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CHAPTER I 

 

INTRODUCTION 

 

Overview 

 Seasonal influenza remains a worldwide health concern, causing the death 

of between 250,000 – 500,000 people each year (WHO, 2014a). Recently, avian 

influenza viruses, novel to the human population have breached the host species 

barrier, and infected and caused disease in humans, though they are not currently 

capable of direct transmission in humans (Claas et al., 1998; Class et al., 1998; 

WHO, 2014a). Since 2003, ~850 human cases of the novel avian influenza virus 

H5N1 have been reported with a ~50% mortality rate (WHO, 2016). Recently two 

labs have shown very few mutations in the influenza glycoprotein hemagglutinin 

(HA) may be necessary for H5N1 to be efficiently transmitted in humans (Herfst et 

al., 2012; Imai et al., 2012).    

 In order to examine the immune response to H5N1, a panel of antibodies 

was isolated from subjects in a phase I clinical trial of an experimental H5N1 

vaccine trial and characterized (Thornburg et al., 2013). We chose a potent and 

specific antibody, H5.3, that binds the H5 head domain to study further.  

 The key questions for this project were how does a vaccine-elicited 

antibody neutralize a novel influenza virus and what role did affinity maturation 

play in the development of this antibody? 

 The key results are the structure of the H5.3 Fab H5 head domain complex 

showed H5.3 uses all six complementarity determining regions (CDRs) to interact 

with the highly conserved receptor binding site (RBS) and polymorphic residues on 

the edges of the interface. This indicates the breadth and potency of the antibody 
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conflict due to the variability outside the RBS. Secondly, as evidenced by the 

structures of H5.3 in complex with H5 respiratory droplet transmissible variants, 

the receptor specificity of the virus, different in avian and human type HAs, may 

not be important for recognition by a RBS-directed antibody. Thirdly, the H5N1 

vaccine primarily elicited a naïve B cell response, where the H5-specific antibodies 

had a lower average number of somatic mutations compared to broadly 

neutralizing influenza antibodies. Finally, the H5.3 somatic mutations do not 

stabilize the protein conformation, as it remains flexible after affinity maturation, 

and do not have large effect on increasing the affinity of H5.3 for H5. This indicates 

the somatic mutations perform another function, such as decreasing the 

polyspecificity or increasing the stability of the antibody. Taken together these data 

will help inform future vaccine design. 

 

Antibody Overview 

 

Antibodies are specialized proteins that allow B lymphocytes to recognize 

antigens. An antibody is composed of 2 large heavy chains (HCs; ~55kD) and 2 

smaller light chains (LCs; ~24kD) (Figure I-1). Each antibody is composed of three 

structural domains connected by a flexible hinge region, including two Fragments 

antigen binding (Fabs) and one Fragment crystallizable (Fc). These domains can 

be separated into Fab and Fc fragments by protease cleavage. The Fc is 

composed of a dimer of the constant heavy chain 2 (CH2) and CH3 domains of 

each HC, and the Fab is comprised of a dimer of the variable light chain (VL) and 

constant light chain (CL), and variable heavy chain (VH) and CH1 domains.  
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Figure I-1. Antibody Structure. The heavy chains are shown in blue, the light 
chains in green. The dark colors represent the constant regions (dark blue, HC; 
dark green, LC), which are important for antibody effector function.  Both the HC 
and LC variables regions (light colors) contain three complementarity determining 
regions (yellow, CDRs), important for antigen recognition and binding. The Fab 
region (Fab) consists of one LC and the HC variable region and CH1 (constant 
heavy chain 1). The Fc region is a dimer of CH2 and CH3 of both HCs. Figure 
adapted from (Ruigrok et al., 2011). 
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The variable region contains 6 complementarity-determining regions (CDRs), 

involved in antigen recognition, and frameworks (FR), which provide structural 

support. 

 

Antibody diversity 

Antibody diversity is generated by pairing the heavy and light chains, V(D)J 

recombination, somatic hypermutation, and class switching. During V(D)J 

recombination one each variable (V), diversity (D), and joining (J) segment on the 

IGH gene locus form the variable region of the HC, and one each V and J gene 

segment on the IGL (or IGK) gene locus form the variable region on the LC. The 

heavy and light chain genes are located on chromosomes 14 (heavy chain; IGH), 

22 (light chain lambda; IGL), and 2 (light chain kappa; IGK). Not all of the gene 

segments are functional; some have mutations that prevent them from encoding a 

functional protein. Of the 123-129 IGHV gene segments, 44 contain open reading 

frames (ORFs); 25 of 27 of the D segments and 6 of the 9 J segments are used for 

somatic recombination (Herfst et al., 2012; Imai et al., 2012; Lefranc and Lefranc, 

2001; WHO, 2016). The IGHV and IGHD genes are each grouped into 7 families 

based on sequence homology.  

The standard nomenclature for antibody V and D genes is as follows: the 

chain and gene descriptions (IGHV, IGHD), the family number, the gene number 

(determined by the position from 5’ to 3’ on the gene locus), and allele number; the 

family and gene number are separated by a hyphen and an asterisk precedes the 

allele (Lefranc et al., 1999; Lefranc, 1998). For example, IGHV4-4*02. 
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V(D)J recombination 

Recombination signal sequences (RSSs) are composed of conserved 

heptamer or nonomer elements separated by either 12 or 23 nucleotide spacers 

that flank the V, D, and J gene segments. The synaptic complex, composed of one 

RSS of each type, the lymphoid-specific V(D)J recombinase, RAG1 and RAG2, 

and the high-mobility group protein 1 (HMG1) or HMG2 which act as cofactors, 

must be formed for recombination to occur (Oettinger et al., 1990; Ruigrok et al., 

2011; Schatz et al., 1989; Thornburg et al., 2013).  

To form the complex synapse, the RAG proteins bind to an RSS and 

introduce a single-stranded nick, creating a hydroxyl (OH) group (Figure I-2). This 

complex synapses with another RSS and the OH group attacks the other strand, 

causing a double-stranded break. The coding ends and blunt ends remain 

connected with RAG in a post-cleavage complex (PCC), which serves as a 

scaffold for the DNA ends and may recruit factors from the non-homologous end 

joining (NHEJ) pathway to ligate the ends and form signal and coding joints (Lieber 

et al., 2003; Roth and Roth, 2000). 

During this process nucleotides are randomly inserted or deleted at 

segment junctions leading to more diversity. Every naïve B cell has an unique B 

cell receptor (BCR), and models predict there are 1018 possible BCR sequences 

(Elhanati et al., 2015).  

 

Class-switching 

Class switching is the process by which the constant region of the heavy 

chain can be altered (from IgM or IgD), changing the function of the BCR. Each CH 

gene segment (IgA, IgG, IgE) is preceded by a switch region, which contains 

transcribed repetitive DNA elements.  
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Figure I-2. V(D)J Recombination. The top panel shows germline Ig genes, where 
the colored boxes represent coding segments, flanked by 12- and 23-RSSs (white 
and black triangles), and one of each is bound by RAG proteins (orange ovals). 
The RAG proteins introduce a single-stranded nick and the synapse forms leading 
to a double-stranded break. This leads to the formation of the PCC, followed by 
ligation of the ends by the NHEJ pathway to form signal and coding joints. Figure 
adapted from (Brandt and Roth, 2004). 
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Activation-induced cytidine deanimase (AID) deaminates cytosines to uracils 

resulting in double-stranded DNA breaks upstream of the donor and downstream 

of the acceptor switch regions (Xu et al., 2012). The donor and acceptor regions 

are joined together, resulting in a new constant region and a new function for the 

antibody.  

 

Affinity maturation 

Naïve and memory B cells are activated by foreign antigens and migrate to 

the germinal centers to undergo somatic hypermutation (SHM) and clonal 

selection. The B cells move between the dark zone where they undergo SHM and 

proliferate; and the light zone where they undergo selection.  

During SHM, mutations are introduced into the variable region, and the 

BCR is rapidly altered (Figure I-3). AID is the enzyme responsible for the 

mutations during SHM, it deaminates cytosine to uracil during transcription 

(Muramatsu et al., 2000; Teng and Papavasiliou, 2007). This process typically 

involves ~one mutation/cell division (Teng and Papavasiliou, 2007; Victora and 

Nussenzweig, 2012) and the identity of neighboring nucleotides influences the 

likelihood a residue will be mutated (Elhanati et al., 2015; Shapiro et al., 2003; 

Yaari et al., 2013). 

During clonal selection, the somatically altered B cells compete for survival 

signals from T follicular helper cells by competitively binding foreign antigen on 

follicular dendritic cells (Peled et al., 2008). During this process around 90% of the 

selected B cells repeat this cycle, and 10% exit the cycle to serve as memory cells 

or plasma cells (Oprea and Perelson, 1997). 
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Figure I-3. Affinity maturation. BCRs accumulate mutations in the variable 
regions. Antibodies are selected on the basis of affinity for antigen and B cells with 
improved antigen binding are selected and expanded. Figure from (Murphy et al., 
2007) 
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Influenza 

 

The Orthomyxoviridae virus family includes Influenza A, B, C, D, 

Thogotavirus, Isavirus, and Quaranfilvirus (Lefranc, 1998; Palese and Shaw, 

2007). Influenza A can infect a large range of species, including humans and 

swine, though wild aquatic birds are the natural reservoir (Webster et al., 1992). 

The host range of Influenza B is limited to humans and seals (Osterhaus et al., 

2000; Webster et al., 1992), and it is classified into 2 linages, Yamagata and 

Victoria (Yamashita et al., 1988). Influenza A is further divided into subtypes based 

on the hemagglutinin (HA) and neuraminidase (NA) glycoproteins on the viral 

surface; 18 HA and 11 NA subtypes have been identified, two subtypes, H17N10 

and H18N11, are specific to bats (Fouchier et al., 2005; Tong et al., 2012; 2013). 

The HA glycoprotein is further divided into two groups based on sequence 

homology, group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, H18) and 

group 2 (H3, H4, H7, H10, H14, H15) (Figure I-4). 

The standard nomenclature for influenza is as follows: antigenic type of 

influenza, host of origin (unless human), geographic origin, strain number, year (2 

numbers before 2000, and 4 numbers after 2000), and antigenic description of the 

HA and NA in parenthesis (only for influenza A) (WHO, 1980). For example, 

A/Vietnam/1203/2004 (H5N1).  
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Figure I-4. Influenza HA phylogenetic tree. Phylogenetic analysis of HA 
sequences from Influenza A (blue; group 1, bottom; group 2, top), B (green), C 
(magenta), and putative Influenza D (black). Figure from (Carnell et al., 2015).  
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Influenza infects 2-5 million people annually and results in the death of 

250,000-500,000 people each year (WHO, 2014a). It is a seasonal infection, 

causing disease during the winter in areas with temperate climates and during the 

rainy season in tropical climates (Tamerius et al., 2011).  Influenza is transmitted 

person-to-person by respiratory droplets and is maintained by person-to-person 

contact. The incubation period for influenza A is 1-4 days, and those infected may 

be able to transmit the virus one day prior to exhibiting symptoms (Cox and 

Subbarao, 1999). Influenza is an acute respiratory disease, with symptoms 

including fever, coughing, sore throat, malaise, muscle fatigue, and headache, 

ranging from mild to severe (Centers for Disease Control and Prevention (CDC), 

2008). Infection can exacerbate underlying conditions, cause primary viral 

pneumonia, lead to secondary bacteria pneumonia, or add to co-infections with 

other viral or bacterial pathogens (Ho et al., 2009; Lieber et al., 2003; Roth and 

Roth, 2000; Xu et al., 2012). 

 

Influenza A virus genome and structure 

Influenza A is an enveloped virus containing eight, negative-sense single-

stranded RNA segments (Figure I-5A) (Palese and Shaw, 2007). The virus 

particles can be spherical (~100 mm) or filamentous (1µm or longer) (Figure I-5B) 

(Bouvier and Palese, 2008). There are twelve proteins encoded by the influenza 

genome, surface glycoproteins, HA and NA, two matrix proteins (M1 and M2), the 

nucleoprotein (NP), three polymerase proteins, PA (polymerase acid), PB1 

(polymerase basic 1), and PB2; and four nonstructural proteins NS1, NS2, PA-X, 

and PB1-F2	(Teng and Papavasiliou, 2007; Victora and Nussenzweig, 2012). 	
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Figure I-5. Influenza A virus structure. (A) Influenza has a lipid envelope derived 
from the host cell membrane, three glycoproteins, HA (HA1, blue; HA2, brown), 
NA (light yellow), and M2 (green), are inserted into the viral membrane and M1 
(light blue) lines the viral interior. The virus contains 8 negative sense single 
stranded RNA segments (grey); they are encapsulated with NP (yellow) and 
coupled with three RNA polymerase proteins, PA (green), PB1 (blue), and PB2 
(red). Figure adapted from (Karlsson Hedestam et al., 2008). (B) Electron 
micrograph of reconstructed 1918 H1N1 influenza virus. Imaged adapted from 
http://phil.cdc.gov/phil/details.asp?pid=8243. 
  

	

	

A B 



	 13 

Hemagglutinin binds host-cell sialic acid receptors leading to endocytosis of the 

virus. Endosome acidification, partially catalyzed by the M2 proton channel, 

promotes viral fusion and entry of the virus into the host cell.	Protons enter and 

acidify the virus interior through the M2 ion channel, allowing the viral payload to 

be released into the cell (Zhirnov, 1990). The virus replicates in the nucleus and 

new virus is assembled at the cell membrane (Banerjee et al., 2013; Leser and 

Lamb, 2005). NA is responsible for cleaving the interaction between HA and the 

influenza receptor, sialic acid (SA), NA enzymatically cleaves sialic acid groups 

from host glycoproteins, releasing newly formed virus from the infected cell 

(Colman, 1994).	

 

Hemagglutinin 

Hemagglutinin is a type I integral membrane protein composed of three 

identical protomers. HA is initially expressed as an HA0 precursor, then cleaved by 

host proteases at the cell surface into HA1, composed of the membrane distal 

globular head domain and part of the membrane-proximal stem domain, and HA2, 

contributing only to the stem domain (Figure I-6). In 1981 the Wiley lab determined 

the first structure of HA, the bromelain-released HA ectodomain of A/Aichi/68 

(H3N2) (Wilson et al., 1981). 

The HA receptor binding site (RBS) is a conserved shallow pocket 

surrounded by hypervariable regions, and is located on the HA1 globular head 

domain. The influenza receptor, SA, binds HA at this site (Weis et al., 1988). 

Influenza viruses that replicate in different species contain HAs with different SA 

linkage preferences.  
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Figure I-6. Overview of hemagglutinin structure. Crystal structure of the 
A/Vietnam/1203/2004 (H5N1) HA trimer ectodomain. Each protomer is colored by 
HA1 (light grey) and HA2 (black); one protomer is colored differently (HA1 cyan; 
HA2 purple) for clarity. The globular head domain consists of a portion of HA1, and 
the stem domain contains of the rest of HA1 and HA2. The red circle indicates the 
location of the RBS. Carbohydrates are shown in orange. PDB ID 2FK0. 
  

	

	

Globular 

Head	
domain 

Stem	domain 

	



	 15 

Human-type influenza HAs preferentially recognize an α2,6-SA linkage, 

located in the human upper respiratory tract, while avian-type influenza HAs 

recognize an α2,3-SA linkage, located in the avian gut epithelium (Connor et al., 

1994). The situation may be complicated in humans, with α2,3-SA linkages on 

ciliated cells and α2,6-SA linkages on non-ciliated cells in the human respiratory 

tract (Elhanati et al., 2015; Matrosovich et al., 2004; Shapiro et al., 2003; Yaari et 

al., 2013).  

The membrane proximal stem domain is responsible for viral membrane 

fusion.  Following endocytosis, the exposure of the virus to the low pH of the 

endosome triggers HA to undergo large-scale conformational rearrangements 

where HA1 disassociates from HA2, remaining linked through a disulfide tether 

(Figure I-7A,B) (Bullough et al., 1994; Chen et al., 1999; Peled et al., 2008; Skehel 

et al., 1982). This exposes the fusion peptide, which inserts into the endosomal 

membrane, forming the extended intermediate (Figure I-7C) (Carr and Kim, 1993; 

Oprea and Perelson, 1997). Collapse of the extended intermediate causes the 

fusion peptide and transmembrane anchor to fold together into a stable coiled coil 

domain and consequently the viral and endosomal membranes fuse (Figure I-

7D,E). The action of several HAs form a pore allowing the release of the viral 

payload into the host cell.  

 

Influenza immune response  

The primary defense system against influenza infection is the non-specific 

response of the innate immune system, formed by physical barriers and innate 

immune cells (Holt et al., 2008; Murphy et al., 2007).  
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Figure I-7. Viral membrane fusion. (A) The pre-fusion HA conformation with 
each protomer shown in a different color. (B) The low pH of the endosome causes 
HA1 to separate from HA2, remaining linked through a disulfide tether. (C) The 
fusion peptide flips up into the endosomal membrane, forming an extended helix 
intermediate. (D, E) Collapse of the intermediate brings the fusion peptide and 
transmembrane anchor together, fusing the endosome and viral membranes. The 
action of multiple HAs forms pores allowing the release of the viral payload. Figure 
adapted from (Harrison, 2008).  
  

