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Abstract 

The HIV-1 envelope (Env) glycoprotein trimer expressed on the virion surface is 

the target for both non-neutralizing and neutralizing antibodies (nAbs). In both infection 

and vaccination, the dominant neutralizing antibody responses are strain-specific, 

however, during chronic infection, antibodies that can potently neutralize genetically 

diverse HIV-1 isolates have been identified. These antibodies have been termed broadly 

neutralizing antibodies (bnAbs). BnAbs target conserved sites on the HIV-1 Env 

glycoprotein trimer including the membrane proximal external region, the gp120-gp41 

interface, the CD4 binding site, V1V2-loop plus glycans, and the V3 loop plus glycans. 

Passive infusion studies with broadly neutralizing antibodies (bnAbs) of various 

specificities have been shown to be protective as well as control viral load.  

Thus, one component of a protective HIV-1 vaccine will likely require the 

induction of broad and potent neutralizing antibodies, however, it is not understood 

how such a response would be elicited through vaccination as these antibodies are rare 

and restricted by immune tolerance mechanisms due to their unusual features such as 

extensive somatic hypermutation, presence of a long HCDR3, glycan-reactivity, and 

poly- and or auto-reactivity. Due to the counter selection of B cells bearing antibodies 

with these characteristics by the host immune system, bnAb precursor B cells are rare in 

the B cell repertoire and would likely be difficult to engage through vaccination. As 



 

 

v 

such, vaccinations using HIV-1 Env have induced dominant strain-specific antibody 

responses, but not broadly neutralizing antibody responses. To efficiently engage and 

expand bnAb-precursor B cells, production of stable homogeneous immunogens that 

selectively express bnAb epitopes may be necessary. 

Following the Introduction (Chapter 1), Methods (Chapter 2), Chapter 3 of this 

dissertation describes antibody reagents that are used to characterize recombinantly-

produced HIV-1 Env glycoproteins. Chapters 4 and 5 present data relating to the 

ontogeny of vaccine-induced antibody responses to the first and second variable loops 

of the Env glycoprotein plus glycan (V1V2-glycan epitope) while Chapters 6 and 7 

present data relating to the ontogeny of vaccine-induced antibody responses to the third 

variable loop plus glycan (V3-glycan epitope). 

Chapter 4 of this dissertation describes a study of the antibody responses in 

rhesus macaques following immunization with a synthetic glycopeptide mimic of the 

epitope bound by antibodies that target the first and second variable loops plus glycan 

(V1V2-glycan bnAb epitope). This V1V2 glycopeptide induced robust plasma antibody 

binding responses to HIV Env that contained the same V1V2 loop sequence as the 

immunogen and binding of plasma antibodies to HIV Env was dependent on a lysine at 

position 169 (K169). Dependency on K169 is common for antibodies that target the V1V2 

loop, such as the strain-specific antibodies CH58 and CH59, that recognize only a 

peptidic epitope of the V1V2 loop, but also for V1V2-glycan bnAbs such as CH01 that 
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recognize both the V1V2 loop peptide backbone in addition to glycans at positions N156 

and N160). Even though binding of vaccine-induced antibodies was dependent on the 

presence of K169, no glycan-reactive responses were detected, thus suggesting the 

presence of strain-specific, peptide-reactive CH58 and CH59-like antibodies.  

Moreover, the heavy and light chain sequences of vaccine-induced antibodies 

were isolated and majority of Env-reactive antibodies paired with the rhesus Vλ3-17 

lambda chain gene segment. It has been previously demonstrated that the rhesus Vλ3-17 

lambda chain gene segment is the rhesus ortholog to the human Vλ3-10 gene as used by 

the strain-specific vaccine-induced human antibody, CH59. This is due to a germline-

encoded glutamic acid and aspartic acid motif in the antibody HCDR2 loop (ED motif). 

The ED motif forms a salt bridge with the HIV-1 Env K169 and thus generates germline-

encoded HIV-1 Env reactivity. In summary, immunization with the V1V2 glycopeptide 

minimal immunogen that was designed to target and expand rare V1V2-glycan reactive 

precursors elicited a dominant antibody response that solely recognized peptide, but not 

glycan. Thus, these results demonstrate that despite vaccinating with the V1V2-

glycopeptide that preferentially expressed the V1V2-glycan epitope, V1V2 antibody 

responses that recognized only peptide were profoundly immunodominant. As V1V2-

glycan bnAbs typically have long HCDR3 loops and long HCDR3-bearing B cells are 

rare in the peripheral B cell repertoire, the observed results could be due to lack of B 

cells that recognize the V1V2-glycan epitope. From this work, however, it is unclear if 
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the observed results were due to a deficiency of these types of B cells in the periphery or 

due to instability of the vaccine immunogen in vivo. 

Chapter 5 describes the characterization and immunization of a humanized 

mouse model bearing the CH01 V1V2-glycan bnAb unmutated common ancestor 

antibody; i.e. the B cells in these mice bear the CH01 antibody heavy and light chain 

sequences that were predicted to be germline-encoded prior to somatic hypermutation 

(germline-reverted). With a long HCDR3 of 24 amino acids, B cells bearing the germline-

reverted CH01 heavy and light chain were not deleted in the bone marrow, and 

peripheral B cell development was comparable to the background strain, C57BL/6, 

demonstrating that B cells bearing CH01-like antibodies could be responsive to an 

appropriately designed vaccine immunogen.  

Mice bearing only the germline reverted CH01 heavy chain were then immunized 

with HIV-1 Env. Immunization of these mice expanded B cell populations that were 

dependent on the presence of the V1V2-loop glycan N160. Furthermore, immunization 

of these mice elicited neutralization against difficult to neutralize (tier 2) HIV-1 isolates. 

Following immunization, B cells bearing antibodies whose binding to HIV-1 Env was 

N160 glycan-dependent were isolated, and heavy and light chain sequences were 

recovered. Analysis of the recovered heavy and light chains revealed that 18 different 

murine variable-kappa chain genes paired with the knocked in CH01 UCA and these 

pairings conferred N160 dependence. However, the knocked CH01 UCA heavy chain 
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sequences were largely unmutated. These data suggest that long HCDR3-bearing B cells 

that are specific for the V1V2-glycan epitope (dependent on the presence of glycan at 

N160) are not deleted in the bone marrow and as such, vaccine-elicitation of antibodies 

targeting the V1V2-glycan epitope in wild-type animals should be feasible. Moreover, 

these data suggest that a critical first step for the elicitation of V1V2-glycan targeting 

antibody responses will be expansion of the B cells from which these responses derive, 

but additional antigenic diversity will likely be required to induce the full neutralization 

breadth and potency observed by V1V2-glycan bnAbs isolated from HIV-1 infected 

donors. 

Chapter 6 details the characterization of a stable synthetic glycopeptide that was 

designed to mimic the conformation of the peptide component of the HIV-1 V3-loop 

plus glycans, termed “Man9-V3.” Broadly neutralizing antibodies that recognize this 

epitope, termed “V3-glycan bnAbs” bound to Man9-V3 glycopeptide and bound with 

affinities comparable to those observed for native-like gp140 Env trimers. Moreover, 

both fluorophore-labeled Man9-V3 and native-like trimers similarly bound to bnAb 

memory B cells, and by flow sorting, members of a V3-glycan bnAb clonal lineage from 

an HIV-1-infected individual were isolated. Thus, these data suggest that Man9-V3 

glycopeptide is a structural mimic of the HIV-1 Env epitope bound by V3-glycan bnAbs 

and is a candidate immunogen to initiate V3-glycan bnAb lineage maturation. 



 

 

ix 

In Chapter 7, the immunogenicity of Man9-V3 glycopeptide was tested in rhesus 

macaques. Using Man9-V3 as an immunogen, V3-glycan antibody responses were 

elicited. Combining flow sorting with next generation sequencing of immunoglobulin 

genes, the ontogeny of a vaccine-elicited V3-glycan antibody lineage, termed DH717 was 

studied. This lineage targeted the base of the HIV-1 V3-loop in addition to the V3-loop 

N301 and N332 glycans. Neutralization however, was limited to Env pseudoviruses 

bearing only high-mannose glycans as these antibodies could not neutralize viruses 

bearing native glycoforms. The structure of the most broad and potent member of the 

DH717 lineage, DH717.1 was determined using X-ray crystallography. This revealed 

that the rhesus DH717.1 V3-glycan antibody and 2G12, a human V3-glycan bnAb 

isolated from a HIV-1 infected donor, showed remarkable similarity in accommodation 

of high-mannose glycans. Specifically, DH717.1 and 2G12 antibodies accommodate 

terminal branches of high-mannose glycans through the formation of a binding pocket 

comprised of the HCDR1 and HCDR2 loops. Furthermore, DH717, like 2G12, bound the 

yeast Candida albicans in a glycan-dependent manner.  

 With regards to the ontogeny of the V3-glycan DH717 lineage, next generation 

sequencing at pre-immunization time points revealed the DH717 lineage to be present 

prior to vaccination and to be mutated with regards to the computationally inferred 

DH717 germline sequence. While the already mutated pre-vaccination DH717 lineage 

member bound to both the yeast Candida albicans, and to Man9-V3 glycopeptide, the 
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DH717 unmutated common ancestor bearing a computationally inferred germline 

sequence bound only to Candida albicans, and not Man9-V3. It was only after acquiring 

somatic mutations prior to immunization did the lineage acquire the ability to bind to 

Man9-V3, suggesting a role for high-mannose-bearing environmental antigens for 

priming such responses. After further acquisition of somatic mutations following 

vaccination did the lineage acquire the ability to bind the V3-glycan bnAb epitope as 

presented on a stabilized, native-like soluble recombinant HIV-1 Env trimer. This 

suggests that vaccination with a synthetic glycopeptide affinity matured a pre-existing, 

yeast-reactive B cell lineage to the HIV-1 V3-glycan bnAb epitope.  

 Together, the studies described in Chapters 4-7 suggest that vaccine-induction of 

V1V2- and V3-glycan bnAbs may be feasible, and that to do so, stable glycopeptides that 

mimic bnAb epitopes will be needed to select for and expand the precursors for the 

desired glycan-bnAb response. 
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1. Introduction 

1.1 B Cell Biology 

To eliminate foreign pathogens and toxins, the adaptive immune system relies on 

the use of antibodies produced by B cells. In 1956 Bruce Glick and Timothy Change first 

reported the role of the bursa of Fabricius in antibody production through an accidental 

finding (Glick, Chang, & Jaap, 1956). Following these studies, Max Cooper published 

two papers in the 1960s that clearly delineated the role of the bursa of Fabricius in 

antibody production, and showed that bursal-derived cells (“B cells”) are required for 

antibody responses (Cooper, Peterson, & Good, 1965; Cooper, Raymond, Peterson, 

South, & Good, 1966). It was not until the 1970’s that a mammalian counterpart for 

antibody production was found in the bone marrow (Owen, Cooper, & Raff, 1974). Each 

B cell expresses on its surface a membrane bound antibody termed the B cell receptor 

(BCR), and due to recombinatorial diversification of immunoglobulin genes, it has been 

estimated that mammalian organisms can generate up to 1011 unique antibodies 

(Nussenzweig & Alt, 2004).  

Antibodies are proteins comprised to two identical heavy chains and two 

identical light chains. While all heavy chains are expressed from the immunoglobulin 

heavy chain gene (Igh) locus, the light chains are expressed from one of two light chain 

loci - the immunoglobulin kappa (Igκ) or immunoglobulin lambda (Igλ) loci (Jung, 

Giallourakis, Mostoslavsky, & Alt, 2006). During B cell development, genomic DNA 
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segments rearrange to produce heavy and light chains, and these segments include the 

variable (V), diversity (D), and joining (J) segment for the heavy chain, while the light 

chain uses only a V and J segment (Early, Huang, Davis, Calame, & Hood, 1980).  

In the mammals, the Igh locus is comprised of multiple variable (Vh), diversity 

(Dh), joining (Jh), and constant (Ch) segments, organized in adjacent regions of the Igh 

locus. As an example to demonstrate the abundance of gene segments used to generate 

diversity, in mice, the Igh locus spans 2.75 million base pairs and contains roughly 100 

Vh segments (including both functional and nonfunctional segments), 10-15 Dh 

segments, four Jh segments, and eight Ch segments (Brodeur & Riblet, 1984). As there 

are many V, D, and J segments, combinatorial assembly of each segment plus the 

generation of short novel sequences at the junctions of the assembled segments 

generates the observed BCR diversity. The following section will outline the 

mechanisms of generating BCR diversity: 1) V(D)J recombination and 2) somatic 

mutation. This section will outline the mechanism of V(D)J recombination while the next 

will focus on somatic mutation. 

1.1.1 B Cell Receptor Diversification by V(D)J Recombination, Class-
Switch Recombination, and Somatic Hypermutation 

In 1976 it was discovered that the DNA in lymphoid cells encoding antigen 

receptors is altered from the DNA of other germ-line cells and somatic tissues (Hozumi 

& Tonegawa, 1976). A series of recombination events, termed V(D)J recombination 

serves to generate an assembly of antigen receptor genes from the array of gene 
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segments described in the above section (Bassing, Swat, & Alt, 2002). This section will 

outline the mechanism of V(D)J recombination while the next will focus on somatic 

mutation. 

1.1.1.1 V(D)J Recombination 

V(D)J recombination is an error-prone process that allows for the combinatorial 

rearrangement of variable (V), diversity (D), and joining (J) gene segments for the heavy 

chain, and only V and J gene segments for the light chain (Brack, Hirama, Lenhard-

Schuller, & Tonegawa, 1978; Tonegawa, Brack, Hozumi, & Pirrotta, 1978). The overall 

process can be broken down into two phases: a cleavage phase and a joining phase 

(Fugmann, Lee, Shockett, Villey, & Schatz, 2000). During the cleavage phase, double 

strand breaks are introduced at two different segments in the DNA and then the 

intervening DNA is deleted (Fugmann et al., 2000). During the joining phase, the 

segments are ligated together through non-homologous end joining (NHEJ) (Fugmann 

et al., 2000). This process occurs in the fetal liver throughout gestation and later in the 

bone marrow as the fetus reaches full gestation, and occurs in an ordered fashion such 

that a successful rearrangement will allow the B cell to egress from the bone marrow to 

the periphery (Chung, Silverman, & Monroe, 2003). The mechanisms by which the 

cleavage phase and joining phase occur are discussed in more detail below. 

During the cleavage phase, strand breaks occur at recombination signal 

sequences (RSSs) that consist of either a 12 or 23 base pair (bp) sequence flanked by a 
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conserved heptamer and nonamer (Max, Seidman, & Leder, 1979; Sakano, Huppi, 

Heinrich, & Tonegawa, 1979). Efficient recombination requires a 12 bp RSS (12RSS) to 

pair with a 23 bp RSS (23RSS), known as the “12/23 rule” (Jones & Gellert, 2002). To 

initiate the cleavage phase, the 12RSS and  23RSS are bound by the RAG1 and RAG2 

protein complexes and then brought together in close proximity where the RAG proteins 

nick the partner RSS thus catalyzing the cleavage of both RSSs (Curry, Geier, & Schlissel, 

2005; Jones & Gellert, 2002; McBlane et al., 1995; Mundy, Patenge, Matthews, & 

Oettinger, 2002). This reaction yields a coding joint and a signal joint. While the coding 

end is covalently sealed into a hairpin, the signal joint is left as a 5’-phosphorylated 

blunt DNA end (Roth, Zhu, & Gellert, 1993). 

The second phase of V(D)J recombination is the joining phase and involves DNA 

end processing and end joining, and is mediated by RAG1, RAG2, as well as DNA-

repair proteins of the non-homologous end joining (NHEJ) pathway (KU70, KU80, 

XRCC4, DNA Ligase IV, and the Cerunnos/XLF proteins (Lieber, 2008). Further 

diversification is added through repair of the joints where members of the PolX 

polymerase family (TdT, polµ, and polλ) introduce non-templated (n) nucleotides and 

repair via fill-in DNA synthesis (Desiderio et al., 1984; Yamtich & Sweasy, 2010).  

Although rare, B cells bearing long HCDR3s are present in the periphery. In 

addition to utilization of longer D or J gene segments or addition of long stretches of n-

nucleotides during V(D)J recombination, an additional mechanism of generating long 
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HCDR3s is a process termed D-D fusion (Yu & Guan, 2014). As D-D fusion violates the 

12-23 rule, it is a rare recombination event whereby two D gene segments are brought 

together such that the final recombination product is V(DD)J and occurs in roughly 1 out 

800 B cells (Briney, Willis, & Crowe, 2012). As HIV-1 broadly neutralizing antibodies 

tend to have long HCDR3s (Haynes & Verkoczy, 2014; Kelsoe & Haynes, 2017), this 

process may contribute to the occurrence of long HCDR3 bnAb precursors, in particular 

for those targeting the apex of the HIV-1 envelope trimer (Bonsignori et al., 2011; Yu & 

Guan, 2014). 

1.1.1.2 Activation-Induced Cytidine Deaminase 

 Resting B cells circulate in peripheral lymphoid tissues including the Peyer 

patches in the terminal ileum, spleen, and lymph nodes, and are stimulated following 

BCR binding to cognate antigen. At this point, activated B cells can further diversify 

through two mechanisms, class-switch recombination (CSR) or somatic hypermutation 

(SHM). During CSR the variable region exon is spliced to a structurally distinct constant 

heavy chain (CH) exon (Cγ3, Cγ1, Cγ2b, Cγ2a, Cε, and Cα, listed in order as they occur on the 

chromosome in the mouse) (Davies & Metzger, 1983). During SHM, point mutations are 

introduced into the immunoglobulin IgH and IgL variable region exons (Chaudhuri et 

al., 2007; Di Noia & Neuberger, 2007). Both CSR and SHM are mediated by the enzyme 

activation-induced cytidine deaminase (AID), a single-strand DNA-specific cytidine 

deaminase that preferentially acts in the context of “AID targeting” motifs (DGYW or 
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WRCH: D=A/GT, Y=C/T, W=A/T, H=T/C/A, R=A/G) (Peled et al., 2008; Rogozin & 

Pavlov, 2006). During both CSR and SHM, AID deaminates cytidine nucleotides in the 

IgH and IgL V(D)J exons, and these deamination products are further processed. 

The mechanism by which AID initiates CSR and SHM is as follows (Petersen-

Mahrt, Harris, & Neuberger, 2002, 2015). First AID deaminates cytidine to create uridine. 

The enzyme uracil-DNA glycosylase (UNG) then removes the DNA through base-

excision repair to generate an abasic site. The abasic site is then acted on by 

apurinic/apyrimidinic endonuclease (APE1) which then excises ribose from the 

backbone to create a single strand nick. Finally, the DNA repair enzymes bring together 

in close proximity the signal sequences, and the intervening sequences are excised, thus 

approximating the variable region with the selected constant region. Cytidine-

deamination mediated by AID leads to double strand breaks for CSR, while during 

SHM, AID-mediated cytidine deamination results in single strand DNA breaks. 

1.1.1.3 Class-Switch Recombination 

During B cell development, a successfully rearranged immunoglobulin variable 

region exon is spliced with a constant (C)-region. For the heavy chain, the first heavy 

chain constant regions (CH) spliced with the rearranged variable region exons are Cµ 

(IgM) and Cδ (IgD) (Alt et al., 1980; Reth, 1994; Rogers et al., 1980). Upon antigen 

stimulation a mature B cell can further diversify its expressed antibody through joining 
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of the IgH V(D)J exon with additional downstream constant region exons in a process 

termed class-switch recombination (CSR).  

CSR can occur both within and outside of the germinal center (GC) (McHeyzer-

Williams & McHeyzer-Williams, 2005). For CSR to occur, AID targets long (1- to 10 

kilobase) repetitive switch (S) regions located just upstream of each set of constant heavy 

chain (CH) exons, except Cδ (Honjo, 1983). During CSR, the donor S region (Sµ for a non-

class-switched B cell) is fused to one of the downstream acceptor S regions immediately 

upstream of each of the constant region exons, and this occurs through an AID-mediated 

double-stranded DNA break followed by a NHEJ joining mechanism (Kataoka, 

Kawakami, Takahashi, & Honjo, 1980). During this, the sequences between the two S 

regions are excised from the IgH locus and is left as an extrachromosomal circle 

(Iwasato, Shimizu, Honjo, & Yamagishi, 1990; Matsuoka, Yoshida, Maeda, Usuda, & 

Sakano, 1990; von Schwedler, Jack, & Wabl, 1990), and through breakage and joining of 

two S regions, the downstream CH replaces Cµ thus leading to the expression of a new 

CH exon that was originally located downstream (such as Cγ3, Cγ1, Cγ2b, Cγ2a, Cε, and Cα). 

This leads to expression of the original V(D)J exon sequence, but in a different antibody 

isotype backbone (IgG, IgE, or IgA). 

1.1.1.4 B cell Receptor Diversification by Somatic Hypermutation 

Somatic hypermutation (SHM) is the mechanism by which point mutations are 

introduced into immunoglobulin genes and is an additional mechanism to enhance BCR 
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and antibody diversity following V(D)J recombination. As both CSR and SHM are 

mediated by AID following antigen exposure, SHM is frequently associated with CSR, 

although both processes can occur independently (Gitlin et al., 2016).  

While the overall goal of SHM is to generate high-affinity antibodies, the SHM 

process does not discriminate between favorable and unfavorable mutations, thus SHM 

can lead to antibodies with increased, decreased, or no change in affinity, or can even 

introduce premature stop codons (Bemark & Neuberger, 2003; W. Zhang et al., 2001). 

Since the SHM process does not always lead to mutations that enhance antibody binding 

affinity, a selection process within the light zone of the germinal center (GC) exists to 

select for B cells that bear the highest affinity antibodies (Berek, Berger, & Apel, 1991).  

Over millions of years, evolutionary selection has led to the enrichment of codon 

usage within the antibody complementarity determining regions (CDR) such that the 

AID hotspots result in replacement mutations, while framework V gene sequences are 

enriched for codons that are more likely to result in silent or conservative mutations 

(Jolly et al., 1996; Wagner, Milstein, & Neuberger, 1995; Zheng, Wilson, Jared, & Wilson, 

2005). Thus, the overall goals of SHM are two-fold: to diversify the B cell repertoire, and 

to increase the binding affinity for cognate antigen. 

The mechanism of SHM is as follows:  First AID catalyzes the conversion of 

deoxycytidine to deoxyuridine (Muramatsu et al., 1999). Three outcomes can occur from 

here. 1. Replication proceeds, leaving a G:C and A:T pair in the daughter strands. 2. 
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MSH2/MSH6 recognize the U:G pairing, triggering patch DNA synthesis where 

additional mutations are introduced, including accumulation of substitutions at A:T 

pairs (Wilson et al., 2005). 3. UNG, through base excision repair mechanisms will 

remove the uracil leaving an abasic site as a result (Krokan, Drablos, & Slupphaug, 

2002).  From here, small short repair polymerases can put any nucleotide (A, T, G, C) in 

the abasic site (Seki, Gearhart, & Wood, 2005). As mentioned earlier, replacement 

mutations tend to concentrate in the complementarity determining region of the 

antibody, which are the major sites of antigen contact (Krokan et al., 2002). It is through 

this process that B cells acquire mutations primarily focused in AID motifs within the 

immunoglobulin V(D)J exon sequence, and by doing so, B cells can adapt antibody 

affinity and fine specificity to their cognate antigen(s). 

1.1.2 B Cell Development 

B cells derive from an undifferentiated pluripotent hematopoietic stem cell 

(HSC) that beings in the fetal liver before birth and in the bone marrow after birth 

(Gathings, Lawton, & Cooper, 1977; Hofman, Danilovs, Husmann, & Taylor, 1984; 

Muller, Medvinsky, Strouboulis, Grosveld, & Dzierzak, 1994; Nunez et al., 1996). Several 

studies have now shown that fetal B cell development is skewed towards production of 

IgM+ poly- and/or self-reactive antibodies, and have an increased frequency of VH6-1 

gene segment usage (Dorshkind & Montecino-Rodriguez, 2007; Wardemann et al., 2003). 

Thus, it is thought that these fetal liver B cells likely contribute to the development of an 
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innate-like natural antibody repertoire that recognizes conserved microbial patterns 

such as carbohydrates (Griffin, Holodick, & Rothstein, 2011). 

In mammals, the stages of B cell development occur in a step-wise fashion, 

ordered based on the functional rearrangement of immunoglobulin VH, DH, and JH gene 

segments of the heavy chain loci, and VL and JL gene segments of the kappa (κ) and 

lambda (λ) light chain loci (Tonegawa, 1987). This process is broken down into three 

maturational stages: the pro-B cell stage (the earliest stage), followed by the pre-B cell 

stage, and lastly the immature B cell stage (Pieper, Grimbacher, & Eibel, 2013).  

During the first stage of development the pro-B cell begins rearrangement of the 

DH and JH segments, followed by a VH to a DHJH rearrangement (Pieper et al., 2013). 

Successful rearrangement of a functional heavy chain prevents recombination of VH, DH, 

and JH gene segments on the additional allele in a process termed allelic exclusion 

(Brady, Steinel, & Bassing, 2010). Following heavy chain rearrangement, pairing with a 

surrogate light chain occurs and the antibody can now be expressed on the B cell surface 

(termed the pre-B-cell receptor) (Martensson & Ceredig, 2000). The surrogate light chain 

is comprised of two proteins, lambda-5 and VpreB in mice, that when brought together 

through non-covelent interactions, are structurally homologous to conventional light 

chains (Martensson & Ceredig, 2000). Signaling through the pre-BCR induces both 

proliferation of the pre-B cell in addition to rearrangement of immunoglobulin light 

chain genes (Herzog, Reth, & Jumaa, 2009; Martensson & Ceredig, 2000). Afterward, VL 
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to JL rearrangement occurs for either the kappa chain genes (Vκ, Jκ) or lambda chain 

genes (Vλ, Jλ) (Pieper et al., 2013). Following splicing with the Cµ and Cδ exons, the BCR 

is now expressed on the immature B cell surface (Pieper et al., 2013). The immature B cell 

emigrates from the bone marrow to the spleen where further differentiation into 

transitional B cell subsets (T1 and T2) followed by subsequent differentiation into either 

follicular or marginal zone B cell subsets. 

1.1.3 A B cell Fate Decision: Follicular Versus Marginal Zone 

Following successful rearrangement of immunoglobulin heavy and light chain 

genes, B cells that are either weakly or not self-reactive emigrate from the bone marrow 

to the spleen where maturation through transient transitional (T1 and T2) B cell stages 

into mature follicular (FO) or marginal zone (MZ) B cells occurs (Pillai & Cariappa, 

2009). T1 cells found in the bone marrow and spleen are newly generated B cells that 

have not yet acquired the ability to recirculate, while T2 cells are found in splenic 

follicles and have acquired surface IgD and CD23 and can recirculate (Pillai & Cariappa, 

2009). T2 cells that are not repetitively stimulated with self-antigen recirculate back to 

the bone marrow where one-quarter will mature into follicular B cells, while the rest 

recirculate back to the spleen to complete maturation into follicular or marginal zone B 

cells (Cariappa, Boboila, et al., 2007; Cariappa, Chase, Liu, Russell, & Pillai, 2007).  

The fate decision for differentiating into either a follicular or marginal zone B cell 

not only depends on signaling strength through the BCR from the microenvironment, 



 

12 

but is dependent on Notch signaling and also the transcription factor NF-κB (canonical 

nuclear factor-κB) (Pillai & Cariappa, 2009). If the immature B cell differentiates into a 

marginal zone B cell, it will migrate to a new anatomical location of the spleen, but also 

acquire the ability to self-renew, enabling a marginal zone B cell to have an unlimited 

lifespan, in contrast to follicular B cells that survive for only weeks (Pillai & Cariappa, 

2009).  

To become a follicular cell tonic signaling through the BCR is required. It is tonic 

BCR signaling enables activation of the intracellular protein Bruton’s tyrosine kinase 

(BTK). Signaling through BTK will ultimately activate, through signaling cascades, the 

transcription factor NF-κB) to drive the expression of genes that will commit the 

immature B cell to a follicular fate (Pillai & Cariappa, 2009). It is important to note that 

BTK also antagonizes Notch signaling.  

In contrast, the marginal zone fate begins with weak signaling through the BCR, 

but also depends on signaling through other cell surface receptors. In addition to weak 

BCR signaling, B cells that receive signals through the cell surface receptor, Notch2. As 

weak BCR signaling does not activate BTK, Notch2 signaling can proceed uninterrupted, 

ultimately leading to the activation of two transcription factors: mastermind-like 1 

(MAML1) and recombination signal binding protein for immunoglobulin Jκ (RBP-Jκ), 

thus driving the immature B cell towards a marginal zone fate (Pillai & Cariappa, 2009). 



 

13 

1.1.4 B Cell Tolerance 

Due to the number of potential antibody rearrangements and pairings, it is 

predicted that the immune system can generate a repertoire diverse enough to recognize 

5 x 1013 different antigens (Pieper et al., 2013). Although this diversity is advantageous 

for recognizing any potential pathogen, with it comes the certainty to generate BCR 

rearrangements that confer self-reactivity. These self-reactive B cells could become 

activated and generate high-affinity, self-reactive, and pathogenic IgG, thus the immune 

system would need mechanisms to limit the number of or limit the responsiveness of 

self-reactive B cells.  

In fact, in the late 1800s and early 1900s, Paul Ehrlich described the induction of 

hemolytic antibodies following the immunization of animals with blood of a different 

species. He then immunized animals using blood of animals from the same species or 

the same animal, and in each instance, the formation of autoantibodies did not occur. 

These findings led Paul Ehrlich to deduce the existence of what he deemed “horror 

autotoxicus,” or the unwillingness of the organism to harm itself through the formation 

of pathogenic autoantibodies. In fact, Ehrlich went on to say “It would be dysteleologic 

in the highest degree, if under these circumstances self-poisons of the parenchyma—

autotoxins—were formed.”  

Evidence for BCR signaling-mediated suppression was first observed during in 

vitro studies of cultured mouse fetal liver B cells treated with purified goat antibodies 



 

14 

against mouse mu-chains (Raff et al., 1975). Further evidence for host immune restriction 

of self-reactive B cell clones was found in transgenic mice bearing self-reactive B cells. In 

these models, self-reactive B cells were eliminated or otherwise suppressed (Gay, 

Saunders, Camper, & Weigert, 1993; Goodnow et al., 1988; Nemazee & Burki, 1989). In 

humans however, evidence for this suppression derived from studies where the 

specificities of antibodies were cloned from immature B cells in the bone marrow and 

various mature B cell subsets in the periphery (Wardemann & Nussenzweig, 2007). In 

these studies, it was observed that immature B cells were self-reactive and also 

polyreactive for several structurally diverse antigens such double stranded DNA 

(dsDNA), lipopolysaccharide (LPS), and proteins (such as insulin) (Pieper et al., 2013). 

The percentage of self-reactive B cells was greatly contracted in peripheral B cell subsets 

(Pieper et al., 2013). This process, that which restricts the repertoire of self-reactive 

lymphocytes is termed tolerance. B cells are under tolerance control, both in the bone 

marrow (central tolerance) and in secondary lymphoid organs (peripheral tolerance).  

1.1.4.1 Central Tolerance 

There are three known mechanisms to limit autoreactivity during B cell 

development in the bone marrow: clonal deletion through apoptosis, anergy, and 

receptor editing (Casellas et al., 2001; Gururajan, Sindhava, & Subbarao, 2014). Clonal 

deletion via apoptosis occurs at the pre-B cell and immature B cell stages and is due to 

high-affinity interactions with self-antigen present on cell surfaces (Healy & Goodnow, 
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1998; Keenan et al., 2008). Whereas high affinity interactions subject pre- and immature 

B cells to apoptosis, low-affinity interactions subject the B cell to an anergic state (Healy 

& Goodnow, 1998). In this state, surface BCR densitiy is lowered thereby decreasing the 

chances for antigenic stimulation (Healy & Goodnow, 1998). In the context of HIV-1, 

several broad neutralizing antibody specificities have been shown to be poly- and/or 

auto-reactive (Kelsoe and Haynes). Indeed, in a mouse engineered to express the 

autoreactive HIV-1 broad neutralizing antibody called 2F5, B cell deletion in the bone 

marrow in addition to BCR downmodulation (i.e. anergy) was observed (Verkoczy et al., 

2011; Verkoczy et al., 2013; Verkoczy et al., 2010).  

Receptor editing is an additional mechanism used by the immune system to limit 

the numbers of self-reactive B cells in the bone marrow (Casellas et al., 2001). Receptor 

editing occurs at the immature B cell stage when RAG expression persists for a short 

time following successful VLJL recombination (Melamed, Benschop, Cambier, & 

Nemazee, 1998). Following binding to self-antigen, immature B cells can undergo 

secondary rearrangements to express a new light chain in an attempt to edit out self-

reactivity (Casellas et al., 2001). 

1.1.4.2 Peripheral Tolerance  

Approximately 90% of the self-reactive B cell pool will be eliminated in the bone 

marrow due to mechanisms outlined above (Allman, Ferguson, Lentz, & Cancro, 1993; 

Forster & Rajewsky, 1990). Despite the restriction of self-reactive B cell clones in the bone 
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marrow, up to 55-75% of transitional B cells emigrating to the periphery will express 

self-reactive BCRs and these B cells will be subjected to further tolerance control in the 

periphery, termed peripheral tolerance (Miller, Stadanlick, & Cancro, 2006; Monroe et 

al., 2003; Smith & Reth, 2004; Wardemann et al., 2003). Similar to the fate of self-reactive 

B cell clones in the bone marrow, self-reactive clones in the periphery are either 

anergized or deleted.  

