
 

 

STRUCTURAL BASIS OF ANTIBODY BREADTH ELICITED BY COMPUTATIONALLY 

OPTIMIZED INFLUENZA VACCINES 

by 

KAITO NAGASHIMA 

(Under the Direction of Jarrod Mousa) 

ABSTRACT 

 Influenza A viruses (IAVs) pose a significant challenge worldwide, causing respiratory 

disease for 9 to 41 million individuals every year within the United States. The current seasonal 

vaccine targets the hemagglutinin (HA) glycoprotein to elicit an antibody response, and is the 

current countermeasure against this pathogen. However, the antibody response elicited by seasonal 

vaccination is only protective for a single season due to viral antigenic variation through 

mechanisms of antigenic drift and antigenic shift. Therefore, to expand antibody protection, a 

universal influenza vaccine called COBRA, for computationally optimized broadly reactive 

antigen, has been investigated. This approach combines wild-type HAs into a single COBRA HA 

immunogen through computational consensus building to expand antibody breadth to multiple 

strains. 

 Despite multiple reports showing the efficacy of the COBRA approach, the epitopes 

targeted by this vaccine have not been fully characterized in humans or animal models. This gap 

in knowledge could inform further vaccine optimization efforts to elicit antibodies against highly 

conserved epitopes. Therefore, to characterize this aspect of the COBRA approach, we evaluated 

the pre-existing monoclonal antibody (mAb) response to COBRA HA immunogens after seasonal 



vaccination. We further assessed the epitopes targeted by adjuvanted and multimeric COBRA HA 

vaccination. Finally, we also defined the structural features of historic as well as lead COBRA 

vaccine candidates in the context of epitope elucidation. Through these studies, we found novel 

mAb epitopes which could then be used to characterize vaccine-elicited antibody breadth in animal 

models. In summary, this work provides a foundation to further advance the COBRA vaccine from 

an epitope-focused perspective. 
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CHAPTER 1 

INTRODUCTION 

 Influenza A viruses (IAVs) cause significant burden both within the United States as well 

as worldwide every year due to annual epidemics and occasional pandemics. The current 

countermeasure against IAVs, the seasonal vaccine, targets the predominant surface glycoprotein, 

hemagglutinin (HA) to elicit an antibody response for H1 and H3 subtypes [1]. The seasonal 

vaccine provides only strain-specific protection [2] and is based on predictions of circulating 

strains [3]. The high rates of antigenic variation within IAVs obfuscate long-term protection 

mediated by seasonal vaccine antibodies, and vaccine strains may deviate from circulating strains, 

further limiting antibody-based protection. Therefore, a universal influenza vaccine candidate 

called COBRA, for computationally optimized broadly reactive antigen, has been developed to 

enhance antibody breadth to multiple influenza strains through a consensus layering approach of 

wild-type HAs to generate COBRA HA immunogens [4]. This approach has been validated in 

several animal models such as mice and ferrets, eliciting antibodies against several virus strains of 

a single subtype, thereby affording greater antibody breadth in comparison to the seasonal vaccine. 

However, whether the COBRA methodology might elicit broadly reactive antibodies and B cells 

in human populations has not been characterized, and aspects of vaccine and immunogen 

formulation on antibody breadth have yet to be explored. The structural correlates of the COBRA 

HA that drive the expanded antibody response also have not been characterized. 

 The scientific premise of this work is that broadly reactive epitopes of the influenza HA 

can be characterized and optimally targeted through studying the antibody response to COBRA 
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HAs, either through vaccination or with correlative studies using B cells and antibodies seasonally 

vaccinated human subjects. This work will characterize conserved and broadly neutralizing 

COBRA HA antibody epitopes, advancing the field through informing the optimal epitopes in 

COBRA vaccine design. The primary hypothesis is that antibody breadth depends on targeting of 

conserved HA epitopes by optimally formulated COBRA HA vaccines. 

 To evaluate this hypothesis, three aims are proposed: 

Specific Aim 1: Determine the extent of pre-existing, functional antibody immunity 

to H1 subtype COBRA immunogens from seasonal vaccination. Most individuals possess pre-

existing immunity to the influenza HA from seasonal vaccination. We hypothesize that there will 

be a COBRA-reactive population due to overlapping seasonal vaccine and COBRA vaccine 

epitopes. To determine if the B cell repertoire of these individuals possesses cross-reactivity to 

COBRA HA immunogens, reactivity and functionality of the antibody and B cell responses to 

these HAs after seasonal vaccination to these immunogens will be evaluated. 

Specific Aim 2: Determine the role of adjuvant and antigen formulation on the 

breadth of COBRA-elicited antibodies. Adjuvants can alter the antibody response to wild-type 

HA vaccination, enhancing antibody breadth and changing the targeted epitopes [5]. This effect 

will be evaluated for the COBRA HA through assessing serum responses from mice who have 

been vaccinated with the COBRA HA when paired with four different adjuvants. We hypothesize 

that differentially expanded antibody breadth will be observed for the COBRA HA immunogen 

based on the use of different adjuvants. 

Multimeric nanoparticle presentation of seasonal vaccine HAs can enhance B cell 

activation through cross-linking of B cell receptors and can select for conserved epitopes on non-

seasonal vaccine subtype HAs [6]. Sera from vaccinated with COBRA-presenting nanoparticles 
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will be evaluated for reactivity and functional breadth to H1 and H3 IAV subtypes. The hypothesis 

for this sub-aim is that multimeric presentation of H1 and H3 COBRA HAs on homotypic 

nanoparticles can augment antibody breadth to non-vaccine subtypes. 

Specific Aim 3: Determine the structural correlates of COBRA-induced antibody 

breadth. The HA possesses variable and conserved regions that can elicit strain-specific or 

broadly reactive antibodies. The COBRA methodology is expected to capture more conserved 

features across virus strains within an antigenic space, including monoclonal antibody (mAb) 

epitopes, which will be evaluated through cryo-electron microscopy (cryo-EM) and X-ray 

crystallography of mAbs obtained in Specific Aim 1. We hypothesize that COBRA HAs possess 

mAb epitopes that are intact on the immunodominant head domain and the immunosubdominant 

stem domain. 

Altogether, these studies will inform the epitopes to COBRA HAs in seasonally vaccinated 

human populations, and will assess aspects of vaccine formulation in the context of eliciting an 

optimal antibody response. This work will provide structural insights for how COBRA HA 

vaccines may be further optimized to elicit a long-lived antibody response against IAV strains, 

improving the longevity of the response to influenza vaccination. 
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CHAPTER 2 

LITERATURE REVIEW1 

 

  

                                                
1A part of this chapter was accepted by Viruses. Reprinted here with the permission of the publisher. (This is an 
open-access article distributed under the terms of the Creative Commons Attributions License – CC BY). 
Nagashima, K.A.; Mousa, J.J. Next-Generation Influenza HA Immunogens and Adjuvants in Pursuit of a Broadly 
Protective Vaccine. Viruses 2021, 13, 546, doi:10.3390/v13040546. 
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Abstract 

Influenza virus, a highly mutable respiratory pathogen, causes significant disease nearly 

every year. Current vaccines are designed to protect against circulating influenza strains of a given 

season. However, mismatches between vaccine strains and circulating strains, as well as inferior 

vaccine effectiveness in immunodeficient populations, represent major obstacles. In an effort to 

expand the breadth of protection elicited by influenza vaccination, the major surface glycoprotein, 

hemagglutinin (HA), has been modified to develop immunogens that display conserved regions 

from multiple viruses. These approaches, which target either the head or the stalk domain of HA, 

or both domains, have shown promise in recent preclinical and clinical studies. Furthermore, the 

role of adjuvants in bolstering the robustness of the humoral response has been studied, and their 

effects on the vaccine-elicited antibody repertoire are currently being investigated. This review 

will discuss the progress made in the universal influenza vaccine field with respect to influenza A 

viruses from the perspectives of both antigen and adjuvant, with the focus of broadly neutralizing 

antibody elicitation.
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Introduction 

Influenza virus is a major cause of respiratory disease, causing significant morbidity and 

mortality in the United States and across the globe. Influenza epidemics typically occur annually, 

with estimates attributing between 9.3 and 38 million illnesses, and between 140,000 and 810,000 

hospitalizations in the United States to the disease each year [7]. Importantly, the detection 

incidence of influenza virus has diminished since the implementation of community mitigation 

strategies to prevent the spread of SARS-CoV-2, although external factors including viral 

interference may play a role [8]. Influenza virus is a negative-sense, segmented, single-stranded 

RNA virus of the family Orthomyxoviridae, and is categorized into four genera: A, B, C, and D 

[9]. The predominant influenza genera, influenza A and B, are further stratified into phylogenetic 

groups and lineages. Influenza A viruses (IAVs) are categorized into two broad groups based on 

the relative differences of the hemagglutinin protein (and the neuraminidase protein, NA): group 

1 and group 2; group 1 consists of subtypes H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, 

and H18, and group 2 of subtypes H3, H4, H7, H10, H14, and H15 [10]. Influenza B viruses consist 

of virus strains of the Victoria and Yamagata lineages, which co-circulate and demonstrate 

plasticity in the HA and NA proteins due to immune pressure [11]. Vaccination is effective at 

reducing the incidence of influenza virus, but annual vaccination is required for inducing 

protection due to constant antigenic drift. In efforts to obviate the necessity for yearly vaccines, 

and to increase their effectiveness against circulating strains, several approaches towards 

‘universal’ influenza vaccines, those that elicit an immune response against the majority of 

encountered influenza viruses, have been pursued. Furthermore, the mechanisms of adjuvants have 

garnered attention in an effort to improve the immune response induced by such influenza 

immunogens. In this review, hemagglutinin (HA)-based approaches to universal influenza 
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vaccines will be discussed, with a focus on influenza A viruses (IAVs) due to their higher diversity. 

Given that adjuvants have been recognized as a key component of influenza vaccines by conferring 

a robust immune response, a number of adjuvants under study will also be discussed. 

Humoral immune responses to influenza 

The humoral immune response to influenza infection and vaccination comprises an 

essential part of host defense. Antibodies targeting the two predominant viral surface 

glycoproteins, HA and neuraminidase (NA), neutralize influenza virus by inhibiting viral 

attachment/fusion and release, respectively. Moreover, hemagglutination/HA inhibiting (HAI) 

titers and NA inhibition (NAI) titers are important correlates of protection [12]. HA is responsible 

for viral attachment to sialylated host cell receptors, as well as entry through fusion with the 

endosomal membrane during the course of infection. The HA protein of human-tropic strains 

preferentially recognizes a(2,6)-linked sialic acid, while avian-tropic strains utilize a(2,3)-linked 

sialic acid [13]. Expression of a(2,3)-linked sialic acid differs across avian species [14]. Within a 

species, tissues within the respiratory and gastrointestinal tracts exhibit differential sialic acid 

expression that permit viral attachment [14]. Species with avian and human receptors, such as 

quail, turkey, and pigs, may permit host switching [14]. HA evolution mediates the adaptation of 

avian-origin strains to replicate in humans. The amino acid residues within the receptor-binding 

site (RBS) of HA favor either human or avian tropism. In H9N2 avian influenza virus (AIV) 

isolates, a glutamine at position 226 within the RBS is known to favor human-type a(2,6)-linked 

sialic acid receptors [15]. Furthermore, a non-RBS residue at position 190, which affects viral 

binding affinity to murine and human lung-expressed sialic acid, is implicated in the initial stages 

of viral replication [15]. 
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The attachment and fusion functions of the HA glycoprotein are mediated by two domains: 

the globular head domain and the stem/stalk domain, respectively [13]. HA is cleaved from a HA0 

precursor into the HA1 and HA2 subunits, which is required for membrane fusion activity [16]. 

During influenza attachment, the RBS of the head domain attaches to sialic acid receptors, 

followed by endosomal uptake of the virus particle [16]. Low pH within the endosome triggers 

membrane fusion, involving insertion of the fusion peptide into the endosomal membrane and 

uncoating of viral genome segments [16,17]. As the predominant surface glycoprotein, HA is 

targeted extensively by B cells; likewise, HA-specific antibodies predominate the humoral 

immune response. Whereas antibodies binding the RBS or other antigenic sites/epitopes in the 

immunodominant, variable head domain comprise most of the response, a subset of antibodies 

bind to the more conserved, albeit immunosubdominant, stalk domain [18,19]. The major epitopes 

on the HA head for the H1 subtype are the Sa, Sb, Ca1, Ca2, and Cb antigenic sites, which were 

determined through mutagenesis studies in the presence of anti-HA antibodies [20]. Similar work 

using competition assays was also performed for the H3 subtype to characterize antigenic sites A, 

B, C, D, and E [21–23]. These antigenic sites comprise the apical, membrane-distal region of the 

HA1 head domain, including the RBS, as well as the region near the head-stem interface [20–23] 

(Figure 2.1).  

Challenges with current seasonal vaccines 

An individual’s history of influenza exposure plays an essential role in the extent of 

protection to currently circulating viruses. The idea of original antigenic sin (OAS) posits that the 

initial exposure to a given strain imprints antibodies against certain epitopes that then dominate 

subsequent exposures to secondary strains [24]. Since the doctrine of OAS, related ideas of 

antigenic seniority and serological imprinting, where secondary exposures to antigenically drifted 
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strains generate novel antibodies, have been proposed [25,26]. Annual vaccination is required due 

to variation in circulating strains and the relatively short protective effects of the antibody response 

post-vaccination, particularly among older individuals and those with underlying medical 

conditions [27,28]. Trivalent or quadrivalent vaccines, which contain two influenza A viruses 

(IAVs): one H1N1, one H3N2, and one or two influenza B viruses (IBVs), exhibit roughly 50 to 

60% vaccine coverage globally [28,29]. At present, seasonal vaccines are comprised of a 

combination of influenza virus strains that are predicted to be antigenically similar to those 

circulating at the time of vaccination [3]. As six months are typically needed from the selection of 

vaccine strains through vaccine production, release, and distribution, vaccine mismatch may occur 

due to the emergence of novel strains [29]. Moreover, differences in glycosylation between HA 

proteins in vaccines and those in circulating viruses can exacerbate vaccine mismatch [30,31]. 

Variation in the effectiveness of the current influenza vaccine can also be attributed to the rate at 

which influenza viruses undergo antigenic drift [32]. Antigenic drift results from the error-prone 

nature of the viral RNA-dependent RNA polymerase, resulting in the accumulation of mutations 

within the viral genome with successive rounds of replication [32]. 

Avian and swine transmission events also contribute to the emergence of novel viruses 

within the human population [32], and both natural and immune pressures on the HA select for 

drift variants [33]. In general, H1N1 viruses undergo antigenic drift to a lesser extent than H3N2 

viruses, with approximately 2.45 amino acids substituted in the HA per year for H1N1 viruses, 

compared to 3.6 amino acid substitutions per year for H3N2 viruses, possibly due to the 

antigenically novel nature of the pandemic-like H1N1 virus  [34,35]. Antigenic shift can result 

from reassortment events of HA genes between genome segments, such as between human and 

avian viruses [36]. Alternatively, zoonotic spillover events from antigenically exotic viruses can 
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also lead to antigenic shift [36]. The population to be immunized with the seasonal vaccine also 

plays a role in vaccine effectiveness and efficacy. For instance, vaccine uptake in 

immunocompromised and pediatric populations varies widely. For this population, adjuvanted 

vaccines containing MF59, and high-dose inactivated virus vaccines are available but nonetheless 

present an obstacle to vaccine-based protection [27,37]. To circumvent these issues, several HA-

based vaccine designs have been developed and studied in pre-clinical studies and clinical trials 

(Figure 2.2). 

Alteration of glycosylation sites in HA immunogens 

It has been well-documented that glycosylation patterns in the HA immunogen can greatly 

alter the reactivity of antibodies. One study showed that the addition of glycosylation sites to the 

H5N1 virus A/duck/Niger/2090/2006 altered viral growth properties, enhancing viral diffusion 

due to reduced HA activity and enhanced NA activity, and also decreased neutralizing activity of 

sera from vaccinated mice, thereby contributing to immune escape [38]. Similarly, H1N1 subtype 

influenza virus containing a glycosylation site at position 144, corresponding to antigenic site Sa, 

effectively masked a highly targeted site by HAI antibodies in mice [39]. 

It could be inferred that such glycan masking of HA epitopes, as well as the presence of 

non-native glycosylation sites from egg-based vaccine production, could restrict the breadth of 

antibody protection. Likewise, removal of these glycans, either through enzymatic means or 

through the use of alternative cell culture systems, to generate less-glycosylated HAs could be 

effective in affording enhanced breadth of protection. Studies investigating this hypothesis have 

demonstrated success in achieving wider protection and cross-reactivity by utilizing 

monoglycosylated and alternatively deglycosylated HA immunogens [39–42]. Specifically, 

treatment of embryonated chicken eggs with kifunensine, an inhibitor of a-mannosidase I-
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mediated glycosylation, in embryonated egg-based vaccine production, and virions with 

endoglycosidase H to trim their glycans to a monoglycosylated form, produced vaccines with 

superior HAI and neutralizing titers in mice [42]. Moreover, the same treatment afforded improved 

stem-specific antibody titers as well as antibody-dependent cellular cytotoxicity [42]. 

More subtle alterations to the glycosylation landscape of HA can alter the inter-group 

specificity and breadth of antibodies resulting from vaccination. Utilizing a stem nanoparticle 

vaccine, it was shown that the introduction of an glycosylation site at position 38 in the HA1 

subunit in a group 1 stem to mimic a group 2-specific stem glycosylation site changed its 

antigenicity, preventing the binding of group 1-specific antibodies [43]. This alteration also 

mediated cross-group reactivity after assaying mice sera receiving this modified HA stem 

nanoparticle vaccine, with appreciable heterosubtypic neutralization against group 2 viruses and 

provided passive protection from a group 2 virus, A/Anhui/1/13 [43]. 

HA head-targeting vaccine designs 

During the course of infection or vaccination, antibodies against the immunodominant 

globular head domain are predominantly elicited. Although the head is  antigenically variable, 

there are nonetheless regions that remain fairly conserved; notably, cross-strain-, as well as cross-

group-reactive antibodies targeting the receptor-binding site have been well-characterized [44]. 

Other conserved head epitopes have also been discovered, including the ‘lateral patch’ on the lower 

side of the head domain [45], as well as within the HA trimer interface [46–49]. Antibodies binding 

at the intratrimeric epitope are protective but non-neutralizing. It is thought that they elicit 

protection through Fc receptor- and complement-dependent mechanisms [46,49], as well as by 

dissociating the HA trimer [46,47]. Notably, an intratrimeric epitope has recently been discovered 

for another type I fusion protein, the human metapneumovirus fusion protein, and an antibody 
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targeting this epitope was neutralizing [50]. Recent strategies to target these head epitopes have 

gained traction and have primarily involved immunization with a ‘consensus’ HA immunogen 

representing multiple viruses from distinct antigenic spaces. 

Computationally optimized broadly reactive antigens (COBRAs), which utilize merged 

sequences from divergent virus strains, represent promising vaccine candidates that are now in the 

late pre-clinical stage of development [51]. The COBRA platform is also highly amenable to 

several formulations, and protective effects have been noted for nanoparticle, live-attenuated, 

virus-like particle (VLP), and split-inactivated vaccines [52–54]. Each COBRA antigen represents 

a single viral subtype encompassing several time periods in multiple antigenic spaces using a 

layered consensus-building approach. Consequently, the resulting COBRA immunogens represent 

both the sequence and structural conformations of its constituent HAs [55]. For instance, H3N2-

based COBRAs have been developed that retain the structural characteristics of its constituent 

sequences, including antigenic sites and glycosylation sequences [53]. Moreover, the period of 

time in which a set of HA sequences is selected for a given COBRA design alters the breadth of 

the resulting antibody response. For example, COBRAs representing a particular subset of H3N2 

sequences between 1968 and 2013 were shown to elicit significantly broader HAI responses than 

for those where all H3N2 HAs from this period were represented [53]. 

A primary correlate of protection that COBRA vaccines aim to elicit is HAI activity from 

antibodies that bind the head domain. In this respect, COBRA vaccines have shown notable 

success, where leading COBRA antigens elicit significant HAI antibody titers. This has been 

shown for several subtypes, including  H5N1 [4], H3N2 [53,54], and H1N1 [54] viruses, where 

such HAI antibodies likely provide protection.. It is likely that COBRA vaccines target conserved 

regions within the head domain, and COBRA-reactive antibodies block HA attachment to sialic 
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acid receptors through binding the RBS and nearby epitopes. In a preimmune model where ferrets 

were pre-infected with historical H1N1 viruses, then immunized with a H1 COBRA VLP, stem 

antibodies did not consistently ameliorate viral replication following challenge with 

A/California/07/2009 [56]. This finding suggests that stem-based antibodies are not a major mode 

of the protective efficacy of this vaccine design. Similar findings were shown in H3N2-based 

COBRAs on the basis that neutralization and HAI titers correlated with one another well following 

vaccination [53]. 

HA stem-targeting vaccine designs 

The stem domain of HA is highly conserved and has shown promise as an effective 

immunogen. Broadly reactive stem-binding antibodies are prevalent within human sera for group 

1 viruses, and stem-targeting B cells can be expanded upon exposure to the antigen [57]. 

Furthermore, because of its relatively conserved nature, the stem epitope elicits broad, 

heterosubtypic antibody protection, even across diverse phylogenetic groups of influenza virus 

[58–60]. Since the discovery of the stem epitope, many groups have engineered a number of HA 

stem immunogens to redirect the antibody response away from the more variable head domain to 

this conserved region of HA. These include headless HAs that completely remove the head domain 

and chimeric HAs which replace the native head domain with an antigenically distant head from 

another influenza subtype. 

Headless HA vaccines 

Headless HA vaccines are comprised solely of the HA stem domain while lacking the 

globular head domain. Such vaccines overcome immunodominance of the head domain by 

retaining only the stem domain. Such vaccines were initially shown to be protective in mice, where 

a stem-truncated HA construct protected 70% of vaccinated mice from lethal challenge of H2N2 
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subtype virus A/Okuda/57 [61]. Further modifications to optimize and stabilize the immunogen 

through the inclusion of a linker between the N- and C-termini of the HA1 subunit, and 

incorporation into virus-like particles, were successful in reducing morbidity in challenged mice 

and conferring cross-reactivity to viral subtypes H1, H2, and H5 [62]. However, in the same study, 

mouse antibody responses were limited in their cross-reactivity to intra-group subtypes [62]. In 

another study, Tni insect cells were used to generate VLPs co-expressing headless HA and the 

influenza M1 protein from H1N1 PR8 [63]. Vaccination of mice in a prime-boost-boost regimen 

led to increased antibody-dependent cellular cytotoxicity (ADCC), lung and nasal IgG and IgA 

endpoint titers, and IgG-producing antibody-secreting cells (ASCs), suggesting that stem-binding 

antibodies were indeed being produced; however, the breadth of the immune response was not 

tested in this study [63]. 

Chimeric HA vaccines 

Chimeric HAs (cHAs) utilize a similar approach in obscuring antibody responses to the 

HA head domain; however, in this strategy, an antigenically novel globular head domain from one 

IAV is grafted onto the stem domain of interest from another IAV subtype. Multiple 

immunizations with cHA constructs containing similar stems but distinct head domains restrict the 

elicitation of novel head-directed antibodies, focusing the response to conserved stem epitopes. 

The rationale behind cHAs is based on observations involving primary infection with one subtype 

of a group 1 or 2 virus, followed by a secondary infection with a different strain of the same group 

with a substantially distinct head domain [64]. Sera from patients that were seropositive with H3N2 

showed significant increases in neutralizing activity against a cH7/3N3 influenza virus (with the 

H7 head and H3 stem) following infection, illustrating functional, neutralizing stem-directed 

antibodies against the conserved group 2 stem [64]. 
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 To further study the efficacy of the cHA approach, mice were primed with a cHA construct 

containing a H4 head and a H3 stalk (cH4/3 HA), followed by a first boost with a cH5/3 HA, then 

with cH7/3 HA, and then challenged with a heterologous H3N2 virus  [65]. These animals were 

protected from mortality following challenge [65]. Similar experiments with initially sublethal 

infections of virus, followed by priming with similar chimeric constructs to simulate subclinical 

infections in humans, enhanced levels of broadly protective antibodies against heterosubtypic 

viruses [65]. Protection has been established using these cHAs in ferrets with group 1 viruses, as 

shown by stem-specific antibodies that confer heterologous and heterosubtypic protection [66]. 

Most recently, cHAs were approved for a phase I clinical trial, where participants were primed 

with live-attenuated or inactivated cH8/1N1 virus, then boosted with cH5/1N1 IIV [67]. 

Encouragingly, some potentially protective HAI and neutralizing antibodies appeared to be 

elicited, alongside broadly reactive, stalk-directed antibodies [67]. Interestingly, structural analysis 

of a cH5/1 cHA  (containing a H5 head and a H1 stalk) showed that, compared to the native  HAs 

of the constituent head and stem subtypes, the head of the cHA is misplaced on the stem by 60 

degrees, while still retaining functionality in viral entry and antigenicity in the stem and head 

epitopes [68]. The fact that these properties are retained despite structural differences in the cHA 

conformation suggests that HA is relatively plastic and can accommodate such differences while 

retaining robust immunogenicity. 

Chimeric HA immunogens have also been shown to be protective in mice when combined 

with stem-only immunogens. In an immunization regimen involving priming with a cH9/1 

(containing a H9 subtype head and a H1 subtype stem) DNA vaccine, followed by two boosts with 

a PR8-based H1 headless HA, complete protection from homologous H1N1 virus and moderate 

protection from heterosubtypic H5N1 and H6N1 viruses were achieved [69]. Notably, headless 
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stem immunogens from this study did not appear to induce traditional neutralizing activity as the 

conformations of neutralizing epitopes differ from those of full-length HA [69]. To overcome this 

issue, ‘mini-HAs’ were engineered in a study based on the HA of the H1N1 A/Brisbane/59/2007 

virus, now aiming to maintain its native trimeric conformation [70]. These constructs were quite 

immunogenic in mice, and the resulting antibodies bound the full-length HA of the homologous 

virus [70]. Moreover, these antibodies also showed virus-neutralizing activity unlike previous 

studies, as well as ADCC activity [70]. Non-human primate (NHP) models also showed 

neutralizing stem-directed antibodies following immunization with these constructs [70]. These 

antibodies also demonstrated broad cross-group binding and heterosubtypic neutralization [70]. 

Similar heterosubtypic protection has also been found in a nanoparticle-based platform, in a 

mechanism that may rely on Fc effector functions rather than neutralization [71]. 

HA head- and stem-targeting vaccine designs 

Both neutralizing head-targeting antibodies and broadly reactive stem antibodies are likely 

necessary for an optimal immune response to influenza. Likewise, approaches that elicit both types 

of antibodies would be ideal in conferring robust protection.  

Mosaic HA vaccines 

 Mosaic HAs (mHAs) utilize a HA immunogen that is a composite of several HA sequences. 

In one approach, the whole stem domain and head domain of one subtype is merged with the major 

antigenic sites of another subtype or genus to overcome strain-specific responses while retaining 

conserved and neutralizing epitopes [72,73]. In one study, mice were primed with the H4 subtype 

HA in a DNA vaccine, followed by two boosts, one with a mH10/3 HA, then a mH14/3 HA, 

comprising antigenic sites A through E of either the H10 or the H14 subtype, respectively, and the 

remaining head and stem residues from the H3 subtype [72]. When tested in mice, this approach 
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elicited antibodies with Fc-mediated effector functions targeting the stem domain, in addition to 

neutralizing, head-directed antibodies [72]. These results suggest that the mosaic HA approach can 

elicit both effective anti-head antibodies like those produced by the current vaccine, as well as 

broader anti-stalk antibodies similar to those produced from chimeric and headless HAs. 

 Another mosaic HA approach, utilizing an immunogen representing the H1 subtype from 

1918 to 2018 viruses, employs combined sections of full-length HA sequences to generate a novel 

HA while retaining conformationally important features predicted to be necessary for antibody 

binding [74]. Originally derived from HIV vaccinology approaches to broaden the immune 

response against mismatched strains, this mosaic HA was effective in eliciting antibodies against 

divergent H1 strains [74,75]. One mosaic immunogen showed close sequence similarity with pre-

pandemic strains, including A/Brisbane/59/2007 [74]. In vivo studies of vaccination using an Ad5-

vectored antigen confirmed the presence of antibodies with broader HAI activity against pre-

pandemic H1 viruses [74]. High antibody titers were detected by ELISA, but only a fraction of 

these had HAI activity, suggesting the presence of stalk antibodies [74]. Studies on the extent to 

which such stem antibodies are produced from mosaic HA immunization are warranted. Other 

groups utilized the same approach, showing its efficacy in eliciting neutralizing, homosubtypic 

protection through DNA and recombinant protein formulations, as well as heterologous protection 

in modified vaccinia Ankara (MVA) formulations, illustrating versatility in the formulation 

method while retaining protectiveness [76,77]. 

Adjuvant effects on vaccine responses 

 Adjuvants are commonly used in inactivated and recombinant vaccines to stimulate a more 

robust immune response akin to that of live-attenuated vaccines. Adjuvants also provide other 

beneficial effects, including antigen dose-sparing [78], the induction of a preferentially biased 
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immune response, and enhancing antigen immunogenicity [79]. Some currently licensed influenza 

vaccines already include adjuvants, such as MF59, a squalene-based oil-in-water emulsion, which 

is present in the Fluad vaccine aimed at individuals aged 65 and older; AS03, another oil-in-water 

adjuvant, is also used in licensed influenza vaccines in Europe, such as Pandemrix [79–81]. The 

ongoing discovery and design of several adjuvants, along with the elucidation of their mechanisms 

of action, are particularly relevant for the influenza vaccine where a robust humoral response is 

now known to be essential for protection. Adjuvants are especially useful for inducing robust 

antibody responses in high-risk populations, such as the elderly and those with pre-existing 

conditions such as HIV and obesity. Below we summarize the properties of commonly used 

adjuvants and their impacts on the influenza vaccine response. 

Aluminum salts and alum: Alum, the oldest adjuvant in use, includes a range of aluminum 

salts such as aluminum hydroxide, and is also the most widely used adjuvant in humans. It is 

currently included in several vaccines, such as the DTaP and hepatitis A and B vaccines [81], and 

is known to provide a strong, Th2-skewed response characterized by IgG1 antibodies [82,83]. 

Moreover, HAI titers were significantly increased in its presence compared to no adjuvant during 

subcutaneous influenza immunization with subunit vaccine HA antigen [82]. Although alum 

induces a strong Th2-biased immune response and HAI titers, this may not necessarily correlate 

with virus clearance. In mice vaccinated with PR8 H1N1 whole inactivated virus (WIV), IgG1 

antibodies increased while IgG2a antibodies decreased, typical of a Th2 response [83]. In addition, 

the lung viral titers in alum-adjuvanted WIV mice were nearly two logs higher than in WIV only-

vaccinated mice [83]. This may illustrate the necessity of stimulating a less Th2-polarized, more 

mixed Th1/Th2, or Th1-polarized response to gain a more protective IgG1/IgG2a ratio that alum 

alone cannot provide, at least with a WIV subunit vaccine. 
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Oil-in-water emulsions: MF59 has been used in current influenza vaccines and elicits a 

broadly reactive B cell response, dependent in part on the induction of strong immune memory 

[84,85]. This adjuvant can stimulate both cellular and humoral responses, and when compared to 

alum, can induce similar, if not higher, HAI and antibody titers [82,86]. Furthermore, a major 

advantage of MF59 is in inducing a protective immune response from vaccination for at-risk 

populations, including young children and in the elderly, eliciting higher HA titers when 

adjuvanted [87–89]. The mechanism by which MF59 provides superior antibody protection has 

yet to be fully characterized, although one study suggested the elicitation of cross-reactive 

antibodies in a prime-boost regimen for H5N3 viruses [84]. In another study, the antibody 

repertoire in both adults and children was found to be diversified for those receiving a MF59-

adjuvanted, inactivated 2009 pandemic vaccine compared to a non-adjuvanted control  [90]. Serum 

antibodies binding the H1 HA1 subunit were significantly increased, had higher affinity, and 

correlated with higher virus neutralization in individuals vaccinated with the MF59-adjuvanted 

vaccine [90]. Interestingly, MF59 appeared to shift the pool of antibody epitopes towards the head 

domain, away from the HA2 stem domain, and also increased affinity maturation against a novel 

H5N1 strain following initial H1N1 exposure  [90]. More recently, the role of antibody effector 

functions has been implicated in the mechanism of MF59. In one study, it was found to enhance 

complement deposition and neutrophil phagocytosis, but not antibody-dependent monocyte or NK 

cell effector functions, suggesting a more complex role of Fc receptors and complement beyond 

the traditionally accepted roles of Fcg receptors [91]. 

 AS03, a similar squalene-based adjuvant, has been used in current influenza vaccines for 

its capacity to produce high antibody titers and increase breadth of protection  [92]. Similar to 

MF59, AS03-adjuvanted animals receiving a split-inactivated H5N1 vaccine produced high levels 
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of neutralizing antibodies against homologous and heterologous H5N1 viruses in ferrets [93]. 