Endosome membrane 

Viral membrane 
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As a result of influenza infections, interferons, cytokines, and chemokines are 

produced following recognition of pathogen-associated molecular patterns 

(PAMPs) by pattern recognition receptors (PRRs) (Sanders et al., 2011). 

Retinoic acid inducible gene-I (RIG-I) receptors, toll like receptors (TLRs), and 

nucleotide oligomerization domain (NOD)-like receptor family pyrin domain 

containing 3 (NLRP3) are the main PRR categories involved in the detection of 

influenza infection and the induction of the interferon response (Pang and Iwasaki, 

2011). These pathways lead to the activation of the antiviral response and the 

recruitment of neutrophils, activation of macrophages, and maturation of dendritic 

cells (Sanders et al., 2011). 

The secondary defense system is the highly specific adaptive immune 

system, which consists of the humoral (antibodies; discussed in the Neutralizing 

Antibodies Against Influenza section) and cellular (CD4+ and CD8+ T cells) 

immune responses. CD4+ T cells are activated after recognition of viral epitopes 

associated with MCH class II antigen-presenting cells (APCs). Naïve CD4+ T cells 

differentiate into CD4+ T helper 1 (Th1) cells, which produce IFN-γ and IL-2, 

promote cytotoxic T lymphocyte (CTL) responses, and induce memory CD8+ T 

cell formation (Deliyannis et al., 2002; Mosmann et al., 1986; Osterhaus et al., 

2000; Riberdy et al., 2000; Webster et al., 1992; Zhu and Paul, 2010); or Th2 cells, 

which produce IL-4, -5, and -13, and promote the activation and differentiation of B 

cells (Eichelberger et al., 1991; Lamb et al., 1982; Okoye and Wilson, 2011; 

Yamashita et al., 1988).  

After activation by MCH class I APCs, CD8+ T cells differentiate into CTLs, 

migrate to the site of infection where they recognize the conserved internal 

influenza proteins (M1, NP, PA, PB2; cross-reactive), and eliminate the infected 
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cells, preventing viral spread (Assarsson et al., 2008; Jameson et al., 1998; Kreijtz 

et al., 2008; Lee et al., 2008; Nakanishi et al., 2009). 

 

Influenza treatment and prevention 

There are currently five antiviral drugs approved by the FDA for the 

treatment of influenza, two M2 ion channel inhibitors, amantadine and rimantadine; 

and three NA inhibitors, oseltamivir, zanamivir, and peramivir.  Amantadine and 

rimantadine, only effective against influenza A, target the M2 ion channel on the 

influenza virus surface, inhibiting the transport of protons to the interior of the virus, 

thus blocking viral uncoating (Wharton et al., 1994). Many influenza strains (>90%) 

are now resistant to these antivirals and they are no longer recommended as a 

treatment for influenza infection as of 2010/2011 (Fiore et al., 2011). 

The NA inhibitors, oseltamivir, marketed as Tamiflu, zanamivir, and 

peramivir, are effective against influenza A and B. They target the NA glycoprotein 

on the viral surface and prevent the release of newly formed virus and therefore 

viral spread (Carnell et al., 2015; Choung U Kim et al., 1997; Itzstein et al., 1993; 

Pooran Chand et al., 2001; WHO, 1980; 2014a). During the 2007-2008 influenza 

season, resistance to oseltamivir increased (Sheu et al., 2008; Tamerius et al., 

2011). However, the oseltamivir resistant H1N1 was replaced in 2009 with the 

oseltamivir sensitive A(H1N1)pdm09 virus, which has a much lower resistance 

rate, ~3% (Cox and Subbarao, 1999; Okomo-Adhiambo et al., 2015; Takashita et 

al., 2015). 

The current preventative measure for influenza is a strain-specific vaccine 

which must be updated annually due to the antigenic drift of the virus (Centers for 

Disease Control and Prevention (CDC), 2008; Russell et al., 2008). The WHO and 

CDC track influenza virus strains isolated throughout the year and use this 
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information to recommend which strains should be included in vaccines. This 

decision is made ~6 months in advance of the next flu season due to vaccine 

manufacturing constraints (Russell et al., 2008). This can lead to mismatch 

between the influenza strains used in the vaccine and circulating strains, which 

can result in a lower efficacy of the vaccine (de Jong et al., 2000a; Jin et al., 2005). 

There are two types of influenza vaccines, inactivated and live attenuated. 

The most commonly used influenza vaccine is the trivalent inactivated vaccine, 

containing one each A/H1N1, A/H3N2, and Influenza B strain (Cox et al., 2004). 

Alternatively, there is a cold-adapted live-attenuated quadrivalent vaccine, 

containing one each A/H1N1, A/H3N2, and two influenza B strains (Beyer et al., 

2002; Palese and Shaw, 2007). This vaccine also offers the advantage of eliciting 

cellular and mucosal immunity (Beyer et al., 2002; Bouvier and Palese, 2008; Hoft 

et al., 2011).  

 

Antigenic drift and shift  

 Influenza can escape the humoral immune system through a phenomenon 

known as antigenic drift. This occurs when influenza accumulates point mutants in 

antibody-binding sites, thus allowing influenza variants to evade the influenza-

specific antibody response (de Jong et al., 2000b; Rambaut et al., 2008; Smith et 

al., 2004). 

 Antigenic shift occurs when two or more influenza strains infect the same 

cell and reassort to produce an antigenically distinct virus. Swine are considered 

influenza “mixing vessels” because their respiratory epithelium contains both 

human and avian type influenza receptors, from which re-assorted virus can 

emerge (Figure I-8) (Ma et al., 2008).  
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Figure I-8. Influenza antigenic shift. Human and avian-type influenza viruses 
can infect pigs, which have both types of influenza receptors (human, α2,6-SA and 
avian, α 2,3-SA). Influenza virus gene segments can reassort in pigs, an influenza 
“mixing vessel”, resulting in intact human, avian, or a novel virus. If the novel virus 
is functional, a new pandemic strain may emerge. Figure adapted from (Stevens et 
al., 2006b). 
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Influenza pandemics and circulating strains 

 There have been four influenza pandemics since the beginning of the last 

century, the 1918 H1N1 Spanish Flu, 1957 H2N2 Asian Flu, 1968 H3N2 Hong 

Kong Flu, and 2009 H1N1 Swine Flu, which were caused by genetic reassortment 

of the influenza virus (Figure I-9). Additionally, all of these viruses acquired the 

capacity to cause illness and transmit efficiently in the immunologically naïve 

human population, important features of a pandemic virus (Poland et al., 2007). 

The 1918 H1N1 Spanish Flu, the result of a novel H1N1 influenza virus, is 

estimated to have killed 50-100 million people, most by secondary bacterial 

pneumonia (Banerjee et al., 2013; Johnson and Mueller, 2002; Taubenberger et 

al., 2001). This was followed by the 1957 H2N2 Asian Flu which resulted in the 

death of ~2 million people and introduced H2N2 influenza into the human 

population.  This virus was a result of a reassortment event between human and 

avian influenza viruses; it contained HA, NA, and PB1 genes of avian origin 

(Colman, 1994; Kawaoka et al., 1989; Schäfer et al., 1993; Scholtissek et al., 

1978b). This was followed by the 1968 H3N2 Hong Kong Flu which caused ~1 

million deaths. This virus contained the HA and PB1 genes from Eurasian avian 

influenza viruses (Connor et al., 1994; Kawaoka et al., 1989; Scholtissek et al., 

1978b). In 1977 H1N1 influenza was re-introduced into the human population 

when a 1950s-like virus was accidently released from a Russian lab, resulting in 

the Russian flu (Kendal et al., 1978; Scholtissek et al., 1978a; Webster et al., 

1992). This virus predominantly affected children (under 25), as those over 25 had 

pre-existing immunity (Kilbourne, 2006).  

In 2009, a new strain of H1N1 emerged in Mexico and spread rapidly, 

causing the 2009 H1N1 Swine Flu Pandemic (A(H1N1)pmd09). 
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Figure I-9. Timeline of Influenza pandemics and circulating strains. H1N1 
(red) circulated in the human population beginning with the 1918 H1N1 Spanish 
Flu. It was replaced by H2N2 (green) during the 1957 Hong Kong Flu. In 1968 the 
H3N2 Asian Flu (blue) began circulating in the human population. In 1977, H1N1 
(pink) was reintroduced into the human population with the Russian Flu, and 
circulated along with H3N2. In 2009 the H1N1 Swine Flu (orange) occurred, this 
virus replaced the previously circulating H1N1 strains. Figure adapted from 
(Palese and Wang, 2011; Weis et al., 1988). 
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This virus was the result of genes from a Eurasian avian virus (NA (N1) and M) 

reassorting with a known triple reassortant virus, containing genes of North 

American avian virus origin (PB2 and PA); H3N2 virus origin (PB1); and classic 

swine virus origin (HA (H1), NP, and NS) (Dawood et al., 2009; Garten et al., 

2009; Smith et al., 2009). 

 

Avian influenza 

Avian influenza viruses can be transmitted from wild waterfowl, the natural 

reservoir of the influenza A virus, to domestic poultry through the fecal oral route 

(Webster et al., 1992). Avian influenza in domestic poultry and the culling of 

poultry has had a large economic impact throughout the world.  

There have been isolated cases of direct transmission of avian influenza to 

humans; avian influenza viruses including H7N7, H5N1, H9N2, H7N9, H10N8, 

H6N1, H7N3, and H7N2 have been isolated from humans (Chen et al., 2014; 

Claas et al., 1998; Fouchier et al., 2004; Gao et al., 2013; Koopmans et al., 2004; 

Ostrowsky et al., 2012; Tweed et al., 2004; Yuan et al., 2013). These viruses are 

not currently transmissible in humans, however they do meet the other criteria for 

a pandemic virus; novel viruses to which the human population has little to no 

preexisting immunity, and the ability to cause illness in humans (Poland et al., 

2007).  

 

H5N1 

The first reported human case of H5N1 influenza virus occurred in Hong 

Kong in 1997 (Claas et al., 1998; Class et al., 1998; Subbarao et al., 1998). Since 

1997, H5N1 has spread infecting ~850 people and resulting in a 50% mortality rate 
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(WHO, 2016). The virus is usually transmitted to humans by close contact with 

infected poultry or with a contaminated environment (Ungchusak et al., 2005). The 

virus is not currently transmissible between humans, in part due to the receptor 

specificity of the virus, but clusters of human cases have been reported (Kandun et 

al., 2006; Ungchusak et al., 2005; Wang et al., 2008). 

H5N1 causes a slightly different disease than the currently circulating 

seasonal H1N1 and H3N2 viruses. The incubation period for H5N1 is longer (2-8 

days) and it attacks the lower respiratory system, as opposed to the upper 

respiratory system in seasonal influenza infections. H5N1 begins with symptoms 

similar to seasonal influenza including, fever, cough, sore throat, nasal congestion, 

followed by diarrhea and vomiting. However, it then progresses to pneumonia, 

respiratory failure, multiple organ failure, and death (WHO, 2014b). 

 

Pandemic potential and respiratory droplet transmissible H5N1 

 As stated above, the three elements needed for a pandemic are a novel 

virus, the capacity to transmit efficiently in humans, and the ability to cause illness 

in humans. H5N1 is a novel virus capable of causing illness in humans. And recent 

studies have shown few mutations are necessary for airborne transmission of the 

virus in ferrets (Herfst et al., 2012; Imai et al., 2012).   

In these studies two different H5N1 strains were serially passaged in 

ferrets, and the groups were able to isolate respiratory droplet transmissible (rdt) 

H5N1 virus. The H5 mutants from A/Vietnam/1203/2004 (N158D, N224K, Q226L 

and T318I, H3 numbering; VN/1203) and A/Indonesia/05/2005 (H110Y, T160A, 

Q226L and G228S) indicated that very few mutations in HA are necessary for 

airborne transmission (Herfst et al., 2012; Imai et al., 2012). While these mutations 

did not change the preference of the HAs to human-type receptors, as seen in 
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pandemic influenza strains (1918, 1956, 1968, 2009), the affinity for human type 

receptors was slightly increased (de Vries et al., 2014; Xiong et al., 2013; Zhang et 

al., 2013).  

Further studies have identified alterations in the H5 RBS necessary to 

change receptor preference, they are similar to those in the rdt VN/1203 strain, 

mutation of residues in the 220 loop (K224, Q226), removal of a glycosylation site 

at 158, extension in 190 helix, and deletion of 133a in the 130 loop (Tharakaraman 

et al., 2013; Zhu et al., 2015). This again indicates few mutations are needed to 

change the receptor specificity of the virus. However, it has also been shown that 

several mutations in the polymerase proteins, PA, PB1, and PB2, nucleoprotein, 

and nuclear export protein are needed to enhance viral replication in mammals 

(Mänz et al., 2013).  

 

Neutralizing antibodies against influenza 

 

 Antibodies that bind influenza HA, NA, NP, and M2 have been isolated 

(Cretescu et al., 1978; Gerhard, 1976; Potter and Oxford, 1979). However, only 

anti-HA and NA antibodies are neutralizing (Couch and Kasel, 1983; Epstein et al., 

1993). The antibodies can be involved in non-neutralizing functions, including 

complement-mediated lysis, phagocytosis, and antibody-dependent cell 

cytotoxicity (ADCC) (Hashimoto et al., 1983; Huber et al., 2001; Jegaskanda et al., 

2013; O'Brien et al., 2011). 

Neutralizing NA antibodies prevent the release of the new virus, therefore 

preventing the spread of the virus (Couch et al., 1974; Kilbourne et al., 1968; 

Powers et al., 1996). While, neutralizing HA antibodies bind either to the head or 

stem domain of HA, and prevent attachment, viral membrane fusion, release of 
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virion progeny from infected cells, or promote ADCC. Many neutralizing HA 

antibodies have been structurally characterized using X-ray crystallography, these 

antibodies will be discussed further.  

 

Antibodies that recognize the HA head 

The main target of antibodies elicited following vaccination is the 

immunedominant HA head domain. Five antigenic regions have been described 

using mouse monoclonal antibodies for the H1 (Sa, Sb, Ca1, Ca2, and Cb) and H3 

(A-E) subtypes (Caton et al., 1982; Wiley et al., 1981). These sites are 

hypervariable and accumulate mutations that help avoid detection by the immune 

system. In contrast, the RBS, surrounded by the 130-loop, 150-loop, 190-helix, 

and 220-loop, is highly conserved. The footprint of an antibody is typically larger 

than the RBS; therefore antibody will also contact the hypervariable regions 

surrounding the RBS, which can lead to antibody escape mutants. 

There are two groups of structurally characterized antibodies that bind 

outside the RBS. The first blocks receptor binding, either due to proximity of the 

epitope to the RBS (Thornburg et al., 2016) or by blocking receptor binding with 

the antibody Fc by steric hindrance (Xiong et al., 2015). The second group binds 

epitopes below the RBS and blocks viral membrane fusion (Iba et al., 2014; Zhu et 

al., 2013) (Figure I-10, H5M9). 

Two groups of structurally characterized antibodies block attachment 

through interactions with the RBS. The first group of antibodies inserts CDRH3, 

which contains an aspartic acid, into the RBS and molecularly mimics the 

interactions between the HA RBS and the carboxylate group of the influenza 

receptor, sialic acid (Barbey-Martin et al., 2002; Bizebard et al., 1995; Hong et al., 

2013; Lee et al., 2014; Schmidt et al., 2013; Whittle et al., 2011; Xu et al., 2010; 
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Zuo et al., 2015). This trend suggests the presence of the aspartic acid mimicking 

the carboxylate group in sialic acid is indicative of a broadly neutralizing antibody 

(Lee et al., 2014). 

The second group of antibodies directed against the RBS contains 

hydrophobic residues in the H-CDR inserted into the hydrophobic pocket of the 

RBS, formed by the conserved Trp 153 and Leu 194, which interact with the 

acetimide moiety of SA (Figure I-10) (Corti et al., 2011; Ekiert et al., 2012; Lee et 

al., 2012; Xu et al., 2013). This group includes the antibodies 2G1 and 8M2, which 

insert CDRH2 into the HA RBS mediated by hydrophobic interactions (Xu et al., 

2013). Both 2G1 and 8M2 are encoded by IGHV1-69, which encodes a 

hydrophobic CDRH2, and insert the germ line encoded Phe154 into the RBS, 

forming hydrophobic contacts with the hydrophobic floor of the RBS.  

For some HA RBS-directed antibodies, the affinity of the Fab for HA is 

enhanced through avidity (Ekiert et al., 2012; Hong et al., 2013; Lee et al., 2012). 

The Fabs of these broadly neutralizing antibodies have intermediate affinity to 

accommodate the variability around the RBS, which is rescued by binding of the 

full-length IgG. 

