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Abstract 

The humoral immune system plays a critical role in the clearance of numerous 

pathogens. In the setting of HIV-1 infection, the virus infects, integrates its genome into 

the host’s cells, replicates, and establishes a reservoir of virus-infected cells. The initial 

antibody response to HIV-1 infection is targeted to non-neutralizing epitopes on HIV-1 

Env gp41, and when a neutralizing response does develop months after transmission, it 

is specific for the autologous founder virus and the virus escapes rapidly. After 

continuous waves of antibody mediated neutralization and viral escape, a small subset 

of infected individuals eventually develop broad and potent heterologous neutralizing 

antibodies years after infection. In this dissertation, I have studied the ontogeny of 

mucosal and systemic antibody responses to HIV-1 infection by means of three distinct 

aims: 1. Determine the origin of the initial antibody response to HIV-1 infection. 2. 

Characterize the role of restricted VH and VL gene segment usage in shaping the 

antibody response to HIV-1 infection. 3. Determine the role of persistence of B cell clonal 

lineages in shaping the mutation frequencies of HIV-1 reactive antibodies.  

After the introduction (Chapter 1) and methods (Chapter 2), Chapter 3 of this 

dissertation describes a study of the antibody response of terminal ileum B cells to HIV-

1 envelope (Env) in early and chronic HIV-1 infection and provides evidence for the role 

of environmental antigens in shaping the repertoire of B cells that respond to HIV-1 
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infection. Previous work by Liao et al. demonstrated that the initial plasma cell response 

in the blood to acute HIV-1 infection is to gp41 and is derived from a polyreactive 

memory B cell pool. Many of these antibodies cross-reacted with commensal bacteria, 

Therefore, in Chapter 3, the relationship of intestinal B cell reactivity with commensal 

bacteria to HIV-1 infection-induced antibody response was probed using single B cell 

sorting, reverse transcription and nested polymerase chain reaction (RT- PCR) methods, 

and recombinant antibody technology. The dominant B cell response in the terminal 

ileum was to HIV-1 envelope (Env) gp41, and 82% of gp41- reactive antibodies cross-

reacted with commensal bacteria whole cell lysates. Pyrosequencing of blood B cells 

revealed HIV-1 antibody clonal lineages shared between ileum and blood. Mutated IgG 

antibodies cross-reactive with both Env gp41 and commensal bacteria could also be 

isolated from the terminal ileum of HIV-1 uninfected individuals.  Thus, the antibody 

response to HIV-1 can be shaped by intestinal B cells stimulated by commensal bacteria 

prior to HIV-1 infection to develop a pre-infection pool of memory B cells cross-reactive 

with HIV-1 gp41. 

Chapter 4 details the study of restricted VH and VL gene segment usage for gp41 

and gp120 antibody induction following acute HIV-1 infection; mutations in gp41 lead 

to virus enhanced neutralization sensitivity. The B cell repertoire of antibodies induced 

in a HIV-1 infected African individual, CAP206, who developed broadly neutralizing 

antibodies (bnAbs) directed to the HIV-1 envelope gp41 membrane proximal external 
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region (MPER), is characterized. Understanding the selection of virus mutants by 

neutralizing antibodies is critical to understanding the role of antibodies in control of 

HIV-1 replication and prevention from HIV-1 infection. Previously, an MPER 

neutralizing antibody, CAP206-CH12, with the binding footprint identical to that of 

MPER broadly neutralizing antibody 4E10, that like 4E10 utilized the VH1-69 and VK3-20 

variable gene segments was isolated from this individual (Morris et al., 2011). Using 

single B cell sorting, RT- PCR methods, and recombinant antibody technology, Chapter 

4 describes the isolation of a VH1-69, Vk3-20 glycan-dependent clonal lineage from 

CAP206, targeted to gp120, that has the property of neutralizing a neutralization 

sensitive CAP206 transmitted/founder (T/F) and heterologous viruses with mutations at 

amino acids 680 or 681 in the MPER 4E10/CH12 binding site. These data demonstrate 

sites within the MPER bnAb epitope (aa 680-681) in which mutations can be selected that 

lead to viruses with enhanced sensitivity to autologous and heterologous neutralizing 

antibodies.  

In Chapter 5, I have completed a comparison of evolution of B cell clonal lineages 

in two HIV-1 infected individuals who have a predominant VH1-69 response to HIV-1 

infection—one who produces broadly neutralizing MPER-reactive mAbs and one who 

does not. Autologous neutralization in the plasma takes ~12 weeks to develop (Gray et 

al., 2007; Tomaras et al., 2008b). Only a small subset of HIV-1 infected individuals 

develops high plasma levels of broad and potent heterologous neutralization, and when 
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it does occur, it typically takes 3-4 years to develop (Euler et al., 2010; Gray et al., 2007; 

2011; Tomaras et al., 2011). The HIV-1 bnAbs that have been isolated to date have a 

number of unusual characteristics including, autoreactivity and high levels of somatic 

hypermutations, which are typically tightly regulated by immune control mechanisms 

(Haynes et al., 2005; 2012b; Kwong and Mascola, 2012; Scheid et al., 2009a).  The VH 

mutation frequencies of bnAbs average ~15% but have been shown to be as high as 32% 

(reviewed in Mascola and Haynes, 2013; Kwong and Mascola, 2012). The high frequency 

of somatic hypermutations suggests that the B cell clonal lineages that eventually 

produce bnAbs undergo high-levels of affinity maturation, implying prolonged 

germinal center (GC) reactions and high levels of T cell help. To study the duration of 

HIV-1- reactive B cell clonal persistence, HIV-1 reactive and non HIV-1- reactive B cell 

clonal lineages were isolated from an HIV-1 infected individual that produces bnAbs, 

CAP206, and an HIV-1 infected individual who does not produce bnAbs, 004-0. Single B 

cell sorting, RT-PCR and recombinant antibody technology was used to isolate and 

produce monoclonal antibodies from multiple time points from each individual. B cell 

sequences clonally related to mAbs isolated by single cell PCR were identified within 

pyrosequences of longitudinal samples of these two individuals. Both individuals 

produced long-lived B cell clones that persisted from 0-232 weeks in CAP206, and 0-238 

weeks in 004-0. The average length of persistence of clones containing members isolated 

from two separate time points was 91.5 weeks both individuals. Examples of the 
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continued evolution of clonal lineages were observed in both the bnAb and non-bnAb 

individual.  These data indicated that the ability to generate persistent and evolving B 

cell clonal lineages occurs in both bnAb and non-bnAb individuals, suggesting that 

some alternative host or viral factor is critical for the generation of highly mutated 

broadly neutralizing antibodies.  

 Together the studies described in Chapter 3-5 show that multiple factors 

influence the antibody response to HIV-1 infection. The initial antibody response to 

HIV-1 Env gp41 can be shaped by a B cell response to intestinal commensal bacteria 

prior to HIV-1 infection. VH and VL gene segment restriction can impact the B cell 

response to multiple HIV-1 antigens, and virus escape mutations in the MPER can 

confer enhanced neutralization sensitivity to autologous and heterologous antibodies. 

Finally, the ability to generate long-lived HIV-1 clonal lineages in and of itself does not 

confer on the host the ability to produce bnAbs. 
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1. Introduction  

1.1 The Immune System 

The mammalian immune system has evolved over millions of years to recognize 

self vs. foreign antigens and to defend against numerous and diverse pathogens. The 

first line of defense against invading pathogens is the innate immune system, which is 

fast-acting and non-specific. The various cells of the innate immune system include, 

dendritic cells (DCs), macrophages, and neutrophils, act by eliminating pathogens by 

phagocytosis or direct killing, recruiting adaptive immune cells by secreting cytokines, 

and presenting processed antigen to the adaptive immune system via presentation of 

MHC- peptide complexes to T lymphocytes (Hoebe et al., 2004). A naïve adaptive 

immune response is slower than an innate immune response, but is antigen- specific as 

determined by unique receptors expressed on the surface of T and B lymphocytes, and 

generates a pool of long lived B and T lymphocytes that can respond rapidly to 

secondary exposure to antigen.   

1.1.1 B Cell Development 

The developmental process of B cells is defined by rearrangement of the 

immunoglobulin variable (V), diversity (D), and joining (J) gene segments into a 

complete heavy chain gene and VJ gene segment rearrangement into a complete light 

chain. Expression of the heavy and light chain genes and joining of the two proteins 
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forms the B cell antigen receptor (BCR), which is responsible for the recognition of 

antigens and B cell survival (Carrasco and Batista, 2006; Srinivasan et al., 2009). This 

process involves the introduction of chromosomal breaks, and not surprisingly is highly 

regulated (reviewed in (Schatz and Ji, 2011)).  

The human heavy chain locus is on chromosome 14 and consists of 129 

functional V gene segments, open reading frames, and pseudogenes (Pallarès et al., 

1999). New allelic variants of V gene segments continue to be identified through high-

throughput sequencing studies (reviewed in Jackson et al., 2013). There are 23 unique 

and functional D gene segments, which range from 11-37 nucleotides (Corbett et al., 

1997) and 6 functional J gene segments (Lee et al., 2007). The order of recombination 

events during B cell is well defined and begins with heavy chain D-to-J recombination 

followed by V-to DJ recombination. The expression of a functional heavy chain 

rearrangement will prevent further recombination of the heavy chain gene segments, 

which has been termed allelic exclusion (Brady et al., 2010). Rearrangement of the heavy 

chain locus is followed by the rearrangement of the kappa or lambda loci to form the 

light chain. The kappa and lambda locus also consist of a set of V and J gene segments. 

Assuming that all gene segments have equal probability of being incorporated into 

heavy and light chains, and all heavy and light chains are capable of paring together 

there are roughly 3x1014 Ab combinations possible. However, ~50% of primary naïve B 
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cells are deleted at the first and second tolerance checkpoints by mechanisms of anergy, 

apoptosis and V(D)J replacement (Wardemann and Nussenzweig, 2007; Wardemann et 

al., 2003).  The naïve repertoire may also be limited by preferential usage of certain gene 

segments and the inability of certain heavy chains to pair with certain light chains 

(reviewed in Jackson et al., 2013). 

V(D)J recombination occurs via a series of enzymes that induce double strand 

DNA breaks and repaired by non-homologous end joining (NHEJ) repair pathway that 

deletes or inverts intermittent DNA. Double strand breaks between the two gene 

segments are initiated at recombination signal sequences recognized by RAG 

recombinase, a protein complex of recombination activating gene-1 and -2 (RAG1 and 

RAG2) (reviewed in Dudley et al., 2005). Expression of RAG proteins is limited to early 

stages of B cell and T cell development to prevent DNA damage in other cell types 

(Schatz and Ji, 2011). After double strand breaks in the DNA, the coding ends close into 

intermediate hairpins that require cleavage by the enzyme Artemis. Palandromic 

sequences are introduced when cleavage of the hairpin results in an overhang of base 

pairs. Additional variability is introduced by the addition of non-templated nucleotides 

(n-nucleotides) between the gene segments by deoxynucleotidyl transferase (reviewed 

in Market and Papavasiliou, 2003; Schatz and Ji, 2011). The identification of gene 

segments used, the recombination points of the gene segments (RV, RD1, RD2, and RJ), 
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and n-nucleotides sequences are paramount in the identification of clonally related Ig 

genes (Kepler et al., 2014). 

Upon successful and functional V(D)J heavy chain recombination and VJ light 

chain recombination, both immunoglobulin genes are expressed and combine in the 

cytoplasm then traffic to the surface of the immature B cell utilizing the M constant 

regions. Immature B cells expressing functional BCR enter into peripheral circulation 

and primary lymphoid tissue to mature into naïve B cells (reviewed in LeBien and 

Tedder, 2008). BCR and cognate antigen interactions activate B cells within follicles, and 

activated B cells then migrate to the B cell- T cell border of the lymphoid tissue to 

interact with helper T cells. These interactions provide survival signals for the B cells in 

addition to signals to proliferate and differentiate (reviewed in Kelsoe, 1995; 1996). 

Antigen specific T cell- B cell interactions initiate B cell into either germinal center 

reactions and the development of memory or differentiation into either short-lived 

plasmacytes, secreting low-affinity antibody (reviewed in Kelsoe, 1995; 1996; Shlomchik 

and Weisel, 2012).  

Short-lived plasmacytes can provide immediate protection from the source of the 

stimulating antigen, and B cells that enter into germinal center reactions develop into 

memory B cells or traffic to the bone marrow and become long-lived plasmacytes 

(Tarlinton and Good-Jacobson, 2013; Yoshida et al., 2010). Numerous studies have 
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provided evidence for the requirement of B cell and T cell interactions through CD40-

CD40L and inducible co-stimulator for humoral immunity (Weller et al., 2001; Yong et 

al., 2009; Yoshida et al., 2010). However, there is also evidence that differentiation into 

memory B cells is possible in the absence of germinal center formation. Mice deficient in 

TNFR-1 (Karrer et al., 2000) or transcription factor BCL6 (Dent et al., 1997; Toyama et al., 

2002) both lack GCs and generate memory B cells in response to immunization, however 

in both cases, mice are defective in their ability generate a normal sized pool of long-

lived plasma cell in the bone marrow. The generation of long-lived plasma cells and 

memory B cells is a mechanism to provide long-term protection against re-infection with 

the same pathogen, and is ideally harnessed by vaccine strategies.  

1.1.2 Somatic Hypermutation and Affinity Maturation 

During an immune response, B cells that enter into germinal center reactions and 

undergo somatic hypermutation (SMH). SMH introduces additional diversity into the 

BCR repertoire and generates high-affinity antibodies. SMH is a process by which on 

average 1 point mutation per 1,000 bp per cell division is introduced into the rearranged 

Ig genes by the enzyme activation-induced cytidine deaminase (AID) (reviewed in Di 

Noia and Neuberger, 2007; Liu and Schatz, 2009). AID preferentially introduces U:G 

mismatches at cytosines within WRCY consensus motifs (W=adenosine or thymine, R= 

purine, and Y= pyrimidine). Mutations are introduced by DNA repair pathways charged 
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with correcting the inclusion of the uracil in the DNA. The uracil can be recognized by 

the mismatch repair heterodimer Msh2/Msh6 and processed by the mismatch repair 

pathway that excises and resynthesizes a short stretch of DNA. Recruitment of error-

prone DNA polymerases, in particular, Polη, contributes A-T mutations in the sequence 

surrounding the original site of deamination. Uracil DNA glycoslyase can also recognize 

the uracil and generates an abasic site that yields transition and transversion mutations 

at the site of the original cytosine (Di Noia et al., 2007). The pathways of SMH introduce 

point mutations through out the genome in non- immunoglobulin genes such as BCL6, 

FAS, CD79A and CD79B (Gordon et al., 2003; Müschen et al., 2000; Pasqualucci et al., 

1998; Shen et al., 1998) , and AID has been implicated in initiating chromosome 

translocations in B cell malignancies (Lin et al., 2009; Ramiro et al., 2004). It has been 

estimated that 25%-33% of transcribed genes in germinal center B cells undergo AID-

induced mutation as a result of somatic hypermutation (Liu et al., 2008), however other 

genes are protected  

Acquisition of advantageous mutations that increase a BCR’s affinity to antigen 

provides a selective advantage to the B cell with a higher affinity BCR as compared to B 

cells expressing lower affinity BCRs. Low affinity BCRs are capable of entering into GC 

reactions and generating a secondary immune response (Dal Porto et al., 1998; 2002), but 

are outcompeted in the presence of B cells expressing higher affinity BCRs (Weiss and 
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Rajewsky, 1990). Abs from mice and humans with high affinity for hen egg lysozyme 

and tetanus toxoid, respectively, have been identified (Batista and Neuberger, 1998; 

Poulsen et al., 2007). In these examples an “affinity maturation ceiling” was reached, and 

accumulation of additional somatic mutations did not improve affinity.  In chapter 3, I 

will show multiple examples of affinity maturation of B cell clonal lineages to HIV-1 

antigens as well as two examples of unmutated common ancestors of clonal lineages 

reaching an affinity maturation ceiling prior to the accumulation of mutations.  

1.1.3 VH Gene Restriction 

Very specific heavy and light chain rearrangements are required for antibody 

binding to certain antigen epitopes. An example of these requirements is VH gene 

restriction, when all characterized antibodies binding to a specific epitope share the 

same heavy chain variable region gene segment. It has been described in the context of 

broad HIV-1 neutralizing antibodies that bind to the membrane proximal region (MPER) 

of gp41, the CD4 binding site of gp120, and antibodies that bind to the stalk regions of 

gp41, as well as protective influenza antibodies.  The MPER binding antibodies, 4E10 

and CH12, both use VH1-69 (Zwick et al., 2001; Morris et al., 2001). VH1-69 is also used to 

encode D5 and HK20, antibodies that bind to the conserved gp41 fusion intermediate as 

well as cross protective antibodies specific for flu hemaglutanin, including Ab CR6261 

(Luftig et al., 2006; Sabin et al., 2010). Antibodies that bind to the CD4 binding site of 
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HIV gp120 and interfere with viral entry by blocking gp120 from binding with CD4 all 

utilize VH1-2 or VH1-46 (Liao et al., 2013; Scheid et al., 2011; Wu et al., 2010).  

When gene restriction occurs, it is potentially due to either host or antigen 

characteristics, or a combination of the two. Host factors that influence gene restriction 

may be based on the number copies of the VH gene segment used to respond to antigen, 

or the allelic variants they possess (Sasso et al., 1996). During development, B cells 

encounter tolerance checkpoints to prevent the production of potentially pathogenic 

autoreactive and polyreactive BCRs (Wardemann et al., 2003; Verkoczy et al., 2010). 

Individuals with autoimmune diseases manifested by pathogenic antibody production, 

have defective tolerance mechanisms. Rheumatoid factor frequently uses and VH1-69, 

and pathogenic antibodies present in systemic lupus erthematosus (SLE) and chronic 

hepatitis C virus (HCV) infection induced IgM type II mixed cryoglobulins are also 

frequently VH1-69 (Carbonari et al., 2005; Gray et al., 2007; Knight et al., 1993; Sasso et 

al., 2001; Silverman et al., 1988; Tomaras et al., 2008b). Individuals with defective 

tolerance of autoreactive or polyreactive VH1-69 antibodies are likely at increased risk of 

developing pathogenic VH1-69 antibodies, but it is also possible that the defective 

tolerance may allow some subjects to develop antibodies to the extremely specific viral 

epitopes described above.  
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1.1.4 B Cell Functions 

B cells are capable of acting as antigen presenting cells (APCs) by internalizing 

soluble antigen or antigen presented by other APCS, including follicular dendritic cells 

(FDCs), macrophages, or DCs via the BCR. They cleave the antigen by proteases within 

multi-vesicular bodies and load the processed antigen peptides onto MHC Class II, 

which then traffics to the cell surface and is capable of interacting with cognate T cells 

(reviewed in Avalos et al., 2014). One role of plasma cells is to secrete antibodies, which 

perform various functions to protect the host. Antibodies can neutralize pathogens by 

binding to the surface of the pathogen and preventing it from entering host cells. This 

function of B cells has been harnessed to produce potent virus neutralizing antibodies 

with most current viral vaccine strategies (reviewed in Plotkin, 2010). 

Antibody binding of pathogens can also initiate killing of the invading pathogen 

by the induction of the classical complement pathway. C1q from the complement 

pathway binds to the Fc portion of the immunoglobulin associated with the pathogen, 

and recruits the remainder of the C1-1 complex and initiates the remainder of the 

complement cascade, which ultimately assembles the membrane attack complex and 

creates pores within the pathogen and leads to its destruction.  

Fc-Fc receptor interactions between effector cells and immunoglobulin coated 

pathogens or infected cells can mediate antibody-dependent cell-mediated cytotoxicity 
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(ADCC). Classic ADCC is mediated by natural killer (NK) cells expressing CD16, which 

recognizes the Fc portion of IgG antibodies bound to the surface of pathogen-infected 

target cell. Cross-linking of CD16 triggers degranulation of the NK cell and lysis of the 

infected cell (Mentlik James et al., 2013). Macrophages can aid in pathogen clearance by 

phagocytosis of the pathogen.  

1.2 Microbiota and the Immune System 

Humans provide residence to microbes at several anatomical sites, with the 

largest population and diversity of microbes including, bacteria, viruses, archaea, fungi 

and protozoans, residing in the lower gastrointestinal (GI) tract. The majority of the 100 

trillion bacteria are anaerobic and non-pathogenic in immunocompetent hosts (reviewed 

in Lee and Mazmanian, 2010; Macpherson et al., 2005). A metagenomic sequencing 

project showed that the intestinal human bacteria found in fecal samples from consists 

of ~1000-1150 species across the 124 European individuals studied, with each individual 

harboring ~160 species, a consistent finding with studies on American and Japanese 

cohorts (Qin et al., 2010).  This also supported findings from earlier reports showing the 

extreme variability from person to person, and some variability of species found at 

different mucosal locations (Aidy et al., 2012; Eckburg et al., 2005). 

Despite the enormous antigenic load supplied by the microbiota and the 

potential for immune stimulation and inflammation, colonization of the GI tract is 
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required for the development of a normal and balanced immune system, particularly 

within the GI tract. Defects shown in gnotobiotic animals as compared to SPF animals 

are extensive and include: decreased surface area of the small intestine, an 80% larger 

cecum (Aidy et al., 2012), decreased serum (Benveniste et al., 1971) and mucosal IgA, 

fewer plasma cells (Corbett et al., 1997; Pollard and Sharon, 1970), smaller spleens and 

lymph nodes (Pollard and Sharon, 1970), fewer and smaller peyer’s patches, smaller 

MLNs with fewer germinal centers (Hoshi et al., 1992), smaller and less cellular lamina 

propria (Hoshi et al., 1992; Pollard and Sharon, 1970) reduced number of intraepithelial 

lymphocytes (Umesaki et al., 1993), reduced numbers of CD4+ cells in the lamina 

propria (Niess et al., 2008), and disorganized isolated lymphoid follicles (Bouskra et al., 

2008). 

Colonization of germ-free mice by oral-gavage of fecal samples from 

conventional animals takes ~1 day for the size of the bacterial community to be 

equivalent to SPF animals and ~8-16 days for the diversity to resemble the original 

inoculum (Aidy et al., 2012), however development and maturation of the immune 

system appears to require specific microbiota (Chung et al., 2012). Monocolonization 

with segmented filamentous bacterium can recapitulate the majority of humoral and 

cellular immune responses as seen with colonization with whole mouse microbiota 

(Gaboriau-Routhiau et al., 2009). Colonization of gnotobiotic mice with human or rat 
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microbiota did not recover immune development despite similar bacterial loads and 

overlapping phyla represented in the microbiota, a result of species specific evolution 

(Chung et al., 2012).  

1.3 Compartmentalization of Mucosal and Systemic Immune 
Responses 

There is extensive evidence for compartmentalization of mucosal and secretory 

immune responses (Holmgren and Czerkinsky, 2005). Differences between the mucosal 

and systemic compartments include the predominance of IgA not IgG secreting B cells 

in most mucosal tissues, preferential homing of antibody secreting cells generated 

within the mucosa back to the mucosa, and the ability to generate high affinity BCRs in 

T-independent responses in the absence of germinal centers. The antibody response in 

the GI tract plays an important role of isolating pathogens from eliciting a systemic 

immune response.     

Historical evidence as early as 1919 suggests a separation of mucosal immune 

responses from the systemic, but the initial definitive support for this hypothesis came 

in 1971 (Craig and Cebra, 1971). Adoptive transfer experiments in rabbits showed that 

Peyer’s patch cells, but not popliteal lymph node nor peripheral blood cells, were able to 

repopulate the gut lymphocytes in lethally irradiated animals (Craig and Cebra, 1971). 

Similar experiments in mice showed that IgA plasmablasts from the mesenteric lymph 
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node (MLN) home to the intestine during adoptive transfer experiments (McDermott 

and Clark, 1980; Mora et al., 2006).   

Homing to mucosal tissues is determined by interactions between integrin α4β7 

and mucosal vascular addressin cell adhesion molecule-1 (MadCAM-1). Integrin α4β7 

expression is upregulated in B and T cells activated in mucosal tissues (Berlin et al., 1993; 

Hamann et al., 1994; Nakache et al., 1989). Additional receptor-ligand interactions play a 

more nuanced role in determining the homing locations of these cells. More specifically, 

CCR9- CCL25 interactions home the cells to the small intestine. Clonally related 

antibodies can be isolated by microdissection from human germinal centers in Peyer’s 

patches and the lamina propria and its thought that after activation in Peyer’s patches, B 

cells recirculate via the thoracic duct and then home back to intestinal lamina propria via 

α4β7 -MadCAM-1, CCR9-CCL25 receptor-ligand interactions (Berlin et al., 1993; 

Hamann et al., 1994; Nakache et al., 1989).  

Germinal centers within Peyer’s patches have a higher proportion of actively 

dividing IgA B cells compared to germinal centers within the spleen after immunization, 

suggesting preferential switching from IgM to IgA (Butcher et al.,1982). Unlike in the 

periphery, germinal centers are not necessarily required to initiate high affinity, antigen- 

specific antibody responses in gut associated lymphoid tissue (GALT) (Bergqvist et al., 

2006; Gärdby et al., 2003). T- independent, antigen driven B cell activation can induce an 
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IgA responses specific for commensal bacteria (Macpherson et al., 2000). The rules of 

humoral immunity may differ between mucosal and systemic compartments. Although 

an IgA memory response to commensals can be induced by reversible colonization, re-

colonization with a distinct bacterial species prevents IgA B cell recall for the initial 

bacterial species (Hapfelmeier et al., 2010). 

Immune exclusion of commensal bacteria from the systemic immune system was 

demonstrated by intragastric injections of Enterobacter cloacae to wild-type mice, and 

showing that both bacteria specific IgA and bacteria could only be isolated in the Peyer’s 

patches and the MLN but not from the spleen (Macpherson and Uhr, 2004).  Although 

activated B cells and T cells have been shown to traffic through the blood compartment 

back to the intestine, dendritic cells loaded with bacteria do not traffic beyond the MLN, 

adding an additional mechanism of exclusion (Macpherson and Uhr, 2004). Phagocytic 

Kupffer cells in the liver can act as a back up firewall to catch any microorganisms that 

enter the intestinal blood circulation during intestinal pathology, further fortifying the 

barrier separating the microorganisms in the gut from causing extensive inflammation 

within the systemic immune compartment (Balmer et al., 2014).  

Despite the differences between mucosal and systemic responses, systemic 

vaccinations have been used to protect against mucosal infections like influenza and 

HPV. Gardasil and Cervarix are two Human papilloma virus (HPV) vaccines and both 
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are administered with a course of 3 intramuscular shots over 6 months. These vaccines 

are protective against this cancer-causing virus. Injection with HPV-16/18 (Cervarix), 

induces anti-HPV-16 and -18 antibodies both in the serum and cervical vaginal 

secretions, which persist for at least 2 years after vaccination (Petäjä et al., 2011). The 

correlate of protection for this vaccine is still under investigation, but it is clear that an 

overlap in the systemic and mucosal immune responses is playing a role in preventing 

HPV infection (Stanley, 2010).  

1.4 Molecular Mimicry 

Molecular mimicry refers to similar structures or linear amino acid sequences 

shared by different proteins of different origins and has been explored as an explanation 

for a number of autoimmune diseases.  This concept was initially used to hypothesize an 

escape mechanism of viruses that encode proteins structurally similar to host proteins 

and would be viewed as “self” by the host and limit an immune response to such 

proteins (reviewed in Oldstone, 1998a). However, this hypothesis is challenged by the 

list of examples of immune responses cross-reacting with both host and pathogen 

antigens. Viruses, bacteria and parasites have been shown to produce proteins with 

structural or sequence similarities to host- proteins and have been implicated in the 

development or worsening of numerous autoimmune diseases (reviewed in Oldstone, 

1998a). In a detailed study of BALB/c mice immunized with 11 different viruses and the 
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characterization of 635 monoclonal antibodies raised against these viruses showed that 

3.5% of the viral specific antibodies were cross-reactive with at least one of 14 mouse 

tissues, concluding that antiviral antibodies reacting with normal tissue is likely quite 

common (Srinivasappa et al., 1986).  In the context of immune responses Oldstone used 

the assumption that an antibody response to a specific epitope requires 5-6 amino acids 

and calculated that the probability of 6 identical amino acids residues occurring between 

two proteins is 1 in 128 million (Oldstone, 1998a). This calculation does not take into 

account similar structural epitopes that do not share sequence similarity.  

The molecular mimicry literature highlights the sharing of epitopes between 

hosts and pathogens, but in my work I have focused on the antibody response to 

epitopes shared between HIV-1 and intestine associated bacteria. Liao et al. (2011) 

showed that the initial plasma cell response to HIV-1 infection consists of B cells 

expressing antibodies cross-reactive with gp41 and commensal bacteria and/or 

environmental antigens. Serum from patients with Mycobacterium leprae and tuburculosis 

cross-reacts with HIV-1 structural proteins (gp41, p55, gp120) (Hussain et al., 2007; 

Swaminathan et al., 2008). Microbial mimicry of conserved neutralizing HIV-1 epitopes 

and host antigens is one effective strategy for HIV-1 to evade protective antibody 

responses as (reviewed in Kelsoe et al., 2014), and will be further addressed later in the 

introduction. 
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Recent studies have explored the presence of CD4+ memory T cells expressing 

TCRs cross-reactive with environmental antigens in unexposed adults (Campion et al., 

2014; Su et al., 2013). Su et al. characterized the antigen specificity of CD4+ T cells from 

26 healthy blood donors by tetramer staining and flow cytometry, and found that most 

uninfected individuals had CD4+ T cells reactive with tetramers containing HIV-1, 

CMV, or HSV peptides. The HIV-1-reactive CD4+ T cells were characteristic of memory 

T cells and were clonally expanded, suggesting they responded previously to antigens 

that share T cell epitopes with HIV-1 antigens.  

Campion et al. generated a T-cell library, with which they examined the 

specificity of naïve, central memory and effector memory CD4+ T cells from HIV-1 

seronegative, uninfected individuals for overlapping peptides spanning the entire HIV-1 

proteome.  All donors tested had naïve, central memory and/or effector memory CD4+ T 

cell repertoires with reactivity to HIV-1 antigens, and the predominant reactivity was to 

Gag and Env proteins. Blast searches of the cross-reactive HIV-1 antigen sequences 

showed that 83% of HIV-1 epitopes matched with 1 to 230 microbiome protein 

sequences (Campion et al., 2014).   

1.5 HIV-1 Infection 

In UNAIDS’ 2013 global report it is estimated that in 2012 35.3 million people 13 

and older were living with HIV-1. Although there have been extensive efforts and 
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progress made to reduce infection and provide treatment to those infected, there were 

approximately 2.3 million new infections and 1.6 million AIDS related deaths in 2012. 

Despite the inefficiency of sexual transmission of HIV-1 (Shattock and Moore, 2003;  

Wawer et al., 2005), sexual exposure remains the most frequent mode of transmission, 

and protection at mucosal surfaces remains a goal for a global vaccine.  

1.5.1 HIV-1 Envelope Proteins and Entry into Host Cells 

HIV-1 envelope glycoproteins are initially expressed as a precursor molecule, 

gp160, and are cleaved by cellular protease to produce the receptor binding domain, 

gp120, and the membrane- anchored membrane fusion domain, gp41. Gp120 and gp41 

are expressed on the surface of virions as non-convalently associated trimers. HIV-1 

virions initiate infection of host cells by the binding of Env gp120 to the cellular receptor 

CD4 and 1 of 2 co-receptors, CCR5 or CXCR4. Receptor binding with gp120 stimulates 

the disassociation of gp120 and gp41 and a conformation change in the gp41 structure to 

expose the hydrophobic fusion peptide. The fusion peptides of gp41 interact with the 

target membrane and refolding of the heptad repeat 1 and 2 (HR1 and HR2) helices 

bring the host and viral membranes into close proximity. This results in the fusion of the 

two membranes and the release of the viral proteins and RNA genome into the host cell 

via a fusion pore (Figure 1).  A vaccine strategy that elicits an antibody response capable 



 

 

of interfering with the steps of HIV

HIV-1 infection.  

Figure 1: Schematic model of HIV

HIV-1 viral entry into host cell

receptor binding and gp41 conformational changes. Env gp120

disassociates with gp41 and causes generation of gp41 pre

conformation, where HR1 helices extend tow

peptide in close proximity to the host membrane. Folding back of the HR1 and HR2 

helices brings the host and viral membranes together and generates a fusion pore. 

(Figure generated by Dr. Munir Alam)

A recent report in Science has provided the field with a cryo

reconstruction of a soluble gp41 and gp120 Env trimer 

(Lyumkis et al., 2013). This study explores the inter

19 

ering with the steps of HIV-1 membrane fusion may provide protection from 

: Schematic model of HIV-1 membrane fusion and conformational 

changes of envelope gp120 and gp41 

1 viral entry into host cells is mediated by a stepwise process of gp120

receptor binding and gp41 conformational changes. Env gp120-receptor binding, gp120 

disassociates with gp41 and causes generation of gp41 pre-hairpin intermediate 

conformation, where HR1 helices extend toward the host membrane, bringing the fusion 

peptide in close proximity to the host membrane. Folding back of the HR1 and HR2 

helices brings the host and viral membranes together and generates a fusion pore. 

(Figure generated by Dr. Munir Alam) 

rt in Science has provided the field with a cryo-electron microscopy 

reconstruction of a soluble gp41 and gp120 Env trimer at 5.8 angstrom resolution 

. This study explores the inter-subunit contacts between envelope 
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glycoproteins gp120 and gp41. The recombinant envelope used was stabilized by the 

introduction of a disulfide bond between amino acid 501 and 605 and an isoleucine to 

proline mutation at 559. The numbering system used here and throughout this 

dissertation is based on reference HIV-1 viral genome HXB2.  The structure shows that 

at the base of the trimer, HR1 helices form a 3-helix bundle surrounded by HR2 helices. 

The 3 HR1 helices may retain their conformational association with each other 

throughout the viral entry process including in the pre-hairpin intermediate and post 

fusion (Weissenhorn, 1997). 