Individuals receiving TIV followed by AS03-adjuvanted pandemic H1N1 (pH1N1) HA showed 

enrichment for plasma cells with mutated BCRs that cross-react with pH1N1 HA; furthermore, 

naïve B cells were also more strongly activated when adjuvanted, and had increased isotype 

switching to IgG1 and IgG3 [94]. Adjuvanted vaccines also altered the proportion of V gene alleles 

that were utilized and mutated in BCRs; notably, mutations in the VH1-69 allele, associated with 

stem-binding antibodies, comprised a higher part of the total repertoire when the pandemic vaccine 

was adjuvanted with AS03 [94]. Although these results suggest a similar mechanism of AS03 to 

that of MF59, further studies to confirm correlations between BCR sequences and antibody 

epitopes are warranted. Also similar to MF59, AS03 appeared to play some role in stimulating 

complement-dependent lysis (CDL) for individuals receiving the 2009 pandemic H1N1 vaccine 

[95]. Furthermore, this CDL activity extended to a small extent to a heterologous, pre-pandemic 

influenza virus strain [95]. 

TLR agonists: Toll-like receptors (TLRs) are proteins present ubiquitously on external and 

internal membranes of certain immune cells, including B cells, and recognize pathogen-associated 

molecular patterns (PAMPs). Downstream signaling pathways transduce ligand binding, 

producing immune activation phenotypes that can be modulated based on the ligand (and thereby 

the TLR) [96]. A number of TLR agonists have been engineered for potential use in influenza 

vaccines. One such TLR agonist, 3M-052, an imidazoquinoline that binds TLR7/8, has been shown 

to broaden the antibody response in pandemic H5N1 HA antigen vaccination in ferret and mouse 

models [97]. This adjuvant provided protection from homologous and heterologous drifted strains, 

which may be due to an increase in V gene diversity that was previously observed for co-

administration of the adjuvant with malarial antigen [97]. Further studies are necessary to 
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determine whether heterosubtypic neutralization is observed. In another study, the 

A/California/7/2009 HA globular head domain was fused to bacterial flagellin, a TLR5 agonist 

[98]. Increases in HAI titer and seroconversion were seen for both young (18-49 years old) and 

old (65 years or older) populations, showing appreciable seroprotection and seroconversion in the 

older population [98]. The fact that a robust immune response was elicited in older individuals 

may be attributed to the innate stimulation of TLR5 by the flagellin component/adjuvant of the 

vaccine antigen, showing a proof-of-principle where antigen and adjuvant are covalently linked. 

Other TLR agonists target TLR9, which is specific for DNA analogs, predominantly CpG. When 

CpG was conjugated to nanoparticles comprising the A/New Caledonia/20/1999 HA, ELISA 

binding and HAI titers were significantly increased, higher than when CpG was mixed with HA 

nanoparticles [99]. Another notable TLR9 agonist, CpG 1018, formulated by Dynavax 

Technologies, was recently shown to elicit neutralizing antibodies against SARS-CoV-2 when 

paired with the pre-fusion spike protein and alum, eliciting a Th1-type response [100], and has 

also been approved for use in a hepatitis B virus VLP vaccine (HEPLISAV-B) [100]. This CpG 

agonist  in the influenza vaccine may be useful in amplifying similar neutralization-based 

protection.  

Advax: Advax has shown promising safety when used in split-virion and recombinant 

influenza vaccines [101,102]. As a delta inulin microparticle-based polysaccharide adjuvant, 

Advax is comprised of 1-2 µm particles, and has also been investigated for intranasal vaccinations 

and as a mucosal adjuvant [103]. Immunization of mice with whole-inactivated virus (WIV) and 

Advax adjuvant increased lung IgG antibody titers, as well as IgG and IgA antibody-secreting cell 

(ASC) populations compared to the non-adjuvanted group; Advax also increased the memory B 

cell response [103]. A single high dose of Advax has been shown to improve B cell responses in 
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neonatal mice, leading to increased class-switching from the IgM to the IgG1 isotype following 

vaccination with inactivated H1N1 and Advax [104]. Therefore, Advax may be an effective 

adjuvant to include in pediatric populations that receive the influenza vaccine to improve memory 

and class-switching responses for inactivated formulations. Whether the adaptive response to an 

Advax-adjuvanted vaccine is Th2- or Th1-biased appears to depend on the antigen used, where the 

split-inactivated vaccine and Advax induces a Th2-type response, whereas WIV and Advax 

induces a Th1-type response [105]. 

Iscomatrix: Iscomatrix adjuvant consists of cage-like structures made of phospholipid, 

saponin, and cholesterol; these structures promote a balanced Th1/Th2 response and antigen 

trafficking into the lymph nodes, as well as the production of intracellular antigen depots within 

dendritic cells for sustained presentation [106]. When used with H7N9 VLPs to immunize mice, 

homologous protection from a lethal challenge was achieved, in addition to protective HAI titers 

against both homologous H7N9 and heterologous H7N3 [107]. Similar to the MF59 adjuvant, 

epitope spreading with higher-affinity antibodies against the HA1 subunit was also observed for 

individuals receiving a H7N9 VLP vaccine with Iscomatrix adjuvant, possibly resulting from 

increased germinal center reactions of HA-specific T cells with B cells [108]. The interaction of T 

and B cells may drive increased receptor affinity as well as novel stimulation of clones reactive 

against HA1 [108]. Furthermore, the off-rates of antibodies binding HA1 were significantly lower 

when the VLP vaccine was adjuvanted, and a negative correlation was seen between the 

heterologous binding activities of serum antibodies to vaccine strain H7 HA1 and the neutralizing 

titers to a heterologous H7 virus [108]. 
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Conclusions 

HA head- and stem-directed vaccine designs are currently under investigation to improve 

upon current influenza vaccines. Despite the variability of influenza virus, conserved epitopes have 

nonetheless been identified through antibody epitope analysis. The COBRA approach has proven 

the ability to elicit potent antibodies with HAI and neutralizing activities that target a diverse 

number of epitopes on the globular head domain. This consensus layering approach aims to target 

sequences that will be present in future pandemic and seasonal HA sequences. In contrast, stem-

directed designs have shown success in narrowing the antibody response to the relatively 

conserved stem domain, now having elicited stem antibodies in a phase I trial utilizing the chimeric 

HA approach. Headless HA designs have also been refined greatly, preserving the natural 

conformation of native HAs and its associated epitopes. Mosaic vaccines appear to elicit antibodies 

against both the HA head and stem domains, potentially optimizing the antibody response to 

maintain a neutralizing and broadened epitope repertoire. Further studies into the impact of pre-

existing immunity in these vaccine approaches may inform the role of original antigenic sin in 

adopting a universal influenza vaccine. Considering that vaccine immunogen design efforts have 

been historically biased towards HA, recent studies into next-generation NA immunogens, the 

more conserved surface glycoprotein, have also shown promise, and optimal, broad protection may 

only be achieved through combination of next-generation HA immunogens and next-generation 

NA immunogens  [109–111].  Adjuvants that have also been employed for use in current and next-

generation influenza vaccines, such as alum, AS03, and MF59, and more novel systems like TLR 

agonists, Advax, and Iscomatrix, are only now beginning to be understood for how they might 

alter the antibody response. The discovery that they broaden the antibody repertoire may be key 

to optimizing the elicitation of broadly neutralizing antibodies during vaccination, and further 
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studies to illuminate this aspect are certainly needed. Overall, continued studies into these two 

components will be essential to develop a universal influenza vaccine.  
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Figures  

 

 

Figure 2.1. Antigenic sites and epitopes on H1 and H3 HAs. (A) H1 antigenic sites and antibody 

epitopes labeled on the A/California/04/2009 HA (gray). Antigenic sites Sa (light blue), Sb 

(magenta), Ca1 (dark yellow), Ca2 (green), and Cb (red) are located on the globular head domain. 

The intratrimer epitope, represented by the FluA-20 antibody epitope (purple), is present on the 

interface between HA protomers in the trimer. Residues overlapping the intratrimer epitope and 

the Ca2 antigenic site are in sky blue. Sa, Sb, and Ca2 comprise the periphery of the RBS. The 

epitope of a H1 stem-reactive antibody, CR6261, is shown in orange. (B) H3 antigenic sites and 

antibody epitopes on the A/Hong Kong/1/1968 HA (gray). Antigenic sites A (light blue), B 

(magenta), C (dark yellow), D (green), and E (red) are present on the head, as is the intratrimer 

epitope (purple), shown as the epitope of FluA-20. Residues in both antigenic site D and the 
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intratrimer epitope are shown in sky blue. Antigenic sites A, B, and D comprise the receptor-

binding site. The epitope of a stem antibody reactive to H3 viruses, CR9114, is labeled in orange. 

A/California/04/2009 HA taken from PDB structure 5GJS. A/Hong Kong/1/1968 HA taken from 

PDB structure 4FQY. Epitopes were labeled based on the interacting residues of monoclonal 

antibodies (mAbs) CR6261, CR9114, and FluA-20 with HA. 
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Figure 2.2. HA-based universal influenza vaccine designs. COBRA (computationally optimized 

broadly reactive antigen)-based HAs are head-focused HA immunogens incorporating multiple 

sequences (shown in HAs of different colors) of a particular subtype into a consensus HA (shown 

as a HA of multiple colors) that elicit mainly head-targeting antibodies. Headless HAs lack the 

globular head domain and are comprised solely of the stem domain to focus antibody responses to 

the otherwise immunosubdominant, but conserved, stem. Chimeric HAs (cHAs) consist of the 

globular head domain of one subtype (shown in green) and the stem domain of another subtype 

(shown in cyan) to be targeted, more closely mimicking a native HA molecule while focusing 

antibody responses to the conserved stem through exposure to multiple cHA immunogens. Mosaic 

HAs (mHAs), which can be seen as a refinement of cHAs, consist of the majority of the head 

domain and the entire stem domain of one subtype (shown as a blue HA trimer), but the head 

antigenic sites of another subtype (shown as green regions in the HA head), eliciting both head- 

and stem-directed antibodies. 
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CHAPTER 3 

CHARACTERIZATION OF PRE-EXISTING HUMAN ANTIBODIES AND B CELLS TO 

COMPUTATIONALLY OPTIMIZED HEMAGGLUTININS2 

  

                                                
2A part of this chapter was accepted by The Journal of Immunology. Reprinted here with the permission of the 
publisher. 
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Ross, T.M.; Ward, A.B.; et al. The Pre-Existing Human Antibody Repertoire to Computationally Optimized 
Influenza H1 Hemagglutinin Vaccines. J. Immunol. 2022, 209, 5–15, doi:10.4049/jimmunol.2101171. 
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Abstract 

Computationally optimized broadly reactive antigen (COBRA) hemagglutinin (HA) 

immunogens have previously been generated for several influenza subtypes to improve vaccine-

elicited antibody breadth. As nearly all individuals have pre-existing immunity to influenza 

viruses, influenza-specific memory B cells will likely be recalled upon COBRA HA vaccination. 

We determined the epitope specificity and repertoire characteristics of pre-existing human B cells 

to H1 COBRA HA antigens. Cross-reactivity between wild type HA and H1 COBRA HA proteins 

P1, X6, and Y2 were observed for isolated monoclonal antibodies (mAbs). The mAbs bound five 

distinct epitopes on the pandemic A/California/04/2009 HA head and stem domains, and the 

majority of the mAbs had HAI and neutralizing activity against 2009 pandemic H1 strains. Two 

head-directed mAbs, CA09-26 and CA09-45, had HAI and neutralizing activity against a pre-

pandemic H1 strain. One mAb, P1-05, targeted the stem region of H1 HA, but did not compete 

with a known stem-targeting H1 mAb. We determined that mAb P1-05 recognizes a recently 

discovered HA epitope, the anchor epitope, and we identified similar mAbs using B cell repertoire 

sequencing. In addition, the trimerization domain distance from HA was critical to recognition of 

this epitope by mAb P1-05, suggesting the importance of protein design for vaccine formulations. 

Overall, these data indicate that seasonally vaccinated individuals possess a population of 

functional H1 COBRA HA-reactive B cells that target head, central stalk, and anchor epitopes, 

and demonstrate the importance of structure-based assessment of subunit protein vaccine 

candidates to ensure accessibility of optimal protein epitopes. 
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Introduction 

Influenza viruses are a major cause of morbidity and mortality worldwide each year [112]. 

In particular, influenza A viruses (IAVs) and influenza B viruses cause annual epidemics in 

humans, and IAVs have caused multiple pandemics over the past century [113]. Currently, H1N1 

and H3N2 IAVs cause epidemic disease [114,115]. Long-term protection to influenza viruses 

remains a challenge due to high mutation rates caused by a low-fidelity RNA polymerase, which 

leads to antigenic drift, as well as reassortment events of HA and NA with avian influenza viruses, 

which is termed antigenic shift [116]. Current seasonal influenza vaccines provide protection 

against matched circulating viral strains. However, vaccine efficacy varies year to year due to 

mismatches between circulating strains and vaccine strains, as well as differences in hemagglutinin 

(HA) protein glycosylation patterns between vaccine and circulating strains [29–31]. This 

variability in vaccine efficacy highlights the importance of developing an improved influenza 

vaccine, which would elicit an immune response to most circulating influenza A and/or B viruses 

[117]. Current vaccines typically elicit strain-specific antibodies, and only a minority show cross-

reactivity to other viral subtypes. The antibody response to influenza virus infection and 

vaccination focuses predominantly on HA. Within HA-targeting antibodies, those targeting the 

variable globular head domain dominate the response, whereas those that bind the more conserved 

stem domain are elicited less frequently [19]. 

H1N1 IAVs have caused two known pandemics, including the Spanish influenza pandemic 

of 1918-1919, which caused an estimated 40-50 million deaths, and the 2009 swine influenza 

pandemic, which caused an estimated 575,000 deaths [118]. Circulating 2009 pandemic 

pH1N1/09-like viruses have replaced pre-2009 seasonal H1N1 influenza viruses in the human 

population [118]. Antigenic sites defined on the H1 subtype HA have been characterized through 
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mutagenesis studies in the presence of neutralizing antibodies [20]. These highly variable sites are 

present on the immunodominant head domain, and include the Sa, Sb, Ca1, Ca2, and Cb sites [20]. 

More recently discovered antibody epitopes include the receptor-binding site (RBS), the lateral 

patch, and the intratrimeric epitope, which exhibit broader reactivities [45,49,117,119].  

Computationally optimized broadly reactive antigen (COBRA) HA immunogens aim to 

elicit a broader antibody response compared to current seasonal vaccines [52,54]. In this approach, 

multiple-layered consensus building alignments of HA sequences are used to generate an 

immunogen encompassing multiple epitopes for a single subtype [54]. The resulting constellation 

of consensus epitopes, focused primarily in the antigenic sites of the head domain, represent 

diverse sequences that elicit broadly reactive antibodies in several animal models, including in 

mice and ferrets [52,54]. Structural analysis of COBRA HA immunogens has shown that these 

antigens resemble wild type HA proteins [55]. The primary mechanism of COBRA HA-induced 

antibodies are through hemagglutination inhibition (HAI) and neutralization via HA head domain-

binding antibodies [54]. In contrast, stem-directed antibodies do not appear to be a major 

component of COBRA HA vaccine-induced immunity [56,120]. Some H1 subtype-based COBRA 

HAs have been previously described that incorporate both seasonal (pre-2009) and pandemic-like 

(post-2009) influenza virus HA sequences. These include P1, which incorporates human sequences 

from 1933 to 1957 and 2009 to 2011 as well as swine sequences from 1931 to 1998, and X6, which 

incorporates human sequences from 1999 to 2012 [121]. The Y2 COBRA HA, encompassing 

sequences from 2014 to 2016, represents the most recent set of H1 subtype viruses that are 

antigenically similar to the 2009 pandemic H1N1 virus. Importantly, the Y2 COBRA HA has been 

shown previously to elicit broadly HAI-active antibodies against recent 2018 and 2019 H1N1 
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pandemic-like viruses in a mouse model, whereas the P1 and X6 COBRA HAs elicit a less broad 

response against these isolates [122]. 

An individual’s immune history to influenza also plays a major role in the antibody 

response to vaccination. For example, the idea of original antigenic sin (OAS) describes the 

dominant nature of the antibody response to the first influenza virus strain compared to exposures 

to subsequent strains [24]. While COBRA HAs have been shown to be efficacious in naïve as well 

as pre-immune mouse and ferret models of influenza infection, pre-existing immunity to COBRA 

HAs in humans has not been investigated. This is important to understand as these antigens move 

toward clinical trials. Here, we identify epitope and repertoire characteristics of the pre-existing 

antibody response from previous infection and vaccination that is recognized by H1 COBRA HA 

antigens. We show that human antibodies and B cells that cross-react with COBRA HAs, 

predominantly with the Y2 COBRA HA and a minority with the P1 and X6 COBRA HAs, are 

present in individuals vaccinated with the 2017-2018 and 2019-2020 quadrivalent influenza 

vaccine (QIV). A panel of 26 monoclonal antibodies (mAbs) was isolated, and these mAbs bind 

five distinct epitopes on the A/California/04/2009 HA protein, including an epitope near the viral 

membrane, termed the anchor epitope. Moreover, a subset of these antibodies bind both pre- and 

post-2009 pandemic strains with demonstrable HAI and neutralization activity. Overall, our data 

identify the major epitopes and repertoire characteristics of pre-existing human antibodies that 

recognize COBRA HA antigens. 
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Methods 

Human subject samples 

All human studies were approved by the University of Georgia Institutional Review Board. 

mAb isolation was conducted from subjects aged 22 to 51 years vaccinated with the 2017-2018 

seasonal influenza vaccine (Fluzone) from peripheral blood mononuclear cells (PBMCs) isolated 

from blood draws 21-28 days following vaccination. 80% (4/5) of these subjects showed HAI titers 

>40 to at least one pre-2009 H1 virus before vaccination. Repertoire sequencing was completed 

from a single human subject vaccinated with the 2019-2020 influenza vaccine (Fluzone) from 

blood obtained 28 days following vaccination. 

B cell expansion of human subject PBMCs 

PBMCs were plated at a density of 25,000 cells/well in a 96-well plate on a layer of gamma-

irradiated NIH 3T3 cells (20,000 cells/well) expressing hCD40L, hIL-21, and hBAFF in the 

presence of CpG and cyclosporine A as previously described [50,123]. B cell supernatants were 

screened by enzyme-linked immunosorbent assay (ELISA) at 7 days post-plating of PBMCs. 

Expression and purification of recombinant influenza HA proteins 

Trimeric wild-type HA or COBRA HA ectodomains were expressed and purified in 

Expi293F cells following the manufacturer’s protocol and as previously described [124]. Collected 

supernatants containing the HA antigens were purified on a HisTrap Excel column following the 

manufacturer’s recommended protocol. Eluted fractions were pooled and purified proteins were 

verified for integrity by probing with an anti-HIS tag antibody (Biolegend) as well as with subtype-

specific mAbs via SDS-PAGE and Western blot. 
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ELISA screening of B cells, hybridoma supernatants, mAbs, and rAbs 

Untreated 384-well plates (VWR) were coated with recombinant HA proteins diluted to 2 

µg/mL in PBS at 4 °C overnight. Plates were washed once with water, then blocked with 2% 

blocking buffer (PBS + 2% non-fat dry milk (Bio-Rad) + 2% goat serum + 0.05% Tween-20) for 

1 hr at room temperature. Plates were washed three times with water, and 25 µL of B cell 

supernatants, hybridoma supernatants, mAbs, or recombinant antibodies (rAbs) were added. mAbs 

and rAbs were serially diluted three-fold in PBS from 20 µg/mL prior to addition for twelve total 

dilutions. Plates were incubated at 37 °C for 1 hr, then washed three times with water. Goat anti-

human IgG Fc-AP secondary antibody (Southern Biotech), diluted 1:4000 in 1% blocking buffer 

(1:1 dilution of PBS and 2% blocking buffer), was added and plates were incubated at room 

temperature for 1 hr. Plates were then washed five times with PBS-T (PBS + 0.05% Tween-20). 

p-Nitrophenyl phosphate (PNPP) substrate, diluted in substrate buffer (1.0 M Tris + 0.5 mM 

MgCl2, pH=9.8) to 1 mg/mL, was added, and plates were incubated for 1 hr and read at 405 nm 

on a BioTek plate reader. To quantify HA-reactive IgG from each subject, plates were coated 

overnight with eight two-fold serial dilutions of human plasma IgG standard (Athens 

Biotechnology) starting at 10 µg/mL. All steps were followed as for antigen, except PBS was used 

in the primary antibody step. GraphPad Prism was used to interpolate antigen-reactive IgGs from 

the human plasma IgG standard curve. The EC50 value for each mAb was determined by using the 

four-parameter logistic curve fitting function in GraphPad Prism software. 

Generation of HA-reactive mAbs 

Eight days following plating of PBMCs, wells identified to contain positive B cells by 

ELISA were selected for electrofusion to generate hybridomas as previously described [50,123]. 

Hybridomas were plated in 384-well plates for HAT selection, and grown for 14 days at 37°C, 5% 
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CO2. Following screening by ELISA, hybridomas were single-cell sorted using a MoFlo Astrios 

cell sorter using live/dead staining by propidium iodide. The sorted hybridomas were cultured in 

25% Media E (StemCell) + 75% Media A (StemCell) for two weeks, then subjected to another 

round of screening by ELISA. Hybridomas with the highest signal were grown in 250 mL serum-

free media (Gibco) for approximately one month. Secreted mAbs were purified using a Protein G 

column (GE Healthcare) and concentrated for use in downstream assays. 

Hybridoma sequencing 

Hybridoma cell lines encoding each mAb were sequenced utilizing the primers described 

by Guthmiller et al. [125]. Briefly, RNA was extracted from each hybridoma and cDNA was 

generated using the SuperScript IV First-Strand cDNA Synthesis Kit (Invitrogen). A nested PCR 

protocol was used to generate sequencing products. In the first nested PCR step, a primer mix 

specific to the heavy, kappa, or lambda chain V gene and the constant region were used to amplify 

the variable region using the cDNA as template. In the second PCR step, the first PCR product 

was used as a template with a nested primer mix to improve product specificity and yield. The 

second nested PCR products were sequenced using the constant region primer and the V, D, and J 

alleles were identified by IMGT/V-QUEST [126]. Percent identity of mAb variable regions to 

germline were calculated as the similarity to the germline allele at the nucleotide level using 

IMGT/V-QUEST [126]. 

Hemagglutination inhibition assay 

The HAI titer for each mAb was determined as previously described [120]. Influenza 

viruses were titered to eight HAUs (hemagglutination units). 50 µL of mAbs or rAbs diluted to 20 

µg/mL in PBS were added to the first well of a 96-well U-bottom plate (VWR), and diluted two-

fold in PBS for 25 µL mAb total per dilution. Eight HAUs of virus were added in a 1:1 ratio to 
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each mAb dilution, and each well was mixed and incubated for 20 min at room temperature. 

Following this, 50 µL of 1.0% turkey red blood cells (Lampire) were added per well. Plates were 

read 45 min after the addition of 1.0% turkey red blood cells. 

Focal reduction assay 

Focal reduction assays (FRAs) were completed for each mAb as previously described 

[120]. MDCK cells were plated in 96-well plates overnight to achieve >95% confluency the next 

day. Cells were washed twice with PBS, and 50 µL of virus growth media (VGM: DMEM + 2 

µg/mL TPCK-trypsin + 7.5% BSA) were added and the plates were returned to the incubator at 

37°C, 5% CO2. mAbs at 20, 8, or 1 µg/mL were serially diluted two-fold in VGM, and virus was 

diluted to a concentration of 1.2x104 FFU/mL in VGM. MDCK cells were washed with PBS and 

25 µL serially diluted mAbs were added, followed by 25 µL of 1.2x104 FFU/mL of virus. Plates 

were incubated at 37 °C, 5% CO2 for 2 hr, and then 100 µL/well of overlay media (1.2% Avicel + 

modified Eagle media (MEM)) were added and incubated overnight. The overlay was removed 

and wells were washed twice with PBS. Ice-cold fixative (20% formaldehyde + 80% methanol) 

was added and plates were incubated at 4 °C for 30 min. Plates were washed twice with PBS and 

permeabilization buffer (PBS + 0.15% glycine + 0.5% Triton-X 100) was added, followed by a 30 

min incubation. Plates were washed three times with PBS-T and primary IAV anti-NP mouse 

antibody (IRR), diluted 1:2000 in ELISA buffer (PBS + 10% goat serum +  0.1% Tween-20), was 

added. Plates were incubated at room temperature for 1 hr. Plates were then washed three times 

with PBS-T and secondary goat anti-mouse IgG-HRP antibody (Southern Biotech), diluted 1:4000 

in ELISA buffer, was added. Plates were incubated at room temperature for 1 hr and then washed 

with PBS-T. KPL TrueBlue Peroxidase substrate was added per well and plates were incubated 

for 10-20 min. Plates were washed, dried, and foci were enumerated using an ImmunoSpot S6 
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ULTIMATE reader with ImmunoSpot 7.0.28.5 software (Cellular Technology Limited). 

Neutralizing IC50s were calculated using the GraphPad Prism four-parameter logistic curve fitting 

function. 

Epitope binning by biolayer interferometry 

The panel of mAbs isolated from human subjects were competed for binding using the 

A/California/04/2009 HA protein on the OctetRED384 system as previously described [123]. 

Anti-penta-HIS biosensors (Sartorius) were immersed in kinetics buffer (PBS + 0.5% BSA + 

0.05% Tween-20) for 60 s to obtain a baseline reading. Biosensors were then loaded with 100 

µg/mL of A/California/04/2009 HA protein diluted in kinetics buffer for 60 secs. Biosensors were 

returned to kinetics buffer for a baseline of 60 s. Following this, biosensors were immersed in the 

first mAb (100 µg/mL in kinetics buffer) for 300 s for the association step. The biosensors were 

then immersed in the competing, second mAb (100 µg/mL in kinetics buffer) for 300 s. The 

biosensors were then regenerated in 0.1 M glycine, pH = 2.7 and PBS alternately for three cycles 

before proceeding to the next mAb competition set. The extent of competition was calculated as 

the percentage of the signal from the second mAb in the second association step in the presence of 

the first mAb to that of the second mAb alone in the first association step for all biosensors. A ratio 

of <=33% was considered complete competition, >33 and <=67% moderate competition, and 

>67% no competition. 

Antibody-dependent phagocytic activity of mAbs 

To measure antibody-dependent phagocytic activity, 2×109 1-µm Neutravidin-coated 

yellow-green FluoSpheres (Invitrogen #F8776) were resuspended in 1 mL of 0.1% PBS. The 

FluoSpheres were then centrifuged at 5000 rpm for 15 minutes, 900 µL supernatant was removed, 

and the FluoSpheres were resuspended with 900 µL of 0.1% PBS. This process was repeated for 
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a second wash, then the FluoSpheres were resuspended with 20 µg of biotinylated Y2 protein. The 

FluoSpheres were then incubated overnight at 4 °C, protected from light, with end-to-end rocking. 

Next, HA-specific antibodies were diluted in complete RPMI media (cRPMI, RPMI + 10% FBS) 

to a final concentration of 1 µg/mL in a U-bottom 96-well plate. Then, 20 µL of antibody dilution 

was transferred into a clean F-bottom 96-well plate, and 10 µL of FluoSpheres were added with 

the antibody followed by a 2 hr incubation at 37 °C for opsonization. After 1.5 hr, THP-1 cells 

were centrifuged at 200 × g for 5 min, washed once with PBS, then resuspended in culture medium 

(RPMI & 10% FBS) at a concentration of 5×105 cells/mL. Then, 200 µL of cells were added to 

each well and incubated at 37 °C with 5% CO2 while shaking for 6 hr. Once the incubation finished, 

the plate was then centrifuged at 2000 rpm for 5 min. Then, 100 µL was pipetted out of each well 

and replaced with 100 µL of cold 4% paraformaldehyde to fix the cells. The plate was then left at 

room temperature for 20 min, protected from light. The plate was then stored at 4 °C in the dark. 

Cells were then analyzed with a NovoCyte Quanteon flow cytometer. 

Expression and purification of recombinant proteins for electron microscopy 

For EM studies, Y2 HA COBRA was cloned using Gibson assembly into a derivative of 

pcDNA3.1+ [127]. Plasmids for the P1-05 heavy and light chain were synthesized (Genscript) and 

cloned into pcDNA3.1+. Cells and media were purchased from Thermo Fisher Life Technologies 

unless stated otherwise. Y2 HA protein expression was initiated by transfection of endotoxin free 

DNA into CHO-S cells using flow electroporation technology (MaxCyte). Transfected cells were 

suspended in CD OptiCHO supplemented with 2 mM GlutaMAX, HT, 0.1% pluronic acid, and 

incubated at 37 ºC, 8% CO2, 85% humidity in an orbital shaker (Kuhner). After 24 hrs, cultures 

were supplemented with 1 mM sodium butyrate, and the culture temperature was dropped to 32ºC. 

Cultures were supplemented daily with MaxCyte CHO A Feed (0.5% yeastolate, 2.5% CHO-CD 
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Efficient Feed A, 2 g/L glucose, 0.25 mM GlutaMAX). The media was harvested 8-12 days post-

transfection and filtered. For purification of Y2, media was diluted with an equal volume of Buffer 

A (500 mM NaCl, 20 mM sodium NaH2PO4, 20 mM imidazole) and loaded onto a 1 mL HisTrap 

column (GE Healthcare). The column was washed with Buffer A and the protein eluted with a 

gradient to Buffer B (500 mM NaCl, 20 mM NaH2PO4, 500 mM imidazole) on an ÄKTA Pure 

chromatography system (GE Healthcare). Fractions containing the protein were pooled, 

concentrated, and further purified and buffer exchanged on a Superdex 200 10/300 column (GE 

Healthcare) equilibrated in PBS (Sigma). Fractions were pooled and concentrated, then flash 

frozen in liquid N2 and stored at -80ºC until use. For P1-05, the mAb was purified using a 1 mL 

HiTrap Protein A HP column (GE Healthcare). The media was diluted with an equal volume of 

Protein A IgG Binding Buffer (Thermo Scientific) and loaded onto the column. The column was 

washed with binding buffer, then eluted with a gradient to Protein A IgG Elution Buffer (Thermo 

Scientific). To adjust the pH, 55  µl of 1.89 M Tris pH 8 was added per 1 mL fraction. Fab was 

generated and purified using the Pierceä Fab Preparation Kit according to the manufacturer’s 

instructions (Thermo Scientific). The Fab product in PBS was flash frozen in liquid N2 and stored 

at -80 ºC until use. 

Cloning and expression of Y2 COBRA with a thrombin cleavage site 

Y2 COBRA was cloned into the pBacPAK8 vector in frame with an N-terminal gp67 signal 

sequence and C-terminal thrombin cleavage site, T4 fibritin domain, and hexahistidine/StrepTag 

II tags. The construct design results in predicted vector supplied sequences of AATNA and 

LVPRGSPGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGHHHHHHGGSWSHPQFEK at the 

N- and C-termini, respectively. Baculovirus was generated using the flashBac™ kit according to 

the manufacturer’s instructions (Mirus Bio). The protein was expressed in 2 L of Sf9 cells at 2´106 
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cells/mL maintained in ESF921 media (Expression Systems) by adding 25 mL virus per liter of 

culture. The media was harvested after 3 days, pH adjusted with NaCl and Tris pH 8, and stored 

at -20ºC. Prior to purification, the thawed media was filtered and concentrated to 150-200 mL by 

tangential flow with a Vivaflow® 200 (Sartorius). The resulting sample was diluted with an equal 

volume of Buffer A, filtered, and loaded onto a 5 mL HisTrap column (GE Healthcare). The 

column was washed with Buffer A and the protein eluted with a gradient to Buffer B. The protein 

was pooled, concentrated, and supplemented with 5% glycerol prior to flash freezing and storage 

at -80 ºC. 

Kinetic assays by biolayer interferometry 

Biolayer interferometry kinetic assays were performed in triplicate on the Octet® Red384 

system (Sartorius) with a buffer containing PBS, 1% BSA, and 0.05% Tween. Anti-penta-HIS 

biosensors were immersed in buffer for 120 s, then loaded with 10 µg/mL Y2 for 300 s. The 

biosensors were then dipped into buffer for 120 s to obtain a baseline, dipped into buffer containing 

P1-05 Fab in a dilution series ranging from 54 nM to 0.67 nM for 300 s, and buffer for 600 s to 

measure dissociation. The data were processed in the Octet Data Analysis HT software v7 

(Sartorius). Each curve was reference subtracted, aligned to the baseline, and aligned for inter-step 

correction through the dissociation step for each curve. Each replicate was fit globally for well-

resolved curves in the dilution series using a 1:1 binding model. Parameters were optimized based 

on the R2,  c2, and individual KD error values to maximize the goodness of fit. The final reported 

KD value (98.5±32.3 pM) represents the mean ± standard deviation of three independent 

experiments. 
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Electron microscopy of the Y2+P1-05 complex 

The protein samples were thawed on ice. To generate the immune complex, P1-05 Fab and 

Y2 COBRA produced in CHO cells were combined in a 3:1 Fab:HA trimer ratio and incubated at 

room temperature for 1 hr. For negative stain analysis, the immune complex was deposited at 15 

µg/mL onto carbon-coated, glow-discharged, 400 mesh copper grids (EMS) and stained with 2% 

w/v uranyl formate. The sample was imaged on an Arctica Talos 200C electron microscope (FEI) 

operating at 73,000x nominal magnification with a Falcon II direct electron detector and a CETA 

4k camera (FEI). Micrographs were collected with Leginon and particles were picked using a 

difference of Gaussians particle picker and processed with Appion [128–130]. Particles were 

classified in 2D and 3D in Relion 3.0 and Cryosparc2 and reconstructed in 3D in Cryosparc2 

[131,132]. Figures were made in UCSF Chimera [133]. 