 

Antibodies that recognize the HA stem 

 Antibodies that neutralize influenza through interactions with the HA stem 

domain do so by inhibiting the HA pH-induced conformational change that occurs 

in the endosome, block host proteases from cleaving HA0, prevent viral egress, or 

promote ADCC (Corti et al., 2011; DiLillo et al., 2014; Dreyfus et al., 2012; Ekiert 

et al., 2011). The first HA stem binding antibody, C179, was identified in 1993 as a 

murine antibody and neutralizes H1, H2, H5, and H6 viruses (Dreyfus et al., 2013; 

Okuno et al., 1993). 



	 28 

 
 

Figure 1-10. Broadly neutralizing antibodies bound to influenza HA. Broadly 
neutralizing influenza antibodies modeled onto A/Hong Kong/1/1968 (H3N2) HA 
shown as a surface model with one protomer colored for clarity; HA1, red; HA2, 
blue. Figure from (Lee and Wilson, 2015)  
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The HA stem binding antibodies can be organized by the HA group they 

neutralize, Group 1 HAs (Dreyfus et al., 2013; Ekiert et al., 2009; Sui et al., 2009), 

Group 2 HAs (Ekiert et al., 2011; Friesen et al., 2014), and pan-Influenza A and B 

(Corti et al., 2011; Dreyfus et al., 2012). A number of HA stem directed antibodies 

use the VH1-69 gene segment, which encodes a hydrophobic CDRH2 that inserts 

into a hydrophobic pocket on the HA stem (Dreyfus et al., 2012; Ekiert et al., 2009; 

Sui et al., 2009). 

The highly conserved epitopes on the HA stem domain which are essential 

for fusion are an attractive target for structure-based vaccine design.  

 

H5N1 specific antibodies 

 H5N1-specific antibodies were isolated from subjects in a phase I clinical 

trial of an experimental H5N1 vaccine, containing the HA and NA glycoproteins 

from A/Vietnam/1203/2004 (H5N1) influenza strain (Bernstein et al., 2008; 

Thornburg et al., 2013). The antibodies were characterized by testing the ability of 

the antibodies to bind 7 H5s from different H5N1 strains, hemagglutination 

inhibition activity, and capacity to neutralize VN/1203 H5N1 influenza (Table I-1). 

We were interested in structurally characterizing an antibody that binds the H5 

head domain, and chose H5.3 to study further. 
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Table I-1. Binding of human mAbs to HAs from different H5N1 virus wt field 
strains. 

 

 

Field strain HAs used were from A/Vietnam/1203/2004, clade 1.1 (“VN/1203”), 
A/Indonesia/05/2005, clade 2.1.3.2 (“Indo”), A/Anhui/1/2005, clade 2.3.4 (“Anhui”), 
A/Egypt/3300-NAMRU3/2008 (“Egypt”), A/bar-headed goose/Qinghai/1A/2005, 
clade 2.2.1.1 (“BHG”), A/Hong Kong/156/1997, clade 0 (“HK/156”), 
A/HK/213/2003, clade 0 
(“HK/213”). 
 
> indicates a value of ≥  50,000 was assigned when the curve did not reach a 
maximum within the limits of the assay. 
 
n.d. indicates domain not determined  because of complex results in the functional 
mapping experiments. 
 
Table adapted from (Thornburg et al., 2013). 
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Research Objective 

 

 Since 2003, ~850 people have been infected with H5N1, through direct or 

indirect contact with infected poultry, resulting in a ~50% mortality rate (WHO, 

2016). Currently this virus cannot be directly transmitted between humans, though 

it is a novel virus, capable of causing illness in the immunologically naïve human 

population, meeting two of the three elements for a pandemic virus (Poland et al., 

2007). Recent studies have shown very few mutations may be necessary for 

efficient human-to-human transmission of the virus (Herfst et al., 2012; Imai et al., 

2012). The current best method for prevention of influenza pandemics is 

vaccination. The antibody H5.3 was isolated from a subject in an experimental 

H5N1 vaccine trial and characterized as a potent and specific antibody (Thornburg 

et al., 2013). My goal for this project was to determine molecular mechanism H5.3 

uses to neutralize H5N1 influenza and examine the affinity maturation of H5.3. 

 I have shown H5.3 neutralizes H5N1 by binding an epitope on H5 

encompassing the highly conserved RBS and polymorphic residues on the 

periphery, indicating the breadth and potency of the antibody conflict due to 

variability outside the RBS. I have shown H5.3 binds respiratory droplet 

transmission VN/1203 H5 in the same manner as it binds wild type HA, indicating 

receptor specificity may not be critically important for vaccine development. I have 

shown H5.3 and other H5-specific antibodies isolated from the experimental H5N1 

vaccine trial have fewer somatic mutations than broadly neutralizing influenza 

antibodies, suggesting the vaccine elicited a naïve B cell response. Finally I have 

demonstrated the H5.3 somatic mutations do not have large effect on increasing 

the affinity of H5.3 for H5 and do not stabilize the protein conformation, as it 
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remains flexible after affinity maturation, indicating the somatic mutations may 

have another function.  
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CHAPTER II 
 

EXPRESSION AND PURIFICATION OF A/VIETNAM/1203/2004 H5 HEAD 

DOMAIN FROM ESCHERICHIA COLI INTO ITS NATIVE IMMUNOGENIC 

STRUCTURE 

 

Introduction 

Influenza is a worldwide health concern, causing the death of between 

250,000-500,000 people each year (WHO, 2014a). Influenza pandemics occur 

when a novel influenza virus acquires the ability to transmit efficiently and cause 

illness in the immunologically naïve human population (Poland et al., 2007). Since 

2003, there have been ~850 humans cases of the avian influenza virus, H5N1, 

instances of direct transmission from birds to humans, resulting in a ~50% 

mortality rate (WHO, 2016). This virus cannot currently be transmitted efficiently 

between humans, due in part to the receptor specificity of the virus. 

The surface glycoprotein hemagglutinin (HA) is responsible for attachment 

and entry of the virus into the host cell. The HA globular head domain is the 

primary target of the humoral immune response and contains the conformation-

specific antigenic sites (Caton et al., 1982; Stevens et al., 2006a; Wiley et al., 

1981). 

HAs for structural studies are typically produced using mammalian cell 

culture or baculovirus infected insect cell expression. These methods offer the 

advantages of properly folding the protein and the ability to add post-translational 

modifications (i.e., glycosylation). However, these methods can also lead to 

heterogeneous glycosylation. An alternative method is the cheaper and faster 

bacterial expression of HA, and although the protein is not soluble, it can be 
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refolded. Bacterially-expressed HA head domain can be properly folded, bind 

conformation specific monoclonal antibodies, and is capable of eliciting an immune 

response in mice and ferrets (Aguilar-Yáñez et al., 2010; Biesova et al., 2009; 

Chiu et al., 2009; Song et al., 2008b). Immunogenic viral proteins from other 

viruses, including rotavirus, vaccinia, and orthopoxvirus, have been successfully 

purified from bacteria, are able to bind human monoclonal antibodies (mAbs), used 

as a vaccine, and elicited an immune response in mice (Aiyegbo et al., 2013a; 

2013b; Berhanu et al., 2008; Fang et al., 2006).  

Here, I present the expression and purification of the A/Vietnam/1203/2004 

(H5N1) (VN/1203) H5 head domain (H5hd) in bacteria. I have shown the H5hd 

folds properly, binds VN/1203 H5-specific mAbs, and have identified a set of H5hd 

constructs that will be useful in future crystallization studies. Additionally, I have 

determined the x-ray crystallographic structure of one these Fabs, H5.3.  

 

Materials and Methods 

 

Cloning H5 head domain into pET28a 

The VN/1203 H5 head domain was subcloned into the pET28a expression 

vector with an N-terminal 6x-His tag and a thrombin cleavage site. Additional H5 

head domain constructs were generated in pET28a by PCR-based mutagenesis 

and verified by nucleotide sequencing.  

 

HA expression and purification 

The plasmid was transformed into BL21 (DE3) E. coli cells. The proteins 

were expressed in BL21 (DE3) cells grown in LB medium at 37 °C to an optical 

density (at 600 nm) of 0.6 and were induced with 0.1 mM isopropyl β-D-
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thiogalactopyranoside for 12 h at 20 °C. Bacteria were harvested by centrifugation 

and lysed with a French press in 1xPBS with ∼1 µg/mL hen egg white lysozyme, 

∼1 µg/mL DNase I, 10 µg/mL leupeptin, 1 mM PMSF, and 0.7 µg/mL pepstatin. 

The lysate was clarified by centrifugation and the insoluble fraction was 

resuspended in 8 M urea, 50 mM Tris, pH 8, and purified by Co-NTA affinity using 

TALON resin. The protein was refolded overnight by rapid dilution (10 mL into 200 

mL) into 1 M arginine, 10 mM Tris, pH 7.5, 0.5 mM reduced glutathione, 0.05 mM 

oxidized glutathione, followed by dialysis against 150 mM NaCl, 10 mM Tris, pH 

7.5, for 24 h, and centrifugal concentration. The 6x-His tag was removed using 

thrombin, followed by gel filtration on a 24-mL Superdex 200 (GE Healthcare) 

column. The final protein yield is ~20 mg/L. 

 

H5.3 Fab purification 

The variable regions of the H5.3 Fab were subcloned into Lonza Ig 

expression vectors (already containing constant regions). Protein was expressed 

by transient transfection of 293F cells (Invitrogen) according to the manufacturer’s 

instructions, with the exception that polyethyleneimine was used as the 

transfection reagent as previously described (Durocher et al., 2002), instead of 

293Fectin. Cells were grown for 7 days then harvested by centrifugation at 2500 x 

g. Supernatant was passed through a 0.45 µm membrane. The clarified 

supernatant was applied to a HiTrap Protein G HP column (GE Healthcare) and 

buffer exchanged 2x with DPBS using an Amicon Ultra centrifugal concentrator 

with a 10 kilodalton cutoff membrane (Millipore).  
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Gel filtration assays 

Fab and H5hd were mixed together and incubated on ice for 20 min. The 

complex was then loaded onto a 24 mL Superdex S200 column (GE Healthcare) 

maintained in 150 mM NaCl, 10 mM Tris, pH 7.5. 

 

Crystallization, data collection, and structure determination 

H5.3 Fab crystals were grown by vapor diffusion of 21 mg/mL protein 

against a reservoir of 24% PEG 1500 and 20% glycerol. Crystals were frozen 

directly from the crystallization drops. Diffraction data were collected from single 

crystals at 100K at sector LS-CAT 21-ID-G at the Advance Photon Source 

(Argonne, IL). Data were indexed, integrated and scaled with HKL2000 

(Otwinowski and Minor, 1997). Data collection statistics are given in Table II-1. 

Molecular replacement was performed with Molrep (Vagin and Teplyakov, 1997) 

by iteratively searching a library of ~250 Fab fragments. The best solution, 

obtained with PDB 1FGW, was identified based on the Contrast score. Side chains 

of this oriented model that differed from the H5.3 sequence were trimmed to 

alanine, and the resulting oriented model was refined in Phenix (Adams et al., 

2002). Refinement included rigid body refinement of the individual domains, 

simulated annealing, positional, individual B-factor, and TLS. Loops were rebuilt 

and side chains added in COOT (Emsley and Cowtan, 2004) using simulated 

annealing composite omit maps (Brünger et al., 1997) generated by Phenix 

(Adams et al., 2002). TLS refinement (Painter and Merritt, 2006) was incorporated 

in the final rounds of refinement using TLS groups identified using Phenix. The 

refined model consists of amino acids 5-211 of the light chain, 2-223 of the heavy 

chain, and 188 water molecules. The final Rfactor is 17.23%, the Rfree is 20.31% for 

data between 50 and 2.25 Å. Additional data and model statistics are given in 
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Table II-1. The structure has been deposited in the Protein Data Bank under 

accession code 4GSD. 

 

Iodoacetamide assay 

The iodoacetamide assay was performed on all H5hd constructs as 

described in (Pecorari, 1999). Briefly, 50 mM of iodoacetamide was added to 50 

mg of each H5hd construct for 15 min. LDS-PAGE sample buffer was added to 

stop the reaction, samples were boiled for 1 min and loaded on 12% SDS-PAGE 

gel. Additional controls included H5hd + sample buffer and H5hd + sample buffer + 

DTT. Gels were stained with SimplyBlue SafeStain and the presence of disulfide 

bridge species was analyzed.  

 

Fab deglycosylation assay 

The Fab deglycosylation assay was performed using PNGase F (New 

England BioLabs) according to manufacturer’s instructions. Briefly, 20 mg of Fab 

was mixed with GlycoBuffer and incubated at 100°C for 10 min. GlycoBuffer, NP-

40, and PNGase F were then added and the reaction was incubated at 37°C for 1 

hr. LDS-PAGE sample buffer was added to each reaction, they were boiled for 10 

min, and loaded on a 4-20% SDS-PAGE with control Fabs that were not exposed 

to PNGase F, and stained with SimplyBlue SafeStain to detect mobility shifts. 

 

Results 

 

Cloning, expression, purification, and refolding of VN/1203 H5hd 

The initial 25 kD construct I expressed and purified, H5hd-P1, contained 

residues 54-268 (H3 numbering), based on the structure of the H5 ectodomain 
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(Figure II-1A) (Stevens et al., 2006a). It was subcloned into the pET28a 

expression vector, with an N-terminal 6x-His tag, under a T7 promoter (Figure II-

1B). The plasmid was transformed into BL21 (DE3) E. coli cells, grown in LB 

medium at 37°C, induced with 100 mM IPTG, and grown overnight at 20°C. The 

bacteria was harvested by centrifugation and lysed using a French Press. The 

insoluble fraction was separated by centrifugation and the inclusion bodies were 

resuspended in 8 M Urea. The solubilized H5hd-P1 was purified by Co-NTA 

affinity using TALON resin in 8 M Urea, yielding ~100 mg/L of very pure H5hd-P1 

(Figure II-1C). 

I then refolded the protein in a 10:1 reduced to oxidized glutathione redox 

buffer in 1M Arginine and dialyzed the protein to remove excess Urea and 

Arginine. The final yield of H5hd-P1 was ~20 mg/L. 

 

H5hd-P1 binds to human monoclonal antibodies  

I verified the conformational integrity of H5hd-P1 by testing binding to 

VN/1203 H5-specific human monoclonal antibodies (mAbs; H5.2, H5.3, H5.13, 

H5.9) using gel filtration. The mAbs were isolated from subjects in an H5N1 

vaccine trial, using a vaccine containing the HA and NA glycoproteins from 

VN/1203 H5N1. These mAbs have been characterized to bind the VN/1203 H5 

head domain using a hemagglutination inhibition assay (Thornburg et al., 2013).  

I mixed 100 mg of Fab with 100 µg H5hd-P1 together, when run over gel 

filtration the H5hd-P1 with H5.2 or H5.3 mixtures co-eluted at a faster retention 

time indicating complex formation (Figure II-2). However, I did not detect complex 

formation between H5hd-P1 and the H5.9 and H5.13 Fabs indicating that H5.9 and 

H5.13 recognize features not present in H5hd-P1. 
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Figure II-1. H5hd construct and purification. (A) One protomer of the HA trimer 
with the H5hd_P1 construct highlighted in orange. Cyan, HA1; Magenta, HA2. 
PDB ID: 2FK0 (B) Schematic representation of H5hd-P1 construct, HA1 residues 
54-268, with an N-terminal 6x His tag (6xH, green) and thrombin cleavage 
sequence (T, blue).  (C) SDS-PAGE gel with samples from each step of the 
purification process, H5hd-P1 ~25kD. (1) resuspended inclusion bodies; (2) 
flowthrough, (3) wash, and (4) elution steps from affinity purification on Co-NTA 
TALON resin; (5) refolded H5hd; (6) dialyzed H5hd; (7) H5hd with 6x-His tag 
removed; (8) H5hd after gel filtration. 
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 Figure II-2. H5.3 Fab binds H5hd-P1 by gel filtration. Gel filtration 
chromatogram showing H5hd-P1 and H5.3 Fab co-eluted, resulting in a shift when 
they are mixed together (blue) compared to when they are separate (H5hd-P1, 
green; H5.3 Fab, purple). AU, absorbance units. 
  

H5hd-P1	+	H5.3	Fab 
H5.3	Fab 
H5hd-P1 
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Crystal Structure of H5.3 Fab 

After determining H5hd-P1 is folded into its native immunogenic state, I 

focused my attention on determining the molecular mechanism of neutralization 

used by H5.3. H5.3 was chosen because it is a potent and specific neutralizing 

and antibody (Thornburg et al., 2013).  

The recombinantly expressed H5.3 Fab H5hd-P1 complex was isolated 

using gel filtration, put into crystal trays, and produced crystals in many conditions. 

We harvested and collected diffraction data on many crystals, however we were 

not able to determine the structure of the H5.3 Fab H5hd-P1 complex. 

All of the crystals contained only the H5.3 Fab. I have determined the x-ray 

crystallographic structure of the H5.3 Fab alone to 2.25 Å (PDB ID code 4GSD) 

(Figure II-3). Refinement and data quality statistics given in Table II-1. There is 

one copy of the Fab in the asymmetric unit (ASU) and it was well ordered.  

