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With more that 37 million people currently infected with HIV-1, there is a need for a vaccine to 

prevent HIV-1 infection. One goal of an effective HIV-1 vaccine is to elicit broadly neutralizing 

antibodies (bnAbs). These antibodies (Abs) neutralize the majority of HIV-1 viruses in 

circulation. bnAbs have been isolated from chronically infected individuals and were shown, in 

studies of passive administration in non-human primates and humanized mice, to be protective 

against SHIV and HIV respectively. Thus, it is thought that if bnAbs can be elicited through 

vaccination, they will be protective. 

 VRC01-class Abs are amongst the most broad and potent neutralizing  and therefore 

desirable to elicit during vaccination. VRC01-class Abs target the CD4-binding site (CD4-BS) 

on the HIV-1 Env. All members of this class have high levels of somatic hypermutation (SHM); 

share similar gene ontogenies, all utilizing the VH1-2*02 allele in the heavy chain paired with 

one of the following light chains: k3-20, k1-33, l2-14, k3-15, k1-5; and use the same mode of 

recognition to engage the CD4-BS. A major roadblock to eliciting such Abs is the fact that the 
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unmutated or germline precursors which gives rise to these bnAbs fail to bind known 

recombinant Env. This has led to the development of immunogens that engage the germline 

(gl)VRC01 precursor, thus named germline-targeting immunogens.  

This thesis examines germline-targeting immunogens in vivo. The germline-targeting 

immunogens evaluated are Env-based and also anti-idiotypic antibodies (aiAbs). In Chapter II 

we evaluated Env-based germline-targeting immunogens. In these studies, we utilized a mouse 

model expressing B cells with the glVRC01 heavy chain (glH-VRC01 mouse, Table 1.3). Mice 

were immunized with one of the following germline-targeting immunogens: 426c Core, eOD-

GT8, or 426cOD. These immunogens differ in their affinity for glVRC01, the structural 

presentation of the glVRC01 epitope, and genetically. We found that while all of the glVRC01-

targeting immunogens effectively activated VRC01-like B cells in vivo, the immunogens 

selected for B cells with distinct genetic characteristics that influence their ability to recognize 

diverse Env proteins. These results will inform HIV-1 vaccine design, as both 426c Core and 

eOD-GT8 are being evaluated in human clinical trials. These results are also more broadly 

applicable to vaccine design, by highlighting the importance of structure and biophysical and 

biochemical properties of the immunogen on B cell activation. 

 While, these germline-targeting immunogens are able to activate VRC01-like B cells in 

vivo, the Abs they produce are non-neutralizing. Therefore in the work reported in Chapter III, 

we employed a boosting immunogen in an effort to guide the maturation of these B cells to their 

neutralizing form. We found that priming glH-VRC01 mice with the germline-targeting 

immunogen 426c Core and boosting with the HxB2 wild type (WT) Core protein increased SHM 

in the VRC01-like B cell receptors, improved Ab binding to diverse Env proteins and increased 
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the Abs ability to neutralize the autologous WT virus. This work is the first to identify a prime-

boost immunization scheme that can elicit VRC01-class Abs capable of neutralizing a WT virus. 

We also evaluated the aiAb, iv8, as a glVRC01-class germline-targeting immunogen in 

Chapter IV. In an adoptive transfer experiment, we found that iv8 is able to activate and expand 

B cells expressing the mature 3BNC60 heavy chain and gl3BNC60 light chain (SI-3BNC60, 

Table 1.3), as well as decrease the non-VRC01-epitope targeted plasma Ab response in 

comparison to an Env-based immunogen. Iv8 was also able to expand B cells expressing 

VRC01-class characteristics in the glH-3BNC60 mouse model. Therefore, we have demonstrated 

that iv8 can activate glVRC01-class B cells in vivo and should be considered for use in 

combination or as an alternative to Env-based immunogens in vaccination studies designed to 

elicit VRC01-class bnAbs. 
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Introduction 

HIV-1 was discovered as the causative agent of the disease AIDS in 1983 (Barré-Sinoussi et al., 

1983; Gallo et al., 1983). At the end of 2018, there were 37.9 million people living with HIV-1 

(CDC, 2017). There is no cure for HIV-1 and only life-long anti-retroviral treatment (ART) can 

prevent progression to AIDS, which only a fraction of HIV-1 infected people receive (Deeks et 

al., 2015). Therefore, there is a need for the development of preventative measures against HIV-

1.  

 

HIV-1 origins and virology 

There are two types of HIV: 1 and 2. HIV-2 was transmitted from the sooty mangabey to humans 

with 8 groups of HIV-2 emerging from the different transmission events. HIV-2 is confined 

geographically to Western Africa and less pathogenic than HIV-1, with those infected with HIV-

2 having lower viral loads, decreased transmission rates, and lower likelihood of progression to 

AIDS. As a result of lower pathogenicity, the majority of people living with HIV are infected 

with HIV-1. The origin of HIV-1 stems from a transmission from chimpanzees to humans. There 

are multiple groups of HIV-1 stemming from the multiple transitions events from chimpanzees 

to humans, but Group M is largely responsible for the global pandemic (Sharp and Hahn, 2011). 

The groups can be further divided into clades, with the Group M having 10 clades. In addition to 

the distinct clades there are circulating recombinant forms (CRFs), which originate when two 

viruses of different clades recombine. Among the different clades, there can be up to 25-35% 

genetic diversity (Lau and Wong, 2013).  

HIV-1 is a member of the lentivirus genus and the family retroviridae. It is an enveloped 

virus with two single strands of positive sense RNA. The genome consists ~9,400 base pairs and 
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encodes 9 genes: Gag, Pol, Env, Nef, Vpr, Tat, Rev, Vif, Vpu. Three of these encode structural 

proteins: Gag, Pol, Env. Two encode regulatory proteins and modulate the replication of HIV-1: 

Tat, Rev. The remaining four encode accessary proteins, that are said to be non-essential, but aid 

in viral replication by helping the virus to evade or manipulate the host immune system: Nef, 

Vpr, Vif, Vpu. 

Envelope (Env) is the major viral surface protein and is encoded by the Env gene. Env 

mediates viral entry into the host cell by first engaging with the CD4 receptor (Klatzmann et al., 

1984). Following CD4 binding, Env undergoes a conformational change that allows it to bind to 

a co-receptor: CXCR4 (Feng et al., 1996) or CCR5 (Deng et al., 1996; Dragic et al., 1996). 

While HIV-1 mainly infects CD4 cells, it can also infect other cells expressing these receptors 

including macrophages, monocytes and microglia (Crowe et al., 1987; He et al., 1997; 

Klatzmann et al., 1984). After co-receptor binding, membrane fusion occurs between the host 

cell and the virus. At this point the HIV-1 enzymes and RNA enter into the host cell. The RNA is 

reverse transcribed into proviral DNA by a virally encoded reverse transcriptase. This is the step 

in which the majority of genetic diversity among HIV-1 viruses originates, as the reverse 

transcriptase is error-prone and lacks a proof reading mechanism resulting in amino acid (AA) 

deletions, insertions, and substitutions (Hübner et al., 1992). Following reverse transcription, the 

proviral DNA is integrated into the host genome, where it remains stably integrated. The proviral 

DNA is replicated by the host cell with every cell division and serves as a latent reservoir when 

the cell is not dividing. Upon reactivation of that host cell, transcription of viral genes can be 

reinitiated to produce viable virus. During viral replication, the proviral DNA is transcribed. 

These viral mRNAs associate with the host membrane along with viral proteins. The viral 

particles bud from the host cell to form new virions that can infect new cells (Deeks et al., 2015).  
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Treatment and vaccines against HIV-1  

While there is no cure for HIV-1, there is treatment. ART consists of drugs that target various 

stages of viral replication. ART can decrease a patient’s viral load to undetectable levels in the 

plasma and extend their life expectancy. However, if ART is interrupted, viral rebound will 

occur. Therefore, it requires lifelong adherence. Additionally, ART is accompanied by 

unpleasant side effects (Pau and George, 2014). In 2018, it was estimated that only 62% of HIV-

1 infected individuals had access to ART (WHO). If left untreated, HIV-1 infection leads to a 

progressive loss of CD4 T cells and increased immunodeficiency (Moir et al., 2011). These 

individuals become susceptible to AIDS-related illnesses including: pneumonia, candidiasis, 

multiple viral infections and certain cancers (Goodman et al., 1987; Gottlieb et al., 1981; Ji and 

Lu, 2017). Therefore, it is important to develop a vaccine to prevent HIV-1 infection. 

Initially, vaccines against HIV-1 were designed to elicit antibodies (Abs). These vaccines 

were composed of recombinant Env protein (Flynn et al., 2005; Pitisuttithum et al., 2006). 

However, when evaluated in human clinical trials, these vaccines did not prevent HIV-1 

infection. Dismayed by the failure of recombinant protein vaccines, the field shifted to the 

development of vaccines that tried to elicit a protective T cell response given the fact that a 

strong cytotoxic T lymphocyte (CTL) response was associated with viremic control in HIV-1 

infected individuals (Borrow et al., 1994; Koup et al., 1994). This indicated that a vaccine 

eliciting a strong CTL response could be effective in controlling HIV-1 infection if not 

protective. However, this strategy also proved unsuccessful with the failure of human clinical 

trials evaluating DNA vaccines encoding viral proteins (Graham et al., 2006; McElrath et al., 

2008). Decades after the discovery of HIV-1, there was the first clinical trial to show efficacy 
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against HIV-1 infection. The RV144 examined the ability of a canarypox vector encoding Gag, 

Pol, Env followed by a gp120 protein boost to protect against HIV-1 infection. This trial showed 

31% efficacy with protection correlating with V1/V2-specific IgG1 and IgG3 Ab responses, 

antibody dependent cellular cytotoxicity (ADCC) activity, and a lowered IgA Ab response 

(Haynes et al., 2012; Rerks-Ngarm et al., 2009). The RV144 trial encouraged the field to again 

focus on a vaccine against HIV-1 that will elicit protective Abs.   

	

B cells and Abs 

Most effective vaccines work through the production of protective Abs (Plotkin and Plotkin, 

2011). When not secreted by plasma cells or plasmablasts, Abs are found in a membrane bound 

form, which is the B cell receptor (BCR). Abs are made up of two identical polypeptides, which 

consist of a light chain (LC) and a heavy chain (HC). The HCs are linked together by disulfide 

bonds to form a Y-shaped structure. On the Ab there are two functional regions: the variable and 

constant region.  

The variable region is responsible for antigen recognition. Abs are able to neutralize 

pathogens by binding to antigen through the variable region and blocking entry into the host cell. 

The variable region is found on the fragment antigen binding – or Fab region of the Ab. Every 

Ab has two identical Fab regions, which adds to the strength of the Abs interaction with the 

cognate antigen – an interaction known as avidity (Figure 1.1C). The antigen specificity of a 

variable region is determined in part by the genes used to encode the variable region at the amino 

terminus of the HC and LC of the Fab region. The genes used to encode Abs are found on three 

distinct genetic loci – one for the HC and two for the LC – kappa and lambda. There are multiple 

copies of each gene. During B cell development, B cells undergo a process known as somatic or 
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V(D)J recombination to form the BCR. This is a process where the V, D and J genes for the HC, 

or V and J genes for the LC, are excised from the chromosome and recombined together to form 

the variable region (Figure 1.1A). On the HC there are 39 V genes, 27 D genes, and 6 J genes. 

On the LC, kappa and lambda respectively, there are 40 and 32 V genes and 5 and 4 J genes. The 

large number of available genes to participate in V(D)J recombination makes the Ab repertoire 

highly diverse and capable of recognizing diverse antigens.  

The variable region can be divided into framework (FW) regions and complementary 

determining regions (CDR). The CDRs typically make the majority of the contacts with the 

antigen. The junctions that form between the V, D and J gene segments are the CDR3s (Figure 

1.1B). The CDR3 regions are highly diverse as during V(D)J recombination process, nucleotides 

are added to the ends of the joining genes. The variable region can be further diversified through 

somatic hypermutation (SHM) – a process of ending the BCR to increase its affinity for foreign 

antigen through nucleotide changes. Therefore, there are many steps in the process of B cell 

development, which create BCRs/Abs capable of recognizing diverse pathogens. 

The constant region of the HC encodes the Fc domain (Figure 1.1C). The Fc domain is 

responsible for effector functions. The function of Fc domain is determined by the Ab isotype. 

There are 5 different isotypes: M, D, G, E and A. The Fc domain of the Ab can bind to Fc 

receptors on host cells. The cells subsequently eliminate the pathogen through processes such as 

Ab dependent cellular phagocytosis (ADCP) and ADCC. The Fc domain can also bind to 

complement proteins and subsequently activate the complement system (Schroeder and 

Cavacini, 2010; Stanfield and Wilson, 2014).  
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Figure 1.1. Ab structure. (A) VDJ recombination of the HC and LC. The HC and LC 
recombine chromosomally encoded genes to form the variable region. (B) The variable region is 
composed of four framework regions (pink) and three CDRs (white). (C) An Ab with the Fab 
and Fc domain noted. The HCs are in dark blue and the LCs are in light blue. Disulfide bonds 
connect the HCs.  
 

HIV-1 Env 

The HIV-1 Env is the only surface-expressed viral protein. The Env protein is expressed 

as a gp160 and is subsequently cleaved by host cell proteases in gp120 and gp41 subunits 

(Decroly et al., 1994). The gp120 and gp41 subunits remain non-covalently linked and form 

trimers on the surface of the virus. The gp41 subunit is membrane proximal and it spans the viral 

membrane. The gp41 subunit contains the fusion machinery necessary to fuse the virus to the 

host cell and anchors the Env protein to the viral surface. The gp120 subunit is distal to the viral 

membrane. The gp120 is organized into 5 conserved regions (C1-C5) and 5 variable regions 

(loops) (V1-V5). The gp120 subunits expresses the receptor and co-receptor binding sites. 

(Arrildt et al., 2012; Burton and Hangartner, 2016) (Figure 1.2).  

The HIV-1 Env has many immune evasion tactics which make it a difficult target for 

neutralizing Abs. The Env protein is highly genetically diverse. The variable regions are 

hypervariable in sequence and length (Palmer et al., 1996). Furthermore, the variable regions 
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also restrict access of Abs to more immuno-dominant epitopes on the HIV-1 Env. Additionally, 

the HIV-1 Env protein is a densely glycosylated protein. These glycans are added to the Env 

protein during translation of the protein by the host cell using host machinery, and are therefore 

less immunogenic. Each gp120 subunit has a median of 25 N-linked glycans added which serve 

to shield the Env against the Ab response (Burton and Hangartner, 2016). The HIV-1 Env 

structure itself is very unstable and the gp120 subunits can dissociate leaving behind only the 

gp41 “stump” (Moore et al., 2006). This loss of the gp120 subunit results in a removal of many 

potential Ab epitopes. Lastly, the spacing of the Env trimers on the virus is unfavorable for the 

engagement of BCRs, as there are only an average of 8-10 trimers per virus (Zhu et al., 2003). 
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Figure 1.2 .  HIV-1 Env structure. (A) The HIV-1 Env trimer is composed of gp120 and gp41 
subunits (PDB: 4TVP). The gp120 subunits are colored in light gray and the gp41 subunits are 
colored in dark gray. (B) The linear organization of the gp160 subunit of the HIV-1 Env. 
Constant regions (C1-C5) are interspersed by variable regions (V1-V5).  
 
The Ab response to HIV-1  

The earliest Ab response to HIV-1 Env appears within one week of detectable viremia. 

These Abs are detected as Ab complexes. A few weeks later, Abs targeting the gp41 arise 

followed by those targeting the gp120 subunit – primarily the V3 loop. These Abs are non-

neutralizing and do not apply pressure on the virus to escape (Tomaras et al., 2008). In the first 

few months after infection, Abs capable of neutralizing this autologous virus arise. The virus is 

able to escape these Abs through the acquisition of escape mutations (Frost et al., 2005; Rong et 

al., 2009). In the years following infection, broadly neutralizing Abs (bnAbs) develop. These 

Abs can neutralize the majority of circulating viral strains, despite the tremendous amount of 

genetic diversity, and steric restrictions present on the Env. Approximately, 25% of HIV-1 

infected individuals develop cross-neutralizing Abs within a year of infection (Doria-Rose et al., 

2010; Sather et al., 2009), and up to 50% will develop cross-neutralizing Abs 2-4 years following 

infection with the Abs breadth and potency increasing over time (Hraber et al., 2014)	 . Of these 
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individuals who develop bnAbs, approximately 1% are considered to be “elite neutralizers” and 

have plasma with 3 times the potency of a individual producing neutralizing Abs (Simek et al., 

2009). It is not fully understood why only a fraction of individuals develop bnAbs, but some 

factors associated with their development are frequency of T follicular helper cells (Cohen et al., 

2014; Locci et al., 2013), duration of infection, low CD4 counts, and high viral load (Gray et al., 

2011; Landais et al., 2016; Rusert et al., 2016; Sather et al., 2009). 

 

BnAb epitopes and characteristics 

The development of techniques to isolate and sequence B cells from HIV-1 infected 

individuals displaying broad plasma Ab neutralization has allowed for the genetic and structural 

characterization of bnAbs. Now, bnAbs targeting many different epitopes of the HIV-1 Env 

protein have been discovered. These include the V1 and V2 loops on gp120 (commonly referred 

to as ‘apex’ Abs); membrane proximal external region (MPER) of gp41 (Buchacher et al., 1992, 

1994; Huang et al., 2012; Morris et al., 2011; Williams et al., 2017; Zhu et al., 2011; Zwick et 

al., 2001); V3 glycans positioned at N332 and influenced to varying degrees by N156, N301 and 

N137 ; gp120-gp41 interface (Falkowska et al., 2014; Huang et al., 2014; Klein et al., 2012a; 

Scheid et al., 2011); fusion peptide (Kong et al., 2016b); silent face center (Zhou et al., 2018); 

and the CD4-binding site (CD4-BS) (Barbas et al., 1993; Bonsignori et al., 2014; Corti et al., 

2010a; Freund et al., 2015; Georgiev et al., 2013; Gristick et al., 2016; Huang et al., 2016; Kong 

et al., 2016a; Liao et al., 2013; Wibmer et al., 2016; Wu et al., 2010, 2011; Zhou et al., 2013, 

2015) (Figure 1.3). These Abs are summarized in Table 1.1.   

bnAbs have many atypical characteristics. These include unusually long CDRH3 regions. 

The CDRH3 can be >35 AAs long in a bnAb as compared to typical Abs which have a 14-17 AA 
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long CDRH3s on average (DeKosky et al., 2015; Jardine et al., 2015). The long CDRH3 allows 

Abs to penetrate past glycans and occluding epitopes on the HIV-1 Env. There are also bnAbs 

that are poly or auto reactive. This results in a problem in the development of such Abs as B cells 

producing them can be eliminated during B cell tolerance. BnAbs may also have high levels of 

SHM. Furthermore, unlike in most Abs, where mutations are concentrated in the CDRs, 

mutations found in bnAbs occur in both the CDR and FW regions. High levels of SHM are also 

frequently associated with rare insertion or deletion events. While these unique characteristics 

enable Abs to overcome the steric restrictions present on the HIV-1 Env protein, they may make 

bnAbs difficult to elicit during vaccination (Verkoczy, 2017).  

Despite these characteristics, there is great interest in eliciting bnAbs through 

immunization. Studies of passive administration have shown that bnAbs cans protect against 

SHIV/HIV in non-human primates and humanized mice respectively (Baba et al., 2000; Gautam 

et al., 2016; Hessell et al., 2009, 2010; Julg et al., 2017; Klein et al., 2012b; Mascola et al., 1999, 

2000; Nishimura et al., 2002; Parren et al., 2001; Parsons et al., 2019; Pegu et al., 2014; Shibata 

et al., 1999; Wu et al., 2018). Therefore it is thought, if these Abs can be elicited by vaccination 

they may be protective. There is additional support for a vaccine aiming to elicit bnAbs as a 

result of studies that demonstrate that viral rebound can be controlled in HIV-1 infected 

individuals who are given bnAb infusions during ART interruption (Bar-On et al., 2018; Caskey 

et al., 2015; Mendoza et al., 2018). 
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Figure 1.3. Epitopes targeted by bnAbs.  The epitopes of bnAbs are highlighted on the HIV-1 
Env trimer (PDB: 4TVP): The V1-V2 epitope is in cyan, V3 glycans in periwinkle, CD4-BS in 
yellow, silent face center in orange, gp120-41 interface in purple, fusion peptide in red, MPER in 
black. Figure is adapted from (Kwong and Mascola, 2018). 
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Table 1.1. Summary of bnAbs by epitope targeted (adapted from (Verkoczy, 2017)). 

Epitope 
targeted 

bnAb 
lineage/ 

class 

CDRH3 
length Poly/autoreactivea VH % 

SHMb Reference 

CD4-BS 

VRC01 12-15 Y 23 (nt)-
48 

(Georgiev et 
al., 2013; 

Huang et al., 
2016; Kong et 

al., 2016a; 
Scheid et al., 
2011; Wu et 

al., 2010, 2011; 
Zhou et al., 
2013, 2015) 

IOMA 19 NR 22 (Gristick et al., 
2016) 

CH103-106 13 Y 20 (Liao et al., 
2013) 

b12 18 Y 21 (Barbas et al., 
1993) 

HJ16 19 NR 37 (Corti et al., 
2010a) 

CH98 21 Y 25 (nt) (Bonsignori et 
al., 2014) 

VRC13 21 NR 52 (Zhou et al., 
2015) 

VRC16 20 NR 29 (Zhou et al., 
2015) 

8ANC131 13-16 Y 13(nt)-
41 

(Zhou et al., 
2015) 

179NC75 24 NR 36 (Freund et al., 
2015) 

CAP257-
RH1 11 NR 9 (nt) (Wibmer et al., 

2016) 

MPER 

4E10 18 Y 19 (Buchacher et 
al., 1994) 

2F5 22 Y 14 (Buchacher et 
al., 1992) 

M66.6 21 Y 9 (Zhu et al., 
2011) 

CAP206-
CH12 15 Y 19 (Morris et al., 

2011) 

10E8 20 Y 27 (Huang et al., 
2012) 

DH511 24 Y 18 (Williams et 
al., 2017) 
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Z13 19 Y 19 (Zwick et al., 
2001) 

Fusion 
Peptide 

N123-
VRC34 15 NR 15-23 

(nt) 
(Kong et al., 

2016b) 

ACS202 24 Y 16 (nt) (van Gils et al., 
2016) 

Silent face 
center  VRC-PG05 17 NR 13 (Zhou et al., 

2018) 

V3 
glycans 

PGT121-
123 24 N 21-27 (Walker et al., 

2011) 
PGT125-

131 19 Y 23-33 (Walker et al., 
2011) 

PGT135-
137 18 NR 25-29 (Walker et al., 

2011) 

DH270 20 NR 6 (Bonsignori et 
al., 2017) 

VRC24 24 NR 30 (Georgiev et 
al., 2013) 

3B176 19 Y 34 (Klein et al., 
2012a) 

10-1074 24 NR 21 (Mouquet et 
al., 2012) 

Gp120-
gp41 

interface 

2G12 14 N 32 (Buchacher et 
al., 1994) 

PGT151-
158 26 N (PGT151-152), 

NR (PGT152-158) 26-31 (Falkowska et 
al., 2014) 

35O22 14 N 44 (Huang et al., 
2014) 

8ANC195 20 Y 43 (Scheid et al., 
2011) 

CH01-04 24 Y 19-32 (Bonsignori et 
al., 2011) 

V1-V2 

PG9 28 Y 17  (Walker et al., 
2009) 

PG16 28 N 20 (Walker et al., 
2009) 

CAP256-
VRC26 35-37 N 13-23 (Doria-Rose et 

al., 2015) 

PGDM1400 34 N 27 (nt) (Sok et al., 
2014) 

PGT141-
145 31-32 N 28-30 (Walker et al., 

2011) 
aY indicates there was poly/autoreactivity reported. N indicates there was no poly/autoreactivity 
reported. NR indicates that poly/autoreactivity was not reported. 
bPercent mutation is shown as percent AA mutations. Nt indicates nucleotide mutation percent 
was used.    
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BnAbs directed to the CD4-BS 

CD4-BS bnAbs target the conserved region of the CD4-BS on the HIV-1 Env, a region which 

remains genetically unaltered over time and across viral clades (Zhou et al., 2010). The CD4-BS 

bnAbs can be classified based on ontogeny and epitope recognition into two groups: VH gene 

restricted and CDRH3 dominated. The CDRH3 dominated Abs make their contacts with the 

CD4-BS through their CDRH3 region. VH gene restricted Abs that make their primary Env 

contacts through their VH gene (Zhou et al., 2015). The VH gene restricted Abs include: 

VRC01-class Abs, IOMA-class Abs, and 8ANC131-class Abs. Both VRC01-class and IOMA-

class Abs utilize the VH1-2 gene (Georgiev et al., 2013; Gristick et al., 2016; Kong et al., 2016a, 

2016a, 2016b; Scheid et al., 2011; Wu et al., 2010; Zhou et al., 2013, 2015). 8ANC131-class Abs 

use the VH1-46 gene (Zhou et al., 2015).  

 

VRC01-class bnAbs 

VRC01-class Abs are desirable to elicit through vaccination as they are amongst the most broad 

and potently neutralizing Abs (Table 1.2). The HC of VRC01-class Abs all derive from the VH1-

2*02 allele (Georgiev et al., 2013; Kong et al., 2016a, 2016a, 2016b; Scheid et al., 2011; Wu et 

al., 2010; Zhou et al., 2013, 2015). Thus, despite being isolated from different donors, members 

of this class all originate from similar genetic origins. VH1-2 genes are used in 2% of the human 

Ab repertoire, and of the VH1-2 alleles the *02 allele is expressed in 75-100% of VH1-2 Abs 

(Arnaout et al., 2011), however not all humans may express this allele (Yacoob et al., 2016). 

VRC01-class Abs have conserved residues in the HC, which are arginine at position 71 (FW3), 

tryptophan at position 50 (CDRH2) and an asparagine at position 58 (CDRH2). These residues 

play a key role in VRC01-class Abs interaction with the CD4-BS: Trp50HC contacts Asn280gp120, 
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Asn58HC contacts Arg456gp120, and Arg71HC contacts Asp368gp120. These AAs are gene-encoded, 

meaning they are found in the germline encoded VH1-2*02 gene. In addition, most VRC01-class 

Abs have a tryptophan at position 100, which makes contacts with Asn/Asp279gp120 and provides 

a stabilizing interaction with the LC (West et al., 2012). Unlike the other conserved residues, 

which are found in the V gene, the tryptophan at position 100 is located at position 100b in the 

CDRH3, which is composed of elements of the V, D and J genes. Therefore, it is uncertain if in 

all cases, the tryptophan at position 100b is due to SHM or germline VDJ recombination. The 

fact that it has been found in the naïve human repertoire indicates that it can be the result of 

V(D)J recombination in some cases (Yacoob et al., 2016).   

 In the LC, VRC01-class Abs use a 5 AA long CDRL3. The key residues within the LC 

are a glutamic acid at position 96 (CDRL3) and a tryptophan or phenylalanine at position 67 

(FW3). The Glu96HC makes contacts with Gly459gp120 and/or Asn280gp120. The Try/Phe67HC 

forms a potential interaction with a part of the glycan present at position Asn276gp120.  Unlike the 

HC, these AAs are not present in the germline LC and arise from a VJ recombination event or 

SHM (West et al., 2012). There is also a two-residue deletion in the CDRL1 or, alternatively, 

AA substitutions to glycine that occur during maturation, both of which avoid a clash between 

the CDRL1 and glycan at position 276 on the HIV-1 Env (Zhou et al., 2013). Unlike the HC, 

which employs the same VH gene in the HC, the LC can use a number of different Vk and Vl 

genes:  k3-20, k1-33, l2-14, k3-15, k1-5 (Georgiev et al., 2013; Kong et al., 2016a, 2016b; 

Scheid et al., 2011; Wu et al., 2010, 2011; Zhou et al., 2013, 2015). 

Furthermore, VRC01-class bnAbs have now been isolated from 10 different individuals 

infected with different clades of virus. Structural analysis shows that all these Abs recognize the 

CD4-BS in the same manner: utilizing the CDRH2 region to make the majority of contacts with 
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the CD4-BS, mimicking the mode of recognition used by the CD4 receptor to contact the HIV-1 

Env. The structural convergence among VRC01-class Abs occurs despite the Abs in the VRC01-

class having up to 50% sequence diversity (Zhou et al., 2013). This sequence divergence is a 

result in part of the high amounts of SHM that VRC01-class Abs go through. This shows that 

there is not a singular evolutionary pathway that B cells expressing the unmutated VRC01-class 

BCRs must take to produce VRC01-class bNAbs. Thus, a successful immunization can 

potentially guide these B cells along different pathways to achieve breadth and neutralization. 
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Table 1.2. Summary of VRC01-class Abs.  

bnAb  Year 
isolated Donor VL gene VH % 

SHMa 
VL % 
SHMab Reference 

VRC01-03 2011 Donor 45 K3-20 40-48 30-33 (Wu et al., 
2010) 

NIH45-46 2011 Donor 45 K3-20 41 30 (Scheid et 
al., 2011) 

VRC01-
PG04, 
PG04b 

2011 Donor 74 K3-20 34-39 35 (Wu et al., 
2011) 

VRC-
CH30-34 2011 Donor 

0219 K1-33 44 24-28 (Wu et al., 
2011) 

3BNC60 2011 Patient 3 K1-33 40 33 (Scheid et 
al., 2011) 

3BNC117 2011 Patient 3 K1-33 37 30 (Scheid et 
al., 2011) 

12A12, 
12A21 2011 Patient 12 K1-33 38,40 29,30 (Scheid et 

al., 2011) 
VRC-PG19, 

PG20 2013 IAVI 23 l2-14 23,24 
(nt) 

13, 15 
(nt) 

(Zhou et al., 
2013) 

VRC23 2013 Donor 
127/C K3-15 36 26 (Georgiev et 

al., 2013) 

VRC18 2015 Donor 
C38 K3-20 37 NR (Zhou et al., 

2015) 

N6 2016 Donor 
Z258 K1-33 42 25 (nt) (Huang et 

al., 2016) 

VRC27 2015 Donor 
Z258 K1-33 40 NR (Zhou et al., 

2015) 

DRVIA7 2016 DRVI01 K1-5 19(nt) 17(nt) (Kong et al., 
2016a) 

aPercent mutation is shown as percent AA mutations. Nt indicates nucleotide mutation percent 
was used.    
bNR indicates not reported. 
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Germline-targeting immunogens 

However, a major challenge in eliciting VRC01-class bnAbs through immunization is the fact 

that the unmutated precursors, or germline-encoded Abs, do not bind to recombinant Env. 

Therefore, Env proteins have been specifically designed to have high affinity for the germline 

form of these Abs. Multiple groups have now been designed VRC01-class germline-targeting 

immunogens using different approaches, but shared among them is the elimination of steric 

hindrances and glycans surrounding the VRC01 epitope, which pose the major steric barrier to 

glVRC01 binding, most notably the glycan at position 276 in loop D of the HIV-1 Env (Jardine 

et al., 2013, 2015; McGuire et al., 2013, 2014a, 2016; Medina-Ramírez et al., 2017).  

 

426c Core and 426c TM SOSIP 

One such VRC01-class germline-targeting immunogen is the 426c Core. The 426c Core is 

derived from the clade C 426c virus. The 426c Env sequence is a consensus sequence built from 

the numerous viral variants of the same virus isolated from an acutely infected individual (Gray 

et al., 2011). Elimination of N-linked glycosylation sites (NLGS) surrounding the CD4-BS in 

loop D (N276) and V5 loop (N460 and N463) on the 426c Env allowed binding of 4 glVRC01-

class Abs: glNIH45-46, glVRC01, glVRC-PG19, and glVRC-PG20 (McGuire et al., 2013). 

Further modification to the 426c Env eliminated V1-3 and the gp41 subunit. This modification 

lead to the binding of two additional glVRC01 class Abs, gl3BNC60 and gl12A21, and limit the 

activation of narrowly, neutralizing Abs (McGuire et al., 2014a, 2016). All of these 

modifications combined result in the 426c Core immunogen.  

In addition to the 426c Core, we have developed and characterized antigenically in 

collaboration with the Mascola and Kwong groups (NIH/VRC) a 426c Env-derived stabilized 
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trimer, or SOSIP, that binds glVRC01-class Abs (426c SOSIP TM). In contrast to the 426c Core, 

which consists of the inner and outer domain of the gp120 subunit, the 426c SOSIP TM is a full-

length gp140 (gp120 and gp41 subunits), trimeric Env, but mutated to lack the NLGS in loop D 

and the V5 loop (McGuire et al., 2016). 

 

eOD-GT8 

eOD-GT8 is derived from the HxB2 clade B Env protein. eOD-GT8 consists of only the outer 

domain of the gp120 monomer. eOD-GT8 has been evolved to generate a high affinity 

glVRC01-class germline-targeting immunogen. Starting with the eOD, “evolved outer domain”, 

homology modeling and computational methods were used to identify potential Env clashes with 

glVRC01-class Abs within and surrounding the CD4-BS. Libraries of eOD proteins were 

generated sampling every AA at these positions. These libraries were displayed on the surface of 

yeast and selected for high affinity binding to glVRC01-class Abs. The result was eOD-GT8, 

which can engage 8 glVRC01-class Abs (Jardine et al., 2013, 2015). A similar approach has now 

been taken with the 426c Env to generate a 426cOD (426c “outer domain”) (Chapter II). 

 

426cOD 

Briefly, the 426cOD is similar in structure to eOD-GT8 in that it is the outer domain of the 

gp120 subunit, but is derived from the 426c Env sequence. Mutations were identified in the 

426cOD through computational modeling and yeast display that enables 426cOD to bind the 

glVRC01 Ab. The details of the development of 426cOD are discussed in Chapter II.  

 

 



	 21	

 

BG505 SOSIP.v4.1-GT1 

Another glVRC01-class germline-targeting immunogen is the BG505 SOSIP.v4.1-GT1. This 

immunogen is a soluble stabilized Env trimer derived from the BG505 Env, which is from a 

clade A virus. It has similar mutations to those present on the 426c Core to eliminate glycan 

clashes around the CD4-BS, but also has mutations in the V2 region to allow for germline V1-

V2 Ab binding (Medina-Ramírez et al., 2017). 

 

Strategies to modify recombinant Env to engage the germline form of bnAbs have now been 

applied to a number of other classes of bnAbs including those targeting the V3 loop and 

surrounding glycans – PGT121, and BG18 (Steichen et al., 2016, 2019); and other CD4-BS 

directed Abs including IOMA (unpublished).   

 

Anti-idiotypic Abs (aiAbs) 

An alternative approach to the use of an Env based immunogen to activate the germline form of 

bnAbs is the use of an aiAb. aiAbs are Abs that bind to the variable region of an Ab or BCR. 

aiAbs could function as germline-targeting immunogens for classes of bnAbs for which 

recombinant Env capable of binding the germline form have not yet been discovered, or as a 

substitute for Env immunogens in an effort to limit the activation of B cells targeting non-

neutralizing epitopes on Env. Chapter IV will discuss the use of an aiAb, iv8, to elicit glVRC01-

class Abs. Iv8 was produced by immunizing wild type (WT) mice with glVRC01. From these 

mice, B cells were isolated, immortalized using hybridoma technology and screened for the 
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production of Abs capable of binding glVRC01-class Abs. Iv8 binds to the germline forms of 

VRC01, NIH45- 46, 3BNC60, 12A21, and VRC-CH31. 

 

Animal models 

Due to the fact that no animal model expresses a homologous allele to the VH1-2*02 allele, 

transgenic mouse models have been made to study VRC01-class germline-targeting immunogens 

in vivo. These mice express elements of the glVRC01-class Abs (summarized in Table 1.3).  

A mouse developed by David Nemazee expresses the glVRC01 HC V gene with the 

mature CDRH3 (glH-VRC01 mouse) (in one of two alleles; i.e. it is heterozygous for the 

glVRC01 HC). The glH-VRC01 mouse uses the endogenous mouse LC – therefore, a humanized 

HC will pair with different mouse LCs. The VRC01 B cell precursor (VH1-2*02 HC, paired 

with a 5 AA LC) frequency is ~.085% in the glH-VRC01 mouse (Jardine et al., 2015). A similar 

mouse model exists with the glH-3BNC60 HC V gene (mature CDRH3) knocked in, resulting in 

a mouse model expressing the gl3BNC60 HC in 100% of the B cells (Dosenovic et al., 2015). A 

“synthetic intermediate” (SI) form of the glH-3BNC60 mouse model also exists. The SI-

3BNC60 mouse expresses the gl3BNC60 LC (mature CDRL3), but the mature 3BNC60 HC 

(Dosenovic et al., 2018).	 

The previously mentioned mice have the mature VRC01 or 3BNC60 HC with the mature 

VRC01 CDRH3 region knocked in. Mice have also been designed to have only the V gene 

knocked-in. These mice have HCs which express the VH1-2*02 allele but mouse D and J genes, 

resulting in diverse CDRH3s. This mouse model exists in two forms: one using either the 

endogenous mLC or the glVRC01 LC, 3-20*01 allele (mature CDRL3). The mouse is 
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heterozygous for both the transgenes, resulting in the expression of VRC01 precursors at 

0.0675% or 37.6% respectively in the naïve B cell repertoire (Tian et al., 2016).  