Single-cell V(D)J sequencing and analysis 

PBMCs were stained with the following antibodies and proteins for flow sorting: anti-

CD19-APC (1:10 dilution, clone HIB19, cat. no. 982406, BioLegend), anti-IgD-FITC (1:20 

dilution, clone IA6-2, cat. no. 348206, BioLegend), anti-IgM-FITC (1:20 dilution, clone MHM-

88, cat. no. 314506, BioLegend), Ghost Dye Red (1:1000), Y2-PE (1:20 dilution), and Y2-BV605 

(1:20). AviTagged Y2 COBRA HA proteins containing the Y98F mutation to reduce sialic acid 

binding were biotinylated using the BirA biotin-protein ligase in the BirA500 kit (Avidity) and 

complexed to streptavidin-fluorophores SA-PE (1:500 dilution, cat. no. S866, Thermo Fisher) and 

SA-BV605 (1:250 dilution, cat. no. 405229, BioLegend). CD19+IgM/IgD-PE+BV605+ double-

positive, antigen-specific B cells were flow sorted on the MoFlo Astrios and resuspended in 

PBS+0.04% BSA. These cells were then used to generate Single Cell 5’ v2 Dual Index V(D)J 

libraries using the 10X Chromium Next GEM Single Cell 5’ Reagent Kit v2 (10X Genomics). 
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Libraries were then sequenced using a NextSeq 550 sequencer (Illumina). Single-cell V(D)J 

FASTQ files were generated and demultiplexed using Cell Ranger v4.0.0 and data were visualized 

using the Loupe VDJ v3.0.0 browser. Only B cells with complete, ungapped variable regions and 

singly paired heavy and light chains were considered for downstream analysis. Six B cell receptor 

sequences were expressed as recombinant IgGs in 293 cells and used for ELISAs and HAIs. 

 

Results 

COBRA HA-specific B cell responses 

To determine the size of the H1 COBRA HA-reactive B cell population within seasonally 

vaccinated individuals, total B cells from four vaccinated subjects (2017-2018 cohort) were 

stimulated on an irradiated feeder layer as previously described [123]. B cell supernatants were 

assayed for activity against A/California/04/2009 HA, P1 COBRA HA, and X6 COBRA HA 

recombinant proteins by ELISA. As expected, HA- and COBRA HA-reactive IgG titers were 

higher in day 21 post-vaccination samples compared to those obtained pre-vaccination (Figure 

3.1). Comparisons of A/California/04/2009 HA-reactive IgG titers to those of P1 HA- and X6 HA-

reactive IgGs indicated that binding to A/California/04/2009 HA protein was consistently higher. 

The majority of subjects demonstrated significant P1 HA-reactive IgG titers that, while lower than 

A/California/04/2009 HA-reactive IgG titers, were higher than or equivalent to X6 HA-reactive 

IgG titers in three of four subjects. The disparity in antibody titers between wild-type 

A/California/04/2009 HA- and COBRA HA-reactive proteins may be attributed to the relatively 

high abundance of pandemic strain-specific antibodies, and the absence of these potential binding 

epitopes on the P1 and X6 H1 COBRA HA proteins. Moreover, the degree of similarity of each 

COBRA HA to the A/California/04/2009 HA appeared to be reflected in the degree to which 
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reactive IgG titers were elicited. Namely, the P1 COBRA HA, representing pandemic-like human 

and swine H1 HA sequences, demonstrates 84.63% identity to A/California/04/2009 HA, whereas 

the X6 HA, representing seasonal-like H1 HA sequences, demonstrated a lower 80.53% identity 

to A/California/04/2009 HA. 

Lineage analysis of pre-existing COBRA HA-specific mAbs 

To further probe the pre-existing B cell response to COBRA HA antigens, we isolated 26 

mAbs from five additional human subjects vaccinated with the 2017-2018 quadrivalent influenza 

vaccine within the same cohort, using A/California/04/2009 HA and P1 COBRA HA as screening 

antigens. The antibody-encoding genes were sequenced, and the results indicated the usage of 

several different immunoglobulin V genes across the entire panel (Figure 3.2, Table 3.1). When 

comparing usage of heavy chain genes, VH1, VH3, VH4, and VH5 gene families were represented 

(Figure 3.2A). Approximately 50% of all mAbs utilized a gene from the VH3 family, and 

approximately another 50% utilized a gene from the VH4 family. In the light chain, for those mAbs 

utilizing the kappa chain, many utilized genes VK3-11 and VK3-15. The remainder used V genes 

VK3-20 or those from VK1 or VK2 families. mAbs utilizing the lambda chain used predominantly 

VL3-21 and VL2-14. Paired heavy and light chain V genes showed variation across the antibody 

panel, with the VH3-7:VK3-15 and VH4-39:VL2-14 pairings being the most abundant for kappa- and 

lambda chain-utilizing mAbs, respectively (Figure 3.2B). The CDR3 regions ranged in length 

from 10-22 amino acids for the heavy chain, 8-10 amino acids for the kappa chain, and 10-12 

amino acids for the lambda chain (Figure 3.2C). The percent identities of the variable genes to the 

germline sequence had averages of 93% for both the heavy and kappa chains, and 96% for the 

lambda chain at the nucleotide level (Figure 3.2C). 
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Binding analysis of COBRA HA-specific human mAbs 

P1 and X6 COBRA HA proteins incorporate historical epitopes from both pre- and post-

2009 viruses, while Y2 COBRA HA incorporates more recent 2009 pandemic-like sequences from 

2014 to 2016, representing the HA epitopes from more recent H1 isolates [122] (Figure 3.3). The 

majority of isolated mAbs demonstrated high binding to A/California/04/2009 HA protein by 

ELISA, with an average EC50 of 30 ng/mL (Figure 3.4A). Of these A/California/04/2009 HA 

protein-reactive mAbs, only a subset demonstrated binding to the divergent P1 and X6 COBRA 

HA proteins. mAbs P1-02, P1-05, and 163-20 showed reactivity against the P1 COBRA protein, 

and mAbs CA09-26, CA09-30, CA09-45, P1-02, and P1-05 demonstrated binding to the X6 

COBRA protein. The limited mAb binding to P1 and X6 COBRA proteins correlated with the 

lower reactive B cell frequencies to these respective HAs in Figure 3.1. All mAbs had similar 

EC50 values and reactivities to the Y2 COBRA HA compared to A/California/04/2009 HA (Figure 

3.4A). We also determined whether mAbs were broadly reactive by utilizing a chimeric HA protein 

bearing a H6 HA head and a H1 HA stem (cH6/1) (Figure 3.4A). mAb P1-05 bound to the 

chimeric protein with high avidity, suggesting this mAb may bind the stem region of the H1 HA 

protein, or some other conserved epitope present in both H1 and H6 HAs. These results indicate 

that 2017-2018 QIV-vaccinated subjects possessed mAbs with potent binding to the 2009 

pandemic-like Y2 COBRA HA protein. Moreover, mAbs from different subjects with reactivity 

against the divergent P1 and/or X6 COBRA HAs were found, although these represented a small 

part of the total antibody response. Based on these data and the B cell screening data, COBRA 

HA-reactive B cells constitute part of the human B cell response to influenza vaccination, and 

COBRA HA antigens can likely recall such B cells targeting both the head and stem regions. 
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Functional analysis of COBRA HA-specific mAbs 

To characterize the functional activities of the isolated mAbs, HAI and neutralizing 

activities were assessed (Figure 3.4B, 4C). The majority of mAbs showed HAI activity against 

the pandemic-like A/Michigan/45/2015 virus (Figure 3.4B). These data are consistent with the 

fact that most mAbs bound the head domain of A/California/04/2009 HA (Figure 3.4A). Of those 

mAbs with the highest HAI activity of the panel against the recent pandemic-like 

A/Michigan/45/2015 virus, CA09-26 and CA09-45 were tested for HAI against two pre-pandemic 

H1 viruses as these mAbs bind the X6 HA COBRA, which incorporates pre-pandemic sequences, 

and both target the HA head domain. CA09-26 had HAI activity against A/New 

Caledonia/20/1999 and A/Brisbane/59/2007 viruses, while CA09-45 had HAI activity against 

A/New Caledonia/20/1999, and no activity against A/Brisbane/59/2007 (Figure 3.4B). We next 

assessed neutralizing activity against A/California/07/2009 (Figure 3.4C). Approximately 60% of 

mAbs (16/26 mAbs) neutralized the pandemic A/California/07/2009 virus (A/CA/09). Notably, 

mAbs CA09-26 and CA09-45 were among the most potent mAbs in the panel with half-maximal 

inhibitory concentrations (IC50s) of 0.013 µg/mL and 0.032 µg/mL, respectively. These two mAbs 

were also tested for neutralizing activity against A/New Caledonia/20/1999 and 

A/Brisbane/59/2007 (Figure 3.4C). They had IC50 values of 0.081 µg/mL and 0.286 µg/mL, 

respectively, against A/New Caledonia/20/1999, indicating potent neutralization activity. 

However, these two mAbs did not demonstrate neutralizing activity against the 

A/Brisbane/59/2007 virus, in accordance with the observation that little to no HAI activity was 

observed for the same strain. 

Neutralization-independent, Fc-dependent activities are an important aspect of anti-

influenza antibodies that bind both the head and stem domains [46,48,134]. Stem-binding 
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antibodies elicited by P1 HA vaccination also demonstrate Fc activity by inducing cellular 

cytotoxicity [120]. To determine the extent of one such Fc effector function, antibody-dependent 

phagocytosis (ADP) activity was measured by assessing the capacity for the monocytic THP-1 cell 

line to phagocytose Y2 COBRA HA-coated beads through mAb binding (Figure 3.4D). The entire 

mAb panel demonstrated ADP activity relative to a negative mAb control. These included both 

neutralization/HAI-positive mAbs as well as mAbs that did not demonstrate significant HAI or 

neutralization activity. 

Multiple distinct epitopes on the A/California/04/2009 HA are bound by isolated mAbs 

To determine the epitopes bound by the panel of 26 mAbs isolated from these vaccinated 

subjects, biolayer interferometry-based epitope binning was performed as previously described 

[123,135]. Biosensors were loaded with A/California/04/2009 HA, associated with one mAb, and 

then exposed to a second mAb to determine mAb competition (Figure 3.5). Control mAbs 

Ab6649, 5J8, and CR6261 were utilized to determine the relative locations of each epitope. 

Ab6649 binds the lateral patch, proximal to the Sa antigenic site; 5J8 binds the receptor-binding 

site (RBS), comprising antigenic sites Sb and Ca2; CR6261 binds a conserved portion of the stem 

region found for all group 1 viruses (Figure 3.5A). Five distinct epitopes on A/California/04/2009 

HA protein were distinguished (Figure 3.5B). Of the epitopes on the globular head domain, two 

known major epitopes, termed epitope 1 and epitope 3, corresponding to those of mAbs Ab6649 

and 5J8, respectively, were identified. MAbs competing with Ab6649 were comprised in part of 

those using the heavy chain gene VH3-23, including mAbs CA09-19 and CA09-29, similar to those 

described recently that bind the lateral patch, although these mAbs did not contain the 

characteristic YXR motif within the heavy chain CDR3 [136]. The position of one predominantly 

bound epitope, epitope 2, could not be identified by epitope binning with the control mAbs used. 
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Two other epitopes, characterized only by the competition of a single mAb to itself, were epitopes 

4 and 5, which correspond to mAbs CA09-38 and P1-05, respectively. No mAbs competed with 

CR6261, indicating that although mAb P1-05 may target the stem, as evidenced by binding to the 

cH6/1 protein (Figure 3.3), this mAb might target a different epitope on the stem of the H1 HA 

protein. Overall, these data suggest that the epitopes bound by mAbs from vaccinated subjects are 

likely comprised, in part, of regions within or around conserved sites on the head domain, such as 

those involving the RBS and the lateral patch, in addition to portions of the stem. 

  Epitope 5, characterized by binding by mAb P1-05, was likely located on the stem of the 

H1 HA protein yet did not overlap with other antibody epitopes (Figure 3.5). To determine the 

epitope of mAb P1-05, we generated a complex of Y2 HA bound to P1-05 Fab fragments and 

evaluated its structure by negative-stain electron microscopy (EM) (Figure 3.6A, 6B). The 2D 

class averages revealed that P1-05 binds to the base of the HA stem in an upward angle (Figure 

3.6B). We also observed that insertion of residues between the Y2 C-terminus and the Foldon 

trimerization domain disrupted mAb P1-05 binding, potentially due to trimer splaying and 

disruption of this membrane proximal epitope (Figure 3.6C). Recently, a similar class of mAbs 

targeting this region on HA, termed the “anchor” epitope, was discovered, and such mAbs protect 

against H1N1 infection in mice [137,138]. Anchor mAbs do not compete with known stem mAbs 

and utilize VK3-11 or VK3-15 kappa V genes that encode a germline encoded NWP motif in the 

CDR3 region [138]. The restricted light chains can pair with VH3-23, VH3-30/VH3-30-3, or VH3-48 

V genes. mAb P1-05 utilizes VK3-11 paired with VH3-23 and also possesses the NWP motif. 

Furthermore, it was also recently reported that binding of anchor mAbs is disrupted by the use of 

a GCN4 trimerization domain [138], which has different spacing than the Foldon domain, which 

matches our data with the disruption of binding observed in Figure 3.6C. These data affirmed that 
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P1-05 binds to the anchor epitope in the stem, consistent with data from Figure 3.3A, rather than 

another conserved HA epitope in the head domain. These observations are critical for subunit HA 

protein vaccine development as they indicate the importance of antigen design, stability, and the 

incorporation of mAb binding avidity studies to ensure that important epitopes are properly 

displayed on candidate vaccine antigens. 

Repertoire analysis of Y2-specific B cells 

To further probe the repertoire of pre-existing COBRA HA-specific B cells in a more 

recent vaccine season, we conducted a single-cell RNA sequencing experiment using B cells from 

a single subject vaccinated with the 2019-2020 seasonal influenza vaccine. Approximately 3000 

CD19+IgM-IgD- B cells positive for the Y2 COBRA HA were sorted and subjected to 10X 

barcoding (Figure 3.7). Prior to loading onto the 10X controller, sorted Y2-specific cells were 

supplemented with the CA09-26 hybridoma clone as a loading control. 119 unique paired heavy 

and light chains were obtained following data demultiplexing and analysis compared to the human 

genome database. Similar to the mAb sequencing, the VH1 and VH4 gene families were highly 

prevalent in the B cell repertoire. In particular, VH4-39 and VH4-59 were prevalent in both mAb 

sequencing and B cell sequencing results. We also identified several additional mAbs utilizing the 

VH3-23  gene, with one in particular (clone 70) having an NWP motif in a paired VK3-15 light 

chain, although this clone utilized a JK2 gene, rather than the JK4 or JK5 gene, which were 

previously used to identify anchor epitope-specific mAbs [138] (Table 3.1). A fraction of clones 

using the VH1-69 gene were also identified, which is utilized by mAbs targeting the stalk epitope. 

Hence, pre-existing mAbs binding Y2 utilize a relatively diverse repertoire. 

To identify whether these B cell clones were reactive against the baiting Y2 antigen, we 

recombinantly expressed six selected clones, 32, 58, 60, 70, 73, and 86, as recombinant antibodies 
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(rAbs). We then evaluated binding to the Y2 and cH6/1 HAs, as well as HAI activity against the 

more recent 2019 H1N1 strain A/Guandong-Maonan-SWL-1536/2019 (A/GM/19) (Figure 3.7E, 

7F). All rAbs bound the Y2 COBRA HA with high affinity (Figure 3.7E) but had no significant 

activity against the H1 HA stem as assessed by cH6/1 HA binding, including clone 70, which 

possessed the NWP motif but used the JK2 gene. To evaluate functionality, we performed HAI 

assays against the recent A/GM/19 virus. All but one rAb, 70, possessed HAI activity against this 

strain (Figure 3.7F). These data suggest that Y2-reactive antibodies isolated from PBMCs from a 

2019-2020 seasonally vaccinated subject generally possess functionality against recent 2009 

pandemic-like H1N1 strains, including a drifted 2019 virus. Importantly, this virus represents a 

strain not included in the original design period of the Y2 COBRA HA (2014-2016), yet rAbs 

derived from Y2-reactive B cells possessed HAI activity, indicating functionality against a future 

H1N1 strain with the COBRA HA platform. 

 

Discussion 

H1 COBRA HA antigens have been successful at broadening the antibody response 

compared to wild-type HA sequences in naïve and pre-immune mouse and ferret models of 

influenza infection [121,122]. However, pre-existing immunity to influenza in humans remains a 

major challenge to overcome due to repeated previous exposure to the influenza HA protein during 

infection and vaccination events. In this study, we sought to determine the extent of the H1 subtype 

COBRA HA-reactive pre-existing B cell repertoire in human subjects to predict recall responses 

as COBRA HA antigens move toward clinical trials. At the oligoclonal B cell level, pre-existing 

B cell responses were observed for P1 and X6 COBRA antigens in individuals vaccinated with the 

2017-2018 seasonal influenza vaccine, which incorporated the pandemic-like 
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A/Michigan/45/2015 vaccine strain. COBRA HA-reactive B cell responses were lower than those 

observed for A/California/04/2009 HA protein, likely due to the loss of strain-specific variable 

head epitopes and incorporation of seasonal pre-pandemic and swine HA sequences in the X6 and 

P1 antigens, respectively. While it is likely that seasonal vaccination induced these COBRA HA-

reactive B cells, it is possible that prior exposures to H1 viruses before vaccination may also have 

induced these HA-reactive B cell subsets. Moreover, we examined antibody responses to COBRA 

HAs in a small cohort of five vaccinated subjects, which may limit our conclusions on the extent 

of pre-existing antibodies to H1 COBRA HAs in the general population. Only a small subset of 

mAbs isolated against A/California/04/2009 HA reacted with P1 and X6 COBRA antigens. In 

contrast, the mAb binding profile to the recently described Y2 COBRA HA, which incorporates 

more recent 2009 pandemic-like H1 sequences from 2014-2016, was similar to that observed for 

the A/California/04/2009 HA protein. The presence of such Y2-reactive mAbs may indicate 

specificities against common epitopes present only in more recent 2009 pandemic-like strains but 

not in historical pre-2009 viruses, which could be more relevant for immunity against future H1 

virus exposures. The majority of the mAbs had HAI activity and neutralizing activity against 

A/Michigan/45/2015 and A/California/07/2009, and two head-binding mAbs that bind the X6 

protein, CA09-26 and CA09-45, had HAI activity and neutralizing activity against the pre-

pandemic strain A/New Caledonia/20/1999. These data suggest that X6 HA-reactive mAbs are 

mainly endowed with functional activity against both pre-pandemic and pandemic-like H1 viruses. 

Overall, the amino acid similarity of COBRA HA antigens to A/California/04/2009 HA correlated 

with high B cell and mAb reactivity. In addition to binding, neutralization, and HAI activity, we 

also assessed if COBRA HA-reactive mAbs had Fc-mediated functions, namely ADP, and all 

mAbs were able to induce THP-1 phagocytosis of Y2-coated beads. 
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 Several epitopes on the H1 HA protein have been previously defined [117], and we 

determined mAb epitopes on the A/California/04/2009 HA protein using biolayer interferometry. 

The majority of the mAbs targeted three head-binding epitopes on the Sa and Sb/Ca2 sites, and an 

undefined epitope, epitope 2, which is currently under structural characterization. One limitation 

of the BLI-based binning assay is that it does not definitively characterize antibody breadth and 

functionality, only providing data on the relative positions of epitopes. For instance, we observed 

a significant number of mAbs competing with the widely reactive 5J8 and Ab6649 antibodies, yet 

most isolated mAbs competing with 5J8 and Ab6649 did not bind as widely, with most lacking 

reactivity to the divergent P1 and X6 COBRA HAs. mAb CA09-38 did not exhibit HAI or 

neutralizing activity, nor did it bind the cH6/1 HA, suggesting that this mAb may target an 

undefined, non-neutralizing epitope on the head. We discovered that P1-05 targets a unique epitope 

on the H1 HA stem region, and this epitope is similar to the recently described anchor epitope 

[138]. Based on these data, while COBRA antigens were primarily designed to induce broadly 

reactive antibodies to the head domain, these antigens will likely also recall broadly reactive 

anchor mAbs in humans in addition to head-based recall and de novo antibody responses. Further 

repertoire analysis in a subject vaccinated with the 2019-2020 seasonal influenza vaccine 

identified similar sequences to our mAbs targeting the head domain from the 2017-2018 season 

which possessed HAI activity against a drifted 2019 H1N1 virus, A/Guangdong-Maonan/SWL-

1536/2019, indicating that the COBRA-reactive B cell population may be similar across subjects 

and influenza vaccine seasons. 

 These data provide evidence that a pre-immune population with exposure to the seasonal 

influenza virus vaccine exhibits B cell reactivity towards conserved epitopes present on COBRA 

HA antigens. As the COBRA HA platform enters clinical trials, it is likely that head-specific and 
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some stem-specific antibodies will be elicited as part of a recall response. Moreover, the antibody 

epitopes identified in this work overlap in part with those previously identified on the head domain 

near the RBS and the lateral patch, in addition to those on the stem. These epitopes are the focus 

of future structural studies, particularly for those mAbs that cross-react with the X6 COBRA HA 

as well as with the HA stem domain. Our data also exemplify the importance of structural analysis 

of protein epitopes to ensure epitopes that elicit broadly neutralizing antibodies, such as the anchor 

epitope, remain intact following design optimization for subunit HA vaccines.  
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Figures 

 

Figure 3.1. Binding titers of oligoclonal B cell supernatants pre-vaccination (d0) and 21 days 

post-vaccination (d21) from four representative subjects. IgG titers against CA09 HA (CA09), 

P1 COBRA (P1), and X6 COBRA (X6), are shown for representative subjects receiving the 2017-

2018 QIV. Supernatants from stimulated PBMCs were screened by ELISA using plates coated 

with the indicated antigen. PBMCs were standardized to 25,000 cells per well. Each circle 

indicates one well, the mean is shown as a bar, and the limit of detection (LOD) is indicated by a 

dotted line. LOD was calculated as three times the standard deviation of the lowest concentration 

divided by the slope of the standard curve for each sample, interpolated to its corresponding log 

concentration. Results represent one experiment. ****P<0.0001, **P=0.0062, *P=0.0216, ns=not 

significant. 
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Figure 3.2. Gene usage and CDR3 lengths of isolated mAbs. (A) The usage of heavy, kappa, 

and lambda chain genes are shown as a proportion of all respective genes from the panel of isolated 

mAbs by sequencing the hybridoma line for each clone. The pairing of heavy and light chains is 

shown in (B), with the number of antibodies corresponding to each pairing shown as a heat map. 

(C) The amino acid lengths of the heavy and light chain CDR3 regions are shown (top) alongside 
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the nucleotide percent identity of the V gene to the germline sequences determined by IMGT/V-

QUEST (bottom).  
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Figure 3.3. Models of H1 COBRAs used in this study. The models of the H1 subtype COBRAs 

used are shown alongside the percent identity to the A/California/04/2009 HA. Substitution 

mutations are indicated in colors corresponding to the BLOSUM90 matrix score, a measure of the 

likelihood of a given amino acid mutation. White residues indicate an identical amino acid as the 

A/California/04/2009 HA, blue a substitution with a highly similar amino acid, and red a 

substitution with a highly dissimilar amino acid. Models were generated using SWISS-MODEL. 
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Figure 3.4. Reactivity and functional activities of mAbs isolated from 2017-2018 QIV-

vaccinated subjects. (A) Half-maximal effective concentrations (EC50s) are represented for each 

mAb. ELISAs were completed with each mAb serially diluted three-fold. Shown are the EC50 

values against CA09 HA, P1 COBRA HA, X6 COBRA HA, Y2 COBRA HA, and cH6/1 HA. For 

the EC50 heat map, boxes in red indicate the signal at 20 µg/mL did not reach 1.5 units at 405 nm, 

or the calculated EC50 was outside the tested concentration range due to an overall low signal. 

Results represent two independent experiments performed in quadruplicate. (B) HAI titers of each 

mAb are shown for the indicated viruses. The experiment was performed in duplicate for two 

independent experiments. Boxes in red indicate no HAI activity was observed at 10 µg/mL. (C) 

Half-maximal inhibitory concentrations (IC50s) are shown for the indicated mAbs against the 

viruses shown. Results represent the average of triplicate measurements for one experiment. Boxes 

in red indicate less than 50% neutralization at the highest concentration tested or the calculated 

IC50 was outside the tested concentration range due to overall low neutralization activity. (D) ADP 
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activities measured using Y2 HA-coated beads for each mAb are shown as the percentage gain 

over the no mAb control. Results represent one experiment performed in triplicate. 
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Figure 3.5. Epitope binning identifies five epitopes from human antibodies isolated at 21 days 

post-vaccination. (A) Model of A/California/04/2009 HA in complex with Fabs of three control 

antibodies used for epitope binning. 5J8 and Ab6649 bind the head domain at the conserved RBS 

and lateral patch epitopes, respectively. CR6261 binds the stem domain at a site conserved for 

group 1 viruses. (B) Epitope binning was performed against A/California/04/2009 HA using full-

length mAbs. Competition was measured as the percentage of the response from the association 

of the second antibody (horizontal axis) in the presence of the first antibody (vertical axis) as 

compared to the second antibody alone. Black indicates complete competition, gray moderate 

competition, and white no competition. Results represent one experiment with one measurement 

taken per competition set. Identified epitopes that have been previously characterized are outlined 

in blue (for the lateral patch) and pink (for the RBS). The antigenic sites of the epitopes of control 

mAbs Ab6649 and 5J8 are shown in parentheses. 
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Figure 3.6. Structural characterization of P1-05 binding to Y2 COBRA. (A) 2D class averages 

and (B) 3D reconstruction of the Y2+P1-05 complex. (C) Comparison of P1-05 binding with Y2 

in the presence or absence of a thrombin cleavage site by biolayer interferometry. Representative 

runs are shown. The KD represents the mean ± standard deviation of three independent 

experiments. 
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Figure 3.7. Sequence characteristics of Y2 COBRA-specific B cells from a human subject 

receiving the 2019-2020 seasonal vaccine. (A) The usage of heavy, kappa, and lambda chain 

genes are shown as a proportion of all respective genes for all B cells with paired heavy and light 

chains. (B) The pairing of V and J genes are shown, with the number of B cells contributing to 

each pairing for each chain, as heat maps. (C) The pairing of heavy and light chain V genes is 

shown for heavy-kappa chain pairings (left) and heavy-lambda chain pairings (right) as heat maps. 

(D) The amino acid lengths of the CDR3 regions for the heavy and light chains are shown. (E) Six 

B cell receptor sequences were expressed as rAbs and tested for binding to the indicated antigens 

by ELISA. E-MBP, negative control. The experiment was performed twice, and measurements 

taken in quadruplicate. (F) HAI activity of these six rAbs against A/Guangdong-Maonan/SWL-

1536/2019. Results represent the average of two independent experiments with measurements 

taken in duplicate. Red indicates no activity for either assay in (E) and (F). 
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Tables 

Table 3.1. mAb and B cell receptor V(D)J gene usage characteristics. The mAbs elicited by 

2017-2018 seasonal vaccination and B cell clonotypes elicited by 2019-2020 seasonal vaccination 

are shown. The variable (V), joining (J), and diversity (D) genes for the heavy chain (HC) and light 

chain (LC) are shown, alongside the heavy and light chain isotypes and junction/CDR3 sequences. 

The junctions include the terminal C and W (heavy chain) or C and F residues (light chain) before 

and after the CDR3 sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mAb isolation
mAb Subject Frequency Antigen HC V  Gene HC J  Gene HC AA Junction LC V  Gene LC J  Gene LC AA Junction

163-02  163 d21 1 CA09/Y2 VH3-7 JH2 CAREKPYRFGSEWYFDLW VK3-15 JK1 CQQYNNRRTF
163-13  163 d21 1 CA09/Y2 VH4-31 JH4 CARATIPYYSSGRRYYFDNW VL1-51 JL3 CGTWDSSLSGWVF
163-20  163 d21 1 CA09/Y2/P1 VH3-48 JH3 CARGDYEYWSGYDAFDMW VK2-30 JK2 CMQATHWPYTF

CA09-21  229 d21 1 CA09/Y2 VH3-7 JH4 CATDSPYAYSYGWYFDYW VK3-15 JK2 CQQYNIWPRSF
CA09-22  255 d21 1 CA09/Y2 VH1-2 JH4 CAREGNWHREFDSW VL3-21 JL3 CQVYDSSSDVWVF
CA09-24  255 d21 1 CA09/Y2 VH3-48 JH4 CATYLDILTGYPDFDYW VK1-16 JK4 CQQYDSYPHTF
CA09-25  255 d21 1 CA09/Y2 VH3-7 JH2 CARGSQYVFSSPWYFGLW VK3-15 JK1 CQQYNNGRTF
CA09-28  255 d21 1 CA09/Y2 VH3-7 JH2 CVRDHYFVGHSYWYFDLW VK3-15 JK1 CQQYNRWPRTF
CA09-32  255 d21 1 CA09/Y2 VH3-30 JH4 CARERDVWSGASYPFFDYW VK1-39 JK1 CQQSYNTPWWTF
CA09-34  255 d21 1 CA09/Y2 VH3-7 JH6 CARGHCSGSTCNYYYYGMDVW VK3-15 JK5 CQQYNKWPSITF
CA09-36  255 d21 1 CA09/Y2 VH3-7 JH4 CARDTPYVNSFGWYFDLW VK3-15 JK1 CQQYNRWPPGTF
CA09-17  229 d21 1 CA09/Y2 VH4-39 JH4 CATGASFEAFDYW VL2-14 JL2 CNSYKFSSPPYVLF
CA09-19  229 d21 1 CA09/Y2 VH3-23 JH4 CAKDTGTYCGVDCYLGGDYYFDFW VK1-NL1 JK1 CQQYYSIPLTF
CA09-29  255 d21 1 CA09/Y2 VH3-23 JH4 CARWIEKWLPSFDYW VK3-11 JK2 CQQRYNWPGYTF
CA09-30  255 d21 1 CA09/Y2/X6 VH4-38-2 JH4 CARALRSTTVDRNFSFDQW VL3-21 JL2 CQVWDISSDHVVF
CA09-39  241 d21 1 CA09/Y2 VH4-39 JH3 CSSGSFDAFDVW VL2-14 JL1 CSSYTSSITYVF
CA09-40  241 d21 1 CA09/Y2 VH4-61 JH3 CARKPGFCSGGSCYSGAFDIW VL2-11 JL2 CCSYAGSYIFEVF
CA09-42  241 d21 1 CA09/Y2 VH4-39 JH4 CVSPKRLTIEYFDYW VL2-14 JL2 CSSYTTSTTPHVVF
CA09-44  241 d21 1 CA09/Y2 VH4-39 JH3 CAGGRNVDDFPDW VL2-14 JL2 CSSFTSSTTVVF
CA09-45  241 d21 1 CA09/Y2/X6 VH4-39 JH3 CAVFEERTMIDAFDIW VL2-14 JL3 CSSYSTTSTLLF
163-06  163 d21 1 CA09/Y2 VH3-30 JH4 CARQLPGYGSGWYSGGLDYW VL3-21 JL2 CQVWDSSSDHVVF

CA09-16  229 d21 1 CA09/Y2 VH5-51 JH6 CARQKDDTIFVGGMDVW VK1-5 JK1 CQQYNSYSRTF
CA09-26  255 d21 1 CA09/Y2/X6 VH4-30-2 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF

P1-02  156 d21 1 CA09/Y2/P1 VH4-59 JH5 CARTAVVRDLDTFNYFDPW VL3-21 JL1 CQVWDRSSDHYVF
CA09-38  241 d21 1 CA09/Y2 VH3-20 JH5 CARGTNGLFDSW VK3-20 JK2 CQQYGRASYTF

P1-05  241 d21 1 CA09/Y2/P1/X6 VH3-23 JH4 CAKDWVRAVSQGGYFDSW VK3-11 JK5 CQQRSNWPPITF
10X

Clonotype Subject Frequency Antigen HC V  Gene HC J  Gene HC AA Junction LC V  Gene LC J  Gene LC AA Junction
3 MOUFLU1-003C d28 13 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
4 MOUFLU1-003C d28 9 Y2 VH4-28 JH4 CARGLRATTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
5 MOUFLU1-003C d28 7 Y2 VH4-28 JH4 CARGLRSTTGDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
7 MOUFLU1-003C d28 5 Y2 VH4-28 JH4 CARCLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
9 MOUFLU1-003C d28 5 Y2 VH4-39 JH3 CARGYGEYLFDAFGLW VL3-21 JL2 CQVWDISSDHVVF
8 MOUFLU1-003C d28 5 Y2 VH4-39 JH3 CASIYGQIDAFDIW VL3-21 JL2 CQVWDISSDHVVF