 

New H5 head domain constructs 

While I was working to obtain crystals of the H5.3 Fab H5hd-P1 complex, 

structures of bacterially expressed HA head domain alone (DuBois et al., 2010) 

and in complex with a Fab (Hong et al., 2013) were published. These structures 

were used as models to change the length of the current H5hd construct. The N- 

and C-termini of H5hd were shortened and/or lengthened (Figure II-4A). The most 

notable difference is the additional residues on the C-terminus of H5hd-P5 adds a 

disulfide bond to the construct (Stevens et al., 2006a).  
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Figure II-3. Structure of H5.3 Fab. The Fv of the H5.3 Fab, with each CDR 
labeled. HC, magenta; LC, light pink.   
  

CDRH3 

CDRL1 

CDRL3 CDRH2 
CDRH1 

CDRL2 
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Table II-1. Data collection, phasing, and refinement statistics. 
 

 
 

 
  

Data	collec)on	
Space	group	 P6

1
	

Cell	dimensions	

a,	b,	c	(Å)	 150.43,	150.43,	70.517	

Wavelength	 0.97856	

ResoluGon	(Å)	 50-2.25	

Completeness	(%)	 50-2.25	Å:	99.7	(100)	

Redundancy	 50-2.25	Å:	4.4	(4.4)	

I/sigmaI	 50-2.25	Å:	18.3	(2.6)	

Refinement	
ResoluGon	(Å)	 2.25	Å	

No.	reflecGons	 43,167	

No.	reflecGons	free	

set	

2,173	

R
work

	/	R
free

	%	 17.23/20.31	

R.m.s	deviaGons	

Bond	lengths	(Å)	 0.008	

Bond	angles	(°)	 1.136	

Ramachandran	Plot	 98.6%	of	residues	in	favored	regions.	

0	outliers.	
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Figure II-4. H5hd constructs and Iodoacetamide assay. (A) Schematic 
representation of the additional H5hd constructs. (B) SDS-PAGE gels from 
Iodoacetamide Assays. H5hd-P1 runs as one band with and without 
Iodoacetamide, while H5hd-P5 runs as two bands without DTT or Iodoacetamide, 
indicating the disulfide bond is not always formed. 
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I used an iodoacetamide assay to determine if the new H5hd constructs 

were folded properly by assessing disulfide bond formation, as described in 

(Pecorari, 1999). In this assay each H5hd construct was incubated with 

iodoacetamide, which covalently bonds to free thiol groups on cysteine, preventing 

disulfide bond formation, and the reaction was then run on an SDS-PAGE gel. I 

found H5hd-P5 + iodoacetamide resulted in two bands (Figure II-4B). As the other 

constructs are present as one species, it is the additional disulfide added by the 

additional residues in H5hd-P5 that is not formed. This indicates the additional 

disulfide bond in the H5hd-P5 construct is not always formed under oxidizing 

conditions. Based on this information I discontinued the use of H5hd-P5. 

To further characterize the new constructs I used gel filtration to show 

H5hd-P4 and -P6 were able to bind H5.3 Fab. Both of these constructs were 

chosen for inclusion in future H5.3 Fab H5hd crystallization trials. 

 

Discussion 

 

 The results suggest the bacterially expressed H5hd refolds into its native 

immunogenic conformation to bind VN/1203 H5-specific human mAbs. Additionally 

I have determined the x-ray crystallographic structure of one mAb, H5.3, capable 

of binding H5hd. And I have identified H5hd constructs that may be more 

appropriate for H5.3 Fab H5hd complex crystallization. 

 I have identified a protocol for the purification and refolding of an HA head 

domain, involving resuspension of the insoluble H5hd in urea, affinity purification 

using Co-NTA in 8M urea, followed by refolding in 1M arginine in a redox buffer 

overnight. While previously published methods involve resuspension of inclusion 

bodies in different buffers, such as guanidine, or refolding the protein on the affinity 
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column (Aguilar-Yáñez et al., 2010; Chiu et al., 2009; DuBois et al., 2010); 

expressing a full-length HA1 construct (Biesova et al., 2009); or expressing an 

HA1-flagellin fusion construct (Song et al., 2008b).  

Similar to other bacterially expressed HAs, H5hd, described here, binds 

HA-specific mAbs, indicating correct folding and the RBS and conformational 

epitopes presented correctly. 

 The inability to crystallize the H5.3 Fab H5hd complex using reagents 

described here resulted in efforts, described in chapter III, to focus on alternate 

sources for the H5.3 antibody.  However, as described in this Chapter I have 

determined the structure of the H5.3 Fab alone and other HA head domain 

constructs expressed in bacalovirus (Ekiert et al., 2012; Schmidt et al., 2013) and 

bacteria (Hong et al., 2013) have been successfully crystallized in complex with a 

Fab. The modifications I made to the H5hd construct will lead to a stable, 

homogenous protein better suited for crystallization. This H5.3 Fab structure in 

combination with the new H5hd constructs will assist in our plans to determine the 

crystal structure of the H5.3 Fab H5hd complex. 

All of the attempts made to produce crystals containing both recombinantly 

expressed H5.3 Fab (rH5.3 Fab) and H5hd-P1 were unsuccessful. However, in 

Chapter III, I described the structure of hybridoma produced H5.3 Fab (hH5.3 Fab) 

H5hd-P6 complex. As the difference between the H5hd constructs is only 10 

residues and I determined the structure of unliganded H5.3 Fab, it does not seem 

likely the H5hd construct hindered complex crystallization. 

It seems more likely the rH5.3 Fab impeded efforts to crystallize the 

complex for three possible reasons. (1) All of the diffraction data I collected from 

crystals grown in conditions containing rH5.3 Fab H5hd-P1 were in the same 

space group. Therefore it is possible crystal contacts in rH5.3 Fab precluded 
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complex crystallization. CDRH3 is “inserted” into a “pocket” on the LC constant 

region of a neighboring molecule (Figure II-5). However, the sequence differences 

between rH5.3 and hH5.3 LC constant regions are not involved in this interaction; 

there are four total amino acid differences in the constant regions, three in the HC 

(rH5.3-hH5.3, V132S, P228L, K230T) and one in the LC (R113G). 

(2) There is a large difference in the elbow angles between the variable 

and constant regions of the unliganded rH5.3 Fab and liganded hH5.3 Fab 

structures (Figure II-6). This highlights the general flexibility of this region. Also 

studies have shown lambda light chains are more flexible due to an insertion in the 

switch region, making them one residue longer than kappa light chains (Stanfield 

et al., 2006). 

(3) Fabs expressed in 293F cells run at different molecular weights (Figure 

II-7A).  In order to test if this disparity is due to glycosylation differences, I 

performed a deglycosylation assay, and found the variances in molecular weight 

were caused by differences in glycosylation (Figure II-7B). The differences in 

glycosylation may have prevented complex crystallization by disrupting the 

interaction between rH5.3 Fab and H5hd-P1. 
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Figure II-5. Crystal contacts in rH5.3 Fab structure. (A) Two symmetry mates in 
the rH5.3 Fab structure. LC, light pink, white; HC, purple, grey. (B) Enlarged view 
of area outlined in the box in A. The CDRH3 of one copy packed against the LC 
constant region of another rH5.3 Fab molecule. Residues involved are labeled. 
Black, LC residues; magenta, HC residues. 
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Figure II-6. Comparison of the orientation of rH5.3 and hH5.3 constant 
regions. Structural alignment of the Fv regions of rH5.3 and hH5.3, highlighting 
the flexibility of the elbow region. Arrows are pointing to the same location in each 
HC, T200, ~43Å apart. rH5.3, HC, purple; LC, light pink. Bound hH5.3, HC, teal; 
LC, grey.  
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Figure II-7. Recombinant Fab expressed in 293F is differentially glycosylated. 
SDS-PAGE gels showing Fabs produced in 293F with and without DTT (A) and 
with and without PNGase F (B) showing difference in glycosylation due to 
expression in 293F cells. H5.3uca, H5.3 unmutated common ancestor; V19L/Lm, 
H5.3 with V19L mutation in HC and mature LC. Standards are the same on each 
gel, kD. In (B) lanes without PNGase F do not have DTT; lanes with PNGase F 
have DTT. 
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CHAPTER III 

 

VACCINE-ELICITED ANTIBODY THAT NEUTRALIZES H5N1 INFLUENZA AND 

VARIANTS BINDS THE RECEPTOR SITE AND POLYMORPHIC SITES 

 

Introduction 

Influenza remains a major public health concern because seasonal 

influenza infects 600 million to 1.1 billion people annually, resulting in 3–5 million 

cases of severe disease, and 250,000–500,000 deaths (WHO, 2014a). Antigenic 

drift of circulating seasonal influenza viruses necessitates an international vaccine 

effort to reduce the impact on human health. A critical feature of the seasonal 

vaccine is that it stimulates an already primed immune system to diversify memory 

B cells to recognize closely related, but antigenically distinct, influenza 

glycoproteins (hemagglutinins). Influenza pandemics arise when hemagglutinins to 

which no preexisting adaptive immunity exists acquire the capacity to infect 

humans. The four influenza pandemics of the 20th century, caused by novel 

influenza strains infecting the immunologically naive human population, resulted in 

50–100 million deaths (Garten et al., 2009; Kilbourne, 2006; Lambert and Fauci, 

2010; WHO, 2014a). Influenza A immunity is principally mediated by the antibody 

response to the viral glycoprotein, hemagglutinin (HA) (Skehel and Wiley, 2000). 

HA is expressed as a preprotein, HA0, assembled as a trimer on the viral 

envelope, and cleaved by host proteases into HA1 and HA2. HA1 is a largely 

globular domain responsible for receptor binding, and HA2 is a rod-shaped helical 

bundle responsible for membrane fusion (Fig. III-1A) (Skehel and Wiley, 2000). 

There are 18 genetically distinct subtypes of influenza A HA (H1–H18), of which 

only H1 and H3 currently circulate among humans (Knossow and Skehel, 2006; 
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Laursen and Wilson, 2013; Nobusawa et al., 1991; WHO, 2014a; Zhou et al., 

2013). 

Despite the widespread presence of H5N1 influenza viruses in wild birds, 

the virus is not currently transmissible within the human population. Human-to-

human transmission is inefficient and is partially restricted by the receptor 

specificity of the virus; human-type HAs preferentially recognize α2,6-linked sialic 

acid whereas avian-type HAs prefer α2,3-linked sialic acid (Couceiro et al., 1993; 

Shinya et al., 2006; WHO, 2014a; Yamada et al., 2006). However, there have 

been >600 human cases of H5N1 infection since 2003, resulting from the direct 

transmission of the virus from birds to humans, associated with an ∼60% mortality 

rate. There is the potential for a significant pandemic if H5 viruses develop the 

ability to spread efficiently between humans, which would necessitate specificity 

for α2,6-linked sialic acid (Garten et al., 2009; Kilbourne, 2006; Lambert and Fauci, 

2010; WHO, 2014c; 2014b).  

Receptor binding occurs in a shallow depression on the HA globular head 

domain, the edges of which are formed by four structural elements, the 190 helix 

and the 130, 150, and 220 loops (Fig. III-1B), and the receptor binding site (RBS) 

base, which includes invariant hydrophobic residues Tyr98, Trp153, and Leu194 

(Skehel and Wiley, 2000; Weis et al., 1988; Xu et al., 2013). Receptor specificity is 

critically influenced by position 226 on HA; Gln226-containing H3 strains are 

specific for α2,3 sialic acid linkages, and Leu226-containing H3 strains are specific 

for α2,6 sialic acid linkages (Rogers et al., 1983; Skehel and Wiley, 2000).  



	 53 

 
Figure III-1. Human monoclonal antibody H5.3 recognizes the H5 receptor-
binding site. (A) H5.3-wt_H5hd complex overlaid on the VN/1203 H5 trimer (PDB 
ID code 2FK0) showing H5hd in gold, the H5.3 light chain in purple, the H5.3 
heavy chain in teal, and the H5 trimer (2FK0) in gray. (B) A cartoon diagram of 
H5hd showing HA residues contacted by H5.3 as sticks. The structural elements of 
the RBS are highlighted: the 130 loop is cyan, the 140 loop is pink, the 150 loop is 
orange, the 190 helix is blue, and the 220 loop is green. Trp153 forms the base 
and denotes the approximate center of the receptor-binding site. (C) A surface 
representation of H5hd in the same orientation as in B, with the solvent 
inaccessible interface shown in gray. H5.3 contact residues are labeled and shown 
as sticks and colored by CDR, with CDRH1 in light blue, CDRH2 in blue, CDRH3 
in teal, CDRL1 in light pink, CDRL2 in dark pink, and CDRL3 in purple. 
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In H5 strains, Leu226 enhances binding to α2,6-linked sialic acid receptors, but H5 

viruses isolated from humans contain mutations at other sites that also promote 

use of α2,6-linked sialic acid receptors (Xiong et al., 2013; 2014; Yamada et al., 

2006). 

Recent influenza pandemics have been caused by the acquisition of 

mutations that change the receptor preference to α2,6 sialic acid linkages, and 

recent studies with multiply passaged laboratory strains indicated that only a small 

number of mutations are necessary to introduce preference for α2,6 linkages into 

H5 strains (Connor et al., 1994; Herfst et al., 2012; Imai et al., 2012; Knossow and 

Skehel, 2006; Laursen and Wilson, 2013; Matrosovich et al., 2000; Nobusawa et 

al., 1991; WHO, 2014b; Xiong et al., 2013; Zhang et al., 2013; Zhou et al., 2013). 

These viruses, termed respiratory droplet transmissible (rdt), typically have three 

mutations in or near the receptor binding site on HA (Herfst et al., 2012; Imai et al., 

2012). 

The most frequent potent neutralizing antibody response to HA arises from 

antibodies that target the RBS and prevent virus attachment (Skehel et al., 1982). 

Recent studies indicate that among RBS-directed antibodies, broad neutralization 

(across multiple isolates within a subtype or across subtypes) is achieved by 

insertion of a single complementary determining region (CDR) into the RBS to 

inhibit receptor binding (Laursen and Wilson, 2013). These broadly neutralizing 

antibodies (bnAbs) target conserved amino acids within the RBS and 

simultaneously avoid polymorphic sites on the ridges of the RBS. BnAbs may be 

relatively rare in human repertoires, and, as a consequence, current seasonal 

vaccine efforts focus on developing or boosting strain-specific responses to three 

or four currently circulating (“seasonal”) variants (Lambert and Fauci, 2010). Such 

strategies do not directly address the threat posed by noncirculating viruses with 
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pandemic potential, such as H5 strains that circulate widely in wild bird populations 

and sporadically infect humans where they acquire mutations that enhance binding 

to human receptors (Xiong et al., 2014). Instead, H5N1 vaccines against 

“prepandemic” strains have been developed commercially for future use in the 

case of a pandemic, illustrating that a prepandemic immunization program is 

feasible (Belshe et al., 2014; Treanor, 2014). 

The immune response against H5N1 vaccines in healthy adults is less 

robust than for most seasonal influenza strains, typically resulting in a response 

restricted to the strain used in the vaccine and to closely related variants (Belshe 

et al., 2011; Nicholson et al., 2001; Treanor et al., 2001; 2006). Notwithstanding 

this observation, a recent study described panel of human anti-H5 antibodies 

induced in response to vaccination of volunteers with an experimental H5N1 

subunit vaccine (Thornburg et al., 2013). Here, I describe the structure and 

characterization of a human monoclonal antibody, H5.3, bound to 

A/Vietnam/1203/2004 (VN/1203) H5 and to two H5 rdt variants. H5.3 is an RBS-

directed antibody that recapitulates many of the electrostatic interactions of the 

natural receptor, sialic acid, as well as forming additional interactions to the 

periphery of the RBS that provide specificity. H5.3 is potent and specific despite 

containing only 11 mutations from its unmutated common ancestor (UCA) and 

maintaining the structural flexibility typically associated with unmutated antibodies, 

as evidenced by significant rearrangement of CDRH3 and CDRL3. The structures 

determined here offer a chemical explanation for the evident trade-off between 

breadth and potency, and the germ-line characteristics highlight the role of lightly 

mutated antibodies in neutralization of new viral strains. 
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Material and Methods 

 

Expression and Purification of H5.3 Fab 

The H5.3 hybridoma cell line was generated as previously reported 

(Thornburg et al., 2016). Briefly, the H5.3 expressing hybridoma cell line was 

grown in serum-free medium (Life Tech), and H5.3 IgG was purified from the 

supernatant using Protein G resin. Purified full-length antibody was digested with 

papain, and H5.3 Fab fragments were purified using Protein A resin. The Fab was 

concentrated and stored at −80 °C until needed. 