B cells must compete for survival signals following antigen stimulation, and it is 

this additional round of competition that provides a mechanism to eliminate self-

reactive B cell clones (Cyster, Hartley, & Goodnow, 1994). Upon engagement of the BCR, 

Bim, a pro-apoptotic Bcl-2 family member is engaged thus promoting cell death (Carter 

et al., 2016; Craxton, Draves, & Clark, 2007). BAFF blocks BCR-driven Bim 

dephosphorylation and subsequent caspase-mediated cell death (Craxton, Draves, 

Gruppi, & Clark, 2005). As such, BCR signaling in the context of appropriate levels of 

BAFF permits the B cell to survive, whereas inadequate levels of BAFF subject the B cell 

to deletion through cell death. As such, it has been shown that self-reactive B cells have 

an increased reliance on BAFF for survival, and administration of excess BAFF rescues 

self-reactive B cell clones thus allowing them to participate in the follicular response (Z. 

Liu & Davidson, 2011; Stadanlick & Cancro, 2008; Thien et al., 2004).  

Anergy (or functional unresponsiveness) is an additional mechanism that self-

reactive transitional or follicular B cells are tolerized in the periphery, and entails down 
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modulation of surface IgM (Cambier, Gauld, Merrell, & Vilen, 2007). Rather than 

strongly cross-linking the BCR, soluble antigens present in the microenvironment signal 

through surface IgM thus leading to IgM down-modulation (Zikherman, Parameswaran, 

& Weiss, 2012). BCR down modulation increases the threshold for B cell activation as 

there are less BCRs to signal through, and as a result, these B cells are allowed to persist 

(Shlomchik, Nemazee, van Snick, & Weigert, 1987; Tiller et al., 2007). Thus, anergy 

permits low-affinity self-reactive clones to persist for the purposes of protective 

immunity (Zikherman et al., 2012). 

Regulatory T cells (Treg) are also known to suppress B cell responses and 

antibody production (Gotot et al., 2012; Lim, Hillsamer, Banham, & Kim, 2005). The role 

of Tregs to prevent the expansion and differentiation of self-reactive B cell clones was 

shown in Treg-depleted rodents whereby dysregulated antibody production was 

observed (Morgan et al., 2003). Furthermore others have studied patients naturally 

lacking Tregs and found these patients to contain multiple specificities of self-reactive 

antibodies (Tsuda et al., 2010). 

An additional mechanism of peripheral tolerance first discovered by Chris 

Goodnow is a process called antibody redemption (Sabouri et al., 2014). In this 

mechanism, B cells that recognize both self- and non-self-antigens are allowed to 

undergo somatic hypermutation and affinity maturation in the germinal center (Sabouri 

et al., 2014). In some cases, the accumulation of mutations decreases the affinity for the 
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self-antigen while preserving reactivity for the exogenous antigen, and the B cell bearing 

this mutated BCR will be positively selected for, thus allowing the B cell clone to 

participate in the humoral immune response (Sabouri et al., 2014). 

1.1.5 Role of the Germinal Center in Affinity Maturation 

The process of somatic mutation and affinity maturation occurs in a 

microanatomical structure called the germinal center (Berek et al., 1991). Here, AID 

introduces mutations in antibody genes to generate a diverse repertoire of B cells 

bearing mutated BCR, which are then selected for based on affinity (Berek et al., 1991; 

Jacob, Kelsoe, Rajewsky, & Weiss, 1991). Thus, B cells with low affinity for antigen are 

outcompeted for those with higher affinity, and those with higher affinity are positively 

selected for survival. 

The germinal center exists in the center of B cell follicles found within secondary 

lymphoid organs such as the lymph node or spleen, and distributed within the germinal 

center are stromal cells called follicular dendritic cells (FDCs) (Heesters, Myers, & 

Carroll, 2014). FDCs serve two roles within the germinal center: to obtain and present 

antigen to B cells for “affinity testing” of B cells bearing somatically mutated BCRs 

(Heesters et al., 2014) and to support germinal center B cell survival (Garin et al., 2010). 

The germinal center is formed following antigen acquisition by resting B cells (Cyster, 

2010), thus stimulating B cell migration between the B cell follicle and the T cell zone 

(T:B border) (Garside et al., 1998; Okada et al., 2005). In close proximity to FDCs, a small 
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minority of these B cells coalesce into tight clusters thus forming the early germinal 

center (Mesin, Ersching, & Victora, 2016). 

The germinal center is histologically and functionally divided into the light zone 

and the dark zone. The light zone contains a rich network of FDC and T helper cells 

while the dark zone is rich dividing B cells (Mesin et al., 2016). As these helper T cells are 

located within the B cell follicle, they are referred to as follicular T helper cells (TFH). 

Furthermore, the chemokine receptors CXCR4 and CXCR5 can be used to distinguish 

the dark zone and the light zone, respectively (Allen et al., 2004). 

The ability for B cell lineages to progressively increase their affinity for antigen is 

referred to as affinity maturation. This process relies on the positive selection for high 

affinity B cell clones within a germinal center. For B cells to enter the germinal center 

they must be able to bind antigen and receive cognate signals delivered at the T:B border 

(Garside et al., 1998; Okada et al., 2005). It is now known that despite this requirement, 

the germinal center can contain more than 100 distinct B cell clones (i.e. distinct V(D)J 

rearrangements), and thus can be diverse (Tas et al., 2016). Following antigenic 

stimulation and signals received from TFH at the T:B border within the dark zone, B cells 

will then undergo cellular division in addition to somatic hypermutation of the antibody 

genes (De Silva & Klein, 2015). These B cells in the dark zone, now bearing mutated 

BCRs, will then migrate to the light zone where they will be presented with antigen by 

FDCs (De Silva & Klein, 2015).  
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In addition to having roles in cell signaling, the BCR can also serve as an 

endocytic receptor, thus allowing the B cell to uptake antigen, which can then be 

processed and presented on MHC II (major histocompatibility complex type two) (Allen, 

Okada, & Cyster, 2007). Higher affinity binding of antigen to the BCR is associated with 

enhanced antigen presentation on MHC II (De Silva & Klein, 2015). B cells with a higher 

density of MHC II antigen presentation are able to receive stronger signals from TFH 

necessary for survival and further maturation in the dark zone (De Silva & Klein, 2015). 

Indeed, the intensity of signaling received from TFH determines the number of cell cycle 

divisions; B cells receiving weak signaling from TFH would undergo only one cell 

division before returning to the light zone, while B cells receiving strong signaling 

would undergo multiple cell divisions and SHM before returning to the light zone 

(Gitlin et al., 2015; Gitlin, Shulman, & Nussenzweig, 2014).  

This provides a framework by which in the germinal center, B cells that have 

acquired high affinity for cognate antigen through a stochastic accumulation of 

mutations in the antibody genes are positively selected for, while by these same 

mechanisms and within the same germinal center, B cells that have lower affinities for 

the same antigen are selected against. Thus, the positive selection for higher affinity B 

cell clones allows for the humoral response to adapt to shifts in antigen sequence or 

structure, or both, and also enhances the overall affinity of B cell clones leading to more 

potent antibody effector functions. 
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1.2 Antibody Responses Directed at HIV-1 

1.2.1 The HIV-1 Envelope Glycoprotein 

HIV-1 is a retrovirus that is known to establish a persistent infection in humans 

by way of infecting CD4+ T cells, thus leading to an immunodeficient state whereby the 

individual is more susceptible to opportunistic infections; a disease called acquired 

immunodeficiency syndrome (AIDS) (Allan et al., 1985; Barre-Sinoussi et al., 1983). It is 

estimated that 36.7 million people are currently infected with the HIV-1 virus (WHO, 

2017). Although antiretroviral therapies are effective at reducing viral load to 

undetectable levels, they contain side-effects, are costly, and development viral 

resistance readily occurs (HVTN, 2017). In low- and middle-income countries, due to the 

cost of antiretroviral drugs, only 34% of individuals with HIV-1 and who are eligible for 

treatment, have access to therapy (HVTN, 2017). Thus, a safe and effective prophylactic 

vaccine that can induce sterilizing immunity is of high need. 

On the surface of the viral Envelope sits a heavily glycosylated trimeric protein, 

called the gp140 Envelope (Env) glycoprotein (or gp140 for short). The gp140 Env 

glycoprotein is comprised of two non-covalently associated subunits (gp120 and gp41) 

(Allan et al., 1985; Barre-Sinoussi et al., 1983). It is the binding of gp120 to host-cell CD4 

combined with binding to co-receptor chemokines CCR5 and CXCR4 that allow for viral 

entry into CD4+ T cells (Allan et al., 1985; Barre-Sinoussi et al., 1983). The mechanisms 

for viral entry are as follows. Binding of gp120 to CD4 triggers a conformational change 
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in the Env glycoprotein to a high-energy “fusion-ready” state (Wyatt & Sodroski, 1998). 

This fusion ready state is referred to as the “pre-hairpin intermediate” and is when the 

co-receptor binding site is exposed in addition to a hydrophobic fusion peptide at the N-

terminus of gp41(Mao et al., 2012). The fusion peptide is thought to insert into the host 

cell membrane, and following collapse of the energetically unfavorable pre-hairpin 

intermediate into a stable six-helix bundle, fusion of the viral and host cell membranes 

can occur (Mao et al., 2012). 

The HIV-1 Env trimer is a metastable protein complex and is thought to transit 

between three distinct states (state 1, state 2, and state 3), corresponding to “closed,” 

intermediate, and “open” states, respectively (Herschhorn & Sodroski, 2017). It is 

generally understood that antibodies that can bind to the native, i.e. a correctly folded 

and closed trimer, with high affinity can inhibit viral infectivity, thereby neutralizing the 

HIV-1 viron (Dragic et al., 1996; Klasse & Sattentau, 2002; Ugolini et al., 1997). 

Neutralization occurs through steric or conformational inhibition of receptor 

engagement (Dragic et al., 1996; Klasse & Sattentau, 2002; Ugolini et al., 1997), trimer 

destabilization or dissociation (Poignard, Fouts, Naniche, Moore, & Sattentau, 1996; 

Ruprecht et al., 2011), allosteric inhibition of receptor binding (Julien et al., 2013). 

For this reason, much work has been dedicated to the construction of soluble 

recombinant HIV-1 gp140 Env trimers that both mimic the native gp140 Env trimer on 

the surface of the virus, and that are stable enough to prevent opening of the trimer and 



 

23 

subsequent exposure of epitopes not present on the native trimer (Beddows et al., 2007; 

Beddows et al., 2005; Kang et al., 2009; Sanders et al., 2013). In these constructs, the 

gp120-gp41 interactions are stabilized with the introduction of an interchain disulfide 

bond (SOS) between gp120 and gp41, in addition to an I559P substitution (IP) in gp41 to 

improve trimerization (Beddows et al., 2007; Beddows et al., 2005; Kang et al., 2009; 

Sanders et al., 2013). Hence, these trimers are referred to as SOSIP trimers, and are 

currently being evaluated as immunogens to induce neutralizing antibodies.  

1.2.2 Neutralizing Antibody Responses during HIV-1 Infection 

The HIV-1 Envelope (Env) glycoprotein trimer expressed on the virion surface is 

the target for both non-neutralizing and neutralizing antibodies (nAbs). In both infection 

and vaccination, the dominant antibody responses are either strain specific or non-

neutralizing (Haynes, Gilbert, et al., 2012; Liao et al., 2011; Montefiori et al., 2012). 

However, during chronic infection, antibodies that can potently neutralize genetically 

diverse HIV-1 isolates have been identified, and are termed broadly neutralizing 

antibodies (bnAbs) (42). It is now known that bnAbs target five conserved sites of 

vulnerability on the HIV-1 Env glycoprotein trimer including the membrane proximal 

external region (Buchacher et al., 1994; Huang et al., 2012; Z. Zhu et al., 2011) the gp120-

gp41 interface (Scharf et al., 2014), the CD4 binding site  (Bonsignori et al., 2014; 

Bonsignori et al., 2016; Liao, Lynch, et al., 2013; Scheid et al., 2011; Zhou et al., 2010), 

V1V2-loop plus glycans (Bonsignori et al., 2014; Doria-Rose et al., 2015; Doria-Rose et al., 
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2014; Walker et al., 2011; Walker et al., 2009) and the V3 loop plus glycans (Garces et al., 

2014; Sok, Doores, et al., 2014; Sok et al., 2013; Walker et al., 2011), however additional 

targets that are yet to be discovered may exist.  

1.2.3 Role of Immune System Regulation of HIV-1 BnAbs  

BnAbs arise in roughly 20% of HIV-infected individuals after 2 to 3 years post 

infection, and develop in the setting of persistent antigen stimulation and HIV-induced 

immune perturbation (Gray et al., 2011; Mikell et al., 2011). Unusual features of HIV-1 

bnAbs may explain their rarity. These include extensive somatic hypermutations, long 

heavy chain complementarity determining region 3 (HCDR3s), and poly- and auto-

reactivity (Bonsignori et al., 2014; Haynes, Moody, Verkoczy, Kelsoe, & Alam, 2005; M. 

Liu et al., 2015; Mascola & Haynes, 2013; G. Yang et al., 2013). These unique features 

may subject HIV-1 bnAbs to control by central and peripheral tolerance mechanisms 

(Kelsoe & Haynes, 2017; Schroeder, Agazio, & Torres, 2017; Verkoczy, 2017). In knock-in 

mouse models, Verkoczy et al. have shown that B cells expressing the gp41 bnAb 2F5 are 

deleted in the bone marrow due to autoreactivity, thus demonstrating immune control 

of HIV bnAbs (Chen et al., 2013; Verkoczy et al., 2011; Verkoczy et al., 2013; Verkoczy et 

al., 2010). Other mechanisms likely contribute to bnAb rarity including: VDJ 

recombination events producing long HCDR3s are rare (Briney et al., 2012), 

counterselection of bnAb precursor B cells in the bone marrow due to long HCDR3s 

(Meffre et al., 2001), and development of polyreactivity during bnAb maturation 
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(Haynes et al., 2005; M. Liu et al., 2015). An additional mechanism to limit bnAb 

induction is competition by germinal center B cells expressing bnAb and nNAbs 

(McGuire et al., 2014). 

1.2.4 HIV-1 BnAbs Will Likely Need to Be Induced Through 
Vaccination in Order to Achieve Sterilizing Immunity 

 
Despite their rarity, passive infusion studies with broadly neutralizing antibodies 

(bnAbs) of various specificities have been shown to prevent acquisition of infection 

(Burton et al., 2011; Moldt et al., 2012; Shingai et al., 2014), as well as control of viral load 

(Barouch et al., 2013). Thus, it is believed that a protective HIV-1 vaccine will require the 

induction of broad and potent neutralizing antibodies (Burton et al., 2012; Mascola & 

Haynes, 2013), however, it is not understood how a HIV-1 bnAb response would be 

elicited through vaccination. 

1.2.5 Glycosylation of HIV-1 Env Glycoproteins and Anti-HIV Glycan-
Reactive Antibodies 

The HIV-1 Env glycoprotein trimer is heavily glycosylated and N-linked glycans 

comprise nearly half the mass of gp120 Env subunit (Leonard et al., 1990). Due to this 

dense array of glycans (25 per gp120 monomer), the HIV-1 Env trimer contains an 

unusually high percentage (60-80%) of high mannose glycans compared to most other 

mammalian glycoproteins that on average contain 2-3 glycans per protein (Leonard et 

al., 1990). It is thought this dense glycan array structurally hinders glycan processing 

that would otherwise result in formation of complex carbohydrates, and represents a 
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divergence from host cell glycosylation (Doores & Burton, 2010). As such, multiple 

glycan-reactive HIV-1 broadly neutralizing antibodies have been isolated from 

chronically-infected individuals such as PG9, CH01, VRC26, 2G12, PGT121, PGT125, 

PGT128, PGT135 (Bonsignori et al., 2011; Doria-Rose et al., 2015; Doria-Rose et al., 2014; 

Julien et al., 2013; Mouquet et al., 2012; Pejchal et al., 2011; Sok et al., 2013; Sok, van Gils, 

et al., 2014; Walker et al., 2011; Walker et al., 2009) thus, high mannose glycans on the 

HIV-1 Env glycoprotein trimer represent an potential immunogenic target.  

In structural studies of V1V2-glycan bnAbs from 4 donors, it is now known 

despite genetic differences, these antibodies form an extended class that exhibit striking 

structural similarities in recognition of the V1V2 bnAb epitope at the apex of the HIV-1 

trimer (Andrabi et al., 2015; Gorman et al., 2016). Combined with data that shows 

germline-reverted variants for each of the V1V2 bnAbs recognize the same HIV-1 Envs 

suggests that V1V2 bnAbs could be induced using ontogeny-specific vaccine 

immunogens.  

An additional class of glycan-reactive HIV-1 bnAbs are the the V3-glycan bnAbs. 

These are centered on the V3 loop glycan at position N332 and structural analysis shows 

that many of these can recognize or accommodate additional high mannose glycans at 

positions N295, N301, N339, and N392 (Julien et al., 2013; Mouquet et al., 2012; Pejchal et 

al., 2011; Sok, Doores, et al., 2014; Sok et al., 2013; Walker et al., 2011). In comparing 

neutralization potencies with other bnAb specificities (such as CD4 binding site, V1V2 



 

27 

apex, and membrane proximal external region), V3-glycan bnAbs are of the most potent 

(Walker et al., 2011). Additionally, the V3-glycan bnAbs isolated to date derive from 

various V(D)J and VJ germline rearrangements, suggesting that there are multiple 

solutions to target this epitope (Bonsignori, Kreider, et al., 2017; Kong et al., 2013; Sok, 

Doores, et al., 2014; Sok et al., 2013; Walker et al., 2011). Furthermore, passive 

immunization with V3-glycan bnAbs has been shown to be protective in viral challenge 

macaque studies (Hessell et al., 2009; Mascola et al., 2000; Moldt et al., 2012). This data, 

combined with observations that broadly neutralizing activity targeting the N332-glycan 

epitope found in over 50% of HIV-infected individuals in Sub-Saharan Africa (Landais et 

al., 2016), suggests that the V3-glycan epitope may be a worthwhile target for HIV 

vaccines.  

1.2.6 Ontogeny of V1V2-Glycan BnAbs in HIV-1 Infection 

Four examples of V1V2 bnAbs (PG9, CH01, PGT145, and VRC26) have been 

isolated from HIV-1 infected donors to date (Bonsignori et al., 2011; Doria-Rose et al., 

2015; Doria-Rose et al., 2014; Walker et al., 2009). Each of these antibodies recognize an 

N-linked glycan at position N160 in addition to the V1V2 loop polypeptide backbone 

centered at K169 at the apex of the HIV-1 Env trimer. Although each of these antibodies 

are genetically distinct and use different V(D)J + VJ recombinations and pairings, as a 

class they exhibit very similar modes of recognition for the V1V2-glycan epitope (7, 38). 

Although these antibodies can take years to develop (in the case of VRC26) (Doria-Rose 
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et al., 2015; Doria-Rose et al., 2014), typically the V1V2 bnAbs arise early in infection 

compared to other bnAb specificites, and thus, have lower rates of somatic mutations 

that could be achievable in vaccination (Gorman et al., 2016).  

Analysis of the ontogeny of the V1V2 bnAbs reveal two major roadblocks to 

development: The first major roadblock is that these antibodies have long anionic 

HCDR3 loops that are necessary to penetrate the glycan shield and contact the V1V2 

loop polypeptide backbone. These long HCDR3 loops are rare in the repertoire likely 

due to tolerance control of this B cell pool in the bone marrow (Briney et al., 2012). The 

second major roadblock is the rarity of HIV-1 Env isolates that can engage the BCR of 

V1V2 bnAb B cell precursors. A recent study demonstrated that roughly 1 in 20 (5%) of 

Env isolates can bind the germline reverted versions of V1V2 bnAbs and that these 

isolates were common amongst all 4 V1V2 bnAb lineages (Andrabi et al., 2015; 

Bonsignori et al., 2011; Gorman et al., 2016). Furthermore, it has recently been shown 

that isolates that are neutralized by V1V2-glycan bnAb precursors typically lack N-

linked glycans at N130 and N190, and that viruses containing glycans at these positions 

are largely resistant to neutralization by V1V2-glycan bnAb precursors (Voss et al., 

2017). This suggests a role for ontogeny-based immunogen design to construct germline-

targeting antigens to target and expand the rare pool of V1V2 bnAb precursors. 
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1.2.7 Ontogeny of V3-Glycan BnAbs in HIV-1 Infection 

Although several V3-glycan bnAbs have been isolated from chronically-infected 

HIV individuals (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; Bonsignori, Kreider, et 

al., 2017; Julien et al., 2013; Mouquet et al., 2012; Sok et al., 2013; Walker et al., 2011), the 

ontogeny of the V3-glycan response has yet to be defined. We have isolated a clonal 

lineage of V3-glycan bnAbs (termed the DH270 lineage) from a chronically infected 

HIV-1 donor (CH848), and defined the events that allowed this lineage to progress from 

autologous neutralization to broad neutralization over 4.5 years (Bonsignori, Kreider, et 

al., 2017; Bonsignori, Liao, et al., 2017).  

A key event in maturation of this lineage was an improbable somatic mutation at 

an AID coldspot within the HCDR2 loop (G57R) of the DH270 VH1-2.02 heavy chain 

gene. This mutation occurred in the first intermediate antibody (IA4) of the DH270 

lineage and conferred binding and neutralization to autologous viral variants such as 

CH848 10.17 HIV-1 Env. Additionally, using site-directed mutagenesis to create a single 

point mutation of the DH270 UCA heavy chain gene demonstrated that the G57R 

mutation alone is sufficient to confer autologous and heterologous neutralization 

breadth. Thus the G57R mutation was crucial to allow for expansion of the DH270 

lineage (Bonsignori, Kreider, et al., 2017).  

The second event that allowed the DH270 lineage to progress to expanded 

neutralization breadth was the adaptation of DH270 lineage members for binding to 
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HIV-1 Envs with progressively longer 1st variable (V1) loops (Bonsignori, Kreider, et al., 

2017). The ability to bind Envs with longer V1 loops allowed for the recognition of a 

broader spectrum of Envs thus conferring expanded neutralization breadth.  

1.2.8 2G12 Is a Unique Glycan-Reactive HIV-1 BnAb 

2G12 is a glycan-reactive broad neutralizing antibody that was isolated from 

Epstein-Barr virus (EBV)-transformed HIV-1 infected donor PBMCs, along with the 

MPER bnAbs 2F5 and 4E10 (Buchacher et al., 1994). Much like the V3-glycan bnAbs 

discussed earlier, 2G12 recognizes the V3-glycan bnAb supersite high mannose patch, 

however recognition of V3-glycans by 2G12 is unique when compared to other V3-

glycan bnAbs (Calarese et al., 2003; Murin et al., 2014; Stanfield, De Castro, Marzaioli, 

Wilson, & Pantophlet, 2015). 

V3-glycan bnAbs typically have a long and protruding HCDR loop that bind 

along the side of V3-loop glycans, while primary contacts are made with the HIV-1 V3-

loop backbone (Bonsignori, Kreider, et al., 2017; Garces et al., 2015; Julien et al., 2013; 

Sok, Doores, et al., 2014; Sok et al., 2013). 2G12, however, does not rely on a long, 

protruding HCDR loop, and instead forms a binding pocket with the HCDR1 and 

HCDR2 loops to which glycan inserts (Calarese et al., 2003; Stanfield et al., 2015). 2G12 is 

also unique in the fact that the Fab arms assemble into an interlocked VH domain-

swapped dimer, rather than remaining as a traditional Y-shaped antibody (Calarese et 

al., 2003). By interlocking the Fab arms, a third binding pocket between the Fab arms is 
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formed, and it is known that this is an additional binding pocket by which 2G12 

accommodates high-mannose glycan (Calarese et al., 2003). This interlocking of Fab 

arms allows for 2G12 to achieve high affinity recognition of high mannose clusters on 

the HIV-1 virus. The mechanism of domain swap has been defined. Indeed only four 

somatic mutations in the germline-reverted 2G12 heavy chain variable region are 

required to initiate domain swap: A14, E75, I19 and P113 (Huber et al., 2010). Domain 

swapping is critical for 2G12 to neutralize HIV-1 Env pesudoviruses as reversion of 

domain swapping results in a loss of neutralization activity (Huber et al., 2010), however 

a non-domain swapped 2G12 (i.e Y-shaped) retains binding to high-mannose residues 

and the interactions are relatively unchanged (Doores, Fulton, Huber, Wilson, & Burton, 

2010). Despite the few number of mutations necessary to induce domain swapping of 

Fab arms, no other antibody to date has been reported to domain swap.  

2G12 is also unique amongst V3-glycan bnAbs in that it is known to bind to 

glycoforms present on yeast, bacteria, and other environmental antigens (Doores et al., 

2013; Luallen et al., 2009; Luallen et al., 2008; Stanfield et al., 2015). Furthermore, 

immunization with yeast glycoforms has been reported to induce antibodies that mimic 

2G12 in fine carbohydrate specificity, however, neutralization of HIV-1 Env 

pseduovirions bearing native glycoforms was not achieved (Dunlop et al., 2010).   

Given what is known with regards to 2G12, it is possible that this antibody once 

arose as a glycan-reactive, Y-shaped antibody and was produced by a B cell stimulated 



 

32 

by high-mannose-bearing environmental antigens such as yeast. Following infection, a 

random accumulation of mutations occurred, some of which permitted domain 

exchange. The domain-exchanged BCR, now with a higher avidity for clustered high-

mannose glycans would be selected for. Immunization strategies that can first promote 

the expansion B cells bearing high-mannose-reactive BCRs and then select for mutations 

that result in domain swap are worth investigating. It is not known, however, if B cells 

bearing the 2G12- or 2G12-like BCRs are also controlled by tolerance mechanisms, as 

observed for other bnAb specificities (Bonsignori et al., 2014; Haynes et al., 2005; Kelsoe 

& Haynes, 2017; Schroeder et al., 2017; Verkoczy, 2017; Verkoczy et al., 2010). 

1.2.9 Structural Mimics of HIV-1 BnAb Epitopes May Be Necessary to 
Expand the Number of HIV-1 BnAb Precursors 

Vaccinations using HIV-1 Env have induced dominant strain-specific antibody 

responses, but not broad neutralizing responses (Haynes, Gilbert, et al., 2012; Montefiori 

et al., 2012). This was evident in the RV144 vaccine efficacy trail in which the 

immunogen AE.A244 gp120 Env expressed both a dominant linear V2 epitope, and the 

conformational, glycan-dependent epitope bound by V1V2 bnAbs (PG9 and CH01) 

(Liao, Bonsignori, et al., 2013). Despite expression of both linear and glycan-dependent 

V2 epitopes on the A244 immunogen, the dominant V2 plasma antibody response 

bound linear V2 epitopes and not the glycan-dependent epitope bound by V1V2 bnAbs 

(Haynes, Gilbert, et al., 2012; Montefiori et al., 2012).  
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Others have developed new Env glycoprotiens that are near mimics of the native 

trimer (Pugach et al., 2015; Ringe et al., 2013; Ringe et al., 2015; Sanders et al., 2013), and 

despite induction of neutralizing responses against tier 2 (difficult to neutralize) viruses 

autologous to the Env immunogens, these stable trimers also induce tier 1 (easy to 

neutralize) neutralizing antibody responses directed against the immunodominant V3 

loop (Hu et al., 2015; Sanders et al., 2015) or to sites occluded in a native virion (Hu et al., 

2015). This is despite stable expression of bnAb epitopes. One explanation is that 

immunization with entire HIV Env creates a polyclonal antibody response that can 

overwhelm the developing subdominant bnAb response.  

Thus, to prevent undesirable antibody responses, production of stable 

homogeneous immunogens that selectively express bnAb epitopes may be necessary 

(Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; Alam et al., 2013; Aussedat et al., 2013). 

The utility of these immunogens to induce a broad neutralizing response has not yet 

been proven. In collaboration with Samuel Danishefsky and Baptiste Aussedat at 

Memorial Sloan-Kettering Cancer Center, a chemically synthesized V1V2 glycopeptide 

(Man5GlcNAc2 V1V2) that dominantly expressed the V1V2 bnAb epitope was 

characterized (Alam et al., 2013; Aussedat et al., 2013). This glycopeptide was highly 

antigenic for V1V2 bnAbs and their germline-reverted ancestor antibodies (Alam et al., 

2013), and thus served as an important proof of concept for the chemical synthesis of 

minimal bnAb epitopes.  
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Others have designed mutated recombinant Envs to recognize germline reverted 

CD4 binding site (CD4bs) bnAbs and have shown these to bind recombinant germline 

reverted CD4bs bnAbs and activate cell lines expressing surface bound CD4bs bnAbs (J. 

Jardine et al., 2013; J. G. Jardine et al., 2016; J. G. Jardine et al., 2015; McGuire et al., 2013). 

Furthermore, these germline-targeting immunogens can prime CD4bs bnAb lineages in 

humanized mouse models (Dosenovic et al., 2015; J. G. Jardine et al., 2016; McGuire et 

al., 2016; Sok et al., 2016). Thus, germline targeting immunogens may be important for 

expanding the rare pool of precursor B cells that give rise to bnAb responses. 

In this dissertation I have studied the ontogeny of vaccine-elicited glycan-

reactive antibodies that target the V1V2- and V3-glycan bnAb epitopes by means of 

three distinct aims: 1. Characterize ontogeny of V1V2 glycan bnAb responses in 

immunization. 2. Characterize a synthetic glycopeptide that is a structural mimic of the 

epitope recognized by V3-glycan antibodies, and 3. Evaluate the ontogeny of vaccine-

induced antibodies that target the V3-glycan bnAb epitope. The experiments, data, and 

conclusions for each of these aims are covered in Chapters 3-6. Finally, the implications 

of the findings presented in this dissertation will be collectively discussed in Chapter 7. 

The aims presented here focus on B cell responses directed at HIV-1, however, the 

questions asked are directed at better understanding how the immune system 

accommodates recognition of high-mannose glycoforms, and how these responses can 

be elicited in a vaccine setting. As the study of antibody-glycan recognition is not unique 
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to HIV-1 vaccine immunology, but is important in studying the recognition of other 

pathogens, alloantigens, and tumor neoantigens, the findings presented in this 

dissertation may be relevant not only for the design of an effective and prophylactic HIV 

vaccine, but hopefully for other fields where such interactions are also important.  
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2. Materials and Methods 

2.1 Patient Samples 

All work related to human subjects was in compliance with Institutional Review 

Board protocols approved by the Duke University Health System Institutional Review 

Board and the local ethics board at the site of enrollment. The participants in this study, 

HIV-1-chronically-infected donors CH765 (precise time of infection unknown) and 

 CH848 (followed from acquisition of infection) were recruited into the CHAVI 

001 study, and blood obtained was processed to isolate peripheral blood mononuclear 

cells (PBMCs) that were stored in the vapor phase of liquid nitrogen tanks prior to their 

use in this study. 

2.2. Immunization of Rhesus Macaques 

Immunization of rhesus macaques and blood draws were performed at Bioqual 

Inc. according to the schedules and immunization regimens shown in Chapter 3, 

Chapter 5, and Chapter 6. Blood samples were collected two weeks post-immunization. 

All rhesus macaques were maintained in accordance with the Association for 

Assessment and Accreditation of Laboratory Animals. Research was conducted in 

compliance with the Animal Welfare Act and other federal statutes and regulations 

relating to animals and experiments involving animals and adheres to principles stated 

in the Guide for the Care and Use of Laboratory Animals, NRC Publication, 2011 

edition. 
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2.3 Generation of Germline-Reverted CH01 Unmutated Common 
Ancestor (UCA) VHDHJH VκJκ and CH01 UCA VHDHJH knockin mice 

CH01 UCA knockin mice were generated through gene targeting using the 

human VHDHJH and VκJκ sequences of the inferred CH01 UCA sequence (Liao, 

Bonsignori, et al., 2013), using methods previously described (Verkoczy et al., 2010). In 

brief, the C57BL/6 murine JH cluster was replaced with the prearranged CH01 UCA 

VHDHJH cassette and for CH01 UCA VHDHJH VκJκ, the C57BL/6 Jκ1, Jκ2 was replaced 

with the prearranged CH01 UCA VκJκ cassette to generate CH01 UCA VHDHJH and 

CH01 UCA VκJκ recombinant alleles, respectively. The CH01 UCA VHDHJH and VκJκ 

expression cassettes are comprised of a VH or VL promoter, H10 split leader sequence, 

and the prearranged CH01 UCA VHDHJH or CH01 UCA VκJκ gene segment. 

2.4 Immunization of Knockin and Wild-Type Mice 

Mice were immunized IM with either BG505.SOSIP.368R.DS, 

BG505.SOSIP.V1V2.Q23.368R.DS, BG505.SOSIP.V1V2.WITO.368R.DS (Kwon et al., 

2015), formulated in GLA-SE every 3 weeks. Spleens were collected 10-11 days post 

immunization, and splenocytes isolated for flow cytometric analysis and antigen-

specific single cell sorts. BG505.SOSIP.368R.DS, BG505.SOSIP.V1V2.Q23.368R.DS, 

BG505.SOSIP.V1V2.WITO.368R.DS were kindly provided by Jason Gorman and Peter 

Kwong, Vaccine Research Center.  
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2.5 Immunization of Mice for Hybridoma Generation 

BALB/c mice were immunized with 25 µg of purified HIV-1 env proteins (CON6 

gp140CFI or C.97ZA012 gp140CFI) in Emulsigen (MVP Laboratories, Omaha, NE) and 

oCpGs (Midland Certified Reagent Company, Inc., Midland, TX) as previously 

described (Gao et al., 2009). Splenocytes were harvested three days following the fourth 

immunization and hybridoma fusions were performed using HAT (hypoxanthine, 

aminopterin, thymidine) sensitive mouse myeloma cells, P3X63 Ag8 or NS-1 as 

previously described (Palker et al., 1984). Hybridomas secreting HIV-1 Env specific 

antibodies after 14 days culture were identified by ELISA with autologous Env proteins. 