11 MOUFLU1-003C d28 4 Y2 VH4-28 JH4 CARGLRSTTVDHNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
10 MOUFLU1-003C d28 4 Y2 VH4-39 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
20 MOUFLU1-003C d28 2 Y2 VH1-18 JH5 CARVDVGEGADWFDPW VL1-47 JL3 CASWDDTVWLF
14 MOUFLU1-003C d28 2 Y2 VH3-53 JH4 CARGNLGSDFWSGYYFDYW VL2-11 JL1 CCSYAGSYFFGVF
16 MOUFLU1-003C d28 2 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDNC VL3-21 JL2 CQVWDISSDHVVF
18 MOUFLU1-003C d28 2 Y2 VH4-28 JH4 CARGLRSTTLDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
12 MOUFLU1-003C d28 2 Y2 VH4-28 JH4 CARGLRSTTEDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
19 MOUFLU1-003C d28 2 Y2 VH4-39 JH4 CARGLRSSTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
69 MOUFLU1-003C d28 1 Y2 VH1-18 JH4 CARVEYTDGYSSRWPDFDYW VK1D-39 JK1 CQQSYSTLWTF
75 MOUFLU1-003C d28 1 Y2 VH1-18 JH5 CARVDVGEGADWFDPW VL1-47 JL3 CASWDDSVWVF
53 MOUFLU1-003C d28 1 Y2 VH1-2 JH4 CAREPTLYHAPSFDYW VL2-14 JL1 CSSFSSSSTPYVF
37 MOUFLU1-003C d28 1 Y2 VH1-69-2 JH6 CATGIFGVVTASPDYYLDVW VL1-44 JL1 CAVWDDSLHVYVF
100 MOUFLU1-003C d28 1 Y2 VH1-69D JH1 CARDPRGTVWPGTEYFQDW VK3-20 JK2 CQQYGSSPATF
44 MOUFLU1-003C d28 1 Y2 VH2-70D JH3 CARIFEGWAFDIW VL1-47 JL2 CAAWDDSLSGVVF
76 MOUFLU1-003C d28 1 Y2 VH3-20 JH4 CTRGYCSGGSCFSGDYW VK1D-33 JK4 CQQYRDPFTF
56 MOUFLU1-003C d28 1 Y2 VH3-21 JH2 CAREEGGSSLWLGYFDLW VL1-40 JL2 CQSYDRSLSAHVVF
80 MOUFLU1-003C d28 1 Y2 VH3-23 JH3 CAKGGYGDYGLDVFDIW VK1D-33 JK2 CQQYGNLPYTF
60 MOUFLU1-003C d28 1 Y2 VH3-23 JH3 CAKGGFGDYGLDVFDIW VK1-33 JK2 CQQYGNLPYTF
41 MOUFLU1-003C d28 1 Y2 VH3-23 JH3 CAKGGHNDYGLDAFDIW VK1-33 JK2 CQQYKNLPYTF
33 MOUFLU1-003C d28 1 Y2 VH3-23 JH4 CAKDPAAGFGGFNGVFEYW VK3-15 JK1 CQQYDNWQTF
70 MOUFLU1-003C d28 1 Y2 VH3-23 JH4 CAKDWEPVVDATLFEYW VK3-15 JK2 CQQYDNWPPYTF
58 MOUFLU1-003C d28 1 Y2 VH3-23 JH6 CSKGDEFWSGYSPSYSYYMDVW VL1-51 JL1 CGTWDSSLSTGGYYVF
86 MOUFLU1-003C d28 1 Y2 VH3-33 JH4 CARDRYYQYIWGSFQLDQW VL1-47 JL1 CAAWDDSLSLYVF
34 MOUFLU1-003C d28 1 Y2 VH3-43 JH3 CAAYSGSLDGLEIW VL2-14 JL1 CSSYTRSRIFVF
64 MOUFLU1-003C d28 1 Y2 VH3-43 JH3 CAKGNGYSYALDAFDIW VL2-23 JL2 CCSFAGSDTLVF
49 MOUFLU1-003C d28 1 Y2 VH3-43 JH4 CAKDSGFYSNYLDSW VK1-27 JK4 CQKYNNAPLTF
85 MOUFLU1-003C d28 1 Y2 VH3-43 JH4 CVKGSLLYGDPYSAFDYW VK3D-15 JK4 CQEYISWPPALTF
54 MOUFLU1-003C d28 1 Y2 VH3-49 JH4 CSRVVKGSGYYTSSSDYW VK2-28 JK3 CMQALQTPVTF
88 MOUFLU1-003C d28 1 Y2 VH4-28 JH3 CATAAPRVAIDDFNIW VL2-14 JL2 CSSYTSSISVIF
26 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRIYYFDNW VL3-21 JL2 CQVWDISSDHVVF
103 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLWSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
89 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTSVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
67 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
24 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDKW VL3-21 JL2 CQVWDISSDHVVF
72 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CASGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
93 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGMRTTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
21 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
102 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSHHVVF
84 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
94 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNSYFDNW VL3-21 JL2 CQVWDISSDHVVF
101 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRNHYFDNW VL3-21 JL2 CQVWDISSDHVVF
97 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRHYYFDNW VL3-21 JL2 CQVWDISSDHVVF
65 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLWATTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
31 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDRYYYFDNW VL3-21 JL2 CQVWDISSDHVVF
81 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGPRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
96 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRSTTVDLNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
43 MOUFLU1-003C d28 1 Y2 VH4-28 JH4 CARGLRWTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
50 MOUFLU1-003C d28 1 Y2 VH4-34 JH3 CARGERGNFDAFDVW VL2-14 JL2 CSSYTTSTTFGVLF
73 MOUFLU1-003C d28 1 Y2 VH4-39 JH3 CATAAPAVAIDAFYVW VL2-14 JL2 CSSYTDTISVIF
91 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARGLRSTTVDRNYYFDDW VL3-21 JL2 CQVWDISSDHVVF
68 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARLANSGDFWSGYYFDYW VL1-51 JL1 CGTWDSSLHYVF
32 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CAHSDRRLVDDVDSAIVFFDYW VK1D-39 JK1 CQQGYSTPWTF
48 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARGLMSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
52 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARGLRSTTVDRNYYFDNW VL3-21 JL2 CQVWDISSDHVVF
39 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARHGLLDCSGGRCSYYYFDYW VL1-40 JL1 CQSYDTSLSGHVF
38 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARHLYYCGGDCTYYLDHW VL3-21 JL2 CQVWVGGSDPHVVF
51 MOUFLU1-003C d28 1 Y2 VH4-39 JH4 CARTLHQQLEALDYW VL2-14 JL1 CSSYTSGTTLYVF
79 MOUFLU1-003C d28 1 Y2 VH4-39 JH5 CVRSYSSTWNNRFDPW VL1-40 JL1 CQSYDISLSADYVF
66 MOUFLU1-003C d28 1 Y2 VH4-39 JH6 CARDRYPRGYSSGFPQYGLDVW VK1-12 JK2 CQQAKNIPHYTF
27 MOUFLU1-003C d28 1 Y2 VH4-4 JH3 CARGKLFEAFDIW VL2-14 JL2 CSSYTTSSTPSVIF
90 MOUFLU1-003C d28 1 Y2 VH4-4 JH6 CARSMDWLSVDDPYYHYYYMDVW VL2-14 JL2 CSSYTSSSIVIF
77 MOUFLU1-003C d28 1 Y2 VH4-59 JH3 CTSDINSDAYHIW VL2-14 JL2 CASYSTSGTLVIF
59 MOUFLU1-003C d28 1 Y2 VH5-51 JH6 CVRLGGDPYNFYYYMDVW VK3-20 JK2 CQLYGSPYTF
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CHAPTER 4 

ADJUVANT-DEPENDENT ANTIBODY RESPONSES TO A COMPUTATIONALLY 

OPTIMIZED HEMAGGLUTININ3 
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Abstract 

Computationally optimized broadly reactive antigens (COBRAs) are a next-generation 

universal influenza vaccine candidate. However, how these COBRAs induce antibody responses 

when combined with different adjuvants has not previously been well-characterized. Therefore, 

we performed in vivo studies with an HA-based H1 COBRA, Y2, and an NA-based N1 COBRA, 

N1-I, to assess this effect for the H1N1 subtype. We tested the adjuvants AddaVax, AddaS03, 

CpG, and Alhydrogel. AddaS03 performed the best, eliciting high IgG titers and hemagglutination 

inhibition (HAI) activity for Y2 immunizations. Interestingly, serum antibody epitopes were 

relatively similar across adjuvant groups. Moreover, following N1-I immunization with these 

adjuvants, AddaS03 also elicited the highest IgG and neuraminidase inhibition (NAI) titers against 

the 2009 pandemic virus, A/California/07/2009 (A/CA/09). These results inform adjuvant 

selection efforts for H1 and N1 COBRA HA and NA antigens in a mouse model. 
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Introduction 

Influenza poses a significant health burden worldwide [112]. It is responsible for annual 

epidemics, for which the only major countermeasure is the seasonal influenza vaccine. However, 

due to the highly mutable nature of influenza virus, seasonal influenza vaccines have variable and 

short-lived effectiveness, requiring annual vaccination. In an effort to provide broadened and 

longer-lasting protection, a next-generation vaccine design platform, termed COBRA 

(computationally optimized broadly reactive antigen), has been developed [52,54,139]. COBRAs 

can broaden the antibody response against the surface glycoproteins, hemagglutinin (HA) and 

neuraminidase (NA). This platform incorporates wild-type HA or NA sequences from selected 

time periods and antigenic spaces to produce a COBRA immunogen that elicits enhanced antibody 

breadth. These COBRA vaccines have been designed for the influenza viruses that cause disease 

in humans, influenza A viruses (IAVs) and influenza B viruses (IBVs). In both naïve and pre-

immune animal models, immunization with COBRA HAs and NAs typically produces protective 

and broadly-acting antibody responses against a wide range of viruses [4,56,139]. 

H1N1 subtype viruses circulate every year and comprise one component of the seasonal 

influenza vaccine, alongside H3N2 and IBVs [140]. Viruses of this subtype were in circulation 

from 1918 to 1957, disappearing from 1957 to 1977, then re-emerging and remaining for every 

season since [118]. The 2009 swine influenza pandemic, resulting from a reassortment event 

between avian, swine, and human influenza viruses, led to an antigenic shift, after which 

antigenically similar viruses have been in circulation [118]. Several HA antibody epitopes have 

also been characterized in the immunodominant head domain and the immunosubdominant stem 

domain. The receptor-binding site (RBS) is a conserved target of certain head-binding antibodies 

that prevent sialic acid binding and host cell attachment [141]. In addition, the lateral patch epitope 
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is another conserved region on the head domain [45,136]. Within the more conserved stem domain, 

the central stem epitope is a target of group 1-specific, broadly reactive antibodies including 

CR6261 [59]. Antibodies that bind the membrane-proximal region of the HA at the anchor epitope 

have been identified as well [138,142]. Whereas the HA component of each virus varies 

substantially across strains, the NA component remains relatively stable, accruing mutations only 

occasionally [143]. Current seasonal vaccines are standardized by HA content but not by NA 

content, despite the more conserved nature of this glycoprotein. Furthermore, anti-NA titers have 

been observed to be a useful correlate of protection [144,145]. Likewise, employing a NA-based 

universal vaccine to supplement a HA-based vaccine may afford longer-term protection. 

Adjuvants are critical components of several licensed vaccines and drive enhanced immune 

responses, particularly for subunit vaccines [146]. Adjuvants can act through several pathways to 

exert their effects, which include polarization of the overall immune response and skewing of 

antibody epitopes [146]. Moreover, they can alter B cell receptor affinity and diversity, as has been 

shown for MF59 [147]. In this study, we aimed to characterize the effect of adjuvant on the 

antibody response to vaccinations with COBRA immunogens. This involved analysis of HA 

antibody epitopes, Th1 versus Th2 responses, and antibody functionality for the H1 subtype HA. 

We also assessed total and functional antibody titers elicited by the N1 subtype of NA of H1N1 

viruses for the following adjuvants: AddaVax, AddaS03, CpG ODN 2395, and Alhydrogel. 

AddaVax and AddaS03, analogs of MF59 and AS03, respectively, are oil-in-water emulsions that 

enhance somatic hypermutation and affinity maturation [90,92]. In contrast, CpG is a TLR9 

agonist [96], and Alhydrogel is an analog for alum [79], which may operate through the depot 

effect and adsorption of antigen, eliciting a Th2-skewed response. We found that adjuvants 

differentially alter total serum titers against the leading H1 COBRA HA candidate Y2 [122], 
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designed from human HA sequences from 2014 to 2016, and N1 COBRA NA candidate N1-I 

[139], designed from human, avian, and swine sequences from 1990 to 2015. Moreover, the 

epitope profiles on the A/California/04/2009 pandemic HA were similar across these adjuvants 

when used in immunizations with Y2. AddaS03 elicited high and broadly functional antibodies 

when combined with COBRAs in immunizations, suggesting that it may be an ideal adjuvant to 

supplement with the Y2 and N1-I antigens. Overall, these data suggest that the choice of adjuvant 

plays a significant role on antibody titers and functional potency following immunization with 

next-generation influenza vaccines. 

 

Methods 

Protein production.  

Trimeric wild-type CA09 HA, Y2 COBRA HA, chimeric HA cH6/1, composed of the 

globular head region from H6N1 isolate A/mallard/Sweden/81/2002 and the HA stem region of 

the 2009 pandemic H1N1 isolate [148], and tetrameric N1-I NA ectodomains were expressed 

and purified in Expi293F cells following the manufacturer’s protocol and as previously described 

[124]. Collected supernatants containing the HA or NA antigens were purified on a HisTrap 

Excel column following the manufacturer’s recommended protocol. Eluted fractions were pooled 

and purified proteins were verified for integrity by probing with an anti-HIS tag antibody 

(Biolegend) as well as with subtype-specific mAbs via SDS-PAGE and Western blot. 

Viruses 

The viruses used, A/California/07/2009 (A/CA/09), A/Brisbane/02/2018 (A/BR/18), and 

A/Guangdong-Maonan/SWL1536/2019 (A/GM/19) were grown for two passages in MDCK 



 

  68 

London (ATCC) cells. Viruses were titered by hemagglutination (HA) assays using 1% turkey 

blood. 

Animals and vaccinations 

All procedures were reviewed and approved by the University of Georgia Institutional 

Animal Care and Use Committee (IACUC). For the H1 HA study, ten six-to-eight week old male 

and female BALB/c mice (Charles River Laboratories) per group were immunized subcutaneously 

with 20 µg of Y2 COBRA HA, CA09 HA, or PBS adjuvanted with AddaVax, AddaS03, CpG 

ODN 2395, Alhydrogel (Invivogen), or PBS as a no adjuvant control. Mice were bled at 27 days 

post-prime for d27 serum, then immunized at 28 days post-prime with 20 µg of the antigen. At 56 

days post-prime, animals were bled for d56 serum, then euthanized with Avertin. 

For the N1-I NA study, five six-to-eight week old female BALB/c mice (Charles River 

Laboratories) per group were immunized intramuscularly with 6 µg of N1-I COBRA HA or PBS 

adjuvanted with AddaVax, AddaS03, CpG ODN 2395, Alhydrogel (Invivogen), or PBS as a no 

adjuvant control. Mice were bled at 27 days post-prime for d27 serum, then immunized at 28 days 

post-prime with 6 µg of the antigen. At 56 days post-prime, animals were bled for d56 serum, then 

euthanized with Avertin. 

Enzyme-linked immunosorbent assays (ELISAs) 

For total and chimeric H6/1 (cH6/1) IgG ELISAs, 384-well plates (Greiner Bio-One) were 

coated with antigen diluted to 2 µg/mL in phosphate-buffered saline (PBS) at 4 °C overnight. The 

plates were washed once with water and then blocked with 2% blocking buffer (PBS + 2% nonfat 

dry milk [Bio-Rad] + 2% goat serum + 0.05% Tween 20) for 1h at room temperature. The plates 

were washed three times with water, and 25 µL of diluted mouse serum was added. Sera were 

serially diluted three-fold in 1% blocking buffer from a 1:50 initial dilution for 12 total dilutions. 
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The plates were incubated at 37°C for 1h and then washed three times with water. Goat anti-mouse 

IgG Fc-AP secondary antibody (Southern Biotech), diluted 1:4000 in 1% blocking buffer (1:1 

dilution of PBS and 2% blocking buffer), was added, and the plates were incubated at room 

temperature for 1h. The plates were then washed five times with PBS-T (PBS + 0.05% Tween 20). 

p-Nitrophenyl phosphate (PNPP) substrate, diluted in substrate buffer (1.0 M Tris + 0.5 mM 

MgCl2, pH 9.8) to 1 mg/mL, was added, and the plates were incubated for 1h and read at 405 nm 

on a BioTek plate reader. The area under the curve (AUC) value for each mouse group was 

determined using GraphPad Prism software using a baseline of 0.3 absorbance units at 405 nm and 

log10-transformed serum dilutions. 

For Th1/Th2 ELISAs to determine the relative abundance of IgG subclasses to Y2 or CA09 

HAs, a similar protocol was used for coating and blocking steps. After these steps, plates were 

washed three times with water, and serum was pooled across male or female mice for each group. 

Pooled serum was then serially diluted three-fold in 1% blocking buffer from a 1:50 dilution for 

12 dilutions, and added to the ELISA plate and incubated at 37�C for 1h. Plates were washed 

three times with water, and goat anti-mouse IgG1, IgG2a, IgG2b, IgG2c, or IgG3 Fc-AP secondary 

antibody (Southern Biotech) diluted 1:4000 in 1% blocking buffer were added in separate wells 

and incubated for 1h at room temperature. The plates were then washed five times with PBS-T. 

PNPP substrate, diluted in substrate buffer to 1 mg/mL, was added and the plates were incubated 

for 1h and read at 405 nm on a BioTek plate reader. The AUC value for each mouse group was 

determined using GraphPad Prism software using a baseline of 0.3 absorbance units at 405 nm and 

log10-transformed serum dilutions. 
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Competition ELISAs 

mAbs used in competition ELISAs were isolated and characterized previously [142]. 384-

well plates (Greiner Bio-One) were coated with CA09 HA diluted to 2 µg/mL in PBS at 4°C 

overnight. Plates were washed once with water and blocked with 2% blocking buffer for 1h at 

room temperature. Plates were washed three times with water. Pooled mouse serum was three-fold 

serially diluted from a 1:10 dilution in 1% blocking buffer, then human monoclonal Abs (mAbs) 

specific for head and stem domain epitopes  diluted in 1% blocking buffer were added in a 1:1 

ratio. Alternatively, 1% blocking buffer was added to mAbs in a 1:1 ratio for the mAb only control. 

25 µL of the serum/mAb or the 1% block/mAb mixture were added to the plate and incubated at 

37°C for 1h. Plates were then washed three times with water, and 25 µL of goat anti-human IgG 

Fc, multi species SP ads-AP (Southern Biotech) diluted to 1:4000 in 1% blocking buffer was 

added, and then incubated for 1h. Plates were washed five times with PBS-T, then PNPP substrate 

diluted to 1 mg/mL in substrate buffer was added, incubated for 1 hr, and read at 405 nm on a 

BioTek plate reader. Competition was calculated as the ratio of signal from a given serum dilution 

with mAb to the signal of the corresponding dilution in the mAb only control. Low competition 

was defined as a ratio between 0 and <0.330, intermediate competition >=0.330 and <0.660, and 

high competition between >=0.660 and 1. 

Hemagglutination assays (HAs) 

50 µL of virus was diluted two-fold in PBS from a 1:2 dilution for 50 �L total for eleven 

dilutions. Turkey whole blood in Alsevers’ solution (Lampire) was washed three times with PBS 

and diluted to a 1.0% concentration in PBS.  50 µL of these 1.0% turkey red blood cells were 

added per well. Plates were tilted for 30 sec and read 45 min after the addition of 1.0% turkey red 
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blood cells. The well with the highest virus dilution that did not drip was determined to be the HA 

titer. 

Hemagglutination inhibition assays (HAIs) 

Serum was treated with receptor-destroying enzyme II (RDE II, Denka Seiken) to remove 

background hemagglutination activity. Briefly, one volume of serum was added to three volumes 

of RDE II in PBS and incubated at 37 °C overnight. The following day, the treated serum was 

heat-inactivated at 56 °C for 45 min, allowed to cool to room temperature, then six volumes of 

PBS were added. Influenza viruses were titered to eight HAUs (hemagglutination units) per mL. 

50 µL of RDE-treated serum were added to the first well of a 96-well V-bottom plate (Thermo 

Scientific) and diluted two-fold in PBS for 25 µL total for eleven dilutions. The virus, titered to 

eight HAUs per mL, was added in a 1:1 ratio to each serum dilution, and each well was mixed and 

incubated for 20 min at room temperature. Following this, 50 µL of 1.0% turkey red blood cells 

(Lampire) were added per well. Plates were read 45 min after the addition of 1.0% turkey red blood 

cells. The last well with the highest serum dilution that dripped was determined to be the HAI titer. 

Although the WHO and the European Committee for Medicinal Products have defined a 1:40 titer 

to be seroprotective in humans [149], a more stringent 1:80 titer was defined to be seroprotective, 

similar to the cutoff determined previously [53]. 

Enzyme-linked lectin assays (ELLAs) 

To determine A/California/07/2009 NA activity, high binding flat-bottom 96-well plates 

(Greiner Bio-One) were coated with 100 µL of 25 µg/ml fetuin (Sigma-Aldrich) at 4 °C overnight. 

Influenza virus A/California/07/2009 was diluted in sample diluent (PBS, 1% BSA, 0.5% Tween 

20) to an initial dilution of 1:10 and then serially diluted 2-fold for 11 dilutions. A negative-control 

column was included containing 100 µL of only sample diluent. Fetuin plates were washed three 



 

  72 

times with PBS-T (PBS + 0.05% Tween 20). 50 µL of serially diluted virus were added to the 

fetuin-coated plate containing 50 µL of sample diluent in duplicate. Plates were incubated for 18 

hrs at 37 °C and 5% CO2. After incubation, plates were washed six times in PBS-T, and 100 µL of 

peanut agglutinin-HRPO (Sigma-Aldrich) diluted 1,000-fold in conjugate diluent (PBS, 1% BSA) 

was added. Plates were incubated at RT for 2 hrs. Plates were washed three times in PBS-T, and 

100 µL (500 µg/ml) of o-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich) in phosphate-

citrate buffer (Sigma-Aldrich) was added to the plates. Plates were incubated in the dark for 10 

min at RT. The reaction was stopped with 100 µL of 1 N sulfuric acid. The absorbance was read 

at 490 nm on a BioTek plate reader. The dilution of the virus needed to achieve 90 to 95% NA 

activity was determined and used for subsequent NA inhibition ELLAs. 

Neuraminidase inhibition assays (NAIs) 

Mouse sera was heat inactivated at 56 °C for 1 hr. Serum was serially diluted 5-fold in 

sample diluent from 1:100 initial dilution for 10 dilutions. A negative-control column (no serum 

or virus) was included containing 100 µL of only sample diluent. A virus only column was also 

included. 50 µL of duplicate dilutions were added to fetuin plates. 50 µL of the virus diluted to 90 

to 95% NA activity in sample diluent was added to the plate. Plates were incubated for 18h at 37°C 

and 5% CO2, after which they were processed as described above with the ELLAs. Endpoint titers 

were identified as the highest serum dilution that resulted in at least 50% inhibition of the 

maximum signal. 

Quantification and statistical analysis 

One-way ANOVA was used to compare between vaccination groups using GraphPad 

Prism 9 software (GraphPad, San Diego, CA, USA). Statistical significance was defined as 

follows: *, p<=0.05; **, p<=0.01; ***, p<=0.001; ****, p<=0.0001. 
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Results 

Adjuvanted vaccination with Y2 alters serum antibody titers to the Y2 COBRA HA 

To determine the serum IgG response to adjuvanted wild-type 2009 pandemic 

A/California/04/2009 (CA09) HA or COBRA HA vaccination, we used a prime-boost regimen in 

mice (Figure 4.1A). Animals were immunized with either the Y2 COBRA HA or the CA09 HA. 

Four adjuvants were used: AddaVax, AddaS03, CpG ODN 2395, Alhydrogel, or no adjuvant as a 

control. We then evaluated titers against the homologous immunizing antigen by ELISA. At 27 

days post-vaccination, we found that AddaS03 elicited the highest antibody titers to their 

respective immunizing antigens, followed by Alhydrogel, AddaVax, and CpG (Figure 4.1B). This 

pattern was consistent across both Y2 and CA09 immunizations. This trend was conserved at 56 

days post-vaccination after a single boost, where AddaS03 and Alhydrogel elicited the highest 

titers. Notably, we found that the no adjuvant control elicited minimal titers for the CA09 HA after 

two immunizations whereas all adjuvanted groups showed detectable serum IgG titers. In 

comparison, the no adjuvant control for the Y2-immunized animals elicited significant titers after 

a prime and a boost, suggesting Y2 is more immunogenic in the BALB/c mouse background. As 

expected, adjuvanted groups generally showed improved titers relative to the no adjuvant control, 

and no titers were observed for PBS-immunized animals. Therefore, we found that formulation of 

the HA antigen with various adjuvants elicited elevated levels of serum IgG relative to the no 

adjuvant control, and AddaS03 was superior in this respect. 

Adjuvants can alter the overall immune profile following immunization, biasing it towards 

a Th1, Th2, or a balanced Th1/Th2 response [117]. To evaluate this effect in mice, we measured 

the relative concentrations of IgG subclasses within the serum (Figure 4.2). We pooled male and 
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female mouse serum from each group, and evaluated terminal titers against the homologous HA 

for subclasses IgG1, IgG2a, IgG2b, IgG2c, and IgG3. We found that the choice of adjuvant alters 

the Th1/Th2 ratio, suggesting changes within the overall immune profile, with most adjuvants 

eliciting primarily a Th2-skewed response. Overall, trends were similar between Y2 and CA09 

HA immunizations across adjuvants. AddaVax elicited a Th2-biased response, where most serum 

IgG antibodies were of the IgG1 subclass, and a minority were of the IgG2b subclass. AddaS03 

also elicited both IgG1 and IgG2b antibodies, but IgG1 titers were nonetheless elevated compared 

to IgG2b. CpG was associated with a balanced response, with both IgG1 and IgG2 antibodies 

observed in similar ratios, albeit at lower overall titers. Expectedly, Alhydrogel, a known Th2-

skewing adjuvant, elicited a Th2-biased response with most antibodies being of the IgG1 subclass. 

For the Y2 no adjuvant control, we detected IgG1 antibodies only, which is consistent with the 

inherent Th2-skewed response seen with the BALB/c background. 

Serum antibody epitopes are similar between adjuvants following Y2 immunization 

In addition to total serum IgG responses to the immunizing HA, we also determined the 

serum IgG response to the H1 HA stem domain (Figure 4.3). The stem domain is more conserved 

than the head domain across influenza strains, and serves as a target for some universal vaccine 

candidates, such as the chimeric HA (cHA) approach [67]. To evaluate antibodies against this 

domain, we evaluated binding to the cH6/1 cHA construct [148,150]. The cH6/1 cHA contains an 

exotic H6 subtype head genetically fused to the H1 subtype CA09 HA stem. Four weeks after 

boost, we found that there were significant titers for all adjuvanted groups for both Y2 and CA09 

HA immunizations. The differences between adjuvants closely mirrored those for serum IgG titers 

against the Y2 and CA09 HA antigens. AddaS03 elicited the highest cH6/1-binding IgG responses, 

followed by Alhydrogel and AddaVax, with CpG eliciting the lowest titers of all adjuvanted 
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groups. For Y2 immunizations, we detected antibodies against the cH6/1 HA as well, potentially 

suggesting that stem antibodies may be elicited. We also compared titers between Y2- and CA09 

HA-immunized animals against the cH6/1, finding statistically increased titers for Y2 relative to 

CA09 HA for the CpG-adjuvanted and no adjuvant groups. This implied that to some extent, Y2 

is more immunogenic than the CA09 HA. Of note, it is possible that antibodies targeting non-HA-

specific regions, such as the trimerization domain or the His-tag, could be contributing to this 

antibody response. Nonetheless, the observation of cH6/1 HA-specific serum antibodies may 

suggest that the adjuvants evaluated here may amplify stem-specific responses to some extent. 

To assess the specific epitopes targeted by serum from adjuvanted Y2 immunizations, we 

performed competition ELISAs against the wild-type CA09 HA (Figure 4.4). We assessed the 

competition of pooled terminal serum against a panel of previously characterized human 

monoclonal antibodies (mAbs) that bind both the head and stem domains, including the recently 

characterized anchor epitope [142]. We did not see any competition for the CA09 HA-immunized 

no adjuvant control, as expected due to minimal serum titers after a prime and boost. Otherwise, 

however, we found similar trends between Y2- (Figure 4.4A) and CA09 HA-immunized groups 

(Figure 4.4B). For most adjuvanted groups, a large proportion of head domain-binding antibodies 

competed with human mAb CA09-16, which binds near the RBS. This was most pronounced in 

AddaS03- and Alhydrogel-adjuvanted mice. For the Y2 no adjuvant control, we also saw moderate 

competition of serum with this antibody. In addition, we saw some competition from the sera of 

all groups with CA09-40, which also binds near the RBS. Lateral patch-binding serum antibodies 

were also detected in Y2- and CA09 HA-immunized mouse sera as seen by competition with mAb 

CA09-28, again being most pronounced for AddaS03- and Alhydrogel-adjuvanted groups. Only 

low amounts of these antibodies appeared in the no adjuvant Y2 only control. In addition to head-
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specific serum antibodies, those targeting the stem were also seen for both the central stem and 

anchor epitopes. Overall, for CA09 HA-immunized groups, all adjuvanted groups showed low to 

intermediate competition with the central stem-binding antibody CR6261, and either similar or 

slightly higher levels of competition with the P1-05 anchor epitope-binding antibody. Similar 

results were seen with Y2 HA-immunized mice, where stem-binding antibodies appeared to be 

immunosubdominant to head-binding antibodies. Again, the extent of anchor-binding antibodies 

were either similar to, or slightly higher than, those of central stem-binding antibodies, as seen for 

the AddaS03- and AddaVax-adjuvanted groups. The Y2 no adjuvant group showed similar, if not 

slightly lower, competition with these stem epitopes than adjuvanted groups. In general, the 

epitopes targeted between the head and stem domains were similar across all adjuvanted groups, 

despite differences in total serum titers. In addition, RBS-binding antibodies, and to a lower extent, 

anchor epitope-binding antibodies, were generally enhanced by the addition of adjuvant. 

Adjuvants confer altered HAI antibody breadth following Y2 immunization 

To determine whether the addition of adjuvant could alter the functionality of serum 

antibodies, we performed HAI assays against a panel of recent 2009 pandemic-like H1N1 viruses 

(Figure 4.5). We saw similar trends between HAI titers and ELISA serum IgG titers across 

adjuvants, where AddaS03 elicited the highest titers, followed by AddaVax and Alhydrogel, with 

CpG generally inducing the lowest titers of adjuvanted groups. All groups developed 

seroprotective titers (HAI titer >1:80) against the A/California/07/2009 (A/CA/09) virus for Y2-

immunized animals (Figure 4.5A). In the Y2 no adjuvant control, some individuals developed 

higher HAI titers against A/CA/09 than in adjuvanted groups, which may reflect the relatively high 

immunogenicity of Y2. In contrast, lower but seroprotective titers were observed only with 

adjuvanted groups for the CA09-immunized mice, but not with the non-adjuvanted CA09-
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immunized animals against A/CA/09 (Figure 4.5D). With respect to antibody breadth, it appeared 

that Y2 immunization with AddaS03 elicited the highest HAI breadth against all three viruses, 

where titers significantly above 1:80 were observed against A/Brisbane/02/2018 (A/BR/18) and 

A/Guangdong-Maonan/SWL1536/2019 (A/GM/19) (Figure 4.5B, C). Y2 immunization 

adjuvanted with Alhydrogel also appeared to elicit statistically significantly increased titers against 

A/BR/18 relative to the no adjuvant control (Figure 4.5B). Y2+CpG and Y2+AddaVax, while 

eliciting HAI titers above the threshold for seroprotection against A/GM/19, overall showed lower 

titers compared to the Y2+AddaS03 adjuvant group for this virus (Figure 4.5C). Of CA09-

immunized mice, those receiving AddaS03 adjuvant developed the highest HAI titers against the 

A/BR/18 and A/GM/19 viruses (Figure 4.5E, F). In addition, Alhydrogel-adjuvanted CA09 

immunization appeared to confer broad HAI activity against all of the H1N1 viruses relative to the 

no adjuvant control (Figure 4.5D-F). 

Adjuvanted vaccination with the N1-I COBRA elicits differential serum IgG titers and NAI 

titers against a 2009 pandemic virus 

Although HA has been the primary focus of universal influenza vaccines, neuraminidase 

(NA) has been shown to elicit protection as well [151]. Likewise, we assessed the effect of adjuvant 

on serum IgG titers against the N1-I COBRA, an NA-based universal vaccine candidate [139] 

(Figure 4.6A). The same panel of adjuvants were used in a prime-boost regimen with N1-I. At 27 

days following prime, minimal titers were observed for N1-I-immunized mice, and none for the 

PBS control group. Following a boost, however, serum IgG titers mirrored those seen with Y2 

immunizations, although differences between adjuvants were less pronounced (Figure 4.6B). 

AddaS03 elicited the highest serum IgG titers, whereas AddaVax, Alhydrogel, and CpG-elicited 

titers were somewhat lower. N1-I vaccination without adjuvant elicited notably lower titers than 
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those with adjuvant, as expected. Overall, these data suggest that general trends between these 

adjuvants may be similar regardless of whether the HA or NA COBRA is used during 

immunization. Again, supplementing with AddaS03 adjuvant elicited the highest titers of all 

adjuvanted groups. 

NAI assays were performed to assess the functionality of serum antibodies following N1-

I vaccination against the A/CA/09 virus (Figure 4.6C). We found that NAI titers were highest for 

AddaS03 and AddaVax, followed by Alhydrogel and CpG. Again, these trends are similar to those 

seen in ELISAs. These results imply that serum antibodies elicited by N1-I are functional and can 

decrease NA enzymatic activity. Oil-in-water emulsion adjuvants appeared to be more effective 

than CpG or Alhydrogel in inducing these NA-inhibitory antibodies. 