 

Expression and Purification of HA 

The proteins were expressed in BL21 (DE3) cells grown in LB medium at 

37 °C to an optical density (at 600 nm) of 0.6 and were induced with 0.1 mM 

isopropyl β-D-thiogalactopyranoside for 12 h at 20 °C. Bacteria were harvested by 

centrifugation and lysed with a French press in PBS with ∼1 µg/mL hen egg white 

lysozyme, ∼1 µg/mL DNase I, 10 µg/mL leupeptin, 1 mM PMSF, and 0.7 µg/mL 

pepstatin. The lysate was clarified by centrifugation, and the insoluble fraction was 

resuspended in 8 M urea, 50 mM Tris, pH 8, and purified by Co-NTA affinity using 

TALON resin. The protein was refolded overnight by rapid dilution (10 mL into 200 

mL) into 1 M arginine, 10 mM Tris, pH 7.5, 0.5 mM reduced glutathione, 0.05 mM 

oxidized glutathione, followed by dialysis against 150 mM NaCl, 10 mM Tris, pH 

7.5, for 24 h, and centrifugal concentration. The 6x-His tag was removed using 

thrombin, followed by gel filtration on a 24-mL Superdex 200 (GE Healthcare) 

column. Biotinylated H5hd was prepared the same as H5hd, with the following 

modifications: a BirA tag (GGGLNDIFEAQKIEQHE) was introduced at the carboxyl 
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terminus by PCR, and the purified, refolded protein was labeled with Escherichia 

coli biotin ligase following standard protocols (Howarth and Ting, 2008). 

 

Crystallization 

The H5.3 Fab was mixed with excess H5hd, and the complex was isolated 

by gel filtration on a Superdex 200 column maintained in 150 mM NaCl, 10 mM 

Tris, pH 7.5. The complex was concentrated to ∼10 mg/mL and immediately used 

for crystallization trials in sitting drop vapor diffusion trays. H5.3-H5hd crystals 

were grown from a reservoir containing 100 mM Hepes, pH 7.5, 20% (wt/vol) PEG 

10,000. H5.3-H5hd_rdt_In crystals were grown from 200 mM ammonium sulfate, 

100 mM Hepes, pH 7.5, 25% (wt/vol) PEG 3350. H5.3-H5hd_rdt_Vn crystals were 

grown from 200 mM sodium malonate, pH 7, 20% (wt/vol) PEG 3350. After 3–10 

d, crystals were cryoprotected with a solution containing the reservoir solution with 

2% (wt/ vol) additional PEG and 15% (wt/vol) glycerol, harvested onto nylon loops, 

and flash cooled in liquid nitrogen. 

 

Data Collection and Structure Determination 

Diffraction data were collected from single crystals at 100 K at LS-CAT 

Sector 21 at the Advance Photon Source (Argonne, IL). Data were indexed, 

integrated, and scaled with either HKL2000 (H5.3-H5hd and H5.3- H5hd_rdt_Vn) 

or XDS and Scala as called from xia2 (H5.3- H5hd_rdt_In) (Evans, 2006; Kabsch, 

2010a; 2010b; Otwinowski and Minor, 1997; Sauter et al., 2004; Winter, 2010). 

Data collection statistics are given in Table III-1. Molecular replacement was 

performed with Molrep (Vagin and Teplyakov, 1997) by iteratively searching a 

library of Fab fragments. A solution, obtained with PDB ID code 1IGI, was used in 
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Phaser (McCoy et al., 2005) to locate the head domain of 2FK0. The variable and 

constant domains of H5.3 (PDB ID code 4GSD) were aligned individually to the 

molecular replacement solution, and residues that differed between the 

recombinant H5.3 structure (the initial structure of H5.3 was determined using a 

recombinant protein) and the hybridoma-derived H5.3 were mutated to alanine, 

and the resulting model was refined in Phenix (Adams et al., 2002). The sequence 

of H5.3 variable regions has been described (Thornburg et al., 2013). Germline 

gene-encoded antibody constant region sequences IGLC1*02 and IGHG1*03 were 

used for the light or heavy chain constant regions, respectively. An additional two 

residues, observed at the amino terminus of the light chain in all structures, were 

modeled as Y and E. Refinement included rigid body refinement of the individual 

domains, simulated annealing, positional refinement, individual B-factor 

refinement, and translation/libration/screw (TLS) refinement. Loops were rebuilt 

and side chains added in COOT (Emsley and Cowtan, 2004) using simulated 

annealing composite omit maps (Brünger et al., 1997) generated by Phenix 

(Adams et al., 2002). TLS refinement (Painter and Merritt, 2006) was incorporated 

in the final rounds of refinement using TLS groups identified using Phenix. N-linked 

glycans were placed in the final rounds of refinement. Data and model statistics 

are given in Table III-1. The structures have been deposited in the Protein Data 

Bank under accession codes 4XNM (H5.3-H5hd), 4XNQ (H5.3-H5hd_rdt_Vn), and 

4XRC (H5.3-H5hd_rdt_In). 

 

Biosensor Assays 

Affinity measurements were performed using Fab fragments and 

biotinylated H5hd on an Octet interferometry instrument (ForteBio) with 

streptavidin biosensors (Fortebio 18-5019). HA and Fab were diluted in 1× kinetics 
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buffer (Forte bio, 18-5032) with PBS. Fabs were diluted to 100 nM, 50 nM, 25 nM, 

12.5 nm, 7.5 nM, and 3.6 nM. Tips were equilibrated in 1× kinetics buffer for 60 s, 

HA was immobilized on biosensors for 120 s, baselines were established in 1× 

kinetics buffer for 60 s, and dilutions of H5.3 Fab were used for 180-s association 

curves, and 180-s 1× kinetic buffer dissociation curves. The data were analyzed 

with ForteBio data analysis software version 7.1. Briefly, the y-axis was aligned to 

baseline, and data were processed with Savitzky–Galay filtering. Affinities were 

calculated by doing curve fits of association and dissociations with a 1:1 binding 

model and local fitting of the full curves. All R2 were greater than 0.98 and X2 were 

less than 0.25. 

 

Results 

 

Structure of H5.3:H5hd Complexes  

As described in Chapter II, I was unable to determine the structure of the 

H5.3 Fab H5hd complex using recombinantly expressed H5.3 Fab. I determined 

the crystal structure of a human monoclonal antibody Fab, H5.3, in complex with 

VN/1203 H5 head domain (H5hd, PDB ID code 4XNM) to 2.5 Å, using H5.3 Fab 

produced in hybridoma cells and digested with papain (Fig. III-1). I also determined 

the structures of H5.3 in complex with H5hd containing the rdt mutations from the 

Kawaoka (H5hd_rdt_Vn, PDB ID code 4XNQ) and Fouchier (H5hd_rdt_In, PDB ID 

code 4XRC) laboratory strains to 2.15 Å and 2.74 Å, respectively (Xiong et al., 

2013; Zhang et al., 2013). Refinement and data quality statistics are given in Table 

III-1.  
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Table III-1  Data collection, phasing, and refinement statistics 
 

	 H5.3-H5hd	 H5.3-H5hd-
Vietnam	

H5.3-H5hd-
Indonesia	

Data	collection	 	 	 	
Space	group	 C2	 C2	 C2	
Cell	dimensions			 	 	 	
				a,	b,	c	(Å)	 250.9,	

51.4,	
	127.2	

250.4,	
	51.2,	
	127.7	

248.4,	
	51.1,	
	127.6	

				a,	b,	g		(°)		 90.0,		
99.8,		
90.0	

90.0,		
100.2,		
90.0	

90.0,		
99.9,		
90.0	

	 	 	 	
Wavelength	 0.97856	 1.00394	 0.	97856	
Resolution	(Å)a	 2.5	(2.59-

2.51)		
2.15	(2.19-
2.15)		

2.74	(2.81-2.74)		
	

Rsym	a,b	 10.9%	
(66%)	

4.8	(60.0)	
	

8.5	(59.8)	
	

I	/	sI	a	 14.2	(1.7)	 26.2	(2.4)	 14.5	(2.2)	
	

Completeness	(%)a	 97.6	(94.3)	 96.9	(91.9)	 99.8	(99.8)	
Redundancya	 4.9	(3.7)	 4.0(3.9)	 5.1	(4.5)	
	 	 	 	
Refinement	 	 	 	
Resolution(Å)a	 50-2.51	

(2.57-2.51)	
50-2.0	(2.05-

2.0)	
50-2.74	(2.81-

2.74)	
No.	reflections	a	 53,874	

(3,221)	
97,220	(3,778)	 42,101	(2,847)	

Rwork	/	Rfree	c,d	 21.4/24.6	 19.7/21.1	 19.7/25.1	
No.	atoms	 	 	 	
				Protein	 9,644	 9,614	 9,704	
				Ligand/Glycans	 38	 38	 38	
			Water	 85	 415	 102	
B-factors	(Å2)	 	 	 	
				Protein	 85.8	 59.7	 69.2	
				Ligand/Glycans	 110.5	 87.0	 107.4	
				Water	 64.9	 54.0	 51.3	
R.m.s	deviations	 	 	 	
				Bond	lengths	(Å)	 0.003	 0.003	 0.002	
				Bond	angles	(°)	 0.7	 0.8	 0.8	
Ramachandran		 	 	 	
					Outliers	 0.08%	 0.08%	 0.16%	
					Allowed	 2.27%	 1.9%	 1.9%	
					Favored		 97.7%	 98.1%	 97.9%	

 
aParenthesis indicate outer-shell statistics . 
 bRsym = ∑hkl∑i |Ihkl,i - <Ihkl>| /∑hk∑i Ihkl,i   Ihkl,i  is the scaled intensity of the ith 
measurement of reflection h, k, l,. 
< Ihkl> is the average intensity for reflection I, and N is the number of observations 
of I. 
 cRcryst = ∑hkl |Fo - Fc| / ∑hkl |Fo|, where Fo and Fc  are the observed and 
calculated structure factors. 
dRfree was calculated as for Rcryst, but using 5% of data, randomly chosen and 
excluded from refinement. 
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In all cases, the asymmetric unit (ASU) contained two copies of the H5.3–H5hd 

complex (rmsd of 0.51, 0.52, and 0.63 Å between main chain atoms of the H5hd 

and antibody variable regions for the two copies of wt, rdt_Vn, and rdt_In, 

respectively). Both copies of the H5.3 Fab in the ASU were well ordered in all 

crystals, except for residues 138–145 in the heavy chain constant region. 

The H5hd, which was expressed in bacteria, was well resolved throughout 

the structure, except for one loop: residues 78–90 in chain C of the wt_H5hd, 79–

82A in chain C of H5hd_rdt_In, and 77–82 in chain C of H5hd_rdt_Vn.With the 

exception of the poorly ordered loop, the rmsd between main chain atoms of H5hd 

and the trimeric ectodomain (PDB file2FK0) (Stevens et al., 2006a) was 0.76 Å. An 

additional loop, described below, is disordered in the H5hd_rdt_Vn structure. 

H5.3 forms an extensive interface with H5hd, using all six CDR loops and burying 

∼808 Å2 on H5hd and ∼795 Å2 on H5.3 (Fig. III-1 B and C). The interface is roughly 

centered on the H5 RBS. CDRH3 inserts into the highly conserved RBS, and 

CDRs L1, L2, L3, H1, and H2 contact variable residues on the periphery of the 

RBS, including the 130 loop, 150 loop, 220 loop, and 190 helix. CDRs L1 and L2 

interact with the 190 helix on the rim of the RBS; and CDRs H1 and H2 interact 

with the 140 loop of H5hd (Fig. III-1C). The interface (∼800 Å2 per partner) is 

slightly smaller than a typical protein–protein interface, yet H5.3 is, to our 

knowledge, the most potent human antibody described for H5N1 strains, with a 

viral neutralization IC50 of 0.02 µg/mL and a Kd of 5 nM (for recombinant H5.3 Fab 

binding to recombinant HA from strain VN/1203) (Fig. III-2) (Jones and Thornton, 

1996; Thornburg et al., 2013). CDRH3 is critical for this interaction, and mutations 

to CDRH3 abolish binding (Fig. III-2). As described in the section Recognition of 

H5 RDT Variants, the HA rdt mutations are largely outside the contact interface. 
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Figure III-2. H5.3-H5hd affinities. Measured on an Octet interferometry 
instrument. (A) These data were fit with a 1:1 binding mode, yielding apparent Kd 
= 8 nM. The Fab concentrations tested in this experiment were 100 nM, 50 nM, 25 
nM, 12.5 nm, 7.5 nM, and 3.6 nM. (B) The WT Fab concentration tested in this 
experiment was 50 nM. Mutant Fabs were tested at 500 nM and 50 nM. The 
affinity of all mutant Fabs was bellow the limit of detection. Mutants were made in 
the tip of CDRH3 (D103, I104, L105). The WT residues D103/I104/L105 (DIL) 
insert into the receptor-binding site and are essential for binding. 
 
 
  

WT	50	nM 
DAA	500	nM 
DAA	50	nM 
AAA	500	nM 
AAA	50	nM 
ΔDIL	500	nM 
ΔDIL	50	nM 
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Comparison with the Receptor and Other RBS-Directed Antibodies  

Because the H5.3 CDRH3 inserts into the RBS, I compared the H5.3–H5hd 

complexes with the structure of the avian receptor analog (α2,3-SLN; 3′-sialyl-N-

acetyllactosamine) bound to A/Vietnam/1194/2004 H5 (PDB ID code 4BGY) 

(Xiong et al., 2013) and to influenza HA-antibody complexes that similarly project 

CDRH3 into the RBS (PDB ID codes 3SM5, 4HKX, 4M5Z, 4O5I, 2VIR, and 1KEN) 

(Barbey-Martin et al., 2002; Bizebard et al., 1995; Hong et al., 2013; Lee et al., 

2014; Schmidt et al., 2013; Whittle et al., 2011) (Fig. III-3). H5.3 hydrogen bonding 

(H-bonding) interactions replace sialic acid hydrogen bonding in the H5.3–H5hd 

complex (Fig. III-3 A and B), much as has been seen in other receptor mimetic 

antibodies, with the difference that H5.3 uses, exclusively, main chain H-bonding 

residues. 

In H5.3, the backbone amide of Leu105 accepts a hydrogen bond from the 

carbonyl oxygen of HA1 Val135. The carbonyl oxygen of H5.3 Asp103 donates 

hydrogen bonds to the side chain hydroxyl of Ser136 and the backbone amide 

nitrogen of Ser137 in HA1 (Fig. III-3A). In the receptor analog, the carbonyl oxygen 

of Val135 accepts a hydrogen bond from the amide of the acetamide group of 

sialic acid, essentially the same as the interaction between H5 Val135 and H5.3 

Leu105. The carboxylate group of sialic acid accepts hydrogen bonds from the 

side chain hydroxyl of Ser136 and the backbone amide of Ser137, similar to the 

interaction between these residues and the H5.3 Asp103 main chain carbonyl 

oxygen (Fig. III-3). In addition to this direct readout of the receptor hydrogen-

bonding network, Ile104 from H5.3 contacts the hydrophobic RBS floor formed by 

HA1 Tyr98, Trp153, and Leu194 (Fig. III-3A). 
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Figure III-3. H5.3 binds to the HA receptor binding site. (A and B) The CDRH3 
of H5.3 (teal) is inserted into the HA (gold) receptor binding site and binds in the 
same location as the α2,3 sialoglycan receptor analog (PDB ID code 4BGY). The 
backbone of H5.3 CDRH3 forms the same pattern of hydrogen bonds with H5 as 
does sialic acid. Hydrogen bonds are shown as dashed black lines. (C) Sequence 
alignment of HA receptor-binding site targeting antibodies, highlighting the Asp at 
the tip of CDRH3 that often mimics the carboxylate of sialic acid. F045-092 is 
abbreviated as F045. (D) The Asp at the tip of the H5.3 CDRH3 (teal) is oriented 
away from the RBS, unlike the Asp at the tips of CDRH3 in HC63 (blue, 1KEN), 
5J8 (orange, 4M5Z), HC19 (gray, 2VIR), CH65 (3SM5, green), F045-092 (4O5I, 
burgundy), which are inserted into the receptor binding site, mimicking the 
carboxylate group of sialic acid. 
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H5.3 recapitulates the hydrogen-bonding scheme of the α2,3-SLN receptor 

using only main chain antibody features. In this regard, H5.3 differs substantially 

from other examples of CDRH3-based RBS-directed antibodies, which use an Asp 

side chain to form the contacts made by the carboxylic acid of the receptor. 

Notably, H5.3 possesses an Asp (Asp103) on the tip of CDRH3, but this functional 

group is pointed away from the RBS and does not form similar contacts to the 

carboxylic acid in sialic acid (Fig. III-3D). 