A draw back to using such these knock-in (KI) mouse models is that they express the 

elements of a VRC01-class precursor above the physiological frequency in humans, which is 

approximately ~.002% (Arnaout et al., 2011; DeKosky et al., 2015; Jardine et al., 2015).  

There are also mouse models with the entire human V, D and J genes knocked in. These 

include the Kymouse (created by Kymab) (Lee et al., 2014), the Trianni mouse and the 

VelocImmune mouse (created by Regeneron) (Murphy et al., 2014). The advantage of these mice 

being that the Ab response will be produce Abs all derived from human V, D and J genes. 

Therefore the response will be more physiologically relevant to humans. However, in some 

cases, the glVRC01-class BCR is expressed at a frequency lower than in humans (mouse models 

are summarized in Table 1.3). 

  



	 24	

Table 1.3. Transgenic mice expressing elements of a glVRC01-class BCR 

Mouse model Transgene/s Estimated glVRC01 
frequencya Reference 

glH-VRC01 glVRC01 HC 
(mature CDRH3) .085% (Jardine et al., 2015) 

glH/L-VRC01 

glVRC01 HC 
(mature CDRH3), 

glVRC01 LC 
(mature CDRL3) 

NR (Abbott et al., 2018) 

glH-3BNC60 gl3BNC60 HC 
(mature CDRH3) .1% (Dosenovic et al., 

2015) 

SI-3BNC60 
Mature 3BNC60 

HC, gl3BNC60 LC 
(mature CDRL3) 

90% (Dosenovic et al., 
2018)  

glVH1-2 mouse glVH1-2 V gene .0675% (Tian et al., 2016) 

glVH1-2/glLC 
glVH1-2 V gene, 

glVRC01 LC 
(mature CDRH3) 

37.6% (Tian et al., 2016) 

Kymouse 

human HC VDJ 
genes and kappa VJ 

genes (HK) or 
lambda VJ genes 

(HL) or kappa and 
lambda VJ genes 

(HKL) 

HK: .00002% 
HL and HKL: NR 

(Lee et al., 
2014),(Sok et al., 

2016) 

Trianni 

Human HC VDJ 
genes, kappa VJ 

genes and lambda 
VJ genes 

NR none 

VelocImmune 
Human HC VDJ 
genes, kappa VJ 

genes 
NR (Murphy et al., 

2014) 
aNR indicates not reported 
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Guiding the evolution of glVRC01-class B cells 

In such transgenic models, it has been shown that while the eOD-GT8 and 426c based germline-

targeting immunogens are effective at expanding the germline precursors of the broadly 

neutralizing B cells, the B cells will not produce neutralizing Abs. This was first reported by 

Dosenovic et al., following immunization with eOD-GT8 or a 426c based germline-targeting 

immunogen in the glH-3BNC60 mouse model. This has now been shown by others in multiple 

glVRC01 transgenic mouse models (Briney et al., 2016; Dosenovic et al., 2015; Jardine et al., 

2015; McGuire et al., 2016; Parks et al., 2019; Sok et al., 2016; Tian et al., 2016). Therefore, it is 

hypothesized that a priming immunization with a germline-targeting immunogen will need to be 

followed by additional immunizations (‘boosts’). These boosting immunizations will guide the 

maturation of germline Abs to their mature, neutralizing form. In the case of glVRC01-class 

Abs, boosting immunizations must drive the acquisition of mutations to accommodate the steric 

hindrances surrounding the CD4-BS – particularly the glycan at position 276, which is conserved 

on most viruses. 

This prime-boost strategy has been shown to be successful in the case of glPGT121 Abs 

which target a conserved GDIR AA motif at the base of the V3 loop and surrounding glycans on 

the HIV-1 Env protein. In this study, a transgenic mouse model expressing the glPGT121 BCR 

was employed. The first immunization is glPGT121 targeting immunogen: 10 MUT. 10 MUT is 

a germline-targeting immunogen derived from the BG505 SOSIP, which has been specifically 

designed to bind germline reverted PGT121 Abs (Steichen et al., 2016). This immunization is 

followed by two vaccinations with ‘intermediate’ immunogens, and finishes with 3 

immunizations of WT, trimeric Env. The result was the production of heterologous tier-2 
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neutralizing Abs (Escolano et al., 2016). Other groups have now attempted to apply this strategy 

for other classes of bnAbs. 

 Prime-boost immunization schemes to elicit VRC01-like Abs have been evaluated, with 

limited success so far. The first study was conducted by the Schief and Nemazee groups and 

used the glH-VRC01 mouse model (Briney et al., 2016). This study first immunizes with the 

eOD-GT8 multimerized on 60-valent particle, followed by a single immunization with the GT3 

(a gp120 subunit derived from the heterologous Env, BG505) and lacks the 276 NLGS and the 

NLGS in V5. This immunization scheme finishes with 2 immunizations with a soluble, trimeric 

Env (BG505) that also lacks the N276 glycosylation site. Thus, none of these immunogens have 

a glycan at position 276. This study shows success in generating a VRC01-like response in that it 

enriches for B cells with VRC01-like sequence characteristics, including 5 AA CDRL3s, some 

with a glutamic acid at position 96, and VRC01-like mutations in the HC. This immunization 

scheme elicited Abs displaying limited cross-neutralizing activity that was limited to viruses that 

lacked the 276 NLGS. Interestingly, two monoclonal Abs were identified that could weakly 

neutralize a single WT virus (Briney et al., 2016). However, it remains unknown if the 276 

NLGS was utilized on these viruses. 

The second study was conducted by the Fred Alt and Mascola groups and utilized the 

glVH1-2/glLC mouse model (Tian et al., 2016). This study tests a prime-boost immunization 

scheme, which begins with an eOD-GT6 (an early form of eOD-GT8) 60mer immunization, 

followed by immunizations with 426c Core proteins, which sequentially have glycans added 

back to the protein (first in V5 and then in Loop D (N276)), and finishes with a soluble stabilized 

426c WT trimer. This immunization scheme uses a total of 6 different protein immunogens. This 

study shows their immunization scheme to successfully expand VRC01-like B cells, which 



	 27	

appear to incur mutations in both the VH and VL genes that are found in the mature VRC01 Ab. 

However, like the first study there is little evidence that these Abs elicited in this study are 

capable of neutralizing virus expressing WT Envs, with only one monoclonal Ab exhibiting 

neutralization of the autologous WT 426c virus. The focus of chapter III is on the identification 

of a boosting immunogen to the 426c Core that will elicit Abs capable of neutralizing a WT 

virus, in particular one which expresses the glycan at position 276. 

 

Thesis goals 

The major goal of this thesis is to elicit VRC01-class Abs through immunization. Specifically, 

this work sought utilize VRC01-class germline-targeting immunogens to first expand the 

VRC01-class precursors in vivo and use boosting immunogens to guide their maturation. The 

work presented here is immediately relevant to HIV-1 vaccine development and human health as 

the immunogens eOD-GT8 and 426c Core are being evaluated in human clinical trials. Chapter 

II will focus on the characterization of the primary immune response to VRC01-class germline-

targeting immunogens: 426c Core, eOD-GT8, and 426cOD. Chapter III will discuss the 

identification of a boosting immunogen to the 426c Core in an effort to guide the maturation of 

VRC01-class B cells in vivo. Chapter IV will discuss the possible implementation aiAbs to elicit 

VRC01-class Abs. Finally, Chapter V will discuss the limitations of this work, potential avenues 

for further research, and the broader implications of this work on vaccine development. 
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Chapter II.  HIV-1 VRC01 germline-targeting immunogens 

select distinct epitope-specific B cell receptors 

The following text is from a manuscript in submission with minor edits. Yu-Ru Lin is a co-first 

author on this manuscript.	
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Abstract 

Activation of B cells expressing the precursor BCRs of HIV-1 bnAbs requires specifically-

designed immunogens. Here, we compared the abilities of three such germline-targeting 

immunogens against the VRC01-class receptors to activate the targeted B cells in vivo.  We show 

that while a range of affinities can lead to the activation of VRC01 epitope-specific naïve B cells, 

the biophysical and biochemical context of germline-targeting immunogens dictates which 

epitope-specific VRC01 BCR variants are initially selected and influence the cross-reactivity and 

evolutionary fate of the activated VRC01 B cells. Our study indicates that the design of effective 

immunogens to activate BCRs leading to protective HIV-1 Abs will require a better 

understanding of how the biophysical properties of the epitope and its surrounding surface on the 

germline-targeting immunogen influence its interaction with the available receptor variants in 

vivo. 
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Introduction 

The development of high-throughput assays to sequence VH/VL paired genes from individual B 

cells allowed the interrogation of large numbers of antigen-specific BCRs, prior to and following 

vaccination or infection (Scheid et al., 2009). Such studies, combined with structural analysis of 

the Ab-epitope complexes, revealed that bnAbs recognize distinct Env regions, including the 

CD4-BS, the apex region, the N332 glycan patch and the interface between the gp120 and gp41 

subunits (Burton and Hangartner, 2016; Kwong and Mascola, 2012; McCoy and Burton, 2017). 

Those that bind to the same viral Env epitope can be derived from the same, or very similar, 

VH/VL pair combinations and have common paratope structures (Chen et al., 2019; Zhou et al., 

2013). For instance, the anti-CD4-BS VRC01-class bnAbs are derived from the pairing of VH1-

2*02 HCs and Vl/Vks (k3-20, k3-15, k1-33, k1-5, and l2-14) LCs expressing 5 AA long 

CDRL3s (Huang et al., 2016; Kwong and Mascola, 2012; Sajadi et al., 2018; Scheid et al., 2011; 

Umotoy et al., 2019; Zhou et al., 2010, 2013). They recognize their epitope on Env with similar 

angles of approach and their paratopes share similar structures, despite being up to 30% 

divergent in AA sequence. Several elements of their VH and VL domains contribute to the 

strength of their interaction with Env and their breadth of neutralization, but their gene-encoded 

CDRH2 domains contribute the majority of the Ab buried surface area with Env (Jardine et al., 

2016; Zhou et al., 2010), similar to observations made with neutralizing Abs against other 

viruses.  

Natural virion-derived Env proteins capable of engaging the unmutated (commonly 

referred to as ‘germline’, gl) VRC01 BCRs expressed on naïve B cells are presently unknown, 

but specifically designed Env-derived recombinant proteins that bind glVRC01-class Abs have 

been engineered (Jardine et al., 2015; McGuire et al., 2016; Medina-Ramirez et al., 2017). These 
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proteins are employed as ‘germline-targeting’ immunogens to activate glVRC01-like BCRs in 

vivo (Dosenovic et al., 2015; Jardine et al., 2015; Parks et al., 2019). It is, however, expected that 

subsequent booster immunizations with heterologous, and more native-like, recombinant Env 

immunogens will be required to guide the maturation of glVRC01 BCRs towards their broadly 

neutralizing forms (Briney et al., 2016; Dosenovic et al., 2015; Tian et al., 2016).  

Here, we examined whether the VRC01 epitope is equally effective in activating 

glVRC01-expressing B cells in vivo when expressed on three different germline-targeting 

immunogens, eOD-GT8 (Jardine et al., 2015), 426c Core (TM4DV1-3) (McGuire et al., 2016) 

and a newly designed 426c Outer domain (426cOD). eOD-GT8 has entered phase I clinical 

evaluation (NCT03547245), while the 426c Core is scheduled for clinical evaluation in 2021. 

We observed that despite the difference in binding affinities to glVRC01-class Abs, all three 

immunogens were efficient in eliciting VRC01-like Abs. However, while the epitope-specific 

Abs elicited by the three immunogens utilized the same VH/VL pairings, they differed at key 

positions by only a few AAs and as a result they displayed distinct Env cross-reactive properties. 

Our results reveal that the initial BCR selection by an immunogenic epitope is critically 

dependent on the biophysical properties of the epitope and of its surrounding surface area on the 

germline-targeting immunogen. Following that initial selection, the relative affinities of the 

selected BCRs dictate the fate of the corresponding activated B cells. Thus, germline-targeting 

immunogen-design efforts that are solely based on increasing the epitope-exposure on the 

immunogen or improving the affinity of an antigen are insufficient to accurately predict which 

target BCRs will be selected during immunization. As such our study provides relevant 

information to the design of more effective immunogens that target the precursor BCRs of 

protective Abs.  
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Results 

Design and characterization of the 426c Env outer domain immunogen 

The design of eOD-GT8 is based on the outer domain of the clade B HxB2 Env gp120 subunit 

(Jardine et al., 2015), while that of 426c Core is based on both the outer and inner domains of the 

clade C 426c gp120 subunit (McGuire et al., 2016). Here, we engineered a new germline-

targeting protein that is derived from the 426c Core but lacks the inner domain (like eOD-GT8), 

termed 426c outer domain (426cOD). The design of 426cOD was based on that of eOD (which 

was the universal background of derived variants, such as eOD-GT8) (Jardine et al., 2015; 

Pejchal et al., 2011) (Supplemental Figure 2.1A). An initial design (426c base) engineered to 

bind glVRC01-class mAbs was found to bind one of six germline Abs (Supplemental Figure 

2.1B). Random library mutagenesis and yeast-display yielded 426cOD, which binds four of eight 

glVRC01-class mAbs tested (Supplemental Figure 2.1C). We obtained a 3.4 Å X-ray structure of 

426cOD bound to mature VRC01 (Figure 2.1A, Supplemental Table 2.1) which confirmed the 

proper folding of the designed 426cOD (Supplemental Figure 2.1D). Comparison with 

previously published structures of eOD-GT8 and 426c Core (Scharf et al., 2016) indicated that 

VRC01 and glVRC01’s epitopes overlapped on each immunogen, and this comparison highlights 

differences in certain surface exposed residues between 426cOD and eOD-GT8 as follows: 

S278Rgp120, Q361Kgp120, I370Fgp120, L455Tgp120, D457Qgp120, D460Ygp120 (Figure 2.1C and 

Supplemental Figure 2.1A). These differences translate into different electrostatic surface 

potentials for the 426c-sequence-based immunogens (negatively charged) compared to eOD-

GT8 (positively charged), particularly in the gp120 V5 region which interacts with the CDRH2 

and the N-terminus of glVRC01 LC (Figure 2.1C).  
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To compare the interactions of the 3 antigens (426c Core, eOD-GT8 and 426cOD) with 

glVRC01, we modeled their interactions by superimposing glVRC01-bound structure with WT 

426c Core (PDB ID 6MFT) (Borst et al., 2018) and with eOD-GT6 (PDB ID 4JPK) (Jardine et 

al., 2013) onto our newly solved structure of 426cOD bound to VRC01. We also modeled 

glVRC01 binding to eOD-GT8 by superimposing glVRC01 onto VRC01c-HuGL2 bound to 

eOD-GT8 (PDB ID 5IES) (Jardine et al., 2016). 426cOD buries ~971 Å2 and ~1007 Å2 upon 

binding glVRC01 (modeled interactions onto 6MFT and 4JPK, respectively) while eOD-GT8 

buries ~1142	 Å2 (modeled interactions onto 5IES) and 426c Core buries ~947	 Å2 when binding 

gl3BNC60 (PDB ID 5FEC) (Scharf et al., 2016). 6-15 estimated H-bonds are formed between 

modeled glVRC01 and 426cOD (modeled onto 6MFT and 4JPK, respectively). These 

differences reflect the different conformations adopted by glVRC01 when binding the WT 426 

Core (with glycans present) versus the 426c Core (Scharf et al., 2016). 21 estimated H-bonds are 

formed between glVRC01 modeled with eOD-GT8 while 20 estimated H-bonds are formed 

between 426c Core and gl3BNC60 (PDB ID 5FEC) (Scharf et al., 2016) (Supplemental Table 

2.2-2.6).  

The analysis also revealed differences in AA exposures between 426c Core and 426cOD 

when they interact with glVRC01: Val430, in the β20-21 region of gp120, present only in 426c 

Core showed some interactions with glVRC01 while Asp48 and Glu49, only present in 426cOD 

showed some interactions with VRC01. These differences could explain the lack of cross-

reactivity between the elicited Abs by the various immunogens. 

The glVRC01 HC buries a larger surface area with 426cOD than eOD-GT8 

(Supplemental Table 2.6), while the LC buries a larger surface area with eOD-GT8: this is likely 

because of the LC interactions with bulkier residues present in eOD-GT8 compared to 426cOD: 
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Arg278gp120 and Tyr460gp120 in eOD-GT8 in place of Ser278gp120 and Asp460gp120 in 426cOD. 

The affinity of glVRC01 mAb for 426cOD is in the same range as for 426c Core (289 nM and 

217 nM, respectively), while it is <0.1 nM for eOD-GT8 (Supplemental Figure 2.1E-2.1G).  

We examined whether differences in affinity influence the efficiency by which the two 

immunogens select for naïve B cells that express VRC01 BCRs in vivo, and whether and how the 

presence of the gp120 inner domain of the 426c Core antigen influences this selection at the 

molecular BCR level. 

 

Figure 2.1. Structures of three VRC01 germline-targeting immunogens. (A) Crystal 
structure of 426cOD (green) bound to human mature VRC01 Fab (LC in gray, HC in black) 
shown in cartoon representation. (B) Overlay of 426c Core (tan, PDB ID 5FA2) and 426cOD 
(green). (C) Structural comparison of the three germline-targeting immunogens. From left to 
right: Cartoon representation. Surface representation of immunogens with glVRC01 epitope 
highlighted in red. glVRC01 epitopes shown in stick representation: eOD-GT8 residues that 
differ from those on 426c Core and 426cOD are highlighted in magenta. Electrostatic potential 
of glVRC01 epitopes. The location of potential NLGS around the VRC01 epitope on the three 
antigens are indicated by green dots (electrostatic potentials do not consider the glycans as exact 
glycosylation at these positions is unknown).  
 

Epitope affinity and the inner domain influences the efficiency by which epitope-specific naïve 

B cells can be isolated 

A 

B 

C 
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As orthologs of the human VH1-2*02 gene are not expressed in animal species such as mice, 

rats, rabbits and non-human primates (West et al., 2012), the abilities of the three antigens to 

engage glVRC01 BCRs in vivo were compared in a well-defined, KI mouse model that is 

heterozygous for the human inferred germline HC of the VRC01 mAb (glH-VRC01) (Jardine et 

al., 2015). Approximately 80% of B cells express the human transgene and all express mLCs; 

only 0.01% of which contain 5 AA long CDRL3s. As a result, approximately 0.08% of naïve B 

cells are expected to express VRC01-like BCRs, compared to 0.0002% -0.001% of naïve human 

B cells (Abbott et al., 2018; Jardine et al., 2015). 

Individual eOD-GT8+/eOD-GT8 CD4-BS knock out (KO)-, 426c Core+/426c Core 

CD4-BS KO-, or 426cOD+/426cOD CD4-BS KO- B cells were isolated from the spleens of 

naïve mice. VH/VL genes were then amplified and sequenced. Approximately 50%, 85% and 

60% of HCs isolated with 426c Core, eOD-GT8 and 426cOD, respectively, were the glH-VRC01 

HC (indicated as VRC01glHC (Figure 2.2A). The vast majority of mLCs that were selected by 

either antigen expressed 9 AA-long CDRL3s (Figure 2.2B). eOD-GT8 also selected for 6-8 AA 

long CDRL3s and 426cOD selected for 10 AA long CDRL3s. Only the two ‘outer domain’ 

antigens selected for mLCs expressing 5 AA long CDRL3s. We also sorted naïve B cells with 

the C4b-based form of 426c Core from three animals. Out of 282 VL genes that were sequenced 

only three LCs with 5 AA CDRL3s were identified (one from one animal (0.9%), two from 

another (1.9%) and none from the third animal (0%) (data not shown). The isolation of B cells 

expressing glVRC01-like BCRs by the two ‘outer domain-based’ antigens (eOD-GT8 and 

426cOD), but not by 426c Core, despite the fact that 426cOD and 426c Core have similar 

affinities for glVRC01, suggests that the presence of the inner domain limits the accessibility of 

the VRC01 epitope by BCRs expressed on naïve B cells, but not by soluble Abs.  We next 
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examined whether the differences observed in binding to naïve VRC01 B cells by the three 

immunogens had any effect on the ability of the immunogens to expand naïve B cells in vivo. 

 

Epitope affinity does not influence the efficiency by which epitope-specific B cells expand 

during immunization 

C4b-based nanoparticle forms (heptameric) of the three antigens were used as immunogens 

(Hofmeyer et al., 2013). Negative stain (ns) electron microscopy (EM) analysis confirmed that 

all three preparations had similar oligomeric features (Supplemental Figure 2.6). Two weeks 

post-immunization, CD4-BS-specific class-switched B cells were single cell-sorted from the 

lymph nodes and spleens and their VH/VL genes sequenced. Approximately 92%, 83% and 67% 

of the VHs sequenced from the 426c Core-, eOD-GT8- and 426cOD-immunized animals, 

respectively, were VRC01glHC (Figure 2.2C). Approximately 24%, 34% and 20% of mLCs from 

the 426c Core-, eOD-GT8-, 426cOD-immunized animals, respectively, expressed 5 AA long 

CDRL3s (Figure 2.2D). The majority of the mLCs with 5 AA long CDRL3s were derived from 

k8-30*1, but k4-72*01, kV6-15*01, k12-46*01, k4-61*01 and kV4-86*01 derived mLCs were 

also identified (Figure 2.2E). Thus, the three immunogens are effective in activating B cells 

expressing VRC01-like BCRs, despite differences in affinities, as others have reported in the 

case of model antigens (Kouskoff et al., 1998; Yang Shih et al., 2002). Dosenovic et al., also 

reported that while tetrameric baits of eOD-GT8 do not identify glVRC01-class B cells in the 

glH-3BNC60 mouse, immunization with the multimeric form of eOD-GT8 results in the 

activation of such cells (Dosenovic et al., 2015). 
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Different Env cross-reactivity properties of plasma Abs 

Robust autologous plasma Ab responses were elicited by all three immunogens in all animals 

(Figure 2.2F-2.2H, Supplemental Figure 2.2). A large proportion of plasma Ab responses 

targeted the autologous CD4-BS in all three cases (Figure 2.2I), although 426c Core was more 

consistent in eliciting such Abs than the two outer domain immunogens. Thirteen of fourteen 

animals immunized with 426c Core elicited anti-eOD-GT8 plasma Ab responses (Figure 2.2F), 

which recognized the VRC01 epitope on eOD-GT8 (Supplemental Figure 2.2A), while only one 

of fourteen animals immunized with eOD-GT8 elicited (very weak) anti-426c Core plasma Ab 

responses (Figure 2.2G). All animals immunized with 426cOD elicited plasma Abs against the 

VRC01 epitope expressed on eOD-GT8, and 4 of 12 animals elicited anti-426c Core plasma Abs 

(Figure 2.2H and Supplemental Figure 2.2C). In contrast, only 4 of 14 animals immunized with 

eOD-GT8 generated anti-426cOD plasma Abs and with only partial specificity to the CD4-BS of 

426cOD (Figure 2.2G and Supplemental Figure 2.2B).  

The absence of anti-426c Core Abs in the plasma of the eOD-GT8-immunized animals 

was unexpected, as VRC01-like B cells utilizing the same VH/VL pairings (VRC01glHC and k8-

30*1 mLCs) were isolated in both the 426c Core and eOD-GT8-immunized animals. Abs 

derived from this HC/LC pairing from the eOD-GT8- and 426c Core-immunized animals also 

displayed different cross-reactive properties. Those derived from the eOD-GT8-immunized 

animals did not bind 426c Core (but bound eOD-GT8 in a VRC01-epitope-dependent manner) 

(Supplemental Figure 2.3A), while those derived from the 426c Core-immunized animals 

recognized both 426c Core and eOD-GT8 (Supplemental Figure 2.3B). In sum, the cross-

reactivities of VRC01-like Abs elicited by 426c Core and by eOD-GT8 differ.  
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Figure 2.2. Vaccine elicited Ab and B cell responses. VH gene usage (number of sequences: 
426c Core n = 21, eOD-GT8 n = 191, 426cOD n = 23 (A) and CDRL3 length (number of 
sequences: 426c Core n = 98, eOD-GT8 n = 225, 426cOD n = 125 (B) of naïve B cells sorted 
with 426c Core, eOD-GT8 or 426cOD. VH gene usage (number of sequences: 426c Core n = 89, 
eOD-GT8 n = 48, 426cOD n = 67) (C) and CDRL3 length (number of sequences: 426c Core n = 
51, eOD-GT8 n = 59, 426cOD n = 110) (D) of antigen-specific B cells isolated 2 weeks post-
immunization. (E) VL gene usage of 5 AA long CDRL3 B cells isolated from immunized 
animals (number of sequences: 426c Core n = 12, eOD-GT8 n = 20, 426cOD n = 22). 
Percentages indicate the frequency of VH or VL genes with the indicated characteristics out of 
the total number of VH and VL genes sequenced.  (F-H) Plasma Ab endpoint titers 2 weeks post 
immunization with 426c Core (F), eOD-GT8 (G) or 426cOD (H) against 426c Core, eOD-GT8, 
and 426cOD. Data is shown as a heatmap, with the strongest response (greater endpoint titer) in 
red. No color indicates undetectable reactivity. X indicates not tested. 12-14 mice immunized 
with each immunogen were tested. The animal number is indicated to the left of the heat map. (I) 
Percent of plasma Abs targeting the autologous CD4-BS, elicited by the indicated VRC01 
germline-targeting immunogens. Each dot represents an animal.  
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eOD-GT8 and 426c Core select for different variants of VRC01 BCRs 

A key difference between the eOD-GT8- and 426c Core-selected k8-30*01 mLCs with 5 AA 

long CDRL3s is the selection of different AAs at the C-terminus of the CDRL3 (at the junction 

of the V and J genes) (Figure 2.3A). The eOD-GT8-selected CDRL3s with aromatic residues at 

position 96LC followed by a threonine at position 97LC (W96T97or Y96T97). As a result, 30% of the 

5 AA long CDRL3s had the QQYWT motif and 60% had the QQYYT motif (Supplemental 

Table 2.7). This preferential selection was reported by Jardine et al (Jardine et al., 2015). In 

contrast, the 426c Core-selected k8-30*01 mLCs with 5 AA long CDRL3s primarily expressed 

either a negatively charged AA at position 96LC (E96) or a positively charged AA at position 97LC 

(K97). As a result, 50% of the 5 AA long CDRL3s had the QQYET motif and 50% had the 

QQYYK motif (Supplemental Table 2.8). In addition to these differences in the mLCs, most 

VRC01glHC sequences from the 426c Core-immunized animals contained a H35N mutation in the 

CDRH1 (as it exists in mature VRC01), which was not present in the VRC01glHC sequences from 

the eOD-GT8-immunized animals. 426cOD displayed a B cell selection phenotype with some 

similarities to those of eOD-GT8 and 426c Core, as it selected for k8-30*01 mLCs with 5 AA 

long CDRL3s with (W96T97) (QQYWT; 20% of sequences), like eOD-GT8, but also with K97 

(QQYYK; 20% of sequences), like 426c Core (Supplemental Table 2.9). The QQYYS sequence 

was the most prevalent (60% of the sequences). We propose that the positive electrostatic surface 

around the VRC01 epitope on eOD-GT8 disfavors the selection of CDRL3s with a positively 

charged AA at position 97LC (K97) and that the presence of Y30 on eOD-GT8 (D460 on 426c 

Core) selects for CDRL3s with aromatic residues at position 96 to gain enthalpically favorable 

aromatic ring interaction (Sangesland et al., 2019). We note that all known human VRC01-class 

bnAbs do not express such bulky AAs in their CDRL3s (Umotoy et al., 2019; Zhou et al., 2013).  
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To examine whether the disparate cross-reactivities of the VRC01-like Abs elicited by 

the germline-targeting immunogens are due to the selection of different AAs in their CDRL3 and 

CDRH1 domains, we performed targeted mutagenesis on the VRC01glHC and k8-30*01 genes of 

two Abs, p2b4 and p2b9, derived from eOD-GT8-immunized animals and examined how the 

mutations affected the Ab-binding properties. To this end, we introduced H35N or W96E on 

p2b4 and T97K on p2b9. While neither p2b4 and p2b9 bound to 426c Core, the individual 

CDRH1 or CDRL3 substitutions resulted in weak but detectable binding (Figure 2.3C). Of note, 

both type of mutations decreased the binding off-rates to eOD-GT8 and p2b4 with the W96E 

mutation displayed negligible off-rate to eOD-GT8. When the CDRH1 and CDRL3 substitutions 

were simultaneously introduced, the binding of both Abs to 426c Core became similar to that of 

VRC01-like Abs isolated from 426 Core-immunized animals (Figure 2.3B). Conversely, when 

the reversed mutations K97T or E96W were introduced to two VRC01glHC and k8-30*01 Abs 

(p1d3 and p1e5) isolated from the 426c Core-immunized animals, their binding to 426c Core 

was drastically diminished, while their binding to eOD-GT8 was unaffected (Figure 2.3B).  
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Figure 2.3. VRC01 germline-targeting immunogens select for different AAs within VRC01 
BCRs. (A) Logo plots represent 5 AA CDRL3 sequences from antigen-specific B cells isolated 2 
weeks post-immunization with the indicated VRC01 germline-targeting immunogens. The 
numbering of the CDRL3 region is based on the Kabat numbering system. Size of AA reflects 
frequency of use (number of sequences: 426c Core n = 12, eOD-GT8 n = 20, 426cOD n = 22). 
(B-C) Binding curves of mAbs isolated from 426c Core (B) and eOD-GT8 (C), and their 
indicated mutated forms to the indicated antigens.  
 

We recently reported that VRC01-like Abs elicited by 426c Core in this KI mouse model 

can bind to certain heterologous WT gp120 Core proteins, even in the presence of N276-

associated glycans, which normally prevent the binding of germline VRC01-class mAbs to Env 

(Parks et al., 2019). These heterologous Cores are derived from different clades (93TH057 is 

clade A/E, Q168a is clade A, and HxB2, 45_01 and QH0692 are clade B), they express a 

functional N276 glycan site and are not recognized by glVRC01 (Parks et al., 2019). In 

agreement, two of eight 426c Core-elicited VRC01-like Abs (p1a6 and p1a7) recognized two 
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(45_01dH1 WT Core and HxB2 WT Core) of the five heterologous WT Cores proteins tested 

(Figure 2.4A). In contrast, the eOD-GT8-elicited VRC01-like Abs did not display such cross-

reactive reactivities (Figure 2.4B). We tested the p2b4 and p2b9 mutants for binding to the 

heterologous WT Core proteins and observed that the double substitution on the background of 

p2b4 (H35N, W96E) conferred cross-reactivity to the two heterologous Core proteins recognized 

by the 426c Core-elicited VRC01-like Abs (Figure 2.4C). 

Thus, even though eOD-GT8 and 426c Core effectively stimulate naïve B cells 

expressing BCRs composed of VRC01glHC paired with k8-30*01 mLCs with 5 AA long 

CDRL3s, they select for different AAs at positions 96 and 97 (Kabat numbering) in the CDRL3 

(junction of V and J genes). Additionally, the VRC01glHC from the 426c Core-immunized 

animals almost universally acquired the H35N mutation. Those few AA differences are 

responsible for differences in the cross-Env recognition potentials of the VRC01-like Abs 

elicited by eOD-GT8 and by 426c Core. Our results suggest therefore that VRC01-like Abs 

expressing bulky AAs at position 96 will not bind effectively the VRC01 epitope on 

heterologous proteins in the presence of the inner gp120 domain. In agreement with this, 

VRC01-like Abs elicited by 426cOD, expressing tyrosine at position 96, have no binding to any 

heterologous WT gp120 Core Env proteins (Figure 2.4D). As the first wave of VRC01-like Abs 

elicited by these germline-targeting immunogens are minimally mutated the Abs did not display 

neutralizing activities, in agreement with previous reports (Briney et al., 2016; Parks et al., 

2019). 



	 43	

 

Figure 2.4. Vaccine elicited mAbs binding to multimeric (C4b) heterologous Core Env. BLI 
was used to evaluate mAb binding to Env. Binding curves of mAbs elicited by 426c Core (A), 
eOD-GT8 (B) and 426cOD (D) to the indicated heterologous WT Core proteins. (C) Binding 
curves of mAbs elicited by eOD-GT8 with CDRL3 and CDRH1 substitutions to multimeric 
heterologous Core Env.  
 

Temporal evolution of epitope-specific VRC01-like B cell variants 

The germinal center reaction is a dynamic process during which B cell clones compete for 

antigen and T-cell help (Dal Porto et al., 2002; Kouskoff et al., 1998; Silva et al., 2017). To 

examine whether and how the VRC01-like B cell responses elicited by the three immunogens 

evolve over time, animals were immunized with the three immunogens, CD4-BS+/KO- B cells 

A 

B 

C 

D 



	 44	

were isolated 6 weeks later, and their VH/VL genes were sequenced. The evolution of the 

plasma Ab responses to all three immunogens was also evaluated. The titers and epitope 

specificities of autologous and heterologous plasma Abs elicited by all three immunogens 

remained stable over the 6-week observation period (Supplemental Figure 2.4). That is: (A) 426c 

Core generated autologous, anti-eOD-GT8 and anti-426cOD plasma Abs (the heterologous Ab 

responses being exclusively directed to the CD4-BS); (b) eOD-GT8 generated autologous but not 

heterologous Abs; and (c) 426cOD elicited strong autologous and anti-eOD-GT8 Ab responses, 

but weaker anti-426c Core Ab responses (a fraction of the heterologous Ab responses being 

exclusively directed to the CD4-BS). 

Significantly more AA mutations accumulated in both the VH/VL genes 6 weeks post-

immunization, irrespective of the immunogen (Supplemental Figure 2.5 and Supplemental 

Tables 2.7-2.9). The H35N mutation was present in 90% of VRC01glHC sequences from 426c 

Core-immunized animals. Additional mutations were also selected in CDRH1, CDRH2 and FW3 

of the VH gene (Supplemental Table 2.8). The H35N mutation was also preferentially selected 

(71%) in the VRC01glHC sequences from 426cOD-immunized animals (Supplemental Table 2.9). 

In contrast, no clear pattern of AA selection was evident in the VRC01glHC sequences from eOD-

GT8 immunized animals (Supplemental Table 2.7). 

All VRC01glHC-associated mLCs from the 426c Core-immunized animals were derived 

from k8-30*1 and all expressed the five AA CDRL3 QQYYK sequence (i.e., the E96 mutation 

was not evident) (Supplemental Table 2.8). This sequence also dominated (64%) the mLCs 

sequences from the 426cOD-immunized animals (Supplemental Table 2.9). The mLC mutations 

were primarily confined to the CDRL1s and resulted in the accumulation of negatively charged 

AAs (Asp or Glu). A more complex pattern of mLCs with 5 AA CDRL3 paired with VRC01glHC 
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was observed in the eOD-GT8-immunized animals (Supplemental Table 2.7). Between weeks 2 

and 6 post-immunization, the relative frequency of k8-30*01 mLCs decreased by approximately 

half (from 89% to 47%) while the relative frequencies of non-k8-30*01 mLCs increased by 

approximately five-fold (from 11% to 53%). While the k8-30*01 mLCs isolated from the 426c 

Core-immunized animals were mutated from germline (Supplemental Tables 2.8), the majority 

of k8-30*01 sequences isolated from the eOD-GT8-immunized animals remained unmutated 

(15/28 sequences had 0 AA mutations) (Supplemental Table 2.7). In contrast, the non-k8-30 

mLCs isolated from eOD-GT8-immunized animals were extensively mutated at week 6 (up to 9 

AA mutations). 

Of note, all the non-k8-30*01 mLCs have short CDRL1 domains, as is the case of all 

known VRC01-class bnAbs (Zhou et al., 2013). As observed at week 2 post-immunization, eOD-

GT8 preferentially selected for QQYYT, QQYWT CDRL3s for all k8-30*01 mLCs but in the 

case of k4-61*01, the QQYET sequence was present in 5/6 mLCs sequenced and paired with 

VRC01glHC. The 426cOD selection pattern was intermediate to those of 426c Core as most of the 

k8-30*01-associated 5 AA CDRL3s expressed the QQYYK sequence and the non-k8-30*01 

mLCs were unmutated from germline (Supplemental Table 2.9). 

VRC01-like mAbs were generated from paired VH/VL sequences from the eOD-GT8-

immunized animals, and their binding to the three immunogens were evaluated (Figure 2.5). We 

included both k8-30*01-derived and non-k8-30*01-derived mAbs, some of which (k4-61*01) 

expressed CDRL3s with the QQYET sequence that predominates in the 426c Core-elicited 

VRC01-like Ab responses (Supplemental Table 2.7). None bound the 426c Core and 426cOD 

proteins. Thus, the presence of shorter CDRL1s on VRC01-like Abs with k4-61*01LCs (5 AA 
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CDRL3) does not appear to improve their binding to the VRC01 epitope on heterologous Envs. 