Positive cell lines were expanded in large scale culture. Monoclonal antibodies were 

then purified from cell culture supernatants for further analysis. 

2.6 Epitope Mapping 

Epitope mapping was detected via ELISA, utilizing a peptide array of 15-mer 

peptides overlapping by 11 amino acids derived from HIV-1 gp140 Con6 Env. 

Antibodies were diluted to 10 µg/ml. Binding was detected by goat anti-mouse 

conjugated to alkaline phosphatase and substrate. Binding was considered positive 

when the optical density (OD) at 405 nm was 3-fold over background. 

2.7 Competition Assays 

Competition and cross competition of purified mAb binding to HIV-1 Env was 

carried out via ELISA.  For cross-competition assays, purified 13D5, 16H3, and 3B3 were 
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titrated against plate bound HIV-1 ConS gp140 and incubated at 37°C for one hour and 

washed, prior to addition of limiting dilutions of biotinylated 13D5, 16H3, and 3B3. 

Binding was detected by streptavidin-conjugated horseradish peroxidase and substrate 

and OD was measured at 450 nm. Percent inhibition was measured as reduction in 

optical density compared to uninhibited antibody after subtracting background. To 

measure inhibition of A32 binding, mouse mAbs were titrated against the target HIV-1 

Env prior to addition of biotinylated mAb A32 at a limiting concentration.  Binding of 

biotinylated A32 was detected with streptavidin-conjugated HRP and substrate. Percent 

inhibition was calculated as described above. 

2.8 Prediction of N-linked Glycosylation Sites 

To predict N-linked glycosylation sites, HIV-1 Env amino acid sequences were 

submitted to the N-GlycoSite server at the Los Alamos National Laboratory HIV 

Database. 

2.9 SDS-PAGE and Western Blot 

A panel of 66 unique HIV-1 gp120 or gp140 Env recombinant proteins from six 

clades (A, B, C, AE, BC, M) were used to determine cross-reactivity of mAbs. Env 

proteins (500 ng) were separated on a reducing 4-12% gradient Bis-Tris SDS-PAGE gel 

(Invitrogen, Carlsbad, CA), and blotted on to a nitrocellulose membrane using the iBlot 

dry blot system (Life Technologies, Grand Island, NY).  Membranes were blocked 

overnight in PBS containing 1% casein at 4°C.  Following blocking, membranes were 
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washed, probed with 1 µg/mL of mAb and allowed to incubate at room temperature for 

2 hours.  Membranes were again washed, and then probed with goat-anti mouse IgG-AP 

antibody (5 µg/mL) in blocking buffer.  Membranes were washed thrice with PBS 

containing Tween-20 (0.05%), and binding of mAbs detected using Novex AP 

chromogenic substrate (Life Technologies, Grand Island, NY).  Images were acquired 

using an Odyssey Infrared Imager.   

2.10 Cell Surface Staining of HIV-1 Infected CD4 T Cells 

Binding to HIV-1 subtype B Infectious molecular clone SF162 (accession number 

EU123924) infected primary CD4+ target cells was determined by by indirect surface 

immunofluorescence analysis as described (Ferrari et al., 2011). 

2.11 Construction of a Humanized 13D7 mAb 

V(D)J sequences for Con6 13D7 CL3-1 hybridoma were obtained as described 

with modifications (Kuraoka et al., 2016). Briefly, total RNA was extracted from the 

hybridoma using TRIzol reagents (Invitrogen). cDNA was synthesized from DNase I-

treated RNA using Superscript III with oligo (dT)20 primers. One twentieth (volume) of 

the cDNA was then subjected to PCR using Herculase II fusion DNA polymerase 

(Agilent Technologies) with established primers (Rohatgi, Ganju, & Sehgal, 2008; Tiller, 

Busse, & Wardemann, 2009). PCR: 95C for 4 min, followed by 40 cycles of 95C for 30 

seconds (sec), 58C for 30 sec, and 72C for 45 sec, and then 72C for 10 minutes. V(D)J 

amplicons were gel purified, ligated into vectors, and transformed into bacteria. DNA 
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sequences were obtained at Duke DNA sequencing facility. The rearranged V, D, and J 

gene segments were identified using IMGT/V-QUEST (http://www.imgt.org). We 

confirmed V(D)J usage of Con6 13D7 CL3-1 hybridoma (IGHV5-6 or IGHV5-6-1/IGHD1-

2/IGHJ3, IGKV1-117/IGKJ1) was different from that of fusion partner, P3X63 (IGHV5-

17/IGHD5-7/IGHJ4, IGKV6-20/IGKJ2). 

2.12 Antibody-Dependent Cellular Cytotoxicity 

ADCC activity was determined by a luciferase based assay using HIV-1 

Infectious Molecular Clones (IMC)-infected cell targets as previously reported (Pollara et 

al. JVI 2013). CEM.NKRCCR5 cells were infected with infectious molecular clone (IMC) 

of HIV-1 encoding the subtype A Q23.17 (accession number AF004885), subtype AE 

CM235 (AF259954) and CM244 (KC822429), subtype B  BaL (AY426110) and WITO 

(JN944948), and subtype C MW96.5 (U08455), 1086.c (FJ444395), TV-1 (HM215437), 

DU151 (DQ411851), DU422 (DQ411854), and CH505 (KC247577) env genes within an 

NL4-3 backbone that also expresses the Renilla luciferase reporter gene (Edmonds et al 

Virology 2010). ADCC activity was determined as the change in the relative luciferase 

unit (RLU) resulting from the loss of intact targets in test wells (containing effector cells, 

target cells, and the test serum) compared to RLU in control wells (containing only 

target cells and effector cells). ADCC activity was reported as percent specific killing 

calculated as [(RLU in control well − RLU in test well)/number of RLU of control well] 

×100. The results were considered positive if ADCC activity was ≥15% specific killing. 
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ADCC activities are reported either as the maximum % specific killing observed for each 

test serum at any dilution, or as “ADCC Titers”, defined as the serum dilution that 

intersects the positive cutoff at ≥15% specific killing. ADCC activities are reported either 

as the endpoint concentration (EC), defined as the mAb concentration that intersects the 

positive cutoff of 15% specific killing. 

2.13 In-Vitro HIV-1 Neutralization Assays 

Using a Tat-regulated luciferase (Luc) reporter gene expression to quantify 

reductions in virus infection in TZM-bl cells, neutralizing antibody activity was 

measured in 96-well culture plates. TZM-bl cells were obtained from the NIH AIDS 

Research and Reference Reagent Program, as contributed by John Kappes and Xiaoyun 

Wu. Neutralization assays were performed with HIV-1 Env-pseudotyped viruses as 

described previously (M. Li et al., 2005). Test samples were diluted in cell culture 

medium prior and then incubated with virus (~150,000 relative light unit equivalents) 

for 1 hr at 37° C prior to adding the antibody-virus cocktail to TZM-bl cells. The mixture 

was then allowed to incubate for 48 hrs, afterwhich cells were lysed and luciferase 

activity determined using a microtiter plate luminometer and BriteLite Plus Reagent 

(Perkin Elmer). Sensitivity to PNGS losses at N295, N301, N332, N386, and N392, in 

addition to sensitivity to mutations in the V3-loop 324-GDIR-327 backbone was assessed 

by reduction or enhancement in binding to the alanine-subsituted Env pseudovirus 

compared to wild-type Env. 
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Neutralization titers are represented as either ID50 or IC50 and correspond to 

sample dilution (for serum) or antibody concentration (monoclonal antibodies) at which 

relative luminescence units (RLU) was reduced by 50%, respectively, when compared to 

the RLU in virus control wells. Prior to any calculations, background RLU in cell control 

wells is subtracted out from every well in the experiment. Serum samples were heat-

inactivated at 56°C for 30 minutes prior to assay to reduce non-specific neutralizing 

activity. To produce pseudoviruses with high mannose glycosylation, the pseudovirus 

was made in 293T cells cultured in 25 µM kifunensine (Sigma). 

2.14 Isolation of DH563 and DH270.6 Antibodies 

 Biotinylated Man9–V3 peptides were tetramerized via streptavidin and 

conjugated with either AlexaFluor 647 (AF647; ThermoScientific) or Brilliant Violet 421 

(BV421) (Biolegend) dyes. Peptide tetramer quality following conjugation was assessed 

by flow cytometry to a panel of well-characterized HIV-1 V3-glycan antibodies (PGT128, 

and 2G12) and linear V3 antibodies (F39F) attached to polymer beads. PBMCs from 

donor CH765 (DH563) or CH848 (DH270.6) were stained with LIVE/DEAD Fixable 

Aqua Stain (ThermoScientific), anti-human IgM (FITC), CD3 (PE-Cy5), CD235a (PE-

Cy5), CD19 (APC-Cy7), and CD27 (PE-Cy7) (BD Biosciences); anti-human antibodies 

against IgD (PE); anti-human antibodies against CD10 (ECD), CD38 (APC-AF700), CD19 

(APC-Cy7), CD16 (BV570),  CD14 (BV605) (Biolegend); and Man9GlcNAc2 V3 tetramer in 

both AF647 and BV421. PBMCs that were Aqua Stain -, CD14-, CD16-, CD3-, CD235a-, 
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IgD-, positive for CD19+, and negative for surface IgD were defined as memory B cells; 

these cells were then gated for Man9–V3+ positivity in both AF647 and BV421, and were 

single-cell sorted using a BD FACS Aria II into 96-well plates containing 20 µl of reverse 

transcriptase buffer (RT). cDNA synthesis was performed as previously described 

(Wardemann et al., 2003). Immunoglobulin (Ig) heavy (VH) chains were PCR amplified 

using a nested approach. VH genes were amplified in the first round of amplification 

from (Scheid et al., 2011) followed by nested amplification of VH, Vκ, and Vλ genes as 

performed in (Liao et al., 2009) PCR products were analyzed on 2% SYBR Safe E-Gels 

(Invitrogen). PCR-amplified VH and VL genes were purified and sequenced. Sequences 

were analyzed and VDJ arrangements were inferred using computational methods as 

previously described (Kepler, 2013; Kepler et al., 2014). 

2.15 Isolation of VRC41.01 and VRC41.02 Antibodies 

Biotinylated BG505.T332N.SOSIP and DU156.12.SOSIP trimers were tetramerized via 

streptavidin-linked PE and APC (Invitrogen), respectively as previously described 

(Doria-Rose et al., 2015; Wu et al., 2010). Peptide tetramer quality following conjugation 

was assessed by flow cytometry to a panel of well-characterized HIV-1-specific bnAbs. 

PBMCs from donor (CH765) were stained with LIVE/DEAD fixable violet dead cell dye 

(Invitrogen), anti-human IgG (FITC), anti-human CD19 (Cy7PE), anti-human CD3 

(Cy7APC), anti-human CD8 (BV711), anti-human CD14 (BV605), BG505.T332N.SOSIP 

trimer (PE), and DU156.12.SOSIP trimer (APC). PBMCs that were Violet dye-, CD3-, 
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CD8-, CD14-, CD19+, IgG+, and BG505.T332N.SOSIP+ and/or DU156.12.SOSIP+ were 

single-cell sorted using a BD FACS Aria II into 96-well plates containing 20 µl of reverse 

transcriptase (RT) buffer and cDNA synthesis was performed as previously described 

(Georgiev et al., 2013). Immunoglobulin (Ig) heavy (VH) chains were PCR amplified 

using a nested approach. First and second round amplification of VH, Vκ and Vλ genes 

were amplified as in (Georgiev et al., 2013), with primers grouped as previously 

described (Doria-Rose et al., 2015). PCR products were analyzed on 1% 96-well ethidium 

bromide-stained pre-cast gels (EmbiTec). PCR-amplified VH and VL genes were 

purified and sequenced. Sequences were analyzed and VDJ arrangements were inferred 

using IMGT Vquest. 

2.16 Isolation of DH706-DH710 Rhesus Antibodies 

Man9-V3 and/or aglycone-V3-specific memory B cells from macaques #5994 and 

#5996 were sorted by flow cytometry as described (Wiehe et al., 2014). Briefly, 1 × 107 

PBMCs were stained with a B cell antibody panel: CD14 (BV570), CD3 (PerCP-Cy5.5), 

CD20 (FITC), CD27 (APC-Cy7), and IgD (PE) (BD Biosciences) and Alexa Fluor 647-

tagged Man9-V3and Brilliant Violet 421–tagged Aglycone-V3. Antigen–specific memory 

B cells were gated as CD3−CD14−CD20+CD27+sIgD−, and antibodies were sorted based on 

the following reactivities: Man9-V3+,aglycone-V3- (DH706, DH708, DH710), Man9-V3+, 

aglycone-V3+  (DH707), Man9-V3-, aglycone-V3+ (DH709), and sorted into 96-well PCR 

plates containing 20 µl of reverse transcription reaction buffer that included 5 µl of 5× 
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first-strand complementary DNA (cDNA) buffer, 1.25 µl of dithiothreitol, 0.5 µl of 

RNaseOUT (Life Technologies), 0.0625 µl of Igepal (Sigma-Aldrich), and 13.25 µl of 

ultrapure deionized water (Life Technologies). Rhesus macaque VHDJH and VLJL 

segments were isolated by single-cell RT-PCR using methods previously described 

(Wiehe et al., 2014). Isolated V(D)J gene fragments were used for the construction of 

linear expression cassettes for production of recombinant mAbs in 293T cells (Wiehe et 

al., 2014). 

2.17 Isolation of DH717 Lineage Antibodies 

Memory B cells positive for KIF-JRFL gp140 Env in dual colors (Alexa Fluor 647 

(AF-647) and Brilliant Violet 421 (BV421)) were sorted from macaque #5996 at week 26 

and week 73 by flow cytometry as described (Alam, Aussedat, Vohra, Meyerhoff, et al., 

2017; Wiehe et al., 2014). Briefly, 1 × 107 PBMCs were decorated with an anti-human B 

cell antibody panel that cross-reacts with rhesus B cells: CD14 (BV570), CD3 (PerCP-

Cy5.5), CD20 (FITC), CD27 (APC-Cy7), and IgD (PE) (BD Biosciences) and AF647- and 

BV421-tagged KIF-JRFL gp140 Env. Antigen–specific memory B cells were gated as 

CD3−CD14−CD20+CD27+sIgD− and antibodies were sorted based on specificity for KIF-

JRFL in both AF647 and BV421, and sorted into 96-well PCR plates containing 20 µl of 

reverse transcription reaction buffer that included 5 µl of 5× first-strand complementary 

DNA (cDNA) buffer, 1.25 µl of dithiothreitol, 0.5 µl of RNaseOUT (Life Technologies), 

0.0625 µl of Igepal (Sigma-Aldrich), and 13.25 µl of ultrapure deionized water (Life 
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Technologies). Rhesus macaque VHDHJH and VLJL segments were isolated by single-cell 

RT-PCR using methods previously described (Alam, Aussedat, Vohra, Meyerhoff, et al., 

2017; Wiehe et al., 2014). Isolated V(D)J gene fragments were used for the construction of 

linear expression cassettes for production of recombinant mAbs in 293T cells (Alam, 

Aussedat, Vohra, Meyerhoff, et al., 2017; Wiehe et al., 2014). 

2.18 Murine Antigen-Specific B cell Sorts 

Single-cell suspensions of total splenocytes were decorated as follows: anti IgG FITC, 

anti-CD38 AF700, anti-CD19 APC-H7, anti-IgD BV510, and anti-B220 BV711. Live dead 

yellow stain was used to discriminate live from dead cells (Life Technologies). Antigen-

specific memory B cells were visualized using AlexaFluor 647 and Brilliant Violet 421-

tagged HIV-1 Env proteins (A244 Δ11 gp120 and A244 Δ11 gp120 N156K N160K, 

respectively). From naïve and immunized mice, yellow vital dye-, CD19+, B220+, IgG+, 

IgD-, A244 Δ11 gp120-AF647+ and A244 Δ11 gp120 N156K N160K-BV421- B cells were 

sorted using FACSAria II (BD Biosciences, San Jose, CA) into 96 well plates containing 

20 µl of reverse transcriptase buffer as previously described (Liao et al., 2009; Moody et 

al., 2012). Sorted plates were stored at -80°C until further processing. 

2.19 PCR and Expression of Murine Immunoglobulin VH and VL 
Genes 

cDNA from sorted B cells was performed as previously described (Wardemann 

et al., 2003).  For CH01 UCA VHDHJH + VκJκ knockin mice, sequences from sorted B cells 
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were recovered using PCR leader peptide-specific primers in the CH01 UCA cassette 

combined with γ-chain constant region-specific primers (Tiller et al., 2009) followed by a 

nested round of amplification using human VH3- 

Table 1: Primers used to amplify CH01 UCA VHDHJH and Mouse VKJK sequences from sorted B 

cells. 
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Table 2: PCR cycling conditions to amplify CH01 UCA VHDHJH and Mouse VKJK sequences 

from sorted B cells. 

 

gene-segment either human Vκ3-gene segment-specific primers combined with primers 

specific for the IgG1, IgG2b, IgG2c, and IgG3 constant region sequences (Tiller et al., 

2009). For CH01 UCA VHDHJH, primers to amplify the CH01 UCA VHDHJH sequence were 

the same as listed above. To amplify the murine Vκ sequences within sorted cells, two 

rounds of PCR amplification were used. For the first round, primers specific for murine 

Vκ gene segments, paired with a murine V-kappa constant region primer were used 

(Tiller et al., 2009) For the second round, a forward degenerate primer paired with 

murine V-kappa constant region primer were used. As with the CH01 UCA VHDHJH + 
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VκJκ knockin mice, the second round primers contained 5’ tags to facilitate expression by 

overlapping PCR as described below. Primers are listed in Table 1 while cycling 

conditions are detailed in Table 2. Recovered heavy and light chain sequences were then 

expressed as mouse IgG1 recombinant antibodies through assembly into linear Ig 

expression cassettes by overlapping PCR. Full length linear Ig expression cassettes 

containing the isolated VHDHJH and VκJκ sequences were transfected in 293T cells to 

facilitate rapid expression of monoclonal antibodies as previously described (Liao et al., 

2009). Recombinant monoclonal antibodies were then tested for HIV-1 Env-reactivity in 

ELISA. 

2.20 Recombinant Antibody Production 

On the day of transfection, 293i cells were diluted to 2.5 million cells/mL in 

Expi293 media following co-transfection with 400 µg of heavy chain plasmid and 400 µg 

of light chain plasmid using Expifectamine per the manufacturer’s protocol. Five days 

following transfection, the cells were centrifuged and the cell culture supernatant was 

collected and filtered with a 0.8 um filter.  The cell-free supernatant was concentrated to 

approximately 50 mL total volume and incubated with protein A beads (ThermoFisher) 

overnight at 4 °C.  Following centrifugation for 5 min at 1200 rpm in a Sorval table top 

centrifuge, the beads were resuspended 25mL of a wash buffer comprised of PBS with 

340 mM NaCl. The washed beads were then pipeted into an empty plastic column and 

the antibody eluted with two elutions of 15 mL each of 10 mM glycine pH 2.4 150 mM 
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NaCl.  The pH was neutralized by adding 1M Tris pH8.0 to a final volume of 10%. The 

eluate was concentrated in a vivaspin 15 and buffer exchanged into PBS with successive 

rounds of centrifugation. 

2.21 Direct Binding ELISA 

HIV-1 envelope glycoproteins were diluted to 2 µg/mL in 0.1M sodium 

bicarbonate and used to coat high-binding Nunscorp 384-well plates at 15 µl overnight 

at 4 °C as described previously (Saunders et al., 2017).  Briefly, coated plates were 

washed once and blocked for 1 h at room temperature. To detect plasma antibody 

binding responses, plasma was first diluted 1:30 in superblock and then diluted serially 

11 times. For screening of recombinant mAbs, antibodies were diluted to 300 or 100 

µg/mL as indicated and serially diluted 11 times. Following washing, a species-specific 

horseradish peroxidase (HRP) conjugated secondary antibody was added (anti-human, 

rhesus, or mouse depending on the study design). Binding was then detected by 

incubating the plates with of TMB for 15 min. HRP enzymatic activity was stopped by 

the addition of 1% HCl. Binding was read as absorbance at 450 nm. 

2.22 Direct Binding ELISA for Glycan Reactivity   

Binding to biotin-Man9–V3, biotin-aglycone-V3, and the heat-killed yeast, 

Candida albicans, was determined as follows. Briefly, streptavidin (2 µg/mL) in coating 

buffer (0.1M NaHCO3, pH 9.6) was used to coat 384-well high-binding ELISA plates at 

15 µL/well at 4°C overnight, except for Candida albicans binding assays where heat-killed 
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Candida albicans was diluted in coating buffer at a 1:2000 dilution and coated directly. 

Plates were washed with PBS + 0.05% Tween 20 and blocked with 3% BSA in PBS at RT 

for 1 hour. For Man9-V3 and aglycone-V3 ELISAs, the blocked plates were washed and 

10 µL of biotinylated Man9–V3 and biotinylated aglycone-V3 diluted to 1 µg/mL in 1% 

BSA in PBS + 0.05% Tween 20 at RT 1 hour. Plates were again washed and serial 3-fold 

dilutions of purified mAbs ranging from 0-100 µg/mL in 1% BSA in PBS + 0.05% Tween 

20  were added and incubated at RT for 1 hour. After incubation, plates were washed 

twice and incubated with horseradish peroxidase (HRP) goat anti-human IgG (1:10,000) 

diluted in 1% BSA in PBS + 0.05% Tween 20 at RT for 1 hour. These plates were washed 

4 times with and developed with 20 µL/well TMB substrate (SureBlue reserve, 

Gaithersburg, MD) for 15 minutes. The HRP reaction was stopped with 20 µL/well 1M 

HCl and OD450 nm determined. The half-maximal effective concentration (EC50) of 

monoclonal antibodies to HIV-1 Env, Man9–V3, and aglycone-V3 were determined and 

expressed as the concentration of monoclonal antibody. 

2.23 Antibody Binding Affinity Measurements 

Antibody binding to synthetic glycopeptide or to SOSIP gp140 trimers was 

measured by Bio-layer Interferometry (BLI, ForteBio Octet Red96) analysis. The BLI 

assay was performed using streptavidin coated sensors (ForteBio) to capture either 

biotin-tagged Man9-V3 glycopeptide or Aglycone-V3 peptide.  The V3 peptide 

immobilized sensors were dipped into varying concentrations of antibodies following 



 

53 

blocking of sensors in BSA (0.1%). Antibody concentrations ranged from 0.5 to 150 

-specific binding interactions were subtracted using the control anti-RSV 

Palivizumab (Synagis) mAb. Rate constants and apparent dissociation constant Kd were 

calculated by global curve fitting analyses to the Bivalent Avidity model of binding 

responses with a 10 min association and 15 min dissociation interaction time. The 

apparent dissociation constant (Kd) values for monovalent interactions of the antibodies 

were estimated using the faster components of the association and dissociation rates 

(ka1 and kd1) respectively. For binding to Man9-V3 glycopeptide or BG505 SOSIP gp140 

where avidity effects were strong and binding curves could not be resolved into their 

components, apparent Kd were derived using dose response curves at varying antibody 

concentrations (0.5-80 µg/mL) and using a non-linear 4-paramater curve fitting analysis.     

2.24 HEp-2 ANA Immunofluorescence 

Indirect immunofluorescence binding of recombinant mAbs to HEp-2 cells 

(Inverness Medical Professional Diagnostics, Princeton, NJ) was performed as follows. 

On a predetermined spot on an ANA HEp-2 kid slide, 20 µl of antibody at 50 µg/ml was 

incubated for 25 min at room temperature, washed and developed for 25 minutes with 

20 µl of goat anti-human Ig-FITC at 20 µg/ml (Southern Biotech, Birmingham, AL). All 

incubations were performed in humidified chambers in the dark. Prior to fixation, slides 

were washed and dried, and a drop of 33% glycerol was placed on each spot. Images 

were taken on an Olympus AX70 with SpotFlex FX1520 charge-coupled device (CCD) 
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with a UPlanFL 40X (numerical aperture, 0.75) objective at 25°C in the FITC channel 

using SPOT software. All images were acquired for the time specified in the figure 

legend. Image layout and scaling were performed in Adobe Photoshop without image 

manipulation. 

2.25 Measurements of Glycan-Reactivity 

Custom glycan arrays printed in a 24-subarray format were purchased from Z 

Biotech. The natural source glycans GlcNAc2, Man5GlcNAc2, Man6GlcNAc2, 

Man7GlcNAc2 D1, Man7GlcNAc2 D3, Man8GlcNAc2 D1D3, and Man9GlcNAc2 were 

printed onto the array using hydrazide chemistry. Within each subarray, the glycans 

were printed in triplicate at 100, 33, and 10 µM concentrations, and print buffer alone 

was printed as a background binding control. Human IgG was printed within each 

subarray to serve as a detection control. For immunostaining of each subarray, the 

arrays were placed in an ArraySlide-24 holder (Gel Company). Each subarray was 

hydrated in Milli-Q (Millipore) water for 2 min. Hydrazide Glycan Blocking Buffer (Z 

biotech) was used to block each subarray for 1 h. The subarrays were sealed with 

adhesive foil and were shaken at 40 rpm during all incubation steps. The blocking buffer 

was aspirated and 50 µg/mL of antibody diluted in Glycan Array Assay Buffer (Z 

biotech) was incubated on an individual subarray for 1h. As a positive control, 20 µg/mL 

of biotinylated concanavalin A was assayed in parallel on each array. The array was 

washed 5 times with PBS supplemented with 0.05% Tween-20 (PBS-T). Antibody 
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binding to glycan was detected with a Cy3-conjugated anti-human IgG antibody 

(Sigma). Biotinylated concanavalin A binding was detected with Cy3-conjugated 

streptavidin (Sigma). The array was washed 5 times with PBS-T, one time with 0.01X 

PBS, and spun dry. The fluorescence of each feature was read with a GenePix 4000B 

instrument (Molecular Devices) and quantified using GenePix software (version 7 

Molecular Devices). Any fluorescence observed in the print buffer alone was subtracted 

from the mean fluorescence for each glycan. 

2.26 Synthesis of Man9-V3 Glycopeptide 

A 30 amino acid V3 glycopeptide with oligomannose (Man9–V3) glycans, based 

on the clade B JRFL mini-V3 construct (Pejchal et al., 2011), was chemically synthesized 

as described earlier (Aussedat et al., 2013). A full description of the chemical synthesis 

from our collaborator is detailed in the Supplemental Text and synthesis fragments 

listed in bold reference to those fully described in the Supplemental Text (Alam, 

Aussedat, Vohra, Meyerhoff, et al., 2017). Briefly, linear trisaccharide glycosyl donor S13 

was synthesized with standard procedures and coupled to the core trisaccharide S14 at 

C3 of the branching mannose residue under solvent-directing conditions. Subsequent 

removal of benzylidine furnished the desired glycosyl acceptor for the challenging 

regioslective [6+5] glycosylation at C6 of the aforementioned bridging mannose residue. 

Synthesis of branched pentasaccharide glycosyl donor S12 was achieved with an 

efficient double mannosylation of a mannose thioglycoside (S23). With these complex 
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coupling partners in hand, glycosyl donor S12 and acceptor S29 were brought together 

with complete control of regioselectivity to furnish the desired fully protected 

Man9GlcNAc2 S30. Subsequent three-stage deprotection, purification, and Kochetkov 

anomeric am -glycosylamine (3) ready for installation on 

the peptide. Using our one-flask aspartylation/deprotection protocol (Wang et al., 2012) 

Man9GlcNAc2 glycosyl amine 3 was joined to the free carboxylic acid side chain at 

position 301 on fragment 4 and at position 332 on fragment 5, followed by trifluoroacetic 

acid treatment to provide glycopeptide thioester 6 and N-terminal cysteinyl 

glycopeptide 7. These two fragments were then joined by native chemical ligation 

immediately followed by cyclization via disulfide formation to afford Man9–V3–biotin 

(Flynn). The control peptide, aglycone V3-biotin (2), had identical amino acid sequence 

as Man9–V3–biotin. Biotinylated Man9GlcNAc2 (9). Briefly, Man9GlcNAc2–NH2 (3) was 

treated with Biotin-OSu in DMSO in the presence of 1-Hydroxy-7-azabenzotriazole and 

N,N-Diisopropylethylamine. After lyophilization the product was purified by size-

exclusion chromatography to afford Man9GlcNAc2–NH–biotin 9. A full description of 

the chemical synthesis of 9 is detailed (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017). 

2.27 Expression of recombinant gp120 or gp140 HIV-1 Envelope 
Glycoproteins. 

One mg of plasmid DNA was diluted in DMEM and mixed with PEI and added 

to cells for 4 h.  293F cells were diluted to 1.25 million cells/mL in Freestyle293 media 
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cells and cultured for 5 days. For experiments where high-mannose glycosylation was 

desired, the cells were cultured in the presence of 25 µM kifunensine. Five days post 

transfection, the cell culture supernatant was collected via centrifugation and filtered 

with 0.8 um filter, followed by concentration of the supernant with a vivaflow 50, 10 

KDa MWCO. The concentrated cell culture supernatant was then rotated with lectin 

beads (Vistar Labs) overnight at 4C followed by pelleting by centrifugation the next day. 

The bead pellet resuspended in MES wash buffer. The lectin beads were washed twice 

and the protein was eluted with methyl-α-pyranoside. The protein was buffer 

exchanged into PBS and stored at -80C. 

2.28 Synthesis of BG505 and DU156 SOSIP Trimers 

HIV-1 gp140 SOSIP-type molecules based on clade A strain BG505 (Julien et al., 

2013; Sanders et al., 2013) and clade C strain DU156.12 (Li et al., 2006) including the 

‘SOS’ mutations (A501C, T605C), the isoleucine to proline mutation at residue 559 

(I559P), the glycan site at residue 332 (T332N), mutation of the cleavage site to 6R (REKR 

to RRRRRR), and truncation of the C terminus to residue 664 (all HIV-1 Env numbering 

according to the HX nomenclature) were used in this study. The BG505 SOSIP construct 

also encoded a C-terminal two amino acid glycine-serine linker followed by an Avi-tag 

while the DU156.12 construct encoded a C-terminal five amino acid glycine-serine 

linker, a Thrombin cleavage site, His6 purification tag, Streptactin II purification tag 

followed by the Avi-tag sequence. The two HIV-1 SOSIP molecules were expressed as 
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previously described (Pancera et al., 2014) by co-transfecting with furin in HEK 293F 

cells using 600 µg of HIV-1 SOSIP DNA and 150 µg of furin plasmid DNA. Transfection 

supernatants were harvested after 7 days, and the BG505 HIV-1 trimer supernatant was 

passed over either a 2G12 antibody- or VRC01 antibody-affinity column. After washing 

with phosphate-buffered saline (PBS), bound protein was eluted with 3 M MgCl2, 10 

mM Tris pH 8.0. The eluate was concentrated to less than 4 ml with a Centricon-70 

concentrator and applied to a 16/60 Superdex 200 column equilibrated in PBS. The 

DU156.12 HIV-1 trimer was purified by nickel and streptactin-affinity chromatography 

followed by size-exclusion chromatography using a Superdex 200 column equilibrated 

in PBS. In both cases, the peaks corresponding to trimeric HIV-1 Env were identified, 

pooled, concentrated and either used immediately or flash-frozen in liquid nitrogen and 

stored at −80 °C. 

2.29 CH848 SOSIP HIV-1 Envelope Production and Purification 

CH848 ch.SOSIP trimers were transfected in 293F cells using 293fectin. Each liter 

of 293F cells received 650 µg of plasmid DNA encoding the SOSIP trimer and 150 µg of 

plasmid encoding furin. Six days post transfection cells were pelleted by centrifugation 

and cell culture supernatant was concentrated to less than 150 mL. The concentrated cell 

culture supernatant was filtered subjected to PGT145 affinity chromatography using an 

AKTA Pure (GE Healthcare). PGT145 columns were made by conjugating 100 mg of 

PGT145 to 10 mL of sepharose fast flow resin (GE Healthcare). The column was loaded 
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in PBS containing 0.01% azide and eluted with five column volumes of 3M MgCl2,10 

mM Tris pH8. Eluate was immediately diluted six-fold in 10 mM Tris pH8. Trimeric 

envelope was purified in 10 mM Tris pH8, 500 mM NaCl on a Superose6 16/700 column 

(GE Healthcare). All proteins were snap-frozen and stored at -80°C. 

2.30 Antibody-SOSIP biolayer interferometry 

Biolayer interferometry was performed as previously described (Alam, 

Aussedat, Vohra, Ryan Meyerhoff, et al., 2017). Antibodies were immobilized to anti-Fc 

sensor tips and incubated with SOSIP trimers solutions for 400 seconds. 

2.31 Production of Kifunensine-treated HIV-1 Envelope 
Glycoproteins 

One mg of plasmid DNA per 1 liter of cells was diluted in DMEM and mixed 

with PEI. PEI:DNA mixtures were added to cells for 4 h.  293F (Invitrogen) cells were 

subsequently washed and diluted to 1.25 million cells/mL in Freestyle293 media. 

(Invitrogen). In instances where high mannose glycosylation was desired, kifunensine 

(Sigma-Aldrich) was dissolved in phosphate-buffered saline (PBS) and added once to 

the cell culture media to a final concentration of 25 µM.  The cells were cultured for 5 

days and on the fifth day the cell culture media was cleared of cells by centrifugation 

and filtered with 0.8 um filter. The cell culture was concentrated with a vivaflow 50 with 

a 10 kd MWCO.  The concentrated cell culture supernatant was rotated with lectin beads 

(Vistar Labs) overnight at 4 °C. The beads were pelleted by centrifugation the next day 
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and resuspended in MES wash buffer.  The lectin beads were washed twice and the 

protein was eluted with methyl-α-pyranoside.  The protein was buffer exchanged into 

PBS and stored at –80C. 