1.5.2 Initial Antibody Responses to HIV-1 Infection 

In a study of 102 individuals, it was shown that the majority of HIV-1 infections 

are caused by a single virus and the viral diversity is low prior to peak viremia (Keele et 

al., 2008). Early HIV-1 infection is characterized by the rapid destruction of germinal 

centers within the GI tract, and death of infected and uninfected CD4+ T cells (Brenchley 

et al., 2004; Levesque et al., 2009) . Unlike the early T cell response to HIV-1 infection, 

which are capable for driving viral evolution and escape mutations within the viral 

genome (Goonetilleke et al., 2009), immune pressure on the virus by autologous 

neutralizing antibodies against Env gp120 does not occur until months after 

transmission (Gray et al., 2007; Hoshi et al., 1992; Moore et al., 2009; Richman et al., 2003; 

Wei et al., 2003).  
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The eclipse phase constitutes the initial phase of infection before systemic viral 

dissemination begins. The length of time an individual has been infected can be 

estimated by results of a combination of HIV-1 clinical diagnostic assays including PCR 

of virus RNA, enzyme-linked immunosorbent assay (ELISA) for p24 and p31 viral 

antigens, and western blot detection of HIV-1 specific antibodies. These assays can be 

used to classify the stage of acute infection an individual is in, and these stages are 

referred to as Fiebig stages (Fiebig et al., 2003). The earliest IgG response to gp41 in the 

plasma is detectable at 13 days after the end of the eclipse phase. These antibodies are 

unable to neutralize easy to neutralize viruses (Tomaras et al., 2008a). IgA Abs reactive 

with gp41 are detectable within the plasma as early as Fiebig stages I and II but is 

delayed until Fiebig stage IV in mucosal secretions (Fiebig et al., 2003; Yates et al., 2013)  

and have an extremely short half-life (48.2 days in the plasma and 2.7 days in mucosal 

fluids), whereas gp41-reactive IgG concentrations stay stable or increase through AHI 

and CHI (Tomaras et al., 2008a; Yates et al., 2013). 

Monoclonal antibodies isolated from plasma cells 13-30 days post transmission 

are thought to be a result of polyclonal B cell activation (Liao et al., 2011). The mAbs are 

also predominantly reactive with gp41, are non-neutralizing, are primarily IgA and 

IgG3, and are cross- reactive with commensal bacteria whole cell lysates (Liao et al., 

2011).  The VH mutation frequencies of these antibodies were also too highly mutated to 



 

22 

 

originate from HIV-1 antigen activation of naïve B cells (Liao et al., 2011). This suggests 

that this initial plasma cell pool derives from the intestine, and HIV-1 antigens are 

activating cross-reactive memory B cell clones in the gut that may have previously 

played a role in immune exclusion of bacteria within the intestinal tract.  

The gp41 antibody response to HIV-1 infection has been characterized by 

specificity for epitopes within gp41 using a panel of gp41-reactive mAbs (Goudsmit et 

al., 1990; Horal et al., 1991).  Cluster I gp41 mAbs are reactive with continuous eptiopes 

from amino acid 579-613; this region contains what has been termed the 

immunodominant region (Binley et al., 1996; Xu et al., 1991). Cluster II mAbs bind to 

continuous and conformational epitopes between amino acids 644 and 667 on HR2 

(Gorny and Zolla-Pazner, 2000; Nyambi et al., 2000; Xu et al., 1991). Antibodies that have 

been found that bind in this region are mostly non-neutralizing however can bind both 

virions and HIV-1 infected cells (Sattentau et al., 1995).  Cluster III mAbs such as 4E10 

can bind in the membrane external proximal region (Zwick et al., 2001).  

1.5.3 Development of Broadly Neutralizing HIV-1 Antibodies 

Although the initial anti-HIV-1 antibody response is targeted toward non-

neutralizing gp41 epitopes (Liao et al., 2011; Tomaras et al., 2008a; Yates et al., 2013), 

strain specific, autologous neutralizing antibodies (nAbs) develop in almost all HIV-1 

infected individuals within the first months of infection, and as early as 54 days post 
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transmission, and viral escape from these nAbs occurs rapidly (Gray et al., 2007; Mora et 

al., 2006; Richman et al., 2003; Wei et al., 2003). Continuous waves of antibody mediated 

neutralization and viral escape occur over time. It has been estimated that only 10-25% 

of HIV-1 infected individuals infected eventually develop potent broadly neutralizing 

antibodies (bnAbs), which are capable of neutralizing heterologous viruses across 

multiple HIV-1 subtypes (Euler et al., 2010; Gray et al., 2011, Tomaras et al., 2011). 

However, in a recent study sera from 205 chronically infected individuals was tested for 

neutralization of 219 difficult to neutralized (tier 2) HIV-1 Env-pseudotyped viruses 

from all major HIV-1 subtypes, showed that 50% of the sera tested neutralized 50% of 

the viruses in the panel, and concluded that there was a continuum of serum 

neutralization breadth and potency (Hraber et al., 2014). Despite the development of at 

least some level of heterologous breadth in most individuals, it typically takes 2-4 years 

for bnAbs to develop (Gray et al., 2011), except in some cases of superinfection (Butcher 

et al., 1982; Cortez et al., 2012; Moore et al., 2013; Powell et al., 2010) and does not benefit 

those individuals clinically.  

A number of bnAbs and their clonal lineage members have been isolated from 

PBMC B cells of chronically infected individuals with potent and broad neutralizing 

sera. These bnAbs target conserved epitopes on the virus including the CD4 binding site 

(mAbs VRC01, CH31, and CH103,), V1/V2 glycan sites (mAbs CH01-04, PG9, PG16, and 
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PGT141-145), gp41 membrane-proximal external region (mAbs 4E10, 2F5, an 10e8) and 

V3 glycan sites (mAbs 2G12, PG121-123, PGT125-131, and PGT135-137) (reviewed in 

Mascola and Haynes, 2013). 

All of the broadly neutralizing antibodies that have been isolated to date retain 

one or more unusual features that are typically tightly regulated by immunoregulatory 

mechanisms including autoreactivity, polyreactivity, extremely high mutation 

frequencies and long HCDR3s (reviewed in Mascola and Haynes, 2013). It was initially 

hypothesized in 2005 that B cell tolerance mechanisms prevent the generation of bnAbs, 

when Haynes et al. demonstrated the autoreactivity of bnAbs 4E10 and 2F5 (Haynes et 

al., 2005). This hypothesis was further supported by the identification of the highly 

conserved host antigens kynureninase (kynu) and splicing factor 3b subunit (SF3B3) that 

are recognized by MPER reactive bnAbs 25F and 4E10, respectively (Yang et al., 2013), 

and the deletion of bnAb expressing B cells at the first tolerance checkpoint in the bone 

marrow of in 2F5 VHDHJH and VLJL knock-in mice (Verkoczy et al., 2010; 2011). 

Bonsignori et al. isolated a ds-DNA-reactive CD4 binding site bnAb, CH98, from an 

HIV-1 infected individual with SLE, supporting the hypothesis that an individual with 

autoimmune diseases may produce bnAbs as a result of defective tolerance control of 

autoreactive B cells (Bonsignori et al., 2014). 
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 The broadest of neutralizers, the CD4- binding site mAbs are extremely mutated 

with VH and VK mutation frequencies reaching 20-30%. In secondary immune responses 

to more proteotypical pathogen such as influenza or vaccination to influenza, mutation 

frequencies average only ~6% (Moody et al., 2012). The study of the clonal lineage 

evolution of a bnAb mirrored with the evolution of virus in a longitudinal study 

provided insight into how extensive mutations can accumulate and lead to the 

development of broadly neutralizing capabilities (Liao et al., 2013), however excessive 

mutation can ultimately decrease BCR affinity and impact cell survival (Klein et al., 

2013). 

Multiple classes of bnAb antibodies have long (18-24 amino acid) and extremely 

long (25-31 amino acid) HCDR3s in conjunction with autoreactive, polyreactive binding 

characterisitcs and/or extremely high mutation frequencies. B cells expressing BCRs 

containing extremely long HCDR3s can be found within immature B cell populations 

(Ivanov et al., 2005), however are typically eliminated and prevented from developing 

into memory B cells due to autoreactive properties (Wardemann et al., 2003). Heavy 

chains that contain long HCDR3s can be generated through various V(D)J recombination 

events using a limited subset of V, D, and J gene segments, long stretches of n-

nucleotides, D-D fusion (Briney et al., 2012c) , and/or VH replacement, and are not likely 
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formed in the periphery by large insertions in the HCDR3 during somatic 

hypermutation (Briney et al., 2012a; Wilson et al., 1998). 

Despite immunological constraints on the antibody characteristics that are 

assumed to be necessary to generate bnAbs, it remains a goal to generate these types of 

antibodies with a vaccine strategy. They have been shown to be protective against 

simian- human immunodeficiency virus (SHIV) infection in nonhuman primate models 

and the correlates of protection of current vaccines for other pathogens are neutralizing 

antibodies (Plotkin, 2010).  

In studies that explore the evolution of the bnAb response in conjunction with 

viral evolution, it has been shown that multiple mechanisms of coinciding viral and B 

cell evolution can play a critical role in the development of bnAbs (Doria-Rose et al., 

2014; Liao et al., 2011; 2013; Moore et al., 2013, Gao et al., 2014).  Liao et al. isolated the 

CD4 binding site bnAb CH103 and found the unumutated common ancestor (UCA) of 

the CH103 B cell lineage bound strongly with the transmitted/founder HIV-1 Env gp120 

(Liao et al., 2013). Neutralization breadth occurred after extensive clonal evolution (13-

17% VH mutation frequency) and was preceded by viral evolution in the areas around 

the B cell lineage binding epitope (Liao et al., 2013). The development of V3-glycan 

bnAbs has been shown to coincide with shifts in glycan positions HIV-1 Env gp120 

during viral evolution (Moore et al., 2012).  In the study by Moore et al., early virus 
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variants do not contain epitopes for the bnAbs that develop in that individual, however 

are introduced as escape mutations from strain specific antibodies (Moore et al., 2012). In 

a study of clade C infected individual, bnAbs specific for V2 loop of HIV-1 Env gp120 

develop after extensive diversification of the virus population by super-infection (Doria-

Rose et al., 2014). 

In this dissertation, I have studied the ontogeny of mucosal and systemic 

antibody responses to HIV-1 infection by means of three distinct aims: 1. Determine the 

origin of the initial antibody response to HIV-1 infection. 2. Characterize the role of 

restricted VH and VL gene usage in shaping the antibody response to HIV-1 infection. 3. 

Determine the role of persistence of B cell clonal lineages in shaping the mutation 

frequencies of HIV-1 reactive antibodies. These aims are covered in Chapters 3-5 and 

discussed collectively in Chapter 6. Although these aims have focused on the B cell 

response to HIV-1 infection, these findings from these studies are pertinent to basic B 

cell immunology, may be relevant to B cell responses to other pathogens, and may also 

have direct implications for the design of an effective HIV-1 vaccine. 
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2. Materials and Methods 

2.1 Patient Samples 

All work related to human subjects was with trial participant’s informed consent 

and in compliance with Institutional Review Board protocols approved by Duke 

University Medical Center and the University of North Carolina Medical Center. 

Specific sample information will be provided with each corresponding chapter. 

2.2 Flow Cytometry Analysis of Terminal Ileum and Blood B cells 

Terminal ileum mononuclear cells were isolated from gut tissues and a single cell 

suspension was formed by passing cells through 100 µM cell strainer (Fisher Scientific) 

and labeled with a panel of fluorochrome conjugated mAbs to label distinct B cell 

subsets in blood and terminal ileum. Multicolor flow cytometry analysis and sorting are 

performed-using a four laser (488nm, 532nm, 640nm, and 405nm) BD FACSAria II-SORP 

(BD Biosciences, Mountain View, CA) for nine-color flow cytometry. Combinations of 

the following antibodies were used: for human IgG (PE), CD3 (PE-Cy5), CD16 (PE-Cy5), 

CD19 (APC-Cy7), CD20 (PE-Cy7), CD27 (Pacific Blue), CD235a (PE-Cy5), IgD (PE), IgM 

(FITC; BD Biosciences), and CD14 (PE-Cy5) and CD38 (APC-Cy5.5; both from 

Invitrogen, Carlsbad, CA). To characterize single B cells from the blood (PBMCs) and 

isolated terminal ileum cells, we sorted single plasmablasts/ plasma cells (CD19+CD3-

CD14-CD16-CD235a-CD27hiCD38hiCD20-IgD-) or memory B cells (CD19+CD3-CD14-
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CD16-CD235a-IgD-), as previously described (Liao et al., 2011), into individual wells of 

96-well plates, and stored at -80°C until PCR was performed as described (Liao et al., 

2011; 2013; 2009). HIV-1 Env gp140-reactive memory B cell phenotyping was performed 

on PBMC and terminal ileum samples from CHI individuals using AF647 and Pacific 

blue dual color labeled- CON-S gp140 known to react with all clades of HIV positive 

sera (Tomaras et al., 2008a). B cell staining and sorting was done in collaboration with 

Tony Moody, Josh Amos, Thad Gurley, Dawn Marshall, and John Whitesides.  

2.3 PCR amplification of plasma cell and memory B cell 
immunoglobulin VH and VL genes. 

The Ig VHDHJH and VLJL genes of the sorted plasma cell and memory B cells were 

amplified by reverse transcription (RT) and nested polymerase chain reaction (PCR) 

using the method as reported (Liao et al., 2009; Tiller et al., 2008; Wardemann et al., 2003; 

Wrammert et al., 2008). The reverse trancription reaction for heavy chains and light 

chains was performed in 96-well PCR plates containing the sorted single plasma cell or 

memory B cells and was carried out at 55°C for 1 hour, after the addition of 0.2µM IgH, 

0.5µM Igκ and Igλ constant region specific primers (Invitrogen; Carlesbad, CA), 0.2µM 

dNTPs (Qiagen), and 50 units/reaction Superscript III reverse transcriptase (Invitrogen). 

Total mRNA isolated from PBMCs of uninfected individuals was used as a positive 

control in the first column of all PCR plates.  
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Table 1: Single Cell Reverse Transcription Primers 

Reverse Transcription 

Primers 

Sequence 

IgD-RT              TCA CGG ACG TTG GGT GGT A 

IgM-RT ATG GAG TCG GGA AGG AAG TC 

IgG-RT AGG TGT GCA CGC CGC TGG TC 

IgA1-RT CAG GCG ATG ACC ACG TTC C 

IgA2-RT CAT GCG ACG ACC ACG TTC C 

CK-RT GCA GGC ACA CAA CAG AGG CA 

CL-RT CCG CGT ACT TGT TGT TGC TC 

 

After cDNA synthesis, VH, VK, and VL genes were amplified separately by two 

rounds of PCR in 50µL reaction mixtures. The first round, PCRa, contained 5µL from the 

reverse transcription reaction, 0.2mM dNTPs, 0.5µM either IgD, IgM, IgG, IgA1 and 

IgA2, or Igκ, or Igλ constant region primers and pooled variable gene segment family 

primers for IgH, Igκ, or Igλ, respectively (Table 2, Table 3, Table 4).  PCRa was 

performed at 94°C x 30 sec, followed by 35 cycles of 55°C (VH), 56°C (Vκ) or 50°C (Vλ) x 

60 sec, 72°C x 90sec, and one cycle at 72°C x 7min.  866-7598451 

Table 2: Primer pairs used for heavy chain in PCRa 

Forward Primers 5’-3’ sequence 

VH1-Ext CCA TGG ACT GGA CCT GGA GG 
VH2-Ext ATG GAC ATA CTT TGT TCC A 
VH3-Ext CCA TGG AGT TTG GGC TGA GC 
VH4-Ext ATG AAA CAC CTG TGG TTC TT 
VH5-Ext ATG GGG TCA ACC GCC ATC CT 
VH6-Ext ATG TCT GTC TCC TTC CTC AT 

Reverse Primers 5’-3’ sequence 
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IgM-ext CCG ACG GGG AAT TCT CAC AG 
IgD-ext CTG TTA TCC TTT GGG TGT CTG CAC 
IgE-ext GGT GGC ATT GGA GGG AAT GTT 
IgA-ext CGA YGA CCA CGT TCC CAT CT 
IgG-ext TAG TCC TTG ACC AGG CAG C 

 

Table 3: Primer pairs used for kappa chain in PCRa 

Forward primers 5’-3’ sequence 

Vκ1,2-Ext GCT CAG CTC CTG GGG CT 

Vκ3-Ext GGA ARC CCC AGC DCA GC 

Vκ4/5-Ext CTS TTS CTY TGG ATC TCT G 

Vκ6/7-Ext CTS CTG CTC TGG GYT CC 

Reverse primer 5’-3’ sequence 

Cκ-ext  GAG GCA GTT CCA GAT TTC AA 

 

Table 4: Primer pairs used for lambda chain in PCRa 

Forward primers 5’-3’ sequence 

Vλ1-Ext CAG TCT GTG YTG ACK CAG CC 

Vλ2-Ext CAG TCT GCC CTG ACT CAG CC 

Vλ3-Ext TCY TAT GAG CTG ACW CAG CCA C 

Vλ3λ-Ext TCT TCT GAG CTG ACT CAG GAC CC 

Vλ4ab-Ext CAG CYT GTG CTG ACT CAA TC 

Vλ4c-Ext CTG CCT GTG CTG ACT CAG C 

Vλ5,9-Ext CAG SCT GTG CTG ACT CAG CC 

Vλ6-Ext AAT TTT ATG CTG ACT CAG CCC CAC T 

Vλ7,8-Ext CAG RCT GTG GTG ACY CAG GAG  

Vλ10-Ext CAG GCA GGG CWG ACT CAG  

Reverse primer 5’-3’ sequence 

Cλ-Ext GGG YGG GAA CAG AGT GAC C 

 



 

32 

 

The second round of semi-nested PCR (PCRb) was performed with 2.5µL of 

PCRa product, 0.2nM dNTPs, 5 units/ reaction of HotStar Taq Plus, 0.5µM of either IgM, 

IgG, IgD, IgA1, and IgA2, or Igκ or Igλ nested constant region primers and sets of 

primers specific for variable gene segment families (Table 5, Table 6, Table 7). In PCRb, 

variable gene segment family primers were separated into individual reaction mixtures, 

as compared to pooled primers in PCRa. All PCRb primers contain a tag sequence that 

allows for the assembly of lineage expression cassettes of IgH, Igκ and Igλ genes by 

overlapping PCR. PCRb was performed at 95°C x 5 min followed by 35 cycles of 94°Cx 

30 sec, 58°C (IgH), 60°C (Igκ ), or 64°C (Igλ ) x 30 sec, 72°C x 90 sec, and one cycle of 

72°C x 7 min. The PCR products amplified by this method contain sufficient coding 

region sequences for the constant regions of either heavy- or light-chain genes to allow 

for the identification of the IgH subclass and types of light chains.  
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Table 5: Primer pairs used in Heavy chain nested PCRb 

Forward 
primers 

5’-3’ sequence 

VH1-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

CAG GTG CAG CTG GTR CAG TCT GGG 

VH2-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

CAG RGC ACC TTG ARG GAG TCT GGT CC 

VH3-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAG GTK CAG CTG GTG GAG TCT GGG 

VH4-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

CAG GTG CAG CTG CAG GAG TCG G 

VH5-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAR GTG CAG CTG GTG CAG TCT GGA G 

VH6-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

CAG GTA CAG CTG CAG CAG TCA GGT CC 

Reverse 

primers 5’-3’ sequence 

IgM-int GGGCC GC TGT GCC CCC AGA GGT GGA ATT CTC ACA GGA GAC GAG G 

IgD-int GGGCC GC TGT GCC CCC AGA GGT GTG TCT GCA CCC TGA TAT GAT GG 

IgA1-int GGGCC GC TGT GCC CCC AGA GGT GCT GGT GCT GCA GAG GCT CAG  

IgA2-int GGGCC GC TGT GCC CCC AGA GGT GCT GGT GCT GTC GAG GCT CAG  

IgG-int GGGCC GC TGT GCC CCC AGA GGT GCT CYT GGA  
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Table 6: Primer pairs used for kappa chain nested PCRb 

Forward primers 5’-3’ sequence 

Vκ1-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAC ATC CAG WTG ACC CAG TCT C 

Vκ2-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAT ATT GTG ATG ACC CAG WCT CCA C 

Vκ3-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAA ATT GTG TTG ACR CAG TCT CCA  

Vκ4-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAC ATC GTG ATG ACC CAG TCT C 

Vκ5-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAA ACG ACA CTC ACG CAG TCT C 

Vκ6-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAA ATT GTG CTG ACW CAG TCT CCA  

Vκ7-Int tag CTGGGTTCCAGGTTCCACTGGTGAC  

GAC ATT GTG CTG ACC CAG TCT  

Reverse primer 5’-3’ sequence 

Cκ-int GGG AAG ATG AAG ACA GAT GGT 

 

Table 7: Primer pairs used for lambda chain nested PCRb 

Forward primers 5’-3’ sequence 

Vλ1-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CAG TCT GTG YTG ACK CAG CC 

Vλ2-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CAG TCT GCC CTG ACT CAG CC 

Vλ3-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

TCY TAT GAG CTG ACW CAG CCA C 

Vλ3l-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

TCT TCT GAG CTG ACT CAG GAC CC 

Vλ4ab-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CAG CYT GTG CTG ACT CAA TC 

Vλ4c-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CTG CCT GTG CTG ACT CAG C 

Vλ5,9-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CAG SCT GTG CTG ACT CAG CC 

Vλ6-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

AAT TTT ATG CTG ACT CAG CCC CAC T 

Vλ7,8-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CAG RCT GTG GTG ACY CAG GAG 
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Vλ10-Int tag CTGGGTTCCAGGTTCCACTGGTGAC 

CAG GCA GGG CWG ACT CAG 

Reverse primer 5’-3’ sequence 

Cλ-int GGG YGG GAA CAG AGT GAC C 

 

2.4 Control experiment to determine the process of dealing with 
single cell sort wells when one VHDHJH and two VLJL genes are 
isolated. 

Allelic exclusion mechanisms has been shown to be stringent for the IgH locus 

(Barreto and Cumano, 2000; Brady et al., 2010). Only 0.01% of mouse B cells show IgH 

allelic inclusion (Barreto and Cumano, 2000), which may be due to simultaneous and 

synchronized rearrangement the IgH alleles.  

Allelic inclusion is a tolerance mechanism the results in the co-expression of two 

light chains within a single B cell to dilute out autoreactive antibodies. B cells expressing 

two cell surface receptors are not excluded from germinal center reactions (Briney et al., 

2012a; Casellas et al., 2007) . The frequency murine B cells expressing dual light chains 

allelic has been shown to be considerably higher (1.4-3%) than B cells expressing dual 

heavy chains (Velez et al., 2007) and as high as 10% (Casellas et al., 2007), IgK allelic 

inclusion has also been shown to increase as animals age or show autoimmune disease 

progression (Fournier et al., 2012).  

In of May of 2010, the DHVI antibodyome database contained antibody 

information from 1,532 wells of single cell PCR. Of the 1,532 wells, 225 (14.7%) wells 
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contained functional sequences of one heavy chain and two distinct light chains. When 

sample types such as, terminal ileum, blood and bone marrow were compared the 

frequency of one light chain and two light chains found in a single well ranged from 

13.3% in blood B cells to 16.4% in terminal ileum B cells (Table 8).  We questioned if the 

high frequency of two light chains isolated with one heavy chain within the DHVI 

antibodyome database, provided evidence for high rates of light chain allelic inclusion 

in humans or was an artifact of sorting two B cells into one well and only isolating one 

heavy chain. To determine if this data is a result of artifact we set up a single cell sort 

experiment using two cell lines, A32 and 17B, which have different VHDHJH and VLJL 

genes (Table 9). We ensured the cell lines were clonal, by single cell sorting each cell line 

into culture plates, cultured the cells for several weeks then and confirmed the 

production of antibody and reactivity of the cell lines the antibody reactivity by ELISA 

and the correct VHDHJH and VLJL gene usage by another round of single cell sorting and 

single cell PCR. 
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Table 8: Isolation of two Ig light chains from single cell PCR 

 Terminal 

Ileum 

Blood Bone 

Marrow 

Total 

Total # of sort wells with Ig 

genes isolated 

226 636 670 1,532 

# of wells with 1 heavy 

chain and two light chains 

37 

(16.4%) 

85 

(13.3%) 

103 

(15.4%) 

225 

(14.7%) 

 

Table 9: Ig gene information for cell lines 

Cell Line ID VH JH  VL JL 

A32 4~31 3  λ2~8 2 

17B 1~69 2  κ3~15 2 

 

Dead cells were stained for with PE conjugated propridium iodide (PI), we then 

gated on live cells and sorted one 96 well plate of single A32 cells, a plate of single 17B 

cells, and a third plate that contained a single A32 cell and single 17B cell in each well 

(Figure 2A). As in our standard single cell PCR methods, columns 1 and 12 were left 

blank for controls. Bulk human mRNA isolated from PBMCs was added to the wells in 

column 1 before reverse transcription as a positive control.  

2.4.1 Results 

From the sort plates with only A32 or 17B cells, we were able to isolate the 

correct VHDHJH and VLJL from 20 and 16 wells, respectively, out of the 80 sorted wells, 

suggesting the PCR efficiency for both cell lines was comparable.  From the plate that 
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contained a single cell from each of the two cell lines, 63 wells had at least one functional 

heavy chain. Of those 63 wells, only (46%) contained a functional VHDHJH from both A32 

and 17B heavy chains shown in gray (Figure 2B), so 34 (54%) wells had only 1 functional 

VHDHJH (Figure 2B). In the wells that contained only 1 functional VHDHJH, 23 wells 

contained A32 VHDHJH and 11 contained 17B VHDHJH, as indicated by blue and green 

squares, respectively (Figure 2B).  

From the 34 wells where only 1 VHDHJH was isolated, only the matching VLJL was 

isolated from 14 of the wells (41%) as indicated by blue and green squares in Figure 2C. 

In only 1 well, H4, were the single VHDHJH and VLJL isolated a mismatched pairing. In H4, 

only the 17B VHDHJH and A32 VLJL were isolated, and this was the only example of 

mismatch of a single VHDHJH and VLJL pair. However, in 19 (56%) wells where only 1 

VHDHJH was isolated, both A32 and 17B VLJL were isolated. From this experiment we 

concluded that the frequency we detect 1 VHDHJH and 2 VLJL from our single cell sorts is 

likely an artifact of sorting two cells per well and only isolating one VHDHJH.  
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: Isolation of VHDHJH and VLJL genes from wells with single cells sorted 

from cell lines A32 and 17B 

(A) Single cell sort strategy to determine how frequently the VHDHJH and V
when two cells with known VHDHJH and VLJL genes are sorted into a single well. A32 cells 

were sorted into one plate (left), 17B cells were sorted into one plate (rig

cells from both lines were sorted in a third plate (middle).  (B) A diagram of the heavy 

chain results from the middle plate with both 17B and A32 cells. Blue squares represent 

 

genes from wells with single cells sorted 

and VLJL are isolated 

genes are sorted into a single well. A32 cells 

were sorted into one plate (left), 17B cells were sorted into one plate (right) and single 

cells from both lines were sorted in a third plate (middle).  (B) A diagram of the heavy 

chain results from the middle plate with both 17B and A32 cells. Blue squares represent 
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wells where only the A32 VHDHJH gene was isolated, green squares represent the wells where 
only the 17B VHDHJH gene was isolated and gray squares represent wells where both A32 and 
17B VHDHJH genes were isolated. (C) A diagram of the VLJL gene results from the wells where 
only one VHDHJH gene from (B).    

2.4.2 Conclusion 

Because we are unable to decipher examples of allelic inclusion and artifact of 

sorting 2 cells per well, we decided to exclude all examples of one VHDHJH and 2 VLJL  

sequences from summary statistics (VH gene segment  or isotype frequency, HCDR3 

length, mutation frequency etc.), however we continued to transfect each light chain 

independently with the one heavy chain in small scale transfections.  However, if there 

was HIV-1 reactivity associated with one or both pairings, antibodies were not excluded 

from further analysis or large-scale production. Antibodies of interest isolated from 

these wells will be notated within antibody characteristic tables.   

2.5 Sequencing, sequence annotation, quality control and data 
management of Ig VHDHJH and VLJL sequences 

A PCR purification kit (Qiagen, Valencia, CA) was used to purify all PCR 

products of Ig VHDHJH and VL genes, and PCR products were sequenced in forward and 

reverse directions using an ABI 3700 instrument and BigDye sequencing kit (Applied 

Biosystems). Base calling for each sample was performed using Phred (Ewing and 

Green, 1998; Ewing et al., 1998). The forward and reverse strand of the immunoglobulin 

genes were assembled into one final nucleotide sequence using an assembly algorithm 

based on the quality scores at each base position (Munshaw and Kepler, 2010). The 
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isotype and subclasses of the Ig heavy-chain and types of light-chain were determined 

by comparing the constant region sequences of the isolated Ig VHDHJH and VL PCR 

products with the constant region sequences of the known Ig isotypes and subclass, 

kappa and lambda genes using a Smith-Waterman alignment algorithm (Smith and 

Waterman, 1981). Heavy, Kappa, and Lambda sequences were assigned unique H, K 

and L identification numbers. Genetic information inferred by using SoDA, such as gene 

segment usage, somatic mutations, n-nucleotides, and CDR3 length is stored in a 

relational database to facilitate subsequent statistical analysis (Munshaw and Kepler, 

2010) . Genetic information was also inferred using Cloanalyst, which provides 

probabilities of making a correct gene segment and allele call based on how well the 

input sequences align with known germline gene segments. The output from Cloanalyst 

gene inference is used for assigning sequences to clonal lineages and searching for clonal 

lineage members of a sequence of interest.  

2.6 Expression of VHDHJH and VLJL as full-length IgG1 
recombinant mAbs. 

Overlapping PCR was used to assemble linear full-length Ig heavy- and light-

chain gene expression cassettes using the Ig VHDHJH and VLJL gene pairs for high 

throughput expression and screening of monoclonal antibodies (mAbs) as previously 

described (Liao et al., 2009). In short, linear expression cassettes were produced by PCR-

amplifying 3 overlapping DNA fragments including 1.) Promoter fragment consisting of 
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the CMV promoter (705bp) (Boshart et al., 1985) and an Ig leader sequence 

(METDTLLLWVLLLWVPGSTGD) (Burstein and Schechter, 1978), 2.) Either the heavy 

chain fragment consisting of IgG1 constant region (315 aa) (Genbank Accession # 

BC041037) (Strausberg et al., 2002) and bovine growth hormone (BGH) poly(A) signal 

sequence (Gimmi et al., 1989), kappa chain fragment consisting of Igκ constant region 

(107aa) (Strausberg et al., 2002)(Genbank Accession# BC073791) and BHG poly(A) signal 

sequence, or lambda chain fragment consisting of Igλ constant region (102 aa) 

(Strausberg et al., 2002) (GenBank Accession# BC073769) and BGH poly(A) signal 

sequence and 3.) The VHDHJH, VκJκ, or VλJλ isolated by single cell PCR. 

Full- length IgG1 heavy-chain and light-chain gene expression cassettes were 

assembled by PCR carried out in a total volume of 50 µL with 10pmol of 5’ primer CMV-

F262 and 3’primer BGH-R1235, 200µM of dNTPs, 5µL 10x PCR buffer, and 1 unit KOD 

DNA polymerase (Novagen; Gibbstown, NJ), and 1ng of each of the promoter fragment 

with each of heavy chain, kappa chain, or lambda chain fragment and VHDHJH, VκJκ, or 

VλJλ. PCR was performed at 98°C for 1 min, 25 cycles of 98°C x 15 secs, 60°C x 5secs, 

72°C for 35 secs and one cycle at 68°C for 10 min. Ig linear expression cassettes were 

purified using a Qiagen PCR purification kit (Qiagen, Valencia, CA).  
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Table 10: Primers used for generating Ig lineage expression cassettes 

Forward Primer 5’-3’ sequence 

 CL-F262 

(CMV promoter) 

AGTAATCAATTACGGGGTCATTAGTTCATAG 

Reverse primers 5’-3’ sequence 

BGH-R1235 

(poly(A) signal sequence) 

TCCCCAGCATGCCTGCTATTGTC 

 

Linear expression cassettes were transfected into 80-90% confluent 293T cells 

grown in 12- well tissue culture plates (1µg of each cassette per well) using Polyfect 

transfection reagent (Qiagen), following the manufacturer protocol. Plasmids encoding 

the 25F heavy and light chain genes was transfected under the same conditions to act as 

a positive control. Transfection supernatants were screened for expressed IgG quantities 

and for antigen reactivity using ELISA and binding antibody multiplex assays (BAMA) 

(Liao et al., 2009). The initial screen was used to identify antibodies with relatively high 

affinity.  

Select antibodies were produced in bulk 2-4L cultures by transient transfection of 

Freestyle 293-F cells (Life Technologies; Grand Island, NY) , which are a derivative of 

293T cells that are capable of growing in suspension. For mAbs of interest, the VHDHJH 

and VLJL sequences as determined by single cell PCR were de novo synthesized and 

cloned into pcDNA3.1 plasmids by GenScript (Piscataway, NJ). Transfections were 
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completed using 1mg of each Ig heavy- and light-chain gene plasmid and 2.25mg 

Polyethylenime (Polysciences Inc.; Warrington, PA) per 1L transfection. Supernatants 

were harvested after 4-5 days of incubation, concentrated using Masterflex and 

EasyLoadII pumphead (Cole Parmer; Vernon Hills, IL) and Vivaflow 50 30K MWCO 

concentration cassettes (Sartorius Stedim, US). Concentrated supernatants were then 

column purified using 2.5mL slurry of protein A beads (Pierce; Neward, DE) per 1L of 

transfection and further concentrated after purification using Vivaspin Turbo 15 10K 

MWCO conical tubes (Fisher, US). Antibody concentration was determined by 

Nanodrop (Thermo Scientific; Waltham, MA).  

In Chapter 3, antibodies isolated from terminal ileum plasma cells or memory B 

cells, or blood plasma cells with an ELISA reading three times above background and an 

OD of greater than OD 0.130, or a mean fluorescence intensity (MFI) of three times or 

greater above background and an MFI of 20 for HIV-1 antigens, in addition to a random 

selection of non-HIV-1 reactive mAbs were produced on a large scale and purified to 

confirm antibody reactivity in replicate.  In Chapter 4, only a small subset of HIV-1 

reactive monoclonal mAbs as determined by the criteria described above were selected 

for production and further analysis. Andrew Foulger and Lee Jeffries contributed to the 

small scale and large scale expression of mAbs, respectively. 
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2.7 Preparation of intestinal anaerobic and aerobic commensal 
bacteria lysates 

Two separate preparations of bacteria were inoculated from stool specimens 

from 4-5 uninfected individuals and grown on brucella agar plates with hemin and 

vitamin K under anaerobic condition on TSA II, 5% SB agar plates under aerobic 

conditions at 30˚C. For each preparation the individual stool samples were pooled, but 

aerobic and anaerobic extracts were prepared separately. Aerobic and anaerobic bacteria 

cultures were harvested by adding 5mL PBS to the plates and then scraped with a cell 

scraper (Thermo Fisher Scientific), and rinsed with an additional 5mL PBS. The 

harvested bacteria was then treated with 100 µl of bacterial protease inhibitor cocktail 

(Sigma-Aldrich), and then sonicated with a Misonix 3000 Sonicator at maximum voltage 

for 15-s pulses, followed by 15-s rests on ice for 3 min. After sonication, 1.5g of acid-

washed glass beads (Sigma- Aldrich) were added to the extract. The extracts were 

vortexed for 1 min at maximum setting and then chilled for 1 min on ice. This process 

was repeated four times for a total of five vortex-chill cycles. The resulting extracts were 

spun for 20 min at 3,000 g. The supernatants were harvested and measured for protein 

concentration by Nanodrop. Samples were aliquoted and frozen at -80 ˚C until they 

were used. Preparation of commensal bacteria whole cell lysates was done in 

collaboration with Tony Moody, Mark Drinker, and Josh Eudailey. 
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2.8 Assays for antibody reactivity. 