 

Recognition of H5 RDT Variants 

H5.3 has been shown to bind H5 rdt variants presented in the VN/1203 

background as efficiently as wt VN/1203 (Thornburg et al., 2013). To understand 

how an RBS-directed antibody is able to accommodate both human and avian 

receptor binding sites, I determined the structures of H5.3 in complex with two H5 

rdt variants. Each H5N1 rdt virus contains three mutations in or near the RBS: 

Asn158Asp, Asn224Lys, Gln226Leu (H5hd_rdt_Vn) in the VN/1203 H5 (Imai et al., 

2012) and Thr160Ala, Gln226Leu, Gly228Ser (H5hd_rdt_In) in the 

A/Indonesia/05/2005 H5 (Herfst et al., 2012). I introduced both sets of rdt 

mutations into the VN/1203 background and determined the structures of each H5 

rdt variant in complex with H5.3 Fab to 2.15 Å and 2.74 Å, for H5.3-H5hd_rdt_Vn 

and H5.3-H5hd_rdt_In, respectively. Overall, both rdt complex structures align well 

with the H5.3–H5hd complex structure, and H5.3 binds the variants in the same 

orientation as it binds H5hd (Fig. III-4). 

The most significant difference among these structures is that the 220 loop 

(residues 219–226 in one copy and 218–226 in the other copy in the 

crystallographic ASU) is disordered in H5hd_rdt_Vn (Fig. III-4A).  
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Figure III-4. Comparison of H5.3 interfaces in H5hd-rdt complexes. (A) 
Overlay of wt_H5hd (gold), H5hd_rdt_Vn (green), and H5hd_rdt_In (light pink). 
The 220 loop is highlighted in red in the wt_H5hd and H5hd_rdt_In structures; the 
220 loop is not visible in the H5hd_rdt_Vn structure. The surface rendering of H5 is 
rotated 20° relative to A and highlights the solvent inaccessible interface of H5.3 
on H5hd_rdt_Vn (B) and H5hd_rdt_In (C). The rdt residues in the H5.3 interface 
are highlighted in red. The rdt residue not in the interface is highlighted in blue 
(T160A in H5hd_rdt_In is not visible in this view of the structure). The CDR loops 
of H5.3 are shown as loops, with the residues involved in the interface highlighted 
as sticks, with the heavy chain in teal and the light chain in purple. 
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The 220 loop forms one rim of the receptor-binding site and contains two of 

the three rdt residues in H5hd_rdt_Vn (Asn224Lys and Gln226Leu). The loop is 

part of the H5.3-H5hd interface, as judged by solvent accessibility, although it 

makes only a single contact (a van der Waals contact in the H5.3-H5hd structure 

and a hydrogen bond in the H5.3-H5hd_rdt_In structure). The disorder is likely 

dependent on both the presence of the H5hd_rdt_Vn mutations and the loss of 

intersubunit contacts to the adjacent HA1 protomer (Fig. III-5). Despite forming a 

rim of the RBS, and dictating receptor use, the 220 loop is not important for H5.3 

binding. 

 

Binding Determinants Outside the Receptor-Binding Site 

In addition to contacts between the H5.3 CDRH3 and H5, H5.3 forms 

important interactions with the 190 helix and 140 loop, elements that form the 

extreme edges of the RBS (Fig. III-6). The 140 loop is recognized by residues from 

CDRs H1 and H2, and residues from CDRs L1 and L2 recognize the 190 helix. 

The 140 loop and 190 helix are sites of sequence divergence between H5 strains, 

and H5.3 forms highly sequence-specific interactions with two sites of 

polymorphism: Lys193 and Lys144. These sites are critical for dictating binding 

specificity of H5.3, which shows a strong preference for Lys at these positions (Fig. 

III-6). The combination of CDRH3 inserting into the RBS and binding invariant 

residues on H5, and sequence-specific interactions with the variable periphery of 

the RBS, combine to produce an extremely potent and specific neutralizing 

antibody. 
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Figure III-5. The loss of trimer contacts and the Gln226→Leu mutation 
contribute to destabilize the 220 loop in the H5.3-H5hd_rdt_Vn structure. In 
gray, with the 220 loop highlighted in yellow, is the trimeric VN/1203 rdt H5 
ectodomain (PDB ID code 4BH2). Intersubunit H-bonds are shown as dotted lines 
between the 220 loop (yellow) and a neighboring protomer (blue-gray). These 
interactions are lost in monomeric head domain constructs. Additionally, the loss of 
the hydrogen bond between Gln226 and Asp103 likely further destabilizes the 220 
loop. In the figure, the H5.3-H5hd_rdt_Vn structure (H5hd_rdt_Vn in light green, 
H5.3 heavy chain in teal, H5.3 light chain in purple) is aligned to both wt_H5hd 
(gold) and a protomer of the VN/1203 rdt trimeric H5 ectodomain (PDB ID code 
4BH2) protomer (gray). Additional H5 ectodomain protomers are shown as blue-
gray (front, left) and light gray (back, left). The last structured residues in the 220 
loop from the H5.3-H5hd_rdt_Vn structure are circled. 
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Figure III-6. H5.3 forms critical interactions with polymorphic residues on the 
extreme edges of the interface. H5hd is shown in gold, the H5.3 light chain is 
shown in purple, and the H5.3 heavy chain is shown in teal. (A) Lys144 and 
Lys193 form two extreme edges of the H5.3-H5hd interface and are recognized 
exclusively by heavy chain and light chain residues, respectively. (B) Lys144 and 
Gly143 are recognized by Glu51 and Trp34 of the H5.3 heavy chain. (C) Lys193 
makes three specific interactions with residues in the H5.3 light chain, two with the 
backbone carbonyls of Gly27 and Lys29 and a salt bridge to Asp49. (D) A 
sequence alignment of multiple H5N1 strains with ELISA EC50 values (taken from 
ref. (Thornburg et al., 2013)) reveals the preference for Lys or Arg at 144 and the 
requirement for Lys at position 193. Strains shown in D are as follows: VN 
(A/Vietnam/1203/2004), rdt_Vn (VN/1203 N158D, N224K, Q226L), rdt_In 
(VN/1203 T160A, Q226L, G228A), Indo (A/Indonesia/05/ 2005), In rdt (Indo 
T160A, Q226L, G228S), Anhui (A/Anhui/1/2005), Egypt (A/ Egypt/3300-
NAMRU3/2008), BHG (A/bar-headed goose/Qinghai/1A/2005), HK 156 (A/Hong 
Kong/156/1997), and HK 213 (A/HK/213/2003). 
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Conformational Flexibility in H5.3 CDRs 

H5.3 was isolated from an H5N1 vaccine trial participant (∼3 months after 

immunization), rather than a repeatedly infected or immunized volunteer, and is 

not highly mutated. H5.3 differs at 11 sites (4 in the heavy chain and 7 in the light 

chain) from its UCA. The low number of somatic mutations is consistent with the 

response expected after initial exposure to a new antigen and is representative of 

the antibodies isolated from the H5N1 vaccine trial. Six of the nine H5 antibodies 

isolated and characterized from this trial were specific for only H5 (Thornburg et 

al., 2013). The H5-specific antibodies have significantly fewer somatic mutations 

than bnAbs (P = 0.008), which are reactive against strains to which most people 

have numerous exposures. The H5-specific antibodies have an average of 12.3 ± 

5 mutations from the UCA compared with 21.6 ± 7 mutations for bnAbs (Table III-

2). Of the 11 mutations in H5.3, none contact H5hd (Fig. III-7). 

The low number of somatic mutations in H5.3 results in an antibody that is 

not optimally configured for antigen binding. Comparison of the previously 

described (in Chapter II) structure of the H5.3 Fab alone (PDB ID code 4GSD) 

(Thornburg et al., 2013) with the conformation of H5.3 observed in the H5hd 

complexes reveals large conformational changes upon binding (Fig. III-8). Most 

critically, the tip of CDRH3 is rotated ∼90° compared with the unliganded structure. 

This reorientation of CDRH3 is required to position the H5.3 H-bond donors such 

that they recapitulate the H-bonding pattern of sialic acid. The liganded structure of 

CDRH3 would clash with the unliganded structure of CDRL3, causing CDRL3 to 

shift away from its unliganded position by ∼5 Å. This shift causes CDRL3 to pack 

against the Cʹ strand of the heavy chain. Although this reorganization shifts 

CDRL3 away from H5, CDRL1 and L2 shift ∼1 Å closer to H5. 
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Table III-2. Somatic mutations in H5-specific and Abs and bnAbs. 
 

 H5 Specific Antibodies  Broadly Neutralizing Antibodies 
  Number of Variable 

Domain Mutations^ 
  Number of Variable 

Domain Mutations^ 
Antibody epitope* Heavy 

Chain 
Light 
Chain 

Total Antibody epitope* Heavy 
Chain 

Light 
Chain 

Total 

H5.2 head 10 8 18 CH65 head 12 6 18 
H5.3 head 4 7 11 CH67 head 10 9 19 
H5.7 stem 5 2 7 C05 head 22 14 36 

H5.13 head 4 2 6 CR6261 stem 15 3 18 
H5.16 n.d. 9 7 16 CR8020 stem 13 8 21 
H5.24 n.d. 6 10 16 FI6 stem 14 9 23 

     CR9114 stem 17 12 29 
     F045-

092 
head 13 9 22 

     H5.9 n.d. 16 11 27 
     H5.31 head 9 7 16 
     H5.36 n.d 2 7 9 
          
   Average 12.3     21.6 
  Standard 

Deviation 
5.1     7.2 

        
        

n.d., not determined (due to complex results in competition binding experiments).  
^ Number of amino acid mutations. 
*Epitope determination for these antibodies has been published (Laursen and 
Wilson, 2013; Lee et al., 2014; Thornburg et al., 2013; Whittle et al., 2011). 
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Figure III-7. Location of H5.3 mutations from UCA relative to the interface 
with H5. There are 11 mutations in H5.3 (4 in the heavy chain and 7 in the light 
chain) compared to its UCA, none of which are involved in the H5.3-H5 interface. 
H5.3 light chain in purple, heavy chain in teal, residues mutated from the H5.3 
UCA shown as blue sticks, H5hd in gold, H5 residues involved in the interface 
shown as blue sticks. 
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Figure III-8. H5.3 retains germline flexibility. (A) An overlay of the free and 
bound structures of H5.3 shows the conformational reorganization associated with 
antigen binding. The bound H5.3 heavy chain is shown in teal, the free heavy 
chain is shown in gray, the bound light chain is shown in purple, the free light chain 
is shown in light pink, the tip of CDRL3 of the free light chain is highlighted in red, 
and the head domain is shown in gold. (B) View from the receptor-binding site. 
The heavy chain CDR3 is rotated ∼90°, the light chain CDR3 is shifted ∼5 Å. The 
free CDRH3 is highlighted in yellow. 
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Discussion 

 

H5N1 influenza A viruses are not currently transmissible between humans, 

in part due to the receptor specificity of the virus. However, when humans are 

infected through contact with infected birds, the mortality rate is ∼60%, which is 

unusually high for an influenza infection (WHO, 2014c). In this study, I show that a 

highly potent human antibody against H5 that also recognizes rdt variants shares 

many structural features with other anti-HA antibodies. H5.3 is an RBS-directed 

antibody that inserts CDRH3 into the RBS and recapitulates the H-bonding pattern 

between HA and the sialic acid receptor. H5.3 is able to bind H5 rdt variants, 

indicating that mutations that alter receptor preference are not necessarily escape 

mutants for RBS targeted antibodies. 

Unlike HA-specific bnAbs, H5.3 forms critical interactions with residues on 

the extreme edges of the HA head domain. These interactions are formed 

between H5.3 heavy chain residues and H5 Lys144, as well as H5.3 light chain 

residues and H5 Lys193. Lys144 and Lys193 are sites of diversity within H5 

strains and are critical for the high potency and specificity of H5.3. The 

combination of RBS-directed CDRH3 and peripheral interactions to polymorphic 

residues enables H5.3 to tightly bind H5 rdt variants, and indicates that antibodies 

produced in response to an appropriate H5 vaccine challenge can reasonably be 

expected to neutralize human transmissible influenza strains. 

H5.3 undergoes a conformational change upon binding to H5 that is, to our 

knowledge, unprecedented among affinity-matured antibodies (Fig. III-7). The 

critical binding determinants on CDRH3 rotate ∼90° from their positions in the 

unliganded structure (Fig. 5). Additionally, CDRL3 moves ∼5 Å to avoid steric 
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clashes with H5hd. The rotation of CDRH3 emphasizes the difficulty of predicting 

binding mode, even within a family of structurally similar proteins. Conformational 

flexibility is typically a characteristic of unmutated, rather than affinity-matured, 

antibodies, yet the lack of a preformed combining site in H5.3 and large 

conformational change associated with binding indicate that H5.3 has retained 

some of the flexibility present in germline gene-encoded antibodies (Schmidt et al., 

2013; Thorpe and Brooks, 2007; Wedemayer et al., 1997; Willis et al., 2013). H5.3 

differs from its UCA by only 11 mutations and is therefore substantially less 

mutated than most influenza bnAbs (Table III-2), and, of these mutations, none 

directly contact H5 (Fig. III-7). 

Among the structurally characterized antibodies that use CDRH3 to 

recapitulate the H-bonding pattern of sialic acid, all except H5.3 use an aspartic 

acid from CDRH3 to mimic the carboxylate group of sialic acid. In H5.3, a main 

chain carbonyl makes interactions with HA that are similar to those made by the 

carboxylate group of sialic acid, illustrating an additional way to recognize a 

conserved feature of the RBS. 

The potency of H5.3 comes from binding energy derived from interactions 

between the RBS and CDRH3, as well from key interactions outside the RBS (to 

Lys144 and Lys193). In H5.3, potency comes at the expense of breadth because 

Lys144 and Lys193 are polymorphic sites in H5N1 strains. H5.3 was isolated from 

the blood of a healthy donor who had participated, ∼3 months earlier, in a clinical 

trial of an experimental H5N1 vaccine (Belshe et al., 2014; Thornburg et al., 2013). 

The structural and sequence analysis presented here indicate that H5.3 is lightly 

mutated and flexible, consistent with an antibody that is not optimally matured. Of 

the nine human monoclonal antibodies isolated against H5, the six that are specific 
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for only H5 have, on average, fewer mutations than bnAbs (Table III-2). BnAbs 

have significantly more mutations and likely arise through stimulation of memory B 

cells. In general, the presence of reactive memory B cells correlates with the ability 

to produce a bnAb response (Bentebibel et al., 2013; Crotty, 2014; Dogan et al., 

2009; Pallikkuth et al., 2012). It seems that, for both influenza and HIV, bnAbs 

require significantly more somatic mutation than seems common in vaccine-

induced antibodies in otherwise antigen-naive humans (Kepler et al., 2014; Klein 

et al., 2013), suggesting that bnAbs might be elicited by repeated immunization 

against multiple strains, rather than fortuitous gene use. H5.3 is illustrative of the 

lack of breadth typical of vaccine-induced antibodies, and our results indicate that 

breadth and potency directly conflict in H5.3 interactions. The H5.3 interactions 

with Lys144 and Lys193 prevent tight binding to variant H5 strains that do not 

contain these residues, yet H5.3 is extremely potent against VN/1203 (Thornburg 

et al., 2013), indicating it was likely strongly selected for, and expanded, in 

germinal centers during affinity maturation. 

H5.3 was elicited by a VN/1203 H5N1 experimental vaccine and is 

representative of the type of antibodies an H5-naive person is likely to produce. 

Subsequent infection or immunization with a variant strain would likely be an 

effective route to generate broadly reactive anti-H5 antibodies. Such strategies are 

known to be effective within influenza subtypes (Belshe et al., 2014; Mulligan et 

al., 2014; Suguitan et al., 2011). Our structural understanding of H5.3 supports the 

hypothesis that repeated challenge through immunization or infection is an 

effective strategy to enhance universal binding determinants, such as a CDRH3 

loop that effectively binds conserved features of the RBS, similar to the natural 

receptor, while minimizing strain specific interactions. Achieving a universal flu 
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vaccine may require methods to develop and maintain a memory B-cell population 

that has already expanded multiple times against diverse antigens. 
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CHAPTER IV 

 

GERMLINE ENCODED ANTIBODY BINDS A/VIETNAM/1203/2004 H5 WITH 

HIGH AFFINITY 

 

Introduction 

 

Seasonal influenza remains a worldwide health concern, causing the death 

of 250,000-500,000 people each year (WHO, 2014a). In addition, there have been 

four influenza pandemics since the beginning of the 20th century, killing 50-100 

million people, caused by novel influenza viruses to which the human population 

had little to no pre-existing immunity (Garten et al., 2009; Kilbourne, 2006). For an 

influenza pandemic to occur, the virus must be novel, be able to cause disease in 

humans, and transmit efficiently through the immunologically naïve human 

population (Poland et al., 2007). Since 2003, there have been ~850 human cases 

of the novel H5N1 influenza virus usually caused by direct or indirect contact with 

infected poultry, resulting in a ~50% mortality rate (Ungchusak et al., 2005; WHO, 

2016). Currently, this virus is not transmissible in humans due, in part, to the 

receptor specificity of the virus, however recent studies have shown that very few 

mutations may be required for efficient human-to-human transmission of the virus 

(Herfst et al., 2012; Imai et al., 2012). 

The influenza humoral immune response is directed against the 

immunodominant hemagglutinin (HA) head domain (van de Sandt et al., 2012). 