2.32 Calcium Flux 

B cell splenocytes were enriched using the mouse Pan-B cell isolation kit 

(Stemcell) according to manufacturer’s instructions. Enriched Pan-B cells were stained 

by LIVE/DEAD® Fixable Yellow Dead Cell Stain Kit (ThermoFisher Scientific) and cell 

surface makers (anti B220, anti-CD93 from BD Biosciences) for 30 min. Cells were 

pelleted and thoroughly re-suspended in HBSS and mixed in a 1:1 volume of 2X Fluo-4 

Direct™ calcium reagent loading solution (Fluo-4 Direct™ Calcium Assay Kits, 

ThermoFisher Scientific). Following incubation for 30 minutes at 37oC and 30 minutes at 

room temperature, cells were washed twice and resuspend in HBSS with calcium prior 

to stimulation with anti-IgM F(ab)2. Data was collected on a BD LSR II flow cytometer 

and results were analyzed using Flowjo. 

2.33 Next Generation Sequencing and Analysis of Antibody 
Genes 

Illumina MiSeq sequencing of antibody heavy chain VDJ sequences was 

performed on peripheral B cells as previously described to confirm the absence or 

presence of antibody sequences of interest, and evolution of B cell lineages of interest (R. 

Zhang et al., 2016). Briefly, for each timepoint (week 0, 2, 8, 103, and 105) RNA was 
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collected and divided prior to generation of a cDNA library. Sequencing was performed 

on duplicate cDNA samples, and during the analysis, only sequences that duplicated 

between cDNA samples was considered for analysis in order to eliminate the chance of 

introducing PCR error into the analysis. From single template NGS experiments, we 

have observed that the number of errors introduced in PCR amplification in our NGS 

sample preparation rarely exceeds four base pairs (<1%). Thus two sequences that each 

differ by 4 base pairs (8 total base pair differences) cannot be reliably determined to 

derive from two unique B cells. To conservatively account for this, we clustered together 

sequences with 8 or fewer base pair differences. V, D, and J gene segment inference, 

clonal relatedness testing and reconstruction of clonal lineage trees were performed 

using the Cloanalyst software package (Kepler, 2013; Kepler et al., 2014). 

2.34 Crystallization of DH717.1 Fab 

The DH717.1 heavy and light chain regions of its Fab were cloned as described 

previously for the DH270 lineage members (Bonsignori, Kreider, et al., 2017). The C 

terminus of the heavy chain contained a noncleavable 6x histidine tag and was 

expressed and purified using similar protocols as described elsewhere (Bonsignori, 

Kreider, et al., 2017).   

2.34.1 Purification of DH717.1 for Structural Studies 

The His-tagged DH717.1 Fab was mixed with 6 molar excess of biotinylated-

Man9 glycan at a final complex concentration of ~25 mg/ml for crystallization trials. 
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Crystals were grown in 96-well format using hanging drop vapor diffusion and 

appeared after 24–48 h at 20 °C. Crystals were obtained in the following conditions: 1.5 

Ammonium sulfate, 100 mM PIPES, pH 6.0 for the DH270.3-Man9 complex. All crystals 

were harvested and cryoprotected by the addition of 20–25% glycerol to the reservoir 

solution and then flash-cooled in liquid nitrogen.  

Diffraction data were obtained at 100 K from beam line 24-ID-E at the Advanced 

Photon Source using a single wavelength. Data sets from individual crystals were 

processed with XDS30. Molecular replacement calculations for the free scFv and Fab 

were carried out with PHASER31, using published DH270.5, [Protein Data Bank (PDB) 

ID 5TPP] as the starting model. The model was separated into its variable and constant 

domains for molecular replacement.  

Refinement was carried out with PHENIX32, and all model modifications were 

carried out with Coot33. During refinement, maps were generated from combinations of 

positional, group B-factor, and TLS (translation/libration/screw) refinement algorithms. 

Secondary-structure restraints were included at all stages. Structure validations were 

performed periodically during refinement using the MolProbity server 34. The final 

refinement statistics are summarized in Table 3 in Chapter 6. 
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2.34.2 Protein Structure Analysis and Graphical Representations 

The complexes analyzed in this study were superposed by least squares fitting in 

Coot. All graphical representations with protein crystal structures were made using 

PyMol.
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3. Characterization of a Panel of HIV-1 Consensus 
Envelope-induced Broadly Binding but Non-Neutralizing 
Antibodies 

Recombinant HIV-1 envelopes are currently used for serologic assays in HIV-1 

infection and vaccination, and for immunizations with experimental HIV-1 vaccines 

(Bradley et al., 2016; Haynes, Gilbert, et al., 2012; Haynes, Kelsoe, Harrison, & Kepler, 

2012; Hu et al., 2015; J. Jardine et al., 2013; Kang et al., 2009; Rerks-Ngarm et al., 2009; W. 

B. Williams et al., 2015).  A number of antibodies have been found that bind to Env 

glycans on the surface of virus-infected cells and virions and neutralize HIV-1 (Alam, 

Aussedat, Vohra, Meyerhoff, et al., 2017; Bonsignori et al., 2011; Bonsignori, Kreider, et 

al., 2017; Bonsignori et al., 2014; Bonsignori et al., 2016; Calarese et al., 2003; Doria-Rose 

et al., 2014; Garces et al., 2015; Liao, Bonsignori, et al., 2013; Pejchal et al., 2011; Scharf et 

al., 2014; Sok, van Gils, et al., 2014; Walker et al., 2011; Walker et al., 2009; J. Zhu et al., 

2012; Z. Zhu et al., 2011).  Antibodies that can decorate the surface of the native Env on 

infectious virions have the potential to neutralize HIV-1 (X. Yang, Lipchina, Cocklin, 

Chaiken, & Sodroski, 2006). Env antibodies may either bind to virions and be 

neutralizing (P. Liu et al., 2014), or in the case of virus-infected cells, bind to infected 

cells and have the capacity to mediate antibody dependent cellular cytotoxicity (ADCC) 

(Bonsignori et al., 2012; Ferrari et al., 2011; Pollara et al., 2013).   

Here we have characterized murine antibodies induced by a group M consensus 

envelope gp140, CON-6 (Gao et al., 2009),  three of which bound to all of 100% of 
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recombinant Envs tested in SDS PAGE and ELISA, and are important QC reagents for 

producing recombinant Envs. One mAb, 13D7, was found to be non-neutralizing, yet 

bound to the surface of tier 2 (difficult to neutralize) virus-infected cells and mediated 

ADCC. 

 

Figure 1: Characterization of cross-clade reactive murine monoclonal antibodies. 
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(A) Monoclonal antibodies isolated from consensus Env gp140-immunized mice were tested for 

binding to an overlapping peptide array. Peptides bound and raw OD 450 nm values are 

reported for each mAb. (B) Seven cross-reactive murine monoclonal antibodies were mapped to 

linear epitopes on the HIV-1 Env glycoprotein. Five of which (13D7, 8H3, 13D5, 3B3, and 16H3 

linear C1 region epitopes, and two of which (18A7 and 18F11) bound to linear C4 region epitopes. 

27 predicted N-linked glycosylation sites (NXS/T) are shaded in green. (C) Sequence logos 

corresponding to the epitopes bound by these mAbs were generated using WebLogo3 (Crooks, 

Hon, Chandonia, & Brenner, 2004) using sequences of the 66 Env panel used to define Env cross-

reactivity in panel C. (D) Location of epitopes on gp120 monomer (PDB 3JWD) and SOSIP gp140 

trimer (PDB 4NCO). Viral sequence entropy mapped to the gp120 structure. Color bar denotes 

sequence entropy from low viral diversity (blue) to high viral diversity (red). (E) Cross reactivity 

of linear epitope-binding mAbs against a panel of cross-clade HIV-1 Envs as determined by SDS-

PAGE western blot.   

3.1 Results 

3.1.1 Consensus HIV-1 Env gp140 Induced Antibodies with Cross-
Clade Binding Reactivity to Conserved Linear Epitopes 

We previously isolated a panel of 10 cross-reactive monoclonal antibodies from 

mice immunized with oligomeric, lectin-column purified consensus HIV-1 gp140 Env 

produced in 293T cells (Gao et al., 2009).  To identify mAb epitopes, we generated 15-

mer overlapping peptides derived the HIV-1 Con6 gp140 Env, and tested each of these 

mAbs for peptide binding in ELISA.  Seven mAbs, 13D7, 8H3, 13D5, 3B3, 16H3, 18A7, 

and 18F11 bound to linear epitopes in the peptide array (Figure 1A, Table 1). Five of 

which (13D7, 8H3, 13D5, 3B3, 16H3) bound to the first constant (C1) region, and two 

(18A7, 18F11) bound to the C4 region (Figure 1B).   
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Table 3: HIV-1 Env cross reactivity by Consensus Env-induced murine monoclonal antibodies.  

Cross reactivity of linear epitope-binding mAbs against a panel of HIV-1 Envs as determined by 

ELISA. The number of Envs tested versus those bound are listed, and cross-reactivity is 

expressed as percentage of HIV-1 Envs bound (in parentheses). See also Table 5. 

 

MAbs 13D5, 3B3, and 16H3 bound overlapping epitopes (Figure 1A, 1B).  This 

was confirmed with cross-competitive inhibition assays demonstrating that these 

antibodies block binding of each other to HIV-1 gp140 Env in a dose-dependent manner 

(Figure 2). Conservation of epitopes bound by these antibodies is shown as sequence 

logos (Figure 1C).   

Additionally, the epitopes bound by these mAbs were mapped on the crystal 

structure of the HIV-1 HXBc2 gp120 core monomer (Pancera et al., 2010) (Figure 1D).  

MAbs 13D7, 8H3, 13D5, 3B3, and 16H3 bound to epitopes located within gp120 Env 

inner domain, while 18A7 and 18F11 bound to outer domain epitopes. Entropy of 

sequence variability observed within HIV-1 gp120 Env quasi-species was calculated and 

represented on the HIV HXBc2 gp120 core as a heat map (Figure 1D). Each of these 
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mAbs bound to regions of low viral sequence entropy (Figure 1D).  When mapped to the 

BG505 SOSIP gp140 trimer 30, mAbs 13D5, 3B3, and 16H3, bound to epitopes located 

within the pre-fusion trimer core and were not accessible on the trimer surface (Figure 

1D).  

 

Figure 2: Cross competition analysis of 13D5, 3B3, and 16H3 binding.  

13D5, 3B3, and 16H3 were screened for their ability to cross-block each other for binding to 

Consensus gp140 Env in ELISA. These antibodies have been shown to demonstrate different 

affinities for ConS gp140, with 3B3 binding with the highest affinity, followed by 16H3, then 

13D5 (Gao et al., 2009).  This is consistent with cross-blocking results shown above. 

Binding breadth was assessed via ELISA and reducing SDS-PAGE western blot 

against a multi-clade panel 66 recombinant HIV gp120 and 32 gp140 Envs (Figure 1E, 

Table 3, Table 5), demonstrating binding breadth to range from 26% to 100% of HIV-1 

Envs tested (Table 1). Of note, mAbs 13D7, 3B3, and 16H3 bound 100% of Envs tested.   

 

Figure 3: 18F11 binds HIV-1 Env in a glycan-dependent manner. 
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Mabs 8H3 and18F11 have a predicted N-linked glycosylation site (N*S/T; *any amino acid) within 

their epitopes at amino acid positions 97 and 448, respectively. (A) Mabs 8H3 and 18F11 were 

tested for binding to JRFL gp140 before and after native enzymatic deglycosylation by PNGase. 

(B) Mab 18F11 was tested for binding to HIV-1 Envelopes with naturally occurring mutations 

that delete the predicted N-linked glycan site at position 488. Binding of mAb 18F11 depended on 

the presence of this N-linked glycan. See also Table 5. 

3.1.2 Consensus HIV-1 Env Immunization Induced a Non-Neutralizing 
Glycan-Dependent Antibody 

HIV-1 gp140 envelope is extensively glycosylated 31 and is an important 

mechanism in masking antibody accessibility to the envelope trimer (Wei et al., 2003).  

However, several glycan-dependent broadly neutralizing antibodies that arose through 

natural infection have been described (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; 

Bonsignori et al., 2011; Bonsignori, Kreider, et al., 2017; Calarese et al., 2003; Doria-Rose 

et al., 2014; Walker et al., 2011; Walker et al., 2009). Since recognition of Env glycans may 

in part confer cross-clade reactivity of HIV-1-specific antibodies, we sought to determine 

if any of these antibodies can recognize HIV-1 Env glycans.   

We natively deglycosylated JRFL gp140 Env using PNGaseF as previously 

described (Ma et al., 2011).  Antibodies were then tested for binding via ELISA.  We 

found that native deglycosylation of JRFL enhanced mAb 8H3 binding and decreased 

18F11 binding (Figure 3) while the binding of 13D7, 13D5, 3B3, 16H3, and 18A7 mAb 

remained unchanged with native PNGaseF treatment (data not shown).  The epitopes 

bound by 8H3 and 18F11 mAbs contain predicted N-linked glycosylation sites at aa 97 

and 448, respectively, relative to the reference HIV-1 HXB2 sequence. 18F11 mAb was 

tested for binding to a panel of Clade C HIV Envs, of which 9 Envs lacked the glycan site 
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at position 448 within the 18F11 epitope due to naturally occurring mutations. 18F11 

failed to bind to these Envs (Figure 2B, Table 5). To directly define glycan-reactivity of 

18F11, we used biolayer interferometry to test binding of this mAb to chemically 

synthesized high mannose glycans Man9, Man5, and Man3, each of which are found on 

HIV-1 Env (Behrens et al., 2016). 18F11 mAb did not bind to free glycan (data not 

shown).  

 

Figure 4: Polyreactivity of HIV-1 Env cross-reactive murine mAbs. 

 

Murine mAbs induced with Consensus Env gp140 were screened for their ability to bind self-

antigens via indirect immunofluorescence on HEp-2NA cells. All images were taken at 40X with 

a 15 second exposure. All images are representative of staining with 50 µg/mL of mAb except for 

3B3 and 16H3 that are shown for 10 µg/mL of mAb. 

3.1.3 Cross-Reactive Antibodies Induced by Con6 gp140 
Immunization are Polyreactive 

It has been shown that acute and chronic HIV-1 infection induces polyreactive 

antibodies that also bind HIV-1 envelope (Haynes et al., 2005; Liao et al., 2011; Scheid, 

Mouquet, Feldhahn, Seaman, et al., 2009; Trama et al., 2014). Similarly, polyreactive anti-
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HIV gp120 antibodies can be induced through vaccination with gp120 protein, as 

observed in the GSK PRO-HIV-002 HIV-1 vaccine trial that used B env gp120 w61d as an 

immunogen (Moody et al., 2012). To determine if any of the antibodies described in this 

paper were polyreactive, we used an indirect immunofluorescent assay where 

antibodies were incubated with human epithelial (HEp-2) cells and binding was 

detected with a FITC-conjugated secondary antibody (Figure 4). We observed binding to 

HEp-2 cells with antibodies 18A7, 8H3, 13D5, 13D7, 16H3, 3B3 (Figure 4). Although 

weakly positive, 18A7 showed a diffuse speckled pattern. 8H3 showed a cytoplasmic 

speckled pattern, while 13D7 brightly reacted with dividing cells. For mAbs 3B3 and 

16H3, a similar staining pattern that resembles centrosomes was seen (Figure 4). 

Table 4: Cross-reactive HIV-1 mAbs Fail to Neutralize HIV-1 Pseduovirions 

 (A) Cross-reactive murine mAbs induced by Consensus Env gp140 were tested for their ability to 

neutralize HIV-1 pseudoviruses in the TZM-bl assay. (B) The glycan-dependent mAb 18F11 was 

tested for neutralization against pseudoviruses grown in the presence of Kifunensine to increase 

the density of high mannose glycans on the surface of the HIV-1 Env viral spike. Pseudoviruses 

remained resistant to neutralization by 18F11 despite Kifunensine treatment. 
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3.1.4 Env Cross-Reactive mAbs are Non-Neutralizing  

It is known that antibodies that decorate either glycans or protein sequences on 

the native trimer on the HIV-1 virion are capable of neutralization. None of the 7 mAbs 

that bound linear epitopes were capable of neutralization against either tier 1 or tier 2 

HIV-1 pseudovirions (Table 4), consistent with previous observations (Gao et al., 2009). 

Since binding of mAb 18F11 was sensitive to loss of the N448 glycan, we determined if 

treatment of virions with kifunensine could enable viruses to be sensitive to 

neutralization by mAb 18F11. Kifunensine is an endoplasmic reticulum mannosidase I 

inhibitor that when used to treat cells producing HIV-1 virions will promote the density 

of N-linked high-mannose residues of Env spikes expressed on the surface of virions 

(Doores & Burton, 2010; Scanlan et al., 2002; Scanlan et al., 2007). As controls, we used 

the V3 glycan bnAb PGT128 that recognizes Man9 glycans and the V1V2 glycan bnAb 

PG9 that recognizes shorter glycans such as Man3 and Man5, and cannot accommodate 

longer glycans such as Man9 (Kong et al., 2015; Walker et al., 2009). As expected, viruses 

grown in the presence of kifunensine were more sensitive to neutralization by PGT128, 

but less sensitive to neutralization by PG9. However, despite the increased density of 

high mannose glycans on the virion surface following kifunensine treatment, 18F11 

failed to neutralize Kifinensine-treated HIV-1 pseduovirions (Table 4). 
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3.1.5 HIV-1 mAbs Induced by Consensus Env Competitively Inhibit 
A32, an ADCC-Mediating Antibody  

CD4-inducible epitopes within the HIV-1 gp140 Env C1 region are bound by 

ADCC-mediating mAbs such as A32, which also makes contacts in the C4 region.  To 

investigate if this panel of C1 and C4 region-specific antibodies could inhibit binding of 

A32, we measured inhibition of biotinylated A32 mAb via ELISA.  We found that the 

C1-specific mAbs, 13D5, 3B3, and 16H3 inhibit binding of A32 to HIV-1 Env in a dose 

dependent manner, in addition to the C4-specific mAb, 18A7 (Figure 5).  

 

Figure 5: A32 binding is competitively inhibited by C1 antibodies.  

C1-specific antibodies 8H3, 13D5, 3B3, and 16H3 block biotinylated A32 binding to A244 gp120 

monomeric Env, consistent with the binding profile of A32 for C1 Env region. The C4 region 

antibody 18A7 minimally blocks A32 binding. 

3.1.6 13D7 Binds the Surface of HIV-1-Infected CD4+ T cells and 
Mediates ADCC 

In order to mediate ADCC effector activity, antibodies must bind the surface of 

HIV-1-infected cells (Bonsignori et al., 2012; Ferrari et al., 2011; Haynes, Gilbert, et al., 

2012; Pollara et al., 2013). As we found several of these mAbs inhibited binding of A32 to 
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recombinant Env oligomers (13D5, 3B3, 16H3, and 18A7) we sought to determine if any 

bound to the surface of HIV-1 Clade B SF162-infected primary human CD4+ T cells. 

None of the A32-blocking mouse mAbs bound to the surface of HIV-1 infected cells. 

Rather, we found that mAb 13D7 bound to the surface of HIV-1-infected CD4 T cells, as 

did the CD4 binding site broadly neutralizing antibody (bnAb), CH31, when used as a 

positive control (Figure 6A). We produced a humanized version of 13D7 comprised of a 

mouse variable region and human IgG1 constant and Fc region optimized to bind to 

FcRIIIa on NK cells. We then tested the original murine 13D7 and the humanized 13D7 

for binding to A244 gp120 both with and without the Δ11 N-terminal truncation. The 

13D7 epitope is contained within these N-terminal 11 amino acids and deletion of these 

residues would knockout binding by 13D7. Indeed both the murine and humanized 

13D7 mAbs bound to A244 gp120 but not the A244 gp120 Δ11 Env (Figure 6B). We then 

tested the humanized 13D7 mAb for its ability to kill HIV-1 virus infected cells and 

found that humanized 13D7 mediated ADCC in a dose-dependent manner against CD4 

T cells infected with 9 out of 11 HIV-1 infectious molecular clones tested (Figure 6C, 6D). 
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Figure 6: The 13D7 mAb epitope is expressed on the surface of HIV-infected cells and is a 

target of ADCC.   

 

(A) Binding of CH31, A32, and 13D7 binding to clade B SF162 HIV-infected human CD4+ T cells 

detected by FACS and shown by scatter plot and histogram. (B) Binding of the murine 13D7 

compared to humanized 13D7 mAb by ELISA. (C and D) The non-neutralizing murine mAb 

13D7 was humanized and tested for ADCC using primary human CD4+ T cells infected with a 

panel of infectious molecular clones (IMCs) of tier 1 and 2 viruses. Humanized 13D7 mediated 

ADCC in 9 out of 11 (82%) IMCs tested in a dose-dependent manner with endpoint 

concentrations ranging from ~1 to 0.01 µg/mL. 
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Table 5: Cross-reactivity of Consensus-Env Elicited Murine Antibodies. 

Cross reactivity of control conformational epitope mAb A32 and linear epitope-binding mAbs 

13D7, 8H3, 13D5, 3B3, 16H3, 18A7, and 18F11 against a panel of cross-clade HIV-1 Envs as 

determined by ELISA. Binding is represented as log area under the curve (AUC), and the epitope 

bound by each antibody, if known, is listed right of the log AUC. 8H3 and 18F11 contain an N-

linked glycosylation motif (NXS/T) and this is shaded in light red. 

 



 

77 

 

 



 

78 

 

 



 

79 

 

 



 

80 

 

3.2 Discussion 

HIV-1 monoclonal antibodies can be important for understanding the structural 

dynamics of HIV-1 Env both in recombinant forms or when expressed on the surface of 

virions or infected cells. Here we show the characterization of a panel of highly cross-

reactive murine antibodies induced with consensus HIV-1 Env immunization, and 

identified the epitopes bound by these antibodies. We identified monoclonal antibodies 

that will be useful for the characterization of recombinant gp120 monomer and gp140 

oligomer Envs during good manufacturing practices (GMP) for human clinical trials 

(16H3, and 3B3). In addition the epitope bound by mAb 13D7 represents a novel ADCC 

epitope and thus may be a worthwhile target in vaccination for the induction of ADCC-
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mediating antibodies. However, the reagents will not be useful for the study of 

stabilized recombinant native-like trimeric Envs (such as SOSIP trimers) unless they are 

open trimers and express non-neutralizing Env epitopes (Sanders et al., 2013). 

In this study we found that cross-reactive anti-HIV gp120 murine mAbs bound 

to conserved epitopes in the HIV-1 Env C1 region, except for 18A7 and 18F11 that bound 

to conserved epitopes in the C4 region. Each of the C1-reactive mAbs bound to HEp-2 

cells, suggesting the C1 region of HIV-1 gp120 contains multiple epitopes that are 

polyreactive with self-antigen. Moreover, we identified one mAb (18F11) whose binding 

was sensitive to enzymatic native deglysoylation by PNGase and naturally occurring 

absence of the N448 glycan on HIV-1 Envs. Thus, either 18F11 binds to N-linked glycans 

located within the HIV-1 Env C4 region, or binding depends on presence of the 

asparagine amino acid at 448. 

Despite binding with high affinity to conserved epitopes, none of these mAbs 

were capable of neutralizing HIV-1 virions, including the C4 reactive mAb 18F11 whose 

binding depended on the presence of N448. Thus, these antibodies likely do not 

recognize epitopes expressed on the native trimer on the surface of virions, nor on the 

surface of virus-infected CD4+ T cells. However, due to their broad cross-reactivity this 

panel of antibodies can prove to be useful for the characterization of recombinant Envs 

during GMP production. In particular, 16H3 and 3B3 bound strongly to all of the 

recombinant Envs tested and have been important reagents for the characterization and 
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quality control of good manufacturing practice (GMP)-produced recombinant Envs for 

vaccine studies (Haynes BF, unpublished) 

HIV-1 neutralization may not be the only antibody-mediated mechanism to 

prevent HIV-1 acquisition since antibody-dependent cellular cytotoxicity (ADCC) can 

also be an important mechanism for HIV-1 protection (Bonsignori et al., 2012; Ferrari et 

al., 2011; Haynes, Gilbert, et al., 2012; Pollara et al., 2013). In the RV144 vaccine efficacy 

trial, ADCC responses correlated with a reduced risk of infection, suggesting that non-

neutralizing epitopes may be relevant for eliciting protective antibodies (Bonsignori et 

al., 2012; Haynes, Gilbert, et al., 2012; Tomaras et al., 2013). Here we identified an 

antibody (13D7) that bound to the N-terminus of HIV-1 gp140 and bound to the surface 

of HIV-1-infected human CD4+ T cells. When expressed as a humanized recombinant 

monoclonal antibody, 13D7 was capable of mediating ADCC against 82% of infectious 

molecular clones tested. In contrast to A32 or A32 like antibodies that bind to a 

conformational epitope in the C1 and C4 regions of Env, 13D7 bound to a linear epitope 

(Acharya et al., 2014; Guan et al., 2013; Moore et al., 1994). As such, it may be possible to 

selectively induce 13D7-like ADCC responses using a minimal peptide immunogen. 

Thus, the epitope bound by 13D7 may be a feasible vaccine target for the induction of 

anti-HIV-1 infected cell ADCC responses.  

In summary, we have isolated a panel of cross-reactive mouse monoclonal 

antibodies induced with Consensus Env gp140 immunization. Although non-



 

83 

neutralizing, these mAbs are cross-react with a diverse panel of Envs suggesting their 

utility for the characterization of recombinant HIV-1 Envs. Finally, we identified mAb 

13D7 that not only binds to a highly conserved epitope, but also mediates ADCC, and 

thus represents a new vaccine target for the induction of ADCC responses. 

4. Immunodominance of HIV Envelope V2 linear Epitope 
Antibodies after Immunization with a Synthetic V1V2-
Glycopeptide 

HIV-1 Env vaccinations preferentially induce strain-specific antibody responses, 

but not broad neutralizing responses (Haynes, Gilbert, et al., 2012; Montefiori et al., 

2012) This was evident in the RV144 vaccine efficacy trail in which the immunogen 

AE.A244 gp120 Env expressed both a dominant linear V2 epitope, and the 

conformational, glycan-dependent epitope bound by V1V2 bnAbs (PG9 and CH01) (33). 

Despite expression of both linear and glycan-dependent V2 epitopes on the A244 

immunogen, the dominant V2 plasma antibody response bound linear V2 epitopes and 

not the glycan-dependent epitope bound by V1V2 bnAbs (Haynes, Gilbert, et al., 2012; 

Liao, Bonsignori, et al., 2013; Montefiori et al., 2012). HIV Env expresses many epitopes 

that are non-neutralizing and thus can engage several BCR rearrangements in the 

repertoire, thus effectively inducing a polyclonal antibody response. As the frequency of 

bnAb B cells are controlled by both central and peripheral tolerance mechanisms (Kelsoe 

& Haynes, 2017), it is possible that a strong polyclonal response can outcompete rare 

bnAb precursor B cells in the germinal center (Gitlin et al., 2014). Thus, to prevent 
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undesirable antibody responses, production of stable homogeneous immunogens that 

selectively express bnAb epitopes may be necessary (Alam et al., 2013). The utility of 

these immunogens to induce a broad neutralizing response has yet to be proven. 

As such, the Danishefsky group at Memorial Sloan Kettering constructed a 

chemically synthesized V1V2 glycopeptide (Man5GlcNAc2-V1V2, termed Man5-V1V2 

hereafter) (Figure 7) (Alam et al., 2013; Aussedat et al., 2013). This peptide dominantly 

expressed the V1V2-glycan bnAb epitope including N-linked glycans at positions N156 

and N160 and V2 loop K169. A major advantage of using a minimal bnAb epitope 

immunogen is the lack of diversionary antigenic epitopes that are expressed on whole 

HIV-1 Env. Antigenicity studies demonstrated this glycopeptide bound with high 

avidity to mature PG9 and CH01, and did not bind CH58 (Alam et al., 2013). 

Additionally, PG9 UA and CH01 UA bound with 5-fold higher avidity than the CH58 

UA (Alam et al., 2013). 

Here, we vaccinated rhesus macaques with Man5-V1V2 glycopeptide and 

assessed vaccine-induced serum antibody responses with ELISA. We then used single B 

cell sorting coupled with recombinant antibody technology to probe the memory B cell 

repertoire of vaccinated macaques.  
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Figure 7: Design of a gp120 V1V2 domain broadly neutralizing epitope mimic. 

We found that Man5-V1V2 glycopeptide induced robust plasma antibody 

binding responses to A244 Δ11 gp120 Env, and binding of plasma antibodies to HIV Env 

was dependent on K169 (like CH01 and CH58), but not on V2-loop glycans at positions 

N156 and N160 that are bound by V1V2-glycan bnAbs (Andrabi et al., 2015; Bonsignori 

et al., 2011; Doria-Rose et al., 2014; Gorman et al., 2016; Liao, Bonsignori, et al., 2013; 

Walker et al., 2009). Plasma antibodies bound to linear V2 peptide (aglycone V1V2). We 

isolated 15 V1V2-reactive antibodies from V1V2 glycopeptide-immunized rhesus 

macaques and found that light chain pairing was restricted to Vλ3-17. The Vλ3-17 light 

chain is the rhesus ortholog to the human Vλ3-10 gene as used by the RV144 strain-

specific linear V2 mAb CH59 (Liao, Bonsignori, et al., 2013; Wiehe et al., 2014). Both Vλ3-

17 and Vλ3-10 contain a germline-encoded ED motif that confers HIV specificity via a 

salt bridge with V2 loop K169 (Liao, Bonsignori, et al., 2013; Wiehe et al., 2014). As such, 

87% of V1V2-reactive vaccine-induced mAbs were dependent on V2 loop K169, and 

deemed to be CH59-like. In total, these results demonstrate that the linear V2 antibody 
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response is profoundly immunodominant and overcame preferential expression of the 

V1V2 bnAb epitope. Thus, V1V2 bnAb-expressing B cells may have an intrinsic 

deficiency or low fitness for competition in the germinal center even when vaccinating 

with an immunogen that dominantly expresses the epitope bound by the V1V2-glycan 

bnAbs.  

 

Figure 8: Study design to assess immunogenicity of Man5-V1V2 in Rhesus macaques.  

Man5-V1V2 was formulated in GLA-SE adjuvant and injected intramuscularly. Antigen-specific 

single cell B cell sorts to isolate vaccine-elicited antibodies were performed at weeks 25 and 38 (2 

weeks post 5th and 6th immunization, respectively).  
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4.1 Results 

4.1.1 Immunogenicity of a Fully Synthetic V1V2-Glycan BnAb Epitope 
Mimic in Rhesus Macaques 

Six rhesus macaques were immunized intramuscularly with 50 ug Man5-V1V2 

glycopeptide formulated with GLA-SE (glucopyranosyl lipid adjuvant stable emulsion) 

TLR-4 agonist (Figure 8). Vaccine-elicited plasma antibody responses were detected with 

ELISA against Clade AE A244 Δ11 gp120 Env in six of six animals (100%) following four 

immunizations (Figure 9A).  
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Figure 9: Man5-V1V2-elicited plasma IgG binding in rhesus macaques.  

Plasma from immunized macaques was tested for binding to clade AE A244 gp120 Δ11, in 

addition to mutants to disrupt motifs important for V2 antibodies to bind. Plasma was tested to 

the non-glycosylated version of Man5-V1V2 termed Aglycone-V1V2. Arrows denote timepoints at 

which immunizations occurred. 
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There was no difference in binding to the mutant A244 Δ11 Env gp120 

containing lysine mutations to disrupt predicted V1V2-loop N-linked glycosylation sites 

at N156 and N160 (Figure 9B), however, plasma binding decreased greatly upon 

disruption of the V2-loop K169 motif that is important for both linear and 

conformational-glycan directed V1V2 antibodies (Figure 9C). We then tested for binding 

to Aglycone-V1V2, a non-glycosylated version of Man5-V1V2 glycopeptide, as glycan-

directed V1V2-bnAb-like antibodies will not bind while narrowly neutralizing 

antibodies that are not glycan-dependent will bind. We found robust plasma binding 

responses to Aglycone-V1V2 (Figure 9D), emphasizing that Man5-V1V2 glycopeptide 

elicited B cell responses directed to a linear V2 epitope centered at K169, rather than a 

conformational glycan epitope as bound by V1V2-glycan bnAbs. 

4.1.2 Isolation of Antibodies Elicited by Man5-V1V2 Glycopeptide 

By flow sorting of A244 Δ11 gp120 (A244 Δ11 gp120 -AF647 and A244 Δ11 gp120 

-BV421)-decorated blood memory B cells from at weeks 25 (2 weeks post 5th 

immunization) and week 38 (2 weeks post 6th immunization) we isolated 15 antibodies 

that bound A244 Δ11 gp120 (Figure 10A-C). Of these 12 out of 15 (80%) used the rhesus 

Vλ3-17 gene segment, the rhesus orthologue of the human Vλ3-10, the gene segment 

used by the strain-specific linear V2 antibody CH59, isolated from the RV144 HIV 

vaccine trial in man (Bonsignori et al., 2012; Haynes, Gilbert, et al., 2012; Wiehe et al., 

2014) (Figure 10A). Of these, 87% were K169-dependent (Figure 10B). The distribution of 
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HCDR3 lengths is shown in Figure 10C. V1V2-glycan bnAbs typically have long HCDR3 

lengths: CH01 and PG9 have HCDR3 lengths of 24 and 28 aa, respectively, while CH59 

has a shorter HCDR3 of 13 aa (Figure 10C).  