Recombinant mAb expressed in small-scale and large-scale transfections were 

assayed for antibody reactivity to HIV-1 antigens and a panel of non-HIV-1 antigens.  

2.8.1 Direct Binding ELISA 

Antibodies produced in large scale and protein A purified were titrated in 

duplicate or triplicate at concentrations ranging from 100µg/mL to 0.046 µg/mL at 

threefold dilutions for ELISA assays. Positivity cutoffs for reactivity were set at threefold 

above background and an OD of 0.130 at 100 µg/mL.  

Three hundred eighty-four well high-binding plates (Costar 37000) are coated 

with 30ng antigen diluted to 2 µg/mL in 0.1M sodium bicarbonate overnight at 4°C or at 

room temperature for 2 hours. Plates were washed with SuperWash (1X PBS {ScyTek 

Laboratories} + 0.1% Tween20 {Sigma}). Wells were blocked with SuperBlock with 

Sodium Azide (1X, 0.15% Gibco goat serum {Invitrogen}, 0.005% Tween20, 4.0% w/v 

whey protein {Bipro USA}, 0.05% Sodium Azide {Sigma}) overnight at 4°C or for 1hr at 

RT. Antibodies diluted in SuperBlock were incubated for 1-1.5hrs at RT. After washing 

2x with SuperWash (1X PBS+ 0.1%Tween20) to remove unbound mAb, horseradish 

peroxidase (HRP) conjugated secondary antibody diluted in SuperBlock without 

Sodium Azide was added and incubated for 1 hour at RT. Plates were washed 4X with 

SuperWash and then incubated for 15 min at RT with SureBlue Reserve TMB Microwell 
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Peroxidase Substrate (Kirkegaard & Perry Laboratories, Inc.; Gaithersburg, MD). 

Reaction was stopped with 0.33 N HCL and plates were read at 450nm. 

HIV-1 antigens for ELISA assays included HIV-1 MN recombinant gp41 

(Immunodiagnostics), gp41 5-helix bundle protein (a gift from Michael Root, Thomas 

Jefferson University) (Luftig et al., 2006). HIV-1 group M consensus gp120 (Liao et al., 

2006; ), 040 gp140 (Bar et al., 2012; Liao et al., 2013), gp120 CON-6 (Gao et al., 2005), AT 

2-inactivated HIV-1 ADA virions (Rossio et al., 1998) (a gift from J. Lifson, National 

Cancer Institute, Frederick, MD), the Env peptides immunodominant region peptide 

sp400 (RVLAVERYLRD-QQLLGIWGCSG-KLICTTAVPWN-ASWSNKSLNK), gp41 

MPER region peptide SP62 (QQEKNEQELLELDKWASLWN).  

The apparent affinity of HIV-1 reactive antibodies was calculated in molar 

concentration from EC50 values using a four parametric sigmoid curve fitting analysis.  

Antibodies were titrated by three-fold dilutions at concentrations ranging from 

100µg/mL to 0.046 µg/mL titrations. Antibodies were considered to have high affinity if 

the EC50 was less than <1µg/mL, mid-range affinity if the EC50 ranged between 1-

50µg/mL and low affinity if the EC50 was >50µg/mL. ELISA assays were completed in 

collaboration with Rob Parks, Krissey Lloyd, and Christina Stolarchuck. 
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2.8.2 Binding Antibody Multiplex Assays (BAMA) 

As previously described (Tomaras et al., 2008b), carboxylated fluorescent beads 

(Luminex Corp, Austin, TX) were covalently coupled to 25ug of the antigens listed 

below and incubated with mAbs neat from small-scale transfections or purified mAbs 

starting at a concentration of 100µg/mL in assay diluent (PBS+1% milk+ 5% normal goat 

serum+ 0.05% Tween). Antigen specific binding was detected with biotin labeled mouse 

anti-human IgG (Southern Biotech; Birmingham, AL) and Streptavidin (BD Pharmigen).  

The beads were washed with PBS+ 1% BSA+ 0.05% Tween +0.05% Na Azide and 

acquired on a Bio-Plex instrument (Bio-Rad, Hercules, CA). HIV+ serum titration, mAb 

2F5, and 7B2 were used as positive controls. Negative control serum, and blank wells 

were used as negative controls. All assays were run under conditions compliant with 

Good Clinical Laboratory Practice, including tracking of positive controls by Levy-

Jennings charts. 

Antigens for binding antibody multiplex assays included HIV-1 MN 

recombinant gp41 (Immunodiagnostics), HIV-1 group M consensus gp120 (Liao et al., 

2006), 040 gp140 (Bar et al., 2012), gp120 CON-6 (Gao et al., 2005), HIV-1 reverse 

transcriptase, p66 (Worthington Biochemical), HIV-1 gag, p55 (Protein Sciences), Non-

HIV-1 antigens Hepatitis E2 (Immunodiagnostics), E.coli RNA polymerase (Sigma, St. 

Louis, MO), tetanus toxoid (EMD Millipore, Darmstadt, Germany), and whole-cell 
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lysates of anaerobic and aerobic intestinal commensal bacterial extracts (Kawatsu et al., 

2008; Liao et al., 2011). Whole cell lysates of anaerobic and aerobic commensal bacteria, 

respectively, from stool cultures pooled from multiple (4-5) individuals were tested 

(Liao et al., 2011) . 

Due to limited supply of commensal bacteria WCL from each preparation, we 

used BAMA to determine commensal bacteria reactivity for non-HIV-1 reactive terminal 

ileum antibodies and HIV-1 reactive blood antibodies. We utilized an operational 

definition of aerobic and anaerobic commensal bacteria reactivity by taking the average 

plus 3*STDEV and at least 100 MFI of the lowest tertile of antibodies that we tested. 

Antibodies were screened in duplicate for reactivity at 100µg/mL and antibodies with 

positive reactivity were titrated by twofold dilutions ranging from 100µg to 

3.1µg/mL. BAMA assays were completed in collaboration with Georgia Tomaras. 

2.8.3 Western blot analysis of commensal bacteria  

100 µg of both aerobic and anaerobic lysates were run on 4-12% Tris-Bis SDS-

PAGE (Life Technologies, Carlesbad, CA) for 1 hour 29 min at 150 volts in both reduced 

and non-reduced conditions. NuPage sample reducing agent at 1X was used for 

reducing conditions (Life Technologies, Carlsbad, CA). Antigens were transferred to 

nitrocellulose using Life Technologies iBlot Gel Transfer system (Carlesbad, CA). 

Antibody binding was tested at 20 µg/ml for all antibodies and the anti-Human IgG 
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(whole molecule)-Alkaline Phosphatase, antibody produced in goat (Sigma, St. Louis, 

MO) was used at a 1:5000 dilution.  Detection occurred directly on the nitrocellulose 

using Western Blue (Promega, Madison, WI). 

2.8.4 Surface Plasmon Resonance 

To confirm the reactivity to gp41 of the antibodies isolated from the terminal 

ileum of uninfected individuals SPR binding assays were performed on a BIAcore 3000 

(GE Healthcare) maintained at 25˚C. Recombinant catalase (GE Healthcare) and HIV-1 

gp41 MN (Immunodiagnostics) were immobilized on a CM5 sensor chip by standard 

amine coupling, as previously described (Alam et al., 2009; 2008). 

To determine the reactivity of terminal ileum HIV-1-reactive mAbs to anaerobic 

intestinal commensal bacteria, SPR binding assays were performed on a Biacore 4000 

(BIAcore, Inc.). HIV-1 reactive mAbs were immobilized on CM5 sensor chips by 

standard amine coupling and reactivity was determined by double reference 

subtraction. Response generated by nonspecific binding of anaerobic commensal 

bacteria WCL to control antibody palivizumab (anti-RSV IgG1 mAb) (Johnson et al., 

1997)  was subtracted from signal generated by antigen binding to HIV-1-reactive mAbs. 

The positivity cutoff was calculated as three times the response generated by antigen 

binding to a second negative control antibody Ab1248 (anti-Influenza/ Hemagglutinin). 

Rate constants were measured using 1:1 Langmuir equation. Glycine-HCL pH2.0 was 



 

51 

 

used as the regeneration buffer. The commensal bacteria whole cell lysate is 

heterogeneous and individual proteins are in unknown concentrations, so accurate on-

rates (ka) could not be calculated and thus apparent affinity (Kd) to commensal bacteria 

antigens also could not be calculated.  The off-rate (kd) measures the fraction of antigen 

removed from the antibody over time during the wash step and is independent of 

antigen concentration, which allowed us to calculate the log relative avidity score 

(response unit/ kd). The log avidity score provides a method for comparing the 

qualitative differences in antibody binding to WCL antigens and an estimate relative 

affinity of the antibodies (greater or lower affinity) without an apparent affinity 

calculation. (Lynch et al. 2014; Bonsignori et al., 2012; Flynn et al., 2011; Haynes et al., 

2012a; Moody et al., 2012). 

To determine the affinity of mature mAbs and their respective UCAs to 

autoglogous Env, 040 gp140 (Bar et al., 2012), from individual 004-0 and MN gp41, SPR 

binding titrations were performed using a BIAcore 3000 maintained at 25˚C. Antibodies 

were captured on a CM5 sensor chip coupled with anti-human Fc antibody. Rate 

constants were measured using global curve fitting to binding curves obtained from Env 

titrations.  SPR experiments were completed in collaboration with S. Munir Alam, 

Frederick Jaeger, Shelley Stewart, and Kara Anasti. 
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2.8.5 Antibody Blocking Assays (Competitive Inhibition) 

Antibody blocking assays were performed with CH82_UCA, CH82, CH133, PG9, 

PG16, PGT121, PGT125, PGT128 and 2G12. Three hundred eight-four- well ELISA plates 

(Costar #3700) were coated with CAP206 month 0 T/F gp140 overnight at 4°C and 

blocked with assay diluent (PBS containing 4% (weight/volume) whey protein/ 15% 

Normal Goat Serum/ 0.5% Tween20/ 0.05% Sodium Azide) for 1 hour at RT.  10 ul of 

mAbs CH82_UCA, CH82, CH133, PG9, PG16, PGT121, PGT125, PGT128 and 2G12, 

starting at 100µg/mL and diluted two-fold, were incubated in triplicate wells.  10µl 

biotinylated mAb CH82 was added at (0.1µg/mL), the EC50 determined by a direct 

binding of biotinylated-CH82, for one hour at RT.  Biotin-CH82 binding was detected 

with streptavidin-HRP (Thermo Scientific; Waltham, MA) at 1:30,000 (1 hour RT) 

followed by SureBlue Reserve TMB Microwell Peroxidase Substrate (Kirkegaard & Perry 

Laboratories, Inc.; Gaithersburg, MD).  Reaction was stopped with 0.33 N HCL and 

plates were read at 450nm.  After background subtractions, percent inhibition was 

calculated as follows: 100-(mAb triplicate mean/no inhibition control mean)*100. 

2.8.6 AtheNA- Multi-Lyte ANA II Assay 

The clinical assay AtheNA Multi-Lyte ANA Test (Wampole Laboratories, 

Princeton, NJ) was used to test mAb autoreactivity and polyreactivity to SSA, SSB, SM, 

RNP, Scl-70, Jo-1, centromere B, histones, and double stranded (ds) DNA. Antibodies 
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were tested at a starting concentration of 50 µg/mL and diluted 2-fold 3 times. Ten ul of 

each concentration incubated with the fluorescent beads and the assays were performed 

per manufacturer’s specifications. Mean fluorescence intensity (MFI) of 125 at 100or 

greater was considered positive binding (Haynes et al., 2005). 

2.8.7 HEp-2 ANA Immunofluoresence 

Indirect immunofluorescence binding of mAbs to HEp-2 cells (Inverness Medical 

Professional Diagnostics, Princeton, NJ) was performed as described previously (Haynes 

et al., 2005). Briefly, 20 µl of each mAb at 50µg/ml and 25 µg/ml was placed on a 

predetermined spot on the surface of an ANA HEp-2 kit slide, incubated at room 

temperature, washed, and developed with FITC-conjugated goat anti-human IgG (Zeus 

Scientific, Raritan N.J). 2F5 was used as a positive control and 17B was used as a 

negative control (Haynes et al., 2005) . Incubations were performed in humid chambers 

in the dark. Slides were washed and dried; a drop of 33% glycerol was placed on each 

spot prior to the fixing of coverslips. Slides were photographed on a Nikon Optiphot 

fluorescence microscope.   

2.9 Site-directed mutagenesis: 

Specific amino acid changes to HIV-1 envelopes were introduced using 

QuikChange Site-Directed Mutagenesis Kit and Quik Change Lightning Site-Directed 

Mutagenesis Kit (Aligent Technologies; Santa Clara, CA). Mutations were confirmed by 
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sequence analysis. Site-directed mutagenesis experiments were completed in 

collaboration with Todd Bradley. 

2.10 Expression of CAP206 autologous envelopes 

CAP206 autologous transmitted/ founder Env and 6 additional envs from the 

first 30 months of infection were obtained from serial plasma samples by single genome 

amplification (Keele et al., 2008), codon optimized (André et al., 1998) and de novo 

synthesized (GeneScript) as gp140 or gp120, and cloned into pcDNA3.1/hygromycin 

(Invitrogen). Recombinant Env glycoproteins were produced in 293F cells in serum-free 

media transfected with HIV-1 gp140 or gp120 expressing pcDNA3.1 plasmids, purified 

from the supernatant of transfected 293F cells using Galanthus nivialis lectin-agarose 

(Vector Labs) column chromatography, and stored at -80°C.    

2.11 Native deglycosylation of CAP206 gp140 envelopes 

Native deglycosylation of envelope proteins was completed under non-

denaturing conditions as previously reported (Ma et al., 2011). The CAP206 gp140 

envelopes were incubated with 500units (U)/µg of Env gp140 Peptide- N-glycosidase F 

(PNGase F) (New England Biolabs; Beverly, MA) at 37°C for 24 hrs and then stopped by 

putting the sample on ice. Envelopes were QC’d by SDS-PAGE.  
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2.12 High-throughput DNA sequencing of Ig VHDHJH gene 
segments 

Using the QIAamp DNA mini kit, genomic DNA samples were isolated from 

aliquots of PBMCs of subjects from 004-0, 071-8 and CAP206. As described by Boyd et al. 

(2009), heavy chain V gene segment family specific primers and a consensus J segment 

primer were multiplexed and used to amplify the rearranged VHDHJH Ig heavy chain 

sequences. Six barcoded V(D)J libraries from independent aliquots of DNA template 

from each sample were amplified, pooled and sequenced using the 454 platform with 

Titanium chemistry (Roche)(Boyd et al., 2009). Unique sequence IDs were assigned 

through the sequencing process and further annotated with patient ID, sample collection 

date, sequence run ID, and global ID of the specimen used. Pyrosequencing experiments 

were completed in collaboration with Scott Boyd. 

2.13 Identification of Clone Members and Inference of 
Unmutated Common Ancestors  

Clonal relatedness of B cells refers to two or more B cells that share a common 

ancestral B cells and clonally related Ig genes share a common ancestral Ig gene. B cells 

can be clonally related with unrelated Ig genes if an ancestral B cell underwent receptor 

replacement. Clonally related Ig genes share a common rearrangement, however can 

have a similar rearrangement without being related. Three similar yet distinct methods 

have been used in combination to identify clonally related Ig sequences within single 
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cell PCR VHDHJH and VLJL sequence and VHDHJH pyrosequence datasets.  1.) Determine if 

two Ig sequences are clonally related. 2.) Given a single Ig sequence, typically from 

single cell PCR, and an additional set of Ig sequences, typically from pyrosequencing, 

from the same individual, determine if any sequences within the set are related to the Ig 

sequence of interest.  3.) Assign all sequences from a given set of sequences into clones.  

Because Ig gene development involves rearrangement of V,D and J gene segments for 

heavy chains and V and J gene segments for light chains, and evolution by somatic 

hypermutations, both stochastic processes were taken into account when determining Ig 

gene clonal relationships.  Two sequence analysis programs, ARPP and Cloanalyst, 

written by Tom Kepler have been used for this analysis.  The programs use the VH and JH  

gene segment calls and HCDR3 length and sequence for the sequence of interest and 

within the larger set of Ig sequences to identify clonal lineage members.   

After a potential clone was identified by methods described above, the rearrangement 

parameters for each sequence within a clone were identified. The following examples 

will only include VHDHJH, however in cases where potential clones contained natural 

VHDHJH and VLJL sequence pairs isolated by single cell PCR methods, analysis of Ig genes 

for both heavy and light chains was completed. Rearrangement parameters include the 

gene segments used, VH, DH, and JH, the recombination points, RV, RD1, RD2, and RJ, and 

n-nucleotide sequences between VH and DH, NVD, and between DH and JH, NDJ  (Figure 3).  
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Cloanalyst provides an alignment of each sequence within a potential clone to the 

maximum likelihood parameter indicating the most likely VH, DH, and JH gene segments 

and recombination points. When the maximum likelihood parameter provided by 

Cloanlyast is not identical for all potentially related sequences, we are required to 

determine if an alternative parameter set (e.g. additional n-nucleotides or mutations), is 

likely when analyzing the sequences of all potentially related sequences. The higher the 

mutation frequency throughout the VH and JH gene segments in total, the more 

mutations between HCDR3s are allowed. Common mutations, mutation frequency 

throughout the VH, and JH gene segments, and potential allele differences are taken into 

consideration when assigning sequences to a clone or rejecting sequences from a clone. 

The method used for inference of unobserved, unmutated common ancestors is 

described (Kepler, 2013; Liao et al., 2013). 

 



 

 

Figure 3: Immunoglobulin heavy chain rearrangement parameters
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to trypsin and chymotrypsin digestion and protein identification performed by LC-

MS/MS. These experiments were completed in collaboration with S. Munir Alam and 

Frederick Jaeger.  

2.15 IgG VH1-69 copy number assay 

Genomic DNA (gDNA) was digested with Xbal (New England Biolabs) and 

BamHI (Promega) before being heated at 65˚C for 20 minutes to inactivate the enzymes 

75ng of digested gDNA was added to the Bio-Rad 2x ddPCR supermix with Taqman 

probes and primers at full concentrations of 100nM and 500nM respectively. Samples 

were converted into droplets before being amplified by PCR with the following cycling 

conditions: 95 ˚C for 10 minutes followed by 40 cycles of 94˚C for 30 seconds and 60˚C 

for 1 minute with a final extension at 98˚C for 10 minutes.  Positive droplets were 

counted and the number of VH1-69 droplets was compared to the number of positive 

droplets produced by the amplification of a control gene, ribonuclease P protein (RPP30) 

(Hindson et al., 2011) that has two copies per diploid genome. Experiments were run 

twice in triplicate. These experiments were done in collaboration with Lynn Morris. 

VH1-69 Forward primers: CCCTATCYTTGGTAYAGCAAACTACG 

VH1-69 Reverse primer: GGATGTGGGTTTTCACACTGTG 

VH1-69 Probe:  AATCCACGAGCACAGCCTACATGGA 
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2.16 Neutralization Assays 

Neutralizing antibodies were measured as a function of reductions in luciferase 

(Luc) reporter gene expression after a single round of infection in TZM-bl cells (Li et al., 

2005; Montefiori, 2009) in collaboration with Shi-Mao Xia and David Montefiori. TZM-bl 

cells (also called JC57BL-13) were obtained from the NIH AIDS Research and Reference 

Reagent Program, as contributed by John Kappes and Xiaoyun Wu. This is a HeLa cell 

clone that was engineered to express CD4 and CCR5 (Platt et al., 1998) and to contain 

integrated reporter genes for firefly luciferase and E. coli beta-galactosidase under 

control of an HIV-1 LTR (Scheid et al., 2009b; Wei et al., 2002). Briefly, a pre-titrated dose 

of virus was incubated with serial 3-fold dilutions of test sample in duplicate in a total 

volume of 150 µl for 1 hr at 37oC in 96-well flat-bottom culture plates. Freshly 

trypsinized cells (10,000 cells in 100 µl of growth medium containing 75 µg/ml DEAE 

dextran) were added to each well.  One set of control wells received cells + virus (virus 

control) and another set received cells only (background control). After 48 hours of 

incubation, 100 µl of cells was transferred to a 96-well black solid plate (Costar) for 

measurements of luminescence using the Britelite Luminescence Reporter Gene Assay 

System (PerkinElmer Life Sciences).  Neutralization titers are the dilution (serum/plasma 

samples) or concentration (mAbs) at which relative luminescence units (RLU) were 

reduced by 50% compared to virus control wells after subtraction of background RLUs. 
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Assay stocks of molecularly cloned Env-pseudotyped viruses were prepared by 

transfection in 293T/17 cells (American Type Culture Collection) and titrated in TZM-bl 

cells as described (Li et al., 2005;  Montefiori, 2009). Additional information on the assay 

and all supporting protocols may be found at: http://www.hiv.lanl.gov/content/nab-

reference-strains/html/home.htm. 

2.17 Statistical Analysis 

All analysis datasets were compiled and completed with SAS v9.2 (SAS Institute 

Inc., Cary, NC). To compare VH mutation frequency and HCDR3 lengths, a Mixed Model 

was performed to account for multiple observations taken from individual patients. 

2.18 Quantitative Image Analysis 

Quantitative image analysis was performed on terminal ileum tissue B cells and 

blood vessels as described (Levesque et al., 2009). Formalin fixed terminal ileum biopsies 

were cut into 5µm thick sections and stained using a mouse anti-CD20 monoclonal 

antibody (Dako; Carpinteria, CA) and secondarily stained with horseradish peroxidase 

labeled anti-mouse IgG and developed with 3,3-diaminobenzidine in the presence of 

hydrogen peroxide. The area in cubic millimeters of a 40x fields was evaluated using a 

Nikon D5-Fi1 camera and the NIS Elements 3 program. One- six 40x fields were 

photographed per biopsy and the average number of CD20+ cells per field was 
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calculated and were determined to be located within the terminal ileum tissue or within 

blood vessels.  The number of cells/mm3 was calculated by the equation: 

 

Cells/ mm3 =   Average # CD20+ cells

 

0.005 mm (the thickness of the tissue) x 0.0719mm2 (the area of the 40x field) 
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3. Origin of HIV-1 envelope gp41 antibodies from 
terminal ileum B cells that share cross-reactivity with 
commensal bacteria 

The plasma cell and memory B cell pools in intestine contain a normal subset of 

B cells reactive with intestinal commensal bacteria (Benckert et al., 2011). In acute HIV-1 

infection (AHI), virus replication is prominent in the gastrointestinal tract with early 

depletion of CD4+ T cells (Veazey et al., 1998; 2001; Brenchley et al., 2004; Guadalupe et 

al., 2003) as well as early destruction of B cell germinal centers (Levesque et al., 2009). 

Initial plasma (Tomaras et al., 2008a) and mucosal fluid (Yates et al., 2013) antibody 

response in AHI is targeted to HIV-1 Env gp41. The AHI gp41 antibody response is non-

neutralizing and does not select viral escape mutants (Tomaras et al., 2008a). Rather it is 

the initial autologous gp120 neutralizing antibody response that is the first Env antibody 

shown to select viral escape mutants (Moore et al., 2009; Richman et al., 2003; Wei et al., 

2003). 

Recombinant monoclonal antibodies (mAbs) isolated from blood plasmablasts 

and/or plasma cells (hereafter termed plasma cells) of individuals with AHI were 

predominantly targeted to Env gp41, and were polyreactive with both host and 

environmental antigens including commensal bacteria (Liao et al., 2011). These 

observations raised the hypothesis that a component of the peripheral blood HIV-1 Env 
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gp41 response in blood originates from polyreactive memory B cells activated prior to 

transmission by environmental antigens (Liao et al., 2011). 

     Here we have used single B cell sorting and recombinant antibody technology 

to probe the plasma cell and memory B cell repertoire of the terminal ileum in early and 

chronic HIV-1 infection. We found that the terminal ileum plasma cell and memory B 

cell repertoire was comprised of predominantly non-HIV-1 reactive antibodies, which 

were likely polyclonally activated by the cytokine storm that occurs after infection 

(Stacey et al., 2009). The dominant early HIV-1 B cell response in the terminal ileum was 

targeted to Env gp41. Remarkably, 82% of HIV-1 gp41-reactive terminal ileum 

antibodies cross-reacted with intestinal commensal bacterial antigens, and mutated 

antibodies cross-reactive with Env gp41 and intestinal commensal bacteria were isolated 

from HIV-1 uninfected individuals. These data demonstrated that gp41-commensal 

bacterial antigen cross-reactive antibodies can originate in intestine, and provide 

evidence that the gp41 Env response in HIV-1 infection can be derived from a pre-

infection memory B cell pool triggered by commensal bacteria that cross-reacts with 

Env.  

3.1 Patient Samples 

Terminal ileum, blood, and bone marrow samples were collected from 6 EHI 

individuals 47 to 200 days after transmission, 10 CHI individuals greater than 200 days 
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after transmission as estimated from patient history and Fiebig classification (Fiebig et 

al., 2003) and 3 HIV-1 uninfected individuals (Table 11). All individuals studied were 

from the United States and infected with clade B viruses. Table 11 shows the clinical 

characteristics of the individuals studied. All word related to human subjects was with 

the trial participant’s informed consent and in compliance with Institutional Review 

Board protocols approved by Duke University Medical Center and the University of 

North Carolina Medical Center. 
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Table 11: Clinical data for 12 HIV-1 Infected and 3 uninfected individuals 

Patient ID Age (gender) 

Estimated 
Days Since 
Infectiona Time on ART 

Viral Load 
copes/ml 

CD4 count 
cells/ul 

019-2 18 (M) 47 n/ac 24,545 973 
052-2 19 (M) 141 n/ac 4,888 n/ad 
036-0 24 (M) 105 79 days 974 1102 
037-1 21 (M) 180-200 65 days 187 980 
049-7 47 (M) 100 31 days 142 386 
042-8 32 (M) 180-200 7 days 253,751 457 
038-7 23 (M) Chronicb 786 days <50 919 
004-0 59 (M) Chronicb 0c 16,800 957 
071-8 21 (M) Chronicb 3 years <40 528 
078-2 31 (M) Chronicb n/ac 4,628 608 
067-8 21 (M) Chronicb n/ac 26,376 607 
072-3 29 (M) Chronicb n/ac 7,780 915 
076-4 20 (M) Chronicb n/ac 6,988 669 
034-6 25 (M) Uninfected n/ac n/ad n/ad 
045-0 34 (M) Uninfected n/ac n/ad n/ad 
040-6 49 (F) Uninfected n/ac n/ad n/ad 

a Days since infection was determined by clinical information of exposure, onset of AHI symptoms 
or Fiebig stage at enrollment. 
b Chronic represents infection time greater than 200 days. Subject 004-0 was infected for 1198 
days at the time of terminal ileum biopsy, but accurate time of transmission could not be 
determined for other chronically infected subjects. 
c n/a= not applicable. Subjects were not on retroviral therapy at the time of terminal ileum biopsy. 
d n/a= not applicable 

 

3.2 Results 

3.2.1 HIV-1 gp41 reactive antibodies in terminal ileum in early and 
chronic HIV-1 infection individuals. 

We investigated the plasma cell response to HIV-1 infection within the terminal 

ileum of 6 early HIV-1 infection (EHI) individuals (Table 11). We expressed 114 mAbs 

from plasma cells and 140 mAbs from memory B cells recovered from terminal ileum. Of 

the 254 total mAbs isolated from EHI individuals, only 5 (2.0%) reacted with gp41 and 

none (0.0%) with gp120 (Figure 4 and Table 12). HIV-1-reactive mAbs primarily utilized 
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heavy chain variable gene segments from VH family 3. VH mutation frequencies ranged 

from 0.0% to 10.4%, and HCDR3 lengths ranged from 11 to 25 amino acids. There were 

no statistical differences between the mean VH mutation frequencies and HCDR3 lengths 

of the HIV-1 reactive antibodies compared to non HIV-1 reactive antibodies isolated 

from terminal ileum plasma cells from EHI individuals (Figure 4B-C). All recombinant 

HIV-1 mAbs were expressed with an IgG1 backbone; their original isotypes were IgA1, 

IgA2 and IgG3 (Table 12). IgA2 and IgG3 only made up 6.7% and 5.1% of total terminal 

ileum mAbs isolated from EHI, respectively (Table 13). Four of the 5 gp41-reactive mAbs 

were low affinity with EC50s of >100µg/mL. DH300 had the highest apparent affinity 

with an EC50 of only >25µg/mL (Figure 4 and Table 12). With a VH mutation frequency of 

10.4%, the heavy chain of DH300 was also the most mutated of the EHI terminal ileum 

HIV-1-reactive mAbs isolated (Table 12). These HIV-1-reactive mAbs were tested for 

neutralization against the easy-to-neutralize (tier 1) viruses, ADA, MN, and SF162 and 

the difficult-to-neutralize virus (tier 2) DU156 and all were non-neutralizing when 

assayed in the TZM-bl pseudovirus infection assay. Thus, the plasma cell and memory B 

cell response in EHI was polyclonal, and the HIV-1-reactive mAbs were targeted to Env 

gp41 and were non-neutralizing.  
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Figure 4: Characteristics of antibodies isolated from terminal ileum plasma 

cells and memory B cells of EHI Individuals 

(A) The total number of mAbs generated from wells with one VHDHJH and one VLJL gene 

isolated is indicated in the center of the pie chart. The percentage of mAbs binding to 

gp41, gp120, p24 and non-HIV-1 antigens are indicated by colors. (B) Frequency of 

somatic mutations in VH gene segments of HIV-1-reactive antibodies compared to non-

HIV-1-reactive or non-defined mAbs from terminal ileum plasma cells and memory B 

cells of 6 EHI individuals. p>0.185 (C) The HCDR3 lengths of HIV-1-reactive mAbs 

compared to non-HIV-1-reactive or non-defined antibodies isolated from terminal ileum 

B cells, with plasma cells and memory B cells pooled. p> 0.104 (D) Six recombinant 

mAbs (DH300, DH301, DH302, DH303, DH304, and DH305) in threefold dilutions 

ranging from 100 to 0.05 µg/ml (X Axis) were evaluated for reactivity with HIV-1 rgp41, 

SP62= 2F5 MPER gp41 epitope peptide (QQEKNEQELLELDKWASLWN) and sp400= 

gp41 immunodominant peptide (RVLAVERYLRDQQLLGIWGCSGKLICTTAVPWN-

ASWSNKSLNK) by ELISA. Positive control for gp41 and sp62= 2F5, for sp400=7B2, and 

the negative control for all antigens = Synagis 
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Table 12: HIV-1 reactive antibodies isolated from terminal ileum plasma cells and memory B cells of early HIV-1 

infection individuals 

     VHDHJH  VLJL 

PTID Cell Type Ab ID HIV-1 

Reactivity 

HIV-1 Reactivity 

EC50b 

Isotype Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

    
µg/mL 

  
% aa  % aa 

042-8 Plasma Cell DH300a gp41 >25 G3 1~3 10.4 14 K3~20 4.2 9 

042-8 Plasma Cell DH301 gp41 >100 A1 3~15 1.8 16 K3~20 0.0 9 

042-8 Memory B Cell DH302 gp41 >100 A2 3~15 7.8 11 K2~24 4.4 9 

049-7 Memory B Cell DH303 gp41 >100 A1 3~30 6.7 19 K3~20 6.6 9 

049-7 Memory B Cell DH304 gp41 >100 A1 3~23 6.0 14 K1~9 5.0 9 

052-2 Plasma Cell DH305 gp41 >100 G3 3~7 0.0 25  K1~39 0.0 10 

a Antibody expressed by VH and VL  genes isolated from a well where two VL genes were identified. These antibodies are not included in any statistical 

analysis.  

b
An estimate of the

 
EC50 was calculated by a titration of antibody binding in ELISA assays. 100 µg/mL was the highest concentration tested. 
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Table 13: Isotypes of antibodies isolated from memory B cells and plasma cells 

of EHI, CHI and uninfected individuals 

 

We next characterize the plasma cell response in the terminal ileum of 3 

chronically HIV-1 infected (CHI) individuals, 038-7, 004-0, and 071-8 (Table 11). From 

these individuals, we expressed 157 mAbs from terminal ileum plasma cells; 14 (8.8% of 

these mAbs reacted with HIV-1 antigens, 9 (5.7%) with Env gp41, 4 (2.5%) with HIV-1 

capsid protein (p24), and 1 (0.6%) with Env gp120 (Figure 5 and Table 14). Similar to the 

gp41 antibodies from EHI individuals, the HIV-1-reactive mAbs isolated from CHI 

individual 071-8 predominantly used VH family 3 gene segments; mutation frequencies 

ranged from 1.3% - 7.0%, and the majority of the original mAbs were of IgA isotype 

(Table 14). In contrast, 8 of the 9 (89%) HIV-1-reactive mAbs from plasma cells of CHI 

 EHI CHI Uninfected 

Ig Isotype 

and Class N % N % N % 

IgM 111 43.7% 12 7.6% 54 54.5% 

IgD 1 0.4% 0 0.0% 0 0.0% 

IgA1 91 35.8% 98 62.0% 33 33.3% 

IgA2 17 6.7% 6 3.8% 3 3.0% 

IgG1 20 7.9% 32 20.3% 3 3.0% 

IgG2 0 0.0% 0 0.0% 0 0.0% 

IgG3 13 5.1% 10 6.3% 6 6.1% 

IgG4 1 0.4% 0 0.0% 0 0.0% 

Total 254  158  99  
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individual 004-0 used VH1-69; all these VH1-69 antibodies were originally IgG1 (Table 

14). Both individuals, 071-8 and 004-0, have 3 genomic copies of VH1-69 as determined 

by digital PCR (Table 15). The number of B cells utilizing the gene segment VH1-69 has 

been reported to be proportional to the gene copy number of certain VH1-69 alleles 

(Sasso et al., 1996). However, this was not seen at the terminal ileum single B cell level in 

our study, where both 071-8 and 004-0 had three genomic copies of VH1-69, yet 004-0 

predominately used VH1-69 to respond HIV-1 infection (Table 14).  

The VH mutation frequencies of antibodies isolated from individual 004-0 ranged 

from 3.3% to 11.9%, and HCDR3 lengths ranged from 12 to 23 amino acids (Table 14). 