 

Discussion 

In this study, we assessed the effect of adjuvant on serum antibody responses against both 

a HA COBRA, Y2, and a NA COBRA, N1-I, against H1N1 viruses. We found that there exists a 

general trend in total serum titers across both of these antigens for the panel of adjuvants tested. 

Overall, AddaS03 appeared to elicit the highest IgG titers against both Y2 and N1-I, as well as the 

broadest and highest functional serum antibody titers as assessed by HAI and NAI, respectively. 

Y2 has been shown to elicit robust humoral responses in several animal models and is 

protective against challenges with recent H1N1 isolates [122]. In our study, we found that the 

addition of adjuvant was able to increase overall serum IgG titers against this COBRA HA, as 

expected. However, the degree to which this increased varied based on the adjuvant used. Y2, 

when combined with AddaS03 and Alhydrogel, appeared to elicit the highest titers, which were 

apparent following a single vaccination. AddaVax and CpG also elicited significant titers, but 
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differences between these groups and the no adjuvant control did not reach statistical significance. 

We saw similar trends when the wild-type CA09 HA was adjuvanted, again being highest for the 

AddaS03 and Alhydrogel groups, followed by AddaVax and CpG. We did not see significant titers 

at d56 for the non-adjuvanted CA09 HA control in contrast to the Y2 non-adjuvanted control, 

which may suggest that COBRA HAs possess enhanced immunogenicity relative to wild-type 

HAs. 

We also observed the induction of potential stem domain-specific antibodies, as significant 

serum IgG titers against the cH6/1 HA were seen following Y2 immunization. Trends between 

adjuvants were relatively similar to those observed with the homologous immunizing HA, where 

the addition of AddaS03 enhanced serum titers the most of all adjuvanted groups. We also tested 

individual serum antibody epitopes by competition ELISAs with human mAbs. These experiments 

suggested that the addition of adjuvant may skew serum epitopes primarily towards head domain 

epitopes and somewhat to stem domain epitopes. We observed significant competition with the 

RBS-specific CA09-16 mAb for all adjuvant groups, as well as to the CA09-28 lateral patch 

epitope, albeit to a lower extent. Additionally, AddaVax- and CpG-adjuvanted groups showed 

somewhat similar epitope profiles to one another, characterized by moderate competition with 

another RBS-proximal head-binding mAb, CA09-40, and CA09-16. All adjuvanted groups 

showed some competition with CA09-38, a previously uncharacterized, non-neutralizing head 

domain-specific antibody. For most adjuvanted groups, some competition was seen with the P1-

05 anchor epitope mAb, which was either similar to or somewhat higher than that seen with the 

CR6261 central stem mAb. These might reflect the frequency of stem-binding antibodies, where 

anchor epitope mAbs generally are more frequent than central stem mAbs, although this has been 

shown for human but not mouse models [138]. The Y2+no adjuvant group, however, did appear 
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to differ from all adjuvanted groups, showing no competition with CA09-38, and moderate 

competition with head-binding mAbs. The overall similarity in targeted epitopes across adjuvant 

groups may suggest a more general mode of enhancing the antibody response between them 

without much change to the overall frequencies of serum epitopes. 

The functionality of serum antibodies following Y2 vaccination were assessed by HAI 

against a panel of recent H1N1 viruses. Whereas those against A/CA/09 were relatively high for 

all groups, they generally decreased somewhat against the A/BR/18 and A/GM/19 viruses. 

AddaS03 elicited the highest and broadest HAI activity, followed by Alhydrogel, and AddaVax 

and CpG. Median titers remained above 1:80, our defined threshold for seroprotection, for all 

adjuvanted groups with Y2 against all viruses, whereas it dropped slightly below this threshold for 

the non-adjuvanted Y2 group for A/GM/19. The gradual decrease in relative HAI titers with more 

recent H1N1 viruses might reflect the effects of antigenic drift that permit some escape from 

antibodies against earlier 2009 pandemic-like viruses. Overall, with the addition of adjuvant, 

however, the degree of functional HAI-active antibodies appears to be able to overcome this effect. 

The NA protein is more conserved than the HA protein across influenza viruses, making it 

an attractive candidate for a universal vaccine. Likewise, we assessed antibody responses to an N1 

subtype NA COBRA, N1-I, when combined with adjuvant. Following a prime-boost regimen, 

titers followed the same general trend as for Y2, where AddaS03 elicited the highest titers against 

N1-I, followed by AddaVax, then Alhydrogel and CpG. Differences between adjuvant groups, 

however, were not as pronounced as those seen with Y2, possibly because of the 

immunosubdominant nature of NA to HA [19]. Nonetheless, the trends observed between 

adjuvants persisted in NAI assays against the A/CA/09 2009 pandemic virus, with animals 

immunized with N1-I+AddaS03 showing significantly increased activity relative to the non-
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adjuvanted control. Interestingly, these trends between adjuvants were consistent between 

subcutaneous and intramuscular immunization between the H1 and N1 studies. It may be of 

interest to perform NAIs against more recent H1N1 isolates following N1-I immunization and 

assess whether activity decreases like that seen for HAIs against the A/BR/18 and A/GM/19 

viruses. In general, these suggest that AddaS03 is the most efficacious adjuvant with respect to 

total IgG titers and NAI-based functionality. 

Adjuvants are an integral component of several vaccines, including currently approved 

influenza vaccines like FluAd and Pandemrix [79]. These are tailored towards higher-risk 

populations, where the action of adjuvant is needed to induce a sufficiently protective immune 

response. In the development of universal COBRA vaccines, the use of adjuvant is likely needed 

to enhance the immune response. The selection of adjuvant has been known to alter antibody titers 

and the corresponding protection that is afforded. Therefore, in this study, we assayed a number 

of adjuvants that act through distinct mechanisms. We found that AddaS03 affords both the highest 

binding and functional antibody titers following Y2 and N1-I immunization. In addition, it elicited 

significant serum antibodies against the RBS epitope and the stem anchor epitope relative to other 

adjuvants. AddaS03, an analog of AS03, contains a number of immune-stimulating components 

that might prime the increased antibody response observed in this study. This includes DL-a-

tocopherol, which has been shown to strengthen the innate immune response, and, consequently, 

the cell-mediated and humoral responses [152]. This adjuvant has also been associated with 

enhanced somatic hypermutation and affinity maturation that could account for the enhanced 

functional breadth following Y2 or N1-I immunization [153]. Importantly, in our study we did not 

combine the Y2 and N1-I COBRAs in a single immunization, which may be of interest to 

investigate the effects of adjuvant in the context of HA and NA immunodominance. Nevertheless, 
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our studies provide data on polyclonal antibody breadth, epitopes, and functionality that can inform 

adjuvant selection for COBRA candidates as they enter clinical studies. 
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Figure 4.1. H1 HA immunization schedule and serum IgG titers after adjuvanted vaccination 

with Y2 and CA09 HAs. (A) Overall immunization scheme of the H1 HA study. Time points for 

bleeds and vaccinations are shown. (B) Titers of IgG antibodies in sera from vaccinated mice, 

determined by ELISA, are shown for 27 days post-prime after one immunization (d27, top) for all 

groups against the homologous immunizing HA. Titers for both HAs are shown for the PBS 

immunization control. Those at 56 days post-prime (28 days post-boost) are shown on the bottom. 

Titers are represented as area under the curve (AUC) values, where a minimum baseline 
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absorbance at 405 nm of 0.3 was considered a positive binding signal. *, p<=0.05; **, p<=0.01; 

***, p<=0.001; ****, p<=0.0001. One-way ANOVA was used for statistical comparisons between 

groups.  
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Figure 4.2. Th1/Th2 ELISAs at d56 after adjuvanted vaccination with Y2 and CA09 HAs. 

IgG subclass-specific serum titers, determined by ELISA, against the homologous Y2 or CA09 

HA used for vaccination are shown. Pooled serum titers for male and female mice are shown. The 

left point for each IgG subclass corresponds to male mice serum titers and the right point to female 

mouse serum titers. A minimum baseline absorbance at 405 nm of 0.3 was considered a positive 

binding signal. *, p<=0.05; **, p<=0.01; ***, p<=0.001; ****, p<=0.0001. One-way ANOVA was 

used for statistical comparisons between groups. 
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Figure 4.3. cH6/1 HA IgG titers at d56 after adjuvanted vaccination with Y2 and CA09 HAs. 

Serum IgG titers, determined by ELISA, are shown as AUC values for both Y2- and CA09 HA-

immunized mouse groups. A minimum baseline absorbance at 405 nm of 0.3 was considered a 

positive binding signal. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001. One-way 

ANOVA was used for statistical comparisons between groups. 
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Figure 4.4. Epitope mapping of d56 sera against the CA09 HA from Y2- and CA09 HA-

immunized mice. Competition ELISAs were used to determine the HA epitopes bound by mouse 

serum for Y2- and CA09 HA-immunized mice. Sera from pooled mice were competed with human 

mAbs specific against distinct HA head and stem epitopes. The degree of competition for serially 

diluted mouse sera with the indicated human mAbs is shown as a heat map for final serum dilutions 
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of 1:20, 1:60, and 1:180 for these groups for (A) Y2-immunized mice and (B) CA09-immunized 

mice. M, male pooled serum; F, female pooled serum.  
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Figure 4.5. HAI titers of d56 sera from Y2- and CA09 HA-immunized mice. HAI titers against 

a panel of recent H1N1 viruses are shown for (A-C) Y2- and (D-F) CA09-immunized animals. 

Titers are represented as log2-transformed reciprocal dilutions. The lower dotted line represents a 

titer of 1:40 and the upper line a titer of 1:80, which has been correlated with seroprotection in 

humans. A/CA/09, A/California/07/2009; A/BR/18, A/Brisbane/02/2018; A/GM/19, 

A/Guangdong-Maonan/SWL1536/2019. 
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Figure 4.6. N1-I NA immunization schedule, serum IgG titers, and NAI titers after 

vaccination. (A) Immunization scheme of the N1-I NA study. (B) d27 and d56 serum IgG titers, 

determined by ELISA, against the N1-I NA COBRA. Titers are shown as AUC. (C) Terminal NAI 

titers after vaccination against A/CA/09, shown as log10-transformed reciprocal dilutions. NAI 

titers were determined as the serum dilution that provided 50% inhibition of NA activity. A 

minimum baseline absorbance at 405 nm of 0.3 was considered a positive binding signal. *, 

p<=0.05; **, p<=0.01; ***, p<=0.001; ****, p<=0.0001. One-way ANOVA was used for 

statistical comparisons between groups. 
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CHAPTER 5 

ANTIBODY BREADTH MEDIATED BY NANOPARTICLE PRESENTATION OF 

COMPUTATIONALLY OPTIMIZED HEMAGGLUTININS4 

 

  

                                                
4Nagashima, Kaito. To be submitted to Journal of Virology. 
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Abstract 

Influenza A viruses (IAVs) pose a significant health burden every year. The current 

countermeasure against influenza infection, the seasonal vaccine, only offers strain-specific 

antibody protection for a given season through targeting of the predominant hemagglutinin (HA) 

glycoprotein. To enhance antibody-based breadth to multiple strains and protection across multiple 

years, several vaccine approaches have been developed. One approach, termed COBRA, for 

computationally optimized broadly reactive antigen, employs consensus building of wild-type 

HAs from a given antigenic space to generate a novel COBRA HA antigen that captures the 

antigenic features of these HAs to multiple strains of the same subtype. Another approach has 

involved the use of a two-component protein nanoparticle (NP) to present the HA protein based 

on the mixture of HA-I53_dn5B and I53_dn5A protein components to generate NPs presenting 20 

HA trimers in a multimeric manner, which could expand antibody breadth to non-seasonal vaccine 

subtypes. To investigate if antibody breadth from a single COBRA HA could be expanded to 

multiple subtypes with the use of this two-component NP platform, we presented the lead H1 and 

H3 subtype COBRA vaccine candidates Y2 and NG2 on this system in a homotypic format. We 

found that doing so could elicit functional breadth against H1 subtype IAVs for the H3 COBRA 

NG2, but not for the H1 COBRA Y2, suggesting that this combination of next-generation vaccine 

immunogens and platforms could enhance targeting towards cross-group epitopes. 
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Introduction 

Influenza A viruses pose a major health burden worldwide [1]. Current seasonal vaccines 

offer only limited protection through targeting of antibody responses against the major surface 

glycoprotein, hemagglutinin (HA) using predictions of circulating strains [1,3]. Due to significant 

antigenic variation in the HA protein across multiple viral strains, antibody-mediated protection 

from the seasonal vaccine is typically strain-specific. Antibody responses can generally be targeted 

to two domains of HA, the relatively variable head domain and the conserved stem domain [117]. 

Within the head domain, the strain-specific antigenic sites Sa, Sb, Ca1, Ca2, and Cb for the H1 

subtype and A, B, C, D, and E for the H3 subtype have been characterized [20,21,117]. In addition, 

a number of conserved epitopes have been also identified such as the receptor-binding site (RBS), 

the lateral patch, and the intratrimer epitope which are the targets of broadly reactive monoclonal 

antibodies (mAbs) [45,46,136,154]. The stem domain contains the central stem and anchor 

epitopes on the middle and bottom of the HA [59,138,155]. The strain-specific response elicited 

by the seasonal vaccine is due to targeting primarily against the variable head domain and away 

from the conserved stem.  

Nanoparticle (NP) presentation of viral antigens has been previously shown to enhance the 

antibody response against viral fusion proteins including the HA protein. Several NP platforms 

have been used, such as the protein-based Helicobacter pylori ferritin-based system to present the 

influenza HA [156,157], the SpyTag-SpyCatcher system [158], as well as computationally 

designed protein scaffolds [6].  A report demonstrating the use of a computationally designed 

protein platform involved the use of a two-component scaffold to present the influenza HA protein 

from the 2017-2018 seasonal vaccine for the H1, H3, influenza B virus (IBV) Victoria and 

Yamagata lineage HAs, consisting of components HA-I53_dn5B and I53_dn5A which self-
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assemble into nanoparticles presenting 20 HA trimers when mixed. In mouse, ferret, and non-

human primate animal models, this NP immunogen could elicit breadth to non-vaccine subtype 

H5, H6, H7, and H10 subtypes [6]. 

Given that this approach could provide heterosubtypic antibody breadth non-vaccine 

subtypes after multivalent presentation with H1, H3, and influenza B HAs, we reasoned that the 

use of COBRA HAs with this system could similarly induce broad antibody breadth [6]. Therefore, 

in this work we generated homotypic nanoparticle constructs presenting a single subtype H1 

COBRA, Y2 [122], or a H3 COBRA HA, NG2 [159], based on this two-component scaffold and 

assessed their immunogenicity and capacity to enhance antibody breadth relative to a soluble 

COBRA recombinant HA trimer (rHA) control. We found that for the Y2 NP vaccination, no 

increase in antibody breadth to the H3 subtype was found. In contrast, a NG2 H3 NP could elicit 

cross-group, hemagglutination inhibition (HAI)-active antibodies against the H1 subtype of 

influenza A viruses, likely targeting conserved epitopes on the head domain and receptor-binding 

site (RBS) of the HA protein that are conserved across group 1 and group 2 viruses. Overall, this 

work suggests that the use of a nanoparticle platform to present a next-generation influenza vaccine 

candidate can further augment antibody breadth. 

 

Methods 

Nanoparticle generation 

Plasmids encoding the Y2 and NG2 COBRA HA sequences possessing a Y98F mutation 

were fused to the I53_dn5B scaffold protein to generate the Y2-I53_dn5B and NG2-I53_dn5B 

components in the pcDNA3.1(+) vector. In addition, a plasmid encoding the I53_dn5B protein, 

lacking a HA fusion, was also generated in the pET-28a(+) vector. Expi293F cell cultures were 
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transfected with each of the HA-I53_dn5B (Y2-I53_dn5B or NG2-I53_dn5B) plasmids for protein 

expression, followed by protein purification at 5-7 days post-transfection on a HisTrap Excel 

column (GE Healthcare). The I53_dn5A-encoding plasmid was transformed into competent BL21 

cells, which were then grown in LB+kanamycin medium at 37°C until the OD600 reached a value 

between 0.5 and 0.8. Protein expression was then induced following the addition of 100 µM IPTG, 

and BL21 cells were allowed to grow overnight at 25°C. The following day, BL21 cells were 

centrifuged and resuspended in lysis buffer (20 mM Tris, pH=8.0, 200 mM NaCl), followed by 

sonication to lyse cells. The cell lysate was centrifuged to remove cell debris and the clarified 

supernatant was run through a HisTrap Excel column (GE Healthcare) to purify the I53_dn5A 

protein. 

Following HA-I53_dn5B, I53_dn5B, and I53_dn5A protein purification, the components 

were mixed in a 1:1 molar ratio and incubated at 25°C for 30 min to allow for nanoparticle 

assembly. The mixture was then run on the Superdex 200 10/300 GL or the Superose 6 Increase 

10/30 GL size exclusion column (GE Healthcare) to separate intact nanoparticles from 

unassembled components using 20 mM Tris, pH=7.5/100 mM NaCl buffer. The nanoparticle 

constructs were then used in ELISAs to validate their antigenicity. 

Negative-stain electron microscopy (nsEM) 

To evaluate the structural features of the Y2 NP, NG2 NP, and the NP core, 5 µL of 50 

µg/mL of purified NPs from SEC were added to glow-discharged, carbon-coated copper grids 

(Electron Microscopy Sciences) for 3 min. The grid was then blotted, and washed in water twice 

prior to staining with Nano-W (Nanoprobes) once, blotting, then staining with Nano-W 

(Nanoprobes) for 1.5 min. Micrographs were acquired using a JEOL JEM1011 transmission 

electron microscope equipped with a high-contrast 2K-2K AMT midmount digital camera. 
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Animal experiments 

4 female mice/group of DBA/2J mice (Jackson Laboratories) were used for immunizations 

with the Y2 NP in a prime-boost-boost regimen. Briefly, mice were immunized with 3 µg 

equivalents of the HA protein every four weeks, either in the Y2 rHA soluble format, the Y2 NP, 

and the NP core through intramuscular vaccination in the left hind leg. Blood was obtained from 

the submandibular vein at four weeks following each vaccination. All vaccinations were 

adjuvanted with the AddaS03 adjuvant (Invivogen). 

2 male and 3 female mice/group of DBA/2J mice (Jackson Laboratories) were used for 

immunizations with the NG2 rHA, 3 male and 2 female mice/group for the NG2 NP, and 1 male 

and 1 female mice/group for the NP core group, respectively, in a prime-boost-boost regimen. 

Mice were immunized with 3 µg equivalents of the HA protein every four weeks, either in the 

NG2 rHA soluble format, the NG2 NP, or the NP core through intramuscular vaccination in the 

left hind leg. Blood was obtained from the submandibular vein at four weeks following each 

vaccination. All vaccinations were adjuvanted with the AddaS03 adjuvant (Invivogen). 

Enzyme-linked immunosorbent assay (ELISA) 

To validate the antigenicity of the Y2 NP, NG2 NP, and NP core, 384-well plates (Greiner 

Bio-One) were coated with these NPs diluted to 2 µg/mL in phosphate-buffered saline (PBS) at 

4°C overnight. The plates were washed once with water and then blocked with 2% blocking buffer 

(PBS + 2% nonfat dry milk [Bio-Rad] + 2% goat serum + 0.05% Tween 20) for 1 h at room 

temperature. The plates were washed three times with water, and 25 µL of mAb dilutions were 

added. MAbs CA09-30 (against the H1 HA), TJ5-4 and TJ5-13 (against the H3 HA), and 46 

(against the IBV HA) were serially diluted three-fold in PBS from a 20 µg/mL initial dilution for 

12 total dilutions. The plates were incubated at 25°C for 1 h, then washed three times with water. 
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25 µL of goat anti-human IgG Fc-AP secondary antibody (Southern Biotech), diluted 1:4000 in 

1% blocking buffer (1:1 dilution of PBS and 2% blocking buffer), were added, and the plates were 

incubated at 25°C for 1 h. The plates were then washed five times with PBS-T (PBS + 0.05% 

Tween 20). p-Nitrophenyl phosphate (PNPP) substrate, diluted in substrate buffer (1.0 M Tris + 

0.5 mM MgCl2, pH 9.8) to 1 mg/mL, was added, and the plates were incubated for 1 h and read 

at 405 nm on a BioTek plate reader. The EC50 for each mAb was determined using GraphPad 

Prism software using the four-parameter nonlinear regression. 

For Y2, NG2, and NP core serum IgG ELISAs, 384-well plates (Greiner Bio-One) were 

coated with Y2, NG2, or NP core antigen diluted to 2 µg/mL in phosphate-buffered saline (PBS) 

at 4°C overnight. The plates were washed once with water and then blocked with 2% blocking 

buffer (PBS + 2% nonfat dry milk [Bio-Rad] + 2% goat serum + 0.05% Tween 20) for 1 h at room 

temperature. The plates were washed three times with water, and 25 µL of diluted mouse serum 

were added. Sera were serially diluted three-fold in 1% blocking buffer from a 1:50 initial dilution 

for 12 total dilutions. The plates were incubated at 37°C for 1 h and then washed three times with 

water. 25 µL of goat anti-mouse IgG Fc-AP secondary antibody (Southern Biotech), diluted 

1:4000 in 1% blocking buffer (1:1 dilution of PBS and 2% blocking buffer), were added, and the 

plates were incubated at room temperature for 1 h. The plates were then washed five times with 

PBS-T (PBS + 0.05% Tween 20). p-Nitrophenyl phosphate (PNPP) substrate, diluted in substrate 

buffer (1.0 M Tris + 0.5 mM MgCl2, pH 9.8) to 1 mg/mL, was added, and the plates were incubated 

for 1 h and read at 405 nm on a BioTek plate reader. The area under the curve (AUC) value for 

each mouse group was determined using GraphPad Prism software using a baseline of 0.3 

absorbance units at 405 nm and log10-transformed serum dilutions. 
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Hemagglutination inhibition assay (HAI) 

The HAI titer of mouse serum was determined as previously described [160]. Serum was 

treated with receptor-destroying enzyme II (RDE II, Denka Seiken) to remove background 

hemagglutination activity. Briefly, one volume of serum was added to three volumes of RDE II in 

PBS and incubated at 37 °C overnight. The following day, the treated serum was heat-inactivated 

at 56 °C for 45 min, allowed to cool to room temperature, then six volumes of PBS were added.  

For HAIs against H1 viruses, influenza viruses were titered to eight HAUs 

(hemagglutination units) per mL. 50 µL of RDE-treated serum were added to the first well of a 96-

well V-bottom plate (VWR) and diluted two-fold in PBS for 25 µL total for eleven dilutions. The 

virus, titered to eight HAUs per mL, was added in a 1:1 ratio to each serum dilution, and each well 

was mixed and incubated for 20 min at room temperature. Following this, 50 µL of 1.0% turkey 

red blood cells (Lampire) were added per well. Plates were read 45 min after the addition of 1.0% 

turkey red blood cells. 

For HAIs against H3 viruses, influenza viruses were titered to eight HAUs. 50 µL of RDE-

treated serum were added to the first well of a 96-well V-bottom plate (VWR) and diluted two-

fold in PBS. Eight HAUs of virus with 40 nM oseltamivir were added in a 1:1 ratio to each serum 

dilution, and each well was mixed and incubated for 30 min at room temperature. Following this, 

50 µL of 0.8% guinea pig red blood cells (Lampire) were added per well. The plates were read 1 

h after the addition of 0.8% guinea pig red blood cells. 
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Results 

Nanoparticles presenting the COBRA HA are intact and retain the expected antigenicity 

We first generated NP constructs using the I53_dn5A/I53_dn5B platform described 

previously that presented either the Y2 COBRA HA, the NG2 COBRA HA, or lacked the HA 

component [6] (Figure 5.1A). To generate the Y2 NP, the NG2 NP, or the NP core, the Y2-

I53_dnB, the NG2-I53_dn5B, or the I53_dn5B component, containing a Y98F mutation to reduce 

HA binding to sialic acid and enhance yield, was purified and mixed with bacterially expressed 

I53_dn5A. Subsequently, size exclusion chromatography (SEC) was used to purify the intact Y2 

NP (called Y2_I53_dn5), the NG2 NP (called NG2_I53_dn5), or the NP core (called I53_dn5) 

from unassembled Y2-I53_dn5B, NG2-I53_dn5B, I53_dn5B, or I53_dn5A (Figure 5.1B). The Y2 

NP and the NG2 NP eluted at 10 mL, whereas the NP core eluted at 12 mL. Following nanoparticle 

purification, we evaluated their structural integrity and purity by negative-stain electron 

microscopy (nsEM) (Figure 5.1C). We found that the Y2 NP, the NG2 NP, and the NP core 

formed the expected structures, consisting of a central, circular core. Spikes of the HA trimer were 

only visible on the Y2 NP and the NG2 NP constructs but not for the NP core, as expected. 

Furthermore, we assessed the antigenicity of these constructs by enzyme-linked immunosorbent 

assay (ELISA) (Figure 5.1D). We found that the Y2 NP only bound H1 HA-specific monoclonal 

antibody (mAs) CA09-30, the NG2 NP bound only H3 HA-specific mAbs TJ5-4 and TJ5-13, and 

the NP core demonstrated no binding to any of the mAbs within this panel. Therefore, we found 

that this nanoparticle platform could reliably present the Y2 H1 COBRA HA or the NG2 H3 

COBRA HA in a multimeric array while maintaining the COBRA HAs’ overall antigenicity. 

  



 

  100 

Y2 and NG2 NPs elicit differential antibody breadth based on the COBRA immunogen  

To evaluate the immunogenicity and antibody breadth of the Y2 and NG2 NP constructs 

in vivo, we immunized DBA2/J mice in a prime-boost-boost regimen, using the NP core as a 

negative control (Figure 5.2A). After immunization with the Y2 NP construct, we observed 

significant titers against the homologous Y2 H1 COBRA but not against the NG2 H3 COBRA 

(Figure 5.2B). In comparison to the Y2 rHA group, however, titers were lower for the Y2 NP-

immunized group after the full vaccination regimen. Evaluation of the serum antibody titers 

elicited by NG2 NP vaccination, in contrast, showed a significant response against not only the 

homologous NG2 H3 COBRA HA, but also against the Y2 H1 COBRA HA after just one 

immunization (Figure 5.2C). NG2 NP titers were generally lower compared to the NG2 rHA 

group when evaluating heterosubtypic H1 Y2 COBRA HA-reactive titers, whereas those for the 

homosubtypic H3 NG2 COBRA HA appeared to be comparable (Figure 5.2C). Cross-reactive 

titers between the H1 and H3 COBRA HAs were also seen for NG2 rHA-immunized groups. These 

may be due to antibodies targeting non-HA ectodomain epitopes on the HA construct used, such 

as the Foldon trimerization domain and the His tag. In contrast, these sequences are absent on the 

NG2 NP construct, where the HA sequence is directly fused to the I53_dn5B scaffold, which 

naturally forms trimers in the nanoparticle structure. These binding titers increased after each boost 

for both the Y2 and NG2 COBRA HAs, showing that the NG2 NP, but not the Y2 NP, can elicit 

significant serum antibodies against both homologous and heterologous IAV HAs. 

Antibody responses to the NP protein scaffold are limited compared to the HA for NG2 

NP- and NP core-immunized mice 

We also evaluated the extent to which scaffold-directed antibody responses were elicited 

after NP vaccination for the NG2 NP-, the NG2 rHA-, and the NP core-vaccinated mice at the 
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terminal timepoint (Figure 5.3). We found significant titers only for groups that received either 

the NG2 NP and the NP core, but not for the rHA-immunized group, as expected. Moreover, in 

comparison to the total binding AUC values obtained against the NG2 rHA itself, the scaffold-

directed responses were lower, suggesting that the NG2 HA itself, and not the protein scaffold 

component, is the major immunodominant component of the NP vaccine (Figure 5.2C). These 

results were similar to those observed previously, where the presented influenza HA immunogen 

on this NP platform generally elicited greater antibody responses than to the protein NP scaffold 

[161]. 

The NG2 NP, but not the Y2 NP, can enhance functional, HAI-active antibody breadth to 

the HA head domain of H1 viruses 

We also evaluated the functionality of the serum antibodies elicited following vaccination 

in this regimen using HAI assays for a panel of both H1N1 and H3N2 viruses (Figure 5.4). For 

all animals immunized with the Y2 NP and the Y2 rHA, titers were comparable between these two 

formulations for the 2009 swine influenza pandemic H1N1 A/California/07/2009 (A/CA/09) strain 

(Figure 5.4A). In contrast, we saw reduced HAI titers to the more recent A/Guangdong-

Maonan/SWL1536/2019 (A/GM/19) virus relative to the Y2 rHA control. Furthermore, we found 

no HAI titers whatsoever against the H3N2 strains tested, even with the use of the NP platform to 

present the Y2 H1 COBRA HA. For NG2 rHA-immunized animals, we found that, as expected, 

titers were only observed against H3N2 strains but not for any H1N1 strains (Figure 5.4B). In 

contrast to the limited HAI breadth seen with Y2 NP vaccination, however, we observed that all 

animals in the NG2 NP-immunized group possessed serum with seroprotective HAI titers (above 

a 1:80 dilution) against the A/CA/09 and A/GM/19 viruses. Furthermore, HAI titers to H3N2 

viruses were comparable to the NG2 rHA group. As expected, the animals from the NP core control 



 

  102 

group displayed no HAI activity for neither H1N1 nor H3N2 viruses. This suggested that for the 

H3 COBRA HA NG2, the NP platform could enhance antibody breadth to H1 IAV viruses, in 

contrast to the H1 COBRA HA Y2. 

 

Discussion 

 In this study, we evaluated the effect on antibody breadth of presenting COBRA HA 

immunogens on a computationally designed, two-component protein NP platform. We found 

overall that the use of this platform with the H1 COBRA, Y2, could not expand antibody breadth 

to H3 viruses, whereas the use of this system with the H3 COBRA, NG2, could expand breadth to 

H1 viruses. These COBRA HA constructs are the current lead vaccine candidates for this 

methodology as they capture the antigenic features of recent H1 and H3 subtype viruses, 

respectively [122,159]. Y2 captures H1 HA sequences from 2014 to 2016 from after the 2009 

H1N1 swine influenza pandemic, whereas NG2 captures H3 HA sequences from 2016 to 2018 

[122,159]. Individually, these COBRA HAs have been shown to elicit expanded, functional HAI 

breadth to recent H1 strains from 2009 to 2019 for Y2, and from 2012 to 2019 for H3 strains for 

NG2. However, the antibody breadth from these COBRA HAs is limited to their respective 

subtype designs. To assess whether a COBRA HA presented on a NP platform could expand 

breadth to multiple IAV subtypes, we generated homotypic NPs presenting either the Y2 or NG2 

HAs. 

 We verified that the Y2 and NG2 NPs could be successfully assembled using the previously 

established I53_dn5 two-component NP platform [6]. Structural analyses verified the expected 

structures of each NP construct, where a central protein scaffold core was surrounded by HA trimer 

spikes of either Y2 or NG2. We noted, however, that individual Y2 NPs were prone to clustering 
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compared to NG2 NPs (Figure 5.1C). This may be due to lower general stability of H1 subtype 

HAs. In contrast, the NG2 NP generally appeared as being more monodisperse through nsEM 

analysis, which presents a more structurally stable H3 subtype HA. Nonetheless, both NP 

constructs were found in an early peak by SEC that suggested a uniform particle size (Figure 

5.1B). Moreover, the antigenic integrity of the Y2 NP and NG2 NP was also verified through 

binding to previously characterized H1 HA-reactive and H3 HA-reactive mAbs, CA09-30 [142] 

and TJ5-4 and TJ5-13 [162], respectively (Figure 5.1D). 

 Differences in NP immunogenicity were also observed between the Y2 NP and NG2 NP 

vaccination groups, wherein the NG2 NP elicited higher serum binding titers against the 

homologous NG2 HA compared to Y2 NP against the homologous Y2 HA after fewer 

vaccinations. Three vaccinations were needed to observe any significant titers against either Y2 or 

NG2 HAs for the Y2 NP group, whereas reactive titers were seen after just a single vaccination 

with the NG2 NP (Figure 5.2). This difference may also be due to reduced H1 HA stability relative 

to the H3 HA. This subtype-dependent difference in immunogenicity also carried over into HAI 

analyses of RBS-directed antibodies against the HA head domain of H1N1 and H3N2 viruses 

(Figure 5.4), where no cross-group H3 virus HAI titers were observed with the Y2 NP, whereas 

animals immunized with the NG2 H3 NP exhibited cross-group H1 HAI titers. 