 

Figure 10: Characteristics of Env-reactive antibodies isolated from Man5-V1V2-immunized 

rhesus macaques.  

(A) V-heavy and V-lambda usage of isolated Env reactive antibodies. (B) K169-dependence of 

Env-reactive antibodies. (C) HCDR3 length distribution of isolated Env-reactive antibodies. 

V1V2-glycan bnAbs PG9 (blue) and CH01 (red), in addition to the linear V1V2 non-bnAb, CH59 

(green) are shown for comparison. 

4.1.3 Man5-V1V2-Elicited Antibodies Closely Mimic Linear V2-Loop 
Binding Antibodies Isolated From the RV144 Vaccine Trial 

Three antibodies (Ab6480, Ab5539, and Ab5553) were chosen to be produced as 

purified recombinant mAbs for further characterization – although each utilized a 
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different V-heavy gene segment, each used the rhesus Vλ3-17 gene segment (Figure 

11A). These antibodies were not dependent on N156 and N160 glycans as disruption of 

these PNGS sites did not affect binding, whereas each showed sensitivity to the K169V 

mutation (Figure 11B). When tested in the TZM-bl neutralization assay (Sarzotti-Kelsoe 

et al., 2014), Ab5539 and Ab5553 neutralized the easy to neutralize Tier 1 virus. TH023.6 

with IC50 values of 7.8 and 18, respectively, but not the more difficult to neutralize Tier 

2 virus, CM244.ec1, much like the linear V1V2 antibodies isolated from RV144 vaccinees, 

CH58 and CH59 (Liao et al. Immunity) (Figure 11C).  

 

Figure 11: Characterization of Man5-V1V2 glycopeptide-elicited antibodies.  

(A) Immunogenetics of antibodies produced in milligram quantities. (B) Each mAb was tested for 

binding to wild-type A244 gp120 Env in addition to the N156K N160K and K169V mutants. (C) 

Each mAb was tested for neutralization in the TZM-bl assay against the Tier 1 TH023.6 and Tier 2 

CM244 Env pseudovirus. The asterick indicates a positive deflection in the neutralization curve 

that did not reach 50%. 
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A panel of alanine-substituted V2 peptides (L165-D186) was constructed to 

determine which V2-loop residues were critical for binding. Agreeing with previously 

published data, CH59 binding to V2-loop peptide was sensitive to alanine substitutions 

at K169, H173, F176, and Y177 (Figure 12). Much like CH59, Ab6480, Ab5539, and 

Ab5553 were each found to be sensitive to alanine substitutions at K169 and H173, 

although Ab6480 and Ab5553 were sensitive to alanine substitutions in additional V2-

loop residues (Figure 12).  

We then threaded the amino acid sequence of Ab5539 onto a previously 

published structure of the linear V1V2 antibody, CH59, in complex with V2 loop peptide 

(PBD:4HPY), and determined that despite utilizing different V-heavy gene segment 

families (CH59 uses VH3, while Ab5539 uses VH1), Ab5593 shares key interactions in the 

CH59 mode of recognition with V2 peptide (Figure 13). It has been well characterized 

that CH59 and CH59-like antibodies bind the V2 loop through a common mechanism 

involving a LCDR2 “ED motif” (Liao, Bonsignori, et al., 2013; Wiehe et al., 2014).  This 

ED motif forms salt bridges with the V2-loop K169 and H173, while H173 forms an 

additional salt bridge with the heavy 
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Figure 12: Epitope mapping of monoclonal antibodies isolated from Man5-V1V2-immunzied 

rhesus macaques.  

Purified V1V2 antibodies were tested for binding to a panel of A244-derived V2 peptides 

containing single alanine point mutations to evaluate V2-loop binding residues. 

 

Figure 13: Predicted mode of V2-loop recognition by Ab5539.  

The primary amino acid sequence of Ab5539 was threaded onto the structure of RV144 V2-loop 

antibody CH59 (PBD:4HPY) to determine if the CH59-like mode of recognition for HIV-1 V2 loop 

would be compatible for Ab5539. The CH59 heavy and light chain are shown in blue and gray, 

respectively. Ab5539 heavy and light chain are shown as purple and green, respectively, and the 

V2 loop peptide is shown in orange. Residues previously shown to be important for V2 loop 

binding by CH59 are labelled (D95HC, E50LC, D51LC), in addition to the V2-loop K169 and H173 

binding partners. 
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chain D95 (Figure 13). Ab5539 shares the ED motif in addition to the D95 residue and is 

predicted to bind in the same mechanism as CH59 (Figure 13). 

4.2 Discussion 

Here we immunized rhesus macaques with a fully synthetic glycopeptide (Man5-

V1V2) that is specific for V1V2-glycan broadly neutralizing antibodies (bnAbs) and their 

germline-reverted variants. With this immunogen, we elicited a dominant plasma 

antibody response that targeted the HIV-1 second variable (V2) loop centered at K169. 

Bonsignori et al. previously described the CH01-04 V1V2 glycan bnAb lineage, and 

found that the computationally-derived germline-reverted CH01-04 unmutated 

common ancestor (UCA) neutralized a select group of difficult to neutralize (tier 2) HIV-

1 Env pseudoviruses (Bonsignori et al., 2011). Additional V1V2-glycan lineages have 

been isolated from HIV-1 infected donors, and although each of these antibodies are 

genetically distinct and use different VHDHJH + VLJL recombinations and pairings, as a 

class they exhibit very similar modes of recognition for the V1V2-glycan epitope 

(Andrabi et al., 2015; Bonsignori et al., 2011; Doria-Rose et al., 2014; Gorman et al., 2016; 

Walker et al., 2011; Walker et al., 2009). Furthermore, the germline-reverted V1V2-glycan 

antibodies can neutralize roughly 5% of Env isolates, and these isolates were common 

amongst all 4 V1V2-glycan bnAb lineages (Andrabi et al., 2015; Gorman et al., 2016). 

This suggests that neutralization by this class of antibodies is germline-encoded, and an 
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immunogen that can expand a pool of B cells with similar characteristics should be able 

to elicit serum neutralizing activity against similar isolates. Given this, we hypothesized 

that an immunogen that structurally mimics the epitope bound by V1V2-glycan bnAbs, 

and that is antigenic for germline-reverted V1V2-glycan bnAbs could select for, and 

expand what is thought to be a rare pool of long HCDR3-bearing B cells. If so, then by 

using an immunogen such as this, eliciting such neutralizing responses with vaccination 

should be achievable. 

Instead of eliciting tier 2 neutralizing, glycan-reactive antibodies, the dominant 

serum antibody responses we observed following immunization targeted the V2 loop, 

were K169-dependent, not glycan-reactive, and only tier 1 isolates. When antibodies 

were isolated from vaccinated macaques, we found the majority to be K169-dependent 

and the BCRs to pair with a rhesus Vλ3-17 gene segment. It has been previously shown 

in A244 gp120 Env-vaccinated macaques that the dominant V2-responses were K169-

dependent and the V2-antibodies preferentially utilized the rhesus Vλ3-17 gene segment 

(Wiehe et al., 2014). Furthermore, Wiehe et al. demonstrated that the rhesus Vλ3-17 gene 

segment is the orthologue of the human Vλ3-10 gene segment observed in the K169 

depentdent-V2 antibodies isolated from A244 gp120 Env-vaccinated humans in the 

RV144 Thai trial (Liao, Bonsignori, et al., 2013; Wiehe et al., 2014).  

One hypothesis for why we failed to elicit V1V2-glycan responses is that this 

immunogen was unstable in vivo and the conformation of the V1V2-glycan bnAb 
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epitope was disrupted, thus allowing the glycopeptide to present the linear V2 epitope 

that elicited the V2 antibody responses centered at K169 observed here. V1V2-glycan 

bnAbs recognize the V1V2 loop when it is presented in a beta-strand conformation 

(Alam et al., 2013; Andrabi et al., 2015; Gorman et al., 2016). In vitro Alam et al. found 

this reagent to prefer a random coil conformation that is bound by linear V2-targeting 

antibodies, and formulating this immunogen such that it adopts a beta-strand 

conformation was difficult (Alam et al., 2013). Although antigenicity of our immunogens 

are validated prior to vaccination, we cannot exclude that conformational instability of 

the immunogen in vivo may have contributed to our observed results. As such, more 

work will need to be done to stabilize the V1V2-glycopeptide in a way to lock in the 

beta-sheet conformation preferred by V1V2-glycan bnAbs. 

An alternative hypothesis for our results is that B cells bearing a long heavy 

chain complementarity determining region 3 (HCDR3) are rare (Meffre et al). Indeed, 

Meffre et al. and Briney B. et al. have shown that long HCDR3-bearing B cells are 

counterselected during development in the bone marrow (Briney et al., 2012; Meffre et 

al., 2001). As V1V2-glycan bnAbs have long and anionic HCDR3s, it would be no 

surprise that these types of B cells are culled in the bone marrow, as has been shown for 

other HIV-1 bnAb specificities (Kelsoe & Haynes, 2017). If V1V2-glycan B cells are 

indeed restricted in the bone marrow, then more than just a single immunogen will be 

required to elicit these responses with vaccination.  
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To test this hypothesis, we will generate a knockin mouse containing B cells that 

bear the germline-reverted V1V2-glycan bnAb (CH01-04) lineage BCR. As the CH01 

HCDR3 is 24 amino acids in length, this will allow us to experimentally determine if 

CH01-expressing B cells are subject to developmental blockades that would preclude 

their ability to respond to vaccination. Of note, Fred Alt and colleagues have generated a 

knockin mouse bearing the germline-reverted CAP256-VRC26 BCR that has a HCDR3 

length of 35 amino acids and found B cell development to be heavily restricted in the 

bone marrow (personal communication, unpublished results). 

That the dominant antibody response following immunization with Man5-V1V2 

is centered at K169 and utilizes the rhesus Vλ3-17 suggests this response to be 

profoundly immunodominant, or this immunogen is unstable and undergoes 

conformational alterations that disrupt the V1V2-glycan bnAb epitope resulting in 

expression of the linear V1V2 epitope centered at K169. Further work will aim to test 

these hypotheses. 

5. Characterization of a CH01 UCA VHDHJH+VLJL V1V2-
BnAb Knockin Mouse Model. 

Despite vaccinating with immunogens that express epitopes bound by the 

germline-reverted unmutated common ancestors (UCAs) of both broadly neutralizing 

antibodies (bnAbs) and non- or narrowly-neutralizing antibodies (nNAbs), vaccine 

studies have elicited only easy to induce nNAbs (Haynes, Gilbert, et al., 2012; Montefiori 
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et al., 2012). The RV144 HIV vaccine efficacy trial immunogen, clade AE A244 Δ gp120 

Env, expressed two structurally distinct V1V2 epitopes: 1) the bnAb epitope dependent 

on Env glycans at positions N156 and N160 that are avidly bound by V1V2-glycan 

bnAbs such as CH01 and PG9 and 2) a linear V2 epitope centered at K169 bound by 

nNAbs (Liao, Bonsignori, et al., 2013). Following repetitive immunization, the dominant 

V2 response was centered at K169 and was narrowly neutralizing (i.e. only neutralized 

vaccine strain viruses) (Liao, Bonsignori, et al., 2013). To date, no N160-dependent V1V2-

glycan bnAbs have been isolated from these individuals either due to the immunogen 

containing a structurally heterogeneous mixture of V1V2 epitopes, or B cells that can 

produce V1V2-glycan bnAb responses are constrained by the host immune system due 

to their long HCDR3s (Briney et al., 2012; Kelsoe & Haynes, 2017; Meffre et al., 2001). 

To determine if V1V2-glycan antibody responses could be elicited via 

vaccination, Baptiste Aussedat and Sam Danishefsky at Memorial Sloan Kettering 

constructed a fully synthetic V1V2-loop glycopeptide that bound with high affinity to 

germline-reverted V1V2-glycan bnAb antibodies (Alam et al., 2013; Aussedat et al., 2013) 

(Man5-V1V2) and immunized rhesus macaques. A major advantage of using a minimal 

bnAb epitope immunogen is the lack of diversionary antigenic epitopes that are 

expressed on whole HIV-1 Env, thus immunogens such as these should preferentially 

activate the rare V1V2-glycan bnAb precursor B cells. Instead of eliciting V1V2-glycan 

antibodies, vaccine-induced responses were focused on the linear V2 epitope centered at 
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K169 and were not dependent on V2 loop glycans (N156 and N160). One explanation for 

these results could be the predicted rarity of V1V2-glycan bnAb precursors as this class 

of antibodies typically have long HCDR3s (ranging from 24-35), and their numbers may 

be limited by central or peripheral tolerance mechanisms, or both. An alternative 

explanation could instability of the immunogen in vivo, thus the immunogen adopts a 

conformation that more effectively engages B cells that bind to the linear V1V2 epitope 

centered at K169. 

To examine the mechanisms that limit V1V2-glycan bnAb induction, Laurent 

Verkoczy constructed CH01 UCA VHDJH+VLJL (CH01 UCA dKI) and CH01 UCA VHDJH 

(CH01 UCA VH) knockin mouse models. We then examined B cell development in the 

bone marrow and periphery to determine if the numbers of B cells expressing CH01 and 

CH01-like antibodies are restricted at any developmental checkpoint due to their long 

anionic HCDR3 of 24 amino acids. In studying B cell development in CH01 UCA dKI 

and CH01 UCA VH knockin mice we did not observe any reduction in B cell numbers in 

the bone marrow compared to wild-type control mice, nor mice containing non-bnAb 

specificities. Peripheral B cell phenotyping in the CH01 UCA dKI mice revealed a robust 

population of A244-specific B220+CD19+ B cells that upon PCR and sequencing used the 

CH01 UCA VHDJH and VKJK pairing. Furthermore, in CH01 UCA dKI mice we detected 

the presence of IgG class-switched N156- and N160-glycan-dependent neutralizing 

plasma antibodies prior to vaccination. Thus, release of CH01-like precursors is not 
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limited at the first tolerance checkpoint, and the CH01 UCA VH+VL and VH knockin 

mice will serve as important model systems to study vaccine-elicitation of V1V2-glycan 

responses.  

5.1 Results 

5.1.1 Construction of a CH01 VHDHJH+VLJL Knockin Mouse 

Using previously isolated VHDJH and VLJL sequences from the V1V2 bnAb CH01-

04 lineage (Bonsignori et al., 2011), Tom Kepler computationally inferred the unmutated 

common ancestor (UCA) VHDJH and VLJL (Liao, Lynch, et al., 2013), thus generating fully 

reverted germline reverted heavy and light chain sequences, including the CDRH3 and 

CDRL3. Laurent Verkoczy next generated CH01 UCA VHDJH+VLJL (CH01 UCA HC+LC) 

knockin mice via targeted replacement of the mouse JH cluster with a prearranged CH01 

VHDHJH UCA cassette and replacement of mouse Jκ1, Jκ2 with a prearranged CH01 VLJL 

UCA cassette (Figure 14) (Verkoczy et al., 2011). A CH01 UCA VHDJH (CH01 UCA HC) 

knockin mouse was generated using similar methods.  

 

Figure 14: Strategy to Construct CH01 UCA Knockin Mice.  

Prearranged CH01 UCA VHDHJH and VKJK cassettes were inserted into the mouse JH or JK region, 

respectively through targeted replacement as shown. 
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5.1.2 Characterization of CH01 UCA Knockin Mouse Models 

Development of CH01 UCA-expressing B cells in the bone marrow was then 

assessed. The frequency of Pro/Pre B cells in wild-type C57BL/6, CH01 UCA dKI, and 

CH01 UCA VH mice averaged 57%, 3.3%, and 64% respectively, while the frequency of 

mature B cells in the bone marrow averaged 17.25%, 51.5%, and 17.75% respectively, 

thus suggesting accumulation of mature B cells expressing the CH01 UCA HC+LC in the 

bone marrow compared to wild-type C57BL/6 mice and CH01 UCA VH knockin mice 

(Figure 15A). Bone marrow B cell development in the CH01 UCA VH knockin mice was 

comparable to C57BL/6 mice (Figure 15A).  The frequency of mature splenic B cells 

(B220+ CD93-) was comparable between all models, as was the distribution of B cells to 

the follicular and marginal zone B cell compartments (Figure 15B, C).  Expression of the 

CH01 UCA BCR did not impede stimulation through the BCR as calcium flux induced 

by IgM crosslinking was comparable to C57BL/6 controls (Figure 15C). 

5.1.3 Anti-HIV-1 Activity in Naïve CH01 UCA dKI Knockin Mice 

A hallmark of germline-reverted V1V2 bnAbs (CH01-04, VRC26, PG9/PG16) is 

the ability to bind HIV-1 Envs and neutralize HIV-1 pseudovirions (Andrabi et al., 2015; 

Gorman et al., 2016). We sought to determine what if any HIV-1 activity was present in 

the CH01 UCA dKI and CH01 UCA HC knockin mice using A244 Δ11 gp120. This Env is 

known to bind with high affinity to the CH01 UCA monoclonal antibody (Liao, 

Bonsignori, et al., 2013). Serum IgG antibodies from naïve CH01 
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Figure 15: Characterization of CH01 UCA dKI and VH knockin mouse models.  

(A) Bone marrow B cell development in C57BL/6, CH01 UCA dKI, and CH01 UCA VH knockin 

models. (B) Splenic B cell development in C57BL/6, CH01 UCA dKI, and CH01 UCA VH knockin 

models. (C) IgM BCR crosslinking induced calcium flux in the CH01 UCA dKI mouse model for 

both transitional and mature B cells. The red arrow denotes the timepoint at which anti-IgM 

F(ab)2. 

UCA dKI but not CH01 UCA HC mice bound A244 Δ11 gp120 Env, and binding was 

abrogated when the N-linked V2 glycan at position N160 was deleted (Figure 16A, C). 

Additionally, serum from naïve CH01 UCA dKI knockin mice mice potently neutralized 

WITO and Q23 pseudoviruses with titers ranging from 1:1425 to 1:15,200 (Figure 16B), 
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two isolates known to be neutralized by the CH01 UCA (Andrabi et al., 2015; Bonsignori 

et al., 2011; Gorman et al., 2016). We observed similar results for naïve CH01 UCA VH 

mice (Figure 17D).   

 

Figure 16: Constitutive HIV-1 reactivity in the CH01 UCA dKI mouse model.  

(A) Serum antibody binding to A244 Δ11 gp120 and the N160K mutant in naïve CH01 UCA dKI 

mice. (B) Serum neutralizing responses exist prior to vaccination in the CH01 UCA dKI mouse 

model. (C) A244 Δ11 gp120-reactive B cells in both C56BL/6 and CH01 UCA dKI mouse models 

as determined by flow cytometry. (D) Frequency of mutations in heavy chains recovered from 

A244 Δ11 gp120-sorted CH01 UCA dKI mouse B cells. 

By flow cytometry, near 100% of naïve splenic B cells from CH01 dKI knockin 

mice bound to A244 Δ11 gp120 Env (Figure 16C), compared to C57BL/6 mice, while for 

CH01 UCA VH knockin mice, roughly 15% of the population was found to be A244-

reactive (Figure 17E). Taken together, this data suggests that B cells expressing the CH01 

UCA heavy chain are not restricted in the bone marrow due to its long HCDR3 (24aa) 
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(Meffre et al., 2001), however taken together with the bone marrow phenotyping data, 

suggests that the CH01 UCA VH knockin mouse model may be optimal for vaccination 

studies. 

5.1.4 Immunization of CH01 UCA VH Knockin Mice 

 Gorman et al. demonstrated that roughly 1 in 20 (5%) of Env isolates can bind the 

germline reverted versions V1V2 bnAbs and that these isolates were common amongst 

all 4 V1V2 bnAb lineages published a series of chimeric stabilized SOSIP trimers that 

bind to the CH01 UCA and other V1V2 bnAb UCAs with various affinities (Gorman et 

al., 2016). This suggests a role for ontogeny-based immunogen design to construct 

germline-targeting antigens to target and expand the rare pool of V1V2 bnAb 

precursors. As such, the V1V2 loops of isolates that were potently neutralized by V1V2 

bnAb UCAs were transplanted onto the stabilized BG505 SOSIP trimer backbone, thus 

generating V1V2 chimeric stabilized SOSIP trimers (kindly provided by Jason Gorman 

and Peter Kwong, VRC). These chimeric constructs retain binding to the CH01 UCA, 

and isolates that were potently neutralized, bound with high affinity (80 nM and 109 nM 

for Q23 and WITO V1V2 chimeric SOSIP trimers, respectively), while the binding to the 

stabilized BG505 SOSIP trimer was approximately 10 µM (Figure 17A). It is important to 

note that BG505 was not neutralized by V1V2-glycan bnAbs (Gorman et al.). A244 Δ11 

gp120, the immunogen used in the RV144 HIV-1 vaccine trial, bound the CH01 UCA at 

500 nM (Figure 17A).  
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To determine if such V1V2-chimeric SOSIP trimers could serve as germline-

targeting antigens to affinity mature B cells bearing the CH01 UCA BCR towards 

neutralization breadth, CH01 UCA VH knockin mice were immunized with the high-

affinity BG505.SOSIP.V1V2.A.Q23.368R.DS stabilized trimer (termed Q23 SOSIP 

hereafter), and the low-affinity BG505.SOSIP.368R.DS stabilized trimer (termed BG505  

 

Figure 17: Vaccine-induced response in CH01 UCA VH knockin mice.  

(A) Affinity of stabilized SOSIP trimers and A244 Δ11 gp120 for the CH01 UCA antibody as 

measured by surface plasmon resonance. (B) Induction of calcium flux in C57BL/6 and CH01 

UCA dKI mouse models by SOSIP and gp120 HIV-1 Envs. (C) Vaccine-induced responses in 
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CH01 UCA VH mice following repetitive immunization with BG505.SOSIP.V1V2.A.Q23.368R.DS 

(red line) or BG505.SOSIP.368R.DS (blue line) stabilized SOSIP trimers. (D) Serum neutralizing 

responses in vaccinated CH01 UCA VH mice against a panel of tier 2 HIV-1 Env pseudoviruses. 

(E) Percentages of V1V2-glycan specific mature B cells in CH01 UCA VH knockin mice as 

determined by binding to A244 Δ11 gp120 but not A244 Δ11 gp120 N156K N160K  

SOSIP hereafter). Splenic B cells were isolated from either C57BL/6 mice or CH01 UCA 

dKI mice (due to the high frequency of Env-reactive B cells as shown in Figure 16C), and 

added the various SOSIP trimers or A244 Δ11 gp120 and measured calcium flux (Figure 

17B). Anti-IgM F(ab’)2 was included as a positive control. The Q23 and WITO V1V2 

chimeric SOSIP trimers were both able to flux calcium at levels comparable to IgM 

crosslinking induced with the anti-IgM F(ab’)2, while the BG505 SOSIP trimer fluxed at 

levels slightly over background (Figure 17B). Although the monomeric A244 Δ11 gp120 

bound to the CH01 UCA with an affinity comparable to the Q23 and WITO chimeric 

stabilized SOSIP trimers (Figure 17A), it failed to sufficiently induce calcium flux (Figure 

17B).  

 When used as an immunogen, the Q23 SOSIP trimer induced plasma antibody 

responses that bound A244 Δ11 gp120, but not when the V1V2-loop predicted N-linked 

glycosylation sites (PNGS) were disrupted with N156K and N160K mutations (Figure 

17C). Furthermore, Q23 SOSIP induced binding responses to HIV-1 Envs 427244 gp120 

and 9021 gp120, both of which are not bound by the CH01 UCA, but are bound by more 

mature members of the lineage (Figure 17C), (Bonsignori et al., 2011). Following 

immunization with BG505 SOSIP, the magnitude of binding by serum antibodies to 

A244 Δ11 gp120 did not increase as was observed for Q23 SOSIP, nor was binding to 
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427244 gp120 and 9021 gp120 induced (Figure 17C). GLA-SE alone did not induce 

binding to HIV-1 Env in ELISA (Figure 17C).  

 Serum from each of the animals was tested against a panel of 11 HIV-1 Env 

pseudoviruses plus SIVmac251 as a negative control (Figure 17D). Prior to vaccination, 

neutralization of the Q23 Env pesudovirus for each animal was observed, and sporadic 

neutralization of the T250 Env pseduvirus (Figure 17D). However, neutralization against 

the remainder of the isolates was vaccine-dependent, and was induced by either Q23 or 

BG505 SOSIPs (Figure 17D).  

5.1.5 Isolation of V1V2-Glycan-Targeting Antibodies from CH01 UCA 
VH Knockin Mice 

 From naïve, adjuvanted, and immunized mice V1V2-glycan reactive antibodies 

were isolated. To do so, splenic IgG-class switched memory B cells were decorated with 

A244 Δ11 gp120-AF646 and A244 Δ11 gp120 N156K N160K-BV421. By doing so, 

expansion of the A244 Δ11 gp120 N156K N160K-sensitive population following 

vaccination with either the Q23 or BG505 SOSIPs was observed (Figure 17E). These cells 

were sorted for PCR recovery of the heavy and kappa chains, and functional sequences 

were expressed as monoclonal antibodies in a mouse IgG1 backbone by transient 

transfection. When testing unpurified cell supernatants, each of the A244 Δ11 gp120-

reactive antibodies were sensitive to the N156K N160K V1V2-loop PNGS disruptions, 

and that these antibodies were also reactive with the Q23 SOSIP trimer (Figure 18A). 

Surprisingly, while A244 Δ11 gp120-reactive antibodies recovered from BG505 SOSIP 
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immunized CH01 UCA VH knockin mice bound the Q23 SOSIP trimer, this did not 

cross-over to BG505 SOSIP reactivity (Figure 18A). Furthermore, for Env-reactive B cells, 

there was a lack of accumulation of somatic mutations at the amino acid level in 

immunized mice (Figure 18B). 

 

Figure 18: Isolation of V1V2-glycan vaccine-elicited antibodies in CH01 UCA VH knockin 

mice.  
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(A) Antigen reactivity of antibodies derived from heavy and light chain sequences isolated from 

CH01 UCA VH mice. Each dot represents a single monoclonal antibody. (B) Frequency of 

mutations in heavy chains recovered from vaccinated or control CH01 UCA VH knockin mice. 

(C) Kappa chain usage of V1V2-glycan-reactive B cells sorted from vaccinated or control CH01 

UCA VH knockin mice. (D) Frequency of mutations found in the kappa chains of V1V2-glycan-

reactive B cells sorted from control or vaccinated CH01 UCA VH knockin mice. (E) Percentage of 

recovered heavy chain from control of vaccinated CH01 UCA knockin mice that were either the 

knocked in CH01 UCA heavy chain or any of the endogenous murine heavy chains. 

5.1.6 The CH01 UCA Heavy-Chain Can Pair With Multiple Murine 
Kappa Chains to Confer V1V2-Glycan Specificity 

 Of A244 Δ11 gp120-reactive-antibodies recovered from single cell sorts (of which 

all were sensitive to V1V2-glycan PNGS disruptions), 18 different murine kappa chains 

that conferred V1V2-glycan specificity were observed (Figure 18C). Due to the lack of 

differences in pairings observed for naïve or GLA-SE adjuvanted animals, the data was 

combined and represented as “Control Groups.” Following immunization with either 

Q23 SOSIP or BG505 SOSIP, the percentage of Env-reactive B cells that paired with 

Mouse Vκ4-55*01 gene segment increased from 2.5% (in control mice) to 10.0 and 12.2%, 

respectively (Figure 18C). Additionally, usage of the Vκ8-21*01 gene segment decreased 

from 15% in the control animals to 3.3% and 6.1% in Q23- or BG505 SOSIP immunized 

animals, respectively (Figure 18C). While for Q23 SOSIP-immunized mice, a dominant 

fraction of pairings used mouse Vκ8-24*01 gene segment (26.7%), the dominant pairing 

for BG505 SOSIP-immunized mice was Vκ8-27*01 (32.7%), which is comparable for 

naïve and adjuvanted CH01 UCA VH knockin mice (Figure 18C). Only 13.3% of Env-

reactive antibodies used the mouse Vκ8-27*01 gene segment pairing in the Q23 SOSIP-

immunized group (Figure 18C). Furthermore, while accumulation of somatic mutations 
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for the knocked in CH01 UCA heavy chain following immunization were not observed, 

we did observe accumulation of mutations in the kappa chains (Figure 18D).  

Remarkably, Env-reactive antibody kappa chains from naïve mice were also 

mutated, suggesting a role for environmental antigens in potentially stimulating this 

glycan-reactive B cell pool (Figure 18D). As these mice were heterozygous for the 

knocked-in CH01 UCA VHDHJH pre-arranged cassette, the percentages of sorted B cells 

that utilized either the CH01 UCA VHDHJH or endogenous mouse VHDHJH sequences 

present on the opposite allele was assessed (Figure 18E). Here, no differences in the 

frequency of A244-reactive sorted B cells that utilized the CH01 VHDHJH sequence 

between naïve and adjuvanted mice or SOSIP-immunized mice at post 3rd immunization 

were found (93% of sequences were CH01 UCA VHDHJH for both groups) whereas by the 

post 6th immunization, only 54% of recovered sequences were CH01 UCA VHDHJH 

(Figure 18E). 

5.2 Discussion 

Analysis of the ontogeny of V1V2-glycan bnAbs revealed two major roadblocks 

to development, one of which being that these antibodies typically have long, anionic 

HCDR3 loops that would likely predispose this population of B cells to control by 

central tolerance mechanisms, thus limiting their frequency in the periphery (Gorman et 

al., 2016; Meffre et al., 2001). The second roadblock is the predicted rarity of Env isolates 

that can engage the BCR of V1V2-glycan precursors (Andrabi et al., 2015; Bonsignori et 
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al., 2011; Gorman et al., 2016). Here, mouse models bearing the CH01 UCA VHDHJH 

and/or VκJκ (CH01 UCA dKI and CH01 UCA VH) were characterized and found that 

although the CH01 UCA contains an anionic HCDR3 of 24 amino acids, these B cells are 

not restricted in the bone marrow, and when these mice are vaccinated with stabilized 

native-like SOSIP trimers, the pool of V1V2-glycan-reactive B cells can be expanded. 

During characterization of the CH01 UCA knockin mouse models we found B 

cell hyperproliferation in the CH01 dKI model, but not in the heavy chain only knockin 

model. It is unclear whether this is the result of accelerated development in the bone 

marrow or the result of peripheral hyperproliferation coupled with increased emigration 

back to the bone marrow. Indeed, we observed that CH01 UCA dKI mice to have an 

increased incidence of lymphomas compared to the background C57BL/6 strain and that 

B cells from these tumors to have sporadic chromosomal abnormalities that were not 

found in other models (personal communication, Laurent Verkoczy, Howard Bomze). 

Furthermore, these B cells spontaneously class-switch to IgG and secrete high levels of 

A244-reactive CH01 UCA soluble Ig, thus leading to potent neutralization of HIV-1 Env 

pseudoviruses such as WITO and Q23 at baseline. As such, the CH01 dKI mouse was 

unfit as a model to assess vaccine-guided expansion of V1V2-bnAb precursors. As such, 

we elected to focus immunization studies on the CH01 UCA VH knockin mouse model 

where we observed B cell development comparable to the background CD57BL/6 strain. 
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The immunogens used in this study were either a stabilized soluble BG505 SOSIP 

trimer containing its native V1V2 loops, or an engineered chimeric BG505 SOSIP trimer 

whereby the BG505 V1V2 loops were replaced with those from Q23. Q23 is an isolate 

neutralized by V1V2-glycan bnAb UCAs and predicted by Gorman et al. and Andrabi et 

al. as being a potential germline-targeting immunogen (Andrabi et al., 2015; Gorman et 

al., 2016). Immunization with either the Q23 SOSIP (high affinity for the CH01 UCA 

mAb) or the BG505 SOSIP (low affinity for the CH01 UCA mAb), we expanded the 

V1V2-glycan dependent A244-reactive B cell population and also induced neutralization 

against multiple tier 2 heterologous HIV-1 Env pseudoviruses, thus, there may light 

chain parings in the mouse immune system that confer high affinity interactions with 

BG505 SOSIP that is not conferred by the native VH3-20 Vκ3-20 pairing of the CH01-04 

lineage from CHAVI donor CH0219 (Bonsignori et al., 2011). 

While we were able to expand the V1V2-glycan B cell populations with 

immunization, recovered heavy chains were largely unmutated. This suggests that 

immunization was capable of both selecting and expanding B cells containing suitable 

pairings for V1V2-glycan specificity, but also suggests that we failed to elicit potent 

germinal center responses, which may be a general problem with HIV-1 Env 

immunization (Kuraoka et al., 2016). It is known that during affinity maturation of the 

CH01-04 lineage to the V1V2-glycan bnAb epitope, that the lineage acquired both poly- 

and auto-reactivity (Bonsignori et al., 2011). It is feasible then, that if we did induce 
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somatic mutations in these B cell lineages in the CH01 VH knockin mouse model, that 

they could be controlled by peripheral tolerance mechanisms to exclude participation in 

the germinal center reaction. Indeed we also observed an immunization-dependent 

counter-selection of B cells bearing the CH01 VHDHJH in lieu of B cells expressing the 

endogenous mouse heavy chains present on the opposite allele. 

An alternative explanation for the lack of observed somatic mutations is that 

insufficient antigenic diversity was provided following the initial prime. It has been 

previously shown in HIV-1 bnAb knockin mouse models that antigenic diversity 

through prime boost strategies is necessary to affinity mature these types of lineages 

(Escolano et al., 2016)  

Lack of mutations notwithstanding, from this data we observed 18 different 

mouse kappa chain that pair with the CH01 VHDHJH and confer V1V2-glycan specificity. 