There were no statistical differences between mean VH mutation frequencies and 

HCDR3 lengths of HIV-1-reactive mAbs compared to non-HIV-1- reactive mAbs 

isolated from terminal ileum plasma cells from CHI individuals (Figure 5B-C). The 

estimated EC50s for gp41 binding of these antibodies ranged from <0.1µg/ml to 

>100µg/ml (Table 14). DH306 and DH309 had high apparent affinities to gp41 (EC50s of 

<0.1µg/ml). DH310, DH311, DH312, and DH314 had high affinities to Gag p24 (EC50s of 

<1µg/ml to <0.1µg/ml) (Figure 5D and Table 14). These HIV-1-reactive mAbs were also 

tested for neutralization against viruses, ADA, MN, SF162, and DU156 in TZM-bl assays 

and were non-neutralizing.  
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Figure 5: Characteristics of antibodies isolated from terminal ileum plasma cells of 

CHI individuals 

(A) The total number of mAbs generated is indicated in the center of the pie chart. The 

percentage of mAbs binding to gp41, gp120, p24 and non-HIV-1/ non-defined antigens 

are indicated by colors. (B) Frequency of somatic mutations in VH gene segments of HIV-

1-reactive antibodies compared to non-HIV-1 or non-defined reactive antibodies from 

terminal ileum plasma cells and memory B cells of 3 CHI subjects. p> 0.199 (C) The 

HCDR3 lengths of HIV-1 reactive antibodies compared to non-HIV-1 or non-defined 

reactive antibodies isolated from terminal plasma cells of 3 CHI individuals. p> 0.421 (D) 

Sixteen recombinant mAbs (DH306, DH307, DH308, DH309, DH310, DH311, DH312, 

DH313, DH314, DH315, DH316, DH317, DH318, DH319, DH320, and DH321) produced 

in a rIgG1 backbone were evaluated for reactivity with HIV-1 rgp41, p24, sp62= 2F5 

MPER gp41 epitope peptide (QQEKNEQELLELDKWASLWN) and sp400= gp41 

immunodominant peptide (RVLAVERYLRDQQLLGIWGCSGKLICTTAVPWN-

ASWSNKSLNK) and MN gp120 gD- by ELISA in threefold dilutions ranging from 100 

to at least 0.05 µg/ml (X Axis). Positive control for gp41 and sp62= 2F5, for sp400=7B2, 

and for p24= HIVIG and the negative control for all antigens = Synagis
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Table 14: HIV-1 reactive antibodies isolated from terminal ileum plasma cells of chronically HIV-1 infected 

individuals 

     VHDHJH  VLJL 

PTID Cell Type Ab ID HIV-1 

Reactivity 

HIV-1 Reactivity 

EC50b 

Isotype Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

    
µg/mL 

  
% aa  % aa 

004-0 Plasma Cell DH306 gp41 <0.1 G1 1~69 5.2 23 L2~14 3.0 11 

004-0 Plasma Cell DH307a gp41 >100 G1 1~69 11.4 16 K5~2 4.7 9 

004-0 Plasma Cell DH308a gp41 <1 G1 1~69 8.6 13 K1~12 3.8 10 

004-0 Plasma Cell DH309 gp41 <0.1 G1 1~69 11.9 23 L3~25 5.0 11 

004-0 Plasma Cell DH310 p24 <0.1 G1 1~69 6.7 14 L2~14 6.0 11 

004-0 Plasma Cell DH311 p24 <0.1 G1 1~69 9.7 12  K4~1 3.1 9 

004-0 Plasma Cell DH312 p24 <1 G1 1~69 9.8 18  K3~20 2.0 9 

004-0 Plasma Cell DH313 gp41 >100 G1 3~23 3.3 16  K3~15 1.7 9 

004-0 Plasma Cell DH314 p24 <1 G1 1~69 10.9 18  K3~20 2.0 9 

071-8 Plasma Cell DH315 gp120 <20 M 3~74 5.6 12  K1~5 1.0 9 

071-8 Plasma Cell DH316 gp41 >100 A1 3~23 3.0 17  K2~23 2.3 10 

071-8 Plasma Cell DH317 gp41 >100 A1 3~11 7.0 14  K3~11 5.8 8 

071-8 Plasma Cell DH318 gp41 >100 A1 3~48 6.8 16  L1~40 3.0 11 

071-8 Plasma Cell DH319 gp41 >30 A1 1~3 6.6 22  L2~14 6.6 9 

071-8 Plasma Cell DH320 gp41 >100 G1 1~2 1.3 16  K1~5 0.8 12 

071-8 Plasma Cell DH321 gp41 >100 A1 3~74 2.3 12  K4~1 1.4 9 
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     VHDHJH  VLJL 

PTID Cell Type Ab ID HIV-1 

Reactivity 

HIV-1 Reactivity 

EC50b 

Isotype Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

    
µg/mL 

  
% aa  % aa 

004-0 Plasma Cell DH306 gp41 <0.1 G1 1~69 5.2 23 L2~14 3.0 11 

004-0 Plasma Cell DH307a gp41 >100 G1 1~69 11.4 16 K5~2 4.7 9 

004-0 Plasma Cell DH308a gp41 <1 G1 1~69 8.6 13 K1~12 3.8 10 

004-0 Plasma Cell DH309 gp41 <0.1 G1 1~69 11.9 23 L3~25 5.0 11 

004-0 Plasma Cell DH310 p24 <0.1 G1 1~69 6.7 14 L2~14 6.0 11 

a Antibody expressed by VH and VL  genes isolated from a well where two VL genes were identified. These antibodies are not included in any statistical analysis.  

bAn estimate of the EC50 was calculated by a titration of antibody binding in ELISA assays. 100 µg/mL was the highest concentration tested. 
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Table 15: VH1-69 copy number assay determine by digital PCR 

PTID Droplet Counts VH1-69 Copy 

Number 

 VH1-69 RPP30 Total Count  

004-0 781 527 11,183 3 

042-8 924 960 10,237 2 

071-8 1120 797 10,268 3 

The number of droplets displayed is the average number from one experiment 

run in triplicate. Similar results were confirmed in a second experiment, also run in 

triplicate. Diploid genomes contain two copies of ribonuclease P protein subunit P30 

(RPP30), which was used as a reference gene to determine the number of VH1-69 copies 

for these three individuals. 

 

Because the HIV-1 antigen-specific terminal ileum mAbs account for such a small 

proportion of the plasma cell and memory B cell response as measured by single cell 

sorting, we next quantified the Env-specific memory B cell pool by an alternative 

method. We assayed paired PBMC and terminal ileum samples from four CHI 

individuals (078-2, 067-8, 072-3 and 076-4) (Table 11) by flow cytometry analysis of HIV-

1 Env-specific memory B cells with a fluorescent-labeled consensus group M gp140 Env, 

consensus-S (CON-S) previously shown to bind to clade B-reactive antibodies Liao et al., 

2006; Tomaras et al., 2008a). We found means of 0.04 ± 0.02%, 0.26 ± 0.24%, and 0.20 ± 

0.29% IgM, IgG and IgA CON-S gp140-reactive memory B cells, respectively, in blood 

(Table 16). The mean percentage of IgM, IgG and IgA CON-S gp140 reactive memory B 

cells in terminal ileum were 0.01 ± 0.02%, 0.05 ± 0.1%, and 0.03 ± 0.06%, respectively 

(Table 16). Thus, by flow cytometry with a fluorophor-labeled Env, there was also a 
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relative dearth of HIV-1 Env-reactive memory B cells in terminal ileum compared to 

blood in CHI.  

Table 16: Percentage of HIV-1 CON-S gp140 envelope-reactive B cells as a subset of 

IgM, IgG, and IgA memory B cells isolated from paired blood and terminal ileum 

samples 

PTID % IgM  

Memory B cells 

% IgG  

Memory B cells 

% IgA  

Memory B cells 

 Blood 
Terminal 

Ileum Blood 
Terminal 

Ileum Blood 
Terminal 

Ileum 

072-3 0.08% 0.00% 0.56% 0.00% 0.00% 0.00% 

078-2 0.06% 0.05% 0.09% 0.20% 0.00% 0.11% 

067-8 0.00% 0.00% 0.36% 0.00% 0.62% 0.00% 

076-4 0.00% 0.00% 0.04% 0.00% 0.18% 0.00% 

Mean 0.04% 0.01% 0.26% 0.05% 0.20% 0.03% 

CON-S gp140 labeled AF647 and Pacific Blue reactive IgD-, IgM+, IgG+ or IgA+ memory B cells were 
gated with the following strategy: singlet, viable CD45+, CD3/14/16/235a-, CD19+, surface IgD, surface 
immunoglobulin (IgM, IgG or IgA)+, CD27+. 

 

3.2.2 Terminal ileum HIV-1 reactive antibodies were cross-reactive 
with commensal bacterial antigens 

We tested HIV-1-reactive mAbs isolated from terminal ileum of EHI for 

reactivity to antigens in anaerobic commensal bacteria whole cell lysates (WCL) by 

surface plasmon resonance (SPR), and to both anaerobic and aerobic commensal bacteria 

WCLs by western blot analysis.  Of the 6 gp41-reactive antibodies from EHI, all were 

reactive to anaerobic intestinal commensal bacteria by both SPR and western blot 

(Figure 6A-C, Figure 31 and Table 17). Similarly, 11 of the 16 HIV-1-reactive mAbs 

isolated from the terminal ileum of CHI cross-reacted with anaerobic commensal 

bacteria by SPR and western blot (Figure 6A-B, 4E, Figure 31 and Table 18). Antibody 
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reactivity to aerobic and anaerobic commensal bacteria was also tested in Luminex-

based binding antibody multiplex assays (BAMA) (Figure 6E and4F).  Fourteen of 17 

antibodies positive in western blot and SPR also could be confirmed in BAMA (Figure 

6D, 4F, Figure 31, Table 17 and Table 18). 
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Figure 6: Commensal bacteria cross-reactivity of HIV-1 reactive antibodies 

isolated from terminal ileum plasma cells and memory B cells of EHI and CHI 

individuals 

(A) HIV-1-reactive mAbs isolated from terminal ileum plasma cells and memory B cells 

of EHI and CHI individuals were tested for reactivity to anaerobic commensal bacteria 

by SPR. The response unit and off-rate for each antibody that reacted with anaerobic 

commensal bacteria in this assay is plotted. Antibodies isolated from EHI individuals 

are indicated in red, and antibodies isolated from CHI individuals in black. The HIV-1-

reactivity of the antibodies is indicated by shapes. (B) The avidity score (RU/ kd) of the 

terminal ileum HIV-1 reactive antibodies. (C) HIV-1-reactive mAbs isolated from EHI 

terminal ileum B cells were also tested for reactivity to anaerobic and aerobic commensal 

bacteria WCL by SDS-PAGE western blot. 100µg of each anaerobic and aerobic WCL 

was loaded in individual lanes and mAbs were tested at 20 µg/mL in both non-reducing 

and reducing conditions. Three representative westerns under non-reducing conditions 

are shown. (D) HIV-1-reactive mAbs isolated from terminal ileum plasma cells and 

memory B cells of EHI individuals were tested for reactivity to anaerobic and aerobic 

commensal bacteria by BAMA at 100 µg/mL. (E) HIV-1-reactive mAbs isolated from CHI 

terminal ileum B cells were also tested for reactivity to anaerobic and aerobic commensal 

bacteria WCLs by SDS-PAGE western blot. 100µg of anaerobic and aerobic WCLs was 

loaded in individual lanes and mAbs were tested at 20 µg/ml in both non-reducing and 

reducing conditions. Four representative westerns under non-reducing conditions are 

shown. (F) HIV-1-reactive mAbs isolated from terminal ileum plasma cells and memory 

B cells of CHI individuals were also tested for reactivity to anaerobic and aerobic 

commensal by BAMA at 100 µg/mL. Positive control= mAb558_2 (Liao et al., 2011) and 

negative controls = Flu HA-reactive mAb, Ab1248
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Table 17: Binding to commensal bacterial antigens by HIV-1 reactive antibodies isolated from terminal ileum plasma 

cells and memory B cells of EHI individuals  

   Binding Assays 

PTID HIV-1 

Reactivity 

Ab ID Binding Antibody Multiplex Assay 

(Positivity cut off= MFI >100) 

 SDS-PAGE Western Blot a  Surface Plasmon Resonance of Anaerobic 

Bacteria WCL 

   E.Coli 
RNA Pol 

Anaerobic Aerobic  Anaerobic 
Bacteria WCL 

Aerobic 
Bacteria WCL 

 Off-rate 
(kd) 

Response 
Unit (RU) 

Log Avidity Score 
(RU/kd) 

042-8 gp41 DH300 91 510 157  2+ +  1.25E-03 20.2 4.2 

042-8 gp41 DH301 43 283 119  2+ -  6.59E-05 148 6.4 

042-8 gp41 DH302 8 84 14  2+ -  2.27E-04 204 6.0 

049-7 gp41 DH303 26 285 103  2+ -  4.40E-04 246 5.7 

049-7 gp41 DH304 8 106 15  2+ -  2.49E-04 89.5 5.6 

052-2 gp41 DH305 84 668 144  2+ -  4.40E-04 181 5.6 

a Reactivity in western blot was score with “-“ for not reactivity, “+” for positive reactivity and “2+” for strong reactivity  
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Table 18: Binding to commensal bacterial antigens by HIV-1 reactive antibodies isolated from terminal ileum plasma 

cells of CHI individuals 

   Binding Assays 

PTID HIV-1 

Reactivity 

Ab ID Binding Antibody Multiplex Assay 

(Positivity cut off= MFI >100) 

 SDS-PAGE Western Blota  Surface Plasmon Resonance of Anaerobic 

Bacteria WCL 

   E.Coli 
RNA Pol 

Anaerobic 
WCL 

Aerobic 
WCL 

 Anaerobic 
WCL 

Aerobic  
WCL 

 Off-rate 
(kd) 

Response 
Unit (RU) 

Log Avidity Score 
(RU/kd) 

004-0 gp41 DH306 220 678 376  - -  7.05E-04 260 5.6 

004-0 gp41 DH307 92 149 174  2+ -  7.18E-04 95.7 5.1 

004-0 gp41 DH308 8913 22810 5388  2+ +  5.26E-04 408 5.9 

004-0 gp41 DH309 33 520 84  2+ -  1.85E-03 171 5.0 

004-0 p24 DH310 354 314 572  2+ -  1.72E-03 80.3 4.7 

004-0 p24 DH311 87 501 157  2+ -  2.41E-03 40.6 4.2 

004-0 p24 DH312 95 508 189  - -  2.40E-03 13.2 3.7 

004-0 gp41 DH313 71 289 118  2+ -  3.26E-04 171 5.7 

004-0 p24 DH314 96 513 187  - -  1.49E-04 37.8 4.7 

071-8 gp120 DH315 454 477 450  2+ -  4.35E-04 72.5 5.2 

071-8 gp41 DH316 29 126 67  2+ -  2.09E-03 122 4.8 

071-8 gp41 DH317 20 17 30  + -  1.35E-03 89.3 4.8 

071-8 gp41 DH318 8 91 10  2+ +  1.23E-03 166 5.1 

071-8 gp41 DH319 206 417 569  - -  7.04E-04 517 5.9 

071-8 gp41 DH320 217 319 285  + -  n/a
b
 0.93 n/a

a
 

071-8 gp41 DH321 412 527 392  2+ -  8.44E-04 142 5.2 
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   Binding Assays 

PTID HIV-1 

Reactivity 

Ab ID Binding Antibody Multiplex Assay 

(Positivity cut off= MFI >100) 

 SDS-PAGE Western Blota  Surface Plasmon Resonance of Anaerobic 

Bacteria WCL 

   E.Coli 
RNA Pol 

Anaerobic 
WCL 

Aerobic 
WCL 

 Anaerobic 
WCL 

Aerobic  
WCL 

 Off-rate 
(kd) 

Response 
Unit (RU) 

Log Avidity Score 
(RU/kd) 

a Reactivity in western blot was score with “-“ for not reactivity, “+” for positive reactivity and “2+” for strong reactivity  
b
Disassociation constant was not calculated for antibodies with response units blow the 12.4 positivity cut off. 
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Figure 7: Commensal bacteria cross-reactivity of HIV-1 reactive antibodies 

isolated from terminal ileum plasma cells and memory B cells of EHI and CHI 

individuals 

HIV-1 reactive antibodies isolated from the terminal ileum that had an MFI of 100 or 

greater at 100µg/mL by an initial screen in binding antibody multiplex assays were 

titrated by twofold dilutions ranging from 100ug to 3.1µg/mL (X axis) to test for 

reactivity to two different preparations of anaerobic and aerobic commensal bacteria 

whole cell lysate. Whichever prep the antibody bound strongest is displayed. (A) HIV-1-

reactive antibodies isolated from EHI terminal ileum (DH300, DH301, DH302, DH303, 

and DH304). Ab3118 had an MFI less than 100 when tested and was not titrated. (B.) 

HIV-1-reactive antibodies isolated from CHI terminal ileum (DH306, DH307, DH309, 

DH310, DH311, DH312, DH313, DH314, DH315, DH316, DH319, DH320, and DH321). 

DH306, DH317, and DH318 had and MFI less than 100 when tested at 100µg/mL and 

were not titrated. Positive control= mAb558_2 (Liao et al., 2011) and negative controls = 

Flu HA-reactive mAb, Ab1248 

 

To determine if HIV-1 and commensal bacteria cross-reactive mAbs are 

polyreactive/ autoreactive, we tested the HIV-1-reactive mAbs in Luminex AtheNA 

ANA II and HEp-2 immunofluorescence ANA assays. Four of the 6 gp41- commensal 

bacteria cross-reactive mAbs from EHI terminal ileum were not reactive with additional 

antigens by these assays (Figure 31B and Table 19). Six of the 11 HIV-1 and commensal 

bacteria cross-reactive mAbs isolated from CHI terminal ileum plasma cells were not 

polyreactive/ autoreactive by AtheNA ANA II assays and HEp-2 ANA staining (Figure 

31B and Table 19).  
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Table 19: Autoreactivity and polyreactivity of HIV-1-reactive mAbs isolated 

from terminal ileum plasma cells and memory B cells from EHI and CHI individuals 

PTID HIV-1 

Infection 

HIV-1 

Reactivity 

Ab ID Autoreactivity/ polyreactivity assays 

    Athena: (Positivity cut 
off= MFI >125) 

HEp-2 ANA @ 

25µg/ml
a
 

042-8 EHI gp41 DH300 yes
gi
 - 

042-8 EHI gp41 DH301 yes
hi
 - 

042-8 EHI gp41 DH302 no - 

049-7 EHI gp41 DH303 no - 

049-7 EHI gp41 DH304 no - 

052-2 EHI gp41 DH305 no - 

004-0 CHI gp41 DH306 yes
bcdefghi

  2+ 

004-0 CHI gp41 DH307 yes
bf
  - 

004-0 CHI gp41 DH308 yes
bcdefhij

  - 

004-0 CHI gp41 DH309 no - 

004-0 CHI p24 DH310 no - 

004-0 CHI p24 DH311 no - 

004-0 CHI p24 DH312 no - 

004-0 CHI gp41 DH313 yes
g
 - 

004-0 CHI p24 DH314 no - 

071-8 CHI gp120 DH315 yes
g
 - 

071-8 CHI gp41 DH316 no - 

071-8 CHI gp41 DH317 no - 

071-8 CHI gp41 DH318 no - 

071-8 CHI gp41 DH319 no - 

071-8 CHI gp41 DH320 yes
ghi

 - 

071-8 CHI gp41 DH321 yes
ghi

 - 
a
 Reactivity in HEp-2ANA assays were scored with “-“ for no reactivity, “+” for positive reactivity, and “2+”  

for strong reactivity 
b
 Reactivity with autoantigen SSA 

c
 Reactivity with autoantigen SSB 

d
 Reactivity with autoantigen SM 

e
 Reactivity with autoantigen RNP 

f
 Reactivity with autoantigen Jo1 

g
 Reactivity with autoantigen double stranded DNA 

h
 Reactivity with autoantigen centromere protein B 

i
 Reactivity with autoantigen histone 

j
 Reactivity with autoantigen SCL70 



 

 

In addition to HIV

ileum mAbs that did not bind HIV

antibodies (21%) were reactive with intestinal commensal bacteria WCLs by both 

western blot and BAMA (Figure

reactive in AtheNA ANA II or HEp

commensal bacteria-reactive antibodies from intestines were cross
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isolated from terminal ileum plasma cells and memory B cells of EHI, CHI and 
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to HIV-1-reactive maAbs, we produced and purified 19 terminal 

ileum mAbs that did not bind HIV-1 epitopes by ELISA or BAMA (Table 2

antibodies (21%) were reactive with intestinal commensal bacteria WCLs by both 

western blot and BAMA (Figure 8, 31 and Table 21). Three of these 4 antibodies were not 

reactive in AtheNA ANA II or HEp-2 ANA assays (Table 21). Therefore, not all 

reactive antibodies from intestines were cross-reactive with gp41.

: Commensal bacteria reactivity of non-HIV-1 reactive antibodies 

isolated from terminal ileum plasma cells and memory B cells of EHI, CHI and 

uninfected individuals 

reactive maAbs, we produced and purified 19 terminal 

1 epitopes by ELISA or BAMA (Table 20). Of these, 4 

antibodies (21%) were reactive with intestinal commensal bacteria WCLs by both 

). Three of these 4 antibodies were not 

). Therefore, not all 

reactive with gp41. 

 

1 reactive antibodies 

isolated from terminal ileum plasma cells and memory B cells of EHI, CHI and 
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(A) Antibodies isolated from terminal ileum plasma cells and memory B cells of EHI, 

CHI and uninfected individuals that were not reactive with HIV-1 antigens were tested 

for reactivity to anaerobic and aerobic commensal bacteria at 100µg/mL by binding 

antibody multiplex assays. The positivity cut off of 100 MFI units is shown with a dotted 

line. (B) Non-HIV reactive antibodies were tested for reactivity to Anaerobic (An) and 

Aerobic (A) commensal bacteria by western blot in both non-reducing and reducing 

conditions. Positive control= mAb558_2 (Liao et al., 2011) and negative controls = Flu 

HA-reactive mAb, Ab1248
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Table 20: Non-HIV-1 reactive antibodies isolated from the terminal ileum of EHI, CHI and uninfected individuals 

   VHDHJH  VLJL 

PTID Cell Type Ab ID Isotype Variable Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

     
% aa   % aa 

036-0 Plasma Cell DH322 A1 4~49 12.7 19  
k
3~11 5.6 8 

037-1 Plasma Cell DH323 A1 3~48 9.0 15  
k
1~39 10.4 9 

037-1 Plasma Cell DH324 G1 3~7 11.2 19  
k
1~39 6.7 9 

042-8 Plasma Cell DH325 G1 1~46 3.3 20  
L
1~51 1.4 11 

042-8 Plasma Cell DH326 A1 3~33 0.0 23  
L
1~44 0.0 13 

042-8 Memory B Cell DH327 G1 3~30 9.4 15  
k
1~33 5.3 9 

042-8 Memory B Cell DH328 G1 1~46 8.5 16  
L
3~19 7.6 11 

042-8 Memory B Cell DH329 M 3~53 4.1 12  
k
3~20 0.0 9 

049-7 Memory B Cell DH330 M 3~23 10.1 16  
k
1D~16 4.7 9 

049-7 Memory B Cell DH331 A1 3~23 10.6 16  
k
2~24 1.5 9 

052-2 Plasma Cell DH332 G1 1~2 8.9 11  
k
1~16 5.3 9 

052-2 Plasma Cell DH333 M 3~23 0.7 12  
L
2~8 0.0 10 

038-7 Plasma Cell DH334 A1 3~66 7.5 12  
k
1~17 3.7 9 

051-1 Plasma Cell DH335 A1 4~59 1.5 13  
k
3~20 0.3 9 

051-1 Plasma Cell DH336 G1 3~9 7.0 20  
k
 3~20 2.3 10 

071-8 Plasma Cell DH337 A1 3~74 5.9 15  
L
 1~51 0.6 11 
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   VHDHJH  VLJL 

PTID Cell Type Ab ID Isotype Variable Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

     
% aa   % aa 

071-8 Plasma Cell DH338 A1 3~22 3.7 10  
L
 8~61 2.9 9 

071-8 Plasma Cell DH339 G1 1~2 1.9 22  
k
 1~13 9.7 9 

071-8 Plasma Cell DH340 G1 1~2 3.3 14  
L
 2~14 2.1 10 

040-6 Plasma Cell DH341 A1 3~23 14.0 16  
k
 3~20 0.0 9 

034-6 Memory B cell DH342 A1 3~66 17.2 17  
k
 4~1 5.5 9 
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Table 21: Reactivity to commensal bacteria and autoantigens by non-HIV-1- reactive antibodies isolated from terminal 

ileum memory B cells and plasma cells of EHI, CHI and uninfected individuals 

  Binding Assays 

PTID Ab ID Binding Antibody Multiplex Assay (Positivity 

cut off= MFI >100) 

 SDS-PAGE Western Blota  Autoreactivity/ polyreactivity 

assays 

  
E.Coli RNA 

Pol 
Anaerobic 

WCL 
Aerobic  

WCL 
 Anaerobic 

WCL 
Aerobic  

WCL 

 
AtheNA ANA: 
(Positivity cut 
off= MFI >125) 

HEp-2 ANA 

@ 25µg/ml
a
 

036-0 DH322 3 36 13  + -  no - 

037-1 DH323 1 74 6  2+ -  no - 

037-1 DH324 8 48 13  + -  no - 

042-8 DH325 7 0 7  - -  no - 

042-8 DH326 1 108 5  2+ -  no - 

042-8 DH327 8 14 13  2+ -  no - 

042-8 DH328 4 9 9  - -  no - 

042-8 DH329 2 20 4  - -  no - 

049-7 DH330 17 136 22  2+ -  no - 

049-7 DH331 11 6 9  - -  no - 

052-2 DH332 3 6 3  - -  no - 

052-2 DH333 22 121 25  2+ -  no - 

038-7 DH334 8 68 19  2+ -  no - 

051-1 DH335 8 26 15  - -  no - 

051-1 DH336 5 0 8  2+ -  no - 
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  Binding Assays 

PTID Ab ID Binding Antibody Multiplex Assay (Positivity 

cut off= MFI >100) 

 SDS-PAGE Western Blota  Autoreactivity/ polyreactivity 

assays 

  
E.Coli RNA 

Pol 
Anaerobic 

WCL 
Aerobic  

WCL 
 Anaerobic 

WCL 
Aerobic  

WCL 

 
AtheNA ANA: 
(Positivity cut 
off= MFI >125) 

HEp-2 ANA 

@ 25µg/ml
a
 

071-8 DH337 4 63 2  2+ -  no - 

071-8 DH338 44 85 55  + -  yes
bf
 + 

071-8 DH339 8 34 23  - -  no - 

071-8 DH340 5 6 10  - -  no - 

040-6 DH341 33 198 105  2+ -  yes
bdghi

 + 

034-6 DH342 14 99 17  2+ -  no - 
a
 Reactivity in Western Blot and HEp-2ANA assays were scored with “-“ for no reactivity, “+” for positive reactivity, and “2+” for strong reactivity 

b
 Reactivity with autoantigen SSA 

c
 Reactivity with autoantigen SSB 

d
 Reactivity with autoantigen SM 

e
 Reactivity with autoantigen RNP 

f
 Reactivity with autoantigen Jo1 

g
 Reactivity with autoantigen double stranded DNA 

h
 Reactivity with autoantigen centromere protein B 

i
 Reactivity with autoantigen histone 

j
 Reactivity with autoantigen SCL70 
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3.2.3 Affinity maturation of commensal bacteria cross-reactive 
antibodies to autologous envelope 

To determine if HIV-1 gp41-reactive antibodies that were cross-reactive with 

commensal bacteria underwent affinity maturation to gp41, we inferred the heavy and 

light chain unmutated common ancestors (UCA) of 5 gp41-reactive mAbs, DH306, 

DH309, DH308, DH305, and DH319 and produced their UCAs, termed DH306 UCA, 

DH309 UCA, DH308 UCA, DH305 UCA, and DH319 UCA, respectively. For mAbs 

isolated from 004-0, DH306, DH309, and DH308, we determined UCA and mature 

antibody affinities to autologous HIV-1 004-0 gp140 and heterologous HIV-1 MN gp41, 

as well as relative binding to commensal bacterial antigens. Affinity for the autologous 

Env increased from undetectable binding to 0.62 nM when comparing the UCA DH306 

UCA and the mature antibody DH306, and similarly increased from 4.44 nM to 0.34 nM 

for DH309 UCA and DH309 (Figure 9A,B and D). The mature antibody DH306 also had 

a greater reactivity to commensal bacteria compared to its UCA (Figure 9A). Binding to 

the 004-0 T/F gp140 was undetectable for DH308 UCA and DH308, however affinity to 

MN gp41 increased from 9.97nM to 0.41nM (Figure 9 C-D). In contrast, DH305 UCA and 

DH319 UCA had high affinities of 3.55nM and 0.41nM to MN gp41, respectively, and 

affinity did not increase upon accumulation of mutations in the mature mAbs, DH305 

and DH319 (Figure 9E-F). Therefore, in three commensal bacterial antigen cross-reactive 

gp41 clonal lineages, affinity maturation to gp41 could be demonstrated from UCAs to 

mature antibodies. 
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Figure 9: HIV-1 gp41 and commensal bacteria cross-reactive antibodies from the 

terminal ileum affinity mature to autologous and heterologous HIV-1 envelope. 

(A-C) SPR binding curves of UCA and mature mAbs immobilized with an anti-Fc 

receptor antibody binding to titrations of autologous HIV-1 gp140 from individual 004-0 

and to MN gp41. Relative binding to commensal bacteria was also determined by SPR. 

(A) DH306 UCA and DH306, (B) DH309 UCA and DH309, and (C) DH308 UCA and 

DH308. (D) Table of the on rates, off rates and Kd for each mature mAb and UCA pair 

binding to the HIV-1 Envs tested and the response unit and off rate of mAb binding to 

anaerobic bacteria WCL. (E-F)  SPR binding curves of UCA and mature mAbs 

immobilized with an anti-Fc receptor antibody binding to titrations of MN gp41. 

Autologous Env was not available for these two mAbs. Relative binding to commensal 

bacteria was also determined by SPR. (E) DH305 UCA and DH305.  (F) DH319 UCA and 

DH319. 

3.2.4 HIV-1 gp41 commensal bacterial cross-reactive antibodies 
isolated from the terminal ileum of uninfected individuals.  

If pre-infection terminal ileum antibodies cross-reactive with intestinal 

commensal bacteria and gp41 are responsible for the initial antibody response to HIV-1 

Env gp41 following HIV-1 infection, mutated gp41 and gut flora cross-reactive 

antibodies should exist in the terminal ileum of uninfected individuals. To investigate 

this hypothesis, we sorted single plasma cells and memory B cells from 3 HIV-1 

uninfected individuals (Table 11), and identified two low affinity gp41-reactive 

antibodies, DH366 and DH367, both of which also reacted with intestinal commensal 

bacteria (Figure 10, Figure 31, and Table 22). Both antibodies used VH gene segments 

from family 3 and were class-switched to IgG; the VH mutation frequencies of these 

antibodies were 5.2% and 9.7% (Table 22). Therefore, commensal bacteria-reactive 

mutated B cells that are cross-reactive with Env gp41 can be found in the intestinal B cell 

repertoire of HIV-1 uninfected individuals, supporting the notion that the initial gp41 
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antibody response to HIV-1 derived from preexisting commensal bacterial cross-reactive 

memory B cells.  
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Figure 10: HIV-1 reactive antibodies isolated from terminal ileum plasma cells and 

memory B cells of uninfected individuals react to both HIV-1 gp41 and commensal 

bacteria. 

(A) SPR strategy used to determine HIV-1-reactivity of mAbs isolated from the 

terminal ileum of uninfected individuals. Signal generated by antibody binding to 

catalase was subtracted from signal generated by antibody binding to recombinant 

MN gp41. (B) Antibodies DH366 and DH367 isolated from terminal ileum plasma 

cells that were natural IgG1 and IgG3 antibodies, respectively, were produced in a 

rIgG1 backbone were evaluated for reactivity with HIV-1 rgp41 MN by SPR. The VH 

of DH366 and DH367 were mutated 6.6% and 11.8% respectively. (C) DH366 and 

DH367 were tested for reactivity to anaerobic and aerobic commensal bacteria by 

BAMA. Dilutions were twofold ranging from 100µg to 3.1µg/mL (X axis). (D) 

Reactivity to anaerobic and aerobic commensal bacteria under non-reducing and 

reducing conditions by SDS-PAGE western blot.  
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Table 22: HIV-1 reactive antibodies isolated from terminal ileum plasma cells of uninfected individuals 

     VHDHJH  VLJL 

PTID Cell Type Ab ID HIV-1 

Reactivity 

HIV-1 Reactivity 

EC50a 

Isotype Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

    
µg/mL 

  
% aa   % aa 

042-8 Plasma Cell DH366 gp41 >100 G1 3~23 6.6 9  K1~39 0.7 9 

042-8 Memory B cell DH367 gp41 >100 G3 3~74 11.8 12  K1~5 6.3 9 

a
An estimate of the EC50 was calculated by a titration of antibody binding in ELISA assays. 100 µg/mL was the highest concentration tested. 
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3.2.5 E.coli RNA polymerase is one intestinal commensal bacterial 
antigen cross-reactive with HIV-1 gp41 antibodies 

To identify antigens in commensal bacteria cross-reactive with gp41 mAbs, we 

used the AHI blood-derived HIV-1 gp41, gut bacterial WCL-reactive antibody 558_2 

previously reported to bind to a ~520kDa band of both aerobic and anaerobic 

commensal bacteria WCLs (Liao et al., 2011) (Figure 11A). The large molecular weight 

fraction of bacterial WCL was isolated by size exclusion chromatography (SEC) (Figure 

11B), and isoelectric zoom fractionation showed that the protein reactive with mAb558_2 

migrated to the gel compartment with pH7-10 (Figure 12A). E.coli RNA polymerase 

subunits β, β’, and α were identified by liquid chromatography-tandem mass 

spectrometry (LC/MS/MS) of the 520kDa excised bands from two lanes of the SEC-

enriched >500kD fraction analyzed on a NativePAGE gel (Figure 11B-C andFigure 12B-

D). We determined that mAb558_2 binding was specific for the core enzyme of E.coli 

RNA polymerase (Figure 11D and Figure 12E-F). By western blot, we mapped the 

specificity of mAb558_2 to the 37kDa α subunit of recombinant E.coli RNA polymerase 

(Figure 11D).  