 We also found that for NG2 NP-vaccinated animals, scaffold-specific responses were 

elicited to some extent, but not to the degree of outcompeting antigen-specific responses (Figure 

5.3). These results were consistent with a previous report that showed that nanoparticles presenting 

the influenza HA could still elicit significant HA responses that outcompeted I53_dn5-specific 

responses even without shielding of the NP scaffold with either glycans or PEG moieties [161]. 
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 Given that the NG2 NP could elicit cross-group antibody breadth to H1 viruses, future 

efforts will be focused on characterizing the antibody response from NP vaccination from splenic 

antigen-specific B cells that can cross-react with both H1 and H3 Y2 and NG2 HAs. We expect 

that the expanded accessibility of multiple HA head domains on the NG2 NP might augment B 

cell activation by cross-linking B cell receptor binding to multiple HAs on the NP construct, 

potentially activating B cells that bind conserved head domain epitopes on the NG2 COBRA HA 

that could cross-react with H1 HAs. 
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Figures 

 

Figure 5.1. Formulation and biochemical validation of the H1 subtype COBRA Y2 and H3 

subtype COBRA NG2 on the I53_dn5 NP system. (A) Left, schematic of the assembly and steps 

of the Y2 NP, the NG2 NP, and the NP core. The HA-I53_dn5B or I53_dn5B alone trimerizes and 

is then mixed with pentameric I53_dn5A to form the nanoparticles shown on the right. (B) SEC 

traces of purified Y2 NP, NG2 NP, and NP core from the Superose 6 Increase 10/30 GL column 

with the absorbance normalized to the maximum value for each elution. The Y2 NP and NG2 NP 

elute at about 10 mL whereas the NP core elutes at about 12 mL. (C) nsEM analysis of purified 

NP. Scale bar, 100 nm. (D) ELISA-based validation of NP antigenicity. NPs were assessed for 

binding to a panel of H1, H3, and influenza B HA-reactive mAbs CA09-30, TJ5-4 and TJ5-13, 

and 46, respectively. The EC50 of each mAb to the NP constructs, in µg/mL, is shown as a heat 

map. A red color indicates an AUC value of less than 1.5 absorbance units at 405 nm for the highest 

mAb dilution of 20 µg/mL, the threshold to define a mAb as binding to a NP. 
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Figure 5.2. Mouse immunization studies to evaluate antibody breadth and reactivity from 

the Y2 and NG2 NP vaccination. (A) General immunization regimen for Y2 and NG2 NP groups. 

3 µg equivalents of the HA protein, standardized either for the trimeric, soluble rHA or the NP, 

Y2 r
HA

Y2 N
P

NP Core
0

5

10

15

AU
C

d27 Y2 Serum Titers

Y2 r
HA

Y2 N
P

NP Core
0

5

10

15

d55 Y2 Serum Titers

AU
C

Y2 r
HA

Y2 N
P

NP Core
0

5

10

15

AU
C

d83 Y2 Serum Titers

Y2 r
HA

Y2 N
P

NP Core
0

5

10

15

d27 NG2 Serum Titers

AU
C

Y2 r
HA

Y2 N
P

NP Core
0

5

10

15

d55 NG2 Serum Titers

AU
C

Y2 r
HA

Y2 N
P

NP Core
0

5

10

15

AU
C

d83 NG2 Serum Titers

NG2 r
HA

NG2 N
P

NP Core
0

5

10

15

AU
C

d27 Y2 Serum Titers

NG2 r
HA

NG2 N
P

NP Core
0

5

10

15

AU
C

d55 Y2 Serum Titers

NG2 r
HA

NG2 N
P

NP Core
0

5

10

15

AU
C

d83 Y2 Serum Titers

NG2 r
HA

NG2 N
P

NP Core
0

5

10

15

AU
C

d27 NG2 Serum Titers

NG2 r
HA

NG2 N
P

NP Core
0

5

10

15

AU
C

d55 NG2 Serum Titers

NG2 r
HA

NG2 N
P

NP Core
0

5

10

15

AU
C

d83 NG2 Serum Titers

A

CB



 

  107 

were used to intramuscularly immunize DBA/2J mice in a prime-boost-boost regimen using 

intramuscular vaccinations. Blood was taken for serum antibody titer measurements at 4 weeks 

after each vaccination. (B) ELISA binding titers against the H1 COBRA Y2 or the H3 COBRA 

NG2, shown as area under the curve (AUC) titers, for Y2-vaccinated mice at d27, d55, and d83. 

(C) ELISA binding titers against Y2 or NG2 for NG2-vaccinated mice at d27, d55, and d83. *, 

p<=0.05; **, p<=0.01; ***, p<=0.001; ****, p<=0.0001. One-way ANOVA was used for 

statistical comparisons between groups.  
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Figure 5.3. Murine serum responses to the NP core scaffold following NG2 rHA, NG2 NP, 

and NP core vaccination after the prime-boost-boost regimen. AUC binding titers against the 

assembled NP core at the terminal d83 timepoint are shown, determined by ELISA. 
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Figure 5.4. Terminal HAI titers elicited by NP and rHA COBRA vaccination against a panel 

of H1N1 and H3N2 IAVs. Serum HAI titers at d83 were determined for the H1N1 subtype 

A/California/07/2009 (A/CA/09) and the A/Guangdong-Maonan/SWL1536/2019 (A/GM/19) 

viruses, and the H3N2 subtype A/Switzerland/9715293/2013 (A/SW/13), the A/Kansas/14/2017 

(A/KA/17), and the A/Hong Kong/45/2019 (A/HK/19) viruses for (A) Y2 rHA- and Y2 NP-

immunized animals or for (B) NG2 rHA- and NG2 NP-immunized animals. The lower dotted line 

corresponds to a 1:40 serum dilution and the upper dotted line to the 1:80 serum dilution as a 

correlate of protection. 
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CHAPTER 6 

STRUCTURAL AND ANTIGENIC CHARACTERIZATION OF A COMPUTATIONALLY 

OPTIMIZED H1 SUBTYPE HEMAGGLUTININ5 

 

  

                                                
5A part of this chapter was submitted to Structure on 04/26/23.  
Nagashima, K.A.; Dzimianski, J.V.; Yang, M.; Abendroth, J.; Sautto, G.A.; Ross, T.M.; DuBois, R.M.; Edwards, 
T.E.; Mousa, J.J. Structural basis for the broad antigenicity of the computationally optimized influenza 
hemagglutinin X6. 
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Abstract 

Influenza remains a major infectious burden, causing significant morbidity and mortality. 

As an alternative approach to current seasonal vaccines, the computationally optimized broadly 

reactive antigen (COBRA) platform has been previously applied to hemagglutinin (HA). This 

approach integrates wild-type HA sequences into a single immunogen to expand the breadth of 

accessible antibody epitopes. Adding to previous studies of H1, H3, and H5 COBRA HAs, we 

define the structural features of another H1 subtype COBRA, X6, that incorporates human HA 

sequences from before and after the 2009 H1N1 influenza pandemic. We determined both X-ray 

and cryo-EM structures of this antigen alone and in complex with COBRA-specific as well as 

broadly reactive and functional antibody Fab fragments, and we analyzed its glycosylation profile 

and antigenicity. We found that X6 possesses features that reflect both historic and recent H1 HA 

strains, enabling binding to both head- and stem-reactive antibodies. Overall, these data confirm 

the integrity of the broadly reactive antibody epitopes of X6, and contribute to vaccine design 

efforts for a next-generation influenza vaccine. 
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Introduction 

Influenza virus poses a major health concern worldwide. It is estimated that within the 

United States, between 140,000 and 810,000 hospitalizations due to the virus occur each year [7]. 

Seasonal influenza vaccines provide only limited effectiveness against circulating strains due to 

antigenic drift within the hemagglutinin (HA) glycoprotein, the major viral surface antigen [9]. 

Moreover, the protective antibody response elicited by the vaccine is short-lived. Therefore, the 

seasonal vaccine is sensitive to viral immune evasion and must be reformulated every year based 

on predictions of circulating viruses. Timelines for manufacturing the current vaccine can take up 

to six months [3] and accurate strain prediction remains a challenge. Delaying strain selection may 

enable more accurate strain prediction, but usually does not occur, as this reduces vaccine yield 

and availability. 

Several next-generation influenza vaccines have been investigated to elicit enhanced 

breadth against a wider range of virus strains [117]. One approach, termed COBRA 

(computationally optimized broadly reactive antigen), employs a layered consensus building 

strategy to combine wild-type viral sequences into a single antigen [54]. This methodology has 

been applied to the HA protein for influenza A and B viruses [54,121,122,150,163]. The resulting 

COBRA HA possesses enhanced effectiveness as a vaccine antigen, whereby studies in mouse and 

ferret animal models have shown increased functional antibody breadth following COBRA HA 

vaccination [52,54]. The primary mechanism by which these COBRA HAs elicit protection is 

through inducing broadly HAI-active, HA head domain-targeting antibodies that block receptor 

binding [4,53,54]. While it was hypothesized that stem domain-binding antibodies did not 

contribute significantly to the COBRA HA response [56], we have previously shown that the 

COBRA HA stem is intact for an H1 HA COBRA, Y2, which both retains binding to anchor 
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epitope-specific antibodies and induces central stem-binding antibodies [160,164]. Similar stem 

antibodies have been isolated from H1 COBRA-vaccinated mice [120]. Furthermore, seasonally 

vaccinated subjects possess antibodies that can bind an H3 COBRA HA [165]. This suggests that 

COBRA HAs possess the potential to elicit antibodies that bind both the HA head and stem 

domains. 

The 2009 H1N1 influenza pandemic marked a significant antigenic shift in circulating 

H1N1 viruses. As a reassortant virus resulting from swine, avian, and human strains, the 2009 

pandemic virus HA possessed a novel head domain and a more conserved stem relative to 

circulating pre-2009 seasonal strains [166]. Infection with this 2009 virus elicited stem-reactive 

antibodies that are thought to have led to the disappearance of pre-2009 seasonal H1N1 viruses 

and the subsequent dominance of the pandemic-like strains [167]. The X6 COBRA HA has been 

previously characterized in animal models to elicit broadly reactive serum antibodies against 

viruses of the H1 subtype [168]. This antigen incorporates sequence elements from both pre-2009 

pandemic and post-2009 pandemic viruses from 1999 to 2012 [168]. Immunization with X6 has 

been shown to elicit polyclonal antibodies with broad reactivity against several H1 viruses [121]. 

Seasonal vaccination can elicit monoclonal antibodies (mAbs) in human subjects that recognize 

the X6 COBRA HA, indicating the conservation of epitopes between the seasonal vaccine H1 HA 

and the X6 COBRA HA [164]. One such mAb, CA09-26, has neutralization activity against both 

pre-2009 and 2009 pandemic H1 viruses through binding to the receptor-binding site (RBS) [164]. 

In this study, we demonstrate that other human and murine mAbs, #58 and BE1, show similarly 

broad H1 reactivity and HAI activity as a consequence of binding the RBS [119] and lateral patch 

epitopes [45,136]. In addition, we show that conserved H1 HA epitopes are also present within the 

X6 stem domain by solving the structure of the Fab fragment of a group 1 broadly reactive central 
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stem-binding mAb, CR6261 [59], in complex with X6. Altogether, these data indicate that the 

COBRA X6 vaccine incorporates conserved and intact antibody epitopes on the HA protein. These 

structural analyses provide insights into the mechanism by which COBRA HAs induce enhanced 

antibody breadth. 

 

Methods 

Vaccinations to generate X6-specific murine mAbs 

BALB/c mice (female, 8–10 week of age), antibody negative for circulating influenza A 

(H1N1 and H3N2) and influenza B viruses, were purchased from Envigo (Indianapolis, IN) and 

housed in microisolator units and fed ad libitum. Mice were handled in accordance with protocols 

approved by the University of Georgia Institutional Animal Care and Use Committee and were 

cared under U.S. Department of Agriculture guidelines for laboratory animals. Mice that showed 

signs of severe morbidity or lost 20% of their original weight were humanely euthanized. The 

vaccination regimen was identical to that used previously [120,172]. 

Expression and purification of H1 rHAs for mAb binding studies 

Truncated rHA encoding HAs from H1N1 A/Chile/1/1983 (Chile/83), A/Singapore/6/1986 

(Sing/86), A/New Caledonia/20/1999 (NC/99), A/Brisbane/59/2007 (Brisb/07), 

A/California/04/2009 (CA/09), A/Michigan/45/2015 (Mich/15), A/Brisbane/02/2018 (Brisb/18), 

A/Guangdong-Maonan/SWL1536/2019 (GM/19), A/Wisconsin/588/2019 (Wisc/19),  cH6/1 and 

COBRA X3, X6, P1 and Y2 were cloned, expressed and purified as previously described [173] 

and used for all the binding experiments. In brief, the different HA proteins were expressed through 

a transient transfection of the EXPI293F cells (Thermo Fisher Scientific) with the different 

COBRA and H1N1 HA pcDNA3.1/Zeo(+) encoding vectors following the instruction provided 
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by the manufacturer. Alternatively, HA proteins were expressed through the generation of stable 

transfected cells supplemented with 100 µg/mL of Zeocin (Invivogen). rHA proteins were then 

purified through the ÄKTA Pure system using HisTrap columns (GE Healthcare) according to the 

manufacturer’s instructions. The H1N1 A/Texas/36/1991 rHA protein was kindly provided by F. 

Krammer (Ichan School of Medicine at Mount Sinai, New York, NY) while A/Puerto Rico/8/1934 

(PR/34) and A/Solomon Island/3/2006 were provided by BEI Resources. 

Influenza viruses and virus-like particles (VLPs) 

All the 7:1 recombinant PR/34 reassortant COBRA (P1, X3 and X6) and PR/34, Chile/83, 

NC/99, SI/06, Brisb/07 viruses and wild-type Sing/86, TX/91, CA/09, Mich/15, Brisb/18, GM/19, 

A/Victoria/2570/2019 (Vic/19) viruses were propagated in embryonated chicken eggs as 

previously described [56]. The A/Philadelphia/1/2013 (Phil/13) was kindly provided by Scott 

Hensley (Department of Microbiology, Perelman School of Medicine, University of Pennsylvania, 

Philadelphia, PA). These viruses were titrated and used for immunization, HAI, and focus 

reduction assay (FRA) experiments described below. The pandemic A/South Carolina/1/1918 

(SC/18) HA-expressing VLP were generated as previously described [121] and used for HAI 

assays. 

Enzyme-linked immunosorbent assay (ELISA) of mAbs 

ELISA was used to assess mAb reactivity against different H1N1 HA strains. ELISA were 

performed as previously described [172]. In brief, Immulon 4HBX plates (Thermo Fisher 

Scientific) were coated overnight at 4 ̊C with 50 µL per well of a PBS solution containing 1 µg/mL 

of the different rHA in a humidified chamber. The mAbs were 3-fold serially diluted in blocking 

buffer starting from 20 µg/mL, and plates were incubated for 1 h at 37 ̊C. Plates were washed five 

times with PBS, 100 µL per well of HRP-conjugated goat anti-mouse or anti-human IgG (Southern 
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Biotech) diluted 1:4,000 in blocking buffer was added, and plates were incubated at 37 ̊C for 1 h. 

Finally, plates were washed five times with PBS and ABTS substrate (VWR International, Radnor, 

PA) was added, and plates were incubated at 37 C̊ for 15-20 min. Colorimetric conversion was 

terminated by addition of 1% SDS (50 µl per well), and OD was measured at 414 nm (OD414) 

using a spectrophotometer (PowerWave XS; BioTek). 

Hemagglutination inhibition (HAI) assay 

The HAI assay was performed as previously described [120]. In brief, mAbs were diluted 

in a series of 2-fold serial dilutions in v-bottom microtiter plates (Greiner Bio-One) starting from 

20 µg/mL. An equal volume of each H1N1 virus, adjusted to 8 hemagglutination units per 50 µL, 

was added to each well. The plates were covered and incubated at room temperature for 20 min, 

and then 0.8% of turkey red blood cells (RBCs) (Lampire Biologicals, Pipersville, PA) in PBS was 

added. RBCs were stored at 4 ̊C and used within 72 h of preparation. The plates were mixed by 

agitation and covered, and the RBCs were settled for 30 min at room temperature. The HAI titer 

was determined by the reciprocal dilution of the last well that contained non-agglutinated RBCs. 

Positive and negative controls were included for each plate. 

Focus reduction assay 

The FRA was performed similarly to previously described protocols [120]. In brief, 

MDCK-SIAT1 cells were seeded at a density of 2.5-3 x 105 cells/mL in a 96-well plate (Greiner 

Bio-One) the day before the assay was run. The following day, the cell monolayers were rinsed 

with PBS (Thermo Fisher Scientific), followed by the addition of 2-fold serially diluted mAbs at 

50 µL per well starting with 20 µg/ml dilution in virus growth medium containing 1 µg/mL of L-

(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)–treated trypsin. Afterwards, 50 µL of 

virus (CA/09) standardized to 1.2 x 104 focus forming units per milliliter, and corresponding to 
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600 focus forming units per 50 µL, was added to each well, including control wells. Following a 

2 h incubation period at 37 ̊C with 5% CO2, the cells in each well were then overlaid with 100 µL 

of equal volumes of 1.2% Avicel RC/CL (Type RC581 NF; FMC Health and Nutrition, 

Philadelphia, PA) in 2X MEM (Thermo Fisher Scientific) containing 1 µg/mL TPCK-treated 

trypsin, 0.1% BSA, and antibiotics. Plates were incubated for 18-22 h at 37 ̊C, 5% CO2. The 

overlays were then removed from each well and the monolayer was washed once with PBS to 

remove any residual Avicel. The plates were fixed with ice-cold 4% formalin in PBS for 30 min 

at 4 ̊C, followed by a PBS wash and permeabilization using 0.5% Triton X-100 in PBS/glycine at 

room temperature for 20 min. Plates were washed three times with PBS supplemented with 0.1% 

Tween-20 (PBS-T) and incubated for 1 h with a mAb against influenza A nucleoprotein (IRR) in 

ELISA buffer (PBS containing 10% horse serum and 0.1% Tween-80 [Thermo Fisher Scientific]). 

Following washing three times with PBS-T, the cells were incubated with goat anti-mouse 

peroxidase-labeled IgG (SeraCare, Milford, MA) in ELISA buffer for 1 h at room temperature. 

Plates were washed three times with PBST, and infectious foci (spots) were visualized using 

TrueBlue substrate (SeraCare) containing 0.03% H2O2 incubated at room temperature for 10-15 

min. The reaction was stopped by washing five times with distilled water. Plates were dried and 

foci were enumerated using an ImmunoSpot® S6 Ultimate Analyzer and the CTL ImmunoSpot 

SC Studio software (Version 1.6.2, Shaker Heights, OH, USA). The FRA IC50 titer was reported 

as the mAb concentration corresponding to 50% foci reduction compared with the virus control 

minus the cell control. 

Expression and purification of X6 for crystallographic studies 

The X6 gene was synthesized and cloned into the pBacPAK8 vector (GenScript). The X6 

construct consisted of a GP67 secretion signal, the COBRA X6 HA ectodomain, fused to a C-
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terminal thrombin cleavage site, T4 fibritin foldon, His-tag, and Strep-tag [174]. Recombinant 

baculovirus containing the X6 gene was generated using the flashBAC™ system (Mirus Bio). 

Protein expression was performed in Sf9 cells cultured in ESF921 medium (Expression Systems) 

by infecting with ~23 mL of virus per liter of culture.  After 3 days, the supernatant was harvested 

by centrifugation and stored at -20°C. 

The medium containing the X6 protein was thawed at 4°C. It was then subjected to filtering 

through glass microfiber filter, followed by buffering with concentrated NaCl and Tris pH 8. This 

solution was then sequentially filtered through 0.45 µm, and 0.22 µm filters and concentrated by 

tangential flow using VivaFlow 200® cassettes (Sartorius). BioLock (IBA Life Sciences) was 

added to bind free biotin, then the sample was filtered and loaded onto a 5 mL StrepTrap column 

(GE Healthcare). The column was washed with 150 mM NaCl, 50 mM Tris [pH 8], 1 mM EDTA, 

and the protein eluted with 150 mM NaCl, 50 mM Tris [pH 8], 1 mM EDTA, 2.5 mM 

desthiobiotin. The fractions were pooled, concentrated, and supplemented with glycerol (5%) prior 

to snap freezing in liquid nitrogen and storage at -80°C. 

Crystallization and structural solution of X6 

Aliquots of X6 protein were thawed on ice, supplemented with 2 mM CaCl2, and digested 

with ~7 µg of trypsin per 1 mg of protein to remove the Foldon trimerization domain and cleave 

the furin site to generate active HA. The trypsin-activated X6 HA was further purified by size 

exclusion chromatography (SEC) using a Superdex 200 column (GE Healthcare) equilibrated with 

50 mM NaCl, 10 mM Tris [pH 7.5]. The fractions containing HA based on an SDS-PAGE gel 

were pooled and concentrated to 9.8 mg/mL. The protein was crystallized in 2 µL hanging drops 

with a 1:1 ratio of well solution to protein in a condition consisting of 0.1 M Tris pH 8.4, 22% 

PEG 3350. Crystals were cryoprotected in a solution consisting of 0.1 M Tris pH 8.4, 22% PEG 
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3350, 6% ethylene glycol, 6% DMSO, 6% glycerol and flash-cooled in liquid nitrogen. Data 

collection was performed at the GM/CA beamline 23ID-D at the Advanced Photon Source (APS). 

Data from a single crystal was indexed and integrated using XDS [175,176], followed by scaling 

and merging in Aimless [177,178]. The structure was phased using Phaser [179] in the PHENIX 

suite using a homology model generated by SWISS-MODEL [180]. Three monomer copies were 

placed in the asymmetric unit to form a single trimer. Refinement and model building were 

performed in PHENIX [181] and COOT [182]. The final model was validated with MolProbity 

[183] and Privateer [184]. 

Fab generation 

The CA09-26 mAb, isolated from a subject who received the 2017-2018 Fluzone seasonal 

vaccine, was purified from hybridoma culture on a Protein GE column as described previously 

[142] (GE Healthcare). The #58 mAb was generated by single-cell sequencing of the plasmablast 

repertoire of a Fluzone-vaccinated individual using a previously described strategy [185,186]. 

Heavy and light chains of mAb #58 were synthesized and cloned in the pcDNA3.4 vector (Thermo 

Fisher Scientific) by GenScript (Piscataway, NJ, USA) and expressed in human embryonic kidney 

(HEK) 293F cells and purified as previously described [187]. These mAbs were then digested to 

Fab fragments using the Fab Preparation Kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Fab was purified from the digestion reaction on a MabSelect column 

(GE Healthcare) and buffer exchanged into 20 mM Tris, pH=7.5, 100 mM NaCl for generation of 

the complex.  

For the isolation of BE1 and other X6-specific murine mAbs, splenocytes from X6-

immunized mice were used to generate B cell hybridoma cell lines, from which the mAbs were 

purified using previously described methods [120,172]. The BE1 Fab was prepared in a similar 



 

  120 

manner as the CA09-26 and #58 Fabs but a final buffer of 1x PBS pH=7.4, 300 mM NaCl and a 

final concentration of 7.5 mg/mL were used. 

The CR6261 antibody Fab fragment was expressed in HEK293 cells as a secreted protein 

with a C-terminal His6 tag on the heavy chain and harvested 5 days post-induction. The secreted 

mammalian media was buffer-exchanged and concentrated by passing over a 10 kDa filter using 

hollow fiber tangential flow filtration with 20 mM Tris pH=7.4, 250 mM NaCl. The protein was 

purified by nickel affinity chromatography followed by size exclusion chromatography, then 

concentrated to 9.8 mg/mL in 25 mM Tris pH 7.4, 150 mM. The Fab was then flash frozen in 

liquid nitrogen in 100 µL aliquots and stored at -80�C until used in cryo-EM.  

Cryo-EM sample preparation 

For the CA09-26 Fab:X6 and #58 Fab:X6 structures, the X6 COBRA HA was purified 

from 293 cells as described previously [121]. X6 COBRA HA, in 20 mM Tris, pH=7.5, 100 mM 

NaCl, was mixed with CA09-26 or #58 Fab in a molar excess of CA09-26 or #58 Fab. Following 

incubation of the components at 4°C overnight, the mixture was subjected to size exclusion 

chromatography on a Superdex 200 column (GE Healthcare) to isolate the Fab:X6 complex from 

excess Fab. 

For the BE1:X6 structure, the complex was prepared in a ratio of 1:1.2 theoretical 

equivalents of Sf9 cell-expressed X6 HA to Fab. After incubation on ice for 30 minutes, the 

mixture was subjected to size exclusion chromatography to remove extra BE1 Fab. The peaks that 

corresponded to the X6 COBRA HA-BE1 Fab complexes were kept for cryo-EM grid preparation. 

We did not have the BE1 Fab protein sequence at the time and used a generic protein molar 

extinction coefficient for the BE1 Fab, which resulted in a sub-stoichiometric ratio and a 3:2 

HA:Fab complex in the cryo-EM structure. 
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For the CR6261:X6 structure, Sf9 cell-expressed X6 COBRA HA and CR6261 antibody 

Fab were mixed in a 1:1.2 molar ratio. Again, after incubation on ice for 30 minutes, the mixture 

was subjected to size exclusion chromatography to remove extra CR6261 Fab. The peaks that 

corresponded to the X6 COBRA HA-CR6261 Fab complexes were kept for cryo-EM grid 

preparation. 

Cryo-EM grid preparation and data collection 

For CA09-26 Fab:X6 and #58 Fab:X6, Fab:X6 complex at concentrations of 1.47 mg/mL 

and 1.0 mg/mL, respectively, were applied to Quantifoil 1.2/1.3 (400 mesh) grids previously glow-

discharged for 45 s at 25 mAmp current on the carbon side. For CA09-26 Fab:X6, grids were 

blotted for 10 s with 100% humidity and plunge-frozen in liquid ethane using a FEI Vitrobot Mark 

IV instrument. For #58 Fab:X6, grids were blotted for 8 and 10 s with 100% humidity using a FEI 

Vitrobot Mark IV instrument. Cryo-EM data were collected on a Glacios (Thermo Fisher) 

equipped with a Falcon 4 camera. Cryo-EM movies were acquired using a nominal magnification 

of 190,000x, with a pixel size of 0.526 Å. Movies were recorded as 30-frame videos in counting 

mode, with a defocus range from -0.9 to -2.0 µm. 

For the BE1 Fab:X6 complex, 4 µL of HA-Fab complex directly purified from SEC were 

applied to a C-flat R 2/1 (300 mesh) grid after glow discharging. Grids were blotted for 2.5 s with 

approximately 90% humidity and plunge-frozen in liquid ethane using a FEI Vitrobot Mark IV 

instrument. Cryo-EM data were collected at liquid nitrogen temperature on a Titan Krios at 300 

kV equipped with a K3 summit direct electron detector (Gatan) at McGill University. All cryo-

EM movies were recorded using SerialEM software. Specifically, images were acquired at a 

nominal magnification 135,000x, corresponding to a pixel size of 0.675 Å. Movies were recorded 
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as 40-frame videos using 2-w exposures in counting mode with a defocus range from -1.0 µm to -

2.5 µm. 

For CR6261 Fab:X6, 4 µL of HA-Fab complex at a concentration of 0.5 mg/ml were 

applied to a lacey carbon grid (300 mesh) coated by a layer of graphene oxide (SPI supplies). Grid 

blotting conditions were the same as the BE1 Fab:X6 complex. 

Cryo-EM image processing and model building/refinement 

For the CA09-26 Fab:X6 map and the #58 Fab:X6 structure, the data were processed in 

CryoSPARC for patch motion correction, patch CTF correction, particle picking, and particle 

extraction. This was followed by multiple rounds of 2D/3D class averaging and refinement. The 

#58 Fab:X6 structure was manually built in COOT and refined in Phenix.  

For the BE1 Fab:X6 cryo-EM dataset, raw movies were directly imported into CryoSPARC 

3.2.0 for the analysis. In CryoSPARC, motions were corrected by batch motion correction. 

Contrast transfer function (CTF) parameters were estimated using patch CTF estimation. Movies 

with CTF Fit resolution (Å) worse than 8 Å were removed. Blob picker was applied for automatic 

particle picking. Particles were extracted using a box size 558 pixels and Fourier-cropped to 140 

pixels in order to save computation resources. Two rounds of 2D classification were applied to 

clean the particles, which yielded about 794,000 particles. Ab-initio 3D reconstruction was done 

by asking for three ab-initio models. The class that contains the greatest number of particles 

contained two copies of Fabs. The particles in this class were selected and used for Topaz training 

and particle picking in order to pick more particles. The newly picked particles were cleaned by 

additional rounds of 2D classification. Then, homogeneous refinement and non-uniform 

refinement were applied to refine the particles. Lastly, per-particle based CTF refinement was 

applied to further polish the particles, which were used for local refinement by using a focused 
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mask covering the two Fab regions and the well resolved HA region. No symmetry was applied 

during the refinements as there are only two copies of Fab bound. The final map was achieved to 

3.47 Å. The sharpened map was obtained using the sharpening tool in CryoSPARC. The CR6261 

structure described below was divided into a HA part and a Fab part, after which each of them was 

then individually docked into the density using ChimeraX. The HA trimer could be placed, along 

with two copies of the Fab, associated with chains A and B of the HA trimer. The density for Fab 

bound to chain C was too weak to model. The initial model was then improved by iterative cycles 

of manual model building in Coot and real-space refinement in Phenix. Cryo-EM data collection, 

reconstruction and model statistics are summarized in supplemental table 6.S4.  

For the CR6261 Fab:X6 structure, movie frames were corrected for their motions using 

MotionCor2 in Relion 3.1. The motion-corrected movies were imported into CryoSPARC 2.2.0 

for downstream analysis. In CryoSPARC, CTF parameters were estimated using patch CTF 

estimation. Movies with CTF Fit resolution (Å) worse than 8 Å were removed. The blob picker 

was applied for automatic particle picking. Particles were extracted using a box size of 558 pixels 

and Fourier-cropped to 140 pixels in order to save computation resources. Three rounds of 2D 

classification were applied to clean the particles, which yielded about 500,000 particles. Ab-initio 

3D reconstruction was done by asking for five ab-initio models. The initial model containing three 

Fab molecules was selected for further 3D refinement using C1 symmetry. The refined model 

confirmed the identity of the expected HA-Fab complex. These selected particles were re-retracted 

using their original pixel size. After per-particle CTF refinement, and non-uniform refinement 

using C3 symmetry, the final map was refined to 2.64 Å. The sharpened map was obtained using 

the sharpening tool in CryoSPARC. A sequence alignment was performed between X6 COBRA 

HA and influenza A virus hemagglutinin from A/Ohio/09/2015 (PDB code: 6UYN) first, then the 
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side chains of X6 COBRA HA were truncated and aligned on the monomeric crystal structure of 

the influenza A virus hemagglutinin from A/Ohio/09/2015 using Chainsaw from CCP4. Three 

copies of the generated monomeric X6 COBRA HA were manually fit into the cryo-EM map. The 

structure of a single heterodimeric CR6261 Fab was extracted from PDB code 6UYN and then 

three copies of the molecules were manually fit into the corresponding EM densities. All the 

glycosylation sites were modeled in coot using a blurred map, which was generated by the 

sharpen/blur tool under cryo-EM module in coot. The initial model was then subjected to rounds 

of model building in coot and real-space refinement in Phenix. The final model was validated with 

statistics from MolProbity and EMRinger. Cryo-EM data collection, reconstruction, and model 

statistics are summarized in supplemental table 6.S5.  

 

Results 

Sequence and Structural Features of the X6 COBRA HA 

The design of COBRA X6 includes human-tropic H1 viruses from 1999 to 2012, spanning 

both pre-2009 and post-2009 HAs in its design. Sequence alignments to wild-type HAs revealed 

that X6 is more similar to pre-2009 influenza HA sequences compared to post-2009 sequences 

(Figure 6.1A). X6 possesses ~97% similarity to pre-2009 HAs, and ~80% identity to post-2009 

pandemic-like HAs. Moreover, its antigenic sites were generally more similar to pre-2009 HAs 

(Figure 6.S1).  We mapped differences between the A/New Caledonia/20/1999 (NC99) and 

A/Michigan/45/2015 (MI15) HAs, finding most differences to be in the head domain and a 

minority in the stem (Figure 6.1B). We also structurally mapped individual sequence differences 

between X6 and NC99, as well as between X6 and MI15 (Figure 6.1C). We found that the higher 

divergence of X6 from MI15 was attributable to differences localized predominantly within the 
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head domain, whereas minimal differences in the head or stem domain were found when 

structurally aligning X6 to NC99. This comparison affirmed that X6 possesses greater sequence 

similarity to pre-2009 H1 HAs compared to post-2009 H1 HAs.  

To characterize the structural features of X6, we determined the crystal structure of X6 to 

a resolution of 3.25 Å. As expected, the X6 HA formed a trimer similar to wild-type HAs (Figure 

6.2A). Structural alignments of X6 to wild-type HAs revealed that it was also similar to natural 

HAs, with RMSDs of 0.914 for X6 to NC99, and 0.679 for X6 to MI15. X6 also retained 

glycosylation sites similar to those found on the pre-2009 NC99 and the post-2009 MI15 HAs 

(Figure 6.2B, 2C). Seven N-linked glycosylation sites in X6 were predicted in the NetNGlyc 

server [169].  Within the crystal structure, all of these glycosylation sites were observed at residues 

N11, N23, N54, N87, N125, N159, and N286. Of these sites, four were found on both NC99 and 

MI15, found primarily on the stem domain and the side of the HA head. Two glycosylation sites, 

at residue N159 on the top of the globular head domain and at N54 by the bottom of the head 

domain, were shared only with NC99 but not with MI15. While glycans were present at N480 in 

NC99 and MI15, no glycan was found at this position for X6. This difference may allow for more 

stem-directed responses following vaccination with X6. It may be possible that X6 glycans could 

allow for redirection of the antibody response towards more conserved epitopes found on both pre-

2009 and post-2009 pandemic-like HAs. Overall, these data suggest that the glycosylation profile 

of X6 represents HAs within its design period and is skewed towards pre-2009 HAs. 

Structures and Characteristics of X6-Binding Broadly Reactive Head-Binding Antibodies 

X6 contains epitopes of monoclonal antibodies (mAbs) isolated from humans, including 

from seasonally vaccinated populations [142]. These include epitopes near the RBS, which are 

often associated with broad hemagglutination inhibition (HAI) and neutralizing activities. These 
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overlap with some of the classically defined antigenic sites, including Sa, Sb, and Ca2, within the 

HA head domain. To characterize the head-dependent antigenicity of X6, we determined cryo-EM 

structures of X6 bound to the Fab fragment of human mAb CA09-26 at 4.2 Å resolution, bound to 

the human #58 Fab fragment to 3.8 Å resolution, and bound to the mouse BE1 Fab fragment at 

3.45 Å resolution (Figure 6.3, Figure 6.4).  