We expect, however, that VRC01-like BCRs with short CDRL1s can more easily mature 

towards broadly neutralizing forms, as short CDRL1s are necessary to accommodate the N276 

glycans and elements of the V5 gp120 domains (Zhou et al., 2013).  

 

Figure 2.5. Binding properties of mAbs isolated 6 weeks post immunization with eOD-GT8. 
mAbs isolated 6-weeks post-immunization with eOD-GT8 were evaluated for binding to 426c 
Core, eOD-GT8 or 426cOD. mAbs utilizing k4-61*01 are noted with an asterisk. 
 

Interactions of human VRC01-like Abs with ‘germline-targeting’ immunogens 

We generated VRC01-like Abs from previously published VH/VL paired sequences from naïve 

human B cells sorted with eOD-GT8 (Havenar-Daughton et al., 2018) and examined their 

binding to the three ‘germline-targeting’ immunogens (Figure 2.6). The Abs only bound eOD-

GT8. These results confirm preferential interaction of eOD-GT8-selected VRC01-like Abs for 

eOD-GT8 and suggest that the three antigens evaluated here are not recognized by all available 

variations of human VRC01-like putative Abs precursors. 
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Figure 2.6. Binding properties of human germline VRC01-like Abs isolated with eOD-GT8. 
Six germline VRC01 Abs derived from naïve human B cells that were sorted by eOD-GT8 were 
tested for binding against 426c Core, eOD-GT8 or 426cOD. BLI was used to evaluate mAb 
binding to Env. BLI curves are shown. Data is representative of two replicates. 
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Discussion 

The development of VRC01-class bnAbs by vaccination will require the activation of their 

unmutated BCR precursors by immunizing with germline-targeting immunogens, and the 

accumulation of specific VH/VL AA mutations through sequential immunizations with 

heterologous Envs (Dosenovic et al., 2015). Our study reveals that depending on the background 

onto which the VRC01 epitope is expressed on the germline-targeting immunogen, B cells with 

different epitope-specific VH/VL pairs are selected to enter the germinal center reactions. That 

is, from the available pool of VRC01-like B cells available, each germline-targeting immunogen 

will select a different subpopulation (containing B cells with different affinities towards that 

immunogen).  As a result, the VRC01-class Ab responses elicited by different germline-targeting 

immunogens display distinct heterologous Env cross-recognition properties. We have defined a 

set of mutations responsible for these cross-recognition properties (Figure 2.3C) confirming that 

our studies unveiled differences in the subpopulations of Abs elicited by different immunogens, 

without identifying which immunogen drives the most promising B cell subpopulation.	 We 

expect therefore that following eOD-GT8 and 426c Core human immunizations, different 

booster immunogens will be required to further expand the initial waves of VRC01-like B cells 

stimulated by these two germline-targeting immunogens. Indeed, the VRC01-like Abs elicited in 

this animal model by 426c Core are boosted by HxB2 WT Core (Parks et al., 2019) while those 

elicited by eOD-GT8 expand following a boost immunization with BG505 core-GT3 (Briney et 

al., 2016). Our data, therefore, reveal aspects of immunogen-BCR interactions that may have 

been underappreciated previously, but which we believe will contribute to the development of 

more effective prime-boost immunization protocols for the elicitation of bnAbs. Our results 

highlight potential limitations of eOD-GT8 and 426c Core. eOD-GT8 may not stimulate VRC01 
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B cells that can bypass the N276 associated glycans, thus necessitating the use of booster 

immunogens also lacking the N276 glycan site and consequently further increasing the affinities 

of Abs that cannot overcome this key obstacle, while 426c Core may activate VRC01 Abs with 

long CDRL1 domains that will be less amenable to maturation towards their broadly neutralizing 

forms.  

The observations we report here are applicable to germline-targeting immunogens against 

other classes of CD4-BS bnAbs (Bonsignori et al., 2016; Williams et al., 2017) and bnAbs 

against other Env regions such as the apex domain of the HIV-1 trimer (Andrabi et al., 2015), or 

the N322 glycan patch (Escolano et al., 2019; Steichen et al., 2019), but also to non-HIV bnAbs 

such as Influenza and HCV (Chen et al., 2019; Sangesland et al., 2019). We expect that the 

differences in BCR-selection by germline-targeting immunogens to be even more pronounced in 

more diverse BCR backgrounds, including humans.  

Subsequent to the initial glVRC01 BCR-selection by germline-targeting immunogens, the 

fate of the corresponding B cells is defined by the relative affinities of the BCR variants, as 

others have reported in studies conducted with model antigens (Dal Porto et al., 2002; Kouskoff 

et al., 1998; Silva et al., 2017). The relative numbers of the high affinity, epitope-specific 

glVRC01HC/k8-30*01 B cells that are preferentially selected by eOD-GT8 and which 

predominate the early B cell response, decrease over the 6-week period of observation and their 

BCRs do not accumulate SHMs. During the same period, the frequencies of lower affinity 

VRC01-like B cells expressing different LCs (also paired with glVRC01HC) increase and their 

BCRs accumulate SHMs. In contrast, epitope-specific glVRC01HC/k8-30*01 B cell variants 

selected by 426c Core have lower affinity for the VRC01 epitope and predominate both during 

the early and late B cell response and undergo somatic hypermutation.  
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Overall, our study indicates that the development of effective germline-targeting 

immunogens to target specific BCRs, such as those known to give rise to bnAbs, will require a 

better understanding of how the biophysical properties of the epitope and its surrounding surface 

on the immunogen influences its interaction with the available BCR variants in vivo, as structural 

information or affinity of the immunogen alone are insufficient to accurately predict which 

BCRs will initially be selected.  
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Methods 

Resource availability 

 

Lead Contact 

Further information and requests for reagents should be directed to and will be fulfilled by 

Leonidas Stamatatos (lstamata@fredhutch.org).  

 

Materials Availability 

All reagents generated in this study can be made available upon request through Materials 

Transfer Agreements. 

 

Data and Code Availability 

The sequences of mAbs reported are deposited on GenBank (MT585207-MT585272). The 

sequence of 426cOD is reported here and deposited on GenBank (MT671449). Coordinates and 

structure factors for 426cOD in complex with mature VRC01 Fab have been deposited with the 

Protein Data Bank under accession code 6VLW. Supplemental information is available.  

 

Experimental Model and Subject Details 

Immunizations were performed with the C4b-based nanoparticles (heptameric forms) (Hofmeyer 

et al., 2013). Immunizations were performed in the glH-VRC01 mouse (Jardine et al., 2015). It is 

heterozygous for the transgene (glVRC01 HC) and expresses mLCs. Details on the number of 

animals used are presented in Supplemental Table 2.12. 6-12 week old glH-VRC01 KI mice 

were immunized intramuscularly with 60 µg or 50 µg of recombinant Env along with 60µg of 
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polyinosinic:polycytidylic acid (poly (I:C)) or 50 ul GLA-LSQ (IDRI) split between the rear 

hind legs. Male and female mice were included in this study. Blood was collected via cardiac 

puncture two- or six-weeks following immunization, at which time spleen and lymph nodes were 

also harvested. Spleen and lymph nodes were processed into a single cell suspension separately 

and frozen in FBS + 10% DMSO and stored in liquid nitrogen until further use. Blood, spleens 

and lymph nodes were also isolated from non-immunized animals. The Fred Hutch Institutional 

Animal Care and Use Committee approved all mouse studies. 

 

Computational design of the clade C 426c outer domain 

RosettaRemodel  (Huang et al., 2011) was used to engineer a gp120 outer domain of 426c based 

on 426c Core (426c TM4D1-3)(McGuire et al., 2016). To isolate the outer domain from inner 

domain, the C terminus of the a5 helix and N terminus of C2 region was closed with 

RosettaRemodel and a new N and C terminus of the outer domain was introduced before V4. To 

improve Ab interaction, asparagine(N)-linked glycan groups shielding the CD4-BS, at residues 

289gp120, 332gp120, and 391gp120, were mutated to glutamines. A glycan site at position 448gp120 

was re-introduced to the 426c sequence, as it was previously identified to be kinetically 

important for proper folding of the engineered outer domain. RosettaRemodel was used to 

introduce mutations in the residues adjacent CD4-BS. Structural redesign, along with modeled 

disulfide bonds were used to stabilize the circularly permuted 426c outer domain, called 426c 

base (Supplemental Methods).  

	
Construction of the clade C 426c outer domain 

We ordered 426cOD-base gene segments with flanking segments homologous to pTT3 vector 

from Integrated DNA Technologies (IDT). We then used In-Fusion HD Cloning Plus system 
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(Takara Bio USA, Inc.) to clone the gene construct into pTT3 vector with C-terminal 6x His-

Avi-Tag. 

 

Construction of yeast library  

PCR and sequencing primers were obtained from IDT (Supplemental Table 2.10). The 426c OD-

base gene segment was amplified using extension primers to add pETCON yeast homologous 

recombination segments to each end. The GeneMorph II Random Mutagenesis Kit (Agilent) was 

used to generate the library which was then run on a 1% agarose gel and the gene was gel 

extracted and purified (Qiagen QIAquick Gel Extraction Kit). The purified library pool was then 

amplified with the extension primers to generate 12µg of DNA. Yeast EBY100 cells were 

transformed with library DNA and linearized pETCON plasmid (McGuire et al., 2016). After 

transformation (minimum of 1E7 transformants), cells were grown for two days in SDCAA 

medium at 30 °C. Cells can then be galactose induced with SGCAA media for yeast display 

experiment or stored in SDCAA with 20% glycerol (w/v) at 1E7 cells per aliquot at -80 °C. 

 

Yeast display 

Cell aliquots were thawed on ice and centrifuged at 13,000 RPM for 30s, resuspended at 1E7 

cells per ml of C-Trp-Ura medium, and grown at 30°C overnight. Cells were then centrifuged at 

13,000 RPM for 1 min and resuspended (1E7 per ml) in SGCAA medium and induced at 30°C 

for 16-20 hrs. glVRC01 IgG was biotinylated with EZ-Link NHS-PEG4-Biotin and labeling kit 

(Thermo Fisher Scientific) at a one to one ratio of protein to biotin and tetramerized with 

streptavidin-phycoerythrin (SA-PE, Invitrogen). Yeast cells expressing Env on their surface 

(based on glVRC01-SA-PE and anti-c-Myc fluorescein isothiocyanate (FITC, Miltenyi Biotec) 
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staining) were sorted using a Sony SH800. Sorted cells were grown for two days in C-Trp-Ura 

medium at 30°C. After 4 rounds of sorting the cells were plated on a C-Trp-Ura agarose plate. 

DNA from individual colonies was isolated and sequenced (GENEWIZ) to identify potential AA 

mutations that lead to glVRC01-recognition. Mutations were then introduced into the 

mammalian pTT3 426c base plasmid by site-directed mutagenesis using Stratagene Quick 

Change II system (Agilent Technologies, Inc.) and conventional primers ordered from IDT 

(Supplemental Table 2.11). 

 

Protein expression and purification 

All the recombinant Envs were expressed and purified as previously described (McGuire et al., 

2016; Parks et al., 2019) Briefly, Envs were produced in 293E or 293F. Cell supernatants were 

purified by lectin affinity chromatography (Galanthus nivalis, Vector Labs), then subjected to 

Superdex 200 size exclusion chromatography (GE Healthcare).  

Monomeric proteins were produced by transfecting 293E cells with Env encoding 

plasmid. Cells are cultured for 6 days at 370C, 5% CO2, 80% humidity, and shaking at 125 RPM. 

Cells were centrifuged for 3000 RPM for 30 minutes and the supernatant sterile filtered through 

at .22 uM filter. Protein was purified by passing the cellular supernatant over a 5ml Fast Flow 

HisTrap column (Fisher Sci, Cat # 45000326). The eluted protein was purified on SEC as 

described above. 

426c Core and 426cOD CD4-BS KO Env constructs contain the D368R, E370A, and 

D279A mutations, while the eOD-GT8 KO contains the D368R mutation and the AAs at 

positions 276-279 have been mutated to “NFTA”.  
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Crystallization 

The VRC01 Fab and 426cOD complex was formed by mixing equal molar parts of VRC01 Fab 

and 426cOD for 1 hour at room temperature. The complex was concentrated to ~10 mgs/mL for 

crystallization trials.   

 

Crystallization, data collection and refinement 

Crystallization conditions were screened and monitored with an NT8 drop setter and Rock 

Imager (Formulatrix). Screening was done with Rigaku Wizard Precipitant Synergy block no. 2, 

Molecular Dimensions Proplex screen HT-96, and Hampton Research Crystal Screen HT using 

the sitting drop vapor diffusion method. Final crystals were grown in a solution of 18.43% PEG 

3350, 11- .01%, Lithium Sulfate, 0.11 M Imidazole pH 6.5. Crystals were cryoprotected in a 

solution of 30% excess of the crystallization condition and 20% glycerol. Crystals were sent to 

ALS 5.0.1 and diffraction data was collected to 3.42 Å. Data was processed using HKL2000 

(Otwinowski and Minor, 1997). The structure was solved using molecular replacement using 

PDB ID: 5IFA as a search model in Phaser in Phenix. The structure was further refined with 

COOT and Phenix. The refinement statistics are summarized in Supplemental Table 2.1 (Adams 

et al., 2010).   

 

ns EM sample preparation 

All nanoparticle constructs used in this study (3 µL) were negatively stained at final 

concentrations between 10 µg/mL and 20 µg/mL using Gilder Grids overlaid with a thin layer of 

amorphous carbon and 2% uranyl formate, as previously described (Veesler et al., 2014). 
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ns EM data collection and processing 

Data were collected on an FEI Technai 12 Spirit 120kV electron microscope equipped with a 

Gatan Ultrascan 4000 CCD camera. A total of 150-200 images were collected per sample by 

using a random defocus range of 1.5–2.5 µm with a total exposure of 45 e−/A2. Data were 

automatically acquired using Leginon (Suloway et al., 2005), and data processing was carried out 

using Appion (Lander et al., 2009). The parameters of the contrast transfer function (CTF) were 

estimated using CTFFIND4 (Mindell and Grigorieff, 2003), and particles were picked in a 

reference-free manner using DoG picker (Voss et al., 2009). Particles were extracted with a 

binning factor of 2 after correcting for the effect of the CTF by flipping the phases of each 

micrograph with EMAN 1.9 (Ludtke et al., 1999). Particle stacks were pre-processed in 

RELION/3.0 with an additional binning factor of 2 applied, resulting in a final pixel size of 6.4 

Å. Resulting particles were sorted by reference-free 2D classification over 25 iterations 

(Kimanius et al., 2016; Scheres, 2012a, 2012b; Zivanov et al., 2018). 

 

BLI 

Ab binding to recombinant Env proteins was determined using biolayer interferometry on the 

Octet Red 96 (ForteBio, Inc, Menlo Park, CA). Briefly, anti-human Fc capture biosensors 

(ForteBio, Cat#: 18-5063) were activated by immersion into 1x Kinetics Buffer (1x PBS, 0.1% 

BSA, 0.02% Tween-20, 0.005% NaN3) for 10 minutes. Abs were loaded onto an anti-human Fc 

capture probe at 20 ug/ml. The probes were then dipped into solutions containing 2 uM 

recombinant Env. Parameters for all BLI assays were: 30 seconds of baseline measurement, 240 

seconds to load the Ab onto the anti-human Fc capture probe, 60 seconds of baseline 

measurement, 300 seconds of association, 300 seconds of dissociation. All measurements of 
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Env-Ab binding were corrected by subtracting the background signal obtained from Env traces 

generated with an irrelevant negative control IgG. 

Kinetic analyses were performed by BLI using recombinant Fabs loaded onto FAB2G 

biosensors (ForteBio, Cat#: 18-5126) (@ 40 ug/ in 1XPBS) and 2-fold dilutions of Env 

monomers. The assay parameters are the same as for measuring the binding of IgG, but with an 

extended dissociation phase of 600 seconds. Curve fitting was used to determine relative 

apparent Ab affinities for envelope was performed using a 1:1 binding model and the data 

analysis software (ForteBio). Mean kon, koff, and KD values were determined by averaging all 

binding curves within a dilution series having R2 values of greater than 95% confidence level. 

 

Plasma and Ab ELISA (Enzyme linked immunosorbent assay) 

Plasma samples were heated inactivated at 560 C for 1 hour, centrifuged at 13,000 RPM for 10 

min at stored at 40 C or -200 C. ELISAs were done in a 384 well plate format. 30 ul of protein at 

0.1 uM in coating buffer (0.1M sodium bicarbonate, pH: 9.4-9.6) was added to each well and 

incubated a room temperature overnight. Plates were washed 4x with ELISA wash buffer 

(1XPBS + .2% Tween-20). 80 ul of blocking buffer (1X PBS + 10% non-fat milk + 0.03% 

Tween20) was added to the plates and they were incubated at 37oC for 1-2 hours. Plates were 

then washed 4x with ELISA wash buffer. Plasma was diluted 1:10 in blocking buffer and diluted 

1:3 across or down the plate. His tag control started at 1 mg/ml. The plates were incubated for 1 

hour at 37oC. The plates were washed 4x with ELISA was buffer. 30 ul of secondary Ab was 

added to each well. The plates were incubated for an hour at 37o C. Plates were washed 4x with 

ELISA wash buffer. Following washing 30 ul of SureBlue Reserve TMB Microwell Peroxidase 

Substrate: KPL (Cat #: 53-00-02) was added to each well. The plates were incubated for 5 
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minutes at room temperature. 30 ul of 1N H2SO4 was added to each well. Plates were read 

immediately on the SpectraMax M2 microplate reader (Molecular Devices) at 450 nm. Blank 

wells were used to subtract the background signal in the analysis.  

 

Single cell sorting 

Spleen samples from -80°C were thawed in 37°C water bath until a small ice pellet remained in 

the sample tube. Then warm (37°C) RPMI was added dropwise to the samples. Cells were then 

spun down at 300xg for 5 mins and washed with 20ml FACs buffer (1x PBS containing 2% FBS 

and 1mM EDTA) once and then re-suspended in the remaining drop of FACs buffer after 

decantation.  

Cells were then incubated with 1 pmol PE-DL650 and 3 pmols APC-DL755 (decoys) for 

5 mins at room temperature and then 1 pmol PE-antigen tetramer and 1 pmol APC-antigen_KO 

tetramer for 25 mins on ice in dark. Tetramers were made by combining biotinylated Env with 

Streptavidin conjugated to either a PE or APC fluorophore (Prozyme, PJFS25 and PJ27S). Cells 

were then washed with FACs buffer once and then re-suspended in remaining drop of FACs 

buffer after decantation. 50 ul anti-PE MicroBeads and 50 ul anti-APC MicroBeads (Miltenyi 

Biotec) were then added to the cells and they were incubated for 15-30 mins on ice. Cells bound 

with PE and/or APC were then enriched based on MACS cell separation manual.  

 Antigen-enriched samples were then stained with the following list of Ab-fluorophore 

conjugates: IgG1 FITC (BD Biosciences Cat#: 553443, 1:100 dilution), IgG2b FITC (BD 

Biosciences Cat#: 553395, 1:50 dilution), IgG2c FITC (Bio-Rad Cat#: STAR135F, 1:100 

dilution), IgG3 FITC (BD Biosciences Cat#: 553403, 1:400 dilution), IgD PerCP-Cy5.5 

(Biolegend Cat#: 405710, 1:180 dilution), Fixable viability stain BV510 (Affymetrix Cat#: 65-
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0866-14, 1:200 dilution), CD3 BV510 (BD Biosceinces Ct#: 564024, 1:50 dilution), CD4 

BV510 (BD Biosciences Cat#: 563106, 1:100 dilution), Gr-1 BV510 (BD Biosciences Cat#: 

563040, 1:200 dilution), F4/80 BV510 (BD Biosciences Cat#: 123135, 1:50 dilution), IgM 

BV605 (Biolegend Cat#: 406523, 1:50 dilution), CD19 BV650 (BD Bioscience Cat#: 563235, 

1:100 dilution), and B220 BV786 (BD Bioscience Cat#: 563894, 1:100 dilution). Cells were 

stained for 30 min on ice in the dark. Cells were then washed 3 times with 2 ml of FACs buffer 

wash. Samples were then re-suspended in 1-2 ml of FACs buffer. 

Naïve, antigen-specific B cells were sorted as CD3-, CD4-, Gr-1-, F4/80-, B220+, 

CD19+, antigen+/antigen KO-. Class-switched IgG B cells from immunized animals were sorted 

based on the following markers: CD3-, CD4-, Gr-1-, F4/80-, B220+, CD19+, IgM-, IgD-, IgG1+, 

IgG2b+, IgG2c+, IgG3+, antigen+/antigen KO-. Individual B cells were sorted using the FACS 

ARIA II into a 96 well plate containing lysis buffer, as previously reported (Parks et al., 2019). 

The number of cells sorted from each immunization group is now indicated in Supplemental 

Table 2.12.  

 

VH/VL amplification and sequencing 

The amplification and sequencing of VH and VL genes were performed as previously described 

(Parks et al., 2019). For LC PCR reactions, 15 ul of cDNA and 15 ul of first round PCR product 

were used. 7 ul of cDNA or PCR product was used for the HC PCR reactions. Samples were 

sequenced using Sanger sequencing (Genewiz, Seattle, WA) and sequence analysis was 

performed as previously described (Parks et al., 2019). AA and nucleotide mutations were 

identified by aligning the VH/VL gene sequences to the corresponding germline genes (IMGT 

Repertoire) using the Geneious Software (Version 8.1.9). For VL, mutations were counted 
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beginning at the CDR1 of the V-gene to the 3’ end of FW3. For VH, mutations were counted 

beginning at the CDR1 of the V-gene to the end of the CDR3. The number of sequences obtained 

from each immunization group is summarized in Supplemental Table 2.12.  

 

mAb production 

Gene-specific PCR was used to amplify the DNA product from the first round PCR using 

primers designed to anneal to the gene of interest as well as add ligation sites to facilitate 

insertion of the DNA fragment into the human IgG1 vector [ptt3 k for kappa (Snijder et al., 

2018), and PMN 4-341 for gamma (Mouquet et al., 2010)]. Each gene specific PCR reaction 

contained 0.5 ul each of 10 uM 5’ and 3’ primer, 22.5 ul Accuprime Pfx Supermix (Cat#: 

12344040), and 1.5 ul of 1st or 2nd round PCR product. The gene-specific PCR product was 

infused into the cut IgG1 vector in a reaction containing 12.5 ng of cut vector, 50 ng of insert, 

0.5 ul of 5X Infusion enzyme (InFusion HD Cloning Kit, Cat#: 639649), and nuclease-free water 

to bring volume to 2.5 ul. The entire reaction was used to transform competent E. coli cells and 

plated on agar plates containing ampicillin. DNA was prepared using QIAprep Spin Miniprep 

Kit (Qiagen, Cat#: 27106). Equal amounts of heavy and LC DNA and 293F transfection reagent 

(Millipore Sigma, Cat#: 72181) were used to transfect 293E cells. 5-7 days post transfection cell 

supernatants were collected, and the Abs were purified using Pierce Protein A agarose beads 

(ThermoFisher, Cat#: 20334). The Abs were eluted using 0.1 M Citric Acid into a tube 

containing 1 M Tris. The Abs were buffer exchanged into 1XPBS using an amicon centrifugal 

filter.  

To make Fabs, the IgG was cleaved overnight at 37˚C to generate Fab with 

Endoproteinase Lys-C (NEB). To remove undigested IgG and IgG Fc fragments, the mixture 
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was incubated with Protein A Agarose Resin for 1 hour at room temperature. Beads were washed 

with 1X PBS to remove excess Fab. Fab was further purified on SEC using a HiLoad 16/600 

Superdex 200 pg (GE) column. 

 

Quantification and Statistical Analysis 

Mean and standard deviations were calculated using R (Version 3.4.1). Statistical analyses were 

calculated using R (Version 3.4.1) (R Core Team, 2018) and GraphPad Prism. Descriptions of 

the statistical methods used for each data set are described in the figure legends. The tidyverse 

packages (Wickham, 2017) were used in R to manipulate data and create graphs in addition to 

GraphPad Prism. WebLogo was used to generate the logo plots (Crooks et al., 2004).
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Supplemental methods 

426c outer domain variant design 

Comparison of 426cOD and eOD revealed differences in a helix important for CD4 and Ab 

binding (Supplemental Method Figure 2.1). The highlighted helix is an integral part of the CD4-

BS and has a steeper trajectory in 426c than in its eOD counterpart (Supplemental Method 

Figure 2.1A). The helix is also shifted with respect to the epitope position. In our design 

approach we lengthened the helix by two residues on its C-terminal end to extend it into the 

binding region. Analyzing composite structures, examining multiple decoys at the same time, 

provided additional insight. Across clusters of 426c models, the helix adopted variable 

conformations, indicating excess flexibility compared to the eOD helix, largely due to the 

difference in sequence composition. To lock the helix into the conformation compatible with 

glVRC01 binding, we used RosettaRemodel’s -build_disulf command. We identified disulfide 

bonds with the correct geometry by replacing the flexible helix with a rigid-body de novo helix 

and inserting it into the structure before landing the disulfide. 

We also modified the environment directly behind the helix. The space behind the helix 

in 426c had increased polarity and reduced packing compared to that of eOD (Supplemental 

Method Figures 2.1B and 2.1C), which includes many nonpolar and bulky residues in the 

pocket. We therefore replaced the incompatible residues in this region using RosettaRemodel’s 

manual design features.  

 



	65	

 

 

Supplemental Method Figure 2.1. Structural differences between eOD and 426c. (A) 
Superimposed structures of eOD (gray) and 426c (green) are displayed with highlighted helix 
positioning. The 426c helix (blue) is located farther from the epitope than the eOD helix 
(yellow). The helix environment (looking down helix) in (B) eOD is less polar and more packed 
than (C) the 426c environment. 
 
 

We picked S2, which was among the lowest-energy and most-populated clusters of the 

resulting models for further testing (Supplemental Method Figure 2.2). The sequence of S2 is 

reported in the appendix, with the mutations from 426c highlighted. S2 was able to bind a 

subset of mature bnAbs: VRC-PG20, VRC01, and 3BNC60; but not germline ones 

(Supplemental Method Figure 2.3).  

 

A B 

C 
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Supplemental Method Figure 2.2. Chosen variants. S2 was chosen among the biggest and 
lowest-energy clusters. In S2, the helix was extended and a disulfide bond (arrow) was added.  
 

 

Supplemental Method Figure 2.3. BLI results for S2. BLI was used to measure binding of S2 
to VRC01 Abs. (A) Mature Abs were able to bind to S2. (B) Germline Abs were not able to 
bind to S2. 
 

  

A B 
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The V5 loop sits directly behind the helix and is important for providing increased 

support for the helix. For S2, the V5 loop was too far from the helix to engage with it 

(Supplemental Method Figure 2.4A) and therefore was not adequately supported. To bring the 

helix and the V5 loop closer together, we extended the helix by one turn, allowing the two 

structures to better interact (Supplemental Method Figure 2.4A). We then attempted to increase 

packing and stability by making mutations in the area between the helix and the V5 loop. To do 

so, we created an extended hydrogen bond network in the space (Supplemental Method Figure 

2.4C). With this mutation, S2 gained the ability to bind a germline VRC01 Ab. Interestingly, 

this binding is dependent upon the residue at position 51 (Supplemental Method Figure 2.4D-

2,4E). A possible explanation for this behavior involves stabilization of the V5 loop. In S2, 

residue 51 is an aspartic acid. It is able to hydrogen bond with residues on the V5 loop to 

stabilize it. However, when residue 51 is mutated to an isoleucine it cannot make this 

interaction, the V5 loop is freed from its constraint, and the protein cannot bind to germline Abs 

(Supplemental Method Figure 2.4D-2.4E). Validation of this hypothesis will require further 

testing and characterization of these mutants. The high affinity S2-D51, also called 426c base, 

was further used to develop 426cOD. 
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Supplemental Method Figure 2.4.  S2 mutations and effects on binding. (A) The V5 loop 
(arrow) is disengaged from the helix. (B) Helix extension (pink) brings helix closer to V5 loop 
than in original structure (green). (C) Hydrogen bond network between helix and V5 loop 
(arrow) stabilizes helix. (D) BLI traces indicate that S2-D51I binds mature Abs. (E) S2-D51 
binds mature Abs with high affinity and also binds a germline Ab. 
 

 

 

 

A B C 

D E 
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Supplemental Method Figure 2.5. Residue 51 and interaction with V5 loop. Residue 51 (red 
helix section) interacts with the V5 loop (red loop). Mutating an aspartic acid to an isoleucine at 
residue 51 (D51I) abrogated germline-binding. This effect is possibly due to reduced ability to 
hydrogen bond following mutation, resulting in a destabilized V5 loop. 
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Supplemental figures 

 

 
Supplemental Figure 2.1. Characterization of 426cOD. (A) AA alignment of 426c Core, 
426c base, 426cOD and eOD-GT8. HxB2 numbering is used. The sequences of 426c base, 
426cOD and eOD-GT8 are reverted to align with that of the 426c Core, as their actual 
sequences from their N to C termini start with sequences highlighted in blue. Residues that 
differ between 426c base and 426cOD are shown in bold letters. Residues highlighted in 
magenta in Figure 2.1C are underlined in eOD-GT8 sequence. (B-C) BLI binding curves of 
glVRC01-class Abs to 426c base (B) and 426cOD (C). (D) 426c base design model (orange) 
superimposed onto the 426cOD crystal structure (green). The structural difference between the 
two is highlighted in red. All atom RMSD is 0.89 Å. (E-G) Binding kinetics of glVRC01 to the 
three germline-targeting immunogens.   
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Supplemental Figure 2.2. Plasma endpoint titers 2 weeks post immunization. Plasma Ab 
endpoint titers 2 weeks post-immunization with 426c Core (A), eOD-GT8 (B) or 426cOD (C) 
against the indicated proteins. Data is shown as boxplots. P-values were calculated using paired 
t-tests.  

  

A B C 
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Supplemental Figure 2.3. Vaccine elicited mAbs binding to 426c Core and eOD-GT8. 
Binding curves of mAbs elicited by eOD-GT8 (A) or 426c Core (B) against eOD-GT8 or 426c 
Core. mAbs with no AA mutations as compared to their germline sequences are noted with 
asterisks. 
  

A 

B 
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Supplemental Figure 2.4. Vaccine elicited plasma Ab response over time. Group average 
endpoint titers of plasma Abs against 426c Core, eOD-GT8 and 426cOD at weeks 2, 4, and 6 
post-immunization with 426c Core (A), eOD-GT8 (B), or 426cOD (C). Error bars represent 
standard deviation.  
 
  

A B C 
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Supplemental Figure 2.5. VH/VL mutations accumulate over time. The number of 
nucleotide (A) and AA mutations (B) per each VH and VL domain in sequences isolated at 
week 2 and 6-post immunization. Significance values were calculated with Welch two-sample T 
test. 
  

A 
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Supplemental Figure 6. Ns EM of germline-targeting C4b-based nanoparticles. Electron 
micrographs (left) and representative 2D class averages (right) of negatively stained 426c Core-
C4b nanoparticles (A), eOD-GT8-C4b nanoparticles (B), and 426cOD-C4b nanoparticles (C). 
Scale bars: micrographs (200 nm); 2D class averages (100 Å)  
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Supplemental Figure 7. Gating strategy to sort antigen-specific B cells post-immunization. 
Axes are labeled with markers used to select population of interest. The flow plots are labeled 
1-8 to indicate order of the gates. 
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Supplemental tables 

Supplemental Table 2.1. Data collection and refinement statistics for 426cOD with 
VRC01Fab. 
 
  426cOD/VRC01Fab 
Data collection   
Space group  P43 
Cell dimensions     
    a, b, c (Å) 137.367, 137.367, 66.188 
    α, β, γ  (°)  90, 90, 90 
Resolution (Å) 50 – 3.42 (3.48 – 3.42)* 
Rsym or Rmerge 1.117 (0.930)* 
I/sI 25.57 (1.69)* 
Completeness (%) 100 (100)* 
Redundancy 6.7 (6.5)* 
 CC1/2 0.992 (0.661)* 
  
Refinement  

Resolution (Å) 48.57 – 3.421 (3.544 – 3.421)* 
No. reflections 15984 (854)* 
Rwork/Rfree 21.04/26.07 (27.32/33.36) 
No. atoms 4587 
    Protein 597 
    Water 60 
    Ligand 104 
B-factors (Å2)  59.24 
    Protein 58.73 
    Water 26.02 
    Ligand 100.17 
R.m.s deviations  
    Bond lengths (Å)  0.004 
    Bond angles (º) 0.66 
Ramachadran 
Favored % 91.33 

Ramachadran 
Outliers % 0.17 

MolProbity  all-
atoms clashscore 5.65 
  
PDB ID 6VLW 
 
* Statistics for the highest-resolution shell are shown in parentheses. 
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Supplemental Table 2.2. Per-residue BSA and interactions of glVRC01 bound to 426cOD 
(modeled onto PDB ID 6MFT) and WT 426c Core (PDB ID 6MFT) calculated by 
PDBePISA (Snijder et al., 2018). Residues with non-zero BSA are shown. Structurally aligned 
residues in 426cOD and WT 426c Core are shown in the same row. Residues highlighted in 
bold are part of the gp120 inner domain. Residues highlighted in blue are mutated from WT 
426c Core. 
 
 
 426cOD modeled onto 6MFT WT 426c Core (PDB ID 6MFT) 
Secondary 
structure with 
PDB ID 1GC1 
naming 

Equivalent 426cOD 
gp120 residue 

Interactions BSA, Å2 gp120 residue Interactions BSA, Å2 

ΔV1/V2    G:LYS 97  0.3 
Loop D    G:LYS 275  12.5 
 A:ASP  86      18.2, HLC G:ASN 276      21.0, LC 
 A:SER  88      32.3, LC G:SER 278  35.4 LC 
 A:ASP  89      52.8, HLC G:ASP 279      56.8 HLC 
 A:ASN  90      63.8, HLC G:ASN  280     H 68.7, HLC 
 A:ALA  91      61.3 G:ALA 281   68.2 
 A:LYS  92     H 38.2 G:LYS  282     H 30.8 
Loop E A:LYS 137    12.1, LC G: LYS 356  15.1, LC 
    G:GLN 361      1.0 
 A:SER 145      63.3 G: SER 364 H 78.5 
β15 A:GLY 146      27.9  G:GLY 365  17.8 
 A:GLY 147      24.0 G:GLY 366  23.8 
α3 A:ASP 148     HS 45.9 G:ASP 367   HS 52.8 
 A:ILE 151      35.0 G:ILE 370  40.0 
β20-21    G:MET 426  1.0 
    G:VAL 430  63.4 
β23 A:LEU  29      34.8 G:LEU 455     34.3 
 A:ARG  30     H 13.7, HLC G:ARG 456     H 8.3, HLC 
 A:ASP  31      43.4  G:ASP 457  43.2 
 A:GLY  32     H 43.7, HLC G:GLY 458     H 34.7, HLC 
V5 loop A:GLY  33     H 61.1, HLC G:CYS 459     H, D 114.3, HLC 
 A:ASP  34      62.0, HLC G:ASN 460     H 103.8, HLC 
 A:THR  35      22.0, HLC G:THR 461      25.1, HLC 
 A:ILE  36      40.4  G:THR 462      5.8 
    G:ASN 463      2.4 
β24 A:THR  39      4.6 G:THR 465      2.5 
 A:GLU  40      1.6 G:GLU 466      3.3 
 A:ILE  41      21.3 G:ILE 467      18.1 
 A:ARG  43      23.3 G;ARG  469      29.9 
    G:GLY  472      2.3 
    G:GLY  473      5.7 
 A:ASP  48      47.1     
 A:GLU  49      78.0    
 Total 426cOD BSA= 971.4 Å² Total WT 426c Core BSA= 1020.9 Å² 
 818.6 Å² with Heavy chain, 217.2 Å ² with Light chain 710.8 Å² with Heavy chain, 203.5Å² with Light chain 

 
H Hydrogen-bond, S Salt-bridge, ASA Accessible Surface Area (Å²), BSA Buried Surface Area 
(Å²), |||| Buried area percentage, one bar per 10%, Bold: gp120 inner domain residues 
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Supplemental Table 2.3. Per-residue BSA and interactions of glVRC01 bound to 426cOD 
(modeled onto PDB ID 4JPK) and WT 426c Core (PDB ID 6MFT) calculated by 
PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/). Residues with non-zero BSA are shown. 
Structurally aligned residues in 426cOD and WT 426c Core are shown in the same row. 
Residues highlighted in bold are part of the gp120 inner domain. Residues highlighted in blue 
are mutated from WT 426c Core. 
 