There is limited sequence similarity between gp41 and E.coli RNA polymerase, 

but a structural alignment of HIV-1 Env gp41 (Chan et al., 1997) and RNA polymerase 

(Darst et al., 1998)  showed that the α subunit helices at the RNA polymerase dimer 

interface are similar to a region spanning portions of the gp41 heptad repeat 1 and 

heptad repeat 2 helices with a 1.30 Angstroms backbone atom root-mean-square 
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deviation (Figure 11E). Both sites of helix pairs are potentially solvent exposed and 

therefore possibly available for antibody binding. MAb 558_2 bound to recombinant 

gp41 5-helix bundle protein (Luftig et al., 2006) with an EC50 of 1.41 µg/mL. 

When Env gp41 and intestinal bacteria cross-reactive mAbs isolated from EHI 

and CHI terminal ileum were evaluated in BAMA for binding to recombinant E.coli 

RNA polymerase, we found that 2 of 14 (14.3%) Env gp41 and intestinal commensal 

bacteria cross-reactive EHI and CHI antibodies also reacted with E.coli RNA polymerase 

(Figure 11F-H). Moreover, the gp41-commensal bacterial cross-reactive antibody DH367 

isolated from the terminal ileum of an uninfected individual also reacted with 

recombinant E.coli RNA polymerase by BAMA (Figure 11I). 
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Figure 11: Identification of E.coli RNA polymerase as one cross-reactive 

commensal bacterial antigen recognized by HIV-1 gp41 antibodies 

(A) Western blot analysis following Native-PAGE gel run showing that mAb 558_2 (Liao 

et al., 2011) binds to a ~520kDa protein band in anaerobic and aerobic intestinal bacterial 

WCL. (B). Protein fractions from bacterial WCL with molecular weight ~500kDa were 

collected following size exclusion chromatography (SEC). (C) The ~500kDa fraction 

shows enrichment of the 520 kDa protein by 1D Native coomassie blue (lanes1 and 2) 

and Blue-Native western blotting with mAb558_2 (lane 3). The ~520kDa bands from two 

gels, identified in two red boxes, were excised from the gel and determined to be E.coli 

RNA polymerase by liquid chromatography-mass spectrometry. (D) Recombinant E.coli 

RNA polymerase core protein was run on a denaturing SDS-PAGE gel under both 

reducing and non-reducing conditions and blotted with mAb558_2 and a HA flu 

reactive antibody Ab1248 as a negative control. (E) Two H1 helices (red and cyan) at the 

interface of the dimer of E.coli RNA polymerase α subunit (gray and beige, left panel) are 

structurally homologous to helical regions at the heptad repeat 1 (magenta) and heptad 

repeat 2 (green) interface in the HIV-1 gp41 six-helix bundle (right panel). H1 helices 

were superimposed on the gp41 six-helix bundle to illustrate the site of structural 

homology. Both site of helix pairs are likely solvent exposed and possibly available for 

antibody binding. (F-I) Reactivity of terminal ileum Env gp41- commensal bacteria 

cross- reactive antibodies with rE.coli RNA polymerase was determined by BAMA. 

Dilutions were twofold ranging from 100µg/mL to 3.1µg/mL (x axis). (F) HIV-1 gp41-

commensal bacteria cross- reactive mAbs isolated from the terminal ileum of EHI 

individuals. (G) HIV-1 gp41- commensal bacteria cross-reactive mAbs isolated from the 

terminal ileum of CHI individuals. DH309 and DH316 are representative of the other 

lowest binders, DH317 and DH318. (H) DH308, a gp41 mAbs isolated from a terminal 

ileum plasma cell from CHI individual 004-0, is the strongest rE.coli RNA polymerase 

binder. DH308 used the VH gene segment 1-69, which was 8.6% mutated and was 

naturally IgG1. (I) HIV-1 gp41-commensal bacteria cross-reactive mAbs isolated from 

the terminal ileum of uninfected individuals. 
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Figure 12: Identification of E.coli RNA polymerase as an antigen in intestinal bacterial lysate reactive to Ab558_2 

(A) Isoelectric zoom fractionation shows migration of mAb reactive protein to gel compartment A4 with pH6.2 -7 by Blue Native 

western. (B-D) LC-MS identification of E.coli RNA polymerase subunit peptides.  (B) α subunit peptides. 4 total spectra- 4 unique 

spectra resulting in identification of 4 unique peptides. (C) β subunit peptides. 24 total spectra – 22 unique spectra resulting in 

identification of 22 unique peptides. (D) β’ subunit peptides. 22 total spectra-19 unique spectra resulting in identification of 19 

unique peptides. (E) Recombinant E.coli RNA polymerase coreenzyme and holoenzyme (Core protein+ s subunit) (Epicentre 

Biotechnologies, Madison, WI) were run on a NativePAGE gel, and reactivity of mAb 558_2 detected by NativePAGE western 

blotting. Reactivity to both core and holoenzyme was detected and thus, suggesting that mAb 558_2 binds to RNA polymerase 

coreenzyme. (F) NativePage western blot of E.coli RNA polymerase, GroEL and aerobic commensal bacteria. Recombinant E.coli 

RNA polymerase Coreenzyme alone(1), Recombinant E.coli RNA polymerase holoeenzyme alone(2), Recombinant E.coli RNA 

polymerase coreenzyme and recombinant GroEL(3), Recombinant E.coli RNA polymerase holoeenzyme and recombinant 

GroEL(4),  GroEL alone (5), and aerobic commensal bacteria whole cell lysage (6). Left panel primary antibody is HIV-1 and 

commensal bacteria WCL cross-reactive mAb 558_2. The primary antibody on the right panel is Flu-reactive antibody that does 

not react with commensal bacteria or HIV-1 antigens. 
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3.2.6 Terminal ileum HIV-1-reactive antibody clonal lineage members 
shared by terminal ileum and peripheral blood compartments.   

We next asked if HIV-1 and commensal bacteria cross-reactive B cells re-circulate 

in the terminal ileum and peripheral blood. We studied paired blood samples of three of 

the individuals (042-8, 004-0, and 071-8) from whom we had isolated terminal ileum 

plasma cell and memory B cell mAbs (Table 11). We sorted single plasma cells and 

memory B cells from PBMC and identified 13 antibodies with HIV-1 reactivity (Figure 

13 and Table 23). By single cell PCR, we were able to identify 4 clonal lineages within the 

terminal ileum, and 1 clonal lineage within the blood (Table 24). However, by these 

methods we were unable to identify any clonal lineages with members shared between 

the terminal ileum and blood.  
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Figure 13: Binding of HIV-1 reactive antibodies isolated from peripheral blood 

plasma cells of EHI and CHI individuals 

(A) HIV-1-reactivity of antibodies isolated from plasma cells and memory B cells from 

the peripheral blood of 3 individuals (042-8, 004-0 and 071-8). The total number of 

antibodies generated from wells with one VHDHJH  and one VLJL gene isolated is indicated 

in the center of the pie chart. The percentage of antibodies binding to gp41, gp120, p24 

and non HIV-1 antigens are indicated by colors. (B) Thirteen recombinant antibodies 

(DH343, DH344, DH345, DH346, DH347, DH348, DH349, DH350, DH351, DH352, 

DH353, DH354 and DH355) produced in a rIgG1 backbone were evaluated for reactivity 

with HIV-1 rgp41, p55, sp62, sp400 and gp120 by ELISA in threefold dilutions ranging 

from 100 to at least 0.05 µg/mL (X Axis). Positive controls for gp41 and sp62= 2F5, for 

sp400=7B2, gp120= 19B, and for p55= HIVIG and the negative control for all antigens = 

Synagis
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Table 23: HIV-1 reactive antibodies isolated blood plasma cells from EHI individual 042-8 and CHI individual 004-0 

     VHDHJH  VLJL 

PTID Cell Type Ab ID HIV-1 

Reactivity 

HIV-1 Reactivity 

EC50b 

Isotype Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 Variable 

Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

    
µg/mL 

  
% aa  % aa 

042-8 Plasma Cell DH343 gp41 >100 G1 1~2 0.4 17 L8~61 0.0 10 

042-8 Plasma Cell DH344 gp41 >100 G1 1~2 13.7 16 K1~2 13.6 16 

042-8 Plasma Cell DH345 gp41 >100 G1 1~2 3.0 17 K3~15 0.0 10 

042-8 Plasma Cell DH346 gp41 >5 A1 4~59 10.6 13 L1~40 11.4 12 

042-8 Plasma Cell DH347 gp41 >100 G3 5~a 10.2 19 K3~20 6.6 8 

042-8 Plasma Cell DH348a gp41 >1 G1 3~33 12.6 15  L3~21 10.5 11 

042-8 Plasma Cell DH349 gp41 >100 A1 3~9 15.6 17  K4~1 6.8 9 

042-8 Plasma Cell DH350 gp120 >100 G1 3~30 8.5 17  L1~47 7.0 11 

042-8 Plasma Cell DH351 gp41 >100 A1 1~3 16.3 15  K1~33 21.3 9 

004-0 Plasma Cell DH352 p24 >100 G1 3~30 4.2 13  K1~9 4.0 9 

004-0 Plasma Cell DH353 p24 <0.1 A2 1~69 9.0 18  K2~28 3.8 9 

004-0 Plasma Cell DH354a gp41 >10 M 3~30 2.6 15  L10~54 1.4 11 

004-0 Plasma Cell DH355 p24 >100 M 2~5 1.0 14  L1~40 1.9 10 

a Antibody expressed by VH and VL  genes isolated from a well where two VL genes were identified. These antibodies are not included in any statistical analysis.  

bAn estimate of the EC50 was calculated by a titration of antibody binding in ELISA assays. 100 µg/mL was the highest concentration tested. 
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Table 24: Clonal lineages identified by a single cell PCR of terminal ileum and 

blood B cells from individual 004-0. 

PTID Clone ID VH JH 
HCDR3 
Length 

Isotype 
and Class 

# of INT 
Clone 

Members 

# BLD 
Clone 

Members 

    aa    

004-0 TR3686 1~69 6 18 G1 2 0 

004-0 TR3665 3~11 6 25 A1 2 0 

004-0 TR3668 3~72 4 15 M 2 0 

004-0 TR3672 4~39 5 13 G1 2 0 

004-0 TR3510 3~33 4 17 M 0 2 

 

We next conducted pyrosequencing of genomic DNA isolated from PBMCs 

taken at the same time as terminal ileum samples and searched the sequences for VH 

members clonally-related to the 149 terminal ileum VHDHJH sequences isolated from 

these same two individuals by single cell sorting. By this method we identified a total of 

18 clonal lineages that had members in both terminal ileum and blood compartments 

from chronically infected individuals 004-0 and 071-8 (Figure 14, Figure 15, and Table 

25). Thus, 12% of terminal ileum B cells isolated by single cell PCR had cross-

compartment clonal lineage members in the blood. Of these 18 cross-compartment 

clonal lineages, we determined that two clonal lineages were cross-reactive with Env 

gp41 and intestinal commensal bacteria, and one lineage was cross-reactive with HIV-1 

Gag p24 and commensal bacteria (Figure 4D, Figure 5D, Figure 14, Figure 15, Table 12, 

and Table 14). 



 

Figure 14: Phylogenetic tree of Ig heavy chain clonal lineages with members 

derived from blood B cells and terminal ileum B cells with known antibody reactivity

All trees are rooted on the inferred UCA. Nodes are labeled with the antibody or 

sequence ID and sample they were isolated from. Red nodes indicate B cells isolated by 

single cell PCR from terminal ileum B cells that were produced in large scale, and 

screened for reactivity to HIV

of the terminal ileum mAb is noted below each tree. Nodes labeled in black indicate 

VHDHJH sequences identified by pyrosequencing of time matched peripheral PBMCs. 

Tree IDs are located on the left side of each tree. (A) TR3666 (B) TR3669, (C) TR3684
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: Phylogenetic tree of Ig heavy chain clonal lineages with members 

derived from blood B cells and terminal ileum B cells with known antibody reactivity

trees are rooted on the inferred UCA. Nodes are labeled with the antibody or 

sequence ID and sample they were isolated from. Red nodes indicate B cells isolated by 

single cell PCR from terminal ileum B cells that were produced in large scale, and 

for reactivity to HIV-1 antigens and commensal bacteria WCLs. The reactivity 

of the terminal ileum mAb is noted below each tree. Nodes labeled in black indicate 

sequences identified by pyrosequencing of time matched peripheral PBMCs. 

Tree IDs are located on the left side of each tree. (A) TR3666 (B) TR3669, (C) TR3684

 

: Phylogenetic tree of Ig heavy chain clonal lineages with members 

derived from blood B cells and terminal ileum B cells with known antibody reactivity 

trees are rooted on the inferred UCA. Nodes are labeled with the antibody or 

sequence ID and sample they were isolated from. Red nodes indicate B cells isolated by 

single cell PCR from terminal ileum B cells that were produced in large scale, and 

1 antigens and commensal bacteria WCLs. The reactivity 

of the terminal ileum mAb is noted below each tree. Nodes labeled in black indicate 

sequences identified by pyrosequencing of time matched peripheral PBMCs. 

Tree IDs are located on the left side of each tree. (A) TR3666 (B) TR3669, (C) TR3684 
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Figure 15: Phylogenetic trees of Ig heavy chain clonal lineages with members 

derived from blood B cells and terminal ileum B cells, with unknown antibody 

reactivity 

All trees are rooted on the inferred UCA. Nodes are labeled with antibody or sequence 

ID and sample they were isolated from.  Red indicates B cells isolated by single cell PCR 

from terminal ileum B cells. Nodes labeled in black indicate VH sequences identified by 

pyrosequencing of time matched peripheral PBMCs (A) TR3663, (B) TR3672, (C)TR3683, 

(D) TR4741, (E)TR4749, (F) TR4750, (G)TR4825, (H)TR4831, (I) TR4839, (J)TR4840, (K) 

TR4968, (L) TR4970, (M) TR4977, (N) TR4978, (O) TR3681. 

 

Table 25: Cross-compartment clonal lineages identified by single cell PCR of 

terminal ileum B cells and pyrosequencing of blood B cells from individuals 004-0 

and 071-8 

PTID Clone ID VH JH 

HCDR3 

Length 

Isotype 

and 

Class 

# of INT 

Clone 

Members 

# BLD 

Clone 

Members 

    aa    

004-0 TR3663 4~59 5 17 G3 1 1 

004-0 TR3666 1~69 6 16 G1 1 4 

004-0 TR3669 1~69 6 23 G1 1 1 

004-0 TR3672 4~39 5 13 G1 1 3 

004-0 TR3681 3~9 3 20 G1 1 1 

004-0 TR3683 3~30 4 8 G1 1 3 

004-0 TR3684 1~69 3 12 G1 1 5 

071-8 TR4741 4~31 6 16 A1 1 3 

071-8 TR4749 1~46 5 16 A1 1 3 

071-8 TR4750 5~51 4 15 M 1 1 

071-8 TR4825 1~46 6 15 G1 1 1 

071-8 TR4831 3~33 5 19 A1 1 2 

071-8 TR4839 3~73 5 11 M 1 1 

071-8 TR4840 4~31 3 14 G1 1 2 

071-8 TR4968 3~7 3 15 A1 1 1 

071-8 TR4970 4~34 3 20 A1 1 1 

071-8 TR4977 3~23 3 14 A1 1 1 

071-8 TR4978 3~20 3 16 A1 1 1 
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To determine if the cross-compartmentalization of B cell clonal lineages 

identified in 004-0 and 071-8 was due to contamination of the terminal ileum tissue 

biopsies with blood B cells trafficking through the ileum vasculature without entering 

the tissue, we performed quantitative image analysis of B cells in the terminal ileum of 

HIV-1 infected individuals and found that of the 12 terminal ileum biopsies studied, 

only 0.2% of the CD20+ cells within the tissue samples were found within blood vessels 

(Figure 16). Thus, blood contamination of the biopsy could not explain the 12% of 

terminal ileum B cells isolated by single cell PCR as contaminating B cells from the blood 

compartment.  
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Figure 16: Quantitative image analysis of B cells in the terminal ileum of HIV-1 

infected individuals. 

(A) Two representative images at 40x magnification of terminal ileum tissue sections 

stained with CD20 to differentiate B cell, used to quantitate the relative number of 

intravascular B cells in terminal ileum tissue. E= gut epithelium, F= lymphoid follicle, V= 

blood vessel and arrows indicate B cells that are within blood vessels. (B) Summary of 

quantitative image analysis of CD20+ B cells in terminal ileum tissue biopsies. 

3.3 Discussion 

In this study we have demonstrated that the dominant plasma cell antibody 

population to HIV-1 in both EHI and CHI in the terminal ileum was non-neutralizing, 

directed to Env gp41 and was cross-reactive with intestinal commensal bacterial 

antigens. One such bacterial antigen identified was the 37,000 MW subunit of E.coli RNA 

polymerase.  Similar specificities of gp41-commensal bacteria cross-reactive mutated 

antibodies could be isolated from HIV-1 uninfected individuals. Moreover, we 

demonstrated sharing of terminal ileum clonal lineage members with the blood 

compartment, providing support for the hypothesis that blood B cells cross-reactive with 

intestinal bacteria and gp41 are derived from the intestinal tract.  

The preponderance of gp41 antibodies in terminal ileum plasma cell and 

memory B cell pools now potentially explains the mechanism of induction of gp41 

antibody immunodominance in plasma and mucosal fluid studies (Tomaras et al., 2008a; 

Yates et al., 2013). Liao et al. (2011) showed both a predominance of blood gp41 

antibodies from HIV-1 plasma cell-derived mAbs from AHI, and found them to be a 

minority of the plasma cell pool 17-46 days after HIV-1 transmission. The polyclonal 
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pool of non-HIV-1-reactive B cells is likely due to the massive cytokine storm that occurs 

early on after HIV-1 transmission (Stacey et al., 2009), and prompted us to ask if the 

plasma cell and memory B cell pools in terminal ileum would be a location of a more 

robust HIV-1 Env antibody response. Instead, we found in both EHI and CHI that 

terminal ileum contained primarily non-HIV-1-reactive polyclonal plasma and memory 

B cells, and the few HIV-1-reactive B cells that were present were targeted to Env gp41.  

Host-specific bacterial colonization of the gastrointestinal tract is required for 

normal development of the intestinal immune system (Chung et al., 2012; Erturk-

Hasdemir and Kasper, 2013; Hooper et al., 2012). Germ-free mice have numerous 

immunological deficiencies including; small Peyer’s patches and mesenteric lymph 

nodes, reduced secretory IgA, fewer plasma cells, CD4+ T cells and CD8+ T cells, and 

diminished antimicrobial peptide production (Erturk-Hasdemir and Kasper, 2013; 

Hooper et al., 2012; Round and Mazmanian, 2009). Re-colonization of germ-free mice 

with host-specific commensal bacteria ameliorates these defects (Chung et al., 2012; 

Smith et al., 2007). The presence of intestinal commensal bacteria induces immune 

maturation that is not only required for gut homeostasis, but helps generate a pool of 

mature adaptive immune cells prepared to protect the host from infections. The preHIV-

1 infection presence of B cells within the intestine cross-reactive with both bacterial 

antigens and HIV-1 gp41 is evidence of molecular mimicry between HIV-1 antigens and 

bacteria antigens, and suggests an explanation for why the initial antibody response to 
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HIV-1 acute infection in the plasma and mucosal fluids is to gp41 (Fujinami et al., 1983; 

Liao et al., 2011; Oldstone, 1998b; Srinivasappa et al., 1986; Tomaras et al., 2008a; Yates et 

al., 2013). 

Isolation of mutated gp41-gut flora cross-reactive antibodies from terminal ileum 

B cells from HIV-1-uninfected individuals directly suggests that commensal or 

pathogenic bacteria or other cross-reactive environmental antigens can trigger gp41 

cross-reactive responses before HIV-1 infection. These data provide evidence in support 

of the hypothesis that the dominant HIV-1 gp41 antibody response after HIV-1 

transmission is mediated by previously- activated memory B cells that are present before 

HIV-1 infection and cross-reactive with intestinal bacteria. Once HIV-1 infection occurs, 

then gp41 would begin to trigger the previously activated commensal bacterial-driven 

lineages toward affinity maturation to gp41-specific antibodies. A critical test of this 

notion would be to demonstrate that reactivity in commensal bacteria-gp41 lineage 

begins with a gut flora-reactive UCA followed by acquisition of gp41 reactivity upon 

affinity maturation. In the present study, we provide three examples of gp41- reactive 

antibodies, DH306, DH308, and DH309, that showed affinity maturation to autologous 

and/or heterologous Env (Figure 9). In the case of antibody DH306, reactivity of the 

UCA with gp41 but not the T/F Env gp140 may well be an example of cross-reactive 

stimulation of the UCA by an environmental gp41- cross-reactive antigen before 

transmission that gave rise to the affinity mature antibody that, after infection, reacted 
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with the autologous T/F Env. DH308 mature and UCA bound to MN gp41 with 

nanomolar affinity, but did not bind to the autologous T/F gp140 (Figure 9). It is 

important to note that antibody DH308 was isolated from 004-0 individual 3 years into 

infection. Thus it is likely that a T/F Env variant selected by antibodies over time 

initiated the DH308 lineage, give the high level of affinity mature to gp41 from ~10nM in 

DH308 UCA to 0.4M in the mature antibody DH308 (Figure 9). DH305 UCA and DH319 

UCA are examples of naturally paired, unmutated, VHDHJH and VLJL with high affinities 

for viral antigens, and B cell clonal lineages reaching an affinity ceiling prior to 

accumulation of the mutations found in the mature mAbs as previously described 

(Batista and Neuberger, 1998). We have also previously shown that in a reconstructed 

blood gp41 clonal lineage, the UCA and the first intermediate antibody in the lineage 

were commensal bacteria-reactive but not gp41-reactive (Liao et al., 2011). Instead, gp41 

reactivity only occurred later in clonal lineage development, and after gp41 reactivity 

occurred, there was affinity maturation to HIV-1 env gp41 in the clonal lineage. The 

presence of CD4+ memory T cells cross-reactive with both HIV-1 antigens and microbial 

peptides in uninfected adults (Su et al., 2013; Campion et al., 2014) and the 5.2% and 

11.9% VH mutation frequencies of DH306 and DH309, suggested that the affinity 

maturation of gp41-commensal bacteria cross-reactive B cells to gp41 is T cell- 

dependent. 
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We now directly demonstrate the intestinal tract origin for commensal bacteria-

gp41 cross-reactive antibodies found in the blood. Moreover, we demonstrated that 21% 

of commensal bacteria-reactive B cells were not gp41-reactive, adding additional 

support that, in HIV-1-infected individuals, the gp41-reactive plasma cells and memory 

B cells represented a response to HIV-1.  The proportion of these control non-HIV-1 

reactive antibodies isolated from the terminal ileum of HIV-1 infected individuals that 

reacted with gut flora (21%) is greater than the ~12% of plasma cells from the terminal 

ileum of normal individuals determined to be reactive with specific gut flora by Beckert 

et al. (2011). Microbial translocation that occurs in HIV-1 infection may account for this 

higher level of commensal bacteria reactive terminal ileum B cells in our study 

(Brenchley et al., 2006). 

A critical test of the hypothesis that blood gp41-commensal bacteria- reactive B 

cells arise in the intestine was to determine if commensal bacteria-gp41 clonal lineages 

shared members with blood B cells. Indeed we have now found evidence for three such 

intestinal commensal bacteria-gp41 clonal lineages shared both by terminal ileum and 

peripheral blood compartments (Figure 14, Figure 15, and Table 25). 

In summary, these data provide evidence for the hypothesis that the post-

infection B cell response to HIV-1 is shaped by the pre-infection B cell repertoire to 

environmental antigens (Figure 17). Env gp41 antibodies cross-react with human 

intestinal commensal bacteria suggesting commensal bacteria play critical roles in 



 

122 

shaping the pre-infection response to HIV-1, and demonstrate a major role for the 

memory B cell pool in contributing to the initial antibody response to HIV-1. These data 

also raise the hypothesis that the human B cell response to a wide variety of other 

infectious agents may similarly be affected by cross-reactivity to environmental 

antigens. 
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Figure 17: Model of how commensal bacteria can shape the B cell response to HIV-1 

infection 

In this model, intestinal microbiota or other environmental antigens that have similar 

sequences and/or structures to gp41 stimulate naïve B cells, which develop into memory 

B cells with cross-reactivity to both HIV-1 Env gp41 and the original stimulating antigen. 

Upon HIV-1 infection, the cross-reactive intermediate memory B cell then initiates a 

reponse to HIV-1 Env gp41.  
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4. Immunoglobulin VH and VL gene segment restriction 
in response to HIV-1 infection generates a poly-specific 
B cell repertoire  

The induction of broadly neutralizing antibodies (bnAbs) targeted against highly 

conserved epitopes on HIV-1 continues to be a goal in HIV-1 vaccine development.  

Passive protection trials have provided proof of principle for the efficacy of these mAbs 

if they can be elicited at the site of transmission (Barouch et al., 2013; Hessell et al., 2009a; 

2009b). In the setting of infection, only a small fraction of individuals produce bnAbs 

(Euler et al., 2010; Gray et al., 2011; Tomaras et al., 2011) and it takes 2-4 years for bnAbs 

to develop (Gray et al., 2011). Recent evidence suggests that neutralization breadth and 

potency occurs on a continuum in HIV-1 infected individuals, and many infected people 

are capable of moderate levels of HIV-1 neutralizing breadth (Hraber et al., 2014). 

Paramount to understanding how to develop broadly neutralizing B cells by vaccine 

strategies has been the isolation of bnAbs from chronically infected individuals. 

Improved technology in recent years has allowed for the isolation of bnAbs targeting the 

conserved epitopes on HIV-1 envelope (Env) including CD4 binding site, V1/V2 glycans, 

V3 glycans, and the membrane-proximal external region (MPER) in gp41. (Mascola and 

Haynes, 2013). 

Recent studies of longitudinal blood samples from HIV-1 infected individuals 

has determined a critical role for co-evolution of bnAb lineages and the virus in the 

development of neutralization breadth over time (Doria-Rose et al., 2014; Liao et al., 
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2013; Moore et al., 2012; Gao et al., 2014). In a clade C infected individual who produces 

CD4 binding site bnAbs, Liao et al. established that transmitted/founder viruses were 

capable of initiating the bnAb clonal lineage by binding to the unmutated common 

ancestor, and early B cell lineages members were capable of neutralizing autologous 

virus. Early antibody neutralization drove virus escape mutations near the bnAb 

epitope, which in turn induced continued evolution of the bnAb lineage (Liao et al., 

2013). CH235, an autologous neutralizing antibody isolated from this same individual, 

selected mutations in loop D of the HIV-1 Env, which in turn increased affinity of the 

CH505 Env loop D mutant Envelopes for the CH103 lineage antibodies (Gao et al., 2014). 

This finding highlights the importance of cooperation between two independent B cell 

lineages in the development of bnAbs.  

The Env gp41 membrane proximal external region (MPER) is a highly conserved 

23 amino acid segment that is located near the virus lipid bilayer proximal to the trans-

membrane domain. The MPER plays a critical role in membrane fusion during viral 

entry into the host cell, and is a target for bnAbs 2F5 10E8 and 4E10—each with distinct 

epitopes within the MPER.  Thus, study of HIV-1 infected individuals with plasma 

MPER bnAb activity should help elucidate how these antibodies are induced and point a 

pathway to their induction.  

CAP206 is an individual from the South African CAPRISA 002 cohort of clade C 

HIV-1 infected individuals, who developed breadth at 81 weeks post infection that was 
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mediated by MPER-reactive antibodies in the plasma (Gray et al., 2009).  CAP206-CH12, 

an MPER-reactive, neutralizing mAb was isolated from CAP206 by single cell memory B 

cell sort methods using an MPER.03 tetramer. It utilized the same VH and VK gene 

segments, VH1-69 and VK3-20, and has a similar binding footprint as bnAb 4E10 (Morris 

et al., 2011).   

4.1 Results 

4.1.1 HIV-1 reactive antibodies isolated from CAP206 utilized the 
same heavy chain and kappa chain variable gene segments as 
neutralizing mAbs CH12 and 4E10. 

To isolate antibodies from CAP206, we used single cell PCR on HIV-1 specific 

memory B cells sorted from PBMCs 4-254 weeks post transmission using MPER.03 

(Morris et al., 2011)  and group M consensus envelope, ConS, (Liao et al., 2006). We also 

utilized single B cell culture methods using PBMC memory B cells from 120 weeks post 

transmission and selected wells with antibody binding to CAP206 T/F gp140. By these 

methods, we isolated 38 monoclonal antibodies (mAbs) and confirmed their HIV-1 

reactivity by ELISA (Table 26).  Fourteen of the 38 mAbs utilized the heavy chain 

variable gene segment VH1-69, and 7 of these also used VK 3-20, which are the same V 

gene segments utilized by the neutralizing MPER-reactive mAb previously isolated 

CAP206-CH12, and the broadly neutralizing antibody 4E10 (Table 26).  The reactivities 

of the mAbs that use VH1-69 and VK3-20 were not limited to MPER, but include 

additional gp41 and gp120 epitopes (Table 26). We tested 20 mAbs for neutralization of 
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7 autologous Env-pseudoviruses derived from viruses isolated from the time of infection 

to 30 months after transmission; none of the newly isolated mAbs neutralized any of the 

autologous viruses (data not shown). Thus, CAP206 preferentially utilized VH1-69 and 

VK3-20 antibody pairs in the antibody response to HIV-1 infection.
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Table 26: HIV-1 envelope reactive antibodies isolated from bnAb individual CAP206 

    VHDHJH  VHJH   

Sort 

Type 

Weeks Post 

Transmission 

Ab ID  Isotype V Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 V Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 HIV-1 

Reactivity 

      % a.a   % a.a   

ConS 4 Ab5948  G1 3~23 0.7 18  λ2~14 3.0 10  gp140 

ConS 13 CH62 c  G1 4~31 1.8 15  λ2~8 0.8 10  gp140 

ConS 13 CH63 c  G1 4~59 1.8 18  κ3~20 1.1 9  gp140 

MPER.03 19 DH393 c  M 1~69 0.3 14  λ7~43 0.3 10  gp41 

ConS 19 DH394  G3 3~30 1.6 11  κ2D~29 1.6 8  gp140 

ConS 19 DH392 c  G1 1~69 2.8 18  κ4~1 0.8 9  gp41 

ConS 19 DH396  G1 3~20 1.8 10  κ2D~29 1.9 8  gp140 

ConS 19 DH397  G1 4~59 1.8 13  λ2~8 1.6 12  gp140 

ConS 19 DH398 c  G1 1~69 0.0 16  κ3~20 0.0 9  gp41 

ConS 19 DH399  G1 5~51 3.6 13  λ6~57 1.9 9  gp140 

ConS 19 DH400 c  G1 1~69 3.3 15  κ3~20 1.1 8  gp41 

Livea 120 DH401  G1 1~69 8.2 23  κ1~27 3.4 9  sp400 

Livea 120 DH402  G1 1~f 6.7 13  λ6~57 4.6 9  sp400 

Livea 120 DH403 c  G1 3~23 8.8 20  κ3~15 1.7 8  sp400 
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    VHDHJH  VHJH   

Sort 

Type 

Weeks Post 

Transmission 

Ab ID  Isotype V Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 V Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 HIV-1 

Reactivity 

      % a.a   % a.a   

Livea 120 DH404 c  G1 4~31 9.9 15  λ2~8 1.9 10  gp120 

Livea 120 CH133 c  G1 1~69 4.1 23  κ3~20 3.1 9  gp120 

Livea 120 DH405  G1 3~30 6.3 15  λ3~1 5.7 9  gp140 

Livea 120 CH259c  G1 1~69 4.9 21  κ3~15 2.0 11  gp120 

Livea 120 DH406  G1 1~46 6.4 14  λ2~23 4.1 10  gp41 

Livea 120 DH407bc  G1 4~39 0.1 16  κ2~30 1.6 10  gp41 

Livea 120 DH408bc  G1 4~39 0.1 16  κ3~20 0.8 9  gp41 

Livea 120 DH409  G1 1~69 4.1 23  κ3~20 3.1 9  gp120 

Livea 120 DH410  G1 3~30 6.2 15  λ3~1 6.3 9  gp140 

Livea 120 DH411  G1 3~15 2.5 14  λ3~10 0.8 12  gp41 

Livea 120 DH412  G1 5~a 4.4 21  κ2D~29 1.9 9  gp140 

Livea 120 DH413  G1 3~9 1.2 22  κ3~11 0.6 9  sp62 

Livea 120 DH414  G1 3~23 4.3 16  λ3~1 2.9 9  gp140 

MPER.03 146 DH415  G1 4~4 1.5 12  κ1~39 3.3 9  sp62 

MPER.03 146 DH416  G1 3~23 11.4 17  κ1~39 6.7 9  sp62 

MPER.03 173 CH64c  G3 1~69 9.7 16  λ2~11 6.8 10  gp120 
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    VHDHJH  VHJH   

Sort 

Type 

Weeks Post 

Transmission 

Ab ID  Isotype V Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 V Gene 

Segment 

Mutation 

Frequency 

CDR3 

Length 

 HIV-1 

Reactivity 

      % a.a   % a.a   

MPER.03 173 DH417c  G1 1~69 8.9 19  κ1~27 5.7 9  gp41 

MPER.03 173 CH190c  G1 1~f 6.3 16  λ1~51 3.6 13  gp120 

MPER.03 173 CH82c  G1 1~69 5.3 23  κ3~20 2.3 9  gp120 

MPER.03 173 DH418c  G1 1~69 5.3 23  λ7~43 1.1 11  gp140 

MPER.03 254 DH419  A1 3~11 8.2 14  κ3~20 7.1 9  gp140 

MPER.03 254 DH420 c  G1 1~69 1.5 16  κ3~20 1.4 8  gp41 

ConS 254 DH421c  G1 1~69 5.2 13  κ3~20 2.8 9  gp41 

MPER.03 254 DH422c  G1 4~4 7.5 22  κ1~39 3.1 9  MPER 
a Sort of live cells from Memory B cell culture wells 
b One heavy chain and two light chains were isolated from one well and CH1337 was paired with both light chains for binding 

assays 
cAntibodies produced on large scale and protein A purified for further analysis 
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4.1.2 CH82 clonal lineage members were glycan dependent. 

Two of the mAbs isolated by single cell PCR that utilized VH1-69 and VK3-20, 

CH82 and CH133, had clonally related VHDHJH and VKJK sequences (Table 26). 

Pyrosequenced gDNA isolated from 9 PBMC samples over the first 3 years of infection 

of CAP206 were analyzed, and we identified additional members of this clonal lineage 

from multiple time points 33 to 146 weeks post transmission, and from which we 

inferred the unmutated common ancestor (UCA), CH82 UCA (Figure 18A). All three 

antibodies were reactive with FPLC purified, CAP206 T/F gp120 monomer (Figure 19). 