CA09-26 was isolated previously from a seasonally vaccinated subject who received the 

2017-2018 vaccine [142]. It possesses both HAI and neutralizing activities against recent 2009 

H1N1-like strains such as A/Michigan/45/2015 (A/MI/15) and A/California/07/2009 (A/CA/09), 

in addition to a seasonal pre-2009 H1N1 strain, A/New Caledonia/20/1999 (A/NC/99). Although 

the cryo-EM map was not of sufficient resolution to permit modeling, general fitting of the X6 

structure and a generic Fab suggested that its epitope overlaps with the RBS (Figure 6.3A). This 

corroborated previous biolayer interferometry-based epitope binning observations suggesting 

competition between 5J8, a known RBS-binding antibody [119], and CA09-26 [142].  

mAb #58 was also isolated previously from a human subject, D160, who was vaccinated 

in 2013 and 2014 with the Fluzone seasonal vaccine. Serum from this subject possessed binding 

and HAI activity to H1 HAs and H1N1 viruses (Figure 6.S2A,B). #58 was isolated following the 

2014 vaccination, and possesses binding activity against some pre-2009 and post-2009 HAs, 

significant HAI activities for A/NC/99 and A/MI/15, and neutralizes the A/CA/09 2009 pandemic 

strain (Figure 6.S2C,D,E). Similar to CA09-26, mAb #58 also appeared to bind to the X6 head 

domain at the RBS (Figure 6.3B). While both mAbs CA09-26 and #58 bound the RBS, mAb #58 

bound at a more vertical angle relative to CA09-26, implying distinct contacts within this epitope 

(Figure 6.3C). mAb #58 also bound the X6 head domain and used both heavy and light chain 

residues to contact the RBS (Figure 6.3D, S3A). These contacts are located in both the 190-helix 
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and the 220-loop of the RBS. Specifically, R188 of X6 may interact through polar interactions 

with the side chain of Y38 in HCDR1. D112.3 of HCDR3 may also participate in electrostatic 

interactions with X6, making contacts with the side chain of Q222. Moreover, H109 of the mAb 

#58 LCDR3 loop participates in hydrogen bonding with the side chain of D186.  

Residues in the epitope of mAb #58 appeared to be conserved in both the pre-2009 NC99 

and post-2009 MI15 HAs, permitting binding (Figure 6.3E). In NC99, the residue at position 186 

is an asparagine, mutated from D186 in X6. This D186N mutation may still permit hydrogen 

bonding interactions with the light chain H109 as both are similarly polar residues. In contrast, 

NC99 retains both R188 and Q222, permitting electrostatic interactions with Y38 and D112.3 of 

#58, respectively. MI15 possesses a glutamine at position 188, mutated from R188, which may 

still permit polar interactions with Y38 of the heavy chain. However, both D186 and Q222 are 

conserved as well in the #58 epitope of this more recent 2009 pandemic-like strain. Overall, despite 

some sequence flexibility in the #58 epitope between pre-2009 and post-2009 viruses, the overall 

set of interactions appears to be conserved. 

We isolated  mAbs from X6-vaccinated mice and characterized their binding and HAI 

activity to H1 HAs and H1 viruses (Figure 6.S4). We found other mAbs possessing broad binding 

to pre-2009 seasonal H1 HAs. These mAbs, 1G8 and 5CA9, did not bind the chimeric H6/1 

(cH6/1) HA, which possesses the H6N1 (isolate A/mallard/Sweden/81/2002) head and the HA 

stem of 2009 pandemic H1N1 (isolate CA/09), suggesting binding to a head epitope. They also 

lacked HAI activity except for A/Phil/13 for mAb 5CA9, suggesting binding to a conserved, non-

RBS head domain epitope. Another mAb, BE1, was also isolated, which similarly possessed 

binding activity against HAs from before the 2009 H1N1 pandemic and did not bind the cH6/1 

HA (Figure 6.S4A). Moreover, BE1 did not show significant HAI activity for most H1N1 viruses 
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except for A/SI/06, suggesting that it bound a non-RBS epitope (Figure 6.S4B). Therefore, to 

elucidate the epitope of this class of antibodies, we determined the structure of the BE1 Fab 

fragment in complex with X6, resulting in an HA trimer bound to two Fabs. From the cryo-EM 

map, we found that it bound nearly horizontally to a non-RBS epitope on the side of the head 

domain distal to the RBS (Figure 6.4A). BE1 uses both heavy and light chain residues to interact 

with its epitope (Figure 6.4B). Heavy chain interactions with the epitope involved Y111 and 

Y112.1 in HCDR3. Y111 participates in polar interactions with the side chain of N166 in X6, as 

well as with the main chain carbonyl oxygen of K170. Y112.1 also participates in a polar 

interaction through its side chain with the main chain of E115. Light chain interactions were more 

extensive than heavy chain interactions for this antibody. The side chain of S65 is involved in 

hydrogen bonding with that of S121. K66 participates in a salt bridge with the side chain of E115, 

and Y56 is involved in hydrogen bonding with the main chain of I116. Y38 also participates in a 

hydrogen bond with the side chain of N167. 

We also compared the BE1 epitope in X6 with those found in pre-2009 and post-2009 H1 

HAs (Figure 6.4C,D). We found that all participating residues were conserved in the NC99 HA, 

consistent with the binding activity observed with pre-2009 H1 HAs (Figures 6.S4A, 6.4C). In 

that of the post-pandemic MI15 HA, most residues were conserved relative to that of X6 (Figure 

6.4D). The only mutation found in this epitope relative to X6 was a N167D mutation. It is likely, 

however, that this change alone may not significantly impact binding of BE1, as this still places a 

polar side chain in close proximity to the side chain of Y38. Other structural features may be 

responsible for the abrogation of BE1 binding to post-2009 H1 HAs. For instance, we found that 

in MI15 and other post-2009-like HAs, a clash with BE1 was predicted at position 165 in antigenic 

site Ca1, close to other residues in the BE1 epitope, which was not found for the NC99 pre-2009 
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HA (Figure 6.4E-G). Specifically, MI15 possesses a bulky isoleucine residue that might clash 

mainly with Y36 and slightly with Y108 of the light chain, interfering with binding. In X6, the 

residue at this position is an alanine, and corresponds to a valine for NC99, which both possess 

sufficiently small side chains to accommodate BE1. This epitope appeared to overlap with the 

previously described lateral patch, which is conserved across both pre-2009 pandemic and the 

2009 pandemic H1 HAs [45,136]. We also compared the binding orientation of the BE1 Fab to 

those of the Fab fragment of Ab6649, isolated from a subject who received a monovalent 

A/California/07/2009 vaccine [45], and 045-09 2B05, isolated from another subject who received 

a 2009 monovalent influenza vaccine [136] (Figure 6.4H). Structural alignment of the BE1 Fab 

to those of mAbs Ab6649 [45] and 045-09 2B05 [136] indeed confirmed some overlap with the 

lateral patch, binding at an angle between these Ab6649 and 045-09 2B05 Fabs to the head domain. 

Overall, these data suggest that X6 contains the RBS epitope in addition to the non-RBS lateral 

patch epitope, contributing to its broad reactivity. 

Structure and Characteristics of X6-Binding Broadly Reactive Stem-Binding Antibodies 

Stem-binding antibodies generally possess greater breadth than head-binding antibodies, 

which could contribute to long-lasting protection [1]. To determine the integrity of potential X6 

stem domain epitopes, we obtained a cryo-EM structure of X6 bound to the Fab fragment of 

CR6261, a known group 1-reactive antibody [59]. The CR6261 Fab:X6 structure was solved to 

2.64 Å resolution (Figure 6.5, S3C). The cryo-EM structure revealed that the CR6261 Fab bound 

X6 at the expected central stem epitope near the middle of the stem similar to previously 

characterized HAs [59] (Figure 6.5A). We also investigated the structural features of the CR6261 

Fab:X6 interaction in comparison to that of previously determined structures of the CR6261 Fab 

with historic, seasonal pre-2009, and recent swine-origin post-2009 H1 HAs (Figure 6.5B). The 
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CR6261 Fab interacted with X6 using only its heavy chain. Significant contacts included polar 

interactions of the side chain of N379 in X6 with the backbone of F30 on CR6261. Q368 of X6 

also interacts through polar interactions with the main chain atoms of CR6261 S36 and Y110. The 

side chain of Y110 also undergoes hydrogen bonding with the backbone oxygen of X6 D345. We 

further assessed whether CR6261 binding to X6 used similar contacts to historic, seasonal, and 

recent H1 HAs. When comparing the CR6261 epitope of X6 to those of the historic A/South 

Carolina/1/1918 (SC18), the seasonal pre-2009 A/Bayern/07/1995 (BA95), and the recentH1n1 

variant (H1N1v) swine-origin A/Ohio/09/2015 (OH15) [170] HAs, most of these interactions 

appeared to be conserved. The hydrogen bond made from T375 of X6 with S36 of CR6261 

HCDR1 appeared to be a novel contact not found in wild-type HAs. Additionally, the electrostatic 

interaction between Q111 of CR6261 to Q364 of SC18 was not found in other CR6261 epitopes 

analyzed here. In the SC18, BA95, and OH15 structures, S36 appeared to interact through its side 

chain to the main chain of D372 in the SC18 and OH15 HAs or to the main chain of N372 in BA95 

using hydrogen bonding. Nonetheless, all other contacts were found in the SC18, BA96, and OH15 

HAs, indicating that overall, the CR6261:X6 interaction occurs through similar residue 

interactions as for historic, seasonal, and recent HAs. 

From a mouse immunized with X6, we also isolated a murine mAb, B3, that bound the 

cH6/1 HA and all wild-type H1 HAs. This mAb further lacked HAI activity against pre-2009 or 

post-2009 H1 viruses (Figure 6.S4). These data implied that B3 bound the H1 stem domain, further 

corroborating the antigenic integrity of the stem in a mouse model. Overall, these data suggest that 

although X6, and COBRA HAs in general, were previously thought to elicit broadened immunity 

through head-binding antibodies, they may still elicit broadly reactive stem-binding antibodies. 
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Discussion 

Here we show that the X6 COBRA HA possesses conserved antibody epitopes of HAs 

from both pre-2009 and post-2009 strains. This is similar to previously characterized COBRA HAs 

of the H3 and H5 subtypes [55,165]. This observation implies that it could stimulate broadly 

reactive B cell clones in human populations. From sequence alignments to wild-type HAs, X6 

possesses greater identity to pre-2009 HA strains than post-2009 HAs both overall and at the 

variable antigenic sites. Structurally, these sequence differences were expectedly found to be in 

the more variable head domain, rather than in the conserved stem domain (Figure 6.1C). The 

observation that it can bind several antibodies reactive to more recent virus strains, however, 

suggests that other features, such as glycosylation sites, could additionally be responsible for this 

enhanced breadth. 

X6 is structurally similar to wild-type HAs NC99 and MI15, forming trimers with 

glycosylation sites that recapitulate both seasonal and pandemic-like HAs. As the majority of these 

sites are shared across both NC99 and MI15, one potential mechanism of eliciting broadly reactive 

antibodies could be the redirection of antibody responses to conserved epitopes found across both 

pre-2009 and post-2009 HAs and away from strain-specific sites. One glycosylation site found on 

the top of the X6 head domain, at N159, was shared only with NC99 but not with MI15. It is 

possible that this glycan could block antibodies that bind nearby antigenic sites, such as Sa, in 

which this glycan is located. This has been seen for other COBRA HAs, such as P1, where removal 

of a glycosylation site enhanced antibody binding [171]. 

COBRA HAs are thought primarily to elicit head-binding antibodies [117]. To investigate 

whether X6 possessed broadly reactive head epitopes, we determined the cryo-EM fits and 

structures of three mAbs, CA09-26, #58, and BE1 with X6. We found that mAbs CA09-26 and 
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#58 bound residues in the RBS, consistent with their enhanced HAI breadth against pre-2009 and 

post-2009 H1N1 strains. In addition, it appeared that the epitope of mAb #58 was relatively 

conserved both in NC99 and MI15. The approach angles of CA09-26 and mAb #58 also differed 

from each other, despite appearing to target somewhat similar epitopes on X6, where CA09-26 

bound at roughly 45 degrees to X6 whereas mAb #58 bound at a fairly vertical angle. mAb #58 

used both heavy and light chain residues to contact the RBS of X6. In addition, we found that mAb 

BE1 binds to a distinct, non-RBS epitope on the head domain, instead binding to residues that are 

part of the previously described lateral patch at a near-horizontal angle [45,136]. Although BE1 

only binds pre-2009 HAs, the lateral patch epitope with which it overlaps is conserved across both 

pre- and post-2009 pandemic HAs [45]. Structural comparisons to previously characterized lateral 

patch antibodies revealed that BE1 binds at an intermediate angle between that of Ab6649 and 

045-09 2B05. We found that immunization with X6 elicited other broadly reactive, pre-2009 HA-

binding mAbs with minimal HAI activity in mice, possessing similar binding and HAI profiles to 

mAb BE1 (Figure 6.S4). This may indicate that the lateral patch may be another significant 

epitope in X6. Therefore, the antibody epitopes found on X6 can likely accommodate a wide range 

of broadly reactive RBS- and lateral patch-targeting antibodies. 

We also structurally characterized the stem of X6 through determining the structure of the 

Fab of CR6261 with this COBRA HA. CR6261 is a group 1-reactive antibody that possesses 

neutralizing activity against several subtypes, including H1 and H5 [59]. It has also been used 

previously to guide vaccine design of stem-based HAs [70]. Here we show that X6 possesses an 

intact central stem epitope that can bind CR6261 using conserved residues found across wild-type 

HAs. These CR6261:HA interactions span residues across the historic 1918 Spanish influenza 

pandemic, the seasonal pre-2009 A/Bayern/07/1995, and the recent swine-origin A/Ohio/09/2015 



 

  133 

HAs. While it has been established that immunization with COBRA HAs elicits high amounts of 

HAI-active, head-focused neutralizing antibodies, the stem-based antibody response has been less 

characterized. We also showed here that X6 immunization also induces stem antibodies in mice, 

as observed for mAb B3, which bound all tested H1 HAs and the cH6/1 HA construct while lacking 

HAI activity against H1 viruses (Figure 6.S4). Structural confirmation of the integrity of this 

epitope implies that COBRA HAs may indeed elicit stem-reactive antibodies. This was shown 

previously for another H1 subtype COBRA, Y2, where immunization in mice elicited serum 

antibodies that competed with CR6261 [160]. In addition, the Y2 COBRA also possesses the 

recently described anchor epitope, and the H3 COBRA TJ5 binds wild-type H3 HA cross-reactive 

stem antibodies [164,165]. 

These data provide structural insights into a next-generation influenza vaccine, providing 

evidence that COBRA HAs are similar to wild-type HAs from the standpoints of glycosylation 

and antigenic integrity. Previously we have shown that COBRA HAs cross-react with functional 

antibodies isolated from seasonally vaccinated human populations [164,165]. From the studies 

described here, we define the structural basis for this expanded antibody breadth which likely 

depends on glycan-dependent redirection of antibody responses and broadly reactive head and 

stem epitopes. COBRA HAs could mediate expanded antibody breadth through (1) eliciting a wide 

range of antibodies that synergistically expand virus breadth, or by (2) focusing antibody responses 

to narrow but highly conserved epitopes. Our data presented here, in addition to other structural 

studies on COBRA HAs [164,165,171], lend credence to this second mechanism. In addition, the 

broad binding of murine mAbs to wild-type H1 HAs further suggests that, at least in part, 

monoclonal breadth contributes to the polyclonal breadth to COBRA HAs [150] (Figure 6.S4). 

As the COBRA HA methodology moves into late preclinical and early clinical studies, further 
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structural characterization will be needed to probe correlates of an effective and long-lasting 

antibody response. 
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Figures 

 

Figure 6.1. Sequence and structural comparisons of wild-type HAs to X6. (A) Heat map of 

overall percent identity of pre-2009 and post-2009 HAs to X6. (B-C) Structural comparisons 

between HAs, with mutated residues colored from blue to red based on low to high amino acid 

similarity as measured by the BLOSUM90 matrix. (B) Structural comparison of the A/New 

Caledonia/20/1999 (NC99) and A/Michigan/45/2015 (MI15) HAs, mapped to the NC99 HA (PDB 

7MFG). (C) Structural differences between X6 and NC99 (left) and X6 and MI15 (right) mapped 

to X6.  
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Figure 6.2. Crystal structure and glycosylation features of the X6 COBRA HA. (A) The X6 

structure is shown as a trimer, with glycans indicated as light orange spheres. (B) Individual HA 

monomers for X6, NC99 (PDB 7MFG), and MI15 (PDB 6XGC) are shown. Glycans for NC99 

are shown in green, and those for MI15 are shown in pink. (C) Overlay of the X6, NC99, and MI15 

HA structures. 
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Figure 6.3. Cryo-EM structures of HA RBS-binding antibody Fabs with X6. (A) The fit of a 

Fab variable fragment extracted from PDB ID 4Q9Q and the X6 trimer HA is shown in the cryo-

EM map density of CA09-26 Fab:X6. Left: side view, right: top view. (B) The structure of the #58 

Fab with X6 is shown in the cryo-EM density. Left: side view, right: top view. (C) Comparison of 

binding angles of CA09-26 (left) and #58 (right) with X6. (D) The interface between the #58 Fab 

and X6. (E) Residue comparisons in the epitope of #58 are shown for the NC99 (top) and MI15 

(bottom) HAs. Mutated residues relative to X6 are shown in red. 
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Figure 6.4. Cryo-EM structure of the HA lateral patch-binding antibody BE1 Fab with X6. 

(A) The binding angle of the BE1 Fab to X6, as well as the structure fit to the cryo-EM map. (B) 

The interface between the BE1 Fab and X6 with interacting residues shown. (C-D) Residue 

comparisons in the BE1 epitope for (C) NC99 and (D) MI15, respectively. Mutated residues 

relative to X6 are shown in red. (E-G) Residue comparisons and steric clashes at position 165, 

shown in white, for (E) X6, (F) NC99, and (G) MI15, respectively. Clashes are shown in red with 

more significant clashes shown as larger discs. (H) Structural comparisons of BE1 to other lateral 

patch antibodies, Ab6649 and 045-09 2B05.  
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Figure 6.5. Cryo-EM structure of the broadly reactive antibody CR6261 with X6. (A) Fit of 

the CR6261 Fab:X6 structure to the cryo-EM density for side (left) and top (right) views. (B) 

Interacting residues between CR6261 and X6, the A/South Carolina/1/1918 HA (SC18, PDB 

3GBN), the A/Bayern/07/1995 HA (BA95, PDB 8DIU), and the A/Ohio/09/2015 HA (OH15, PDB 

6UYN). 
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Figure 6.S1. Sequence alignment of X6 and wild-type pre-2009 and post-2009 HAs. The 

indicated HAs were aligned to the X6 COBRA HA sequence using MUSCLE alignment. The 

antigenic sites are indicated in colors: Sa is shown in blue, Sb in pink, Ca1 in yellow, Ca2 in green, 

and Cb in red. The lateral patch epitope is shown in bold italics, the central stem epitope is shown 

in teal, the anchor epitope is shown in violet, and glycosylation sites are shown as underlined 

residues for X6. 

 

  

A/Brisbane/59/2007 HA       MKVKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLENSHNGKLCL   60
A/Solomon Islands/3/2006 HA MKVKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCL   60
A/Beijing/262/1995 HA       MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCL   60
A/New Caledonia/20/1999 HA  MKAKLLVLLCTFTATYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCL   60
X6 FL HA                    MEARLLVLLCAFAATNADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCL   60
A/California/07/2009 HA     MKAILVVLLYTFATANADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGKLCK   60
A/Brisbane/02/2018 HA       MKAILVVLLYTFTTANADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGKLCK   60
A/Michigan/45/2015 HA       MKAILVVLLYTFTTANADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGKLCK   60

A/Brisbane/59/2007 HA       LKGIAPLQLGNCSVAGWILGNPECELLISKESWSYIVEKPNPENGTCYPGHFADYEELRE  120
A/Solomon Islands/3/2006 HA LKGIAPLQLGNCSVAGWILGNPECELLISRESWSYIVEKPNPENGTCYPGHFADYEELRE  120
A/Beijing/262/1995 HA       LKGIAPLQLGNCSVAGWILGNPECESLISKESWSYIVETPNPENGTCYPGYFADYEELRE  120
A/New Caledonia/20/1999 HA  LKGIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPENGTCYPGYFADYEELRE  120
X6 FL HA                    LKGIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPENGTCYPGYFADYEELRE  120
A/California/07/2009 HA     LRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETPSSDNGTCYPGDFIDYEELRE  120
A/Brisbane/02/2018 HA       LGGVAPLHLGKCNIAGWILGNPECESLSTARSWSYIVETSNSDNGTCYPGDFINYEELRE  120
A/Michigan/45/2015 HA       LRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSNSDNGTCYPGDFINYEELRE  120

A/Brisbane/59/2007 HA       QLSSVSSFERFEIFPKESSWPNH-TVTGVSASCSHNGESSFYRNLLWLTGKNGLYPNLSK  179
A/Solomon Islands/3/2006 HA QLSSVSSFERFEIFPKESSWPNH-TTTGVSASCSHNGESSFYKNLLWLTGKNGLYPNLSK  179
A/Beijing/262/1995 HA       QLSSVSSFERFEIFPKESSWPNH-TVTGVTASCSHNGKSSFYRNLLWLTEKNGLYPNLSN  179
A/New Caledonia/20/1999 HA  QLSSVSSFERFEIFPKESSWPNH-TVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSK  179
X6 FL HA                    QLSSVSSFERFEIFPKESSWPNH-TVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSK  179
A/California/07/2009 HA     QLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNSYPKLSK  180
A/Brisbane/02/2018 HA       QLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNSYPKLNQ  180
A/Michigan/45/2015 HA       QLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKSFYKNLIWLVKKGNSYPKLNQ  180

A/Brisbane/59/2007 HA       SYANNKEKEVLVLWGVHHPPNIGNQKALYHTENAYVSVVSSHYSRKFTPEIAKRPKVRDQ  239
A/Solomon Islands/3/2006 HA SYANNKEKEVLVLWGVHHPPNIGDQRALYHKENAYVSVVSSHYSRKFTPEIAKRPKVRDQ  239
A/Beijing/262/1995 HA       SYVNNKEKEVLVLWGVHHPSNIRDQRAIYHTENAYVSVVSSHYSRRFTPEIAKRPKVRGQ  239
A/New Caledonia/20/1999 HA  SYVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQ  239
X6 FL HA                    SYANNKEKEVLVLWGVHHPPNIGDQRALYHTENAYVSVVSSHYSRKFTPEIAKRPKVRDQ  239
A/California/07/2009 HA     SYINDKGKEVLVLWGIHHPSTSADQQSLYQNADAYVFVGSSRYSKKFKPEIAIRPKVRDQ  240
A/Brisbane/02/2018 HA       TYINDKGKEVLVLWGIHHPPTTADQQSLYQNADAYVFVGTSRYSKKFKPEIATRPKVRDR  240
A/Michigan/45/2015 HA       SYINDKGKEVLVLWGIHHPSTTADQQSLYQNADAYVFVGTSRYSKKFKPEIATRPKVRDQ  240

A/Brisbane/59/2007 HA       EGRINYYWTLLEPGDTIIFEANGNLIAPRYAFALSRGFGSGIINSNAPMDKCDAKCQTPQ  299
A/Solomon Islands/3/2006 HA EGRINYYWTLLEPGDTIIFEANGNLIAPRYAFALSRGFGSGIINSNAPMDECDAKCQTPQ  299
A/Beijing/262/1995 HA       EGRINYYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGIITSNAPMNECDAKCQTPQ  299
A/New Caledonia/20/1999 HA  EGRINYYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGIITSNAPMDECDAKCQTPQ  299
X6 FL HA                    EGRINYYWTLLEPGDTIIFEANGNLIAPRYAFALSRGFGSGIITSNAPMDECDAKCQTPQ  299
A/California/07/2009 HA     EGRMNYYWTLVEPGDKITFEATGNLVVPRYAFAMERNAGSGIIISDTPVHDCNTTCQTPK  300
A/Brisbane/02/2018 HA       EGRMNYYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGIIISDTPVHDCNTTCQTAE  300
A/Michigan/45/2015 HA       EGRMNYYWTLVEPGDKITFEATGNLVVPRYAFTMERNAGSGIIISDTPVHDCNTTCQTPE  300

A/Brisbane/59/2007 HA       GAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTG  359
A/Solomon Islands/3/2006 HA GAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTG  359
A/Beijing/262/1995 HA       GAINSSLPFQNVHPVTIGECPKYVRSTKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTG  359
A/New Caledonia/20/1999 HA  GAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTG  359
X6 FL HA                    GAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTG  359
A/California/07/2009 HA     GAINTSLPFQNIHPITIGKCPKYVKSTKLRLATGLRNIPSIQSRGLFGAIAGFIEGGWTG  360
A/Brisbane/02/2018 HA       GAINTSLPFQNVHPVTIGKCPKYVKSTKLRLATGLRNVPSIQSRGLFGAIAGFIEGGWTG  360
A/Michigan/45/2015 HA       GAINTSLPFQNIHPITIGKCPKYVKSTKLRLATGLRNVPSIQSRGLFGAIAGFIEGGWTG  360

A/Brisbane/59/2007 HA       MVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERR  419
A/Solomon Islands/3/2006 HA MVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERR  419
A/Beijing/262/1995 HA       MMDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERR  419
A/New Caledonia/20/1999 HA  MVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERR  419
X6 FL HA                    MVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERR  419
A/California/07/2009 HA     MVDGWYGYHHQNEQGSGYAADLKSTQNAIDEITNKVNSVIEKMNTQFTAVGKEFNHLEKR  420
A/Brisbane/02/2018 HA       MVDGWYGYHHQNEQGSGYAADLKSTQNAIDKITNKVNSVIEKMNTQFTAVGKEFNHLEKR  420
A/Michigan/45/2015 HA       MVDGWYGYHHQNEQGSGYAADLKSTQNAIDKITNKVNSVIEKMNTQFTAVGKEFNHLEKR  420

A/New Caledonia/20/1999 HA  MENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNG  479
X6 FL HA                    MENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNG  479
A/California/07/2009 HA     IENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRSQLKNNAKEIGNG  480
A/Brisbane/02/2018 HA       IENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRNQLKNNAKEIGNG  480
A/Michigan/45/2015 HA       IENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRNQLKNNAKEIGNG  480

A/Brisbane/59/2007 HA       CFEFYHKCNDECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQILAIYSTVASS  539
A/Solomon Islands/3/2006 HA CFEFYHKCNDECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQILAIYSTVASS  539
A/Beijing/262/1995 HA       CFEFYHKCNNECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQILAIYSTVASS  539
A/New Caledonia/20/1999 HA  CFEFYHKCNNECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQILAIYSTVASS  539
X6 FL HA                    CFEFYHKCNNECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQILAIYSTVASS  539
A/California/07/2009 HA     CFEFYHKCDNTCMESVKNGTYDYPKYSEEAKLNREEIDGVKLESTRIYQILAIYSTVASS  540
A/Brisbane/02/2018 HA       CFEFYHKCDNTCMESVKNGTYDYPKYSEEAKLNREKIDGVKLESTRIYQILAIYSTVASS  540
A/Michigan/45/2015 HA       CFEFYHKCDNTCMESVKNGTYDYPKYSEEAKLNREKIDGVKLESTRIYQILAIYSTVASS  540

A/Brisbane/59/2007 HA       LVLLVSLGAISFWMCSNGSLQCRICI                                    565
A/Solomon Islands/3/2006 HA LVLLVSLGAISFWMCSNGSLQCRICI                                    565
A/Beijing/262/1995 HA       LVLLVSLGAISFWMCSNGSLQCRICI                                    565
A/New Caledonia/20/1999 HA  LVLLVSLGAISFWMCSNGSLQCRICI                                    565
X6 FL HA                    LVLLVSLGAISFWMCSNGSLQCRICI                                    565
A/California/07/2009 HA     LVLVVSLGAISFWMCSNGSLQCRICI                                    566
A/Brisbane/02/2018 HA       LVLVVSLGAISFWMCSNGSLQCRICI                                    566
A/Michigan/45/2015 HA       LVLVVSLGAISFWMCSNGSLQCRICI                                    566

A/Brisbane/59/2007 HA       MENLNKKVDDGFIDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNG  479
A/Solomon Islands/3/2006 HA MENLNKKVDDGFIDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNG  479
A/Beijing/262/1995 HA       MENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNG  479
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Figure 6.S2. Binding and functional characteristics of serum from subject D160 and mAb 

#58. (A) Area under the curve (AUC) values of serum against wild-type H1 HAs, COBRA HAs, 

including X6, and the cH6/1 HA shown as a heat map, determined by ELISA following vaccination 

with the Fluzone seasonal vaccine in 2013 and 2014. The cH6/1 HA is a chimeric HA with a H6 

subtype head attached to a H1 subtype stem. (B) HAI titers of serum against wild-type H1N1 and 

X6 viruses. HAI titers are shown as a heat map. (C) ELISA binding titers of the #58 mAb to the 

indicated H1 HAs, shown as AUC values. (D) HAI titers of the #58 mAb to the indicated viruses, 

shown as a heat map in µg/mL. (E) The IC50 of #58 to the A/CA/09 virus, determined by FRA. 

For (A) and (B), values for D0 indicate those measured at the time of vaccination, and D21 those 

measured 21 days post-vaccination. Activities against P1 and X3 COBRA HAs and viruses, which 

have been previously characterized [168], are also shown. 

A

B

C D

E
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Figure 6.S3. Density fit of Fab:X6 complexes to cryo-EM maps. Fits of the (A) #58 Fab with 

X6, (B) BE1 Fab with X6, and (C) CR6261 Fab with X6 to the respective electron potential maps. 

 

  

A B C
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Figure 6.S4. Binding and HAI activities of BE1 and other X6-specific mAbs. (A) AUC values 

of mAb binding to wild-type H1 HAs, cH6/1 HA, and COBRA HAs, determined by ELISA, shown 

as a heat map. (B) HAI titers, in µg/mL, to the indicated viruses, shown as a heat map. A value of 

20 indicates the absence of HAI activity. Activities against P1, X3, and Y2 COBRA HAs and 

viruses, which have been previously characterized [122,168], are also shown. 
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Tables 

 

Table 6.S1: X6 X-ray crystallography data collection and refinement statistics. 

 COBRA X6 (PDB 
8SJ9) 

Data collection  
Space group P21 
Cell dimensions  
    a, b, c (Å) 68.50, 218.73, 68.57 
    a, b, g (°)  90.00, 109.68, 90.00 
Resolution (Å) 48.34-3.25 (3.45-3.25)* 
Rmerge 0.143 (1.268) 
I / sI 6.0 (1.0) 
CC(1/2) 0.995 (0.312) 
Completeness (%) 98.3 (98.3) 
Redundancy 3.5 (3.5) 
  
Refinement  
Resolution (Å) 44.43-3.25 (3.37-3.25) 
No. reflections 29,272 (2917) 
Rwork / Rfree 0.221 (0.277) 
No. atoms  
    Protein 11,518 
    Ligand/ion 327 
B-factors  
    Protein 121.70 
    Ligand/ion 172.89 
R.m.s. deviations  
    Bond lengths (Å) 0.002 
    Bond angles (°) 0.46 
Ramachandran plot 
statistics (%) 

  

    Outliers 0.00 
    Allowed 2.91 
    Favored  97.09 

*Values in parentheses are for highest-resolution shell. 
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Table 6.S2. CA09-26 Fab:X6 cryo-EM data collection and refinement statistics. 

  CA09-26 Fab complexed with X6 
EMDB ID *** 
PDB ID *** 
Data collection 
Microscope  Glacios 
Detector  Falcon 4 
Voltage (kV) 200 
Magnification  190,000  
Defocus range (µm) -0.9 to -2.0 (interval 0.3) 
Pixel size (Å) 0.526 
Number of Frames 30 
Dose rate 57.22 e/Å2/s 
No. of Images collected 10,870 
Reconstruction 
Software CryoSPARC 
Number of used particles 60,400 
Symmetry  C3 
Final Resolution (Å) 
(FSC0.143) 

4.2 Å 

Map sharpening B-factor 
(Å2) 

-174.4 
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Table 6.S3. #58 Fab:X6 cryo-EM data collection and refinement statistics. 

#58 Fab complexed with X6 
EMDB ID *** 
PDB ID *** 
Data collection 
Microscope  Glacios 
Detector  Falcon 4 
Voltage (kV) 200 
Magnification  190,000  
Defocus range (µm) -0.9 to -2.0 (interval 0.3) 
Pixel size (Å) 0.526 
Number of Frames 30 
Dose rate 57.22 e/Å2/s 
No. of Images collected 11,361 
Reconstruction 
Software CryoSPARC 
Number of used particles 134,751 
Symmetry  C3 
Final Resolution (Å) 
(FSC0.143) 

3.8 Å 

Map sharpening B-factor 
(Å2) 

-160.6 

Model building and Refinement 
Model building software  Coot 
Refinement software Phenix 
Number of chains 9 
Atoms 13611 
Residues  Proteins: 1758; Nucleotide: 0 
Validation 
R.m.s deviations 
    Bonds length (Å) 0.005 (0) 
    Bonds Angle (o) 0.958 (3) 
Ramachandran plot statistics 
(%) 

  

    Outliers 0.00 
    Allowed 14.19 
    Favored  85.81 
MolProbity score 2.61 
Clash score 29.93 
Rotamer outliers (%) 0.00 
CaBLAM outliers (%) 7.19 
CC(volume) 0.76 
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Table 6.S4. BE1 Fab:X6 cryo-EM data collection and refinement statistics. 