 
 426cOD modeled onto 4JPK WT 426c Core (PDB ID 6MFT) 
Secondary 
structure with 
PDB ID 1GC1 
naming 

Equivalent 426cOD 
gp120 residue 

Interactions BSA, Å2 gp120 residue Interactions BSA, Å2 

ΔV1/V2    G:LYS 97  0.3 
Loop D A:LYS 85  5.2 G:LYS 275  12.5 
 A:ASP  86     H 24.4, HLC G:ASN 276      21.0, LC 
 A:SER  88      50.2, LC G:SER 278  35.4 LC 
 A:ASP  89     H 52.8, HLC G:ASP 279      56.8 HLC 
 A:ASN  90     H 63.8, HLC G:ASN  280     H 68.7, HLC 
 A:ALA  91      60.7 G:ALA 281   68.2 
 A:LYS  92     H 47.7 G:LYS  282     H 30.8 
Loop E A:LYS 137    7.8, LC G: LYS 356  15.1, LC 
    G:GLN 361      1.0 
 A:SER 145     H 57.2 G: SER 364 H 78.5 
β15 A:GLY 146     H 28.7  G:GLY 365  17.8 
 A:GLY 147      28.8 G:GLY 366  23.8 
α3 A:ASP 148     HS 47.3 G:ASP 367   HS 52.8 
 A:ILE 151      32.1 G:ILE 370  40.0 
β20-21    G:MET 426  1.0 
    G:VAL 430  63.4 
β23 A:LEU  29      34.3 G:LEU 455     34.3 
 A:ARG  30     H 12.9, HLC G:ARG 456     H 8.3, HLC 
 A:ASP  31     H 45.3 G:ASP 457  43.2 
 A:GLY  32     H 43.7, HLC G:GLY 458     H 34.7, HLC 
V5 loop A:GLY  33     H 61.1, HLC G:CYS 459     H, D 114.3, HLC 
 A:ASP  34      84.4, HLC G:ASN 460     H 103.8, HLC 
 A:THR  35      20.9, HLC G:THR 461      25.1, HLC 
 A:ILE  36     H 43.9  G:THR 462      5.8 
    G:ASN 463      2.4 
β24 A:THR  39     H 4.3 G:THR 465      2.5 
 A:GLU  40      1.6 G:GLU 466      3.3 
 A:ILE  41      19.6 G:ILE 467      18.1 
 A:ARG  43      16.1 G;ARG  469      29.9 
    G:GLY  472      2.3 
    G:GLY  473      5.7 
 A:ASP  48     H 41.8     
 A:GLU  49      71.3    
 Total 426cOD BSA= 1007.5 Å² Total WT 426c Core BSA= 1020.9 Å² 
 850.4 Å² with Heavy chain, 219.1 Å ² with Light chain 758.6 Å² with Heavy chain, 262.3 Å² with Light chain 

 
H Hydrogen-bond, S Salt-bridge, ASA Accessible Surface Area (Å²), BSA Buried Surface Area 
(Å²), |||| Buried area percentage, one bar per 10%, Bold: gp120 inner domain residues 
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Supplemental Table 2.4. Per-residue BSA and interactions of glVRC01 bound to 426cOD 
(modeled) and gl3BNC60 bound to 426c core (PDB ID 5FEC) calculated by PDBePISA 
(https://www.ebi.ac.uk/pdbe/pisa/). Residues with non-zero BSA are shown. Structurally 
aligned residues in 426cOD and 426c Core are shown in the same row. Residues highlighted in 
bold are part of the gp120 inner domain. Residues highlighted in blue are mutated from 426c 
Core. 
 
 
 426cOD modeled onto 4JPK 426c Core with gl3BNC60 (PDB ID 5FEC) 
Secondary 
structure with 
PDB ID 1GC1 
naming 

Equivalent 426cOD 
gp120 residue 

Interactions BSA, Å2 gp120 residue Interactions BSA, Å2 

Loop D A:LYS 85  5.2 G:LYS 275 HS 11.5 
 A:ASP  86     H 24.4, HLC G:ASN 276     H 26.7, LC 
 A:SER  88      50.2, LC G:ARG 278  36.4, LC 
 A:ASP  89     H 52.8, HLC G:ASP 279     H 49.0, HLC 
 A:ASN  90     H 63.8, HLC G:ASN  280     H 68.8, HLC 
 A:ALA  91      60.7 G:ALA 281   67.7 
 A:LYS  92     H 47.7 G:LYS  282     HS 27.7 
Loop E A:LYS 137    7.8, LC G:LYS 356  14.5, LC 
    G:GLN 361      2.6 
 A:SER 145     H 57.2 G:SER 364 H 74.8 
β15 A:GLY 146     H 28.7  G:GLY 365 H 23.9 
 A:GLY 147      28.8 G:GLY 366  27.6 
α3 A:ASP 148     HS 47.3 G:ASP 367   HS 49.6 
 A:ILE 151      32.1 G:ILE 370  36.1 
β20-21    G:VAL 430  49.8 
β23 A:LEU  29      34.3 G:LEU 455     40.7 
 A:ARG  30     H 12.9, HLC G:ARG 456     H 12.0, HLC 
 A:ASP  31     H 45.3 G:ASP 457  43.1 
 A:GLY  32     H 43.7, HLC G:GLY 458     H 48.0, HLC 
V5 loop A:GLY  33     H 61.1, HLC G:GLY 459     H 69.7, HLC 
 A:ASP  34      84.4, HLC G:ASP 460     HS 53.1, HLC 
 A:THR  35      20.9, HLC G:THR 461     H 20.3, HLC 
 A:ILE  36      40.4  G:THR 462      27.2 
β24 A:THR  39     H 4.3 G:THR 465     H 7.6 
 A:GLU  40      1.6 G:GLU 466      0.9 
 A:ILE  41      19.6 G:ILE 467      21.6 
 A:ARG  43      16.1 G;ARG  469      28.2 
    G:GLY  472      0.5 
    G:GLY  473      1.0 
 A:ASP  48     H 41.8     
 A:GLU  49      71.3    
 Total 426cOD BSA= 1007.5 Å²  Total 426c Core BSA= 947.4 Å² 
 850.4 Å² with Heavy chain, 219.1 Å ² with Light chain 734.3 Å² with Heavy chain, 280.5 Å² with Light chain 

 
H Hydrogen-bond, S Salt-bridge, ASA Accessible Surface Area (Å²), BSA Buried Surface Area 
(Å²), |||| Buried area percentage, one bar per 10%, Bold: gp120 inner domain residues 
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Supplemental Table 2.5. Per-residue BSA and interactions of glVRC01 bound to 426cOD 
and to eOD-GT8 (modeled usingPDB ID 4JPK) calculated by PDBePISA 
(https://www.ebi.ac.uk/pdbe/pisa/). Residues with non-zero BSA are shown. Structurally 
aligned residues in 426cOD and eOD-GT8 are shown in the same row. Residues colored 
magenta are the ones that differ in sequence in eOD-GT8 relative to 426cOD. 
 
 
 426cOD modeled onto 4JPK eOD-GT8 modeled onto 4JPK 
Secondary 
structure with 
PDB ID 1GC1 
naming 

Equivalent 
426cOD 
gp120 residue 

Interactions BSA, Å2 Equivalent eOD-GT8 
gp120 residue 

Interactions BSA, Å2 

Loop D A:LYS 85  5.2  C:GLU 78  1.4 
 A:ASP  86     H 24.4, HLC  C:ASP  79     H 35.7, HLC 
 A:SER  88      50.2, LC  C:ARG  81     H 148.1, LC 
 A:ASP  89     H 52.8, HLC  C:ASP  82     H 52.9, HLC 
 A:ASN  90     H 63.8, HLC  C:ASN  83     H 69.4, HLC 
 A:ALA  91      60.7  C:ALA  84      65.1 
 A:LYS  92     H 47.7  C:LYS  85     HS 34.7 
Loop E A:LYS 137    7.8, LC       
 A:SER 145     H 57.2  C:SER 138 H 69.1 
β15 A:GLY 146     H 28.7   C:GLY 139      16.7 
 A:GLY 147      28.8  C:GLY 140      27.1 
α3 A:ASP 148     HS 47.3  C:ASP 141     HS 59.7 
 A:ILE 151      32.1  C:PHE 144      22.7 
β20-21       
β23 A:LEU  29      34.3  C:THR  25      22.2 
 A:ARG  30     H 12.9, HLC  C:ARG  26     H 3.0, HLC 
 A:ASP  31     H 45.3  C:GLN  27     H 76.0 
 A:GLY  32     H 43.7, HLC  C:GLY  28     H 38.2, HLC 
V5 loop A:GLY  33     H 61.1, HLC  C:GLY  29     H 52.9, HLC 
 A:ASP  34      84.4, HLC  C:TYR  30     H 140.7, HLC 
 A:THR  35      20.9, HLC    
 A:ILE  36      40.4     
β24 A:THR  39     H 4.3  C:THR  35      7.9 
 A:GLU  40      1.6  C:VAL  36      1.3 
 A:ILE  41      19.6  C:ILE  37      24.3 
 A:ARG  43      16.1  C:ARG  39     H 18.5 
     C:GLY  42     H 58.1 
     C:GLY  43     H 24.7 
 A:ASP  48     H 41.8  C:ASP  44      49.5 
 A:GLU  49      71.3  C:TRP  45      6.4 
     C:ARG  46      10.4 
     C:ASP  47      5.0 
 Total 426cOD BSA= 1007.5 Å² Total eOD-GT8 BSA= 1141.6 Å² 
 850.4 Å² with Heavy chain, 219.1 Å ² with Light chain 712.8 Å² with Heavy chain, 265.9Å² with Light chain 

 
H Hydrogen-bond, S Salt-bridge, ASA Accessible Surface Area (Å²), BSA Buried Surface Area 
(Å²), |||| Buried area percentage, one bar per 10%. 
 
 
 
  



	82	

Supplemental Table 2.6. BSA of glVRC01 HC and LCs upon binding to 426cOD (2 
models), WT 426c Core PDB ID (6MFT), eOD-GT8 (modeled onto 4JPK), 426c Core 
(5FEC) calculated by PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/). 
 
 glVRC01 Heavy 

chain BSA (Å²) 
glVRC01 Light 
chain BSA (Å²) 

Total BSA (Å²) 

426cOD modeled onto 6MFT 818.6 217.2 1035.8 
426cOD modeled onto 4JPK 850.4 219.1 1069.5 
WT 426c Core (PDB 6MFT) 710.8 203.5 914.3 
eOD-GT8 modeled onto 4JPK 712.8 265.9 978.7 
426c Core (PDB 5FEC) 734.3 280.5 1014.8 
 

  
 

426cOD modeled onto 6MFT 

Total=1035.8 Å

79.03%  Heavy Chain
20.97%  Light Chain

WT 426c Core

Total=914.34 Å

77.74%  Heavy Chain
22.26%  Light Chain

eOD-GT8 modeled onto 4JPK

Total=978.7 Å

72.83%  Heavy Chain
27.17%  Light Chain

426cOD modeled onto 4JPK

Total=1069.5 Å

79.51%  Heavy Chain
20.49%  Light Chain

426c Core

Total=1014.8 Å

72.36%  Heavy Chain
27.64%  Light Chain



Supplemental Table 2.7. VH/VL sequences isolated following eOD-GT8 immunization.  
AA sequences are aligned to the V gene from which they are derived. For sequences where the PCR 
product did not contain the 5’ end, the sequence is shown beginning at CDR1.    
 
VH 
immunization 

group sort probe VRC01glHC QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARGKNSDYNWDFQH 

week 2 eOD-GT8 

p2a1 ....................................................................................................DT..I..... 

p2b4 .............................................................................................................. 

p2b9 .............................................................................................................. 

p2c7 .............................................................................................................. 

p2d1 ..................................................................................................R........... 

p2d7 .............................................................................................................. 

p2e9 .............................................................................................................. 

p2e3 .............................................................................................................. 

p2f2 .............................................................................................................. 

p2g6 .............................................................................................................. 

p1a6 .............................................................................................................. 

p1a8 .............................................................................................................. 

p1a9 .............................................................................................................. 

p1c1 .............................................................................................................. 

p1c2 .............................................................................................................. 

p1c4 .............................................................................................................. 

p1d8 .............................................................................................................. 

week 6 eOD-GT8 

p1a3 .............................................................................................................. 

p1a9 .............................................................................................................. 

p1b2 .................G......................................................G..............C...................LH. 

p1b7 ..........L..................................................L........................T.....................R. 

p1c1 ........T.........................N.................................................................T......... 

p1c8 ...........R....................................................................................T......CT..... 

p1d4 ----------------------........................................................................................ 

p1d8 ............................................................................................................. 

p1e3 ...........................................................F.................................................. 
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p1e7 ...........R.............................E.......................................................K..D...I..... 

p1f1 ----------------------.......................................................A................................ 

p1f5 ...........R.....................I..........................E......................N....................T..... 

p1g2 ----------------------........................................................................................ 

p1g5 .............................................................................................F................ 

p1g7 ----------------------........................................................................................ 

p1h2 ......................T.......D.NL...............................D...............V.R.................I........ 

p1h5 .............................................................................................................. 

p1h6 ----------------------........................................................................................ 

p1h8 .............................................................................................................. 

p2a10 .............................I................................................................................ 

p2a11 ..................................................................................................E........... 

p2a7 ..................................................................................................R........... 

p2a8 .................................L............................................................................ 

p2b1 ...............................H...........................................N............................I..... 

p2b11 .............................................................................................................. 

p2b4 .............................................................................................................. 

p2b8 ...........R.....................I.................T...............................N....................T..... 

p2c1 .............................................................................................................. 

p2c10 ..............................D..............K...................A.................I.......................... 

p2c9 ...........R.....................I............................Q....................N..........F.........T..... 

p2d12 .............................................................................................................. 

p2d7 .............................................................................................................. 

p2e10 .............................................................................................................. 

p2e11 ..............................................................................................F..K..H...I..... 

p2e4 .............................................................................................................. 

p2e6 ----------------------....................................................A.N.......G..............ES...I..L.. 

p2f1 ..........................N........................................................N............T.E.....I...H. 

p2f4 .............................................................................................................. 

p2f6 ----------------------.........H..S........................F..N.....A....M.......D.N...................H...... 

p2g3 .............................................................................................................. 
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p2h9 ..........M................I........................................A.S..M..N.....VN................T...H..... 

p3e1 ..............................D..IN........................S..................................F......R..Y..... 

p3h10 .............................................................................................................. 

p3h9 .............................................................................................................. 

p3g9 ...........R.....................I............................Q....................N..........F.........T..... 

p3e10 ----------------------..T....SD.HL....................................I....T.................................. 

p3d10 ............................................................................................M................. 

p3d7 ...............................NF.......R..................................................................... 

p1b1 ----------------------........................................................................................ 

p1b6 ----------------------........................................................................................ 

p1d5 ----------------------........................................................................................ 

p1e8 ----------------------........................................................................................ 

 
VL 
immunization 

group sort probe IGKV8-30*01 DIVMSQSPSSLAVSVGEKVTMSCKSSQSLLYSSNQKNYLAWYQQKPGQSPKLLIYWASTRESGVPDRFTGSGSGTDFTLTISSVKAEDLAVYYC CDRL3 
sequence J gene 

week 2 eODGT8 

p2b4 .............................................................................................. QQYWT 1 

p2b9 .............................................................................................. QQYYT 1 

p2c7 .............................................................................................. QQYYT 5 

p2d1 ..................A........................................................................... QQYWT 2 

p2d7 ..................................................N........................................... QQYWT 1 

p2e9 .............................................................................................. QQYYT 1 

p2e3 .............................................................................................. QQYFT 4 

p2g6 .............................................................................................. QQYYT 2 

p1a6 .............................................................................................. QQYWT 1 

p1a8 ...............R.............................................................................. QQYYT 5 

p1a9 .............................................................................................. QQYYT 5 

p1c1 .............................................................................................. QQYYT 2 

p1c2 .............................................................................................. QQYYT 1 

p1c4 .............................................................................................. QQYWT 1 

p1d8 .............................................................................................. QQYYT 2 

week 6 eOD-GT8 p3h9 -----------------------....................................................................... QQYWT 1 
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p3f5 -----------------------.........N...........................D...............................F. QQYYS 2 

p3d7 -----------------------....................................................................... QQYYT 2 

p2f7 -----------------------.........N...........................D...............................F. QQYYS 2 

p2e6 -----------------------............ESN........................................................ QQYWT 1 

p2e2 -----------------------.........N...H......................................................... QQYCE 1 

p2d7 -----------------------....................................................................... QQYWT 1 

p2d3 -----------------------............ESN........................................................ QQYWT 1 

p2c10 -----------------------..R......D....D........................................................ QQYWT 1 

p2c4 -----------------------....................................................................... QQYYT 5 

p2c1 -----------------------....................................K.................................. QQYYT 1 

p2b4 -----------------------....................................................................... QQYWT 1 

p2a8 -----------------------....................................................................... QQYWT 1 

p2a7 -----------------------....................................................................... QQYYT 5 

p1h8 -----------------------....................................................................... QQYWT 1 

p1h5 -----------------------....................................................................... QQYWT 1 

p1h1 -----------------------....................................................................... QQYWT 1 

p1g7 -----------------------....................................................................... QQYWT 1 

p1g5 -----------------------.....................R................................................. QQYYS 1 

p1e1 -----------------------.....................................D...............................F. QQYYS 5 

p1d8 -----------------------....................................................................... QQYYS 2 

p1d4 -----------------------....................................................................... QQYYT 1 

p1c11 -----------------------...................................................................I... QQYHT 2 

p1c1 -----------------------...................................................................I... QQYHT 2 

p1b1 -----------------------....................................................................... QQYYT 2 

p1a6 -----------------------.........................................................V............. QHYWT 1 

p1a2 -----------------------....................................................................... QQYFT 5 

p1f1 -----------------------.......FG....................................................Q......... QQYYS 5 

p1a10 -----------------------....................................................................... QQYYS 2 

p1a11 -----------------------....................................................................... QQYWT 1 

p1a12 -----------------------....................................................................... QQYYT 2 

p1b1 -----------------------....................................................................... QQYWT 1 
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p1b4 -----------------------....................................................................... QQYWT 1 

p1b6 -----------------------....................................................................... QQYWT 1 

p1c6 -----------------------....................................................................... QQYYT 2 

p1c9 -----------------------....................................................................... QQYYT 2 

p1d5 -----------------------....................................................................... QQYYT 2 

p1d7 -----------------------....................................................................... QQYWT 1 

p1e5 -----------------------.........N............................................................. QQYDN 2 

p1e8 -----------------------....................................................................... QQYFT 4 

p1f8 -----------------------....................................................................... QQYFT 4 

      

immunization 
group sort probe IGKV4-72*01 QIVLSQSPAILSASPGEKVTMTCRASSSVSYMHWYQQKPGSSPKPWIYATSNLASGVPARFSGSGSGTSYSLTISRVEAEDAATYYC CDRL3 

sequence J gene 

week 2 eOD-GT8 p2a1 ....................................................................................... QQWST 1 

week 6 eOD-GT8 

p1e3 -----------------------............................................................... QQWST 2 

p2b11 -----------------------................................................................ QQWST 2 or 4 

p2g3 -----------------------............................S................................... QQWST 5 

      

immunization 
group sort probe IGKV4-86*01 EIVLTQSPAITAASLGQKVTITCSASSSVSYMHWYQQKSGTSPKPWIYEISKLASGVPARFSGSGSGTSYSLTISSMEAEDAAIYYC CDRL3 

sequence J gene 

week 2 eOD-GT8 p2f2 ....................................................................................... QQWNS 1 

      

immunization 
group sort probe IGKV4-61*01 QIVLTQSPAIMSASPGEKVTISCSASSSVSYMYWYQQKPGSSPKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAATYYC CDRL3 

sequence J gene 

week 6 eOD-GT8 

p1c8 ........V.......................N...................................................... QQYET 1 

p1f5 ....................................................................................... QQYET 1 

p2b8 .........V.........................................................................I... QQYET 1 

p2c9 ........T.................................................T............................ QHYET 1 

p2e10 -----------------------................................................................ QQYHS 1 

p3g9 ........T.................................................T............................ QHYET 1 

p1f7 -----------------------................................................................ QQYHT 2 

      

immunization 
group sort probe IGKV6-15*01 DIVMTQSQKFMSTSVGDRVSVTCKASQNVGTNVAWYQQKPGQSPKALIYSASYRYSGVPDRFTGSGSGTDFTLTISNVQSEDLAEYFC CDRL3 

sequence J gene 

week 6 eOD-GT8 p1h2 .......................R.....SS..V...........S....T...F..........R..................D... QHYNT 1 



	88	

p2e4 -----------------------................................................................. QQYNT 4 

      

immunization 
group sort probe IGKV8-28*01 DIVMTQSPSSLSVSAGEKVTMSCKSSQSLLNSGNQKNYLAWYQQKPGQPPKLLIYGASTRESGVPDRFTGSGSGTDFTLTISSVQAEDLAVYYC CDRL3 

sequence J gene 

week 6 eOD-GT8 
p1a3 -----------------------............................V..S.............A.............T........... QNDLT 5 

p1a9 .............................................................................................. QNEYT 2 

      

immunization 
group sort probe IGKV12-

44*01 
DIVMTQSPSSLSASVGETVTITCRASENIYSYLAWYQQKQGKSPQLLVYNAKTLAEGVPSRFSGSGSGTQFSLKINSLQPEDFGSYYC CDRL3 

sequence J gene 

week 6 eOD-GT8 
p2a11 -----------------------..............E.....................................T........R... QHHWT 1 

p2d12 -----------------------................................................................. QHHWT 1 

      

immunization 
group sort probe IGKV12-

46*01 
DIQMTQSPASLSVSVGETVTITCRASENIYSNLAWYQQKQGKSPQLLVYAATNLADGVPSRFSGSGSGTQYSLKINSLQSEDFGSYYC CDRL3 

sequence J gene 

week 6 eOD-GT8 

p1b2 ........................G...........................K...............S...............T... QHFWT 1 

p1b7 .............................N...T.................ID.VE.L...............R.............. QHFFT 2 

p1e7 -----------------------.G......Y....................K...............S.S.............T... QHFWT 1 

p1g2 -----------------------................................................................. QHFWT 1 

p2b1 .....................I.........D..................T.K...T.............F....S........N.F. QYGWF 1 

p2e11 -----------------------.G.....N..................V..K...............S...............T... QHFWT 1 

p2f1 -----------------------.G...VF...........R..........K.I.............S...............T... QHFWT 1 

p2f4 -----------------------................................................................. QHFWT 1 

p2f6 -----------------------...K....I........................................................ QHFWT 2 

p3h10 -----------------------.G...FS......................K...............S...............T... QHFWT 1 

p3d10 -----------------------T........................G....................................... QHLLT 5 

p1d9 -----------------------................................................................ QHFWT 1 

p1d11 -----------------------................................................................. QHFWT 1 

p1e1 -----------------------.T............................................................... QHFWA 1 

p1f10 -----------------------................................................................. QHFWA 4 

      

immunization 
group sort probe IGKV18-

36*01 
TGETTQAPASLSFSLGETATLSCRSSESVGSYLAWYQQKAEQVPRLLIHSASTRAGGVPVRFSGTGSGTDFTLTISSLEPEDAAVYYC CDRL3 

sequence J gene 

week 6 eOD-GT8 
p1e10 -----------------------.A.Q..S.N.......PG.A.....YG.....T.I.AK...S....E........QS..F..... QQYNA 2 

p1f9 -----------------------.A.Q..S.N.......PG.A.....YG.....T.I.A....S....E........QS..F..... QQYNA 2 
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immunization 
group sort probe IGKV4-57*01 QIVLTQSPAIMSASPGEKVTITCSASSSVSYMHWFQQKPGTSPKLWIYSTSNLASGVPARFSGSGSGTSYSLTISRMEAEDAATYYC CDRL3 

sequence J gene 

week 6 eOD-GT8 p1d2 -----------------------................................................................ QQRTT 2 
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Supplemental Table 2.8. VH/VL sequences isolated following 426c Core immunization.  
AA sequences are aligned to the V gene from which they are derived. For sequences where the PCR 
product did not contain the 5’ end, the sequence is shown beginning at CDR1.    
 
VH 
immunization 

group sort probe VRC01glHC QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARGKNSDYNWDFQH 

week 2 eOD-GT8 

p1a6 ..................................N..................H........................................................ 

p1d1 .............................................................................................................. 

p1d3 ..................................N........................................................................... 

p1h2 ..................................N...................N....................................................... 

p1a7 ..................................N..................K........................................................ 

p1e3 .............................................................................................................. 

p1e5 ..................................D..................K..............................................D......... 

p1g2 ................................H.N........................................................................... 

p1e7 ..................................N........................................................................... 

p1e8 .............................................................................................................. 

p1g8 .............................................................................................................. 

week 6 

eOD-GT8 

p1e9 .............................................................................................................. 

p1e8 ...........M...............P......N..........D.......TT.A.......................I............................. 

p1d9 ..................................N...............M...N....................................................... 

p1d8 ..................................N.........................................N.V...V..........................Y 

p1d3 ..............................D...N..................KR..................M....V............................... 

p1c6 ..................................N..................IN.......................V............................... 

p1c2 .............S.............I......N...................R....................................................... 

p1b8 ..................................N........................................................................... 

p1b5 ......................RT......D..LN..................TR.A....................SV.......S.A.....F............... 

p1b3 ...............................N..N...................R......................................................Y 

p2a4 ..................................N..........D.......TT.A..........................N.......................... 

426c Core 

p4d6 ................................FLN...................F.A.D........................................RD......... 

p4b5 ..............................D...N..................HR.A............V........Y.............L................. 

p4a3 ..................................N...................R....................................................... 

p2c2 ----------------------........D...N...................R.A............V........Y............................... 
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VL 
immunization 

group sort probe IGKV8-30*01 DIVMSQSPSSLAVSVGEKVTMSCKSSQSLLYSSNQKNYLAWYQQKPGQSPKLLIYWASTRESGVPDRFTGSGSGTDFTLTISSVKAEDLAVYYC CDRL3 
sequence J gene 

week 2 eOD-GT8 

p1a6 .............................................................................................. QQYEM 1 

p1d3 .....................................................................A....................L... QQYYK 2 

p1h2 .....................N.............E.......................................................... QQYYK 2 

p1a7 ..................................E........................................................... QQYET 1 

p1e5 ..............I............................................................................... QQYET 1 

p1g2 ...................................E.......................................................... QQYYK 1 

p1e7 ...LT.T....................................................................................... QQYET 2 

p1g8 .............................................................................................. QQYYS 2 

week 6 

eOD-GT8 

p1e9 -----------------------....................................................................... QQYYK 2 

p1e8 -----------------------...........E................................................R......... QQYYK 2 

p1d9 -----------------------............E.......................................................... QQYYK 2 

p1d8 -----------------------........G...E.......................................................... QQYYK 2 

p1d7 -----------------------.T........TD..................................A......................... QQYYK 2 

p1d3 -----------------------T........TD..................................A......................... QQYYK 2 

p1c6 -----------------------....RI......E..................H....................................... QQYYK 2 

p1c2 -----------------------...E........R.......................................................... QQYYK 2 

p1b8 -----------------------....................................................................... QQYYK 1 

p1b6 -----------------------....NI..D..EE.......................................................... QQYYK 2 

p1b5 -----------------------...E.....D............................................................. QQYYK 1 

p1b3 -----------------------.........D..E.......................................................... QQYYK 1 

p2a4 -----------------------............E.......................................................... QQYYK 1 

p2a5 -----------------------.........D.EE.........A...................G............................ QQYYK 5 

426c Core 

p4d6 -----------------------.........NHED.......................................................... QQYYK 5 

p4b5 -----------------------....TF......E.......................................................... QQYYK 1 

p4a3 -----------------------..........T............................................................ HQYYK 2 

p2g8 -----------------------..R.......D.E........................D................................. QQYYK 1 

p2f9 -----------------------..........D.E........................D................................. QQYYK 1 

p2c2 -----------------------....NV..N.D.E.......................................................... QQYYK 2 
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p2a2 -----------------------...E.......ER.........................................S................ QQYYK 2 

      

immunization 
group sort probe IGKV12-

46*01 
DIQMTQSPASLSVSVGETVTITCRASENIYSNLAWYQQKQGKSPQLLVYAATNLADGVPSRFSGSGSGTQYSLKINSLQSEDFGSYYC CDRL3 

sequence J gene 

week 2 eOD-GT8 p1e3 ........................................................................................ QHFYT 2 

      

immunization 
group sort probe IGKV4-72*01 QIVLSQSPAILSASPGEKVTMTCRASSSVSYMHWYQQKPGSSPKPWIYATSNLASGVPARFSGSGSGTSYSLTISRVEAEDAATYYC CDRL3 

sequence J gene 

week 2 eOD-GT8 p1d1 ....................................................................................... QQWST 2 

      

immunization 
group sort probe IGKV4-61*01 QIVLTQSPAIMSASPGEKVTISCSASSSVSYMYWYQQKPGSSPKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAATYYC CDRL3 

sequence J gene 

week 2 eOD-GT8 p1e8 -----------------------................................................................ QQYHS 2 
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Supplemental Table 2.9. VH/VL sequences isolated following 426cOD immunization.  
AA sequences are aligned to the V gene from which they are derived. For sequences where the PCR 
product did not contain the 5’ end, the sequence is shown beginning at CDR1.    
 
VH 
immunization 

group sort probe VRC01glHC QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARGKNSDYNWDFQH 

week 2 

426cOD 

p1e1 .............................................................................................................. 

p1b7 .............................................................................................................. 

p2g4 .............................................................................................................. 

eOD-GT8 

p1g7 .............................................................................................................. 

p1h2 .......R...................................................................................................... 

p1h7 .............................................................................................................. 

p1h11 .............................................................................................................. 

p2a6 .............................................................................................................. 

p2a12 .............................................................................................................. 

p2b12 .............................................................................................................. 

p3a8 .............................................................................................................. 

p3c2 .................................T............................................................................ 

p1h1 .............................................................................................................. 

p2a9 .............................................................................................................. 

p1e4 P...................................................L......................................................... 

p1d2 .............................................................................................................. 

p1e5 .............................................................................................................. 

p1f4 .............................................................................................................. 

week 6 eOD-GT8 

p3b7 ..........................F.....FLN...................N....................................................... 

p3b6 ........G..................................................................................................... 

p1a9 ...................................................................................N..K..........KR........... 

p1a5 ................A.................N........................................................................... 

p1b8 ----------------------........................................................................................ 

p1c4 ----------------------........................................................................................ 
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426cOD 

p1c6 ..................................N........................................................................... 

p1c5 ..........M.......................N............................L.............................................. 

p1b10 ..................................N........................................................................... 

p1b6 ..................................N...............................................................E........... 

p1a2 ----------------------............N......................R.................................................... 

 
VL 
immunization 

group sort probe IGKV8-30*01 DIVMSQSPSSLAVSVGEKVTMSCKSSQSLLYSSNQKNYLAWYQQKPGQSPKLLIYWASTRESGVPDRFTGSGSGTDFTLTISSVKAEDLAVYYC CDRL3 
sequence J gene 

week 2 

426cOD 

p1e1 .............................................................................................. QQYYSF 1 

p1b7 .............................................................................................. QQYYKF 1 

p2g4 ....T.T......................................................................S................ QQYYKF 2 

eOD-GT8 

p1h7 .............................................................................................. QQYWTF 1 

p1h11 .............................................................................................. QQYYSY 2 

p2a6 .............................................................................................. QQYYSY 2 

p2a12 .............................................................................................. QQYWTF 1 

p1g7 .............................................................................................. QQYYSF 2 

p1h1 ............................................................K................................. QQYYSF 2 

p1d2 .............................................................................................. QQYYSF 2 

p1e5 .............................................................................................. QQYYQF 2 

p1e4 .............................................................................................. QQYYSF 1 

p1f4 .............................................................................................. QQYYSF 1 

week 6 

eOD-GT8 

p3b7 -----------------------.............KN........................................................ QQYYKF 1 

p3b6 -----------------------....................................................................... QQYYSF 1 

p1a9 -----------------------....................................................N.................. QQYYTF 2 

p1a1 -----------------------....................................................................... QQYYSY 2 

p1a5 -----------------------....................................................................... QQYYKF 1 

p1b8 -----------------------....................................................................... QQYYSY 2 

p1c4 -----------------------....................................................................... QQYYSF 2 

426cOD 
p1c6 -----------------------..............N........................................................ QQYYKF 5 

p1c5 -----------------------..............N........................................................ QQYYKF 5 
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p1c4 -----------------------..............N........................................................ QQYYKF 5 

p1b10 -----------------------....................................................................... QQYYSF 2 

p1b6 -----------------------..........S................Q........................................... QQYYKF 5 

p1a12 -----------------------......S...I...N......................................................F. QQYYKF 5 

p1a11 -----------------------...............................................G....................... QQYYKF 1 

p1a3 -----------------------..............N........................................................ QQYYKF 5 

p1a2 -----------------------..............N........................................................ QQYYKF 5 

      

immunization 
group sort probe IGKV6-15*01 DIVMTQSQKFMSTSVGDRVSVTCKASQNVGTNVAWYQQKPGQSPKALIYSASYRYSGVPDRFTGSGSGTDFTLTISNVQSEDLAEYFC CDRL3 

sequence J gene 

week 2 eOD-GT8 
p1h2 ........................................................................................ QQYNSF 4 

p3a8 ........................................................................................ QQYNTF 2 

      

immunization 
group sort probe IGKV4-72*01 QIVLSQSPAILSASPGEKVTMTCRASSSVSYMHWYQQKPGSSPKPWIYATSNLASGVPARFSGSGSGTSYSLTISRVEAEDAATYYC CDRL3 

sequence J gene 

week 2 eOD-GT8 
p2b12 ....................................................................................... QQWSTF 2 

p2a9 ....................................................................................... QQWSTF 2 

      

immunization 
group 

sort probe IGKV4-86*01 EIVLTQSPAITAASLGQKVTITCSASSSVSYMHWYQQKSGTSPKPWIYEISKLASGVPARFSGSGSGTSYSLTISSMEAEDAAIYYC CDRL3 
sequence 

J gene 

week 2 eOD-GT8 p3c2 ......T................................................................................ QQWNYF 5 
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Supplemental Table 2.10. VH/VL sequences of VRC01-class Abs 
VH 
IGHV1-2*02 QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQKFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYC------------------------------ 
Mature VRC01 ........GQM....E.MRI..R....E.IDCTLN.I.L...KRP.....LK.RG.AV...RPL.........VYSD..FL..RS.TV......F.TRGKNCDYNWD-----FEHWGRGTPVIVSS 
glVRC01 ................................................................................................ARGKNCDYNNWD----FQHWGQGTLVTVSS 
gl3BNC60 ................................................................................................ARERSDFWD-------FDLWGRGTLVTVSS 
gl12A21 ................................................................................................ARDGSGDDTSWH----LHPWGQGTLVTVSS 
glNIH45-46 ................................................................................................ARGKYCTARDYYNWD-FQHWGQGTLVTVSS 
glPGV04 ................................................................................................ARQKFYTGGQGW---YFDLWGRGTLVTVSS 
glPG19 ................................................................................................ARMGAAREWD------FQHWGQGTLVTVSS 
glPG20 ................................................................................................ARRMRSQDREWD----FQHWGQGTLVTVSS 
glVRC-CH31 ................................................................................................ARGSKRGRSGWD----FQHWGQGTLVTVSS 
VRC01c-HuGL2 ................................................................................................AKISGSYS--------FDYWGQGTLVTVSS 
VRC01c-HuGL7 ................................................................................................ARSDGYNLGWY-----FDLWGRGTLVTVSS 
VRC01c-HuGL11 ................................................................................................ASKVAAAGTLAK--DAFDIWGQGTMVTVSS 
VRC01c-HuGL15 ................................................................................................ARPTEYSSSWYW----FDPWGQGTLVTVSS 
VRC01c-HuGL18 ................................................................................................ARVRYGSWTGYY----FDYWGQGTLVTVSS 
VRC01c-HuGL19 ................................................................................................ARVPYDFWSGYYVLSHFDYWGQGTLVTVSS 

 
VL 
IGKV3-11*01 EIVLTQSPATLSLSPGERATLSCRASQSVSSYLAWYQQKPGQAPRLLIYDASNRATGIPARFSGSGSGTDFTLTISSLEPEDFAVYYC----------------- 
Mature VRC01 ........G........T.II...T..YG.--......R.......V..SG.T..A...D.....RW.P.YN....N..SG..G....QQYEFFGQGTKVQVDIK 
glVRC01 ........................................................................................QQYEFFGQGTKLEIK-- 
 
IGKV3-15*01 EIVMTQSPATLSVSPGERATLSCRASQSVSSNLAWYQQKPGQAPRLLIYGASTRATGIPARFSGSGSGTEFTLTISSLQSEDFAVYYC--------------- 
VRC01c-HuGL11 ........................................................................................QQYITFGGGTKVEIK 
VRC01c-HuGL19 ........................................................................................QQYETFGQGTKVEIK 
 
IGKV3-20*01 EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYC--------------- 
glNIH45-46 .........................................................................................QQYEFFGQGTKLEIK 
glPGV04 .........................................................................................QQLEFFGQGTRLEIK 
VRC01-HuGL18 .........................................................................................QQYETFGQGTKVEIK 
 
IGKV1-27*01 DIQMTQSPSSLSASVGDRVTITCRASQGISNYLAWYQQKPGKVPKLLIYAASTLQSGVPSRFSGSGSGTDFTLTISSLQPEDVATYYC--------------- 
VRC01-HuGL7 ........................................................................................QKFETFGQGTKVEIK 
 
IGKV4-1*01 DIVMTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAWYQQKPGQPPKLLIYWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAVYYC--------------- 
VRC01c-HuGL2 ..............................................................................................QQYYSFGGGTKVEIK 
 
IGKV1-5*03 DIQMTQSPSTLSASVGDRVTITCRASQSISSWLAWYQQKPGKAPKLLIYKASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYC--------------- 
VRC01c-HuGL15 ........................................................................................QQYNSFGPGTKVDIK 
 
IGKV1-33*01 DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYC--------------- 
gl3BNC60 ........................................................................................QQYEFIGPGTKVDIK 
gl12A21 ........................................................................................AVLEFFGPGTKVDIK 
glVRC-CH31 ........................................................................................QQYETFGQGTKLEIK 
 
IGLV2-14*01 QSALTQPASVSGSPGQSITISCTGTSSDVGGYNYVSWYQQHPGKAPKLMIYEVSNRPSGVSNRFSGSKSGNTASLTISGLQAEDEADYYC---------------- 
glPG19 ..........................................................................................SSYEFFGGGTKVFVLG 
glPG20 ..........................................................................................SSYEFFGGGTKVFVLG 
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Supplemental Table 2.11. Primers for 426cOD-base and 426cOD cloning and 
mutagenesis.  
426cOD primers 
for pETCON 
vector cloning 

F AGGCGGAGGGTCGGCTTCGCATATGACCATAAGTAATGC
GACTATCATGCTCC 

R TTTGTTCGGAACCTCCACCCTCGAGGTCTTGAAAGAGTCC
TGACGTGTTACAA 

426cOD primers 
for random site 
mutagenesis 

F AGTGGTGGAGGAGGCTCTGGTGGAGGCGGTAGCGGAGGC
GGAGGGTCGGCTTCGCATATG 

R GATCTCTATTACAAGTCCTCTTCAGAAATAAGCTTTTGTT
CGGAACCTCCACCCTCGAG 

426cOD-base 
primers for T462I, 
D463N 
mutagenesis 

F CGCGACGGTGGAGATACCATTAATAATACCGAGATTTTC 

R GAAAATCTCGGTATTATTAATGGTATCTCCACCGTCGCG 

426cOD-base 
primers for 
R480W 
mutagenesis 

F AGACGAGGACGCTCAATGGTGTATGGAACGG 

R CCGTTCCATACACCATTGAGCGTCCTCGTCT 

426cOD-base 
primers for 
N276D, R278S 
mutagenesis 

F GAAGAAATTGTAATTCGGAGTAAGGATCTCAGCGATAAC
GCCAAAACAATTTGCGTG 

R CACGCAAATTGTTTTGGCGTTATCGCTGAGATCCTTACTC
CGAATTACAATTTCTTC 

426cOD-base 
primers for 
R273W 
mutagenesis 

F AGCCTTGCTGAGGAAGAAATTGTAATTTGGAGTAAGGAT
CTC 

R GAGATCCTTACTCCAAATTACAATTTCTTCCTCAGCAAGG
CT 

426cOD primers 
for D368R, E370A 
mutagenesis 

F CAGTCCTCCAGCGGAGGTCGCCTTGCAATTACAACCCACT
CTTT 

R AAAGAGTGGGTTGTAATTGCAAGGCGACCTCCGCTGGAG
GACTG 

426cOD primers 
for D279A 
mutagenesis 

F CAAATTGTTTTGGCGTTAGCGCTGAGATCCTTACT 

R AGTAAGGATCTCAGCGCTAACGCCAAAACAATTTG 
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Supplemental Table 2.12. Summary of the immunization groups and number of B 
cells sorted from each group. 