CH82 UCA had low affinities to the 7 autologous gp140 Envs ranging from no 

detectable binding to 30.3nM (Figure 18B and Figure 20A), but affinity maturation of this 

lineage occurred to autologous Envs- as observed by the increase in affinity of CH82 and 

CH133 to 6 of the 7 gp140s tested (0.05- 0.2nM) (Figure 18B and Figure 20A). The 

apparent affinity differences observed between CH82 and CH133 binding to gp120 and 

gp140 may have been due to avidity effects or improved availability of the binding 

epitope in the gp140 form. Despite persistence of this lineage in the blood for >2 years, 

the VH mutation frequency only increased from 8.2% at 33 weeks to the maximum VH 

mutation frequency of 9.3% at 146 weeks post infection (Figure 18A). Despite nanomolar 

affinity binding of these antibodies to the autologous envelope, these 3 antibodies were 

unable to neutralize autologous viruses (Table 27).  
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Native deglycosylation of envelopes enhances the antigenicity of HIV-1 gp41 

epitopes for broadly neutralizing mAbs 2F5 and 4E10 and their UCAs (Li et al., 2005; Ma 

et al., 2011; Montefiori, 2009).  To determine if the same was true for CAP206 mAbs 

binding to autologous Env, we tested the CH82 lineage mAbs binding to WT and 

natively deglycosylated gp140 Envs. Binding of CH82 UCA, CH133 and CH82 to 

autologous Envs was completely abrogated by native deglycosylation (Figure 18C and 

Figure 20B). CH12, 4E10 and 19B bound equally well to 7 WT and deglycosylated Envs 

by ELISA, and similar to what was found by Ma et al., CH12 UCA and 4E10 UCA had 

enhanced binding to these CAP206 envelopes after native deglycosylation (Figure 21). 
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Figure 18: CAP206 CH82 lineage members were glycan dependent.

The phylogenetic tree of 

unmutated common ancestor (CH82 UCA). The nodes in black are lineage members 

isolated by deep sequencing and are labeled with the weeks post transmission the 

sequence was isolated from. CH82 and 

isolated by single cell PCR methods. CH82, CH133 and CH82 UCA have been produced 

as recombinant mAbs and further characterized. (B) SPR binding for CH82 UCA, CH133 

and CH82 to the wild type CAP206 T/F gp140 Env

antibody to the envelope are included in each graph. Affinity maturation from CH82 

UCA to the mature mAbs CH133 and CH82 increased from 178nM to 0.22nM and 

0.03nM, respectively. (C) SPR binding for CH82 UCA, CH133 an

deglycosylated CAP206 T/F gp140 Env. These three antibodies did not bind to natively 

deglycosylated Env. (D) Blocking of CH82 binding to CAP206 T/F gp140 by glycan 

dependent bnAbs PG9, PG16, PG121, PGT128, PGT125 and 2G12. 

determined by blocking with “cold” CH82

experiments. (E) N332 dependent binding to ConC envelope by CH82 lineage members. 

Positive control= 19B and negative control= Synagis, and 

duplicate experiments. 

Figure 19: CAP206 CH82 lineage members binding affinity to CAP206 T/F 

SPR binding affinity of CAP206 CH82 lineage members to FPLC purified CAP206 T/F 

gp120 monomer. Binding kinetics and affinity of each antibod

included in each graph. Affinity maturation from CH82 UCA to the mature mAbs 

CH133 and CH82 increased from 2160 nM to 1.85 nM and 1.92 nM, respectively.
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: CAP206 CH82 lineage members were glycan dependent.

The phylogenetic tree of the CAP206 CH82 lineage heavy chain sequences, rooted on the 

unmutated common ancestor (CH82 UCA). The nodes in black are lineage members 

isolated by deep sequencing and are labeled with the weeks post transmission the 

sequence was isolated from. CH82 and CH133 were natural VHDHJH and V

isolated by single cell PCR methods. CH82, CH133 and CH82 UCA have been produced 

as recombinant mAbs and further characterized. (B) SPR binding for CH82 UCA, CH133 

and CH82 to the wild type CAP206 T/F gp140 Env. Binding kinetics and affinity of each 

antibody to the envelope are included in each graph. Affinity maturation from CH82 

UCA to the mature mAbs CH133 and CH82 increased from 178nM to 0.22nM and 

(C) SPR binding for CH82 UCA, CH133 and CH82 to natively 

deglycosylated CAP206 T/F gp140 Env. These three antibodies did not bind to natively 

deglycosylated Env. (D) Blocking of CH82 binding to CAP206 T/F gp140 by glycan 

dependent bnAbs PG9, PG16, PG121, PGT128, PGT125 and 2G12. 100% blocki

determined by blocking with “cold” CH82. Data is representative of duplicate 

(E) N332 dependent binding to ConC envelope by CH82 lineage members. 

Positive control= 19B and negative control= Synagis, and data is representative of 

: CAP206 CH82 lineage members binding affinity to CAP206 T/F 

gp120 

SPR binding affinity of CAP206 CH82 lineage members to FPLC purified CAP206 T/F 

gp120 monomer. Binding kinetics and affinity of each antibody to the gp120 Env are 

included in each graph. Affinity maturation from CH82 UCA to the mature mAbs 

CH133 and CH82 increased from 2160 nM to 1.85 nM and 1.92 nM, respectively.

: CAP206 CH82 lineage members were glycan dependent. 

the CAP206 CH82 lineage heavy chain sequences, rooted on the 

unmutated common ancestor (CH82 UCA). The nodes in black are lineage members 

isolated by deep sequencing and are labeled with the weeks post transmission the 

and VLJL gene pairs 

isolated by single cell PCR methods. CH82, CH133 and CH82 UCA have been produced 

as recombinant mAbs and further characterized. (B) SPR binding for CH82 UCA, CH133 

. Binding kinetics and affinity of each 

antibody to the envelope are included in each graph. Affinity maturation from CH82 

UCA to the mature mAbs CH133 and CH82 increased from 178nM to 0.22nM and 

d CH82 to natively 

deglycosylated CAP206 T/F gp140 Env. These three antibodies did not bind to natively 

deglycosylated Env. (D) Blocking of CH82 binding to CAP206 T/F gp140 by glycan 

100% blocking was 

. Data is representative of duplicate 

(E) N332 dependent binding to ConC envelope by CH82 lineage members. 

data is representative of 

 

: CAP206 CH82 lineage members binding affinity to CAP206 T/F 

SPR binding affinity of CAP206 CH82 lineage members to FPLC purified CAP206 T/F 

y to the gp120 Env are 

included in each graph. Affinity maturation from CH82 UCA to the mature mAbs 

CH133 and CH82 increased from 2160 nM to 1.85 nM and 1.92 nM, respectively. 



 

 135 

Table 27: CH82 lineage member neutralization of autologous and heterologous 

viruses by TZM-bl assays 

 

TZM-bl 

Virus Isolate CH82 UCA 

IC50 

CH133 

IC50 

CH82 

IC50 

Autologous CAP206 

Viruses 

   

0 Month T/F >50 >50 >50 

2 Month >50 >50 >50 

6 Month >50 >50 >50 

12 Month >50 >50 >50 

21 Month >50 >50 >50 

24 Month >50 >50 >50 

30 Month >50 >50 >50 

Heterologous Viruses    

Tier 1    

C.MW965.26 >50 0.17 0.05 

C.92BR025.9 >50 >50 >50 

Tier 2    

AE. CM244 >50 >50 >50 

A.Q23.17 >25 >25 >25 

B.SC42261 >50 >50 >50 

B.TRO >50 >50 >50 

B.QH0692.42 >50 >50 >50 

C.246F >50 >50 >50 

C.249M >50 >50 >50 

C.703010200 >50 >50 >50 

C.CAP45 >50 >50 >50 

C.Ce0393 >50 >50 >50 
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C.Ce0682 >50 >50 >50 

C.Ce1086 >50 >50 >50 

C.Ce2010 >50 >50 >50 

C.Ce2060 >50 >50 >50 

C.Ce703010054 >50 >50 >50 

C.DU422 >50 >50 >50 

C.DU151 >25 >25 >25 

C.DU156 >50 >50 >50 

C.DU422 >50 >50 >50 

C.ZM197M.PB7 >50 >50 >50 

Control    

SVA-MLV >50 >50 >50 

IC50 neutralization concentrations for CH82 lineage mAbs against 

autologous and heterologous viruses. Colors indicate neutralization 

potency. Red=  IC50 <1 µg/ml, yellow=  IC50 1-25 µg/ml, white =  IC50 

>25µg/ml. 



 

 

Figure 20: SPR binding of CAP206 CH82 lineage members to 6 additional 

The post infection sample time point the gp140 Envs sequence was isolated 

at the left of each set of graphs. (A) SPR binding for CH82 UCA, CH133 and CH82 to the 

wild type CAP206 T/F gp140 Env. Binding kinetics and affinity of each antibody to the 

envelope are included in each graph. (B) SPR binding for CH82 UCA, C
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: SPR binding of CAP206 CH82 lineage members to 6 additional 

CAP206 gp140 Envs 

The post infection sample time point the gp140 Envs sequence was isolated 

at the left of each set of graphs. (A) SPR binding for CH82 UCA, CH133 and CH82 to the 

wild type CAP206 T/F gp140 Env. Binding kinetics and affinity of each antibody to the 

envelope are included in each graph. (B) SPR binding for CH82 UCA, C

 

: SPR binding of CAP206 CH82 lineage members to 6 additional 

The post infection sample time point the gp140 Envs sequence was isolated from is listed 

at the left of each set of graphs. (A) SPR binding for CH82 UCA, CH133 and CH82 to the 

wild type CAP206 T/F gp140 Env. Binding kinetics and affinity of each antibody to the 

envelope are included in each graph. (B) SPR binding for CH82 UCA, CH133, and CH82 
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to natively deglycosylated CAP206 T/F gp140 Env. These three antibodies did not bind 

to any natively deglycosylated Envs. These experiments were completed in collaboration 

with S. Munir Alam and Shelley Stewart. 

  



 

 

Figure 21: Binding of CH12, CH12 UCA, 4E10,  4E10 UCA and 19B to 7 CAP206 

WT and natively deglycosylated gp140 envelops.

Native deglycosylation of the CAP206 gp140 Envs with PNGase treatment does not 

disrupt binding of MPER

CAP206-CH12 UCA and 4E10 UCA binding to these envelopes was enhanced by native 

degycosylation. 
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: Binding of CH12, CH12 UCA, 4E10,  4E10 UCA and 19B to 7 CAP206 

WT and natively deglycosylated gp140 envelops. 

Native deglycosylation of the CAP206 gp140 Envs with PNGase treatment does not 

disrupt binding of MPER- reactive mAbs CAP206-CH12 and 4E10, or V3

CH12 UCA and 4E10 UCA binding to these envelopes was enhanced by native 

 

 
: Binding of CH12, CH12 UCA, 4E10,  4E10 UCA and 19B to 7 CAP206 

Native deglycosylation of the CAP206 gp140 Envs with PNGase treatment does not 

E10, or V3-reactive 19B. 

CH12 UCA and 4E10 UCA binding to these envelopes was enhanced by native 
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To compare the binding epitope of CH82 on the CAP206 to glycan dependent 

BnAbs, we tested variable loop 2 (V2)–reactive BnAbs, PG9, PG16 and V3-reactive 

glycan dependent BnAbs PG121, PGT125 and PGT128 for their ability to block CH82 

binding to CAP206 T/F gp140 (Figure 18D). V3-glycan dependent bnAb PGT128 blocked 

73% of CH82 binding to CAP206 T/F gp140 at 100µg/ml, binding was also blocked by 

other V3-glycan dependent bnAbs, PGT121 and PGT125, by 53% and 46%, respectively 

(Figure 18D). V1/V2-glycan dependent mAbs PG9 and PG16 did not block CH82 

binding. To determine if the CH82 lineage was specific for the N322 glycan, we tested 

CH82 UCA, CH133 and CH82 for binding to WT Consensus C (ConC) gp120 and ConC 

gp120 with an N332A mutation by ELISA. The removal of the N332 glycan site 

decreased CH133 and CH82 binding (Figure 18E). Although CH133 and CH82 have 

similar binding epitopes and glycan dependence as the bnAbs PGT121, PGT125 and 

PGT128, they are only capable of neutralizing clade C tier 1 virus MW965.26 at any IC50 

of 0.17 and 0.05µg/ml, respectively, and were unable to neutralize any of the 20 tier 2, 

difficult to neutralize heterologous viruses tested in TZM-bl cells (Table 27). 

4.1.3 Mutations in the Env gp41 MPER in the CH12 binding site confer 
enhanced neutralization sensitivity of transmitted founder viruses 

In CAP206, mutations accumulate within the MPER, likely as escampe from 

MPER-neutralizing antibodies. To determine if these escape mutations in the MPER 

increase neutralization sensitivity or resistance to the CAP206 transmitted founder (T/F) 

virus, we used site-directed mutagenesis to introduce the 3 individual, naturally 
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occurring mutations in the MPER of the T/F Env of CAP206 as shown by single genome 

amplification (SGA) of viral sequences: K667N, W680R, and K683Q (Figure 22A). In 

addition, we tested an additional in vitro-generated mutant at position 681 (Y681D). We 

also introduced all three mutations into the T/F, which is designated as NRQ (Figure 

22A). According to the Los Alamos National (LANL) HIV sequence database, the 

tryptophan (W) at MPER position 680 is highly conserved in all circulating clades and 

arginine (R) is the most frequently seen mutation (Figure 23). These Envs were 

incorporated into a HIV-1 Env pseudoviruses, and we determined their neutralization 

sensitivity to a panel of clade C sera. CAP206 T/F, CAP206 T/F W680R, and the later WT 

CAP206 viruses were all characterized to be difficult to neutralize, tier 2 viruses (Table 

28). The pseudoviruses containing CAP206 T/F with K667N, K683Q, NRQ, and Y681D 

mutations were all characterized as easier to neutralize tier 1B viruses when we tested 

for sensitivity to a panel of HIV-1 infected patient sera (Seaman et al., 2010) (Table 28). 

As another example of mutations in the MPER region, SGA sequencing of 

another clade C infected individual, CH505, who also produced bnAbs, identified a 

sequence with a W680D mutation in the transmitted founder virus (Liao et al. 2013; Gao 

et al., 2014).  With a similar panel of 5 clade C sera, we determined that the CH505 T/F 

was a tier 2 virus, and the CH505 w4.3 with the W680D conferred intermediate 

neutralization sensitivity in this virus making it a tier 1b virus (Table 29). Therefore 



 

 

mutations in the MPER of the virus Env can confer increased neutralization sensitivity in 

clade C viruses. 

Figure 22: CAP206 MPER mutations introduced into CAP206 transmitted 

The K677N and K683Q mutations are 

post infection and the W680R mutation is first found at 21 months post infection. All 

three mutations are identified in multiple virus isolates and at multiple subsequent time 

point samples. Each individual 

viral Env individually as well as a combination of the three (NRQ).

sequence in the T/F is critical for CAP206

completed in collaboration with To
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mutations in the MPER of the virus Env can confer increased neutralization sensitivity in 

: CAP206 MPER mutations introduced into CAP206 transmitted 

founder virus. 

The K677N and K683Q mutations are first seen in SGA viral sequences at 15 months 

post infection and the W680R mutation is first found at 21 months post infection. All 

three mutations are identified in multiple virus isolates and at multiple subsequent time 

individual mutation was introduced into the transmitted founder 

viral Env individually as well as a combination of the three (NRQ). 

sequence in the T/F is critical for CAP206-CH12 binding. Site directed mutagenesis was 

completed in collaboration with Todd Bradley and Lynn Morris. 

mutations in the MPER of the virus Env can confer increased neutralization sensitivity in 

 

: CAP206 MPER mutations introduced into CAP206 transmitted 

first seen in SGA viral sequences at 15 months 

post infection and the W680R mutation is first found at 21 months post infection. All 

three mutations are identified in multiple virus isolates and at multiple subsequent time 

tation was introduced into the transmitted founder 

 The highlighted 

Site directed mutagenesis was 
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Figure 23: MPER amino acid sequences are highly conserved. 

(A) Graphical representation of amino acid sequences of MPER positions 669-683 from 

all HIV sequences in the LANL database and of all CAP206 sequences available. The size 

of each letter indicates the relative proportion of sequences that utilize that amino acid at 

that position. The color of each letter indicates the property of that amino acid: Black= 

non-polar, Blue= charged, and Green= polar uncharged. (B) Conservation of the 

tryptophan at position 680 across all clades of virus and the CAP206 virus sequences. (C) 

Variation in MPER positions in HIV/SIVcpz sequences from LANL. Analysis of the 

conservation of MPER amino acid sequences was completed in collaboration with Todd 

Bradley. 

  



 

 145 

Table 28: Neutralization sensitivity of CAP206 viruses against a 

panel of clade C sera 

 IC50 (µg/mL) in TZM-bl cells  

Virus ID Clade C Sera  

CAP206 WT 

Viruses 

SA-C2 SA-C8 SA-C62 SA-C72 SA-C74 GMT Tier 

CAP206 T/F 647 333 142 549 5000 609 2 

6 month 316 88 264 520 499 286 2 

12 month 294 304 70 466 589 280 2 

21 month 584 461 269 1203 5000 847 2 

24 month 448 287 178 434 555 353 2 

30 month 667 514 154 765 5000 726 2 

CAP206 Mutant 

Viruses 

       

CAP206 T/F 

Y681D 
17 41 71 37 5 24 1B 

CAP206 T/F 

K677N 
9 6 3 154 18 13 1B 

CAP206 T/F 

W680R 

165 229 100 202 235 178 2 

CAP206 T/F 

K683Q 

12 8 4 300 18 18 1B 

CAP206 T/F 

NRQ 

11 7 4 151 18 13 1B 

Control Viruses        

MW965.26 1.14 1.70 1.40 1.14 1.14 n/a 1A 

Q23.17 25 16 432 151 19 n/a 1B 

CAP45.2.00.G3 71 209 337 56 662 n/a 2 

C.DU156.12 352 278 811 207 393 n/a 2 
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Table 29: Neutralization sensitivity of CH505 viruses against a 

panel of clade C sera 

 IC50 (µg/mL) in TZM-bl cells  

Virus ID        

CH505  

Viruses 

HIVIG-C SA-C102 SA-C82 SA-C36 SA-C8 GMT Tier 

CH505. TF 556 2222 790 118 1110 663 2 

CH505.w4.3 62.2 9 36 5 2 12 1B 

Control 

Viruses 

       

C.MW965.26 2.99 1 7 2 3 3 1A 

C.DU156.12 46.7 432 352 119 110 156 2 

 

 

We tested the CH82 lineage and an additional VH1-69 mAb CH259, for the 

ability to neutralize the CAP206 MPER mutants, CH505 T/F and CH505 w4.3 viruses. Of 

the MPER mutations found in CAP206 SGA viral sequences, only W680R was more 

sensitive to neutralization by these antibodies (Figure 24A-B). CH133 and CH259 were 

able to neutralize the T/F with the Y681D mutation with IC50s ranging from 16.3-17.6 

µg/ml (Figure 24B). The IC50 for neutralization of CAP206 Y681D ranged from 0.8µg/ml -

10.6µg/ml (Figure 24B).  

When we tested these CAP206 mAbs for neutralization of heterologous CH505 

T/F and W680G 4.3 mutant virus, we found that the CH82 lineage members, as well as 

mAb CH259 were both unable to neutralize CH505 T/F at 50µg/ml, but in contrast, the 

W680D mutation made the heterologous CH505 T/F more sensitive to these antibodies, 
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with neutralization IC50s from <0.023 to 1.06 µg/ml (Figure 24C). CH505 w4.3 was also 

very sensitive to the unmutated CH82 UCA, which had an IC50 of 0.31µg/ml (Figure 

24C).  Thus, mutations within the MPER, particularly at position 680 can increase 

neutralization sensitivity to autologous and heterologous mAbs, and the amino acid 

substitution at this position may impact the degree of neutralization sensitivity. 
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Figure 24: Neutralization of CAP206 and MPER mutants by mAbs isolated 

from CAP206 

(A) % neutralization curves of CH82 UCA, CH133, CH82, CH259 and CH190 against 

CAP206 WT T/F and 4 T/F MPER mutants. Dilutions start at 100µg/ml. The dotted line of 

each graph represents 50% neutralization. (B-C) IC50 neutralization concentrations for 

CAP206 mAbs against autologous and heterologous viruses. Colors indicate 

neutralization potency. Red= IC50 <1 µg/ml, yellow= IC50 1-25 µg/ml, white = IC50 

>25µg/ml. (B) CAP206 viruses. (C) CH505 viruses. Neutralization assays were completed 

in collaboration with David Montefiori and Shi-Mao Xia. 

 

We next tested the neutralization sensitivity of the CAP206 T/F viurses and their 

MPER mutants against a panel of broad and narrow neutralizing antibodies that target a 

spectrum of MPER and non-MPER Env neutralizing antibody epitopes, CD4 binding 

site, V1/V2 glycans, V3 loop, V3 glycans and MPER.  All CAP206 T/F mutants tested 

were more sensitive to neutralization by V1/V2 glycan bnAb PG9 (Figure 25A). The 

MPER mutations in CAP206 T/F, CH505 T/F viruses tested were C-terminal to both the 

2F5 and 4E10 binding sites. BnAb 2F5 was unable to neutralize any CAP206 mutant 

viruses, and bnAb 4E10 neutralization increased from 4.19 µg/ml to 0.28 - 3.44 µg/ml for 

W680R, Y681D, and K683R mutations, respectively (Figure 25A). The CAP206 T/F, 

K677N, and NRQ mutants were slightly less sensitive to 4E10 compared to CAP206 T/F 

(Figure 25A). These data suggested that the increased neutralization sensitivity of the 

CAP206 T/F MPER viral mutants was not limited to mAbs that target the MPER, but also 

to antibodies that target additional neutralization epitopes.  
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To determine if CH505 w4.3 shared a similar increased sensitivity to a panel of 

neutralizing antibodies, we tested the same panel of mAbs against CH505 T.F and 

CH505 w4.3. Neither CH505 T/F nor w4.3 viruses were sensitive to V3-glycan bnAbs 

PGT128 and PGT121, nor MPER- reactive bnAb 2F5, at the concentrations tested. The 

CD4 binding site bnAb, CH31, retained its potent neutralization of both CH505 viruses 

with and IC50 of <0.023 µg/ml (Figure 25B). Interestingly, the bnAb CH103, isolated from 

CH505, had an IC50 against the autologous CH505 T/F of 3.27µg/ml and neutralization 

potency against CH505 w4.3 increased 15.4 fold with an IC50 of 0.212 (Figure 25). The 

W680D mutation in CH505 w4.3 induced the greatest change in neutralization potency 

for V3-loop binder 19B. 19B was unable to neutralize CH505 T/F at 50µg/ml, but 

neutralized CH505 w4.3 with an IC50 of 0.40 µg/ml (Figure 25B).  Therefore, the 

neutralization sensitivity of MPER viral mutants found in two clade C infected 

individauls was not limited to mAbs that target the MPER. Mutations at W680 and 

additional amino acids within the MPER may increase the exposure of multiple 

neutralizing epitopes, and may play a role in driving clonal lineages to non-MPER 

epitopes, similar to CH82 isolated from CAP206, that are capable of neutralizing mutant, 

easier to neutralize viruses, but not hard to neutralize autologous viruses.  

  



 

 

Figure 25: Neutralization profiles of neutralizing antibodies measured as 

in TZM-bl assays, against transmitted founder viruses isolated from clade C infected 

IC50 neutralization concentrations for CAP206 mAbs against autologous and 

heterologous viruses. Colors indicate neutralization potency. Red= 

yellow= IC50 1-25 µg/ml, white = 

Neutralization assays were completed in collaboration

Mao Xia. 
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: Neutralization profiles of neutralizing antibodies measured as 

assays, against transmitted founder viruses isolated from clade C infected 

individuals. 

neutralization concentrations for CAP206 mAbs against autologous and 

heterologous viruses. Colors indicate neutralization potency. Red= 

g/ml, white = IC50 >25µg/ml. (A) CAP206 viruses. (B) CH505 viruses

Neutralization assays were completed in collaboration with David Montefiori and Shi

 

 

: Neutralization profiles of neutralizing antibodies measured as IC50 

assays, against transmitted founder viruses isolated from clade C infected 

neutralization concentrations for CAP206 mAbs against autologous and 

heterologous viruses. Colors indicate neutralization potency. Red= IC50 <1 µg/ml, 

g/ml. (A) CAP206 viruses. (B) CH505 viruses. 

with David Montefiori and Shi-
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4.2 Discussion 

In this study we have probed the VH and VL-restricted antibody repertoire of an 

individual that developed broad neutralizing antibodies specific for the HIV-1 envelope 

MPER. We have isolated a clonal lineage (CH82) that binds to HIV-1 Env gp120 in a 

glycan- dependent manner, and used the same heavy and light chain variable gene 

segment pairing, VH1-69 and Vk2-30, as the MPER- specific bnAb 4E10. Although 

members of the CH82 clone and CH259 were unable to neutralize the WT transmitted 

founder virus, or viruses from later time points, the mature lineage members were 

capable of neutralizing CAP206 transmitted founder virus containing mutations within 

the MPER 4E10/CH12 binding site that confer neutralization sensitivity to the CH505 

transmitted founder virus. The mutated lineage members and UCA were also capable of 

neutralizing heterologous viruses containing similar mutations within the MPER.  

Although CAP206 utilized the same VH and VK gene segments as bnAb 4E10, 

VH1-69 and VK3-20, to produce neutralizing MPER- reactive mAb CH12 that has the 

same binding footprint as 4E10, CAP206 used this same VH and VK pairing in response 

to additional epitopes on HIV-1, including glycan-dependent gp120 epitopes, and non- 

MPER epitopes on gp41 (Table 26).  CAP206 has 3 germline copies of the gene segment 

VH1-69, which provides a potential explanation for the high frequency of HIV-1 reactive 

mAbs isolated from this individual. It has been suggested that the number of germline 

copies VH1-69 is proportional to the frequency of B cells in the periphery utilizing of 
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VH1-69 (Sasso et al., 1996). We have previously characterized the terminal ileum plasma 

cell response to HIV-1 infection in two individuals that carry three germline copies of 

VH1-69 and one over usedVH1-69 in response to HIV-1 infection, 004-0, and the second 

did not, 071-8. Thus, additional germline copies of this gene segment were not the only 

factor that impacts the frequency of its usage in response to HIV-1 infection. 

Clonal lineage CH82 is a specific example of the VH1-69 and VK3-20 pairing 

utilized in response to non-MPER epitopes from this individual. Identification of this 

lineage from 33 weeks to 245 week using both single cell sort methods and 

pyrosequencing, provides us with insight into the evolution of a distinct potentially 

neutralizing V3- glycan dependent B cell response in an individual that produces MPER 

bnAbs. V3-glycan depending bnAbs have been characterized as having long (18-24) 

amino acid HCDR3s and VH mutation frequencies ranging from 15-23% (Walker et al., 

2011).  In comparison, CH133 and CH82 had 23 amino acid HCDR3s and only 4.0% and 

9.0% VH mutation frequencies, respectively (Figure 18 and Table 26). Because of the V3- 

glycan dependence of the CH82 lineage, it is possible that this B cell lineage was the 

precursor of a V3 glycan-dependent bnAb clonal lineage. Against this notion is the 

recent report that V3 glycan dependent antibodies with minimal mutations still 

neutralize ~40% of tier 2 heterologous HIV-1 strains (Sok et al., 2013).  Despite 

persistence for >2 years, one branch of the clonal lineage accumulated the majority of its 

somatic mutations within 33 weeks after transmission (Figure 18A). The viral escape 
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mutants from MPER-reactive mAbs in this individual may have contributed to driving 

the evolution of lineage, which is capable of high affinity binding to Env, but is only 

capable of low potency neutralization of neutralization-sensitive viruses.  

Native deglycosylation of the autologous Env did not enhance the gp120-reactive 

CH82 and CH82 UCA binding to CAP206 Env as it did for the UCAs of MPER-reactive 

mAbs, 4E10 and CH12 (Figure 18, Figure 20, and Figure 21), and has been previously 

been shown for 2F5 UCA and 4E10 UCA and HIV-1 Env JRFL (Ma et al., 2011). Native 

deglycosylation of JRFL Env removes glycans at N611, N616 and N625 in gp41 and 

removal of these or gp120 glycans at gp41 contact sites are responsible for enhance 

MPER Ab binding after PNGase treatment (Ma et al., 2011) . Instead, the WT 

glycosylation of autologous CAP206 Env is required for CH82 UCA binding (Figure 18 

and Figure 20). Thus, the CH82 lineage provides evidence that high affinity V3-glycan 

dependent binding can develop with relatively few mutations; however higher mutation 

frequencies and/or longer HCDR3s may be required for antibody broad cross-reactivity 

and neutralization capacity (Sok et al., 2013; Walker et al., 2011). 

The MPER has the property of accumulation of mutations that predispose to 

neutralization sensitivity. Previous studies have shown that certain mutations in the 

MPER are capable of enhancing the neutralization sensitivity to MPER-reactive bnAbs 

including T569A (Blish et al., 2008), I675V (Blish et al., 2008),  L669S (Shen et al., 2009), 

and Y681H (Ringe and Bhattacharya, 2012).  The L669S mutation increased 



 

 155 

neutralization sensitivity by prolonging MPER exposure to the MPER-reactive bnAbs 

(Shen et al., 2010), and the Y681H mutation was hypothesized to also prolong exposure 

of the MPER epitopes as well as improve the exposure of CD4-induced epitopes (Ringe 

and Bhattacharya, 2012). Polymorphisms are extremely rare for W680 (Figure 23A), 

however naturally occurring variants (W680G, at this position have been isolated 

previously, shown to be capable of transmission from mother to child and resistant to 

4E10 (Nakamura et al., 2010). In this study we have shown that two clade C transmitted 

founder viruses have varying degrees of sensitivity to MPER mutations, likely based on 

the characteristics of the replacement amino acid. Tryptophan is a large hydrophobic 

amino acid and replacement at W680 of CH505 T/F with aspartic acid, a small acidic 

amino acid, confers greater neutralization sensitivity than its replacement with another 

large, but basic amino acid arginine in the backbone of CAP206 T/F.  

The MPER mutations we have described here have limited impact on the 

neutralization capacity of MPER-reactive bnAbs 2F5, and 4E10, except in the case of 

Y681D mutation in CAP206, with ~15 fold decrease in IC50. The increased sensitivity of 

both CAP206 and CH505 viruses containing W680 mutations to non-MPER-reactive 

mAbs, such as 19B, the CH82 lineage members isolated from CAP206, and non-MPER 

bnAbs all suggests improved availability of neutralizing epitopes induced by these 

mutations. An analysis of breakthrough viruses in a rhesus macaque immunization and 

challenge study identified two mutations at positions 45 and 47 (TR vs. A/K) within the 
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C1 region of Env that have similar effects on virus sensitivity as the MPER 680 and 681 

mutations (Chan et al., 1997; Roederer et al., 2014).  In particular, the A/K signature 

induced neutralization resistance from sera from immunized animals, whereas antibody 

responses elicited by the immunization were capable of protecting against the sensitive 

viruses with the TR signature (Roederer et al., 2014). Because CH82 UCA was capable of 

neutralizing CH505 w4.3 at an IC50 of 0.31 µg/ml, CH505 w4.3 Env may be a candidate 

immunogen to target precursor B cells that can be driven by other Envs towards broad 

neutralization capacity.   

In this study we have identified mutations within the MPER of viruses from two 

clade C infected individuals that confer neutralization sensitivity of the virus against 

autologous and heterologous mAbs. The mutant CH505 T/F w4.3 was even sensitive to 

the CH82 UCA. Because neutralization sensitivity in these mutants increased to non-

MPER- reactive mAbs, the MPER W680 mutations are likely impacting exposure of 

other neutralizing epitopes. 

We have isolated HIV-1 reactive mAbs from CAP206 in addition to the 

previously reported CAP206-CH12 (Morris et al., 2011). VH1-69, glycan dependent 

lineage (CH82), and an additional VH1-69 mAb CH259, were unable to neutralize the 

transmitted founder virus, but did have low-level neutralization potency against 

CAP206 T/F virus with W680R and Y681D mutations, and were potent neutralizers of 

sensitive heterologous virus CH505 w4.3. Additional probing of the B cell repertoire in 
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CAP206 will be necessary to identify B cell lineages that are capable of autologous 

neutralization of the T/F and early progeny.  

The isolation of HIV-1 reactive mAbs from CAP06 that target multiple epitopes, 

MPER, non-MPER gp41, and gp120 provides evidence that some individuals over utilize 

specific VH and VL gene segments in response to multiple B cell epitopes. CAP206- CH12 

and 4E10 were isolated decades apart from two different individuals and both utilized 

VH1-69 and VK3-20, suggesting that this VH and VK pairing was necessary to react with 

MPER 4E10/CH12 binding site. The data presented here shows that the 4E10 donor may 

have also over used VH1-69 and VK3-20 in response to HIV-1 infection as well. In support 

of this idea, an individual that does not develop neutralization breadth, 004-0, also over 

utilized VH1-69 in response to HIV-1 infection and developed VH1-69 antibodies against 

both HIV-1 Env gp41 and Gag p24 (Table 14). 
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5. Persistence of B cell clonal lineages 

As noted above, the development of neutralization breadth occurs in a 

continuum (Hraber et al., 2014), with only 10-25% of HIV-1 individuals developing high 

levels of broad and potent heterologous neutralization (Euler et al., 2010; Gray et al., 

2011; Tomaras et al., 2011) but 50% of individuals developing sufficient breadth to 

neutralize 50% of virus strains tested (Hraber et al., 2014). Autologous neutralization in 

the plasma takes ~12 weeks to develop (Gray et al., 2007; Moore et al., 2009; Richman et 

al., 2003; Wei et al., 2003), whereas, broadly neutralizing antibodies typically take 3-4 

years to develop (Euler et al., 2010; Gray et al., 2007; 2011; Tomaras et al., 2011). The 

broadly neutralizing HIV-1 antibodies that have been isolated to date have a number of 

characteristics that are typically tightly regulated by the immune system, including 

autoreactivity and exceptionally high frequencies of somatic hypermutations, averaging 

~15% but reaching as high as 32% (Haynes et al., 2005; 2012b; Kwong and Mascola, 2012; 

Scheid et al., 2009a). The high frequency of somatic hypermutations suggests that the B 

cell clonal lineages that eventually produce bnAbs undergo long- term affinity 

maturation.  It is not clear why some individuals are capable of producing bnAbs and 

others are not.  

In this chapter I describe a longitudinal study of B clonal lineages in two 

individuals who have restricted VH1-69 usage in response to HIV-1 infection—CAP206, 

who produced membrane proximal external region (MPER) neutralizing antibodies 
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(Gray et al., 2011), and 004-0, who did not produce bnAbs. We hypothesized that B cell 

clonal lineages in individuals who develop neutralization breadth are capable of 

persisting and continuing to somatically hypermutate over longer periods of time than 

clonal lineages in an individual that does not develop breadth. Using single B cell 

sorting and PCR, and recombinant antibody technology, we have compared the 

persistence of clonal lineages in a bnAb producing individual, CAP206, and an 

individual that did not develop bnAbs over the first four years of infection, 004-0.  