This was surprising as CH01 bears a long HCDR3 of 24 amino acids, and could be 

assumed that due to this, it could be difficult to find a suitable pairing to create a 

functional BCR. Thus, the precursor frequencies of V1V2-glycan bnAbs could potentially 

be higher than for CD4bs bnAb lineage precursors as previously demonstrated in 

various transgenic mouse models (McGuire et al., 2016; Sok et al., 2016). Taken together 

with the fact that V1V2-glycan bnAbs share a common mode of recognition for the 

V1V2-glycan supersite of vulnerability (Andrabi et al., 2015; Gorman et al., 2016), if 

multiple kappa chain pairings are permissive for V1V2-glycan specificity, this would be 
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encouraging from an immunogen design standpoint as this could increase the potential 

for engaging a V1V2-glycan bnAb B cell lineage precursor through vaccination. This is 

however, assuming that V1V2-glycan-reactive B cells bearing other germline 

rearrangements are not restricted during B cell development in the bone marrow. 

In summary, we have used stabilized native-like trimer immunogens to target 

CH01-like V1V2-glycan-reactive B cells and subsequently expand their frequency in the 

mature B cell compartment to boost neutralizing responses against HIV-1. Although 

more will need to be done to elucidate why these B cells are not acquiring somatic 

mutations and excluding usage of the CH01 VHDHJH at later vaccination timepoints, 

what is clear however, is that for the induction of V1V2-glycan bnAbs in a vaccination 

setting, expansion of the germline precursors is feasible and is sufficient to induce serum 

neutralization breadth, although vaccination-guided affinity maturation will be 

necessary to achieve the breadth and potency exhibited by the fully mature V1V2-glycan 

bnAbs isolated from infected donors. 

6. Mimicry of an HIV Broadly Neutralizing Antibody 
Epitope with a Synthetic Glycopeptide 

One strategy for the induction of HIV-1 glycan-directed broadly neutralizing 

antibodies (bnAbs) is to express trimeric forms of the envelope (Env) in structures that 

mimic the native trimer and bind to germ-line expressing naïve B cells (Julien et al., 

2013). One problem for HIV-1 vaccine development has been the difficulty in design of 
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such immunogens.  Important criteria of Env nativeness are (i) that an HIV-1 antigen 

binds to bnAbs and (ii) that it can be used as a fluorophore labeled-protein for isolating 

bnAb-producing memory B cells by binding their B cell receptors (Haynes, Kelsoe, et al., 

2012; Pancera et al., 2014; Sanders et al., 2015) One such structural design recently 

reported is the BG505 SOSIP.664 Env trimer protein that presents a native-like Env 

conformation and is recognized by several classes of trimer-specific bnAbs (Alam et al., 

2013; Aussedat et al., 2013; Fernandez-Tejada, Haynes, & Danishefsky, 2015; H. Li et al., 

2005; Zhou et al., 2014). An alternative strategy for mimicking glycan bnAb epitopes is to 

produce immunogens that mimic HIV Env epitopes recognized by bnAb germline 

antibodies (Bonsignori, Kreider, et al., 2017), while minimally presenting dominant 

strain-specific epitopes (Scheid, Mouquet, Feldhahn, Seaman, et al., 2009; Scheid, 

Mouquet, Feldhahn, Walker, et al., 2009; Wu et al., 2010), either alone or in the context of 

heterologous protein scaffolds (Zhou et al., 2014).  

In studying the ontogeny of the V3-glycan bnAb DH270 lineage isolated from an 

African HIV-infected individual, we found that the unmutated common ancestor (UCA) 

antibody for the DH270 lineage did not bind HIV-1 Env glycoprotein, either in solution 

or when expressed as a trimer on the cell surface (Bonsignori, Kreider, et al., 2017). Here 

the Danishefsky group at Memorial Sloan Kettering has synthesized a homogeneous 

and conformationally stable glycopeptide bearing two high-mannose undecasaccharides 

(Man9) that binds to HIV-1 V3 bnAbs with affinities similar to that of the native-like 
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BG505.664 SOSIP trimer. We we have isolated members of a V3-glycan bnAb clonal 

lineage using either the synthetic fluorophore labeled-Man9-V3 or SOSIP trimers, thus 

demonstrating that Man9-V3 mimicked the HIV-1 V3-glycan bnAb epitope. 

Furthermore, the Man9-V3 glycopeptide bound the UCA of the DH270 V3-glycan bnAb 

lineage (Bonsignori, Kreider, et al., 2017), and induced V3-glycan -targeted antibodies in 

rhesus macaques. 

6.1 Results 

6.1.1 Synthesis of Man9-V3 glycopeptide  

The crystal structure of the HIV-1 V3 bnAb PGT128 in complex with gp120 Env 

outer domain containing a truncated V3 loop revealed the key antibody contacts with its 

glycosylated epitope (Pejchal et al., 2011). We synthesized a glycopeptide (Man9-V3) that 

is based on the clade B JRFL HIV-1 isolate comprised of the discontinuous epitope of 

PGT128 with deletion of residues 305-320, retention of P321, and stabilization by a 

disulfide bridge between C296 and C331 (Figure 19) (Calarese et al., 2003). Man9-V3 

glycopeptide was chemically synthesized using a similar approach used to produce 

V1V2 glycopeptides (Aussedat et al., 2013). As controls, a biotinylated aglycone-V3 

peptide with no high mannose glycans (Figure 19) and a biotinylated Man9 free glycan 

(Figure 19) were also synthesized. 
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6.1.2 Antigenicity of Man9-V3 Glycopeptide  

In ELISA, the V3-glycan bnAbs PGT128 and PGT125 bound specifically to Man9–

V3 glycopeptide but not to aglycone-V3 peptide (Figure 20A). Apparent equilibrium 

dissociation constant (Kd) measurements by BLI of Man9-V3 binding gave monovalent 

Kd values of 326 and 706nM for PGT128 and PGT125, respectively (Figure 20B, C).  

However, binding of both V3 bnAbs was biphasic and strongly influenced by avidity 

effects, with PGT128 binding Kd being enhanced to 44nM for the bivalent mode of 

 

Figure 19: Chemical synthesis of oligomannose (Man9) derivatized V3-glycopeptide. 

(A) Chemical structure of Man9GlcNAc2–NH2 and the non-glycosylated control peptide, 

Aglycone-V3-NH2.  

binding (Figure 20B), indicating that the bi-valent avidity effect could enhance the 

overall affinity by nearly an order of magnitude, and likely mimicking the proposed 

cross-linking of viral Env spikes during PGT128 neutralization (Pejchal et al., 2011). 

Thus, the synthetic Man9-V3 glycopeptide presented conformational epitopes required 

for glycan-dependent PGT128 and PGT125 bnAb binding.  
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Figure 20: Man9-V3 glycopeptide binding to V3-glycan bnAbs PGT128 and PGT125. 

 

(A) ELISA binding analysis to calculate EC50 of PGT128 and PGT125 binding to  

Man9-V3 glycopeptide. OD, optical density. (B and C) BLI binding analyses for Kd measurements 

for the binding of PGT128 (B) and PGT125 (C) to Man9-V3 glycopeptide. Kinetics rates (ka1 and 

kd1) of the faster components were derived from global curve fitting analysis to a bivalent 

avidity model and used to derive the apparent Kd values. Binding analysis for affinity 

measurements was carried out by BLI, as described in Methods. Data are representative of three 

and two independent experiments, respectively, for PGT128 and PGT125. 

6.1.3 Isolation of N332-Dependent Clonal B Cell Lineage Members  

Plasma from the HIV-infected individual CH765 was predicted to have PGT128-

like bnAb neutralization activity using a bnAb mapping analysis algorithm (Georgiev et 

al., 2013) (Figure 21A). Additionally, CH765 plasma displayed N332-dependent 

neutralization activity (Figure 21B) in addition to Man9-V3 but not Aglycone-V3 

reactivity (Figure 22A). The SOSIP Env gp140 trimers present native-like Env 

conformations, and BG505 SOSIP trimer or other Env proteins as an affinity bait has 

been used to isolate quaternary bnAbs from blood memory B cells of an HIV-1-infected 

individual (Sok, van Gils, et al., 2014). Therefore, using fluorophore-labeled native-like 

BG505 SOSIP trimers to bind to memory B cell receptors (BCR), we decorated memory B 

cells from donor CH765 with clade A BG505.T332N.SOSIP and clade C Env 

DU156.12.SOSIP gp140 trimer proteins. Dual SOSIP trimer positive memory B cells were 
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single cell-sorted and immunoglobulin heavy and light chain genes were amplified and 

recombinantly expressed (Figure 22B). 

We isolated two antibodies, VRC41.01 and VRC41.02 (Figure 22B). Similarly, 

mAb DH563 was isolated following flow sorting of CH765 blood memory B cells 

decorated with fluorophore-labeled Man9-V3 glycopeptide (Figure 22B). VRC41.01, VRC 

41.02 , and DH563 were clonally related, and used VH4-39 and Vκ4-69 heavy and light 

chain gene families, respectively, had 20-21% VH nucleotide mutations, a heavy chain 

complementarity determining region 3 (HCDR3) length of 21 amino acids (Figure 22C).  

 

Figure 21: V3-glycan bnAb PGT128-like specificity in HIV-1 chronically infected 

donor CH765.  
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(A) Neutralization fingerprinting was performed as previously described demonstrating 

PGT128-like specificity in serum from CHAVI donor CH765 (Georgiev et al., 2013). (B) 

Comparison of donor CH765 serum neutralization against a panel of Env pseudoviruses 

and strain-matched N332A mutants (ConC, TRO, Q23, and DU156) are shown. 

Neutralization phenotype for BG505.W6M.C2 when the glycan at position N332 was 

restored with a T332N mutation is shown. 

 

Figure 22: Isolation and characterization of N332-dependent antibodies isolated using native-

like SOSIP trimers and synthetic Man9-V3 glycopeptide.  

(A) ELISA binding analyses of plasma from the HIV-infected donor CH765 to Man9-V3 and 

aglycone-V3 peptides. Donor plasma was screened in duplicate assays, and binding is 

represented as mean values. (B) Memory B cells from donor CH765 were decorated with either 

fluorophore-conjugated BG505.T332N.SOSIP and DU156.12.SOSIP in phycoerythrin (PE) and 

allophycocyanin (APC), or Man9-V3 tetramers tagged to SA–AF647 (Alexa Fluor 647) and SA–

BV421 (Brilliant Violet 421). The B cells from which CH765-VRC41.01, VRC41.02, and DH563 

were cloned are indicated as green, red, and blue dots, respectively. (C) Immunogenetics and 

phylogeny of the DH563-VRC41 clonal lineage were inferred using Clonanalyst, nt, nucleotide. 

(D) Reactivity of CH765-VRC41.01, CH765-VRC41.02, and DH563 to Man5, Man6, Man7-D1, Man7-

D3, Man8-D1D3, and Man9 glycans, depicted on the right, printed on an array and detected via 

immunofluorescence. (E) Affinity measurements of newly isolated V3-glycan mAbs to Man9-V3 

and BG505.T332N.SOSIP trimer were determined by BLI. (F) CH765-VRC41.01, VRC41.02, and 
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DH563 were tested for neutralization breadth against a diverse panel of Env pseudoviruses using 

the TZM-bl assay. 

6.1.4 Specificity of VRC41.01, VRC41.02, and DH563 Antibodies 

Binding of the isolated antibodies to HIV-1 Env was N332-dependent (Figure 

23A), and site-directed mutagenesis of the BG505.W6M.C2 pseudovirus demonstrated 

VRC41.01 and VRC41.02 to be dependent on the N332 glycan for HIV-1 neutralization 

(Figure 23B). Further mapping on JRCSF.DB pseudovirus demonstrated VRC41.01 and 

VRC 41.02 to be sensitive to N301A and N392A mutations, but not to N295A, N339A, 

and T297A mutations (Figure 23C). Both PGT128 and VRC41.01 exhibited a similar 

phenotype, whereas PGT121 was sensitive only to the N392A mutation (Figure 23C).  

DH563, VRC41.01 and .02 mAbs reacted with Man9-V3 glycopeptide but not aglycone-

V3 peptide (Figure 23D).        

Interestingly, like PGT128, positive autoreactivity in HEp-2 cell staining was 

observed for VRC41.01, while both VRC41.02 and DH563 did not react with HEp-2 cells 

(Figure 23E).  In a glycan array analysis, VRC41.01 gave a glycan binding profile that 

was similar to that of PGT128, by showing preferential binding to high-mannose glycans 

(Man7, Man8, and Man9) (Figure 22D). VRC41.01 also showed weaker responses to lower 

order oligomannose glycans (Man5, Man6) that did not bind to PGT128 (Figure 22D). No 

detectable binding of the free glycans to either DH563 or VRC41.02 was observed 

(Figure 22D).  
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6.1.5 Affinity of V3-Glycan BnAb Binding to Man9-V3 Glycopeptide 
and Native-Like SOSIP Trimers 

We compared affinities of the V3-glycan bnAbs VRC41.01, VRC41.02, and DH563 

for Man9-V3 glycopeptide and BG505 T332N SOSIP trimer (Figure 22E). VRC41.01 

bound to Man9-V3 with an apparent Kd of 56nM, which were similar to the affinity 

values of PGT128 binding to Man9-V3 (Figure 22E). 

 

Figure 23: Specificity of VRC41.01, VRC41.02, and DH563 antibodies.  

(A) Comparison of binding to wild-type and N332A mutant VRCb gp120, ConC gp120, and ConS 

gp140 Envs for mAbs VRC41.01, VRC41.02, DH563, and positive control V3-glycan bnAb 

PGT128. Data are represented as percent reduction in binding to N332A mutant compared to wild-

type and are representative of duplicate assays. (B) Comparison of neutralization of VRC41.01 

and VRC41.02 against wild-type BG505.W6M.C2, BG505.W6M.C2 N301A, and BG505.W6M.C2 

T332N, in addition to RW020 and RW020 T303A. PGT128 and PGT121 were used as positive control 
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antibodies. (C) Epitope mapping of VRC41.01 against a panel of HIV-1 Env JRCSF.DB mutants 

known to make up the glycan supersite bound by V3-glycan bnAbs. (D) Binding of VRC41.01, 

VRC41.02, and DH563 to Man9-V3 and aglycone V3 by ELISA. mAbs were screened in duplicate 

assays and binding is represented as mean ± SEM. equation. (E) Both PGT128 and VRC41.01 

showed positive reactivity in HEp2 epithelial cell staining.  All mAbs were tested at 50 ug/ml; 2F5 

and 17b mAbs were used as controls.  Scale bars denote 50 um. 

Man9-V3 affinities of both VRC41.02 and DH563 were weaker than that of VRC41.01, 

(Kd = 157nM and Kd = 173nM for VRC41.02 and DH563 respectively) (Figure 22E). As 

observed with Man9-V3 glycopeptide, VRC41.01 bound to BG505 T332N SOSIP gp140 

with Kd of 64.5nM, which was similar to the affinity of PGT128 for the BG505 SOSIP (Kd 

= 41nM) while VRC41.02 bound with a weaker affinity of 166nM (Figure 22E). However, 

DH563 bound to BG505 SOSIP trimer with higher affinity (Kd =46nM) than it did to 

Man9-V3 glycopeptide (Kd =173nM) (Figure 22E).  Thus, the affinities of the two VRC41 

mAbs to BG505 SOSIP trimer were similar to their affinities for Man9-V3 glycopeptide. 

6.2.6 Neutralization Breadth and Potency of N332-Glycan Dependent 
MAbs  

VRC41.01, VRC41.02, and DH563 V3-glycan bnAbs were tested for neutralization 

breadth and potency against 30 HIV pseudoviruses (Figure 22F). VRC41.01 was the most 

broad and potent of the DH563-VRC41 clones, neutralizing 63% of viruses with a 

median IC50 of 0.091 µg/mL. Thus, using Man9-V3 or native-like SOSIP trimers we 

isolated from an HIV-infected individual three V3-glycan specific broadly neutralizing 

antibodies that belong to the same B cell clonal lineage. 
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6.2.7 Immunogenicity of Man9-V3 Glycopeptide in Rhesus Macaques 

To test whether the synthetic Man9-V3 glycoepeptide would induce antibodies 

that target the V3-glycan epitope , four rhesus macaques were immunized with 

monomeric Man9-V3 glycopeptide formulated in the TLR-4 agonist GLA-SE adjuvant in 

a dose escalation study (50-500 µg glycopeptide) (Figure 24A).  We detected plasma 

antibody binding in two of four macaques (#5994 and 5996) to both Man9-V3 and 

aglycone-V3 following the third 100ug dose immunization. For macaque #5994, higher 

titers of vaccine-induced responses were boosted with a higher dose boost (500ug) of 

Man9-V3 glycopeptide (Figure 24B). By flow sorting of Man9-V3-AF647 and aglycone-

V3- BV421 decorating blood memory B cells from both animals (#5994, #5996) harvested 

at either week 20 or week 52 after the final immunization, we isolated five monoclonal 

antibodies that bound Man9-V3 glycopeptide or aglycone-V3 peptide constructs (Figure 

24E). Four of the antibodies used VH3 and one used VH4 gene segments; VH mutation 

frequencies ranged from 2% (DH707) to 11-12% (DH706, DH708, DH710) (Figure 24D). 

A variety of light chains were used but all were Vλ (Figure 24D). Three antibodies 

(DH706, DH708 and DH710) selectively bound to Man9-V3 glycopeptide, but not to 

aglycone-V3, and two of them (DH706, DH710) bound to CH848 transmitted founder 

(TF) gp120 and Consensus C (ConC) gp120 HIV-1 Envs (Figure 24E). Deletion of the N-

linked glycan at position N332 of the HIV-1 V3 loop resulted in decreased binding of 

DH706 and DH710 to the CH848 TF gp120 Env, compared to the wild-type (Figure 24C, 
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E) DH706 and DH710 were tested for binding to JRFL and and B.63521 Env 

glycoproteins grown either in the absence or in the presence of kifunensine, an 

endoplasmic reticulum mannosidase I inhibitor to promote the density of N-linked high-

mannose residues of the Env surface (Doores et al., 2010; Scanlan et al., 2007). DH706 

and DH710 preferentially bound Envs grown in the presence of kifunensine, suggesting 

their binding to HIV-1 Env glycoproteins relied in part on high mannose glycans (Figure 

24C, E). However, neither of these antibodies neutralized JRFL Env pseudoviruses when 

grown in the presence of kifunensine, indicating that the isolated mAbs are likely 

representative antibodies that lack sufficient HCDR3 length to bind to the V3-glycan site 

on virions with high affinity. A hallmark of V3-glycan bnAb UCAs is equal binding of 

Man9-V3 glycopeptide and Aglycone-V3 (Bonsignori, Kreider, et al., 2017). Interestingly 

mAb DH707 bound equally well to both aglycone and Man9-V3 glycopeptide and had 

only 2% VH mutations (Figure 24D, E). Thus, the Man9-V3 glycopeptide induced 

antibody responses e.g. (DH760, DH710) in macaques targeted near the V3-glycan bnAb 

site. 
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Figure 24: Immunogenicity of Man9-V3 glycopeptide in Rhesus macaques.  

(A) Study design to assess immunogenicity of Man9-V3 in rhesus macaques. Monomeric Man9-

V3 was formulated in GLA-SE adjuvant and injected intramuscularly in sequentially increasing 

doses, as indicated. (B) Plasma from immunized macaques was tested for binding to biotinylated 

Man9-V3 and Aglycone-V3 in ELISA, as described in Materials and Methods. (C) Man9-V3-

reactive antibodies were isolated via antigen-specific memory B cell sorts and tested for binding 

to recombinant HIV-1 Envs in ELISA. (D) Immunogenetics of isolated rhesus mAbs. (E) 

Antibodies isolated from Man9-V3 immunized Rhesus macaques were tested for binding to HIV-

1 Env as well as Man9-3 and the non-glycosylated control peptide, Aglycone-V3. 
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6.2 Discussion   

Here we show that the synthetic Man9-V3 glycopeptide can be used to isolate V3-

glycan bnAbs and can bind to mature V3-glycan bnAbs with similar affinities as do 

native-like SOSIP trimers. That fluorophore-labeled Man9-V3 glycopeptide can be 

recognized by V3-glycan bnAb memory B cell BCRs attests to the ability of Man9-V3 

glycopeptide to mimic a V3-glycan HIV-1 Env bnAb epitope. In a companion study, the 

Man9-V3 glycopeptide was successful in isolation of the most potent bnAb (DH270.6) of 

the DH270 V3-glycan lineage and also successfully used in isolation of the DH475 N332-

dependent cooperating B cell lineage antibody (Bonsignori, Kreider, et al., 2017). Thus, 

the Man9-V3 glycopeptide could be recognized not only by soluble bnAbs but also 

recognized in the context of surface memory BCR expression.  

The chemical synthesis process used for the production of the Man9-V3 

glycopeptide is distinct from the previously reported elegant synthesis of a full length 

V3 glycopeptide that was synthesized using an endoglycosidase-catalyzed 

transglycosylation process to incorporate N-linked glycans (H. Li et al., 2005). The Li et 

al construct was designed to incorporate glycans at sites recognized by 2G12 (H. Li et al., 

2005; Scanlan et al., 2002). Furthermore, Li et al. had pentasaccharides with Man3 

(GlcNAc2-Man3) at both positions (N295 and N332) (H. Li et al., 2005), while the 

glycopeptide described here had GlcNAc2-Man9 at both positions N301 and N332. It is 

notable that our V3 glycopeptide included the epitope sequences of the construct bound 



 

127 

by PGT128 in its complex with the truncated outer domain, eODmV3 (Pejchal et al., 

2011). The apparent affinity (EC50) by ELISA analysis of PGT128 IgG binding to 

eODmV3 was reported to be 46nM (Pejchal et al., 2011), which is an order of magnitude 

weaker than PGT128 binding to Man9-V3 (EC50 = 2.3nM, Figure 20A).  Furthermore, the 

EC50 of PGT128 binding to cell surface trimer (2.8nM) (Pejchal et al., 2011) is similar to 

EC50 of its binding to the Man9-V3 glycopeptide (2.3 nM, Figure 20A). The antigenic 

elements of PGT128 epitope are therefore well preserved in our synthetic Man9-V3 

glycopeptide.   

A major question has been what form of Env could initiate V3-glycan bnAb 

lineages. Neither soluble Env gp120 nor Env trimers bind V3-glycan bnAb soluble UCAs 

(Bonsignori, Kreider, et al., 2017; Sok et al., 2013). Bonsignori et al. have demonstrated 

that the Man9-V3 glycopeptide as well as its aglycone form binds the UCA of the DH270 

V3-glycan bnAb lineage (Bonsignori, Kreider, et al., 2017). With affinity maturation in 

the DH270 bnAb, binding to the aglycone-V3 diminished and binding to Man9-V3 was 

increased (Bonsignori, Kreider, et al., 2017). These observations raised the hypothesis 

that initiating immunogens for V3-glycan lineages may be denatured or Env fragments, 

however recent results have shown V1-glycan deleted Envs derived from the CH848 

donor to bind DH270 germline reverted antibodies (Kevin Saunders, Personal 

Communication, Unpublished Results). 
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Our immunogenicity studies demonstrated that the monomeric V3 glycopeptide 

is not a potent immunogen, but rather could serve as a prime for subsequent boosts with 

Env immunogens that derive from evolved Envs from individuals that make V3-glycan 

bnAbs (Bonsignori, Kreider, et al., 2017). Thus, as a monomer, the V3 glycopeptide 

primed precursors of V3-glycan B cell lineages to clonally expand.  One induced 

antibody bound both the aglycone and the V3 glycopeptide, a trait of early precursors of 

V3-glycan bnAb lineages (Bonsignori, Kreider, et al., 2017). Other isolated antibodies 

selectively bound only the Man9-V3 glycopeptide, and thus were dependent on binding 

to glycans at the V3 base. The next steps of the work are now multimerizing the V3 

glycopeptide for higher affinity BCR binding, and then combining the Man9-V3 

glycopeptide prime with boosts of sequential Envs that in an infected individual 

induced bnAbs in HIV infection (Bonsignori, Kreider, et al., 2017).   

A limitation of this study is that immunizations were undertaken with the V3 

glycopeptide monomer that did not have added T helper epitopes.  We expect that 

multimerized V3 glycopeptide with added T helper epitopes will improve its 

immunogenicity. Second, the V3 glycopeptide only mimics PGT128-like V3-glycan 

bnAbs and does not mimic bnAbs that bind to complex glycans. Additional 

glycopeptides will be required to mimic other glycan-targeted bnAb sites. Nonetheless, 

the homogeneous Man9-V3 glycopeptide mimics a HIV-1 Env V3-glycan bnAb epitope 
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and can be used to define the memory B cell repertoire producing bnAbs, and as well, 

can be used to isolate V3-glycan bnAbs. 

7. Ontogeny of Glycan-Reactive HIV-1 Antibody 
Responses in Rhesus Macaques Following Vaccination 

Induction of broadly neutralizing antibodies is regarded as a major goal of HIV-1 

vaccine design (Burton et al., 2012; Haynes & Burton, 2017; Mascola & Haynes, 2013). 

One strategy for the induction of HIV-1 glycan-directed broadly neutralizing antibodies 

(bnAbs) is to express trimeric forms of the envelope in structures that mimic the native 

trimer. One such structural design recently reported is the BG505 SOSIP.664 Env trimer 

proteins that presents a native-like Env conformation and is recognized by several 

classes of trimer-specific bnAbs (Julien et al., 2013; Pancera et al., 2014; Sanders et al., 

2013; Sanders et al., 2015). Induction of autologous neutralizing antibodies against the 

BG505 tier 2 virus in macaques by the BG505 SOSIP.664 has been recently reported, but 

this did not induce neutralizing antibodies against heterologous HIV strains and 

induced no glycan-targeted bnAbs (Sanders et al., 2015). Saunders et al. reported 

vaccine-elicitation of a V3-glycan antibody, termed DH501 that arose following four 

years of repetitive boosting with HIV-1 gp140 oligomers, suggesting that elicitation of 

these types of antibodies may require years of immunization (Saunders et al., 2017).  

An alternative strategy for mimicking glycan bnAb epitopes is to produce 

homogeneous immunogens that mimic HIV Env epitopes recognized by bnAb germline 
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antibodies (Haynes, Gilbert, et al., 2012), while minimally presenting dominant strain-

specific epitopes (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; Alam et al., 2013; 

Aussedat et al., 2013; Fernandez-Tejada et al., 2015; H. Li et al., 2005), either alone or in 

the context of heterologous protein scaffolds (Zhou et al., 2010). 

The design of a minimal immunogen is particularly relevant for glycan-

dependent bnAbs that bind to the variable loops 1 and 2 (V1V2) (Bonsignori et al., 2011; 

Walker et al., 2009) or variable loop 3 (V3) (Garces et al., 2014; Julien et al., 2013; Julien et 

al., 2015; Kong et al., 2013; Mouquet et al., 2012; Plotkin, 2008) of gp120. The design of a 

stable synthetic V3-glycopeptide (Man9-V3) that was shown to be a structural mimic of 

the V3-glycan bnAb epitope was recently described (Alam, Aussedat, Vohra, Meyerhoff, 

et al., 2017). 

V3-glycan bnAbs can be broken down into two classes – those that are solely 

glycan-reactive and do not contact the polypeptide V3-loop backbone such as 2G12, and 

those that bind to both the V3-loop polypeptide backbone in addition to HIV-1 Env 

glycans such the following V3-glycan bnAbs PGT121, PGT125, PGT128, DH270, CH765-

VRC41.01, and PGT135 (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; Bonsignori, 

Kreider, et al., 2017; Garces et al., 2015; Garces et al., 2014; Pejchal et al., 2011; Sok, 

Doores, et al., 2014; Walker et al., 2011). In order to penetrate the glycan shield, this latter 

class of V3-glycan bnAbs have longer HCDR3s that are able to reach between glycans to 

make stabilizing contacts with the V3-loop polypeptide backbone (Garces et al., 2015; 
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Pejchal et al., 2011; Sok, Doores, et al., 2014; Sok et al., 2013). Rather than using a long 

HCDR3 to neutralize, 2G12 has three distinct binding pockets to accommodate Env 

glycans and does so through a process termed “domain swap,” and does not contact the 

peptide backbone (Calarese et al., 2003; Huber et al., 2010; Scanlan et al., 2002).  

Rhesus macaques were immunized repetitively with Man9-V3 glycopeptide 

followed by a stablilzed SOSIP trimer boost. The V3-glycan DH717 lineage isolated 

following repetitive boosting with Man9-V3, mapped to the N301 glycan, neutralized 

Env pseudoviruses bearing only high-mannose glycans, and could be expanded using a 

stabilized SOSIP trimer boost. Furthermore, this lineage was present pre-vaccination, 

mutated, and bound to the yeast Candida albicans, suggesting a role for high-mannose-

bearing environmental antigens for priming a natural antibody, glycan-reactive 

response that could then be targeted by vaccination. These data provide a rationale for 

inclusion of minimal immunogens that are structural mimics of the V3-glycan bnAb 

epitope to expand and prime a natural antibody B cell repertoire for affinity maturation 

to the V3-glycan bnAb epitope. 

7.1 Results 

7.1.1 Induction of HIV-1 V3-Glycan BnAb Epitope-Targeted Antibodies 
in Rhesus Macaques with a Synthetic Glycopeptide. 

First, we asked whether immunization with Man9-V3 glycopeptide monomer can 

elicit antibody responses targeting the base of the HIV-1 Env V3 loop. Four rhesus 

macaques were immunized intramuscularly with monomeric Man9-V3 glycopeptide 
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formulated with GLA-SE (glucopyranosyl lipid adjuvant stable emulsion TLR-4 agonist) 

in a dose-escalation study (50-500 µg glycopeptide), followed by a single dose of 

multimeric ~6mer Man9-V3 scaffolded on a N-(2-Hydroxypropyl) methacrylamide 

(HPMA)-linear copolymer (Figure 25A). We detected plasma antibody binding to Man9-

V3 glycopeptide in two of four macaques (RM 5994 and RM 5996) after two 

immunizations with Man9-V3 glycopeptide (Figure 25B). After immunization with 

Man9-V3 HPMA copolymer multimer, we detected binding to Man9-V3 in all four RMs, 

in addition to boosting binding responses in RM 5994 and RM 5996 (Figure 25B).  

Furthermore, Man9-V3 glycopeptide induced serum neutralization against kifunensine-

treated Env pseudoviruses with that express a high density of Man9 glycans on the Env 

pseudoviral glycoprotein (Figure 25C). However, neither non-kifunensine-treated JRFL 

pseudoviruses with heterogeneous glycans nor MuLV control virus were neutralized by 

immune serum (Figure 25C). 
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Figure 25: Isolation of glycan-reactive V3 antibodies from Man9-V3 glycopeptide-immunized 

Rhesus macaques.  

(A) Study design to assess immunogenicity of Man9-V3 glycopeptide in rhesus macaques. (B) 

Monomeric Man9-V3 induced plasma antibody binding to Man9-V3 in two out of four animals, 

while 4 out of 4 animals developed vaccine-induced responses when immunized with multimeric 

Man9-V3. Plasma antibody binding is represented as log area under the curve (AUC) for all 4 

animals. (C) Serum neutralization against JRFL Env pseudovirus bearing either native (-KIF) or 

Man9 (+KIF) glycans. (D) Memory B cells sorts from Man9-V3 immunized Rhesus macaques at 

weeks 26 and 73 using Kifunensine-treated JRFL gp140 Env in AF647 and BV421 as hooks. (E) 

Sorted antibodies in the DH717 lineage bound to Man9-V3 but not Aglycone-V3. (F) Phylogeny of 

the vaccine-induced DH717 lineage is shown. (G) Binding to free glycan in an oligomannose 

luminex binding assay.  
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7.1.2 Isolation of the V3-Glycan DH717 Lineage Post-Vaccination 

By flow sorting of kifunensine-treated JRFL gp140 trimer (KIF-JRFL-AF647 and 

KIF-JRFL-BV421)-decorated blood memory B cells from RM 5996 at weeks 26 (2 weeks 

post 500 µg Man9-V3 monomer) and week 73 (2 weeks post 300 µg of Man9-V3 

multimer), we isolated the DH717 lineage (Figure 25A, B, F). The DH717 lineage utilized 

the rhesus VH4 paired with a Vλ2 gene segment, and the HCDR3 was 16 amino acids in 

length (Figure 25F). One member (DH717.1) was isolated following immunization with 

Man9-V3 monomer while the remaining members (DH717.2-.4) were isolated following 

immunization with Man9-V3 multimer (Figure 25D, F). DH717.1 was isolated as an IgG 

while DH717.2-.4 were isolated as IgM (Figure 25F).  

When produced as recombinant monoclonal antibodies in an IgG1 backbone, the 

DH717 lineage bound Man9-V3 glycopeptide, but not the non-glycosylated Aglycone-V3 

control peptide (Figure 25E). Each member of the DH717 lineage bound high-mannose 

glycans, with the strongest binding being to the Man8a glycoform (Figure 25G). 

Neutralization of Env pseudoviruses by each lineage member was strictly Kifunesine-

dependent thus recapitulating the observed serum neutralization pattern, and the most 

broad member of the lineage (DH717.1) neutralized 100% of isolates tested (Figure 26A).  

Interestingly, the DH717 lineage neutralized kifunensine (KIF)-treated murine-

leukemia virus (MuLV), but not the control KIF-treated rhabdovirus, vesicular stomatitis 

virus (VSV) (Figure 26A). Of note, immunization with yeast high mannose glycoproteins 
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has been shown to induce kifunensine-dependent MuLV neutralization (Dunlop et al., 

2010). Additionally, the glycan-reactive, bnAb 2G12 neutralized KIF-treated JRFL, 

however, 2G12 also neutralized non-treated JRFL Env pseudovirus whereas DH717 

lineage antibodies did not (Figure 26A). 