 
*na indicates not sorted. 
 
 

  

Immunogen Group Adjuvant 
Harvest 

time 
point 

Number 
of 

animals 

Number 
of B 
cells 

sorted 

# of 
heavy 
chain 

sequences 

# of light 
chain 

sequences 

426c Core 

a GLA-
LSQ 

Week 2 5 166 84 26 

b poly 
(I:C) 

Week 2 5 56 5 25 

c GLA-
LSQ 

Week 6 4 329 56 126 

d GLA-
LSQ 

Week 6 4 na na na 

eOD-GT8 

a poly 
(I:C) 

Week 2 4 79 30 39 

b GLA-
LSQ 

Week 2 4 41 18 20 

c GLA-
LSQ 

Week 6 4 147 135 75 

d GLA-
LSQ 

Week 6 4 64 32 39 

426cOD 

a poly 
(I:C) 

Week 2 4 294 59 97 

b GLA-
LSQ 

Week 2 4 28 8 13 

c GLA-
LSQ 

Week 6 4 111 39 79 

d GLA-
LSQ 

Week 6 4 na na na 
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Supplemental Table 2.13 AA sequences for OD variants. Mutations from original 
426c consensus sequence are highlighted in red for S1 and S2 mutants.  

Variant Sequence 

 

eOD 

DTITLPCRPAPPPHCSSNITGLILTRQGGY                              
ANTVIFRPSGGDWRDIARCQIAGTVVSTQLFLNGS
LAEEEVVIRSEDWRDNAKSICVQLATSVEIACTGA
GHCAISRAKWANTLKQIASKLREQYGAKTIIFKPSS
GGDPEFVNHSFNCGGEFFYCASTQLFASTWF 

 

426c core 

TISNATIMLPCRPAPPPHCKSDITGLLLLRDGGDTT
DNTEIFRPGGGDMRDNWRCQIAGTVVSTQLLLNG
SLAEEEIVIRSKNLRDNAKIICVQLNKSVEIVCTGA
GYCNISGRNWSEAVNQVKKKLKEHFPHKNISFQSS
SGGDLEITTHSFNCGGEFFYCNTSGLFND 

 

S2 

TISNATIMLPCRPAPPPHCKSNITGLLLLRDGGDTT
DNTEIFRPSGGDMRCAERLGIPSSVVSTQLLLNGS
LAEEEIVIRSKNLRDNAKIICVQLQKSVEIVCTGAG
YCQISGRNWSEAVNQVKKKLKEHFPHKNISFQSSS
GGDLEITTHSFNCGGEFFYCNTSGLFQD 

 

S2-D51I 

TISNATIMLPCRPAPPPHCKSNITGLLLLRDGGDTT
DNTEIFRPSGGDEIAQRCMERLGIPSSVVSTQLLL
NGSLAEEEIVIRSKNLRDNAKTICVQLQKSVEIVCT
GAGYCQISGRNWSEAVNQVKKKLKEHFPHKNISF
QSSSGGDLEITTHSFNCGGEFFYCNTSGLFQD 

 

S2-D51  

(426c base) 

TISNATIMLPCRPAPPPHCKSNITGLLLLRDGGDTT
DNTEIFRPSGGDEDAQRCMERLGIPSSVVSTQLLL
NGSLAEEEIVIRSKNLRDNAKTICVQLQKSVEIVCT
GAGYCQISGRNWSEAVNQVKKKLKEHFPHKNISF
QSSSGGDLEITTHSFNCGGEFFYCNTSGLFQD 

 
  



	100	

Chapter III: Overcoming steric restrictions of VRC01 

HIV-1 neutralizing antibodies through immunization 

 
The following text is from a published article with minor editorial changes:  
 
Parks, K.R., MacCamy, A.J., Trichka, J., Gray, M., Weidle, C., Borst, A.J., Khechaduri, 

A., Takushi, B., Agrawal, P., Guenaga, J., et al. (2019). Overcoming Steric Restrictions 

of VRC01 HIV-1 Neutralizing Antibodies through Immunization. Cell Rep 29, 3060-

3072.e7. 
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Abstract 

Broadly HIV-1 neutralizing VRC01-class Abs target the CD4-BS of Env. They are 

derived from VH1-2*02 Ab HCs paired with rare LCs expressing five AA long CDRL3s. 

They have been isolated from infected subjects but have not yet been elicited by 

immunization. Env-derived immunogens capable of binding the germline forms of 

VRC01 BCRs on naïve B cells have been designed and evaluated in KI mice. However, 

the elicited Abs cannot bypass glycans present on the conserved position N276 of Env, 

which restricts access to the CD4-BS. Efforts to guide the appropriate maturation of these 

Abs by sequential immunization have not yet been successful. Here, we report on a two-

step immunization scheme that leads to the maturation of VRC01-like Abs capable of 

accommodating the N276 glycan and displaying autologous tier 2 neutralizing activities.  

Our results are relevant to clinical trials aiming to elicit VRC01 Abs. 
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Introduction 

VRC01-class Abs are potent and broad HIV-1 neutralizing Abs that offer protection from 

experimental animal (S)HIV infection (Balazs et al., 2014; Gautam et al., 2016; Pegu et 

al., 2014; Shingai et al., 2014), and could be an important component of the protective 

immune responses elicited by an effective HIV-1 vaccine (Burton and Hangartner, 2016; 

Kwong and Mascola, 2012). They have been isolated from several HIV-1-infected 

subjects and share key genetic origins: their HC V genes are derived from the VH1–2*02 

allele and are paired with LCs expressing 5 AA long CDRL3, which is rarely found in the 

human Ab repertoire. The 5 AA CDRL3 contains a hydrophobic residue at position 91 

and a Glu96 (Scheid et al., 2011; Wu et al., 2010, 2011; Zhou et al., 2013, 2015). The 

VRC01-class bnAbs are extensively somatically hypermutated (up to 30% aa difference 

from germline) and can be up to 50% divergent in AA sequence (Scheid et al., 2011; Wu 

et al., 2010, 2011; Zhou et al., 2010, 2015). Despite this marked diversity, their CDR 

domains adopt similar overall structures and recognize the CD4-BS of Env in a manner 

similar to that of CD4 (Zhou et al., 2010, 2013). Thus, despite their similar genetic 

origins, during chronic infection with different HIV-1 viruses, VRC01-class Abs mature 

along different pathways but ultimately adopt similar structures that are associated with 

their broad neutralizing activity. The “structural convergent evolution” observed during 

natural HIV-1 infection suggests that more than one evolutionary pathway will be 

available to develop VRC01-class bnAbs by immunization. 

Longitudinal natural viral Env variants associated with the development of bnAbs 

against the Env apex region (Doria-Rose et al., 2014) and of non-VRC01-class anti-CD4-

BS bnAbs have been identified and characterized (Bonsignori et al., 2016; Liao et al., 
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2013). Viral Envs associated with the maturation of VRC01-class Ab responses have also 

been reported in the case of chronic HIV-1 infection (Bonsignori et al., 2018; Lynch et 

al., 2015a), but such viral Envs were derived from samples collected after the VRC01 B 

cells lineages had already expanded. More recently however, Umotoy et al. (2019) 

reported on the longitudinal evolution of virus and VRC01-class B cell lineages in an 

HIV-1-infected patient from protocol C. So far, however, the natural Env(s) that initiated 

the production of VRC01-class Abs during HIV-1 infection have yet to be identified. 

Also, the inferred germline forms of VRC01-class Abs (commonly referred to as 

glVRC01 Abs), do not display detectable reactivity to diverse recombinant Env-derived 

soluble proteins (Hoot et al., 2013; Jardine et al., 2013; McGuire et al., 2013). In recent 

years, we and others reported on the design of “germline VRC01-targeting” recombinant 

Env-derived proteins capable of binding glVRC01-class Abs (Jardine et al., 2013, 2015; 

McGuire et al., 2013, 2014, 2016; MedinaRamírez et al., 2017). A key feature of such 

immunogens is the absence of the conserved NLGS at position 276 within loop D of the 

gp120 Env subunit, as the N276-associated glycans present a major barrier to glVRC01 

Ab binding, through steric obstruction of the germline-encoded CDRL1s (Borst et al., 

2018; McGuire et al., 2013; Zhou et al., 2013). Mature VRC01 bnAbs accommodate this 

glycan by either incorporating glycine residues in their CDRL1 domains or by shortening 

them during affinity maturation (Zhou et al., 2013). 

Although VRC01 germline-targeting immunogens activate B cells engineered to 

express glVRC01-class BCRs in vitro and in vivo (Jardine et al., 2013, 2015; McGuire et 

al., 2013, 2014, 2016; Medina-Ramírez et al., 2017), these cells undergo limited somatic 

mutation and the secreted Abs fail to bind in the presence of N276-associated glycans on 



	104	

WT Envs (Dosenovic et al., 2015; Jardine et al., 2015; McGuire et al., 2016). Efforts to 

guide the maturation of VRC01-like Ab responses elicited by germline-targeting 

immunogens through subsequent immunizations with heterologous Env derived proteins 

also lacking the N276 glycans, led to increased somatic mutations, in both the VH and 

VL Ab genes, but no direct evidence that the elicited Abs could accommodate N276-

associated glycans was provided (Briney et al., 2016; Tian et al., 2016). 

Here, we report on a two-step immunization scheme that begins with a prime 

immunization with the VRC01 germline-targeting prime immunogen, 426c Core, that 

lacks the N276 NLGS, followed by a boost immunization with a heterologous Env-

derived immunogen, harboring the 276 NLGS. The outcome of this immunization 

scheme was the production of VRC01-like Abs capable of accommodating the steric 

block imposed by the glycans present at N276 on heterologous gp120 Core-derived Envs 

and neutralizing the autologous, tier 2 426c virus with a modified glycan shield. 
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Results 

The 426c Core germline-targeting immunogen elicits potent plasma Ab responses against 

the VRC01 epitope in KI mice 

We previously reported on the design of a recombinant protein derived from the inner 

and outer gp120 domains of the clade C Env 426c, lacking the variable domains 1, 2, and 

3 as well as three NLGS at positions N276 (loop D), N460, and N463 (V5). That protein 

(TM4ΔV1–3, herein referred to as “426c Core” for simplicity) binds several of the 

known glVRC01-class Abs (McGuire et al., 2016). Here, two nanoparticle forms of the 

426c Core were employed as immunogens: a 5- to 7-meric form (426c Core C4b) 

(Hofmeyer et al., 2013; McGuire et al., 2016; Ogun et al., 2008) and a Ferritin-based 24-

meric form (426c Core Fer) (Kanekiyo et al., 2013; McGuire et al., 2016). One additional 

glVRC01- targeting immunogen was investigated for its ability to engage B cells 

expressing glVRC01 BCRs in vivo: the 426c DS-SOSIP D3 (Borst et al., 2018; Joyce et 

al., 2017). It is derived from the clade C 426c virus (like the 426c Core) and was 

modified by eliminating the above-mentioned three NLGSs. We also performed an 

immunization with the non-germline-targeting unmodified 426c WT gp120 as a control. 

As animal species, such as mice, rats, rabbits, or non-human primates do not 

express orthologs of the human VH1–2*02 allele (Jardine et al., 2013; Vigdorovich et al., 

2016; West et al., 2012), immunizations were performed in a KI mouse that is 

heterozygous for the glVRC01 HC, whereas the LCs remain the endogenous mouse LCs 

(mLCs) (Jardine et al., 2015). Approximately 80% of naive B cells express the glVRC01 

HC and 0.1% of mLCs express 5 AA long CDRL3s. Thus, the overall estimated 

frequency of naive B cells expressing potential glVRC01 BCRs in this mouse model is 
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approximately 0.08% (compared to approximately 0.01% in humans; Arnaout et al., 

2011; DeKosky et al., 2015; Jardine et al., 2015). The elicitation of VRC01-class bnAbs 

in this model requires overcoming at least two major obstacles: first, the germline-

targeting immunogen must select for the B cells expressing extremely rare mLCs with a 5 

AA CDRL3 paired with the glVRC01 HC, and second, the immunization regimen must 

lead to the accumulation of mutations that will allow the maturing B cells to bypass the 

obstacles presented by the N276 glycans on full-length Envs. 

A single immunization with either nanoparticle form of 426c Core with two 

different adjuvants (poly(I:C) or GLA-LSQ) elicits robust autologous plasma Ab 

responses (Figure 3.1A), the majority of which target the CD4-BS (Figure 3.1B). Plasma 

Abs generated in approximately 77% of the 426c Core-immunized animals (66 of 85), 

also recognized the heterologous VRC01 germline-targeting immunogen eOD-GT8 

(Figure 3.1C) in a VRC01 epitope-dependent manner (Supplemental Figures 3.1A and 

3.1B). eOD-GT8 is derived from the outer domain of the gp120 subunit of the clade B 

HxB2 Env (Jardine et al., 2013, 2015). Thus, Abs elicited by the 426c Core that 

recognize eOD-GT8, but not the eOD-GT8 KO (not recognized by VRC01-class Abs) are 

most likely VRC01 epitope specific. In contrast, the 426c DS-SOSIP D3 germline-

targeting immunogen elicited very weak autologous plasma Ab responses and only one 

animal elicited Abs against the 426c Core, which were non-CD4-BS directed and did not 

recognize eOD-GT8 (Supplemental Figure 3.1C). Animals immunized with the non-

germline-targeting Env 426c WT gp120 immunogen elicited strong autologous 

responses, but weak anti-426c Core Ab responses and no eOD-GT8 Ab response 

(Supplemental Figure 3.1D). 
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We concluded that the 426c Core immunogen elicits potent anti-CD4-BS Ab 

responses, which recognize the VRC01 epitope. 

 

Figure 3.1. 426c Core elicited Ab and B cell response. Plasma from representative 
animals immunized with 426c Core C4b (gray) or 426c Core Fer (black) were tested for 
binding against (A) 426c Core and its (B) CD4-BS KO form. (B) Summarizes the data 
from one experiment with 10 animals in each group. A paired t-test was used to 
determine statistical significance between the mean EC50 titers against the 426c Core vs 
those against its CD4-BS KO. (C) Summary of the animal frequencies per group of 426c 
Core immunized animals that developed anti-eOD-GT8 plasma Ab responses (OD 
450nm of ≥0.1 at 1:10 dilution; additional information is provided in Supplemental 
Figure 3.1). The nanoparticle form and the adjuvant used is indicated. The number of 
animals that developed anti-eOD-GT8 responses out of the total immunized for each 
group is indicated within each bar. (A-C) At least two biological replicates were 
performed for each immunization group (multimer + adjuvant). (D-G) Pie charts indicate 
HC and LC sequences from individually sorted B cells from immunized (3 independent 
experiments) and non-immunized animals (one experiment). The number of sequences 
analyzed is shown in the middle of each pie chart and the percentages of HCs or LCs 
with the indicated features are shown. (D) HC sequences from naïve and immunized 
animals. (E) AA length of the CDRL3 domains in the sequences from the naïve and 
immunized animals. 5 AA long CDRL3s are shown in green. (F) V-gene usage of the 
LCs from the sequences isolated from naïve and immunized animals. The 8-30*01 V-
gene is shown in pink. (G) Presence or absence of Glu96LC within the LC sequences with 

A B C 

D E F 

G H I 



	108	

5 AA long CDRL3 domains. MAbs with VRC01 characteristics were generated from 
paired VH/VL sequences from class-switched B cells isolated following the prime 
immunization (indicate by ‘P’) with the 426c Core (H). MAb binding to monomeric 426c 
Core (colored lines) and to monomeric 426c Core CD4-BS KO (gray lines). (I) MAb 
binding to monomeric eOD-GT8 (colored lines) and to monomeric eOD-GT8 KO (gray 
lines). Data is representative of 1-2 experiments.  
 

426c Core selects for key mutations in the Ab HC and LCs 

To directly demonstrate that the 426c Core expands VRC01-lineage B cells, 2 weeks 

after immunization, eOD-GT8+/eOD-GT8 KO− specific class-switched B cells from the 

spleens and lymph nodes of mice displaying plasma Ab cross-reactivity to eOD-GT8 

were sorted and their VH/VL genes were sequenced. eOD-GT8+/eOD-GT8 KO− B cells 

were also sorted from unimmunized animals (a summary of the sequence analysis is 

presented in Supplemental Figure 3.2). A total of 420 eOD-GT8+/eOD-GT8 KO− class-

switched B cells were singly sorted from the immunized animals and their VH and VL 

genes were amplified using PCR. 204 HC and 70 LCs were successfully sequenced 

(Supplemental Figures 3.2A and 3.2C).  

96% of HCs were VH1–2*02 (Figures 3.1D and Supplemental Figure 3.2B). In 

the majority (approximately 70%) of VH1–2*02 HCs isolated after the prime 

immunization, the histidine at position 35 in the CDRH1 domain was replaced by an 

asparagine (Supplemental Figure 3.4A). The H35N mutation introduces an additional 

hydrogen bond with N100a in CDRH3 and increases the stability of interaction between 

CDRH1 and CDRH3 on VRC01-class Abs (Jardine et al., 2015). 

Approximately 57% of mLCs contained 5 AA long CDRL3s (Figures 3.1E and 

Supplemental Figure 3.2E). The majority of the 5 AA long CDRL3s are derived from the 

mouse 8–30*01 LC V gene, which is represented at approximately 6% in the naive eOD-
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GT8+/eOD-GT8 KO− B cell repertoire (Figure 3.1F and Supplemental Figure 3.2D). 

Other mLCs that utilized a 5 AA CDRL3 are derived from V-genes: 12–46*01, 4–61*01, 

4–72*01, and 6–25*01 (representing 2.5% of the LC sequences with 5 AA each). All the 

identified 5 AA long CDRL3s-containing mLCs were paired with glVRC01 HCs. 

Immunization with the 426c Core therefore preferentially expanded B cells expressing 

mLCs with 5 AA long CDRL3s. A large fraction (40%) of the 5 AA long CDRL3s 

contained a Glu96LC (Figure 3.1G and Supplemental Figure 3.2F), which is a key feature 

of mature VRC01-class Abs and forms a hydrogen bond with Gly459gp120 at the N 

terminus of the V5 region (West et al., 2012; Zhou et al., 2013). In contrast, 5 AA long 

CDRL3s with Glu96LC were not detected in the mLC sequenced from naive eOD-

GT8+/eOD-GT8 KO− B cells (Figure 3.1G and Supplemental Figure 3.2F).  

19 VH/VL pairs with VRC01 characteristics were expressed as IgGs (designated 

by “P” to indicate they were isolated following the prime immunization). All bound 426c 

Core and displayed no reactivity with 426c Core CD4-BS KO (Figure 3.1H). All 19 

mAbs also bound the eOD-GT8 protein, but not the eOD-GT8 KO (Figure 3.1I). As 

expected, the binding affinities of these Abs for eOD-GT8 were higher than for 426c 

Core (Supplemental Figure 3.3). 

A 3.6-Å resolution crystal structure of Ab P-p3b3 bound to the 426c Core and a 

3.2-Å resolution crystal structure of Ab P-p1f1 bound to eOD-GT8 were solved (Figure 

3.2; Supplemental Table 3.1). These Abs bind 426c Core and eOD-GT8 with the same 

angles of approach that human glVRC01 binds 426c WT Core (all atoms root-mean-

square deviation [RMSD] = 0.3 Å for gp120-Fv) (Borst et al., 2018) or eOD-GT6 (all 

atoms RMSD = 0.8 Å for gp120- Fv) (Jardine et al., 2013) (Figure 3.2A). Critical 
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contacts, both in the HC (Figure 3.2B) and in the LC (Figure 3.2C), were maintained in 

these interactions: Trp50HC, Asn58HC, Arg71HC, and Trp100BHC residues were not 

mutated in the mouse VRC01-like Abs, adopted the same orientations, and participated in 

the same hydrogen bonding as observed with glVRC01 (Figure 3.2B). Similar to the 

human glVRC01 Ab, the short 5 AA CDRL3 of the mouse VRC01-like Abs facilitates 

the interactions with gp120, and Glu96LC maintains the hydrogen bonds with Gly459 and 

Asn280 of gp120. Only a few residues in the LC seem to contact the gp120, and they are 

located at the N terminus, CDRL1 and CDRL3 (Figure 3.2C). The mouse VRC01-like 

Abs have longer CDRL1 than most human VRC01-class Abs (17 versus 11–12 AA long 

based on the Kabat nomenclature); however, several human VRC01-class Abs, including 

VRC01c-HuGL2, have been isolated by sorting naive B cells with eOD-GT8 that contain 

17 AA long CDRL1 whose sequence is similar to that of the VRC01-like Abs identified 

here (Figure 3.2C) (Havenar-Daughton et al., 2018; Jardine et al., 2016). Whereas the 

shorter CDRL1 domain of the human inferred glVRC01 Ab is well ordered in the 

complex of this Ab with eOD-GT6 (Jardine et al., 2013) or with 426c WT Core (Borst et 

al., 2018), the CDRL1 of the mouse VRC01-like Abs bound to 426c Core or eOD-GT8 

and that of VRC01c-HuGL2 bound to eOD-GT8 (Jardine et al., 2016) were disordered, 

indicating extensive CDRL1 flexibility. Such flexibility is likely necessary to 

accommodate glycans present on N276 in the presence of longer CDRL1. We concluded 

that the 426c Core immunogen elicits Abs with similar genetic and structural features of 

known human VRC01-class Abs.
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Figure 
3.2. Structural information of VRC01-like Abs isolated after immunization with the 426c Core Env. (A) Structures of P-p1f1 

(shades of blue) in complex with eOD-GT8 (green) and P-p3b3 (shades of pink) in complex with 426c Core (grey) are shown in 

A 

B 

C 
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cartoon representation (left). These two structures are superimposed onto the structure of glVRC01 (shades of yellow) bound to 426c 

WT Core (orange) (PDB ID: 6MFT) (right). The structures are shown in ribbon representation and only the scFv portion of the Fab is 

shown for clarity. The glycan present at N276 in the structure of 426c WT Core bound to glVRC01 is shown in stick. (B) Zoom insets 

of important contact residues in the HC of glVRC01 and VRC01-like mouse Abs. HC sequence alignments of glVRC01, P-p1f1, P-

p3b3 and VRC01c-HuGL2. Residues within 5 Å of each respective antigen are shown with an asterisk under the alignment. (C) LC 

sequence alignments of glVRC01 (k3-20), P-p1f1, P-p3b3 and VRC01c-HuGL2. Residues within 5 Å of each respective antigen are 

shown with an asterisk under the alignment. Zoom insets of the LC N-terminus, CDRL1 and CDRL3 contacts. The glycan at N276 

present in the structure of glVRC01 bound to 426c Core is shown in sticks (PDB ID 6MFT). Disordered CDRL1s are drawn in dotted 

lines. 
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Abs elicited by the 426c Core neutralize the 426c virus lacking the N276- associated 

glycans 

Eight of the above 19 mAbs were tested for binding to stabilized soluble trimeric Envs 

(SOSIP or NFL). None bound the autologous 426c WT DS-SOSIP (Figure 3.3A); 

however, all bound to the derivative lacking the 276, 460, and 463 NLGS (426c DS-

SOSIP D3) (Figure 3.3B), and seven bound the derivative only lacking the 276 NLGS 

(426c ΔN276 DS-SOSIP) (Figure 3.3C). Those seven mAbs also bound the heterologous 

45_01dG5 NFL TD-2CC+(DS +) trimer (Figure 3.3D). 45_01dG5 Env is derived from a 

virus that circulated in patient 45, from which several VRC01-class Abs have been 

isolated (including VRC01), and naturally lacks the 276 and 460 NLGS (Lynch et al., 

2015). MAb P-p1e7 did not bind to autologous or ΔN276 heterologous stabilized trimeric 

Envs and is the only Ab of those tested that lacks Glu96LC (Supplemental Figure 3.4).  

The neutralizing potency of four mAbs were evaluated against the WT 426c virus 

or its Δ276 NLGS derivative (Figure 3.3E) produced in either 293T or 293 GnTI−/− 

cells; viruses produced in 293 GnTI−/− cells can be used to detect the presence of 

glVRC01 class Ab neutralizing activities (Briney et al., 2016; LaBranche et al., 2018). In 

agreement with the binding data, the mAbs did not neutralize the WT 426c virus 

(regardless of whether it was produced in 293T or 293 GnTI−/− cells). However, three of 

four mAbs neutralized the GnTI −/− produced Δ276 NLGS virus, but not when produced 

in 293T cells. This could be due to the fact that the shorter glycans produced in the 

GnTI−/− cell line allow greater access of these still immature VRC01-like mAbs to the 

CD4-BS (Briney et al., 2016; LaBranche et al., 2018). The fourth, non-neutralizing Ab, 

P-p1e7, is the one lacking Glu96LC (Supplemental Figure 3.4B).  
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We concluded that the 426c Core immunogen elicits VRC01-like Abs that can 

recognize autologous and some heterologous soluble, stabilized Env trimers; avoiding 

clashes with variable regions 1, 2, and 3; and that the presence of Glu96LC appears to be 

important for these interactions. However, although these Abs can avoid the glycans 

present on the V5 Env region, their binding is impaired by the glycan at position N276 in 

Loop D. 

 

Figure 3.3. Trimeric Env-binding and neutralizing properties of VRC01-like Abs 
elicited by the 426c Core germline-targeting immunogen. The binding of eight 
VRC01-like Abs generated following the prime immunization against (A) the autologous 
426c WT DS-SOSIP; (B) its variant that lacks the N276, N460 and N463 NLGS (426c 
DS-SOSIP D3); (C) a variant that only lacks the N276 glycan (426c Δ276 DS-SOSIP); 
and (D) the heterologous 45_01dG5 NFL which also lacks the N276 NLGS, was 
determined using BLI. (A-D) Data is representative of 1-2 experiments. (E) EC50 
neutralizing titers (μg/ml) of four mAbs tested against the autologous WT 426c virus and 
its variant lacking the 276 NLGS, grown in either 293T cells or in 293S GnTI-/- cells.  
Mature VRC01 and glVRC01 mAbs were used as controls during these experiments. 
 
Abs elicited by the 426c Core accommodate the N276 associated glycans on heterologous 

Env cores  

A B 

C D E 
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Plasma Abs from 426c Core-immunized animals displayed CD4-BS-dependent 

recognition of heterologous monomeric WT Core proteins derived from the HxB2 (clade 

B), 45_01dH1 (clade B), 93TH057 (clade A/E), Q168a2 (clade A), and QH0692 (clade 

B) Envs (Supplemental Figure 3.5A). These gp120-derived proteins lack the variable 

domains 1, 2, and 3, but harbor the N-X-T/S sequons at position N276 and in the V5 loop 

(Supplemental Figure 3.5B). This observation suggested that the VRC01-like Abs elicited 

by the 426c Core may bind heterologous Env Core proteins even in the presence of the 

N276-associated glycans.  

The binding of the above-mentioned VRC01-like mAbs was examined to both the 

monomeric and the multimeric (C4b-based) forms of these Cores (Figure 3.4). The mAbs 

exhibited very weak binding to the monomeric form of HxB2, but not the other WT 

Cores (Figures 3.4A–3.4E). However, seven of eight mAbs tested bound the multimeric 

forms of the HxB2 and 45_01dH1 WT Core proteins (P-p1e7 that lacks Glu96LC did not 

bind) (Figures 3.4F–3.4G), and one mAb (P-p3b3) also bound the multimeric forms of 

93TH057 WT Core (Figure 3.4H), Q168a2 WT Core (Figure 3.4I), and QH0692 WT 

Core (Figure 3.4J). Mature VRC01 strongly recognized both the monomeric and 

multimerized forms of these Cores, while glVRC01 did not recognize either. Hence, the 

426c Core-elicited VRC01 Abs display intermediate binding phenotypes in comparison 

to those of the germline and mature human VRC01 mAbs. 

We conclude that a single immunization with the 426c Core elicits VRC01-like 

Abs that can bypass the N276 glycans on heterologous Envs as long as the variable 

domains are absent (i.e., gp120-Core forms). 
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Figure 3.4. VRC01-like Abs elicited by the 426c Core germline-targeting 
immunogen recognize heterologous wild type Core Env proteins. BLI binding traces 
of the indicated mAbs to the indicated Env proteins in either monomeric (A-E) or 
nanoparticle (C4b based) (F-J) forms (Data is representative of 2 technical replicates). 
Mature and germline VRC01 mAbs were used as controls. 
 
A heterologous boosting immunization improves the binding affinities of VRC01-like 

Abs to Env 

Based on the above observations, we hypothesized that a boosting immunization with a 

heterologous Core Env expressing glycans at position N276 may expand the population 

of B cells that are capable of bypassing the N276-associated glycans. To test this 

hypothesis, a new group of animals were immunized first with the C4b nanoparticle form 

of 426c Core and 4 weeks later with the C4b nanoparticle form of the HxB2 WT Core 

Env. Env-specific B cells were isolated from the spleens and lymph nodes 2 weeks 

following the boost immunization and analyzed as described above. A total of 160 eOD-

GT8+/eOD-GT8 KO− B cells were isolated from these animals. 72 HCs and 79 LCs were 

successfully amplified and sequenced (Supplemental Figure 3.2). The frequency of 

somatic mutation in the HC and LCs was higher in the Abs isolated after the boost than 

after the prime (Figures 3.5A and Supplemental Figure 3.4). 
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Figure 3.5. VH/VL mutations and binding affinities of VRC01-like Abs isolated 
throughout the immunization. (A) The number of AA mutations per each VH and VL 
domains in mAbs generated from sequences isolated following the prime immunization 
with 426c Core and the boost immunization with HxB2 WT Core are shown (see 
Supplemental Figure 3.4 for VH and VL sequence alignments). Each dot represents a 
sequence. A Welch Two Sample t-test (unpaired t-test) was used to determine the 
statistical significance. Error bars show standard deviation from the mean. (B) The 
binding affinities of Fabs isolated from naïve, non-immunized animals (red), Fabs 
generated after the prime immunization (blue) and following the boost immunization 
(green) are shown for the 426c WT Core and the HxB2 WT Core (binding traces and 
summary affinity information are shown in Supplemental Figure 3.6). 
 

Fifteen Abs (IgG) were generated from paired VH/VL sequences displaying 

VRC01-class Ab features. These are designated by “B” to indicate they were isolated 

following the boost immunization. All mAbs recognized the 426c Core immunogen used 

during the prime in a CD4-BS-dependent manner (Figure 3.6A). They also bound eOD-

GT8 in a VRC01 epitope-dependent manner (Figure 3.6B). While the VRC01-like Abs 

elicited following the prime immunization displayed very weak binding to the 

monomeric HxB2 WT Core (Figure 3.4A), Abs elicited after the boost, bound more 

strongly to several monomeric (Figures 3.6C–3.6G) and all multimeric WT Cores tested 

(Supplemental Figure 3.6). Overall, the VRC01-like Abs isolated after the boost have 

more mutations in both their HCs and LCs (Figure 3.5A), and higher binding affinities 

A B 



	118	

(Figures 3.5B and Supplemental Figure 3.7) than the Abs isolated after the prime 

immunization. 

One of the 15 mAbs (mAb B-p1b5) displayed binding to the 426c WT DS-SOSIP 

Env with an intact N276 glycan (Figure 3.6H). The binding was confirmed using ns EM, 

where 1–3 Fabs can be observed bound per trimer (Figure 3.6I). A 3D ns EM 

reconstruction of 426c WT DS-SOSIP and B-p1b5 complex was generated in which 

coordinates of existing 426c DS-SOSIP D3 and glVRC01 (PDB: 6MYY) were fitted 

(Figure 3.6J) (Borst et al., 2018). Weak binding of a second mAb, B-p2e2, was also 

observed to the 426c WT DS-SOSIP Env. Importantly, out of the four mAbs tested for 

neutralization, B-p1b5 neutralized the WT 426c virus (IC50 of 32.05 μg/mL) expressed 

in GnTI−/− cells (Figure 3.6K). The human germline VRC01 mAb does not neutralize 

this virus, suggesting that our mouse Ab is one step farther in the evolutionary pathway to 

VRC01.  

B-p1b5 also displays neutralizing activity against the heterologous tier 2 virus 

CH0505TF when produced in GnTI−/− cells, when the loop D-associated 276 NLGS is 

absent (Supplemental Table 3.2). The virus lacking 197, 276, 362, and 461/462 was 

neutralized, but the virus lacking only 197, 276, and 362 was not (Supplemental Table 

3.2). The neutralizing activity of B-p1b5 was abrogated by the D279K mutation 

(Supplemental Table 3.2), as is the case for known human VRC01 Abs suggesting that B-

p1b5 recognizes the Env gp120 subunit in a VRC01-like manner (Lynch et al., 2015). 

Thus, VRC01-like Abs isolated following the heterologous boost immunization have 

more mutations in their VH/VL domains, bind more efficiently to heterologous WT Core 

Envs than the Abs isolated following the prime immunization with the 426c Core 
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germline-targeting immunogen, and some also display autologous neutralization when 

the virus expresses Env with short glycans and heterologous tier 2 neutralizing activities, 

when certain NLGS surrounding the CD4-BS are absent. Thus, these Abs have not yet 

matured sufficiently to become broadly neutralizing. 

