off-target mAb, we did not detect efficacy differences for the apparent moderate 

and high-affinity anti-PcrV mAbs. Groups developing mouse-derived mAbs have similarly found 

that relative in vitro activity did not always predict in vivo efficacy (101).  Most strikingly, our 
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human CF-derived mAbs conferred protection that matched an IgG mAb that replicates the PcrV-

binding component of gremubamab.  

With these encouraging results, we proceeded to isolate and sequence PcrV-specific B cells 

from a second donor. Donor 2 had numerous PcrV-specific MBCs. Using an optimized sequencing 

pipeline, we rapidly obtained paired chain sequences for cloning that resulted in additional, novel 

PcrV-specific mAbs, now with definitive MBC origins. In vivo studies of the most promising 

MBC-derived mAbs are now underway. Given the excellent results of our experiments with CF 

408 and 411, additional studies (eg. titration to even lower doses) may be required to test the 

hypothesis that MBC-derived mAbs provide superior protection, and to select the best candidates 

for continued pre-clinical development for the treatment or prevention of P. aeruginosa infection 

in vulnerable populations. 

Although the robust protection offered by our germline mAbs was initially surprising to 

us, it is not unreasonable to imagine that germline BCRs might be selected for given the long co-

evolution between humans and bacterial species (173,174). P. aeruginosa pre-dates the dawn of 

microbiological culture techniques. Carle Gessard, adapting Pasteur’s methods, grew the first 

isolate from soldier’s linen bandages in 1882, in “neutralized urine and carrot extract” (175). A 

gram-negative bacteria for which historical data is more readily available, Yersinia pestis, of 

greater interest to genomic archeologists as the causative agent of the Black Death pandemic, is 

now believed to date back to the Stone Age (174). LcrV, a component of the Y. pestis toxin-

injecting machinery, is closely homologous to PcrV. Mice immunized with either protein form 

cross-protective antibodies (111). Therefore, immune gene selection pressure from historical and 

pre-historic plague pandemics (173) might also have impacted the anti-pseudomonal immune 

response. 
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The federal government is almost certainly the largest purchaser of anti-infectious mAbs 

(15,176), and funds their development and manufacturing optimization through challenge grants 

(177). Although plague is now a rare disease, it is more common than anthrax infection, for which 

two commercial mAbs (obiltoxaximab and raxibacumab) are now maintained in government 

stockpiles (176). Like B. anthracis, Y. pestis is categorized by the CDC as a category A potential 

bioweapon agent. Therefore, a reasonable, parallel direction for future work on human anti-PcrV 

mAbs could be to include preliminary tests of candidates’ activity also against Y. pestis, eg. by 

screening in vitro for binding to LcrV. Although purely speculative, our findings comparing anti-

SARS-CoV-2 IgM vs. IgG mAbs hint that an anti-PcrV IgM mAb might be more likely to achieve 

protective efficacy against dual pathogens (103). 

4.2.2 Multimerization as IgM enhances the neutralizing activity of mAbs against diverse 

SARS-CoV-2 variants. 

We had predicted that pentameric IgM mAbs would exhibit greater per molecule and per 

mass neutralizing potency of SARS-CoV-2 based on our prior findings for multimerized mAbs 

that targeted the blood stage of malarial infections (58). Using a similar approach of generating 

paired IgG and IgM mAbs that differed only in the constant regions, we now demonstrated that 

IgM mAbs are indeed more potent neutralizers of SARS-CoV-2 than IgG mAbs with the same 

specificity and binding domains. Importantly, we also showed that multimerization as IgM 

enhanced activity for human MBC-derived mAbs with a range of affinities and epitopes within 

RBD. Moreover, multimerization as IgM enabled mAbs to neutralize mutated virus variants that 

escaped identical IgG mAbs.  

Within these experiments, we also identified an MBC-derived mAb (mAb 297) that 

neutralized all tested pseudovirus variants in our study, even as IgG. Collaborator groups have 
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since validated that mAb 297 is indeed broadly neutralizing against true SARS-CoV-2 (178). 

Although retaining activity against Omicron BA.1 and 2, mAb 297 IgG did lose activity against 

Omicron BA.3 and 4 (178). Our own work suggests that 297 IgM could have retained even 

broader activity. 

Thanks to broader population immunity, as well as the the challenges encountered for 

IgG mAbs with escape mutants, commercial appetite for anti-SARS-CoV-2 mAbs is lower today 

than at the height of our studies (15). However, in addition to our own studies in malaria, recent 

publications by others hint at growing interest in IgM mAbs targeting other infectious diseases. 

For example, neutralization of Zika virus in mice by an IgM mAb derived from a previously-

infected subject was reported in the months following initial publication of our own data for 

SARS-CoV-2 (103,179). Although the isolation strategy employed did not reveal surface 

phenotype, the source cell was identified on the basis of sequencing as a somatically 

hypermutated IgM-expressing B cell. Consistent with our findings for SARS-CoV-2 neutralizing 

mAbs, the Zika-specific IgM mAb exhibited reduced neutralizing activity when expressed as 

IgG (179). 

4.3 CONCLUDING REMARKS 

The outbreak of the COVID-19 pandemic, which coincided with the start of my dedicated 

period for graduate study, provoked an unprecedented intensity in global efforts to develop new 

therapeutics, including mAbs. Even the President of the United States was receiving experimental 

mAb infusions (15). Antibody treatments’ promise and the challenge of ensuring safety, efficacy 

and access were on unprecedented public display.  
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Patients who receive mAbs for chronic diseases like Crohn’s disease or familial 

hypercholesterolemia require monthly infusions or injections that can be burdensome (17,32). Our 

hope is that highly potent mAbs targeting respiratory pathogens could be used as adjunctive 

treatments in acutely ill, hospitalized patients, where treatment half-life and logistics are of less 

relative importance. However, certain vulnerable populations, for example people with cystic 

fibrosis or non-CF bronchiectasis, might benefit from prophylactic use, similarly to the use of 

palivizumab as RSV prophylaxis in pre-term infants (21). In these situations, the reduced serum 

half-life of IgM mAbs relative to IgG make the potential increased cost and inconvenience more 

problematic (83). Direct delivery to the airway is one potential solution (144). Modifications of 

the Fc region or J chain that would extend serum half-life by enabling FcRn recognition are also 

being attempted (180). In addition, the manufacturing process must be refined to improve 

commercial feasibility and lower cost to patients (83). An intriguing option that could bypass low 

serum half-life and antibody production challenges would be to ensure sustained, long-term 

delivery by means of an engineered, long-lived plasma cell (181,182). As anti-drug immune 

responses are still of concern, the use of fully human mAbs would be especially appropriate in a 

long-term cell therapy. We hope that our work generating human mAbs from well-defined MBCs 

in previously-infected subjects will expand available treatment options for challenging diseases, 

while in parallel contributing to vaccine development via increased understanding of protective 

immunity. For patients who are intrinsically or pharmaceutically immune-compromised, or where 

high-efficacy vaccines are unavailable or have low socio-cultural acceptability, we anticipate a 

continued value for optimizing passive immunity with enhanced anti-pathogen mAbs. 
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