Influenza A virus hemagglutinin (InvcI.18715.a.K1; X6-COBRA) 
in complex with BE1 Fab 

EMDB ID EMD-40046 
PDB ID 8GHK 
Data collection 
Microscope  Titan Krios 
Detector  Gatan K3 
Voltage (kV) 300 
Magnification  130, 000  
Defocus range (µm) -1.0 to -2.5 (interval 0.25) 
Pixel size (Å) 0.675 
Number of Frames 40 
Dose rate 34.85 e/Å2/s 
Dose per frame (e-) 2.00 
Exposure time (s) 2.29 
No. of Images collected 7031 
Reconstruction 
Software CryoSPARC V3.2 
Number of used particles 100708 
Symmetry  C1 
Box size (pix) 558 
Final Resolution (Å) 
(FSC0.143) 

3.47 Å 

Map sharpening B-factor 
(Å2) 

-72.4 

Model building and Refinement 
Model building software  Coot 
Refinement software Phenix 
Number of chains 14 
Atoms 11671 
Residues  Proteins: 1556; Nucleotide: 0 
Ligands BMA:2; NAG:15 
EMRinger Score 2.63 
Validation 
R.m.s deviations 
    Bonds length (Å) 0.002 (0) 
    Bonds Angle (o) 0.488 (1) 
Ramachandran plot statistics 
(%) 

  

    Outliers 0.0 
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    Allowed 3.85 
    Favored  96.15 
MolProbity score 1.62 
Clash score 6.48 
Rotamer outliers (%) 0.63 
CaBLAM outliers (%) 3.64 
CC(volume) 0.81 
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Table 6.S5. CR6261 Fab:X6 cryo-EM data collection and refinement statistics. 

Influenza A virus hemagglutinin (InvcI.18715.a.K1; X6-COBRA) 
in complex with CR6261 Fab 

EMDB ID EMD-28833 
PDB ID 8F38 
Data collection 
Microscope  Titan Krios 
Detector  Gatan K3 
Voltage (kV) 300 
Magnification  130, 000  
Defocus range (µm) -1.0 to -2.5 (interval 0.25) 
Pixel size (Å) 0.675 
Number of Frames 40 
Dose rate 34.67 e/Å2/s 
Dose per frame (e-) 2.00 
Exposure time (s) 2.397 
No. of Images collected 8973 
Reconstruction 
Software Relion 3.1.2; CryoSPARC V3.2.0 
Number of used particles 385474 
Symmetry  C3 
Box size (pix) 558 
Final Resolution (Å) 
(FSC0.143) 

2.64 Å 

Map sharpening B-factor 
(Å2) 

-115.1 

Model building and Refinement 
Model building software  Coot 
Refinement software Phenix 
Number of chains 14 
Atoms 16941 
Residues  Proteins: 2122; Nucleotide: 0 
Ligands BMA:3; NAG:30 
EMRinger Score 4.09 
Validation 
R.m.s deviations 
    Bonds length (Å) 0.004 (0) 
    Bonds Angle (o) 0.699 (4) 
Ramachandran plot statistics 
(%) 

  

    Outliers 0.14 
    Allowed 3.24 
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    Favored  96.62 
MolProbity score 1.79 
Clash score 3.81 
Rotamer outliers (%) 3.36 
CaBLAM outliers (%) 1.78 
CC(volume) 0.82 
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CHAPTER 7 

STRUCTURAL CHARACTERIZATION OF A COMPUTATIONALLY OPTIMIZED H3 

SUBTYPE HEMAGGLUTININ6 

 

  

                                                
6Nagashima, Kaito. To be submitted to Journal of Virology. 
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Abstract 

H3 subtype influenza viruses circulate every year and cause disease in a significant 

proportion of the human population. Current seasonal vaccines only offer short-term protection 

against these viruses due to viral evolution and antigenic variation. The consensus-based 

computationally optimized broadly reactive antigen (COBRA) vaccine approach has been 

previously developed to elicit extended antibody breadth to multiple strains of influenza viruses. 

This has been correlated with a broader antibody response to the hemagglutinin (HA) glycoprotein. 

However, studies on the structural correlates of how the COBRA HA mediates expanded antibody 

breadth have been limited. Here, we identified antibody epitopes on the NG2 COBRA HA that 

were highly conserved across multiple H3 subtype strains on the variable head domain and the 

conserved stem domain using cryo-electron microscopy (cryo-EM). These analyses suggest that 

the NG2 COBRA HA, similar to previously characterized COBRA HAs, possess intact epitopes 

that might be targeted by B cells to induce a broadly reactive antibody clones. 
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Introduction 

Influenza viruses are responsible for significant morbidity and mortality ever year [188]. 

Influenza A viruses (IAVs) and influenza B viruses (IBVs) comprise the major circulating strains 

and are targeted by the current seasonal vaccine, which is the major countermeasure against this 

pathogen [3]. The seasonal vaccine offers protection through targeting of antibody responses to 

the predominant hemagglutinin (HA) glycoprotein, which is needed for the viral entry step [117]. 

These vaccines are usually trivalent or quadrivalent, consisting of H1N1 and H3N2 IAV strains in 

combination with one or two lineages of IBVs [117], although it appears that the Yamagata lineage 

has not been detected more recently since the COVID-19 pandemic [189]. Antibodies that are 

induced by the vaccine often target strain-specific epitopes that do not confer significant cross-

season reactivity [117]. Therefore, the current vaccine only induces short-lived protection for a 

single season, due to the high mutability of influenza and its capacity to undergo significant 

antigenic variation through mechanisms of antigenic shift and antigenic drift [9].  

H3N2 subtype influenza viruses circulate every year, and have been in circulation since 

the 1968 Hong Kong pandemic [114]. The HAs of H3 subtype viruses have undergone significant 

antigenic evolution since the 1968 pandemic [35]. The sites targeted by antibodies on the HA 

protein include the immunodominant but variable head domain as well as the immunosubdominant 

but conserved stem domain [117]. Currently characterized epitopes for H3 subtype HAs on the 

head domain include the variable antigenic sites A, B, C, D, and E, the receptor-binding site (RBS) 

[190], needed for viral attachment to sialic receptors on host cells, and the intratrimer epitope 

between HA monomers in the trimer [46]. The stem domain contains a central stem epitope that 

can be bound by group 2 broadly neutralizing antibodies (bNAbs) such as CR9114 [191], as well 
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as a membrane-proximal stem epitope that is targeted by other group 2 bNAbs CR8020 and 

CR8043 [192,193]. 

In an effort to improve antibody breadth to multiple seasons, next-generation or universal 

influenza vaccines approaches have been investigated, either through the design of immunogens 

that re-focus antibody responses to conserved parts or domains of the HA protein such as the stem 

domain or less variable regions of the head domain [117]. One such approach, the COBRA 

(computationally optimized broadly reactive antigen) methodology, uses a consensus building 

strategy to combine wild-type viral HA sequences from a selected design period into a single 

antigen [54]. This strategy has been employed for the H3 subtype of IAVs for more recent strains 

with the NG2 COBRA HA, which incorporates sequences from 2016 to 2018, and could reduce 

burden from challenge with a H3N2 virus from 2017 in a mouse model [159]. This was also 

correlated with the induction of hemagglutination inhibition (HAI)-active antibodies that prevent 

attachment of virus to sialic acid receptors [159]. More recent studies have also underscored the 

potential importance of stem domain-directed antibodies in the COBRA HA approach as well, 

namely through the discovery that seasonally vaccinated subjects possess antibodies that can bind 

an H3 COBRA HA [162]. 

Broadly reactive mAbs elicited by seasonal vaccination with COBRA HA cross-reactivity 

have been previously isolated for the H3 subtype COBRA NG2, and were found through epitope 

binning studies to target the RBS of the head domain and the stem domain, two major conserved 

epitopes [162]. In this study, we demonstrate that three such human mAbs characterized 

previously, #1664 [186], TJ5-1 [162], and TJ5-13 [162], show broad H3 HA reactivity, HAI 

activity, and neutralization capabilities through divergent mechanisms involving blocking of 

receptor binding as well as binding of residues within the HA1/HA2 cleavage site and fusion 
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peptide by biochemical and cryo-electron microscopy (cryo-EM) analyses. Altogether, these data 

indicate that the COBRA NG2 vaccine incorporates conserved and intact antibody epitopes on the 

HA protein. These structural analyses provide insights into the mechanism by which COBRA HAs 

induce enhanced antibody breadth. 

 

Methods 

Sequence comparisons of the NG2 HA to wild-type HAs 

MUSCLE alignment of the NG2 HA sequence was performed to HAs from years 1968 to 

2019 using Geneious 2023.2.1 (Invitrogen). Alignment visualization was performed in JalView. 

Enzyme-linked immunosorbent assay (ELISA) 

To determine #1664 mAb binding to Y2 and NG2 COBRAs, 384-well plates (Greiner Bio-

One) were coated with these antigens diluted to 2 µg/mL in phosphate-buffered saline (PBS) at 

4°C overnight. The plates were washed once with water and then blocked with 2% blocking buffer 

(PBS + 2% nonfat dry milk [Bio-Rad] + 2% goat serum + 0.05% Tween 20) for 1 h at room 

temperature. The plates were washed three times with water, and 25 µL of mAb dilutions were 

added. MAbs were serially diluted three-fold in PBS from a 20 µg/mL initial dilution for 12 total 

dilutions. The plates were incubated at 25°C for 1 h, then washed three times with water. 25 µL of 

goat anti-human IgG Fc-AP secondary antibody (Southern Biotech), diluted 1:4000 in 1% 

blocking buffer (1:1 dilution of PBS and 2% blocking buffer), were added, and the plates were 

incubated at 25°C for 1 h. The plates were then washed five times with PBS-T (PBS + 0.05% 

Tween 20). p-Nitrophenyl phosphate (PNPP) substrate, diluted in substrate buffer (1.0 M Tris + 

0.5 mM MgCl2, pH 9.8) to 1 mg/mL, was added, and the plates were incubated for 1 h and read 
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at 405 nm on a BioTek plate reader. Curves were fit using GraphPad Prism software using four-

parameter nonlinear regression. 

H3 virus hemagglutination inhibition (HAI) assay 

#1664 was tested for the ability to mediate receptor blocking against a panel of H3N2 

viruses. Influenza viruses were titered to eight HAUs. 50 µL of #1664 at 2.5 µg/mL were added 

to the first well of a 96-well V-bottom plate (VWR) and diluted two-fold in PBS. Eight HAUs of 

virus with 40 nM oseltamivir were added in a 1:1 ratio to each serum dilution, and each well was 

mixed and incubated for 30 min at room temperature. Following this, 50 µL of 0.8% guinea pig 

red blood cells (Lampire) were added per well. The plates were read 1 h after the addition of 0.8% 

guinea pig red blood cells. 

Cryo-electron microscopy (cryo-EM) analysis of Fab:NG2 complexes 

MAbs TJ5-1, TJ5-13, and #1664 were previously isolated from human subjects receiving 

the seasonal inactivated influenza vaccine. TJ5-1 and TJ5-13 mAbs were isolated from recipients 

of the 2016-2017, 2017-2018, 2019-2020, and 2020-2021 Fluzone inactivated vaccine using B cell 

electrofusion with a myeloma cell line for hybridoma generation, whereas the #1664 mAb was 

isolated from a recipient of the 2016-2017 seasonal vaccine [162,186]. 

For TJ5-1:NG2, TJ5-13:NG2, and #1664:NG2 structure determination, the Fab was mixed 

in a two-fold molar excess to NG2, then incubated at 4°C overnight. The mixture was then 

subjected to size exclusion chromatography (SEC) on a Superdex 200 column (GE Healthcare) to 

isolate the Fab:NG2 complex from excess Fab. Sample was then applied to glow-discharged 

carbon/copper grids for grid plunging and data collection. Motion-corrected movies were 

processed in CryoSPARC for particle picking, followed by two-dimensional class averaging. 

Following successive rounds of class averaging, selected particles were used for ab-initio 
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reconstruction and heterogeneous refinements. Homogeneous refinement with C3 symmetry was 

used for TJ5-1:NG2, TJ5-13:NG2, and #1664:NG2. Refined maps were then used for structure 

building of TJ5-1:NG2, TJ5-13:NG2, and #1664:NG2 in COOT followed by refinement in 

PHENIX [181,182]. 

Trypsin cleavage inhibition assay 

Stem-binding mAb TJ5-1 was assessed for its ability to prevent proteolytic cleavage and 

maturation of the NG2 HA0 precursor protein into the HA1/HA2 subunits using an adapted 

protocol [46]. 40 µg of the mAb or 40 µL of PBS was added to 4 µg of the NG2 HA0 protein. The 

mAb:NG2 mixture was then incubated at 37°C for 1 h, then a 1:1 volume ratio of PBS (for the no 

mAb control) or TPCK-trypsin at 5 µg/mL (for the mAb treatment) was added. The mixture was 

then either not incubated for the untreated control, or incubated at 37°C for 5, 20, 40, or 60 min. 

The sample was then run under reducing conditions on SDS-PAGE and stained with Coomassie 

blue to visualize the extent of NG2 HA0 cleavage. The NG2 HA0 band was expected at ~100 kDa, 

~70 kDa for the HA1 subunit, and ~30 kDa subunit. Inhibition of proteolytic cleavage was assessed 

as the retention of the ~100 kDa NG2 HA0 band at all time points, whereas active cleavage is 

visualized as a decrease in HA0 band density across the time points. 

 

Results 

The NG2 COBRA HA captures sequence and epitope features of wild-type H3 HAs 

The NG2 COBRA HA design period spans from 2016 to 2018 for H3 viruses. To determine 

the sequence similarity of this HA to wild-type HAs from years before, including, and after this 

design period, we performed a MUSCLE alignment of the NG2 full-length HA sequence to those 

of wild-type H3 HAs from strains A/Aichi/2/1968 (AI68), A/New York/55/2004 (NY04), 
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A/Wisconsin/67/2005 (WI05), A/Brisbane/10/2007 (BR07), A/Victoria/361/2011 (VI11), 

A/Switzerland/9715293/2013 (SW13), A/Hong Kong/4801/2014 (HK14), A/Kansas/14/2017 

(KA17), and A/Hong Kong/45/2019 (HK19) (Figures 7.1A, 7.1B). The highly variable antigenic 

sites A, B, and C were, in general, extensively mutated between NG2 and the wild-type H3 HAs. 

In contrast, the antigenic sites D and E were much more conserved except for eight residues in 

antigenic site D and four residues in antigenic site E for this panel of H3 HAs. 3 of 7 intratrimer 

epitope residues were also mutated in wild-type HAs relative to NG2 but only for strains from 

2007 and before. The central stem epitope was highly conserved between NG2 and all wild-type 

viruses, even for the AI68 HA which otherwise possessed only 88% identity at the amino acid 

level with NG2 (Figure 7.1C). Comparisons of the full amino acid sequence of the HAs from 

these strains and COBRAs revealed that AI68 was the most divergent relative to NG2, whereas 

more recent strains from 2004 onward were much more similar, possessing 95% or higher identity. 

This illustrated that significant antigenic drift has occurred in the H3 subtype HA since the 1968 

H3N2 pandemic, leading to head-focused mutations localized primarily to the antigenic sites over 

the past 50 years. 

The NG2 COBRA HA possesses an intact RBS epitope 

 Noting that NG2 possessed sequence features of both historic and recent H3 HAs, and also 

that this COBRA HA could cross-react with broadly reactive human antibody TJ5-13 [162], we 

sought to determine the structural basis for antibody binding and breadth (Figure 7.2). We 

determined the cryo-EM structure of the Fab fragment of this mAb with the NG2 COBRA HA to 

verify its epitope (Figure 7.2A). The structure, solved to 2.8 Å, showed that the Fab bound to the 

top of the HA head domain at a site that overlapped with the highly conserved RBS epitope. This 

finding was in line with several pieces of data published previously. For instance, this mAb 
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possessed HAI activity against several H3N2 viruses from 2005 to 2019, preventing viral 

attachment (Figure 7.2B). In addition, TJ5-13 also competed with other RBS mAbs C05 [190] 

and F045-92 [194] in an epitope binning assay [162]. The ability for TJ5-13 to bind this wide range 

of H3 HAs and prevent HA-receptor binding supported the broadly conserved nature of its epitope 

within the RBS. 

 We also determined the structure of another broadly reactive human mAb, #1664, which 

was also previously characterized [186]. This mAb was found to possess reactivity to several H3 

HAs from 1999 to 2012, as well as to more recent strains from 2014, 2016, and 2017 [186]. It also 

did not bind the cH7/3 chimeric HA (cHA), which possesses an exotic H7 subtype head domain 

fused to an H3 subtype stem domain, suggesting that its binding epitope was most likely on the 

head of the H3 HA [186]. We further verified #1664 binding to the NG2 COBRA HA by ELISA 

(Figure 7.2C). By cryo-EM, we determined the structure of its Fab fragment also bound to NG2 

to a resolution of 3.4 Å (Figure 7.2D). The structure again confirmed that it bound to the head 

domain of NG2 at an epitope overlapping the RBS, similar to TJ5-13. We found that the apparent 

binding angles of TJ5-13 and #1664 were similar to each other, with the major difference in the 

interactions appearing to be a more heavy chain-dominated interaction for #1664, in contrast to 

contributions from both the heavy and light chains of TJ5-13 to bind their epitopes. We also found 

that #1664 could mediate HAI activity against several H3 viruses from 1999 to 2019, similar to 

TJ5-13 (Figure 7.2E). This finding supported that the RBS epitope was again intact on the NG2 

head domain in a manner that could bind broadly reactive, receptor-blocking antibodies. 
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NG2 possesses an intact membrane-proximal stem domain epitope and can bind a 

maturation-inhibiting bNAb 

The stem domain of HAs are more highly conserved than the head domain. Moreover, this 

domain has been shown to be conformationally intact on the H1 COBRA HA X6, as discussed in 

the previous chapter. To assess whether this was also the case with the NG2 COBRA, we 

complexed it with the Fab fragment of a bNAb, TJ5-1, which could neutralize several H3N2 

viruses based on previously published data (Figure 7.3A). This mAb, however, lacked any HAI 

activity against the same viruses, suggesting that its epitope did not involve the RBS based on a 

previous report [162]. We then determined its epitope by cryo-EM (Figure 7.3B). This structure 

was solved to 3.3 Å and confirmed that the mAb bound to the stem domain of the HA, consistent 

with previous epitope binning data that showed competition with the group 2 bNAb CR8020 [162]. 

We also determined its epitope, and found heavy chain- and light chain-derived interactions with 

the residues that spanned across the R329 HA1/HA2 cleavage site and the highly conserved fusion 

peptide. We further compared the binding orientations of TJ5-1 to NG2 relative to two group 2 

stem bNAbs CR8020 and CR8043 to the A/Hong Kong/1/1968 (HK68) HA (Figure 7.3C). 

Whereas CR8020 and CR8043 bound at a side-on angle to their epitopes, TJ5-1 appeared to bind 

its epitope from the front of the HA instead at a unique orientation. We also aligned the epitope 

residues of TJ5-1 to those of CR8020 and CR8043 to compare the interacting HA residues (Figure 

7.3D). We observed  that TJ5-1 bound to G345 of the NG2 HA (G378 of the HK68 HA), a residue 

that was also involved in binding to both CR8020 and CR8043. However, other interactions of 

TJ5-1 with the NG2 HA involved residues that were upstream in the fusion peptide relative to 

those of CR8020 and CR8043. 
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After finding that TJ5-1 bound residues upstream and downstream of the R329 HA1/HA2 

cleavage site, we sought to assess whether it could inhibit the HA maturation step from the HA0 

precursor. This was found to be the case for the bNAb CR8020 [192], and we reasoned that the 

proximity of the TJ5-1 epitope to that of CR8020 might enable a similar inhibitory role. Therefore, 

we used a qualitative trypsin-based proteolytic cleavage inhibition assay to examine this possibility 

(Figure 7.4A). We found that TJ5-1 could indeed inhibit proteolytic cleavage of the NG2 HA0 

precursor similar to CR8020, as shown as the retention of the ~100 kDa HA0 band at all time 

points up to 1 h after exposure to trypsin (Figure 7.4B). In contrast, the negative control head-

directed mAb TJ5-13 could not inhibit cleavage which led to the disappearance of the HA0 band 

after 5 min of trypsin treatment. This result confirmed that TJ5-1, similar to previously 

characterized bNAbs, also bound proximal to the HA0 cleavage site and suggested a potential 

neutralization mechanism, preventing HA maturation. 

 

Discussion 

 In this work, we structurally assessed the antibody epitopes on the lead H3 COBRA vaccine 

candidate NG2 [159]. We found through cryo-EM analyses that both the head and stem domains 

were intact on this HA construct through complexing with broadly reactive RBS- and stem-

directed mAbs from human subjects receiving the seasonal vaccine. These results corroborate the 

possibility that COBRA HAs may trigger a broadened antibody response through targeting of 

conserved epitopes by broadly reactive antibody clones. 

 NG2 possessed sequence features of both historic and recent H3 HAs, with mutations 

relative to wild-type HAs found predominantly in the antigenic sites (Figure 7.1A). Furthermore, 

the percent identity of NG2 to wild-type H3 HAs spanned from 88 to 99 percent for the historic 
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AI68 and the recent HK19 HAs at the amino acid level. This variability in percent identity reflected 

the gradual accumulation of mutations over the past 50 years within the H3 HA despite the absence 

of any significant antigenic shift events. 

 Many seasonal vaccine-directed antibodies target residues surrounding the conserved RBS, 

targeting the variable and strain-specific antigenic sites. However, a number of antibodies that bind 

only this conserved region of the HA head domain have been isolated, such as C05 [190] and 

F045-92 [194]. These interactions are often mediated through key interactions from CDR loops 

that are analogous to the binding of sialic acid to the HA protein in a mechanism called receptor 

mimicry [141,194]. In this work, we found that two seasonal vaccine-derived mAbs, #1664 and 

TJ5-13, also targeted the RBS epitope on the NG2 HA (Figure 7.2). Both mAbs possessed broad 

HAI activity and reactivity against H3 viruses and HAs, and bound to their epitopes using a similar 

angle of approach, although the heavy and light chains were flipped relative to each other in their 

Fab:NG2 complex structures. That the NG2 COBRA HA could bind both mAbs verified the 

integrity of the RBS epitope on this immunogen, similar to results observed with the X6 H1 

COBRA HA in the previous chapter. 

 We also found a novel bNAb, TJ5-1, derived from seasonal vaccination that could bind the 

NG2 HA based on previous studies [162]. This mAb neutralized virtually all H3N2 viruses tested 

from 1968 to 2019 (Figure 7.3A) and bound the bottom of the NG2 HA stem (Figure 7.3B). Its 

epitope involved residues in the conserved fusion peptide as well as those spanning across the 

R329 cleavage site. Comparing this epitope to those of group 2 bNAbs CR8020 and CR8043 

showed that TJ5-1 bound slightly upstream of these previously characterized mAbs at a novel 

epitope. This mAb could also prevent trypsin-mediated cleavage of the NG2 protein into the 
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HA1/HA2 form (Figure 7.4), suggesting that this may be a potential neutralization mechanism to 

prevent virus maturation and to inhibit subsequent rounds of viral infection.  

 Structural analysis of this COBRA HA revealed a consistent overall trend in the COBRA 

HAs. For both the H1 and H3 HAs, it appears that the methodology captures broadly conserved 

epitopes in the head and stem domains that might mediate neutralization through two mechanisms. 

The fact that the RBS epitope is captured with the COBRA methodology suggests that 

immunization with this HA immunogen could elicit receptor-blocking, HAI-active antibodies like 

#1664 and TJ5-13 that altogether inhibit the attachment step of viral entry. The integrity of the 

stem domain in COBRA HA constructs like X6 from the previous chapter also suggests that the 

membrane fusion step might be inhibited, as this is likely the predominant neutralization 

mechanism for group 1 stem bNAbs such as CR6261 [195]. Alternatively, as in this study, bNAbs 

such as TJ5-1 might also be elicited to prevent the HA maturation step in subsequent viral 

replication cycles. Future efforts will also focus on evaluating whether fusion inhibition might also 

be a significant neutralizing mechanism for the TJ5-1 mAb. In conclusion, we found that NG2 

captures the antigenic features of several H3 HAs, recapitulating the importance of these epitopes 

in this vaccine design. 
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Figures 

Figure 7.1. Sequence comparison of the NG2 COBRA HA to wild-type H3 HAs. (A) MUSCLE 

alignment of H3 HAs from 1968 to 2019 to each other and to NG2 were performed. Antibody 

epitopes are colored as in (B) for the NG2 COBRA, for which the antigenic sites A, B, C, D, and 

E, as well as the intratrimer and the stem epitopes are shown. (C) Percent identity between wild-

type HAs, including the NG2 COBRA, shown as a heat map. 
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Figure 7.2. Cryo-EM structures of broadly HAI-active antibody Fabs with COBRA NG2 

reveal an intact RBS. (A) The fit of the TJ5-13 Fab with NG2, shown in the cryo-EM density. 

(B) Hemagglutination inhibition (HAI) titers of TJ5-13 against the indicated H3 viruses. Red color 

indicates no activity at 2 µg/mL. (C) ELISA of #1664 against H1 COBRA Y2 and H3 COBRA 

NG2. CA09-16 is a positive control for Y2, and TJ5-9 is a positive control for NG2. MPV 201 is 
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a negative control. (D) Structure and fit of the #1664 Fab bound to NG2 in the cryo-EM map. (E) 

HAI activity of #1664 to the indicated H3 virus strains. 
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Figure 7.3. Cryo-EM structure of broadly reactive antibody TJ5-1 with NG2 reveals an 

intact stem. (A) The neutralization IC50s against the indicated H3 viruses for stem-binding mAb 

TJ5-1. (B) The fit of TJ5-1:NG2 to the cryo-EM map is shown. The epitope of TJ5-1, in white, is 

shown on NG2 on the right. The epitope includes the fusion peptide and spans across the R329 

HA1/HA2 cleavage site. (C) Comparison of the binding orientations of previously characterized 

bNAbs CR8020 and CR8043 to the A/Hong Kong/1/1968 (HK68) HA compared to TJ5-1 with 

NG2. (D) Sequence alignment of the NG2 and HK68 HAs with mAb epitopes shown in gray. 
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Figure 7.4. TJ5-1 can inhibit cleavage of NG2 HA0 as assessed by SDS-PAGE. (A) Schematic 

of a trypsin-based HA0 cleavage inhibition assay. The HA0 precursor is incubated with antibody, 

then exposed to trypsin for cleavage. The extent of HA0 cleavage is then assessed by the presence 

or absence of the HA0 band across multiple time points after incubation with trypsin. (B) Results 

of the cleavage inhibition assay with stem-binding mAb TJ5-1, stem-binding bNAb CR8020, and 

head-binding mAb TJ5-13. Uncleaved HA0 is visualized as a band at ~100 kDa at time points 

from 5 to 60 minutes.  
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CHAPTER 8 

SUMMARY 

Influenza remains as a major health burden worldwide. The current seasonal vaccine 

provides variable protection and does not effectively account for antigenic variation. The COBRA 

vaccine has shown promise in several animal models, demonstrating expanded antibody breadth 

to several strains of the virus. However, knowledge of the precise epitopes that are targeted by this 

vaccine approach was limited. The information about the characteristics of the pre-existing human 

B cell response to COBRA HA immunogens has been lacking, and whether the COBRA vaccine 

could be further optimized to elicit widely reactive antibodies was not fully investigated. Here, we 

discovered epitopes on COBRA HA immunogens that were associated with enhanced breadth 

against several IAVs and assessed whether such epitopes could be targeted using novel vaccine 

approaches. 

Specific Aim 1: Determine the extent of pre-existing, functional antibody immunity 

to H1 subtype COBRA immunogens from seasonal vaccination. B cells were expanded from 

peripheral blood mononuclear cells (PBMCs) from human subjects receiving the 2017-2018 

seasonal inactivated vaccine. We evaluated B cell reactivity against the H1 subtype COBRA HAs 

P1 and X6, finding that reactivity at the oligoclonal level was increased after seasonal vaccination 

relative to baseline. This confirmed that antibody epitopes between the seasonal vaccine and the 

COBRA HA vaccine were indeed conserved to some extent. We also isolated individual 

monoclonal antibodies (mAbs) to COBRAs Y2, P1, and X6 and evaluated their epitopes through 

an epitope binning assay, finding that they bound to the head and stem domains of the HA at 
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conserved sites like the RBS, the lateral patch, and the novel anchor epitope on the bottom of the 

HA stem. We also found that for a cohort who received the 2019-2020 seasonal vaccine, similar, 

Y2 COBRA-reactive antibodies could be isolated. 

Specific Aim 2: Determine the role of adjuvant and antigen formulation on the 

breadth of COBRA-elicited antibodies. To assess the role of adjuvant on the COBRA HA 

antibody response, we paired the Y2 COBRA HA with four adjuvants for vaccination in BALB/c 

mice: (1) AddaVax, an MF59 oil-in-water emulsion analog, (2) AddaS03, an AS03 oil-in-water 

emulsion analog, (3) CpG, a TLR9 agonist, and (4) Alhydrogel, an alum analog. We found that 

the AddaS03 adjuvant elicited the highest binding and hemagglutination inhibition (HAI) titers 

against a panel of recent pandemic-like H1N1 viruses of all adjuvants tested. In addition, in 

contrast to our expectations, similar epitopes were targeted across adjuvant groups, specifically at 

the conserved RBS and anchor epitopes. 

To evaluate whether nanoparticle (NP) formulation of COBRA HAs in a multimeric array 

could enhance antibody breadth, we used a two-component HA-I53_dn5B/I53_dn5A system to 

present the H1 COBRA Y2 or the H3 COBRA NG2 in Y2 NP and NG2 NP constructs. After 

structural and antigenic validation of these nanoparticles by negative-stain electron microscopy 

and ELISA, we used these NPs to immunize DBA/2J mice in a prime-boost-boost regimen. We 

evaluated serum reactivity against the H1 and H3 Y2 and NG2 COBRAs, finding virtually no 

expansion of antibody breadth to H3 HAs even with the use of this NP system with the Y2 

COBRA. In contrast, detectable, enhanced breadth to the Y2 H1 COBRA was elicited after 

vaccination with the NG2 NP. Moreover, expanded, cross-group HAI breadth to H1 viruses was 

detected with the use of the NG2 NP, whereas expanded breadth to H3 viruses was not detected 

Y2 NP vaccination. These results suggested that the NP platform can enhance antibody breadth to 



 

  172 

the H1 subtype following H3 COBRA NP vaccination, likely through inducing antibodies against 

conserved epitopes on the HA head domain and the RBS. 

Specific Aim 3: Determine the structural correlates of COBRA-induced antibody 

breadth. Through X-ray crystallography and cryo-electron microscopy (cryo-EM) analyses, we 

determined the structure of the H1 COBRA X6, which has a design period from 1999 to 2012, to 

evaluate its glycosylation profile and its antibody epitopes. We compared the structures of X6 to 

the pre-2009 HA from A/New Caledonia/20/1999 (NC99) and the post-2009 HA from 

A/Michigan/45/2015 (MI15). We found that this COBRA possessed glycans of both types of HAs, 

consistent with its design period spanning across the 2009 H1N1 swine influenza pandemic. In 

addition, it also bound broadly neutralizing antibodies (bNAbs) CA09-26 (isolated from a 

seasonally vaccinated human subject in Specific Aim 1) and #58 at the RBS, as well as the CR6261 

central stem-binding bNAb, verifying the structural integrity of these conserved epitopes. It also 

bound a murine mAb, BE1, elicited by X6 vaccination, with pre-2009 but not post-2009 H1 HA 

reactivity, suggesting that the X6 was more skewed towards pre-2009 than post-2009 HAs in terms 

of its overall antigenic structure. 

We also performed cryo-EM analysis of the lead H3 vaccine candidate COBRA NG2 in 

complex with broadly reactive antibodies from seasonal vaccination. These mAbs, TJ5-13, #1664, 

and TJ5-1, bound to the conserved RBS and membrane-proximal stem epitopes. Interestingly, the 

TJ5-1 mAb bound across the HA1/HA2 cleavage site and to the fusion peptide, similar to 

previously characterized bNAbs CR8020 and CR8043. This mAb could also inhibit NG2 cleavage 

into the HA1 and HA2 subunits. These cryo-EM structures therefore verified the antigenicity of 

this COBRA HA in these sites, suggesting that receptor-blocking and maturation-blocking 

monoclonal antibodies might be elicited after vaccination with this H3 COBRA. 
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In summary, we characterized the pre-existing B cell features to the COBRA HA after 

seasonal vaccination and also found the positive immunological effects of adjuvant and COBRA 

HA multimerization on COBRA-directed antibody breadth. We finally also verified that COBRA 

HAs of both the H1 and H3 subtypes of IAVs possess epitope features of wild-type HAs of their 

design periods that can likely elicit broadly reactive mAbs after vaccination. The results presented 

here can inform future vaccine design efforts with this next-generation methodology to expand 

antibody breadth and reduce the burden of influenza. 
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