 
Figure 3.6. Env-recognition and neutralizing properties of VRC01-like Abs isolated 
following the boost immunization with the HxB2 WT Core Env. BLI binding traces of 
the indicated VRC01-like mAbs isolated after the boost immunization (Prefix: B) to the 
indicated monomeric Env Core proteins (A, C-H), monomeric eOD-GT8 (B) and the 
426c WT SOSIP trimeric Env (H). Mature VRC01 (green) and germline VRC01 (dashed 
pink) were used as controls. (I) ns EM analysis of the 426c WT DS-SOSIP/B-p1b5 
complex. Raw micrographs (scale bar = 200 nm) and 2D class averages (scale bar = 90 
Å) of B-p1b5 bound to 426c WT DS-SOSIP trimers following a mild glutaraldehyde 
crosslinking (0.25% GTA for 45 seconds followed by quenching with 1M Tris) to 
increase saturation of the 426c WT DS-SOSIP trimer. (J) 3D reconstruction of the 
negatively stained 426c WT DS-SOSIP/B-p1b5 complex cross-linked with 0.25% GTA. 
Structures of the 426c DS-SOSIP trimer and germline VRC01 Fab were fit to the density 
as a reference (grey = negative stain EM density, blue = 426c DS-SOSIP, yellow = Fab) 
(Borst et al., 2018). (K) EC50 neutralizing titers (ug/ml) of indicated mAbs against the 
WT 426c virus grown in either 293T cells of 293S GnTI -/- cells. Mature and germline 
VRC01 mAbs were used as controls for the binding and neutralization assays. 
Neutralization assays against the GnTI-/- produced virus were performed 2-3 times. 
Neutralization assays against the 293T produced virus is from one experiment. 
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Vaccine-elicited VRC01-like Abs can avoid clashes with the N276-associated 

glycan 

The results in the previous section suggested, but did not conclusively prove, that the 

VRC01-like Abs isolated following the prime and boost immunization with 426c Core 

and HxB2 WT Core could more efficiently circumvent the steric hindrance imposed by 

the glycan at position N276 than those Abs isolated following the prime immunization 

with the “germline-targeting” 426c Core immunogen.  

To address this point directly, we performed a series of complementary 

experiments. In one experiment, B-p1b5 was co-expressed in GnTI−/− cells with the 

426c WT Core (which expresses the N-X-S/T sequon at position N276) as a disulfide 

cross-linked complex (Borst et al., 2018). The purified Ab-Env complex was further 

enzymatically treated with Endo H, and semiquantitative mass spectrometry analysis of 

the 276 NLGS was performed (Figure 3.7A). Man5 glycans were detected at position 

N276, confirming that B-p1b5 binds the 426c WT Core in the presence of N276-

associated glycans. Despite the additional Endo H treatment following complex 

formation, no (GlcNAc)1 glycopeptides were detected at the 276 NLGS by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). This observation validated 

that bound B-p1b5 Ab protected the N276 glycan from enzymatic digestion when 

interacting with its cognate epitope. 

Additional experiments were performed to probe these interactions in the absence 

of disulfide cross-linking. In one such experiment, we used an N276-dependent mAb, 

179NC75, to purify the N276-glycosylated HxB2 WT Core Env (Freund et al., 2015) 
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(Figure 3.7B). Purified monomeric HxB2 WT Core expressed in GnTI−/− cells was 

incubated with 179NC75 immobilized on magnetic beads and the bound Core molecules 

were eluted and tested for recognition by mouse VRC01-like Abs N-p4a9 and N-p3g9, 

isolated from unimmunized animals; P-p3b3, isolated following the prime immunization; 

and B-p1a11 and B-p1b5, isolated following the boost immunization. As expected, the 

Abs isolated from unimmunized animals did not display HxB2 WT Core reactivity 

(Figures 3.7C and 3.7D). P-p3b3 displayed marginal reactivity to HxB2 WT Core 

molecules expressing N276 glycans (“enriched”) (Figure 3.7E), while the two Abs 

isolated after the boost, bound strongly to the HxB2 WT Core molecules expressing 

N276 glycans (“enriched”) (Figures 3.7F and 3.7G). 

In another set of experiments, monomeric 426c WT Core and HxB2 WT Core 

proteins expressed in GnTI−/− cells were incubated with magnetic beads coated with the 

above mentioned mouse VRC01-like Abs. Following immunoprecipitation, the flow-

through and eluted materials were subjected to gel electrophoresis (Figures 3.7H and 

3.7I). As expected, neither 426c WT Core nor HxB2 WT Core proteins were 

immunoprecipitated by the N-p3g9 and N-p4a9 mAbs. 426c WT Core, but not HxB2 WT 

Core, was precipitated by P-p3b3. In contrast, both 426c WT Core and HxB2 WT Core 

were immunoprecipitated by B-p1b5. Semiquantitative mass spectrometry analysis was 

performed to determine the presence of Man5 glycans at position N276 in the 

immunoprecipitated material (Figures 3.7J and 3.7K). This analysis confirmed that the 

mouse VRC01-like Abs isolated following the prime have the potential of recognizing 

426c WT Core molecules expressing N276-associated glycans and that the Abs isolated 

following the boost have the potential of recognizing both the 426c WT Core and HxB2 
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WT Core in the presence of N276 glycans. We note that these Abs preferentially 

immunoprecipitated Env molecules lacking the N276- associated glycans, a consequence 

of not yet being fully matured following the prime-boost immunization scheme.  

Collectively, the above experiments confirm that the VRC01-like Abs isolated 

following the boost immunization can accommodate N276-associated glycans on fully 

glycosylated heterologous gp120-derived Core proteins, but less so on trimeric Envs 

present on virions.  
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Figure 3.7. Vaccine elicited Abs bind in to Env Core with glycans at N276. (A) The 
426c WT Core/B-p1b5 complex was generated in 293 GnTI-/- cells, purified and 
subjected to semi-quantitative LC-MS/MS analysis. Depicted here are the relative signal 
intensities of (glyco)peptides comprising the 276 NLGS. The mass spectrometry data 
represents the average of two technical replicates. (B) Binding of mAb 179NC75 to 
HxB2 WT Core or its derivative lacking the N276 NLGS (“HxB2 WT Core Δ276”). Data 
is representative of two technical replicates. (C-G) Binding of the indicated mAbs to 
HxB2 WT Core that has been enriched for the glycan at 276 (eluted from a 179NC75 
column) or the unenriched fraction. (H-I) MAbs generated from unimmunized animals 
(N-p3g9 and N-p4a9), from animals immunized with the 426c Core (P-p3b3), and from 
animals immunized with the 426c Core and the HxB2 WT Core (B-p1b5) were 
immobilized on beads. The beads were incubated with 426c WT Core or HxB2 WT Core 
proteins expressed in 293 GnTI-/- cells. Following co-immunoprecipitation, 426c WT 
Core (H) and HxB2 WT Core (I) were washed and eluted from the beads. (H,I). A 
fraction of the unbound (“-”) and the eluted (“+”) material was subjected to SDS-PAGE 
gel electrophoresis. The gel is representative of two technical replicates. The eluted 
fractions were further subjected to semi-quantitative LC-MS/MS analysis (two technical 
replicates) to determine the presence of a glycan at position 276 on 426c WT Core (J) 
and on HxB2 WT Core (K). The quantity of material eluted from the beads after co-
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immunoprecipitation is shown in the middle of the pie charts, which are scaled relative to 
the amount of material pulled-down with mature VRC01. 
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Discussion   

A major challenge to the successful maturation of the germline forms of VRC01 Abs 

toward their broadly neutralizing forms is the steric hindrance imposed by glycan 

molecules present on the conserved loop D 276 NLGS. As the present germline-targeting 

Env-based immunogens are designed to specifically lack the 276 NLGS (Jardine et al., 

2013, 2015; McGuire et al., 2013, 2014, 2016; Medina-Ramírez et al., 2017), they are 

expected to preferentially activate BCRs that recognize the VRC01 epitope when N276-

associated glycans are absent. Efforts to guide the maturation of such Abs through 

sequential immunization with Env constructs also lacking 276 NLGS have so far met 

limited success (Briney et al., 2016; Tian et al., 2016). In the study by Tian et al., six 

different immunogens (only the fifth and sixth of which expressed N276-associated 

glycans were sequentially administered in a knockin mouse model that expresses both the 

human IGHV1–2*02 and the germline human IGKV3–20*01 genes. mAbs isolated at the 

end of the immunization efficiently neutralized autologous 426c viruses lacking the N276 

NLGS, and one Ab weakly neutralized the autologous 426c WT virus, which presumably 

had glycans occupying N276. The mechanism by which this mAb could bypass the 

N276-associated glycan was not reported (Tian et al., 2016). The study by Briney et al. 

was conducted in the same animal model we employed here, which we consider to be 

more stringent than the one employed by Tian, as only the glVRC01 HC is knocked in. 

Thus, in this model, the immunogens must first activate the rare B cells that also express 

a VRC01-like LC; i.e., one with 5 AA CDRL3s. Three different immunogens were 

administered sequentially, all three lacking N276-associated glycans. The Abs isolated at 

the end of immunization efficiently neutralized heterologous viruses lacking N276-
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asociated glycans, and one Ab neutralized a tier 2 heterologous virus, although it is 

unclear whether all the virion associated Envs express N276-associated glycans and 

whether and how this particular Ab bypassed the N276 glycan on this virus but not on the 

other viruses tested (Briney et al., 2016). 

Here, we tested an alternative immunization scheme during which the prime 

immunization with the 426c Core germline-targeting immunogen is immediately 

followed by an immunization with a heterologous Core that expresses N276-associated 

glycans. This scheme was selected because we observed that a fraction of the VRC01-

like Abs elicited by the 426c Core immunogen display weak binding to heterologous 

Cores with N276 glycans. Indeed, the boost immunization improved the ability of the 

elicited VRC01-like Abs to bypass the N276-associated glycans. Our observations are in 

agreement with reports by Escolano et al. (2016, 2019), where germline PGT121 BCRs 

were activated upon immunization with very low-affinity Env-derived immunogen. 

The 426c Core immunogen selects for VRC01-like Abs with key features. The 

H35N mutation in the CDRH1 domain leads to an increased stability between the 

CDRH1 and CDRH3 domains of the HC, whereas the selection of the Glu96LC allows for 

the formation of a hydrogen bond with Gly459gp120 at the N terminus of the V5 region 

(West et al., 2012; Zhou et al., 2013). Our data indicate that, within the 5 AA long 

CDRL3 domains, the presence of Glu96LC appears to be important for the Ab interactions 

with autologous and heterologous Core proteins. LCs with 5 AA long CDRL3s are 

identifiable from naive B cells in this mouse model. However, we have not yet identified 

LCs with 5 AA long CDRL3 containing a Glu96LC in the BCR repertoire analysis of 

naive B cells from the unimmunized mice. Either these LCs are present at extremely low 
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frequencies and our germline-targeting immunogen selects for them, or Glu96LC is the 

result of SHM and subsequent selection in the germinal center following immunization 

with the 426c Core immunogen. 

The majority of mouse VRC01-like Abs elicited by the 426c Core, and which 

were subsequently boosted by the HxB2 WT Core, express LCs derived from the mouse 

k8–30*01 VL gene (Figures 3.1C and Supplemental Figure 3.4B), similar to what was 

previously reported during eOD-GT8-based immunizations in this same mouse model 

(Briney et al., 2016; Jardine et al., 2015). As a result, their CDRL1 are 17 AA’s long 

(Figures 3.2 and Supplemental Figure 3.4B). Most mature human VRC01 mAbs express 

shorter CDRL1s (7–11 AA long, per Kabat numbering), which sometimes contain 

flexible glycine residues (Zhou et al., 2013). These CDRL1 features are believed to be 

necessary for the Ab LCs to accommodate the N276-associated glycans (Zhou et al., 

2013). However, several glVRC01-class Abs isolated from naive B cells using eOD-GT8 

as a bait express longer CDRL1s (Havenar-Daughton et al., 2018; Jardine et al., 2016). 

One of them, VRC01c-HuGL2, recognizes eOD-GT8 in a manner similar to mature 

VRC01 (Jardine et al., 2016) and has a CDRL1 almost identical in AA sequence as the 

one present in the mouse VRC01 Abs described here (Figure 3.2).  

As compared to the rest of the VL domains, the CDRL1 regions appear to be 

under intense selective pressure to accumulate negatively charged AA’s (Supplemental 

Figure 3.4B). For instance, in most sequences, Lys30LC is replaced by a glutamic acid 

and additional negatively charged AA’s (Asp or Glu) are also introduced in that same 

general region of CDRL1. Although we were able to confirm that the mouse VRC01-like 

Abs elicited by our vaccination strategy recognize the VRC01 epitope in the presence of 
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N276-associated glycans, the disordered CDRL1 structures limit our understanding on 

how the introduction of negatively charged aa’s allow these LCs to accommodate these 

glycans. Affinity maturation of the Abs outside of the CDRL1 region may have 

compensated for the entropic cost of binding in the presence of the N276-associated 

glycan as has been observed in the VRC08 Ab lineage, which has a long rigid CDRL1 

(Bonsignori et al., 2018). VRC01-like Abs that do not express k8–30*01-derived VL 

domains were also isolated after the prime immunization (Supplemental Figure 3.4B). 

These express shorter CDRL1 domains (10–11 AA’s), but in contrast to the k8–30*01-

expressing Abs, they were not mutated from germline, nor did they contain Glu96. So far, 

the neutralizing activities of mAbs isolated following the prime-boost immunization are 

evident against the 426c-derived virus lacking the 276 NLGS and against the 

heterologous CH0505TF-derived virus that not only lacks the N276 NLGS but also V5-

associated NLGS (positions 461/462) (Supplemental Table 3.2). The observation that the 

D279K mutation abolished the neutralizing activity of mouse VRC01-like Abs indicates 

that this activity is indeed targeting the VRC01 epitope. In that case, the absence of V5-

associated NLGS appears to be required for neutralization. In all cases, the potency of 

neutralization was higher when the target virus was expressed in 293 GnTI−/− cells, an 

indication that the mouse VRC01-like Abs have not yet accumulated the necessary 

mutations to accommodate complex glycans surrounding the CD4-BS. Presently, it is 

unknown whether further maturation of the mouse VRC01-like Abs toward their broad 

neutralizing activities will be delayed by the presence of long CDRL1 domains. 

Although approximately 0.08% of B cells express glVRC01-like BCRs in the 

mouse model employed here (as compared to approximately 0.01% in humans), 
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approximately 80% of the B cells express the already rearranged VDJ germline HC 

VRC01 chain (Jardine et al., 2015). It will therefore be important to evaluate the prime-

boost immunization protocol discussed here, at more physiological frequencies of target 

B cells. Such experiments would most likely require adoptive transfer of target B cells 

into a WT animal, as recently reported (Abbott et al., 2018; Dosenovic et al., 2018). 

The data presented here inform how VRC01-class Ab responses may be generated 

during natural HIV-1 infection. It suggests that although viral Env species that initiated 

the expansion of precursor VRC01-class BCRs in the context of infection may either lack 

N276-associated glycans or have short N276-associated glycans, the subsequent viral 

Envs that guide the maturation of these Abs to bypass the N276-associated glycans most 

likely express glycans at N276. Indeed, sequence analysis of viral Envs in patient 45 

(Lynch et al., 2015), from which VRC01 was isolated from (Wu et al., 2010), indicate the 

early presence of viral variants lacking N276-associated glycans, which were gradually 

replaced by viral Env variants expressing N276-associated glycans. Also, the recent 

report by Umotoy et al. (2019) suggests that in the context of HIV-1 infection the 

development of VRC01 bnAbs may benefit from an early B cell response to Envs with 

N276-associated glycans. In this last study, VRC01-class lineages with preferred 

reactivity in the presence of N276-associated glycans were also identified. 

Our study informs on how to guide the maturation of glVRC01-class Abs during 

immunization, so that the immunogens employed during the boost select for Abs with 

mutations that allow them to accommodate the N276-associated glycan. As such, our 

results are relevant to current and upcoming clinical trials that evaluate the ability of 

germline-targeting immunogens to elicit cross-reactive VRC01-class Ab responses. 
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Methods 

Lead contact and materials availability  

Further information and requests for reagents should be directed to and will be fulfilled 

by Leonidas Stamatatos (lstamata@fredhutch.org). All reagents generated in this study 

can be made available upon request through Materials Transfer Agreements.  

 

Experimental model and subject details  

Immunizations were performed in the glH-VRC01 mouse (Jardine et al., 2015). It is 

heterozygous for the transgene (glVRC01 HC with the CDRH3 found in the mutated Ab) 

and only expresses mouse LCs. The Fred Hutch Institutional Animal Care and Use 

Committee approved all mouse studies. Mice were 6–12 weeks old at the beginning of 

the studies. Both male and female mice were included in these studies. Mice were 

immunized intramuscularly with a dose of 60 ug of protein and 60 ug of poly(I:C) 

(InvivoGen, Cat# tlrl-pic-5) split between the rear hind legs or with 50 ug of protein and 

50 ul of GLA-LSQ (IDRI). Blood was collected retro-orbitally during immunization and 

via a cardiac puncture 2 weeks following the last immunization, at which time spleen and 

LNs were also harvested. Spleen and LNs were processed into a single cell suspension 

separately, frozen in FBS + 10% DMSO and stored in liquid nitrogen until further use. 

Blood, spleens and LNs were also isolated from non-immunized animals.  

 

Protein expression and purification 

Recombinant Env proteins expressed in nanoparticle (Ferritin or C4b-based) and NFL 

forms were expressed and purified as previously described (Guenaga et al., 2015; 
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McGuire et al., 2016). Briefly, Envs were produced in 293E or 293F. Cell supernatants 

were purified by lectin affinity chromatography (Galanthus nivalis, Vector Labs), then 

subjected to Superdex 200 size exclusion chromatography (GE Healthcare). Ferritin 

nanoparticles underwent two rounds of size exclusion chromatography, first on a 

Superose 6 10/300GL column and then on a HiLoad 16/600 Superdex 200pg column. 

Soluble trimeric SOSIP-based Envs were expressed and purified as previously described 

(Borst et al., 2018). In short, Env-expressing and furin-expressing plasmids were 

cotransfected (at 5:1 DNA ratio) into 293E cells. The Envs were purified from the cell 

supernatants using a Ni-affinity column followed by a Streptactin affinity column. 

Proteins were then subjected to enzymatic cleavage to remove the his-tag. Monomeric 

proteins were produced by transfecting 293E or GnTI−/− cells with Env encoding 

plasmid. Cells are cultured for 6 days at 37°C, 5% CO2, 80% humidity, and shaking at 

125 RPM. Cells were centrifuged for 3000 RPM for 30 minutes and the supernatant 

sterile filtered through at 0.22 uM filter. Protein was purified by passing the cellular 

supernatant over a 5ml Fast Flow HisTrap column (Fisher Sci, Cat # 45000326). The 

eluted protein was purified on SEC as described above. 

Core CD4-BS KO Env constructs contain the D368R and E370A mutations, while 

the eODGT8 KO contains the D368R mutation and the AAs at positions 276–279 have 

been mutated to “NFTA.” 

 

Flow cytometry 

Spleen and lymph node samples were thawed in a 37°C water bath until a smallice pellet 

remained in the tube and warm RPMI was then added dropwise. B cells wereisolated 
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using a mouse B cell isolation kit (EasySep, Cat#: 19854). If the antigen-specific cells 

were infrequent, an antigen enrichment protocol was used during which tetramers and 

decoys were first added to the cells and then anti-PE microbeads (Miltenyi Biotech Cat#: 

130–048-801) and anti-APC microbeads (Miltenyi Biotech Cat#: 130–090-855) were 

added. Stained cells were then flowed over LS Columns (Miltenyi Biotec Cat#: 130–042-

401) to separate the antigen-specific cells from the non-antigen specific. The B cells were 

then stained with a combination of the following Abs: IgG1 FITC (BD Biosciences Cat#: 

553443), IgG2b FITC (BD Biosciences Cat#: 553395), IgG2c FITC (Bio-Rad Cat#: 

STAR135F), IgG3 FITC (BD Biosciences Cat#: 553403), IgD PerCP-Cy5.5 (Biolegend 

Cat#: 405710), GL7 eFluor 450 (Thermo Fisher Scientific Cat#: 48–5902-80), 

eBioscience Fixable Viability Dye eFluor 506 (Thermo Fisher Scientific Cat#: 65–0866-

14), CD3 BV510 (BD Biosciences Cat#: 563024), CD4 BV510 (BD Biosciences Cat#: 

563106), Ly-6G/Ly-6C BV510 (BD Biosciences Cat#: 563040), F4/80 BV510 (BD 

Biosciences Cat#: 123135), IgM BV605 (Biolegend Cat#: 406523), B220 BV786 (BD 

Biosciences Cat#: 563894), CD38 AF700 (Thermo Fisher Scientific Cat#: 56–0381-82), 

CD19 BUV395 (BD Biosciences Cat#: 563557) or CD19 BV650 (BD Biosciences Cat#: 

563235).The cells were stained with either 426c DMRS Core/426c DMRS DREA 

(D368R and E279A) Core or eOD-GT8/eODGT8 KO tetramers to select for Env specific 

and CD4-BS specific B cells. Tetramers were made by combining biotinylated Env with 

Streptavidin conjugated to either a PE or APC fluorophore (Prozyme, PJFS25 and 

PJ27S). From the groups of immunized mice, only samples from animals which showed 

eOD-GT8 plasma cross-reactivity were used for sorting. 
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Single B cell sorting 

Naive, antigen-specific B cells were sorted as CD3−, CD4−,Gr-1−, F4/80−, B220+, 

CD19+, antigen+/antigen KO−. Class-switched IgG B cells from immunized animals 

were sorted based on the following markers: CD3−, CD4−, Gr-1−, F4/80−, B220+, 

CD19+, IgG1+, IgG2b+, IgG2c+, IgG3+, antigen+/antigen KO-. Individual B cells were 

sorted using the FACS ARIA II into a 96 well plate containing 20 ul of lysis buffer (20 U 

of RNase out (Thermo Fisher Scientific, Cat#: 10777019), 5 ul 5X Superscript IV RT 

buffer, 1.25 ul of 0.1M DTT, 0.625 ul of 10% Igepal, 13 ul nuclease free H20) in each 

well. Plates with the sorted cells were stored at −80°C until further processing.  

 

PCR amplification and sequencing of VH and VL genes 

RNA was reverse transcribed to cDNA. For the reverse transcription reaction, 0.1 ul of 

Random Primers (3ug/ul, ThermoFisher Scientific Cat#: 48190011), 2 ul 10mM 

GeneAmp dNTP Blend (ThermoFisher Scientific, Cat#: N8080261), 1 ul SuperScript IV 

RT (200 U, ThermoFisher Scientific Cat#: 18090200), and 2.9 ul of nuclease free H20 

was added to the wells containing lysed cells. The reaction was run on a thermocycler for 

10 minutes at 42°C, 10 minutes at 25°C, 60 minutes at 50°C, and 5 min at 94°C. 

Following reverse transcription, the cDNA was diluted 1:2. Two rounds of PCR were 

employed to amplify both VH and VL genes. Each PCR reaction contains: 7 ul of cDNA, 

2.4 units of HotStar Taq Plus (QIAGEN, Cat#: 203607), 240 nM of 5′ and 3′ primer, 350 

uM GeneAmp dNTP Blend (ThermoFisher Scientific, Cat#: N8080261), 4 ul of 10X 

buffer, and 27.8 ul nuclease free H20. All primers and cycling conditions can be found in 

Tables S3 and S4. After the second round of PCR, samples were subjected to 
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electrophoresis on a 1.5% agarose gel containing 0.1% Gel Red Nucleic Acid Stain 

(Biotium, Cat#: 41002). cDNA was purified using the enzyme ExoSap-IT (Affymetrix, 

Cat#: 78201). The purification reaction contained 5 ul of second round PCR product and 

2 ul of ExoSap-IT. This reaction was run on a thermocycler for 15 min at 37°C followed 

by 15 min at 80°C. Following enzymatic purification, 5 ul of 5 uM second round 5′ 

primer was added to the sample and 3 ul of nuclease free water. Samples underwent 

sanger sequencing to identify the DNA sequence (Genewiz, Seattle, WA). Upon 

receiving the sequence, IMGT/V-QUEST was used to assign V, D, and J gene identity to 

the sequences and CDRL3 length (Brochet et al., 2008; Giudicelli et al., 2011). 

Sequences were included in the analysis (Supplemental Figure 3.2) if they had an 

identifiable CDR3 region. AA mutations were identified by aligning the VH/VL gene 

sequences to the corresponding germline genes (IMGT Repertoire) using the Geneious 

Software (Version 8.1.9). For VL, mutations were counted beginning at the 5′ end of the 

V-gene to the 3′ end of the FW3. For VH, mutations were counted beginning at the 5′ end 

of the V-gene to the end of the KI gene. See Figure S3.4 for sequence alignments. To 

quantify the number of AA mutations, the sequence alignments were exported from 

Geneious and imported into R (Version 3.4.1) for analysis (R Core Team, 2018). This 

analysis uses the packages Biostrings (Pages et al., 2018), seqinr (Charif and Lobry, 

2007), and tidyverse (Wickham, 2017). The sequences and code for this analysis can be 

found here: https://github.com/krparks/glVRC01_sequential_immunization. 

 

VH and VL cloning and Ab expression 
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Gene-specific PCR was used to amplify the DNA product from the first round PCR using 

primers designed to anneal to the gene of interest as well as add ligation sites to facilitate 

insertion of the DNA fragment into the human IgG1 vector [ptt3 k for kappa (Snijder et 

al., 2018), and PMN 4–341 for gamma (Mouquet et al., 2010)]. Each gene specific PCR 

reaction contained 0.5 ul each of 10 uM 5′ and 3′ primer, 22.5 ul Accuprime Pfx 

Supermix (Cat#: 12344040), and 1.5 ul of 1st or 2nd round PCR product. The gene-

specific PCR product was infused into the cut IgG1 vector in a reaction containing 12.5 

ng of cut vector, 50 ng of insert, 0.5 ul of 5X Infusion enzyme (InFusion HD Cloning Kit, 

Cat#: 639649), and nuclease-free water to bring volume to 2.5 ul. The entire reaction was 

used to transform competent E. coli cells and plated on agar plates containing ampicillin. 

In some cases, gBlocks were synthesized to make the VH or VL containing plasmid 

(GenScript). 60 ng of glBlock was added to 15 ng of cut vector and 0.5 ul of 5× In-

Fusion enzyme (Takara, Cat#: 1805251A). This reaction was run on the thermocycler for 

15 min at 50°C. The entire reaction was used to transform competent E. coli cells (New 

England Biolabs, Cat#: C2987HI) and plated on agar plates containing ampicillin. Once a 

colony containing the insert sequence was identified, it was grown in LB broth containing 

ampicillin. DNA was prepared using QIAprep Spin Miniprep Kit (QIAGEN, Cat#: 

27106). Equal amounts of heavy and LC DNA and 293F transfection reagent (Millipore 

Sigma, Cat#: 72181) were used to transfect 293E cells. 5–7 days post transfection cell 

supernatants were collected, and the Abs were purified using Pierce Protein A agarose 

beads (Thermo Fisher Scientific, Cat#: 20334). The Abs were eluted using 0.1 M Citric 

Acid into a tube containing 1 M Tris. The Abs were buffer exchanged into 1XPBS using 

an amicon centrifugal filter. 



	138	

To make Fabs, the IgG was cleaved overnight at 37°C to generate antigen binding 

fragment (Fab) with Endoproteinase Lys-C (NEB). To remove undigested IgG and IgG 

Fc fragments, the mixture was incubated with Protein A Agarose Resin for 1 hour at 

room temperature. Beads were washed with 1X PBS to remove excess Fab. Fab was 

further purified on SEC using a HiLoad 16/600 Superdex 200 pg (GE) column. 

 

Protein Production for structural studies 

P-p1f1Fab and eOD-GT8 (PDB ID: 6P8N)  

eOD-GT8 was expressed in HEK293S GnTI−/− cells. Cells were cultured in suspension 

and transfected using 500 μg eOD-GT8 plasmid with 293 Free Transfection Reagent 

(Novagen) in 1 L. After 6 days, cells were centrifuged at 4,500 rpm for 20 min and 

supernatant was filter-sterilized. A His-tag was utilized for purification by adding His60 

Ni-Superflow Resin (Takara, Cat #:636660) in the supernatant at 4°C overnight. Ni Resin 

was washed with a solution of 150mM NaCl, 20 mM Tris pH 8.0, 20 mM Imidazole pH 

7.0 and eluted with a solution of 300 mM NaCl, 50 mM Tris pH 8.0, 250 mM Imidazole 

pH 7.0. Protein was further purified using SEC as previously described. 

Complexes of eOD-GT8 and P-p1f1Fab were made by mixing equal molar ratio 

of both proteins for 1 hour at room temperature. Complexes were then mixed with Endo 

H (NEB, Cat#: P0702S) for 1hour at 37°C. SEC was used to remove any uncomplexed 

protein and Endo H. Complexes were concentrated to ~10 mg/mL for crystallization 

trials.  

P-p3b3Fab and 426c Core (PDB ID: 6P8M) 
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P-p3b3Fab crosslinked to 426c Core was expressed in HEK293S GnTI−/− cells. Cells 

were cultured in suspension and transfected with equal parts of 426c Core G459C, P-

p3b3Fab-A60C HC, and P-p3b3 LC plasmids (500 μg total/L) as previously described 

(Borst et al., 2018). Complexes were purified with a His tag on the Fab HC C terminus 

followed by SEC to remove nonspecific proteins and excess unliganded Fab. An SDS gel 

was run on the complex to confirm the disulfide bond formation between the P-p3b3Fab 

and the 426c Core.  

Complexes were treated with EndoH (New England Biolabs, Cat#: P0702S) for 

1hr at 37°C and run on SEC to remove Endo H. Complexes were concentrated to ~10 

mg/mL for crystallization trials. 

 

Crystallization 

Crystallization conditions were screened and monitored with an NT8 drop setter and 

Rock Imager (Formulatrix). Screening was done with Rigaku Wizard Precipitant Synergy 

block no. 2 (MD15-PS-B), Molecular Dimensions Proplex screen HT-96 (MD1–38), and 

Hampton Research Crystal Screen HT (HR2–130) using the sitting drop vapor diffusion 

method. P-p1f1fab + eOD-GT8 crystals were further optimized with hanging drop trays 

using vapor diffusion method. Final crystals for P-p1f1Fab + eODGT8 were grown in 

22.5% PEG 3350, 13.5% Isopropanol, 0.18M Ammonium Citrate pH 4.0. Final crystals 

for P-p3b3Fab + 426c Core were grown in 0.67% PEG 4000, 0.67M Ammonium Citrate 

pH 5.5. P-p1f1Fab + eOD-GT8 crystal were cryo protected in a solution of 20% molar 

excess of the crystallization condition and 20% Ethylene Glycol. P-p3b3Fab + 426c Core 

were cryoprotected in the original crystallization condition. P-p3b3Fab + 426c Core and 
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P-p1f1Fab + eOD-GT8 were sent to ALS 5.0.2 and diffraction data was collected to 3.59 

Å and 3.2 Å respectively. Data were processed using HKL2000 (Otwinowski and Minor, 

1997). 

 

Structure solution and refinement 

The structure of P-p1f1Fab + eOD-GT8 was solved by molecular replacement using PDB 

ID: 4JPK as a search model in Phaser in Phenix. The structure of P-p3b3Fab + 426c Core 

was solved by molecular replacement using PDB ID: 6MFT as a search. The structures 

were further refined with COOT  (Emsley and Cowtan, 2004) and Phenix (Adams et al., 

2004). The refinement statistics are summarized in Supplemental Table 3.1. 

 

ns EM 

The 426c WT DS-SOSIP/B-p1b5 complex was formed by co-incubating B-p1b5 Fab to 

426c WT DS-SOSIP trimer at a 2:1 B-p1b5:gp120 monomer ratio (alternatively referred 

to as 6:1 B-p1b5 trimer ratio) ratio for 10 minutes at 4°C. Samples treated with 

glutaraldehyde were cross-linked in 0.25% GTA for 45 s followed by quenching with 1M 

Tris, followed by purification of bound complexes via a Superdex 200 10/300 GL 

Increase column. 426c WT DS-SOSIP/B-p1b5 Fab complexes examined in this study (3 

μL) were negatively stained at a final concentration of 0.010 mg/mL using Gilder Grids 

overlaid with a thin layer of carbon and 2% uranyl formate (Electron Microscopy 

Sciences, Cat#: 22451) as previously described (Veesler et al., 2014). Data were collected 

on an FEI Technai 12 Spirit 120kV electron microscope equipped with a Gatan Ultrascan 

4000 CCD camera. A total of ~300 images were collected per sample by using a random 
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defocus range of 1.1–2.0 μm with a total exposure of 45 e−/A2. Data were automatically 

acquired using Leginon (Suloway et al., 2005) and data processing was carried out using 

Appion (Lander et al., 2009). The parameters of the contrast transfer function (CTF) were 

estimated using CTFFIND4 (Mindell and Grigorieff, 2003), and particles were picked in 

a reference-free manner using DoG picker (Voss et al., 2009). Particles were extracted 

with a binning factor of 2 after correcting for the effect of the CTF by flipping the phases 

of each micrograph with EMAN 1.9 (Ludtke et al., 1999). The GTA cross-linked 426c 

WT DS-SOSIP B-p1b5 Fab stack was pre-processed in RELION/2.1 (Kimanius et al., 

2016; Scheres, 2012a, 2012b) with an additional binning factor of 2 applied, resulting in 

a final pixel size of 6.4 Å. Resulting particles were sorted by reference-free 2D 

classification over 25 iterations. The best particles were chosen for 3D classification into 

2 classes using C1 symmetry in RELION/2.1 (Kimanius et al., 2016). The best class of 

particles were refined using Relion/3.0 (Zivanov et al., 2018). 

 

BLI 

Ab binding to recombinant Env proteins was determined using BLI on the Octet Red 96 

(ForteBio, Inc, Menlo Park, CA), as previously described (Yacoob et al., 2016). Briefly, 

anti-human Fc capture biosensors (ForteBio, Cat#: 18–5063) were activated by 

immersion into 1× Kinetics Buffer (1× PBS, 0.1% BSA, 0.02% Tween-20, 0.005% 

NaN3) for 10 minutes. Abs were loaded onto an anti-human Fc capture probe at 20 

ug/ml. The probes were then dipped into solutions containing recombinant Env: 2 uM for 

monomeric gp120-derived Envs or 1 uM for C4b and trimeric Env (SOSIP or NFL 

designs). Parameters for all BLI assays were: 30 s of baseline measurement, 240 s to load 
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the Ab onto the anti-human Fc capture probe, 60 s of baseline measurement, 300 s of 

association, 300 s of dissociation. All measurements of Env-Ab binding were corrected 

by subtracting the background signal obtained from Env traces generated with an 

irrelevant negative control IgG. 

Kinetic analyses were performed by BLI as described above using recombinant 

Fabs loaded onto FAB2G biosensors (ForteBio, Cat#: 18–5126) (@ 40 ug/ in 1XPBS) 

and 2-fold dilutions of envelope monomers (ranging from 50 uM - 391 nM), and by 

extending the dissociation phase of binding to 600 s. Curve fitting was used to determine 

relative apparent Ab affinities for envelope using a 1:1 binding model and the data 

analysis software (ForteBio). Mean kon, koff, and KD values were determined by 

averaging all binding curves within a dilution series having R2 values of greater than 

95% confidence level. 

 

ELISAs 

Plasma samples were heated inactivated at 56°C for 1 hour, centrifuged at 13,000 for 10 

min and stored at 4°C or −20°C. ELISAs were done in either a half-area 96 well or 384 

well plate format. For a 384 well plate ELISA, 30 ul of protein at 0.1 uM in coating 

buffer (0.1M sodium bicarbonate, pH: 9.4–9.6) was added to each well and incubated a 

room temperature overnight. Plates were washed 4× with ELISA wash buffer (1XPBS + 

0.2% Tween-20). 80 ul of blocking buffer (1X PBS + 10% non-fat milk + 0.03% 

Tween20) was added to the plates and they were incubated at 37°C for 1–2 hours. Plates 

were then washed 4× with ELISA wash buffer. Plasma was diluted 1:10 in blocking 

buffer and diluted 1:3 across or down the plate. His tag control started at 1 μg/ml. The 
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plates were incubated for 1 hour at 37°C. The plates were washed 4× with ELISA was 

buffer. 30 ul of secondary Ab was added to each well. The plates were incubated for an 

hour at 37°C. Plates were washed 4× with ELISA wash buffer. Following washing 30 ul 

of SureBlue Reserve TMB Microwell Peroxidase Substrate: KPL (Cat #: 53–00-02) was 

added to each well. The plates were incubated for 5 minutes at room temperature. 30 ul of 

1N H2SO4 was added to each well. Plates were read immediately on the SpectraMax M2 

microplate reader (Molecular Devices) at 450 nm. Blank wells were used to subtract the 

background signal in the analysis. 96 well plate ELISAs followed a similar protocol but 

used 50 ul of volume for the coating of protein, dilution volumes, secondary Ab volume, 

and development steps. 120 ul of blocking buffer was used to block the plates. 

 

Neutralization assays 

Neutralizing Ab activity was measured in 96-well culture plates by using Tat-regulated 

luciferase (Luc) reporter gene expression to quantify reductions in virus infection in 

TZM-bl cells. TZM-bl cells were obtained from the NIH AIDS Research and Reference 

Reagent Program, as contributed by John Kappes and Xiaoyun Wu. Assays were 

performed with HIV-1 Env-pseudotyped viruses as described previously (Montefiori, 

2009). For the assays, mAbs were used at 100 ug/ml or the highest concentration 

possible. Samples were then diluted over seven 3-fold dilutions and preincubated with 

virus (~150,000 relative light unit equivalents) for 1 hr at 37°C before addition of cells. 