7.1.3 Neutralization by the DH717 Lineage is N301-Dependent 

Neutralization by V3-glycan bnAbs depends on combinations of glycans at the 

V3-glycan supersite (295, 301, 332, 386, 392) in addition to the V3-loop peptide backbone 

324GDIR327 motif (Pejchal et al., 2011). To map neutralization of these isolated rhesus 

mAbs, we used alanine substitutions to disrupt PNGS at N295, N301, N332, N386, and 

N392, in addition to amino acids in the 324GDIR327 motif located at the base of the V3 

loop. Neutralization by the DH717.1 was reduced by a PNGS disruption at N301 while 

neutralization by DH717.2-.4 antibodies was completely lost by PNGS disruptions at 301 

(Figure 26B).  Loss of the N332 glycan had led to a near fold increase in neutralization 

potency, while loss of the N295, N386, and N392 glycans had little effect on 

neutralization by the DH717 lineage (Figure 26B). When using alanine substitutions to 

disrupt the 324GDIR327 motif, we found neutralization by the DH717 lineage to be 

sensitive to individual alanine substitutions at G324 and D325, in addition to a combination 

of D325 and R327 (Figure 26C).  
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Figure 26: Vaccine-induced V3-glycan Rhesus macaque antibodies neutralize Kifunensine-

treated Env pseudoviruses and map to the V3-glycan bnAb site.  

(A) Vaccine-induced were tested for their ability to neutralize Env pseudoviruses bearing native 

(-KIF) or Man9 (+KIF) glycans. (B) PNGS disruptions in the V3-glycan bnAb supersite were 

introduced into Kifunensine-treated JRFL and tested for neutralization sensitivity by DH717 

lineage members. (C) Alanine substitutions were introduced into the V3-loop polypeptide 

backbone GDIR motif within the JRFL Env pseudovirus and then tested for neutralization 

sensitivity by DH717 lineage members. 

To determine why these lineages are so dependent on the presence of high 

mannose glycans, Baptiste Aussedat at Memorial Sloan Kettering generated a panel of 

V3-glycopeptide constructs that vary the glycan occupancies at the N301 and N332 sites. 

The glycan occupancy for each construct is as follows: Man9 glycans at both N301 and 
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N332 (“Man9-V3”), Man9 glycan at only N301 (“Man9-V3 N301”), Man9 glycan at only 

N332 (“Man9-V3 N332”), complex glycan at N301 and Man9 glycan at N332 (“CT-Man9-

V3”), only complex glycan at N301 (“CT-V3”), and a final construct that contains no 

glycans at either N301 nor N332 (“Aglycone-V3”). When the N301 or the N332 glycan is 

lost, binding affinity by DH717.1 is lessened, however when the N301 glycan is a 

complex glycan and the N332 is a Man9 glycan, DH717.1 binding is lessened even 

further (Figure 26D). DH717.1 did not bind when the N301 glycan was complex and no 

glycan was present at N332 (Figure 26D). Taken together, these data suggest that 

although DH717.1 is N301 dependent, it can bind via N332, although binding affinity is 

lessened. Furthermore, DH717.1 cannot accommodate a glycan at position N301 if that 

glycan is complex.  

7.1.4 Ontogeny of the DH717 Glycan-Reactive Antibody Lineage 

 Given that the DH717 lineage was glycan-reactive and three of four lineage 

members were IgM, we next sought to determine if the DH717 lineage was present prior 

to vaccination with Man9-V3 glycopeptide, thus suggesting that this would represent a 

“natural antibody” lineage.  Using NGS we identified 3 VH4 heavy chains that were 

clonally-related to the DH717 lineage members isolated post-vaccination (Figure 27A). 

Each of these transcripts had already acquired extensive somatic mutations (17%-30% at 

the amino acid level) relative to the inferred DH717 unmutated common ancestor (UCA) 

antibody, thus suggesting this antibody lineage had prior antigenic exposure to an 
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unknown high-mannose-bearing environmental antigen. It has been previously shown 

that the yeast Candida albicans bears Man9 glycans and can stimulate glycan-reactive 

antibody lineages (Dunlop et al., 2010; Luallen et al., 2009; Luallen et al., 2008).  

As a proof-of-concept, we then tested the pre- and post-vaccination DH717 

lineage members in addition to the inferred DH717 UCA for binding to heat-killed 

Candida albicans (Figure 27B). Since the pre-vaccination members were isolated from 

PBMC total RNA, we did not have a paired light chain for isolated heavy chains. We 

elected to express each antibody with the mature DH717.1 light chain. To control for 

light chain contributions to affinity maturation, we also paired the inferred DH717 UCA 

heavy chain with the mature DH717.1 light chain. We observed weak binding to Candida 

albicans by the inferred DH717 UCA antibody, intermediate binding by antibodies 

isolated pre-vaccination, and the greatest binding by the post-vaccine DH717.1-.4 

lineage members (Figure 27B). Furthermore, supplementing the antibody diluent with 

500 mM D-mannose could inhibit binding to Candida albicans by the DH717 lineage, 

suggesting binding by the DH717 lineage to yeast is dominated by antibody-glycan 

interactions. Binding to Candida albicans was observed by 2G12, but not by PGT121, 

PGT125, PG128, nor DH270.6 (Figure 27D).  
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Figure 27: The glycan-reactive DH717 lineage was present pre-vaccination and was somatically 

mutated.  

(A) Using NGS, the DH717 lineage was interrogated in pre-vaccination PBMC sample identifying 

3 DH717-lineage heavy chains. Each was somatically mutated. Red shaded boxes highlight 

mutations found in post-vaccine isolated antibodies, but not in pre-vaccine antibodies. (B) The 

inferred DH717 UCA, pre- and post-vaccination antibodies were tested for binding to the yeast 

Candida albicans in ELISA. Black dotted lines indicate increases in affinity from the DH717 UCA 

to the Week 0.3 antibody, and from the Week 0.3 antibody to post-vaccine isolated DH717.1-.4 

lineage members. (C) Cell surface phenotype of DH717 lineage members isolated at week 73 

(DH717.2-.4). (D) The DH717.1 antibody and V3-glycan bnAbs isolated from infected donors 

were tested for binding to Candida albicans with and without 500 mM D-mannose 

supplementation to compete with antibody-glycan interactions in ELISA. 
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Cell surface marker phenotyping of index-sorted B cells from which the DH717 lineage 

was derived revealed these cells to be IgM+IgD+CD27+ with the exception of DH717.1 

that was isolated as an IgG, and DH717.2 which is IgD and IgM dim, likely due to low 

cell surface BCR expression (Figure 27C). Although not conclusive, the IgM+IgD+CD27+ 

phenotype raises the hypothesis that these B cells derived from natural antibody-

producing circulating marginal zone B cells (Weller et al., 2004; Weller & Descatoire, 

2015).  

7.1.5 The Pre-existing DH717 Lineage was Vaccine-Responsive 

 We next asked if the DH717 lineage was present pre-vaccination and mutated, 

did immunization with Man9-V3 further stimulate this lineage to affinity mature, and if 

so, did the lineage affinity mature to HIV-1? Sequence alignment of pre- and post-

vaccination DH717 lineage members revealed several areas of somatic mutations 

acquired only after vaccination with Man9-V3 glycopeptide (Figure 27A). We then tested 

pre-and post-vaccination for binding to Man9-V3 (Figure 28A) and to the 

CH848.d0949.10.17 chimeric stabilized SOSIP trimer (Figure 28B). While the inferred 

DH717 UCA did not bind to Man9-V3, one of three pre-vaccination DH717 lineage 

antibodies bound with moderate affinity, and each of the post-vaccine DH717.1-.4 

lineage members bound with higher affinity (Figure 28A). In contrast, only the post-

vaccine DH717.1-.4 lineage members bound the CH848.d0949.10.17 chimeric stabilized 
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SOSIP trimer (Figure 28B). Taken together, these data indicate that Man9-V3 vaccination 

affinity matured a pre-existing glycan-reactive lineage to the V3-glycan bnAb epitope. 

 

Figure 28: The pre-existing glycan-reactive DH717 linage was vaccine-responsive.  

(A) The inferred DH717 UCA, in addition to pre- and post-vaccination antibodies were tested for 

binding to Man9-V3, and (B) the CH848.d0949.10.17 stabilized SOSIP trimer. (C) DH717 lineage 

heavy chains recovered by duplicate NGS sequencing runs of PMBC immunoglobulin NGS of 

total RNA 2-weeks post CH848.d0949.10.17 stabilized SOSIP boost. DH717 lineage read numbers 

identified with NGS at week 103 (just prior to the SOSIP boost) and week 105 (2 weeks post 

SOSIP boost). 

Given that the DH717 V3-glycan B cell clonal lineages bound to the 

CH848.d0949.10.17 stabilized SOSIP trimer, we then sought to determine if lineages 

elicited with the Man9-V3 glycopeptide could be further expanded with SOSIP trimers. 

We then immunized each of the RM with 200 µg of the CH848.d0949.10.17 SOSIP trimer 

and used VH4-targeted Illumina deep sequencing to probe for the presence of the 
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DH717 clonal lineage. These clonal lineages were IgM dominant, despite being mutated, 

and members isolated following a single SOSIP trimer boost were genetically more 

distant from the least unmutated common ancestor (UCA) than those isolated following 

Man9-V3 glycopeptide boosts (Figure 28C). Indeed at week 103 (just prior to SOSIP 

immunization) we did not detect DH717 transcripts in duplicate Illumina runs, whereas 

at week 105 we readily detected DH717 lineage transcripts in duplicate runs (Figure 

28D). Furthermore, a single SOSIP boost after a 32 week rest minimally increased plasma 

antibody binding responses to Man9-V3 at week 105, and boosted KIF-treated JRFL 

neutralization responses relative to pre-SOSIP vaccination responses at week 103 for RM 

#s 5994 and 5996 (Figure 25B, C). 

7.1.6 Structure of DH717.1 Fab in Complex with Man9 Glycan 

A 2.83 Å crystal structure of the DH717.1 fragment antigen binding site (Fab) in 

complex with synthetic Man9 glycan was determined, although most parts of the glycan 

were not resolved (Figure 29A, Table 6). In the crystal structure, the antibody engaged 

the Man9 glycan by forming a binding pocket with the HCDR1 and HCDR2 loops to 

which the Man9 glycan inserts. Specifically, the antibody D34H forms a bidentate 

interaction with the visible glycan, and Y51H, and F53H form hydrophobic contacts with 

the glycan. Y51H was found to be germline-encoded while D34H and F53H arose 

through somatic mutations (Figure 29A). The DH717.1 Fab structure was compared to 

known liganded structures of HIV-1 V3-glycan bnAbs (PGT122, PGT124, PGT128, 
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PGT135, and DH270.6) (Bonsignori, Kreider, et al., 2017; Julien et al., 2013; Pejchal et al., 

2011; Walker et al., 2011) in addition to the vaccine-induced non-bnAb V3-glycan 

antibody (DH501) (Saunders et al., 2017), and the solely glycan-reactive V3-glycan bnAb, 

2G12 (Calarese et al., 2003) (Figure 29B). The DH717.1 CDRs are shorter than those of 

N332-glycan dependent bnAbs, which have long bnAb CDRs that penetrate the Env 

glycan shield to make extensive hydrophobic contacts with glycan and anchor onto the 

V3 loop. DH717.1 contacts the glycan most similar to DH501 and 2G12, as each 

accommodate glycan through a HCDR-loop binding pocket (Figure 29B, C). 
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Figure 29: Structural analysis of DH717.1.  

(A) The crystal structure of the DH717.1 fragment antigen binding site (Fab) in complex 

with synthetic Man9 glycan was solved at a resolution of 2.83 angstroms revealing 

antibody-glycan contacts. (B) The structure of DH717.1 was compared to the previously 

published glycan-antibody DH501 (5T4Z) in addition to V3-glycan bnAbs 2G12 (1ZLW), 

DH270.6 (5TQA), and PGT128 (3TV3). (C) Overlay of the structures of DH717.1 and 

2G12 in complex with high-mannose glycan. 
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Table 6: Data Collection and Refinement Statistics for the Structure of DH717.1. Fab.  

Statistics for the highest-resolution shell are shown in parentheses. 
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7.2 Discussion 

Using a minimal, fully synthetic immunogen that is a structural mimic of the 

epitope bound by V3-glycan broadly neutralizing antibodies (bnAbs), we elicited a 

polyclonal antibody response in rhesus macaques that targeted the base of the HIV-1 V3-

loop in addition to high-mannose glycans at N301, and was boosted with a stabilized 

SOSIP trimer. Following vaccination with Man9-V3 glycopeptide, we isolated and 

characterized a glycan-reactive, IgM-dominant clonal lineage that recognized the HIV-1 

V3-glycan epitope. Furthermore, this lineage was glycan-reactive, IgM, contained 

somatic mutations prior to vaccination, and bound the yeast Candida alibcans, suggesting 

a natural antibody ontogeny. Immunization with Man9-V3 glycopeptide induced 

additional somatic mutations and these antibodies bound stronger to both HIV-1 and 

Candida albicans glycoforms. Thus, Man9-V3 glycopeptide can engage pre-existing 

glycan-reactive B cell lineages and affinity mature these lineages to target the HIV-1 V3-

glycan bnAb epitope. Taken together, this data suggests that natural antibody-

producing B cells can be targeted with vaccination to elicit glycan-reactive antibody 

responses. Thus, these B cell populations represent a potential B cell pool to target for 

HIV-1 vaccine design. 

That the DH717 lineage was IgM-dominant suggests that this lineage may have 

arisen through a germinal center (GC)- or T cell-independent pathway. Although T cell-

dependent antibody affinity maturation is often associated with higher-affinity and 
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more effective responses, Takahashi Y and Kesloe G have postulated that virus-specific 

memory B cells actually arise from two distinct pathways; “germline-encoded cross-

reactivity (GC-independent) and affinity-driven somatic evolution in germinal centers 

(GC-dependent)” (Takahashi & Kelsoe, 2017). This germline encoded cross-reactivity 

allows for recruitment of low-affinity, polyreactive B cells into the memory 

compartment, and can allow for increased breadth in the humoral response (Takahashi 

& Kelsoe, 2017). This low-affinity, polyreactive pool is often IgM and less dependent on 

the GC, and allows for recognition of structural variants that arise in other antigens. To 

support this concept, treatment with rapamycin prior to immunization with influenza 

hemagglutinin increased the breadth of protective antibody responses to influenza – 

these responses were IgM-dominant and not associated with GC formation (Keating et 

al. Nat Immunol. 2013). Furthermore IgM antibodies from B-1 B cells was associated 

with protection against influenza (Baumgarth et al., 2000). It is unknown if we can 

stimulate the DH717 lineage and DH717-like lineages to class switch. In the design of the 

Man9-V3 construct, we excised the immunodominant V3-loop crown to prevent the 

elicitation of canonical V3-loop crown antibodies. This crown also contains a potent T-

helper epitope (LANL), thus the Man9-V3 construct lacked a T-helper epitope. Future 

designs will evaluate inclusion of potent T helper epitopes. 

Even though the DH717 lineage mapped to the base of the V3-loop including 

high mannose glycans, neutralization was limited to Env pseudoviruses bearing only 
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Man9 glycans. The reasons for this are unclear, however, it is likely that differences in 

glycoforms at the N301 PNGS between kifunensine treated Env pseudoviruses and 

those bearing native glycoforms contributed to our observed results. Neutralization of 

kifunensine-treated viruses by DH717 lineage members was found to be N301- but not 

N332-dependent. The DH717 lineage bound high mannose glycans but not complex 

glycans, and structurally did so by accommodating the high-mannose glycan rings into 

a pocket formed by the HCDR1 and HCDR2 loops. Thus, this lineage likely cannot 

accommodate a complex glycoform into the binding pocket.  

Indeed, the DH717 lineage failed to bind to a V3-glycopeptide bearing only a 

complex glycan at, whereas the lineage bound greater when the glycan at N301 was 

Man9. This would indicate that for Env pseudoviruses, the glycan at N301 is either 

complex or a mixture of high-mannose and complex, and thus, the DH717 lineage 

cannot bind to the native Env spike with high enough affinity to neutralize. It has been 

previously shown that for viruses and non-stabilized gp120 and gp140 Envs the glycans 

at N301 are complex or a mixture of complex and high-mannose (Go et al., 2017) while 

for stabilized SOSIP trimers the N301 glycan is high-mannose (Behrens et al., 2016; Go et 

al., 2017). This is in agreement with our data in that the DH717 lineage bound to the 

CH848.0949.10.17 SOSIP trimer not treated with kifunensine, but for non-SOSIP gp140s, 

the DH717 lineage bound weakly to JRFL gp140 while bound strongly to the 

kifunensine-treated Env. To date, no V3-glycan bnAbs to date have been shown to be 
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solely N301 dependent, rather many are centered on the high-mannose glycan at N332 

(Bonsignori, Kreider, et al., 2017; Garces et al., 2015; Garces et al., 2014; Julien et al., 2013; 

Sok, Doores, et al., 2014; Sok et al., 2013; Walker et al., 2011).  

Amongst previously published structures of V3-glycan bnAbs, DH717 appears to 

accommodate high-mannose glycan more like 2G12 than the more potent, next-

generation V3-glycan bnAbs (PGT121, PGT128, and DH270.6). Within the V3-glycan 

bnAbs, 2G12 is unique in that it recognizes only high-mannose glycan and not the HIV-1 

V3-loop polypeptide backbone (Calarese et al., 2003; Dunlop et al., 2010; Luallen et al., 

2009; Luallen et al., 2008; Scanlan et al., 2002; Scanlan et al., 2007) Furthermore, 2G12 is 

unique in that the Fab arms dimerize through a so-called “domain-swap” mechanism 

that brings together the Fab arms of the antibody that creates an additional pocket to 

accommodate high-mannose glycan, thus allowing 2G12 to increase the overall avidity 

for its interactions leading to neutralization viruses bearing native glycoforms (Calarese 

et al., 2003; Huber et al., 2010). As DH717.1 also accommodates the terminal branches of 

high-mannose glycan like 2G12, domain swapping may need to occur if this antibody 

were to ever acquire the ability to neutralize viruses bearing native glycoforms. 

The mechanism by which domain swapping occurs in 2G12 is the introduction of 

aliphatic amino acids in the heavy chain through affinity maturation, the most important 

of which is a R19H to I19H mutation (Huber et al., 2010). With the addition of aliphatic 

amino acids, the heavy chains are brought together through hydrophobic interactions. 
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Remarkably, the critical I19H mutation occurred in a site unlikely to be acted on by 

activation-induced cytidine deaminase (AID) and was predicted to occur with a 

frequency of 0.6% in the absence of selection using the ARMADiLLO program (Kevin 

Wiehe, Personal communication).  Thus, the 19H mutation represents a critical 

roadblock for 2G12 to domain swap and acquire neutralization of viruses bearing native 

glycoforms. 

In this study we found the DH717 lineage to be present and somatically mutated 

prior to vaccination. Although the inferred DH717 UCA bound weakly to Candida 

albicans, subsequent somatic mutations occurred prior to vaccination that then allowed 

this lineage to bind to the immunogen, Man9-V3. Repetitive boosting with Man9-V3 then 

stimulated further affinity maturation to high-mannose glycans which led to enhanced 

binding to both the HIV-1 V3-glycan bnAb epitope, and to high-mannose glycans 

present on Candida albicans. It is important to highlight that stabilized SOSIP reactivity 

observed in the DH717 lineage did not occur until after repetitive boosting with Man9-

V3; the implications being that we affinity matured an antibody lineage to a bnAb 

epitope using a synthetic glycopeptide. These results are proof-of-principle that there 

exists a population of circulating B cells that produce glycan-reactive, natural antibodies 

that cross-react with the HIV-1 V3-glycan epitope, and that subsequent immunizations 

with appropriately designed immunogens can affinity mature these B cell lineages. 

Furthermore, as these lineages were both present and responsive to vaccination suggests 
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responses such as these are likely not controlled by tolerance mechanisms, as has been 

shown for multiple specificities of HIV-1 bnAbs (Kelsoe & Haynes, 2017).  

In summary, we identified a yeast-reactive antibody lineage that was present 

prior to vaccination and could be affinity matured to the HIV-1 V3-glycan bnAb epitope 

with a synthetic glycopeptide. That we could affinity mature a pre-existing, glycan-

reactive natural antibody response to the HIV-1 V3-glycan bnAb epitope suggests that 

with appropriate immunogens, such B cell pools represent potential vaccine targets 

when glycan-antibody responses are desired. 

8. Discussion 

The HIV-1envelope is shielded by a dense array of glycans that are poor 

immunogens and because the glycans are encoded by host glycosidases, they are similar 

to host glycans (Kelsoe & Haynes, 2017; Scanlan et al., 2002; Scanlan et al., 2007). Glycans 

on HIV Env are predominantly high-mannose and cross react with high mannose 

glycoforms present on fungi (Dunlop et al., 2010; Luallen et al., 2009; Luallen et al., 

2008). Glycan-reactive broadly neutralizing antibodies (bnAbs) have been discovered 

from multiple HIV-1 infected donors (Bonsignori et al., 2011; Buchacher et al., 1994; Cale 

et al., 2017; Doria-Rose et al., 2014; Walker et al., 2011; Walker et al., 2009). While V1V2-

glycan bnAbs are relatively homogeneous in how they recognize the HIV-1 Env trimer 

(Andrabi et al., 2015; Gorman et al., 2016). V3-glycan bnAbs are more heterogeneous. 

Indeed, V3-glycan bnAbs can be broken down into two classes – those that are solely 
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glycan-reactive and do not contact the polypeptide V3-loop backbone such as 2G12, and 

those that bind to both the V3-loop polypeptide backbone in addition to HIV-1 Env 

glycans such the following V3-glycan bnAbs PGT121, PGT125, PGT128, DH270, CH765-

VRC41.01, and PGT135 (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; Bonsignori, 

Kreider, et al., 2017; Walker et al., 2011). In order to penetrate the glycan shield, this 

latter class of V3-glycan bnAbs have longer HCDR3s that are able to reach between 

glycans to make stabilizing contacts with the V3-loop polypeptide backbone (Garces et 

al., 2015; Garces et al., 2014; Julien et al., 2013; Pejchal et al., 2011; Sok, Doores, et al., 

2014; Sok et al., 2013).  As V3-glycan bnAbs tend to be very potent in their neutralizing 

activity, as are V1V2-glycan bnAbs, the elicitation of these types of antibodies is a major 

goal of HIV-1 vaccine design.  

In this dissertation I have sought to understand the biology of eliciting 

neutralizing HIV-1 glycan-antibody responses in the setting of vaccination to two 

distinct glycan-bnAb epitopes - the V1V2- and V3-glycan bnAb binding sites. For 

evaluation of V1V2 bnAb induction, I utilized transgenic mouse models whose B cells 

bear germline-reverted V1V2-glycan bnAb B cell receptors. In addition I have studied 

vaccinated outbred Rhesus macaques, and when possible evaluated the utility of 

minimal immunogens that are structural mimics of the V1V2- bnAb epitopes in an effort 

to focus the immune response. I have also shown that a synthetic glycopeptide that is a 

structural mimic of the V3-glycan bnAb epitope can be used to induce V3-glycan B cell 
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lineages in Rhesus macaques. Although these studies may offer insights for HIV-1 

vaccine design, these findings also contribute to understanding the ontogeny and 

characteristics of glycan antibody responses that may prove useful for responses against 

other infectious agents, glycan tumor antigens, fungi, as well as alloreactive glycan 

responses in the setting of organ transplantation. 

8.1 Ontogeny of Vaccine-Induced HIV-1 V1V2-Glycan Antibodies  

8.1.1 The Dominant Plasma Antibody Response Following V1V2-
Glycopeptide Immunization was Focused on the V2-loop K169 and 
was not Glycan-Dependent 

In an attempt to elicit V1V2-glycan bnAbs, we immunized rhesus macaques with 

a synthetic glycopeptide mimic of the V1V2-glycan bnAb epitope. The peptide was 

previously characterized by Alam et al as being antigenic for V1V2-glycan bnAbs and 

their gertmline-reverted, computationally-inferred unmutated common ancestor (UCA) 

variants, while minimally binding the UCAs of V1V2 peptide-reactive non-neutralizing 

antibodies CH58 and CH59 that were isolated from the RV144 HIV-1 vaccine trial. 

(Alam et al., 2013; Aussedat et al., 2013).  

Despite the encouraging antigenicity results for this construct, we did not elicit 

glycan-reactive antibodies, rathe the antibodies elicited bound to the V1V2 peptide 

backbone and only neutralized easy to neutralize (tier 1) Env pseudoviruses. When 

isolating vaccine-induced antibodies through single cell sorts, we found the antibodies 

to map to identical amino acid residues as the RV144 antibodies CH58 and CH59, and 
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like the human antibodies, the glycopeptide-induced rhesus antibodies bound to the 

V1V2 peptide backbone in a glycan-independent manner. Furthermore, through 

structural modeling, these rhesus mAbs elicited with the V1V2-glycopeptide are 

predicted to share remarkable similarity in their mode of recognition of the V1V2 

peptide backbone with the human RV144 mAb CH59. 

In addition to these similarities, majority of the isolated antibodies were found to 

utlize the rhesus Vλ3-17 gene segment. Indeed, in line with these findings, Wiehe et al. 

demonstrated in two separate Rhesus immunization studies using HIV-1 envelope 

gp120 or gp140 Envs that K169-dependent V1V2 reactive antibodies are restricted to 

usage of the rhesus Vλ3-17 gene segment (Wiehe et al., 2014). Furthermore, the authors 

demonstrated that the rhesus Vλ3-17 gene segment is the ortholog of the human Vλ3-10 

gene segment, which is the gene segment used by the RV144 V1V2 mAb, CH59 (Wiehe 

et al., 2014). Both the rhesus Vλ3-17 gene segment and human Vλ3-10 gene segment share 

a germline-encoded ED motif in the LCDR2 that forms a salt bridge with the HIV-1 

V1V2 loop lysine at position 169, thus conferring the V1V2 specificity observed by these 

antibodies (Wiehe et al., 2014). These findings likely explain the remarkable similarity of 

our rhesus mAbs with those isolated from A244 gp120-immunized individuals in the 

RV144 vaccine study (Bonsignori et al., 2011; Liao, Bonsignori, et al., 2013). Although the 

V1V2-glycopepdide did not elicit glycan-reactive antibodies or expand a pool of B cells 

bearing long HCDR3 loops typical of V1V2-glycan bnAbs, these findings do confirm the 
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observation that antibody responses directed toward the HIV-1 V1V2-loop are highly 

conserved across primate species in the setting of vaccination.  

8.1.2 Antigenicity of the V1V2-Glycopeptide Did Not Predict 
Immunogenicity 

Furthermore, these results highlight the disparate results for antigenicity and 

immunogenicity for vaccine immunogens. Here is a vaccine immunogen that bound 

strongly to V1V2-glycan bnAb UCAs but did not elicit this type of response following 

vaccination, possibly due to several reasons. First, V1V2-glycan bnAbs tend to have long 

HCDR3s with a high density of tyrosine residues (Bonsignori et al., 2011; Doria-Rose et 

al., 2014; Sok, van Gils, et al., 2014; Walker et al., 2009). Indeed, Meffre et al. and Briney 

et al. have shown that long HCDR3-bearing B cells are counterselected during 

development in the bone marrow (Briney et al., 2012; Meffre et al., 2001). As V1V2-

glycan bnAbs have long and anionic HCDR3s, it would be no surprise that these types 

of B cells are culled in the bone marrow, as has been shown for other HIV-1 bnAb 

specificities (Kelsoe & Haynes, 2017). If B cells that can give rise to V1V2-glycan 

responses are indeed restricted in the bone marrow, then the likelihood of engaging 

these B cells through vaccination, despite antigenicity of the immunogen, would be low. 

To determine if these types of B cells would be restricted in the bone marrow, we then 

evaluated B cell development in the bone marrow of mice engineered to express the 

V1V2-glycan bnAb CH01 UCA heavy and light chain. 
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8.1.3 B Cells Bearing the V1V2-Glycan BnAb CH01 UCA Heavy and 
Light Chain Were Not Deleted in the Bone Marrow 

In studying the ontogeny of V1V2-glycan bnAbs, two major roadblocks to 

development was predicted to occur – the first being that these antibodies typically have 

long, anionic HCDR3 loops that would likely predispose this population of B cells to 

control by central tolerance mechanisms, thus limiting their frequency in the periphery 

(Gorman et al., 2016; Meffre et al., 2001). The second roadblock is the predicted rarity of 

Env isolates that can engage the BCR of V1V2-glycan precursors (Andrabi et al., 2015; 

Bonsignori et al., 2011; Gorman et al., 2016). In collaboration with Laurent Verkoczy, we 

characterized mouse models bearing the CH01 UCA VHDHJH and/or VκJκ (CH01 UCA 

dKI and CH01 UCA VH). In this, it was found that although the CH01 UCA contains an 

anionic HCDR3 of 24 amino acids, these B cells are not restricted in the bone marrow, 

and are permitted to undergo further maturation in the periphery. 

During characterization of the CH01 UCA knockin mouse model, we 

unexpectedly observed B cell hyperproliferation in the CH01 dKI. It is unclear whether 

this is the result of accelerated development in the bone marrow or hyperproliferation 

occurring in the periphery coupled with increased emigration back to the bone marrow. 

Indeed, we observed that CH01 UCA dKI mice to have an increased incidence of 

lymphomas compared to the background C57BL/6 strain and that B cells from these 

tumors to have sporadic chromosomal abnormalities that were not found in other bnAb 

knockin mouse models (personal communication, Laurent Verkoczy, Howard Bomze). 
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Furthermore, these B cells spontaneously class-switch to IgG and secrete high levels of 

A244-reactive CH01 UCA soluble Ig, thus leading to potent neutralization of HIV-1 Env 

pseudoviruses such as WITO and Q23 at baseline. Thus, the CH01 dKI mouse was unfit 

as a model to assess vaccine-guided expansion of V1V2-bnAb precursors, and as such 

we elected to focus immunization studies on knockin mice bearing only the CH01 UCA 

heavy chain as we observed B cell development to be comparable to the background 

CD57BL/6 strain. 

8.1.4 Immunization of Knockin Mice Bearing the CH01 UCA VHDHJH 
Elicited V1V2-Glycan Responses 

To assess if vaccine-guided elicitation of V1V2-glycan responses is possible, we 

immunized knockin mice bearing the CH01 UCA heavy chain with various stabilized 

SOSIP trimers. The immunogens used in this study were either a stabilized soluble 

BG505 SOSIP trimer containing its native V1V2 loops, or an engineered chimeric BG505 

SOSIP trimer whereby the BG505 V1V2 loops were replaced with those from Q23. Q23 is 

an isolate neutralized by V1V2-glycan bnAb UCAs and predicted by Andrabi et al. and 

Gorman et al. as being a potential germline-targeting immunogen (Andrabi et al., 2015; 

Gorman et al., 2016). By immunizing with either immunogen we expanded the V1V2-

glycan dependent A244-reactive B cell population and also induced neutralization 

against multiple tier 2 heterologous HIV-1 Env pseudoviruses, proving that there are 

suitable mouse light chain pairings to confer a V1V2-glycan specific response. 
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8.1.5 Immunization of CH01 UCA VH Knockin Mice Expanded the Pool 
of V1V2-Glycan-Specific B cells Without Inducing Somatic Mutation 

Despite expanding this pool of V1V2-glycan B cells, when analyzing PCR-

recovered heavy chains from single cell sorts we found these sequences to be largely 

unmutated. This suggests that we failed to elicit potent germinal center responses. This 

could either be a general problem with HIV-1 Env immunization (Kuraoka et al., 2016), 

or acquired somatic mutations may have rendered the antibodies polyreactive and/or 

autoreactive. In this case, the immune system could prevent these responses from 

participating in the germinal center response. It is known that during affinity maturation 

of the CH01-04 lineage to the V1V2-glycan bnAb epitope, that the lineage acquired both 

poly- and auto-reactivity (Bonsignori et al., 2011). It is feasible then, that if we did induce 

somatic mutations in these B cell lineages in the CH01 VH knockin mouse model, that 

they could be controlled by peripheral tolerance mechanisms to exclude participation in 

the germinal center reaction. Indeed we also observed an immunization-dependent 

counter-selection of B cells bearing the CH01 VHDHJH in lieu of B cells expressing the 

endogenous mouse heavy chains present on the opposite allele. 

8.1.6 Additional Antigenic Diversity May Be Required to Induce 
Somatic Mutations in V1V2-Glycan BnAb Lineages 

For the immunogens used in this study, the Q23 SOSIP trimer bound at 

approximately 100 nM to the CH01 UCA mAb, while the BG505 SOSIP trimer bound 

around 10 µM. Thus, the CH01 UCA, like other V1V2-glycan bnAb UCAs, are germline 
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encoded to react with affinity to a subset of HIV-1 Envs, like Q23 (Andrabi et al., 2015; 

Gorman et al., 2016). From here, we could predict that due to the high affinity of the Q23 

SOSIP for the CH01 UCA, it could be poor inducer of affinity maturation as the affinity 

is already quite high. In this case, although BG505 SOSIP bound with low affinity to the 

CH01 UCA, if the affinity of the BG505 SOSIP trimer was enough to engage B cells 

expressing CH01 UCA-like pairings in vivo, that this immunogen could be a potent 

inducer of affinity maturation. It is important to note, however, that in this model the 

knocked in CH01 UCA VHDHJH can pair with multiple mouse kappa chains to confer a 

CH01-like specificity for HIV-1 Env. These pairings could confer germline encoded high 

affinity for the BG505 SOSIP trimer and as such, this immunogen would be a poor 

inducer of affinity maturation like the Q23 SOSIP. Indeed, others have shown that 

affinity of the BCR for antigen can dictate whether a B cell progresses to the germinal 

center, or differentiates into an antibody secreting plasmacyte (Paus et al., 2006). In this 

case, it is likely that immunization simply expanded the frequency of these cells without 

engaging affinity maturation. It may be necessary to include additional antigenic 

diversity in the immunization regimen, as it has been previously shown in HIV-1 bnAb 

knockin mouse models that antigenic diversity through prime boost strategies is 

necessary to affinity mature these types of lineages (Escolano et al., 2016).  