5.1 Patient Samples 

In this study we have analyzed the B cell response to HIV-1 infection over 4 

years of infection in 2 individuals, CAP206 and 004-0. CAP206 develops broadly 

neutralizing MPER-reactive antibodies in the context of a severe drop and maintenance 

of a low CD4+ T count and a consistently high viral load (Figure 26). Individual 004-0 

does not produce broad heterologous neutralization over the course of infection, as 

shown in the bottom right panel of Figure 26. This non-bnAb individual retains a high 

CD4+ T cell count and a lower viral load over the course of infection as compared to 

CAP206. Autologous neutralizing antibodies appeared in the plasma within 4 months of 

infection for both individuals.  



 

 

Figure 26: Longitudinal clinical data from the time of infection to 4 years post 

infection for broad neutralizer CAP206 and 

Clinical data for CAP206, who developed neutralizing breadth, is shown on the left and 

data for 004-0, who developed no neutralizing breadth is shown on the right. The top 

panel in gray shows the CD4 count (cell/mm

graph of viral load in the plasma measured as copies/mL

the bottom is showing neutralization of heterologous viruses over time, with each line 

representing a single virus. The vertical line in

point when autologous neutralizing antibodies appeared.

004-0 were compiled in collaboration with Tony Moody and Lynn Morris. 
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: Longitudinal clinical data from the time of infection to 4 years post 

infection for broad neutralizer CAP206 and autologous neutralizer 004

Clinical data for CAP206, who developed neutralizing breadth, is shown on the left and 

0, who developed no neutralizing breadth is shown on the right. The top 

panel in gray shows the CD4 count (cell/mm3) over time. The second panel in green is a 

in the plasma measured as copies/mL over time and the 3

the bottom is showing neutralization of heterologous viruses over time, with each line 

representing a single virus. The vertical line in each individual’s panel indicates the time 

point when autologous neutralizing antibodies appeared. Clinical data for CAP206 and 

0 were compiled in collaboration with Tony Moody and Lynn Morris. 

 

 

: Longitudinal clinical data from the time of infection to 4 years post 

autologous neutralizer 004-0. 

Clinical data for CAP206, who developed neutralizing breadth, is shown on the left and 

0, who developed no neutralizing breadth is shown on the right. The top 

. The second panel in green is a 

over time and the 3rd panel on 

the bottom is showing neutralization of heterologous viruses over time, with each line 

each individual’s panel indicates the time 

Clinical data for CAP206 and 

0 were compiled in collaboration with Tony Moody and Lynn Morris.  
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5.2 Results 

5.2.1 Broad neutralizing individual, CAP206, and non-broad 
neutralizing individual, 004-0, both over utilized VH1-69 in response to 
HIV-1 infection.  

Single cell antigen specific memory B cell sorts were previously used to isolate 

CAP206-CH12, a mAb that shares a binding site and VH and VK gene usage as 4E10 

MPER-reactive bnAb, from broadly neutralizing individual CAP206. Using similar 

single cell sort methods, we have also isolated an additional 38 HIV-1 reactive mAbs in 

addition to the previously described CAP206-CH12 (Morris et al., 2011) (Table 26). As 

described previously, of HIV-1 reactive antibodies isolated, 14 (36%) utilized VH1-69, 

and 7(50%) of those utilized VK3-20. 

Single cell sort methods were used to isolate mAbs from terminal ileum and 

PBMC plasma cells and total memory B cells from chronically infected individual 004-0 

from a single time point. We observed that this individual also predominantly utilized 

VH1-69 in response to HIV-1 infection, but did not develop neutralization breadth in the 

sera over the first 4 years of infection. Eight of 9 HIV-1 reactive mAbs isolated from 

terminal ileum plasma cells from 164 weeks post infection, and 1 of 4 HIV-1 reactive 

mAbs from PBMC plasma cells from 211 weeks post infection utilized VH1-69 (Table 14 

and Table 23). To assess if the high frequency of VH1-69 HIV-1 reactive mAbs was 

specific to the time points tested or is a general characteristic of this individual’s B cell 

response to HIV-1 infection, we isolated 229 mAbs from PBMC plasma cells from 5 
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weeks post infection.  Of the 229 plasma cell mAbs isolated, 45 (19.6%) are HIV-1 Env 

gp41-reactive, of which 10 (22.2%) use VH1-69. Of the 184, non HIV-1 reactive mAbs 

isolated, 13 (7.1%) utilized VH1-69.  

Both individuals responded to HIV-1 infection with a high frequency of B cells 

utilizing VH1-69, however only the HIV-1 Env specific response has been probed from 

bnAb individual CAP206, and the plasma cell pool was probed in 004-0. As a better 

comparison to assess the total VH1-69 usage in these two individuals over time, we 

pyrosequenced gDNA isolated from longitudinal PBMCs from 4-5 weeks to ~4.5 years 

after transmission. Primers specific for VH gene segment families 1-6 were used for 

sequencing (Boyd et al., 2009). The time points post transmission of CAP206 and 004-0 

PBMC samples used for pyrosequencing are indicated by green diamonds in Figure 27A 

and B, respectively. In all samples tested for both CAP206 and 004-0, VH1-69 sequences 

make up at least 5% of all sequences. The frequency of VH1-69 present in CAP206 total B 

cells stays relatively consistent over time, only ranging from ~5-8% (Figure 27C). 

However, in 004-0 PBMC B cells, the frequency of VH1-69 sequences increased over time 

and reached ~12% at the last time point studied (Figure 27C). 
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Figure 27: Longitudinal samples from CAP206 and 004-0. 

(A-B) Longitudinal samples over the first ~4.5 years from broad neutralizing individual 

CAP206 and autologous neutralizing individual 004-0 were used to isolate mAbs by 

single cell PCR methods and gDNA was deep sequenced. (A) CAP206 (B) 004-0. (C) The 

percentage of total B cell gDNA pyrosequences from longitudinal samples that utilize 

VH1-69 from CAP206 shown in back and 004-0 shown in green. 

 

5.2.2 B cell clonal lineages isolated from longitudinal samples from 
bnAb individual CAP206 persisted and continued to evolve over time 

Of the 86 mAbs isolated by single cell PCR methods from CAP206, we identified 

23 with clonally related sequences within the single cell PCR methods and/ or 

pyrosequences generated from this individual (Table 30). Genomic DNA isolated from 

PBMCs from 9 samples 4-254 weeks post HIV-1 transmission was pyrosequenced and 

the depth of sequencing ranged from 8687-46496 sequences per sample (Table 31). Seven 

(30%) of the clonal lineages used VH1-69 and HCDR3 lengths ranged from 13-23 amino 

acids (Table 30). Seventeen (74%) of the mAbs with clonal lineage members identified 

were IgG1, but IgM, A1 and G3 isotypes and classes were also used. Many lineages only 

contained 2-4 members, which is likely due to the lack of depth of pyrosequencing of 

this individual’s longitudinal PBMC samples. 

 

Table 30: B Cell clonal lineages identified in CAP206 by single cell PCR and 

pyrosequencing of terminal ileum and B cells  

Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR2311 1~69 6 17 G1 4 
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Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR2715 1~69 4 18 G1 12 

TR2875 3~9 3 20 M 2 

TR3231 3~30 4 12 M 2 

TR5758 1~69 6 16 G3 8 

TR5782 1~f 4 16 G1 4 

TR5783 1~69 3 19 G1 2 

TR5784 1~2 5 19 G1 3 

TR5785 1~69 6 23 G1 15 

TR5807 1~2 4 17 G1 30 

TR5878 3~11 6 14 A1 3 

TR5949 1~2 3 15 A1 7 

TR5950 3~48 4 19 G1 2 

TR5955 5~51 4 12 G1 4 

TR5958 1~69 5 18 G1 2 

TR5962 3~30 4 10 G1 3 

TRCH1318 3~23 5 16 G1 3 

TRCH1323 3~23 3 18 G1 2 

TRCH1327 3~30 4 15 G1 4 

TRCH1332 3~48 1 13 G1 4 

TRCH1333 1~69 3 21 G1 18 

TRCH1335 1~46 3 14 G1 11 

TRCH1337 4~39 4 16 G3 6 

a # of clonal lineage members represents sequences isolated by single cell PCR and 

pyrosequencing. Only unique sequences isolated by pyrosequencing from each time 

point were included. Identical sequences isolated across multiple samples were counted 

as individual sequences.   

b The isotype of the antibody isolated by single cell PCR methods. Pyrosequences did 

not include constant region sequences. 
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Table 31: Number of pyrosequences isolated from gDNA from PBMCs from 

individual CAP206  

 Weeks Post Transmission 

Week Number 
4 15 22 33 68 120 146 198 254 

Number of 

pyrosequences 

isolated 

8687 14227 9085 21891 27154 46496 27184 23489 14304 

 

We next analyzed the B cell clonal lineages for persistence over time. Here clonal 

persistence has been defined as a clonal lineage containing sequences isolated from at 

least two separate time point samples. The length of persistence was calculated as the 

last time point a clonal lineage member was isolated minus the first week a lineage 

member was identified. Of the 23 clonal lineages identified from CAP206, 20 (87%) 

contained lineage members identified in samples from more than one time point (Table 

32). Clonal lineages TR3231, TR5758, and TRCH1323 are the three clones with members 

isolated from only a single time point, and are three examples of clonal lineages with 

only 2 or 3 lineage members point (Table 32). The average length of persistence for all 23 

clonal lineages identified from CAP206 was 75.2 weeks, with a range from 0- 232 weeks. 

If the three non-persistent clones are excluded, the average length of persistence 

increases to 91.5 weeks.  In many of the clonal lineages, sequences were not isolated 

from every sample studied within the time of persistence of that specific lineage, 
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suggesting that we are potentially under estimating the length of persistence of these 

lineages.  

 

Table 32: The number of unique B cell clonal lineage sequences identified in 

longitudinal samples from individual CAP206 which have been isolated by 

pyrosequencing and/or single cell PCR methods 

 
Weeks Post Transmissiona 

Clonal 

Lineage ID 
4 5 15 19 22 33 68 81 120 146 173 198 254 

TR2311 1 0 1 0 0 1 0 0 1 0 0 0 0 

TR2715 0 0 0 0 0 0 4 0 4 3 0 0 1 

TR2875 0 0 0 0 0 0 1 0 0 1 0 0 0 

TR3231 0 0 0 0 0 0 2 0 0 0 0 0 0 

TR5758 0 0 0 0 0 0 2 0 2 3 1 0 0 

TR5782 0 0 0 0 0 0 3 0 0 0 1 0 0 

TR5783 0 0 0 0 0 0 0 0 1 0 1 0 0 

TR5784 0 0 0 0 0 0 0 0 0 1 1 0 1 

TR5785 0 0 0 0 0 5 0 0 4 3 2 1 0 

TR5807 0 0 0 0 0 0 24 0 4 0 1 0 1 

TR5878 0 0 0 0 0 0 0 0 0 0 0 0 3 

TR5949 0 1 2 0 0 0 2 0 2 0 0 0 0 

TR5950 1 1 0 0 0 0 0 0 0 0 0 0 0 

TR5955 0 0 0 0 0 0 1 0 1 0 0 1 1 

TR5958 1 0 0 1 0 0 0 0 0 0 0 0 0 

TR5962 1 0 1 1 0 0 0 0 0 0 0 0 0 

TRCH1318 0 0 0 0 0 0 0 0 1 2 0 0 0 

TRCH1323 0 0 0 0 0 0 0 0 2 0 0 0 0 

TRCH1327 0 0 0 0 0 0 0 0 3 1 0 0 0 



 

 168 

 
Weeks Post Transmissiona 

Clonal 

Lineage ID 
4 5 15 19 22 33 68 81 120 146 173 198 254 

TRCH1332 0 0 0 0 0 0 0 0 2 2 0 0 0 

TRCH259 0 0 0 0 2 5 3 0 2 3 0 0 3 

TRCH1335 0 0 6 0 0 3 0 0 2 0 0 0 0 

TRCH1337 0 0 1 0 0 0 2 0 3 0 0 0 0 

a Sample time points that contained sequences for each B cell clonal lineage have been 

highlighted in green 

 

In addition to the length of time B cell clones persisted over time, we also evaluated the 

continued evolution of B cell clonal lineages. By plotting the mutation frequency of each 

unique clonal lineage member from each time point, we identified clonal lineages that 

appear to have undergone the majority of it’s observed clonal evolution at a single time 

point, rather than over the length of persistence, including HIV-1 clone TR5785/ CH82 

lineage and non HIV-1 clone TR2715 (Figure 28A and B, respectively). Despite high 

levels of HIV-1 Env present over the time course studied (Figure 26), the majority of 

evidence of the evolution of clonal TR5785/CH82 lineage is observed within sequences 

from 33 weeks post transmission. At 33 weeks, the VH mutation frequency increased 

from ~4% to 8% (Figure 28A and Figure 18). The VH mutation frequency increased about 

~1% to ~9% at week 146 and was maintained at 8-9% in later samples. Similarly in 

TR2715, sequences with VH mutation frequencies ranging from 2-11.5% were isolated 

from week 68. Although this lineage persisted until at least week 254 (186 weeks), the 
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most mutated sequence was isolated from week 68 (Figure 28A)These clonal lineages 

may be examples of long term B cell memory, where a B cell responds to an antigen, 

undergoes somatic hypermutation, but does not continue to accumulate somatic 

mutations over time.   

 We also identified a number of clonal lineages that persisted and continued to 

evolve over time including HIV-1 clones TRCH1333 and non-HIV-1 clone TR5807 

(Figure 28A-B). TRCH1333 persisted from week 22 to week 254 (232 weeks) (Figure 28).  

At week 22, the 2 isolated sequences were 3.5 and 4.7% mutated. The VH mutation 

frequency reached a peak of ~13% at week 146. Members of clone TR5708 were first 

isolated from a PBMC sample week 68 post infection. At this time point sequences 

increased in VH mutation frequency from 4.6-8.7%. Sequences isolated from week 120 

and 173 samples increased to ~13% and the sequence from 254 weeks post-infection had 

a mutation frequency of 17.5%. 
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Figure 28: CAP206 B cell clonal lineages persist and evolve over time. 

The X-axis indicates the time points that mAbs or heavy chain sequences were isolated from by either single cell PCR 

or pyrosequencing. Each horizontal line depicts a single clonal lineage, with the clone ID indicated on the left. Each 

vertical bar represents a unique heavy chain sequence, and the height of each bar represents the VH mutation frequency 

of that sequence. Red bars represent heavy chain sequences isolated by single cell PCR methods that produce HIV-1 

reactive mAbs when paired with naturally paired light chains. Only clonal lineages containing more than 2 sequences 

are represented here. (A) Clonal lineages containing HIV-1 reactive mAb. (B) Clonal lineages with unknown reactivity 

of the mAb isolated by single cell sorting and PCR.  
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5.2.3 B cell clonal lineages isolated from longitudinal samples from 
non-bnAb individual 004-0 persist, continue to evolve over time, and 
are highly mutated.  

As a comparison to the clonal lineage analysis completed for bnAb individual 

CAP206, we identified clonal lineages with PBMC and terminal ileum samples of non-

bnAb individual 004-0 to determine if this individual was also capable of producing 

persistent and continuously evolving B cell clonal lineages over time. Genomic DNA 

isolated from PBMCs from 9 samples 5-243 weeks post transmission was pyrosequenced 

and the depth of sequencing ranged from 24255 to 150248 sequences per sample (Table 

34). Ninety-eight lineages were identified related to sequences isolated by single cell 

PCR methods and/or pyrosequencing (Table 33). Twelve (12.2%) of these lineages 

utilized VH1-69. Other common gene segments included VH1-2 (8.2%), VH3-23 (9.2%), 

and VH3-7 (10.2%). Antibodies with clonal lineage members used a variety of isotypes 

and classes. Thirty-three (33.2%) were IgG1, 30 (30.2%) were IgA1, 21 (21.2%) were IgM, 

and the remaining 16.4% were IgG2, IgG3, or IgA2 (Table 33.) 

 

Table 33: B Cell clonal lineages identified in 004-0 by single cell PCR and 

pyrosequencing of terminal ileum and B cells  

Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR3499 4~39 6 14 M 2 

TR3500 1~69 3 12 G1 3 

TR3501 4~34 3 20 M 13 
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Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR3503 5~51 3 19 G3 6 

TR3510 3~33 4 18 M 2 

TR3514 3~30 4 16 M 5 

TR3539 1~2 4 13 A1 3 

TR3662c 5~51 4 13 A1 2 

TR3663 c 4~59 5 17 G3 5 

TR3665 c 3~11 6 25 A1 10 

TR3666 c 1~69 6 16 G1 11 

TR3667 c 1~69 6 13 G1 3 

TR3668 c 3~72 4 15 M 3 

TR3669 c 1~69 6 23 G1 7 

TR3670 c 4~59 4 13 A1 4 

TR3672 c 4~39 5 13 G1 5 

TR3675 c 3~72 4 15 M 2 

TR3681 c 3~9 3 20 G1 2 

TR3683 c 3~30 4 8 G1 4 

TR3684 c 1~69 3 12 G1 6 

TR3686 c 1~69 6 18 G1 3 

TR3688 c 1~69 6 18 G1 3 

TR4012 5~51 4 13 A1 3 

TR4014 1~2 4 11 M 20 

TR5040 6~1 5 14 G1 9 

TR5080 3~11 4 16 G1 7 

TR5332 3~30 5 13 G1 5 

TR5334 3~30 4 12 M 28 

TR5335 1~69 6 18 A2 9 

TR5361 2~5 6 14 M 5 

TR5367 5~51 4 13 M 4 

TR5369 1~46 6 13 G1 2 

TR5370 1~2 1 14 G1 7 

TR5371 1~69 1 18 G1 6 



 

 174 

Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR5423 3~23 6 21 A1 5 

TR5428 3~9 4 18 G1 2 

TR5429 4~30 5 13 A1 2 

TR5430 3~74 5 9 A2 4 

TR5431 4~31 4 18 G1 21 

TR5432 1~2 4 16 G1 5 

TR5433 4~59 6 19 A1 14 

TR5434 3~7 4 7 G1 5 

TR5435 3~7 3 18 G3 11 

TR5436 4~4 4 12 A1 2 

TR5437 3~23 4 16 A1 3 

TR5440 3~7 4 7 G1 10 

TR5442 5~51 6 15 G1 2 

TR5444 3~15 1 21 G1 2 

TR5445 1~2 6 19 A2 2 

TR5447 1~8 6 18 A1 6 

TR5452 4~4 3 15 M 2 

TR5455 3~33 6 16 M 5 

TR5458 3~23 4 16 M 8 

TR5459 3~9 6 26 A1 2 

TR5460 1~69 6 13 G1 9 

TR5461 2~70 4 18 A1 6 

TR5463 3~7 3 18 G3 10 

TR5464 3~48 4 11 M 2 

TR5468 3~73 4 12 G1 13 

TR5470 3~7 3 21 A1 10 

TR5475 3~9 5 20 A1 8 

TR5476 3~7 6 21 A1 4 

TR5479 4~31 5 21 G1 9 

TR5483 3~33 4 10 A1 6 

TR5491 4~49 4 8 M 12 
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Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR5494 3~23 4 16 G1 4 

TR5496 4~4 4 13 G3 5 

TR5498 3~23 6 17 G3 3 

TR5502 3~23 4 7 M 22 

TR5503 3~7 4 10 A1 2 

TR5510 3~15 2 14 G3 2 

TR5578 3~7 3 10 M 7 

TR5591 3~7 4 7 G1 3 

TR5594 1~46 6 20 A1 17 

TR5596 1~2 5 13 A1 50 

TR5598 4~59 6 18 A1 2 

TR5599 3~7 4 7 G1 13 

TR5602 3~74 4 12 M 2 

TR5611 4~31 5 18 A1 3 

TR5614 3~23 5 15 A1 3 

TR5659 5~51 6 17 M 3 

TR5660 4~39 5 14 A1 6 

TR5664 4~31 4 12 M 4 

TR5665 3~23 4 15 A1 3 

TR5682 1~69 4 14 G1 2 

TR5691 3~9 4 16 G1 2 

TR5698 3~23 4 18 A2 7 

TR5706 4~59 3 15 M 4 

TR5708 3~9 4 13 A1 65 

TR5709 1~2 5 19 G1 5 

TR5712 3~11 4 12 G2 3 

TR5715 1~2 6 14 G1 3 

TR5718 4~31 5 14 A1 6 

TR5719 4~31 2 15 A1 2 

TR5722 4~31 6 11 A1 3 

TR5726 3~74 5 17 A1 3 
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Clonal  

Lineage ID 

VH Gene 

segment 

JH Gene 

Segment 

HCDR3 

Length 

Isotype of 

mAba 

Total # of 

membersb 

TR5748 1~69 5 13 G1 2 

TR5753 3~33 4 18 G3 7 

a # of clonal lineage members represents sequences isolated by single cell PCR and 

pyrosequencing. Only unique sequences isolated by pyrosequencing from each time 

point were included. Identical sequences isolated across multiple samples were counted 

as individual sequences.   

b The isotype of the antibody isolated by single cell PCR methods. Pyrosequences did not 

include constant region sequences.  

cmAbs were isolated from single cell PCR of terminal ileum plasma cells 

 

Table 34: Number of pyrosequences isolated from gDNA from PBMCs from 

individual 004-0 

 Weeks Post Transmission 

Week Number 
5 17 21 73 101 162 164 211 243 

Number of 

pyrosequences 

isolated 

24255 150248 110503 29936 26514 93491 123280 87506 77136 

 

Of the 98 clonal lineages identified, 74 (75.5%) have clonal lineage members 

isolated from more than one time point and 15 (15.3%) contained mAbs isolated from 

single cell PCR that reacted with HIV-1 antigens, primarily to Env gp41 (Figure 29). In 

the 6 clonal lineages TR5431, TR5999, TR5591, TR5479, TR5460, and TR5440, the HIV-1 

reactive mAbs had VH mutation frequencies of ≥1% (Figure 29). Clone TR5479 was not 

persistent and TR5431 was relatively short lived (16 weeks). In both clones the most 

mutated sequences from each was only 2.4%. HIV-1 clones TR5440, TR5591, and TR5335 
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all contained sequences with fairly high VH mutation frequencies, ranging from 11.5-

14%. Therefore, clonal lineages containing B cells expressing HIV-1 reactive mAbs from 

an individual that does not develop neutralization breadth are also capable of persisting 

and reaching relatively high VH mutation frequencies. 

Similar to the persistent clonal lineages we identified in CAP206, persistent B cell 

clonal lineages both with and without continued evolution were identified from non-

bnAb individual 004-0.  Other than the short- lived clones TR5479 and TR5431, the HIV-

1 clones from 004-0 were persistent, continued to evolve, and were relatively highly 

mutated. Sequences from clones TR5591 and TR5599 were mutated ≥1% at week 5 post 

transmission and reached 13.5% 158 weeks later (Figure 29). The first sequence 

identified for clone TR3666 was from 17 weeks post transmission had a VH mutation 

frequency of 3.9% and reached a maximum mutation frequency of 12.3% at 211 weeks 

post transmission. Non- HIV-1 clone TR5491 persists from week 5 to week 211. The 

sequences isolated from the 5 week post infection sample had VH mutation frequencies 

ranging from 0.5%- 3.7%. At week 162, the mutation frequency had only increased to 

4.7%. 

The average length of persistence of all clonal lineages was 71.4 weeks, with a 

range from 0 - 238 weeks of persistence. Excluding the clonal lineages that were only 

identified at a single time point, the average length of persistence increased to 91.5 

weeks. Of the 98 clonal lineages identified, 15 (15.3%) contained mAbs isolated by single 
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cell PCR that reacted with HIV-1 antigens, primarily to Env gp41 (Figure 29). In the 6 

clones, TR5431, TR5999, TR5591, TR5479, TR5460 and TR5440, the HIV-1 reactive mAbs 

had VH mutation frequencies of ≥1 (Figure 29). Clone TR5479 was not persistent and 

TR5431 was relatively short lived (16 weeks). In both clones the most mutated sequences 

from each was only 2.4%. HIV-1 clones TR5440, TR5591, TR5599, TR5335 all contained 

sequences with fairly high VH mutation frequencies as high as 11.5-14%.  

Table 35: The number of unique B cell clonal lineage sequences identified in 

longitudinal samples from individual 004-0 which have been isolated by 

pyrosequencing and/or single cell PCR methods 

 Weeks Post Transmissiona 

Clonal 

Lineage ID 
5 17 21 73 101 162 164 211 243 

TR3499 0 0 0 1 0 0 1 0 0 

TR3500 0 0 1 0 0 1 1 0 0 

TR3501 0 0 0 0 0 9 4 0 0 

TR3503 0 0 0 0 0 0 6 0 0 

TR3510 0 0 0 0 0 0 2 0 0 

TR3514 0 0 0 0 0 2 3 0 0 

TR3539 0 0 0 0 0 0 3 0 0 

TR3662b 0 0 1 0 0 0 1 0 0 

TR3663 b 0 0 0 0 0 0 1 1 3 

TR3665 b 0 0 0 0 0 2 8 0 0 

TR3666 b 0 1 1 2 0 1 3 3 0 

TR3667 b 0 0 0 0 0 2 1 0 0 

TR3668 b 0 0 0 0 0 1 2 0 0 

TR3669 b 0 2 2 0 0 1 1 0 1 

TR3670 b 0 0 0 0 0 2 2 0 0 

TR3672 b 0 0 0 0 0 0 1 4 0 
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 Weeks Post Transmissiona 

Clonal 

Lineage ID 
5 17 21 73 101 162 164 211 243 

TR3675 b 0 0 0 0 0 1 1 0 0 

TR3681 b 0 0 0 0 0 0 1 1 0 

TR3683 b 0 0 0 0 0 0 1 3 0 

TR3684 b 0 0 0 0 0 0 1 5 0 

TR3686 b 0 2 0 0 0 0 1 0 0 

TR3688 b 0 2 0 0 0 0 1 0 0 

TR4012 0 0 0 0 0 0 3 0 0 

TR4014 0 0 0 0 0 15 5 0 0 

TR5040 0 0 0 0 0 4 5 0 0 

TR5080 0 1 4 0 0 0 2 0 0 

TR5332 0 0 0 0 0 3 2 0 0 

TR5334 0 0 0 0 0 9 15 1 3 

TR5335 0 0 0 0 0 7 2 0 0 

TR5361 0 0 0 0 0 4 1 0 0 

TR5367 0 0 0 0 0 0 0 1 3 

TR5369 0 0 1 0 0 0 0 1 0 

TR5370 0 0 0 1 0 1 1 4 0 

TR5371 0 3 0 0 1 0 0 2 0 

TR5423 2 0 1 0 2 0 0 0 0 

TR5428 1 0 0 0 0 0 0 0 1 

TR5429 1 0 1 0 0 0 0 0 0 

TR5430 1 0 0 0 0 0 0 3 0 

TR5431 14 4 2 0 0 1 0 0 0 

TR5432 5 0 0 0 0 0 0 0 0 

TR5433 1 5 1 0 1 5 1 0 0 

TR5434 5 0 0 0 0 0 0 0 0 

TR5435 5 0 0 0 1 2 3 0 0 

TR5436 2 0 0 0 0 0 0 0 0 

TR5437 1 2 0 0 0 0 0 0 0 
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 Weeks Post Transmissiona 

Clonal 

Lineage ID 
5 17 21 73 101 162 164 211 243 

TR5440 1 2 3 0 0 0 4 0 0 

TR5442 2 0 0 0 0 0 0 0 0 

TR5444 2 0 0 0 0 0 0 0 0 

TR5445 2 0 0 0 0 0 0 0 0 

TR5447 1 0 5 0 0 0 0 0 0 

TR5452 1 1 0 0 0 0 0 0 0 

TR5455 1 0 1 0 0 3 0 0 0 

TR5458 1 2 0 0 0 0 5 0 0 

TR5459 1 0 1 0 0 0 0 0 0 

TR5460 9 0 0 0 0 0 0 0 0 

TR5461 6 0 0 0 0 0 0 0 0 

TR5463 2 0 0 0 4 2 2 0 0 

TR5464 2 0 0 0 0 0 0 0 0 

TR5468 1 1 2 0 0 4 5 0 0 

TR5470 4 4 2 0 0 0 0 0 0 

TR5475 4 1 0 0 0 0 0 0 3 

TR5476 2 0 0 0 2 0 0 0 0 

TR5479 9 0 0 0 0 0 0 0 0 

TR5483 2 2 2 0 0 0 0 0 0 

TR5491 5 0 3 1 0 1 0 2 0 

TR5494 1 1 0 0 0 0 2 0 0 

TR5496 1 3 1 0 0 0 0 0 0 

TR5498 1 0 0 0 0 0 2 0 0 

TR5502 2 9 10 0 0 1 0 0 0 

TR5503 1 0 0 1 0 0 0 0 0 

TR5510 2 0 0 0 0 0 0 0 0 

TR5578 1 2 4 0 0 0 0 0 0 

TR5591 3 0 0 0 0 0 0 0 0 

TR5594 3 0 14 0 0 0 0 0 0 
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 Weeks Post Transmissiona 

Clonal 

Lineage ID 
5 17 21 73 101 162 164 211 243 

TR5596 16 0 0 4 0 0 0 0 30 

TR5598 1 0 1 0 0 0 0 0 0 

TR5599 4 2 3 0 0 0 4 0 0 

TR5602 1 1 0 0 0 0 0 0 0 

TR5611 1 0 2 0 0 0 0 0 0 

TR5614 1 0 0 0 0 0 2 0 0 

TR5659 1 0 2 0 0 0 0 0 0 

TR5660 3 0 3 0 0 0 0 0 0 

TR5664 0 0 0 0 0 4 0 0 0 

TR5665 3 0 0 0 0 0 0 0 0 

TR5682 2 0 0 0 0 0 0 0 0 

TR5691 2 0 0 0 0 0 0 0 0 

TR5698 4 0 2 0 0 0 0 0 1 

TR5706 1 0 0 0 0 0 3 0 0 

TR5708 9 11 7 1 7 0 4 0 26 

TR5709 5 0 0 0 0 0 0 0 0 

TR5712 1 0 1 1 0 0 0 0 0 

TR5715 1 0 0 1 0 0 0 0 1 

TR5718 4 0 1 1 0 0 0 0 0 

TR5719 2 0 0 0 0 0 0 0 0 

TR5722 1 2 0 0 0 0 0 0 0 

TR5726 2 0 0 0 0 0 1 0 0 

TR5748 1 0 1 0 0 0 0 0 0 

TR5753 1 0 0 0 0 0 0 0 6 

a Sample time points that contained sequences for each B cell clonal lineage have been 

highlighted in green 
bCross compartment clonal lineages with members isolated from both blood and 

mucosal B cells. 
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Figure 29: 004-0 B cell clonal lineages containing HIV-1 reactive mAbs persist and evolve over time. 

The X-axis indicates the time points that mAbs or heavy chain sequences were isolated from by either single cell PCR or 

pyrosequencing. Each horizontal line depicts a single clonal lineage, with the clone ID indicated on the left. Each vertical 

bar represents a unique heavy chain sequence from the time point it was isolated, and the height of each bar represents the 

VH mutation frequency of that sequence. Red bars represent heavy chain sequences isolated by single cell PCR methods 

that produce HIV-1 reactive mAbs when paired with naturally paired light chains.  Red arrows indicate HIV-1 reactive 

mAbs with very low mutation frequencies.  
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5.2.4 Cross compartment clonal lineages with members isolated from 
both terminal ileum and PBMC samples persist and continue to 
evolve in autologous neutralizer 004-0. 

Cross-compartmental clonal lineages have been described from individuals 004-0 

and 071-8 (Figure 14, Figure 15, and Table 25). With the additional pyrosequencing 

completed in this project, we were able to further explore the sharing of B cell clonal 

lineages members between the systemic and mucosal immune compartments. We have 

expanded clonal lineages TR3663, TR3666, TR3669, and TR3672 by the identification of 

additional clonal lineage members isolated by pyrosequencing of PBMC B cells. We 

have also identified 6 additional cross-compartment clonal lineages, TR3665, TR3668, 

TR3683, TR3684, TR3686, and TR3688. In total, from 28 unique VHDHJH, we have 

identified 15 (53.6%) cross-compartment clonal lineages, with lineage members isolated 

from both terminal ileum and blood samples (Table 33). Of these cross-compartment 

clonal lineages, all show some degree of persistence (Table 35). The average length of 

persistence is 76 weeks with a range from 2-226 weeks. 

5.3 Discussion 

In this study we have demonstrated that in two individuals, who predominantly 

utilized VH1-69 antibodies in response to HIV-1 infection, B cell clonal lineages were 

capable of persisting for and evolving over multiple years.  One of the two individuals 

studied, CAP206, produced broadly neutralizing MPER-reactive mAbs, whereas the 

second individual, 004-0, did not. The average length of time B cell clonal lineages 
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persist was comparable between the two individuals and examples of continued clonal 

evolution were identified from both. Moreover, we have demonstrated that cross-

compartment clonal lineages with members isolated from both terminal ileum and blood 

samples, also persist and continue to evolve over time.  

Memory B cells are generated through primary immune responses to foreign 

antigens when naïve B cells encounter antigen in secondary lymphoid organs, interact 

with T helper cells and proliferate. Proliferation generates germinal center B cells and 

short-lived plasmablasts. Germinal center reactions induce immunoglobulin class 

switching and the acquisition of somatic mutations, and result in the generation of long-

lived memory cells and plasma cells. The memory B cell pool can also contain IgM+ 

memory B cells that may or may not have entered into germinal center reactions and 

undergo somatic hypermutation (Tarlinton and Good-Jacobson, 2013).  

Primary immune responses generated toward numerous viral and vaccine 

antigens have been shown to generate long-term humoral immune responses (Amanna 

and Slifka, 2010; Tarlinton and Good-Jacobson, 2013) As an example, analysis of serum 

antibody titers has lead to the estimate of a 92 year half-life for smallpox vaccination 

(Amanna and Slifka, 2010). However, not all humoral immune responses are built equal. 

Antibody responses to tetanus and diphtheria are long-lived, but with an approximate 

half life of 11-19 years compared to almost a century for smallpox (Amanna and Slifka, 

2010; 2011).  Multiple models of the evolution of B cell responses overtime have been 
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explored to account for long-lived antibody responses (Amanna and Slifka, 2010).  Two 

competing theories are that long-lived plasma cells compete for immunological survival 

niches in the bone marrow, or have a pre-determined lifespan.  