Following natural influenza infection or vaccination, naïve and memory B cells can 

be stimulated to undergo multiple rounds of somatic hypermutation and clonal 
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selection, increasing antibody titers (De Silva and Klein, 2015; Victora and 

Nussenzweig, 2012).  

Currently, the best prevention against influenza is a yearly vaccine, which 

comes with many limitations, including the need for annual vaccination due to the 

antigenic drift of the virus, possible mismatch between the vaccine and circulating 

strains, and a long (6-8 month) production time (Carrat and Flahault, 2007; 

Lambert and Fauci, 2010). In contrast, a universal flu vaccine would provide 

protection against many circulating seasonal and novel influenza strains (Burton et 

al., 2012; Krammer and Palese, 2015). 

The discovery and structural characterization of broadly neutralizing 

antibodies has led to a renewed interest in rational vaccine design (Burton et al., 

2012). Molecular structures have enhanced our understanding of the mechanism 

of neutralization and have spurred new efforts in vaccine design. Alternative 

methods for influenza vaccine design are being explored, including the use of 

subunit vaccines focusing on the HA head or stem domains (Bommakanti et al., 

2010; Khurana et al., 2010; Lu et al., 2014; Song et al., 2008a). The goal of one 

method, used in HIV vaccine design, termed germline-targeting, is to develop 

novel antigens that faithfully elicit a desired germline precursor B-cell to begin the 

process of affinity maturation (Dosenovic et al., 2015; Jardine et al., 2016; 2015).  

The relatively new ability to study human antibody antigen interactions and 

structures presents the opportunity to use structural information for rational 

vaccine design. This will require diverse methods, but will likely include the use of 

structural and biochemical data to design better vaccine immunogens, with the 

goal of eliciting more broadly neutralizing antibodies. 

I previously described the functional and structural characterization of H5.3, 

an antibody elicited in response to an experimental H5N1 vaccine, containing the 
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HA and NA glycoproteins from the A/Vietnam/1203/2004 (H5N1) (VN/1203) 

influenza strain in Chapters II and III (Thornburg et al., 2013). Here, I describe the 

immunogenic origin, effect of somatic mutations on affinity, and structure of the 

unmutated common ancestor (UCA) of the H5.3 (H5.3uca) antibody. I determined 

the x-ray crystallographic structure of H5.3uca, which highlights the inherent 

flexibility of H5.3, an intrinsic feature of this antibody in both the mature and UCA 

forms. I also show individual UCA mutations do not have a cumulative effect on 

increasing the affinity of mature H5.3 (H5.3m) for H5hd. Most strikingly, the UCA 

mutations only increase affinity by 10-fold; consistent with the idea that affinity 

maturation is not needed for a potent anti-H5 antibody response. 

 

Materials and Methods 

 

Site-directed mutagenesis 

The QuikChange II XL kit (Agilent) was used to generate H5.3 Fab 

constructs that possessed point mutations in the antibody coding sequence of the 

plasmids encoding the H5.3 Fab light and heavy chains. Mutagenesis was 

performed according to the manufacturer’s instructions. The introduction of the 

intended mutation was confirmed by nucleotide sequence determination. 

 

Expression and Purification of H5.3 Fabs  

Protein was expressed by transient transfection of 293F cells (Invitrogen) 

according to the manufacturer’s instructions, with the exception that 

polyethyleneimine was used as the transfection reagent as previously described 

(Durocher et al., 2002), instead of 293Fectin. Cells were grown for 7 days then 

harvested by centrifugation at 2500 x g. Supernatant was passed through a 0.45 
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µm membrane. The clarified supernatant was applied to a HiTrap Protein G HP 

column (GE Healthcare) and buffer exchanged 2x with DPBS using an Amicon 

Ultra centrifugal concentrator with a 10 kilodalton cutoff membrane (Millipore).  

 

Expression and purification of HA 

The proteins were expressed in BL21 (DE3) cells grown in LB medium at 

37 °C to an optical density (at 600 nm) of 0.6 and were induced with 0.1 mM 

isopropyl β-D-thiogalactopyranoside for 12 h at 20 °C. Bacteria were harvested by 

centrifugation and lysed with a French press in PBS with ∼1 µg/mL hen egg white 

lysozyme, ∼1 µg/mL DNase I, 10 µg/mL leupeptin, 1 mM PMSF, and 0.7 µg/mL 

pepstatin. The lysate was clarified by centrifugation, and the insoluble fraction was 

resuspended in 8 M urea, 50 mM Tris, pH 8, and purified by Co-NTA affinity using 

TALON resin. The protein was refolded overnight by rapid dilution (10 mL into 200 

mL) into 1 M arginine, 10 mM Tris, pH 7.5, 0.5 mM reduced glutathione, 0.05 mM 

oxidized glutathione, followed by dialysis against 150 mM NaCl, 10 mM Tris, pH 

7.5, for 24 h, and centrifugal concentration. The 6x-His tag was removed using 

thrombin, followed by gel filtration on a 24-mL Superdex 200 (GE Healthcare) 

column. Biotinylated H5hd was prepared the same as H5hd, with the following 

modifications: a BirA tag (GGGLNDIFEAQKIEQHE) was introduced at the carboxyl 

terminus by PCR, and the purified, refolded protein was labeled with Escherichia 

coli biotin ligase following standard protocols (Howarth and Ting, 2008). 

 

Biosensor Assays  

Affinity measurements were performed using Fab fragments and 

biotinylated H5hd on an Octet interferometry instrument (ForteBio) with 
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streptavidin biosensors (Fortebio 18-5019). HA and Fab were diluted in 1X kinetics 

buffer (Fortebio, 18-5032) with PBS. Fabs were diluted to 2 µM, 1 µM, 500 nM, 

250 nM, 125 nM, 75 nM, 37.5 nM; or 500 nM, 250 nM, 125 nM, 75 nM, 37.5 nM, 

18.75 nM, 9.375 nM. Tips were equilibrated in 1X kinetics buffer for 60 s, HA was 

immobilized on biosensors for 60 s, baselines were established in 1X kinetics 

buffer for 60 s, and dilutions of H5.3 Fab mutants were used for 180 s association 

curves, and 180 s 1X kinetic buffer dissociation curves. The data were analyzed 

with ForteBio data analysis software version 7.1. Briefly, the y-axis was aligned to 

baseline, and data were processed with Savitzky–Galay filtering. Affinities were 

calculated by doing curve fits of association and dissociations with a 1:1 binding 

model and global fitting. 

 

Crystallization, data collection, and structure determination 

H5.3uca Fab crystals were grown by vapor diffusion of 10 mg/mL protein 

against a reservoir containing 24% PEG 1500 and 20% glycerol. Crystals were 

frozen directly from crystallization drops. Diffraction data were collected from 

single crystals at 100K at sector LS-CAT 21-ID-F at the Advanced Photon Source 

(Argonne, IL). Data were indexed, integrated, and scaled using HKL2000 

(Otwinowski and Minor, 1997). Data collection statistics are given in Table IV-2. 

Molecular replacement solution for the antibody constant region was obtained with 

PDB code ID 4GSD, and with PDB code ID 4XRC for the variable region using 

Phaser (McCoy et al., 2005). Initially the constant regions were identified and used 

to find the variable regions in a Fourier search. Residues that differed between the 

H5.3m and H5.3uca structures were mutated to correct residue in H5.3uca and the 

resulting model was refined in Phenix (Adams et al., 2002). Refinement included 

rigid body refinement of the individual domains, simulated annealing, positional 
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refinement, individual B-factor refinement, and translation/libration/screw (TLS) 

refinement. Loops were rebuilt and side chains added in COOT (Emsley and 

Cowtan, 2004) using simulated annealing composite omit maps (Brünger et al., 

1997) generated by Phenix (Adams et al., 2002). TLS refinement (Painter and 

Merritt, 2006) was incorporated in the final rounds of refinement using TLS groups 

identified using Phenix. 

 

Results 

 

Somatic mutations in H5.3  

The H5.3 antibody was isolated from a subject in an experimental H5N1 

vaccine trial, containing the HA and NA glycoproteins from the VN/1203 H5N1 

influenza strain (Thornburg et al., 2013). In Chapters II and III, I described the 

structures of the unliganded and liganded (in complex with VN/1203 H5hd) H5.3m 

Fab structures. Based on structural alignments of the H5.3m Fab structures, I 

determined H5.3 undergoes a conformational change in order to bind H5, involving 

a ~90° rotation of CDRH3, 5Å shift of CDRL3 away from H5, and ~1Å shift of 

CDRL1 and L2 closer to H5 (Figure III-8). However, as emphasized by further 

crystallization studies, described in Effects of Somatic Mutations on H5 structure 

section, I have shown H5.3 is an inherently flexible antibody. 

The IMGT tool was used to determine the VH and VL genes that encode 

H5.3 (Thornburg et al., 2013). The analysis indicated the heavy chain is encoded 

by the IGHV4-4*02, IGHD3-9*01, and IGHJ5*02 genes; and the light chain is 

encoded by IGLV3-1*01 and IGLJ1*01. Sequence comparison indicates there are 

4 and 7 somatic mutations in the heavy and light chains, respectively, all of which 

are in the V gene regions (Figure IV-1).  The heavy chain mutations are: L18(V), 



	 84 

N33(Y), S57(N), and Q78(L) (Figure IV-1A).  The light chain mutations are: 

A17(V), S18(N), L25(T), A31(V), S50(T), N67(D), and I73(V) (Figure IV-1B).  The 

structure of the H5.3 Fab H5hd complex, described in Chapter III, shows none of 

the somatic mutations are involved in the antibody antigen interface (Figure III-7). 

Interestingly, one somatic mutation in the light chain, S18(N) adds a putative 

glycosylation site in the antibody. 

The critical H5.3 residues at the H5.3 H5 interface are those on the tip of 

CDRH3, which are involved in recapitulating the interaction between H5 and the 

influenza receptor, sialic acid. As described in Chapter III, deletion or mutation (to 

alanine) of these residues, D103, I104, and L105, eliminates H5.3-H5 binding. 

These residues are all encoded by IGHD3*9-01. 

 

Effect of somatic mutations on H5.3 affinity for VN/1203 H5  

In order to determine the effect of the somatic mutations on the affinity of 

H5.3 for VN/1203 H5, a fully UCA light chain (Luca), heavy chain (Huca), and single 

revertants of each somatic mutant in the H5.3m background were generated. The 

HucaLuca, HucaLm, HmLuca, and single reversion mutants with Hm or Lm were 

expressed and purified. 

I determined the affinities of the H5.3 UCA mutants for biotinylated 

VN/1203 H5hd using biolayer interferometry (Table IV-1). The fully reverted 

HucaLuca had a binding affinity of 30 nM, while HmLm had a binding affinity of 3.2 nM, 

only a ~10-fold increase over HucaLuca. Comparison of the affinities of HucaLm (10.6 

nM) and HmLuca (10.7 nM) indicates both chains contribute equally to binding. 

Additionally, the affinity of each revertant for VN/1203 H5hd was close to the range 

of affinities for H5.3uca and H5.3m, 4.3-20 nM. This suggests the somatic mutations 

do not have an additive effect in increasing the affinity of H5.3 for H5. 
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Figure IV-1. H5.3 somatic mutations. Alignment of H5.3 inferred unmutated 
common ancestor sequence with affinity-matured sequence. (A) There are four 
mutations between the H5.3uca (HG) and H5.3m (HM) heavy chain sequences. (B) 
There are seven mutations between the H5.3uca (LG) and H5.3m (LM) light chain 
sequences. (C) Crystal structure of the unliganded H5.3m structure with the 
locations of the somatic mutations in green. There are two addition mutated 
residues (T93(S) and A94(F)) highlighted on the LC, as these seemed to be 
ambiguous and were included in the H5.3uca Fab used for crystallization. HC, 
purple; LC, light chain.  
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Table IV-1. Affinities of H5.3 mutants for VN/1203 H5hd. 
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Effect of somatic mutations on H5.3 structure 

In order to understand how the somatic mutations alter the H5.3 structure, I 

determined the X-ray crystallographic structure of the H5.3uca Fab to 2.1 Å. 

Refinement and data quality statistics are given in Table IV-2. There are two 

copies of the Fab in the crystallographic asymmetric unit (ASU), with an RMSD 

between the main chain atoms of 0.224 Å (variable region) and 0.257 Å (constant 

region). Both copies of the Fab are well ordered.  

The most significant difference between the two copies of H5.3uca in the 

ASU is CDRH3, which adopts different conformations in each copy (Figure IV-2). 

The CDRH3 of Copy A is packed against the LC constant region of the next copy 

A (Figure IV-3), while copy B CDRH3 is packed against the LC constant region of 

the next copy B on one side and solvent exposed on the other (Figure IV-4). 

Although the CDRH3s are in different conformations due to crystal packing, this 

also highlights the inherent flexibility of the H5.3 CDRH3. 

As previously described, in Chapter III, I initially concluded H5.3m is not 

optimally configured to bind H5, and must undergo a large conformational change, 

yielding structures of H5.3m in two different conformations. However, further 

structural studies with the H5.3uca have shown H5.3 is an inherently flexible 

antibody. In order to highlight the flexibility of the antibody, Figure IV-5 shows the 

structural alignment of H5.3uca with liganded and unliganded H5.3m (Figure IV-5 A 

and B, respectively). The comparison of these structures emphasizes the flexibility 

of the antibody, especially the conformation of CDRH3. Although, the CDRH3s of 

H5.3uca and H5.3m have the same sequence, they crystallized in different 

conformations, again stressing the inherent flexibility of the H5.3 CDRH3 (Figure 

IV-5C). 
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Table IV-2. Data collection, phasing, and refinement statistics. 
 

 
* Parentheses indicate outer-shell statistics. 
^ Statistics given on the first line is for data used in refinement. Statistics given on 
the second line is for the correct structure resolution, 2.1 Å.  
$ Rcryst = Σhkl⏐Fo – Fc⏐/Σhkl⏐Fo⏐, where Fo and Fc are the observed and 
calculated structure factors. 
# Rfree was calculated as for Rcryst, but using 5% of data, randomly chosen and 
excluded from refinement.  
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Figure IV-2. Alignment of H5.3uca copies A and B. Structural alignment of 
H5.3uca Fv regions. Overall, the structures are very similar with the exception of the 
CDRH3 conformation. Copy A: HC, blue; LC, light blue. Copy B: HC, sand; LC, 
light yellow. 
  

CDRH3 
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Figure IV-3. Crystal contacts involving H5.3uca copy A CDRH3. (A) The H5.3uca 
Fab ASU consists of copy A (HC, blue; LC, light blue) and copy B (HC, sand; LC, 
yellow). A neighboring symmetry mate is shown in white. (B) Close-up view of 
black box in (A). The copy A CDRH3 is packed against the LC constant region of 
the next copy A Fab. 
  

	

A B 
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Figure IV-4. Crystal contacts involving H5.3uca copy B CDRH3. (A) The H5.3uca 
Fab ASU consists of copy A (HC, blue; LC, light blue) and copy B (HC, sand; LC, 
yellow). A neighboring symmetry mate is shown in white. (B) Close-up view of 
black box in (A). Half of the copy B CDRH3 is packed against the LC constant 
region of the next copy B Fab and half is solvent exposed.  

	

A B 
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Figure IV-5. Comparison of H5.3uca and H5.3m highlights the inherent 
flexibility of the antibody. (A) H5.3uca copy A (HC, blue; LC, light blue) aligned to 
liganded H5.3m (HC; teal, LC, light green). (B) H5.3uca copy A aligned to 
unliganded H5.3m (HC, purple; LC, light pink). (C) The CDRH3s in H5.3uca copy A 
(blue) and copy B (sand), and liganded (teal) and unliganded H5.3m (purple) 
crystallized in different conformation. 
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Discussion 

 

In this Chapter I have shown H5.3 has a low number of somatic mutations 

and affinity maturation did not have a large effect on the affinity of H5.3 for 

VN/1203 H5hd. In addition, I have demonstrated the H5.3 is a flexible antibody as 

evidenced by the structural alignments of the H5.3uca Fab, and liganded and 

unliganded H5.3m Fab structures, indicating affinity maturation does not 

preconfigure the antibody-combining site. 

 As described in Chapter III, H5.3 has a lower number of somatic mutations 

compared to most broadly neutralizing influenza antibodies, indicating H5.3 was a 

vaccine-elicited antibody (Winarski et al., 2015). The high number of somatic 

mutations in broadly neutralizing antibodies typically results from repeat 

vaccinations or infections (Kepler et al., 2014; Klein et al., 2013; Schmidt et al., 

2015). Although some broadly neutralizing antibodies with a low number of 

somatic mutations have been identified (Prabakaran et al., 2015). 

  Affinity maturation did not have a large effect on increasing the affinity of 

H5.3 for VN/1203 H5hd. Other studies have characterized UCA antibodies capable 

of binding VSV, HCMV, and HIV (Alam et al., 2011; Kalinke et al., 1996; 2000; 

McLean et al., 2005),and UCA mouse antibodies capable of neutralizing VSV and 

influenza (IgM) (Harada et al., 2003; Kalinke et al., 1996; 2000). This may indicate 

that the common view that germline-encoded antibodies have a lower affinity for 

antigen, which is increased during affinity maturation, needs to be reconsidered.  