Following an additional 48 hr incubation, cells were lysed and Luc activity determined 

using a microtiter plate luminometer and BriteLite Plus Reagent (PerkinElmer, Cat#: 

6066766). Neutralization titers are the Ab concentration at which relative luminescence 
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units (RLU) were reduced by 50% compared to RLU in virus control wells after 

subtraction of background RLU in cell control wells. 

 

Immunoprecipitation  

Purified recombinant IgGs were covalently coupled to MyOne Tosylactivated Dynabeads 

(Thermo Fisher Scientific, Cat#: 65501). Coupling and Env immunoprecipitation were 

carried out according to the manufacturer’s protocol. Briefly, 5 mg of Env produced in 

HEK293S GnTI−/− were incubated with 200 μg of IgG-beads for 30 min. The IgG-Env 

protein complexes were then precipitated using magnetic separation and washed 3–4× 

before performing acidic elution and pH neutralization of the bound material. Env-

samples of the original input of 426c WT Core or HxB2 WT Core, and bead-

bound/eluted and unbound fractions were subjected to SDS gel electrophoresis under 

reducing conditions. A sample of the bound fractions were subjected to LC-MS/MS 

analysis or used for BLI. 

 

Mass spectrometry 

For analysis of the NLGS profile of the crosslinked 426c WT Core-P1B5 complex, 250 

pmol of sample was denatured, reduced, and alkylated by dilution to 5 μM in 50 μL of 

buffer containing 100 mM Tris (pH 8.5), 10 mM Tris (2-carboxyethylphosphine (TCEP), 

40 mM iodoacetamide or 40 mM iodoacetic acid, and 2% (wt/vol) sodium deoxycholate. 

Samples were first heated to 95°C for 5 min and then incubated for an additional 25 min 

at room temperature in the dark. The samples were digested with trypsin (Thermo Fisher 

Scientific, Cat#: 90057), by diluting 20 μL of sample to a total volume of 100 μL of 
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buffer containing 50 mM ammonium bicarbonate (pH 8.5). Trypsin was added in a ratio 

of 1:50 (w/w) before incubation at 37°C overnight. Subsequently, 2 μL of formic acid 

was added to precipitate the sodium deoxycholate from the solution. Following 

centrifugation at 17,000 × g for 25 min, 85 μL of the supernatant was collected and 

centrifuged again at 17,000 × g for 5 min to ensure removal of any residual precipitated 

deoxycholate. 80 μL of this supernatant was collected. For each sample, 8 μL was 

injected on a Thermo Scientific Orbitrap Fusion Tribrid mass spectrometer. A 35 cm 

analytical column and a 3 cm trap column filled with ReproSil-Pur C18AQ 5 μM (Dr. 

Maisch) beads were used. Nanospray LC-MS/MS was used to separate peptides over a 90 

min gradient from 5% to 30% acetonitrile with 0.1% formic acid. A positive spray 

voltage of 2100 was used with an ion transfer tube temperature of 350°C. An electron-

transfer/higher energy collision dissociation ion-fragmentation scheme was used with 

calibrated charge-dependent entity-type definition parameters and supplemental higher 

energy collision dissociation energy of 0.15 (Frese et al., 2013). A resolution setting of 

120,000 with an AGC target of 2 × 105 was used for MS1, and a resolution setting of 

30,000 with an AGC target of 1 × 105 was used for MS2. Data were searched with the 

Protein Metrics Byonic software, using a small custom database of recombinant protein 

sequences including the proteases used to prepare the glycopeptides (Bern et al., 2012). 

Reverse decoy sequences were also included in the search. Specificity of the search was 

set to C-terminal cleavage at R/K (trypsin), allowing up to three missed cleavages, with 

EthcD fragmentation (b/y- and c/ztype ions). We used a precursor mass and product mass 

tolerance of 12 ppm and 24 ppm, respectively. Carbamidomethylation of cysteines was 

set as fixed modification, carbamidomethylation of lysines was set as a variable 
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modification, methionine oxidation as variable modification, and a concatenated N-linked 

glycan database (derived from the four software-included databases) was used to identify 

glycopeptides. All analyzed glycopeptide hits were manually inspected to ensure their 

quality and accuracy. Semi quantitative LC-MS/MS of P-p3b3, B-p1b5 and VRC01-

immunoprecipitation experiments were performed using Skyline (MacLean et al., 2010) 

with peak integration and LC-MS/MS searches imported from Byonic, as previously 

described (Borst et al., 2018). Missed cleavages and post-translational modifications 

listed above for qualitative LC-MS/MS searches were included in the quantification of 

glycopeptides. All MS1 peak areas used for integration were manually inspected. Each 

fraction was performed as part of two technical replicates and was subsequently 

averaged. Calculations and plots for glycoform enrichment graphs were generated by 

subtracting the relative signal values of the input Core fraction from the unbound or 

bound Core fractions.  

 

Quantification and statistical analysis  

Mean and standard deviations were calculated using R (Version 3.4.1). Statistical 

analyses were calculated using R (Version 3.4.1) (R Core Team, 2018) and GraphPad 

Prism. Descriptions of the statistical methods used for each dataset are described in the 

figure legends. The tidyverse packages (Wickham, 2017) were used in R to manipulate 

data and create graphs in addition to GraphPad Prism.  

 

Data and code availability  
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The sequences of mAbs reported here have been deposited on GenBank and in the 

GitHub respository: https://github.com/krparks/glVRC01_sequential_immunization. The 

accession numbers of the mAb sequences are GenBank: MN087228 - MN087315 

(Supplemental Table 3.5). Multimeric and monomeric heterologous Env sequences have 

been deposited on GenBank, accession numbers GenBank: MN179660-MN179671 

(Supplemental Table 3.5). Coordinates and structure factors have been deposited on the 

Protein Data Bank under PDB: 6P8N and PDB: 6P8M. Raw and analyzed Mass 

Spectrometry data have been deposited on PRIDE. The accession number for the mass 

spectrometry data is PRIDE: PXD015168. 
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Supplemental figures 

 

 
Supplemental Figure 3.1. Plasma Ab responses elicited by the 426c Core, 426c WT 
gp120 and 426c DS-SOSIP immunogens. Binding curves of plasma Abs to eOD-GT8 
(A) and eOD-GT8 KO (B) from the same animals shown in Figure 1A, immunized with 
426c Core Fer (black)- or C4b (gray)-based nanoparticle forms. ELISA curves shown 
here are representative of at least two biological replicates per group. (C) Plasma Abs 
from four animals (13-16) immunized with the 426c DS-SOSIP D3 were tested for 
binding to the 426c Core (gray), 426c Core KO (black), or eOD-GT8 (red). ELISA 
curves are representative of 1-2 technical replicates. (D) Plasma Abs from three animals 
(9-11) immunized with 426c WT gp120 (C4b nanoparticle form) were tested for binding 
to 426c WT gp120 (black), eOD-GT8 (red) and 426c Core (gray). ELISA curves are 
representative of 1-2 technical replicates.  
  

B 

C D 

A 

eOD-GT8 KO eOD-GT8 
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Supplemental Figure 3.2. Characteristics of the HC and LC sequences from 
unimmunized and immunized animals. B cells were isolated from unimmunized (naïve 
B cells) and from immunized animals (following the prime and following the boost 
immunization) as discussed in detail in the Methods section. In the case of the 
unimmunized animals, spleens and LNs from 3 different animals were pooled and the B 
cells were then single-cell sorted. In the case of immunized animals, class-switched B 
cells were single cell sorted. The data following the prime are from three independent 
sorts and the data following the boost (prime+boost) are from two independent 
experiments. Data from animals immunized with C4b- or Ferritin-based nanoparticles 
and Poly (I:C) or GLA-LSQ are combined. (A) The total number of HC sequences and 
the (B) V-gene usage of the HC sequences. (C) The total number of LC sequences and 
the (D) LC V-usage. (E) Number of CDRL3 domains with the indicated lengths.  (F) 
Frequency of five AA long CDRL3 domains with and without a Glu at position 96.  
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Supplemental Figure 3.3. Binding kinetics of Ab Fabs isolated from mice immunized with 426c Core. BLI was used to determine 
affinity of Fabs for Env. Here we report kinetic values determined for each Fab for (A) 426c Core, (B) eOD-GT8, and the BLI traces 
used to determine these values (C, D). 
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Supplemental Figure 3.4. AA sequence of the isolated Abs. (A) AA alignment of the VH1-2*02 domains. The sequence of the 
knocked-in human glVRC01 gene is indicated at the top. (B) AA alignment of the mouse VL domains. The prefix ‘P’ indicates Abs 
isolated following the prime immunization, the prefix ‘B’ indicates Abs isolated following the boost immunization, and the prefix ‘N’ 
indicates Abs isolated from naïve animals. The sequences of the mouse genes from which the VL sequences were derived from are 
indicated. CDRs are highlighted in yellow in the reference sequences. 
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Supplemental Figure 3.5. Plasma Abs elicited by the 426c Core recognize 
heterologous wild type gp120 Core proteins. (A) Plasma from animals (n = 10 in each 
group) immunized with the 426c Core were tested for binding by ELISA against five 
heterologous WT gp120 Core proteins and their CD4-BS KO derivatives. Data is shown 
as a box plot. Statistical values compare the plasma Ab endpoint titer of the indicated 
Core proteins to their CD4-BS KO derivatives. Statistical significance was calculated 
using a paired t-test. One independent experiment was performed for each group. (B) AA 
alignment of the loop D and V5 loop sequences from these five Core proteins. The 
position of potential NLGS in these two envelope regions are in red text.  
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Supplemental Figure 3.6. Binding of mAbs isolated following the boost 
immunization to multimeric WT Core Env. BLI binding traces of the indicated mAbs 
isolated after the boost immunization to multimeric WT Core Env proteins (A-E). Data is 
representative of 1-2 technical replicates. 



	154	

 

 
Supplemental Figure 3.7. Binding kinetics of Ab Fabs isolated from naïve and immunized mice. BLI was used to determine 
affinity of Fabs for Env. Here we report kinetic values determined for each Fab for (A) 426c WT Core, (B) HxB2 WT Core, and the 
BLI traces used to determine these values (C, D). N.B. indicates no binding.  



	155	

Supplemental tables 

Supplemental Table 3.1. Data collection and refinement statistics for crystal 

structures. 
 

*Statistics	for	the	highest-resolution	shell	are	shown	in	parentheses.	

  

	 P-p1f1	with	eOD-GT8	 P-p3b3	with	426c	core	

Data	collection	 		 		

Space	group	 P22121	 C222	

Cell	dimensions			 	 	

				a,	b,	c	(Å)	 60.88,	92.41,	223.50		 146.80,	176.76,	108.57	

				α,	β,	γ		(°)		 90,	90,	90	 90,	90,	90	

Resolution	(Å)	 50.00-3.20	(3.26-3.20)*	 50.00–3.59	(3.65-3.59)*	

Rsym	or	Rmerge	 0.227	(1.089)*	 0.105	(0.573)*	

I/sI	 7.9	(1.6)*	 7.8	(1.08)*	

Completeness	(%)	 98.7	(99.7)*	 82.5	(75.8)*	

Redundancy	 6.2	(5.8)*	 2.8	(2.4)*	

	CC1/2	 0.970	(0.659)*	 0.990	(0.801)*	
	 	 	

Refinement	 	 	

Resolution	(Å)	 41.16-3.20	(3.31-3.20)*	 50.00-3.59	(3.72-3.59)*	

No.	unique	reflections	 20643	(1702)*	 11541	(469)*	

Rwork/Rfree	 22.6/28.7	(29.8/37.3)*	 23.3/26.9	(27.4/24.2)*	

No.	atoms	 8755	 5868	

				Protein	 8677	 5638	

				Water	 49	 12	

				Ligand	 29	 218	

B-factors	(Å2)		 65	 95	

				Protein	 65	 94	

				Water	 31	 42	

				Ligand	 104	 122	

R.m.s	deviations	 	 	

				Bond	lengths	(Å)		 0.005	 0.009	

				Bond	angles	(º)	 1.02	 1.09	

Ramachadran	Favored	%	 92.35	 93.79	

Ramachadran	Outliers	%	 0.00	 0.13	

MolProbity	all-atoms	

clashscore	
5.88	 5.38	

	 	 	

PDB	ID																			 6P8N	 6P8M	
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Supplemental Table 3.2. Neutralization of mAbs isolated following immunization 
 Prime Antibodies Boost Antibodies controls 

Virus 
Cell 

Type 

P-

p1f1 

P-

p1e7 

P-

p3a2 

P-

p3b3 

B-

p1c10 

B-

p1d12 

B-

p1f2 

B-

p1b5 

Mature 

VRC01 
glVRC01 

WT 426c 

293T >50 >50 >50 >50 >100 >100 >100 >100 1.7 na 

GnTI-

/- 

>50 >50 >50 >50 >100 >100 >100 32.05 0.08 >100 

426c D276, 

460, 463 

293T >50 >50 >50 28.09 16.80 18.34 0.17 0.04 <0.01 na 

GnTI-

/- 

1.36 0.36 1.84 0.45 0.04 0.04 0.01 0.01 0.01 0.642 

426c D276, 

460, 463 

D279K 

GnTI-

/- 

na na na na >50 >50 >50 >50 >25 na 

426c D276 

293T >50 >50 >50 >50 >50 >50 >50 0.64 0.20 na 

GnTI-

/- 

2.98 >50 3.46 1.62 0.89 1.25 >50 <0.02 <0.01 na 

426c D276 

D279K 

GnTI-

/- 

na na na na >50 >50 >50 >50 >25 na 

426c D460, 

463 

293T >50 >50 >50 >50 na na na na 0.29 na 

GnTI-

/- 

>50 >50 >50 >50 na na na na 0.03 na 

CH0505TF 

293T na na na na >100 >100 >100 >100 0.12 na 

GnTI-

/- 

na na na na >100 >100 >100 >100 <0.02 na 

CH0505TF 
293T na na na na >100 >100 >100 >100 <0.02 na 
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D197, 276, 

362, 

461/462  

GnTI-

/- 

na na na na >100 >100 >100 8.93 <0.02 na 

CH0505TF 

D197, 362, 

461/462 

293T na na na na >100 >100 >100 >100 <0.02 na 

GnTI-

/- 

na na na na >100 >100 >100 >100 <0.02 na 

CH0505TF 

D276, 362, 

461/462 

293T na na na na >100 >100 >100 >100 <0.02 na 

GnTI-

/- 

na na na na >100 >100 >100 2.21 <0.02 na 

CH0505TF 

D197, 276, 

362 

293T na na na na >100 >100 >100 >100 1.61 na 

GnTI-

/- 

na na na na >100 >100 >100 >100 <0.02 na 

HxB2  293T na na na >75 na na na >75 .081 na 

ana,	not	tested	
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Supplemental Table 3.3. Primers used to amplify HCs and LCs of murine antigen-
specific specific B cells.  
Name	 Sequence	 Forward/Reverse First/Second Heavy/Light Source 

5�	L-
Vκ_3	

TGCTGCTGCTCTGGGTTCCAG	 Forward First Light  (Tiller et 

al., 

2009) 5�	L-
Vκ_4	

ATTWTCAGCTTCCTGCTAATC	 Forward First Light 

5�	L-
Vκ_5	

TTTTGCTTTTCTGGATTYCAG	 Forward First Light 

5�	L-
Vκ_6	

TCGTGTTKCTSTGGTTGTCTG	 Forward First Light 

5�	L-
Vκ_6,8,9	

ATGGAATCACAGRCYCWGGT	 Forward First Light 

5�	L-
Vκ_14	

TCTTGTTGCTCTGGTTYCCAG	 Forward First Light 

5�	L-
Vκ_19	

CAGTTCCTGGGGCTCTTGTTGTTC	 Forward First Light 

5�	L-
Vκ_20	

CTCACTAGCTCTTCTCCTC	 Forward First Light 

3’	mCk	 GATGGTGGGAAGATGGATACAGTT	
	

Reverse First Light 

3’	BsiWI	
P-mJK01	

GCCACCGTACGTTTGATTTCCAGCTTGGTG	 Reverse Second Light 

3’	BsiWI	
P-mJK02	

GCCACCGTACGTTTTATTTCCAGCTTGGTC	
	

Reverse Second Light 

3’	BsiWI	
P-mJK03	

GCCACCGTACGTTTTATTTCCAACTTTGTC	
	

Reverse Second Light 

3’	BsiWI	
P-mJK04	

GCCACCGTACGTTTCAGCTCCAGCTTGGTC	
	

Reverse Second Light 

5�	
mVkappa	

	

GAYATTGTGMTSACMCARWCTMCA		
	

Forward Second Light 

5’	Mouse	
leader	

CTCTTCCTCCTGTCAGTAACTGAAGGTGTCC	
	

Forward First  Heavy N/A 

3�	KI	
Rev	

	

TGAGGAGACGGTGACCAGGGTGCC	
	

Reverse First/Second Heavy N/A 

5’	
glVRC01	

CAGGTGCAGCTGGTGCAGTCTGG	
	

Forward Second Heavy (Jardine 

et al., 

2015) 
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Supplemental Table 3.4. Cycling conditions used for PCR. 
Temperature	(C)	 Time		 	
94	 5	min	 	
94	 30	sec	

Repeat	50X	
X	(IgH	1st	round:	56,	IgH	2nd	
round:	60,	IgK	1st	round:	50,	IgK	
2nd	round:	45)		

30	sec	

72	 55	sec	
72	 10	min	 	
4	

Infinity	
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Supplemental Table 3.5 GenBank accession numbers. 
Sequence GenBank Accession Number 

N-p4a9 light chain MN087228 

N-p3g9 light chain MN087229 

P-p1h2 light chain MN087230 

P-p1g2 light chain MN087231 

P-p1e5 light chain MN087232 

P-p1e3 light chain MN087233 

P-p1d3 light chain MN087234 

P-p1d1-C light chain MN087235 

P-p1a7 light chain MN087236 

P-p1a6 light chain MN087237 

B-p2e1 light chain MN087238 

B-p2e2 light chain MN087239 

B-p2d6 light chain MN087240 

B-p2c5 light chain MN087241 

B-p1f8 light chain MN087242 

B-p1f2 light chain MN087243 

B-p1d12 light chain MN087244 

B-p1d7 light chain MN087245 

B-p1c11 light chain MN087246 

B-p1c10 light chain MN087247 

B-p1b11 light chain MN087248 

B-p1b5 light chain MN087249 

B-p1a10 light chain MN087250 

B-p1a9 light chain MN087251 

B-p1a11 light chain MN087252 

P-p1d1-B light chain MN087253 

P-p1c4 light chain MN087254 

P-p1b5 light chain MN087255 

P-p1b2 light chain MN087256 

P-p2b11 light chain MN087257 

P-p2b7 light chain MN087258 

P-p2b5 light chain MN087259 

P-p2a5 light chain MN087260 

P-p1f2 light chain MN087261 

P-p1d8 light chain MN087262 

P-p4c5 light chain MN087263 

P-p4e4 light chain MN087264 
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P-p3b3 light chain MN087265 

P-p3a2 light chain MN087266 

P-p1f10 light chain MN087267 

P-p1f1 light chain MN087268 

P-p1e7 light chain MN087269 

P-p1d1 light chain MN087270 

P-p1a8 light chain MN087271 

N-p4a9 heavy chain MN087272 

N-p3g9 heavy chain MN087273 

P-p1h2 heavy chain MN087274 

P-p1g2 heavy chain MN087275 

P-p1e5 heavy chain MN087276 

P-p1e3 heavy chain MN087277 

P-p1d3 heavy chain MN087278 

P-p1d1-C heavy chain MN087279 

P-p1a7 heavy chain MN087280 

P-p1a6 heavy chain MN087281 

B-p2e2 heavy chain MN087282 

B-p2e1 heavy chain MN087283 

B-p2d6 heavy chain MN087284 

B-p2c5 heavy chain MN087285 

B-p1f8 heavy chain MN087286 

B-p1f2 heavy chain MN087287 

B-p1d12 heavy chain MN087288 

B-p1d7 heavy chain MN087289 

B-p1c11 heavy chain MN087290 

B-p1c10 heavy chain MN087291 

B-p1b11 heavy chain MN087292 

B-p1b5 heavy chain MN087293 

B-p1a11 heavy chain MN087294 

B-p1a10 heavy chain MN087295 

B-p1a9 heavy chain MN087296 

P-p1d1-B heavy chain MN087297 

P-p1c4 heavy chain MN087298 

P-p1b5 heavy chain MN087299 

P-p1b2 heavy chain MN087300 

P-p2b11 heavy chain MN087301 

P-p2b7 heavy chain MN087302 

P-p2b5 heavy chain MN087303 
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P-p2a5 heavy chain MN087304 

P-p1f2 heavy chain MN087305 

P-p1d8 heavy chain MN087306 

P-p4c5 heavy chain MN087307 

P-p4e4 heavy chain MN087308 

P-p3b3 heavy chain MN087309 

P-p3a2 heavy chain MN087310 

P-p1f10 heavy chain MN087311 

P-p1f1 heavy chain MN087312 

P-p1e7 heavy chain MN087313 

P-p1d1 heavy chain MN087314 

P-p1a8 heavy chain MN087315 

QH0692 WT Core C4b MN179660 

Q168a2 WT Core C4b MN179661 

45_01dH1 WT Core C4b MN179662 

93TH057 WT Core C4b MN179663 

426c WT Core MN179664 

HxB2 WT Core MN179665 

QH0692 WT Core MN179666 

Q168a2 WT Core MN179667 

45_01dH1 WT Core MN179668 

93TH057 WT Core MN179669 

HxB2 WT Core C4b MN179670 

HxB2 WT Core C4b 2W1S MN179671 
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Chapter IV. Anti-idiotypic antibodies elicit anti-HIV-1–

specific B cell responses 

 

The following text summarizes the results published in the article:   

Dosenovic, P., Kara, E.E., Pettersson, A.-K., McGuire, A.T., Gray, M., Hartweger, H., 

Thientosapol, E.S., Stamatatos, L., and Nussenzweig, M.C. (2018). Anti–HIV-1 B cell 

responses are dependent on B cell precursor frequency and antigen-binding affinity. 

PNAS 115, 4743–4748. 

 

I participated in this study by isolating and preparing the B cells from human PBMCs for 

10x sequencing on the chromium platform (Figure 4.5). 
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Introduction 

While, the previous chapters have discussed the use of Env-derived immunogens to 

engage the germline forms of bnAbs against HIV-1 as the first step in a series of prime-

boost immunizations, an alternative approach we explored was based on the use of aiAbs 

as priming immunogens. AiAbs are mAbs selected to recognize signature features of the 

variable region of a particular Ab, or a class of Abs or BCRs. aiAbs can be used as 

immunogens against classes of bnAbs for which no Env-based germline-targeting 

immunogen exists. This is for example the case of aiAbs developed against the germline 

form of bnAb b12, a CD4-BS directed Ab. It has now been shown that these aiAb can 

activate glb12 expressing B cells in vivo (Bancroft et al., 2019).  

aiAbs could also be used as alternatives to germline-targeting Env-based 

immunogens. As we discuss in the previous Chapters, and as many others also reported, 

B cells of numerous specificities will be activated by an Env immunogen, including a 

germline-targeting immunogen, due to the numerous epitopes presented on such an 

immunogen (Briney et al., 2016; Dosenovic et al., 2015; Escolano et al., 2016, 2019; 

Jardine et al., 2015; McGuire et al., 2016; Parks et al., 2019; Tian et al., 2016). The use of 

an aiAb in the place of an Env immunogen as the first immunization in a prime-boost 

regimen will limit the potential of off target Env B cell responses being boosted with 

subsequent immunizations, as those epitopes are not presented by the aiAb in the first 

immunization.   

In this Chapter, I report on the development of the aiAb, iv8, as a VRC01-class 

germline-targeting immunogen. We show the potential of iv8 to function as a VRC01-

class germline-targeting immunogen using an adoptive-transfer model and tracked the 
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expansion and proliferation of VRC01-class B cells in response to immunization with 

iv8. We find that iv8 can expand and cause proliferation of glVRC01-class B cells in vivo 

and serological analysis showed that iv8 minimized the non-VRC01 epitope specific 

response in comparison to an Env based immunogen.  
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Results 

Iv8 is an aiAb that was developed by immunizing a WT mouse three times with 

glVRC01. Following the final immunization, the B cells were immortalized using 

hybridoma technology and screened for binding to glVRC01-class Abs (Methods). The 

result of this screen is the aiAb iv8. Iv8 binds the germline forms of VRC01, NIH45-46, 

3BNC60, 12A21, and VRC-CH31. Iv8 does not bind mature VRC01-class Abs or other 

non-VRC01-class anti-HIV-1 bnAbs. It could bind a synthetic intermediate that is the 

mature 3BNC60 HC and gl3BNC60 LC. It also bound a chimeric Ab consisting of the 

gl8ANC131 HC (VH1-46) paired with the glVRC01 LC. A second aiAb, iv1, was 

developed but binds fewer inferred germline VRC01-class Abs (Figure 4.1A). The 

binding data suggest that iv8 depends on the glVRC01 LC for binding.  

This mechanism of binding was confirmed using crystallography. Iv8 single-chain 

variable fragment (scFv) was crystalized in combination with the glVRC01 scFv at 2.4 Å 

(Figure 4.1B).  The crystal structure demonstrated that the primary interactions between 

iv8 and glVRC01 are through glVRC01’s LC (80% of the buried surface area) and the 

remainder are through the glVRC01 CDRH3 and the Trp47, Trp50, and Asn58 which 

make critical contacts with Env (Figure 4.1C).  
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Figure 4.1 iv8 binding to inferred germline VRC01-class Abs. (A) iv8 (black circles) 
and iv1 (purple triangles) binding to germline (gl), mature (mt) or chimeric mAb. Data 
points depict the maximum binding response (R Max) of the mAb following a 500 
second association step. Each point represents the R Max of an independent replicate (n = 
3). Lines indicate arithmetic means; error bars indicate standard error of the mean (SEM); 
HC and LC indicate HC and LC, respectively. (B) Structure of iv8 scFv bound to 
germline VRC01 scFv. The iv8 HC and LCs are shown in dark and light gray, 
respectively. Germline VRC01 HC and LCs are shown in beige and pink, respectively. 
(C) Distribution of BSA on glVRC01 upon iv8 binding. BSA on the LC regions is shown 
in pink; BSA on the HC regions is shown in beige. 

  
To test the ability of iv8 to expand a glVRC01-class B cells in a polyclonal 

immune system, SI-3BNC60 cells (>2x106), which express the mature 3BNC60 HC and 

the gl3BNC60 LC (Table 1.3), were adoptively transferred into a WT mouse. Prior to 

transferring, the cells were labeled using cell trace violet (CTV) to track the cells and 

measure cellular proliferation (Dosenovic et al., 2018). The recipient WT mouse was 

immunized with iv8 or a control aiAb ib5 in Ribi adjuvant (Bancroft et al., 2019). On day 

5 following immunization, iv8 was able to induce cellular proliferation. In contrast the 

control Ab, ib5, did not. The proliferation induced by iv8 was enhanced by its 
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multimerization and use of an adjuvant (Figure 4.2). Therefore iv8 can activate  VRC01-

class B cells in vivo in the context of a polyclonal immune system. 

 
Figure 4.2 Expansion of VRC01-class B cells in vivo. (A) Representative flow 
cytometry plots of iv8-binding naive B cells from one WT mouse and one SI-3BNC60 
(indicated as 3BNC60SI) mouse of 10 analyzed (left panels). Arithmetic mean frequency 
of iv8-binding naive B cells from 10 mice per group. Error bars indicate SEM (right). 
One representative experiment of three is shown. (B) Representative flow cytometry plots 
showing proliferation of adoptively transferred SI-3BNC60 cells as indicated by CTV 
dilution at 5 days after injection of (from left to right) control mAb (ib5, binds glb12 but 
not gl3BNC60) with Ribi, mAb iv8 with Ribi, iv8 Fab nanoparticles (indicated as np) 
without Ribi, iv8 Fab nanoparticles (indicated as np)  with Ribi, and CTV-labeled control 
PGT121 KI B cells in response to iv8 Fab nanoparticles (indicated as np) with Ribi. One 
representative animal of four per group is shown from one experiment of three.  
 

The plasma Abs from mice immunized with iv8 were isolated and tested for 

binding to eOD-GT8 and eOD-GT8 KO.  We found that iv8 immunized mice elicited an 

eOD-GT8 Ab response and that this response largely targeted the VRC01-epitope on 

eOD-GT8 as there was minimal binding to the eOD-GT8 KO. This is in contrast to an 

immunization with a 426c Env based immunogen (426c D276) that elicited a greater 
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response to the eOD-GT8 KO (Figure 4.3). Therefore, iv8 elicits a VRC01-epitope 

specific response with minimal off target Env responses.  

 

	
Figure 4.3 Serum Ab titers. Serum Ab titers against eOD-GT8 and eOD-GT8-KO in 
WT mice 14 days after injection with the 426c Δ276 nanoparticle or iv8 Fab 
nanoparticles in the presence (A) or absence (B) of adoptively transferred SI-3BNC60 
cells. Merged data from three independent experiments is shown with five to nine mice 
per group (A: n = 18 426c Δ276 nanoparticle injected, n = 20 iv8 Fab nanoparticle 
injected; B: n = 5 426c Δ276 nanoparticle injected, n = 5 iv8 Fab nanoparticle injected). 
Lines indicate arithmetic means. Error bars indicate SEM.  
  
 To determine if iv8 can select for VRC01-class B cells in vivo, we employed the 

glH-3BNC60 mouse model that expresses the glH-3BNC60 HC and pairs with the 

endogenous mLCs (Table 1.3, (Dosenovic et al., 2015)). IgG1+, germinal center 

(CD95+,CD38-) B cells were sorted from mice immunized with iv8 or iv1 nanoparticles. 

Iv1 is a control aiAb that binds to glVRC01 and glNIH45-46, but not gl3BNC60. There 

was a preference for the use of short CDRL3s in the LC sequences from iv8 immunized 

mice in comparison to iv1 immunized mice (Figure 4.1A-C). 5 mAbs were made from 

LC sequences isolated from iv8 immunized mice with a 6 AA long CDRL3. 4/5 of these 

bound to iv8. However, none of these bound to 426c.TM4ΔV1-3, which is similar to 

426c Core in that it lacks glycans surrounding the CD4-BS and variable loops, but it is 
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the gp140 subunit of the trimeric Env. They also did not bind to eOD-GT8 (Figure 4.4D, 

eOD-GT8 data not shown). 

 

  
Figure 4.4 Selection for VRC01-class light chain characteristics by iv8 in HC glH-
3BNC60 mouse. (A) CDRL3 lengths in AAs of BCRs from single-cell sorted IgG1+ GC 
B cells (B220+CD95+CD38−IgG1+) from two control-injected (iv1 Fab nanoparticles, 
which bind glVRC01 and glNIH45-46 but not gl3BNC60) and two iv8 Fab nanoparticle 
injected glH-3BNC60 mice obtained 14 days after injection. Lines indicate arithmetic 
means; error bars indicate SEM. Pie charts indicate B cell clones from sequences 
obtained from (B) iv1 immunized mice and (C) iv8 immunized mice. Each color 
represents a clone. Light gray indicates single sequences obtained from nonclonal B cells. 
Numbers in the middle of the pie chart indicate the total number of sequences analyzed. 
(D) Representative mAbs corresponding to the BCR sequences determined in C (Ab1–
Ab5) were tested in ELISA against iv8 (left), 426c.TM4ΔV1-3 (middle), or 
426c.TM4ΔV1-3 CD4-BS KO (right). Graphs are representative of two independent 
experiments.   
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To determine if iv8 can select for B cells with VRC01-class characteristics in 

humans, B cells were sorted from naïve humans using fluorescently labeled iv8. The iv8 

specific B cells were sorted and the VH/VL genes were sequenced. 80% of the B cells 

sorted with iv8 express the IGKV3-11 used by VRC01-class Abs. Of those LCs utilizing 

the IGKV3-11 gene, ~2.8% of them express a 5 AA CDRL3. This is an increase 

compared to the unsorted cells, which express a 5 AA CDRL3 in less than 1% of the B 

cells (Figure 4.5). However, iv8 did not select for B cells expressing for the VH1-2*02 

allele used by VRC01-class Abs, which is not unexpected, given the fact that iv8 binds 

predominately through the glVRC01 LC (Figure 4.1B-C). 

 
Figure 4.5 iv8 binding to human B cells. Human B cells were purified by cell sorting 
with fluorescently labeled iv8, and the kappa transcripts were recovered by RT-PCR and 
sequenced or subjected to paired BCR sequencing using the chromium platform from 
10X Genomics. As a control, naive human B cells were enriched using magnetic beads, 
and paired BCR sequencing was performed using the chromium platform. (A) Frequency 
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of kappa transcripts derived from VK3-11 in iv8+ or unsorted B cells. Each dot 
represents one iv8+ sort (n = 13) or paired chromium-sequencing run of magnetic bead–
enriched (total naive) B cells (n = 7). (B) Frequency of sequenced kappa transcripts with 
a 5 AA CDLR3 in iv8+ or total B cells. Each dot represents one iv8+ sort (n = 13) or 
chromium-sequencing run of magnetic bead–enriched (total naive) B cells (n = 7). Lines 
in A and B indicate arithmetic means, and error bars indicate SEM. (C) Kappa gene 
usage for of iv8+ B cells with 5 AA CDRL3s identified in B. Number in the middle of 
the pie chart indicates the total number of kappa sequences analyzed. Statistics were 
calculated using two-tailed unpaired Student’s t tests in A and B. **, P ≤ 0.01; ***, P ≤ 
0.001.  
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Discussion 

In conclusion, this work has identified a novel VRC01-class germline-targeting 

immunogen, iv8, and demonstrated its ability to function in vivo. We show that in 

comparison to a 426c based Env immunogen, an immunization with iv8 decreases the 

amount of off target or non CD4-BS targeted response on Env. Therefore, B cells 

activated by iv8, which do not target the VRC01-epitope, should not be activated by a 

boosting immunization with Env. However, as the previous chapters have discussed and 

others have shown: a single immunization with a germline-targeting immunization is not 

sufficient to elicit neutralizing Abs (Briney et al., 2016; Dosenovic et al., 2015; Escolano 

et al., 2016, 2019; Jardine et al., 2015; McGuire et al., 2016; Parks et al., 2019; Tian et 

al., 2016). Future studies should implement boosting immunogens that aim to continue 

the maturation of the VRC01-class B cells activated by iv8 and drive them to their 

mature, neutralizing forms. This will likely be an Env based immunogen so as to guide 

the B cells to recognize the HIV-1 Env. 

Here, we show the implementation of an aiAb as an immunogen for an HIV-1 

vaccine, but we believe this strategy could be used to develop immunogens for any 

disease in which the signature of the neutralizing Abs are known. For example, it is 

known that neutralizing flu Abs use the VH1-69 gene (Corti et al., 2010b; Ekiert et al., 

2011; Sui et al., 2009) and those to Zika utilize the VH3-23 gene paired with the VK1-5 

gene (Robbiani et al., 2017). Furthermore, this method of immunogen design requires no 

prerequisite knowledge of the Ab’s interaction with the antigen, and therefore requires no 

specific immunogen design and in turn facilitates rapid immunogen design.  
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In summary, we showed that an aiAb can activate specific BCRs in a polyclonal 

system. Here, we have developed a germline-targeting immunogen for HIV-1, but this 

immunogen design platform can be applied to diverse pathogens.  
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Methods 

Hybridoma generation  

We injected mice three times with germline VRC01 (VH1-2*02 HC/VK3-11 LC). 3 days 

after the final injection spleens were harvested and used to generate hybridomas at the 

Fred Hutchinson Ab Technology Center. Hybridoma supernatants were initially screened 

against glVRC01 to identify antigen-specific hybridomas. Supernatants from positive 

wells were then screened against a small panel of mAbs that included glVRC01 as well 

as other germline non-VRC01-class Abs that served as isotype controls by ELISA. Wells 

containing hybridomas that displayed positive binding for glVRC01, but negative binding 

to isotype controls, were sub-cloned by limiting dilution and screened for binding to a 

larger panel of Abs using BLI on the Octet Red96 (ForteBio). Anti-mouse IgG Fc capture 

sensors (ForteBio) were immersed in hybridoma supernatant for 200 s. After loading, the 

baseline signal was then recorded for 60 s in kinetics buffer (KB; 1× PBS, 0.01% BSA, 

0.02%Tween 20, and 0.005% NaN

 

pH 7.4). The sensors were then immersed in KB 

containing 20 μg/ml of purified human Ab for a 500 s association step. The maximum 

response was determined by averaging the nm shift over the last 5 s of the association 

step after subtracting the background signal from each analyte-containing well using 

empty anti-mouse IgG Fc capture sensors at each time point. The binding screen included 

germline and mature VRC01-class mAbs, non-VRC01-class mAbs, and chimeric mAbs 

comprised of either a VRC01-class IgH paired with a non-VRC01-class IgL, or a non-

VRC01-class IgH paired with a VRC01-class IgL. Most hybridomas including iv1 bound 

glVRC01 or glNIH45-46 which differ only in the CDRH3 region, but showed no cross 

reactivity to other Abs in the panel.  
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Plasmids 

The VH and VL sequences of the iv8 and iv1 hybridomas (GenBank accession nos. 