The persistence of antigen on the surface of follicular dendritic cells in immune 

complexes is associated with ongoing affinity maturation. In this study, the persistence 

and evolution of B cell clonal lineages has been analyzed in the context of chronic HIV-1 

infection. Previous work has shown that secondary B cell responses to antigen occur in 

waves of clonal lineages (Brown et al., 1980). In mice that received adoptively 

transferred spleen cells from immunized mice, exposure to the immunizing antigen 

resulted in an initial response by transferred B cells over the first 58 days (~2 months), 

however at day 110, (~3.6 months) the antigen specific response was primarily 

associated with recipient specific responses, suggesting that the B cells responding at the 

later time point derived from a pool of naïve B cells, rather than transferred memory B 

cells (Brown et al., 1980). In this study we have identified short-lived B cell lineages 

containing HIV-1 reactive mAbs from both individuals studied including TR5962 and 

TRCH1332 from CAP206 and TR5479 and TR5431 from 004-0 (Table 32 and Table 35). 

These lineages may be examples of waves of B cell lineages. However, long-lived, 

persistent clonal lineages that evolved over time were also identified for both 

individuals such as TRCH1333 from CAP206 and TR5591, TR3669, and TR3666 from 

004-0 (Table 32 and Table 35).  Both individuals studied had detectable viral loads, and 



 

 187 

were not on retroviral therapy, therefore long- term antigen exposure may account for 

persistent clonal lineages that under go persistent evolution. 

A recent study by Pape et al., showed that IgM+ memory B cells generated after 

immunization with phycoerythrin (PE) were better able to enter into germinal center 

reactions in naïve recipient animals after PE exposure as compared to class switched 

memory B cells expressing Ig on their surface (Pape et al., 2011).  IgM+ memory cells 

competed with naïve B cells for entry into GCs, whereas class switched memory cells 

blocked GC formation by naïve B cells in the recipient animals (Pape et al., 2011). This 

pool of memory B cells may play a role in persistent clonal evolution found in both 

CAP206 and 004-0. Future deep sequence analysis of longitudinal B cell repertoires 

should utilize mRNA rather than gDNA, which will allow isotype of each VHDHJH 

sequence isolated to be determined.   

Due to the nature of the experimental set up, we only have phenotypic data on 

the B cells that were single cell sorted, but not the B cells from which we isolated VHDHJH 

sequences in bulk by pyrosequencing. All VHDHJH sequences isolated from CAP206 and 

all sequences from 004-0, except for the terminal ileum plasma cell VHDHJH sequences, 

were isolated from blood samples, thus were in circulation at the time of sampling. B 

cells from clonal lineages that show persistent evolution, were likely re-circulating 

memory B cells that entered into GC reactions and continued to accumulate somatic 

hypermutations (Tarlinton and Good-Jacobson, 2013). It remains to be determined how 
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persistent clonal lineages contribute to serum antibody against their respective HIV-1 

Env epitopes. HIV-1 infection has been shown to skew the HIV-1 reactive memory B cell 

population to a pool of memory B cells expressing the inhibitory receptor, FcRL4, 

potentially rendering them non-functional (Kardava et al., 2011). The inhibition of BCR 

signaling of B cells in a specific clonal lineage by inhibitory receptors may impact the 

continued evolution of a B cell clone.  The clone may remain long-lived and persist, 

however may not continue to enter GC reactions and accumulation somatic mutations.  

Many broadly neutralizing HIV-1 antibodies have high VH and VL mutation 

frequencies and develop in a limited number of HIV-1 infected individuals after 

multiple years of infection. Initial B cell responses to the transmitted founder virus have 

been shown to be critical for the clonal lineage evolution that results in bnAb (Liao et al., 

2013), suggesting long term clonal evolution and affinity maturation to co-evolving viral 

envelope is fundamentally required for the development of highly somatically mutated 

bnAbs. In this study we have found that in the setting of VH1-69 restricted B cell 

responses to HIV-1 infection, HIV-1 Env-reactive B cell lineages were capable of long-

term persistence and evolution in an individual that develops neutralization breadth 

and an individual that only develops autologous neutralizing antibodies. Therefore, it is 

likely that host factors other than B cell clonal persistence impact an individual’s 

capacity to develop bnAbs in response to HIV-1 infection.  
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6. Discussion  

The studies described in this dissertation have explored three distinct factors that 

impact the B cell response to HIV-1 infection. 1. The origin of the initial responding HIV-

1 reactive B cells, 2. VH and VL gene restriction, and 3. B cell clonal persistence. All three 

factors can contribute to the ontogeny of the mucosal and systemic antibody responses 

in HIV-1 infection. Although these studies have focused on the B cell response to HIV-1 

infection, these findings add to the basis of knowledge on basic B cell immunology, 

factors that may influence B cell responses to other pathogens, and may have direct 

implications for HIV-1 vaccine design.  

6.1 The initial HIV-1 reactive B cells response to HIV-1 infection 
can be derived from a pool of environmental antigen cross-
reactive B cells from the gastrointestinal tract.  

6.1.1 The plasma cell response to HIV-1 infection in the terminal ileum 
is polyclonal. 

The gastrointestinal tract can be a site of HIV-1 infection and early virion replication 

(Brenchley and Douek, 2008), and is home to the vast majority of an individuals B cells 

and CD4+ T cells. We originally hypothesized that the terminal ileum would host a more 

robust antibody response against HIV-1, particularly to Env gp120, than what was 

previously observed in the systemic immune compartment (Liao et al., 2011; Tomaras et 

al., 2008a). Instead, the isolation of monoclonal antibodies from single terminal ileum 

plasma cells and memory B cells showed that only ~2 of B cells in EHI and ~9% in CHI, 

demonstrated that the initial B cell response to HIV-1 infection was polyclonal. This 
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finding potentially explains the preponderance of HIV-1 reactive antibodies isolated 

from blood derived plasma cells 17-46 days after HIV-1 infection (Liao et al., 2011), and 

is likely due to the massive cytokine storm that occurs early after infection (Stacey et al., 

2009). Of the few HIV-1 reactive B cells that were isolated from the terminal ileum, the 

majority targeted HIV-1 Env gp41, similar to the antibody response in plasma and 

mucosal fluid and plasma (Tomaras et al., 2008a; Yates et al., 2013), as well as the plasma 

cell response in the blood (Liao et al., 2011). 

 Although the dearth of HIV-1 reactive B cells was somewhat surprising, HIV-1 is 

not the only infection that results in a polyclonal B cell response. In a study comparing 

the plasma cell response of influenza vaccination with experimental infection, 62% of 

antibodies isolated from single blood plasma cells 7 days after vaccination were 

influenza-reactive, whereas, only ~9% of blood plasma cells induced by experimental 

infection were influenza-reactive (Moody et al., 2011). Similarly, in the setting of 

rotavirus infection, only 0.9% and 1.94% of blood B cells from recently infected children 

and adults, respectively, were reactive with GFP labeled rotavirus like particles 

(Gonzalez et al., 2003).  This suggests that the low frequency of HIV-1 reactive B cells 

early after infection is not an unusual phenomenon, but may be common in the setting 

of viral infection. It remains unclear if these, and likely other, viruses have evolved to 

induce polyclonal B cell responses to prevent or delay the induction of a neutralizing or 

more specific B cell response that would result in earlier virus clearance.  
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 Although the induction of a polyclonal B cell response may be a convenient 

approach for a pathogen to evade or delay a protective antibody response, there is also 

evidence that the human adaptive immune system may harness polyclonal responses to 

maintain long-lived memory B cells (Bernasconi et al., 2002). Bernasconi et al. showed 

that memory B cells respond to BCR specific stimulation with a massive expansion into 

short-lived plasma cells, which can play a critical role in clearing pathogen, whereas 

memory B cells stimulated by microbial products proliferate and differentiate, 

theoretically, maintaining the existence of long lived clonal lineages (Bernasconi et al., 

2002).  

6.1.2 B cell responses to host microbiota  

Colonization with host-specific microbiota is critical for the normal development of 

the immune system, particularly within the GI tract, reviewed by (Erturk-Hasdemir and 

Kasper, 2013; Hooper et al., 2012; Lee and Mazmanian, 2010; Macpherson et al., 2005). 

Microbe specific- secretory IgA is thought to play an important role in the exclusion of 

bacteria and inflammatory antigens from systemic dissemination, and in protection from 

pathogenic microbes. Colonization of germ-free mice elicits bacteria specific IgA 

responses, and the onset of specific IgA responses coincides with the reduction of 

bacteria translocating from the gut to the mesenteric lymph nodes and spleen (Shroff et 

al., 1995). Of 222 monoclonal antibodies isolated from IgA+ and IgG+ plasma cells from 

the intestine, only 7% and 5% were bacteria specific, and not polyreactive (Benckert et 
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al., 2011). Although, antibodies were only tested for reactivity to 7 strains of bacteria in 

whole cell ELISAs, so the frequency of bacteria specific B cells were likely 

underestimated (Benckert et al., 2011).  

Homeostasis between the GALT and microbes is required for the health of the host, 

and is in part controlled by commensal specific IgA. In a gnotobiotic Rag-/- mouse 

model, colonization with a single bacterial species, Bacteroides thetaiotaomicron induced a 

pro-inflammatory, oxidative, innate immune response (Peterson et al., 2007). Intestinal 

pro-inflammatory signaling was reduced in this model if prior to colonization, the Rag-/- 

mice were injected under their dorsal skin with a B. thetaiotaomicron- specific IgA B cell 

hybridoma (Peterson et al., 2007).  

Chapter 3 describes a role for bacteria-specific B cells in initiating the non-

neutralizing, Env gp41 B cell response to HIV-1 infection. Of the gp41-reactive 

antibodies isolated from terminal ileum plasma cells of HIV-1 infected individuals, 82% 

were also reactive with commensal bacterial WCLs, and gp41- commensal bacteria 

cross-reactive antibodies were also isolated from terminal ileum B cells from uninfected 

individuals. This bacteria- gp41 cross-reactive B cell response to HIV-1 infection may 

play a role in delaying a neutralizing B cell response targeted to gp120. In this study and 

one by Liao et al., affinity maturation to Env gp41 by commensal bacteria- gp41 cross-

reactive lineages has been described by the inference and production of unmutated 

common ancestors of these antibodies (Liao et al., 2011). The demonstration of affinity 
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maturation to autologous HIV-1 Env provides evidence that gp41- commensal bacteria 

cross-reactive B cells are actively responding to HIV-1 Env gp41, and are not just 

coincidentally present due to the massive cytokine storm that occurs after HIV-1 

infection (Stacey et al., 2009). 

MPER-reactive bnAb 4E10 also cross-reacted with commensal bacteria by BAMA 

(data not shown), suggesting that commensal bacteria cross-reactivity is not limited to 

non-neutralizing Env-reactive epitopes. Due to the preparation methods of the 

commensal bacteria WCL, there are many antigens present, and 4E10 has also been 

shown to be exceptionally polyreactive by protein array (Yang et al., 2013). Thus, it is 

unclear if 4E10’s cross-reactivity with commensal bacteria is a function of its 

polyreactivity or specific interactions with commensal bacterial antigens that may have 

initially driven this lineage. To test this, the 4E10 UCA and intermediate antibodies 

within the 4E10 B cell clonal lineage would need generated and tested for cross-

reactivity with MPER and commenal bacteria. Future studies will be necessary to 

determine if commenal bacteria have the capability to initiate the induction of bnAb 

lineages in addition to the B cell lineages that produced the non-neutralizing gp41-

reactive antibodies found initially after infection in plasma and mucosal fluids (Tomaras 

et al., 2008b; Yates et al., 2013). The Env gp41- reactive antibodies isolated in this study 

and by Liao et al. (2011), suggest that the majority of the molecular mimicry between 

HIV-1 and commensal bacteria is limited to non-neutralizing epitopes on HIV-1.  
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We have hypothesized that the gp41 response to HIV-1 infection found in plasma 

and mucosal fluids is a reults of a pool of memory B cells that previously responded to 

antigens within commensal bacteria (Figure 17), it is possible that HIV-1 reactive naïve B 

cells may also contribute towards the initial Env gp41 response. DH305 UCA, DH308 

UCA, and DH309 UCA are three examples of unmutated heavy and light chain pairs 

with 0.41nM- 4.44nM reactivity to HIV-1 Env (Figure 9). This provides evidence that 

naïve B cells expressing high affinity antibodies for HIV-1 Env likely exist and may also 

contribute to a B cell response to HIV-1 Env gp41.   

Future studies are necessary to test the hypothesis that gp41-commensal bacteria 

cross-reactive memory B cells are the cause of the initial Env gp41 response observed in 

acute HIV-1 infection, or to determine the relative contribution of HIV-1 reactive naïve B 

cells and gp41- commensal bacteria cross-reactive memory B cells to the initial Env gp41 

response observed during acute HIV-1 infection. Comparing the B cell response in 

gnotobiotic mice immunized with either HIV-1 Env gp140 alone, or primed with sterile 

commensal bacteria whole cell lysate and boosted with HIV-1 Env gp140 may help 

address both of these questions.   

6.1.3 Molecular mimicry: HIV-1 and bacterial antigens   

Molecular mimicry of viral, bacterial and parasite antigens with host antigens has 

been thoroughly investigated in the setting of autoimmunity (Oldstone, 1989; 1998b). In 

conjunction with the study by Liao et al., Chapter 3 describes the identification of B cells 
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cross-reactive with bacterial WCLs and HIV-1 gp41, providing evidence that there is 

molecular mimicry of antigens produced by both bugs. Chapter 3, also describes E.coli 

RNA polymerase as one specific antigen produced by intestinal commensal bacteria that 

is similarly structured to HIV-1 Env gp41. There are likely additional antigens expressed 

by commensal bacteria that are responsible for the cross-reactivity observed because 

only 14% of gp41- commensal bacteria cross-reactive antibodies isolated from terminal 

ileum B cells in this study also react with rE.coli RNA polymerase.  Future studies are 

necessary to isolate additional antigens from commensal bacteria that may contribute to 

generating commensal bacteria- gp41 cross-reactive B cells prior to HIV-1 infection. 

This study has probed the relationship of B cell responses to HIV-1 and commensal 

bacteria within the terminal ileum, and a mechanism of commensal bacteria impacting 

the B cell repertoire capable of responding to HIV-1 infection. The phenomenon of 

molecular mimicry between viral antigens and commensal bacterial antigens, my not be 

limited to HIV-1, but may be a common to other viral infections. If driving non-

neutralizing B cell lineages by molecular mimicry between environmental antigens and 

non-neutralizing epitopes on viral antigens provides a mechanism of host immune 

evasion, its possible that other viruses may have also evolved to harness this evasion 

tactic. Lymphocytic choriomeningitis virus (LCMV), Hepatitis B (HBV), and Hepatitis C 

(HCV) are three poorly cytopathic viruses, that produce delayed and low titer 

neutralizing antibody responses reviewed by (Hangartner et al., 2006), and may also 
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produce non-neutralizing antigens with similar molecular structures to environmental 

antigens that their host has previously mounted a B cell response against.  

That the initial response to HIV-1 infection is to gp41 and derives from a pre-

transmission gp41-reactive pool of memory B cells has the important ramifications for 

HIV-1 vaccine design. Vaccines that contain gp41 in the immunogen may fail due to the 

generation of non-neutralizing gp41 response that is dominant over a desired 

neutralizing gp120 response (Willams et al., 2013).  

6.2 Cross- compartmentalization of B cell responses  

 In addition to probing the B cell response to HIV-1 infection, this dissertation has 

also investigated the sharing of B cell lineages between blood and mucosal 

compartments.  The isolation of mAbs from terminal ileum B cells by single cell sort and 

PCR methods and isolation of VHDHJH sequences from PBMC B cells by pyrosequencing 

showed that in individual 004-0 39% of terminal ileum VHDHJH sequences were related to 

VHDHJH sequences from the blood.  This frequency of B cell clonal lineage sharing 

between compartments was surprising based on the body of literature describing the 

compartmentalization of systemic and mucosal compartments. The finding of cross-

compartment lineages provides evidence for a significant connection between the 

systemic and mucosal immune system that was previously unappreciated. Because in 

this dissertation the mucosal and systemic B cell repertoires were studied in chronically 

HIV-1 infected individuals, it remains to be seen if B cell lineage sharing between 



 

 197 

compartments occurs in uninfected individuals, or is a result of the intestinal 

disregulation caused by HIV-1 infection (Brenchley and Douek, 2008; Brenchley et al., 

2006; Levesque et al., 2009). 

 The isolation of HIV-1 gp41 and commensal bacteria cross-reactive antibodies 

from terminal ileum B cells from uninfected individuals suggests a specific directionality 

of the circulation of these B clonal lineages (i.e initially responding to commensal 

bacterial antigens within the GI tract and moving into the periphery after reactivation by 

HIV-1 gp41). This hypothesis is further supported by the compartmentalization of the B 

cell response to intestinal commensal bacteria to within the GI tract, and that the GI tract 

is the site of HIV-1 transmission and early progeny replication (Brenchley et al., 2004). 

However additional direct evidence is necessary to determine the relative contribution 

of the activation of gp41 and commensal bacteria cross-reactive B cells within the GI 

tract and their subsequent circulation into the periphery to the previous findings of the 

early gp41 response to HIV-1 infection within the blood (Tomaras et al., 2008b; Liao et 

al., 2011). 

 B cells stimulated in mucosal compartments traffic through the blood back to 

mucosal compartments, and the cross-compartment clonal lineages described here only 

provide a snapshot in time of those lineages. A global analysis of sequences isolated 

from various lymphoid tissues will be necessary to determine the relative degree of 

sharing between mucosal and blood compartments. The blood B cell VHDHJH sequences 



 

 

related to terminal ileum mAbs may have been isolated from B cells that were in the 

process of trafficking through the blood back to the ileum via the expression of homing 

markers, however the identification of numerous cross
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Figure 

The blood can act as conduit to responding B cells within the systemic and mucosal 

compartment. It remains unclear if B cells responding to antigen can enter GC reactions 

within peripheral lymh nodes after activation within mucosal tissues.
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Figure 30: Compartmentalization of B cell responses

The blood can act as conduit to responding B cells within the systemic and mucosal 

partment. It remains unclear if B cells responding to antigen can enter GC reactions 

within peripheral lymh nodes after activation within mucosal tissues. 

related to terminal ileum mAbs may have been isolated from B cells that were in the 

process of trafficking through the blood back to the ileum via the expression of homing 

compartment clonal lineages 

raises the possibility that some members of B cell clonal lineages can enter germinal 

center reactions within systemic lymphoid tissues, whereas others continue to 

accumulate mutations within mucosal lymphoid germinal center reactions (Figure 30). 
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partment. It remains unclear if B cells responding to antigen can enter GC reactions 
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6.3 VH and VL gene restriction of an individual impacts antibody 
response to infection.  

 In Chapters 3, 4 and 5 of this dissertation, I have described the B cell response 

mounted by two individuals that predominantly utilized VH1-69 mAbs in response to 

HIV-1 infection, 004-0 and CAP206. CAP206-CH12, an MPER-reactive neutralizing 

antibody had previously been isolated from CAP206, which used variable gene 

segments VH1-69 and VK3-20, similar to the broadly neutralizing MPER-reactive 

antibody 4E10 (Morris et al., 2011; Zwick et al., 2001). In Chapter 4, additional HIV-1 

Env-reactive mAbs isolated from single B cells from CAP206 are described. Of these, 

50% also utilized VH1-69 and 50% of those utilized VK3-20 as well. Gene segment copy 

number and the allelic variants they possess may be two of the host factors that 

influence the repertoire of B cells used to respond to infection (Alam et al., 2011; Sasso et 

al., 1996). Some individuals encode greater than 2 copies of the VH1-69 gene segment, 

and it has been suggested that the frequency of B cells expressing VH1-69 antibodies is 

proportional to the germline copy number of this gene segment (Sasso et al., 1996). In 

support of this hypothesis, CAP206 does have 3 germline copies of the VH1-69 gene 

segment (data not shown). The HIV-1 reactive mAbs isolated from individual 004-0 

terminal ileum B cells (Table 14 and Table 23) also predominately used VH1-69, and this 

individual also has 3 germline copies of the VH1-69 gene segment (Table 15). However, 

the HIV-1 reactive mAbs isolated from individual 071-8 (Table 11) did not use VH1-69 

(Table 14), and this individual also had 3 germline copies of VH1-69 (Table 15). 
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These data suggest that in addition to VH gene segment copy number, other host 

or viral factors impact the restriction of an immune response to primarily one VH and/or 

VL gene segment.  In these studies, CAP206 and 004-0 do not show VH1-69 restriction to 

a specific epitope, such as the MPER, but rather an over usage to multiple epitopes. 

Studying the antigen specific B cell response to non-HIV-1 antigens after vaccination or 

infection with another virus in these two individuals would help determine if there are 

host or viral specific factors impacting the over usage of VH1-69. If host factors are the 

major contributor, these individuals would also response to other infections or 

vaccinations predominantly with VH1-69 and VK3-20 mAbs.   

6.4 Viral escape mutations in the membrane external proximal 
region confer enhanced neutralization sensitivity. 

Through the analysis of the B cell response to HIV-1 antigens in bnAb individual, 

CAP206, mutations within the MPER were identified that confer global neutralization 

sensitivity of the viruses to both autologous and heterologous viruses. In Chapter 4, 

W680 mutations found in two different clade C viruses have been described. The 

tryptophan mutated to an arginine in CAP206 and an aspartic acid in CH505. Both 

mutations impact neutralization sensitivity, however CH505 w4.3 is more sensitive to 

neutralization by heterologous antibodies.  It will be important to determine the role of 

specific amino acids at this position. The size and charge of the amino acid mutation at 

position 680 may establish the extent of neutralization sensitivity. If it is critical, 
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introducing an aspartic acid substitution at W680 of the CAP206 T/F virus will further 

increase neutralization sensitivity of this virus.   

An L669S mutation in the MPER increases virus sensitivity >250-fold to MPER 

bnAbs, 2F5 and 4E10, by prolonged exposure of the MPER region to these antibodies 

(Shen et al., 2010). The mechanism of increased neutralization sensitivity of viruses 

containing a mutation at W680 remains to be determined, however neutralization 

sensitivity to an array of bnAbs with distinct, non- MPER specificities, and to non-MPER 

antibodies including CH82 lineage antibodies suggests that MPER mutations can 

increase the physical exposure of neutralization epitopes on the HIV-1 envelope.  

6.5 Persistence of HIV-1 clonal lineages 

In chapter 5 of this dissertation, I have described the long-term persistence and 

evolution of HIV-1 reactive B cell lineages in two individuals who over utilized VH1-69 

in response to HIV-1 infection. In both individuals, 91.5 weeks was the average length of 

persistence for clonal lineages with sequences identified from two samples from 

different time points.  Broadly neutralizing HIV-1 antibodies frequently have extremely 

high VH and VL mutation frequencies and only develop in a limited number of HIV-1 

infected individuals after multiple years of infection (Euler et al., 2010; Gray et al., 2011; 

Tomaras et al., 2011). Therefore, it is likely that host factors other than B cell clonal 

persistence impact an individual’s capacity to develop bnAbs in response to HIV-1 

infection.  



 

 202 

One of the primary caveats of this study is the difference in depth of sequencing of 

PBMC B cells from CAP206 and 004-0 (Table 31 and  

Table 33). Although the VH sequencing primers were the same for both sets of 

samples, with coverage for all VH gene segment families, the 454 pyrosequencing 

technology drastically improved between the sequencing of the CAP206 samples and 

the sequencing of the 004-0 samples. To correct for this difference, it will be imperative 

rerun the sequence analysis for 004-0 using a randomized selection of 004-0 

pyrosequences that match in number those isolated from CAP206. Our lack of depth of 

sequencing in CAP206 may be underestimating the persistence of clonal lineages within 

this individual because of our level of detection. It would be ideal to do additional 

sequencing on the CAP206 samples to improve the depth of the sequencing, however 

additional samples were not available. There were also more mAbs isolated by single 

cell PCR methods from 004-0 than from CAP206, so it will be important to determine if 

we see a difference if we randomly select a matching number of single cell PCR 

sequences isolated from 004-0 B cells to search for clonal persistence.  

A caveat of increased depth of sequencing is an increase error associated with 

isolating sequences that appear to be part of the same clonal lineage, but originally stem 

from distinct naïve, mature B cells.  When determining clonal relationships with 

sequences isolated by single cell PCR methods, we used both heavy chain and light 

chain sequences to confirm relationships, however current pyrosequencing methods 
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only allow for probing of the heavy chain or the light chain repertoire individually, but 

the sequences can not be paired. After the successful rearrangement of the heavy chain 

gene segments during B cell development, the heavy chain is expressed on the surface of 

the pre-B cell with a surrogate light chain (reviewed in LeBien and Tedder, 2008). At this 

stage the pre-B cell will undergo extensive proliferation, and daughter cells will initiate 

the rearrangement of their respective light chain gene segments.  Although, clonally 

related heavy chain sequences may have originated from the same pre-B cell, they may 

have also been associated with distinct light chains. Our analysis described here 

assumes that we are isolating sequences associated with B cell clonal evolution and 

persistence in the context of B cell response to antigen. The deeper we sequence, the 

more challenging it becomes to confirm at what stage related sequences diverged from 

one another.  For clonal lineages where we only have heavy chain sequences, shared 

somatic hypermutations between different sequences increase our confidence that the B 

cells the sequences were isolated from also expressed the same light chain and derived 

from the same original mature B cell. Deep sequencing technology that allows for the 

pairing of heavy and light chain sequences from individual cells would ameliorate the 

uncertainty of shared lineages associated with deep sequencing of the B cell repertoire.  

In a number of clonal lineages isolated from both CAP206 and 004-0, the isolated 

sequence with the lowest VH mutation frequency had already reached 5% or greater. 

Therefore, we missed the less mutated, and unmutated sequences from these lineages. 
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Isolation of unmutated sequences would provide an indication of when that specific 

clonal lineage began a response to antigen, so we likely underestimated the length of 

clonal persistence for these lineages. One approach to correcting for this issue, would be 

to select a subset of clonal lineages from both individuals studied for which we have 

isolated unmutated sequences and sequences from at least two time points to compare 

the length of persistence of these lineage. This approach can be taken with clonal 

lineages where we have single cell PCR reference sequences and known antibody 

reactivity, but also sequences we do not have a reference sequence for.  

This was an in depth analysis of B cell clonal lineages from two individuals over 

time. It will require additional analysis of many different individuals, in the context of 

HIV-1 infection, other infections, and uninfected individuals to determine if the 

persistence and continued evolution of B cell clones found in 004-0 and CAP206 are 

unique to these two individuals who over utilized VH1-69 in response to HIV-1 infection, 

or is a generalizable to all individuals.   

6.6 Implications for HIV-1 vaccine design. 

Traditional methods for vaccine development to protect against bacterial and 

viral infections have utilized homologous ‘prime-boost’ immunizations with killed, 

attenuated or pathogen protein preparations. The vast genetic diversity of circulating 

HIV-1 variants and mimicry of host antigens by conserved and neutralization sensitive 

epitopes on the virus have proved to be challenging characteristics of HIV-1 to 
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circumvent by traditional vaccine strategies (reviewed in Kelsoe et al., 2014). The studies 

described in this dissertation have focused on the ontogeny of mucosal and systemic 

antibody responses in the setting of HIV-1 infection, however the findings of these 

studies may have direct implications on HIV-1 vaccine development.  The nature of the 

host’s commensal bacteria may shape the B cell response to vaccination as well as to 

infection.   

6.6.1 Commensal bacteria and gp41 cross-reactive memory B cells  

In Chapter 3 I have described evidence that environmental antigen- gp41 cross-

reactive B cells present prior to HIV-1 infection may be responsible for the antibody 

response to HIV-1 Env gp41 in acute HIV-1 infection (Liao et al., 2011). The initial 

antibody response to gp41, which can originate from commensal bacteria cross-reactive 

B cells, does not apply any selection pressure on the infecting virus, suggesting that 

expanding this pool of memory B cells by vaccination methods may not provide any 

protection from infecting virus. These data suggest that vaccination with an HIV-1 Env 

containing both gp41 and neutralizing epitopes on gp120, will result in a B cell response 

to non-neutralizing epitopes on gp41 and a non-existent or subdominant B cell response 

to neutralizing epitopes. Because, the initial antibody response is non-neutralizing, it is 

unlikely that harnessing this pre-existing gp41-commensal bacteria cross-reactive B cell 

response will be an effective strategy to protect against HIV-1 infection. The linear 

epitopes within the MPER of gp41, recognized by broadly neutralizing antibodies 2F5 



 

 206 

and 4E10, remain a target for vaccine strategies, however it may be imperative to mask 

non-neutralizing epitopes from blocking a B cell response to protective epitopes.  

The initial gp41 commensal bacteria cross-reactive B cell response may divert a B 

cell response to neutralizing epitopes, however strategies to target alternative FC-

mediated antibody functions such as ADCC or infectious virion-capture may also be 

valid approaches to generating a protective HIV-1 vaccination strategy. It is unclear if 

the gp41- reactive antibodies observed initially after infection can be harnessed to 

mediate these alternative protective functions in vivo. Antibodies against cluster-II gp41 

epitopes have been shown to mediate ADCC (Alsmadi and Tilley, 1998), and non-

neutralizing gp41 immnodominant-reactive antibody F240 mediated capture of 

infectious virions (Liu et al., 2014), in vitro.  However, passively infused F240 was 

unable to protect macaques from vaginal transmission of SHIV-1624 (Burton et al., 2011). 

Further studies are necessary on the gp41 and commensal bacteria cross-reactive 

antibodies isolated from terminal ileum or blood plasma cells to mediate these 

alternative functions. If they are capable of mediating these functions in vitro, further 

passive protection studies in macaques would be a next step in determining if 

expanding B cells expressing these BCRs by immunization strategies may be protective 

against infection.  
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6.6.2 Induction of antibody responses against neutralization sensitive 
viruses 

In chapter 4 of this dissertation, I have described the identification of the CH82 

glycan-dependent clonal lineage from bnAb individual CAP206, and mAb CH259, 

which were capable of neutralizing sensitive viruses CAP206 W680R and CH505 w4.3. 

These antibodies’ ability to neutralize the autologous T/F virus from CAP206 and 

heterologous T/F from CH505 was limited. Isolation of neutralization sensitive viruses is 

potentially relevant to HIV-1 vaccine design in two ways.  Development of antibody 

responses that can neutralize viruses with enhanced sensitivity to neutralization may be 

easier to induce and may be a first step in the development of an effective vaccine 

strategy. Virus variants with substitutions in the C1 region of the Env have been shown 

to be sensitive to vaccination induced antibodies in macaques (Roederer et al., 2014).  

Alternatively, the discovery that the mutant CH505 w4.3 was potently 

neutralized by the unmutated common ancestor from the CH82 lineage, suggests that 

this mutant Env may be a good candidate for a priming immunization in a B cell lineage 

immunogen design strategy, to target precursor B cells that can later be stimulated with 

additional HIV-1 envelopes to be driven towards a capacity for broad and potent 

neutralization.   
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6.7 Concluding remarks 

 B cell responses to pathogens often play a critical role in the prevention or 

clearance of infection, however a neutralizing and potentially protective antibody 

response to HIV-1 infection is delayed and ineffective in improving clinical outcomes.  

In this dissertation of the ontogeny of mucosal and systemic antibody responses to HIV-

1 infection, I have investigated the role of numerous factors that can impact the initial B 

cell response to HIV-1 infection including a cross-reactive B cell response to commensal 

bacteria and Env gp41 prior to infection that may initiate the gp41 response seen in 

plasma and mucosal fluids during acute HIV-1 infection.  Molecular mimicry has been a 

well-studied phenomenon, however it remains to be seen if initial B cell responses to 

pathogens other than HIV-1 include B cell lineages that were originally targeted to 

commensal bacteria or environmental antigens and were hijacked after infection.   

 In the study of an individual who over uses the variable gene segments VH1-69 

and VK3-20 in response to HIV-1 infection and produces antibodies similar to well the 

characterized bnAb, 4E10, including both utilizing these gene segments to target the 

MPER, we determined that these specific gene segments are not reserved for reactivity 

to one specific epitope, but also target multiple distinct epitopes. It remains unclear what 

host characteristic is responsible for the increased frequency of these specific variable 
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gene segments and if they can be targeted to generate bnAbs targeted to the MPER by 

immunization strategies.  

 In this same study, we have also identified mutations within the MPER that can 

enhance the neutralization sensitivity of the infecting virus to both autologous and 

heterologous antibodies. Recent studies that have explored the relationship between 

autologous antibody responses and the development of broadly neutralizing antibodies 

have generated the hypothesis that the development of bnAbs is either directly or 

indirectly associated with the development of autologous neutralizing antibodies (Liao 

et al., 2013, Gao et al., 2014). The isolation of these neutralization sensitive mutations and 

antibodies that are capable of neutralizing them, but not the tier 2 autologous viruses, 

indirectly suggests that bnAb development may select for viral mutants that escape the 

bnAb activity but in turn drive B cell clonal lineages capable of neutralizing mutant 

viruses. 

 The analysis of the persistence and evolution of B cell clonal lineages provides in 

sight into the systemic B cell response to chronic antigenic stimulation. Although the 

viral load was higher in bnAb individual CAP206, 004-0, who did not develop breadth, 

did have a detectable viral load, so was also exposed to constant antigenic stimulation. A 

thorough analysis of the viral sequences in each individual will be required to determine 

if the diversity of the HIV-1 antigens present correlated with the development of bnAbs 

over time. In the analysis described in Chapter 5, It does not appear that persistence and 
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evolution of B cell clonal lineages over time is different between the two individuals 

studied, which is suggestive that this host characteristic is not a determinant of an 

individual’s ability to develop bnabs in response to HIV-1 infection.  

 This study has shown that many factors can contribute to the B cell response to 

pathogens including the nature of the host microbiota, the preference for using certain 

variable gene segments, and the persistence and evolution of individual B cell clonal 

lineages in the setting of chronic antigen exposure. Future research is necessary to 

determine what role if any each of these factors plays in the B cell response to the 

effective or ineffective clearance of other pathogens, and how they can be addressed to 

develop effective vaccination strategies.  

 

.
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Figure 31: Summary of terminal ileum antibody binding characteristics to HIV-1 antigens, commensal bacteria and 

autoantigens 

(A) A Venn diagram showing the HIV-1 antigen and commensal bacteria cross-reactivity of all antibodies isolated 

from terminal ileum plasma cells and memory B cells.  Different colored circles represent antibody reactivities: red= 

Env gp41-reactive, blue= Gag p24, black= Env gp120, green= commensal bacteria, and gray= non-HIV reactive. (B) 

A summary table of HIV-1-reactive mAbs isolated from terminal ileum plasma cells and memory B cells and their 

cross-reactivity with commensal bacteria by SPR and western blot, and autoantigens by AtheNA and Hep-2 

staining assays.
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