In support of this view is a recent observation that pharmacological disruption of 

affinity maturation increases antibody breadth (Keating et al., 2013). 

 The H5.3uca structure shows CDRH3 crystallized in two different 

conformations, highlighting the inherent flexibility of CDRH3, an intrinsic property 
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of germline-specified CDRH3 sequences (Babor and Kortemme, 2009). Germline-

specified CDRH3 flexibility has been described for another influenza UCA antibody 

that after undergoing affinity maturation is preconfigured for antigen binding 

(Schmidt et al., 2013; Whittle et al., 2011).  In contrast, the H5.3 CDRH3 and the 

entire H5.3m Fab remains flexible after affinity maturation. Other antibodies have 

been described that display varying degrees of conformational flexibility after 

affinity maturation, similar to H5.3 (Bhat et al., 1990; Herron et al., 1991; Stanfield 

et al., 1993).  

 Taken together these data indicate affinity maturation has a small effect on 

increasing the affinity of H5.3 for H5 and does not preconfigure the antibody-

combining site, though H5.3 is a potent neutralizing antibody. Therefore the H5.3 

germline may be an appropriate target for a germline-targeting immunogen, similar 

to what is being done in HIV vaccine research (Dosenovic et al., 2015; Jardine et 

al., 2015; 2016).  
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CHAPTER V  

 

SUMMARY AND FUTURE DIRECTIONS 

 

Summary 

 

Influenza is a worldwide health concern causing the death of 250,000-

500,000 people each year (WHO, 2014a). There have been four influenza 

pandemics since the beginning of the 20th century caused by novel influenza 

viruses, which have resulted in 50-100 million deaths (Garten et al., 2009; 

Kilbourne, 2006). A new pandemic could be caused by zoonotic transfer of novel 

influenza viruses to the immunologically naïve human population. H5N1 continues 

to evolve and cause disease in poultry and sporadically results in direct 

transmission of the virus to humans. Since 2003, there have been ~850 human 

cases of H5N1 influenza with a 50% mortality rate (WHO, 2016). Recently, two 

labs have serially passaged two different H5N1 strains in ferrets and isolated virus 

capable of respiratory droplet transmission in ferrets, indicating few mutations 

maybe necessary for efficient transmission in humans (Herfst et al., 2012; Imai et 

al., 2012). The most effective method of preventing an influenza pandemic is 

vaccination. The research presented here examines the molecular neutralization 

mechanism and the inferred unmutated common ancestor of the potent and 

specific vaccine-elicited anti-H5N1 antibody, H5.3.  

The first goal of my project, presented in Chapters II and III, was to 

determine the molecular mechanism used by H5.3 to neutralize H5N1 influenza 

virus. It had been shown H5.3 recognized the HA head domain (Thornburg et al., 

2013), and for this reason we elected to develop an H5 head domain construct that 



	 96 

could be expressed in bacteria, a fast, cost effective system that yields large 

amounts of protein.  Using X-ray crystallography, I showed that H5.3 potently 

neutralizes VN/1203 H5N1 through interactions with the HA head domain 

(Thornburg et al., 2013; Winarski et al., 2015).  

In Chapter II, I describe the purification of bacterially expressed H5hd. The 

protein forms inclusion bodies, which are resuspended 8M Urea, purified using 

affinity chromatography, and refolded in 1M Arginine under redox conditions. The 

protein is further purified by dialysis to remove excess urea and arginine and size 

exclusion chromatography. I demonstrated H5hd binds H5.3 and H5.2 Fabs, H5-

specific HA-head domain directed antibodies, using gel filtration, indicating the 

protein is properly folded. 

During my initial attempts to crystallize the H5hd H5.3 Fab complex, I 

determined the structure of the H5.3 Fab alone to 2.25 Å. In order to obtain a 

structure of the complex, I expressed and purified three additional H5hd 

constructs, varying the length of the N- and C- termini. I demonstrated three of the 

four constructs, H5hd-P1, -P4, and –P6, bound H5.3, indicating they were properly 

folded. One construct, H5hd-P5, did not form all the necessary disulfides bonds, 

as seen in an iodoacetamide assay, indicating this construct was unsuitable for 

bacterial expression and crystallization. 

 As described in Chapter III, I determined the structure of the H5.3 Fab 

H5hd complex to 2.5 Å. The complex structure was determined using the H5hd-P6 

construct and H5.3 Fab expressed in hybridoma cells and digested with papain. 

This structure shows all six H5.3 CDRs contact H5 and the epitope on H5 includes 

both the receptor binding site and critical contacts on periphery. The CDRH3 of 

H5.3 is inserted in the RBS, and the residues on the tip, Asp, Ile, and Leu, 

recapitulate the interactions between H5 and the influenza receptor, SA, thus 
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blocking receptor binding. Other HA RBS directed antibodies use a similar mode of 

binding the RBS, though the orientation of the Asp on CDRH3 is different. In other 

HA RBS directed antibodies, the Asp side chain mimics the SA carboxylate group 

interactions with HA, where as the Asp backbone carbonyl of H5.3 recapitulates 

those interactions. The observation that a main chain carbonyl can substitute for 

the carboxylate further complicates the prediction of binding modes.   

I demonstrated H5.3 binds H5 rdt variants in the same manner as wt by 

determining the structures of H5.3 Fab in complex with H5hd_rdt_Vn and 

H5hd_rdt_In to 2.15 Å and 2.74 Å, respectively. This indicates HA receptor 

specificity may not be critically important for H5N1 vaccine development. 

Structural alignment of liganded and unliganded H5.3 Fab implied H5.3 had 

to undergo a conformational change in order to bind H5, including a ~90° rotation 

of CDRH3, ~5Å shift of CDRL3, and ~1 Å shift of CDRL2 and –L3 closer to H5. 

However, further structural studies, described in Chapter IV, indicate H5.3 is an 

inherently flexible antibody. This indicates that unlike many other affinity-matured 

antibodies, H5.3 maintains flexibility, characteristic of unmutated Abs and is not 

preconfigured for antigen binding. H5.3 is a lightly mutated antibody, containing 11 

mutations from its inferred unmutated common ancestor. We analyzed the number 

of amino acid changes resulting from somatic mutation in H5-specific and broadly 

neutralizing influenza antibodies, and found H5-specific Abs have a lower average 

number of mutations than bnAbs. We interpret this to mean bnAbs arise from 

repeated stimulation of memory B cells through repeated exposure to multiple 

influenza strains. 

In Chapter IV, I examined how affinity maturation affected H5.3 in terms of 

binding and structural conformation. Mature H5.3 (H5.3m) has 11 somatic 

mutations from its inferred unmutated common ancestor (H5.3uca), four in the HC 
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and seven in the LC. All of the mutations are confined to areas encoded by the V 

gene and none contact H5. I demonstrated the affinity maturation did not have a 

large effect on the affinity of H5.3m for VN/1203 H5. This indicates the common 

view that germline-encoded antibodies have lower affinity for antigen, which is 

increased during affinity maturation should be reconsidered. 

In order to determine the effect of affinity maturation on the H5.3m 

structure, I determined the crystal structure of the H5.3uca Fab to 2.1 Å. Structural 

alignment of H5.3uca with liganded and unliganded H5.3m highlighted the inherent 

flexibility of the antibody. This emphasizes that flexibility typically associated with 

unmutated antibodies is maintained in H5.3m. 

Collectively, the findings presented here show how an H5N1 specific 

antibody recognizes and binds HA. And examines the small role of affinity 

maturation in a vaccine-elicited H5-specific antibody. 

 

Future Directions 

 

Examining the breadth of H5.3 

H5.3 has been characterized as a potent and specific anti-H5N1 antibody, 

binding to 4 out of the 7 tested H5s from different H5N1 field strains (Thornburg et 

al., 2013). The structure of the H5.3 Fab VN/1203 H5hd complex, presented in 

Chapter III, revealed the H5.3 epitope on H5 encompasses the RBS along with 

critical interactions on the periphery. The peripheral interactions, specifically K193, 

dictate the ability of H5.3 to bind different H5s and mutation of this residue to Ser 

or Arg eliminates or severely hinders binding (Thornburg et al., 2013). Further 

assessment of the breadth of this antibody with an expanded panel of H5s would 

present a sharper portrait of antibody breadth and identify additional binding 
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determinants for H5.3. These experiments, completed using ELISA or biolayer 

interferometry, could help inform on the accuracy of predicting the ability of an 

antibody to bind HA based on sequence. 

As described in Chapter IV, affinity maturation did not have large effect on 

the affinity of H5.3m for VN/1203 H5hd. The binding breadth of H5.3uca could be 

tested against a panel of H5s from different H5N1 field strains. This would indicate 

if the H5.3 germline would be appropriate target for a H5N1 vaccine development, 

similar to studies using germline-targeting immunogens to produce broadly 

neutralizing HIV antibodies (Jardine et al., 2016; 2013; McGuire et al., 2013).  

 

Utilization of the H5 purification method for other bacterially expressed HA head 

domains 

In Chapter II, I outlined a novel method for H5 head domain purification. 

The fast, cost effective method yields a large quantity of properly folded protein 

(~20mg/L). This purification method could be applied to other bacterially 

expressed HA head domain constructs. Although these proteins would lack 

glycosylation, and therefore not be appropriate for primary binding 

characterizations, they would be useful for crystallization and affinity studies. 

 

Determination of the role of the H5.3 somatic mutations  

In Chapter IV, I showed the H5.3uca is able to bind H5hd with high affinity 

(~30 nM), however it is not currently known if H5.3uca is capable of neutralizing 

VN/1203 H5N1 virus or if the somatic mutations affect how H5.3 binds H5hd. The 

ability of H5.3uca to neutralize VN/1203 H5N1 will be determined using a 

microneutralization assay, as I have already demonstrated H5.3uca binds VN/1203 

H5hd. Studies have characterized mouse UCA antibodies that are capable of 
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binding and neutralizing viruses (Harada et al., 2003; Kalinke et al., 1996; 2000). 

This experiment will determine if H5.3uca, a germline-encoded antibody is capable 

of neutralizing VN/1203 H5N1. To determine how the somatic mutations affect 

H5.3 binding to H5, the structure of the H5.3uca Fab H5hd complex could be 

determined. I have already obtained crystals from trays containing the H5.3uca Fab 

H5hd complex (Figure V-1). This structure would inform if the somatic mutations 

affect the interaction between the antibody and H5 and provide further insight into 

the effect of affinity maturation on H5.3. 

The data presented in Chapter IV shows the somatic mutations in H5.3 do 

not contact H5, do not preconfigure the antibody-combining site, and only have a 

small effect on increasing the affinity of H5.3 for H5. Therefore, these mutations 

may be involved in increasing the stability or decreasing the polyspecificity of the 

antibody. Studies have shown some of the somatic mutations not involved in 

increasing the affinity of the antibody for the antigen are involved in increasing the 

thermodynamic stability of the antibody (Sun et al., 2013; Wang et al., 2013). A 

ThermoFluor assay could be used to determine if the somatic mutations increase 

the stability of the antibody. In order to determine if the somatic mutations 

decrease the polyspecificity of the antibody, H5.3uca will be tested to determine if it 

is an autoreactive antibody. Taken together these data will indicate the role of the 

H5.3 somatic mutations. 
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 Figure V-1. Crystallization of H5.3uca H5hd complex. The panels above show 
crystals formed in wells containing the H5.3uca Fab H5hd complex. 
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Examination of H5.3 flexibility using X-ray crystallography  

As outlined in Chapters III and IV, H5.3 is a flexible antibody and maintains 

its flexibility after affinity maturation, as evidenced by the liganded and unliganded 

H5.3m and H5.3uca structures. Other flexible antibodies have been described, with 

varying degrees of flexibility, involving small movements of CDR positions, large 

conformational changes in the CDR loops, changes in the orientations of the HC 

and LC variable domains relative to each other, or a combination of the three (Bhat 

et al., 1990; Herron et al., 1991; Käiväräinen et al., 1981; Rini et al., 1992; 

Stanfield et al., 1993). 

In order to further examine the flexibility of H5.3 and ensure the 

conformation of unliganded H5.3m was not a crystal-packing artifact, I determined 

an additional structure of unliganded H5.3m in a different space group. The initial 

unliganded structure was determined using recombinant H5.3 Fab (rH5.3) 

expressed in 293F cells. However, the complex structure was obtained from 

crystals containing H5.3 Fab produced by hybridoma cells and digested with 

papain (hH5.3). As the rH5.3 Fab only crystallized in one crystal-packing 

conformation in many different conditions, I used the hH5.3 Fab for this set of 

crystallization studies.  

I have determined the structure of unliganded hH5.3 Fab to 3.4 Å in the P63 

space group, different from the P61 space group of rH5.3 Fab. Refinement and 

data statistics for the unrefined structure are given in Table V-1. While these two 

structures have different crystal contacts (Figure II-5, V-2), they are overall very 

similar with an RMSD of 0.27 Å between main chain atoms. This confirms the 

structure of unliganded rH5.3 Fab was not due to crystal contacts. 
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Table V-1. Data collection, phasing, and refinement 

 
* Parentheses indicate outer-shell statistics. 
$ Rcryst = Σhkl⏐Fo – Fc⏐/Σhkl⏐Fo⏐, where Fo and Fc are the observed and 
calculated structure factors. 
# Rfree was calculated as for Rcryst, but using 5% of data, randomly chosen and 
excluded from refinement.  
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Figure V-2. Crystal contacts in hH5.3 structure. (A) Two symmetry mates in the 
hH5.3 Fab structure. LC, light pink, white; HC, purple, dark grey. (B) Enlarged view 
of area outlined in the box in A. The CDRH3 of one copy packed against the HC 
constant region of another hH5.3 Fab molecule. Residues involved are labeled. 
Black, HC residues; magenta, HC residues.   
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Examination of H5.3 flexibility using NMR 

The three H5.3 crystal structures described in Chapters II, III, and IV, 

liganded and unliganded H5.3m and H5.3uca, have demonstrated the inherent 

flexibility of H5.3. All of these structures were determined using x-ray 

crystallography, a method that freezes the protein in a single conformation. In 

order to further characterize the flexibility of H5.3, methods that can provide 

information on protein dynamics, such as NMR or molecular dynamics, could be 

used. NMR has been successfully used to study the flexibility of other antibodies 

(Wilson and Stanfield, 1994). This would provide further insight into the flexibility 

exhibited by H5.3. 

 

Does H5.3 flexibility confer an advantage? 

In order to determine if the flexibility of H5.3 is advantageous for the 

antibody, computational structural biology methods could be used to “lock” the 

antibody in the liganded conformation. The antibody construct could then be 

synthesized, expressed, purified, and tested to determine its conformation using 

NMR. The “locked” antibody would then be tested and compared with H5.3m in 

terms of neutralization and binding breadth.  

 

Analysis of H5.3 gene usage  

The experiments completed in Chapter IV, showed H5.3uca binds VN/1203 

H5hd, a novel human pathogen. Deep sequencing data of the antibody repertoire 

of H5-naïve subjects will be analyzed in order to determine the frequency of this 

specific gene recombination. The results from this analysis will indicate if this gene 

rearrangement occurs at the statistically expected frequency.  
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Analysis of novel influenza-specific neutralizing antibody lineages  

A key observation presented in Chapter III is broadly neutralizing 

antibodies (bnAbs) are more heavily mutated than specific Abs. Other studies 

have shown influenza antibodies with high levels of somatic mutations are 

indicative of an antibody recall response and prior immune history can shape the 

antibody response to antigens with shared homology, such as HA (Li et al., 2013; 

Schmidt et al., 2015; Tan et al., 2015; Wrammert et al., 2011).  

In order to better understand the pathway to a broadly neutralizing 

antibody, the lineages of broadly neutralizing antibody lineages and antibodies 

against novel influenza viruses could be examined. This type of experiments has 

been carried out for bnAbs against HIV and influenza, but more research is 

necessary (Schmidt et al., 2015; Wu et al., 2015). The breadth, affinity, and 

footprint of the antibody on the antigen could then be tested for these lineages. I 

would expect as the antibody acquires more somatic mutations the breadth and 

affinity would increase, while the size of the footprint would decrease. H5.3 has 

been characterized as potent and specific antibody; the footprint of the antibody on 

H5 is 810 Å2. This is on the high end of size of footprints of broadly neutralizing 

influenza antibodies, which range from 490 Å2 - 820 Å2 (Lee et al., 2014). The 

small footprint of the bnAbs on HA is because these antibodies interact with the 

highly conserved regions on HA and avoid contact with polymorphic residues. 

These experiments would provide more insight on the development of anti-

influenza antibodies. 

These studies could also inform the best method to elicit antibodies to 

novel influenza viruses, either through germline-targeting to recruit naïve B cells or 

activating memory B cells using a specific immunogen (Dosenovic et al., 2015; 

Jardine et al., 2015; 2016).   
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