MK611925–MK611928) were recovered using the mouse iG primer set (Millipore) using 

the protocol outlined in (Siegal, 2009) and Sanger sequenced (Genewiz). The VH/VL 

sequences were codon-optimized and cloned into full-length pTT3 derived IgG1 and IgL 

kappa expression vectors containing human constant regions using Gibson assembly 

(Snijder et al., 2018). The iv8 and iv1 VH regions were also cloned in frame with the 

human IgG-C1 domain fused to the modified multimerization domain of the C4b binding 

protein from Gallus gallus (Ogun et al., 2008) followed by a cathepsin cleavage site 

(Schneider et al., 2000) and the 2W1S peptide (Rees et al., 1999). Another variant of iv8- 

C4b was made without the C-terminal cathepsin-2W1S fusion. pTT3-426c-Δ276-gp140-

KO was generated by introducing the D368R and E370A mutations (McGuire et al., 

2014) into pTT3- 426c-Δ276	 gp140 (McGuire et al., 2013) plasmid using site directed 

mutagenesis according to the manufacturer’s recommendations (Agilent Quickchange 

XLII). pTT3-426c-Δ276-C4b-2W1S was created by cloning cDNA corresponding to 

AAs 1–479 of the 426c Δ276 from pTT3-426c-Δ276 gp140 in-frame with the C4b 

multimerization domain and 2W1S peptide described above. The coding sequence of 

eOD-GT8 (Jardine et al., 2015) preceded by a leader peptide 

(MDAMKRGLCCVLLLCGAVFVSPSAS) was synthesized by IDT DNA technologies 

and cloned into pTT3 followed by a gly-ser linker and a his-avi tag (McGuire et al., 

2014) to create pTT3 eOD-GT8- his-avi. pTT3 eOD-GT8-KO was generated by 

introducing the D276N, W277F, R278T, D279A, and D368R mutations into pTT3- eOD-

GT8-his-avi by site directed mutagenesis. 
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Ab purification 

Plasmids encoding mAb HC and LCs were transfected into 293F cells at a density of 106 

cells ml−1 in Freestyle 293 media using the 293Free transfection reagent according to the 

manufacturer’s instructions or PEI. Expression was performed for 6 days, after which 

cells and cellular debris were removed by centrifugation at 4,000 ×g followed by 

filtration through a 0.22-μm filter. Clarified cell supernatant containing recombinant Abs 

was passed over Protein A or G Agarose, followed by extensive washing with PBS, and 

then eluted with 1 ml of Pierce IgG Elution Buffer, pH 2.0, into 0.1 ml of Tris HCl, pH 

8.0. Purified Abs were then dialyzed overnight into PBS, and stored at −20°C before use. 

 

Binding screen with recombinant aiAbs 

To verify the specificity of recombinant iv8 and iv1, they were biotinylated at a 

theoretical 1:1 mAb to biotin ratio using the EZ-Link NHS-PEG4-Biotin kit (Thermo 

Fisher Scientific) and then subjected to the BLI screen described in the “hybridoma gen- 

eration” section with the following change to the first capture step: iv8 or iv1 was 

immobilized on a streptavidin biosensor (ForteBio) by immersing the biosensor into a 10 

μg/ml solution of biotinylated mAb. 

 

scFv expression and complex formation 

scFv constructs were cloned into the pTT3 plasmid vector. ScFvs contain only the 

variable Ab domains of VH/VL connected by an AA linker GGGGSGGGGSGGGGS 

from the C-terminus of the LC to the N-terminus of the HC. Iv8 scFv and glVRC01 scFv 

were expressed using HEK293ENBA cells (Tom et al., 2008). Cells were cultured in 
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suspension and transfected with 500 μg/liter plasmid DNA using 293 Free Transfection 

Reagent (Novagen). After 6 days, cells were centrifuged at 4,500 rpm for 20 min. 

Supernatant was filter sterilized and incubated with His60 Ni-Superflow Resin (Novagen) 

overnight at 4°C, capturing scFv’s with a 6 his-tag on the C-terminus of the proteins. The 

Ni resin was separated from the supernatant and washed with a solution of 150 mM 

NaCl, 20 mM Tris (pH 8.0), 20 mM imidazole (pH 7.0) and eluted with a solution of 300 

mM NaCl, 50 mM Tris pH 8.0, 250 mM imidazole (pH 7.0). To separate the scFv 

monomers from diabodies and triabodies and to further purify the proteins, the sample 

was run on size-exclusion chromatography using a HiLoad 16/600 Superdex 200 pg (GE) 

column. Complexes of iv8 scFv and glVRC01 scFv were formed by mixing proteins at a 

1:1 molar ratio. ScFv complexes were removed from monomeric scFv using size-

exclusion chromatography. Complexes were concentrated to ∼10 mg/ml for 

crystallization trials. 

 

Crystallization 

Crystallization conditions for iv8scFv and glVRC01scFv complexes were screened and 

monitored with a Formulatrix NT8 drop setting and Rock Imager. Screening was done 

with Hampton Research Crystal Screen HT, Molecular Dimensions Proplex screen HT-

96, and Rigaku Wizard Precipitant Synergy block no. 2 using the vapor diffusion method. 

Final crystals were grown in a solution of 0.13 M NaCl, 0.13 M Tris (pH 8.0), 10.4% 

PEG 20,000. Crystals were cryoprotected in solutions containing 30% molar excess of 

their original reagents and 20% ethylene glycol. Crystals diffracted to 2.42 A ̊. Data were 
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collected at Advanced Light Source 5.0.2 and processed using HKL2000 (Otwinowski 

and Minor, 1997). 

 

Structure solution and refinement 

The structure of iv8scFv-glVRC01scFv was solved by molecular replacement with 

Phaser in the CCP4 suite (Collaborative Computation Project, Number 4, 1994) using the 

glVRC01 Fv portion of PDB ID: 6MFT (Borst et al., 2018) as the search model for both 

iv8 and glVRC01. Model building and refinement were performed using COOT (Emsley 

and Cowtan, 2004) and Phenix (Adams et al., 2010). 

 

Multimeric iv8 Fab purification 

Plasmids encoding iv8-IgH (Fab)-C4b or iv8 IgH (Fab)-C4b- 2W1S were cotransfected 

with plasmids of iv8-Igk (1:1) into Expi-293 cells (Invitrogen) according to the 

manufacturers’ instructions. The supernatants were collected after 5 days of culture, 

filtered through 0.45 μm filter units (Millipore), and diluted 1:1 in IgG binding buffer 

(Thermo Fisher Scientific). Multimeric iv8 Fab complexes were purified by Protein G 

Agarose beads (Thermo Fisher Scientific), concentrated in centrifugal filter (30-kD 

cutout; Amicon), buffer exchanged with TBS pH 5.5, and further purified using size 

exclusion chromatography (Superdex200, GE Healthcare). The multimeric state of iv8 

Fab-C4b were verified by nonreducing SDS-PAGE and the binding activity was verified 

by BLI. 

 

Recombinant protein expression 
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pTT3-426c-Δ276-C4b-2W1S, pTT3-426c-Δ276-gp140, pTT3-426c-Δ276-gp140-KO, 

pTT3-eOD-GT8-his-avi, and pTT3-eOD-GT8-KO-his-avi expression plasmids were 

transfected into 293 F cells at a density of 106 cells ml−1 in Freestyle 293 media (Life 

Technologies) using the 293Free transfection reagent (EMD Millipore). Expression was 

performed in Freestyle 293 media for 6 days with gentle shaking at 37°C in the presence 

of 5% CO2 after which cells and cellular debris were removed by centrifugation at 

10,000 ×g followed by filtration through a 0.2 μM filter. Clarified cell supernatant 

containing 426c-Δ276-C4b-2W1S, 426c-Δ276-gp140, and pTT3-426c-Δ276-gp140-KO 

was passed over Agarose-bound Galanthus Nivalis Lectin (GNL) resin (Vector 

Laboratories), preequilibrated with 20 mM Tris, 100 mM NaCl, 1 mM EDTA (pH 7.4; 

GNL binding buffer), followed by extensive washing with GNL binding buffer. Bound 

protein was eluted with GNL binding buffer containing 1 M methyl mannopyranoside. 

Clarified cell supernatant containing eOD-GT8-his-avi and eOD-GT8-KO-his-avi, was 

passed over nickel ni-trilotriacetic acid (Ni-NTA) resin preequilibrated with Ni-NTA 

binding buffer (0.3 M NaCl, 20 mM Tris, 10 mM imidazole [pH 8.0]), followed by 

extensive washing with Ni-NTA binding buffer, and then eluted with 250 mM imidazole, 

0.3 M NaCl, 20 mM Tris (pH 8.0; Ni-NTA elution buffer). All affinity purified proteins 

were further purified using a 16/60 S200 size exclusion column (GE Healthcare) 

preequilibrated in PBS. Fractions containing purified proteins were pooled, aliquoted, 

frozen in liquid nitrogen, and stored at −20°C. 
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Mice 

glH-3BNC60 KI mice (CD45.2+) carry the pre-rearranged V(D)J genes encoding the 

predicted germline IgH respectively, of human bnAb 3BNC60. SI-3BNC60 KI mice 

(CD45.2+) carry the prerearranged V(D)J genes encoding the mature IgH and predicted 

germline IgL of human bnAb 3BNC60 (Dosenovic et al., 2015; McGuire et al., 2016). 

Mice used in experiments were homozygous for KI alleles. B6.SJL (CD45.1+) mice were 

obtained from the Jackson Laboratory. All experiments were conducted at The 

Rockefeller University according to approved Institutional Animal Care and Use 

Committee protocols. 

 

Animal experiments 

40 � g 2W1S peptide was immunized intraperitoneally in CFA adjuvant (Sigma) 

according to manufacturers’ instructions 2–4 weeks before adoptive transfer or antigen 

injection. CD43-depleted SI-3BNC60 B cells (MACS Miltenyi Biotec) were transferred 

intravenously into B6.SJL recipient mice. 10–30 μg of indicated protein (mAb iv8, iv8 

Fab-2W1S, and Env 426c-Δ276-2W1S nanoparticles or control Abs) were injected 

intraperitoneally or subcutaneously in Sigma Adjuvant System (Sigma-Aldrich; Ribi) 

according to manufacturers’ instructions. 

 

Murine lymphocyte preparation and adoptive transfer 

Lymphocytes were harvested by forcing lymph nodes and/or spleen through 70 μm filters 

(BD) into RPMI 1640 media (Gibco) containing 6% fetal bovine serum (FBS) and 10 

mM HEPES, followed by lysis of erythrocytes using 1X ACK Lysis Buffer (Gibco). B 
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cells were enriched by negative selection using anti-CD43 MicroBeads (Militenyi Biotec) 

with magnetized LS columns according to manufacturers’ instructions. In some 

experiments, enriched B cells were labeled with CTV (Thermo Fisher Scientific) 

according to manufacturers’ instructions. Upon analysis of SI-3BNC60 plasmablast and 

early memory B cell differentiation, >2 × 106 CTV-labeled SI-3BNC60 B cells were 

transferred i.v. Approximately 100,000 B cells are then present in the mouse according to 

calculations in (Dosenovic et al., 2018) where ∼5% of the transferred B cells were shown 

to survive. The high number of B cells is needed to be accurately detected at early times 

after injection. In experiments where adoptively transferred SI-3BNC60 cells or serum 

responses were analyzed at later time points (>10 day), 500,000 enriched naive SI-

3BNC60 B cells were transferred intravenously, resulting in 25,000 naive SI-3BNC60 B 

cells/mouse.  

 

Flow cytometry and single cell sorting of murine cells 

For murine B cell sorting, single cell suspensions of lymphocytes were maintained at 4°C 

in FACS buffer (PBS containing 2% FBS and 1 mM EDTA). Fc receptors were blocked 

using rat anti-mouse CD16/32 (clone 2.4G2; BD). Cells were stained with fluorophore-

conjugated Abs to: B220, IgM, CD38, CD45.1, CD45.2 (eBioscience), IgD, CD138 

(BioLegend) GL7, CD95, CD4, CD8, NK1.1, Gr1, or F4/80 (BD). Dump staining 

including CD4, CD8, NK1.1, Gr1, and F4/80 were included in all flow cytometry 

stainings. Dead cells were excluded from analyses using Zombie NIR Fixable Viability 

Kit (BioLegend). Adoptive-transfer samples were acquired on a BD Fortessa or BD 

Symphony and analyzed using FlowJo software (TreeStar). In single cell sorting 
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experiments, IgG1+ GC B cells were single cells sorted based on CD4−, CD8−, Gr-1−, 

F4/ 80−, NK1.1−, B220+, CD95+, CD38−, IgG1+ expression. Cells were single cell–

sorted into 96-well plates using a FACSAria III sorter (Becton Dickinson). The cells were 

lysed with 4 μl lysis buffer containing RNasin (Promega) in 40 U/μl (0.3 μl), 10× 

Dulbecco’s PBS (DPBS; 0.2 μl), dithiothreitol (Invitrogen) 100 mM (0.4 μl), and 

nuclease-free water (3.1 μl). The sorted plates were stored at −80°C until further 

processing (Tiller et al., 2009). LC sequences were retrieved using primers described in 

(Dosenovic et al., 2015). A clone was defined as nucleotide sequences with the same V 

and J LC germline gene and similar CDRL3 nucleotide sequences (similarity of CDRL3 

was defined using hamming distance threshold of 0.15). Samples were acquired on a BD 

FACSAria. 

 

ELISA  

Corning 3690 half-well 96-well plates were coated overnight at 4°C with 50 μl/well of 2 

μg/ml eOD-GT8, eOD-GT8-KO, 426cTM4ΔV1-3, 426cTM4ΔV1-3-KO, or murine iv8 

Fab in PBS. Plates were washed six times in PBS 0.05% Tween 20 (wash buffer). Plates 

were blocked with 100 μl/well PBS 5% milk (blocking buffer) for 2 h at room 

temperature (RT). Sera or mAbs were prepared at 1:30 dilution or a concentration of 10 

μg/ml in fresh blocking buffer, respectively, and further diluted in threefold or fivefold 

serial dilutions, respectively. A total volume of 50 μl was added to the plates and 

incubated for 2 h at RT. Binding was revealed by either anti-mouse IgG-HRP (Jackson 

ImmunoResearch) or anti-human IgG-HRP (Jackson ImmunoResearch) diluted 1:5,000 

in wash buffer. Plates were incubated for 1 h at RT. Plates were washed six times in wash 
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buffer. HRP activity was determined using ABTS (2,29-azinobis [3-ethylbenzothiazoline-

6-sulfonic acid]-diammonium salt) substrate solution (Life Technologies), adding 50 

μl/well. Plates were read at 405 nm on a FLUOstar Omega microplate reader (BMG 

Labtech). Data were analyzed with Microsoft Excel and GraphPad Prism 6.0.  

 

Preparation of zenon mAb labeling decoys  

Zenon APC-DL755 was generated by conjugating the Zenon APC Human IgG labeling 

reagent, from the Zenon Allophycocyanin Human IgG Labeling Kit (Z25451) to DyLight 

755 NHS Ester (62279; Thermo Fisher Scientific) according to manufacturers’ 

instructions. Zenon PE-DL650, was generated by conjugating the Zenon PE Human IgG 

labeling reagent from the Zenon R-Phycoerythrin Human IgG Labeling Kit (Z25455) 

with DyLight 650 NHS Ester (62266; Thermo Fisher Scientific) according to the 

manufacturers’ instructions. To create decoy reagents, Zenon APC-DL755 and Zenon 

PE-DL650 were incubated with Zenon blocking reagent at a 1:1 ratio. 

 

Fluorescent iv8 probes 

To generate iv8-APC, 1 μg of iv8 was incubated with 5 μl Zenon APC Human IgG 

labeling reagent, and incubated at RT for 10 min, then incubated with 5 μl of Zenon 

blocking reagent and stored at RT until use. To generate iv8-PE, 1 μg of iv8 was in- 

cubated with 5 μl Zenon PE Human IgG labeling reagent, and incubated at RT for 10 

min, then incubated with 5 μl of Zenon blocking reagent and stored at RT until use. 
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Human subjects 

Peripheral blood mononuclear cells (PBMCs) and serum were collected from HIV-

uninfected adults recruited at the Seattle HIV Vaccine Trials Unit (Seattle, Washington) 

as part of the study “Establishing Immunologic Assays for Determining HIV-1 Pre- 

vention and Control,” also referred to as Seattle Assay Control. All participants signed 

informed consent, and the following institutional human subjects review committee 

approved the protocol before study initiation: Fred Hutchinson Cancer Research Center 

institutional review board (Seattle, Washington). PBMC samples from donors were 

blindly selected at random with no considerations made for age or sex. 

 

Human B cell sorting 

Cryopreserved PBMC were thawed and resuspended in 200 μl of EasySep buffer (1× 

PBS, 2% heat inactivated fetal bovine serum, 1 μM EDTA). B cells were isolated using 

the StemCell Human B Cell Enrichment Kit (19054; StemCell Technologies) according 

to the manufacturers’ instructions. Enriched B cells were resuspended in 200 μl EasySep 

buffer and incubated with 10 μl rat serum, 10 μl mouse serum, 10 μl mouse–anti-human 

CD32 (551900; BD), 10 μl mouse–anti-human CD23 (555707; BD), and 10 μl mouse–

anti-human CD16 (550383; BD). Cells were then washed with EasySep buffer and 

resuspended in 200 μl EasySep buffer and incubated with 5 μl of Zenon APC-DL755 and 

5 μl of Zenon PE-DL650 and incubated on ice for 10 min. Next, B cells were stained with 

iv8 conjugated to either Zenon-PE or Zenon-APC and CD19-BV711 (302246; 

BioLegend) at 1:200 dilution, CD27-PECy7 (25-0271-82; eBioscience) at a 1:600 

dilution, CD14- FITC (557153; BD) at 1:60 dilution, CD3-FITC (556611; BD) at a 1:60 
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dilution, CD20-AF700 (302322; BioLegend) at a 1:300 di- lution, IgD-PerCP-Cy5.5 (46-

9868-42; eBioscience) at a 1:120 dilution, IgM-BV605 (314524; BioLegend) at a 1:120 

dilution, and Fixable Viability Dye eFluor 506 (65-0866-14; eBioscience) at a 1:300 

dilution. Cells were then washed with 5 ml of EasySep buffer and suspended in 0.5 ml of 

EasySep buffer. Cells were analyzed by flow cytometry using a BD FACS Aria II. Naive 

iv8+ B cells were defined as live (eFluor 506−), CD14−, CD3−, CD19+, CD20+, IgM+, 

IgD+, CD27−, APC-DL755−, PE-DL650−, PE+, APC+. Naive iv8+ B cells were single-

cell sorted into 96-well plates. cDNA was generated using iScript (Bio-Rad) and the VH 

and VK sequences were recovered using gene specific primers and cycling conditions 

previously described (Tiller et al., 2009). Alternatively, naive iv8+ B cells were bulk-

sorted and sequenced using the human B Cell V(D)J Enrichment Kit on the Chromium 

platform (10X Genomics). As a control, naive unsorted B cells were isolated using the 

EasySep Human B cell isolation kit (Stemcell Technologies). BCR sequences were 

obtained using the using the human B Cell V(D)J Enrichment Kit on the Chromium 

platform (10X Genomics). Because iv8 strongly selects for kappa LCs, lambda LC 

transcripts were excluded from analysis of the 10X sequencing data. 

 

Statistical analysis 

Data were analyzed with Prism 6 (GraphPad) for normal distribution using the 

D’Agostino-Pearson normality test. Data points that displayed normal Gaussian 

distribution were further analyzed for significant differences with Prism 6 (GraphPad) 

using two-tailed unpaired Student’s t tests. Data points that did not display a normal 
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Gaussian distribution were analyzed for statistical differences using the Mann-Whitney U 

test. Data were considered significant at *, P ≤ 0.05; **, P ≤ 0.01, ***, P ≤ 0.001. 
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Chapter V. Discussion 
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Summary of results 

While, there is no precedent for eliciting bnAbs through vaccination, as no vaccine 

evaluated thus far has elicited bnAbs; bnAbs do show the ability to protect in animal 

models (Baba et al., 2000; Gautam et al., 2016; Hessell et al., 2009, 2010; Julg et al., 

2017; Klein et al., 2012b; Mascola et al., 1999, 2000; Nishimura et al., 2002; Parren et 

al., 2001; Parsons et al., 2019; Pegu et al., 2014; Shibata et al., 1999; Wu et al., 2018).  

Therefore, a goal of an effective HIV-1 vaccine is to generate bnAbs. The goal of this 

thesis has primarily been to elicit VRC01-class Abs through immunization. It has now 

been well established that the germline form of VRC01-class Abs do not bind to 

recombinant Env (Hoot et al., 2013; McGuire et al., 2013, 2014b; Xiao et al., 2009). 

Therefore, specifically designed immunogens have been developed to engage the 

germline form. In the studies reported here, we evaluate germline-targeting immunogens 

in vivo and use a prime-boost immunization to guide their maturation towards the 

neutralizing form. 

In Chapter II, we identify a novel germline-targeting immunogen 426cOD and 

compare its ability to activate a glVRC01 expressing B cell in vivo with two established 

germline-targeting immunogens: 426c Core and eOD-GT8 (Jardine et al., 2015). While, 

all three can engage the same glVRC01 BCR, they differ genetically, structurally, in 

affinitiy and in the electrostatic potential of the VRC01 epitope. 426c Core and 426cOD 

are derived from the 426c Env, where as eOD-GT8 is derived from the HxB2 Env. 

Structurally, 426cOD and eOD-GT8 represent just the outer domain of the gp120 subunit 

of Env, where as 426c Core is composed of both the inner and outer domains of the 

gp120 subunit. eOD-GT8 also has a much higher affinity for the glVRC01 Ab than the 
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426c Env based immunogens. Lastly, the VRC01 epitope on the 3 immunogens differs in 

the electrostatic potential, with the 426c-based immunogens having a negative charge and 

eOD-GT8 a positive charge (Figure 2.1).   

 Previous studies have shown many factors that are important for the activation 

and maturation of B cells, including affinity for the antigen, precursor frequency, and 

multimerization (Abbott et al., 2018; Dosenovic et al., 2018; Schwickert et al., 2011).  In 

the case of VRC01-class germline-targeting immunization efforts, B cells expressing a 

single VRC01-class VH/VL pair combination are transferred to WT mice, which are then 

immunized with different forms of a germline-targeting immunogen. One such study, 

reported by Abbott et al., utilizes an adoptive transfer experiment, transferring B cells 

from the glH/L-VRC01 mouse model (Table 1.3) to a WT mouse. The recipient mouse is 

then immunized with eOD-GT-based immunogens. These immunogens have a range of 

affinities for the glVRC01 precursor. Here, they show that affinity, glVRC01 precursor 

frequency and multimerization of antigen impacts participation in the germinal center.   

In the studies presented in Chapter II, we have identified the biophysical and 

biochemical properties of the epitope, along with the overall presentation of the epitope 

within the context of each immunogen, to be important factors in the initial selection of B 

cells to participate in the response to immunization. We show that, because of these 

factors, each germline-targeting immunogen will select only a subset of available 

glVRC01-class B cells and that within each selected pool, B cells with a range of 

affinities will be present. We believe that after the initial BCR selection, affinity and 

other determining factors will influence the fate of the B cells. For example, a high 

affinity antigen is known to stimulate a B cell to differentiate into a plasma cell (Phan et 
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al., 2006; Taylor et al., 2015). The reason why we made these observations is because we 

used the glH-VRC01 mouse model, which in contrast to the one used in Abbott et al., 

expresses a wide range of VRC01-like BCRs because of the diversity in the LC.   

A consequence of the previously discussed differential BCR selection between 

426c Core and eOD-GT8 is that the selected B cells display different Env-recognition 

properties. We show that these differences in cross-reactivity are due to different amino 

acids selections in CDRL3 and CDRH1 by the two immunogens. Presently, it is unknown 

whether the above observations will also be made in the context of human immunization. 

We propose that eOD-GT8 will elicit VRC01-like BCRs with limited cross-reactivity to 

heterologous Envs expressing N276 glycans while 426c Core will select for VRC01-like 

BCRs with long CDRL1 domains.   

While others and we have shown that the germline-targeting immunogens can 

activate a glVRC01 precursor in vivo, they do not produce neutralizing Abs. In the case 

of VRC01-class Abs the major challenge to the maturation of VRC01-class Abs are the 

glycans surrounding the CD4-BS, in particular the glycan at position 276. In Chapter III, 

we developed a prime-boost immunization protocol that leads to the expansion of 

VRC01-like B cells that are capable of bypassing the N276 glycans and begin to show 

WT neutralizing activity. In this protocol, the 426c Core nanoparticle is used as the prime 

immunogen and the HxB2 WT Core nanoparticle immunogen is used as a boost. The 

reasons for selecting HXB2 WT Core as the boost immunogen are discussed in detail in 

Chapter III. We report that following the boosting immunization the elicited VRC01-like 

Abs could bind Env trimers with a glycan at position 276 and neutralize the autologous 

WT virus. Furthermore, we definitively proved that these Abs could bind Env in the 
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presence of the 276 glycan using a combination of techniques including mass 

spectrometry and isolation of the glycosylated Env species to be used in binding assays.   

Others who have tried to elicit VRC01-class Abs through immunization either do 

not use an immunogen with a glycan at position 276 or introduce it very late in the 

immunization scheme (Briney et al., 2016; Tian et al., 2016). As a consequence, we 

believe that this approach will preferentially expand B cells not capable of recognizing 

Env and viruses with a glycan at position 276. While both studies report the identification 

of Abs capable of neutralizing a virus that encodes the glycosylation sequon at position 

276; they did not determine if a glycan was present on that virus or demonstrate the 

mechanism through which the Abs could accommodate this glycan (Briney et al., 2016; 

Tian et al., 2016). Therefore, we believe that it is important to introduce the glycan at 

position 276 early in the immunization scheme so that the B cell may mature to 

accommodate the glycan at position 276. We were able to do this in the studies reported 

in Chapter III, as the priming immunogen 426c Core, activated B cells capable of 

recognizing Env expressing a glycan at position 276. Therefore, there was a population of 

B cells that could be boosted by such an immunogen.   

In addition to analyzing the B cell response to 3 Env based immunogens, work in 

this thesis also evaluated the use of an aiAb, iv8, as a VRC01-class germline-targeting 

immunogen (Chapter IV). As shown, in Chapter II and III and as reported by others, 

germline-targeting immunogens will elicit a large non-CD4-BS targeted Ab response, 

because of the many epitopes they present (Briney et al., 2016; Dosenovic et al., 2015; 

Duan et al., 2018; Jardine et al., 2015; McGuire et al., 2016; Parks et al., 2019; Tian et 

al., 2016). This will be a challenge for prime-boost studies utilizing Env based 
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immunogens as with each immunization non-CD4-BS directed and non-neutralizing Abs 

can be boosted by the conserved epitopes among the immunogens. In these studies, we 

showed that iv8 activated and expanded glVRC01-class B cells in vivo in the adoptive 

transfer model. Additionally, iv8 had reduced off target Abs present in the plasma 

compared to a 426c Env based immunogen. When evaluated in the glH-3BNC60 mouse 

model, mice immunized with iv8 showed an enrichment for short CDRL3s, a 

characteristic present in mature VRC01 Abs. Iv8 was also able to identify B cells from 

naïve humans, which utilize the IGKV3-11 LC expressing a 5 AA CDRL3, which is 

found in mature VRC01-class bnAbs. However, these B cells did not pair with a VH1-

2*02 HC. We have shown that Iv8 binds primarily through the glVRC01 IGKV3-11 LC 

and can therefore bind Abs expressing non-VH1-2*02 HCs (Figure 4.1). As a result 

human B cells utilizing the IGKV3-11 with a 5 AA CDRL3, but not a VH1-2*02 HC 

were isolated.  

 Like the other germline-targeting immunogens evaluated here, the B cells 

activated by iv8 will require boosting immunogens to continue the B cells maturation to 

the neutralizing form. The Abs generated from HC and LC paired sequences isolated 

post-immunization with iv8 did not show reactivity with 426c.TM4ΔV1-3. Mature 

VRC01-class Abs have 5 AA CDRL3s which orientate the Glu96LC to make key contacts 

with the HIV-1 Env in loop D and the V5 loop. Iv8 expanded B cells with a 6 AA long 

CDRL3s and could therefore potentially alter the position of this residue and not allow 

for these interactions (Diskin et al., 2011; West et al., 2012; Zhou et al., 2013). 

Alternatively, the mouse V gene utilized (k10-96*01, and k14-111*01) by these Abs may 

not confer binding to 426c.TM4ΔV1-3, as we find some Abs isolated following 



	194	

immunization with eOD-GT8 despite expressing a 5 AA CDRL3 and VH1-2*02 allele in 

the HC do not bind 426c Core. As a result of the lack of reactivity, 426c.TM4ΔV1-3 may 

not boost the glVRC01-class B cells activated by iv8 and future work must be done to 

identify a boosting immunogen to iv8.  

Iv8, along with ib5, an aiAb designed to activate glb12 expressing B cells, 

represent a novel type of germline-targeting immunogen (Bancroft et al., 2019). While, 

we apply the use of an aiAb to HIV-1 vaccine design, aiAb immunogen design could be 

applied to diverse pathogens. 
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Limitations and future directions 

While these studies add to the fundamental understanding of B cell activation and 

identify and evaluate novel HIV-1 immunogens, there are limitations of these studies, 

which should be addressed. I will discuss some of these limitations and future 

experiments, which may provide clarity.  In our evaluation of the VRC01-class germline-

targeting immunogens 426c Core and eOD-GT8, we identify subpopulations of 

glVRC01-class B cells that will become activated during immunization. However, from 

the studies presented here, we cannot say which of these populations will be more 

amenable to maturing towards the VRC01-class neutralizing form. Furthermore, due to 

these differences in BCR selection, it is likely that the two immunogens will require 

different boosting immunogens. We do find that the 426c Core elicited Abs can bind and 

be boosted by heterologous Core Env with a glycan at position 276, where as those 

elicited by eOD-GT8 cannot. eOD-GT8 elicited Abs can be boosted by BG505 core-GT3, 

but this protein does not express a glycan at position 276. Therefore, it will be a challenge 

to mature eOD-GT8 elicited Abs to accommodate the glycan at position 276. 

Furthermore, while we have shown maturation of VRC01-like B cells so that they 

may accommodate the N276 glycan, the Abs isolated in these studies do not neutralize 

heterologous virus with a glycan at position 276. Future studies should be aimed at 

identifying additional boosting immunizations, which will increase the neutralization 

potency and breadth of the Abs reported here. One study has shown that immunizing a 

transgenic mouse expressing thr mature 3BNC60 HC with a trimeric Env immunogen 

will produce neutralizing Abs (Dosenovic et al., 2015). Therefore, once far enough along 

the maturation pathway, a trimeric Env immunogen will likely be needed to cause the B 
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cells to secrete VRC01-class neutralizing Abs. In the case of our studies, it would be 

interesting to follow the HxB2 WT Core boosting immunization with a trimeric Env 

expressed in GnTI-/- cells and then follow with another trimeric Env immunization, but 

this time expressed in 293 cells. This will hopefully cause the B cells to be able to 

accommodate the N276 glycan by gradually introducing larger sugar molecules on the 

trimeric Env.  

The use of aiAb as a germline-targeting immunogen represents a novel approach 

to elicit VRC01-class Ab. It was successful at activating B cells from a transgenic mouse 

expressing both the mature 3BNC60 HC and the germline 3BNC60 LC (SI-3BNC60 

mouse, Figure 4.2, Table 1.3, (Dosenovic et al., 2018)). However, when used to 

immunize the glH-3BNC60 mouse, which have the gl3BNC60 HC only knocked-in, 

there was an enrichment for short CDRL3, but these were 6 AAs, where as the CDRL3 in 

mature VRC01-class Abs is 5 AAs long (Figure 4.4). When applied as a sort probe to 

human PBMCs, iv8 was successful in isolating B cells with a IGKV3-11 light chain with 

5 AA long CDRL3s, but these did not pair with a VH1-2*02 HC (Figure 4.5). Therefore, 

aiAbs that can select for B cells expressing paired VRC01 HC and LC sequences should 

be generated. Abs expressing the glVRC01 HC only, LC only and both could be 

incorporated into the hybridoma screening process. Cells secreting Abs that bind only to 

an Ab expressing the glVRC01 HC and LC should be selected for further development as 

an aiAb immunogen.  

While, these studies evaluate the germline-targeting immunization strategy in 

transgenic mouse models, the extent to which this strategy will succeed in humans is 

unknown. The glVRC01 precursor is expressed at a higher frequency in the mouse 
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models implemented here than in humans. It has been shown that the precursor frequency 

of the VRC01-class B cell influences its participation in the response to vaccination 

(Abbott et al., 2018). Therefore, the results presented here may not be representative of 

what will happen in a more polyclonal immune system, such as humans. I expect there 

will be greater non-CD4-BS target response in humans which may make it challenging 

for the VRC01-class B cells to compete for antigen and T cell help, both of which will be 

important for the activation and maturation of a VRC01-class B cell. 

Furthermore, here we show the evolution of only one class of bnAb; however, a 

protective HIV-1 vaccine may require the elicitation of more than one class of bnAb. 

This may be necessary due to the diverse viral variants of HIV-1 present in circulation or 

due to the fact that some people may not express the VH1-2*02 allele used in VRC01-

class antibodies (Yacoob et al., 2016) and therefore will require an alternative bnAb to be 

elicited in a protective vaccine. In either case, a cocktail of germline-targeting 

immunogens designed to elicit multiple classes of bnAbs could be administered, or 

germline-targeting immunogens capable of activating more than one class of bnAb, such 

as BG505 SOSIP.v4.1-GT1.1, should be developed (Medina-Ramírez et al., 2017). The 

idea of eliciting multiple classes of bnAbs through vaccination is supported by the fact 

that combination bnAb therapy in HIV-1 infected individuals undergoing ART 

interruption suppresses viremia for longer than in individuals given monotherapy (Bar et 

al., 2016; Caskey et al., 2015, 2017; Lynch et al., 2015b; Scheid et al., 2016).  

Furthermore, the high level of SHM found in mature VRC01-class bnAbs poses a 

challenge to a HIV-1 vaccine aiming to elicit bnAbs. The SHM found in bnAbs occurs in 

HIV-1 infected individuals over the course of many years. Vaccinating humans over the 



	198	

course of many years is not feasible. Therefore, this level of SHM will be challenging to 

recapitulate through immunization. For a B cell to undergo SHM, it must go into the 

germinal center where changes are introduced into the BCR. In the germinal center, a B 

cell acquires AA mutations that can give it higher affinity for antigen and the ability to 

recognize diverse antigens. We have shown this is possible through immunization in 

Chapter II and III, as immunization led B cells to acquire mutations that gave them the 

ability to bind Env with higher affinity and heterologous Env proteins. Further boosting 

immunizations must cause a B cell to undergo further SHM in a germinal center. 

Whether or not the level of SHM found in VRC01-class Abs is possible to elicit via 

vaccination is unknown. However, there is some indication that we can guide the 

appropriate affinity maturing mutations, as immunizing with the same immunogen 

repeatedly does not increase the number of mutations, but immunizing with a 

heterologous immunogen does (Escolano et al., 2016). Testing different adjuvants and 

multimerization platforms could be used to modulate the duration of the germinal center 

to increase the opportunity for B cells to participate (Abbott et al., 2018; Lofano et al., 

2015). Additionally, there is evidence that bnAbs can develop faster in infants than adult 

humans (Simonich et al., 2016). Therefore, we may need to consider immunizing humans 

early in life.  

An additional challenge to the success of the germline-targeting strategy in 

humans will be whether or not bnAbs can be elicited at a sufficient titer and in the right 

location to provide protection. Animal model challenge studies have shown that low titers 

of bnAbs delivered intravenously can make it to the site of HIV-1 challenge and provide 

protection against repeat challenge (Hessell et al., 2009). However, it is not yet known 
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what titers of bnAbs will need to be present in circulation in humans to provide 

protection against HIV-1. The mature VRC01 mAb will soon be evaluated via passive 

infusion in humans in the AMP study. If VRC01 can mediate protection, this study 

should help us identify the concentration of Ab necessary to provide protection.  
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Conclusion 

The germline-targeting strategy is now being evaluated in human clinical trial. eOD-GT8 

has begun a human phase I clinical trial and 426c Core will begin phase I clinical trial in 

early 2021. Therefore, these results presented here have immediate relevance to human 

health. The results here inform HIV-1 vaccine design, but can also be applied more 

broadly to vaccine design as we have identified factors in B cell selection and activation 

as well as demonstrated the application of a novel immunogen design platform, both of 

which can be applied to diseases beyond HIV-1.  
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