 

160 

8.1.7 V1V2-Glycan Specificity was Permissive to Multiple Murine 
Kappa Chain Pairings for B Cells Bearing the CH01 VHDHJH 

From our immunization studies, we observed 18 different mouse kappa chains 

that can pair with the CH01 VHDHJH and confer V1V2-glycan specificity. It has been 

shown that for the CD4 binding site HIV-1 bnAbs, light chain pairing is highly 

restrictive, thus limiting the frequency at which B cells bearing the correct heavy and 

light chain pairing can be found (Dosenovic et al., 2015; J. G. Jardine et al., 2016; J. G. 

Jardine et al., 2015; Sok et al., 2016; Tian et al., 2016). This implies that the precursor 

frequencies of V1V2-glycan bnAbs could potentially be higher than for CD4bs bnAb 

lineage precursors as previously demonstrated in various transgenic mouse models 

(Dosenovic et al., 2015; J. G. Jardine et al., 2016; J. G. Jardine et al., 2015; Sok et al., 2016; 

Tian et al., 2016). That V1V2-glycan bnAbs share a common mode of recognition for the 

V1V2-glycan supersite of vulnerability (Andrabi et al., 2015; Bonsignori et al., 2011; 

Gorman et al., 2016), and multiple kappa chain pairings are permissive for V1V2-glycan 

specificity, is encouraging from an immunogen design standpoint as this could increase 

the potential for engaging a V1V2-glycan bnAb B cell lineage precursor through 

vaccination. This is assuming, however, that V1V2-glycan-reactive B cells bearing other 

germline rearrangements are not restricted during B cell development in the bone 

marrow. 

In summary, we used stabilized native-like trimer immunogens to target CH01-

like V1V2-glycan-reactive B cells and to expand their frequency in the mature B cell 
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compartment. This expansion correlated led to the induction of neutralizing responses 

against multiple tier 2 HIV-1 isolates. From a vaccine-design standpoint, as V1V2-glycan 

bnAbs are germline-encoded to neutralize several HIV-1 isolates, selective expansion of 

these precursors will be sufficient to induce limited neutralization breadth against tier 2 

HIV-1 isolates, however affinity maturation of these responses will be required to 

achieve the full breadth and potency exhibited by the fully mature V1V2-glycan bnAbs. 

8.2 Ontogeny of Vaccine-Induced HIV-1 V3-Glycan Antibodies 

8.2.1 Characterization of a Stable V3-Glycopeptide 

In collaboration with Baptiste Aussedat and Sam Danishefsky at Memorial Sloan 

Kettering, we were able to obtain a fully synthetic glycopeptide mimic of the HIV-1 V3–

glycan bnAb epitope, termed “Man9-V3” (Alam, Aussedat, Vohra, Meyerhoff, et al., 

2017). This construct bound with high affinity to V3-glycan bnAbs such as PGT125, 

PGT128, and 2G12, and the affinities were similar to these same antibodies binding to a 

stabilized BG505 SOSIP trimer (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017). In 

contrast to the Man5-V1V2 glycopeptide discussed in earlier sections, the Man9-V3 

glycopeptide was stable through its use of an intra-chain disulfide bond to cyclize the 

V3-glycopeptide, whereas the Man5–V1V2 glycopeptide required a process of homo-

dimerization and interchain disulfide bond formation to achieve the desired 

conformation (Alam et al., 2013; Aussedat et al., 2013). While this V3-glycopeptide could 

be biotinylated for use in ELISA as well as for production of fluorophore-labeled affinity 
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baits in single cell sorts, the Man5–V1V2 glycopeptide bnAb mimic was not sufficiently 

stable for similar uses.  

8.2.2 The Man9-V3 Glycopeptide is a Structural Mimic of the V3-
Glycan BnAb Epitope  

With this reagent we were able construct fluorophore-conjugated Man9-V3 

tetramers with which we were able to isolate V3-glycan bnAbs from the HIV-1 infected 

donor CH765 (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017). Moreover, using 

fluorophore labelled, stabilized SOSIP trimers as affinity baits, Evan Cale and others at 

the Vaccine Research Center (VRC) isolated additional members of the same V3-glycan 

bnAb lineage that was isolated with Man9-V3 tetramers (Alam, Aussedat, Vohra, 

Meyerhoff, et al., 2017). That fluorophore-labeled Man9-V3 glycopeptide could be 

recognized by V3-glycan bnAb memory B cell BCRs attests to the ability of Man9-V3 

glycopeptide to mimic a V3-glycan HIV-1 Env bnAb epitope. In a companion study, I 

used the Man9-V3 glycopeptide for isolation of the most potent bnAb (DH270.6) of the 

DH270 V3-glycan lineage and also successfully used the Man9-V3 glycopeptide in 

isolation of the DH475 N332-dependent cooperating B cell lineage antibody (Bonsignori, 

Kreider, et al., 2017). Thus, Man9-V3 could be recognized not only by soluble bnAbs but 

also recognized in the context of surface memory BCR expression. Furthermore, Daniella 

Fera at Boston Children’s Hospital obtained a crystal structure of the Man9-V3 

glycopeptide in complex that revealed the glycopeptide adopted a conformation highly 

similar to that found on a stabilized soluble HIV-1 trimer (personal communication, 
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paper under review). Thus, the structural resemblance to the epitope presented on a 

native-like trimer in addition to the stability of the Man9–V3 glycopeptide suggested it 

may serve as an immunogen for inducing V3–glycan bnAbs. 

8.2.3 The Man9-V3 Glycopeptide is Unique Amongst Other Attempts at 
Recapitulating the V3-Glycan BnAb Epitope through Chemical 
Synthesis 

The chemical synthesis process used for the production of the Man9-V3 

glycopeptide is distinct from the previously reported syntheses of full length V3 

glycopeptides that were synthesized using an endoglycosidase-catalyzed 

transglycosylation process to incorporate N-linked glycans (H. Li et al., 2005). The Li et 

al construct was designed to incorporate glycans at sites recognized by 2G12 (H. Li et al., 

2005; Scanlan et al., 2002). Furthermore, Li et al. had pentasaccharides with Man3 

(GlcNAc2Man3) at both positions (N295 and N332) (H. Li et al., 2005), while the 

glycopeptide described here had GlcNAc2Man9 at both positions N301 and N332. It is 

notable that the Man9-V3 glycopeptide included the epitope sequences of the construct 

bound by PGT128 in its complex with the truncated outer domain, eODmV3 (18). The 

apparent affinity (EC50) by ELISA analysis of PGT128 IgG binding to eODmV3 was 

reported to be 46nM (18), which is an order of magnitude weaker than PGT128 binding 

to Man9-V3 (EC50 = 2.3nM).  Moreover, the EC50 of PGT128 binding to cell surface 

trimer (2.8nM) (18) is similar to EC50 of its binding to the Man9-V3 glycopeptide (2.3 
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nM) (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017). Thus, the antigenic elements of 

PGT128 epitope are therefore well preserved in our synthetic Man9-V3 glycopeptide. 

8.2.4 Man9-V3 Glycopeptide Is a Candidate Immunogen for the 
Induction of Antibodies That Target the V3-Glycan BnAb Epitope  

That Man9-V3 is an effective affinity bait for capturing antigen specific memory B 

cells suggests its use as a potential immunogen for the induction of V3-glycan 

antibodies. As an immunogen the chemically synthesized glycopeptide provides several 

advantages. Firstly, it offers the homogeneity in oligomannose glycans and bnAb 

epitope expression that cannot be achieved to the same degree in soluble Env constructs 

without careful strategies in expression and purification, including stabilizing mutations 

and multi-step bnAb affinity selection and/or size exclusion (Kwon et al., 2015; Sanders 

et al., 2013).  

Secondly, Man9-V3 is a minimal immunogen construct that presents the epitope 

of PGT128-like glycan dependent bnAbs, and as such does not include epitopes of 

previously isolated V3 loop mAbs (like 19b), which bind to exposed V3 on soluble Env 

proteins, including the SOSIP gp140 trimers (Kwon et al., 2015; Sanders et al., 2013).  The 

SOSIP gp140 trimers show relatively weaker reactivity of V3 non-bnAbs, indicating 

partial exposure of V3 and as an immunogen can induce autologous neutralizing 

(Sanders et al., 2015) as well as tier-1 neutralizing antibody responses (Hu et al., 2015; 

Sanders et al., 2015) directed against the immunodominant V3 loop, or to sites that are 

occluded in a native virion (Hu et al., 2015). Thus, there is potential of intact Env trimer 
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to undergo in vivo conformational unmasking of non-neutralizing epitopes and divert 

the immune response to accessible non-neutralizing sites. In this respect, the reductionist 

design of Man9-V3 with the presentation of a stable minimal epitope will mitigate the 

diversionary responses to remote sites or to immunodominant epitopes of the Env.  

The synthetic approach allows for the ability to tailor-make peptides with 

glycans of specific and distinct structures and thereby, accommodates the need for 

antibodies of distinct specificities as well as to exert selection pressure to drive a desired 

lineage. As has been reported for the PGT121 family of bnAbs (Garces et al., 2015; Garces 

et al., 2014), immunogen designs with additional adjacent glycans may be required to 

impose the need for either accommodation or avoidance of glycans at specific sites. 

Thus, the stability and favorable antigenicity of Man9-V3 validates a chemical 

synthesis approach for immunogen design which allows for glycan homogeneity, 

control over structure and conformation, as well as nearly limitless chemical 

functionalization. The synthetic Man9-V3 is a potential immunogen for priming 

antibody responses targeted against the V3-glycan epitopes of HIV-1 envelope. 

8.2.5 Man9-V3 Glycopeptide Elicited Antibodies that Target the V3-
Glycan BnAb Epitope, but Neutralization was Restricted to Env 
Psuedoviruses that Expressed Only High-Mannose Glycans 

By applying Man9-V3 as a vaccine-immunogen, we elicited a polyclonal antibody 

response in rhesus macaques that targeted the base of the HIV-1 V3-loop in addition to 

high-mannose glycans at N301. Following vaccination, we isolated and characterized a 
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glycan-reactive, IgM-dominant clonal lineage that recognized the HIV-1 V3-glycan 

epitope (the DH717 lineage).  

Even though the DH717 lineage mapped to the base of the V3-loop including 

high mannose glycans, neutralization was limited to Env pseudoviruses bearing only 

Man9 glycans. The reasons for this are unclear, however, it is likely that differences in 

glycoforms at the N301 predicted N-linked glycosylation site (PNGS) between 

kifunensine treated Env pseudoviruses and those bearing native glycoforms contributed 

to our observed results. Neutralization of kifunensine-treated viruses by DH717 lineage 

members was found to be N301- but not N332-dependent. The DH717 lineage bound 

high mannose glycans but not complex glycans, and structurally did so by 

accommodating the high-mannose glycan rings into a pocket formed by the HCDR1 and 

HCDR2 loops. Thus, this B cell lineage at its current state of affinity maturation cannot 

accommodate a complex glycoform into the binding pocket.  

While the DH717 lineage bound a V3-glycopeptie bearing only Man9 glycan at 

the N301 position, it could not bind the V3-glycopeptide when bearing only a complex 

glycan at this position. This would indicate that for Env pseudoviruses, the glycan at 

N301 is either complex or a mixture of high-mannose and complex, and thus, the DH717 

lineage cannot bind to the native Env spike with high enough affinity to neutralize. It 

has been previously shown that for viruses and non-stabilized gp120 and gp140 Envs 

the glycans at N301 are complex or a mixture of complex and high-mannose (Go et al., 
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2017) while for stabilized SOSIP trimers the N301 glycan is high-mannose (Behrens et al., 

2016; Go et al., 2017). This is in agreement with our data in that the DH717 lineage 

bound to the CH848.0949.10.17 SOSIP trimer not treated with kifunensine, but for non-

SOSIP gp140s, the DH717 lineage bound weakly to JRFL gp140 but bound strongly to 

the kifunensine-treated JRFL gp140 Env.  

From these data, DH717 is a short HCDR3 (16aa) V3-glycan antibody and as 

such, it likely could not reach beyond the Env glycans to contact the V3-loop 

polypeptide backbone as V3-glycan bnAbs are known to do (Garces et al., 2014; Julien et 

al., 2013; Pejchal et al., 2011; Walker et al., 2011). 2G12, another glycan-reactive antibody 

with a short HCDR3 (16aa) is unique in that it acquired the ability to neutralize viruses 

bearing native glycoforms through accumulation of aliphatic residues in the VH region, 

thus allowing for the approximation of Fab arms (Calarese et al., 2003; Huber et al., 

2010). This process, termed “domain swap,” generates a third binding pocket to 

accommodate Env glycans, thus stabilizing antibody-Env interactions by increasing 

antibody avidity (Doores et al., 2010). Thus, for DH717 to acquire neutralizing activity 

against viruses bearing native glycoforms, it would likely need to accumulate similar 

mutations such that it can domain swap as seen by 2G12.   

8.2.6 The DH717 Lineage was IgM-Dominant and May Have Arisen 
from an IgM Natural Antibody B Cell Clonal Lineage 

That the DH717 lineage was glycan-reactive and IgM-dominant suggests that 

this lineage may represent a natural antibody lineage. Natural antibodies have been 
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classified as those that exist in the serum prior to exposure to exogenous antigen and are 

primarily IgM isotype (New, King, & Kearney, 2016). For the adaptive immune system, 

these antibodies represent a first line of defense against invading microorganisms, and 

the protective role of these types of antibodies has been shown in secretory IgM-

deficient mice and in humans who are IgM-deficient due to rare genetic disorders (Boes 

et al., 2000; Choi & Baumgarth, 2008; Goldstein et al., 2006; Jayasekera, Moseman, & 

Carroll, 2007; Louis & Gupta, 2014; Ochsenbein et al., 1999). Although natural antibodies 

have been thought to arise in the absence of exogenous antigenic stimulation, in the case 

of glycan-reactive natural antibodies, evidence suggests that glycan-reactive antibody 

clones arise through interactions with carbohydrates contained within the microbiome, 

and it is antigenic stimulation with microbiome-associated carbohydrates that can 

expand glycan-reactive B cell clones (Freitas, Viale, Sundblad, Heusser, & Coutinho, 

1991; Kearney, McCarthy, Stohrer, Benjamin, & Briles, 1985; Montecino-Rodriguez & 

Dorshkind, 2012).  

With regards to the source of glycan-reactive natural antibodies, it is possible 

that they are derived from “innate-like” marginal zone B cells. While B cells typically 

express B cell receptors that are antigen-specific, there exists a subset of B cells whose B 

cell receptors recognize conserved microbial determinants (Bendelac, Bonneville, & 

Kearney, 2001; Cerutti, Cols, & Puga, 2013). These B cells are regarded as “innate-like” in 

that they are typically polyreactive and bind to multiple microbial molecular patterns, 
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such as high-mannose glycans, and are found primarily in a region of the spleen called 

the “marginal zone” (Bendelac et al., 2001; Janeway & Medzhitov, 2002; Martin & 

Kearney, 2002; Martin, Oliver, & Kearney, 2001). In fact, it has been shown that marginal 

zone B cells are involved in T-cell-independent responses to glycan antigens 

(Guinamard, Okigaki, Schlessinger, & Ravetch, 2000; Martin et al., 2001; Weller et al., 

2004).  

Although high-affinity responses are associated with T cell-dependent antibody 

affinity maturation, Kelsoe et al. have postulated that virus-specific memory B cells 

actually arise from two distinct pathways; “germline-encoded cross-reactivity (GC-

independent) and affinity-driven somatic evolution in germinal centers (GC-

dependent)” (Takahashi & Kelsoe, 2017). Germline-encoded cross-reactivity can allow 

for recruitment of low-affinity, polyreactive B cells into the memory compartment, 

which can provide for increased breadth in the humoral response (Takahashi & Kelsoe, 

2017). This low-affinity, polyreactive pool is often IgM and less dependent on the GC, 

and allows for recognition of structural variants that arise in other antigens.  

To support the idea of protective GC-indepdendent responses, treatment with 

rapamycin prior to immunization with influenza hemagglutinin gave IgM dominant 

responses not associated with GC formation, and treatment was found to increase the 

breadth of protective antibody responses to influenza (Keating et al. Nat Immunol. 
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2013). Furthermore, IgM antibodies from B-1 B cells have been associated with 

protection against influenza (Baumgarth et al., 2000). 

Interestingly, although members of the DH717 were found to be somatically 

mutated, they were not class-switched despite the fact that class-switch recombination 

(CSR) and somatic hypermutation (SHM) are both mediated by the enzyme activation-

induced cytidine deaminase (AID). This has been observed previously for human 

marginal zone B cells that produce mutated IgM+ immunoglobulins, but less so for 

rodents where marginal zone B cells are largely unmutated (Scheeren FA et al. JEM, 

2008; Weller S et al. Blood, 2004; Weller S et al. Ann NY Acad Scie, 2003; Dunn-Walters 

DK et al. J Exp Med. 1995; Tierens AJ et al. Blood, 1999). Furthermore the dissociation of 

AID activity for CSR and SHM was recently shown by Gitlin AD et al. whereby they 

genetically uncoupled CSR and SHM and showed that SHM can occur independent of 

CSR in their mouse model (Gitlin AD et al. Immunity, 2016).  

What is unknown is if we can stimulate the DH717 lineage and DH717-like 

lineages to class switch. In the design of the Man9-V3 construct, the immunodominant 

V3-loop crown was deleted to prevent the elicitation of V3-loop crown antibodies. This 

portion of the V3 crown also contains a potent T-helper epitope (LANL), thus the Man9-

V3 construct lacked a T-helper epitope. For the DH717 lineage however, inclusion of a T-

helper epitope may not be sufficient to induce class-switching. Even after boosting the 
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responses with a native-like SOSIP trimer that contained multiple T-helper epitopes, the 

DH717 lineage did not class-switch and instead persisted in the IgM pool. 

8.2.7 The DH717 Lineage Existed Prior to Vaccination and was 
Reactive with the Yeast Candida albicans 

In this study we found the DH717 lineage to be present and somatically mutated 

prior to vaccination, and that the inferred DH717 UCA bound weakly to the yeast 

Candida albicans in a glycan-dependent manner. Mutated DH717 lineage members 

isolated prior to vacciation bound stronger to Candida albicans than the inferred DH717 

UCA suggesting a role for environmental antigens that bear high mannose glycans to 

contribute to affinity maturation of these pre-existing glycan responses. It was also these 

somatic mutations that occurred prior to vaccination conferred binding to the 

immunogen, Man9-V3, as the inferred DH717 UCA did not. Repetitive boosting with 

Man9-V3 then stimulated further affinity maturation to high-mannose glycans which led 

to enhanced binding to both the HIV-1 V3-glycan bnAb epitope, and to high-mannose 

glycans present on Candida albicans. It is important to highlight that stabilized SOSIP 

reactivity observed in the DH717 lineage did not occur until after repetitive boosting 

with Man9-V3.   

Thus, the DH717 antibody lineage to the V3-glycan bnAb epitope was boosted to 

react with native-like Envs using a synthetic glycopeptide. In a previously published 

immunization study, it took over 4 years of repetitive boosting with soluble HIV-1 Env 

to induce a similar antibody, termed DH501 (Saunders et al., 2017), whereas in this 
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study, DH717.1 was isolated only after 26 weeks and five immunizations with Man9-V3 

– affinity maturation to the V3-glycan bnAb epitope may have occurred at earlier 

immunizations, but antibodies from those timepoints have yet to be evaluated.  

These results are proof-of-principle that there exists a population of circulating 

IgM+ B cells that cross-react with the HIV-1 V3-glycan epitope, and that subsequent 

immunizations with appropriately designed immunogens can affinity mature these B 

cell lineages. Additional studies with next-generation Man9-V3 multimers that include 

pan-T helper epitopes such as PADRE, may be required for class-switch to occur 

(Alexander et al., 2000). Furthermore, as these lineages were both present and 

responsive to vaccination suggests responses such as these are likely not controlled by 

tolerance mechanisms, as has been shown for multiple specificities of HIV-1 bnAbs 

(Kelsoe & Haynes, 2017). Meffre et al. and Briney B. et al. have shown that long HCDR3-

bearing B cells are counterselected during development in the bone marrow (Meffre et 

al. JCI. 2001; Briney B. et al Plos One. 2012). As V3-glycan bnAbs tend to have longer 

HCDR3s, and can also be auto- and/or poly-reactive, it would be no surprise that these 

types of B cells are culled in the bone marrow, as has been shown for other HIV-1 bnAb 

specificities (Kelsoe & Haynes, 2017). If B cells that can give rise to V3-glycan responses 

are indeed restricted in the bone marrow, then the likelihood of engaging these B cells 

through vaccination, despite antigenicity of the immunogen, would be low. 

Furthermore, increased titers of Cryptococcus neoformans binding antibodies was 
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associated with repetitive Man9-V3 glycopeptide vaccination, while vaccination did not 

boost already pre-existing antibody titers to Candida albicans, thus suggesting that 

multiple glycan specificities and orientations to exploit. Thus, these data suggest that 

natural antibody-producing B cells, can be targeted with vaccination to elicit glycan-

reactive antibody responses. Therefore, IgM+ glycan-reactive B cell populations 

represent a plentiful potential B cell pool to target for HIV-1 vaccine design. 

8.2.8 DH717.1 Showed Remarkable Similarities to the V3-glycan 
BnAb, 2G12, and May Represent a 2G12-like Precursor Lineage 

Amongst previously published structures of V3-glycan bnAbs, DH717 appears to 

accommodate high-mannose glycan more like 2G12 than the more potent, next-

generation V3-glycan bnAbs (PGT121, PGT128, DH270.6). Within the V3-glycan bnAbs, 

2G12 is unique in that it recognizes only high-mannose glycan and not the HIV-1 V3-

loop polypeptide backbone (Calarese et al., 2003; Doores et al., 2010; Scanlan et al., 2002; 

Scanlan et al., 2007). Furthermore, 2G12 is unique in that the Fab arms dimerize through 

a so-called “domain-swap” mechanism that brings together the Fab arms of the antibody 

that creates an additional pocket to accommodate high-mannose glycan, thus allowing 

2G12 to increase the overall avidity for its interactions (Calarese et al., 2003; Doores et 

al., 2010; Huber et al., 2010). It has been shown that domain swapping is critical in order 

for 2G12 to neutralize viruses bearing native glycoforms (Calarese et al., 2003; Doores et 

al., 2010). As DH717.1 also accommodates the terminal branches of high-mannose glycan 
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like 2G12, domain swapping may need to occur if this antibody were to ever acquire the 

ability to neutralize viruses bearing native glycoforms. 

The mechanism by which domain swapping occurs in 2G12 is the introduction of 

aliphatic amino acids in the heavy chain through affinity maturation, the most important 

of which is a R19H to I19H mutation (Huber et al., 2010). With the addition of aliphatic 

amino acids, the heavy chains are brought together through hydrophobic interactions. 

Remarkably, the critical I19H mutation occurred in a site unlikely to be acted on by 

activation-induced cytidine deaminase (AID) and was predicted to occur with a 

frequency of 0.6% in the absence of selection using the ARMADiLLO program (Kevin 

Wiehe, personal communication).  Thus, the 19H mutation represents a critical 

roadblock for 2G12 to domain swap and acquire neutralization of viruses bearing native 

glycoforms. 

In summary, we identified a yeast-reactive antibody lineage that was present 

prior to vaccination and could be affinity matured to the HIV-1 V3-glycan bnAb epitope 

with a synthetic glycopeptide. That we could affinity mature a pre-existing, glycan-

reactive natural antibody response to the HIV-1 V3-glycan bnAb epitope suggests that 

with appropriate immunogens, such B cell pools represent potential vaccine targets 

when glycan-antibody responses are desired. 
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9. Concluding Remarks 

Due to the fact that glycans present on the HIV-1 envelope trimer are encoded by 

the host-glycosylation machinery, it has been long thought that the dense array of 

glycans present on the HIV-1 Env would be seen as “self,” and thus be immunologically 

silent. Indeed, reports of vaccine-induced HIV-1 glycan antibodies are rare. One such 

recently reported vaccine-elicited glycan antibody, termed DH501, was isolated after 

four years of repetitive boosting with HIV-1 Env gp140, suggesting the difficulty of 

inducing such responses with Env glycoproteins (Saunders et al., 2017). Furthermore, 

despite immunizing with Env immunogens that express primarily high-mannose 

glycans, the dominant neutralizing responses have been shown to target regions of the 

Env that do not contain glycans and thus are termed “glycan holes.” These antibodies do 

not recognize glycan and instead rely on the absence of glycan to bind to the HIV-1 Env 

peptide backbone (Bradley et al., 2016; McCoy et al., 2016). Thus, glycan-antibody 

responses induced by HIV-1 Env are rare.  

It is now known that there are five regions on HIV-1 Env gp140 that are targeted 

by broadly neutralizing antibodies, and four of five of these regions involve antibody-

glycan contacts (Alam, Aussedat, Vohra, Meyerhoff, et al., 2017; Bonsignori et al., 2011; 

Bonsignori, Kreider, et al., 2017; Bonsignori et al., 2014; Bonsignori et al., 2016; 

Buchacher et al., 1994; Calarese et al., 2003; Cale et al., 2017; Doria-Rose et al., 2014; 

Garces et al., 2015; Liao, Lynch, et al., 2013; Scharf et al., 2014; Scheid, Mouquet, 
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Feldhahn, Seaman, et al., 2009; Scheid et al., 2011; Walker et al., 2011; Walker et al., 2009; 

L. D. Williams et al., 2017; Zhou et al., 2010; J. Zhu et al., 2012; Z. Zhu et al., 2011).  For 

the V1V2- and V3-glycan directed bnAbs, neutralization is lost when the involved 

glycans are deleted through site-specific mutations to disrupt N-linked glycosylation 

sites, thus suggesting the importance of the glycan-antibody interactions in recognition 

of HIV-1 Env. Here arises a dichotomy in that HIV-1 bnAbs acquire extensive somatic 

mutations during their development, however, glycan-antibody responses are thought 

to arise through T-independent responses not associated with extensive somatic 

mutation (Polonskaya et al., 2017). As these types of antibodies are rare and are only 

observed in the context of HIV-1 induced immune perturbation but not vaccination, 

they are likely disfavored by the immune system. In this dissertation, I have compiled 

findings from multiple animal studies that give insight into the biology of HIV-1 glycan 

responses that target two sites of vulnerability on the HIV-1 Env trimer: the V1V2- and 

V3-glycan broad neutralizing antibody epitopes. For the V1V2-glycan site of 

vulnerability, these data suggest that a critical first step for the induction of V1V2-glycan 

bnAbs will be expansion of a precursor population containing a long, protruding 

HCDR3 that can reach beyond V1V2-loop glycans to contact the V1V2-loop polypeptide 

backbone. As neutralization of tier 2 isolates is germline-encoded (Andrabi et al., 2015; 

Bonsignori et al., 2011; Gorman et al., 2016), this expansion step could by itself, achieve 

serum neutralization breadth in an organism with an unrestricted antibody repertoire, 
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such that the precursor populations are expanded sufficiently. In wild-type rabbits that 

contain an unrestricted antibody repertoire, Voss et al. elicted V1V2-glycan neutralizing 

antibody responses using V1V2-focusing immunogens similar to those used in this 

dissertation (Voss et al., 2017).  Here the authors demonstrated that V1V2-focusing 

immunogens should be derived from isolates that are neutralized by germline-reverted 

V1V2-glycan bnAbs, and that these isolates commonly lack glycans at N130 and N190. 

To progress to further neutralization breadth and potency exhibited by fully mature 

V1V2-glycan bnAbs, these antibodies will need to acquire the ability to accommodate 

the glycans at N130 and N190 (Voss et al., 2017). Future work in the CH01 UCA knockin 

mouse studies will evaluate on a monoclonal antibody level, the impact of the N130 and 

N190 glycans on neutralization. 

With regards to the V3-glycan bnAbs, these can be further subdivided into two 

main classes, those that are solely glycan-reactive and do not contact the polypeptide 

V3-loop backbone such as 2G12 (Calarese et al., 2003; Doores et al., 2010; Scanlan et al., 

2002; Scanlan et al., 2007), and those that bind to both the V3-loop polypeptide backbone 

in addition to HIV-1 Env glycans such the following V3-glycan bnAbs PGT121, PGT125, 

PGT128, DH270, CH765-VRC41.01, and PGT135 (Garces et al., 2014; Julien et al., 2013; 

Pejchal et al., 2011; Walker et al., 2011). In order to penetrate the glycan shield, this latter 

class of V3-glycan bnAbs have longer HCDR3s that are able to reach between glycans to 

make stabilizing contacts with the V3-loop polypeptide backbone (Alam, Aussedat, 
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Vohra, Meyerhoff, et al., 2017; Bonsignori, Kreider, et al., 2017; Garces et al., 2015; Garces 

et al., 2014; Julien et al., 2013; Sok, Doores, et al., 2014; Sok et al., 2013; Walker et al., 2011; 

J. Zhu et al., 2012). As discussed earlier, antibodies with long HCDR3s tend to be deleted 

in the bone marrow, or due to poly- and or auto-reactivity, restricted in the periphery, 

thus representing a hurdle in development as the precursosrs for these types of 

antibodies are rare (Briney et al., 2012; Meffre et al., 2001). Additionally, these long 

HCDR3 V3-glycan antibodies typically have insertions or deletions in the heavy chain 

and/or light chain CDR loops to allow for accommodation of HIV-1 Env glycans (Garces 

et al., 2015; Garces et al., 2014; Sok, Doores, et al., 2014; Walker et al., 2011). A knockin 

mouse bearing the heavy and light chain of near-germline version of the PGT121 V3-

glycan bnAb was generated and used for immunization studies (Escolano et al., 2016). 

Although the authors were able to elicit neutralizing responses, they were unable to 

elicit the full neutralizing breadth and potency of the mature PGT121 bnAb (Escolano et 

al., 2016). Morever, they did not observe evidence of insertions or deletions in cloned 

heavy and light chain pairings, suggesting these types of events are rare and will be 

difficult to select for in vaccination (Escolano et al., 2016).  

 With regards to the short HCDR3 V3-glycan bnAb, 2G12, although its precursors 

may not be rare due to characteristics exhibited by other V3-glycan bnAbs, the mature 

2G12 is exceedingly unique in the fact that this antibody approximates its Fab arms 

through a process termed “domain swap,” thus generating an third binding pocket by 
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which this antibody can accommodate Env glycans (Calarese et al., 2003; Huber et al., 

2010; Scanlan et al., 2002). To do so, this antibody acquires aliphatic mutations in the Fab 

VH region that stabilize the domain swapping through hydrophobic interactions. One 

such mutation was found to be rare in that it was predicted to occur with a frequency of 

0.6% in the absence of selection in a program built to quantify the likelihood of amino 

acid substitutions that arise through the somatic hypermutation process (Kevin Wiehe, 

personal communication). Thus, the ability to domain swap represents an additional 

roadblock for the development of glycan-reactive HIV-1 bnAbs. 

Here I demonstrated induction of the DH717 antibody lineage using Man9-V3 

glycopeptide. This lineage targeted the base of the HIV-1 V3-loop in addition to the V3-

loop N301 and N332 glycans, and demonstrated remarkable similarity with the bnAb 

2G12 in terms of recognition of high-mannose glycans. The key difference between 

DH717 lineage antibodies and 2G12 is that DH717 can only neutralize viruses bearing 

high-mannose glycans whilst 2G12 neutralizes viruses bearing their native glycoforms 

due to its ability to domain swap. Thus, for DH717 lineage antibodies to acquire 

neutralization of isolates bearing native glycoforms, it will likely need to domain swap 

like 2G12.  

With regards to the ontogeny of the V3-glycan DH717 lineage, this lineage was 

present pre-vaccination and somatically mutated. Furthermore, the fact that the DH717 

lineage is IgM dominant and glycan-reactive suggests it may have derived from a 
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natural antibody B cell pool. As 2G12 is yeast-reactive and recognizes glycan in a 

manner similar to 2G12, perhaps this glycan-bnAb arose through a similar ontogeny. 

Indeed, only four amino acid substitutions are needed to induce domain swap for 2G12, 

and when these mutations are reverted to germline such that the antibody is now Y-

shaped, neutralization of HIV-1 pseudoviruses bearing native glycoforms is lost 

(Calarese et al., 2003; Doores et al., 2010). Thus, if the DH717 lineage does in-fact 

represent a 2G12 or 2G12-like precursor, then further studies will be needed to elucidate 

if the DH717.1 antibody can domain swap, and if so, what would be necessary to induce 

mutations that would allow this to occur in a vaccination setting. If so, the fact that the 

types of B cells that give rise to DH717 and DH717-like lineages do not seem to be 

restricted by immune tolerance mechanisms as has been demonstrated for long HCDR3 

bnAbs (Briney et al., 2012; Kelsoe & Haynes, 2017; Meffre et al., 2001), thus suggesting 

that such B cell responses are a potential pool to target for the induction of 2G12-like 

antibodies. 

 In summary, the work presented here highlights the role of minimal synthetic 

immunogens to select for and expand bnAb precursors such that may otherwise be 

disfavored by the immune system and thus are rare, or that would not be efficiently 

expanded with an intact HIV-1 Env trimer. 
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